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Preface 

is underlain by perennially frozen ground, o r  
AbQut  one-fifth of the  land area of the  earth 

permafrost. It affects  many  human  activities, 
causing  unique  problems in the  environment, 
ecoaystern,  resource  development  and  construc- 
tions  in  cold  regions.  Since  permafrost is a 
thermal  condition, it is very  sensitive  to 
changes  in  climate.  Global  warming  could  result 
in permafrost  degradation,  causing  resultant 
ecological  and  socioeconomic  conaequences.  Thus, 
permafrost  hasbecome  more  and  more  important  in 
the  development of polar  and  high  altitude 
regions  which  occupy  key  positions  in  the  &lobel 
system. 

It is necessary  to  give  scientists  and 
engineers  an  opportunity  to  meet  regularly  in 
order to discuss  the  stste  of  the art of science 
and  technology  in  their  fields,  and  to  gain  the 
impetus for further  work, a 3  well as to compare 
permafrost  conditions  with  other  regions of the 
world,  particularly  regions where only  seasonal- 
ly  frozen soils currently  exist.  The  Interna- 
tional  Conferences on Permafrost  are  organized , 
to serve  this  purpose, 

frost  wa8  therefore  held  in  the  United  States 
a t  Purdue  University,  in  1963;  the  Second  in 
Yakutsk,  Siberia, 1973: the  Third i n  Edmonton. 
Canada,  1978;  the  Fourth  in  Fairbanks,  Alaska, 
1983;  and  the  Fifth  in  Trondheim,  Norway. 1988:', 

Permafrost  was  co-sponsored by several  national 
scientific  and  technical  organizations,  and was 
held  under  the  auspices  of  the  Chinese  Society 
of Glaciology  and  Geocryology (CSGG). which  is 
in the  Adhering  National  Body  of  the  Interna- 
tional  Permafrost Association ( I P A ) ,  a n d  was 
organized by the  Lanzhou  Institute of Glaciology 
and  Geocryology (LIGG), Chinese  Academy o f  
Sciences,  with  the  collaboration  of  the  State 
Key  Laboratory of Frozen  Soil  Engineering, L I W .  
The support  and  the  guidance of t h e  International 
Permafrost  Association  were  extremely  important 
f o r  us i n  preparation for the  conference. 

The  First  International  Conference on Perma-' ' 

The  Sixth  International  Conference  on 

A total  of 189 contributed pspe.rs a r e  included 
in  this  first  volume of the  proceedings  which 
contains slmost all  the  papers  accepted  for 
presentation,  at  the  paper  sessions. A second 
volume  containing  reports  of  Special Sessions, 
additional  contributed  papers,  poster  papers, 
etc.  will be published  at a later  date.  Many 
scientific  and  engineering  disciplines  were 
repreaented,  including  physics,  chemistry  and 
mechanics c'f frozen  eoil,  geophysics,  perigla- 
cia1 geomorpl;ology. soil  science,  climatology. 
hydrology,  ecology.  civil  and  mechanical 
engineering.  The  high  quality of the  papers  was 
the  result of hard  work b y  the  authors,  as  well 
as  from  the  assistance g i v e n  b y  the  Editorial 
Committee of the Internatfona1,Permafrost 
Association.  end b y  the  numerous  reviewers  in 
the  member  countries. ' 

wlshes  to  acknowledge  all of you that  have 
:participated  in  the  preparation for this 
'conference:  the  authors  of  the  papers,  the 

Finally,  the  Chinese  Organizing  Committee 

I '  reviewera,  the  sponsors,  the  publisher,  and  the 

working  to  make  it'a  successful  conference, 
*.I staff o f  many  inetitutions  that  have. been 

Cheng  Guodong 
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The  review of abstracts  and  manuscripts f o r  this 
pse-Conference  publication  was  conducted  under 
the  supervision of the  Chinese  Organizing Com- 
mittee  and  the  IPA  Editorial  Committee. Ap- 
proximately 450 abstracts.were  received  from 24 
countrie8. It was necasaary to  limit  the  num- 
ber  of  papers  from  Russia  and China. qhese 
countries  were  asked tg invite a more  limited 
number o f  appropriate  papers. A review form was 
agreed  to  and each paper  received twa or more 
reviews. Some: pppera were  rejected;  in other  
cases  the authorq simply.did not submit manu- 
scxipts.  Individuals  without  papers  were  en- 
couraged to submit  posters  and  have  their ab- 
stracts  published  in a post-Conference  volume. 
In order to save  time and to employ  native 
languages  in  the  reviews,  all  Chinese  and Monqo- 
U a n  papers were  reviewed in China  and  all 
Russian  papers  were  reviewed  in  Russia,  employ- 
ing  the  standard  review form. All Russian and 
Chinese  reviewed  papers  were  available in 
English in August 1992 when  members o f  the  Edi- 
torial  Committee met in  Washington, D.C., dur- 
ing  the  IPA  Council  meeting.  The  papers  and 
review forms were examined and discussed at that 
time, and  members of the IPA Council  were  asked 
to assist  with  additional  reviews. 

Review ofthe 100 non-Chinese  or  -Russianpapers 
involved  reviewers  from  many of the IPA member 
countries.  This  review  process  was  conducted by 

the Chair, IPA  Editorial  Committee,  in  consul- 
tation  with.members of the  Committee. B e l o w  i s  
a list of  all  individuals  who  provided these 
reviews.  The I P h  Editorial Committee  and  the 
Chinese  Organizing  Committee express cheis ap- 
preciat iontoal l thosewhodevotedtheirvalua-  
b le  time  and  expertise to this process a Deserv- 
ing particular  thanks for their assistance in 
selecting  reviewers  and  following  up with many 
ofthemare Alan Heginbottom,  Geological  Survey 
O f '  Canada;  Nikolal  Grave and Valery  Volgina, 
Russian  Academy  of  Sciences;  Eugene  Marvin, 
Cold  Regions  Research  and  Engineering  Labora- 
tory,  representing  the  American  society Of 
Civil  Engineers;  and  John  Zarling,  University 

Mechanical  Engineers.  The  ColdRegions  Research 
of Alaska,  representing  the  Meri'can  Society of 

and  Engineering  Laboratory  is  gratefully ac- 
knowledged  for  furnishing  instructions, sam- 
ples  and Layout sheets  for  preparation o f  final 
camera  copy for the  proceedings  volumes.  Mem- 
bers o f  the  IPA  Editorial  Committee  are: 
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,, , ,  ,~ . , Committee 

H. Jonas Akermah, University of Lund, Lund, ,, 
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Donald  Albert,  Cold RE-jions Research and 

Engineering LabR ratory,  Hanover,  New 
Hampshire, USA 
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PUSTIC FROZEN (SALINE) SOIL AS BASES 

LC> V. I. &ksenov  and A. V .  Bruskov 

Industrial  and Research Institute for Engineering  Inveetigations o f  Construction, 18, Okruznoy, Moscow, 
Ruesia 

Th 

The paper presents the  widr,..cwplex o f  original  information on raline frozen soil, 
methodm of teoting,  propertieb,  experience  of  contitruction. 

e frozen mils frequently met in the North 
of Rurria and their mechanic41 properties  rhould 
be  thoroughly  investigated  when  determining their 
boundaries. The saline frozen soils (BE'S) are 
known to have lower strength and  higher  defor- 
mobility compared with nonaaline  u6ile.  They also 
have a lower temperature o f  fre.e'iing.  In addiL 
t i o n ,  the SF8 are in a p1astic'"frozen etate .in a 
large range of nub-zero teqdraturei. Therefore,; 
the information on SFS occurrs)wx is very,topi.cd 
when  solving the groblemi of"'engineering 
geocryological survey and  design. 

The major part  of cryolithozone along the 
Arctic coaat is characterized by 8F8 and cool 
aediments containing layers of saline water  below 
O W  and  hiqhly  mineralized  ground water with  sub- 
zero temperature. Although the solutions  in those 
aof la ,  chemically and in  concentration, axe not 
hrmogeneous, they are mtable for large  ter- 
ritoriea and are connected with the formation con- 
ditions and perennial freezing (cooling) of the 
aediments causes the occurrence  of two main  typea 
of salinization:  marine and continental. 

The hain type of aalinization  mostly occurs 
in the 80ilB of cryogenic thickness of Northern 
territories -: along the Arctic  coawt and on the 
islands. For instance,' on the Y a m d  Peninsula, 
SFS occur everywhere to  the North pf the latitude 
of the settlement of Novii Port and  considerably 
increase  northward. The changing of dominating ,, 

ion  salt  composition  of soils , i s  observed  in the ' 
same direction from rulfate-hydFocarbonate-modiun 
to chloride-sodium. The maximuv  salinizstion 
(average 1.1%) OCCUX~ in the  eea9entu on the 
Northern and Weatern coast of Yamal. 

The eoils are saline in fhk region  of the set- 
tlements of hmdexma,  Dikaon and Tiksi;  The  frozen 
soila  on the Cape Schmidt  and  on the,Chukotka 
Peninsula contain aalts. The,aaJinizat$on of the 
@oils on  the Arctic coast tatala 0.1-1 e 5% rarely 
2% (1) and with depth the malinizatisn  increases 
trm 0.2-0.3% (at a depth of 1-2 m) to 1.5y,(in 
the depth of 10-15 n and bdaw). 

The Northern  region  of the Centre  Russia as 
well as the nagadan Region and  Yakutia I I ;B  fre- 
quently  characterized  by hydrocarboqic,~njneraliza- 
tion af aoils  referripg to the con$iwpt+l type 
of aalinization.lThe.increased palinizbtion."of , 
sails is characteristic  of the ,Yakutii territory. 
and it i e  observed in the valleys of the rivers, 
Lena,  Vilyuya  and  other. Accoxdinq to Carpunina 

., . 

(1974) w e r  10% of the territory. nf centr,al ., 

Yakutiya is pressnted by the saliner soils.  
One can observe the similarity:~of,.cation com- 

position  in the atmospheric water,,. ground water 
and soils. The roil and ground trkter in the con-, 
tinental regions determine the  degxee.and charac- 
ter of saline soilr.  Based on the data  of en- , , 
gineering  aurvey  obtained by Dubikov and Ivanove 
(1990) published the boundaries a$ ,SF3 on  the ter- 
ritory of  Russia have been napped in  the scale 
lr10.000.000, and the salinization map of the 
Y a m a l  Peninaula on the s c a h  of 11500.000 ha6 
been  made. 

moil# are required to carry out the foundation 
analyses when designing. The values of dsmign 
prenaure on the frozen soil R (normal\ rhear 
strength  -nf frozen aoil) and Rat (mbaar strength 
of frozen soil on the adfreezing surface  with the 
foundation) are usually used and are determined 
in the laboratory in uniaxial compression tea ts  
OK pxeseing  in  a  ball stump and shear  teste  using 
special  equipment, The available methods  of testa 
do not apply to SFS. The experimental work with ' I  
frozen soil# enabled ULI- to determine the teat 
peculiarities of saline frozen eoila. 

The method of moil testing by means of the 
ball stamp applies to various SF8 with mas#ivc, 
fine-grained,  thin-layer cryogenic texture in the 
range  of temperatures from T-Tbf+(-l'C) to T=- 
10°C.  It does not  apply to large-sized clode Qf 
soil  and  large-sized  sand and soil  with ice con- 
tent Lbm3.2 or with cryogenic texture in which 
the visible particles of ice are  commensurable 
with the diameter of ball stanp. 

The analysis of experimental data  when test- 
ing SF6 by means o f  the ball stamp  makes it gos- 
sible to recommend for testing the atamp diameter 
of 2.6 cm or more. 

The dependence of adequate cohesion  upon the 
mount of load enables us to recommend for SFS 
the conditions of its selection within the range 
of settlements for clayey soils depending  on the, 
stamp diameter e. q. for 8 hours,a<(0.02-0.04)d. 

value,  according to 8 hours test, tme  con .use the 
transition factor: fol.khe sallne sand& 0.34-0.4 
and  clayey  aoils 0 . 5 5 - 0 . 7 .  In order to deternine 
long  cohesions, the duration of the teat  can be 
15-40 day@  and  more. 

, , ,  

The complete data on the properties of frozen 

For practical analysis o f  long cohesion 

The methad of un,axial  compre,asion tegt, Qf , 

! 



frozen soils at fixed load is t h e  direct  method 
of  normal prsseure determination under the base 
of foundation and applise to SFS teuts with  any 
cryogenic texture as in the case of uniform  dis- 
tribution of ice streaks in the sample in the 
same range of subzero temperatures as  the ball 
stamp. , ., 

The relationship between short  and  long-term 
strength which is typical of SFS is  canridarablf 
lower than for frozen nonsaline soils and makes 
It up 5-20 w i t h  salinization of 0.2% and 2040 
with higher aalinization. 

SFS i m  under 3 days the approximate parameters of 
When the duration of tests  on  the sample5 of 

long-tern Btrength formulas and deformation for- 
mula by Vyalov may differ from the,\l'alues deter- 
mined during long-tern teats. Therefore, it  is 
recommended to nakc  tests €or 3-10 days, 

According to Velli ( 1 9 7 3 ) ,  the SFS are distin- 
guished  by high plastic flow under load. However, 
the main regularities of deformation and deforno- 
tion characteristics of sFS o f  different geologi- 
cal types have been.insufficientlp studied. 

Ttie,soil investigation carried out at 
uniaxial compression t p t s  with different loading 
history showed that the SF5 have fhe 8me fea- 
tpres as i$e  defornpti;on of usual frozen:tp$ls,, 
$owever , fpgre are, ebaptial differences i-qyp- 
tioned below,, . .  

. .  a"rule,. &e' ff&& soil has three de'fonna- 
fiori~atagss: dkbinq creep, Elow',at conatant rate 
'and.the flow at increasing rnte."The method of  
soil viscoaity factor is  based on'iihe property of 
frozen soils with ice content to flow approxirnate- 
ly  at constant rates and used when designing the 
rtxucture stability..The peculiarity of saline 
frozen di8parrive soils in damping creep at high 
loads. The typical curves of creep for supea* and 
augiinokt* are given i n  Figure 1 ,  2 .  The defoma- 
ti01 reacheu, the value8 of 20%. si,?$ morn without 
,pqt$,ceable stabilization of flov,.raters  under 
laad. This peculiarity of defqmation of salina" 
frozen soilr ila not typical and not  a&wayB ob- 
served for slightly salted soils and  eands. 

The above-said should be  taken into account 
when making t e a t  method by.incrementa1 ,loading; 
it turnrr out that the value Qf failure 1,aad 
depends upon the load value on the  inctbents  (if 

. c # Ole 

, ,  1 ,. 

and temperatqre, -2"Ca 1-0.4;. 2-0.3; 3-0.25; .  4 - 0 . 2 ;  
Figure 1. dreep curves of frozen sand a t  salinizafio 

5-0.15: 6 - 0 . 1  MPa 

Figure 2. Greep  curve^ of frozen suglinok at 
salinization and tenperatwe. ;-&'CI 1-0.5; 2-0 .6;  
3-0.7;  4*0 ,9;  5 - 1 . 0 ; , 1 6 ~ 1 . . 1 ;  ,7+1.*2; 8 - 1 . 4 ;   9 - 1 . 6  HPa 

defonaatiod,value 20% ax so is taken for the 
failure criterion) incredible. ' '  

In Order'tQ predict defomtion there is 
necessery to make approximation of deformation 
procelts:bared  on t h e  fornulalr of expsriiaental 
creep curves. The known fomulaa by Vyalov have 
been used: 

6 = (.t-a,, tyv a '  ! 

were d ' L '  load; t -'time: .'e - deformation; 5 ,  a! 
n - parameters. Fur d&trY$tion of failure: 

, .  

, , :, . I  

s,=L 
111.5 

B 

where d,, - failure  load; t p  - failure tine; 8 and 
B - parameter. 
the approximation of.the obtained curves of creep 
and  long-term strength i s  quite satisfactory, 
with a correlation factor about 0.9. However, 
+hat may be possible on condition that the creep 
curves are divided into two parta,  the inde- 
pendent  approximation  being on each of ,  th&  parts. 

.' The procasb of aeformation and destruction of 
'aal-ine  frozen soila is influenced by the< density, 
ice  content,  cryogenic structure etc. The :in-, 
crease of ice content of Baline soil at high-,eub- 
zero temperatures causes t h e  increaee o€) strength 
and decceasc of deformation (Fig. 3 ) .  . .I 

The  mechanical properties of s i l . in6 ,  frozen! 
4 o i L n  ,are  influencetd by the salt.chmpbnltion ms. 
well. The soilr of  chloride-sodium. aalinizatian 
fppe are characterized by the learat strength end 
hhat.may be exglainkd from the point. 

Spacial -a$testion, waa paid to  the research of 
shear reoistance on the freezing surface of SFS 
with the famation material - concrete and 
steel. Thabi.itl very significant for designing the 
stability of  pile foundation#.widely spread in 
the North and  Siberia. Previously, such axperimen- 
tal work warn carried  out at tbb Anderna per- 
nafrort  station  headed  by Velli in.order to ab- 
tain ~ollle necessary data for prac.tica1  reconunenda- 
tionrr for the construction on permafrost (SNIP 

It  turned  out when proceabing the test data, 

. .  

2 
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Figure 3. Dependence of uniaxial compreasion 

concrete of frozen saline (1-0.5%; 2-1%) suglinok 
atrength (P) and surface adfreezing shear  with 

at temperature of -3°C upon humidity. 

Building Norms and Regulations 11-18-76).  It was 
worked  out that SFS o f  the Arctic coast (where 
chloride-sodium, marine type of salinization is 
observed) have much lower shear reristance  charac- 
teristics than average ones for saline eoils. 
Sone attempts have been made to study the in- 
fluence of 8ome factora on adfreezing atrength: 
normal  pressure, adfreezing temperature of sample 
and  material,  ice content atc. Some data are 
given in Table 1. The research has  been  carried 
out  only with s m e  types of e o i l s  at  definite 
temperature and  salinization.  Therefore,  under 
some other conditions, the influence of the above- 
mentioned factors on  tha shear strength on the 
adfreezing surface may  be completely different. 

In order to ensure reliable construction  on 
the SF3 and provide grounds for the prediction of  
foundation atability, much attention should be 
given  not only to  the mechanical propertiee of  
soils,  but also to the salt diffusion at possible 
temperature changes due to the construction  and 
maintenance  of engineering mtructurea. The tests 
have been made €or about a year, at temperature 
gradient  about 0.05-0.1 C/cm with the samples at 
salinization 0.5%. The experimenta have bean eon- 
ducted in the underground laboratory of the Aoder- 
ma  permafrost station ensures long  and reliable 
observance of experimental conditionm. The mois- 
ture and  salt distribution according to  the ex- 
periment  is presented in Table  2 .  Thus,  for the 
conditions which are characteristic of the frozen 
ualine thickness the salt diffusion under the 
temperature gradient proved to be.practica1. 

We suggest that we ume the relative tempera- 
ture as a common parameter reflecting the state 
of BF6. The  temperature is equal to the relation- 
ship of actual soil  temperature (T) and tempera- 
ture of  freezing at the very beginning (Tb. f r . ) .  
Thus, for example, one can aw~ume T/Tb.€r.=5 for 
the diviaion frozen state o f  saline suglinok w i t h  
salinization of chloride type. 

Unfortunately, the construction experience on 
SFS despite their frequent occurrence on t h e  
Arctic  coast i s  not sufficient enough  and  is 
caured  by comparatively minor consrtuction  under 
auch  conditions. The Arctic acttlement  of Pllndenna 
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Tabla 1. Adfrrezing  with concrete of salina 
frozen a o i l s  from different,sites of ramal. . 

, , I  

~ - , Adfree- Rsccmuende 

Sand 0.0'5 i :  0.60 1.50. 
( r. Ero-' 0.20 -2 
uta- . 
Y aeha ) 

R u p t ? ~  I r n .  76  0 . 4 6  0 . 9 0  

0'. 14 0.80 
0.03 
Q-15 -6 1.10 1.60**' 

"" 
0 . 0 3  - 0 . 5 0  

Be-Yacha) 
! ? . s o ,  0 ..z 0.60"- , 

0 . 5 0  - 3 . 8  0 . 6 0  ." . . .. 1.20 
Suglinok 0.50 0.23 0.50 
( a e 0.75 
Tibei-To) 

1.00 
0.60 2.20 l.lO**" 

-2 0.13 0.45 

. ". 0 ? 0 4  .. q : 4 0  

1.00 -6 0 . 9 0  1.00"' 

Table 2. Moisture diltribution and taalinizatian 
in the sample four yeare after the beginning of ' 
the experiment (on tha left temperature -PC, on 
the right - 3 P  sampLa apace about 1.3 ca) 
L a y e r  1 2 3 4 5 6 7 8 
number 
w, % 3 1 . 5  40.5 15.1 30.4 38.5 38.2 3 7 . 6  3 5 . 5  
DSOl, % 0.48 0.50 0 . 4 6  0 . 6 7  049 0.37  0.47 - - 
located  on the Yugov Peninsula i r  the zone of 
typical thickness aaline marine. There are 268 
buildinga in Adsma and about 40% of them (108 
buildings) have  been deformed (deflections, 
cracks, settlements) which exceed8 the standards 
established in SNiP (Construction Nom# and 
Regulationm), 12% pf  t h e  buildings are in emergen. 
cy aervice. The atone buildinga turn out to be 
deformed  frequently (32 buildings of 66 i.8. 20% 
in  emergency service which partially accounts €OK 
considerable loading  on the foundation and leas 
permissible  defornatione).  Of 19 boiler and 
diesel power  stations, 2 have small deformations. 
and 10 have impermissible ones which lead to col- 
lapse. Most of the deformed buildings  were built 
5-7 years ago. 

Thus,  neither design analysis nor construction 

might be evaluated  satisfactory. The recent re- 
conditions and maintenance on the Arctic coast 

search results considered in the present report 
make it possible to recommend some certain test 
techniques of SFS and establish some 
peculiarities of their behavior under mechanical 
loada. The authors  hope that the research work 
done will contribute to  the improvement of con- 
struction  along the Arctic coast, 

Silty  sand with some clay, sandy silty 
loam; cantsins 3 to 10% of  clay  by weight with 
particles  leas than 0.005 mm, 0 . 0 0 5  being the 
dividing line  between  clay and silt in the Soviet 
moil classification (Russian-English Gloasary of 
Permafroat Term5, prepared by V.N. Poppe Canada 
Institute for Scientific and Technical Informa- 
tion National Research Council o f  Canada, Techni- 
cal Memorandum No. 117,  Ottawa, April, 1976) 

** Clayed silt with some sand, clayey silty 
Loan; contains 10 to 30% clay by weight with pax- 
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In   Nunavik  (Northern  Qubbec) ,   permafrost   knowledge  has   increased  considerably 
o v e r   t h e  l as t  f i v e   y e a r s   t h a n k s   t o  a j o i n t   g o v e r n m e n t - u n i v e r s i t y   t a s k   f o r c e  set 
up  t o   c a r r y   o u t  a comprehens ive   research   program  wi th in   the   f ramework  of a i r -  
p o r t   c o n s t r u c t i o n   i n  1 2  v i l l ages .   Pa t t e rned   g round   t ypes   and   geoc ryo log ica l  
f a c i e s   a r e   c l o s e l y   r e l a t e d   t o   t h e   v a r i o u s   t y p e s  of s u r f i c i a l  deposits l a i d  by 
t h e   W i s c o n s i n a n   g l a c i a t i o n   a n d ,   s u b s e q u e n t l y ,  by the p o s t - g l a c i a l   m a r i n e   i n u n -  
dation  and  emergence  on t h e  c o a s t a l  fringe of the   Peninsula .   Tundra   po lygons  
and   l ow-cen te r   mudbo i l s   a r e   t he   dominan t   pe r ig l ac i a l   f ea tu re s  on g l a c i a l   l a n d -  
forms  such as mora ines   and   d ruml ins ,   on   g l ac io f luv ia l   ou twash   p l a ins   and  
eskers ,  on f l u v i a l   t e r r a c e s   a n d  on r a i sed   beaches .   Bo th  soil wedges  and i ce  
wedges  can  be  found  beneath  the,   edges of t h e   p o l y g o n a l   s t r u c t u r e s .   I n t e r s t i t i a l  
ice domina te s   i n   t hese   coa r se ,   g rave l ly   and   s andy ,   s ed imen t s .  The  dominant 
p e r i g l a c i a l   f e a t u r e s  on p o s t - g l a c i a l   m a r i n e   s i l t y  c lays  are c r y o g m i c  mounds 
a n d   f i e l d s  of high-center   mudboi , ls ,  I n  these  f ine -g ra ined   s ed imen t s ,   s eg rega ted  
ice is abundan t   i n  warm pe rmaf ros t  (ODC t o  -2'C) i n  the f i r s t  few meters below 
pe rmaf ros t   t ab l e .   Mass ive  i c y  beds   over  11 m t h i c k   o c c u r  in c o l d   p e r m a f r o s t  
(-5°C) i n  t h e  n o r t h e r n m o s t   p a r t  of the t e r r i t o r y .   O t h e r   f e a t u r e s   - s u c h  as palsas 
i n  bogs, f r o s t  blisters, i c ings ,   bed rock   heaved   f ea tu re s   and   aggrad ing   pe r -  
mafros t   under  tidal m a r s h e s   a r e   a l s o   s i g n i f i c a n t   i n   t h e   r e g i o n .  

TNTRODUCTION 

Most of Nunavik, t h e   I n u i t   t e r r i t o r y  of 
northern  Quebec,  is u n d e r l a i n  by pe rmaf ros t  
(F igu re  1 ) .  The s t a t e ,  of knowledge o f  per- 
mafKOSt d i s t r i b u t i o n   a n d   c h a r a c t e r i s t i c s  i n  
this r e g i o n  was presented and  d i scussed  b y  
ALlard  and  Seguin (1987a) ;  a new  map of t h e  
p e r m a f r o s t   z o n e s ,   q u i t e   d i f f e r e n t   f r o m   t h e  
p rev ious   ones  by Brown (1979)  and   Ives  (19791,  
was then  proposed.  S i n c e  t h a t  time, e x t e n s i v e  
new r e s e a r c h   h a s  been c a r r i e d   o u t  i n  t h e  
r e g i o n ,   t h a n k s   t o   t h e   s e t t i n g  up of a compre- 
hens ive ,   un ive r s i ty -gove rnmen t ,   j o in t   r e sea rch  
program  conducted  within  the  f ramework of  con- 
StKUCtiOn o€ a i r s t r i p s   i n  twelve c o a s t a l   I n u i t  
v i l l a g e s .  The aims of t h e   r e s e a r c h   p r o j e c t  
were t o   g a i n  ne,w r e g i o n a l  knowledge  on  per- 
m a f r o s t   c h a r a c t e r i s t i c s ,   t o  test  e x i s t i n g   a n d  
new t o o l s   f o r   p e r m a f r o s t   s u r v e y s  and t o  deve l -  
op a s u i t a b l e   m e t h o d o l o g y   f o r   t e r r a i n   a s s e s s -  
ment p r i o r  t o  c o n s t r u c t i o n   a c t i v i t i e s .  

I n   t h e   v i c i n i t y  of each v i l l a g e  where a i r -  
p o r t s  were t o  be built, p e r i g l a c i a l   l a n d f o r m s  

t h e   f i e l d   a f t e r   i d e n t i f i c a t i o n   o n  a i r  pho- 
and   pa t t e rned   g r0und . f ea tu re . s  were d b s e r v e d   i n  

tog raphs .  T e s t  p i t s  were dug with  hand  shov- 
els, back-hoes  and  large  mechanical   shovels .  
Frozen cores were recovered   wi th  two t y p e s  of 
p o r t a b l e  d r i l l s :  t h e r m i s t o r  cables were 
i n s t a l l e d   v e r t i c a l l y   i n   d r i l l - h o l e s   i n   b e d r o c k  
pnd a l s o   i n  a l l  m a j o r   s o i l   t y p e s   p r e s e n t  i n  
t h e   s u r r o u n d i n g s .  Four  geophysical   methods 
were tested: (1) v e r t i c a l  e lectr ical  r e s i s t i v -  
i t y  p r o f i l e s  using t he   Sch lumberge r   a r r ay ,  
( 2 )  b i - d i m e n s i o n a l   e l e c t r i c a l   r e s i s t i v i t y ,  
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( 3  1 induced 
d ipo le -d ipo  

p o l a r i z a t i o n  
l e  c o n f i g u r a t  

p rob ing   r ada r  (GPR) p rof  

p r o f i l i n g   i n   t h e  
ion and ( 4 )  ground 
' i l i n g   ( A l l a r d  et dl., 

1988). 
i991; Sequin  and LLbvesque, 1990; Sequin et al. 

The results were twofold :  1- The g a t h e r e d  
o b s e r v a t i o n s   a n d   t h e r m a l   d a t a   l e a d  t o  t h e  
e s t a b l i s h m e n t  of a t e r r a i n   e v a l u a t i o n  key 
r e l a t ing   Qua te rna ry   geo logy ,   l and fo rms ,  pat- 
t e rned   g round   and   pe rmafsos t   c ryo fac i e s ,  2- an 
assessment  o f  t h e   a p p l i c a b i l i t y  o f  geophys ica l  
tools t o  p r e l i m i n a r y   g r o u n d   e v a l u a t i o n  s u r -  
veys .  The l a t t e r  l e a d   t o  GPR being  chosen as 
t h e  most u s e f u l   t e c h n i q u e   f o r   p r o b i n 9   t h e   n e a r  
s u r f a c e   s o i l   l a y e r s  on  which s t ruc tures  a r e   t o  
be b u i l t .   T h i s   p a p e r   s u m m a r i z e s   t h e   p e r m a f r o s t  
c o n d i t i o n s  in Nunavik in t h e   l i g i l t  of t h e  
r e c a n t   f i n d i n g s .  

D TEMP- 

The pe rmaf ros t  map of Nunavik has   no t  
changed   s ince  1987, because most o f   t h e  new 
r e s e a r c h  was  done  within  the  cont inuous  zone.  
On t h i s  map (F igu re  1) , however,  permafrost 
d i s t r i b u t i o n   i n  Nunavik a p p e a r s   v e r y   d i f f e r e n t -  
l y   t h a n  on p r e v i o u s l y   p u b l i s h e d  maps of e a s t e r n  
North America ( e . g .  A.G.C.R.  , 1988) . For  one 
th ing ,   t he   con t inuous   zone   ex tends  much f u r t h e r  
southward   a long   the  Hudson Bay c o a s t   s o u t h  of 
Inukjuak  and  southwest of Ungava  Bay, between 
Tasiujaq  and  Kuujjuaq.   Since a s t r o n g   r e l a t i w n -  
sh ip   has   been   obse rved   be tween   fo re s t   cove r ,  
snow cove r   t h i ckness   and   pe rmaf ros t   absence  
over  many y e a r s  of f i e l d  work (Allard and 
Sequin, 1987b; Thwm, 1969) , t h e   s a u t h e r n  limit 
o f  t h e  d iscont inuous   zone  i s  b e l i e v e d  t o  fo l low 
t h e  forest limits q u i t e   c l o s e l y .  

Our c o l d e s t  s i t e  is S a L l u i t ,  a t  t he   ex t r eme  
n o r t h  of t h e   r e g i o n ;   a t   t h e   d e p t h  of zero  
annua l   t empera tu re  (ca. 20 m ) ,  the   Kemperaturu 
i s  - 6 . 5 ' C .  Minimum soil s u r f a c e   t e m p e r a t u r e  i s  
about -26.5'C a t   t h e   s o u t h e r n  limit of  t h e   d i s -  
cont inuous   zone ,   permafros t   t empera ture  a t  
dep th  i s  between -1°C and O°C (1,"Pvesque et a 1  ., 
1 9 9 0 ) .   I n   t h e   d i s c o n t i n u o u s   z o n e ,   p e r m a f r o s t  
i n   Q u a t e r n a r y   s e d i m e n t s   r e a c h e s  maximum t h i c k -  
n e s s e s  of between 15 and 30 m .  T h i s  is cur- 
r e n t l y   t h e   c a s e   i n  t i l l s  under   drumlins   and 
under   c ryogenic  mounds i n   s i l t y   c l a y s  
(Lbvesque et dl., 1988a, 1988b, F o r t i e r  et 
a]., 1991) . In   bedrock ,   depths  t o  120  m have 
been  measured  under  snow-free,  windswept 
r i d g e s   i n   S c h e f f e r v i l l e  (Thorn, 1969) and t o  
180 m near   Kuuj juaraapik   (Poi t . ev in   and   Gray ,  
1982). I n   t h e   c o n t i n u o u s  zons,' permafrost 
dep ths   can   r each   ove r  500 m (Seguin,1978; 
Taylor   and  Judge,   1979) .  

The amount  and  type of ground ice i n '  per- 
mafros t  was found t o  be c l o s e l y   r e l a t e d   t o   t h e  
t y p e  of Q u a t e r n a r y   s e d i m e n t s   i n t o   w h i c h   t h e  
pe rmaf ros t  has aggraded .   Deglac ia t ion  of t h e  
r e g i o n   s t a r t e d  by about  1 0 , 0 0 0  y e a r s  BP a long  
t h e  Hudson S t r a i t   c o a s t   a n d   t h e   w h o l e   Q u e b e c -  
Labrador   peninsula  was i c e - f r e e  by 6500 BP 
(Dyke and Prest, 1 9 8 7 ) .  Pe rmaf ros t   agg raded   i n  

t h e  region as new t e r r i t o r y  was g r a d u a l l y  

periglacial  c l i m a t e .  I t  is a 1 3 0   p o s s i b l e   t h a t  
uncovered  from glacier ice and  exposed t o  

p e r m a f r o s t   a l r e a d y   e x i s t e d   u n d e r   c o l d   g l a c i e r  
ice i n  t h e   c e n t r a l   p a r t  o f  t h e  Ungava peninsu-  
l a   du r ing   t he   Wiscons in ;   however ,   c l ima t i c  
r econs t ruc t ion   by   t he rma l   mode l l ing   l eaves  
this ques t ion   open  (Taylor and  Judge, 1 9 7 9 ) .  

Al though  the  climate a b o v e   t h e   a c t u a l  t ree  
l i n e  was certainly cold  enough t o  g e n e r a t e  
p e r m a f r o s t   s h o r t l y  a f te r  d e g l a c i a t i o n ,  many 
Holocene climatic r e c o n s t r u c t i o n s   s u g g e s t   t h a t  
permafros t  was less a b u n d a n t   d u r i n g   t h e  
Hyps i tbermal   and   expanded  dur ing   the  
N e a g l a c i a l   p e r i o d   s t a r t i n g  a t  about 3000 B.P. 
(Al la rd   and   Sequin ,   1987b) .  

S i n c e  a mar ine   t r ansg res s ion   immedia t e ly  
f o l l o w e d   d e g l a c i a t i o n   i n  t h e  c o a s t a l   r e g i o n s ,  
it was o n l y   a f t e r   e m e r g e n c e   t h a t  exposure t o  
t h e  co ld  a tmosphere   a l lowed  permafros t   aggra-  
d a t i o n  on t h e   f r i n g e s  o f  Nunavik  peninsula .  As 
p o s t - g l a c i a l   u p l i f t  took p l a c e   g r a d u a l l y   d u r -  
i n g   t h e   H o l o c e n e ,   p e r m a f r o s t   p r o g r e s s i v e l y  
invaded   the   newly  emerged l and ,  a process 
s t i l l  t a k i n g  place a t   p r e s e n t   a l o n g   t h e  
c o a s t a l   a r e a s  

ve ry  large p o r t i o n   o f   t h e   l a n d   s u r f a c e .  I n  
some r e g i o n s ,   t h e   c o v e r  of morain ic   sed iments  
is e i t h e r   s p a r s e  o r  c o n s i s t s  o f  a venee r  a few 
meters t h i c k .  I n  t h e   r e g i o n   a b o v e   t h e   m a r i n e  
limit, till i s  the   dominant  surficial d e p o s i t .  
This gene ra l ly   s andy   and   bou lde ry   ma te r i a l  is 
f o u n d   i n   s u c h   t y p e s  of landforms as  Rogqen  and 
De Geer moraines as w e l l  a s   i n   v a s t   d r u m l i n  
f i e l d s .   G l a c i o f l u v i a l   s e d i m e n t s  are a l s o  abun- 
dan t  . i n  t h e  Form of s a n d u r s   a n d   a s k e r s .  Below 
t h e   m a r i n e  limit, t h e r e  are c o a r s e , q r a v e l l y  
and   sandy  sed iments   in  raised beach   r idges   and  
f l u v i a l   t e r r a c e s .   I n   p e r m a f r o s t   w i t h i n  a l l  
t h e s e   c o a r s e   s e d i m e n t s ,   p o r e  ice dominates   and 
excess  ice  i s  v e r y   s c a r c e .  

Thick f i n e ,   c l a y e y   a n d   s i l t y   s e d i m e n t s  
ex tend  i n  v a l , l e y   b o t t o m s   t h a t  were fo rmer ly  
mar ine   bas ins   , (F igure  2)  . Around  Ungava Bay, 
l a r g e   t i d a l   r a n g e s   d u r i n g   t h e   p o s t g l a c i a l  
mar ine   ep isode  were r e s p o n s i b l e  f o r  s t r o n g  
c u r r e n t s   a n d   w i d e   i n t e r t i d a l   z o n e s ;  t h i s  
r e s u l t e d   i n  a v a r i e t y   o f   s e d i m e n t a r y   f a c i e s  
i n c l u d i n g   i n t e r t i d a l  bouldery muds now forming 
d i a m i c t i c   s o i l s   w i t h  a f i n e   m a t r i x ,   s a n d  
venee r s   ove r  deep d e p o s i t e d   c l a y s   a n d   r a i s e d  
boulder f l a t s  and   bou lde r   ba r r i cades .  A3 t h e  
f i n e  s e d i m e n t s   a r e  prone t o  ice s e g r e g a t i o n ,  
t h e s e   g e o l o g i c a l   v a r i a t i o n s   l e a d  t o  numerous 
l a t e r a l  a n d   s t r a t i q r a p h i c   c h a n g e s   i n   c r y o f a -  
c i e s ,   S i n c e  a11 t h e   e x i s t i n g   I n u i t   v i l l a g e s  
a r e   l o c a t e d   a l o n g   t h e  coast, t h e  need f o r   p r e -  
c i se   permafros t   surveys   and   improved   cons t ruc-  
t i o n   p r o j e c t   d e s i g n  i s  g r e a t e s t   w h e r e  the d i s -  
t r i b u t i o n   a n d   s t r a t i g r a p h y   o f   t h e   s o i l  materi- 
als i s  t h e  most  complex i n   t h e   r e g i o n .  

Bedrock   (mos t ly   g ran i t i c )   ou tc rops   ove r  a 

Tundra   po lygons   a r e   t he  most widespread 
p e r i g l a c i a l  f e a t u r e s   a s s o c i a t e d   w i t h   t h e  
c o a r s e   g r a i n e d   m a t e r i a l s .   O v e r  till and   o the r  
d i a m i c t s ,   f r o s t b o i l s   a r e   a l s o   a b u n d a n t   a n d  
t h e y   o f t e n   p i t   t h e   i n t e r i o r  of t h e   p o l y g o n s  
( J e t c h i c k   a n d   A l l a r d ,  1990). 

fram 10 t o  30 m i n   d i a m e t e r .   I n   t h e   s o u t h e r n  
p a r t  o f  t h e   w i d e s p r e a d   d i s c o n t i n u o u s   p e r -  
mafrost   zone  (Figure 1) , t h e   p o l y g o n a l  cells 
are e i t h e r   f l a t  o r  o n l y  s l i g h t l y  domed; t h e  
sides are marked  by s h a l l o w   l i n e a r   f u r r o w s  
t h a t   c o n t a i n   a c t i v e   l a y e r  s o i l  wedges. As yet;  
no ice wedges  have  been  found  underneath  the 
s i d e s  o f  t h e s e   e x t e n s i v e l y   d i s t r i b u t e d  fea- 
tures.  In   t he   con t inuous   pe rmaf ros t   zone ,  
a c t i v e   l a y e r   s o i l  wedge polygons  a r e  a l s o  
found a t  a few d ry  sites; however, most f r o s t  

The polygons,   wi th  f o u r  t o   e i g h t  sides, a r e  
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and on peatlands doveloped on silts 
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F i g u r e  2- Geograph ica l   ex t ens ion  o f  t h e  p v s t -  
g l a c i a l   m a r i n e   t r a n s g r e s s i o n s  

c racks   and   po lygon   s ides   con ta in  ice  wedges. 
The i c e  wedge polygons a re  found mainly on 

tered due t o  t h e   f o r m a t i o n  of d o u b l e   r i d g e s  
f l a t  terraces and  most of  them a r e  low cen- 

o v e r   r e c e n t l y  grown  wedges. Two areas  o f  

ed: S a l l u i t   ( K a s p e r ,  1992;  Moisan, 1988) and 
a c t i v e   f r o s t   c r a c k i n g  were r e c e n t l y  document- 

Decept ion Bay (Seppala  et a l . ,  1992) . Both 
sites are  a t   t h e   e x t r e m e   n o r t h e r n   t i p   o f   t h e  

a ture  is i n   t h e   o r d e r  of -1O'C. 
Ungava peninsula   where mean annual  air temper- 

Ice wedges were a l s o   f o u n d   a t   f o u r   l o c a l i -  
t i e s  d u r i n g   a i r s t r i p   c o n s t r u c t i o n  work,  while 
d i t c h i n g   a n d   b y   d r i l l i n g ,  The t o p  o f  these i ce  
wedges was found t o   c o i n c i d e   w i t h   p e r m a f r o s t  
t a b l e  acco rd ing  t o  thermal   measurements   bu t  
t h e   a b s e n c e  of  a c t u a l  i ce  veins   and  open 
c r a c k s   i n   t h e   a c t i v e   l a y e r   i n d i c a t e   t h a t  t h e y  
a r e  e i . t h e r   i n a c t i v e  o r  r a r e l y   a c t i v e   u n d e r  the 
p r e s e n t  c l i m a t i c   c o n d i t i o n s  (Mackay, 1 9 9 2 ) .  
They v e r y   l i k e l y   f o r m e d   d u r i n g  a Holocene 
i n t e r v a l   c o l d e r   t h a n   t h e   p r e s e n t .  Many ice 
wedges were imaged  with  ground  probing  radar  
( F i g u r e  3 )  . 
o r   d i a m i c t i c  s o i l s  comprise  f r o s t b o i l s ,  soil 
s t r i p e s  a n d   t u r f  hummocks. Most o f  t h e  f r o s t -  
boils on t i l l s  and on r a i s e d ,   c o a r s e   t . i d a l  
sed iments  are  low c e n t e r ,  being rimmed by t u r f  
banks.  Vast expanses  o f  t e r r a i n   d o m i n a t e d  by 
t h e s e   p a t t e r n   t y p e s   c a n   b e  seen on a i r  pho- 
KOqraphS; t h e y  are  c l e a r   i n d i c a t o r s  o f  per-  
maf ros t   c ,on ta in ing   bo th   po re  ice and a very  
small  amount of seg rega ted  i ce  i n  a s o i l  matc- 
r i a l  t h a t   h a 5  a s l i g h t  silt c o n t e n t .  The s o i l  

O t h e r   p a t t e r n e d   g r o u n d   f e a t a r e s   o v e r  coarse 

s t r i p e s   o n   s l o p e s   a p p e a r  t o  be t h e   e q u i v a l e n t  
o f  the  low c e n t e r ,   t u r f   s i d e d ,  frost b o i l s  

The t u r f  hummocks, from' 30  c h k o  1 'i, high and 
found on t h e  same s o i l   t y p e s , , , @ n  f l a t  t e r r a i n s .  

about  1 .5  m i n   d i a m e t e r ,   a c c u x  in poorly 
dra ined   l owlands   ove r  the same type$ of soils. 

Pore ice d o m i n d t e s   i n  sandy a n d ' g r a v e l l y  
m a t e r i a l s  of  g l a c i a l ,   g l a c i o f l u v i a l ,   f l u v i a l  
o r  b e a c h   o r i g i n .  When t h e   m a t r i x  of t h e  till 
c o n t a i n s  a E r a c t i o n  of silt ( v a r i a b l e  up t o  
1 0 % )  , v e r y   f i n e ,  h a i r  t h i n   s e g r e g a t i o n  ice can  
b e   s e e n   i n   v e r y   f r e s h  samples. 

B) S21tv   and   c lavev  SOL 
I n   t h e   d i s c o n t i n u o u s   p e r m a f r o s t   z o n e ,  ice 

s e g r e g a t i o n   i n  t h e  f i n e   m a r i n e   s e d i m e n t s   h a s  
provoked the heaving  of c ryogen ic  mounds.  The 
s e d i m e n t s   c o n s i s t   i n  average of 65% si l t ,  23% 
c l a y  and 1 2 %  s a n d ;   t h e i r   u n f r o z e n   p l a s t i c i t y  
index  i s  about  13%. Laboratory  and site mea- 
s u r e m e n t s   r e v e a l e d   t h a t   t h e i r   t h a w   s e t t l e m e n t  
c o e f f i c i e n t ,  25-30%, i s  comparable t o  ot,her 
s i m i l a r  s o i l s  as s t u d i e d   b y  McRobarts et: 

meters to over 100 m i n   d i a m e t e r .  T h e i r  h e i g h t  
dl. (1978) . The mounds vary i n   s i z e  from a f e w  

v a r i e s   f r o m  2-3 m t o  1 0  m. Each one c o n t a i n s  a 
permafros t   nuc leus  t h a t  may reach d e p t h s  down 
t o  30 m; t h e   a v e r a g e   d e p t h ,  as measured b y  
e lectr ical  r e s i s t i v i t y   s o u n d i n g s   ( L b v e s q u e  et 
a1  ., 1988a and b) a n d   t h e r m i s t o r  cables (e.g. 
A l l a r d  et al., 1988; Fortier et d l . ,  1991) is 
about 20 m .  c o r e   e x t r a c t i o n  revealed v e r y   h i q h  
ice  c o n t e n t s ,   t h i c k  ice lenses ( L e r o u e i l  et 
a l . ,  1 9 9 1 )  a n d   a l s o  large r e t i c u l a t e d  or 
e r r a t i c   c r y o s t r u c t u r e s .  In most cases, t h e  
t e m p e r a t u r e s   f l u c t u a t e   w i d e l y   o v e r   o n e   y e a r  i n  
t h e  n e a r - s u r f a c e   i c e - r i c h   l a y e r   w h i l e  it 
v a r i e s  v e r y  l i t t l e  i n  t h e  lower pa r t  o f  t h e  
p r o f i l e ,   a t   t e m p e r a t u r e s  warmer t h a n  -2"C, due 
t o  t h e  t h e r m a l   i n e r t i a  induced by a h i g h  
unfrozen water c o n t e n t .   U s u a l l y ,  ice r i c h  lay- 
ers  a re  found  f rom  the   permafros t  t ab l e  down 
t o  3-4 meters, w i t h   t h e   v o l u m e t r i c  ice con- 
t en t s  varying  f rom 50 t o  80% (ALlard et dl., 
1988; LeroueiL e t  al., 1991) . 
us ing   t he   Sch lumberge r  array (Sequin  and 
A l l a r d ,  1 9 8 4 )  p r o v i d e   g e n e r a l   i n f o r m a t i o n  on 
permafrost t h i c k n e s s   i n   t h e s e   c r y o g e n i c  
mounds.  However e x p e r i e n c e   h a s  shown t h a t  real  
pe rmaf ros t   t h i ckness   can   somet imes  be underes-  

S u r f a c e  e l e c t r i c a l  r e s i s t i v i t y   s o u n d i n g s  

F i g u r e  3 .  GPR s e c t i o n  across ice-wedge 
polygons   near  S a L l u i t .  

S= s u r f a c e ;  PT= permaf ros t  table;  PR- parabol -  
i c  r e f l e c t o r s .   P u l s e  Ekko IV; 200 Mhz: 0.5 m 
s e p a r a t i o n ;  0 . 2 5  rn s t e p  , .  s i z e :  c o n s t a n t   g a i n .  
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F i g u r e  4 .  G P R  s e c t i o n   o f  a c l ayey   c ryogen ic  

Al though  the   thermal ly   measured   depth  o f  pe r -  
mound near   Kangiqsua lu j juaq ,   wi th   topography.  

mafros t   base  i s  23 m ,  s i g n a l   r e t u r n s   a r e  lim- 
i t e d   t o   t h e   f i r s t  2-3 m below  permafrost  

t a b l e .  
S= s u r f a c e ;  PT= p e r m a f r a s t   t a b l e .  P u l s e  Ekko 

I V  r ada r ;  50 Mhz; 2 m an tenna   s epa ra t ion ;  1 m 
s t e p  s i z e ;  a u t o m a t i c   g a i n   c o n t r o l .  

t i m a t e d   w i t h   t h i s  method because of low res is -  
t i v i t y   c o n t r a s t s   i n   t h e   b a s a l   p e r m a f r o s t   l a y -  
ers. Near   pe rmaf ros t   base   t empera tu res   a r e  
on ly  a few t e n t h s  of a degree  below 0°C a n d   t h e  
s o i l  i s  i ce -poor   o r   un f rozen  as a result of 
o v e r b u r d e n   p r e s s u r e   a n d   s a l t   c o n c e n t r a t i o n  
r e s u l t i n g  from e x t r u s i o n   d u r i n g   f r e e z i n g .  I n  

e l e c t r i c a l  r e s i s t i v i t y  profiles a long  elec- 
c o n t r a s t ,  recent i n t e r p r e t a t i o n  o f  v e r t i c a l  

t r o d e   c a b l e s   i n   d r i l l - h o l e s   i n d i c a t e   t h a t  ice- 
r i c h   l a y e r s  may i n   f a c t   b e   p r e s e n t  at t h e   b a s e  
of t h e   p e r m a f r o s t   i n   t h e   d i s c o n t i n u o u s  zone i n  
a r e a s   w h e r e   t h e   w a t e r   t a b l e   c a n   s u p p l y  ice 
fo rma t ion ,   l eav ing  a n  ice-poor l a y e r   i n  
b e t w e e n   ( F o r t i e r  et a1  ., 1991) . EPR p r o f i l e s  
r u n   a c r o s s   c r y o g e n i c  mounds t y p i c a l l y  show t h e  
p r e s e n c e  of t h e  i c e - r i c h   l a y e r   b e l o w   t h e   p e r -  
m a f r o s t   t a b l e .  A t  g r e a t e r   d e p t h s ,   t h e   s t r o n g  
s i g n a l   a t t e n u a t i o n   i n   t h e  ice-poor, p a r t l y  
f r o z e n  fine gra ined   s ed imen t s   p reven t s   any  
r e t u r n s  ( F i g u r e  4 )  . 
i s  p i t t e d   w i t h   h i g h   c e n t e r   f r o s t b o i l s   t h a t  
a f f e c t   t h e   e n t i r e   t h i c k n e s s  of t h e   a c t i v e  
l a y e r .  On t h e   s i d e s   o f   t h e  mounds, t h e   E r o s t -  
boils tend e i t h e r  t o  stretch out.parallel t o  
tki&',s'lope o r   t o  merge,, i n f o  t e r r a c e t t e s .  Near 
dep res s ions   and   t he r t r&kar s t   ho l lows ,   ac t ive  
l aye r   de t achmen t   f a i lh ' r e s   occu r  o n  t h e  f l a n k s  
of t h e  mounds (Sequin  and  Allard, '  1984:  AlLard 
et a l . ,  1986) . I n  a reas   o f   e .x tens ive   mar ine  

v a r i a t i o n s   a n d   t h e   u a r m i F g  of t h e  XXth c e n t u r y  
s i l t s  i n  the d i s c o n t i n u o u s  zone, p a s t  c l i m a t i c  

have   i nduped   t he rmoka&2  r e su l t i ng   i n   i nnumer -  
able ponds  wh'ich  bexi xi st w i t h   t h e   p e r m a f r o s t  
mounds (Allard and  Sequin,   1987b) .  

mounds do not  form in t h e   m a r i n e  silts 
a l t h o u g h   l a r g e   s u r f a c e s  of t e r r a i n   h a v e  been 
heaved by t h e   a g g r a d a t i m  of abundant  ground 
ice.  High center f r o s t b o l l s   a r e   a l s o   w i d e -  
spread o v e r   t h e s e   f r o z e n   f i n e   s e d i m e n t s .  
C o r i n g   a n d   o b s e r v a t i o n s   i n   n a t u r a l   s e c t i o n s  i n  
r i v e r   b a n k s  as well as i n ' s m a l l   r e t r o q r e s s i v e  
thaw  s lumps   r evea led   t ha t   t he   pe rmaf ros t   cvn -  
t a i n s   m a s s i v e   i c y   b e d s   w i t h i n   w h i c h  ice 
amounts t o   o v e r  80% per  volume. A si te  nea r  

The ground  sur face   on  t h e  c ryogen ic  mounds 

I n   t h e   c o n t i n u o u s   p e r m a f r o s t   z o n e ,   d e f i n i t e  

s a l l u i t   a l o n g   t h e  access r o a d   t o  the new a i r -  
p o r t  was s t u d i e d .   D r i l l i n g   s h o w e d , t h a t   t h e  
m a s s i v e   i c y   l a y e r  i s  11 m t h i c k ,  a,,,value cox- 
robora t ed  by a cki&f@!'hf p o l a r i t y  sign an  an 
i n d u c e d   p o l a r i e & i o n   s u r v e y .   I n , t h e  same 
reg ion ,  +t g r e a t e r   d e p t h s ,  ice lenses 10. cm,, 
t h i ck   and  50 'ern a p a r t  form a r e t i c u l a t e d   n e t -  
work w i t 5  ice ve inp  3 cm wide i n s o n e   s e c t i o n .  
i he mean. ;permafros t   t empera ture   a t   the  5 m 
depth  i s  $bout -5'C. 

, .  
, , . , .  

The g e o g r a p h i c a l   d i s t r i b u t i o n  of palsas and 
p e a t   p l a t e a u s  i n  northern  Qubbec has been s tud -  
ied by  Lagarec (1982), A l l a r d  et al., (1986) 
and  AlLard  and  sequin  (1987a). The n o r t h e r n  
limit o f   t h e i r   d i s t r i b u t i o n  area cor responds  
well t o  the p r e s e n t  tree l i n e  (Fig3re 1) .  
I c i n g s   a n d   f r o s t   b l i s t e r s  are p a r t i c u l a r l y  
abunda.nc+ &!long t h e  Hudson Bay coast   between 
Kuu j juafap ik   and   Nas tapoca   r ive , r .   Near   the  com- 
m u n i t y  of Umiujuaq, t w o  l a r g e   i c i n g s   ( o n e   n e a r -  
l y  500 m wide) made it n e c e s s a r y   t o  select a 
more suib!dible s i te  f o r  t h e  a i r p o r t .  Heaved 
bedrock  landforms  (Dionne,  1983)  form  over  per- 
mafrost   where  the geological structure is 
f avourab le  t o  p a r t i t i o n i n g  of blocks t h a t   a r e  
d i f f e r e n t i a l l y   h e a v e d  by h y d r a u l i c   f o r c e s  
i n d u c e d   i n   < h e   a c t i v e   l a y e r   d u r i n g   a n n u a l  
f r eeze -back . ' ,The   basa l t i c   fo rma t ions  along ',the 
e a s t e r n  coast. of Hudson Bay are p a r t i c u l a r l y  
f a v o u r a b l e   t o   t h i s  phenomenon (Michaud  and 
Dyke! 1990)  . 

F l n a l l y ,   i n   t h e   c o a s t a l   r e g i o n s   w i t h  a ve ry  
large t i d a l   r a n g e ,   s u c h  as  Ungava Bay, aggrad- 
ing  permafrost   has   been  found  under   higher  
marshes that a r e   i n u n d a t e d  by l a r g e   t i d e s   a n d  
o n t o   w h i c h   t h e   i c e - f o o t   f r e e z e s  t o  the   bo t tom 
i n  w i n t e r .  A r e c e n t   s t u d y   o f   t h e   t h e r m a l  

t h a t  it is  b r a c k i s h   ( s a l i n i t y   c a .  15 p e r  m i l ) ,  
regime of t h i s   i n t e r t i d a l   p e r m a f r o s t  h a s  shown 

has  a f r e e z i n g   p o i n t   d e p r e s s i o n  o f  about  0.9OC 
a n d   t h a t   t i d a l   s u b m e r s i o n s  i n  summer induce  
c o n v e c t i v e   h e a t   t r a n s f e r  by I n f i l t r a t i o n   i n  
t h e   a c t i v e   l a y e r .  Ground ice i n  this p e r -  
m a f r o s t   c o n s i s t s  o f  v e r y   t h i n   r e t i c u l a t e d  i c e  
lenses a n d   v e i n s   ( A l l a r d  et a]., 1992)  . 
!22w&um 

Table 1 summar izes   t he   co r re l a t ions   be tween  
Q u a t e r n a r y   s e d i m e n t s ,   p e r i g l a c i a l   l a n d f o r m s ,  
pa t t e rned   g round   f ea tu re s   and   pe rmaf ros t  char- 
a c t e r i s t i c s   i n   N u n a v i k .  The extensive  knowl-  
edge of these r e l a t i o n s h i p s  makes it p o s s i b l e  
f o r   l a n d  management p r o j e c t   p l a n n e r s   a n d   e n g i -  
n e e r s  t o  u s e  it a s  a key  for   mapping  probable  
a r e a s  of i ce  r i c h  permafrost ,  planning   geo-  
p h y s i c a l   s u r v e y s   a n d   d r i l l i n g   o p e r a t i o n s   a t  
reduced costs a n d   m a k i n g   d e c i s i o n s   p r i o r   t o  
u n d e r t a k i n g   c o n s t r u c t i o n   p r o j e c t s   i n v o l v i n g  
c u t t i n g ,   d i g g i n g ,   i n s u l a t i n g   a n d   d e s i g n i n g  
founda t ions .  O u r  improved  gwqraphic   knowledge 
i s  a l s o  h e l p f u l  i n   p l a n n i n g   f u r t h e r   r e s a a r c h ,  
b y  i d e n t i f y i n g   a r e a s  and phenomena  most s e n s i -  
t i v e   t o  g e o m o r p h i c   a n d   e c o l o g i c a l   v a r i a t i o n s  
i n  t h e  con , tex t  of n a t u r a l  or  man-induced c l i -  
matic   changes.  - , ,. 

The a u t h o r s   e x p r e s s   t h e i r   t h a q k s  to 
Transpor t s   Quebec  for f i n a n c i a l  and l o g i s t i c  
suppor t   o f   r e sea rch   i n   t he   f r amework  o f  t h e  
Nunavik a i r p o r t s   c o n s t r u c t i o n   p r o g r a m   a n d ,  
al.so, t o   t h e   G e o l o g i c a l   S u r v e y  of Canada f o r  



Table 1. Correspondences  between  landforms, p a t t e rned   g round  €e 
ground ice t y p e s  i n  Nunavik. 

a t u r e a ,   s u r f i c i  a1  geology  and 

Permafrost  1 : 40,'OOO 
mounds .. 

Palsas 1 : 40,000 
, .  

I .  

Thermokarst 1 : 40,000 
ponds (are 
a s s o c i a t e d  with 
p a l s a s  snd maunds) 

Ice-wedge 1:20,000 , ,  

polygons . .  :' . 

Soil-wedge 1 : 20,000 
polygons 

Rimmed f r o s t -  l : , l O ,  000 
boils ( o f t h '  , 
a s s o c i a t e d   w i t h  
ice ground 
wedges and 
g e l i f l u x i o n   l o b e s )  : 

High-centre 
f r o s t - b o i l s  

1 : 20,000 

Soil stripes 

G e l i f l u x i o n  
l o b e s  

Thufurs  

I c i n g s  and 
frost Glisters 

Heaved bedrock 

1 : 40,000 

1 : 40,000 

1: 10,000 

1: 10,000 

1 : 5000 

Marine s i l ts  and 
c l ays ,   s and  (lower 
mounds) 

P e a t ,   p e a t / s i l t s  
p e a t / s a n d  
p e a t k i l l   ( s c a r c e )  

, -  

Clayey S i l t s ,  
Fine  .and 
medium sand  

F i b r a u s  O K  
humic   pea t .  
over  f i n e  so i 

All' fo rma t ions ,  
mos t ly  fine and 
P=.dfY 

Peat, silts, 
sands 

T i l l s ,  sandy 
f l u v i a l  t e r r a c e s ,  
r a i s e d   b e a c h e s ,  
Fens 

. ,  , ,  P e a t ,   f i n e  
t o  c o a r s e  
sands  

l S  

T i l l s  (on moraines 
and   druml ins)  , 
d e p o s i t s   ( s a n d u r s  
a n d   d e l t a s )  

T i l l s  and, ' d ther  
d i a m i c t s   ( r a i s e d  
s tony  t i d a l  flats) 

Glacio-fluvial 

Coarse  and 
poor ly  
s o r t e d  
sand  and 
g rave  1 

Sandy  and 
g r a v e l l y  
s o i l s  w i t h  
a f r a c t i o n  
of silt  

Marine  and l a c u s -  
t r i n e   f i n e  sediments 

Fine   sands   and  
c l a y e y  s i l t s  

T i l l s  and   s lope  
d e p o s i t s  

Tills, slope 
deposits, sands 

Bouldery 
w i t h   m a t r i x  

Poor ly  
sorted 
SOilS 
wi th   ma t r ix  

T i l l s  and   d iamic ts  
on p o o r l y   d r a i n e d  
t e r r a i n s  

All t y p e s  

J o i n t e d  bedrock 

Poor ly  
sorted soils 
wi th   ma t r ix  

A l l  i n c l u d i n g  
o r g a n i c s  

E i n a n c i a l ,   p r o f e s s l o p a l   a n d   l o g i s t i c   h e l p .  The 
p r i n c i p a l   a u t h o r  algo, b e n e f i t e d  from g r a n t s  
from the   Na tu ra l   Sc i ences   and   Eng inee r ing  
Counci l  of Canada and t h e  ((Fonds F . C . A . R . u  of 
the  Quebec  Department  of Higher   Educat ion.  
Comments on a pre l imina ry   ve r s ion  of t h e  manu- 
s c r i p t  by Dr Alan  Judge  and  two  other  review- 
e r s  of   t he   confe rence   p roceed ings  were ve ry  
h e l p f u l .   T h i s  work coilld not  have  been  done 
w i t h o u t   t h e   p r e c i o u s   h e l p  of Mr. Richard 
LQvesque.  Many-students also c o n t r i b u t e d .  

Wldesprsad; 
sc,attered 

Widespxead, 
scatteted 

Widespread, 
scattered 
sporadic 

Continuous.. 

Continuous,  
widespread  

Continuous,  
widespread  

Continuous,  
widespread, 
scattered 

Cont inuous  

Continuous,  
widespread ,  
s c a t t e r e d ,  
s p o r a d i c  

Continuous,  
widespread  

Continuous,  
widespread  

Continuous,  
widespfdad, 
s c a t t e t e d  

Segrega ted  

Segrega ted  

N i l  

~ :Wedge ' ice, 

w i t h i n  
i n t e r s t i t i a l  

polygons  

I n t e r s t i t i a l  

I n t e r s t i t i a l ,  
a l i t t l e  
seg rega ted  
i c e  

Segrega ted  

I n t e r s t i t i a l  

I n t e r s t i t i a l  

I n t e r s t i t i a l  

I n t r u s i v e  

I n t r u q i v e ?  
segregated? 

REFERENCES 
A . C . G . R .  (Assoc ia te   commit tee  on g e o t e c h n i c a l  

r e s e a r c h )  T988. Glossa ry  of permafrost   'and 
r e l a t e d   g r o u n d  ice t,exms. N a t i o n a l  Research 
Counci l  o f  Canada,   Technical  memorandum no 

Al la rd ,  M . ,  F o r t i e r ,  R .  and Sepuin,  M.K. 1992. 
142, 156 pp. 

The thermal  regime of i n t e r t i d a l   p e r m a f r o s t ,  
George   River   es tuary ,  pu6bec. Canadian 
Journa l  o f  E a r t h  Sciences, 29  (21, 249-259 



Allard,  M., Llvesque, R. ,  Seguin, M . K .  and 

perge l i s01  e t  les Btudes  prbliminaires .aux 
Pilon, J . A .  1991. tes c .aract6r is t iques du 

travaux  de  gLnie au Quebec  nordique. 

QuBbec; non publib,  94 p.  

parg&l iso l  au Qubbec-nordique: bilan e t  
perspect ives .  GBographie  physique e t  
Quaternaire ,  41: 141-152 

Holocene evolut ion of permafrost   near   the 
txes l ine  a long   the  eastern coast of hudson 
Bay, northern  Quebec.  Canadian  Journal of  
Earth  Sciences,  24: 2206-2222 

Allard,  M . ,  Seguin,.M.K.  and LBvesque, R. 1986 
Palsas and mineral  permafrost mounds in 

' Geomorphology, P a r t  11, Edited hy V. 
northern  Quebec. I n  In te rna t iona l  

Eardiner,  John Wiley and Sons Ltd, London, 

.Rapport au min i s t e re   des   t r anspor t s  du 

Allard, M .  and  Seguin, M.K. 1987a. Le  

Allard,  M.  and  Seguin, M.K. 1987b. The 

pp. 285-309 
A.1 lard,  M . ,  Seguin, M . K .  and Psl le t ier ,  Y. 

1 4 8 8 .  Shoreline  permafrost   in 
Kangiqsualujjuaq Bay, Ungava, Quebec. In 
Permafrost ,   Fifth  International  Conference 
on Permafrost  Proceedings. Edited by K .  
Senneset.  Tapir  Publishers, Trondheim, 

Brown, R.J.E. 1979.   Permafros t   d i s t r ibu t ion   in  
Norway, I ,  pp. 113-118 

the   southern  part of the  discont inuous zone 
in Quebec and  Labrador.  Gbographie  physique 

Dionne, J.C. 1983. Frost-heaved  bedrock  fea- 
e t  Quaternaire ,  33: 279-290 

tu re s :  a valuable   permafrost   indicator .  
Gdographie  physique et Quaternaire ,  337: 
241-251 

Dyke, A.S .  and Pfest, V . K .  1987. Late 
Wisconsinan  and  Holocene h is tory  of t h e  

et Quaterna i re ,  41: 237-264 
Laurentide i c e  shee t .  GBographie physique 

Allard,  M. 1991.  Carac tkr i sa t ion  du 
pergkl isol   de   but tes   cryogi lnes  A l ' a i d e  de 
diagraphies   Qlec t r iques  au Nunavik, Quhbec. 
Permafrost   and  periglacial   processes,  2 :  
79-93 

Ives, J,D. 1979. A p r o d d e d  h i s t o r y  of per- 
mafrost  development  in  Labrador-Ungava. 
GBographie  physique et Quaternaire ,  33:  
233-244 

Jetchick,  E. and  Allard, M. 1990. S o i l  wedge 
polygons in northern Quhbec: descr ip t ion  
and  paleocl imat ic   s ignif icance.  Boreas, 19: 
353-367 

Kasper, J . N .  1992. L e s  coins  do glace  camme 

Associatian  qubbecoise  pour  L'btude du 
indicateurs   c l imat iques au Quebec  nordique. 

Quaternaire ,   col loque des 27-28 f k v r i e r  
1992,  Ottawa, R&sum6 des  communications. 

Lagaxec, D .  1982. Cryogenic mounds a s  indica- 
tors of permafrost conditions,   northern 

. Quebec. I n  Proceedings  Pourth  Canadian 

Memorial Volume, Ottawa,  National  Research 
Permafrost  Conference, t h e  Roqer J.E. Brown 

Leroueil ,  s., Dionne, G .  and Allard, M. 1991. 
Council o f  Canada,  pp. 43-48 

Tassement et  consol idat ion au dCgel  d'un 

Gbotechnical'  Jouj?nal,- 28: 678-689 
silt a rg i l i ux  a Kangiqsualujjuaq.  Canadian 

LQvesque, R., Allard, 'M. and  Sequin, M , K .  
1988a. L e  perg i l i so l  dana les formations 
qua terna i res  dB la region d e s   r i v i e r e s  

' Nastapoca et Sheldrake, Qubbec  nordigue. 
Cent re dl  Qtudes  noxdiques,   Universite ' 

Fortier,  R . ,  Lbvesque, R. , Sequin, M.K. and 

Laval,  Nordicana n05X, 23 p p .  

LOvesque, R . ,  Allard, M. and Sequin, M.K. 
1988b. Regional  factors of permafrost dis- 
t r i b u t i o n  and thickness ,  Hudson Bay coast,  
Qubbec. I n  Permafrost ,   Fif th   Internat ional  
Conference  on  Permafrost Pyacaadings. Edited 
by K. Senneset. Tapir Publishers,  Trondheim, 
Norway, I, pp, 199-204 

PiLon, J.A. 2990. Donnbes prbl iminia i res  sur 
le rbgime  thermique du perg i l i so l   dans  
quelques localitbs du Nunavik, QuBbac. In 
Permafrost-Canada,  Proceedings of t h e  Fifth 
Canadian  Permafrost  Conference, Cent re  
d'btudes  nordiques,  Universitl  Laval, 

Mackay J,R. 1992 The frequency o f  ice-wedge 
Nordicana no 54, pp.207-214 

ern Arctic coast, Canada.  Canadian Journal 
cracking (1967-1987) et Earry  Island, west- 

of  Earth  Sciences, 29:236-248 

permafrost zone.  Proceedings of the   Thi rd  
Thaw settlement s tud ie s   i n   t he   d i scon t inuous  

Jnt.   conference on Permafrost,  National 
Research Council of Canada, p.  701-706 

Michaud, Y .  and Dyke, L .  1990. Mechanisms of 
bedrock frost heave in  permafrost   regions.  

Fifth Canadian  Permafrost  Conference, Cen t re  
I n  Permafrost-Canada,  Proceedings of t h e  

d'etudes  rrordiyues,  Universitb  Laval, 
Nordicana no 54, pp.125-130 

Moisan, Y .  1988. Etude de t r o i s  sites de  poly- 
gones a coins  de glace  dans l a  rtSgion de 
S a l . l u i t ,  Quebec a rc t ique .  UniversitP Laval, 
DQparLement de gkographie, &moire de bac- 

Puitevin,  S. and Gray, J.T. 1982. Distr ibut ion 
ca laurea t ,  71 pp. 

du pergelisol dans l e  b a s s i n   d e   l a  Qrande 
Riviese de l a  Baleine, QuLbec. Naturaliste 
canadien, 109: 445-455 

Sequin, M.K.  1978. Temperature-electrical 
r e s i s t i v l ty   r e l a t ionsh ip  in continuous per- 
maf r o s t  a t  P u r t u n i q ,  Ungava peninsula.  
Proceedings o f  the   Thi rd   In te rna t iona l  
Permafrost  Conference,  National  Research 
Council of Canada, pp. 137-144 

Sequin, N.K.  and Allard,  M. 1984. Le pergblisol 
et les processus  thermokarstiques de l a  

QuBbec, GIographie  physique e t  Quaternaire,  
region  de l a  r i v i k r e  Nastapoca, Nouveau- 

Lkvesque, R., Allard,  M . ,  Sequinl M . K .  and 

McRoherts, E.C., Law, T.C.  and Moniz, E. 2978. 

3 8 :  11-25 
Seguin, M.K,, GahB, E., Allard,  M. and Ben- 

Miloud, K.  1988. Permafrost  geophysical 
i n v e s t i g a t i o n   a t   t h e  new a i r p o r t  site o f  
Kangiqsualujjuaq,  northern Qulabec, Canada. 
In Permafrost ,   Fif th   Internat ional  

by K .  Senneset.  Tapir  Publishers, Trondheim, 
Conference on Permafrost  Proceedings. Edited 

Norway, 2, pp. 980-988 
Sequin, M.K.  and L B W S ~ U Q ,  R. 1990.  D&taction, 

par methodes  gbophysiques,  de sols g&l i fs  A 

Nunavik,  Quebec. In  Permafrost-Canada, 
l'amplacement  de pistes d ' a t t e r r i s s a g e  au 

Conference, C e n t r e  d'btudes  nosdiques, Uni- 
Proceedings of t h e  F i f t h  Canadian  Permafrost 

versitk  Lavsi,  Nordicana no 54,  pp. 239-245 
SappBla, M., Gray, J . T .  and  Ricard, J. 1992. 

Development of low-centre Ice-wedge polygons 

QuBbec, Canada. Boreas, 20: 259-282 
i n  the  northernmost Ungava peninsula,  

et Quaternalre, '  3 3 :  245-252 
ies i n  northern Qikbec. GQographie physique 

de  Montridl, 23: 317-327 
near  Scheffervil le,  P.P. Revue de  glographie 

Taylor, A .  and Judge, A. 1 9 7 9 .  Permafrost  stud- 

'Thorn, B. 1969,' N e w  permafrost   investigation 

, , I  

10 



INFLUENCE OF CLIMATE CHANCE ON HIGHWAY EMBANKMENT STABILITY AND PERMAFROST IN THE PERMAFROST 
REGION OF THE QLNEHAI-XIZANG TLATEAU 

An, Weidongl, Wu, Ziwang', Zhu, YuanlinO  and A . S .  Judge' 

1 Lanzhou I n s t i t u t e  of Glaciology  and  Geocryology,  Academia Sin ica ,   China ;  
Centre  D'Otudes  Nordiques,   UniversitL Laval, QuBbec, Canada G1K 7P4 

2 Lanzhou I n s t i t u t e  o f  Glaciology  and  Geocryology, Academia S in ica ,   Ch ina  
3 Ter ra in   Sc ience   D iv i s ion ,   Geo log ica l   Su rvey   o f  Canada, Ottawa, Canada KIA OEB 

Th i s  paper p r e s e n t s  a n u m e r i c a l   p r e d i c t i o n   o f   t h e   i n f l u e n c e  of climate change 
on the t h a w   s t a b i l i t y  of a spha l t - su r faced  embankments c o n s t r u c t e d  on pe rmaf ros t  
a long   the   Qinghai -Xizanq Highway, China, i f   p r e d i c t i o n s  based on global climate 
change  models f o r  the   Qinghai -Xizang  P la teau   reg ion  are c o r r e c t .  With climate 
warming, t h e   m a j o x   h i g h w a y   s t a b i l i t y   p r o b l e m s   a n d   t h e   f o u n d a t i o n s  o f  o t h e r  
eng inee red  structures can be expected i n   a r e a s   o f   i c e - r i c h  soils due t o  thaw 
subs idence   and   po thole   format ion .   Spec ia l   measures  o r  new d e s i g n s  may be needed 
to p r o t e c t  such structures a g a i n s t   t h a w   s e t t l e m e n t  damage  awing t o  p r e s e n t  
g e o c r y o l o g i c a l   v a r i a t i o n s   a n d   f u t u r e   c l i m a t e   c h a n g e .   S u b s t a n t i a l   i n c r e a s e   i n  
t h e   d e p t h  of seasonal   thaw will lead t o   d e g r a d a t i o n  o f  permafros t   and  the f o r -  
mation of f r i g i d   a n d  ar id  a r e a s  on  t h e   p l a t e a u ,   e s p e c i a l l y   w h e r e   t h e   a n n u a l  
p r e c i p i t a t i o n  is low at p r e s e n t .  Thus t h e  problems related t o  env i ronmen ta l  
c h a n g e   i n   t h e   p e r m a f r o s t   r e g i o n s   o f   t h e   Q i n g h a i - x i z a n g   P l a t e a u   p r e s e n t   b r o a d e r  
soc ia l   and   economic  issues t h a n   s o l e l y   t h o s e  o f  i n f r a s t r u c t u r e   e n g i n e e r i n g .  

INTROOUCTION 
I n  t h e   n o r t h w e s t e r n   s e c t i o n  of t h e   Q i n q h a i -  

Xizanq Plateau (QXP), the   Qinghai -Xizang  h igh-  
way crosses, at e l e v a t i o n s  o f  4200 m and 
above, a r eg ion  o f  cont inuous   permafros t   and  
expe r rences  mean annual   g round  tempera tures  o f  
-1 .O t o  -4 .5"C.  T h i s   r e g i o n   l o c a t e d  Erom 30 t o  
31% and 90 t o  1OO"E may e x p e r i e n c e   a d d i t i o n a l  
problems i f  p r e d i c t e d  climate change o f  t h e  
g l o b e   i n f l u e n c e s   p e r m a f r o s t  and structures 
c o n s t r u c t e d  on pe rmaf ros t .  

r a d i a t e l y   a c t i v e   g a s e s   i n   t h e   a t m o s p h e r e   a n d  
t h e   r e s u l t i n g   e n h a n c e d   g r e e n h o u s e   f a c t o r ,  a 
climate warning may o c c u r   i n   t h e  QXP (noughton 
et al., 1990) , l e a d i n g   t o  a rise i n   t h e   a i r  
t empera tu re  of 2 . 0  t o  6.0Y by the y e a r  2035. 
If steady warming t a k e s   p l a c e   i n   t h i s   p e r -  
mafros t   reg l .o i ,   g round  tempera ture  a t  d e p t h  
w i l l  s lowly   respond.   Obvious ly ,   fu ture  struc- 
t u r e s   s h o u l d   i n c o r p o r a t e  some c o n s i d e r a t i o n  o f  
climate change i n  t h e   d e s i g n ,  but e x i s t i n g  
s t r u c t u r e s  i n  t h i s   a l p i n e   p e r m a f r o s t   a r e a  con- 
t a i n  no a l lowance   fo r  climate change. Some 
countermeasures,  however, may be necessa ry  t o  
prevent t h e i r   s e t t l e m e n t   a n d   d e t e r i o r a t i o n .  

The s t a b i l i t y   o f   t h e   a s p h a l t - s u r f a c e d  f i l l .  
embankments of the   Qinghal -Xizang highway, one 
of t h e  two  roads  into  Xizang,  is a major engi- 
neer ing   concern .  To date, many methods  have 
been proposed t o  prevent, minimize  degrada- 
t i o n  o f  permafrost  beneath,  embankments  around 
the   wor ld ,   such  as the rmop i l e s ,  a i r  duct vent -  

ment fills (Hi ldebrand ,  1983, V i t a ,  1983, Zhu 
ing ,   po lys ty rene  foam i n s u l a t i o n ,   a n d  embank- 

et a l . ,  1983, Wu, 1988, Esch, 1990). However, 
the  most simple and c o s t - e f f e c t i v e  method of 

m a f r o s t   i n   t h e  QXP is t o   u s e  embankment fill 
c o n s t r u c t i o n  of t h e  highway on  cont inuous   per -  

structures (Yu, 1986, Wu, 1988, An, 1989) . Heat 
a b s o r p t i o n  by t he   a spha l t   pavemen t ,  loading t o  

Because of t h e   a c c u m u l a t i o n  of CQ, and other 

i n c r e a s e d   s e a s o n a l   t h a w   a n d   d i f f i c u l t i e s  of 
d r a i n a g e  of the thaw bas in   formed  benea th ,  has 

d e g r a d a t i o n   t h r o u g h   i n h o a o g q n e o u s   d i f f e r e n t i a l  
r e s u l t e d   i n  embankments s u f f e r i n g   s e r i o u s  

t h a w   s e t t l e m e n t   a n d   p o t h o l e   f o r m a t i o n .   T h i s  
h a s  been caused  by embankment h e i g h t s   b e i n g  
much l o w e r   t h a n   t h e  c r i t i ca l  h e i g h t s   e s p e c i a l -  
l y   i n   a r e a s ' w i t h   i c e - r i c h  s o i l s  o r  mass ive  
ground iee near t h e  permafrost table, and has 

t r a n s p o r t a t i o n  since r e c o n s t r u c t i o n   i n  1982. 
sometimes- led to t empora ry   suspens ion  o f  

t r i g g e r e d   t h r o u g h  the i n f l u e n c e  of c l i m a t e  
change   on   the   permafros t  of the QXP. A t  p re -  
s e n t ,   t h e  mean a n n u a l   p r e c i p i t a t i o n   v a r i e s  
r e g i o n a l l y  from a low o f  l O O m m  i n  the wes te rn  
a r e a s  t o  excess of 400mm i n   t h e   s o u t h e r n  areas 
around Mount Tanqgulashan.   Strong  winds  and 
h igh  l e v e l s  o f  s o l a r   r a d i a t i o n  on t h e  p l a t e a u  
cause c o n s i d e r a b l e   e v a p o r a t i o n  pf s u r f a c e  
moisture  (Tong  and Li, 1983). Thus, e x c e p t   f o r  
some very localised areas with moderated 
m i c r o c l i m a t e s ,   t h e  greater p a r t  o f  t h e   n o r t h -  
e r n   a n d   w e s t e r n   r e g i o n s  of p l a t e a u ,  such as 
t h e  Mount Konglongshan area a l o n g  the Qinghai -  
Xizang Highway, possess a n   a r i d  climate and 
sparse v e g e t a t i o n .  ,Clear1 t h e   e x i s t e n c e  of 
t h e  p e r m a f r o s t   i k ' e h e '  decyiive f a c t o r   i n   p r e -  

t a t i o n  and p r e v e n t i n g   t h e   p l a t e a u  surface from 
s e r v i n g   g r o u n d   m o i s t u r e ,   s u p p o x t f n g   t h e  vege- 

becoming a frigid desert. 
The nature   and  magni tude of climate change, 

e s p e c i a l l y   o n  a regional.  b a s i s  is still a 
debatable   problem, and so far t h e r e   h a v e  been 
n o   c o m p l e t e l y   s a t i s f a c t o r y  theoretical  models 
t o  l i n k   i n c r e a s e d   c o n c e n t r a t i o n  of greenhouse  
gases i n   t h e   a t m o s p h e r e   w i t h  climate change. 
Thus  whether o r  n o t  a permanent  long-term c l i -  
mate  warming will take place and t h e ' r a t e  and 
magnitude o f  t he   change   r ema ins   unce r t a in .  The 
e f f e c t  of climate warming  on t h e   p e r m a f r o s t  
and on e n g i n e e r i n g   s t r u c t u r e s  o f  t h e  QXP w i l l  

I n   a d d i t i o n ,  a more genera l   p roblem may be 



be s e r i o u s .   T h i s   p a p e r   p r e s e n t s  a p r e l i m i n a r y  
numerical s t u d y   o f   t h o s e   p r e d i c t e d   e f f e c t s   o f  

benea th  both t h e   v i r g i n   p e r m a f r o s t   a n d   t h e  
s u r f a c e  warming  on the   g round   t empera tu res  

highway  embankments at t h e   K e k e x i l i   a n d  
Wudaoliang sites. These s i t e s  l i e  i n  a con t in -  
uous   permafros t  environment, 4700m above sea 
level, w i t h  a mean annual a i r   t e m p e r a t u r e  of 
-5 .6OC. Over t h e   n e x t   f o r t y   y e a r s   t h e s e  sites 
are aasumed t o  be subject t o  g l o b a l  warming a t  
a rate o f  0.08'C/yearm The n u m e r i c a l   p r e d i c t i o n  
showed t h a t   t h e   e f f e c t s  of ' c l i m a t e  warming  on 
a s p h a l t - s u r f a c e d  embankme'nts a r e   i n c r e a s e d  
depth  of  thaw,  and greater t h a w   s e t t l e m e n t  of 
an embankment c o n s t r u c t e d  on  an i ce - r i ch   foun-  
dat ion.   Comparison of t h e   g r o u n d   t e m p e r a t u r e  
va r i a t ion   be tween   t he   cu r ren t   c l ima te   cond i -  
ti on (i.e. i n  t h e   m o d e l l i n g  0.08'C mean annual  
a i r  t empera tu re  increment) a n d   t h e   f u t u r e   c o n -  
d i t i o n  shows t h a t  1) f o r  a moderate a i r  Eem- 
p e r a t u r e   i n c r e a s e  ( i . e .  less than 1 .S"C) , t h e  
i n f l u e n c e  o f  t h e   c l i m a t e   c h a n g e   o n   t h e   s t a b i l -  
i t y  of embankments i s  n o t   s e r i o u s  i f  t h e  
embankment h e i g h t  i s  main ta ined   bbove   the  
c r i t i ca l  h e i g h t ;  2) w i t h  an a i r  t empera tu re  
rise h i g h e r   t h a n  this v a l u e ,   t h e   e f f e c t  of t h e  
asphal t   pavement  will be t h e  most c r i t i c a l  
f a c t o r  in t h e  s t a b i l i t y   o f   t h e  Highway. - 

F O K  t h e  mathemat ica l   model l ing  o f  freeze-  
t h a w   c y c l e   i n   p e r m a f r o s t ,  w e  will assume: 
s o i l s  a r e  i so t ropic   and   homogeneous ly   l ayered;  
soil p a r t i c l e s   a n d   w a t e r   a r e   i n c o m p r e s s i b l e ;  
diffusive d i s p e r s a l   f l u x e s  of both   water   and  
g a s  masses axe n e g l i g i b l e   a n d   l o c a l   f l u i d   a n d  
s o l i d   t e m p e r a t u r e s - a r e  equal .  Fur thermore  w e  
will n e g l e c t   t h a w   c o n s o l i d a t i o n ,   m o i s t u r e  
m i g r a t i o n ,   a d d i t i o n a l   h e a t  sources, and chemi- 
cal  p o t e n t i a l s .  The hea t   conduc t ion   t h rough  
s o i l   p a r t i c l e s  and water, ice-water phase- 
change  and convection on ly  are cons ide red .  
Thus t h e   g o v e r n i n g   e q u a t i o n   o f   t h e   p h a s e -  
change   tempera ture ,  T ( t ,  x, y, 2) , of  permafrost 
can . ,be   g iven   by   the   fo l lowing:  

. '  dT 
d t  

' . '  C - = dlv( A grad T) f Cwpw dlv(\TI') 

The r e l a t i o n s h i p s  between Ice c o n t e n t  and 
t empera tu re  i n  t h e  freezing r e g i o n   c a n  be con- 
s ide red .   Thus ,   equa t ion  (1) i s  s i m p l i f i e d  as 

- d T  C - dk(A grad T) + Cwpw div(\7r) ( 2 )  
d t  

where 

unfrozen wate r   con ten t  is a f u n c t i o n  of the 
ground  tempera ture ;   and   the  ice c o n t e n t  is 
w r i t t e n  as 

e i  =e-e, ( 6 )  

Equations (1)- ( 6 )  can be solved f o r  the  
i n i t i a l   c o n d i t i o n s   a n d  boundary   condi t ions .  
Genera l ly ,  the i n i t i a l  c o n d i t i o n s  are 

T ( x , ~ , Z , t ) t - O ' f ( ~ , y , z )  (7) 

and   t he   boundary   cond i t ions  are expres sed  as 

where 
T Temperature 

Apparen t -   vo lumet r i c   hea t   capac i ty  
of t h e   s o i l s  

@,C- V o l u m e t r i c   h e a t   c a p a c i t i e s  of 

L 
thawed  and  frozen s o i l s  
V o l u m e t r i c   l a t e n t   h e a t  o f  f u s i o n  o f  
b u l k  wa te r  

v V e l o c i t y   f l u x  
pi,& Ice and water d e n s i t i e s  
A,.. a*,).- Therma l   conduc t iv i ty  of t h e   s o i l s ,  

$,01 unf rozen   wa te r   con ten t  

x, y ,  a C a r t e s i a n   c o o r d i n a t e s  
t time 

The, equations ( 2 )  to ( 6 )  describe mathemat- 

thaw and f r o z e n  soi ls ,  r e s p e c t i v e l y  

T o t a l   c o n t e n t  of water and ice 

i c a l l y ' t h e   t e m p e r a t u r e   f i e l d   i n   f r e e z i n g   a n d  
thawing permafrost or Erozen  ground.  The  con- 
v e c t i o n  term i n   e q u a t i o n  (2) is so small t h a t  
it is omi t t ed  (Nixon, 1 9 7 8 ) .  Because of tem- 
pe ra tu re -dependen t   t he rma l   p rope r t i e s   i n   equa -  
t i o n s  (1) and ( 2 ) ,  t h e  equations are non l in -  
ear, and   the   phase-change   tempera tures   and  
c r i t i c a l   h e i g h t s  o f  t h e  embankments i n  the 
Kekexili   and  Wudaoliang sites were r e p r e s e n t e d  
u s i n g   t h e   c o n v e n t i o n a l   f i n i t e   d i f f e r e n c e  equa- 
tion. - 
c o n v e n t i o n a l   f i n i t e   d i f f e r e n c e  scheme of 
a l t e r n a t i n g - d i r e c t i o n ,   t h e   t w o   d i m e n s i o n a l  
problems o f  e q u a t i o n s  (2) to ( 6 )  are g iven  as 

U s i n g   t h e  law of   energy   conserva t ion   and  a 

. .  

[8"] [Tn'"E] = [F"] , 



i -1 ,2 ,33 ,  . . , .N: j=1,2,3, . . . .M; n=l ,  2,3,. . . . 
The d i f f e r e n c e   e q u a t i o n s  are permanently 

stable  and c o n v e r g e n t .   I n i t i a l   c o n d i t i o n s   c a n  
be d e t e r m i n e d   f r o m   t h e   m o n i t o r e d   d a t a  or c a l -  
cu la t ed   f rom the c h a r a c t e r i s t i c s  of t h e   p a r -  
t i c u l a r h p r o b l e m  using the Laplace   equat ion .  

FOR 

Except f o r  a spha l t - su r faced   pavemen t ,   t he  
embankments are gene ra l ly   cons t ruc t ed   f rom 
l o c a l   m a t e r i a l s  and b u i l t   d i r e c t l y  on t h e  
o r i g i n a l   g r o u n d   s u r f a c e .  To sa fegua rd  the 
f rozen  s t a t e  o f  permafros t   and  t o  p reven t  
i n s t a b i l i t y  of t h e  embankment  due to thaw 
d e t e r i o r a t i o n  of t h e   u n d e r l y i n g   p e r m a f r o s t ,  
the maximum d e p t h s  of the s e a s o n a l  active 
l a y e r   o f   b o t h  the undis turbed   permafros t   and  
t h e  embankment f o u n d a t i o n   s h o u l d   r e m a i n   a t   t h e  
same level.  The  computed  height of embankment 
t o  meet t h i s   r e q u i r e m e n t  i s  termed t h e  c r i t i -  
cal h e i g h t .  

va r ious   g round  surface cove r s  a t  d i f f e r e n t  
sites were cons ide red .   These   combine   t he  
a c t i o n s  o f  the ambient a i r  temperature and 
solar r a d i a t i o n  on t h e   g r o u n d   s u r f a c e  repre- 
s e n t e d  by f ine -g ra ined  ~ 0 1 1 s ~  coarse-grained 
so i l s ,   and   asphal t   pavement  (Wu, 1988, An, 
1989). R e p r e s e n t a t i v e  local ambient a i r  tam- 
p e r a t u r e  for any time of yea r  is  c a l c u l a t e d  by 
the   f . o l lowing   equa t ion :  

The e f f e c t s  o f  t h e   t h a w i n g   i n d i t e s  o f  $he 

. f(%)=-L5.7832-1.7623E-lT+4.2239Ei3T2- 
1 . 8 7 U ~ E - W + 2 . 3 2 9 0 3 E - 8 ~ '  (15)  

Where z is t h e   J u l i a n  day. 
Initial c o n d i t i o n s  were de te rmined   u s ing  

the   g round  tempera tures   moni tored  i n  observa-  
tion d r i l l h o l e s   b e f o r e   t h a w i n g   a n d   n u m e r i c a l l y  
w i t h   t h e   L a p l a c e  equation. 

The top t ime-dependent  boundary condi . t ion  
is given  as: 

At, + f ( z )  -+ AT J c J, 

At2 + f (z)  + AT J z J, 

At, + J .  (At,) + f ( T ) +  AT J ,  5 J 5 J, 

where 

The lower boundary   condi t ion  as 

where AT is t h e  mean annual. a i r   t e m p e r a t u r e  
increment .  

I8  
, -  , I  

The r e l a t ionsh ip   be tween   un f rozen  water 
con ten t   and   t empera tu re  i s  expres sed  
(Xu, 1985) : 

W,-W ( 1 -R (2) ) 

where R(T)-0.605446-0.35881T+0.144879TI 
-2.89856E-2T1+2.60897E-3T' 
-8.7824 GE-ST', Tc-7, O°C (18)  

for t h e   c o a r s e - g r a i n e d  soils: and 

far t h e   f i n e - g r a i n e d  soils. 
The c o r r e l a t i o n   c o e f f i c i e n t s  of both  equa-  

t i o n s   a r e  0.96 and 0 . 9 8  and t h e  To, T, a n d   t h e  
c o n s t a n t  Th are 0.0, -0.75 and -0.20°C, respec-  
t i v e l y .  

t h e  s o i l  d e n s i t y ,   d e c r e a s i n g  w i t h  i n c r e a s i n g  
The unf rozen  water c o n t e n t  also a € f e c t e d  by 

s o i l   d e n s i t y  pd As the v a l u e s  of pd change  from 
1600, 1550 t o  1500, t h e   c o n s t a n t  R, varies f r o m  
0.1333, 0 .162 t o  0.313, r e s p e c t i v e l y ;   t h e  con- 
s t a n t s  Dnr D,, I),, D,, are 1.35, 1.1, 6 .9 ,  1.5, 
r e s p e c t i v e l y .  

The time and space  steps used f o r  the com- 
p u t a t i o n  were ' , 

, ,  L 

AT2-4 .O to 8.0 h; Oz=O. 10  m; ' ' ' '  

A ~ = 0 . 1 5  to 0,:25 . ,  

' . ;  ' 

The r e l e v a n t   s o i l  and t he rma l   pa rame te r s  
a re  shown i n  t a b l e  1; and a c r o s s - s e c t i o n a l  
s k e t c h  of the  embankment  i,s'shown in f i g u r e  1. 

Table 1. The S o i l  and .Thermal -9aramsters 
Used for Model  Computations;, ' , 

, ,  

~~ ~~~~ 

Soil* Dry Water C E k ' k . ,  
Dens i tyCon ten t  

P,+(kg/ICI') W (g/g) (KJ/m'.K) (WPm.K) . ,  : 

C . S . G ,  1900 6 2227.4 1913.4 1.919, 1'.982 
S.L.G.M.1800 1 0  2185.5 1695.6 1 . 9 1 9  2.616 
Loam 1600 13 2210 .6  1976.6 0.982 0..912 

1500 20 , 2512.1 2072.5 1.093 1.221 
S.G.S. 1600 14 2210.6 1641.2 1.642  2.151 

1550 14 2202.3 1942.7 0.976 0.908 

Caafse Sand and Gravel (C.S.G.) 
Sandy L a m  and Gravel IkitLlrQ 1S.L.G.M.) 
sandy Gravol Soil ( 5 . G . S )  

6.5 m 

. j ,' * I  

ADJACENT 
PERMAFROST FOUNDATION 

E 
, .  u? - 

r 

Figure  1. Cross - sec t ion  of a n   a s p h a l t - s g r f a c e d  
embankment. , .> 

, -  
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Figure. 2 Temperature d i s t r i b u t i o n   i n  the 
~ <verticaJ direction a l o n g  the  c e n t e r  

line o f  t h e  embankment. 
-' computed results 
*,".b moni to r ing  data from the  l a s t  t e n   d a y s   o f  

Octaber 1986 and t h e   m i d d l e   t e n   d a y s   o f  
. ~ J y l y ,  ,!987 r e s p e c t i v e l y  

FOK t h e   f i n e - g r a i n e d  soil founda t ion  of t h e  
embankment a t  the Kekex i l i  s i te,  F igu re  2 
shows the  ver t ical  t e m p e r a t u r e   p r o f i l e s  
de r ived   f rom  the   numer i ca l   so lu t ion   and   f rom 
the d r i l l h o l e  data b e n e a t h   t h e  center o€ t h e  
paved  embankment.  The maximum d e p t h s  of sea-  
s o n a l   t h a w   o n ' a ' c r o b s - s e c t i o n  o f  t h e  embank- 
ment are p r e s e n t e d   i n   F i g u r e  3 .  Comparisons o f  
t h e  moni tored  and numer ica l ly  predicted  values 
of bo th   g round  ternperatyre and  depths of maxi- 
mum s e a s o n a l   t h a w   o n   t h e ' c r o s s - s e c t i o n  of 
embankment and   on   ad jacen t  permafrost agree 
quite w e l l .  F i g u r e  4 gives m o n i t o r e d   r e s u l t s  
f ram a d r i l l h o l e  a t  t h e   c e n t e r  o f  t h e  embank- 
ment  showing t h e  d e p t h o f  zero degree   i so the rm 
during s e a s o n a l   t h a w ,  

W h i l e   t h e  minimum cr ikical  h e i g h t ,   a n   t h e  
one  hand, was t h e   i m p o r t a n t   c a l c u l a t e d   r e s u l t  
f o r  t h e   t h e r m a l   s t a b i l i t y  of t h e  embankment, 
t h e   d r a i n a g e ,   c o n s o l i d a t i o n  and mechanical  
properties of t h e  embankment were a l s o  of con- 
ce rn .   Cons ide r ing  a l l  o f  t h e   f a c t o r s ,   t h e  com- 
pu ted  c r i t i ca l  h e i g h t  was 2.1 m €or  a com- 
pounded  coarse-grained f i l l  of d r y   d e n a i t y ,  
w i t h  water c o n t e n t  o f  1800 kg/d and 0% respec-  
t i v e l y ,   a n d ' t h e   f i n e - g r a i n e d   f o u n d a t i o n  of d r y  
d e n s i t y  w i th  water content of 1550 kq/ma and 
10% r e s p e c t i v e l y  (Figure 3 ) .  The observed  
embankment h e i s h t  was 2.Qm a f t e r  7.0 y e a r s  of 
cpn t inuous  service t e s t i f y i n g  t o  t h e   r e a s o n -  
able  success of t h e  predicted performance.  

OF THE ~ C E  OF c-v 
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To c o n t r a s t   t h e   r e s u l t s  of the p r e s e n t  
g r o u n d   t e m p e r a t u r e   , p r o f i l e s   a n d   v a r i a t i o n s  
w i t h  those predicted f o r  t h e   n e x t   f o r t y   y e a r g ,  
the current s e a s o n a l   t h a w   v a r i a t i o n s   w i t h  time 
i n   b o t h  t h e  f ine-gra ined   and   coarse-gra ined  
soi ls  benea th  t h e  und i s tu rbed   pe rmaf ros t  are 
computed,   and  these results  shown t o  f i t  t h e  
o b s e r v e d   d a t a   ( F i g u r e  5 ) .  With  an increase of 
mean annua l  air t empera tu re ,   t he   co r re spond ipg  

t h e  temperature profiles fo r  d e p t h s   b e n e a t h  
i n c r e a s i n g -  depths of rhaw are demonstratud-  by 

t h e  embankment ( F i g w e  , 6 )  and i n  c r o s s - s e c t i o n  
a l o n g   t h e  embankment ( F i g u r e  7 ) .  The parame- 
ters u s e d   f o r   t h e   c a l c u l a t i o n  were t h o s e   f o r  

DISTWCB 13) 

Figure 3 .  Cr i t i ca l  h e i g h t s  of t h e  embankment 
w i t h   t h r e e   d i f f e r e n t  f i l l s .  

U, P .T. Upper u n d i s t u r b e d   p e r m a f r o s t  t a b l e  
monitored " _  t he  test embankment he ight   (moni tored)  

p r o p e r t i e s  of f i l l ;  
__ p,=1600 kg/m3, W-13% , 

0 pd=1800 kg/ma, W-10% 
pd*1900 kg/m', W=6% 

--,*, o c o m p u t a t i o n   r e s u l t s  for  d i f f e r e n t  

1, 2, 3 the  results o f   t h e  mid-May, mid-July 
and   ear ly-September ,   respec t ive ly  

Figure 4. V a r i a t i o n  o f  d e p t h   o f . t h a w   w i t h  time 

embankment (monitored April 1986 t o  May 1987). 
(O.O°C isotherm) i n  t h e  c e n t e r   d r i l l h o l e  of  t h e  

FI 

E 
Y 

F i g u r e  5 .  V a r i a t i o n  of d e p t h  of thaw with time 
i n  t w o  t y p e s  of t h e   u n d i s t u r b e d   p e r m a f r o s t  

soils 
*, o Monitored d a t a   i n  fiqe .and coarse-grq iqed  

- C a l c u l a t e d  results i n   t h e   f i n e - g r a i n e d  
s o i l s   r e s p e c t i v e l y  

and coa r se -g ra ined  s o i l s  
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Figure 6. Tempera tu re   va r i a t ion   w i th   dep th  a t  
t h e   c e n t e r   p o i n t  of t h e  embankment r e s u l t i n g  

from  increments  of a n n u a l   a i r   t e m p e r a t u r e .  
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Figure  7 .  V a r i a t i o n  of depth o f  thaw along t h e  
c ros s - sec t ion  of t h e  embankment r e s u l t i n g  from 

v a r i o u s  mean a n n u a l   a i r   t e m p e r a t u r e   i n c r e m e n t s .  

t h e  f i e l d  s i t u a t i o n  (i  .e. an  embankment 2 .  lm 
h i g h   c o n s t r u c t e d  o f  compounded coa r se -g ra ined  

t empera tu re  o f  up t o  3.2OC have  been  considered 
f i l l  on a f ine -g ra ined  s o i l ) .  I n c r e a s e s   i n   a i r  

in   accord ing   wi th   the ,maximum  warming  predfc t -  
e d  by t he   In t e rgove rnmen ta l   Pane l  on Climate 
Change (IpCC) (Houghton et a]., 199d) f o r  t h e  
QXP I 

. In  rcspohse t o   s u c h  a g r a d u a l  warming 
occur r ing   ove r  forty years  the maximum season-  
a l   dep th   o f   t haw is c a l c u l a t e d  t o  i n c r e a s e  
from 3.3m a t  p r e s e n t   t o   a s  much as  8m benea th  
t h e  embankment  and  from  1.3m t o  5.2m benea th  
t h e   a d j a c e n t   u n d i s t u r b e d   p e r m a f r o s t .  The dep th  
of thaw  benea th   t he   a spha l t - su r faced  embank- 
ment i s  o b v i o u s l y   g r e a t e s t   w h i l e  t h a t  benea th  
t h e   f i n e - g r a i n e d   S o i l 3  i s  less a t  any  given 
time (F igure  8). 

From t h e   p r e d i c t i o n  o f  t h e  numer ica l  , . 

results, as  shown i n  F i g u r e  7, t h e   d e p t h  of 
thaw i n   t h e   e m b a n k m e n t , w i l l   i n c r e a s e   s l o w l y  
w h i l e   t h e  mean annual  d r  t e m p e r a t u r e   i n c r e a s e  

b e n e a t h   t h e   u n d i s t u r b e d   p e r m a f r o s t   a n d   t h e  
i s  less t h a n  L .5'C. The maximum d e p t h s  o f  thaw 

embankment n e a r l y   r e m a i n   i n  same l e v e l ,   a n d  

, .  
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F i g u r e  8 .  Comparison of t h e   v a r i a t i o n  " o f  ,dep th  
of thaw  with time b e n e a t h   t h e   u n d i s t u r l i e d  per- 

m a f r o s t   a n d   t h e   c e n t e r  of t h e  embhnkmeht: 
F i n e - g r a i n e d   s o i l s  (F.G.S.); 

Coarse-gra ined  soils (C .E. S .  ) 
Aspha l t - su r faced  embankment (AS.  SLURB!,. ) 

t h e   i n t e r f a c e s   b e t w e e n  frozen and  unfrozen 
s o i l s   a t   t h e  maximum seasona l   t haw  ma in ta in  a 
s l i g h t l y   c o n v e x   s h a p e ,   i f   t h e  embankment i s  
k e p t  a t   t h e  c r i t i ca l  h e i g h t .  An impor t an t  con- 
c l u s i o n  i s  de r ived   f rom  these  results, t h a t  

ature i n c r e a s e s  by as much as 1.5OC, t h e  cri t i-  
is, I n  t h e   s h o r t - t e r m ,  even i f  the air temper- 

c a l   h e i g h t  of t h e  embankment could be main- 
t a i n e d  as a n e c e s s a r y   c o n d i t i o n  f o r  p r e v e n t i n g  
ser ious  t h a w   s e t t l e m e n t   a n d   t o   e x t e n d  the , , 
" d e s i g n   l i f e " .  When t h e  mean annua l  air t e m -  
p e r a t u r e   i n c r e a s e s  by more t h a n  1 .5OC, however, 
a t h a w   b a s i n   c o u l d   f o r m   i n   t h e   f o u n d a t i o n s  of 
t h e  embankment  and a d j a c e n t   p e r m a f r o s t .  The 
thawing  of ice- r ich   sed iment ,   combined   wi th  
v e h i c l e   l o a d i n g   a n d   t r a f f i c   f r e q u e n c y  and 
v i b r a t i o n  will e x a c e r b a t e   t h e   s e t t l e m e n t   a n d  
g e n e r a l   d e t e r i o r a t i o n  of t h e  highway  embank- 
ment will r e s u l t .  The major  consequence of 
deepe r   s easona l   t haw is t h a w   s u b s i d e n c e   i n   t h e  
u n d e r l y i n g   i c e - r i c h  s o i l s  r e s u l t i n g  i n  loss of 
support a n d   t h e   f o r m a t i o n  of p o t h o l e s   i n   t h e  
Highway. 

It can  be seen  from F i g u r e  9 t h a t ,   e v e n . .  , )  

w i t h  a cons t an t   i nc remen t  of mean annual  a i r .  I 

t e m p e r a t u r e ,   t h e  much s t r o n g e r   s o l a r   r a d i a t i o n  
i n  axp  a n d   t h e  effects of  h e a t   a b s o r p t i o n  by 
t h e  a s p h a l t  pavement are reqponsible f o r  t h e ,  

t h e  embankment and  €or  the conseqyent   p roble&'  , 
r a p i d   i n c r e a s e  of the seasona l   t haw  benea th  

a s s o c i a t e d   w i t h   t h a w   s e t t l e m e n t .   O b v i o u s l y ,  a I 

r e d u c t i o n  of h e a t   a b s o r p t i o n   p r o p e r t i e s  of t h e  
a s p h a l t  pavement  of  embankments,  while  main- 
t a i n i n g   t h e   h i g h   q u a l i t y  of the   pavement ,  i s  
p a r t i c u l a r l y   s i g n i f i c a n t  for t h e   c o n t i n u o u s  
pe rmaf ros t   r eg ions  of the   p inghai -Xizang 
Highway, e s p e c i a l l y   u n d e r   c o n d i t i o n s  of cli- 
mate warming. 

warming a r e   i m p o r t a n t   t o  other c o l d   r e g i o n  
e n g i n e e r i n g   a n d   p e r m a f r o s t   s p e c i a l i s t s  a3 w e l l  
a s  t o  highway  engineers .  A p o t e n t i a l l y   s e r ~ p u s  
p r o b l e m   e x i s t s   i n   a r e a s  o f  ar id c l i m a t ' e ~   n o r t h  
and west of QXP. Increased   seasonal   thaw  could  
c a u s e   i n c r e a s e d   w a t e r   s e e p a g e   t o   g r e a t e r  
d e p t h s ,   e s p e c i a l l y   i n   . t h e   c o a r s e - g r a i n e d  or 
h igh ly   pe rmeab le   so i l s ,   Lead ing  t o  a subs t an -  

marked d e t e z i o r a t i o n   o f   t h e  v e g e t a t i o n   c o v e r  
t i a l   d e c l i n e  i n  t h e   g r o u n d  water table  and a 

( e s p e c i a l l y   s h a l l o w - r o o t e d  s p e c i e s )  i f  t h e  

The problems of the   in fAuence  of climate , 

> .  t o t a l   p r e c i p i t a t i o n   r e m a i n s  a t  t h e   p r e s e n t  
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dep th  of t haw  benea th   t he   a spha l t - su r faced  
Figure 9. comparison of t h e   v a r i a t i o n s  of 

embankment  and  ad,jacent"  permafrost  with time. 
Ad jacen t   pe rmaf ros t  (A.  PERMF) 

Aspha l t - su r faced  embankment (AS-SURBT.) 

level.. ' Tn a d d i t i o n  the c,ombination o f  winds 
a l o n g   t h e   p l a t e a u   s u r f a c e ,   f u r t h e r   d e v e l o p m e n t  
~f a n i m a l   . g r a z i n g   a n d   o t h e r   . a g r i c u l t u r a l  
a c t i v i t i e s  could result i n  f u r t h e r   p e r m a f r o s t  
d e g r a d a t i o n   a n d   c a u s e   t h e s e   a r e a s  t o  become a 
f r i g i d   d e s e r t .  

be much deeper   than   those   computed   because  
thaw consol idat ion,   seepage  and  heat   and  mass  
t r a n s f e r  were nqglectqd.   Moreover ,   the   per-  
mafrost   degradat ion  wquld  extend over t h e   v a s t  
a r e a s  of t h e  QXP where   t he  mean annual  a i r  
t empera tu re  i s  a l r eady   above .  -5.6'C, and  espe-  
c i a l l y   n e a r  the margins of t h e   p e r m a f r o s t .  
Thus, mon i to r ing   and   r e sea rch  into c l i m a t e  
change i s  a more s i g n i f i c a n t  issue t h a n   j u s t  
p r o t e c t i o n  of t h e   e n g i n e e r i n g   i n f r a s t r u c t u r e s  
and   shou ld   i nc lude   t he   eco logy ,   env i ronmen ta l  
p r o t e c t i o n  as well as economic  development  in 
t h e s e   c o l d  a l p i n e  r eg ions .  

" , ! *  

I n   f a c t ,   t h e   d e p t h   o f   s e a s o n a l   t h a w  could 

. .  

1. : I n   ' t h e   s h o r t - t e r m ,  .when t h e   a i r   t e m p e r a -  
ture i n c r e a s e   a r e  less t h a n  1.5'C I n  t h e  QXP 
t h e   c r i t i c a l   h e i g h t s  of t h e   a s p h a l t - s u r f a c e d  
f i l l  embankments  could  continue t o   p r o v i d e   t h e  
e s s e n t i a l   c o n d i t i o n   f o r   p r e v e n t i n g   r a p i d   d e t e -  
r i o r a t i o n  of pe rmaf ros t  foundation and  thaw 
s e t t l e m e n t  o f  t h e  embankment. 

2 .  If a i r  temperature i n c r e a s e s   a r e   g r e a t e r  
t h a n  1.S'C a t haw  bas in   cou ld  form  beneath  the 
a s p h a l t - s u r f a c e d  emb,ankment f o u n d a t i o n   a n d   t h e  
a d j a c e n t   p e r m a f r o s t ,   p a r t i c u l a r l y   a f t e r  a i r  
t e m p e r a t u r e   i n c r e a s e s   a b o v e  2.5OC. I f   t h e   f o u n -  
d a t i a n  i s  i n   i c e - r i c h   . s o i l s ,  it w i l l  r e s u l t   i n  
s e r i o u s   t h a w   s e t t l e m e n t  of t h e  embankment  and 
po tho le   fo rma t ions  i n  the   h ighway.   Fur ther -  
more,   ground  water   could  f low  into  , the   basin 
from t h e   s u r r o u n d i n g   a r e a   w h e r e   t h e   d e p t h  of 
thaw i s  less caus ing   water   accumula t ion   and  
t h u s   a c c e l e r a t i n g   t h a w   s e t t l e m e n t .  

3 .  I f   s t e a d y   c l i m a t e  warming occur s   ove r  
t h e   n e x t  f o r t y  y e a r s  as p r e d i c t e d ,  t h e  e f f e c t s  
o f  h e a t   a b s o r p t i o n  of t h e   a s p h a l t  pavement 
w i l l  be a c r i t i c a l   f a c t o r   i n   t h e   " d e s i g n  l i f e"  
of t h e  highway  embankment.  Reduction of t h e s e  
e f f e c t s  would s o l v e  a cons ide rab ln  number o f  
problems f o r  highway d e s i g n  and ma$.ntenance i n  
the   pe , rmafros t  regions . i n   t h e  Q X B .  

4.. Mote a t t e n t i o n   s h o u l d  bs g i v e n   t o   t h e  
moni tor ing  of and r e s e a r c h   i n t o  climate change 

' .  

i n  t h e  QXP, i n   a n   e f f o r t   t o   u n d e r s t a n d   a n d  
p e r h a p s   t o   p r e v e n t   t h e   p l a t e a u   s u r f a c e   a d v a n c -  
i n g   t o w a r d s  a f r i g i d  deserc. This   could  become, ,  
a main i s s u e  f o r  env i ronmen ta l   p ro t ec t ion   and  
economic  development. - 
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Permafrost  is  controlled by the  temperature  variations and heat flow  in  the 
active  layer, a61 well aa by gmothannal heat flow. The  temperature of! the bottom .- 
o f  .the,active  layer b o t  particular interest becaumrr it can bo used a5 a 
boundery ,condition for the,permafroet  thermal  regime. A finite  element numer,ical 
model  was ueed to predict the  temperature of the  active  layer  subjected to a 
sinusoidal  surface  temperature  variation.  The  predictions of the  purely 
conductive  heat  transfer  model  demonstrated  such  basic  characteristics of the 
active  layer bottom temperature  as  the  zero  curtain effect. A simple  analytic 
model based on  the  assumption of a homogeneous  system  was  devised  to  predict  the 
temperature  variations in the  active layer. The  analysis,  which  combinee phaee- 
change and non-phase-change  timi  spans  for  one  year, yie lds  temperature 
predictions  that  are  within 6% of  the  numerical model. The  approach  is 
potentially  adaptable to  a  surface  energy  boundary  condition that can be used  to 
evaluate  the  effect  of  short-term  atmospheric  changes on permafrost. 

NOMENCLATURE temperature  fluctuates  around  the  freezing 

specific heat 
pc specific  heat  capacity 
geothermal  gradient called the "active layer," i s  very  important  in 
thermal  conductivity,  W/m*K  cold  regions  engineering,research  and  practice. 

latent heat ice wedges, patternqd  grsugd,  and  others are 
volumetric Latent heat related to the  presence $f %he  active  layer, 
~ R / w ,  period of surface temperature  (Lunardini, 1981). A proper  understanding of the 
oscillation thermal  behavior of the  active  layer is vital to 

temperature o f  soil  water  (nominally 0 - C ) .  Since 
the  properties o f  frozen and thawed  soils  are 
significantly  different,  the  study Q E  this  layer, 

k,  /k, Many cold regions  phenomeha  such as frost  heave, 

time 
temperature 
initial  constant  temperature 
initial  temperature of active  layer at start 
of thaw 
T(o,t),  surface  temperature 
surface  temperature at start of decrease of 

depth 
maximum  thickness o f  active layer 
thaw  depth, n\ 

thermal  diffusivity ' \"', 

lag angle 
density, Kg/m 
dimensionless  depth,  x(2n/PaU) 
(t-t, ) " 

frequency of surface  temperature oseillation 

i 

S m i w t s  

1,2 different phases of soil 
f l u  frozsn,thawed 

INTROI&!CTZON 

In perma.ffost tegions'thi!  seasonal  variation 
.o$ the  ground  surfaqe'  temperature  causes  an  upper 
layer of the  sot1 t o  %haw qnd  freeze as the , .  

~ . ,  ,, 
.. , , 17 
. ,  

the safe  design  and  construction of roads, 
pavements,  airfields,  utilitieo, and%other 
structures in cold  regions. 

The  recognition o f  global  warming  and i t s  
possible severe  consequences in the permafrost 

predict accurately  the  behavior of the  active 
regions  has  further  accentuated  the  need  to 

layer. It i s  reasonable to expect  that  an 
increase  in  mean annual air temperature  due to 
global warming  would  causa  the  mean  annual  ground 
surface  teiperature  to increase. As a  result, , 

the  active  layer  will  increase in thicknem with 
attendant  changes  in  its  thermal  regime  (Kane et 
al., 1991). Over  decades  the  phenomenon  can also 
affect  the  thermal  stability of the  permafrost 
that  lies  underneath  the  active layer. 'The basic 
input for calculating  the  thaw  depth is the 
seasonal  variation of the  eurface  energy  balance, 
which  controls  the  ground  Surface  temperature. 
This  information i s  rarely available:  however, 
the  annual  variation of  air temperature is 
routinely  monitored by meteorological  stations at 
many sites. The  relationship  between  the  air and 
surface  temperatures is difficult to establish 
becauee it i s  affected by the  highly  complex 
surface  energy  exchanges  that  take  place  in  the 
contact  layer  covering  the soil system 
(Lunardini, 1981). The  energy  balance  must 
include the net radiation at the surface, 



atmospheric  convection,  latent  heat  effects 
(evaporation,  snow  melting, etc.), and  energy 
generation  or  absorption  due  to  biochemical  and 

host of other  factors that are difficult to 
other processes.  Each of these depende upon a 

quantify. An engineering  approach that has  proved 
somewhat  satisfactory is the  theory of n-factore, 
which  relates  the  mean  air  temperature  to  the 
mean  surface  temperature  (Lunardini, 1978). But 
even the n-factor for a given s i te  varies with 
time, from month to month and year to year.  The 
best strategy  therefore may be to measure  the 
average  daily  surface  temperatures a t  the  site of 
interest  en4  establish  a  curve  that best fits the 
data; Kane  et al. (1991) presented  ouch a curve 
based on the  measurements over a four-year period 
at a field ai,ta..near Toolik Lake, Alaska. The 
curve  resembles a sine: curve  but  with  several 
distinguishing fen$uiea, 

~ z i 2  ana  hunardini , ' (&d): made  a  comparative 
assessment of vwiow Tnalytic  approaches  for 
predicting  the  thickness of the  actlve,layer. The 
analytical predictio~is were compared with a 
finite  element  aolytion  generated  using a code 
developed  at CRTZEZ; (Farag et al. 1988,.. 
Coutermarsh  and  Phetteplace 1991). since that 
paper"wae in  a  general  comRarieon of the 
analytical  and  numerical  predictions,  and  not for 
a specific  site,  a Binueoidal surface temperature 
variation  was assumed instead of a  site-specific 
temperature pattern. The  purpose of this paper i s  
ta s tudy the  same  problem,  the focus being  on 
predicting  the  yearly  temperature variations-in 
the active  layer,  particularly  the  temperature 
variat iqn at the bottom of the  active  layer 
beoause'ik  establishes  the upper boundary 
condition  for  studying  permafrost  thermal 
resimeo. A simple  analytic  model  For  the 

.temperature  variation i s  presented  and i t s  
predictions are compared with  finite  element 
calculations obtained using  the  aforementioned 
code. 

TIIERMALREGIHECTIVE 

We will consider  the  thermal  respose.of a 
homogeneous medium due  to a sinusoidal  surface 
tempexature,  taking  into  account phase change. 
The system  initially  has'a  linear  temperature ~ 

distribution  established as a consequence of a 
constaht qeothemal heat flux. It is assumed that 
the surface temperature  oscillates  around  the 
hean  value  T with an  amplitude o f  A and a 
period o f  on8  year  or P hours. Furth%r, the soil 
medium  changed  phase at a well-defined 
temperature, T . Once  phase  change O C C U K ~ ~ ,  there 
will be two  digtinct  regions:  frozen  and thawed, 
each  with  different thermal properties. Based  on 
one-dimensional  conduction,  the  transient 
response o f  the system can  be modeled as follows: 

rdxt:/dt during  freeze 
P ( 3 )  

- p ,  Idxt/dt during  thaw 

where the subscript j = 1,2 denotes the frozen 
and thawed  zones  and  the  other symbols are a$ 
defined in the nomenclatiwe.  The  thermal 
properties of the  soil  are  spatially uniform but 
differ  for  the  thawed and frozen  states of the 
material.  Since  the  problem does not admit an 
exact  analytical  solution,  we  consider two 
approaches: a fully  numerical  solution  and  an 
appraximate  analytic  solution. 

u- solution 
The  numerical  solution wa8 generated  using a 

finite element code developed at CRREL and 
referred to in the m o d u c t b .  ,The code can 
handle arbitrary  boundary  conditions  and 
nonhomogeneous soils. The pKObhm was r,un for the 
specific soil and  climatic  conditions ahown in 
TabLe:.l. The  non-eaturated  caBe  consists of  a 
homogeneous  sand.wlth,a  water  content o f  about 
7 . 4 % ,  in  a  moderately warm permafrost  location 
( g y m 3  temperature o f  - 3 ' C  e k 2 0  m). All the 
sax1 moisture is asawed  to ohange  phase at O'C. 
The so i l  used w a s  arbitrary; it is not felt  that 
this  particular  choice o f  soil or temperature 
will affect  the  analytic  method.  The  spatial 
increments,  aver a depth of 50 n, varied from 1 
cm for the upper 2 m to 50 cm for the lowest 3 4  
m, while  the time increment  was 12 hours. The 
lower boundary  condition was that o f  a constant 
geothermal  gradient o f  0.0344"C/m. The numerical 
pragram has  been  tested for a phasa-change 
problem with an exact  solution  (Neumann  problem) 
and  found to be accurate  within  a  few percent: 
the  sinusoidal  surface  temperature  was  tested for 
a  problem  withaut  phase  change and was accurate 
within 3% (Coutemarsh and  Phetteplace 1991). 

Table 1. Properties of soils fbf analysis. 

Non-saturated case 1 Saturated* Case 2 
Frozen Thawed Frorcn Yhaved 

k (U/m'C) 1.56 1.73 3.399 1-98 

c +  784.8 940.32 928.0 1378.0 
kg C 

P* kg/m3 1836 1836 19Ml 1 994 

L m2/hr 0.0039 0.00361 0,00672 0.00259 

L 
L ,  m9 45.35 x 106 126 x 1U6 

P, hr 8760 8760 

T ( 'C)  -3.6 

1 ('C) 9.4 18 

Go'Cfm 0.0344 0.0286 

D 
-11.0 

0 

*!hit and terrperatures for Pruhoe  B a y ,  Alaska. 

Starting  with  the  linear  initial 
'temperature,  the program was ruh for f i v e  cycles 
of one year  (total o f  43,800 hr)'.with tile given 
surface temperature fluctuatione.  Yearly 
freeze/thaw vaa calculated  and  the maxl.mum thaw 
penetration  after  the  fifth year was evaluated  as 
x = 173 an. Figure 1 shows the  temperature 
variations a t  the  bottom of the  active  layer  (xa= 
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Figure 1. Temperature af soil  during five yearly 
cycles, numerical modol. 

variation (x  = 0 ) .  Figure 2 rhowe the temperature 
173 cm) and also  the imposed  surface  temperature 

variation  at the bottom  of the active  layer  for 
the filth year in  greater  detail, The profile 
exhibits the familiar zero curtain  affect  wherein 
the  temperature ramaine at or near the phase 
change tarnperature for a large part of the year, 
approximately 2458 hours in this case. The 
tempezature at the bottom  of the aative  layer 
tended to oscillate  slightly  just  below the 

' freezing  value  instead o f  remaining  exactly at 
O ' C .  This i8 partly  due to the effect of the 
surface sinusoidal  temperature  and  partly due to 
the numerical  method when there is a thick zone 
nearly at the freezing  temparature. The 
tomperature  changes of about 0.1 'C do not 
seriously  affect the overall  results. 

depth  reached by the T isotherm for this soil 
with no  phase  change. $he solutian to  this 
problem is readily  available for homogeneous and 

The results of those mtudies clan be used to 
layered soils (hchenbruch 1959, Lunardini 1981). 

calculate the "active layer depth" for a 
homogeneous so i l  without phase ahange. Here, the 
active  layer i s  meant to be the aepth at which 
the soil temperature  never  exceeds T . The 
active layer for the particular soilfis 304.4 to 
316.5 cm,  depehding  upon the use of either the 
fxozen or  thawed  property values. Thus the ratio 
o f  the non-phase-change  active  layer to that of 
the actual  active  layer f a  about 1.8. The effect 
of freeze/thaw tends to greatly  reduce the depth 
to which the phase-change  temperature  penetrates 
into the soil moss. 

B,_ 

possible to approximatly  predict the annual 
to E q s .  1-3 is not  available.  However, it is 

layer. Figure 3 is a sketch of the surface 
temperature  variation at the bawa bf the active 

temperature and active  layer  bottom  temperature 
during the fifth  year of a five-year  Cycle, 
obtained from the numerical model. Time 
commences at the end of the fqurth  year when to = 
3 5 , 0 4 0  hours. 

The calculation  method  involves four steps: 
i, Assume a frozen bloc,k w'&qts at t: 0 

It is of interest to examine the maximum 

A s  was  mentioned  earlier, an exact  8olUtion 

hours (to= 35,040 hr) i Wti1g"'ttie' sutface' 

35 36 37 38  39 40 41 42 43 41 x I O 3  

Time (hr) 

Figure 2. Temperature at bottom of active  layer 
during fifth year. 

I, = 35,040 
I, = 35.588 

r- 
ie 

I 
Figure 3 .  Sketch of surface  and  active  layer 

bottomtemperature for one  year. 

temperature i s  above freezing, t, 5 t s t thaw 
occurs. Thaw depth i s  then calculated: diially 
atart as i f  T 0 . C .  clearly To < O ' C ,  but this 
will be addressed later. 
refreeze the thawed  layer  when t - t,. , ii. Calculate the time needed to completely 

act ive  layer  bottom  with  time  until T is again 
iii. Calculate the temperature drop at the 

at O'C. is a non-phase-change pFoblem and' 
occurs for t, i t a t,. 

active layer bottom for t 5 t,, This is again 
iv. Calculate the temperature rise of the 

the  thaw part of the cycle  but  the  calculation 

we now consider the fact that To 0°C. 
originally  started at t, = 548 hr, not t = 0, and 

i . w s  
From the sinusoidal. surface temperature, Eq. 

2, the length of the surface  thaw season and the 
mean surface  temperature during thaw can ba 
obtained: 



Table 2. Thaw depth using N e m m  and S t e  ,fan so dut ions. 

Case T *  7, I (cm) Percent Error* 

neunarn O'C 0.262 180.4 *4.3 
Stefan O'C 0.268 184.5 4 . 6  
Neunem -1'C 0.251 172.9 -.1 

*conpard t o  nrnericel solution. 

For this problem t, - 547.95 hr, At tl-t, = 
3284.1.hr. = 3.77'C. It is well known  that  the 
Neumann  solu&ion  will  yield a close  estimate of 
the thaw  depth i f  the average surface temperature 

1e91). The  Neumann'  solution is 
ana thm  time  increment  At  are  used  (Lunardini 

, I 

where region 1 is thawed 

Ti = the  initial  temperature  of  the  frozen 
hedium. 

Table 2 shows  that the Neumann  solution 
aqreesquite well  with the numerical results. 
Clearly  with  an  initial  temperature of - l m C l  the 
Neulaann solution would agree  even more closely 
with the numerical  results. We can  check  later 
on the  validity of T - - l a c l  but  the  mean value 
o f  T will  be  something  leas  than O'C at  the 
star4 o f  thaw. 

ii. Re-freeze Time 
The time  needed to refreeze the thawed 

Neumann  solution. We can  now  assume T = O * C  
layer, t,-t,, can be found by again  using LL 

since the nature of the  sinusoidal temherat-uure 

w i l l  be close to the freezing  temperature.  The 
changes will assure that: tho thawed qoil layer 

thickness of the layer to freeze i s  known and is 
xt. Thus 

1 

A 

Ts To - O(tJ%,) [COSWt, - coswt, ] (11) 

where S'  = ' (T -T ) . Solving these: equations 
yields 9: -L-6.36*C: rf 0.3083, S = 0.2026, 
and t, ~ ' 5 8 4 7  hr. T h i s  i s  close  to  The  numerical 
value o f  t, = 5960 hr. 

' 1 ' .  
Figure.4.. ,Surface temperature sketch for one 

, ; ,  :year. 
, .  

; 

iii. rrcyl 
T & m e a w E L  

-PXlase*ae Active 

Once  the  active layer has  completely 
refrozen, its temperature  will  change  without 
phass'chanqe'as long as the  surface  temperature 
remaina b d b w  the  freezing value. Figure 4 ahovs 
that  the  active layer temperature  will  change. 
without  phase  change for 

t , S t S P + t ,  (12) 

or, in this case, 5847 5 t s 9308. 

For convenience  we  will  shift the time so that 
the non-phase-change  temperature change s t a r t s  at 

r s = t - t l - O  (13) 
. /  . 

Thus 

2 x t s  
where c = - - - o (or tal ser5 hOUKf3) is T 4 -11.760~.  since 

. The surface  temperature a t  T 

the bottom o f  the  active h y g &  etarta a t  T , we 
asaume a linear  initial  temperature d i s t r d u t i o n  
in the  active layer: 

where g = i The  problem to be solved is that  
of a homogen8oue so i l  mass  with a sinusoidal 

distribution  given by Eq.  15. The transient 
surface  temperature  and an initial  temperature 

response of the sail is required for 0 < r a <  
3461. The  method of nolving this  problem has 
been described inCCarelaw and  Jaeger  (1959) and 
it is only necessary to adopt the solution  to the 
particular  initial  temperature  variation. 

With- v - ,T-T , the  problem  can be aglit into 
two parts .  .The oarface and  initial  temperatures 
are  givema. by 

-T, 

v, (0,711) - 0 (16) 

(18) 

v, (X ,O)  = 0 (19) 

where V = T -T . The  solutions  to  both of these 
linear probfAmsocan  be  written down immediately 
aa 

< . ,  . .  
, *  .I 

. ,  
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-(x-x')*/4arS 

f(x,)e-(x-x')*/4a7d \ ; ( 2 0 )  
, I  

2 n r S  , ' 

Vp* A eXKcoa ( p - x K - r  ) 

2A 2 4 ~ 7 ~  
0 - L "  . >  * .  

- ${ 0 . , ,.cas [t [r,-s]-t]e-c'd, ,(21) . ,  

After  some  manipulation  the  temperature can be 
written  as 

T - T ~  = v erf a + [v-(T~-T~) 1 !+ b-eri c) 

+ x (erf b + esf c) + Jif;Jx 9 
) 

' + Jlr 2Ao J Gos [a f%-$]-t]e-~~ d p  ( 2 2 )  
., , . .  

, .  

where  a --1L-", b L- , c = , B = 
- x  x + x  

EX?.- 24. 2 J a f 7  
ZafP K = /;Ti?af , 

The temperature at  any depth and  time  can .now be 
evaluated.  In partictilar the  fempqFature af the 
bottom of the aCtive'layeK c a n h e  predicted as a 
function of tirnia:Talile'3 shows  the  calcqlated 
values using Eq. - 2 2 ,  and alsa...'Ii+B.'the numerical 
results.  Over  much of the time without  phase 
change  the  differences  are less than 6%. 

of the upper 3 m of soil at the begfnqing of 
aurface  thaw (r 5 =  3461). calculated f r o p  Eq. 2.2. 
The average temperature  of  tho  active,l,qyer at 
this time is - 2 . Q " C  while the averqe temperature 
of the uppar 3 m i s  -2.8' c. 

Actlve Laver Te-ture D u e  
Eq. 2 2  is valid only until  the  surface 

temperature reaches the phase change value at r l  
= 3461, beyond  this time the  calculated  values 
are shown  in  Table  3.'These  denote an active 

Table 3. Active layer bottan tenpernture brim mm-phase change. 

Table 4 sliows the  temperature iatribution 

. .  

I , '7, 

Active Layer bottom , . " , 

tefiperature 'C 

Lhr) (hr) Ea. 22 Nmricak Q V b C  . '  , ,  

, ,  ,_I 

73  t Pescent 

. '  ,.. 
, '  

0 ,SF? 0 
. ,  

0 " , '  
1W 5947 - 2 3 9  0 " 

500  6347 -5-38 -4.56 19.1 
1000 6847 -7.14 -6.W 3.6 
1500 7347 -7.80 -7.91 1.4 
1600 7447 -7.62 -7.91 1.1 
2313 8160 -7.09 -7-35 3.5 
3000 W 7  -5.17 -5:/47 5,5 < -, 
3461* ' 9308 -3.53 -4:O . t i  

li.8 
4000 9847 -1.42 " " 

4300 101d -0.34 
4400 10247 0 .. 

/ 

i ., 

, .,, , , 
" " 

. .,  

" 

x = 1.739 m, g = 6.76, T = -11.76.C. 7 3461 hr, (. #: . .  

* Surface thaw starts, Eq 22 not valid after t h i s  tirn. 

, .  - .  
S I  va= 8-16 *e. f ,  . <  , ,  " I . <~ 

( L . l  ,. I . .  4 .  ; 

2 

layer  bottom  temperature, T (t), which increases 
too  rapidly ta the phase c h h g e  value. The 

bottom  temperature  while thaw i s  occurring.  Once 
correct  procedure is to evaluate  the  active 1aye.r 

again, the Neumnnn  solution  can'be  used  for this. 
Starting with T (3461) - -3.53.C will  reeult  in 
an initial temphature of Ti f -2.77.C (average 
noted in Table 4)17 The  bottom  temperature i s  than ~ 

given by 

where u = a /a = .926 and x = 1.74 m. 7 is 
evaluatsd us& Bq. 8, while t8e mean  surface 
temperature  during  at ie found from,Eq. 6. The 
mean surface temperature is recalculated for each 
at. The calculated  results  are  shown in Table 5 . ' .  
This  shows  that the initial  temperature  must be 
less  than T during the thaw procesa,but  the 
value does bot agree  with the initial  assumption 
of To = -1'C. 

Figure 5 showa  the  results a€ the  complete 
calculation  and  comparison to the numerical 
profile It is clear  from,t;hese  figuree.t&at the. , 
simple cal'ccul'dtion  '%chem& dbtailed.here Gan 
calculate the temperature of the active  layer 
aver a yearly  cycle  with  reasonable accuracy. for 
this particular  case,  without  resorting to ,,., , ,. 

complicated  numerical  codes. 
Figure 6 shows the resultis 'for case 2: a 

saturated  eoil  with  properties and meteorological . ,  , 
conditions  connected  with  Prudhoe Say, Alaska, . . 

(see Table 1). The  main  difference for-this case 
is that  the  bottom  of  the  thawed  zdne tCnd8 to I 

freeze  much  faster  than for the  previous on&. 

.. . .. , , . 
. ,  > .  

1 I ,  . 

, .  
! i t . :  

Table 4. Soil tmperature 
a t  begimlng of thaw. , .  

. - .. 
. ., . , ,  . 

Rwth (m) T ('C) ! 

0.0 ! . ,  0.0 ' ' 

0.25 '-0.76, 
0-50 , -1.42 ,, , 
0.75 -1.99 

, . 'I 

, .  ~ 

, .  , ,  
. .  
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Figure 5. Active  layer  bottom  temperature  during 
fifth  year,  nth-saturated  soil  modal, 
X i  = 17s.a cm. : 

i,. , 

Neverthiiless, the $ctilvij layer  bottom  temperature 
prediction  is still  quite accurate. 

m v  
The problem of temperature  variation in the 

active  layer due to sinusoidal  fluctuation of 
surface  temperature  has  been  studied  both 
analytically  and  numerically.  Particular 
attention  was  paid to the  yearly  temperature 
variation  at  the bottom of the  active  layer, 
although  the  method applies to any clepth. An 
approximate  analytic  solution  strategy  developed 
for the problem  compared  well  with  the  finite 
element  predictions. The analytical  approach 
employed the well- knpwn  Neumann  solution  in 
conjunct.ion  with  the  non-phaee-change  transient 
conduction  solutions for the sinusoidal  surface 
temperature.  A  judicious  application of these 
solutions to the  different  portions of the  cycle 
has  demonstrated thatsuch a strgtegy provides an 
effective  alternative to the  fully  numerical 
computations,  The  metkii i s  applicable to any 
periodic surface  temperature  function amenable to 
Fourier  analysis, but with  increased 
computational  effort.  Phenomena  such as the zero- 
curtain  effect  are  explainable  simply  with 
conductive  heat  transfer  theory  with  phase 
change. 
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INTRODWCTION AND BACKGROUND 

A workshop   on 'pa tmaf roa t   da t a   and   i n fo ,ma t ion  
w a d  h e l d  on e2 August 1988 in con juncfion  ,* i th  
the F i f t h  I n t e r n a t i o n a l   C o n f e r r n c s  on Pdrmafront 
i n  Trondhaim, Norway (Barry ,  1989) . Approximat&- 

the naad f o r  i n v r n t o r i e B  and ca+talogura of ex- 
l y  50  p a r t i c i p a n t s  from nine c d u n t r i e s ~ d i s c u s s r d  

i a t i n g   p e r m a f r b a t   d a t a  sets a# a . p r d u d r   t o  
f a c i l i t a t i n g   b c i e n t i f i c   a c c e a a   t o ' s u c h  data for 
global   change  renearch. A prbpb'ail was a l s o  
submi t t ed  t o  the Counci l  of t h e , , + , n t a t n a t i o n a l  
Permrfrosrt Assoc ia t ion  t o  farm' a:#orking Group.  ,. 
on  Permafrost  Data; t h i s  group was eatnbblished 
i n   f a l l  Jp88 and  has  met subsequent ly  on uevsral 

wi th  WDC-A f o r  GLaci&l.ogy, - i n  t a k i n g  a rrrrisa of 
occaaiorjii; The Working  Group, i n   c o n j u n c t i o n  

strpu t o w a r d   d e v i l o p m e r r l ' o d   H x m a f r o m t  data 
aystrm  and the p land  ' d d  @rkwJks to d a t e   p r o -  
v i d e   t h e   b a s i n  far tb$& f r d p o f i ?  . '  

., , kt.,(' , 

DATA  TYPES 

Sourcea o f  d a t a  fhbludr p u b i l a h e d   l i t e r a t u r e ,  
mapn, diract maanurbmrnts (e.&.',' dril l  h o l e s ,  ' 

grophyuical s u r ~ a v m )  ;.' a n d   i n d i f e c t  or proky ' 

i n d i c a t o r s   o f   p e r m a f r o s t   o c c u r r r n c s   ( B a r r y ,  

b r i e f l y .  
1988). T h e i r   c h a r a c t e r i s t i c s   a r e   d i s c u s a e d  

Literature 
The moat widsupraad   source  of d a t a  i s  pub- 

Liahad l i t e r a t u x ;  i n  paprrm, monographm, and 
bookm, am w e l l  am ' g r a y   l i t a r a t u r r ' ,   t e c h n i c a l  
r e p o r t s ,   a n d  mapm pub l i shad  by n a t i o n a l   a n d  
local  a g r n e i e s .   L i t e r a t u r e   c i t a t i o n s   i n   t h e  

q u i n q u a n n i a l   p e r m a f r o a t   b i b l i p g r a p h i r s  cornpi4ed 
by WDC-A for G l a c i o l o g y   t o t a l l e d  4 , 4 0 0  t i t l e a  
f o r  1978-82 and 3,300 f o r  1983-87 (Brennan, 
1983: 1988) .  Howevrr, communication w i t h  Russian 
c o l l e a g u e s   i n d i c a t q s  that  l e a n  t h a n  2 0  percen t  
of a r t i c 2 e s - p u b l i s h e d   i n  Ruasia on ground ice 
and permafront are i n c o r p o r a t a d   i n   t h r 6 e  bibli- 
agraph iea  ( Y . K .  V s 8 i l r c h u k ,   p a r r .  commun., 1992) 
and t h e   s i t u a t i o n  for Chinese  and Yapanrue mate- 
r i a l a  ia unknown. The COLD b i b l i o g r a p h y ,  com- 
p i l e d  by t h e  Cold Rrgiona Bibl iography Projrct 

the "Arctic and A n t a r c t i c  Regions" CD-ROM pre-  
a t  t h e   L i b r a r y  of Congrems and now a v a i l a b l e  on 

paxed by th.. NISC Corpora t ion ,  containa over 
25,000 p e r m a f S o s t - r r l a t a d   a n t r i e s  dating back t o  
1909, The usefulnrmm of t h e s e   t m u r c e s   i a  l i m - .  
it&, however,  by the degree to which   sub jec t s  
of i n t e r e a t . c s n  be i d e n t i f i e d   t h r o u g h   k e y  
d e s c r i p t o r s   i n   u s a .   I n   p a r t i c u l a r ,   a t  present 
there is  no   easy  way to i d e n t i f y   s t u d i e s   t h a t  
have aignificant tabulayions c f  d a t a  pr map? 
publiahed i n  boaks ,  r e p o r t s  ox journal art i c l . ez .  
Mors genera l ly ,  s e a r c h e s  by a u t h o r  present a 
par t i cu la r   p sob lem  wi th  translitsrated Ronsian, '  
and  Chinena: names h a v i n g   d i f f e r e n t   p u n c t u a t i o n ' " r  
and   rander iag ;  Thun, tha S c o t t  Polar. Resr,urch 
I n s t i t u t e  (SPRI) b ib l iog raphy  spells, du t  Chou 
Wanxi i n  the Chinese  manner  whereas the Cold 
Regionn  Research  and  Engineering  Laboratory - : ~  
(CFtREL) b i b l i o g r a p h y   r a c o r d s  Chou, W.X. The -' ' <* 
CRREL b i b l i o g r a p h y   t r a n s l i t s r a t r s   t h e  Rusaibd A , L  

to t h r   p r o n u n c i a t i o n .  The f a c t   t h a t  kmyuorrP6. at-" 
name Ernhov,  where SPRI umea Yernhav  acdoraihw ' 

a s s i g n a d   n u b j e c t i v r l y  may create d l t ' i b U u Z t l b -   i n  

t h e  SRRI da ta*   baa r  for 1989 found 218 d t a t i o n s  
r e t r i e v i n g   c i t a t i o n s .  For example, a &arch of 
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on pr rmnf ros t  o r  f r o z e n  ground through a k-yword 
s e a r c h ,  but 4 6 1  by uming  a ' g l o b a l '   a a a r c h  
( i . e . ,  a s a a r c h  of a l l  e l r m r n t m   i n  a r eco rd ,  
i n c l u d i n g  title a n d   a b a t r a c t )  . U n o ,  i n  sevaral 
i n a t a n c e a ,  a keyword search  would not have 
p i c k e d  up a r e f e r e n c e   i n  a particular d a t a  base. 
Thesr t w o   i t r m a   i n d i c a t e  that  c a t a l o g i n g   a n d  
i n d a x i n g  are v e r y   i n d i v i d u a l   t a a k m   a n d   t h a t  an 
in t imata   knowledge  of a daba baa- i s  r r q u i r e d ' t o  
rrtri*va the maximum number o f  rrfrrancss. Expa- 
r i e n c e  obtained at WDC-A for Glaciology i n  at-  
t r r n p t i n g   t o   c o m p i l r  a comprehenaive   b ib l iography 
on  permafrost   and jFro2an g r o u n d   I n d i c a t s p   t h a t  
none of t h e   p o l a r  bibliographiar i s  co,fnplltr.: 
rach reco rda  s o m e  pe rcen tage  of unique  e n t r i e a .  

A compara t ive  rrtudy baa  barn made o f   r r a u l t a  
o f  b i b l i o g r a p h i c  6rarchea conducked  on srv-ral 
data baaaa: four t h a t  are included on tha "Are- 
t i c  a n d   A n t a r c t i c  Rrgionm" CD-ROM - ASTIS (Arc& 
t i c  I n s t i t u t r  of Norkh Amrrica, Calgary ,  Cana- 
da) ,  CRREL (Cold R q i o n a  Rasrarch and  Enginrar-  

Polar Rrmrarch I n a t i t u t m ,  Cambridgr, UK) , m d  ' 
ing Lmborrtory, Ranover, NH, USA) , SPRt (Scott 

PJDC (World Data Center-A for Glacio logy ,  Boul- 
der, CO, U S A ) .  The f i f t h  data base d i s c u s s e d  i s  
GEOREF (B ib l iog raphy  o f  Geology), a l a 0  on CD-- 
ROM. Becaumr of the volumr of p e r m a f r o s t   d a t a ,  

w a s  the moat r e c a n t  yaar t h a t  cou ld  be expac tad  
one year, 1989, waa chomen f o r  comparison. T h i s  

to be reaaonably   complr ta ly  Sndaxod. The s o a r c h  
term6 umed were ' pa rmafros t '  or ' f r o i e n   g r o u n d '  
i n   t h e  keyword f ie ld .  T a b l e  1 givcra an   overv iew 
of w h r t  w a s  found. 

T a b l e  1. Parmafroat tar Froran Ground."' 
" 

Data Bamm # of Citationm 
m a1-1 

Unique Compsrimon 
# I  

ASTIJ a 1 4  6 

CRRLL 3 0 1  312  172 51 ASTIB-'~ 
c-cow-3 
BPM-118 

li. : I me-48 . 
" h, !: 

rwnr 218 467 67 31 ASTIS-4 : 
. I .  

C-COM-3 , 
BPM-147 
WDe-50 

., * I  ' 

WDC 51  53 I 14  ASTIS-4 

SORI-40 
,, -, CRWL-40 

think thmt c o n t i n u i n g  t h e  compi la t ion   and   publ i -  

t o   t h e  community ainca it p r o v i d m s   c i t a t i o n s  
ca t ion   o f   t he   Pe rmaf ros t   B ib l iog raphy  is u s e f u l  

from a wide v a r i e t y  o f  sourcrs. 

BEE 
Maps of p e r m a f r o n t   d i s t r i b u t i o n   f o r   n a t i o n a l  

t e r r i t o r i e s  (1:lO m i l l i o n  t o  1:25 million) and 
bmal l e r - sca l e   g loba l  maps p r e s e n t  other problemm 
(Heginbottom, 1 9 8 4 ) .  Thr d i s t r i b u t i o n  o f  d a t a  
wed t o  conatrud  them, and t h a  data q u a l i t y ,  
are seldom documented i n   d e t a i l .   W n t i l   r e c e n t l y ,  
thr map waa seon as an   end   product   ra thar   than  

- ti6 a p o t a r i t i a l ,  aourca of   i npu t  for o t h a r  Corfa- 
lat ive s t u d i o s .  Y r t  for t h i s  purpose it is es- 
n e n t i a l  to have d i g i t d  g e o - r r f a r e n c r d   d a t a  
files. I s s u e s  of  appropriate sampling reaolu-  
t i o n ,   g r i d   i n t r r p o l a t i o n  stahmas and map coordi- 
n a t e  systrmn hava to br addrrssrd, how-ever, i n  
\bxdar t o  provide such digi t i r rd  vstaiontn.  

e x f i t r n c r  of m r p ,  s a p r c i a l l y  thome  published as 
supplemanta to monographm or j o u r n a l  articlra.  
Thr lat ter may not be r r a d i l y   i d a n t i f i a b l s   i n  
b i b l i o g r a p h i e a .  J . A .  Beginbottom ( p r s .  cormnun., 
1992) is compi l ing  a ca ta logue  of n a t i o n a l  p r -  
m a f  r o r t  mapa. 

Data   Se ta  
Da ta   on   p rmaf ros t   and   g round  ice conditions. 

are c o l l e c t e d  by v a r i o u a   o r g a n i z a t i o n a  - 
n a t i o n a l   a n d  state a g r n c i e m ,   u n i v e r n i t y   r e s e a r c h  
groupn,  and t h r  p r i v a t a   a r e t o r .  Thry i nc lude  
meamurements of parmafrost e x t e n t ,   t h i c k n e s s  of 
thr a c t i v e   l a y e r  and of i e*-bsar ing   sad iment ,  
t h e  O°C d e p t h ,   t r m p r a t u r e   p r o f i l r s ,   a n d  icr 
c o n t a n t ,  aa ne11 a8 data on different  phymical, 
mrrhrnical, t h e r m a l ,   c h e m i c a l ,   a n d   r l r d r i c a l  
p r o p a r t i a s  of I ro r rn   mrd imrn t s  (arm Barry, 1988: 
Table 1) . Tha moat a x t a n a i v r  data a r t s  known to 
a x i a t  i n  t h e  publiu domain   a re   theme  co l lec ted  
i n  Canada by thm Qro log ica l   Su rvey  of Canada i n  
tha'"ackenmie Valley  (Preudfoot  and  Lawrence, 
1976) a n d   g e o p h y a i c a l   w a l l   d a t a + c o l l e c t e d  by the 
Earth Bhysica Branch of thr Drpartmant of Ener- 
gy, Minea and Raaources (Taylor md Judge, 1974;  
Geotech   Engineer ing  L t d . ,  1983; Hardy Asaoci- 
a t e n  (1978) Ltd., 1 9 8 4 ) .  Other  examples err 
cited i n  Barry (1988). 

' .<'*rA: f u r t h e r   p r o b l e m  i n  the awarenepm of t h a  

P U N N I N G  A PERMAFROST DATA SYSTEM 
DATA INVENTORY 

45 34 ASTXP-4 
C-CORE-3 
C W L - 6 7  

In order to l a y  the ground work f o r  a perma- 

e x i a t i n g  data ae tn   haa  been c a r r i e d  o u t .  WDC-A 
f r o s t  data syntem, a p r e l i m i n a r y   i n v r n t o z y  of 

. - - - . . 
SPRI-67 
m c - 1 6  

for Gladio logy  rnailrd a lrttrr and brief  ques- 
t i o n n a i r e  to rnrmbars of  the przmafrost community 
worldwida i n   F e b r u a r y  1992.  N a m e s  were selected 

'I1 em- t m x t  for axplsnmtionu. 

CoLumn- 1 i s  t h r   d a t a - b a r r a  name; column 2 is the 
number of c i t a k d a n a - f o u n d   u a i n g  only bar. kryword 
firld a r i d ' t h r d  unirrg the g l o b a k a e a r c h   f a a t u r e :  
column 3 1iskm-the.number  of   Ci tMtiOn8 found 
o n l y   i n  a particul:ar d a t a  baa& and as a prrcrnt- 
age o f  t h r  data bane total; t h e  l a n t  column 
ahowa ihe dirplicrtion among data basra. C-CORE 
is a data baae   main ta ined  by thr Crntre fox Cold 
Ocesn RmBoutcir Englnaaring, St. John'a, New- 
fbud%lPhH;-!C~ndda,- S X h r  patcmtagr o f  unique 
e n t f i i s  i a 2 A a  higtl>'*s 57% i n   t h e  CRREL data 
bdnri*bile'thr,pircerl~agr i s  s i g n i f i c a n t   i n  all 
t he   da t a :bka&a   eea rchbd .  Pox thid xeanohl we 

2 4  

mafros t  Assoc i s t i an   and  f r o m  the attendees at 
&=om tha mari rny  1 1 s  ut cne l ~ ~ ~ e ~ u a c ~ u n a ~  pel- 

t h e  V I n t e r n a t i o n a l   C o n f e r e n c e  on Parmafrost 
held i n  Trondhrim, Norway, i n  1988. The survey 
asked f o u r  basic q u a s t i o n s   a s  shown in Tnblr 2 .  

< '  
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T a b l a  2'. Pmrmafromt D a t a  Qwaationnd,re. 

1. Do you aa an ind iv idua l  o r  group hoid +RLfTOOt 
. *" 1- ~ .- , , ,  

data? 

What typo o f  data  are they? 
If yam, i n  what format do t h r  data ramidat 

What gmgxaghie  area do thm$ a o v i r ?  
Tim* pariod? 

dmta that wm mould controt? 

availrblm  thorugh a cantrnl d o o r a m t i o n   o f f i c e ?  

pomaibly  togathar with tho  Pmraafroat 
Bihliographimm, bm of i n k a n r t ?  

2 .  Do you know of m y  m m j o r  = o u ~ Q * ~  of prmafromt  

3. Xf  you hold  data would,qdu  Wil l ing  to  m a k r  thrar 

4 .  Would "publimhing" thm data; r .g . ,  on CD-RCN, 

, > . .  

had bmmn rmamivrd to t h a  340 l m t t m r m  dimtributod, 

Dmtmark, Olrmany, .Japnn, tho Nmthmrl+nd., Norway, 
rmptamanting 1 4  eountrima: Argantina,  Canada, &Ana. 

Roland,  South Africa, svbdan,  Swittarlurd,   tho UK, and 
USA. Of tha   125 rmnpondintm: 76 hold &t&, 39 would br 
wi l l i ng  t o  raka thana data avhilmblm through a 
coordinat ion off icm and 50  would ba i n t a r r a t a d   i n  

a v a i l a b i l i t y  of ground tmmpmraturm racordm, i n  noma 
"publimhing"  thair  data. W o m t  rmupondmra i n d i c a t r d  thm 

d a t i n g  bmak to th 19509, but  a o r t l y  bmqinning 

Alrmka, Icandinnvia, Svalbard, Grmankand, China  and 
i n  thm 19800. Thm aream rapramentad i p s l u d d  C m d a ,  

thm A n d m m .  other racordn contrinmd data en pmnnafroot 
and   ac t ive   l aya r  thicknmm8, alacrtromagriatic 
propmrtiar, hydrochomihtry,  fromt haavm and  gaomurphic 
fmaturrm. T h m  qummtionnrira  alao amkrd for reforxalm 
t o  othmx known or p o t a n t i l l  80l lEOmm o f  data and  thoaa 

on*-hundred mnd twenty-five rmnponmas (37 *rcent) 

w i l l  bo followrd  up. 

Data Alrwambly 

uam tha   aurvay  ramults   to   mmtabl i ih  a mirapla data bane 
Tha mmcond atmp i n   o u r   p l n n n r d   a c t i v i t y  w i l l  bo t o  

containing  information on t h o   i n v a s t i g a t o r ,  

arm covered. T h i s  information will ba d i a t r i b u t a d  to 
inmt i tu t ion ,   da ta   typo ,  t i m m  paxiad, and  gaographic 

updating  and  addition.. Tho t h i r d  #tap t h a t  we plan  is 
thm rmmpondara and a widar community f o r  aorroct ionu,  

publ iaa t ion ,  on appropriata madia (dirkettmm, t a p m m ,  
t o  r o m r b l m  mm1aot.d datn ae+r from thoam o f f m r m d  f o r  

potmntial  uae16. Thm wimhaa of t h e   r e a u r c h a r s   a b o u t  
CD-RCMa) and to dfmtributm  thrm to intmrmatmd 

rml*naa of thm data fox  gmnmral umm w i l l ,  of courma, 
ba takan  into  conaidmration. A dmmignatad pried of 
rxaluaiva  uaa by tha   ao l lmctor  aan ba aaaammodatad. 
One publ ica t ion   op t ion  would ba a C D - R a  slmplor,  such 
am t h a  "Arctic Multisanmor Data 8rmplmx" rmcmntly 
immumd by  tha  Nat ional  Snow md far D a t e  Cmntwc 
(NSfDC, 1992), t o  i l l u m t r a t a   t h a   p a t a n t i a l   v a r i a t y  o f  
d a t a .  Tha acopa of t h l a   a c t i v i t y  w i l l  b. dmtmrpinmd by 
thm lm-1 of  intwxmmt oi tha ecrruni ty ,   thmir  

ummfulnamm o f  tha data, p a r t i c u l a r l y   f o r  bnmrlinm of 
c a p r b i l i t y  t o   u t i l i z m   p a r t i a u l a r   m e d i a ,  t h a  ammaamad 

global &an+ mtudimm, urd, of couraa,   tha  avail- 
r b i l i t y  of funding t o  amoambl*, forrmat, roproduam,  and 
d i a t r i b u t o   t h a   d a t a .  I t  i m  hapmd to makm a a t r r t  on 

Earth  Scienca Data and   Infomat ion  mnagwmmnt 
t h i o  procmmm t h r o u g h   t h e   " b t a  r m s c u m '  progrrm of thm 

Administration. Thim program in daaignmd t o  anaurtr 
componmnt of thm National  Ocaanic and Atmompherlc 

t h a t   v a l u l b l a  data smts are n o t   i r r o t r i o v r b l y  lolat. 

migrat ing digital data sotm  onto  media  approved f o r  
Examplas o f   ac t iv i t i s a   unda r   t h i a  program  include: (1) 

long tam archival   ukoraga (a.g. ,  3480 tap. 
c m r t r i d g m m ) ;  and ( 2 )  tranmfmrring  analog  documrnts to 
d i g i t a l   f i l o m  uming Optical  Charactmr Rmcognition 
tmahnology . 
high-quality  data m-ta w i l l  ba t h e   I n t a r a c t i o n  betwoen 

A fur thar   nmcrssary stap i n  thm d e w l o p e n t  of 

data amntar(cl)   and  sciont ia tm  eol lwting or assembling 

procadurra f o r  q u a l i t y   c o n t r o l .  
data t o  anmurm amrmful docmantation  and  mcraaning 

2 5  

Data Distr i laut ion , ,)  . ,  . 

Thara nra advantagam o'f mtormp. o iza ,  d i s t r i b u t i o n  
cost, l ongwi ty   and  incrrm#*d a u d h c r  io k gainad by - 

(Conpact Viea - Rdad Only Muuory) has bocmm an ~. x 

a c a p t a d  medium for data arahiva  'nnd Gls t r ibu t ion ,  
with CD-ROM drivas availablr &t a a&t caapatible with 
maat rammarch grant funding 1 .v iJ .m.  %D-R(IMm a r m  small, 

gmrurntion CW-RCU =ton. abut 600 mrgrbytmm of data ,  
aompaat and irrrxpanai- t o  praducm. . A *  &a drrmnt- 

CII-ROM =how= I d r n r  rdvvmtagm for the 1 L t t r k  mrdimu: 
tho  camparison o f  d e l i w r y  on - t a p  v m r m a m  &liv*ry on 

600  mmgrbytma-of dnta  rquira 3-6 t&pm#-.swuqxdmd a t  

distrikvutes auoh high-donlrity tapma for .$llS , p d .  r a d ;  
6250 bit. P.E ^inch, dmpmnding en thm block,aixm. NSIDC 

600  mm abytaa of data on magnatic t n p  would $r bil lmd 
at $342' . $575 .  Blank tap.. coat $12 adch, wNarmas 
onr  CD-ROM coatm about $9.00,: is. niaatdritq;-cost i m  2 

prora tad .  CD-R- drivma  for-micfocmputmxm arm widmly 
r v a i l a b l a   ~ o a a o r c i a l l y  cwmting wall undm? $1000, and 
are tharmform  within thm ruch o f  moat a c i a n t i f i c  
invastigntorm. 

CD-ROH drivau uan a l a e  b. nhared by nmtwbrkrkl''"' 

l imitmtiona  can  iaxaima  rakurn  on invomtmant in 4 CP- , 

syckmm of micraaomputmxm.~ Orgnnizationa  with bu&g4t ) )  

ROM d r i v e  m d  a CD-ROM 1ibr&ry  by  providing  natwarlcrd-. '  
CD-RFd6 accmam to  mmy indivi.dua10  within thm okgadiza-' ' 
t i o n .  , .  

of atablm data m m t m .  Unlika C a p s ,  w h i c h  m u r t  bm 
c D - R w  is m ideal mbdium f o r  long-tmm archival 

axarcisrd a t  laamt onba a' yarr  and.hav* a nhmlf lifm 
under  tan pars, CD-ROM at* "EMuqht to bo rtabla for s '  

at laant f i f t y  yrarm (NimbUa xnfadat ion Syatems, ,,. . -: 

ROM. containing  pannatroat  dat+;mtormd ih a mafa- J 

1989. p. 22) . Tharaiorm, a -mmall*'Ltock af mopanad C?- 

locat ion,   nould aanurm a a a c u h ' a t c h i v w  for th i i , fora- ;  
aaaab la   fu tu ra .   In   add i t ion ,  aaah'CD-UOH in tha   hands 
o f  a uaei can m m r v m  a m  a' baekup~hr&~iv r ,   ahau ld   t he  
nord ariao.  

Dimtributing CD-ROh by mail i a  much laam  axpan- 
si- than mailing magnmtic tapes, m d  m - R a u  are n s t  
s u b j o c t   t o  duagm ox dwatruation  by h i n g  droppmd or  
x-rayad.  Intrxpansivr,  rrmy-to-dimtributm, mll- 
documontmd d a t n  on a CD-ROM ara likmly t o  bo umod by 
invmatigatora  outmida  the  original  group o f  P r i n c i p a l  

of umm cnuld widmn th- a u d i o n e o   h r : p - a f r o a t  data, 
Invmntigator l .  kama of diatribut.ion'aoup1.d  with  eaar 

gmnmxating incrraaad  croan-diaai~l%fab  immotigationm. 
Tho opper tuni ty  t o  mrkm tmmp&rdl i fk- -*grqahiu l  
compariaons  could b. anhan*d'+Ntianb:en th-  vrrimty 

npplicntiona  might b m  foun'a'for dakh collmatad yaara 
and a a o p  of thm d a t a  avaih.Wla~Bn~4A-m OD;, nmw 

age in  ooxroboxating  and, dagiu&rUtiig rmwnt ly  oollmatmd 
data. Thm a b i l i t y   t o  at+w,s&\&i't-sibutm a 1r-m - a . '  
w l u m m  and  vmrimty  of,pr&&ost.&ata in a compact afra 
inaqmnmiva fonnrt' w i l l  gr&Xy.bnhrncm t h i   v a h w  of 
t h a   d a t a  to tha pazmnfromt community and mora Widal-y I ' 

to those   involvrd   in  global ahangm rramarch. 

a rch iv ing  p~afroO1:  &ti Oh CD-RW diman. CD-ROM ' . I  

, .  
, "  , 

, . , . , .  

CD-ROM Data Praxmration 
Prmparation at data far placamintlas a CD-ROM 

nata  are a p p r o p i a t e   ( b a s r d   a h ' . * t r b i l i t y ,  data 
quality,   importanco of t h e  data sot, o r  perhaps  evon 
obsausi ty ,  among o thor  factora) from t h e  pennafzomt 
da ta   ava i l ab la ;  

atandard formats ahould bo uaed whorL awai1abl.a and 
b. Wsfinlng ruitable archi -   fomatb .  Exiating 

ASCII-codmd form rather  thnn  banary,  to assure '  
feasible. Data  ahould  be  placed on t h e  CV-ROM'(s) in 

p o r t a b i l i t y  among varioua typos of hardwarm, and fox 

with ~Yk'riad appl ica t ion=.  
mane of uae   by   i nvos t iga to r s   i n   va r ious   d i sc ip l ines  

I t  is n8t   -gmnmral ly   racdhkndod  that   appl icat ion 

with thm CD-RhYjPIa)., . ' r h o *  badh InvmmCigatar w i l l '  
aoftware be dew1op.d f o r  '&k>mlbution r i t h a r   o n , o r '  

Drmfrr a d i f f&hnP  a rmroach   to   da ta   anr lvs im.  
* e.  Working with ;&mntirta t o  pro&& wm@I:rte 
documentation.  Documantation i m  t h e  kay to auccmmuful 
da ta  uno bqyond"tha o r i p i n a t i n q   s c l a n t i a t .  A 

I. , I 

dmmcription-o$ t h m  data- runt  bC cl&iely w r i t t e n  much 

rnmipulata   the data wi thou t   fu r th i r   i n fema t . ion .  
t h a t  any rmamrrchmr would h &la tb ' raad and 
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Rockglaciers. a 'common phenomenou in the  Khurnbu Himalaya, are located betweet1 4,950 
5,400 m asl. Climate and Intense  weathering p m ! ~ ~ t e  development Refracllon seismic 

,'h~easurenlenls reveal a depth of the lmfrozen layer bdween 0 6  am1 3 g i n  Discontinuous ablns 
.: permalrost (DAP) has its lower  limit  betWeen.5.400 and 5,500 m on slopes with a muthern aspect. On 
: western orlentaled slopes the lower limit 01 DAP is located around 5 .  I50 m The  ELA  ranges  only 1 W. 
,: :' -lo 250 m higher. 

Rockglaclers  play a signillcant role In i n a s s  transporl and can be seen as a proof for intense 
I 

wealherlng in the research  area.: R o c k  Wealhering intensities above the rockglaciers in Ihe study 
area seem to be In Ihe same  order Of n$onitude as In the  Swiss Alps. Fulure climatic warming .an$ 
thus melting permafrost can trigger m s s  movements by mobilisation of  formerly frozen debris$ 
which q u s ~ s  natural hatards i 

Introductja 

Aclive rockglaciers are periglacial phenomena 01 subnival belts in 

cold and relatively dry mountain envkonmenls. Rarsch (1978) has shown 

them In he indicators of discontinuous alpine permalrost (DAP). 

The Khunrbil Hirf4aya is at1 exerrrlp ot a subtropical high mountain 

etivlronliient (ca 2A'.FJ)lin  wl+h active rockqlaciers have not been slurhwt 

systPmlCally so far 1)uring ibbninry to May 1OPi. rockglacier  studies  wete 

carried out  around Ihe Pokald massif. abolrl five kilometers  soulhwest of 

Mwrlt F V R ~ W ~  (Fiq 1 )  S l p d q ~  hatrrrnrr refrnr-tion srwrnir was I I w I  tn 

delormlne the depth of the aclive layer on four hitherlo unnamed active 

rwkglaciers and on adjacent ground to delertnine Ihe lower  lima of DAP 

( table 1 ,  c f also Jakob in press) 

Relative dating was employed to differentiale morphological units and 

to determine a possiblq correlatlon  wtth  clinratic challges. VerlbaY~rnass 

trallsprl by rockfall, calculated using rockglacler age and volume. was 

cornpared  with  JAckli$(1957) results from the Swiss  Alps. ' i  

Cl i .m! 

Several climatological and meteorological dala sets exisl for the 

Khllmhu Himalay8 and Ila ndjacent  areas (Sen and Chatterjeo 1904.. Mitllw 

I W H .  t'ltgh I R R 1 .  Uher  and Nsrcymca tQB5. Ageta 1976, Hdckel el al 

1970, Kraus 1970, lnoue 1976. Fuji and Higuchi 1976). Tho cltmatlc 

condillons are dotninalwl by  the  summer monsoon. which ls~lirniled from 

June to September, Because of rainshadow effects. the mean annual 

'2 

responsible for a decrease in insolatiod.in june The  dally appearance of 

convectional clouds create high insolotinn ~aluas on siopes with eastern and 

solrlhnm sspwt. wtrerms norih nnd west  *nted slopes experience 

severely less insolation The daily valley v / f l~ I  system is respansible for 

rnnvediorl and cloud build-trp whir41 ill t l t r r l  InfluPnr'eFi radialinn atid 

Iwnperntures 

Rockglacier descr&@m 

111s fnlir t w q w d ~ a p w i  rnrkqlacirrs which hRw t i o w  sIuIdierl 111 

detall were  identtfied or1 Ihe tnpographic map of Schneider ( 1  957) His 

obsetvattons allow the disttrrction between pxkglaciars and debris-covered 

qlaclers I h r w  nf the rmkglaclnr~ enver  1iie AoIfltiwn half 01 the citqw nr 

Ride valley ill which they ar.e found This osymmstricnl wsition results fmm 

differences in exposure m d  thus differences in weathering The soww 

areas are found between 5.100 and 5,400 in. and toes are locaied at 

altitudes between 4,950 and 5,240 m.  Thelenglhs range between 410 and 

1100 m. Rockglacler Llnqten ( U  on fig 1) Consists of al least two 

morphologically diffeientialed patis The lower one is now inactive because 

' the Iron1 has been stabilized and planls grow on it Detailed lichen analysis 

su$&i llris observation AI an ali~h~e of  about 5.150 m an lnaclive parl is 

Iwng nverriddan by an aclivr: section  nw.hglat:iRl OII# ( W ) .  Kollgtira 
~ . . ". 

(KO) and Nuptse (NU) seem to display a single-unit morphology (RarsEh 

: 1992). Ridge i n d  turrow  topography and well-developed aclive fronts are 

found on all of them 
, , '  



. . I  , I 3 = debris covered glacier 

Figure 1: The lucation or active and isacWc rockglaciers glacien dehris cavered glrcieril m d  
sclsmic profiles in the research arm: Khumhu Him& Ma; drawn fmm Schneider (1957) 
1:so.MX). 
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Fin. 2: Examples of seismic profiles of Lingten rockglacier (Lr), Kongma 
rockglacier (Kr}, Dugla rockglacier (Dr) and Nvptae rockglacier (Nr). 

t O  



supersaturated permafrost varied  belween O.6:m  on  the  uppermost  part d ' 

Lingten  and 3.9 m  near  the  active f r o n t  of hh@w -r;-RgyreP . , 

shows some examples of  the prdle curv%s.  Table 1 displays  the  iebults of ' 

all arelsmk measurements  cerrled  out  on  actlve  rockglaciers  as weli as  on 

adjacent  terrain. 1 ' .  

Regarding the lower  limit of discontinuous  alpine permafwd (DAP), 
the  following rerults are obtained: On  slopes  wlth  southern aspect. the  DAP 

ranges  between 5,400 end 5,500 m.  On slopes with  western aspkt it is 

located around 5,150 m. I .  

The  equilibrium  line altitude (ELA).  determined to exlst belween 5,600 

m on south facing sbpes and 5,400 m  on west  and  east  faclng slopes. 

agrees  well wlth MOller-s (1978) and  William's (1983) results.  The  vertical ' 

difference  between  the  DAP  and  the  ELA is. therefore,  only 100-250 m.  This 

is  a  very low value  which can only be explained  by  the  *cia1  climate  In  the 

Khumbu area.  Here  large rockwalls and  rockslopes  well  above  the  ELA  are 

free  of snow throughout the  greater  part of the  year,  which is caused  by the 

i~ilense radiation, The same observation  can  be  made in the relatively  dry 

Argentine Andes (Schrott 1991). The  high  altitude beHs of these areas  are 

characterized by a dry periglecial  climate whkh comprises possible source 

areas  for  talus  which  can be Incorporated  into the rockglaciers. The effective 

cryogenic be# Is. therefore.  much  larger  than the dinsrence  between  the 

lower llmH of DAP end the ELA.  In  comparison to the  relative  wet Alps, 

active  rockglaciers  are  only developed In parts where the difference 

between ELA and DAP is larger  than 400 m. 

Fujl and HigucM (1976) have  measured  ground  temperatures in the 

Khumbu  region and Haden Valley.  Their  measurements  indicate  the 

pomlblllty of  permafrost  above 4,900 rn in the  Khumbu Hknalaya and  above 

5,000 m in the Hldden Valley.  Guodong (1983) cakuiated t h e  altltude of  the 

lower llmlt of DAP as a function ot latitude  as 5,080 m at 25*22'N. Although. 

s o m e w h a t  h e r ,  their findings  do  not  differ  markedlffrom  our  results. 

It can be concluded  that diwantlnuaur alpbe permafrost  can be 

. .  , 8  

(Swiss  Alps: 50 km2;  Pokalde rnasslf: 2.4 km2) the specific vertkai mas6 
transport  amount$ to 120'103 rn"t*a-lkm-* (Swiss  Alps)  and 85'103 m't' 

a-l krn-2 (Polcalde masslr ) .  . 
These  values  are based on  the vertical transport  only.  Similar 

Important  horizontal  transpMt has not  been  di&cussed. if only ths vertkai 

transport Is d. then the change in potential  energy  can be expreswd by 

thew values tnrmformed In the  SI-unn Watt (c.f.  Caine 1976). The  change 

in potential  energy  amounts to 37 W*km-* in the Swiss Alps and to 28 

W'km-2 in t h e  Pokalde massl. ' 

Regar'ding t h e  dlfficunles lo obtain these values  and  considering  that 

the  number  of  rockglaciers in the Pokal+ rnasssl,is smell. bath  values are in 

the  same  order of magnitude.  This demonslrak the fact that  active 

rackglaciers in the  Pokiakle  massif  are  of  the same irnpottance as talus 

transport systems as in parts of the Alps. 

-s'ons 
' ,, ~ 

' .  
Low precipath, high  radiation, law tsm@ratures  and  intense 

' .i 

weathering in an extreme rellef. all favor  rocWQhcier  development In the 

Khumbu  Himalaya.  Mbuntaln  permafrost,  a  common and widespread 

phenomenon d the  perlglaciei  belt of t h e  study area, is indlcated  by talus 

rockglaciers of conelderable  lengths.  The  rockglaciers attest to intensive 

perlglacial mass wasting.  Upon  estimating  the  volume  of  rock  debris 

incorporated in rockglaciers,  the  annual qrcdupfkn of talus in the  rock  sheds 

above  the  rockglaciers  are In the same orderef , . j  magnitude In the  Swiss  Alps 

and  in the Pokakle massif. 

I' ' 

If global  warming  rnaintalns its current  trend.  the  lower  rockglaciers 

studied  will  tend towsrd inactlve status, Mher places,  now being  covered by 

glaciers  above the E?, might bbeoome new rooting  areas  for  rockglaciers 

assumlng  that  preclpilaiion  does $1 increase:slgnificantly.  Reduction in 

permafrost,  however.  may  initiate  catastrophic  failures in the  form of debris 

flows p@ rock  avalanches  which  would  threaten natives, trekkers.  and 

2 .>n,,, 

expected a h e  5,100 to 5,500 m in the  Khumbu  Himalaya.  Cornperable  mountaineen. 

limits  are found in mountain  ranges  on  the  Tibelean  plateau  (Gorbunov 

1983) or in the Andes of Mendoza  (Schrott 1991). 

of rockqbiers for 
Agda. Y. (1976);,Characleristics of precipation  during  the  monsoon  season 

Barsch (1977 a,b) shwved that active  rockglaciers  play a signiflcant ' . . 
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245. 
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in the rockglaclen. Accepting that the volume of talus in todkglacien has Schutllransporl  im  Berekh  aMlver  Blockgletscher  der  Schweizer 
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talus rockglaclers is about 30' IO3 m3* aU1. In the  Poklade  massiv,  this . 

value  amounts to 1'103 m3*a-1. Assuming a specific weight of 2.66 I 'm3 EarsEh, 0. (1978): Rockglaciers a.i lnd(catms of discontinuous  Alpine 

and a  vertical  dislance ol75 m  (Swiss  Alps)  and 1 0 0  m (Pokalde massiv),  Permafr+.  An exampis of  the  Swiss Alps. Proceedlngs,  Third 

the  vertical mass transpod ztccwdlng to JAckli (1967) and Barwh (l9b1) can InterhllonAl Conference  on  Permafrost.  Natlonal  Research  Council. 

be calculated  to 6'106 m't'a-l (Swigs Alps) a d  2.7"106 m't'a-l (Pokakle ,, Ottawa 1: 349-352. 

massif). Related to  the  area whkh contrlbutes  talus  into t h e  rockglaciers 
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SEASONAL CHANGEABILITY OF PHYSICOCHEMICAL PROPERTIES OF P E e F > R O S T  ACTIVE LAYER WATERS 
IN THE RECHERCHE F I O R D  REGION (WESTERN SPITSBEREEN)  

Stefan A. Bartos~ewski~, Zdzislaw Michalczyk'  and Jan Magierski2 

'Institute of Earth Sciences, Maria Curie-Sklodowska University, Lublin, Poland 
21nstitute of Soil Sciences, Agricultural College, Lublin, Poland 

The paper  discusses the results of hydrological invest.+gations carried out in the 
southern  shore of Bellsund in 1986-90. It was noted t h a t  the active layer re- 
t e n t i o n  is slight mainly because o f  the small thickness o f  the saturation zone. 
The air  temperature affects hydrological and  hydrochemi-cal processes. All waters 
in the studied area are characterized by poor mineralization, weak alkaline re- 
action and low temperature. .,' 3 ,  

INTRODUCTION 

The aim of the investigations were to study 
the hydrological and physicochemical features 
of the area. The collected materials were used 
to obtain the characteristics of spatial and 
seasonal  differentiations of physicochemical 
properties o f  water i n  d i f f e ren t  circulation 
phases. The  studies  were carried out in the 
central Western Spitsbergen. Measurements and 
field studies were made in t h e  region of the 
Calypsobyen  settlement situated above Recherche 
Fiord (Fiq.1). 

of rocks. The region of the Van Keulen Fiord is 
built of a series of Upper Paleozoic and Mezo- 
zoic sediments. In the western region a r e  found 
gypsum and dolomites, sandstones, shales and 
mudstones are typical in  the eastern region. 

The central sector is dominated by a mountain 
massif of 550-800 m a.s.1. with glaciers occupy- 
ing the valleys. The coastal plains are built of 
unconsolidated Quaternary  sediments  in the form 
of gravels, sands, boulder clays and marine 
silts. Infiltration coefficients o f  sand-gravel 
formations determined by means of Burger 
cylinders range between 0.0006-0.0023 m s-'. 

GROUND WATERS 

The analysis of hydrological and hydrochemi- 
cal phenomena occurring in the permafrost active 
layer is based on stationary observations. 
A hydrometrfc rneasarements system was  developed 
included 10 wells, 3 springs, 8 water  gates and 
the Wydrzyca River [Skua River) where a water- 
level recorder was installed. 

Underground waters o f  Calypsostranda form a 
water-bearing level 'fitted to the upper part o f  
the permafrost. The depth of  the water  table and 
the thickness of the non-saturated zone  are re- 
lated to dynamics o f  permafrost active layer. 
The observations of wells was based from the ~ e -  

Fig.1. Situation of the investigation area KiOd of 18 July-8 September, 1989 formed a basis 
for analysis. In the summer-autumn period a gra- 

STUDY AREA dual decrease of water resources retention in 
the permafrost active layer takes place. The 

The  western part of the  study area consists amount of water loss due to  drainage and evapo- 
the Hecla Hoek formation of the Upper Pcotero- transpiration is greater than current a t m o -  
zoic Age (Dallmann et.al.1990).  "illites, phyl-  spheric input and ground ice melt contribution. 
l i tes  and quartzites constitute the main types The potential evaporation in the studied period 
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tributary,  .with a drainage area of 0.103 km2 is 

covers  an  almost  flat  area o f  difficult  surface 
and underground out'flows. The  studied 'stream is 
fed  by thawi'rig  :kjround ice, melting  snow  and 
rainwaters.  Sbrfng  meltwaters  constitute 2/3 of 
the total outflow.  'The  maximum  autflow  recorded 
in this period was 224 drn3s'lkrn-' in 1990. After 
the  diaappearance'of'the  snaw  cover,  the  only 
SOU KC^ of outflow  alimentarton  ,fs,.thawing 
ground  ice  in  the  active layer  and  precipita- 
tion. The  pattern of the  daily  flow  in  the 
summer of 1989wwas similar  to  changes of spxing 
yield  and o f  ground  water level fluctuations. 
During the period of investigation 1000 in3 
of water  was  discharged,which  corresponds  to 
the  outflow  index 69 mm '(Michalczyk 1990.) 

WATER TEMPERATURE 

52.3 mm. The  water  table  decreases  gradually.  the  object of this  present  analysis.  The  basin 

. .  

1 " -* h' P IC 

Fig.2. Situation of the  ground  waters in 3989). 
(0-depth of the  frost  table  occurence  in  wells). 

The curves Erom variwus years are very similar. 
Intense  rein  fall  can  slow  down a decrease 
tendency  but  does not change a general  trend. 

SPRINGS 

By the end of the  spring  after  the  snow mel- 
ted, some small  springs  began  to  flow  from  the 
terrace 20-25 rn a . s . 1 .  The  waters  orginated 
from  the  ground  ice  melt  and the rain. The 
spring  observed  for the longest  period o f  time 
is found near the  base  camp of the UMCS Expe- 
dition.  The  spring  basin  area  is 0.009 km2. 
Its  y i e l d  for  the  period OS 21 July - 17 August 
in  successive  years is as  follows: 

Year 1986 1987 1988 1989 
Yield ( d ~ n ~ s - ~ )  0.107 0.089 0.044 0.127 

The  course of the  spring  yield is similar  to 
the changes o f  water storage  in the permafrost 
active  layer,  particulary 'in its  area of regu- 
lar wateE saturation.  Maximum yie lds  of  the 
spring are recorded  after  heavy  rainfalls  with 
a  lag of 2-4 day. The  highest  yield of 
0.186 dm3s'l was recorded on  the 5 August, 1989, 
and was due to a 17.4 mm rainfall  on 2-3 August. 
During the  field studies period  between 5 July- 
B September, 1989 the unit outflow  from  the 
spring basin was  12  dn~~s-lkm-~ which  carresponds 
to the  outflow  index 67 mm (Michalczyk 1390). 

,SURFACE WATERS 

The  water-bearing  level Of the  active  layer 
in Calypsostranda is drained by a few small 
rivers of which  Wydrzyca  (Skua  RlVeK) has  been 
observed for the  longest  period-5  years  (Barto- 
szewski et.al.1988, Michalczyk 1990). Its l e f t  

The  course and: intensity of hydrochemical 
and hydrological'processles wps strongly  depen- 
dent  on  changes o f  air and water  temperatures. 
Regular  studies of yield, temperature  and  some 
hydrochemical  features  were  carried  out  in  the 
spring close  to  the  base  in  Calypsobyen  in 
1986-1989  (point A in Fig.1). 

ture of water  remained at 0.5-6.4%, it was 
dependent on the  depth of the froat table, t h e  
thickneas of aeration and fhe saturation zone. 
The curve of the wate<r,tempe,r,aturg course in 
this  spring  shows a general  relation to the air 
temperature course (Fig.3). 

According  to o u r  observations the ternpera- 

: .  
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Fig. 3 .  Yield of spring in Calypsobyen  and 
temperature  in  1988 

In the first  days of July 1988 water  tempera- 
tufas  exceeded  those of air  temperatures  due 
to  the  faster  heating of soil surface  layers. 
Water  temperature  was  more  stable  than'that of 
air  temperature.  The  seasonal  values of spring 
water  and a i r  amplitudes,were 5.9 and 9.2OC 
respectively.  The average water  tgmperature  in 
the period of the  investigations  was 3.4OC and 
that  of  air was 4 . 3 O .  Outflow  decline  in  the 
period of 23 August-9  September, 1988 was due 
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to the reduction in active  layer  storage.  There 
wa.s still same water in the spring  basin  as 

' a  static reTource. The renewed  increase of re- 
tention too 'k  place after  precipitation  on  the 
turn August and  September 26.3. nun in total. At 
first the water temperature was 2.B°C but a s  
a result Qf, sudden coo l ing  it  dropped to ,O. 5OC 
and  then  the. spring got  frozen with a several 
centimstsc soil layer. 

YWTER CHEMISTRY 

The water ionic composition was determinated 
i n  the f i e l d  hydrochemical  laboratory in Caly- 

psobyen by means o f  the classical  titration 
method. General mineralization was determined 
as a sum of ions and on the basis of electrical 
conductivity. The elemental  composition of 
waters i n  the region of studies is  slightly 
differentiated (Fig.4). 

"" ___I 

Fig. 4 .  Chemical cornposition of water 
in the Recherche  Fiord  region 

There is a  common occurence of tillites and 
phyllites as well as rocks containing  calcium 
and magnesium on the surface. The inland  waters 
o f  this part of Spitsbergen axe  poorly  minera- 
lized and most frequently are  classified a8 
ultrameet. The lowest mineralization of 
several mg dmq3 was found  in the waters coming 

from surface glacial ablation. The waters in 
the proglacial zone enriched  themselves  in the 
diseolved substances reaching  mineralization of 
the range 50-70 mg dm-3. The mountain  massifs 
and adjacent  elevated areas over 150 m a,s.l. 
had 100 mg dm-' o f  mineralization  during the 
trimmer. The coastal terrace plains as a rule 
had  higher ground water mineralization  from 100 
to 300 mg dm-3. HC03- ion constituting 6843% of 
milival sums of anions  was.predominant in most 
analyzed samples of water. The share of C1- ion 
was from several to 25% and of  SOq2- ionl as 
well as to a few percent of milival sums of an- 

ions. Ca2+. ion takes up at least half of the 
milival  sums of cations. The share o f  Mg2' ion 
i s  20-40% and  that of Na' about  10%. The chemi- 
cal  composition of waters of permafrost  origin 
and its seasonal  differentiation was most  care- 
f u l l y  studied  in the Calypsostranda  region. 

Mineralization of waters circulating in 
the zone of active  exchange was from 180 to 300 
mg dm-3; water reaction was weakly alkaline, pH 
was in the range 7 . 6 - 8 . 5 .  The typical  chemical 
composition of waters is  represented by the 
spring A in Calypsobyen: 

HC0385 C115 
MO. 23 

Ca53 Mg40 Na' K1 

The composition of water o f  the unglaciated 
basin  is  represented by the Wydrzyca River: 

H C C J ~ ~ I  d 5  SO4' 

Mo. 16 

Ca5= Mg36' ha7 K1 

Both surface and ground waters are charac- 
terized by a similar chemical  composition o f  
HC03 - Ca - Mg type. During the investigations 
this  composition was relatively  stable. Its 
changes  are  caused by temperature and inflow of 
meltwater  and rainfall.  Meltwaters  in the 
spring  season  cause  a  general  mineralization 
decrease.  Mineralization decrease '+d.f ,water! 
also  occured afterintense rainfalxi; which to 
some  extent  modified the chemical cornposition 
through the increased  partipitation of ions co- 
rning from  marine  aerbsol  i .e. Na', Cl-, Mg2' 
and S 0 4 2 " .  Temperature  is  also a modyfying  agent 
of the,water chemical  composition  through the 
increase of Mg2' and S 0 4 2 - *  During the 

polar  summer  permafrost water mineralization  in- 
creases. The air temperature below zero caused 
an  accelerated  increase of total  mineralization 
which is  due to the  cryochemical  effect. As ana- 
lyses show Ca2' and HC03- ions and partially 

M$+ ions  are  responsible  for  total  mineraliza- 
tion (Fig.5). The exception was well P-2 in 
which a contrary  tendency, was observed i.e. 
mineralization decrease from the spring period 
f o r  which Ca2' ion  is  responsible. This spot is 
situated  on the terrace slope at the basset of 

.marine silts. It should be supposed that at the 
beginning of the active  hydrological  season  in 
June  there took place an outflow of more 
mineralized waters stagnating  in the permafrost 
upper  part  than in the  pKeViOUS year .  

, ' ,  
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Fig. 5. Changes  of  water  chemical  properties 

(spring A in 1988, 2, 3, 4, 5 - wells in 1990) 

CONCLUSIONS 

in the  Calypsostranda  region 

In  the permafrost: active  layer between i t s  
upper  part and terrain surface there is formed 
a water-bearing  level  systematically fed by 
waters  coming from ground  ice  melting and 
partially by rainfalls  infiltrating  the  back- 
ground. The  active  layer  retention is slight of 
the  tens  of  milimeters  order  mainly  because of 
the  small  thickness  of  the  saturation zone. In 
spite of this  character of the river outflow, 
spring yield and  fluctuations of ground  water 
tabla  are  highly  dynamic.  These  pracesses 
affect  the  changeability of ground water 
physical and chemical  features. A slight petro- 
graphic  change o f  under  surface  rocks  causes 
quantitative but not  qualitative  character o f  
chemical cornposition differences. All waters in 
a given  area  are weakly  mineralized,  of a weak 
alkaline  reaction  and low  temperature.  The 
analysis o f  water chemical  composition  shows 
that independent  of  alimentation source, the 
hydrogen  carbonate  ion  is  predominant  among 
anions and calcium  and  magnesium  ions  among 
cations. The  greatest  changes of chemiem  are 
observed at the  beginning  and in the end of the 
active  hydrological  season. With the air  tempe- 
ratures below zero there  was an  accelerated 
incream of general  mineralization  which  can  be 
associated with  the effect  of cryochemical 
phenomena.  During the  polar  summer  the  chemical 
composition of the  studied  ground waters became 
stabilized. 
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DISTRIBUTION OF PERMAFROST, GLACIERS, AND ROCK 
GLACIERS IN THE ITALIAN MOUNTAINS AND CORRELATIONS 

WITH CLIMATE: AN ATTEMPT TO SYNTHESIZE. 
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On  the  two  Italian  mountain  chains,  the Alps and  the  Agenninea,  the  lowermost 
limit of discontinuous  permafrost  has  been  determined  by  examining  rock  glacier 
distribution,  From  aerial  photographs and field  surveys,  more  than  a  thousand 
forms were  identified  in  the  Alps,  and a few  dozen  in  the  Apennines.  The  mean 
elevation o f  the  active rock glacier  fronts was found to be 2527 m a .s .1 .  The 
mean  altitude of inactive rock glaciers is 2261 m a.s.1..  The lower limit of  
active  rock  glaciers  runs on average  along  the - 5 . 5  OC isotherm, while that of 
the inactive ones is at 0.3 OC. The  mean  elevation o f  the  present  equilibrium 
line for the  Italian Alps glaciers i s  at 2890 m  a.s.l.,  with a distribution 
conditioned  by  whether  the  climate is more or leas continental.  Also  the drop in 
elevation o f  the  equilibrium  line  during  Late  Glacial  (mean  value 280 m) and  the 
corresponding  thermic  variations (-1.7 'C) have  been  estimated. 

INTROPUCTION 

Rock  glaciers are not  only one of  the most 
widespread  and  interesting  landforms  in  the 
Alpine  environment,  and  presently  the  most 
discussed feature in periglacial  morphology, but 
they are as well  certainly  ane o f  the  most 
important  and  significant  indicators of 
mountain  permafrost.  In  fact, in those regions 
with  a large number  of rock glaciers,  they can 
be  used  for  identifying  and  mapping  the 
permafrost lowermost  limit  (Barsch, 1978; King 
et  al., 1992).  Although  rock  glacier  research 
began  in  Italy  during  the  first  half of the  20th 
Century, it has been  relatively  neglected  until 
a short  time  ago.  This  recent  revivai in rock 
glacier  research  has  been  focused on L-20 themes: 
1) to  verify  the  presence,  distribution and 
frequency of rock glaciers  along the Italian 
side  of  the  Alps,  and 2) to collect data for  
improving  our knowledge of their  genesis, 
evolution  and  relation  with  climate. 

have  been  identified  as rock glaciers by means 
of  photointerpretation  and f i e l d  surveys 
(Smiraglia, 1985; Carton et e l . ,  1988; 
Guglielmin, 1991; Smiraglia,  1992).  Moreover, 
many  active  rock  glaciers have been identified 
and correlated  with  climatic  parameters  (Belloni 
et a l . ,  1988). Then, topographic and geophysical 
surveys  have been carried o u t  on selected  rock 

For the  former  theme,  about 1000 landforms 
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glaciers to  determine  surface  movement  rate  and 
identify  the  presence of internal  ice. 

During  the  last  years,  the  research  has 
continued on these two  themes,  and has been 
extended  to the Apennines (Dramis and  Kotarba, 
in press) . 

The  objectives of the study  were: 1) to 
enlarge  the  knowledge of permafrost  distribution 
along  the  whole o f  the  Italian side of the  Alps 
and  in  the  Apenninee,  using  the  rock  glaciers as 
indicators,  and 2 )  to verify  the  relationship 
between  climate and altitude of permafrost, rock 
glaciers and  glaciers. 

previously Ci ted  works, photointergretative 
analyses  were  revised and extended  to all the 
Italian Alps and the Apennines (Figuse, 1). Rock 
glaciers were identified,  distinguisning  between 
active  and  inactive,  mostly  taking  into  account 
morphology and vegetation  cover. To achieve this 
aim, numerous  morphological,  topographic and 
geophysical  surveys  were  carried out on a sample 
of rock glaciers to determine  the  presence of 
ice and  the  degree of activity  (Smiraglia, 1989; 
Resnati  and  Smiraglia,  1990;  Evin, 1992; 
Calderoni et a]. , in press) . 

To examine  the  relationships  between 
rockglaciers, glaciers, and climate, three 

Following the methods adopted in the 



Figure 1. Location of the  mountain  sectors. 
1) Marittime  Alps; 2 )  Cottian Alps; 3)Gran 
Paradiso  Group;  4)Monte Bianco Group;  5)Monte 
Rosa  Group;  6)Tambb-Suretta  Group;  7)Bernina 
Group: 8) Piazzi-Campo  Group; 9),0robie Alps; 
10) Adamello-Presanolla  Group;  1l)Ortles- 
Cevedale  Group; 12)  Venoste  Alps; 13) Naric 
Alps; 14)Dolomites; 15) Central  Apennines 

parameters were chosen: 1) the  elevation' of the 
rock glacier  fronts  (determined by appl;ying 
information  from  aerial  photographs to large- 
scale maps); 2) the  glacier  equilibrium  line 
(ELA) (derived  from  unpubli,shed  data  collected 
by the  Italian  Glaciological  Committee for  the 
World Glacier  Inventory,  Catasta  and  ,,&iraglia, 
unpublished); 3) the  main  annual  average 
temperature (MAAT) recorded  at  several 
meteorolgical  stations  located  in different 
mountain sectors. o f  course, many  limitations 
are implicit in  this  method, most'of which 
concern  the  distinction  between  active  and 
inactive forms, and the  selection o f  
meteorolgical  stations and o f  climate 
parameters. 

.. <. .I- 

With  regard  to  the  first  point, as already ' 
mentioned  this was partly  effected by means of 
topographic  and  geophysical  surveys  of  aampl& , 
forms  in  various  sectors  of  the Italian Alps. 
As to the  second point, it is known that 
permafrost  distribution  (and  also  that of rock 
glaciers)  is  connected,  in  addition to the 
annual  average  temperature of the air, to 
numerpus  other  parameters such as the layer of  
winke/c snow, solar  radiation,  vegetation, 
,geQth&rmal  flux, and topography.  The MAAT is 
.bh.~ls a  parameter  affording  results  that  are 
hardly  satisfactory for comparisons on a 
worldwjde scale, but  which  can be useful  for 
r.egional sl-.udies (Cheng  buodong  and^ Dramis, 
1992). Bearing  in  mind tlie sca le  of our 
research, we therefore consider that  the 
collected  data  are  ho-ogend'ous  enough and the 
results  adequatdly  valid. 

' ', 

I ' OF korK , 

I 
The 'collected data are synthedized in Tab. 1; 

which reports, the  average elevation.of both 
inactive (REi) and active  (RGa)  rock  glacier 
fronts  and  the  equilibrium  line of present-day 
glaciers (EM), divided  according to mountain 
sector. 

Table 1. Elevation o f  rock glaciers  fronts  and 
of the  glacier  equilibrium  linee i n  the  italian 
mount  a  ins 

Mountain  AVERAGE AVERAGE AVERAGE 

RGi  in  m RGa in m ELA in m 
SectOK ELEVATION ELEVATION ELEVATION 

Maritime Alps 2015 2320 2610 
Cottian Alps 2292 2579 3010 
Gran Paradiso I 2768 3050 
Monte  Bianco 2298 2530 3063 
Tambb-Suretta - 2327 2806 
Bernina 2265. 2406 2865 
Piazzi-Campo 2380 . 2560 2904 
Ortles-Cevedale 2432 2823 3 o i 4  
Orobie Alps - 2407 2503 
Adamello-Presanella 2093 2488 2890 
Venoste Alps 2393 2603 2999 
Noric Alps 2199 2637 2888 
Dolomites 2130 2287 2641 
Central Agennines 2135 2539 2900 

In  the  figure 2 are  rapreeented  the  various 
sectors o f  the Alps (and  also those of the , , 

central Apennines) going from west to east  with 
the  highest  peaks  in  each  sector  and  the I 

elevation of the  equilibrium  lines on present- 
day  glaciers and of the  active and inactive rock 
glacier fronts. 
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Figure 2 .  Sectors of the  Alps  with  the  highest  peaks  and  the  elevations of the equ'ilibrium lines 
(EM), of the  active rock glaciers (RGa) and o f  the  inactive rock glaciers ( R G i ) .  

Lower  limit  values of the  equi1i.briurn  line 
are  found in the  end of the chain, i.e. i.n the 
Dolomites  and  Carnian Alps (2641. m a.s.1.)  and 
in  the  Maritime Alps (2670 m a . s . 1 . )  .These 
elevations  tend to be higher in the  innermost 
.sectors of the  chain,  remaining  above 2800 m in 
almost  all  the  groups,  with  the  highest va!.ues 
in the Monte Rosa (3112 m),  Monte  Bianco ( 3 0 6 3  
m); Gran  Paradiso (3050 m), and Ortles-cevedale 
groups, Thus,  at  a  regional  scale,  the 
influence is  evident of the  continental  and 
maritime  climates on the ELA distribution, to 
which  should be added the  position of the 
individual  mountain  groups  with  respect to the 
Paduan plain.  The  most  notable  exception is that 
of the  Orobie Alps which,  despite being situated 
in the central  sector of the I ta l ic r l  dlps, have 
the lowest ELA altitude of all (2806 m a . s . 1 . ) .  
In fact,  this  mountain group i s  situated 
longitudinally to t.he south of the main 
watershed  and  forms  the  first:  notable  orographic 
obstacle  to ,the north of the Po plain. 

continental  climate  influences  the  altitudinal 
distribution of the rock glacier fronts. It  is 
genera1,ly  held  that  the  increase of this  climate 
has led to a decrease o f  tho  lowermost  limits of 
permafrost  (Haeberli, 1978; King, 1986; Guwdnng 
and  Dramis, 1992) + 

From Table 1 and Figure 2 .  i t  can be seen 
t h a t  the  altitudinal  differences  between ELA and 

Instead, what is not  clear  is  how  the 

RGa (the  average of whirh,is'357.9 m)  are  rather 
reduced  in the outermost  gectors  such as the 
Maritime  Alps (350 m) and:the Dolomites (354 m), 
and also in  the  Aperlnines'.:361 m), whereas  some 
of the  inner  groups  like  those o f  Monte Rosa 
(465 rn) and  Bernina (459 m) display high  valbes. 
The  exceptions,  however, are numerous,  such as 
the Gran Paradiso  and  Ortles-Cevedale  with 
fairly  limited  values (282  and 251 m, 
respectively),  despite  their  being  characterized 
by a more  continental  climate  compared  to  other 
Alpine  groups.  The  minimum  difference 'between 
EL4 and  RGa (96 m) was  recorded €or  the  Orobie 

These  exceptions  may  derive from numerous 
Alps. 

factors: 1) local  situations of maritime  climate 
(as in the case of  the  Orobie  Alps); 2) the 
presence of permafrost at altitudes  1ower"than 
those of the rock glacier fronts (the  fact of 
this  not  being  identified leads to 'an 
underestimate of the  altitudinal  difference 
between ELA and RGa): and 3 )  active rock 
glaciers  being  considered  inactive  (which  leads 
to  an  overestimate of the Em-RGa difference). 

However, it should be emphasized  that the 
concept of continental  climate  in  the  Italian 
Alps, where  the  distance from the sea never 
exceeds 300 km; is a very relative one and can 
be used onljj  for  local  situations,  Further  proof 
o f  this  can be had'by util.izing  the  Gorbunov 
(1978) Index of Continentality (the difference 

3 8 



in  the  average  height in kilometers  of  the 
equilibrium lineion the  glacier  and  the - 

lowermost liniit-of permafrost).  When  taking as 
the  lowermgst:limit o f  permafrost  the  altitude 
of the rock glacier  fronts,  the  values  are all 
below 0.6, with  a  minimum  in  the  Orobie Alps of 
0.1. 

With regard to inactive  rock  glaciers, as ' . 

appears  from  Fig. 2, the  curve of 'their  frontal 
altitudes  follows  fairly  faithfully  the  t,rend<,bf. 
that  for  active ones (the  difference  in  altitude 
between  active and inactivb  rdck''glacier  fronts 
averaging 265 m) . , .  - 

Taking into account  the  experience  obtained'! 
from  previous  research on the  relationship . 
between  glacial  dynamics  (or  rock  glacier 
distribution) and climatic  parameters; some 
meteorological stations were  selected i n  ten 
mountain  sectors.  For  these  stations,  data on 
average  annual  temperature  (MAAT)  for  the  period 
2955-1985 were collected.  Using  a  gradient of 
0.6 'C/100 m, for  each of the  seqtors  average 
annual  temperatures  were  calculated  both at the 
present-day,average of the  active,  and  inactive 
rock  glacier  fronts and fo r  ELA. 

The  results of th i s  calculation  are 
synthesized in Table 2 ,  where  mountain  sectors, 
the  name and elevation of meteorological 
stations,  and  average  annual  temperature  (in "C) 
measured at the  stations (MAAT st) and 
calculated for elevation both of active (MAAT 
RGa) and inactive (mAAT RGi) rock glacier 
fronts,  and for  the ELA (MAAT E M ) ,  are  shown. 

average  values  are  obtained of,. -1.5 "C for the 
fronts of Ttalian  active  rock  glaciers, 0 . 3  ' C  
fo r  those o f  inactive  ones. and - 3 . 8  'C for ELA. 
It  is shown that the value -1.5. 'e .  falls in  the 
interval of. aboyt -1 to -2  'C, that  is  supposed 
to represent the LaTge-scale  climatological 
boundary  conditions for the  existence of acthe 
rock glaciers (Barsch, 1978; Rvin, 1983; King,. 

On the  basis of the  data  reported  in Table 2, 

, I .  

Table 2. Thermic  conditions 

Mountain  Meteo-  Elcvat ion 
Sector Station  in -m 

Monte  Bianco Aost3 508 
Monte  Rosa Gressoney S . S .  1400 
Bernina Sondr io , 3  07 
Piazzi-Campo %;mi0 , I ,  1225 
Ortles-Ceved. S .  Caterina valf., 1740 
Adamello-Pres. Pant ano 2328 
Venoste Algs S .  Valentinw 1500 
Noric  Alga Antersslva 1236 
Dolomites Cdrtina d'Amp. 1211 
Apennines Isola Gs. Sasso 418 
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1983; Haeberli, 1985, and in press); the same 
isotherm of -1 to - 2  OC of average  air 
temperature  should also indicate the, lowermod! ' 

limit of discontinuous  permafrost  dlstiibutidn ' 

(Cheng  Guodong, 1983) ' , / I  " 

w 
From  the  data  contained in Table 2 ,  and  with 

the  present-day  distribution of glaciers and,,, 
rock  glaciers on the  Italian  mountains, an ,,. 

average  temperature  difEerence of 2 , 3  ' C  can be. 
>. .i 

obtained  between the.ELA and  the  active rock 
glacier  frwnts  (and thus between ELA and the 
lowermost limit of discontinuoue  permafrost). 
The average  difference  between EL& and  inactive 
rock  glacier  fronts  is,  instead, 4.1 "C,whereas 
that  between,active  and  inactive  rock  glaciers , .  

is 1.7 "C ('the same  values  can, of course, also , '  

be obtained  merely  from  the  altitudinal  data of 
Table 1, using the  well-known  formula 

T = (El - E 2 ) > - 0 + 6 / 1 Q 0  

where T is the  difference  in  average  annual 
temperature, El and E2 are  the  elevations of the,, 
two parameters  in  question, i . e -  ELA and RGa or 
RGi, and where 0.6/100 is the  vertical  thermal , , ,  

gradient;  the  slight  differences  depend on the .I 

fact  that  in Table 2 not all the  mountain grOUP8 
of Table 1 have  been  included. 

The  differences  between  temperatures at the 
frwnts of active  and,  inactive rock glaciers may 
also  infer  paleoclimatic  factors  (Kerachner. 
1985). By generically  attributing  the  genesis. 
of today's  inactive rock glaciers to the  most 
recent  phases oE Late  Glacial, on the  Italian 
mountains  there  would be, as mentioned 
previously, a mean decrease of 1.7 OC in 
average  annual  temperature,  with a maximum o f  
2.4 'c in the  Ortles-Cevedale and Adamello 
sectors and a  minimum of 0.9 'C in  the  Beynina,.,. 
sector. . <; 

Presupposing  in  addition  'that  altitude . ~ , 
intervals between ELA and rock glacier f ron t s  

ir 

in the Italian  mountains 

MAAT MAAT MAAT MAAT 
st RGa RG i ELA 

10.8 -1.3 0.1 -4.5 
5 . 3  ' -2 - 2  -0 ..a ., , -5  .o  
11.1 -1.5 -0.6 -4.2 
7 . 9  ' -0.2 1.0 -2.2 
3.1 - 3  - 4  -1.0 -4.9 
0.7 - 0 . 3  2.1 -3.1 
3 . 5  - 3 . 1  -1.8 -5.5. , .  1 , 

6.1 - 2 . 3  0.3 - 3 . 8  
6 . 7  0.2  1 . 2  -1.9 
12.3 -0.4 2.0 -2.6 
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have  not  undergone  significant  modification, 
even though climatic  changes have occurred, it 
can  therefore be hypothesized that spatial. 
relationships  between ELA and  altitudes of rock 
glacies  fronts  (and  therefore of the  lowermost 
limit  of  discontinuous  permafrost)  were 
relatively  constant, and that  the  present-day 
figures  for  the  different  portions of the  Alps 
are  not  very  different (on  a regional  scale) 
from those of the  past. 

in  the  past  (the  most  recent  phases of Late 
Glacial?) can be  obtained  from  the  formula 

Thus,  the  altitude o f  the  equilibrium  line 

ELAf = RGi + (ELAp - RGa) 

where ELAf is  the  altitude of the  former ELA, 
ELAp that of the present-day one, and RGi and 
REa are thme of the  inactive  and  active  rook 
glacier  fronts. 

Table 3  reports  the  altitudes o f  the  former 
ELA,  the  altitudinal  differences  with  respect 
to the  present-day E M  (ELAp), and  the  thermal 
differences  calculated  with the  gradient 
mentioned above. From  this  Table an average 
ELkf,.altitude of 2627 m  is  obtained  with a mean 
difference of 291 m compared to that of ELAp, 
.which  corresponds to a  thermal  variation of  1.7 
OC . 

Table 3 .  Altitudes of the  farmer ELA, 
altitudinal  differences  respect  to  the present- 
day ELA (ELAp),,  thermal  differences  calculated 
with  the gradient. 

Mountain  s.ector Emf ELAp-ELAf ELAD-ELAE 
(m) (m) ("CI 

Maritime  Alps 2425 245 1.5 
Cottian  Alps 2723 2 87 1.7 
Monte  Bianco  2753 310 1.9 
Monte Rosa 2786 326 1.9 
Bernina 2720 145 0.9 
Piazzi-Campo 2724 180 1.1 
Ortles-Cevedale 2683 391 2 . 3  
Adamello-Presanella 2495 3 95 2 . 4  
Venoste  Alps 2789 2 10 1.3 
Noric Alps  2442 438 2.6 
Dolomites 2484 157 0.9 
Central  Apennines 2496 404 2.4 

As a  term of comparison, it may  be  recalled 
that  according to Kerschner (1985) in  the 
Tyrolean Alps during  Late  Egesen  the ELA was 
lower  than  the  current one by 350 m (in the 
maritime  zone), 240  m ,(in  the  transitional 
one),  and by 200 m  (inlthe  continental one) .  

CONCLUSION 
In  conclusion, it has  been  stated  that  along 

the  Italian  side of the  Alps,  the  active  rock 
glacier  fronts,  which should indicate  the 

lowermost limit o f  discontinuous  permafrost,, 
are on average  located  around an altitude,o€ 
2527 m a.s.1. (a figure  slightly  different from 
the  one  presented by Belloni.et al. (1988), 
when  the  photointerpretative  revision  had  not 
yet been completed),  with values,ranging from a 
minimum o f  2287 m a.s.1.  in the Dolomites  to a 
maximum of 2823 m a.s.1. in  the  Ortles-Cevedale 
sector.  In  the Apemines, the  only  rock  glacier 
classified as possibly active has a front 
located at an  altitude o f  2539 m a.s.1. (Dramis 
and Kotarba,  in press).  The meteorological 
station  data  yield an average  annual 
temperature of -1.5 'C for the  altitude of the 
active rock glacier fronts. 

rock glaciers is 2261 m a . s . l . ,  while that  of  
t h e  Apenninic fronts is 2135 m. 

active  and  inactive rock glaciers, on an 
average 285 m, ranges  from a minimum of 145 m 
in the  Bernina sector to a  maximum of 439, m in 
the  Noric  Alps. 

belt  corresponds to a rise  in  average  annual 
temp+rature of  about 1.7 ' C .  

The average  altitude of the  equilibrium line 
for present-day  glaciers  in  the  Italian  Alps is 
around 2890 m a . s . 1 . .  The  altitudinal 
difference  between  present-day and former ELA 
in the Alps is  on  average  slightly  less  than 
300 m (as opposed to 404 m in  the  Apennines), 
and corresponds  to a rise i n  the  average  annual 
temperature o f  about 1.7 'C. 
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- 
The widespread  dis t r ibut ion of s a l i n e  prmafrost  has only recent ly  been acknowledged, and 
reduced   p i le   capac i t ies   in   sa l ine   permafros t   has  been an area of growing  concern.  Recent 
studies at  the   Univers i ty  of Alberta  have  examined  the  behaviof of var ious  sal ine  f rozen 
soils, and p i l e   h h a v i o r   i n   s a l i n e   s o i l s .  This paper  sumnarizes‘some o f  t h e   r e s u l t s  o f  
these  s tudies ,   and  proposes   guidel ines   for   pi le   design i n  s a l i n e  permafrost. 

TNTRODUCTION 

Recent studies have  found  naturally  occurring 
frozen so i l s   w i th  salts i n  t h e  pore water. Gregerswn !hckWwd 
at a l .  (1983) descr ibe  marine  sal ine  permafrost   in  
Spitzbergen. A discussion on t h e   d i s t r i b u t i o n  of  i w u r i t i e s ,  such a s  salt  ions, from t h e  pure 

sal ine  permafrost  i n  t h e  Canadian Arctic is provided 
c r y s t a l l i n e  ice structure   into  the  remaining  unfrozen 

by Wivon and Sego (1991) and i n   t h e   S o v i e t  Union by 
water. As t h e   t e m p r a t u r e  decreases the sa l t  i ons   a r e  

Dubikov et a l .  (1988) a 
excluded  into  the  remaining  unfrozen  brine,  fur ther  

Reduced pile capac i t i e s   i n   s a l ine   pe rmaf ros t   i n  depressing i t s  f reez ing   po in t .  T h i s  process  continues 

Arctic a o m n i t i e s  have  recently been i d e n t i f i e d  as a crystals and salt ions with na liquid brine at the u n t i l   t h e  pore solution becorns a matrix o f  ice 

problem (Hoggan 1985, Nixon 1988, and Millet 1990) 
f o r  which t h e r e  i s  little information  available.  

eutectic temperature,  which f o r  a sodium chlor ide  

Soviet  experience ( K a r p o v  and Velli 1968,  and V e l l i  
solution i s  -21.3’C. This I s  i l l u s t r a t e d  i n  the phase 

et ai. 1973) generally  provides maximum adfreeze band 
diagram f o r  a NaCl so lu t ion  shown in   F iqu re  1. 

capacities for  d i f f e r e n t  pi l e  materials  and  various 
s o i l s ,  but does not   address   the  issue of tine 
dependent  displacement.  Generally,  the  strength of BRINE 
t h e  bond between  frozen soils and t h e  steel p i l e  
surface is dramatically  reduced by the presence of 
dissolved solutes i n   t h e   s o i l  pore water. It appears 
t h a t  a fi lm of unfrozen  water may form a t  t h e  
in te r face   reducing   the  effective frozen bond area 
and/or  reducing  the strength of t h e  ice which has 
bonded.  Adfreeze bond s t rengths  are reduced  by at 
l e a s t  50% at salinities as low as 5 ppt, by 605 t o  
75% a t  10 ppt, and by as much as 90% a t  35 ppt. t ” 

design guide l ines  for piles in   sa l ine   permafros t  
consider ing time dependent displacement, based upon 
constant stress test results on ice- r ich   sa l ina  silty I- ICE .+ BRINE 

sand reported by Nixon and Lem (1984).  Recent work 
has been completed at  the   Univers i ty  of Alberta 
p r t a i n i n g  t o  t h e  behavior of t h ree   d i f f e ren t   s a l ine  *a0 .- I 

Ice-poor frozen so i l s  (Hivon 1991), and the behavior 
o f  model pi l e s  i n  one of these  soils was studied by 
Biggar (1991) .  This paper w i l l  examine t h e  time- 0 
dependent  displacement of p i l e s   i n  ice-poor sa l ine  
soil based upon t h e  work of these  two authors .  I t  
does not address   the  reduct ion  in   adfreeze bond Figure I. Sodium chlor ide  (NaC1) Water (H20) Binary 
strength  due to s a l i n i t y .  Phase Diagram 

Ice c r y s t a l s  are formed of f resh  water excluding 

r I I I 

+ 
NaCl 

BWNE 

Nixan and  Neukirchner (1984) p r o v i d e d   t h e   f i r s t  NeCl*2H,O 

ICE + NaCI. H20 

NaCl BY WEIGHT (ppi) 
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Figure 2. Grain s ize '  d i s t r ib t - , t i dn   o f ,  spild t e s t e d  
" '  , 

A t  a specified  temperature  . the  uefrozen water i n  
the   pa re  Space of frozen  soi-Ls,$npxa&qa  with  the 
ad+ki.on of dissolved  solutes .   The,"gseatest- '  
compressive  strenqth  reduction has been obsticved i n  
c o h e s i o n l e s s   s a i l s  at  low values  of salinities ( 5  "< 
1 0  ppt)  due t o  t h e  loss of cohesion  between  the ice 
and the   so i l   g ra ins   (Tsytovich  a t  a l .  1973, and Sego 
et d l .  1982). The compressive  strength  of saline 
frozen  cohesionless so i l s  have  been  related  to  the 
p r c e n t a g e  of unfrozen  water  (Ogata et , a l .  1983, 
Nixan and  Pharr 1984, and  Fharr  and Meruin 1985) .  
Strength  reduction is less pronounced and more 
gradual   in   cohes ive   so i l s  where unfrozen  water is 
a l r eady   p re sen t   i n   t he  farm o f  adsorbed  water. The 
re la t ionship  between  unfrozen  water content  and 
unconfined  compressive  strength  has  been shown t o  be 
v a l i d  for individual   soi l   types ,   but   could  not  be 
appl ied   to   un i fy   the   behavior  o f  d i f f e r e n t  s o i l  
specimens (Ogata et e l .  1983) a 

Time depndent  soil   deformation  under  const?nt 
stress is increased many times by the presence 6f. 
s o l u t e s   i n   t h e  pore f l u i d .  Creep s t r a i n s   i n   a l l u v i a l  
sand  increase  dramatically  with  increasing  spliniFy 
from 0 t o  LO ppt  (Ogata et a l .  1983)r,,$n  fine-grained 
s a l i n e   s o i l s   i n c r e a s e s   i n   u n i a x i a l  creep s t r a i n  rat-es 
of 10  t o  100 times may occur  for  sa1ini:ies  near  that 
of sea  water (5=30-35 ppt )  a t  temperatures  applicable 
in  foundation  engineering (Nixon and Lem 1984). 

saline soil has  been  studied by Nixon and krn (19841, 
the  behavior of fine-grained  ice-poor saline s o i l s  
ha5  not &@n addressed. Work by SayLes  and  Haines 
(1974) has shown that the   creep  behavior  of ice-poor 
non-saline  fcozen s o i l s  cont inues to at tenuate   with 
time as   i n t e rpa r t i c l e   con tac t   i nc reases  and the load 
is  t ransfer red  t o  t h e   s o i l   p a r t i c l e s  from t h e  ice 
matrix. It was desirable t o  determine i f  ice-poor 
s a l i n e   s o i l  would behave i n  t h e  same manner. 

Although  creep  behavior of fine-grained i+-rich 

. .  

A t o t a l  of 43 unconfined  constant stress 
compression tests were conducted t o  examine t h e  time 
dependent  deformation response of t h r e e   d i f f e r e n t  
s o i l s  at  four  different salinities: a fine  uniform 
sand (soil A ) ,  a s i l t y  sand   ( so i l  B) , and d very  f ine 
s i l t y   s and  ( so i l  C) with pore wate r   s a l in i t i e s   o f  0, 
5 ,  10, and 30 ppt .  ,The g r a i n   s i z e   d i s t r i b u t i o n  o f  the  
s o i l s   t e s t e d  is shown in   F igure  "2'. The average 
d e n s i t i e s  and  moisture   cdntents   for   soi ls  A, B, and C 

a 
ition ram 

Load cell - 

w 

o volume 

Figure 3 .  Schematic  diagram of constant  stress 
compression test set-up 

are shown i n  Table 1. A 1 1  tests were conducted at  a 
temperature  of -7eC k0.4OC. 

TABLE 1 
Soil   average bulk d e n s i t i e s  

and  moisture  contents , I  

, I. 

Soil 

A 
B 
C 

Density K: 
(Mg/rn3) (I) . ' 

2.06 17.1 
2.06 
1.96 22.1 

16.8 ' 

Load was appl ied t o  t h e  100 nun by 200 mn 
specimens v i a  compressed a i r  a p p l i e d   t o  a bel lofram 
filled with o i l .  Load was measured  using a load cell, 
displacement was measured  using, a l i n e a r   v o l t a m  
displacement  transducer (LVDT) , ,and temperature ,was 
measured with a resistance  temperature device (RTD) 
(Figure 3)  Readings of time, load,  displacement and 
temperature were recorded on an e l e c t r o n i c  data 
logging  apparatus. 

(def ined as the  onset of an a c c e l e r a t i n g  s t ra in  rate) 
t h e  tests results were p l o t t e d  w i t h  t h e   s t r a i n  rate 
versus  time i n  log-log  coordinate&, . i l lustrated i n  
Figure 4 .  

The mlnimum strain r a t e  is more eas i ly   de f ined  i n  
t h i s  manner, however some judgement  and a close 
e x m i n a t i o n  of t h e  test d a t a  i s  required to .determine 
t h e  time of f a i l u r e ,   p a r t i c u l a r l y  a t  tires greater 
than 100 b u r s .  The individual  test r e s u l t s  from t h e  

In  order  t o  determine  the time to f a i l u r e  

, .  
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Figure 4.  Typical plot  o f  lag s t r a i n  rate versus  log 

tinm for constant  stress tests 

42 constant  stress compression tests are contained  in 
Hivon (1991) . 

A t o t a l  of 65 constant  load model p i l e  tests were 
conducted i n   s o i l  B d e t a i l e d  above, maintained at a 
temperature of -5’ C f0.3-C, using  sandblasted steel 
p i p e   p i l e s  with e i t h e r  a c lean  sand or a cementitious 
cold temperature grout as a b a c k f i l l  material. Soil 
s a l i n i t i e s  of 0, 1 0  and 30 ppt  were used, and test 
du ra t ions   va r i ed  from  , instantaneous  fa i lure   to  as 
long as 76 days without   fa i lure .  

The test cell (Figure 5) was places i n   t h e  same 
frame as shown i n  Figure 4. Load, displacement,  and 
t e m r a t u r e  were cecordsd as d iscussed   for   the  
constant  stress compression tests. The p i l e  
d i sp lacerent  rate was p lo t t ed   aga ins t  time i n  log-log 
coordinates ,   and  determinat ion  of   the time t o   f a i l u r e  
was the s a m ~  as t h a t   d e t a i l e d  above fo r  the   cons t a r t  
stress conpression tests. F u r t h e r   d e t a i l s  of the 
spechen preparat ion,  test procedures and individual  
test r e s u l t s  are contained  in   Biggar  (1991). 

E P t ”  fr- 
1 P  

A t  the stress ranges examined in   t he   cons t an t  
stress compression tests, none of t h e  tests displayed 
a c o n s t a n t   s t r a i n  rate. Either a dece lera t ing  rate 
followed by an  accelerat ing rate was observed  or, fo r  
soils E and C a t  s a l i n i t i e s  of 30 ppt ,   an  a t tenuat ing 
displacement rate was displayed tu accumulated 
s t r a i n s   i n   e x c e s s  of 20%. I n  the model pile test 
program  however,  lower stress ranges were appl ied and 
constant  displacement  rates were observed, Hence a 
constant  displacement rate formulation for p i l e  time 
dependent  displacement is proposed as discussed 
belOW. 

A c o n s t i t u t i v e   r e l a t i o n s h i p   t o   d e s c r i b e  t h e  
cons t an t   s t r a in   r a t e   de fo rma t ion  o f  frozen soils may 
be expressed as a simple power law of stress and time 
( a f t e r  Ladanvi 1972 and  Ladanyi  and  Johnston 1974), 
and may be wri t ten   as :  

where 6 and 4 denote t h e  von Mises equ iva len t   s t r a in  
and stress respec t ive ly ,  n is t h e  stress exponent  and 
B i s  a material and  temperature  dependent parameter. 
For uniaxial  compression (1) may be modified to: 

& =  D (QI/OI)~ (2) 

p i l e s  

Tn (2) t he   app l i ed  stress, 01, is normalized by 
dividing by Q r ,  a  value of stress representa t ive  of 
t h e  stress range being tested, A value of 9 equal to 
1000 kPa was used for the constant  stress tests. The 
parameter B has  keen  changed t o  D t o   r e f l e c t   t h a t  it 
w i l l  have  a   dif ferent  value due t o  t h e  normalization 
of t h e  stress term. 

was not  observed  during  the  constant stress tests,  
however a practlpal value which may be used is the 
minimum observed  s t ra in  rate. P l o t t i n g  the minimum 
observed   s t ra in   ra tes   versus  the normalized stresses 
in log-lag coordinates a l i nea r   r e l a t ionsh ip  ‘was 
observed, and the   va lues   n  and D were determined. The 
v a r i a t i o n  of n   w i th   s a l in i ty   fo r   t he  three soils i s  
shown in   F igu re  6 .  It can be seen that using a value 
of n 4 ,  as i s  dan? for ice and  non-saline  ice-rich 
soi ls ,  i s  incor rec t . .  The v a r i a t i o n  i n  log(D) with 
s a l i n i t y  i s  shown in   F igure  7. 

As previounly’mntioned,  a cans t an t   s t r a in   r a t e  

Regression  analysis of the   da ta   p rovided  the . 
fol lowing  re la t ionships   (note   the  values  of salinity 
of 0 ppt had to be omitted to calcul.ate D since log 0 
is undefined) : 1 

Soil A 
n = constant = 5.2 for  S # 0 (3a) 
log(D) 7 -3.13 + 3.11 l O g ( S )  R2 = 0.987 ( 4 4  

Soil B 
n -- 13.8 - 0 .29 (S)  R2 = 0.987 (3b) 
lag(D) = -9.39 + 7.48 loglS) R2 = 0.987 (4b) 

sail c 
n = 23,1 - 0.69($) R2 = 0.947 (3c) 
log(D) = -11.4 .t 8 . 9 8  l O g ( S )  R2 = 0.947 (4c) 

where S is the pore water s a l i n i t y  in ppt. These 
va lues   a r e   va l id  Qn ly  for  the  temperature  of -7O C, 
and t h e  u n i t s  of D a r e  %/hour at 6r equal t o  1000 
Ha. 

4 4  
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Figrrre 8. ComparisQn,of results from model p i i e t e s t s  
conducted i n  Soil B a t  -5OC"wlth p red ic t ed  
performance  based. upOn cons tan t  stress tests at - 
PC. 

of n and B obtained for t h e  m o d e l  p i l e  tests i n   t h i s  
s tudy  are   contained i n  T a b l e  2. I n   t h e  model p i l e  
tests, as   in   the   compress ion  tests, the  values   of   n  
also d i f f e r e d  from 3 .  By comparison, t he   ca l cu la t ed - '  
values of n for  10 and 30 ppt   . sa l ini ty . ,   us ing (3b), 
a r e  l0.q and 5.1 respec t ive ly .  

-10 4 q '  ' 3  

0 5 10 15 20 25 30 TABLE 2 
Values of n  and E parameters  from  regression 

ana lys i s  of model p i l e  data Salinity 
(PPt) 

Figure 7.  Flow law parameter D versus   sa l in i ty   Soi l   Backf i l l  - n ' . .  B ($;-I Ua-n) 

For  constant  displacement  rate of p i l e s ,  which 10 Grout 9.5 4.59 x 10  -26 
m y  be encountered  in  ice and  ice-rich  permafrost  30 Grout 6 - 1  1.07 x 10  -13 
(Johnston  and  Ladanyi  1972, Nixon and McRoherts 1976; 
and Morgenstern et a l .  19801, (1) may be wri t t en  as : 

Salini ty   Mater ia l  

3 Sand 5 .9  3.94 x 10 -12 
, .  

where & is the  pile  constant  displacement  Kate which 
has been normalized t o  t h e   p i l e   r a d i u s ,  a, i s  t h e  
pi le   displacement ,  t is t h e  time, T i s  the   appl ied 
shear stress, n i s  the stress exponent,'  and B i s  a 
temperature and  material  dependent parameter. In  this 
formulation the value of t h e  stress exponent, n, i s  
t h e  same as t h a t  i n  ( 2 ) .  The parameter B may be 
r e l a t e d   t o  D by: 

33 = D Ur-n = D ( l O O O ) - "  ( " 1 )  

The only model pile tests which were considered 
f o r  comparison t o  the  constant  stress cornpresslon 
tests were those i n  which Eailure occur red   a t   t he  
backfill/natfvc soil i n t e r f ace ,  as i n   t h e s e   c a s e s   t h e  
creep of the   nat ive  soil was studied  and  creep  within 
t h e   b a c k f i l l  material was not s i g n i f i c a n t .  These 
tests include  grout   backfi l led pi l e s  i n  soil with 
s a l i n i t i e s  of 10 and.30 ppt, and sand  backEilled 
p i l e s   i n   s o i l s   w i t h   s a l i n i t i e s  of 30 ppt. The values 
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F i g u q  8 compares t h e   r e s u l t s  from t h e  model p i l e  
load test program to the  predicted  performance based 
upon t h e   r e s u l t s  of t he   cans t an t  sczess compression 
tests, by subs t i t u t ing   t he   va lues  o f  n, and D, from 
(3b) and (4b), i n t o  ( 7 )  and ( 6 ) .  As expected  ihe 
al lowable  shear ,*stress   values  from t h e  model p i l e  
tests a t  -5oC arq.'i+er than those   p red ic t ed  from the 
compression tests .at - 7 Y .  For p i l e s   i n  ice, given a 
temperature  decrease  from -5Y t o  -7T, t h e   i n c r e a s e  
i n  allowable s h e a r ' s t r e s s  may be expec ted   t o   be  
approximately 20-50% (Morgenstern et a1 1980) .  For 
f ine -g ra ined   i ce - r i ch   so i l   a t  35 ppt  s a l i n i t y ,  t h e  
allowable  shear stress may i nc rease  by approxi.mately 
100-200% for t h e  same temperature  decrease  .(Nixon and 
Neukirchner 1984). Over t h e  stress range t e s t e d ,  at  a 
s a l i n i t y  of 1 0  ppt   the  predicted  a l lowable  shear  
stress a t  -7'C is approximately 100% g r e a t e r   t h a n  
that  observed at, - S T ,  which i s  s l igh t ly   g rea t e l :   t han  
expected  therefore  unconservative.  A t  a s a l i a i t y , o f  
30 ppt, the predicted  a l lowable  shear  stress, a t - " P C  
is approximately 50-100% grea ter   than   tha t   observed  
a t  -5OC. which i s  less than   expec ted   therefore  
conservative. 

be tolerated under f i e ld   cond i t ions ,  a t  a s a l i n i t y  o f  
10 ppt t he re  is little change in t h e   r e l a t i v e  

A t  displacement r a t e s   s i m i l a r  to those  which may 
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Figur@ 9. Applied  shear stress versus  normalized 
' pile displacement rate f o r   p i l e s   i n  soils with 

s a l i h i t i e s  (S) o f  0, 5, 10, and 30 ppt .  at, a 
temperature  of -7oC 

a )  Clean sand  (Soil A) 
b) Si l ty  sand (Sai l  E) 
c) Fifie s i l t y  sand  (Soil  C )  . 

I , ,  5? 

d i f f e rence   i n   a l l owab le   shea r  stress based on the  two 
d i f f e r e n t  tests due t o   t h e   l a r g e   v a l u e  of n. A t  a 
s a l i n i t y  of 30 ppt however, due t o   t h e   d i f f e r e n c e   i n  
the va lues  of ri, the   a l lowable  shear  stresses 
predic ted  by t h e  two d i f f e r e n t  tests converge,  and 
are near ly  equal. 

rrrethodology, t h e   . s i m i l a r i t i e s  i n  the p r e d i c t e d   p i l e  
behavior is xeasonable.   This  lends  credence t o  t h e  
formula t ion   in  ( 6 )  t o   p r e d i c t   p i l e   b e h a v i o r   b a s e d  

Considering t h e  d i f f e r e n c e   i n   t e s t i n g  

upon the  constant stress compression tests. It is, 
t he re fo re   p roposed   t o   u se   t he   va lues  of n  and D from 
t h e   r e s u l t s  of the   cons tan t  stress compression tests 
t o   p r e d i c t  time dependent  displacement of p i l e g  i n  
t h e   t h r e e   d i f f e r e n t   s a l i n e   s o i l s   t e s t e d .  - 

Figure 9 shows t h e   r e l a t i o n s h l p s  between the 
normalized pi le  displacement  and  the  applied  shear 
stress for  t h e   t h r e e   d i f f e r e n t   s o i l s  tested, using 
t h e  values  of n and D from ( 3 )  and ( 4 )  i n  ( 7 )  and 
( 6 ) .  Unlike most previously  published work, t h e   l i n e s  
for d i f f e r e n t   s a l i n i t i e s , . a r e  not p a r a l l e l  because t h e  
slope of t h e  l i n ?  ( l / n ) . l n c r a a s a s  as the s a l i n i t y  of 
t h e  s o i l  increases  f o r  t h e  s . i l t y ,  s o i l s .  A t  lower 
s a l i n i t i e s   t h e  valucid' of n are l a rge  so t h e  
normalized  displacement. 1 s not  highly,  dependent on 
the   app l i ed  stress. A t  s a l i n i t i e s  a$ >d' Ppt the value 
of  n  approaches t h a t  for ice (n=3) ,  and t h e  
normalized  displacement i s  highly  dependent on t h e  
appl ied   s t ress .  

pile  capac i ty  fo r  the clean  sand (soil A) whenjthe 
sa l , i n i ty   i nc reases  from 0 t o  5 p p t .  This i s  " 

ant ic ipa ted ,  as discussed  above,  because  the  change 
from an  &bsence o f  unfrozen  water  (non-saline sand) 
t o  a siri$ll amount of unfrozen water (sand a t  a 
s a l i n i t y  of 5 p p t )   r e s u l t s   i n  a signif icant :   decrease 
i n . t h e  ice-sand bond s t r eng th .  The d e c r e a s e   i n   p i l e  
capacity €or t h e  silty sand   and   f i ne   s i l t y  sand 
(soils B and C) as t h e   s a l i n i t y   i n c r e a s e s  from 0 t o  5 
p r t  i s  much less pronounced due t o  the presence of 
unfrozen water a t  a   s a l i n i t y  of 0 ppt. F o r   s o i l s  B 
and C the most dramat ic   decrease   in   res i s tance  is 
observed when t h e  s a l i n i t y   i n c r e a s e s  from 1 0  t o  30 
Fpt " - 

It i s  seen  that  there i s  a large d e c r e a s e   i n   t h e  

> I  

The' &ults from congtant stress c o q r e s s i ~ n  
tests and model p i l e  tests on ice-poor  sqliqe s o i l  
have shown t h a t  it i s  inappropr ia te  to,uV,-,a constant 
value of t h e  stress exponent, n. The value of n has 
h e n  shown to   decrease  wi th  incfqas ing;sa l in i ty ,  and 
approaches the va lue   used   for   des ign   in   ' i ce - r ich  
s o i l s  (n=3) as s o i l   s a l i n i t i e s  approach 30 ppt .  

i n  sandy so i l s   w i th  values af. s a l i n i t y  as low as 5 
ppt. The reduction i n  pile c a p a c i t y   i n   s i l t y  sandy 
soil is less marked a t  low s a l i n i t i e s   b e c a u s e  
unfrozen water is already present  at  z e r o   s a l i n i t y .  
' A t  s a l i n i t i e s  of 30 ppt ( s imi l a r  t o  sea water) 

the   a lhwable   appl ied   shear  stress is very low f a r  
the  n O I Z d  range of accep tab le   p i l e   s e t t l emen t s  for  
foundation  design f a r  ice-poor soils. 

Large  reduct ions  in  pile capacity  can be expected 
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SUDDEN DRAINAGE OF A THAW LAKE  ON  THE ALASKAN ARCTIC COASTAL PLAIN . . ,  

, .  ' I  , / 1  , 

M.C. Brewer1, L . D .  .Carter1, R. Glenn' 

U.S. Geological  Survey, 4200 University  Drive, 

University o€ Alaska  Museum, 907 Yukon  Drive, 
a Arctic  Slope  Consulting Group, P.O. Box 6 

The sudden  natural  drainage  of a small, 5-meter-d 
local  interest  in  the  possibility  that:  the  drain: 
warming  effects  in  ice-rich,  continuous  permafro: 
possibility seemed  strengthened  by  reports  that 
warm, as well as unusually  wet  in  some  areas. pi 
lake drainage  had  been  very  rapid, eroding a nea 
deep as 10 m. Exposures of longitudinal  sections 
indicate  that  the  erosion  occurred  along a systf 
most  likely  immediate  cause  of  the  sudden  draini 
rainfall  during  July  and  August,  which  apparent 

wedge  troughs  in  the  swale  resulted  in  rapid  er 
a swale at  the north end of t h e  lake.  Suhsequen 

frozen  sediments. Lake drainage  by  this  rnechani 

been  described. If the  climate  were  to become 1 
cycle on the  Arctic  Coastal  Plain  in Canada,,k 

might  become  more  frequent. 

, -  

The disturbance of arctic  Alaskan  tundra 
terrain,  its  potential  for  recovery,  and  the 
degradation  of the underlying  permafrost  have 
generated  considerable  controversy  in  recent 
years, Generally,  the  discussions  have  involved 
disturbances  caused by people  and  equipment  in 

and  oilfield development,  rather than 
the course of road  and  pipeline construction 

modification of the: terrain by natural 
procesaes,  The  importance of  these  natural 
processes, and of variations  in their rates, 
has been recently  emphasized  by  concern  over 

effects  might be on permafrost  and arctic 
the  possibility of global  warming and  what  its 

tundra. Of particular  importance  are tho363 
natural  processes  involved  in  the  formation  and 
drainage of  thaw  lakes  (the  thaw  Lake  cycle of  

conspicuous  landscape features of the  Arctic 
Britton, 1967). which are  among the  most 

Coastal Plain.  At  elevations less than  about 
100 m, these lakes may  occupy  from 15 to more 
than 50 percent of the  coastal  plain  between 
the  Sagavanirktok  (148'  W.)  and  Utukok ( 1 6 2 . 5 '  
W . )  rivers in  Alaska, On the  Tuktoyaktuk 
Peninsula  in  Canada,  thaw  lakes  drained at  the 
rate of about 2 per year  during  the  period 
1950-1986 (Mackay,  1988);  and  at least 10 lakes 
drained  during  the  summer of 1989 in  the 
Prudhoe Bay area,  Alaska  (R.D.  Reger, Alaska 
Diviaion of Geological  and  Geophysical  Surveys, 
oral  commun., 1989).  In spite of  these  frequent 
occurrences,  lake  drainage  rarely  has  been 
witnessed,  and  only a few  published 
descriptions  exist of recently  drained  lake 
basins and of t h e  mechanisms  and  effects  of 
their  drainage  (Mackay,  1988  and  reference8 
therein) - 
Wildlife  Management  noted  with  much  interest 
the  sudden  natural  drainage,  in  the  late  summer 
of 1989, of a small  but  relatively  deep ( 5 m) 

Thus, the  North Slope Borough's  Department  of 

lake  that  eroded a lV-meL.c ; ,  _ _ _ _  . 

permafrost.  That  Department  arranged for a 
field  inspection of the  drained  lake  basin,  the 
eroded  gully, and t h e  immediate  surroundings by 
a group.of scientists on 19 September,  prior to 
the area being obscured by snow,  and  more 
importantly,  prior  to  any  modifications  that 
might.be caused by runoff  waters  the  following 
spring  during  breakup.  This  note  presents  the 
results of that  examination,  and  the  rationale 
for  the  authors'  interpretation that: the most 
likely  immediate cali3e of the  Lake  drainage  was 
unusually  high  rainfall  during  July and August. 
We  discuss  the  implications of this  for  the 
lake-dotted  wetlands of the  Arctic  Coastal 
Pla in  if the  regional  climate were to become 
wetter, as predicted by some  scenarios for 
global  warming. 

~. 
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The drained  lake,  at  69'48.2'N,  155'31.5'W 
and  1.3 km  north of East Oumalik  Test  Well NO. 
1 (Fig. I), is loaated  in  the  southernmost 
portion of the  Arctic Coastal Plain  Province 
(Wahrhaftig, 1965), and is within  the  zone of 
continuous  permafypst  (Ferrians, 1965). By 
extrapolating  from  Femperature  data 
(Lachenbruch et a,;:, 1987) obtained  from  wells 
at  similar  latitude  and not too distant  from 

thickness in  the  area is appfoximately 300 m. 
the  lake, it would appear that  the  permafrost 

The  drained  lake'  is  in  an%a'rea  with  fewer  Lakes 
and greater lalief than-the coastal  plain a few 
kilometers to the  north  and  to  the  east  and i s  
characterized by broad. gently  rolling,. E '  

accordant  interfluves  with  elevations @€'up to 
90 m thpt  separate  terraced  valleys with floor3 
as much,as 50 m.below the interfluves.. A number 
of large,  flat-floored  thermokarst  basins  as 
deep as 20 m have  developed an the  interfluves. 
as a result o f  melting-of ,syngenetic  ice 
wedges,  which formed i s  w~nd.-QJown silt (loess) 
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Figure 1. Location  of  the  drained  lake  and  other  features  mentioned in the  text. 

accumulated  during  the  last  glacial  cycle 
(Carter,  1988).  The  loess is locally  more  than 
30 m thick,  and,  in  the  vicinity of  the  drained 

Sand beds  occur locally within the  silt, and 
lake, probably rests on bedrock (Lawson, 1986). 

were  most  likely  derived  from  sandstone  exposed 
to  the  south of the  loess  and  deposited  by 
north-flowing  streams  as  the  loess  accumulated. 

O'Sullivan (1961), included  in  the Gubik 
The loess was'called  the  foothill silt  by 

Formation  by  Black ( 1 9 6 4 ) ,  and  more  recently 
included  within  map  units  called  "upland  silt" 
by  several  authors  (Carter  and  Galloway, 1988). 

The  surface  pattern  of  ice-wedge  polygons i s  
subdued  but  typical of tussock-covered  tundra 

older  basin,  tundra-covered  and  exhibiting  the 
areas on the  Arctic  Slope.  A  relatively  large 

deeply  incised  outlet of a lake  that  also  was 

of the  site.  The  meandering  south  fork  of  the 
suddenly  drair,ed,  occurs  about 1 km  southeast 

Oumalik  River,  into  which the,lake water 

bank  of  the  drained  lake. 
rushed,  passes  within  315 m of  the  northern 

tundra.  typical o f  such  settings  all  across  the 
low rolling  landscape  is  dominated  by  tussock 

Arctic  Slope of northern  Alaska.  The  tussock- 
forming  sedge Eriophorum vaginaturn L. is  the 
primary  species,  and  gives  the  vegetation  its 
characteristic  form  and,  texture.  Additionally, 
there are  several  shrub  species  and  a  number of 
forbs. The  willow Salix  pulchra Cham. is 
locally  prominent..  Tussock  tundra  is  absent  on 
the  summits,  in  swales,  and  along  the  river 
margins  where it is  replaced,  respectively,  by 
grass-sedge-forb  communities,  sedge  mats of 
Carex aquatilis Wahlenb;,  and  thickets o f  
willows  in  which Salix p u l c h r a  is dominant. 

The  essentially  continuous  vegetation  of  this 

OF THE 1,AKE SITE 

The  lake  basin  occupies  the  central,  flat- 
floored  part of a swale  that  transects  an 
interfluve.  The  basin  is  oval-shaped  with  a 
width of about 160 m and a north-trending  long 
axis of about 235 m (Fig. 2). Rather 
pronounced,  parallel,  vegetated,  east-west 

trending  troughs,  on  the  order  of 2 m in  depth, 
extend  as  much  as 60 m away  from  the  lake  bank 
on  the  western side,  suggesting  the  possibility 
that  gradual  headward  thermal  erosion  of  the 
underlying  ice  wedges is occurring.  Similar 
parallel  troughs  are  present,  but  not  nearly as 
pronounced,  on  the  eastern,bank of the  lake. 
The  wind-protected  troughs  contain  willows  as 
much  as a meter  tall. 

flat  central area  that occupies about 80 
The  lake bed slopes gently  to a  relatively 

percent of the  basin  and  is  approximately 5 m 
below t h e  former  shoreline.  Relief on the 
central  deep  consists  of  broad  mounds  about 10 
m in  diameter  separated  by  troughs  about 2 m 
wide  and 1 m deep  that  form  a  pronounced 
polygonal  pattern.  This  pattern  suggests  the 

have  formed  beneath the  recently  drained  lake 
former  presence of ice  wedges,  which  could  not 

because it was  too  deep  to  freeze  to  the 
bottom.  The  troughs  could  indicate  that  deeper 
parts  of  the  syngenetic  ice  wedges  that 
underlie  this  region  had  not  completely  melted 
prior  to  lake  drainage. 

I 
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portion  of  the  basin  formed  during  drainage of 
the  lake. On 19  September,  the  slope  was 
lightly  frost-encrusted,  while  portions of the 
central  basin  had  a  thin  skin  of  snow-covered 
ice  overlying  the  ponded  areas.  The  shallow 
shelf, out to a previous  water  depth of about 1 
m,  had  remnants  of  rooted  vegetation:  scattered 
small  tussock-sized  clumps,  primarily  of  mud- 
encrusted  organic  material,  were  found  between 
the 1 and  1.5bm  depths.  Desiccation  cracks,  to 
a  depth of about  15  cm  and  enclosing  soil 
blocks  about 30 cm  in  the  longer  direction,, 
extended  over  portions  of  the  shelf  to  depths 
of about  1.5 m below  the  original  lake  surface. 
Unfrozen,  undrained,  low-bearing  capacity, 
highly-organic  sediments  extended  beyond  that 
point.  These  lacustrine  sediments  may  be  no 
more  than  a  few  meters  thick,  since  the  mounds 

pattern  of  ice  wedge  polygons  that  were  present 
on  the  basin  floor  appear  to  reflect  the 

prior  to  lake  formation.  Immediately  south  of 
the  lake,  high-centered,  ice-wedge  polygons  are 
well  developed  on  the  floor  of  the  broad  swale 
in  which  the  lake  developed. 

of  the  central  portion of the  basin  would  be 
subject to numerous  variables,  including  the 
length of time the  lake  had  existed  with  water ' 
depths  greater  than 2 m, the  ice  content of the 
sediments  predating  formation of the  lake,  and 

However,  a maximum  thaw  bulb depth  on the  order 
the  degree of  inhomogeneity of  those sediments. 

of 30 to 50 m, as  measured  from  the  water 
surface  before  lake  drainage,  would  be  a 
reasonable  estimate.  This  estimate  is  based  on 
information  from  Lachenbruch's  (1957a)  paper  on 
heat  conduction  in  permafrost  beneath  heated 
buildings,  his  calculations  concerning  the 
thermal  effects  of  the  ocean  on  permafrost 

measurements obtained from beneath  Imikpuk  Lake 
(Lachenbruch, 1957b). and on the  temperature 

near  Barrow  (Brewer, 1958). In the  latter 
instance,  a  measured  thaw  bulb  depth of 57.8 m 
from  the  water  surface  was  found  where  the 
water  depth  was 2.6 m, about 130 m basinward of 
the 2-m  depth  contour.  The  difference  in  depths 
of the  two  lakes  would  not  be  expected  to  cause 
significant  differences  in  average  water , 

of the  resulting thaw  bulbs. However, the 
temperatures  at the  bottom, or  in  the thickness 

smaller  size of the  drained  lake (60-65 m from 
the 2-m depth  contour  to  its  center),  and  its 
possibly  younger  age  than  Irnikpuk,  would  be 
expected to provide a somewhat  shallower  thaw 
bulb. 

Channels  as  much  as 5 m deep  in  the  northern 

The  depth  of  the  thaw  bulb  beneath  the  bottom 

TION OF THE 

essentially  straight  gully  about 315 m long 
down  the  axis  of  the  swale  between  the  former 
lake  and  the  south  fork  of  the  Oumalik  River. 
The gully is  about 30 m wide  where it leaves 
the  basin,  but it narrows  quickly  to a width of 
2  to 5 m. Shortly  beyond  the  basin  the  gully 
reaches its maximum  depth  of 10 m and  then 
shallows as the  ground  surface  slopes  downward. 
The  headward 3 / 4  of  the  gully  has  nearly 
vertical  walls  with  tundra-capped  overhangs as 
much as  1 m across.  The  overhangs  locally  have 
collapsed,  obscuring  the  gully  floor  and  walls. 
Undercut  niches  occur  at  the  bases  of  exposed 

portions  of the  channel. No measurements  were 
ice  masses in  the  deeper and  commonly  narrower 

Erosion during  lake  drainage  cut  an 

obtained  for  the  thickness of the  thawed  layer, 
which  was  at  its  maximum  depth  €or  the  year. 
From  the  location of icicles  hanging  along  the 
channel  walls,  which  elsewhere  have  been 
observed  to  coincide  with  the  base of thaw  at 
the  time  of  freeze up, and  from  the  depth  to 
the  tops  of  the  highest  ice  wedges,  which 
provides  a  maximum  depth of the  active  layer 

seasonal  thaw  varies  between 50 and 60 cm.  This 
(Fig. 3 ) .  it would  appear  that  the  depth of 

depth  is  about  that  to  be  expected  in  vegetated 
areas at this  distance  inland,  and it is 
consistent  with  observations  at  the  nearby  East 
Ournalik wellsite  on 26 July 1978 (Lawson, 
1982) . 

About 250 m downslope  from  the  head of the 
gully, a portion  of  the 20 to 50-cm  thick 
tundra  mat  and  the  subjacent  sediment  remains 
intact across the  subsurface  channel  eroded 
during  drainage.  Tundra  plants  on  this  surface 
are bent  downstream,  showing  that f l ow  occurred 
both  above  and  below  the  mat. The  depth  of  flow 
across  this surface probably  was  at  least 1 m, 
the  maximum  height of the  bushes,  because  silt 
was  left  clinging  to  the  highest  leaves. 
Immediately  downstream,  blocks of the  tundra 
mat  and  attached  sediment  rest  where  they 
collapsed  into  the  channel. 

down  the  south  fork  of  the  OumaLik  River, 
willow  shrubs  and  other  tundra  plants as much 
as 3 . 2  m above  river  level  were  coated  with 
silt,  and  bent  downstream  by  the  force  of  the 
flow.  take  drainage  must  have  been  rapid  to 
produce  such  a  rise  in  water  level.  Remarkably 
little  sediment  was  deposited  by  the 
floodwaters  at  the  terminus  of  the  gully  and 
along  the  river,  considering  the  size  of  the 
gully  excavated  during  lake  drainage. 

exposed in the  gully  walls.  Organic  remains 
consist  of  rootlets  in  the silt and  coarser 
plant  material  in  the  upper  meter  or so of the 
sediments.  An  occasional  exposure  of  a  deep 
pocket  of  organic  material  suggests  the 
encroachment  of  organics  into  and  the 
consequent  filling  of  ponds  or  potholes. 

predominantly  silt,  but  a  considerable  amount' 

At  the  gully  terminus  and  for  about  100 m 

Ground  ice  and  frozen  silt and sand  are  well 

Sediment  exposed  in  the  gully  walls  is 



of sand is also  present.  The  silt  was'  initially 
deposited  as loess (Carter, 1988), but  much of 
it  may  have  been  redeposited in ponds  in  the 
swale or by a stream,  The  sand  exhibits  trough 
cross-bedding  and  was  most  likely  deposited .by 
a through-flowing  stream, because the  only 

was to the  south  in t h e  foothills. ' 
Bource of sand  during  deposition  of the loess 

€or  the  active layer, are  composed  completely 
of ice-wedge  ice  (Fig. 3 ) .  These  walls  are 
clearly  longitudinal  sections  along  large  ice 
wedges.  Some i c e  wedges may be syngenetic,  as 
determined €or other  sites in the loess 
(Carter, 1988), and  there  are  at  least two 
generations oE ice  wedges  exposed  here. 
Laterally  extensive  buried  ice  masses  with 
horizontal  tops  were  observed,  but  their  bases 
were  not  exposed.  These  are  most  likely  also 
ice  wedges,  although  Lawson (1983) has  reported 
a large  ice  sill  at  the  nearby East Oumalik 
wellsite. 

not surprising.  Williams and Yeend (1979) 
calculated a tota'l  ice  volume o f  78% for a 20 
m-high  exposure  along  the  Topagoruk  River  near 
the  inner edge of the  coastal  plain,  about 35 
km  northwest of  the  gully.  This i s  in  general 
agreement  with an estimate by Livingstone et 
al. (1958) of 6 8 %  by volume in loess  about 4 km 
east of the gully.  Lawson  (1982)  measured  ice 
volumes of 40 to nearly l o o % ,  with  a  mean of 
85%, in samples  obtained by drilling,in the 
East Oumalik  area,  1.3  km  south  of  the  gully. 
He estimated  that  large  ice  lenses  and  ice 
wedges  compose 60% by volume of the  upper 10 m 
of upland  permafrost, 

Extensive  sections of the  gully  walls,  except 

Large  volumes of ice  in  the  gully  walls  are 

Y OF 

During  discussions with North Slope Borough 
pilots, it was  learned  that  the  drained  lake 
was first  noted on 1 September, a bright  sunny 
day.  The  pilots  were  attracted to the;  lake, a 
very  minor  feature on a coastal  plain:dotted 
with many  LarQer lakes, by  its  "glistening and 
shiny'  appearance.  Such  an  "appearance"  is 
indicative of water  saturation at the  surface 
for  very  fine or silty  sand. Considering,the 
surface  materials,  the  degree of slope i'n the 
shallower  portion of the  lake  bottom,  its  small 
size, and  the  fact  that it was a sunny  day, 
which  would  result in rapid  evaporation, ane 
would  not  expect  that a shiny or glibtening 
appearance  would  prevail  for  more  than a few 
hours. Thus t h e  lake  probably  drained only 
hours  earlier.  Further  credence for this 
interpretation is provided by Tom  Albert's 
memorandum of 11 September in which  he  states 
that, when  he visited the  site on 8 September 
(7 days  after the discovery), *drainage 
occurred long enough  ago  that  the  mud  on  the 
lake bottom dried  out to the  extent  that  some 
cracking  has  occurred" (i*e., desiccation 
cracks) . 

the  south fork of the  Oumalik River.  This 
large,  transient increase in the  water  level of 

evidence consists of silt-covered,  deformed 
willows 3.2 m above  river  level  found 
immediately  downstream  from,  but not upstream 
from, the gully.  Sudden  drainage is also 
suggested  by the generally  vertical  gully  walls 
and  the  undercut  niches. Major slumping  does 
not  appear  to  have  occurred  until  after  the 

Rapid drainage  is  suggested  by  evidence f o r  a 

gully  was cut"to its full  depth,  which  implies 
that  cutting of the gully  was  very  rapid.  The 

to the  point  where  the  outflow was reduced to a 
length of time  required to drain  the  lake  down 

modest  trickle and to cut  the channel observed, 
probably  did  not  exceed a few hwrs once  the 
organic m a t  aver  its  pathway  was  broken.  This 
conclueion is based on accounts of lake 
drainage  in  Canada  (Mackay,  1981, 1988), 
observations  by John B. O'sullivan  (oral 
communication, 1963) of a lake  that  drained 
into  the  Meade River aouth of Barrow  about 
1963, observations  by  Adam Leavitt about 
drainage of a large  lake  elsewhere  on  the 
Alaskan  Arctic  Coastal  Plain  in 1930 (R. Gal, 
U.S. Park Service,  written  commun., 1985) and 
personal  observations  concerning  the  annual 
spring  c'rawdowns  and  channel cutting,at Mirl'lle 
Salt Li.;z?n near  Barrow. The  latter  drawdown 
occura  overnight,  even  'thou'gh,  ,the' lagoon has 
about 50 times  the  surface a'LeR.'ef the drained 
lake;  there is less  massive  ice id' the  involved 
sediments;  and t h e  head  at  the l'qgclon is 
usually  less  than 2 m  compared to the perhaps 
15-m  head  between  the  lake  surface,  before 
drainage,  and  the  nearby  stream. 

. .  

According to Mackay (1988), sudden  lake 
drainage is usually  associated  with t he  erosion 
of a  channel  along  interconnecting  ice  wedge . 

systems.  The  longitudinal  sections of ice 
wedges  exposed in the gully walls  suggest  that 
this  was  indeed  what  had  occurred.  Furthermore, 
erosion  primarily of ice would explain why so 
little  sediment was deposited  in and along tiie 
nearby  stream  during  lake  drainage.  This 
erosion  could  have  been  initiated by eithet a 

at  the  lake margin to below lake level by 
lowering o f  the  surface of an  ice-wedge trough 

thermal  degradation of the  underlying  ice,  or 
by  the  overtopping of an ice-wedge  trough by 
higher-than-normal  lake  levels.  Thus,  lake 
drainage  could  have  been  initiated  by 
conditions  that were either warmer or wetter 
than  normal. 

distant  localities:  Barrow,  a  coastal 
environment 150 km to t h e  north,  and  Umiat,  an 
inland  foothills  site 120 km  east-southeast of 
the  drained  lake. As mentioned  in  Dr.  Albert's 
memorandum of 11 September, pthii summer has 
seemed  both  wa'rmer and wetter  than  usual."  The 
weather  records for Barrow  support  Dr.  Albert's 
observations. The degree  days  above  freezing 
for the  JuneLAugust period established a new I ~ 

double the average  and about 20 percent  grehter 
record (563 centigrade degree days, about 

than  for  the  particularly  warm  summers of,l951 
and 1954), with the July  and  August 
temperatures  averaging 3,7 and 4.9'C, . , , I 7' 

respectively, above average.  Summer I 

precipitation  (13.3  cm) was 2 . 4  times average. 
with  the  month of Yuly  setting a new record.'for 
rainfall of 8.2 cm, 3.7 times  the  monthly ,:.'. 
average.  However,  the  weather  records . fbt  Umiat 
show  a  total  June-August  Brecipitation"0f'only 
2.5 cm,  which is believed  to be below  ndrmal, 
whereas  the  July  and  August  average 
temperatures  were 1.6 and 3 . 3 . C  above  average. 

These  records  reflect  the  highly  variable 
character.of  rainfall  across  the  Arctic Slope, 
but  do  not  provide  any  direct  indication of 
summer  rainfall  at  the  drained  lake dte during 

Weather  records are available  only  for  two 
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Table 1 +  Thaw  indices  and  some  maximum depths o f  thaw, beneath  variaus  surface  environments,  during 
wqrm and cool  summers  near  Barrow,  Alaska. USGS Arctic Ice  and  Permafrost  Project, 

Year, Thaw  Index  (centigrade  degree days). and  Maximum 
Depth of Thaw  (cm) I ,  , ,  

Surface  Environment 1953 1954 1956 1957 
cool, 186 warm. 4 7 4  cool, 122 warm, 324 
degree  days  degree days degree  days  degree  days 

1. Grass-covered,  flat- 3 8 . 2  47 .B "I 

2 .  Red grass-covered, 2 7 . 2  3 4 . 3  2 5 . 4  33.0 
lying,  moist  tundra 

ponded, low-centered 

"." 

polwon 
3 .  Sphagnum-covered,  flat- 29.2 26 - 7  28.7 28.7 

meadow 
lying,  very  wet 

, , - L  Unvegetated  gea-,gravel, .. I - I .. 79.2 100.8 

t '. 5. Bare,  silt-covered, 63.5 6 4 . 8  * 6 6 . 0  *94.5 
. ;  1 .  well-drained  beach 

shallow lake bed 
recently  drained, 

drained,  high- 
centered  polygon 

trough adjacent to 
hiuh-centered  polygon 

6 .  Graas-covered, woll- 29.7 38.7.  39.9 *52.1 

7 Grass-covered,  wet 36.7 -" "- **35.6 

*Wet surface 1956, dry  surface 1957 
**1958, warm  summer, 384'C days above  freezing 

1989. They  indicate,  however,  that  the  summer 
of 1989 was warmer  than  normal.  Nevertheless, 
w e  do not  believe  that  warmer  temperatures 
resulted  in  significant  degradation of ground 
ice  and lowering of the  swale  surface for two 
reasons: (1) observations of t h e  ground  surface 
and gully walls during  our  investigation,  and 
( 2 )  past  observations of the  effects of summer 
temperature  variations  on the depths o f  
seasonal  thaw  near  ;Barrow. 

had i t  occurred  during 1989, it should  have 
irregular  subeddence of the  ground  surface,  and 

been  relatively  widespread. No subsidence  due 
to recent  ice  wedg,e  degradation  was  observed  in 
the  vicinity of the  dxained  lake,  and no 
evidence of thermal  degradation of  ground  ice 
was  observed in the gully walls.  Furthermore, 
the  active  layer  was not  unusually deep for 
this  type of environment. 

Barrow  area,  Accompanied  by  thaw  depth 
measurements  determined  by  probing,  were 
obtained  for a number of surface/subsurface 
environments  by  the  Geological  Survey's  PFctic 
Ice and Permafrost  Project  in  the 1950s. \ihat 
was  a  decade that  included several unusually 
warm  summers 11951, 1954, 1957, and 1958) and 
thr,ee  unusually. cool summers (1953, 1955, and 
1956). The  June-August  precipitation  during 
that 10-year  period  departed remarkahly litt'le 
from "normal". .Table 1 provides  the  cumulative 
centigrade  degree'  days above freezing  (thaw 
index) for the  summers for two af the  warm  and 
two of the  cool  summers,  with  the  corrysponding 
maximum  depths of thaw  beneath  various  surface 
environments.  Several  general  conclusions, 
useful. in evaluating  potential  parameters  in 

suggested by these  data: 
the drainage of the lake  under  discussion, are' 

thaw  in  generally  breezy  arctic  environments 

1. Thermal  degradation of ice wedges  causes 

2 .  Temperature  data  (unpublished) from the 

a.- Year-to-year changes in the depths of 

. ,  , .  

5 2  

appear  to be far  more  responsive to changes  in 
composition  of  the  surface  cover, soil moisture 
content,  and  to  evaporative  cooling  than  to 
major  changes  in  the  average summer air 
temperatures. 

only  modestly  affected by large  changes 
(doubling  or  tripling) of the  cumulative  degree 
days  above  freezing  (thaw  index)  in  vegetated, 
permanently-saturated  soils  with  water at or 
very near  the  surface,  including  the  wet 
troughs  above  ice  wedges. 

normal summer was nat the  cause of the  eudden 
It is  thus concluded  that  a  warmer-than- 

drainage of the lake.  Overtopping of an  ice- 
wedge trough by a higher-than-normal  lake  level 
therefore  would  appear to be the  most  likely 
cause.  Thie  agrees  with  Mackay's (1988) 
observation  that  erosion  along  an  ice-wedge 
system is generally  associated  with  high  lake 
levels  during  the  snowmelt period.or following 
heavy summer rains. A t  this  locality,  drainage 
occurred  long  after the snowmelt  period,  and 
evidence  suggests  that erosion was  initiated by 
a rise  in  lake  level  produced by heavy, late- 
summer  rains. 

there i s  an abrupt change in vegetation  from 
tussock  tundra to mats  of  the  sedge Carex 
aquatilis, emergent  .aquatics  such as Arctophila 
f u l v a  (Trin.) Anderss. and Hippuris  v u l g a r i s  
L., and  dense  growths o f ,  the  moss Drepanocladus 
breviPo2ius (Lindb. ) Warnst.  (determined by 
Barbara M. Murray,  University o f  Alaska  Museum, 
Fairbanks).  Not  only do these  plants  mark  the 
shoreline,  but also they  indicate  that  water 
levels  had  been  stable for a very  long  time 
prior  to  lake  drainage. The  increase  in  the 
water  level  that  led to failure of t h e  
impoundment is not  recorded by the  vegetation 

probably both rapid and  transient. 
above the shoreline, hence  the  increase  was 

b. The  maximum  depth of thaw  was (and is) 

The  former  shoreline is clear  and  distinct  as 



CONCLOSION 

The  sudden  draining of this  thaw  lake,  and  the 
drainage of several 1akes.in the  Prudhoe  Bay 
area  during  the  summer of  1989,  aroused  local 
intereet  in  the  possibility  that the draining8 
could be a manifestation of the  type of global 
warming  predicted  for  the,%ctic by $spy 
climatologists  and  climate  modelprs,,,'$hoae 
predictions  are  basea on  general ciiculation 
models of the  atmosghere,'tddt, &gbest" the 
presently  increasing  conceqtraclpns of 
radiatively  active  gas6s"wiYl 'htensify the 
'greenhouse  effect'  and  produce.globa1  climatic 
warming  (Ramanathan, 1988), including  changes 
in  precipitation.  Predicted  precipitation 
increases for northern  Alaska  range  from  10 to 

model  used (Etkin, 19901, and could lead to 
40 percent, depending  upon the circulation 

generally  higher  lake  levels  and  more  frequent 
lake  drainage  via  rapid  cutting of an outlet 
along  an  ice-wedge  system  between  lakes, or 
between a lake  and  a  stream  such  as  occurred  at 
the  drained  lake  discussed  herein.  Furthermore, 
increased  precipitation  could  result  in 
increased stream discharge  and  thus  increased 
bank  erosion.  That  could  also  increase  the  rate 
of sudden  lake  drainage  by  breaching  barriers 
between  streams  and  thaw  lakes,  or  by  exposing, 
and  thereby  causing to melt, ice wedges that 
extend to adjacent  thaw-lake  basins. Of t h e  
lakes  that  drained  in the summer of 1989 in the 
Prudhoe  Bay  area,  one was drained by lake 
waters  eroding  an ice wedge and a t  l eas t  two 
were  triggered  by  stream  erosion (R.D. Reger, 
Alaska  Division of Geological  and  Geophysical 
Surveys,  oral  commun.,  1989).  The  drained  lake 
described  in  this  paper,  and at leasr some of 
the  lakes  that  drained in the Prudhoe  Bay  area 
thus  resulted  from  processes that could  be 
expected  to  become  more  freqqent-:as  a  result of 
global climatic  change.  However,'  there is as 
yet no evidence  to  determine  if the unusually 
large number of lakes that drairied  in  1989 is 
the  beginning of  a long-term  trend or the 
consequence of an isolated,  unusually  wet 
SUnll'lVZK. - 
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MONITORING OF E~3GLNEERING-GEOLOCiI~AL PROCESSES ALONG 
PIPELINE ROUTES IN PERMAFROST TERRAIN IN 

MACKENZIE RIVER VALLEY, CANADA AND NADYM AREA, RUSSIA 
M.M. Burgess',  S.E.,Grecbisch&, P.J. Kurfurstl, E.S. MelnikoG and N.G. Moskalenko2 

'Geological Survey of Canada,  Ottawa,  Ontario,  Canada 
2Cornmittee of Geology of Russia, VSEGMGEO, Moscow, Russia 

Joint Canada-Russia field investigations oi enginee&g-gcologi@ processes, which develop and act 
along the routes of oil and gas pipelines in permafrost  terrain, wire out during summer 1991 
in the N a m  region of Western Siberia, Rus$ia and in the Mackcnzie River Valley, Canada. In both 
study areas active processes are monitored at specific observation sites  along  the pipeline rights-of- 
way. Field observations and  measurements have been carried au t  for 10 to l& years in USSR and 5 to 
8 years in Canada.  Detailed measurements. utilizing either fully automatic or manual observations, 
include ground  temperatures to 20 m  depth,  depth of seasonafthaw and thaw settlement. Monitoring 
results in various landform units and geological conditions ate described and recommendations made 
for future pipeline monitoring programs. 

~ O D U C n O N  

The development of oil- and gas-bearing regions within 
permafrost  terrain in the former USSR, in the USA and in 
Canada has raised a number of problems  related  to the 
interaction between engineering structures and frozen soils. 
One of the most serious concerns is the impact of 
construction and operation of pipelines and rights-of-way 
(ROW) upon permafrost  and environmental conditions in the 
ROW and the adjacent  terrain.  These problems are 
important not only in environmental terms, but also in 
geotechnical terms, because many  engineering-geological 
processes can lead to deformation of the pipe. Should a 
breach occur, the geotechnical problems also have an 
ecological impact. 

Considerable experience in monitoring of engineering- 
geological processes Long pipeline ROW in permafrost 
terrain has been gained by the Geological Survey of Canada, 
which has conducted rcsearch along  the Norman Wells 
pipeline, and by VSEGINEEO Institute,  Committee of 
Geology of Russia, w@ch has performed systematic investi- 
gations  along pipelinl~routcs in Western Siberia (Fig. I). 

The; approaches and methods used by Canadian  and 
Russian .$pedalisrs for design. construction and geo:;.-hnical 
monitoring  of,pipeline  routes  were  studied jointly by the 
authors of this paper as part of the  Canada USSR Agreemen1 
on  Suentific  Research  Cooperation in Arctic, Theme 1 ,  
Proje&t 7 "Geocryological Conditions, a,nd Development of 
Q i t  and Gas-Bearing Areas in Arctic"., Sweral of the joint 
field investigations in July and Aught 1991, in the Nadym 
area, Russia, and  along the Norman Weils pipeline in the 
Mackeniie River Valley, Canada. 

design, construction,  operation  and monitoring in both 
countries, and  observations on the dwqlopment of 
engineering-geological processes along pipeline ROW. 
Conclusions and  recommendations are mide about cffcctive 
approaches to pipeline route monitoring. 

'This p$ir presents backgrouhd information an pipeiinc 
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Figure 1. Location of Madym area, RusAa, and'Mackerqie 
Valley. Canada, in relation to permafrost zones. 
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In the  Nadymarea, ,1600 :km of natural  gas pipelines, ; , 

:(:.i!' > ' '  

(Fig. 2), 142 cm in diameter;  are  buried at 1 rn depth,.in 
ROW which may,mtain from 4 to 10 lines and  range up to 
500 m in width. Condtruaion of the lines took  place  during 
the w i n t e r s  of 1971-1991; o eration began in 1977. 
Throughput is 1.5 billion'm /day. The pipelines operate with 
a gas input temperature of +B0C with  no refrigeration along 
the lines. No mitigative measures such as revegetadon, 
insulation of thaw-sensitive terrain, or drainage  and erosion 
control structures we're used  during  construction to reduce 
thermal or erosional  impacts. ... " 

By contrast; the 869 km long Norman Wells  pipeline  is 
the  fib1  compktely  buried oil pipeline built in the , , 

discontinuous  permafrost zone.of  Canada. Ir i s  a ,single wr~all , ,  , 
diameter line (328 mm) buried at 1 m depth within  a 25 m- .!, 
wide ROW. Construction  took  place during  the winters of ~ 

1983-1985 and operation  bFgan  in 1985. Throughput is, . ' ,  '- 

SO00 m3m/day., The design  philosophy was'to minimize ' 

terrain disturbance and assure  pipe .integrity under pcissible 
conditions of frost heave,  thaw  settlement and slope 
instability. An ambient thermal design  was  selected t o  

minimize  heat  input  from the pipe, $0 that permafrost 
degradation would be largely due t o  'the removal or 
disturban&  of  vegetation. The oil is chilled to -1 to -2OC 
before  entering  the line. A layer of wood chips, 0.5 to 1.8 m 
thick, was  used to insulate 56 thaw-sensitive slopes. The 
insulation  was  designed to retard thaw, thus preventing  build- 
up of excess pore water  pressure.  Additional features 
included an unimulated pipe  (except at sag bends), Winter 
ROW clearance maximizing the  use of existing cutlines, 
revegetation of mineral soils with seeds  and fertilizer, and 
drainage and erosion  control  measures. Details of th'e 
engineermg and environmental  considerations arc 
summarized by Maclnnes et a]. (1989). 

E: 
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~ZNEERING-GEOLOGICAL: PROCESSES A L W G  ; .  , 
THE NADYM AREA PIPELINE RIGHTS-OF-WAY c:?::; 1 '  

, a  

- .  

Specialists from VSEGINGEO .have bem'ki$taP/ng 
engineering-geological processes at a number' Gf study sites 
along  gas  pipelines  in the Nadym region,  Western  Siberia 
(Fig, 2) for up to 18 years, The. ROW ase.periodically 
inspected try helicopter as part of an effort to det.rrmino , 

proper monitoring  methodology. Results of these investigo- 
tions have been published  elsewhere  (Grechischev. 1983; 
Melnikov,  1983a, 1983b and 1988; Melnikov and Dubikov, 
ly&), *. - :. 

The gas pipelines run north to south  across the" f6llowing ' " 

." .. , 

zones, shown in Fig. 2, and discussed  below: 
+ (1) Southern  tundra OF the western  part of Tazovskaya 

Peninsula (zone T2) is characterized by a deeply  dissected 
relief and gently  sloping  hummocky terrains. Marine, glacial 
marine and coastal  marine  clays and silts of Middle  and 
Upper Pleistocene age are kdespread, although  sandy  and 
sand-loam lacustrine-fluvial sediments are also present. 
Depth of continuous permafr& ranges  from 200 to 700 m 

Landscape repiona 

T t  southorn tundra 
F T 1  northern  iundra 

mm @peline IT' soulhorn forest tundra,. - boundaries of physiographic regions ,F! .northem taiga 

. 

Figure 2. Location of pipeline ROW and study sites in 
Nadym area. "Monitoring" sites are those used for 
engineering-gko'ological monitoring.  "Stationary" sites 
are those  used for geocryulbgical  monitoring. 

although talks occur under large rivers and lakes. Depth ,of . 
seasonal  thaw  varies from 0.4 to 2m. Permafrost 
temperatures are typically -4' to -5O.C; and range  from 0 to 
-1°C below lakes to -6 to -7'C below  snow-free  valley areas. 

Thc highest  volumetriC  ice  .conlent.(40$,)  *curs i n  t.he 
top 3 nl of mineral soils; relative thaw  subsiden@ &aches 0.1- 
0.3 In. The  lowest  volumetric ice content has been observed 
in the 3-10 m depth interval where relative subsidence,is - 

c 0.1 m. The upper parts of peatbbgs  and flooded  lowlands, 
composed of biogenic Holocene sediments,  have high' 
volumetric ice contents (50 to 90%); their relative thaw SUG.~ 
sidencek 0.3 to 0.4 m. Massive ground ice occurs ody  in 
fluvial and lacustrine sediments as ice  wedges, ice lenses  and 
thin icy layers, mainly to depths of 2-4 m, where average 

, . ,  
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volumetric Ice  cantent is 10%. 
me most widely occurring cryogenic  processes are 

theirnokarst, and  seasonal  and perennial frost heave. The 
installation of buried.pipe1ines  in peatbogs with ice wedges 
and  on  icerich slopes has caused, in some places, an 
initiation of thermokarst and thermo-erosion  processes. 

FT1) is covered by a Middle Pleistocene  marine loamy and 
clayey sediments with infrequent, often  dissected hilly, 
lacustrine-bog terrain. A similar landscape  typifies the 
southern forest tundra  (zone IT2), where typical  soils are 
sands and sandy loam, in places  overlain by up  to 2.5 m of 
peat. 

Permafrost is discontinuous with taliks under lakes, river 
and Stream valleys and  forested areas., Permafrost  is SO to 
100 m thick  with temperatures between 0 to -5OC. The 
highest temperatures  are observed in river flood-plains, small 
flat-bottom valleys, forested areas of river terraces  and 
swamps. The lowest temperatures  ars:typical of flat and 
hillocky peatbogs. Depth of  seasona1,'thaw  ranges from 0.3 to 
0.5 m  in peatbogs to 2.5 m  in  sandy  ijlreas of river terraces. 
~ t~ppt t~  of seasonal freezing  in talks I 4  1-2 m, 

Only the soils of frozen  peatbogs and swampy areas of 
flood-phi* and lacustrine-boggy terrains have high  ice 
contents. A wide variety of ground ice types occur,  including 
ice wedges in peatbogs and ice-cored frost mounds in the 
outer  areas of river terraces  and in the bottoms of drained 
lake basins. Volumetric ice content may exceed 10% only  in 
lacustrinebog  terrains of the northern forest tundra. 

The most  widely occurring cryogenic processes are 
thennokarst along ice wedges in northern  areas, aggradation 
of permafrost,  and seasonal and  perennial frost heave  in 
drained  lake  bottoms  and in river floqd-plains. Pipeline 
construction initiates thermokarst and thermo-erosion along 
ice wedges, and aggradation of permafrost  following trec 
clearing on river terraces. 
, (3) 'The Nady~n northern taiga in the vall s of the 

Nadyrn River and  its  large  tributaries (zone F B ) is 
characterized by flood-plains  composed of fine silty sands. A 
small percentage of the area is .cmt&d'by low flat river 
terraces  and.gently sloping lacustririe4luvial plains of an 

:(2) Most of the Pur-Nadym northern forest tundra (zone 

Permafrost is associated  only with areas of extensive  peat- 
bogs and floodplain terraces; its depth ranges  from 5 to 20 M. 

The average ground  temperatures vary  from -0.5 to - W C ;  
however,  they  range  from1-3.S" to -4'C within  hummocky 
peatbogs to -0.2' to -l.O'C in  wooded  swamps. 'At 'sand dune 
sites, the temperatures reach +lo to +3OC. Volunietric  ice 
content may reach 50% in  organic and underlying mineral 
soils while in  sandy soils it does not  exceed 2045%. " 

Thaw subsidence of sandy soils does not excced 0.15- 
0.2 m, however in areas overlain by ZI thick  peat mer 
(2-4 rn), the subsidence of a 10 m thick profile  can reach 2.6 
to 3 m due to the high  compactability of thawed peat. 
Widely  developed  geomorphic  processes  include  aggradation 
of permafrost,  perennial and seasonal frost heave, and eolian 
processes. Disturbance of natural cover due  to human 
activity intensifies these processes. 

Ground  Thermal  Reaime 
The largest changes in ground  temperature regime are 

observed in drained sandy areas. In the forest tundra  zone, 
permafrost  originally consisrs of individual  frozen layers of 
sediments,  Following  removal of the vegetation  cover, 
seasonal  freezing  gradually  reaches  these  layers.  Eight  years 
after  the disturbance, the frozen layers have  coalesced  and 
permafrost  extends to the surface. No permafrost  is  present 
beneath  forested sand deposits  in the northern  taiga but 
depth of seasonal free++ing increases  following  disturbance. 

pogenic  impact are observed in fens  and  peatbogs.  Surface 
disturbance  causes a slight  increase in ground  temperature, 
which is observed both in the forest tundra  and  the northern 
taiga zones. The pcatbngs,  unlike the  drained areas. do not 
show stabilization of the temperature regime  and depth of 
seasonal thaw For a long time. The temperature changes 
observed  in  peatbogs  during the first  several  years after 
construction are insignificant; later  the  temperature increases 
more noticeably as thaw depths reach as much as 5 m within 
20 years (Fig. 3). Changes in the depth of seasonal  thaw are 
thought to- depend on changes in thenno-physical  properties 
of peat, caused by its subsidin& mfiompaaion, and  on 
flooding of disturbed  peatbogs (Fig, 4). 

The smallest ground  temperature changes due  to anthro- 

Upper  Pleistbceae age where hummocky terrains and large Inventow of the  Disturbed Surface Area 
areas of eolian  deposits are also encountered. Data obtained by remote sensing  and aerial photography, 

T ("C) T ("C) T ("C) 

Figure 3. Changes in sdil temperature with depth at a site in.thc northern taiga zone,  Nadym area, in peatbog in i-~atu@ (1) and 
disturbed (2) conditions for different years. 
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Figure 4': Maximum  thicknesses OF seasonal  thaw at.a,sitc in 
the  northern taiga zone,  Nadym area in peatbog in  natural 
(1) and disturbed (2) conditions. 

and visual airborne observations and  ground surveys ,before 
and during  each of three years after construction,  were  used 
to compile'large-scale  landscape maps of the  ROW  and  to 
make an inventory'of anthropogenic disturbances at the gas 
fields and along  gas  pipelines  in  Western Siberia. ,, 

of disturbed  zones and of the consequences of direct 
anthropogenic  impacts. The width of the disturbed zone in 
different terrain units varies  from 40 m to 400 m for one  gas 
pipeline. T h i s  zone is  narrowest (< 50 m) in  drained areas. 
In swampy areas, bogs and  areas with frost mounds the widrh 
of this zone increases to 150-250 m; it  reaches 300 to 400 m 
when  periodic new disturbances  cause  flooding and  create 
swamps. The width of the disturbed zone also increases due 
to  forvation d thermokarst.  All these changes are causcd by 
modification in surface run-off and ground-water  movement 
due  to pipeline installation. Slopes in river  valleys are 
affected by actively  developed.  erosion  processes  leadivg 10 
the formation of deep ravines. , 

Calculation of disturbed areas, based  on the landseapr: 
maps, has shown that the disturbed area can  increase  initially 
by up to 30% due to dwelopment of swamps,  thermokarst, 
and erosion. The width of the disturbed  zone  then gradually 
broadens,  increasing by 3 5 4 %  Over 20 years. 

In the tundra zone,  thermokarst and erosion  processes are' 
of greatest concern. In the northern taiga, where  large areas '. 
are covered by unfrazen,  water-logged swamps, thc 
construction of pipelines alters  the surface water run-off, 
rapidly  activating  flooding  processes  which  then affect the 
adjacent,  initially  undisturbed  landscape  complexes. 

The repeated mapping  enabled  evaluation of, the dynamics 

I . ,  , , 

1 ENGI 
THE NORMAN WELLS PIPELINE RIGHT-OF-WAY 

The Geological Survey of  Canada (GSC) is one or sever# .I 

agencies  which'participate in the  Canadian government's ; 
Permafrost and Tenah Research and Monitoring  Progravl :; 

. " 

' , I  , : '  ) ~ ,, , .  
, 
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(PTRM) for  the Norman Wells pipeline. In 1984-1985 23 
study sites were  established at 13 locations  along the pipeline 
route (Fig. 5 )  and instrumented  with temperature  calslk to. , , 

record  changes in,  the pipe  external thermal regime, on tiit? 
ROW and off-ROW." These sites were selected to repreSent 
the terrain types of greatest  concern, to ?$Tine  thaw.& ,- 
settlement,  and  mitigative and design rne~su$si+'Most sites 
are located on level terrain. The pipelirie 'compapy (IPL) 
also established a geotechnical  monitoring prdgizirn which 
initially  focused on instrumentation of 2f~slopes. 

From eight to twelve PTRM monitoring trips have'bee'h " 

carried  out  annually,  using helicopters, since the ,pipelk$ ' . - . 

began operation. These trips,allow reconnaisshrice of t& ' '  ' 

overall ROW, temperature  data collection and other surveys ' " 

such as surfa~~e topography and snow depth, .,mer  Ihe,ygtr%, 
loggers and ad3itional  instrumentation  have -been installed. 1 

Permafrost ,underlies approximate 75% of t.he ROW in 
thc northern pbrtian of the pipeline route, and extends to 
depths <SO m with temperatures ranging  from -1 to -3OC. . 

Along the  iouthern portion of the route, permafrost is 
discontinuous, u20 m thick, and warm  with temperatures 
between -1 and O°C. Some 25% of the ROW is underlain'by 
permafrost and transitions from frozen to unfrozen are 
numerous,  reaching  several per kilometer Over the 
southernmost 200 km.  Lacustrine and  moraine sediments 
predominate in the  north, organic terrain characterizes the 
south; the frozen soils are  often ice-rich and thaw-sensitive. 

Several papers and reports have  been  published to date 
describing the observations and results of the program 
(Burgess, 1992; Burgess  and Harry, 1990: Burgess  and  Allen, 
1991; Maclnnes ct a]., 1990). 

8 ,  ! y > ,  I 
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PiDe Thermal R e m w  , , > ,  

Wit,hin the first 20 km, the pipelin? i s  greatly influenced 
by the chilling of the ail at N o v a n  Wells, ,as mean annual 
pipe temperatures range from 0 to -l0C .Qvptt this distance 
the pipe operates close to ambient  ground  teinperature. 
Elsewhere  mean  annual pipe temperatures  are'  greater  than 
O'C and  reach as high as PC,  with a general increase from 
north to south (Fig. 6). Mean annual  pipe  temperature has 
gradually increased Over the years (Fig. 6), both in response 
to increases in ground temperature in the dibturbed ditch 
area on the ROW, resulting  from  clearing and construction, 
and  in:response to a  gradual  increase in oil throughput. 

Ground Thkrrhal Regime 
In permafrost terrain,  pipe  temperatures  are genera~~y,  

warmer than  ground tern ptures on the ROW at a similar , 

depth;  these  in turn are %or than those off ROW. -' ' 

Figure 7 illustrates  these relationships as well as the warming 
trend in on-ROW ground temheraturcs. Off-ROW ground 
temperature warming has been more variable, generally of 
lower magnitude and  related tri ROW disturbance  extending 

. .  . 
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Figure 6. Mean  annual  pipe  temperatures at monitoring sites 
along  the  Norman Wells pipeline. PS = pump station. 
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Figure 8. Comparison of fall 1992 temperature profiles 
on-ROW and off-ROW along the  Norman Wells pipeline, 
km 79.2, ice-rich ~~lluvial terrace deposits. 

off the ROW, disturbance due to thc installation of off-ROW 
instrumentation, and climatc  warming. 

Figure 8 compares tcrnperature-depth profiles on-ROW 
and uff-ROW for rhe fall of 1992; the on-ROW temperatures 
are those  measured furthest from the pipe. These plots 
illustrate the increase in the  depth or thaw on-ROW  and 1tlc 
depth of warming 7-8 years after ROW clearing. Changes in 
icbrich peat plateaus have been small and slow. Thaw 
depths have increased at mare rapid rate  than  had been 
predicted beneath some wood chip  insulated slopes and in 
the vicinity  of the pipe in organic rerrain. 

Wood Chip Insulated Slopes 

occurred, as predicted,  in the first year. However, on many 
slopes the heating has d h e r  persisted  in  localized  "hot 
spats", recurred after sixera1 quiescent years, or only  flared 
up in recent years. These  uncxpeaed results indicate the 
complexity and diversity of biological  activity  involved. 
Remedial actions for cooling off the hot spots and  the ground 
beneath have  included, with varying degrees of success, 
removal of snow,  removal,  thinning or watering or chips, and 
thc installation of ventilation pipes. 

The thermal  design of slopes  considered the pipe to be 
passive  thermally. The observed  pipe temperatures however 
indicated  growth of a thaw bulb around the pipe. T h i s  
greater than  'expected  warming was c&firmed,by increased 
settlement  and  probing the depth of thaw, andby 
development of tension  cracks dong  the 'ditchline. A re- 
evalunlion of factor of safety undertaken'bj f,PL in'1992 
indicated that portions o f  7 slopes had factors MVafety  less 
than their original design. Re-assessment of slope stability is 
currently a priority issue ahd involves  detailed  evaluations, 
analyses, further field investigations and instrumentation. 

Ground  Surface Settlement 

red along the ditchline due to the u s e  of ice-rich or Snow- 
contaminated uncompacted backfill. In the first  few  years 

Biological heating' yitqiri the wood  chip insulation 

, . 1  

Immediately after construction,  surface settlehent,,occur- 
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after  construction, 50 cm or  more of settlement was recorded 
in the  trench at over half  of the study sites. Some 100 km of 
trench, in areas  that could be affected by erosiqn, wetre r e  
filled by IPL during  winter  maintenance  programs in 86-88. 

Continued subsidense along  the ditchline is related  to 
increased depth of thaw around  the  pipe. This has become 
increasingly marked in thick organic temin, where 
subsidence has exceeded 1 m, with development of tension 
cracks and collapse in the trench on peat plateaus. Surface 
settlement of the remainder of the  ROW has  been ongoing 
and ranges from 0 to 100 cm. Variable surface settlement 
hay also been  recorded off-ROW in relation to ground 
temperature warming. 

Settlement  facilitates  the diversion of water along the 
ROW on sloping terrain, in particular along the subsided 
trench, and can  lead to  increased erosion along  the ditchline. 
A reduction in dcpth of cwer over the  pipe may result in 
increasing incidence of pipe exposures. 

Ground  Surface  ,Erosion 
ROW surface erosion has generally been limited by 

erosion conrrolmucturw. However, in the first few years 
after  construction  remedial action w a s  required  due  to ' 

inappropriately designed, sized or located structures. 
Irregular subsidense, particularly in the ditch area and along 
low angle slopes with no control  structures, led to erosion 
problems following major precipitation 4nd  run-off events. 
Two,major stream crossings had to be completely recon- 
structed following erosion  related  to  summer storms in 1988. 

Ground water flow and  subsurface erosion have been 
noted  at  a  number ofwood chip covered slopes. The Great 
Bear River south bank insulated slope underwent:wrtensive 
remedial work in 1992 to baMill a lengthy subsufface cavity 
Over the  ditchline  beneath  the chips. 

CONCLtJSIONS 

areas in both Russia and  Canada is based on landscape 
(terrain) type, i.e. selecting a number of critical landscape 
types for monitoring (he response to disturbance. followed by 
a further selection of a number of observation sites for, i, 

instrumentation  and  detailed, long-term monitoring. >, . . 

The principle pipeline design approach adapt,ed in the 
Nadym area was to minimize geotechnical and environmental 
impacts of construction by routing  the pipeline through the 
most suitable landscape types, least sensitive to  disturbance. 
The monitoring program  thus placed great emphasis on 
geocryologiical conditions  and observations. In addition to 
this  appioach,  the Norman Weus pipeline design also 
ernphas&ed novel  design, construction and mitigative 
measures to minimize impacts of pipeline construction and 
related activities. The Norman Wells pipeline studies  thus 
put more emphasis on detailed monitoring of pipeline design 
and mitigative ma@ures. 

The Norman Wells approach will likely be  the one 
applied to any future  ,pipeline  construction.project in either 
country, The experience gained during  the  Norman Wells 
pipeline program over the last 8 years shows the necessity for 

The approach to monitoring pipeline ROW in permafrost 

, ,  

flexibility  in the monitoring program, particularly when  novel 
techniques have been used. Over the lifetime of the pipeline, 

I issues and  priorities  related  to  operation  and maintenance of 
pipeline may change, thus  requiring  changes in location of 
research areas, observation sites; and type and frequency of 
measurement techniques  and  equipment. 
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' The discharg:ga:of northern rivers declinem in fall  and  winter, but water  levels 
riaia durifig'frdaer-up a8 'the ice  cover impedes  flov,  forcing an increase in 
channel storage.  Water  Levels  in the  Mackenzie:Dekta may rise throughout winter ,: f 

as distal ohannela  freeee through, blocking  dgscharge;, The hydKOlWgi0 regime of , .. 
a Delta l ake  connected to East  Channel of Mackenzie River.was monitored during, 
winter  from  1987 to 1992. During 1987-88 and 1988-89, ice on  the lake rose 
after  November. The increases  in  ice  elevation were similar to changes on East 
Channel at Inuvik. Observations confirmed that in winter water may re-enter the 
lake  from East Chann,el. While inflow occurred, water  pressure was sufficient to 
raise ice and frozen sediment  and led to the  growth af intrusive  ice in the  lake 
bottom. No inflow was  measured from 1989 to 1992: the lake-sill  elevation has 

s: risen BQ that the stream connecting.the Lake and East,Channel freezes through. - . ,  

The hydrologic  regime of Haakenzie Delta 
lakes during  winter i s  significant for: 
management  of aquatic  populations.which  reside 
there such as muskrats and  varioua fish and 
plants; the water balance of the Delta; and the 
extent of frost penetration  in  lake-bottom 
sadinents (Burn 1990).. Winter  field surveysl o f  
lake-ice aonditions h ve been conducted between 
1987 and 1992  at a & ,  in the Mackenzie Delta 
16 kn downstreim frhm 'Inuvik', N.W.T. The e i t e ,  
callec) ,take . z q  is one of ,a cluster of lakes 
adjacent to Eq't hanne1,of Vackenzie River, * '  

boundea &o the east by the Caribou Hills (Fig'@ 
1 and 2). Surface elevation and ice thickness 
have been monitored  at thi 1ake;and  'amp+?? of 

deteimination"of electricpl conductivity f ~ b m  
ice and.water have been qrrrlacted far ' 

the lake ''#rid from 'East  Channel. This paper 
prrserits evidehce ,for aake'rsfilling during 
winter,  and qccohnte ,POT <the development ~f 
intrusive ice in L#ce;bwttom sediments. 

I .  

t r y D ~ N b 2 i U G  RErIME QE MACKENZXE pE;LTB 

e in the 

and discharge  betwedn April 1987 and  April 1988 
of East Channel of Mdekenzie River at Inuvik. 

nanometer and aye reliable within +I cm. 
Stage measurements at Inuvik are made by 

Discharge in"winter is  interpwlated  from the 
stage between direct, i,e velocity-area, 
measurements  taken  at intervale. The precise 
relationehip between stagr and discharge dyring 
this season depends in part an  assumption,s, 
regarding the form  of the rating  curve. 
Howeves, the patteln 'shown on E'igure 3 -has been 
repeated every year since  l973,, w h q  cwntinuous 
records .began. 

Gerara (1990) describes the stage'-discba'rrge 
relationship during freeze-up  when  frictional 
resistance  of an irregularly  developing  ice 

Piqure 3 indicates  the stage (water  level) 

. , / ,  , , 

, ,  $ 1  , . ,  

. Figure 1. oblique aeria)'phot'&xph eastward 
over Lake 2, 1 4  Ndvember 1990. dote that 
the outlet to East Channel is not  frozen 
over. The arrQw indicates the survey line 

wide. The Caribou Hills  form th'e upper 
(Fig. 4). ITasx; Channel is approximately 50 m 

portion of the photagraph. 

. ' ,  , . .  

, .L; J , a>,,. ,* 

cwver  impedes  flaw; <reaukeb discharge and 

water  level. Th$s e$,fect is small on East 
forces an  increase in channel Storage, , i . e ,  

Channel, which car fie,^ less than oni'per.cent 
of the Mackenzie"Y1:'~iischarge, blit''can be 
observed in mitl-Qcpber 1907. ,Iliacharge ana 
stqlge,, decrease t+augmber while, freeze-up . , 
O C C ' L I ~ ~  upstream, kart& south. By mid- 

, ,  
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Figure 2 .  Location o k  study sites,  near  Inuvik, 

, , .  . Mackenzie Delta,  Northwest  Territories 
(68'22'N 233.43'W; Burn 1989, Fig. I). 

' Lake 2. 
. ,  ' .  Observations reported in t h h  paper  are iron 

Dec&ber freess-up is completed  over  most of 
Mackenzie River. Am the base of the ice  cover 
smooths over, water come. out of channel 
storage, and both mtage and discharge riae, 

to rise throughout winter  although discharge 
The watar level of Eaet Channel continues 

declineu af ter  aid-January. Unpublished gauge 
'height  and  discharge recorde for stations.in 
the Uackenzie  Delta which operated i n  the mid- 
1970s  indicate that  the winter rise in water 
level ie not restricted to East  Channel. The 
gradual and constant increase in stage  may  be a 
result of  ahallow  parts of channels in the 
outer Delta freezing  through  (Jenner and Hill 
1991), diverting diecharge ftop smaller 

diatKibUtarie8. 
channels  and increasing,,storage in the main 

L a k e .  

Lakes m w a r  up to one-half of the alluvial 
plain which comprises the  Mackenzie Delta 
(Mackay 19,63,  Fig. 39) . Marsh and Hay (1989) 
quantified the classifications proposed by 
Hackay (1963, p. 233) of no-, low- and high- 
closure for seaeonal  hydraulic  connection of 
lakes to Mackenzie River. nNo-cloauren lakes, 
connected to distributary  channels of the Delta 
at the end of summer, comprise 12% of the 132 

side of the D e l t a  near Tnuvik. This paper is 
lakes  in Marsh  and Hey's study  area on.the eaet 

concerned with the hydrologic regime of a "no- 
closure1q  lake  in  winter. - 

During summer a small boat can enter Lake 2 
without  difficulty.  During Ereeee-up, as the 
Mackenzie etage  falls, water drains from the 
lake  into  East  Channel. Figure 3 indicates that 
between September and December  the water  level 
in East Channel  may  decline by W O K  a  metre. 

Oblique aarial  photographs  taken in 1935 
(A5023-25C,26C) indicate  that  Lake 2 used to be 
partially ssparated from East  Channel by a 
small  island. Before 1987 the stream between 
the lake and East Channel north of the island 
was filled by sediments and organic debris. 
NOW, only one out!& permits unimpeded  flow of 
surface water  between East  Channel  and the lake 
moat of the year. Lake  drhinage ceases when 
the outlets fre'eze through  or t@e Uackenzie 
stage rimes and discharge4- into ~ the.. lake. 

near the  main outlet.  -Re-bottom  aggradation 
has not  been measured directly, but it is 
likely on  the order 'of em/ yr because: (I) East 
Channel has  greater  flow and  sediment tran8port 
than the  distributary  channel  at another  lake 
near Inuvik (Lake 1 on Fig. 2) where Ferguson 
(1990) recorded nore than 5 m of lake-bottom 
aggradation  near the mouth of the lake  over one 
summer; and (2) 47 cm o f  aredimeht were 
deposited  in the Bununers or 1988 to 1991 near 
an oil drum stranded  upright on a bar at the 
mouth af the Lake. The mean seclirentatidh +ate 
of 12 cm/yr measured near the drum i m  of'the 
same order as high  ratee reported by nackkay 
(1963, p . X 3 4 ) ,  Observations in NovembeK 1992 
confirmed' th is  rate for sumer 1992. 

lake-ice thicknesehz were measured in Hatch 
1991 and 1992, when lake water had  frozen ' 

through, after winters with  low mow 
accumulation (Table 1) and no lake  refilling. 
In  other  years  tha, watar column in the  cbnfre 
of the lska did not' freeze through. 

Thera"is active  sedimentation in the lake 

Duringtthb parloci of obamrvation,  greateet 
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"! Figure 3. Watf&'Eevel and discharge of Mackenaie River  (Eait  Channel) 
gauged at InuvLk, WSC 'Station 10LC002, .April 1987 - April 1988. 
Subtract 10 m from water level for reference to Geodetic Survey of 
Canada  datum.  Data  from  Water  Survey of  Canada (1988, 1989). 

Table 1. snow depthm  and  late  winter 
ice  thicknessem, 1987- 88 to 1991-92, 
Hackehxie Delta  study  site. 

, ,  Snow  Ice Date 
, ' 7  (a) (cm) 
"cs'"";"~"""""""""" 
1987b88,. 27 . 89 16 March' 

1990-91 30 '. 125 21 March" 
1991-9s 30 ' 126 10 March* 

' Water  column , froze thkough 

1986-09 37 ' . '  77 15 April 
1989-90 4 2 '  8 3 '  3 April 

provided a etable  reference pouition  at  each 
site. Change6 in lake-aurfaee  elevation were 
almo  measured with mate of concentric  heave 
tubes (Mackay  et al. 1979) , and  magnet 
heavenetere (Hackay and malie 1987). The 
precision of measurement by levelling was 
approximately 1 cm, but observations of  +0.1 mm 
were obtained from the heave  tubes,  and 20.5  mm 
from magnets. 

Icing  (aufeis)  at the lake waa meamme8 on 
stakes installed during the first visit o f  each 
year. Lake eedimentm were drilled to determine 
intrasedimental ice content at the end of  each 
season. 

, , '  

, , .  

FIELtf'l3ETHQaEI , .  
, .  

Lake-ice thickness and surface elevatian 
were meaaursd by chiaelling,holes in the ice  
and by levelling from a benchmark  installed in 

'parmafrost. The benchmark is a 1.25 cm steel 
rad, 3.5 m long, covered in the active layer 
and near-surfice permafroat  by a 2 m-long 
sleeve of qo&e-fitting, aluminum  tubing. . 

Collars on  the  kod protrude into  permafrost. 
Field checking-in August 1992 indicated that  
the  benchmark had not heaved $n five yeare. 

marked by dowels along'  a , 2 0 0 '  m trari5irct from 
shoreline. Tin cans frozen to the lake surface 

Lake-ice elevation was' levellad qt pointe 

During  1987-88 surveys were  made in late 
November, January and March (see Burn 1989). 
During the two months preceding 23 January the 
lake surface at sites where ice was not 
grounded roBe by 38 cm. Eighteen cm o f  icing 
formed  in the same period. In the subsequent - 
two months the.fca surface rose by a further 11 
cn. Table 2 indicate@ the change  in ice 
thickness between November and  Harch. The 71 
cm of i ce  measured on 20 March bel& the icing 
comprised: 30 cm present in November; 11 cm 
from freezing of 10 am of water  in the November 
column;  and 30 cm added to the i c e  cover  below 
the lake surface. The icing and 30 cm added to 
the ice c a v m  below the eurface  imply  that 4k 
cm water (40 CR ice)  wexe  added to the lake 
over the period. 
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In  1988-89, drainage of the lake during 
November and early December loye?* the level 
of the' main body of the lake (Fig. 4). However, 
between 10 December and  18  February the ice 
surface, at points where the ice was not 
grounded, rose by 34  an. The ice  surface 
continued to riee after 18 February, but .more 
slowly. The  change in lake ice  and  water 
column thickness during 1988-89, reported in 
Table 2, is in general agreement with the 
levelled change i n  lake elergtion. The 

undulatione in the lake-botton, since holes 
agreement ie not preaise, probably due to 

were not reopened for measurement. The ice 
aurfacs 'in Rlid-ApriZ warn approximately 10 cm 
higher than  during early November. 

Burn (1989) tentatively attributed lake 
refilling during winter  to groundwater 
discharge from an aquifer flowing off the 
Caribou Hills. Howaver,,Water Survey of Canada 
records indicate that  the Macksneie &age roa? 
continuously dur&ng winter 1907-88 after 14 . . 

Table 2. Lake ice thicknmsses and water 
, .  depths, Xackerteis Delta study s i te ,  1987- 

88 and  1988-89. 

1987-88 
23 Nov. 20 March Change 

Direct meaaurement 
Icing - 18 +18 
Ice 30  71 +4 1 
Water 15 5 
Tota 1 

-10 
45  94 +49 

Levelling -315 -267 +48 

-"""-""""""""-"""-"" 

=:P=="===PIPrmP"~"""~=-=~=======~ 

1988-89 
10 Dec. 15 Apri l  Change "~""""~""""""""~"""- 

Direct measureraent - - , .  :Icing - 
9 .  Ice 47  77 +3 0 

Water 17 14 
Total 64 91 

-3 
+27 

Levelling -295 -259 f36 
I l = " ~ - = ~ ~ ~ =-*B~.f~~~=~~~======== , 

A U  m$+~i&nt~ . -  in cm. 
, I  Ilr ..;> . I ! 

A _ .  

Table 3. tle'ktrical conductivity o f  lake and 
Channel  water (pmhos/cm) and  ice 
thickness ( c m ) ,  1988-8@ to 1990-91. 

Date Lake 2 East Channel 
Ice Cbhd.' Ice Cond. 

Winter w i E h  lake refilling (1988-89) 
",,,,"",;"";"""""""""""- 

02/11 211 280 - 
11/12 47 490 - 
18/02 ~ 62 460 
15/04 77 1250 - 
Winter with minimal refilling (1989-90)" 
lO/ll 26 380 

- - 
- - - """~""""~"""-~""""~"""~ 
- * 

02/12 36 560 - 3 0,o'. 
15/02 61 1740 49 3 2.0 
07/04 8 3  2 4 0 0  6 0 ,  310 

Winter without lake refilling (1990-91) 
15/11 4 3  400 40 290, 
04/12 92 600 53 265 

"""""""~"""""""""""" 

18/02 102 485: 76 3 10 
a1103 , ,, 125 - 100 . 4 3 1 0 ,  
-I~=P~P~=~-=~L-IIICiBtfl=n=============== . *  Water  column froze through. 

, , ,  

DeceWer (Fig. 3 ) ,  after 8 December in 1988-89, 
27 November in 1990-91 and 25 November in 1991- 
9 2 .  Comparison of the tatage record8 for 
1987-88 with lake-murface surveys indiclltes a 
close correepondenae (Table 4). The increaee 
in surface  elevation of the  lake may be due to 
refilling,by  channel water. During these 
winterr tn eub-ice channel would have conneeted 
the lakg and Ea& Channel for most o f  the ; - , ,  

season. 
.Discharge .from the lake can be observed : in 

the outlet channel. (see Fig. l), which'.ik ~ 

autumrt and early winter is sufficiently shallow 
for turbulence to prevent freezing, e.g. on 4 
November 1992 the  channel  wa8 5 cm deep with a 
surface velocity of 0.7  m/s. 

! .<, ~* , I. ' 

', . ' 

ti3 



Table 4. Meaeured chan.ges  in, lake level and irilzF:ago of Bast Channel, 1987-88 
and, 19'8tt-89. . . '  

j L  I >. '., . ,  
I .  

-r ?*,f.!! , ,. 

Date . Mackefiiie stage Change 'L$+ level Change Change 
P )  , X?): (la) (pl H20) 

+O. 40 72: ?.?., , 
+o. 38 +o. 35 

""""""""""""""""""-"""""~"""""""""""- 
1987-88 , I 

I '  , 

23 WOV 10. 6'7 
23 Jan ' 1'1.07 
20 Mar 11.20 "0.13 -2 .6 '1 , ,  , +O.LO +o.  09 
Total +O 53 +.O. 48# + 0 . 4 4  

- -3.. 1s 
, .  - - .  

"""""""""""""""""""""""""""",""-""""" . 
4 e . -  

1988-89 
, .  , ., . 

, I. 

, .  

On 30 Nwember 1989, water was oharved ' 

flowing out of the lake -towardm  East Channel. 
The 8-cm-deap stream had no ice COarr. On 2 
Decmmber an ice cover had farmed ovmr the 
channel, but about 10 cm above  the previous 
water level ana water was flowing f ~ a m  the 
river into the lake. Thin observation confirms 
that East Channel water may  have entered the 
lake during winter as the stage rose. However, 
in 1989-90,- refilling did aot Zaet a8 long a@ 
in previous  yoarB, for the outlet channel was 
frazan.through at a t h i c k n e 6 ~  of 28 CHI when it 
was: nxcavated  an 18 February 1990. Since  the 
lake level  continued to dec.lLne between 2 
Decemher 2989 and 3 April 1990, there was no 
net  input. to the lake from groundwater. 
fnmtead, the Lake laet water by seepage 
throughout  the winter. Unfortunately the Water 
Survey gauge at Inuxik  was not in operation for 
winter 1989-90, so it i s  impossible to 
det@rmine.whether the  observed reversal in flow 
in the  outlet  chann*l corresponded to an 
insreaBe in stage aC 'Inuvik. 
: .  In order for the lake t o  be recharged by 
the Mackanzie in winter, the outlet channel. 
should,not freeze through, and the water level 
i n : E a s t  Chanriel mhould remain above the lakcd: 
sill. Both conditions  Were m& in 1987-88 and 
1988-89.  ow ow ever, active sedimentation in the 
outlet channel has raised.the sill enough to 
stop this  process  on  a regvLar haie  (1989-92). 

. .  Furkher support for t h e  interpretation of 
lake-surfaae dynamizs may be ,derived f r - ~ m  
conductivity  aeasurementB of lake water 
collected at various stagea o f  the winter 
(Table 3). The  conductivity of  lake water 
inckeaeed in M W - B p  by an order of magnitude 
during the wfht#L..as a result'af solute 
exclusion  during'Qrowth of lake  Ice. However, 
during 1990, Nhen 'lake refilIi%. "oh the 
Channel waa minimal, tne total $fi&li;ent  in 
conductivity was double  that of 198'9,  he 
dilution of lake water by watef'kpm' East 
Channel in 1989-89 is agiparant ,(!pple 3). 

regional extent of  lake,,xefiJling in  winter. 
Inspection of 'the east iide of the Delta d,uring 
tKsVe1 from Imvik to Richards an9 Garry 
Islands in November 1990, 1992 and December 
1991 revealed 'anly one other lake with an opeh, 
Ouklit.  Howev&r, Such . ,  .observations merely , 

It has not been posieible to determine the 

indicate tha depth o f  the outlet, not the 
extant of hydraulio connection botween 
dimtributary channaln and adjucant lskrm. Many 
%o-clomura* lakes may havs mills low enough to 
ensure connection and refilling beneath an ice 
cover throughout winter. . .  - 

Lake eediments  along  the transect, where 
ice wag frogan to the bottom, were  drilled at 
the end of each winter. fn 1988, close t o  the 
lakeward limit of grounded ice,  an  ice  lens 1 4  
cm thick was obrterved in  eedimernts, 13 cm below 
lake bottom. The lane comprised columnar 
vertical cryetals 3. em in diameter, with 
elongated bubbles up to 1 cm long. The lens 
was devoid of mineral inclusions. The 
appewance of the ice was eimilar to 52 i c e  
(Michel. and Ramseier 1971.). Seven cm of 
ice-bonded sediments lay  below the ice lens. 
When these were penetrated, water rage to 
within 8 cm of  the lake-ice surface. The 
hydrostatic head in the lake-sediment6 and the 
nature of t h e  lenn suggest it was intrusive 
ice, formed from water injected towards the 
fresxing front. The large columnar crystpla 
imply that the io0 formed from  bulk wakdr, 
rather than by ice aegregation. The suggedion 
is that. in February or March 1988, after  lake- 
bottom sediments at the drill site had'lbegun, to 
freeze, .the r'hing  stage lifted  lake  ice  and 
frozen sediment together, 'a'nd injected  water 
into underlying sediments. only traces o f  
columnar .iber', in lenses less than 1. cm thick,  
were reaovhea during drilling at similar 
1UCcatiotIS Ph 1989, and none were obgerved in 
1990 or 199i""'- These obai+ya$ians plre similar 
to those .ik$w+&entral'.&laea of ~ q n e ,  ,(1!98ll , 
Who hkb 'WdcrPbed ir$rusi,<$,'ice in thg  banks of  
small &treama where '$cinqs,"qke common. I ., 1 

Lesack et  al. (1991) describe q ruptured 
ice Cover at l1WRC1l Lake (Fig. 2) with  water 
overflowing onto the ice surface during F i s i n g  
water level prcaceclinq break-up. No intruaiva 
ice has been observed at NRC Lake, suggesting 
that in combination,  the rata of Incream in 
Water level and the de t h  af frozen sediment 
led to ruptird of the %e cover rather. than 
Intrusion o f  $&er into frozen gropnd. . r c  

. & T u . -  ~ 
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In SUlllIllaKY, observations preeented in this 
paper  indicate Chat soma lakes o f  the Mackenzie 
Delta  may be recharged in winter by flow  from 
channels where downstream  blockage by ice 
cau8es a rise in water level.  Some  distributary 
channels in the outer Delta may freeze  through 
over the season, diverting ditxharge and 
increasing storage in the  main distributaries. 
Pressures sufficient t a  rupture ice  over 30 m 
thick,  leading to icing, and to develop 
intrusive  ice in freezing  lake-bottom  sediments 
may develop  beneath the ice cover. 
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Geq7hysical field studiw wcrc csrrird oh at  :I site on the. Yamal Peninsula nf Russia as part of B joint ' 

Russia-Canada program nf geotyhnicnl investigations of permafrost  for  engineering  purposes. The slte 
- was selected for its  known  variability  of  soil types and  ground ice corditions. Several  different elwtrical, 
electromagnetic, seismic, and ground  probing  radar (GPR) surface-iektihiques wirr. tested in unison to 
detw! the presence/abrcncc of ground  ica,.'IithoIogic  variations,  and the presence of saline  permafrost In 
addition, twelve  boreholes were drilled 10 depths  ranging  from 10 to 20 meters,  BurrAule  geophysical 
logging was conducted  in all boreholes; the techniques  consisted o f  gamma-gamma  [$&My),  neutron- 
neutron  (volume % water), natural  gamma  (lithology),  electrical  conductivity, and 'l$)gi+dinal (P) and 
transverse (S) wave scisrno-acoustics. Surface seismic profiling and  soundings were carried out on 
representative areas  of  the survey site in order to observe seismic  velocity structure. A new seismic 
reflection  profiling technique was developed.  using  transverse SH waves; it was successfully tested Over 
an area of masgive  grouhd, ice, Thc various  ysophysical  survcys were able to successfully  delineate 
anomalous zoneb ofground ice and saline permafrost,  Recommended prncdurcs and techniques were 
developed for bse in geotwhnical invcstigations  in  permafrost arms. ... , 

I I,' 

", . ' 

INTRODUCTION ~ ' 

As part of a joint Russia  Cnnndn  program o f  gcotcchicsl 
investigations of pcrmafrost for engineering purposes, 
geophysical studies were carried out at  a site on the Yamal ' 

Peninsula of Western Siberia in July, 1991, (see also Kurfurst 
et al., 1993, fig. 1). The site  selected  is in the center of the 
developing Bmancnkovo qil and gas field, where there i s  a 
known variation inrpemifrost soil types and  ground ice 
conditions. 

Surface electrical and  electromagnetic  survcys arc most 
efficiently  performed to obtain a regional  overview  of 
permafrost  conditions and to identify  anomalies  which  may 
require further examination.  Such  anomalies may  include 
change in  lithology of near-surface  sediments,  occurrence of 
massivc ground ice, and the occurrence of saline (or, non  icu- 
bonded) permafrost. Surface clwtromagndio  sun'eys are most 
cost efficient and should be one of the primary  reconn>!;';sance 
geophysical tools uscd in any  route or sitc invcutigutiuns. 

In a similar manner, :I rcconnaixsancc  forw of scismic 
refractinn wrvrvinp m n  alsn he used rn detect ch:lnccs in 
lithology and to delineate thc prcscnct: o f  talik zones. 

be applied to obtain  information on structural changes  within 
the shallow  permafrost section. Suc,h  variations  include the 
detailed  delineation of massive ice and  lithological  boundaries. 

The application of combinations of geophysical  techniques 
often result in thc identification of variations of geophysical 
properlies which  may  indicate potential geotechnical problcrns. 
Many of the geophysical  anomalies  can be directly  related to 

Ground  probing radar and  seismic  reflection  techniques  can 

slides, etc.), and are self  evident. It is  the  presence of 
geophysical  anomalies  which do not  c,orrelate  with  obvious 
surface geomorphological  features  which  Justify the application 
of these techniques. , *  " 

ARer compl$on of suffacc  &ophyij&al  surveys at a . 
geotechnical'site,  drilling  may be necessary to examine 
geophysical  anomalies.  At  this stage of the program,  borehole 
gmphysics can be of valbk  ,in  assessing the geophysical and 
geotcchnical properties o f  the pnomarous zones. The judicious 
use of borehole  geophysics can,substantially reduce  the cost of 
a  borehole program; that  is,  geophysics can rcplace, in part, 
the necessity  of  continuous  sample  recovery. 

techniques  used in geotwhnical site evaluations  with  specific 
examples derived  from the RussiaKanada test site at 
Bovanenkovo. The complete geophysical  data  set for this  site 
can bc found in Kurfurst (1992). 

A detailed  description of the Bovanenkovo  field  site  has 
heen  yivcn by Kurfurst  et al. (1993). and  will  not be repeated 
herc. Also. figures I .1 and 3 of that paper show the location 
of lhr. site, landforms.  geophysical iurvey lines.  and boreholes 
to which referencc  will he made in this paper. 

own unique problcrns, it is hop4  that the results  presented 
here will be a useful guide for future  workers in the field. 

The following  discussion  is a review of current  geophysical 

Although  each  geotechnical site in permafrost presehts  its 

ELECTRICAL AND ELECTRQMAGNETlC METHODS 

Three different clwtrical and  electromagnetic  tcchniques 
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Figure 1 - Electrical  conductivity  maps  for the Bovanenkovo field site: (a) EM-31, at 39,2 kHz, vertical dipole at gruund level. 
Contours ate conduotiyity in mWiemenslmetcr. @) VCHEP, inductive electrical system at 8 H z ,  Contourn arc  mbtivity in Ohm- 
meters. (c) MaxMin EM, vertical  dipole, quadrature component, at 7040 Hz. Contour8 are % pf the total field. 

along a seria of  survey linea (see Kutfurlit et al., 1993, figure 
3), and the data were compqed  and  contourkd in map form. 

An electrical technique  designed at VSEGINGEO, known 
as VCHEP, is II capacitivecoupled line antenna system  which 
measures the electrical  field of a *smitted low-frequency EM 
signal. The transmitter and receiver el&trode  configurations 
are similar to that used in DC electrical surveying;  however, 
the advantag- of this  method tie in its ad&ty'tc'iih&-icaIly 
couple to resistive earth materials and to ob& reliable 
measurements at high mistivities. The systek as used at the 
tRst site was  configured as a  diple-dipole arrangement of 
transmitter and receiver with a 30 meter spacing between 
transmitier  and  receiver electrode pairs and a 6 meter spacing 
behmen eloctrodcE. The tranrrnitkr frequency was 8 kHz. 
Measurements were made at 10 meter intervah along  survey 
linea. With this transmitter-receiver spacing, the maximum 
depth of penetration is approximately 15 meters. 

Two inductive  frequency-domain EM units WEIP tested at 
the Bovandovo site. Instruments of  this  type  employ a local 
trunsmitter coil to generate  a time varying magnetic  field  that 
induce small eddy cuttents in the earth. These eddy c u m t s  
produce a secondary magnetic field which is  detected,  along 
with the primary field, by a weiver coil, This secondary field 
and its depth of pen&mtion are a function  of the intctcoil 
spacing, the orientation of thc coils, and to a laser extent,  the 
operation ftequency, and the layering in the ground. Under 
certain constraints, the ratio of the secondary to the primary 
rnagnEtic field is linearly  proportional to the terrain 
conductivity  (reaistivity). 

The two EM units used for shallow  permafrost  mapping at 
this site were the  Gwnics EM-31 and the Apex MaxMin 1. 

The  Gwnics EM-31 operates at 39.2 kHz with a fixed 
intercoil spacing of 3.66 meters. Three measurements with the 
instrument provide three effective depths of exploration. A ' 

horizontal  dipole at ground  level cornsponds to 2.1 meters 

effcctive  depth; a horizontal dipole at 1 rn elevation lm a 3.7 
meter effective depth; and a vertical dipolc at ground level has 
a depth of penetration of 4.6 meters, 

The Apex MaxMin I i s  a multifrequency horizontal  loop 
EM system  which opcrabx at 110, 220,440, 880, 1760, 3520, 
7040, and 14080 Hz. The l o w t  ffqucncy pmvidm  the 
deepest  penetration  and the highcat fresuency provides the 
shallowest.  Readings of in-phue and quadrature components 
of the  secondary magnetic  field were made using a mil spacing 
of 50 metcw. The effcctive  depth of penetration ia 
approximately 25 meters. In thii permafrost terrain, negative 
quadrature valucs are indicative of conductive ground. 

form for EM-31, VCHEP, and MaxMin rcspcctiv~y 
(shallowest to dccpest  penetration).  Although EM-31 and 
MaxMin are in units of conductivity, whereas the VCHEP 
m u b  are in units of resistivity, all thrct systems have 
indicatcd anomalies which am  cornlatable from map to map. 
Several anomalies can be  comlated with geomorphological 
surface fcaturesl as seen on Pigum 2 and 3 of Kurfurst et al. 
(1993) (topographic  lows  and areas of healed rezrogreslsivc 
thaw slides generally  show  conductivity  highs or resistivity 
lows). In general,  the northern  portion of the map arca has 
lower  resistivities. A broad resistivity low (conductivity  high) 
centered at 600 N, 100 E is associated with a  thick  layer of 
daycy silt as determined from drilling (Kurfutst et al., 1993). 
From the EM-31 results, the high  conductivity  valucs  suggest 
that the active layer is thicker in thb area than ebwhere in the 
survey a m ,  or, that there is high salinity groundwakr near the 
surface. High  resistivities in the  southrm portion of the map 
area result from the occurrcne of ncarsurfacs  icarich sands. 

Figure 2 shows the results of EM-31, VCHEP, and 
MaxMin along profile IKI. Anomalies can be correlated with 
the geoiogical  interpretation as shown in figurn 4 of  Kurhm! aE 
al. (1993). ' 1  

Figure l(a), 1@), and l(c) show some of the results in map 
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Figure 2 - Electromagnetic prosling along  profile 111. The 
instrument parametem are as  given in figure 1. 

The high conductivity  anomaly  situated  at 450 E and 550 N 
con be seen on the EM-31, VdHEP, and MaxMin, mapa (figure 
11, and also in ptofilc form in figure 3 (profile IV, see abo ' 
Kurfurst et al., 1993, figure 4). The  &ulh suggest that the 
conductivity  anomaly persists at depth and could represent 

either  a tdik zone or a saline p e m h s t  zone. This area 
representn a potential drilling targtt; a borehole was 
subsequently drill& to examine the anomaly (BH-7K). 

SEISMIC REFRACTION METHODS 

A two channel  seismic *&&ion method was hp&d dong 
prowe IIl to obtain changts of average P-wave  velocity. The 
aepaetion between  geophones was 10 meters, and the  source 
offset for forward  and severso shooting was 25 meters. The 
source used was a =tee1 rod inserted through the active layer 
and s d  on frozen p u n d .  The refraction mivala from 
forward  and  reverne shots were averaged to obtain a velocity 
which is unaffected by struaturc beneath the geophone 
locations. The  choice of offset deScrmincs the depth of 
meaaument of the average velocity. The offset for this 
survey was chosen to obtain meaaurements  of  velocities 
beneath the! thermal effect of the n a r  surface. Figure 4 shows 
a section along,pmfde 111, and  should bc compared with the 
gealogical prom given in- figure 4 of  Kurfuvt ct al. (1993). 
High P wave velocities are observed at the north end of the 
profile where massive ice is present at shallow dcpth beneath 
the silty clay. At distamcts between 400 and 700 metem along 
the profile, there is no hdication of marsivc ice, and the 
velocity valuw ate in the range of 2000-2400 metcrslsec, 
typical of those for silty olay at -5" C. At the south end of the 
profYe, the velocity  values increase to the range of 25W3000 
meters/sec in the a m  of icerich sand. 

This form of refraction  profiling  cnn bc a rapid  cost- 
effective method to obtain additional  information  on  variation 
of goophysical propertis; its application should be considered 
in the early reconnaissance pham of surveying. 

NORTH 

4000 1 
SOUTH 

GROUND PROBING RADAR ', ' 1  . 

- ,  

Several kilomebrra of line were sunwyd bt Bovanenkovo 
using-a pu&EKKO IV.ground probing radar (GPR) system. 
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Figure 5 - An example of ground probing radar along a portion  of profile 111. The measurements wr.e made at 1 meter intervals. 

The system L a lightweight,  fully  digital, radar developed in 
Canada by Scnsors & Software Ltd. for the Gcological Survey 
of Canada. These test surveys were conducted  to evaluate 
GPR as a sounding tool with which to compliment  geotechnical 
drilling  evaluation  in the very  complex surficial geology 
conditions of the Yarnal  Peninsula in general and the 
Bovanenkovo area in particular. GPR, with ita  high resolution, 
in the range of 10 to 30 cm, and a depth of penetration in the 
range  of 10 to 30 meters, was considered a usefui  tool in 
resolving near-surface characteristics posed by particular , 
problems of a wide range of soil types, extensive ground ice, 
and saline permafrost. 

The survey lines were carrid out  using three different 
fquencies of 50 MHz, 100 MHz. and 200 MHz, each 
yielding  diffemntyeffective  depths of penetration  and  near- 
surface resolution. Two types of survey were used: 
1) the transmitter and receiver moving  progressively  along a 

survey  line  at a constant  separation  of either 1 or 2 metem;  and 
2) stepwise increase of  separation between transmitter  and 

receiver. 
The former was the standard  reflection survey mode,  while the 
latter was used to determine the near-surface signal  velocity. 
Since limited time  was available for surveys, several type 
localities were chosen to represent transitions  between sands 
and clays, icy sands in contrast with  non-icy sands, saline 
frozen sediments, and massive ice bodim within  both  sand  and 
clay sequences, 

observable on the radar profiles.  It shows approximately 200 
meters of section (325 to 525 m N - betwcen  pickets 34 and 
26) along profile I11 at a major transition zone from frozen 
sands to clays. The survey was  conducted  with 50 MHz 
antennas at trace spacings of 1 meter.  Depth is expressed on 
thewdcal  axis using the measured ground wave velocity  of 
0.090 meterslns. Approximate corrections For topography 
have  been made by vertical Shih in the traces. Materials on 

Figure 5 demonstrates some of the major  features 

, .  

the south part of the profde are maidy amde Canutjning 
massive  ice;  on the northern part of the profie, the materials 
are mainly  silty clays which are from but no not  contain thick 
ice sequences over the section and depth intervals shown. The 
edge of the sand body is readily seen on the south side of the 
topographic  low, in the center of the section., 

, , , ;'! I I /'!' 

sewtm REFLECTION METHODS 

High resolution P wave reflection techniques often  cannot 
be  applied in permafrost areas for the delineation of shallow 
structure because of the necessity for very high fquencies 
(> lo00 Hz), and  problem of high-velocity ground roll 
interference. However previous tests in the Yawl  Peninsula 
(A. Skvortzov, 1990, pers, cornm.)  indicated the possibility of 
utilizing shear wave techniques.. . > I  

Offset vertical seismic profiling  tests were conducted in 
B H 3 K  (Skvortsov et al., 1992) to detmnine optimum 
reflwtion geametry and to correlate reflection events with 
known geology. 

A test SUNCY using the shear wave reflection technique was 
conducted  between  pickets 10 and 25 on profrle 111 (see 
Kurfurst et al.. 1993, figure 4). The surface array consisted of 
SO Hz horizontd geophones oriented transversely to the survey 
line tu maximize the detection of SH waves. The source was a 
steel rod and a 5 kg hammer; the rod was also oriented 
transverse to the survey line. Using a digital enhancement 
seismograph  it  was possible to stack signah from several 
blows. By changing the orientation of the source by 180 
degrecs, switching the polarity of the geophone, and stacking 
q u a l  number  of  blows  from the two directions, it was  possible 
to substantiauy improve the signal to noise ratio (a standard 
technique for polarized shear yvxe investigations). 

Figure 6 shows an optimum offsfset section from the survey 
using a 10 meter aourc&geophone offset with 2 meter spacings, ,, 

, i, ' 
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Figure 6 - An example of shear wave reflation suweying 
along a partion of profde 111. Thzmeasurements were made  at 
2 meter intervals. 

bctween traces. One major  reflection' package is obsemcd 
&ing from south to north. For most of the scction this  event 
is comlated with the top of massive ice, as detcrmind'by ' 
drilling (see Kurfurst et  al., 1993, figure 4). 

From borehole velocity  measurements the average shear 
W V ~  velocity for the silty  clay is  750 m/s, and for both 
massive ice and icy  sand i s  on the order of ZOO0 mls. The 
large velocity contrast between these units  results in a large 
rcflbction coefficient. This reflection technique cannot 
discriminate behKBen reflections  from the claylice boundary 
versus the claylsand boundary; howevir, the structure of the 
units are well, defmd where large velocity contrasts exist. It 
ia suggmted that this khnique can be utilized in many a m s  of 
p e a f r o s t  soils, although  field ekperience, to date, is limited. 

, 
. .  

F i u r e  7 - Combin4 g&physical logs and generalized geology 
for hole BH-2k. Natural gamma  and  conductivity 
measurements are at 2.5 crn intervals, densitj '(gamma-gamma) 
and volume % water ( neutron-neutron) are at 25 cm intervals, 
and seismic velocities am Pt 0.5 meter intervals. 

1 , 1 ', 

BOREHOLE GEOPHYSICAL LOGGING 

Geophysical logging in boreholes can  often  compliment 
borehole  sampling programrr by eithsr providing  additional 
information  between  sampling  locations withii a borehole or 
corroborating the l abora to~  testing of samples. Often a 
geophysical borehole tool provides an average value of a 
physical property since measurerpews are made from a large 

*.,!. Several different types of borehole logs were obtained at 
' :* ' the Bovanenkwo test  site: 

. ,  volume of material surrounding the tool. 

The natural gamma  log  measures the natural  radiation from 
a formation (generally composed of radiati'on  from  uranium, 
thorium  and potassium). High count rates are associatcd with 
finegrained materials, including organic-rich zones. Low 
count rates are associatcd with sands and gravels. In a 
permafrornt setting, count rates approaching zero indicate the 
presence of excess ice or masrive ice. Usually  moet of the 
masured radioactivity is within 0,3 mcters of the detiector in 
the hole. 

surrounding formation  using a high  frequency (39 kHz) 
inductive electromagnetic technique similar to those used  on 
surface. In  ice-rich sdinients, the response from this tool  can 
be mhimal, and it is not  rccommendcd for accurate 
discrimination  of  lithology. However, the tool is an  excellent 
one far the detection of saline zones within the permafrost 
section.  Conductivities less that 10 mS/m are indicative of 
high icecontent material; donductivities in the range of 10-20 
mS/m can be correlated with  fine-grained materials with some 
unfrozen,wakr,cuntent. Conductivities above 20 mS/m arc 
associated  with substantial unfrozen water content andlor saline 
conditions. This tool is averaging conductivities  from at k a t  
1 meter  into the surrounding formation. 

The gamma-gamma lag measures the density of the 
material surrounding the borehole (to approximately 0.3 m 
penetration) by the abdorption  and scattering of  gamma rays 
from a radioactive source. When properly calibrated fot ' 

The conductivity tool measures electrical conductivity of a 

J 

J 

Figure 8 - Combined geophysical logs and  generalized geology 
for hole BH-7K. Measurement parameters are as given in 
figure 7. 

, ,  f , : 
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borehole  size, this tool can  provide  accurate  bulk  densities  of 
materials. 

The neutron-neutron  tool measures the  absorption  of 
neutrons  from  a  radioactive  source in the  hole. The count  rate 
is inversely  proportional  to  the  amount  of  hydrogen  atoms in 
the  materials,  hence it can  be  calibrated to volume-percent 
water  content.  This  tool  can  provide  excellent  indication  of 
excess  ice  and  massive ice. 

Seismic  downhole logs measure  both  compressional  and 
shear  wave  velocities,  which  can be used  to  estimate  the 
dynamic  elastic  moduli  of  materials. The tool  consists  of  a 
threecomponent seismometer  clamped  at  intervals  down  the 
hole. The source (a hammer  and  rod) is on surface  at  the 
borehole.  Measurements  of  arrival  times  of both P and S 
waves over a  minimum  of  three  locations  can be used  to 
compute  interval  velocities. 

Figure 7 shows  a  complete suite of  geophysical  logs  for 
BH-2K on profile 111. Most  logs  identify  the  major  lithological 
boundaries. The conductivity log shows little contrast  between 
massive  ice  and  icy  sand  beneath;  however  the  increase in 
conductivity  within  the silty clay  unit  suggests  increasing 
unfrozen  water  content  with  depth. 

located  at  the  geophysical  conductive  anomaly on profile IV. 
The  large conductivity  anomaly  identified in the  surface 
electrical  profiling i s  correlated  to  the  highly  conductive 
materials  beneath  the silty clay  at  depths  greater  than 6 meters. 

Figure 8 shows  the  available  borehole  logs for BH-7K, 

GROUND  TEMPERATURE  MEASUREMENTS 

Ground  temperature  measurements  were  made to depths  of 
10 meters in seven  of the holes  drilled  during  the  Bovanenkovo 
field survey of July  1991. The results in two of the  boreholes 
are shown in figures 7 and 8. Each  of  the  measurements  were 
made  at  least  two  days  after  completion  of  the  drilling,  and 
were  obtained by suspending  a 10 sensor multithermistor  cable 
in the  hole  for  a  period  of  four  hours, or, in several  cases, 
overnight.  Since  the  holes  were air4lled, with the  exception 
of BH-7K, which  contained  unfrozen  saline  water,in its lower 
half,  there  was  some  concern  regarding  their  overall  thermal 
stability. In short-term  tests,  the  boreholes  proved  stable if the 
surface  casing  was  plugged  to  prevent  air  exchange with the 
atmosphere.  Measurements in air-filled holes are, in fact, 
standard  practice in Russia. The  cable used for these 
measurements  was  of  Canadian  manufacture  using YSI 44033 
thermistors  and  a  5-digit  Fluke  DMM for resistance 
measurement. 

The two  examples  given  demonstrate  that,  although this 
area is  in continuous  permafrost  and  arctic  tundra,  ground 
temperatures,  even at 10 meters  depth,  vary by several  degrees 
between  different  locations.  Measured  ground  temperatures  at 
a  depth  of 10 mekrs in all of the  boreholes  ranged from -2.1 
to  -6.7"C with  a  mean  value  of -4.5"C. The coldest sites were 
beneath  the  upland  sandy  soils with an  average  temperature 
of -6.7'C. 

SUMMARY 

Geophysical  methods can be used effectively in 
geotechnical sites surveys in permafrost  to  compliment  and 
expand  surface  geomorphological  and  geological  studies 
through  the  application  of  such  rapid  cost-effcctive  surface 
surveys  as  electromagnetic,  electrical,  seismic  and  ground 
probing  radar.  Such  surveys  should be conducted  as  early  as 
possible in the  site  program so that  any  anomalies  that are 
identified  can be compared  to known surface  features;  those 
that  cannot be so explained  may  become  priorities for primary 
drilling  programs. 

Borehole  geophysics  can be extremely  useful to compliment 
gwtechnical testing  from  borehole  sampling.  Even in the  case 
of  continuous  coring  of  boreholes,  geophysical  logging  can be 
used  to identify  zones  within a sampled h o b  where 
geotechnical  testing  should be  carried  out. 

detailed  scale  where'  geotechnical  drilling  has  identified 
structures  which  require  delineation  in three dimensions. 

used in all stages of geotechnical  assessment  of  a  site in 
permafrost.  Some  techniques are refined  enough to yield 
accurate  geotechnical  properties for direct use, others  may be 
able to delineate  structure  of  materials  at  depth  without  the 
ability to accurately  assess  properties,  and still others  may  only 
be able  to  identify  a  geophysical  anomaly  integrated  over  a 
large  volume  of  material.  However, a combination  of 
techniques used in concert is a most  powerful  and  effective  tool 
which  should be  an  integral  part  of  geotechnical  surveying. 

Finally  geophysical  surface  techniques  can be applied on a 

In conclusion,  geophysical  techniques can  be effectively 
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RESEARCH ON ROCK GLACIERS IN THE  CENTRAL ITALIAN  ALPS 

(VALTELLINA,  SONDRI0,NORTHERN  ITALY) 

Calderoni E. ( O ) ,  Guglielnin M.(""), Lozey A. and Tellini   C.("") 

(")  Dept. of Earth  Sciences,  University of Rome, P . l e  A .  Moro, 5 00100-Rotne, I ta ly  
(") Ins t i tu te  of Geology, Paleontology and Geography, University of Parma, Viale de l l e  

Scienze, 78 43100-Parma, I t a ly  
('") Dept. of Earth  Sciences,  University of Milano, Via Cicognara, 7 20128-Milan0, I t a ly  

SyNopSIS This pwer reports the preliminary  results of a continuing  udtidisciplinary 
research aimed at determining  the  distribution and implementim the  classification of the 
rock glaciers spread in  the Upper Valtellina  (Sondrio,  Italian Alps). Also reported are 
the  f i rs t   data  of radiocarbon  chronology,  yielded by the paleosols underlying the studied 
rock glaciers, which are herein used t o  obtain a tentative time scale Of the main ghCia1 
stages occurred  in  the  area.  Results  provide  evidence of. phases of-rock glacier expansion 
tha t  c m  be ~ s j g p e d  t o  L a r s t i g ,  Goschenen I and Goschenen I1 stages and to   the  Litt le Ice 

Age. 

LtmmmmI 
During the   l as t  decade the concern  about periglacial 

alpine environments  increased  in I ta ly  following  the 
f i rs t   s t imulat ing  s tudies  on rock glaciers  carried out 
by Italian  researchers (Gruppo Nazionale  Geografia 
Fisica e Gemorfologfia C N R ,  1987; Smiralia, 1989; 
Guglialmin, 1981; Wlielmin and Tellini,  in  press). 

This paper- provides new data on the  distribution of 
rock glaciers i n  the Upper Valtellina  (Sondrio, Northern 
I ta ly)  along  with a tentative chronologic framework. A 
multidisciplinary approach has been  chosen t o  accomplish 
the  task,  including  electric sounding,  radiocarbon 
dating and  measurement of both  shallow  temperature of 
ground in summertime ( S T )  and  bottom temperature of 
winter snow cover (BTS). 

The study area (Fig. 1) extends  over 620 km2 a t  
alt i tudes ranging from 900 t o  3439 m a .s .1 .  and is 
located i n  the  central  Lombard Alps (Sondrio,  Northern 
I t a l y ) .  The geology of the area is dominated by 
different  tectonic  units of the Upper Austroalpine 
structural  domain; the most spread terranes  being 
represented by  low t o  m e d i u m  metamorphic grade  gneisses 
and schists.  The sedimentary  cover, lacking over most o f  
the area, only occurs  in t h e  N apex where carbonate 
rwcks  of  Mesozoic age predominate. The cauntry rocks 
show impressive  tectonic  deformations and jo in ts ,   th i s  
resulting  in enhanced congelifracion  effects. The  ,whole 
study area, at present  submitted to   glacial  and 
periglacial processes, alsn shows morphologic evidence 
of both late- and post-glacial s t a s s .  In this  respect 
Figure 2 shows that i n  the Upper Foscagno Valley  the 
geomorphologic survey pointed (Jut that  six glacial  
stages  occurred. Here, an end moraine a t  2000 rn a.s .1 .  
is assigned to  the  oldest  glacial  event (Daun stage), 

while the maximum expansion of the Egesen stage is 
recorded by an end moraine at  2030 m a.s.1.  . Concerning 
the  succession of the  events it has been claimed that 
the end moraine of t h e   f i r s t  Holocene s t e e  (Larstig 
stage?) reached 2190 m a.s.1. (Heuberger,  1988). The 
subsequent Goschenen I event (Burga, 1987) is recorded 
by the end moraine laid down at  2375 m a .s .1 .  by the 
glacial  t o w e  of the  Sattaron glacier as well as by the 
front of the. Larstd (?)  moraine of kit. Foscagno. Both 
end  and la te ra l  moraines of Sattaron cirque, at about 
2500 m a . s . l . ,  are assigned to   the  Litt le Ice &e. 

The  new chronologic  data  for Mt. Foscagno and the 
nearby La Foppa and Mt. Vag0 cirques  (Fig. 2 and 3, 
respectiqely) f i t   t h e  above glacial  sequence. 

Aerial photo interpretation and subsequent f ie ld  
survey led to   ident i fy ,  on morphologic basis,  seventy 
nine rock glaciers,  mostly lying on late- and post- 
glacial  deposits. Figure 1 shows the  location of the 
rock glaciers,  assigned to  the  active,   inactive,  complex 
and uncertain  groups  according t o  the  suggestions  after 
Barsch (1978). In particular,   active rock glaciers,  
besides  lacking  vegetation  cover, showed an overall 
convex  morphology, transverse ridges and furrows at the 
surface along with steep slopes a t   t he   f ron t .  Ultimate 
classification. however. r e l i e s  also on the  resul ts  of 
marphometric, physico-chemical and geophysical me 
asurements, as well as occurrence of permafrost and 
downwards movement. 

The rock glaciers were analysed for  most morphologic 
features  according  to  the  guidelines  after Carton et  a l .  
(1988). I t  has been found that  glacial  cirquCs and 
slopes account for 67 and 30%, respectively, of the  host 
geomcrphologic features. Only 14% of the surveyed rock 
glaciers show mall Fire glnriprs ?t t h y  ~.,RI-II ; . . I , -  . !=  
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3 and 50% of the upslope deposita are represent& by 
mow banks and aorainnas, respectively. Rock glacisrs on 
wtamrphics (82%) are &fold predominant wer thoso on 
carbonats rocks (18%). Also by taking into account tha 
relative distribution of the tyo lithotypas the 
preferential clusterinp of rock glaciers on metamrrphics 
only drops to a %fold emess. Suqh distribution could 
suggest that l i t h o l w  controls ta  solltl extent the rock 
glacier formation, in response to the differmm in 
oli f f  morpblogy, theqic and m&m'~ical proparties of 
the involved rwks. . .  

rock . glaoiqr? are maan annual tammature snd annual 
precipitation less than -1' C and 2500 m, respectively 
(Haekrli, 1985). Althmgh meteorolmic recofis for the 
study area a m  meagre. it has been sstinatsd that, ths - 
1" C iwthtrn falls between 2370 and 2742 I a.s.1. and 
the JE& annual rainfall rMpos frm 750 to 1150 rn 
(8slloni. 1889). Tha clinatologic control of ttm ,area 
CM be inferred by surveying the lowst altitudea 
reached by the front of the rook glaciers. Activw rook 
glaciers l i e  at 2325 t h r w h  2890 D 11.8.1. (mm: 2617 B 
a . s . l . ) ,  thus altitudes msistemt with the -1" C 
&therm, while the fronts of ,inactive rock gla~iars are 
at 2115 thrwgh 2795 m a.s.1. (pan: 2457 n a.s .1 .  ), 

+ that is EB 150 m blow those of the active rock 
glaciers. ,->,:, , 

ExmImmL 
2) and Ht. Vag0 ( F i g .  3) (S0ndri.o. Northern Italy), 

. ,  , 7 

Three glacial cirques at H t .  FOSC+O, La Foppa (Fig. 
I I ,, 
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Pmre 2: Gsooorphol~ic nap of the upper Fosoagno and Le Foppa valleys. Legend: 1) 
polrpmstio alpine oone; 2) scree slope: 3) wow bank; 4)  solifluotion lobs; 5 )  active 
rook glacier; 6) &e of cirque and step of trough; 7 )  roohes m t m & e s ;  8) Li t t le  Ice 
Age moraines; 9) Post-glacial moraines: a) Qoschenm I stage ?, b) Larstig  stage ?; 10) 

I ', :.I, Lata-glacial moraines : a) &wen stage, b) Daun stega; 11) a) metarmrphic badrock; b) "En 
, masse" oollappaed slope; 12) s i t e s  o f  buried lpoils sampling. 

through April, 19B2. Data record for eaoh station 'also 
includd wow thickness and a i r  temperature 3 a above 
the tapcylrsphic. surface. 
Electric soundings: The field eguipmsnt consisted of a 
georoa is t ivb ter  w i t h  400 V of power supply. ksidws 
the diff icul t ios  m t e m i n g  from the irtegular topographic 
surface, it w m  diff icul t  t o  insert the  electrodes  into 
the coaras,debrirr d e r  and establish  reliable contact 
bet- tho a lec t rdss .  The glaciologio interpretation 
of the wdol used re l ies  upw the data after King e t  
a l . ,  1m7; Evin and ksgier (1990) and Evjn e t  al, (1990) 
for p e d r w t  amf glacial  ice. 
Radiocarbon dating: Radiocarbon dating VELS performed 
with the Xiquid', s c h t i l l a t i m  counting (LSC) techique 
using bsnz&nk as a ' cbuntinp medium. Chemical procedures 
and oritskla of statistical  evaluatim of counting :data 
are report&' plsqwhre (Caldaroni' and Pctrone, 1992). 

, , . ,  

;,c, 

' Elactric  conductivity and t&eFature, data for the 
k r d  runoffs show that  the  +ksrature of runoff 
from active rock glkierer was < '  1.5" C whereas that of 
outpourings from other aquifers e e a d e d  2" C. Both 
alectrie conductivity and total harrjhess data. however, 
f a i l d   t o  diicriminate among the  invastigatd aquifers. 
This  bein% likely accounted for by the homogeneous 
lithology of the study area. 

SGT values are listed in Table 1 along with t h e  
yrrwponding a i r  t-ratures. A t  Fascagno sit& ' 5 9 ,  

newred at dcg+e ranging from 37 t o  110 cm (the clastv 
, .  , , . .!, 



character o f  tb deposit3 p m t d  auurvsyh# at 
ccnstant  depth),  discriminates- the active  rock glacier 
(33 '  = 1.8' C) f r w  innctive rock glaaier, wrainm and 

rsspactiwrly). 
BTS values were u s d  for a r& zonation betwan 

prmafrost areas (BTS < -3" C) and unoertain m d r o s t  

the s i tes  00 msaaurment are rwortsd in PWre 4. The 
relatiamhips BTS VB. wow cover thioknsss and altitude 
(not shorm), t-h showin$ a low correlation, point art 
that   a l l  BTS's for depoaits  other -than actiw rock 
glaciers are > -1.7" C. The few BTS values excSediwI - 
1.7. C pswurad on active rock $lacier8 ar8 reaamablY 
accmted  for  by.  disomtinuws psrmaPraat occurrence. 
Accordhg to  the distributfm of BTS valum, howwer, it 
appears that pernafrost i s  mcstly l a c a t d  at the front 
of active rock glaciers. Future research will bs 
concernad with studyin$ the  relationships amon% BTS, 

patterned ground (m = 0.5; 3.1 awl 3,8" c. 

m m  (-1.7'< BTS < -3" 0 :  ths mlt-  m ~ 0 p i . W  and 

TABLE 1 
shallow tenperaturea of grd in summertima (SCIT) 
a b C d e f g  

1 H t .  Foscagno 2540 +18 t3.0 37 0.401 
""""""_"""""""""""""""~"" . 

1 n t .  FWWO 2540 +la ,-2.0 80 (5.25 
1 n t .  F C W O ~ O  2560 ' +22 +2.5 30 o,w 
1 n t .  PWS~WDO m s  +a + m  90 0.39 

2 nt. F O S C ~ O  2300 +22 +Q.O 51 0.25 
2 Ht. Fwca#~o 2480 +I8 +8.0 40 0,25 
3 H t  . Foacagno 2550 t22 *5.5 49 0.39 
3 La Foppa I 2865 +20 +0.8 110 0.57 
4 Ut. PwoWo 2580 +22 M . 0  40 0.95 
5 H t .  Fo~sosgno nS0 +I6 +3.0 55 0.23 
5 M t .  Foscwo 2410 416 4 . 5  70 0.13 
5 n t .  Fosoagno 2850 +22 +2.0 32 0.02 

1 H t .  -F-o 2815 +22 -1.0 73 0.31 

......................... 

a)  m r p h i o  features: 1- aativs rock glaciere; ,2- . 

inactive rock glaciers; 3-  morains.s; 4- scrw 81-8; 
5- patterned g r d s .  b) measurement aitss; c)  al t i tude 
(m a.sJ . ) ;  d) air t-rature ('C); 0 )  ground 
t w r a t u r e  (T ) ;  f )  h t h  of wasurswnt (w); 8 )  
negative thermnl gradient (*C/cm). 

climate and thickness of active  layer. 

shown in Fi$. 4) a l a  wi th  corresponding electric d e l  
Md g l w i o l a i c  interpretation are given in Fwre  5 (a  
and b) and 0. Electric soundings on the morainic r u e  
at La Foppa I (Hi. U2 and H3) revealed that the d e w s i t  
includes  several  layers notably d i f f e r -  in thickness' 
and litholw. thoelectric sounding H2 is of particular 
meern  in that suggests the ocmrrmce. 10 m daw, of 
either a -11 body of burid ice or an ice-richad 
permfrost, $Isotric soundings for the active rock 
glacier La Foppa I revealad  quite different 
stratigraphy, t h e  lnyars belnIf thicker and higher in 
resis t ivi ty  than those in the morainic d e .  Resistivity 
patterns provided by 51 and S2 s o u n d h ~  are  hardly 
interpret+ls,- for the occurrmcs of a th ick  1-1 
interbsddsd v?%hin the active  layer and the  ice-enriched 
psrmsfrwt. . 

Results o f  dating a n d '  8 W  measurements for tha 
most representative tmic matter fraction preserved Jn 
tha sslppled paleosals (PAS) are  listed i n  Table 2. 
Although the m e r ,  geochemically mobile carbcnaoeaus 
c d s  -re previmsly remOYBd, ages yisldcd b~ 1- 
dating of humic matter in soils and ssdimmts w e  
referral   to as "mean apparmt agsro" (Perrin  et al., IQE4 , 

and references  therein). Ths, because a soi l  is a 
dynamic symtsm  subjeated ta  continuing, mredio tab le  
renovation, 11c chtanology may only provide the m i n j m m  
aga of the soil h $ o  matter. Thmstudied PAS. buried bv 
rock $lacier  deposits, formad at I 2300, thraugh 2700 m 
a.s.1. in the alpha gnvi rmmb,  charncterized.by .Iw 
rainfall  (< 1150 wyr) and mean annual towerahre  from 
1.5 t o  -1.5" C (U,ruppo Nazianals C*so$rafia Fisica 0 

Goomorfolmia CNR, in press). Under much c o n d i t i o n s  the 
pd-otic proceww., includinIf litter prrrductim,, 
only effective over 4-5 months 'per year. The Pks, formed . 
an m n r a b l e  bedrock assemblage, ma from 20 ' t o  40.  WI 
thiok wud gmferally. lack differentiation i n t o  harizonna. 
Such latter  feature could be a primitive character  .of 
the parent soil, developed under swore climatic 
cadi t ions grobtly affecting dwnmrrdn migration of the 
soil particles.  However, also soil reuark- for 
oryoturbatim and/or elm movement of the wer lym rock 
glmiers could have been effective .in werrrharfowi~@ the 1 

Results of the 1091 pswlsctrie cslppaign (Bites axe 



Figure  5 ,  Gooelectric swndbgs en thcl Holocene morainic ridge at La Foppa I sits: a) H 1 
(fine a d  thick solid lines) and MI bks (dashed and dottad lines) soundings; b) H2 (fine 
Md thiok uolid lines) Md H3 (dashed and dotted linarp). The corresponding mcdels are also 

activity of La  Foapa I1 rock glacier. North of Ht. 
Fosoagno (Pig.  2) FA -le Ram-208, from beneath an 
actiars rack glmier  overlying a Late-glacial morainic 
ridge ma datd a t  2 M o  yr B .P., whereas a PA (Rome-209) 
intsrbaddd  within tm post-$lacia1 mtainic deposits 
and undsrlyituf the stme active rock glacier postdated at  
27w ~r B.P.. About 1 km northmuds, near Foscagno Pass. 
sanplos Rome-205 and Ram-206 dated at  3330 and 3630 yr 
B.P., r6wectively, an overly- inactive rock glacier. 
Finally, the active rook glaoier at C q o  Valley ( F i g .  
1) postdates 1340 yr B.P. (ssmple he-207). 

Abcordbg t o  the  sLplifiad  glacial  time-scales aPtar 
Harbermr (lSgg), Hair (I=) and Burgla (lW), the 1 q  
aees provide the following prslinhnrv indioatimrr m 

Figure 8. Electric soundings a t  La Poppa I active rock 
glacier. S1 (fine and thick solid lines) and S2 (dashed 
and dot td  lines). The .&orrespond$ng mcldals are also 
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F O S C ~ O  E" (*) Rm-208 343Qt70 -28.6 -347 "7f5.8 
, Pbst-glacial moraines 
'Ht. Foscagno Rome-209 27M3f70 -26.2 -285.36.95 

o (*) Topmost 1 cm.; (1) Swlin i f   s i te ;  (2) Lab code; (3) 
Conventional 1.CC age (yr B.P.); ,(e) (%.); (5) 8- 
( X .  1. 

, """""""""~""""""""""""""""-" 

the main glacial stages recordd in the study area: 
-LARSTIG stage. Site La Foppa 11, sample Rome-204, 5Mx1 
yr B.P. 
-GOECHENB4 E stage. H t ,  Fmcagno, sanpXes Rooe-208 and 
Rme-209. 2200 and 2700 yr B.P. , raspactively, and 

3430 yr B.P.,  rsspectivvly. 
-GO,SCWNKN I1 stage. Campo valley, s-le Rone-207, 1340 
yr B.P.. 
-XII-XVth centuries cold phase (E Little Ice Age), La 
Foppa I s i te ,  saqples Rae-200 through R1xm-203, 
spanning from 790 to 580 yr B.P. . 
fxJNumw 
Measurements of BTS and m, phpaicochamical analyses of 
water runoff and electric sou+Iinps were carried out for 
sow q i c k  glaciers i n  Upper Valtellina  (Italian Alps). 
Results confirmed permafrost, occurrenae &we 2500 n 
a.a.1. . Radiocarbon dat- of paleosols buried by rock 
glaciers provided, a preliminary chronolagic framework 
far the glacial  activity in the area. 
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LATE PLEISTOCENE STABILIZATION  AND REACTIVATION OF EOLIAN SAND IN NORTHERN ALASKA:  IMPLICATIONS FOR 
THE EFFECTS OF FUTURE CLIMATIC WARMING ON AN EOLIAN LANDSCAPE IN CONTINUOUS PERMAFROST 

L. David Carter 

U.S. Geological  Survey 
Anchorage,  Alaska 99508-4667, USA 

During  the  last  glacial  maximum,  when  climate  in  northe n Alaska  wau.,ctluler and 
drier  than  today,  actfve  dunes.accupied  abaut 11,600 km 5 of the Alaskan  Arctic 
Coastal Plain.  The  climate warwd  aa,the ice  age ended, and the  dunes  were 
stabilized  from  about 12 to 11 ka, when  summers  were  warmer  and  wetter  than at 
present.  Stabilization of the  dune&' is recorded  by a galensol, which  was  buried 
when  eolian sand accumulation resumeh abruptly  about 11 ka.  Renewed  eolian sand- 
transport  occurred in response to'a decrease in surface  moisture,  but  summer 

atability of this  eolian landscape, or  cause i ts  reactivation,  depending on 
temperatures remained  warm.  Future plimatic  warming  could  enhance  the  present 

changes in surface  moisture. Genefa1 circulation  models  predict  that i n  Alaska 
climatic  warming  will be accompanied  by an increase  in  precipitation,  which may 
increase  surface  moisture  and  promote  continued  landscape  stability.  However, 
the  depth  to  permafrost i s  an important  control  on  drainage  and  surface 
moisture, If mean annual$air temperatures  become warm enough to lower  the 
permafrast  table and thereby  facilitate  drainage,  then drier surface  conditions 
and  renewed  eolian  sand-transport could accompany an i.ncrease in rainfall. 

<, 

INTRODUCTION 
Perennially  frozen  eolian  sand  dunes  and  sand 

sheets  form  the  surficial  materials  over  much of 
the  western  part of the  Alaskan  Arctic  Coastal 
Plain  (Figure l; Black, 1951; Carter  and 
Galloway, 1988, and maps cited  therein).  This 
sand is highly  susceptible  to  wind  erosion if 
the stabilizing  tundra  vegetation  and  underlying 
permafrost are disturbed by himan activities, or 
by processes such as natural os anthropogenic 
climatic  change.  Over  the  pasf 20 k.y., natural 
climatic  change  ha8  caused the repeated 
stabilization and reactivation of the  dunes  and 
sand  sheets  (Carter  and others, 1984). One of 
these  cycles  occurred  during the  termination of 
the  last  glacial event and the  inception of the 
present  interglacial, and is identified  by a 
thin,  discontinuous  but  widespread  paleosol  that 
is a stratigraphic  and  geomorphic  marker 
horizon.  The  paleosol rec'ords a brief  period of 
landsca'p@ stability  when  ice-age  dunes  were 
stabilized as surface  moisture  increased  and 
summers  became  warmer  than they:4rp now.  The 
paleosol was buried when renewed-&olian sand 
movement  occurred  in response to a ketui.1 to  dry 
surface  condikiohs,  although  summe?s.remained 
warmer  than at .present, This cycle of dune 
stabilization and reactivati0n.prQvides  insight 
into how these  now-stabilized  dunes  and  sand 
sheets  might  respond  to  future  climatic  warming. - 

During  the  last  glacial  maximum  (about 18 
ka), when  summers  were  cooler  and  surface 
conditions  drier  than  at  present,  extensive 
deposits of eolian sand  accumulated in most of 
the  lowland  areas of Alaska  (Hopkins, 1982; Lea 
and  Waythomas, 1990). On  the  western  Arctic 
Coastal Plain,  an  active sand sea  occupied  about 

sheets extended at least 100 km northeast of the 
11,600 km2,  and barren sand plains and sand 

(I 

Ikplkpuk Dunes Loess , sand Sheet Si te  
m.1.1.m.m.11.m 

Boundary between Arctic 
Coaetal Pla in  (north) 
and Arctic Foothills 
(oouth)  ' *  

78  

Figure 1. Map shpwing  distribution o f  eolian 
deposits and locatiorof s i t e s  discussed  in 
text. Entire 1and.area iswithin the zone of, 
continuous  permafrost  (Fe,r.rian,a, 1965) ~ 
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dunes  (Carter, 1981,  1983). The dunes,  sand 
plains,  and sand sheets  were  part of a system 
of eolian  sediment trapGort that  extended 
about 400 km  from  outwash  plains  and  fans  in 
the  east to where waning winds  depasited loess 
along  the  margin of the  Arctic  Footh.ilLs 
(Carter, 1988)  . In  this  report,  the dunes are 
informally  referred to as the  Ikpikpuk  dunes. 

Between  the  ColFillB and Ikpikpuk 
Rivers,  the  Ikpikpuk  dunes are composed  of 
large, linear  dunes as much as 20 km long, 1 km 
wide, and 30 m high.  Dune  forms  between  the 

are  difficult to  classify. Dominant:  winds 
Ikpikguk  and Meade Rivers are  more  complex  an@,, 

during  dune  formation, as determined by bedding . 

attitudes,  climbing  adhesion  ripples, and dune? r ,  
ridge  orientations,  were  easterly to 

winds (Carter, 1981). Sand  wedges,  rather  than 
northeasterly, similar to the  modern  prevailing 

ice wedges,  formed  upwind  of  the  dunes  and 
locally  within  the  dune  field  (Carter, 1 9 8 3 ) .  
The  sand  wedges  and  dunes  record  a  dry,  barren, 
and  windswept:  landscape  across  a  significant 
part of the  Alaskan  Arctic Coastal Plain  during 
middle and Late  Wisconsin time. DownQind of the 
dunes  in  the loess belt,  however. more moist 
conditions  prevailed  and  deep,  syngenetic  ice 
wedges  formed  (Carter, 1988). 

DUNE 3- 
Stabilization of the  Ikpikpuk dunes is 

recorded  by a thin,  discontinuous  but 
wides  read,  organic  soil-complex  (Figure 2 ) .  
Nine '% ages on humus  and  peat  from  this 
paleosol, and on shrubs rooted  in it, at six 

between 12 and 11 ka (Table.1). Four of these 
s i tes  show that peak soil  development occurred 

sites  are  described  in.detail  to  illustrate the 
consistency of the age and  stratigraphic 
setting of the paleosol, and  the  variety of its 
character  and  complexity.  The  sites  are 
topographic highs  that  preserve  the  uppermost 
sediments of  the  Ikpikpuk  dunes  because  they 
have been buried  by  younger eolian sand, They 
were  chosen to minimize  the  complexities of 
soil  development,  introduced by slope processes, 
thaw  lake  processes,  and  the  development of 

low-.centered  polygons noted by Everett (1979) 
in  his  description 6f the  modern  soil-landscape 
of this  region. 

Site, 1 (fiss. 2  and 3A) is a blowout  in a 27 
m-high  east-facing  river  bluff  cut thrabyh one 
of the large, Pleistocene  linear  dunes..Wind 
erosion  has  produced an  excellent  exposure of 
the  Pleistocene  dune  Band and the  interbedded 
organic  soils  and eolian sand that overlie it. 
The  lowest  organic-bearing  horizon  occurs about 
16+5 m above the base o€,the bluff; it iB a 
paleOS01 Composed of humus-rich  sand 5 to l G  
cm-thick,that  grades  laterally  into  a zone'40 
to 60 cm  thick  composed of thin  interbeds of 
sand  and-  humic  sand  with  abundant  woody  roots, 
and  with  shrubs  (probably  willow ( S a l i x ' ) )  in 
growth  Position ak.the Fop of the  zone.  The 
paleosol is only slightly  cryoturbated;and no 

approximnLoIy 50 m  of  cbrltinuous  exposure. A 
ice-wedge  pseudomorphs  were  observed over 

age on foots  from  the  base of the  wood-rich 
zone  is 11,430 k 170 yr B , P .  (Table l), which 
provides  an  approximate age for  stabilization 
of the  lkpikpuk  dunes  at this locality. Roots 
identified as willow (R.C. Koepgen, U.S.D.A., 
written  commun., 1978) at  the  top of the  wood- 
rich zone gave  a I4C age of 10,980 * 80yr B.P.  
(Table 1) 

Site 2 (Figure 3 B )  is a 9 m-high west-facing 
lake  bluff.  Stabilization of the  Ikpikpuk  dunes 
at this  site is recorded  by an organic-bearing 
zone  about 4 0  cm  thick 5 rn above  the hase of 
the  bluff  that  consists of several  thin, 
slightly  cryoturbated,  humus  rich sand beds. 

yielded a I4C age of 11,300 f 170 yr B.P. (Table 
The  thickest of these  humic  horizons  has 

1). No ice-wedge  pseudomorphs were observed  to 
be associated  with  this  paleosol. 

(Figure 3C) i s  marked by a paleosok  that grades 
laterally  from  a single, 16 cm-thick humic 
horizon  into  numerous  thin,  humic  horizons and 
sand  beds  that together are about 50 cm t h i c k .  
The central  humic  horizon i n  this zone has. 
yielded a 14C age of 11,300 f 160 yr B.P., 'and a 

been dated  at'.11,240 i 160 yr B.P .  (TabJe 1). I 

shrub rooted  in  the upper humic  horizon  has 

Again, no icwwedge pseudomorphs  were  observed 
beneath  this soil over  about 50 m of.,excellent 
,exposure  along  this  south-facing  river  bluff. 

blllff about 24 m high that exposes 21.5 m of 
Site 4 (Figure 3D) is a south-facing river 

eolian  sand apd interdunal  lake  deposits af the 
Ikpikpuk dunes, over.lai,n by 2. .5  m of 
interstratified  organic-rich beds and eolian 
sand. A zone 50  cm  thick  containing  thin beds 
of slightly  rryoturbated  humic  sand  separates 
sand  of  the  Ikpikpuk dunes from  jmunger  eolian 
'sand. The thickest  humic horizons are at'vthe 
base and top of the zone, and  they hawe, yielded 
-t4C ages of 12,070 * 100 and 11,190 -t. 60 yr B.P. 
respectively (Table 1). ,4 1 

The  other two localities  within  the.  ikgikpukr 
:.dunes for which I p C  ages  for  this  paleoqol  have: 
been  obtained are Sites 5 and 6 (Figure' 11, 
Site 5 is a north-facing  river b l u f f  20: rn ;high 
'that  exposes  17 m of dune  sand overlain'by 3 m 
:o€ interbedded  peat,  lacustrine sand and e;pli;in 
Sand.  About :5 cm of fibrous  autochthonous-.  peat 
occurs at ths,top of sand of the  Ikpik Uk dunes 
gnd  is  overlain  by  lacustrine  sand. A age 
determined  for  this peat is  11,040 f 17D yr 
, B . P .  (Table 1-1. S l . t c  6 i s  an 8 ,2  m-highj$&th- 
facing  bluff on the  south  shore of Teqfi&uk 
Lake  that  exposes 6 . 4  m of eolian sand- bf the 

Stabilization of the  Ikpikpuk  dunes a t  S i t e  3 
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Ikpikpuk  dunes  overlain  by  interbedded peat and 
younger  eoliah  sand.  The  paleosol  at  the top of 
the  Ikpikpuk  dunes is a 10 cm-thick  horizon  of 
humic  sand  that  has  been  hated  by 14C at 11,230 
f 170 yr B.P. (Table 1). 

horizons  at  Site 4 either  bracket  or  are 
analytically  indiatinguishable from all of the 
I4C ages from  other  sites  that  were  measured  on 
the paleosol that  formed  during  stabilization 
of the  Ikpikpuk  dunes. It thus appears  that  the 
peak  period of landscape  stability  and  soil 
development  within  the dune field  was  between 
12 and 11  ka. 

Radiocarbon  ages  on  the  lower  and  upper  humic 

paleosols  have  Eormed i n  eolian sand and  marine 
sand,  and are overlain by a  sheet oE eolian 
sand  that  also  blankets  the  Ikpi.kpuk  dunes. 
Theae paleosols, like those described  for  the 
Ikpikpulc dunes,  generally  consiat of a 4 to 10 
cm-thick  zone of humic sand. Radiocarbon  ages 
on these  paleosols  have been obtained for Sites 
7,  8 ,  9, and 10 (Figure 1). They  range  from 
10,980 f 70 to 12,300 f 190 14C yr B.P. A11 of 
these  ages are either  bracketed by or 
analytically  indistinguishable  from the "C ages 
for the  lower and upper  humic  horizons  at Site 
4 .  

Outside  the  Ikpikpuk  dunes,  correlative 

A closely  limiting  age  on  the  cessation  of 

movement was obtained for Site 4 .  A t  this  site, 
soil  development  and  the  renewal of  eolian sand 

a  root  zone  in  eolian  sand 20 cm abve the 
paleosol  (Figure 3 D )  yielded a 14C age of 10,820 
f 170 yr B.P:Considering  the  minimum  ages on 
the  paleosols, it is clear that  renewed  eolian 
sand  movement  and  burial of the  galeosols  began 
abruptly  about 11 ka.  Radiocarbon  ages  for  the 
end af this  episode of eolian  aapd  movement 
range  from 8,665 145 yr B.P. "at Site 3 to 
7,880 * 130 yr B.P. at Site 2 (Table 1). 

SIGNIFICANCE 

The broad  distribution of the  paleosols 
within  and  near  the  Ikpikpuk  dunes that date 
from 12 to 11 ka indicates  that  this  was a 
period of general  landscape  stability  over a 

locality  within  the  Arctic  Foothills for which 
large  part of the  Arctic  Coastal  Plain. A 

14C dates are  available  also  indicates  a  period 
o f  landscape  stability centered on 12 to 11 ka. 
At this  locality  (Site 11, Figure l), s 12 m- 
high river  bluff  exposes 7 m of colluvium  over 
5 rn of river  gravel.  About 1 m above  the  base 
of the colluvium i s  a fossil  tundra  mat  a  few 
centimeters thick  that is underlain  by  small 
ice  wedges  up to 0.5 m across. A sample of the 
tundra  mat  yielded  a 14C age of 11.800 * 170. 
These are the,only  ice  wedges  exposed  in the 
section  other  than  those  associated  with t he  
modern  surface.  The  tundra  mat  and  ice  wedges 
record a cessation of colluvial  sedimentation 
and an episode of landscape  stability.  It  seems 
likely  that  the  interval  12  to 11 ka  was a 
period o f  regional  landscape  stability  on  the 
Alaskan  Arctic  Slope. 

period in  northern  Alaska and  northwestern 
Canada is well  documented (McCulloch  and 

A late  Pleistocene  to  early  Holocene  warm 

Hopkins, 1966; Ritchie  and  others, 1983; Burn 
and others, 1986; Harry and  others, 1988). Soil 
formation  and  stabilization of the Zkpikpuk 
dunes  from 12 to 11 ka occurred  during  the 
early  part of this  warm  period.  Insect fossils 
from  organic  pond silt formed  during  this 
interval of landscape  stability,  and  recovered 
from  cores  obtained  from t he  Chukchi  5ea  shelf, 
have  been  interpreted as indicating  that the 
climate at that  time was substantially  warmer 
than  the  modern  climate  (Elias  and  others, 
1992) 

Soil  formation  and  stabilization of the 
Ikpikpuk  dunes  indicate either,an increase  in 
surface  moisture to allow  the  growth of 
stabilizing  vegetation, or a decrease  in  the 
supply o f  eolian sand to the  dunes.  Inasmuch as 
the  area  upwind  (northeast) of the  dunes for 
more  than 100 km was  composed  largely of loose 

eolian sand  seems  unlikley to be the  sole 
sand, an abrupt  decrease  in the supply of 

cause. A n  increase  in  surface  moisture  seems to 
have been necessary  to  stabilize  the  dunes. 
Such  an  increase is supported  by  preliminary 
results of analyses of f o s s i l  lacustrine 
ostracodes  from  Arctic Slope lake  deposts  dated 
to  the  interval 12 to 11 ka.  These  analyses 

wetter  than  those of the  present  (Carter  and 
suggest  that  aummexs  then  were  warmer ana 

others, 1984; R.M. Forester  and L.D. Carter, 
unpublished  data).  Surface  moisture  apparently 
increased as climate  warmed  at  the  end of the 
last glacial cycle. 

A n  increase  in  surface  moisture  could  have 
promoted  a  decrease  in  the  thickness of the 

because  the  heat  capacity of sand  increases 
active layer, in spite of a warmer  climate, 

with  increasing  moisture  content  (Williams  and 
Smith, 1989). A decrease in the  active  layer 
thickness  mighc  have  impeded  drainage,  thereby 
providing a positive  feedback  effect on surface 
moisture e 

The  absence of ice  wedge  pseudomoyphs  and 
minimal  cryoturbation  associated  with the  12- 
to 11-ka paleosol in excellent  exposures is 

t h i s  period in the Arctic  Foothills as shown by 
interesting. Ice  wedges  were  forming during 

the  fossil  ice  wedges  at  Site  11,  and,  at 
favorable  localities,  ice  wedges  were  forming 
on the  Arctic  Coastal  Plain  by at least 1.4 ka 
(Brown, 1965).' Mackay (1978) noted  that  at 
Garry  Island  in  the  Mackenzie  Delta  area,  ice 
wedges  rarely  crack  when  snow  cover on the 
ground  approaches I m. Limited growth of i c e  
wedges  on  the  Arctic  Coastal  Plain  during  the 
period 12 to  11 ka could  have  been  caused by a 
thicker  winter  cover of insulating snow than 
the 50 cm-thick  cover  characteristic of modern 
winters + 

Renewed  eolian  sand  movent  at  about 11 ka 
coincides  with  the  beginning of the 11- to 10- 
ka Younger Dryas Chronozonc,  which,  in  the 
North  Atlantic  region  and in some  other  areas, 
was  a  period of pronounced  climatic  cooling 
(e.g., Berger, 1990; Engstrom  and  others, 
1990). In northern Alaska and  northwestern 
Canada,  however,  summer  temperatures  apparently 
remained  warm,  as  indicated  by  pollen, 
lacustrine  ostracode  assemblages,  beetle 
faunas, and plant  macrofossils  (Ritchie  and 
others, 1983; Carter and  others, 1984; Nelson 
and  Carter, 1987; Anderson, 1988). The 
ostracode  assemblages also indicate  greater 
evaporative  concentration o f  lake  water than  
occurs  today,  which  suggests  relatively  dry, 
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cloud-free air masses. Drier  climatik 
conditions  would  tend to strengthen  the  effect 
of warm  air  t.emperatures  on  ground 
temperatures, by  decreasing  soil  moisture  and 
heat  capacity.  This  would  favor a lowering of 
the permafrost; table, which  would  facilitate 
surface  drainage  and  promote  the  dry  surface 
conditions  necessary for a renewal  of  eolian 
sand  movement. 

Wetter  surface  conditions  than  at 
present  evidently  would promote continued 
stabilization  of  the  eolian  dunes  and  sand 
sheets of the Arctic  Coastal  Plain,  whereas 
drier  conditions  would  favor  reactivation of 
these  surfaces. Global climatic warming.is 
expected  to  result  from  the  buildup  of 
anthropogenic greenhouse gases in the 
atmosphere,  and  this  warming  is  expected to be 
amplified  in  polar  regions  by  various  feedback 
processes (Etkin, 1990). Present  general 
circulation  models (WMs) predict  that  in 
Alaska  thin  warming  will be accompanied by 
cloudy skies and. an increase  in  precipitation, 
which  may  increase  surface  moisture  and  promote 
the  continued  stability of the  dunes and sand 
sheets.  However,  these  GCMs  are  still  under 
development,  and  are  presently  weak  in  their 
ability to predict  cloud  cover.  Moreover, drier 
surface  conditions  could  accompany an-increase 
in  rainfall if mean  annual  temperatures  become 
warm enough to lower  the  permafrost:  table  and 
thereby  facili.tate  drainage.  Reactivation of  
dunes and sand  sheets  over  a  large  part of the 
Arctic  Caastal  Plain  cannot  be  excluded as a 
possible  result of the  predicted  global 
warming. - 
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PERMAFR6ST A R O U N D  CGWS, ANTARCTICA 

Chen Xieo-bai 

L 8 n z h . o ~  I n s t i t u t e  o f   G l a c i o l o g y  a n d  G e o c r y o l o g y .  
C h i n e s e  Academy o f   S c i e n c e s ,   C h i n a  

, I  , 
, I  

E x c e p t   f o r  some  thawing  a r e a s  u n d e r  l a r g e   l a k e s ,   t h e   p e r m a f r o s t  i s  d i s t r i b u t e d  , I  

I c o n t i n u o u s l y  w i t h  a t h i c k n e s s  o f  10 m t o  100 m a n d  w i t h  a maximum t h a w i n &   d e p t h  
o f  0 . 5  m t a  1.8 m i n  t h e   G r e a t  Wall S t a t i o n ,   A n t a r c t i c a ,   w h i c h  m a i n l y  depends  

.,, o n   t h e   l a n d f o r m ,   t h e   t h i c k n e s s  and  e l a p s e d   t i m e  o f  snow c o v e r ,  s o i l ,  a s   w e l l  a s  
i t s  m o i s t u r e .   T h e r e  i s  a m a s s   g r o u n d   i c e  w i t h  a t h i c k n e s s  of 30 cm a n d   a n   i c e  
w e d g e  w i t h  a h e i g h t  o f  1 5  cm d e v e l o p e d   a t  a s m a l l   h i l l .  As well .  a t h a w i n g  
i n t e r c a l a t i o n  is found  i n  p e r m a f r o s t .  

INTRODUCTION 

T h e  C h i n e   G r e a t   W a l l   S t a t i o n ,   A n t a r c t i c a ,  
(CGWS) i s  l o c a t e d   a t   t h e  F i l d e s  P e n i n s u l a ,  of 
t h e   s o u t h  of  K i n g   G e o r g e   I s l a n d ,   A n t e r c t i c a  
(58'17'51'!9W,  62"12'59'!7S).  The l a n d f o r m  of t h e  
a r e a   a r o u n d   t h e  CGWS i s  a b i l l y  r e g i o n   w i t h o u t  
any i c e   c o v e r ,   a n d   w i t h  an e l e v a t i o n  o f  l e s s  
t h a n  165 m a . s . 1 .  I t  i s  a s u b - A n t a r c t i c   m a r i t i m e  
c l i m a t e  zone G i t h  a n  a n n u d l  air t e m p e r a t u r e  o f  
-3'C arid p r e c i p i t a t i o n   o f   m o r e   t h a n  600 m m .  ~ 

A b o u t  1 0 %  of  t h e  t o t a l  & r e a  i n  F i l d e s  P e n i n s u l a  
i s  c o v e r e d  b y  s e a s o n a l  anow a c c u m u a l t i o n   w h i c h  
will m e l t  i n  e a r l y  o r  m i d  J a n u a r y  (Chen, 1 9 9 1 ) .  
F u r t h e r   m o r e ;   t h @ . , g r o u n d   s u r f a c e  will a t a r t  
t h a w i n g   u n d e r  t h e  a c t i o n  o f  t h e   s o l a r   r a d i a t i o n ,  
s e n s i t i v e  h e a t  a n d  c o n v e c t i o n   e x c h a n g e   b e t w e e n  
a i r  a n d   e a r t h .  E x c e p t  t h e   t h a w i n g   a r e a s   u n d e r  
some Large L a k e s ,   t h e   p e r m a f r o s t  is d i s t r i b u t e d  
c o n t i n u o u s l y .  Many g e o c r y o l o g i s t s   ( V k b n i n ,   1 9 8 5 ;  
X i ; :  1988; Z h u ,  1 9 9 1 )   w e r e   a n d   a r e   e n g a g i n g   i n  

i t  is d i f f i c u l t  t o  s t u d y  i n  d e t a i l   b e c a u s e   t h e  
t h e   i n v e s t i g a t i o n  o f  p e r m a f r o s t   h e r e ,   H o w e v e r ,  

work ing  time i s  v e r y   l i m i t e d  a n d  some s p e c i a l  
e q u i p m e n t  was l a c k i n g .  T h e  a u t h o r   c o m p l e t e d  a 
p r e l i m i n a r y   i n v e s t i g a t i o n  a n d  o b s e r v a t i o n  of  
c h e   p e r m a f r o s t  t r y  using a s m a l l   d r i l l i n g  machine, 
a n  e l e c t r i c  p i c k ,  t e m p e r h t u r e   g a u g e s  a n d  t h e i r  
c o l l e c t o r s  w i t h  t h e   s u p p o r t  o f  t h e  5 t h  C h i n a  
A n t a r c t i c   E x p e d i t i o n .  As a r e s u l t ,  some  geocryo-  
l o g i c a l  p r o f i l e s   i n c l u d i n g  some s e d i m e n t a l  
c o r e s  w i t h  a m a x i m u m , t h i c k n e s s   o f   7 . 7 6  m ,  t h e  
maximum t h a w i n g   d e p t h  d k t a ,  t y p i c a l   t h a w i n g  
processes a s   w e l l  a s  ground  Lempera t ,ure  p r o f i l e s ,  
0 m t o  3 m t o  6 m i n  d e p t h ,   a t   v a r i o u s   l a n d f o r m s  
were m e a s u r e d .   A f t e r   c a l c u l a t e d .  t h e  t h i c k n e s s  
of   pe,r .mafrost  is 20 m t o   1 0 0   , m . , F u r t h e r  more, 
t h e   r e c o n s t r u c t i o n   o f   t h e   c l i m a t e   a n d   e n v i r o n -  
ment i n ,  L a t e ' P l e i s t o c e n e  is b e i n g   c o n d u c t e d   a t  
p r e s e ' n t ,  
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Genera l ly  s p e a k i n g ,   t h e  t y p e s  of  l a n d f o r m s  

84 

h e r e   c o u l d  be d i v i d e d   a s   f o l l o w s :   f r o s t   w e a t h e r -  
i n g  r o c k  and h i l l ,  s t e e p   s l o p e ,   g e n t l e   s l o p e ,  
m a r s h l a n d ,   g l a c i a l - f l u v i a l   d e p o s i t  h i l l ,  and 
m a r i n e  t e r r a c e .  A s  w e l l ,   i h e ,   l a k e s   a r e   r a t h e r  
d e v e l o p e d .  

p r o f i l e   w i t h   a n   c l e v a t i a n  o f  2 2 . 9  m a.s.l., a s  
shown i n  Fig.1, i s  l o c a t e d  a t  t h e  t o p  o f  West 
Hill. It is m a i n l y   d e v e l o p e d   s a n d y   c l a y  w i t h -  
s t o n e   f o r m e d  b y  g l a c i a l - f l u v i . a l   d e p o s i t s .  There 
i s  8 medium s a n d   l a y e r  a n d  a s a n d   l e n s ' d e v e l o p e d  
a t   t h e   d e p t h  of 0.55  m t o  0.60 m and  2 .75 m. to ,  
2 . 7 8  m r e s p e c t i v e l y .   T h e   d i r e c t i o n  of t h e   l a y e r  
i s  a l m o s t   p a r a l l e l   t o   t h e   s l o p e   s u r f a c e  a n d  
s l o p e s  'down t o   t h e .  s e a .  T h e  m o i s t u r e   p r o f i l e  is 
c o r r e s p o n d a n t  t o  t h e  d e n s i t y  a n d   d e p e n d s   o w t h e  
c r y o g e n i c  s t r u c t u r e s .  

2 .  G e n t l e   s l o p e ,  e a s t  t o   t h e  West Lake. The 
g e o l o g i c a l   p r o f i l e  is shown i n  Fig.2 w i t h  an 
e l e v a t i o n  o f  1 7 . 6  m a . s . L . ,  t h e  soil is a l m o s t  
t h e   s a m e   a s   t h a t   o f  F i g . 1 .  T h e r e  i s  a sandy 
g r a v e l   l a y e r   d e v e l o p e d  a t  t h e   d e p t h   o f   0 . 9 5  m 
t o   1 . 2 0  m. 

s t a t i o n  i s  b u i l t  a t  t h e   t h i r d   t e r r a c e ,  10 m 
a . 5 . l .  i n  e l e v a t i o n ,   w i t h ; a   t h i c k n e s s  o f  sandy 
g r a v e l   o f   m o r e   t h a n  1 . 8  m.' However ,   t he   rockbed  
is b u r i e d   a t   t h e   d e p t h  o f  a b o u t  1.1 m , b e n e a t h  
t h e   s a n d y   g r a v e l   l a ' y e r   a t   t h e  first t e r ' r a c e .  

4.. Gent le  s l o p e  a n d  m a r s h l a n d .  T h e  s a n d y  c l a y  
w i t h   s t o n e  i s  d e v e l o p e d  w i t h i n  0 t o  1 m i n  d e p t h  
a l l   o v e r   t h e  region. I t  is s a t u r a t e d   w h i l e  
m e l t i n g .  

5 .  Yenwu L a k e ,   T h e   e l e v a t i o n   o f   t h e  lake 
s u r f a c e  i s  a .bout   14 .6  m a . s . 1 .  I t s  geological 
p r o f i l e  i s  shown ?n F i g . 3 .  The d i l u v i a l - s l o p e  
d e p o a i t ,   s a n d y . c l e y  w i t h  s t o n e ,  i s  d e v e l o p e d  a t  
t h e  d e p t h   o f  0 ' t d  1 in and  somewhere below 1 m .  
The l a c u s t r i n e   a n d  mar ine  d e p o s i t s  a r e  deve loped  
b e n e a t h   t h e   d e p t h  o f  1 m. T h e  fossil s h e l l s  were 
found  a t  d i E f e r e n t  l e v e l s ,  1 .90  m t o  2 . 2 0  m and 
9 . 6 0  m t o  6 . 5 0  m i n  d e p t h ,  T h e  m o i s t u r e   c o n t e n t  
is c o r r e s p o n d a n t  to i t s  c r y o g e n i c   s t r u c t u r e .  

1. G l a c i a l - f l u v i a l   d e p o s i t  h i l l .  As a t y p i c a l  

3 .  M a r i n e   t e r r a c e .   T h e   c u r r e n t   m e t e o r o l o g i c a l  
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Figure 2 .  Comprehensive  column of sedimental core collected from the E a s t  side of West Lake 
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F i g u r e  3 .  Comprehens ive '~co1umn o f  s e d i m e n t a l  
c o r e   c o l l e d t e d   f r o m  Yenwu Lake 

S E A S O N A L L Y  T H A W I N G  L A Y E R  
! 

1. S e a s o n a l l y   t h a w i n g - f r e e z i h g :   p r o c e s s e s .  
T h e  seasonally t h a w i n g - f r e e z i n k   p r o c e s s e s   a n d  
t h e  t h a w i n g  i n d e x   c u r v e  o f  C h i n a   A n t a r c t i c  
M e t e o r o l o g i c a l   S t a t i o n  is shown i n  F i g . 4 .  F r o r  
t h a t  we know t h e  p o s i t i v e  a i r   t e m p e r a t u r e  
a c c u m u l a t i o n   s t a r t e d  a t  t h e  m i d d l e  of  December 
w h i l e  snow c o v e r   d i s a p p e a r e d  a,nd t h e   g r o u n d  
began t h a w i n g .  R u r i q g  t h e  m i d d l e  o f  November t o  
t h e   m i d d l e  o f  December ,   the   snow  cover  was m e l t -  
i n g  i n  t h e  day  t i m e  w h i l e  a i r  t e m p e r a t u r e  was 
above  O'C which   caused  a g r o u n d   s u r f a c e   p h a s e  
c h a n g e   w i t h  a t e m p e r a t u r e  o f  O'C. The t h a w i n g  
d e p t h  will be n e a r  t h e  maximum i n  e a r l y   n a r c h  
w h i l e   t h e   g r o u n d   s u r f a c e   s t a r t s  f r e e z i n g ,  f rom 
u n s t a b l e   t o   s t a b l e   g r a d u a l l y .  The maximum thaw- 
i n g   d e p t h   o c c u r s   a t   t h e  e n d  o f  March w i t h  a n  
e x t r e m e  i n d e x  o f  19Q.S 'C.day .  And t h e n  t h e  
freezing processes o f  e a r t h  w i l l  a p p e a r  i n  t w o  
d i r e c t i o n s ,  i.e. frpm t h e  s u r f a c e   d o w n w a r d s  

The t h a w i n g   L a y e r  w t l l  b e  f r o z e n   c o m p l e t e l y  a t  
and  f rom t h e  p e r m a f r o s t  t a b l e  t o  t h e  s u r f a c e .  

t h e  end of A p r i l  a n d  m e a n w h i l e   c o n n e c t e d   w i t h  
t h e   p e r m a f r o s t .  

F i g . 5   s h o w s   t h a t :  t h e  s e a s o n a l l y   t h a w i n g -  
f r e e z i n g  process a t ! ' t h e  g e n t l e   s l o p e ,  a t  t h e  
e a s t   s i d e  o f  West L a k e .   T h e r e  i s  m o r e   t h i c k n e s s  
o f  snow C Q V ~ F  a n d  s h o r t e r  soqar  r a d i a t i o n  com- 

T h e  m e l t i n g  prnres? at.aiYe'd .XC t h e   e n d  o f  
p a r e d  w i t h  t h a t  o f  t h e   m e t e o r o l o g i c a l  s t a t i o n ,  

December a n d  t h e  max imum t h a w i n g  d e p t h   o c c u r r e d  
a t  t h e  m i d d l e  o,r, t h e   e n d  of March w h i l e   f r e e z i n g  
s t a r t e d  i n  t w o  d i r e c t i o n s .  T h e  t h a w i n g   l a y e r  

F i g u r e  4. The  pos:i t : ive a i r  t e m p e r a t u r e  
a c c u m u l a t i o n  a.nd t h a w i n g - f r e e z i n g  process 
o f  t h e   m 6 r e o r o l b g i c a l   s t a t i o n ,  CGWS 
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F i g u r e  5 .  T h a u i n g - f r e e z i n g   p r o c e s s  o f  g e n t l e  
s l o p e   a t   t h e   E a s t ' s i d c  o f  West Lake 

w i l l  be f r o z e n  ' i n  t h e   m i d d l e  of A p r i l .  

t h a w i n g r f r e e z i n g   l a y e r .  

Because  i t  i's l b c a t e d   a t   t h e   t o p  of t h e  h i l l  
w i t h  p o d  d r a i n a g e  a n d  l e s s  w a t e r   c o n t e n t  o f  
soil, i n  common' c a s e s ,  a l m o s t  all of t h e   f r o z e n  
ground l e y e r ' i s  a mass  s t r u c t u r e ,   e x c e p t  for a 
l a y e r   s t r u c t u r e   a n d   i c e   c r y s t a l s   s u r r o u n d i n g  
g r a v e l   a n d   s t o n e 3   n e a r   t h e   p e r m a f r o s t   t a b l e .  

West   Lake.  T h e  s i t u a t i o n   h e r e  i s  v e r y   s i m i l a r  
t o  t h a t  o f  %he o t h e r  g e n t l e   s l o p e .  Due t o  
s u f f i c i e r ~ t  .wu$e,r s u p p l y  a n d   t h i c k e r  snow c o v e r  

I pr .oducing  a l ower  f r o s t   p e n e t r a t i o n  r a t e  d u r i n g  
f r e e z i n g ,   t h e   l a y e r   c r y o g e n i c   s t r u c t u r e   h a s  a 
t h i c k e r  i c e  l e n s   a n d   i c e   c r y s t a l s   s u r r o u n d i n g  
t h e   s u r f a . c e   o f   g r a v e l   a n d   s t o n e ,   w h i c h   w e r e  
formed w i t h  a water c a n t e n t  o f  SOX t o  90X. As 
a r e s u l t ;  t h e   b e a r i n g   c a p a c i t y  o f  t h e   l a y e r  
w i l l  b e  lat; i t .  T h e   d e h y d r a t e d   l a y e r   f o r m s  a t  t h e  

m i g r d t i n g  u p  t o w a r d s   t h e   f r a s t  f r o n t  and down 
t h e   p e r m a f r o s t . t a b l e   s i d e .  T h e  d e n s i t y  v a r i a t i o n  
o f  s o i l  a l o n g  t h e  d e p t h  i s  c o r r e s p o n d s n t  t o  t h a t  
o f  i t s  m o i s t u r e   c o n d i t i o n  (see F i g . 2 ) .  

( 3 )  F o r - t h e  m a r i n e   t e r r a c e .  The u p p e r  p a r t ,  
d t o  2 0 , c m  i n  d c p t h ,  is g r a v e l  w i t h o u t   a n y  s a n d  
c o n t a i n e d  i n  i t  w h i c h   p r o v i d e s  a n   e x c e l l e n t  

. .  d r a i n a g e  con.di t i , ,on.  I t  was i n  a d r y  and  loosened 
s t a t e  i n  t h e   m i d d l e  a n d  t h e   e n d  o f  November, 

2.: C r y o g e n i c , s t r u c t u r e s  o f  t h e   s e a s o n a l l y  

( 1 )  F o r  t i i e . h i l 1  o f  g l a c i a l - f l u v i a l  d e p o s i t .  

( 2 )  F o r  G e n t l e  slope o f  t h e  e a s t  s i d e  o f  

.. d e p t h   o f  0 : 7 5  m t o  1.05 m b e c a u s e  o f  w a t e r  

8 6  



1988, w i t h  8 snow c ~ v e r  of 1 5  t o  2 0  cm i n   t h i c k -  
ness .  The  snow melt water p e n e t r a t e d  down i n  t h e  
day  rima a n d  f r o z e n  i n  t h e  n i g h t  forming i c e  

0 'C z o n e  occurs easily i n  t h e   g r a v e l  l a y e r ,  r i c h  c r y s t a l s  s u r r o u n d i n g  t h e  s u r f a c e  o f  g r a v e l .  A 

i n  i c e  b o t h   d u r i n g   f r e e z i n g   a n d   t h a w i n g .   T h e  
maximum t h a w i n g   d e p t h  was 0.85 m t o  0.95 m a t  
t h e  f i r s t  marine t e r r a c e  w i t h  i c e  c r y s t a l s  
s u r r o u n d i n g   t h e   s u r f a c e  of f r o s t   w e a t h e r i n g  
r o c k s  near t h e   p e r m a f r o s t   t a b l e .  

3 .  The maximum s e a s o n a l l y  t h a w i n g   d e p t h .  
A f t e r   d e t a i l e d   i n v e s K i . g e t i d n   a n d   o b s e r v 8 t l o n  

a r o u n d   F i l d e s   P e n i n s u l a ,  the maximum s e a s o n a l l y  
t h a w i n g   d e p t h  a t  d i f f e r e n t   l a n d f o r m s   w a s  compiled 
a n d  l i s t e d   i n   T a b l e '   l ' i n c l u d i n g   t h e   c o n d i t i o n s  
o f  s o i l ,  v e g e t a t i o n , '   a n d   t h e   d i s a p p e a r i n g   d a t e  
o f  snow c o r e r .  

PERMAFROST 

1. G r o u n d   t e m p e r a t u r e   p r o f i l e s   a n d   t h i c k n e s s  
of p e r m a f r o s t .   T h e   g r o u n d   t e m p e r a t u r e   p r o f i l e  
of  t h e  s ide  of Yenwu L a k e  i s , s h o w n  i n  F i g . 6  
w h e r e   t h e   t e m p e r a t u r e   p r o f i l e   b e l o w   t h e   d e p t h  
o f  3.5 m is k e p t  s t a b l e .   M e a n L h i l e   t h e   g r o u n d  
t e m p e r a t u r e  w i l l  r i s e  w i t h   t h e   i n c r e a s e  i n  t h e  
d e p t h .   T h e   g r a d i e n t  of p ~ o u n d " ' : r e m p e r a t u r e   w a s  
c a l c u l a t e d   w i t h   a n   a v e r a g e  of 36 m/"C. Based   on  
t h e   a b o v e ,   t h e , t h i c k n e s s  o f  p e r m a f r o s t   h e r e  is 
a b o u t  2 2  m w i t h   a n   a n n u a l   a v e r a g e   g r o u n d  tem- 
p e r a t u r e  o f  -0.45OC. 

L a k e ,  is s h o w n  i n  Fig.7, Based  on t h e   b a s i c  
f l u v i a l   d e p o s i t   g e n t l e   s l o p e ,  e a s t  s i d e  o f  West 

g r o u n d   t e m p e r a t u r e   p r o f i l e   m e a s u r e d  on March 2 ,  

T h e   g r o u n d   t e m p e r a t u r e   p r o f i l e  o f  t h e   g l a c i a l -  

T a b l e  1. The  maximum t h a w i n g   d e p t h  of  d i f f e r e n t   l a n d f o r m a  i n  F i l d e s   P e n i n s u l a  

Landform 
u n i t  S o i l   t y p e  

E a r t h   s u r f a c e  Date w i t h o u  M a x .  t h a w i n g  
c o n d i t i o n  s n o w   c o v e r  d e p t h  ( m )  

T o p  o f   h i l l  Sandy c l a y  
w i t h   s t o n e  

Top of  h i l l  Sand  c l a y  
'w i th  s t o n e  

No v e g e t a t i o n  
a n d  dry End o f  Nov. 1 . 4   t o  1 . 5  

Liken   and   Marsh  E n d  o f  Nov. 
a n d .  wet E a r l y  Dec. 0 . 9  t o  1.0 

3 r d   t e r r a c e   S a n d y   g r a v e l  No V e g e t a t i o n  End o f  Dec. 1 . 2  t o  1 . 2  

2nd t e r r a c e  

1st t e r r a c e  

G e n t l e  s l o p e  

G r a v e l  

G r a v e l  

Sand c l a y  
w i t h  s t o n e  

G e n t l e  slope Sdndy c l a y  
w i t h   s t o n e  

No v e g e t a t i o n  

No v e g e t a t i o n  

S o r t e d   c i r c l e  
d e v e l o p e d  

Marsh   and  w e t  

End o f  Dec. 
Early J a n .  

End  of Dec.  
Early J a n .  

End o f  Dkc. 
E a r l y  J a n .  

E a r l y   J a n .  

I ,  1 . 6  t o  1 . 8  

0 .85  t o  0 .95  

0 . 6  t o  0.7 

0 .6  t o  0 . 7  

Marsh- land  S a n d   c l a y  Marsh   and  wet . M i d d l e   o f   J a n .  0 . 5 5  t o  0 . 6 5  

Marsh- land  Sandy c l a y  L o t s  o f  m a r s h  & wet M i d d l e  o f  J a n .  , I d , 5  t o  0 . 6  

The s i d e  Sandy c l a y  No v e g e t a t i o n  M i d d l e  o f  J a n .  1.0 t o  1.1 
of  l a k e  w i t h   s t o n e  N o  water d i s c h a r g e  

T h e   s i d e  Sandy c l a y  No v e g e t a t i o n  
o f  l a k e  w i t h   s t o n e  Water d i s c h a r g e  M i d d l e  of J a n .  4 1.2 to 1.3 

1989, a n d   a f t e r   r e g r e s s i o n   a n a l y s i s ,   t h e   g r o u n d  
t e m p e r a t u r e  a t  t h e   d e p t h  of 6 m is - 1 . 2 5 ' C ,  the 
a n n u a l   R r o u n d   t e m p e r a t u r e  i s  a r o u n d  -1 .3 'C  t o  
- 1 , 5 ' C   a n d   t h e   c a l c u l a t e d   t h i c k n e s s  o f  perme- 
f r o s t  i.s 50 m t o  30 m. 

of t h e   t e n d e n c y  o f  t h e   g r o u n d   t e m p e r a t u r e   p r o -  
file, m e a s u r e d   i n   s i t u   w i t h  l i t t l e  s n o w   c o v e r ,  
t h e   a n n u a l   g r o u n d   t e m p e r a t u r e   w a s   c a l c u l a t e d  8s 
-2.1'C w i t h  a level of zero a n n u a l   a m p l i t u d e  o f  
t e m p e r a t u r e  o f  a b o u t  10 m .  And t h e   c a l c u l a t e d  
p e r m a f r o s t   t h i c k n e s s   h e r e  is n e a r  80 m ,  The  snow 
c o v e r  a t  t h e   g e n t l e   s l o p e ,  a t  the,east s i d e  o f  
West h a k e ,  i s  r a t h e r   t h i c k ,   s o : ' t h o   L e v e l  o f  zero 
a n n u a l   a m p l i t u d e  of  t e m p e r a t u r e  i s  n e a r  6 m with 
a n n u a l   g r o u n d   t e m p e r a t u r e  of  -1.O"C and   perma-  
f r o s t   t h i c k n e s s  of a b o u t  40  m .  C o n s e q u e n t e l y ,  i t  
c o u l d   b e   a s s u m e d   t h a t   t h e   t h i c k n e s s  o f  p e r m a f r o s t  
i n  t h e   a r e a   w i t h o u t   a n y   s n o w   c o v e r   m i g h t  be more 
t h a n  100 m .  

F o r  t h e   W e s t  Will, a f t e r   r e g r e s s i o n   a n a l y s i s  

2 .  Ground i c e .  I n  common c a s e s ,  t h e r e  i s  a 
l aye r  of i c e  l e n s   d e v e l o p e d   n e a r   t h e   p e r m a f r o s t  
t a b l e   a n d  i c e  c r y s t a l s  s u r r o u n d i n g   g r a v e l   a n d  
s t o n e .   H o w e v e r ,   i n   t h e   d r i l l i n g  c o r e  c o l l e c t e d  
f r o m  West Hill ( F i g . l ) ,  t h e r e  i s  a mass i c e ,  
10 cm i n   t h i c k n e s s ,   d c v e l o p e d  at. t h e   d e p t h  of  

and   f ew s o i l  p a r t i c l e s .  As w e l l ,  a n  ice wedge 
1 . 6 0  t o   1 . 7 5  m w i t h  many v e r t i c a l   a i r   b u b b l e s  

w i t h  a h e i g h t  of 15 cm d e v e l o p e d  at t h e  samr 

exists a t   t h e   d e p t h  o f  1.9 t o  2 . 3  m w i t h   s o m e  
l e v e l .  A m o s s  g r o u n d  i c e ,  30 cm in  t h i c k e s s ,  

v e r t i c a l  air b u b b l e s  and f ew s o i l  p a r t i c l e s  
a l s o .  Below t h e   l e v e l   d e v e l o p e d   m a s s , i . c e ,   t h e r e  
i s  a l a y e r  w i t h  a l a y e r   c r y o g e n i c   s t r u c t u r e ,  
r i c h  i n  i c e .  What s h o u l d  b e  p o i n t e d   o u t  i s  Cha t  
t h e   e l e v a t i o n  o f  t h e   W e s t  pill i s  2 2 . 9  m a . s . 1 .  
w h i c h  i s  6 . 9  m h i g h e r   t h a n   t h a t  of  t h e   L a k e  
s u r f a c e .  So t h e   e x i s t e n c e  o f  t h e  mass i c e  c o u l d  
r e f l e c t   a n   o c c u r e n c e  o f  a s e d i m e n t a l   e n v i r o n m e n t  
b e c a u s e  i t  c o y l d   n o t   b e   f o r m e d  r e c e n t l y  w i t h o u t  



fine :sand-laye,rs-'in the co;e collected  from 
YenwwEake (Fig.3) is  a mass one with  much more 
wate-r  content  than  that of the  saturated one. 

tigation of  a . sortad,  circle  near  the  acieqtdfic 
building, a thawing  intercalation wa,s found at 

tw 3 4 % .  However,  the  water  content o f  the. upper 
pstt, 0 to 0.87 m i n  depth,  was  more than 50% 

thick  layer. the freezing  point Tf, 0 to 0.87 m 

and -0.012°C at  the  depth o f  0 . 3 4  m t o  0 . 3 6  m, 
in depth, i s  near O'C, except -O.OlS"C, -0 .036"C 

0.74 m t o  0.16  m and 0.81 m to 0.83 m  respec- 
tively.  But, .at ,  a depth  over 0.87 m ,  its Tf was 
-0.OB"C to -0.13"C which i s  much  lower  than 
that of  the  upper p a r t :  The  relatively  high 
ground  temperature  produced b y  snaw  cover. 1.5 m 

point  makes  the  lower  part of the sorted circle 
formed a thawing  intercalation. 

a t  , \ 1  During  the  construction o f  CEWS,  Antarctica, 
the thawing  intercalations  were  found b y  the 
expedition  members  while  digging  the  trench o f  
the bullding base. 

This phenomenon  will be discussed i n  detail 
while  reconstructing  the  ancient  climate and 
e n v i r a n m e n t a l . c o n d i t i D n 6  here. 

3 .  Thawing  intercalation - During  the h v e s -  

.; a depth  below 0.87  m  with  a  water  content o f  28 

, .  by weight  and  the wyogenic  structure  was a 

, i to 2 m  in  thickness, and rather  low  Ereezing 

CONCLUSIONS 

Y S.O(m) 
1. Except. fo; some l a r g e  lakes,  permafrost 

is  continuously  distributed a t  the  Fildes 
Peninsula, King George Island,  Antarctica. The 
thickness  of,permaEtost  is 20 m t o  100  m which 

Figure 6 .  The  ground  temperature  profile  depend8  on  landform, soil, moisrure and  snow 
o f  t h e  side of  Yenwu  Lake  cover, 

2 .  There  is a layer of mass  ground  ice  with 

Ground temperaturg 
a thickness  of 10 t o  30 cm., and  an i c e  wedge at 
t h e  West  Hill, and  a thawing  intercalation 

- 1 0 2 4 6 8  within  the  permafrost  which  was  Droduced i n  
a ,  ancient  climate and environmentai  conditions. 
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STRUCTURE AND TEXTURE  FORMATION  OF  FROZEN  SAPROPEL 
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Sased  on  lab  modelling  an  analyses o f  the  processes o f  structural  and  textural 

Experimental  data  shows,  that  the  process of freezing < ? f  organogenous  high  humid 
formation in frozen  high  humid  lake  organogenous  sc~'~'k~ents  has  been c a r r i e d  Out. 

grounds  causes  humidity  transfer fn6m this  zone  into  the  frozen  one, and. i t s  
local  redistribution  in  the bound:arie8 of freezing  and  frozen  zones  appearing  to 
extend  differently  depending on th'e conditions of  heat  exchange. I,n conditions 
where low intensive heat  exchange  prevails,  humidity  transfers  from  the  thawed 
zone oE organogenous  ground  into  the frozen one  with  the  subsequent  freezing,,of 
migrated w a t e r  presenting  segregational  layers of i c e .  Local  redistribution "of 
water  mainly  appears in Conditions of intensive  heat  exchange  at a high  spe,ed,of 
freezing  and is the  result o f  expression  and  subsequent  freezing o f  the  connected 
water  during t h e  process of dehydratlon of the  organomineral  frame and of coagu- 
lation o f  the  organic  components of the  rock. 

INTRODUCTION 

Exploitation of lacustrine  organogenic sapro-  
pel sediment a s  B valuable  natural  raw  material. 
working  all y e a r  rdund  through  technologies of 
their  recovery in areas  with  stable  winter  freez- 
ing i s  impossible  without  taking  into  account 
the  mass-exchange,  physico-chemical a n d  t e x t u r e  
formation process  caused by cryogenic  phenomena. 
The  efficiency o f  the  existing  technology of  de- 
watering  sapropel by way o f  freezin8 i n  precipi- 
tation  tanks  depends t o  a significant  extent  on 
the  character o f  transformation of the  texture 
o f  sapropel a s  a  result o f  freezing.  Unlike 
mi.nere1 soils,  the  processes  which  occur  in f r o -  
zen  sapropel  have  not  been  thoroughly  studied. 
A series of  problems  need  further  study.  The 
most  important o f  them  are  the  following:  study 
of  the  mechanisms  and  regularities o f  cryogenic 
texture- end structural  formation,  discovery  of 
qualitative  and  quantitative  relations of thermal 
and  mass-exchange  and  cryogenic  texture-  and 
structural  formation,  predicting  changes o f  

choosing the  optimal  freezing  modes. 
structure and  properties  during  freezing,  and 

In accordance  with  the  above  mentioned  the 
aim of t h i s  study was the  reseerch of formation 
and transformation o f  cryogenic  macro-  and 
microtexture of  sapropel  in a vast range O F  
thermodynamic  conditions of freezing, t a k i n g  
into  account  the  mass-exchange,  physico-chemical 
and physico-mechanical  processes  on  the  baais o f  
laboratory  modelling. 

THE TECHNIQUES OF RESEARCH 

Modelling of  thermal- and mass-  transfer  pro- 
cesses,  cryogenic  texture-  and  structural  forma- 
t!on in  sapropel  was  conducted  on  the  basis of , 

use o f  laboratory  equipment  and  instruments.  The 
main feature of this  set  was 0 la,bocatory instal- 
lation  (Rrovka,  Murashko, 1989). Its  construc- 
tion  ensures  the  maintenance  of  a  one-dimenston 
temperature  field  during  the freezing of ground 

samples  with  a  diameter oE 140 mm and 300 mm in 
height.  The  installation  allowed us to conduct 
a comprehensive study of thermal- and  mass- 
transfer  parameters in the  freezing  dispersal 
systems  with  automatic  changing  and  regularity 
o f  temperature,  and  alteration o f  swelling 
degree. 

gular  composition  patterns.  different  initial 
samples o f  the  upper-  quaternary age with irre- 

water  content  which did n o t  undergo  seasonal 
freezing in natural  conditions.  Sapropel  of 
different  compositions  have  been  studied  during 
modelling:  organic,  carbonate, siliceous, mixed- 
collcctcd  from  the  deposits of Byelorussia 
(Table 1). 

The experiments  were  conducted on the sapropel 

Table  1. Characteristics  of  the  studied 
sapropel of natural  composition 

I 

Organic 1.03 0.042 2000 12.7 
sapropel 

Carbonate 1. 2 2  
sapropel 

Siliceous , 
sapropel 

sepropel 
Mixed 1 d 0 8  

0 . 3 9  

0.4.7 

379 

340 

7 5 . 8  

5 7  .O 

, .! ,, 

Sapropel  samples  were  frozen  at  given  bound- 
ary  conditions td t h e  depth of '100 mm. After 
one-side  freezing bf samples t h e y  were cut in 
slices  and  the  humidity  and  density  were 
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determined.  The  results  were used in  drawing a 
diagram of  curves  reflecting  the  pattern  of 
water  distribution  along  the  height  of  the  sam- 
ples at  different  time  intervals.  Thetmal-  and 
mass-transfer  parameter4  were  calculated.  Cryo- 
genic  macro-  and  microstructures  were  studied  in 
samples of organogenic  soil  prepared by means o f  
vacuum  sublimation, in replicas  and  thin sections 
with  the use of  optical  and  electron microsc,opy 
( E r s h o v ,  1988). The  universal  digital syatern of 
image  analysis IBAS-2000 produced  by-  "Opton" 
which  was  capable  to  conduct  various  meaaure- 
rnents, transformation  and  classification of the 
studied  objects  was  used  in  order  to  perform 
comprehensive  analysis o f  the  processes  of 
texture- and structure  formation  depending  on 
the  parameters of  heat  and  mass  transfer. 

Application o f  the  method o f  image  analysis 
f o r  research of .the  cryogenic  structure of Erozen 
organogenic soils enabled u s  to  calculate  a , 
series  of  object-  and  field  specific  textures 
and  structural  parameters  which  reflect  the  form, 
dimensions,  orientation  in  space,  location  with 
respect  to  one  another,  and  pattern of diatribu- 
tion o f  i c e  and  organomineral  constituents.  The 
following  object-specific  parameters  were  cal- 
culated:  area (SI. perimeter ( P I ,  maximal  and 
minimal  diameter of  ground  particles  (Dmax, 
omin), their  orientation ( X .  Y .  $)  and  form 
coefficients (Ki, K , L ) .  Determination of field 
specific  parameters  with  respect to the  ice 
constituent  allowed  the  calculation of voluminous 
schlieren  ice  content  in  the  rock it.. and, 
separately,  the  ice  content  due t o  horizontal 
and  vertical  schlieren o f  ice. The  application 
o f  the  image  analyais  system  let  us  obtain the, 
data  on  water  content  of  agsregates  of  orgsnomi- 
neral  matrix o f  soil  Wra.  The  volume  distribu- 
tion  pattern  (Wvol)  down  the  frozen  zone of 
samples  was deterained.lqyer-by-layer by means 
o f  thermostatic  drying.  Afterwards,  ice  content 
was  calculated  with  the  image  analyaer  according 
to  the  image o f  the  cryogenic  structure  obtained 
f r o m  t h e  replica.  The  density of organominesal 
layers was Faldulated as:  

The  mentioned  parameters  helped E O  establish 
the  quantitative  r,elationship of processes of 
re-distribution o f  water  and  formation of cryo- 
genic  macro-  and  microstructure o f  freez.ing 
sapropela. , .  

, , . ,  
, . .  

THE RESULTS A N D  THEIR ANALYSIS 

The  result o.f experiments  on  one-sided free$- 
ing  show  that  the  physical  and  chemical processes 
i n  sapropels  depends  a  lot  on  the  availability 
of organic  components  of  the  rock matrix. It 
stimulates  the  coagulation  processes  during 
freezing,  influences  the  water  transfer  mecha- 
nism  and  cryogenic  texture  and  structural  forma- 
tion  on  the  whole.  Despite  the  anomalously high. 
natural  water  content  in  sapropels,  the  character 
of  re-distribution  of  water  in  them  is  similar 
as  in  mineral  soils.  Ice  was  ala0  observed  here 
in the  frozen  zone 8 1  well  as  the  dehydration in 
the  thawed  zone  which  is  due t o  the  gradient  of 
general  thermodynamic  potential caus.ing the  flow 
of  water  from t h e  thewed,zone  to  the  rrozen  one., 
The  dynamics o f  freezing i s  characterised by -the 
moBt significant  water re-distributi0.n  in ,condi,-:" 
tions of low-intensity  thermal  exchange  at low. 

velocities as the  velocity of the  division 
boundary  between  the  phases,  decrease  of tem- 
perature  gradient  in  the  frozen zone and  the 
density of m i g r a t i n g  f l o w  of water  ( F i g . 1 ) .  

Figure 1. The  character af the  density o f  water 
migration  flow (Jw), temperature  gradient ( g r a d  
t),, humidity  (Wvol)  and  velocity o f  freezing ( y f r )  temporal  changes i: the  carbonate  sapropel 
w v01=0.71; yf-0.51 g l c m  t0=-3.4'C. 

The  results of  experimental s t u d i e s  confirm 
that  texture-  and  structural  formation  during 
freezing of sapropel  occurs  in  conditions of  two 
mechanisma o f  mass-transfer:  migration  of  water 
from  the  thawed  zone of the  freezing  ground  into 
the  frozen  one  with  BubsCquent  freezing  In  the 
form of layers  consisting o f  segregation  ice 

distribution o f  water withing  the freezing and 
(migration-segregation mechanism) and  local re -  

frozen  zones  during  the  process of driving  off 
combined  water  and  its  subsequent  freezing  with 
the  dehydratation o f  organomineral  aggregates 
and  coagulation of  organic  components  (coagula- 
tion mechanism). Cryogenic  texture-  and  struc- 
turel  formation i n , , f r e e z i n g  sapropel  occurs in 
several  stages  in  correspondence  with  the 
alteration',of  the  prevailing  mechanism of  mass 
transfer  during  freezing. 

At t.he initial  stage of freezing  which is 
characterised by high  values  of grad t ,  the 
process  of'texture f'ormation is regul-ate'd by 
the 1aw.a o f  free  water  crystallization  which 
corresponds  to  the  prototrope  stage of crystal- 
lization. A t  t h e  f o l l o w i n g  stage  the  formi'ng 
i c e  matr.ix promotes,oriented growth,  of  ice 
crystals  which  COnStitUteS  vertical  schlieren. 
They  thicken  with  depth  and p u l l  th'e associdtes 
of  0,rganomineral  matrix  apart  while  deforming 
end  consolidatidg i,i. The p r o c e s s  of cotisolfdat- 
i n g  the  sayropel  matrixes  accompanied by 
dehydration  with  driving  the  combined  water o f f  
which  frdezes  at  the  periphery of ground' aggre -  
gates. Dewat.er,ing o f  the  matrix  causes  aetivi- 
sation of the  process o f  agg'regation  and  coagu- 
1atio.n o f  organomineral  component.  Height  con- 
tents,.of the  organic  component in the saeropel.. 
which  possesses  high  adhesion.  characteristics, 
promotes  combining  material  particles  into 
argaao  mineral aggr ,egstes .  Their  formation i s :  
accompanied by the 'nearing of particles  and the, 
increase of  their  surface  and  it  causes  still 
more  deep  dewatering o f  the organomineral 
matrix,  The  vertical i c e  schlieren  were  formed 
during this process  whjch i s  due t o  the  driving 
off  and  subsequent  freez.ing  of  combined  water 
during  dehydration o f  organo-mineral  matrix and 
coagulation o f  the  organic  Component  of  the  rock 
(coagulation-segregation  m,echanism o f  i c e  f o r - ,  
mation). As the fr0.n.r. goes  forward  and  the r a t e  

mechanism  of  ice  formation,  the r o l e  of 
o f  freezing  beside  the  coagulation-segregation 

migrati.on-segregation factor  increases  which 
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l e a d s   t o   t h e   o c c u c e n c e  of  h o r i z o n t a l   s c h l i e r e n  
o f  i c e  of  second   gene ra t ion   and   wh i l e   Hdv ing   t he  
h i g h e r   i m p o r t a n c e  i s  t h e   l o w e r   r a t e   o f ' f r e e z i n g .  

Re la t ion   be tween  t h e  mechanism of  mass t t a n s -  
f e r  and  ice   Eormat ion  i s  d e t e r m i n e d  b y  t h e  con-  
d i t i o n s  o f  f r e e z i n g  (Fig.2) and t h e  com'p!osition 
o f  o r g a n o g e n i c   s o i l .  The r a t e  o f  f r e e z i n g  ii 
h i g h e r ,  t e m p e r a t u r e   g r a d i e n t  i n  t h e   f r o z e n   z o n e  
a n d   l o w e r   t h e   a s h   c o n t e n t  of s a p r o p e l ,   t h e  more 
i n t e n s e  i s  t h e , c o a g u l a t i o d - a e g r e g a t i o n  mechanism 
a n d   t h e   l e s s e r   r o l e   b e l o n g s  t o  t h e   m i g t a t i o n -  
s e g r e g a t i o n   m e c h a n i s m ; , T h e   i n f i u e n c e  of  t t i e  
a l t e r i n g   r a t e ' o f   f r e e z i n g  V f r  a n d   t h e   t e m p e r a t u r e ,  
g r a d i e n t  i n  t h e   f r o z e n   z o n e   g r a d  t on t h e  pro-  
c e s s e s , o f   t e x t u r e -  and s t r u c t u r a l   f o r m a t i o n   c a n  
b g  s e e n  i n  the   example  of c a r b o n a t e   s a p r u p e l  ' 
( i n i t i a l  h u m i d i t y  Wo-lS3X, ygwO.42 g/cm'   f rozen 
i n  a c l o s e d  s y s t e m  w i t h   c h a n g i n g   t h e r m o s t a t e  
t e m p e r a t u r e s  o f  t h e   s u r f a c e  of t h e  sample f rom' '  
t,--2.1°C t o  t0=-9.9'C. The   l abora to ry   mode l l ' f ng  
h a s  shown t h a t   t o t a l   i c e   ' c o n t e n t  d u e  t o   s c h l i e r e n ,  
i c e   f o r m a t i o n   r e g u l a r l y   d e c r e a s e ' s   a s  t h e  grad  t 
i n c r e a s e s  i n  t h e   f r o z e n   z o n e .   T h e   e f f e c t   o f  
h o r i z o n t a l  i h  and v e r t i c a l  i v  components  of  t h e  
s c h l i e r e d   i c e   E o r m a t l o n  on c h a n g i n g   t o t a l   i c e  
c o n t e n t  a r e  r ~ o t  equal  a n d   a l s o  d e p e n d s  on  grad t 
v a l u e s  i n  the f r o z e n   s a p r o p e l   z o n e .  A t  g r a d  t 
va lues   be low  1 .5  grad/cm t h e   s c h l i e r e n  i c e  f o r -  
m a t i o n   s h a r p l y   i n c r e a s e s   d u e   t o   s e g r e g a t i o n  
l a y e r s  i h  w h i l e  i, f e s t u r e a   t h e   o p p o s i t e  t e n -  
' d e n c y .   I n c r e a s e  o f  t e m p e r a t u r e   g r a d i e n t  u p  t o  
g r a d  t > 1.5 g r a d / c m   l e a d s   t o   m o n o t o n o u s  augment- 
i n g  of t h e  c o n t r i b u t i o n   o f   t h e   v e r t i c a l   d u e   t o  
s e g r e g a t i o n .  A t  t h e   v a l u e s  of g r a d  t e x c e e d i n g  
1 2 ' g r a d / c r n   t h e   i c e   c o n t e n t   c a u s e d  b y  t h e  v e r t i -  
c a i   l a y e r s  becomes  predominant   (Fig.2) .   Tempera-  
t u r e  of  t h e r m o s t a t i c   c o n d i t i o n s   i n f l u e n c e s   t h e  
d i s t r i b u t i o n  of component% of s c h l i e r e n   i c e  ' .  
f o r m a t i o n   t o   t h e   d e p t h  of  t h e   s a m p l e  w h i l e  t r a c -  
i n g  t h e   z o n e  o f  chang ing   t he   p reva l ing   mechan ibm 
o f   m a s s   t r a n s f e r   ( F i g . 3 ) .  

F i g u r e  2,. T h e   c h a r a c t e r  o f  t h e   c r y o g e n i c   t e x ' t u , f e ,  
s c h l i e r e n  i c e  c o n t e n t  i n  the   rocks   component   and  
t h e   p r e v a i l i n g  mcch.anism  of i c e   s e g r e g a t i o n  
changes   due  t u  t h e   f r e e z i n g   c o n d i t i o n s  o f  t h e  
ca rhona te   s ap rope l   (W.= l83%,  yF=o,.42, g / c a ' ) :  

I - t h e   z o n e  o f  p r o t o t r o p e   c r y s t a l l i z a t i o n ;  
T T  - t h e  zone o f  p r e v a i l i n g   c o a g u l a t i o n -  

111- t h e  .zone o f  p r e v a i l i n g   m i g r a t i o n - s e g r e g a t i o n  

1 )  - t h e  t o t a l   s c h l i e r e n , i c e   c o n t e n t ;  
2 )  - t h e  i c e  c o n t e n t  due t o  h o r i z o n t a l   s c h l i e r e n ;  
3 )  - t h e  ice c o n t e n t  due to v e r t i c a l   s c h l i e r e n .  

s e g r e g a t i o n   i c e   f o r m a t i o n :  

. i c e   f o r m a t i o n :  

( I '  , .  

b y  t h e   h o r i z o n t a l   s c h l i e r e n   i n c r e a s e s   w i t h   t h e  
T o t a l  s t r u c t u r a l   i c e   c o n t e n t   a n d  i c e  caused  

F i g u r e  3 .  Changes o f  r e l a t i o n s   b e t w e e n   s c h l i e r e n  
i c e  s e g r e q a t i a n   d e g t h , o f   t h e   C a r b o n a t e   s a p r o p e l  
sample  <:;? t o   t h e   t e m p e r a t u r e  - h u m i d i t y   f r e e z -  
i n g   c o n d i t i o n s :  , .  

I - t o - - 9 . g 0 ~ ,  w . = L ~ o X ,  Yf-0.60 g/cm'; 
2 - t o = - 3 . 1 0 C ,  Wop122%.  yfaO.56 g/cm': 
3 - tm=-9 .9 'C,  W,-183%. yf-0 .42  g/cm';  
4 - t 0 = - 5 . 1 0 C ,  Wo+1834, y f - 0 . 4 2  g/cm:;  5 - t , - -2 .1°C,  W,=18396, yfzO.42 g/cm . 

i n c r e a s i n g  of i . n i t i a 1  water c o n t e n t  o f  organo-  
g e n i c   s o i l .  T h e  predominance o f  t h e  c o n t r i b u t i o n  
o f  t h e   h o r i z o n t a l   s c h l i e r e n ,   f o r m a t i o n  to t h e  
p r o c e s s  of  s t r u c t u r e   f o r m a t i o n   b e g i n s  a t  l o w e r  
g r a d '  t v a l u e s   f o r   t h e  less humid sample t h a n ,  
for t h e   s a m p l e  w i t h  h i g h  W, and t h e  t r a n s f e r  
p o i n t  moves i n s i d e  t h e   f r o z e n   z o n e  (Fig.3). 

T h e  c r y o g e n i c   m i c r o s t r u c t u r e  o f  s a p r o p e l  
shows   r egu la r   and   mono tonous   t r ans fo rma t ion  w i t h  
t h e   c h a n g i n g  o f  t e m p e r a t u r e   c o n d i t i o n s   o f   f r e e z -  
i n g .  As t h e  t e m p e r . a t u r e   g r a d i e n t   l o w e r s  s o  d o e s  
t h e   f r e e z i n g  rate. t h e   m i c r o s t r u c t u r e  o f  h i g h -  
a s h   c o n t a i n , i n g   s a p r o p e l   c h a n g e s   f r o m   n e a r l y  
m a s s i v e   w i t h   f e w   s u b v e r t i c e l   l a y e r s  t o  incomple-  
t e l y   l a t t i c e - l i k e  and l a t t i c e - l i k e   ( a t  domina- 
t i o n  of t h e   v e r t i c a l   c o m p o n e n t ) ,  t h e n  a t   f u r t h e r  
l o w e r i n g  of t h e   t e m p e r a t u r e   g r a d i e n t  t o  t h e ,  . , 
l a t t i c e - l i k e  w i t h  p r e v a l e n c e   o f   t h e   h o r i z o n t a l  

a t   s i g n i f i c a n t   s l o w i n g  down of t h e  f r e e z i n g  , 
l e n s e s   a n d   s c h l i e r e n ,  h o r i z o n t a l - l a y e r e d ,   a n d  

' f r o n t   t o   a t a x i t i c   w i t h  a sha rp   p redominance  of  
i ce   componen t .   D imens ions  o f  i c e   s c h l i e r e n  d n d  
o r g a n o m i n e r a l   b l o c k s  t e n d  t o  i n c r e a s e  a s  t h e  
t e m p e r a t u r e   g r a d i e n t   d e c r e a s e s   i n   t h e  f ~ f o z e n ~  
zone  (Fig.4) c o n n e c t e d  w i t h  t h e  e x t e n d i n g  of, ' 

t h e   t i m e  of m i g r a t i o n   i c e   a c c u m u l a t i o n  i n  t h e  
Erozen   and   dewater ing   thawed  par t   o f  soil when 
t h e   m i g r a t i o n   w a t e r   f l o w s ,   p r e d o m i n a n t l y  Eorm 
macro- a n d  m i c r o - s t r u c t u r e s .  

m a t r i x  of s a p r o p e %   o c c u r , s ' w i t h i n   t h e  limits of 
t h e   f r o z e n  a n d  f r e e z i n g  zones  d e p e n d i n g  on t h e  
i n t e n s i t y  of t h e  l o c a l  water migra t ion   p rocesses ,  
deh,ydr .ar ion of t h e   m a t r i x   a n d   c o a g u l a t i o n  of 
the o r g a n i c .   c o m p o n e n t .   ' I n c r e a s e   o f ,  t h e  f r e e z i n g  
r a t e  !wnd t e m p e r a t u r e   , g r a d i e n t  i n  t h e  frozen zone  
c a u s e s   ' s i g h : i i i c a n t   s u b s ; i d , e n c e   g r a d i e n t s  of , t h e  
f r o z e n  orflanQgenic . rock a n d  i n t e n s i v e   d e v e l o p -  
ment  of  loc.al ,  dewa:t;erii;ng p r o c e s s   w h i c h   r e s u l t s  
i n  t he   fo rme t i ' on  ;of: E more c o m p ' a c t   m i c r o t e x t u r e .  

o f  d i f f e r e n t   t y p ' e s i ' o c c u r   a c c o r d i n g   t o   t h e   g e n -  
e r a l .  scheme w h i l t ' b t  t h e  same time h a v i n g   s i g n i -  
f i c a n t   d i f f e r e n c e s .  The r e s e a r c h  o f  f r e e z i n g  of  
c a r b b n a t e   s a p r o p e l   ( A C = 8 6 X )   h a s  shown t h a t   t h e  
t e x t u r e   f o r m a t i o n   p r o c e s s   b e g i n s  i n  t h e  thawed 
a n d   c o n t i n u e s  i n  t h e   f r e e z i n g   a n d   f : r u k & h ; z o n e s ,  

The m a i n  r e - s t r u c t u r i n g  of  t h e  o r g a h o m i n e r a l  

T h e  t e x t u r e   f o r m a t i o n   p r o c e s s e s  i n  SapTOpels  
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T.he m o s t  s i g n i f i c a n t   t r a n s f o r m a t i o n s   o f   t e x t u r e  
i n  the ' : thewed.  zone O C C U ~ B  a t   l o v   r a t e   o f  f r e e z :  
i n g .  .Due t o  d - e y a t e r i n g   t h e   p a r t i c l e s  of t h e  
o r g a n o m i n e r a l   m a t r i x   b e c a m e   n e a r e r ,   t h e   p o r o s i t y  
d e c r e a s e s ,  r e g u l a r  t e x t u r e   @ t a r t s   t o   f o r m  w i t h  
l a r g e r   a g g r e g a t e s   a n d   b l o c k s .  A f a s t  r a t e  of  
f r e e z r n g  c o n s o l i d a t i o n  o f  t h e   m a t r i x  goes o n  
w i t h i n  the  f r e e z i n g  and f r o z e n  zones. The  forming  
i c e  framework d e E o r m s   a g g r e g a t e s  on t h e   o r g a n o -  
m i n e r a l  matr ix  c a u s e d  b y  i c e   c r y s t a l   g r o w t h   w h i c h  
c a u s e d - t h e i r   l o c q l   d e h y d r a t i o n   w i t h   d r i v i n g . p a F t  
o f  t h e   w e a k l y   c o m b i n e d   w a t e r   i n t o   t h e   i n t e r s t i c e s  
a n d ' i t a   s u b s e q u e n t   f r e e z i n g .  Local d e w a t e r i n g  i s  
accompanied b y  a g g r e g a t i o n   a n d   c o a g u l a t i o n  o f  
the o r g a n o - m i n e r e l  p h a s e  a n d  f o r m e t i o n  oE con-  
s o l i d a t e d  h u m u s   s u b s t a n c e s ,   w a t e r - r e s i s t a n t  
a g g r e g a t e s  d u e  t o  i n t e n s i v e   c e m e n t i n g   a c t i o n .  

ReseQrch o f  t h q , m j c r p k ~ x t s ~ e , o f  o r g a n o m i n e f a l  
ma t r ix . lo f   ca rbona tFosaprpp$ , I   has  shown i t s  ra ther  
i n s i g a i f i c a n t .   t r a n s f o r m a t i n n  i n  t h e   c h s n g i n g  o f  
t h e   t e m p e r a t u r e  sf f r e e , z i n g .  S o . s a t   g r a d  t values 
i n  t h e  f r o z e n  z o n e   e q u a l  t p  1 0 . 2  grad/cm a n d  
1 , 7   g r a d / c m   r e s p e c t i v e l y  i n  t h e   . r o o f   a n d   f l o o r  
o r  t h e  s a m p l e   a n d , s i g n i f i c a n t   d i f f e r e n c e  o f  
m i c r o s t r u c t u r e ,   t h e   t e x t u r e   o f . t h e   , o r g a n o m i n e r a 1  
m a t r i x  r ema ins   unchanged  an.d i s ,  + , h a r a c , t q r i z e d  b y  
a u n i f o r m .  p a t t e r n  o f .  d i . s t r l b u t i o n  o f  a g g r e g a t e s  
w i t h   s i z e s  5 t o  15 m i c r p n s  w i t h  p r e d d m i n a n t l y  
i somet r ic  , s h a p e s .  Parte, of  w a a k l y  @ggrt . l :a ted 
m a t e r i a l  2-3 micron6 i n . , s . i z e   w e r e  also seen .  , 

Pores  are  n o t   l a r g e r   t . h a n  10 m i c r o n s   a n d   t h e i r  
d i s t r i b u t i o n   p a t f e . r n .   I s , u n i , f o r m . ,  Tse i n  cement  
i s   o f  a p o r o u s  t y p e , .  , ( \  - 

The  scheme  of   phys ico-chemica l   and  . t e x t u r e  
f o r m a t i o n   p r o c e s s e s  i n  a i l . L c e ~ u s  a n d  mixqd sa,pra- 
p e l  i s -  q u a l i . t a . t i v e 1 y  s imi la r .  t P  t h . e i r   c h a r - a c t q r  
i n  - t h e  carbon&,te:   Empropel.   However,  .&be h i g h e r  

h u m i d i . t y   i n c r e a s e ?   . t h e   s - L g n i f i c a n c e  .of: c o a g u ~ l a -  
h u m u s  c o n t e n t , . , s n d ,  88  e r e s u l t ; ,  -hjg:h n a t u r a l  

t i o n , e f f e c t s   d u r i , n g  t h e  p r o c e s s  o f  t e x t u r e  
f o r m a t i a n .  

sapropel   (CC=?5. .8%)  is c h a r a c t e r i z e d  by two, m a i n  
s p e c i f i c   f e a t v e s .  .Fosma.tion of  wail. m i c r a s t r u c -  
t u r e  b y  means o f   d i . f f e r e . n t j , a t , i q n  pf t h e  q y s t e m  
i n t o  i c e   a n d , o r g a - n o m i p e r a l   c q n u t i t u e n t s   d e p e n d s  
t o  a s i g n i f i c a n t   e x t e n t  on t h e   f r e e z i n g   c o n d i - -  

C r y o g e n i c   m i c r o o t , r u : c t u r e  o f  t h e   s i l i c e o u s .  , , 

t \ p n a : , , , A t   t h e , s a m e . t i m e   t h e   m i c r o t e x t u r e  o-f t h e ,  

w i t h i n  t h e   g i v e n ' r a n g k  o f  t e m p e r a t u r e  - humidi ty  
s o i l ,  c o m p o n e n t   v a r i e s   f g t h e t   i n c o h s i d e r a b l y  

c o n f t j & i o n s  and i's d e t e r m i n e d  by  t h e  p r o c e s s e s  o f  
l o c g l . m $ g r a t i o n  o f  w a t e r   w i t h i n  t h e  f r u z e n ' z o n e .  
M i c r o i k x t u r e   o f , o r g a n o m i n e r a l   l a y e r s  i s  chacac-  
t e r i z ' e d  by'uniforh' d i s t r i b u t i o n  o f  n o n - o r i e n t e d  
a g g r e g a t e s  5.to 1 0 " m i c r o n s  i n  size covered  with 
EL f i l m   o f . c o a g u l a t i . o n   f o r h a t i o n s .  The i n t e r s t i - .  
t i a l  5pac'e is. f i l l e d   w i t h   f i n e - d i s p e r s e , d .   w e a k l y  
o r i e n t e d ,   o r g a n o m i n e r a 1   m a t e r i a l  wi th  t h e '   B i t e  o f ,  
1 - 2 , m i c r b n s  w i t h  t a b u l a r  and f l a k y   s h a p e s .   I c e  
i n  cement i s  p r e s e n t e d  b y  t h e   p o r o u s   t y p e .  Pore  
d imens ions   va ry  fr,o,m 3 t a  10 m i c r o n s .  

m i x e d  $*propel  .(xC='S7..0) i n  n a t u r a l   c o n d i t i o n s  
High w a t e r  c o n t e n t   c h a r a c t e r i s t i c s  of t h e  

Leads t o   t h e   f o t m a t i ' d ' n  of B c r y o g e n i c   s t r u c t h r e  
o f  a n  a t a x i t i c  ty-pe ' i n  '.it w i t h  t h e  c h a r a c t e r i s t i c  
unif0:'r.m d i s t r i b u t i o ' r i ,  o f  organomin@tal g r a i n s  B C  
g r a d  t > 4 g r a d / c m ' ( , F i g . 4 ) .   M i c r o t e x t u r e   o f   t h e  
organominera l '   g ra ' i ' ns  i s  c ' h n r a c t e r i z e d  by  csagulo-  
t i o n   f o r m s  i n  t h e  fox'm 'of films s u r r o u n d i n k  
q u a r t z   g r a i n s   a q d ' c a l c i t e  c r y s t a l s ,  t h e   p r e s e n c e  
o f  l e r g e  g r a i n s  ('10-15 mtcrons)  ce 'mented by 
c o n s o l i d a t e d   a n d . n '   d e w a t e r e 4   f i n e - d i s p e r s e d  
f r a c t i o n .   I n t e r s t i t i a l   p o r e s ' f i l l e d  w i t h  i c e  
cement   do n o t  exceed  5 t b  15  mincron's.  

I n  l o w - a s h   o r g a n i c  s a p r o p e l  ( A c = 1 2 . - 7 % )  t h e  
f o r m a t i o n ,  o f  t h e   t e x t u r e  o f  o r g a n o m i n e t a l   m a t r i x  

C o n s o l i d a t i q n  o f - t h e  mat r ix   due  t o  c t y s t a l l i z a -  
is t o t a l l y   d e p e n d e n t  o n  t h e   c o a g u l a t i o n  e f f e c t s .  

t i o n  p r e s s u r d ' c a u s e s   d e w a t e r i n g   o f - o r g a n o m i n e r a l  
b l o c k g ,  r h e  o c c u r ~ n c e  o f  s i n g l e  f l a k y  and f i l m y  
t e x t u r a l   g r a i n s   o r i e n t e d   a l o n a   t h e   s u r f a c e  o f  
volum.1nous d e f o r m a t i o n  o f  t h e  b , l o c k  d u r i n g  local 
d e w a t e r i n g   f o r m i n g   c o n c e n t r i c  cas ' ings  s u r r o u n d -  
i n g   m i n e r a l   g r a i n s  o r  i c e  c r   b t ' a l s .  The highesL 
c h p n g e s - o f , t h e  d i m e n s $ a n P " o f ~ s t r u c t u r a l  F. g r a i n s  
o c c u r  a t .  g r a d  t v'al-ues b i l b w  2 . 5  srad/crn at a 
s l o w   r a t e   o f '   f r e e k i n g  ( F i g ' . 4 )  A t a x i t i c   c r y o g e n i c  

w i d e  i c e  f i e l d s  w i t h  " f l o a t i n g "  o r g a n o m i n e r a l  
s t r u c t u r e  i s  c h a r a c t e r i s t i c  o f  t h e  o c c u r r e n c e  of  

l a y e r s   w h i c h ' 6 h a n g e   - o r i e n t , a t i o n   f r o m   s u b v e r t i c a l  
t o   s u b h o r i z o n t a l  as t h e  i r h d  t , v ' a l b e s   d e c r e a s e .  

Research. o f   r e - d j s t r i b u r i o ?   g f , ,   w a t e r   c o n t e n t  
a s  a r e s u l t  of f r e e k i n g  o f  se.pr,dpsls has shown 
t h a t   t h e   h u m i d i t y  a f  the o r ' g q n o m i n h r a l   c o n s t i -  
t u e n t   c a n   b e   r e g a r d e d   a s   n e a r  .t,o t h e   c o n s t a n t  
i r r e s p e c t i v e   0 f : t h e : f r e e z i n Q  c o n d i - t i o n s  (Fig.5). 
That i s  w h y ' t h e   s h a i p   i n c r e a s e , o f   ' i c e   c o n t e n t  
due t o  i n c e n s i v e   s c p l i e r e n   S o r m a t i o n   a t - f r e e z i n g  
w i t h  low  tem.perqcur ,@;  gradients- .wh"ich  s tgnif i -  
c a n t l y  reduces  t h e  $ , b n c e n t . o f   m a t r i x - m i n e r a l  
component i n  t h e . E n o z e n   s a p r o p e l  is t h e  m a i n  
f a c t o r   w h i c h  d e c i e a i s e s  :thel-effic, ie'nc.y, , .of d e w a t e r -  
i n g .  A n a l y s i s  o f  ctiariges of organami,o,e 'ral   consti-  
t u e n t  t o  t h e   d e p t h  o f  t:he Eiozen;ron'e:' 'has s h o w n  
t h a t   a f t e r   r e a i h ' i n g   c ' e r - t a i n   f c r t t . Z c a l )   v a l u e s   o f  
t e m p e r a t u r e   g r a d i e n t   g r a d  t t h e   c o m p l e t e   e l i m i -  
n a t i o n  o f -  o r g a n a m i n e t a 1   l a y e r s   a n d  f o r m a t i o n  of 
a s o l . i d   i c e  f i e l d  o c c u r .  The g r a d  t v a l u e  i s  
d e t e r m i n e d  b y - t h e  i n i t i a l  h u m i d i t y  o f  t h e  s a p r o -  
p e l  and  haa ' , ,h igher  v a - l u e s  w i t h  a n  i n c r e a s e  p f  . . 

W,. For 'o rgan ic '   s aPro 'pd l  samples a t  ini t ia l , ' .  , 
h u m i d i t y  W.-2OOO%;~W.-836I, W O = 7 1 O X ,  g r a d ' t  ' 

v a l u e s  a r e  e q u a l   - t o .  LlO.; iX.82 and 0 . 7 3  &rad,/cm, 
r e s p e c t i v e l y .  For m l x e l d ,  s a p r o p e l  - a t  W.=gS,QS:, 

w0-379%  and  315%.  grad t = 0 . 5 5  and 0 . 4 1  .grad/cm. 
grad  t - 0.46 grad/cm. f o r  s i l i c e o u s   s a p r o p e l .  a t  

The   ob ta ined  va lues  0-f- grad  t a l l o w  the' - r 

h u m i d i t y   c o n d i t i o n s  o f  f r e e z i n g  o f  o r g e n a g e n i c ' j  
d e t e r m i n a t i o n  mf. t h e   o p t i m a l   t e m p e ~ n t u r e . . a n d  

soils a t  w h i c h   t h e   f r e e z i n g   m a i n l y   i n f l u e n c e s  
the   ma t r ix -mihe ra l   campone .n t   o f  s o i l ,  u n t i , l .  t h e  
f O r m a C 4 O h  of i c e .  hor i ,eon ,  e$ well. $ a s  f o r  , ; , 
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Figure 5, Correlation  between  the  total  humidity 
(l), t h e  organomineral  layers  humidity ( 2 )  and 
the  temperature  gradient i n  the organic  sapropel 
frozen  zone W.=2000%, yf=0.048 gfcm', AC-12.7X. 

calculating t h e  optimai  depth of freezing  for 
industrial  purposes. 
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UNFROZEN, HIGH-SALINITY INTERVALS W I T H I N  
ICE-BEARING PERMAFROST, NORTH SLOPE OF ALASKA 

, .  

Timothy S. Collettl  and  Kenneth J. Bird' 

'U.S. Geological  Survey,  Denver Federal Center, Bo.%. 25046, 
MS-940, Denver,  Colorado 80225,.USR 

2U.S. Geological Survey, 3475 Dedi: Creek Road, 
Palo Alto,  California 94304, USA 

The  review of  available  well-logs from the Prudhoe Bay, and  KUpa,ruk  River oil 
fields on the North  Slope  shows  that the ice-bearing  permafrost  interval i s  not 
vertically  continuous, but interrupted by numerous  intervals  in  which  the ice 
content is greatly diminished or absent. The most prominent  unfrozen  interval 
occurs  within 50 to 250 m o f  the surface, it is  laterally  continuous  over a t  
least 2,000 km2, and  ranges  in  thickness from 15 to 100 m. This  prominent 
interval  occurs  within a conglomeratic  section  and  extends i n t o  the upper par t  
of an underlying  relatively  clay-rich  sequence. Well logs further  indicate 
that  this  interval  accurs at  temperatures as low as -8 ' C  and the pore-water 
(bulk)  salinity  within this interval is calculated to be  at least 130 ppt. 

INTRODUCTION 

Geophysical  well logs, which  can  be  used to 
detect the presence of i c e  within the 
subsurface,  indicate  that  the  thickness of the 
North Slope ice-bearing permafrost sequence 
ranges from about 130 to 650 m (Osterkamp and 
Payne, 1981; Collett  and others, 1989). The 
base of ice-bearing  permafrost  usually  lies  at 
a shallower  depth  than the O°C isotherm 
(permafrost). This discrepancy has been 
attributed to the phenomenon  of  freezing-point 
depression  (CoLLett and  Bird, 1986) . 
Geophysical well l a g s  from the North Slope 
Prudhoe Bay oil  field  show  that the ice-bearing 
permafrost  interval is not  vertically 
continuous, but interrupted by anomalous units 
or zones in which the ice  content is  greatly 
diminished or absent.  The primary  purposo of 
this paper is to document the occurrence of 
these anomalous,  possibly  unfrozen, zones and 
assess the physical and chemical  parameters 
controlling  their  distribution.  This paper 
will focus on the most prominent  anomalous  unit 
in the northeastern  part of t h e  Prudhoe Bay oil 
field, 

In this study  the  term,  ice-bearing 
permafrost refers to the  strata  which  contains 
or is interpreted to contain a sufficient 
volume of ice to be detected on geophysical 
well logs without the aid of temperature  data. 
The minimum  amount of ice  necessary for 

detection  by  well-logging  devices  is  unknown. 
Desai and Moore (1968) were the  first to report 
that  ice-bearing  sediments  exhibit  physical 
characteriatics  that  can be detected  with well 
logs. Howitt (1971) observed log responses 
similar to those  described by Desai and Moore 
(2968)  in a well from the  Prudhoe  Bay o i l  field 
(BP-12-10-14A) in which the permafrost  interval 
was  extensively  cored. He reported  that  ice 
was observed in these  cores to a measured  well 
depth of 1,858 ft ( 5 6 6  m below the ground 
surface). The  log-determined  base of ice-  
bearing  permafrost is at 1,085 ft  well  depth 
(562 m below the ground surface). The 4-m 
discrepancy  between the log determinations  and 
observed  ice  is nor. considered  significant 
because  Howitt (1971) repD7t8d  that the core- 
identified base of ice is  accurate  only  within 
plus or minus 9 m. These  observations of ice- 
bearing  cores in relation to log response for 
this  well represents the only  direct  evidence 
that  verifies the accuracy of well logs as ice- 
detection  devices.  Unfortunately, no 
information  was  provided on the  limits  or 
sensitivity of well Loqs to ice detection. 
Based  on  our  analyses of the resistivity and 
acoustic log response  in  this  well,  we  have 
assigned  "cutoff" log  values to discriminate 
between  ice-bearing  and  non-ice-bearing 
sediments. The  value of the alectrical- 
resistivity  "cutoff" is 9.0 ohm-m.  while the 
acoustic  transit-time "cu to f f "  i s  130 ps/ft .  

In  a  previous  study ( C o l l e t t  and others, 
1989), well logs from 156 wells  were  used to 
map the depth to the base of the ice-bearing 
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p e r m a f r o s t  on t h e  Nor th  Slope. The d e p t h  of 
i ce -bea r ing .   pe rmaf ros t   - , r ?nges  from less t h a n  
200 m i n  the Nat iona l   Pe t ro l eum Reserve i n  
Alaska to more   than  600 m i n   t h e   P r u d h o e  Bay 
a r e a .  Of  t h e  well l o g s  commonly a v a i l a b l e ,  t h e  
e l e c t r i c a l - r e s i s t i v i t y   a n d   a c o u s t i c   t r a n s i t - ,  
time Logs were found t o  be t h e  m o s t   u s e f u l  I n  
d e t e c t i n g  t h e  p r e s e n c e  o f  ice i n  a rock 
s e q u e n c e .   F o r   X u r t h e r   d i s c u s s i o n  of ice- 
b e a r i n g   p e r m a f r o s t   w e l l - l o g   e v a l u a t i o n  
t e c h n i q u e s  see Osterkamp  and  Payne (1981), and 
Col le t t  a n d   o t h e r s   ( 1 9 8 9 ) .  

The review o f  156 w e l l - L o g   s u i t e s   f r o m   t h e  
Prudhoe Bay-Kuparuk River area reveals t h e  
o c c u r r e n c e   o f   n u m e r o u s   l a t e r a l l y   c o n t i n u o u s  
i n t e r v a l s   i n   w h i c h   t h e   r e s i s t i v i t y   a n d  acoustic 
t r a n s i t - t i m e  logs s u g g e s t  t h a t  t h e  ice c o n t e n t  
is g r e a t l y   d i m i n i s h e d   o r   m i s s i n g   w i t h i n   t h e  
p e r m a f r o s t   s e q u e n c e .  Well logs f rom  the .Foggy  
I s l a n d - l  well ( f i g u r e  1) show the d i s t r i b u t i o n  
of several of t h e  more  prominent  anomalous 
i n t e r v a l s .   T h e s e   i n t e r v a l s   e x h i b i t  
resist ivit ies r a n g i n g  from 0.5 t o  3.0 ohm-rn 
compared t o  500 to 1,000 ohm-m i n   t h e  
s u r r o u n d i n g   i c e - b e a r i n g  rocks. As p r e v i o u s l y  
d i s c u s s e d ,  a r o c k   u n i t   t h a t   e x h i b i t s  
electrical-resist ivit ies of 0 .5  t o  3.0 ohm-m 
i n d i c a t e s   t h a t   t h e   i n t e r s t i t i a l   p o r e - w a t e r s  are 
likely u n f r o z e n .   S i m i l a r l y ,   l o w   a c o u s t i c  
v e l o c i t i e s   r e c o r d e d   o n   t h e  acoustic t r a n s i t -  
time well logs also s u g g e s t   t h a t   t h e s e  
a n o m a l o u s   i n t e r v a l s  are u n f r o z e n ,   w i t h   , r e c o r d e d  
a c o u s t i c   t r a n s i t - t i m e   v a l u e s   r a n g i n g   f r o m   a b o u t  
250 t o  2 0 0  p / € t  ( a c o u s t i c - v e l o c i t y  of r.1.'0-1..5 
km/s). I n   f i g u r e  1, i c e - b e a r i n g  t o  non-ice-  
b e a r i n g   ' ' c u t o f f "   l o g   v a l u e s ,   e s t a b l i s h e d   i n   t h e  
BP-12-10-14A well, have  been addsd to t h e  
e l e c t r i c a l - r e s i s t i v i t y   a n d   a c o u s t i c   t r a n s i t -  
time log p l o t s .  A comparison of t h e  
r . e p i s t i v i t y   a n d   a c o u s t i c   t r a n s i t - t i m e  logs f rom 
t h e  Foggy I s l a n d - 1  w e l l  ( f igure 1) reveals 
i n c o n s i s t e n c i e s   b e t w e e n   t h e s e  logs i n  their 
i c e - d e t e c t i o n  capabilities. These 
i n c o n s i s t e n c i e s  are likely caused   by   poor  
wellbore c o n d i t i o n s ,   s u c h  as a n   e n l a r g e d  
bo reho le ,   wh ich   wou ld  more a d v e r s e l y   a f f e c t   t h e  
t r a n s i t - t i m e  devi.ce. Thus, we f a v o r   u t i l i z i n g  
t h e  r e s i s t i v i t y  log. 

No direct ev ideqce ,   such  as c o r e  
o b s e r v a t i o n s ,   c o n c l u s i v e l y   p r a v a s  tha t  these 
a n o m a l o u s   i n t e r v a l s  are u n f r o z e n .  An o i l -  or 
g a s - b e a r i n g  interval  w i t h i n   i c e - b e a r i n g  
p e r m a f r o s t   w o u l d . e x h i b i t  similar l o w   a c o u s t i c  
v e l o c i t i e s   b u t  resist ivit ies would be h i g h e r  
t h a n   o b s e r v e d . ,  N o  i n d i c a t i o n s  of o i l   o r  gas 
are r e p o r t e d  f o r  t h e s e   i n t e r v a l s .  A c o m p l e t e l y  
d r y  i n t e r v a l ,   o n e  i n  which t h e  rock p o r e s ,  are 
f i l l e d  w i t h  a i r ,  would show low v e l o c i t y  @.ut 
h i g h   r e s i s t i v i t y .   T h u s  for lack o f  a'bette,r, 
e x p l a n a t i o n ,  we c o n c l u d e  t h a t  these   anomalous  

Acoustlc 
Gamma Ray Resistivity (transit-time) 

API > I  ' 

t ' ,, 'reo1 \: '0.2 2000'MO ,I 
ohm-rn , mlcrosKlfl 

, F+re 1. ' S e l e c t e d  we1l':;lags f r o m   w i t h i n  
t h e   i c e - b e a r i n g   p e r m a f r o s t   s e q u e n c e  of 
t h e  Foggy I s l a n d - 1  well on . the North 
Slope of Alaska. The base of i c e - b e a r i n g  
p e r m a f r p s t  (BIBPF) i s  a t  a530  m. The 
r e s i s t i v i t y - L o g   s u q g e a t s   t h e   o c c u r r e n c e  
of e i q h t   z o n e s  i p  which t h e  ice c o n t e n t  
is g r e a t l y  diminished ( u n f r o z e n ) ,  
i n c l u d i n g  a prominent  60-m-thick zone at 
a d e p t h  of about 1 7 0  m. I c e - b e a r i n g  t o  
.non-ice-bear ing , " c u t o f f "  log  v a l u e s   h a v e  
been added t o  t h e   r e s i s t i v i t y  and 
t r a n s i t - t i m e  log  p l o t s .  
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i n t e r v a l g , . a r e   u n f r o z e n  and water saturated.  
The mb'& prominent  o f  these anomalous 

inte&&s, f i r s t  described by Qsterkamp ar,d 
PayyngJ1981) i n  wells ,e.ast: o f  Prudhpe Bay, i s  

j a b o u t ' 5 0 - m - t h i c k   a n d   o c c u r s   w i t h i n  200 m of t h e  
i s u r f a c e   i n  t h e  Foggy I s l a n d - l  well ( f i g u r e  1) . 
\ T h i s ,  t h e  t h i c k e s t   u n f r o z e n   i n t e r v a l   o b s e r v e d ,  
! h a s   b e e n   i d e n t i f i e d   i n   m o s t  ~f t h e  wells 
drilled i n   t h e   g r u d h o e  Bay-,Kuparuk River area 
that .qave"-yeLL :Logs a t  s h a l l o w   d e p t h s   a n d  .it 
l ies withir!-:-li-h@;sarne s t r a t i g r a p h i c   i n t e r v a l .  
The gamma--qdp-.-hg a n d   d r i l l - c u t t i n g s   a n a l y s i s  
i n d i c a t p t h a t   t h i s  a n o m a l o u s   i n t e r v a l   i n c l u d e s  
an   uppe r   s ands tone   and   cong lomera te  part and a 
lower i n t e rbedded   c l ay - r i ch   muds tone   and  
sar ids tone  part. W i t h i n   t h e  area of well 
c o n t r o l ,   t h e  depth t o   t h e  Cop of t h i s   i n t e r v a l  

(varies from 50 m i n  t h e  southwes t  t o  250 rn i n  
' t h e  n o r t h e a s t ,  it is l a t e r a . l l y   c o n t i n u o u s  over 
a t  l ea s t  .1,000 km2 and it r , n ' g e s  i n  t h i c k n e s s  

: f r o m  15 t o  100 m ( f i g u r e s  2; 3, and 4)- The 
; r e g i o n a l  structure of t h i s   p r o m i n e n t   u n f r o z e n  
i n t i e r V a l   c o n f o r m s   t o  the r e g i o n a l   g e o l o g y   w h i c h  
i s  c h a r a c t e r i z e d   b y  a 1 t o  2 degree d i p  t o  t h e  
n o r t h e a s t .  Both t h e   p r o m i n e n t   u n f r o z e n  
i n t e r v a l  and t h e  o v e r l y i n g  frozen c o n g l o m e r a t i c  
s e c t i o n   t h i c k e n  from t h e  s o u t h w e s t  t o  the 
n o r t h e a s t   a c r o s s   t h e   s t u d y   a r e a ,  w i t h  t h e  
u n f r o z e n   i n t e r v a l   o b t a i n i n g  maximum t h i c k n e s s e s  

'of a p p r o x i m a t e l y  100  m i n  t h e  area of t h e  
of,€ihore E n d i c o t t  oil f i e l d  (figure 2) + 

R e g i o n a l   s u b s u r f a c e   s t r a t i g r p p h i c   c o r r e l a t i o n  
studies s u g g e s t   t h a t   t h e   d i s t r i b u t i o n  of t h i s  

: p r o m & & n t   u n f r o z e n   i n t e r v a l  f s  limited t o  the 
areayof t h e   P r u d h a e  Bay and  Kuparuk River o i l  

I 

Figure 2 .  D i s t r i b u t i o n  o f !  t h e  laterally 
c o n t i n u o u s .   n e a r - s u r f a c e , .   p p r n i n e n t  
u n f r o z e n   i n t e r v a l   i n   t h e   P r u d h o e  Bay- 
Kuparuk River area of n o r t h e r n  Alaska. 
Also  shown is t h e  a p p r o x i m a t e   d e p t h  t o  
the top  of t h i s   p r o m i n e n t   u n f r o z e n  
i n t e r v a l .  The l o c a t i o n s  of c r o s s  
s e c t i o n s  A-A' (figure 3)  and E-B! (figure 
4 )  are shown. 

Figure 3. A g e n e r a l i z e d  west:  to east  
w e l l - l o g  cross s e c t i o n  (A -A ' )  
i l l u s t r a t i n g   t h e   v e r t i c a l  and l a t e r a l  
nature of the   mos t   p rominen t   un f rozen  
i n t e r v a l . .  GR = gamma r a y  log ,  RT = 
r e s i s t i v i t y  log 

. .  : :. > 

0 B' 

F i g u r e  4 .  - A  g e n e r a l i z e d   s o u t h w e s t  t o  
n o r t h e a s t   w e l l - l o g   c r o s s   s e c t i o n  (B-B') 
i l l u s t r a t i n g   t h e  ver t ica l  and la te ra l  
nature of t h e  moat prominent unfrozen 
i n t e r v a l .  GR = gamma r a y  log, RT = 
r e s i s t i v i t y   l o g  

f i e l d s ,  and it is l i k e l y   a b s e n t  t o  Lhe s o u t h  
and west of t h e   i n f e r r e d   t r u n c a t i o n   L i n e   i n  
f i g u r e  2 .  The n o r t h e r n   o f f s h o r e   e x t e n t   o f , t h e  
u n f r o z e n   i n t e r v a l s   b e y o n d   t h e   b a r r i e r - i s l a n d s  
is u n c e r t a i n  for  lack of  well c o n t r o l .  

i n t e r v a l s   e x h i b i t   s i m i l a r . w e l l - l o g  
c h a r a c t e r i s t i c s   a n d  also occur a t  l i t h o l o g i c  
c o n t a c t s  between c l a y - r i c h  mudstones a n d  

"The less p r o m i n e n t   ( t h i n n e r )   u n f r o z e n  
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relatively  porous,  coarse-grained  rock 
sequences.  These  relatively  thinner  unfrozen 
intervals  are  often  laterally  continuous, 
h>wever, they  rarely  cover  an  area o f  more  then 
several  square  kilometers. The remainder o f  
the paper  will on ly  deal  with the most 
prominent  unfrozen  interval  described  earlier 
in the Foggy Island-l,well. 

& " o m  

High-resolution  equilibrated-wellbore 
temperature surveys from  nine o i l  wells  in the 
Prudhoe Bay field  (reviewed  in  Collett  and 
others,  1989)  suggest  that  the  most  prominent 
unfrozen  interval i s  characterized  by  formation 
temperatures  that  range  from  about - 7  to -9'C. 
Such low  temperatures  require  geologic or 
geachemical  conditions that would  depress the 
freezing-paint of the pore-water  within this 
interval 

water  include  pore-fluid  salinity ( t o t a l  
dissolved  solids),  pore-pressure,  and  sediment 
grain-size  (Osterkamp  and  Payne,  1981;  Collett 
and Bird, 1998). The cumulative  effect  of 
these,  factors i s  expressed in the following 
@'Quation,  reviewed by Osterkamp  and Payne 
(1981). 

Factors  that  influence the freezing-point o f  

To 0.0100 - T, - Tp - T, (1) 

The  term  To  represents the freezing-&mperature 
of the  system  being  analyzed, 0,0100 is the 
triple-point of water  and  Tc, Tp, and T, are 
the  temperature  effects of chemical, composition 
(salts),  pore-pressure,  and soil/rock particle- 
size  effect,  respectively. . .  

freezing-point of water  can be calculated  from 
t h e  following  equation if poraypressure (P) is 
known. 

The effect of pore-pressure (Tp) on the 

Tp = BP (2) 

The variable B is the Clausis-Clapeyron Slope 
(0.00751 OC atrnos-I). Since  this  unfrozen 
interval  lies at shallow  depths (<300 m) the 
maximum  freezing-point  depression  that  may  be 
attributed to the effect of pore-pressure, 
aasuminq a hydrostatic  pore-pressure  gradient 
(0.097 atmos/m),  would be no  greatez then about 
0.2%. The  theoretical  maximum  pore-pressure 
gradient  (lithostatic; 0.223 atmos/m)  would 
still  only produce a -0.5 ' C  freezing-point 
depression.  There  is no indication QE over- 
pressuring  within  the permafrost sequence of 
the Prudhoe Bay area  (Collett  and  Bird, 1988). 

Osterkamp and  Payne (1981) ,suggest  that the 
particle  effect of clay-sized  material  could 
suppress  the  freezing-point by several  degrees 

Celsius, but f o r  coarser,  material.  such as 
s i l t s  and sands, the particle  effect is 
negligible.  It  is  generally  accepted, that 
within the relatively  coarse-grained  clastic 
sediments  that  dominate the permafrpst  sequence 
i n  the Prudhoe Bay area, grain-size  should  have 
l i t t l e  o r  no  effect on the  freezing-point of 
water  (Collett  and  Bird, 19881. Furthermore, 
the comparison of available  gamma-ray  (used  for 
lithologic  characterization)  and  resistivity 
well logs from the Prudhoe  Bay  area show that 
the clay-rich  mudstone rocks beneath the 
unfrozen  intervals  are  often  ice-bearing; thus, 
the  grain-size  particle eff&ct  on freezing- 
point  depression  within  this area is considered 
negligible. , .  

We  used the following equation  revi,ewed  in 
Collett  and Bird (1988) to calculate the volume 
of salt required to depress the freezing-point 
by -8"; this  equation  yields  accurate  values 
far waters  containing  seawater-type  salt 
(mostly NaC1) in concentrations  ranging  from 
124.68 to 230.77 ppt .  

T, = 6.05326 - 97.00732(Sb/l,OOO-Sb) ( 3 )  

To depress the freezing-point o€ water ' (TcJ  by 
-8.0 Oc requires a  pore-water  salinity (Sb) of 
127 ppt.  Therefore, by process of elimination, 
pore-fluid  salinity  may be the principal  factar 
controlling the freezing-point of the pore- 
water  within  this  unfrozen  interval. 

petroleum  production  tests on the North  Slope 
show that the  predominant  pore-water sa l t  is 
NaCl (Collett  and  Bird, 1988). Water  samples 
collected below the permafrost  sequence  have 
pore-water  salinities (total dissolvgd  solids) 
in the range  from 0.5 to 19.0 ppt  (Collett and 
Bird, 1988) . Water.samplcs i n  the ice-bearing- 
cores  from the BP-12-10-14R well in the Prudhoe 
Bay Oil Fie ld  have  salinities i n  the  range of 
0.15 to 0.50 ppt  (Howitt, 1971; Collett  and 
Bird, 1988). However, the usefulness  of these 
analyses to this study  are  uncertain  because 
none of these  ice/water samples were  from the 
unfrozen  intervals  within the ice-baring 
permafrost  sequence. The highest  pore-water 
salinity  measured  on the North Slope (19.0 ppt) 
would  depress the freezing-point  of water,to 
about - 1. O°C * 

depression t h a t  can. be attributed to the " 

observed s a l i n i t i e s ,  pore-pressures, ,and,qrain- 
sizes is about -1.0 to -2.0 'C, a temperature 
far above the -8'C of the most  prominen;,. 
unfrozen  interval in the Prudhoe b y  a,T,e+ Of 
these  factors,  only  salinity  offers t h e  I . 
possibility o f  freezing-point  depression o f , a  
magnitude  Large  enough to account far these i- 

observations s 
Although we have  no  salinity  data  from the 

anomalous  unfrozen  intervals,  it i s  possible to 

Water  chemistry  data from cores and 

The  maximum cumulative  freezing-point 
, .  

97 



c a l c u l a t e   p o r e - f l u i d   s a l i n i t i e s   w i t h i n  these 
I n t e r v a l s   w i t h   c o n v e n t i o n a l   w e l l - l o g  
i n t e r p r e t a t i o n   t e c h n i q u e s .  The f o l l o w i n g  
e q u a t i o n  (reviewed by Sch lumberge r   Educa t iona l  
Services, 1989)  u s e s  recorded w e l l - l o g  
r e s i s t i v i t i e s  ' ( R t )  t o  calculate  pore-water  
res is t ivi t ies  (R,) wh ich   can   t hen  be c o n v e r t e d  
t o  pore-water s a l i n i t i e s  (NaC1 e q u i v a l e n t s )  . 

FR Ri4 
Rt = -------- ( 4 )  

S W n  

If w e  assume t h e  rock pore-space  is 100% water 
s a t u r a t e d   ( S w  = loo%, no  hydrocarbon or ice), 
the term Swn is e q u a l   t o  1 a n d   t h e   e q u a t i o n  
c a n  be r e w r i t t e n   i n t o   t h e   f o l l o w i n g  form. 

R t  
W (5) 

FR 

R = 

The term FR i s  r e f e r r e d   t o  as t h e   f o r m a t i o n  
r e s i s t i v i t y   f a c t o r   w h i c h   c a n   b e   c a l c u l a t e d  i n  a 
s a n d s t o n e   s e q u e n c e  by u s i n g  t h e  f o l l o w i n g  
e m p i r i c a l l y  derived s o - c a l l e d  Humble e q u a t i o n  
( r e v i e w e d   b y   S c h l u m b e r g e r   E d u c a t i o n a l   S e r v k e s ,  
1989). 

F~ = 0.62 0 -2.15 ( 6 )  

Poxosities ( 0 ) ,  c a l c u l a t e d   f r o m   t h e   n e u t r o n  
w e l l  logs, w i t h i n   t h e   c o n g l o m e r a t i c   p o r t i o n  of 
t h e  most p r o m i n e n t   u n f r o z e n   i n t e r v a l ,  average 
a b o u t  40%; t h u s ,  t h e   f o r m a t i o n   r e s i s t i v l t y  
f a c t o r  (FR) f o r   t h i s   i n t e r v a l  i s  4 . 5 .  The  log 
c a l c u l a t e d   p o r o s i t y  of 4Q0 i s  c l o s e   t o   t h e  core 
v a l u e #  reported by Howit t  (1971)  f o r   t h e  
p e r m a f r o s t   s e q u e n c e   i n   t h e   P r u d h o e  Bay a r e a .  
The e l e c t r i c a l - r e s i s t i v i t y  ( R t )  of t h e  
c o n g l o m e r a t i c  part o f   t h e   p r o m i n e n t   u n f r o z e n  
i n t e r v a l   i n  43 of t h e   s u r v e y e d  wells averages 
about 1 .0  ohm-m. O n l y   t h e   c o n g l o m e r a t i c   r o c k  
p o r t i o n  of t h e   u n f r o z e n   i n t e r v a l   ( d e t e r m i n e d   b y  
gamma-ray log r e s p o n s e )  w a s  examined   because  
t h e s e   c a l c u l a t i o n s   a r e   o n l y  accur.ate w i t h i n  
c lean,  ' r e l a t i v e l y   n o n - c l a y e y  (<IO% c l a y ) ,  
rocks. By assuming a f o r m a t i o n   r e s i s t i v i t y  
f a c t o r  (FR) o f  4 .5  and a rock r e s i s t i v i t y  ( R t )  
of 1 . 0  ohm-m, t h e   r e s i s t i v i t y  of t h e   p o r e - w a t e r  
(R,) w i t h i n   t h e   m o s t   p r o m i n e n t   u n f r o z e n  . 
i n t e r v a l  i s  calculated t o  be 0.22 ohm-m.. The, 
S c h l u m b e r g e t   w a t e r - r e s i s t i v i t y   v e r s u s - s n l f n i t y  
( N a C l )  compar i son   g raph   ( r ev iewed   by  .'. . 
S c h l u m b e r g e r   E d u c a t i o n a l   S e r v i c e s ,  1989),) 
i n d i c a t e s   t h a t  a pore -wa te r   w i th  a e l e c t ' r i c a l  

.1 
r e s i s t i v i t ' y  of 0.22 ohm-m a t  a f o r m a t i o n  
t e m p e r a t u r e   o f  -8.O'C h a s  a s a l i n i t y   ( t o t a  
d i s s o l v e d  sol ids  i n  NaCl e q u i v a l e n . t s )  o f  
a p p r o x i m a t e l y  130 ppt .  T h e s e   c a l c u l a t i o n s  
c o r r e c t   o n l y   i f   t h e   s t u d i e d   i n t e r v a l s  are 

are 
ice- 

f ree ,  because   even  a small   amount  of ice 
i n c r e a s e s   t h e   e l e c t r i c a l - r e s i s t i v i t y  of a rock  
u n i t  e An i c e - i n d u c e d   e l e c t r i c a l - r e s i s t i v i t y  
I n c r e a s e ,   h o w e v e r ,   w o u l d   s h i f t   t h e   c a l c u l a t e d  
s a l i n i t i e s  t o  Lower a p p a r e n t   v a l u e s .   T h u s ,   t h e  
w e l l - l o g  calculated ( b u l k )   p o r e - w a t e r   s a l i n i t y  
of 130 ppt for t h e  most prominen t   un f rozen  
i n t e r v a l  i s  a minimum v a l u e .  A pore-water  
s a l i n i t y  (Sb) of 130 p p t  would depress t h e  
f r e e z i n g - p o i n t   o f  water (TF) by -8.4'C. 

B e c a u s e   t h e   p r o m i n e n t   u n f r o z e n   i n t e r v a l  is a t  a 
f o r m a t i o n   t e m p e r a t u r e   o f  about -E%, and t h e  
well-log calculated s a l i n i t i e s  closely agree 
w i t h  t h o s e   s a l i n i t i e s   n e c e s s a r y   t o  depress the 
f r e e z i n g - p o i n t  of water by t he  r e q u i r e d  -8.0°C, 
it c a n  be reasonably ,   assumed t h a t  t h i s   i n t e r v a l  
is u n f r o z e n  by v i r t u e  of t h e   p r e s e n c e  o f  high-  
s a l i n i t y   p o r e - w a t e r s .  

It i s  g e n e r a l l y  believed t h a t  thermal 
c o n d i t i o n s   c o n d u c i v e   t o  t h e  f o r m a t i o n  o f  
p e r m a f r o s t  have persisted i n   n o r t h e r n  Alaska 
since the  e n d  o f  t h e   P l i o c e n e  (-1.65 Ma) . 
However, t e m p e r a t u r e   f l u c t u a t i o n s   d u r i n g  t h e  
P l e i s t o c e n e  (4.65 .to 0 .01  Ma) h a v e   b e e n   g r e a t  
enough t o   r e p e a t e d l y   t h i c k e n   a n d   t h i n   t h e  
p e r m a f r o s t   s e q u e n c e  (Carter a n d   o t h e r s ,  19861 . 
The  magni tude   and   dura t ion  of t h e s e   t e m p e r a t u r e  
changes  for t h e   N o r t h   S l o p e  are n o t  well 
documented. It is a lso  known t h a t   d e e p   s u r f a c e  
water b o d i e s  may p r e v e n t  t h e  f o r m a t i o n  of 
p e r m a f r o s t  or i nduce   t hawing  when p e r m a f r o s t  
a l r e a d y   e x i s t .   T h e r e f o r e ,   t h e   p a l e o - p o s i t i o n  
o f   t h e  Arctic Ocean c o a s t l i n e  i s  i m p a r t a n t   i n  
u n d e r s t a n d i n g   t h e   h i s t o r y  o f  p e r m a f r o s t  
deve lopment .  A t  t h i s  time, i n a d e q u a t e  data  
e x i s t  on climatic or geologic c h a n g e s   o n   t h e  
time scale n e c e s s a r y   t o  assess the h i s t o r y  of 
p e r m a f r o s t   f o r m a t i o n   i n   n o r t h e r n   A l a s k a .  I t  is 
p o s s i b l e ,   h o w b v e r ;   t h a t  the m o s t   r e c e n t   p e r i o d  
of r e n e w e d   p e r m a f r o s t   d e v e l o p m e n t   i n   t h e  
c o a s t a l  area of n o r t h e r n  Alaska s ta r ted  a t  t h e  
e n d  of t h e  l a s t  i n t e r g l a c i a l  stage, Sangamonlan 
("07 Ma), as a r e s p o n s e  t o  f a l l i n g  
t e m p e r a t u r e s   a n d  sea level. 

I t  i s  p o s s i b l e ,   t h a t   t h e   m e c h a n i s m  
r e s p o n s i b l e  for t h e   o c c u r r e n c e  &these 
u n f r o z e n   i n t r a - p e r m a f r o s t  interya1.s was , 

i n i t i a t e d  a t  t h e   e n d  of  t h e  Sangamonian when.. 
t h e   p r e s e n t   l a n d   s u r f a c e   i n   t h e   P r u d h o e  Bay 
area was l i k e l y  covered by t h e  Arctic Ocean 
(Carter and o t h e r s ,  1 9 8 6 ) .  The r e l a t i v e l y  warm 
ocean  waters wou ld   have   p reven ted   t he   fo rma t ion  
of p e r m a f r o s t   a n d   t h e   p o r e - w a t e r  o f  t h e  
s e d i m e n t s   l y i n g   b e n e a t h   t h e  unf r ,ozen  s e a b e d  
would  have  had a chemica l  makeuR similar t o  
t h a t  of sea water. I As temperatures and  sea 
level fell d u r i n g   t h e   e n s u i n g   W i s c o n s i n a n  
g l a c i a l   s t a g e ,   t h e   P r u d h o e  Bay area would  have 
b e e n   s u b a r e a l l y   e x p o s e d   a n d   p e r m a f r o s t  
development  would have commenced. S o l u t e  
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e x c l u s i o n  associated w i t h  t h e  d e e p e n i n g  ice- Ocean sea ice and t e r res t r ia l  p a l e o c l i m a t e :  
bea r ing   pe rmaf ros t   s equence   wou ld   have   Geo logy ,  v. 14, p.  675-678.  
c o n c e n t r a t e d  t h e  pore-water  s a l t s  a l o n g  t h e  Collett, T.S., and Bird, K.J., 1988, F r e e z i n g -  
f r e e z i n g - f r o n t .  As t h e  f r e e z i n g - f r o n t  moved p o i n t  depression at the base of i c e - b e a r i n g  
downward t h r o u g h  the  surficial  'conglomeratic-: ' ! I ' . p e r m a f r o s t '  on' tlW No.rth Slope of Alaska: in 
s e q u e n c e   a n d   e n c o u n t e r e d   t h e   r e l a t i v e l y   P r o c e e d i n g s  of t h e  F i f t h  I n t e r n a t i o n a l  
impermeable unde r ly ing   c l ay - r i ch   muds tone ,  t h e  Conference  on Permafrost ,   Trondheim,  Norway, 
s o l u t e  material  was u n a b l e   t o   p e n e t r a t e   t h e  August 2-5, p. 50-55. 
c l a y - r i c h  racks, t h u s  t r a p p i n , g   t h e , , h i g h -  Col le t t ,  T .S . ,  Bi~d, K. J., Kvenvolden, K . A . ,  
s a l i n i t y  waters between the ,over iy i .ng  jce and  and Magbon, L.B., 1989, Map o f   t h e   d e p t h  to 
t h e  under ly ing   muds tone .  With c o n t i n u e d  the base of t h e  deepest i c e - b e a r i n g  
f r e e z i n g   c o n d i t i o n s ,   t h e   p e r m a f r o s t   s e q u e n c e   p e r m a f r o s t  as d e t e r m i n e d  from well logs,  
would have deepened and a new f r e e z i n g - € r o n t   N o r t h  Slope, Alaska: U , S .  Geological Survey 
was develaped below t h e   u n f r o z e n  salt-water- 011 and Gas Map OM-2.22, 1 s h e e t ,  Scale 
bearing i n t e r v a l .  1:1,00P,000. 

Clays are knomn t o  act as barrjeTs, io Na' 
and C1- ions i n  aqueous solut+ons, However, 
due t o  t h e  lack of w a t e r  samp1e.s or cores, t h e  
assumpt ion  t h a t  t h e  u n d e r l y i n , y   c l a y - r i c h   r o c k  > ,  ! !  

sequence  of the unfrozen   in teF ,va l   has  acted. as . ) , , ,  ,. 

a s o l u t e   f i l t e r   c a n n o t   b e   v e r . b f i e d .  The 
e x a m i n a t i o n  of t h e  less conspicuous u n f r o z e n  
in te rva ls  d e e p e r   i n , t h e   p e r r n a f , r o s r  sequence of 
the Prudhoe Bay area a p p e a r s   t o   s u p p o r t  t h e  
a s s u m p t i o n   t h a t  clays act as s o l u t e   . f i l t e r ? ,  
b e c a u s e   t h e s e   m o r e   d e e p l y   b u r i e d   u n f r o z e n  
sequences  also  o c c u r  at t h e  base of permeable 
rock sequences  which are d i r e c t l y   u n d e r l a i n   b y  

. .  Desai, K.P. ,  and Moore6 E , J ' . ,  1968, Well Log 
, .  i n t e r p r e t a t i o n , i n  permafrdst: The Log 

A n a l y s t ,  v. IO,, na: 1;:'~: 13-25. 
' , Bbwit t ,  Franh, .IgTl;' PeiWirswt g e o l o g y  a t  

Prudhoe Bay; ' f i l&ka:  &oorld Jktroleum, v .  42, 
' no. 8, p.  .2'&38, L :  9 . ,. : ,'. ' .  ' 

Osterkamp, T.E:j,N*and: Payn'e, 'MlW.,  1981, 
Estimates of perFkn2lfra'hk ' bh i ckness   f rom Well 
logs i n  nor the , rn  A l ! & k W - C o l d  'RYg-lons 
Sciencs  and  Technology; '  v. 5,: 'p.'  1 3 - 2 7 .  

Sch lumberge r   Educa t iona l ,  Se#v*e&s,i ,1989, Log 
i n t e r p r e t a t i o n  princlples/applications: 
Schlumberger,   Houston, Texas, 120 P. 

. .  I 
c l a y - r i c h  rocks. The e f f e c t i v e n e s s  of these 
c l a y - r f c h  rock sequences  as semipermeable 
membranes i s  p u r e l y   s p e c u l a t i v e   a n d   w a r r a n t s  
f u r t h e r  study. 

L 
I *  

~ , , , 1 ' :  

, , ( ' ,  , , , I  

[10NCLUSION 
, ,  , > : ' I  

. .  . , .  I , j i  / : .  

Anomalous w e l l - l o g  resistivities and 
a c o u s t i c   c h a r a c t e r i s t i c s   i n   t h e  permafrost 
sequence  of the   P rudhoe  Bay-Kuparuk River area 
of n o r t h e r n  Alaska  reveal t h e   o c c u r r e n e e   o f  
numerous l a t e r a l l y   c o n t i n u o u s   i n t e r v a l s  t h a t  
are u n f r q z e n ;   b r i n e - r i c h   z o n e s   w i t h i n   a n  
o t h e r w i s e   s o l i d   i c e - b e a r i n q ' s e c t i o n  as  much as 
600-m-thick. The mos t .p rominen t   un f rozen  
interval. is .,abavt ' 100-+th ick   and   has  pore- 
water sa$inifies, .',calculated from well logs, 
a b o u t   t h r e e  ~ times,&eater t h e n  normal sea 
water. Such a sa14 ,n i ty  is s u f f i c i e n t  t o  low; 
t h e  f r e e z i n g - p o i n t  o f  these waters so t h e y  - 

remain unf.rqze0. I t ] i s  p o s t u l a t e d  that these 
e l e v a t e d  salinit ies are t h e  result: of t h e  ' 

combina t ion  of  s a l u t e  exclusion d u r i n g  
pe rmaf ros t   deve lopmen t  arid b y   t r a p p i n g   t h e  
.density-driven downward-flowing salt-waters of 
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presented. , ,  

MTRODUCTION 

In view of the large  number of oil  spills that have occurred in 
Arctic  regions  (Mackay, 1985), it is necessary to understand and 
quantify the significant processes that act  on a hydrocarbon 
contaminant in frozen soils. The thermodynamic aspects of the 
problem  involve  quantification of phase transfer of the 
Contaminant's  condition into soil air and soil  water at the various 
states tlf temperature, pressure,  and  composition that exist  in the 
system.  Melting  and fteezing of the contaminated soil water 
solution is also  quantified by equilibrium thermodynamic 
relarions. Flow aspects of the problem  include quantification of 
movement of all  phases in the soil, as well as transport of 
individual contaminant species  within  all  phases.  Energy 
transport within the soil is also quantified, since variations in the 
thermal regime  govern  freezing,  melting,  phase partitioning of 
components and flow properties of the  phases.  Biodegradation by 
indigenous  microorganisms  and other reactions may be 
quantified as sources or sinks in the  governing equations. 
Numerous  wording  assumptions and sophisticated  numerical 
techniques are required for solution to the set of governing 
equations that describe the fate of a petroleum contaminant on 
fro+en soils. 

Vast amounts of literature have been published on each of the 
aspects  concerning  the  problem  discussed  above. Phase behavior 
and  thermodynamic relations for  phase partitioning are 
explained by  Walns (1985) and  summarized by Reid et 111. (1987). 
Phase behavior of petroleum products  have further been 
researched by the petroleum industry. Partitioning calculations 
h;lve evolved frdm evaluating  the  equilibrium partition 
coefficients, K, as functions of pressure and temperature 
(Kazemi et a/., 1978), to using a generalized equation of state 
(EOS) t o  calculate K-values  along with other pllysical properties 
as a single cnnsistent source (Coats, 19RO). Non-equilibrium 
pnrtitioninll has  been  discussed by Pistiner et al. (1989). Phase 
behavior  and water transport of dissolved solutes in water with a 
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The i k e a s i n g  potential of wil and  groundwater  contamination by petroleum products in the Arctic regions 
demands an enhanced understanding oE the  governing  processes that determine their fate. The Arctic system 
has unique features requiring  special attention due to low temperatures and the presence of  ice.  Even the 

' most comprehensive  compositional  models for isothermal  conditions do not address many  crucial factors, 
chiefly the infiuence of freezing  and thawing'on the thermal  and  flow  regime,  and the influence of 
temperature and  ice on flow and  phase  behavior for the fluids in the porous medium and the component 
species of the fluids. n i s  study develops a model to simulate  the transport and fate of petroleum products 
in Arctic soils and groundwater. The model is based  on  identification  and quantification of the significant 
physical, thermal, chemical  and  biological  proccsses  and  construction of mathematical rcptesentatjons of 
these phenomena, witti'sirnplifying aumptions facilitating a numerical solution to t k  complex  get of 
equations. Results of a onedimensional simulation  for a hypothetical gasoline spill scenario arc also , 

5 ,  

freezfng porous medium  'have  been  modeled by Rnday and 
CorapitiogIu (1991). The numerous  processes  that interact in the 
fre&g and  melting of Arctic soils ate described by Kay and 
perfect'( 1988). Biodegradation in Arctic regions is  discussed by 
Atlas (1975). Flow of rnultiphases in a porous medium has been 
extensively  studied by the  petroleum  industry.  Recently, there is 
an increased interest in the  groundwater  community  on 
multiphase flow behavior due to the rising  incidents nf 
groundwater contamination by immiscible  hydrocarlmns.  Forsyth 
(1988) presents a model for three-phase flow in a porous 
medium  for a single  component  contaminant.  Compositional 
simulators involving numerous  components have been developed 
by Coats (1980), and  Corapcioglu  and Baehr (1987). A recent 
model for examining  the fate of hydrocarbon products on frozen 
soils  developed by integrating the concepts  discussed above. has 
been presented by Panday  and  Corapcioglu (1992). The various 
balance equations, constraints, and relationships for the 
governing processes are developed therein and the simplifying 
assumptions that cart be made  for  solution to the complex set of 
equations are noted. Robust numerical  techniques required to 
solve  the  highly non-linear system of coupled  governing 
equations are prwided by Corapcioglu  and  Panday (1991). 

EMATICAI .JWUF$ 
, ,. , I  . . 

A mathematical model  is presented to simulate the processes 
occurring during multicomponent petroleum contamination of a 
frozen soil. The governing equations that have been simplified 
for a vertical one-dimensiond soil  column arg l i s tc~  in Appendix 
A. Quantification of the transport of each componc#  is achieved 
ly employing the conservation of mass equation (AI) for every 
component  within the system. Equation (Al )  states that the rate 
of change of the mass of a component in all phmes of a 
representativq  elementary volume  is due to  advection  and 
dispersion , .  within all  phases, subject to biodegradation loss. 
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Equilibrium  thermodynamic  relations determine the partitioning 
o f  components a~tlong these  phases.  Constitutive relations 
determining  relative permeabilities of the flowing phases  and 
capillary pressure-saturation functions  for  all  phases are 
extended from  two-phase  relationships,  since  multiphase 
relationships are difficult to obtain. The thermal  regime of the 
system  is quantified by the energy  conservation equation (AZ). 
which states that the rate of change of internal Knergy in a 
representative elementary volume  is due to the net conduction 
and  convection of heat  into  it  within all phases present, 
Q~~antification of the change of internal energ due to solubility 
of compound  species in the water phase and  volatilization is 
negligible  compared  to the large contribution  to the internal 
energy due to  ice-water  phase  change and advective and 
dispersive  heat transport. Heats related to biodegradation and 
dispersive  heat flux are also neglected in Equation (A2). The 
thermal  conductivity  and heat capacity  of the system are 
dependent on phase saturations and compositions,  and on 
thermal properties of the  individual  components. Densities and 
viscositics o f  all phases are functions of temperature, pressure, 
and  cornposition of the  respective  phases. A non-deforming 
porous  medium  has  been  assumed  in the above transport 
equations, and ice lensing  and it.. effects  have been neglected. 
Tha.Clapeyron equation (A3) provides the general equilibrium 
relationship  between ice and water. The mole fraction 
constraints (A4) and the saturation constraint (A5) complete the 
set of governing equations. 

The unknowns  of solution are the spatial distributions and 
temporal  variations af mole  fractions of each of the components 
in  the  system, xH;, the temperature T, the phase pressures pa,a 
= wp (water phase), fw (frozen  water).  np  (non-aqueous), ap (air 
phase), and  their saturations S,. These equations are solved 
simultaneously  for a one-dimensional  soil  column, subject to 
appropriate initial  and  boundary  conditions. A Newton-Raphson 
linearization and an  implicit iterative procedure for the non- 
linearitics are applied on the equations over a domain 
diacretited by finite  differences. Underrelaxation formulas are 
used to  assist  convergence of the  solution  scheme. The numerical 
methods are discussed further by Panday and Corapcioglu 
( I ! N l ) .  

PUMEKICAL PROCEDURE 

'The transport equations (AI)  and the energy equation (A2) 
arc:  written in general  form as 

For a Newton-Raphson  scheme,  each term is expanded as a 
function of all the primary  variables. The Newton-Raphson 
scheme enhances convergence  for  the set of highly non-linear 
equations encountered. Each  term of the equation (1) for the 
transport and  energy equations is expanded and rearranged to 
have  only incremental  terms on the left-hand side. The 
remaining equatians (A3)-(A-5) that  comprise the primary set 
are also expanded In a similar fashian, and rearranged. The 
right-hand  side  contains all the known terms. These terms are 
then added tn  their  respective  locations in a coefficient  matrix J 
and a force  vector V such that the  system is defined as 

JBP,,, = V (2) 

where  the Change of the prirnat$unknowns, sp, is to be  solved 
b .  All exphi1  treatment is given to all coefficient terms by 
~XPreSSing  them at the latest iteration level. All partial 
derivatives appearing in the expansion  of the equations with 
respect to the primary  unknowns are calculated  using a cord- 
slope method. The cord is taken as the difference between the 
latest known iterate value and the previous  time step. if this cord 
is below a certain prescribed  minimum, the minimum  value  is 
taken as the cord  for determining t h e  slope. The matrix equation 
(2) is a block  matrix equation containing  all simultaneous 
equations (Al)-(M) at each node within the domain. Exceptio& 
occur in special  cases  wherein this set does not represent the 
physical situation and  needs to be,substitutcd by other equatioris. 
The resulting  matrix is block tri-diagonal and is solved at each 
non-linear iteration using a method parallel to the Thomas " 

Algorithm,  wherein operations are performed on block matrices' 
instead of variables. 

RESULTS 

A homogeneous unsaturated soil  column,  initially frozen to 4" 
C with ice and water saturation of equilibrium conditions shown 
i n  Figure 1, is subject  to a simulated gasoline  spill at the surface, 
which increases the surface temperature to 5 O  C during the 
period af the spill.  Surface temperatures remain at 5" C 
thereafter. The simulated  gasoline is a mixture of benzene, N- 
butane, cyclohexane and N-octane, with mass fraction ratios of 
0.2, 0.1, 0.3. and 0.4, respectively. Transport of these components 
and of water and air  within the soil  column are simulated for 
this scenario over a period of time, using the one-dimensionat 
model  discussed  above. F ipre  1 shows the temperature and 
saturation profiles far ail  phases  within the simulated s o i l  column 
at various  times. Saturation of water increases as ice melts due 
to application of warmer gaso1ine:Thetmal effects were 
substantial  for  this  simulation,  and all ice  within the 3 rn column 
war melted within 12 days. Gasoline displaces air, percolating 
down the,column by mow than 1 m after 12 days. Figure 2 
shows the distribution of mole fraction of  water as  a component 
in the water phase and of oxygen and the pseudo-component (N, 
t CO,) in the air phase.  Mole  fraction of water in  the water 
phase is reduced  near the soil surface due to gasoline 
components  dissolving in the water. Water mole fraction is unity. 
1.8 m down the cotumn at 12 days, beyond which only'water 
exists in the water  phase. Gasoline has drained about 1.3 m 
during  this  time period. Contaminants present in #he watet phase 
below  this  region are transported mainly  by diffusion. Advection 

negligible.  Vnlatization of contaminan& accounts for reduction 
of the mole  fractions of oxygen and (N, -1- CO,) in the air phase 
in the upper  regions of the column.  Aerobic reactions are 
neglected in this  simulation and, hence, oxygen mass is 
conserved. The effect of contaminants on the freezing 
temperature is  not noticed here since  the zero degree isotherm 
has moved down the column quicker than the solutes. 

- of water and air are small aqd, hence, dispersion is also 

- 
A model is developed ta predict the fate of a simulated 

gwline spill in frozen soit. The governing equations for  multi- 
component, muhiphase transport, the energy conservation 
equation, and numerous. constitutive functions  and 
thermodynamic relations that constitute the model are solved far 
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a vertical  one-dimensional  soil  column. The gasoline p h w  has 
flowed  down the column approximatdly,1.3'm for' the' caie ' . : 
examined.  Curnponents of the  gasoline  were transported further 
down the column bpdiffuaion in the air aind watef phases. ' 

Various other scenarios, including  refredzing after the gasoline 
spill, may also be examined by the model  to htudy the fate of a 
gasoline  spill  on frozen soils. 

There have been a laige number of accidental oil spillages in 
the Arctic tundra since  the  development of Alaskan oil~fields 
arld .the  construction of the trans-Alaska  pipeline. 
Understanding and predicting the migration, hiodegradation and . '  

inmahilization of petroleum contaminants in soils and 
groundwater will improve  recavery and clean-up of these I ' ' . 

substances as well as imprbving  assessment of potential accidents 
in Arctic.  regions. The rtisults of this study can be used by water 
resources planners,-regulatory agencies, permit issuing  officirils, 
and engineers at federal and state levels involved with 
groundwater resources and  hazardous wastes. 

, I  

. ,  . 
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Nomenclrrkurt! ' 
[AMW],,= apparent'molf.wAar weight of phase a 

C: = concentration of component k in phase a 
D,' hydrodynamic  dispersion !&f k in phase a 
g = gravitational acceleration 

b, = enthalpy of phase II 
Ko:: = equilibrium  partition  coefficient  for  component k, 
between  phase &,grid phase fl  
k, = intrinsic  permeability tO phase a 
k, = relative  pcrmeahility 'to phase 01 , 

&:: = latent heat of tr3nsfer of component k from phase M,to,#;,  
phase u ' 

[MW]' = malyular weight of component k , < ,  

n = porosity of the medium 
pa = pressure in phase a 
R = universal  gas  constant 
-Rbh," =' rate'at whjch component k is hiodegradid !:om phase 

: ,  ' , I  , 

I 

,t;' ' 

, "  ~. i . , 

, ..., , ,  

, , d  

a l' I ,  
, ,  

S, = degree of Fir, ,phase saturation 
So = degree of hydrocarbon phase saturation 
S, = degree jqf wa& phase saturation 

S = degree of ice saturation 
T = temperature 
t = time 
U, = internal energy of phase a 
U, = interns1  energy of phase a 
x: = mole  fraction of component k in phase a 

z = vertical cowdinate 

X ,  = net  thermal  conductivity of the sail 

pma = moiar ctedty 6ibt;ase a ' ,, 

8. = volumetric content of phase a% 

pn = viscosity of phase ct -1 , 

, '  

, .  
:L I 

I ,  

( 4  .., I 

J j _ , ,  *I: . I  - 1  

I ,  
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Appendix A Governing equations 

Component Mass Transport Equations 

Clapeyron Equation 

Mole Fraction constraints 

NC NC 

Saturation  constraint 

E, a - 1 



ADMIWTSTERIYE COUNTERMEASURES ON EMBANKMENT T H A W  SETTLEMENTS 
OF PERMAFROST ALONG THE Q I N G H A I  X I Z A N G  H I G H W A Y  

Cu'i J i a n h e n g ,  X u  Dongzhou  and  Chen  ilongzhe 

The F i r s t  Survey  antl  Design I n s t i t u t e  of Highway, 
T h e  Ministry o f  CommunicAtions,   Xi .~n.   China 

The t h e r m a l   u n s t a b i l i t i e s  a n d   e n g i n e e r i n g   c o m p l e x i t i e s  o f  p e r m a f r o s t  a l o n g  t h e  
Qinghai -Xizang Highway a r e   d e t e r m i n e d  b y  spec ia ' l  e n g i n e e r i n g   g e o l o g i c a l  c o n d i -  

p a p e r   a n a l y z e s  the embahkment   temperature   regime  under  asphalt pavement on 
t i o n s ,  c l i m a t i c   e n v i r o n m e n t   a n d   p e r m a f r o s t   d e v e l o p m e n t   c h a r a c t e r i s t i c s .  The 

Qinghai-Xiaang  Highway, discusses  t h e   d e v e l o p m e n t   r e g u l a t i o n s   a n d   t e n d e n c y  o f  
embankment  thaw s ~ t t l e m e n t  and t h e  w n y  o f  improving  embankment  thermal regime, 
ant1 p r e s e n t s  t h e  s y n t h e t i , ~  C O U ~ ~ ~ ~ ~ P ~ R I I X C S  t o  h e  a d m i n i s t e r e d .  

SOME CHARACTERISTICS OF PERMAFROST ALONG TAF 
QJNGHAI-XIZANG H I G H W A Y  

T h e  g i n g h a i - X i z a n g   P l a t e a u  is I n  a l o w  l o t i -  
r u r l p  i l r l d  h i g h   e l e v a t i o n  a r e a ,  t h e   p e r m a f r o s t   h a s  
some s p e c i a l   c h a r a c t e r i s t i c s  i n  t h i s   c l . i m a t i c  
envi ronment  a n d  development  reg imes  o f  perma- 
f r o s t  compared w i t h  t h e  p e r m a f r o s t  o f  h i g h  l a t i -  
t u d e s ,  

+ 1.  The C l i , n a t i c   E n v i r o n m e n t   C h a r a c t e r i s t i c s  , 

t . h C  i111:cnse s o l a r  racl i .ot ion on t h e  Qinghai -  
l'hr? s p e c i a l  g e o g r a p h i c   p o a i t i o n  d e t e r m i n e s  

Y i z a n g  P l a t e a u ,   t h e  total. a n n u a l  r a d i a t i o n   m o u n t  
I:: a b r r u t  1 7 0  K c a l / c m '  p e r  year  (Keo Youguan, 
1982)  antl more t h e n  1 . 5 . t i m e s  o f  X i a n ' s  n n d  2 . 0  
times of Y a k u l . s k ' s .  The  r i rd ia t i .on   equi l ibr ium 
~ r n o u n l .  is alwnys a t  a n l u s  f o r  t he   who le  y e a r .  
T a b l e  1 shows  that- Lhe d i f f e r e n c e   v a l u e s  beLwcen 
y r n u n r l  t e m p e r a t u r e  ant1 a i r  t e m p e r a t u r e  i s  a l w a y s  
a v a l u e  m o r e  t h a n  9531 o f  r n d i a t i o n  e q u i l i b r i 1 ~ m  
anloun~  and  i s  t r a n e f e r e d   i n t o   a t m o s p h e r i c  l a y e r  
( K I I O  Yrruguan). 

Recause  of h i g h   e l e v a t i o n s   a n d  l o v  l n t i t u d c s ,  
t h e r e   a r e  s p e c i a l  l o w   t e m p e r a t u r e   c o n d i t i o n s  in 
t h e   Q i n g h a i - X i z a n g   P l a t e a u .  The p e r m a f r o s t  is 
developed well d u e  t o  l o c a t i o n  i n  t h e  c e n t e r  o f  

Mountain a n d  Tanggula Mountain ( X l e  Y i n c q l n ,  
t h r e e   l o w  t e m p e r a t u r e  centres between Fcnghuo 

1983) .  T h e  c u r v e s  i n  F i g , l  5 n d f c a t e  t h a t  t h e  
mean a n n u a l   g r o u n d   t e m p e r e t u r e s   a r e   h i g h e r  t h a n  
the memn a n n u a l  n i r  t e m p e r a t u r e   a t  Wu D a o l i a n g  
a n d   T u o t u o   R i v e r   m e t e o r o l o g i c a l   s t a t i o n s  i n  t h o  
L a s t  t en  years .   The  r a t i o s  between t h e  mean o i r  
f r e e z i n g  i n d e x  and thawed i n d e x  o f  t h e   y e a r s  a r e  
a b o u t  5 . 8  a t  W t r  P n o l i a r r g  a n d  3 . 3 2  a t  T U O L U O  
R i v e r .  B u t  t h e   r a t i o s   b e t w e e n  mean ground s t ~ r f a e r  
f r e e z i n g  index  nnrl thawing   index  o f  t h c   y e a r s  
a r e  a h n u t  1.65 a t  Vu n a o l i n n g  and I . I 6  at 1'uotuo 
River. T h i s  i s  d i f f e r e n t  f r o m   t h e   t c m ~ p e l - n t u r c  
regime i n  h i g h   l a t i t u d e   p e r m a f r o s t   a r e a s .  T h c r e -  
f o r e ,  t h e  mean a n n u a l  a i r  t e m p e r a t u r e  i s  not 
equal t o   t h e  meRn a n n u a l  ground s u r f a c e  tvmpera-  
r u r e  a n d  g r o u n d   t e m p e r a t u r e .   I t  i s  not. s u i t a b l e  
t o   e v a l u a l e  tlle y e r m a f r o s L   t e m p e r a t u r e   e n v l r o n -  
ment b y  u s I n g   a n   n i r   f r e e z i n g   l n t l e x   a n d   a i r  

'Fable  1 .  The t p m p e r a t u r e   d i f € e r e n c e   b e t w e e n   g r o u n d   a n d   a i r  a t  some m e t e o r o l o g i c a l  
s t a t i o n s   a l o n g  t h e  Q j n g h a i - X i z a o g  Highway 

- "" 

Month , I. 2 3 4 5 6 7 0 9 1 I1 11 1 2  ' Yeet 
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t hawing   i ndex .  

Year 

L" 

F i g u r e  l. +':; t e . . , e e r a t u r e  c u r v e s  o f  a i r  and 

Wu D a o l i a n g  a n d  Tuotuo   River  
g r o u ~ ~ d   s u r t a c t .   a t   t h e   m e t e o r o l o g i c a l   s t a t i o n s  o f  

( '- and -.- a r e  t h e  a n n u a l  meal~  Lemperature 
o f  g r o u n d   s u r f a c e ,  --- and - - n r e  t h e   a n n u a l  
mean a i r  t e m p e r a t u r e s  a t  Tuotuo   River  and W U  
D a o l i a n g   s t a t i o n s )  

The p r e c i p i t a t i o n   f o r   t h e   w h o l e  year  i>n 
Qingha i -Xizang   P l a t eau  i s  c o n c e n t r a t e d  i n  t h e  
warm s e a s o n .  The p r e c i p i t a t i o n  from June  L o  
September  i s  abou t   80% o f  w h o l e  year's p r e c i p i -  
t a t i o r l   ( s e e   T a b l e  2 ) .  The s e a s o n a l l y  t-hnwed 
dep th   ma in ly   depends  on t h e  summer p r e c i p i t a t i o n .  
The curves of t h e  m a x i m u m  thawed d e p t h ,  a n n u : ~ l  

a c c u m u l a t i o n  i n   t h e  warm s e a s o n  a r e  shown i n  
p r e c l p i t a t i o n  a n d  mean monthly p l u s  r e m p e r a t u r e  

Fig.2, I t  i s  shown t h a t   t h e   c h a n g e  o f  t h e  maxi- 
m u m   hawed dep th   depends  m a i n l y  on t h e   a n n u a l  
p r e c i p i t a t i o n   b e c a u s e  o f  t h e  w a t e r   c a r r y i n g  
ground  sur fa 'ce  ' h e n t  i n t o   p e r m a f r o s t   t a b l e .  
T h e r e f o r e  t h e  p r e c i p i r a r i o n  is one of  t h e  impor- 
t a n t  e f f e c t  f a c t o r s  on s e a s o n a l l y   t h a w e d   d e p t h s  
i n  Q i n g h a i - X i e a n g   P l a t e a u   p e r m a f r o s t   a r e a .  

2 .  Some C h a r a c t e r i s t i c s  o f  Permafrost Development- 

2 . 1 .  The u n s t a b i l i t v  o f  p e r m a f r o s t   t h e r m a l  r e ~ i m c  
The s t a b l e   c o n d i t i o n  o f  p e r m a f r o s t  is t h a t  

g r o u n d   s u r f a c e   h e a t  f l o w  ( q  )-,'is g r e a t e r   t h a n  01- 

e q u a l   t o   u n d e r  g r o u n d  hear  Flow ( q c ) .  i . e .  
, >  

0 1- 

where ,  X and x, n r e   ' h e a t   , c o n d u c t i v i ~ i e s   o f  u p p e r  
ant! l o w e r   t a b l e s  o f  the ailnual  cllarlgt. layer, t c p  
and t a  a r c   p e r m a f r o s t   t e ' m p e r a t i ~ c e s   a n d  mean 

change   dep th  of grounH8 t e m p e r a t u r u , h i :  i s  a 
annual   ground surface t e m p e r a t u r e ,  is annual  

g r o u n d   t e m p e r a t u r e   g r a d i e n t .  
I t  i s  known f r o m  a b o v e .   t h e   p e r m u f r o s t  s ~ a b l e  

c v r ~ d i t i o n  Is t h a t  t h e  mean annua l   g round   su r f ace  
t e m p e r a t u r e  is leas than  t h e  permaf ros t   t emper -  
a t u r e .  B u t  t h e   g r o u n d   s u r f a c t .   t e m p e r a t u r e  on 

lt- 

J, 

-4 
9 

C 
a 
e i  

90 

400 ~ 

300- 

F i g u r e  2. 'The c u t v c s  o f  a n n u a l  m q x i m u m  thawcll 

p r e c i p i t a t i u n  and  monthly meall eucumula t  i v t :  

t e n ~ p e r a t u r o  u t  Kekexi 1 I M o u n t a i n   S t a t i o n  

Qingha i -Xixanp   P l a t eau  i .s  n o t  very low. T h e  mectn 
annual   ground  temperacure  and  pelmafrost  temper" 
a t u r e  and   pc rmaf rosL   t empcra tu re l in  t h e  l a s t  t.cn 
y e a r s   h a v e  been a b o u t  -2.2*C and -3°C a t  Wu I)SCJ- 
l i a n g   m e t e o r o l o g i c a l   s t a t i o n .  M o s t  y e r m a r r o s r  
a r e a s  on Qir lghei-Xizang  Plateau a r e  i n  an u n s t t l -  
bla r e t r e a t i n g   s t a t e ,   f o r   e x a m p l e ,   he n o r t h  
boundary o f  permaf ros t   nea r  X l d a t a n  and the, 
south  boundury near  A n d u o  a r e   r e t r e a t i n g .  1111111.r 
t h e  intense s o l a r  r a d i e t i o i l  c o n d i ~ i o n s ,  the 
g r o u n d ' ~ s u r f n c e   c o n d i t i o n   C a u s e s   t h e   h e u c  f l o w  l o  
c h a n g e   g r e a t l y .  From thc! o b s e r v a t i o n   d a t a  i n  
1 9 9 1 ,  t h e   d i f f e r e n c e s  i n  t h e   n a t u r a l   p e r m a f r o s t  
t a b l e   w e r e  u p  t o  1 . 0  m a t   t h e  same a r e a   w i t h  
d i f f e r e n t   c o v e r   c o n d i t i u n s .  

2 . 2  Subground i c e  dcveloymenl  c h a r u c t e r l s L l c s  

r e l a t e d  t o  g e o l o g i c a l   d e p o s i t s   a n d  p e r m a f r o s r  
d e v e l o p m e n t   h i s t o r i e s .  Rased o n  t le f o r m a t ~ o r ~  
p r o c e s s ,   t h e   s u b g r o u n d   i c e  c o n  be c l a s s i f i e d  
i n t o   i n t e r g r o w t h   i c e  a n d  secondary  i c e .  

'The i n t e r g r o w t h  i c e ,  formed i n  a g e o l o g i c a l  
d e p u s i t   p r o t e u s ,  exists i n  poor   d ra inage  c o r ~ d i -  
t i o n s  i n  h i g h - p l a r e a u   a r e a s .  T h e  u x i s ~ i n y  ~ - y p c  
l a  g e n e r a l l y  n l e n t o i d  u n c o n c i n u o l Y  i c e  l a y e r .  
Thc   s econdary   i ce  i s  formed i n  n f racziny-thawilrg 
c y L l i c a l   p r o c e s s ,   n e a r  the pe1-maf::ust: t a b l e ,  a n d  

depLh: ,  b e l l e u t l r  l l a t l l r u l  gI O l l l l t l  ,5111 I U L t . S ,  .1111111;11 

The f o r m a t i o n  o f  s u b g r o u n d   i c e  i s  c l o s e l y  

'Table 2 .  A n n u a l  mean p r e c i p i t a t i o n  a t  Wu D a o l i a n g  a n d  T u o t u o   R ? v e r   S t a t i o n s 1  ( m m )  

Month 
2 3 4 5 6 7 8 9 10 11. Whole 

y e a r  S t a t i o n  - I 

W I I  Daol ianp  
. ,  

1 . 0  1,.7 2 . 5  6 . 8  22.5 46.5 7 0 . 0  65.4 4 0 . 4  7 . 0  0.9 . .I) 2615.7 
. .  
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e x i s t s  i n  f i n e   s o i l   l a y e r s .  The e x i s t i n g   t y p e  o f  t h e   f r e e z i n g   i n d e x ,  t he  p o t e n t i a l   s c u s ~ n a l l y  
secondary  i c e  i u  g e n e r a l l y  I n  s t e a d y   c o n t i n u a u s  thawed d e p t h  was g r e a t e r   t h a n   s e a s u n a l l y   r r o z e i ~  
i c e   l a y e r s .  d e p t h  i n  1980. , T h e r e f o r e  a n   u n f r o z e n   s a n d w ~ ~ h  

s t r u c t u r e  ex i , s t s  i n  the  h ighway   founda t ion .  ' I ' l ~ t .  
THE THAW SETl'L.EMENT ANALYSES O F  H I G H W A Y  F O U N D A -  t e n l p e r a t u r e  regimes o f  embankment in a cross 
TIONS , '  s e c t i o n   b e n e a t h   t h e   a s p h a l t   p a v e m e n t   a t   t h e  
II 

s u u t h  o f  .Xi,esbui  river^ in 1987,  are s l ~ o w n  in 
1. Thermal  Regime  Analyses 

1 . 1  T h e  t e m p e r a t u r e  f i e l d  of  the   h ighway  founda-  
t i o n  

m o i s t u r e   f r o m   e v a p o r a t i n g .   T h e r e f o r e   t h e  s u r f a c e  
l a r g e  amount o f  s o l a r  r a d i a t i o n  a n d  r e s t r a i n s  

t empera tu re   o f   a spha l t   pavemen t  i s  h i g h e r   t h a n  
t h e  n a t u r a l   g r o u n d   s u r f a c e ' s .  T a b l e  3 shows a t  

d i f f e r e n c e   b e t w e e n   t h e   a s p h a l t   p a v e m e n t  a ~ r d  
t h e  s o u t h  o f  Chumaer R i v e r ,  t h e  t e m p e r a t u r e  

n a t u r a l  ground s u r f a c e  was 4.5'C i n  t h e  warm 
s e a s o n  o f  1985. The d i f f e r e n c e   d e c r e a s e s   w i t h  
d e g r a d a t i n g   s o l a r   r a d i a t i o n   f r o m  J u l y  to   October .  
R u t   i n  t h e   w i n t e r   t h e   t e m p e r a t u r e   d i f f e r e n c e s  
i n c r e a s e  s l i g h t l y  d u e  to t h e   h i g h   r e f l e c t i v e  
r a t i o  of snow cover  on n a t u r a l  ground s u r f a c e s .  

T h e  mean g r o u n d   t e m p e r a t u r e   c u r v e   b e n e a t h   t h e  
asphalt pavement a t   K e k e x i l i   M o u n t a i n  in 1'380, 
shown i n  F i g . 3 ,  i n d i c a t e s   t h a t  t h e  mean tc iopera-  
t u r e  a t  0 . 5  m d e p t h  was a t  a p l u g  a n d  t h e  thaw- 
i n g  index  o f  aspha l t   pavemen t  was ~ r e a t e r   t h a n  

- 
T h e  s u r f a c e  of a spha l t   pavemen t  a b s o r b s  a 

Tempera ture  ("c )  
- 1 . 5  - 1 . 0  - 0 . 5  0 0 . 5  
-I- 

E'iy.4,  F i g . : 4 ( a )  shows t h e r e  is a p l u s  temperat-urc 
zone i n  - the   un thawed sui1 layer, T h i s  is remant:nt 
unfrozen p a r t s  i n  thawed  depth of t h e  l a s t  y e a r .  
Fig.4 a l s o  shows t h a t   a t  same d e p t h  t h e  tempera-  
t u r e  of t h e  embankment t e n t r e  is a l w a y s   h i g h e r  
thnn  t h e  t e m p e r s t u r e  o f  b o t h   s i d e s  o f  t h e  embtlnk- 
m e n t .   A c c o r d i n g   t o   t h e   o b s e r v a t i o n   d o t s  i l l  19'91, 
t h e  e x i s t e n c e  o f  the   unf rozen   sandwi .c l l  s t r u ~ t u r e  
i n  t he   h ighway   founda t ion  was a common phcr~ur~le- 
non.  T h e  seaoonall y f r o z e n  d e p t h  b e n e a t h  t h e  
aspha l t   pavemen t  is a b o u t  ' 3 - 4 . 5  rn a t  d i f f e r e n t  
h i g h w a y   s e c t i o n s .  

, .  

May 2 0  ( a )  August 5 ( b )  'm /m 
- 0.5 

/f 1 5  
October  2 0  ( c )  J a n u a r y  5 ( d )  

3 :  F i g u r e  4 .  I s o t h e r m s  of  embankment s e c t i o n  

Because t h e  s e a s o n a l l y   t h a w e d   d e p t h  i o  g r e a ~ t i r  
L h u n  t h e  s e e s o n H l l y   f r o z e n   d e p t h ,  e n  " u n f r ~ i c e n  
c o r e "  or u n f r o z e n   s a n d w i c h   s t r u c t u r e  i s  f o r m e d .  
T h i . s  means t h a t  i n  t h e   a n n u a l  h e a t  c y c l e s   t h e r e  
e x i s t s  a remanent   hea t   amount .  

Figure 3 .  Annual mean ground t e m p e r a t u r e   b e n e a t h  
a spha l t   pavemen t  

Table 3 .  The Lemperatures of the  asphalt pavemenl: and the natural ground surface in the  south of  Chumuer 

Month 
6 7 10 11 

- 
last f i r e t  m i d d l e  l a s t   f i r sL  middle last f i r s t  middle last: first middle lest f i rsL 

Content - _.-~ 

Natural grpund surface temperature ( e c )  10.6 10.3 12.6 12.3 12.7 12.6 10.1, 7.7 3 . 3  4.0 3.4 -1.9 -6.1 - 9 . 4  

1 

Aspholt pavement 
temperature ("C)  

Increasing value of 
temperaLure ("C) 

13.8 15.8 18.9  18.9 18.9 .18.3 15.1 11,& 6.8 / / 4.7 -3.0 -6.1 

3.2 5.5 6.3 6.6 6 .2  5.7 5.0 4.1 3.5 1 / 2,8  3 .1  3."3 
. .  

3 ,  

, .  
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1 . 2  T h e r m a l   s t a b i l i t y  of t h e  embankment 
The t e m p e r a t u r e   f i e l d  of L h e  highway  founda- 

t i o n   c a n  be e x p r e s s e d  b y  a two-dimens iona l  tem- 

b e n e a t h   t h e   a s p h a l t   p a v e m e n t .  I n  this t h e r m a l  
p e r a t u r e   f i e l d .  T h e r e  is a h i g h - c e m p e r a t u r e  Z O I I ~  

r e g i m e ,  n o t  o n l y   v e r t i c a l   t e m p e r a t u r e   g r a d i e n t s  
e x i s t ,   b u t  a l s o  h o r i z o n t a l   t e m p e r a t u r e  g r ~ d i r ~ r L c r  
e x i s t .  Based on t h e   h e a t   c o n d u c t  i o n '  t h e o r y ,   t h e  
h o r i z o n t a l   h e a t  f l o w  e q u a l s   t h e   h o r i z o n t a l   c o n -  
d u c t i v j   t y  t i m e s  t h e   h o r i z o n t a l   t e m p e r a t u r e  d i f -  
f e r e n c e ,  the v e r t i c a l   h e a t   f l o w  e q u a l s  t h e  

a t u r e   d i f f e r e n c e .  T h e  r a t i o  o f  h o r i z o n t a l   h e a t  
v e r t i c a l   c o n d u c t i v i t y   t i m e s   t h e   v e r t i c a l   t e m p e r -  

f l o w   t o   v e r t i c h l   ' h e a t   f l o w  i 5  c a l l e d  Lhe 1 a t . e r a l  
r a d i a t i o n   h e a t   c o e f f i c i e n t .  

If t h e   h e a t  f l o w  o f  t h e   u p p e r  boundn-y o n l y  
t h a w s   t h e   s e a s o n a l l y  frozen l a y e r ,  t h o  thermal  
s t a b i l i t y  of  highwa'y f o u n d a t i o n  will e x i s t .  

1.3 The e f f e c t   f a c t o r s  on  Lhe embanknlenLs 
t h e r m a l  s t a b i l a  

The h i g h w a y  f o u n d a t i o n   s t a b i l i t y   d e y e n d s  on 
the s u r f a c e  absorbing c o o t l i t i o n  ( s o l a r  r a d i a t i o n .  
e n v i r a n m e n t  t e m p e r - a r u r u ,  p a v e m e n t   c o n d i t i o n ) ,  
l a t e r a l   r a d i a t i u n   c l o n d - i t f o n   a n d   w t l t e r  on  he 
f r o z e n   l a y e r .  For specin1 c l i m a t e   c o n d i t i o n s  o f  
Q i n g h a i - X i z a n g   : P , l n t e a u ,   t h e   d i r e c t l y   i n f l u e n c i n g  
f a c t o r s  of t h e   h i a h w a y s   f o u n d a t i o n   t h e r m a l   s t a -  
b i l i t y  a r e   a s   f o l l o w s :  

~. 

- 1 . 3 . 1   P a v e m e n t   m a t e r i a l  
The a spha l t   pavemen t   w i th  B low reflectivity 

auti h i g h  h e a t   a b s o r b a n c e   m a k e s   i t a   s u r f a c e  tem- 
perature h i g h e r   t h a n   n a t u r a l  g r o u n d  t e m p e r a t u r e ,  
i l  Is a n  importclnL f a c t o r  i n  c a u s i n g   t h e  perma- 
f r o s L   t a b l e   t o   d e s c e n d .  

1 . 3 . 2  EmlrenkmenL f i l l i n R   m a t e r i a l  

t h e r m a l   c h a r a c L c r i s t i c s   a n d   m o i s t u r e  c h o r a c t u r -  
i s t i c s   t h e   i n f l u e n c e s  o f  wate r   con ten t   and  
t r a n v f e r   w a t e r   a b i l - i t y  o f  s o i l  on h e a t   f l o w   a r c  
very  l a r g e .  

1 . 3 . 3  Supgrpe rmaf ros t   wa te r  

s u p e r p e r m a f r o s t   w a t e r .  T h e  r a i n f d l l  i s  an imyo l - -  
t a n t ' e f f e c t   f a c t o r  on t h e   s e a s o n a l l y   t h a w e d  
dep th   change  i n  Q i n g h n i - X i z a n g   P l a t e a u .  The sea-  
E o n a l l y  thawed d e p t h  i n  water   logged   years  js 
g r e a t e r  t h a n  i n  d r y   y e a r s ,  The seepage  f low 
c a r r i e s   n o t   o n l y  i t s  own h e a t  R m o u n c ,  b u t  a l s o  
n a t u r a l   g r o u n d   $ u r f a c e , ~ a d i a t i o n   h e a t   i n t o  the 
p e r m a f r o s t   t a b l e .  T h i s  c a u s e s   p e r m a f r o s t   t h a w i n g  
a n d  " u n f r o z e n   c o r e "  devulnpment. 

1 . 3 . 4  A crost i  s e c t i o n  o f  t y p e s  and I le lEhts  o f  
embankments 

The v e r t i c a l   g e o t h e r m a l   g r a d i e n t   d e c r e a s e s  
w i t h  the   lncreeviqg   cmbenkment   he ight . ,   The  
t h e r m a l  e f t e c t  o n  the embankment i n c r e a s e s   w i t h  
t h e   i n c r e a s i n g   p a v e m e n t  width. I t  i s  a d v a n t a -  
g e o u s  t o  form a h o r i z o n l a 1   g e o t h e r m e l   g r e d i e n t ,  
d e c r e a s i n g   v e r t i c a l  h e a t  f Low a n d  reinforcing 
l a t e r a l   r a d i a t i o n   h e a t  b y  p u r ~ i n g  i n  B berm and 
a g e n t l e   s l o p e ,  

2 .  Analyses  o f  Enibankmenc Thaw Secclement  

2 . I .  Thaw s e t t l e m e n t   s t a t e  
Because o f  t h e   i n a c a b i l i t y  o f  e n g i n e e r i n g  

geology  and t h e  s e n s i t i v i t y  o f  t h e   t h e r m a l  
r o g l m e  on r h e   Q i n g h n i - X i z e n g   P l a t e a u .  t h e r e  a r e  
d iEfe renL   t ypes  and d e g r e e s  of thaw s e t t l e m e n t .  
The t y p e s  o f  t h a w   s e t t l e m e n t  c a n  he c l a s s i f i e d  
a s   Z o l l o w s :  

B e c a u s e   d i f f e r e n t  soil t y p e s   h a v e   d i f f e r e n t  

A t m o s p h e r i c   r a i n f a l l  i s  t h e  main r e s o u r c e  o f  

is d i f f e r e n t  from 1 cm t o  60 t m .  

I 2 . 1 . 2  " U "  shape   t haw  se t t l emen t  p n  a cross 
s e c t   i o n  

I t  i s  m a i n l y   d i s t r i b u t e d  in r - c h - c o n t e i t t  
cont inuous   undcrgrount l  i c e  s e c t i o n s  

huItdred m e t e r s .  1 1 1  the g e n t l e  
n e t e c s  t n  one t a i n  a r e a s  w i t h  a lengLh o f  t e n  

I J V ~ I ,  moun- 

111 t h e . s l o p e   t e r r a i , r t  a r e a  the  no:-symmetric " \ I "  
s e t t l e m e n t   a m o u n t  i s  a t   t h e  embe kment c e n l e r .  

setLle:mc?nt,  the larl;est i s  t h e  sytltnlecric " U "  ,shapt! 
t e ' r a i l l   i l r c a ,  i~ 

F' i14 .5 ,  i s  f o r l l l e t l .  s h a p e  s e t t l e m e n t ,  a s  s h o w n  i n  

Gigure  5 .  Thaw s e t r l e m e n t  i n  highway 
S I  ope s e c t  i o n  

2 .  I. + 3 The berm s l u 1 1 1 1 1 i n ~  
I t   o c c u r s  i n  p o o r - d r a i n a g e  s e c ~ i o n s .  H ~ : C L I L I Z ~ L '  

of p o u r - d r a i n a g e  a t  b o t h  s i d e s  o i  

011 t h e  sloped berm. 
s l u m p i n g  t l 3 \ J p € ! l l  t h e   s e r i o u s  thaw  se t t l emen t  and 

t h e  highway,  

2 . 1 . 4  I n t e R r u l  t haw  se t t l emen t  

c o n t e n t   u n d e r g r o u n d  i c e  a n d  p o o r  drainage a r e i t s  
( i n  Fig.6). 

I t  may occur  i n  p a r t s  o f  t h e  :scct i .ons o f  r j c h  

F i y u r e  6 .  Embankment t h a w  s e t t l e m e n t  

I n   t h e   v e r t i c a l   s e c t i o n ,   t h e  a r t i f i c i a l   p e r -  
m a f r o s t  t a b l e  i n  t h e  a r e a  w i t h  

r i c h - c o n t e n t  i s  d e e p e r  t h a n  i n  t h e   a r e a  w i t h  
low-content  i c e  

s e t t l e m e n t   a r e a s .  
in serious t l ~ a w  s e t t l e m e n t   a r e a s  i s  deeper  t h a n  
in s l i ' g h t  thaw p e r m a f r o s t .  The p e r m a f r o s t   t a b l e  

p o o r - c o n t e n t  i c e  r i c h - c o n t e n t   i c e   p e r m a f r o s t   a n d  
between h e a t   a n d   t h e   s e t t l e m e n t   c o e f f i c i e n t  

thawing  la te l lL i c e .  T h e  reason  i s  the  different 

2 . 2  Development   ~endency  o f  t h e  embankment  thaw 
s e r t l e m e n t  

From a t h e r m a l   v i e w ,   t h e   s t a b i l i t y  tenduncy 
of t h e  embankment e x i s ~ s  i n  t h e  d e e p e r  permafros i .  
t a b l e  a n d  l o w - c o n t e n t   i c e  o f  t h e  p e r m a f r o s t  high-. 
way.   There  3re   two  reasons,   one i s  t o  form a 
v e r t i c ~ l  h e a t   f l o w   e q u i l i b r i u m  e a s i l y ,   a n u t - h e r  
is  t h e  r e l a t i v e l y   1 i Z t l e   s e t t l e m e l t  amount o n  
l o w - c o n t e n t  i c e  p e r m a f r o s t .  

o f   permafros t   t empera tures   and  c l  n ~ ~ t i r  r n n d r -  
t i o n s ,   t h e   t h a w i n g   s e t t l e m e n t   s p e e d  o f  t h e  em- 
bankment will be s l o w  for h i g h  e l e v a t i o n   a r e a s  
a n d   q u i c k   f o r  low e l e v a t i o n   a r e a s .  T h e  s e c t i o n s  

Generally speak ing ,   becuuse  oE t h e   d i f f e r e n c e  
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o f  L h d w  Yett1elnent i n  the   highway w i l l  i n c r e a s e  
w i t h  t h e   i n c r e a s i n g  o y e r a l i u y  t ime.   "Unf tozen  
c u r e ' '  bcnca th  n u p h u l r  ~ L I V U I I I C I I ~ .  w i l l  bc  LI commun 
phenomenon. 

ADMINISTERING COUNl'fl.KMEASUKES TO T H A W  S E T ' I ' I ~ E M E N ~  

I .  The Wny of Improving  the  Embankments  Thermal 
Regime 

1 . 1  Improve   t he   -o rb ing   hea t   cond i t ions  o f  
pavement 

Because  an  uxtr-a  amount  of  heat is a b s o r b e d  
by asphal t   pavement  i t  i s  t h e  b a s i c  r e a s o n   f o r  
embankaon l   t haw  se tL le san t .  X L  i s  n e c e s s a r y  t ( J  
i.mprove t h e   a b s o r b i n g   h e a r   c o n d i t i o n  of pavement 
b y  pavillg w i t h  whi te -co lour   pavement .  Based on 
e x p e r i m e n t s ,  A P P  pavement i s  e a s i l y   p o l l u t e d ,  
iLs su r face   becomes   b l ack   g radua l ly   w i th   i nc reas -  
in$ o p e r a t i n g  ti.me. The conc re t e   pavemen t  i s  
easily des t royed   due  t o  t h e  r e p e a t e d   f r e c z i n g -  
thawing  cycle^, t e m p e r a t u r e  stress of   the   con-  
c r e t e   s l a b  and   inhomogeneous   se t t lement  o f  t h e  
embankment.  Because Lhe embankmen t   s e t t l emen t  i s  
caused  b y  a n  a r t i f i c i a l   p e r m a f r o s t   t a b l e   d e g r a -  
d a t i o n  a n d  will  be s t a g n a n t   a b o u L   t h r e e   y e a r s ,  
i t .  is n e c e s s a r y  t o  s o l v e   r e m a n e n t   s e t t l e m e n t  o f  
embankments b y  u s i n g  canc re t e   pavemen t .  Tl le 
s t e e l  f i b r e  concre te   pavement  i s  wel l   admin i s -  
t e r e d   m a t e r i a l  w i t h  a h i g h  a n t i - t o r s i o n   s t r e n g t h ,  
but, i s  i n  an e n g i n e e r i n g   e x p e r i m e n t a l   p e r i o d .  

- 1.2 I n c r e a s i n r .   v e r t i c a l   h e a t - r e s i s t a n c e  
The n o n - e q u i l i b r i u m   v e r t i c a l  h e a t  f low i s  a 

v e r y   i m p o r t a n t   t h e r m a l   c o n d i t i o n  f o r  thawing  
p e r m a f r o s t .  I t  i s  a e f f e c t i v e   c o u n t e r m e a s u r e   f o r  
i n c r e a s i n g   v e r t i c a l   h e a t - r e s i s t a n c e  o r  d e c r e a s -  

c o m p r e s s i o n  sc reng th   and  h i g h   e l a s t i c i t y   d e f o r -  
i n g   v e r t i c a l  heat.-flow. Recause of t h e   l o w - a n t i -  

m a t i o n ,  L I I ~  PVC s l a b s   e a s i l y   f a i l  d u e  t o  t h e  
l a r g e  s e t ~ l c m e n t  amount of the   pavement .   The 
m u ~ e t i a l s   t o  be used m u s t  s o l v e   t h e   p r o b l e m s  o f  

method. I t  should  b e  a l o w - c o s t   d u r a b l e  m a t e r i a l  
pr~vemen t   s t ruc tu re   combina t ion   and   cons t ruc t ion  

and a g: l~ud I:hermal i n s u l e t i o u   f i l l i n g   m a t e r i a l .  

- 1 . 3  I n l y r u v i n E  t h e   t h e r m a l   d i f f u s i o n  cundlLior1'  
E n g i n e e r i n g   e x p e r i m e n t s  i . n d l c a t e  t h a t   t h e  

p e r m a f r o s t   abl le b e n e a t h   t h e   c u l v e r t   r e m a i n s  a t  
a l m o s t  a s t u t . i o n a r y   s t a t e .  T h i s  i s  b e c a u s e   t h a t  
t h e   culver^ no t   on ly  o b s ~ r u c t s  t h e  s o l a r  r a d i a -  
t i o n ,   b u t   a l s o   v e n t i l a t e s  a n d  d i f f u s e s   h e a t .  The 
embank men^. w i t h  v u n t i l a f i o n   d u c , t s  is an e f f e c -  
t i v e   c o u n ~ e r m e a s u r e  t o  control pcrmafrosc  d e g r a -  
t. i o 11 . 
" I .4 improving 1 H L e r a l   t h e r m a l   d i f f u s i o n  

From an embankment thermal stability view, 
l a t e r a l   t h e r m a l   d i f f u s i o n   w o u l d  be a d v a n t a g e o u s  
f o r  d e c r e a s i n g  Lhe v e r t i c a l   h e a t   f l o w .  I t  i s  a 
r e a s o n a b l y   a d m i n i s t e r e d   c o u n t e r m e a s u r e   t o  s e t  
t.he I)erm w i t . 1 1  a c e r L a i n  h e i g h t ,  w i d t h  n n r l , g e n t l e  
s l o p e  r a t l o ,  L o  I m p r o v e   l a t e r a l   t h e r m a l   d ~ f f u -  
s i n n  t o  r e s t r a i n   s u p e r p e r m a E r o s t :  wate1-  from 
p e n e t r a t i n g   i n t o   t h e  embankment and improve  che 
embankments  thermal  regime. 

1 . 5   R a i s i n g ,   t h e  embankment. he j ch t   and   de&redaLinK 
-" Lhe v e r t i c a l   # r o u n d   t e m p e r a t u r e   g r a d i e n t  

h e i g h t  i s  u s e d  e f f e c t i v e l y  t o  proLect t h e  p s r -  
msfrust. B U L ,  t h e   p r e s e n t  embankmenr h e i g h t  i s  
I ' I O L  u t  t h e   h e i s h t   a t   w h i c h  t h e  embonkmen1 i s  i n  
a t he rmol   s t eady  s t o r e .  

1 . h  Improving  r l ra innge  condiLions on g r o u n d  

A t  present   the   method t o  r a i s e  t h e  embankment 

S U I  t a c e  

S U I  p e r p e r m a f r o s t  wdteL d u e s  n u t  u n l y  ( I c ~ I ~ ~ < J I , < :  
h e a t   c o n d u c t i v i t y  o f  the embankment  but alsu 
dc .creose  t h e r m a l  convec . t ion .  

2 .  S y n t h e t i c a l l y   A d m i n i s t e r e d   C o u n t e r - m c a s u r - c s  

m a t e r i a l s  w i t h  t h e   c o n d i t i o n s  o f  " u n i d l r e c t i o l l a l  
c o n d u c t i o n " ,  o r  " low- tempera tu re   conduc t iu l l  
h e a t   a n d   h i g h - t e m p e r a t u r e   i n s u l n t  ion". R e c ~ + u a e  
the s e a s o n a l l y   t h a w e d   d e p t h  is g r e a t e r  t h . t r l  L l ~ c .  
s e a s o n a l l y   f r o z e n   d e p t h ,   t h e   f o r m a t i u n  u f  a11 
' ' unf rozen  c o r e "  i s  i n e v i t a b l e .  Therefore Lhe 
sy l l theLica11y a d m i n i s l e r e d  c o u n t e r m e a s u r e s  tu 
r a i s e  embankment h e i g h t  f < ) r  d e c r e a s j n g  the 
v e r t i c a l   g r o u n d   t e m p e r a t u r e   g r a d i e n t ,  t t r  s e t  d 

berm w i t h  a cer t -a i r1   he ight   and  w i d t h  and  gentlr!  

d i f f u s i v i t y  and t o  a v o i d  water  p e n e t r a l  i n g  i l l t o  
s l o p e   p r o t e c t i o n  f o r  improvjng l a ~ e r a l   t h e r m a l  

p e r m a f  l-cjst, a r e  l l eceasary  . 

2 . 1  Heis inR embankmenL he iRht  
T h e  d e t t r m i n a t i . o n  priciple of embankloenr 

h e i g h t  i s  t o  r e d u c e   v e r t i c a l   h e a t - ! l o w  t o  makc 
t h e  umbankmerlt. i n  h e a t  e q u i l i b r i u m  and Irerltla- 
f r o s t  t a b l e  u p  t o  maximum thaw t l e p t h .  ' l ' d h l e  5 
i s  c h e   r e f e r e n c e   t a k e n   v a l u e  of a embankrncnt 
h e i g h r .  

C u t t i n g  u t i  t a i n f a l l   p e n e L r a t i o n   a n d  t l r a i l l i l t g  

A t  p r e s e n t ,   t h e r e   a r e  no embankment f j  I 1  i n g  

Table 5 .  The reference v;jlue of d e p t h  of permafrnst t a b l e  
- I 

"" 

The type of With poor- With  rich- With satu- IC\! .Idyet- 
frozen s o i l  content ice content ice raLed ice  with SJ~I 

2 - 2  S e t t r n n  a ~ u n t l e  sl .opc f o r  p r o ~ r c t i o n  and 
i n c r e a s i n f i  t h e  heiRht  a n d  w i d t h  O F  berm 

Rased on e n g i n e e r i n g   e x p e r i m e n t s ,   t h e   t h a w  
s e t t l e m e n t  i s  s l i g h t  i n  L h e  highway  sec t io l r s  
with i n s t a l l e d   b e r m .   T h e r e   a r e  two a s p e c t s  t o  
t h i s  r e a s o n ,  one i s  s n p e r p e r m a f r o s t   w a t e r  i s  
p r e v e n t e d  f y o m  p e n e t r a t i n g  i n t o  p e r m a f r o s t  L : + l ) l w ,  
a l l o t h e r  i s  t o  f o r m  h o t - I z a n t a l   g r o u n d   t e m p e r a t u r e  
grat l ienL to improve l a t e r a l  t h e r m a l   d i € f u s i o n .  
T h e  d e s i g n e d   h e i g h t  o f  berm is 2 - 3  m i.n cornmoll 
s e ~ t ~ o n s  a n d  5 m i n  p o o r   d r a i n a g e   s e c t i o n s .  ' I ' l ~ t t  
s l o p e   r a t i o   o f  s l o p e  p r o t e c t i o n  is t:lken Trum 
1:2.5 t o  1 : 3 .  

'The c o m p a r i s o n   c u r v e s  o f  p r o u n d  temperaLur'v 
bon ,ea th   the  berm  and Lhe h ighway   cen l r e  OII 

Fig.7, i n d i c a t e  that, t h e  berm ground t e m p o r a t u r c  
K r k e x i l l  M t .  h ighway   s ec t ion  i n  1 9 8 0 ,  s h u w n  i l l  

h a s  a i n c r e a s i n g   t e n d e n c y   a n d   t h e   c f f c c ~ i v c n c : ; ~  
of  berm l a t e r a l   t h e r m a l   d i f f u s i o n  i s  good when 
the.   berm  height i s  b e l o w  t h e   r a n g e  o f  1 m. 
T h e r e f o r e  i t  is s u i t a b l e   t h a t  t h e  berat  I l e i g I I l  
i s  lower.  thnn I rn a t  t h e  embankment   he ight .  

2 . 7  I m p r o v i n R   d r a i ' n h g e   i n s t a l l a t i o n  
The p e r m a f r o s t  on Qinghai-Xizany P l a t e a u  i s  

s e n s i t i v e  t o  r a i n f a l l .  I t  i s  a importanL c ' o u n ~ e r -  
measure  t t r  e+ l i rn ina t e   wa te r   s eepage .  The wider  
and more  shal1,ow s i d e   d i t c h e s  a r e  construl : t .c t l .  
Seepage-proof  and i n s u l a t i o n   c o u n t e r n \ c a s u r e  I n t I s t  
b e  Lakcn i n  t h e  s i d e  d i t c h e s .  The d r o i n a g e  dil .ch 
m u s t  . h e  se t  t o  svo i t l   t he  f o o t  s l o p e  a c c u r n u l a t i n t ;  
water  i n  t h e   s l o p e   s e c t i o n   o f   t h e   h i g h w a y .   T h e  
d r u l n s y c  a l o n g   t h e   r o a d b e d  Foot slope must b e  
r e i n f o r c e d .  



F i g u r e  7 .  The c u r v e s  of ground  Lemperature  
b e n e a t h   t h e  berm a n d  t h e  h ighwoy  center  

8 .  Ground  tempera ture  o f  r i g h t   b e r m ;  
b .  Ground  tempera ture  o f  h i g h w a y  c e n t e r .  

CONCLUSION 

Ba$erl on l h e  a n a l y s i s  o f  L h e  e n g i n e e r i n g  geo- 
l o g y  c o n d i t l o n  end embankment   thermal   regimes i n  
~ l n & h a i - X i 2 a n g  P l a t e a u   p e r m a f r o s t  a r e a ,  the 
f o l l o w i n g   c o n c l u s i o n s   c a n  be o b r e i n e d .  

1. 'The mean annual  a i r  t e m p e r a t u r e  i s  nor  
equal t u  the  mean annua l   g round  s u r f a c e  ~ e m p e r a -  
t u r e  and   t he  mean a n n u a l  g r o u n d  t e m p e r a t u r e .  I t  
is not  s u i L a b l e  L U  e v a l u a t e   he permafrosL tern- 
p e r a t u r e   e n v i r o n m e n t  b y  u s i n g  an a i r  f r e e z i n g  
i n d e x  and 3 t h a v i  I IB  index. 

2 .  The p e r m d f r u s t  o f  Qinghai-XLzans P l a t e a u  
is a s e n s i t i v e   a r e a  to t h e  t h e r m a l  s t a b i l i t y .  
T h e   s e a s o n a l l y  t.hnwed d e p t h   d e p e n d s  on p r e c i p i t a -  
t i , o n .  The d i f f e r e n t   d e v e l o p i n g   h i s t o r i e s  o f  p e r -  
m a f r o s t   l e a d s  to t h e  d i f f e r e n t   s u b g r o u n d  ices 
d e v e l o p i l l g .  

a spha l t   pavemen t  i s  i n e v i t a b l e   t e n d e n c y .  

t l e m e n t  of embankments to   improve   embankment  
a b v o r h e n t  h e a t  conditions a n d  d r a i n a g e   c o n d i -  
t i o n s ,  r e i n f o r c e  lateral t h e r m a l   d i f f u s i o n  a n d  
d e g r a d s t e  t h e  v e r t i c a l   g r o u n d   t e m p e r a t u r e  
g r a d i e n t .  

3 .  The formaLion o f  an   "un f rozen  c o r e "  beneath 

4 .  I t  is a basic c o u n t e r m e a s u r e   f o r  t h a w  s e t -  

A C K N O W L E D G E M E N T S  
The. a u t h o r s  would like t o  t h a n k  v e r y   s i n c e r e l y  

t h e  v a l u a b l e  h e l p  g i v e n  b y  P r u f s , l J u  ,Jingrning find 
Y U  1:lcnx'ue. ' 
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P E K L G L A C Z A L  PHENOMENA A N D  ENVIRONMENT SINCE THE L A T E  PBHlOU 
OF LATE PLEISTOCENE,  DAQlNCSHAN A R E A ,  I N N E R  MONGOLIA 

C u i  Z h i J l u  and  Song  Chsngqing 

Department  o f  Geography ,   Pak ing   Un ive l - s i ty ,   Be i j ing   100871  

There  HI-e  p l e n t i f u l   p e r i g l a c i u l  phenomena o f  Lhe l a L e   p e r i o d  o f  l a c e  P l e i s t o c e n e  
i n c l u d i n g   p e r i g l a c i a l   i n v o l u t i o n s ,  s a n d  w e d g e s .   b l o c k   f i e l d s ,   p a t t e r n e d   g r o u n d s ,  
n i v a t i o n   h o l . l o w s ,   t a l u s e s  and Y O  on i n  wide   a rea  of lrlner Mongolla .  'The p r o d u c t s  
of weak p e r i g l a c i a l   a c t i o n ,   s l o n e   l i n e s * ,   y e l j f l u c t i o n   t a b e s ,   t a l u s e s  and hum--  
mocks e t c . ,  were   deve loped   dur ing   Holocene .  111 a d d i ~ i o n  the f a c t   t h a t   t h e   t e m -  
p f r a t u r t !  was 7-8 'C  lower has been   r ecogn ized   r ecen r ly  b y  using thr: methods o f  

l a t e   p e r i o d  o f  L a t e   P l e i s t o c e n e .  On t h e   o t h e r   h a n d ,   f o u r   c o l d   c l i m o t i c a l   s t a g e s  
can be d i v i d e d   d u r i n g   H o l o c e n e   a c c o r d i n g   t o  four  s t o n e   l i n e s  wi.th 34C a g e s .   T h e  
lowesL  annual  mean t e m p e r a t u r e  was 2.0-2,S0C l ower   t han   t oday   and   t he   h ighes t  
was 1 - 2 " C  h i g h e r   d u r i n g  l l o locene  i n  t h e   w i d e   a r e a  o f  Inne r   Mango l iu .   The   f l uc -  
t u a t i o n  of v e r t i c a l   v e g e t a t i o n  b e l t s  was a b o u t  200-600 m d u r i n g   t h e   H o l o c e n e .  

C d a t i n g ,   p e r i g l a c i a l   p h e n o m e n a ,   c h e m i c a l   c ~ l c m e n t s ,   a r c h a e o l o g y   e t c . d u r i n g  t h e  

INTRODUCTION 

C h i n a ,  38-52'N and 1 0 2 - 1 2 2 " E .  The r e l i e f  f e a -  
I n n e r  Mongolia i s  l o c a t e d  i n  t h e   n o r t h  of 

t u r e s  b e l o n g   t o   p l a t e a u  w i t h  m o u n t a i n ,   t h e   e a s -  
te rn   Daxingan  Range i s  above 1500 m a . s . l . a n d  
the   middle   Daqingshan  M o u n t a i n  o f  Yinshan Moun-' 
t-ain  systeln is above 2300 m a . s , l . ,  T h i s  a r e a s  
i s  t e m p e r a t e   c l i m a t i c e l  z o n e  and a t r a n s i t i o n a l  
zone of  s e m i a r i d   t o   a r i d   c l i m a t e   f r o m   e a s t  t o  
w e s t .  I n  t e rms  of phytogeoraphy,  i t  i s  H t r a m -  
s i t i o n a l   z o n e  o f  f o r e s t - s t e p p e .   H o w e r v e r ,   t h e r e  
a r e   d i f f e r e c e s  of pe r ig l ac i a l   phenomena 'be tween  
t h e   p l a t e a u s  and mounta ins .   Both   anc ien t   and  
p r e s e n t   p e r i g l a c i a l  phenomena a c c u r  a l o t  i n  
mountain a r e a s ,  w h e r e   o n l y   a n c i e n t   p e r i y l a c i a l  
phenomena is d i s t r i b u t e d  on t h e  p l a t e a u .  

j n  b o t h   t h e   m i d d l e   a n d   e a s t e r n   m o u n t a i n s .  J.n 
Duqingshan  Mountaili a r e a s ,  p r o c e s s e s  s u c h   a 8  

ween 1300 and 2000 m a . s . l . ,   w h i l e  Erosr h e a v i n g  
p h y s i c a l   w e a l h e r i n g  . a n d  mass  movement occur b e t -  

is more impor t an t   above  2000 m a . s . 1 . .  I n - a d d i -  
t i o n ,  the   boundary   be tween  the   mounta inous   co ld-  
t e m p e r a t e   f o r e s t   s t e p p e   a n d   s u b a 3 . p i n e  meadow 
o c c u r s   a t   t h e , s a m e   a l t i t u d e  a s  t h e  1 ° C  a n n u a l  
mean t cmpcrature  i s o t h e r m .  I n  t h e   o t h e r   h a n d ,  
t h e   p e r i g l a c i a l   p r o c e s s e s   i n   t h e   D a x i n g a n  Range 
i s  o b v i o s l y   s t r o n g e r   t h a n   t h a t  i n  Daqingshan and 

s o u t h . t o  no r th   becnuse  o f  t h e  a l l i t u d i n a l  and 
tlau low p e r i g l a c i a l  limit f a l . 1 ~  g r r r d u t l l l y  from 

l a t i t u d i n a l   a c t i o n s .  A l o t  of   late rials have 
been  s u p p l i e d  b y  p h y s i c a l   w e a t h e r i n g   a n d  mass 
movcment d u e  to co ld   wea the r  a n d  formed c l a a -  
s i c a l   p e r i g l e c i a l   l a n d f o r m s  s u c h  as  t a l u s e s ,  
b l o c k   s l . o p e s   c t c . ,   w h i l e  some l a n d f o r m s   s u c h   a s  
b lock  t j e l d ,  s t o n e   c i r c l e s ,  hummocks e t c . w e r e  
formed b y  s e r i o u s   f r o s t   h e a v e .  

The r e l i c   p e r i g l a c i a l  pheuomens i n  Innet' 
Mongolia h a s  formed s i n c e  t h e   l a s t  g l a c i o i i o n .  
They a r e  o f  two a g e s .  

The presenL p e r i . g l a c i a 1   p r o c e s s e s   a r c  weak 

P r e - H o l o c e n e   P c r i g l u c i a l  Phenomena 

i n v o l u t i o n s  a s  well a s  sand   wedges   a re   wide ly  
d i s t r i b u t e d   o n   t h e   I n n e r   M o n g o l i a   P l a t e a u .  Ac-- 
c o t - d i n g  t o  the   morphology of sand  'wedges,  they 
can  be d i v i d e d   i n t o   t h r e e  k i n d s :  ( 1 )  a n a r r o w  
s h a p e  w i t h  two s t r a i g h t   s y m m e t r i c a l   s i d e s  witla 
a b u r y i n g   d e p t h  o f  0-10 cm, h e i g h t  of 50-150 ~ m ,  
width  of  15-30 cm and r a t i o  o f  h e i g h t  t u  w i d t h  
i s  2.0-3.3. ( 2 )  a wide   shape  w i t h  l a r g e  s c a l e ,  
wide  mouth of wedge,  urr-symmetrical  and benl 
s i d e s  w i t h  a bury ing  d e p t h  of  0-10 cm,  hcighL 1 1 1  

70-150 cm,  and t h e  r a t l o  o f  0 . 9 - 2 . 3 ,  ( 3 )  v ~ l - i a -  

gt?r one a n d  produces  a d o u b l e   l a y e r e d  s r r u c t u r e  
t l o n  s h a p e  t h e   s e c o n d  wedge   invaded   in to  a J .ar -  

a t  t h e   d e p t h  o f  10-50 C ~ I ,  h e i g h t  of 40-200 ern, 
w i d t h  of 30-110 cm, t h e   r a t i o  of 0 . 7 - 5  cm, for  
e x a m p l e ,  t h e   s a n d  wedge t h a t  is 200 cm h i g h  b c -  
comes w i d e  at: a de-pth of 70-80 c m  u n d e r  gruur~d 
an3 t h e r e  is t h e  s m a l l  wedge i n  t h e  s a n d  wedge 
i t  self e 

In a d d i t i o n ,   t h e   w e d g e s  call  be d i v i d e d  i n t c l  
sand wcdgep and   I ce  wedge c a s t s ,   t h e   f o r m e r  i.>i 
d i s t r i b u t e d  i n  t h e   w e s t e r n   p a r t  of Innel .  MollgoJ.tl 
and Is r e f l e c t e d  i n  a r i d - c o l d   c l i m a t i c  c . o ~ l d i -  
t i u n s  a n d  t h e   l a t e r  I s  i n  t h e   e a s t e r n   y a r ~  and 
is r e p r e s e n t  b y  a w e t - c o l d   c l i m a t e .  

111 nlountain areas was s t r a n g e r   t h a n  Lhe p l a t e a u .  
There were  anclenl ;  block f i e l d s ,  p a t t e l - n c d  
g r t ~ u n d ,   i n v o l u t i o n s ,   s a n d   w e d g e s ,   n i v a t i o n  h o l -  
l o w s   a n d   t a l u s e s  in the   Daqingshan   Mounta in   dur -  
j.ny t h e   l a c e   p e r i o d  o f  L a t e   P l e i a t o c e n e   w i t h  i t s  
luwer  limit o f  p e r i g l a c i a l   n c t i o n  down e o  13OU 
m a . s . 1 . .  For   example ,   i nvo lu t ions   and   s end  
wedges  occur  between 1600 and 1700,  r ~ . s . l . o n  
Chayouzhongqi ,  while a n c i e n t   b l o c k   f i e l d s  ehd 
p a t t e r n e d  g r 0 u n . d  on Manhanshan   and   anc ien t   b lock  
f i e l d s ,   n i . v a t i o n   h o l l o w s ,   s a n d   w e d g c s  and ~ n v o l -  
o t i u n s   , o n   C a h d u o s h a n  a r e  above  2000 , a  . s .  1. . T h u s ,  
t h e   p e r i g l a c i a l   e n v i r o n m e n t   w a s  more e x t e n s i v ~  

The a n c i e n t   p e r i g l a c i a l  phenomena  such a s  

O n  t h e   o t h e r   h a n d ,  the p e r i g l a c i a l   p r o c e s s e s  

* Stone l ine:  One k i n d  of weak per iglacial  phenimcna  formed by f r o s t  weathering. 
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d u t i n g  t h e   l a t e  p e r i o d  o f  L a t e   P l e i s t o c e n e  i n  
Daqingshan  Mountains  ( F i g . 1 ) .  E s p e c i a l l y ,  a t  
Y J t u l i h e  i n  t h e  nor thern  Daxingan  Range,   Lhere 
exists i n a c t i v e  i c c  wcdges b e s i d e s   t h o s e  t y p e s  
i n  t he   Daq ingshan  M o u n t a i n  a r e a .  

H o l o c e n e   P e r i R l a c i a l  Phenmmenn 
Some p e r i g l a c i a l  phenomena l i k e   s t o n e  l i n e s  

a n d  g e l i f l u c t i o n  l o b e s  o n l y  developed i n  mou- 
t a i n s .  They a r e  s i m p l e r   t h a n   t h o s e   f o r m e d  h e f o r e  
t he   Ho locene .   In   Daq lngshnn   a r ea ,  f o u r  s t o n e  
l i n e s  ( F i g . 2 )  b u r i e d  a t  a d e p t h  of 25-170 c m ,  
a r e  d i s t r i b u t e d  w i d e l y  on t h e  piedmont a~ a b o u t  
1 0 0 0 . a . s . 1 , .  T h e y  r e f l e c t  f o u r  c o l d  c l i m a t i c  
s t a g e s .   A n c , i e n t   g e 1 , i f l u c r i o n  w i t h  4 - 5  m i n  l e n g -  
t h ,  3 - 4  m i n  w i d t h  a n d  1 - 2  m t h i c k  a r e  l o c a t a d  
b e t w e e n   t h e   p r e s e n t  s a i l  end 8 1 1  a n c i e n t  s o i l  
a b o v e  18OO.a.s. l . .   The apeed  o f  a c c u m u l a t i o n  o f  
t h e  a n c - i e o t  soil, 0.416 m m / y r  is r o u g h l y   c a l c u l -  
a t e d  by t h e   t h i c k n e s s  o f  60 cm and a so i l . - form-  
i n g  p e r i o d  of 1 4 4 4  y e a r s  base  on two 14C d a r e s  
(2926*74-1482*70 y e a r s  B . P . ) .  

E N V E H O N M F , N T A L  RECONSTRUCTION 

The Environmenta l   Hecons t rucLlun   Dur ing  t h e  L a t e  
Period of L a t e   P l e i s t o c e n e  

Accarding t o  the f e a t u r e s  of p e r l g l a c i a l  
phenomena, loess, p o l l e n  and mammoth, t h e   l a t e  
p e r i o d  o f  Lace P l c l s t o c e n o  c a n  b e  d i . v l d e d  i n t o  
the f o l l o w i n g   s t a g e s .  

( 1 )  80-53 ka.R.P.was f i r s t  c o l d  s t a g e  s i n c e  
t h e  l a s t  g l a c i a t i o n .  The V a l a n  l o e s s  b e g a n  t o  

west err^ China ( L i ,  1990), 
f i r s t  d e p o s i t  at: 80 ka.B.P.and e n d  at. 5 3  ka .B.P .  

( 2 )  53-35 k a . B . . P . i s  a warm s t a g e  d u r i n g   t h e  
l a s t   g l a c i a t i o n .  The  Malan l o e s s  sed iment  became 
w e a k ,  t h e  forming  s o i l  a c t i o n  becilme s t r o n g   a n d  
t h e   p o l l e n  of t r e e s  r o s e .  A l l  of t h e s e  f e a t u r e s  
r e f l e c t  good c l i m a t e  a t  the ~ i m e  f r o m  53-35 ktr.  
B.P.. The m u m m o t h  began t o  a p p e a r  a f t e r  35 k a . 6 .  
P e i n  n o r t h e r n   C h i n a ,  

ment w i t h  f l u c t u a t i o n s  of wet-dry .   Dur ing  35-26 
ke.B.P.wau t h e  c o l d e s t  s t a g e  o f  Llle L a s t   C l a c i a -  

Mongol1.a. The a n n u a l  mean t e m p e r a t u r e  was 7-8'C 
t i o n  a n d  a l o t  o f  send wedges  grew I n  I n n e r  

lower that1 today ( C u i ,  1 9 8 4 ) .  The  c l i m a t e  was 
wet-cold  between 26-23 ka .B .P . ,   and   t he   po l l en  

( 3 )  35-10  ka.B.P.was c o l d  c l i m a t i c  e n v l r u n -  
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P i g . 2  S t r a t i g r a p h i c  < . v l u m n s  1.1md.icating 
l o c a t l o n s  of s t o n e  l i n e  a n d  

Mountains  soil p r o f i l e s ,  Daqingshan 
a n c i e l l t  

c o n t e n t  o f  a b i e t i  and   p icca  rose. 

c l i m a t e   c h a n g e d  t o  a wet-cold t i; 

a g a i n  a n d  P.pollen o f  a b i e s  a n d  p i c e a  a p p t c ~ r c d  
& b o u t  1 3  ku.13. 

Zhou. 1 9 8 7 ) .  
i f r c l t e  ( K o 1 1 y , 1 9 8 2 ;  and t h a t  r e f l e c t e d  a r i d - < . o l d  ck 

( - o n i € e r  f e l l  y o s i t a e  utc.rose and t h a t  o f  t l , i  
A;Lf:misia, C o m ~ ,  l e n  o f  g r a s s e s   ' s u c n  R E I  Epherirn, 

d ~ n c y  when p d -  

i u b e u .  The stone l i n e s ,  clboul. 25 c m  t l t i c . k ,  o c c u r  
between  the  anc ient .  soil layi-trs ( F i g . ? ) .  They 
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a r e   e x t e n e l v e l y  on L l l e  peidmont [ ~ n d  c o n s i s t  o f  
g r a v e l s .  Ip-15 cm i n  d i a m e t e r ,  w i t h  s h a r p  e d g e s  
and A B  p l a n e s  u f  about  10".  G e n e r s l l y   s p e a k l n g ,  
s t o n e   l i n e s   r e f l e c t   a n   a r i d  a n d   c o l d   c l i m a t i c  
env i ronmen t   wh ich   r e su l t ed  i n  t h e   w e a t h e r e d  b e d -  
r o c k  creeping   downsl ,ope ,   S tone  l l n e s  in   Daqing-  
s h a n   a r e  o f  t h e   f o l l o w i n g  a g e s ,  a b o u t   8 5 0 0   y e a r s  
B.P.(Sl), 6000 y e a r s  B.P.(SZ), 3500 y e a r s  B . P .  
(S3) and 1500 y e a r s  B.P.(S4). In a d d i t i o n ,  geli- 
fuc t ion   l obes   evo lved   abov ,e ,  2200  nl a , ~ . l . w i t h  
r a d i o c a r b o n  ages o f  2926k73 and  148,2*70 y e a r s  
B . P . .  T h e s e   c o r r e s p o n d   t o  s t o n e  1in.e $ 4 .  F i v e  
a n c i e n t   s o i l - f o r m i n g   p e r i o d s ,   r e f l e c t i n g   t e m p e r -  
a t e  and wet e n v i r o n m e n t ,   a r e   i n f e r r e d :  9600-8800 
y e a r s  B . P . ,  8000-7200 y e a r s  B . P . ,  5200-4500 
y e a r s  R.P. 2500-2000 y e a r s  B . P .  and 1500-800 
y e a r s  B . P . .  

The f e a t u r e s  of: c l i m a t i c   c h a n g e   d u r i n g   t h e  
Holocene  can be r e c o g n i z e d  b y  a n a l y s i n g  t h e  
chemica l   compos i t ion ,  h u m u s  c o n t e n l ,   t h e   f e a -  
t u r e s  of  q u a r t z  s a n d  g r a i n s  and   chemica l   l each-  

t e n t  and  high ba [ba=(K20+Na20+CaO)/Al203 ] io 
illg.For example,the features of low cacaj,low humus con- 

t h e  s a n d   l a y e r  2 .  s t o n e  l i n e s  2,4 JFig.3) r e f -  
l e c t  weak c h e m i c a l   w e a t h e r i n g ,  weak l e a c h i n g ,  
weak h u m i f i c a t i o n   p r o c e s s ,   a n d  a c o l d e r   c l . i m a ~ f c  
env i ronmen t   t han   t oday .  O n  t h e  c o n t r a r y ,   t h e  
a n c i e n t  soil l a y e r s   3 . 5 . 7  (Fig.3) i n d i c a t e  w a r m  
and w e t  c l i m a t i c   e n v i r o n m e n t s ,  I n  a d d i t i o n ,  t h e  
s u r f a c e   f e a t u r e s  o f  q u a r t z   s a n d   g r a i n s   i n d i c a t e  
a s h o r t   d i s t a n c e  o f  movement,  and i n  s i t u  wea- 
t h e r i n g .  

cene  have  been i d e n t i f i e d  i n  Daqingshan b y  t h e  
s t u d y  o f  s t o n e  l i n e s  a n d   a n c i e n t  s o i l  p r o f i l e s  

Four c o l d - w a r m   f l u c t u a t i u n s   d u r i n g   r h e  H o l o -  

i t 1  Wudangzhao, Guyushu urd Lamadong  and of gelifluct-iorl 
l r jbes  i n  J L n l u a n d i a n .  Each f l u c t u a t i o t l  is I ~ O I I I  
2500-3UOU y e a r s  t o  1500-20UO yeurs   i11dicat icJr1.  
A warm s t a g e   a b o u t  70000 years   B .P .cor rcsponcls  
t o  a,warln s t a g e  i n  t h e  Weihe  rive^. b a s i n  ( H u a n g ,  . 
1989) .  A c o l d   s t a g e   a p p e a r e d   a b o u l   5 5 0 0   y e a r s  B .  
P . n o t  o n l y  i n  Daqingshan  hut s l i o  %in t h e  Weihe 
r ive r   bas in   (Hueng ,  1989) .  A cold  s tage   oppet t ru t l  
a b o u t  5500 years  B.P.and  i ,n  Jepun ( Y u t a k a  S a k a -  
p,uch, 1 9 8 3 ) ,  A warm s t a g e   a b o u t  4500 y e a r s  l 3 . P .  
o c c u r r e d  i n  t h e   D a i h a i  b a s i n  ( L i u ,  1 9 8 9 ) .  Weihe 
r i v e r  b a s i n  (Huang, 1989) and X i n g j i a n g  ( H a n ,  
1 9 9 0 ) .  T h i s   c o r r e s p o n d s  t o  t h e   l a k e   l e v e l  r i  ~ i l l l :  

at.. X s s k - y - K u l  ( S h i ,  1990). The l a s t  two c o l d  
s r a g c s  a t  a b o u t  300,O ycars   B.P.and 2000-1500 
years B.P.correspdnp t o   a d v a n c e s  i n  t h e  suu-  

f jo locene  (Li, Iq88); 
t h e a s t e r   Q i n g h a i . - T i , b e t   p l a t e a u   s i t l c e   t h e  mi rld l e  

T h e  env i ronmen ta l   changes   Ind icaLed  b y  p e r i -  
g l a c i r i l  phenometia , $ r e  s u b s t a n t i a t e d  b y  p u t a e o b o -  
t a n i c  d a t a : .  Ab'out 7'500 y e a r s   B , P , p o l l e n   c o m p i s i -  
t i o n   i n ' c l u d e d  , P i n u s ;  B e t u l a ,  U l m u s ,  , a t  Li1.tI.c 
Lake on t h e   H u i t e n Q l i a n   ( a b o u ~  2008 h ,  a . s . 1 . )  
Fi .g .4) .  T h i s  assembls'Ke  1ndic.nt:e.s  t.he c l i m a t e  
was temperate   and  semihumid,   between 7000 alld 
5500 y e a r s  R . P . .  P i n u s ,   B c t u l n ,  U l m u s ,  T l l i a  a n d  
Qwercus were   t he  main s p e c i e s ,  w i t h  a few Abies. 
P i c e a  a n d  Ephedra .  T h i s  means t h a t  t-he c 1 i m a t . i ~  
envi ronment   changed  from t empera t e ,   co ld   and  
wet t o  co ld   and   d ry .  ' T h i s  c o r r e s p o n d s   t o   s t o n e  
l i n e  S 2  i n  t h e  Wudangzhao p r o f i l e .  Between  4500 
a n d  3500 y e a r s  U.P.. the c l i m a ~ e   c h a n g e d   f r o m  
t empera t e   end  d r y  t o  wet, a s  r e f l e c t e d  b y  t h e  
spore   and  p o l l e n  c o m p o s i t i o n ,  whj.ch i n c l u d e d  
P L n u u .  B e t u l a ,   Q u e r c u s  a n d  a few Artemisia, C o n i -  

Pig.3 Graph s h o w i n g  changes   w i th   dep th  of c h e m i c a l  s u b s t a n c e s ,  
t h e  s u r f a c e   f e a t u r e s  of q u a r t z   s a n d  g r a i n s , a n d  14C 

agZ' o f  a t o n e  lines in t , he   anc ien t  s o i l   p r o f i l e  
a t  Wudangzhao,  Daqiny  Mountains 

Legend; \.light.sandy loam  (modern soil); 2.light sandy loam; 3 . s i l ty  
I&' (ancient soil.); 4.ytone line; 5.sar1dy loam (ancient   soi l ) ;  
6. s tone  l ine;  7.sar1dy loam ( anc ien t   so i l ) ;   8 , s i l t ;  9.li.ght s i l L y  
loarn; l 0 , l i g h t  sandy loam; Il.sandy loam; 12,sand 
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I 

F i g , 4  P o l l c n  diagram from litt 
i n  naqingshan  Mountain 

p o s i  t a e ,  Eylret lru  a1 l o w  p l a c e s .  A p o  
b l a R e   i n c l u d i n g   P i n u s ,  Q u e r c u s  and s 
i a  a n d  E p h e d r a  show a t e m p e r a t e   c o l d   s e m i a r i d  
c l i m a ~ e   a t   a b o u t  3000 y e a r s  B . l ' , t h a t   c o r r e s p o n d s  
t o   s t o n e   l i n e  5 3  i n  t h e  G u y u s h u  p r o f i l e .  A l a t e r  
tempera te   semihumid   c l imate  i s  r e f l e c t e d  b y  

t r n t l  Q U B ~ C U Y  a t   a b o u t  2500 y e a r s  B . P . .  The tem- 
p o l l e n  compos iu ion   j n r lud ing  P i l l u s ,  U l m u s ,  ' l ' i l i a  

p u r e t e   c o l d   s e n l i a r i d  c l i m a t e  a t  a b o u t  2000 y e a r s  

opod iaceae   end   Ar t emis i a  a n d  ti d e c r e a s e   i n  P i n u s ,  
I l , P . i s   r e f l e c t e d  b y  an  i n c r e a s e  i n  Ephedra-;Chen- 

Quetcue   and   Betu la .This  c o r r e s p o n d s  t o  the s t o n e  
l i n c  S4 i n   t h e  Lamadong p r a f i l e  and t h e   g e l i F l u e  
t i o n  l u b e s  on J i n g l u a n d i a n .  The t e m p e r a t e   a r i d  
semihumid   c l imate  since 1500 y e a r s  B . P .  Ls r e f -  
l e c t e d  b y  21 po l l en   compos i t ion   wh ich  i l l c l u d e s  
P i n u s ,  Quercus and increasing P i c e a ,   C u p r e s s -  
s a c e a e ,  B t = t ~ r l n  a n d  H e r b s .  

can  be i d e n t i f i e d  ( 1 )  mountninous warm t e m p e r a t e  
s t e p p e  (1000-1200 m a+s.l.), (2) m i d - t e m p e r a t u r e  
d e c i d u o u s   f o r e s t  w i t h  t e m p e r t l t e   c o n i r e r o u s  

c o n i E c r o u v   f o r e s t  (1800-2100 m a . s . 1 , )  and ( 4 )  
f o r e s t  (1200-1600 a.sJ.), ( 3 )  c o l d   t e m p e r a t e  

s u b a l p i n e  meadow (above  2100 m a . s . 1 . ) .  The 
a l t i t u d e  o f  t h e s e   v e g e t n t i o n a l   b e l t s   c h a n e e d  
w i t h  t h e   c l i m n L i r   f l u c t u a t i o n   d u r i n g   t h e  Hrr1.o- 
c e n e .  For  a x a ~ ~ ~ y l e ,   t h e  c o l d  t e m p e r a t e   c o n i f e r o u s  
f o r e s t  b e l t  W R S  300 m h i g h e r  7500 y e a r s  B . P . .  
The  annual  meen t e m p e r a t u r e   a t   t h e   s a m e  time was 
l,&'C h i g h e r  ( i . e . 2 . 4 ' C  l ower  t h a n   t o d a y  i n  t h i s  
t ~ r e a ) .  I 

c l l l t u r a l   p e r i o d  (6000-4000 y e a r s  B . P . )  p o l i s h e d  
s t o n e   t o o l s   f o u n d   a t  X i y u n n  and   Gu luban   cu l t ' u r a l  

n a l u r o l   e n v i r o n m e n t  a t  t h a t  ti'mtl was m i l d  and 
l o c a t i o n s   i n d i c a t e  human occupance .  Hence,  t h e  

s u i t u b l c .   I n   t h o  Urorize Age ( 4 0 0 0 - ~ 5 0 0  years B. 
P .  ) ,  the c1imal .e  becnme c o l d  and s u i t a b l e  u n ' l y  
Lo palstoral  dcvelopt11ent unde r   t empera t e  c o l d  

Pour v e r t i c a l   v e g e t a t i o n  b e l t s  in S a q i n g s h a n  

D u r i n g  t h e   e a r l y  Yungshao t o  e u r l y  LonyshAn' 

d I y - - w e t   c o n d i t i o n s .   D u r i n g   t h e  Wplrring, S r u C c s -  
Han Dynasty  {2500-1700  years B . P . ) ,  t.hc c l i i l l t ~ ~ c !  
became  warmer a n d  more s u i t a b l e  tu agricuILu1' ;11 
deve lopmen t .   Dur ing   t he   Nor the rn  arid S o u L h c r ~ ~  
D y n a s t i e s  (1700-1400 y e a r s  B.P,), p a s t u r - ; ~ I  ism 
was nlore impor t an t   unde r  t h e  tcmpernlr! c o l d  ;~nd 

d r y  t e m p e r a t e   c o n d i t i o n s .   I n   t h e  S u i  and ' rung 
D y n n s r y  (1400-1000 y e a r s  B.P.1, d g r i c . u l t u r u  hc-  
(:*me marc   impor tan t  u n d e r  the warm and wet  
c l i m a t e .  T o d a y ,  v e g e t a t i o n  h a s  buurl d e s [  royctl 
b y  human a c t i v i t i e s   a t  low u l t l t L t l c  i l l  D a q ~ n g  
s h s n  a n d  h a s  c,ouscrl o d c c r c n s c  in l o r ( > s \ ,  g r ~ n ? :  
d e g e n e r a t i o n  ~ n d  s o i  1 c r o u i o r i  i n a r e a s e t , .  ' 
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The  permafros t  in Chineye n o ~ - t h e a s ~  l i e v  within 4 7 ' 2 8 ' N  i n  Chiha and i L  o c c u , i e s  
60% a r e a  o f  t h e  w h o l e  n o r t h e a s t   r e g i o n .  I t  i s  t h e   c o n t i n u o u s   p e r m a f r o s t  from 
Eergllnayouqj i n  northwest p o r t  t o  Rishui   and  Mehe. T r s  d e p t h  i s  50-80 m .  The 
o t h e r  r e g i o n s  a r e  s p o r a d i c  permafrost w i t h   d e p t h  o f  a b o u t  1 5  m .  The  vegrLatiU11 

Accord ing  t o  t h e   d i v i s i o n  r u l e s  o f  r e g i o n a l  g e o m o r p h o l o g y ,   e c o l o g i c a l  f a c t o r s ,  
i n  Da Hinggan L i n g  b e l o n g s  t o  b o r e a l .  f l o r a  and t h e  v e g e t a t i o n  s p e c i e s  is s i m p l c ,  

c o v e r   t y p e s ,   v e g e t a t i . o n   s i m i l a r i t y  w 1 . t h i n  a a r e a  a n d  t h e  d i f f e r e n ( : e s  among t le 
a r c a s ,  we d i v i d e   t h e  f o r e s t  i n  Da Hlrlggan L i n y  i n t o   f i v e  management z o n e s .  F r o m  
t h e  experience in   t ionpxin   and   Weihe   a reas   about   the   p rac t ice  of a m e l i o r a t i o n  i n  
swamp In s p o r d i c   r e g i o n .  We p r e s e n t  t h e  ways t o  improve  and u t i l i z e  p e r m a f r r l s t .  

PEKblAFKOST UISTRIUII'~I0N 

Frozen  ground a n d  p e r m a f r o s t  a r e  m a i n l y  d i s -  
t r i b u t e d  i n  t h e   n o r t h e r n   p a r t  o f  R e i l o n g j i a n g  
P r o v i n c e  a n d  II111ongbeier League of C h i n e s e  Mugo- 
l i a .  The r a n  e of  1 1 i s t r l b u L l o n  is 47'28'-53°31' 
40"N and 119 5 2 ' 3 0 " - 1 2 5 " 4 5 ' ,  Its e a s t e r n  e x t e n -  
s i o n  is L O  the Yuchong  and H e i j i e n g   a r e s s  a n d  i t  
a p p e a r s  i n  a trianqle form.  The r u l e  o f  t h e  d i s t r i -  
b u t i o n  is t h a t  i t  i s  c o n t i ~ ~ u o u s   p e r m a f r o s t  w i t h  
d c p t h  o f  50-70  m i n  n o r t h e r n   p a r t   a n d   t h e r e  i s  
s p o r a d i c   p e r m a f r o s t  w i t h  d e p t h  o f  3-7 m i n  
s o u t h e r n  part. The  formation,   development   and 
d e t e r l o r a t i o n  o f  p e r m a f r o s t  i s  not  o n l y  d c t e r -  
m i n e d  by geo l .ogy ,   geomorpho logy ,   c l ima te ,  soil 
a n d   l a t i t u d e  b u t  a l s o  b y  t h e  t y p e s 0 . f  v e g e t a t i o n ,  
f i r e ,  r o a d   a n d   r e e i d e n t a l   c o n s t r u c t i o n ,   c u l t l v a -  
t i o o  ant1 o r h e r  human a c t i v i t i e s ,  

a r e a  d l s t r j b u t e d  in n o r t h e r n   p a r t  o f  De Hinggan 
T h e  Lenlpereture  of t h e   c o n t i n u o u s  p e r m a f r o s t  

L i n g  i a  t h a t  t h e  mean a n n u a l .  a i r   t e m p e r a t u r e  is 
bclow - 5 ' C  ( t h e  m i n i m u m  u i r  t e m p e r a t u r e  i s  -5.5'C), 
t h e  mean a n n u a l   t e m p e r a t u r e  i s  - 2 ° C .  The permu- 
f r o s t  a r e a  o c c u p i e s  80X o f  a l l   t h e  r e g i o n  e x c e p t  
f o r  i n  t h e  areas 01 r i v e r  beds. a l l u v i a l   F l a t s  
and f a u l t s   a r e a s ,  which i s  p e r m a f r o s t - f r e e .  The 
d e p t h  o f  con t inuous   pe rmaf ros t :  i s  50-80 m ,  a n d  
t h e  d e p t h  of  s p o r a d i c   p e r m a f r o s t  i s  w i t h i n  IS m, 
and w i t h i n  3-7  m I n  t h e   s o u t h e r n   p a r t   o f  47"N. 
I t s  b round   t empera tu re  is - 0 . 5  - - 1 . 5 ' C  (See 
F i g u r e  1) .  

From t h e   d i s t r i b u t i o n   o f   p e r m a f r o s t  i n  Da 
Hinggarl L i n g ,  we c a n   e s t . i m a t e   t h a t   t h e   s o u t h e r n  
limit of per ,mafros t  is i n  t h e   b e l t s  f rom Long-  
zheng,   Helongmeng  to  Aer mounta in .  S p o r a d i c  
permafros t  is  d i s t r i b u t e d  i n  t h e  r n o u t h e s  o f  
b r a n c h   r i v e r s  and s w a m p s  i n  the b e l t 5  f r o m  A l i h e  
t o  Dayengshu. Its d e p t h  is 3-7  m .  We d i d n ' t  f i n d  
p e r m e f r o s t  from Dayangsihu t o  L o n g  R i v e r .  it: is 
o u r  main r a s k , s  r o  amellarc* H n d  u t i l i z e  perma-  
f r o s t ,   i m p r o v e   f o r e s t   p r o d u c ~ i v i t y  and makc B 
h e a l t h y   e c o l o g i c a l   e n v i r o n m e n t .  

0 

F i g u r e  1 .  The  scheme  diagram of he c h a n # i ~ ~ g  

L i n g   f o r e s t   r e g i o n  
d e p t h  o f  p e r m a € r n s r  i.n D a  Hinpgon L 

THE CHARACTERISTIC OF FOREST D1S'IRIHU'IION A N D  
FOREST DIVISIONS 

b o r e a l  f l o r a .  A c c o r d i n g   t o  t h e  n a t u r a l   e c o n o m l c  
The f o r e s t  i n  Da Hinygan Ling  belong^ c o  

d i V i g l O n 6  in ."Scheme  and  planning o f  f o r e s t  in  
Da l l i n g g a n  L i n g " ,  t h e  r e g i o n  i s  d i v i d e d  i n t o  
f i v e   e c o n o m i c  z a n e s  ( S e e  F i g u r e  2 ) .  

in a u r t h c x n  par t  o f  Pa H i n r J g a n  1 . i 1 1 , g .  ?'be vcget .o  

a r e a  i s  4.0 m i l l i o n s   h e c t a r e s  and t h e  t i m b e r  
t i o n  is used a 8  a p r o t e c t i o n   f o r e s t .  T h e  h u l l  

D i v i a i o n   o n e :  U p l a n d  tundra  and f o r e s ~  a r e a  
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0 
r e s e r v e  i s  811.1 m'/ha.  The r e g i o n  b e l o n g s   t o  
d e n u d a t e d   p l a ~ e a u   a n d   t h e   a l t i ~ u d e  I s  800-1000m. 
Mea11 allnuul air t e m p e r a t u r e  is -4 - - h o c  and   t he  
annua l   accumula t ed  a i r  t e m p e r a t u r e  i s  1000-1600 
' C .  The  fr(Jst-prOOf p e r i o d  is 80-90 days .   The  
y e a r l y   p r e c i p i ~ a t i o n  is a b o u t  400 m m .  The s o i l  
i s  b r o w n i u l ~   s t o n e  s u i l "  p e a t  end humus. The 
d e p t h  of p e r m a f r o s t  is 50-70 111. The main s p e c i e s  
of  vege ta t ion   i s . ,L r r r ixpmcl i r l i i  which c o n L t i t u l e s  
7 3 %  o f  a l l  t h e   f o r e s t , .   n e x t  is b e r u l a  p l a t y p h y l -  
l a  n n d  P i l r u s  sy l .vcs t r i s   var .   Inor lgol ica .   The  
d o m i n a n t .  v e g e t a t i o n  types are   Rhododendron 
d a u r i c u m - L o r i x g m e l i n i i ,  Ladum p a l u s t r e  v a r .  
a n g u s t u r n - L a r i x g m e l i n i i ,  and P i n u s  pumila- 
L a r i . x p m e l i ~ ~ i t  (Zhung.  1986). Because o f  t h e  l . a t e  
e x p l o i t a t i o n  o f  t h e  r e g l o n ,  1 . 1 1 ~  f o r e s l  is b a s i - -  
c . a l l y  in i t s  v i r g i n  s t a t e .  The r e g i o n   l i e s  i n  
t he  s o u r c e  a r e a  o f  Eerguna   P ive r ,  Huma River   and 
Alnuer R i v e t .  11 i s  ~ I I C  \ )aut .  f o r   p r o t e c t e d  Ior'esl .  
a n d   t i m b e r   r e s o u r c e s .   T h e r e   a r e   e l e v e n   f o r e s t  
bureaus s u c h  a s  Muzhong, Hunra, W u m a ,  M n g u i  e t c .  
in L h i s  r c g l u u .  

'l'he r i lnber   reserve  i n  L , ~ I Y  tl,red is g r c a t e s l .  
i n  111-1 Hinggdn  Ling   fores t .   reg ion .  'The u n i t  timber 
r e s e r v e  i s  8 8 . 1  m ' / h a .  The  management  policy i s  
mainly t o  p r o t e c t  f o r e s t s .  I n  r h e   c o n d i t i o n  o f  
p r o t e c t i n g   t h e   e c o l o p i c a l .   s y s t e m ,   r e a s o n a b l y  
uci  1 i z i n y  t o r e s t  r e s o u r c e   a n d   b r i n g i n g   f o r e s t  
~ I I F ~ J  f u l l  p l a y ,  we s h o u l d  mainly manage t h e  

s p e c i e s  o f  L a r i x g m c l i n i i .   S ~ n c e  t h i s  x-cgion i t  
b e l o n g s  t o  i s  c o n t i n u o u s   p e r m u f r o s t   w i t h  u 
thickness o f  hU-7U DI and has tl y'llallow S V ~ S ~ I I ~ I -  

dep1.h o f  c h e  d e s c e n d i n g   a x i s  'is' 's't1,a.I I d .  T l ~ u a ,  ' 
l y  thawed  4ept.h  and  low g r o u n d  . t e m p e r a t u r . c ,  1 .111:  ' 

t h e   r l u f r i e n t  sp8ce i s  n o t  encr'u'gh' antl  he' p t u d u t -  

o u g h t   t o   8 i v e   a r t i f i c i a l   i n ' t : e r r u p t i o n ,  dYai11  
t i v i t y  i s  low. In t h e   l a t e r " e x p I o i t , l t i t r l i ,  we 

s u r l a c e  w a t e r ,  l ower  t h e  p e r m h f r o s t  t a b l e  i r r  

m a i n t a i n   r e c e n t  f o r e s t  s~rUc. ' tu r .e  a'nd p r e v e ~ ~ t  i~ 
a d d i t i o n  t o  i t s   n a t u r a l   s u c c e s s i o n  ' i n  o r d e r  1.0 

Eronl a r e v e r s e d  succession. 
r l i v i s i o n  two:  The  are0 o f  t h e  f o r e s t  i l l  r he 

middle  of Da Hinggan  Ling in t h i s  a r e a  i s  l000 
m i l l i o l l s   h e c t a r e s ,   T i m b e r   , r e s e r v e  . i s  h00  m i  1 - -  
l i o n s  m a .  I t  i s  t h e   b i . g g e s t   f o r f i s t  B C U B  and  thc  
t i m b e r   r e s e r v e  a n d  t h e   p r o d u c t i o n  i s  t h e   b i g g e s t  
t o u .  The u n i t  f o r e s t   r e s e r v e  i s  6 2  m' /he.  'I'hc 

T h e  e l e v a t i o n  i s  1000-1200 rn. The mean a1111ud1 
r e g i o n  b e l o n g s  1.0 denudat ,ed  and erotlutl  a r e > >  ., , ,  

a i r   t e m p e r a t u r e  is - 2  - - 4 ° C .  Warrn index  I S  ,3S.-- 
45'C. AccumuJated a i r  t e m p e r a t u r e  i s  1400-l8OOu(:. 
T h e , f r o s t - f r e e   p e r i o d  i s  80-100 d a y s .  The y e a r l y  

c r u s h e d   g r a v e l .   L a r i x g m e l i n i i  is a b o u t  7 0 % ,  n e x t  
p r e c i p i t a t i o n  i s  400-450 mm. I C  is brownis11 

a r e  B e t u l s   p l a t y p h y , i l a ,  P i n u s  s y l v e s t r i s  a n t l  ,a 
l i t t l e   P i c e a .  The v e g e t a t i o n   t y p e s  a r 6  t u s s o c k -  
Lar ixgmel in i i ,   Rhododendron   dau r i cum- la r ixgmel l -  
n i l ,  Ledum p a l u s t r e   v a r .   a n g u s t u , m - P i n u s   s y l v e s -  , 

t r i s ,  %hododend, ron   daur icurn-be tu la   p le typhyl la  
and  Bryophta-Picen.  T h e  r e g i o n  h a d  b e e n  exp18ui1-  
ed e a r l i e r ,  b u t  t h e  u n i t  f o r e s t  r e s e r v e  i s , a  ; 
l i t t l e   l e s s   t h a n   t h e   d i v i s i o n   o n e ,  At p l - e s c n t ,  
i c  is a n a t u r a l l y   i m p o r t a n t   t i m b e r   b a s e .  '1'lre 
r e g i o n  has f o u r t e e n   f o r e s t   b u r e a u s  w h i c h  b e l n ~ ~ k :  
t o  t h e   c o n t i n u o u s   p e r m a f r o s t  r e g i o n .  Heciluse t he  
soil l a y e r  i s  eirectcd b y  low t e m p e r a t u r e  i n  t . 1 1 ~ .  
l o n g  term 1 1  h a s  formed a b a r r i e r  t o  Irr'evenL IInu 
a c t i v i t i e s  o f  m i c r o o r g a n i s m s   a n d   t h e   r e l e a s e  0 1  
n u t r i t i o n .  The d e p t h  of p e r m a f r o s t  i s  ZC)-60 111, 

Tt h a s  a c u n s i d e r a b l e  e f f e c t  on t h e   r e g i u n a l  
e x p l o i t a t i o n  and f o r e s t  resources. R u t  t h e  
r e g i o n  h a s  a g r e a t  f o r e s t   r e s e r v e  a n d  i L  i s  :i 

l a r g e  a r e a ,  t h e  n a t u r a l   c o ~ ~ d i t i o n s ,   a r e   s u i l a l i l c  
f o r  f o r e s t   g r o w t h .  F o r e s t  i n d u s t r y  and t r a l r s [ , o l  - 
w e l l  manage t.he d e s t i n a t i o n  s p e c i e s  of Ldr ixgmi-  
t a t i o n   a r e  wel l  d e v e l o p e d .  From t h i s ,  WL'  Y I I C I U J ~  

l i n i j  and P i n u s  s y l v c s t r i s  i n  order- 10 br i l lg  t l le  

f o r e s t   i n t o  f u l l  p l a y .  111 the  w e s t e r n  par-I: o f  
t h i s  r e g i o n ,  i n  t h e   p r a i r i e ,  we s h o u l d  t l u v e l u p  
i t  i n   a n i m a l   h u s b a n d r y .  

of the  soother^^  lope of  Da Itlnp,pan L i n g .  'I'hc 
a r e a  i s  5 . 5 0  m i l l i o n   h e c t a r e s   a n d   f o r e s t   r e s e r - v e  
i s  a b o u t  160 m i l l i o n  m'. I1nj.t reserve i s  2 9 . 3  1 1 1 '  

/ h a .  The geoa~orpho logy   be longs   t o   e roded  s n t l  
denuda ted   mou ta in   a r ea  a n d  p la t eau .   E levaLio l r  is 
400-800 m .  The mean a n n u a l  a i r  t e m p e r a t u r e  is 
0 - 2 ° C .  Warm i n d e x  i s  4 5 - 5 5 ' C .  Accumulotcd n l r '  
t e m p e r a t u r e  is 1 6 U O - 2 0 0 0 ' C ,  The f r o s t - f r e e  

450--500 111111. The soil is brownish stone sui1 and 
p e r i o d  'Is 90-120 days. Yearly p r e c i y i t a t i o l i  1 8  

p e a t  , 
The condition o f  cl-imatu  anfl  s o i l  i s  S u i t ~ l > l e  

f o r  v e g e t a t i o n  to ,  grow. T h e  r e g i o n   h a s   m a i n l y  
grown Lar ixyane l in i f ,   Through   f r equen t ly   4 I sLruc . -  
t i o n ,  i t  has succe 'ssrd  iuL0 a secondary  v t . g r t u - -  
t .iun u f  ( )ue rc .us   n longo l i ca ,   Be tu l a   davur i c i l  at l t l  

p o p u l u s   d a v i b i a n e ,  i.n a d d i t i o n   t o   F r a x i n u s  
ntandshurl ica   and a f'ew , l , a r e g m e l i n i i .  The f u r a s ! .  
t y p e s  a r e  . t ' u ~ s o c ' k - U c t u l \ f l   p h y t y p l y l l a ,  [,cspvrle;s:l 
mic.hx-Quercus   monpol ic ' a ,   Cory lus-Retu la   ~Iavur i t . i~  
a n d   t u s s o c k - l a r i x g m e l i n i i  l'he r e g i o n  IrLis t h i r - -  
teen b u r c a u s .   T h e   y e a r l y   t i m b e r   p r o d u c t i o n  i s  
2 . 0 0  m i l l i o n  m". I n '  t he   sou l .he rn  p a r 1  o f  t h e  

D i v i s i o n   t h r e e :   T h e   r e g i o n  lies ! i n  low r rdgt !s  ' 
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r e g i o n ,  t h e   e x p l o i ~ a t i o n  o f  t h e  area   began   very  
e a r l y .   B e d e u s e ' o f  t h e  man-made and f i r e   e f f e c t s ,  
t h e   € o r e s t  is s e v e r e l y   d e s t r o y e d .  T h u s .  u n i t  
f o r e s t   r e s e r v e  i s  2 9 . 3 ' / h a .  The f o r e s t   b e l o n g s  
t o   s e c o n d a r y   f o r e s t  of  l o w - p r o d u c t i o n   a n d   l e s s  
va lue .   Through  r h c  measures o f  r a i . s i n g ,   r e m a k i n g  
and u ~ i l i z i n g   t h e   s e c o n d a r y   f o r e s t ,  we c a n  r a i s e  
r a p i d l y   t h e   g r o w i n g   s p e c i e s  o f  y o l p u l u v  d e v i d i u n e  
and P i n u s  s y 1 , v e s t r i s   b e i n g  u s e d  f o r   i n d u s t r y .  
The   reg ion  belongs t o  s y o r d i c   p e r m a f r o s t   a n d  i t s  
d e p L h  i s  2 0 - 4 0  m. We o u g h t   t o  r e m a k e - a n d  u t i l i z e  
i t .  

r e g i o n . ( T h e   c h e r a c t c r i v ~ i c s  o f  t h e  d i v i s i o n  a r e  
o m i t t e d   h e r e ) .  

P i n u s   , s y l v e s t r i s .  
D i v i s i o n   f i v e :  The a r r u  o f  s e e d - r e s e r v e d  

D i v i s i o n   f o u r :   S o u t h e r n  Ua Hlnggen 1,Ing t i m b e r  

IMPROVEMENT O F  SWAMPY LAND IN THE PEKMAFHOST 
REGION 

C o n t i n u o u s   a n d   s p o r a d i c   p e r m a f r o s t   h a s  a 
g r e a t   e f f e c t  on vege ta t ion .   The   success ion .   vege -  
t a t i o n  i n  t h e   p e r m a f r o s t   a r e a s   a p p e a r s  t o  be I n  
a r e v e r s e d   s u c c e s s i o n .   T h e   g r o w t h   p e r c e n t a g e  i s  
low  and i t  will probably  become  "dwarf  old  men", 
i n  t h e   l o c a l   d i a l e c t .  The r e a s o n  is t h a t   t h e  
r o o t  system i s  h i n d e r e d  b y  p e r m a f r o s t   a n d   t h e  
n u t r i t i o n   s p a c e  i s  less, which   p reven t s   vege ta -  
Cion  growth. For example ,  t h e  g r o w t h   c h a r a c t e r -  
i s t i c s  of L u r i x g m e l i n i i  i n  permafros t -dominate t i , , ,  
a n d   p e r m a E r o s t - f r e e . a r e a s   a r e   l i s t e d  i n  t h e  
following t a b l e .  

T a b l e  1 .  T h e   g r o w t h   c h a r a c t e r i s t i c s  o f  L a r i x g m e l i n i i  i n  d i f f e r e n t   s o i l  t y p e s  

Degree of V e g e t a t i o n   H e i g h t  o f  D i a m e t e r   l i m b e r   r e s e r v e  
t y p e  s o l 1   s t a t u s  t y p e  t r e e a ( m )  (cm)  p e r   t r e e  ( m )  

C o n t i n u o u s  V 
p e r m a f r o s t  

S p o r a d i c  
p e r m a f r o s t  

P e r m a f r o s t  
-free 

V I  

I 1 1  

Cryophyta  & 
l a r i x g m e l i n i i  5.5 5.0 0.02058 

L e d u m  p .  var  
l a r i x g m e l l n i i  1 7 . 0  15.0 

Dauricum R 
rhododendron  20.0 
l a r i x g m e l i n i i  

20.0 0 , 3 2 6 0  
' .  

I n  t h e   a r e a  o f  s e e d - r e s e r v e d   t r e e s ,  we s h o u l d  
take a r t i f i c i a l  m e t h o d s  t o  a f o r e s t  P i n u s  s y l v e s -  

good d r a i n a g e  a n d  humid a r e a s ,  we ought  t o  
t r i s ,  P o p u l u s   d a v i d i a n a   a n d   L a r i x g m e l i n i i .  t n  

a t o r e s t  q u i c k l y   g r q w i n g   t r e e s  o f  less . c i r c u l a - -  

p r o d u c t i v i t y   a n d  the  c o v e r a g e   d e g r e e  o f  f o r e s t  
L ion   pe r iod   ( abou t  2 0  y e a r s )  i n  o r d e r  t o  i n c r e a s e  

l a n d .  I n  low l a n d ,   t h e   d r a i n a g e  i s  bad.  I n  t h i s  
a r e a ,  we s h o u l d   t a k e   d r a i n a g e ,   a f o r e s t i n g   e n d  
c u t i c e a t i n g   m e t h o d s   t o   i n c r e a s e   g r o u n d   s u r f a c e  
t e m p e r a t u r e ,   d e c r e a s e   t h e   d e p t h  o f  s p o r a d i c  
p e r m a f r o s t  a n d  a h r i n k  the r a n g e  o f  p e r m a f r o s t .  

b u r s a u s   a n d   t h r o u g h   d r a i n a g e  o f  wet land  and 
swamp t o   a f o r e s t   L a r i x g r n e l i n i i  a n d  P o p u l u s  
d a v i d i a n a ,  t h e  ground s u r f a c e  t e m p e r a t u r e  has  
r a i s e d  2-3°C and   t he , inc remen t   pe rcen t   i nc reased  

From t h e   i n f o r m a t i o n  o f  Hongxing  and  Weihe 

b y  202.. 
'The weL lend  and swam, i n  Xiao Xinan   d idges  

o r e  w i d e l y   d i u L r l b u t e d .  ln t h i s   a r e a ,   t h e r e  i s  

area a n d  i n c r e a s e   E o t e s t   c o r e r a g e  a n d  f o r e s t  
s p o r a d i c  permafrost. Reasons t o  e x p l o i t   t h i s  

r e s e r v r  h a v e   s i g n i f i c a n ~  impurtance. 
l i ongx ing   fo re s t   bu reau  ( 4 8 ' - 1 9 " 4 3 ' 4 4 " N )  i s  

1.ocrrted i n  X i a o  Xinan  Ridge$.  The  bureau h a s  wet 
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i l  

l e  

a n d   D e y e u x j a   a n g u s r i f o l i a   a p p e a r ,  
7 .  T h e  q u a 1 i t . y  of p h y s i c a l   c h e m i s t r y  o f  s o  

becomes b e t t e r .  The wa te r   conLen t   dec reases ,  
s o i l  t e m p e r a t u r e   r i s e s  a n d  t h e   p e r m a f r o s t  t a b  
d e c r e a s e s .  The t h i c k n e s s  of t h e  l a y e r  o f  moss 
becomes l e s s .  T h e  nround  water   level   becomes 
l o w e r .  S u i I  f e r t i l i t y  becomes b e t t e r .  A l l  of  t h e  
changes  a r e  r e s u l t s  of the e f f e c t s  o f  d r a i n a g e .  

4. Economic b e n i f i t s   i n c f r e a s e .  The u n i t  
t i m b e r  r e s e r v e   b e f o r e   t h e   d r a i n a g e  t e s t  i s  3 '1 .4  
m'/he .  IL h a s  become 6 3 . 4  m'/ha 1 5  years a f t e r  

A c c o r d i n g   t o  1 9 8 5 ' s  c a l c u l a t i o n ,   t h e   u n i t   t i m b e r  
the d r a i n a g e   t e s t ,  i t  h a s   i r ~ c r e a e e d  2 . 6  rimes. 

reserve  becomes 180 m ' / h a  3 0  y e a r s   l a t e r   a f t e r  
t h e   d r a i n a g e .  T h e  t r e e ' s   d i a m e t e r  I s  u p  t o  24- 
32 (is. The m a l u r i n g  o f  t h e   t r e e s   o c c u r  10 y e a r s  
e a r l i e r   t h a n   t h e   o r d i n a r i l y   a r o r c s t i n g   L a r i x g m e -  
l i . n i i .  The- r e s e a r c h  i n  Hongx ing   ' f o re s t  buret lu  
p r o v i d e s  B s u c c e s s f u l   e x p e r i e n c e   f o r   t h e  a m e l i o -  
t o t i n g  o f  wet  land  and swamp, Thi's would improve 
t h e  c r i s i s  of forest r e s o u r c e .  

From t h e   i n t r o d u c t i o n  of  "Swamp becomes  
f o r e s t " ,   t h e r e  is 10.0 m i l l i o n   h e c t a r e s  of ~wamp 
in F in land   wh ichoccup ied   one   fou r th  o f  t h e  
country's l a n d .  The a r e a   f o r   d r a i n a g e   t o   a E o r e s t  
i u  more t h a n  5 m i l l i o n   h e c t a r e ,  Thyy y e a r l y  
t imber   p roduc t ion  i s  6.0 m i l l i o n  m b u t  one 
F t n l a n d   o f f i c e r   s a i d   t h a t  3.0 million h e c t a r e s  

ca l .   ba lance .  Keeping some swamp a r e a  w i l l  a d j u s t  
swamp would r e m a i n  i n  o r d e r   t o   k e e p   a n   e c o l o y i -  

c l i m a t e ,   i n c r e a s e   h u m i d i t y   a n d  p r o t e c t  l i v i n g  
t h i n g s  i n  swamps. 

i n  i t s  a m e l i o r a ~ i n g  swamps. 
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Zhang Waoru, ( 1 9 8 6 )  C h i n e s e   F o r e s t   a n d   S o i l ,  
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Due t o  t h i s ,  we o u g h t   t o  learn f rom  Finlal id  

P u b l i s h e d  b y  C h i n e s e   S c i e n c e s .  



FROST H E A V E  SUSCEPTIBILITY OF HIGltWAY BK1I)G.E FOUNDATTON 
S O I L  IN SEASONAL FROST REGIONS, 

Dai H u i m i n  and X . L .  Wang 

H e i l o n g j i a n g   I n s t i t u t e  o f  Highway  and T r a n s p o r t ,  
4 0  ( l i n g b i n  Road,  H a r b i n ,  150080, China 

M i t h  t he   pu rpose  o f  f u r t h e r   i n v e s t i g a t i o n  and d i s c u s s i o n  on frosl h e a v e  s u s c e p t i -  
b i l i t y  o f  h i g h w a y   b r i d g e   f o u n d a t i o n   s o i l  i n  s e a s o n a l   f r o s t   r e g i o n  a n d  L o  d e t e r -  
m i n e  i t s  j u d g i n g   c r i t e r i a  s o  Q S  t o   s o l v e  f r o s t  damagee  of h i g h w a y  b r i d g e ,   e x t e n -  
s r i v e  i n - s i t u  e x p e r i m e n t s   o n   c l a y e y   s o i l ,   s i l t y   s o i l  and f i n e   s a n d   w h i c h   a r e  
frost s u s c e p t i b l e  and  more common i n  highway  br idge  and c u l v e r t  eng inee r ing   have  
b e e n   c a r r i e d  O U T .  s l n c e  1960 b y  H e i l o n g j l a n g  I n s t i t u t e  of  Highway  and T r a n s p o r t .  
I n  t h e   p a p e r ,   a f t e r  a br ieE  i n t r o d u c t i o n  t o  t h e   t e s t i n g   a p p r o a c h e s ,   t h e  e f f e c t s  
of wa te r   con ten t   and   g round   wa te r   l eve l  on  f r o s t   h e a v e   s u e c e p t i b i l i ' i y   a r e  systern- 
a t i c a l l y   s n a l y a e d ,  And w i t h  ma themat i ca l   t r ea tmen{  o f  t h e   d a t a   o b t a i n e d  in G 

b r i d g e  a r e  presented ,   which   have   been  t a k e n  i n t o  s L a n d a r d  s p e c i f i c d t i o n s  o f  use. 
5 - g r a d e   c l a s s i f i c a t i o n   a n d  i t s  c r i t e r i a   f o r  s e a s o n a l  f r o v t  s o i l  o f  highway 

INTRODUCTION 

S e a s o n a l  f r - o s t  ~ 0 1 . 1 .  is d - i s t r i b u t ' e d  w i d e l y  i n  
C h i n a ,   c s v e r i n g   m o r e   t h a n  10 c i t i e s  and  prov- 
i n c e s  i n  t h e   N o r t h  w i t h  a n  a r e a  o f  a round  5 .14  
m i l l i o n   s q u a r e   k i l o m e t e r s .  5 3 . 5  p e r c e n t  o f  t h e  

he'ave, e s p e c i a l l y  t h e   s t r o n g  and  Bevere f r o s t  
t o t a l  a r e a  oE t h e  n a t i o n  i s  i n v o l v e d .   I t s   f r o s t  

heave  o f  c l a y e y  s o i l .  h a s  l e d  to g r e a t  damage t o  
h ighway  br idges  c u l v e r t s  a n d   o t h e r   e n g i n e e r i n g  
s t r u c t u r e s ,  And these   damages   have  a g r e a t  
i n E l u e n c e  on t h e   h i g h w a y s   a n d   t r a n f i p o r t a t i o n ,  
and  heavy losses t o  t h e  na t iona l   economy,  I n  
t h i s  r e g a r d   e x p e r i m e n t a l  s t u d i e s  on f r o s t  
s u s c e p t i b i l i t y  of h ighway   b r idge   founda t ion  s o i l  
w e r e   c a r r i e d   o u t  i n  Qingan  Frozen G r o u n d  E x p e r i -  
m e n t a l   S t a t i o n  by  H e i l o n g j i a n g  I n s t i t u t e  of  
Highway  and T r a n s p o r t .  Our r e s e a r c h  is d l r e c t e d  
c o w a r d s   f u l l y   u n d e r s t a n d i n g  a n d  s c i e n t i f i c a l l y  
j u d g i n g  t h e  frost s u s c e p t i b i l i t y  o f  soil. so a s  
t o  s o l v e  t h e  f r o s t  demegc o f  highway b r i d g e s .  

FROST SUSCEPTIBLE EXPERIMENTS OF SOILS 

I t  is w e l l  known t h a t  t h e  f r o s t  s u s c e p t i b i l i -  
L Y  o f  soils is dependant  upon many f a c t o r s .  auch 
a s  g r a i n   c o m p o s i t i o n ,   m i n e r a l o g i c a l   c o m p o s i t i o n ,  
m o i s t u r e ,  density, t e m p e r a t u r e   a n d   t h e   g r a d i e n t  
o f  y o i l s ,  C ~ C .  B U L  Lhere a r e  u v u t l l l y  t h r e e   m a i n  
f a c t o r s ,  I . e . ,  s o i l ,   w a t e r   a n d   t e s p e r s t u r e .  For 

which a l l o w s  water t.o p a s s   t h r o u g h  w a t e r  is t h e  
t h e  Eoundarlon soil. of  br idges   and  c u l v e r t s  

most i m p o r t a n t   f a c t o r   t o   i n f l u e n c e  f r o s t  h e a v e .  
and t h e  q u a n t i t y  o f  water  i s  a c r u c i a l  c o n d i t i o n  
t o   d e t e r m i n e   s t r e n g t h   o r   w e a k n e s s  of frost heave. 
Hence i n  r e s e a r c h  o f  t h e   f r o s t   h e a v e  of highway 
b r i d s e   f o u n d a t i o n  soil we c o n c e n ~ r a t e  upon  water 
c o n s i d e r a t i o n .   p a r t i c u a l l y  on t h e   e f f e c t  of 
ground   wa te r   l eve l  on f r o s t   h e a v e .  

To make c l e a r  t h e  f r o s t   s u s c e p t i b i l i t y  o f  
hi.ghway b r i d g e  foul lc le l ion s o 1 1  we c h o s e   c l a y ,  
c l a y e y  loam a n d  f i n e  s n n d  w h i c h  a r e  commonly 
a d o p t e d  a n d  t h e   f r o s t - s u s c e p t i b i l i t y  i s  r a t h e r  
s t r o n g  i n  s i t u a t i o n s   u n d e r   d i E f e r e n t   w a t e r  

c o n t e n t   a n d   d i f f e r e n t   g r o u n d  wa 
T a b l e  1. shows   t he   phys i ca l  p 

s a m p l e s .  

EXPERIMENTAL RESULTS A N D  ANALYS b + 

keeps on d r o p p i n g   t o   1 1 3  crn. 

Kd = B (W - W p )  
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1 4 3 . 0  23 . O  2 0 . 0  1 7 . 7  5 7 . 8  2 4 . 5  

2 3 5 . 7   2 2 . 4   1 3 . 0  1 7  . o  53 .5  2 9 .  S 

3 - 5 . 0  1 8 . 3   1 1  .2 4 6  . O  1.9.5 
- 

The t l t . s i g n a t i o n  o f  soil s a m p l e  numbered  w i t h  1 , 2  and  3 is c l a y e y  sojl . .  c l a y e y  l o a m  nntl f i n r .  s a n d ,  
r e s p e c t i v e l y .  

T a b l e  2 .  Results f rom frobit h e a v e   e x p e r i m e n t s  

' r e s t i n g  
s e c t i o n s  i i i  i i i  i. v V 

C l a y e y  soil 
1 3 4 . 4  2 3 . 3  155.0  3 9 7   1 1 5 . 3  3 4 . 4  
2 2 8 . 8  5 6 . 6  1 8 3 . 0  2 9 5  153.5 1 9 . 2  

3 91 .0 1 2 9 . 0  2 2 1  . o  1 1 0  210.0 5 . 2  0 - y e a r  datum 

7-yca r  d u t u s ~  

4 

6 
5 

8 
7 

9 
10 
11 
1 2  
13 

3 6 . 3  
3 2 . 3  
32 -0 
3 4 . 7  
3 1 . 8  
3 5 . 1  
3 7 . 0  
30 .5  
3 3 . 8  
34 . a  

113.0 206 .O 
108 .o  206 I 0 
119 * 3 206 .o  
1 3 7  * 7 2 1 2 . 0  
1 2 1 . 7  2 0 9 . 7  
1 4 1  - 7  2 1 6 , O  
1 6 2 . 3  2 1 2 . 7  
1 4 4  .O 2 3 0 . 3  
1 6 2 . 7  2 2 2 . 3  
162.0 2 2 2 . 0  

1 0 5  
121  

96  
8 2  
6 7  
87 
5 2  
98 
47 
4 9  

195.1, 
1 9 3 . 9  
1 9 6 . 4  
2 0 3 . 8  

2 0 7 . 5  
2 0 7 .  .3 

2 1 0 . 5  
3 1 7 . 6  
2 1 7 . 1  

203. o 

5.4 
6 . 2  
4 . 9  
4 . o  
4 . 2  
2 . 5  
4 . 7  
2 . 2  
2 . 3  

I .  

3 . 3  : j - y e a r  ( ~ w I . u n l  

F i n e   s a n d  

L 23 . O  3 8 . 6  161 . M  219 13'3,9 1 5 . 7  
2 1 7 . 5  6 4 . 7  169.8 79 161.9  4 . 9  6 - y e a r  clat.um 
3 1 2 . 3  1 1 5 . 8  180.2 1 4  1 7 8 . 8  0 . 8 
4 1 5 . 7  1 1 3 . 0  1 . 7 8 . 3  6 177 * 7 0 . 3   3 - y e a r  dat11111 

I - r e f e r s   t o   w a t e r   c u n ~ e n t  of  s o t l ~  b e € o r e  f r e e z i n g  i n  X ;  i i - i s  g r o u n d  w a t e r  l e v e l  
b e f o r e  f r e e z i n g  in cm; I l i - i s   t h i c k n e s s  o f  f r o z e n   l a y e r   u f  soils i n  ~ m ;  i v - r e p r e s e n t u  
f r o s l  h e a v e  of s o i l s  i n  m m ;  v - i s  f r o s t  p e n r ~ r a t i o n  in c m ;  v i - 1 s  f r o s t   h e a v e m ' r a t i o  i n  X .  

w h e ~ e  Kd is F r o s t   h e a v e   r a t i u  i a  X ;  W i s  t h e  Weak-heav ing  soil, lcKd23.5. .  T h u s  W p + Z .  1 ~ ~ ~ 2 i ~ d I J t  
mean w a t e r  content  o f  sails b e f o r e   f r e e z i n g  i n  7 . 5 ;  u s e  Wp+Z<WsWp+B, (111) M e r l i u w h e a v i n g  s o i  I ,  
9 . ;  Wp is i n i t i a l  water  c o n t e n t  ,of  -frost heave 3.5cKd56. T h u s  Wp+7.5<W5Wp+12.8; u s e  W p t B < W Z W p t  
( e q u i v a l e n t  to p l a s t i c   l i m i t  o f  so i l? ' )  i n  X ;  a n d  1 5 .  ( I V )  S t r o n g - h e a v i n g  soil,. 6 c K t l S l . 5 .  'fllus 

a i s  a c o e f f i c i e n t .  Wpt12.8<WiWp+31.9; use Wp+lS<W5Wp+32. ( V )  S C V ~ I C -  

I n  t h i s  c o n n e c t i o n  wc s t i l l  ~ d o p t  t h e   r e l u -  h e e l v i n g  s o i l ,  Kd>15; u s e  W>Wp+32.  
t i u n  b y  E q . ( l )  t o   a n a l y s e   d a t a  obtained f rom 
[ J U T  f i e l d   e x p e r i m e n t s  ( T a b l e  3 ) .  As a r e s u l t ,  
Lhe a r i t h a s t i , ~  mean a = 0 . 3 6 ;  t h e  s t a n d a r d  devia- 

C v = 0 . 1 8 9 ;   a n d  the  m a g n i t u d e  o f  tl u n d e r  t,he 
L i o n  S = O , 0 6 8 ;  t h e  c o e f f i c i e n t  of v a r i a t i o n  

c o n f i d e n c e  l e v e l  o f  95% is 0 . 4 7 .  
Hence ,  we o h t a i n  

Kd = 0 .47(w - w p )  ( 2 )  

C a 1 c d e t i . n l g  t h e   c r i t i c a l   w a t e r  C O I I ~ ~ I I L  To1 
t h e  f l u s t  h e a v e  c l a s s i f i c a t i o n  01 c l a y e y  soil, 
a n d  m a k i n g   r e f e r e n c e   t o   r e l a t e d   l i t e r a t u r e  t o  
emend,  we f i n a l l y  o b c a i n  t h e  c r t t i c a l  w a t e r  
content  i n  c o n f o r m a l i c e  w i t h  e a c h  g r a d e  o f  ehe 
c l . a v v i f i c ~ t i o n   a s   f o l l o w s .  ( I )  For n o n - h e a v i n g  
s o i l ,   K d s l .  T h u g  WsWpt2.1; u s e  WrWpt2 .  (11) 
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9 
1 0  
11 

13 
1 2  

1 5  
14 

1 6  
1 7  
18 
19  

120 4 . 8  16.7 0.29 
1 2 0  5.1 16.7 0.31 
120 5.4 16.7 0.32 
1 3 5  5 . 5  
135 5 . 4  

11.1 0 . 5 0  
11.1 0 . 4 9  

3 2 9  3 . 6  13,9 0.26 
129 3 . 6  13.9 0 . 2 6  

135 5 . 0  1 1 . 1  0 . 4 5  

1 2 1  4.8 

121 5 * 3  
1 2 1  5 . 0  

155 2 . 5  
1 5 5  2 . 3  
155 2 . 0  
150 2 . 5  
150 2 . 7  
150 3 . 0  
1 7 0  3 . 0  
170 3.0 

1 3 . 8  0 . 3 5  
13,s 0.36 
13.8  0.38 

6,8 0 . 3 4  
6 . 8  0 . 3 7  

6 . 8  0 . 2 9  
6 . 3  0 . 4 0  
6.3 0 . 4 3  
6 . 3  0,40 
9 . 1  0 . 3 3  
9 . 1  0 . 3 3  

20 
21 
22 
23 
2 4  
25 
26 
27 

29 
30  
31 
3 2  
33 
34 
35 
36 
37 
38 

2a 

170 2.9 
171 3 . 1  ' 
171 3 . 2  
1 2 5  5.0 
125 5 * 0  
1 2 5  4 . h  
110 6 . 0  
1 3 8  5',0 
138 4.9 
138 
113 

4 . 4  
3.5 

1 1 3  
113 

3.5 
3 . 7  

,134 4 . 9  
134 5 . 2  
1 3 4  5 . 0  
1 4 1   4 . 0  
141 4 . 6  
1 4 1  5,1 

9 . 1  
'6.8 

6 . 8  

17.5 
17.5 

17.5 
12.3 

13.4 
13.S 

13.4 
1 0 . 9  
10.9 
10.9 
1 5 . 2  
15.2 
15.2 
1 4 . 2  
1 4 . 2  
1 4 . 2  

. 3 2  

.46 . 4 7 

.29 

.2Y 

. 2 6  . 40 

. 3 7  

.37 ; 8 

. 3 3  
* 32 
I 3 2  
. 3 4  
. 3 2  
- 7 4  
. 3 3  
. 3 4  
. 3 2  . 
. 3 6  

and f r o s t  susceptibiliry i s  e x p r e s s e d  b y  E q . ( 3 )  
and shown i n  F i g . 1 .  

K d  = a e x p b Z  = 35.1 e -0.01 92 (R=O. 8 8 )  
( 3 )  

A n d  f o r   t h e  f i n e  s a n d  t h e   r e s u l t  is t h a t  a s  
e x p r e s s e d  b y  E q . ( 4 )  and  shown i n  F i g , 2 .  

K d  = a t h  I n  Y = 24.2 - 5 . 2  I n  Y ( 4 )  
K 3 0.87  F = 3 9 1 . h 2 > F 0 ~ 0 1 - 7 . 2  

i n  which z r e f e r s  t o  ground  water   l eve l  Erom 
t h e   e a t t h   s u r f a c e  b e f o r e   f r e e z i n g   i n  c m  and 
o ~ h e r  symbols  a r e  the  same a s  e x p l a i n e d   a b o v e .  

re  st h e a v e   r a t i o ( % )  

F i g u r e  3 .  R e l a t i a n  o f  frost heave r a t i o  
gr,o.und w a t e r   l e v e l  f o r  c l a y e y  

V 9 .  

s o i l  

Both  proposed e n d  c a l c u l a t e d   c r i t i c a l   v a l u e s  
of  ground w a t e r  l e v e l s  on t h e  basis o f  E q s . ( 3 )  
and   ' (4 )  a r e  l i s t e d  in T a b l e  4 .  

S e a a o n a ' l  Frost - S o i l  C l a s s i f i c a t i o n  f o r  IliRhwavs 

w p  t h e '   e x p e r i m e n t s  w.lth c o n s i d e r a t i o n  
, .  

o f  t h e '   i n f l u e n c e s  of g r b u n d  wat'er  and Water 

Figure 2 .  R e l a t i o n  o f  f r o s t  hj!avc r n , t i O  v s .  
ground water  l e v e l  L D ~  f i n e  sand  

cor: tent  o f  eoil b e f o r e   f r e e z i n g   a n d  w i t h  r e f e r -  
ence  t o  t h e   e x p e r i e n c e s   t e l a t e d  L O  f r o s t  soil , 

clovsificatiop (X.R. Wang, 1980  Tong, 1983;  
Z.Q. Wang, 1981; JTJ 024-85, 1985; 'TJ 7 - 7 4 ,  
1974) we,  from t h e  c o n v e n i e n t  and n p p l i c s b l c  
p o i n t  of view, p r e s e n t  B 5 - g t a d e   c l u s s i f i c a t i o r ~  
f o r   t . b c , e e a s o n a l   f r o s t  soil of  h i g h w a y  b r i d g e s  
i n  accordance w i t h  t h e  frost s u s c e p t i b i l i t y  
(he re   r ep resemted  w i t h  frost heolve r a t i o ) .  
Namely they   a re   non-heaving  soil ( K d S l X ) ,  weak- 
h e a v i n g  soil ( lcKdS3.5%),   medium-heaving soil 
(3.5<KdS6%), s t r o n g - h e a v i n g  s o i l  
a n d  s e v e r e - h e a v i n g  s o i l  (Kd>15%). 

( 6 < K d S 1 5 X ) ,  

c r i t e r i a   a r e  shown in T a b l e  5. 
T h e  j u d g i n g  

S U M M A R Y  A N D  CONCLUSIONS 
~ 

A f t e r  m s t h . e m a t i c a 1  t.raaClrlent 
ence a n d  edop t ion   o f  the a d v a n t a g e s  

and the r e f e r -  

s ,oi , l  c l a s s i t r c a -  , a n d   a b r o a d ,   t h e   s e a s o n a l  trost 
domestically f r o s t  soil c l a s s i f i c a t i o n  p u b l i s h e d  
o f  r e l a t e d  

o f  f , ie lc l ,  e x p e r i -   t i o n  is, developed   f rom  7-years  
, I ,  
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Table  4 .  Critical v a l u e s  of ground w u t e r  ( m )  i n  c l a s u i f l c a t i o n  

Grade o f  c l e e e i I ' i c a ~ i u ~  

Nan-heaving Weak Med i um S t r o n g  Sever e 

Clayey soil 
C a l c u l a t e d  1 . 8 7  1.21 0 . 9 3  0.45 co. 45 
Proposed > 2  .o  > 1 . 5  > I  . o  Z O .  5 SO.  5 

Fine  sand 

Cs l -cu la ted   0 .87  0 . 5 4  0 . 3 3  0 . 0 6  ( 0 . 0 6  
Proposed ,1.0 >0.6 > 0 . 4  > O .  1 60.1 

T a b l e  5. C l a s s i f i c a t i o n  o f  s e a s o n a l   f r o s t  soil 

Ground  water 
l e v e l   f r o m  

e a r t h  surface 
b e f o r e  

f reessi n g  
Z(m) 

Desig- N a t u r a l   w a t e r   c o n t e n t  
n a t i o n  o f  soil before  f reezing 
o f  soil W ( % )  

C l a s s i f i c a t i o n  
of f r u s t  soil 

( i )  
( i i )  WS12 

omi t ted  

( S r i U . 5 )  
I.2CWSlS 

(0.5<SrS0.8) 
W>18 

(Sr>0,8) 

F i n e  
sand 
s i l t y  
sand 

Clayey 
soil 

ws14 

14iWS19 

w>19 

wswpt-2 

omi t t e d  
>1.5 
$ 1 . 5  
'1. . 5  
51.5 
>L.5 
5 1 . 5  

>1 . a  
l.O:Z>O.6 
0 . 6 t 2 > 0 . 4  
O.42Z>Oq1 

SO.  1 
>1 .o 

l .OkZ>0.6 
O,GiZ>O.S 
50.4 
> 3  . o  
S O .  6 
1.0iZ>O.6 

Non-heaving 

Weak 

Medium 

S t r o n g  

Non-heavina 
Weak 
Medium 
S t r o n g  
S e v e r e  
Weak 
Medium 
S t r o n g  
S e v e r e  
Med i urn 
S t r o n g  
S e v e r e  

> 2  . o  Mol\-heaving 
2.0az>1.5 Weak 
1,5:Z>l . O  Medium 
1 . 0 2 2 > 0 . 5  S t r o n g  

S e v e r e  

2 .OLZ>l.. 5 Medi urn 
1 . 5 r 2 > 1  .o  S t r o n g  

Wp+B<WrWp+l5  > 2 . 0  
Severe 
Medium 

2 . O L Z > l .  5 S t r o n g  
51 .5   Seve re  

wp+lS<wswp+32  >2.0 S t r o n g  
5 2  .o  S e v e r e  

W>Wp+32 o m i t t e d   S e v e r e  

5 0  . s  
> 2 . 0  Weak w p + 2 c w ~ w p + a  

:1 .o 

N o t e : l .  U p  i n d i c a t e s   w a t e r   c o n t e n t  of s o i l  t o  p l a s t i c  limit; W i s  n a t u r a l  
wnLer c o n t e n t  ( i . e . ,  t h e  mean v a l u e  of w a t e r   c o r ~ t e n t  w i t h i n  s t a n d a r d  
f r o z e n  d e p t h  of  soils before freezing; Sr  i s  s n t u r a t e d   d e g r e e  o f  Soil; 
( i )  i n c l u d e a   r o c k ,   c r u s h e d  stone, g r a v e l l y  c o a r s e  a n d   m i d d l e   s a n d   ( l e s s  

coarse, and the   middle   sand   (more   than  15% o f  clay and s i l t  f r a c t i o n s ) .  
t h a n  157, of clay  and s i l t  f r a c t i o n s ) ;  ( i i )  means  crushe 'd   s tone,  g r a v e l l y ,  

2 .  C o n s i d e r a t i o n  of lower g r a d e  is n e c e s s a r y  r e l a t i n g  L O  0.5x or  more O f  

s a l t   c o n t e n t .  
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ments on colnmon b r i d g e  a n d  c u l v e r t   f o u n d a t i o n a l  

wel l  a s  d i f f e r e n t   w a t e r   c o n t e n t .   T h e r e f o r e   t h e  
soil under   d i f f e r - en t   g round   wa te r  l e v e l s  a s '  

c l a s s i f i c a t i o n  i s  r a t i o n a l  and its Judging  
c r i t e r i a  is r e l i a b l e ,   s u i t a b l e  E o ~ . t h e  o b j e c t i v e  
r e a l i t y  of seasonal f r o s t  soil o f  highway b r i d g e s .  
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PERMAFROST CONDIbTTLr)NS ALONG AN 0NSHOREz.QFFSHORE TRANSECT OF 
- T H E  CANADIAN BEAUFORT SHELF 

. .  

S . R .  Dallimore and A.E. :Tayiori 
Terrain  Sciences Divis&gn, .  . ,  
GeQlOgiCal  Survey of Canada, . 

Ottawa, Canada ., , 
. ,  

In 1990, a drilling program was carried out along a:25km transect in an area o f  
active marine  transgreeqian across an arctic permafrost landscape.,. six 
boreholes  were  drilled to depths between 42 and 103m from onshore  on northern 
Richards Island to offshore on  the Beaufort Shelf; the four offshore sites were 

shaping  the  character of this offshore region and its permafrost and geothermal 
in water  depths of 3 to 10m. Marine transgression is the principal event 

regime. Sediment grain  size and salinity are the principal propertiee  governing 

due to the  transgression. The depth to the top o f  ice-bonded sediments i e  about 
the presence or abfience of ice-bonding. Permafrost i s  degrading in the offshore 

¶Om below the present aeabed inshore, but 1,ies  only  llm below the seabed 25km 
offshore. At present, this in attributed to a,<redured  rate of sea level rise 
and warmer sea  water  temperatures in the past millennium. A continuity o f  four 
major geolo$i& units was established between the onshore and offshore. A marine 
unit arising from the present transgression was documented in the coastal. area. 

, ,  

INTRODUCTION 
During March and April o€ 1990, the 

Geological Survey o f  Canada conducted  a 
yeotechnical investigation of permafrost 
conditions along a 25km transect from northern 
Richards Island along a proposed offshore 
pi.peline route (Fig. 1). For the first time, 
boreholes 40 to lOOm deep were drilled * 
specifically to recover cares and to dai , ihbate  
the permafrost regime and geology alang the 
coastal margin of the Beaufort Shelf. Program 
description and preliminary results of the 
g.eology, geotechnical  properties and ground 
thermal  regime can be found in Dallimore 
(1991). The present paper describes  the 
permafrost conditions along the transect as 
they relate to geological processes which' have 
been ongoing  since the area was  transqregsed by 
the sea. 

MARINE  TRANSGRESSION AND OFFSHORE PERMAFROST 

Marine transgression in arctic  regions 
represents a major thermal event, as sea water 
near its freezing paint encroaches  on a colder 
permafrost landscape developed in a terrestrial 
setting. Nearshore permafrost distribution is 
primarily controlled by three major factors: 
the initial ground temperatures and' ground ice 
distribution prior to transgression,"the 
temperature history experienced after< , ,  

transgression, and the rate at, which: ' 

transgression took place. A t  present',. typical 
permafrost 'thicknesses on Richards  Island are 
in the order of  400 to 700m with mehn  annual 
ground sirkface temperatures o f  approximately 
-6" to - s ° C ;  similar thicknesses o f  relict 
Pleistokene permafrost are reparted offshore 
(Judge et al., 1987). Seabottom temperatures 
o f  shallow coas ta l  areas o f  the Beaufort Sea 
(<lorn water depth) in the vicinity o f  the ' 

Mackenzie Delta are influenced by large . ,  

seasonal outfl.ows af relatively warm river' 
water, resulting in positive mean annual. 

F i g u r e  1. Location of onshore-offshore 
drilling transect. Boreholes are labelled BH- 
x .  Bathymetry is in metres and tenths. 

Bdbbottom temperatures and permafrost 
degradation  (Hunter, $ W E ;  Hunter et a1.2, ~ , 
1988). Further offshore in areas D?emOts front 
the influence of the Madkenzie River,. negakive 
mean  annual  seabottom  temperatures  are  reported "" ...~ ~~~ ~ 

(Taylor and Allen, 1987). ' 

the  rise in relative sea level, the geology and 
topography of the coast, and coastal 
sedimentation. Investigations o f  relative sea 
level for the southern Beaufort Sea (Forbes, 
1980; Hill et  al., 1985; 1991) suggest  that a 

The  rate of transgression is determined by 
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significant decline in the  rate o f  rise has 
occurred during the l a t e  Holocene period. 
Depending on the eea level curve selected, 

during  the early Holocene and,+cline to 0.2 to 
estimated rates vary from 0.6 to 1.0 mmja 

O.rlmm/a f o x  the past 3500 years. Rates during 
the past few centuries have possibly been even 
slower as shown by a flat partion of most 
global sea level curves for this period. These 
trends are reflected in the rate of coastal 
retreat during the Holocene. Pelletier..(I?84) 
shows  two possible offshore beach ridges dated 
at 14,500 and 8,500 years BP, occurring 
approximately 140km and 90km offshore. While 
these features would imply average retreat 
rates up to 10m/a aince their depoei,tioq, 2Ah,e 
Tuktoyaktuk Peninsula and Richards Island areas 
have been retreating at average ra tes  of 0.3 
to 2m/a for the past 4 0  years (Harper et  al., 
1985). 

PRELIMINARY RESULTS OF THE GSC ONSHORE-OPFSIIORE 
TRANSECT 

1. Geoloqy 

in offshore drillinq did not allow continuous 
Although the technical challenges pregented 

coring, downhole geophysical logs (natural 
gamma, conductivity and seismic) were run in 
each borehole; this allowed interpolation of 
the stratigraphy between sampling horizons 
(Hunter et  al. ..i~ Dallimore, 1991). A 
simplified geological model of  the upper 
hundred metres along the transect is summarized 
011 Figure 2a.  Five major stratigraphic units 
can be traced Erom onshore areas to  the 
f a r t h e s t  borehole offshore. Both an onshore- 
based stratigraphy (e.g, Rampton, 1988) and an 
offshore-based stratigraphy (O'Connor, 1980; 
Blasco et al., 1990) are shown in the figure. 

transect can be correlated on land with the 
Kendal.1 sediments, while offshore it i a  called 
Unit E. Although only sampled intermittently, 
t h i s  unit was  quite uniform in character, 
consisting o f  medium-grained sand with 
relatively low moisture content. The Kendall 
sediments are overlain by a 10 to 14m thick, 
low plastic clay, called the Hooper clay on 
land and Unit D offshore. The Hooper clay 
forms a critical marker horizon since it is R 

fine  grained,  saline clay o f  marine origin 
(Rampton, 1988), that occurs between two 
relatively thick and well described sand 
sequences. Additional information on the 
continuity of the Unit D is available from 
marine eismic surveys (Blasco and Lewis, 
Dallirnore, 1991) and  from boreholes drilled by 
industry (Blasco, pers.  comm. 1990), The 
Hooper clay i s  overlain by a 20 to 40m t h i c k  
sand sequence which has been described as unit 
C offshore. Detailed mineralogy and 
sedimentology investigations suggest t h a t  it is 
in fact campoaed o f  two or possibly three aub- 
units which correlate with the Kittigazuit and 
Kidluit formations described on land (Ramptan 

by Unit 8 ,  a marine gilt thought to be 
1988). Unit C is overlain in nearshore areas 

depaeited during the present marine 
transgression. o m t h i s  tranaect Unit B occurs 
exclusively in water:depths of about 2 to 9m, 
reaching a maximum thickness o f  about lSm.  in 3m 
..af water. It i s  ab5ent in BH-5 and in s3al'low 
coastal w p t e r s  less than 2m deep.  Unit A 
(Blaaco et al., 1990) occurs farther offshore 
and was not encountered along the tranaect. 

The oldest unit encountered in the offshore 

profiles are apparent. 
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F i g u r e  3. Temperature profiles versus depth 
below present seabed. 

are consistently below -7°C and sediments artk 
well ice-bonded. Ice contents are generally 
qui te  high (range 3.0-40% excess ice  by volume) 
in the upper 5m especially immediately below 
the active layer. Salinity measurements on 
pore water extracted from COW samples and. 
downhole conductivity maamrentents characterize 
the very low porewater salinity of the 
Kittigazuit, Kidluit and Toker Point aediments 
indicating emplacement of pore water during 
terrestrial exposure. An abrupt rise in 
salinity and conductivity within the Hwoper 

deposition. The Kendell sediments were not 
clay confirms  a marina environment during 

penetrated ,to a sufficient depth to accurately 
determine their-properties. 

Barehole BH-2 

the dramatic change in phyeical properties 
resulting from transgression. The 0°C isotherm 
is approximately 46m below the sea floor and 
the majority of the borehole,iqtessecte8- 
unbonded sediments (Fig., 2b),,- Unit B is 

Kittiqazuit/Kidluit at. BH-la,.Unit C has high 
approximately 15 m thick. Unlike the 

salinities up to 60 ppt with high downhole 
conductivities throughout ( F i g .  4). It iS 
postulated that the elevated salinities have , 
resulted from the movement of saJ.ine porewater 
from the sea floor as thawing occurred after 
submersion. Also, the salinities are 
mbstnntlally higher tPan those €ound in Unit 
B (15 to 40 ppt)..The abrupt decrease in 
downhole conductivity at the top a$ Unit 0 ,  and 
the almost identical salinities in this uni! to 
thoae,obaerved in  BH-la, suggest that sapin? 
migration from the sea f&hor did not penetrat.e 
unit u. . , ,, 

While most sediments in BR-2 are 
unbonded, a.partially ice-banded zone was 
encountered at,88m. Although marginal ice: 
bonging i s  often difficult to.detect.in,dreps. 
boreholes , three indLpendent 1 ines of evidenpe 
appear to confirm this,  part.$plly,  .ice-bonded ~ 

core samples, variable drilling resistance and 
zone: observations of partial ice-bonding in 

Borehole BH-2, in' 3m of water, illustrates 

mud pressure registered through the zone, and 
downhole aeismic velocity measurement# above 
2.0 km/a, a value generally accepted am 

st a l . ,  Dallimore, 1991). 
indicative o f  partial ice-bonding (sea Hunter ,. ' '  

Borehole BH-5 
Borehole BH-5, in approximately 10m of 

water, was sited specifically in a 2on.e of 
widespread shallow permafrost identified from 
se'ismic refraction surveys (Hunter, pers. comm. 
1990). Unlike the boreholes closer inshore, 
Unit B sediments are absent at this sit.e and 
Unit C occurs a t  the aea floor (Fig. 2a.1, 
Ground temperaturee are consistently belaw -1'c 
and ice-bonding conditions are variable (Fig 
2b). A thin layer  of'ice-bonding encountered 
at the seabed is interpreted as seasonally 
frozen sediments responding to cold winter 
bottom temperatures. This condition was also 
observed at other  sites in the axea (Kurfurst 
and Dallimore, 1991). Salinities in the  top of 
Unit C just beneath the sea  floor are elevated 
to 20 to 4 0  ppt , ( F , i g 7 4 ) .  pnlike BH-2, however, 
there is an abrupt ,@rap. iir,. salinity and 
downhole conductivity a t  approximately 15m to 
values similar to those observed in the 
Kittigazuit/Kidluit .sediments onshore, in.BH-la. 
Ice-bonding appears' to,,be controlleg ,entirely 

part of Unit c ,  a partially bonded tiiansitidnal 
by salinity, with an unhonded zone i h  t h e  upper 

zone from 11 to 16 m,  and a well bondrd zone 
beneath 16m where the salinities ar,e,near zero. 
Three discrete layers of ground ice, '10 t& 35cm 
thick, were observed fraln"i7'~'to 19m;: 'Iae 
contents ranged from 60 t o ' B O %  by vdlume a c a ' ,  
oxygen isotope ratios determined on t ~ b  saflp'ks 
from the ice were -29.4  and -28 d n o  (SNO$) , ,. , 
suggesting ice formatiah from terreskrial'Wltqr 
at climatic conditions somewhat colder, than: ;*, 
today 

€or Unit D follows a similar trend  to  fhat 
observed in BH-la. However, in dH-5,becaUise 
of the relatively,warm ground temperatures 
(approximately -1.5°C), high pore water 
salinity and the fine grain size, Unit D.waq 
unbonded. Tn contrast, Unit E which had 
slightly lower salinities and i e  coarse grained 
was well bonded. 

. , i . : I  

An abrupt rise in salinity to 20 to 40'.pbt 

, .  , ,  

Three permafrost zones, each with different 
6 .  

temperature and  ice-bonding conditions, bcdur 
in the coastal zone in ttie vicinity of?the 
borehole transect IFig. '2b) . 
sea ' co I 

z%k% adjacent to the &horel.&$ 
whird water depths ere Less than 2m.  AfthouFfK 
none oi;,the deep bdreholes were placed in this 
Zone, it has been wol1,documented by cone 
penetration testing .rrlpng the t.xansect 
(Kur'furst  pn$.Woelleir h"Dallimore, 1991) and 
at other nearahore sites in thi North Head area 
(Kufurst, 1986, 1987). A dominant influence in 
this area i s  the formation of landfast sea ice 
which frekiz+s.ta the bottom during the winter. 
As described by Dyke (1991), this zone 
eapefiences unique grpund sdrraee temperbtures. 
Perhafrost i s  genertilly'preserv& close to the 
surface but.'  is,'warmi??r"t$an onshore. : h thick 
active layer forhis,'dur$hg  the:'+mmer  in ' ' 

response to relatively warP-suli.~ace"wat~irs.  ':In 
some cases the active layer  at the top of 

. > "  

I ,  

I ., I .  
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Figure 4 .  composite logs for boreholes la, 2 and 5 showing downhole 
electrical conductivity and pwre water salinity measurements. 

, ,  

permafrost may. become hiqbly.,aal$ne am a result 
of process- $ucti as salt. re-jqption from *ea 
ice or concantrdtion through evaporation. 

B n e  oU&x!.#ivve mean agDual a e a b o t m  
temwerature 

water  depths of 2 to 9 m where mean annual, 
seabottom temperatures vary  from 1.2OC (BH-2) 
to 0.5"C (BH-4) farther offshore. These , ' 
temperatures reflect the mean sea water 
temperatures in an area dominated by the 
seasonal warm pluae'of the Mackenzie River. 
This area is characterized by thick inshore 
dccumulations of unit B sediments ( P i g .  2a). - 
The ice-bonding interface, catifined to 
submerged terrestrial sedimentp, parallels"the 
contact between Unit B and Unit C and the, ,-lpC 
isotherm; it occurs almost gam deep at thF'3m 
isobath (BH-2) and approximately aQm deek at' 
the 9 m  isobath (BH-4). Thawing of  sediment8 is et al., 1983; 
ongoing and settlement in the seabottom results 
from the liberation of excese pore water. I f  oor at '@A-5. 
the water contents and  bulk densities found in 
BH-la are used as an example, settlement in the 
order o f  lm., iq likely to occur for every IOm 
thawed. Ih cpntrast, if a massive ice layer our data show 
such as that aescribed by Dallimore et al. iments are 
(1988) for North Head were present, settlement 
could exceed 10m €or upper 3Om thawed. In 
association with the thawing i s  the emplacement 
of saline pore water into unfrozen sediments 
from the seafloor or from the base of Unit B .  
This process is apparently controlled by the 
permeability of the thawing sediments since it 
has been observed 'to'elevate the salinities of 
the coarse grained high permeability sediments 
of Unit C but not the finer grained, lower 
permeability sediments of Unit D. . . .  

Zone of nssntive mean annual seabottom 

A %one o f  degrading permafrost occurs.in 

where'mean annual seabottom temperatures are 

o r  very thin. Unit C is unbonded just below 
the sea floor and has elevated salinities 

>elow'O°C [BH-S), Unit B sediments are absent 
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banding of this nature: (1) A past,  cooler 
climate  and  lower Sea temperatures prior to 
1500 years  ago,  with  a  subsequent  decrease in 

o f  an ancient  island. 
the rate of coastal  retreat, (2) recent  erosion 

In  the  first case thawing  is  accelerated 
inshore  because of the  warmdr'water  and  longer 
residence  time  while  the  depth,of  ice-bonding 
remains more stable  farther  off6hore in the 
deeper,  cooler  water. Dyke'e general  model of 
the top of ice-bonding (Fig. 9b in Dyke, 1991) 
resembles  qualitatively the shape of the ice- 
bonded  surface  (Fig.<'Lb),  and 88 discuksed 
previously,  trends  in  relative  sea  levels 
during the late  Holocene  support a decrease  in 
the rate of transgression. 

ralling low relief of Richards  Island would 
In the second case Dyke  suggests that  the 

favour the  formation of islands as inundation 
proceeds  (Fig. Ila in Dyke, 1991). This  would 
have  the  effect of decreasing  the  transgtession 
time  and  possibly  lowering  the  applied ,' 
seabottom temperatures. A number of shoals  are 
seen in the vicinity of the  transect (Fig. I . ) .  

Eeoloqic and t d i  
pending fu:te-and quantiti+ie 

analysis of our data, 6yke's first  scenario  may 
be the  best  working  hypothesis  for  the  shallbw 
offshore permafrost  at BH-5. Transgression i s  
the main  thermal  event,  but  seabottam 
temperatures,  retreat  rates,  erosion, 
sedimentation  and the history of the  Mackenzie 
River  plume are key  variables. 

Figure 5 illustrates  a  possible  progression 
uE ground  temperatures  at BH-2 following  marine 
transgression,  from  an  equilibrium  with a long- 
term sub-aerial  environment  based  on  a  simple 
analytic  technique  developed  by  Lachenbruch  et 
al. (1982), Measured  temperatures  are  shown 
only  below the top o f  Unit C (the  assumed 
transgression  surface)  and  are  plotted at 
depths  adjusted for the  measured  variations in 
sediment  thermal  conductivity.  The  agreement 
suggests BH-2 was  transgressed some 900 years 
q o .  similar  analyses  yield  times of 900 to 
1000 years  at BH-3, BH-4 and BH-5. Time 
resolution is poor  after  a  few  hundred  years 
with this  particular model: also,  these, time 
intervals  are  minima,  as  the  simple  model  does 
not  consider  thi  latent  heat of  melting  that 
would  delay the  impact o f  the,inundation  on 
deeper  temperatures. 

overcome  these  restrict-ions  and  accommodate  the 
diverse  quantitative  data  obtained in this 
project. The  measured  temperature  profiles  and 
t.he depth  to  the  top of ice-bonding  represent 
tight  constraints  on  any  analysis.  This work 
is underway  and  will be reported  elsewhere. 

CONCLUSIONS 
Two onshore  and four offshore  boreholes 

were drilled,  cored  and  logged  along a 25km 
transect across the Mackenzie  Delta  and 
Beaufort  Shelf (Fig. 1). Based  on  preliminary 
quantitative  analysis,  the  following 
observations  may be made: 
1. Stratigraphic  onshore-offshore  equivalences 
have  been  established  between  Richards  Island 
and the  adjacent Beaufort  Shelf, i-e.  the 
KittigazuitlKidluit  sands  and  Unit C, Hooper 
Clay  and  Unit D, and Kendall  sands and Unit E 
(Fig. 2 a ) .  Up to 15m of marine,  post- 
transgressive  sediments  (Unit 9) are  present in 
the  nearshore  zone. 

More  sophisticated  numerical  analyses  may 

Temperature ( "c) 
-lA.O-14.0-120-10.0-R.0 -6.0 -4.0 -2.0 0.0 20 4.0 

N -  

Figure 5. Temperature profiles calculated at 
varimm times folIowing  marine  transgression 
across a landscape  initially at -14°C. 

2. Sand  units in the  offshore  have low 
salinities  similar  to  their  onshore  equivalents 
except  below  surfaces  that  are  at  present, or 
are interpreted to have  been  in the past, in 
contact  with  saline  marine  conditione.  Clay 
units are of  intermediate  salinity  and  are 
interpreted to  date  from  earlier  marine 
transgressions. 
3. Ice-bonding is controlled by grain  size, 
salinity and marine  transgression  history. Top 
o f  ice-bonded  permafrost (Fig. 2b) is 90m below 
the  seabed at BH-2 (clokm from present 
shoreline)  but  only llm at BH-5 ( -25km from 

refrozen. A major unbonded horizon in the 
shore). The latter appears to  be relict,  not 

latter 1% confined  to the fine-grained,  saline 
marine  Unit D. 
4. Marine  transgression is the  principal  event 
shaping  the  character of the  offshore  and  the 
observed permafrost and  geothermal  regime. 
Quantitative  analysis is required to deduce  the 
most  probable  transgressions  history  consistent 
with the  regional  geology  and  under the tight 
constraints  presented by data  measured  in this 
project. 
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A PRIMARY STUDY ON COMPOSITION OF METHANE HYDRATE 

Deng Yousheng,Xu  Xiaozu nnd Zhang L i x i n  

S t a t e  Key L a b o r a t o r y  o f  Frozen  S o i l  R n g i n e e r i a g .  I G G A S ,  Chinese  Academy o f  S c i e n c e s  

A c r y s t a l l i n e   h y d r a t e ,  w h i c h  i s  c a l l e d  a s  methane h y d r a t e ,  can  be  formed when 
methane  gas a n d  w a t e r   s r e  m i x e d  t o g e t h e r   u n d e r   c e r t a i n   c o n d i t i o n s  o f  p r e s s u r e  
a n d  t e m p e r a t u r e .  I t s  molecu la r   fo rmula  c a n  be w r i t t e n  @ e -  CH4.nH20. The methane 
h y d r a t e  i s  composed  under  pressures 2 . 7  t o  9 . 0  MPa i n  c o r r e s p o n d i n g  t o  tempera-  
t u r e  from 0 . 2  t o  9.8'C. T h e  r e l a t i o n s h i p   b e t w e e n   p r e s s u r e  e n d  t e m p e r a t u r e  fqr 
composi t ion  can be   expressed  a s  Pc=ABTc, T h e  methane   hydra te  i s  decomposed  ,under , .  

pressure   ' f rom 3.0 t o  9 . 0  HPa i n  c o r r e s p a n d i n g   t o   t e m p e r a t u r e   f r o m  1 . 7 5  t o  1 1 . 7  
'C and   t he   r e l a t ionsh ip   be tween   t hem can a l s o  be e x p r e s s e d   a s  Pd=CDTd. A n a l y s i s  
s h o w s  t h a t  t h e   c o n d i t i o n s   f o r   c o m p o s i t i o n  o f  methane   hydra te  i s  d i f f e r e h t * w i t h  
those   fo r   decompca i t ion  and t h e r e  i s  a h y s t e r e s i s  phenomenon.   The, , ra t io  of  g a s  
t o   w a t e r   f o r   h y d r a t e   c h a n g e s  from 1 : 6 . 3  t o  1 : 6 . 6  and t h e  d e n s i t y  changes  f rom 
0.910 t o   0 . 9 0 5  R / c m ' .  

. .  
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INTRODUCTION 

W i t h  t he   deve lopmen t  o f  s c i e n c e   a n d   t e c h n i q u e ,  
the  problem o €  ene rgy   sou rce  becomes s e r i o u s  day 
b y  day s o  t h a t  i t  l a  m o r e  i m p o r t a n t  t o  f i n d  o u t  
t h e  new e n e r g y   s o u r c e   f o r   t h e  m a n k i n d .  The d i s -  
c o v e r y ' o f  g a s  h y d r a t e s  m-kes u s  h o p e f u l  € o r  t h e  
f u r t h e r  e n e r g f  u o u r c e .  Rut. many problems s t i l l  
e x i s t  in e x p l o i t a t i o n  and u t i l i z a t i o n  o f  gas 
h y d r a t e s :  F i r s t  o b a I . 1 ,  t h e r e   a r e  many d i f f i c u -  
l t l e s  i n  e x p l o F t a t i o n  e n d  r ec l ama t ion   becouse  o f  
the  complex  e x i s t e n c e   c o n d i t i o n s   o f  p a s  h y -  
d r a t e s .   S e c o n d a r y ,   t h e   f o r m a t i o n  of g a s  h y -  
d r a t r s  will s t o p  t h e  g a s  p i p e   o r   v a l v e .   T h e r e -  
f o r e ,  many p e o p l e   a r e   d o i n g   r e s e a r c h  work on 
u t i l i z a t i o n  o f  g a s   h y d r a t e s  and p r e v e n t i o n  o f  
its hnrmness .  The g a s  h y d r a t e s  can only  b e  
formc!rl under a c e r t a i n   t h e r m o d y n a h i c   c o n d i t i o n s  
(lowcr t emperacure   and   h igher   p resaure) (D&vid-  
>;on D,W.et a1.1987) .  I t  is well. known t h a t  meth- 
a n e  i s  t h c   . p r i n c i p l e  compoai t i o n  of natu'rC1' g a s .  
The methane   hydra te  i s  a k i n d  o f  s o l i d   c r y s t a l  
w i L h  l n o l e c u l a r  formula of  CHq-nHzO i n  which n 
I s  the number of  wate r   mo lecu la r   depend ing  on 
t h e   c o m p o s i t i o n   c o n d i t i o n s   s u c h   a s   t e m p e r a t u r e  
a n d  p r e s s u r e .  The p r o p e r t i e s   a n d   c o m p o s i t i o n  of: 
methane  used i n  o u r   t e s t  i s '  ahown, In ,Table , I .  . .  

. .  
T a b l e  1 P h y s i c a l   p r o p e r t i e s   a n d  

' ,  I <  

s u b s t a n c e   c o n t e n t : o f   m e t h e n e  

Physical  properties o f  methane gas and sub- 
methane gas stance  content 

rnoleqplar weight 16.042 
(25vPm "c$ 0.66781jgltn' ~ M ~ Q U V  ,density 
>99.99% 

l i q u i d  density 426Kg/m 02 (20 vpm 
hoilling  point 111 K N2 

4.58MPa c r i t i c a l  , 

Cl5vpm ! HZ0 90.65K rnealting  point 
<lrOvpm . , 

pressure 
cr i . t icaII  temp. 190.7K 
e x p l o s i o n  limit 5-15(~%) , 

- .-" "" - - 1 "" 

, .  

. ,  , , 
, , :, 

, .  

- I 

, ,  ' ~ 

The  purpose of t h i s  paper  is t o  d e s c r i b e   t h e  
c o n d i t i o n s  a n d  p r o p c t i e s   o f   m e t h a n e   h y d r a t e ,  
composed I n  t h e   l a b o r a t o r y .  

EXPERIMENTAL n E V I C E  

The e x p e r i m e n t h l   d e v i c e  8 8  sho  

Fi8.1- D k v i c e   f o r   h y d r i t e   c d i p a s i t i o n , :  

c o n s i s t s  o f  a t ank  w i t h  methane p a o r  a r e f r i g -  
e r a t o r   b a t h .   a - h i g h e r   p r e s s u r e   c o n t a i n e r ,  a 
gauge  and a thermometer .  T h e  t es t  p r o c e d u r e  i s  
as f o l l o w s :  f i r s t .  50-100 g . o f   w a t e r  is poured 

connec ted  w i t h   t h e  t a n k  and seh led .  A f t e r w a r d s .  
i . n t o  Lhe p r e s s u r e  c o n t a i n e r  and the c o n t a i n e r  i s  

t h e   p r e a s u r e   c o n t a i n e r '  its, p u t  i n t o   t h e   r e , f r i g e r -  
a t o r   b a t h   a n d   s e c  ' $ ) e  p r e s a u t  And t e m p e r a k u r e  
c o r d i n g  t o  t h e   r e q u i r e m e n t - a n d   s h a k e n   p e r i o d i -  
c a l l y  t o  en ' l a rge   t he   conne l r t ed   a r eas   be tween  
'water  an'd gas .   Then , "a , f fb f   s ev ' s r a l   days  to a l l o w  
water a n d  gas composed s u f € i c i e n t l y ,  t h e  prss- 
a'ure i n  t h e   c o n t a i n e r  i s  decreaaed t o  t h e a t m o s -  
pher ic   and   opened  i n  the l ow  t empera tu re   cond i -  
tion. E i n a l l p . ,  t he   me thane   hydra t e  i s  t a k e n   o u t '  
o f  i h e ' c o n t a l n e r  and   de t e rmined .  

t h e   e q u i l i b r i u m   p a r a m e t e r a  of methane   hydra te  
(decompcsed   pressure   end   tempera ture) .  The com- 
posed   methane   hydra te  i s  p u t  i n t o   t h e   p l e x i g l a s s  

, ,  , ,  

Fig.2 shows t h e  d e v i c e   u s e d   f o r   d e t e r m i n i n g  

, ,  I ., , . ,  
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Fig.% D e v i c e   f o r   h y d r a t e   d e c o m p o s i t i o n  

c y l i n d e r   a n d   t h e   d e c o m p o s e d  preasure i e  d e t e r -  
m i n e d   b y  the  w a y  oE k e e p i n g   t e m p e r a t u r e   c o n s t a n t  
a n d   d e c r e a s i n g   t h e   p r e s s u r e   a n d   t h e .   d e c o m p o s e d  
t e m p e r a t u r e   d e t e r m i n e d   b y   k e e p i n g   p r e s s u r e   c o n -  
s t a n t   a n d   i n c r e n s i n g  the t e m p e r a t u r e .  When t h e r e  
i s  t h e   f i r s t   b u b b l e s  are a p p e a r e d   u n d e r   c o n d i -  

o r   t e m p e r a t u r e  is d e t e r m i n e d .  
t i o n s  m e n t i o n e d  abov' ;e ;  l h e  d e c o m p o s e d ,   p r e s s u r e  

M e t h n n e   h y d r a t e   c a n  ha . p o n t a n e o u ~ l y  formed 
under a c e r t a i n   c o n d i t i o n s  o f  p r e s s u r e   a n d  tem- 
p e r a t u r e .  

F r o m  equetian ( 1 )  i t  c a n   b e   s e e n   t h a t   t h r  
m e t h a n e  g a s  s a t u r a t e d  by water  v n p o r  c a n  b e  , 

s p o n t a n e o u s l y   c o m p o e e d  a s  h y d r a t e   w h e n  t h e  p r e s -  
s u r e   o f   m e t h a n e  g a s  . i n   t , h e  system i s  g r e a t e r .  
t h a n   t h e   p r e s s u r e  o f  h y d r a t e   d e c o m p o s i t i o n , i . e . ,  

p h y d r a t e   p s y s t e m  ssturation 
d e c o m p o s i t i o n  CH4 4 pc114 

For t h e   s p o n t a n e o u s   c o m p o s i t i o n  of m e t h a n e  
h y d r a t e ,  n o t  o n l y  t h e " g a s  m u s t  b e   s a t u r a t e d   b y  
t h e   v a p o r ,   h u t  also t h e   p r e s s u r e  o f  water  v a p o r  
i n   t h e   s y s t e m   m u s t  h e [ g r e a t e r  t h a n   t h a t  of crys-  
t a l  s u r f a c e  of  m e t h a n e   h y d r a t e ,  e . e . ,  

P 
h y d r a t e   p s y s t e r n  
A 2 0  11 20 

The c o m p o s i t i o n   t e m p e r a t u r e  of  m e t h a n e  h y -  
d r a t e  m u s t   b e   l o w e r   t h a n   t h e   d e c o m p o s i t i o n  tem- 
p e r a t u r e   o f   h y d r a t e ,   n a i s l y ,  

system h y d r a t e  
T t k y d r a t e <  T ~ ~ ~ 4  I .  

From t h e   a n a l y s i s   m e n t i o n e d   a b o v e  i t  iskno,yyn 
t h a t   t h e   c o m p o s i t i o n   t e m p e r a t u r e   a n d   t h e   p r e s -  
sure  o f  m e t h a n e  $.as a r e  t h e   i m p o r t a r l t   f a c t o r s  
f o r  t h e   c o m p o s i t i o n  o f  m e f h a n e   h y d r a t e .  B y  the 
c o r n p o r n s i t i o n  t e s t  u s i n g   t h e   d e v i c e   s h o w n   i n  Pig. 
I ,  we o b t a i n   t h e   m i n i m u m  presrrure o f  c o m p o s i t i o n  
o f  m e t h a n e   h y d r a t e   w h e n   t h e   t e m p e r a t u r e  i s  c o n -  
3 t a n t  a n d  t h e   m a x i m u m   t e m p e q a t u r e   w h e n   t h e p r e s -  

' F a b l e  2 .  , . T h e   o s 1 a t i o n s h i . p   b e t w e e n   t h e   p r e s s u r e  
s u r e . ; i s   c o n s t a n t .  The. r e s u l t s  art :  s h o w n   i n  

a n d  t h e  t e m p e r a t u s e  f o r  c o m p o s i t i o n   c a n   b e  ~ x p -  
r e s s e d  H S  

P = A B  

w h e r e  A a n d  B a r e  t h e   c o e f f i c i e n t s  of m e t h a r i p  
h y d r a t e ,  A-2.650 a n d  8-1.1335. F i g . 3  s h o w s  tlle 

T 

TempprRture ( " C )  

Fig.3 C u r v e  of p r e s s u r e   v s . ~ e m p e r a t u r e  
o f  h y d r a t e  compnsitlon 

c u r v e  o f  p r e s s u r e   o f   m e t h a n e   h y d r a t e   v s . t e m p e r a -  
t u r e .  ' , i i i .  

, .  

T a b l e  2 T h a , t h e r r n o d y n a m i c  co  d i t i o n s  and 
p h y s i c a l   p a r a m e t e r s   f o r  t k e  c o m p o -  

i s i t i o n  o f  m e t h a n e   h y d r a t e  

p r e s s u r e  of t e m p e r a t u r e  of numher oE w a t e r   d e n s i t y  of 
c o m p o s i t i o n   c o m p o s i t i o n .   m o l e c u l e  

I "- 
h y d r a t e  

MPa "I: gfcm' 

2 . 7  0 . 2  ' 6  624 0 9053 
4 . 2  3.6 6.588 0.9061 
5.6 5.8 6.521 0.9058 
7.5 8 . 3  6.357 O.Sa90 
9.0 9.8 6.305 0.9104 

When t h e   m e t h a n e   h y d r a t e  is stable ,  i t  Is i n   t h e  
c o n d i t i o n  of solid c r y s t a l .   W h e n   u n s t m b l e ,  i t  i s  
d e c o m p o s e d  a s  gas a n d  water .  T h e r e f o r e ,  i t  is 
n e c e s s a r y  f o r  u s  t o  d e t e r m i n e  i t s  e q u i l i b r i u m  
p a r a m e t e r s ,   i n c l u ' d i n g   t h e   d e c o m p o s i t i o n   p r e s s u r s  
a n d  t e m p e r s t u r e .  By u s i n g   t h e   d e v i c e   s h o w n  1.n 
Fig.2, we o b t n i n   t h e   e q u i l i b r i u m   p a r a m e t e r s   s h o w n  
i n   T a b l e  3 .  T h e   r e l a t i o n s h i p   b e t w e e n   t h e   p r e s -  
s u r e   a n d   t e m p e r a t u r e   o f   d e c o m p o s : . t i o n  can b e  
w r i t t e n  a s  

CDTdecompos:ition 
' d e c o m p o s i t i o n P  

W h e r e  C a n d  D a r e  t h e   c o e f f i c i e n  s .  c-2.4745, 
0-1.1165.  t 

o f  m e t h a n e   h y d t a t  "- 
decomposition 
pressure,MPa 

d e c o m p o s i t i o n  
temperature .OC 

A 

F i g . 4  s h o w s   t h e   c u r v e  of d e c o m p o s i t i o n   p r e s -  
s u r e  v s .  t e m p e r a t u r e .   T h e  h y d r a t s  i n   t h e   z o n e  abo 
a b o v e   t h e   c u r v e '   i i ' s t a h l e   a n d   b e l o w   t h e   c u r v e  
u n s t a b l e .   F r o m  p i g . 3  a n d  4 i t  car b e  seen t h a t  
t h e   t e m p e r a t u r e  o f  t o r p o s i t i o n  is l o w e r   t h e n  
t h a t  of d e c o m p o s i t i o n   w h e n  t h e  p r e s a u r e  i s  con- 
s t a n t  a n d  the p r e s s u r e  o f  c o m p o s i t i o n  i s  h l g h e r  
t h a n   t h a t  of d e c o m p o s i t i o n   w h e n  bhe t e m p e r a t u r e  
i s  c o n s t a n t .  I t  m e a n s   t h a t   t h e r e  i s  a h y s t e r e s i s  
p h e n o m e n o n .   T h e  reason may b e  B R  f o l l o w s :   t h e  
t e m p e r a t u r e  f o r  h y d r a t e  c o m p o s i t i o n   a n d   d e c o r n -  
p o s i t i O n   n o t   o n l y   d e p e n d  o n  t h e   p r e H s u r e   c o n r l i -  
t i o n   b u t  also d e p e n d  o n  the c o n c e n t r a t i . o n  o f  
water vapor i n   t h e  system ( t h e   c o m p o s i t i o n  of 
h y d r a t e  is c o n d u c t e d  i n  t h e  s y s r e m  w i t h   t h r e e  
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Fig.& Curve of p r e s s u r e  v s .  femperatur.e 
of h y d r a t e   d e c o m p o s i t i o n  

p h a s e s  b u t  t i l e  decomposltlon i s  in t h e   s y s t e m  
w i t h  t-wo p h a s e s   a n d   t h e   d i f f e r e n c e  of  vapnr  con- 
c c n t r a t i o n   b e t w e e n   t h e   s y s t e m s  o f  two  and t h r e e  
p h a s e s  i .nduces t h i s  h y s t e r e a i s .  

D e t e r m i n a t i o n  of  Molecular  Number (n) o f  Water 
in Methane'   Hydrate . i  

The h y d r a t e  composed u n d e r   t h e   t b n d i t i . n n s  o f  
a c e r t a i n  t empera tu re   end   p re s su re  is t a k e n  O U L  
From t.he p r e s s u r e   c o n t a i n e r  i n  t h e  e n v i r o m e n t  
w j t h   t h e   t e m p e r a t u r e  lower t h a n  t h a t  c o r t e s p o n d -  
i n g  t o  t he   decompos i t io t i   p re s su re  e q u a l  t o  the! 
atmosphere  and wei.gh i t  j n  a wei.ghing  hott1.e.  
' I l r e n ,  the   methone hydra t e  is decomposed i n  a 
e n v i . r o m e n t  with  positive t emperatbre  and  weighed 
n a 0 i . n .  The m n l e c u l a r   n u m b e r  ( n )  c a n  be c a l c u l a -  

Wherf x j e  t h e  weight  o f  m e t h a n e   h y d r a t e ;  y 
t h e  weight  or methnnge g a s  and 16 a n d  18 a r e  
r n , , I v r - u l n r  w c i q h r s  o f  merhnne g a s  nncl w - t v r ,  
~ e c l  i v c l v .  The v a l u e s  o f  m o l e c u l a r  number o f  

i. s 
t h e  

r e s -  

w a t e r   a r e   l i s t e d  i n  Table  2 .  F r o m  T a b l e  2 j . t  can 
01: srrn t h o 1  the   va lu 'e  o f  n s l i g h t l y   d e c r c a s c s  
w i L h  t h e  i n c r e a s e  i n  cornp'ORitj.or1 t .emptrat .ure  and 
p r e s s u r e  l r e r n u s e  o f  t he   bond ing   wa te r   con ten t .  
t l e c r c n s i n ~  w i l h  i n c r e a s i n a  i n  t e m p e r a t u r e  and 
g a s  l i  I 1  i n g  i n  t h e  pores  j n c r e n s i , n g  w i t h  in- 
c t e $3 s i I I  g i II p I e S S ~ I  r e . 
D e t e r m i n a t i o n  o f  D e n s i t y  of Methane  Hydrate  

in t h e  envi roment  u i ~ h  t e m p e r a t u r e   l o w e r   t h a n  
i t s  dccompns i . t i on   t empera tu re  b y  s u s p e n s i o n  
m r L h c r d .   result^ a r c  shown i n  T a b l e  2 .  I t  can be 
seen  !.hat l l l e  .denuLLy 01 'welhane h y d r a t e  in- 
~ r e a s e s  w i . t h  dec- reas ing  of molecular  number n f  
w a L ~ i  a1111 L h t b  r e l t i l i onsh ip   be tween  them' can  be 
k r i I - l t = n  o s :  

. "  

T h e  d e n s i l y  o f  methane   hydra te  i s  d e t e r m i n e d  

c 
f r o m  t.he d c t e r m i n a t , i o n  d n t o  e q u a t i o n  ( 3 ) ,  W F  

r a l c ~ l a t e   t h e   d e n s i t y  of  t c e  equal. t o  0,7989 , 
g / c m  . T h j . s  v a l u e  Is .lower t h a n   t h a t  o f  pure:; 
i r e .  I t  i m p l y s   t h a t " t h e r c   a r e  many h o l e s  i n  t h e '  
i c e .  . "  

" , . ,. 

d 

CONCLUSIONS 

( 1 )  T h e  m e t h a n e   h y d r a t e  can  o n l y  he composed 
u n d e r   c e r t - a i n   c o n d i t i o n s  o f  t empera tu re   and   p rew 
s u r e .  The r e l a t i , n n s h i p   b e t w e e n  compoapd  tempera- 
t u r e  and p r e s s u r e  c a n  b e  e x p r e s s e d  a s  P - A B T  and 
a l o s  the relationship between decomponed tern.- 
p e r e t u t e  a n d  p r e s s u r e   c a n  b e  w r i t t e n  i n  Pd'CnTd. 
There  is a h y s t e r e s i s  phenomenotl between corn-- 
position and   decompos i t ion .  

( 2 )  The d e n s i t y  of m e t h a n e   h y d r a t e   i n c r e a s e s  
w i t h  4 n c r e a s i n g  i n  p r e s s u r e   o r   t e m p e r a t u r e .  T h e  
mol .ccular  number of  w a t e r ,  n ,  d e c r e a s s s ' w i t h  i n -  
c r e a s i n g  in t e m p e r a t u r e  or p r e s s u r e .  

( 3 )  T h e  study on c o n d i t i o n s  of c o m p o s i t i o n  
and decomposition of  h y d r a t e  may f o r e c a s t  t h n  
zones  existed h y d r a t e  in o u r   c o n t r a r y .  
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GEOTEBfUUG REGIME OF CRYOLITHOlOHE OF WEST SIBERIA 
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The report  analizem the prxmafrout-geothermal  information on the axpoaure of the 
present  heat  condition of the Wewt  Siberia  lithoophere at the depth frorr 20 to 5 

IlTRODIlCTfON 

The main part of the West  Siberia occupies the 
same name plate, which repremanta the largest 
epibsreynian  platform. The mamcainosoic asdimen- 
t q  m e r  in West Siberia has a  thicknens of  8- 
10 #m on the north  decrea8ing on the boardn, up 
to di8appaaranCe. The heterogenous fundament of 
the plate is groaented by the cmplicated di6- 
plsced metamorphical rocka of the different ages 
(from the Pre-Csabrian to the Paleozolic). The 
aeparate fragments of the fundament are releaved 
to the aurface OX the Earth in the plicated moun- 
tain., framing a plate. an the fundament of the 
plate atand8 out the network of  the graben-rifts, 
frcrm thou. the Koltogor-Urengoian  graban-rift i 8  
mm8t roprementative. The central part of the 
plate I 8  aharaaterized by the anonal  reduced 
cru8t (Ie8terov at a1.,1988). In the deep 
horizont of the lithosphere in obmervsd the 
anomal dimtrihtion of the npeadm of the aeimic 
wavem,tantifying the warming-up of the litho- 
sphere. The all  thome peculiaritism of the litho- 
~ p h e r ~  mtructura of the We&-Siborian plate corre- 
.lated with tha tectonic-magmatical  activity of 
this region in the beginning of tha He~ozoic, 
evidently are accampanied by the intKodUCing of 
the treat heat arount in the litho8phere.  The spa- 
tial and tempxaxy variation# of  the temperature 
on the earth'auztace influence the temperature 
regime. or the mtratuma of the aubsurface 
(Balobaev and Lavtchmka, 1988). 

P 

TBemdarn average annual  temperature of the 
rock8 at the depth of 15-25 a. drop# up to -12°C 
on the northern part of the West Siberia. The 
zero irothara ia 8ituated  neax the Polar  alrcle, 
but to the south the 'Earpexrrture b e c m m  pomitive 
and raiues up to *8"C in the wemt-uouthern  part 
o f  the region (Figuro 1). It  followa to acccn- 
tuare, that the average annual  temperature of the 
air i a  about 3-5' lower than the mentioned  valuen 
i n  the region. 

The perrafrumt of the Weat giberia  spreades 
-hard to the latitude 61' N. on the wert and 
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& u t h  cryolithoxone  has the innular  diatkibutionr 
permafroit island. and  open taliks (haocryol- 

change. ,-frT; 3 .  to. O""p6r 3'dO P f fcr thr uorthern 

the miiity on"the huprapbraafront  taliks,  where 
arean to khe'Polar cir+ and  change it. aign on 

the tollgcrrature'desreaan'up~to the upper limit of 
the permafromt withthe, z q h  iaatherr. The 
gradient  in  frozen rock# fxm:the Polar circle to 
the moutham boundary  of thi pplithoxona- i s  
eqial to zero. In the dpektalilim on.the depth's 
intervaln fram 20 to 200-400 P han been ' 

tura  with the Hla$hwly  nmaU value of the 
registered the grad[rlal increasing of the tempera- 

gradiant,  which ii +ut 1.5' per 100 P. Below of 
thin  laye$  and In the- upperpermafrost  horieonn of 
the lithosphere the gradient  increaeelr UP 'to 3-5' 
per 100 m. - 

For the compomitioil of the map of the hypogene 
ticrat flaw (q+) have  been  used the 'data  on  about 
700 g80the~miCal lot8 (figure 2),[hlchkov, 
sokolova, 1974; Beat-physical..;, 1983;- Xataloge ..., 1985; Heat field ..., 1987; Kurchikov and 
Stavitchki,'1987). The range ti$ the meawred' 
parameters (q+) is very wide,- frcm 15-20 to 80- 

aw/m'. i s  the whale the standad of the average 
90 rW/m' under an average  value of about 52 

q t  corremponda to the average  continental  vhlue 
of the heat flow'of the hercynian  atructuren 
(Sairnw, 1980). In the practice the all  area of 
distribution  of the Mezb-Cainoxoic  deponits q t  i s  
limited by the inoline of 50mWh' t o  the north of 
the' iatituda 56O N. ,except of the eastern partn, 
nsxt,'to the siberiah platform. The north-western 
and the south-eaBteXn parts of"th6 plat& are diu- 
tinguished by the relatively high q+ - mare then 
70-80 mW/m'. Such a heat flow ii typical  for the 
Bereaovw dislocations, the Bherkalin 
synclinoriuma. In the limits  of the &numerated 
parts thw:'Ihndament , composed by the 'astmorphic 
and intmktlie  igneous  rocks,  ainks  monoclinary 
from the west to the east'fr? Q . 5 ~ 1  to 3-4 km. 
The higher heat flow (up to 70 mW/m2) is 
tbgistered  in the Jamal  'pni'daula by'the deep bed- 
ding of the 'plicate fundement "(nwre than km) . The 
mukbef of  the comparatively mall anaM1ies"of 
the heat floy by arean. more than 70 mW/m2 are 
rwgistered  bn the Zstitudional pAi+t of the Ob 
rrhr and to the mouth. The  ntructuras;'  surround- 
ing the Weat-Siberian  plate from thr  w?nt, east 
and awth are  characterized by the l m r i n g  heat 
flow of 30-40 mw/m' (ratalogr.. , 1 9 w ;  
"rlulashavitch  and Shapov, 1987;-Hurkig et 
U 1 , , 1 9 9 1 ) .  

The  main factors, forhing the heat field of 
the ,earth  cruat c- o u t ' f h m  hhe change of the 

,'h&ntle  haat flow  at'.the',*ine  and 'the apace  and 
the  spacial variatidri of:the,radia-acEive heat 
appropriated to the rocKa'of the earth crust.  The 
conformity of  the averagti  levelrr of  the heat flow 
to itm average  valuea in the continental struc- 
tutea of the definite age'tdtatifies the regional 
atability of the temperature  conditionm of the 
entriilwof the Earth.  At same time the non-sts- 
tionary.heat field in the region i p  evident be- 
cause: bf-the teaperature  variation# on the earth 
surfiikd in the'Holocmne, which  have  chuned the, 
forming of the pernafroat. It is especially ' 

noticeels under a comparaaion of the .heat  flar, 
observing  an the frozen q; and, layi~giquGlafrozen 

. .  , " , 
I ,  

Figure 2. Hap -of Went-Siberian  heat flow, 1 - 
planef 3 - isalinea of hypogene heat flaw 4H4m ) I  
geothermieal  -lots; 2 ~ .- boundary of west-sibsrfan 

4 - isolinelr  of heat  flow  in pamafront ( m o t h  ). 

Figure 3, nap of temperature  dir54xibntion at the 
depth of ' 0.5 lan Conditional marking. 1 and 2 see 
figure 2;  4 see figure 11 3 - isolintln of temperature 
( " C ) .  ,[Xsotherms  in  limit at latitude 72-60" II. and 
81-96' E. according to Balobaev V.T., Volodjlto B.V., 
Rusakou.V,U. - Permafrost Instituta.of 88 RAB].: 
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thicknorm of the  lithorchere qt ( b v j a t k i n ,  
1990). The. value’ of -:fRq:..q- ts l i a r   n o t i c e a b l e  
than  q+ or i r  w i v a l e n t  to xero i n  t h e  
a ryol i thoxons  (figure “ 2 ) -  'Phis fact- temtifyu 
abwt a rodern nobutapianar i t ive  heat regime of 
t h e  degrading germafrbt. The i nvea t iga t ion  of  
tho ”frout dynaricrs rapuirer meveral yearm ob- 
nervation of t h e  chanqea of t h e  t e m p r a t u r e  on 
t h e  W d b q ,  

Retween t he  f rozen  and unfrozen rockq? In the 
I n r t i t u t e  of the’Geaphymic8 of SI3 RAB ham bean 
elaborated t h e  c a a p a r a t i r a l y  rimple e l e c t r o n i c  
ayst~((g.o~erricalau~onruoumntation GETAS ) 
for t.ha automation of t h e  regional  mearurement of 
t h e  ch’imk’d and t h e  rrrremoirlr (Ebat.fie1d ..., 
1983). 

at t h e  %O. 5 a 
T h e ~ t o m p r a t u r s   d i m t q l b u t i o n  at t h i s  depth in 

forred under the i p t e h c t i o n  of tke-4ypogene heat 
flow wi th  t h e  climstical groceuiaa . i n . t %  
Eolwane. Am t h e  whole the   t empera ture’  pk the 
dapth of O’.S ‘k changes-’ fraP the nor th  :to t h e  
south  from 0 t o  20-25% (Figure 3) by the average 
valuda for t h e  region. of about 10’C.In the  north- 
e rn  part of the region  hava bean observed t h e  
lowest temperaturea of t h e  racks from t h e  nega- 
t i v e   u p  t o  +S°C, here and theye ,up to +lo%, cop- 
p a r a t i v e l y  weak d i f f e r e n t i a t y : o f  t he  field and 
t h e  l a t i t u d i o n a l   o r i e n t a t i o n  of the imolines. 

The wemtern and southern parts of t h e  Kegion 

by t h o  cwlicatad d i f f e r e n t i a t e d  f ield of t h e ,  
ara warmed up t o  20-35’C. Thoee are charwteripd 

temperature and t h e  verioum o r i e n t a t i o n  of t h e  
anmalien. . , .  

e a t  
at t h e  dspth i n  t h e  region t h e  temperature 

changer from 9 to 57%, average 29’C. ?he o r i g i n a l  
diagowl d i spo6 i t ion  of t h e  main isothmrms unlike 
t h e  tempera ture   d ia tx ibut ion  a t  t h e  depth of 0 .5  
k, and the d i f f e r e n c e  between t h e  north  and the  
n m t h ,  became apparent here only  a t  t h e  l e v e l  of 
1 km ( 2 5  and 34% accord ingly) .  The western, 
south-weatern  and  central  parts of the plate are 
mort warpcrd-up and i n  th0.e placer t h e  tempera- 
tures exceed t h e  average value by 29-30’c. In  t h e  
local part. of t h e  t e r r i t o r y   t h e   t e m i m r a t u r e  
ri6em up to 40% and more. On t h e  $ m h  the high 
temperatures are dio t inguished   on ly  tor depres- 
nionm of t h e  plate -ad for the-  Altai-Saijan area. 
Tho north-eastern  and sastam parts of t he  plate, 
and  joining  region. of the  Sibexian platform, 
mwnta$n,.rangen of t h e  Altai-Saijan area, fok- 
chstaii  mountain-ma,. of t h e   B o e h e r n  Kakahrtan 
and me Ural are xegarded to tho  cooled part# 
(where t h e  termpsraturea are no more than 30%).  
The OutTind   nor th-ear te rn  - mouth-wertem  orien- 
tation pt t;tp Gain   i ro l inea ,  t h e  i s o l a t i o n  of two 
high kempacature zone. on t h e  routh-west  and 
nortki-eadk are corrected rather well wi th  t h e  
fie1d”’of t h e  heat flow. The in f luence  of t h e  
variation. of the climate and the pmmafromt was 
decreared emen t i a l ly ,   a l t hough  i k . i s  apgarent,  
i n  t h e  reg iona l   p lane ,  for the ene ra f l a  of the  
northern pa*# at thim depth to& . 

A t  thm ai 7 & 
Thetr$amperature cbangeas a t  t b i a  d e p t h   i n  t h e :  

t y + Q p  from 33 to .96’C (avexage ir 60%) .  The 
I ,.t-da$urem neax to the   average  values  are corn- 
! .me. for the nor thern  and sQuthexn parart8 of t h e  

region and  they are. 57, and.’ 65% accoraingly. A t  
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take  inta  account  under the developent of the 
oil-gama-fielda on exploring region. - 

1. Tha  Weut-Siberian  plate iu distinguished 
concerning to the contiguwm territoriem  by the 
higher  values of the hypogene heat flow (g+) and 
of the roaki tampmature. The  main  psculiaritiea 
of the heat flow are formed in the conrequence 
with the addition of the two coapoundrt a cheat 
flow frcm the mantle and the radiogenouu isola- 
tion of the heat flow frca the earth crust. In 
the rupra-uurface  mtratums the Q+ become. tmns- 
fomed under the influence of thr,  uurface  relief, 
the moving of the ground-water, the variationn of 
the heat-conductivity of the rockr and the  aur- 
face temperature  (it ir a alhatic factor). For 
the Went Siberia the laat factor i u  of particular 
mignificance in connection  with the broad dim- 
tribution of the pstzafrost. The  analymim  taa- 
tifid that the influence of the paleo- and the 
m o d e r n  permafrost i m  d?rervd at the depth of 1.5- 
1.7 la. By the interpretation of the geothermical 
data it i a  necessary to make the climatic  correc- 
tion.. 

cryalithoaone (q-), the territory of the West 
Siberia ahould be rubdivided into two gewryologi- 
cal zonea: A - a  zone to the North frar Polar 
circle  with q->O; B - a zone  from the Polar 
circle to the mouthern  boundary of the parmafront 
with q-=O. The  correlation of  the heat flow q-/q+ 
i u  less than 1 or equally,to aero; it testifiea 
that the modern  non-mtationary'hsat regiae of the 
cxyolithozone iu of the degrading type practfcal- 
ly  on the whole  territory of the Weat Siberia. 

2. concerning the heat flow in the 

- . I  
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APPLICATlON O F  THERMALPILE TO CULVERT ENGlNEEKTNG IN'PEBMAFHOW REGION 

-2 , .  , , 
* .. , , ' . Y '  

' Ding   J ingkang ' ,  W u  J i n m i n g ' ,  I..ou A11jin1 and Zherlg j i -r~$zhu,o '  

' N h r t h w c s t   I n s t i t u t e  o f  C h i n e s e  Academy u E  R a i l w a y S c i e n c e s  
. .  , . *  

'The F i r u c  D e s i g n i n g   . I n s t i t u t e  o f  Highway, 'The M i n i s t r y  o f  Conlminu(:;?Lir>r 

' , . I -  

I n  c u l v e r t   e n g i n e e r i n g ,   p & s t i c u l a r l y  t h e  b u i l d i n g  of t h e  e n t r a j c e / c x i t  o f  t! 
c u l v e r t ,   t h e  damage i s  mainly  due to t h e  t haw  se t t l emen t  of t h e   f o u n d a t i o n  
pe rmaf ros t   r eg ions .   Coo l in -g   che   fpunda , t i on  o f  t h e   e n t r a n c e / e x i t  w i t h  therma.  
can effectively p r e v e n t   b u i l . d i n g i   f r o m   f r o s t   h r a v ~  and t h a w   s e t t l e r n u n t ,   i n c ~  
t h e   s t a b i l i t y  of Lhe Eour lda t ion ,   improse   t he   c i I , v+r& ' iond i t ion   ana   ex tend  tl 
r u n n i n g   p e r i o d  o f  t h e  c u l u e r c .  

" 

I .  

I N T R O D U C T I O N  
> ' '  ' , 

'There a r e  two p r i n c i p l e s  f o r  d e e i g n i n g   t h e  
base o € ' , t h e   f o u n d a t i o n  o f  a c u l v e r t :  1) M a i n t a i n  
t h k   p e r m b f r o s t   w i t h i n   t h e   f o u n d a t i o n - t o  be i n  
the s t i p u l a t e d   f r o z e n  form;  2 )  A l l o w  the  perma- 
f r o s t  under   t he   base   t o   t hew.  

When t h e  f i r s t  p r i n c i p l e  i s  s e l e c t e d ,  t h e  
b a r e   o f   t h e   c u l v e r t   s h o u l d  h e  bur- ied  below  the 

m i d d l e   s e c t i u n   s h o u l d  be bur ied   be low L h e  s y n -  
s y n t h e t i c   s t a b l e  u p p e r  l i m i t ,   t h e  b a s e  of t h e  

t h e t i c  u p p e r  l i n l l t  of  more t h a n  0 . 2 5  m ,  a n d   t h e  
b a s e   o f   t h e   t r a n s i t i o n   s e c t i o n   a n d   t h e   e n t r a n c e /  
e x i t   b o u n d a r y  s h o u l d  be bu r i ed   be low  the  syn-  
t h e t i c   u p p e r  limit o f  more t h a n  0 . 5  m ( C r i t e r i o n  
i n  M i n i s t r y  of   Rai lway,   1986) .  

P l a t e a u ,   t h e   b u r i e d  d e p t h  o f  t h e   c u l v e r t  base 
I n  t h e   p e r m a f r o s t   r e g i o n  of  Q i n g h a i - T i b e t  

d o e s  n o t  meet t h e  a b o v e   c o n d i t i o n s .  The b u r i e d  
d e p t h  of t h e   b a s e  i s  de te rmined   accwrd ing  t o  

c u l v e r t s :   t h e   b u r i e d  d e p t h  o f  t h e  base i n   t h e  
f o l l o w i n g   p r i n c i p l e s  i n  t h e  d e s l g n  o f  highway 

m i d d l e   s e c L i o n   i s  0 . 7  t i m e s  m o r e  tha-n t h a t  o f  
t h e  p e r m a f r o s t   t a b l e ;   t h e   b u r i e d   d e p t h  o f  t h e  
c u l v e r t   b a s e  a t  e n t r a n c e / e x i t  has a r a n g e  o f  2 m 
and !he base  of  '*A"-type  wall is 0 .4 imore   t han  
t h a t  o f  t h e   m i d d l e   s e c t i o n  (Chen Zhu;ohuai,  1983). 
Sometimes  he b u r i e d   d e p t h  d o e s  no t   mee t   t he  
f i r s t  p r i n c l p l e .  A f r c r  R c u l v e r t   i s   - b . u i l t .   t h e  

S o  d o  t h e  p h y s i c a l  and   dynamic   p rope r t i e s  of  t h e  
o r i g i n a l  balances o f  h e s t  anti  mass change  great ly .  

p e r m a f r o s t  w i t h l n  t h e   f o u n d a t i o n .  T h e  b o i l  Lem- 

d a t i o n   t h a w s   a n d   t h e   p e r m a f r o s t   t a b l e   l o w e r s .  
p e r a t u r e  rises, t h e   p e r m a f r o s t  w i t h i n  t h e   f o u n -  

As B r e s u l t ,  a l o t   o f   c u l v e r t s   a r e  damaged  due 
t o  t h e   t h a w   s e t t l e m e n t .   A c c o r d j n g   t o   - t h e   r e p o r t  
i n  O c t o b e r ,  1990, a l o n g   t h e   Q l n g h a i - T i b e t  H i g h -  
way, w i t h  l e n g t h  o f  560 km i n  a p e r m a f r o s t  
region. 119 cu lve r t s   were   damaged   s e r ious ly ,  
a b o u t  15,4% of the  t o t a l  c u l v e r ~ s :   g e n e r a l l y  
damaged ~ u l v a r - ~ a  W O L O  1 6 3 ,  a b u u c  21 .I? U T  Lhe 
t o t a l   c u l v e r t s ,   t h e   a t h e r  490 c u l v e r t s   w e r e  
a b o u t  63.5%. 
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T h e  most s e r i o u s l y  damaged s p  
t r a n c c / e x i t   b u i l d i n g s ,  2 1 2  c u l v e  
damaged c u l v e r t s   w e r e  damaged a t  
e x i t . .  

T h e r e f o r e ,  t h i s  i s  t h e  k e y  t o  
c u ' l v e r t   f r o m   b e i n g   d e s t r o y e d   a t  
and  base a t  e n t t a n c e / e x i t ,  and f. 
s t r u c t u r e s  i n  p e r m a f r o s t   r e g i o n s  
r e s e a r c h   t h e   L r e a t s e n t   m e a s u r e s  
c u l v e r t s   a n d   p r o v i d e  R b s s l s  o f  
i n  permafrost r e g i o n s ,  we s e l e c t  
t i v e  c u l v e r t  to t e s t  t h e  method 
a p p l i c a t i o n  of t h e r m a l p i l e   a t  t h  
f o r  c o o l i n g   t h e   f o u n d a t l o n  o f  pe 

TEST DESIGN 

A f t e r   t h e   f o u n d a t i o n  of t h e  c 
w i t h  t h e r m a l p i l e ,   t h e   L s m y r r e c u r  
f rosL w i t h i n  t h e   f o u n d a t l o n  will 
s t r e n g t h  w i l l  i n c r e a s e  and t h e  p 
w i l l  r i s e ,  so  t h a t  t h e  s t a b i l i t y  
f o u n d a t i o n  is improved  and  the E 
thew settlement a r e  reduced.  The 
l o c a t e d  i n  Kekexili, c l o s e  t o  Wu 
d e s i g n e d  on t h e  p r i n c i . p l e  of  mai 
f o u n d a t i o n  i n  a f r o z e n   s t a t e .  Th 
r e b u i l t  i n  1484. For t h e  p u r p o s e  
t h e r m a l   s t a t e  of t h e   f o u n d a t i o n  
a n d   v e r i f y i n g  t h e  r e a s o n a b l e n e s s  
f i v e  t u b e s  were   bu r i ed   a long   t he  
t h e   c u l v e r t  to measure   t he  tempe 
t he   founda t ion .   and   measu r ing  P O  

were s e t  u p  on t h e   p l a t e  and   t he  
of  t h e   c u l v e r t .   D e t a i l e d   o b s e r v a  
t e m p e r a t u r e   f i e l d  o f  t h e  f o u n d a t  
s t r a i n  of  t h e   c u l v e r t   b e g a n  i n  1 

The f o u n d a t i o n   o f   t h e   c u l v e r t  
f r o s t ,  wh ich   cons i s t ed  of i c e - r i  
e x i s t s  an i c e   l a y e r  w i t h  s o i l  w i  
oE abou t   0 .2 -1 .0  m .  The permafro 
1 . 5  m .  A f t e r   t h e   c u l v e r t  was b u i  
t h a t  t h e   p e r m a f r o s t   t a b l e   l o w e r e  

11 
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t h e   m i d d l e   s e c t i o n  of t h e   c u l v e r t ,  and 30-90 cm 
a t  t he   en t r snce /ex i t .m  As R r e s u l t ,  a l l  t h e   8 e c -  
t r o n s  of  Lhe c u l v e r t  w e t r  damaged, particularly 
~t ~ h c   s i t e  o f  t h e   e x i t ,   w h e r e   t h e   h o t t o m   l i n e r  
had dropped more than 20 cm and  had  become a 
wat.er   puddle ,   and  the  "A"-type  wal l   had  incl ined 
i n w a r d s   o b v i o u s l y  and , s e p a r a t e d  10 cm from t h e  
body o f  t h e   c u l v e r t .  The e n t r a n c e  was a l s o  

of w a l l  and   t he  body o f  t h e  c u l v e r t  wag more , 

damaged w h e r e   t h e   c r e v a s s ~  between !he "A"-type 

t h a n  6 cm. Due t o  A b a d l y - d i a t r i b u t e d   s & t t l d ' m c n k ,  
a 2 cm w i d t h  of c r e v a s s e   o c c u r r e d   a t   t h e   h o t t o m  
of t h e  m i d d l e   c u l v e r t .  The c r e v a s s e  c u t  t h e  b o t -  
tom l i n e r   i n t o  t w w  p a r t s .  From t h e   c r e v n g s e   t h e  
su r face   wa te r   f l owed  i n t o  t h e  ground  and  passed 
through  the  Foundat ion; iqnd fl .owed o u t  from t h e  
hottom of  t h e   l i n e r   a t ' : t h c   e x i t .   H a l f  a c u l v e r t  
had c e a s e d   t o  be e f f e c t i v e .  The  main  reason f o r  
t h e  damage t o  t h e  e x i t  was t h a t  water   permeated 
t h e   f o u n d a t i o n .  

t .hernra1 p r o p e r t . i e s  n f  t h e   r e c e n t   t h e r m a l p i l e s  
n n d  t h e  geological c o n d i t i o n ,  we found t h a t  
single t h e r m a l p i l e   c o n d u c t s   a b o u t  0.23 m i l l i o ~ l  
k i l o c a l o r i e   o f  c o l d  e n e r g y ,  and t h e  f r e e z i n g  
r a d i u s  is 1 . 2  m .  I n  o r d e r  t o  e f f e c t j v e l y   f r e e 7 . e  
Lhe f o u n d a t i o n s  o f  t h e   e x t t a n c e f e x l t  and t h e  
" A " - t . y p c  w a l l ,  t h e  most a p p r o p r i a t e   i n t e r v a l  

o f  t h e  l i m i t a t i o n s  of t h e   s t r u c t u r a l  c o n d i t i o t r  
bt,tween t h e r m a l p i l e s  i s  a b o u t  2 .5 -3 .0  m ,  'Because  

and t h t ?  r e q u i r e m e n t  of t h e  s t a b , i l - i t y  of. . . L t i ~  
l i n e r   a t   t h e   h o t t o m  o f  t h e   e n t r a n c e f e x i t -  o f  t h e  
c ~ l v e r t ,  we p l a n n e d   t o  b u r y  4 t h e r m a l   p i l e s  out"- ":. 
s i d e   t h e   c u l v r r t   w a l l  a t  e x t r a n c e / e x i t   ( t h e  
b u r i e d  d e p t h  was 4.5 m), and b u r y  4 t h e r m a l p i l e s  
i n  t h e   " A " - ~ y p e   w a l l   a n d   t h e   w a t e r   r e s i s t i n g  
wnll.. The  arrangement o f  t . h e  t h e r m a l p i l e  i s  
shown i n  Fig.1. The a c t u a l  i n t e r v a l   h e t w e e n  
t h e r m a l p i l e s  is about  3 . 0 - 3 . 5  m. Al though   t he  
i n t c r v o l  IS c o m p a r i t i v c l y   g r e a t ,   t h e   r u n n i n g  o f  
the  t lr t :rmeLpilp c a n  rpduce  t h e  t empera tu re   o f  
t h e   f o u n d n t i o c ~   a t   t h e   e n t r a n c e f e x i t  b y  5-7'C. 

By way o f  t h e   m e t e o r o l o g i c a l   i n f o r m a t i o n ,   t h e  

I S L  

I n   o r d e r   t o   d e t e r m i n e   t h e   e f f e c t i v e n e s s  of 
t h e  f r o z p n   f o u n d a t i o n  w i t h  t h e r m a l p i l e s   a n d  

a n - o t h e r   f i v e   b o r e h o l e s  w i t h  d e p t h s  o f  3.5 rn f o r  
obUerve,  the trmpernture f i e l d  of t h e  f o u n d a t t o n ,  

m e a s u r i n g   t e m p e r a t u r e   w e r e   d r i l l e d   o u t s i d e   t h e  
",',"-type w a l l  a t   t h e   e n t r a n c e / e x i t .  To compare 
w i t h  n a t u r a l .   s o i l   t e m p e r a t u r e ,  a b o r e h o l e  Tor 
m e s s u r i n g   n a t u r a l  soil t e m p e r a t u r e  wa8 b u r i e d  
o u t s i d e ,  1.0 m a p a r t   f r o m  t h e  "A"-type  wal l  a t  
e x i t , ,  and i t s   d e p t h  was 1 m .  The o h s e r v f l t i o n  
s p o t s  f o r  s t r a i n  w e r e   s e t  u p  on t h e  " A " - t y p e  
w a l l  I 

TESTING RESULTS_ 

Therma lp i l e s   and  pi :pes  were  buried on S e p t .  

y e a r s   l a t e r ,   t h e   t h e r m a l p i l e s  worked  well a n d  
2 7 ,  1989 a n d  t h e  observation hegan i n  O c t .  Twa 

t h e  f r e e z i n g   f o u n d a t i o n  was e f f e c t i v e .  The  tem- 
p e r a t u r e   a t   e n t r a n c e / e x i t   o f t h e c u l v e r t  was 
shout, -5'C l o w e r   t h a n   n a t u r a l  s o i l  t e m p e r a t u r e  
i n  t h e   c o l d   s e a s o n ,   a n d   t h e  maximum t e m p e r a t u r e  
o f  t h c   f o u n d a t i o n  o f  the c u l v e r t  wns s h o u t  0.5- 
0.8"C l o w e r   t h a n   t h e   n a t u r a l  s o i , l  t e m p e r a t u r e  i n  

u n d e r   t h e  b a s e   i n c r e a s e d   a v e r a g e l y  h y  0.19 m 
t h e  warm s e a s o n .  The permafrost :  t , e h l e  111 1990 

t h a n   t h a t  i n  1 9 8 9 .   T h e   p e r m a f r o s t   t a b l e  i n  1991 
increased s l i g h t . l y   t h a n   t h a t  3 r r  1990.  The c u l -  
v e r t  s t r a i n   t o   u l t i l i z e  the t h e r m a l p i l e  t o  f i x  
t h e   f o u n d a t i o n  a~ c n t r a n c e / e x i t  o f  t h e   c u l v e r t . ,  
p r e v e n t s   t h e  b u i l d i n g  f rom  thaw  se t t lement   and  
f r o s t   h e a v e  a p d  i m p r o v e s   t h e   v t a h j  l i t y  o f  t h e  
foundation. 

T,he Ef fec t ive   Dec reased   'Tempera tu re  and t h e  
" EEfec ted  R a d i u s  of the T h e r m a l p i l e  for-&& 
Foundat ion  

a q u i c k   r e a c t i o n ,   a n d   t h e   t e m p e r a t u r e  o f  t h e  
f o u n d a t i o n   a t   t h e   e n t r a n c e / e x i t  o f  t h e   c u l v e r t  
r educed   qu ick ly  i n  t h e  co l ,d   aeason  i n  IYRTr .  From 
P i g . 2  and F i g . 3 ,  i t  c a n  be c o n c l u d e d   t h a t   t h e  
t e m p e r a t u r e  i n  every  borcho . l e  was lower   than  t h e  

! i i  . *. 

A f t e r  t h e   t h c r m s l p i l e a   w e r e  s v t  u p ,  t h e r e  was 
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F i g u r e  1. T h e  t e s t   c u l v e r t s   i n  thermo1.piL.e   foundat ion 
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natural' 

F i g u r e  2 .  The c u r v e a  o f  ground   t empera tu res  a f t e r  thermalpiles were b u r j  

U 
Q 

-i 

No. 5 

A 
0 

- 5  

F i g u r e  3 .  The process o f  g round  temperntuse  e f t e r  t h e r m a l p i l e s  wcr? b u r i l  

n a t u r a l   t e m p e r a t u r e ,  e x c c p t  f o r  chat. i n  b o r e h o l e  
N o , 3  which waa t o o   f a r   a p a r t   f r o m   t h e   t h e r m a l -  
p i l e .  I n  compar ison  w 1 t . h  n a t u r a l  g r u u n d  t e m p e r a - '  
t u r e ,  the a m p l i t u d e  o f  eve ry   obse rved  g r o u n d  ' .  

+.ion mnd a l l  tlrc c u r v e s  h n v c  a s p r e a d i n g  t a n d -  
t - e m p e r a t u r c  rised obviously i n  a n e g a t i v e  d i r e c r  

v n c  y . 
Crlmparing t h e   t e m p e r n t u r e  i n  borehn1.e No.4 

a n d  No.5 w i t h  t lat .ural  soil t e m p e  
f e c t i v e n e s s  o f  t h e   t h e r m a l p i l e s  
mean m o n t h l y  t e m p e r a t u r e s  i n  t h e  
w i t h i n  t.he d e p t h  o f  2 m a r e  l i s t  
T a b l e  2 l i s t s  t h e  mean monthly t 
h o r e h o l e  N o . 4  m n d  t h e   n a t u r a l  ho 
t h e  d e p t h  of 3 . 5  m .  

T t  i s  i l l u s t r a t e d  from T a b l e  

a t u r e ,   t h e  e f -  
3s o b v i o u s .  T h e  
t h r e e  b o r e h o l e s  
J i n  T a b l e  1. 
n p c r a l u r e s  i n  
:hole  w i t h i r l  

t h a t  t h e  mean 

I 4 0  



"- I ". . . . . . . ..- -.. 
monthly t e m p e r a t u r e  in b o r e h o l e  N o . 5  is lower  
t h a n  t h a t .  i n  t h e   n a t u r a l   b o r e h o l e .  The maxjmum 
l c m p e r a t u r e   t h a t   o c c u r r e d  i n  S e p t ,  was 0 . 3 " C  
l o w e r  t h a n  t h e  na tu ra l   g round   t emperecure  a t  
t.flat: moment. The t e m p e r a t u r e  i n  b o r e h o l e  No.4 
was h i g h e r  than t.he n a t u r a l  y r o u l l d  t e m p e r a t u r e  
i n  A u v .  and S c p t .  1989 ,   and   t he   r eason  was t h a t  
hr.vrehole No.A was i n s i d e  t h e  w a ~ e r  r e s i s t i n g  
w n l l  nt t h e  exkt  where permeat jng  s u r f a c e  water  
f r o m  t h e  l i n e r  c ~ e v a s s e  at  t h e   h o t t o m  o f  tht? 
c u l v e r t   a c c u m u l a t e d .  After t h e   c r e v a s s e   w a s  
s t o p p e d  u p  i n  t h e  warm season o f  1 9 9 1 ,  t h e   a h o v e  
phenomenon d i s a p p e a r e d .  

I t  is i n d i c a t e d  f r o m  Tablo 2 t h a t   o w i n g  L o  

a t u r e  o f  f o u n d a t i o n   i n s i d e   t h e  " A " - t y p e  w a l i .  a t  
t h e  f y e e z i n g   a c t i o n  o f  t h e r m a l p i l e s ,  t h e  tempcr-  

the oxit o f  t h e   c u l v e r t   w i t h i n  a d e p t h  o f  3 . 5  m 
was 3 ° C  lower   than   the   na tura l   g round  tempera-  
t l l r p .  and t h e   t e m p e r a t u r e   i n  A u g . ,  when t h e  
tymper-ature   reached Lhe maximum v a l u e ,  W R S  I .b.i'C 
Ir~wer  Lhan t h e  n a t ~ l r a l  g round   t empera tu re .  

'i'hc f o l l o w i n g  i s  , the  comparison o f  t h e  lempet" 
a t u r e s  o f  permaf ros t   be low  the  p e r m a f r o s t  t n h l e ,  
sv  t h n t   t h e   e f f e c t i v e   d e c r e a s e  o f  t e m p e r a t u r e  
in t-he t o u n d a t j o n  with t h e r m a l p i l e  can  he s e e n .  

Thl, mean mcJntllly t e m p e r a t u r e s  o f  the   perma-  
f r o s t .  in hr l tehol?  No.4 e n d  N o . 5  w i t h i n  the d e p t h  
f r o m  p e r m a f r o s t  t ~ b l t  t o  2 , 5  rn R n d  3 . 5  m a r e  
listed r c s p c c t i v e l y   i n  T a b l e  3 a n d  T a b l e  4 .  

p c r a t u r e  o b t a i n e d  from T a h l e  3 and 'Table 4 .  We 
F i e c l r c  4 shows t h e  p r n c e s s  o f  t h e  s o i l  tem- 

l i n d  t h n t   u n d e r   t h c   i n f l u c n c c  rrf  t h e r m a l f . I l e ,  
the  t e m p e r a t u r e  of t h e   p e r m a f r o s t   t o u n d a t i o n  
O C - T ~ ~ A R P S  n h v i n u s l y .  The maximum r i ~ c t e s s e d  mean 
monthly  t-emperature in b o r e h o l e  No.5 f r o m  t h e  
p F r m a r t t l s t  t a t l i e  t l J  t h e   d e p t h  o f  2 . 5  m occurs i n  
. I a n .  a n d  t ~ l r e  decreased  t , t?mpereture  is 3 . 7 5 ° C .  
'The m i n l m u r n  r l e c r c o s e d  t e m p c r a t u r e   o c c u r r e d  i n  
J u n e  and i t s  v a l u e  i s  0 . 4 3 " C .  O w i n g  t o  t he  
i n f . l u c n c e  o f  Rround w a t e r ,   t h e  mean monthly 
tpmpcra turc   in   horeho1.c  N o . &  i s  h i g h e r  t h a n  

d v c r e o s r d   t e m p e r a t u r e  i s  s t i l . 1  0 . 4 5 " C  lower t h a n  
n : I t u r ; > I  ground  temperalur-e .   However ,   the  maximum 

t h n t  i n  hnrchrlle  Nn.5.  I t  i s  shown i n  F i g u r e  4 
t h a t  t.hc t e m p e r e t u r e  of Lhc permafrost f o u n d o -  
t i o n  untlcr t l l e  i n f l u e r l c e  o f  t h c r m a p i l e   b e g i n s  t-n 
dvrre: l sc  in O c . t , . ,  whi le   t hc   na tu ra l   g round  tem- 
p e r n t u r r   i s   I n c r e a s i n g .  I n  e a r l y  N n v . ,  t h e  n a f -  
u r e l  p,rourrrl t e m p e r a l u r e  o f  p e r m a f r o s t   r e a c h e s  a 
m a x i m u m ,  w h i l ~   t h e  g r o u n d  t e m p e r a t u r e   w i t h  

0 "- - 

O r  

F i g u r e  4 .  T h e  p r o c c s s  uE the mea11 monthly 
t e m p e r a t u r e  o f  permn,f tost  

T h i s  i s  very e f f e c t i v e  in improving t h e  beori t tp ,  
t h e r m a l p i l e s  h a s   d ~ t r e a s e d  a b o u t  1 . 3  - 2.OoC. 

c a p a c i t y  of t h e  l n u n d a t i o o .  .The b e a r i n g  c a p a c j . c y  
o f  t h e  p e r m a f r o s t   f o u n d a t i o n   d o u b l e d .  T h e  s t a b i -  
l i t y  o f  t h e   p e r m a f r o s t   f o u n d a t i . o n   r i s e s  r a p i d 1 . y .  

The maximunl grounr l   l empera lure  o f  f o u h d a t i o n  
geucra l ly   mc<,ur -s  i l l  e a c l y  N r r v . ,   he mnxlmum 
g r o u n d  t e m p e r a t u r e  o f  t h e  foundation r i t h  t .hcr- 
m n l p i l e s  n c c u r s  i n  m i d  O c t .  The d i f f e r e n c e   b e -  

e f f e c t i v e  d e c r e a s e  j n  t cmpera t i l re   and  l t  equa1.s 
I.ween t h e  two m a x i m u m  ground  tempera tor?  is th?  

0.8"C f o r  t h i s  t e p t .  The e f f c c t . i v e  d e c r e a s e  in 
t e m p e r a l u r e  i s  a i m p o r t a n t  parameter i n   t h e  
d e s i g n  of t h e   f o u n d a t i o n  w i t h  E'hermn1piI.e  which 
i s  t h e  b a s i c  i n d e x   t o   d e t e r m i n e   t h e   h e a r i n g  f o r c e  
and   i n spec t  t.he a n t i - f r o s t   h e a v - i n g   s t a h i l i t y  o f  
t h e   f o u n d a t  i o n .  

What we m u s r  p o i n t   o u t  is t . ha t   bo reho le  No.,4 
and No.5 a r e   a t  a d i s t a n c e  o f  2 m from t h e  
t h c r m a l p i l e .  So  t h e   c h ~ n g e  o f  l e m p e r a t u r e  i s  

1 4 1  



Table 3.  Comparison of mean monthly temperatures of permafrost from permafrost  table  to  the depth of 2 . 5  m 

1989 1990 1991 
Date " 

10 1 1  1 2  1 2 3  4 5 h 7 . R  9 10 I1 12 , 1. 

Table 4. Comparisoll or mean morrrhl.y temperatorrs o t  

1989 
Date 

10 11 12 1 2 1 4  5 6 I - - 
IlOlP h -1.10 -1.18 -2.01 -3.58 "5.80 -6.30 -5.30 -3.85 -2.99 -2.17 -1 .23  -1.38 -1.08 -1.08 -2.14 -,3.78 

No' Natural -1.30 -1.23 -1.21 -1.15 -3.53 -4 .40  -3 .88, -2.95 -2.57 -1.97 - I  . 3 2  -0.99 -0.90 -0,73 -0.65 -9.78 

more d i s t i n c t   a r o u n d   t h e   t h e r m a l p i l e   a n d   t h e  
d o t e  w h e n  Lhe t e m p e r a t u r e  o f  p e r m a f r o s t  founda- 
t i o n   b e g i n   t o   d e c r e a s e  w i l l  move u p  t o  l a t e  Sept, 
The m a x i m u m  d e c r e a s e d   t e m p e r a t u r e   w i l l   i n c r e a s e ,  
nnrl t h e  e f f e c t i v e  decreased t e m p e r a t u r e  will. 
i ncremses t o o ,  Af t c r   d i . sc .ues i  ng t he   obse rvc r l  
t l a l o ,  i t  i s  found   t ha t  Lhe g round   t empera tu r r  i l l  

e v e r y   h o t e h o l e   d e c r e a s e s  u n d e r  t h e  i n f l u e n c e  of  
t h e r m a l p i l e .   T h i s   i n d i c a t e s   t h a t   t h e   h e a t -  
t - r a n s f e r  r a d i u s  e f f e c t e d  h y  t h e r m t p i l e  r e a r h e s  
t o  e v e r y  borehole o u t s i d e  of   borehole  No.3. T h e  
m n x i m u m  t r a n s f e r   r a d i u s   m e a s u r e d  from F i g u r e  1 
is a h o u t  3 m .  

- Change of  t h e   P e r m a f r o s t  T a b l e  w i t h i n  t h e  Founda- 

Under t h e  i n f l u e n c e  O F  Ehermalp i l e ,  t h e  change 
o f  p e r n l a f r o s t  t a b l e  w j t h i n  t h e   f o u n d a t i o n  o f  t h e  
c u I v r r k  i s  shown i n   F i g u r e  5 .  

- t i o n  of  Culvert 

F i g u r e  5. 'The change  o f  p e r m a f r o s t  t a b l e  w i t h i n  
t h e   f o u n d a t i o n  o f  c u l v e r t  

I t  i s  i l l u s t r a t e d   t h a t  b y  means of  t h e  f r c e z -  
i n g   a c t i o n  of t h e r m a l p i l e ,   t h e   p e r m a f r o s t   t a b l e  
w l ~ h i n   t h e   f o u n d a t i o n  o f  l h e  c u l v e r t   t e n d s   t u  
r l s e . . T h e  mean a n n u a l  r i s e  was a b o u t  0.19 m i n  
1490, w n d  t h e r e  was a s l i g h t  rise i n  t h e  m i d d l e  
s e c t i o n  a f  t h e   c u l v e r t  i n  1991. I t  can  b e  
p r e d i c t e d   t h s t   t h e  permafrost t a b l e  r i s e s  t o  t h e  
n n t u r a l   p e r m a f r o s t   t a b l e .  

The S t r a i n  o f  t h e  C u l m  

p i l e ,  the f r o s t   h e a v e  o f  f o u n d a t i o n   d e c r e a s e s  
g r e a t l y  i n  a v e r t i c a l   d i r e c t i o n ,  The s t r a i n  of 
t h e  c u l v e r t   d e c r e a s e s  c l e a r l y  and t e n d s  t o  
s l -ah l  i z e ,  B e f o r e   t h e   t h c r m a l p i   l e s   w e r e   b u r i e d ,  
t h e  f r o s t  heave  o f  t h e  ''A"-type wall ~t t h e   e x i t  

O w i n g  t o  t h e  f r e e z i n g   a c t i o n  o f  t h e  t h e r m n l -  

was c o m p a r ~ t i v e l y   g r e a t c r .  A f t  
Mete s e t  u p ,  the  m a x i m u m  f r o s t  

ment i a  8 m m  In t h e  warm s e a s o  
I n  t h e   w i n t e r  1 9 8 9 ,  a n d  t h e  ma 

o f  t h e   c u l v e r t  w a l l  and  tire " A  
tendency t o  s t e h l i z e .  The m a x i  
w a s  o n l y  5 mm in t h e   w i n t e r  of  

CONCLUSIONS 

Rased on thc  r e s u l t s  of  f i e  
l o w i n g  may he  concluded: 

1 .  B y  t r e a t i n g   t h e   f o u n d n 1 . i  

a t u r e  o f  t he   pe rmaf roa t   foun t l a  
n t  t h e   e n t r s n c e / e x i t  of t h e  c u  

As 8 r e s u l t ,  t h e   s t r e n g t h   a n d  
p e r m a f r o s t  foundation e r e  i n c r  
f r o s t   t a b l e  is r a i s e d  a n d  t h e  
c h ~ n g i n g  -layer is d e c r e a s e d .  T 

e f f e c t i v e   f o u n d a t i o n s  i n  c o l d  
t r e a t e d  w i t h  t h e r m n l p i l c  is on 

p r e v e n t  t h e  p e r m a f r a s t  E t o m  de  
i n g ,  d e c r e a s e  f r o s t  heave  and 
f o u n d a t i o n ,  i m p r o v e  t h e   r u n n j n  
c u l v e r t  a n d  e x b e n d  t h e  runninR 
v e r t .  

2 .  Under t h e  f i e l d  t e s t  c o n  
ed r a d i u s  o f  t h e   h e a t - t r a n s f e r  
3 m ,  t he  e f f e c t i v e   d e c r e a s e d  t 
O . 8 " C  i n  t he   pe rmsf ros t   fonnda  
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A N  APPLICATION LJMXT FOR REDUCING HEAVE OF SULPHATE 
SALINE SOIL BY MIXJNG SODIUM C H L O R I D E  

Ding  Yongqin e n d  Chen Xiaohai  

I.anehou I n s t i t u t e  o f  G l a c i o l o g y  and Geocryology,  
Chinese  Acdtlemy of Sc iences ,   Ch inn  

Some new t e s t   r e s u l t s   a r e   p r a s e n t c d  i n  t h e  p a p e r :  The t o t a l  amount  of  heave f o r  

c o o l i n g  from 29°C down t o  -15°C .   Add i t iona l   con ten t  o f  NeCl i n  t h e  901.1. c q u l d  
s a l i n e  soi l  j n c t e a s e s  w i t h  t h e   e n l a r g e m e n t  o f  NanSOs'lOH20 c r y s t a l l i z e d  d u r i n g  

d u r i n g  c o o l i n g  From 25°C: down t o  1 5 ° C .  While t h e  r a t l o  o f  NaCl t o  N a a S O c  b y  
r e s t r a i n  t h e  c r y s t a l l i z a t i o n  of N E z S O I , ,  which w i l l  r educe   the   heave   amount ,  

w e i g h t   e x c ~ e d s  a c r i t i c a l   o n e ,   a I . 1  of NazSO,,.IOH,O a n d ,  c o n s e q u e n t l y ,   h e a v e  will 
disappear .   However .   whi le  soil t e m p e r a t u r e  is below 15'C a n d   t h e   r a t i o   e x c e e d s  A 
c r i t i c a l   v a l u e ,   t h e   a m o u n t  o f  Na2SOb-10H20 n n d  NaCl-2tl,O c r y s t a l l i z e d   w i l l  be 
produced w i t h  t h e   i n c r e a s e  o f  N a C l .   C o n s e q u e n t l y ,   t h e   s a l t   h e a v e  w i l l  g e t  
s t r o n g e r .  As t h e  r a t i o  e x c e e d s  t h e   c r i t i c a l   v a l u e ,   t h e r e   a r e  two s a l t - f r o s t  
h e a v e  p e a k s  i n  t h e   t e m p e r a t u r e   2 o . n ~ ~  o f  15'1: t o  13°C and -5'C t o  - 1 2 " C ,  
r e s p e c t i   v e l  y .  

XNTRODUCTION 

'['he a l k a l i n a z a t i o n - s R l i . r ~ a E a t i o n  of soils i .s  
one of t h e  C B U S ~ S  of heavy n a t u r a l  d i s a s t e r s ,  
which   a r e  widely d i s t r i b u t e d  i n  t h e  w o r l d .  The 
r t y s t s l l i z a l i o n  o f  Na2S0 ,   f rom  the   so lu t ion  i n  
s o i l  d u r i n R  c o o l i n g  produces m i r a h i l i t e  ( N R z S O ~ .  
I O H ~ O )  a n d  meanwhile makes soil, volume  expand, 
w h i c h  is  h n r n r f u l  f o r  r o a d o ,  r a i l w a y s ,  b u i l d i n g s  
R S  w r a l l  8 s  h y d r a u l i c   s t r u c t u r e s .  Many r e s e a r c h e r s  
i n  lhis f i e l d  have b e e n  s t u d y i n g   t h e  c h a r n c t e t -  
i s t i r s  n f  s ~ l i n c  s r r i I s  a n d  found some t r e a t m e n t .  ; ,  
mPLhuds  l o r  d e a l i n g  with  them, S o  f a r   t h e  methods 
u s u n l l y  u s e d  in s n l i n c   s u b g r a d e   c a n  he d i v i d e d  
i n t o  L W O  I .ypr:s: F i r s t ,  t h e  phys ica l   me thods  
inclcrtle: R )  r e p l a c i n g   s a l i n e  soil with  non-sal ine 
snJ I ,  1 1 )  c o v e r i n g   w i t h  a sandy gravel .  mat ,  c )  
s ~ t t - i n ) :  u p  a d r a i n a g e   s y s t e m .  d )  c o v e r i n g  w i t h  
p o o t c x ~ , i l e s ,   e t c .  A l l  o f  ahove  could be used 
e f f e c t i v e l y  l o t  c o n t r o l l i n g   s a l i n e  damage i n  t h e  
s u b g r o r l e ,  b u t  t h e   p r o j e c ~  c o s t  i s  r e l a t i v e l y  
r x p e n s i v e .  Secondly, chenr ica l   methods   inc lude :  
3) s e t t i n g   l i m e - s a n d  p i l e s ,  b )  mixing chemical 
a d d i t i v e s  w i t h  t h e   s ~ l i n e  base s u c h   a s  NaCl ,  
C o C l z ,  naCl2  a n d  C a ( O H ) 2 ,  e t c ,  The  chemical 
me thods   have   w i .de r   app l i ca t ion   p rospec t s  w i t h  a 
low c o s t  a n d  a small amount o f  work .   Fur thermore ,  
 he l a t t e r  i s  more e f f e c t - i v e  i n  n o r t h w e s t   C h i n a ,  
IJrrau'Sv of  t h e  wi.de r l i s t r j  h u t i o n  o f  NaCl and 
1 ; l c k  o f  h u n - s a l i n e  s o i l  i n  t h e s e   a r e a s .   R e c e n t l y  
r i v i l   v n y i n e e r i n g   d e p a r t m e n t s  i n  China  have 
t u u n d  o u t   t h a t   m i x i n g   t h e   a d d i t i o n a l   c o n t e n t  o f  
N n C t  1 1 1  s u l p h a ~ e   s a l i n e   s o i l   c o u l d  ret lucc t h r  
:lmount o f  s a l t  heave i n  R g i v e n   c o n d i t i o n .  I n  
or,dy,t  t o  explore   the   rnechani . sn  ~ n d  a p p l i c a t i o n  
1 i m i  t crf n h o v e  t r r a t - m e n t ,  some s a . J t - f r o s t  
s u s c e p t i b i l i ~ y   t e s t . s  01  Lanzhou loess m i x e d  w i t h  
d i f f p r e n t   p e r c e n t a g e s  o f  NazSOc and NaC1, b y  
*r ip, I~t ,  w e r e  conduc ted .   Wi th   t he  h e l p  o f  t h e  
i l l ~ ~ s t r a l e d   l s o t h e r m n l  p h a s e  d i a g r a m s ,   t h e  
~rtechnn'ism of s a l t - f r o s t   h e a v e   h a s  been e x p l a i n e d  
y r e l  i m i n a r - i l y .  The a u t h o r s   h o p e   t h a t  t,he r e s u l t s  
h i 1 3  he h e l p r u l  f ' o r  t h e  t r e a t m e n t  of s a l i n e  

s u b g r a d e .  

SAMPLES A N D  TEST METllOU 

Lanzhou loess W R H  s e l e c t e d  a s  t h e   t e s t   m a t e -  
r i a l .  I t s  o r i g i n a l   p h y s i c o - c h e m i c a l   p r o p e r t i e s  
a r e  l i s t e d  i n  T a b l e  1. Based on t h e  c l n s s i f i c l -  
t i o n  f a  s a l i n e  soil, Lanzhou l o e s s  i s  n subsul- 

t o t o < l   c o n t e n t  o f  s a l t  is 1.47 g / 1 0 0  g soil. 
p h a t e  saline and m i d - s a l i n e   s o i l .   b e c a u s e   i t s  

Before  t h e  test, t h e   l o e s s   h a s   b e e n  f u l l y  washed 
in o r d e r  to h b t a i n   n o n - s a l - i n e   s o i l . .  A f t e r  wash- 

i n  T a b l e  2 .  Compar ing   Table '2  w i t h  T a b l e  I ,  we 
i n g ,  t h e   p h y s i c u - c h e m i c a l   p r o , p e r t i c f s   n r c  sllowrl 

know t h a t   t h e   p n r t i c l e   s i z e   b e f o r e  a n d  a f t e r  
washing i s  v e r y   c l o s e .  B u t  t h e   t o t a l   s a l t   c o n -  
t e n t  o f  washed loess i s  0 . 2 2 1  p / l O O  g soil which 
is 5.65 tfmes less t h a n  the o r i g i n a l  one. Y t  is 
 id t h a t  when s a l t   c o n t e n t  1.n s o i l  i s  below 
0.5 g/lOO g ,   t h e   s a l t   h a s  n o  e f f e c t  on t h e  
phys ica l   and   mechnn ica f   p rope r t i e s  of s o i l  
(Bozniyak ,  1 9 5 6 ) .  

P r e p a r a t i o n  o f  Samples  
Four samnles were  com~ounded w i t h  washed 

loess mixed w i t h  a n  o v e r - s a t u r a t e d   s o l u t i o n  of  
d i f f e ? e n L   p e r c e n t a g e s  of NnCl t o  N a z S O b ,  b y  
w e i g h t .  They  were named sample 8 6 - 1 ,  8 6 - 2 ,  86 -9  
and 8 6 - 4 .  The h a s i c  p h y s . i c o - c h e m i c a l   p r o p e r t i e s .  
a r e  i n   T a b l e  3 .  

Cooling  Test .   Appara.kus and Conditions 

n f  salt were  c,ompacted i n  layers a n d  p u t  i n t o  
p l e x i g l a s s  c . y l i n b s r  c e i l s ,  1.1.76 cm in i n n e r  
d i a m e t e r  a t  t h e   t o p ,  10 .95  crn in i n n e r  d i a m e t e r  
a t  the   ho t tom n n d  1 3 . 6 8  cm i n  h e i g h t ,  l i n e d  with 
p l a s t i c  membranes.   The  samples '   temperature .  
a l o n g  t.he depth.  was measured b y  thermocouples  
c o l l e c t e d  by  .HP-3054S Automatic  Data  A c q u e s t l o n l  
Cont ro l   Sys tem w i t h  a reso1ut"ion  of f l l l V ,  and 
t h e  amount o f  heave was d e t e r m i n e d  b y  means o f  
a disp lacement   guage  w i t h  a s e n s j t i v t t - y  o f  

The  samp1.e~ m i x e d  well w j ,  t h  t h e  & i v c n  c o n t e n t  
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T a b l e  1 .  The Ph ys ico-chemica l  Properties of  Lanzh ou Loess  P a r  

P e r c e n t a g e  nf f o l l o w i n g  s i z e  ( m m )  b y  weight 
I ( L )  L i q u i d  Plastic Classi- 

1 i In i t. l imit  F i r a t ion  
" 

0.1-0.05 0.05-0.01 0.01-0.005 0,005-0.002 (0 .002 ( X )  ( X )  

1 1 . 3 6  6 3 . 5 0  h .eo- 4 :I Ij .14 .19  2 2 . 6  15.3 Lnnm 

C h e m i c a l   c o n p o e i t i o n  (rne/lOO g s o j l )  1 T o t a l  

t1co; c1- SO:- c a 2 *  Mg'' N a 4  K t  ( 8  1008 s o i  1 )  

0 . 7 4  9 . 4 3  1 2 . 5 0  9.11 I .Rh 1 1 . 6 3  0 .07  ~ 1.47 
.. . . . .. . ." . . . -. . -. . 

T a b l e  2 ,  T h e   P h y s i c o - c h e m i c a l   P r o p e r t i e s  o f  L s n x h n u  Loess P a r t i c l e s   a f t - e r  W a s h i n g  

P e r c e n t a g e  o f  f o l l o w i n g  s i z e  ( m m )  b y   weigh^: 
' ( X )  Liquid  P l a s t i c  C l a s s i -  

I i m i  t 1 i m i t  f i c a t i o n  

1 0 . 8 4  6 2 . 8 8  8 . 4 3  3 . 1  1 4 - 7 6  2 3  - 0  Lonm 
" 

Chemical  composi t i ,on  ( m e / 1 0 0  g s o i l )  Tot.a 1 

rrco; C l -  S O 2  - C R  a +  M g 2 +  Na + K +  

1 . 0 0 2  0.007 1 . 9 4 7  2.558 0.312 0 . 2 0 7  0 . 0 6 9  
~ 

0 . 2 2 1  
I 

T a b l e  3 .  The  Baaic Physico-chemical P r n p e r t i e f i  o f  S a m p l e s  

P e r c e n t a g e   c o n r c n L r a t i o n   S a l t   c o n t e n t  
o f  s o l u t i , o n  ( X )  (g /1008 s o i l )  Y Water L i q u i d  P l a s t i c  

N o  . 
" 

r l c n s i  t y  content:  I . i m i  t limit 

86-1  0 2 5 . 2 0  4 - 6 8  0 4'. h R 1 . 6 0  13.90 2 2 . 8 0  15.80 

8 6 - 2  8 . 5 2  2 2 . 9 5  7 .OF! 1 . 9 2  5 , 1 6  1 - 5 7  1 5 . 4 2  2 2 . 0 0  14.50  

8 h - 3  19.69 1 9 . 7 5  9.85 4.92 4 . 9 3  1.. 5 2  1 5 . 1 2  1 8 . 7 0  13.00 

86-4 4 0 . 0 9  1 5 . 0 8  1 7 . 3 6  1 2 . 6 2  4 . 7 5  1 . 4 1  1 4 . 1 1  18 .60  12.00 

: ., 

lt0.001 mm.   ow ling p l a t e s   c o n n e c t e d   t o  refrigrat: 
ed  c i r c u l a t i n g   b a t h s  w i t h  nn a c c u r a c y  o f  0 . 1 O C  
were p l a c e d  at.  t h e  top  a n d  bnttom o f  eech  sample,  
a n d  t h e  e n t i r e  assembly w a s  p l a c e d  i n  en   lnsu la t"  

Dur ing  c o o l i n g   f r o m  + 2 5 " C  down t o  - 1 5 ' C .  s tern- " 
ed b o x ,  S o  e v a p o r a t i o n  wasn't R c o n s i d e r a t i o n .  ,O 

p e r a t ~ t r e   g r a d i e n t  was always propagated  down- 
words through the aample ,  The t e s t s  l a s t e d  f o r  3 
565.82 hr. m 

Test R e s u l t s  

coo l jrrg  p r o c e s s  s t  the t o p  mud t h e  bottom o f  
samples   and s a l t - f r o s t  h e a v e  vs e l a p s e d  t ime,  
r e s p o c t i v ' e 1 , y .  

G 
8 

F i g u r e  1 and F i g u r e  2 shuw t h e  c u r v e s  of the b+ 

I " 

I 
I d  I 

I l'bot 

-16/ -6 

-16- 

I 
I d  I 

I l'bot 
-6 - 

0 1 I 1 I 1  I 
400 5 0 0  

FJapserl time (hr) 

0 1 I 1 I 1  I 

100 ' 2 0 0  400 5 0 0  
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P - - ?.t I. (1 
"""1 i 

F i g u r e  2 .  T h e  amoun t   o f   s a l t - f ros t   heave  
v s  E lapsed   t ime 

EXPERIMENTAL RESULTS A N D  DTSCUSSION 

The i . n i t i a l   s y s t e m   v a l u e s   a n d   t h e   c o n c e n t r a -  

'I'ablc L .  From F i g . 2  we know t h a t  t h e  t o t o 1  
t , inn of  p o r e  s o l u t i o n  in samples  a r e  l i s t e d   i n  

s m J u n t  of heave i n  t h e   f o u r   s a m p l e s   d e p r e s s e s  i o  
o r d e r  of  Sample 8 6 - 4 ,  8 6 - 3 ,  86-1 a n d  86-2. I t  
i s  nhviocla t h a t  while t h e  r n t i n  of NaC.1 t o   N R ~ S O ~  
b y  w e i g h t ,  R is l e a s   t h a n  a c r i t i c a l   v a l u e ,  a s  
an e x a m p l e  o f  Sample 86-2 w i t h  R-0.37, t h e  t o t o 1  
nmounL of henvc is I n i n i m u n i .  While R i n c r e a s e s ,  
Tor i n s t a n c e  K=1 for   Sample 8 6 - 3  and R12.66 for 
Sample 8 6 - 4 ,  t h e   t o t a l  amount o f  h e n v e   w i l l  n o t  
d e c r e a s e  anrl w i l l  get   h igher   and  higher   which I s  
1 . 8  and 2 . 4  times t h a n   t h a t  o f  Sample  86-1 w i t h  
z e r o   a d d i ~ i o n a l   c o n t e n t  o f  NaC1. 

Tahle  4 .  The T n i t i a l  P a r a m e t e r s  of. Four  Samples 
" 

I n i t i a l  Flystem values ( 9 )  Concentration 
No. ( X )  

Water NazS0q NaCl Toto1 Na,SOq NaCI. 
" 

Rh-\ .123.05 108.84 0 401.89 25 .20  0 

Rh-;! '500.72 120.80 44.05 526.37 22.95  8.52 

%h-'1 '35h.bZ 115.65 115.30 585.57 19.75 19.6'9 

Fib-b '$73.86 112.30 298.55 744.71 15.08 40.00 
-" I 

The c r y s t a l l i z a t i o n  of  NazSOs from t h e  s o l u -  
t i o n  in s o i l  d u r i n g   t h e   c o o l i n g   p r o d u c e s  m i r a b i -  
1 i t . e  (NazSOs.lOHz0) a n t l  makes t h e  s o i l  volume 
expand (Chen e t  ~ 1 ,  1988). T h i s  t h e o r y  i s  
npprove~l  h y  many s c i e n t i s t s  i n  e n g i n e e r i n g  p r o -  
j e c t . ~  and a p p l i e d   w i d e l y   i n   s a l i n e  subsoil o r  
y ,eoLcchnicnl   cnginee t ings  i n  p r a c t - i c e .   I n  t h i s  
p a p r r ,  t h c   author.^ w i l l   g i v e  som@ f u r t h e r  e x p l e -  
n a t i o n s   a h o u t  t h c  r c l o t i o n s h i p   h c t w e e n   t h e  
c r y s t ~ l l l z a t i o n  amount o f  NezSOq a n d  r e s t r a i n i n g  
thc heRvc a f t e r   m i x i n g  w i t h  a d d i t i o n a l  NaC1. The 
change  mcchonism o f  t h e   c r y s t a l l i z a t i o n  amount, 
o f  N:lzSOt# i n  pore  solurion and c r y s t a l l i z a t i o n  
OmouIlt. a f t e r  m l  Xing w i t h  NsCI d u r i n g   c o o l j  n g  
c o u l f l  b e  e x p l a i n e d  b y  the   pl- incip1.e  of Na2S04- 
N ; I C I - I I ~ O  w a t e r - s a l t   s y s t e m  p h a s e  diagram.  'The 
i so the rmnl   phase   d i ag rams  a t  d i f f e r e n t   t e n r p e r a -  
t u r c s  o f  2 5 " C ,  1O"C, 5 " C ,  - - S " C  anrl -15'C a r e  
i I l u s L r > l t e d  b y  means o f  chemica l   ann lyses   and  
t h e  rlv~3wing r u l e  o f  t h e   p h a s e  d i a g r a m .  Baaed on 
t h c  c o r r e s p u n d i n g   c o n c e n t r a t - i o n  of i l l i t i a l  s y s -  
ten] v a l u e s  i n  T a b l e  4 ,  FarrespondiLng  syst.em 

p o i n t s   c a n  be f o u n d   o u t   r e s p e c t i v e l y   i n , t h e  
phase   d iagrams  ment joned   above .  I n  l i n e  w i t h  t h e  
r u l e s  of the d i a g r a m ,   c o r r e s p o n d i n g   s o l i d o i d  
amounts ,   l iqu idoi r l   amounts   and   concent ra t ion  of 
mystem v a l u e s  i n  each  phase  diagram  can he c a l -  
c u l a t e d   s e p a r a t e l y .  The c a l c u l a t e d  solidoid 
amourlt a t   t h e   a b o v e   t e m p e r a t u r e s   a r e  l i s t e d  in 
T a b l e  5. Recause  the  compounded  sol.ution i n  each 
sample was an o v e r - s a t u r a t e d   s o l u t i o n   a t .  2 5 ° C .  
F o r  i n s t a n c e ,  NayS04.10HzO c r y s t a l l i z e d  i n  
Sample 86-1 and  86-2, NazSOq c r y s t a l l i z e d  i n  
Sample  8 6 - 3  a n d  Na2SOb and NaCl c r y s t a l l i z e d  i n  
Sample 8 6 - 4  ( T a b l e  5). T h u s  we can   assume  tha t  
w e l l - c r y s t a l l i z e d   s o l i d o i d   a t  25°C from pore  
s o l u t i o n  i s  regarded  a s  s o l i d  p a r t i c l e s  and 
c o n s e q u e h t . l y ,   t h e   r e c r y s t a l l i z a t i o n  o f  NapSOU. 
I O H 2 0 ,  NaCl.2H20 a n d  i c e  below 25°C p r o d u c e s  t h e  
heave  of t he   s amples  i f  we n e g l e c t   t h e   e f f e c t  
of r e c r y s t a l l i z e d  NapSOlt antl Mac1 o n  the p o r o s i -  
t y  o f  t h e   s a m p l e .  T h u s ,  we c o u n t  the c o r r e s p o n d -  

amounts o f  Na2SOq.10H20, NaC1-2H20 and  ic.e  during 
i n g   r e l a t i o n s h i p   b e t w e e n  t h e   r e c r y s t a l l i z e d  

d i f f e r e n t   c o o l i n g   i n t e r v a l s  i n  t h e   p o r e   s o l u t i o n  
and   the   heave  o f  t h e   s a m p l e s ,   w h i c h   a r e   l i s t e d  
i n  T a b l e  6 .  

I t  is shown in T a b l e  6 t h a t   t h e   i s a t h c r m a l .  
p h a s e   d i a g r a m   i n t e r v a l   z o n e  from 2 5 ° C  down t o  
1O"C, t h e  N e 2 S 0 ~ . 1 O A ~ 0  o f  t h e   f o u r   s a m p l e s   h a a  
b e e n   c r y s t a l l i z e d ,  and t h e  more t h e   c r y s t a l l i z e d  
Na2SOs.lOH20, t h e  ~ t t o n g e r   t h e   h e a v e  amount will. 
become. The s i t u a t i o n  i s  t h e   s a m e   a t   t h e  i n t e r -  
v a l  of  10 t o  5 ° C .  I n   t h e   i n t e r v a l  o f  5 t o  - S o C ,  
hecause  R l a rge   amount  o f  c r y s t a l l i z e d   i c e  

S i n c e  a s m a l l  amount of c r y s t a l l i z e d  Na2SOq. 
formed i t t  sample 86-1, f r o s t   h e a v e   o c c u r r e d ,  

lOHzO was s e p a r a t e d   o u t  in Sample 8 6 - 2 ,  t h e  
heave  amount was r e l a t i v e l y  smal l . .  As B l a r g e  
amount o f  c r y s t a l l i z e d  NaCZ.21120 and a s m a l l  
amount of c rys t a l l i zed   NazSOr . lOM~0  were   deve lop -  
e4 i n  Sample 86 -3 ,  a n d  the   vo lume  expans ion  
produced b y  NaCl h y d r a t i n g  a m o l e c u l e  i n t o  NaCl - 
2 H 2 0  i s  much l a r g e r   t h a n  t h R t  o f  a molecule  o f  
Hz0 c h a n 8 i n g   i n t o   i c e ,  s o  t h e   t o t a l   h e a v e  o f  
Sample 86-3 W R S  much s t r o n g e r   t h a n   t h a t  o f  
Sample Rh-1 i n  t h e  i n t e r v a l .   B e c a u s e   t h e  a m o u n t  
o f  c r y s t a l l i z e d  NaC1.2H20 i n  Sample 8 6 - 4  was 
much m u t e  than t h a t  in Sample 86-3, t h c   h e a v c  
amount o f  Sample 86-4  was s t r o n g e r   t h a n   t h a t  o f  
Sample 86-3. I n  t h e   i n t e r v a l  o f  - 5  t o  -15'C, 
hecause  o f  t h e  lack o f  c r y s t a l s  i n  Sample 8 6 - 1 ,  
its h e a v e   h a r d l y   o c c u r r e d .   S i n c e   i c e  in Sample 
8 6 - 2  o n l y  formed in t h e   h e g i n n i n g ,   a n d   i c e  
c r y s t a l s  were  few, a s  a r e s u l t ,   t h e   h e a v e  was 
l i t l l e .  The  Na2SOs.1011p0  and NaCl .2H,O i n  Sample 
8 6 - 3  were also few,  s o  t h e   t o t a l   h e a v e  w a s  no t  
o b v i o u s .   A l t h o u g h   t h e   c r y s t a l l i z a t i o n  of NaC1. 
2H20 and Na2S0,.10A~0 1.n Sample 8 6 - 4  was r a t h e r  
small, i t s  heave   became  s l ronger  and s t r o n g e r .  
The reason   can  b e  d e s c r i b e d  a s  f o l l o w s :  I n  t h e  
i n t e r v a l  o f  5 t o  - 5 ' C ,  because  NaCl-211,O c r y s t a l -  
l i z e d   i n   S a m p l e  86-G n u m e r o u s l y ,  i t  took a 
l o l l g e r  t ime t o  p r o d u c e   d i s p l a c e m e n t ,  u n t , j l  t h e  

i 
i n t e r v a t  - 5  t n  - 1 5 ' C .  

( f rom 2 5 ° C  down t o  - 1 S " C ) ,  
G e n e r a l l y   s p c a k i n g ,  d u r  

heave   i n  t,he fou r   s amples  
incre13se  o f  N a 7 S D c . 1 0 H 2 0  c 
r a t i o  01 NaCl to   Na2SDq(R) 
c r i t l c a l  o n e ,  an  adt l i t ior la  
t h e  s a m o l e s  cou1.d r e s t r a i n  

i 
r 

1 

ng cooling p r o c e s s e s  
the   t o t a l .   amoun t  o f  
n c r e a s e d  wi 1-11 t he  
y s t n l l i z e d .  W h i l e  t h e  
was less Lhan t h e  

c o n t e n t  o f  NaCI i n  
t h e   c r y s t n l l i z a t i o n ,  

o f  Na ,SOq~10H20 ,   and   consequen t ly   r educe   t he  
heave .  F o r  i n s t . a n c e ,  the   amount  of c r y s t n l l i z a -  
t i o n  i n  S a m p l e  86-2 (R-0.37) was less thsrr t h a t  
i n  Sample  86-1 (R=O, i . e .   t h e   c o n t e n t  of NaCl ' 
is zer 'o )  a n d  the  heave  o f  t h e   f o r m e r  was l e s s  
t h a n   t h a t  of t h e   l a t t e r   c o n s e q u e n t l y .   C o n v e r s e l y ,  

I45 



T a b l e  5 .  T h e  Amount o f  S o l i d o i d  C r y s t a l l i z a t i o n  from S o l u t i o n  
i n  S a m p l e s  a t  G i v e n  Temperatures 

N o ,  8 6 - 1  86-2 8 6 - 3  8 6 - 4  

T n i t i a l  system v a l u e s '  
( 9 )  

4 3 1 . 8 9  5 2 6 . 3 7  5 8 5  I 5 7  7 4 4 . 7 1  

s 0 0 80.59 
IDS u n d e r  s 1 0  6 6 . 1 5   1 2 9 . 4 9  0 0 

Clz 0 0 0 0 
Ice 0 0 0 0 

T o t a l  6 6 . 1 5  1 2 9 . 4 9  8 0 . 5 9  270. OF 

R 0 , 3 5  

189 * 7 3  2 5 ° C .  C 1  0 0 0 
( 8 )  

S 0 0 0 0 
Slo 1 9 8 . 7 7   2 5 4 . 8 5  2 3 6 .  h l  

0 0 4 0 . 3 5  
IDS u n d e r  

10°C 
( 8 )  

CI 
c12 0 0 0 0 
Ice  0 0 0 0 

Total 1 9 8 . 7 7  2 5 4  .us ' 2 1 6 . 9 6  4 6 1 . 9 1  

S 0 0 0 0 

2 3 2 . 3 1  
2 2 9 . 6 C  

TDS under  
5 O C  c1 

S I 0  215 .94  
0 

2 6 1 . 7 9  
0 
0 
0 

2 6 1 . 7 9  

0 
2 6 9 . 0 1  

0 
0 
0 

269,01. 

2 4 6 . 9 6  
4 1 . 1 3  
0 
0 

288 .  0(1 

0 
256.60 

0 
8 9 . 6 7  

0 
3 4 6 . 2 7  

- 

2 3 9 . 7 f  
2 2 9 . 7 5  

0 
D 

l 6 9 . 5 5  

0 

0 

n 

2 5 2  .R: 

475.0f 

7 2 7 . 9 1  



is necessary  to  find  out  the  critical  ratio of 
NaCl  to  Na2S04  for  controlling  the  salt-frost 
heave.  As  well  as  the  temperature  interval  which 
is very  important  for  chemical  reaction,  in  the 
interval of 25 t o  15"C,  an  additional  amount of 
NaCl  mixed  in  the  samples  restrains  Na2SOs.lOHzO 
crystallized  from  the  solution  ane  while  the 
ratio  exceeds  the  critical one, all of Na2SOc. 
1OHzO  and,  consequently,  the  heave,disappears 
(see Fig.3). However,  after  cooling  down to 15'C, 
the  situation  is  quite  different.  This  is because 
mixing  NaCl reduces'the hydrate  energy  of NazS04. 
10H20  crystallized  and  makes  NazSQr.lOH20 
crystallized  dehydrated  into  forming  NanSOr 
crystals.  The  minimum  temperature  limit of keep- 
ing Na2SOr  crystals  in  Na2S04-NaC1-H20  water- 
salt  system  is 17'.9'C. The  value o f  the  hydrate 

While s 'o i l  temperature  is  below  17.9"C,  the 
energy  changes  with  the  temperature  interval. 

mixing  with  NaCl ( A E N ~ c ~ )   i s   l e s s  than  that 
absolute  value o f  reducing  hydrate  energy by 

produced by cooling ( A E r ) ,  i.e. 

IAENaC1l < lAErl (1) 

In  the  interval  of  32.38  to 17.9'C, the 
situation  mentioned  above is just  the  opposite, 
i.e. 

T("C) 
." 

Figure 3 .  The  distribution  of  heave  peak  in 
samples vs temperature  intervals 

with  NaCl  is  easily  accomplished  only  in  the 
In  conclusion,  restraining  heave by mixing 

temperature  zone  between  32.38"C  and 17.9'C. 
The photos'  identification  results, by using  a 
polarizing  microscope  for  the  solidoid  crystals 
at 25'C, shows  that  in  the  solution  with a given 
NazSOk  concentration,  while  adding  a  little  NaC1, 
crystallized  NanS0,.10H~20  dehydrated  into  recry- 
stallized  Na2S0,  partially.  The  more  NaCl  sdded, 
the  more  the  crystallized  Na2SOk.lOH20  dehydrat- 
ed into  Na2SOr  until  the  extra  NaCl  is  left in 

down to 15'C, the amount o f  heave  was 3.11 mm 
the solution. In the  cooling process from 2 5  

(Sample 86-1), 3 . 4  mm  (Sample  86-2)  and  zero 

can be  explained  as  follows:  because  the  ratio 
(Sample 86-3 and  Sample 86-4), respectively. I t  

exceed  the  critical  value  and  no  crystallized 
of NaCl  to  Na2S04  in  Sample 8 6 - 3  and  Sample 8 6 - 4  

Na2S01+.1OH20  solidoid  exists in the  pore  solu- 
tion, s o  the  heave  amount  was  not  observed. 
After  cooling  below  15"C,  the  heave  amount  will 
suddenly  became  stronger  in  sample 86-3 and 8 6 - 4  
caused by crystallized Na2S.04 rehydrating  into 
Nan S O r  . 10HzO. 
Sample 86-1 appear i n  a  positive  temperature 
zone and  mainly  in  the  interval  of  22  to 5 ° C  
(see Fig,3). In this  zone,  the  heave  amount  will 

Na2SOs.lOH20.  The  heave  peaks  in  Sample 8 6 - 2  
increase  with  the  increase  of  Crystallized 

appear  in  the  interval o f  2 2  to 12'C. The  heave 
peaks in sample 8 6 - 3  and 86-4 appear  in  the 

because  in  the  interval 15 to 13'C, the  crystal- 
interval of 1 5  to  13°C  and -5  to -12°C. This  is 

meanwhile  in  the  saturated  solution  Na2S04. 
lized  NazSOc  hydrated  forming  NazSOs .10H20, 

Na2SOc.lOHzO  crystallized  in  Sample 86-3  and 
10H20 crystal  separated  out, s o  the  amount of 

and  86-2,  In  the  interval o f  -5 to  -1Z0C, 
Sample 86-4  was  more  than  that  in  Sample  86-1 

because  NaCl  crystallized  hydrated  forming  NaC1- 
2H20  and  the  extra  NaC1.2H20  crystal  separated 
out  from  the  saturated  solution,  the  amount o f  
heave  will  appeared  in  another  peak. 

CONCLUSIONS 

It is also  obvious  that  the  heave  peaks  in 

l,.The total  amount of heave in the  saline 
soil  will  increase  with  the  increase  of  NanSOr, 

down  to  -15OC.  Additional  content o f  NaCl i n  the 
10H,O crystallized  during  cooling  from 25'C 

soil  could  restrain  the  crystallization  of 
Na2S0t,.10Hz0, which  reduces  heave  amount.  How- 
ever,  while  the  ratio o f  NaCl  to Na,SO, by 
weight  exceeds  a  critical  value,  the  extra 
amount of  N s ~ S O , ~ l O H n O  and NaC1*2H20  crystalliz- 
ed will  be  produced  with  the  increase  of  NaC1. 
As a  result,  the  salt  heave  will  become stronger. 

soil  will  restrain  Na2SO4-1OH20  crystallized 
from  the  solution  during  the  cooling  from 25'C 
down  to 15'C. While  the  ratio  of  NaCl t o  Na2S04 
exceeds  a  critical one, all of Na2S04.10H20  and, 
consequently,  the  heave  will  disappear. 

Na2S0,  in saline  soil  during cooling. While  an 
ly,  salt heave  will  increase gradually with 

additional  amount  of  NaCl  is  mixed in the  soil, 
and  the  ratio of NaCl  to  NazSO,  exceeds  the 
critical  value,  there  are  two  heave  peaks  in  the 
temperature  zones  from 15 to 13'C and  from -5 
t o  -12'C respectively. 

2. An additional  amount o f  NaCl  mixed  in  the 

3 .  The  amount of Na2SOt,.IOH20 and, consequent- 
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CREEP EFIICTB OM X LATERALLY LOADBD PILE 
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A rectangular pipe pile embedded in a frozen sand W 8 S  subjected to lateral 
loading. The pile was instrumented with a series of load cella and strain 
gages. A lateral. h m d  was applied and maintained constant for a period of 7 0  
d a w .  The load was then reloved and the pile was allowed to equilibrate. The 
load Was reapplied in three approximately equal increments. Each increment was 
maintained constant for a period or 1 day. The load was then increased and 
maintained constant for an additional 76 daye. The total pile head displacement 
consiated of inetantaneous and creep components. Creep under constant lateral 
load rssulted in redistribution op the reactive soil pressures. Generally, 
pressures near the  soil euriace decreaeed with additional displacement. 
Pressures increased with additional displucement at deeper depth. 

fNTRQDWCTlOM along the insides and the bottom of the pit to 
control soil temperatures. 

A pile embedded in frazen soil undergoes 
creep displacements and deflections when sub- &!.!zu 
jected to a lateral load. The creep displace- The sand used in the tost consisted o f  
ment causes a redistribution o f  the lateral medium sized particles with a,uniforsity 
soil reactive forces acting on the pile. The coefficient of approximat@ly'a. The sand  waa 
nature o f  the initial distribution of the placed in D looee eaturated etate by a proaase 
forces and their redistribution aesociated with of sedimentation. The eand was then frozen 
the creep displacements, depends on the magni- unidirectionally upward by maintaining a Cold 
tude of the applied load  and the relative tsrperature in the batton refrigeration panele. 
stiffness of the pile to that o f  the frozen Strings of  thermocouples  were placed vertically 
soil, Very Little experimental work has been at several locations,t;o ,monitor soil temper- 
carried out to d8termine the creep effects on aturee. Details o f .  the procedure for placihg 
the lateral reactive eo11 pressures. Domaschuhuk and freezing the sand are presented in 
et al. (1991) reported some results of reactive Donaschuk et al. (1980) .  
soil pressures along a pile ernbedded in a Sampler, of the Proden sand were recovered by 
frozen sand when subjected to incremental coring prior to the load teat. The density and 
increased in lateral load. The instrumentation water content profiles are givekin Figure 1. 
was limited to load cellspsitioned along the The dry unit weights ranged between- 13.4 and 
upper bearing face of the  pile only and so the 15.5 kW/m3. The water contents  ,varied from 
reaction along the entire pile length could.,not about 23.2% to 24.,82 which  corresponds to satu- 
be determined. HOWBVOK, they did establish . ration levels of 78k and'l008. There was no 
that aa a reault of creep a eignificant redis- visual evidence of ice segregation in.ths 
tribution of s a i l  reactive  forces along the 
bearing face occurred. Generally, reactive 
forces near the  soil eurface decreaeed while y.er PilS 
those at depth increased as a result o f  creep. The teet pile we8 B rectangular pipe, 203 laJn 
The decreases were  as much a8 25% while the x 154 rn in section, and 1800 mm long. The wall 
increases exceeded 100%. ~ h u s  the redistribu- thickness was 11 -.'The embeaded length of 
tion is important when analyzing pile deflec- p i l e  was 1267 m. Load cells were mounted-along 
tione, moment distribution and displacements. the frontside of  the pile from the  oil surface 

This paper presents the results o f  a second tom of the p i l e  to a height .of about 700  m m '  

series, of tests in which a p i l e  was inetru- along the backside o f  the pile. A description 
mented nore exteneively. of the fabrication and mounting of the load 

cores. , .  

to a depth of about 1000 mm, and from the bat- 

cella is given by Domaschuk at 41. (1991). 

intervals along the frontaids of the pile. Tho 
locations of the load cells an8 etrain gages is 

The test facility CQnSi8t8d of a pit formed pile was 7 - 8 2  x l o 3  k ~ m  in the direction of  
shown in Figure 2. The tiffneas, (EIJ, of  the 

TE$T SET= strain gages were attached to the pile at 

Test ,Faoility 

by ins,ulated reinforced concrete walls and 
floor,. housed in a refrigerated'cold room. loading..The modulus of subgrade reaction, k; 
Plate-coi l  refrigeration pqneld,were placed of tho frozen sand baaed on  previoua~tests 

b 

I 4 9  
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Figure I. Profiles o f  sand deneitiem end w a t m  
(ice) contents. 

conducted under similar  temperature  conditions, 
Doaaschuk et al. (1991) ranged between 2 and 8 
G N / d  depending on the magnitude o f  reactive 
pressure. The corresponding range of  

dimenBiQnl9SB length, BL, in which B = d E  
and L is the embedded pile length, is 2 .24  to 
3.17 which suggsetsl that the pile behaves as a 
flexible pile, Broma (1965). 

v 
A large beam spanning the p i t  and eupported 

,by,colunne located just outaide the pit walls 
wa3 used as the reaction for the applied 
lateral' load. The lateral load war5 applied 
through a hydraulic ram connected to an Enerpao 
air-an-oil pump system. Loadinga provided by 
the. .ii$iystmn were regulated by controlling 
the a b  &Besure, which maintainad the Soad at 
a reaeaeably constant  magnitude  throughout the 
tsst. A load cell placed between the ram and 

rneaeur8d the applied la~~d, 
the pi'le, at 203 mm above the sail surface, 

placement at 203 nua above  soil surface. 

YEST PRWMD- 

An"L9T.  was used to measure the pile die- 

An instantaneous  lateral load of approxi- 
mately 103 kN waa applied in the diKaGtiOn at' 
the long axie and maintained fox a perioct of 7 0  
;da]iS. Thie magnitude of load waa chosen because 
it' represented an approximate deeign load for 
this particular pi le ,  based on previous test 
data. Tha load weo than removed an4  the pile 
Waf3 allowed to equilibrate. The eamo load was 
than reapplied in stages of 33, I5 and 103 kN 
to axamine stage-loading effect=. Each load wae 
maintained for a period of 1 day. The load was 
then increased to 170 kN, which had been esti- 
mated t o  be close to the  failure load, and wrri 
nainkained conutant F~r-r,fust.har period of 76 
days. The load was then removed. boa4 cell, 
displacement and timperature readings were 
taken frequently throughout the test with the 

c 

J 

aid of an electronic data a c q  

TtBF 

&i=laa- 
The pile heaa displacements 

e a u  

shown in Figure 3. upon the at 
load, an instantaneous displac 
which was followed by creep di 
initial application of the 103 
an instantaneoum displacement 
creep displaeemont of 2.6 sn a 
70 dayr. HoWBveX thm creep die 
attenuated completely and the 
ment rate over the final 45  da 
nun/clay. Unloading resulted in 
recovery of 2.0 mm followed by 
recovery. Thue the initial ins 
placement was fully recovered 

Reloacling the pile to 103 k 
cumulative instantaneous dirrpl 
2.6 n m ~  and a creep displacemen 

ing it for 76 days resulted in 
1.0 mm of instantaneous and 4 .  
displacements. When the test w 
average displacement rate was , 
total instantaneous displacema 
the  total creep displacement WI 

Unloading the pi101 resulted 

Xncrraeing the load t o  170 

taneous recovery of 4.5 mm and 

tast are sumarieed ih Table 1. 

I 10% 

I 1176 

LEQENO : 
0 LO4DCELL 
t STPAINQAQF 

of load cells 

itiwn system. 

EWSUB time are 
ication of each 
Brit occurred 
Lacement. The 
Y load caused 
2 . 0  mm and 

r a psriod of 
mtment had not 
wage displace- 
was 0.01 
instantaneous 
0 . 8  mm creep 
rtaneous d i s -  
m unloading. 
:eeulted, in a 
ment, of about 
~r 0.4 ~IIRI. 
addl maintain- 
I additional 
m o f  creep 
terminated the 
12 mmfday. The 
wae 3.6 mm and 
6.9 m. 
en inmtan- 
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Figure 3. Pile head  displacements  versus  time. 

Table 1 Pile bead  displacements 

Load  Instant.  Elapsed  Creep 
, DiSp. Time DiSp. 

ow (mm) (days) ( W  

103 2 . 0  70 2.6 

0 -2.0 3 -0 .8  

32 0 . 8  1 0 . 2  

75 1.2 1 0.1 

103 0.6 1 0.1 

170 1.0 76 4.7 

0 -4.5 10 -0.6 

Total displacement - 10.5 mm 
Residual  displacement = 5.4 mm 

Rqaative Foreom 

109 kl9 L O U  

tive forces as a function  of time are shown in 
Figure 4a for the load cells  along the front- 
side of the pile and  in Figure 4b for those 
along the backside.  Unfortunately the upper 

depth indicated continual drift in readings and 
load cell, LC-1 and the load cell at the 895 mm 

therefore their  data  were  discarded. As can be 
seen in the figures, the applied load  varied 
between 100 and  106 kN during this phaae. Along 
the frontside of the pile, (Figure 4a), the 
soil reactive  forces  extending to a depth  of 

then remained  constant. The load cell at the 
675 mm, increased  during the first 10 days and 

815 mm depth  basically  indicated  no reactive 
,force, and the cell at the 955 rmr. depth  regis- 
tered a small  negative load. Along the backside 
of the pile,  (Figure 4b), the reactive forces 
were slightly  negative at the 615 and 755 mm 
depths,  were  positive at the 1035 and 1175 mm 
depths and  increased  with time at these latter 
depths. 

the reactive  forces and the size of the bearing 

reactive  pressures at the start and  end  of the 
face of the load  cell. The distributions of the 

Plots of the applied load  and the soil reac- 

Soil  reactive  pressures  were  computed  from 

’‘Or ”” --- 
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(b) BACKSIDE 
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Figure 4. Applied  load  and  reactive  forces 
Versus time: P 103 kN, (a)  frontside, (b) 
backside. 
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Figure 5. Distributions of reactife  soil 
pressures: P = 103 kN. 

application of the 103 kN load a r e  shown  in 
Fiqure 5. A substantial  redistribution of pres- 
sures occurred  along the entire pile length due 
to creep  within the frozen soil. The final 
distribution  on  each  aide of the pile was non- 
linear. overlap of pressures  near the point of 
transition from  frontside to backside  pressures 
occurred  because the pile has a rectangular 
section  and so each  face rotates about a 
separate point. 

0-32”s k10 Loa& 
The reactive  forces  for the unload-reload 

phaae are shown  in  Figure 6a for the frontsidd 
cells and  in Figure 6b for the backside cells. 
During the unload  period, (days 70 to 73), some 
cells,  notably those at depths of 675 and S F 5  
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.Figure 6. Applied  loads  and  reactive forces 
versus  time:  unload-reload,  (a)  frontside, (b) 
backside. 

mm on the frontside,  and  1035  and 1175 mm on 
the back&ide,  retained significant  residual 

resulted  in a residual  displacement of the pile 
forces. As noted  earlier,  unloading the pile 

and  therefore  associated  residual reactive 
forces were  expected. 

The distributions  of the reactive pressures 
at the end of each  load  increment are showq in 
Figure 7. The  retention of residual  reactive 
pressure in the vicinity of mid-depth of the 
pile is illu8trated.  Applying a load of  32 k~ 
brought  about  little  change  in  reactive pres- 
sures and the distribution  remained  unusual in 
that the reactive  pressures  near the ground 

the development  of a gap in front of the pile 
surface  were small. This was prabably caused by 

during  unloading.  The  pile then behaves as a 
beam cantilevered at some depth  below the 
ground  surface.  Increasing the load to 75 kN 
brought the upper  portion of the.  pile  into 
contact  with the soil. Under a load of 103 kN 
the distribution  was  more  conventional.  However 
because this load was  only  applied  €or 1 day, 
the distribution  differed  somewhat from that 
achieved at the end of the single  application 
of the 103 kN load €or a period of 70 days. 

X70 klp Loa4 

forces for the 170 kN load are  shown  in 
Figure 8. Generally there was a significant 
increase  in  all the reactive  farces  during the 
first few days and thereafter the uppermost and 
lowest  cells  continued to indicate a small 
increase  with time while the other  loads 
remained  essentially  constant.  Upon  unloading, 
load cells at depths of 815 and 955 mm on the 
front  face,  and 1035 and 1175 mm on the back- 

kN. side indicated a residual  load as large as 10 

The applied  load  and  load  cell  reactive 

The changes in the reactive  pressure  dis- 
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Figure 7. Distributions of 
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mined. Unfortunately strain gage 7 at a depth 
o f  1,150 mm ahowsd a continual drift of read- 
inge and they were discarded. Beeed on  the 
moment-area method, pile deflections were 
determined for the 103 ICN and 170 kN loads, 
after an elapsed time o f  1 hour and at the end 
of  the loading periods. These are shown in 
Figure 10. The deflection CUKVOB were nonlinear 
in all instances and the overall curvature 
increased significantly as a result af creep. 

- 
monitored by means of four vertical stringe of 

AS mentioned ear l i er ,  eoil tamperaturea were 

thermocouples. Figure 11 shows the temperaturae 
at the surface, the 400 and the BOO lllm depths. 
The temperatures were not constant with time 

decrease in temperature with eoil depth is 
and also decreased with soil depth. The 

attributed to the fact that only the bottom 

refrigeration pane]. wse used for controlling 

panelta developed problene at the etart of the 
eoil temperatures, The e i d e  refrigeration 

test and were ehut off. This also affected the 
automatic  temperature eontrole which meent that 
the controls had to be operated manually, mak- 
ing it difficult to maintain constant sroil 
temperatures. The temperatures varied  between 
-4OC and -6OC for the moat part. These vari- 
at ions  however did not appear ta affect the 
pile displacement8 nor the reactive pressures 
significantly. 

m m w m x o n m  cormc~uaxo~g 

1. The creep displacement of a laterally 

times greater than the magnitude of the 
loaded pile in frozen *and was about 1.5 

instantaneous displacement under a 103 kN 
load, and was 4.5 tinee as large as the 
instantaneous displacement under a 110 kN 
load. The displacements had not ceased 

"" ~" 

I I  

-3.00- "" I SURFACE 

TIME (DAYS) 

Figure 11. Soil temperatures vereue tine. 
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entirely  under each load  but  had attenuated 
to rates of 0.01 and 0.02 =/day respec- 
tively. Most of the attenuation  occurred  in 
the first 10. Uayr. 

2. There were radical changas in the reactive 
soil prearturart associated  with creep die- 
placemmnta  (Pigurea 5 & 9)..Prassuras near 
the ground  surface  decreased  with  increas- 

with a maximum fncrease at the bottom a i  
ing displacement; below thi8'they inCKem3ed 

the pile. The preerrure distributions were 

3. Pile deflections calculated on the b a d e  of 
generally  nonlinear. 

the reactive ioil forces indicated  that the 
'pile  did behave an a flexible pi1e"with the 
degree of curvature  significantly 
incxeaeing as a result of pile creep. - 
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The paper illustrates the Bajkal-Amur  Main Line roadbed  state. The types of roadbed 
deformations considered. A complex of  investigation  and regime observations has been 
carried out within the limits of engineering and geocryological monitoring. We have 
also ascertained the cause and  effect  interrelations  of the going of nature proces- 
ses. optimum measure6 have  been  elaborated for elimination  of construction deforha- 
tions. 

of a railway bed, as linear structure determine 
Constructive and temophysical characteristics 

special features of its operation in the regions 
of permafrost.  In the southern zones of these 
regions the permafrost under embankments as a 
rule does not  drain;  In cute we observe its full 
and partial degradation, what in its.turn leads 
to accelerated dieintegration of bedrocks, 
weakened  by cryogenic weathering and formation of 
new weathering crusts. 

of the Bajkal-Amur Main Line the following defor- 
After conatruction and putting into operation 

nations, defects and damagso of  the roadbed be- 
came apparent: 

embankments of the thawing base soils; 
many-year settling und sliding apart of the 

embankment sections of mari and water-diversion 
thermocarst lowering on  the adjacent to the 

ditches; 
icing of  hill-sides, in cuts and  beds  of 

water courles; 
thermoerosive ravines on  the slopes of cuts 

and  hill-sides; 
soil heaving and subsidence of track in cuts 

and zero places; 
ballast pockets and beds on the uubgrade; 
erosion wash-out and wash-off$  of  embanhentar 

slide of embankments and.cut slopes: 
silting or washing-out of water-diversion 

ditches at embankments, hill-side ditches and 

nation of  water in water-way8 and near roadbed. 
roadside ditches in cuts and on hill-sides,  stag- 

for the regions of permafrost spreading. The rest 
The first four kinds of processes are typical 

tions of seasonal freezing of roils: the charac- 
are observed in permafrost us well as in condi- 

ter of their manifestation and measures of their 
elimination and prevention have been etudied  in 
details (Technical Instructions, 1987) 

greatest danger during the first 3-4 years after 

and  cut slope#, talus in cuts; 

Icing, especially in cuts, presented the 

construction of the roadbed. The following 
measures for their elimination have been under- 
taken for the period of temporary service; drill- 

of the underground water sources, water lowering 
ing  and blasting drainage, catchment and removal 

by  holes, deep tube drainage, warmth-keeping 
chutes,  ice-holding ditches and banks etc. made 
it  possible,  that in due course this problem be- 
come less  urgent (Vaniliev et d., 1989). 

Cryogenic deformations in the subgrade zone, 
cauoed by seasonal freezing and thawing of soil 
(heaving at subsidence of track, ballast pockets 
etc.) are mainly in cuts at zero points. Total 

proximately 60 kilometers. 
length of  place$ with these deformations makes ap- 

Thermoerosion destruction of cut slopes, made 
in  icy  soils, practically ceased after fulfilment 
of strengthening works (fixing of elopes by 
rocks) . 
bankments with the attendant defects. Over 700 

defects. In connection with the above-stated  and 
kilometers  of tracks axe effected by these 

also taking.into account insufficient knowledge 
of the cause and effect interrelations, the 
present paper is devoted to this type of roadbed 
deformations. 

100 to 1000 metres and more.  It often happens so 
The settlings are irregular on 8ections from, 

that on the general background of considerable in 

of greater settling intensity.  In due course, if 
length  lowerings (depressions) there are places 

there is no adequate cumpensational track raising 
on ballast, the longitudinal profile is diu- 
torted, especially an approaches to buildings and 
structures (Figure 1). In places of embankment 
settling the mhoulders axe unevenly lowering, the 
height of the ballast section increases up to 1 m 
and  more. The ends of the sleepers became bare. 
Ballast aections don't place on'the subgrade and 
ita  slope turns into the slope of embankment. 

The most frequent character has settling of ern- 
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Fig. 1. Embankment  rettlings  on approaches to a bridge. I 
The berm8 submerge into the base and in some 

place# go into the water. The thermokarst lower- 
ings are filled with water.  At their further 
development the thermokarst lakes appear along 
the embankment. 

able gradients and other geometric deformations 
As a result of local lowerings with nonallow- 

of track and also because of quick development of 

,is limited up  to 15-40 h / h .  Maintenance of track 
the deformations the epeed of  the train operation 

in working order needs considerable labour and 
material resources:  conraumption  per 1 kilometre 
of track with settlings is  by an order of nag- 
nitude greater, than of stable mectionr.  The  rail- 
way capacity lowerm becaume,of a large number  of 
dsformationa. 

The problem of the embankment stability in- 

gent (Dydyehko, 1991,  Ashpiz, 1989). At  present 
surance an  the Bajkal-Amur Main Line is  very  ur- 

the works, fulfilled within the limits of  en- 
gineering and qeocryological monitoring of 
roadbed are aimed at its solution. Inrtitutes of 
Transport Construction, Railway Transport, Rus- 
aian Academy of Science and other Departments 
take part in these workr. 

(Kondratyev et al.,  198811, b): 
The works on monitoring include the following 

1) engineering and geological invertigationa, 
revealing of deformations, including potential 
ones, determination of the cause and effect  intet- 
relations in  the nature-construction syaten and 
detailed engineering surveys on the unstable Bec- 
tions; 

2) installation of experimental sections and 
fulfillment of nature regime observations under 
changes of the temperature, strength and other 
soil characteristice of the embankment  and  base, 

genesin,  here  and there w 
Total thicknerm  of the 

layer  during thawing vari 

depth. ir ~ represented by strongly icy thickneae of 
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Fig. 2. Engineering-geological sections on experimental sectionnr  1 (2908 km) - a) and 5 (2744 km) - b): 1 

dynamic reniatance Pd  in thawed aoila; 4 - permafrost upper bound in 1991; 5 - ditto before mari filling and 2 - soil temperature dintxibution in spring and autumn period, 1991; 3 - distribution of conventional 
with mineral soil  in 1988. 

the diluvial-solifluction deposits: loam6 often 
landwasted, with content of grub0 soils with loam 
filling up to 30%, with interlayera of peat  of 
0.1-0.25 m thickness along the whole layer. Lower 
m a r  alluvial deposits of the flood-plain 
faciesr interlaid aolty sand loam, fine and silty 
sand, often with thin interlayera of  loam,  loam 
with gravel and pebble and sand thin interlayerr. 
The cryotextura of frozen moil is layered,  net 
lenae-layered, -seldonm massive (in sand).  Icing 
of diluvial-solifluction deposits is up to 60%. 
Drill hole 1 has broken-up under the embankment 
3.2 m thick reformed ice wedges. 

Embankment of up  to 3 m height ia laid  by 
gravel and pebble aoil with nand loam sandy  fill- 
ing. At  a moment of obnervation (1987) its bottom 
wan 1.5-2.0 m lower than  the natural surface. 

the North-Nortrh-East exposition of the Tungala 
Section 2 (km 2858) i s  located on the slope of 

river valley. The slope in devided by the ravines 
with temporary water courses. The 2 m high embank- 
ment of weathered shale8 in laid at the foot  of  a 

to 2.0-3.5 I depth are reprerented by diluvial 
slope on  grasn-moss-hmock mari. Base soils up 

sand loam and light loama with up to 20% of 
gruss and broken-stone, gruss sand,  thanr  al- 
luvial-diluvial gruas and broken-atone  loamn, 
grusa noila with nand loam and loam filling up to 
302. From the nlope upper side and under the 
,depositn are overlapped by 0.1 m thick peat, Per- 
mafrout .Oils are characterized by  layered, oc- 
casional-retecular cryotexture at 15% of icing 
(d  = 0.05-0.10) and for  alluvial-diluvial 
depoaitsr mssive and crust cryotexture (d  c 
0.01) .  In 1987 the  total  embanbent settling waa 
equal to 1.0 m. 

Experimental section 3 is located on the 
gentle slope of the aolnhaja Elga river. The 
slope aurface in represented by  grasn-moss-ham- 
mock mari nometimes with met oppressed larsh. 

The embankment iu made oi alluvial loamu with 
gruss and strongly weathered rock. The base soils 
up to 2,5  - 4 ,O m depth are kepresented by 
diluvial-solifluction peated loam, clay sand 
loam, with broken-stone inclusion., with peat in- 
terlayers and lenres along the whole layer, and 
fraa the aurface overlapped by up to 0 , 6  m thick 
peat. Prosen soil is characterized by  a  layered, 
occasionally rectangular and manrive cryotexture 
with icing from 10 to 60%. Lower lay alluvial- 
diluvial broken-atone and gruss soilu with sand 
loam  filling, gruas land and alluvial clay. Their 
cxyotexture ir mainly maasive. In 1987 the total 
embankment settling reached 1,5 m. 

Engineering-geological inveotigations and ob- 
servationn have also been fulfilled for some 
other sections of the Tynda-Vnral and Tynda- 
Berkhakit line (2435, 2535,  2715,  2744,  211-212 
km etc.), 

As a  reault of the embankment filling on mari 

have  changed8 shadowing of surface and moisture 
fraP mineral soil the heat exchange conditione 

evaporation by vegetation are excluded; embank- 
ment soil thawes and freezes quickly because of 

heat of  ice formation. During tlie day time  of  the 
low moisture content and therefore, low latent 

well as flooded mari heata up several times 
warm period of the year the ground nurface aa 

higher than shadowed mari. Measured temperaturer 
during the day period are  the following8 on mari 
between the hurmockes - 0,4 to 6,4OC; air in 
shadow - 7,8 to 14,8”C1 on embankment under 
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gravel - 7,O to 16,O"C; under water on mari sur- 
face - 4 ,O to 12,8OC. Difference in temperatures 
reaches 2-15 timem. During thawing the embankment 
and also filled with mineral or flooded murface 

block. Several yearn after filling of the embank- 
of mari interacts with permafrost am a heated 

ment the temperature regime of the embankment and 
b u m  soils will mtabilize in accordance with the 
changed conditions of heat exchange, if there do 
not appear additional factors strengthening the 
thawing process (crouu filtration under the em- 
bankment, the climate getm warmer, rdimtribution 

depth of aeasonal layer in natural conditionr and 
of snow cover etc.). On section8 1-3 at 0.8-1,5 m 

under the dankment reacher 4 , 1 - 5 , 1  m depth 
new quazi-stationary state the pexmafroat upper 

(from the embankment top).  If base soils are less 
disperuad, the depth o f  the permafrost upper 
bound reachem 6,2-8,2 n (2715 km), Within the 
berms the permafrost upper boundxeachem 2,5 to 
4,5 m depth, and on  mari mections, filled with 

m depth (Fig. 2). Heat  .action  of the heated 
0,l-0,5 m layer of mineral soil it i m  on 2,0-3,4 

roadbed murface,  ao an additional source of heat 
(17), spread over small distance, which does not 
exceed 2 m from the  embanbent edge (see D 5 Fig. 
2a and E 4 1  Fig.  2b). 

Thu., a typical thawing bed im formed under 

,.I with mineral moilm, and draining ditchem.  The 
the embankment, adjacent mari sections,  filled 

depth of trawing practically does not depend upon 
the thicknarm of this soil layer. 

The firmt year of the five-year period of ob- 
servations (the roadbed was filled in 1983) is 
characterized by approximately average many-year 
degree day rum of air positive and negative 
temperatures (1950 and 3800 corrempondingly); 
next aurmers and winters were warmer on 18-27%. 
The depth of soil searonal freezing along the 
roadbed cantar line from the given period on sec- 
tion I made 4,3 - 4,6 m talik thickness - 1,0 n; 
On uection 3 the permafrost upper bound lowered 
on section 2 - 3,s m and 1,3 P correspondingly. 
during the period of obmervations froat 4,65 to 
4,95 m, talik was not regiatersd. 

If flooded mari uurface is filled with mineral 
soil, the permafroat upper bound lowers with maxi- 
mum intensity up to 1 m per year during the ini- 
tial period (see D 3 and E 5, Fig. 2, a). 

Thur, for low embankmentu on mari with weak 
drainage the optimum embankment mtructure ham min- 
imum width at the bottom, no berm, filling of 
mineral roll on  the adjacent mection and along, 
the draining ditchem profile is not  carried  out. 
Otherwise, there is increare of zone width with 
violation of temperature regimem,  an well ar 
flooding Clong tha thawing bed. Filtration of  sur- 
face and overpermafrout water through the etnbank- 
nent can promote local thawing. 

The considered procasmem of temperature 
regime formation don't account the outlined late- 
ly tendency for the climate getting warmer in 
this region. 

A weak layer of soil# ( nee Fig. 2,  b) has 
been revealed by a method of electrocontact 
dynamic probing, which combines in itself genetra- 
tion and resistively logging (18) under the am- 
bankment and berm foot along their whole width. 
These data have been received am a rsuult  of.en- 
gineering-geological aurvey of ten mectiona of 
the Tynda-Zeiuk-Pevralsk and Tynda-Barkhakit 
lines. The layer ir characterized by conventional 
dynamic reaimtance Pd from 0 . 5  to 1.0 Mpa, what , 
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of the baoe,  it makes 80-3 
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Fig. 1. Curve of vertical Ah - a) and hOKi%Ontal  forces (to the left &SI and  right ASsr) - b) dinplacementea 
during one ( I ) ,  two (2) und four (3) years; 4 - during  winter of the firnt year of abaervutionlrl 5 and 6 - 
A6 along the ahouldera  and barmn for four years  (experimental  section 3). 

~ I ,  

embankment  foot (19). Thin  leads to overmoiater- 
ing of boundsry  layer  and  intennification of sat- 
tling an a renult of geological prowesea. In- 
strumental observation alao nhowed horizontal dis- 
placement of the marks of the nhilar value  as 
that of the settlings (Fig. I ,  b). Sumnary vec- 
torn of displaeament~ are dixected d m  and to 
tha nidea from the centreline of the roacUmd.  The 
embankment  blocks  nlide  apart  autonomoumly, in- 
cluding  with  formation of crack. on the 
#houldersr roving on the berm and their dinplace- 
ment in the direction of field 8ide. In a number 
of cases the bare soils are  squeezed  out  from 
under the embankment and at: the bem edger, burut 
of  clay soil  nunpension  along  flaw  way8  through 
the hrm soils. 

On the bamim of the receivsd datb we have  come 
to the conelumion,  that the main reaaon of,#&- 
tlingn  and other embankment defomntions on mari 
before  achievement of quasi-mtatianary  tempera- 
ture regime is aqueezing  out of the fluidal soils 
of the'baundexy layer from the ambanbent. At 
temperature  regime  reaching  a  steady  state the 
macsuren of deformations  stabilization are to be 
aimed at creation of burrier against squeezing 
out  of  base  noils from under the embankment ox on 
changcr of ita phymidal and  mechanical.  properties. 

' The  first i s  achieved by regulation of the pr- 
mafront upper bound  porition under the berm8 or 
along the emtmnlonsnt edger by freezing of these 
moih, change of embankment loam a o i h  in  thin 
zone  for  drainage  onen up to permafrost  upper 
bound, mechanical  strengthening of noils under 
the bexms and  etc. me aeeond - consolidation, 
drain,  chemical  and  mechanical  fixing of base 
aoilr directly  under the embankment, 

If temperature r e g h  has  not  reached a mteady 
state4 and there is a  considerable  thicknsms o f  
1 1 1 - I Y  type of noil mbstance in the baae, it is  
necsnsary to fulfill  mearures on soil temperature 
xsgiae  control together with  meaaures,  preventing 
frar bane soil floodfng and CLOPS filtration 
under the roadbed. 

kal-Amur  Railway  used  selacted rock filling  of 
Experimentally  and  in  industrial  scala the Baj- 

weakly  weathered  rock, cooling devicen like tubes 
and  coverings  of  diffexent struuCtures, heat in- 
mulation from peat  and foam plastic ~tc. In order 
to eliminate the unfavourabkvibsodynamic ef- 
fsctm f r m  trains on  the embankment. stability it 
is necessary to construct counter-h~ettan.ankl 
other  supporting facilities. Anti-defoxration 
meamures are fulfilled in combination with rscul- 
tivation of the expropriation  tone, which in- 
clude. filling of the expropriation x'ohe, ehich 
include6  filling of the themkarat iLo&rinqm by 
peat and  paated  loam aoih and also dra'ihage of 
water. 8 ,  
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R e s u l t s  o f  e x p e r i m e n t s  concerning g a s  h y d r n t e  f o r m a t i o n  i n  s a r ~ r l s  a r t .  p r e s e n t e d .  
The expe r imen t s   were  made i n  B s p e c i a l   h e r m e t - i c  cr.11 a t   s t a t i c   c o n d i t i o n s  o f  
h y d r a t e   f o r m a t i o n .  S a m p l e s  o f  s a n d s  w i L h  d i f f e r e n t   ' & l - a n u l a r i C y   w e r e   u s e d .  
Mcthano WAS - the  hy.drate-formlng gau. S o m e . p h y s i c a 1  and  p e t r o g r a p h i c   p r o p e r t i e s  

p a r t i -  hydrnt ' , e   accumulnt ion   processes  w i t h  s u c h   p r o c e s s e s  o f  i c e  i n  sands. S a n d  
g a s  s a m p l e s   o b t u i n e d   w e r e   s t u d i e d .   R e s u l t s   o b t a i n e d  showed c l o s e  s i m i l a r i t y  o f  

v f  

: .' .i , c l e s   c e m e n t i n g ,   w a t e r   t r a n s f e r  .and 8"s hytl r t l tc   Luxture   formation f i x e d .  A 
, . ,  a i c r o s c o p k  % s t a a g . d F  h y d r a t e - s e f u r a f e d  sand's showed t h a t  y u s  hydrdtz   accumGlaLes 

i n  po rous   space   i n  f o r m 9  o f  f i n k  S e p a r a t e  crystals, l rydrrarc  f i l . m s  a t  p a r t i c l e  

: . w a t e r  t r a n s f e r  f r o m  i n n e r   p a r t s  o f  . s . a n l p l c s  to..tll,ci,r. ~ t ~ ~ r f n c e .   P r e l i n i i n n r y  

t a k e  y l b c e  i n  permnfrcrsr r c g j u n s ,  whore h y l l l n t c - - , c : U l l l u i n i . n y  c1,cpvsits ;11!: , y r c s r n t .  
C H ~  t jons s h a v e d   t h a t   w a t e r   t r a n s f e r  waq, i n  f i l m  q u d  vapor f o r m s .  Fixed processes: 

b y  s u r f a c e s  and   snow- l ike   accumula t ions .   Hydra t e   fo rma t i an  i n  sands  accomponied 
b b s u r v a  

INTRODUCTION j .  

Recent: i n v e s t i g a t i o n s  showed t h a t  p a s  IlycIrLttes 
> ,  

a r e  r a t h e r   w i d e s p r e a d ,  i n  n a t u r e  (Panaev ,  1987;,, 
C o l l e t ,  1 9 8 3 :  Y a k u s b e v ,   C o l l c t ,  1 9 9 2 ) ,  B e i n g  
noos to , i~h ion le t t i c   cqmpounds  o f  g a s  end   wa te r ,  
g a s   h y d q p > t . e s   p o s s e $ s   , p h y s i c a l   p r o p e r t i e s   f a i r l y  
s i t n i l a r , , t . q  . t .hat  of   ice^, and  hyd,raEe-formation 
and i c e - f o r m a t i o n   p r o c e s s e s   h a v e  c e r t a i n  s i m i l a r  
f e a t u r e s .   D u r i n g   t h e  g a s  h y d r a t e   f o r m a t i o n ,   a s  
w e l l  a s  d u r i n g   t h e  i c e  f o r m a t i o n ,   w a t e r   a c q u i r e s  
t h e   c r y s t a l l i n e   t e x t u r c ,   t h e r e f o r e  Lhe i n f l u e n c e  

, '  o,f t h e s e  two p r o c e s s e 9 , i n  t h e  rock i n  which  they 
.'b O C C U ~  i s  v e r y   s i m i l a r .  q u r p i d j f i e d  d i s p e r s e d  
" ' r a c k s  d u r i n g   t h e   f r e e z i i g .  o r  d u r i n g   t h e   h y d r a t e  

format ion   a re   cemented , , :  an& undergoing  some 
~ . ,  l i t h o g e . n e o u s   t r a n s f o r m a t i o n s   t h e y   a c q u i r e   t h e  

- a d d i t i o n a l   s t r e n g t h .  The s t u d y  o f  s t l b a q u c o u s  
h ~ ~ l i ~ a t e - c o n t a i n i n y ,  d u p o s l t s  showed t h a t  g a s  
$y,:<.5at?s can form l o c a l  a c c u m u l a t i o n s  i n  o u t w a r d  
h o ~ ~ , o g s n e y s  r o c k s .  Such accumula t ions   were  f o u n d  
i n  many s a m p l e s  o f  h y d r a t e - c o n t a i n i n g   r o c k s  
l i f t c J . , " f r an l   t he   bo t tom of  s e a s  a n d  o c e a n s  (Gus 
H y ? r e t e s . .  . . , 1 9 8 5 ) .  These   accumula t ion   which  
cab+ b e  named "hydra t e   t i ex tuyes"   sugges t  t h e  

f o r m i t i o n . '  The n a t u r e  a n d  m'edHalrtsm o f  mass 
t r a n s f e r   d u r i n g   t h e   h y d r a t e   ' f o r m a t i o n   a r e : v e r y  
p o o r l y  s t u d i e d .   T h e r e   a r k  o n l y  s tudfes  c o n c e r n -  
i n g   t h e  p r o b l e m  o f  the   mass   exchange   du r ing   t he  
h y d r a t e   f o r m a t i o n ,   m o s t l y  i t s  t h e o r e t i c a l  
aspects (Gro i sman,  e t  a l ,  1977: Tcherskiy, 
T,sarev,  1 9 7 7 ) .  However t h e   E a c t u u l   d a t a   ( b o t h  
ekperimeotel  and f i e l d )  o n  t h i s  problem  were 
i b s e n t .  T h e r e f o r e   t h e   f u r t h e r   i n v e s t i g a t i o t ~ s  o f  
t h e   h y d r a t e - c o n t a i n l n g   r o c k  genesis w i l l - s u r e l y  
r e q u i r e  t h e  r e p r o d u c t i o n  of the process   o f  the 
h y d r a t e   , d t c u m u l a t i o n .  Such r e p r o d u c t i o n  is 
i m p o s s i b l e  w i t h o u t   t h e   c o n s i d e r a t i o n  o f  c h u  Inas3 
exchange   in  rocks. 

METHODS 

'k . p o s s i b , l l i t y  of mas3 t r a n s f e r   d u r i n g   t h e   h y d r a t e  

r#" 

T h e  s e r i e s  o f  e x p e r i m e n t s  w i t h  Lhe scrnd o f  

. . - > .  ._  3 I I  

v a r i u u s   g r u n u l o m c t r i c  c o r n p o i i t i o n ,  

the   upper  100 111 g r a i n e d   q u a r t z   s a n d s   p i c k e d  f r o m  

f i n e -  a n d  m i d . -  h y d r a t e   t e x t u r e   f o r m a r i o n .  Washed 
promoting  thc r e v e a l   t h e   c o n d i t i o n s  a n d  r e a s o n s  
W A S  made t o  

of  the p e r m a f r o s t  zone of  Tasovskiy  peni l l su la  
a n d   q u e r f x - f e l d s p a r   l a r g e   g r e i n e d  s a n d s  f r o n  L I I U  
Moscow moraine  were  used  (The g r a i n  g r a d a t i o n  i s  
g i v e n   a c c o r d i n g  L O  c l a s s i f i c a t i o n  rf E . M .  Sergeevl. 
T h e  sands were   humidi f ied  b y  

t i o n  i s  shown 011 t h e   F i g . 1 .  
thc  insr tn ' l l i l -  about  + 2 "  t o  t4'C. The ~ c h c m e  o f  
t e m p e r a t u r e s  p l a c e d  i n t o  thd  a l r  f r e e z e r   w i t h  

. c y l i n d e r  n n r l  W L I S  l e 1  1 w 8 9  separo t .ed  from t h e  gas 
t h a l  t h e  Mpa a t  B t e m p e r a t u r e  o f  ? O q C .  A f t e r  

u p  t o  R n l e t i . ( r a l l y .   t h e   p r e s s u r e  w a s  incr 'uaser l  
c l o s e d  her-," w h i c h  methane flowed. The c e l l  W A Y  

c e l l   i r l t u  put i n t o  t h e   e x p e r i m e n t a l   p r e s s u r e  
c o n t a i n e r  w,is f o r  g a s  supply  I n t o  t h e  r o c k .  Thc 

C I I ~  i n  d i ame le r ,   c .on t$ ine r   posses sed  a h o l e ,  0 . 5  
bot lom of t h e  ': gas   t l ow  a long  Khe w a l l i .  The 

o r t i e r  t o  prevt:nt. a ~ k ' y e r  of p l a s t i c  heavy '   c lay  in 
were  covered h y  The YYiner wells n f  t h e   c o n L u i n e r  

c h r o m i u r n - p l a t e d  c u p p e r .  in d, iameter  made t r o m  t h e  
l e n g t h  a n d  S c m  c y l i n d r i c   c o n t a i . n e r ,  10 cm i n  

I n t o  t h e  t h e  exp&rim&nt t h e  s a n d  was l o a d e d  
c a p a c i t y .   D u t i n g  d i t y  o f  t h e   c a p i l l i r r   m o i s t u r e  

f rom  the  h ~ r r n i -  u n L i l  t h e i f   h u m i d i t y   r e a c h e d  0 . 5  
d i s t i l l e d  water  

p r e s s u r e   d e c r e n g i n g  in t-he c e l l ,  T h e  pressure 
d e c r e a s e d   u n t i l . t l l . 1  f r e e  water  i r ~  t h e  c C l l  w t l s  
t r a n s f o r m e d  i n t o  h y d r a t e .  The t e m p e r a t u r e  i n  , the 
f r e e z e r  'arid thonfell' came iHto.C'quiliibF'i:unl, t h r :  
pr-essure  ill t h e  @all d u r i n g  1-3 m i 1 l ' u t v . s  w'as 
l owered  t o  t h e   u t m o s p h e r i c   v a l u e .  'I'he c e l l  W ~ S  
opened ,  tHe c o n t a i n e r  w i t h  t h e  f r o z e n  hydra(.<:- 
s a t u r a t e d  sample  was cakcni o u t  and v a s  c u t  i 1 1 L r r  
5 p i e c e s . a l o n g  the  he l e n g t h .  E u c l ~  p a r 1  humi- 
d i t y  were  measured. 

h y d r a t e  a 1  t empora tureu  below O ° C  rl I scovaruri .  
e a r l i e r .   t h e  s t l d y .  n f  t h ~  hydtHt('--Cirlt\Irnrrrl 
s u m p l e u  was  condocted  using Imelhol ls  developed  
f o r  t h e  frozen s o i l s  ( E c u h o v  e t  a l ,  1990, 1 9 9 1 ) .  

'The h y d r a t e   f o r m a t i o n   p r o c e s s  was f i x e d   w i t h  

Due t o  t h e   S e l f - p r e s e r v a t i o n  e f f e c t  of  ' ~ D S  



Microscopic  study  of  the  permafrost  hydrate 
saturated  sandy soils allowed  us  to  ascertain 
the  fact  of  the  hydrate  accumulation  in  the  pore 
space  forming  films’on  the  subEace  of  mineral 
particles,  accumulations  of  separate  small.crys- 
tals  within  the  pore  space  and  especially  along 
the  contacts of mineral  particles  and  small 
(with a thickness of 1-2 mm) streaks  of  the 
solid  semitransparent  hydrate (Fig.3). Hydrate 
schliriens  were  filled  predominantly by accumula- 
tions of small  needle-like  crystals  resembling 
the  solid snow, the  thickness  of  the  crystal 
streaks  did  not  exceed 3 mm. As a rule  hydrate 
inclusions i n  the  pore  space o f  :the soils have 

filtration of the  gas.  However  at the same  time 

white-coloured  hydrate  which had no visible 
we  observed po;es completely  filled by the 

porosity.  Such  pores  completely  filled by  the 
hydrate  were  observed  relatively  rarely  and 
they  neighboured  with  areas o f  the  good  filter 
capacity. 

14 the  porous  structure  which  permits  the  free 

Figure 1. Scheme o f  experimental  cell 
1-cell  body;  2-flange  cap; 
3-window;  4-plexiglass  cylinder; 
5-teflon;  6-rubber; 
?-container  of  rock; 8-’clay; 
9-humid  sands; 

11-thermocouple; 
10-pj.ston; 

13-microvoltmeter;  14-gas  cylinder; 
12-manometer; 

15-admitting  value;  16-outlet  value. 

RESULTS AND ANALYSIS 

The  visual  study  permitted  us t o  ascertain 
that  in  the  sand  rocks  methane  hydrates  can 

the  permafrost  rocks.  Massive,  crust-like, 
form a texture  resembling  the  cryotexture in 

were  fixed (Fig.2). The  essential  difference 
porphy-like,  lense-like  and  layered  textures 

of hydrate  textures  from  cryotextures  in  perma- 
frost  rocks  is  that  the  most  diversity of thc 
hydrate  texture  types i s  observed  in  large- 
grained  sands  and  in  Eine-grained  sands  the 
massive  cryotexture  was only established. At‘ 
the  same  time  for  cryotextures  the  most  diver- 
sity  of  types  is  observed  in  most  high-dispcrsed 
soils, i.e. in heavy  sandy  loams,  loams,  clays. 
The  hydrate  texture  formation  as a rule  occurs 
i n  the  places of the  heterogeneity in the  soil, 
i.e. along  the  boundaries o f  organic and 
inorganic  material  inclusion, a l o n g  the  confacts 
of  the s o i l s  with  different  dispersion (e.g.- 
sand-clay  contact),  and  in  the  places of incom- 
pact  packing  of  sandy  particles.  The  primary 
heterogeneity  in  the  soil  providing  more  favour- 
able  conditions  for  thc  hydrate  formation  than 
the  neighbouring  arcas  appears  to be necessary 
f o r  the  hydrate  texture  formation 

a b C d e 

- .  ~ g u r e  2. Types of hydrate  textures  established 
during  the  experiment o f  the  hydrate  saturation 
of sands 

-a-massive,  b-cryst-like, 
c-porphyr-like,  d-lense-like, 
e-layered. 

F i X u r c  3 .  Methane  i n c l u s i o n  in  t h e  sample o f  

t h e  f i n e - g r a i n e d  s ? i n d s  

The  study of  the  humidity  distribution  in 

hydrate  formation  there  was  water  transfer  from 
samples  showed  that  during  the  process of  the 

the  central  areas  of  samples  to  their  edges 

of  humidity  was  observed  in  fine  grained  sands. 
(Fig.4). The most differentiated  distribution 

After  getting  samples  out  from  the  cell  the 
edges of  them  possessed  the  peculiar  hydrate 
“caps” compo-oed of separate  elongated  needle- 

accumulations, The bottom o f  the container 
like  crystals and of crystalline crust  and 

possessing a relatidely  small  hole  and  the 
preliminary  methane  blowing of  the  sample  being 
directed  upwards,  the  hydrate  “cap”  near  the 

where  the  humid  rock  had  free  contact  with 
bottom  was  considerably  smaller  than  at  the  top 

volume of thc  hydrate-forming  gas  along  the 

of the  water  balance  in  samples (Fig.4). Water 
larger  area.  This  was  reflected  in  the  diagrams 

ably  larger  than  under  the  lower  one.  The  dif- 
accumulation  above  the  upper  edge  was  consider- 

ference  in  weights  of  the  water  accumulated  on 
the  different  edges of the  sample  appears t o  be 
related  with  the  consequences  of  the preliminary 



blowing  of  samples,  because  the  humidity  changes  time a rather  low  gradient of 
along  the  sample-  from  the  centre  to  edges2  are 

g a s  concentration, 

approximately  the  same  in  both  directions. 
causing  the  gas  migration  inside the  sample, 
must be established  between  central  and s u b -  I 
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Figure 4 .  Water  balance  in  the  samples of the 

hydrate  formation 
sand  with  different  dispersion  after  the 

a,b,c,d - large-,  mid-,  fine-grained  sand, 

Wi  and W - the  humidity o f  the  samples  before 
respectively. 

and  after  the  experiment,  respectively. 

ducted  we can  imagine  the following  way  of  the 
Based on the  results  of investigations  con- 

formation of hydrate  “caps“ on the  exposed  sur- 
faces of the  rock  samples  and of the  hydrate 
accumulation  in  the  places  where  the  rock  is 
heterogeneous  (the  hydrate  texture  formation). 
After  the  beginning  of  the  hydrate-  formation 
process  the  active  formation  of  the  hydrate 
crystalline  embryos  begins i n  the  areas  where 
the  rock  is  heterogeneous  and on its  exposed 
surface, i.e. where is: A free  space  for  the 
crystal  growth  and  an  access  to  the  hydrate- 
forming gas.  While  the  hydrate  film  in  the 

gas  from  the  water,  the  possibility o f  the 
inner  parts o f  the  samples  almost  isolates  thc 

and t,he gas  filtration  to L h e  centre of  the 
crystal  growth  is  confined by the pore walls 

sample  is  made  difficult by  the  rock,  crystals 
i n  places o f  heterogeneity  and  on  exposed  sur- 

able  conditions  for  their  growth. 
faces of the  gas-water  contact  have more favour- 

of  the  samples  of  the  constant  flow o f  moisture 
results  in  the  establishment  in  the  inner  part 

from  the  centre  toward  the  exposed  surface  of 
the  samples.  Migration  seems  to  occur in the 
form o f  A f i l m  f r o m  both sides of  he hydrate 
crust  covered  mineral  particles. A t  the  same 

Active  growth o f  crystals on the  edges 

mation  in  dispersed  rocks. 

the  places o f  heterogeneities. 
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DETECTION OF FROZEN SOILS AND SOIL MOISTURE CllANGES . .  
BENEATH  HIGHWAY PAVEMENTS 

, ,  

David C .  Esclr 

Alaska  Department o f  Transportation 
Headquarters  Engineering  Stnndarda 

Juneau, Alaska 99803-7898  

Instrumentation types €or the determination  of  soil  moistuzes  and frozen layer  positior 
we&@  reviewed  and  aystems selected for two 1991-92 field  pilot  study  installaLionv of 
different  *ensor types. Literature  reviews and labvLaLory evalrmtions  were also tiona t o  ai 
questions  about sensor design3 and  the  capability of different systems to detect €cozen 
layers. Trial. systems  were  installed a t  two Strategic  Highway Research Program highway 
pavement  sites,  located  in Idaho and New York. Sensors included  thermocouples  and encapsu' 
thermi3sor3,  soil electrical resistance  probes,  and  soil  dielectric  constant  measurements 
time-domain (TOR) and frequency shift probe logging  techniques  (Sentry 200). The trial ' V I  

probes included  both two and three prong, and flat and curved probe types. 
The advantages and disadvantages of each s y s t e m  are discussed f'rom the standpoints  of 

readability,  calibration  needs  and  installation  difficulties  in  boreholes.  Basad on the 
observations made  in this study,  final  plans  were  developed for the instrumentation  and 
monitoring of 62 additional  highway  pavement  study sites. The field subsurface monitoring 
climatic  effects on pavemnt structural layers vi11 be continued on a monthly basi~ for 
yeveral  years,  and will include  measurements of pavement  rwsponse to loads, paveinerrl 
roughness, and f r o s t  heaving. 

JNTRODVCTION 

One of the rosearch  objectives of the  Strategic 
Highway  Reaearch Program ISHRP) as conducted  by t h e  
United  States'  National  Research  Council, i s  the 
measurement of frozen soi l  lryer  boundaries and other 
seasonal changes which can affect the structural behavior 
of highway pavements. To evaluate  alternative nethods of 
detectLng frozen soil boundaries, fr~st heave, and 
moiature content  changea  in  thawed soils a t  the lowest 
possible costs, a panel of experts was  asked to recommend 
the most economical  and  reliable  instrumentation types 
for field trials. h final  plan  was approved for f i e l d  
trial  installations  at two highway  locationa,  and five 
sensor types wure  installed i n  t h e  Fall of 1 9 3 1 .  The 
primary requirements  were  that  inatrumentation be 
installed  in  boreholes  through  paved  highway traffic 
lanes, and that  equipment be reasonably low in Cast. 
Saline soils from highway  de-icing  aalt applications 
present additional problems of freezing point depressions 
and electrical  resistance changes in the soil,  which  had 
to be considered i n  frozen layer detection. 

electrical measurements of temperatures, electrical 
reaiatanceu  and the di-electric constants of  mila. 
Temperatures were determined from Type T thermocouples 
and from thermistors.  Electrical  resistance measurements 
were obtained from soil contact  rings  wired onto plastic 
rods at 5 cm intervals,  with AC resistances measured in 
both 2 and  4-wire modes. The moat innovative portiorl of 
the study  involved the installations  for measurements or 
the  di-electric constant3 of the soil layers,  uging time- 
domain and frequency-shift,  resonant  circuit  measurement 
systems. The measurement of the  di-electric  constant of 
soils appears t o  be ideally  suited to determinations o f  
the frozen O r  thawed state of soils since t h i 8  value Is 
directly related tc the  unfrozen rnoiatura content. 
Signlficant  changes  in  the  dl-electric  conatant  at 
temperatures at or below zero  degreea will indicate  that 
phaae change has  occurred, and the indicated moisture 
contents provide  a meaaure o f  ths unfrozen rnoioturw 
content of the soil. 

The systems chosen for field svaluations were  based on 
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MOISTIJRE SENSOR BASICs' 

Xn the judgemarit o f  the experts yu. 
monitoring  work,  the most. reliable mo. 
system3 are based on the sui L's, di-el4 
which is related to the "aleccrical ci 
soil. The di-electric  constant ( e )  0:  

defined a8 the square of the  ratio OF 
travel o f  an  eloctromagnetic  wave in i 

velocity of travel  in  that  material, 

Where : c  $peed of EM wbvl 
v - speed of wave in 
E - dielectric cons1 

'l'he dielectric  constant  varies fro1 
soil with  no  water, to 80 for pure wal 

soil a t  water contents between  these I 
directly  relat8d to the  volumetric pel 
water  in the soil,  through  an empirici 
developed and reported by Topp, Davis 
through  dielectric mixing theory baser 
f o r  soil,  air  and  water a s  described I 
ability of TDR soil probe systems t o  ( 

water conrents of partially  frozen SO. 

in studies reported  by  Smith  and Pattl 
As mentioned  above, two methods of 

o€ the  dielectric  conatant of a sui1 
available in  commercial  form,  and bot1 
the  field  studies. The first and most 
domain  reflectometry (TDR) method, up: 
model 1502 system, as reported on by I 

The second in the  frequency  shift mea: 
wing P moil ptob. myat- from Troxlor 
Sentry 2 0 0 ,  terpd the "SZOO" in disc1 

le E 

ed 
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ng the  field 
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M R  MOistur8 Sensor De3j.W Ca- 
Time  domain  reflectometry  (TDR)  equipment  was 

originally  developed  for  measuring  electromagnetic  wave 
travel  times  to  detect  breaks or shorts  in  electrical 
conductors,  and  has been adapted to the  measurement of 
aoil  moisture  by  agricultural  researchers.'  The  field 
trials  discussed  herein,  as  well as all research  reports 
found  in  the  literature,  were performed with  and  are 
specific  to  the  wave  frequencies of the  Tektronics  Model 
1502, (series B and C) cable  testers. 

The  principle  of  the  TDR  system is similar  to  a radar 
system,  in  that  an  electromagnetic (EM) wave is 
transmitted  and  the  reflected  waveform  is  recorded  and 
analyzed  to  measure  the  distances to objects which 
reflect  the  waves. In the TDR method  the  wave  is 
transmitted  along  a  shielded  coaxial  metallic  cable 
(commonly of type RG-SE, 50 ohm type)  which  connects  to 
the soil probe  roda.  The  cable  and  probe  rods  act  as  a 
waveguide,  although  the  wave  actually  is  transmitted 
through  the  medium  surrounding  the  conductors.  The  wave 
velocity  is a function  of  the  dielectric  constant ( e )  of 
that  medium.  Sudden  changes  in  the  dielectric,  as  well as 
open or ahort  circuits  in  the  cable,  will  create  wave 
reflection  or  wave loss points  as  indicated  by  slope 
changes  in  the  return  wave  pulae,  which is plotted  on  the 
screen  and  recorded  on  the  chart  recorder  of  the  TDR. 

For soil moisture  applications,  the  co-axial  cable 
center  conductor  from  the  TDR is connected  to  one of the 
two or  more  metallic  rods  which are inserted  in  parallel 
into  the  soil to be  measured.  The cable's outer  shield is 
connected  to  the  outer (3-prong) Or second (2-prong) rods 
of  the  soil  probe.  The  TDP  screen  diaplays a rise  and 
fall  in  the  return  signal  strength as the EM wave  enters 
the  probe  rods,  followed  by  a  second  rise  in  the  return 
signal as the  wave  hits  the  end  of  the  probes  (Fig. 1). 
The  apparent o r  "electrical"  length of the  probes  is 
uqaaured  from  the TDR chart  record,  and  compared 
mathematically to the  actual  length to calculate  the 
dielectric  constant,  according  to  the  following  equation: 

E (La/Vp.L)' 

Where: e = di-electric  constant 
La - apparent  length of probe 

(from  chart  of  TDR) 
L - actual  length of probe 
Vp - phase  velocity  Settinq on TDR 

(normal- I 9 9 )  

usage of a TDR to measure  moisture  contents  beneath 
highways  was  studied  by  Stott,  Patterson  and  Phang 
(1983). The  application  to  measurement of frost  depths 
below  roadways  was  reported  by Ksne (1986), who  tested 
both  straight  and  curved  2-prong  TDR  probes.  In 1989 a 
new TDR probe type,  using 3 pronga to create a balanced 
waveform, was developed  in  Australia  (North, 1989): 
creating  a  stronger  return  signal and increased  accuracy. 
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TDR Probe Desian Factors 
Knowledge  of  the  area o f  influence of soil  moisture 

around  the  probe  rods  is  an  important  consideration  in 
TDR  senaor  design, and in insballation  and  calibration 
work,  particularly  for  installation in boreholes. 
According to the  literature,  the  influence  area of a TDR 
probe  set is frequency  dependent  but  is  roughly equal to 
an  ellipse  surrounding  the  probe  rods as shown by Figure 
2 for  the  two  prong  type.  For  3-prong  probes  the  pattern 
is similar  except  that  majority  of  the EM wave  energy 
follows  the  center  conductor.  When  flat  probes  are 
installed  horizontally  at  various  depths  in a borehole, 
the  moisture  measurements  will  be  entirely  confined to 
the  backfill  material,  while for curved  probes  positioned 
around  the  wall  of  the  borehole,  the  moisture  sensed  will 
be  half  in  the  surrounding  soil  and  half  in  the  backfill. 

In a.review of  the  literature,  a  confusing  array  of 
soil  probe  designs,  dimension8 and materiala  will  be 
seen.  However,  because  the  probe  rods  only  guide  the 
direction of the  waveform,  the  probe  material,  diameter 
and  whether  they  are  hollow  or  solid, do not  matter.  The 
spacing  between  the  probe  centers  should  always  be 
smaller  than  a  tenth  of  the  wavelength  of  th@ EM signs1 
(Stein  and  Kana, 1983). Since  the TDR system  transmits  a 
variety  of  wavelengths  from  frequencies  between 1 and 
1000 MHZ, adequate  signal  return  strength  will  be 
obtained  with  any reasonable probe  spacings  that  can be 
accomodated  in a borehole  installation.  In  practice, 
probe rod spacings  of 2 5  to 50 m are  most  commonly used, 
while  probe  lengths  vary  from 150 to 500 mm. Wider  probe 
spacings  result  in  measurement of a  larger  volume o f  
material,  at  the  expense of signal  clarity  and  strength. 
Similarly,  longer  probes  measure  more  volume  and p e d t  
more  accurate  readings. 

In saline  soils  the  signal  strength  will  be  lowered 
and  eventually  lost as the  probe  length is increased,, due 
to  cumulative  electrical  shorting  of  the  probe  rods. FOI 
this  reason,  shurter  probes  will  be  required  as salinity 
levels  increase. An alternative  for  saline soils, which 
was not  tested, is to apply a layer of, electrical 
insulation to one of the  probe rod8 to  counteract  the' 
shorting  effects  of  salinity.  Unfortunately  this 
invalidates  the  normal  calibration  equations for TDR 
probes.  The  probe  design  length  and rod spacings  must be 
a compromise  between  the  desires  for  increased 
&'asuremnt  volume  and  the  reality  of  decreased  strength 
and  eventual loss of the  return  signal. 

Figure 2 .  Influence  zones €or 2-prong  TDR soil probs. 
Based  on  contours of equal  power  density.  Note mhxhum 
effect of soil between  probe rods. After  North  (1989) 



Field  Placement of TDR  probea 
A primary  purpose of the  field  pilot  studies  was t o  

investigate  the  feasibility  of  ahd time requirements  for 
placing  probes in a  borehole  at a series of depths  to 1.8 
m  below  the  surface.  This  avoids  the  problems of teat 
pits  which  cannot  be  exactly  rentored,  and of-sqarsa 
grenular soils where  the  probes  cannot  be  driven.'" 

The SHRP trial  installations  were  designed  to  evaluate 
the  benefits of straight 2 0  cm long TDR probes  which  were 
pleced  flat  on  the  bottom of the  borehole  at  15  cm 
intervals of depth  during  the  backfilling  operation; 
vecsus  the  use  of 90 cm probes  curved to fit  around the 
side of a 25 cm  diameter  borehole.  The  benefits of 2 
versus  3-prong  probes  were  determined  by  alternating 
between 3 and  2-prong  systems  in  each  borehole,  with a 
total  installation  at  each  site of two TDR  boreholes  and 
10 probes  per  hole. All probe  rods  were of 6.35 mm 
outside  diameter  stainless  steel  tubing,  held  in 
alignment  with  Lexan  plastic  spacers  and  nylon  screws. 
For installation,  pavement  cores 0 . 3  m in  diameter  were 
first  cut  with  diamond  type  core  barrels  and set aside 
for  later  replacement.  Anger  borings  were  then  made t o  
the 2 m  depth. All materials  were  removed  and  stored  in 
sealed  containers  to  avoid  moisture loss. Soil layers 
were  then  replaced  in  original  positions  and  drop-weight 
compacted to prepare for each of the  flat  probes,  which 
were  placed  at  the  required  depths  in a thin  layer  of 
loose  soil.  Moisture  samples  were  taken  at  each  probe 
location  for  calibration  purposes.  Curved  probes  were 
held  against  the  side of the  botehole  while  compacting 
the  soil  in  layers.  Both  probe  types  withstood  the 
compaction  process  with  few  problems.  Following 
installation,  the  pavement  was  sawcut  for  the  extension 
cables  leading  from  each  probe to a  roadside  junction  box 
from  which  readings  were  made.  Finally,  after  backfilling 
the  pavement  cores  were  bonded  back  into  place  with 
poorable  plastic  sealants  to  prevent  water  infiltration. 

FREQUENCY SHIFT (SZOO) SYSTEM: 

AS an  alternate  to  the TDR system  for  soil  di-electric 
and  moisture  measurements, a new  downhole  probe  type 
logging  system  as  conceived  end  tested  by  Selig  and 
Wobschall (1975) and  further  developed  and  marketed  by 
Txoxler  Electronic  Laboratories a8 the  "Sentry  200"  model 
IS200), shown in the  photo  in  Figure 3 .  I n  this  system 
the  moisture  sensing  probe,  which  is 48  mm in diameter by 
150 nun in  length,  measures  the  capacitance  between  a  pair 
of electrodes  separated  by a plastic  spacer  and 
fabricated  to  serve  as  the  tip of a probe rod. This probe 
i a  lowered  inside a non-metallic  casing  which  has  been 
placed in intimate  contact  wjth  the soil, either  by 
driving  it  or  by  tamping  the soil as backfill  around  the 
casing  after  augering  a  larger  hole.  The $200 system 
operates  on a frequency  shift  meaaurement  technique  in 
which  the  sensor  electrodes  and  the  surrounding soil 
become  parts  of  a  resonance  circuit  whose  frequency  of 
oscillation is a function of the  circuit  components. 
Primary  factors in  the  resonant  frequency  are  the di- 
electric  constant of the  surrounding  medium,  and  the 
geometry  of  the  probe  itself.  From  the  measured  resonant 
frequencies  in  the  Soil  and  in  an  electronic  calibration 
mediurp, the  frequency  difference or "shift" is recorded. 
The  probe  readout  system  then  computes  the  moisture 
content based,on material-specific,  internally  stored 
calibration  equations. 

Unfortunately,  the soil's electrical  resistance i s  
also  a  factor  affecting  the  calibration  equation.  This 
becomes a problem  when  salinity changes occur  in  the 
porewater,  as  when  a  highway is  aalted f o r  ice  control. 
and the  surface  seal  allows  water  intrusion. 

Influence  Zone  of 5200 Svstem 

two  materials. 
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Figure 4 .  I n d i c a t e d  5200 m o i s t u r a   c o n t e n t s   i n   s i n g l e  
l aye r ,  s i l t y  c lay   wi th  grave l ;  before a n d   a f t e r  freezing. 
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Figure 5. Luboratory  indicated moisture c o n t e n t s  for 
s i l t y   g r a v e l  base l a y e r s  with  thawed  layer  of 9.41118 soil 
placed ovet   f rozen   layer .   Sent ry  200 logging   sys tem.  
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Figure  6 .  Indica ted  S200 moisture   contents   with  thawed 
l e y e r  ( 2 )  placed  over  froxso  l a y e r ;   a n d   a f t e r   l a y e r  (1) 
was thawed,  and s i l t y  c rushed  rock layer ( 3 )  was added. 
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Figure  7 .  EffecLa of temperature and t I t ! e ? i ~ ~ q  url $200 
i n d i c a t e d  moisture c o n t e n t $  L I L  y o i l s  

s a l i n i t v  Etfects 

i n s t a l l e d  t o  mid-depth of t h e  sample c o n t a i n e r  to proviee 
an access p o i n t   f o r   i n j e c t i n y  a s a l i n e   p o r e w a t e r  aolut.i.on 
with u c o n c e n t r a t i o n  of 2 0 , 0 0 0  p a r t s   p e r  rnilLion (ppnl}. 
Approximately 1/2 l i ter  of t h i s  aolucion uaa i n j u c t s d  
i n t o  a 100 kg s o i l   s a m p l e  mass, t o  s t u d y   t h e   e f f e c t  of 
changing  porewater  s a l i r r i t y .  TDR probes o f  t h e  two and 
t h ree   p rong  t y p e s  were a l s o  instol led i n  these tears, to 
compare t h e  e f f e c L s  of s t r l l n i t y  nn both syst.erns.., In 
sumrlary, t h e  S2OO-indicated soil Inois turc  corIc.ent .climbed 
by roughly 10% over  t w o  days ,  as the s a l i n e   p o r e w a t e r  
d i f f u s e d   a r o u n d   t h e   c e n t e r   c a u i n y .  flowever, t h e  ,TDR 
probes i r rd ica ted  l i t t le or no change in moisture . .  The 
e f f e c t i v e   i n c r e a s e  In sail moiature E K O ~  t h e   s a l i n e .   w a t e r  
added was c a l c u l a t e d  t o  be less than 1%. c he major  effect 
of s a l i n i t y  on t h e  SZOO come8 from the c o n t r i b u t i o n  of, 
t h e   s o i l ' s   e l e c t r i c a l   r e s i s r a n c e  t o  t h e   f r e q u e n c y  q h i f t  
valuws i n d i c a t e d  by t h i s  moisture meaauremnt   system.,  
use of measured yoil reaiatance v a l u e s  t o  c o r r e c t  for 
soil s a l i n i t y   a p p e a r s  pQssihls,  I j u t  was not a t t e m p t e d .  

In a BeCond saries of tests, a small tube  waa. ,.,. 

C o n c l u a i o n ~   o n  5200 
Conclusions  drawn from t h e a e   l a b o r a t o r y   s t u d i e s  

i n c l u d e   t h e   f u l l o u i n g :  
* Soil porewater s a l i n i t y   c h a n g e s  curl cause 

e x c e s s i v e l y   l a r g e   e r r o r s   i n   i n d i c a t e d   m o i s t u r e 3  
* D i f f e r e n t .   c a l i b r a t i o n   e q u a t i o n s  a r e  needed t o  

p r e d i c t   a c t u a l   m o i s t u r e   c o n t e n t s   f o r  soil 
* Fig1.d or l a b o r a t o r y  c a l i b r a t i o n  c h e c k s   a r a  

n e c e a s a r y   f o r   b e s t  accutacy. 
* The a o i l   m o i s t u r o  influence ftroa io r e l a t i , v e l y  much 

l a r g e r   t h a n   t h a t  for t h e  TDR test method. The 
c e n t e r  of the probe  muat be a t  l eas t  150 nun below 
t h e  '*oil nurfsce fox  readings to be tree of  surface 
effects. 

* Sensirrg of mois ture  corrtenru i n  base c o u r s e  layers 
which l i e  cluser than  150 ~rm t o  the bol.Lum of e 
pavement i s  not possible. 

of t h e   c a s i n g  will not bc a c c u r a t e .  
* Moisture readings  made within  150 nun of Lhg bottom 

* Layer s   t h inne r   t han  300 mm cannot  be measured with 
accuracy .  

* The t r a n s i t i o n  zone around a Lrozen / thswed   l aye r  
c o n t a c t  is again approxLmately 300 mm I n  width.  
The p o t e n t i a l s   e x i s t . f o r  use o f  a much smaller 
probe .of t h i a   t y p e   t o  meaaure t h i n n e t   l a y e r s   a n d .  t o  
more accurate ly  sense thaw i n t e r f a c e s .  

I67 



Field  In~tallationa of 5200 

The ~ 2 0 0  method of moisture  measurement  was  included 
in  the  field  studies by installing 50 mm inside  diameter 
by 1.5 m  long  plastic (PVC) pipe  casings  through 150 mm 
diameter  coreholes  made  through  the pavement. Two  field 
inatallatian  methods for placing  the  soil  caaings  were 
teated, as  follows: 
. Method A; useable in any,soil type, was to auger  a 150 
m bprehole to the  maximum  depth of measurement.  The PVC 
casing  was  then  capped  on  the  bottom  and  placed  and  held 
in the  center of the  borehole  while  alternately  pouring 
in small portions of the soil backfill and compacting 
with  a  hollow  soil tampex which waa dropped down  over t .he 
caslng. Maiscure conterlt samples were taken f r d m  the 
backfill soil a t  frequent  intervals to provide field 
calibration  factors.  This  placement  technique  worked 
extremely  well.  The primary precaution  naaded is 10 
assure that the  moiature  content, soil type  and  density 
of the  backfill  march  those of the  surrounding soil. 

Method B; useable  only in fine-grained soils which a r e  
I not  excesaively  dense, was to  place  the casing by 

alternately  driving it into the soil with a hammer and 
wood  block, irrrd augering  ahead  with an auger amall crruuqh 
to  slip  dawn inside the  casing. This method was tried 
unsuccasgEully at the  Syracuse site,  due to stoppage by 
rock particles. It waa  used at the Boise, Idaho Site in d 
dense  sand  whlch  allowed  only slow and  digficult 
advancement of the casing, and  which so constricted  the 
PVC casing  that it had to be  reamed  out  to  allow  the 
prabe ta be inaetted.  This  method  may be very limitsd i i i  

aub-roadway  applications due PO the  high  soil  densities 
commonly  present  there. 

TO complete  the  LnstallatLons,  watertight case9 with 
removable covezs  were  installed  and  bonded  in  place to 
weal  the  pavement and to  thereby  prevent  additional  water 
Lnfiltratjon around the  borehole. 

The primary bsnefits of the S200 system are that  the 
field installation  is  greatly  simplified,  and  that 
masaurements  may  be  made st any  desired  increaents  of 
depth. However,  the  roed muat be  clowd  to t r a f f i c  fox  
reading8 to be  made,  while TDR readings  can be macle 
remotely thraugh any  reaaonabJe  length of coaxial 
connsction  cable. It should be  noted  chat  SeparaLe  probes 
of the S-ZOO type can also be permanently  installed and 
remotely  read. However, their  high  cost  makes t.his 
approach  prohibitivs on I low budget  installation. 

'@J4PERATURE SENSORS 

The two moat  common senbor types for aoil ternperaturey 
were  chosen f o r  the field installations. The first was 
t h e  Type T thermocouple. using the best available 
"special  limits of eKmK'' thermocouple  wise. Field 
reading3 were made  using  an  ice-bath  reference  junction 
and a digital  multi-meter  rcading t o  one micro-volt  which 
provides a resolution  of .03"C and an accuracy of perhaps 
0 . 2 ' C  under  ideal  conditions.  The aacond waa the g lass  
h a d  thermistor,  matched ta use a single  calibration 
equation  and  providing  a  field  accuracy o f  about tO.l*c. 

The thermistor  string  assemblies  were  purchased 8.4 

prefabricated  assemblies  containing  15  chamistors,  which 
had been  sealed  inside  a 25 mn O.D, Lucite  tube 
containing an internal  switching  circuit wo that  all 
aensors could be read  through a three-wire connection 
c a b h .  This system,  manufactured by the  Meaaurpmunt 
Research COlnpanY (HRC) Of Bellevue,  Washington Is read by 
a amall hand-held  digital  device,  which provide8 a direct 
temperature readout to O . O l ° C .  

typea, 4s discussed i n  detail by Each ( 1 9 8 9 ) .  The primary 
Advantage- and disadvantag~s mxist in both serlaor 

Figure 8. Comparison of field  tempe arure measurements 
from  paired  thermocouples  and  therm story busied in 
permafrost at 6 m depth,  over a 10 f ear period. 
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Figure 9. Temperature versus time p ot.? of adjacent 
tlmrmisturs in permafrost.  Indicate drift .  alrd erratic 
callbrationa of thermistors at 3.8 nd 4.1 m  depths. 



SOIL ELECTRICAL RESISTANCE PROBE& 

The determination of frozen  layer positions from 
measurements of the  AC  electrical resistance between a 
aeries of copper rings  aasernbled on a  vertical probe rod 
has be@n described by Atkins ( 1 9 8 9 ) .  The SHRP probes  were 
assembled to the  design as  developed by USA-CRREL, and 
had  a  length of 1 . 8 3  m  with soil contact rings spaced at 
50.8  m intervals;  each  ring  being connected to a 
aeparate  Conductor in a  commercial  multi-conductor  cable. 
The cable i s  embedded  into a slot milled into the side of 
a 32 m PVC plastic  rod.  Copduqfors are, soldered to each 
o f  the  soil  contact  rings  which are made by circling the 
rod  with three wraps of 1.12 guage copper wire. 

The probes  were  installed in the same: . 2 5  m diametst 
boreholes as the curved TDR probes. Impact compaction end 
rodding wets used to assure soil contact with the 
resistance rings. Field  readings were made with an AC 
voltage and current source attached to each ring  pair i n  
sequence.  Additional  readings  were made with the more 
technically  correct  4-wire hookup, in which a  voltage is 
imposed and current flow measured betweeythe two outet 
r ings  of sequential  +ring sets, end the voltage drop 1s 
meaaured between  the two in'ner Kings. Thia,method 
eliminates the contact resistances between the soil and 
the  rings, and will  be  further evaluated in future work. 

There,  twa  test dates indicated soil freezing, which 
reached a maximum o f  0.5 m i n  late January sf 19Y2. 
Except in  the  relatively  dry gravel,gpd crushed rock 
layers,  the  probes  otherwise parforrneJ well. Resistance 
values in fine grained  yoil$  typically doubled u.pon ' 

freezing. The resistance  values did not react  tO  freezing 
of the gravels in the  upper 0 . 1  m below the pavement. 
It is apparent  that,*sorae judgement i a  needed ln the 
interpretation uf soil  resistance  versus depth p ~ o f i l e ~ ,  
as the  values  are  variable in tima and  with material 
types.  Better results'are obtelned when  frequent 
observations are made. However, the relpistance probes 
were judged useful in frozen layer detarminetions,  and 
included in the final  monitoring equipment plan. 

A t  the test  sites,  freezing  occurred  only at Syracuse, 

Baaed on sensor  evaluations and field installation ' , 

triels aa described above, racomnendations '€OK simplified 
field  installations  at 6 2  North  American  highway  study 
sf.teY to be instrumented  during 1993, were as follows: 

* Temperalure  monitoring w i l l  be dons a t  all 3iLes 
- ,  

u s i n g  encapsulated  thermistor probe aaaemblieu, 
which  provided the mo8t  consistent and accurate 
temperature  measuremanta  under field conditions 
with u variety of operatora. Frost depths will be 
inferred  from the temperature data. 

loii'electrical resistance prdbes 'will be installed 
trt.those  sltes  and depths whare  significant  soil 
freezing is anticipated. These probed will 
supplement so i , l  temperature data for froet depth 
determinationa  and are particularly nece~sary in 

, aeline soil conditions. 

a Soil moisture moniLorillg w i l l  be dona using t h e  TDR 
procedure at  aitea subjected to salt intrusion 
potentials from de-icing chemicals. The TDR method 
a.L.ao provides good indications of the frozenlthawed 
state of 'boils up to salinities so high  that the 
TOR signals are lost  due to electrical shorting of 
the probes. If shotting becomes a problem in the 
field, the use of electrical insulating coatings on 
the Center probe rods will  be tested in future 
installations. 

* TDR probes o f  both €lat and curved types worked 
welL in the €leld. The 3-prc~ng probe des lgru  proved 
slightly superior in signal stren'gth and quality. 
and will be utilized ill a fldt configuration, with  
pro 'bs  200 nun i n  length  and spaced at 38 nm apart. 
Up to ten TOR probes w i l l  he placed  at intervals of 
Uepth in 254 mm diamelor auger holes ma& through 
the pavement a t  the outer wheelpath. 

* The pavement w i l l  he resaalad above € h e  probes by 
' I  ' the reinsertion and re-bonding o t  the paVement Cora 

which was c u t  out,in proparatioq t o r  the; borehole. 
All temperature, soil resistance and TRR probe3 
will  be plirced in d single boreholci t.0 minimize 
time and costs. 

> ,  
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. ,  

, n 
' Basing on the our experirhentai data for the dieltxtrical  properties of f l y  frozen 

ted with NiCl and KC1 solutions ( with  various  initial  concentrations 10- - 1 
were evaluated the principal  electromagnetic wave propagation  parameteres: 
tive  indexes,  reflective  coefficients, surfase 
ent ect.' 'The values of all parameteres have been 
at positive and negative temperatures below and above 
fluid. Thc,paper presenta the prime results and principal regularities that 
specificity of the influence d permafrost  salinity on 
parameter-  important for geophysical  investigations, 
coast  regions. 

INTRODUCTION 
I_ 

The solution to many scientific and practical prob- 
lema connected with the design and field realization of 
geophysical  electromagnetic  methods at permafrost 
areas, to remote  radio wave research for construction, 
electro-  magnetic  sounding,  radionavigation, and gro- 
und and underground radiocommunications in Nor- 
then regions needs clarification of conditions for  elect- 
romagnetic wave propagation in frozen earth materials 
(Frolov 1977,1978, Gussev et al. 1978). 
In the Arctic shore regions saline frozen sandy and 

loamy soiis are widespceaded (Dubikov 1990). There- 
fore the influence of the concentration and ionic  com- 
position of the pore fluids  on the electromagnetic wave 
propagation parmeters is very  important. These data 
are practically  absent at present. Data on the electrical 
properties of saline soils over ma wide  frequency range 
are very pmr and as a rule, they have,been obtained or 
at very low or at very high frequencies ( Van h n  
1991, Pandit and King 1978, Zybv et al. 1990). 

wave propaga$on parameters and estimate the essen- 
tial hws of it9 dependence upon the salinity, the soil 
temperature and the field.hquency. This is based on 
the our laboratory results 1 Fediukine et al. 1979, 
FrozoV aid Fediukine 1983) of studies of the real E' 
and imaginary &" parts of complex dielectric  permit- 
Si&y of . f r o z e n  sand samples saturated with  NaCl 
and KC1 solutions. 

Thesefore it is expdient to evaluate  electromagnetic 

, ,  

As the principal  parameters we 
n' and imaginary n" parts of the c 
dex, the surface  impedance 2, the 
ve  velocity V, the phase angle yp, 
cient p, the complex reflection c 
as the principal  incidence  angle i 
Brewster angle for  dielectrics). 

+I1 paymeters were calculated 
10 I 10 Hz, and for  various c 
ting pore solutions from 0 to 1 
ve temperatures below and above of 
rature heu of the pore fluid. The calc 
ried out for a uniform media a 
models. The optimum  frequencies 
dhommunications and the,radioi 
mafrost  were  evaluated and a 

A number of results obtain 
In this paper we discuss only 
about the most  important 

BACKGROUND 

The experimental studies (Frolov 
Fediukine 1983) has shown that it is 
calculate the values 

experimental and mi 
especially significant water  content 
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quasibounded liqaide phase  domains (cdls) linked by 
the very thin films. In these domains ?he ions 
migrating under influence of applied elwctrial field 
formes the electrical pzxmiipole~. The: values of 
electrical moments of these macrodipoles and its 
contribution to the total polarisation of medium is 
greater, the greater , @e degree of domain  discret- 
ness and ion mobility and the lower the exciting field 
frequency. For the.presqnt  there is only qualitative 
description of this phenomenum  (Frolov  1978, F d o v  
and Fdukine 1983, Frolw 1991). Therewe  the 
evaluation of the  electrical ( and derivative from its ) 
properties of moist  porous-  capillary media must be 
based upon the experimental data. 

Thus influence of pore fluid  salinity On the ektro- 
magnetic  wave  propagation parammrs was evaluated 
on the basis of our experimental data  for the tempera- 
ture (t4 and frequency tfl  di@enions of E' and &" of 
the specimens. The lows  obklined  on the influence of 
the pore fluid salinity on 2' Cf,t" 1 and E"(f,to 1 must 
have  Some  effect on the calculated  wave parameters, 
and it is necessary tokeep  this  in the mind during the 
analysis. 

The characteristics  obtained of E !  and E" are 
(Fediukine et a?. 1979, F r o b  and Fediukine 1983, 
Frolor 199 1 ) : 
1. Presencedf a crytical  (bound)  concentration of the 
poresoluh'ons Ccr40.5  - 1) N, which determi- 
nes an zbmpt change in the regularities  governing the 
kinem of freezing of soils,  the  unfrozen  pore  fluid and 
the saline pore ice contents and consequently, the 
valuesof E' and E". 
2. The electrical and the othp physical paperties of ' ,  

the frozen soils with C < 10- N are practically identi- :'," 
cal to the properties of the nonsaline  soils. I 

3. If C > Ccr, the essential  distinctions  appear  to be: 
the temperature  interval of the  phase  changes is more " 

extended..When C bO.1 N the intensive phasechanges ! ' ! 
take  place down to  eutectic  temperature bu of 'satu&' 
ting pore solution and below. 

I In the last w e  the saline frozen sa d become the :. 

analogy of the nonsaline one ( G& 10 N) by the va- ' 

lues of &'(f,to and E" (f,to at tenyeratures about 15 - 20a C below of hu , When C - 10 N the Same state 
appeared at temperatures  about 5 - JO" C below k,, , 
especially at frequencies lower than 1 kHz. 

During the analysis of the influince of the pore  fluid 
salinity on the electromagnetic wave propagation  para- . ' 

meters we distinguish the next mst, important cases: 
a) frozenisoil sa urated with the low concentration so- 
lution $,(? ? 10 NZ; and b) frozen soil yturated with 
the high  concentration  solution ( C 3 10 N) in par- 
ticular  cases: ba) temperatures  t > k,, ; and bb) tem- 
peratures  t < ku. 

" " '  
" . i i  

I :  

9 
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GENERAL EQUATIONS 

The real n' and imaginary n" pirts of the complex 
refractive index n = n' - j an" were  calculated from !he ,,, , 

complex  dielectric  permittivity 
, "  

' , '  &*(f,t')mE*=E'-j *E"  7 5  

using  the  relations: 

n' - d 3 3 G T f i  n"- r n . (  E -E') 

whereE-[(E')2+(E 1 I -themoddusofthe 
complex dielectric  permittivity. These equations as ' .  ' 

well as all  underlying  were  obtained in the approxima- :; 
tion that the relative  magnetic  permeatsilityp - 1. 

The absolute value of the surface impeddnce Z., 'the" 
phase  velocity V and  the phase angle p were  calcula- 
ted  on the basis of the equations  (Dolukhanov  1960, 
Von Hippel 1954, Kessenikh 1952) : 

'I  2 1/2 

1 2 ,  I 

2 =- 2, v = -  C n" p = arctn- n n' n' 
, I  , .  

where: 4 - 377 Ohm - the impedance of the freespace, 
c = 3 10 p/s  -;€y yhht velocity in the freespace, 
n = I ( n' ) + ( n 1 J - the modulus of the complex '' 
refractive  index. To calculate the linear absorption 
coefficient we used the expression: 

8=Re:{j.w.~~)"2.x.f.~~.'nn= 
', , /  , 

-2.09 - 1W8 * f  *n"(m") 

where the frequency f is expressed in Hz. 
The expressions for the complex amplitude  reflection 

coefficients of the electromagnetic waves at a plane bo- 
undary of the frozen soils  were obtained from the 
Fresnel  formulas  (Dolukhanov  1960, Von Hippel 1954, 
Kessenikh  1952). The reflection  coefficient R*E, for ,: 
the wave electrical  component normal to the incidence 
plane between medium 1 and 2 is: 



The  reflection CQ efficien It for the wave electrical com- 
ponent parallel md the incidence plane is .i , < / '  

where , .  

$ < ,  

Here cl and .E2 are" the absolute  values df the wmp- 
lex dielectric  permittivity for the uppei $nd lower soils 
respectively, i is the incident angle Atid 

A- [ ( E ~ ' - E I , '  *$in 2 2  i )  + ( E z " - E ~ " *  Sin 2 .  I )  2 1 114 

RESULTS AND DISCUSSION 

The r act e index n' (fig. 1) in the frequency ' ' 
!!-, P range 10 - 10 Hz is characterized by strong  frequen- 

cy dispersion - it decreases 3 - 5 times for soils  with 
C < Ccr over whole our temperature range and for the 
soils with C > Cct at temperatures t < ku. Decreasing 
the temperature of the aoii with C < C, from -3" C to 
-250 C dipinispcs n' 100  - 300 % in  the frequency 
rangelo - 10 Hz, Ther2 is na' tff ect on the value of 
n' at the frequenci'cs. * 10 Hz (fi&l a) .. 

, ,  1 

2 3 4 2 < . 3  4 2 3 4 5 

log f (Hz) 

Fig. 1. Frequency dependence of the refractive infex 
of the specimens saturated with: a) NaCl C-1'0' N ;  
b) NaCl 0 4 . 1  N; c) KC1 C4.1 N. 
&-2.9°C;R-60C;A-9.40C;X113.50C;.t-250C 

I 7 2  

In sails ivith C > C,,, decreasing 
from -30,GtO ku has practically  nail 
lue of n' (fig. 1 b,c) . 

It is interesting to  note that the po 
position at the temperatures  greater 
fluence the n' value as well as its fre 
rature dependence. 

The cutyes in fig. l a  are typical fc 
ted witp NaC1 and KC1 solutions 
C < 10- N. The curves in fig. 1 b,c 
soils saturated ikrith highly concentr 
NaCl and KC1 solutiods. 

The imaginary part n" of the refral 
has extreme frequency dependence, 
plactng to the low fre&ncy region 7 
tuce drops. 

For the soils with C < C& (fig. 2 4 
the maximum n" lie in the rah e 10 
t > -9"C, and in the range 10 - 10 
The highest value of n4 remains prar 

ei 
, ,  

5 
n" 
2.5 

2 3 4 2 3 4  

log f (Hz 
Fig2. Frequency  dependence of 1 

of the refractive  index. ( Des 

For the so#s wiih 2: > Ccr (fig. 2 I 
cy range 10 - 10 Hz, the minim1 
at t >kU and themaximuTat t < 
ces to the lower frequency 10 - lo2 
the temperature drops. 

The surface  impedance Z and pl: 
ve similar  frequency ahdmnperatl 
The surface impedance Z increase 
40 Ohms at the low frequencies (fig 
Ohms at the high  frequencies forth 
and for the soils with C > Ccr at t 
the temperature, tht! higher is 2. 'I 
the soi1rs:with C > Cef ,at .' t > tei rea 
same ( - 20 - 30 Ohm)  over all of 
range (fig. 3 b,c). 
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impedance  (Dwignation see fig. 1) 
Fig. 3. Frequency  dependence of the surface 

The phase angle (p, as does nu, has a strong de- 
pendence on the frequency,  changing  in  the  limits 
from 2' to SO" (fig. 4). 

log f ( H z )  

Fig.4.  Frequency  dependence of the phase  angle 
( Designation  seefig.1) ! 

, , .  

En the soils  having low concentration of pore fluid the 1 

frequency,of the maximum  value of cp at temperaru-, , '  
red near 00 c lies around 5 + 104 HZ; at t- - 25" c it 
is three orders lower, 

Increasing the saturating pare solution  salinity abo- 
vecritical displaces the frequency of the aximum 
at t > tet in the high  frequency  region ( - 10 7 Hz). De- 
creasing .the temperature below teu causes the fre- 
quency of ilie y x i m u m  to return to the frequency 
range (10 - 10 Hz). 

We think that  the large di eren e between the valu- 
es of (pat the frequencies 10 5 s  -10 Hz at the tempera- 
tures below and above teh ( 3" -5" and SO" ) may be 
used for , & e  geophysical  studies of .the.high saline fro- 
Zen sails. A : ; .,; 

The absoptibtrmefficient C fig. 5 )  increase1 prac- 
tically in p rop  ion tot e.frequency from 10- - 1 0 - ~  
l / m  to 5 - 1Q: -P2, -). 7,1.10* ., . 5 l lm exceptfor,thelow sali- 
ne soils at the-low tmperatures (t - 2 9  C), where 
increase :onlyby 10 titnes when the frequency rises 
three orders.:-. i i  ,, 

rature may cause the absorption  coefficient  to 
It is  very intedting that the 'decrease of the taupe-, 

increase. It was  obtainef for the soils with C < CCV at 
the frequencies 'below 10 Hz and for t e soils with 
C > Ccr in the frequency range lo3'- 10 P Hz. . ,  

-2  

-3 

-4 

-5\ 

-6 
2 3 4 2 3 4 2 3 4  

log P (Hz) 

coefficient @ (Designation  see:fig:l) ' . .  
Fig. 5 Friquency  deependence of the absorption 

, ; '. , 
The existance of optimal  frequencies for undergro- 

und radiocommunications is caused  by the fact that the 
increasing of the frequency  on the one hand leads to 
an antennas effectivity increase, but on the other hand, 
to an icrease of wave absorption.  Expressions  for the 
effectivity of underground radiocommunications in ab- 
sorbing media were obtained from the literature 
(Rjevsky 1378). It has been shown that if thecondu- 
ction currents are much greate then the displacement 
currents ( rJ >> o *&".E,  ) , the aptimal  frequeitcies  for 
radiocommunications are inversely proparlional to the 
square of the distance with the coefficient A depending 
on the geometrical parameters of the antennas and on 
the conductivity of a media  such that 

fop, =A . r -  2 (1) 
. ,  , . ,  

Mk have  calculated the frequency'depeddence of 'the 
effectivity of the radiocommunication taking into  consi- 
deration E' and E" of the frozen saline sands. We fo- 
und that in the high saline sails at the'  temperatures 
above the euteck, the optimal  frequendics difiinlsh 
slowly  with the distance as predicted by relation (1). 

At the same time, if the concentration, C < CCr, the 
optimal  frequericied i t  the temperatures near 0°C dec- 
rease with the distance much faster than that given by 
eqhation (-1) :> For ,example, in the frazen sands with 
C = Oi5.N at '-3' C the optimal frequycji far radib- ' <  

comti!iunication at the, distance r > 10 m givcn by,the, 
formule, ( 1 '1 is ten times less than that given by the 
exact  calculation. 

The absolut value of the reflection  coefficient  RE^ 
of the electmrctztgnetic waves i t  the boundary of the air 
with the frozen soils  have a dear minimutn that cbff&il 
ponds to the changing of the phase of the reflected wa- 

, ,' 



ve to a . This takes place at  the incidence angle is 
(fig. 0):  

a REP b 

30 60 Yo 30 

Fig, 6. Reflection  coefficients vs incident angle for the 
air-soil boundary: a) tonsalitk; b) sdpe  NaCl 

#-,%?. C-0.1 N. - - 10. Hf; -e- - 10 Hz; 
I ,  - - - - lo4 HZ;, - 10 wZ. 

It. has been noted that the values of RE and i, dec- 
rease witb increasing friquency and &creasing teq- 
perature; The minimal value of  RE^ grows at the low 
frequencies and diminishes at the high  frequencies 
when the temperature decreases. The diminuation of 
i, with  decreasing temperature becomes more visible 
at  the high frequencies. 

.: The cornparision between the dependencies of REP 
upon the incidence  angle at the boundary of the air 
and nonsaline sands ( Gussev et al. 1978 1 with the 
saline one shows that: 
1. With  increasing  frequency the reflection coefficicnt 
from the saline sands decreases far more slowly than 
from thenonsaline sands, 
2. The principirl  reflection angle &.for the saline soils 
is greater at all frequencies and tempptures than 
that for the-pgnsaline soils. 
3, The prj@pal reflection angle for the high salinity 
soils at t ? ku is prgtically independent of the tempe- 
ratwe, 

At t c the saline values of Rl~p and i, and its fre- 
q u w y  and temperature dependencies are close to a 
those,fQq-.ihq nonyline values, - , . 

The absolute yalue of RE,, uniformly increases with 
the incidence-angle from the wme value for REn and 
Rep for normal incidence to 1 for the waves parqllel  to 
the boundary and hasn't any interesting particulari- 
ties. ., , , . \ 3  , - 

'> !,, Tlg*abs@gte,v@lum of #&flection  coefficients of 
the dwtqpq&pe+ic waves st the boundary of.the fro- 
zen. soils with. thg dif€eqqns pSogerties  were also calcu- 

I ., 

lated. In fig. 7 examples for 
a) the upper layer is the 
temperatures ( the seasonal 
winter) and the lower layer i 
fixed temperature 2.9O C 
upper layer is  the same as in the 
the lower one is the high saline ( 
at -2.9OC. 

I 

~ .. - .I , . 

Fig.7. Reflection c 

very diff went and appears to be a 
for the mapping of a saline frozen 

case (fig. 6), in this 

the radiointroscopy of the b u n  
negative  temperatures,  besides 
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und, the boundary of the nonsalhe sands with the sa- 
line one a? the temperature near - 3 + - 5" c, the value 
of the optimal frequency for distances more than 1 0  
m may be 10 times greater, given  formula (1). This 
deviation of the frequency from the optimum  value 
may diminish the amplitude of the signal by lo0 - 500 
times. 

CONCLUSION , .  

We have  presented and discussed  calculated  electro- 
magnetic wave propagation  parameters to see for the 
first time the specific influence of the permafrost sali- 
nity. We obtained  principal  characteristics that must 
be taken into mnsideration for the design and rea- 
lisation of the geophysical  methods for the Arctic  coast 
regions, construction and exploitation of the radio- 
communication and radionavigation  systems, power 
transmitting  systems,  etc.  Moreover, the data 
obtained,  especially for the reflection  coefficients for 
the two-layer  models, contain useful information for 
the further development and perfection of the electro- 
magnetic  geophysical  sounding of the saline perma- 
frost and cryopegs. 
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t l o w " .   s i m i l a x l y ,  tryke (1985:1), testing l i g h t  
t r a c k e d   v e h i c l e s   i n   c e n t r a l   K e e w a t i n   p e a t l a n d s ,  
f o u n d   t h a t   " l i t t l e   d e g r a d a t i o n  rakes place w i t h  a 
s i n q l e  t r i p  under a n y   t e r r a i n   c o n d i c i a n s " .  Thc 
p r e s e n t   d a t a  show t h a t   e v e n  a s i n g l e  pas sage  of a 
tl.dCkt?d v e h i c l e  on mesic ,   s loped   h igh  at-c:ticr 
t u n d r a  may be s u f f i c i e n t  t o  induce  SeVeK-dl 
a s p e c t s  o f  the changes   d i scussed  by Kevdn, Wuu 
and other-s ( c f .  Ha,ag & B l i s s  1 9 7 4 )  . 

. > ;  

sTrJJJY SITE 

The s tudy  arc& a t  ' O l d '  Clyde  Hiver 
( h e n c e f o r t h  'CR! , )  i s  c o n s i d e r e d   r e p r e s e n t a t i v e  of 
the g e n t l y - s l o g f n g  (ca.  3-4') and hurmnocky 
lowlands of eas td r l l  B a f f i r l  Islcltd, wliete 
d i s t u r b a n c e  of  this n a t u r e  has n o t  previocl:;I.y 
been documented. ?he a c t u a l   s l o p e  on Which t h e  
abandoned  set t lement  sits has a w e s t e r l y  apsect. 
f a c i n g  i n t . 0  t h e   p r e v a i l i n g   w i n d s  dux-ing much uf 
t h e   y e a r  fF,letcher- & Young 1 9 7 6 ) .  A J.I. CaseTM 
1OOOU ex6bvaror was hrnught to t h e  sit-e of: Clyde 
cd .  1965 'and i t s  use o v e r   t h e   f o l l o w i n g  4 , , 7  yr- 
resu1,ted in a number  of surface d i s t u r b a n c e s  
(Forbes 1 9 9 2 b ) .   L a t e - l y i n g  snow banks provide  
moi s tu re  t o  ungrazed, Sahaqugpdominated  
t r a n s i t i o n a l - p o o r   f e n s  (sensu Sjdrs 1952)  dur, iny 
spring runoff which was more or less comp1et.e by 
t h e  f i r s t  w e e k  ,of J u l y  1990. T h i s  s i te  f a l l s  
w i r h i n  the Nigh A r c t i c  as d e l i n e a t e d   b y ,  Won 
(3986)' and Bl' iSs  & Matveyeva (1992), and w i t h i n '  
Young's (1971) Zone 3 based on vascular 
f l o r i s t i c s .  Mast of t h e  eastern E a t f i n   l o w l a n d s ,  
i n c l u d i n g  t h e  Koyalu L o w h i d  where CR i d  l o c a t e d ,  
a re  w i t h i n  the 4'C b i o c l i m a t i c  zone as mapped by 
Edlund ( 1 9 9 0 ) .  The a c t u a l   J u l y  temperature mean 
was c l a s e r   t o  4 . 6 ' ~ ,  w i t h  average sumrner 
p l e c i p i t a t i o n  oE 6 . 5  cm, during tlle course ot 
this srrldy and  du r ing  the period  1948--1972 
(Forbes,  u l ipubl i shed   daca ;   F le tche l -  & Young 1Y76; 
see a l s o  m11rces in Andrews er. a 1  1 9 8 0 )  I 
Seasonal thaw depths of 1 m were rar-e and 
r - e s t t - i c t e d   t o   a r e a s   s u c h   a s   l a t e - m e l t i n g  snow 
pa tches  where the  vege ta t ion   and   o rga r l i c  mat a r e  
t h i n   a n d   r e l a t i v e l y  dal-k in c o l o r .  

METHODS 

A s e r - i e s  of a r c h i v a l ,  black arid white v e r t i c a l  
a i r p h o t u s  trom the   per iod   1960 t.0 1983 were 
ob ta ihed  f l - o m  the Nat iondl   Ai rphoto   L ibrary  in 
Ottawa and enlar-ged f i v e  times t o  a scale o t  

- d i s t u r b a n c e  and co j u d g e   t h e  spatial extent of  
1:1200 tu help constuct a chronol.ocgy of 

V e r r i c a 1 " a i r p h o t o s  were ana lyzed   w i th  d MacbeCh 
su r face   impac t ,   i nc lud ing   hydro log ica l   change .  

QuantaLogl" RD-400 Ref l e c r i o n   D e n s i t o m e t e r ,  w h i c h  
provi,des d measur-e of  d i f f u s e   d e n s i t y  on 9 scdle 
from -D. 5 ( w h i t e  body1 t.o 0.5  (black body) . 
Density  measurements  from  photos  were made a long  
transects matching a s  closely,+.s,fmx?.ible  those 
m+de duriny s t r a t i f i e d  random:quadrat sampling in 
the  f i e l d  (see Forbes 1992b). These t r a n s e c t s  
i nc luded  both w a t e r   t r a c k s  (or- chgnne l s )  a ~ ~ d  
ad jauellL i r l terf luves,  s imi l a r -  in appearance and 

Walker et  a l .  ( 1 9 8 9 ) .  
func t ion   t o   t hose   r epo l - t ed   f a r '   t he  Low A r c t i c  by 

s o i l   c o r e s  5 cm i n  diameter (volume 100 c d )  
were e x t r a c t e d  ~ n ~ e  from just out.&ide eai'h of (:a. 
260  per-manent q u a d r a t s  ( 2 5  x 50 cm) G v w  a 
p r e c i p i t a t i o n - f r e e  48 hr per iod  from  7-9 July 
1989. S e v e r a l   s t a n d s  were resampled 5-7  J u l y  1990 

cook p l a c e  ca. t h r e e  week:: a f t e r  most of t h e  
f o r ,  compara t ive  pu rposes .  In each case  sampling 

between 5-10 cm (1-oot ing   depth)  below the mine ra l  
s tudy  site was snow-frge.   These were taken 
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ssp.  sllosantha, w) predominated  in 
ruts,  where  woody  species remained  significantly 
reduced or  were  lacking  altogether  (see  Forbes 
199233). 

The microtopographic  differences  between 
multi-pass  tracks  and  adjacent  controls  is 
atcributed  to  the  destruction of the  organic mat, 
soil  compaction,  and a loss of fines  (Forbes, 
unpublished data). Active  layer  development 
remained  consistently  enhanced in multi-pass 
vehicle  tracks, a pattern  which  is  repeated  each 
year  (Figs. 4, 5, 6). Single-pass  tracks, on the 
other  hand,  did  not  thaw as rapidly  nor  to  as 
great  depths  as  adjacent  controls  (Fig. 7 ) .  
There,  the organic  mat  remained  largely  intact 
but  noticeably  compressed (Forbes, unpublished 
data).  Active  layer  development  remained  retarded 
in  drained  peatlands  below  both  single-  (Fig. 7 )  
and  multi-pass  (Figs. 4 ,  5, 6 )  tracks, at least 
in  the  earlier  part of the  growing  season. This 
pattern  was  also  repeated  in  each  of  the  three 
years for  which  measurements were  made,  although 
the  differences  at  the  thermal  maximum  in  late 
August  were  more  variable  among  years. 

DISCUSSJON 

Despite  the  increase  in  reflectance  on  multi- 
pass  tracks  after 4 yr (Fig. 2), presumably 
because of the  invasion of rhizomatous  graminoids 

remained  significantly  enhanced  in  the  tracks 
(cf.  Forbes 1992131, active  layer  development 

after 221 yr.  The  tracks  also  remained 
significantly  wetter  than  adjacent  undisturbed 
terrain  and  the  organic  mat  failed  to  regenerate. 
The  original  hummock-forming Sahaanum spp. were 
replaced  by  bryophytes  typical of more  aquatic 
and/or calcareous  habitats  (i.e. &yuu~  
-, barnberaeri, cf. Vitt 19751, 
which.were lacking  in  the  adjacent  mesic, 
undisturbed  vegetation. I n  a  study of  seasonal 
heat  flux  in  low  arctic  Alaskan  tundra soils, 
Jorgenson (1986) revealed  that  surface  moisture 
accounted €or 64% of  the  variation,  organic 
matter  depth 13%. and  tundra  vegetation  only 5% 
(see also  Rouse 1984). In light  of  both  sets  of 
findings,  the  enhanced  active  laye?  development 

more  critical  for the  status of the lowland  is 
is  not  surprising. What  is  unusual and  perhaps 

the  extent to which  the  disturbance  spread  across 
the  landscape  in  a  short  periad  of  time.  Many 
thousands  of  Square  meters  of  drained  peat-lands 
are  evident  in  the  older.  airphotos and were  still 
evident  during an overflight  in  1989. Thus,  a 

disturbance  regimes'  is  the  persistence  of  their 
second  critical  characteristic  of  these 

effects. 
The  seasonal  variation  in  albedo  appears 

somewhat  similar  to  that,  reported  for  winter 

because  even  slight  depressions  from  a  single 
roads  in  the  Low  Arctic by  Haag & Bliss (1974). 

pass of a  tracked  vehicle  are  apparently  capable 
of  acting as small  snow  catchment  basins.  The 
snow  certainly  works  to  increase  albedo  in  the 
tracks  early  in  the  season.  However,  once 
snowmelt  is  complete  the  level  of  reflectance  of 

which  moisture  persists  through the  growing 
the  various  tracks  is  linked to the  extent to 

season,  the  degree of vegetation  cover,  and 
whether  exposed  soils  are  organic  and  thus 
relatively  dark  or  mineral  and  relatively  light.. 
Haag (1974) found a general  increase  in  albedo 
was correlated  with  the  growth  and  development o f  
plant  cover  and  that  the  seasonal  maximum  albedo 
corresponded to the  rime  of  maximum  standing  crop 
of  vegetation. 

Little snow accumulates on the lowland's 
windward  slopes  where  most  sampling  took  place, 

pcrcolation,across the drained  area$ is thus 
especially  close  to  the  shore.  Moisture 

minimal or  lacking,  leaving  the  tundra  surface 
dry  through  much  of  the  remainder  of  the  growing 

June  and  typically  left  only  traces of moisture. 
season.  precipitation  events  were  uncommon  after 

. seasonal  albedo  flux  is  great  in  the  drained 
Given  this  situation,  it  is  unlikely  that 

peatlands.  What  variation  exists  is  perhaps  due 
more to- vegetation  growth  than  the  local  moisture 
regime. We may  infer  indirectly,  based  on  the 
active  layer  development  profiles  (Figs.  4-7), 
that  seasonal  soil  heat  flux  is  apparently  more 
variable.  By  this  reasoning,  drained  soils  shoul 
be  cooler  early  in  the  season, as refl'ected by 

weeks  along  the  transects.  These  differences  were 
the  shallower  active  layers  seen  in  the  first  few 

reversed  in  three of the  four  transects  by  week 

passage  of  a  vehicle  across a water  channel 
five.  It  was  highly  significant  that  a  single 

during  summer was  able  to  induce  responses so 
similar  to  multi-pass  tracks  in  terms  of  altering 
local  drainage  and  its  effects on downslope 
reflectance  and  active  layer  development.  These 
findings  contrasted  with Woo's (1986) assertion 
that  repeated  passes  are  necessary  to  gouge  the 
tundra  and  effectively  direct  surface  flow. 

Changes  in  vascular  and  non-vascular  plant 
composition  and  cover  associated  with  vehicle 
tracks  corroborate  the  earlier  assertion by 
Shaver  et  al. ( 1 9 8 3 ) .  based on work  in  the  Low 
Arctic,  that  retention-of  the  organic  mat  is 
critical in terms  of  directing  vegetation 
dynamics on disturbed  patches.  However,  whereas 
they  emphasized  the  organic  mat's  importance  in 
relation  to  the  extensive  seed  bank  and  store  of 
nutrients  it  potentially  provides,  in  the  High 
Arctic  its  retention  in a wetland of any  kind 
(ranging  from  oligotrophic  to  minerotrophic) 
invariably  means  that  some  rhizomatous  and/or 
viviparous  graminoids  have  resisted  the  impact 

the  disturbance ceases and regrowth  begins. The 
(Forbes 199213) and  will be at  an  advantage when 

emergence  of  seedlings  of  any  kind  from  disturbed 
peat  was  extremely  rare. In general,  rhizomatous 
sedges  responded  favorably  to  'pulse' 
disturbances  (i.e.  single-pass  vehicle  tracks) 
that  left  the  organic  mat  intact  (Forbes  1992b). 
In contrast  to  the  more  gradual  and  perhaps 
subtle  shifts  in  dominance  within  the  vascular 
canopy  in  tracked  and  drained  areas,  the 
cryptogamic  understory  may  exhibit  much  more 
rapid  and  dramatic  changes  in  composition  (Forbes 
1993b).  The  retention of  the  organic  mat  in 

vegetation,  also  has  a  profound  effect  upon 
tracked  areas,  and  subsequent  response of 

surface  reflectance,  soil  pH  and,  active  layer 
development. The patterns  of  recolonization  among 
both  herbaceous  and  woody  species  differ 
appreciably  from  those  reported  by  chapin & 

Arctic. For example,  Gartner et al.  (1983)'showed 
Shaver (1981)  and others  working in  the  Low 

that  natural  revegetation  of  a  disturbed  Alaskan 
tussock  grassland,  mainly  from  buried  seeds, 
resulted  in  a  cover of only  two of the  original 
species  after  four  years.  Similarly,  Ebersole 
(1985) and  Hernandez (1973) found  seedlings  of up' 
to 35 taxa on disturbed  mesic  substrates, 
including  many &Lix spp.  Only  a  few  seedlings 

were observed on tracked  ground in  the High 
from among  a much more  limited number o f  taxa. 

Arctic,  even  after t w o  decades  (Forbes 199213). In 
drained areas, desiccated  and  dying  aquatic  plant 
communities  continue  to  be  replaced  by  those 
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tolerant  of  more  mesic  conditions. 

CONCLUSION 

Both  field  sampling  and  remote  sensing  have 
provided  evidence o f  cumulative  impacts  which 
have  extended  far  beyond  the  areas of initial 
anthropogenic  disturbance,  apparently  quite 
rapidly (14 yr), and hdve  persisted  to  the 
present (221 yr).  The  long-term  nature o f  these 
effects  contrasts  with  results  from  short-term 

Babb h Bliss (1974:561), who concluded that  such 
studies of  vehicular  impact in  the  High Arctic by 

disturbances "do not  appear  to  extend  beyond  the 
areas  immediately affected".  Egginton & Ferris 
(1980) came to  similar  conclusions in the Low 
Arctic. The extent of vegetation  recovery in 

Arctic  and  the  effects of peatland  drainage  were 
tracked  areas  was  minimal compared  to  the Low 

Alaska,  yet  still  locally significant. This 
of  a  much  smaller  scale  than  those  reported  for 

appears  to  limit  somewhat  the  applicability  of 

Arctic.  Given  that  the ruts from  single-  and 
findings  from  the  studies  outside  the  High 

multi-pass  cracks  (Fig. 8 )  continued  to  alter  the 
snowmelt  runoff  regime on these slopes, it is 
unlikely  that  either  the  drained  peatlands  or  the 
tracks  themselves  will  regain  thermal  equilibrium 
in  the  foreseeable  future.  It was  a surprise  to 
find  that  hydrological  changes  resulting  from 
single-pass  tracks  were  capable of substantially 
reducing  soil  moisture  and  surface  albedo, 
altering  active  layer  development,  increasing 
soil  pH  and  affecting  significant  changes  in 
downslope  plant  communities.  These  findings  serve 

planning  developments in wet to mesic, well- 
to  increase  the  level of caution  necessary  when 

vegetated  areas  of  the High  Arctic.  Particular 

Figure 0 .  View  looking  down  a 3' slope  from  the 
center of a  water  channel  during  the  beginning of, 
snowmelt  runoff.  Note  the  inability  of  the  water 
to  reach  the  shoreward  areas  beyond  the  tracks, 
leaving  these  downslope  areas  extremely 
desiccated  after 221 yr. This  has  resulted in  the 
extreme  reduction  in  coverlabundance of many 
aquatic  plants  and  the  extinction of thousands of 
square  meters  of  hummocks. In almost  two 

have  been washed  from the  exposed mineral soils 
decades  of disuse,  a significant amount of fines 

in the  tracks,  leaving  a  compacted  sandy  surface 
with  few  plants  other  than  three  aquatic , 

graminoids.  One  of  these, Duoontia flsherl ssp. 
g s l l o s e ,  is  a  colonist  not  present  in  the 
adjacent  control area'. Photo  date: 12 June 1990 

caution  is  advised  where  local 
given  the  extremely  limited ext 
the High Arctic,  many of which 
(Babb & Bliss 1974; Tarnocai & 
gentle  slopes  have  the  potenti; 

ostensibly  low-intensity  indiv: 
cumulative  hydrological  impacts 

disturbances.  Cumulative effect 
plant  community  productivity ar 

well  as  further  details on soi: 
of  dominant  graminoids  and  dec: 

be  discussed  in  a  future paper. 

ACXNoWLEnGMENTs 
Financial and/or logistical SUI 
research  were  provided by: the 

Northern  Affairs;  McGill Unive~ 
of  North  America;  Department ol 

Heritage  Society/Science Instit 
Northwest  Territories;  Polar Cc 
Project:  and G . W .  Wenzel. I wo! 

J 

slope  exceeds 3", 
ent  of wetlands  in 
are gently-sloping 
Zoltai 1988). Even 
1 for  Serious 
resulting  from 
Wal or 'pulse' 
s o f  drainage on 
cl nutrient  uptake 
3uous  shrubs, as 
heat  flux,  will 

port f o r  this 
4rctic  Institute 
Indian  and 
sity;  Northern 
Ite  of  the 
ntinental  Shelf 
Id like  to  thank 

settlement. 

REFERENCES 

Addison, P . A .  and  K.A. B e l l  (19 6 )  Plant  growth 
in  relation  to  surface  distur  ances,  King 
Christian  Island, ALUR Report 75-76-73, DINA, 
Ottawa, 2 4  p. 

Andrews, J.T.,  W.N. Mode  and P .  . Davis (1980) 
Holocene  climate  based on pol I en  transfer 

Bliss,  L.C. ( 1 9 7 7 )  Introdu 
Ottawa, 7 2  p. 

IN: L.C. Bliss 
(ed.) Truelove  Lowland,  Island,  Canada: 
a hiqh-arctic  ecosystem, . of Alberta 

Edmonton, pp. 43-55 

Jefferies, J.F. Reynolds, G.R 
arcric  vegetation,  IN: F . S .  C 

Svoboda (eds. ) Arctic: ecosyst n a  changing 

Bliss,  L.C.  and  N.V.  Matveyeva 

180 I 



climate: an  ecophysiological  perspective, 
Academic  Press, N.Y., pp.  59-89 

Buttle,  J.M.  and  K.E.  Fraser  (1992)  Hydrochemical 
fluxes  in  a  high  arctic  wetland  basin  during 
spring  snowmelt,  Arct.  Alp.  Res.,24:153-164 

Chapin, 'F.S. 111 and G.R. Shaver (1981)  Changes 
in soil  properties  and  vegetation  following 
disturbance  of  Alaskan  arctic  tundra, J. App. 
ECOI.,  18:605-617 

Eyke, L.D.  (1985,)  Terrain  disturbance  due  to 
summer  off-road  vehicle  use  in  central 
Keewatin, N.W.T,. , Canada, Environmental 
Studies No. 36, -1m, Ottawa,  47  p. 

Ebersole. J.J. (1985)  Vegetation  disturbance  and 
recovery  at  the  Oumalik  oil  well,  arctic 
coastal  plain,  Alaska,  Ph.D.  thesis,  Univ. of 
Colorado,  Boulder 

Canadian  Arctic  ArchipeLago,  IN:  C.R. 
Harington  (ed.)  Canada's  missing  dimension: 
science  and  history  in  the  Canadian  Arctic 

Ottawa, pp. 421-441 
Islands, Vol. 11, Canadian  Museum  of  Nature, 

disturbance  resulting  from  vehicle  movement, 
Lone  Gull  Lake,  central  Keewatin;  IN:  Current 
Research, Part B, Geological?  Survey  of  Canada 
Paper 80-1~, pp.  69-74 

Canada: a gazetteer  and  index,  Occ.  Pub.  No. 

Edmonton,  136  p. 
11, Boreal  Institute  for  Northern  Studies, 

Fletcher,  R.J.  and G . S .  Young (1976)  Climate o f  
arctic  Canada in maps,  Occ. Pub. No.13, Boreal 
Institute  for  Northern  Studies,  Edmonton,48 p .  

biogeography of  anthropogenic  disturbance 
along  the  upper  Steese  Highway,  interior 
Alaska, J. No. Sci..  4:l-15 

Forbes, B.C. (1992b)  Tundra  disturbance  studies. 
1'. Long-term  effects  of  vehicles  on  species 
richness  and  biomass,  Env.  Conserv.,  19:48-58 

Forbes,  B.C. ,(1993a) Tundra  disturbance  studies. 
11.  Plant  growth  forms of human-disturbed 
ground  in  the  Canadian  Far  North,  Musk-ox (in 

Forbes,  B.C. (199333) Tundra  disturbance  studies. 
press) 

111. Classification  of  high  arctic  ruderal 
vegetation  and  the  problem of character  taxa 
(submitted  to J. Vey. Sci.) 

Gartner,  B.L., F.S. Chapin III and  G.R.  Shaver 

establishment  and  growth of native  graminoids 
(1983)  Demographic  patterns  of  seedling 

in an Alaskan  tundra  distuybance. J. Appl. 

Edlund, S.A. (1990)  Bioclimatic  zones  in t.he 

Egginton,  P.A.  and J.P. Ferris  (1980)  Terrain 

Fletcher,  R.J.  (1975)  Settlements of northern 

Forbes,  B.C.  (1992a)  History, ecology  and 

Ecol. , 20:965-980 
Haag, R.W. (1974) Nutrient  limitations  t-o  plant 

production  in  two  tundra  communities,  Can. J. 
Haag,  R.W. and L.C. Bliss (1974) Energy  budget 

changes  following  surface  disturbance  to 
upland tundra, Y .  Appl. Ecol., 11:355-374 

Henry,  G.H.R., B .  Freedman  and J. Svoboda  (1987) 
Effect$  of  fertilization on three  tundra  plant 
communities of a  polar  desert  oasis,  Can. J. 

Hernandez, H. (1973) Natural  plant  colonization 

Bot., 52:103-116 

Bot.,  64:2502-2507 

of  surficial  disturbances,  Tuktoyaktuk 
Peninsula  region,  N.W.T.,  Can. J. Bot., 

Jorgenson, M.T. (1986) Biophysical  factors 
influencing  the  geographic  variability nf soil 
heat  flux  near  Toolik  Lake,  Alaska: 
implications for terrain  sensitivity, M.Sc. 
thesis,  Univ. of Alaska,  Fairbanks 

51:2177-2196 

Kevan, P.G. (1971a) Oil  under  the  tundra  in  the 
Mackenzie  Delta  region,  Can.  Field  Nat., 
85:99-100.  122 

Kevan, P.G. (1971b)  Vehicle  tracks on high  arctic 

Camp, Ellesmere Island, N.W.T., Defence 
tundra: an 11 year  case  history  around  HaZen 

Research  Board,  Ottawa,  Hazen 41, 17 p .  
Klute,  A.  (ed.)  (1986)  Methods  of  soil  analysis, 

Pt. 1, Physical  and  mineralogical  methods,  2nd 
edition,  American  Society  of  Agronomy/Soil 
Science  Society  of  America,  Madison, WI- 

terrain  to  disturbance:  a  synthesis of 
observations  from  northern  Alaska, USA, Arct. 
Alp. Res.,  18:l-17 

Maxwell, Y.B. (1981) Climatic  regions of the 

Moore,  T.R.  (1978)  Soil formation  in  northeastern 
Canadian  Arctic  Islands,  Arctic,  34:225-240 

Ohmura, A.  (1982)  Evaporation  from  the  surface of 
Canada,  Apn. Assoc.  Amer.  Geogr.,  68:518-534 

the  arctic  tundra on Axel  Heiberg  Island, 

Pomeroy,  J.W.  (1985) An identification  of 
Water  Res.  Res.,  18:291-300 

environmental  disturbances  from  road 
developments  in  subarctic  muskeg,  Arctic, 

Rouse,  W.R.  (1984) Microclimate  at  arctic  tree 
line. 1. Radiation  balance of.tundra and 

RydCn, B.E. (1977) Hydrology  of  Truelove  Lowland, 
forest,  Water  Res.  Res.,  20:57-66 

IN: L.C: Bliss (ed.)  Truelove  Lowland,  Devon 

Alberta  Press,  Edmonton,  pp.  107-136 
Island, Canada: a high  arctic  ecosystem,  Univ. 

Shaver, G.R., B.L. Gartner, F.S .  Chapin  111  and 
A.E.  Linkins  (1983)  Revegetation  of  arctic 
disturbed  sites  by  native  tundra  plants,  IN: 
Proc.  4th  International  Permafrost Con€., 
National  Academv of Sciences.  Washinaton. 

Lawson,  D.E.  (1986)  Response of  permafrost 

38:104-111 

D.C., pp.  1133-il38 
" 

Sheldrick,  B.H.  (ed.)  (1984)  Analytical  methods 
manual,  Research  Branch,  Agricilture  Canada, 
Ottawa 

SjBrs, H. (1952)  On the  relation  between 
vegetation  and  electrolytes  in  north  Swedish 
mire waters,  Oikos  2(1950):241-258 

Tarnocai,  C.  and  S.C.  Zoltai  (1988)  wetlands of 

Wetlands of Canada,  Polyscience,  Montreal,  pp. 
arctic  Canada,  IN: C .  D. A.  Rubec (ed.) 

27-53 
Vitt, D.H. (1975)  A  key  and  synopsis  of  the 

mosses of the  northern  lowlands of Devon 
Island, N.W.T., Canada,  Can. J. Bot.,  53:2158- 
2197 

Walker, D.A., P.J.  Webber,  M.D.  Walker,  N.D. 
Lederer,  R.H.  Meehan  and  E.A.  Nordstrand 
(1986) Use of  geobotanical  maps  and  automated 
mapping  techniques to examine  cumulative 
impacts in the  Prudhoe  Bay  oilfield,  Alaska, 
Env.  Conserv.,  13:149-160 

walker,  D.A., P.J. Webber,  E.F.  Binnian,  K.R. 

M.D.  Walker  (1987)  Cumulative  impacts of oil 
Everett, N.D. Lederer,  E.A.  Nnrdstrand  and 

Science,  2383757-761 
fields on  northern  Alaskan  landscapes, 

Walker, D,.A.,  E.F. Binnian,  B.M.  Evans,  N.D. 
Lederer, E. Nordstrand  and  P.J.  Webber (1989) 
Terrain,  vegetation  and  landscape  evolution o f  

Alaska,  Holarct. Ecol., 12:238-261 
the  R4D  research  site,  Brooks  Range  foothills, 

Woo. M.-K. (1986) Permafrost  hydrology  in  North 
America,  Atmos.-Ocean,  24:201-234 

Woo, M.-K.  and F. Steer  (1986) Runoff  regime o f  

Water  Res.  Journ.,  11:58-68 
slopes  in  cont-inuous  permafrost  areas,tCan. 

Young, S.B. (1971) The vascular  flora of St. 
Lawrence Island with  special  reference to 
floristic  zonation  in  the  arctic  regions, 
Coritributions to  the  Gray  Herbarium  No.  201, 
Harvard Univ., pp. 11-115 



MONITORING THAWING FRONT MOVEMENT BY SELF-POTENTIAL MEASUREMENT 

R icha rd   Fo r t i e r ,   Miche l   A l l a rd   and  Maurice-K. Sequin  

C e n t r e  d'etudes nordiques ,  Lava1 University,   Sainte-Foy  (Qubbec)  Canada G1K  7P4 

For  example, i n   t h e  s i l t y  s o i l ,  from l a t e  A p r i l  t o  e a r l y   J u l y   o f  1990, t h e  

i n t e r p r e t   s i n c e   t h e  e l ec t r i ca l  p o t e n t i a l ' r e l a t i v e   t o   t h e   r e f e r e n c e   e l e c t r o d  
d i d   n o t   r e m a i n   s t a b l e   w i t h  t ime. - 

s e l f - p o t e n t i a l  ( S P )  or spontaneous   po ten-  
t i a l  measurement i n  f r e e z i n g   a n d   t h a w i n g   s o i l s  

A n a t u r a l   e l e c t r i c a l   p o t e n t i a l   d i f f e r e n c e  
i s  a recent geophysical   method in geocryology.  

e l e c t r o d e s  when t h e y  are  b u r i e d   i n   t h e   g r o u n d .  
appears   spontaneously  between t w o  m e t a l d i c  

The e lec t r ica l  p o t e n t i a l   d i f f e r e n c e  v a r i e s  
from  formation t o  f o r m a t i o n ,   u s u a l l y   w i t h i n  
few h u n d r e d   m i l l i v o l t s  (mV) . SP p o l a r i t y   a n d  
i n t e n s i t y   d e p e n d  upon va r ious   pa rame te r s   such  
a s  t empera tu re ,  water conten t   and   migra t ion ,  
t y p e  o f  s o i l ,   t y p e  of i o n s  i n  s o l u t i o n   a n d  
t h e i r   c o n c e n t r a t i o n ,   a n d   t y p e   a n d   d i s t a n c e  
be tween   e l ec t rodes .  N a t u r a l  e l e c t r i c a l  poten-  
t i a l s   a l s o   c h a n g e   c o n s i d e r a b l y   o v e r  time. 

pe t ro leum  logging   (Kal lenburg ,  1984 ;  S e r r a ,  
1 9 8 4 ) .  E l e c t r i c a l   p o t e n t i a l   d i f f e r e n c e s  were 
measured  between a moving e l e c t r o d e  i n  a bore- 
h o l e  f i l l e d   w i t h  a d r i l l i n g  mud and a s u r f a c e  

l i t h o l o g y  log  s e n s i t i v e   t o  sand and s h a l e  
r e f e r e n c e  e l e c t r o d e .   T h i s  method p rov ides  a 

beds .  The SP curve   a l lows  u s  t o  d i f f e r e n t i a t e  

The s e l f - p o t e n t i a l   m e t h o d  was f i r s t  u s e d   i n  

between  porous,   permeable 
i s  found  and   sha les .  In no 
( e n g i n e e r i n g   g e o p h y s i c s  an 

impermeable z o n e s .  Sequin 
i s  u s e d   t o   d i s t i n g u i s h   b e t  

i n a l  r e s e a r c h  work a t  Sche 
Canada)   conducted f o r  mini  

a t a l i k / ' z o n e   w i t h   t h e  he lp  
i t e d   t h e   c o n t a c t   b e t w e e n  a 

c o n t a c t s  were marked  by an  
s e l f - p o t e n t i a l .  I n  e a c h  ca 

v a r i a t i o n   o v e r  time was no 
the   measurements  were punc 

a l o n g   s u r f a c e   p r o f i l e s  f o r  
o f  hydrogeologic  u n i t s  (Er 

Ogilvy, 1 9 7 7 ) .  The d i s t r i b  
1986) a n d   l a n d s l i d e   a r e a s  

p o l a r i t i e s  of e lec t r ica l  p 
a r e   i n f l u e n c e d  by hydrogeo 
t h e   l i t h o l o g y   o f   t h e  soil. 
on s e l f - p o t e n t i a l  i s  c l o s e  
movement in l a y e r s  o f  d i f f  

t i a l s  (Bogoslovsky  and  Ogi 
(Erns t son  and Sche re r ,  1 9 8  

S p o n t a n e o u s   p o t e n t i a l s  



by water flaw t h r o u g h  soil, are  c o n s i d e r e d   t h e  
b a s i c  source o f - n a t u r a l  e lec t r ica l  p o t e n t i a l s ,  
I n   c e r t a i n  cases,. a c h a n g e   i n   t h e   i n t e n s i t y   o f  
t h e   s p o n t a n e o u s   p o t e n t i a l   i n q i c a t e d   t h e   l o c a -  
t i o n s   o f  areas w h e r e   l a n d s i i d e  movement was 
imminent   iBogoslovsky  and  Ogilvy,  1977). 

s i v e l y   i n   t h e   1 a b o r a t o . r y   ( B o r o v i t s k i i ,  1975; 
Hanky  and  Ramachandra- Rae,. 1982;   Kelsh   and  
Tay lo r ,  1988; Yark.in, 1973 and 1986; Zongchao, 
1999) ., When soil f r e e z a s ,   a b r u p t   c h a n g e s   o c c u r  
i n   t h e  electrical  potential d i f f e r e n c e   b e t w e e n  
e l e c t r o d e s . b u r i e d   i n   f r o z e n   a n d   u n f r o z e n  parts 
o f  t h e   s o i l .   F r e e z i n g   p o t e n t i a l   b q h a v i o r  is 
complex  and not well u n d e r s t o o d .  I t  i s  clear, 
h o w e v e r ,   t h a t  moisture m i q r a t i o i i a n d  ion 
e x p u l s i o n  from p o r e  water d u r i n g   f r e e z i n g  are 
t h e  p r i n c i p a l   m e c h a n i s m s   t h a t   c , a u a e  these 
p o t e n t i a l s .  

Only a f e w   f i e l d   s t u d i e s   o f   f r e e z i n g   a n d  
t h a w i n g   p o t e n t i a l   v a r i a t i o n  a s  a f u n c t i o n  of  
time are  f o u n d   i n   t h e   l i t e r a t u r e   ( B o r o v i t s k i i ,  
1975: Gahb et a ] . ,  1987 and 1988 ;   Ou tca l t   and  
H i n k e l ,  1989  and  1990;  Parameswaran et dl., 
1985; Parameswaran  and  Mackay, 19831, a n d   t h e  
r e s u l t s  a re  somet imes   confus ing   and  d i f f i c u l t  
t o   r a t i o n a l i z e .   E x p e r i m e n t a l   r e s u l t s   i n d i c a t e  
that s e l f - p o t e n t i a l   d e p e n d s   o n  so many parame- 
t e r s  t h a t  it i s  i m p o s s i b l e  t o  d e t e r m i n e   t h e i r  
i n d i v i d u a l   c o n t r i b u t i o n .   P a r a m e s w a r a n   a n d  
Mackay (1983) p r e s e n t e d   o r i g i n a l   r e s u l t s  on SP 
v a r i a t i o n   w i t h  time i n  a mud hummock. They 
concLuded   t ha t :  \ \ I t  is possible t o  locate and 
s t u d y   t h e ,   a d v a n c i n g   f r e e z i n g   f r a n t   a n d  water 
m i g r a t i o n  a t  d i f f e r e n t  levels b e l o w   t h e   s u r -  
f a c e  as  g r o u n d   f r e e z e s  and t h a w s  by s u i t a b l y  
m o d i f y i n g   e l e c t r o d e . p r o b e s   a n d   i m p r o v i n g  mea- 
s u r i n g   t e c h n i q u e s " .  However, t h e i r  results d i d  
n o t   d e m o n s t r a t e   t h i s  possibility. O u t c a l t  and 
H i n k e l   ( 1 9 8 9   a n d   1 9 9 0 )   u s e d   s e l f - p o t e n t i a l  
measurements i n   t h e   u p p e r  15 cm of  m i n e r a l  
soil i n   M i c h i g a n   t o   c a l c u l a t e  a p a r a m e t e r ,  t h e  
C - i n d e x ,   l i n k e d   w i t h   t h e   e l e c t r o l y t e   c o n c e n -  
t r a t i o n  of t h e   p o r e   w a t e r .   T h e i r   f i e l d   o b s e r -  
v a t i o n s   d e m o n s t r a t e d   t h a t   r a i n f a l l - d e w f a l l  
i n d u c e d   e l e c t r o l y t e   d i l u t i o n  while e v a p o r a t i o n  
i n d u c e d   e l e c t r o l y t e   c o n c e n t r a t i o n .   I n d e e d ,   a n  
i n c r e a s e   i n   e l e c t r o l y t e   c o n c e n t r a t i o n   p r o d u c e d  
a p o t e n t i a l  decrease and  a C- index   va lue  
i n c r e a s e   a n d  a d i l u t i o n   p r o d u c e d   t h e   o p p o s i t e  
effect.  Soil f r e e z i n g ,   a s s o c i a t e d   w i t h   i o n  
e x p u l s i o n  from t h e  pore water, c r e a t e d  elec- 
t r o l y t e   d i l u t i o n   a n d  a C - i n d e x   d e c r e a s e .  

f i e ld  i n s t r u m e n t a t i o n   a n d   t h e   s e l f - p o t e n t i a l  
measurement   t echniques  we u s e d  t o  f o l l o w  the 
t h a w i n g   f r o n t  movement i n   r e s p o n s e   t o   t e m p e r a -  
t u r e   c h a n g e s .  Some examples   o f   t hawing   po ten -  
t i a l  d e v e l o p e d   i n   b o t h  a s i l t y   a n d  a sandy  
soils on p e r m a f r o s t   d u r i n g   t h e   t h a w   p e r i o d   o f  
1990  a t  Umiujaq  (Nunavik,  Canada) are  a l s o  
g i v e n  t o  d e m o n s t r a t e   t h e   r e l e v a n c e   o f   t h e  
s e l f - p o t e n t i a l   m e t h o d   i n   g e o c r y o l o g y .  The SP 
d a t a  are c o m p a r e d   w i t h   t h e   t h a w i n g   f r o n t   p r o -  
g r e s s i o n   d e t e r m i n e d   b y   t h e   m e a s u r e m e n t  of 
g r o u n d   t e m p e r a t u r e   p r o f i l e s   a n d   t h e   i n t e r p r e -  
t a t i o n s  of- our r e s u l t s  are g i v e n .  

S F . T ~ " a m u U L  

F r e e z i n g   p o t e n t i a l   h a s   b e e n   s t u d i e d   e x t e n -  

The pu rpose  of this p a p e r  i s  t o   p r e s e n t   o u r  

S p o n t a n e o u s   p o t e n t i a l s  a r i s e  from  an  ut ibal-  
a n c e d   d i s t r i b u t i o n   o f  ions caused   by  many 
mechanisms.  The two p r i n c i p a l   m e c h a n i s m s  
i n v o l v i n g   t h e  movement of i o n s   a p p e a r , t o   b e  : 

1) s t r e a m i n g   p o t e n t i a l s   a n d  
2) f r e e z i n g   p o t e n t i a l s .  

T h e s e   p r o c e s s e s   c a n  a l t e r :  t h e   b a l a n c e  o f  
i o n   c o n c e n t r a t i o n s   a n d   c a u s e .   p o t e n t i a l   d i ' f f e r ;  
ences. 

1 S t r  ' 

S t r e a m i n g  p o t e n m  are produced  by w8t'ftr 
r 

flow t h r o u g h  permeable s o i l .  N o r m a l l y ,   c l a y  
. 

p a r t i c l e s  are c h a r a c t e r i z e d   b y  a n e g a t i v e l y  ' 

c h a r g e d   s u r f a c e   ( M i t c h e l l ,   1 9 7 6 ) .  The n e g a t i v e  
c h a r g e s  on t h e   s u r f a c e  are  compensated  by the  
accumula t ion  of a n   e q u i v a l e n t   n u m b e r  o f  
c a t i o n s   i n   t h e   a d j a c e n t   s o l u t i o n .  The c a t i o n s  

t i v e  c h a r g e   o n   t h e  c l a y   s u r f a c e .  The f i r s t  few 
from t h e   s o l u t i o n  are a t t racted by the:nega- 

m o l e c u l a r   l a y e r s   a q e   h y d r o d y n a m i c a l l y  immobile 
a n d   f o r m   t h e  n f i x e d  l a y e r "  (Mitchell, 1976). 
A l i t t l e  f a r t h e r   f r o m   t h e   c l a y   s u r f a c e  i s  t h e  
" d i f f u s e   l a y e r "   ( M i t c h e l l ,  1976). L i q u i d   c a n  
mqve t h r o u g h  t h i s  l a y e r ,  which' has a n   e x c e s ?  

t h e   b u l k   s o l u t i o n  (pore water) i s  f i n a l l y  
of p o s i t i v e   i o n s .  Next t o  these t w o  l a y e r s ,  

r e a c h e d   a n d   t h e   p o r e   l i q u i d  is e l e c t r i c a l l y  
n e u t r a l .  When h y d r a u l i c   d i f f e r e n t i a l   p r d s ~ u f e  

' 

is a p p l i e d  across a s o i l ,  f l u i d  flaw fake's 
p l a c e  (see F i g u r e  1) . F l u i d  flow occur& b o d  .' 
i n   t h e  pores o f  t h e  soil a n d   i n  t h e  d i ' f f u s e  
l a y e r   a r o u n d   c l a y   p a r t i c l e s .   T h i s   f l o w   i n  t h e  
d i f f u s e   l a y e r  carries ,along t h e  excess pore 
c a t i o n s ,  The  movement of c h a r g e s   t h e n   c r , q a t &  
an  e lectr ical  p a t e n t i q l   d i f f e r e n c e  acrass  the  
l e n g t h  of t h e   p o r e s  dnd acrass  t h e  s a i l .  This  
p o t e n t i a l   r e s u l t s   i n   c u r r e n t   f l o w   b a c k  through 
t h e   s o i l ,   a n d  a r e s u l t a n t   p o t e n t i a l   d r o p  
t h r o u g h   t h e   l i q u i d  i n  the s o i l  (see F i g u r e  1). 
E r n s t s o n   a n d   S c h e r e r   ( 1 9 8 6 )   h a v e   f o u n d  a close 
r e l a t i o n   b e t w e e n   s e l f - p o t e n t i a l   a n d   s u c h  
h y d r o y e o l o g i c   p a r a m e t e r s  a s  h y d r a u l i c   h e a d  an,d 
p e r m e a b i l i t y .  

2)  Freez- 

t r i c a l   p o t e n t i a l s   a p p e a r   b e t w e e n   f r o z e n   a n d  

t h e s e   f r e e z i n g   p o t e n t i a l s   v a r y  under d i f f e r s n t  
u n f r o z e n   z o n e s .  The amplitude and   dynamic  OE 
c o n d i t i o n s   a n d   d e p e n d   o n  s o i l  t y p e   a n d  mois- 
t u r e   c o n t e n t ,  t h e  n a t u r e   a n d   c o n c e n t r a t i o n  o f , ,  
e l e c t r o l y t e s ,   a n d  the f r e e z i n g  rate. Y a r k i n  

When sail f r e e z e s   w i t h o u t  n o t i c e a b l e  redistri- 
(1973 and 1 9 8 6 )   h a s   n o t e d  t h i s  phenomenon. 

b u t i o n   o f  m o i s t u r e  ( i . e . :  sandy  s o i l  or  c l a y e y  

D u r i n g   t h e   f r e e z i n g  process i n  s o i l ,  elec- 

,. . 

I 
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' I I -  

x = L  

F i g u r e  I .  Diagram of s y s t e m   f o r   m e a s u r i n g  

h y d r a u l i c   h e a d ,  Q i s  f low,  V is electr ical  
e l ec t r i ca l  s t r e a m i n g   p o t e n t i a l s  (h  is 

p o t e n t i a l   a n d  L is l e n g t h )   d u e   t o  passage, of 
water t h r o u g h  soil. 



s o i l   w i t h  a l o w   m o i s t u r e   c o n t e n t  and a fast 
f r e e z i n g   r a t e ) ,   t h e   f r o z e n   p a r t  of the-   sample 
c h a r g e s   n e g a t i v e l y   i n   c o m p a r i s o n   w i t h   t h e  
u n f r o z e n   p a r t .  When s o i l   f r e e z e s   w i t h   s i g n i f i -  
c a n t   r e d i s t r i b u t i o n   o f   m o i s t u r e  ( i . e . :  clayey 
soil w i t h  a Slow f r e e z i n g   r a t e )  , t h e   f r o z e n  
p a r t  of t h e   s a m p l e   c h a r g e s   . p o s ' i t i v e l y  i n  com- 
p a r i s o n   w i t h  the u n f r o k e n   p a r t .   T h e s e   e f f e c t s  
are a t t r i b u t e d   t o  t h e  degree t o   w h i c h   v a r i o u s  
i o n s  are e x c l u d e d   f r o m   t h e  i c e .  Struc tU ' r8  
(Kelsh  and T a y l o r ,  1988). The i n t e r r e l a t i o n  
between freezing p o t e n t i a l   a m p l i t u d e   a n d   m o i s -  
t u r e   r e d i s t r i b u t i o n  is i r e r y   i m p o r t a n t .  

d u r i n g   f r e e z i n g  of a sample is expLained i n  
t h e   f o l l o w i n g  way. D u r i n g   f r e e z i n g ,   w a t e r  
migrates t o w a r d   t h e   f r e e z i n g   f r o n t .   I n  s o i l  
w i t h  a h i g h   w a t e r   c o n t e n t   a n d   d o w '  f r e e p i n g  , , 

r a t e ,  several electrokinetic e f f e c t s  '(sllch a s  ' . 

s t r e a m i n g   p o t e n t i a ' l )   a p p e a r  as  a result of t h e  
r e l a t i v e  movement   between  water ,   ions   in  solu-' 

Mackay, 1983). I n  t h i s  case, t h e   f r o z e n  zone 
t i a n   a n d  t h e   s o l i d  phase (Parameswaran and 

c h a r g e s   p o s i t i v e l y   i n   a g r e e m e n t   w i t h   t h e  mois- 
t u r e   m i g r a t i o n .  The  development of t h i s  elec- 
t r i ca l  p o t e n t i a l   d i f f e r e n c e   b e t w e e n -   t h e  
u n f r o z e n   a n d   f r o z e n   z o n e s '   c a u s e s  a - m i g r a t i o n  
o f  water t o   t h e   f r e e z i n g   f r o n t   ( B o r o v i t s k i i ,  
19751, l i k e   t h o s e   o b s e r v e d   i n   t h e   p r o c e s s  of 
e l ecx ro -osmos i s   (movemenTof   wa te r .  takes p l a c e  
i n  the d i r e c t i o n  o f  t h e   n e g a t i v e l y   c h a r g e d  
e l e c t r o d e ) .  For sai l .  w i t h o u t   n o t i c e a b l e  redis- 
t r i b u t i o n  of m o i s t u r e ,   c a t i o n s   a r e   p r e f e r e n -  
t i a l l y   r e j e c t e d  a t  t h e   f r e e z i n g   f r o n t   f r o m  t h e  
f r o z e n   p a r t   i n t o   t h e   u n f r o z e n  part (Hanley  and 
Ramachandro Rao, 1 9 8 2 )  , I n   t h i s  cas&, t h e  
f r o z e n   p a r t   c h a r g e s   n e g a t i v e l y   r e l a t i v e  t o  t h e  
u n f r o z e n   p a r t .  The r e a r r a n g e m e n t  of t h e  s t r u c -  
t u r e   o f  water f r o m   t h e  l i q u i d  t o   t h e  crys- 
t a l l i n e   s t a t e  and v i c e   v e r s a  can a150  deve lop  
e l e c t r i c a l   p o t e n t i a l   ( B o r o v i t s k i i ,  1975) . When 
t h e  soil t h a w s ,   e l e c t r i c a l   p o t e n t i a l ' v a r i a t i o n  
i s  a l s o   n o t e d   ( P a r a m e s w a r a n  et d l . ,  1985). The 
development  o f  t h i s   p o t e n t i a l  is  d u e   t o   w a t e r  
movement. 

The development   of  a s p o n t a n e o u s   p o t e n t i a l  
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M o n i t o r i n g   t h e   s e l f - p o t e n t i a l   v a r i a t i o n s  . ' 
due to t h a w i n g  {or f r e e z i n g )  of the a c t i v e  
l a y e r  required a n   e l e c t r i c a l   m u l t i - w i r e   c a b l e  
w i t h   e l e c t r o d e s  a t  i n c r e m e n t a l   d e p t h   i n t e r -  
v a l s .  The e l e c t r i c a l   c o n t a c t   w i t h   t h e   s o i l  was 
prwided b y   m e t a l l i c   e l e c t r o d e s .   F o r   e a c h  s i te  
i n v e s t i g a t e d ,  a 4 m l o n g   e l e c t r i c a l   c a b l e   w i t h  ~ 

41 s t a i n l e s s  steal e l e c t r o d e s   d i s t r i b u t e d  keg- 
u l a r l y  every 10  cm was d r i v e n   v e r t i c a l l y   i n t o  
the ground.   The depths o f  t h e   f i r s t   a n d  Last 
e l e c t r o d e s  w e r e  r e s p e c t i v e l y  5 and 405 cm. The 
electrode s h a p e  was a c i r c u l a r   b a n d  f i x e d  
a r o u n d   t h e   e l e c t r i c a l   c a b l e ,  1 cm wide  and 
2 c m  i n   d i a m e t e r   w i t h  a t h i c k n e s s  of  1 mm. 
E a c h   e l e c t r o d e  wqs l i n k e d  t o  a c o n t a c t  box a t  
t h e   g r o u n d   s u r f a c e  b y   a n   i n d i v i . d u a l   e l e c t r i c a l  
c o n d u c t o r .  I t  was  assumed t h a t  t h e  - e l k c t r o d e s  
and  cable were e l e c t r i c a l l y  inact. ive.  , ' I n  :par- \ 

a l l e l  w i t h  the electrodes, 2 1  'UUBjlJ1 the.trqis-,,,- . , j  
t o r s  (1000 Ohm a t  25°C) , from Fenwal , ' 

E l e c t r o n i c s  Ltd, d i s t r i b u t e d   r e g u l a k l y  every . , , '  . .i 
20 cm along a n o t h e r   e l e c t r i c a l  cable provided 
a t e m p e r a t u r e   c w n t r o l .  The p a i r  o f  e l e c t r o d e s  

e l e c t r i c a l  cable. An e lectr ical  c a b l e  i s  simi- , 
a n d   t h e r m i s t o r s   c a b l e s   c o n s t i t u t e d   t h e   t h e r m o -  

l a r  t o   t h e r m o e l e c t r i c a l   c a b l e   w i t h o u t   t h e  
t h e r m i s t o r s .  

S e l f - p o t e n t i a l s  were measured   wi th  a 
T e r r a m e t e r  ABEM SA5 300 f r o m   A t l a s  Copco, 

measurement   problems.  ' . ' 

t r b l y t e   c o n c e n t r a t i o n .  

- s e l f - p o t e n t i a l  (mV) as a function 
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Figure 2:  Umiujaq (1990), s i l t y   p e r m a f r o s t  mound. A) t h e r m o e l e c t r i c a l  cable 1: g r o u n d   t e m p e r a t u r e  
v s   d e p t h   a n d  time; B) t h e r m o e l e c t r i c a l   c a b l e  I :  se l f  p o t e n t i a l  vs d e p t h   a n d  time; 

C) electr ical  c a b l e  2 :  s e l f   p o t e n t i a l   v s   d e p t h   a n d  time. 
, , .  

300 c m  d u r i n g   t h e   s t u d y   p e r i o d  (Figure 2a), t h e   t r o d e   i n   t h e  ac t ive  layer  l o a d e d   n e g a t i v e l y ,  
s e l f - p o t e n t i a l   v a l u e s   r e m a i n e d   s t a b l e   i n  per- 
m a f r o s t   d u r i n g   t h i s  time ( F i g u r e  2b). The 

because  t h e  p o ' t e n t i a l  r e l a t i v e   t o   t h i s  elec- 
t r o d e   d e c r e a s e d   w i t h  time. S t r e a m i n g   p o t e n -  

c h o i c e  of t h e   r e f e r e n c e   e l e c t r o d e   p o s i t i o n  a t  
405 cm d e p t h  was t h e r e f o r e   a p p r o p r i a t e .   F o r  a 

t i a l s  g e n e r a t e d   b y   d o w n w a r d   m i g r a t i a n   o f , w a t e r  
t o w a r d   t h e   t h a w i n g   f r o n t   a n d   f r e e z i n g  pot~Sii- 

t e m p e r a t u r e   u n d e r  -3'C, t h e   u n f r o z e n  water con- 
t e n t  i n  p e r m a f r o s t   d o e s   n o t   v a r y  much 

r i a l s  produced  by water f r e e z i n g   b e n e a t h  t h e  
t h a w i n g   f r o n t  are  t h e   p r o b a b l e  causes o f  t h e  

(Anderson et 2.1 ., 1973)  a n d   t h i s   s i t u a t i o n   s e l f - p o t e n t i a l   i n c r e a s e  i n  t h e  active l a y e r .  
a l l o w s  a c o n s t a n t  e lec t r ica l  p o t e n t i a l  re2.a- 
t i v e   t o   t h e   r e f e r e n c e   e l e c t r o d e .  The a c t i v e  base o f  t h e   a c t i v e   l a y e r   d u r i n g   t h e   t h a w  peri- 

Downward water m i g r a t i o n  and f r e e z i n g  a t  t h e  

l a y e r   t h i c k n e s s   i n  the s i l t  was a b o u t  120  cm. 
The ac t ive  l a y e r / p a r m a f r o s t   c o n t a c t  was c h a r -  

od were well  e x p l a i n e d  by Mackay (1983)- We 
h a s  shown s u b s t a n t i a l  fieM e v i d e n c e  of t h i s  

a c t e r i z e d  by a m a r k e d   i n c r e a s e   i n  ice cant-ent. 
T h i s   c o n t a c t  was e a s y  t o  locate d u r i n g  

phenomenon. Parameswarao et a l .  (1985) and 
B o r o v i t s k i i   ( 1 9 7 5 )   h a v e   a l s o   o b s e r v e d  self- 

d r i l l i n g  Erom t h e   a p p e a r a n c e  of h o r i z o n t a l   p o t e n t i a l   v a r i a t i o n  i n  t h e  ac t ive  l a y e r   d u r i n g  

t h e   1 2 0  and 300 c m  d e p t h s   i n   p e r m a f r o s t ,   t h e  
l e n s e s  of  s e g r e g a t e d  ice i n  t h e  core. Between   t hawing   and   f r eez ing .   They   u sed   t he   hypo thes i s  

w f  water m i g r a t i o n   a n d   r e f r e e z i n g  t o  e x p l a i n  
s e l f - p o t e n t i a l   v a l u e s   d i d   n o t   c h a n g e   s i g n i f i -   t h i s   v a r i a t i o n .  The a c t i v e   l a y e r   h a s  a polyhe- 
c a n t l y   a n d   t h e   v a r i a t i o n s  were a t t r i b u t e d  t o  d r a l  c r y o t e x t u r e   a n d   t h i s   c r y o f a c i e s   p r o d u c e d  
a n   i n c r e a s e   i n   t h e   u n f r o z e n  water c o n t e n t   w i t h   a n   i n c r e a s e  i n  soil p e r m e a b i l i t y .  Thus, water 
t e m p e r a t u r e .  For  a g i v e n   d a y ,  dif,fe$&q elec- 
t r i c a l  p o t e n t i a l   v a l u e s  were 7note'd 'on %he, %VEL;-, t hawing  f r , on t ,  a l l o w i n g   s t r e a m i n g   p o t e n t i a l s  

migration wa'g: f a c i l i t a t e d ,   e v e n   b e n e a t h   t h e  

t i c a l  p r o E i l e  of t h e  a c t i v e   l a y e r ' a n d  pe;-:?: t o  $e g e n e r a t e d ,  Before t h & t h a w   p e r i o d ,  when 
m a f r o s t .  SP v a r i a t i o n   i n   t h e   p e r m a f r o s t   i n d i -  t h e   a c t i v e   L a y e r  temperature was close t o  O'C 
c a t e d  a d i f f e r e n c e   i n  t h e  d i r e c t i o n  af  mois- a n d   t h e  bQ,qf'fbzen w a t e r   c o n t e n t  was h i g h ,  water 
ture m i g r a t i o n   a n d   i o n   d o n c e n t r a t i o n  distribu- miyration wa,s p o s s i b l e   a n d   s e l f - p o t e n t i a l  val-  
Cion i n   t h e   s o i l   d u r i n g   p e r m a f r o s t  mound f o r -  u e s   a l s o   i n c r e a s e d .   F u r t h e r m o r e ,  water migra- 
mat ion .  The thawing  front p o s i t i o n  a t  ODC is  t i o n  arid phase change  created a n   e l e c t r o l y t e  
a l s o  u n d e r l i n e d  by a t h i c k   c o n t o u r   l i n e   o n  , d i l u t i 6 n  which a f f e c t e d   s e l f - p o t e n t i a l   v a l u e s .  
F i g u r e  2a and it i s  t r a n s f e r r e d   a n d   u n d e r l i n e d  * A c c o r d i n g   t o   O u t c a l t   a n d   f l i n k e l   ( 1 9 8 9   a n d  
by a t h i c k   c o n t o u r  line on F i g u r e  2b. The :, '1990), a n   i n c r e a s e   i n   s e l f - p o t e n t i a l  i s  pro- 
t hawing  f r o n t  p r o g r e s s . i o n   i n  s'ilt was e v a l u a t -  duced by e l e c t r o l y t e   d i l u t i o n .  For t h e  thawed 
ed a t  2 c m  per day .  The t h a w i n g   f r o n t   p o s i t i o n  zone ,  t h e   s e l f - p o t e n t i a l   v a r i a t i o n  is l i n k e d  
d e t e r m i n e d   b y   t h e  O°C c o n t o u r   l i n e  (see t o  d e s i c c a t i o n  and m o i s t u r i z i n g  cycles. 
F j g u r e  2a) c o r r e s p o n d s  roughly t o  the -100 mV The s e l f - p o t e n t i a l   c o n t o u r   l i n e a   p l o t t e d   o n  
c o n t o u r   l i n e   ( F i g u r e  2b). T h i s   c o r r e s p o n d e n c e  E'igurc  2c are d e r i v e d   f r o m   t h e  e lec t r ica l  
i s  r e m a r k a b l e   c o n s i d e r i n g   t h e   m e t h o d   o f  mea- cable ( # 2 )  d a t a .  The p a t t e r n   , o b s e r v e d   i n  
surement .   The -100 mV v a l u e  can   change   f rom F i g u r e . 2 ~  i s  q u i t e  similar t o  t h a t  i n  Figure 
y e a r  to y e a r   b e c a u s e  it d e p e n d s   o n   m o i s t u r e  2b f o r  t h e  t h e r m o e l e c t r i c a l  ,cable (#I) b u t  the  
m i g r a t i o n   a n d  i o n  c o n c e n t r a t i o n   d i s t r i b u t i o n  v a l u e s  a re  c o m p l e t e l y  d i f f ,e ren t .  This d i s s i m i -  
d u r i n g   t h e   l a s t   f r e e z i n g   p e r i o d .  The self-  l a r i t y  is due  t o  t h e   d i f f e r e n c e  i n  ion   concen-  
p o t e n t i a l   v a l u e s  i n  t h e   a c t i v c , l a y e r   i n c r e a s e d  t r a t i a n   d i s t r i b u t i o n   b e t w e e n  t h e  two ver t ical  
d u r i n g   t h e   s t u d y   p e r i o d .  From May 8 t o  June  12  profiles. The b a c k f i l l  of t h e   d r i l l i n g   h o l e  
of  1990, t h e  g r o u n d   t e m p e r a t u r e  a t  a d e p t h  of a f t e r  t h e  e l e c t r i c a l  cable i s  d r i v e n   i n t o  the 
55 cm i n c r e a s e d  by 3'C (from -3;2 t o  0,1'C) g r o u n d   c a n   c h a n g e   t h e   p h y s i c a l  pyoperties  of 
w h i l e   s e l f - p o t e n t i a l   i n c r e a s e d  ..by 230, mV (from t h e   g r o u n d   a n d   t h e  i o n  c o n c e n t r a t i o n   d i s t r i b u -  
-290 t a  -60 mV). For a s e l f - p o t e n t i a l  i n c r e a s e  'cion. The 0 mV c o n t o u r   L i n e   c o r r e s p o n d s   r o u g h -  
and a c o n s t a n t   r e f e r e n c e   p o t e n t i a l ,   t h e  elec- ly t o   t h e   t h a w i n g   f r o n t   p o s i t i o n .  . 
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F i g u r e  3,. S e l f - p o t e n t i a l  v s  ground   . t empera tu re .  

For t h e   f r o z e n   s i l t y  soil, t h e   s e l f - p o t e n -  
t i a l  v a r i a t i o n   w i t h   t e m p e r a t u r e   c h a n g e s  was 
greater close t o   t h e   s u r f a c e  i n  t h e  a c t i v e  
l a y e r   t h a n   i n   t h e   p e r m a f r o s t   ( F i g u r e  3 ) .  
Benea th  O°C, the SP g r a d i e n t   a t  a d e p t h  o f  
55 c m  was about 70 mV-'C-' w h i l e  it was 25 mV-OC-' 

s t r o n g e r  in the a c t i v e   l a y e r   a n d   g e n e r a t e d  
h i g h e r   s t r e a m i n g   p o t e n t i a l   v a l u e s .  

cal behav io r   was  qui te  d i f f e r e n t .   T e m p e r a t u r e  
and'. s e l f - p o t e n t i a l   c o n t o u r   l i n e s   a r e   p l o t t e d  
i n   F i g u r e s  4a and 4b. The  thawing .   f ron t   p ro-  
g r e s s i o n   w a s  more r a p i d   i n   t h e   s a n d   t h a n  i n  
t h e  s i l t :  3 cm p e r   d a y .  The e x a c t   a c t i v e   l a y e r  
t h i c k n e s s  i s  n o t  known for  t h i s  s i t e  b u t  a 
v a l u e   b e t w e e n  200 and  300 cm a p p e a r s  t o  be 
r k a s o n e b l e ;   T h e   s e l f - p o t e n t i a l   v a l u e s  a t  t h e  
b a s a l   e l e c t r o d e   i n   p e r m a f r o s t  did not remain 
stable because '   t he   g rwund   t empera tu re  
i n c r e a s e d  t o  c l o s e   t o  O'C, t h e   p o r o s i t y  was 

d e p t h   o f  105 cm. Water   migra t ion  was 

I n   t h e  case of t h e   s a n d y  soil, t h e  elect?!- 

. .  

, ,  
. .  

, .  , . .  

higp.$and t h e  water c o n t e n t  was 
t h e i . - i y b f e r e n c e   e l e c t r o d e   p o s i t i o  
n o t  '.deep enough and t h e   p o t e n t i  
thls e l a c t r o d e .   b e c a m e   u n s t a b l e  

t h a t  t h e ' s e l f - p o t e n t i a l   v a l u e s  
s t u d y  p e r i o d .   I n   s p i t e  of t h i s ,  

between -400 and -350 mV p r o v i d  
l a y e r   d e c r e a s e d   d u r i n g   t h e   t h a w  

m a t e   l o c a t i o n  o f  t h e  t h a w i n g  f r  
g r a d i e n t  at a dep th   o f  155 cm i 
-60 mV-"C" ( F i g u r e   4 a )  w h i l e  it 
the s a m e   d e p t h   i n   t h e   s i l t ,  The 

b l y   d u e  t o  t h e  s o i l   d r y i n g  as w 
s e l f - p o t e n t i a l  d u r i n g  soil warm 

downward.   Sand  permeabi l i ty  was 
t a t i n g   w a t e r   m i g r a t i o n .  The neg 
on t h e   s u r f a c e   g r a i n s   s h o u l d  be 
a n   a c c u m u l a t i o n   o f   c a t i o n s  i n  t 

t r o l y t e   c o n c e n t r a t i o n   a n d  a sel 
s o l u t i o n .   T h i s   a c c u m u l a t i o n  cre 

dec rease   (Ou tca l t   and   H inke l ,  1 
The a c t i v e   l a y e r  i n  t h e  sandy r 
l oaded  positively a n d   t h e   s e l f -  
d e c r e a s e d   d u r i n g   t h e   t h a w  peric 

CONCLUSIQN 

The t h a w i n g   f r o n t  rnavement w 
means of s e l f - p o t e n t i a l   m e a s u r e  
p e r m a f r o s t  mound and a sandy ma 
Umiu j a g  (Canada ,   Nunavik)   dur in  
p e r i c d  of 1990 .  SP v a r i a t i o n s  c 
r o u g h l y   w i t h   t h e   t h a w i n g  front 
mined by  g r o u n d   t h e r m a l   p r o f i l e  
t r o d e   a r r a n g e m e n t   u s e d  was t h e  
a r r a y .  To e l i m i n a t e   a l l   u n d e s i r  
v a r i a t i o n s   r e l a t i v e  t o  t h e  refe  
i nduced  by t e m p e r a t u r e   c h a n g e s ,  
had to be l o c a t e d   i n   . p e r m a f r o s t  
w h e r e   t h e   a n n u a l   t e m p e r a t u r e  am 
zexo, t h e   p h a s e   c h a n g e  i s  , a v o i d  
e l e c t r o l y t e   c o n c e n t r a t i o n  is co 

The a c t i v e   l a y e r   i n   t h e  s i l t  
n e g a t i v e l y   d u r i n g   t h e   t h a w   p e r i  
l o a d e d   p o s i t i v e l y  i n  t h e   s a n d y  
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a t  405 c m  was 

r i n g   t h e  
r e l a t i v e   t o  

t is  c l e a r  
1 t h e   a c t i v e  
heriod.  Values 
1 an  apprwxi-  
~ t .  The SP 
about: 
s 25 mV-°C-' a t  
lecrease of 
lg was proba-  
.er m i g r a t e d  
tight, f a c i l i -  
. ive ' charges  
:wm~ensa ted  by 
! a d j a c e n t  
.ed an elec- 
. p o t e n t i a l  
19 and 1 9 9 0 ) .  
: i n e  t errace  
r t e n t i a l  

" , 

; moni to red  by 
!x& i n  a s i l t y  
.ne terrace a t  
t h e  thaw 
: responded 
rvement d e t e r -  

The elec- 
! f e r e n t i a 1  
)le potential 
!rice elect rode 
. h i s   e l e c t r o d e  
it a d e p t h  
. i t u d e  is 
I a n d   t h e  
i t a n t .  
soil l o a d e d  
I w h i l e  it 
til.. The s e l f -  

3mpera ture   vs  

I 8 6  



p o t e n t i a l  increase i n   s i l t y  s o i l  was due t o  
streaming p o t e n t i a l s   g e n e r a t e d   b y  water migra-  
t i o n   t o w a r d   t h e   t h a w i n g   f r o n t   a n d   t o  elec- 
t r o l y t e   d i l u t i o n   c r e a t e d  by phase   change .  
F r e e z i n g   p o t e n t i a l s   p r o d u c e d  by water f r e e z i n g  
b e n e a t h   t h e   t h a w i n g   f r o n t  a l s o  c r e a t e d   o b s e r v -  
a b l e   p o t e n t i a l   v a r i a t i o n s ,  Temperature and 
u n f r o z e n   w a t e r   c o n t e n t   i n c r e a s e   b e f o r e   r e a d h -  
i n g   t h o   t h a w i n g   t e m p e r a t u r e  (O'C) a l so  a f f e c t e d  
t h e   n a t u r a l  e lectr ical  p o t e n t i a l s .  The s e l f -  
p o t e n t i a l .   d e c r e a s e   i n   s a n d y  soil was due  t o  
t h e  s o i l  d r y i n g  as  water migrated  downward, 
The e l e c t r o l y t e   c o n c e n t r a t i o n   i n c r e a s e  was 
r e l a t e d  t o  t h e   a c c u m u l a t i o n  o f  c a t i o n s   i n   t h e  
a d j a c e n t   s o l u t i o n   a r o u n d   s a n d   p a r t i c l e s   t o  
c o m p e n s a t e   t h e   n e g a t i v e  charge on t h e  s u r f a c e  
grains. 

M o n i t o r i n g   s e l f - p o t e n t i a l   c h a n g e s   i n   t h e  
a c t i v e   l a y e r   a n d   i n   p e r m a f r o s t   o f f e r s  good 
p o s s i b i l i t i e s  for  a s s e s s i n g   c h a n g e s  i n  temper- 
a ture ,  water c o n t e n t   a n d   m i g r a t i o n ,   a n d   i n   i o n  
c o n c e n t r a t i o n   d i s t r i b u t i o n .   S e l f - p o t e n t i a l  
measurement   could be u s e f u l   € o r   s t u d y i n g   a n d  
p r e d i c t i n g   l a n d s l i d e s   a n d   d e t a c h m e n t   f a i l u r e s  
induced  by ice m e l t i n g   i n   p e r m a f r o s t   t e r r a i n .  - 

The a u t h o r s  owe s i n c e r e   t h a n k s  t o  t h e   I n u i t  
community of Umiujaq  and t o  Willie Kumarluk 
for t h e i r   h o s p i t a l i t y   a n d   f r i e n d l y   s u p p o r t .  We 
gra t e fu l ly   acknowledge   Ene rgy ,   Mines   and  
R e s o u r c e s   C a n a d a   f o r   t h e   l o a n  of an  a l l - ter-  
r a i n   v e h i c l e   a n d  a CRREL c o r i n g   a u g e r   k i t .  
Thanks are d u e   t o   J o c e l y n   L a u z o n   f o r   h i s  h e l p  
i n   t h e   f i e l d   a n d  t o  J e a n   P i l o n   f r o m   t h e  
Geo log ica l   Su rvey  of C a n a d a   f o r   h i s   l o g i s t i c a l  
s u p p o r t .  The r e s e a r c h  was s u p p o r t e d  by g r a n t s  
from t h e   N a t i o n a l   S c i e n c e s   a n d   E n y i n e e r i n q  
Research   Counci l  of Canada (NSERC), t he  Quebec 
Fonds FCAR, a n d   I n d i a n   a n d   N o r t h e r n   A f f a i r s  
Canada. 
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. .  

The h e b t  condu(:t ion  problem w i t h  8 phauc-change i s  a weak i n t e r w i s s i o n  

t e c h l i q u c  t e c h n i q u e   t o   s o l v e ' t h e   t e m p e r a t u r e  f i e l d  of  t h e   f r o z e n  wall. B u t  t h i s  
t ~ l s  i m p l i c i t   f l h i t e   d i f f e r e n c e  scheme  (Bonacina,  1973). In t h i s  paper we use 

I e v c l  tions, i t  i s  c o n v i n i e n t  t o  n u m e r , i c a l l y   s o l v e   t h e   e q u a t i o n s  by a t h r e e - t i m e  
t r a n s f o r m a -   t i o n s  w i t h  n o n - d i m e n s i o n a l   s p a t i a l   v a r i a b l e  b y  means of mathemat i ca l  

squa-  p r o b l e m .   A f t e r   t h e   g o v e r n h g   d i f f e r e n t i e l   e q u a t i o n s   w e r e   t r a n s f o r m e d   i n t o  
r l o K i n e a r  

r . iu~ t  can be n e g l e c t e d .  This t e c h n i q u e  can  tot be used f o r  c l o y   w i t h  a d i f f e r e n t  
is only  used f o r  c o a r s e  s o i l  wh ich   f r eezes  a t  z e r o  and i n  which  moisture  m i g r a -  

'phase-change temperature zone .  

, ,  

I N T R O D U C T I O N  

As i s  known, t h e   s t r e n g t h  o f  f rozen   g round  i s  
closely ce l .a ted  t o  i t s  t e m p e r a t u r e . .  In t h o  s i n k -  
i n g  of a f r o z e n   w a l l  i n  t h e   a r t i f i c i a l l y   f r o z e n  
g r o u n d ,   f o r   t h e   t e m p e r a t u r e  f i e l d  o f  t h e  f r o z e n  
w a l l  s l ~ o u l d  b e  so lved  a s  i t  is  an   impor tan t  
meaning i n  c s t i m a t i n g   t h e   s t r e n g t h  o f  f r o z e n  
wall   and i n  c o n t r o l l i n g  t h e  c o n s t r u c t i o n  p r o -  
c e s s e s .  Because  o f  t h e  heaL a b s o r p t i o n  f r o m  t h e  
soil by  th ,e  dozens  of f r e e z e - p i p e s   a r r a n g e d  i n  
a c i r c l e  and t h e   o x i a t e n c e  o f  two  frozen-thawed 
i n t e r . f e c e s  in t h e   i n s i d e  and  he o u t s i d e  o f  t h e  
f r e e z e i p i p e s  c i r c l e ,  t h e   c o m p l e x i t y  of s o l v i n g  
this k i n d  o f  problems is g r e a t l y   i n c r e a s e d .  

d i f f e r e n t i a l   e q u a t i o n s   i n t o  l l n e a r  e q u a t i o n s ,  
t h e  w r i t e r   u s e d  a m a t h q m d t i c n l   t r a n s f o r m a t i o n  
t o  make t h e  s p a c e  v a r i a b l e   n o n - d i m c n s i o n a l i z e d .  
I n  t h e  ob ta ined .   non-d imens iona l   equa t iuns ,  t h e  
f r o n t s  of  t h e  p h a s e - c h a n g e   i n t e r f a c e  were f i x e d .  
The e q u a t i o n s   w e r e   n u m e r i c a l l y   s o l v e d  b y  choos- 
i n g  a t h r e e - t i m e   L e v e l   d i f f e r e n c e   s c h e m e   a n d  
t h e   t e m p e r a t u r e   d e p e n d e n t   c o e f f i c i e n t s  were 
e s t i m i t q t l   a t  an i n t e r m e d i a t e - t i m e   l e v e l .  Mean- 
w h i l e , ' " ' t h e  h e a t '   b p l a n c e   e q u a t i , o n   o f   t h e   i n t e r -  
f a c e s  wure n u m e r i c a l l y   t r e a t e d  b y  d i f f e r e n c e  
methods and t h e  i n t e r f a c e   p o s i t i o r r s   w e r e  d e t e r -  
minecd: b y  t h e   p r e d i c t o r - c o r r e c t o r   a l g o r i t h m  
(Feng.  '19 '78) .  I n   t h a t  way, t h e   ~ i o n l i n e u r l i t y  u f  
t h e  o r i g i n a l  prob lems   and   t roub le s  c a u s e d  i n  
d e t e r m i n i n g   i n t e r f a c e   c o e f f i c i e n t s  c o u l d  be 
e n t i r e l y   a v o i d e d .   S i n c e   t h e   e q u a ~ i o n s  t o , h e  
s o l v e d   a r e   l i n e a r  a l s e b r a  e q u a t i o n s ,  the c o l -  
c u l a t i o n  a c c u r a c y  can  be improved. ' T h i s  t e chn i - -  
que i s  named " s e v e r i n g   s i n g u l a r i t y "  o r  "moving 
coord inaLe"   t echn ique  in ma!.hemacicy (zhu, I980) 
t h e   t e m y g r a t u r e   F i e l d  of t he   sunken  f r o z e n  wall 

T h i s  p a y e r  presents t h e  trchniq1lta o f  s o l v i n g  

i n  t h e   a r t i f i c i a l l y  E r o z c n  groulld i n  t h e  Liang- 
V l u e l  arcitl o t  CHINA and  Q ~ s c u s r e s  Lhu r a t l o n a l l t y  
and. feasibility of   the  scverjr1 .g  s i n g u l a r i t y  
t e c h n i q u e  in t r e a t i n g   p h a s e - c h a r ~ g e   p r o b l c m u .  

111 o r d e r  t o  trunsform n o n l i t ~ e a r   g o v e 1 n i 1 1 g  

SYMBOLS 

e q u a t i u n s ,  " C ;  

T - time, h ;  

e q u a t i o n s  O C ;  

SUPERSCRIPT 

F O B M U 1 , A T l O N  OF THE I'KOBLEM 
~ , .  

111 t h e   a r t i f i c i a l  f t e e z i o g  s i n k i n g ,  H few 
f r o z e n   d e e p   s h a f t s   n e e d   u s s i s t a n t  f r e e z e - p i p e s  



i n s t u l l e d   i n   t h e   i n n e r   s h a l l o w  l a y e t  of  t h e  m a i n  
freeze-pipes c i r c l e   b e c a u s e  o f  i t s  l a r g e   d i a -  
~ ~ u t e r  all11 Io1 l l lc pUL[JUse u f  s a v i n g  c o l l s t r u c t i o n  

c i r c l e   f r e e z e - p i p e s   t e c h n i q u e  i s  u s e d .  T h e  
t i m e  b y  advanced d i g g i n g .  G s ~ ! e c a l l y ,  t h e  s i n g l c -  

f r e e z i n g  p r o c e s s  o f  t h e  single-circle i n  t h e  
s h a l l o w  l a y e r ,  w h e n   t h e   i n c l i n a t i o n  o f  Ereeze-  
p i p e s  may be n c g l e c ~ e d ,  c n n  b e   d e s t r i b c d  a s  
follows. 

r c g i o n  i n s i d e  a n d  o u t s i d e   t h e   f r e e z e - p i p e s  
c i r c l e  : 

T h e  e n e r g y  e q u a ~ i o n s  o f  t h e   f r e e z i n g - t h a w i n g  

'I'hc i n i l i u l   c u ~ ~ d i t i u n s :  

T h e  boundary c o n d l t i u n a  

f r o m   e q u a t i o n s  ( 9 ) - ( 1 2 )  were subst-itulcd i r l lu  
e q u a t i o n s  (13)-(15), t h e n  equations ( 1 3 ) - ( 1 5 )  
were s u h s t i t u r e d  i n t o  ( 1 ) - ( 8 ) ,  H e n c e ,   t h e  
o r i g i n a l  e q u H t i o n s   w e r e   t r a n s f o r m e d  t o  1 . 1 1 ~  ~,IIII;I- 
t i o n s   w i t h   n o n - d i l n e n s i o n o l  s p a c e  v a r i ; ~ b l r : s .  

'The f i r - s t  d e r i v a t i v e s  w i t h   r e s p e c t  L o  r r 1 1 1 1 i  'I 

F o r  t h e  i n n e r   t h a w i n g  r e g i o n ;  

(2<2<3: r > O )  

T h e   o u t e r   t h a w i n g  reg in^^: 



i n i t i a l  c o n d i t i o n s :  

( 2 7 )  

The o u t e r   i n t e r f a c e  p o s i t i u ~ ~  is ulwttys u t  a = : $ .  
T h e  O u t e r  b o u n d a r y  c o n d i t i o n s :  

z - 4 :  ,r:(z.~) = 1.. ( 2 9 )  

I n  e q u a t i o n s   ( 1 6 ) - ( 2 9 ) ,   t h e i r   s p n c e   v a r i a b l e s  
a r e  d i m e n s i o n l e s s  a n d  t h e  p o s i t i o n s  of  phase- 
change i n t e r € a c e  i n s i d e  at- o u t s i d e  t h e  c i r c l e  
a r e  f i x e d  it1 form. IF the d i f f e r e n c e s  u f  t h e  
e q u a t i o n s  at t h e   i n t e r f a c e  a r c  a l s o  made,  i t  is 
c o n v i n i e n c   t o   s o l v e   n u m e r i c a l l y   e q u a t i o n s  ( 1 6 ) "  

a l g o r i t h m .  T h i s  is f o r  r e a s o n s   t h a t  b o u n d a r i e s  
( 2 9 )  by means o f  t h e   p r e d i c t o r - c o r r e c t o r  

of e q u a r i u n v   o b t a i n e d  b y  t r a n s f o r m a t i o n s   a r c  

o r i g i n a l   p r o b l e m s  and t h e  troubleu of t r e a t i n g  
g i v e n ,   t h e r e f o r e   t h e  nun l i n e a r i t y  o f  the 

t h e   i n t e r f a c e  c o e f f i ~ i e n t s  c a n  b e  a v o i d e d .  

DETEHMINATTON OF TNITIAL A N D  B O U N D A R Y  CONUIl'lONS 
AND ANALYSTS OF CALCULATED ReSULTS 

I n  a r t i f i c i a l  f r e e z i n g  s i l l k i n g ,  i f  the Lem- 
p c r a t u r e   f i e l d  o f  t h e   f r o z e n   w a l l  i s  de te rmined  
b y  the sx i symmet r i c  mudel.  we shou1.d c o n s i d e r  
t h e  unaxisymmetric  t e m p e r a t u r e   d i s t r i b u t i o n  i n  
t h e   s t a r t  of f r e e z i n g   ( e . i .   b e f o r e   t h e   c o i n c l -  
dence  o f  a froze11 c i r c l e  formed h y  t h e   s i n g l e  
F r e e z i n g - p i p e s ) .  E v e n  when t h e   f r o z e n   c i r c l e s  
h a d  c o n n e c t e d ,   t h c r c  s t i l l  i s  a t e m p e r a t u r e  
d i f f o r e o c e   b e t w e e n   t h e  ma-in p l a n e  t ~ n d  nodepoil l t  
p l a n e .   T h e r e  w i l l  be n o  s t r i c t l y   a x i s y m r n e t r i c  
t e m p e r a t u r e   d i s t r i b u t i o n   u n l e s s   t h e   f r o z e n  wall 
0 1 1  Lhe maill p l a n e  d n d  Ilodepoi,rlt p l a n e  hawe 
become  smooth. B a s e d  on r h i s  u n t l e r s t a n d i n g ,   t h e  
s e v e r i n g   s i n g u l a r i t y   t e c h n i q u e   u s e d  i n  t h i s  
papel- denlarrds a c e r t a i n   t h i c k n e s s  of t h e  f r o z e n  
w a l l  at t h e   b e g i n n i n g  of t h e   c a l c u l a t i o n ,  which 
c o i n c i d e s  with o u r  c o n s i d e r a ~ j u n .  

o f  t h e  f r u z e n  w a l l  observed  a t   he dep th  o f  1 4 0  
In  t h i s  p a p e r ,  t h e   t h i c k n e s s  and t e m p e r a t u r e  

m ,  on May 20tt1,  1984, i n  an ~ s s i s t ~ n t  wel l  t ~ t  
T A O Y t I A N  were chosen  as Lhe i n i t i a l   c o n d i t i o n s  
f o r  c a l c u l a t i n g .  

The L r e a t i n g  C J f  t h e   b o u n d a r y   c o n d i t i o n   a t  

was upprox ima te ly  described b y  che comb in at lo^^ 
o f  temperaLurcs at t h r e e   p o i n t s .   A c c u r a c y  o f  

.. , I' .. . . lr-0, a c c e t d i . t I g  t o  the yiven r . u n d i t i u ~  a t f a r = u ,  

in  he c a l c u l a t i o n ,   t h e s e   d i f f e r e n c e s  
el .i m i  n a t e d .  

woul(l Ijt i  

i c a l l y   p r o b l e m s  w i t h  phase-changes b y  t11cans o f  
t h e  s e v e r i n g  s i n g u l a r i t y  t e c h n l q u e  is rat.iont11 
and a p p l i c a b l e ,  

From ahove ,  i t  i s  o b v i o u s   t h a t  s o l v i n g  rtu1ncr 

Its c h a r ~ c t e r i s ~ i ~ ~  a r e  a s  f o l l o w :  
I . .  C l e a r   m a t h e m a t i c a l   d e r i v a t i o n  and  rL*LiaIJl. 

L h e o r e t i c a l  b s e :  
2 .  Avoided t h e  problem o t  t r e a t i n g  j n t e r f a r t  

c o e f f  i c i e r l t s  i n  c a l c u l a t i o n   p r o c e s s e s  
f i x c t l  i n  f o r m ;   t h e   p h a s e - c h a n g e   i n t e r f a c e s  a r e  

because  

~ ! I I L ~  i r ~  ~ l r u  t l i i l r I u r l ~ ~  U I I I S ~ L ~ O ~ I S  { e r r  I hr :  t+ll;,sc 
c h a n g e   i n t e r € a c e  i n  t h e   d i f f e r e n c c   e q u ; ~ t i o n 5  /:< 
a l w a y s  t r e a t e d  a s  H node; 

3 .  A v o i d e d   t h e   c r o s s o v e r - i n t c r m ~ a s l u n  d i f f e r -  



'Table 2.  Comparison bet .wee~~ c ~ l c u l a t e d  arld observed t e m p e r a t u r e s  

6 . 0 6 . Y  

8 . 1  

1 0 . 3  
11 . I  

7 , 2  , 3 . 4  1 y  

7 . 1  1 . 3  2 . 6  
4 . 1  I . 1  1 . 5  

-1 . x  - 0 . 5  
-5 .0 -3.7 

- 5 . 9  - 3 . 9  

9.1 - 4 . 2  
-9 ,O - 7 . 2  * -9.1 

-3.5 
- 1 0 . 1  

5 . 5  4 . 9  
- 9 . 8  "9.9 

2 . 6  
9.7 , I '  9 . 2  

2.1 0 .1  
6.8 

- 1 . 1  

12.1"  1 3 . 8  1 3 . 2  
5.9 

10.0 1 0 . 2  2 .h* 7 . 9  
5.3 3.5 

-7.4 , '  -6.6 

"Because o f  water  poured i n t o '  t h e  obscrve.d,.holF, t h e  v a l u e  i s  n o t   t r u e  t o  t , h e  
o r i g i n a l .  

4 .  Avoided t h e  trou:bI&s-$of s o l v i n g  a s e t  of  , .  

n o n l i n e a r  a l g e b r a  e q u a t i o n s ' a t   e v e r y  t i m e - l e v e l  
because  t h e  t e m p e r a t u r e   d e p e n d e n t   c o e f f i c i e n t s  
a r e   e s t i n l a t e d   a t   i n t e r m e d i a t e - t i m e  l e v e l  b y  a 
t h r e e - t i m e   l e v e l   i m p l i c i t  scheme. 
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KARST MORPHOLOGY AND HYDROLOGY IN A DERMRPRPST ENVIRONMENT: 
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Akpatok Island, in north-western Ungava Bay, i s  an outlier of horizontall: 
posed Ordovician  limestones.  Sink-holes,  seasonally  disappearing  lakes a1 
surgences,  indicate  an  extensive network of subterranean  karst  drainage, < 
spec ia l  interest because the island is situated i n  the continuous permafn 
zone, with a mean  annual  temperature of - 7 ° C .  A thkrmal profile indicate 
permafrost  thickness  in excess o f  30 m. R@suryences are  infrequent, nuggc 
the  existence of submarine  springs. A t  the  surface,  mechanical frost,wea 
processes  predominate and rates of postylacial  cliff  retreat were estimatl 
volumes of talus debris accumulated  on  dared  raised beaches. A subterranl 
water  circulation model within a permafrost  environment is proposed, whicl 
into account 1) paleo-environmental  conditions, 2) the highly fissured be, 
and 3 )  the thermal and kinetic  energy of penetrating waters. 

INTRODUCTION 

fn this paper periglacial and karst  weather- 
ing and the  evolution of subterranean  drainage 
are discussed f o r  hkaptok Island in Ungava Bay 
( f igure  1). Despite being situated well within 
the continuous permafrost  zone,  adjacent to the 
Ungava  Peninsula  where  permafrost  thicknesses of 
circa 200 m have been measured (Gray et al., 
l979), surface  water  penetrates into the Lime- 
stone bedrock to  a depth in excess o f  100  m 
(Lauriol and Gray, 1990). How cauld such drain- 
age develop through a thick continuous  perma- 
frost  layer?  In  order to answer this question, 
the  surface  drainage pattern and the geothermal 
regime  are  examined, and a mode1 for water 
circulation presented. 

PHYSICAL FRAMEWORK 

Akpatok Island farms an  uneven  plateau 100 - 
275  m  high, and  is surrounded by cliffs. The 
plateau  edge has  been dissected by-fluvial pro- 
cesses, particularly in the south-eastern  sector 
where  a  network of narrow  gorges has  been partly 
infilled by glacirl and marine deposits.  Marine 
deltas and  raised  beaches  characterise  parts of 
the  western, northern and north-eastern  coasts 
up to elevations of 80 - 100 rn (figure 2 ) .  
Geologically,  the i s l a n d  is composed of a se- 
quence of 600 m of thinly bedded and  densely 
jointed  Ordovician  limestones (Cox, 1932; 
Workum et al., 1976), unconformably  overlying 
the  Pre-Cambrian  crystalline rocks'of the 
Canadian  Shield  at  about 300 m  below sea-level. 
Most of the  plateau  surface is veneered with 
glacial till derived both locally and from the 
Quebec-Labrador  Peninsula (Loken; 1978; Gray et 
al. , 1990) * 

Climatic daka fur Akpatok Island can be 
reasonably  estimated  on  the basis of recocds 
from the Cape Hops's Advance (Quaqtaq) weather 
station,  situated at the  north-eastern  tip of 
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KARST HYDROLOGY AND MORPHOLOGY 
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surface  drainage.  Higher  surface  retention of 
water due to a  thicker till covcr.occuro, v i t h  
blockage of vertical  joints by debris, xt: was 
possible  to  distinguish  drained  lakes  on ;.he 
basis of trimlines  (figure 3 )  from lakes  with 
slight sub-surface  drainage. The small number of 
springs  at  the edge of the  plateau, and low 
stream  discharge a t  the  bottom o f  even  the deep- 
est gorges, suggests that most ground-water 
travels through joint passages deep  into the 
1Imestone  bedrock,  re-emerging  from  submarine 
springs. A t  observed resurgences, discharges of 
less than 100 litres/second  were  estimated. 

Karst  landforms 
The infiltration of surface  dralnage has been 

rcsponsablc for a vasiety of karst land-forms. 
At a  micro-scale, suffosion  depressions up to 50 
cm across, and 30 cm deep, have  developed  on 
cobble beaches, where late  lying snow beds  have 
melted  (figure 2 ) .  They  may owe their  formation 
to beach gravels being funnelled  dawn  into  solu- 
tion  enlarged  joint openings  (Ford, pers. comm). 
A t  a larger scale  are Linear open fissures, 
which drain small streams, and marshy hollows in 
till covered valley  floors, and rarely  exceed 1 
m in width. These  fissures  cannot be penetrated 
far,  although in one case a deFcent of 16 m was 
possible, before progress  was blocked by debris. 

Many'sink-holes occur  on  the plateau surface, 
particularly in south-western Akpatok Island. 
They vary in diameter f rom LO - 150  m, and in 
depth from 3 - 20 m, and are found at intervals 
along  open  vertical  joints on the plateau  sur- 
face, or  in  drained  lake  bottoms.  Cliff  retreat 
200 m east of Hell Point truncated such a  sink- 
hole,  displaying  a 200 m cut-away section of  the 
former vertical conduit.  Traces of a  former 
harizontal conduit in the vadose zone,  near sea- 
level,  were  observed  at Umiak Cove (figure 4 )  * 
Vertical  erosion has caused collapse of the con- 
duit roof, but  its  tubular  profile re-ins 
'etched in the bedrock at the base of the gorge. 

PERMAFROST AND PERIGLACTAL ENVIRONMENT 

Ground temperatures 
Thermocouale  wrofiles  were  obtained in order 

to shed  ligbk on- the  problem of subtexranean 
water  circulation in a  pesmafsost  environment. 
Measurements were made with  a nominal precision 
o f  0. l00, dawn to the  level af blockage by ice 
at a depth af 3.0 m in an old borehole at Gregson 
Creek on August 9th. 1989 (figure 5 )  , and in 
four fissures on the nearby  plateau  suxface on 
August 6kh, 1989 Lfiyure 6). 

eratures of - 2 . 4 O C  at 5 m depth,  close to the 
transition  between beach gravels and bedrock, 
indicate,the level of penetration  of  seasonal 
warming  for  mid-August. The depth of 10 m  at 
which  ,ground  temperatures begin to increase  at 
a slow  constant rate, reflects the level of 
minimal  annual  amplitude. ExtrapolaCion to the 
surface  suggests a mean annual  ground tempera- 
ture of -2'C. about  5 'C  warmer than the  air 
temperature.postulated from the  weather  station 

graphic  situation at the base oE a 100 m cliff, 
favouring wi-nter snow accumulation, and reduced 
expasure to wind-induced  heat  loss,  explain the 
large  differential  between  ground and a i r  temp- 

" , - eratures.  Ground  temperatures  on the wind-swept 
plateau  are likely t o  be much colder, however. 
Because of blockage o f  the  borehole by ice, it 
can be affirmed  that  permafrost on the Gregson 

For the Gregson Creek borehole  minimum  temp- 

, at Caps'Hope's Advance. Probably the local topo- 

Periglacial  features and rates oe weathering 
Desaite the local. aresence oflkarst land- 

forms,*the thin-beddea and clos 
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been in the ord~rr  of ?. to 2 mm/yr. This  rate of 
exosion  is  five timer more rapid than rates  for 
rock-walls  on limest'.,nes, cherts and sandstones 
in Spitsbergen by R-?&>,p ( 1 9 6 0 ) ,  .And ten to fifty 
times more rapid th&a rates for metasedimentary 
rocks in the Yukon ?crritory by Gray (1972). 
The  friable natilrr 0 2  the shaly  unmetamorphosed 
limestones  on A!..F:*: ,~*~C Island, the lack o f  horiz- 
ontal  contrasts i.fi rnck strength, as well as the 
originally vertit,.lj.  r,a'lure of the cliffs, are 
ull factors whi.id "Kplain such -rapid recession, 

MODEL FOR DRAXN4CE THROUGH CONTINUOUS  PERMAFROST 

A water circulation  model is proposed in 
€igure  11, uh ich  shows why 1) underground  drain- 
age is so dominant  despite the  thick permafrost 
body on Akpatok Island, at,$.: 2)sub-aerial re- 
surgences of water are so "qfrequent. In  this 
model water enters the bedrock rapidly through 
sink-holes leading to vertical  passages which 
traverse t:le permafrost. Such passages transport 
the water rapidly beyond the base of the perma- 
frost, to an ultimate baselevel represented by 
sea-level. In  this  sub-permafrost zone the  water 
can flow under hydrostatic  pressure  to  the  sea, 
the permafrost close to the surface  ssrving  as a 
roof for the water table. 

circulation of water in the  vertical  joints by 
Several factors  favour the maintenance of 

hindering the development of i c e  plugs.  In the 
first  place,  relatively warm permafrost  occurs 
where cljffs, ravines and gorges permil. a thick 
winter SAOW cover,  average near surface  ground 
temperatures of -2OC beiny noted at a drill-hole 
site in such a location. In  the  second  place, 
surfacn water can  penetrate  into the ground, 
through sink-hales in lake floors. In the third 
place, those lakes  which do not  drain  completely 
before winter freeze-up  should be underlain by a 
thinner and slightly warmer  permafrost  layer, 
than the surrounding areas. Even the lakes which 
drain completely in late summer, leave hollows 
which probably fil I up with an insulating layer 
of m o w  in early winter, which should also induce 
warmer underlylng permafrost. In the fourth placc 
the penetrsLin9  water a t  temperatures  attaining 
maximum v811u,:+s of approximately 13'C, and poss- 
essing cr,>~~r;i.Lii?rable kinetic  energy  convert ible tc 
Erictional heating, should be able  to  maintain a 
relatively positive thermal  regime in the larccst 
vertical joint passages. Final1y.a necessary pre- 
conditioi: .Tar :.:~rh a drainaqe model ie sufficient 
topography V ~ C : I  ,.he initj.al development in a non- 
permafrost e:lv.Lonment of a l;lrge interconnected 
network o f  jo?..:\t passages by dissolution and/or 
tectonism. 

is unknown, but fragmentary  evidence for both 
vertical and horizontal conduits, exposed resp- 
ectively by c l i f f  retreat and roof collapse, 
indicates their existence.  These  conduits must 
have developed either during non-permafrost 
intervals,  associated  with  either 1) a warmer 
interglacial or  pre-glacial climate, or 2 )  a 
thick wasm-based ice sheet.  They  clearly  follow 
an initial horizontal and vertical jointing pat- 
tern in the limestones,  The  opening of the joints 
into conduits may be related to 1) erosion by 
chemical  dissolution and mechanical. corrasion,  or 
2 )  dilatation of joints by neo-tectonism. The 

al. (1986, 1990) from Southern  Quebec, and seems 
latter process has been described by Schroeder et 

viable for Akpatok Island. There  postglacial 
isostatic rebound, in excess of 80 - 100 m, 

How and Whei1 such  drainage  passages  developed 

associated  with the melting of the last main 
Laurentide and local Akpatok Island  ice sheets . 

(figure 101, may be responsible €or crustal 
decompression  with  accompanying dilatation of at 
least the horizontal joints. 

C O N C L U S I O E  

Akpatok  Igland, a Paleozoic limestone outlier in 
Ungava Bay, i s  underlain by continuous perma- 
frost greater than 30 m in thickness,with ground 
temperatures varirirtg between -2OC and -7OC.  The 
periglacial cli~-:!ate,Sn association  with the fri- 
able  nature of the bedrock, has led to extremely 
rapid  cliff  recession  of 1 - 2 mm/yr,  during the 
late Holoceni?. Special  environmental conditions 
favour sub-mrface drainage  through the perna- 
frost. These  are, 1) relatively  warm  ground 
temperatures, and 2 )  the heat  energy  associated 
with  rapid  infiltration of surface  waters  into 
large vof.tical conduits developed during non- 
permafrost  intervals in the past. 
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DEVELOPMENT OF P H Y S I C A L ~ C H ~ C A L  MODEL FOR CRYCGENIC 'HEAVING AND 
ENLARGEMENT OF SEGREGATED ICE IN FREEZING SANDYTCLAYEY SOILS 

S t a n i s l a v  E. Grechishchev  and  Vladimi'r V .  Shankov 

,A l l -Russ i an   In s t i t u t e  o f  Hydrogeology  and  Engineering Gkology, 
'I Zeletiy-Village,  Noginsk district ,  Moscow region ,  142452, Russia 

The k ine t ic   phys ica l -chemica l  model f o r  cryogenic   heaving  and  water   migrat ion 
was proposed  by  one. :oSthe  authors  of t h i s   r e p o r t  some y e a r s  ago. Now the 
development of this   physical-chemical .model   into  complete   one-dimensional  
mathemat ica l  mode1 for w a t e r   s a t u r a t e d  soils is proposed. I t  inc ludes   canduc-  
t i v e  heat t r a n s p o r t  wi.th. water-ice p h a s e   t r a n s f e r   i n   f r o z e n   r e g i o n ,   c o n d u c t i v e  
hea t   t r anspor t   and  water f i 1 t r a t i o n . h  thawed  region,  and  growth of ice on 
boundary  between frozen and thawed  regions.   Kinet ic   equat ions o f  i c i n g  on t h e  
f r e e z i n g   f r o n t   d e s c r i b i n g   b e h a v i o r  of d i f f e r e n t  soils are included.  Computer 
model is developed.  Proposed  numerical  method is desc r ibed .  Freezi.ng d i f f e r e n t  
soils i s  analyzed The v a l i d i t y  of t h e  model is checked against  t h e  results of 
laboratory experiment.  New fundamentals of f ros t  heaving   a re   d i scussed .  

. .  
, 

, ,  

INTRODUCTION 

In  a number of p u b l i c a t i o n s  by one o f  ' t h e  
au tho r s   o f   t he   p re sen t   r epor t   (Grech i shchev  
1980, 1983) the   k ine t i c   phys i ca l - chemica l  model 
of p o r o u s   d i s p e r s i n g  water s a t u r a t e d  medium 
wi th  water-ice p h a s e   t r a n s f e r  was  developed. 
This  model was  called by t h e   a u t h o r  
"thermoreological"  and  was  based  on t h e  
fol lowing  observat ions  and  assumptions.  (1) 
Thawed soils h a v e   t h i n  and large  pores   which s o  
d i f f e r   t h a t   i n   t h i n  pores opposite gore   wal l s  
are i n  s t a t e  of f o r c e   i n t e r a c t i o n ,  and i n   l a r g e  
p o r e s   s u c h   i n t e r a c t i o n  is absen t .  ( 2 )  In  
connec t ion   w i th  capillary e f f e c t s  of t h e  1-st 
and 2-nd k i n d   f r e e z i n g  o f  w a t e r   i n   p o r e s  of 
d i f f e r e n t   s i z e  take p l a c e   u n d e r   d i f f e r e n t  
tempera ture  and, hence, at d i f f e r e n t  time 
moments: t h e   g r e a t e r   t h e   p o r e   d i a m e t e r ,   t h e  
sooner   and   under   h igher   t empera ture   f reez ing  of 
pore moi s tu re  takes place; t h e   t h i n n e r  t h e  
p O C e ,  the  lower, the w a t e r   f r e e z i n g   p o i n t  i n  i t .  
( 3 )  Unfrozen water i n   f r o z e n   s o i l  is s i t u a t e d  
a long  all the a u r f a c e  ?f m i n e r a l   p a r t i c l e s   i n  
t h i n  pores and  i n   t h a t  part of   l a rge   po res  
which  remains u'nfrozen under   given  temperature  
i n   c o n n e c t i o n   w i t h   c a p i l l a r y   e f f e c t s  of the 1- 
st kind. 

Thermodynamic a n a l y s i s  of i n t e r a c t i o n  
between s o i l  matrix, ice and pore water  on 
phase  boundary i n  f r e e z i n g   w a t e r   s a t u r a t e d  
d i s p e r s i n g  soil, t ak ing   i n to   accoun t  l i s ted 
assumptions,   enabled ta o b t a i n  
equat ions  (Grechishchev 1980, 

where Ig and It axe t h e  rate of water  
freezing i n  thin and   l a rge   po res ,   r e spec t ive ly ;  

and Kt are some kinetic coefficients; L i s  

l a t e n t   h e a t  o f  wate r - i ce   phase   t r ans  
273 .15  'K is the   t empera tu re  of pKas 
equ i l ib r ium : p i  - and pw are ice aric 
d e n s i t i e s ;  Tf  is t he   t empera tu re  of 
t r a n s f e r  on t h e   f r e e z i n g   f r o n t ;  Pf i 

p res su re  ia pore   mois ture  on t h e  fre 
f r o n t ,  Po = 0 . 1  MPa is  the  a tmospher  

p re s su re ;  crf 1s t h e   e f f e c t i v e  stress 

ske le ton   no rma l   t o   t he   f r eez ing   f ron  
Equation (1) expqessos t h e  rate 0: 

f r e e z i n g   i n   t h i n  pores and first of 
gap between  minera l   par t ic le   and  ice 
( 2 )  d e s c r i b e s   t h e   r a t e  of w a t e r   f r e e  
l a rge   po res   ' i nc lud ing  t h e  l a r g e s t ,  w, 
c a p i l l a r y   e f f e c t s   i n f l u e n c e   t h e   p h a s ,  
weak ly   and ,   hence ,   k ine t i c   coe f f i c i e~  
be c o n s i d e r e d   i n  f i r s t  approximation 
cons t an t  €or  w a t e r   i n   f r e e   s t a t e .  A3 
k i n e t i c   c o e f f i c i e n t  K ~ ,  i t  appears t r  

connec ted   w i th   bo th   t he   k ine t i c s  of 1 
transfer of film water i n t o  i c e  i n  tl 
be tween  par t ic le   and  ice and   wi th  wal 
f r o m  l a r g e   p o r e s   i n t o  t h i s  gap, what 
ice enlargement   near  t h e  p a r t i c l e .  F. 
t he   l a rge   po re  into the gap may be d 
t h e   s i m p l e s t   e x p r e s s i o n  

s .  

Pwh3 

% - ( Pf-Pg) I 

Where qfg is t h e  f l u x  from t h e   l a  
i n t o  ;he gap  between ice and mine ra l  
h is the   wid th  of t h e  gap, p,,, is wat, 
v i s c o s i t y ,  "S is t h e   a r e a  of t r a n s v e r  
s a c t i o n  'b: the  p a r t i c l e .  

The it: can be ~hown t h a t   k i n e t i c  ( 

K~ i s  connecied  with K~ b y   t h e   f o l l o t  
express ion  

?r; To = 

water  
lase 
t h e  
: ing  

.n s o i l  

wa te r  
.1 i n  a 
Equation 
.ng i n  
!re 
t r a n s f e r  

: K~ may 
IS 

'Or the 
be 
lase 
! gap 
lr f low 
rrovides 
..x from 
scr ibed by 

3 )  

le p o r e  
) a r t i c l e ,  

~ l y  c r o s s  

lef f i c i e n t  
ng 

:. 
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For m o d e l l i n g  of p r i n c i p l e   i m p o r t a n c e  is t o  
s t a n d   ' o u t   p o s s i b l e   d e p e n d e n c e  of "any pa rame te r  
on   un f rozen   wa te r   con ten t  Wu w h i c h   s t r o n g l y  
d e p e n d s   o n   t h e   t e m p e r a t u r e ,   I n   t h e  same time 
w i d t h  of t h e  gap h can  be t a k e n   p r o p o r t i o n a l   t o  
Wu u n d e r   t e m p e r a t u r e  T f .  That is why t h e  

c o e f f i c i e n t  Y~ w i l l  b e   e x p r e s s e d   i n   t h e  
fo l lowing   f a rm 

3 3  
K g K t W U / ( W U + B ) ,  ( 5 )  

where B is c o n s i d e r e d  as new e m p i r i c a l  
c o e f f i c i e n t   d e p e n d e n t   m a i n l y   o n   t h e  soil 
p a r t i c l e  size d i s t r i b u t i o n   a n d  i ts  specif ic  
s u r f a c e .  

thermodynamic c o n d i t i o n s  on t h e  wa te r - i ce   phase  
t r a n s f e r   b o u n d a r y .  The f u l l  sys t em of e q u a t i o n s  
o f   k i n e t i c   o n e - d i m e n s i a n a l  model of f r e e z i n g  
s o i l  is formula ted   be low.  

DIFFERENTIAL EQUATIONS 

A d d u c e d   e q u a t i o n s   d e s c r i b e   k i n e t i c  

Soil specimen is assumed t o   c o n s i s t  of two 
r e g i o n s :  a t h a w e d   r e g i o n   o f   t h i c k n e s s   n t h   a n d  a 
f r o z e n   r e g i o n  of t h i c k n e s s  H f r ,  ( F i g u r e  1). The 
t h a w e d   r e g i o n   u n d e r l i e s   t h e   f r o z e n   o n e .  Tfid 
t h a w e d   r e g i o n   c o n t a i n s   w a t e r  only i n   t h e , : l i q u i d  
phase .  The s o i l   m a t r i x  i s  permeable  and1 
f i l t r a t i o n  i s  possible. The f r o z e n   r e g i o n  
c o n t a i n s  ice, u n f r o z e n  water, and s o i l  
f o r m a t i o n .  I t  i s  assumed  impermeable.  

governed  by the e q u a t i o n  
The h e a t   t r a n s p o r t  i n  t h e   f r o z e n   r e g i o n  is 

~ ( p c T + L p A S , ) = =  ~ ( x s ) ,  ( 6 )  

where p , c , 4 , and b a r e   d e n s i t y ,  beat 

d a a  

c a p a c i t y ,   p o r o s i t y ,   a n d   h e a t   c o n d u c t i v i t y  of 
t h e   s p e c i m e n ,   r e s p e c t i v e l y ;  Sw is unf rozen  
w a t e r   s a t u r a t i o n ,  T i s  t h e   t e m p e r a t u r e ,  L i s  
t h e   l a t e n t   h e a t   o f   p h a z e   t r a n s f e r .  

The h e a t   t r a n s p o r t  i n  the   t hawed   r eg ion  i s  
d e s c r i b e d  by t h e   e q u a t i o n .  (6) wi$h' .Sw E 1, Q = 

const. 

d e s c r i b e d   b y   t h e   e q u a t i o n  
The f i l t r a t i o n   i n   t h e   t h a w e d   r e g i o n  i s  

where p and k a r e   w a t e r   c a p a c i t y   a n d  ' 
p e r m e a b i l i t y  of the   spec imen ,  p is pore  
p r e s s u r e ,  g i s  t h e   a c c e l e r a t i o n ' o f   g r a v i t y .  

The S t r e s s ,  (5, i n   t h e   f r o z e n  region i s  
d e s c r i b e d  by t h e   e q u a t i o n  

, .  

a 
p = P g  ( 8 )  

The i n f l u e n c e   o f  stress on f i l t r a t i o n   i n   t h e  
, .  

thawed  reg ion  i s  not c o n s i d e d   i n   t h e   p r e s e n t  
s t u d y   a n d   c o r r e s p o n d i n g   e q u a t i o n s   a r e   o m i t t e d .  

The e q u a t i o n  of mass c o n s e r v a t i o n  on t h e  

f r e e z i n g   f r o n t   . h a s   t h e   f o r m  (for obviousness 
see Figure  i )  

a at th* (9) - 
where  Ig  i s  t h e  rate o f   i c i n g   i n  the ice- 

s o i l  gap p the  w a t e r  mass .flux on the f r o n t ,  Wt 
i s  t h e   p o r t i o n  of f ront  area occup ied   by  ice 
t e n o n s .  

f r e e z i n g   f r o n t  has t h e   f o r m  

. I  

Ig .= F-(%+i) '  P t H  

The e q u a t i o n  of e n e r g y - c o n s e r v a t i o n   o n   t h e  

lgwg + I t m t = A Q / L ,  " (101 
where It is t h e  rate of   i c ing  on t h e  ice 

t enons ,  cog i s  t h e   p o r t i o n   o f  f r o n t  a r e a  

o c c u p i e d   b y   i c e - s o i l  gap, AQ is t h e   r a t e  af 
c o l d  supply t o  t h e   f r o n t   d e t e r m i n e d  by 

a d 
AQ - ~ ~ I H ~ ~ + o  + ~ ~ I H ~ ~ - o -  (11) 

The p r e s s u r e   i n  pore water on t h e   f r o n t  Pf 

is supposed to o b e y   r e s t r i c t i o n s :  
0 S P S of ,  where uf is t h e   s t r e s s  on   t he  

f r o z e n   s i d e  of t h e   f r o n t .  
T h r e e   p o s s i b l e   c a s e s   a r e   d i s t i n g u i s h e d :  

1) The case of water s h o r t a g e ,  when Pf = O., 

2 )  The c a s e   o f   w a t e r   b a l a n c e ,  when ,,, , 

Q 5 Pf 5-f 
31 The c a s e  o f  water   abundance ,  when 

Pf  = O f  

Fiqure  
freezing specimen.  

1 - f r o z e n   r e g i o n ,  2 - thawed region, 3 - 
i ce   t enon ,  4 - i c e - s o i l  gap, 5 - s o i l   f o r m a t i o n  
w i t h   u n f r o z e n   p o r e s ,  6 - f r e e z i n g   p o r e ,  * - 
ice, + - w a t e r ,  t - soil f o r m a t i o n .  

The t h i c k n e s s  of t h e   f r o z e n   a n d   t h a w e d  
r e g i o n s   a r e  governed by e q u a t i o n s  

(121 

I n   t h e   c a s e  of  w a t e r   b a l a n c e   t h e   r a t e  of 
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i c i n g  on the ice tenons is described by 
equation. (2) with kinetic coefficient o f  icing 
Kt given by the following empirical 
relationship 

L q / p i  = 0.0273 m/s ( 1 4 )  

described by equation (1) with effective stress 
of soil matrix given-by 

The rate of icing in the ice-soi l  gap is 

r 

of=+ P f , (15) 

kinetic  coefficient of icing in the ice-soil 
gap K~ is given by equation. ( 5 )  in  the 

where .m is the portion of front area 
occupied by unfrozen  water, C, is soil 
pararnete,r. 

Functions o, cot, and wg depeod on soil, 
composition, front temperature and pressure; 
they are defined by 

m-(l-a,o)~,~W~/~~ ( 1 7 )  

mt=mO-a, (18) 

COg=l-tDt, (19) 
where Wu = k/Msg is mass content of 

unfrozen water, Q and Msg are mass of unfrozen 
water and soil grains, rno i s  the  port ion of 
cross section  occupied by water in initial ' 

unfrozen  soil,  equals to its porosity, psg is, 
the density o f  soil grain. 

through  function Mu which  may be determined 
experimentally. In t h e  present study the 
fotlowing mugh ,appr?ximation for  Wu is used 

Thus all functions 03, and wg are defined 

wgere Wu is mass water content of initial 
thawed s o i l .  Tcr is soil parameter. 

In the cases of water  shortage and water 
abundance the rate of icing on the ice tenons 
is given by equation ( 2 ) ,  but  the  rate of i c i n g  
.in the ice-soil gap i s  given by equations ( 9 )  
and (12) . 
saturation are described by 

0 

i 

In frozen region porosity and unfrozen water 

~~w=(1-4)P,,wu/Pw. (22)  
On the external boundary of the frozen 

region the boundary condition for the  heat 
transport. problem  is imposed. On the  external 
boundary of the thawed region the boundary 
conditions for both the  heat t ransport  and 
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filtration equations are imposed. 

regions are div ided  into 

are  assumed miform. 

flux form 

Integrating of equat ion ( 2 3 )  al 
Ai and displacing time derivative 
difference one  obtains 

ai(Ui-~i)Ai/At=Wi-Wi+Ir 
where Ui, ai are t h e  values of 

t h e  i t h  cell, Wi i s  t h e  value of 

left  end of ith cell, At and Ai a 
and space increments, 0, is ,the v 
the previous time layer .  

Dividing equation (24) by b an 
between"the middle points of the 
cells, where the flux is assumed 
one obtains, 

Substituting Ui-l, and Ui from 
( 2 6 )  one obtains the system 
unknown f l u x  Wi which is solved 
method. Discrete analogue of 
obtained by integrating over 
f rozen  region. 

1. 

condition given by eqns. (9 )  , ( 



t h e  previous i t e r a t i o n :  the w a t e r  mass f l u x  on 
t h e  freezing f ron t  is t h a t   c a l c u l a t e d  ,in s t e p  
II of the c u r r e n t   i t e r a t i o n :  a f t e r  the  problem 
has  been solved one proceeds t o   s t e p  iY. 
STEP I1 

w a t e r   b a l a n c e   t h e   f r o n t   t e m p r a t u r e  is t h a t  
o b t a i n e d  on t h e  s t e p  I; a f t e r   t h e   p r o b l e m   h a s  
been s o l v e d   o n e   p r o c e e d s   t o   s t e p  111. I n   t h e  
cases of w a t e r   s h o r t a g e  and water   abundance 
a f t e r  the  problem has been   so lved  one proceeds  
t o  s t e p  1'. 
STEP III 
The front p r e s s u r e  is a n a l y z e d ,   I f   t h e  f ron t  
pressure is less t h a n  o r  equal t o  z e r o   t h e n   t h e  
regime o f  water s h o r t a g e  i s  supposed t o  t a k e  
p l a c e r   t h e   f r o n t  pressure is s e t  equal t o   z e r o ,  
and one returns t o  s t e p  I1 t o   p e r f o r m   a n o t h e r  

Filtration problem is s o l v e d .  In t h e  cafe of 

I f  t h e   f r o n t   p r e s s u r e  i s  greater t h a n  zero and 
l e s s   t h a n  t h e  stress on f r o z e n  side of t h e  
f r e e z i n g  f r o n t ,  then  i t  is compared a g a i n S t  t h s .  
f r o n t  pressure on t h e   p r e v i o u s   i t e r a t i o n .   I f  , I .' 

t h e  d e v i a t i o n  is  y r e a t e r   t h a n  a p r e s e t   v a l u e ,  
then   the   reg ime of w a t e r   b a l a n c e  i s  supposed t o  
t a k e  place and one p r o c e e d s   t o   s t e p  I t n  
r e i t e r a t e .   O t h e r w i s e ,  if the deviation is Less 
t han  or  equal. t o   t h e   p r e s e t   v a l u e ,   t h e n   h e a t  
t r a n s p o r t  and f i l t r a t i o n  problems are  assumed 
t o  be solved for t h e   c u r r e n t  time s t e p   a n d  one 
p r o c e e d s   t o  s tep  IV. 
STEP I V  
The i c i n g   r a t e   o n   t h e  ice t e n o n s  is  c a l c u l a t e d  
from  eqn. ( 2 )  , In  t h e   c a s e  of w a t e r  balance the 
r a t e  of i c i n g  i n  t h e  i c e - s o i l  gap i s  d e t e r m i n d  
from eqn.  (1). I n  t h e  cases of water s h o r t a g e  

1 2 3 4 5 6 7 
Time, days 

B o experimental 
ice content 

ice 

30 40 SO 60 70 8 0  90 100 
Contenc, per cent 

i t e r a t i o n .  If ti-le frcnt p r e s s u r e  i s  y r - e a t e r  
t h a n  o r  equal t o  the stress on t h e   f r o z e n  side 
of t h e   f r e e z i n g   f r o n t ,   t h e n   t h e   r e q i m e  of water 
abundance i s  s u p p o s e d   t o  t aka  placer  t h e  f r o n t  
p r e s s u r e  i s  set e q u a l   t o   t h e  stress on t h e  
f r o z e n   s i d e  of  t h e   f r e e z i n g   f r o n t ,  ,and  one 

2 0  I 

I) 
a 1 2 3 4 5 6 7 

971 
T i m ,  days 'I 

Figure  2 .  Simulation o f  f r e e z i n g   a n d   f r o s t  
heaving  of silt ( d e t a i l s   a n d   n o t a t i a n   a r e  i n .  1,: 

t h e   t e x t )  A and B - comparison of s i m u l a t e d  ! 

r e s u l t s  w i t h  Laboratory measurements;  C - c a l -  
culated t empera tu re  on t h e   f r e e z i n g   f r o n t , ?  !D l -  

c a l c u l a t e d  pressure i n  p o r e   m o i s t u r e  o~ the!., ,.,, 

f r e e z i n g   f r o n t .  
. .  1 

:',;', ! , ( , ,  .., i. 

" ;  . , n .  , , . . ,  



and water a b u n d a n c e   t h e   i c i n g   r a t e   i n   t h e  ice- 
s o i l  gap is de te rmined   f rom  equa t ions  ( 9 )  and 
(12). 
STEP V 

The inc remen t s   n f   t he   t hawed   and   f rozen  
r e g i o n s  are c a l c u l a t e d   f r o m  eqhs. (12) -and 
( 1 3 ) .  

The c a l c u l a t e d   i n c r e m e n t s   a r e   a n a l y z e d .  If 
t h e y  are g r e a t e r  than a p r e s e t   v a l u e ,   t h e n   t i m e  
s t e p  is r e c a l c u l a t e d   w i t h   s m a l l e r   t i m e  
inc remen t  At .  If t h e   i n c r e m e n t s  are less t h a n  
t h e  preset v a l u e ,   t h e y   a r e   a d d e d  t n  t h e  n e a r  
front ce l l s  and mean s o i l   c o n t e n t   i n   t h e   n e a r  
f r o n t  frozen cell is c a l c u l a t e d .  
STEP V I  

u n s u f f i c i e n t l y   g o o d ,   t h e n  new g r i d  is g e n e r a t e d  
and c o r r e s p o n d i n g   v a l u e s  of f u n c t i o n s  are 
o b t a i n e d  by a v e r a g i n g .  
STEP V I 1  

c a l c u l a t e d   f r o m   d i s c r e t e  analogue of equation 
( 8 ) .  

COMPUTER MODEL 

I .> 

The d i s c r e t i z a t i o n  is a n a l y z e d .   I f  it i s  

The stress o n   t h e  f rozen  side o f   f r o n t  i s  

The f i n i t e   d i f f e r e n c e   c o m p u t e r  model 
SCHLIERE is deve loped  for s i m u l a t i n g   l a b o r a t o r y  
f r o z e n i n g   o f   s p e c i m e n s .  I t  is menu d r i v e n  and 
p r o v i d e d   w i t h   g r a p h i c a l   m o d u l e s .  This permits 
t h e  User t o  c o n t r o l   t h e  process of modeling  and 
d i s p l a y   t h e   m a i n   c h a r a c t e r i s t i c s   o f   t h e   p r o c e s s  
as f u n c t i o n s   n f . t i m e   o r  space c o o r d i n a t e   o n   t h e  
screen. The program is w r i t t e n  i n  e l e m e n t a r y  
FORTRAN-77. D e t a i l e d   d e s c r i p t i o n  nf s u b r o u t i n e s  
is a v a i l a b l e .  

COMPARISON W I T H  LABORATORY DATA 

To test  t h e  model l a b o r a t o r y   e x p e r i m e n t s   b y  D r  
S h e s h i n  Y.B, were chosen.   Experiments  were 
c a r r i e d  ou t  on water s a t u r a t e d   s a n d y - c l a y e y  
s o i l   s p e c i m e n s  50 MM h e i g h t  and 70 MM i n  
d i a m e t e r .  The system  was  open:   lower   specimen's  
surface w a s   i n   c o n t a c t   w i t h   w a t e r   s a t u r a t e d  
s a n d   u n d e r   a t m o s p h e r i c   p r e s s u r e   a n d   t e m p e r a t u r e  
about  O°C which was ach ieved  by h e a t i n g  o f  
w a t e r .  All c l i p   i n   t h e r m a l - i n s u l a t o r  was  placed 
i n t o  the cooling chamber   w i th   g iven   nega t ive  
a i r  t e m p e r a t u r e .  The upper   spec imen ' s   bu t t -end  
was i n  direct c o n t a c t  w i t h  the a i r  o f  t h e  
chamber. Dur ing   heaving  the upper   spec imen ' s  
part was c r a w l i n g  out of t h e   c l i p .   T h a t  i s  why 
t h e  side s u r f a c e   o f   c r a w l e d   o u t   p a r t   w a s   a l w a y s  
u n d e r  the s a m e   t e m p e r a t u r e   a s   t h e   b u t t - e n d .  
Heave a n d   t h i c k n e s s  of t h e  Lower thawed   pa r t  
were measured. A f t e r  an e x p e r i m e n t   t h e   d e n s i t y ,  
t h e  t o t a l  m o i s t u r e   c o n t e n t ,   a n d   t h e  
c o n c e n t r a t i o n  of m i n e r a l   p a r t i c l e s  by photoes 
of d i a m e t e r  cross sec t ion   were   measured .   F iqure  
2 compares t h e   s i m u l a t e d   r e s u l t s   w i t h   t h e  
expe r imen ta l   measu remen t s  f o r  l i q h t  silt w i t h  
the f o l l o w i n q   i n i t i a l   p a r a m e t e r s :  poros i ty  
m0=0,49, s o i l  s k e l e t o n   d e n s i t y  p,-1700 kg/&. 
E r e e z i n g  was carried ou t  u n d e r   t e m p e r a t u r e  
equal t o  -3'C. A f t e r   I - d a y   f r e e z i n q   t h e  "muddy" 

2 0 2  

s c h l i e r e   ( o r   i c e - s o i l )   w a s   g e n e r a t e d :   t o t a l  
heave was a p p r o x i m a t e l y   e q u a l  t o  I Cull t o t a l  
m o i s t u r e   c o n t e n t  of t h e  frozen p a r t  was e q u a l  
t o  IO%, d e n s i t y  o f  f r o z e n   p a r t  pf,p1300 

kg/rn3, h e a t   c o n d u c t i v i t y  of f rozen  par t .   was 
found ' t o  be l o w  kfr=0.4 W/ (M'C) 

To s i m u l a t e   t h i s   e x p e r i m e n t ,   i n   a d d i t i o n  t o  
t h e   l i s t e d ,   t h e   f o l l o w i n q   t a b u l a r   v a l u e s  o f  , 
parameters ,  a l so  i n c l u d e d   i n  t h e  model,  were 
adopted:  k=10-14m2, c11~=0.49, ht,=l.C W/(M"C), 

Lfr=0. Q W/ (M"c), T,,=-O,~'C, The best 
approx ima t ion  was achieved w i t h  the f i t t i n q  
pa rame te r  o f  t h e  model C,=0.5. 

agreemen t   be tween   s imula t ed   and   expe r imen ta l  
r e s u l t s .   F o r   t h e  same specimen Fiq. 2 (C, D) 
also shows c a l c u l a t e d   v a l u e s  fo r  t w o  h a r d l y  
m e a s u r a b l e   q u a n t i t i e s :  t h e  t empera tu re   and   po re  
p r e s s u r e  on t h e  moving  Ereezing  boundary. They 
h a v e   c o m p a r i a b l e   v a l u e s   w i t h  known i n  
1iteratHre e x p e r i m e n t a l   d a t a .  

Data  on  Fiq.  2 (A, B) i n d i c a t e  qo3d 

Figure  3.  Heaving ra te  dependence  on grad T 
( s i m u l a t e d ) .  

' One of t h e   i m p o r t a n t   r e s u l t s  of numerous 
mbdeling c a l c u l a t i o n s  for sandy-loam  and  loam 
shils is t h e   c o n c l u s i o n   a b o u t   i n e v i t a b l e  
gener .a t ion  of  "muddy" . ice, i . e ,  ice inc . lud ing  
s o i l  p a r t i c l e s   w h i c h   a r e  as i f " t o r n   o f f  from 
the thawed s o i l   r e g i o n   a n d   t a g e n   w i t h   b y  
growing ice  s c h l i e r e . .  ' 

The t e s t   w i t h  known Penner  model i n  
acco rdance   w i th   wh ich   heav ing   r a t e  i g $  

p r o p o r t i o n a l  to t h e  tempera ture   g rad : -en t   in  
f r o z e n   r e g i o n  was a lso  c a r r i e d   o u t .  
C a l c u l a t i o n s  w e r e  made f o r  l i g h t   s i l t   w i t h  



k = 1 0 - 1 4 ~ 2 , , ~ = 0 . 4 ,  T ~ ~ = - ~ ~ G ,  spec imen ' s  s i z e s  
a n d   c o n d i t i o n s  of t he   expe r imen t   were   t he  same 
as d e s c r i b e d   b e f g r e ,  the temperature of the 
upper s u r f a c e  was v a r i e d  from -0.5'C t o  -5.0°C, 
the paramete r  C, was a l s o  chang ing .   Resu l t s  are 
d e p i c t e d  on F i g u r e  3 .  They  confirm that for t h e  
same s o i l  and u n d e r   t h e  same e x t e r n a l   l o a d   t h e  
heav ing  rate i s  a c t u a l l y   p r o p o r t i o n a l  t o  t h e  
t e m p e r a t u r e   g r a d i e n t .  

Wider p o s s i b i l i t i e s  oi k i n e t i c  model i n  
c o m p a r i s o n   w i t h   o t h e r s  are also t o  be 
ment ioned .   Bes ides   heaving ,   migra t ion   f luxes ,  
and s c h l i e r e  growth i t  e n a b l e s  a150 t o  
c a l c u l a t e   t h e   p o r e   p r e s s u r e   a h e a d   f r e e z i n g  
f r o n t ,   a n d   t h e   t e m p e r a t u r e  on the freezing 
f r o n t   ( w h a t   p e r m i t s  t o  give c o n c r e t e  meaning t o  
such   concept  as c o n t e n t   o f   u n f r o z e n   m o i s t u r e  on 
t h e  f r e e z i n g  front) . For- k i n e t i c  model t h e r e  is 
no need to use s u c h   h a r d l y   e x p l i c a b l e   c o n c e p t s  
as  " suc t ion"   and  i t  c o n t a i n s   n a t u r a l  
t h e r r n o d m a m i c   r e s t r i c t i o n s  for  the c o n d i t i o n s  
o f   p h a s e   e q u i l i b r i u m ,   w h a t   d i r e c t l y  follows 
f rom  equa t ions  ( 1 ) - ( 2 ) .  

CONCLUSIONS 

Proposed k i n e t i c  model o f  c ryogen ic   heav ing  
and c r y o g e n i c   m o i s t u r e   m i g r a t i o n  i n  f r e e z i n g  
soils e n a b l e s  t o  c a l c u l a t e   m o i s t u r e  f l u x ,  pore 
p r e s s u r e ,   e f f e c t i v e  stress of soil m a t r i x ,  
t e m p e r a t u r e  of o v e r c o o l i n g  on t h e  boundary of 
phase t r a n s f e r .  The mode l   i nc ludes   on ly   one  
f i t t i n g   c o e f f i c i e n t  (parameter of t h e  model.) 
which  depends on t h e  sqil particle s i z e  
d i s t r i b u t i o n   a n d   d e n s i t y  of soil matr ix   and   can  
be de te rmined  by r e s u l t s  of one   exper imenta l  
soil f r e e z i n g  by any  scheme. The model well 
agrees with t h e   e x p e r i m e n t .  

r e v e a l e d   g e o c r y o l o g i c a l l y   i m p o r t a n t  phenomenon 
t h a t   e n l a r g e m e n t   o f   s e g r e g a t e d   i c e   s c h l i e r e s  i s  
i n e v i t a b l y   a c c o m p a n i e d   b y   t e a r i n g   m i n e r a l  
particles o f €  from the thawed  reg ion  and t h e i r  
i n c l u s i o n   i n t o  the ice.  C a l c u l a t i o n s  of  s o i l  
p a r t i c l e s   c o n c e n t r a t i o n  show t h a t  i t  depends on 
t h e   s o i l   p r o p e r t i e s   a n d   f r e e z i n g   c o n d i t i o n s .  
One may assume t h a t  "muddy" i c e  i s  t h e  ev idence  
of i t s  segregated o r i g i n .  

P r a c t i c a l   c a l c u l a t i o n s  by k i n e t i c  model 
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PBRMAFROST FEATURES AND THEIR CIIANGRS IN A M U R  A R E A ,  
D A X l N G A N L I N G  P R E F E C T U R E ,  NOR'I'MEASTERN C I I I N A *  

G u  Zhongwei,  %hou Youwq,I , iang Fcnx ian ,  
1,iany  Linheng  and  Zhang Q i b i n  

L ~ n z h o u   I n s t i t u t e  o f  Claciulogy  and  Geocryology , 
Chinest .  Acariellly o f  S c i e n c e ,  C h  1 n a  

? ' ~ ~ r t ! e  scct ioIIs  C a l l  b e  ci ivided a s  f u l l , o \ ~ s :  1 )  P e r m u f r o s t  s e c t i o n  H L  t11c rouL 

the   mounta in .  3 )  P e r m a f r o s t   s e c t i o n  i n  t h e   t e r r a c e  o f  t h e   r i v e r .  The pe rmaf ros t  
aefore Lhe s l o p e  a n d  t h e  swamp w e t l n ~ ~ d .  2 )  P e r m a f r o s ~   s e c ~ i o n  i n  t h e  g e n t l e  s l u p u  

O L  

at. l e a s t  30 cm w h i l e   t h e   t h i c k n e s s  o f  permafrost   has   rad,uced at l e a s t  5 2 - 1 7  m. 
i n  Amur a r e a  i s  d e g e n e r a t i n g   p r e s e n t l y .  The seasona l ly   t hawing   dep th  h a s  de?pcntrl 

The g r o u n d  t e m p e r a t u r e   a t   t h e   d e p t h  ol 20 C N I  he$ gone u p  at l e a s t  O . B " C ,  a n 3  Ll~c 
mean annual   g round  tempera ture   has   increased  2 . 1 ° C - 0 . 7 0 C .  The a r e a  of  t a l i k  i s  
expand ing .  'The r e a s o n s   f o r   s u c h   c h a n g e s   a r e   a n a l y z e d   i n  t h i s  paper ,   which can hc  
summed up  a s  follows: 1) C l i n i a t - e  warming. The  mean a n n u a l  a i r   t e m p e r a t u r e  o f  t h e  
l a s t  30 y e a r s   h a s   i n c r e e s e d  a b o u t  1 . 6 ' C .  2) Tnfluerlce o f  i n c r e a s i n g l y  intensL 
human a c t i v i t y .  

INTROIIUCTI ON 
" 7"- 

M t .  l ) a x i n y a n l i n y  i s  t h e   h i g h - l a t i t u d e  l a r g e  R u s s i a  

- 

The e x i s t a n c e  of p e r m a f r o s t   h r i n g  u p  the g r e a t -  
s t r c t c k  o f  p e r m a f r o s t   d i s t r i b u t i o n   a r e a  i n  Ch ina .  

est. f o r e s t   r e s o u r c e   i n   C h i n a .  b u t  its degene ra -  

growth   and   the   charges  o f  eco log ic s l   env i ronmen t .  
t i o n  a n d   d i s a p p e a r a n c e   d i r e c t l y   i n f l u e n c e  f o r e s t  

Amur is i n  one of t h e   c o l d e s t  and   wel l -deve loped  
p e r m a f r o s t   a r e a s .  S o ,  i t   h a s  good r e p r e s e n t a t i v e s  
f o r  u s  L O  s t u d y .  S u p p o r r e d  b y  the N a t i o n a l  Y a t u -  
r a l  Science   Foundat ion  of C h i n a   s i n c c  1990,  t h e  
a u t h o r s   h a v e   g i v e n   e x t e n s i v e   i n v e s t i g a t i o n s  a n d  
s i t e  o b s e r v a t i o n s   a b o u t  t h e  changes o f  perma- 
f r o s t  e n v i r o n m e n t   a f t e r   f o r e s t   f i r e  i n  t h i a  
a r e a ,  and same t i m e ,   c o l l e c t e d  a l o t  of Informa- 
t i o n  on t h e  f e a t u r e s  and  changes o f  p e r m a f r o s t .  
The  f o l l o w i n g  d i s c u s s e d   p e r m a f r o s t   c h a n g e   a r e  
mainly  concerned w i t h  c l i m a t e  W ~ I ~ I ~ I I ~  aud ~UI I I~ I I  

a c t i v i t i e s .  

P H Y S I O G B A P H I C  A N D  G E O L O G I C  O U T L I N E  OF THE STUDY 
AREA - 
a n l i n g   i n   C h l n o ,   w h e r e   t h e   g e o g r a p h i c a l   p o s i t l o n  

Amur l i e s  i n  t h e  n o r t h e r n   p a r t  of Mt.  Uaxing- 

i s  1 2 3 " 1 1 ' P ,  and  52'50'N.  The Amur Forest B u r e a u  
and J i n t a o  Town a r e  l o c a t e d   h e r e   { F i g - 1 ) .  

ond h i l l y  l a n d s .  T h e  Amur R i v e r   ( t h e   t r i b u t a r y  
Amur be longs  t o  the  reg ' lon of low mountains  

o f  t h e   H e i l o n g j i a n g   R i v e r ) ,   w h i c h   d e v e l o p s  
s i n u o u s l y  w i t h  a wide K e d ,  flows t h r o u g h   t h e  
s o u t h e r n   s i d e  of t h e   a r e a  from s o u t h e a s t  f~ 
n o r t h w e s t .  On the n o r t h e r n   s i d e  o f  t h e  Nenl i n  
R a i l w a y ,   t h e r e  i s  a wide   s t ream  va l ley   which  i s  
c a l l e d   t h e   N o r t h  G u l l y ,  and t h e  ~ t r e a m  flows 
. i n t o   t h e  Amur R i v e r .  The s t u d y  a r e a  1 s  mainly 
concen t . r a t ed  i n  t h e   r i g h t  bank t e r r a c e s  of A m u r  
River  arid the   Nor th  G u l l y  t h a t   a r e   n e a r  t h e  Amur 
Fores t   Bureau   and   J in t ao  Town. 

"The r e s e a r c h  p r o j e c t  i s  s u p p o r t e d  b y  t h e  
N a t i o n a l   N a t u r a l   S c i e n c e  Foundat ion o f  C h i n a .  

Fi.gure 1. LocsticJn o f  A m u r .  

c l i m n t c   i n   t h e  s t u d y  a r e a .  The mean l i t l l l u i l l  a i [ '  
I L  i s  u f r i g i d - t e m p e r a t e  z o n a l  ctlnt i l l e n t . 1 1  

t e m p e r a t u r e  is - 2 . 1  - - 6 . : j 0 C ,  o f  

mean annual  w h i l e   t h e  m i n i m u m  i s  - 4 9 . 7 . O C .  The 

which t h e  averidgc 
i s  - 4 . 7 ' C .  The maximum a i r  t e m p e r a t u r e  i s  3'1°C 

p r e c i p i t a t i o n  is 4 4 3 . 9  m m  a n d  i s  main1,y concen- 

W N .  T h e  f r i g i d   p e r i o d  (daily mea11 a l r  ~ o ~ n p n r a -  
trat .ed  in  May-Sept.   The m h j o r  w i n d  d i r e c l i o n  1 : 3  

t u r e  50°C) i s  211.3   days  ( 1 9 7 5 - 1 9 8 1  ) .  The  s ~ \ u ~ g -  
covered   per iod  l ~ s t s  1 8 7 . 2  days  (1975-1981). 'I'ht: 

snow Lhickrless i s  u s u a l l y  15-30 cnl a n d  ~ h c  t,hirl+ 
e s t  c a n  r e f c h  36 cm. The snow d c n s l t y  i s  0. !53- 
0.170 d c a  

The s t r a t u m  of t h e  s t u d y  a r e a  is r e l a t j v c l y  
s i m p l e .  The upper l a y e r s  t l r e  

There  i ~ r u  l o o s e   l a y e r s   o f   t h e   H o l o c e n e  e p o c h .  
d i s t r i b u t c d  w i t h  

2 0 4  



m n i n l y  a 1  l u v j n l  p l u v i a l   l a y e r s ,   s t o p e  was  p1.uvial 

t l l e i r   t h i c k n e s s e s   a r e   d i . f f e r e n t .  T h e  l o w e r  layers 
l a y e r s  a n d  s l o p e  w n s h  a l l u v i d  lnyers, e t c .  and 

a r r  t u r f   h r c c r i a   o f   t h c   C r e t a c e o u s   p e r i o d  i n  t h e  
Mcsozn i c e t  a .  

1 4 q n y  p l a c e s  i n  Lhe s ~ u r l y  a rea   have   been   ex-  

o r g a n s ,  s t r e e t s ,   f a c t o r i . e s ,   s c h o o l s  and   dwel l ing  
p l n i  t c t l  and  become l o c a t i o t l s  o f  a d m i n i s t r a t i v e  

hnuses .  The n r ig l . nn l  g r o u n d  s u r f e c e s  trave suf- 

t r r r o c e x  o f  t h e   r i v e r  and v a l l e y   t e r r a i l l   w e r e  
f c r e t l  s e v e r e  clumage. B e f o r e   e x p l o i t a t i o n ,   t h e  

cltaroc Ler i xed b y  damp g round   su r f ace   w i th   l ogg ing  
walr.'r, n n d  also h y  w e l l - d e v e l o p e d   g u l l y  p o n d s  i n  

e x u b e r a n t  ve#eLst. ion.  O n  the  mountni t1 s lopc  
n I h c r .  p l n c e s .  O n  t h e  urourlrl s u r f a c e s   t h e r e  i s  

tc,rr , l i  11, thc   g round S U I  l a c e  , is  d r y  and t h e   p l a n t s  
grrrw v i g o r o u s l y .  The t u r b u l e n t  EoIest f i r e  i n  
1 0 8 7  burned away a l a t y e  a r e a  o f  v e g e t a t i o n   a t  a 
v a r y i n g   d e g r e e   a n d   o n l y   l e f t   p a t c h e s  o f  n a t u r a l  
l : i r c h  and p i n t  t r e e s  o n  t h e   l e f t  s l o p e  o f  t h e  
Nurl.11 G111.1 .y .  I n  t h e  heavy b u r n i n g   s e c t i o n ,   t h e r e  
R ~ P  cur l - cn t ly   sp rou ted   b i r ch ,   Rhododendron ,  T.edum 
and  othrar  pioneer p l a n t s  ant! t hey  grow p e r f e c t l y  
W ( 1  I I . 
_I PERMAFROST FEATURES 

M t . ,  D a x i n g n n l l n ~  j.s t h e   h i . g h - l a t i t u d e   l n r g e  
s t r P t t h  o f  IJCrmafrcJSt d i s t r i b u t i o n  a r e a  i n  C h i n a .  
Iiuserl o n  t h e   c h a r s c t e t i s t i c s  o f  p e r m a f r o s t  dis- 
P r i h u t i o n   i n  thr  s t u r t y   a r e a ,   t h e   s e c t j o l l s   c a n  be 
~I tv j r le t l  as l o l l o w s :  permafrust s e c t i o n  i n  t h e  
f o o t  o f  t h e   s l o p e  a n d  swamp w e t l a n d ,   p e r m a f r o s t  
s c c t i o n  i n  t h e   g e n t l e   s l o p e   b e f o r e   t h e   m o u n t a i n ,  
a n d  p e r m o f r u s t   s e c t i o n   i n   t h e   t e r r a c e   o f   t h c  
r i v e r .  

1 . I'r!rmafro.st: Secltion i n  t h e   € n o t  o f  t . h P  slopp 
nnt l  s w ; ~ n r p  wet,land: T t  i s  s i t u a t e d  i n  t h e   f o o t  o f  
t h e  s I .ope on twu . s ides  o f  Nor th  G u 1 l . y  and i n  t h e  
bnl - t .om o f  v a l l e y .  'She North G u l l y  i s  i n  t h e  
rl i r c c t i n n  n l  NE-SW w i  t.h 600 m i n  openitlg w i d t h  
: lnr l  2000 m i n  l e n g t h .  The s e c t i o n  i.s c h a r a c t e r -  
i z e d  b y  a smooth  t .errein  and  low-lying  land  with 
l o x g i ~ ~ g  water o n  t h e  groltnd s u r f a c e .  'I'herc i s  a 
strc:;ln i l l t.he  mirldle o f  v a l l e y ,  w h l c h  r u n s  
t l l t o u g h   t h e   v ; ~ l l c y  hoLtom and f l o w s  i n t o  t,.he 
Amur R i v e t - .  \ ' rcserlt . ly Rtowirlg a r e  Er.lophoru'-; 
vnp,in;ltum  Sphagnum s p p .  Ledum p a l u s t r e  and  Uetula 
r r l l t i c o s a  O ~ C .  o n  t he   g round   su r f ace .   Rea id r :   t he  
st.r(*;lm ; ~ r c '  c l u l a p s  o f  wil lows .   There   ex ' i sLed  a 
r t * w  1:lr-ch t r e e s   h e r c   b e f o r e   t h e   F i r e   i n  1987.  

~ ~ l u v i a t  l a y e r  i s  more than  10 m in t h i c k n e s s  
w l ~ i c l ~  i s  r : :rn~l)u~erl  by ruurld g r a v e l  m i x e d  w i l h  
s u t ~ r l n y  s o i l .  The lower   pa r t  i s  a w e a t h e r i n g  
h r e c c i n  l a y e r  (Fig.2). 

ThtI p e r m n l r o s t   d e v e l o p s   t h e  hest i n  t h i s  
s r l c . t . l o n .  'The m c o n  annual g r o u n d  t e m p e r a t u r e  o f  
1 . 1 1 ~  p e rmaf ros t  i s  low ( - 4 . 2  --1.7'C):, "the t h i c k -  
I I ~ S S S  i s  g r e a t  (more than  60 m i l l  g e n e r a l ,  100 m 
o r  s o ,  : I L  t h e  maximum); t he   onnua l   change  d e p t h  
is :1t1ouL 1 5  m ( T a h l r  I); and t;he m a x i m u m  s e a - .  
S ( I I I ; I ~  I I ~ a w i n ~  (1ept.h i s  s h a l l o w  ( l e s s  t h a n  '80, rm 
i n  t h r  1 '170s ,  n n d  1 2 5  cm i n  1 9 9 1 ) .  The permafrost 
sL tu r t . u re  i s  descr ibed   f rom the s u r f a c e   t o   t h e  
I J r J 1 t c ; m  as f o l l o w s .  llnrler t h e  s u r ' f a c e  l a y e r  of 
mosscs  is  a 1:qyer o f  ground w a t e r ,  w i t h  IO cm 

oi w h - i c h  t h e  i c e  i s  p u r e .  l l enea th  t h e  i c e  l a y e r  
i l l  t h c i k n c s s ,  p c n e t ; r n t . i n g  i n t o   t h e  l a y e r  of i c e  

i s  tire i n t e g r a l  f r o z e n  s o i l  s t r u c t u r e  o r  t h i n -  
I a y v r   s t r u r t ~ ~ r e .  T n  t h e   v i c i n i t y  of t h e  perma- 
I r ' , ~ s t  upper   t .ahlr  i s  R s t r a t : i cu l a t e   o r  s t r n t . i -  
c . u l a t . c - l . i k e  s t r u c t u r e ,  an11 a n   i c e   l a y e r  r0L 3-15 
mm i n  t h i r k n c s s  c a n  be s e e n ,  o f  whi.ch t h e  vnlsUn,e 
W ~ L C I  c~11Lent. i s  4O-R0% whi le   the   weight   wat -e r  

'Thr: s t r a t u m  i s  s i m p l e ,  'The uppcr   s lope  wash 

F i g u r e  2 .  G e o l o g i c a l   c o l u m n a r   f i g u r e  ond   gruut ld  

d r i l l i n g  ( from Dei J i n b u ,  19821  and No.1 d r i . l t i n g  
t e m p e r a t u r e ,   r a t e r   c o n t e n t   c u r v e s  f o r  No.37 

c o n t e n t  i s  3 6 . 7 - 6 4 . 5 2 .  Toward the   l ower  p ~ r t ,  
i t  i s  s t r a t i c u l n t c  o r  t h e   s t r a t i c u l ~ ~ t e - l ~ ~ . k ~  
s t r u c t u r e  of f i n e  g r a i n e d  s o i l ,  wh,ereas i t  i s  

t h e  water c o n t e n t   d e c r e a s e s .  
t h e  p a c k a R e  m t r u c t u r e  i n  c o a r s e  g r e i n 4 d '  s o i l  end 

2 .  Permnfrost s e c t i o n  In t h e  g e n t - l e   s l o p e  
b e f o r e   t h e   m o u n t a i n .   I t  i s  s i t u a t e d  on t h e  s l o p e s  
o f  t h e  two sides of  Chp North  Gully.   ' Ihe  r i 'ght .  
s i d e  o f  t.he slope f a c e s   s o u t h e a s t  and I s  5-10' 

s u f f e r e d   s e v e r e  damage from t h e  tur l lu len t -  I i r e  
i n  a n a t u r a l  s l o p e .  The n a t u r a l  g r o u n d  s u t f a c e  

i n  1987 t h a t  burncrl away l a . r g e  a r c a s  o f  f o r e s t  
a n d  o n l y   l e f t   p a t c h e s   o f  p i n r s ,  and Cur the r  more, 
some o f  t he   s lope   p1 . aces   have   been   exp lo i t ed  
i n t o   r e s i d e n t i a l   q u a r t e r s .  I n  t h e   u n e x p l o i r e d  

P la tyyhyl la ,   9hbdodendron   daur icum,   Vacc ih iurn  
p l a c e s   t h e r e  a r e  c u r r e n t l y  g r o w i n g  Be tu la  

c t c .  The u p p e r   l i t h o l o g i c a l   p r o p e r t y  i s  c r u s h e d  
vi   t : i . s - idaer l ,   carex s p p .  U E ~ P U X ~ : ~ ~ '  a n g u s t i r u l i a  

r o c k   s o i l .  The p e r m a f r o s t   o n l y   e x i s t . s  i n  t h e  lower 
p a r t  U F  t he   moun ta in  s l o p e  and h c c o m c s  deve loped  
t o w a r d s   t h e  i n s i d e  of  t , he   gu l ly .   The   a . l t i t u t l e  o f  
yermaf rus t  d i s c , r i h u t i o n  i s  below 5311. III e t  t h e  
g u l l y  mouth a n d  a s c e n d s  t.o 560 m ' a t   t h e   h i n t e t -  
l a n d  o f  t h e   g u l l y ,   w h i l e   t h e   o t h e r  place:,  above  
t h e  a l t i t u d e   a r e   t h e   s e a s o n a l l y   f r o z e n  gruunrl 
s e c t i o n .   A c c o r d t n g  t o  t h e   t h r e e   b u r e h u l e s '   t e m -  
p e r a t u r e   o b s c r v i n g  d a t a  from t h e   t h i r d  I R E D  i n  
1 9 8 2 ,  t h e   g r o u n d   t e m p e r a t u r e  at: B d'epth o f  4 . 5 -  
1 0 . 0  m was O " C . ,  'The pe rmaf ros t  was , c h a r a c t e r i z e d  
b y  h igh   tempera ture   and  a t h i n  1oye : r .   t ha t  is 
a b o u t  10 m i n  t h i c k n e s s .  The r e c o r d s  o f  Bomc 
h o r e h o l c   i n d i c a t e d   s t r n t i c u l a t e - l i k e  o r  l n t e g r n l  
s t r u c t u r e d   i c e   c o n t e n t   f r o z e n  soil ,in which t h e  
i c e   c o n t ~ n t  vas l 0 - 1 5 , p ~ r c e n t . .  The  paximum sea-  
sorlal   thawing  depth was 1.8-3.5 m. . ,  

The l e f t  s i d e  o l  the   mounta in  s t u p e  f a c e s  
nor thwes t  w i t h  10-20 d e g r e e s  i.n s l o p e  :which i s  R 

1 9 0 7 ,  t h e  n o r t h e r n  p a r t  of t h c   s l o p e   s u f f e r e d  
I i t t l r  s t e e p e r   t h a n   t h a t .  of t h e   r i g h t  a i d e .  111 

middle   and   southern  p a r t s  werc  only  burned 
s ~ v e r e  damage  from Lhe l o r e s t   f i r e ,   w h i l e   t h r  

~ 1 i g h t l . y  o,r e x p e r i e n c e d  no f i r e  : a t , , a l l .  The,se 
a r c a s  are.  now growjng  mixed f o r , r q t  o f ,  \ e r c h , ,   p i n e  
a n d  b i r c h .  The l i t h o l o g i c a l  p r o p e y . 1 ~ ;  is m , a l i n l y  
i ru shpd   rock  s o i l  t h a t  belorrgs t o  t h e  w e a t h e r i n g  
r e s i d u a l   l a y e r  o f ,  t h e   Q u a r t e r n a r y  p,e,ri,pd,. 

S i t u a t e d  on t-he ha1 f -shady s l o p , @ ,  th,e  permafrost 

2 0 5  
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N o t . * :  The t h i c k n e s s  of p e r m a f r o s t  i s  t h e  c ~ l c . u l a t e f \  v a l u e  from the Third   Ins t , .  of R ~ i l w a y  F x p l o r ~ -  
t i o n  and Design  (Third IRED). 

*+The t . h i ckness  of pe rmaf rns t  i a  t h e  measllrerl value  from t h e  b o r e h o l e  ohR(: rvqt ion .  

in Lhis s e c t i o n ,   s h o u l d   h a v e  b e e n  well-developed. 
but i n  f n c t ,  t h e   t h i c k n e s s  o f  p e r m a f r o s t  i s  t h i . 1 1  
and   tempera ture   h igh  ( F i g . 3 ) .  From Fig.3, we c a n  

o f  8-12 m i n  N o . 3 8  d r i l l i n g  and 8-10 m in N o . 3  
s e e  t h a t  m i n u s  t e m p e r a t u r e   o c c u r r e d  ~t a d e p t h  

The f r o z e n   d e p t h   h e r e  was abou t  4 - 5  m .  Hence we 
d r i l l i n g ,  a n d  \.he t e w y e r a t u r e  was only  0- -n.20ch 

can c o n c l u d r .  t h a t  i t  i s  an   unconnect ive  f r o z e n  
l a y e r  a n d  i s  malnly c n u s e d  by t h e  e f f e c t  o f  
u n d e r ~ r o u n d  wet-er. I t  i s  j u s t  t h e   t h e r m a l   a c t i o n  
o f  g r o u n d  w a t e r  thaL  causes   f rozen   ground t o  
b P c o m r  t h i n  a n d  Rround t e m p e r a t u r e  h i g h ,  and 
consequent1  y fortt ls  a n  unconnec t ive   f rozen  s o i l  
l a y e r .  
I ,  

Figure : 3 *  C e c ~ l o g i c a l  rolumnor f i g u r e  and  ground 

r l t i l l ' i n y  ( f r o m  Dai J i n b o ,  198%) and No.3  d r i l l i n g  
tdmpera tu re ;   wa te r   con le l l t   cu rves  f o r  No.38 

3 .  Permafrost s e c t i o n  i r t  t h e   t e r r a c e  o f  t h e  
r i v e r .  I t  i s  s ' i t ~ ~ ~ a t e d  i n   t h e   b a c k   s e c t o r  o f  t h e  

1 1 - l e v e l   t e r r a c e  o r  in t h e  b o u r d a r y  o r  t h e  1 
lX- 'Level  t .erraces on t h e   r i g h t  b a n k  o f  Amur 
R i v e r .  l . t  is c h a r a c t e r i z e d  b y  a smooth t e r r a  
w i t h  a slope o f  5-10 deg ree  g e r . t l y  i n c - l i n i n g  
t h e   w e s t .  Amur F o r e s t  Rureau a ~ d  J i n t a o  t o w n  

t h e  humid nrounfl s u r f a c e  harboLrerl  exubrrenL 
l o c a t e d  i n  t h i s  s e c t i o n .  Reforn e x p l o i t a t i o n  

a n rl 

i I1 

to 
a r e  

v e g p t a t i o n .   P r e s e n t 1 . y  the na tu  a 1  g r o u n d  sur faces  
has   been   i n ju red  and m o s t  have been  occupied  b y  
r o a d s ,   s t r e e t s ,  h o u s e s  a n d  woo s t o r a g e   y a r d s  
e t c .  The l i t h o l o g i c a l   p r o p e r t y  i i s  msinly  alluvial-  
p l u v i ~ l  d e p o s i t s .  

The frozen  ground a t  t h e  houndary o f  t h e  I 
a n d  l e v e l   t e r r a c e s  is a s  t h i n  a s  0.9-5.6 m i n  
t h i c k n e s s  and  usua1l.y  appears t o  b e  i n t c g r m l  o r  
s t r n t i c u l a t e - l i k e  o r  a r e t i c u l a t e d   ~ E r u c t u r e .  I t  
h a s  a r e l a t i v e l y   h i g h   g r o u n d   t e m p e r a t u r e .   I n f l u -  
enced h y  t h e  i n t e n s e  h u r n s n  a c t i v i t i e s  8 n d  f o r e s t  
f i r e s  i n  r e c e n t  years, the permafrost i n  t h i s  
r eg ion  110s been   degenere t ing .  

J n  t h e   1 1 - l e v e l   t e r r a c e  a n d  t h e  har:k t r? r ra i .n  
o f  i t ,  p e r m a f r o s t   d e v e l o p s   w e l l .   I t  is most ly  a 
l a y e r e d   s t r u c t u r e   i n t e r s p e r s e d  i r h  i c e   d e n s e  
b o d y  o f  f i n e  gra ined  soils, and  can h e  d i v i . r l r d  
i n t o   r i c h   i c e ,   s a t u r a t e d   i c e  a n d  i c e  c o n t e n t  
f r o z e n   s o i l ,  in accordnnse  w i t h  the amount o f  
i c e  c o n t e n t .  The pure  i c e  l a y e r  i s  1 - 7 0  mm i n  
t h i c k n e s s ,   t h e   r i c h  ice f r o z e n  s n i l  1:lycr u s u n l l y  
numbers  t e n   c e n t i m e t r e s .  i n  t h i c c n e s s  and  occa- 
s i o n a l l y  t o  2 . 2  I n r  I n  c o a r s e  gr3inetl  s o i l . s ,  t h e  
p e r m a f r o s t  i s  u s u a l l y   i n t e g r a l l y   s t r u r t u r e d  and 
t h e r e   a r e  s a t u r a t e d ,  r i c h  or  l e s s  i c e  content 
o n e s  d u e  t o   t h e   d i , f f e r e n c e  of i c e  c o n t e n t .  'The 
dep th  of t h e  a c t i v e   l a y e r   v a r i e 3   g r e a t l y   a t  d i f -  
f e r e n t  s i t e s .   I t  is 0.5-1.0 m R :  t h e   s i t e  o f  
h u m i d  g round   su r f ace  w i t h  e x u b e r e n t   v e g e t a t i o n  
wh i l e  1 . 5 - b . 5  m a t  t.he s i t e  o f  dry  ground  surface 
w i t h  no v e g e t a t i o n .  'The permafrcis t   temperature  
i n  this r eg ion  i s  u s u a l l y  - 1 . O " C  or s o ,  and l h e  
m i n i m u m  is -4.O"C ( F i g . 4 ) ,   A c c o r d i n g  l o  t h e  
ground t e m p e r a t u r e   c u r v e ,  W P  c a r  o h t . n i n   t h a t   t h e  
p e r m a f r v e t   t h i c k n e s s  is u s u a l l y  30-50 m a n d  t h e  
maximum can   reach  100 m o r  s o .  I t  i s  n o t a b l e  



l h e t  i n  t h e   v i c i n i t y  o f  t h e   f i l . l i n g   p e t r o l   s t a -  
t - i o n ,  7.8 km t o  t h e   s o u t h e a s t  o f  J i n t a o . t o w n ,  a 
t h a w i n g  l a y e r  was f o u n d  a t  the dcpth o f  7 . 8 - 9 . 0  
m ,  tngr ' ther w j  t h   p r e s s e d  ground water  which 
h r l o u g s  t o  thv p e r m a f r o s t   i n t e r l a y e r   w a t e r .  'The 
nccur rencc  rr l  such a double l a y e r  s t r u c t u r e d  
p r r m a f r o s t  i s  d u e   t o   i t s   l o c . a t i o n  a t  t h e  g e n t l e  
s l o p c  hefo re   t he   moun ta in   and   hence   r e l a t ed  w i t h  
t h e   n c - t i v i t y  of ground wote r .  

S c p t .  1 7 ,  1 9 9 1 ,  t.he thawing   depth  o f  f r o z e n  
ground w a s  0.8-0.95 m and t h e  s o i - l  t e m p e r a t u r e  
at, d e p t h  o f  20 rw wae Z,0-2.b°C. O n  t h e  m o r ~ 6 ~ ~  
o f  S e p t .  2 7 ,  1991,  t h e   t h a w i n g   d e p t h   i n c r e a s e d  
. t o  more than 1 . 0  m ( t h e  steel ,probe  was t o o  : '  ' 

s h o r t   t o   r e a c h   t h e   f r o z e n  so i l . )  a n d  t h e  s o i l  ' ' 

t e m p e r n t u r e , a t   t h e  same d e p t h  was l.h"C on a c t .  
18,  1991,   the   measured   thawing   depth  was 1 . 2 5 ' l n !  ' 
T h u s  i t  c a n  be c u n c l . u d e d  t h a t  t h e  s e a s o n a l  thaw- 
i n 8  dep th ,   unde r  the  above  c o n d i t i o n s ,  i ~ ~ c r e a s e r l  
a t  l e a s t  0 . 3  m and t h e  soil t e m p e r a t u r e  at .  t h e  
dep th  n f  Z O  c m  i n c r e a s e d   a t  least 0,8"C d u r i n g  

N0.81-6 --4 -2 0'' 10 30 No.109 l9iB-L991. 
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, I 1  
The Changes of Permaf roa t  G r o u n d  TemperaLure " 

The o b s e r v a t i o n a l   d a t a  o f  Nn:2h, 3 7 ,  16 and  0 
d r i l l j n g s   h a v e   b e e n  u s e d  t o  Makc c o n t r a s t i v e  

4.5 a n a l y s i s   v I t h  t h a t  o f  N o . 1  d r i l l i n g   t h a t  was ' ' 

' d r i l l e d   i f 1  1991, wh ich   were   s1 . tua t ed   n t   t he  iiamt? 
bottom of t h e   N o r t h  G u l l y  ( F i g . 5 ) .  From t h e  F i g , .  

9 . 2  5, we can s e a  t h a t   t h e  mean a n n u a l  g r o u n d  Lee- 
p e r a t u r e  rose   f rom -3.7'C t o  -2.1"C ( a  r i s :e  of  
1..6'C) b n s e t l  on t he   compar i son  o f  N o . 2 6  d r i l l i n g  

1 2 . 8  w i t h  No.1 d r i l l i n g ,  i f  c a l c u l a t e d  h y  t h e  s'ame 
l in thod ,  t h e   t h i c k n e s s  of p e r m a f r o s t  w u u l d  he 

1 4 " '  r educe  'from 107.0 m Fo 6 7 . 5  m. I f  c o m p a r e d  w i t h  
t h e  N o . 1 6  d r i . l l i n g  a n d  No.37 d r i l l i n g ,  t.he menn 
annual   ground  temperature   would havc a r i s e '  o f  
2.1'C a n d  0.7'C r e u p e c t i v e l y ,   w h i l e  t h e  thicknegiB 
of p e r m a f r o s t  -would  he  reduced 5 2 . 5  m and 1 7 . 0  m 
respcctivcly, Judging   f rom t h i s ,  we c a n  s e e  t h n t , '  
i n  t h e  I n s t .  t c n ' y c a r s ,  o r  so, permafros t   shows 
an obvious  t r e n d  of d e g e n e r a t i o n   e v e n   i n   t h e  
m n s t  d e v e l o p e d   s e c t i o n s  o f  t h e  swamp wetland  and 
a t  t h e  foot of t h e   s l o p c .  J t  is o n l y  t h e  N o . 0  
and N o . 2  d r i l l i n g s   t h a t  are r e 1 , a t i v e l y   t h e  same 
i n  g round   t empera tu re .   Th i s  is l i k e l y   c r r ~ t e d  h y  

n e a r   t h e  No.Q d r i l l i n g  and t h u s  made t h e  g r o u n d  
t h e  thermal  e c t i o n  O F  ground  water   in  t h r .  s t r e a m  

t e m p e r a t u r e  h i g h e r  t h a n   t h a t  o f  No.26, ' 3 7 ,  and 
16 r l r i l l i n g s   ( r e f e r   t o  'Table J ) .  

i 

F i g u r p  b .  Geological c o l u m n a r   f i g u r e  and ground 
t c m l ) e t a t . u r e ,  w a t e r   c o n t e n t   c u r v e s  f o r  N o . 8 1  and 
N o .  100 d r i l l  i n g s  

O v c r a l l  , t h e   p e r m a f r o s t   i n  Amur a r e a  h a s  a 
1nrK" v n r i a t i o n  i n  Goth  ground  temperature  and 
thickness. 1 t . s  development   condi t ion  is c o n t r o l -  
lcrl h y  many i.tlterrelrited and interactive  facturs such 8s 
t o l ~ o $ ; r a p h y ,  geomorpholopy, s l o p e - a s p e c t ,  r i v e r ,  
s t r c a r n ,  g u 1 l . y  s n o w - c o v e r ,   v e g e t a t i o n ,  f o r e s t  
r i r r :  B S  well R S  human a c r i v j t   i e s ,   e t c .  

CHANGES OFPERMAFROS'T 

111 r e c e n t  y e a r s ,  t h e r e  have  been mnny p a p e r s  

I)i1xinganlIng j .n  N o r t h e a s t e r n   C h i n a .  T h e  f o l 1 . 0 ~ -  
L ' A  r l i s c . 1 1 6 ~  t.hc c h a n ~ e s  o l  permaf ros t  .in M t .  

i r l g  t l iscussrrl  p e r m a f t o s t  changes  o r e  mainly 
rnncr rne t l  w i t h  c l i m a t e  warming  and human a c t i -  
v i L y .  As l o r  t h ~  e f f e c t  of f i r e ,  j t w i l l  be 
~ l ~ ~ ~ i d a l , c ~ t i  i ~ r  o t h e r   p a p e r s .  

; ~ p p r : < ~ r s  :I t endency  o f  r eg iona l   degene ra t ion   f rom 
s o u t . h  t o  n o r t h .  The i s l a n d   t a l i k  i s  expand ing .  
T h v  u p p o t  Lable  o f  permaf ros t  Is d e c l i n i n g ,  
wlllbrcas Lhc l ower  t a h l r .  i s  a scend ing .   In   ou r  
s1.urly a r e a ,   t h e   p e r m a f r o s t  a l s o  p r e s e n t s  a n  
o h v  i oI Is rlrgenet'ar i n n  t r e n d .  

l~ l l~-S-c~so. t ! .a?,  T b y i n R  Depth is,,- I n c r e a s i n g  
I n  1 9 7 O s ,  t h e  m a x i m u m  seasonal   thawing   depth  

was u s u a l l y  50-70 cm in a s e c t o r  covered w i t h  a 
I h i c k  moss l a y e r .   A c c o r d i n g  t o  t h e   o h s e r v o l l o n  
( 1 1 .  t l ~ c  n ; l t u r a l  s lt ,c h y  , l i n t  a 0  F r n z e n  Soi  I. Experi-  
mcrlt. S t a r   i on  o f  t h e   T h i r d  IRED*, t h e  measrlred 
thiwi .ng  depth of f r o z e n   s o i l  i n  t h e  humid w e t -  
l n n d : ;  n o v e r e t l  w i t h  t h i c k  mosses w f l s  0 . 6 8  e and 
t h c  s o i l  t c m p e r n t u r e  n t  dep th  o f  20 cm was 0 . 8 ' C  
on t h e  a l t c r n u o n  o f  S e p t .  2 7 ,  1978. We made c o n -  
t , r i l s L i , v e  measurements in t h e  n a t u r a l  awamp wet- 
1 ~ n d  o f  t h e  same ground   su r face   cond i t ion   and  
~ \ h t a i n ~ $   t h e   f o l l o w j n g   d a t a .  On the   morning o f  

*(Thr?  changing  law o f  g r o u n d  t e m p c r a t u r e  i n  
p c r m a f r o s t   a r e a  of n o r t h e r n   p a r t  01 Daxingan- 
l i n g  p r e f e c t u r e )  J u n e ,  1981 ,   manusc r ip t .  

I n  Lhc p c r m a r r n ~ t .  n f  M t .  Dax inpan lkng ,   t he re  

.. - _..,.-". 

F i g u t e  5. Gont : ras t ive  cu rves  o f  ground  tempcrature 
i n  hor -eholes  a t  t h e  s a w  r u g j o t 1  in d i € f e r e n t  time 

1 - N o . 3 7  ( O c t .  1 9 7 7 ) ,  2 - No.0  ( I lec .   1978)  
3 - N0.26 ( N o v .  1 9 7 5 ) ,  4 - N o . 1  (-Nov. 1991,) 

T h e  a u t h o r s  made f u r t h e r  c o m p h r i s o n s  of t h e  
ground  tempera ture   curve  o f  t h e  No.38 d r i l l i n g  
o f  1 9 7 7  w i t h ,   t h a ?  o f  t h e  N o . 3  d r i l l i n g  o f  1991. 



h s l r  i t l a d y  s l o p e  o f  t h e  l e f t   s i d e  of  t he   Nor th  
C u l l y .  We can   s e . e   t ha t   t he   g round   t empern tu re  
h a s  a l s o   r i s e n ,  No.38 d r i l l i n g   r e v e a l e d   t h a t   t h e  
m i n u s  L e m p e r a ~ u r e   z o n e  was between  5-12 nl whi le  
No.3 d r i l l i n g   r e v e a l e d  i t  t o  b e  b e t w e e n  8-10 m. 
'Thi~s s u g g c s t s   t h a t   t h e   p e r m a f r o s t   u p p e r   t a b l e  
h a s   d e c l i n e d   w h e r e a s   t h e   l o w e r   t a h l e   h a s   a s c e n d -  
~ r l .  F i n a l l y  i t  r e s u l t s  i n  t h e   f o r m a t i o n  of un- 'C I 
c o ~ l n e c t i v e   p e r m a f r o s t .  The p e r m a f r o s t   a l s o  
a p p e a r s  t o  have a d e g e n e r a t i n g   t e n d e n c y ,  however, 
t h e  d e g e n e r a t e d  a m p l i t u d e  i s  n o t  FIS prominent. a s  
t h a t  i n  t h e  swamp wr t , l snd .  " h i s  i s  mainly  caused 
b y  t h e   i n f l u e n c e  of ground   wa te r ,  o f  which  the 
intense t h e r m a l   a c t i o n   c o n t r ~ l s   t h e   d e v e l o p m a n t  
c u n d i t i o n s  o f  p e r m a f r o s t   i n   t h i s   r e g i o n   a n d  
Intakes t h e  e f f e c t  o f  c l i m a t e  warming 011 perma- 
f r o s t  l e s s  s i g n i f i c a n t .  - 100 ,-"l I 

L3"T "."" 

/," 
,. 

-6  

" 
The E x t e n t  of Ta ik is Ex and in  

i n c r e a e i n g   p o p u l a t i o n ,  many d i f f e r e n t  k i n d , o f  
h u i  1 r l i n K s  equ ipped  w i t h  h e a t i n g   i n s t a l l a t i o n  
have  been b u i l t  on s i t e s  o f  p e r f e c t  R e o l o n i c a l  -140. .- 

Along w i t h  t h t  deve lopLen t  o: 

product ion   and   -1201 b/\ /, 
c n g i n e u r i n g   c o n d i t i o n s  such  i s  t h e  I -and  TI- 
l e v e l   t e r r a c e s  nnrl t h e  sunward slope t e r r a i n s .  
Alsn  i n r l u e n c c d  h y  o t h e r   f a c t o r s ,  the h i g h  tem- 
p e r a t u r e   a n d  t h i n  s t r a t u m   p e r m a f r o s t   g e t   i n t o  
; ~ b l a t i o n   g r a d u a l l y  and f i n a l l y  l eeds  t o  t a l i k .  
The pe rmaf ros t   boundary  i n  the   Nor th  G u l l y  
d e c l i n e d  a b o u t  83 met res   t owards   t he   ho t tom of  
Gul ly  i n  t h e   l a s t   t e n   y e a r s  and t h i s   l e a d s  t o  
~ h c  d i s a p p e a r a n c e  o f  permaf ros t  on the   mounta in  
s l o p e s  where i t  r x i s l e d  i n  the  p a s t .  

_Reasuns  of  the  Permafrost-   Cllannes 
(If C l i m a t e  warming. T h e  g r a d u a l   r i s i n g  o f  

a i r  t e m p e r a t u r e  is a m a j o r   c o n t r i b u t o r  to t,he 
I - e g i o n a l   d e g e n e r a t i o n  o f  p e r m a f r o s t  in Daxing- 
a n l i n g   p r e f e r . t u r e .  F i g . 6  i s  t h e  mean 5-year  
r u t l n i n g  c u r v e s  of  mean a n n u a l   a i r   t e m p e r a t u r e  
a t  Amur Meteo ro log ica l   Obse rva to ry   (1975-1991)  
nod t.hc a d  jcrcenl Muohe Meteoro logica l   Ohserva-  
I.nry  (19.59-1991 ) ,  The f i g u r e   r e f l e c t s  t h a t  t h e  
wran annual  a i r  Lernpecaturc  presents   an  apparent  
r i s t n p ,   t r e n d   i n   t h e   p a s t   t h r e e   d e c a d e s .   T h e  
a v e r a g e   v a l u e  o f  a T"year   running  of  mean a n n u a l  
a i r  t e m p e r a t u r e  was ~ h o u t  -5.O"C dur ing   1959-  
197h. n h n u t  - 4 . 8 ' C  d u r i n p ,  1973-1980, r i s i n g  to 
ahnut.  -4 .4"C  dur ing  1'373-1980, r i s ing   p rominen t ly  
L I ~  - 3 . 4 - C  dur ing   1986-1991.  Thc mean annua l  
a i r  t e m p c r a t u r ~  has   i . nc rensed   abou t  1.G"C over  
t h i r t y  yea r s   w i th   an   ave rage  of 0.5"C r i s e  
d u r i n g   e a c h  d e c a d e .  Amur M e t e o r o l o g i c a l  O b s e r v a -  
t o r y  a l s o  h a s  s u c h  a t r e n d ,  and t h e   r i s i n g  
a m p l i t u d c  i s  l a r g e r   d u r i n g   1 9 8 4 - 1 9 8 9  and 1987- 
L9'41. I n   t h e   y e a r l y   a c c u m u l a t e d   v a l u e  of minus 
t e m p e r n t u r c   t h e r e   a p p e a r s   t h e  same r i s i n g   t r e n d  
( F i g . 7 ) .  I t  f l u c t u o t e d   a t   a b o u t  -125 - -1 :3O"C 
( l u r i n g  1959-1977, abou t  -120'C dur ing   1978-1986,  
a n d  r i s i n g   p r o m i n e n t l y  tu about  -105°C a f t e r  
lY87. The o h s o l u t e   v a l u e   d e c r e a s e d   a t  e l a s t :  20- 
2 5 ° C  i n  t h e  l a s t   t h i r t y   y e a r s .  

C l ima te   worming   can   a l so   l ead   t o  a r i s e  i n  
t . h v  amount o f  s n o w f a l l  i n  w i n t e r   ( T a b l e  2 ) .  1l.e 
n l r l x l m u m  th ickness   o f   snowcovet  i n  Amur i n  J a n .  
is  p r e s e n t l y  2 5 - 2 6  c m ,  which,  based  on our 
~ ; 1 I ~ u l ~ t i o n ~ ,  c a n   c a u s e  a r i s i n g   o f  3 . 8 - 4 . O " C  
f o r  meen onnuat  ground s u r f a c e   t e m p e r a t u r e  
rnmparcd  with  t .he   places   without   snowcover ,  T f  
thc t , h i c k n e s s  o f  snowcover   increases   4 -5  cm 
n g n i n ,  t h e  meah an.nual ground s u r f a c e   t e m p e r a -  
t u r e  w i l l  j .ncreasc  4 .3-4.5 'C.  'That i s .  t h e  
t - t s i ~ r g  r a t e  o f  mean a n n u a l  gr-ounrl s u r f a c e  tem- 
p c r n t u r a  a n t \  t h e  t h i c k n c s s  o f  snowcover i s  

VI I 
F i g u r e  7 .  Yearly  accumulated c u t ~ e s  o f  m i n u s  I 
t e m p e r a t u r e  I n  Muohe (1959-1901)  and Amtlr 
(1975-1991) 

T a b l e  2 .  Maximum t h i c k n e s s  o f  snowcover i n  
Amur i n  January  during1  1997-1992 

-.~- 
Year 1.987 1988 1989 1990 1991 1992 

"I 
O.S"C/4-5 cm,  T h i s  s u g g e s t s  t h  
snowcover   thickness   would a l s o  
t h e   d e g e n e r a t i o n  of p e r m f r o s t "  

( 2 )  I n f l u e n c e  of i n c r e a s i n g  
a c t i . v i t y .   R e f o r e  1 9 6 5 ,  t h i s  r e  
e x u b e r a n t   p r i m e v a l   f o r e s t  w i t h  
n i n g   f r o m   t h e   l a t e   1 9 6 0 s .  w i t h  
o f  t h e   r a i l w a y ,  l a r g e  a r e a s  o f  
anrl a g r a d u a l   i n c r e a s e  o f  popu 
were  founded.   There i s  p r e s e n t  
about   500 ,000   in   the   Doxinganl  
H e i l o n g j i a n g   P r o v i n c e ,  a n d  abo  
Town, w h e r e   t h e r e   a r e  many r o a  
n i s t r a t i v e   o r g a n s ,   f a c t o r i e s ,  
and o t h e r  b u i l d i n g s .  T h i s  i n c t  
human a c t i v i t y   h a s   l e d  t o  a t i  
ground  tempera ture ,  a deepenin  
l a y e r  and   degenera t ion  or t l i sa  
frost,  as c a n   h e   i l l u s t r a t e d  b 
house  h e a t i n g .  Compared w i t h  t 
a f t e r   t h r e e   y e a r s   w i t h   t h e   n a t  
c o n s t r u c t i o n ,   t h e   p e r m a f r o s t  m 
t empera ture   went  u p  from - 3 . 7 '  
means t h e   h o u s e   h e n t i n g   w i t h i n  
t r i h u t e r l   t o  a rise o f  1.Z"C i n  
( F i g . 8 ) .  B y  i n f e r e n c e  i n  t h e  p 
in t h e   t e r r a c e  o f  t h e   r i v e r  of 
annual  g r o u n d  t e m p e r a t u r e  is u 
(where m o R t  o f  t h e  a r c a s  have 
d i f f e r e n t  k i n d s  o f  h u i l d i n g s ) ,  
u n d e r   b u i l d i n g s   h e s   e x p e r i e n c e  
and  becotue t a l i k  at- p r e s e n t .  
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Fi8u1-e 8 .  Comparison of  ground  temperature  
c u r v e s  in n a t u r a l  s t o t e  ( I )  w i t h  t h a t  following 
h o u s e - h e a t i n g   a f t e r   c o n s t r u c t i o n  ( 2 )  ( f rom the 
3rd I R E D )  

CONCLUSION 

Thc  permafros t  i n  Amur a r c a ,  c a n  he   d iv ided  
i n t o   t h e   f o l l o w i n g   t h r e e   s e c t i o n s :   P e r m a f r o s t  
s e c ~ j r ~ n  a t  t h c  Coot. o f  t h e  mounta in   s lope   and  
t h e  swamp w e t l a n d ,  p e r m a f r o s t   s e c t i o n  in t h e  
g e n t l e   s l o p e   h e f o r c   t h e   m o u n t a i n  and p e r m a f r o s t  
s e c . t i o n   i n   t h e   t e r r a c ~  o €  t h e   r i v e r .  The perma-  
frost i n  t h i s  r e g i o n  shows an   apparent   t endency  
O F  d e g e n e r a t i o n  w i t h  t h e   a c t i v e   l a y e r   d e e p e n i n g ,  
t h e  mean annual   g round  tempera ture  r i s i n a  and 
t h e  t a l i k  expand ing .  T h e  d e g e n e r a t i o n  o f  perma- 
[ r u s t  is m a i n l y   c r e a t e d  b y  c l imate   warming a n d  
i n t e n s e  h u m n n  a c t i v i t y .  
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A PRELLMTNARY RESEARCtl OF SO 
PASS BASIN ON 

ILlFLUCT 
IINCHAI- 

Y i z h i  G u o   D o n g x i n g ,  Huang 

I O N  TERRACES IN FENGHIJOSH 
XIZANG PLATEAU 

a n d   Z h a o   X i u f e n g  

L a n x h n u   1 n s t . i t . t r r . e  n f  C l a c , i o t o g y  a n d   G e o c r y o l n g y ,   C h i n e s e   A c n d e m y  o f  S c f c n c e s  

S o l i f l u c t l n n  i s  one  of t h e  m n R t  p r e v a l e n t   p e r i g l a c i a l   p r o c e s s e s   i n   t h e   F i n g h u o -  
s h a n   r e g i o n .   A c c o r d i n g  t o  a n a l y s e s  o f  t h e   i n v e s t i g a t i o n   a n d   t h e   d y n a m i c   o b s e r v a -  
t i o n s  i n  1984 a n d  1990, the f o r m a t i o n   a n d   m o v e m e n t  of t h e   s o l i f l u c t i o n   w h i c h  i s  
s i t u a t e d  on  t h e  WS-8lope i n  F i n g h u o n h a n  PRSR B a s i n  mny b e  a t t r i b u t e d   t o   t h e .  
a c t i o n s  o f  t e m p o r a r y  wa te r  f l o w   o n   t h e   g r o u n d   s u r f a c e ,   g r a v i t y ,   t h e   p r e s s u r i z a -  
t i o n   c a u s f d   b y   b i d i r e c t i o n a l   f r e e z i n g  e t c . .  

- INTROUUCTION 

T h e   F e n g h u o s h a n   r e g i o n  is l o c a t e d   i n   t h e  
i n t e r i o r  of t h e   Q i n g h a i - X i z a n g   P l a t e a u  where t h e  
p e r m a f r o s t  i s  w e l l  d e v e l o p e d   a n d   t y p i c a l l y   d i s -  
t r i b u t e d .   D u e  t o  t h e   p r a c t i c a l   n e e d s  o f  t h e  
i n v e s t i g a t i o n   a n d   t h e   d c s i g n  o f  Q i n g h a i - X i z a n g  
r a i l w a y   a n d   e x p l o i t a t i o n  O F  t h e   Q i n g h a i - X i z a n g  
P l a t e a u ,   m u c h   r e s e a r c h  and fixed p o s i t i o n   o b s e r -  
v a t i o n s  o n   t h e   f o r m a t i o n ,   d i s t r i b u t i o n   a n d   d e v e -  
l o p i n g   r e g u l a r i t i e s  o f  t h e   p e r m a f r o s t  a n d  on  t h e  
p h y R i . o m c c h R n i c a 1   p r o p e r t i e s  of  f r o z e n  s o i l  a n d  
g r o u n d  i c e  h a v e   b e e n  done i n  t h e   r e g i o n   f r o m  
t h e   b e g i n n i n g  of t h e  1960s. O t h e r   e x p e r i m e n t a l  
w o r k s  on  t h e   e m b a n k m e n t ,   c u t t i n g ,   c u l v e r t ,  r e -  
t a i n i n g  w a l l  a n d   s l o p e   p r o t e c t i o n   h a v e  also b e e n  
c n r r i e d  o u t  f o r  e n g i n e e r i n g   n e e d s .   T h o u g h  t h e  
r e s e a r c h   w o r k   i n   t h e   r e g i o n  is m u c h  more d e t a i l -  
ed t h a n   t h o s e  in o t h c r   r c g i o n s   a l o n g   t h e   Q i n g -  
h a i - X i z a n g   h i g h w a y ,   0 n J . y  l i t t l e  a t t e n t i o n  was 
paid t o  t h e  c r y o g e n e t i c  d o w n - s l o p e   p r o c e s s e s ,  
a n d  d i s c u s s i o n s   o n   t h e   c r y o g e n e t i c   l a n d f o r m s  
a n d   p e r i g l a c i a l   s e d i m e n t s  d i d  n o t   c o v e r   t h e i r  
f o r m a t i o n   m e c h a n i s m s ,   d - v e l o p i n g   p r o c e s s e s   a n d  
d y n n n i c s .  

S o l i f l u c t i o n  i s  one  o f  t h e   m a i n   c r y o g e n e t i c  
d o w n s l o p e   p r o c e s s e s   i n   t h e   F e n g h u o s h a n   r e g i o n .  
B H , S U ~  o n   t h e   d a t a   c o l l e c t e d   f r o m   t o p o g r a p h i c  
s u r v c y i n g ,  investigations s n d  fixed p o s i t i o n  
o b s c r v a t i o n s   I n  1984 a n d  1 9 9 0 ,  we p r e s e n t .  some 
r e s u l t s  of o u r   r e e e a r c h   o n   t h e   f o r m a t i o n   m e c h a -  
n i s m s ,  d e v e l o p i n g   p r o c e s s e s  a n d  d y n a m i c s  o f  t h e  
1 2 - s t a g e   s o l i f l u c t i o n a l  t e r r a c e s  d e v e l o p e d   o n  
t . h c  W S - o r i e n t e d  s l o p e  i n   F c n g h u o s h a n   P a s s   l 3 a s i . n .  

THE DEVELOPMENT BACKGROUND OF TRE SOLIFLUC'I 'IONAL 
'TERRACES 

L o c a t e d   i n   t h e   i n t e r i o r  o t  t h e   Q i n g h s i - X i z a n g  
P l a t e a u   a n d   c h a r a c t e r i z e d  b y  3 o w   m o u n t a i n R   a n d  
, h i ! I s   o n  t h e  h i g h  p l ~ ~ t c a n ,  F e n g h u o s h a n  i s  i n   t h e  
e n s t e r n   s t r e t c h  o f  t h e  Hoh X i 1  M t 8 . w i t h  an e l e v a -  
t i .on  of 4750 to 5100 m a . s . 1 . .  A c c o r d i n g   t u   t h e  

C e n o z o n i c  Hoh Xi1 d e p r e s s i o n .  Ir t h e   P a l e o c e n e  
F e n g h u o s h a n  is a t  t h e  e a s t e r t  f r i n g e  of  t . h e  

a n d   O l i g o c e n e   e p o c h ,  i t  w a s  a f u l t  l a k e   b a s i n  
a n d   t h i c k   s e d i m e n t s   o f  p u r p l e  m u d s t o n e ,  m u d -  
s i l t s t o n e   a n d  marl  were d e p o s i t e d .  T n  t h e t r a n s i -  

e p o c h   n n d   a c , c o m p a n i e d   b y   t h e   H i m a l a y a   M o v e m e n t ,  
t i n n a l   p e r i o d   f r o m   t h e   O l i g o c e n e  Lo M i o c e n e  

i n l a n d  l a k e  b a s i n   s e d i m e n t s   a n d   f o r m e d  t h e  
t h e   r e g i o n   u p l i f t e d   s t r o n g l y   a n d  s t o p p e d  i t s  

Q u a t e r n a r y   p e r i o d ,   t h e r e  was FJ SI w b u t   c o n t i n -  
modern  g c n m o r p h n l n g i c o l   l a n r l s r n p r .  D u r i n g  t h e  

u o u s   w i d e - r a n g i n g   u p l i E t i n g .   T h e  I p r i m a r y   m o u n -  



t a inous   p l a t eau   morpho lgy ,   fo rmed  i n  t h e   i n i t i a l  
pe r iod  oT the   Miocene  epoch,  was denuded  and 
s c u l p t u r e d  h y  v a r i o u s   e x o g e n i c  forces and t h e  
s l o p e - f r o s t   c r e e p i n g   s e d i m e n l s   a c c u m u l a l c d  on 
the   s lope   w i th  a t h i . ckness  o f  3-6  m e t e r s   ( F i g . 1 )  
and p r o v i d e d   t h e   m a t e r i a l   s o u r c e  o f  ' t h e   l a t e r  
s o l i f l u c t i o n   d e v e l o p m e n t .  

SW215" 
C r a d i e n t 9 ° - 1 0 0  

Sur face  
+- 

F i g .  1 The 
l u c t  

" - : 
f 
i 

-1""" 
Sur face   Runof f  

o n a l  t e r r a c e s  i n  1984 
r o n t  edge   shape  of t h e   s o l i f - -  

As a r e s u l t  o f  t h e   N e o t e c t o n i c   p r o p e r t l e s , t h o  
pror .esses   of   denudat ion b y  exogen ic   fo rces   and  

T h e r e f o r e   t h e   s e d i m e n t s  had n long  t ime  and o p -  
t h e   t r a n s p o r l a t i o n  of i t s  produc t s   were   modero te  

p o r t u n i t y   t o  be e x p o s e d   n e a r   t h e   g r o u n d   s u r f a c e ,  
e n d u r i n g   t h e   r e f o r m i n g   a c t i o n  o f  e x o g e n i c   f o r c e s .  
The g r a i n - s i z e  became f i n e r   w h i c h  was  more f a -  
v n u r n l r l e   f o r   t h e   l a t e r   s o l i f l u c t i o n   d e v e l o p m e n t .  

hai-Xizang  highway,   the  permafrost   and  ground 
i c e  i n  the   Fenghuoshan r e g i o n  is bes t   deve loped  
and  the  permafrost  i n  Fenghuo Pass bas in  i s  b e t -  
t e r   d e v e l o p e d   t h a n   t h a t  o f  o t h e r   p l a c e s  i n  Feng- 
huoshatl r eg ion .   Accord ing  t o  t h e   a v a i l a b l e  tem- 

annurrl ground t e m p e r a t u r e  a t   t h e   b o t t o m  of  t h e  
p f r a t u r e   d a t a  measured i n  a d r i l l - h o l e ,  t h e  mean 

h a s i n  i s  -3.R"T: and t h e   e s t i m a t e d   t h i c k n e s s  of 
permafrost may s u r p a s s  100 t o  120 m .  The maximum 
s e a s o n a l   t h a w   d e p t h ,   a f f e c t e d  b y  t h e   s l o p e - a s -  
pcc t  a n d  v e g e t a t i o n ,   r a n g e s   f r o m  1 . 2  t o  2 . 0  m .  
'I'he maximllm s e a s o n a l   t h a w   d e p t h   w h e r e   t h e   s o l i f -  

mined b y  t h e   d r i l l - h o l e ,  The l a y e r  from t h e  
. l u c t i . o n  has  developed i s  1 . 3  m w h i s h  was d e t e r -  

g r o u n d   s u r f a c e   t o   t h e   d e p t h  of 0 . 6  m i n  t h e  
scasonn l   f rozen  1a:yer p r e s e n t s  a homogeneous 

a v o l u m e t r i c   i c e   c o n t e n t  o f  around 15-25%; From 
f r o z e n   t e x t u r e   o r   f i n e   i c e   l a y e r e d   t e x t u r e   w i t h  

0 . 6  nl d o w n  t o  t h c   u p p e r   c a b l e  of p e r m a f r o s t ,  a 
f i n e  icc l nye red  or t h i n  a n d   t h i c k   l a y e r e d  t e x -  
t u r e   o p p e a r s   w i t h   v u l u m e t r i c   i c e   c o n t e n t   a m o u n t s  

Comparcd w i t h  o t h e r   r e g i o n s   a l o n g   t h e   Q i n g -  

June   29 th  1 9 8 4 ,  t h e   w r i t e r s   c a r e f u l l y   i n v e s t i g a -  

s i x  y e a r s ,  on J u l y  2 1 s t   t o  26th, 1990, s u r v e y i n g  
t e d   t h e   s o l i f l u c t i o n a l   t e r r a c e s .   A f t e r  more than  

a n d  dynamic   observa t ion  work on t h e  t e n t h   s o l i f -  
l u c t i o n a l   t e r r a c e  were done i n c l u d i n g   t h e   t o p o g -  
r a p h i c   s u r v e y i n g ,  

Accordjng t o  t h e   i n v e s t i g a t i o n  r e su l t s  i n  
J u n e ,  1 9 8 4 ,   t h e   1 2 - s t a g e   s o l i f l u t i o n a l   t e r r a c e s  
e x i s t i n g  on t h e  s l . o p e  has  a total l e n g t h  of  nboul 
300 m. The w i d t h  o f  e a c h   t e r r a c e  is between 1 2 -  
2 7  m, and t h e   h e i g h t  o f  t h e  t e r r a c e s  i s  abou t  
0 . 4 - 1 . 2  m ,  t h e   a s p e c t  o f  t h e   s l o p e   f a c e s  S W Z 1 5 " ,  
t h e   s l o p e   g r a d i e n t  is 10-11'.  The  number of each  
t e r r a c e  w a s  counted  downwards. 

We d i s c o v e r e d  t h a t  t h e   e d g e s  of t h e  1st t o  
5 t h   t e r r a c e s   w e r e   n e a r l y   l e v e l e d  a n d  s t r a i g h t ,  
p a r a l l e l   w i t h   t h e   s l o p e   c o n t o u r   l i n e .  T h e  midd le  
p a r t s  o f  t h e  6 t h  t o  1 2 t h   t e r r a c e   e d g e s ,   w h i c h  
culved  upwargs  and  were  arranged l i k e  a s e r i e s  
of a r c s ,  was ehe   p l ace   where   t he   su r f ace   wa te r  
passed   th rough and a f t e r   r a i n f a l l  o r  SnQW melt- 

meadow and t h e  s c a r c e l y   s c a t t e r e d  mound-like 
ing R temporary brook Y B Y  f o r m e d .  The  m0untsi.n 

v e g e t a t i o n   o c c u p i e d   t h e   s u r f a c e  o f  t h e  s l o p e  a n d  
t h e  s n l i f l u c ~ i o n a l   t e r r a c , e s .  D u e  t o  t h e   e r o s i o n  
b y  , t empora ry   wa t . e r   f l ow,   t he   i n t eg r l ty  o f  t h e  

T h e  v e g e t a t i o n  and t h e  soil benea th  s l a n t e d  o r  
v e g e t a t i o n  a t  t h e  e,dge of  t e r r a c e s  was des t royed .  

c o l l a p s e d  down on t h e   t , e r r a c e   s u r f a c e s   b e 1 . o ~ .  
Some b lock  or mound-like sods had  been  removed 
b y  flowing  wtlber. 

The ex i t i ng   t empora ry   wa te r   wh ich  f l o w s  a t  
t h e   c u l v e d   e d g e s  o f  t h e   s o l i f l u c t i o n a l   t e r r a c e s !  
and t h e  movement  of t h e   c o l l a p s e d  s o d  demonstro-  
t e d   t h a t   t h e   c u l v e d   f r o n t   e d g e s  o f  t h e   t e r r a c e s  
was t h e   r e s u l t a  o f  w e t e r   h e o d w a r d   e r a s i o n   a t  
t h i a   p l a c e ,  

I n  1990.from  3ul.y 21st t o  2 S t h ,  t o p o g r a p h i c  
s u r v e y i n g   a n d   i n v e s t i g a t i o n  o n  t h e   s o l i f l u c t i o n -  
a 1  t e r r a c e s   w e r e   a g a i n   c a r r i e d   o u t   a n d  a s e r l e s  
o f  dynamic. o b s e r v a t i o n   p o i n t s   w e r e  s e t  u p  on t h e  
t e r r a c e s .  The r e s u l t s  o f  t h e   i n v e s t i g a t i o n  six 
y e a r s   a f t e r  1984 showed a g r e a t  de fo rma t ion   o f  
t h e   f r o n t   e d g e s  u f  t h e   t e r r a c e s .  

The f r o n t   e d g e s  of 1 s t  t o  3 r d   t e r r a c e s   p r o -  
t r u d e d  downward s l i g h t l y ,  a n d   t h e   t e r r a c e  
h c i g h t s   w e r e  no m o r e  than  0 . 2 - 0 . 3  m. T h e  s t e p  of  
4 t h  t e r r a c e  was n e a r l y   g o n e , . a r t d  t h e  4 t h  t e r r a c e  

The  former  shape o f  t h e   f r o n t   e d g e s  o f  t h e  6 t h -  
connec ted  w i t h  t h e  5t,h t e r r a c e  composed B s l o p e .  

1 0 t h   t e r r a c e s  no l o n g e r   e x i s t e d .  Some o f  t h e m  
p r o j e c t e d  downward i n  t h e   m i d d l e  a r e a ,  some o f  

\ 
' \  

f r o m  2 5 - 6 0 2  and t h e   s o i l   l a y e r  is i n  a p l a s t i c  
f l o w  st.at.e when melted.   The a s p e c t  of t h e   e l o p e  " 
v h e r e   t h e   s o l i f l u c t . i o n a 1  terraces a r e  l o c a t e d  is 
WS215', o f  w h i c h   t h e   g r a d i e n t  i s  between  10-11". 
The s o l i f l u c t i o n a l .   t e r r a r c s '   a r e   s i t u a t e d  i n  t h e  
~ o n c n v e   p a r t  o f  t h e   c o n c a v e '   s l o p e .  And o v e r   t h e  
hi.ghesl. t e r r s c e   t h e r e   a r e   f o u r   l i n e a r   d i t c h e s  

n r , r o s s  t h e   s i d e s  and t h e   m i d d l e   p a r t  of t h e  ter- d) 

r a c e s .  

, 
i t )  which the p r e c i p i t , a t i o n   a r c u m u l a t e s  and flows FL 

. ,  .C" /- p%& 
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Fi,g.2 The. f r a n t  edge-   shape  o f  t h e  
~ o l i f l u c t i o n a l  t e r r a c e s  I n  1990 When d o i n g  r r s e a r c h  work i n  Fenghuoshan  on 
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Observa t ion   Po in t  
SE125' 
" 

Fig.3 The d y n a m i c   o b s e r v a t i o n   p o i n t s  on t h e  t e n t h  

Notes: 
t e r r a c e  and i t s  movement 

A )  1 , 2 , 3  *... 15, Numbers of the observation  points, 
R) (o),(t1.5),(-1.0)~.~, The f i r s t  measured  movements. 

(o),(tl.5)+.,, The second  measured  movements. P l u s  signs 
showing down slope movements, minus  signs showing  upward 
movement.  Measuring  Un1t:cm. 

them were S-shaped  and  some o f  them curved  i r -  
regularL1y. A s m a l l - s c a l e  d i l u v i a l   f a n  hod devo- 
l oped  i n  t h e   r i g h t   p a r t  o f  9 t h   t o  LZth t e r r a c e s  
due t o  t h e   s l l t - s u b c l a y e y   s e d i m e n t s   d e p o s i t e d  
h e r e  b y  water  flow. Some sod blocks o r  mounds 
w e r e   s c a t t e r e d  on t h e   s u r f a c e  o f  t h e   f a n   ( F i g . 2 ) .  
Though t h e  f r o n t   e d g e  o f  11th  and 1 2 t h  t e r r a c e s  
still projecLed  upward,  they  had a s h a r p e r   c u r v e  
t h a n   t h a t  of s i x  yea r s   ago .   Ano the r   impor t an t  
d i f f e r e n c e  o f  t h e   t e r r a c e s   c o m p a r e d   w i t h   t h e i r  
s h a p e  of  s i x  y e a r s  a g e  W A S  t h a t   t h r e e   m u d f l o w i n g  
tongues  appeared  below t h e  1 2 t h   t e r r a c e .  'The u p -  
per  cwu mudflow tongues   had   obvious  s t e p s  a n d  
t h i c k   g r e e n  grasses grew  on t h e i r   s u r f a c e s .  The 
lowes t  mud tongue  was embryonic i n  form and t h e  
s p a r s e  g r a s s   i n d i c a t e d   t h a t  t h e  tongue  had been 
formed r e c e n t l y .  

I n  J u l y , ~ 1 9 4 0 . ,  we a r r a n g e d  s i x t e e n  obse rva -  
t i o n   p o i n t s  . ( F j g . 3 )  in t h e   d o w n s l o p e   d i r e c t i o n  
or t~e"wid thw. l , s e   d i r ec t ion  on t h e   t e n t h   t e r r a c e  
sur fac 'e '   and   on .   June   25 th ,  1991,  t h e  f i r s t  obaer -  
v a t i o n  was made.  Five  o f  t h e  six p o i n t s  i n  t h e  
w i d t h w i s u  d i r e c t i o n  showed downslope  movements, 
t h e  maximum moving d i s t a n c e  was 2.5 cm, t h e  m i n -  
i m u m  waa 0.5 cm. F i v e  o f  t h e   n i n e   p o l n t v   a r r n n g -  
ed on t h e   1 0 t h  t o r r a c e  i n . t h e   d o w n s l o p e   d i r e c -  
t i o n  showed no movement, t h r e e  of them moved u p -  
wards  and  one moved downslope.  

ANALYSIS ON THE FORMATION A N D  MOVEMENT MECHA- 
I NISMS OF THE SOLIFLUCTTONAL TERRACES 

t e r r a c e s  i n  more d e t a i l ,  w e  need t o  t r e c e   b e c k  
t h e  developnlenL h i s t o r y  o f  t h e   s o L i f l u c t l o n a 1  
s e d i m e n t s .  T h e  p e r m a f r o s t  i n  t h e   r e g i o n  i n  its 
g e o l o g i c a l  h i s t o r y  h a s   u n d e r g o n e   s e v e r a l  f l u c -  
t u a t i o n .   C o r r e s p o n d i n g l y ,   t h e   c r y o g e n i c   g e o m o r -  
phology  and   c ryogenfc   sed iments   have  also under- 
g o n e   s e v e r a l   r e f o r m a t i o n s .  H.H.HomHovski sug-  
g e s t s   t h a t  i n  t h e  fo rma t ion ,   deve lopmen t  a n d  
e v o l u t i o n   p r o c e s s e s  of p e r m a f r o s t ,   t h e r e  .are 
g r e a t  d i f f e r e n c e s   i n  t h e  c r y o g e n i c   a c t i o n  and 
c r y o g e n i c  s e d i m e n t s  i t 1  d i E € e r e u t  d e v e l o p i n g  
p e r i o d s  (V,A.Kudryavtsev e t  a1 . ,1978;   E .D.Ershov 
e t  al.,l989; E.D.Ershov e t  a l . ) .  I n  t h e  c o l d  

To d i s c u s s   t h e   f o r m a t i o n  of  L h e  s o l i f ~ c t i o n a l  

p e r i o d ,   t h e   p e r m a f r o s t   d e v e l o p e  
thaw  weather ing ,  f r o s t  heav ing ,  
e t c . ,  were p r e v e l e n t .  The c o r r e  
InentY and p e r i g l a c i a l  phenomen 
f i e l d u ,   s t o n e   s t r e a m s ,   d e b r i s  8 
pingos   and   ice   core   were   formed 
i o d ,   p e r m a f r o s t   r e t r e a t s  i n  a r e  
n e s s ,   t h e   p r e c e e d i n g   c r y o g e n i c  
s e d i m e n t s   a r e   r e s t r a i n e d ,   C o n t r  
p e r i o d ,   t h e r m o k a r s t , s o l i E l u c t i c  
e r o s i o n  become dominant  and  the 
p e r i g l a c i a l  phenomena  and sedin  
l u c t i o n a l   t e r r a c e s   o r   t o n y u e s ,  

and t h e   f r o s t  
' r o s t  c r a c k  i n g ,  
)onding sed i -  
such  a s  block  

, p e s ,  c a v i t y   i c e ,  
I n   t h e  warm p e r -  
a n d  i n  t h i c k -  

: t i o n  and i t s  
. y  t o  Lhe  c o l d  
, t h e r m o k a r s t  
: o r r e s p o n d i n g  
I t s  a r c  s o l i f -  
l e r m o k a r s t  s e t -  1 

t l e m e n t s ,  ice wedge c a s t s  i n d  t h j r m o k a s t  s l u m p i n g .  
I n  "The format ion   and  i t s  h i s t o r y  o f  t h e  t h i c k  

ground i.ce in  Fenghuoshan  Region"(Guo  Dongxi I I R ,  
1982) ,  a u t h o r  ahowed t h a t   t h e   s o l i f l u c t i o n a l  
t e r r a c e s  on t h e  s l o p e  i n  Fenghuoshan   r eg ion   a r e  
t h e   p r o d u c t e  o f  t h e  warm c l i m a t e   a f t o r   t h e  1.nt.e 
Pl . e i s tocenu .  T h e  view i s  based on s t r a t u m   a n a l y -  
s e s  when d i s c u s s i n g  t h e  f o r m a t i o n   h i s t o r y  of tho  
c h i c k   g r o u n d   i c e .  

iment i n  1990 t o  1991 r e v e a l e d  t h a t  t h e r e   w e r e  
The i n v e s t i g a t i o n  of  t h e  s o l i f l u c t i o n a l .  sed- 

f i v e  o r  , a , i x   g rey l sh   b l ack .  h u m u s  l a y e r s  a t  t h e  
dep th  of 1 . 6  t o  2 . 7  m w i t h  a s i n g l e   t h i c k n e a r  o f  
abou,t 0 . 5 - 2 . 0  cm. 

As ment ioned   above ,   the  s o d  
o f   t h e   s o l i f l u c c i o n a l   t e r r a c e s  
would  be b u r i e ? ,  w h e n  t h e   t e r r a c  
deve loped .  So t h e  h u m u s  l a y e r s  

s e d i m e n t s  in t h e   g e o l o g i c a l  per  
t h e  result: of  ~ c c u m u l a t i o n  of t 

i n g  o f  t h e  humus l a y e r s  was 153 
showed t h a t  the  f o r m a t i o n  was a 
P l e i s t o c e n e   G l a c i a t i o n  i n  t h e  c 
t i o n a l   p e r i o d .  

Accord in#   t o   t he   compar i sons  
g r a p h i c   s u r v e y s  o.n ~ o l i f l u o t i o n  
t h e   a v a i l a b l e   d a t a  o f  dynamic o 

c e s s .  The f o r c e s o f   s o l i f l u c t i o n  
s o l i f l u c t i o n   d e v e l o p s  i n  a r a t h  

comes from t h r e e   a s p e c t s :  The f 
i o n  a n d   d e p o s i t i n g   a c t i o n  o f  wa 
l i n e a r   w a t e r   f l o w ,  w h i c h  i s  t h e  
chang ing   t he   shape  of t h e   t e r r a  
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rotopography  of the  terraces  surface. The upward 
curving  shape  of  the  terraces edge in 1984 was 
due  to  the  erosion o f  a  steady  linear  stream 

mediately after  rainfall o r  snow  melting. After 
formed in the  middle  part o f  the  terraces im- 

direction to  the  left  side  of  the SE and the in- 
1984,  the water  s-heet  and  stream  changed their 

creasing  precipitation in the  autumn o f  1989 
caused  the  water  sheet  and  stream t o  carry  more 
mud, thus  the  shape  of  the  terraces  edge was 
gradually  changed  to its present  shape.  Secondly, 
in  seasonal  melting  periods  when themelting soil 
layer  developed to a  certain  depth,  generally 30 
to 60 cm, the  melted  ground  ice in the  seasonal 
thawed layer  causes  the  soil  to  be  in a plastic 
flowing  state,  and  the  layer  creeps  downward 
along  the  frost-thaw  table  because o f  its  grav- 

the  velocity o f  the  solifluction  movement is 
ity.  Based on reports and available  materials, 

from  1-2  cm/y  to  several  centimetres  a year, and 

Thirdly, in  the  transitional  period  from  autumn 
the  velocity o f  this  solifluction is 1-2  cm/y. 

to  winter,  the  seasonal  thaw  layer  becomes  fro- 
zen.  With  the  downward  movement  of the frost 
front,  the  thawed  layer  between  frozen  soil 
layers,  which  is in a  plastic flow state, is 

and  the complexity is enhanced  by the difference 
pressed and  forms a  complex  mechanical system 

of  ground  surface  microtopography. The soil 
layer  under  the  forces  not  only  moves downward, 
which is also caused b y  its  own  gravity,  but 
moves  upward  and  in  other  directions. The dyna- 
mic  observation o f  the 15 points  which  showed 
6 points  moving  down  the  slope, 3 upward, 6 i n  
their  orignal-places,  coincided with our sug- 
gestion.  More  long  term  observation  material is 
needed  for  supporting  this  theory  because  it is 
based on  the  analysis  of  the  preliminary  obser- 
vations. 
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MONITORING  THE  LONG-TERM  EVOLUTION OF MOUNTAIN  PERMAFROST 
IN THE SWTSS A L P S  

Wilfried  Haeberli,  Martin  Hoelzle,  Felix  Keller, 
Willy  Schmid,  Daniel S .  Vonder  Muhll  and  Stephan  Wagner 

Laboratory of Hydraulics,  Hydrology  and  Glaciology, 

CH - 8092 Zurich,  Switzerland 
VAW -ETH  Zentrum 

Attempts  are  presently  being  made to establish a measurement  network f o r  moni- 
toring  the  long-term  behaviour o f  mountain  permafrost  in  the  Swiss  Alps,  espe- 
cially  in  view  of  warming  trends.  Methods  applied  include  aerial  phatogramnetry 
of  permafrost  creep  within  selected rock glaciers,  borehole  measurements  for 
permafrost  deformation  and  temperature,  data  archiving  from  geophysical  surface 
soundings  for  later  repetition and qualitative  analysis of infrared  aerial  pho- 
tography,  The  investigated  permafrost is typically  several  decameters to more 
than lOOm  thick  and’has  mean  annual  surface  temperatures  between  the  melting 
point  and  about - 3 O C .  Heat  flow  within  the  uppermost  60m of bedrock-reachipg 
permafrost  indicates  more  or  less  stable  surface  temperatures  between  about  1950 
and 1980. As a consequence of the  exceptionally  warm 1980s, permafrost  temoera- 
tures in the  uppermost 10 meters  below  surface  now  seem to be rising  at  rates of 

ground ice in  Alpine permafrost may  have more than  doubled  since the 1970s.  
0.5 to more than 1 ° C  per  decade. Annual rates of thaw  settlement from meltkng of 

INTRaDUCTION 

vely to  changes in atmospheric  temperature  be- 
cause of the  proximity to melting  conditions. 

high  mountain  areas  with  steep slopes.. As a 
In  addition,  mass  wasting is  most  intensive i n  

effects in the  glacial  and  periylacial  belts of 
consequence,  climatic  changes  cause  pronounced 

mountain  areas  (Haeberli 1990, Wood 1990). The 
20th  century  has  seen  striking  changes in gla- 
cierized  areas of mountain  ranges  and,  hence, 
in the  extension of periglacial  mountain  belts 
a l l  over  the  world.  The  changes in surface and 
ground  ice  conditions  caused a corresponding 
shift  in  geomorphic  processes  such a s  debris 
flow  activity  in  freshly  exposed  or  thaw-desta- 
bilized  moraines  and  talus. In t.he Alps,  this 
development  was  accompanied by increasing  human 
activities.  The  combination of atmospheric 
warming  and  human  impact  have, i .n facr,  intro-‘ 
duced  the most striking  changes  in  hiyh  moun- 
tain  landscapes. 

Coordinated  long-term  monitoring of glaciers 
in the  Swiss  Alps  started  as  early as 1893. The 
significance o f  glaciers a s  key  parameters  for 
climate-system  monitoring  is now  widely  reco- 
gnized a n d  the results of  long  observational 
series  represent  convincing  evidence of East 
climatic  change at a global  scale (IPCC 1992). 
Systematic  monitoring of s e a s o n a l  s n o w  started 
considerably  later.  Because of the  large  ampli- 
t u d e  of year-to-year  variations and the  lacking 

to glaciers or permafrost,  snow  monitoring is- 
“memory”  function of seasonal snow a s  compared 

more  important in view of the ecological and 
economic  consequences of  potential  changes 
(water  cycle,  energy  production,  tourism)  than 
as a signal of climate  change  (VAW 1990). S y -  

only  started  recently  and i s  still  being  devel- 
stematic  long-term  monitoring of permafrost 

oped  as  part of a combined  observational  pro- 
gramme on thanges in the  Alpine  cryosphere.  The 

mountain  permafrost  in  the  Swiss Alps is to 
goal of the  long-term  project  discussed  here on 

Snow,  glaciers and  permafrost  react sensi ti- 

U C K P T S  -TOLlES 

centuries or even  millennia). 



horizontal and ve,rtical deformation of ice- 
bearing ground,. geomorphic forms, and runoff 
characteristic's- in the periglacial belt. Evi- 
dently, a combination of methods must be appli- 
ed (cf. King et al. 1992) to appropriately 
document this entire set of phenomena  and as- 
sociated changes .. 
sured w i t h  thermistors in boreholes and with 
geophysical surface,soundings.  Seismic refract- 
i on  and geoelectrical resistivity soundings are 
best applied in non-consolidated sediments with 
a high ice content. The permafrost table in 
such cases often consists o€ almost pure ice 

and specific resistivity. The  resolution of 
and gives sharp contrasts in P-wave velocity 

measurements may  not be-better than a meter or 
act ive  layer thickness determination by such 

two. The comonly  encountered coarse, blocky 
surface layer makes exact definition o f  surface 
geometry difficult and introduces considerable 

The depth to the -permafros t  table can be mea- 

Temperature [c] 
0 - 0  

0 1 

50 f +',- - - 

. : : 
FIGURE 1. Temperature profi les  in the perma- 

frost boreholes Murtkl (squares), Ursina 1 
(triangles) and Ursina 2 (circles). The date is 
September 1991. 

heterogeneity in near-surface physical proper- 
ties over theconsidered profile. For logistic 

be monitored at a few sites only, whereas gea- 
and economic reasons, borehole  temperatures can 

physical soundings may cover a number of pro- 
files and areas. Fast changes  can be expected 
to exceed the methodological uncertainty range 
within the time scale of decades. Melting of 
pure i c e  at the permafrost table, however, 

creased active  layer thickness. 
leads to surface lowering rather than to in- 

The vertical  profile o f  permafrost tempera- 
ture should be observed in boreholes (Fig.1) 
reaching beyond the depth 'of seasonal  tempera- 
ture variations and - if possible - even pene- 
trating the permafrost base into non-frozen 
sub-permafrost ground. Periodic  recalibration 

urements with  a thermistor chain lowered,into 
o f  the installed thermistors  by repeated meas- 

ment accuracy in the 0.1 C range over long 
the  borehole is  essentiad for assuring measure- 

-3.0 1 "l . . ,. . . . 

1987 1988 198D 1990 1981 1992 

~ . .  . r",,"4..- .. T"."" 

F I G U R E  2. Borehole  temperatures i n  the per- 

D%pIh; 21.6 m 

1957 1988 .I909 1990 1991 1992 

mafrost o f  the active rock glacier MUrt&1/ Cor- 
vatsch (Grisons) at various depths. The 
permafrost table is between 2.6 and 3.6 m 
depth. Recent warming trends  from the srcept- 

clearly visible at 10.6 and 21.6 m depth, Thg 
ionally hot 1980s and early 19903 are most 

accuracy of t h e  measurements is about k. 0.05 C. 
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- ,  

,time-periods..(Vonder Miihll  and pbeberii 1990, 
Vonder Miihll 1992)" Clear  signals  c3n be ob- 

tion'can be  based  on  heat  conduction  theorjyas 
served after a few  years (Fig.2). InterpreGa- 

lang as wates flow.remains negligible.  The 
vextical  temperature.  profile in permafrost $8,! 
indeed,  the  clearest  information  available at. 
present  but  the  representativity of obrserva- 
t ions  in  a few expensive boreh,ol'es must be,'as- 
sessed  using  complpmentary methods. Interpreta- 
tion o f  geophysical  souidings  with'respect to 
displacements o f  the pexmafrost base. are diffi- 
cult.  and  uncertain (cf. Haeberli 1985) . Long- 
term  changes  are,  therefore, only detectable 
with  ,precise-  borehole  temperature  measurements. 
Even.  with this method,  problems. exist due to' 
borehole  depths  not  reaching  the  permafrost 
base, SLOW and  small sates wf change  at  the 
conaidered  depth  range,  and  effects  of freez- 
ing-point  depressions  or  compLicatad  influences 
o f  groundwater  (Vonder  MUhll 1992). 

tain  areas  with a thick  enough  cover of winter 
Patterns o f  permafrost distribution in  moun- 

snow  are  best  mapped  using  the BTS method  (Fig. 
3)  i f  possible in combination  with  .geophysical 
soundings  at  representative  sites. The great 
number  of  point  measurements  collected  in  this 
way enables the  development of statistically 
calibrated  models o f  permafrost  occurrence as a 
function of energy  balance  parameters  and  topo- 
graphic  effects  dn  snow  redistribution  by  ava- 
lanches  and  wind  (cf. Hoelzle et al. 1993). 
Such  models  can  also be used to simulate 
spatial  effects of changing  climatic c o n d i t i o n s  

P $ 8  C.lOttB 

FIGURE 3 .  Permafrost  mapping  in  the  Val 
Bexcla  (Crisons)  using  BTS-measurements.  The 
stippled and  dashed  screens  give  permafrost- 
free areas  and  areas  with  probable  permafrost 
as  estimated  from the empirical  "rules o f  
thumb" developed  earlier  in a nearby t e a t  area 
'(cf.  Woelzle at a l .  1993). The  reliability o f  
the rules is reduced  particularly in historical 
glacier forefie1ds.with.a complicated  recent 
thermal  history  (cf.  the  cirque'between Tali- 
horn  and  Jupper Horn). 

, ,  

most  sensitive s i f e s .  Repetitiol 
for various  sc&narios  and,  thus, 

mapping  could xeveal marked  chal 

within  time  intervals of decadel 
observed  patterns of  permafrost 

Thaw settlement and frost hsi 
permafrost  degradation  and  aggri 
changes in surface  altitude whir 
using  geodetic  and  photogrammet: 
Direct  photogrammetric  comparisc 
flown  large-scale  aerial-  photog: 
es for monitoring th& flow fielc 
rock  glacier  permafrost (F4g.4) 
and  procedures  have  been  introd1 
strated  by  Haeberli  and  Schmid 
displacement of a coarse,  block: 
roughness of the  meter scale is 
ation to the  resolution of 'alti, 
termination  within  a  regular gr 

helps to  reduce this  uncsrtaint: 
fixed in  time. Averaging over 1, 

significant  results about markel 
a  time period o,f a few  years  to 
es. More detailed  interpretatio. 
ed  changes  requires  that  one  di 
tween the "clima$$c  signal" (se 
from  melting/freezing)  and  the 
(vertical  strain  from  3-dimensis 
analysing  in  &tail  the  fields I 

horizontal  strain  zates.  Uncert 
such  detailed-  calcdLations  are 
poor local  information about pe 
ness  and  complex  variations of 

hole  deformation  using  borehole 
rates with  depth. Horizontal an' 

with  regard to these  difficultim 
and  magnetic  rings  offers  essen 

1992) but  are  available  for  on1 
The  evolution o$ geomorphic 1 

ated  with  Alpine  permafrost  can 
documented  using aerial  phbtogr, 
tude/small-scale  infrared  photo' 
cially  suitable for mapping lar< 
of changes in vegetation cover 
margins  (flow  activity),  scree, 
(rockfall  activity),  debris flo. 
quency o f  occurrence), s i z e  and 
variations in thermokarst lakes 
draulics),  and  qrowth/disappear, 
nial  ice  patches.  Repetition of 
reasonable  at  time  intervals o f  
decades.  Monitoring  the  process! 
off in areas of mountain permaf. 

difficulty being  its  rnaintenancl 
classical hydrological  equipmen 

Monitoring  snow  characteristics 
s i t e s  may  also  be  an  dmportant i 
serving  long-term  changes  at hit 
(cf. Keller and Gubler 1993). 

0 
FI- 
- .  .., 

The  initial  step for building 
monitoring  sys+em  in  the swiss 1 
in  establishing  suFvey  nets at : 
glaciers i n  canjunption  with re1 
cision photograhytry. A t  Grubel 
flights  at  low altaitude started 
nection  with. flosd protection fc 
lake  outbursts.  Repeated  analyst 
1979 (Haeberli ,and Schmid 1988) 
growth  and  degradation o f  permaj 
place  simultaneously at differer 
the  same  rock  glacier  but  that z 
thinning  tendency of a few  centi 
occurred  in  the  purely  periglacj 

.I ~ 

point to t h e ,  
o f  regional 
es in  the 
xistence 

e as  relatcd to 
.ation cause 
can be mapped 
c  techniques. 
of specially 

.phs a h 0  serv- 
in  creeping 
The concepts 
led and illu- 
,988). The  slow 
surface  with a 
.he  :main  Ximit- 
\de  change de- 
L remaining 
:ger  areas 
and  gives 
changes  within 
ieveral decad- 
of the  observ- 
:iguishe be- 
:lement/heave 
lynamic  signal" 
lal flow) by 
i vectors  and 
.nties  with 
used mainly by 
lafrost  thick- 
!rticaL.  strain 
vertical bore- 
.nclinometry 
.a1 information 
; (cf. Wagner 
a  few  sites. 
lenomena associ-  
>e recorded  and 
>hs . Bigh-alti- 
:aphy i s  espe- 
! areas  in  view 
rock  glacier 

.opea and  cones 

rater-level 
traces  (fre- 

!permafrost  hy- 
Ice of peren- 
lapping seems 
me to a few 
i of water  run- 
>st requires 
with t he  main 
during  winter. 
It permafrost 
:pect of ob- 
I altitudes 

up a long-term 
ps  consisted 
mlected rock 
ated  high-pre- 

special 
n 1970 in con- 
lowing  two 
in 1975 and 
howed  that 
ost  can  take 
places  Sithin 
ov+r+ll 
eters"per  year 
1 part of the 
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F I G t h E  4. Photogrammetrical analysis of 
creiding permafroat at Gruben rock glaciek: 
(a) vdctor field 1985-1991, (b)' changes in sur- 

changes in flaw velocity 1979-5985/1985-1991 
face 'a.ltitude (1979-1991, c*/year) and (c) 

(m/year). Accuracy is about 0.1 to 0.2 m/year. 
The part ta the west of lake 6 is a purely per- 
iglacial  feature, whereas the remaining parts 
have been  influenced by a glacier advance dur- 
i n g  the Lit t l e  Ice Age and catry relics of dead 
i c e  on top of the perrnafrost.(cf. Haeberli and 
Schrnid 1988 for more details on the method and 
the s i t @ )  . 

rock glacier and of about 1 decimeter per year 
in the formerly glacier-covered part with re- 
mains of dead ice buried on top of t h e  perma- 

al photographs taken in 1985 and 1991 (Fig.4). 
frost. New analyses were carr ied out Frcom aeri- 

The number of grid points has now been in- 
creased greatly by reducing the mesh width 
(25m) to half i t s  originml value. In campariaon 
with the 19708, annual thinning tates have ac- 
celerated by a factor  of 2 to 3 in the warm 
1980s to early 1990s (Fig. 5). This i s  probably 

mafrost t a b l e  and may therefore be superimposed 
caused by increased melting of ice at: the per- 

Onto an assumed long-term trend of slow  melting 
at the permafrost base. Resul ts  from similar 
surveys since 1981 are available from Muragl 
rock glacier in the Grisons (Vonder Mtlhll and 
Schmid 1993) .and confirm the generally  small 
rates of geometric change in Alpine  permafrost. 
Additional results from repeated photogrammetry 
can soon be expected from the rock glaciers 
Rkchy, Furggen/Gemmi and Gufer/Aletsch in the 
Valais and from-p~Et~l/Corvatach and Utsina/ 
Pontresina in t h e  Grisons (Flg#C) . 

With the 1987 drilling through  the permafrost 

-i.l I..LLL.J.,-L A. }..J..L I.J.J t I 1 I.+-LL..I I A  

1970 1980 1990 r i a l ,  

k 

1 

I ~ > ' ,  . ,- 

, .  ! ~ 

1970 1080 leeo ~ , -,$*I 

' FIGURE 5. Changes in surface altitude ,a$7Gzu- 

1 ,  

ben rock glacier from aerial photogrammetry 
since 1470: annual velocit:es (top) and curnu" 
lative effect (bottom). P = periglacial part>(' G - glacier-affected part with dead ice remai.ns. 
Surface lowering (thaw settlement) is signigi- 
cant  in both part8 And considerably €aster>$n, 
the warm 1980s than'in the 1970s. 
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w i t h i n  the act ive  rP'ck' glacier MurtbllCor- 
vatsch,the first borehole  was  equipped for 

becli et a l .  1988, Vonder Miihll and Haeberli 
Long-term  observations in the  Swiss  Alps (Hae- 

193O).'Up to 1992, permafcbst  temperatures be- 
tweey) the  permafrost  table  and 10m depth  have 
i creased at rates o f  a few  tenths  to  nearly 
2 8 C per decade.  This fast warming of near- 
pecially  warm  late 1980s and early 1990s. Re- 
surface permafrost is a consequence o f  the es- 

discussed by Wagner (3992). Horizontal  and var- 
sults of borehole deformation  measurements  are 

tical  strain  rates vary with depth in  an un- 
expectedly#cornplicated and still poorly under- 

No significant  effects of thaw settlement at: 
stood way but remain  fairly  constant  in  time. 

been  detected so far. Two more boreholes  were 
the  permafrost  base'or  permafrost  table have 

installed.in I990 at the  nearby site o f  Urai- 
na/Pontresina (cf. Vonder Miihll and  Holub 

sipation of thermal  disturbance  from  driJling 
1992). Temperature  profiles  measured  after dis- 

(Fig.1)  within  all  three  boxeholea give mean 
anhual permafrost tempe atures at 10m depth o f  
about -0 .5 , .  '-1.3 and -2 6 C with corresponding 
permafrost  thicknesses o f  40, 70 and posgibly 
more:than, 100m. The .last value ii a tou'gh b s t i -  
mate based on  a ttisctlauion of groundwater in- 
fluence tn a t a l i k " 8 t  53m depth, which can a l i o  
b e  absumed t o  be-the cause of the stxanglq ele- 
vated  value for the overall temperature grad$-. 
ent' a d  ve'rticaf- 'heat flow in the  Mu!it&L boid- ' 
hole (Vorrdts"M~hl1 1992) . The lkas  Pisturbed 
temperatuce  gradients 'in the twa U'rsina bore- 
holes  indicate  vertical heat flow  values  close 
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since about 1930. Long-term monitoring efforts, 
expansion o f  similar observations to other 
countries, and systematic comparison with al- 

ranges are ncsded to asseas whether information 
ready existing measurements in other mountain 

general context of ongoing global warning 
from Switzerland i s  representative in the moxe 

coordination encourage and strengthen such ef- 
trends. It  is recommended that international 

forts. 
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ROCK TEMPER~PURES FRQM LXVINGSTON ISLAND (MARITIME  ANTARCTIC) : 

TMP&iC+TIONS FOR CRYOGENIC WEATHERING 

Kevin J. Hall 

Geography Department, University o f  Natal, 
Pieterxnaritzburg, 3200, South Africa. 

I .  

The present-day understanding of cryogenic weathering of rock is constrained not 
SO much by theory  as by actual field data regarding the contxolling factors 

distribution). Attempting ta overcome this limitation, the British Antarctic 
~,~ (rack properties, rock temperatures and rock moimture content, chemistry and 

- ,. Survey has initiated a aeries of undertakinge, at various locations in the 
' Antarctic, in which these parameters are monitored. The rock temperature 

'component of the information data base is presented for three sites on t h e  ice- 
, free  Byers Peninsula  ofg,Livingston Ieland i n  the South Shetland Island!. 

- ,  I A t  these study sites, on different aspects ,  rock temperatures were monitored 
several times each day. in addition, climatic data regarding air temperature, 
radiation, humidity, wind speed and  direction and moisture availability wexa 
also monitored. Thia information made it posaible to undertake within and 
between  site com~arieons plus to coneider the relationship of the various rock 
temperatures to himatic Gonditiona. 

INT_EODUCTION 

I n  a  discussion regarding fros$:,+pttering, 
McGreevy (1981, p. 71) concluded that "Priority 
ought to .be given...to measurements of rates, 
amplitudes and magnitudes of  temperature 
oscillations around freezing point on and below 
rock surfaces...". Seven years later, Thorn 
(1988, p . 1 3 ) ,  fallowing a detailed discuasion by 
McGresvy and Whalley (1982), was still led to 
state that "...there is a presaing need for 
field records of bedrock twmperature ..." and 
four yeara further on to s t a t e  "Foremost 
among . . . p  roblema haa been uncertainty concerning 
the thermal and moisture regimes which actually 
prevail  within natural bedrock.." (Thorn, 1992, 
p.10). Many studiea rely on air temperature 
records end yet these are of no use with respect 
to rock weathering (McGreevy, 1985) and so it is 
imperative that actual rock tempereturee are 
obtained. Whether the older notions of  rock 
damage due  to a 9% volumetric increase resulting 

ox; the newer hypothetical models baaed on 
from the phase change of water during freezing 

eegrcgatian ice growth with in  rock am the 
disruptive influence (e-g.  HaLlet, 1983) axe 
considered, then without such data it is 
impossible to determine  the mode of frost 
weathering in the field or to undertake 
meaningful laboratory simulations. In fact ,  
without data on both temperature and moisture 
the  presumption of frost action aa the main 
cause of rack breakdown in cold regions may 
itself be erroneous (Thorn, 1992). Rock 
temperature data are, in general, relatively 
rare although McGreevy (1985) has examined the 
role of the thermal properties of rocks on 
weathering processes. For cold regions there 
axe some data, of varying degrees of longevity 
and complexity, relating to rock temperaturc~ 
but  conaidering the extent and diversity of such 
regions it ie still an extremely small data 
base 
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substantial lee-aide accumulation of snow, 
predominantly  on  the south-facing side. In 
addition to  the presence of snow  the Southerly 
aspect  also  has  low  radiation receipts, is 
influenced by the  cooling effect of occasional 
cold,  southerly  winds and is protected from 
rain-bearing  northerly  winds  during summer. 
Thus  different  aspects have markedly  different 
microclimatic  environments and these  are 
reflected by the observed differences  in 
weathering (Ball, 1992, In press). 

have  argued strongly in favour of  freeze-thaw 
action  dominating  in  the  South Shetlands. 
Simonov (1977) indicated that despite  a  mean 
annual  air  temperature of -2.9OC the  rock 

Bliimel (1986) showed  that  in 1979 there  were 286 
surfaces  experience frequent crossings of OOC. 

occurred and 122 with both freezing and thawing. 
frost days  consisting of 164 when  no  thaw 

These  were  with  respect  to the air, however, and 
thus  take  no  cognisance of rock heating due  to 
insolation. However, the  extensive  cloud  cover 
iq this  region  limits  the effect of direct 
radiation  although  Simonov 11977) did find that 
with  solar  heating  the  rock  surface  temperature 
could  rise to 2OoC whilst  the shadow-side 
remained  below O'C. These  temperatures do not 
necessarily  mean  effective frost action occurred 
as, in  addition  to  subzero temperatures, there 
must  be  water  available  in  the  rock to freeze. 
Nevertheless,  with respect to  the  South 

Somoza (1957), Olsacher (19561, Vtyurin and 
Shetlands,  Araya  and  Hervi (1966), Corti  and 

Moskalevskiy (1985), Simonov  (1977),  Stablein 
(1983), Bliimel (1986), Dutkiewicz (1982)  and 
Bliimel and  Eitel  (1989) all cite freeze-thaw as 
the  major agent in  modifying  the landscape. 

METHODOLOGY 

With  respect to weathering, several authors 

Rock  temperature  data  were  collected  during 
January  and  February of 1991 from three sites: 
an E-W trending dyke, a volcanic boss and  on  a 
raised beach. On  the dyke, temperatures  were 
recorded, by means of thermocouples  (with  an 
accuracy of f0.2"C) for the north- and south- 

depth of 2cm at s .  0900, 1300 and 1800 hrs each 
facing aspects at the  rock  surface and at a 

day  plus at others  times  as  the opportunity 
arose. On  the  volcanic boss, rock surface 
temperatures  were monitored simultaneously on 
the  four  cardinal aspects. At these  two  sites 
rock  moisture  content  was ascertained for  each 

measurements were taken. At the raised beach 
rock  face at the same  time the  temperature 

site  two  logging  systems  were used. A Campbell 
logger  was  utilised  to record air  (at lm above 
the  ground surface), ground surface  and  5  cm 
depth  temperatures,  together  with wind speed and 

.exposed  though  the full 360° the raised beach 
direction, humidity, and radiation. Being a  site 

served  as  a  control  site  to  give  the  general 
meteorological  conditions against which the - 
other  sites  could be compared. Data were 
collected at 30 minute  intervals fox the first 
25 days  (Julian  days  7  to 31) and then at 5 
minute  intervals for the remaining 20 days. 
Cobbles o f  local  rock  were  used at this  site to 
monitor non-aspect controlled variability in 
rock  moisture content. In addition to  the 
Campbell,  sporadic  use  was  made of a Grant 

between the  top  surface and north-facing surface 
"gguirrel" system to monitor  the  differences 

of a cobble. Although  the  two sensors were only 
9.2 cm apart they showed distinctly different 
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thermal  regimes  on  the  two faces. Both  the 
Campbell  and  the  Squirrel  loggers used 
thermistors  with  an accuracy Of better  than 
0.1"C. 

properties (,Hall, in press) and the nature of 
Ancillary  data  on  factors such as  rock 

orientations)  were  also obtained as  these 
the  sorted pattered ground (size and 

provide  information that is useful in 
determining  the  weathering  regime  (Ball, 1992). 

RESULTS,MD DXSCUSSION 

the northern aspect was 3.l0C whilst that for 
the southern aspect was 1.6"C. The  minimum for 
the  south (0°C) was lower, but not substantially 
so, than  for  the  north  (l0C)  whilst  the maximum 
for the  north (19°C) was  much  greater  than that 
for the  south (9OC). Despite the disparity in 
ranges  between  the  two  sites (18" vs. 9OC)  a 
comparison of sample  means indicates the  two 
samples  come from the  same population (with p = 
0.05). Although  the north has  a  larger spread 

mainly  in  the  range 2.5O to 4.5"C whilst that 
of values, the  concentration of temperatures  is 

fo r  the  south  is  in  the  range 3.5O to 5.5OC. 

the  northern aspect ( 6 ° C )  was higher than that 
For the  rock boss, the  mean  temperature of 

of the southern (3.9'OC) but not so different 
from  the  values for the east and west  aspects 

comparison of sample  means  with meaningfully 
(which  were both the  same at 5.3OC). A 

paired  observations  for  the north and south 
aspects  showed  that  (with p = 0.05) they  could 
not  be  considered to be from the same 

was the  greatest (16'C) whilst that for  the 
population. The  temperature  range  for  the north 

and east both being 13°C. Statistically, the 
south  was  the least (7OC) with that for  the  west 

difference  (with p = 0.05). 
observations  for  the weat and east showed no 

Rock  surface  temperatures €or the  dyke  are 

mean  temperature for the northerly aspect of the 
different from those  for  the  boss (Fig. 1). The 

boss  was  only 1°C higher  than  for  the  dyke but a 
comparison of sample  means with meaningfully 
paired obsemations indicated that  the  two  could 

population (p - 0 . 0 5 ) .  Similarly, the  southern 
not be considered to come from the same 

samples  from  the  dyke  and  the boa6 were 
statistically  different but here the  mean  for 
the  dyke (4.6OC) was  greater  than  that for the 
boss (3.9"C). The  main  reason for the  southern 
aspect of the boss having lower temperatures 
than  that of the  dyke is that the  former is 

protects it from much of the late-day, low- 
Overshadowed by a large rock outcrop that 

angled sun. The slight difference between the 
nor€hern  aspects at the  two sites i s  a result of 
the angles of their  respective faces. Whilst 
the  dyke had a  vertical to slightly overhanging 

received  radiation at a  more perpendicular 
face, that of the boss was at f50" and 80 

angle. However, at both sites  rock  surface 
temperature  maxima  correspond to peaks  in 
received  radiation with, at the  dyke (Fig. 11, 
the southern  face experiencing a higher 
temperature  than  the  northern  face  in  the 
afternoon. 

At the  open sife, the ground surface 
temperatures broadly replicate that of the  air 
(Fig. 2) but with highs closely mirroring  peaks 
in  received radiation. The effect Of the 

clearly expressed by the  difference in 
incoming radiation in heating the ground is 

At  the dyke, the  mean  surface  temperature  for 



temperatures between the  air and the ground 

temperature (14.1'C) substantially greater  than 
surface  with  the maximum ground aurface 

minimum  values  show  radiative  cooling from the 
that fox the air ( 4 . 9 O C ) .  Conversely, the 

ground  surface  with  the  air  temperature (1.2'C) 
being  greater  than  that  for  the ground aurface 

reflects  a  continuous  wind  throughout  the day, 
( 0 . 4 5 O C ) .  The  mean wind speed ( 2 2  km hr-', 814) 

with  only  2% of observations below 14.4 km hr-' 
but with 56% above 21.6 km hr-l and 6% above 29 
km hr". The strongest winds  were between 
0030hrs  and 1000hrs, the lowest between 1230hrs 
and 1530hrs. 

At the  open site, measurements  on  the  top  and 

north-facing sides of a  stone E 
of >l0C despite  their having bc 
apart from each other. On Jant 
the north-facing  side of the st 
marginally (f0.6'C) warmer thar 
until ~.1445hrs when  the  top bc 
culminating  in  a  peak at 1510hI 
1'C hotter). The  two  sides the 
similar  temperatures  during the 
until ~.19OOhrs, when  the nortk 
marginally (0.l'C to 0.4'C) wal 
surface. Another  example b f  tf 
difference  between  these  two ae 
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Fig.1: North and south  face  rock  temperature# as 
measured  at  the  dyke and the  rock boss 
together  with  the  air  temperature  record 
for January 8th, 1991. 
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' Fig.4 i, <Temperature measurements for the top 
and north-face of the stone at the open 
site for February 5th, 1991. 

.!$ tQop at 0630hrs, after which the difference 
.:between these  two faces continued to increase 
until. a peak at 1120hrs when there was a 3*C 
difference (14.6V vs. 1 1 . 6 V )  between the  two 
faces., After this,peak t h e  two records begin to 
coincide until st 1340hrs thdy EKOSS over and 
the rock top attains  the higher temperature with 
,the maximum  differences at 15lOhrs (1.4'C) and 
.1815hre (2.l"C). Subsequently the two curves 
coincide once  more with the northern face 
becoming marginally warmer (fO.l°C) after 
2015hrs.  

The importance of these  dath  ace twofold. 
First, marked differences in temperature can 
occur  over very short distancem and this, In 
tlkrn, could have an influence an the  character 
a$d rate of the operative weathering pKOCeSseS. 

conducive to dhemical; rather than piiysical, 
weathering. Clearly,'ths  above effects are  the 

,,.result of heating of'the rock by incoming 
radiation and night-time heat loss due to 
radiative cooling. ' T h e  northern face has the 
greatest  receipt5 5" the first part of the 
morning but i s  'duperseded by the top in the 
afternoon  when'thk north face ia in shadow. The 
night-time'croesover'Ss a,rtlrJult of radiative 
cooling  affecting %.he. upper surface of the X O C ~  

addition, as with the data' from the  dyke bnd the 
rock boss, it shows haw much'higher rock' , 

temperatures can be a8 compared to'the 8iK. On 
February-5 when  the north face attaihisd a 
temperature of 1 4 . 6 O C 8  the ait,was only"b.9'C. 
Later, at L815hrs when the top Burfade of  the 
rock was 11.6OC the air was  4°C.:'Canveraely, as 
night  approached and the air tamgekature,dropped 
to 2.3'C (82100hrs) the atone waa f0.baC.hb.a 
result of  radiative cooling. 

from the Jogger at the'ppen sith i s  the ' 

difference in the rate"& change of kgmperature. 
During the  -caoXing phaae:'from 1810hrsL,to, .2010hrs 

' CWI February, 5 ~ t h e  rate af, change of  t'empersture . 
: ,&f 4 t h  rock,&utface ~ a $ ~  4'.8" hr-' for the -first 

h m r  and 4 .so(? hrL1 f o r  Ithe second v#hiliit'.that 
for the air showed no temperature  decline during 
the first period and on,ly! l .  2'C hr" during the 

t , .  Second,  high recorded. temperatures could be 

* more than the vekti&l northern face. In 

. .  
Another attribute shown by the,detaile$,data 

noticeable fact i s  the d&emnces in rack x 

temperature that can occux;. as.*  ,function o f , ,  
aspect, including ovexBverv s,hst distances-. 
These temperature differences,may be important 
with  respect to weathering pr~cesses auch that, 

may be operating, As moiqturg variability 'was 
temporally and spatially, different pkoceasCs 

often less than temperature variabilfttg,dur!ng 
the period of record it would seem f , q S , t h ~  

than  the latter. One exception was the prepence 
former exerts a stronger  influence  on  weathering 

of  anow on the lee aide of obstacles  that qcted 
as a moisture source during warm,  dry periods. 
This availability of moisture combined with high 
rock  temperatures resulted in weathering not 
usually  considered  with respect to the Antarctic 
environment, namely chemical weathering. 

The presence of rock moisture  combined  with 
the relatively high (5-15OC) rock  temperatures 
indicates  that  chemical  weathering may be active 
during the summer, a suggestion also made by 
Balke  et al. (1991) for the ice-free area8 of 
the  continental Antarctic. Evideace for the 
action of chemical weathering was provided by 
the presence of weathering  rinds on bath t h o  
dyke and rock boss, It was found that the ,r inde  
were consistently  thicker  on the snow. 
accumulation  side of obatacles (Hall, In press). 
Thus, as xecently suggested by Balke et aL- 

'it may be that  chemical weathering is far more 
(1991) with rdepect to the Antarctic'cantinent, 

active,  although limited to the summer period, 
than has been considered previously. Certainly 
the wet  summer  conditions  combined with the 
relatively high rock'temperatures ekperienced on 
Livingston  Island explain the presence. of 
weathering r inds  and chemically altered bbdrock 
DUtCKOp6. 

It'is noticeable  that  despite  the number of 
authors  who  cite freeze-thaw as the major 
@ K O C ~ @ ~  in the South Shetlande, no  froat'events 
,with'negative temperaturee low& than -1OC took 
place during the 45 days of record. RathhK'than 
freeZe-thUW, it was wetting and drying that was 
the moat commonly recorded event, Largely am a 
re'eli-lt o f  the frequent rain and strong, 
,desiccatind winds. Wetting end drying i s  la 
hechanical  weathering process about  which very 
'little is known (Hall, 1988), but e f p s s i m n t a  
' curfently' in progress on samples of bedrock from 
this arbs ,have 'shdvn that a mass lose of 3.2g 
resulted from 82 wetting and drying cycles 
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applied to a 9i7.9g block (Hall, unpubliehed 
data). Considering that it.ie estimated that 
mor&than 100 wet-dry cycles could OCGUK in one 
yeah  (Hall,  1992)  then  this mechanism may be a 
may'OK cause of rock breakdown in its own  right. 
In additi&n, wetting and drying can operate 
synergistically with other mechanisms to 
facilitate  rates of breakdown greater than would 
otherwise occuc. 

What  than of the.sola of freeze-thaw'aa cgted 
by' so many authors? The available evidence 
indicated RO eventa during the January-Februafy 
period, essantially the end of summer to start 
of autumn. This does, thaugh,  leave the rest of 
the year, particularly the early winter and 
spring periorLs plus the annual winter cycle. 
Howevex, two indirect lines of  evidence auqqerrt 
that freeze-thaw may still not be as frequent an 
event a8 hae been pravdously thought. Firat, 
upan arrival on the island at the etart of 
Jaduiry the bulk of'the area wan still snow 
covexed, with substantial accumulations (B3m 
depth) in the lee of mast obstacles.  Thus, as 
thia was well :into summer it implies that any 
freezerhhaw that took place during the spring 
was  insulated from the rock by the maw cover. 
As the landscape was once mars beginning to be 
covered by enow by late February, the potential 
for affective fxost cyclea during the autumn to 
early winter  period was also limited. A second 
line of evidence supports thia supposition. 
Observations of tke sorted patterned ground, 
particularly the sorted stripes that occur in 
abundanae in this &rea, suggest that few freeze- 
thaw cyclea of any,magnitude are experienced by 
the ground as miniature sorted features 
predominate. In addition, the stripes were 
found primarily an the snow-free northeiii 
aspects of slopes with very few occuxrences on 
the southern, snow-accumulation sides even when 
such surfaces were melted free by early January. 
Thd lack of frost.penetration may also help 
explaln the extenrive thaw slumpe now occurring 
OR the island. 

Thus, freeze-thaw weathering that does occur 
i s  constrained to t h w e  enow-free northern 
outcrops when moisture is Dreeent. Whether 
moisture i s  readily available duxing freezing is 
etill ,unknown. However, it would seem likely 
that'swme moisture would be  present at that time 
LIB a result of t h e  extensive snowmelt and 
rainfall that occurs during the summer. This 
would explain  the suggestion by Hall ( 1 9 9 2 ) ,  
based,on Schmidt hammer, indentor testa and. 
weathering rind mcllsrrrrements, that mechanical 
neatheL'ing predominates an the northern a6peC.t 
whilst chemical weathering prsdominatemon the 
southern, 

Ballet (1991, p.295) i n  a discuaaion 
regarding the results of a laboratory experiment 
designed to test the segregation i c e  theory Of 
rock disxuption, suggest that the depth this 
process ia most likely to operate at is "..the 
base of the  active layer or the top of the 
permafrost.. 'I. On the Bytrs Peninsula, Thom 
(1978) described the disruption of bedrock by 
the growth and collapse of ice  lenses st a 
pasition close to the  top  of,.the permafrost. 
This pracess occurred on near-horizontal Wave 
cut benches not affected by aspect and where 
moisture waB readily pvailable due to drainage 
from snowbanks on higher levels further inland. 
This would appear to be possible confirmation,of 
'the i c e  segregation theory, particularly as Thorn 
(1978, ~ ~ 5 7 3 )  euqgests that the ice was af 
segregation origln. Certainly these sites are 

CONCLUSIONS 

The general percept 
environments is that m 

certainly t h e  literatu 
particularly freeze-th 

Islands reflects thia 
very few exceptions th 
on the occurrence. of a 
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weathering for this area, nevertheless it is 
indicate a change  in  the perception of 

still insufficient to make any sound detailed 
judgements. However, this  is a universal 
problem with respect to cold regions and 
epitomiaes both the need for more data and the 
care  that should be accorded in mimply assuming 
the  action of freeze-thaw. 
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The thermal conductivity of frozen soil, the key parameter in heat transfer analyses for cold regions is fun- 
damental to a number of issues of both practicd and scientific interests. Very few reliable data are vailable, 
however, particularly for temperatures near the melting point and for frost-susceptible soils that are nsa- 
turated. Herein, we develop a model of the thermal conductivity founded on a physically sound geo etric 
arrangement of water, ice and air in soil pores, and  of ice lenses perpendicular to the heat flow dire tion. The 
model provides a means of calculating the conductivity of soil as a function of temperature, moistu and 
amount of segregation ice, and hence, is ideally suited for analyses of the thermal evolution of free ing and i 
frozen soils. 

INTRODUCTION 
The analysis of heat transfer processes in frozen soils, par- 

ticularly in the active layer (the upper = 1 m of soil that thaws 
and freezes annually in permafrost areas) is central to a number 
of subjects of both scientific and practical interest. Scientific 
subjects include active layer dynamics (Kane et al., 1991) and 
geomorphic development in periglacial environments, both 
under present climatic conditions and under future conditions 
with higher atmospheric concentrations of greenhouse gases. In 
the context of global warming and the growing interest in infer- 
preting permafrost temperature profiles as faithful long-term 
records of surface temperature in high latitudes +- precisely 
where "anthropogenic climatic change is expected to be greatest 
and first observable" (Lachenbruch et al., 1988) -- heat 
transfer through the active layer has received renewed attention 
because it constitutes the vital  but complex and imperfectly 
understood thermal link between the atmosphere and the per- 
mafrost. 

Measurements of thermal conductivity are exceptionally 
difficult near 0" C because most techniques require finite tem- 
perature perturbations, which confound the conductivity deter- 
mination by inducing water transFrt,  freezinghelting, and 
associated latent heat effects (Penner, 1970; Kay et al., 1981), 
and by introducing significant spatial inhomogeneities. Most 
available data for frozen soils are for temperatures well below 
0" C and for soils that are saturated with ice or water but lack 
considerable segregation ice. In addition the few in situ conduc- 
tivity measurements, which  may under favorable conditions be 
available, are seldom sufficient to reflect the temporal and spa- 
tial variations in ice or water content, amount of segregation 
ice, and temperature that are all likely to  be substantial in the 
active layer over a seasonal cycle. 

Thus, there is considerable need to model precisely the 
conductivity of soil at subfreezing temperatures with various 
degrees of saturation, and relative amounts of ice and  water. 
Such modeling is essential near 0" C because slight temperature 
variations cause large changes in phase composition and 
configuration, leading to a particularly sensitive temperature 
dependence of the conductivity, as illustrated for saturated soils 
by Penner (1970) and by Williams and Smith (1989, p. 88). A 
series of empirical conductivity models have been proposed 
with various degrees of success Parouki (1981). These models 
do not, however, generally reflect the geometric arrangement of 
mineral grains; H z 0  phases and air in frozen soils, such as the 
phase geometry proposed by Miller (1973). We present a 

2 2 6  

rational physical model, similar to Gori's 1983), that explicitly 
includes #e phase geometry and its calcul ted variation with 
temperature. The model is ideally suited f r tracking quantita- 
tively the thermal conductivity while the t mperature, and the 
amount of ice and water, change in soils nder either natural or 
artificial conditions. i 
U 
S 

B. 

CONDUCTIVITY MODEL 

and the matrix. 



For each  mineral  constituent and phase, the conduc- 
tivity and heat capacity are calculated as published functions of 
tempmturc (Appendix). The maerix,conductivity is then corn- 
puted  from a series-parallel  integration of the ida'vidual com- 
ponents in accord with their cmflguration in the matrix. The 
global conductivity reflects the series arrangement of the soil 
matrix and ice lenses, and  hence is< the  reciprocal of the. sum of 
the  individual  thermal resistarms of ea& major phase:  soil 
matfix, segregation ice, and intervening air gaps. 

Frozen  Ground  Geometry 
We consider vertical heat  flow in a  column of frozen 

ground with unit cross section. A unit volume is taken to con- 
sist of a cubical soil matrix of volume V, generally  accom- 
panied by a  horizontal layer of segregation ~ce of  volume V, , 
which  itself  may be parfialij. separated from the soil matrix by 
air  gaps  having a volume v, (Fig la)., The soil matrix is subdi- 
vided into polyhedral elements with pblumes Vm of mineral 
grains, Vw of unfrozen water, Vy of'ik, and V, of  air. A 
representative cross section of the idealized soil matrix is 
shown in Figure lb. Ice and air in pores are separated from the 
mineral grains  by a film of unfrozen  water of uniform  thick- 
ness.  Ice occupies interstices between grains, and air occupies 
the central part of pores. The total amount of ice in the ground 
Vi is subdivided into segregation ice V, and pore ice Vy . 

Specified variables am temperature T (Celsius), soil poros- 
ity P , and total amount of ice in the ground V i .  Also specified 
are the maximum fraction S, of the pore volume that may be 
filled with  water or ice and the ratio q=V, IV, , which  relates 
the volume of air gaps to  that of segregation  ice.  For any par- 
ticular soil at T<OO C, the amount of unfrozen  water is taken 
to  be a function of T alone. For example, for the fme-grained 
soil in sorted circles at  our  Spitsbergen  site  (Hall& et at., 1988; 
Anderson, 1988), nuclear  magnetic resonance '(NW) measure- 
ments  indicate  that the unfrozen water content is given by 

When  this is combined  with the pore  saturation  condition, 

v, + vy 5 s, P v, 
the  amount of segregation ice V, , if any, is given by - - 

I v, - V' 
1 - (l+q)V' 

V, = max 0 ,  

in  which 
V' = s, P - v, I vs 

Once V, is determined, the other volumes are given directly by 
the definitions V, = Vi - V,, V, = qvx, and 
V, = 1 - v, - V, ; then V, is  obtained from Equation (1). 

Local 'coordinates are assigned so that one quadrant (Fig. 2) 
of the representative cross section lies in the square 
O I h I 1, 0 2 p S 1. The relative areas represent the rela- 
tive  volumes in the three-dimensional soil matrix: VmlV, for 
the mineral grains; and, in the pore, V,lV, for the unfrozen 
water, Vy  lV, for the ice, and Va lVs for the air, the last three 
summing to the porosity P . Effective grain-to-grain  contacts 
are  specified to have- a fractional length of 1-hm . The vertex 
coordinates  giving the prescribed areas are 

pm = P I X, (3) 
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The symmetry of the soil matrix (Fig. 2) pennits simplification 
of the  notation, because the mineral vertex and unfrozen-water 
vertex  both lie on the axis of symmetry = x. Although p is 
the ordinate, the h coordinate will be identified sometimes in 
terms of pm , sometimes in tenns of to avoid introducing 
new X variables for quantities that are numerically equal to pm 
and uy . Accordingly, the slope.  of the  mineral grain face Is 

" given  by .>. ,  
' , ., ' 7 ,  .:i' 

The  vertex formulations vary  continuously and au&mj~odate 
the extreme cases. When the pore is devoid of ice, 
V,lV, = P - V,/V, and h=L. When the pore is filled 
with  water, so that V,/V, = P .  then b= 1Ly= 0. me 
relative lengths L,+ I&,+ Ly + La = 1 of the individual phases 
in the vertical dimction are readily computed for any h in terms 
of b and the vertex coordinates. 

c1 , . ,  

Fig. 2. Repmsentativc cmss section of the upper right-hand 
quadrant of the idealized soil matrix pig.  1-B). Locations of 
the  vertices are determined (Eq. 3. .... 6) in the 1 4  coordinate 
system (kp). Relative areas in the representative cross section 
are equal to the volume ratios V, lV, , V ,  lV, , Vy lV, , Va lV, 
assumed for the three-dimensional soil matrix. The line is 
ah axis of symmetry, and the length of the effective grain-to- 
grain contact i s  1-h, . 
Conductivity Integration 

The  total  conductivity for the soil matrix is computed on 
the assumption  that the heat  flow is strictly unidirectional (Gori, 
1983). Taking the heat flow to be,vertical, in the direction of 
the p axis, coqductivities for indivjdual phases combine in 
series, 



according to ,their lengths in that direction (Fig. 2). Hem 
k, , k,, kt,  and ka am the conductivities of mineral, water. 
ice, and air; their reciprocals are the resistivities R, , R, , Ri , 
and R, . Empirical relations for the  conductivity of each phase 
as a function of temperature (Appendix) are used. Along the h 

: axis  they are combined in parallel to give the total value k, for 
the entire cross section. 

I 6 

. ,  " .  , , .  
j ~e i n c r q m t d  integrals I $pan successive  intervals of 

, >';the A, +s. The specific intcrvds depend on the relative sizes of 
' h y  , h, b, and L. T ~ E  first integral 1.1 $pans the intefvd 
from 0 to bl. the integral I2  the interval from b l  to b2, and SO 
on; therefore, in the following results, only the upper  limit is 
mentioned for integrals 12 ,  I+ . ,  Is. In. general, Mause  the 
lengths L vary linearly with h over  each interval -- as 
expressed by the quantity + Pj  h -- they all have identical 
functional forms 

b: 
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Ps = (Rm- Rw) 
16 is the minerd integral to kl. 

Is  = (") km 



The  variation of soil geometry in the third pimension of the 
cube, along the the v axis, may be taken either to vary  linearly 
or to have constant crow section.  In the linear case, the phase 
areas in the cross section are scaled by a factor that varies from 
2 / h ,  at v=O. to 0 at v=Xm . The same ph-to-grain contact 
length 1-h, is assumed to.exist in the v diation a in'the X 
and p directions. The V integral of the scaled mas, therefore, 
is consistent with thg ,vplyme~ prescribed for the cubical soil 
matrix. T h e , w s  e l ion  through the pore, for example. is 
taken tq ,haye, an a m  that declines heady from 2P / h ,  at 
v=O taw0 at at v=&, and is zero over k,,,Sv<l; the 
intepa.l.of +e area from V=O to V=l is thus P .  A simpler, , 

alternative approach is mentioned below. 

Equation (8) is regarded as being k(V) .  Because of the very 
steep slope of k (v) versus v (Fig. 3), numerical integration 
along V is difficult. An algebraic result for this integfal would 
be difficult to obtain. An alternative approach is provided by 
the .assumption  that the pore geometry is;unvarying over 
OSVSk,,, . This constant cross section has,,- that over 
WVSh,,, are obtained by scaling up the icljtivfi volumes by 
l&, , and that  over h, 9 5 1  am m; their integrals from 
v=O to vyl afe thus equal to the dat ive  volumes. The con- 
ductivity ks of the  segment OSV~~, , ,  is calculated from Equa- 
tions 8, ..., 16 by using the scaled up  values for the areas. It is 
then  combinad  in  parallel  with k, to give the conductivity of 
the entire soil matrix . .  

At any pruticular  point along the V axis, the value  given  by 

, ,  

k, = (l-km)&'-+ L&i , , (17) 

The advantage of making  this assumption is,that no  arduous V 
integration is needed and it affords a close approximation, 
within  about 5 percent, of the result obtained from the physi- 
cally more realistic linearfarmulation. The difference between 
the two fomulations~is inconsequential in view, of the  effect of 

r I 

5 
. . , .  

9 4  

E 
.rl 

1 

0 

. I  . v  
Pig. 3. Conductivity  variation in the third dimension k (v) for 
sel?!ed amounts of pore ice, Vr and for selected grain-to-grain 
cQnhCt:lengthS 1-)cm . except when the pore is fikd entirely 
with foe  F d  unfrozen water,' conductivity declines rapidly as V 
drops ljelow A,, because of the strong insulating effect of air. 
Tbe conductivity  shown i s  that for the soil matrix only. Poros- 
ity P is 0.3, which gives V,IV, = 0.022 at -0.5' C. 
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ToEd Ice Content. Vi 
F i g  4. Conductivity  variation with ice content k (vi ), includ- 
ing' local iir iaps between ice lenses  and t,he.mil matrix, and , 

both pore ice'vy aad Segregatiq ice V,. Here pores are per- 
mitted to fill  with ice and watef'lonly  to 0.8 of the pore 
volume;  additional ice Vi forms &@on ice V, . For a 
porosity of 0.3, the maximum H i 0  volume in pores is thus 
0.24; at 4 . 5 '  C, it is divided between V, = 0.022 and 
V,, = 0.218. The dependence of k on Vi is shown for sdected 
ratios of air gaps to segregation ice (q = V,/V,). 

other uncertainties in the i n m l  geometry of the soil such as 
its mise phase geometry, the porosity. etc. 

conductivities ,for. the segregation ice V, and air in gaps V, 
according to 

On& k, has been found, it is combined serially with the 

" 1 v, vx v, 
" 

k k, ki ka 
+ - + -  (18) 

The three volumes sum to unity. Although in Equation (18) 
volumes constitute the numerator8 whereas in Equation (7) 
lengths do so, the two equations are consistent b u m ,  for a 
soil column of unit cross section. the volunae of an inaement is 
proportional to its vertical length. The linear-formulation curve 
is elaborated in Fgure 4, in whidr S, is reduced to 0.8, and 
Vi is increllsed past the capacity of the pores, so that it pm- 
duces V, according to Equation (2). Here. k (Vi ) is obtained 
from muation (1 8) for four diEe.rent values of ?l = V, lv, , 
specifying  various amounts of air in gaps. 

values are used in a geomorphic context, we note that  heat 
transfer cdculations require a specification of the volumetric 
heat  capacity as a function of tempCmtW and CkgW of Wa- 
tion. Empitically based estimates of these heat capacities 
(Appendix) are used. 

GEOMORPHIC CONTEXT 
Our motivation for developing the condwtivity model 

for calculating heat capacity  per  unit  volume stems from a 
desire to analyze data obtained  with extensive instrumentation 
installed to monitor active layer properties in western  SpitdJer- 
gen in a  study of the dynamics of exccptiohally  well developed 
sorted circles (Hallet et al., 1988). We have devebped a heat 
budget  model  using detailed temperature measu&ments td c e  
cuhte how much Ice formed as a functioti of time 'tind depth. 
nie 'mount and distribution of ice in the active laye? at the 
onset of?& thaw season is of interest because it coritM1~ tu a 
large extent whether the soil layer is gravitationally stable or 
tends to overturn  (Hallet and Waddington, '1991). which has 

, .  

Before discussing how the calcuktfd thermal conductivity 



important implications  regarding the formation of patterned 
pound and involutions. In that model, the principal  variable 
being evaluated is the  divergence of the  heat flux, which 
muires prqcise estimates of soil  thermal  properties.  We  can 
,calculate thc appmnt rate of latent heat production as a func- 
ition of depth and evaluate the combined rates  of freezing- 
melting (e.g., Anderson, 1988) or evaporation-condensation, 
'and the mass fluxs accompanying  these  phase  transitions. 
c Initial results of  the  heat  budget  model  yield clear thermal 
anomalies that represent  pervasive latent heat  input  to  melt ice 
in the q l y  summer and latent  heat  output from the freezing of 
water in the  fall  (Smith. 1990). The s u m  of all nonconductive 
processes in- the soil. for the bulk of the  thaw  period is negligi- 
ble at our sorted circle study site. This suggests  that  advective 
hest transport in $e thawed  active layer is insignificant,  bring- 
ing into question its inferred  importance in possibly iaitiating 
soil patterning by inducing  spatially periodic variations in the 
thaw rate of pennafrost,as proposed by Krantz (1990). Thus, 
analyzhig temperaNie ptofilcs  by  using  a  model of themd' 
d u c t i v ~ e s  can provide insights into heat transfer processes 
that. pertain  directly  to  geomorphic  development in periglacid 
areas. 
CONC€,USION 

are relatively  common,  provide  much more than detailed tem- 
perature histories. As McGaw et al. (1978) and W e 1  et al. 
(1990) 'haire also shown,  they  constitute  rich sources of infor- 
mation on thermal properties, mass transfer and phase transfor- 
mations.  in the active layer.  Careful calculations of thermal pro- 
per@&~ s functions of water and ice content and of  tempera- 
ture, now  pave the way to quantifying  the  conductive  and non- 
conductive  heat transfer processes by using simple temperature 

' data  in  appropriate  heat transfer models.  Because  the H 2 0  
content of soil, wl&h strongly influences  the theraal conduc- 
tivity,  generally varies in both space and time  under nahual 
conditions, continuous measurement of the H z 0  content of soil 
would  si@ficantly compliment temperature measurements. 
'ThCs. thorough  heat  transfer studies in the  field ought to 
include moisture measmmmts by time domain  reflectometry 
&f other suitable technique. and direct measurements of heat 
flow or theirhal conducdvity. 

on our  research agenda. We  intend to compare our model 
results yith published data on measured conductivities. Initial 
effiqs''t0 do so with the data of Penner et at. (1975).  for e m -  
ple, geie hampered by the  lack of information  about the , 

m d h t  and di4tribution  of  segregation ice in the frozen soils. 
~W'dtemative approach we are also pursuing is to verify 
whether the computed conductivities are consistent with the 
heat  budget  in  intensively instrumented frozen mils in the field. 
With this aim in mind, we have complemented our ongoing 
study of the temperature in the active layer at our  Spitsbergen 
site with i n d e p w w  mearmrements of heat flow md thermal 
conductivity. 

0" C hinges on the aepii$ition of heat conduction  from  non- 
cohduktive effects. It' diverges f m h  earlier work in which  the 
diverse effects of hiat flow neai the melting point -- canduc- 
don, mass @n&f&, phase transition -- are effectively  grouped 
into mp€ricalb observable  "effective"  thermal  pimrnetera such 
as the qpparent thcnnal diffusivity  (Hinkel et al., 1990) or 
appwnt heat, capacity  (Anderson et al., 1973). Its virtue,  how- 

, ' , - 
We suggest  that  high  resolution soil therm4 records, which 

* ,  , , " e , ,  

T@sting%~e conductivity model. stands out as the next item 

Our  appro^ to. analysis of heat transfer properties  near 

,", , , 

: , 5 :  ~ '> _, 

ACKNOWLEDGMENTS 
This work was suppotted by 

Office  (Grant No. , DAAU)3-87- 
Prestrud Andemn and Jacquie 
involvement in the early phases 
the active layer. Fe'Norsk Pol 
support for our field work. We are a l  
instructive comspndmce and to A. 

REFF,RENCES 

Anderson, D. M., Tice, A: T.. 
unfrozen 'whkr and the 
frozen soils. Second In 
mafrost. p. 289-295. 

Anderson, S.' P., 1988, Upfreezing in 
Spitsbergen. Fifrh Intentational 
V. 1, p. 666-671. 

Berman, R. G., and Brown, 

Clark, S. P., 1966. Therm 
sical constants: Me 

land Publishing Co., Amsterdam 

V. 1, p. 1770-1775. 

2 30 



Kane, D. L., Hinzman, L. D., and Zarling, J. P., 1991, Thermal 
response of the active layer to climatic warming in a 
permafrost environment. Cold Regions Science and 
Technology, V. 19, p, 111-122. 

Kay, B. D., Fukuda, M., Izuta, H., and Sheppard, M. I., 1981, 
The importance of water migration in the measurement 
of thermal conductivity of unsaturated frozen soils. Cold 
Regions Science and Technology, V. 5 ,  p. 95-106. 

ground in recurrently frozen soils. Earth-Science 
Reviews, V. 29, p. 117-130. 

Lachenbmch, A. H., Cladouhos, T. T.,  and Saltus, R. W., 1988, 
Permafrost temperature and the changing climate. Fifth 
International Conference on Permafrost. V. 3, p. 9-17. 

McGaw, R. W., Outcalt, S. I., and Ng, E., 1978, Thermal pro- 
perties and regime of  wet tundra soils at Barrow, Alaska. 
Third International Conference on Permafrost. p. 48-53. 

Miller, R. D., 1973, Soil freezing in relation to pore water pres- 
sure and temperature. Second International Conference 
on Permafrost. p. 344-352. 

Penner, E., 1970, Thermal conductivity of frozen soils. Cana- 
dian Journal ofEarth Sciences, V. 7, No. 3, p. 982-987. 

Penner, E., Johnston, G. H.,  and Goodrich, L. E., 1975, Ther- 
mal conductivity laboratory studies of some MacKenzie 
Highway soils. Canadian Geotechnical Journal, V. 12, 

Krantz, W. B., 1990, Self-organization manifest as patterned 

NO. 3, p.  271-288. 
Sass, J.  H., Lachenbruch, A. H., and Munroe, R. J., 1971, 

Thermal conductivity of rocks from measurements on 
fragments and its application to heat-flow determinations. 
Journal of Geophysical Research, V. 76, No. 14, p. 
3391-3401. 

Smith, J. ,  1990, Extracting soil thermal properties and phase 
change phenomena on the basis of temperature measure- 
ments. Masters Thesis, University of Washington, Seat- 
tle, Washington, U.S.A. 

Cambridge University Press, 306 p. 
Williams, P. J., and Smith, M. W., 1989, The Frozen Eurth, 

APPENDIX. Conductivities  and  heat  capacities 

published sources. They are given as weak functions of tem- 
perature, which have been scaled here to give k values in 
WrnL'K-'. Farouki (1981) gives for water (p. 75) and for  ice 

Conductivities of individual constituents are taken from 

(p. 76) 
k,,,=-0.5818+6.357~10-~ T,h-7.9663x1O6 T& (A-1) 

and 

ki = -0.21286 + 670 I Tabs ( A 4  

For air, De  Vries (1963) gives k, = 0.024 Wm-'K" The abso- 
lute temperature is denoted by Tabs and the Celsius temperature 
is denoted by T. For particular minerals, including those mak- 
ing  up the soil at the Spitsbergen site, the weak temperature 
dependence evident in the data (Clark, 1966, p.470) can be 
expressed as polynomials: 
k,=3.6649-0.010893T+2.9914~10~~T~-3.1401~10~~T~ 

kd=4.979e0.016701T+7.4266Xlo-~Tz-l.6039X10-7T3 (A-3) 
k,~8.0881-0.030058T+8.0575~10~~T~-8.7546~10~~T~ 

in which c , d ,  q refer to calcite, dolomite, and quartz, The 
combined conductivity of the mineral component is obtained 
from a formula given by Sass et al. (1971). For the particular 
individual minerals in the Spitsbergen soil, it yields 

@< 9 9 k, kc k d d  k q q  (A-4) 

where $ c ,  $ d ,  C)q, which sum to unity, are relative volume frac- 
tions of individual minerals. This formulation is appropriate 
for arbitrary mixtures of constituents, provided they have sirni- 
lar conductivities, It.is used here for obtaining the average con- 
ductivity of mineral grains because we have no reason to 
suspect that soil grains are arranged according to mineralogy. 
In contrast, our model for the overall thermal conductivity of 
the soil is founded on physically reasonable H 2 0  phase 
geometry. The model can explicitly treat the presence of air 
gaps and air in pores because it  is not restricted to phases of 
similar conductivity. Of course for other soils, relations similar 
to Equations (A-3) can be obtained readily for the appropriate 
minerals from Clark (1966) or other sources. 

Heat capacities of individual constituents are weak func- 
tions of temperature taken from published sources. The total 
heat capacity of the ground is given by 

pc = Vmpmc, + vwpwcw + VIP1Cl  + (VO+V,)P,C, (-4-5) 
The mineral component is summed over its constituents. In the 
case of the carbonate soil from Spitsbergen it takes the form 

P m C m  = $cPccc + C ) d P d C d  +$qPqcq 64-61 
For these constituents Berman and Brown's (1985) expression 
yields, in J kg-'K-' 
~ , = 1 . 9 3 0 7 ~ 1 0 ~ - 2 . 0 3 9 1 ~ 1 0 ~ T - ~ / ~ + 1 . 9 9 2 8 ~ 1 0 ~ T - ~  
~ ~ = 1 . 9 9 5 6 ~ 1 0 ~ - 2 . 0 3 3 8 ~ 1 0 ~ T - ~ ' ~ + 9 . 8 0 3 2 ~ l O ~ T - ~  (A-7) 
c ~ = 1 . 3 3 2 2 ~ 1 0 ~ - 4 . 0 0 1 0 ~ l O ~ T ~ ~ ~ ~ - 5 . 9 0 5 3 ~ l O ~ T ~ ~ + 8 . l 8 4 6 X ~ O ~ ~ ~ ~  

Densities are taken to be pc=2700, pd=2900, pq=2650 kg m-3. 
The heat capacity for water is 4.182 M J ~ I - ~ K - ' ,  Independent of 
temperature. For ice, a simple linear extrapolation from the 
freezing point to P K is reasonable (Eisenberg and Kauzmann, 
1969); it implies 

PIC{ = 7.065~10-~ Tabs ('4-8) 
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Active-layer  detachment  slides  are  widespread on the  Fosheim Peninsula,  Ellesmere 

Undisturbed  soil  samples  were  cbllected  for  micromorphological  investigation  f om 
Island,  where  they  are  developed  in  low-plasticity  fine-grained  sediments. 

excavated  sections  through  displaced  active  layer  slide  blocks.  Slide  blocks 
consist of a sandy  colluvial  surface  layer  overlying  strongly  structured,  hard, 
sandy or silty  clay. In many  case6 a vertical  blocky or prismatic  structure  is 
present,  structural  units  becoming  smaller  towards  the  surface. It  is  concluded 

and  water  migration  during  two-sided  freezing,  leads  to  hardening,  and  this i s  
that  drying  of  the  active  layer,  due  to  the  combined  effect of summer  evaporation 

nature of the  sediment  is  reflected  in  the  fact  that  displacement  often  occurs  over 
responsible  for  maintaining  the  integrity  of  slides. The generally  noncohesive 

a basal  shear  zone  up  to  several  centirnerces in thickness,  rather than a  polished 
slickensided  slip  surface. - 

mobilization of unfrozen  active  layer  sediments 
which  slide  downslope  over  the  frozen  eubstrate, 
are common on the  Fosheim  Peninsula of Ellesmere 
Island  (Figure l), and have  been  described  by 
Lewkowicz (1990, 1992)  and  Harris & Lewkowicz 

thick,  produce  a  scar in-which isolated displaced 
(submitted).  Slides  are  becween 0.5 and 0.75 m 
blocks  are  scattered,  and a depositional  area  in 
which  the  main  displaced  unit comes to  rest. 
Compresnion  in  the  toe  and  along  the  sides of the 
slide  frequently  results i n  a  series of frontal 
transverse  ridges  and  lateral  berms. 

particularly  warm  summer  climate  of  the  Fosheim 
Peninsula  compared  to  other  parts  of  the  Canadian 
Arctic  Archipelago  is  a  major  factor  leading  to 
frequent  slide  activity in the area, since 
failures  are  thought  to  be  triggered by rapid 
thaw  penetration  late  in  the  summer  when  the 

Lewkowicz (1990) showed  that  in  the  valley known 
active  layer  is  close  to its maximum  thickness. 

as  Black  Top  Creek,  slide  frequencies  ranged  from 

75  slides  were  triggered  during an unusually  warm 
0.2 to 5 per year  between  1950  and  1987, but  that 

late-summer  period in 1988. 

Shallow  planar  slope  failures  caused by 

It  was  concluded by Lewkowicz  (1992) that  the 



Slide  Creek:Here  there is no topographic  evidence 
€or  recent  landslide  activity,  but  excavation 
revealed  that  active-layer  detachment  failures  have 
probably  occurred  at  thio  location  in  the past. The 
site lies above the  marine  limit, and the active 
layer  is  developed  in  silts .and clays  derived from, 
the  underlying  Cretaceous  ihale  bedrock. 

a 
I 

1 

?igure 2. Location  map. (a) Fosheim  Peninsula, 
(b)  Canadian  Arctic  Islands 

€LmATE 

station, and indicate  mean  annual  temperature  and 
precipitation  (1951-80) of  -19.7OC and 6 4  mm 
respectively  (Atmospheric  Environment  Service, 
1984).  Permafrost i s  continuous,  with  active 
layer  depths  generally  less  than 70 cm. The mean 
July  temperature  of + 5 . 4 0 C  i s  anomalou6ly  high 
compared with  similar  latitudes  in  the  Canadlan 
arctic,  and  there  is  evidence  that  summer 
temperatures  inland from the Eureka  ecation  are 
even  hl.gher  (Edlund et dl., 1989,  Lewkowicz, 
1992). 

METHODS 

Records are available  from  the  Eureka  weather 

Tria l  pits were excavated  through  displaced 
slide  units in late  July  and  early  August 1990. 
Excavation  extended to the frozen subsurface, at 
a general  depth of around 60 cm, just  above  the 
permaFrost table.  Clean vertical faces oriented 
along  the  line of greatest  slope  were  prepared 

Samples were collected by  carefully  pushing 6 cm 
for field description  and  undisturbed  sampling. 

horizontally  into  the  face. Samples were  sealed 
square, 4 cm deep open-mded plastic  boxes 

and transported to the  laboratory  where  they  were 
air dried  for  several  months  prior  to 
impregnation  with  epoxy  resin.  Oriented  thin 
sections  were  then prspared, with  ~amples cut  in 
the  vertical  plane,  parallel  tu  the sampled face. 

Black Top Creek, was also excavated to  provide 
A control site, some 750 m south of slide 1 at 

information oq soil  structures  developed  where 
active  layer  detachment  sliding  is  unlikely to 
have  occurred in the past. The control  was 

where the local slope gradient was 2O towards  the 
located on the plateau  surface  above  the  valley, 

east. 

Site 
The  profile  consisted of a 3 cm thick  dry 

downwards  into an underly.ihg  very  dark  greyish 
sandy  yellowish  brown vedicular crust ,that graded 

brown  clay  (Figure 3 ) .  This  clay was dry and.hard 

progressively  moirater  and softer. The thaw  depth 
to a depth of 0.3 m, belaw bhich it became 

at the  time of excavation  was 51 cm. The drier 
upper  unit  displayed a strong  fine  angular blucky 
structure (Figure S A ) ,  with  peds  increasing in 
size from 1-2 mm at  the  top  to 3-4 nun at the 
base. Under crossed  polarizers, weak 
birefringence was noted in the  outer  parta  of 

particles  aligned  parallel  to thwped Gurfaces. 
some peds, indicating  the presence.pS clay 
Below 0.3 m  the  active  layer was.structureless 
and  uni  form. 

1 
r 0 

I .  

Figure 3 .  Soil profile,  cantrol  site, BLack Top 

undisturbed  aamples. 
Creek.  Large  dots  mark  locations of 

TOD rreek. 
Three layers  were  identified  within  the  u@per 

displaced unit  (Figure 4a) ,  layer 1 consisting of 
sandy  surface  colluvium,  layer 2 ,  a  strongly 
structured  dense  silty  clay  and  layer 3 ,  a softer 
sandy  clay  with  vertical jointing,.in its upper 
parts.  These  layers  were  traced,  into  the toe'zone 
where  they  became  increasingly deformed. 

alternating  lighter  sandy  laminae up to 3 m ' i n  
The uppermost  colluvial  layer  consists of 

thickness  and  darker  silty and-clayey laminae  which 

Laminations  are  deformed  into'wavy  and  flame-like 
are  generally  thinner  and leos continuous. 

involutions  (Figure 5B), either as a result of 

weak platy structure  probably  re,Sults from ice 
cryoturbatinn or disturbance  durlng  slidiny, and a 

segregation  during poi1 freezing. Also prominent 
are vesicles  (Figure 5B). 500-1000 pm in  diameter, 
thought to result  from  structural  collapse o f  the 
soil  during  thaw  consolidatlon,  when  trapped  soil. 
air forms bubbles in the  wet  thawing  soil mass 
(Harris, 1985; Van  Vliet-Lanoe,  1985). Vesicles are  
common in the  near-surface  horizons of many  arctic 
soils. 

prismatic  structure  is  clearly  apparent both in the 
field  and  in  thin  sections  (Figures 
5C). Ped= arwt-angxtlari ,with long axis lengthff up 
to 151 mm near  the basa%of-'the layer,  decreasing 

In  layer 2, a strongly-developed  vertical, 
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Figure 4. Slope profileo.and section,descriptfons. (a )  Black Top Creek, (b) Bot Weather 
(c) Big Slide Creek 
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Figure 5.(A) Control site, 10-14 cm  depth.  Note  planar  voids  forming  angular  blocky  structure. 
(B) Layer 1, Black  Top  Creek, 4-6 cm depth. ( a )  deformed clay laminae, (b) vesicles. 
( C )  Layer 2, Black  Top  Creek, 20-24 cm depth. Note strong  vertical  prismatic  structure. 
(D) Sheared  sand layer,  Layer 2 ,  Black Top Creek.  Lenses of clay (a) are  sheared  and  form lining 

(E) Layer 3 ,  Black  Top  Creek, 64-66 cm depth. Sheared  sand  with  wavy  perturbations  due to 

( F )  Layer 1, Hot  Weather  Creek, 28-30  cm depth. De116e peds  form a strong  blocky  structure. 
( G I  Layer 2 ,  Hot  Weather  Creek, 58-60 cm  depth.  Sheared basal sand layer.  Silt  incorporated at the  base 

(HI Big  Slide  Creek, 25-30 cm depth. Emergent  shear  zone ( a ) .  Note  oriented shale fragments (b). 

of slip  surface (b). 

fluidization. 

of the  sheared  zone is deformed  into  ball-like boudins ( a ) .  



' to a  maximum  of 5 mm near  the  top.  Thin  sections 

grains,  though  in eome samples  more  sandy  zones 
reveal  dense peds containing  scattered  fine  sand 

also  occur.  Roughly  orthogonal  irregular  planar 
Voids  produce  a  crazed  pattern  acrose  thin 
sections  (Figure 5 B ) ,  with  spacing  of  vertical 
voids  ranging  from  750 p n  to 3000 p. 

The  planar  voids  in  layer 2 are  generally 
clean  and  open, but in the  uppermost  part of the 
layer peds are subangular,  widely  spaced, 

with no open voids. The groundmass contains 
reoriented, and  set in a silty  clay groundmass 
vesicular pores, though  these  are  not  present 
within  the peds. This r@organisation  of  peds  and 
infilliny of intervening  voids may  be  due  to 
annual  thaw-induced  remoulding by solifluction 
affecting  layer 1 and  the  upper  few  cm  of  layer 

absent  in  the  plateau  location  of  the  control 
2. Such  modification  of  the soil structure  is 

site. 

the ground surface  at a depth  of  0.4 m, a  4 cm 
Near  the  base  of  layer 2, lying  parallel  to 

thick  sandy  horizon  was  noted  during  field 
descrlption  (Figure  4a).  The  horizon  consisted of 
discontinuous  lenticular  units  comprising 

Thin  section analysis shows  that  the  uppermost 
alternating bands of fine  sand  and  silty clay. 

sand  layer  is  abruptly  truncated  by a clay-lined 
surface  (Figure 5D). Sand  grains  immediately 
below  this  surface  lie  parallel  to it, and  the 
sand  above  it  contains  lenses  of  silty  clay  that 
are  apparently  sheared  out  to  form  the  lining  of 
the  discontinuity.  It  is  concluded  that  this 

displacement of the  active-layer  slide  block, 
sandy  zone  contains a  shear  plane  formed  during 

basal  slip  surface. 
though it is not  thought  to  represent  the  main 

The  basal  silty  clay  layer  (layer 3 ,  Figure 
4a)  shows  strong  vertical  prismatic  to blocky 
structure to a  depth  of  c. 55  cm,  below  which  the 
sediment is massive  and  structureless. In the 

planar  and  crack-like,  with  spacing  15-40 mm. 
structured  upper  zone,  vertical  joints  are  open, 

Near  the  base  of  the  excavation,  thin  sections 

.sand-rich  and  clay-rich  patches.  These  show 
reveal  an  irregular  groundmass  containing  diffuse 

cryoturbation-like  deformations  apparently 
extending  upwards from a  thin  sandy  horizon.  This 

parallel  to  the  ground  surface  close  to  the  base 
sandy  horizon  forms  a  planar  discontinuity  lying 

of  the  active  layer  (Figure  4a)  and  consists of a 
wavy 4 mm thick  zone  of  subhorizontally  aligned 
sand  grains.  Its  upper  surface  contains 
perturbations  forming  flame-like  structures 
extending  upwards  into  the  overlying  sandy  silty 
clay  {Figure 5E). It is concluded  that  active 

place  over  this  basal  zone  of  sediment 
layer,  detachment  and  subsequent  sliding cook 

probably  concentrated  in  the  4 mm thick  band  of 
fluidization.  The  main  zone of deformation  was 

base of the  slide  block, into which  excess  pore 
sand, but  fluidization  extended  upwards  into  the 

water  escaped. - 
superficial  sandy  colluvial  horizon,  similar to 
that of Slide 1 at  Black Top  Creek,  overlying  hard, 
da'rk grey  clay (Figure 4b). The  clay  displayed a 

up to 6 mm thick  and 40 min wide. In thin  section 
strong  angular  blocky  to  platy  structure  with  peds 

peds  are  shown to consist  of  dense  silty  clay,  but 
.to  include  6ome  zones  of  fine  silty  sand.  Voids 

contain no redepos.ited  translocated  clay  and  there 
resemble  irregular  open  cracks  (Figure  5F).  They 

peds.  The  hard, dry, strongly  structured  silty  clay 
are no signs of  stress  cutans in the  surfaces  of 

extended to a  depth of 5 5  cm, and  between  this  and 
the  frozen  substrate  the  active  layer  was  softer 
and  moister.  Lying  immediately  above  the  surface  of 

The  excavated  section  revealed  a  thin 
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t-he  underlying  frozen  ground 
of very  wet  and  very  soft  med 
sections  of  this  sand  layer  r 

irregular  wavy  structures ( F i  
fabric  with  inclusions  of si1 

is  also  observed to have  been 
sand  from  the  layer below, an 
boudinage  structures  (Figure 
greater  stiffness in the  silt 
surrounding  sand  during  defor 
It is concluded  that  sliding 

of  the  active  layer  and that 
took  place  over  this  soft  san 

decribed  reflect  shearing  of 
supersaturated  fluidized  state. 

Pia Slide  Creek 
Here  a  trench  was  dug  thro 

on  a  smooth  lower  valley-side 
above  the stream.  The  section 
planar  discontinuity  marked b 
o f  fine  sand  (Figure 4c). The 

blocky  structure. This  was tr 
layer  consists  of  very  dark b 

by  the  emergent  discontinuity 
clay  immediately  Underlying t 

to it,  suggesting  reorganisat 
fragments  of  shale  were  stron 

probably as  a result  of  shear 
planar  discontinuity  apDarent 
emergent  shear zone, probably 
toe o f  a former  active-layer 

now  disappeared,  sufficient t 
Since  all  topographic  evidenc 

for  surface  processes  such as 
to have  smoothed  the  slope  to 
day  profile. 

DISCUSSION 



Liquid  Limits 25-55%, Lewkowicz, 1992). Thus, 
slope failures are associated with the sliding of 
coherent  masse6 o f  active  layer  over a basal 
shear  zone  in  which  thaw-induced  high  porewater 
pressures  reduce  effective  stresses  and  thqrefore 
frictional  strength  to  low  values. 

clay  contents, since  geotechnical  measurements 
failure  cannot be attributed  to  cohesion  due high, 

indicate  low  cohesive  and  high  frictional 
strength  for  active  layer soil% (Harris  and '. 
Lewkowicz,  in  press).  However,  drying  of  the soil: 
layer by evaporation over the  summer  and by two- 

contents  to  below  the plastic limit, so that 
sided  freezing  during autumn reduces moisture 

during  sliding  the  acrive  Layer  behaves as a 
rigid  block.  The  strong  prismatic  and bloc& 
structure  may  result  largely  from  soil  'shrinkage 
during  desiccation,  or  alternatively,  -may  reflect 
ice  segregation and the  formation o f  reticulate 
ice  veins  during  active  layer  freezing.  The  fine 
blocky  structure  observed  in  the  upper 0.3 m at 
both the  control  site  and  in  the  excavated  slide 
blocks  suggests  little  alteration af the  near- 
surface  active  layer  during  sliding.  The  larger- 

observed  in  displaced  active  layer  slide  blocks, 
scale  jointing  between  c. .0.3 m and 0.5 m, widely 

but  absent  in  the  control  site,  may  reflect 
active-layer  desiccation,  the  formation of 

a dry, brittle  soil  during  translational  Eliding. 
reticulate  ice  during  freezing,  or  fracturing of - 

The  coherence of slide  blocks  during  slope ' .  

Micromorphological  investigaikons o f  active 
layer  detachment  slides on the  Fosheim  Peninsula 

that  during s l i d h g  the  middlb  and  upper  part  of 
in  Ellesmere  Island,  Canada,  have  demonstrated 

the displaced  active  layer  behaves as a  rigid 
hluck and  that  translarional  sliding  takes  place 
over a sheared  basal  layer  a  few  cm in thickness. 
The coherence of the  displaced  slide  blocks 
results  from  lowering of moisture  conbent  in the 

plastic  limit,  and  the  develoment  of  a  relatively 
upper  and  middle  active  layer to belaw  the 

rigid  soil mass. The  observed  soil  structure  may 

migration  associated  with  ice  segregation  may 
reflect  desiccation,  though  cryogenic  moisture 

also be a f ac to r .  Downward  migration o f  moisture, 
into  the  lower  part of the  active  layer 
apparently  leads to the  development of high  basal 

penetration  is  rapid,  thaw  consolidation  causes 
ice  Contents, and when  late-summer  thaw 

high  porewater  pressures in the  basal  zone, 

observed  to occur over a fine  sandy  basal  layer 
triggering  active  layer  detachment.  Sliding  was 

rather  than a slickesicfed shear surface. 
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PALSA-LIKE MOUNDS DEVELOPED IN A MINXRAL SUBSTRATE,. 
FOX LAKE, YUKON TERRITORY 

Stuart A. Harrie 

Department of Oeography, Univermity of CaTgary 
Calgary, Alberta, Canada T2N 1N4 

Palea-likc mound.  at the eouth end of  Fox Lake, eouthweetern Yukon  Territory  consist o f  a 
lived soriem of icy moundm that dovolop i n  the  mineral mubbtrirtie in m?rvhee. They panm th 
5 developmental mtaga,a, c m m c i n q  with low, grasay mundm,and follo+d by invanion by 8 

380  years to reach atage V and mmo of the moundm may be, n&t@$,d5rab.ly oldbr. Once ahrubs ap 
( 8 . t u l a  "pp., Arctomtaphylos epp., mnd dalix spp.) and by P$fae plauca. Ths Earn taksa at 

an Ah developm and theroafter maprophytic lichena. Tha mou+e:'aan- reach alpoat 3 m i n  heigh 
look aupetficially like palaae. Ice is intermtitial,ar,"in  the form of narrow lenswf 
ultimatoly reachou about 66-709 by volume in !=he permairom!+ core. The i c e  appeara  to  be prim 
rmtooric in origin. Stage0 I end V are the moat uuacoptiblo .Go the effecte of climatic ch 

T h e m  moundm differ from true  palmas in the ablrenee of ,aquatic, fen or sphapqup,peat a, 
murface i n  ell stagsa;  therefore  tha heat mxchanga procarseo will.,be  difierqnt,  The 
"lithalma" i m  suggaated .for palaa-likm mounde euch am theae' that develoa in areas whert 
relative humidity is too 'law 'in summer for the  development 01 

INTRODUCTION 

and Bergatrom (1930), and eincm then many mora  descriptionn 
Palsae  were firat deecribad~morphologic~lly by Friea 

have  been added to the literature, togather  with  theories 

studies of the  natura and developant of individual  fields 
of  palse-like mounds, no there i s  still  conniderable  debate 

am to  their origin. Unfartunatrly  there are few datailed 

regarding  their  nature and claosification (Dionne, 1 9 t B f  
Waohburn, '1983; seppY18. 1gaa). 

of a f i e l d  of palma-like mounaa drvoloped i n  mineral 
This papt  demribee the  nature and probable  history 

mubatraten at the mouth end of Fox Lake, eouthwoatern"fukon 
Territory, Canada. It is follow& by e diecusaion of theit 
relationship to  true palsao and minerogrnic-palsae. 

STUDY ARES 

The Fox Lake palea-like mounda  occur at the eouth end 
of Fox Lake, 80 km north of Whitehorse, Yukon  Territory 
(Fig. 1). They  are developed in bath lacustrine milts and 
in colluvial and alluvial d e p e i t s  along Richthofen Creek. 
Their elevation is 800 m, i . e . ,  adrne 100 m higher  than 
Whitehorse. The  climate i m  noticeably coolmr  (estimated 
HAhT * -2.C) than the fatter and pronounced cold air 
drainage  events  are comon during'the  winter months. Since 
the  end of 1986, air t@mperaturcs have been  unusually warm, 
but the  main palma-like moundm are murviving. The  thawing 
index avwragrd 1771.5 "days/yoar between 1987 and 1991, 
while the. freceing index averaged 2362 'daym/year. Thie 
period  inuluded ope of the warmest years on record. 

The-iegetation  conuists of Boreal Forest with  more 
open ,ateam on south-facing  forested  slopes  where aoilm are 
thin and there  has  been iaiterference  by  fir* or anthropoge- 
nic diaturbance'.' The valley 'floor0 are occupied by granny 
fens with  willow thicketa, except where  mature paleaa Occur 
and white  epruc8 dOminetee. ' 

Soile are g'enerally paorly devel'Op~?d'and' the area wae 
heavily glaciated during the  Late Winboniinan period. 
Subsequently,  the hill alopas have beeh'vbhed by glacial 
h k e o  mo that froqumtly the glacial til1,has baen largely 
removed. The lower slopes and valley floorll have appreci- 
able thickneemee of lacustrine ledimentm, often  overlain 
by alluvial fans and overbank  deposite of mtreams, e.g., 

I 

Figure 1. 
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(Rughea et ale, 1972). 
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METHODS USED 

During the $w&r o f  1984, acceas holm were drilled 
to  a  depth of oveli 5 m -fn two readily accemmible palea-like 
mounds (PI and P29 u s h q  n hot water drill  modified  after 
Napoleon and Clarke (1978). The! holeo were aligned in 
north-moth transbcts and were inmediately cased  with PVC 
tubing, sealed shut at the lowor end, Rubber bungs were 
placed in the holee to kerp out precipitation and the  tubes 
frore i n t o  plsce. Four tubee on such mound were ueed a- 
access tubes for the neutron moimture probe and four  were 
used for ground temperature cables. The latter consisted 
of YSI 44033 thermistors placed in 16 pair geophyuical 
cable. Manual rkadings with a  Biddle Wheatet'one Bridge 
confirmed that the ground was frozen, but  it was next 
Spring  before  the groun?  had rwcovered from the input of 
heat during the drilling proceas. The readings  were taken 
to  the nearest 0.01'C. Next  year, mounds P3, P4 and p5 
were drilled in a aimilar way. A neutron  probe  (Campbell 
Pacific Nuclear Model 503) was ueed to measure the moisture 
content at 10 cm. intervals. The  actual count at each 
depth was divided by the standard count, and the  resulting 
ratio was calibrated by comparing gravimetrically deter- 
mined moiature in samples 02 known volume  removed  with a 
SIPRE corer  with  the reeulte of neutron probe meamurem&~a 
through  the PVC tube. The  result#  are  expreneed as S by 
Volume H2O. FCDm 1976, ground temperatures  were measured 
every two weeku in summer and whenever  pomsible in winter. 
Neutron probe measurements were also made  every  two weeke 
in summer for four yeara. Thereafter  the  ftequency of 
measurements was reduced. 

Sempl.ea of the material in the mounda were collected 
using a power SIPRE auger and the wallrr of cracks ware 
examined and sampled for grain n i z e  analymis in the 
laboratory and for study of the  distribution of ice. The 
latter appeared to form narrow lenmts  throughout  the 
mounda, based on t h e  change6 in apeed OX drilling with the 
hot water drill. 

P l a n t  collections were made at all sitss and both 
vaaculsr plants and lichens were collected. Theae  plants 
were identified at the Herbarium of the  univeraity of 
Calqary. with the exception of  the S a l i x  spp.,  which were 
determined by G. W .  Argus at the  National  Herbarium in 
Ottawa. 

The  mounds werw surveyed by  chain. compass and plane 
table, end levelling surveys were carried out 80 am Co map 
their contours. A levelling survey was carried out i n  
1988, uuing a bench mark  on  the road, to nee whether  the 
p a b a o  changed elevation during the summer, but thia did 
not accut. 

Problems were encountered with frost jacking of the 
access tubes in the grassy mounds, and the height above 
ground of all accese tubee wan noted at each visit in order 
to document these changea. The  cracks  were mapped in 1987 
and measurements  made of the cbangas in diatance from 
reinforcing berm driven down into the permafrost on either 
wide of a given crack. To further document the movementfi, 
monthly recording charts wetp used to log the  progrese  of 
the movement in the  same way an, records  were  made of 
diurnal heaving and Soil creep at Kananaakis (Harris, 
1973). Magnet wire was .ala0 stretched acro4s the cracks 
between reinforcing  bars and the  end6 wired to  electric 
watches so that when the wire broke, the watch wouLd otop. 

Soil  pits were dug in the active layer uf each mound 
and the aoila described and sampled. Back in Calgary. 
qrain si te  was determined on the aoil eamplea uaing  the 
pipette method of Kilmer and Alexanhr (1949). with 
pretreatment with hydrogen peroxide to rsmave organic 
matter. Celgon was used aa D dieperaing agent and the. 
results expressed in terma of USDA clasaes of uand, sLlt 
and clay. 

A weather station waq  ,set up on mound P1 in 1984 and 
moved to  the nearby Rocking .Horae Ranch in 1986. . A 
contbnuoualy recording, LaWr.e,cht 3-level Temperature' 
Recorder was uqed,;  it,,was. calibrated by uaing L thexmiator 
and the Blddle Bridge. The data f o r  1985 and 1986 waa 

Table 1.. charactsriatica of the  different stagem of 
palsa-like moundu. 
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incomplete, but thoee years appear t o  be  the last two  with 
weather typical of tha laat few decade.. Since then, the 
climate ham become very unpredictable, but a complete 
temperature record ham been made. 

Good quality aerial photagraphs  are  abailablo for 28 
July, 1971, a t ' a  eca~le; of 1:17340. . Them6  were used to 
check  the longevity of the youngest mounds, and for  mapping 
purposes. 

RESULTS 

1. a w u l a r  Pl411t8 
The palee-like mounds  can  be divided into five groups 

based on  the vegetation cpver, apparently  forming a 
developmental sequencr, or mere (see Tabla 1). Btaqe I 
consists of low mounda with gentle mlopss, and im charac- 
terlzed by a vegetation aasociatian  dominated by graoses 
'which provide a 30-60% cover. P6 and P3 can  be  recognized 
on aerial photographe  tlkmn in 1970, 00 thFa  etage  can 
psrEiOt for et least 20 ymarw. In Skage 11, ahrub# a ppar 
and dimplace  the prasaes. llrctoaraphylon uva-urai may form 
a dense ground cover, but ultimately Betula  glandulosa, 8 .  
nana, and Sslix spp. become dominant. During the eight 
yeare o f  data colle'etion, the B e t u l a  end Salix mhrubs have 
encroached about 30 cm on average ,kntso the area0 of 
Arctostaphylos and  graooeo an P4. Theme taller mhrubs  ate 
trimmed  baek in winter by snowshoe  hares in the two years 
when tho hares are moat abundant  in t h e h  cycle (e.g., 1990 
and 1991).  but otherwise grow w i t h  little hindrance. 

A 8  the  graomeu  dioappear from the mounda, emall, 
scattered Picea glauca soodliagm, appear among the shrubs 
(Stage T I X ) .  Theae  gradually  grow in to  tree., but on P2 
there  are  still only about 12 npruce tsees on a mound of 
840 in2. The oldest tree was establluhed by 1906 A.D., and 
the egea of the trees, baaed on  ,tree rings (Fig. 2A) 
suggest that germination i s  uneven md that  conditions  in 
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Figure 2. .Histograms showinq the number af tteem that had 
become established in p given  decade for; 
Mound P2 and B. Mound P1. 



1940-1950 were best for seedling establishment. Seedlings 
are  still appearing, but the young seedlings  were not Cut 
down to  determine  their age. Graseee  are rare. 

Stage IV ia where Picea glauca forme e continuoue 
cover with  some whruba such as Salix spp, forming an 

of different  ages and ate also regsnerati.ng. nowevex, i n  
undesetoray. p5 is an example where  the  spruce  treea  are 

the case of p4, the apruce tteeu are of a lqore even e i a e ,  
and whan they dim, they leava an opening ..in the forest 
cover. The oldest tree cored had reached breast height in 
1801 A.D., but coring  shows  that  there  wae  regular replace- 
ment until about 1920 A.D. (Fig, 2 s ) .  Since' then,  there 
ham been no regeneratlon, 1.e. the mound has been-ih Stage 
V. 

This sequence in accompanied by a aeries o f  changes 
in subordinate  species of vaecular plants  and is  also 
closely related to the other Char~CtrxietiC~ O f  the moundn 
(Tabla 1). 

2. Subatrefa 

in.cDFluvium end alluvium. Grain-eiee analysis  ehqws that 
The mounds form in calcareous, lacustrine u i l t e  and 

they ate silt loams, loame, and sandy loams containing lesm 
than 101 clay (Fig, 3 ) .  Stonea may occur in the colluriwm. 

, ,  
sllr 
lbm 

a Cotlu*um m lacwlr lna  allt 

Figure 3. Grain e iee  of the mineral mubatrate in the Fox 
Lake palea-like moundm. 

3 %, Woruholoqy 
Aa indicated in Table 1, the stable, grasey mounds 

are, Low (,up tq 1.2 m) with  gentle slopes and little surface 
cracking. In stage 11, the  mounds rapidly increase in 
height, the  growth apparently occurring  rapidly as the 
shrubs spread aver ite surface. Large  cracks  appear in the 
ground  during  this  process Mnd measurementE  with  conatant 
recording machines and magnet wire  stretched  acrosa  the 
crack snd wired to electric  watchee EhOW that the movement 
is most prevalent in  winter and -upring, but  continuen 
throughout  the year. The movement may be gradual, punCtU8- 
ted by audden spurts, or it may be episodic  between  spells 
with na movement. In stage 111, the mounds become more 
consiotent i n  height and cracking decreases. By now the 
slde elopea may be over 20.. In stage IV, CrMekinp ia 
absent and the maximum elevation about kha fen i n  achieved. 
In both  etages XI1 and I V ,  tho hoiqht may vary across  the 
mound. Stage V is nomawhat lower (2 .2  m) , but cracking 
dome not reappear  unless  the  mound  starts to disappear. 
That  procese will be diucuesed elsewhere. . 

4 .  - 
The permafrost body i s  too ehallow to have conetant 

tempasaturc6  within 5 m of  the surface. Figure 4 showa a 

temp~ratutw cables installed i n  P2 from 1975 to 1971. 
typical aerie8 of observations  made  manually at the four 

Theme pre-date the s u b s t a n t i a l  changes in weather ax- 
perienced mince then, but the aeaeonal pattern  continue8 
much  the  same in mpite o f  the eubataritial temperature 
swings of thm last few years. similar eeaaonal change# are 
found at all the palaas. 

Figure 5 shows a cornparigon o f  the ground "tempera- 
turea recorded in la te  July 1987, f o r  stages I1 to V with 
those fpr P6 (stage I )  in late June 1990, It will be  neen 
that  the coolest temperaturee ace found in etagea 1 x 1 - I V .  

. "  
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In  stage 11, colder temperatutus 
ahrub vegetation than under the 
Stage I shows much warmer ground 
the  data are for late June rathe 

5 .  &tiva favar Thickness 

is not linear (Fig, 6). 

6. wmilfrost Thick- 
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F,ipure 5 .  RehtiOn8hip betwean mlnlmum ground temperature 
recorded in the  mound* in late July with uctive 
layer chicknoem. 

7 &QDrstribut ion 
Regular measurement ar the distribution of total Hz0 

using the neutron probe in the A C C P ~ E  tubes  shows  that tho 
totul moisture content of the permafroat is fairly con- 
iItant,  but a perched water tabl'e.c&n be ahown to move 
downwsrde u s  the thawing fkont'deuclnds in oumer. 

Figure 8 cemparws  the  total  moiature~dPstribution in 
the  main body of  permafrost in P2, 4, 5 and 6. The data 
for stage I (P6) wa8 collected whon  the  thawing W a n t  waa 
at'about 2 m and it will be seen that -the moistufe  content 
incrcasea with depth From hbout 45% by volume to 601 at 
the baEe of the permafrost Layer. Similar xasultu,ere mean 
in S t a g s  11, but thereaftor  the  maximum values are found 
in the upper portion of  the permafromt maas, where  they may 
reach between 65 and 70% by volume (Harriu, 1988). Thim 
lone iwreasee in th icknesa  i n  Stage f V  u n t i l  moat of the 
permafrost containu over 60% total Hz0 by volume. 

. .  
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Figure  6. "Comparison of the ground temperatuie'a' recorded 
in late July, 1901,  fox Stagee XI to V with 

'%chose for stage I J P 6 )  i n  late Ju,6e 1990. 

Figure 7, Relationahip betweanman prrmafrmItthicknsmm 
of the  mounds between 1985 and 1991 and mound 
height. , 

8 .  &!& 
The aoil profiles in  t h e  mounds in wtlrqe f show 

minimal  profilt development. Howovor, Once the nhrubu 
appear in stags 11, a markad LFH Fq, sequnncs appear. due to 
the  large production of dead lervea each fall. 4e cracking 
occur@ and thc S ~ O P O E  mteepsn, there  tendo  to  bo  movement 
o f  the Ah downelope, producing  thickening of the Ah away 

t h i c k  on the lower 61Opem of  the mound, so that the mounds 
from the crest.  By s tage  131, the Ah may bo over 50 cm 

P i m a  pLsuca becomem dominant and thereafter  the 
rssomble palsaa. Litter productian is reduced once tho 

decreases  in  thickness into atage V (Table 1). 

9 .  &.lchr?ng 
The  distribution of  lichen* in the  various Btagea is 

shown in Tabla 2. With  the Appcaranco of a marked  litter 
layer i n  utage X I f ,  at learrt nine. species of lichen. make 
tholr appearance. Most era eaprophytom found on the 
murface of the moil. With the developrnont a€ a closed 
canopy in atage IY, the mpecirs change somewhat, mme of 
the newcomerm living directly on the  bark of the trees. 
B y  6tage V, t h e  variety of lichens is qreatly redhced. 



Table 2 .  

P 
D i s t r i b u t i o n  of  l i c h a n n  on t h e  five stages of 
p a l e a - l i k e  moundu ( c l a e s i f i c a t i o n   a f t e r   H a l e ,  
1979). 
- 

I t  

I o 11 

Ta-- 

DLSCUSSION , .  

1. -ntal Ssauancq 

rgprssent .  4 .ere where   there  i m  n a   i n t e r r u p t i o n  by f i r s .  
This   i s - .unqqual   and  fir. ham pamned th rough   t he   vmge ta t ion  
o f  i c y  mounda in nearby sitem on t h e  o t h o r  eid8.of Rich- 
thofen  Creek.  

. a minimum period of 380 yearm (Table 3) and t h o  proeence 
The complete mound sequence  probably  extent /a  through 

of a l l  utagau uuggeutu t h a t  from 4bout 1600 A.D. u n t i l  
1987, condi t ion.   had  been  muiteble  for thwir  growth and 
survival: Saoe a f , t h e   m a t u r e  mounds may be mibstantielly 
o l d e r .  

The  permafro.ut in t h n  mounda i r  moai suacept ib lm t o  
adyerse  environmcn'tal   change0 i n  Stage I whara t h e  active 
l u y e t  i m  very deep   and   t he -pe rmaf ros t  is  warm. HOWPVOT, 
once thm sh rub   vege ta t ion   deve lop .   i n  atape X T ,  thn a c t i v e  
layer ia g r e a t l y  r e d u c e d  in thicknourn  and  tho perrnafromt 
becomue c o l d e r .  T h i s  i s  fo l lowed by a n  increase i n   t o t a l  
m o i m t u r e   c o n t e n t ,   e s p e e i r l l y   i n , ' t h e  upper l a y e r s  of t h e  
p e r m a f r o s t  (atage I f f )  and   t h in .   i nc reaso  mlowly mproads 
downwards. T h i s  nuggeats t h a t   t h e   i n p u t  of meteoric 
moisture f o l l o w i n g   t h e   s e e s o n a l  cooling moves  downwardu 
( eee   Har l an ,  1974; Burn h Smith,  19851 li b l  Harris, 1988). 
T h i s   m o i s t u r a   i n p u t  may b e   r o n p o n s i b l e  for d i l a t i o n  
c r a c k i n g  in stagem I1 and 111, am im mugpssted by t h e  
a c c u r r e n c e  of  widening of the c r a c k s  i n  winter  and  mpring 
when the ground tempreture pradientm are atewp and t h e  
c o o l i n g  wave i e  d e s c e n d i n g   i n t o  the ground, followsd by 
warming. Any flow of i n t e r s t i t i a l  ice t h a t   m i g h t   o c c u r  
should  be minimal a t  t h e   l o w e r   s u r f a c e   t e m p e r a t u r e e   i n  
wh t t r .  

The development of an LFH sequence  undoubtedLy 
alters t h e  he4t e x c h a n g e   p r o e e s s o l   a t   t h e   m u r f a c e  of t h e  
g round   and   t hese   e f f ec t6  are c u r r e n t l y   u n d e r   i n v o e t i g a t i o n .  
They also provide  a w i t a b l e   n u b a t r a t e  for l ichen.  which 
are c o m a n   i n  #tagen XI1 and I V .  Limi ted   supp l i e s   o f  
litter i n  stages I V  and V nre probably  the caume of the 
t h i n n i n g   o f   t h e  Ah l a y e r   w i t h  time, w h i l e  t h e  abmence of an 
a p p r e c i a b l e   s h r u b  or herb l a y o r  in mtsgm V may aauue a 
m i n o r   d e c l i n e   i n   t h e  permmirost t h i c k n e s s .  A l t e r n n t i v e l y ,  
t h e   d i f f e r e n c e   i n   p e r m a f r o s t   t h i c k n o m u   b e t w a o n  P5 and Pl 
may b e   o r i g i n a l .  

I The vega te t iona l   s equence  moon on then* mounds 

1 .  Comvsriaon With Palsas and Mineroaenic  Palsaa 
P a l e a - l i k e  mound6 developed on a pure ly   mine ra l  

n u b s t t a t e   h a v e  been prevloumly   re fer red  t o  an "cryogenic  
mounde" (8.g.  Payette  & Sequin, 1979; Lagsrec,  1982) or 

" 

"mineral p a l s a a "  ( e . g ,  h m n ,  1975, 1 
1978, 1984) ,  but b a t h  terms a re  pro 
1986). There i m  l i t t l e  data  on t h e  
a g q r e d a t i o n a l  axamplea, and u n t i l  more 
i n   e a c h  atage have  been  examined, t h  of rerrul ta  
ahown i n  Table  1 must be regarded  ae a 

- l i t h a l # r "  i s  mugpemtsd fo r   pa lma- l ike  
mineral   rubmtratoa  suah am t h s # a .  
gthdL i n t o   p r l n a l  whara  thoro i m  
minstal s u b n t r a t s ,   b u t  the heat exf  
foaturem w i l l  bo d m i n a t d  by t h o  

tionml and soil aequencem af both  
true palsam are qui te  d i f f p r e n t  to 
sas. 

pa l r r aa ,   t ho   l a t t e r   be ing   dominan t .  

CONCLUSION! 

a meries o f  f ive 
dsveiopmental  , mtagae commenci+ granny mounds, 

mately of whi te  
to cmplcte the 
h   o lde r .  They 
bs a r e   p r e s e n t ,  

b u t  lack t h o  
u r f a c e  of t r u e  

palmam. The moundu can reach nearly 3 m and 
up t o  60-7OW by V O ~ U *  O h .  ica f r o s t .  The ice 
i s  i n t e r s t i t i a l  and i n  t h e  farm pf lonses.   The 

wave'. , , I .  
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the  peat  of  true  palms,  the  name  "lithalsu" is suggented 
€or  these mounds.  They  develop in a belt from Marah Lake 
to Carmacke  where  the  relative  humidity  is  too low in 
mununee for luxuriant  growth of mausea. Howgver,  saprophyt- 
i c  lichen6 do occur in the  later #tagso of lithalsaa  after 
the  litter and Ah horieons  become  sufficiently  developd. 
Lithala=* m r e  replaced by palmaa in the  wettot area. to  the 
north and eaat in mouthern Yukon Territory. 
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FROST HEAVE PpEpICTTONS FOR ALASKAN SOILS 
1 .  

, ..,!, , . , .>. . , .  
, Beea,.Hazsn', J.F. (Der ick) ! ,  Ni.&~cpri*,:..G.% Heud,' J.B. caldwel13, E . L .  Brudie' 

, \  . -  
I Yukon  Pacific  Corporation,  Anchorage,  Alaska, USA 

* Nixon  Geotech,  Calgary,  Alberta,  Canada 
' Exxon Praduction  Research  Company,  Houston,  Texas,  USA 

Results  from  one-dimensional  fro& heave tests and comparisons  with  predictions  are 

Alaska,  area,  along  the  proposed  route of the  Trans-Alaska Gas Pipeline. A new 
given.  Tests  were  conducted  using  soil  €ram a lacustrine  deposit  near  the  Coldfoot, 

temperature c o n t r o l  system  and  environmental  enclosure were develope,d  to  allow t e s t s  
to be  conducted at  very law cool'ing  rates  end  temperature  gradients. A new  test  cell 
was  also  developed  to  improve  ihe  quality of one-dimehinnal tests. - 

Yukon pacific  Corporation (YPC) and  Exxon 
Production Research  Company (EPR) formed a Joint 

heave  laboratory  testing  and  data  analysis.  Both 
Tndustry  Project in 1991 to collaborate  on  frost 

cumphias were interested  in  developing  test 
procedures  and data necessary  for  frost  heave 
predictions of large-diameter (*I meter)  chilled 
pipelines. 

.x , 

Several  objectives  wtre  defined f o r  the  joint 
project: 

test at thermal  conditions closer to  field 
conditions  than  typically  abtained  by  other 
investigators.  Use  boundary  temperatures 

temperature  ramp  rates ( ~ . g , ,  -0.02 %/day), to 
closer t o  freezing (0 'C) and lower boundary 

get  lower  temperature  gradienta,  cooling 
rates,  and  freeaing  rates. 

study  one soil type in  detail to understand 
the  relationship  between heave rate  and  thermal 
'okrameters  such as temperature  gradient, 
cooling  rate  and  freezing  rate. 

4.-C'umpare different t e s t i n g  methods to ensure 
'that test'  results  are  independent o f  test 
method and to  select  the  best  method for 
production  testing. 

improve data quality  by  improving  control o f  

design. 
thermal  boundary  conditions  and  test cell 

TESTINEAPPARATUS 

one-l)irmpnalonal" 

were  conducted in conventional frost heave test 
Two types of t e s t  cells  were used. Most tests 

cells as shown i n  Mycick (1982). EBA Engineering 
supplied  three  such  cells,  developed for  the 
proposed  Northwest  Alaskan  Pipeline  Project. 
Figure 1 shows  a  new  test  cell  developed by EPR 
and YPC which was introduced  at  the  end of the 
testing program. It was  deslgned to operate  as  a 
table-top  unit,  not  requiring a cold room. 
Additional  performance  requirements for the new 
cell included  minimizing  radial  thermal  gradients 
(relative to a  conventional cell operated in a 
cold room), limited use of metal  fasteners  to 

coolant  flow  pattern  in  end-plates  to  pravide 
avoid  extraneous  thermal  influences,  improved 

uni form end  temperatures,  and  improved  modularity, 
serviceability  and  durability. 

EnslEa.a&xaarJ" 
the top and  bottom of the  soil sample to  be 
controlled by pumping a  coolant  suppled  by  a 
controlled-temperature  refrigerated  bath  through 

It ia common practice f o r  the  temperature of 

channels  in both end-plates of the  test c 11. In 
most  cases,  lnfluenees such as  bath  tempe  ature 
stability,  environmental  temperature  fluc  uations, 
and  system  thermal  time  constants  frustra e 
efforts to maintain  tight  tolerances on e  d-plate 
temperatures.  Thermal  noise in the  end-pl  tes  and 
the  environment  propagates  into  the soil i hich 
complicates  data  analyses. 

Figure 1 - EPR / YPC Test  Cell 

After  attempts to modify  conventional ter 
equipment fa i led  to p 

developed  from  a  conc 
aturo stability, an a 

Lamb, EPR, called  an 
temperature  control s 
simple: 1) send  coola 
it should be when it 

coolant  while  it is e 
location,  such as the 

because it was possib 
temperature  required. 

heating very accurately. 

The  warm  and  cold  end 
The  IFTCS  ia  shown 

independent systems w 
and  IFTCS. Each IFTCS 
was comprised of an  electric  heater and 
thermal  well (of end- 
primary  temperature c 
the coolant  temperatu 

end-plate: Stage 2 ra 
f0.002 'C of the  prescribed  test 
Digilink 4C Plus SCADA (Supervis 
Data  Acquisition)  system  manufac 
Instruments was used to control 

-0.05 OC, f 0 . 0 0 5  'C, 

derivative) was used to regulate IFTCS he 
PID control logic (proportlonal,  integ 
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Figure 2 - Schematic of Testing  Apparatus 

The PID circuit was programmed to slowlyd  rdike or 
lower heiter output depending  upon  the . , 

(instantaneous)  average  temperature . o f  ~ U Q  
thermistor  sensors  located  downstream  of tihe ' 

was very good, yielding a standard  deviation o f  
heater.  The  performance of the IFTCS / PID.systern 

the difference, between  actual  and setpoint'of 

monitor  the SCADA system  and  record  test  data. 
approximately 3.0005 'C. A PC,computer was.used  to 

.~ 

NESLAB RTE-11OU circulation baths, manufactured 
by NESLAB  Instruments,  Portsmouth, New  Hampshire, 

maintained a stability o f  f 0.015 O C  near 0 'C and 
were used for  the  project.  These  baths  consistently 

were  easy t o  control  with  the SCADA system. 
Time-slice  proportianal  controllers  for IFTCS 
heaters  and  voltage  controllers  for NESLAB baths 
were  manufactured by Oven  Industries, 
Mechanicsburg,  Pennsylvania. 

Testiqg 

t e s t  cell  and load,€rame in a circularins  ice 
Early tests  were  conducted by submerging the 

water bath .  This  technique  relied  upon  the  latent 
heat  of  the  ice to maintain a  stable  environmental 
temperature (f 0.1 "C) around  the  test  cell.  This 
technique  was  superceded 4y a  PID-controlled air 
cooling  system for the  last  two  tests.  The air 

bags  to wrap the  test cell  and load frame), 
cooling system  allowed easier test cell setup (no  

better  visibility of the  test  cell  during  testing, 
and a far  lower  chance  of  moisture  contamination 
of  instruments.  The  stability of the  air 
temperature in the  environmental  enclosures  was 
approximately fO..05 *C. This  enclosure  and  TFTCS 
i s  depicted  .in Figure .2. 

, .  

LoadingSYsmn I 

Most  samples  were  tested  with  an  overburden 

combination hydraulic and dead load System 
stress of 50 kPd. Loads  were  attained  using a 

developed by EBA Engineering.  The  system used an 
approximately 8 . 3  cm  diameter  Bellofram 
cylinder/.pi$ton mouhted.above the t e s t  cell  and 'a 
5.1 cm diamet8r',cylindejr/pis-ton mounted in-  a load, 
frame  located  on  the f l o o r  outside of the  environ- 
mental  enclosure. The two  cylinders  were  connected 
with a small diameter  hydraulic  line.  The 
difference in piston diameters served as a load 

multiplier: a 25 kg dead  load  applied  to  the 5.3 

kg load  on  the top cap. Loads were  monitored with 
cm piston  caused  the 8 . 3  cm piston to exert a 66 

by the SCADA system. 
an  in-line  strain-gauge  load  cell which was  read 

eFSLplacament m i  
Mttutoyo modql 3058-01 dial  gauge  and by a Sensotec 

Diziblacement of the  top cap was measured by a 

model MDLC1lOOO LVDT  (linear  voltage  displacement 
transducer). Output of the LVDT was read by the 
SCADA system. 

: '  

E&zz sypP.aY assa 
Samples were  given  free  access to distilled 

water  during  tests. A burette configured as a 
Mariotte'a battle was used  to provide a constant 
head of 10 cm o f  water on the top o f  the s o i l  

daily to, match the frost heave of the soil sample 
sample. The  height of the bottle was adjusted 

-a t ions  

each test  at 0 "C using a guarded and  stirred 
distilled  ice / distilled  water bath. A 

used to  agitate  the  ice-water.bath. This apparatus 
slow-actuation  mechanical  stirriny  system  was 

was  placed in  the 0 'C air-cooled  environmental 
enclosure  during  sensor  calibrations. LVDT instru- 
ments  were  calibrated  with a  micrometer: Load 
cells were  calibrated  with  a  dead-load  hanger , 

system. 

All thermistor sensors were  calibrated  before 

-L SOIL 

lacustrine  deposit excavated  near  Coldfoot. 
All t e s t s  used a homogenized sample of a 

Alaska; Grain-size data are presented i n  Figure 
3 .  Wnfrozen rnaisrura cpnt,ent.data  measured  usi.ng 
TDR, Smith (1992), are  shown in Figure 4 .  

XwLtiuiUx 
, .  , "  

multiiple  test segments  where  b0undary"temperatures 
Eleven  tests were conducted.  Mist  tests  had 

and/or  loads  were  changed (see . T a b l q . & ) .  
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Figure 3 ' -  Gra in  S i z e  Distribution 

-5 4 -3 +2 -1 0 1 

Temprmhm (C) 

Figure 4 - TDR Unfrozen Moisture  Content 
T e s t s  1, 2, 5, 6 and  the  first  segment o f  tast 7 
were constanr-end  temperature t e s t s .  Test 3 ,  and 
most segments o €  test I were ramped-end  temperature 
tests; Teat 4 was  an ifisulated warm end (IWE) 
t e s t .  The  insulation was used to cause the frost 

test, thereby decreasing the unfrozen  sample 
front  to move closer to the  warm  end durinq the 

length and suction. 

Table 1 - Test Matrix 

Teat stress "Boundary Temperaturos 
(kPa) 

1 50 *1/-1 -> tO.6/-1 -> 

2 
4 
5 

to. 2/-1 
50 +0.6/-I-> t0.2 /-1 
50 ti/-1 (!WE) 
50 

tO.0Sf-1 -> 
tl/-l "> t0.2/-1 -> 

+0.01/-1 -> 
to,pnz /-1 

6a 50 

6b ' ,  50 
6! , 100 + l / - O . f i  (refrozen) 

'6 b 
+ l f - O . , E  (remolded) 

50 +1/-0.6 (refrozen) 
f l / - U .  6 (refroeen) 

6e I@Q t.1/;0.6 -> +1/-1 

3 50  -0.1 V f d a y  -> 
(ra.fro.zen) 

-0 .02  *C/day -> 
- 0 . 0 1  W d a y  

- 0 . 0 2  'Cfday 
7 $0,100,200 +1/-0.6 -> 

note: t h e  symbal -> i n d i c a t e s  a change to another 

.....*I.. ..............I.. P ..... f....... 1.1 ...........,. 1 ........................................................ ..._. teat segment. 

DBSERVBTIONS 

Typical test plots are shown in Figures 5 to 

over time. Frost  penetration is based upon t h e  
8 .  Figure 5'shaws heave and frost-penetration 

locacion of the -0.15 'C isotherm ds calculated 
--frcm thermistor sensors located on 0.6 to 1.2 cm 

intervals along the  sidewalls o f  th test cells. 
This  isotherm  was chosen because it represents 
the  approximate  tempezature  that le ses formed in 
the sample,  based  upon  post-test ob ervations of 
l e n s  locations. i 

M 

30 

'i7 a -  
IO 

0 

..,.............. ,+. ...... 

FiguI 

0.10 

+e 5 - Heave  end Frost Penetta ion, Test t 

0 I 2 3 5 

Till* (m 

Figure 6 - dT/dx and dT/dt, 

6a 

dT/dt = dT/dX * (db/dt - dx/dt). 

SP * dh/dt / (1.09Ygjad I?). 12) 
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Figure 8 shows suction over time calculated from E€m&pfEressure 
Frost heave in the Coldfoot sample was inflwnced 

, Suction = (dh/dt*L,/kh) *kPa/cm. (3 )  by overburden pressure. Figure 10 ehows heme 
over  time f o i  Tests 6b. 6d, and Se, conducted at 
pressures of 50, 100 and 180 kPa,, respectively. 

, , .  hydraulic conductivity measured before each test The valves of SP extracted from these  taste are 
shown in Table 2. Tbe time  and SP values shown in 
Table 2 for Tests 6a. 6b and 6c reprsuont en 
arithmetic average of values calculated  for 
individual tests. 

. . . .  - . -&. ,Where dh/dt - heave rate; kh = unfrozen soil 

(cm/~k); Lt = thawed length given in om; and '. 
I .  

, kPa/cm is a conversion .factor. , 

.................. ...... ....... ...... ................................... ....................... ""..... I 
. :,. ~ , 

14 .............?e. i 
.:. . . . . . . . . . . . .  . ......... !. .......... ..; ............... Tabla,Z - SP Interpreted a t  Different PreaBuraa i 

' ,  , . 

.......... 
i 

........... ............... 
. ,  Stress Time SP :. ~; 

........... j. .......... ..; ............... TesL WPa) ' (day&) (mnc2/(C-day) 
i 

50 1.7  290 i . . . . . . .  j .  ............. ../ ............... ba, 6b, 6c 
6d 100 1.7 155  

............ ............. ................ ge 1 EO 2.3 35 :. .I i 

. . . . .  1. .............. .; ............... 

0 
Two techniques  ware used to extract values of 

: a  1 2 3 4 5 cooling  rate  (dT/dt) and the  other on the natural 
SP from a test. One  technique was based upon 

transition during a test between segregational 
freezing and net heat flux controlled.freezing. 
SP values in Table 2 were  derived using the 

,, . 
T W  (d.yr) 

! . .  

Figure 8 -FSuction, Test 6a ' ' cooling-rate technique. 
,. , 1 

: , I /  

WssUkuLY I ,  

" &peatability between tests was very good. ' 1  

Tests 6a, 6b and 6c, alL conducted with the same 
so$l-&ample in the same Lest cell and with the 

273, 295 and 310 mm^Z/("C-day), respectively. 
same boundary conditions produced 5P values of 

Fros t  heave  comparisons between these tests are 

ture segment o f  Test 7, with the same plate 
shown in Figure 9. The constant end-plate tempera- 

temperatures and overburden stress as 6a, 6b and 
6c, produced an SP of 315. 

16 

- P l2 

b 
4 

Figure 9 - Heave, Remolded & Refrozen 50 kPa 
Tests 

;1 ' , 

. I  Effect pf -g 
c1,ay showed that repeat freezing o f  soil samples 

.L ,! ' s o i l .  'Similar results were not obtained with the 
ca'used a corresponding decrease i n  the..SP of the 

' cu ld foo t  sample. Three. tests were conducted. Test 

'.: ~6.1.1 as"Test 6a after it had been frozen comdetelv. 

Measurements by Konrad (8188.8) bn Calgary silty 
.,;; 

. .  
, 8 .  . 

,, I >  "'6kuse~ a'remolded sample: Test 6b used the s a m  
I _  

Figure IO - Heave far  50, 100 6 180 kPa 

In t h e  cooling-rate technique, measurements of 
the height and thickness  of  the final ice lens 
(after the  sample is cut longitudinally  to expose 
the  interior ice-lens profile) and heave over 

final ice lens began to form; this  time is used 
time data  are used to identify the time when the 

to select values of SP and the corresponding 
cooling rate. 

In t h e  net-heat f l u x . /  segregational freezing 
break-over technique  a value of SP is taken from 
a plot' of SP versus dxufdt, the frost-penetration 
rate into unfrozen soil. The break-over technique 

' .  Lran.scends from segregational freezing to net-heat 
i s  designed to find the 2.P when the  sample 

, ,  heave, using SF; SP only applies until the final 
flux ,controlled freeaing. rn calculation of  frost 

tee-Lens,begins to qraw; subsequently, water 

masq, ,transfmr. 
migration i s  controlled by a balance of heat and 
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confidence in this t e c h n i q n e .  Values of SP reported 
herein  rely upon the  cooling-rare  technique, 
dT/dt - -0.01 "C/day, because it  seems  to be more 
consistent  with  physical  observations. , , .  

ukxqf m s  a€ XeSL 

the  current  Series: constant end-plate  temperature 
Two primary types of tests were  conducted  in 

tests (a lso  referred  to  as  quick-freeze aqd stqp ...,." 
tests)  and  ramped  end-plate  temperature  tests. 
Comparisons  between  the  two types o f  t e s t s  were 
needed to see if test  results  ware  independent of 

production testing. Cwnstaot end-plate tests are 
test  method and  to he lp  chose the  best method for 

generally  short  duration,  lasting 4 to 6 days, 
Ramped  end-plate  tests  are  considerably  longer, 
lasting up to 30 days. 

constant  end-plate  temperature  test,  then was 
continued as a ramped  end-plate  test. It was, 
postulated  that  if step tests  and ramp test's 
produced  equivalent  information, an equation;:, 
fitted with data from a step test. should reasor)+bly" 
predict a ramp t e s t  and visa  versa. To evaluate , .  

test data an  equation was fitted  to  dT/dx  and 
overburden stress data  using  the  multi-variate, 
nonlinear NWNLINWOOO code  (Daniel 6 Wood;1980). 
To compare the step and  ramp  segments of test 7, 
the  same  general  equation was fitted to different 
segments of the  test.  First  an  equation  was 

ramp,  multiple gradients and  multiple loads). 
fitted  to  the  all  segments o f  the  test  (step, 

Next the same  equation was re-fitted t o  the  step 
segment of the test  and  finally  tho  equation  waa 

general form of the  equation  was 
fitted to the ramp  segments of the  te3t.  The 

One test, #7, was conducted  initially as a I 

dhldt - a t b*dT/dx +. c*dT/dxd - e+stress' ( 4 )  

Goodness-of-fit  comparisons  between  measured 
and  predicted  heave  varied  considerably.  Where 
data from the ramp and  step  segments  were  used 

Parameters fit to the  step-portion of the  test 
( 0 . 5  to 16 days),  comparisons  are  generally  good. 

did not closely  predict  the  ramp  portion:  the 
predicted heave rate was approximately  twice a9 
high as measured data. Similarly,  parameters f i t  
to the ramp segment did not closely predict  the 
step segment. 

The underlying assumption in these  comparisons 
was that  test 7 was still  forming i c e  lenses  (in 
segrtgational  freezing  mode as opposed  to  net-heat 
flux controlled  mode)  during  the  ramp  segment of 
the t e s t  -- DILT simulations  (see  Modeling  below) 
Data  from test 7 do not. provide  ciear  evidence 
suggest it was. but  there was no phy~ical evidence. 

that step tests and ramp tests  produce  equivalent 

one  load,  one  gradient,  such a s  defined for 
results. If test 7 had  been a simpler  test ( i , e . ,  

have been possible. 
futura tests)  a  more  definitive  comparison  would 

G Y ~ v s l u e s o f S e ~ ~ ~ ~ :  

tests conducted at the  Canadian  National  Research 
Konrad (1988)  reported  results uf freeziKg 

Council and  compared  his  results  to  slow  ramped 

we= conducted on a silty  clay  soil, 2 9 %  clay 
end-plate  tests  reported by Pcnner (1986). Tests 

: 13 was a ramp test, at a  rate of -0.02 'C/ddq. the 
size, referred to as "Soil Mix 1". Penner's  test 

constant frost penetration  and  heave  rate, similar 
same a$ YPC/EPR test 7. Penner observed a  near 

to that observed  in  test 7 .  A t  this  very sldw.' 
ramp  rate,  values of SP showed  cyclical  behdvior, 

mrnh2/("C-day), with a period of approximately 3 
ranging between  approximately 70 and 105 * . 
days.  Results  for  the Coldfoot sample do not  show 
this  cyclical  behavior. It is possible, however, 

most of the  ramp  segments of the test: consaquent- 
that  test 7 was building a final  ice  lens  during 

, . . .  " .  . . ". . .  .,.- . 

ly,' Ice-Lens formation wokdd be  governed 
heat-flux,  not by segregatsonal  freezing 
cyclical  behavior  would  not:be  bxpected. 

I' ., , 

"IleavsSurfacs 
, -, The SP theory  (Konrad-, .1984#.,poslts th 
exisfence o f  a-unique relatianship  betwee 

Thiq i s .  refe,rred to at  the  Characteristic 
rate o f  coaling  and  suction for a given s 

Heave Surface.  Konred's  frost  heave tests 
Devon silt were  done  with zero applied lo 
Tests  were  generally done at 50 kPa, L$Iic 
load of mare  interest to predictions-' pr  

level,  the  postulated  characteristic  uniq 
1,arge-diameter  chilled-pipelines. fit this 

heave  surface does not appea: tc\yist fo 
Coldfoot  sample. . ,  , 

MODELING 

frost  heave, frost penetration 'and ice,-ls 
Comparisons  between  measured  and pbdl 

of frost,heawe and to improve  selections 
patterns  were  made to gain i n s i g h t  to the 

bppmpriate boundary condLtions,for futur 
programs: Prcdictions were.made-using a c 
model  based upon the  Disdrete I k e  Lens Th 
( D I L T ) ,  Nixon (1991). 

!&X!dL.&uLParameters 
Several parakters'were needed for the 

model. Most of them were conventional, 5u 
so i l  density  and  thermal  conductivity, bu 
D T L T  model also  needed  a  relationship bet 
unfrozen rnaisture content  and  temperature 
frozen soil, and  a  relationship -ween h 
conductiZrity  and  temperature in frozen so 

used the  standard  relationship 
Calculation of unfrozen  moisture  content 

.~ 

WU = (a/wtOt) * ("I?)". 

Wu = fraction of total  water  content re 

a = 0.052, unfrozen  moisture  content at 

T = freezing  temperature ( O C )  

b = -0.503, a  constant (ftom TDR, dim.) 
wtot  total  moisture  content  (dim,) 

Calculation o f  hydmulic conductivity  in 
soil used the  relationship 

unfrozen  at  temperature T 

(from TDR, dim.) 

Khf = KO / ( -T Ia .  

Khr = frozen =oil hydraulic  conductivitj 
KO * hydraulic  conductivity at'-l 'C ( c  
T - freezing  temperature ('C) 
(x 3 dimensionless  constant 

KO and a and no standard test ha5 been w j  
Few published data  ere available for \ 

used.  Nixon (1991) proposed a technique f 
extracting KO and a values  using  results 
three  frost  heave  tests,  each  conducted a 
ent  pressures.  Using  data  from  tests  6a ( 
kPa), 6d ( a t  100 kPa) and 6e (at 180 kpa) 
derived  values of a = 1.848 and KO 3 6 . 6 *  
the Coldfoot sample. 

chanics 

testing 
,puter 
rY ' . .<I' 

i L T  

' :  

radlic 

ta 

ozen 

.xes of 
I i Y  

*& 
differ- 
50 

Nixon 
-I1 for 
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Other  miscellaneous soil properties  used €or 
simulations  included 

unfrozen soil hydraulic  conductivity 1.2 

soil porosity - 0.491 
ooil dry drnmity - 1.427 gm/cc 
soil  saturation = 100% 
soil  separation  pressure ( D I L T  parameter) = 25 

soil specific  gravity = 2.803 
measured  unfrozen soil thermal  conductivity = 

(cmlsec), but varied for each  test 

kPa - 

1.39 W/m-'C; frozen = 2 . 5 5  W / m - V .  

sQmQaL&QRsJt&bneasuremsnts 

frost  penetration  and  frost  heave  are  shown  in 
Comparisons  between  measured  and  predicted 

Table 3 below. In general,  predictions  show  good 
agreement  with  measured  values. 

Table 3 - Comparirans Between Measured and Predicted 
Frost Depth and Frost Hsavs, End of Test 

Ovsrburdcn 

Test (kea) Meas. DXLT Meas. DILT 
Stress Frost Depth (mml Frost Heave (m) 

27 
13 
7 

CONcLUSIaPlS 

A new  temperature  cantrol system, called an 
In-line Feedback Temperature  Contrul System, was 
developed for frost heave  teuting.  This  active 
temperature  control  system  consistently  produced 
s tab le  end-plate  temperatures  and  was  capable of 
ramp  rates  as  low as 0.004 ' C / d a y .  

This  cell  was  designed  to  operate  as  a  laboratory 
"table top"  unit, not requiring a cold room. It 
wa8  further  designed to have lawer radial  tempera- 
ture  gradients  than  conventional ce l l s  in cold 
rooms, even  when  operating  on a table  top. 

A new  frost  heave  test ce l l  was also developed. 

clay  showing  that  repeated  freezing of soils 
causes a reduction in heave  in  each  successive 

ncit show  this  behavior. 
refreeze.  Data  collected  during this program do 

Data  have  been  published fur Calgary silty 

It was n o t  resolved  whether  ramped  end-plate 
and constant  end-plate  temperature t e s t s  produca 
equivalent  information.  Data  from  test '7, a 
combination  step and ramp  test,  suggest  the  test 
methods do not produce  equivalent  Information, 
but it is not clear if the test  was  in  segregation- 
dl freezing mode during the ramp segments of the 
test. 

Comparisons  between  measured  and  predicted 
frost  heave  and  frost  penetratian  show good 

based  upon  the  Discrete Ice Lens Theory,  This 
agreement.  Predictions  were  made  using a model 

finding  shows  that  the  technique  proposed by 
Nixon  to  oxtract  frozen-soil  hydraulic  conductivi- 
ty  data  from f r o s t  heave t e s t s  produces reasonable 

give  considerable  insiqht  into  the  mechanics o f  
values and it shows  the  DILT model. can be used  to 

frost  heave. 

an  initial  warm  plate  temperature o f  tl 'C, then 
to + O . 6  'C  after a few days, etc. In  some casea 
the  duration  of  these  segments was not long 
enough to form a final  ice  lens  far  the segment. 
This  complicated  analyses of t e s t  data  and  lessened 

patterns and  thicknesses. It is  generally 
the  value of post-test  observations  of i c e  lens 

consldercd  that  aeqrsgstiunal frost h a v e  (at , *  
very  low  cooling  rates, just before  final  ice 
formation) is the  dominant mode of frost heave 
relevant  in the  analysis of chilled  pipelines. It 
is, therefore,  particularly  important for laborato- 
ry test  data to clearly show a transition  between 
segregational  heaving, before final ice lens 
formation,  and  heat-flux  controlled heaving. 
Future lab tests  will be proceeded  with  bounding 

a t  proposed  boundary  conditions before and  during 
simulations  using  the  DILT modal t o  look cloSely 

laboratory  tests. 

ACKNOPSLEMHENTS 

The  work  reported  herein  was  funded by a  joint 
industry  project  between  Yukon  Pacific  Corporation 
and Exxon  Production  Research  Cpmpany.  The  support 

wjth  Yukon  Pacific, Mr. K, croasdale with Eaao 
of Mr. P. DeMay, Mr.  J. Swansan and Ur. W. Met2 

Resources Canada Limited,  and Mr. R. Haring  and 
Mr. W. Lamb with  Exxon  Production  Research i s  
gratefully  acknowledged.  Contributions by Dr. 

greatly  appreciated.  The authors also gratefully 
J.-M. Konrad to  our testing effort have been 

Mr. K. Schacht  in  development of apparatus 
acknowledge  the  tireless  work of Mr. C. Pelz and 

prototypes  and  the  experience  and  dedication of 
EBA Enqineering,  particularly Mr. R. Caron,  in 
laboratory  testing. 

REFEREElCEs 

Daniel, C and Wood, F.S., 1980. Fitting  Equation? 
to Data,  John  Wiley C Sons, Inc., ISBN 
0-471-05370-8. 

Holden, 3 . .  Piper, D., and  Jones, R., 198s .  Some 

Heave. Proceedings,  4th  International  Symposium 
Developments o€ a  Rigid-ice Modal of  Permafrost 

on Ground Freezing, Sapporo, Japan, pages 
93-99. 

susceptibility  of  Soils  in Terma of Their 
Segregation  Potential,  Proceedings,  Fourth 
International  Conference  on  Permafrost, 
Fairbanks, Alaska. 

Konrad, J.M. and  Morgenstern, N . R . ,  1984. F & s t  
Heave  Prediction of Chilled  Pipelines  Buried 
in Unfrozen Soils, Canadian  Geotechnical 
Journal, Vol. 21: 100-1x5- 

Konrad, J.M, 1988. Influence of Freezing  Mode  on 
Frast Heave  Characteristics,  Cold Regions 
Science  and  Technology, 15 (1988): 161-175. 

Myrick, J.E., Isaacs, R.M., Lfu, C.Y. and Luce, 
R.E., 1982,, The Frost  Heave  Program o f  the 
Alaskan  Natural  Gas  Tr&nsportation SyStem. 
Proceedings  of  the ASME conference  an Offshore 

Arizona. 
Mechanics  and  Arctic  Engineering, Phoenix, 

Heave -- A Review. The Northern  Engineer, Vol .  
19, No. 3 L 4. pages 8 - 18, 

Nixon, J.F., 1991, Discrete  Ice  Lens  Theory for 
Frost  Heave  in  Soils,  Canadian  Geotechnical 
Jourhal, 28 Mo. 6, pages 843 - 859. 

Penner, E., 1986 .  Aspects of Ice Lens  Growth in 
Soils. CpLd Regions  Science  and  Tachnology, 13 
(1) : 91-100. 

Control  Soil for YPC  and EPR. 

Konrad, J.M. and  Motgenstern, N.R., 1983. Frost 

Nixon, Y.F., 1989. Ground  Freezing  and  Frost 

Smith, M.W., 1992. TDR  Results  €or  Coldfoot 

2 4 9  

using a homogenized  soil  sample. Many of these 
Eleven  tests  were  conducted by YPC  and EPR 

t e a t s  had multiple  segments, e.g., beginning  with 



DYNAMIC ELASTIC MODULllS A N D  STRENGTH OF SATllRATEIl -FROZEN SILT 

He P i n g ,  Z h u  Y u a n l i n ,  Z h a n g  J i a y i  Shen  Zhongyan  and Yu Q i h a o  

State Key L e b o r a t o r y  o f  Frozen  S o i l  E n g i n e e r i n g ,  Lanzlrou I n s t i t u t e  o 
G l a c i o l o g y  & Geocryology.   Chinese  Academy o €  S c i e n c e s ,  Ch,inn 

, .  

A s e r i e s  o f   v i b r a t i o n   t e s t s   w e r e   c o n d u c t e d  nn saturated f r o z e n  s i l t  a t  cons 
dyr~amic loading p a r a m e t e r s  (maximum s t r e s s ,  m i n i m u m  stress antl f r e q u e n c y )  a 
c o n s t a n t   t e m p e r a t u r e .  The test r e s u l t s   i n d i c a t e d  t h o t  dynamic elastic modul 

i :,. d e c r e a s e s  w i t h  i n c r e a s i n g   s t r a i n   a n d   i n c r e n s e s  w i t h  i n c r e a s i n g   f r e q u e n c y  a n  
. r  , .  d e s c e n d i n g   t e m p e r a t u r e .  T h e  i n f l u e n c e  o f  maximum s t r e s s  o n  dynamic e l a s t i c  

modulus i s  n e g l i g i b l e ,  The s t r e n g t h   i n c r e a s e s  w i t h  t he   descend ing   t e rnpe ra tu  

[ r o z e n  s o i l .  The  int1,uence o f  minimum s t r e s s  on t h e   s t r e n g t h  is n e g l i g i b l e .  
T h e  i n f l u e n c e   o f   f r e q u e n c . ~  on s t r e n g t h   d e p e n d s  o n  t h e  i n h e r e n t  f requency  o f  

r e g r e s s i o n   e q u a t i o n s  of  dynamic e l a s t i c  modulus a n d  dynamic   s t r eng th  d e p e n d  
o n - v a r i o u s   f i c t o r s  ore 

INTRODUCTION 

p r e s e n t e d .  

'The r e s e a r c l t  on dynamic e l ~ s t i c  modulus  and 
d y n a m i c   s t r e n g t h  i s  e n  i m p o r t a n t  c o n t e n t  of t h e  
rnochenics of  frozen s o i l .   V i n s o n  (1983) h a d  
i n i t i a l l y   d o n e   t h e  work a n d  p o i n t e d   o u t   t h a t  
dynamic p l a s t i c  modulus   i nc reeaes   w i th   descend-  

c r e a s i q g   s t r a i n  a m p l i t u d e .  In  order  t o  f u r t h e r  
i n &  t e m p e r a t u r e ,  i n c r e a s i n g  f r e q u e n c y  and de-  

s t u d y  t h e  bas i c   l aw  of dynmmics o f  f r o z e n   s o i l ,  
a s e r i e s  sf un iex ia l   c -ompress ive   dynamic  tests 
were  conducted on s a t u r a t e d  f r o z e n  s i l t  (Lanzhou 
loess) a t  c o n s t a n t   d y n a m i c   l o a d i n g   p a r a m e t e r s  
(maximum s t r e s s ,  minimum s t r e s s  a n d  f r e q u e n c y )  
~ n t l  c n n s t a n t   t e i p e r a t u r e s .  The t e s t   t e m p e r a t u r e  

were SN,, 1fIz and O.lHzl r e s p e c t i v e l y .  
were - 1 O " C ,  -5 'C antl  -2°C. T h e  t e s t   f r e q u e n c i e s  

TEST HETHOD 

The t e s t  specimens  were made o f  s i l t  (Lanzhou 

1.67 g/cm' and a w a t e r   c o n t e n t  o f  2 7 %  were  6 .18 
l o e s s ) .  The  specimens  with a dry  d e n s i t y  o f  

cm i n  d iame te r   and  15 cm l o n g .   B e f o r e  l o a d e d ,  
t h e   s p e c i m e n s   w e r e   a t  a c o n s t a n t   t e m p e r a t u r e  f o r  
24 hours .   Load ing  a n d  c o l l e c t i n g   d a t a  were a u t o -  
m a t i c a l l y  done b y  means o f  a s e r i e s  o f  d e v i c e s  
made b y  MTS Company. F i g u r e  1 showa the v a r i a -  
t i o n  oF d y n a m i c   5 t r e s s   w i t h  s e r a i n  ( t e s t  c o n d i -  

1 . 7 8 6  MPa) . t i o n s :  T=-5"C, f=5Hz, amin=0+272 MPa, and Umax" 

modulus i s  c a l c u l a t e d  b y  
Tn R c y c l e  o f  v j . b r a t i o n   t h e  dynamic. e l a s t i c  

0 2 - 0 1  E = -  
E2-El 

where E 2  and E l  a r e   t h e  maximum and m i n i m u m  
s t r a i n s  d u r i n g  t h e  u n l o a d i n g   p r o c e s s  i n  a c y c l e  
o f  vihrstion, and 0, and 5 ,  a r e  t h e  s t r e s s e s  i n  
MI'II c o r r e s p o n d i n g   t o  E *  and c l  ( s e e  Fig.2). 
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Figu.re 2 ,  Dynamic s t r e s s  v s .  s t  
c y c l e  o f  v i b r a t i o n  

:12 

s t r a i n  



KEsuI,*rs A N D  DISCUSSION L 
Dynamic Elastic M o d u l u s  

e n c e  o f  v a r i o u s  f a c t o r s  o n  dynamic e l a s t i c  morlu- 
I u s  is a n a l y z e d  a s  f o l l o w s ,  

I n E l u e n c e  o f  maximurn s t r e s s  

of maximum s t r e s s  o n  dynamic e l a s t i c   m o d u l u s  i s  
n e ~ l i h i b l e  i n  t h e   c o n d i t i o n  t h a t  t h e  minimum 
s t r e s s  is c l o s e  t o  zero. 

Based o n  a l a r g e .  number o f  t e s t e ,   t h e   i n f l u -  

Fj.8ut-e 3 a n d  F i g u r e  4 s h o w  t h a t  t h e  i n f l u e n c e  

-1 

04 
X I  

F i g u r e  7 .  D y n n m i c  e l a s t i c  m o d u l u s  Y S .  s t r a i n  
u n d e r   d i f f e r e n t  maximum s t r e s s  

0 -  0.088-0.679 MPa 
Y - 0 . 1 0 7 - 0 . ~ 4  
+ - 0.051-1.259 

F i g u r e  4 .  Dynamic c l a s t i c  m o d u l u s  v s .  s t r a t '  

- 0.076-2.218 MPa 
u n d e r  d i f f e r e n t  nlaximum s t r e s s  

r - 0.145-4.711 
+ - 0 . 1 5 7 - 6 . 1 . 0 6  " ' 

T n f l u e n c e  o €  strain 
'I'hc relationship between dynamic e l a s t i c  

modulus nnr l  s t ~ r a i n  i s  shown 1.11 F i g u r e  5 .  I t  is 
n o t e d  t h a t  rlynnmic e l a s t i c .  modulus d e c r e a s e s  
1i .net l t ly  wirh increasing s t r a i n .  The d e c r e n s o  

The l o w e r  the  temperC3ture is, t h e  g r e a t e r  t h e  
t a t  io depends  un t h e   t e m p e r a t u r e  of  f r o z e n  s o i l .  

i l ccrease  ratio i s  ( s e e  Fig.8 a n d  F i g . 9 ) .  

I n i l u e n c e  o f  f r e q u e l 9  

increases l o g a r i t h m i c a l l y  w i t h  i n c r e a s i n g  
I r c q u r n r  y .  

TnTluencc o f  c e m p e r a t u r e  
D y n a m i c  e l . a s t i c  modulus i . n c r e a s e s  w i t h  de- 

scending t e m p e r a t u r e .  The i n c r e a s e  r a t i o  Is f r o m  

F i g u r e  6 shows t h e  d y n a m i c  e 1 a s t i . r  m o d u l u s  

z 
IJ 

"A 
0 
m 
c 
>. 
9 
el 

F i g u r e  5 .  

L- 
O 4 8 1 2  16 20 

E ,straIn(X) 

n y n a m i c  e l a s t i c  modu1.11a v s .  s t r a i n  

- l o O c  

Fi.gure 6 .  Dynamic c l a s t i c  modulus v s .  f r e q u e n c y  

T , T e m p e r a t u r c ( ' C )  

K e R r e s s i o n  e q u a t i o n  

a n a l y z e d   t e s t - d o t a  a s  r a l l o w s :  
T h e  r e g r e s s i o n   e q u a t i o n  was p u t  fo rward  h y  

I? = A + B * l n ( f )  + ,C*E (1) 

where ,  E j s  dynamic e l a s t i c  modulus (Ml'a), f is 
f r e q u e n c y  (Hz), E is s t r a i n  ( X ) ,  and A ,  B and C 
a r e   p a r a m e t e r s   d e p e n d i n g  an t e m p e r a k u r e   ( s e e  
'Pahle l), 

F i g u r e  8 ,  P i g u r e  9 a n d  F i g u r e  10 show t h a t  
t.he v a l u e s   c a l c u l a t e d  by  e q u a t i o n  ( X )  ( e x p r e s s e d  
i n  t e r m s  o f  I - i n e s )  c o i n c i d e   w i t h   t h e  test v a l u e s  
( e x p r e s s e d  i n :  t e r m s  o €  symbols )  v e r y  w e l l .  
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T a b l e  1. P a r a m c t e r   v a l u e s  i n  equat . ion ( 1 )  

Temperature A E 
( O C )  

Mean square  Regression 
devi.ation  coefficient 

-10 2201.1 45."266 -47.2Gb a4 0.965 
- 5 1359.9 229.212 -22.101 46 0.980 
- 2  181.0 80,865 -8.292 58 0.89 

F. ,  s t r a i n ( % )  

r.'i.gure 8. Dynamic e l a s t i c  modufus v s .  s t r a i n  

; I  a 

- Dynamic S t r e n g t h  
Because o f  t h e   c r e e p   p r o p e r t y  

a coneten t   dynamic  I.oed  const tan^ 
c o n s t a n t  m i n i m u m  s t r e s s  a l ld  cons' 
may a l s o  c a u s e   t h e   f a i l u r e  o f  f r l  
c o n s i d e r e d  t h a t   t h e   c r e e p  f a i l u r l  
t h e  c r e e p  r a t e  r e a c h e s  its m i n i m 1  
t i m e  t o  t h e  m i n i m u m  r a t e  i s  t l e f i ~  

f a i l u r c  s t r e n g t h  ( o f ) .  The i n f l u  
I a c t o r s  on  f a i l u r e  s t r e n g t , h  a r c  
f nllows. 

u r e   t i m e   ( t f ) .  The maximum ~ t r e s  

Inf.Luence o f  m i n i m u m  s t r e s s  
A l a r g e  number o f  t e s t  r e s u l t  

i n f l u e n c e  of  m i n i m u m  s t r e s s  o n  f 
u l c  it! s l i g h t  (see Fig.ll), t h e r  
crlce i s  n e g l i g i b l e .  

\ 

t 

+I 

0 0  1 2 3 4  

F i g u r e  12. S t r e n g t h  V R .  f 
L = 1 MFa 
-1aoc --- 
-501: = - 
- 2 ° C  _ " *  

I n f l u e n c e  o f  f r e q u e n c y  
A c c o r d i n g   t o  the resonant. thet 

f r e q u e n c y  i s  e q u a l  t o  t h e   i n h e r e l  
t h e   s p e c i m e n ,   t h e   r e s o n a n c e   h a p p ~  
specimen is broken  very easily. ' 

resonatlce c a n  be r e f l e c t e d  i n  t h t  
t i o n s h i p   b e t w e e n   s t r e n g t h  a n d  f r c  

d e f i n e d  a s  r e s o n a n t   f r e q u e n c y   i s  
. i s ,  t h e  s t r e n g t h   c o r r e s p o n d i n g  tc 

s h o w s  t h a t  i n  t h e  f r e q u e n c y  o f  2 ,  
is at :  a m i n i m u m  when the   t empera t  

N f  f r o z e n  s o i l . ,  
maximum s t r e s s ,  
n t  f r e q u e n c y )  
e n  soil. I t  i s  

I v a l u e .  The 
o c c u r s  w h e n  

, d  a s  t h e  f a i l -  
i s   t h e   c r e e p  

Ices of  v a r i o u s  
1 o l y c e d  a s  

show t h n  
) Z e n  soil 
' o r @  t h e  

t t h e  
f a i l -  

i n f   l u -  

L 

'12 

. U F C  t ime 

y ,  when dynamic 
f r e q u e n c y  of 

s ,  so t h n t  the 
F p r o p e r t y  u f  
c u r v e  of  r e l a -  
u c n c y ,   t h a t  
t h e  f requcncy  
inimum. Fig.12 
Hz t h c   s t r e n g t h  
r e  o f  t-he 
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specimen is - 2 ° C .  Recause of a few  number o f  
Crcquencies (5112, Illz a n d  O . I . H z ) ,  r e s o n a n t  p r o -  
p e r t y  i s  n o t  r e f l e c t e d  i n  t h e   c u r v e s  o f  -5°C 
a o I I  - I  O'C. 

I n f l u e n c e  o f  t e m p e r a t u r e  

wi th   descend inn   t empera tu re  i n  d i f € e r e n t  f r e q u -  
P I1 6 y . 

F i g u r e  13 s h o w s   hat t h e   s t r e n g t h  i n c r e a s p s  

F i g u r e  1 3 .  S t r e n g t h  v s .  t e m p e r a t u r e  
t = l .  MPa 
O.1Hz - * - a  

I H Z  - 
5112 "" 

Figure. 1 4 .  S t r e n g t h  v s .  failure t i m e ( f - 5 H z )  
f=5Hz 
- 1 ~ " C = - - - ( 9 )  

-5"C"-( T )  
-?or;=-.-(+) 

X e ~ r e s s ~ . o n  I e q u a t i o n  
A l a 1  g c  nunltrer o f  t e s t  d a t a  were   ana lyzrd  

T h e  r e l a t i o n s h i p s  b e t w e e n  c r e e p  s t r e n g t h  a n d  
f a i l u r e   t i m c ,   t e m p e r a L u r t  and  frequency n r e  
g i v e n  by 

T a b l e  2 .  P a r a m e t e r s   v a l u e s   i n   e q u a t i o n  ( 2 )  

Tempera- A 
ture(T) deviation coefficient B c 11 

Mean Regregsion 

-2 0.709 -0.187 0.032 2.740 0.119 0.937 
-5 1 . 3 3 1  0.329 -0,040 4.626 0.308 0.984 
-10 3.770 -0.112 0.010 6.985 0.239 0.99h 

F i g u r e  1 5 .  S t r e n g t h  v 8 .  f a i l u r e  t i m e  
f=IHz 
- 1 O " C = - - - ( .  ) 

-S"C=--(  'r 
. . Z " C = - . - ( + )  

t f ,  T i m e  ( m i n )  

F l g u r e  1 6 .  S ~ r e n g t h  vs. f a i l u r e   t i m e  
f =  .1Hz 
-loot="-( ) 

- 2 " C = - . - ( + )  

CONCLUSIONS 

I t  can  be r o n c l u r l ~ r l  f rom t h i s  s t u d y  t h a t :  
1 .  Dynamic e l a s t i c  modulus i n c r e a s e s  w i t h  

de scend ing   t - emyera tu re  and increasing f r e q u e n c y ,  
a n d  d e c r e a s e s  w i t h  i n c r e a s i n g  s t r a i n ,  The i n f l u -  
e ~ ~ c . e  of m a x i m u m  s t r e s s  nn dynamic. e l a s r  j c  modulus 
i s  n e g l i g i b l e .  

d y n n m i c  e l . a s t i c  m o d u l u s  d e p e n d i n g  on t e m p e r a t u r e ,  
f r e q u c n c y  and s l r a i n .  

3 .  T h e  s t r e n g t h   i n c r e a s e s  w i t h  d e s c e n d i n g  
l e m p p r a t u r c .  T h e  i n f l u e n c e  o f  m i n i m u m  s t r e - 3  o n  
f a i l u r e  o f  f r o z e n   s o i l  i s  n c g l i y i h l e .  

4 ,  T h c  i t l f l u c n c e  u f  dynamic   f r equc~ lcy  o n  t h u  
s t r e n g t h  d e p e n d s  on t h e   i n h e r e n t   f r e q ? l c n c y  of  
t h e  s p e c i m p n .  When r lynamir   f requency is e q u a l  to 
t h e   i n h e r e n t   f r e q u e n c y ,   t h e   s t r e n g t h  i s  nrj-nirnun. 

5 .  Faquation ( 2 )  c a n  b e  u s e d  t o  prc r l i c t   t he  
c r e e p  s t r e n g t h .  

2 .  Equat ion  ( 1 )  r a n  be u s e d   t o   c a l c u l a L e   t h e  
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A NEW PERMAFROST AND GROUND ICE MAP FOR THE NATIONAL ATLAS OF CANADA . ,  :' I' 

J. Alan Heginbottom' and MarieAndrb Dubreui12 

'Geological  Survey of Canada  and 2National Atlas of Canada, 
Energy, Mines  and Resources Canada, Ottawa, Canada 

, .  

A new map of Canada, at a scale of 1:7.S M, illustrating the extent of permafrost and ground ice 
conditions, has been prepared for the fifth edition of the National Atlas of Canada. Physiographic units 
are used as the basic framework for compilation of the geocryological data.  The map shows the 
estimated extent of permafrost, in  five  classes; estimated relative abundance of ground ice in the upper 
1&2Qm  of the ground as percent volume, in four classes; relative abundance of ice  wedges, massive  ice I 

bodies and pingos, in three classes; and, at selected localities, values of permafrost thickness and shallow 
permafrost temperatures. A brief description of the preparation process and a discussion of the  data 
used  in the compilation are included on the map, along with explanations of technical terms and general 
notes on permafrost in Canada. 

INTRODWWQN 

From society's point of  view, the-main difficulty with 
permafrost is not so much the temperature of the ground, 
but the fact that most of the water in the ground exists as 
ice (Ferrians and Hobson, 1973; Weginbottom 1983). 
Throughout the circum-arctic countries, considerable 
resources and effort have been devoted, for many decades, 
to addressing problems of engineering and development 
arising from the extent and variability of ground ice  within 
permafrost. As a further complication, society  today ' 
demands a high degree of protection for the way of life of 
local inhabitants within permafrost regions, and for rhe 
natural environment of frontier areas. Finally, there is the 
threat of global climatic warming in response to 
anthropogenic changes to atmospheric composition. Most 
global climate models not only suggest a generaLwarming of 
the world's atmosphere over the next several decades, but 
also that such warming will first become evident in subarctic 
and low arctic latitudes. This warming is anticipated to: lead 
to a warming of permafrost and a melting af much  shallow 
ground ice which, in turn, will lead to  the release into  the 
atmosphere of large quantities of greenhouse gasses, 
especially methane  and  carbon dioxide. 

Canada is designed to contribute to  the resolution of the 
problems associated with resource development of the per- 
mafrost region of Canada. Information is presented, for the 
first time, on the distribution of ground ice as well as of 
permafrost for the whole country, using a single legend and 
mapping approach. 

This new map of permafrost and  ground ice conditions in 

BACKGROUND 

The compilation of this map built on experience gained 
from the preparation of several other maps: permafrost and 
ground iCP maps of two small areas in the western arctic 
coast of Canada  (Heginbottom, 1989), trial maps at a scale 
of 1: 250,000 (Heginbottom, 1983), and a map of permafrost 
and ground ice conditions of northwestern Canada at a scale 
of 1:1 M (Weginbottom and Radburn, 1991). It is believed 
that this map of northwestern Canada is the first map at a 
'medium' scale (1:l M) for any part of North America to 
show the distribution of ground ice in a systematic manner. 
Previously, North American maps have shown either the 
distribution of specific types of ice bodies, such as pingos 
(Mackay, 1963) or, on a large scale map (1:24K) of the 
Fairbanks area,  the actual distribution of individual ground 
ice  bodies ( P h k  and Bell, 1974). 

The only comparable map from the  former Soviet Union 
is a "Map of the cryological regions of the West Siberian 
Plain" (Baulin, ed.. 1982), which shows the ice content of the 
ground as 'high' or ' low'  in relation to  the age, texture and 
peat cover of surficial  geology map units. An inset map 
shows the distribution of ice wedges and  three categories or 
ground ice for the same region. Other Russian maps show 
either the typical distribution of selected ground ice features, 
such as ice wedges or massive  ice (Melnikov, 1966), ar 
details of the cryotexture of the ground (Popov et al. 1985, 
1990) but give no data on the quantity of ground ice. Recent 
medium scale Chinese maps (Tong et al., 1982; Shi and Mi, 
1988) include little or no data on ground ice. 



PRIPJCIPLES OF COMFIT AmON 
The permafrost region of Canada encompasses some 

5,000,000 km2, within a country of some 1O,OOO,OOO km2* A 
major problem in the compilation of maps of complex natu- 
ral phenomena over such large areas is variations in the 
level and accuracy o f  the source information available. In, 
the case of permafrtist,' the variations rclate both to dispar- 
ities in the level of research effort from region to region, 
and to variations in the environmental and geological factors 
that control the distribution and attributes of permafrost. 

The Mackenzie Valley and  Delta and the Tuktoyaktuk 
Coastlands of northwestern Canada  are geocryologically the 
best known part of the country, with research in this area 
dating back nearly 50 yebs. ' B y  contrast, the geocryology of 
parts of the  eastkeiitml arctic, such as the Foxe Basin area 
and scctions of the Canadian Shield,' is known in only the 
most general way: 'Unlike the M a k n k i e  and Tuktoyaktuk 
regions, these areas are difficult of access,  commonly  have 
limited or poor  natural exposures, and have  not been of 
interest for resource development. ' 

In view of the datively Small scale of the map (1:7.5 M) 
and the large area to be covered, the present compilation is  
based on a framework of physiographic units. The "Physio- 
graphic Regions of Canada" map (Bostock, 1970a) was 
selected as the base map for the compilation. This is the 
only physiographic map covering the whole of Canada at a 
suitable scale and level of detail, and compiled in a rea- 
sonably colisistent manner. While better maps exist for parts 
of Canada,  none are available for northern, central and 
eastern Canada. For our purposes, it was assumed that the 
variability in all geological conditions within a physiographic 
map unit was less than the variability between adjacent 
units. This assumption was modified with regard to the 
distribution of permafrost within some of Bostock's larger 
units. For instance, the Kazan Upland unit, coywing north- 
ern Manitoba,  northern  Saskatchtwan  and  southeastern 
Northwest TerrjtoGes,, &ends from the continuous perma- 
frost zone in the'nodeast  lo the Southern limit of the 
sporadic discontinuous permafrost zone h the southwest. In 
this case, the map unit has been subdivided into  the various 
permafrost zones; these interdated boundaries are specified 
on  the map as being 'gradational' in nature. The wme pro- 
cedure was followed for a number of other mapunits in the 
southwestern and  southern parts of the Canadian Shield. 
Again for the purposes of the map, some units were com- 
bined, particularly in the non-permafrost region. Hence, 
from the original.141 units derived from Bostock's map, a 
final set of 171 thematic map units was 'created. 

All p-ertinent and readily available data related to perma- 
frog and grbund ice distebution were assembled in a corn: 
put& "ta base.'Information on geologial' and environ- 
mental factors known to control the'distribution of perma- 
frost and  the. occurrence of ground ice was also included. 
The data were orgehsed in direct relation to t h e  physio- 
graphic map units. 

the  source  data, particularly in the case of ground ice 
This rigorous procedure highlighted a numba of gaps in 
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extrapolating from the known to the u 
'predicting' permafrost and ground i ce 
with limited field data. 

bodies of ground ice: pingos, ice wedge 
massive  ice. Note that no distinction is 

Permafrost Extent 



Ground  Temmrature 
Values of mean annual ground temperature (MAGT) 

observed in the upper 15m of the groung, are shown for 
about 75 selected localities across northern  and central 
Canada. These data are drawn from a more extensive data 
set held at the  Geologial Survey of Canada (Taylor et al., 
1982; Young, 1985; Young and Judge, 1985, 1986). The 
localities selected were chosen so as to present a general 
picture of the distribution of ground  temperatures across 
Canada. In cases where a number of MAGT determinations 
within a small area show a range of temperature conditions, 
this,is indicated by quoting the actual range of temperature 
values. 

In addition, isotherms of MAGT are shown on a small 
Kale (1:30 M) inset map. The location of the  data  points is 
also indicated on the inset, but the actual temperature 
values are quoted only on the main map. A 5'C isotherm 
interval, from +5OC to -15OC, has been used, with supple- 
mentary isotherms at +2OC and -Z°C. In plotting rhe iso- 
therms, maps of the distribution of mean annual air tem- 
perature (Atmospheric Environment Service, 1984) were 
used to guide the  trend of the isotherms in areas of sparse 
data, such as rhe coastal zones of Baffin island and 
Labrador. 

Permafrost Thickness 
The thickness of permafrost is provided for some 75 

localities in northern  Canada (Figure 1). These  data are also 
drawn from a data set held at  the Geological Survey of 
Canada (Taylor et al. 1982). The most precise data, shown 
by a point symbol labled with a thickness value (in metres), 
are for sites where the thickness has been determined by 
interpolation between temperature measurements in stable, 
long established boreholes that penetrate through the per- 
mafrost body. Where the thickness of permafrost has been 
derived by downward extrapolation from a borehole that 
does not penetrate through the permafrost body,  from a 
calculated equilibrium temperature profile, or from the 
depth of a diagnostic 'kick' on a geophysical log, the  depth 
vake appears in parentheses. At a few localities, where  the 
data are insufficient for extrapolation or the calculation of 
an equilibrium temperature profile, the thickness of perrna- 
frost is indicated as being greater  than the stated value. A 
separate symbol is used for the thickness of permafrost 
beneath the continental shelf of the Beaufort Sea, as this 
body of permafrost is a relic from the periods of low sea 
b e l  that occurred during the Quaternary glacial  maxima. 

Ground Temperature Profiles 
Representative ground  temperature profiles for eigh 

'selected sites are presented as an  inset diagram. Thew 
profiles complement the point data on pcirnafrqst tempera-, 
ture and thickness depicted on the main and inset  maps. 

Levend, Nares  and Sources 

scheme and the symbols are given in the map legend 
(Table 2). f i e  digital base map w a s  developed by the 
National Atlas Information Service, and  the general design 

The explanation of the conventions of the map, the colour 
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and overall layout of the map  (Figure 2) follow the 
standards of the National Atlas of Canada. As well, the map 
includes a brief description af ' the general nature and 
characteristics of permafrost and ground ice in Canada and 
a summary of the compilation methodology. The text 
provides explanations of the technical terminology used on 
the map, so as KO make this  National Atlas sheet more 
accessible to non-specialist users. The principle sources 
relied on ,in the compilation of the map are lisred. 

REGIONAL, DISIRIBUTIQN AND CHARACTERISIICS 
OF PERMAFROST AND GROUND ICE IN CANADA 

The map illustrates how the regional distribution of per- 
mafrost and the nature and extent of ground  ice within the 
permafrost region of Canada vary not only with latitude and 
altitude, but also in response to variations  in climate, top- 
ography, bedrock geology, and surficial geology. The 
Quaternary history of Canada, with alternating episodes of 
glaciation and deglaciation, and phases of marine and lacust- 
rine submergence and  emergence of the land, also had a 
significant effect on the nature and  distribution of both 
permafrost and ground ice. Seven distinct regions can be 
recognized from the patterns  appearing on the National 
Atlas sheet, 

The map indicates that permafrost is continuous in the 
Western Arctic, with temperatures between -3 and -13'C 
and a thickness of 100 to > W m .  Ground ice  is widespread 
and extensive, with  massive-ice cored  landforms common. 
Some  ground ice is deformed, apparently by glacial thrust- 
ing, and is presumed to be  prelast-glacial in age  (Rampton 
and Madray, 1971). Pore and segregation ice are common, , 
ice wedges are very common, reticulate vein ice is common 
and pingos are locally very common. This is the most ' 

researched area of permafrost in Canada. 
In the Queen Elizabeth Islands, permafrost is continuous 

and very cold, with temperatures of -111 to -20%. Thickness 
ranges from -=300m near the coasts to > 6 o m  in the 
interiors of the islands. The occurrence of ground ice is 
highly variable with strong geological controls. Ice wedges 
are locally common, pingos arc rare, segregated ice occurs in 
bedrock and massive ice is locally  very significant, some of 
which is known to be buried surface ice, probably of Wisco- 
nsinan age (Lorrain and Demeur, 1985). 

Permafrost conditions of the Eastern Arctic and Canadian 
Shield are not well known. Permafrost is continuous in the 
north, with temperatures between -2 and -1ZoC, and discon- 
tinuous in  the south. with temperatures of 0 to -f'C. 
Thicknesses of 400 to 500m have been determined  for local- 
ities in central Kecwatin, northern Ungava and the Baffin 
region (Taylor e1 a]., 1982). Ground ice occurrences are of 
limited extent except in peatlands; some ground ice has bccn 
rcported in bedrock locally. 

There  are two basins within the Canadian Shield with  very 
different geological conditions from  the Shield itself. I n  Foxe 
Basin, permafrost is continuous, with a temperature of about 
-9OC; grpund ice conditions are poorly known. In  the 
Hudson Bay Lowlands, permafrost is discontinuous (exten- 
sive to isolated patches) and shallow, with temperatures of 
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Figure 1. Atlas  map  summary legend. 

0 to -2OC. Ground ice is extensive in peatlands, occurring as 
ice wedges and as thick ice lenses at the base of the peat 
cover. 

Plains are relatively well known. Permafrost distribution 
ranges from extensive in the north to isolated patches in the 
south. Permafrost temperature and thickness range from 0 
to -S°C and from  near 0 to abour 150m, respectively. Ground 
ice is extensive in fine grained soils and peatlands. Reticulatc 
vein ice is common, pingos are rare in the north and absent 
elsewhere in the region, ice wedges occur but are generally 

Permafrost conditions in the Mackenzie Valley and Interior 

occurrence. 
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Figure 2: Atlas map layout: A = Ground temperature 
profiles; B = Inset map of ground  temperature 
isotherms; C = Title  blodr, D = Notes; E Legend; 
F = Principle sources. 

., , 

' Subsea permafrost beneath the Beaufort Sea Continental 
Shelf of the Western Arctic has a thickness of 400 to 800m 
and temperatures of 0 to'-2'C. Ground ice generally occurs 
as crystals ,and lenses; some ice bodies, in the fsrm of  massive 
ice and truncated ice wedges, are known from the near-shore 
zone in areas of rapid coastal retreat. 

Isolated outliers of permafrost are also present at panicu- 
larly favourable localities in the non-permafrost region of 
southern Canada, such as  peatlands  near  the  southern limit 
of permafrost and high mountain tops in the Appalachians, 
includmg the Chic-Choc Mountains of Quebec  and in western 
Newfoundland. 

CONCLUSIONS 

In preparing this new map, conclusions were drawn about 
the distribution of permafrost and  ground ice and  on  the 
available permafrost data in Canada. 

Permafrost and Ground Ice Distribution 
The present map differs significantly from earlier atlas 

sheets of permafrost in Canada (Brown, 1967, 1973, 1978). 
First, this map presents  information on the extent and dis- 
tribution of permafrost in relation to landscape units, rather 
than in terms of zonal soil climate (Heginbottom, 1984). The 
major changes in permafrost distribution from that appearing 
on the earlier maps are found in the northern Cordillera and 
the Labrador-Ungava Peninsula. In  the former area, the work 
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of S.A. Harris  has illustrated the effects of mountains on the 
distribution of permafrost (Harris, 1983, 1986). In eastern 

' Canada, work at the  Centre &etudes nordiques, Lava1 Uni- - 

versity, Quebec, has elucidated the relationships between 
, ., .landscape,  Quaternary history and geocryology (AtIard and 
,... . \  ,Seguin, 1987). Secondly, the present  map also shows, for the 

fkt time, information on the distribution and extent of 
ground ice for all of Canada. These data are also presented 
in relatian to  the landscape units. In addition to being pub- 
lished in the National Atlas of Canada, the map will comprise 
the Canadian contribution to the "Circumarctic Map of Per- 
mafrosi and Ground Ice'.conditions" being compiled under 
the aegis of the  Int&natiod Permafrost 
Association. 

&mafrost  Data , 
As has been known for many  years, there is considerable 

variability .in theanoynt,, disrribution and reliability of data 
on permafrost ahd  ground ice in Canada. These variations 
reflect real differencesh geocryological canditions, particu- 
larly in ground ice ?tent 'and diqtribution. They also reflect, 
however, the different. amount of research undertaken in the 
regions of the country,,differences in accessibility, natural 
ekposures, and resource development activity. 
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NEAR-SURFACE SUMMER HEAT-TRANSFER REGIMES AT ADJACENT PERMAFROST AND 
NON-PERHAFR06T SITES IN CENTRAL ALASKA 
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Observations on soil temperature and a surrogate index of so i l  water ion Con- 
centration were collected during late summer from the upper 50 cm of soil at 
two adjacent sites in the discontinuous permafrost zone of central Alaska. One 
site is above permafroet whi?p,tha other, 13 m away in an area of weak ground- 
water discharge, appears  to have no underlying permafrost. At the permafrost 
site, temperatures  at  the sureace o f  the organic mat experienced large diurnal 
variation, but temperature amplitude was strbngly attenuated with  depth. At 
the seep site, pore water saturation is maintained by groundwater seepage, 
which effectively damps temperature variation over time and depth. In late 
summer, infiltration of precipitation is an effective method o f  transporting 
beat t o  the base of the active layer and extending seasonal thaw depth  above 
permafrost, but where  the soil is consistently saturated it has little impact. 

LNTRODUCTION 

The potential for permafrost nascence and 
maintenance in the discontinuous permafrost zone 
is determined by many local factors including 
mean annual temperature, aspect, shading, 
elevation, and physical properties of the soil. 
soil properties exert a particularly important 
influence on  the distribution of permafrost in 
the discontinuous zone. The oft-cited insulating 
effect of an organic mat with low thermal 
conductivity is considered crucial for the 
development and maintenance of permafrost bodies 
near their southern margins; peat-covered palsas 
provide an excellent example (Nelson 1986). 
Conversely, owing to the large heat content and 
thermal inertia of large water ma6SeB, 
permafrost is usually absent beneath streams and 
standing bodies of water in such regions. 

In the  discontinuous permafrost zone, 
temperatures below the annual damping depth 
remain near the freezing point for the ice-soil 
solution system. The growth of a moss mat, for 
example, favors permafrost aggradation since 
relatively dry, porous material inhibits summer 
heat transfer by conductive and nonconductive 
mechanisms. conversely, ponded or flowing water 
mitigates against permafrost growth OF ~ 

maintenance. Frozen and unfrozen materials can 
coexist proximally below the surface, but 
equilibrium conditione can change over time and 
space. Alteration8 in the ground cwver or 
surface drainage patterns strongly impact the 
evolution of the subsurface thermal regime, and 
have important ramifications for complete 
understanding of permafrost distribution: This 
paper reports  results from a high-frequency, 
small-scale program of soil temperature and soil 
water ionic concentration measurements at two 
proximal but dissimilar sites in an area of 
discontinuous permafrost near Fairbanks, Alaska, 
discusses the impact oE soil physical properties 
on heat transfer and utilization at the 
micrometeorological scale, and relates them to 

the  presence/absance of perhafrost. 

SITE &€D -ATION 

Creeks Research Watershed (65O 10' N. 147' 30' 
W), is approximately 50 km north of Fairbanks, 
Alaska, in the Yukon-Tanana Upland physiographic 
province (Wahrhaftig 1965), and  is well within 
the  discontinuous permafrost zone (Ferrians 
1965). Haugen et al. (1982) reported a mean 
annual air  temperature of -3.8 C at a nearby 
location for the period 1975-79, 

Two instrumented sites, separated by a 
distance of about 13 m, were established on a 
south-facing slope (4O) at an altitude of about 
250 m. The first, situated over a body of 
permafrost encountered at a depth of 47 cm by 
probing in early August, is hereafter referred 
to as the PF site. Vegetation  cover is composed 
o f  sparse black spruce, shrubs, and a thick (27 
c m )  organic mat of sphagnum moss. A layer of 
mixed silt and partially decomposed moss extends 
from 27-41 cm, and is underlain by a silt loam 
of colluvial origin  (Rieger et al. 1972). The 
second site is located in a water-saturated zone 
of weak groundwater discharge, and is referred 
to as the SEEP site. Probing to a depth of 2.0 m 
in the immediate area revealed no permafrost 
bodies. Cotton grass is the prevalent species; 
trees and mosses are absent. A -thin (1.0 cm) 
mixed organic-silt layer grades sharply downward 
into a colluvial silt loam. Situated near the 
center of a  shallow valley and lacking 
channelized flow, discharge from the  subsurface 
may be derived from ascending springs (see 
Lawson et  al. 1991). The vegetation differences 
between these sites  suggest that contrasting 
hydrological and thermal  conditions have 
persisted for an appreciable period. 

The data acquisition systems, identical at 
the.two sites, are built around 19-channel 
Squirrel 1204 data loggers, with a resolution o f  
5 ohms over a  range of 0-20,000 ohms. Yellow -' 

' . ,  

The study area, located in the caribou-Poker 



. .  

Springs thermistors ( # 4 4 0 2 0 )  were employed. The 
system has a precision of 0.02 'C at 5*C, which 
increases to O.OIoC at -1O'C. Thermistors were 
repeatedly calibrated in an ice 5 h 5 h  bath prior 
to installation. Ea& l'dCj+"'iS connected to 
eight thermistors encased in stainless steel 
tubes (40 mm x 6 mm OD) .  An additional eight 
channels are each connected to a coated copper 
wire, the stripped end of which was wrapped 
tightly around each thermistor casing. 

was dug to a depth of 0.55 m. Care was taken to 
remove the organic mat and soil as -an intact 
block and-to rapidly returw'exhumed material to 
its original  sequence, although some thermal and 
mechanical disruption was inevitable. Probas 
were inserted  horieoptally, into the pit wall, 
beginning at a depth a t 1  am, and separated 
vertically by 7..cm. A copper ground spike, 
separated from the probe stack by a horizontal 
distance o f  0 . 4 0  m, was drivemint0 the soil to 
a depth of about two meters. Two atrippad copper 
wires, one connected to  the data Logger,and.one 
soldered to the  ground"spike, were ($mmsrsqa in a 
non-precipitating, electiolytic recerence 
solution. The data Lagger,.and reference,solution 
are housed in an instrument shelter. , 

Electric potential measurements, made between 
each probe wire and the ground spike reference 
salution, are used ta derive the "C-Index,  1' a 
relative measure o f  the soil water ionic 
concentration  (Outcalt et a1. 1989; 1990). 
Evaporation, the penetration of a freezing front 
toward the  probe level, or advection of a 
rclatively ion-rich solution, are reflected as 
increqses in the c-index (outcal t  and Gray 1988; 
Outcalt and Hinkel 1989; 1990; Gray and Outcalt 
1990),, Conversely, soil water dilution induced 
by pPecipitation, soil water advection, or 
condensation at the probe level will reduce the 
C-index (Outcalt and Hinkel,1990; Outcalt et al. 

To install the probes, a square (0.4 rn) pit 

1990). 

5.0 4 

Figure 1. Hourly thermal and C-index records for 
the period 13-20 August 1991, beginning at 1200 
hours, €or adjacent sites. Only alternate probe 
levels are plotted. Line symbols every 12 hours. 



temperatures recorded for each probe from the 
first four days of the time series. This daily 
tempetatura amplitude (one-half the t-rature 
range) is plotted on the y-axis in Figure z 
against the "daily temperature ratio," defined 
as the daily temperature amplitude at the 
individual probe divided by the daily 
temperature  amplitude at the 1-cm level. The 
daily temperature  ratio decreases with depkh, 

described in Sellers (1965; p. 136). Although 
and resembles the temperature amplitude ratio 

inter-site patterns  appear similar, the sca1.e of 
the y-axes differ by nearly an order of 
magnitude. The insulating efficiency of the 
organic mat at the PF site is apparent, while 
the modulating influence of water-filled pores 
at the saturated SEEP site is pronounced. The 
SEER site is more exposed and thubr receives a 
greater solar  radiation load. Additionally, 
saturated soil has a greater thermal 
conductivity than i t s  desiccated equivalent. 
However, it appears that a greater proportion of 
the surface  radiation flux is expended on 
evaporating and warming near-surface pore water. 
Continual replenishment of this water by 
groundwater seepage may also limit large 
temperature variations. 
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Figure 2 .  Daily temperature amplitudh for 
probe level plotted against the "daily 
temperature ratio" at (a) SEEP and (b)' PF 
for the  first four days o f  record. Note 
differences in scale of y-axes. 
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During the first two. weeks of August, the 
frost table remained,at a depth of about 47 CIR. 
Temperatures near the base- of the active layer 
were approximately constant, indicating 'that the 
lowest probe was near the diurnal thermal 
damping depth. During the first 4.5 day8 of' 
record, the mean daily air temperature at the 
INF met station was about l l ° C ,  with an average 
daily variation of  9OC. Over the same period, 
the bemperature at the 50-cm level  COB^ 
gradually from -0 ,06°C to -0. 03OC; rarming at a 
constant rate of about 0.~iO7~C day- . 

Late  summer  thickening of the active layer 
below the insulating organic mat occirrrrd  dur'ing 
an intense precipitation event in the fifth ':.' 
diurnal cycle (71 mm over a 24-hr  petiod 
beginning around TI 101). A i r  temperature at the 
INF met station remained fairly constant at 
about 4'C throughout the event. Assuming the i ' :  I 

rain has a similar temperature,..infiltration 
would cause surface cooling and..concurrent 
warming at the base of  ,the active layer. A t  the 
PF site, infiltration produced dEamatic , ,  

temporary warming at the  22-cm-level (spike in , '  
Figure IC) and more gradual warming atmdeeper 
levels. A t  depth, and especially within the 
mixed organic-silt substrate below 27 cm, the 

temperature at all Levels. Although not readily 
impact is discernible as a gradual increase in 

detectable at the  scale of Figure 1, the 
temperature at the lowest probe (50 cm) rose 
abave freezing, reflecting thaw st the base of 
the active layer enhanced by an influx of 
relatively warm water from above. Over a 1.5-day 
period, the temperature at 50 cm rose from about 
-0.03OC to 0. OB C, warming at a  rate o f  0 .06 -C  
day-'. Despite the lower air temperature (and 
thus  thermal gradient), this warming rate 
exce.eded that existinq durins  the previous 
precipitation-free period by nearly an order of 
magnitude; it does not, however, account for the 
additional anergy required to make  the 
solid-liquid phase  transition (0.334 MJ kg"). 

With4.n the organic mat. soil water ion 

, ,  

concentration exhibited precipitation-induced 
perturbations. Infiltration at the PF site 
initially increased the C-index at the 8-cm 
level, probably owing to the downward fluehing 
of  soluble  salts precipitated near the surface 
during periods of evaporation. By TI 120 ion 
gradients are largely destroyed within the 
active layer, but are slowly re-established as 
clear sky conditions and surface evaporation 
resumed neax the end of record. The impact of 
infiltration on the soil water ionic 
concentration, as measured by the C-index,  is 
minimal at the PF site below the organic mat. 
This may be attributable to  the relatively low 
hydraulic conductivity of the substrate, or to 
the presence of! significant pore water prior to 
the onset of precipitation. 

Although the temperature field was disrupted 
by the precipitation event, the ionic 
concentration f i e l d  et the SEEP s i t e  remained 
largely unaffected (Figure lb), However, 30 
hours after the event, the C-index at the upper 
probe levels increased nearly an order of 
magnitude. fell gradually back to 'loriginall' 
values Over a 24-hour period, then increased 
sharply by  about: €our  orders of  magnitude. Since 

surface  temperature  wave, they may have resulted 

into the SEEP area. A system of north-sduth 
trending bedrock fractures  has been identified 

each these ascsnsiiarin are not in phase with the 

sites from the delayed impact o f  groundwater discharge 

263 



t e n t a t i v e l y  as subsurface  groundwater  conduits 
(Lawson et a l .  1 9 9 1 ) .  Fed ,b{   p rgc ip i t a t ion  a t  , 
h ighe r ,   e l eva t ions ,  groundwa er rdemergep . in to  ' 
weatiikred ' b k d d c k  Or".eO? luvium.,. ' Since  the, SkW, , 
s i t e  . o<c+ ies . a  north-south +$irb$siwn; 
grd&@4qeF,r emergenee may ' e x p l a i n   . t h e   , o b s e r v e d  : . 
time ah8 .+ index   pa t t e rn .  

' 

Th? ,period during,   and  imrhediateiy  , f ,a l lowini  '.' 
t he   , , r q inPa l? :   even t   , p rov ides  an opportu'nity :to 
exam'i'rie, $hb hvlrothergal {mgact o f ,  { n f i l t r a t i n g  
watLr!'on' the ' a c t i v e   l a y e r .   S i n c e   h e  .effect was 
c o n c e n t r a t e d  , i n  'the' organic   mat ,  &e !f o,llowinq 
d i s c u s s i o n   c & n t e r q  on the   uppe r  )foyr, .probes , , 

(1-22 cmj 1 Figure 3 'shows hqurly  : t ,emper.ature,  
p rec ip i ta t ioq ,   and   t - index ,mea ,suf ,emgnts  fo r .  t h e  

PP site: .The   pfo longgd  , rb infa11   event  begpn 
24-hairr perlo$ beg inn ing ,  nqon Au9us.t ,17 . p t ,  t h e  

around T I  10, t  (1706 hourg; P an   F igure  3 ) . ,  
Nocturnal, cooli,$g ,had ' , a l ready ' ,begdn at the , 

swrfade of t h e  organiq mat, altfi?ugh . t i j  , :: ,; ' 

t e m p e r @ t u , h s  were e t i l l  r i s i n g .  within,! the 
organic meit,',' Ra infVl l   in tens , i ty   peaked   a round,  T I  
104 (kg, &I)', :after .whicki ,temper.a$ures a t ,  t h e  1- 
and e-&' l p V e ~ s : s w e r e  nea r ly   equ ivsagn t .  From T I  , 
104-11i3, t e m p d r a t u i e '  a , t  the up$$'x two. probes I 

decrearpd a t  the s h e  r a t e .  A i r  . t@mpqa tu rp  ~- 
remained  near  ' d o c  t h r o y h o u t  the- pr ,e :y ip i ta t ion  
even t  ,. - ". 

. . ,  

. ,  

I ' , .  , . ,,*' 

Figure 3. ( a )  Tempareturelprecipitafion (m)' 'and' 
( b )  C-index vakuaM for upper  four  pre.b,es ,at t h e  
PF site fo r   t he"24-hour   pe r iod  beginGi'qq af, n o m  
August 3.7, (PI A' p r e c i p i t a t i a n   e v e n t ,  c,xrcled , 
numbers i n d i c a t e   s t a g e s .   r e f e r e n c e d  in,, tex t ,  

2 6 4  

Precio i t a t ion   beaan   a round   T I1101  as a 
drizzle; * The .C-ind& at, a l l  pkob 
unqrrwent 'gn  immkdiate r e d u c t i b n  

evapora t ion  as the!sky became ov 
mm,oc<sedn 4s u n l i k e l y  t o  affeGt 
column  and no the rma l  effect: was 
depth.  Around  TI 104  (14 m m ) ,  t h  
uppe r&wo,p robes   i nc reased  i n  f e  
downwar@.flushing of i o n s  from t 
t hey  had been d e p o s i t e d  during t 
evapora t i ,ve  regime. T h i d   e f f e c t  
recorded at the 15-cm l e v e l   a f t e  
f a c i l i t a t e   f u r t h e r   d i s c u s s i o n ,  t 
were d e l i n e a t e d   a n d  are r s f e r e n c  

thermal, impact of ' the i n f i l t r a t i  
STAGE 1: -Near,: the base  of t h e  

registered, unt i l  TI 106.: :The 22- 
r educ t ion  i n  the.   C-index, from t 
h igh   p ra - r a in   va lue  sf 3.00,  t o -  
d i l u t i o n  by i n f i l t r a t i n 9 , w a t e r  a 
r e su l t ed   i n   un i fo rm,C-kndex   va lu  
lowsrmost, give probes:. ( I  

STAGE 2: , .As p r e c i p i t a b i o n  con 
o f  t h e  organic mat progreseed  up 
frost t a b l e .  By TI 109-~110, risi 
r e a c h e d   t h e  15-cm level and t h e  
r a p i d l y  86 t h e   p r o b e  came i n t o  c 
d i lu t e   wa te r .   The   impac t   o f  soil 
also be seen i n   t h e   t e m p e r a t u r e  
15-cm probe;  between  TI 109-110 
dropped  rapidly  and  approached t 
probe l e v e l .  The  temperature  a t  
about 4'C, which approx ima tes   t h f  
t e m p e r a t u r e   d u r i n g   t h e   p r e c i p i t a  

STAGE 3 :  By T I  114-115, a rap 
the   C- index   and   the   t empera ture  
s a t u r a t e d   c o n d i t i o n s  had progrea  
l e v e l .  By TI  117, b o t h   t h e  tempe 
C-index a t   t h e  8 - ,  15-, and 22-c 
t h e  deeper probes) were n e a r l y  u 
thermal   and  'chemical   gradients  h 
d e s t r o y e d .   S h o r t l y   t h e r e a f t e r ,  c 
p r e v e n t e d   s a t u r a t i o n  from extend 
1-cm l e v e l ,   a n d   t h e  soil water  p 
f rost  t a b l e   d r a i n e d   s l o w l y .  The 
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w h - f  reauencv 
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i n f l u e n c e  o f  evaporation. A t  the 
saturated. .   conditi ,on.  effgc$ivel,y 
h e a t   i i u d ,   a n d  daf$$ tpmpera tur t  
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variation. The  vertical  pattern does, however, 
contain  sharp  gradients  and  appears  to  reflect 
complexities  introduced by spring  discharge 
(Figure 4b) 

Advection 
The C-index can also  be used to recognize  the 

hydrothermal  impact of froat  at the surface 

Outcalt et al. 1990). These  effects  are  best 
(Outcalt  and Gray 1988; Outcalt  and  Binkel 1989; 

observed at the PF si te  by plotting the 
temperature  and  C-index  a5  time-apace  fields 
(Outcalt et al. 1990). Figure 5 shows  that soil 
water  ionic  concentrations  are  closely 
correlated  with  temperature  patterns  during the 
day,  when  evaporation  dominates;  gradients  in 
the  temperature  field  are  associated with 
similar  gradients  in  the C-index field.  Shortly 
before  sunrise  on 21 August (TI 2 5 0 ) ,  however, 
air temperature fe l l  to about -7 'C,  and surface 
Erost may have  augmented  vertical  advection by 
increasing the local  soil  water  tension. 

The  frost  event  can be observed as a 
pronounced  "ridge"  centered  near TI 230 in 
Figure sb; relatively  cold,  dilute  water  from 
near the base of  the  active  layer was drawn 
toward the  drier  freezing near-surface  zone. The 
advection event also  perturbed  the  temperature 
field as  the  entire soil column  became  nearly 
isothermal  around TI 234, a pattern not observed 
in the  seven-day  data  set.  Extremely  rapid 
warming  at  the  surface  (Figure  sa, TI 250) after 
sunrise  truncated  the  advection  event and, as 
strong  evaporation  resumed,  the  C-index 
increased  near the surface. At depth,  gradients 
in the  c-index  field  collapsed  with  the 
cessation of advection as ions diffused  down 
local  concentration  gradients. 

1.0 4 

SEEP SITE 
"O 1 PF SlTF 

b I 
. .  

Figure 4. Thermal  and  C-index  records for the 
44-hr period 20-22 August 1991, collected at 
5-minute  intervals  beginning  at 1200 hours. Only 
alternate  probe  levels  are  shown. X-axis labels 
are at 6-hr intervals,  line  symbols  every 2 hrs. 

CONCLUSIONS 

Despite close spatial proximity, soil 
properties  and  groundwater  patterns  maintain 
permafrost  at  one  site  and  prevent it at 
another. A dry  organic  mat above the  permairost 
body experiences  large  temperature  variations  at 
the  surface,  but  effectively  damps  penetration . 
of the  diurnal  temperature wave. Conversely, the 
saturated  medium  in  the  nearby  groundwater  seep 
zone  experiences  little  near-surface thermal 
variation  over time and  depth,  owing to the 
modulating  effect of water-filled pores. 

method of transporting  sensible  heat  to the;,@se 
of the  active  layer  and  deepening  seasonal 'thau 
above  permafrost  bodies.  Intense  rain  epenfs  can 
result in rapid saturation of the active layem, 
significantly  increasing the enthalpy,  Owing to 
limited  infiltration,  precipitation  had  little 
immediate  impact  at  the  saturated  site  although. 
rainfall  may  have  an  indirect  effect by 
subsequently  increasing  discharge  from  springs. 

I: I -  ;. 
The impact of rain  events  on  the  spatial  and^ 
temporal  variability of active  layer  thickness 
needs  further study so as  to  separate  this 
component  from the long-term climate signal. 

Precipitation appears to be an effective , I , 3  

Tcrllpcrnlure Field (C) 

U Ir) 1% 231 312 1w 4hn 5.6 
Time Index 

Figure 5. contour  maps  showing  (a) temper6kur;s 
and.(b)  C-index fields for FF site  usinq &&&" 
data and time scdle as Figure 4: Contour 
intervals are l .O°C and 0.2 C-index  units. 
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The interaction o f  hillelope surface flow and the underlying r;ofls is a- t o p i r o f  
great interest in arctic environments because of the shallpw nature of the . 

been studied in a small northern Alaskan watershed, Imnavsik.Creek. Both the 
active layer overlying the pennafroet. For eight para, hfllmlope proceeses have 

thermal and moisture regimes were monitored at three ecaXW, including four 
runoff plots (89 ma) that collect both downslope runoff though the  organic 
Eloils and overland flow, water track (0.026 h*) and w&bphef l  lebels ( 2 , 2  l u n a ) .  
Downslope waterr movement ie controlled by the hydraulic condktivitier of the 
soils; the  oxganic.abils Have relatively high conductivities $ornpared,with the 
mineral soils. A typical scenario ia for the organic layer t w  become SatuKated, 
both during snowmelt and major rainfall events, and runoff i s  ,generatad by water 
moving either through ox over the organic soils. 

INTRODUCTION 

Worton (1937) first described the classic 
model of hillslope hydrology over fifty yeare 
ago. Although the eguatione he developed to 

widely used, the basic premises defined in his 
quantify ratee of water movement are no longer 

o f  processes associated with hillslope hydrology 
infiltration theory are useful in a discussion 

in the  Arctic. His eeaential premise was that 
precipitation i a  divided into two components at 
the soil surface  depending upon the infiltration 
capacity of the  soil.  The slower component of 
streamflow arose due  to the  baseflow of-soil 
moisture and groundwater while the more rapid 
component waa due to  the  runoff a€ precipitation 
in excess of the rate of infiltration. Several 
investigators have shown that often only a 
portion of a waterahed may be contributing such 
rapid overland flow (Betson, 1964; Hewlett and 
Hibbert, 1967; Dunne and Black, 1970) leading 
to a separate theory of  saturated flow. These 
inter-related processes are complex in any 
environment; however, the presence o f  permafrost 
bath simplifies and complicates mechaniame in 

essentially an impermeable barzier which 
arctic regions. Ice-rich pexmafr,Q$t is 

prevents any percolation of soil msisture ox 
suprq-permafrost groundwater to sub-permafrost 
groundwatey . 
profile above the permafrost whiah proceeds 
through the freeze/thaw  cycle annually.;  ?he 
thic,knesR of  this layer ranges from LO cm to 
150 cm bw.t i s  typically about 40 cm ox ,50 cm at: 
t h e  study s i t e  described in this paper. The 
permafr0p.t table  also maintains a perched wator 
table within  the  active layer which frequently 
rises to  the surface with a great deal o f .  
spatial variability. This causes an irregular 
oscillation  between purface and subsurface flow, 
and i s  one of the major difficult,ies associated 
with simulating hillslope hydrology in the 
Arctic., Thi.8 runoff pattern shares 

The active layer i s  that portion of the-soil 
' .*,,, , 

characteristics of bath the  HOKtOn (1937) 
concept and that of Dunne and Black ( 1 9 7 0 ) .  

SITE RESCRIPT~~N 

Field research WBS conducted in a small 

Creek  (Figure 1) located in the foothills on the 
(2.2 h a )  headwater waterahed  called Imnavait 

north aide o f  the .Brooks Range on the North 

Longitude 149'17'W). This  site i p  located in a 
Slope of Alaska, U-.S.A. (Latitude 68'37'N, 

h north of the'+rctic Circle and: 200 km south 
zone of continuoue permafrost approximately 250 

of the Arctic Ocean. Hydrologic attd biologic 
research was conducted in this emrll1,watershed 

entitled "Reaponse, Resistance, Resilience and 
as a component of  a large ecologic study 

Recovery from Disturbance"  between 1984 and 
1992. . ,  . 

The sails i n  thia.waGprbhed appear t o  be at 
least 11,500 years old.-fA$O rears (Walker et 
aL., 1989) and &re mostly silty colluvium and 

predominant soils have been classified as F t e t i c  
residual material of glacial origin. The 

Pergelic Cryaquepte  (Rieger et al., 1979). 
There is a thick layer of.. prganic matter an--the 

mosaes, sedges and othek associated plants. The 
surface  consisting  of..partiallp decpmposed, , "  , 

thickness of  this peat layer var4eg from qs, th$n 
as 5 cm near ridge tops to over,,s$ cm. in the , . _  
valley bottom. The surficial organic layer ,$s, . 
quite porous and saturates and drains,quickly; 
however, the underlying  mineral soil ia usually 
saturated with water. Such s,oils are the !nost, 
common on the North Slope-(Rieger, 198.3). The. 

mostly water tolerant .plants euch as eegges and 
mos8es, but they are accompanied by licbeps, and 
shrubs such ar8 willowe,, aldek and dwarf. hiqch. 
Tus,skk aedges are  common on  the .r,Ldqle tops! and 
slopes but go not occur in the lo)v?st, wettest 
areaB (WalkeF, et al*;,. 1989). 

, dominant vegetation ia tuasock,tundra and i s  

:,I .. , :, -, , , 
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Figure 1. Map ahowing Location o f  research 
watershed, location o f  plots and 
tobogzaphy. 

, <  

Hydfddogic procesae'a were examined on three 
di'ffewnt- -scales, i .e. , plot ( 89 ma 1 , water 
track'(O:026 h a )  and bhsin (2.2 h a )  
(FFfguf.s* I ) ,  Runoff plots were. installed in the 

Aritumn at tihe'time of maxhm depth of thaw. 
Borders of wood and plaatic were utilimd to 
i a b l q t s  the  plotefrom  the,iurrounding hillside. 
A,&ystdmm-of  collection gutters waB installed at 
the bdttom of-the plot  td collect all overland- 
and subtiurfece flow; FHie discharge was routed 
t o - h  holding tank,i~ietrmsnted with a water, 
level recorder.  Flows from the plots were 
honitBred-during  the spring snowmelt (1985-1989) 
and occasionally during aununer pxacipitation , 6 '  

events. A-etilling well, water level xacorder 
and cbmpound weir weie installed near the 
bottom of Q vetex track.'Water track flows kere 
inonitored during the a$ring snowmelt (1986-1992) 
and during Bummer precipitation events 

(1986-1992). We meaaured discharge in Imnavait 
Creek from 1985 through 1992. A Zontinuoua 
recorder wa8 installed in the stream channel in 
1986 and a 1.3 m H flume was installed in 1987 

made in a transect acroaa the hillej.de using 
(Figure 1). Measurements of s o i l  moisture were 

time domain reflectometry probes (TDR) and 
shallow  wells; Additionally, two complete 
meteorologic stations were established within 
the watershed to meamurg air and soil 
temperatures, relative humidity, radiation 
components, wind speed and direction, barometric 
prea8urg,.precipitation. and soil heat f lux .  
Periodically fhxovghout the winter and just 
prior to spring melt, detailed m o w  surveys were 
conducted adjacent ta the rdnoff plots and in a 
transect parallel to the water tracks across the 
valley. During springmelt, m a w  surveys were 
conducted daily near the plots to determine 
rates of snowpack ablation.. 

2 6 8  
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j u e t  below  the  shoulder af the  hill and difduh 
near the  toe o f  the s'lbpe (Figure 4). Depth of-. 
thaw i a  uigni-ficantly greater in water track?,'$ 
'(Hastings et al., 1989) + ., . 

) . .  t---- WATER T R K K  

Figure 2 ,  Relative changes in vegetation, active 
layer thickness and soil type as a 
function of position on hillslope. 

partially undeslain by permafrost. The 
implications o f  thin procsse is that the active 

rather than from the top down as in the  vadose 
layer becomes saturated from the bottom up, 

zone of more temperate regions. 
The ice-rich permafrost maintains a saturated 

summer  (Hinzman et al., 1991). The depth of this 
zone within  the  active layar throughout the 

perched water  table  depends  upon recent weather 
pattern8 and position within the watershed 
(Figure 3 ) .  In the valley bottom where the 
thawed zone is thin and hydraulic gradienta are 

surface. an the hillsides, the  water  table is 
low, the water table ie frequently near the soil 
usually located within the mineral soil. The 
data presented in  Figure 3 appear typical of the 
eight years that we have observed. 

WAKR TABLE DEPM ALONG  BASIN TRANSECT 

sio, ..... "_I.." I- 

I 
4 7  

......... 

Figure 3. Distance from ground surface to water 

Water tracks are small channels  which axe 

et: al., 1989). They  can be quite  subtle and are 
formed on slopes as peniafroet features (Walker 

often distinguished more by changee in 
vegetation  rather  than topography (Hastings et 
a l . ,  1989):  i.e., a visible channel is not 
always obvious.  These  drainage features form 
about every 50 m perpendicular to the slope and 
are quite efficient at draining excess water 

originate near the top of the hills'lope usually 
from the hillside (Kane et al., 1991). They 

table a c r o ~ s  basin. 

Figure 4. Cross-section of hillside  displaying 
wster tracks and beaded stream. 

Water tracks form on hillsidea among tuseock 
tundra. Whereas  the  presence of the peat layer 

the vegetation and eurface conditione dictate 
is the primary  influence on subsurface flows, 

the raten of aurficial flow. Rates of  inter- 
tussock flow can be relatively  high and during 
snowmelt or rainfall evente, the primary source 
o f  water feeding water  tracks is inter-tussock 

diffuae  through the moeta, slowing  significantly 
flow. A t  t h e  base o f  the water track, flow must 

and occasionally  rising  above  the  surface  during 
snowmelt and heavy rainfall. 

tracks, they generally  have  small  drainage areas 
compared to the baain scale, The water track 
described in this paper was one of the Larger 
aub-drainagee in the basin, but still 
represented only about 1% o f  the entire 
watershed. Similar to plot and basin scale 
hydrographs, flow in the  water  tracks i s  quite 
flashy, rising  quickly to peak flow and falling 

measured peak water velocities o f  0.2 m / s  in the 
quickly through X6CeBSiOn (Figure 5). We have 

water  track; due to the high deneity of water 
tracks in the basin, this explains the rapid 
resvonse of the main stream. 

Due to  the.relativdy close spacing of  water 



Runoff plote were quite useful i n  studying 
the amount of runoff generated in response t o  
snowmelt or rainfall (Taqle 1). The plots reveal 
that enow  accumulation,  runoff and evaporation 
were quite vari'able throughout the watershed. 
Evaporation, calculated  as the remainder term i n  
a water balance (Table l ) ,  gave values similar 
to thasa  calculated ueinp an energy balance 
approach (Kane et al.,  1990). The amount of 
moiature  which was required to re-wet the 
organic layer prior t6 downslbpe movement of 
water was estimated to be 1.5 cm. Throughout 
the winter, the surficial organic mat becomes 
desiccated as moisture  migrates acr00s the 
thermal qcadient  intQ the overlying snowpack 

the surficial soile are dried through 
forming haar froet cryetals. During the  summer, 

evapotranspiration.  Through direct f ie ld  
measurements, and plot and basin water balance 
calculations, it was estimated that about 1.5 cm 
of  water muet be absorbed by a dry organic laytar 
before runoff.will begin  (Xane and Hinzman, 
1988; Kane et a i . ,  1989)'; Thia i s  p i t e  

Table 1. Spring  snowmelt  water balance for 
runoEf plots and Imnavait Creek 
watershed. 

0nP.p.ck u n m 1 t  Mil 
EI~. uatu Equiva1ent nunaft ~ m p o r a t i m  Btorrp 

I -) 1-1 ( w  (C*l 

1985 

Plot 1 13.1) 10.9 1.4 1.8 
Plot 7 11.7, 1 . 4  1.7 1.5 

P l o t  3 0.7 1.1 6.1 1.5 

Plnt 1 10.E 3.3 5.8 1.5 

E4&l 10.2 6.6 a.o 1.5 
, ,  

, *  
19S6 

I ,  - e ,  

8 Pldt.1 14.7 10.0 3.a 

' PI'& 2- za.4 6.1 4.7 1.3 
, I / ,  

1.5 

Pi+ 3 8.1 4.3 2.3 1.1 

3.6 1.5 

10.9 , , 5.1 , 3.? 1;s 
Plot 4 10.1 5.1 
k m i n  

, < .  . 

19w 

Plot 1 9.8 6.7 ' 1.6 1.5 

Pl - t  D 10.7 3.5 5.1 1.5 
Plot 3 
Plot 4 1D.D 6 .5  2.0 1.5 
Baain IO. a ?.1 2 .2  1.5 

, ,  

1988 

P l o t  1 
Plot 2 7.3 1.1 4.E 1.5 

1 . 4  3.6 3.3  1.5 

- 

Plot 3 
Plot 4 
hd" 

6 . g  2.5 1.9 1.1 

7 . 0  3.9 1 . 4  1.5 

1981 

Plot 1 

Plot 2 11.6 4.2 

P l o t  3 11.7 

Plot 4 

m4in 15.5 q.3 4.7 1.5 

5.9 1.5 

8.2 2.0 1.5 

variable. 

watemhed ecales. 



of Edlund et al. (1990) primarily becauee of 
vegetation patterns. The  baseflow from the 
water  track will also cease with in  a f r v  days 
after a precipitation event. Although the 
baseflow of the  main etream can be very low, it 
normally continues throughout the summer. We 
believe this demonstrates the increasing 
importance of baseflow as the scale increases. 

SUMNARY 

The hillelope hydrology of Imnavait basin was 
studied on throe  scales (plot, water track and 
watershed) between 1985 and 1992. The plots were 
designed.t.0 collect all eurface and aubsurface 
flow. Water tracks are  surface  drainage featurea 
which act to  quickly route excess  water off 
hillsides to the valley bottom, Many of the 
hydrologic proceaaes are directly o r  indirectly 
controlled by the preaence of the permafroat and 
its impacts upon active layer thicknees. The 
mechanisms and pathway- of downslap water flow 
are controlled primarily by eoil type, 
vegetation and gradient. Most aubsurface water 
movement occurs through the organic layer along 
the organic/mineral interface. This organic 
layer i s  quite porous and therefore  saturates 
and drains quickly leading to  the sapid 
hydrologic response. Because the mineral soila 
are frozen for moat of the year and the 
hydraulic conductivitiea are relatively low, 
water movement downslope  through the mineral 
soils is minimal. Usually the mineral  soils are 

during pozioda of extended drought. The runoff 
near saturation throughout' the summer, except 

response is fairly rapid and likewise the 
receasion of runoff i s  fairly quick. The 
dominant surface  runoff  mechanisms consist of 
inteK-tUSSQCk flow and water track flow. At. all 

brief due to the limited soil moisture storage 
scales, flows are flashy and recessions are 

capacity. Snowpack distribution had an important 
impact upon timing of spring melt runoff and  the 
amount of runoff and evaporation from the plots. 
In valley bottomm, where wind transported snow 
accumulated, snow acted as a dam  often delaying 
initial stream flow for several days after 
initial plat flow. 
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Elizabeth K. billy and Robert E. Gieck for 
assistance in data collection, reduction and 
analysis. 

REFERENCES 

Beteon, R.P. (1964) What is watershed runoff? 
Journal of Geophysical Research, 68:1541- 
1552 

watershed Tanana River basin, central Alaska. 
U. S. Army, Cald Regions Research and 
Engineering Laboratory, Research Report 297. 

Dunne, T. and R.D. Black (1570) Partial-area 
contributiona to storm runaff in a amaU New 

Dingmen, S . L .  (1971) Hydrology of Glenn  Creek 

Edludd, S.A., H . K .  Woo and K.L. Young (1990) , 

Climate, hydrology, and vegetation patterne, 
Hot Weather C r e e k ,  Elloemme Island, Arctia 
Canada. Nordic Hydrology, 21(4 /5 ) :273 -286 .  

Hastings, S.J., S.A. Lucheasac W.C. Oechel and 
J.D. Tenhunen (1989) Standing biomass and 
production  in  water drainage8 o f  the 
foothflla of  the Phillip Smith  Mountains, 
Alaska. Holarctic Ecology, 12(3):304-311. 

affecting the rerrponae of  small watersheds to 
precipitation  in humid regions. inr  Forest 
Hydrology, w . E *  Sopper and H.W. Lull (eds.) 
Pergarnon Press, Oxford. pp. 275-290. 

hydrology of a headwater arctic basin 2. 
Conceptual analysis and computer  modeling. 
Water Resaurcea Research, 27(6)rllllr1121. 

Bineman, L.D.! D.L. Kane, C.S. Beneon, and K.R. 
Everett (1991) Hydrologic and Thermal 
Properties of the Active Layer in the Alaskan 

Hewlett, 3.0. and A.R. Hibbert (1967) Factore 

Hinzman, L.D. and D.L. Kane (1991) Snaw 

Arctic. Cold Regions Science and Technology, 
19[2)t95-110. 

 ort ton, -R.E ( 1 3 3 7 )  Hydralogic interrelations 
of water and aoi l s .  Froc. Soil Science 
Society of America, 1rl01-429. 

Evapotrannpiration from a Small Alaskan 
Arctic Watershed. Nordic Hydrology, 

Kane, D.Z., R,E, Eierrk, and L.D. Hinxman (1990) 

21(4/5):253-272. 
Kane, D.L., and L.D. Hinzman (1988) Permafrost 

hydrology of a small arctic watershed- K. 
Senneset (ed.) PKOC. F i f t h  International 
Conference on Permafrost, Trondheim, Norway. 
Tapir, pp. 590-595. 

Kane, D.L., L.D. Hinrman, C . S .  Beneon, and K.R. 
Everett (1989) Hydrology of lmnavait Creek, 
an arctic watershed. Holarctic Eco~ogy, 

Kane, D.L., L.D. Hineman, C.S. Benson and G.E. 
12:262-269. 

Liston (1991) Snow hydrology of a headwater 
arctic basin 1. Physical meaeurementB and 
procese atudies. Water Reeourcea Research, 

Rieger S .  (1993) The geneefa and classification 
of cold Boils. Academic Press, New York. 

Rieger, S., D.B. Schoephorater and C.E. Furbuah 
(1979) Exploratory soil survey of Alaska. 
U.S.D.A. Soil  Conservation Service. 
Washington D.C. 213 p. 

(1989) Wetland  soils and vegetation, Arctic 
Foothills, Alaska. U.S. F i s h  and Wildlife 
Service. Biological Report 89 ('7) . 89 pp. 

Woo, M.K. and P. Marsh  (1990)  Rosponle of. moil 
moisture  change t~ hydrologic proceaaes in a 
continuous permafrost environment. Nordic 
Hydrology, 21(4/5):235-252. 

2 7 ( 6 ) t 1 0 9 9 - 1 1 0 9 .  

230 p.  

Walker, W.D., D.A. Walker and X.R. Everett 

England watershed. Water Resources Research, 
6~1296-1311. 

2 7  1 



APPLIChTTON OF 8 1 8 - m - S  B"0R IMDELLIWG 
-AIM P " E  DfSTRIBVTTOw 

Martin Hoelzle, Wilfried Haeberli and FeliR  Keller 

Laboratory of Hydraulics, Hydrology and Glaciology, VAW - ETH Zentrum 
CH-8092 Zurich, Switzerland 

Swiss A l p s  ware baaed on s conridexable number of field  measurements  and the as- 
In  the early 19705, rules of thirmb to predict local  permafrost occurrences in the 

sumption  that  the  main  governing factors were (1) mean  annual a i r  temperature 
(altitude,  regional  scale), (2)  8o1ar radiation (slape &speck, local scale)  and (3) 
snow  redistribution by wind  and avalanches. Information  from  a large number of BTS- 
measurements  and  potential direct 8 0 k r  radiation  as  calculated from digital ter- 
rain  models can now  be used for improving  the model. Mean  annual air temperature 

'altitude' and 'slope aspect' in the original rules of thumb. This important result 
helps to explain permafrost existence at low-altitude sites  with extremely reduced 
swlar  radiation  (well  below the O°C-isotherm). It also  makes  simulation o f  affects 
from various  Future  climatic  scenarios more realistic. 

i .  and potential  direct solar radiation  can  now  be  introduced explicitly, .replacing 

' .  INTRODUCTION 

tinuous  mountain  permafrost at a regional  scale 
Modelliny  distribution  patterns of diucon- . 

Ereenstein 1983, Gorbunov 1978, Zorgenson and 
( e . g . ,  Dingnian and Koutz 1974, Harria 1981, 

Kreig 1488) i s  a baeic tool in  connection  with 
the planning of human  activiCie& in these espe- 
cially  sensitive  environments  (Haeberli 1992). 
Furthermore,  the simulation o f  permafrost US$- 
tribution for parst and  future  climatic  condi- 
tions in view o f  ongoing  warming  trends  and 
their  effects  on  natural  hazards in high  moun- 
tain  areas has become increasingly important. 
The  present  contribution  discusses  the  basic 
cancept'of  predicting permafrost occurrences in 
the  Swiss  Alps as a  function oE topographic and 

t & l r t s  of existing models arid discusses  ongoing 
climatic  parameter&. It presents  results from 

efforts to further  improve  such tools. 

'istically  occura in cold regions at high lsti- 
,,i I Oq.,a worldwide 8calel permafrost character- 

tllde,s ( 'polar permafrost') and high  altitudes 
('rhountain permafrost'). However, it must be 
emphaaized t h a t  air temperature does not 
'cause: permafrost  (Williams  and  Smith 1989), 
even  though it is the result of the  energy ex- 
change processes. In particular, the  local pat- 
tern' of disGontinuous permafrost distribution 
can  only be ekplained through an understanding 
of these proceiaes involved. 

The energy  balance yoveming the  existence 

diative  and mas8 fluxers. It is the driving fac- 
or absence of permafroat is determined  by ra- 

tor for heating/cooling, evaporation/conden- 
satihn  and  the  accelesation/delay  o€.chemical 
processes. The relative  magnitude of the  dif- 
ferent  enirgy  balance  components  varies  greatly 
in space end time a8 'an effect o f  atmospheric 
(climatic) and site-specific (microclimatic) 
factors, which  are linked together via 
intensive  interactions  and  feedback  mechanisms, 
A basic  step is to determine which parameters 
in the energy  balance  are important to 
permafrost  distribution  in  mountain axeas and 
to asseas their influence. The energy balance 
equation  can  be written: 

0 

QR 
QH 
QLE 
QG 

- Net radiation 
- Sensible heat flux 
m Latent heat f l u x  
= Gcwund heat flux 

- 

van area must be based on consideratior 
Modelling permafrost distribution f c  

energy balance as a function uE space I 
Due  to  the  limited  information availabl 
the crit ical  parameters  and about the c 
boundary conditions  influencing them, 3 
models consiating  of easily-measureable 
Computable  parameters  are in moat case: 
as reliable  tools  (Abbey et al. 1978). 

Solar  radiation  (KJ) is a climatic f 
which depends  on latitude, time (year, 
clouds and atmospheric turbidity. The : 
cific  effects of the  local  topography 1 
angle, aspect and  nhading  effects o f  tt 
zon) are very important, especially  in 
areas where  the  orlentatlon of a surfac 
respect to  the solar beam .is a powerful 
able in determining  energy income. This 
can lead to considerable  differences ir 
entire  energy  balance  Oke 1987  p.175). 
great var.iability of K 1 and o f  the albt: 

permafrost (cf. measurements  by  Ohmura 
strongly influences  the local accurrer 

Abbey et dl. 1978 for  Arctic  regions 01 

Radiation i s  even of great importance k 
1990, Happoldt and Schrott 1992 €or the 

the meso-scale: cheng (1983) described 
worldwide permafrost distribution  as a 
of latitude  And  altitude  in relation tc 
radiation. Sensible heat f lux QH is dst 
by eddy conductivity  (index for the tux 
transfer)  which  depends on windspeed ( c  

tor)  and  the  difference  between surface 
factor), surface  roughness (site-specif 

temperature. The short-term variabilitl 
heat flux can be very large but will t 
smaller  over time scales of years. The 

balance is wnsiderable (Ng and Miller 
influence of,the  air temperature on the 

In comparison  with  solar  radiation and 
heat, latent and  ground heat fluxes are 
considered to be smaller (Oke 1987). 

The  temperature at the bottom of the 

gate  the  distribution of pamafrost in 
snow cuver (BTS) is a reliable tool to 

where  the  winter snow cover i a  thick en 

ber l i  (1973) and has often  been applied 
(0.8 meter). The  method was intcoduced 

then (e.g. Haebberli and Patzelt. 2982, X 
1983, Sting1 and Veit 1988, Boelzle 199 
snow  cover  with its low heat transfer c 
insuhtsa the n a i l  from short-term vari 

ler 1993). During  the months of Februar 
in the  surface  energy balance (KellBr a 

March, when  the snow cover In the Alps 
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one  meter  thick or more  and  surface  melting  is 
negligible,  the BTS remains  nearly  constant  and 
is  mainly  controlled  by  the  heat  transfer from 
the  upper  ground layers, which  in  turn i s  
strongly  influgnced  by  the  presence OK absence 
o f  permafrqst  .(cf. Haeberli 1985, Stoop 1990, 
Vonder  Muhll  and  Naeberli 1990). 

The  BTS-measuzements used in  the  present 
work  were performed in  six  different areas at 

areas  are  situated  within or near  the  Upper  En- 
altitude. bvtonm 1800 and 3400 m ..a-1- Five 

gadin  (eastern Swiss Alps)  and one region  lies 
in  the  northern Swiss Alps  (cf.  Haeberli  et al. 
1993). 

model 

The  original model for predicting  perma- 
frost  distribution  patterns  in  the Alps was  de- 
veloped  as  part a f  the  first  systematic  study 

pass/Piz  Grialetsch  in  the  Grlsons  (Haeberli 
on  Alpine permafrost in the region of FlUela-  

natural  outcrops,  .active-layer  temperatures, 
1975). On  the  basis of visual  inspection of 

trical  resistivity,  temperatures of spring 
ramsonde profiles, seismic  refraction,  gaoelec- 

water  in  late  summer/fall,  BTS-measurements  in 
high  winter,  head  areas of active  rock gla- 
ciers,  collapsed  frontal  parts of fossil/rtlic 
rock  glaciers  and  bexgschrunds  above  glaciers, 
about 150 point  observations  were  collected. 
One important  finding  was  the  fact  that  perma- 
frost  mainly  .occurred  in  vegetation-free  areas 

vegetation/alpine  meadows (25%) and  that  perma- 
(75%) or in  the  transition zone of pioneer 

frost  occurrences in areas with  well-developed 
vegetation  were  rare.  In order to differentiate 
this  general  picture  and to interpolate  infor- 
mation from the  point  observations,  empirical 

parameter  reElecting the influence o f  aic  tem- 
rules of rhumb were  derived.  Altitude a3 the 

perature  and slope aspect 90 the  parameter  rep- 

considered  together  with  the  following  typical 
resenting  the  influence of solar  radiation  were 

topographic  situations  representing  the  influ- 
ence of snow  redistribution: 

- slopes  steeper  than 5 to lo", - sites at the  foot  of  high  and steep 
slbpes  (avalanche  runout zones with 
long-lasting  snow), 

- flat  and  wind-protected  depressions 
(cirque floors, etc.) with  increased ac- 

-- flat  and  wind-exposed crests and summits 
cumulation of winter  znow  and 

with  reduced  winter  snow  cover. 

was  that the sensible  heat  flux (man annual 
The  basic  assumption  behind  this  procedure 

air  temperature)  determines  permafrost  occur- 
rence  at a regional  scale  (altitudinal'belts), " : . 
that  radiation  predominantly  influences  the 
permafrost  distribution  pattern at a local 

ence  on  sensible  heat  and  radiative  fluxes 
scale  and  that  the  snow  cover  with i t s  influ- '. 

(t.herma1  insulation  against winter  cold, pro- 
tection against  summer  heating  due to latent 

by  wind  and  avalanches  as a function of general - 
heat of fusion,  albedo)  is being redistributed !,, 

topography. A first: and  rather  qualitative  but : .  
nevertheless  quite  successful  test  of  the  ap- 
plicability of these rules of thumb was  the i 

mapping of petmafrost  distribution  patterns in I , '  

t h e  Hochebenkar  region,  Austrian Alps (Haeberli ,,"" 
and  Patzelt 1982) using  mainly BTS measurements.,,.': 
and  seismic  refraction  soundings. It became ev-.: 
ident  from  this  study  that  the  inclusion of :'I 
surface  characteristics  (vegetation,  fine/- 
coarse  material,  ,etc.)  could  give  additional 

measurements w0uL.d greatly  increase  the  sizt o f  
infaEmation  and  that a larger  number of BTS 

the statisticaltsample far developing  more 
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sophisticated  models.  Based  on  the  generally 
encouraging  experience,  a  transfoxmation o f  
altitudinal  limits  into  temperature limica was 
made far better,application  in  paleoclimatic 

mendations were-handed out to earth  scientists 
studies (8aeberJ.i  1982)  and  written  recom- 

practical  work in.mountain areas of the  Alps 
and  engineers in Switzerland  aa  a help Ear 

r u h a  of thumb i.6 ahown by Kellar (1992).. 
(VAW/ETIi 1985) . A graphir presentation of t h r : , ,  

A computer  program 'PERMAKRRT' WBI recmtly- 
developed to map  permafrost  distribution  in 
Alpine  regions by implementing  the rules of 
thumb in  the  Geographical  Information  System 
ARC/INFO (Kellpr 1 9 9 2 ) .  The  basic  input f o r  us- 
ing 'PEFWAKA€ti:'&S a  digital  terrain  model 

in  the form of a,'contour map or a set of x , y  
(DTM) which must:exist as an ARC/fNFO coverage 

points  with tha identification  code  repzcesent- 
ing  z-values.  Suiface  analyses will. then create 
a data  base af surface parametera, whereas as- 
pect,  slope  and  elevation  values  can  directly 
bci computed using-the tr4angulated  irregulac 

general morph6l;ogy has t o  be adjusted for can- 
network of tht,.PTM. The significance of the 

sidering sites.:.& the f o o t  of slopes, which-re- 
ceive long-lasfirig  deposits of avalanche s n o w  
in  spring: a q*pinre grid  with a meah-width of 
LOO meters  is  calculated  taking  the  concavity 
o f  topographic :forms into  account. With regard 

DTM  Rimini, a better  determination  of  avalanche 
to the resolution,of  the presently available 

-'important  task in co,qdection  with  the  data base 
qeposita  would riot yield  better  rasults. An 

i s  the  management of the  topoLogy, i.e., the 
mathematical  procedure for defining  spatial 
,relationships.  The  data  base  Curnishes  the  data 

connection  with  the  topologically  determined 
for the  application of the rules of thumb. In 

'be organized  in a triangulated  irregular  net- 
,gpatial  relationships,  the  permafrost  item  can 

work  which  represents a thematic  permafrost 
surface.  The  map of the supposed  permafrost 
distribution  is the result of interpolating .': 

'the lower limits of possible  and  probable 
-polygons ranged i n t o  three  classes  separated  by 

permafrost  respectively  (cf. Keller 1992 for 

,plementation of the rules of thumb in a Geo- 
more details of the computing  procedure). Im- 

graphi.ca1  fnforniation  System  now  enables  fast 
assessments of plausible permafrost distribu- 
tion' over large  mountain  areas  with  complex 
"topography.  It also facilitates  simulation  of 
possible  past  and  future  scenarios of perma- 
frost distribution ( fo r  instance:  Late  glacial 
time, Little Ice Age, 2lst century). 

w t  w5th.BTSmeasuremenU 
The numerous BTS measurements collected  during 
the past: years  offer  the  possibility of inves- 
tigating the reliability of the oriqinal. rules 

glaciers and lakes, 701 measurements  remained 
of thumb. After  elimination of soundings on, 

€or testing. 

mafrost  occurrence and vegetation  cover,  con- ' 

F i p r e  1 demonstrates  the  relation  between per- 

firming  that 89% of the  investigated  permafrost 

that 71% of the permafrost-free areas are 
sites  are  more or less  free of vegetation  and 

covered  with  alpine  meadows or forest. T a b l e  1 

BTS measurements  and  the rules a i  thumb. 
shows  the  results  of  the  comparison  between the 

According to the  original  definition of the 
permafrost  zones  and  boundaries, an unsuc- 

.. tion to the rules af thumb (permafrost found in 
cesafu?  prediction  was  defined as a contradic- 

areas  predicted as permafrost-free  and psrlw- 
frost-free  sites  found  in areas with p@KlWfcOSt 
existence  predicted  to  be prob3abls). The 
uncertainty  range  (permafrost  possible)  was 
excluded  from  the  test. The mean  (weighted) 

' rate of unsuccessful  predictions  is 25%. In 



view of the fact  that no topographic differen- 

mean error probability i n  predicting  permafrost 
tiation was applied to t hb  t e s t  sample, t h e  

areas and  permasrost-free areas .from the origi- 
nal rules of thumb can be'estimated  at less 
than 25%. The'safsty of the prediction  is,  how- 
ever, a func'tion o f  aspect.  permafrost  terrain 

to' W, NW, N And NE (12 to 24.% error) and per- 
i a  especially  well  predicted  for slopeiexposed 

ma'P.rmat-fme tnrriln .can quite safely be  de- 
lineakld a'n'slopeq exposed *e N, SW and NE (9 

mafrost terrain on SW-exposed slopes and in 
to 18% e t - ro t ) .  Problems mainly exist for per- 

periaafrost-free &&as exposed to S, SE, E and 
N, NW, respectively. Such uncertainties havb 
obvhus .reasons. Concerning SW-exposures, the 
sample i s  sti1l"too small and does not; reach 
high-enough altitudes to sa fe ly  predict perma- 

the  special condition 6E the foot of slopes 
frost dreas. In southern to eastern'expsures, 

with  long-lasting  avalanche'snow  is  respons'ible 
for the high error  .rate in The test when 
predicting pcrmafrost-free.'terxain (the  full ' 

topographic differentiation would give consid- 
application of the rulei. of thumb with the 

ana 'WW. spe'cial  conditions of extremely  reduced 
rrablybettar success). On  slopes exposed to N 

so lar  radiation make prea$ctions os? permafrost- 
free terrain uncertain.  Pliminating E m i n  the 
t'est'sample  all' s i t e s  at  altitudes  below is00 m 
a.s.1. which were  not considexed in the origi- 

probability for s lopes  exposed to N from 59% to 
nal rules o f  thumb would reduce the error 

2 0 % .  The phenomenbn  of  low-altitude  perhafrost 

by mbre appropriate'  cwncideradion'of  the  energy 
sites i3, however, real and must *e  dee'lt with 

balarice parameters  involved. 

, .  

Table 1, Comparison between the  BTS-measure- 
ments and the rules of thumb. The test ':how8 
the ertors from permafrost ikT9 < -3°C) areas 
predicted  as  permafrost-free  and permaf 

permafrost.  The uncertainty range (BTS 
free (BTS > -2OC) areaa $redic<ed as p~ 

-2-C to -3OC: pos.sibla peFmafrost) is excluded 
from t h e  test. 

Exposu+y errors (no permafrost i n  number 

N 18% 34 

probable permafrost areas1 Ot 

~ NE . . . '3% 28 

. s 31 % 84 
sw 18% 22 
W 9 %  33 

N W  44 % 34 
Total ." "_ 32 56 "" - .~ 
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of atatistical  analysis  with  these  data  was a 
si.qnificsnt  relation  between  BTS  and PR (Hoeln- 
le 1992). 

three classes according to their  significance 
with  respect to permafrost occurrence: 

Next the BTS-measurements  were  grouped  into 

A) permafrost  probable: BTS equal  to or 

B) permafrost  possible  (uncertain infortha- 
colder than -3OC 

tion),: BTS warmer than -3'C and  colder or 
equai to. -2OC 

C) pgbbably n o  permafrost: BTS warmer  than 

(possible  permafrost)  were  considered to be in 
The BTi-poirits-  which  are  ldcated in Class B 

a climatic  environement  where  the  conditions 
are just marginal  for  permafrost  existence. 
MAAT and PR were  averaged for all BTS points  in 
this BTS class  and  for altitude intervals of 

relation between MAAT, PR f o r  BTS (Class 8 )  
100 meters: Figure 2 shows  the  corresponding 

From MAAT = -l0C (approx. 2300 m a . e . 1 . )  to - 
2.7OC (approx. 2800 m  a.s.1.) the sample size 
can be considered  representative.  Because  of 
avalanche  risks  and  difficult  access,  the Sam- 
ple is still small for altitudes above 28'00 m 
a.s.1. At  altitudes  below 2300 m a.e.l., suit- 
able  permafrost  sites for measuring BTS ace not 
numerous.  Nevertheless,  a  permafrost  site at 
1800 m a.s.1. was.found in  the  northern Swiss 
Alps and  BTS-iraluea could be measured  (Funk and 

permafrost  were  found  in  the  north-eastern 
Hoelzle 1992). Two  other  sites of low--altitude 

Swiss  Alps  (Alpstein  group:  Blchler 1930) and 
in  the Jura moufltains (Creux du Van: Pancza 

calculated and the  results  plotted  on  Figure 2 .  
1988). For each of these  sites, PR was 

-2,"C' ,,, , . , 

I I I I I 

Pot. direct  radiation [MJ/rn2d] 

A Upper Engadln, 0 Druesberg 0 Creux du  Van a n d  
and Val Bercla (northern Briilisauertohel 
(eastern Swiss Swiss Alp;s) (Jura and north- 
Alps 1 eastern Swiss 

A lps)  

Figure. 2 .  Relati'oa  between  potential  direct so- 
lar  radiation (PR) and mean  annual  air rempera- 
ture (MAAT) at t h e  limit of permafrost exis- 
tence (BTS between -2°C to -3OC: possible per- 
mafrost). The numbers  represent the  count of 
measurements. The symbols indicate  mean  values 
(PR and MAAT) in  this BTS-class for altitude 
intervals of 100 meters.  Double  bars  represent 
t h e  range  where  indications of permafrost  pres- 
ence (BTS < -3OC) and  absence (BTS > -2°C)  
overlap. 
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a MAAT of 4.9OC (altitude  is  around 1150 m 
a . s . 1 . )  but strongly reduced  solar  radiation 

trapolsting  and  assuring the statistically 
income.  Such  extreme  sites greatly help in ex- 

significant  relation  found  within  the psrigla- 

method  cor  checking the re lat ion of Figure 2 
cia1  belt  at  higher  altitudes.  An  independent 

tween  the BTS class  with  no  permafrost (C) and 
consists in calculating the overlap  range be- " '  

the one  with probable permafrost ( A ) .  By defi- 
nition  of  the  uncertainty  zone  (possible perma- 
frost), this zone o f  mixed  information d s o  

and  should thus be equivalent to the s m @ @  

repcesents the limits of permafrost existence 

used so far. The corresponding overlap  kangGS 
are marked  by  double bars on Figure 2 .  They 
indeed  confirm the significance of the previ- 
ously derived  relation. 

Both  sites  are 8XpOhd to the  North an,d have 

I I I 
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ORadiatlofl  data af te r  M u l l e r  (1B84J 
0 Radiat ion data calculated  at  BTS ( -2% to -3 'c )  

Figure 3 .  Potential direct radiation  and  alti- 
tude: comparison  between  measurements an hori- 
zontal  surfaces  after  Muller (1984) and values 
calculated for  limits o f  permafrost  existence 

frost) + 

(BTS,between -2OC to - 3 T :  possible perma- 

Figure 3 shows that the effect of altitudi- 
nal  increase  in  incoming  direct  radiation  (cir- 
cles,  Muller 1984, Funk 1985) cannot be respon- 
sible .for the  relationship shown in  Figure 2 
(squares): the  gradients  differ by almost an 
order of magnitude. 

tribution  patterns  dnd possible effects of cli- 
With  respect to modelling  present-day, dis- 

matic  changes  on  mountain  permairost, the re- 
lation  fQUnd  in  Figure 2 is an important  step 

the original rules  of thumb can now  expl$citly 
forward  insofar as altitude  and slope aspect of 

perature and solar radiation as two important 
be  replaced by careful estimates of air fem- 

energy balance  parameters.  Transfer o f , t h e  mod- 
el to other  mountain ranges-should thus be pos- 
sible and  modelling  effects of climatic  changes 
become more  realistic. 

entire  energy  balance  involving the whob.,set 
of climatic as well as sit&-specific  factors: 

BTS= f (MAST) = f (Qp.i,Q$, QLE, QG) ( 2 )  

They  are  strongly  influenced by surface 

BTS,, MAST and  permafrost. axe resulcs of the 
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characteristics  such as snow  cover,  vegetation 
and debris. The  distribution and height of the 
snow cover  are  especially  significant  (Smith 
and  Riseborough 1983, cf. Keller and  Gubler 
1993): the  accumulation of snow  in  autumn, for 
instance,  heavily  influences  mean  annual  ground 
temperatures  (Goodrich 1982, Haeberli 19135, 
Kaller and  Gubler 19931. Further  improvement  of 
predictive models for msuntain permafrost dis- 
tribution  can, therefore, be  expected  from  more 

wind  and avalanches in winter  and spring, of 
realistic treatment of snow  redistribution by 
snow  cover  duration  in  early summer (remote 
sensing) and of ground surface  characteristics 
(water:  content,  coarse  debris,  bedrock, ctc.). - I , :  

. "  , 
ing  permafrost  distribution  in  high  mountain 
areas of the Swisa Alps were tested  with a 
great  nu,mbar of BTS measurements and have been 
used in the Geographical  Information System fo r  
automated  mapping of permafrost  distributijpt 

phy. Further analysis of the l.arge BTS sample 
over large mauntain  areas w i t h  complex topogra- 

permafroat xcurrence, mean  annual air t e m -  
showed  that a close  relationship  exists  between 

peratute arid potential  direct solar radiation. 
With  computer-derived  estimates f o r  a i r  tem- 
perature and solar  radiation,  more p1ry:ically- 
based  modelling o f  present-day permafrost dis- 

potential  future  climatic  changes)  are passi- 
txibutiod  patterns  (plus  effects  from  past  and 

ble. Further progress towards  consideration of 
the  full  enexgy  balance  could bc made by taking 

characteristics as well as by using higher-res- 
into  account the snow-cover  and  ground  surface 

olution  digital  terrain  models. 

Thu often-used rules  ;E thumb f o r  predict- 
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EXPERTMENTAI. STlIDY OF THE 'EPFV-CTS OF IMPllRTTiES 
O N  ICE CRF,TSP ATL- ~ 1 ° C  

Huang  Maohunn, I . . i  G a n g ,  Miao L i n a  and . ] i n  Zhengmni 
S t a t e  Key L a b o r a t o r y  of   Frozen soi l  E n g i n e e r i n g ,   L a p z h n . u . , ~ ~ ! B t i , f U t @  O f  

G l a c i o l o g y  anrl Geocryology,   Chi 'nese,  I c a & e m y  of  Sc teq l tqs ,  , C h i . n a  

P o l y c r y s t a l l l n e   i c e   s p e c i m e n s   w e r e   p r e p a r e d   w i t h   c a r b o r u n d u m   p o w d - e r ,  r-angins 
s i z e  from h@ t o  7 4 ,  a n d   s o l u b l e   i m p u r i t i e s .  

Specimens w i t h  d i f r e r e n t   i m p u r i t y   c o n c c n L r a t i o n s  were exper imented  w i t h  I 
a x i a l   c o m g r c s s i v e   c r e e p   a p p a r a t u s   ~ r n d e r  0 . 4 2  MPrr c o n s t a n t  stress a t  -1°C. A !  
compared w i t h  t h e   c r e e p  o f  t h e   i c e   w i t h o u t  i m p u r i t y  i t  i a  f o u n d  t h a t  s o l i d  
i m p u r i t i e s  a r e  a b l e   t o   d r a g   t h e   c r e e p   d e v e l o p m e n t  of i c @ , - t o   p u s t o n e   t h e  a p l  
a n c e  of m i n i m u m  c r e e p   r a t e ,  and t.o s l i g h t l y   i n c r e a s e   t h e  minimum c r e e p  r a t e  
where as c h e m i c a l   i m p u r i t i e s  i n  t h e   c o n c e n t r a t i o n   m a g n i t u d e  o f  mg/g a r e  a h 1 1  
i n c r e a s e   t h e  m i n i m u m  c r e e p  r a t e  more s i g n i f i c a n t l y .  

, ., 

1NTRODUCTION 

An enhanced  f low r a t e  is a l w a y s   o b s e r v e d  I n  
t h e   d i r t y  b a s a l  i c e  h e n s o t h  R g l s r l e r ,  f o r  
cxample ,   under  Camp Century  i n  Greenland  (ShoJI.  
R Langway, 1 9 8 4 ) .  O - b s e r v a t i o n s  .in a t u n n e l  
e x c a v a t e d   c l o s e   t o   t h e  bed o f  I l rumqi   Glacier  
No.1 ,   China ,  a l s o  d i s c o v e r e d   t h a t   t h e   e f f e c t i v e  
v i s c o s i t y  o f  R d e b r i s - l a d e n   b a s a l   l a y e r ,  0 . 3 5  m 
i n  d c p t h ,  i s  more t h a n  two o r d e r s  o f  magni tude  
l e s s   t h a n   t h e   o v e r l y i n g   c l e a n   i c e   ( E c h e l m e y e r  R 
Wang, 1987). Thcse i n  s i t e   o h s e r v a t i o n s   g i , v e  
r i - e  t n  t h e   c o n c l u s i o n  I b n t .  so1i.d i m p u r i t i e s  i n  
i c c   c a u s e   s u b t a n t i a l l y   h i g h e r   f l o w  rates. B u t  

c ~ l u ~ i o n  (Budd & J n c k a ,  1 9 8 9 ) .  There  were not  
Lhere i s  l i t t l e  l a b o r a t o r y   s u p p o r t  f o r  t h e  con- 

many e x p e r i m e n t s ,   e s p e c i a l l y  o f  l o n g - t e r m   c r e e p ,  
a b o u t   t h i s .  Li e t  a l  (19928)   have   t aken  d e b r i s -  
l a d e n   i c e  a t  the position n e a r  t h e   t u n n e l  f o r  
c o n s t a n t  s t r e s s   c r e e p   e x p e r i m e n t s  u n d c r  - l " C ,  
b ~ t t  no o b s e r v a b l e   c h a n g e  was r e v e a l e d  w h e n  
d e b r i s   c o n c e n t r a t i o n s  was less t h a n  2 .5% by  
vnlume.  Again 1 . i  e t  01 (1992b) p r e p a r e d   i c e  
s p e c i m e n s  w i t h  carborundum  powder   ranging  f rom 
44 t o  54 and s e n t  them to   expe r imen t .   unde r  t.he 
same c o n d i t i o n s .  I t  was found t h a t  t h e   c r e e p  
r a t e s  h a v e  i n c r e a s e d  b y  a factor of  3 ,  a t   t h e  
m o s t .  R u d d  and  Jaclta (1989) p o j n t e d   o u t   t h a t  
b e c a u s e  o f  t h e  d i s p a r i t y  o f   t h e   v s r i o u s   l a b o r a -  
t o r y   r r s u l t s   r e p o r t e d ,   t h e   f l o w   r a t e s  f o r  i c e  
w i t h  B w i d e  range   of  s o l i d  i m p u r i t i e s  n e e d s  
e x t e n s i v e   f u r t h e r   s t u d y ,  i n c l u d i n g  p o s s i b l e  
c h e m i c a l   e f f e c t s   a s s o c i a t e d  w i t h  the s o l i d  
i . m p u r i t l e s .  T h i s  t i m e  we d i s p e r e d  much f i n e r  
carborundum,   and   prepared   ice   spec imens   f rom 
d i s t i l l e d  and   non-d i s t i l l ed   wa te r .   Expe r imen t s  
r r v e o l .   t h a t  s o l i d  i m p u r i t i e s  a r c  a b l e  t o  enhance  
c r e e p  r a t e s   o f  i c e   s l i g h t l y ,   w h e r e  a s  chemica l  
i m p u r i t i e s   e n h a n c e  i t  s i g n i f i c e n t l y .  

Our e x p e r i m e n t s  are c h a r a c t e r i z e d  b y  h i g h  
t e m p e r a t u r e ,  f i n e  s d i d  i m p u r i r i c s  a n d  n l n r a r  
s t r a i n .  

SPECIMEN PREPARATION , 

Specimens  were p r e p a r e d  i n  t w ~  
f i r s t  s t e R e  a r t i f i c i a l   p o l y c r y s t ;  
made s t r m t . i f i e r l  w i t h  cerhorundl  

o f  a b o u t  -1.2-OC a t h i n  l a y e r  o f  d 
i n  a p l a t e ,  t n  a c o l d  room a t  tl 

W R S  p o u r e d   i n t o   t h e   p l a t e .  When 
f r o z e n ,  a l i t t l e  carborundum pow, 
on t h e   i c e ,  and a g a i n  poured a tl 
w a t e r .   A f t e r   t h e   i c e  was formed 
ed  powder. T h i s  p r o c e d u r e  was  rt 
s e c o n d   s t a g e ,   t h e   s t r a t i f i e d   I c e  
F i r s t   s t a g e  was c r u s h e d  and s i f t 1  
s j . eve ,   and   t hen  p u t  i n t o  a s p e c i  
m m  in d iame te r ,   m ixed  w i t h  o l i t  
p o w d e r .   D i s t i l l e d   w a t e r   a t  U45"1 
from t h e   h o t t o m  o f  t h e  mould i n  , 
t h c   w a t e r   l c v c l   r o s c   s l o w l y  i n  o 
the a i r  away f r o m   t h e   p o r o s i t y ,  : 
ble. To minimize t h e  g r a i n  b e i n g  
i n j e c t e d  w a t e r .  t h e  mould  bottom 
p l a t e   c o v e r e d  h y  f i l t e r e d   p a p e r .  
was f u l l  i t  was removed t o  a c o l ~  
a t  - 1 2 ° C .  The mould  could  draw < 
The s p e c i m e n  was c u t   t o   1 5 0  m m  i l  
f o r  t e s t i n g .  I t s  two e n d s  were ci 
and s t r i c t l y   o r i e n t e d   p e r p e n d i c u .  
specimen R X ~ S .  The   p repa red   spec  
t i v e  homogeneous   d i spers ion  o f  p~ 
men was c u t  i n  t h r e e  a n d  t , h e i r  p (  
t i o n s   w e r e   d e t e r m i n e d .  What was ( 

t h a t   t h e  powder c o n c e n t r a t i o n  o f  
was h i g h e r   t h a n   t h e   u p p e r   p i e c e ,  
e r r o r  o f  2 .5%.  I c e   c r y s t a l   s i z e  I 
m m  a n d  c-axis   randomly   or i . en ted  1 
g r a i n s   w e r e  p u t  i n t o   t h e  mould r ;  

P a r t i c l e - s i z e   a r l a l y s i s  b y  p i p t  
v e a l e d   t h a t   t h e  mixed  carborundun 
ranged  i n  s i z e   f r o m  6 b  ( 6 4 . 4 2 $ ,  n 
.7+ (28.36X, f i n e  s i l t . ) .  

i n  

i- 

a r -  

t o  

s t a g e s .  T n  t h e  
l i n e   i c e  was 

I powder l a y e r s  
t e m p e r a t u r e  

t i l l e d   w a t e r  
he  water was 
' r  was t a s t e d  
n l a y e r  o f  

t e a t e d .  I n  t h e  
we a g a i n  c a s t -  

~ r e p a r e d  i n  the  
w i t h  a 5 r n m  

c mould ,  61.8 
e carborundum 
was i n j e c t e d  
ch a way t h a t  
c r  t o  d r a i n  

' ashen away b y  
a d  a porous  
'hen t h e  m o u l d  
room and f r o z e n  
f o n e  day l a t e .  
l e n g t h   r e q u i r e d  
@ f u l l y  pol ished 
r t o  r h e  
' e n s  have r e l o -  
d e r .  A s p e c i -  
der c o n c e n t r a -  
te rmi  ned showed 
he  l ower   p i ece  
i t h  a r e l a t i v e  
s l e s s   t h a n  5 
c a u s e   t h e  i c e  
d o m l y .  

powder, N o . M I ,  
method re- 

t l i u m  s i l t )  t.o 

f o r  a s  p o s s i -  



Mrrvon O F  E X P ~ R T M E N T  

The e x p e r i m e n t  w a s  conducted  on a c o m p r e s s i v e  
c r e e p   a p p a r a t u s  w i t h  c o n s t a n t   s t r e s s .  I t  w a s  
loaded b y  a w e i g h t ,  which  drew a s p e c i f i c  cam 
th rough a wire   rope   and   then   compressed   the  

T h e  a p p l i e d   c o n s t a n t   s t r e s s  w a s  0 . 4 2  MPa, T h e  
s p e c i m e n .   T h e   c o n s t a n t   s t r e s s  e r r a r  was 512- 

t l . isp1acement  between  the  upper  and  lower  die 
b l o c k s  was measured b y  a high r e s o l u t i o n  d i s -  
placement  s e n s o r .  There  was a load  c e l l  on t h e  
upper d i e  b l o c k .  The s e n s o r  and  cel.1 w.ere con- 
n e c t e d   t o  a d a t a   l o g g i n g   c o r r e c t e r .  The  apparalus 
wa6 i n s t a l l e d  i n  a n  o r d i n a r y  room.  The t e s t i n g  
s c c t i n n  o f  t h e  a p p a r a t u s  was et rcased  i n  a ches t - ,  
i n  which t h e  t e m p e r a t u r e  was k e p t   c o n s t a n t  b y  a 
t e m p e r a t u r e   c , o n t r o l l i n g  system w h i c h  was con-  
n e c t e d  L O  a r e f r i g e r a t o r .  The r e f r i g e r a t o r  s u p -  
 lied c o l d  a i r  t o  t h e   c h e s t  when i t  was i n  
o p e r u t   i o n ,  'I'he t e m p e r a t u r e  was c o n t r q l l e d  a t  
- l + U . l ° C  d u r i n g   t h e   e x p e r i m e n t .  The  specimens 
were   cased  b y  r u b b e r   t o   a v o i d   e v a p o r a t i o n  wherl 
t h e y  w ~ r e   r e a d y .  Heforc loading   they   were  k e p t  
i n  t h e   c o n s t a n t   t e m p e r a t u r e   c h e s t  f o r  2lr h o u r s  
t u   i n s u r e   t h e i r   t e m p e r a t u r e   u t a t e  was  const.ant.  
Wc bcgan b y  l o a d i n g   t h e   v a r i a t i o n s  in l o a d ,   d i s -  
placement  R I I ~  t e m p e r a t u r e  i n t o  t h e  d a t a   l o g g i n g  
c o l l e c t o r   w h i c h  was c o n n e c t e d  w i t h  t h e   l o a d c r l l ,  
displacement s e n s o r  and  thermometer .  I n  c a s e o f  
1 . o a d i n g   d e p a r t u r e ,   t h e   w e i g h t  was r e g u l a t e d  t o  
c o r r e c t   i t .  The e x p e r i m e n t  wss c o n c l u d e d   a s  
l o a  a x i a l   s t r a i n  was o b t a i n e d .  

in  n n  i o n  chromatograph .  

I<I<SULTS AND ANALYSES 

C h e m i c a l   a n a l y s i s  of specirneus was performed 

[T igh t   spec imens   were   t e s t ed   successFu l ly .  'Two 
o r  them  (No.15  and 1 6 )  a R  B s t a n d a r d   w e r e   p r e -  
pared from d i s t i l l e d   w a t e r   w i t h o u t   c a r b o r u n d u m .  
Other  s i x  con ta ined   d i spe red   ca rborundum powder  
o r  5 . 4 Z ,  R J X ,  15.1%, 9.8%, 1 2 . 5 %  and  14.3% b y  
v o l u m e ,  i . ~ . ,  1 7 . 9 % ,  2 S . 2 X ,  6 9 . 8 % ,  3 2 . 2 9 . ,  41. .4% 
and 4 7 . 3 2  b y  w e i g h t . ,   r e s p e c t i v e l y .  Two of ttlcnl 
( N o . 1 9  and 2 0 )  were   p repared  from n o n - d i s t i l l e d  
w a t e r  r o n r - a i n i n g  o f e w  c h e n l i r , a l   i m p l l r i t i e s .  

The e x p e r i m e n t a l   r e s u l t s   a r e   g i v e n  i n  T a b l e  1, 

i n c l u d i n g   t h e  m i n i m u m  c r e e p  r a t e ,  E i n ,  c r e e p  
r a t e  a t   t h e  Fnr l  o f  the e x p e r i m o n t ,  $,..,d. t h e i c  
s t r a i n .  and and t h e   a p p e a r a n c e   t i m e  of 
E m i n ,  r e s p e c t i v e l y .  $hen E , , , ~ > ~ o x .  c r e e p   r a t e  at 
E = ~ o X ,  E 1  o x ,  i s  g i v e n .  

The c r e e p   c u r v e s  o f  specimens w i t h o u t  c a r b o -  
rundum (No.15 and 1 6 )  a r c  shown i n  F i g u r e  1 .  A 
c r e e p   c u r v e  of i n i t i a l l y   i s o t r o p i c   p o l y c r y s t a l -  
l i n e   i c e ,  as shown i r ~  F i g u r e  1 ,  c a n  b e  d i s t i n -  
gu ished  i n t o  t h r e e  stages: p r i m a r y .   s e c o n d a r y  
and t e r t i a r y .  t,ilr o t c ~ t s  i n  t h e  s e c o n d a r y  s t a g e ,  
and   t hen   t he   c r eep  i s  followed t i y  a n   a c c e l e r a t i n g  
p h a s e   t o  nn a s y m p t o t i c   s t e o d y   s t a t e ,   t e r t i a r y  

Era% is s p p r o x i m a t e d  t o  ? t c r  ( B u d d  & .Jacks, 1.989, 
s u a g e ,  when t e r t i a r y  c r e e p  r a t e ,  E t e r ,  o c c u r s .  

L i  e t  e l ,  1 9 9 2 a ,  b j .  A simllsr r e s u l t  h a s  b e e n  
f o u n d  t o  a p p l y  f o r  t h e   c r e e p  o f  f r o z e n  soil 
( T i n g ,  1981)* 

Time ( m i n )  

T h e  c r e e p   c u r v e s  of specimens w i t h  carborundum 
(No.17, 18, 21 and 22) a r e  shown i n  F i g u r e  2 .  
I n  F i g u r e  2 n o ' r e l a t i o n  be tween  s o l i d   i m p u r i t y  
c o n c e n t r a t i o n  and c r e e p  r a t e  has  been  demon- 
s t r a t e d .  The   appearance  o f  &,in f o r  e v e r y  c u r v e  
was  postponed t o  ~ , , , 1 ~ = 2 . 3 % ,   e v e n l   t o   6 . 6 % .  The 
t h r e e  s t a g e s  o r e  11ot so  o b v i o u s  a s  i l l  F i g u r e  1 ,  
e x c e p t  No.21. t1o%/tmin € o r  No.21 i s  3,l, b u t  
1 . 5 , 1 . 3  and 1 . 5  f o r   t h e   o t h e r s .  E I O X  a p p e a r s   t u  
have n o t  r e a c h e d  i t e r  y e t .  , ' 3  

T a h l e  1 ,  Summary of c.reep e x p e r i m e n t s  

892 '3960 0 .026  ( 1 . 2 2 )  0.115 ( 7 . 0 % )  
900 2650 0.053 ( 1 . 0 f )  0.196  0 .200(11  .OX) 

1 7  5.6 9 56 2640  0.098 ( 2 . 3 % )  0 . 1 4 4   0 . 1 4 4 ( 1 1 . L i )  

2 1  
18 8.7 1058 4 3 7 0  0 . 0 8 2  ( 2 . 7 % )  0 .105  0 . 1 0 5 ( 1 0 . 8 ~ )  

1 2 . 5  1316  11730 0 .035  ( 4 . 6 2 )  0.110 ( 9 . 7 % )  
2 2  1 4 . 7  1360 8 3I)o 0.078 ( 6 . 6 % )  0 * 120 0.120(10.1%) 

1. 9 1 5 . 1  1391 2 SO0 0.26 (7.4%) 0 . 2 8  0 , 3 3  ( 1 0 . 5 % )  
9 . 0  1173 880 1.10 ( 7 . 4 % )  1 . 1 9  1 . 6 0  ( 2 3 . 6 2 )  20 
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i l re   comparable  f o r  t h e   s p e c i m e n s   t h a t  w e r e  
pr-epared w ~ t h  t h e  same t e c h n o l o g i c a l  proc ,e s s ,  
a n d  t e s t e d  with t h e  same a p p a r a t u s   u n d e r   t h e  
same  temper,ature n n t l  1.oad cond i t ions .   However ,  
t h e   r e p e t i ' t i o i r ' ' f o r   e v e r y   s e t  o f  spec imens  i s  
p o o r ,  as s h o w n  i n  Table  1 a n d  F i g u r e s  1 - 3 .  
l'hcre must bc s o m e t h i n g   e l s e   a t   w o r k .  

DISCUSSION 

1.  From +able 1 we can s e e  f i r s t  t h a t   i m p u r i -  
3 ,  

I i e L :  i r v v t p o n r  tilt. a p p e a r a n c e  o f  imirl, c o r r e -  
spondinp, ly  ~~i~ i n c r e a s e d  two o r  more t i m e s .  
' f h e  s t e a d y - s t n t f  i ter  i.s a l s o  pos tponed   andElo$  
h a s  no t   rcqched  k t e r  y e t ,  . I m p u r i t i e s   a p p e a r s   t o  
d r a g  th f  recrysLolllzation of  i c e .  In t h e  c"r ~p 
c x p c r i m e n t  o f  i c e   c o n t a i n i n g   u l t r a f i n e   ( 1 5 0  8 )  
r~mor [ rhous   s i l i cn   (Nayor  et. aI, 197$) t h e   d r a g  
c n u l t l  a l s o  be ' r e c o g n i z e d .  Tn. a n o t h e r  c r e e p  
e x p e r i m e n t  o f  i c e   w i t h   s a n d  ( G a o ,  1 9 8 9 )  i t -  a l s o  
cnn he -seen L h a t  t h e   a p p e n r a n c e  t;ime of &,,,in 
i s  4 . 5 - 9  t i m e s  1.onger  than w i t h  c l e a n  i c e ,  
c o r r c s p r , n d i n g l y  6, i n c r e a s e s  t o  2 . 8 %  -on   t he  
a v n r a g e ,  even t o  Y:?z. 

2 .  We c a n  see   . sqcond ty  t h a l .  imin of  i c e  
t l ispcrset l  w i t h  i l n p u r ~ t  i e s  i s  h i g h e r  t h e n   t h a t  

without i m p u r i t i e s ,   a n d   t h e  some 
~~~z O F  t h e  former j,s n o  h i g h e r  t 
l a t t e r ,  because  p f . . t h e  l a t t e  
mat.ed l o  i t s  t t p r r  "? c l 0 X  o f  t h ,  
not  rdat;hetI i t s  y e t - . O f  h e  i 

a b o u t  3 f o r  compress ion  F s L d ,  & .J 
i c  p o l y c r y s t a l 1  i n e  I c e , :  /hiill 
According t o  t h i s  most t h o %  i n  'I'a 

reached  tter y e t .   F u r t h e r m o r e  ma 
would like t o  use illlirl t.n d i s t i n g  
t h e   c r e e p  rate i's enhanced b y  i m p  
Nayar e t  ~ 1 ,  1 9 7 1 ;  Hookp et. a l ,  1 
1 9 8 3 ) .  

I n  n c r e e p  exper iment  on ic.e c 
p e r s e d   f i n e   s a n d  un;Ier - 9 . 4  - - 7 .  
( 1 9 7 2 )  f o u n d   t h a t   c r e e p   r a t e  i n  i 
sand   concenLra t ions   were  i n  some 
a n d  i n  u t h e r   c a s e   l o w e r   t h a n  - i l l  c 
However w i t h  h igh  sand c o n c e n t r a t  
h i g h e r   t h a t  10% b y  v o l u m e ,  t h e   c r  
c r e a s e s   e x p o n e n t i a l l y  w i t h  i n c r e a  
f r a c t l o n   s a n d .  

I n  t h e i r   e x p e r i m e n t   N a y a r   e t  a 
c o v e r e d   t h a t  s i l i c e  d i s p e r s i o n  s t  
c r e e p  i n  i c e ,   r e s u l t i n g  in s t e a d y  
r a t e s  i n  a 1-volume X d i s p e r s i o n  
s lgwer   t han  i n  p u r e   i c e .  T h e y  a l s  
t h a t   t h e   i n f l u e n c e  o f  t h e   d i s p e r s  
i s  s t r o n g e r   a t   l o w e r   t e m p e r n t u r e s  
e t   h i g h e r   t e m p e r e t : u r e s ,  - C . H " C .  F 
m c n t n t   r e s u l t s   a t  - 3 . 3 " ~  ' o r  G ~ O  ( 
can be seen t h a t  Emin s l j g h t . 1 ~  (le 
i c e  w i t h  11% o f  sand b y  volume. I 
a t  - 1 ° C  c o n d u r - t s d  b y  l , i  e t  a1 (19  
ment ioned   above ,  no o b s e r v a b l e  c h  
m o s t  a 3 t i m e s  i n c r e a s e  i n  t h e   c r  
heen f o u n d .  

To s u m  i t  u p ,  i n  t h e   d i s c u s s e d  
r a n g e ,   s o l i d  impur i t . i e s  a r e   a b l e  
c r e e p   r a t e   a t   l o w e r   t e m p e r a t u r e  ( 
i s  n o  o b a e r v e b l e   i n f l u e n c e  i n  gen 
s l i g h t l y   i n c r e a s e d ,  c r e e p  r a t e  a t  
t u x e s  ( > - l o C ) .  I c e  a L  h i g h  Lemper 
t o  r e d u c e  i t ' s  m e l t i n g   p o i n t ,   e n h  
f l o w   o w i n g . t o  d , i s p e r s i o n  o f  s o l i d  
a s s o c i ~ t e d  wi th   chemica l   impur t - i e  

T a h l c  3 . ,  
A summary of r e l e v a n t  studies 

3 .  Two forms of chemical  impur 
shown t o  a f f e c t   t h e  f l o w  o f  i c e .  
c o n c e n t r a t  i o n s  o f  c e r t a i n   d o p a n t s  
have  been  found t o  i n c r e a s e  t h e  i 
s u h s , t a n t i o l l y .   S e c o n d ,   r e l a t i v e l y  
r e n t r a t i o n s  of more common n a t u r a  
such  a s  s e e  s a l t ,   c a n   i n c r e a s e   t h  
o f  i c e  ( R u d d  & .Jacks, 1.989). We I] 
t r a c e   a n a l y s i s ,  but from T a b l e  1 
t h a t  a l a r g e r  enhancement: of t h e  
he a t t r i b u t e d  t o  t h e  l a t t e r .  Iiowe 
n f  1 mg/g a p p e a r s  t o  hnvc less o f  
u n  t h e  c r c c p  r a t e  o f  a r t i f i c i a l .  I- 
san.rl accord ing   t ;o .an   exper iment ,  ~1 

o u t  b y  Ogata  ( 1 9 8 3 ) .  Chemical i m p  
become a c t i v e  near  t h b  m e l t i n g  yo 
- 1 ° C  we made e x p e r i m e n t s   a t .  

The  more t h a n  5 t imes  enhancem 
spec imens   No .19   and   26ove r   i ce  f 
w a t e r . m a y  be a t t r - ibu te r l   t o   combin  
and   chemica l ,   impur i t i e s ,  of  which 
n e e d s   . f u r t h e r   i n v e s t i g q t i o n ,  "The 
Urumqi G l a c i e r  No.1 (Echelmeyer  a 
r a n  he e x p l ~ i n p d  h y  t h e   . ~ ~ m h i ~ n t i  
and   . chemica l   impur i t i . es ,  . w h i c h  ma 
mel t ing   po i .n t  ' i n  h igh - , s t . r e s s   zone  
s o l i d  i n c l u s i o n s ,   r e s u l t i n g  i n  en 
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I T a b l e  3 .  Summary o f  r e l e v a n t   s t u d i e s  

Tempera ture  o f  

o b s e r v a t i o n  
e x p e r i m e n t  o r  

( " C )  

W o r k c r ( s )  
Impuri t 1 c s  and  Change i n  s t r a i n   r a t e  

r e l a t i v e  t o  c l e a n   i c e  c o n c e n t r a t i o n  
( b y  volume) 

Echelmeyar & 
Wallg ( 1 9 8 7 )  1 

l fooke eC a 1  
( 1 9 7 2 )  

Nayar e t  a: 
(1971)  

.2 main , ly   g rave l ,  40% 1 1 5  times i n c r e a s e  

i n  some c a s e   i n c r e a s e  
3 - 9 . 4  - -7 .4  f i n e   s a n d ,  < I O % ,  & i n  o t h e r   c a s e   d e c r e a s e  

> 10% d e c r e a s e   e x p o n e n t r a l l y  

3 . 2 2  - - 2  u l t r a f i n e   s i l i c a ,  <1% c t e r  10-70 t i m e s   d e c r e a s e  

Gao ( 1 9 8 9 )  _ _ . .  + -. . . 3  , .  . - 3 . 3  s a n d ,  (11% imin s l i g h t l y  d e c r e a s e  
I ;. 

I,i e t  ul. (1992s) 2 -1 mainly  medium i a n d  ( 2 . 5 %  n o  o b s e r v a b l e  

Li et a 1  (1YY2b) 3 - 

This paper  3 - 

I 

1 

sild, <llZ 1.5-2.4 times i n , c r e e s e  

s i l d ,  (15% E m i n  ! l i g h t l y  i n c r e a s e  
s i l d  & c h e m i c a l  inin 2 n c r e a s e  > 5  t i m e s  

Note  Method: I - o b s e r v a t i o n  i n  i c e   t u n n e l ;  2 - e x p e r i m e n t  on g l a c i a l   i c e ;  
3 - e x p e r i m e n t  on l a h o r a t o r y   p r e p a r e d   i c e .  

CONCLUSlON 

(1) S o l i d  i m p u r i t i e s  arc a b l e  , t o . d r a g  the 
c reep   deve lopmen t  of i c . ~ ? ,  and pos tpone   t he  
a p p e a r a n c e  of E. and o f  kt, , .  

( 2 )  Under - l ' & n s o l i d   i m p u r i t i e s   a l o n e   e n a b l e  
i c e  t o  j n c r e a s e  i t s  c r e e p  r a t e  s l i g h t l y .  

( 3 )  C h e m i c a l   i m p u r i t i e s   e n a b l e  i c e  t o  in- 
c r e a s e  i . ts  c r e e p   r a t e   s i g n i f i c a n t l y .  

( 4 )  E x t e n s i v e  f u r t h e r  s t u d y  -is needed t o  
ve r i fy   whe the r   chemica l  impurities a l o n e  o r  
o s ~ s o c i a t e d  w i t h  s o l i t l  i m p u r i t i e s   c o n t r i b u t e   t o  
t h e   . e n h a n c e d   c r e e p   r a t e   t h a t  waw o b s e r v e d  j n  

p o w d e r  p r e p a r e d  from n o n - d i s t i l l e d   w a t e r .  
. h r  exper i -ments  on  i c e   c o n t a i n i n g   c a r b o r u n d u m  
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I .  , .  C h i n e s e  hcnrlpmv n f  S r i e n c v s ,  China 

D e s e r t i f i c a t j . o n   h a s   h e e n   c a u ~ e d  b y  t h e  s p e c i a l .  geograph ica l   and  ~ e o l o g i c a l  
t i o n s  i n  t h e   p e r d i e f r o s t   r e g i o n  i n  t h e  Q i n g h a i - X i z a n g  P l a t e a u .  The w i d e s p r e  
d e p o s i t s   r e s u l t s  i n  a g r e a t   d e c l i n e  o f  t h e   p e r m a f r o s t   u p p e r   t a h l e ,  an i n c r  
i n  g r o u n d   t e m p e r a t u r e   a n d   t h e   r e t r e a t  o f  permaf ros t ,   wh ich  i n  t u r n   p r o v i d e  
f a v o u r a b l e , c o a d i t i o n s  €or d e s e r . t i f i c a t i o n .  A s p e c i a l   p e r i g l a c i a l   p r o c e s s - t  
process o f  s a n d - e r o s i o n   s l u m p i n g   d e v e l o p r d  i n  m o s t   s ~ n d - c o v e r e d   r e g i o n s   i s  
d i s c u s s e d  i .n t h i s  p a p e r .  

, , :  

THC L A N O F O R M  TYPES OF THE SAND DEPOSTTS 

The d e s e r t i f i c a t i o n  p r o b l e n l s  i n  p e r m a f r o s t  
r e g i o n s   e s p e c i a l l y   t h e   i n f l u e n c e s  of sand 
d c p o s i t s  on f rozen   g round   have   g radua l ly   caugh t  
s p e l i a l i s L s '  a L l e n t d o r r  i n  r o c e n l   y e a r s  (Watry 
S h s o l i n g ,  1 9 8 9 ,  Husng Yizhi, 1 9 9 1 ) .  T h e  sarld 
d e p o s i t s  i n  t h e  p e r m a f r o s t   r e g i o n  on the   Qinghni -  
X l z a n g  P l a t e a u   c a n  he d i v i d e d  i n t o  t h r e e  types 
a c c o r d i n g   t o   t h e i r   g e o m o r p h i c  f o r m s :  Tmhe sand  
r l c p o s i t  o f  t h e   f i r s t  t y p e  c t ~ v e r s  a l a r g e   a r e a  A S '  
n l a y e r  of s a l ~ d  but  with no appa ren t   w ind-d r i f t .  . 
s a n d  l a n d f o r m s .  I t  is Lide-sprcaded i n  a l l  t h e  / .  

a r e a s  c x c e p t ' t - h e   m i d d l e   a n d   u p p e r   p a r t .  o f  h i g h  
m o u n t a i n s  a n d  p a r t  o f  t h e   m o u n t a i n o u s   r e g i o n .  
This t y p e  o f  s a n d   d e p o k i t   d e v e l o p e d   r e l a t i v e l y  
e a r l y  a n d  c a n  h ' e ' d a t e d   h a c k   t o  , 2 1 . 7  Ke R . P .  
a c c o r d i n g  t b  Wang Shaoli'rig (Wang S h a o l i n g ,  1989; 
C I S  d a t i n g   a f ' f l h e  h u m u s  l n y c r  i n , t h c   s a n d  i , tr  t h c  
s a n d   d e p o s i t   n e a r  a l i t t l e  r i v e r  tn t.he rllott,h. r l f  
Wurlaol.iang). The v e g e t a t i o n   i n  the sand -distr , i -  
h u t i o n   @ r e a  o f  Lhis k i n d   i s  r e l a t l v e l y ~ g n o d ;  The 
second s a n d   d e p o s i c   t y p e  i s  p r e s e n t e d  as non- 
a c t i v e  n r  s u b - a c t i v e   s a n d  d u n e s  on which  drought- 
e n d u r i n g   p l a n t s  grow s p a r s e l y   s u c h  a s  t h e   S t i p a  
s shu insa   Turca   and   t he  C y p e r a c e a e .  T h i s  t y p e  o f  
sand d e p o s i l  occur s   t nus t ly  i n  h i g h  p l a t e a u s ,  
River  va1:lcys  and h o s i . n s ,  a r ~ d  m o s t l y   d e v e l o p s  i r ~  
tho  r c g i o n s  s u c h  o s  froln  Budnngquan,  Qingshui 
R i v e r ,  WurlaoXiang h o s i n  and   nea rby   a r eas ,   f rom 
Xiushui  R i v e r  t u  B e i l u  R i v e r  ~ r r d  Tuotuo  RIver  
b a s i n .   T h e s c  sand covered  areas a r t ?   cha rac t e r i zed  
b y  u n r l u I a t e r l  t opography   and   t he   deve lop ing   age  
o f  these  s a n d   c o v e r s  is l o t e r   t h a n   t h a t  of  t h e  
f i r s t  Lype.  The t h i r d  t y p e  o f  s and   depos i t  
a p p e a r s   m a i n l y  i n  t h e   v ~ l l e y s  and some f o o t s l o p e s  
a s  modern a c t i v e  t l u t l e s ,   l o n g l t u d i n a l   d u n e s ,  C L C .  

The  dunes a r e  v e r y   a c t i v e .  T h i s  can be shown h y  
t he   dune  i n  tlrc n o r t h  o f  Xidatan  which moved a 
d i s t a n c e  o f  8 8 . 4  n i n  2 2  yea r s   and   t he   dune  on 

^ t h r  s o u t h  bonk  u €  H a n g l i n n ~   R i v e r   w h i c h  has  

'$This work is sripporled b y  Lhe NSFC. 

.. . . 

moved more t h e  5 0  m a c r o s s  t .he 
o f  e a s t .  

THE NATURAL CONDITIONS RESULT , 

I N  'THE PERMAFROST R E G I O N  ON Tlll 
PLATEAU 

I n  a h i g h  l a k i t u d e  permnfro!  
w e l l - d e v e l o p e d   v e g e t a t i o n ,   r e 1 1  
p i t a t i o n  and snow cover '  i n  w i n '  
r e s i s t   d s s e r t . i f i c a t i w n .  Contra:  
f o l l o w i n g  c o n d i t i 6 n s  on t h e  QiI 
teau .   which  i s  l o c a t e d  i n  a m i l  
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r e g i o n ,   t h e  
i v e l y   h i g h   p r e c i -  
r and   sp r ing   can  

t o  t h j s ,  t h e  
, h a i - X i z a n g  Pia- 

m o s t  f a v o u r a b l e  € o r  t h e  
ment o f  d e s e r t i f i c a t i o n :  

I ) .  Abundant sand sou 
f l u v i a l   d c p o s i t s   c a u s e d  
Quat.ernary  period  and mo 
s p r e a d  on t h o  - Q i n g h a i  - x i  
w i t h  t h e  c ryogen ic   wea th  
p e r i g l a c i a l   e n v i r o n m e n t .  
sartd s o u r c e  f o r  d e s e r t i f  
a c t i o n ,  h i g h  e v a p o r a t i o n  
d i s t r i b u t e d   p r e c i p i , t a t i o  
l i a n g  and  Tuotuo  River  M 
t h e   i n t e r i . o r  o f  t h e   p l a t  
w i n d  v e l o c i t y  is a b o u t  5 
wind v e l o c i , t y  from Dec. 
The g a l e  days,  i n  a year  
maximum w i n d , , v e l o c i   t y  i s  
d a y s  i n  a yea r   a r e   be twe  
r e a c h  2 8  d a y s  i n  some ye 
r a t i o n  is a b o u t  200 m m  w 
of a r i d  d e s e r t  regions i 
o f  t h e   p r e c i p i t a t i o n  i s  
p e r i o d  ( f r o m  J u n e   t o   S e p  
t a t i o n   o c c u r s   f r o m  N n v .  
mum m o n t h l y   p r e c i p i . t a t i o  
r lur lng r h i s  per i .od .  The 
p r e c i p i t a t i o n   d a y s  i n  ma 
The ,menn a n n u e l  e u a y u t ' a \  
i s  a b o u t  seven  L i m e s  t h a  
p r e c i p i t a t i o n .  No s t a h l e  
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uin1r . r  a n d  s p r i n g  a n d   t h c   s u r f a c e   g r o u n d  i s  
e x l r r t m l y   rid. T h i s  a r i d  p e r i o d  c o i n c i d e s   w i t h  
I h r =  ~ a 1 . e  p ~ ) r i o ( I  on t h e  p l a t p o l l .  3 )  The cma11  end 
s p a r s e ,   s l o w l y   g t o w i n g   v e g e t a t i o n  w i l h  s h o r t  
g r q ~ ~ i n g  S ~ ~ S U I I  d u e  to  t h e   c o l d - a r i d  c l i m a l c  on 
~ I R c ~ ~ ~ I I .  O n 1  y a 1 i L L l e  d r o u g h t   a n d   c o l d - e n d u r i n g  
I lt .rl>a(..eous s p e c i e s  g r o w  i n  c h e  s h o r t  warm p e r i o d  
f t o m  . J u l y  t o  S e p L .   T h e i r   r e s i s t a n c e   t o   d e s e r t i -  
t i c s t i o n  i s  weak a n d  t h e   v e R e t a t . i o n  j e  d i f f j . c u 1 . t  
L o  r p c o v e r  when d e s t r o y e d .  

THE TNFLIJENCES OF COVER ON FROZEN GROUND 
" . 

'The m C a f l  a n n u a l   a i r   t e m p e r a t u r e  in t h e   p e r m a -  
r r o s t .   r r g i o n  o n   t . h e   Q i n g h a i - X i x a n g   P l a t e a u  i s  
a h o u t  - 3  - -6'c and  L l le  p e r m a f r o s t  is c o n t ~ i n u -  
n u s l y   d i s t r i h u t e d   i n   m o s t  o f  t h e  r e g i o n .  A u t  t h e  
h i g h   s o l a r   r a d i a t i o n   a n d   s p e c i a l   g e o l o g i c a l  
t e c t o r r i c . 9  result i n  u n s t a b l e   p e r m a f r o s t   w i t h  
h i g h   L c m p e r n t u t r s   o n d  a t h i n   t h i c k n e s f i .   T h e  
p c r m a f r n s t  i.s s e n s i t i v e  t o  e n v i r o n m e n t a l   c h a n g e s  
a n d  t h e  permafrost c h a n g e s   a r e   e a s i l y   c a u s e d  h y  
( , h e   c h a n g e s  o f  g r o u n d   s u r f n c e   c o n d i t i u n s .  

'TI!@ e x i s t i n g   p e r m e f r o a t   l a y e r   p r e v e n t s  t h e  
s e ~ p a g c  ( l r  then w a t e r  i n  r h e  s h a l l o w  l ~ y ~ r  ~ n d  
t h u s   i n c r e a s e s   t h e   s o i l   m o i s t u r e   w h i c h  is 
Favoralr1.e f o r  p l a n t s .  T h a t  is w h y  d c s e r t i f i c a -  

I l u w ~ v e r ,  f o r  the r e a s o n s  a s  m e n t i o n e d  above, t h e  
t i t l n  i n  t h e   p e r m a f r o s t   r e g i o n  i s  u n d e r  c o n t r o l .  

r l e s e r ~ i f i c a t i u n  on t h e  Q i n g h a i - X i z a n g   P l a t e a u  is 
p r e v a l a n t .  In  ~ ~ n s l a b l e   p e r m a f r o s t   r e g i o n s  e s p e -  
r i a l l y   w h e r e   t h e  mean a n n u a l   g r o u n d   t e m p e r a t u r e  
i s  a h o v o  - 1 . 5 ' C 1  t h e   t e m p e r a k u r e   r a n g e  a n d  t h e  
ricplh of s e a s o n a l  t h a w e d  l a y c r  a r e  i n c r e a s e d  s n d  
Lhe s o i l  l a y e r   n e a r   t h e   g r o u n d   s u r f a c e   b e c o m e  
d r i e r   h c c n u s e  o f  w a t e r   s e e p a g e  i f  t . h e  g r o u n d  
s u r f a c e  j s  c o v e r e d  by s a n d .   T h a t  is u n f a v o u r a b l e  
f o r -  p l a n t s  R n d  makes t h e   w i n d   d r i f t s  more a c t i v e .  
F i g . 1  shows  t h e  c o m p a r a t i v e  o b s e r v a t i o n  d a t a  of 
K ~ O U I I ~  t e m p e r a t u r e  i n  a n   o b s e r v a t i o n   f i e l d  
I b c a t e d  i n   t h e  desert a r e a  of  t h e  Qumar h i g h  
p l n t e a u .  ( a )  The ground t e m p e r a t u r e   d i s t r i b u t i o n  
where t h e  n a t u r a l   g r o u n d   s u r f a c e  is o c c u p i e d  h y  
s p a r s p  v e g e t a t i o t l .   T h e  maximum seasonal t haw 
, l P p t I l  i s  3 . 0  m .  ( h l  Thr? g r o u n d  t e m p e r a t u r e  d i s -  
t r  i b u t .  i n n  where  man-made s a n d  c o v e r   w i t h  a depcll  
n I  0 . 2  nl is made.  The maximum s e a s o n a l  t-hawed 
r l e l r L h  i s  4 . 9 5  III. O h v i o u s l y  t h e  s e a s o n a l   t h a w e d  
d e p t h  i s  i n c r e a s e d  h y  h O  p e r c e n t  i n  s a n d   c o v e r  
n r ~ a s .  F i g . 2  shows  t h e  g r o u n d   t e m p e r a t u r e  d i . s -  
t r i b u r   i o n  n c a r  t h e  a b o v e  f i e l d .  a .  T n  n a t u r a l  
p,r l )unt l  s u r f a r e s  n e a r  FI d u n e .  b .  D r l l 1 . - h o l e  
o b s e r v a t i o n  r1at.a u n d e r   t h e   c e n t e r  o f  t h e   n o n -  
a c t i v e   d u n e   w h i c h  i s  1.6 m h i g h   a n d   i t s   d i a m e t e r  
i s  20 m .  The  same thermameter ' w a s   u s e d ,  . T h e  
s imi . la r  c h a n g i n g   t r e n d  o f  t h c  permafrost u p p e r  
table c a n  be s e e n   a n d  L h e  mean a n n u a l   g r o u n d ' ,  
t r -bmppraturr-   under  t h e  d u n e  i s  0 . 2 - C  h i g h e r  th"wi 
ch,3t~ u n d e r  t h e   n e a r b y   n a t u r a l   g r o u n d  - s u r f a c e . '  

v ; l ~ i o n  d a t a .  I n   m o u n t a i n o u s   r e g i o n s   n o t   c o v e r e d  
h y  s a n d  t h e  p e r m a f r o s t .   w a s   c h a r a c t e r i z e d  . h y  FI 

1 ltirl ?r:;jsonnl t h a w e d   d e p t h ,  l u w  g r o u n d  t c m p e r e -  
Lure n n r l  t , h i c l c   p e r m a f r o s t   l a y e r ,  w h i l e  u,pder the  
s a n d   c o v e r  a d i f f e r e n t  t r e n d  exists. T h i s  t e n  be 
s l l t r b n  b y  t h e   f o l l o w i n g   e x a m p l e s :  T n  Tud tuo   R i .ve r  
t r a s i n   w h e r e  a p a l e o s a n d   d c p o s i t   w a s  d e ' v t l o p e d ,  
; ~ l m o s f .  n l l  lhe p e r m a f r o s t  u n d e r  t h e   p a l e o s a n d  
(ItInr tin:; r l i s a p I r C n r e d , ,   h u t   t h e   p e r m a f r o s t  w i t h  R 

( c t : , r~ ; l i n   Lh i rk r rc s?  s t i l l   e x i s t s  i n  d e p r e s s i v e  
:1rvas onlong t.he . r luncs .  The  above  phenomena c e n  
I ) ?  R r ' e t l  mrlrr r ' 1 l ; a r l . y  n e a r  p e r m a f r o s l   l i m i t s  a s  
i n  F i g . ? .   T h e  r l ~ t a  w a s  c o l l e c t e d  i n  L i u n g d n o  
Kivr?r t u  t h e   s o u t h   o f   t h e   ' I ' a n g g u l R   M t s .   ( a )  O n  
~ i w n m p  l a n d  w i  t l l  d e v e l o p i n g   v e g e t a t i o n .  ( h )  011 a 
santl covcr-erl a r e a  w i t h i n  2 km f r o m   t h e   f o r m e r  

T h i s  1,renrl was also v e r i f i e d  h y  r o r m e r   o h s e r -  

"" 
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F i g u r "  1 .  T h e   o h s e r v n t i o n   o n  seasor la1  t h swed  
d e p t h  i n  a man-made sand c o v e r e d  f i e l d  

a -2.0 
v 

? O m  

Figure 2 .  T h e   i n f 1 u e n c . e ~  of nor-t-act . ive dunes 
on frozen g , r p u n d   t e m p e r a t u r e  

8 '  , I 

l o c a t i . o n , ,   T h e   t h i c k n e s s   o f   p e r m a f r o s t   c a n  b e  
a b o u t  @: &ters, b u t  in s a n d   c o v e r   a r e 8 3  t h e  
per-1nafrqs.t d i s a p p e a r e d .  

T h e   ' I n f l u e n c e s  n f  snnd c o v e r  o n  f r o z e n   g r o u r t d  
con b q  c l e a r l y  scen h y  t h e  a h o v r   f a c t s .  The s a n d  
c o v e r   a c c e l e r a t e s   t h e   d e g r R d a t i o n  o f  p e r m a f r o s t  
wh ich  i s  m o r e   e v i d e n t   i n   h i g h   t c m p c r a t u r e  perma- 
f r o s t  r e g i o n s .  

A S P E C l A L  FROST-THAW  GEOMORPHOLOGICAL PROCESS - CAUSED BY SAND DEPOSIT-SAND EROSION SLUMPING 

The s a n d - d r i f t s   g r e a t l y   c h a n g e d  the l a n d s c a p e  
i n  p e r m a f r o f i t   r e g i o n s .  T t  m a y  a l p 0  c o u s e  s p e c i a l  
~ r - o s t - t h ; ~ w   p r o c e p s e s  a s  t.he sand c r o s i o t r  slump- 
i n g .  

The linel$r , s t e p   s t r e t c h i n g   f r o m   s e v e r a l  h u n -  
d r e d  m p t q r P : . ' t : o ' . s e v c r a l   k i l o m e t e r s   w i t h  a h e i g h t  
f t o m  t e n s  of c c n L i m e t c r s  t,o a b o v e  1 met.ers is 

way: T h c i r   g e n e s i s  i s  u n d i s c u s s e d .  We d i s c o v e r e d  
o f t e n  d i ~ L r i h u L e d  a l o n g  t h c  Q i n g h a i - X i z a n g   h i g h -  

f r o m  i n v e s t i g a t i o n  t h n r  t h e y  a r c  a l l  l u c a t e d  

2 8 3  
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F i g u r e  3 .  , T h e  i n f l u e n c e s  o f  sand   cove r  
, 1011 f ruz tn   g round 

. .  I ,  ( ' 
rlhovc t h e   s a n d , l a y c t  a f l r l  a r e  c.rusccI h y  Ltrc watct 
erosion . o q , s a b d  deposits. T h e i r   r c t t e a t   v e 1 o c i t . v  
c a n  h e  rndrh ' than  1 m f y .  

f o o t , s l o p e  o f  a a r c - l i k e  h i l l  t o  t h e  ~ o u t h  of  
Rei lubc. . , ,  I t s  s t r - i k e  is NF,-SW and i t  s t r e t c h e s  
nlorP than km.' The h e i g h t  u f  Lhe. s t e p  is from 

1~1trr:  f i n e  g a n d .  The s l o p e  o f  t h e  s lumping  i s  
I m 1 . c ~  3 m; The s lumping  m a t , e r i a l  i s  r e l a t i v e l y  

a h o u t  3 - 5 " '  a n d  t s  c o v e r e d  b y  vege ta t inn   whose  
c o v e r a g e  i$ abdve  7 0  p c t c e n t .  The  sand  layer  of 
t h e  s I u m p i , n g  seems 1 i k e  t h e  f i r s t  s e n d  t y p e  b a s e d  
on t h e i r   l a n d f o r m .  The r h i c k n e s s  o f  L h r  s a n d  Is 
3 .5 -6 .0  m accot 'd ing  t o  r ada r   p rospec t . i on  ( F i g . 4 ) .  

A sand e r o s i o n  s lumping  h a s  developed  a k  I-he 

! 

DISCUSSION 

I ) .  A b o u t  t h e  h i s t o r y  a n d  f o  mat jon   cond i t ions  
of  t he   w ind-d r iL t  s a n d  a c t i o n  o n  

maximum p c t - i n 1 1  i t s  f o r m a t i n n  a g c  wns a f t e r   he 
( 1 2 . 7  K;I R . P . ) ,  t h e   f i r s t  t y p e  of  sand d e p o s i t  

C I U  d ~ t i r l g  of Xizarlg P l a t e a u ,  A c c o r d i n g  t o  t h e  
t h e  Qingi1a.i- 

t h e  l ) i n g h a i -  of  l o d a y  anrl t.he pcrn laf ros t  on 
I u w c r  ths r r   tha t  a n d  e o s t c r n   C h i n a ,  was I . 0 - 1 Z o C  

t h e n ,  in middle  t h e  mean a n n u o l  a i r  t e m p e r a t u r e  
C l a c i n t i o n ,  I n  t h e  m a x i m u m  p e r i o d  of t h e   L a s t  

Z h i s h e n g ,  1 9 9 0 ) .  i n   B a x i e ,  Gansu P r o v i n c e  ( A n  
1 . o e s s   p r o f i l e  ( f i e f o r e  1 2  Ka I3.P.) showed i l l  t h e  

F l u c t u a l i o n  p e r i u d  c o i n c i d e d   w i t h   t h e  ccrltl-wet. 
l 3 . P . )  a n t i  o f  thc  Last. 6 1 a r i a t i . o n  ( 1 8 - 1 5  K n  

41 i k c .  h i 1  1 
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'THE CONSTRUCTION OF ELECTRICAL SUBSTATIONS 
IN DISCONTINUOUS PERMAFROST REGIONS 
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1 Rousseau, Sauvi, Warren inc. 

MontrCal, Quibec. Canada 
LREQ, Hydro-QuEbec Research Institute 

Varennes, Quiibec, Canada 
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This paper concentrates on various aspects of site selection and permafros 
engineering appropriate for the desip and constaction of electrical sub- , 

stations. in discontinuous permatrost regions. Focus is on the discontinuou 
permafrost regime in northern Qu€bec. The long term creep of foundations, 
froat heave, equipment grounding and various thermal aspects including hca , . , .  
losses from a power transformer, from cables in ground conduits, from the 
grounding net in the case of a short-circuit and from buildings, are i impcartant design considerations. 

TNTRODUCTION 

A major portion of the electricity generated 
in Quudbec comes from Northern Quibec following 
extensive development over the last Two decades 
of the La Grande River watershed flowing to 
James Bay, now better howl as the La Grande 
Complex. Hydro-QuuQbec i s  currently planning to 
develop the hydroelectric potential o f  the 
Great Whale river watershed leading to Hudson's 
say, and must now start to contend with the, 
permafrost' regime o f  Northern Qudbec. Preliii- 
nary studies havd  hence been undertaken to 
guide const.dction activities in these areaa. , 

' Th'ib'p+pef di'a,cusses various iasues related 
to thd'coimr'rucrLon of substations in disconti- 
nuoui"pe'fma'ErasC  ;:zones, most of which are 
general in natdre. 

POWER SUBSTATLONS 

Substations associated wirh hydroelectric 
power generating plants  boost the operational 
voltage of the alternators to higher levels in 
ord@r EO reduce losses while transmitting 
electricity to areas of consumption. Other sub- 
stations serve to reduce voltage in the conduc- 
tors stepwise to distribute electricity to end 
users. 

Substations may occupy an area up to 0.75 x 
0.75 km of psactically level terrain. Typical- 
ly, internal and peripheral trenches help drain 
the site. To avoid short-circuiting with the 
earth, transmission cables rest on four-legged 
towers or a combination of H-framed lattice 
structures which tolerate little differential 
settlement at their base. Hundreds of founda- 
tions support various equipment dedicated to 
modifying and monitoring the transmission as 
well as providing shut-off or rerouting power 
capability for servicing. Most o f  the equipment 
i s  light  and carried on tall single shaft 
structures t o  avoid grounding problems. Criti- 
-cal loads for Foundations supporting light 

tic control 
of equipment. A 25 kV in-g 
tribute a u x i l i a r y  power wi 
Trenches may also contain 

All installations in a 
grounded. copper wires are 
two dimensional grid patter 
tial net. This net typicall 
the,finished grade of the s 

TKE DISCONTINUOUS PERMAFROST REGIVE OF NORTHERN 
QUEBEC 

Brown (1960) gives an interest'ng overview of 
the evolution, since 1928, o f  the permafrost 
map of Canada. Three maps present y exist 
detailing Quibec's permafrost reg'me, those of 
Brown (1975, 19791, Allard and SC in (1987) 
and Lagarec and Dewez (1990). i. 
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Allard and  Siquin's (1987) proposal, influ- 
enced by t h e  work of Payette ( 1 9 8 3 ) ,  is shown 
in  Figure 1. Regions  denoted A correspond  to 

mafrost, specifically 5 ,  to the extended t ype  
contlnuous  and B, C, D to discontinuous per- 

(>50 % of territory), C, to  the dispersed type 
(c50 % of,-territory) and D, to the  sporadic 
type ( c 2  % of territory). For regions  south  and 
west oT-Ungava Bay  and f o r  those rivers flawirig 

waternhed,of  the  RiviPre aux Feuilles,  the li-'.' 
towards,it, region B corresponds closely to  'the 

mit between  regions B and C, to that  of  the 
Rivihrl. azlx Millzes  and  fQr  that part  of region 

Caniapi%&u.and  Xiviere a la  Baleine.  The  final 
D sanddurriched between C, to that o f  Riviere 

majpr  hydrographic  bassin situated in disconti:. 
nuous  permafrost  is  that of Grande  riviere de' 
l a  Balehe, slate& soon for devclopfflent,  whi;& 
floats' through  region D and cmpties'into 
Hudson's  Bay  at  Kuujjuar'api4. 

Figure 1 : '  The  discontinuous -pemfrost of 
northern  Quebec (moalfied from 
AZlard et Sdguin (1987)) 

For our  purposes, the  southern arid northern 
limits of the  discontinuous  permafrost zone 
correspond  broadly  with  latitudes 5 4 O  and 5 B 0  
respectively.  Permafrost  thickness  varies, on 
average,  from 0 to 20 m in depth  from  sauth  ,to 
north ; although  depths  up to 180 m have  been 
reported  near  the  coasts  (Allard and Sequin 
(1987)). The average  annual  air  temperature 

with a west to east cooling  trend  associated 
ranges from - 4  to - y o  C from  south to,north, 

with  an  increase in terrain  altirude  Erom 
0 to 600 m (SDBJ (1974)). The length o f  the 

that oi the thaw season, from 145 to 165 days;. 
frost  season  ranges  from 200 to 2 2 0  days  and 

Fluctuations fo r  the mean daily air  temperatu- 
res correspond to a yearly  amplitude of 18' C .  
which remains  mostly  constant  throughout  th& 
discontinuous  permafrost  zone. The respective 
average  freezing  indices  are  roughly 2500 to 
3333O C days to which. on a preliminary basis, 
4 0 0 °  C days,can be added  for  extreme values 
(Johnston (1981)); ar 8 0 0 °  C days on  the  basis 
of a 100 year perlodtof return (Mccormick 
(1991)). . ... ' ,. I x ,  ' 

. i  ; .+ . , 
* L  

As will be shown  later,  discontinuous pbig- '  
frost i s  relatively  warm,  one of its most:' olaf,~:,' 
tanding  engineering  features. Probably' tHe':'twp. 
most  important  factors  affecting its distrYbu'-: ' 
tion is the presence ox not of, snow  and 'pe.i3ci.;in> 
any  given  region.  It is well known that kkk' , , 
variation  of  thermal  properties  of  pear due tq, 

effe'ct of the  ground  below  whereas  the seasonal 
freezing can lead to 'a heat pump or cooling,- 

presence of snow layer leads to an insulating: 
effect. 

an the total precipit.?t?iori  including  the snow 
Climatological  atlases  'normally pravid'e! tlata 

fraction  but  not  the  snow  accumulation at a 
site.  The latt.& is necessaw for quqtifying ' 

the  thermal  'influence.  pf snay ,.al& nihy vary 
according to topogrip,hy,:heragk wind apped ,and 
direction,,  etc. T&e best' 'available eatimAtes. .,Qf 
snow qepFh' 'for Nqrthern ,Qu€bec are t%r Of; 
Hydro--W@bec' 8 meteorological service .', fdr, 
most  reQions is acarce and' not stati#tfcally ..; 
significant but ahould improve in the future.. , 
The  bebt  data  comes  Erom  close to existing 
reservoirs on the  southern fringe af  the dis- 
continuous  zonc.  Given  these  limitatiohs, 
maximum  yearly  average snow levels are estiva; 
red  at 75 cm for  the  southern  limit  and .50 cin, 

density of 0.25 g/cc. Near the Hudson Bay 
for the northern limit with an average s+W ' . '^ 

coast,  maximum  accumulations drop to 3 0  cm  wirh 
an increase  in  density t o  0.33 g/cc due to w'ihd 
effects.  Snow  depths  are  reached  rapidly with, 
heaviest  precipitations early'i~--t-he frost 
season. 

offers  many challenges. In or$er ' to adequately 
choose a site for a substatidti;  the  extent of 
potential  problems  must  first be evaluated. Wa 
first  consider thermal,' mechanical  and then 
grounding  aspects  relative to substation  opera- 
tion, and  finally site selectian. 

. ,  

construction on warm  discoiif$huOus  permafrost 

The  discontinuous  permafrost i s  expected to 
be  relatively  warm. 

Based on an  interpretation of the  work Of 
Kudryavtsev (1977) concerning solar radiation 
on flat  terrain,  the  relative  warming of the 
ground  regime, to that of the  ambiant air,  is 
expected to;be 2 O  c at  the  latitudes  involved. 

ground  ckmperature  due to snaw  cover is evalua- 
Further-, the relative'  warming of the  annual 

red at ,,, ,. 
., - 

where 
A Tn ! increase in annual  average  ground 

temperature  relative to air  tempera- 
ture, ( "  C )  , 

, ,  

A :  yearly  amplitude o f  the  average I 

daily  air  temperatures ( "  C ) ,  

z ,  : maximum ,depth of snow  cover (m) . 
Equation (1) is a simplified  fit to conside- 

rations  presented by Kudryavtsev (1977), is 
applicable fo r  average values of snow  densities 
and  assumes r.hat average snow depths  are half 
the  maximum  values. 

For example, f o r  the data  relating to 
Northern  Qukbec,  equation (1) predicts  a 
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relati,ve.,w&m+ng of ground temperatures o f  3.4 
and 2.39 p at  the  souchesn  and  northern  discon- 
tinuoue-permafrost boundaries,  respectively. By, 

Chekhovskyi. and.' Zenuva ( 1989) propose a warming 
comparison, based on numerical simulation, 

gradient due to snow effects of 3 . 2 O  C per 
meter accumulation,  independent of air tempera- 
ture amplitude, whereas Goodrich (1982) arrives' 
at  considerably  greater values. I n  this regard, 
continuation of the work of Jordan (1991) holds 
much  interest. 

avecage  annual air temperatures, solar and snow ' 

effects,  the  annual  average  ground  temperatures 
in the discontinuous  6ermafrsst  zone are esti- 
mated at +1.4 and - 2 . 7 O  C at the southern  and 
n o r e r n  Limits  respectively. 

layer of peat,  the  placement of a fill or other 
conetruction practices.may hegats or  destroy 
the cooling properties of peat,and"lead to an. ' 
additional warming of the ground of the order 
of +lo C (see ,Kudryavtsev (1977), Goodrich 

On a preliminary basis then,  considering 

Xn the case of  terrain  initially  covered  by a 

(1982)). 
If a maximurn.ground regime  temperature o f  

-lo C.is warranted tn preclude  extraordinary 
creep, it is not expected  that  preserving dis- 
continuous  permafrost as a construction base 
w b 3 l  constitute  a  viable  option in the southern 
two  thirds of Quebec's  discontinuous  permafrost 
zone. 

OPERATIONAL ASPECTS 

Operational asbectg in a subsration  that 
potentially affect a s i t e ' s  thermal  regime 
include a gsounding  event,  heat loss from 
buried cables, the  pouring o f  mass  concrete, ' 
thermal losnee 'from power  transformers  and  the 
heating of a command post. 

Although  adrnisqible  currents in grounding 
cables ari limited,  cable  temperatures  may  rise 
CQ 5009 C fo r  a 6 0  Hz current  applied  over  a 

that the grounding event is so transient that 
0.5 ,  second time  span. It can be shown howevcr 

cooling qf a cable in a typical fill material 
limits significant heat diffusion to a  restric- 
ted  concentric zone about  the  cable,  negligible 
fcnr;,a typical 2 0  mm diameter  grounding  cable. 
.,Other cables used fo r  lighting  and auxiliary 

power  generate  heat  and  are  typically placed 
within  the  substation  infrastructure. For a 
continuous  hear  source  and  ,ignoring  phase 
change,  an  analysis  reworked  from  Lunardini 
(1981) may be applied.  Cables are  grouped 
together  within an area o f  radius, ro, centered 
a distance, hb, below grade. The temperature of 

while the surfage grade  maintains  an  average 
the"ehlil& i d  T along the  outer  perimeter, ro, 

diate  isotherms, T, ,aregcircular  within  the 
annual  temperature of T . Steady  state  interme- 
infrastructure, of radius r, centered at a 
depth h and  calculated as follows : 

2 8 8  



beneath the installation to redrice te~eratures 

tilated pad deuign vhereas Luaardini ( 1 9 U l )  - '  

in the soil. NiXm (1978) concentrates on ven- 

limits thaw depth -beneath heated insulated rec- 
tangular surfaces. To limit the thaw depth in a 

2.0 W/mo K) ta the half width of the,transfor-- 
typical granular fill (thermal conductivity 

mer under a 3 m square transformer sirface, 
approximately 0.5 m of rigid polystyrene insu- 

res  are - 0 . 5 0  C, and 0.15 m of insulation f o r  
lation is required if average ground temperatu- 

-1.50 C .  Since artificial cooling in cold 
periods would also be required, consideration: 

mer base by avoiding mass concrete and using 1 
should be given to simply raising the tranafar- 

naturally ventilated supported slab design:: 
(Staudzs (1991) 1 .  

ri;fmilar considerations can be made for tis* ' 
foundations of a heated collllpMd poPt.  However,; 
for an arbitrarily small building ( 8  m squafe;) ; 
heated at a constant 20° C, 1.3 m of insulatjion: 
would be required to limit the t h a w  depth to 
4 m, the half width of the building, for an 
average soil temperature of - 0 . 5 O  C. Given the 
size of command posts and the relative warmth 
of discontinuous permafrost, design of an insu- 
lated and refrigerated pad becomes cumberamp 
and  not at a l l  practical. An elevated structure 
is a more attractive alternative. 

MECHANICAL ASPECTS 

Issues touched on briefly are laterally  and 
vertically loaded foundations as  well as frost 
heave. 

resist a permanent lateral load, lateral 
loading o f  most faundations is associated with 
transient wind; seismic or short-circuit loads; 
hence, lang term creep effects are usually 
negligible. Design proceeds as in non perma- 
frost areas with a paaeible increase in shert 
term strength aseaciated with permafrost. 

very prone to frost heave. Use of spread 
footings for anchoring normally require that 
their base rest below the level of maximum 
f r ~ ~ t  penetration to avoid frost heave 
pressures. For medium to coarae grained perma- 
frost soils, the foundation may rest, on the 
permafrost surface if i t s  preservation and 
adequate drainage at this level is assyred. 
HOWeVaK, for fine to medium grained warm perma- 
frost, as seasonal frost penetrates below the- 
permafrost table, fluctuations in a fiotentially 
initially high unfrozen water content may lead 
to development of ,normal frost heave forces, 
ana anchoring may be required within the perma- 

protecting vertical surfaces from tangential 
frost. Consideration should always, be given to 

heave, through use of a buf'feq layer with low 
shear reaiatance placed next to the'surfaces. 
This can possibly be achieved in combination 
with the use of coatings such as polyethylene, 
polystyrene or polyvinyl chloride due to their 
relatively low ice adhesion (Sayward (1979)). 

tion protected by cardboard and a buffer zone 
In this regard, a concrete caisson type founda- 

may shortly be retained as a Hydro-Quebec stan- 
dard for substations in non permafrost zones 
(Garneau (1982), Iordanescu (1991)). This 
design has performed well, €or some time now, 
at an Alaskan substation built'on  pemafrost 
(Wyman and Haaqenson (1991) ) . Floating slclbs 

With the exception of towers which  must 

Most foundatians aupport light  loads  and are 

are also elegant S O ~ U ~ ~ O ~ E  to frost h,eave . .  

problems if sufficient lateral stabil.ity.can be 
guaranteed by extending the elab surface t o  
multiple equipment (Staudzs (1991) ) . 
permafrost table, drying of  the layers beneath 

As seasonal frost propagates towards the 

the f rost  front leads to development of the 
maximum frost heave force, i n  a first approxi- 
mation, at a depth corresponding to 2/3 the 
maximurn frost depth (Tsytovich (1960)). 

particular attention should be given to peri- 
vely impermeable lower permafrost boundary, 

phehral drainage trenches which  ultimately could 
intercept all lateral water flow to the sub- 

substation would help reduce water c o q n t  ' , 
station. These and trenches the , 

values to a minimum thereby preventing .f~o+ .. 
heave problem. 

Foundationm for heavy equipment may -e- 
rlrnce creep. Power transformers and shunt 
inductance may weigh up to 300 metric tons. 
Normalized foundations (mass concrete) have 
been designed in southern regions for this 
equipmant type on the basis of a 150. kPa 
loading of the sclil. . 

these fomdationa, the ,creep reeponee of 
various permafrost soils have bean inveetigar 
red. For pure ice, the creep properties are 
those given by Morgenstern et a1.(1980), Cor,+, 
poor MacKenzie Valley permafrost, those related 
by McRoberEs (1988), and for Suffield clay, . 

Bar-Baioss clay, Hanover silt,  Callovian sanlfiy 
silt, Manchester fine sand,  Ottawa sand nos. 1 
and 2 ,  those given by Weaver and Morgenstexn. 
(1981). For preliminary purpooes, an initial , . +  

elastic stress distribution following 
Bouasinasq for a square  foundation was appl.Jcd 
and stress redistribution was neglected 

below the foundation center by discrete ' 

thereafter. Creep settlements were obtaincb. - : 

summation of  creep deformations on a layer by: . 
layer basis up t,o a depth of approximately-12' 
times the foundation width. P e n n a f r O B t  ita warn, 

vice life. 
at a temperature of -lo C, over a 25 year s e x - ,  

A11,soils undergoing hardening performed 
relatively well, i.e. a11 except pure ice and.. 
the MacKenzie Valley permafrost. Nevertheless, 
only three soils (Hanover Silt, Callovian 4andy 

under a 150 kPa loading on the basis of a total 
silt and Ottawa sand n0.2) performed acceptabby. 

creep settrlement to foundation width ratio 

pehafrost, a good probability exists then, 
( s  /L) less than 0.02.  or a thick layer of 

unless maintenance frequency and~costs are 
increased, that foundation pressure may have  to 
be reduced by avoiding mass concrete, by 

a combination o f  these methods. For pure ice 
increasing surface area, by adding piles or by; 

and poor MacKenzie Valley permafrost, global 
creep deformation values (S /L )  are up CO 7 , 
orders of magnitude too hi&! These sails do 
not harden as they creep and indicate that ., 

unless the permafrost layer is thin or that 

with high ice content should be avoided at all, 
stable layer is available at depth. warm Soils 

costs. 

Furthermore, given  the  presence of a relati- 

'. .-?< 

In order to evaluate the potentihl creep of  
, .  

i. ' . 



conductivity and grounding in soils in the 
frozen or unfrozen state. 

with ibnid mobil'ity due to a geqefal lack o f  
-.efectrbrk 4i",metalkic eleinehts. The concenrra- 
tion and mobilCty o f  ions theti 'determine the 
electrical conductivity of soils. In .turn, 
these depend an the poxosity, the wat-er content 
ana the physicar state of water in the- soil. 
calLy, neutral 'and-excellent insulators. on the 
othar,had, the considerable specific surface 
a*a of clays retain numerous ions such that 
ttle eonductiviry of soil also becomes a 
function of'- i t s  ' c h y  content. 

when a n ~ l . f r ~ & z ~ s ,  the unfrozen water 
-Content draps ,off.:Bk' a ratt which i s  a function 
of tZla soil typb:''tjhile ionic mobility decrca- 
st# proporViomt&3y, *-ionic concentration in- 
creaee& .KQll&Liig'  ex@.tleion or exclusion fr,m 
thcl :icc_matrix. Ions abslorbad on soil part+cl+s 
interact with water molecules nearby, hindering 
their..phase-  change., As a rewlt, the conducti- 
vity df idilty and Clayey sails decrca~siae more 
steadily, w i t h  decrease in temperatuxe,below 
freering; than a more granular soil which would 
have an.abept  decrease in conductivity. 

In geaeral, the resistivity of permafrost i s  
so great that it precludes the use of the inost 
simple and economic grounding techniques, i . e .  
an equipotential net 50 cm below gr?d@ that 
also servea as a grounding net. The latter is 
normally conceived for  summer condition8 and in 
seasonal frost zoneo, has to be complemented by 
a regular number at rods penetrating 6 m i n to  
Che earth. Rock is highly resiitive and site 
selection normally confines it to considerable 
depths. In the'.casle of small rock outcrops, the 
gridtmdrrt be, burLbd at' least  1.8 m below grade 
~a as ta limit sueface or walking voltages to 
acceptabke values. These techniques may be , 
enviaaged for thin permafrost layers by @&a- 
blishingia.grid deeper in the active layer or 
augmenting'the. €ill dspth and using rods to 
pierce through the ,penImfrQSt layer. Given the 
constraints on number of rods and burial depth 
however, it may be more ,economical, in any, , 

ding at site. Rather, a minimum grid could be 
case, to simply abandon the concept of grouh- ' 

established close to grade, sufficient only to 
pick up the various drop lines from the instal- 
lations, from which EWO conductors wauld emerge 
and lead to electrodes immersed in an appro- 
priately sized lake that does not freeze to the 
bottom. Techniques employed in arid zones to 
limit groundingkurrent such as adding res+- 
tance to the neatrtlll: of transfomers should 
also be given due consideration (Marquis . ,  
(1992)). L .  

Currents in soils are generally associated 

Minerals making up sand and silt axe electri- 

" , I  . "  

SITE SELECTION 

As has been shown, there are no benefits 

nuous permafrost and site selection should be' 
associated with constructing on warm disconti- 

geared to 'avoiding i.t. Since the advantage of 
obtaining suitable gxoundkng in liloosell soil 
deposits i s  for rhe,rnost paxt lost, rock out- 
crops close to Jakas naw become very attractive 
s i t e s  (Staudzs (1991) 1 + 

. T.he.:backbone o f  site reconnaissance is air- 
photo interpretation. Color photographa scaled 
1:L5 000 along with magnification should be 
sufficient  for.detecting all but the smallest 

> -  

to the other can be made using 

where ; 
ZcIs : salinity following 

w :  total water content, 

ZAsm : salinity expressed 
ASTM D4542-85. 

Over the couxse of 
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sults from the-test are also  presented. 

LmmQKmx 
Thermal  cracking is a serious problem in 

seasonal  frost and permafrost  areas.  Thermal 
cracks are usually seen  to  run  transversely 
across the road and  airfield  pavements.  Related 
distreeses caused by thermal'  cracking  axe in- 
creased pavesment roughness,  localized Loss of 
support, voids under the pavement  and  foreign 
object damage to aircraft  such as from  chipped 
pavements.  Thermal cracking occurs  when  the 
thermal  stress (due to l o w  temperatures)  ,in  the 
asphalt concrete  (AC)  pavement  exceeds  the ten- 
sile strength of the AC mixture.  This  fOEm  of 
cracking i s  called low temperature crack ing  
(Figure 1). The  temperature  at  which fai lure 
occurs  is  referred to as the fracture tempera- 
tux@.  In fairly new pavements, cracks have been 
observed to appear at greater  than 30-rn spac- 
ing. As the  pavement  ages or more  extreme tam- 
perature  drops OCCUX, the wack spacing has 
been observed to decrease to 3-6 m. 

ments are subjected  to  diurnal  temperature  cy- 
cling.  The  thermal  cycling of the  pavement: 
structure is due to the daily daytime  high and 
nighttime low temperatures.  This  cycling can 
cause thermal .fatigue, a concept  similar to 
load-induced Tatigue. 

Factors  that  influence the initiation  and 
frequency of thermal  cracking are asphalt 
grade, asphalt temperature  susceptibility, ag- 
gregate  type,  type of subgrade.  traffic  and 
even pavement thickness (&noor 1990a). Most 
research has concentrated on the stiffness of 
the asphalt  cement,  which has a strong  influ- 
ence on thermal  cracking.  The  major  thrust of 
past  efforts  has  been to relate asphalt  cement 
properties and indices,  such as viscosity  and 
penetration, to l o w  temparature  performance of 
asphalt  concrete.  The  viscosity and/or penetra- 

Thermal cracka can a l s o  occur  when AC pave- 

Asphalt  conczete (AC) pavements  in  permafrc-.t  and  seasonal f r o s t  regions 
to thermal  cracking.  There are two  theories for predicting  thermal  crack 
pavements.  The  first is that  the  thermal  stress  in the pavement  structur 
low  winter  temperature exceeds,the tensile  strength of the  mixture. This 
likely  scenario  in  permafrost  ateas.  The  second  hypothesis  is that the A 
fails due to thermal  fatigue;  the  cracks  are  generated  from  repetitive d 
and low temperature  cycling. As part o f  the development of guidance f o r  
tion of asphalt concrete  mixtures  that will resist  thermal  cracking  in  c 
CRREL  developed a thermal  stress  test  device  for  measuring  thermal  induc 
i n  AC beams in  the  laboratory.  The  test  device  attempts  to  simulate  the 

of subjecting  the  test  specimen  to  temperature  change  rates  that  vary be 
strain  in  the  longitudinal  direction of the  in-situ AC layer.  The  device 

30Y/hr.  Test  specimens  in t h e  device can be subjected to both  monotonic 
thermal  loadinq.  This paper describes  the  thermal stiress test  device.  Ty 

crude oil refin 
of wax  present 
indices axe dev conducted  at 
temperatures of . Therefare  it 
becomes necessar from the mea- 
sured data  to es t properties 
at  below-freezin 
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2 9 2  I 



ature. The thermal stress i n   t h e   a s p h h l t   c o n -  

Most o f t e n  the  stresses are c a l c u l a t e d   u s i n g  
Crete is c a l c u l a t e d   u s i n g   a n a l y t i c a l  methods. 

the  p s e u d o e l a s t i c   e q u a t i o n   p u t  f o r t h  b y  H i l l s  
a n d  B r i m  ( 1 9 6 6 ) .  The e q u a t i o n  i s  as fo l lows:  

I l l ' l l l l  
I n i t i o f l o n  

Thermal 

m- t- \ 

Y f" k 
S t e .  A n n e  Test R o a d  
150/200 LVA Mix 

I .o 
' -50 -40 -30 -20  -10 0 

T e m p e r a t u r e  ('C) 

F i g u r e  1. P r e d i c t i o n  of f r a c t u r e  
t e m p e r a t u r e .  

25 

25 mrn x 25 rnrn x 305 
Cooling Rate: 5 W h r  
25 mrn x 25 rnrn x 305 rnrn 
Cooling Rate: 5 W h r  

20 - 
N 

E 3 1 5 -  

G 
a 10- 
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5 -  

0 
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I I, 

Temperature ("C) 
.40 -30 -20 -10 0 10 20 30 

Temperature ("C) 

F i g u r e  2 .  T y p i c a l   s t r e s s - t e m p e r a t u r e   c u r v e .  

where ox (t) = a c c u m u l a t e d  thermal stress 
a ( T )  = c o e f f i c i e n t  of thermal c o n t r a c t i o n  

S ( A t , T )  = asphalt  mix s t i f f n e s s ,   f u n c t i o n  of 

dT(t) = t e m p e r a t u r e  drop ( c o o l i n g  rate) . 
time a n d   t e m p e r a t u r e  

E q u a t i o n  1 c a n  be s o l v e d   n u m e r i c a l l y   u s i n g  the 

r a n g e   b e t w e e n   1 . 7  X lo-' a n d  3 x 'C ( J a n o o  
f i n i t e   d i f f e r e n c e  m e t h o d .   T y p i c a l   v a l u e s  of a 

e t  a l .  1 9 9 0 b ,   1 9 9 2 ) ;  a i s  u s u a l l y  he ld  c o n s t a n t  
i n  the  a n a l y s i s .  The s t i f f n e s s  (S) of t h e  AC 
m i x t u r e   c a n  be estimated from l a b o r a t o r y  tests 
o r  w i t h  nomographs   such  as Van der Poe l ' s  nomo- 
graph (1955) i n   c o n j u n c t i o n   w i t h   t h e   H e u k e l o m  
a n d  Klomp (1964)  o r  Bonnaure  (1977)   nomographs.  
The c a l c u l a t e d   t h e r m a l  stress i s  t h e n   c o m p a r e d  
w i t h  t h e  t e n s i l e   s t r e n g t h  of t h e  AC m i x t u r e .  

direct o r  direct t e n s i o n  tests. A summary of 
The t e n s i l e   s t r e n g t h   c a n  be d e t e r m i n e d  from i n -  

t h e   v a r i o u s  tests i s  g i v e n   i n  Yanoo e t  a l .  
( 1 9 9 0 b ,   i n  p rep . ) .  

OF 

Attempts t o  m e a s u r e   t h e   t h e r m a l l y   i n d u c e d  
loads i n  asphalt  c o n c r e t e  started i n  t h e  mid 
1 9 6 0 s .  The d i rec t  measurement  of low tempera- 

b e e n  reported b y   M o n i s m i t h  e t  a l .  ( 1 9 6 5 ) ,  Hills 
t u r e  f a i l u r e  stresses a n d  t e m p e r a t u r e s  have 

a n d   B r i e n   ( 1 9 6 6 )   T u c k e t t  et a l .  (1970)  Chipper- 
f i e ld  and   Fabb   (1971) ,   Fabb   (1974) ,   Sugawara  e t  
a l .  ( 1 9 8 2 ,   1 9 8 4 ) ,   a n d   A r a n d   ( 1 9 8 7 ) .   C u r r e n t l y ,  
as p a r t  of i t s  m i x t u r e   c h a r a c t e r i z a t i o n  re- 
search, the  S t r a t e g i c  Highway Research Program 

i n g  t h e  t h e r m a l l y   i n d u c e d  load i n  a r e s t r a i n e d  
(SHRP) has a lso developed a device f o r  measur-  

a s p h a l t   c o n c r e t e   s p e c i m e n .  CRREL was a c o n s u l t -  
a n t  t o  SHRP i n   t h e   d e v e l o p m e n t  of t h i s  test  de- 
vice. A summary  of t h e  test  a n d  the  test  var i -  
ables are g i v e n   i n   J a n o o  et  a l .  (1990b, i n  
prep. ) . 

T h e   t h e r m a l  stress test s i m u l a t e s   t h e   i n -  
s i t u   c o n d i t i o n  of p l a n e   s t r a i n   i n  t h e  l o n q i t u -  
d i n a l   d i r e c t i o n  of the AC l a y e r  (Elong = 0 ) .  
T h i s  i s  d o n e   b y   r e s t r a i n i n g  the  Long a x i s  of  a n  
AC beam spec imen   be tween  two r ig id  frames. The 
t h e r m a l l y   i n d u c e d  load i s  m e a s u r e d  by a l o a d  
cel l  a t t a c h e d   b e t w e e n  t h e  r i g id  frame a n d  the 
tes t  spec imen .  The spec imen ,  o r  i n  some cases 
t h e  frame a n d  the spec imen ,  i s  t h e n  placed i n  
a n   e n v i r o n m e n t a l  chamber. The t e m p e r a t u r e   i n  
t h e  chamber i s  dropped a n d  t h e  load cel l  moni- 
tored. With t h e  t e m p e r a t u r e  drop, t h e  AC beam 
a t t e m p t s  t o  c o n t r a c t   i n  t h e  l o n g i t u d i n a l  direc- 
t i o n .  However, s i n c e  it is r e s t r a i n e d   t o  t h e  
r i g id  frame, it i s  u n a b l e  t o  s h r i n k   a n d   t h u s  
t e n s i l e  stresses develop i n  t h e  spec imen .  As 
t h e  t e m p e r a t u r e  drops f u r t h e r ,   t h e  stress i n -  
creases u p  t o  a leve l  when it reaches i ts  t e n -  
s i l e  s t r e n g t h .  A t  th is  time f r a c t u r e   o c c u r s .  A 
t y p i c a l  load t e m p e r a t u r e   r e s p o n s e  from t h i s  
t y p e   o f  test  i s  shown i n   F i g u r e  2 .  

the  thermal stress device: 

creep c o m p l i a n c e  tests c o n d u c t e d   i n  t h e  tes t  
1. The thermal stress, thermal f a t i g u e   a n d  

e q u i p m e n t   s h o u l d   n o t   r e q u i r e   a d d i t i o n a l  modifi- 
c a t i o n s  t o  the s y s t e m .  

on  low t e m p e r a t u r e   c r a c k i n g ,   t h e r m a l   c o e f f i -  
2 .  The s y s t e m   s h o u l d  provide a c c u r a t e  data 

c i e n t  of c o n t r a c t i o n ,  creep c o m p l i a n c e   a n d  
thermal f a t i g u e .  

The f o l l o w i n g  c r i t e r i a  were u s e d  t o  d e v e l o p  
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fo; cooling o r  waiming the speci- 
men.  This  unit  was  capable of producing  temper- 
atures  between -100' and +lOO°C. With  the  aid 
of a  programmable  temperature  controller, the 
cooling  unit  was  capable o f  producing  cooling 
rates up to 21°C/hr. The data  acquisition/con- 
t r o l  system  consisted of a  personal  computer,  a 
data  acquisition  board,  temperature  load  and 
deformation  measurement  sensors. 

SuLerLZ 
One of the SLS fixtures  consisted of a  frame 

with  a  Load  cell  and a specimen  mounting  plate 
o f  four  Invar-36 bars between two end  plates, 

caused  by  thermally  induced  strains in the SLS 
in between  (Figure 3). Stresses on the sample 

of the  critical  components in the  fixture.  In- 
fixture  were  minimized by using  Invar  for  most 

var was chosen for this application  because of 
i t s  very  low  mean  thermal  coefficient of expan- 
sion (9 x 10-7 /0C)  and  relatively  high  modulus 
of elasticity (148 G P a ) .  Some steel was.used to 
compensate €or the  Invar  shrinkage,  although 
thiS was  not the basis  of the design.  The  simi- 
lar  thermal  conductivity  and  masses of the 
steel  and  Invar  components  ensured  that the 

thermal. responses of the dif 
would be comparable,  thus  re 
strain  fluctuations  that occ 
SLS design. 

the  development of an SLS fi 
The  latest  device  was our 

is referred to as  system  2 i 
sented  later.  The  improved s 
found to work  very well with 
305-mm-long  beams. Tn AC mix 
stone  size  can  be as large  a 
fore the question of specime 
raised  with  the  25-mm-square 
ple  cross  sections  (up to 76 
also tested  with  this  device 
were  found  from  this  study: 

1. The  thermal  stresses 

ples  (Janoo  et  al,  1990b).  T 
specimen  were  much  higher th 

sample  size  was a critical  e 
procedure.  Based  on the resu 
specimen s i z e  that  was  consi 
for  the  thermal  stress  test 
The  rate of change in the th 
creased  substantially  above 



crass section.  This c r m s  sec 
adopted  by SBRP. 

tion was also 

2. As the  specimen s i z e  increased, so did 
the  compliance o f  the  system.  The  larger ( 7 6  mm 
square)  specimens  did  not  show  any  signs  of 
fracture at temperatures  down to -4QOC. This 
rather inexpensive  and  simple  device  would  ben- 
efit  from  greater  reducti.on in its  compliance. 
The  effect of this  compliance will be illus- 
trated in the results  presented  later. T h i s  de- 
vice is suitable to evaluate  fine AC mixtures 
where  the cross section cpuld be as low a3 25 
mm square. 

EsskL-3 
To decrease  the problem of sample inhomoge- 

neity  and  overcome  the  compliance  problems  in 
the  previous  design, a larger SLS fixture  with 
a  massive,  rigid  steel  frame  specimen  holder 
was developed. To  reduce  the  compliance of the 
system, a closed-loop  feedback  linear  position- 
ing device was  installed on the  system to more 
closely  control  the  length  of  the  specimen, 
(Figure 4 ) .  The  control  system  employed a servo 
motor  and drive in conjunction w i t h  a jack- 
scxew. The drive  system  consists of a computer 
controlled driver and motor  with  resolver. 

The interaction o f  the  instrumentation  with 
the servo drive  provides  the  feedback  control 
necessary to maintain  the  sample  length  over 
varying  parts of the  test  (Figure 5). A8 the 
temperature  in the environmental  chamber falls, 
the sample attempts  to  shrink,  resulting  in  a 
force in  the  sample  constraining  structure 
(frame, jack screw, load cell,  etc.) . This 
force causes distortion in the support struc- 
ture  that, if n o t  compensated fwrr will allow 
the sample to shrink axially  and thus partially 
unload.  When the sample  shortens,  the  length 
control  linear  variable  differential  transform- 

Teat Cell 1 Teat Cell 2 Yest Cell 3 

* 
To DAS 

... 

er (LWT) registers a decrease in length by 
varying its output  voltage. This length d i f f a r -  
entia1  analog signal is compensatedr f o r  the.  am- 
bient  temperature  (derived  from a thermocouple 
in  near  proximity  to  the L M T )  and is fed  into I 
the servo  drive f o r  the  jack  screw  positioning 
stepper motor. A command to move a fixed  nufflber . 
of pulses is sent to the  stepper  motor t o  cox- 
rect €or t h i s  Length  differential. A reso+ver, 
connected to the d r i v e  motor,  returns to,the 
driver  the  number of steps  taken  during khe 
scan  interval of the driver.  Any  difference be- 
tween  the  two is considered  an  error and the 
motor i s  commanded to make  up  the  difference. 
This  feedback  control  loop will thus  maintain 
the  sample l ength  whether  the  sample is shrink- 
ing or expanding, thus Compensating €OK both 
decreasing  and  increasing  temperatures. 

Another  modificatian  was  made to avoid, frac- 
ture close to  the  end  caps.  Swivel  joints were 
added to connect  the test specimen to the load 
cell as well as the  screw  jack  in  order  to  re- 
duce any noneccentric loading near the, end of 
the samples.  The  swivel  joints  were used in the 
monotonic load tests;  however,  they  were re- 
placed with rigid joint .  fixtures  for  thermal 
cycling  tests.  In  the  cycling  tests, during the 
warming cycle, the  specimen  tended  to  expand. 
Rigid j o i n t s  were  necessary because as-the ,, 

specimen  expanded, the step  motor appl$& $ 
compressive load  on t h e  specimen.  With a swivel 
joint,  this load was applied  nonuniformly. , , , - : \ , ( ' <  ' , 

,. . I 
Some  typical  test results are  presented E m m  

the two specimen  loading systems. The resules- " , 

are from the SHRP program,  studies co?qqqted . ,  

f o r  Quebec  Ministry of Transportatio,n, andvh in- 
house studies. 

, I  

, I .  

, .  

, .  

From otliet Test Cells To and From'Other Test Cella 

Figure 5. Schematic of feedback  control  system. 

t 

.. . ,  

Figure  6. Typical results o f  defor&- ' 
tion.causedbytemperature changes i n h e ,  
specimens. ,, . 

, I  I 

, ,<,  i-..- * ,  i , j .  . . < 1  
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Figure7.  Typicalthermal stress test 
results from Invar rod system. 
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Figure 8 .  Comparison of fail 
tures fromInvar rodandstep 

of tbermaL 0.04 . I I I I - 
traction €or asphalt  concrete  was E 
determined  between a temperature 
range of 20°C and -5OOC. The  tests .g , o  
were  conducted  at  cooling  rates o f  
5'C/hx, 10°C/hr and  2Q°C/hr. Four 
LMTs were  attached to the test 

ments were taken  every 5 minutes. 
specimen and  deformation  measure- 

*e--" - 
c 
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re tempera- 
)tor system. 

An average of all the deformation 
temperature  shrinkage  tests con- 
ducted  at  S°C/hr  is  shown  in  Fig- 
uxe 6 .  The  slope  of  the deforma- 
tion  temperature  curve is not 
constant  over the e n t i r e  range. 
This  difference becomes more  ap- 

Invas rod  and  step  motor  systems. 

do 
Temperature ("C) 

parent  at very low temperatures. 
The coefficient of thermal  con- 
traction (k) varies  from 2 9  X to 18 X 
'C as the  temperature  drops  from 10 to -4OOC. 
Similar values were  found  from testq Conducted 
at l o o  and 20"C/hr. 

ThermalStress 
Thermally induced  loads  were  measured  under 

both  monotonic  temperature  drop  and  cyclic  tem- 
peratures.  Studies  were  conducted on the  effect 
of asphalt  grade, asphalt-aggregate mixtures 

temperature and strength. Additional informa- 
and specimen CEOQS section areas on fracture 

tiwn  on  the reeu1t.s  from  the  various  studies 
can be found.in Janoo et al. (1992). A typical 
result from the Invar rod thermal stress  test 
devices is shown  in  Figure 7. The  influence o f  

also shown in this f i g u r e ;  t h e  70- X 70-mm 
specimen s i z e  on  the  failure  temperature is 

specimen did not reach a failure  condition. 

under  monotonic  test is shown in Figure 8 .  Two 
The effect of the  compliance in t h e  systems 

50-x  50-mm2 test  samples  were 

var rod system  that  did  not 
System 2 is  the In- neously in the two systems. 
kested  simulta- 

in  Figure 9. An during  thermal loading i s  shown 
two systems difference in compliance of the 

specimen,  the formation allowed in the test 
amount of de- v s .  -4O'C) . With -respeCt.'to t h e  

temperature (-26' system) failed at a higher 
3 (step motor similar,  the  sample  in  System 

stresses were at zero. Even though the failure 
deformation  system to maintain  the  longitudinal 

have a step motor 

test. The  horizontal lines at f0.0254 mm shown 
ideal  system  would  show no movenie'nnt during  the 

in the figure axe  the limits suggested by Fabb 
(1872) who felt that  large errors in.the frac- 
ture  temperature  would  occur if deformations  in 
the  specimen  were  not held below k0.0254 mm. It  

reduced. A suggested value is ko.01 mm; The 
appears  that these limits need to be f u . r t h e r ,  

initial compression 3een in Sys tem 3 occurred 
because the step  motor was o f f .  The step motor 
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Figure 10. Reduction  in  strength  caused by tempex- 
ature  cycling. 

was  turned  on  when  the  temperature  had  dropped 
to 10°C;  it was then able to  control  the  expan- 
sion  to  the  fO.O1-mm  level.  Since  this  experi- 
ment,  better  control of the  deformation has 
been  attained.  At  this  time,  in  system 3, the 
movement:  is  controlled to f0.03. mm. 
SLS fixtures. For the SHRP study, the tests 
were  conducted in system 3 .  The 50 X 50-mm2 sam- 
ples were prepared  in  the lsboratory and  pro- 
vided to CRREL by SHRP. Based on results ob- 
tained by Sugawara (1989), our initial 
assumption  was  that  failure  would  occur at ap- 
proximately  100  cycles.  The  results  show (Fig- 
ure LO) that  although  there  was  a  reduction  in 
strength  quite  early  in  the  cycling  process, 
the  strength  level  remained  fairly  constant af- 
ter  that.  The  thermal  stress  at -1O'C drops to 
zero after  approximately 70 cycles,  indicating 
the  specimen  has  "failed."  However,  visual  in- 
spection of the  specimen  at  the  end o f  the  test 
showed  no  failure  planes.  At  present,  the  hy- 
pothesis of thermal  cracking  due to temperature 
cycling  cannot  be  confirmed  in  the  laboratory. 
The  failures  reported by Sugawara (1989) may 
have been specimen  size  dependent.  Sugawara 
used a 25- X25-mm2 specimen f o r  the  thermal cy- 
cling t e s t s .  Also  the  temperatures  he used were 
very  close to the  monotonic  failure  tempera- 
tures.  Further  research  in  this  area  needs to 
be done. 

CONCLUSIONS 

Thermal  cycling  tests  were  performed  in  both 

Two  thermal  stress  devices  have  been  devel- 
oped  at  CRREL for studying  the  low  temperature 
and thermal fatigue  performance of any asphalt 
concrete  mixture.  Both  monotonic  and  cyclic 
therma1,loads can be applied  to  the  specimen. 
The  cooling  system is capable o f  generating 
cooling rates between 3 and 27'C/hr, A minimum 
temperature of -60°C can be achieved  in  this 
apparatus. The step  loading  device i s  capable 
of restraining  movements  in the test specimen 
t-o less than 25 x lo" mm. 
be correlated  with  field  experience. The re- 
sults  of  the SHRP field  tests  are  being  ana- 
lyzed and  preliminary  results show a good cor- 
relation.  The  effect o f  thermal  cycling  on 

The  results  from  the  laboratory  test  need to 

2 9 7  

asphalt concrete fracture  needs  to  further P 
searched e 
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COUNTF,RMEASllRES TC) PREVENT CANAL STRIJCTIJRES FROM FROST,DAMAGF 

Northwestern  Hydraul  L C  S c i e n c e  T n s t i t u t e  o f  Watcr R c s o u r c c s  
Mirr i s t ry ,   Yarrg l ing ,   Shaanxi ,  712100. P . R .  C h j n a  

Most o f  t h e   c a n a l   s e e p a g e   p r e v e n t i o n   s t r u c t u r e s  i n  n o r t h e a s t e r n ,   c e n t r a l  a t  

e x p o s e d   t o   t h e   a i r .  Being f r e q u e n t l y  i n  c o n t a c t  w i t h  water   under  m i n u s  teml 
n o r t h w e s t e r n   c o l d   a r e a s  of China  a r e  i n  t h i n - p l , a t e   t y p e s  w i t h  e x t e n s i v e  FIT( 

h e a v i n g ,   t h e r e b y   a f f e c t i n g   t h e   f u l l   b e n e f i t  of t h e   e n g i n e e r i n g   s t r u c t u r e s .  
Lures  in the w i n t e r ,   t h e   c a n a l  structures w i l l  s u f f e r   s e v e r e  damage from f l  

o r d e r   t o   p r e v e n t   a n d   e l i m i n a t e   s u c h   t y p e s  of  f r o s t   h e a v i n g  damages  i . n  e n g i ~  

and c o n t r o l   t h e  f r o s t  damage i n  t h c   a s p e c t s  o f  d e s i g n ,   c o n s t r u c t i o n  and m a l  
i n g   s t r u c t u r e s ,   t h e   a u t h o r   p r e s e n t s  some c o n c r e t e   c o u n t e r m e a s u r e 3  t o  prcvel 

ment o f  t h e  s e e p a g e   p r e v e n t i o n   s t r u c t u r e s .   T h i s   h a s   b e e n   t h e   b a s i s  of r e t e )  
y e a r s  of e x p e r i e n c e  i n  e d i t i n g   t h e   " T e c h ~ l i c a l   S p e c i f i c a t i o n s  o f  Canal   Seep;  
P reven t ion   Eng inee r ing"   and  some v a l u a b l e   r e f e r e n c e   m a t e r i a l s   c o m b i n e d  w i t 1  
c h a r a c t e r i s t i c s  of t h e   s t r u c t u r e s .  

INTRODUCTION 

The c o n t r a d i c t i o n   b e t w e e n   t h e   s u p p l y   a n d   r e -  
q u i t c m e n t  o €  w n t e r   r e s o u r c e s  i s  g e t t i n g   s e v e r e r  

a n d   i n c r e a s e   t h e  w a t e r  u t i l i z a t i o n   e f f i c i e n c i e s  
in C h i n a .  I n  o r d e r  t o  r e d u c e   s e e p a g e   w a t e r   l o s e s  

o f  t h c   c a n a l s ,  n g r e a t   d e a l  a i  c a n a l .   l i n i n g   p r o -  
j e c t s  hove  been  completed i n  p a s t . d e c a d e s .  They 
have   p l ayed   ac t i . ve  r o l e s  i n  a l l e v i a t i n g   t h e w a t e r  
s h o r t a g e   p r o b l e m ,   c o n t r o l l i n g   t h e   s a l i n i z a t i o n  

uwliog  t o  t h e  s e v e r e   f r o s t  damage problems i n  t h e  
o f  soils and ' e n s u r i n g   t h e  s ~ f e t y  n f  c a n a l s .  B u t  

t h r e e   c b l d   a r e a s   ( n o r t h e a s t ,   n o r t h   c e n t r a l  and 
n o r t h w e s t  ' i r f  C h i n a ) ,   i n c i d e n c e &   l i k e   f r o s t   h e a v -  
d.ng,, c r a c k i n g ,   m i s l a p p i n g   a n d   c o l l a p s i n g   a r e  
f reqc len i ly   happe .n ing  t o  t h e  c a n a l   l i n i n g  s t r u c -  
t u r e s *  * r e s u l t i n g  i n  no t  ( ~ t ~ l y  t h e   r e d u c t i o n  o f  
t h e ,   b e n e E i t s  o f  e n p , i n c e r i n g   i n v e s t m e n t s ,   t h e  
l i f e  of t h e  structures a n d  outcome o f  water   con-  
s e r v a t i o n   p r e c t j c e s . ,  b u t  a l s o  s e v e r e   a c c i d e n t s  
t ~ r r  a I f . q q t i n g  t .he . n o r m a l   n p e r a t i o n  o f  i r r i g a t i o n  
cnnal.,sys$c+rns-. For  example ,   acco rd ing  t o  o u r  
i n v e s t i g a t i o n '  o n  c a n a l   l i n i n g   S t r u c - L u r e s  i n  t h e  
i r r i g a t i o n  d i s t r i c t s  of S h a a n x i   P r o v i n c e ,  o w i n g  
t o  th-e f r o s t   d a m a g e s ,  7 5 . 3 %  of t h e   l i n i n g   p l a t e s  
o n  t he   shndow  s ide  o f  t h e   c a n a l   h a v e   c r a c k e d ,  
a n d  on t h e  sun s h i n e   b i d e  i t  i s  2 7 % .  More c r a c k s  
were  found i n  t h e ' p r e - c a s t e d   p l a t e s   t h a n  i n  t h e  
s i t P - c a s t e d   p l a t e s .  Anotlrer  example i s  t h e  X i n -  
l i u  rn$+.n c a n a l  i n  t he   X in j i ang   Au tonomousReg ion .  
The canal was l i n e d   w i t h  a p l a s t i c  membrane f o r  
s ecpage   p reven t ion   and   paved  w i t h  pre-casted 
c o n c r e . t e ,   p 1 a t e . s   a s  a p r o t e c t i o n   l a y e r .   B e c a u s e  
o f  Lhe h t g h e r . . , w a t e r   t a b l e  i n  t h e   c a n a l   f o u n d a -  
t i o n  and : t h e   a c t i o n   o f   m i n u s   t e m p e r a t u r e s  in 
t h e   w i n t e r ,   t h e   u n - u n i f o r m   f r o s t   h e a v i n g   o c c u r -  
red  i n  t h e  c a n a l ,   w h e r e   t h e  c o n c r e t e  p l a t e s  were 
c r a c k e d ,   b o d i e s  o f  t h e   p l a s t i c  membrane  and t h e  
c o n c r c t c   p l a t e   c o l l o p s e d   a f t e r   t h e   f r o z e n   l a y e r  
was welted ( T o n g  C h a n g j i i n g   ' e t   a l . ,  1 9 8 5 ) .  As 
Cor ~ l r e  e a r t h   p r o t e c t e d   . m e m b r a n e - l i n i n g  strut- 
L u r e s ,  d u e  t o  a l a c k  of f r o s t  damage ' c o n s i d e r a -  
t i t l n  i n  t h o   r l c s i g h ,   t i r e   m e l t i n g - s l i d i n g  of t h e  

I ., 

p r o t e c t i o n   l a y e r   h a s   b e e n  more 
to p r o l o n g   t h e   l i f e  o f  c a n a l  l j  
a n d   e n s u r e   b e t t e r   o u t c o m e s  f r o m  
c o n s t r u c t i o n   e n d  l i v i n g  o f  t h e  
s t i t u t i o n s  o f  s c i e n t i f i c  rcsear 
s t r u c t i o n   a n d  yanergement  and r c  
ties i n  t h e  c o u n t r y  h a v e  been a 
the   mechanisms and t h e   c o n t r o l l  
frost damapes .  And E r u i t f u l  a c h  
been made i n  t h i s  a r e a .  T h i s  pa 
duce some c o u n t e r m e a s u r e s   f o r  t 
f r o s t  damages n n  t h e  b a s i s  of t 

Resources   Min i s t ry  of C h i n a ,  19 
(Wate r   Resources  M i n i s t r y  of C h  

j i a n g   e t   a l . ,  1985). 

COUNTERMEASURES FOR THE CONTKOL 
__. TO C A N A L  LINING SIRUCTURES 

Based  on t h e   r e c o g n i t i o n  o f  t 
r o l e  t h a t  wat.er   plays i n  t h e  p r  
damages t o  c a n a l   l i n i n g   S t r u C t U  
c o n s i d e r a t i o n  o f  c h a r a c t e r i s t i c  
s t r u c t u r e s ,   c o n t r o l  and   prevent  
d a m a e a s  s h o u l d  s t r e s s   t h e  reducl 
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IF FROST R A M A G E  
, .  

2 p r o t r u d i n g  
: e s s  of f r o s t  
? a  and from t h e  
of t h e  l i n i n g  

3n of frost 
ion of s o i l  

Measures  to Seduce  Soil M o i s t u r e   C o n t e n t   i n - t h e  
Canal Base 

E x p e r i m e t ~ t a l   r e s u l t s  show t h a t  when t h e  s o . i l  
m o i s t u r e   c o n t e n t  i n  the base  i a  less t h a n   t h e  
s t a r t i n g   w a t e r  content o f  f r o s t   h e a v i n g   t h e  v n i l  
w i . 2 1  b e  Free of f r o s t  damage .   Therefore ,  i f  t h e  
a o i l   w a t e r   c o n t e n t  i n  t he   base  i s  g r e a t e r ,   t h e  
fo l lowing   measu res   shou ld  b e  t a k e n   t o   r e d u c e  
f r o s t  damages : 

( 1 1  F o r  new c o h s t r u r t j o n  of c n n n l   l i n i n g  

da'ys  ahead o f  t h e   c o n s k r u c t i o n  of t h e   1 i . h j n g ;  
s t r u c t u r e s :   E x t a v a t ' e   t h e   e n r t h   c a n a J  15  or more 



water   depth  h ( n l )  ' 

F i p . 1   G e n e r a l i z e d   s t e a d y   i n l i l t r n t , i o n   c u r v e s  o f  t h e   c a n a l  
l i n e d  w i t h  d j f f e r e n t   m a t e r i . a l s  (A-membrane: R- 

s i t e - c a s t e d   c o n c r e t e ;   C - , p r e c a s t   c o n c r e t e :  
D - m o r t a r - l i n e d   s t o n e s :   E - e a r t h )  

Leave B 3-5  cm t h i c k n e s s  o f  soil b e f o r e   t h e  
r l r s i g n e d   c r o s s   s e c t i o n  is Eormed so e s  t o   l c t  
Lhc s o i l  m o i s t u r e   e v a p o r a t e   u n d e r   n a t u t a l   c o n d i -  
t i o n s ;  A t  t h e   t i m e  o f  c o n s t r u c t i o n ,   c a r e f u l l y  
c l e a r  away B 3-5 cm t h i c k n e s s  of top soil so a s  
t o  mnke t h e  soil s u r f a c e  a na tu ra l .   we t   cond i t i -on  
wh ich   w i l l  b c  f a v o u r a b l e  f o r  t h e   l i n i n g   o f  call- 
c r e t e  or n t - h e r   s e e p a g e   p r e v e n t i o n   m a t e r i . a l s .  

( 2 )  For  the  improved  use o f  s t r u c t u r e s :   S o i l s  
below t h e  u s e d   s t r u c t u r e s   a r e  oltcn i n  a s a t u r a -  
t e d  c o n d i t i o n ,   a n d  i t  is n e c e s s a r y  t o  r e f j l l   t h e  
c a n a l  b a s e ,  re -cxcavate   and   rc?- form  the   des igned  
c r o s s  s e c t i o n   h e f o r r   l i n i n g .  I n  t t rcse  processes. 
t h e  f o l l o w i n g   m e a s u r e s   s h o u l d  be t a k e n  t o  t c d u c c  
t h e   . s o i . l   m o i s t u r e   c o n t . e n t  i n  t h e  f o u n d a t i o n :  ( a  
Befor;? l j . n i n g ,  s t o p  t r a n s p o r t i n g   w a t e r   t h r o u g h  
t h e  c a n a l  a s  uar1,y a s   p o s s i h l e  and   l oosen   t he  
Ijase s o i l  aud Let i t  d r y  out. n a t u r a l l y ;   ( b )  I f  
t h e  l i n i n g  is n e c e s s a r y  when t h e   c a n a l   h a s  j u s t  
s l o p p e d  t r a n s p o r t i n g   w a t e r   ( t h i s   m e a n s   t h a t  t h y  

h n s t  s w i l  is p r o b a b l y   s a t u r a t e d ) ,   t h e   p u m p i n g  
mcthnrl  should  be  adonted t u  e x t r a c t   t h e  wat.cr 

and t h e n  r e f i l l  t h e  c a n a l  base. For l a r g e   s c a l e  
or i m p o r t a n t  project s t r u c t u r e s ,  o r  s t r u c t u r e s  
d e s i g n e d   t o   s h i f t   t h e   b a s e  soils s o  a s   t o   p r e -  
v e n t   f r o s t   d a m a g e s ,  remove t h e  b a s e   s o i l s  a n d  
r e f i l l  w i t h  i d e a l   w a t e r - c o n t e n t  s o i l s  o r  s a n d s ,  
g r a v e l   a n d  s t o n e  m a t e r i a l s .   T h e  d e p t h  o f  e x c a v a -  
t i o n   d e p e n d s  o n  t h e  d e p t h  o f  f r o z e n   e n d l o r   t h e  
c r i t e r i a  o f  d e s i g n ,  

( 3 )  P l a n t i n g   t r e e s  o n  t h e   l e v e e  o f  c a n a l  t o  
e x t r a c t   w a t e r  i n  t h e  base  soil. A c c o r d i n g   t o   t h e  
e x p e r i e n c e  i n  X i n j i a n g  Autonomous  Regi.on,  plant-  
i n g  w a t e r - l o v i n g   t r e e s   l i k e   t h e  w i l l o w  will 
c - a u s e   b i o l o g i c a l   d r a i n a g e .   M e a s u r e m e n t s  o f  t h e  
same c a n a l   i n d i c a t e d   t h a t   s o i l   w B t e r   c o n t e n t  i n  
t h e   t r e e - p l a n t e d   l e v e e  was 14-167, l e s s   t h a n   t h a t  
i n  t h e   b a r e  levee. 

Measures   t o   P reven t   Ou t s ide   Wate r   Sources  From 
E n t e r i n g   t h e   C a n a l   B a s e  

The o u t s i d e   w a t e r   s o u r c e s   c a n   i n f i l t r a t e d  
f r o m  t h e  canal w a t e r ,   f r o m   s u r f a c e   w a t e r  o n  t o p  

i n  s l o p e s  a n d  
s o u r c c s   f r o m  

4 n g  m e a s u r e s  

o f ' t h e  1evee:'Bnd f r o m  nearby  mounta 
f rom L h e  c a n a l  b a s e :  ( c )  I f  t h e  f o r m e r  two meth-. f a r m   f i e l d s . ,  T o  p r e v e n t   t h e s e   w a t e r  
crds a r e  s t i l l  unable  L O  m e e t   t h e   d e s i g n   r e q u i r e -   e n t e r i n g   t h e   c a n a l   b a s e .   t h e   f o l l o w  
m e n t s ,  m i x  t h e   b a s e   s o i l  w i t h  low w a t e r - c o n t e n t  s h o u l d  b e   t a k e n   r e s p e c t i v e l y :  
s c r ~ l s  L U  a u n i f o r m   s o i l   m o i s t u r e   c o n t e n t ,  a p -  ( 1 )  D e s i g n i n g   t h e   s e e p a g e   p r e v e n  
p r o x i m a t e l y  t o  t h o  p l a s t i c  limit of t h e  s o i l ,  t .ures w i t - h  a d v a n c e d   t e c h n o l o g i e s :  

. ." 

Top-cover (  fl p l a t e )  

t i o n  s t r u c -  



( a )  F i r s t   c h o o s e   t h e  membrane I j n i n g  m a t e r i -  
a l . .   F i e l d   t e s t s  i n  Shanx i   P rov ince   p roved   ( i n  
F i g .  1 )  t h a t   u n d e r   t h e  dams canal   woter  depths 
t h c  membrane m a t e r i a l s   r e d u c c d  s e e p a g e  t he   mos t . '  
c o m p a r e d   w i t h   t h e   s i t e - c a s t e d   c o n c r e t e   l i n i n g  
a n d   t h e   p r e - c a s t e d   c o n c r e t e  l i n i n g .  T h e r e f o r e ,  
t h e  membrane l i n i n g   s h o u l d   b e   a c r i v e l y   a d o p t e d  
and e x t e n d e d  in p r a c l i c e ;  

has   proved t h a t  c r a c k   f i l l e r s  f o r  t h e   i n f l e x i b l e  
l i n i . n g   m a t e r i a l s  like c ~ n c r c t e  shouI.d b e a d o p l e d .  
A new t y p e  o f  c r a c k  t i l l e r ,  lhe  Tar P l a s t i c  Daub, 
has   been   deve loped  i.n t he   N3r thwc t ; t c rn  I l y d r n u l i c  
S c i e n c e  L n s t i t - u t e ,  wi.th g r e a :  b i n d i n g  o t r e n g t h  
(under -15°C)  u p  t o  8.9 kg/cm and  good s t s e t c h -  
i n g  s t r a i n   ( u n d e r - 1 2 ° C )  i n  t h e  range  o f  4 6 . 7 -  
2 6 0 2 .  For l a r g e   s c a l e   p r o j e c t   s t r u c t u r ~ s ,  t , h e  
p l a s t i c  ( o r  r u b b e r )   s e e p a g e s t o p   b e l t  is recom- 
mended; 

( c )  E x t e n d  t h e  t o p - c o v e r   l a y e r   t o   p r e v e n t  
ou t s ide   wa te r   f rom  en te r ing   t he '   c ane l   base .  A 
h o r i . z o n t a 1   t u p - c o v e r   p l a t e  o f  25-30 c m  w : i . d e ,  a s  
shown i n  Fig.2, should h e  d e s i g n e d .  When t h c r e  
- is  a  ravel s h l f ' c i n g - p a d   l a y e r   u n d e r   t h e  l i n i n g  
p l a t y ,   he width  o f  the  ~ o p - c . o v e r  s h o u l d  b e  10 
cm g r e a t e r  t h a n  the  combined  width o f  t h e g r a v e &  
p o d  a n d   t h e   l i n i n g   p l a t e .  A n d  i f  t h e  l i n i n g  
d e p t h  is l e s s   t h a n   t h e   c a n a l   d e p t h ,   t h e  t o p -  
c o v c r  s h o u l d  be e x t c n d c d   i n t o   t h e   l c v c c .   T h c  
m o t e r i a l  of  t h e   t o p - c o v e r  i s  g e n e r n l l y   t h e  same 
a s  t h a t  o f  l i n i n g  plate o r  thc p r o t v c t i o n  Inyt=r  
of the   membrane;  

( d )  For membrane l i n i n g ,  t h e   t o p - c o v e r   s h o u l d  
be l a i d  a s  shown i n  Fig.3. The c o n n e c t i o n  o f  t h e  
membrane w i t h   b u i l d i n g   s t r u c t u r e s   s h o u l d  be 
(IeajRned a s  shown i n  F l a . 4 :  

(b)   Choose  a b e t t e r   c r a c k   f i l l e r .   E x p e r i e n c e  

Top-cover  p l a t e  2 5 - 3 0 ~ ~  - 
proLectio1, l a y e r  

Fig.3 Top t r e a t m e n t  o f  t h e  membrane l a y e r  

\ 
I 

protection l a y e r  

membrane l a v e r  

\ 
I 

protection l a y e r  

membrane l a v e r  

Fig.4 Connect ing  of. membranes 
w i t h  I J u i l d i n g s  

( e )   S e e p a g e   p r e v e n t . i o n  c a n a l s  s h o u l d  be con-  
s t r u c t . c d  h a v i n g  a s i d e w a r d s  slope of  1/100-1/200.  
I T  Lhe c a n a l  b a n k  is b e s i d e  a h i g h - r i s i n g   s l o p e ,  
D c l ro innge   d i t ch  s h o u l d  be conRt ruc ted   a long   t . he  
f o o t  of t h c   s l o p e  t o  l e t   t h e   w a t e r   f l o w   o u t   t h e  
l c v e t  o r  i n t o  t h e  c a n a l .  

( 2 )  C o n s ~ r u c t i n g   c a r e f u l l y  t o  e t ~ s u r e  t h e  
q u n l j t y  of t h e   c a n a l - l i . n i n g  , .-, , 

The fo l l r rwing   p rocedures  s h o u l d  be c o r , e f r l l l y  
.,*" f o ~ l l o w e [ l ~   t o   e n s u r e  $ t h e  q u a l i t y  o f  t h e  c a n a l  lin- 
j n g  e n g i n e e r i n g :  

( a )  C a n s o l i d a L e   t h e   c a n a l   b a s e .   A c c o r d i n g  t o  
r r g u l n t i o n s  i n  r e f e r e n c e   ( W a t e r   R e s o u r c e s  M i n i . ?  



e r  
- 

F i g . 7  L o n g i t u d i n a l   a n d   t r a n a v e r s e  
dra-inage  system 

-"" 
Msnagcmcnt Mr*axtlrt?s F O F  t : h v  C o n t r o l  o f  F r o s t  
DamaRes 

c a n a l  l i n i n g   s ~ r u c t u r e s .   e n g i n e e r i n g  management 
w o r k  s h o u l d  be  s t r e s s e d  on L ~ c !  t h e  f o l l o w i n g ,  
a s p e c t s :  I .  

( I )  T r r i g a ~ i o n  o f  f a r m  lands a n d  t r e e   b e l t s  
: ~ d j t ~ c c n ~  t o  Lhc cxcavabed   cana l s  s h o u l d  be   s top -  
p e d  D C  l c a s t  15-20 d a y s   b e f o r e   t h e   t e m p e r a t u r e  
d e c r e a s e s  t o  t h c  m i n u s .  

Lhe w i n t e r   s h o u l d   s t o p   t r a n s p o r t i n g   w a t e r   w e l l  
I I ~ L o I Q  the: a i r  t e m p e r a t u r e  decreases s t e a d i l y  
l ) c l o w  0°C. A n d  o n l y  i f  t h e  a i r  t e m p e r a t u r e  is 
s t e a d i l y  a h n v ~  0°C c a n   t h e   c a n a l   r e t u r n   t o   o p e r a  
tiorr.  W i n t e r - o p e r a t i v e   c a n a l s  s h o u l d  k e e p  a con- 
t i n u o u s   t r a n s p o r t  o f  w a ~ e r  8 1 r d  a g r e a t e r   w a t e r  
l p v r l  ~ ~ 1 . 1  above t h e  w i n t e r  m i n i m u m  l e v e l .  

( 3 )  B e t o r e  i r r i # n t j . n n   ( c s p e c i a l l y  t h e  f a l l .  
i r r i d d t , i o n )  o r  a f t e r   r a i n s t o r m s ,    he l i n e d  
c a n a l s   s h o u l d  b t  comple t e ly   checked  t o  e n s u r e  
I ~ I C  c o m p i $ t e n e s s ,   s a f e t y  a n d  r e l i a b i l i t y  of  t.hc 
s e e p a g e  y r e v e n E i o n   l a y e r ,  t h e  8hr.itrkage  and c o n -  
s t r u c t  i u n  junctures, the top- -covet ,   and  t h e  
a l ~ o v e  ine i t t ioned   dra inage   sys tems.  I f  t h e r e  7.s 
nrly damage ,  c r a c k ,  m i & - l a y ,  o b s t r u c t i o n  a n d  
n l  h e r  o u t . - o f - r e p a i  r p a r t s ,  prompt  mending s h o u l d  
b e  ptov)r l r?d.  As i t  i s  w ~ l l  k n o w n  t h ~ t  t h e  c a n a l  
srtrpage p r e v e l l t i o n  s t r u c t u r e s  s h o u l d  never  h e  
o p c r e t e d  under i 1 1  c o n d i t i o n .  ' 

I n  u r d t r  1.0 a l l e v i a t e   f r o s t  damages t o  t h e  

(2') C a , n a I s  which t h a t  w i l l  n o t  be o p e r a t e d  i n  

4 

s c c t i o n  A - A  

Fig.5 Combined d r a i n a g e  system. b e n e a t h   t h e  canal  

r 

. . ." "" 
trating g r a v e l s  

i . n f i l t r a r i t i g   g r a v e l  
-. -" 

Fig.6 Drainage  s y s t e m  diagram 
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R L S E A R C H  OF F R O S T  H E A V E  P R O P E R T Y  OF S O I L  I N  DAQINC R m r m  

Jang  Hongju  and  Cheng  Enyuan 

D a q i n g  O i l f i e l d  D e s i g n  Academy,  China 

S i n c e  1960, i n  o r d e r   t o   m e e t   t h e   n e e d s   o f   o i l f i e l d   e n g i n e e r i n g   c o n s t r u c ~ i o n  
t h a n  SO o b s e r v n t i o n   p o i n t s  of f r o s t   h e a v e   h a v e   b e e n  s e t  up in   Daqing   ree ion  
t h e   o b s e r v a t i o n s   a n d   e x p e r i m e n t a l   r e s e a r c h  o f  soil frost h e a v e ,   f r e e z i n g  d e  
a n d   g r o u n d   t e m p e r a t u r e   e t c .   u n d e r   n a t u r a l   c o n d i L i o n s   h a v e   b e e n   c o n d u c t e d .  1 
p a p e r ,   t h e  main c h a r a c t e r i s t i c s  o f  f r o s t  heave   p rope r ty  o f  n a t u r a l  s o i l  i n  
r e g i o n  will he i n t r o d u c e d .  

INTRODUCTION 

The r e g i o n   l i e s  et 1 2 5  d e g r e e s   e a s t   l o n g i t u d e  
and a t  46 degrees n o r t h   l a t i t u d e .  I t  is l o c a t e d  
i n  t h e  middle  o f  Warbin  'and  Qiqihar on t h e  Song- 
n e n  p l a i n   a n d  i t  is an a l l u v i a l   p l a i n  w i t h  t h e  
two r i v e r   s y s t e m s  o f  Songhua  River  and  Nenjiang 
R i v e r .  I t s  g e o l o g i c a l   s r r u c t u r e   b e l o n g s  L O  t h e  
n o r t h w a s t  p a r t  o f  t h e   c e n t r a l   d e p r e s s i o n  i n  Son- 
l i a o   b a s i n . .  T h e  l a n d f o r m   t y p e   b e l o n g s   t o   t h e  
f i r s t  g r a d e  o f  t e r r a c e  o f  Songhua R i v e r  and 
N e n j i a n g   a l l u v i a l  p 1 R i . n .  I t s  t e r r a i n  i .s  on t h e  
low s i d e  i n  t h e   s o u t h w e s t   a n d  on t h e  h i g h   s i d e  
i n  t h e   n o r t h e a s t .  I t s  a l t i t u d e  i u   i n  the  range  
o f  126-165 m .  I t s   l a n d f o r m   a p p e a r s  i n  t h e  low 
p l a i n   l i k e   a n   u n d u l a t i n g   w a v e .  From t h e   m i n i -  
l a n d f o r m ,   t h e r e   a r e   L h r e e  main t y p e s  o f  l andform:  
rhe lnound a r e a  i s  l i k e  a n   i s o l a t e d  hil l ,  t h e  
p l a i n   a r e a  i s  l i k e  a n   u n d u l a t i n g  wave and damp 
low  marsh  and a s m a l l   l a k e   a r e a .  

The mound a r e a   l i k e  a n  l v o l a l e d   h i l l :   t h e  
a r e a  io r e l a t i v e l y  4-8 m h i g h e r   t h a n  Lhe s m a l l  
l a k e   a r e a .  A l a y e r  o f  a e o l i a n  weak l o a m  c o v e r s  
t h e   u p p e r   p a r t .  One s i d e  o f  a l a r g e   p a r t  o f  t h e  
mound f a c e s  a s m a l l   l a k e .  The c o n d i t i o n  o f  s u r -  
f a c e   r u n o f f  is goad.  The w a t e r   c o n t e n t s  a €  s u r -  
f a c e  soils w i t h i n   t h e   f r e e z i n g   d e p t h   a r e  almost 
lower t h a n   t h e   p l a s t i c  l i m j t .  The h i g h e s t   u n d e r -  
g round   wa te r   l eve l  i s  usua1Y.y below 4 m and   t he  
annual  changeable  scope o f  t he   unde rg round   wa te r  
l e v e l  is between 1,2-1.8 m .  The s u r f a c e  v e g e t a -  
t i o n   g r o w s   p o o r l y .  

T h e  p l a i n   a r e a  like an u n d u l a t i n g  w a v e :  
a l m o s t  a l l  par t ' s  o f  D a q i n g  a r e a  a r e  O F  t h i s  

a r e  some r i s e s  and f a l l s .  The s u r f a c e   s o i l  
t y p e  of  r e g i o n .  I t s  t e r r a i n  i s  even b u t  t h e r e  

w i t h i n   t h e  freezing d e p t h   a r e   f i n e   s a n d ,  weak 
loam and l o a m  r e s p e c t i v e l y .  The c o n d i t i o n  of 
s u r f a c e   r u n o f f  is  b a d .  A l a r g e  amount o f  r a i n -  
f a l l   p e r m e a t e s   u n d e r g r o u n d .  The h i g h e s t   u n d e r -  

annual   changeable  scope i s  2 . 5 - 2 . 9  m .  The s u r f a c e  
g ruund   wa te r   l eve l  i s  w i t h i n  1.0-2.5 m .  I t s  

of t h i s  a r e a  i s  farmland  and grass c o v e r .  
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The damp low l y i n g  marsh a n d  

w i t h  t h e  s m a l l   l a k e .  I t  has pert 
t h e  damp l o w  l y i n g   m a r s h e s  a r e  i 

s o n a l  s t o r e d  water  a r e a s .  The S I  

L h i s  a r e a  c o n s i s t s  of  weak loam 
little c o h e s i v e  s o i l .  The h l g h e :  
water- l e v e l  i s  w i t h i n  0.0-1 . 5  m 
c h a n g a b l e   e x t e n t  of  underground 
2 . 2 - 2 . 4  m .  l'he  ground i s  covere l  

No m a t t e r  w h a t  the t y p e  o f  a 
r e g i o n ,   t h e  s o i l  l a y e r  d i s t r i b u  
t u r e  w i t h i n  t h e  soil f r e e z i n g  d~ 
l y  homogeneous o r  even s i n g l e .  
l a y e r s   a r e   f i n e   s a n d ,  weak Loam 

T h e  unde rg round   wa te r   l eve l  
changes  w i t h  t h e   c h a n g e  o f  sea3, 
underg round   wa te r   l eve l  o c c u r s  I 

and Octobel and t h e  lowest l e v e  
and   Apr i l .  ' I t s  c h a n g e a b l e   r u l e  , 

t he   change  i n  a l i n e   c u r v e .  
T h i s  r e g i o n   b e l o n g s  t o  c o n t i  

s e v e r e   c o l d ,   p r a i r i e   c l i m a t e .  W 
w i t h  s eve re   co ld   and  is a r i d .  S 
and warm. A c c o r d i n g   t o   t h e  28 y l  
f r o m  1957  t o  1 9 8 4 .  a n n u a l   p r e c i  
from 2 6 1 . 3  t o  6 6 4 . 3  m m .  50 per  
t a t i o n  i s  d i s t r i b u t e d  in the  t h  
J u l y ,  A u g u s t ;  and  September .  Prem 
i m p o r t a n t   r e s o u r c e  o f  uodergroui  
Because o f  t h e   n e e d   f o r   o i l f i e l  
a n d   c o n s t r u c t i o n ,  two l a r g e   r e s  
b u i l t  o n  t h e  edge o f  t h e   o i l f i e  

r e s e r v o l r s  r e s u l t e d  i n  t h e  chan 
s i o n   c a n a l s  were d u g .  To a c e r t  

ground  water l e v e l s  i n  Daqing.  
embankments o f  c o m p l i c a t e d  h i g h  
high  and make ground  dra inage  m 
R e s i d e s  its e f f e c t  on undergrou  
i t  also caused  the  enlargemerrL 
c o n t e n t .  

'l'he h i g h e s t  m o n t h l y  a v e r a g e  
aummer i n  the r e g i o n  i s  2 2 . 8 ' C .  
month ly   ave rage   t empera tu re  o f  

o r e  
(1 . 
h i s  
i n g  

111 l a k e  a r e u :  
> s t  1. i  nkerl 
i ~ 1  o r  s e u -  
a c e  soil o f  
Jam a n d  
underground 
he annual  
t e r  is belweell 
n reed  grass. 

11 and s t r u - -  
h a r e  b a s i c a l -  

Ll l o w m .  
Daqing  rcgitrn 
'The h i g h e s t  

ing  September  
s d u r i n g  March 
ws b a s i c a l l y  

t a l ,   s o m i - n r i ( \ ,  
e r  i s  l o n g ,  
e r  is s h o r t  
s of s k a t i s t i c s  
a t i o n  v a r i e s  
t o f  p r e c - i p i -  

months o f  
i t a t i o n  i s  a n  
water  s u p p l y .  
evclopment  
o l r s  were 
a n d  t h e  r l l v o r -  

d e g r e e ,  I .he  

a d d i t i o n ,  r h e  
o f  untlec- 

n e t s  a r e  
b l o c k e d .  

w a t e r   l e v e l s ,  
s o i l  wal .c r  

in Daq i n g  

main soil 
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The a n n u a l  a v e r a g e  t e m p e r a t u r e  is 3 . 2 6 - C .  The 
annua l   f r eka ing   i ndex  Is 1936.3'C day  which was 
t h e  2 7  year   average  vnl .ue f r o m ' 1 9 5 1  t o  1983.  TI32 
g r o u n d   b e g i n s   f r e e z i n g  f r o m  t h e  p i d d l e  of  Novem- 
b e r   a n d   r e a c h e s   t h e   l a r g e s t  freezing d e p t h   u n t i l  
the   midt l lc  o f  March o f  t h e   n e x t   y e a r .  F r o ~  Lhe 
b e g i n n i n g  o f  t hawing   g round   i n   t he   midd le  of 
March t o   t h e   c o m p l e t e   m e l t i n g  o f  t h e   f r o z e n  s o i l  
l a y e r s   I n   t h e   m i d d l e  of  J u n e ,  f r o z e n   s o i l  will 
c o n t i n u e  € o r  7 months .   The   b igges t   annual   E teez-  
i n g  d e p t h  i s  1.7-2.3 m .  It b e l o n y s   t u   d e e p  
s e a s o n a l   f r o z e n   s o i l   r e g i o n .  

THI? TYPES OF S O I L  FROST H E A V E  I N  IIAQING  REGION 

O n  Ehe b a s i s  o f  t h e   d i f f e r e n t  s o i l  c o n s t i -  
t u e n t s ,   u n d e r g r o u n d   u a t e r  :Level, s o i l  w a t e r  
c o n t e n t  and s a l i n e  c o n t e n t   e t c . .  mare t h e n  50 
o b s e r v a ~ i o n   p o i n t s  o f  f r o s t  h e a v e   w e r e   s e t  u p  
i n  t h e , , a r e a  o f  400 km'. T h e  f r o s t   h e a v e  i n  
d i f f e r e n t   l a y e r s   ( a t   t h e   d e p t h s  of 0.0,'0.5, 
1 . 0 ,  1 . 5  a n d  2.0  m under g r r j u n d )  were  observed 
i n  t h e  t y p i c a l  reg ion .   Meanwhi le  t h e  f r e e z i n g  
dep th ,   unde rg round   wa te r   l eve l   and  g r o u n d    em- 
pera tu rc   were   conduc ted .   Through   ' ana lyses  of  
o b s e r v a t i o n   d a t a ,   t h e   f o l l o w i n g   f r o s t   h e a v e  
t y p e s   h a v e  been d i s c o v e r e d  i n  Daqing   reg ion:  

F r o s t  and C o n t r a c l i n ~  Area- 
T h e  a r e a   l o c a t e d  i n  t h e   f l a t  and s l l g h t l y  low 

a r e a .   I t   h a s   l e s s   g r o w t h  o €  weeda.  The s o i l  
w i t h i n  t h e   f r e e z i n g   d e p t h   a p p e a r s   b l a c k  grown i n  
c o l o u r .  P l a s t i c   i n d e x  i s  a b o u t  1 2  o r  m o r e .  The 
soil c l a s s i f i c a t i o n  is loam o r  cohesi .ve soil. 
The p a r t i c l e   p e r c e n t a g e s  o f  l e s s   t h a n  0,005 mm 
a r e  more  than 3 0 ; 4 0 % .  The  dry   dens i ty  o f  t h e  
so i l  is 1,7 g / c m  . The t o t a l .  s a l i n e   c o n t e n t  is 
0 . 3 2  g/1QQ p . d r y  s o i l .  The underground  water  
l e v e l  s t  t h e   b e g i n n i n g  o f  w i n t e r  i s  1 . 5  m below 
the ground.  F i g . ]  shows the c u r v e s  o f  f ~ ( 1 s t  

heave   and   f reez ing   depth  vs e l a p s e d  time, ( n o t e :  
frost and c o n t r a c L ~ n g   c u r v e s  mean t h e   a l t i . t u d e  
c h a n g e s   r e l a t i v e   t o  sea l e v e l ) .  From F i g . 1 ,  we 
c a n   s e e   t h a t   t h e   s o i l   l a y e r   a b o v e  1 . 0  m con- 
t r a C r s ,  h u t  t h e   s o i l  helow 1 . 0  m e x p a n d s .  More- 
u v u r ,   t h e   ~ o n t r a c t e d  amount o f  t h e  soil l a y e r  
between 0.5-1.0 m i s  more t h a n  t h e  c o n t r a c t e d  
amount  between 0 , 0 - 0 . 5  m .  U n t i l  the   midd>le  o f  

0 . 0 - 0 , 5  m and r e s u l t s  i n  e x p a n s i o n ,  and t h e n  
March, t h e  thawing of t h e  soil l ayer '  is between 

r e c o v a i s  t o  ehc i n i t i a l   e l e v a t i o n .  The soil 
l a y e r  $et.ween 0.5-1.0 nl a l s o   r e c o v e r s   t o   t h e  
i u i t i a l   e l c v a l i o n .  The - s o i l   l a y e r   b e l u w  1.0 m 
beg ins   expand ing  from t h e   m i d d l e  o f  November 
u n t i l  J a n u a r y ,  t h e  l a y e r   p r o d u c e s   l i t t l e   c o n -  
t r a c t i o n .  I t  b e g i n s   e x p a n d i n g   a g a i n   d u r i n g   t h e  
b u g i n c l i n g  u f  F e b r u a r y ,  . b u t  , t h e  amount o f  expan-  
s i o n   i s   s m a l l .  

No F r o s t  Heave  Area ( the   Average  Frost Hbave  
Ratio nSl% w i t h i n  t h e  F r e e z i n g  D e p t h  o f  Soil) 

u r  i s o J ; ~ t c ! t l  hill  a n d  h i g h  mnltnrl   ones. T h e  
I s o l a t e d  h i l l  arid h i g h  mound z o n e s  a r e   a l m o s t  
a l l  weal< loam a n d  y e l l o w i s h  l o a m .  The  underground 
water  l e v e l  b e f a r u  w i n t e r   i s  bclow 4 m. The 
Condition o f  s u r f a c e   r u n o f f  i s  goud.  The s o i l  
wat-er cont -eo l ;  w i t h i n   t h e   F r e e z i n g   d e p t h  i s  , e q u a l  
l o  01- l e s s   t h a n   t h e   p l n s c i c   l l m i t ,  The t o t a l  
s a l l n e   c u n t e n t  ~n t h e  f i n e   s a n d   a r e a  i s  a b o u t  
0 . 0 5 3  g / 1 0 0  y s d r y  s o i l .  The t o t a l   s a l i n e   c o n t e n t  
in t h e  h i g h  mound a r e a  i s  about  0.088 g / 1 0 0  8 '  
soil, F i g . %  s h o w s  t h e  c u r v e  o f  soiL.frost heave 
in e a c h   l a y e r   i n   w i n t e r .  From F i g . 2 ,  W C I C B ~  s e e :  
The s o i . 1  produces  o n l y  s e v e r a l   m i l l i m e t r e s  u f  

The a r e a  l o c a t e d  i n  t h e  f l a t   f i n e  s a n d y  a r e a  

\lata 

Fj.gure 1 .  The c u r v e s  of  P o i n t  7 f r o s t   h e a v e  
u b s e r v a t i o n  i n  e a c h   l a y e r   ( i n   t h e  w j  n t e r ,   1 9 8 3 -  
1 9 8 4 ,  trost a n d  c o n t r a c t i n g   a r e a )  

N o t e :  Bur ied   dep th  o f  obseruat! iun p o i r l ~ s  
1 .  Burjell d e p t h  50 c m ;  
2 .  B u r i e d  d e p t h  150 c m .  

nata 

L: 
4-l 

0 

L 

E 
thawing curve 

freezing  curve 

o b s e r v a t i o n  i n  e a c h   l a y e r  ( i n  t h e   w i n t e r .  1982-  
F i g u r e  2 .  The c u r v e s  o f  P o i n t  8 f r o s t  heave  

1983. n o  f r o s t  heave a r e a )  
Note:   Buried  depth of o b s e r v a t i o n   p o i n t s  , 

I .  

2 .  B u r i e d  d e p t h  50 c m ;  
1. O n  t h e  ground:  

4 .  B u r i e d  d e p t h  150 cm: 
3 .  B u r l e d  d e p t h  100 cm: 

5. Buried  d e p t h  200  CUI. 

d e f o r m a t i o n .  I t  I s  v e r y   s m a l l ,  So  it is consit1t.r- 
ed a s  n e i t h e r   p r o d u c i n g  f r o s t  he.a,ue n o r   c o n t r a c t -  
i n g .  , , >  

The S o i l  of F r o s t  Heave 
The soil can b e  c l a v s i f i e d  o n  t h e  b a s - i s  o f  

t.he method of  a now g e n e r a l l y  r e c o y l ~ i e e d  clqssi- 
f i c a t i o r l  i n  China  and  can be d i v i d e d   i n t o  f o u r  
k i n d s  i . e .   ( D e s i g n  St .an?ard o f  t h e   F o ~ ~ n ? q t ! $ n  o f ,  
I n d u s t r i a l ,  1 9 7 4 ) ;  

. .. 



S o i  1 name 
Average f r o s t  0.063 g/1m B-dry s o i l .  Fig.4 shows  the c u r v e  of  

h e a v e   r a t i o  f r o s t  hcave i n  e a c h   l a y e r .  A c h a r n c t c r i s t i c  i s  
the sl t tal ler  t r e e z i n g   d e p t h   t h a n   t h a t  o f  t h e  weak 
f r o s t   h e a v e  area. The c u r v c s  o f  f r o a l  hcave i n  

Weak f r o s t  h e a v e   s o i l  1X<t l53 .5x   each   layer   a re  also p a r a l l e l .  A f t e r  thawing o f  
F r o s t   h e a v e  s o i l  3.5X<nsh.O% t h e   t o t a l .   f r o z e n   l a y e r s ,   t h e   l o c a t i o n  of each  
S t r o n g e r   f r o s t   h e a v c  s o i l  6 . 0 1 < n 5 1 2 . 0 %   l a y e r   r e c o v e r s  t o  t h e  i n i t i n l  ~ l a v a t i u n .  
T h e  st.rorlgest f r o s t .   h e a v e  s o i l  n > f  2 .Of 

"." 

Weak f r o s t   h e a v e   s o i l  
The s n i l  d i s t r i b u t e d  on t h e   f l a t  area o f  t h e  f.! ~ ~. 

51 i g l l t71y  h i g h   r e l . i e f .  The  rlrldergrounrl  wnt.er 5 
l e v e l   b e r o r e   w i n t e r .  is near  2 n1 i n  t h e  t lep th .  3 
The w a t e r   c o n t e n t  o f  t h e  s o i l  is s m a l l .  Large  ~ 

h a s  a w3de d i s t r i b u t i o n .  The s o i l  i s  more com- 2 p a r r s  o f  t h e   s o i l  a r e  weak loam o r  Toem, which 

p a c t c r l ,   T h e   t o t a l   s a l i n e   c o n t c n t  o f  t h i s   s o i l  cI 
i s  a b o u t  0.068 g / 1 0 0  g - d r y   s o i l .  Fig.3 shows   t he  
C U ~ V F  o f  I r o s t  h e a v e   d i s t r i b u t i o n  of t h e  s o i l .  
A c h a r a c t e r i s t i c  of  his e r e a  is t h e   b i g g e r  
f r c c z i n g   d e p t h  o f  t h e  soil. The c u r v e s  af f r o s t  
heave  i n  e a c h   l a y e r  v s  e l a p s e d   t i m e   a r e   n e a r l y  
p a r a l l e l ,  When thawing  and s u h s i d i n g ,   t h e   u p p e r  - 
l s y e r  of soil thaws and s u b s i d e s  more q u i c k l y  ! 
t h a n   t h e   l o w e r .  I f  a c h a n g e   t a k e s   p l a c e  i n  t h e  - 
e r a u n r l   c o n d i t i o n s  u f  t h e  s o i l   o r  the s u r f a c e  

~~~ 

4 
U 
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\ fhewing curve 

I 

s t o r e s  o f  w a t e r ,   t h e   f r o s t   h e a v e   g r a d e , w o u l d  
r e s u l t  i n  a c h a n ~ c .  

curve 

F i g u r e  7 .  The   cu rves  o f  P o i n t  9 f r o s t   h e a v e  
o b s e r v a t i o n  in e a c h   l a y e r  (in t h e   w i n t e r ,   1 9 8 2 -  
1 9 8 3 ,  weak frost h e a v e )  

Note:  B u r i e d  d e p t h  of o b s e r v a t i o n   p o i n t s  
1 .  On t h e  g r a u n r l ;  
2 .  B u r i e d   d e p t h  50 cm; 
3 .  Bur ied   dep th   100  cm; 
4 .  B u r i e d   d e p t h  150  cm; 
5 .  B u r i e d  d e p t h  200 cm. 
Average frost heave  r a t i o  :=3 .3% 

F r o s t   h e a v e   s o i l .  

region. Kt5 r e l i e f  i s  f l a t .  I t  i s  made from 
w e a k  loam or  loam.  The d r y  w e i g h t  o f  t he   s ample  
i s  hatween 1.5-1.6 g/cm' .   The   water   conten t  of  
the soil is m e d i a l .  The underground u a t e r  l e v e l  
h c f u r e  f r e e z i n g  is between 1.0-1.5 m .  The 
i n i t i a l  void r a t i o , i s  w i t h i n  0.6-0.7. The 
t o t a l  s a l i n e  con ten^ of t h e  s o i l  i s  a b o u t  

The soi l  h a s  a w i d e   d i s t r i b u t i o n  i n  Daqing 

F i g u r e  4 .  The c u r v e s  o f  P o i n t  10 frost heave 
o b s e r v a t ' l o n  i n  e a c h   l a y e r  ( i n  t h e   w i n t e r ,   1 9 8 3 -  
1 9 8 4 ,   f r o s t   h e a v e   a r e a )  

Note:  Bur ied   dep th  of o b s e r v a t i o n   p o i n t s  
1 .  O n  t h e  g r o u n d ;  
2 .  Buried  d e p t h  50 cm; 
3 .  B u r i e d  d e p t h  100 cm; 
4 .  B u r i e d  d e p t h  150 cm; 
5 .  Buried d e p t h  200 c m .  

' A v e r a g e   f r o s t   h e a v e   r a t i o  6=5.3'x, 

S t r o n g e r  frost heave  soil 

t c l i e f s .  I t  i s  weak loam or I o a r  o f  yellow-brown 
c o l o y r .  l'hc d r y   d e n s i t y  o f  t h e   s o i l  i s  1 .5-1 .6  
g/cm , The  void r a t i o  is between 0 . 6 - 0 . 7 .  The 

The w a t e r   c o n t e n t  of  t h e  soil i s  s l i g h t l y  l a r g e .  
underground  water  l . eve l  is w i t h i n  1 . 0 - 1 . 5  m .  

The t o t a l  s e l i n e   c o n t e n t   i e  a b o u t  0.055 g / l O O g *  
dry s o i l .  I t s  c u r v e  o f  f r o s t   h e a v e   c a n   b e   s e e n  
i n  F ig .5 .  T h e  f r e e z i n g   d e p t h   o f   t h e  soil i s  
l o w e r   t h a n   f r o s t   h e a v e   s o i l .  

The s o i l  i s  l o c a t e d  i n  f l n t  and J n  smell low 

The s t r o n g e s t  frost heave soil 
The s o i l  is d i s t r i b u t e d  in st 1 a l l o w   a n d   f l a t  

a r e a s ,  which a r e  a l m o s t   a l l  weak loam o r  loam 
with a y e l l o w i s h  b r o w n  c o l o u r .  Th:e d r y  d e n s i t y  
o f  t h e  soil is 1 . 4 5 - 1 . 6  g / c m ' .  T n i t i a l   v o i d  
r a t i o  is more t h a n  0 . 7 .  I t  is e a s y  t o  s t o r e  
w a t e r .  The   unde rg round   wa te r   l eve l   be fo re   w in te r  
i s  w i t h i n  0.3-0.8 m .  The t o t a l   s a l i n e   c o n t e n t  o f  
t h e  s o i l  is about   0 ,092   g / lOO R'dry soil. F i g . 6  
shcws t h e   c u t v e  o f  f r o s t  h e a v e  i n  each l a y e r .  
A c h a t a c t e r i s t i c  i s  t h a t   t h e  soil. b e l o w  1 . 5  m 
won' t   produce frost heave  (when  the f r o s t  heave 
r a t i o  is more t h a n  1 7 2 ) ,  The f r e e z r n g   d e p t h  i s  
obv ious ly   l ow.  The a o i l   l a y e r s  when frozen w i l l  
not. p r o d u c e   f r o s t   h e a v e .  

sail has   been  g e n e r a l l y   r e c o g n i z e d   a n d   t e s t i f i e d  
T h e  t h e o r y  a b o u t  t h e  f r o J t   h e a v e  of f r o z e n  

t o  w i t h  a l o t  of e x p e r i m e n t s .  We rlon't. d o u b t  
t h e   t h e o r y ' s  c o r r e c t n e s s .   H o w e v e r ,   a c c o r d i n g  E O  
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of  f r o z e n  s o i l  i s  very  smal.1 a n d  c o u l t l n ’ t  he 
o b s e r v e d .  The f r o ~ t  heave o f  t-he soil c a n ’ t  he 
c o n s i d e r r d  4n c n g i n c e r i n ~  c n n s r r u c t l o n .  

Vigure 5 .  ‘The c u r v e s  of P o i n r  1 1  f r o s t  hcave 
o h s e r v ~ t i o n  in e a c h   l a y e t   ( i n  t h e  w i n t e r ,  1963- 
19hL, s t r o n g  f r o s t   h e a v e   a r e a )  

Ground f r o s t   h e a v e   o b s e r v a t i o n ,  
A v e r n ~ e  f r o n t  h e a v e  r a t i o  r1=12.5Z 

F i g u r e  6 .  The c r ~ r v e s  o f  P o i n t  1 2  f r o s t   h e a v e  
o h s e r v a t i o n  i n  each l a y e r  ( i n  t h e   w i n t e t ,  1983- 
198/1,  s ~ t u n g  f r o s t   h e a v e   a r e a )  

Note:   Buried  depth o f  o b s e r v a t i o n   p o i n t s  
1 e On t h e  ground:  

3 .  Buried d e p t h  100 c m ;  
2 .  I3uricrl r l r - p t h  50  c,m; 

4 .  Hur ler1  dep th   150  c m ;  
5 .  B u r i e d  d e p t h  200 c.m. 
Average F r o s t  h e a v e   r a t i o  i i - 2 O . l X  

1 . 1 1 ~  I i c l d  n b s c r v n t i n n s  o f  many p o i n t s  and  various 
Lypcs i n  O a q i n g  r e g i o n .  we have f o u n d  out,: No 
m a t t e r  what t y p e  o f  f r o s t   h e a v e   t h e r e  i s ,  i n  
f I - o z e I I  s o i l  t h c r c  hard1.y  occur3 a n y  f r o s t   h p a v e  
d u r i n g  t h e  f r o s t   h e a v e   p r o c e s s .  Under  t-he c o n d i -  
tions o f  t h e  c1irnaLc n n d  g f o l o g y  i n  D a q i n g  r e -  
g i n r r ,  h h e  f r o s t  h c a v c  o f   t h e   s o i l   p r o d u c e d  main1.y 
in t h e  f r o n t  o f  t h e   i r e e z i n g   a n d  t h e  f r o s t .   h e a v e  

THE CHARACTERISTICS OF SOIL FROST HEAVE R A T I O  
ALONG T l l E  DEPTH DISTRIBUTION 

O n  t he   p rob lem o f  f r o s t   h e a v e  r a L i o  of founda-  

k i n d s  of o p i n i o n s  have  been  merrti.oned c u r r e n t l y :  
t i o n  s o i l  a l o n g   t h e  d e p t h  d i s t . r i h u t i o n ,  t h r e e  

F i r s t ,  t h e   f r o s t   h e a v e  1 - a t i o  from t h e  s u r f a c e  t o  
t h e   l n w e t   I ~ y e r   r e d u c e s   g r a d u a l l y .  Secondly, t h e  
f r o s t   h e a v e   r a t i o   f r o m   t h e   s u r f a c e   i n c r e a s e s  
g a d u a l l y .   T h i r d l y ,  khe f r o s t   heave r a t i o  i s  t h e  
same u l o n g  t h e   d e p t h .  O n  t h e   h a s i s  o f  t.he f i e l d  
o b s e r v a t j o n s  o f  m a n y  p o i n t s  and many y e a r s  i n  

a n d   e n g i n e e r i n g   g e o l o g y ,   o u r   c o n c l u s i o n  Is: 
3 a q i n g  r e g i o n ,   u n d e r  the c o n d i t i o n s  o f  c l i m a t e  

The frost heave  r a t i o  d e c r e a s e s   g r a d u a l l y   f r o m  

F i g . 7 ) .  F r o m  t h c   s t a t i s t j c a l   p o i n t s ,   t h e   d a t a  i n  
the   g round t o  l o w e r   l a y e r s   ( s e e   T a b l e  I and 

T a b l e  1 i t  can  he s e e n  t h a t :  The  amount o f  frost 
h e a v e   i n   t h e   l a y e r  0-50 c m  i s  4 9 . 9 1  o f  t h e   t o t a l  
amount  of f r o s t   h e a v e .  The  amounl o f  f r o s t   h e a v e  
i n  t h e   l a y e r  5 0 - l n f l  r.m i s  3 2 . 3 %  o f  t h e  t o t a l  
a m o u n t  o f  f r o s t   h e a v e .  The  amounr i n  Lhe l a y e r  
1.00-150 c m  i s  12.8X of t h e   t o t a l  amnunl:.  The 
amount i n  t h e  l a y e r  below 1 5 0  c m  i s  5 %  o f  t h e  
t o t a l   a m o u n t .  The a v e r a g e   v a l u e s  u f  f r o s t   h e a v e  
r a t i o  in each  l a y e r  a r c  12.19,, 9 . 2 % ,  3 . 6 %  a n d  
0.849, r e s p e c t i v e l y .  So o u r  c o n c l u s i o n  i s  c o r r e c t .  
H o w e v e r .   t h e   s o i l   l a y e r   b e l o w  10 c m  f rom  the  

w i n d  d r y i n g  e n d  e v a p o r a t i n g .  So the soil l a y e r  
s u r f a c e  h a s  a s m a l l  f r o s t   h e a v e  r a t i o  h e c a u s e  o f  

C R ~  be o m i t t e d   b e c e u e e   t h e r e  is n o  e f f e c t  o n  
e n R i n e e r i n 8   c o n s t r u c t i o n .  

Fcost heave r a t i o  ri ( x )  
o 10 20 30 40 

F i g u r e  7 .  The d i s t r i b u t i o n  o f  f r o s t   h e n v e  
r a t i o   a l o n g  the d e p t h  
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Table 1. The o b s e r v a t i o n  values o f  frost heave  amount ( r a t i o )  along t h e  

Point 10(1) 184 
53 

2 . 9  21 50.9 5.4  10 18,9 2.0 12 22.7 2.4  

Point 9 210 
64 

3.0  29 4 5 . 3  5.8 17 26.5 3.4  14 21.9 2 . 8  

h i n t  14  205 70 
3 . 4  52 74.2 10.4 14  20 2.8  2 2 .8  0.4 

Poin t  ” ( 2 )  205 94 
4 . 6  29 90.9 5.8 4 2  44 .7  8 . 4  10 10.6 2.0 

P o i n t  lo(?) 207 I 

103 
5 .u 39 37.9 ‘7.8 36 34.9 7.2 14 13.6 2.8  

Point 2 5  198 51 
4.1 

Point 10(3)  195 I 

170 
8.7 

Point 27 192 135 
7.0 

Point  lO(4) 203 I 128 
6 . 3  

Point 12 149 I_ 266 
17.8 

Point 29 150 - 255 
1 7 . 0  

_I 

I 

I 

I 

I 62 .5  7 7 . 1  12.5 16.5 20.4 3 .3  0 0 0 

72 42.4 14.4 93 54 .7  1a,6 5 2 ,9  1.0 

73 54.1 14.6 54 40.0 10.8 8 5.9 1.6 

72 56 .2  14.4  22 17 .2  1 , 4  24 18.8 4 .8  

122 45.9 21r.4 103 38.7 20.6 41 15.4 8 . 2  

88 3 4 . 5  17.6 100 39.2 20.0 67 2 6 . 3  13.4 

Average 49.9 12.1 32.3  9.2 12.8 3.6 
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THERMAL REGIME OF ALPINE  PERMAFROST IN THE UPPER 
REACH OF URUMQI RIVER, XINJTANG, CHINA* 

Jin  Huijun,  Qiu  Guoqing,  Zhao  Lin  Wang  Shujuan and Zeng  Zhonggong 

Lanzhou  Institute  of  Glaciology  and  Geocryology, 
Chinese  Academy of Sciences,  China 

The  distrihution  and  ground  temperature  of  alpine  permafrost  have  a  very  close 
relation t o  the  altitude  in  the  middle  section  of  East  Tian  Shan.  The  lower 
limit of permafrost  is a t  3250  m a.s.L. o n  the  south-facing  slope  and  at  2900  m 
a . s . 1 .  on  the  north-facing  slope  where  the  mean  annual  air  temperature  is  about 
-2.O"C. The  mean  annual  ground  temperature  decreases  from -0.7"C to -4.9OC and 
permafrost  thickness  increases  from  about  50 m to 230 m  as  the  altitude  rises 
from  3300  to  3503 m a.s.1. The  thawing  starts in  late  April  at 3450 m a.s.l., 
reaches 3.5 m  in  mid-Oct.  and  refreezing  begins  in  early  Nov.  and  is  finished in 
mid-Feh.;  whereas  the  thawing  starts in mid-June at 3540  m a.s.l., reaches 2.3 m 
in  mid-Oct. a n d  immediately  the  refreezing  starts  and  is  finished  in  late  Dec. 

INTRODUCTION 

East  Tian  Shan (Tian  Shan in  Chinese  territory) 
Systematical studies on alpine  permafrost in 

were  started in the  early  1970's.  Much  work  on 
permafrost  distribution  and  thermal  regime  have 
been  undertaken in the  Kuixian  Daban (Pass) 
region  (Qiu  and  Zhang, 1 9 8 1 ) .  I n  the  early 1980's, 
permafrost  investigations  were  carried  out  at 
the  source  area o f  the  Urumqi  River  for  engineer- 

t o  east o f  East  Tian  Shan  for  an  understanding ' 

i n g  purposes  and in some  alpine  areas  from  west 

of  permafrost  distribution.  The  results  of  the 

National  Conference on Permafrost,  Lanzhou, 
above  work  were  presented  at  the  Second  Chinese 

China,  1981 and  at t.he Fourth  Tnternational 
Conference  on  Permafrost,  Fairbanks,  Alaska, 
U.S.A., 1983 (Qiu  et  al.,  1983a, b). Stddy on 
rock  glaciers  were  conducted b y  Cui  and  Zhu 
(1988). Recently,  the  project  of  Alpine  Perma- 
*frost Studies in Central  Asia  supported by the 
National  Natural  Science  Foundation of China and 
the  Tian Shatr. G1aciological  Station of  Academia 
Sinica,  provided  an  opportunity  for  further 
investigation in the  middle  section o f  East  Tian 
Shan. As part  of  the  results  of the project, 
this  paper is  designed  to  discuss  the  thermal 
regime  of  alpine  permafrost in the  region, 
especially  in  the  upper  reach  of  the Ilrumqi 
River (43OOti'N, 86"50'E) (Fig.1). 

THE STUDY REGION 

Many  ridges and fault  basins ill East  Tian 
Shan  are  controlled by the WNW and  ENE  tectonic 
lines  and  other  factors.  Most of E a s t  Tian  Shan, 
in  the  middle  section,  consists  of  Paleozoic 
granite  and  metamorphic  system.  The  crest  eleva- 

* T h i s  project  is  support68 by the  NaLional  Natu- 
ral  Science  Foundation of China and the  Research 
Foundation of Tian  Shan  Glaciological  Station, 
Academia  Sinica. 

Tiangel  Peak  in  the  south  is  4562 m a.s.l., 
tion  varies  from 4000 to 4300 m a.s.l., the 

while  the  Bogda  Peak in the  northeast  is 5 4 4 5  m 

a.s.1.;  the  modern  glacier  terminals  are  at 
a.s.1. The  present  snowline  is  at  about 4000 m 

about 3700 rn a.s.1. and  the  glaciated  area  in 
the  Last  Glaciation  was  down t o  a n  elevation of 
3000 m. 

The  climate  in  the  East  Tian  Shan  is  charac- 

arid  region of  the  Xinjiang  Uygur  Autonomous 
terized by the  cold-humid  belt  across  the  semi- 

Region,  which  depends  upon  high  altitudes.  The 

northward.  In  the  alpine  permafrost  regions  it 
precipitation  increases  upward,  westward  and 

will be 200-5,OO mm per year,  while  at  the  snow 
line - 600-700 mm or more.  It  concentratively 

Mountain  area,  the  air  temperature  decreases 
falls In June,  July  and  August.  In  the  Tian  Shan 

with a gradient  of  about 0.33-0.37'100  m-' from 
1830 t o  3000  m a.s.1. and 0.ti1-0.6h0100 m-l from 
3000 to 4000 m a.s.1. The  period  with R mean 
diurnal  air  temperature  lower  than 0°C exceeds 
130  days per  year. 

A  series  of  landscapes  are  encountered  with 
altitude,  namely  deserts  and  semi-deserts  (below 
1700 m a.s.l.), forest  steepes  (1700 o r  1800 t o  

t o  3500 m a.s.1. ) and an alpine glacio-periglacial 
2800 m a.s.l.), subalpine meadows ( 2 8 0 0  or 3300 

zone  (above 3300 or 3500  m a.s.1.). Their bound- 
aries vary  with slope  otientation,  latitude, 
longitude  and  other  factors. 

RESULTS OF TEMPERATURE MEASUREMENTS 

Based on the  previous  work in the  middle  sec- 

depths  from 14 m  to ti0 m  were  drilled  at  an 
tion of East  Tian  Shan,  five  boreholes  with 

elevation  from  3300  to 3900 m a.s.1. in  the upper 
reach o f  Vrumqi  River  in  the  summers o f  1990 and 

month  since  August  of  1990  at  borehole No.2 and 
1991.  Ground  temperatures  were  recorded  twice  a 

No.&, a n d  since  September of  1 9 9 1  at  borehole 
No.1, No.3 and No.5. 
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Figure 1. Distribution o f  modern  glaciers  alpine  permafrost  and  location of 
boreholes  in  the  Urumqi  Riber  basin 

on a  gentle  swampy  low  land which  is composed of 
The  borehole No.3 (3500 m a..s.l.) is  located 

clayey  sand and gravels  with  a  high  ice  content 
above  the  depth  of 10.7 m  and  the  diabase  is 
below  10.7 m. The  profile o f  borehole N o . 5  
(3900 m a.s.1.) o n  the  east-facing  gneiss  slope 
is  covered by the  coarse  sand  and  gravels 3.3 m 
in thickness,  borehole No.1 sets  itself o n  a 
morainic  deposits  with  loose  materials  above 
the  depth  of 16 m  and  diabase  below 10.7  m. The 
profile  of  borehole No.4 i s  composed o f  detritus 
and  clayey  sand  within 16.4 m and  the  loose 
material  layer  is 12.3 m in  thickness  at  bore- 
hole No.2 o n  turf-bound  boggy  marshland  and  both 
o f  them  cut  into  the  diabase. 

Fig.2 illustrates  the  ground  temperature  pro- 
files of borehole No.1,  No.3, and No.5; Fig,3 

the  depth  of 9.0 m below  the  ground  surface  at 
shows  the  isotherms  of  ground  temperature  with 

borehole No.2 and No,4. Some  observed  characters 
o f  permafrost  regime  and  estimated  permafrost 
thickness  based o n  the  gradient  of  ground  tem- 
perature  of  borehole No.3 are  given in Table 1: 

temperature  remains  at  about -1.6'C 

ground  temperature  same  gradient  below 59 m. The 
depth  at  a ground temperature  increased  with 
about 95 m  if ness o f  permafrost  here  should  be 

Thus  the  thick- m-' from 25 m to 5 9  m  (Fig,Z, ) .  
i s  about l"43 59 m, s o  the  geothermal  gradient 

the  depth  of 2 5  m and  changes  into -0.8"C at 
from 10 to 

change  in  borehole No.4. If  this isothermal 
stays  at -1.8OC from 13.0 to 15.5 m and  show n o  

No.3 and  ground  temperature increases  with  depth 
layer  is  ended  at  a  depth of 25 n as  in  borehole 

also  at  a  gradient of l"43 m-l,  the  permafrost 
thickness  at  borehole No.& would exceed 100 m. 
The  ground  temperature  is  about -4.9'C at  the 
depth o f  18 m,  permafrost  thickness should  be 
about 230 m calculated by the gradient  of l"43 
m-l. Here, it is  problematical that  the  under- 

underlain  in  other  boreholes.  The  ground  temper- 
lain  bedrock i s  gneiss,  not  as same  as  that 

ature  is -0 .9  - -1.O"C at  the depth of 11 m at 
borehole No.2. The  permafrost would  be 60 in in 
thickness if the MAGT were -1.0'C at  the  depth 
o f  15 m and  it  increased  with depth  at  a gradient 
of 1°43 m-1. The  mean  annual  ground  temperature 

THERMAL ANALYSIS is -0.7"C at 17 m ,  so permafrost 

Geothermal  gradient  and  Permafrost  Thickness 

would  be  nearly 

the  deepest  borehole, No.3, shows  that  ground 
The  obtained  data  of  ground  temperature  at 

1). mal  gradient o f  1°43 rn-l (Table 
by the  geother- 50 m  at  borehole No.1 calculated 



Table  I . .  Some o b s e r v e d  d a t a  o f  thermal   reg ime of p e r m a f r o s t  a n d  ef i t ininted 
t h i c k n e s s  of p e r m a f r o s t  i n  t he   uppe r   r eoch  of Urumqi R i v e r  

+ " 

Hotehol e Depth   E leva t ion  N A G T  Permafros t   Depth  o f  z e r o   E s t i m a t e d  

( m )  ( m  a . s . 1 . )  ( " C )  
t a b l e  

( m )  
annual  

a m p l i t i t u d e  ( m )  
t h i c k n e s s  of  

pcrrnnfrost   (m) 

No. 5 20 3 900 - 4 . 9  
16  

2 . 4  
3540 -1.8 

h0 3 500 
2 .3  

''I x . h 
38 50 

2 .o  
2 5  3.300 -n " '1 3 . 0 

N o . 4  
N o . 3  

N o .  1 
N0.Z 1 4  -1 .n 3.5 

2 3 0  
100 

99  
60 
50 

I 
T e m p e r a t u r e  ("C) 

I 

"-. . ~" - . . - .  . - i P  2 .  : round   t empera tu re   p ro f i l e t3  o t  b o r e -  
h v l e  No.2, No.3 and No.5 in the   uppe r   r each  o f  
llrumqi R i v e r  

. . . .  S e p t .  2 8 ,  1991 - . - .  D ~ L .  2 7 ,  1991 
"" Fel).  1 7 ,  1992 

" 

€i.nj.shed a t  t h e  end o f  December - i n  -bdrehole  No.4, 
b e g i n s  i.n the  ear1.y December an$ r e - f r e e z i n g  is 

downward s e a s o n a l   t h a w i n g   b e g i n s  a t  t he   end  of 
A p r i l   a n d   r e a c h e s   t h e  maximum s e a s o n s l i y   t h a w i n g  
d e p t h  o f  3 . 5  m .  t h e n   b e g i n s  t.he ,dobnward r e -  
f r e e z i n g  at. t h e  end o f  October  and  upward i n  t h e  
e a r l y   F e b r u a r y  o f  t h e  n e x t   y e a r ,   r e d f r e e z i n g  is 
F i n i s h e d  i n  late F e b r u a r y  a t  b o r e h o l e  No.2. 

From T a b l e  I and Fig.3, one c a n   s e e   t h a t   t h e  

b y :  
process of seasorinl . ly  thawing is c h a r a c t e r i z e d  

1) The maxSmum d e p t h  of s e a s o n a l l y   t h a w i n g  i s  
b i g g e r  j - n  t h e   v i c j n i t y  of  t h e  lower l i m i t  of 
a l p i n e  p e r m a f r o s t .  The maximum d e p t h  o f  s e a s o n a l -  
l y  thawing i s  3 . 0  m a t   b o r e h o l e  N o . 1  (3300 m 
a . s . l . ) ,  2 . 0  ni a t   b o r e h o l e  No.3 (3500 m a.s.l,), 
2 . 3  m a t   b o r e h o l e  No.& (3540 m a.s.l.), and 2.4 
m a t  boreho1.e No.5 (3900 m a . s . 1 . ) .  As a n  e x c e p -  
t i o n ,  i t  i s  3.5 m a t   b o r e h o l e  No.2 ( 3 4 5 0  m a.s.1.) 
h u e  t o  t , h r r m a l   d i s t u r b a n c e  o f  t h e  Luobodogou 
c r e e k .  

2 )  Slowly  thawing  and q u i c k l y  r e - f r e e z i n g .  
The thawing p r a c e ~ s  lusts 4 months  and  re-freezing 
o n l y  2 months  and  upward  re-freezing  only  one 
month a t   h o r e h a l e  No.4. The t h a w i n g   p r o c e s s  lasts  
a s  l o n g  a s  8 m o n t h s ,   r e - f r e e z i n g  - o n l y  4 
months,   and  upward  re-freezing - o n l y  one m o n t h  
~t b o r e h o l e  No.2, Three  m o n t h s  a r e   d e l a y e d  in 
I h e  upward  thawing  than.  the downward thawjog nt. 
boreho1.e No.2 may a l s o  be  duc t o   t h e   t h e r m a l  
d i s t u r b n n c c  o f  t h e  Luobodoyou c r c c k .  

3 )  The zero c u r t a i n .   I s o t h e r m  o f  " C  r e m a i n s  
unchanged n t  t h e  d e p t h  of about  2.30 m ( i . e .   t h e  
p e r m a f r o s t  t a b l , e )  f o r  3 months  from  October t o  
Ibecember a t   b o r e h o l e  No.4, a t  the  d e p t h  of a b o u t  
3.5 m f o r  4 . 5  months   f rom  October ,   1990  to  m i d -  
February.   1991  and 2 months  from  mid-December, 
1991 to   mid-February,   1992.   Washburn ( 1 9 7 9 )  
p o i n t e d   o u t   t h a t   z e r o   c u r t a i n   i n d i c a t e s   t h e   h i . g h  
n o i s t u x e   a t   t h e   d e p t h   s l i g h t l y   h i g h e r  t h a n  t h e  
p e r m a f r o s t   t a b l e .  A l s o  two o t h e r   s t e p s  o f  O'C 
i s o t h e r m   o c c u r r e d  a t  t h c   d e a t h  o f  2 . 0  and 3 , O  m 
a t  b o r e h o l e  No.2 and a t   t h e  d e p t h  o f  1.0 and 1 . 5  
NL e t  b o r e h o l e  N o . 4  h o t h  i n  t h e  p r o c e s s e s  o f  
seaaona l ly   t hawing   and  r e - f r e e z i - n g . ,  i m p l y i n g  a 
h i g h e r   e n e r g y   b u d g e t   d u r i n g   p h a s e   c h a n g e s   a t  
ttrcsc dcp t l l s .   Thc   f i nd ings  o f  a n  i c e - - r i c h  l a y e r  
i n  t h e  a c t i v e  l f l y e r  r l u r i n a   e x c a v a t i o n   s u u ~ o r t s  
R U C ~  a n  i r p l . i c s t i o n .  

I . .  
1 A p r .  1 3 ,  1 9 9 2  

Ffg.4 i l l u s t r a t e s  t h e   round t e m p e r a t u r e s  o f  
;I - at. b o r e h o l e  N u . 5  (3,900 m ,R.s. I . )  
I) - a t  b o r c h u l c  No.3 (3.503 rn o . s , l : . )  
c .- a 1  b o r e h o l e  No.1 (?3,@0. m a . s . 1 . )  

- The  ,Thermal ReRime o f  t h e   A c t i v e  &aver 

in m i d - J u n e  and r e a c h e s   t h e  maximum s q a s o n a l l y  
t h a w i n g  d e p t h  n f  2 . 3  m ,  t h e n  t h e  downward r e -  
f r e e z i n g   b e g i n s  whi1.e t h e  upward r e - f r e , e z i n g  

.,!:rem F i g .  3 ,  downward s e a s o n a l   t h a w i n g  b e g i n s  

o f  the   Rase  o f  t h e  T i a n  Shan C l R C i O l O g i C f l l  S t o -  
s e a s o n a l l y  f r o z e n  ground i t  ~ n r l  i n  t h e  v i c i n i t y  

t i o n  ( 2 1 3 3 . 4  m a . s . 1 . ) .  I t  shows t h a t   t h e   g r a v e l s  
cov ,ersd  by  a s p a r s e l y   v e g e t a t e d   f l a t  h a v e  a 
maximum d e p t h  of seasonally f r e e z i n g  a s  deep o s  
3 . 2  m and t h a t  of  t h e  humus soil' on t h e  s o l i f l u c -  
t i o n   t o n g u e  ' a t  2238  m 8.8.1. i n  t h e   v i c i n i t y  o f  
the   Rase  o f  t h e  T i a n  Shnn G l a c i o l o g i c a l   S t a t i o n  
i t  iR only  1.6 m .  Also, the   g round  tempera t .ure  
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-1 4 0 . 4  , i s o t h e r m s i n   b o r e h o l e  No.2  ( 3 4 5 0  m a . s . 1 . )  I 
F i g u r e  7 .  I s o t h e r m s  of g r o u n d  t e m p e r a t u r e  i n  t h e  u p p e r  r e a c h  o f  Urumqi R i v e t  

7' I 
." .. I 

y e a r  1990 1991 
" 

1992 

- 
E 4 . W  
4 

c 
Y 

a 

8.0- 
i n  b o r e h o l e  N o .  4 (  3540 r i  e .  s 1 .  ! 

L: 

\\\"---.---- 6' / I  

I I 

F i g u r e  4 .  I s o t h e r m s  o f  ground r e m p p r a t u r e  a t  a n d   i , .   t h e   v i c i n i t y  o f  t h e  b a s e ,  o f  
T i a n   S h a n   G l a c i o l o g i c a l   S t a t i o n  

a .- in g r a v e l s  at t h e  BTGS (2133.4  m a.s.1.) 
b -- i n  l r u m u s  soil of s o l i f l u c t i o n   t o n g u e  on n o r t h w e s l e r n  81 pe ( 2 2 3 8  m a , s . l . )  

i n  the'mumus s o i l  c h a n g e s  a t  a gradient much 
h i g h e r   t h a n  i n  g r a v e l s .  

CONCLUSION 

1 .  The t he rma l   r eg ime  o f  a l . p i n e   p e r m a f r o s t  

s , t r i c t l y  controlled b y  t h e   a l t i t u d i n a l  z o n a t i o n  
i n  t h e   m i d d l e  section of E a s t  T i a n  Shan i s  

a n d  o t h e r .   f a c t o r s   i n c l u d i n g   l i , t h o l o g y ,  t o p o g r a -  
p h y ,  m o i s t u r e ,  a n d  c o v e r   c o n d i t i o n s .  The e l t i -  
t u r i i n a l   z o n a t i o n  o f  p e r m e f r o s r  i s  mainly c h a r a c -  

t e r i z e d  by  t h a t  t h e   p e r m a f r o s t  
memn annual   g round t h i c k n e s s ,   d e c r e a s e s  i n  t h e  

i n c r e a s e s  j .n  

s e a s o n a l l y   t h a w i n g  and t e m p e r a t u r e ,   p o s t p o n e s  i n  
a n t e d a t e s  i n  re-freezinp w i t h  e l e v a t i o n  r i s i n g .  

25 m t o  59 m i n  t h e  d i a b a s e .  T h e  t h l c k n e s s  o f  
p e r m a f r o s t  based on t h e  g r a d i e n t   d i s p l a y s  an 
~ l t i t - ~ d i n a l   z o n a t i o n ,  w h i c h  increases f r o m  50 Io 

a t  b o r e h o l e  No.1 (3300 m a . s . 1 . )  t o  230 m R t  

borehole No.5 (3900 m h . s . 1 . ) .  

2 .  The g e o t h e r m a l   g r a d i e n t  i s  l " 4 3  rn-l from 

3 .  The p e r m a f t o v t  i n  t h e  upper   reach o f  Urumqi 
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R i v e r  basin i s  warmer ar id  thinner t h a n  that of 
i n  t.he Kuixion,Daban  region 2 2  k m  to the south. 
A t  ahout 3100 m i n  K u i x i a n  Daban the  ground 
lemyeraturc i s  -2.O'C a n d  permafrost is 110 m 
i n  t h i c k n e s s ;  while i n  t h e  u p p e r  reach of Urumqi 
River - o n l y  - 0 . 7 " C  and SO m. 
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STUDY OF THE PREVRNTION OF ICE D A M A G E  OF STRUCTURES 
IN W A T E R  I N  COLD REGTONS 

J i n  N a i c h u i ' ,  Qu Xiangming' , Zhang  Yuanyou' at\d L i n  Y i .ng2 

' N e i l o n g j i a n g  I t y d f A u l i c '  Research I n s t i t u t e ,   H a r b i n ,   C h i n a  
2 H e i h e   H y d r e u l i c   B u r e a u ,   H e i l a n ~ j i a n g ,   C h i n a  

The a u t h o r s   c o n s t r u c t e d   w a t e r   t o w e r   s u r f a c e   i a s u l a t i n g   l a y e r  w i t h  p o l - y s t  
foam p l e t e s ,   p r e v e n t i n g   i c e   d a m a g e  of the  w a t e r   t o w e r   a t   t h e  power s t a t i o n  
t h r e e   y e a r s .   T h r o u g h   p r a c t i c a l   f r e e z e - t h a u   c y c l e  t e s t s ,  t he  t h e r m a l   e f f e c t  
v a l u e  i n  t h e  freeze- thaw p r o c e s s  was o b t a i n e d .  T h e  i c e  l a y e r  t h i c k n e s s  u n d  
p o l y s L y r e n e  foam i n s u l a t i n g   p l a t e   ( a b b r e v i a t e d  name i s  i n s u l a t i o n   p l a t e )  )I 

d e c r e a s e d ,   t h e  i c e  damage waa diapelled t h r o u g h   c o n s t r u c t i o n  o f  an i c e  C O V  

t h i s  h a s  e n s u r e d   t h a t  the water   tower  w i l l  run   no rma l ly ,  'This way of prevc 
i c e  damage i s  t e c h n o l o g i c a l l y   s i m p l e   a n d   e c o n o m i c a l l y   b e n e f i c i a l ,   a n d   h a s  
a d v a n t a g e  o v e r  t h e   a r t i f i c i a l   b r e a k i n g  o f  i c e .  T h i s   h a s   i n i t i a t e d  a new W E  

p r e v e n t i n g   i c e  damage i n  s e a B o n a l l y  f r o z e n  g r o u n d   a r e a s .  

INTRODUCTXON 

I n   r e g j o n s  n e ~ r   t h e   l a t i t u d e  of f o r t y - f i v e  
d e g r e e s   n o r t h ,  t h e  weather  is c o l d  i n  t h e   w i n t e r ,  
a l a r g e r   t h i c k n e s s  of i c e  is formed i n  r i v e r s ,  
l a k e s  a n d  r e s e r v o i r s .   l l n d e r   i c e   p r e s s u r e   a c t i o n  
t h e r e  a r e   s t a h i l i t y  a n d  f a i l u r e   p r o b l e m s  f o r  
bank s l o p e s ,  n n r l  s l u i c e   g a t e s  of dam and  water 

t u r e s   r u n   s a f e l y ,   t h e y   h a v e   t o  b e  mainta ined 
t o w e r   s t r u c t u r e s  i n  r e s e r v o i r s .  To make s t r u c -  

and r e i n f o r c e d   e v e r y   y e a r .  T h u s ,  c a u s i n g  H 

e c o n u m i c  w a s t e .  
T h e r e   a r e  many w a y s  t o  p r e v e n t  ice dnmage o f  

s t r u c t u r e s  i n  w a t e r  a t  home a n d  a b r o a d .   B e s i d e s  
i n c r e a s i n g  t h e  s t r e n g t h  and r i g i d i t y  of  s t r u c -  
t u r e s ,   t h e r e  a r e  wnys o f  d i s p e l l i n g  i c e  p r e s s u r e  
~ n t l  f r e e z i n g   f o r c e s  t h n t  a r e   u s u a l l y   e m p l o y e d  
d u r i n g   o p e r c t i o n .  F o r  e x a m p l e ,   t h e r m o - e l e c t r k c l t y ,  
c l l e  breakage  of i c e  a n d  t h e   u s e  o f  w a t e r   s u r f a c e  
wave motion.  The  above  methods d o n ' t  ob ta in   t . he  
i d e a l  e f f e c t   s p e c i a l l y   t h e   p r a c t i s e  o f  breaking 
L h e  . i c e ,   s i n c e  t h i s  i s  v e r y   d i f f i c u l t  i n  c,old 
c i r c u m s t a n c e s .  T h e  a u t h o r s   p r e s e n t  nn e f f e c t j v e  
rnethorl o f  p r e v e n t i n g   i c e  damage i n  t h i s  p a p e r .  

MECHANISM OF THE lNSULATXNG METHOD 

For s o l v i n g   t h e   p r o b l e m  of  s t r u c t u r a l  damaac 
caused  hy i c e   p r e s s u r e .  

There  s r e  meny s t r u c t u r e s  b u i l t  i n  r i v e r s ,  
l a k e s  and r e s e r v o i r s ,   t h e s e   s t r u c t u r e s   s u f f e r  
f a i l u r e  from i c e   p r e s s u r e  i n  w i n t e r .  For t h i s  
r e a s o n  we s t u d i e d   t h e   m e c h a n i s m  o f  charlying 
w a t e r  t o  i c e .  

0°C i s  a boundary   va lue  o f  chang ing   wf l t e r  
i , n t u  ice. S o  O'F p o t e n t i a l   e n e r g y   f i e l d  (9111, 

problems  caused  b y  i c e   p r e s s u r e .  For t h i s  a i m  
1 9 9 1 )  can  be  used f o r  s o l . v i n g   s t r u c t u r n l   f a i l u r e  

i l  i s  n e c e s s a r y  to c h o o s e   m a t e r i e l   w i t h  a small. 
h e a t   c o n d u c t i v i t y .  t h i s  k i n d  o f  m a t e r i a l   c a n  
i n s u l a t e   h e a t   r a d i a r i a n   t o   d e c r e a s e  t h e  t h i r k -  

d i s p e l l e d  Among a l l  the i n s u l a t i o n   m a t e r i o l s  
' n e s s  of  i c e   c o v e r ,   t h u s ,   t h e  i c e  damage is 

-ene 
:or 

t h e  

l i n g  

f o r  
1 

s t   f a v o u r a b l e  p o l y s t y r e n e  foam p l a t e  h a s   t h e  q ho: 
i n s u l a t i o n  a n d  m e c h a n i c a l   p r o p h r t j e s ,  when 
p o l y e t y r e n e   p l a t e s   a r e   s p r e a d  

a c h i e v e d .  
i c e  dflmage i s  t h e r e f o r e   t h e  Rin1,i.e. p r e v e n t i n g  

t h e   s t r u c t u r e ,  there  is water  not  I c e  around 
i c ~  c o v e r ,  i . e .  f i e l d  w i t h  the s h a p e  "n" under 

0°C t e m p e r a t u r e  w a t e r  i s  changed,   end  forms a 
t e m 3 e r a t u r e  fie1.d o f  t u r e  i n  w n t e r ,  t h e  p a r t i a l  

Aaround t h e  s t t u c -  

N A T U R A L  G E O G R A P H Y  CONDITIONS OF 
ENGINEERTNG A N D  TEST METHOD 

Tt4E TEST 

N a t u r a l  GeoRrauhy C o n d i t i o n s  
Weniuhe reservoir is l o c a t e d  a t   t h e   n o r t h e r n  

l a t i t u d e  of 50'18'16" a n d  t h e  
a r e e   r e s e r v o i r .  o f  127"30'0". I t  i s  a h i l l y  

e a 5 t e r n   l o n g i t u d e  

t u r e ,  I . o r g e r  a i r   t e m p e r a t u r e  r a n g e ,  a n d  i t  
b e l o n g s  t o  a c o n t i n e n t a l   c l i m a t e  o f  a c o l d -  
t c m p e r a t u r u  z o n e .  T h e  l o w e s t  q i r   t . e m p e r a t u r e  
reached  i n  h i s t o r y  w a s  -42'C. The 1.ongest  f r o z e n  
p e r i o d  was from O r t a b p r  2 0  l o  

m .  n e s s  of i c e  c o v e r  i s  a b o u t  1.48 
t h e   l a r g e s t   t h i c k -   t h e   c o l d e s t  month i s  J a n u a r y ,  

i.s - l . " C  - -2'C, d a y s .  Mean a n n u a l  a i r  t e m p e r a t u r e  
M a y  I ,  about  1 7 0  

T e s t  Method 

P h y a i c a l   p r o p e r t i e s d   i n s u l a t j o n  m a t e r i a l s  

i n s u l a t i o n   m a t e r i a l ,  i t s  h e a t  c o n d u c t i v i t y   c o e f -  
f i c i e n t  is 0 . 5 2 7 - 0 . 1 5 9  w / m . " C .  I t  is a k i n d  o f  

m e t e r i a l  (P=ZO-40 kg/m'), b u l k  weight  i s  a b o u t  
o b t u r a t o r   c o n s t r u c t i o n  and a s m a l l   d e n s i t y  

1 /50-1 /100  of t h a t  o f  g r e v e l a l r i  s a n d ,   p o l y s t y -  
r e n e  is a l i g h t  m a t e r i a l .   B e c a u s e  p a l y s t y r e n e  
foam p l a t e   h a s   t h e   p r o p e r t i e s  o f  l i g h t  b u l k  

T h e  r e g i o n   h a s  a l o n g   w i n t e r ,  low a i r  tempera-  

P o l y s t y r e n e  foam p l a t e  3s a h i g h l y   e f f i c i c n t  

w e i g h t ,  h i g h  s t r e n g t h ,  end  ch 
f o r  p r e v e n t i n g   i c e   d a m a g e ,   i t  
t h e   m a t e r i a l  f o r  p r e v e n t i n g  i 
p h y s i c a l   i n d e x e s   a r e   g i v e n  i n  

3 1 2  I 



Table 1. Physical  indexes  of  polystyrene 
foam  plate 

Item ' Values 

Compression  strength (KPa) 100-130 

Heat-resistant  temperature ( " C )  80.0 

Linear  coefficient ( X ~ O - ~ / ~ C )  5.0-7.0 

Absorbing  water  rate (g/100 cm')  0.15-0.20 
~ ~ ___ 

Distribution  of  the  temperature  observation 
points 

Weniuhe  reservoir,  the  insulation  plate  size  was 
The  test  engineering  was  the  water  tower of 

8.OX8.0 m ,  the  plates  were  spread on the  water 

cover  thickness  reached 20 cm, we then  fixed  the 
surface  around  the  water  tower.  When  the  ice 

plates on the  ice  cover  around  the  water  tower. 
The  plates  were 15 cm  in  thickness  and 30  cm in 
width.  At  the  same  time  the  ice  cover  tempera- 

meter  (see Fig.1, Fig.?). 
ture  field was  measured by a  thermistor  bolo- 

TEST RESULT ANALYSIS 

Through  the  test  studies  in  three  winters 
(1988-1991) we  found  the  temperature  field  of 
the  ice  layer  under  the  insulation  plate  and  the 

layer. According  to  the observation data the 
process of development and  change of the ice 

relationship  curves of temperature  and  freezing 
depth  were  plotted (Fig.3). From  the  tests  it 
was  confirmed  that  this  method  is  economically 
beneficial. 

Test  Observations 

Ice  laver temueratuke observation 

winters.  Ice  point  temperature  was  the  same, 
Test  observations  were  conducted  for  three 

i.e. - 0 . 4 3 " C ,  but O ° C  was  the  boundary  value o f  
ice  point,  Table 2 gives  the  temperatures o f  
the  ice  layer  profiles. 

temperature  at  the  plate  centre  is  more  than 

of the  insulation  plate on the  temperature o f  
that of the  plate  edge.  This  shows  the  effect 

the  ice  layer  is  significant. 

Ice  layer thicknsas observations 

From  Table 2 ,  it  was  seen  that  the  ice  layer 

Figure 1. Profile  of  insulation  plates  distribution 

i 
+I * insulation  plate 0 

5 0 1 b I f  
115 (I 1 - 20 

"25  ' d 
I1 " I  ,-. -30 

2 b.30 b 
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111 
- 40 
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I V  
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Figure 2, Distribution o f  thermistor  bolometers 
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0" 

1990-1991 \ 

1 .  
Figure 3 .  Freezing  curves 

Table 2 .  Temperature.values  of  ice  layer 
profiles  under  the  plates 

Point number 
1 . 2  3 4 5  

Sections 
~ 

Area IV temperature in ice ("C) -2 .17 -1.3' -0.87 -0.43 0 

Area It1 temperature in ice ( " C )  -2,17 . -1 .3  -0.87 0 

Area 11 temperature in ice ( ' C )  -0.43 -0.43 0 

Area I temperature  in ice ("C) -0.43 -0.43 0 

The  change  of  the  ice  layer  thickness  was 
measured  for  three  years.  When  the  natural  ice 
layer  thickness  reached  the  maximum,  the  ice 

The  results  are given in  Table 3 .  
layer  thickness under the  plate was measured. 

Table 3 .  The  maximum  ice  layer  thickness 
under  the  insulation  plate 

Horizon 
distance  Lowest  Maximum 

(cm) 12.5 50 100. 150 air  thickness 
Winter temp , (cm) 

1988-1989 80.0 25.0 2 . 0  1.30 - 3 2 . 4 ~  100 
1989-1990 130.0 40.0 12.5 5.0 -38.9'C 130 
1990-1991 0 -33.6"C 89 

shape  under  the  plate  formed  a "n" t ype (Fig.4). 
The i c e  layer  thickness  under  the  plate  centre 
reached  the  minimum. 

From  Fig,3 it was  shown  that  the  ice  layer 

Test  Results  Comprehensive  Ananlvsis 
Under  natural  conditions  the  ice  layer  thick- 

ness  is  dependent on the  negative  air  tempera- 
ture.  When  atmospheric  radiation  heat,  water 
latent  heat  and  ground  heat don't reach  a balance 
freezing  or  thawing will occur in the  ice  layer, 
the  frozen  front of the  ice  layer  moves  forward 
during  the  frozen  period  and  the  water  changes 
into  ice. If there  were  other  effecting  factors 
the  natural  ice  layer  will  have  a  continuous  and 

following  conclusions: 

on the  structure. 
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T h p  t e s t  i n s u l a t i o r l  p l a t e   s i z e s   w e r e :   t h i c k -  
n e s s  1 5  c m  w i d ~ h  300 cm. The p l a t e  size i s  a k e y  
f e r l o r ,  i t  r f f e r t c :  the  f o r m a t i o n  o f  tho "nr' 

t .hnt t h e  i n s u l a t i o n   p l a t e   s i z e  must  he c a l c u l a t e d  
s h n l ~ a  r t lnge  of h i g h  t e m p e r a t u r e   i c e  o r  w a t e r ,  s o  

w i t h  the,: Eoliowlng d e m a n d s .  
] ) ' T h e  i n s u l a t i o n  p l a t e s  nhoulrl be s p r e a d  

a r o u n d   t h e   s t t u c t u r e ,  t h e  p l a t e  w i d t h  s h o u l d   n o t  
he l e s s  t h a n  th tee  times t h e  - m a x i m u m  t h i c k n e s s  
O F  t i r e  n s t a r a l  i c e  I n y e r .  

2 )  T h e  i n s u l a t i o n  p l a t e   t h i c k n e s s  c a n  he 
c n l r - u l a t c d  w i t h  Lhe h e a t , , . t r a n s f e r  formula. Usual- 
l y  t h e  t :hirkness  ,ca,n, .be asti .mated a s  1/10 .?€ t h e  
maximum t h i c k n e s s  of t h e   n a t u r a l   i c e  l a y e r .  

-: 1 

- ECONOMIC HENEPITS 

The i c e  breakjn$,time is a b o u t  1 3 5  d a y s  e v e r y  
y e a r  f o r  t h i s  wate.r tower, The cosL of a r t j f i c i s l  
i c e   b r v a k i n y  ia 1755 Yuan (Renminhi)  f o r  a 
w i n t e r .  ., ., , ,  

Tho insulatioh p l a t e  h a s   t h e  following 
advantages: . "  , , . 

l t  hrts a i i g h t ' u n i t  w e i g h t ,  h i g h   s t r e n g t h ,  
s j w y l o  c o ~ ~ a t r u c t i o n ,  lnwer  l o s s  nnrl i t  c a n  be 
uscrl r c p e a ~ e r l l v  f o r  s e v e r a l  y e a r s .  So t h e  method 

a r t . i f i c i a 1  i c e  h r e a k i n p ,  (Tahle I ) .  
i s  ecrrnomica l .  t h e   c o s t  i a  only l / 3  of  t h a t  of  

, <  

'Table  4 .  Cost.  compar ison ,  t ' a b l e  

';O.OX3.OXO.l.5 13.50 436.28 5889.78 5 1177.96 32.88 

30.0x2.5x0.15 11.25 I' 4908.15 5 981.63 44.88 
10.0XZ.OX0.15 9 . 0  " 3926.52 5 7Rf.30 55.25 

I 
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USE OF SNOW CAPTURE FOR LAND RXgABILITATIOW IN XRCTIC.0ILF: :LID$ 

M. .Torre Yorgenson', Timnuly C .  C8tmr1, and lcLchar1 p. Jayam? 

h l a s k a  Biological RIaIarmh, fa=. , 
PO Box 81934, Fairbanks, klrrkr 99708 USA 

2ARC0 Alaska, Xnc., PO Box 100360, Anchoraga, ZUamka 99510 USA 

Low s u m e x  precipitation  in  arctic  Alaska  leads to low  soil  moisture  on  gravel  fill  an 
overburden  and is problematic for rehabilitating  lands  degraded  by  oil  development.  T 

perpendicular to prevailing  winter  storm winds. Small berms were  constructed  on  e,gravrl  pad 
increase  moisture,  berms at three  sites  captured  snow  and  increased  meltwater.  Berms  were 

and topsoil  was  added  to  increase  water-holding  capacity.  Moderate  berms  were  built on 
another  gravel pad, trbugh~ stored  meltwater,  and  topsoil  waa added. Large  berms  were 
constructed  on  mine  overburden  and  impoundments  were  used :o create  aquatic  wetlands.  Small 
and  moderate  berm8  increased  soil  moisture  during Juns, when  rainfall  was  lacking. Add:.tlon of 
topsoil  increased  soil  moisture  throughout  the  summer.  Consequently,  plant  growth  was 
inside  berms  than  in  flat  treatments  and  was  much  better  in  the  berm-with-topsoil  trea 
Large  berms  allowed  creation of aquatic  wetlands  by  adding  ROKe  snowmelt  than  cvaporat 

INTRODUCTION 

oil  exploration and development in arctic 
Alaska  have  created a wide  variety o f  terrain 
disturbances  that  eventually  will  require 
rehabilitation:  mine pits, overburden 
stockpiles,  gravel  roads  and pads, reserve 
pits, spills o f  fuel  and  other  contaminants, 
gravel  spray  from m o w  ramoval,  road  washouts, 

Gravel  fill far  roads  and pads is the most 
road dust, impoundments, and  scraped tundra. 

widespread  type of terrain  disturbance  within 
the  Prudhoe Bay and  Kuparuk  oilfields  and is 
particularly difficult to xevegetate  without 
treatment,  because i t s  hydrologic  and  pedologic 

of  the  original tundra. 
conditions  are drastically  different  from  those 

Poor growth of plants on gravel fill is 
attributed to low  soil  moisture,  which  affects 
the w a t e r  balance of plants, the  movement of 
nutrients  through  the soil,  and the 
availability of nutrients  (Johnson 1981; 
McKendrick  1986;  Jorgenson 1988). In addition, 
growth of plants  is  affected  by  the  thickness 
of the fill, which  is  one  factor  limiting  the 
capillary  rise o f  groundwater  JJorgenson  1988). 

To  compensate far the  deficiency of moisture 
in  thick  gravel  fill  in  a  region  where  rainfall 
is low, three  experiment3  evaluated  the use of 
soil  berms to capture  drifting  snow and 
increase  the  amount of water  available  from 
snowmelt. In 1988, an experiment  initiated at 
Mine  Site D in  the  Kuparuk  Oilfield  used  small 
berms (0.5 m high) to capture  drifting  snow  and 
impound  meltwater.  In 1989, an  experiment at 
Drill  Site 13 in  the  Prudhoe  Bay  Oilfield 
expanded  the  concept o f  hydrologic  manipulation 
by  creating  moderate  berms (1 m high) for 
greater  capture of snow  and  by  cxcavatin 
trou  hs to provide  storage  during snowme!t. 
Finayly, in 1990, the  concept  was  expanded 
overburden  stockpile at Mine Site D in the 
again  by  creating  two perched Ponds  on a large 
Kuparuk  Oilfield,  by  constructing  large  berms 

situated  perpendicular  to  the  direction of 
( 4  m high). In a11  experiments, the  berms  were 
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prevailing  winds  during  winter 
(northeast to southwest). 

Collection of driEting  snow 

were conaidered for augmenting 
for many purposea in the  Arcti 

For Barrow (Slaughter et a l .  1 
used routinely for making  Snow 
construction of the Trans-Alas 
(Brown  and  Berg 1980) and  for 
exploratory  well  sites  (perron 
In  addition,  numerous  anow fen 
have  been  constructed  througho 
during  the last decade, to red 
snow-clearing  requirements  nea 
(personal  observation)  Ice p 
wlth snow) have  been used for 
exploratory  pads and, more  rec 
been  used for temporary stoc 
overburden  that  subsequently ? 
capping  buried reserve pits. 



Figure 1. Locations of Drill  Site 13 and Mine Site D in  the  Prudhoe Bay and Kuparuk  oilfields, 
Arctic Coastal Plain  of Alaska. 

precipitation fox summer in the Prudhoe Bay 
OilField is 67 mm (Thaman 1990) and  in the 
Kuparuk  Oilfield I s  64 . m m  ( U . S .  Dept. of 
Commerce,  National  Oceanic  and  Atmospheric 
Admin.,  unpubl.  data; Figure 2 ) .  Snow cover 
varies  widely  because o f  strong  winds;  however, 
drifts  are  camman in low-lying areas. In the 
Kuparuk  Oilfield,: the average  temperature of the 
warmest  month (JuJy) i s  8 . 2  C. The average sum 
o f  thawing-degre-days over the summer i s  618'C 

3000 C €or Agchorage, Alaska (Johnson  and (range = 472;934'C), compared with  approximately 

I 

I SUMMER (JUNE - SEPT.) 

YEAR 

Bay and Kuparuk  oilfields,  Alaska, 
during winte&'(Pt'.udhae Bay) and 
summer  (Kuparuk) . 

Figure 2.  Mean precipitation  in  the  Peudhoe 

Hartman 1969). Prevailing  wind  directions 
during summer in this  reglon are from the 
northeast or the southwest. 

SMALL BERMS: MINE SITE D 

Sits D in the Kuparuk  Oilfield was designed to 
The experirncnt initiated in 1988 at Mine 

modifying  the  hydrologic  regime of a thick 
evaluate  three  site-preparation  treatments for 

(1;7 m) gravel pad. These  treatments  included 
a control"  area of flat  gravel (flat), an  area 
with  small  gravel  berms (0.5 m  high) to trap 
blowing snow and runoff  during  snowmelt (berm), 
and  an  area in which  organic  topsoil  was  added 
inside the berms to increase  water-storage 
capacit  (berm-with-topsoil).  Within each of 
these  syte-preparation  treatments,  four 
standard  plant-cultivation  techniques  were 
applied: (1) natural  (control); (2) 
fertilized; (3) fertilized  and  seeded  with a 
mixture o f  native grasses (70% Poa glauca and 
30% Festuca r u b r a ) ;  and ( 4 )  fertilized,  seeded, 
and  mulched  (mulch). 

Snow  depth and density were measured  along  a 
permanent  transect.  Numerous  physical, 

monito ed during 1989-1993, lncluding  percent 
chemical, and biological  responses  were 

snow co 6 e r ,  profiles o f  sail  moisture,  water 
balance  at the surface,  physical and  chemical 
properties o f  mil, and plant cover. Soil 
moisture  was  determined  gravimetrically  at twa 
stations  in  each  site-preparation  treatment, 
and plant  cover  was  measured  with a point  frame 
within 10 permanent  quadrats (1 m21 in  each o f  
the 12 treatment  combinations.  Only a subset 
of  those  data are presented here. 

Although  the  berms Were not  very  efficient 
at  capturing  snow, they did increase  the  input 

3 1 7  



WIDTH OF QRAVEL PAD (m) 

. >  

Figure 3. Depth of snow  capture  (dashed  lines) at Mine  Site D in the  Kuparuk  Oilfie1 P , Alaska, in 
1989 and 1992. 

af water to the pad (Figure 3 ) .  In 1989, thp 
berm  treatment  accumulated  more  snow  (mean = 
45.6 em; standard  deviatian (SD] = 13.4; n = 11) 
than  did  the  ,flat (22.7 cm; SD = 8 . % ;  n = 24)  
and  the berm-wi,th-topsoil I25.5 cm; SD *c 11.5;. n 
= 14) treatmedt's. In 1990, a relatively dry, .~ 

winter, no  snow  accumulated  in  the  flat  and ( .  

berm-with-topsoil  treatments, and the  berm 
treatment  accumulated only 5 cm of snow. In 
1991, a  moderately  snowy  winter,  the  berm 
treatment  again  accumulated more enow  (mean = 
42.0 cm; SD - 17.9; n.,* 32) than did the f l a t  
(25.7 cm; SD = 9.5;  -n = 15) and  the 
berm-with-topsoil (23.2 cm; SD = 12.5; n = 35) 
treatments.  During  snowmelt, water remained 
impounded  within  the  berm  treatment at depths up 
to 10 cm for about  a  week  (Figure 4). 

Soil moisture  profiles  indicated that berms 

whereas  tapsoil  increased soil moisture d u r i n g  
increased  soil  moisture  during  early summer, 

the  entire  summer  (Figure 4). In 2989, snowmelt 
in  the  berm  treatment added 158 mm of water to 
the gravel  (summer  precipitation  added 135 mm), 
whereas only.75 mm of water were added in the 

capacity ranged from 45 to 60 rmn of water in the 
flat area. Because  water  storage at field 

top 0.5 m of gravel  (unpublished d a t a ) ,  the 
amount of snowmelt  added  exceeded the storage 
capacity  and was lost as throughflow.  Thus, 
increased  water-holding  capacity  by  addition o f  
organic  matter  was  more  important  to  water 
balance  than waa increased input of water. 

After three ears of growth, it was  clear 
that berm estadishment, topsoil application, 

growth  (Figure 5). The  addition of topsoil, 
and  mulching  had  beneficial  effects for plant 

however,  was the moat  impor 
preparation  technique:  pla 
improved by both  higher  ava 
and  higher  concentrations Q 
Although  plant  cover  was  $1 
berm  treatment  than in the 
importance o f  snow  ca  ture 
decrease over time  refative 
treatment,  because  snow  als 
upright  grasses.  The  addit 
made a large  contribution  t 
plant  growth,  particularly 
which  did not benefit  from 
moistUKe  from  berms  and add 
mulch  probably was most imp 
seed  germinatzon phase. Mr 
experiment  showed  that, wit 
preparation  and  plant  culti 
plant  growth  can  be  achieve 
environment  created by thfc 
Arctic. 

BERMS AND TROUGHS: DRILL SITE 3 
I 

To expand  the  experimental 
hydrologic  manipulation on gr 
snow was captured on a ravel 
13 in  the  Prudhoe Bay Otlfiel 
moderate  berms (1 m  high)  and 
deep)  to  store  the  large  volu 
This  design  allowed most o f  the surface to 
drain freely. Also, topsoil wacl added  to 
increase  soil-water storage and nutrient 
availability.  Potential  benefits of increasing 
water  stqrage  capacit included irrigation of 
,the  higher  portions o f  the pad, increased heat 

MOISTURE (% vol.) 
10 

il 
6 10 15 20 

i I 
6 10 

TOPSO1L BEAM 

Figure 4. Effect of treatment on soil moisture  profiles at Mine  Site D in  the  Kuparu 
Alaska, during  the summer of 1989. 



Figure 5. Summary of effects of surface  manipulatipn  and  plant  cultivation  treatments ori plant' 
cover at Mine  Site  D in the Kupatuk  oilfield, Alaska 1989-1991. 

8 ,  

, .  , 

gain  to  the  underlyin  permafrost  (Jorgenson 
19861, which  may resu!t in  permanent 

hydrophytic grass (Beckmnnnia syzi qafhne) was 
applied to the  troughs at 5 . 5  kg ha- .- 

impoundments,  and  reduced lwching o f  aoil 
nutrients.  Under  these  conditions,  habitat 1991-199%), snow  accumulated  between  tce berms, 

Durin  two  winters  (1990-1991 rrld 

might be created for wetland flora and fauna.  and  especially  in  the  troughs. . A$ .the :captured 
To test the deaign,  half of the grav,sl pad  snow  melted  during  early spf ing ,  standing  water 

was  graded  to  create  berms and troughs,  while 
the  other  half of the  pad  remained  flat (Figure 

(up to 25 cm) persisted  in  troughs u to two 
weeks. Levels o f  groundwater  were sY@lar in 

6). Within  these t v a  surface-contouring 
treatments,  topsoil  was  added  in  half of the! 

both the  flat  and  berm-trough areas a€tet-$he 
pad  thawed  entirely  in  mid-June  (Figure 7). 

area;  thus,  four  treatment  areas  were  created.  Thus,  much of the snow  melt  recharge was lost 
The  entire  surface  then  was  scarified  to  provide t o  evaporation  and  drainage  through tfii grtvel 
,a rough seedbed for  enhancing seed germination.  pad  because of the' gravel's law sttrfage 
Finally,  five  native grass cultivars (40% capacity. After two years, little  difference 
Fwtuca  rubra, 20% Poa glauca, 20% Deschampsia 
beringensis, 1'5% Arctagrostis l a t i fo l ia ,  and 5% 

in  plant  caver  waa  evident  among  treatments 
(range = 11.2-16.8%); however,. plant cover was 

CaIamagrostiB canadensis) were  sawn on th not fully  developed,  and difference3 should 
entire  pad; seed was  applied  at 33 kg ha" . A become  evident.  In  addition,  plant  growth in 

' ,  

P 

SNOW CAPTURE 

WIDTH OF GRAVEL PAD (m) 

, 

Figure 6. Snow  capture  in  1992 at Drill Site 13  in  the  Prudhoe Bay Oilfield,  Alaska. The upper 
profile  went  acrogd-  the  flat  treatment;  the  lower  profile  went across the  berm-with- 
trough  treatment. 



the  troughs  (not  sampled.separately)  appeared 
more vigorous than it did on the  benches, 
probably becausa of increased s o i l  moisture: 
t h e  troughs  accumulated  more  snow  than  the 
benches did, and  the  thinner fill allowed 
greater--capillaxy rise a i  groundwater  than did 
the thicker fill- 

minimal, although thaw depth below the  surface 
After 3 p a r a ,  thaw settlement ha3 been 

of the tundra was deeper in  the  troughs 
(54-66 crn) than in  the flat  (control). area 
(44-54 em). Both  indicators sugges.t.%that t h e  ' .  

"I . 
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Figure 7. 

TUNDRA 
-176 

Effect of surface manipulatian 
treatments on groundwater  level  at 

e Drill Sit& 13 in the Prudhoe Bay 
Oilf ie ld ,  Alaska,  in the summers 
of 1990 and 2991. 

troughs will  remain  stable for th short-term 
and will not  subside and become p rmanent 
impoundments, as originally  was p anned. P 
LARGE BERMS AND IMPOUNDMENTS: M Z b  SITE D 

I 

SNOW CAPTURE 1992 
UNDMENT BERM 

DISTANCE (m) 
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Figure 9. Layout of southern  perched  ond at 
Mine  Site D, Kuparuk OilfieE)d, 
Alaska,  with  berms  and  impounded 
water on the  overburden  stockpile. 

invertebrates, sa their  abundance  was  due 
primarily to natural  colonization.  Low  survival 
of the  introduced  invertebrates way attributed 
to high pH (near 9) and  insufficient  development 
of emergent  vegetation.  Use of the  pond by 
wildlife  was  evident; a few  shorebirds,  usually 
semipalmated  sandpipers (Calidris p u s i l l a ) ,  were 
flushed from the  shoreline  during  each  visit, 
and  greater  white-fronted  geese (Anser 
albifrons) and  northern pintails (Anas acuta) 
often  were  seen  feeding  and  resting  along  the 
shoreline. 

CONCLUSION 

The  experiments  show  that,  although  the soil 
berms  were  not  very  efficient at the  capture  of 
snow,  they  added  a  significant  amount of water 
and, hence, altered  the  water  balance of gravel 
and  overburden  stockpiles.  This  addition o f  
water can be particularly  important  to  the 
growth of plants  early in the summer,  when 
rainfall is negiigible  and.solar  radiation is 
greatest.  On  gravel  pads, the  added  snowmelt 
can  persist far 1-2  weeks  and  can  add  more  water 
than  the  gravel  is  able to store. B e r m  may  be 
preferred  over  snow  fenceg,  because  they  are 
permanent,  are  inexpensive to construct, and 
require no maintenance. However, increasing  the 
amount of snowmelt on' pads is not aa important 
for the  growth of plants as is  increasing  water 
storage  capacity. In reality,  plant  growth  on 
thick  gravel pads is best whan  berms are created 
and  topsoil is added. 

On overburden  stockpiles,  which  remain 
permanently  frozen at depth  beneath  the  thin 
active  layer,  large  berms  axe  effective at 
adding  more  water  from  snowmelt  than can 
evaporate during t h e  summer. The  ability to 
create  ponds  on  an  otherwise  arid  environment 
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benefit  shorebirdn and  waterfowl. 
can  provide a wide diversity o f  habitats  to 
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Jacobs, 8 .  Lance, M. smith, and e. Zusi-mbb 
for  help in the field, A. Zusi-Cobb for h s l  
with  the  graphics,  and R. H. Day for help wrth 
the  manuscript. 
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GAS PIPE-LINE IUSTAXB-YAXUTSK MID EWIRONMEEN'C 

-Roatsslav M. famenaky,  fnnokentii P. Konmtnntinov,  Viktor A. Popov 

Permafroat  Institute,  Ruaaian Academy of Ilcisncea 
Ynkutnk, 677618, Runria 

The  paper  presents the data on the permafront  situation  both  in  natural conditio 
and  disturbed one8 as  a  reault of the gas  pipe-line  conmtxuction  Mastakh-Yakutrk 

transported gam  have m e n  est by  field research# the degree of soil thaw at the 
the region of Central Yakutia.  The  temperature  change  regularities of the 

pipe-line base and its displacements  have  been  mgaciiied. It ham been noted  that 
conmeguences of natural  conditiona  disturbancea  in  the  crryolithozone presents th 
'hazard  .for  operating  and  being  constructed  pipe-linea. 

" ,  

, .  

In the fuel energy  balance of Yakutia  gaa  is 
ai, considerable hportancct which is delivered by 
two gaa pipe-linen  from the Mamtakh deposit lo- 
cated 380 km to the north-weat o€ Yakutrk.  The in- 

5.5 m a ,  at the gas distribution  station  in 
itial gam gremmure at the head gas faailitiea i s  

the pipee 529 mm in diameter  and  pipe  branches 
Yakutsk - 2.5 ma. Tha gee pipe-line ccr~prisea 

273 and 377 1p. 
The  gas pipe-line hau  been  laid through the 

continuoum  permafroat 360-350 II thick. The 
elimata of the region 51 a m  continental  charac- 
terized by a short hot sumax and  long  cold 
winter, a an11 amount o f  precipitation (250-300 
m per year) The mean .annual temperature in the 

The cold weamon  with bsloruJ-sclro air tempera- 
tm Qf Yalcutnk 1s -10.3°C- 

tures lasts 7 montha a year (frcm October to 
April ) . 
purt'of the Len&-Vilyuirk  waterahed  including 
three niter  differant  in the geomorphologies 
structure; the cclplex of  over-fload-landm ter- 
races of the &OM and Vflyui rivern,  accumulative- 
denudatian and denudation plain.. 

The upper part of the geological  section of 
the Lena-ViLyuisk  watershed  coapxiuem the Quater- 
nary  dsparitm  presentad by different genetie 
types1 alluvial, eluvial ,  deluvial, lake-swampy 
and technogenic formations. The thliCfPIKIs of al- 

amount  ranges  from 305 m to 20-30 m. 
luvial  depomits  depending  on the watercurrent 

The eluvial and deluvial formations are 
Uepomited on the waterahed  within the limits o f  

paoition i m  determined by the composition of the 
their slopes and river valleyu. The formation com- 

underlying bedrockh. They are reprerented by sand 
and  nuper,  meldom  supe8-8uglinok forpations rare- 
ly exceeding 3 m thick. 

l i m i t a  of river  valleys, -reo  riteu and alaeea. 
The  peat suptmand auglinoks  prevail  in their COD- 
gorition. 

which tha gaa pipe-line Haqtabh-Yakutuk bar h e n  
The laka-studded  and swampy territory  through 

laid carprima about 10%. The cloned t a l i k a  are 

The gas pipe-line cTo(Ises the northern-eastern 

The  lake-mwampy  deposita  occur  within the 
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(1.8-7.2 cm p d )  are noted on the woody rites c w -  
posed of supes-suglinok depomits with moisture 
0.2-0.3. The high rates o f  soil freezing of 
aeasonally thawed layer (0.5-0.6 cm p d )  are char- 
acteristica of dry well-drained sites componed  of 
rupes 

within the limitu of the opening has  led to the 
The change of conditions of heat exchange 

increase of reaaonal depth of thaw practically on 
all the country types. The exception i a  massifs 
of flowing about sands (tukulana). The dimtur- 
banco of soil conditions within the limits of con- 
mtruction has  not causer somewhat noticeable chan- 
gem  of seasonal thawed soil layers ( S T L )  and 
seasonal frozen soil layers (SFL); one of the 
reasone for that is the lack of vegetative cover. 

thickness of STL increased 2-2.2 timem  on the 
Am one can see from the data of Table I the 

relatively dry mites and 1.3-1.5 times on the 
sites with high moisture. A alight change of 
thickness of STL (1.1-1.2 timem) is obmerved on 
the mites with grasa  vegetation. 

phenomena one should note ravine erosion ther- 
From the exogenetic geological processes and 

mokarst, molifluction mud flow of  measonal thawed 
layer and deflation reducing the reliability of 
the gas pipe-line maintenance due to uncovering, 
possible sagging and impermissible pipe diaplace- 
nent. The abovesaid makes difficulties for motor 
transport along the pipe-line  road. 

The main gar pipe-line naatakh-Yakutrk is one 
of the first built in  the zone of permafroat. The 
expediency and reliability of the three method8 
of laying  pipe-linea - overground, ground  and  un- 
derground - have been verified in the courae of 
construction. 

line rhowed that the underground method of pipe 
A long period of observation on the gam pipe- 

Central Yakutia ensuring the stable temperature 
laying is th8 moat proper for the conditions of 

regime of the gas pips-line. 
The overground pipe laying excluding the ther- 

mal effect of the piper on  the frozen roils com- 
pletely requires aome deviae of pile support 
reuimtant to  the frost heaving forces and  horizon- 
tal loadr. 

Under conditions of sharp continental climate 
of Yakutia the open pipe-lines are subjected to 
considerable tensile and compressive stresser, 
therefore, the breakdowns on the open pipe-linea 
are more likely to happen rather than on the un- 
derground ones. 

with soil# falling) has been employed on the mu?- 
The ground pipe laying (on the ground aurface 

py site. (Figure I). Its cmsential drawback8 are 
apringing surface and supra-permafrost waters, 

probability of breakdown eituatianr. 
failure of falling, heaving and pipe uncovering, 

A t  the Maatakh gau deposit the method of low 
temperature separation ir used ensuring the 
temperature -14%. . .-20%  at the inlet to  the 
main gas pipe-line. To the last  point  located  at 
the dirtance of 380 km (Yakutsk) the gas comes 
warmed up to above-zero 0 . 5 .  . .2.SoC ( in summer) 
and to below-zero 6.7.. .7 .b'C (in winter).  The 
character of temperature change of the 
transported gas along the pipe-line depends upon 
the pipe-laying method, intenaity of  heat  ex- 
change between the pipe and environment, the gar 
pipe-line capacity and other factorrr. The largest 
day  and seasonal temperature fluctuations are 
noted on  the first kjlometerm of the underground 
section and vica versa. 

3 2 3  

The data on the temperature changes of the 
wall and surrounding soils ahow that at the dis- 
tance of 20 km the wall temperature (of the  gar) 
getm  equal to  the soil temperature as a result of 
the heat exchange between the gas pipe-line  and 
soila.  This difference makes to 6oC between the 
underground sectionm and to 24OC between the over- 
ground  and underground ones. 

On the sites where the underground gam  pipe- 
line goes out to tLa uurface the wall temperature 
(of the gas) equalize8 with the  air temperature 
in summer in 1.7 km, in winter in 6.6 loo. 

Taking into accountu the fact that the gam 
pipe-line over 1.7 km are uubjected to  the 
amplitude of annual temperature fluctuations ex- 
ceeding considerably the standard8 ( S S - ~ O O C ) ,  at 
present the overground pipe laying of great ex- 
tent ir not recommended in Yakutia. 

does not practically differ from the depth of 
The depth of soil thaw near the gas pipe-line 

m including 1.45 m under the pipe ldid at the 
aoil thaw on the opening and does not exceed 2.5 

depth of 0.4-0.5 m.  With the increase of depth of 
pipe laying to the design depth(0.8 m) the soil 
thawing decreames.  At overground laying (in  the 
embankment  and falling) the  total  depth of soil 
thawing of the gam  pipe-line base in 1.5-1.8 
them more than at the underground laying which 
is accounted for the effect of filled soil in the 
thermal regime of the bedrocks, 

Along the gas pipe-line the depth of soil-thaw 
under the pipe ranges from 0.13  to 1.45 m; the an- 
nual and measonal values being practically identi- 
cal. The uoils under the pipe thawed in  the e m -  
mer period completely freeze in winter. That 
results in seasonal vertical displacements of the 
pipe-line - heaving (in  the period of roil freez- 
ing) and  eettlement (in  the period of thawing). 

The vertical dimplacementm of the ground pipe- 
line caused by the temperature deformations and 
heaving procesues reach the maximum valuer to 230 
a01 (on  the Wri). The annual heaving of the under- 
ground sections on the pipe-line rangem from 10 
to 100 mm which is compared with the  total heav- 

their displacement in the horizontal and lon- 
ing  of the murrounding soil and exceadm tenfold 

gitudinal directionm. 

original state. The residual heaving of the pipes 
is watched  not in the front-susceptible soils,  as 
it was expected,  but on the rections of the gipe- 
line in the sand desert (tukula-nam) due to its 

tion which are filled with nand  and the gas pipe- 
flexure increase resulting in the cavity forma- 

line cannot return to ita original state. 
fn  the cohesive soila the cavities (2C-SO mm) 

arising around the pipe remain open nerving aa a 
compensator. 

In connection with the further development of 
gas and oil deposits in Yakutia a question arisea 

which conventional methodu of pipe laying arb 
concerning the ure of large diameter pipes for 

likely to be unproger. In thiu case much atten- 
tion should be drawn to  the choice of optimum 
depth of pipe laying and prediction of atreeeed 
state when combining different methods of pipe 
laying and the impact on the environment. 

perience in the zone of permafrost cannot give 
The previous pipe-laying conmtruction ex- 

all the answers for the depomits development lo- 
cated, for inrtance, in the tundra or,in  the moun- 
tains.  Besides, the designs lack the forecast of 
natural conditions zhange and the technical 

In a-er the pipe-line returns to itr 



Table 1. Seasonal thawed layer (STL) and seamonal frozen layer (SFL) in na 
conditions and on the opening along the gas  pipe-line Maatakh-Yakutsk 

Relief element Country type Vegetative Lithology Moisture Depth of z 
cover in natural 

11 over flood- Heavily ~oms, various peat 0.5 n 
land8 terrace 
of r. Vilyui 

111 over- 
f loodlands 
terrace of r. 
Vilyui 

Accumulative- 
denudation 
plain 

Denudation 
plain 

bottom of  the 
irrigated 

alas, 20km 

km 
Interalas, 20 

Modern eolin 
sands-dune 
crest- 
deprcreion of 
flowing 
about, 81 km 
nari, 99 km 

Southern 
elope of the 
valley of r. 
Kenkern, 
350 Ipa 

landm of r.  
Kenkene , 

Eigh flood- 

grasa 
deciduous w o o d  

sups heavy 

Cow-berries,  Supea  heavy 
various 
grass, 
deciduoum wood 
LackR  MCdium  sand 

Moss, various Slightly 
grama  decampoaed 
depressed peat 0.3 m 
deciduous- supes 
birch wood 
Deciduoum- Supem  heavy 
birch l w  
forest 

vegetation 
Grass Supes peat 

1.2-1.7  1.1-1.3 

0.25-0.3  1.5-1.6 

0.02-0.03 4.5-5.5 
0.03-0.05 3.5-4.5 

1.7-1.9  1.5-1.6 

0.3-0.45 1.3 

Ira1 

and 
on the opening 

2 . 0  

3 . 0  

4.5-5.5 
3.5-4.5 

2.2 

2.2 

1.1 

3 2 4  



decisions are mads on the bamia of the conditions 
before the construction which leads to  the wrong 
engineering decisions concerning the linear  part 
of the pipe-lines. In sgPe cases, there is double 
inaurance e. g. the substitution of frost-sureep- 
tible .Oil8 for non-susceptible  ones or the ther- 
mal protection of frost-susceptible soils under 
the pipe-line  from  its  heat (cold) emission. Oc- 
casionally, the engineering conception of the 
ecological construction plan im not  developed  and 
engineering-geocryological reasonm for the chan- 
ges of technical state of the  pipe-linw are not 
speeif ied. 

fn our opinion the further scientific  research, 
should be carried out along with the production 

activities.  It i s  nscensary that the long-term 
plans of the entergrisem  should envisage the 
preliminary work concerning the preproject 
preparation of the future gam and o i l  pipelines 
including the geocryological survey with scale 
1:lOO 000 for a  large territory and 1825000 for 
the key  mites. 

ln  addition to thim, according to the contract 
with  enterprises the long-term regime observation 
on the key  sites (monitoring) should be carried 
out with  a view to study the effect of conmtruc- 
tion and the reverse influence of thi8 effect on 
the building  mtructurem. 

3 2 5  



USE OF SPATIALLY DISTRIBUTED DATA TO MODEL ARCTIC IIPDROtOGIC PROCESSES 

D. L. Kane, L. D. Hinzman and E. K. Lilly 

Water  Research  Center,  University of Alaska 
Fairbanks,  Alaska 99775 U.S.A. 

Past interest  in  arctic  hydrologic  proceeees  ha0  been  dictated  by  resource 
development.  However,  there,..is  renewed  curiosity  in  arctic  hydrologic science 
because of the issue of climate  chenge.  The  need to underatand the interaction 
of climate,  hydrology  and  both  aquatic and terrestrial  processes  has  increased 

models.  Diacussed  here is the development of a  spatially  distributed  hydrologic 
the need for better  quality  hydrologic  data  and  physically  based  hydrologic 

model  that  addresses the dominant  hydrologic  proceesee  and has been  applied to a 

spatially distributed data. Soil  moisture,  snowpack water content,  and  aurface 
small  arctic  watershed. To test  and  verify  this  model, we need  both  point  and 

temperature  are  all  ueeful  forms of spatially  distributed  data that,we are  using 
to help construct  a  better  understanding of hydrologic  proceaees.  Also,  digital 
terrain data  are  used  to  deternine  drainage  pathe  in thie permafrost  environment. 

INTRODUC- 

General circulation models ( G C W I )  predict 

Arctic than in,lower latitudes (Wanabe and 
thut greater climatic warming will occur in the 

Stouffer,  1980; Schlesinger and Mitchell,  1985; 
and Etkin, 1990) and  that warming will be 
greatest  in the winter months. A warmer climate 
would trigger numerous hydrologic feedback 
mechanisms that could augment  climatic warming; 

snow accumulation in the autumn would 
for  example,  earlier spring snowmelt  and  delayed 

significantly change the erurface albedo  and 
hence, the energy balance.  Increased or 
decreased precipitation amountfa could also alter 
the hydrologic response,  particularly of the 

warming has  .accentuated the facts that we have a 
active layer. Our concern related to climatlc 

poor hydrologic data base in northern latitudes 
and we lack both an understanding of and the 
capability to model basic  arctic  hydrologic 
processes. 

In.the paet, we have relied on lumped 
parameter models.  However, if we are going to 

-.biogeochemical pr0cesse.g ; - .we .muat develop 
understand hydrologic interactions.-with 

apatially distributed hydrologic  models. Woo 
(1986) streeees that these models must also have 
a good phyeical basis. Beven (1989) diacussee 
the pros and cons,of phyeically  based  models. 
To eneure that the modeling results are 

be used to drive these models.  Finally, there 
realistic it is imperative that  good  input data 

output of GCMs; this deficiency could be 
are still reservations about the generated 

partially  offset by developing  mesoscale 
distributed models, particularly of the 
hydrologic  processes. 

physically based, spatially distributed 
This paper describes the formulation of a 

hydrologic model for use in the Arctic. Also 

utilized in this model. 
discussed is how spatially distributed data are 

KypROLoGIC MOD& 

are in existence with wide ranging 

model. 
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Runoff for a given landscape unit (elatefit) 
is based upon calculations of overland flow,: ' I  

rub-surface flon and channel flw, During each 
time step, it is neceseary to  datemine if the 
flow within t h e  element is subsurface or both 
subsurface and overland flow. When the volume of 
water exceeds the total moil moisture  storage 
capacity, then both surficial and subsurface 
flow muet be calculated for that element. The 
subsurface flow i s  modeled using a Darcian 
approach  and both the overland flow and channel 
flow are routed with kinematic equations. 
Snowmelt, evapotr&nspiration and depth of thaw 
are modeled with a surface energy balance 
(Hinzman et al.,  1991a: Kane et'al., 1991b). 
There is an option to model evapotranspiration 
with the Priestly-Taylor equation and snowmelt 
by the degrse-day method (Kane et al., 1990; 
Kane et al., 1992). Preaently, the thermal 
regime o f  the active layer is modeled ueing u 
heat-diffusion equation incorporating phase 
change. 

Spatially dietributed models have many 
poeitive features; however, these models  require 
considerable data. Diatributed modela are used 
when  spatial variation of some input parameter 
significantly alters the output reaponme. An 
example would be where we are intareBt,md in 

to a channel. and the reeietance to flow varies 
tracing water movement from the top of the mlope 

where  spatial variation ahould be considered 
along the route. There  are numerous examplea 

when trying to model an arctic hyckologic 

variation in the water content of the  snowpack 
system. During enowmelt, there i s  considerable 

caused by redistribution throughout the  winter 
by the wind. There are also significant 
differences in  surface temperaturea or energy 
balance due to slope and aspect. This 
difference in energy balance impacts both 
snowmelt and evapotranspiration and to a lesaer 
degree, active layer thickness. Obviously, 
vegetation  differences impact transpiration, but 
it is difficult to obtain information neceesary 

model. 
to 'incorporate this process into a hydrologic 

algorithms are being teetod on data from 
Imnavait Creek watershed near Toalik Lake, 
Alaska, U.S.A. (lat. 68'37',,long.  149'17'). 
This  small watsrahed (2.2 lon ) which i s  
underlain by continuous parmarroat haa been the 
focus of an intense hydrologic study  since 1985 
(Kane and Hineman,l988; Evetett et al., 1989; 
Kane e t  al., 1989; Kane et al., 1991a; Hineman 
et al., 1991b; Kane et al., 1991b; Hinemn and 
Kane, 1991; Hinzman and Kane, 1 9 9 2 ) .  Imnavait 
Creek would generally be considered a firat 
order etrem, but flow does cease during the 
winter montha as the active layer completely 
refrOe286, usually by the end sf December. 

Alaskan Arctic where basic meteorologic 
maasurements such as temperature, wind speed and 
relative humidity are measured, there  are very 
few sites  where any radiation or atmospheric 
profile measurements are made. This presently 
restricts t h e  application o f  our,modd to one 
smhll watershed. This model i a  continually 
evolving and simpler algorithms ifre being 
developed for areas where there are limited 
data. Thia does compromiae the physical , ,  

anticipated that the addition of a few critical 
integrity o'f this hydrologic model. It i s  

meteorologic and hydrologic station8 and data 
obtained by remote sensing will in the near 
future allow us to apply this model to a much 

As this  model is being developed, variuus 

Although there are numerwus sites in the 

larger area  such QB the entire Ruparuk River 
drainage (8140 lpi ) ,  

APPLICATION OF BPATIU DATA 

Pioital Te- ModaA 
* 

of a watershed i t  is critical Chat the surface 
To accurately model  the hydrologic response 

drainage be accurately depicted. For first 
order stream8 and higher  this i n  not too 
difficult with  available topographic data for 
the Alaekan Arctic. However, characterietic 
featurea af many arctic watershsde are water 
tracks, which  carry water off the slopea and 
feed the firat order stream (Walker et al., 
1989). These water  tracks are very efficient at 
transporting  water  during snowmelt and major 
rainfall event8 during the mmmer. To obtain 
accurate simulations of hydrologic proeeaees 
such a# runoff, it i s  imperative that those 

Our first objective was to develop a Digital 
features be included in the drainage network.' ' 

Terrain Model (DTM) of the waterehed showing the 
pathways of water  movement  out of Imnavait 
Creek. Topographic  mhpe and aerial phbtagdhphy 
of  the baeia mhow the pajor drainagi-fbaturee;, 
however, we lack  knowledge about: tho pathways of 
water  off the slopea. Clone inspection, both in 
the field end of'aarisl'photog~aphe, revedir' 

during the spiing  ahlation and during maj6$5:.Il i j  

that the water  tracks carry water off tha.'$Iopes 

raihfall eventer. 
A selected  waterehed ' i s  aub-divided intbl'a' 

number of smaller, theoretically uniform, .: 

regions called elements. A water balance 
considering each component described in Figire '1 
is calculated for each element during each time 
step. During pre-processing, the direction o,f 
flow for each  element i s  determined (i.e.', if 
flow is into a channel or to one ox two 

determine the patbwaye of flow for each element 
neighboring demente). It is only necessary to 

once for each drainage. The direction of flow 
is determined using vector  calculus and the 
gradient of each  element (Silfer et al.,  1987). 
f f  flow from one element enters twa others, then 
the proportion entering each element irs 
algebraically detemined based upon partial 
areas. If two elements share e common  outflow 
side, then that: boundary 5.8 a water track ox ., 
stredm channel. 

Detection of a wateb,track is dependent upon 
both the resolution .of the,-digital elevation 
data and elemetit size;:,in,thie application, -it 

water track from beginning to end. Once a water 
was not always possible to distinguish an entire 

track was identified by the model, we forced the 
water track to continue downelope until it 
reached the main Btream channel. 

Water  tracks  are very efficient at carrying 
water off the slopes  during snoknklt and periods 
o f  eubstantial precipitation end into the 
riparian area adjacent to the atream. Them? 
water  tracks  are 3 direct result of the area 
being underlain by continuous permafrost at 
shallow depth0 (25 to 60  cm). Could these water 
tracks, rit least some of them, be reproduced by 
a digital terrain model(OTN) from the 
topographic data available? The (LnewBx: to this 
ques$:ion depends upon  the resolution of the 
elevatign data. For Imnavait Creek, we have 
available a l t 6 0 0 0  map with a contour interval 
of 5 m.'We euperimpoeed a triangular grid 
network ovef the entire waterahed (Figure 2 ) , .  
To get the elevation at the  corner of each 

, .  
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~igUXe:2, Imnevait Creek drai'nage (a) and 
i ,  elements (b) uaed i n  digital terrain 

* ' . >  ' model., 

triangular element, ueed a kriging routine 

that  the topdgraphy could be utilized to predict 
from commercially available software. Assuming 

element was ditennined by calculating the slope 
eurfaca  drainage features, the pathway €or each 

o f  isteepeat descent. 
Digital  terrain  models (DTMe) or digital 

elevation modela (DEMs) have  been used recently 
to determine wa.texehed drainage area and 
drainage  networks  (Fairfield and Leymarie, 1991% 
Van BLargan et al., 1990;,Band, 1986; and Jones 
et al., 1990). There  are'numeroua difficulties 
one can encounter when using  such models. 
First, some form of a grid network needs to be 
formulated. There are a number 'of options here; 

triangular grid with each element having a bane 
in'aur case, for convetiienca, we used a uniform 

and  height of 50  m  (Figure 2). For Imnavait 
Creek watershed,  this approach produced 
approximately 1800 triangular dl'bmenta. 

The next Btep was to utilize the digital 
elevation data and a kriging technique to 
dete~ine.the,,elevation at each node of all the 
triangular ik&ments. Next, the slope of 
steepest descent was dotenhined. If the flow 
betwein two elements Is toward  the common 
bounaary, then'a channel ie assumed to exiat. 
Once a  channel is initiated, it must be 
continuous and connect w i t h  other channels. In 
our.mQde1, w e  assumed i f  the angle betwee! two 
adjacent paths o f  descent waa less than 5 , they 
weEe parallel and no channel would 'farm. 

qlevation of each node, it i s  possible to find a 
! r  DQring the procees of determining the 

point  that is lower  than  all the surrounding 
nodes. This implies that there is no outlet and 

.are . a  ,problem commanly. faced in hydrologic 
that .a depreesion or pond exists.,Depresaions 

modeling using DBMa (Chou, 1992). In a natural 

drain into it until it i a  filled and a new 
situation, i f  a depression ex i s t s ,  water  will 

gradient  will  develop to carry the water sway. 
I n - t h i s  ceae though we are trying to eetablish 
tJ-te.ds&inage pattern based upon topography 
alone. To hendle t h i s  case, we developed a 
tslchnique similar to that of Fairfield and 
Leymasie (1491) by eatablishing the general 
direction of  flow by looking at a number of 
othar.point8 around, but removed from the 
problem area,snd then forcing the flow to go ' 

through the area in the dizectian determined. 

Figure 3. Actual ('I) and mod 
tracka far Imnavai 
areae A, B, and C 

the terrain better. 
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Figure 4 .  Worst case scenario fox element 

model and improved option (b) that 
configuration (a) in digital ,te,rrain 

reducesathe max+mum directional error 
from 4 5  to 224 

Bvdroloaic and Meteorologic Data 

A grid network such as that shown in Figure 2 
is especially useful for incorporating 
hydrologic properties which vary spatially, such 
as soil hydraulic conductivity, surface 
temperature,  active layer thickness, anowpack 
water content, or vegetation patterns". Through 
Geographical Infamation Syatema.(GIS).v i-t La 
quite  easy to utilize spatial data, such  as a 
snow  distribution map, 8s model input. 

It is more difficult to obtain spatially 
distributed data which variee on rho+% time 
scales .  such as meteorologic measurements. Many 
methods exist to estimate spatial variability in 
precipitation based upon point measurements and 
.in some  cases elevation (Gupta, 1989). Certain 
algorithms can be useful in calculating  changes 
in temperature with elevation (BergstrBm, 1976), 
or the  effect of slope on incident radiation 

variables,  such as wind speed, it is difficult 
(Hinzman et al., 1992); however, for Borne 

to estimate spatial variation and one is forced 
t a  assume uniform conditiwns everywhere. 

Soil  moisture distribution ae predicted by 
the hydrologic model for  the Imnavait Creek 
area, i s  shown in Figure 5. In general, this 
figure shows that the valley bottoms are wetter 
than the hillslopes; but even on the hillslopes 
there are wet areas along the water tracks. 

m n  

2 I: $3 

Soil Moisture Content ( %  by Val . )  

Figure 5 .  Three-dimensional,,spatially ' 
distributed, modeled soil moisture 
f o r  Imnavait Creek on August 2 4 .  
1991 * 

Svnthetic p a r  Data 

of hydrologic applicatlona,, Rott (1984) 
investigated the potential of using varioue SAR 

glaciers. Joebesgar and Beauvillain (1989). UEM 
ayatew for monitoring seasonal enowcavet and' 

palraive microwave with visual images to ntap 
snowcover in  the upper Colorado Rkver basin ,in 
United States. Foster et al. (1991)  also  used 
parrsive microwave  radiometry to deternine the  I 

snow water  equivalent in a brea1:farest.- ,: 

BLanchard and  Chang  (1983) used Seesat Sfithetic 
Aperture  Radar to determine if the imagery could 
be used to eetimate soil moisture. Engman 

remotely  sensed  soil  moisture date with 
(1990) discusses the aoupling of microwave 

hydrologic models. 

determining @oil. moisture contents i s .  that the 

complex  dielectric  conatant of the aoi lu iatet  
return  signal -is sensitive to changes  in the 

rryetem. The  complex dielectric conatant of 
l iquid ,Water, 59 about 20 .times  higher than 
either-soil, ox;. i c e ,  therefore liquid water 
changes in $he moil-water system may 
aignificantly impact this constrant. Attenuation 
of the microwave  signal as emitted from the 
satellite is of interest. Blsnchard and Chang 
(1983) found the,$ the geometry of the terrain 
and the eleqtri~4L properti- o f  the soil are 
the two majqr factors  that influence the 
microwave  backscattering  responae the moat. 

the backscatter signal. In the Axetic, the 
limited 83.8s and  low deneity of the  natural 
vegetation  should  help to minimize thim problem? 
but dew or the remnants of rain on the 
vegetation could  significantly impact the 
backscatter reapantre. One additional problem i s  
the  lack of knowledge  about  the  depth of 
penetration af the microwaves into  the so i l .  
Becaulre permafroet limits vertical drainage  and 
the  mineral soils above the permafro& are  near 
Baturation, there  cgn exist relatively dry 

mineral soils a+ very shallow depth. 
arganic soils at the aurface snci saturated 

into polar orbit the Europesn Remote Sensing 
satellite (ERS-1). On b a r d  ia an active 
microwave instrument, operating at a frequency 
of  5.3 GHz (C-band) in which  one of the 
subsystems i a  Synthetic Aperture Radar (BAR) in 
the image mode.,Numerous imagea o f  the Ndsth 
Slope of-Alaska, including Imnaveit Creek, are 
available far 1991. We  are attempting to uae 
these  satellite imagea for detemining the 

moisture contents af the active layer. Aaauming 
spatial vaxiatfon of the near-ourface aoil 

that thin is possible, than ths.resulty fxom the 
SAR imagery can be uaed to compare with the 
predicted poi1 rnoieture distxibnt4mn from the 
hydrologic model. 

allaws us to check the spatial  perfemance,af 
the hydrologic model. In the paet, hydrologic , 

model perfprmance hae bean evaluated by 
comparing the modeled hydrograph with the 
measured values. Thia technique is not useful 
for making spat ia l  adjustmanta to the modeling 
parameters. 

hydrologic models that  are compatible with the 
output from  remote P J B ~ S O X S .  Once it h + ~  been 
calibrated, the SAR imagery could be ptixized to 
initialize a hydrologic model or  to compare w i t h  
the modeled soil moieture. 

Microwave imagery h8s bean used in a number 

The  rationale f ~ r  w i n g  microwave imagery for 

Vegetation on the aurface Can aleo influence 

In 1991, the European  Space Agency (ESA) put 

This last step 1s very significant because it 

There f a  a  definite need to develop 
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~ONCLUSIONS 

,,The need exists. for more phyeieally baaed 
hydrologic modelm,that conBidet' spatial ' 
variability, Demotistrated in this  paper ie a 
digit#& terrain  model that i s  capable of  
generating the stream channel of a emall 
headwater arctic watershed; in addition, . i t :  blso 
detected a number of~emallet drainages refwarred 
to  as,wa,ter trackr. A phyaically based, 
spaflally  distributed hydrologic model i s  
deacribed. This model umes  the output from the 
d i g i t a l  terrain model to.establiah drainage 
patterns. ueing either, rainfall or, calculated 
snowmelt-as input, the hydrologic model 
determinee  changes in soil moisture, 
evapotranmplration, and etrem discherge. S M  
imagery will  be utilized to e a t i m t s  soil 
moiature levels  and  theee data will'bs used to 
initialice the model and to appraise the spatis1 
and tempoxal 6 0 i l  moisture distribution for a 
small  arctic watershed. If successful, thin 
imagery can aleo be ueed'to extrapolate tncrdel. 
results to larger areas. ArctPc watershedi,hhS# 
phyaical  features khat-help  to simplify effort6 
to model the hydrology. First, the 'exiatenkq'af 
continuous permafrost guarantees that the , 

subsurface flow will be restricted to the 
shallow active layer. Second, the  vegetation in 
thi+.harsh environment ia limited tir mossea, 
graassa and small shrubs. However, there are 

hydrology in the 'A~ct ic ;  the likelihood that  the 
several  complicating factore for sybtern 

active layer  will become saturated and'averland 
flow will  occur is increased, the actiiie layer 
is continually increasing in  depth throughout 
the aullllller, and winter  winde significantly 
redistribute mow on the ground. , . .  
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frost near  the permafrost limit and should be further  investigated. 

fNTRODUCTION 

In  the  Swiss  Alps,  high mountain permafrost 
often ocwrs above 2500 m a.s.1. on steep slopes 
with  avalanches and debris flow hazards (Haeberli 
1875, Roeali 0 Schindler 1000). Some villages  are 
located  in  risk areas below these permafrost re- 
gions.  This rtudy is part o f  a protection project 
in an area with difficult geotechnical  conditions 
and snow forces (Salm 1077). Improved  knowledge 
about the  interactions  between snow cover and high 
mountain permafrost is required in order  to  devel- 
op a sound  avalanche  protection concept for steep 
slopes with creeping mountain perlaafroet (Haeberli 
1 9 8 5 ) .  

with differences in altitude of more  than 
1000 m within  a  horizontal  distance of 2 km, the 
topography in the Alps strongly influences the 
distribution of the  discontinuous  high  mountain 
permafrost.  Topografic  effects  on  radiation and 
air  temperature  determine  primarily  the energy 
balance at the  surfeoe (Oke 1 8 8 7 .  Hoelele et al. 
less). The  snow  cover is a leading  factor in pro- 
tecting  the ground from heat 108s in winter  (Wil- 
liams and smith l e 8 Q ) .  In polar regions the  influ- 
ence of  snow cover on the  distribution of discon- 
tinuous  permafrost itr recognized  along with fac- 
tors rruch BS aspect and vegetation (Nicholson and 
Granberg 1 ~ 7 9 ) .  Granberg (1988)  investigated ther- 
mal resistance, short-wave transmissivity and 
thermal  buffering of the  seasonal  snow  cover for 
its signifiaance with respect to the ground tern- 
perature field in woodland and  alpine  tundra 
(Schefferville, Canada). In  the non-polar regions 
encountered in the Alps ,  snow  depths of more than 
75 cm do not indicate an absence  of permafrost 
(Haeberli and Epifani I W 6 ) .  However. redistribu- 
tion  of snow by avalanches and wind alter  the 
thermal  regime in the  mound signifiaantly (Hae- 
bsrli 1975). The following  aspects  are  currently 
being  investigated: 

(I.) In  winter,  the  thermal  regime in the  ac- 
tive  layer and at the ground/snow  interface i s  
assumed to depend primarily on the existence of 
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have to be determined; 



The  empirical  formulation by Devaux (199s) men- 
tioned by Yellor (1977) relates  thermal  conduotiv- 
ity, kerf to snow density: 

k,ff = 2. , .  g,3 (p210-' + 0101) in (Wm-l0C'l) (1) 
, .  

where: keff = s f f .  thermal  conductivity (wm*loc-l) 
and : 4- density (kgmVS) 

The  steady-state  unidirectional heat flux q is 
calculated as: 

dB' 
s=-keff (Wm-2) ( 2 )  

where: -=temperature gradient 

The  thermal  rbsistance of tho snow cover 
is ae defined by Cranberg (3088)  as: 

dB 
, d e  

d n=- (rnZocW"-) (3) 
kef f , . ,  

where: d =  snow depth '8 ..I . '. ,'! , 

Due to  their  influence &:gapor transport, tem- 
perature gradients an .th%, a q m  cover not only af- 
fect grdund tempwatures-.bu$  also m o w  metamor- 
phism. Since  the very bagjming of  snow,research, 
metamorphism is one of.* topics  researchers  have 
focused on. Basic lawr o f  snow metamorphiurn were 
discovered and  the  importance o f  their  qualitative 
dependence  on  the  temperature gradient were ' ' 

pointad out (Belipan I B J B .  da Quervain 1983). 
Giddings  and  Lachapelle (5962) end Colbeck (1Q83) 
estimated growth rates,of snow grains exposed to 
high temperature  gradients from theoretical con- 
rideretiona. Cubler (lOt35) established a model for 
dry snow metamorphism by i,nterparticle vapor flux. 
Empirical  relationships, for growth rates as 'a 
function of temperature end temperature  gradients 
were determined by Yarbouty (1880). - 

Since 1973 the  rock glacier area of Yurtel 
(0.4 kmz, 2800 m a.s.1.) at Piz Corvatsch in the 
upper Engadin of the eqstern. Swiss Alps has  been 
investigated.  he actife,layer in a few meters 
thick and consists mainly of porous  debris 
(0-15-100 cm) with only a small  proportion of fins 
material ( 0  < 2 mm) and nearly without vegetation. 
Based oil a total  of about 300 BTS measurements 
from the  years 1889, 1987 and 1880, the permafrost 
distribution in tha  area (6 kmz) around the  rock 
glacier has  been  determined. The ice content of 
the frozen ground varies  between 10% and extreme 
supersaturation  (Vonder VUhll and  Holub 1982). 

During  the  winters  of 1889/80 and 1980/91, snow 
profiles were measured every two weeks (Fig. 1) 
and classified  according t o  the international snow 
classificatibn  (Colbeck et  al. 1090) at four Loca- 
tions.  Location 1 is atop  the  rock glacier about 

Fig. 1. Rock glaciersmea Yurtdl at. Piz cor- 
vatsch,  Upper Engadin. eaktem,Swias Alps.: Per- 
mafrost distribution, BT8 mariure-menta,of  Febru- 
ary 26 ISSO and  locations o f  the  $now  profiles in 
winter I ~ B O / ~ O  and u ~ / @ I . .  

10 10 from the  borehole o f  1887 (Vander Ylnhll and 
Haeberli l e e o ) .  Locetimsi 2 and 3 are  situated 
outside the permafrost area in front of  the rock 
glacier.  Location 2 is in a wind-pwt,ected  depres- 
sion  with  greater  anow  accumulation  than at loca- 
tion 9 which i s  exposed to wind and  characterized 
by an undulating  terrain.  Location 4 is within  the 
permafrost KtreR at the bordsr,of the rock glacier. 
The non-porous ground at looation 4 contains B 
high  proportion o f  fine  material (0 c 2 mm) typi- 
cal for areas  outside rock ghacierh. At locations 
3 and 4, wind curasion of snow ir an important I 
mechanism that reduces  snow depth. At all aites 
the  ground is generally dry in autumn. A recording 
system based an a CAYPELL CRlO Logger was. used t o  
measure snw (n4) and  ground (n = 3 or 4) .temper- 
atures every S hours at 'an  accuracy  of t Q.1 'C. I 
These  measurements  were  taken  during  the period of 
snow  cover from December t o  Juna at the four loca- 
tions. Thr snow sensors, w 0 m  Locahad 'in the snow 
6, 8 0 ,  45, 60 and 109 cm above,  the  pound.. At lb - L 
cation 2. the grawrcLxrenaors .WBPB pl 'wpd 20. 5 0 ,  ,9.0 
and 130 cn.below ttte--g,rrawtd.-, The aenaors at  loca: 
tion r. were bettuaen boulders Cm > 50,  cm) with ad: 
veutive bsvst t r a l m p w , ,  by eir ci$Qdation.  BeEauBe 
these  teapeEatures are mainlp dster&inqd by air I 
circulation.  data at the levels of , 8 5  and 
110 cm below ground were not 94 for the heat 
oonduction  calculations. I 



RESULTB 

The. thermal  resistance of each snow layer was 
calculated (Eq. 1 and 9 )  for each snow profile. 
These  values  were added together to determine the , 
thermal  resistance o f  the snow covar { F i g .  a ) .  

A notable  difference between the permafrost 
(heavy lines) and permafrost-free sites cannot be 
recognized.  The  influence of permafrost on  the 
thermal  resistance is minor as compared  to  the 
influenoe  of  snow  removal by wind erosion  (broken 
lines). In early winter.  the  thermal  resistance 
increases greatly due to m o w  accumulation. New 
snow  causes  an  additional  layer with low thermal 
conductivity.  In January and February,  thermal 
resistance is mainly determined by snow depth. 
Because  of B cold dry period without precipita- 
tion,  snow settlement reduced  the snoy depth 
whereas  the  snow  density increased and the  thermal 
resistance generally decreaasd.  This fact ia re- 
sponsible for the  temporal heat flux maximum 
(Fig: 5 ) .  In  spring,  mean  snow  densities were low- 
er  (1.e.  lower  thermal  conduotivity) at permafrost 
sites due to reduced  melting.  Thus, in March, the 
thermal  resistances  were  higher in the permafrost 
areas  even  though  the snow depths were similar at 
all locations. Maximum s n w  depths ware oblerved 
during  April/May,  Nevertheless  thermal  resistance 
in April/Yay was lower than in January  owing  to a 
low-density snowpack  (precipitation forms. frag- 
mented particles and rounded grains). 

. .  

I JANUARY I mUAA 1 "Ji I - 
APRIL 1 NAY1 

Fig. 2. Thermal  resistance  during  the  winter 
of 1090/81. Heavy lines are used to represent 
permafrost  (Locations 1 and 4 ) ,  broken liner 
for locations  with a reduced snow depth (Lo- 
cations 3 and 4). 

Tenoaratures 
At the four locations,  the observed thermal 

regime of the  ground/snow interfaoe i s  signifi- 
cantly  diffexent  between permafrost and non-perma- 
frost areas. 

tion 2 in front of the Murtdl rock glacier are 
plotted as 48h-averages in Fig. 9 .  The snow tem- 
perrturs sensor located in the mow 5 am above  the 
ground shows  the  development of the  BTS (snow 
depth > 0.8 m) which is between -1 OC and 0 'C 
during  the  entire  winter. This confirms  the ab- 

Measured ground and snow temperatures at Loca- 

r-" 
"C 

Pig. 4. Snow and ground tempera 
tion 1 (in  permafrost) in wint 
Until March the sensor at the 1 
was not within  the  snowpack. 



level and the -80 cm level in the  porous  debris is 
remarkable.  On  the  other  hand  temperature  gradi- 
ents are,greatly reduced in the  basal  snow  layers 
between  the 5 cm and 30 cm level. At the  beginning 
of  March,  the  temperature  gradient  reversed in the 
snow  cover  close  to  the  ground/snow  interface. - 
tain  density,  layer  thickness and grain  shape be- 
tween  the  dates  of  the  snow  pits.  The heat flux 
between 15 and 30 cm with 4 resolution of two  days 
(Fig. 5) is determined by the  effective  thermal 
conductivity and the  temperature field (Eq. 1 
and 2). Permafrost  sites  (heavy  lines) are charac- 
terized by a  small heat flux in January and Febru- 
ary (approximately -1 W/mz). Due to warmer  ground 
temperatures  outside  the  permafrost  area,  the  in- 
creased  temperature  differences  between  the  ground 
and snow  surface  cause  increased heat fluxes for 
sites  with  comparable  thermal  resistances. For 
example, in January  the heat flux at Location 2 is 
higher  than at Location 1 even  though  the  thermal 
resistance is greater at Location 2. In  spring  the 
snow  cover  warms  up, so that the heat flux ap- 
proaches  approximately o W/mP, except at Loca- 
tion 1 where heat flows from the  snowpack  into  the 
ground. 

Linear  interpolation  methods  were used to  ob- 

w 
Fig. 5. Heat flux through  the  snow  cover in 
winter 1990/81. Heavy  lines are used  to rep- 
resent permafrost  (Locations 1 and 4), broken 
lines f o r  locations  with  a  reduced  snow  depth 
(Locations 3 and 4) . 

The  interpolated  snow  profiles at Location 1 
and 2 contain  data from about 200 observed  snow 
layers. Based  on  this  data  the  statistics of grain 
shapes  were  calculated  for  every month. 

In the  wind-protected  depression at permafrost- 
f r e e  Location 2 in front of the rock glacier,  the 
snow  depth  reached 150 cm in December  (Fig. 6). 
During  the almost precipitation-free  period  until 
February,  snow  settling  took  place. A full 80% of 
the  snowpack  metamorphosed  to solid-faceted crys- 
t a l s  or depth  hoar.  In  March,  snowfall increased 
the  snow  depth  again  until  the  maximum  snow  depth 
was reached in May. The  occurrence of wet grains 

cm 
21" 1 

.precipitation  particles SedSOnd mean 

Fraemented oarticles 

Fig. 6 .  Snow stratification at location 2 
(without  permafrost) in winter 1990/81, 

at the  beginning  of  March  marks  the onset of  melt- 

the  entire  winter  revealed that depth  hoar was the 
ing.  Analysis of all  grain  shapes  averaged  over 

most frequently  observed (35%). 
At Location 1 the  snow  depth  was < 1 m  until 

March (Fig. 7). Rounded  grains  dominated  the  en- 
tire  winter (3 .0%).  The  small  proportion  of  depth 
hoar  crystals (4%) proves  that  high  vapor fluxes 
inducing  high  recrystallisation  rates seldom oc- 
curred at this  site.  The  high  proportion of 
rounded grains in April and May caused  an in- 
creased  strength  of  the  snowpack in spring  (Kel- 
ler, in p r e p . . ) .  The  maximum  snow  depth  was reached 
in May and was  comparable to  the permafrost-free 
site  (Location 2). At Location l-enow  temp4~aturas 
at the 5 cm level reached-Zhe  melting point rough- 
ly one  month  later  than at Location 2 (Fig. s and 
Fig. 4). Thus,  meltwater  runoff at the permafrost 
site  started  considerably  later and less  inten- 
sively. 

INTERPRETATfON 

the 
Two  observations  need to be explained: 
a)  Very low temperature  near  the  ground/snow  in- 
terface at the end of December at Location 1, 

b) Temperature and temperature  variations near the 
ground/snow  interface in the  permafrost  area with 
a porous  active layer at Location 1. 

a) The  cold  ground  temperature at the end of 
December  can  be  explained  as  follows:  Before  the 
first seasonal  snow  covers  the  ground,  the active 
layer (snow free) starts to cool  because o f  cool 

A 
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December January February  March  April May 

Rounded grains 

Solid faceted crystals 

Depth hoar (holluw  shapes) 

Wet grains 

Ice 

Fig. 7. Snow  stratification at Location 1 (in 
permafrost) in winter 18~0/91 

autumn  temperatures and reduced  incoming  radi- 
ation.  In  autumn,  Locations 1 and 4 often  retain a 
shallow  snow  cover as a result  of  a lack of direct 
radiation,  whereas  outside  the  permafrost  area 
(Fig. 1) the  snow  usually  melts  again in this  sea- 
son.  Once a shallow  snow  cover has built up (snow 
depth:  d < 15 cm),  long-wave  emissivity E at the 
surface  increases  significantly (Erubblm - 0.8, 
E,,,, = 0.97). Short wave  absorption  decreases 
(albedo: a,,bbls i 0.5, a,,,, = 0.9). The  new  en- 
ergy balance  causes  snow-surface  temperatures  be- 
low -10 'C (Bader and Weilenmann  1092),  whereas 
ground-surface  temperatures  remain initially be- 
tween 0 and 5 O C .  The  resulting large temperature 
gradient in ttte-shallow snow  cover  strongly  in- 
tie-ases heat flux from-.tha..gro.und to  the  atmo- 
sphere.  This  cooling  process  now dnperrh . a n  ..the------ 
further build-up of the  snow  cover.  With  further 
snow  accumulation  the  thermal  resistance  of  the 
snow  cover will increase. As a result,  the  cooling 
process of the  active layer decreases.  In winter. 
1990/91 a  snowfall  of about 50 cm in November 
strongly  reduced  the  cooling  process by forming a 
layer with a significant  thermal  resistance.  The 
only exception was at Location 1, where  the  debris 
with  diameters  of 50-100 cm prevented  the build-up 
of a  continuous  snow  cover.  Thus  the  active  layer 
continued  to  cool  down  to -4.5 'C until  a  continu- 
ous  snow  cover formed in December.  The  assumed 
reinforced  ground  cooling  processes  due  to  thin 
snow  cover  could  affect  the  distribution  of  high 
mountain  permafrost. 

the porous active  layer in the permafrost .tea are 
the  vertical  funnels  through  the snow cover 
(Fig. 8) observed  near  Location 1 on the rock gla- 

b) An indication for the  processes involved at 
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cier  with its very  rough  surface.,These  funnels 
could  allow direct heat exchange  between  the  atmo- 
sphere and the  active layer. They  could be respon- 
sible for the  significant  temperature  variations 
at the  base  of  the  snow  cover at the  begin  of  Jan- 
uary (Fig. 4 ) .  It is likely  that  cold  air flows 
into  the  active  layer and warm air  leaves  the  ac- 
tive layer through  the  funnels.  The  observed fast 
growth  of  large  crystals in the  funnels  could  sup- 
port this  assumption.  Funnels  were  observed only 
in the first part of  the  two  winters,  when  the 
snow  depths  were  less  than  about 70 cm.  In  spring 
advective  air  currents in the  porous  active layer 
provided  an  explanation  for  the  observed heat flux 
from the  snowpack into the  ground at Location 1. 

Snow me- 
Temperature  gradients and snow  temperatures 

co-determine  snow  metamorphism,  grain  shapes and 
the  snow  stratification.  In  contrast  to  polar re- 
gions  (Benson 1989). in the  Alps  the  influence of 
water  vapor  migration from the  ground is negligi- 
ble  (de  Quervain 1963). The  following  factors are 
responsible  for  the  different  snow  stratigraphy at 
Locations 1 and 2: The  difference  between  air and 
ground temperatures as well as snow  depth  in- 
fluences  temperature  gradients in the  snow  cover. 
In  January at Location 1, the low temperature at 
the 5 cm level and the  assumed  thermal  coupling by 
funnels  reduced  the  difference  between  snow  sur- 
face  temperatures and snow  temperatures at the 
lower levels significantly. Heat flux through the 
snow  cover was reduced.  Even  though  the  snow depth 
at Location 1 was  smaller  than at Location 2 ,  the 
temperature  gradients at the low snow  levels were 

- 4cm 

Pig. 8. Vertical  funnel  through  the  snowpack 
over  the  active  layer o f  the  Murtbl  rock  gla- 
cier,  Upper  Engadin,  eastern  Swiss  Alps  with 
fast growth  of  large  crystals  (January, 1990) 



significantly  lower.  Low  snow  temperatures (low 
vapor  density) ~ l s o  reduce  recrystallisation 
rates.  Therefore, low temperature  gradients and 
low snow  temperatures  slowed  down  metamorphic  pro- 
ces8e8.  This  explains  the  high  proportion  of 
rounded  grains at Location I whereas at Location z 
faceted crystals and depth hoar were dominant. 

CONCLUSIDNS 
Investigation  during  two  winters  (lQ89-199l) of 

snow cover  characteristics at four Alpine  sites, 
two with permafshost and two without,  showed  thht: ' 

thermal  resistance of the  snow cover does not 
differ  notably batween permafrost and permafrost- 
free s,ites: 

temperature gradients and heat flux are greatly 
reduced in basal snow layera over  permafrost; 

in contrast to permafrost-free sites with abun- 
dant formation  of depth hoar in bard snow  layers, 
snow over permafrost sites eontaina high  propor- 
tions of rounded grains giving  clear  evidence  of 
reduced temperature  metamorphism; 

mafrost starts aignificantly later (roughly :one 
monthdm than in permafrost-free areas; I 

effects of direct thermal  coupling 'beiween the 
atmosphere and the  active layer through funnels in 
the snow cover 88 well as reinforced  ground 4001. 
ing processes in early winter due to thin  snow 
cover  could be impoxtant for the  existence  of  per- 
mafrost near  the permifrost limit and should be 
further  investigated. 

Avalanche  protection installatiqns may alter 
the natural snow distribution. As a  consequence 
thermal ground Characteristics may change. Modi- 
fied ground temperatures may  alt&x mechanical 
properties o f  the (ground with consgquences  fox  the 
installations. The  magnitude  of  disturbance of the 
ground heat balance by changing the snow  dixtribu- 
tion  can  now be assessed. - 

meltwater  TUnOff from the  snow  cover.over  per- 

This  paper is part of a research and consulting 
project funded by the Swiss Federal  Office of En- 
vironment Forest and Landscape (eWAL),  the gov; 
ernment of Crisona and the  village of Pontresina' 
(Grisons). 
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Three of 4 automated  microclimatic  stations  operated on palaas for a year  in a xesearbh  area extending 
for 30 krn over an altitudinal  gradient of approximately 410,m relief (1250 to 1660 m asl) . Rainfall and  wind 
a p e d  data were similar for the  study  featurea with 113 to-142 cm xain and mean  annual wind speeds of 2.35 
to 2.68 m-e". Mean annual air temperatures were similar,  despite  elevation  differences: -7.4OC at 1250 and 
1660 m and -6.7oC  at, 1480 F. The coldeet  mean  annual  palaa  core  temperatures (-.150 cm) were at  the  lower 
slevatione (-1.ST at 166ff iti, -2 .8OC at 1480 rn and -2 .5OC at 1250 m). The  accumulated thawing-degree-deye for 
the highest elevation feature  were lowex or equal to  the  other  sites but  the highest station  had fewer days 
above O°C. The extreme minimum  air  temperatuze of -44 .6OC was  recorded at: the  lawent elevation feature while 

miaraclimats of palsas in the  mountainouB  environment of noxthwestern Canada. 
ak::.;ths- highest palsa it only dropped to -34.5-C. Cold air drainage is a significant factor  in  the 

Since 1910, when the term  was  first  used  in  the 
scientific literature (Fries and B e I g s t x h n  1910 as 

phenomena have been  shrouded in terminological 
cited' ' in Ahman 1977) , few geomorphological 

ambiguity comparable to that  referring  to  paleas. 
Despite  xelatively clear. definitions of the 
phenomena  early in the  history of Byatemtic 
investigations,  the texm has been  frequently mie- 

-review papers by Lundcpiet (1969), SeppAld  (1972), 
applied. Insights into the problem are provided by 

Washburn (19831, Nelson et al. (1991) I We use the 
term as Lmdqviat and SeppAld did.  Ssppdld  (1988) 
maintained  that  "real  palsas, [are3 updonwd by  ice 
segzagation'l and that these'  aggradational Eorrns 
occur only in the  discontinuous  permafrost zone. 

This is the definition  that  Canadian  researchers 
PoLlard'e (19eS) classification  system is aimilar . 
have  used e . g . '  ZoLtai (1972) and Zoltai and Tarn- 
oca1 (1971; 1975) in western  Canada;  Allard  and 
Seguin (1987). Allard et al. (1987), Cumminge  and 
Pollard (1989: 19901,  Dionne  (1978; 1984), Lagarec 
(X982).  Payyette et al. (1976) and  Ssguin  and 
Crepault (1979) east of Hudson Bay. 

Few studies have been prlblished on the  climate 
and microclimate of permafrost bodies in the dia- 
continuous permafrost  zane:  peat  plateaus  (Allard 
and Fosier 1990) and  palsas  (Lindqviat  and  Mattsson 
1965).,. Considerable  work  ha5  been  done  to 
extrapolate palea field temperaturesfrom regional 
weather  qtatiions  (for example Brawn, 1967 for 
western  Canada; Lagarec and Dewez, 1990 and  Dianne, 

Norway;  Prieenitz and Schuhkr,  1978 for  Iceland). 
19E4 for Quebec, Canada; Ahman,  1977 far northern 

have  included internal or care tempsxatuxes 
"here have been a number of studise o f  palaas that 

Seguin and Allnrd 1984). Data that  are available 
(Cwminga and Pollard,l990, Kershaw and Gi11.1979; 

for thaas short time periods or  spot measurement8 
confirm  that,  duling  the  thaw  seaeon, palsa core 

between - 2 . O ' T  and 0 ,O"c .  There is little  data 
tempsrqtures from a variety o f  depths axe generally 

available for coxe t@mperstures  during  winter. In 
the  peat plateau investigated by Allard  and Fortier 

-85,cm and to approximately - 13°C at - 185 cm in mid- 
(1990) temperatuxes dropped  to  approximately - P C  at 

winteb.. 5 Lundqvist and Matt6son  (1965)  recorded 
approximately -3°C as the  minimum a t  -150 cm when at 
-200 qm the mean annual  palea  temperature  was 
-0.47OC. In  the  wetlands surrounding palaas, 
seppdla 11990) mashred temperatures of -1o.C at 
about -20 cm and of about -3oC st -150 cm. 
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Figure 1: The study m e a  i s  'just east of the  Yukon 
border in  the  Northwweet Territoxies; the  txansitian 
area  between  the  Mackenzie and Selwyn Mtns. Palsas 
are  found  in  valley  bottom locations  and  in  wetlands 
an the plateau of the  Macksnzie  Mountain  Barrens 
(shading  denotes >1800 m ad). Falsa study,areas - 
1s Dale Creak, 2: Beaver pond, 3: Hare Foot, 
and 4 :  Goose Flats 

The. lack of data on the microclimatic charac- 

vided the impetus fox chis  study. The objective was 
reristiol of  paliae and their  site conditions pro- 

to quemtif%y ealected  micxaclismatic attributea on a 
yaar-romd;:basis and  to  attempt to explain the 
expected difference6 in these charactexistics 



dictated by site conditions and variation6 in 
elevation (0.g. topographic position. elevation 
change) . . ., ,- , , 

,,. 

v " 

' P.' * ' ' , 

In  t e Mackenzie Mtns. palsas wexe first 
described by Porsild (1945)  during botanical 
atudies ahortly  after the C-L Project war4 com- 
pleted. He refeired to  them as pingos but aubse- 
went: investigations proved them to be palsas, a 
term not in ccmwx~ uaqe in  North h r i c m  in 1944- 
5. Kerehaw and Gill (1979) conducted detailed 
investigutions in  several palm fields within the 
study urea. They determined that these permafrost 
bodies had been reduced in area by between 34% and 
100% oves a 30- to 34-year-period ending in 1978. 

Thia paper is a product of recent investigations 
in un area larger than that reported on by Kershaw 
and Gill (1979) but centred in the Macrnillan Pam - 

the Northweat Territoriea, Canada (Figure 1). Four 
Teichu River area j u s t  UCIOSB the Yukon border  in 

photo and site reconnaissance. Each palsa field 
pdaa  fields were selected for study  after air 

consisted of at least several featurcea, 80 the 
instrument installation was &ne on the one subjec- 
tively selected as xepremntative of the  variety of 
forms present. The higheat elevation site (1660 m) 
ma named after the Mountain Indian name for the 
plateau on which t h y  were found - Goose Flats. 
The plateau had little relief, but  wherever degxes- 

mon. The feature (h: 2.2 m; d: 59 m) selected for 
sions occurred paleas and peat plateaus ware corn- 

cover. The Dale Creek site (h: 3.7 m; d: 45.15 m) 
study was dominated by a sedge. lichen and moss 

was ut 1480 m in.* 1.5+km-wide valley approximately 
oriented along the prevailing wind direction (WSW) 
and waa dominated by lichens with moss and a sparse 
sedge cover. The Beaver Pond site (h: 4 m; d: 
90.5m) W ~ E  at 1270 m in the 5-km-wide Tsichu River 
vulley and was dominated by a dense lichen mat with 
a sparse shrub COVOK. Unfortunately shortly  aftex 
leaving the field the Beaver Pond station was 
damnged when an animal cut the solar cell connected 
to the powex supply, consequently this station wa6 

rn was the Hare Foot palsa (h: 4.9 m; d: 54 m) which 
dropped from the anelyeis. The lowest site at 1250 

was 3.5 km down the Taichu River  valley from 

plant caver to that  at  Beaver Pond QXCept the  shrub 
Beaver Pond Palsa. Hale Poot palsa had a similar 

cover was denser. 

when referring to the internal or central portion 
The term core temperature is used in this paper 

of a p a l ~ a .  Core temperature does not differ from 
a normal ground temperature except that palsas are 
c-nly well-defined, meso- scale features distinct 
(as defined by morphology. surface Cover  and 

In this context the core temperatures relate to  the 
internal corngosition)  from surrounding landforms. 

interior of an individual feature and are not 
representative of conditions outside the palee 
where mean annual ground tseratures ,are above 0-C. 

METHODS - 
datalogger (Campbell Scientific CR10). 3 cup 

The inatxument package conaisted of an automated 

anemometer (0.447 m a s "  offset), thermocouples (at 
least at +150 cm, 0.0 cm, -2.5 cm, -5 cm, -150 cm 
at the highest point of  the palm top and -5 c m  and 
-150 cm  in the adjacent fen). --~Thherrnnco~ple Leads 
were constructed of 16 ga type TX,  copper 
constantan wise connected to fine (0.1 mml type T 
thermocouples. Lead lengths to bare peat 
substrates (generally on the .palea edges) and to 
the fens did not exceed 35 m. The dmninant surface 
cover on palea tag3 bad a thermocouple at -5.0 cm 
with as many as 3 others in comon surface covers 

anowpack slope as determined by the shrub leader 
(bare peat alwaya. tueaock base. tussock top, thin 

k i l l  zone, ~ O E S  pdster. lichen mat).. Three sits3 
(except Hare Fo0.t) also had rain gauges and 
pyranometers. Cutput frequency was 8 h €or much of 

presented here. 
tha year but only- ,the 24 h summary data will be 

Overall referqnce junction accuracy was 'C O . Z ~  

to +56T range (Campbell Scientific Inc. 1991). 
in the -33'C to +48'C range and 5 l . O ° C  in the +40°C 

There were 288 readings each day ( 5  min. scMb 
interval) used to determine the mean dally valurls. 

..Data paps were left UE blanks on, illultfations, and 
the length of  the record noted in Table 1. 

Anaiysia was baaed an one 365-day period 

Annual thawing and freezing-degree-day totala w x e '  
beginning 1 August 1990 and ending 31 July 1991. 

values, respectively €or. the year. The number of, 
calculatid by aurraning all > 01 < O T  temperature 

days for each were also counted to determine the, 
durstion of the freeze and thew pari&. 

l2EiWiz 

out eenaors from the fen in mid-April. At t4s mid- 
A t  the lowest site, Hare Foot, an animal tore 

elevation site, Dale Creek, a grizzly bear 
overturned the anemometex mast in mid-June. In 
late-July  an animal uprooted the fen $en$QrS at the 
higher elevation site, Goose Flhra ahd:,no rain waa 
recorded between 3 July and 5 August ,199;l when tha 
severed cable was repaixed. - ,  \ ,  

. . .  

i r  T ' Me%%%$?aiz temperatures for the galba bites ., 

were similar (Table 1). A range of only 0 . 7 C o  
separated Dale Creek, the warmest, from the other 
two paleas which had virtually identical means at 
-7.4-C. A relatively rapid switch from <o'C to > o T  
occurxsd in the spring at the low elevation, Hare 
F m t  site but wae stretched over as much an a month 
ut the high elevation Goose Flats site (Figure 2 ) .  
The fall freeze-back period for a11 3 locutiona was 
approximately a month long, commencing in  late, 
August 1930. 

and the extreme maximum temperature of 15. S T  were 
The extreme minimurn air temperature of -44.6'C 

both recorded a t  the low elevation Hare Foot palea 

were minor (2. lP), however, there wa8 a l o p .  
(Table 1). The differences in maximum temeratqrea 

difference between the m i n i m u m s  with Goose Flats at+ 
410 m above Hare Foot, experiencing the warmer 
minimum temperatures. 

Peke@ Surface and Near-surface TemeyaturQ 

W U I ~ ~ I  than air temperatures (Table 1). On the 
Mean annual surface temperatures were 3 to 4 e  

palaa tog the - 5  c m  mean annual temperature was 
similar to the surface tempeIature at the 3 palsa , 
sitee. Bare asat temneraturea were waxmer than 
palea top valuis et thk lower elevation sites but 
cooler at the Gooae Flats site. 

palsa Core Tern erature 

the coldest mean annual palea core (-150 cm) 
A differen; o f  1. 3C0 separated the warrneat €z& 

temperature (Table 1). Although not  a great dif- 
ference  it should be noted that internal.  tecrgmxa.- 
tuxes fox all 3 palsas only varied over 7..Qr? and in 
this context a 18.6% variation was considered a 

aalaa had the warmest mean annual core temperature 
large difference. The higher elevation QOOBe Plats 

and the highest maximum temperature when it alone of 
the 3 sites expsrienced >OaC (Figure 3 ) .  This 
palsa also had the gxeatest variability in core 

elevation faaturos. 
temgeratuxe when compared to the other, lower 

Fen Tenrtwzature 

v&'d little (1. IC') amona the 3 P a l m  sites (Tabl,e 
e me& annyal fen tamperilcure a t  -150 ,,rm 

1 k d  P i g m e  3 1 ,  .Only the fen  adjacent, to Gooae, 
Flats palsa, the highest site, experienced freezing. 

May to early July 1991, ,achieving a -minimum of 
at this depth and this condition .persisted from mid- 

-1.3T. Goose Flats a lso  bad the greatest range in 
tQqeKatUre varying over 4.8C0. 

Thawinu and Fraezins Indices 
The accumulated .t@awing-degree-daye yqre highest 

for fhe 0.0 cm and .+150 cm sensors on , ~ 1 1  palap?. 

rggat@@ps of the autface cover, the lower  ,,,the 
(Tab4d . In general, the deeper into the featuze, 

thawirig-degree-day totals (Figure 4 ) .  A t  -5,,,cm 
thawina-dearee-dav totals were a result of warmer 
conditfons- fox dare peat surfaces than for the 
dominant surface covur types on all the paleas 



Table 1: sumnary of several  microclimatic  parameters  measured on throe palaaa ovar  the 1 August 1990 to 31 
July 1991 pelid i n  the Mnckenzie Mtns., NWT. 

Annual  Temperature 
AIS on Palsa Top with  Bare  Peat Palsa Fen  Wind  Total 

, , Palsa Tag Plants  Core ( m e  s-l) Rain 
(nun) 

+I50 cm B u r f a  -5.0 cm -5,O cm -150 cm -5.0 cm -150 cm +1SO cm 
eoose 

k 
Maximum 13.6 12.4 10.9 12.95 0.5 13.2 
Minimum -1.1 -1.1 NA 

Day8 a€ record 365 3 4  365 365 365 36 5 3 56  3 57 
Thawing- deg- 695.3 747.2 654.9 781.4 , 7.9 556.2 343.6 

-34.5 - 2 0 . 3  -19,4 -23.5 "3.7 
3 . ' I  

, I , 

Thawing days 123 133 136 134 , 38 197 263 
ree-days 

Pxsezing- 3385.2 1996.7 1862.9 2243.4 . 572.2 69.4 32.3 
degree-days 

.rzFlez%!. ,* ff ..... :...?E.: ................................................... 23 1 
Sale creek h 4 8 0  mS 

229 

Mean -6.69 -3.18 -3.1 ....... 
Max hum 
Minimum 

15.4 13.6 11.. 8 
--42.v -22.2 -20.8 

365 365 
Thawins- 906.8 797.6 715.2 

Daya  of  record 365 

231 3 27 159 94 ................................................................................................................................. 
1.14 - 2 . R 5  1.83 1.98 2.35 113.03 
15.4 .0.7 13.1 3.1 10.2 
-6 I B " P . 5  -1.0 0.0 NA 
365 365 365 365 3 4 5  

946.0 0.0 753.3 720.1 
degree-days 
Thawing  days 139 131 132 142 0 154  364 
Freezing- 3354.8 1963.7 1653.4 537.6 1038.4 9 6 . 6  0.0 
degIee-days 
Freezing  days a26 234 rTd'f.&.ygoE (y2511' ...r 233 223 36 5 210 0 .... .... ........................................................................................................................................................................................ 

m) 
Mean "1.37 -4.25  -3.43 -2.73  -2.52 0 . 9 7  1.49 2.39 NA 

Max hum 15. E 18.6 13.9 14.95 .0.6 14.3 3.5 11.1 
Minimum - 4 4 . 6  -30.9 -22.0 -12.6 -6.5 -1.9  0.1 0 

Thawing- 1041,.5 1176.0  917.1 351.2 
365 Daya of record 365 365 365 2 a7 365  287  287 

0.0 500.0 428 .  B 

Thawing days 146 
degxee-days 

Freezing- 3731.6 2728.3 2162.7 1134.8 920.8 221.8 0.0 
147 148 56 0 71 2 87 

Fseezimg  day5 219 
dagr8e - days 

218 2 17 231 365 216 0 

except at Hare Foot  where  values were lower because 

Freezing-degree-day tatals  indicate  warmer 
the sensox wao aut of action far 78 &ye.  

canditiona bshaath bare peat  surfacee  compared to 

palsas excspt the Goose Plats  feature  where the 
the  dominant  surface  plant  cover  types  on all 

palaa top waB warmex. 
lichen-  and moas-&minated  surface  cover of the 

The trend was for higher  values a€ air and 
surface freezing and thawing  indices  with  lower 
elevation (Figtaro 4 ) .  Comparing  fen  and palea core 
indices,  they wexe almost  mirror  images of oach 
other.  Positive mean daily  temperatures were 
essentia1,Ly  absent  at -150 cm in the  palsa  while  in 
the fens only at the Goose Plats  site  did 
ternpsxatures drop below O°C for a freezing-degree- 

magnitude of the thawing-degree-day  total for  this 
day total  that was a factor  smaller than the 

depth in the fen Zi-e* -32.26 v8 343.58, Table I). 

w e  Dale b e a k  anemometer  out of commission 
far 19-20 davs. one m u s t  be cautious  interpreting 
the wind &La' Huwever, if one asswen average 
.canditions Chd~n annual means would  only  be 0.1 t8 
0 ,  a III. 0.' l a r e r  for this  site.  Mean  annual  wind 
agssda were similar for all 3 palea  sites  (Table 

sites but 3 4 m - s -  8lOWeI at the  highest 
1). Maximum  wind speedslwere similar for the lowel 

elevatian palsa: During  the  period  between mid- 
Novsmber and midhJanuary  the Goose Plate site  was 

pal sas . relatively  calm cumpared with  the lowar elevation 

W i - L  

palsa  resulted  in an unknown underestimate  of the 
A manth of  data  mi6sing f r m  the  Gooae Plats 

total  value f u x  this  station.  Despite  this  problem 

elevatian  nits  than at the lower Dale Creek palea 
there was still  more  rain  collected  at  this  high 

(Table 11, 
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UISNSSION 

Air Temeratura 
The effects of elevation on the cooling of air 

temperatures  should  have amaunted to approximately 
4Ce, however  meaaured  mean annual air  temperatures 
wexe identical far the  uppex  and  lower  elevation 
stations. !Ibw seaaon adiabatic caalingwas evident 

elevations  confirms  Chat  air  density  stratification 
(Table 1). In winter,  pronounced  cooling at lower 

were l 0 P  coolsr less than 15 km away in  the 410 rn 
is  an  important  Dhhenomenon.  Minimum  temperatures 

lower  Tsichu  River Valley and a t  this  scale, 
synoptic  weather systems should be similar 

event of density  stratification  has  been  reported by 
throughout  this  mountainous  study area. A  aevexe 

Harris (1983). during  which  extremely cold air 
temperatures wexe generated  in  valley  bottom  loca- 
tions.  Furthermore. it has been xeported that cold 
air  drainags can promote  the  diatribution of perma- 
frost  bodies  in  valley  bottom  locations in moun- 
tainoua  terrain (Brown 1980; Jeckel. 1988; 

results  (Table 1) . Zamolotchikova 1988) and this is  confirmed  by oux 

Palsa Suxfaca and  Near-surface  Temperature 
The  difference  beLween  air and surface  tem- 

peratures  reflected  ths  insulative ef fec ts  of 

from the  palsa  core wae reduced by  the  snow covef. 
snowpack in winter (Steppuhn 1981) when  heat lass 

It was  also due to  boundary  layer effects that 
prmnota warmer  temperaturea  at  heights below 150 cm' 

At  the Goose Flats  site  tho  colder  mean  annual - 5  cm 
within  the plant canopy  (Cernusca and deeber 1981). 

temperature  under  bare  ground as well as the more 
extreme  maximum and minimum  values  confirm  the 
importance of the  plant  canopy  in  contralling the 
distribution of snow and heat flux on the palsa tog. 
Temporatwe data from beneath  bare  peat  for  the 
other palsas were significantly  influenced by micro- 
site  chaxacteristics aince at  the Dale Creek and 
Hare Foot s i t e s  snow  drifts  blanketed these palsa 
margin  aitea  in  winter  and  the  aapect (sauth-east) 
of  these  palsa  edges  enhanced  heating  duxing  the 

.. I . 

, .  

, .  



thaw mason. thaw s u ~ s o n  to t,hn extent  that  mean  annual core 
temparatules  at  high  elevations a m  warmer. 

evidence of the zero cur,ta,fn  ef&ct.  Although 
ternperaturea rase above Oud, hey did  not  exceed 
+ O . S T .  Thi&  ps1e.a  had  less rel'ief;,than the  other 
study  features ( 2 . 2  vs 3.7 and 4 . 9 '  rn)and should  be 

wintm. A thicker, lower  density dnowpack (Less 
wind  packing)  will provide  better insulation  in 

contribute  to  the  warm  core  tern&xatura .and high 
- degree of temperature  fluctuation  observ6d for the 
n Goose  Flate  feature  compared to thw other palsas. 

M Goose Flats  palea  was  the  only gnar to  exhibit 

10 

p 
; ;o  leas prone to, wind arosion of its anowpack in 
? s 'I0 : " . ' winter. In this man-ef. this  morphology  can. 

< 

5 ~ 

, Further study i a  needed  and is underway to.detsmins 
P > the  validity of this  hypothesis,  including  anowpack, 

vegetation,  internal  composition (organ$c+' moisture 
and  mineral  contentland  morphological changes. 1 

"1 B.DALE CREEK, UPPER TSICHU RIVER VALLEY  AT 14" ' 1 

AUG.'W S E W  K T .  NOV PFC " JAN VI  f L B  MAR, APR. MAY JUN 

Figure 2:  Air,  fen  and  palsa temperature data fol 
3 palsa study sites in  the  Mackenzie  Mtns., NWT. 

Palsa.core  Temwesature , .  
The  palsas  with  the  coldest  mean  annual  core 

where cold  air  accumulated. The Dale Creek site 
temperature weze the ones in  valley  bottom  sites 

wherdaa  the  Hare Foot palea (230 m  lower)  had  a 
had  little  suitable  plant cover to retain pqow, 

retaining mow and  insulating  the  core and, thus 
thick  lichen  mat  and  a  low  shrub cover capable of 

reducing  heat  loss.  The  Hare  Foot  feature,which 
experienced the lowest  mean  annual  and  minimum  air 
temperature  of the 2 sites  had  warmer  core 

enhancement.  Other factors may iqcclude  shading 
temperatures dm. to thia  surface  insulation 

influences  of  the  exact  shrub  cover  during  the  thaw 

heating and.heat f l u  into  the palea core. 
season and  the consequent reduction in surface 

A  difference  of 1.3C0 for the  mean  annual 

noteworthy,  however, at ~ 150 ern into  the Goose 
temperature  in  the  air  column  would  not be that 

'Flats #palea which had,an annual  fluctuation  less 

diecussed.  It  agpeafs  that  elevation  differences 
than 4.5c" ,  thie degree of difference  should be 

play here as with  the  minimum  air  temperatures. 
and cold air  drainage  influences  have a role to 

The winter  season  brings extreme cooling  events  to 
dower elevations and apparently  the  heat losa from 
Palsas at these times exceed  the  gains  during  the 

3 4  

n  the  thermal  charactaristica of the 

floy, peat valume  differences and  other physical 
fens may be explained by water depth  and through 

charhbterietics of the  sites  that  were not measured. 
??he high  degree of variation  in  temperatuke for the 
hlghest  elevation Goose Flats fen (Figure 3 )  
reflects the  smaller  thermal  mass of the  fen  segment 

and i t s  rapid  responses  to  ambient  conditions.  The 
that  waa  instrumented  (zelatively  low  heat  capacity) 

thermocouples  were  in an isolated area o f  only a  few 

Creek and gasticularly at  HaTe  Foot had gIeater 
square metres above.the main f e n .  Thkafens at Dale 

water  depth  and  horizontal',extent,  although  volume 
estimatea  could  not  been  attempted  without  detailed 
probing. The Dale Creek fen  had  the  warmqst  mean 
annual  and  minimuin  temperatures ,and was the  .only  fen 
to  have  sheet  and  channelized  fidw  through  it (rib 
volume  estimates  conducted).  It MY be that  the 
Dale Creek fen is fed by groundwater  aourcea  that 
keep the  temperature warmer and mare stable than  the 
other galsa sites. 

degree- days somewhat: larger, khan',  the  magnitude of 

bare peat w a s  exposed,  the dark surface  colour 
the  thawing  indices f o r  the adjacent  fens. Where . 
enhanced  heat  penetration (measured at - 5 . 0  cm) and 
these areas  were  consequently  warmer (Table 1). 
Rare  peat  sites  on 2 palsas .;had south-east 
exposuxes and when free of snow  should  experienc'e" 
enhanced  heating.  Freezing  indices  also  indicate 
warmer  conditions  for  bare  peat  surfaces .in winter ,: 

when these palsa edge sites probably  had more snow 
than  palsa top positions. A t  the Goose Plats  site 
the bare peat  thermacouple  was  adjacent  to  the palsa '' 

top sensors, so snowpack  difference6  between ..'thm 
microsites  would  have  been  minimal. "hili 'a 
difference in plant  cover was the  most  important 
factoz  affecting  heat loss in winter. 

*-month, early  winter perioki o € . '  ca& 
canditiona  at the moss F l a t a  Bite  may  ref1ect"n 

cups  wexe  prevented fxom functiohing' due t o r  f:*: OK 
lack of wind or it i s  possible  that  the memometat 

frost  accumulation@. I Without bbeervalticrns'. +ring 

Notwithstanding  this  possibi,lity, the. highs; mean':,< , 
this period it  ia impossible to  tell.:L 

annual  maximum wind speed8  at  lower  elevations may 
reflect  katabqtic breezes associated  with cold air 
drainage,  however, the diffexencea ake s'llight. 
Furthermore,  the  palsa  sites wexn not  aligned  with 
the main valley, a prerequisite to properly  test for 

generation of winds:':.No slimmertke  chiiidok winds ox 
the role , af air  density str qificqtion ~n the 

diagnoatic cloud fdrmatiohs-  were  observed  during, 
thia  study  or  during  previaua  investigations  in the 
area (Ion .and Kershaw 1989) but  this  phenomena may 
play a role in  the  region i f  such eirents occur.~hxI 
characteriatics at the 3 palsa sites werd,",nbt 

wexe similar among  the sites and  there  were ony"y 
significantly different. Mean  annual  wind seeeats ' 

minor  differences (4.01 tn.') in  maximum spe%dis<i 
Therefore  differences  in  microclimatic  factore  auch 
ae ,qmwpaclt  pharacteristics,  evaporativs heat loaddb 
grdbaundary layex thickneas  would  r@t'var):,,ammg 

1 .  

.L , 
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Figure 3 :  Mean  daily palaa core and fen temperatures at -150 cm €or the 3 palsa  stations  in  the  Mackenzie 
Htne., NWI?. Goose  Plats and Hare Foot fen sensoxs wwxe disabled by  animals near the end of the  recotd. 
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Figure 4:  +awing and freezing  indices  at  various 
heights and  depths for 3 palsaa and adjacent  fens 
in the Mackenzie Mtns.. ' N W -  

the paleae due t,o wind. 

Rsin With one month of missing  thaw-Beason datn at 
the GOOB~ Flete site it wan difficult to compare 

results  between  the 2 galsas. However, the  rainfall 

orographic pxecipitation.  precipitation  data 
appears to be typical of mountainous  terrain  and 

collected year-round in the 1974 to 1981 period 
indicate  that  summer is when most precipitation 
f a l l s  (Xermhaw  and  Kershaw 1983). 

MNCLUSIOESG 

The influence of elevation on palas microclimate 
in  the  study  area was not  restricted  to  affecting 
the  regional  environmental  lapse  rats. Instead, 
the influence  of  elevation w a s  ITO6tly  effected 
thxough cold air drainage in *inter  and  consequently 
the  higher  site8  were warmex. Other  factors such a 6  
the  insulative  properties  of  the snowpack and  the 
internal boundary layer associated  with  different 
plant  communities  appear to influence  microclimate 
characteristics  where  they  vary on a site-specific 
basis over individual galsa surfaces. These 
relationships  are  currently undsx  more  detailed 
investigation  in  the  study  area. 
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EXAMPLES OF GEOMOIU'HOLOGICAL CHANGES 
IN GLACIALLY SCULPTURED HIGH ARCTIC PERMAFROST AREAS 

FROM SVALBARD AND THE QUEEN ELIZABETH ISKANDS, CANADA 
. ,  

, .  

liorenz King 

Geographisches  Institut Justus Liebig Universitlt 
D-6300 GIEiSEN, Germany 

\ 

The glacial  geomorphology of selected areas in NW-Spitzberp and in the QWCN Elizabeth Islands has been 
mapped  and  geomor  hologrcal  changes  measured  with geode td  and photogrammetrical  techniques covering 
a time span of up to %S years. The recorded  summer  climates  and  measured  ground  and ice temperatures help 
ex lain  significant differences of the geomorphological  processes. 

&e investigated areas in NW-Spitsbergen (MAAT = about -5" C) show perennially  frozen moraines that 
often have  push features at their outer margins  and debris covered  dead  glacier  ice in !he central  parts. 
Thermoeroslon starts at favoured places  but  erosion may be stop  ed after a few years due to the, debris cover. 

The Thompson Glacier ush moraine in the Queen Elizabetl Islands (MAAT about -19' C) consists of 
stacked, frozen gravel bloc!s. The  glacier  front  and  the  adjoining moraine complex were mwad horizontally for 
u to 500 meters within 28 years, The dislocation rate during  this  time span decreased from 20 rn car to 
18 m/year.  The  main structures of the moraine  have been preserved  in s ite of the disp!a#rnent. h e m a l  
erosion is comparatively rare, even at investigated  push morunes in front o P a stagnant glaaer Wbloyah Bay) 
and of a recedlng  glacier (Hare Fiord). In sp~te of the differences  between  the  Norwegian and Is snadian areas, 
ecological  similarities  due to their location in a clima(ological1y  favoured "inner fiord region" are evident. 

lNTRODUCTlON 
Aim and method5 
During the Pleistocene, vast regions  have  been adally 

sculptured under cold climate  conditions (e.g.  in i!? anada or 

be better interpreted, if the geomor E l o  ical  changes in today's 
northern Europe). The geomorpholo of these landscapes may 

glacially  sculptured areas are recorgd. d e  areas seiected for this 
study  belong to the continuous errnafrost  zone.  Special interest 
was put to ush moraines  and tffermoerosjon features as two 
dornlnant 8rrns. Modern photogrammetrical and eodetical 
techniques supplied  the data for the evaluation ofbo  term 
changes during the formation and transformation of ttese 
dominant features. Changes within a time span between one 
summer season and up to 28 years could  thus be accurately 
rneasured. The photogrammetric data collection was  oEten done 
with semi-metric cameras. 

Additionally, the investigation areas have been mapped in a 
scale of 1:5000 and a vast,  range of data (summer  climates,  glacier 
ice temperdtures, snow  cover, ahlation values,  ecological maps) 
supplied additional help for  the interpretatinn of the observed 
geomorphological  processes.  This a er concentrates on a 
~morphnlogical comparison, ans t& climatological/ecological 

ackground data for the understanding of the involved 
eomotpholo ical  processes is presented where  necessary. 

fehmann (1983) presents additional  geomorphological. 

ct~nclusions). The geodetical de& are given in King & ell 
information (morphological  descri  tion, inner structure, 

(1993). 
r e t i c a l  

Location. climate and  eeomorohol 
In N W-Spitsbergen, the area i,ie~d~orden/Bockgorden has 

been visited  every  year  between 1989 and 1992. The Queen 
Elizabeth Islands have  been  visited in  1975, 1978 and 1988 
(Expedition Fiord area at the  west coast of Axel Heiberg Island 
and Oohloyah Bay, Ellesrnere Island, respectively). The 
investigation areas are located at a latitude of about 80"N. 
However, the averye ermafrost  thickness in non-coastal areas is 
about about 150 rn In &albard and SO0 m in Axel Heiherg or 
Ellesmere Island (Jud e et al. 1981). Whereas the mean annual 
air temperature at Liefdefjorden, Svalbard, is about -4"C, the 

MAAT in Eureka (Ellesmere Island) is about -29°C. These mean 
values may  vary  locally, esgeciall  along the coast. Ow BTS 
measurements cp. Jeckel, 1988, for methodological  comments) 
hint to even hig I er ground temperatures and  probably  very thin 

!icfdsfiurden (results in King et ai. 19!l!), However, b t h  
investigation areis experience similar  mean  summer a1r 
temperatures between +5" and + 6 T  for July. The occurence of 
Dryas and Cassiope dominatqd plant communities in both 
research areas also hints to clrmatologically favoured-locations 
with a high global radiation ical for protected "inner fiord 
areas" (Schmitt 1993, Fdlun2?986). Table 1 gives a corn arison of 
Ion term temperature means for inner (Ian earbyeo, kurcka) 
ancfouter fiord stations (Istjord Radip, Ale$ 

In both areas medium-sized and large glaciers  originate in 
flacial cirquesox even in vast icefilds reaching  up to, more  than 

OOO m a.s.1.. 'rrci glaciers often,end close to sea level and their 
moraines oftq show push feamres in the perennially frozen 
sediments d&e valley floors or in near-shore marine  sediments. 
These mutual eornorphological characteristia formed a ood 
starting ppint kr the comparative  research of geomorpho B ogical 
changes in these  glacially  sculptured  permafrost areas. 

ermafrost in a 200 m wide stretch alon the Investigated coat  of 

, .  , .  * > .  . 

Table 1: Characteristical mean annual and  mean  summer air 
tern eratures (National Weather  Services for inner  and outer 
finrzareas in Spitzbergcn  and the Queen E I izabeth  Islands. 

Longyearbyen, N -5.8 +2.8 +6.3 -5.1 

Jsfiordkadio, N -4.7 4-1.7 i 4 . 7  +4.3 

Eureka, CDN -19.3 +2.3 45.5 1-3.6 

Alert, CDN . - 18.0 -0.6 +3.9 t.0.9 
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RESULTS FROM SPITSBERGEN 
Area. investi omhol ' a1 resulk 

Glopbreen  and Erikbreen in the Liefdefiord area and at 
The main p a w w e r k  fomyd on the snouts of 

BSrrebreen and Karlsbreen in  the Bockfiord area (Fi re 1). The 

Adolzeen and Schjedru breen. Most glaciers are strongly 
findin have been corn ared then with the proglacifieas of 

receding since about 1920,  reaving  vast debris covered 
intramorainic areas that easily experience thermal erosion (cf. 
King & Schmitt 1993). The surrounding moraine ridges are 
usually  very  im  ressive features  in ize, covering an area of 
0.8 km2 at Erikgreen or over 1 km 2 at Karlsbreen, respectively. 
They are quite often composed of huge boulders (e.g. at 
Adolfbreen, Kvarnsbreen, Takryggbreen). In contrast, the 
outermost, usually smaller ridges consist often of fine grained 
sediments. A closer examination reveals, that  stron 1 tilted 
sediment layers are present and that  the folded ttnjt&usted push 
features must  have been formed by glacial push when the 
sediments were frozen. 

Makeuysne 

Liefdefjorden 

Figure 1:' Liefdefiord and Bockfiord (Northern Spitsbergen) 
with investigated glaciers described in the text. Four map sheets 

German Spitsbergen Expeditions SPE90-92 by Hell & frunner 
1:25.OOO cover the area and have been developed durin the 

(1991). 

mentioned relatively warm round temperatures ((PC to -1°C) 
These  features are restricted to near coastal sites with the 

Geomorphological details o? this "coastal e" of arctic push 
moraines are given by Lehmann (1992,19%. The se uence 
described from Holsteinbreen b  van der Wateren (1892:  127) can 
be transferred to the glaciers in hW-Spitsbcr~en (exposed glacier, 
ice-cored moraine zone, glacially pushed sedrment zone, 
proglacial outwash zone), even If the push moraine is restricted to 
one or two fine grained ramparts that surround the extended 
boulder moraine. Their age 1s mainly Neo acid, but older 
moraine rid es may originate from severa k' Subatlantic glacier 
advances (&mer  1991,  Salvigsen et al.  1982). 

Observed oro=and measured 
Terrestriaf observations show, that %f the mentioned 

impressive moraine complexes  consist of a debris covered core of 
dead glacier ice that may be reserved under permafrost 
conditions fof long eriods. &e distinction between massive 
ground ice and d e a l  glacier ice is  usually possible in these 
relatively young features. However, it can be well understood that 
this distlnction may pose roblems, e.g. in older intramorainic 
areas (cp. French et al. &O, Rampton 1991) or in the case of 
Glopbreen in some pro$acial arts where glacier ice is closely 
linked with  icings (Launol et ar 1991). 

In the intramorainic slopes of  the  Glopbreen moraines 
(Figure 2), thermal erosion is especially dominant in its eastern 
parts. A weather station located in  the wind protected and bowl 
sha ed thermal erosion area showed  significantly higher air (and 
s u i c e )  temperatures than  the main station located on an 

number of ecological arameters during the summer 1990. #e 
exposed ridge'(cp. Table 2). Eight other stations recorded a eat 

July  1990 and Au st 1992 (mean value = 100 cm) and the 
surficial movement o?boulders was repeatedly measured between 

to 5-10  cm per year (Table 3). The tem erature sums of the three 
calculated rates oKhermal erosion (vertical movement) were up 

expedition years may be correlated wit%the yearly erosion rate. 

Karlsbreen. The approximately 20 km long Karlsbreen with its 
900 m long and 900 rn broad push moraine corn  lex (Figure 3), 
displays a vast intramorainic area close to  the  gicier front with 
fast degradation due  to thermal erosion. However, the impressive 
push moraine itself remained mostly unchangedbetween 1960 
and 1990. 

Even larger thermo-erosive areas exist at Erikbreen or 

345 



and corresuondine windsueed and radiation (hourlv mean) from a 
Table 2 Examples of maximum air and surface temperatures 

fSPl), July 1990. 
rotected iherm&erosioi site TS1 and an'expoied site nearby 

21.07. 22.07.  23.07. 2 4.07. 
T S  1 

' 12.5" 11.3" 11.1' 11.7" 
14.6" 12.4" 12.3' 13.7" 
22.6" 19.1" 19.3" 24.2' 

333 375 387 435 
1.6 3.3 12.5 1.5 

SP1 
12.1' 9.8" 10.5" , 10.2' 
14.2" 10.8" 11.6" 11.2' 
20.7" 15.7" 16.6" 18.6' 

1.6 8.8 5.7 7.1 
238 346 375 363 

Table 3: Average rates of horizontal boulder movement, 
thermal erosion rates and positive temperature sums  in 14 cm 
depth (mid-July to mid-August) 

horiz.  vertic. 

summer 1991 55 crn 3 cm 221,l"C 
summer 1990 40 cm 4 cm 281,4"C 
summer 1992 45 cm 4 cm 247,2'C 

moraines usual1 have a debris cover  sufficiently t ick to better 
In contrast to the intramorainal parts, the  outer  arts of the 

protect its core rrom  melting.  However, even these areas may 
undergo fast changes from ear to year. Meltin may start at the 
proglacial lake or its run-o&, followed by parti$ or complete 
drainage (e.& BBrrebreen and Takryggbreen). Glacial ice has thus 
been exposed sometimes even in the outermost ridges that were 
thought to consist of frozen ablation material. At the most 
prominent boulder moraines, often sufficient thickness and slope 
exists for permafrost creep of the deposit. A rockglacier-like 

visible at  the  steep instable front. It amounts to 2 cm er year in 
movement is then expressed by surficial  flow structures or is 

the case of Glopbreen (Priesnitz in King & Schmitt 1892). 

K 

found in the visited areas. However,  oEservations in July/August 
Due  to the glacier retreat,  no active ush moraine could be 

and maybe Erikbreen. Accordin8 to  Ha  en & Liestl in van der 
1992 give hints to new advances or even surges of Monacobreen 

Wateren (1992) 90% of the glaciers in aalbard  are regularly 
surging. Future observations are recommended here. 

BTH ZAB 1sLANnS: 
W R V E  D PROCF.SS ES AND DATES 

are Fiord, m m e r e  1- 
are located close to sea-level and oush 

moraines are again common  in all researched places: Thi puih 
moraine of Carl Troll Glacier is located north of Greely hord, 
just 2 km away from the head of Oobloyah Bay. It has a semi- 

where it reaches a relative hei ht of about 25 m above the 
circular shape and surrounds the eastern half of the glacier front, 

outwash plain and a width of $30 to 300 m. In its western part, the 
glacier front rides over a small moraine consistin of ice-rich 
shear  and ablation material. The glacial  history of the area is 
described in King (1983). 

The glacier was  visited and photographed in 1978 (Barsch & 
Kin , eds. 1981) and a triangulation nerwork was established (Hell 

the eastern  part  due to undercutting. Stron defktion could 
198f). In 1988, a terrestrial survey  showed stron fluvial erosion in 

re eatedly be observed and shapes especidy the moraine tops. 
Axditional aerial photogra hs were taken wlth semi-metric 
cameras at an altitude of a&out 750 m a d .  (Figure 
compared with photographs taken in 1978 
National Air Photo Llbrary, Ottawa (scale 
evaluation method is described in King & 

The corn arison of the pictures (1960/1978/1988) shows a dis- 
location o8he  glacier surface of probably several hundred meters 
over 18 and 28 years, respectively,  but  only hardly visible changes 
at its more or less stagnant front and in large parts of the moraine. 

Figure 4: Rollei metric 6006 hotogra h of frontal area of Troll 
Glacier. It was taken from an ititude  orabout 750 m a.s.1. in 1988 
and used for the  stereo compilation. The picture shows the 
investigated push moraine to the right, in  the left (not visible), the 
glacier overrides its own moraine, consistin  mainly of sheared 
subglacial debris. The extent of the Aufeis deft margin) varies 
from year to year (July 1988). 
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Changes exist in the western art of the moraine due to thermal 
erosion. In the central part, t l e  outermost moraine ridges in 1988 
consisted of about 4 rn thick frozen sediment plates that have 
been sheared out of the outwash plain (Figure 5) and folded and 
dislocated horizontally for about 3 to 5 meters (cp. Klassen 1982). 
this in spite of an almost stagnant behaviour of the glacier front. 

of the moraine. The graphs show an active la er of about 50 crn, 
Three geoelectrical soundings were done 500 to 800 m in front 

followed by a high-resistivity horizon (permafrost) of 10 m, 6 m 
and 4 m respectively  (resistivity relation 1:lOO for the first two 
soundin ). All graphs show  low apparent resistivities  in greater 
de ths t g t  hint to unfrozen sediments or, if permafrost is present, 
unfrozen pore water in the fine grained marine sediments. 
Although the total ermafrost thickness may be more than 4 to 
10 m, it is reasonabye to assume that relatively thin permafrost 
occurs in this near-shore area of young sediments and strong 
isostatic rebound (King, 1981). 

In the Hare Fiord area an unnamed lacier was photographed in 
1958 and 1978  by N A P S  Ottawa (cf.  Ffgure  6b). A differential 
map shows a glacier retreat of  200 rn between these 20 ears  (Hell 
ed.  1986). Aerial hotographs were also taken in June ?988. They 
reveal a further  gEcier  retreat of  500 m (Figure 6a). 
Photogrammetrical calculations show, that the push moraine, 
however, has been very  well preserved even in the parts situated 
in the fiord. The low  energy environment (short fetch of the 
waves,  long ice covered periods and isostatic rebound) certainl 
has contributed to the preservation of the moraines (King 1984. 

Thornoson Glacier. Axel Heiberv Island 
Thompson Glacier is  bulldozin up an impressive  push moraine 

that is more than 2 km  long and %0 m wide (Figure 7). It rises 
generally about 45 m and in places even more than 100 m above 
the outwash  plain! First maps based on aerial photographs and a 
geodetic determination of control points have been produced 
already in 1960 by Haumann. Aerial photographs were taken 

following  results: (1) The advancing glacier front and the 
again  with semi-metric cameras in 1988. The comparison gives the 

adjoining 500 m broad push moraine complex form a morpho- 
logical unit that has been dislocated 400 m to 500 m within a time 
s an of  28 years (cf. Figure7 in King & Hell 1993); (2) The 
c h c a t i o n  of the push moraine was more than 20 m per year in 
the sixties, decreased to  an average of about 14 m per year in the 
last 20 years and to about 10 m per year in the eighties. (3) The 
main structures have been preserved surprisingly  well  within the 
moraine complex, e. . the relative location of sediment blocks and 
lakes (Figure 8). (4)Rost changes occurred in the outerrnost 
parts, where re atively  thin  new sediment plates are sheared from 
the perennially frozen outwash plane and incorporated into the 
moraine. 

Figure 6a: Oblique aerial photograph of a push moraine in the 
Hare Fiord area taken in 1988 (u per photograph). In comparison 
with the situation in 1958  and 19g ,  the glacier ton ue retreated a 
distance of about 500 m and 700 m, and the area o P debris rich 

but  the push moraine itself  (cf. vert~cal photo raph 6b, taken in 
medial moraines melted down about 35 m and 65  m, respectively, 

1978)  shows  hardly  any  changes during these $0  years. 

in June 1988, the res ective outermost, youngest ridges must have 
Terrestrial surveys showed the following: In June 1975 and again 

recently been lifted !to 5 m above the valley floor and fresh 
radial cracks  with a width of a few cm to dm extended to the 
outwash lain (Figure 9). In its western part, the Thompson 
Glacier ion t  showed a steep ice cliff in 1988 and at the glacier 
base lar e ice blocks seemed to  be overridden by the advancing 
front. d e  eastern and  highest part of the moraine showed  signs of 
surficial melting and mass  wastlng. The glacier seems even to run 
onto  the moraine. Fluvial erosion at its outer edge further reduces 
hare the width of the moraine. These combined processes lead to 
the growth of the push moraine in the frontal parts and limit the 
growth in  the  lateral parts. 

Kalin's  soundings, supportefhis res& (1971: 33-41), but a 
yantitative interpretation is difficult, robably due to local, 
t ermal anomalies (warm s rings) anllow resistivity materials 
(e& gypsum). Due to this, %e existence of structurally weak layers 
serving as shear planes in a few meters depth in the frozen 
outwash plain cannot be varified with this method, 

Our geoelectrical soundin althou h done about 1 km west  of 
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Thompson Glacier push moraine (view towards the outwash 
plain). The vertical crack in the slightly tilted frozen blocks of 
glacio-fluvial and marine sediments is the first  sign that these 
areas are beein incorporated into the growing  push moraine 
complex  (July 1588). 

Figure 9: A fresh radial crack has been formed in front of the 

CONCJ USIONS 

Islands, Fanada, and NW-Spitzbergen  shows that the dominant 
A com arison of the two research areas, the  Queen Elizabeth 

ynotphological forms differ. Push moraine features occur 
requently in both regions. In Svalbard, the usually  very impres.sivE 

Neoglacial moraine complex  consists of a lar e ortion of glacler 
ice, covered with  thick debris (often boulder$. k i t h  a few 
exceptions (e.g. Karlsbreen), ush moraines are limited to a few 
ridges outside the large boulgr moraine and consist of relatively 
thin pushed-up and folded lates of frozen glaciofluvial/marine 
sediments. In the Queen Eizabeth Islands, push moraines usually 
consist of large complexes of stacked frozen sediment blocks. A 
detailed geomorphology of the "coastal  type" (Svalbard) and  the 
"arctic type" of push moraines is presented by Lehmann (1993). 
The processes have been described in the present paper. 

The most important ~ e o m o r ~ ~ o ~ o ~ c ~ ~ ~ ~ o c e ~ ~ e ~  are different as 
well. In Svalbard, thermal erosion dominates in  many 
intramorainal areas and may lead to extensive landscape 
transformation. It is often connected with partial or complete 

widespread d the necessary conditions exist.  Ecological 
drainage of proglacial lakes. Permafrost cree and solifluction are 

regimes of the active  layer. The intensity of the mentioned 
differences lead to great variations in the ground temperature 

processes is very different over short distances. 

In the Canadian areas investigated, the geomorphological 

morainic deposits, deeper permafrost temperatures). Push 
effects of thermal erosion are llmited (smaller ice content of 

moraines show little deformation, even in marine environments. 
Deflation and fluvial erosion are the main transforming processes 
in inactive moraines. 

faciers or the margins of an icesheet. It has to be realized, 
Push moraines are by definition formed in front of advancing 

considering the existence of permafrost: 
owever, that the term "push moraine" is oft,en  used differently, 

Haeberli 1979, Eybergen 1&, 
1: in unfrozen or seasonal1 frozen sediments (Haefeli in 

1979) or the Arctic (Kalin 1971, or more recently y an der 
2: in perennially frozen sediments, e.g.  in the AI s Haeberli 

Meer & Boulton 1986, Boulton & Van der Meer, eds. 1989, 
Riezebos et al.  1986). 

ice margins in Europe, e.g. the Netherlands, North Germany, 
Poland, but also in North America (Chamberlain 1894, Gripp 
1929,  Mackay et al. 1964). 

E G  
3: as Pleistocene push moraines, e.g. from areas of Quaternary 

study, that a frozen substratum is not a prere uislte of folding and 
Van der Wateren (1992) states in  the last paragraph of a larger 

overthrusting of unlithified sediments. Accorling to his theory 

does not require a weak  layer,  but if exists, the formation is 
(concept of accretionary wedges) the formation of a push moraine 

facilitated (p. 169).  In our research areas, a frozen substratum is 
undoubtedly present. It has very  low permafrost tem eratures 

permafrost tem eratures (and a lower  viscosity) in SvJbard. The 
(and a higher viscosity) in Canada and at least 10°C [i her' 

when the viscosi  lowers  grea#y  with depth over short distances. 
effect of perrnaiost on viscnsi  is  difficult to evaluate, especially 

In the researche B areas in  Svalbard, the sediments gradually 
change from a frozen state into an unfrozen state in the layers 
involved in push moraine formation (cf. results of BTS 
measurements). Our results may  he1 to explain at least some of 
the differences. Future research on t K e role of ermafrost for the 
formation of push moraines is certainly neede% 
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THE INFLUENCE OF RELIEF  AND  LITHOLOGY  ON 
SOIL  FORMATION  IN  WEST  SPITSBERGEN 

Zbigniew  Klimowicz,  Jerzy  Melke,  Stanistaw  Uziak 

Department  of  Soil  Science,  Maria  Curie-Sklodowska  University, , 

Lublin,  Poland 

The  present  studies  have  been  conducted  on  coastal  terraces  in  the  Bellsund  region of West 
Spitsbergen.  In  the  field  research  the  method of soil  cross-sections  has  been  applied. A signi- 
ficant  dependence  between  the  soil  cover  and  its  properties  on  one  hand  and  lithology  and 

striped  Soil5  and  partial  water  relations  as  well as  plant  cover.  Lithology  influences  mainly 
terrain  relief  on  the  other is reported.  Relief influences  erosion  processes,  deluvial  and 

Soil  thickness,  grain-sizs  distribution  and  some chemical  properties. 

INTRODUCTION 

standing  of  the  conditions of soil  formation  in  the  sec- 
tors  with  moderate  climates  once  subjected  to  periglacial 
processes.  Literature  concerning  the  arctic  region  is 
substantial (e.Q. Brown, 1964,  1967; Everett  et  al., 
1981; Jahn, 1946,1975; Line11  and  Tedrow, 1981; Rieger, 
1983; Schunke, 1981; Tedrow, 1977) .  Spitsbergen  occupies 
a  special  place  in  these  studies  (Forman  and  Miller, 1984; 
Klimowicz  and  Uziak, 1988; Lag, 1980; Mann et al., 3986; 
Melke  and  Uziak, 1989;  Melke  et  al., 1990;  Szerszefi, 1974; 
Ugolini  and  Sletten, 1988). 

Our  studies  were  carried  out  on  Spitsbergen  from 1986 
to 1990 within  the  framework  of  the  scientific  expedition 
project of the  Institute of Earth  Science  of  Maria  Curie- 

was, among  others,  to  estimate  the  influence  of  the 
-SkZodowska  University  in  Lublin.  The  aim  of  these  studies 

terrain  relief  and  lithology  on  the  sail  properties. 

STUDY AREA 

Studies  in  arctic  regions  allow for a better  under- 

pa&t  of  Spitshergen  in  the  Bellsund  region  (abaut  78%  and 
The'  investigated  area is situated  in  the  western 

20 E). The  studies  were  carried  out  on the Calypsostranda 
and  Reinsletta  terraces of the  southern  Bellsund  Coastal 
Plain.  The  largest  areas  on  the  Calypsostranda  as  well  as 
on  Reinsletta  occupy  terraces  of 20-30 m and 10-15 m A.S.L. 
(Pgkala, 1987). 

Bedrock  consists  of  old  metamorphic  rocks  of  Hecla 
Hoek  formation  developed  mainly  as  tillites  with  Iime- 
stone  and  quartzite  inclusions,  and  as  grey  limestone  and 
dolomite  (Dallmann  et  al., 1990). 

The  Calypsostranda  plain  is  formed  mainly  of  sand- 
stone  and  Tertiary  mudstone  with  some  coal  which  in  turn 
are  covered  with  a  series  of  Quarternary  sediments - ma- 
rine,  glacial,  and  fluvioglacial.  Material of the  lower 

but  on  the  raised  terraces  lithology  is  more  complex, 
terraces  consists  mainly  of  gravel  and  sandy  deposits, 

consisting  mainly  of  clay  and  sand  with  marine  fauna  plus 
boulder  clay  and  gravel-sand  mixtures  (Pqkala, 1987). 

ciofluvial  sands  with  an  admixture  of  aeolian  silt. 
The  Reinsletta  surface  formation  consists  mainly  of 913- 

The  studied  region  belongs  to  the  subpolar  tone 

-4 C and  the  yearly  mean  precipitation  is 350-400 mn. (Tsdrow, 1977) .  The  yearly  mean  temperature  approximates 

In the  region  of  the  southern  Eellsund  coast  there  are 
three  predominating  types of flora:  dry  tundra,  covering 

moss  (Swigs, 1988). The  character of wet areas depends 
the  largest  areas,  mezophyllic moss and  lichen,  and  wet 

mainly on the  relief  and  lithology  (Michalczyk, 1990) .  

B E L LSUND 

. Fig.1.  Location of study  area  in  Bellsund  region. 

ciers, 4 - cross-sections. 
1 - mountain  ridges, 2 - ice-moraine  ridges, 3 - gla- 

RESEARCH  METHODS 

In  the  field  investigations  the  method  of  soil  cross- 
-sections  was  applied.  Topographic  sections  were  made 
by  the  use  of  levelling-instrument.  The  above  method  has 
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not  been  applied  in  the  arctic  studies  before.  The  cross- 
-sections (I, I1 - on  Calypsostranda, 111 - in  the re- 
gion of Reinsletta;  Fig.1)  were  carried  out  in  the  areas 
representing  various  terrain  forms,  different  types  of 
bedrock,  wetness  and  plant  cover.  The  soil  morphology 
was  studied  in  the  active  layer  (study  sites  1-66)  during 
the  summer  months.  Samples  were  collected  from 15 soil 
pits  for  analysis. 

Prbszyhski  (particles  distribution  after  Polish  Society 
arearMetric Bouyoucos-Casagrande  method  as  modified by 

0.02-0.002 mn silty  clay, c 0.002 mm - clay), reaction - 
of  Soil  Science: 1-0.1 mm - sand, 0.1-0.02 mm - silt, 

ganic  carbon - 8y  means  of  Tiurin  method,  total  nitrogen 
in  1N  KC1,  CaCO - by means  of  Scheibler  apparatus, or- 
- by means  of  Kjeldahl  method,  easily  available  phospho- 
rus  and  potassium - by means of Egner-Riehm  method,  ex- 
methods were described by  Lityfiski  et  al.  (1976). 
changeable  cations - in  0.5 N NH C1 (pH 8 .2 ) .  These 

Grain-size  distribution  was  estimated by means  of  the 

ME 

e s.1, A I 

lo"lw2 

' Fig.2.  Cross-section I(A-B) - The  foreland  of  Scott- 
I - topographic  section, I1 - geological  section, 111 - 
pedological  section;  1-14 - soil  pits, 1 - loam, 2 - 
silt, 3 - gravel, 4 - stones, 5 - transitional  horizon 
AC, 6 - parent  rock C, 7 - underlying  material 0 ;  I - 
initial  soil, I(str ,) - initial  striped soil, L - lack 
of  soil  cover. 

-glacier  (Calypsostranda). 

The  results  of  field  studies  are  illustrated  in  Figs. 
2-4, and  laboratory  results  in Tab. 1. 

RESULTS AND DISCUSSION 

Cross-section I 

wing:  overflooded  terrace  (soil  pits 1-31 and a  slioht 
The  predominant forms of  terrain  relief  are  the fo l lo -  

convex  form  that  is  a  part  of  a  loamy  ground  moraine 

vegetation  (about 30% cover)  in  wqich  the  following 
(soil  pits  6-12), Fig.2. The  terrace  is  covered by sparse 

species are predominant:  Salix  olaris,  Saxifra  a o os1 
tifolia, Silene  acaulis L., andPlichens *- 

Plant  cover  on  the  ground  moraine  is  greater  than  on  the 

chens  Cetraria s .) and  Salix  polaris.  The  soil  is  often 
terrace  (about 50%) with  the  predominance  of  moss,  li- 

striped CT-"" in  places  where  the  slope  is greater). 

Cross-section II (A-E-C) 

an  undulating  plain  (soil  pits  26-35), a  rather  steep ' 
The  section  contains  three  main  morphological  forms: 

slope (soil pits 36-43)  and  a  low  ridge  top  (soil  pits 
44-45), Fig.3. 

tation  and  no  genetic  soil  present.  The old, partly 
On  the  new  storm  bar  (sites 26-28) there  is  no  vege- 

washed  out  storm  banks  (sites 29-35) are  covered by sparse 
vegetation (10-20%) with  Saxifraga  oppositifolia,  Papaver 
arcticum,  Silene  acaulis, and  Cetraria SP. predominating. 
There  are  initial  soils  with  gley soils in  the  depres- 
sions  having  a  more  dense  plant  cover  and a shallow  frost 
table (20-30 cm). 

(from  about  20% in  the oolvaon reaions  to 100% on  some 
Plant  cover on  the slope  is quite  differentiated 

flat terrain). Vascular p l a k  such  as  Saxifraga  opposi- 
tifolia,  Salix  polaris,  Silene  acaulis,  Polygonum  vivi- 
parum together  with mosses and  lichens  predominate. 

The  too  Dart o f  the slow is  covered  with  rather  con- 
tinous  veoetation  (similar'  to  the  plant  cover  on  the 
more gentle slopes) and  with a  similar  type  of  species 
composition.  There  are  brown  soils  with  frost  fissures 
and  with  well  developed A and El horizons. 

Cross-section I11 (A-6-C-0) 
Terrain  consists  of  a  orominent  ulain  in  the  central 

section  (soil  pits 53-60)', bordered'  by  steeper  slopes 
(soil  pits  47-52  and 60-65), Fig.4, 

plant  cover,  especially  on  the  plain, is nearly  complete 
Contrary to the  two  previously  discussed  sections, 

and  in  places  forms  a  dense  sod.  Vegetative  cover on the 
slope  and  on  top  of  the  landform  itself  is  discontinuous 
(from  about 60% on  the slope t o  20% near  the top). 

Plant  cover  on  the  plain,  especially  in  the more wet- 
ted  parts,  consists  mainly  of grasses. There are also 
some  other  vascular  plants  such  as:  Salix  polaris,  Silene 
acaulis,  Saxifraga  oppositifolia,  Polyqonum  viviuarum 
present.  The  contribution of grasses  on  the  slope is 
small, and on  the  top of the  landform  Orvas  octopetala, 
Silene  acaulis, and  Salix  polaris  are  predominant. 

Where there  is  a  richer  vegetation  soil  development 

brown soils, and  peat  soils  in  the  shallow  depressions 
is  quite  good,  especially  on  the  plain.  On  the  plain, 

predommant, but  on  steeper  slopes,  eroded  brown  soils 
are  present. 

The  soils  of  West  Spitsbergen  are  being  formed  under 
the  influence  of  three  groups  of  factors.  These  are 

are  usually  overlapping  and  3)  lithology,  the  last  of 
1) cryogenic  processes, 2) soil  formation  processes,  that 

which  influences  the  mineral  composition  and  grain-size 
distribution. 

with  the  initial  stages  of  development,  soil  browning, 

processes  induce  many forms of structural  soils  (Klimo- 
gleying,  peat  formation,  and  deluvial  process.  Cryogenic 

wicz,  Uziak  1988;  Melke,  Chodorowski,  Uziak, 1990). 
Structural  soils  are  extensively  reported  in  the  papers 
by Jahn  (1946,1975),  Brown  (1964),  Tedrow  (1977)  and 
others. 

As a rule, the  soils  are  poorly  developed  from  a  mor- 
phological  viewpoint,  with  very  shallow  profile  develop- 
ment  and  very  thin  humus  layer  (about  2 cm; but  in  Reins- 
letta  about  3-5 cm). Many  of  the  soils  can be grouped  as 

brown soils, and  other  undifferentiated varieties  plus 
initial soils, i.e. Regosols.  There  are also  gley  and 

deluvial  deposits  present.  The  above  mentioned  soils  show 
the  character o f  polygonal  soils  on  the  surface  (stone 
circles,  frost  fissures,  loamy  outflows) or they  are  non- 
differentiated.  Moreover,  the  so-called  striped  soils 
developed  as  a  result  of  solifluction  processes on sloping 
ground, 

The  most  important  soil  processes  are  those  associated 
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Fig.3. Cross-section II(A-8-C) - The  foreland  of  Renard-glacier  (Calypsostranda). 
I - topographic  section, I1 - geological  section, I11 - pedological  section; 26-46 - soil  pits,  1 - loam, 2 - silt, 
3 - sand, 4 - gravel, 5 - stones, 6 - depth of seasonal thaw, 7 - humus  horizon A ,  8 - transitional  horizon AB,  9 - tran- 
sitional  horizon AC, 10 - browned  horizon 8,  11 - parent  rock C, 12 - underlying  material 0; B - brown soil, B(str.1 - 
brown  striped  soil, G - gley  soil, I - initial  soil, I(str. - initial  striped soil, L - lack  of  soil  cover. 

Grain-size  distribution is varied,  from  sands (loose, 
light  loamy,  and  loamy  sands),  through  loams  (light,  me- 
dium, and  heavy)  to  silty  material.  Nearly  all o f  these 
soils  contain  up  to 80% skeletal  material.  Some  of pro- 
files  contain  considerable  amounts of si1,ty  fractions 
especially  the A horizons,  which is typical  of  Tundra 
soils (the  results of frost  processes  and  possibly  some 
aeolian activity). The  clay  fraction is small  (up t o  
several  per  cent)  but  sometimes  is  reaches 25%. 

Lighter  texture of parent  rocks  predispose  for  the 
formation  of  the  soils  with  frost  fissure  nets or undif- 
ferentiated  on  the  surface. Soi l s  with  heavier  granulo- 
metric  composition  favor soils with  polygons  and stone 
circles. 

In the  conditions  of  dry  Tundra  and  on  the  sandy de- 
posits  and  silty  marine  terraces,  brown  soils  with ne ts  
of  frost  fissures,  are  generally  present.  They are co- 
vered  by moss,  and  some  vascular  plants. 

Gley  Soils,  often  with  polygons  and  stone  circles, 
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are formed  mainly  in  wetter  sites  under  grass-mossy  ve- 
getation.  The  gleying  process  is  usually  associated  with 
heavier  textures  and  shallow  permafrost  causing  better 
moistening of the  upper  layers.  Peat  with  shallow  perma- 
frost is formed  under  the  compact  vegetation  cover of the 
very  wet  Tundra. 

soils that are  solifluctionally extended. On the steeper 
On the slopes striped  soils are  formed, i.e. polygonal 

slopes  water  erosion  process  can  be  observed.  Water ero- 
sion  decreases  thickness  of  the  already  very  thin  soil 
cover.  At  the  foot  of the,slopes deluvial soils are formed. 

The  character  of  the  parent rock, terrain  relief  and 
the  type of plant  cover  together  with  the  +compactness  of 
this  cover  influence  the  thickness  of  the  soils.  Under 
a dense  vegetation  cover  soils  are,  as  a rule, thicker 
and  better  developed. 

was  noticed.  The  reason  for  this  phenomenon  are  young 
In  many  locations  neither  plant  cover nor soil  cover 

sediments  as  parent  rocks. Also initial  soils - Regosols - 
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Fig.4.  Cross-section III(A-B-C-U) - The  Malbukta Gulf (Reinsletta). 
I - topographic  section, I1 - geological  section, 111 - pedological  section; 46-54, 55-59,  60-66 - soil p i t s ,  1 - loam, 
2 - silt, 3 - sand, 4 - gravel,  5 - stones, 6 - peat, 7 - black  schists of Hscla Hoek formation, 8 - humus  horizon A ,  
9 - transitional  horizon A C ,  10 - browned  hori,zon 8 ,  11 - transitional  horiton RC, 12 - parent  rock C ,  13 - underlying 
material 0 ;  B - brown soil, B(er.) - brown ecuded soil, T - shallow  peat s o i l ,  Ut - sol1 of undetfined  typology,  Str. - 
sl,r-lpcd suil, 1 - initial s o i l ,  De - deluvial  soil.. 

a re  contlected with thls type of parent  rocks.  The short 
Jurallon period of soii  Iorrnatlon  process  together  with 

The  sorptive  capacily,  as  well a s  the exchengaable 

cryogenic  disturbances results in  only  slight  9bil deve- 
cation  composition have a considerable  range. As a rule, 
the are ,related to -the  quarltity o f  particles 0.02 and: 

?opment. 
Mineral s0il.s of thls  region are usually haivs ,an al- 

t o  the  colloidal  fractions.  The  exchangeable  cation ra- 
tios are generally: C*t@Na*K. I n  several  profiles  ho- 

k a l i n e  or neutral  reaction.  The pi4 value,  a i  'e'$ule, in- wever,  the  pattern is different, i.e. Ca>Na>Mg*K. 
(:rf:ases slightly  wl.th  the  increased  depth of th$ s o i l ,  Total  amount of exchangeable  cations (SI i s  lower in the 
and is generally  associated  with  the presence of. CaCO . soils of the TI1 cross-section  than in the  remaining 

The quantity of organic  matter  in  the so i l  as-a ru?e 
i s  tlot high a s  evidenced by 0.5% t o  5% of carbon: in  the 

cross-sections. 
The soils in general  showed  very low contents of 

with depth. Utganlc  substances  have a totel N con'tt3nt  of 
A t lor izon. llrganic  content  usually  decreases  markedly  available  phosphorus  and  potassium.  This  condition re- 

sults from  limited  chemical  weathering  and  poor  bloche- 
Up to 0.4[1%. C:N ra t ios  ranqe from 6 to ,lG. mical  reactions. The mineralogical  composition of these 
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Tab.1.  Etanulmetclr. c m o s i t ~ o n  and sme chemical propertie8 of the  soils studied. 

1 I c '60-20 

I(stT.) c1 10-20 

2 ad' 0-3 

9 I Ad 0-2 

C7g 30-40 

I I b  AC 0-1 
G 

, Dg 20-30 
Cg , 5-17 

17 A 0  4-1 
l(str.1 AC 0-2 

4 1  A8 0-2 
c 25-35 

Mstr . )  B 5-10 
n 15-25 

I1 55 A 0-5 
Ut C 8-15 

01 30-40 
02 15-55 

R tl 10-20 
C 40-50 

57 A 0 - h  

T 
5R 01 9-13 

02 15-25 
03 30-40 

5tr. c 10-20 
63 A O , . f  

2.5Y 
Z . 5 Y  

5r 
SY 
5 Y  

2.5Y 

1 . S Y  
SY 

2.5Y 
1.5Y 
5Y 

lOYR 
lOYR 
2.5Y 

lOYR 
lOvR 
lOYR 
1 OYR 

lOYR 
l0YR 

10YR 
l0YR 

lOYR 
2.5Y 
2.5Y 

l n m  

6f 1 
6/2 

6 / Z  
612 
b l l  

5 f  2 
5 / 2  
6 f 3  

4/1 
6f 2 
6 / 2  
5/3 
4f 4 
6 / 1  

412 
6/2 
5f3 
n/J 
412 
4/4 
5f4 

5f2 
412 

413 
6 f  2 
6/3 

00 E6 7 7 
80 E6 9 5 

40 75 11 12 
45 71 12 15 
70 03 R 9 

1 >4 b2 4 
1 116 49 4 

45 44 28 28 
9 60 32 8 

2 59 J b  V 
1 0 7  9 4 
1 78 9 13 

55 44 35 21 
55 39 19 22 

I 21.1  8.0 0.41 0.05 c1.2 0.6 0 . 6  17.1 0.e 2.10 n.up 20.0 21.4 
1 32.0 8.2 0.24 ~ 0.4 1.0 19.7 n . ~  2.15  0.01 22.7 24.6  
7 27.3 8.0 0.51 0 . 0 6  0.5 0.) 1.2 40.3 2.2 4.Y5 0.08 hb.9 18.1 
I2 28.5 7.8 0.25 0.03 R . 3  0.3 0.0 41.2  2.0 4.50 0.08 41.6 20.6 
24 21.5 7.7 0.52  0.06 8.7 0.1 1.5 39.1 7.8 4.25 O,.l7 46.3  14.0 

0 lS.1 7.3 2.85 0.25 11.4 0.9 1 . 3  18.4 7.1 1.70 0.06 20.6 8.8 
0 ZB.1 7.8 0.98 0.09 10.9 0.6 0.6 22.2 1.1 2.24 0.05 25.6 20.2 
2 31.8 6.0 0.52 0.3 11-4 52.4 11.5 5.09 0.05 I6.O 64.6 

- 21..5 7.2 5.15 0.41 12.6 - - 29.7 5.1 2.75 0.24 32.0 4.E 
3 28.9 7.8 0.66 0.07 9.4 0.3 0.6 34.7 1.4 3.05 0.06 39.4 24.9 
h 28.1 8.0 0.52  0.05 10.4 0.6 0.4 19.4 1.6 1.80 0.06 41.1 24.6 
0 14.h 7.5 1.22 0.12 10.2 0.5 0.7 15.2  1.6  1.90 0.05 18.7 9 .5  
0 18,l 7.6  1.05 0.09 11.4 0.6 0.4 17.8 1.2 2.05 0.03 21.1 14.8 
1 20.R 8.0 0.30 - 0.9  0.3  21.4 0.7 2.~5 0.02, 29.0 36.3 

1 l E . Z  7.3 2.11 0.19 11.1 0.3 1.7 12.1 4.5  1.45 0.05 18.1 2.7 

4 12.7 7.5 0.91  0.08  16.6 0.9 1.0 7.0 3.4 G.75 0.03 11.2 2.1 
9 2.5 7.0 1.51  0.10 15-J 1.7 1.6 10.8 4 . 2  1.00  0.17 16.2 2.6 

1 17.1 7 . 1  1.63 0.13 12.5 0.4 1.2 8.9 1.9 1.20 0.02 14.0 2 . 3  

0 5.0 7 . 1  2.25 0.21 10.7 0.7 1.0 11.0' 4.1 1.10 0.06 16.1 2.7 
0 0.0 7.1 0.62 0.01 8.8  0.6 0.6 4.6 1.6 0.45 0.02 6 . 9  3.0 
1 0.8 7.2 0.18 ~ 1.4 0.8 4.6 1.2 0.40 0.01 6.0 3.1 
O 0.0 5.1 1.79 0.15 11.9 0.3 0.6 5.7 1.7 0.60 0.02 8.0 3.3 
0 0.2  6.5 1.31 0.11 11.9 0.6 0.6 4 , 6  1.8 0.65 0.02 6.9 2.4 o 0.3 6.5 2.50 0.21 11.9 0.6 0.4 8.9 2 .8  1.30 0.04 11.0 3.2 

2 17.6 7.6 0.46 0.05 'f.2 0-J 0.5 8.9 4.1 0.70 L1.06 14.2 2.1 
1 16.1 7.4 0.76 0.08 9.5 0.4 0.5 9.5 4.1 0.90 0.06 i4 .6  2.1 

*' I i n l t i l l  m i l ,  J(3tr . )  - lnitial striped soil, G - gley s o i l .  B(str.) - brawn (striped) sail, U t  - soil of IJndefined typology, 

''I after Standard Sail Colnr Cherts (by H. Oyma, H. Takeham. 19671. 
fl  - brow soil, 1 - peat m i l ,  Str. - striped s o i l .  

soi s ma als influence  the mneral low  level  of  avai- 
lable nuLianPs. 

CONCLUSIONS ,'& 
.'&* 

1. There is a  significant  dependence  between  the  soil M- 
ver  and  terrain re l ief ,  qs well as we'tness ,and plant 
caver. 

2. Lithology  influences so i l  thickness,  graln-size  dis- 
tribution  and some chemical  properties (the content of  
CaCO , soil  reaction,  basic  cations, and others). 

3 .  Lithhogy also influences soil  typology  indirectly 
(initial soils,  brown and gley sails) and structrml 

4. Erosion processes,  deluvial  and  striped sails, and 
soils. 

partial water  relations as well as  plant  cover  are 
related t o  terrain rc l ie f .  Also relief inflwnces the 
formation o f  certain  soil varieties such as gley  soils 
and pea t soils. 

plant  cover as well as gley  and  organogenic  soils. 
Plants  influence  mainly  the organic matter  content o f  
the so i l s .  

5. Wetness of the  site  influences  development of the 

REFERENCES 

Brawn, J., J.C.F. Tedrow (1964)  Soils of the Northern 
Brooks Range, A1aska:b.  Well-drained soils o f  the 
glaciated valleys.  Soil Sci. 97,  187-195. 

Brown, J. (1967)  Tundra soils formed over ice wedges, 
Northern  A1,aska.  Soil. Sci. SOC. h e r ,  Proc. 51, 

Dallman, W.K.,' A. Hjelle, Y .  Ohta, 0, ,'sa$vigsen, M.U. 
Bjdrnerud, E.C. Hauser, H.0. Mqheg., C. Cragdock 
(1990)  Geological  Map of Svalbard $:lo0 000, sheet B 
11G, Van  Keulenfjorden. Norsk Polarinstitutt,  Oslo. 

Fverett, K, .R . ,  V.U. Vassilyevskayq,  J.,BroWn, B.D. Walker 
(1981) rundra and analogdus soils, In: Tundrq eco- 
systems>; ; a  comparative arrafyqis. Univ. Press, Cam- 
bridge pp 139-179. ~ , 

686-691. 

Forrnan,  S.L., and G.H. Miller  (19R4)  Time-ddpendent 

, -  
sail  morphologies and pedogenic processes on  raised 
beaches,  6rHggerhalvC)ya , Spitsbergen,  Svalbard Archi - 
pelago:  Arctlc and Alpine  Research lh(4), 381-394. 

Jahn, A ,  (1946) 0 niekt6rych  formach  gleb  strukturalnych 
Grenlandii  Zachudniej (About some forms of structural 
soil  markings in West  Greenland).  Prteal. Geqr. 20, 
73-89. 

Jahn, A. (1975) Problems of Periglacial Zone. PWN, War- 
szawa, 223 pp. 

Klimowicz, I., S. Uziak (1988) Soil-farming processes 
and Soil properties  in  Calypsostrsnda,  Spitsbergen. 
Palish  Palat Hrmai-ctl 9/1, 61-71. 

Lao. 3.  (1980) Suecia1 peat  formation in Svalbard. Acta - .  .-, 1 
Agric:  Scand,' 30, 2G'5-210. 

surveys i n  the Arctic.  Clarendon  Press,  Oxford,  279pp. 

and agricultural  analysis  (in  polish). PWN, WaPSZaWa, 

Line31, K.A., J.C.F. Tedrow (1981) Soil arrd permafrost 

I i - t y f ~ s k i ,  T . ,  II. Jurhnwska, E ,  Gorlach  (1976)  Chemical 

330 pp. 

4, 1-16. 

Mmn, U.H., R.S .  Sletten, F.C. Ugolini  (1986) Soil de- 
velopment a t  KongsIjorden,  Spitsbergen.  Polar  Research 

Melke, J. 5 ,  Uziak (19a9) Dynamics of moisture, redox 
potential  and  oxygen  diffusion  rate of same soi 1s 
from  Calypsostranda,  Spitsbergen. Polish Polar Ae- 
search 10/1, 91-104 e 

Melke, J., J. Chodorowski, 5 .  Uziak (1990) Soil formation 
and soil properties  in the areas of Lyellstranda, 
Dyrstad and Loye in the region of  Bellsund  (West 
Spitsbergen).  Polish  Journal of Soil Science XXIII(2), 
213-222. 

Calvosostrands.  Wyprawy Geograficzne na  Spitsbergen, 
Michalctyk, 2. (1490)  Hydrological  characteristics of 

. charts. 
Pgkala, K. (1987) Rtefba i utwory  czwartorzadowe  przed- 

pola  lodowc6w  Scotta i Renards  (Spitsbergen). X I V  
Sympoz jum Polarne,  Lublin, 84-87. 

Rigger, 5. (1983) The  genesis  and  classificatiorl of cold 
so i l s .  Academic Press. Ned York, London, 230 pp. 



Schunke, E. (1981)  Zur kryogenen Bodendynamik der Arkti- 

schung 51(2),  '161-174. 
schen Tundren Nordamerikas und Nordeurapatt. Polarfor- 

procesy zachodzgce w glebach SudeMw i Spitsbergenu 
(Effect of bioclimatic factors on  the processes occur- 
ing in the  soils of the Sudety Mountains end Spitsber- 
gen). Roczn.  GLeboxn. 25(2), 55-95. 

pohdniowym wybrzetu Bellsundu (Zachodni Spitsbergen). 
Wyprawy Geograficzne na Spitsbergen, W S ,  Lublin, 

Sxerszefi, L.  (1974) WpEyw czynnikdw bioklimatycznych ne 

swigs, F .  (1988) Zrdtnicowanie geobotaniczne tundry na 

215-22E. 
Tedrow, J.C.T.  (.1977) Soils of the polar landscapes. 

Ugolini, F.C., R.S. Slstten (19881 Genesis of arctic brown 
Rutgers Univ. Press. New Brunswick, 630 pp. 

soils (Pergelic Cryochrept) in Svalbard. Proc.: V Int. 
Conf. on Permafrost Trondheim, Norway 478-483. . .  

3 5 5  



CO-OPERATIVE RUSSIAN-CANADIAN ENGINEERING CrEOLOGr'lNVESTIGATlONS OF 
PERMAFROST ON THE YAMAL PENINSULA. WE!TERN SIBERIA 

PJ. Kurfurst', E.S. MelnikoS, A.M. T a r a d  and E.I. Tschervova2 
lGeologica1 Survey of Canada, 601 Booth  Street, Ottawa, Ontario,  Canada K1A OE8 

'Committee of Geology of Russia, VSEGINGEO, 142452 Zeleny Village,  Moscow region, Russia 

Extensive geotechnical field studies were carried out on the Yarnal Peninsula, Russia in July 1991 as a 
part of a joint Canada-Russia program of scientific studies in the Arctic regions, in order  to compare ' ' 

existing methodology and field techniques and to test ncw techniques and equipment for detection and 
delineation of massive ground ice and saline permafrost. Results of the field and laboratory studies 
provided basis for detailed geological and permafrost profiles and maps and led to selection and 
recommendation of effective methods and techniques of geotechnical mapping in different permafrost 
terrains, required by the oil and gas exploration and construction industries working in the Arctic. 

~ O D u C r r o N  

Major oil and gas discoveries in the arctic areas of 
Canada  and Russia have created an urgent need for regional 
and  site specific knowledge of geological, geotechnical and 
geothermal  conditions of these  areas. This information is 
essential especially for the design, construction and 
maintenance of engineering structures such as pipelincs and 
related facilities. 

In this paper the methodology and preliminary results of 
geotechnical studies of the Bovanenkovo oil and gas field on 
the Yamal Peninsula, Western Siberia are described. The 
selection of the site for detailed field studies was based on 
evaluation of existing geological and landform maps of the 
northern Yamnl Peninsula and results of drilling. Field 
studies included geological mapping, geotechnical drilling and 
borehole sampling, standard and experimental surface 
geophysical profiling and mapping, standard and experimental 
downhole logging, ground probing radar,  and topographical 
surveys. 

field and laboratory results. produced detailed profiles and 
maps of the distribution and extent of surficial materials, 
various  bodies of massive ground ice, and zones of saline 
permafrost. 

Geoloeical Setting 

tlorthern part of the West Siberia basin (Fig. I). The 
peninsula is 750 km long and 240 km wide and lies between 
the Obskaya and Baydaratskaya Gulfs of the Kara Sea {Fig. 1 
- inset). The WeaF &iiberian Basin deepens northward, with 
scveral kilometres of sediments  beneath  the Yamal Peninsula. 
The sedimentary cover is composed of rnarjnc and terrestrial 
deposits of Jurassic, Cretaceous. Terriary and Ouatcrnary age. 
Bovanenkovo oil and gas field,  shown in Fig.1, lies wilhin 'lhe 
North-Central Gas District. The surface relief, developed in 
late Quaternary, consists mainly of thc late Pkiwcone ttnd 
Holocene erraces (Ershov, E.D., editor, 1989). The terraced 

This investigation, based on preliminary interpretation of 

The Yamal Peninsula is located in Western Siberia in the 
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surface of rhe region is  cut by V-shaped river  vallqrs. The 
slopes of these valleys are dissected by short ravines with 
steep slopes, partly caused by thermal erosion of ice-rich 
sediments. Polygon relief is widespread in the depressions 
and on the elevated and flat parts of the tWrdCCS. The study 
area is located within two major landscape units, first marine 
terrace (ImV) and recent river flood plain (OaA). A detailed 
map of the Bovanenkovo study site, showing the landscapes. 
land units and sub-units present, is presented in Fig. 2. 

Field Studies 
The field studies of the Bovanenkovo area were carried 

out by scientists from the VSEGINGEQ Institute in  Moscow 
between 1987 and 1990. Based on preliminary 150 OOO maps 
of landscape units and results from drilling, site KU-2-90 
within the Bovanenkovo oil and gas field w a s  selected for 
detailed investigations. Results of preliminary mapping and 

Figurc 1. Location of the study site. 



the 1990 drilling !along four profiles (Fig. 2 - I to W )  
indicated the presence nf sediments ranging from clays tn 
sands with varied ice contents. The,r$udy area was also 
underlain by large body of massive  ice up to 12 meters thick. 
After studying the available maps  and profiles, locations of 
geotechnical horcbles and geophysical surveys were selected 
by the scientists from the Geological Survey of Canada 
(GSC); all field work described in this paper was conducted 
by the joint VSEGWGEOIGSC team during July 1991. 

Surface MaDpinq 
Surface studies inchded detailed mapping of various 

surficial exposures and associated vegetation cover within two 
landscape types ( O d ' a n d  ImV). The field results were 
combined into a landscape map of the study site showing 
land units and subunits (Fig. 2). Surface mapping was 
complemented by a detailed topographic survey. Results of 
this survey, showing elevations and topographic contours, are 
summarized in 'Fii; 3. 

\ 
\ m P -w 

200 m I L X  
\ 

' \  

Figure 2. Landform map of the study site. 
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massive ice (Fig. 4)+ 

LEGEND 

I H I  geo~o@cat profiles 

a 6K boreholes 

OaA 
4 V  boundaries of landsaps 

%@ boundarbs of land subunlta 

/q gullies 

LANDSCAPES 
Im Rrst marine  terra- 
Oa ' recent river flood plan 

LAND UNITS 
A lacustrine, bog, flat 

V soliluction I landslides, hilly 

LAND SUB-UNITS 
First Marine Terrace 
2~ . , ravines, gully 
3b swamps, flat 
6b lerraces, polygonal, well drained . . .- -;., i 
69 terraces, polygonal, p w l y  drained 
6n terrace dopes 

6p terra-. eroded 
6~ terrace slopes. micro-polygonal 

Recent River Flood Plain 
3d swamps, polygonal 
39 swamp complex 

66 low area of flood plain 



Borehole bottom  temperatures  were recorded to provide 
detailed informatipn on the geothermal regime at the study 
site; these temperatures are also presented iri geology/ice 
profiles in Fig.. 4. 
Surface Gemhvsical Survqg 

Surface g&phpical surveys included standard 
electzomaptic (EM) survays (EM-31 and Max-Min I 
portable EM'units) and high frquency electrical profiling 
(VCHEP). These techniqu-eswere used to detect and map 
the' horizontal ctistribrrtion of shallow sediments with a high 
ice content OF of massive ice. Thc EM surveys were run 
along 14 profiles tarailing 7 8  km in length; their locations are 
shown in. Fq. 3. 

An experimental common depth point (CDP) shallow 
seismic shear wave reflecti~n technique was also used to 
determine vertical and horizontal extent of massive  ice , , 

bodies. Approximately 300 m of profile 111 were -surveyed 
between boreholes 2K and 4K. 

Standard Pownhole L o a  

(gamma-gamma, neutron) downhole logs were run in all the 
1991 boreholes (1K to 14K). SZimic downhole logging was 
conducted only in boreholes lK, 2K, 4K, 10K and 1lK.  

Two passive (natural gamma, ronductivily) and two active 

The natural gamma tool detects amount o f  gamma radia- 
:ion in subsurface paterials in counts per second (cps). 

I 
Figure 3. Topography map of study site with locations of 
geological and geophysical profiles. 
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Count  rates range from up to 150 cps for clay to less than 
50 cps for coarse-grained sand and gravel; count( rates appro- 
aching 0 cps are indicative of large ice lenses or!paSsive ice. 

The conductivity tool measures conductivity.of the 
formation, directly in rnillisiernens per meter (mS/rn). , 

Conductivity values below 10 mS/m were found to ' . 
correspond to ice bonding or excess ice  in sediments, Higher 
conductivities are indicative of an increase in unfrozen water 
content, rhe presenceL of saline brine, or both. The gamma- 
gamma tool detects gamma radiation which is a measure,of 
the density and mineralogy of the formation. In eneral, 
densities of ice-rich sediments are in 1.3-1.6 g/cm range ' 

while density of massive ice is around 0.9 g/cm3. 
The neutron tool measures neutron count rate in the 

formation and can be used as an indicator of water content in 
subsurface materials. The water content of ice-rich sediments 
is in range of 45-60%, while values-for massive  ice  reach 
close to 100%. 

Seismic downhole techniques were used in the boreholes 
to  measure both compressional and shear wave velocities of 
the sediments, LO complement the surface seismic refleaion 
and refraction surveys done in the  area. 

fur all frozen materials and reached well Over 3000 m/s in 
massive  ice. Shear wave  velocity variations correlate well 
with those of compressional wave  velocity. Fine-grained 
sediments had shear wave velocities below IO00 m/s. while 
velocities in the range of 1OOO-2000 m/s were associated wi th  
icerich sediments and massive ice. 

Ground Penetratinp Radar 
Several kilometers of line along profiles 111, IV, A and D 

wcre surveyed  using a pulse EKKO IV ground penetrating 
radar system developed in Canada. The system, which  has a 
high resolution (10-30 cm) and a depth  penetretion of 10 to 
30 m, was considered the most suitable for characterization o f  
contrasting lithology and for the detection of zones of saline 
permafrost and massive ice. 

Details description of the geophysical equipment and 
techniques used, field results and their interpretation arc 
discussed by Burns, et al. (1992).. 

Laboratow StudieS 
Laboratory lests of soil, ice, water and organic samples 

collected from the Bovanenkovo field site were carried out 
both by the VSEGINGEO and GSC laboratories. The 
measurements included determination of standard physical 
properties (grain size, Atterberg limits, water content, densily, 
salinity), geochemistry (clay mineralogy,  ion content, stable 
Isotopes) and age determination. (radiocarbon dating). 

Physical Properties 

to further  delineate  the stratigraphic and lithological 
boundaries of the sediments which had been tentatively 
established on  the basis of detailed core log&ing in the field. 

18% in some silts and sands to nearly 100% in massive  ice; 
the average value, excluding those of massive ice, was 42%. 

5 

Cnmprcssional wavc velocities were in  excess  of 2000 m/s 

Detailed study of the physical properties was carried out 

The gravimetric water content for all samples ranged from 



Qeologlcal proflle m 

NNW SSE 

Geologhl profile I 

Geologlcal  prof Ile IV 



Values of bulk density varied between 0.76 g/cm3 for samples 
with high content of organic material to 1.77 g/cm3 with 
average value 1.30 g/m3. 

Salinity values of massive ice and soil samples were very 
low (less than 3 ppt), with the exception of samples of clay 
from horizons between 3.8 and 4.1 m in boreholes 2K and 
lOK, which were 18 and 20 ppr respectively. A sample of 
watei seepage, collected from borehole X, had an 
excqhionally high salinify value of 61 ppt. A typical borehole 
profile.  (borehole 1 K), summarizing the physical properties, is 
shown in Fig. 5 .  

Geochemistw and Mineralogy 
Detailed chemical and mineralogical analyses of the 

samples were  carried  out to complement the results of the 
physical properties tests. The X-ray diffraction technique was 
used on 53 samples from eleven boreholes to determine clay 
mineralogy. Major clay minerals present included smectite, 
illite, kaolinite  and chlorite. Smectite was the most 
frequently present clay mineral (from 29 to 75%), followed by 
illite (from 23 to 45%). Combined content of kaolinite and 
chlorite varied between 11 and 22%. All samples also 
contained traces of quartz  and feldspar. 

detailed  studies using the X-ray diffraction technique to 
analyze the uneriented powder samples of soils and of 
fractions  larger  than 0.1 mm. The results of these analysts of 
mineral content confirmed that various soil types (sands, clays 
and aleurits) are of same origin, i.e. their source is  from same 
area, and their conditions of deposition were similar. 

Water extracted from 63 samples was tested far pH and 
ion  content (HCOi, Cl', SO,, Cat, Mg', Na" + K'). 
Samples from all 1991 boreholes had pH values between 7.15 
and 8.13, with the exception of samples from borehole 7K, 
w h a e  pH varied between 5.15 and 7.05. The results showed 
that water samples  from clayey soils deposited above the 
massive ice contained mainly ions Cl- and Na'. Samples of 
sandy soils, both from above and below the massive  ice, 
showed the predominant presence of ions HCO+3, Na' and 
Ca+ +, while mainly ions HCO,, Mg' + and Na' were 
present in samples from the active layer. 

7K showed very high content of ions Na' and C1- and 
presence of elements such as Br, 1 and  others, typical of a 
marine environment. Over 100 samples of massive ice and of 
ice from the underlying and overlying sediments from 
boreholes 27,32, 35, lK, 2K, 3K, 4K, 6K, 10K end 11K and 
two samples of water seepage from borehole 7K were tested 
for isotope content (also and 8D). Values of 8I8O and 8D 
for massive ice' ranged from -17.1 1 to -20.5 SMOW, and from 
-134.0 to -152.0 SMOW respectively, showing little variation 
with depth. The average values of 8% and 8D of massivc 
ice from various boreholes were similar and ranged from 
-18.2 to -19.5 M O W  and from -138.9 to -147.5 SMOW 
respectively. Values of 6 ' *0  and 1D of ice samples from 
deposits below and above massive ice show almost no 
difference from those of massive  ice,  with the exception of 
samples from ice and clay at shallow depths in borehole 2K 

Thirteen samples from several boreholes were selected for 

Results of the chemical analysis of water from borehole 
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Figure 5.  Typical log of physical properties. 

where values of b1*0 and 8D are very  high and similar to 
those of sea water. Two independant measurements of the 
seepage water  produced b 1 8 0  values of -14.1 and -14.9 
SMOW and 8D values of -102.5 and -79.0 SMOW. For 
comparison, samples of precipitation, lake and sea water were 
also tested. 

Discussion of Rcsults I 
Surficial mapping and surveying provided :#tailed 

delineation of the extent and boundaries of 1ana.sub-units 
within two major, previously established landscapes; and of 
the soils and vegetation types, surface expression, the . . .  

thickness of active layer, and ground temperatures associated 
with them. Seven and three land sub-units were recognized 
within the first marine,,terrace complex and recent river flood 
plain complex respectively. 

Geotechnical drilling, sampling and .field core logging 
were the bases for the identification of major lithological 
units and bodies of m,mive ice. Fine sands, sandy silts, and 
silty clays are three major types of sedimentary deposits 
within thestudy area,  Organic material, from several , ' :, 

centimetr4s to several melets thick, was commonly found in 
rhe core gmples. The,major.body of massive  ice  was also 
identified ":ti th&+tudy:sFea. Its thickness ranged from 5 to 
12 m and its width and length varied between 150 and 400 m. 
The massive ice was overlain by several meters of fine sand 
or silty clay and was underlain by a very thin layer (1-3 cm) 
of clayey  silt gradually changing into sand. The ice was 
mainly clear, hoiizons near clay or sand deposits contained 
small inclusions (1-5 n - q ) ; q f  Tgiment material however. The 
ice often contained air-bubbles, 1 to 2 mm  in diameter. 

Massive ground ice  is commonly present in sediments 011 
Yamal Peninsula. Althrrugh it has been studied by  many 
experts (i.e. Mdnikm, el ?\,,,,l9.90), there is no consensus on 
its origin anct~r(J\Mh:;ma~henism. The following results from 
Ihe V$EG13NGEO/GSC field and laboratory studies 
confirmed .marine origin of deposits with  massive ice: 
- high content of NaCl was measured in clayey deposits; 
- shells'of marine molluscs were found in  clay overlying 

4 2 ,  

massive ice (borehole 10K) as well as in the underlying I ',; 

silty sands {borehole 2K); 

, .. ". 

, ,  



- grain size analyses of the overlying and underlying 
sediments confirmed that their mineral content is similar 
(sands  and clays). 
It has been suggested that some of the massive ice on 

Yamal Peninsula may be buried glacier ice. This seems 
unlikely, since the isotope content of massive ice and winter 
precipitation is similar. Winter precipitation was the major 
source  in formation of massive  ice. This precipitation fell 
into marine deposits during warmer periods, seeped through 
coarse-lgained deposits (sands, silty sands) and  then, during 
the cooler periods, refroze and formed lenses of ground ice. 
Values of 6% and 6D do not vary with depth (i.e. borehole 
l lK),  thus suggesting that formation of ice occurred within 
the open system  with a steady supply of wter .  Strong 
supportive Rridence for formation of massive ice within soils 
is provided by presence of ice diapirs extending from ice  into 
surrounding sands (i.e. borehole 11K). Similar diapirs 
extending from massive  ice' into overlying  clays have been 
documented in other  areas of Bovanenkovo field. 

Interpretation of results of the surface electromagnetic 
surveys (EM-31, Max-Min) delineated distinct areas of  high 
conductivity along about 100 m on profiles IV  and VI1 and 
about 500 m along profiles VI11 and B. These areas of high 
apparent conductivity correspond well with areas of low 
apparent resistivity mapped by other surface electrical 
method (VCHEP); t h 9  also coincide with areas of  highest 
elevations. Results of drilling in these areas showed thal the 
surface sediments were not underlain by ice. The high 
conductivity values hence suggesled that either the active 
layer thickness increased or high  salinity ground water was 
present near surface. Laboratory tests confirmed presence of 
highly saline wat& near surface in borehole 7 K (profile 1V). 
Drilling also confirmed wet, unfrozen sediments in the area 
of a topographic low near a small lake at the end of profiles 
VI11 and B. Low apparent conductivity values measured 
along the remaining profiles suggested that shallow perma- 
frost table is present within 1-2 rn of the ground surface. 

The experimental shallow  seismic shear wave reflection 
technique clearly detected clay/ice or clay/sand interfaces. Kt 
also successfully delineated the steeply dipping surfaces of the 
massive  ice as well as its  bottom.  This technique was able to 
delineate the depth, shape  and extent of the massive ice 
except in the areas where the interface between the massive 
ice and overlying frozen fine-grained sediments was  shallow. 
The ground penetrating  radar technique was able to detect 
boundaries bqhyeen different lithologies and between massive 
ice- and various :types of sediments as well as to outline zones 
of saline permafrost. The downhole logging rools (natural 
gamma, condudjvity, seismic, gamma-gamma, neutron) 
provided high risolution information on the extent and 
boundaries of various lithologicsi units and massive  ice.  They 
also permitted qualitative differentiation within  individual 
units of factors such as amount of ice in frozen sedirncnts, 
inclusions in massive  ice and the presence of saline horizons. 
The interpreted results also gave an excellent indication or 
the water content and density of the sediments. 

CONCLUSIONS 

Field studies and their results reviewed in this paper show 
that in situ geotechnical and geophysical techniques, 
combined with surficial mapping and shallow geotechnical 
drilling and sampling, do provide a reliable approach to 
establishing detailed stratigraphic and lithological boundaries, 
detecting the'presence and extent of icebonded sediments 
and massive  ice, and delineating zones of saline permafrost. 
Results of the laboratory tests confirmed the validity and 
accuracy of the in situ measurements and provided 
information required for the detailed interpretation  and 
increased resolution of the field results. 

Complex geotechnical investigations of permafrost on 
Yarnal Peninsula showed that: 
a) Maps of landforms and,,vegetation provide a good areal 

indication of various sedimentary materials and of the 
presence ot absence of massive ground ice; 

b) Small,  light portable drills are capable of drilling beyond 
20 m depth and producing the quality of core samples of 
frozen materials and massive ice required for detailed 
logging and laboratory tests; 

c) Surface seismic techniques such as shear wave reflection 
provide a very good indication of the shape, extent and 
upper and lower boundaries of massive  ice bodies; 

d) Surface elcctrical and clectromagnclic techniques are 
suitable for the delinearion of areas containing sediments 
with  high ice content and salinity; and 

drilling and  appropriate geophysical surveys will allow the 
quick and relatively  inexpensive geotechnical 
characterization of permafrost conditions, especially for 
site specific investigations. 

e) The combined use of surface mapping, geotechnical 
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13riIlinf: through  permafrost  raises some u n i q u e  difficulties:  washouts,  cavicl~ 
n t  frozen s o i l b ,  f i l l  011 the  bottom,  stuck p i p e .  pnor primary  cemcnt jobs. 
When  the we.11 i s  shut-in, i t  will be subjected t o  potential  hazards of external 
freezeback pressures, in lernal freez,eh;?ck pressures,  thaw consol  idat i o n .  The 
niain objective of t h i s  study i s  ta demonstrate t h e  impact of frozen soils 
p r ~ s e r l t  i l l  w e l l  drilling  and completiolr. I n  this paper  the  results of fi,eld I 
: a n d  analytical  investigations a r e  presented  which  will  allow  one t o  f i n d  
t~ltcctiv~  methods t o  control h o l e  enlar1;erncnt during dri,I;li!lg, t o  estimate 
t t l P  shut-.in  period o-f time  during  which the water  based-drilling mud wo'uld I>.-* 
1 1 - r . -  l r o n l  freczinn, nnd pr6didict the  radius of  Ihawinn. Somt? practical 
rc?ananendations are  proposed for d r  i 1 1  inR operators. 

I NTROWC:INN rannot  wilhstand  the load .of nverlyinR l a y e r s .  I 
I h v  d~vclopment of o i l  and g a s  reserves  in perma. 
frost  areas  has  required new drillin8 and well 
ronrplctions technolo~y t.o deal. with  the  impact qf  
~ I - O Z P I I  soils.  Drilline  through permafrost raises 
~ O I I I P  rlnique difficu1tic.s: intensive  washouts. 
cavinR o f  f r o z e n  so' i ls ,  fill, an the bottom, s t u c k  
v i p e ,  arid poor  primary  cement j o b s .  Whet) t h e  well 
1 5  shut-in, i t  will  be  subjected to t h e  potential 
It;17artls or external Ireezr!back p r e s s u r e s ,  itltpr-. 
nnl  treezeback pressures.  and thaw consolidotinn. 
I ' l ~ r  dr -as  t i c .  chatrqes o f  mrehnnical  propprties o t  
perurairost during  thawina &nd refree-rinr: i s  an 
irrtportont faclor intlzlenc+lirz the designs of 
r,rcdur: i 11:: we 1 1  s , A s  permaf r a s . t  i s  vot  horno~entrous 
l r r 1 1  * t i t r i p s  i l l  1Itickness, litholoqy. rnccllatrical 
and  thermal  properties , i t of tell happens t h a t  
d r i 1  t i n t :  rnrthods successful  in  one  area carlrlot b e  
used  i t a  alloiher. 

cons,olidation  will take  place, and the corrP-- 
sponding  settlement  can  cause  si~nificant surfitrr. 
shifts. 
The  scltlement in the vertical directiotl has a 
greater  significance  when  the  shear  stress a c t s  
downward on the casing  causing  compressive  stres- 
ses  which can deform the casing (Palmer 1 9 7 8 ) .  
The approximate  estimates s h o w  t h a t  the nlaEni tude 
of the settlement  (the  center  displacement of the 
thawing soil  rinK) and the  axial conlprcssive 
stress  are  proportional to the  squared  valurs o f  
t h e  radius o f  thawing ( P t l l m e r  1 9 7 8 ) .  I ' h u s ,  f o r  
lonR term  drillinR, the  radius of thawin!: s h o u l d  
be  estimated to predict  platform  stability and 
t h e  inteRrity of the wallbor$. The  radius O F  
thawing  value a l s o  h a s  si~nifi'cant  effect o n  the 
thermal  regime of w e l l s  durinR drillinp, and 
ccmpnting,  This  circumstance h a s  to be taker )  inlu 
account when selecting  the oil we1 I cement and I 

I 

1 1 1 ; .  m;lin objective of lhis  study is t o  demon 
straie tlrc impact of frozen s o i l s  on well drill- 
itII: and conaplctjnr~.  In this  paper the r e s u l t s  0 1  
f i e l d  and analytical investigations  are  presented 
which allow one lo find efieclive  methods t o  
contro,l hole  enlargement d u r i n g  d r i l l i n p . .  to 
t*ctimnte tht!  shut-in pcriod o f  time d u r i n g  which 
t l tr  wa'rer based  drilline  mud  would be free front 
I r ~ v ~ i n f : ,  and t o  prcdict t h e  rad-ius o. l  thnwing. 
l t r l t t v  prar:1 i c a l  recomletlda l i . o t \ s  a r e  propcrsed for  
rlri I I inr: operators. 

3 6 2  

mud . 
that the mud ternperat,uee a t  a ~ivett  depth durirlR 
drilling is equal t a  i t s  mean  value in lime. The 
results of field and analytical  investigations 
providc  support for t h i s  a s s u m p t i o n  i f  the circu-- 
letion period is more than $everat hours  (Kutasov 
1 9 7 6 ) .  I f  the temperature o f  the  permafrost is 
laken to  be equal t o  the rnelting~~.ternperature of 
ic-e-hounded permafrost, 0°C , the  heat  flow  into 
the  frozen  zone r i n g  during  drilling  can be 
treglpcted.  We will also assume a steady - 5 tate 
temperature  distribution i n  f h e  thawed zonc. In 

equation is 

I 



i:ronl f o r m u l a s  ( 1 . 2 1  we o b t a i n  

v, f tlnr 

H - 1.5 

Now  we w i l l   b r i e f l y   d i s c u s s  1 . h ~  u s c  o'l b r i r l o s  
w i t h  i r l l e t  t e m p e r a t u r e s  below O°C a s  d r i l l i n r !  
fluids. I t  is obvious t h a t  i n  ordpr t o  prevcnt- 
t h a w i n g ,  t h e  a n n u l a r  mud t e m p e r a t u r e  m u s t  b e  
n l a i n t a i n c d   b e l o w  0". l i i g h   p e r l e t r a t i o n   r a t e s   w h i l e  
d r i l  I i n p   t h e   p e r m a f r o s t   i n t e r v a l   r c c l u i r g   h i g h  
p o w e r   i n p u t s  ,011 t h e  h i t .  l , t  i s  commonly  assumed 
t h a t   d u r i n g   d r i l l i n g ,  rnorp t h a n  99  p e r c e n t  of t h e  
m e c h a n i c a l   e n e r g y   ( r o t a r y   a n d  pump i n p u t )  i s  
l r a r l s f n r m e d  i n t o  t h e r m a l   e n e r g y .   E x p r r - i e n c e   i n  
t h e   R u s s i a n   F e d o r a t i u t r ,   w h e r e   c o n v e n t i o n a l   w a t e r  
base   muds  were u s e d ,  h a s  shown  . tha t  t h p  o u t l e t  
d r i  1 1  i n g  mud t e m p e r a t u r e  was, i n  many c a s e s ,  
c l o s e   t o  or e v e n   h i a h e r   t h a n   t h a t   t h e   i n l e t  mud 
t e m p e r a t u r e   w h e n   d r i  I 1  ing   pernraf r -os  t (GI-yaztlov 
I978 1 .  1 8  

I n  t h e  McKerrzie D e l t a  a r ea  ( C a n a d a ) ,  the XKB 
( X C  p o l y m e r ,  K C I ,  b e n t o n i t e )  system was a p p l i e d  
t o  d r i l l i n 8   p e r m a f r o s t   ( I l a n n i  1 9 7 3 ) .  Tlre o r j c i n a l  
c o n c e p t  was t o  use  K t 1  i n  t h e  mud s y s t e m  t o  
lower t h e  mud f r e e z i w   p a i n t   b e l o w  O'C.  I t  was 
h o p e d   t h a t  by u s i n R  a s u p e r - c o o l c d   m u d .   t h e  
thawinr!  of p e r n l a f r o s t   c o u l d   b e   p r e v e n t e d .   D u r i n r ,  
d r j l l i n r !  i t  was f o u n d   v i r t l t a l l y  i r r l p n c ~ i b l *  Io 
m a i n t a i n   t h e   a n n u l a r  mud t e m p e r a t u r e   b e l v w  0": 
( I i ann i  1 9 7 8 ) .  T h e   m a i n   p o i n t  i s  t h a t  a t  h i h h  
r a t e s  o f  h e a t   g e n e r a t i o n   o n   t h e   b i t ,  t h e  smal  I 
v a r i a t i o n s   i n   t h e   i n l e t  mud t e m p e r a t u r e   ( w h i c h  

n i f i c a n t  e f l c c t  o n   p e r m a f r o s t   t h a w i n R  a r o u n d   t h e  
c a n  h e  a c h i e v e d  by u s i n g   . b r i n e s )   h a v e  a n   i n s i R -  

well. From t h i s   p o i n t  o t  v i e w ,   o n l y   w i t h   r e v e r s e  
mud c i r c u l a t i o n   s h o u l d   t h e   p o s s i b i l i t y  of u s i n g  
b r i n e s   b e   c o n s i d e r e d .  

e x p o s e d   t o  b r i n e s .   W i t h  t h e  p a s s a g e  of t i m e  t h P  
I t  i s   a l s o  known t h a t  i ce  d i s i n t c p , r a l P s  i l  i t  i s  

soil's c o h e s i o n   w i l l   b e   s i g n i f i c a n t l y   r e d u c e d  
d u e  t o  b r e a k i n g  o i f  bonds   be tweel l  i c e  and .  soil 
p a r t i c l e s .   U n d e r   t h i s   c o n d i t i o n  i t  i s  v e r - y  t f i f f i -  
c u l t  t o  make a Rood  ccmentinp, j o b .  B e c a u s e  o f  
l h i s ,  f r e s h  w a t e r   h a s   t o   b e  'used (caus inK  I l law-  
inr:) t o  c l e a n  up t h e  well. b e f o r e  cerneht i w .  

W,ASklOU'IS RbJD {;AV I NC 

A number. O X  p r o b l e m s  o ~ c u r  duri l lp ,  P i r c t i c  
t J r i l J i n c : .  h o l e  and s u r f a c e   i n s t a b i l i t y .   a n d   p o n r  
c e m e n t i n g  jobs i n t i m a t e l y   a s s o c i a l e d  w i l l 1  
washrd o u t   I w r m a t i o n .   U u r i n r .  d r i l l i n r : .  t h e  fT>rnla 
t i o n  i s  treated hy c i r c u l a t i o n  01  R w a t r n  d r i l l i t l g  
I l u i d .  A $  B r e s u l t ,  t h e   s t r e n R t h  of soils uroulld 
t h e   w e l l   i s   s i g n i f i c a n t l y   r e d u c e d  b y  t h e   m e I t i n r :  
o f  1hP ice. H e a l i n g  of f rozprr  soils w i t h o u t  
thnwinR a l s o  s h a r p l y  r e t l u c e s  t t l c  s h c a r   s l r e n ~ t h  
of soils a n d   r e s u l t s   i n   t h e   i n i t i a t i o n  o f  wash-  
o u t s .   E x p e r i m e n t a l   i n v e s t i g a t i o n s   h a v e   s h o w n   t h a t  
t h e  shear s t r e n r t t h  of p e r m a f r o s t   d e p e n d s   m a i n l y  
011 t h e   n e g a t ~ v e   t e m p e r a t u r e .  t h e  v a l u e  o f  e x t e r '  
n a l   p r e s s u r e ,  and, t h e   t i m e  of l o a d   a c t i o n .   D u r i n E  
d r i  L l ~ i r l g   o p e r a t i o n s ,   t h e  increase of t h e  t e m p e r a -  
t u r e  of ' p e r m a f r o s t   ( i n c r e a s e  0.1 the u n f r o z e n  
water- co t r ty r r t )  can r e s u l t  i n  a i ' i k i l i l i c a t l t  r r d u c -  
t i o n  o f  c o h v s i o t r ,   w h i c l l   a c c o u n t s  f o r  n s u b s t a n  
t i a l  p a r t  of  t l l c   t o t a l   s h e a r  ~ t r e n n t l r  of f rozen  
s o i l s .   T h u s  file h o l e   e n l a r R p m r n t  d u e  t o  c a v i n a  ( 1 1  
f r o z e n  s o i  I s  i s  p o s s i b l e  e v e n  when the t e m p e r a - -  
t u r e  o f  t h e   d r i   l l i t r g  mud i s  m a i n t a i n e d   b e l o w  O ' C .  

The f i v l d  e x p e r i e n c e  and P x f i e r i m e n l n l  d a t a  havv 
shown t h a t  
t o r  h o l e  
l K u t a s o v  Q 

i<a t,es I 9 8 0  
a .   F r o z e n  

i i  1 ler 
pres ' su  

t 
I 

r 

t h r e e   m a i n  causes may b e  r e s p n n s i h l e  

al. 1 9 7 7 :  Goodman 1 9 7 Y : ,  K u t n s o v  and 
cnIarKement ,  i n  p e r m a f r o s  t , a r t a s  

soil i m p e r m e a b i l l t y ,  dI1icII h i n d e r s  
cake b u i l d - u p   a n d  1inii.ts d i f f e r e n t i a l  
e ( o v e r b a l a n c e )   n p e d e d  f o r  w e l l   b o r e  
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soils d u e  t o  r e d u c t i o n  of t h e i r   s t r e n g t h   w i t h   a n  
i n c r e a s e  of t h e  temperature d u r   i n 6  d r i  1 1  illy:. 1 \ 

drilling o p e r a t o r s   i n   t h e   M e d v e z h e  f i e l d  
i s   i n t e r e s t i n g   t o   n o t e   t h a t   i n  many c a s e s  the 

o b s e r v e d  c r y s t a l s  o f  i c e   i n  the c u t t i r r ~ s .  The 
h o l e   e n l a r g e m e n t   c a u s e d   c a v i n K  01 t h e  S o i l  around 
t h e   w e l l  head d u r i n g   d r i l l i n g   t h r o u g h   p e r m a f r o s t .  

r e p o s i t i o n e d  ( K u t a s o v  and B a t e s  1 9 8 0 ) .  
I n  some l o n g  d r i l l i n g  w e l l s ,   t h e  d e r r i c k s  W V C ~ P  

To e s t i m a t e  tllr r a d i u s  of w a s h o u t s ,  w e  c o n s i d e r e d  
an e x t r e m e   c a s e   w h e n  i c e  i s  t h e   o n l y   c e n l e n t i n A  
n l a t c r i i l l  o f  f r o z e n  s o i l s ,  and  the I t l j I i a I  
t e n t p e r s t u r e  o f  t h c   f o r m a t i o n  i s  e q u a l  t e  the 
t e m p e r a t u r e  o f  i c e  meAtit lg I O ' C C ) .  we also assumed 
t h a i  d u r i n g   d r i l l ' i r r g   t h e   t h a w e d   m a I . e r i a l  i s  
removed from t h e   b o r e h o l e  b y  t h e  mud c i r c u l a t i o l ~  
sys tem.  I n   t h i s  ca se  t h e   r a d i u s  01 w a s h o u t s   w i l l  
be equal t o  the maximum r a d i u s  0 1  thawirlp:.  and 
t h e  p o s i t i o n  of t h e  rnovinR mud- f roze r l  s o i l s  
i n t e r f a c e  can b e   o b t a i n e d  from t h e  S t e f a n  
e q u a t i o n :  

Lw ddh 

2 d t  
" = h,T, 

where  
'f, = c i r c u l a t i o n  mud t e m p e r a t u r e  i n  the  d r i  I I 

t . mud c i r c u l n t i n n   t i m e  
h, -: tlrt c o n v e c t i v e   h e a t   t r a n s f e r   c c e f f l * : i r r l t  
dh :: thawed hole d i a m e t e r  :: washou t   d i : ime t r r  

T h e  v a l u e s  of l h e   c o n v e c l i v c   h e n t   t r a n s f e r  c o c f  
f i c i e n t s  f o r  kamirlar and t u r b u l e n t  flow were 
t a k e n   f r o m   t h r   l i t e r a t u r e .  
For  l a m i n a r   f l o w :  

I , i p e -  formation a n n u l u s   a t  a R i v e n  dept.11.  'C 

448 
I ) ,  = - 

dh -' d, 

where  
k, = t h e r m a l  (molecular) c o n d u c t i v i t y  of  d r i l l i n R  

d p  T- d r i l l  p i p e  (outcr 1 d i o r n p t r r  

For the t u r b u l e w t  f l o w   t h e   v a l u e  of h C  W R S  

c a l c u l a t e d   f r o m   t h e   D i t t u s - R o e l t e r   e q u a t i o n .  
We o b t a i n e d  formulas  w h i c h   a l l o w  one t o  p r e d i c t  
t h e  nlaximurn v a l u e   a f   t h e   w a s h o u t s  diameter 
( K u t a s o v . a n d   C a r u t h e r s  1 9 8 8 ) .  F o r   l a m i n a r   f l o w :  

mud 

Wlrrre I h e   w a s h o u t   c o e f E i c i e n t , . , - t , b *  bit d i a m e t e r  
and d r i l l  p i p e  o u l s i d e  d i a m e t e r  r a t i o  a r e  dclinpd 
b Y 

*her  e 
db : b i i .  diamrtsr 

rhus,  f o r   l a m i n a r   f l o w   i n  the a n n u l u s ,   t h e   h o l e  
enla igenwnt  can be m i n i m i z e d  when the tIlrrnta1 
*?nnductlvity o f  t h e  d r i l l i n g  f l u i d  i s  l o w ,  the 
p e n e t r a t i o n  r a t e  Is h i e h ,  and t h e   t e m p e r a t u r e  Is 
m a i n t a i n e d  as c l o s e  t o  O°C a s  p o s s i b l e .  

3 6 4  
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. I , f  a well i s  s h u t - i n   d u r i p g .  'dr(1lipR. the w a t e r  
b a ? e   f l u i d s  i n  c , a s i n K - F q s i n g ,   d r i l l   ' b i P e , c a s i n E  
o r  t ub inK- . cas ing   annu . l i   w i l l  r c f r e e z ?  and g e l l e r  
a t e -  r a d i a l  loads i .n  t h e  barehole .  T h i s  p ~ ~ , p c c s s .  
l e r m e d   i n t e r n a l  Ireezeback, i s   d i s t i n g u i s h e d  from 
e x t e r n a l   f r e e z e b a c k  of thawed  permafros t  ,and 
water  base  f l u i d s   o u t s i d e  o f  !.he c , q s i n ~ , ( C o o d m a n  
lY78). I n  some c a s e s ,  hiKh PnqugIl pressure,s  may 
d e v e l o p  1.0 , cause  c a s i n g  and d r i l l  p i p e  dempge 
(Cryazrrov  1978:  Kutasov qnd ,Eptes 1 ~ 8 0 J .  , 
I n   S i b e r i a  collapsed casinti and col lapsed p r o d u c -  
t i o n  strings W P ~ F  o b s e r v e d   b o t h   i n  wells i n   wh ich  
d r  i 11. inK has  been   temporar i Jy   sus ,prnded  and i n  
wel l s   which   have   been   cprnplefed  and were awai,j:irrg 
p r o d u c t i o n .  Collapsed CQsinR  were not  ohser .v+d  a t  
d e p t h s   g r e a t e r   t h a t - ,  !50  n\ nor a t   t e r n p e r g t u r e s  
warmer t.l?an - 2 . 0  '?:, (Grynznov lY78). 
~f t h e  water  i n  permafrost !.oils f r e e z e , s  a t  ( ' , P C ,  
e x t e r n a l   f r e e z e b a c k  i s  , c a m p l e t e d .  I t  i s  ktrowr8. 
t h e   i n t e r q a l   f r e e z e b a c k   s t a r t s  o n l y  w h v t l  . tllc 

however .   t ha t   i n   t , he .   , I r eez ln r :  or s o i l s .  atrd 
e s p e c i a l l v   i n   f i n : c * , s o i l s ,  by no meal13 docs  a l l  o f  
t h e  p o r p  water   change t o  i c e -  at ,.tile f.roezitrR 
t e n l p e r a t u r e  of t h e   s o i l s ,   b u t   o n l y  p a r t .  o t  i t .  
Wi.th f u r t h e r  lowering o f  t e rnpera turc  ( h c ) .  rhasP 
t r , a q s i   t i o n  o f  w a t e r   c ~ . f ~ t i n u e s ,   b u t  a 1  ~ l c a d i l y  
d e c r e a s i n g   r a t e s   ' I T s y t n v , i c h  1 9 7 5 ) .  

Freezeback   cou ld  be a pr.ob1prn i f  i I hcc:omes 
nPc.essary t o  temporar  i I Y  aharrdan d r  i 1 1  i np; opera- 
lions. ' t h o   d r i l l i n g  erreitlpcr needs t o  I)P i r l r l p  t o  
d e t e r m i n e  t h e  amount of tinre  he can suspend f l u i d  
c i r c u l a t i o n   w i t h n u t  the  d r i l l i n g  mud f r e e z i n g .  I f  
t h e  s h u t - i n  period i s  more t h a n   t h e  " s a f s t y  
p e r i o d "  ( f r e e  from f r e e z i n g  01 d r i l l i n g  mud i n  
t h e  we1 I ) ,  t h e   w a t e r  b a s e  mud i n   t h e  permafrost 
s e c t i o n  has t o  be r e p l a c e d   b y > o i  I mud o r  ;I low 
f r e e z i n g , - p o i n t  f l u i d .  ' 1  

An e m p i r i c a l   f o r m u l a  is presentct l  below which 
a l l o w s   o n e ,   t o   p r e d i c t   t h e   s a f e t y   s h u t . - i n  time 
( 1 %  ) a t  v a r i o u s  d r i  1 I i n r :  t i m e s  atrd permafrns l ,  
tetRpera1ures (TI). L e t  us assuntr t h a t  the  ,wel , l  i s  

s t o p p e d  a t  t h e  moment of t ime t t d  ( F i e .  3 ) .  
tcnlporar i . ly  s h u t - i n  and the nlud c i r r u l a , , t i o f l  i c  

1 .  

, .  

, .  

1 " 

0 

f i g u r e  3 .  Downlrole t e m p e r a t u r e  v e r s u s  ti'ntc f s r ' a  
K i vet> t l r p t ' t r  --. schernrrt i c   c u r v e .  ' - '  , ,  



bP  d i s c o n t i n u e d   a t   t h e   d e p t l r  8,000 I t . .  Can til#. 
w t a l  I Llc s h u t  - i n   l o r  2 weeks ? 
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7100 - 

h , r r  

F i a u r e  4. P e r m a f r o s  

2 - Beaufo r t   Sea  ( e  
1 Prudlloe Ray (Go 

S t e p  I .  F t o m  r!ig.4 
t h e   s u r f a c e  

' I . P C  

Id  and Lachetrbruch 1 9 7 3 ) ;  
t t e m p e r a t u r e   v e r s u s   d e p t h :  

s t i m a t e d ) .  

one'  can dctcrmir lc  that  
p e r m a f r o s t  t empera tury  i s  

S t e p  2 .  Assumin8 , t h a t  f o r   t h e   u p p e r   p r r m a l r o s l  
s e c t i o n   t d  = t ,  = 4 0  days  

From Formula G one c a n  e s t i m a t e  t h a t  t h e  v a l u e  0 1  
t 7 2 6  days. T I I I I S ,  t h e  w e l l  can he s h u t - i n   t o r  
2SPwprks  a n d   t h e   d r i 1 J i n R   f l u i d   w i l l   n o t   f r e e z e !  

A n a l y t i c a l  and w n p i r i c a l   f o r m u l a s   a r e   p r e s r n l e d  
w h i c h   w i l l   a l l o w  one t o  c o n t r o l   h o l e   e n l a r g e m e r r t  
dUrlnR d r i l l i n R ,  'to e v a l u a l e   t h e  s a f e t y  s t r u t - - i n  
p e r i o d ,   a n d   t o   p r e d i c t   t h e   r a d i u s  o f  thnwitrR. 
The a p p l i c a t i o n  of s u g g e s t e d  recqmnenda'tiorrs may 
r e d u c e   t h e   c o s t  of d r i l l i n g  and chmbIc t /on  o p e r a -  
t i o n s  i n  p e r m a f r o s t  a r c a s .  . ,  
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A MODEL OF ELASTIC  WAVE  PROPAGATION IN FROZEN MEDIA 
COMPARISON  WITH EXPERIMENT. 

P. Leclaire', F. Cohen Tenoudji' and J. Aguirre-Puente" 

' LUAP, UniversitP D. Diderot  (Paris 7) , Paris, France 
Laboratoire  d'AQrothermique du CNRS, Meudon,  France tt 

A model  is  developed with,jn the  framework of Riot's theory of elastic  wave  propaga- 
tion in porous  media. In the  case of ground freezing, three  constituents  are  present 

water.  After  modelization  of  interactions  between  the  three  constituents,  elastic 
in finely  dispersed  soils  under O'C: the  soil  solid  grains,  ice  particles  and  liquid 

potential  and  kinetic  density  functions and an  energy  didsipation  term  are  obtained 
leading to the  equations  of  propagation.  The  resolution of these  equations  allows 
the  calculation of velocities  and  attenuations of several  longitudinal  and  transver- 
se  waves  which  are  functions o f  the  unfrozen  water  content  and  depend  upon  frequen- 
cy. A thermodynamical  argument is used to evaluate the  unfrozen  water  content  with 
temperature; it  is then  possible  to  predict  the  velocity and attenuation of the 
waves at a given  temperature.  Experiments  are  performed with longitudinal  and  trans- 
verse  waves  in  through  transmission  experiments on both  consolidated  and  unconsoli- 
dated  media. The results  are  discussed in comparison  with  the  present  theory. 

Mechanical  properties of soaked soils at tempe- 
ratures  below O°C are strongly  dependent  upon the 

water  contents,  quantities  which  vary  with tempe- 
respective  proportions of frozen  and  unfrozen 

rnture.  These  proportions are functions of the 
soil  granulometry  and  porosimetry : In  fact a 
medium w i t h  very fine  porosity will tend to have 
a higher  unfrozen  water  content  at a given  tem- 
perature  than a coarse  medium.  Acoustic  wave 
propagation  provides a non  destructive  method to 
evaluate  mechanical  properties  and  could  be  used 
wjth  the  objective  to deduce the  soil thermody- 

model of acoustic  propagation i n  this multicom- 
namical  state from the  acoustical  measurements. A 

ponent  medium i s  necessary  in order to interpret 
the  experimental  results. It has  been shown [l-31 

unable to explain  the  totality of experimental 
that  the  simple  semi-empirical  approaches  were 

results:  the  model of weighted  average of consti- 
tuents bulk moduli  would  apply  better  for a non 
consolidated soil (with a low frame stiffness 
compared to the constituents  moduli) and the ave- 

moduli o f  the solid frame are of the same order 
rage  slowness model for a consolidated one (the 

than  the  constituents  moduli),  but  today no 
theory o f  acoustic  wave  propagation in frozen 
grounds  has  been  given. 

pagation  in porous media has been  established by 
The frame o f  the exact theory of acoustic pro- 

Biot [4,5]. Applied to a biphasic medium, this 
theory  provides  the  values of both  wave  veloci- 
ties  and  attenuations  for  the  different  types o f  
waves  propagating  in  the  medium [ 6 , 7 1 .  It has 
been successfully  applied f o r  the  interpretation 
of seismic  signals in geophysical  research 181. 
The aim of  this  work i s  to apply  Biot's  approach 
to ground  freezing  where  three  Constituents 
coexist:  solid  particles,  ice  particles and un-  

give the possibility o f  predicting the different 
frozen  liquid water. The expected  results  would 

and  unconsolidated  media  and  the  attenuations of 
acoustic  waves  velocities for both  consolidated 

these  waves  starting  from the mechanical  proper- 
ties of the  three  constituents. The final objec- 
tive i s  the possibility to extract  soil  state 
parameters ~ u c h  as unfrozen  water  content  from 

problem  treated  here considers only the case o f  
interpretation of experimental  resulta. The 

total saturation of the solid  by  water  when  it i s  
unfrozen. 

Experiments  have been performed  on  selected 

to back  up  the  Eundamental  aspects of t-he study. 
consolidated  and  unconsolidated  samples  in order 

THEORETICALARGUMENTS 

The  results  presented  here  are  part o f  the 
doctoral  work of one of us 191.  Only  the general 
guidelines  will be given here. The details of the 
theory  will be published  elsewhere. 

equations  from the Hamilton's  least  action  prin- 
ciple  applied to the  effective continuous medium, 
equivalent to the real  inhomogeneous  mixture. 
This  approach is valid  when  wavelengths are much 
greater than the  sizes o f  heterogeneities  within 
the medium, a condition  satisfied in most measu- 
rements. Three energy  densities are used:  the 
potential  energy  density V, the kinetic  energy 
density C, and a dissipation  potential  density D .  

Biot's  theory deduces the wave.propagation 

& L e n t i a 1  p m m v  rJpnsik..!! 
The elastic  potential  energy  density V may  be 

written as a sum of several terms. Some  terms  are 

others being  fixed ! this  defines  the  concept  of 
relative to the movements of one  constituent,.  the 

an  effective constituent. Other terms contain  the 
combination of movements  of two constituents; 
these  are  coupling  terms  between  the  effective 
constituents. 

In our case, three  constituents are present. In 
order to render  the  problem  more  practicable, the 

water  exists  between t,he solid and ice particles 
important  assumption  has  been  made  that  unfrozen 

such  as  there is n o  direct  coupling  between  these 
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two phases.  Indeed it is weJ.1  known that   unfrozen 
water  tends  to form f i lms  on t h e   s o l i d   p a r t i c l e s  
i s o l a t i n g  them from t h e   i c e  [171, 

For small  rfip.litudes  of  deformations  and  varia- 
t i o n s  of  temperat-ure from the   equ i l ib r ium  s t a t e  

t i a l  energy may be developed  to   the  second  order .  
and i n  the  absence of ex te rna l   fo rces ,  t h e  poten- 

Using the  indexes: 1 f o r   t h e   e f f e c t i v e   s o l i d ,  2 
f o r  the  e f f e c t i v e   f l u i d  and 3 f o r   t h e   i c e   a s  a 
secnnd  e f fec t ive   so l id  one may wr i t e :  

v = ~ ~ 1 d ~ + 1 K l e : + ~ 1 2 e , e 2 + 1 ~ 2 e 2 2 + c 2 3 e 2 e 3  2 2 

where the  bulk  compression  moduli  are  respecti- 
vely K l ,  K2 and K3 and the  shear  moduli o f  t he  
two s o l i d s   a r e  p1 and p3. In a c l a s s i c a l  way fo r  
an i so t rop ic  medium, the   s t r a in   t enso r s  have been 
decomposed i n  sphe r i ca l   pa r t s   desc r ib ing   t he  
d i l a t a t i o n s  e i  and i n  devia tors  dGnr and d,'" ( w i t h  

dij ( 1 )  .di, ( 1 )  =d: and d!3).d!3)=d32) . The crossed  terms C,, and 
C1, cha rac t e r i ze   t he   e l a s t i c   coup l ing  between the  
s o l i d  and  water and between the water  and ice; 
The term C , , i s  missing  according  to  the assump- 
t i o n   t h a t   t h e r e  i s  no direct   coupl ing between 
s o l i d  and i c e .  

RI our  case i n  a f i r s t  s t e p  we need t o   c a l c u -  
l a t e  t he   e l a s t i c   cons t an t s  of t he   t h ree   cons t i t u -  
ent : :  t aken  separa te ly .  For t he  two so l id s ,  we 
need t o  know i f  t h e y  form ske le tons  and the  
ela. : t ic  constants of these   ske le tons .  We t r e a t  
d i f f e r e n t l y   t h e  media where t h e   s o l i d  I.s conso- 
1.idated  or  unconsolidated  at  ambient  temperature. 
We use fo r   t he   so l id   ma t r ix   a t   a l l   t empera tu res  
the  constants   evaluated  a t   ambient .  Doing so we 
makc the  hypothesis  that   ice  formation  does n o t  
a f f e c t   t h e   r i g i d i t y  of  the  solid  frame. We have 
test.ed a different  assumption i n  the  paper   publ i -  
shed i n  co l labora t ion  w i t h  J . F .  Thimus presented 
a l s r )   a t  t h i s  Conference [lo]. For t h e   s o l i d  ma- 
t r i x  where t.he poros i ty  E is genera l ly   l ess   than  
0 . 4 ,  the  Kuster and Toksoz model [ 1 1 1  i s  used t o  
eva lua te   the   so l id   mat r ix   cons tan ts  when the so- 
l i d  i s  consolidat-ed  at  ambient  temperature.  For 
ice ,  we have made the  assumption  that   the   ice  
skeleton i s  completely  connected a t  low tempera- 
t u r p s .  The apparent  porosity i s  greater   than I - 
F a n d  the  Kuster  and TBksoz model may be applied 
a t  low temperatures  but  is  not  rel.evant when the  

used t o  descr ibe  the evolution of  t h e   e l a s t i c  
ice   content  i s  very small .  A percola t ion  model i s  

conr;tants  as  ice forms and the  bonds  between i c e  
par t ic les   occur   p rogress ive ly   in - the   mater ia l  
bulk when temperature  decreases. 111 a general  
manner, the  percolat ion  theory can be used t o  
desc r ibe   t he   t r ans i t i on  of a system or a mater ia l  
between the   cont inuous   s ta te  and the d i scon t i -  
n u o u s  s t a t e .  In the   paper   p reknted  i n  collabora- 
t i on  w i t h  Y . E .  T h i m u s  [IO] a second  percolation 
e f fpc t  of t he   so l , i d   pa r t i c l e s  i s  described. The 
perc,nlation  threshold of the  ice   matr ix   has  been 
a r b i t r a r i l y   t a k e n   a t  0°C. The e l a s t i c   c o n s t a n t s  
o f  the  Ice matrix  have been wr i t t en   a s :  

IJ IJ 

where @ , i s  t h e   i c e  volume f r ac t ion  and & i s  the  
po ros i ty .  We take   the  same c r i t i c a l  exponent 7 
fo r  the  hulk modulus Klm and the  shear  modulus n lm,  
For a tr idimensional System and f o r   e l a s t i c i t y ,  
the  chosen  value  has  been 3 . 8  [12, 131. The maxi- 
mum values and n l W x  are  determined w i t h  t h e  
use of the e l a s t i c i t y  model of Kuster and ToksBz. 

Given t h e   e l a s t i c   p r o p e r t i e s  of each consti-  
tuent   the   next   s tep  i s  the  evaluat ion of t h e  
constants of t h e   e f f e c t i v e  media appearing i n  
equation (1). For the  case of a two cons t i tuent  
mixture, B i o t  and Willis r 1 4 . 1 5 1  have  given a 
physical   s ignif icance of t h e s e   e f f e c t i v e   e l a s t i c  
coe f f i c i en t s  by conceptual  experiments. They have 
been able   to   formulate   those i n  terms  of  th,e 
e l a s t i c   c o e f f i c i e n t s  of t he  cons t i t uen t s  taken 

expressed  the  coeff ic ients  i n  (1). The shear 
s epa ra t e ly .  We have applied t h e i r  arguments and 

measurement frequency  has been included (Ref[9]). 
strength  induced by the   v i scos i ty  o f  water a t  t he  

l r  p n ~ r a v  d 

a s  a function o f  t h e   l o c a l   v e l o c i t i e s  i, of the  
three   e f fec t ive   phases .  I t  contains   a lso  crossed 

product  of  the  velocit ies of t he  two phases; th i s  
coupled  terms where a mass term mul t ip l i e s   t he  

mass coeff ic ient   expresses  t h e  add i t iona l   i ne r -  
t i a l  mass when the  movement of one  phase c a r r i e s  
a long  the movement of t he   o the r .  One  may wr i te :  

The k i n e t i c  e n 3 n s i t y  C may be expressed 

C=$p11 u : + p l 2 u l u 2 + ~ p 2 2 u ~ + p 2 3 u 2 u 3 + ~ p 3 3 u 5 .  2 2 ( 3 )  

The terms p l 2  til d2 and pu  6 2 u 3  charac te r ize  t h e  
i ne r t i a l   coup l ing  between t h e   s o l i d  and  water and 

not  contain a term i n  61 d3 ; t h i s  results from 
the   i ce  and  water. As above t h i s  expression  does 

t h e  assumption  of  absence  of  mechanical  contacts 
between s o l i d  and ice .  The expressions for t h e  

resul ts   g iven by Biot  [15 ] .  
i n e r t i a l   c o e f f i c i e n t s  have been found  using t h e  

The d i s s ipa t ion   po ten t i a l  may be  wri t ten  as   the 
sum of two cont r ibu t ions :  

D = k b l l  2 lUl - U 2 ~ + ~ ~ 3 1 U 2 - U 3 1 2 .  ( 4 )  

where ul a r e   t h e   e f f e c t i v e   v e l o c i t i e s  of s o l i d ,  
water  and  ice; bll and a r e   r e a l   c o e f f i c i e n t s  

between t h e   s o l i d  and  water and between i ce  and 
respec t ive ly   def ined   as   the   f r ic t ion   coef f ic ien ts  

water: t h e y  are   proport ional  t o  t h e  water  visco- 
si . ty and volume f r ac t ion  and inversely  propor- 
t i ona l   r e spec t ive ly   t o   t he   pe rmeab i l i t y  of t h e  
s o l i d  frame  and of the   i ce   mat r ix .  

The dynarnical  equations  are  obtained from 
Lagrange's  equations which express the r e l a t ion -  

momentum. The propagation  equations  are deduced 
sh ip  between t h e   s t r e s s e s  and the  general ized 

tuen t s )  w i t h  the  use of the  different   energy 
i n  a th ree  by three  matr ix  form ( three   cons t i -  

dens i t i e s   t o   eva lua te  the s t r e s s e s  and momentum. 
The complexity  of  the  obtained  expressions P a k w  
a nume'rical solution mandatory. 

betwe-n te- 

With the  help of Thornson's formula [ 1 7 ]  and 
poros imet r ic   d i s t r ibu t ion ,  i t  i s  poss ib le   to  
determine a thermodynamical r e l a t ionsh ip  between 
the  unfrozen  water  content and temperature. For a 
given medium, one may then  obtain  velocit ies,  as  
function oE temperature. 

r a tu re  T a t   t he   i ce -wa te r   i n t e r f ace   i n . a   cap i l l a -  
Thornson's formula  gives the equilibrium tempe- 

r y  pore w i t h  r ad ius   r :  

EEZ%zL 

In 3- = - *SEL 
TO r Pi L' ( 5 )  

where U,w= 3 . 5  1 O " N . m "  i s  the   sur face   t ens ion   a t  
the   in tbr face ,  pi = 920 kg.m.', = 3.337 l o 5  J .  kg" 
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i s  t h e   l a t e n t   i c e  f u s i o n  heat and T o =  0' C = 2 7 3  
K. The unfrozen  water  content $.may be  writ ten a s  
t h e  product of t h e  porosi ty   €and of t h e   d i s t r i b u -  

pore  f ract ion of which r ad i i   a r e   g rea t e r   t han  r :  
t ion  funct ion F ( r ) ;  t h i s  l as t   func t ion   g ives   the  

$,= E F ( r ) .  Let. u s  wr i te  ro=2uiw/p i~ , ,  then 

r~ / I  (TO/r) 

$ w = E F ( r ) = &  fir) dr .  ( 6 )  I- 
wil:h f ( r )  the  probabi l i ty   densi ty   funct ion  being 
t.hc- de r iva t ive  of F ( r )  . Assuming a Gaussian  poro- 

the  unfrozen  water  content for an average  radius 
s i rnc t r ic   repar t i t ion ,  we evaluate i n  f i gu re  1, 

rav,, = 0 . 1  pm, for   several   s tandard  deviat ions,  and 
f o r  a poros i ty  E = 0.3. 

Figure I ,- Unfrozen  water proportion calculated with Thornson's formu- 
la for a Gaussian porosimetric distribution. rrvs and Ar are respectively 
the average value and the standard  deviation of the  pore radius 
dislribution. 

llsing  Newton's complex method the  numerical 
reso lu t ions  o f  t he   cha rac t e r i s t i c   equa t ions   g ive  
the   ve loc i t i e s  and a t tenuat ions  of t h e  d i f f e r e n t  
modes as   funct ions of t he  volumic  proportions of 
l iquid  water .  The th . ree   longi tudinal  modes a r e  
labeled L1, L,, L,, and the two t ransverse  TI, T,. 
These modes a re   a s soc ia t ed  w i t h  the  presence i n  
t h w f r o t e n  med&u_m..of solid,  unfrozen  wate?  and 
ice  taken as effect ive  phases ,   Nevertheless ,  
because of the   ex is tence  of e l a s t i c  and i n e r t i a l  

phase  labeled w i t h  t he  same index a s  it  may be 
coupling,  each mode does  not propagate i n  the  

thought  but must be considered  as an eigen mode 
propagating  independently i n  a f i c t i t i o u s  mate- 
r i a l   s u p p o r t .  Hence the  waves indiced 1 can be 
considered a s  pr inc ipa l  waves and the   o the r s   a s  
secondary  ( the  subscripts 1, 2 and 3 do not: r e f e r  
t.o solid,   water and i c e ) .  

For a two phase medium Riot [4,5] h a s  obtained 
t h P  veloci ty  and a t tenuat ion  of t h e   d i f f e r e n t  
modes of propaqation: VWO Longitudinal modes and 
one t r ansve r se   fo r  a consolidated medium and one 
longi tudina l   for  an unconsol idated  Soi l .  A f i r s t  
t e s t  of t h e   v a l i d i t y  of t h e   r e s u l t s  i s  t h e  con- 
vergence of our   resu l t s   to   those   ob ta ined  by  t h i s  
author when only  the so l id  and the  l iquid  water  
a r e   p re sen t .  

d i f f e r e n t  modes a t  0 . 5  MHz f o r  an unconsolidated 
Figure 2 shows t h e   c a l c u l a t e d   v e l o c i t i e s  of the  

medium w i t h  the  mechanical  coefficients of a f ine  
g l a s s  powder sa tu ra t ed  w i t h  water. As expected, 
when the  unfrozen  water  content  tends t o  porosi.- 
t y ,  t h e   v e l o c i t i e s  of L,, L,, T, and T,. t end   t o  
zero and one f inds  back the  unique mode of propa- 
gat ion  ,predicted by  Biot . 

The at tenuat ion  curves   for  L1 and T, €or   t he  
same sampleare shown i n  f i gu re  3 .  The pecu l i a r  
shape of these  curves i s  expla ined   qua l i ta t ive ly  
by a maximum of absorption when the water  layer 
around the so l id   g ra ins  is i n  the  order  of magni- 
tude of the  viscous skin depth  around them a t  
that   frequency . 
Porosity : E = 0.305, p, = 1000 kg/rn', K, = 2.25 109Pa, 
Water  viscosity q, = 1.8 10" kg.m".s" (at 0' C) 
pi = 920 kg/m', K, = 8.5 lo9 Pa, pI = 3.6 lo9 Pa ([16]) 
Initial  permeability of the ice matrix (for E = 0.305): K~ = 5.10~4ni2 
p. = 2480 kg/m3; K,= 5 IO'" Pa, b= 3 10'' Pa, 
K, = 0 Pa, &,, = 0 Pa, %lid permeability K, = 5.10 ' I  m2 
Average radius of solid grains: 60 pm, Frequency: f = 500 kl lz 

I 0' 

Unlrozen water conlcnl 9, 

Figure 2.- Longitudinal (V,) and transverse (V,) wave velocities as func- 
tions of unfrozen wnter content for an rmconsolidnted  mediurn (~I:Iss 
powder). 

Unfrozen w l l e r  content 0, 

Figure 3.- Attenuation coefficients (a) of L, and TI modes as functions 
of unfrozen  water content for an unconsolidated medium (glass powder). 



I n  figur-e 4 and 5 are   plot ted  the results f o r  a 
consoliaated medium  made of sintered  bronze  beads 
saturatcd.with  whter.  I n  f igure 4 ,  t he  maximum 

.velocit.ies  obtained at low temperatures are smal- 
l e r  than i n  the glass powder. This i s  a conse- 
quence of the higher  densit ies of t h e  bronze  par- 
t i c l e s  compared to tha t  of g lass .  We may remark 
a l so   t he   r e l a t ive ly  smsli variat ion of the modes 
and, as expected, a non zero  velocity for modes 
L?, and T, for  the completely  defrosted medium. 

appears again i n  f igure  6 ,  where a re  shown the  
calculated  Poisson 's   ra t io   resul t ing from t h e  L, 
and T, velocit ies.   The.r&nge o f  var ia t ion   for  the 
consolidated medium appears  relatively  small. The 
Poisson's r a t i o  of t h e  unconsolidated medium 
tends  t o  0 .5  as expected when t h e  ice  i s ' n o  
longerpresent  t o  give a shear strengt,? t o  the  
medium. 

The behaviour  difference of the two media types 

Porosity : E = 0.30, p, = 1000 kg/m3, = 2.25 IO'Pa, 
Water biscosity q, = 1.8 105 kg.m".s"  (at Oo C) 
pi = 920 kg/m3, K, = 8.5 10' Pa, p, = 3.6 10' Pa ([I611 
Initial permeability of the ice matrix (for E 0.30): K, = 103m2 
p, = 8774 kg/m3, K, = 1.46 10"Pa, &= 4.O1~1OmPa, 
K, = 1,28 10tOPa, p, = 8.84 10' Pa, 
Solid  permeability K, = 3.10" m2 
Average  radius of solid grains: 70 prn/ Frequency: f 500 kHz 

3000 
I 
I 
I 

Unfrozen water content 0, 
EiguFe 4.- Longiludinal (VL) and transverse (V,) wave velocities as func- 
tions of unfrozen water content for a consoiidarqd medium (sinkred 
bronze). 

200 I I 
I i I  

i I  

UNfrOZcn water content +" 
Figure 6.- Poisson's ratio for an unconsolidated  medium &lai'pwdcr) 
and for a consolidated medium (sinwd bronze) calculated ffm thc L, 
and TI modes  velqcities. 

. ,  , , - ,  

:.i , 
' .  

Experiments a re  performed in labocetory>as":, 
through  transmission  experiments of short  ,&us- 

media. the  so i l  19 put i n  a p l a s t i c  de l l  .'(de$' 
t i ca l   pu l se s .  F o r  measurements in' unconsblidhted 

ccibed In Ref [I] ) , on vihich two pairs  of kommer- 
d a l l y   a v a i l a b l e  broad"%and trans'ducers for 
longitudinal and t ransverse Maves a re  bohded on' 
two opposite  faces. The transducers '  nominal Ere- 
quency is 0.5 MHz and t h e  u l t rasonic  path length 

t h e  smaller  size of t h e  samples  required the  use 
i n  the  sample is 2 c m .  For consolidated media, 

o f  smaller  transducers with nominal  frequency  of 
5 MHz. The signals  are  displayed on a sampling 
oscil loscope whose output is a low frequency 
repl ica  of the ul t rasonic   s igna ls .  T h i s  output is  
d ig i t ized  w i t h  an B-bit.A/D converter and recor- 
ded on a microcomputer. The analysis  i s  then done 
e i the r  i n  time o r  frequency domain af ter   Fourier  
Transformation. The f a i r ly   l a rge   f r iquency :  
content o f  the   br ief   acoust ical   pulses  !(0.05 t o  
0 . 7  MHz for   the  0 . 5  MHz nominal transduFers) 
allows  the  study o f  the  frequency dependence o f  
veloc i t ies  and at tenuat ions of the   t ransmit ted 
waves . 

The sample's temperature is monitored by a 
thermocouple located i n  ~r upon t he  sample.  For 
the  preparation  af an experiment,  the sample is 
quickly  taken from ambient to- -30%. The hcmus-.' 
t i c a l  measurements ace performed during a'slow') ,  
reheating  during 1 0  hours o f  the  sample to a 
positive temperature. 

-$',*''the e,xpe,xirnentai Iongitu-. 
dinal  and transverse 'velocit . iss.  o f  the   fas tea t  . 

modes as function, of tem$rdture for th ree  watqq 
soaked  samples: glass powaer, Caen silt and s i n -  
tered bronze. I n  the case of glass  powder the 

comparable to the  value  calcplpted w i t h  the cheo- 

defreezing,  the v e l c c i t y  has qot been measured, , 
set ica l  model for  complete,freezing; For complete. 

the waves attenuation  wa$.extreme and sure ly , ,  . 
caused by a small volume o f  ait i p  the  sample. 
For s intefed.bronze,   the   me~sired 'veloci t ies   are  
smaller t h e n  those  i n  ' ,glass ,%powder smple ,   a s  ex- 
pected.  Nevertheless the range i n  >veloc,ity  ,var,ia-. 
t ion beween t h d  t o t a l l y  Er,qzeq and unfrozen, media' 
is Larger. for' t h e  expecimen't.al,',curyes than, f o r  , 
theore t ica l  ones. -This Rh,enqmenqn i s  ,u,nexplainad., 

. .  j , . , ? ' ,  ' 

. experimental velocit ieg a t  low,temperature 'are 
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: ,-Figure 7.2 Expcrimntal velocities of the fastest longitudinal and bans- 
VEIX modes as functions of tcmparaturc. 

t a l   ve loc i t i e s   ace  shown i n  f igure 8 as  function 
of temperature. The var ia t ion   for   the   s in te red  
bronze is ra ther  small as expected, t h e  sample i s  
consolidated by s in te r ing  and has always a f a i r -  
l y  high  shear modulus. FOC t h e  glass powder and 
Caen si l t  sample the  Poisson's  ratioashows an 
important increase for-temperature  higher t h a n  
-6V. Poisson's ra t io   appears  t o  be a goad para- 
meter of ident i f ica t ion  between a consolidated  or 
unconsolidated medium, and f ros ted  or defrosted 
medium i n  e i ther   case .  

Poisson's ra t ios   calculated from the experimen- 

0,s 

. Glass plwdcr 
x Csen silt 
Sinlrrcd bronze 

0.0 f l  
-30 -20 -10 0 I 

Temperalure ("C) 
Figure 8.: Poisson's ratio for different materials as a function of 
leniperaluie. 

A t  the measurement frequency, t h e  wavelengths 
a re  small compared t o  heterogeneity a i z s s  and 
wave at tenuat ion is dominated by viscous drag. 
Attenuation i s  an increasing function of frequen- 
cy a8 may be  seen  in  figure 9 for   longi tudinal  
(a )  and t ransverse (b) waves in   the  case o f  glass . 

powder. The amplitudes have been normalized t o  
the  values obtained a t   t h e  lowest avai lab le  tem- 
perature  of -3OOC.  We also remark the grea te r  
r e l a t ive   a t t enua t ion  of the   t ransverse waves. 

The two frequency regimes of attenuation  given 
by Biot's theory may be observed i n  f igure  10. I n  
t h i s  sample of glass  powderl the  a t tenuat ion i s  
plo t ted  as function o f  frequency i n , a  log-log 
p l o t .  A t  low frequencies the  average dope  is 2 . 1  
.(2 i n  Biot's theory) and i n  the  higher  frequency 
regime t h e  average  observed  alope i s  0.34 (0 .5  in 
Biot's theory) .  We may remark t ha t   t he   t r ans i t i on  

y*".. _," "I.." "lLl"IY -" .+c,ufrrru 

t u r e  Increases,  T h i s  is conform t o  Biotls &heory 
where, as the  capil lary  pore dimension increases,  
the  transit ion  frequency shifts  t o  lower  frequen- 
cies. I n  our case !+is role i s  played by t h e  
thickness of  the  unfrozen water f i l m  ar-ound the 
solid grains ,  which increases w i t h  temperature. 

5 7 

f 
-30 ! , I . , . , - . , T 

-25 -20 -15 -10 -5 0 
Temperalure ("C) 

J 

- 3 0 f  . , . , . I , , , 

-25 -20 - I $  -10 -5 
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0 

Figure 9.. Normalized amplitudes of bhgitudinal (a) and mnsversr: (b) 
waves for different frequencies as furlctions of temptmturc (in glass 
powder). 
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The theoretical model o f  elsotic wave propaga- 

tion in frozen  ground  based on Biot's theory o f  

shows the  possibility to treat in an  unified way 
sound  propagation in porous  media  presented here 

the  different cases resulting  from diverse conko- 
lidation  states met  in practical  .situations. The 
calculations were made  more  practicable by making 
the  physical assumption o f  no direct  contact' ' 
between  the two solid phases: i c e  and solid 
particles. The equations of propagation obtai,ned- 
from  the continuous media  mechanics are. solved, 
numerically. Three longitudinal  modes and two 
transverse  modes o f  propagation  appear possible; 
their  velocities and attenuations  ace  calculated 
as  function of the unfrozen  water  content. 

Experiments axe performed in consolidated  and 
unconsolidated  samples. 

A simple  thermodynamical  argument  has  been 
presented  which, used i n  conjunction with::.$He,, 
mechanical model may  lead to the calculuslof 
mechanical  properties as function of the:tlfermo- 
dynamical  state of the s o i l .  Experimental iesults 
are  in good agreement  with the theoretical ones, 
although some improvements to the  model appeac 
necessary, The  comparison o f  acoustical  results 
with  those  given by different  methods Such 8 s  
calorimetry or NMR are desirable 4nd will be per- 
formed in a near  future. 
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THE SIGNIFICANCE OF PERMAFROST  IN THE FORMATION 
APPEARANCE OF PUSH HORAINES, 

Examples o f  the Canadian Arctic and Spitsbergen 

Rainer Lehmann 

Eeographisbhes Tnetitut, Universitlt 
HeideLbergt, Xm Neuenheimer Fald 348, 

D/W-6900 Heidelberg, Germany 

. ,  

' , The term push moraine is applied to some moraine like features with 
different development. The existence of permafrost. effects the formation 

, aignificantly. On the basis of investigated push moraines of the Canadian 
> ,Arctic and Spitebergen two main types can be presented. The arctic push 

moraine in a continuous perranfrost environment is formed by faulting and 
thrusting whereas the coastal (or Spitsbergen) push moraine developed by a 
large scale underpush of glacier ice below marine aediments. Although a l o t  
of differences separate the two moraine types, some  similarities can be 
determined. The important role of permafrost in the development of  the 
moraines i s  shown in this.paper. The morphological constitution of the 
Dermafrost itself i s  chanains due to stacking, deformation, degradation 
and growth. 

" 

lNNTRODUCTION 

Push moraines are formed from sediments 
deformed in front OF an advancing glacier. 

CHAHBERLIN (1890) gives the first description, 
Development occurs in different environments. 

LEHMANW (1992 a). The investigation of push 
and a division into four types i s  presented by 

moraines in Spitebergen and the Canadian High 
Arctic gave the opportunity for a Gomparison of 
the  formation of arctic push moraines under 
diEEerent environmental conditions. 

Central questions c?f the research were: do push 
moraines show different development in diffe- 
rent arctic envlrmments, and what i s  the  role 
o f  permafrost in the formation. 

In the Canadian Arct ic  Archipelagw the Thompson 
Glacier push moraine (Expedition Fiord, Axel 
Heiberg Island, 79.50'  N) and the Carl Troll 
Glacier push moraine  (Borup Fiord, Ellesmere 
Island, 80 '50 '  N) were explored (Fig.1). 
Thompson  Glacier and moraine BKe still active, 
the  Carl Troll Glacier moraine shows light 
activity. Erikbreen push moraine  (Liefdefiord, 
7 9 - 3 6 '  N) and the Brbrrebreen push moraine 
(Bockfiord, 79"31' N) ure investigated in 
Northwest Spitsbargen. While Wrrebreen io 
stagnant to little  retreating, Erikbreen has 
been retreating for about 70 years  (WORDIE 
1921, in W B R E Y  1984). 

Environmental distinctions concern climate, 
permafrost, location to  the sea, size and 
activity of  glaciers. Climate as the most 
important environmental difference  controls 
development and depth of permafrost. Mainly 
West Spitsbergen is influenced by relative warm 
Atlantic waters of the West Spitsbergen 
"Current. The most important consequence is a 
relatively high mean annual air temperature of 
about -5.8 ' C  (representative station at Ny 

, ... 

Fig.1. Map of' the arctic region, showing the 
locations of investigated push moraines. 

.. , I 

Alesund) and the absence of sea ice for at 

of 10 years sea ice with concentrations above 
least 8 months per year at the west coast. In 5 

4/10 covers the.surrounding sea of Svalbard 
from January to March (STEFPENSEN 1982). During 
southerly or southwesterly air currents mild 
Atlantic sir masses are transported to Sval- 
bard. Even February and March as the coldest 
?onths (mean temperatures of  -13.9 resp. -13.1 
C, Ny Alesuncl) may show positive temperatures 
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during short periods . The  climate is class 
fied as polar, but under strong marine 
influence. The  term marine-arctic may descr 
the climate. Sea ice covers  the waters of t .he 

i be 

Canadian Arctic Archipelago for about 9 to 10 
month (see also KING 1981). The  mean annual air 
temperature is reduced to -19.3 ' C  (Eureka) and 

months. Weather i s  characterised by continenta- 
temperatures stay below 0 ' C  for about 8 

lity (see also THOMPSON 1967). Precipitation is 
scarse in Spitsbergen with a mean annual amount 
of 200 to 400 mm. Eureka as  the representative 
weather station of Axel Heiberg Island and 
Ellesmere Island gets only 58 mm precipitation 
per year.  But OHMURA (1981) pointed out that 
this value may be exceeded in one  summer month. 

Permafrost developed in valley floors and 

over sea level. Thickness of permafrost is 
beaches after they became ice-free or raised 

Glacier due to a short time of a few thousand 
estimated to be 20-30 m in front of Thompson 

of outwash sediments 12 kmTehind  the shore 
years for developing. The  raine is composed 

line and at a height of about 30 m over present 
sea level. In contrast the Spitsbergen moraines 
are  close  to sea level and are build up of 
marine and glaciofluvial sediment. Marine silt 
and clay may be dominant. The  studied moraine 
of Erikbxeen developed on the  shore line. 
Frozen permafrost here is estimated not more 
than about 1 m during formation. 

The  size  of push moraines  does not always 
correlate with  the  size of pushing glaciers. 

push moraine above the outwash plain is a func- 
But it seems, that maximum elevations of the 

moraines of the  Canadian Arctic cover  some 
tion of glacier size. In moat cases  the 

hundred thousand pa to km', while  the glacier 
snouts  are 1 to 3 km wide. Thompson Glacier 
covers about-225 kma. Peaks of ridges inside 
the moraine reach 100 m over the valley floor. 
In contrast, Spitsbergen's investigated 
glaciers  are smaller. Areas  range between 5 and 
12  kma and glacier snouts  are 500 to 1000 m in 
width. The highest elevations of the push 

ground. Relating to  the small glacier size,  the 
moraines are raised 25 m over the surrounding 

moraines cover a conspicuous  large area compa- 
red to Canadian push moraines. 

ME!m!as 

to understanding formation and dynamics. 
Inner structures of push moraines  are  the key 

Fluvial erosion inside the  moraine and thermo- 

dation and transportation of thawed sediment by 
erosion cut niches  and  create bluffs. Dsnu- 

water show exposed @*open" permafrost. Such 
steep slopes  give view of layering and dis- 
placement of the sediments. Questions of 
movement between separate blocks may be clari- 
fied with the  help of visible faults and diffe- 
rent tilted blocks. Sediments and attitudes 
give information of general environment of  
fornation and development of the inner struc- 
ture of the push moraine in  time. Correlations 
of internal constitution and outward appearance 
help to explain the kind of push moraine and 
its development. 

phological mapping and investigation to under- 
Research methods are  therefore based on geomor- 

stand and survey outward appearance. Analysis 

i- 

375 

lateral outermost front of .car1 Troll 
Glacier. Please  note  the preserved 
original bedding and the inclination 
of the block. Approximate height is 7 
m. In  the foreground river water 
causes  thermoerosion (TH). The  outwasn 
plain (OF)  is situated to  the right 
and in the background, the glacier is 
to  the left. 

of aerial photographs and, if available, topo- 

moraines with time. In  the  case of Thompson 
graphic maps  ascertains  change of glaciers and 

Glacier and Carl Troll Glacier a photographic 
aerial survey could be carried out (HELL & ZICK 
in prep.). Inner  structures and sediments  were 
surveyed at few but important bluffs. Findings 
of shells and driftwood had particular conside- 
ration. The geomorphological mapping on a scale 
of 1:lO 000 is based on  the  mapping key of the 
German Association  on Geomorphology (LESER & 
STABLEIN 1975) and was  tested before in an arc- 
tic region by HiiUSBACHER (1981). 

The  results of both methods  give  answer  to 
questions of surface and subsurface processes 
and activity, and the  significance and effects 
on permafrost. Most important questions are: 
Does permafrost affect internal constitutions 

quences of absence or presence of permafrost? 
and/or outward appearances? What are  the conse- 

RESULTS 

The  results  will be focussed on  three main 
points of interest: 1. outward appearance, 
inner structure and materials, 2. the formation 
of both kinds of push moraines, and 3. role and 
condition of permafrost. 

Push moraines of the  Canadian  High Arctic 
develop in outwash gravel and sediments 
modified by fluvial,  lacustrine or marine 
action (see also U L Z N  1971). The  closer to the 



sea, the more marine sediment may be incorpora- 
ted, but fluvio-glacial material is  still domi- 
nating. Carl Troll Glacier push moraine  is a 
good example for it is situated 2.5 km behind 
the shore. Frozen blocks of coarseqravel are 
cemented by  ice. The ice content in the 
sediments may reach 80 %. Concordant bedding 
and cross-bedding is visible on exposures, 
showing that  the entire and intact blocks are 
raised, turned and tipped  (Photo 1). Surface 
cracks  indicate vertical faults, which  can  be 
seen  sometimes on steep bluffs. Thrust  sheets 
are sheared at a weakness layer in6the under- 
ground. At least one  thrust plane i s  to be 
expected under every frozen block (Photo 2). 

outwash gravel and turn  into  shear planes 
Shear planes of first order underlie the 

second order when  the blocks and plates are 

glaciers, the moraine may be subdivided into 
incorporated in the  moraine (Fig.2). For active 

different subsurface activity zones charac- 
terised by outward appearance. Fresh  fractures 
and cuesta-like forms indicate young heaved 
blocks in the  outer  zone of the  moraine and the 
very active zone. The  areas in front of the 
glacier snout are mostly reshaped by erosion 
and o f  a rounded character, They are  less 
active to inactive. The  zane between active and 
inctive area shows  still activity. Some  blocks 

and fluvial action  cause  smoothing and aging of 
are in  motion.  But denudation, sedimentation 

whole, acting as  one unit with the  glacier 
the sharp forms. The  moraine is advancing as a 

snout. 

may have existed but- probably it was not frozen 
due to the freezing-point depression of saline 
pore Water  (marine cryopeg, hydrochemical 
talik). Sediment packets did not function as 
blocks. 
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The  formation o f  the push moraines  develop  as 
different  as  the environment. Inner  structure, 
material and outward appearance indicate  two 
simplified general models: in the  outwash 
environment the  glacier pushes frozen  blocks 
and plates in front of the  glacier snout. It is 

more and more blocks are incorporated at the 
comparable with bulldozing. During the advance 

f r o n t  of the moraine. They are  raised and the 
whole  qoraine  is formed by stacking of frozen 

moraine  is formed by a large scale  underpush of 
blocks (Fig.2). Against that,  the coastal push 

glacier ice below marine  sediments, mainly 
indicated by marine silt and clay, driftwood 
and shells located on the ice (Fig.3). They are 
pushed onto  the  glacier  ice partially. During 
that process, the  folding  forms  small  ridges 
and valleys. Investigations of the large 
Holmstrdmbreen push moraine in Ekmanfiord (VAN 
DER NEER & BOULTQN 1986) show  similar  foldings 

of the  glacier causes an  ice heaving process 
on exposuVes of up to 10 1p height. The  advance 

which  raises  the  marine  sediment cover. 
Abutments  are not observed. Development took 
place between roches moutonnee in case of 
Erikbreen. 

AND DISCUSSIa 

The first impression of Holocene push moraines 
show  similar appearances. They are build up of 
ridges and troughs  with a semicircular  shape 
around the  push.center, in most cases  the 
middle of the  glacier snout. It is obvious  that 
the  moraines  grow at the outermost front in 
contact  with  the  outwash plain. That  means  the 
youngest parts arc incorporated at the  edges of 
the moraine. The possibility of overpush and 

-undprpush (LEHMANN 1992 a) is  given in both 
cases:But the  moraines  are distinguished in 
detail. They  show  significant  differences  due 
to environment and permafrost which verify two 
kinds of formation as seen above. This- ~ 

VAN DER WATEREN (1992) because permafrost 
important result  contrast  with conclusions. af 

different types. The  most important 
conditions  do  control the developments of 

distinguishing features  are  the  bulldozing in 
front of the  glacier and the  elevation of 
sediments by glacier icb respectively. Even 
after a time of pushing a bulldozed moraine may 
be overrun by the  glacier  during  one advance. 
That seems  impossible  in  the  case of the 
coastal push moraine. The missing dissection 
into fault  blocks  and  depressions indicate 
"soft" compression in principally nonfrozen, 
malleable material, comparable  with  results of 
KOSTER (1958, Abb.la). That  is why moraine and 
glacier a?se not  advancing  as  one unit like the 
described outwash moraine. There, the boundary 
between glacier and moraine i s  discernible, 
whereas  the  formation of an  ice  core under 
coastal moraines  allows only suppositions of a 
separation. The  differences in the development 
can  be clearly put down to different 
environmental conditions. Permafrost is very 
important to the kind of formation and 

morphological constitution of the permafrost 
appearance of the moraines. But the 

stacking of  frozen  gravel  blocks and therefore 
itself is changing. Bulldozing causes a 

minor  significance  for it. On  the  basis of a 
a stacking of permafrost. but folding is of 

thickness of 20-30 m in the  outwash plain, the 
thickness  amounts to a maximum of 120 -130 m 
and a mean  value of about 90 m. Permafrost is 
deformed by movement of sediments  in  the 
moraine. Thermoerosional processes and 
denudation at  edges  and  river  channels  cause 
degradation, but accumulations  for example 
under slopes  cause  growth of the permafrost 
thickness. 

P 
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Fig.2.  Cross-section  of  Thompson  Glacier push 
moraine.  Simplified  model  of  an  outwash 
push moraine  formed  under  permafrost 
conditions (see also LEHNlrNN 1992 a) .  
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Fig;-3 .  Cross-section of Erikbreen  push  moraine. 
Simplified  model of a coastal  push 
moraine  formed  mainly in  non-froxen 
ground a 

Remaining  questions are:  what causes the 
glacier to push  seaiment? Is the conclusion of 
a large  scale  underpush  actually  possible? A 
cold  based  glacier  snout  may be bonded  with the 
frozen gravel. The  existance  of  a  decollement 
layer  within  or  below  permafrost  supports the 
formation o f  a  push  moraine  in front of a 
glacier.  Both  prerequisites are not applicable 
on Spitsbergens  coastal  push  moraines. 
Following,VAN DER WATEREN (.1985), three  faotors 
control  fheir  formation;  the  velocity of the 
advancing  glacier, the critical  combination of 

the age of  the raised  beaches and because of 
ice thickness and  depth of a decollement layer, 

that .  the development,  thickness and condition 
of  permafrost.  At  least MWLLER (1947, in MACKAY 
h MATHEWS 1963) pointed  out the influence of 
pore  water  on  shearing  strength.  Specific 
combinations of these  factors may lead to push 
moraine  formation.  The  mechanics  of  underpush 
of glacier  ice  under  marine  sediments  are  not 
completely  understood  yet. On  balance the 
conclusion is to subdivide  the  phenomenon  of 
the arctic  push  moraine  into two characters: 



the coastal arctic and the outwash arctic push HACKAY, J.R, WATHEWS, W.H. (1964) The role of 
moraine. Ice-bonded permafrost is probably a 
prerequisite fox the development of outwash 
mraines but obviously of minor importance in 
c a ~ e  of coastal moraines.' 

permafrost in ice-thrusting.- The 
Journal of Geology, Val. 71. P. 
$78-380.  Discussion. 
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as a xeault..Qf ,field research in cryogenic mlide8 the!dependeneirs of expanding and 
di#glay forma,gf cryogenic  shearing uliden (CSS) on natural factor. were ascer- 
tained.  The  ma$n  factors are climatic  and hydrogebgia territorid particularitiem.' 
They ahow thsmmelves as the ground  water behaviQur'and a d 1  filtration  properties. 
That is  indirectly  evidencad by the unprecedentd 'hdivitv of CSB in  1989  which wall 

draw-tho concluuion about the difference of cs5 mechanimrs  in  different  litbologia 
notab4a fox the nnximur related to the  sites with more moirtened  slopem. One could 

condition.. - 
A utqtioh wan, emcablimhed  on the ramal  Penin- 

mula Mtween the rivers  le-Yacha  and  nordy-Yscha 
for atudibm of haxardoua  cryogenic  procemsem,  in- 
cluding  cryogenic  slidem (Fig. 1). As a result of 
field  remearch in cryogenic nlides the  depend- 
encier of axpanding and display f o a r  of CSS on 
psomtructural,  moxpholpgical,  lithologic, 
climatic and hydrogpological  territocisl par- 
timlaritism were rmcertained., The cyclic  charac- 
ter of CSS f m  due to climatic condition.. 

Tbe absmrvationm of the pamt yearm ahovsd  that 
the,active increase of CSS warn obumrved on  the 
Yual Psnfnuula in 1989. The 1989  meamon waa 
rather warm (the rum of positive  tamperatureu was 

tion Ilarra-sale and the maximum value. for the 
705 centigrade daym. at the meteorologiaal mta- 

period mtarting  In  1961 warn 810 centigrade  days. 
and ainfmur of 315 centigrade. days). A t  the 
tire in 1989, maximum precipitation  were  observed 
(239 111 fox the pravioum winter and 198 mm in mum- 
mer, clome.to valuea observed only in  1966). The 
pm9Sdlbg number0 of CSS were obmemod on the 
sitas of surfaee and  underground flow thereby il- 
lumtrating the moiaturm  influence  on the OCCUE- 
renas of CSS. 

due to the lithologic  roil c-eition with dif- 
The mmmential  difference  in siaer of C 8 8  are 

fexent  filtration  prapestiea. Our obrarvations 

. ST& than on loamy  molls. These  obmervationm  prove 
mhaw  that larger CSS are foxmed on eandy soils of 

ths Btability of analysir of slopes, carried  out 
by mmthod of 5aveliev  (1989). The different  sizes 
of C88 are largely  connected  with the filtration 
propertiem of BITL (Saanonal thaw layer). 

The  present paper is devoted to the investiga- 
tion of important factors influencing the m l o p e  
stabllityr tha amount of atnospheric and soil 
moisture,  ground water  behavior in STL and filtra- 
tion propertie. of 6TL rails.  - 

rnalysia  made  fox a delibsrately a l i c h  hazardous 

the p i e r m t r i c  level im above  earth  murface 
slop that  tha  instability  is pmaible  only when 

which *in turn i a  pormibly due fo a n h r  of fac- 
tors. I$ i m  ncreeraary that one mhould have low 
filtration soilr (moimturs im  not pr*mmed upward 
but creates  buoyancy  pressura),  large  ice  content 
soils  in STL which  upon  thawing  provide water 

. In order to amseam the ground water behavior Figurm 1. -tion,, mp.  Station  for  studiem of 
i n  STL, the pier-tric obmervationa  and harrxdoun cryogenio. pxocer6es on Y-1 Peninsula 
mtability  analymim of alopea were performed. The - the atation) 



aaturation  of the S m  and a considerable  amount 
a i  precipitation to provide  recharge of ground 
water. The piesoretric  obrsrvationm made in  the 
dry mumer of 1991 showed  that  little  atrompheric 
Precfpitation im not mufficient to csintain high 
pies-atric level  even if there is high iae con- 
tent in 8TL moil. nor the meltad ice fror E m  
moil#. Aa a  remult,  one  could  not obaems CSS in 
1991 on a large terxitory"of about 90 avei on 
the  mufficient  ritem witb'fimrurem in the turf. 

In order to analyse  the  'influence  of Ym 
filtration  propertiem on CSS the laboratory  and 
field  filtration teat. ware~p*r*focmed.  They 
prov6d the  mugpestion  that the result. of the 
filtlratidn factor dets'rriridt'ion in the moil 
#ample and in the a s k i f  diffar for m e m a  raaronr 

tion properties being obaervd  on  the  territory 
under  invemtigation and determining the bqhavior 
of the  ground  water  in  the STL were not  can- 
midared  in  laboratory tent.# 

mecondly,  it i s  irpom8ible to take,  into  ac- 
count the large  firmurea  which  are f o m d  as  a 
result of  cryogenic t'ranaformation of g m  soils, 
especially, clayey m?Ilm. - 

firmtly, the conkiderable  aaiiotropy of filtra- 

In the performing testa, we choome  the 
dclinant lithologic  aectionr for STL, which  are 
knam to be mubjectad to C8S different  acale; 
mainly in mandy and mainly in clayey moils. Two 
repreaentative nites within the mtation  were 
chomen  with  mandy  and  clayey  aections  of STL. The 
detarrination of filtration factor wan made  by 
pouring  water  into the pit (modificntion of  
method  by  Emldyrev, see Sargeev, 1984), the 
usegage factor by pouring  water  into  cy2inderm 
(method of Wemterov,  Sergeev, 1984). The  rerultn 
of pamaability temta on ~m roils are  given  in 
Table 1. 

The  reaults given in  Table 1 make9 it pommible 
to m p o &  about  anisotropic  permeability  of moils 
in S l Z .  It wam obaerved in  randy moil. that the 
seepage factor,(ru2) equal to 2.1 II per day  con- 
aiderably  exceedm the filtration  factor dom the 
slope (Ffl) equal to 0.02 m per  day,  The  depend- 
ence ia xeversed for clayey  aoils. The meepnge 
factor  (Ff2  equal to 0.07 m per day) in clayey 
aoilr i n  much laam than the filtration  factor 
dawn the  .lop  along the STL (Ffl i r  equal to 
19.4 m per  day). Theme  data for permeability  of 
clayey  and  randy moil. determine to a great ex- 
tent the regional mpcificity of CSS foxmation; 
therefore  it is necammary to provide it theoreti- 
cally. 

In  sandy soils the high  values of seepage  fac- 
tor  are  likely to be the rewlt of STL aoillr 
tranmfoxaation  in the process of  frequent  freee- 
ing  and  thawing. A11 randy moil. froa the inves- 
tigated area  eontain A great mount of  milty  par- 
ticle.. The fraction laam than 0.5 PP carprimem 
up to 36%. This decreamea  the soil filtration, 
which was establinhed  when  determining the filtra- 
tion factor in  field  temt  and  in  laboratory  test 
of the soil. having  diaturbad  rtructure.  In the 
firmt case F f l  i a  equal to 0.02 m per  gay.  In the 
mecond  case, Ff is qual to 0.12 m per day.  Con- 
miderably  higher  values of seepage  frator in 
rilty  sendm are  probably  due to the premenca of 
active vertical porosity which i s  much  larger 
than  active  porosity  down the slope. The  similar 

I , .~ 
. 4,;, , . , . ,  

Table 1. The  rmsnlta  of field' a!@,,!labaratory 
pemeabi,lLity  tsrtm an STL moil. 

soil  Natural  conditisnr 
' 

conditionm . Distujhd 

m p.r day 

.N c-aition- Ff? 6 

1 ailty Band  0.02 2 . 1 ,  0.0062 0.12 
2 Clay 19.4 0.07< 28% * 

3 loamy .and - .  0.4  < ,  I 0.03 
, .  

* * *  - filtration factory ** - meepage factor; 
- filtration factor/ueepage factor ratio; , + : r e  . -  - filtration factor. 

distribution- of goioaity i 8  charaoterimtic  af 
loeam. one of  the raasons  for vertical poromity 
in loeri i q  liming of capillarm  caaing in p1nm 
the plnntm'  root  mymtam.  In our case the foxma- 
tion of vertical  poromity is due to multiple 
cycles  of  thawing  and  freezing  which sthulate 
the  moimture  movement  in the vertical direction. 
Thim phanoaenon  poaribly  cauaed the formation of 
active  vertical porosity. The high  content of 
maltm in STL moil. (there are 8- data QO the 
dry  residual  up to 30Omg/1) im likely to con- 
tribute to the fixing of capi,llarm  mimilar to , 

thoma  in  loesr.  Thur, the conmiderable  increase 
of aeepage factor cmpured with  ground  water 
filtration  factor  along the is undrrmtandable 
although requires a5tailed  invemtigations. 

Thim i m  the  xeverne  dependency in clayey 
suile,  connected  with the fact  En  field re deter- 
mine the filtration  factor of whole layer  in 
clayey STlt, having expraaaive  post-cryogenic 
atructure.  It  differm  from the determination of 
f iltration  factor of clayey .oil  .ample. During 
the  temtl  it  wan  emtablimhed that the watar 
dynamica  within the S I Z  occur in this ca8e along 

tact of ica/aoil in the lower park of S m .  The 
large post-cryogenic fimsurer and along the con- 

main  amount  of  water i s  filtrated in the lawer 
purt of BTL and the thickness of permeable layer 
is not  pore  than 10 cm. In the procsmn of the in- 
vsrtigations  thir part of layer  became wet very 
quickly (23 minutem after the beginning of the ex- 
psrhnt) and the  percolation  of  ground  water 
began on  the .oil8 of  the pit. In camparison the 
percolation i n  sandy moil began 2 hourm 15 
minutem  after the  beginning of the experiment. 
After  1 hour 15 minutes the percolation of water 
in the  intake pit  had turned into water  flow from 
one pit  into  the other one, water jet., leaking 
from port-cryogenic  fimmurer.  Thus, Ffl which in 
equal to 19.4 m per  day ir  conditioned by the gym- 
tem of pat-cryogenic fisaurea,  formed am a 
reuult  of  thawing of clay in STL with  reticulated 
and  layered  thick-atrenked cryogenic atmcture. 
It followe  that t h i n  value  can  vary frop year to 
year depending  on  cryogenic  atructure of STL 
which i8 detelmined  by soil moisture before freez- 
ing  and  by the autunn  freezing  regime. 

The  water  saturation  ability of sandy rasmif 
leads  an one hand to a  considerable  increase of ! 

their  weight,  and  on the  other  hami to the 
decream of shearing mtrsngth of the 8olidr. The 
specific shearing remirtance of water  maturated 
ailty  r8nd  in  very  little.  It  waa 0.6 to 0.7 kg 
per mquure meters  at the beginning  of the experi- 
ment  with  natural moisture equal to 22%, and it 
warn practically  equal to 0.0 at complete matura- 



t i o n .  Thun, t h e   a b i l i t y  of STL moils to ahearing I ' 
greatly  increamsm.under complete water maturation. 

%a rain r a r u l t   o f  mpcific f i l t r a t i o n   a b i l i t y  
of milty  nand soilm i n  STL i m  the formation. of 
l a m  mh+uing mlidem, with,weightm of 150000 
toam. The high 8eepage a b i l i t y  of aandm makaa it 
pommible for high rate of p r c o l a t i o n  of stmom- 
p h a r i c   p r e c i p i t a t i o n  to t h e  bane of the STL. We 
haver p re l imina r i ly  data t h a t  the average fate of 
meepaqa (100 m per day) exceed meveral times t h e  
average  intmnmity of mummer precigitntionm  fox 
the  araa under  conmideration. The p r e c i p i t a t i o n  
was 60 to 90 IJ per month even  during  the ge&r 
w i t h  t h e  m a t  active uhearing. If t h e  whole ' 
volume of p r e c i p i t a t i o n  had f a l l e n   d u r i n g  24  
hwxm, it could  have percolatad into t h e  STL. . 

Thum, p r a c t i c a l l y   t h e ,  whole voluma of 8-r a t -  
r o m p h s r i r r - p ~ c i p i t a t i o n   ( e x c e p t   t h e   e v a p o r a t i o n )  
contribute. t o  WXL. Tha CSS a r e ' u n d e r   t h e   a o n t r o l  
Of it8 . b t O ! U i t y ;  

The fo+*ation,of mlides, having  not   great  
weight  (mainly t o  5000 t o n s )  was noted on mitam , ,  

with  STL forrsd. fsor clayey soil.. It lm,detqr- 
mined by the fact that ground and su r face  wabr 
flow down t b  mlope and cocumulato am Lenmem in 
the riddle and l o v s x  parte of t h e  #lope. It: i 8  
due t o  t he   d i f f e ren t   -E l r eab i l i t y  which im deter- 
m i n d  by c ryogen ic   fo r r a t ion  of CSS. Spscific 
#hearing  a t rength  of   c layey soil. a f t e r   t h e  ex- 
periment wa8 0.6 to 0.7  kg ger/ca2. Thim in con- 
s ide rab ly  more than  the .hilar va lue   fo r  mandy 

soil.. Thia im. on& ,of t h e  'cMIWm 'why t h e  :CSS of  

forred by"   c lay iy  boils. T 
2 

' 8 ~ 1 1  weight hre c h a r a c t e r i i f i c  of the  slaps 

, ,  

C O N C L O S I O W '  " $ '  + ' ~ < ~ .  " ,  . 3. 

The p t e l l d ~ q  rsidltm+-+iter t h e   f i l t r a t i o n  
invert iqat ionm  in , th& v l n i f  a r b  roamoar f o r  more 
frequent maimur?ments oi 'lf i i t k a t i o n  factor i n  -8- 
# i f .  Thim will pake it posmible t o  find t h e   t r a n -  

the   l abora tory  )eat! to thorns obtained i n   f i e l d .  
si t ion f r o r   t h e   f i l t r a t i o n  'fedora obtainad i n  

The conchmion  could pS dram' about the di f -  
ference of Css.laachanispa in d i f f e r e n t  lithologic 
aondition, The l ead ing ,  f a d o r  of much mchanimr 
on t h e  .$tern wi th  h soih of clayey c w m i t i o n  
i n  t h e  buoyancy.&iaauie-,of ground water. ~m to 
the miter w i t h :  aahqy'boilm  the  abtupt  lowering of 
con tac t   l aye r   i t r ehg th :  becaume 'of its' water 
sa tu ra t ion  im v a l u a b l e   i n  CSB mechaniam. -- > .  : ,  2 . 

, .  
. .  

. ,  . , I . . "  , ' 
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STUDY OF FORECAST OF FROST HEAVE ON CANALS 

Li Anguo' , L i  Hao' and  Cheng  Qlnghua'  
' N o r t h w e s t   H y d r o t e c h n i c i a l   S c i e n c e   R e s e a r c h   I n s t l t u t e ,  

Yangl ing Town, China 
' N i n g x i a   H y d r o t e c h n i c a l   S c i e n c e   R e s e a r c h   t n s t i t u t . e ,  

Yinchuan,   China 

T h e   s y s t e m a L i c   e x p e r i m e n t s   w e r e   c ~ r r i e d   o u t   t o   t e s t  the r e l a t i o n s h i p   b e t w e e n  
f r o s t   h e a v e   a n d   v a r i o u s  soil, d i f f e r e n t   g r o u n d w a t e r   t a b l e ,   a s   w e l l  a s  d i f f e r e n t  
c a n a l   d i r e c t i o n  on t h e  t e s t  c a n a l s  i n  Y i n c h u s n   f i e l d   s t a t i o n .  Rased o n  t h e  
g e o g r a p h i c a l   c o n d i t i o n   i n   s i t u a t i o n  s o i l  t y p e s ,   g r o u n d w a t e r   t a b l e   a n d   i n i t i a l  
m o i s t u r e   c o n t e n t   b e f o r e   t h e   u n f r e e z i n g   a n d   o b s e r v a t i o n   d a t a  o f  a i r  t e m p e r a t u r e  
and   f rozen   dep th .  T h e  method t o   p r e d i c t   f r o z e n   d e p t h   a n d   f r o s l l   h e a v e  i n  c a n a l  
s e c t i o n  i s  given  i n  t h e   a r t i c l e ,  , .  

lNTK0DUCTlON 

I n  o r d e r  to s t u d y  t h e  frost h e a v e   p r i n c l n p l e s  
and e x p l o r e   t h e   m e t h o d   t o   p r e d i c t   [ r o u t   h e a v e  on  
c a n n l   s u b s o i l ,  a f i e l d   t e s t i n g   s t a t i o n  was s e t  
u p  a t  Yinchuon,   Ningxia .  The g r o u n d w a t e r   t a b l e  
u n d e r l y i n g   t h e   s t a l i o n  was a r t i f i c i a l .  T h e  s t a -  
t i o l l  h a d  f o u r  l e s t  c a n a l s  in d i f f e r e n t   d i r e c -  
t i o n s .  The c a n a l s  were   l i ned  w i t h  c o n c r e t e  slabs, 
I 5  m l o n g ,  1,85 m d e p t h ,  3 . 1  m wide i n  bot tom 
a n d  1 : 1 . 3 5  s l o p e  c o e f f i c i e n t .  Sandy  loam  was 
r e f i l l e d  i n  t h e s e   c a n a l s  w i t h  1 - 7  m groundwater  
t . ab l c   ( f rom  the   cana l   bo t tom) .  The s t n t i o n  h a d  

a r e a  o f  10x15 m '  each o f  t h e  u n i t s  is 2 x 3  m ' .  
2 5  t,est? u n i  t.s 1 i n p d  w i t h  c o n c r e t e  s l a b s  i n  a n  

F i v e  t y p e s  o f  s o i l   ( h e a v y  s i l t y  l o a m ,  s i l t y  loam,  
sandy  loam 1 ,  sandy  loam 1.1. a n d   f i n e   s a n d )   w e r e  
r e f i l l e d  on t h e  u n i t s  w i t h  f i . v e   k i n d s  o f  ground-  
w a t e r   t a b l e s  ( 1  . 7 ,  2 . 2 ,  2 . 7 ,  3:2, 3.7 m).  The 
rlry d e n s i t y  o f  s u b s o i l  was a b o u t  1 . 6  g/cm' .  

s i s t e d  u f  a i r   t e m p e r a t u r e ,  g r o u n d  t e m p e r a t u r e ,  
f r o z e n   d e p t h ,  soil w a t e r   c o n t e n t ,   g r o u n d w a t e r  
L ; l l ) l t . ,  s u b s o i l   d e f o r m a t i o n  oE f r eez ing   and   t haw-  

h e c n   c o l l e c t e d   d u r i n g   t h e   f r e e z i n g   p e r i o d  from 
ing a n d  p r e c i p i t a t i o n .  The s y s t e m a t i c   d a t a  h a d  

1988 t u  1990. 

llra o b s e r v a t i o n   c o n t e n t s  i n  t h e   s t a t i o n   c o n -  

" THE BASIC PRINCIPLE OF THE CANAL SUBSOIL D U R I N G  
FR EE7, I NG 

' I hc   Chann in r .   Cha rac t e r i s t i c s   o f   Tempera tu re  
k'ield i n  C a n a l  S u b s o i l  

t h P  c t ~ n a l  s e c t i o n s  m n i t l l y  depended on c a n a l  
d i t c c t i o n s ,   t y p e s  of  s o i l  and  the  groundwnker 
~ n h l r .  The n e g a t i v e   t e m p e r a t u r e   i n d e x s ,   t a k e n  
r t , o m  o h s e x v n t i t r n  d a t a  d u r i n g   t h e   f r e e z i n g   p e r i o d  
i n  1988,  1989 a n d  1990,   were   627 .3 'C.day ,  
4 5 6 . 8 " C . d a y  a n d   4 9 7 . Y ° C . d a y ,   r e s p e c t i v e l y .  T h e  
i:sotllcrttts of c a n a l  s e c t i o n  aL a t y p i c a l   t i w e  
t11-e s h o w n  i n  Viy'ure 1. I t  i s  n o t e d   t h a r  t h e  
g r o u n d  t c m p e r f l t . u r e   i n c r e a s e s   s u c c e s s i v e l y  f rom 

'The d i f f e r e n c e s  o f  g r o u n d  t emperaLurcs  a l o n g  

E-W d i r e c t i o n ,  NE45", N-S t o  NW45' d i r e c t i o n  ~t 
U 1  and U S ,  and d e s c e n d s  a t  W7 and 111. T h r  ground 
t e m p e r a t u r e   a t  16 h a s  a sma l l   change  i n  d i f f e r e n t  

The  ground t e m p e r o t u r e  d i f f e rence   o f   symmet ry  
d i r e c t i o n  cana l   under  a g i v e n  g r o u n d w a t e r   t a b l e .  

s e c t i o n   a t  H6 is t h e   h i g h e s t  i n  E-W d i r e c t i o n ,  
t h e   h i g h e r   t e m p e r n t u r e   d i f f e r e n c e  i s  i n  EW45" 
and NW45' d i r e c t i o n .  And t he   l owes t .   t empera tu re  
d i f f e r e n c e  is i n  N-S d i r e c t i o n   c a n a l .  The iso- 
therms  o f  cana l   s ec t ion   shows   an  "M" shape  i n  
NE45" and NW45' d i r e c t i o n s .  

depend on t h e  t y p e s  o f  s o i l  and  the  groundwar-er  
The   ground  tempera tures  o f  t e s t i n g  u n i t s  

t a h l e .  The   ground  tempprs ture   decreases   wi th  t h e  
i n c r e a s i n g  o l  t h e  d e p t h  o €  t he   g toundwote r  t a b l e .  

The  ChangitlR C h a r a c t e r i s t i c  o f  Frozen  Depth 

i n   t h e   s h a p e  b u t  a l s o  i n  t h e   v a l u e ,  i s  i d e n t i c a l  

The maximum f r o z e n   d e p t h  W R S  o b s e r v e d   d u r i n g  
w i t h  O ° C  i s o t h e r m s   a l o n g   t h e   c a n a l   s e c t i o n s .  

February  2-4, a t   v a r i o u s   o b s e r v a t i o n  p o i n t s .  T h e  
f r o z e n   d e p t h s   a t  # I  and f S  d e c r e a s e  a n d  increase 
a t  6 7  a n d  lfll with t h e   c h a n g e  of  c a n a l   d i r e c t i o n  
from E-W, NE45', N-S t o  N W 4 5 ' .  The  Frozen  depLh 
f o r  R g i .ven   8 roundwate r   t ah l e   has  no or l i t t l e  
change  when changing  c a n a l  d i r e c t i o n .  The f r o z e n  
d e p t h  d i f f e r e n c e  o f  symmetry s e c t i o n   s t  #h re- 
d u c e s   s u s e s s i v e l y  w i t h  t h e   c h a n g e ' o f   d l r e c t i o n  
from E-W, N - E ,  NW45" t o  N-S. T h e  f r o z e n   d e p t h s  
a l o n g   c a n a l   s e c t i o n   w e r e   ' e x t e n t e d  i n  an "M" 
s h a p e  i n  NE45" and NIJ45" d i r e c t i o n  of c a n a l s .  

'The Relat ion  between  Frozen  Depth  and N e R a t i v e  
TemperaLure I l l d e x  

r e l a t i o n s h i p   b e t w e e n   t h e  maximum f r o z e n   d e p t h  
and   nege t ivc   t empera tu re   i ndex  of t h e   s u r f a c e  
can  be e x p r e s s e d  a s  f o l l o w i n g   e m p i r i c a l   e q u a t i o n .  

H = A fro ( 1 )  

I t  was  found t h a t   t h e   f r o z e n  d e p t h ,  n o t  o n l y  

Based on a b o v e   r e s u l t s ,  i t  is f o u n d  t h a t  Lhe 

x ,  

3R3 

- 



The e f f e c t   c o e f f i c i e n t ,  K z ,  o f  groundwater  
t a b l e  on f rozen   dep th   can  be e x p r e s s e d   a s  
i o l l o w i n e :  

Where, 2, - the d e p t h  o f  groundwater  t a b l e  ( f r o m  
t h f  g r o u n d   s u r f a c e )  ( m )  

X i  - the  d e p t h  o f  groundwate r   t ab l e   ( f rom 
t h e  c a n a l   s e c t i o n )  ( m )  

I f  t h e  dellth o f  g r o u n d w a t e r   t g b l e  i s  2 . 2  m 
Ernm t h e  g r o u n d  s u r f a c e ,  t . h e  V R ~ U ~ R  of Kz 
o b t a i n e d  w i t h  fo rmula  ( 3 )  shown i n  T a b l e  3 .  

T a b l e  3 .  ? 'he   va lues  of Kz 

Posi t i n n  $3 66 #9 Note 

88s' year 1.0499 0.9179 1.0b99 
89s' year 0.9890 0.8086 0.9890 
90s' year 0.9352 0.7230 0.9352 E - W  

0.9914  0.8165 0.9914 value 

8as' year 1.0499 0,9179 1.0499 
NE450 89s' yeat  0+9352 0,7230. 0.9352 

90s' year 0.9352 0.7230 0.9352 
0.9734 0.7880 0.9734 

i7i rec- value 

t ion 
88s' year 1.0499 0.9179 1.0199 
89s' year 0.9890 0.8086 0.9890 
90s' year 0.9352 ' 0.7230 0.9332 N - S  

Average 
value 0.991. 0.8165 0.'9924 

88s' year 1.0499 0.9179 1..0499 
NW450 89s' year 0.9352 0.7230 0.9352 

90s' year 0.9352 0.7230 0.9352 
Average 
value 0.9734 0.7880 0.973b 

The   De te rmina t ion  o f  the Degree C o e f f i c i e n t o f  
S u n s h i n e  a n d  Su'n Shade a'lonfi t h e  C a n a l   S e c t i o n  

T h e  v a l u e ,  K O  of  d e g r e e   c ~ e f f i c i e n t  o f  s u n -  
s h i n e  and s u n  s h a d e  i n  a b a s i c   p a r a m e t e r   f o r  
p r e d i c t i n g   f r o z P n , d e p t h  i n  t h e   d e s i g n  o f  c a n e l  
a n t i - f r o s t   h e a u i . ' % n   o r d e r  t o  g e t  t h e   v a l u e  of  
t o t a l   s o l a r   r a d j . a t i o n  a l o n g  the c a n a l   s e c t i o n  
and on t.he g r o u n d   s u r f a c e ,  based  on g e o g r a p h i c a l  
c o n d i L l o n ,   t e r r a i n   c o n d i t i o n ,   c a n a l   d i r e c t i o n  
a n d  s e c t i o n  size of , c a n a l   e n g i n e e r i n g ,  t h e  
c l imato logy   method is used t o  sum ,?he s o l e r  
r a d i a t i o n   p e r   d a y '   d u r i n g   f r e e z i n g   p e r i o d . -   T h e n ,  
t h e   t o t a l   s o l a r   r a d i a t i o n   a m o u n t .  IQaa, f o r  each 
p a r t  o f  t h e   c a n a l   s e c t i o n ,   a n d  t h e  t o t a l   s o l a r  
r a d i a L i o n   s m o u n t ,  C Q ,  f o r   h o r i z o n t a l   s u r f a c e  
ground  can  be obtoirletl ,  d u r i n g ,  t h . e  f r o z e n   p e r i o d .  
I n  t h e  p e r i o d  t h e  ine , reasement  of  a c c u m u l a t i n g  
t e m p e r a t u r e ,  w h i c h  e a c h  p a r t   o f . t h e   c a n a l   c o r r e -  

.spends t o  h o r i z o n t a l   s u r f a c e   g r o u n d .  is: 

Where, 13 - T h e r m a l   d i f . f u s i v e   c o e f f i c i e n t  deter- 
mined b y  a v e r a g e  ' w i n d  v e l o c i t y .  

t a k e s  0 . 6 5  f o r   c o n c r e t e  s u r f a c e .  
a ,  - T h e r m a l   a b s o r b i n g   c o e f f i c i e n t ,  i t  

T h e r e f o r e ,   t h e   d e g r e e  of s u n s h i n e  and sun 
s h n r l c  i s  c o n s i d e r e d  b y  us in^ s t a f e n   f o r m u l a t i o n ,  

t h e   v a l u e  K d  oC r e v i s ~ d  c o e f f i c i e n t  of f r o z e n  
d e p t h   a t   e a c h   p a r t  o f  t h e   c a n a l   c o u l d  b e  com- 
prtt,er! R S :  

Where, F. - f r o z e n  i n d e x .  
HB,,H, - f r o z e n  d e p t h   v a l u e  o f . e a c h  p a r t  o f  

c ana l .   s ec t ion   and   g round   su r f ace .  

T a b l e  4 .  ' I ' h r .~va lues  nF K,1  

P u s i t i o r I  % 3  U h  # Y  

8 8 s '  y e a r  1 . 3 6 5  1 , 0 6 4  0.586 
89s' year  1 . 4 7 4  1 .090  U . 2 7 4  

E - w 90s' yea r   . ' 1 . ' 441  1 . 0 8 3  0.391. 
Average 

v a l u e  . ~ , ,  
'1 .42.7 1.079  0 .417 '  

8 8 s '  year  1 , 2 7 0  1 . 0 7 2  0.742 

NE45" 90s' year 1 . 3 3 0  1.090 0 . 7 1 9  
8 9 s '   y e a r  1 .356  1.097 0.687 

A v e r a g e  1 .379  1 .086  0 . 7 3 3  v a l u e  
D i r e c -  
t i o n  

8 8 s '  year  I .061 1 . 0 7 3  1.061 
8 9 s '  year  1.078 1.097 1 . 0 7 8  

- 90s' y e a r  1 . 0 7 2  1.089 1 . 0 7 2  

A v e r a g e  I .07O 1.086 1.071) Val-ue 

8 8 s '  y e a r  0 . 7 9 2  1 . 0 7 2  3 . 2 7 0  
89,s' y e a r  0.687 1.097 1 . 3 5 6  

NW45" 90s '  year  0.719 1.090 1 . 3 3 0  

0.733 1.086  1 .319  Average 
v a l u e  

s e a   l e v e l ,   s t r i k e  u f  c a n a l  and  the s i z e  of t h e  
Rased o n  t h e   g e o g r a p h y   l a t i t u d e ,  h e i g h t  above 

c a n n l   s e c t i o n  i n  f r o s t - h e a v e   t e s t i n g   f i e l d  u s i n g  
above  method, Cl~e a v e r a g e  w i n d  v e l o c i t y  is 1 . 8 4  
m / s  i n  f r e e z i n g   p e r i o d s ,   t h e   v a l u e s  of K d  B ~ C  

Nov. 7.0 t o  Mar, 8 i n  t h e   y e a r  o f  1988 t o  1989,  
~ i v e n  in T a b l e  4 .  The f r o z e n  p e r i b d s  a r e  from 

f rom Nov. 1.9 to F e b .  27 i n  t h e  year, of 1989 t u  
1990,  from Nov. 20  t o , F e b .  28 i n  t h e  year  o f  1990 
t o  1 9 9 1 ,  

The Calculation of Frozen Depth  a long  Canal  
S e c t i o n  

The f r o z e n   d e p t h  a l o n g  calla1 s e c t i , n n ,  H A  cart 
he  determined b y  t h e   f o l l o w i n g   e q u a t i o n :  - 

( 6 )  

IJliere, Hd - f r o z e n  d e p t h  a l o n g \ c a n a l  section (cm). 
- H. - f r o z e n  d e p t h  from g r o u n d  s u r f a r e ( c m ) .  

, .  I t  can  be  taken [rom o b s e r v a t i o n  of 
a v e r a g e  d a t a s  f o r .  y e a r s ,  o r  From 
e q u a t i q n  (1) and , ( 2 )  by , .u s ing   ave rage  

The c a l c u l a t i o n  v a l u e s .  compared w i t h  o b s e r v a -  
f r o z e n  i n d e x  for y e a r s .  . I 

t - i o n  v a l u c s  o f  f r o z e n   d e p t h   a l o n g  c a n a l  secLion  
a r e  shown i n  T a b l e  5 .  I t  i s  c l e a r  t h . a r   ' c a l cu la -  
t i o n   v a l u e s   a r e  ~ p p r o x i m a t e l y  eq4ral t o  .nbservation 
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F i g u r e  1 .  The i-sot-herms of canol s e c t i o n   a t ,  typlcal t i m e  (cm)  
(February 2 ,   1 9 9 0 )  

T a b l e  1 .  The  value^ o f  A at. v a r i o u s  o h s e r v a t i o n  p o i n t  

Whr:rp, I4 - t.he maximum f r n 7 . r n  d e p t h  ( c m )  
1:- nega t ive   t empera tu re   i ndex   (OC.day)  
A - p a r a m e t e r s  o f  f r o z e n   d e p t h  

( s e e  T a b l e  1)  
The v a l u e s  o f  A a r e  a f f e c t e d  b y  many f a c t o t s .  

These f a c t o r s  consist of  ~ y p e e  o f  soil, d r y  
d e n s i t y  u l  soil, soil w a t e r   c o n t e n t ,  grounrl- 
w a t e r   t a h l e ,  solar r a r l i aL ion ,   hea t   exchange  o f  
~ t o u n r l  s u r f a c e  and so o n .  I t  may b e  s e e n   t h a t  
L h c r e  is v e r y  small c h a n g e   f o r  A i n  d i f f e r e n t  
r.anal  d i r e c t i o n   a t  % 6  when f r o z e n   i n d e x  a n d  the 
(1ept.h o f  groundwater  t , a b l e  d o  not  c h a n g e .  

'The Se la t lon   be tween   F rozen  D e p t h  a n d  'Types o f  
S o i l  a s  w e l l  a s  Groundwater ,   Table  

t r e c z i . n g  p r o c e ~ s  i s  ~ i g n i i i c a n t .  Haserl 011 Lhc 
o h s e r v n t i o ~ i s ,  i t  i s  c l e a r  t h a t  !.he d e p t h  of  
gt'ortntlwatex t a b l e   i n c r e a s e s  with d e c r e a s i n g  
f r o z e n  d e p t h  unrlet- a g iven  s o l 1  t y p e  a n d  t -he  
f r o z e n  rlept.11 i s  F i n e  sand > sandy l o a m  > heavy 
s i l . t y  loam > s i l . t y  loam a t  a given   groundwater  
L a h l e .  T h a L  i s  t.o s a y ,  t h e   v a l u e s  of f r o z e n  

T h e  i n f l u c n c e  u f  t h e   g r o u n d w a t e r   t a b l e  o n  t h e  

r1cpt.h i s  i n v e r s e l y   p r o p o r t i o n a l  t o  t h e  f l u x  o f  
w a t e r   m i g r a t i o n .  

'The r e l a t i   o n s h i p   b e t w e e n   t h e   v a l u e  of A and 
t h e  d e p t h  o f  g roundwater  tabY.e c a n  he p r e s e n t e d  
a s  the [allowing empirical e q u a t i o n :  

. . ". 

Soi l .  types  



' v a l u e s .  The e q u a t i o n  ( 6 ) ,  can  be user1 i n  c a n a l s  
c n g j n c c r i n g   d e s i g n .  

T a b l e  5 ,  The v a l u e s  o f  f r o z e n   d e p t h  ( c m )  

I P o s i t i o n  e 3  bh c9 

101.5 6 2 . 9  7 2 . 7  

E - '' C a l c u l a t e d  93.8 58 .s  2 7 , 4  
v a l u e  

, v a l u e  

O b s e r v a t i o n  8 9 . 2  5 8 . 4  4 7 . 3  

N E 4 5 0  C a l c u l n t c d  85.1 5 6 , 7  4 7 , 3  
v a l u e  

v a l u e  
U i  r e c -  
t i o n '  

4 7 . 5  56 .8  9 2 . 0  

N ' J 4 5 0  C a l c u l a t e r l  4 7 , 3  5 6 . 7  85.1  
v a l u e  

v a l u e  

THE FROST H E A V E  REGULATION OF C A N A L  SUBSOIL 

The  Channe o f  C h a r a c t e r i s t i c  of F r o s t  H e a v e  
Deformation 

13aserl on t h e   t e s t   r e s u l t ,  i t  i s  found  thaL 
Lhe f r o s t   h e a v e   d e f o r m a t i o n   a l q n y   t h e   c a n o l  s e c -  
t ion   main ly   depend8 on s o i l   w a t e r   c o n t e n t . .  The 
f r o s t   h e a v e   i n c r e a s e s  w i t h  t h e   d e c r e a s c  o f  watcr  
t a b l e   d e p t h  a n d  i n c r e a s e  n f , s o i l  w a t e r   c o n t e n t .  
The frost heave   de fo rma t ion  f r o m  b i g  t o  s m a l l  
a r e   a r r a n g e d   a s   t h e  bottam, down-slope a n d  u p -  
s l o p e .  

I t   i s  known t h a t  t h e  frost heave  damage on 
Lhe l i n i n g   c n n a l  i s  produced b y  t h e  u I 1 v v ( ? n  F r o s t .  
heave   n long   t he   cana l   s ec t ion .   The   unevenness  
may be e x p r e s s e d  b y  a u n e v e n   c o e f f i c i e n t ,  K ,  t h e  
r a t i o  o f  t h e   d i f f e r e n c e  o f  frost heave  deforma- 
t i o n  i n  two p o i n t s  t o  t h e   d i s t a n c e  i.n same  two 
p o i n t s .  The r e s u l t ,   T a b l e  6 ,  p o i n t s  o u t   t h a t  the  
p o s i t i o n  of maximum f r o s t   h e a v e  may n o t  b e  i n  
t h e  p o s i t i o n  of maximum v n l u e  o f  K .  The maximum 
K i s  c l o s e  t o  s l o p e   a n g l e .  T h i s  is b e c a u s e   t h e r e  
a r e   r e s t r e i n L s  i n  slope-onglc. I t  i s  n e c e s s a r y  
i n  a n t i - E r o s t   h e a v e   d e s i g n  t o  r e s t r a i n   t h e  f r o s t  
heave  o f  s u b s o i l ,  t o  o p t i m i z e   t h e   s h a p e   c a n a l  
s e c t i o n  a n d  l i n i n g  s t r u c t u r e ,   t o   e l i m i n a t e  thc 
unevenness  o f  f r o s t  he.ave d e f o r m a t i o n   long 
c a n a l  s e c t i o n .  

T h e  R e l a t i o n s h i p   b e t w e c n  F r o s t  Heave  Deformation 
a n d  Subso i l   Wate r   Con ten t  

T a b l e  6 .  T h e   u n e v e n   c o e f F i c i e n t   a l o n g   t h e   c a n a l   s e c t i o n  

P o s i t i o n  # 2  8 3  # 5  # 6  # 4  
# 5  -#6 

# 7  #8 #8 #9 
-#3  -1y4 -# 7 -#9 -c10 

8 8 s '  y e a r  0 . 0  0 . 0  0 . 0  0.50 0 . 0 4  - 0 . 0 4  - 0 . 5 0  0 . 0  , 0 .0  0 . 0  
NE45" 8 9 s '  y e a r  0.17 0.71 1 . 4  3 . 8 0  1.5 - 2 . 1 3  - 4 . 4  -0 .60 - 0 . 2 9  0 .0  

9 0 s '  year 0.08 0 . 4 6  1.00 2 . 8 0  1.88 -1.38 - 4 . 4  -1.20 - 0 . 1 9  - 0 . 1 3  
Di r e c -  
t i o n  

8 8 s '  y e a r  0.0 0 . 0  0 .0  3 . 3 3  0 . 1 7  -0 .33  - 2 . 6 7  0.0 0 .0  0 . 0  
N - S 89s' y e a r  0.08 0 . 2 1  0 , Z O  I .OO 0 . 7 1  - 0 . 7 1  - 2 . 2  -0.60 -0.1 3 -0 .08 

90s' yPer 0.08 0 .63  0.60 3.20 1 . 4 6  - 1 . 2 5  -4.0 - 1 . 2 0  -0.50 - 0 . 0 4  

8 8 s '  y e a r  0.0  0 . 0  0,O 2 . 0 0  - 0 . 1 7  0.08 -1 .0  0 , 0  0.0 0 . 0  
NW45" 89s' y e a r  0 . 0  0.38 1 . 4 0  3 . 8 0  1.38 - 1 . 4 2  -1.60 - 0 . 6 0  - 0 . 4 6  -0 .06 

90s' y e a r  0 . 0  0 . 2 1  0.80 5 . 0  1 . 7 2  -1 .79  - 2 . 6  - 1 . 6 0  - 0 . 8 8  -0 .04  

The frost heave  is r e s u l t e d  from f r e e z i n g  o f  
t h e   s u b s o i l   w a t e r  a n d  expanding  o f  t h e   s u b s o i l  

one  of   basic  f a c t o r s  d e t e r m i n i n g  t h e  d e g r e e  o f  
volume. T h e r e f o r e ,  t h e   s u b s o i l   w n t e r   c o t l t c n t  is 

s u b s o i l   f r o s t   h e a v e .   B a s e d  on t h e   t e a l i n g   f r o s t  
heave  r a t i o  ( t h e  r a t i o  o f  the  maximum f r o s t  
h e a v e   d e f u r m a t i o n   a n d   t h e  c o r r e s p o n d i . n g  f r o z e n  
d e p t h )  and subsoil w a t e r   c o n t e n t ,   u s i n g  t h e  
l e a s t  s q u a r e   m e t h o d ,   t h e   r e l a t i o r e h i p   b e t w e e n  
f r o s t   h e a v e  r a t i o  a n d  s u b s o i l  w ~ t e r  c o n t e n t  
d u r i n g   u n f r e e z i n g  and f r e e z i n g  c a n  b e   w r i t e n :  

Where, q - t h e  f r o s t  heave r e t i b  ( % )  
W ,  - s u b s o i l   w a t e r  c o n t e n t - . b e f o r e  f r e e z i n g  

W ,  - s u b s o i l .  water c o n t e n t   d u r i n g   f r e e z i n g  

W p  - w a t e r   c o n t e n t  of  l i q u i d  limit ( X )  
a1,az and P 1 , B z  - p a r a m e t e r s  ( e e e  T a b l e  7 )  

Because t h e  subsoil f r o s t  h e a v e  mainly depends 

( X )  

(Z) 

on s u b s o i l  w a t e r  c o n t e n t ,  i t  is necessary  i n  
e n g i n e e r i n g  d e s i g n  t o   p r e v e n t   t h e   w a t e r   s o u r c e  
from seeping i n t o  the s u b s o i l  a n d  t o   d e c r e a s e  
t h e   s u b s o i l .   w a t e r   c o n t e n t   t o   a c h i e v e   t h e  g o a l  of 
e l i m i n a t i n g   h e a v e   a c t i o n .  

Depth of Groundwater  T a b l e  
T h e  Relation between t h e  Frost Heave a n d  t h e  



T;tl)le 7 .  The value of Qi and 6, i n  different Soi l  

Soil types a1 a2 81 
@, Regression 

uoefficienl 

S i l t y  loam 1.8756 0.9397 1.158 1.414 R1=0*778 
Rt-0.942 

Heavy 1.1792 0.6564 1.226 1.365 K1-0*913 s i l t y  loam Rrd0.960 

From t h e   t e s t i n g   r e s u l t ,  i t  i s  known t h a t  
groundwater  i s  one o f  the  w a t e r   s o u r c e 8   c a u s i n g  
frost heave .  The r e l a t i o n s h i p  b e t w e e n  the frost 
heave r o t l o  a n d  t h e   d e p t h  oE groundwater  t a b l e ,  
u s i n g   t h e   a n a l y s i s  o f  t h e   l e a s t   s q u a r e   m e t h o d ,  
c a n  be w r i t t e n  a s  follow: 

rl = De -BZ 

Where, rl - t h e  f r o s t  heave r a t i o  ( X ) .  
2 - t h e   d e p t h  o f  g roundwater  t a b l e  (cm) 

II,U - p a r a m e t e r s  ( s e e  T a b l e  8 ) .  

. T a b l e  8. 'The v a l u e s  o f  11, B i n  d i f f e r e n t  soils 

S o i l   t y p e s  D R R e g r e s s i o n  
c o e f f i c i e n t  

sandy  loam  21.972 0.02202 0 .  a02  

S i l t y  l o a m  44.326 0.01067 0 * 95'7 

59.254 0 .01599  0 .949  
H e a v y  

s i l t y  loam 

T h e  above f o r m u l a   s h o w s   t h a t   f r o s t   h e a v e  

groundwoter  t a b l e  and . r a p i d l y  i n c r e a s e s  when 
r a t i o  i n c r e a s e s  w i t h  d e c r e a s e  of t h e   d e p t h  o f  

t h e  d e p t h  o f  g roundwater  i s  l ower   t han  a c e r t a i n  
r a n g e ,  When the d e p t h  o f  g roundwater  is more 
t h a n  a c e r t a i n   r a n g e ,   t h e   i n f l u e n c e  o f  ground-  
w s t e r  on f r o s t   h e a v e  r a t i o  i s  s l i g h t  and 
n e g l i g i b l e .  

n o t   e f f e c t e d  by  groundwater  when t h e  Idrl/tlZI is 
l e s s  than  0 .05 .  T h e  dep th   o f   g roundwate r  is 

critic,al d e p t h s  of groundwater  f o r  s i l t y  loam, 
d e f i n e d  a s  critical d e p t h .  I t  is o b t a i n e d  t h e  

silty loam  and s a n d y  loam a r e  1 . 8 4  m ,  2 . 0 8  m 
and 1 . 0 3  m r e s p e c t i - v e l y .  
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From t h e   i n d i c a t i o n s  o f  a e r i e 1  h n d  s a t e l l i t e  i.map,ea. we made a f i P l d  i n v e s i g a -  
t i o n  on the  t y p i c a l   b u r n e d   f o r e 9 . t   a r e a ,   a n d   e s t a b l i s h e d   i n t e r p r e t a t i o n   s i g n s  
a b o u t  t h e  d e g r e e  o f  b u r n e d   f o r e s t ,   t y p e s  o f  v e g e t a t i o n   s p e c i e s ,   a n d   v e g e t a t i o n  
r e r o e r y .  'The r e s u l t s  a r e  8 s  follows: 1. A f t e r   t h e   f o r e s t   f i r e  o f  May 6 ,  1 9 8 7 ,  

r e c o v e r k d .  2 .  The r e c o v e r i n g   p l a n t s  i n  burned ~ r e a 5  i n  t h e  3.9hOs,  1.970s and 

f o r e s t s .  3 .  The e f f e c t s   c a u s e d  b y  t h e   f o r e s t   E i r e  on t h e   p e r m a f r o s t   e n v i r o n m e n t  
1990s o r e  m a i n l y   L a r i x   g m e l j n i i   a n d   P i n u s   s y l v e s t r i s   m i n g l e d  w i t h  broad-leavcrl  

i s  o b v i o u s .   T h e r e  is d i s p l a y e d  a warming e f f e c t   w h i c h   p r e s e n t s   t h e  v a r i a t i o n  o f  
p l a n t  s p e c i e s   a n d   t h e   l a t e r  phenomenon o f  vege ta t ion   g rowing   pe r iod  of t h e  TM 
r e m o t e   s e n s i n g  i m a g e s .  The  warming e f f n c r s  d a r r r a s e  w i t h  t h p   d e p t h .  

' .  ' t h e  f o r e s t   e n v i r o n m e n t  of s l i g h t l y  and   modera t e ly   bu rned   a r eas   has   app rox ima te ly  

tNTRODUCTION 

The d l s a s t r o u s   f o r e s t  fire area l i e s  in Da 
l f inggan   Ling ,   Nor theas t   o f   Chine .  The a r e a  be-  
l o n g s   t o  low r o l l i n g   r i d g e s  whose a l t i t u d e  i s  
~ h o u t  000-800 m .  T h e   s l o p e  i s  l e s s  t han   15  
d e g r e e s   g e n e r a l l y ,  The n t e a   e x p e r i e n c e s  e 
f r i g i d - t e m p e r a t e   c l i m a t e .  The mean a n n u a l   a j r  
tempernLure is between -4.7'C and -5,2"C. The 
y u n r l y   p r e c i p i t a t i o n  i s  hetween 400 m m  and 500 

. t n m ,  i l n d  i t  is m a i n l y   d u r i n g  t h e   p e r i o d   f r o m  
, J u n e   t o  S e p t e m b e r .  T h e  a r e n  i s  dominatcrl b y  

1 .  P a r c h r o m a t i c   a e r i a l   i m a g e  o f  1:60000 i n  

2 .  Mss a l l o c h r o m a t i c   s y n t h e t i c   l a n d s a t  image 
l o c a l  r e g i o n  i n  1960.  

o f  1:1OOOOOO b e f o r e  1 9 7 9 ' s  E o r e s t  f i r c  i n  t h e  
l o c a l   r e g i o n ,  

3 .  The  mosaic € l g u r e  of TM image i ,rr  burned 
f o t e s t   r e g i o n ,  na Hinggan  Linp,  M a y  6 ,  1987. 

4 .  TH a l l o c h r o m a t i c   s y n t h e t i c   l a n t l s a ~   I m a g e r y  
o f  1:5OOOOO a f t e r  1987's f o r e s t  f i r e  on 7 k t . ,  
1 9 8 8   ( s h e e t  1 2 2 / 2 3 ) ,  4 Nov. ,  1988(shecr 121/23)  
and 1 3  May, 1990 ( s h e e t   1 2 3 / 2 3 ) .  

con t inuous '   o r   w idesp read   and   spo rad ic   pe rmaf ros t . ,  1NTERPRETATION A N D  ANALYSES OF THE IMAGERY 
n n r l  i s  t h e  c o l d e s t   a r e a  i n  C h i n a .  The t y p e s  o f  
v e g c t a t i o n  a r e  c o m p a r a t i v e l y  s imple ,  The main 

H e l u l a   P l a t y p h y l l a ,  L n r i x  g m e l i n i i   a r e  i n  a 
s p e c i e s   a r e   L a r - i x   g m e l i n i i ,  P i n u s  s y l v e s t r i s  and 

s t e a d y   c l i m a x  i n  t h e   c 1 i m a t . i ~   c o n d i t i o n s  of  t h i s  
a r e a .  P i n u s  s y l v e s t r i ~  i R  i n  R c l i m a x  i n  impov- 
r r i s h e d  a n d  d r o u g h t   c o n d i t i o n s ,   B e t u l a   p l n t y p h y l -  
Is i s  a l w a y s   t h e   p o i n e e r  a t  burned f o r e s t  s i t e s  
o r  c u t t i n g   s i t e s .  The c h a r a c t e r i s t i c s  o f  t h e  
l o c a l   c o n f i g u r a t i o n  o f  v c R c t a t i o o  i n  Da Hinggan 
1,ing  has a c l o s e   r e l a t i o n  w i t h  t h e   d i s t r i b u t i o n  
a n d   t h e   d e v e l o p m e n t   d e g r e e  o f  p e r m a f r o a t .  The 
t y p e s  of v e g e t a t i o n   h a v e  the e f f e c t  o f  i n d i c a t -  
l ~ g  p e r m a f r o s t .  Tn swamp, s t r a w   m a t t r e s s   h e s   a n  
e f f ' e c t  of  i n d i c a t i n g   t h i c k   l a y e r e d   g r o u n d   i c e .  
I . n r i x   g m e l i n i i   i n d i c a t e s  ].ow t empera ture   perma-  
f r o s t .  and P i n u s  s y l v e s t r i s  i n d i c a t e s  h i g h  

F e n g x i n n ,   1 9 9 0 ) .   T h e   p e r m a f r o s t - e c o l o g i c a l  
t e m p e r a t u r e   o r   t h e   s p o r a d i c   p e r m a f r o s t   ( L i a n g  

envi ronment  is weak ,   because  t h e  a r e a  i s  l o c a t e d  
rn t h e  soulbern E u r a s i a  b o r d e r  w i t h  h i g h   l a t i -  
t u d e   c o n t i n u o u s   p e r m a f r o s t .   A f t e r   t h e  b i g  f o r e s t  
f i r e ,   t h e   s t e a d y   p e r m a f r o s t - e c o l o g i c R 1   e n v i r o n -  
ment   changed.  T h i s  p ~ p e r   p r e s e n t s  the a p p l i r a -  
Lion o f  r e m o t a   s e n s i n g   t e c h n o l o g y  a n d  t h e  
a n a l y s i s  o f  t h e   c h a n g e s  o f  t h e   p e r m a f r o s t -  
e c o l o g l . c a 1   e n v i r o n m e n t   i n   b u r n e d   f o r e s t  r e g i o n s  
i n  and h e f o r e   1 9 8 7 ,  

- RESOURCES OF REMOTE SENSING  INFORMATION 

3 8 8  

On t h e  b a s i s  of b u r n e d   f o r e s t  l a n d  and e c o l o -  
g i c a l   c h a r a c t e r s i t i c s  of  v e g e t a t i o n ,   s u c c e s v i o n ~ l  
c y c l e s  a n d  t h e   r e l a t i o n   b e t w e e n   v e g e t a t i o n  and 
p e r m a f r o s t ,  we a n a l y z e d   t h e  i m e g e r y  mainly on 
v i s u a l  i n t e r p r e t - a t i o n ,   e s t a b l i s h e d   i n t e r p r e t a -  
t i o n s  s i g n s  a b o u t   t h e   b u r n e d   d e g r e e  o f  f o r e s t .  
f i r e ,  v e g e t a t i o n  t y p e s ,  t h e   r e c o v e r y   o f   t h e  
burnen f o r e s t   a f t e r   t h e   f o r e s t   f i r e  and  the 
c h a n g e s  o f  p e r m a f r o s t   e n v i r o n m e n t   r e s p e c t i v c l y ,  
and a t  t h e  same t. ime, g a v e   f i e l d   i n v e s t i g a t i o n  
a n d   o b s e r v a t i o n s   a b o u t   t h e   b u r n e d   f o r e s t   r e g i o n  

r e g i o n  on h M a y ,  1 9 8 7 .  
i n  t h e   1 9 5 0 9 ,   e s p e c i a l l y  the b u r n e d  f o r e s t  

INTERPRETATION ABOUT B U R N E D  FOREST REGIONS A N D  
BURNED DEGREE 

T h e r e   a r e  some d i f f e r e n t   i m a g e r y   c h a r a r t c r i s -  
t l c s  e b o u t  b u r n e d  f o r e m t   r e g i o n s  on d i f f e r e n t  
r e m o t e  s e n s i n g   i m a g e r y .  We d i s t i n g u i s h  them 
a c c o r d i n g  t o  s t r o n g   c h r o m a t i c   o b s e r v a t i o n  in 
c o l o r   c a s t   a b o u t   b u r n e d   a n d   u n b u r n e d   r e g i o n s .  

on t h e   p a r c h r o m a t i c   a e r i a l   i m a g e s   a n d   g r e y i s h  
w h i t e   g r a n u l a r   a n d  r o u g h  f e e l i n g  and B solid 
- p e r c e p r i o n .   T h e r e  i s  a w h i t e   f o g  on t h e  i m a g e  
i n  t h e  b u r n e d  f o r e s t  regiun. 

s a t   i m a g e s ,   t h e   b u r n e d   f o r e s t  r e g i o n  a p p e a r s  

1. I t  i s  a b l a c k   c o l o r   c a s t  i n  burned   reg ions  

2 .  On s t a n d a r d   a l l o c h r o m a t i c   s y n t h e t i c   l a n d -  



brownish  black  and  the  unburned  forest  region 
appears  fresh  red. 

3 .  W e  color TM 7 ,  3 and 4 bands  into  red, 
green  and  blue,  and  make  the  landsat  imagery 
approximately  into  natural  colors.  The  burned 
region  appears  black-black  red-red,  and  the  un- 
burned  forest  region appears green  (see Fig.1). 

view o f  1 9 8 7 ' s  big forest  fire and  the  burned 
degree.  On  the  basis o f  Figure 1 and-the  color 

we  divide  the  burned  degree  into  three  types. 
cast  and  vegetation  shadow  lines  characteristics, 

Severely  burned,  moderately  burned  and  slightly 
burned,  and  compose a texonomic  figure ( s e e  Fig. 
2) .of the  burned  degree o f  1 9 8 7 ' s  forest  fire in 
Da  Hinggang  Ling.  The  imagery  characteristics of 
each  burned  type  and landscape s e e  Table 1. 

Figure 1 audio-visually  illustrates  the  full 

Table  1.  Imagery  charactersitic of  burned 
degree  and  landscape 

Burned Imagery  characteristics  and  landscape 
degree 

Severely It appears  blackish red  and red on 
burned  landsat  imagery,  no  information  about 

green  vegetation,  landscape i s  dead 
plats. There are n a k e d  stands  in 
spotted  forms  in  local  ground surface. 

Moderate1.y It appears  blotted  black-red  with 
burned uncontinuous  green  bands  like  flimsy 

yern on landsat  imagery.  Ground  sur- 
face  is  covered hy 30X high-forest 
and 60% dead  plants  (Young  trees  and 

except  for  scorched  part  within 1 / 3  
grass). Most  highforest  is  alive 

high o f  the  trees  from  ground.  The 
canopy  of  the  high  forest  is  grecn. 

Slightly It appears blotted  black-red o n  the 
burned widespread green  background on land- 

sat imagery.  Most  vegetation i s  
still  alive.  The  dead  plants  are 
shrub  and  grass. 

THK INTERPRETATION OF VEGETATION  TYPES 

of  Larix  gmelinii,  Pinus  sylvestris  and  Retula 
Platyphyla  increase in order of ~uccessiun. So,  
on  the  parchromatic  aerial  imagery,  Pinus sylves- 

greyish  black a-nd Betula  platyphylla appears 
trisa  appears black,  Larix  gmelinii appears 

greyish  white:  on  standard  allochromatic  synthe- 
tic  summer  landsat  imagery,  the  three  species 
appear  browish  red, red and  yellowish rcd 
successively:  on  approximate  natural  chromatic 

appear  blackish-green,  grecn  and  yellowish 
synthetic  landsat  imagery,  the  three  species 

green.  As  the  chromatic  aberration  of  vegetation 

to  divide  demarcation  line of vegetation  types. 
is less in its  growing  season, it is  difficult 

But by combining  the  analysis  of  winter  landsat 

tive  results.  Because of the  fact  that  Larix 
imagery,  we  are  able t.o obtain  good  interpreta- 

gmelinii  and  Betula  platyphylla  are  deciduous 
trees,  there  appear  grey  or  greyish  green  on 
standard  allochroncatic  synthetic  landsat 
imagery. Pjnus sylvestris  is  green  all  year, i t .  
appears  as a reddish  blotted  block on  standard 
synthetic  ladnsat  imagery. On grass o r  shrub 

greyish white in winter. 
land,  it appears bright. red  in summer a n d  

THE INTERPRETATION OF VEGETATION RECOVERY- 
REGIMES IN THE BURNED FOREST  AREA 

VeRctation  Recovery .Regimes  in  thc  Burned  Forest 
& 

of 1:50000D, sheet  123/23 and TM 2 ,  3 and 4 
bands on 3 Oct., 1988, the-burned  area  appears 
red n o t  only  in  the  river  valley,  but  also  on 

tics  of  even  and  fine, and no  stereoscopic 
the  slope.  According  to the  image  characteris- 

sensation red with  that  the  more  severely  the 
burncd,  the  better  the  connected  stretches o n  
the  image, wc found 'that  the  first  recovered 
plant is tussock  in  the  second  year  after  the 
forest  firc.  Through  field  investigation  in 
1990/1991,  the  plant  coverage  was  up t o  80-9OX. 
There  are  mainly  young  Betula  Platyphy IJa and 

high  and make  up  the  main recovered p1ant.s. 
Populous devidiana  which are about. 2-3 m meters 

On t h e  analyses  of TM 2, 3 and 4 hands 
synthetic  landsat  imagc  on  sheet  121/23 o n  4 
Nov., 1989 and TM 7, 4 and 3 bands  synthetic 
landsat  image on sheet 1 2 3 / 2 3  o n  1 3  May, 1.990, 
the  color  casts o f  moderatcly  burned lorcst 
regions  appear  basically  thc  same  as  the  unburn- 
ed forest  region  in  these  two  periods.  They 
appear  in a bat.hochromatic  hue. This  illuslrates 

sl-~ghtly burned regions  is  not  destroyed by the 
that  the  arborous  layer  in  moderately  and 

fire, and  Lhis  result  is  verified  from  thc  field 
investigation.  But i t  appears i n  a yellow or 

burned  regions  in  the  two  periods.  This  hue  has 
yellowish  white  hyysochromatic  hue  in  severely 

an  obvious  ~onstrast  with  the  bathchromatic  hue, 
and  appcars  as a characteristic o f  "forest 
window".  Since  the  vegetation  in  the  severely 
burncd  region  is  almost  all  dead,  the  rccovered 
vegetation is tussock  and  shrub.  In  the wither-. 
ing  period,  the  reflectance of the  litter  layer 
increases.  It  appears a s  a hypsochromic  hue  in 

On the  alluchromatic  synthetic  landsat  image 

As  discribed  above,  the  main  vegetation  in Pa the  germinating  season,  che  lower  grass is 
Hinggang  Ling  is  Larix  gmelinii,  Pinus  sylvestris covered by high  dead  grass,  and  appears as a 

and  Retula  Platyphylla.  Owing  to  the  simple hypsochromic  hue a s  welll.  This  ctiaracteristic 

species,  the  chromatic  observation  information of "forest. window"  is  correspondent  with  the 

on the  allochromatic  synthetic  landsat  image  and results of field  investigation. 
phenological  information  on  the  multitemporal 
landsat  image  can  distinguish  the  dominant The  Analysis o f  Forest  Recovery in Past  Recorded 

species.  From  spectrum  research,  the reflectances Forest Fi reg 

_ .  
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Figure 2 .  The  interpretation  figure  of TM imagery  about  burned  degree  in  burned  forest 

Legend  Scale: 1. Severely  burned  forest  land: 2. Moderately  burned  forest  land; 
region in Da  Hinggang  Ling on 5 June, 1987 

3 .  Slightly  burned  forest  land: 4 .  Unburned  forest  land: 
5 .  Railway; 6 .  Road: 

Forest  fires  occur  frequently  in  Da  Hinggan 
Ling. In order t o  investigate  the  recovery 
characteristics,  we  inspect 1 2  burned  forest 
sites  with  vegetation  recovery  regimes  since  the 
1950's (bee  Table 2 ) .  

bution  sequence  of  recovered  vegetation  at  the 
burned  sites  illustrates  the  successional  se- 

. e d  vegetation  in  the 1 9 5 0 ' s  burned  areas  are 
quence of  'vegetation  in  time  series.  The  recover- 

mainly  pine-birch  forest  assemblage  and i n  the 
1980 's  the  burned  areas  are  mainly  birch  and 
poplar.  From  Table 2 ,  we  see  that  anthropogenic 
afforestation  can  reconstruct  the  rational forest 
structure  and  accelerate  the  formation  of  a 
climax,  especially  in  severely  burned  regions 
where  there  is no resource-seed  trees  alive, i.e. 

Station  Forest  Bureau  in 1 9 7 5 .  
the  severaly  burned  region  at  the  Eighteenth 

As  described  in  Table 2, the  spatial  distri- 

INTERPRETATION OF THE CHANGES OF PERMAFROST 
ENVIRONMENT 

environment  is  mainly  the  warming  effect.  Its 
The  effect o f  forest  fire o n  the  permafrost 

presentation  is  the  increase of  air  and  ground 

cause  an  increase  in  the  seasonally  thawed 
surface  temperitures.  Their  synthetic  effects 

depth.  Since  vegetation  is  sensitive  to  those 
factors,  we  give  analyses  about  the  changes  of 
permafrost  environment  according  to  the  abnormal 
information  on  imagery. 

Figure 1 shows  leaf-form  shalow  green  blotted 
black  abnormality  in  the  Northern  Hongcoqg 

with  the  adjacent  deep  green.  From  Eield  inves- 
region.  The  abnormality  has  a  strong  contrast 

7 .  River: 8. Residential  area. 

tigation,  the  abnormality  is  caused by 1 9 6 5 ' s  
forest  fire  whose  effects  made  the  changes of 
radiation.,  increased  ground  temperature  and 
evaporation,  decreased  water  content  and increas- 
ed  the  seasonally  thawed  depth,  etc.  The  warming 
effect  has  an  advantage  to  vegetation  succession 
We  verified  the  warming  effect  through  field 
investigation i n  J u n e  1 9 9 0 .  From  the  observation 
of  ground  temperature  and  thaw  depth  at 20 burned 
sites  and 10 unburned  sites,  we  found  that  the 
average  ground  temperatures  at  a  depth  of 20 cm 
at  burned  and  unburned  sites  are 5.1"C and 0,8 'C 
respectively,  and the thaw  depths  at  the  same 
time  at  burned  and  unburned  sites  are 4 8  cm  and 

deeper  than  at  the  unburned  site. 
27.8  cm  respectively.  The  burned  site  is 20.2 cm 

From  borehole  information  in  the  northern 
valley o f  Amuer  in  Oct. 1 9 9 1 ,  the  maximum  sea- 
sonally  thawed  depth a t  the  burned  site, 5 0  m 
apart  from  the  unburned  site,  and  unburned  site 
are 2.5 m &nd 1.25 m respectively  in  swamp,  the 
difference  is  great.  From  the  measured  tempera- 
tures  in  boreholes,  the  difference  of  ground 
temperatures  in  the  two  boreholes  at  burned  and 
unburned  sites  is  distinct  within  the  depth  of 
5 meters.  The  range  of  the  difference  is 0.5- 
0 . 8 ' C ,  the  maximum  is 2.0"C. With  the  increase 
of  the  depths,  the  difference  of  the  temperatures 

20 cm, they are  correspondent. As described 
in  the two  boreholes  become  little.  At  depth o f  

above,  it  is  the  warming  effect  caused by forest 
fires on the  permafrost  environment  that  is 
obvious an.d significant. 

CONCLUSIONS 

3 9 0  



T a b l e  2 .  V e g e t a t i o n   r e c o v e r y  of  p a s t  recorded b u r n e d  f o r e s t   r e g i o n s  

Nu. R e g i o n   ~ u r L e h   t i m e  . I Mode o f  
R e g e n e r a t i o n  R e c o v e r e d   C o n s t i t u t i o n  

1 Kutluer Forest, Bureau  Before  1950 ' N a t u r a l   L a r i x   g m e l i n i i   a n d  Picea e s p e r a t a  w i t h  
d i a m e t e r  o f  20-30  r m  

2 T e s t i n g   F o r e s t   C e n t r e  1988 N a t u r a l  L a r i x   g m e l i n i i   a n d   R e t u l a   p l e t y p h i l a  
3 Yanshan   Fores t   Cent re  1960 N a t u r a l  B e t u l a   p l a t y p h y l l a   a n d  L a r i x  p m e l i n i i .  
(r Hejhong  County Before  19G5 N a t u r a l  B e t u l a   p l a t y p h y l l a   a n d  L a r i x  g m c l i d i i  
5 Yanahan  Fores t   Cent re  1966 ' N a t u r a l  L a r i x   g m e l i n i i   a n d   B e t u l a   p l a t y p h y l l a  
6 Yanshan   Fores t   Cent re  1966 N a t u r a l  Carlx g m e l i n t i   a n d   B e t u l a   p l a t y p h y l l a  
7 X i n l i , n  F o r e s t   C e n t r e  1 9 7 2  Anthropogenic  L a t i r   g m e l j . n i i   a n d   B e t u l a   p l a t y p h y l l a  

8 L i n l a n  1 9 7 2  N a t u r a l  B e t u l a   p l a t y p h y l - l e   a n d   L a r i x   g m e l i n i i  
9 Tahe   Fores t   Bureau   1978  Natura l   and  B e t u l a   p l a t y p h y l l a ,   L s r i x   g m e l i n i i   a n d  

Anthropogenic  P i n u s  a y l v e e t F , i S   w i t h   r a t i o  o f  7 :4 :1  , 

w i t h   r a t i o  o f  8:1 

10 N e i g h t e e n t h  F o r e s t  1975  1. N a t u r a l  A11 b r o a d - l e a v e d   t r e e e   ( n o   r e s e r v e d - s e e d  
B u r e a u   t r e e s )  

2 .  N a t u r a l   L a r i x   g m e l i n i i  a n d  Betu la   p lRtyphy1, la  
( h a v e   r e s e r v e d - s e e d   t r e e s )  

3 .  N a t u r a l   P i n u s   s y l v e s t r i s  and B e t u l a   p l a t y p h y l l a  

4. Anthtopogenic A l l  p i n u s  s y l v e s t r i s  w i t h  h i a h t  of 3 - 4  m 

( h a v e   r e s e r v e d - s e e d   t r e e s )  

11  Kuduer F'oresr. Bureau 1980 N a t u r a l  The s e c o n d a r y   f o r e s t  o f  B e t u l a  
p l a t y p h y l l a  

1 2  Tuqisng  Forest   Bureau  1982  Natural  a n d  All p i n u s  s y l v e s t r i s  
h n t h r o p o g c n i c  

" 

W i l h   t h e   a n a l y s e s  of remote s e n s i n g  imagery 
a n d  f i e l d   i n v e s t i g a t i o n ,   t h e   r e s u l t s  a t e  a s  
r o l l o w s :  

( 1 )  RemoEe s e n s i n g  imagery  has  a good i n t e r -  
p r e t a l i v e   r e s u l t s   a b o u t   b u r n e d   E o r e s t   a r e a s ,   t h e  
burned   degree  of forest f i r e s   v e g e t a t i o n   t y p e s ,  
t h e  rc.$i.mc o r  v e g e t a t i o n   r e c o v e r y  a s  well. a s  t h e  
i n f o r m a t i o n   a b o u t   t h e   p e r m a f r o s t   e n v i r o n m e n t .  
Those r e s u l t s   i l l u s t r a t e  B p r o s p e c t i v e   a p p l i c a -  
t i o n  o f  t emole   s ens ing   t echno logy  i n  p e r m a f r o s t  
env i ronmen t   and   vege ta t ion .  

( 2 )  V e g e t a t i o n  h a s  good r e c o v e r y   c o n d i t i o n s .  
The v e g e t a t i o n  i n  1 9 8 7 ' s   f o r e s t   f i r e  l a n d  h a s  
r c c o v e r c r l   r a p i d l y .  T h e  f i r s t   r e c o v e t e d   s p e c i e s  
i s  8 r a s s  w i t h   c o v e r a g c  u p  t o  80-909,. The g r a s s  
hns a n  e f f e c t  on s o i l  and   wa te r   conse rve t ion ,  
nnrl makes t h e   e c o l o g i c a l   e n v i r o n m e n t   h a v e  a 
p o s i t i v e   d e v e l o p i n g   t e n d e n c y .  The v e g e t a t i o n  
i n  l i g h t l y  a n d  m o d e r a t e l y   b u r n e d   f o r e s t   a r e a s  
h n s  b e e n   r e r o v e r i n g   c o n s i d e r a b l y ,   a l t h o u g h   t h e  
r ecove red   spec i . e s  a r e  b r o a d - l e a v e d   t r e e s   s u c h  a s  
R e t u l a  P l a t y p h y l l a ,   P o p u l u s   d e v i d i a n a ,  c t c . ,  
w h i c h  c r e a t e  a b e t t e r   c o n d i t i o n  f o r  f u r t h e r  
s u c c e s s i o n .  L L  i s  n o t i c e a b l e   t h a t   t h e r e  i s  only  
g r ; I s s  in the  s e v c r e l y  burned n ~ e d s  i n  which 
t h c r e  a r e  n o  s e e d - r e s e r v e   t r e e s   a l i v e .  I n  t h e s e  
r e g i o n s ,  we h a v e   t o   a f f o r e s t  i n  o r d e r  t o  speed 
Ll~e s u c c e s s i o r . .  

forrsL tires, thc r e s u l t s   i l l d i c a t e   t h a t  t h e  

'The s r c o n d a r y  f o r e s t  such a s  B e t u l a   P l a t y p h y l l a  
b u t  ned f o r e s t .  has a s t e a d y   s u c c e s s i o n a l   r u l e .  

F i , r l o l ly   succeeds   t o  u c l imax ( p i n e )  only   th rough 
a l o n g   s u c c c o s i o n a l   p r o c e s s  i n  which i t  needs  
l O I ) - Z O O  y e a r s .  Hecausc o f  t h e   s t e a d y  ec r r log ica l  

( : 3 )  From f i e l d  i n v e s t i g a t i o n  o f  p a s t  recorded  

s y a t e m   a n d   s t r o t l y   a b i l i t y   t o   r e s i s t   d i s t u r b a n c e  
o f  p i n e  communi t ies ,  t h e  s u c c e s s j o n  is very 
slow. T h e  r e g u l a r   p a t t e r n  o f  t h e   s u c c e s s i o n  of 
b u r n e d   f o r e s t  i n  Da Hi.nggan Ling i s  c o r r e s p o n d -  
e n d  w i t h  t h e   s u c c e s s i o n a l   p a t t e r n  of c o n i f e r o u s  
f o r e s t   i l l u s t r a t e d  b y  K . V .  Ckee  (Zhou Youwu, 
1 9 9 2 ) .  Prom L h i s ,  we can  see t .ha t   the   recovery  
o f  t h e   b u r n e d   f o r e s t  o n ,  May 6 ,  1987 may need 
more  t h a n  a h a l f  c e n t u r y  Kor t h e   s i g n i f i c a n t  
s u c c e s s i o n .  

( 4 )  Fores t   and   pe rmaf ros t  a r c  t h e  two m a j o r  
f a c t o r s  whose i n t e r a c t i o n   m a i n t a i n s   t h e   e c o l o -  
g i c a l  b a l a n c e  i n  p e r m a f r o s t   r e g i o n s .   T h e r e f o r e ,  
the r e c o v e r y  o f  t he   pe r rnn f ros t   env i ton ,men t  m u s l  
depend on t h e  v e g e t a t i o n   r e c o v e r y .  The  speed o f  
t h e   r e c o v e r y  of t h e   p e r m a f r o s t   e n v i r o n m e n t  
rei-ates n o t   o n l y  t o  t h e   b u r n e d   d e g r e e .  b u t  a l s o  
t o   t h e   c l i m a t i c   c o n d i t i o n s  and t h e   v e g e t a t i o n  
t y p e s .   V i e r e c k ' s   c o n c l u s i o n   i n d i c a t e s  t h a t  t h e  
thawed d e p t . h  r e a c h e s  the m a x i m u m  t a h w  d e p t h  i n  
l o w e r   t e m p e r a t u r e   r e g i o n s   e a r l i e r  t.hnn i n  h i g h e r  

w e i ,  1,989) .  C.H. R a c c i n c ' s   r e s u l y s  i - l l u s t r a t e  
t e m p e r a t u t e  r e g i o n s  i n  b u r n e d   a r e a s  (Gu Z l r u n g -  

t h a t  w h r n  t h e  b u r n e d   v e g e t a t i o n   t y p c s   d i f f e r ,  
t h e  d e g r e e  o f  i C s  recovery   and  t h e  e f f e c t s  o n  
permafrost .  d 1 f f ~ 1 1 . s  d i a t i n c ~ i v e l y .  I n  t u n d r a ,  
t h e  thaw  dep th   r eaches  i t s  maximum t w o  y e a r s  
a f t e r  a f i r e  a n d  i t  r e t u r n s   t o   t h e   p r e f   i t - e  
d e p t h  t w o  y e a r s   l a t e r .  Hut i n  f o r e s t   r e g i o n  i t .  
n e e d  abou t   15   yea r s  for t h e  thaw d e p t h  t o   r e a c h  
its m a x i m u m  a f t e r  a f i r e  o n d  n e e d s   a b o u t  25-50 
y e a r s  t o   r e t u r n   t o   t h e   p r e - f i r e   l e v e l  ( Z h o u  
Youwu, 1991).  It1 a c c o r d a n c e  w i t h  'Llris, we 
a n a l y z e  t h a t  the   rec-overy  of t h e   p e r m a f r o s t  
environment  a f t o r  a f i r e  i n  .swamp which   has   the  
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time"; i t s  d i s t r i b u t i o n  h a s  a c l o s e   r e r a t i o n s h i p  
w i t h  p a r m a I r o s t . . R u t  we ought  t o  l o o k   a t   t h e  
r e l a t i o n s h i p   a g a i n .   W e , d o n ' t   c o n c l u d e   t h a t  
p e r m a f r o s t  i s  t h e   o n l y  o r  o p t i m u m  c o n d i t i o n  For 
Lar ix   gme l i t r i , i   t o  grow  and t o  p r o t e c t  f o r e s t .  
L i k e  o t h e r   v e g e t a ~ i o n ,  L a r i x  g m e l i n i , i ' s  S r o w i n g  
i s  l i m i t e d   m a i n l y  b y  t h r e e   f a c t o r s ,   w a t e r ,  
r a d i a t i o n  and h e a t .  Through f i e l d  i n v e s t i g a t i o n ,  
L a r i x  g m e l i n i i   g r o w s   b e s t  on t h e   y o u t h e r n  s l o p e  
on w h i c h  t h e   t h r e e   f a c t o r s   a r e   a t  an  optimum, 
n e x t  best is o n  t h e   n o r t h e r n   s l o p e .  I n  swamp 
which  has  low t empera tu re   and  h i g h  water  c o n -  
t c j l t ,   L a r i x   g m e l + n i i   g r o w t h  is w o r s t .  I n  Chinese  
d i ' a l e c t , '  j t  is c a l l e d   " o l d   d w a r f  man". T h i s  
i n d i c a t e s  t h a t   t h e   w e l l - d e v e l o p e d   p e r m a f r o s t  " '  

' ~ ~ g i o n  does   no t   have   op t imum  condi t ions  f o r  
L a r i x  y m e l i n i i   t o   g r o w .  B u t  t h e   l i t t e r   l a y e r  
when, s1 i g h t l y   b u r n e d   a n d   c l e a n e d   c a n   i n c r e a s e  
r a d i a t i o n  i n  f o r e s t ,   s o i l   t e m p e r a t u r e   a n d   t h a w  
t l c . p t h ,  w h i c h   i m p r o v e s   t h e   g r o w i n g   c o n d i t i o n s  o f  
v e g e t a t i o n  i n  h i g h   w a t e r   c o n t e n t   l a n d .  

( 6 )  A l t h o u g h   f o r e s t  f i r e  i s  Frequent  i n  1)s 
Minggan L i n g ,  t h e  two e x t r e m e   c e n d e n c i a s  o f  

T h r o u g h   a n a l y s l s ,  t h e  r e a t l o n s   a r e  a s  f o l l o w i n g :  
d e s u r t i f L c a t i o n  ad11 swamping a r e  n o t  o b v i o u s .  

A .  The r e a s o n  t h a t   t h c   d e s e r t i f i c a t i o n  
phenomenon i s  n o t   c l e a r  i s  owing t o  t h e  f a c t  
t h a l ;  t h e  reg io l l  b e l o n g s   t o  a f r i g i d - t e m p e r a t e  
zone  and he3 a semi-humid  Clim8,Ee, The burned 
f o r e s t .  a r e a  i s  o n l y  a s m a l l   p a r t  o f  DR Hinggan 
Ling and i t  doesn't c a u s e ,   t h e   c h a n g e  o f  atmos- 
p h e r i c   c i r c u l a t i o n ,   U n d e r ' t h i s   c o n d i t i o n ,   b u r n e d  
v e y r L a L i o n  hrrs good r e c o v e r y  s n d  c o v e r s   t h e  
g r o u n d   s u r f a c e   q u i c k l y .  

B .  T h e r e  i s  n o  snnd r e s o u r c e .  
C .  The mean a n n u a l  w i n d  v e l o c i t y  i s  s m a l l  

nnrl t h e   d a y s  o f  l a r g e  winds a r e  few. Tn t h e  
c o n d i t i o n s  of 'no s a n d   r e s o u r c e ,   l e s s  w i n d  power, 
good r e c o v e r y   c l i m a t e ,   t h e   t e n d e n c y  o f  d e s e r t i -  
f i c a t i o n  is l i t t l e .  

oC t h e   f a c t   t h a t , :  
The  swamping  tendency i s  no t   obv ious   because  

A .  F i r e  hutnerl l i t t e r   l a y e r ,   c a u s e s   t h e  
d c c r e a s e  of  w a t e r   c a p a c i t y  a n d  i m p r o v e d  water  
rlr:afnage. 

B. Burned f o r e s t  l a y e r  formed Q " f o r e s t  
window"  which l e t s  more r a d i a t i o n   i n t o   t h e  
forest, increases e v a p o r a t i o n  and w a t e r   c o n t e n t  
i n  Lhe a c t i v e  l a y e r  e x c e p t  f o r  t h e  i n c r e a s e  i n  
1 d ; a l  swamp l a n d  (Zhou Youwu, 1 9 9 1 ) .  The ampl i -  
t u d e  o f  t h e   d e c r e a s e  of w a t e r   c o n t e n t  is u p  t o  
50-701: (1 , iang   Linheng,  e t  a l ,  1 9 8 1 ) .  

C .  From p i t  t e s t s ,  this r e g i o n  h a s  a l a y e r  o f  
w e a t h e r i n g  e l a s t i c  g r a n i t e  t h a t  h a s  s t r o n g  water  
p e m e n h i l i t y   w h i c h   c r e a t e  a good c o n d i t i o n  f o r  
t h e   w a t e r  O F  thawed  ground i c e  t o  p e n e t r a t e .  
T h i s  c a n   i n t e r p r e t  Lhe d e g r e e  of t h e   d e c r e a s e  o f  
w a t e r  c o n t e n t  i n  t h e   s e a s o n a l l y   t h a w e d   l a y e r  
w i t h   t h e   i n c r e a s e  of s e a s o n a l l y  thawed  depth.  

The e f f e c l  of f o r e s t .   f i r e s  o n  t h e  p e r m a f r o s t  
cnvj ronment  a n d  v e g e t a t i o n  is a c o m p l e x   s u b j e c t .  
T h e  r e c o v e r y  o f  v e g e t a t i o n  a n d  p e r m a f r o s t   e n v i -  
ronment. r e q u i . r e  a l o n g  p r o c e s s ,  In o r d e r  t o  
e v a l u a t e   t h e   e f f e c t s  o f  f o r e s t   f i r e s  on  v e a e t a -  
t i n n  a n d  t o  know w e l l   t h e   r u l e s  of  v e g e t a t i o n  
s u c c e s s i o n   a n d   t h e   r e c o v e r y  o f  p e r m a f r o s t   e n v i -  
rnnment.. we o u g h t   t o  use t h e  r e a l  ti.me and 
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T H E  CIIARACTERISTICS OF THE DISTRIBUTION OF SNOW COVER AND ITS WARM-EFFECT 
ON THE TEMPERATURE OF PERMAFROST, AMUER R E G I O N ,  D A  H I N G G A N  LING 

L i a n g   L i n h e n g   a n d   Z h o u  Youwu 

L a n z h o u   I n s t i t u t e  o f  C l a c i o l n g y   a n d   G e o c r y o l o g y , C h i n e s e   A c a d e m y  of  S c i e n c e R  

T h i s   p a p e r   p r e e e n t s   t h e   c h a r a c t e r i s t i c s  of t h e  d i s t r i b u t i o n ,  d e p t h ,   d e n s i t y   a n d  
t e m p e r a t u r e   o f  snow c o v e r   a n d  t h e  regime of s h a l l o w   g r o u n d .   t e m p e r a t u r e ,  i n  d i f -  
f e r e n t   v e g P t . a t 1 o n  z o n e 8  a n d   g e o m o r p h o l o g i c a l   p o s l o n ,   A m u e r   r e g i o n ,  D A  H i n g a n  
L i n g ,  N o r t h e a s t  of C h i n a  i n  1991-92. T h e  r e s u l t s   i n d i c a t e   t h a t   t h e   d e p f h  o f , s n o w  
c o v e r   i n   s w a m p  is t h i c k e r   t h a n  o n  s l o p e  i n  g e n e r a l ,   t h e   d e p t h  i n  b u r n e d   f o r e s t  
s i t e  is 1-3 c m  t h i c k e r   t h a n   u n b u t n e d  f o r e s t . s i t e  i n  t h e  same geomorphologLca1 
p o s l f l i o n   s n d  same v e g e t a t i o n   c o n d i t i o n s ,   t h e   n a k e d  s i t e  ( c u t t i n g  s i t e )  i a  t h e   t h i n -  
n e s t .   T h e   t h i c k e s t   d e p t h  o f ,  s n o w  cov.er i n   t h i s  r e g i o n  i s  more t h a m  60 cm i n  t h i s  
time of  i n v e s t i g a t i o n . - T h e   c h a r a c , t e r i s t i c  o f  t h e   d e s i t y  o f  s n a w   c o v e r  is t h a t  
t h c   d e n s i t y  a t  n a k e d  s i t e .  i s  t h e   b i g g e s t ,  a n d  a t  u n b u r n e d  s i t e  i s  t h e  l e s t .  From, 
c a l c u l a t i o n ,  t h e   d e p t h  o f  snow, c o v e r  f r o m  2 1  t o  36 cm c a n  i n c r e a s e  mean annual 
g r o u n d  surfac'e t e m p e r a t u r e  2.R,-.5.0°C., 

INTRODUCTION 

T h c   d e p t h   a n d   d e n s i t y  o f  snow c o v e r   a n d  i t s  
d i s t r i b u t i o n   a r e   v e r y   i m p o r t a n t  t o  t h e   s t u d y  o f  
p e r m a f r o s t   a n d   h y d r o l o g y .  Many s c h o l a r s   s t u d i e d  
t h e  p r o b l e n , s u c . h  8 s  C . A . T r o e n d l e ,   R . A . S c h m 5 t  
(1980)  a n d  D.A.Toews (1988)  who  h a d  s t u d i e d  sn.ow 
d e p n s i o ~ ~   p r o c e s s   i n  R f o r e s t .  U N S C W I A S H J W M O  
( 1 9 7 0 )  i n  thc s t u d y  o f  s e a s o n a l  anow cover c o n -  
c e r n e d  t h e   d i s t r j b u t i o n  of  s n o w  c o v e r   a n d   e t c . .  
l)ai  J i n b o  ( 1 9 8 1 )  h a d   o b s e r v e d  t h e  d e p t h  of snow 
c o v e r  i n  swamp i n   o u r   s t u d y  r e g i o n .  T h i s   p a p e r  
d i s c u s e s  t.hp c h a r a c t e r i s t i c s  o f  t h e  d e p t h ,   d e n -  
s i t y  a n d   t h e   t e m p e r a t u r e  o f  s n o w  cover ~n d i f -  
f c r e n t  geomorpho1,ogical p o s i t i o n s  a n d  d i f f e r P n t  
t y p e s  of v e g e t s t i o n   z o n e s  ( n a t u r a l ,  n a k e d   e n d  
h u r n e d   f o r e s t   z o n e )   i n  A m u e r  r e g i o n ,  Da H i n g e n  
I . i n g ,  N o r t h e a s t .  n f  C h i n a .  

SITE CONDITION 

Amuer f o r e s t   r e g i o n  (122'38'30"E. 5Z015'3"N): l i e s  i n  
t h e   n o r t h e r n  part o f   t h e  Da H i n g s a n  Linmg r o n t i n  - 
uOuB P e r m a f r o s t   r e g i o n   ( G u o D o n g x i n .  1981)  

T h e  climate is i n f l u e n c e d   b y   c o l d  a i r  masses 
(see Fig. 1)  and near t h e ,  China-pre-USSR, b o r d e r .  

f r o m  S i b e r i a   a n d   M o g o l i a .   T h e   m e a n   a n n u a l  a i r  
t e m p e r a t u r e  i s  - 5 . 1 ' G  (1959-19&7), t h e   a n n u a l  

p r e c i p i t a t i o n  is a b o u t  394.9 mm. 'It-begins t o  
snow a t  t h e  e n d  of S e p t e m b e r  o r  t h e   b e g i n n i n g  o f  
O c t o b e r ,   a n d  i t  e n d s  t o  s n o w : t o   t h e *   b e g i n n i n g  o f  
May n e x t  y e a r ,  S n o w   c o v e r   r e m a i n s   f o r   s e v e n  
m o n t h s ,   w h i c h  is c o r r c s p o n d r n t  w i t h  y e a r l y  fro- 
zen p e r i o d .  The d e p t h  o f  m e a n  annual s n o w   c o v e r  
i s  20-30 cm. T h e   r e g i o n  also i s  t h e   t y p i c a l  

' a i r  t e m p e r e t u r e  range is 4 7 . 6 ' C .  a n d   t h e  yearly 

.boreal f o r e s t   a r e a ,  a p d  t h e   a r e a  o f  f o r e s t  is 
, .  

T a b l e  1 T h e   c h a r a c t e r i s t i c s  o f  v e g e t a t i o n ,   g e o m o r p h o l o g y  
a n d   l i t h o l o g y   i n   e a c h  s i t e  

s i te  No. p ,eomorpho los i ca l   t he   t ype  of vege ta t i . on  l i t h o l o g y  
p o s i t   i o n   t h e  s i te  
" 

A footslope(2-3°C) n a t u r a l  dense   young c rushed- rock  

R '  d i t t o  burned burned  young ditto 

C ' crest l i g h t l y  hurned dense   p ine -  c r u s h e d   s t o n e  

E.S.exposure  pi .nus  pumila  loam & s a n d  

P i n u s  pumiln  

E.S.exposure b i r c h  com- loam , , 

m u n i t y  

I) s i d e - s l o p e   n a k e d   p i n e  and b i r c h   c r u s h e d   s t o n e  
E . S . e x p o s u f e   c u t t i n g  site ] . O m  

swamp ' burned   tussock  hum- peat & humus 
mncks & shrub R aandy lnpm , 

F d i t t o  n a t u r a l  sma'l.1 p i n e ,   d i t t o  
t u s s o c k  hum- , .  
mocks & s h r u b  

- I_ 

39.7 



p(JSiti011. 
The i n t e r n c t i o n  o f  w i n d  and  topography maybe 

i s  a n o t h e r   r e a s o n   t h a t   c a u s e d  t h e  d i f f e r e n c e  o f  

F ig . !   Geograph ica l  positlop i n  
r e r e a r r h   a r e 8  

I - -C. (~nt inuous  p e r m a f r o s t :  
2--Wide s p r e a d  c o n t i n u o u s  permafrost; 
3 - - S p o r d a i c   p e r m a f r o s t .  

more than  91%.  The f o r e s t  was seve re ly   bu rned  b y  
f o r e s t  f i r e  i n  t h i s  r e g i o n  in 1987 ,  We e s t a b -  
l i s h e d   o b s e r v a t i o n   s i t e s  For t h e  changes  o f  per -  
m t l l r n s t  envi ronment  a f t e r  t i l t .  E i r e  i n  1 9 9 U .  T h i s  
i n v e s t i g a t i o n  is t he   con t inu i .ng  O F  199O's"wotk. 
Thc   , vcge ta t  I n n ,  geomorphologi .ca1  posi t ion  and 
l i t h o l o g y  a t  e a c h   o h s e r v a t i o n  s i . t e  is i n  T a b , l .  

UISTKTBUTION OF THE D E P T H  OF S N O W  COVER 

I n  t h e  p r o c e s s  of r n o n i t o r l n g   t h e   d e p t h s  o f  
S I I O ' W  c o v e r  from s i t e  A t o  E Ln March 1Y91, t h e  
t l c p t h  n t  each  s i t e  i s  t h e   a v e r a g e  o f  f i v c   d e p t h s  
mc; lsured .  

t h c   o b s e r v a t i o n ,   t h c   d e p t h s  o f  st iowcover  
a r c   d i t f c r d n t  o n  t h e   d i f f e r e n t   t y p e s  of v c g e t a -  

rli,sc?jbcd i t s  T a b . 2 ,  t h e  ' t l i f f c r e n c e   b e t w e e n   s i t e  
L i c ~ n  and   geomor l Jho log icon   pos i t i ons   (Tab le  2 ) . h s  

A; ' ( , n a t u r n l )  s n d , s i t e  B ( b u r n e d )  i n  Nur thwes t  

A .  'rhc r l c y t h  a t  s i t e  C ( P l n e - b i r c h )   a t  k r c s t  i s  
s l o p c  j s  t h a t   S i t e  B i , s  3 . 3  c.m d e e p e r   t h a n   s i t e  

t h c   t w i n c e  r lccpcr  t h a n  .si te IJ ( n a k e d )  i n  Nor- * 

t h c s s t   s i d e - s l o p e .  I n  s w a m p ,  t h e   d e p t h   a t  s i t c  E 
(IJurnc-(I) is deeper  t h a n   s i t e  F ( u n b u r n e d ) ,  

T a b l e  2 'The t h i c k n e s s  o f  s n o w  c o v e r  
o t  r l i f K r r e n t  s i t , e s (  1 7 - 2 0 . 0 3 . 1 9 9 1 )  

tl ;I L e 17 I. 9 20 
site N o .  A B C D E F 
dcpth(cm) 3 0 . 2  33.5 3 0 , 3  21.0 3 7 . 0  3L.8 

G c n c r n l l y   s p e a k i n g ,   t h ?   d e p t h  o f  snow c o v e r  
i n  swamp is d e e p e r   t h a n   t h e   d e p t h  on s l o p e ,  and 
LIIC d c p ~ h  a t  burned sile i s  deeper  than  a t  un-  . ,  
1)urnccI s i t e ,  i n  which t.hc r l i f f e r c n c e  hetwee,n, 
rr;~kcd a n d  f o r e s t   s i t e s  i . s  t h e  most  d i s t i q c r . ,  

From f i . e l d  i n v e s t i g a t i o n ,  t,he main r e a s o n s  
wh i rh   cnused   t he  di f f e r e n c c  oK t h e  o f  snow 'C'over 
t ~ r e  t h e  forest, w i n d  and  topogaphy: Forest c a n  
n o t   o n l y   p r o l e c t   t h e  snow ut lder  i t  from being  
movo(I b y  wind,   but  a l s o  c o n   r e s i s t   s n o w - f a l l  t o  
t.he ground.  I ' a rL  o f  t h e  snow on f o r e s t   c a ~ ~ o p y  
can b c  Lhrnwn U I J  t r y  wJ.nd a n d  t - r a n s f e r e d .  T h i s  
m u y h c  is t h r  onp   rcasnn   thq t  mnrlr t h e  l i f f r r -  
v n c v  o f  thc t l ep t -hs  01  s n o w  cnver  berweerl  burned 
and unburnctl S ~ ~ P R  j n  t h e  samc ~ e o m o r p h n l o g i c ~ l  

t h e   d e p t h s  u f  snow C O V ~ I - .  111 t h i s   s u r v e y ,  t .h; l t  
t h e   d e p t h  i n  swamp i s  deeper   than  on ~ l o p c  
e x c e p t :  f o r   t h e  naked,   s i i te  is , p r o b a b l e   t h e  re - -  
s u l f s  o f  t h e  i n t e r n c t f o n ,  b u i .  ' i d  t h e   c o n d i   t l o n 3  
of  ground s u r f a c e ,  (He naked s i  t a   d i f f e r s  f rom 
t h e   , o t h e r   s i . t e s   w h i c h   e i t h e r   h a v e   s h r u b  R I I ~  t u s -  
sock or' d e n s e  o r  s p a r s c  p i n c   t r e e s .  T h u s ,  t h e  
Rnow c o v e r   a t   s i t e  C i s  easiest for w i n d  t o  
t r a n s f e r ,  and  the  monsoori~ d f  n o r t h e r n  d i r e c t i o n  
in w i n t e r  i n c r e a s e d  t h e   t r a n s f e r .   F i n a l l y   t h e  
depLIt O K  S I I C > W  cover  a t  n t l k r d  s i t e  ( s i t c  C )  i s  
t h i n n e s t  

The d e p t h  listed i n  T a b l e  2 i s  n o t  t h e  m a x -  
i m u m  d e p t h  of snow C O V ~ K .  AKter l ~ r a v y   p r e c i p i t a -  
t i o n  in M a r c h  2 Z n d  a n d  % 3 r d ,  t h e   d e p t h   n t  s i  t.e 
B i s  61 km a n d  s i t e  A . i s  51.,'3 cm. In A p r i l ,  t h e  
snow b e g i n s  f o  thaw  slowly,. 

THE CHARACTERISTIC OF SNOW DENSITY 

The  densimeber  used i n  t h i s   t i m e  was made b y  

Chipese  Academy o f  S c i e n c e s .  I t  Ls lOcm h i g h  and 
,Lanzhou J n s t i  t u t e  of G l a c i o l o g y  and GPocryology,  

i t a  d i a m e t e r  i e  5 cm. T h r o u g h   i n v e s t i g a t i o n ,  W P  

f u u n d  t h e  snow d e n s i t y   h a s   r e v e t , s a l   d i s t r i b u t i o n  
a t   e a c h   s i t e   t o   t h e   d e p t h  (Fig.2, T ~ h . 2 1 .  The 
d e n s i t y  i n  f i g u r e  1 a 1  e a c h  s i , t e  IS t h e   a v c r a g e  
o f  the   densi1.y  of   each  layer  a1.ong t.he r lcpth.  
From f i g u r e  1, we c a n  s e e   t h e   d e n s i t y   a t   s i t e s  
A a n d  C ( d e n s e   f o r e s t   s i t e s )  i s  t h e  minimum 
( 1 7 2 . 0  K g / m ' ) ,  and t h e   d c n s l t y  a t  s i t r  D ( n a k e d  
s i t e )  is t h e  maximum ( 2 0 3 . 7  K g / m ' ) .  The RcqUclrce 
o f  t h e   d e n s i t y  i .s s i t e  A(C)>B>D>E>F:  The  reasons 
f o r  t h e   d e n s i t y   d i . f f c r e n c e s   p r o b a l > L y   a r e  the 
f o r e s t  a n d  w i n d  e x c e p t  f o r  t he   naLura l  Eact.orG 
p E  j t s  w e i g h t ,   d e f o r b r a t i o n   a n d   c t c . .  W i n d  'ccin 
move s u r f a c e  snow,   he lp  t o  d e b t r o y  t h e  loose 
s t r u c t u r e ,  b r e a k  o f f  p r o t u b e r a n c e s  a n d  i n c r e a s e  
densi ty .   Those  promote  metamorphism  and  harden-  
i n g  o f  t h e  snow ( A l b e r t  F.Wuori, i ' l h 3 ) .  F o r e s t  
c o n   p r u t e c t   t h e  snow cover  from l r e ing   d i s tu rbed  
by  w i n d .  

T h e  d e n s i t i f i c a t i o n  of F r e s h  .snow is v e r y  
q u i c k .  The d e n s i t y  of f r e s h  snow ( a s  s o o n  a s  
snow f a l l   s t o p p e d )   m e a s u r e d  d u r i n g  l h i s  o b s e r v a -  
t i o n  i s  1 9 . 1  Kg/m . Two d a y s   I a t c ,   t h e   d e n s i t y '  

same site, snow d e h s i t y  changes  g r e ~ t . 1 ~  along 
becomes 1 1 4 . 6  K g / m ' ,  I n  t h e  seme t ime and  a t   t h e  

t h e  d e p t h .  Fig,3 presents  the  changes o f  snow 
d e n s i t y   long t h e  d e p t h   a t   s i t e s  A and B o t t e r  
snow f a l l .  W i t h i n  t h e  d e p t h  o f  0-20 cm, t h e  
d i r f e r e n c e  is n o t   o b v i o u s ;  under t h i s ,   t h e  ( t i l -  
f e r e n c e  i s  ' c l e a r .  

i ,  F i . g . 2  Densi ty  o f  snow cover a t   e a c h   s i t e  

REGIME OF SNOW TEMPERATURE A N D  I T S  W A R M  EFFECT'S 
ON GROUND A N D  G R O U N D  SURFACE TEMPERATURE 

D u r i n g  t h e  survey, we measured snow tempcre-  
tures a t  each s i r c  i n  d i f f e r e n t   v ~ g ~ t o t i n n  z n n ~ s  
a n d  g e o m o r p h o l o g i c a l  p o s i t i o n s .  I n  swamp, t h c  
temperature ( P i . g . 4 )  a t  s i t e  E - ( b u r n e d )  i s  h i g h c r  
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F i g . 3  The  change ot d e n s i t y  o t  snow c o v e r  
w i t h  d e p t h  a t  s i t e  A & s i . 1 ~  R 
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F i g . 4  The  change o f  snow t e m p e r a t u r e  
w i t h   d e p t h  a t  s i t e  A & s i t e  B 
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F i g . 5  The change of snow t e m p e r o t u r e  
w i t h   d e p t h   a t   s i t e  E & s i t e  F 

t h a n   a t   s i t e  F ,  which i s  c o r r c s p o n d e n t  w i t h  t h e  
d e p t h  o f  s n o w  cover  a t  e a c h   s i k e .  B u t  t h e  F i g . 5  
a p p e a r s   t h a t  t.he t e m p e r a t u r e   a t   b u r n e d   s i t e  
( s i . t c  R )  i s  lower   than  a t  unburned site ( s i t e .  A ) ,  
thc r ~ i l s o n  i s  p r o b a b l y   t h e   e f f e c t  o f  v e g e t a t i o n  
'Through m i c r o - c l i m a t i c   o b s e r v a t i o n  a t  s i t e s  A 
a n d  13 from  October 1991 t o  March  1992 d u r i n g  
c o l d  per j .od,  t h e   r e s u t s   a r e   t h a t   t h e   d a i l y  a i r  
tpmper-atl1r.e a t   s i t e  A ( i n  n a t u r a l   f o r e s t . )  I s  
0 . 5 " C  l o w e r   t h a n   s i t e  B ( b u r n e d ) ,  b u t  t h e  snow 
surCar:e t p m p e r a t u r e  a t ' s f t e  A i s  0.7-C hi.ghsr 
thnn nt s i . t e  B d u r i n g   t h e   o b s e r v n t i , o n ,  T h i s  made 
t h e   t e m p e r a t u r e  o f  snow c o v e r   a t   s i t e  A h i g h e r  

l . t t r ~ ~ s  madc t h e  di f r e r e n c c  u t  gruund t e m p e r a t u r e s .  
lharr : i t  s i t e  B .  'The d i f f e r e n c e  O K  snow t c m p r r a -  

The morni tored   ground  tempera turcs  j n  two  5hal.- 
low h n r e h o l e s  B L  s i t e s  A and R ,  s i m i l a r  t o  t h e  
regime of  snow L c m p c r a t u r e , a r e   t h a t  t h e  tempera-  

Fip.6 Tempera ture  i n  b o r e h o l e  
e t   s i t e  A & s i t e  B 

t u r e  a t  s i t e  A is h i g h e r   t h a n   a t   s i t e  B ( s e e  
F i g . 6 )  f rom  ground  sur face  t o  t h e   d e p t h  of 2 , 2 m ,  
a n d   t h e   t e m p e r a t u r e s  a p p e a r s  same a t   t h e   d e p t h  
o f  2 . 2  rn a t  b o t h   s i t e s .  From t h i s .  we c e n   s e e ,  
t h a t   t h e   v e g e t a t i o n  i s  R i m p o r t a n t   f a c t o r  t o  
a f f e c t  t h e  snow a n d  g round   su r f ace   and  s n o w  tem- 
p e r a t u r e s .  

THE EFFECTS OF SNOW COVER ON THE RISE OF TEM- 
PERATURE 

T h e r e   a r e  no e x a c t   a n s w e r s   a b o u t  how much t h e  
i n t e n s i t y  o f  h e a t - s h i e l d   e f f e c t  o f  snow c o v e r  is 
o r  how m u c h  d e g r e e   t h e  snow c o v e r   c a n   l c r e ~ s e  
g r o u n d  sur face   t emp,era t .u t ' e .  F o l l o w i n g  i s  Che ' .  I 

p r o x i m a t e   c a c u l a t i o n   a h o u t   t h i R   q u e s t i o n s .  T h e  . 
parameters used i n  fo rmula  come m a i n l y  from t h e '  
o b s e r v a t i o n  t h i s  t i m e .  

According t o  Amuer me t . i . o ro log ica1   da t a ,  rh;e 
maximum d e p t h  o f  snow cover  i n  1991 is d e e p e r  
t h a n   b e f o r e .  In c a c u l a t i o n ,   t h e   d e p t h s   a r e  from 
T a b l e  2 ,  i n  wh ich   t he   da t a  i s  p r o x i m a t e   t o   t h e  
ave rage   o f   yea r s   runn ing  maximum d e p t h s ,  

F r o ~ ~ r  o c h e r   s c h o l a r s '  study, t h e   h e a t   c o n d u c -  
t i v i t y  o f  snow c o v e r  i s  m a i n l y  d e t e r m i n e d  b y  
i t s  d e n s i t y   w h e t h e r  21: i s  i n  t h e o r y ,  in t e s t   o r  
i n  f i e l d   o b s e r v a t i o n s   ( S c h w e r d t € e g u r , l 9 6 3 ;   Y e n ,  
1981; L a n g , 1 9 8 5 ,   e t c . ) ,  Yen (1981)   de r ived  a 
g e n e r a l  formula  f r o m  o t h e r   r e s e a r c h e r s '   i n l o r m a -  
t i o n  i n  1 , s b o r a t o r v  a n d  f i e l d   a b o u t   t h e   r e l a t i o n  
be tween  the   thermal   conduc  
n f  snow c o v e r ,  

t h e  u n i t s  o f  X s n d  p are r e  
Mg/m ' .  7'0 s u b s t i t u t e  
t h e  X i n  K-X/p.C, t h c  resu  

t . j . v i  'cy : , and  t h e   d e s i t y  

' ( 1 )  

s p e c t i v e l y  w/m,k  and 

I t  I.s: 

K P (2.22362/C)P 0 .885  ( 2 )  ' 

where I: i s  t h e  s p e c i . l i e  h e a t  o f  snuw c o v e r .  I t  
only h a s - r e l a t i o n  w i t . h  t empera tu re   (Yen ,1981) .  
During this o b s e r v a t i o n , . t h r   y a f a m e t e r  can h e  
r e g a r d e d  a s  c o n s t a n t ,  2009x10 J /Mg.k(S .B.Pater -  



son,l9RI). P u t  t h e   d a t a  of enow d e n s i t v   a t   e a c h  
s i t e   i n t o   f o r m u l a  ( Z ) ,  t h e   c a c u l a t e d   r e s u l t s  o f  
K are l i s t e d   i n   T a b l e  3:The v a l u e a  o f  K a n d   o t h e r  

parameters cwmbined w i t h  V . A .  K y d r y a v t s e v ' s  p a r a -  
e m p i r i c a l   f o r m u l a :  

whcrc T is t h e  o n e  y e a r ' s   t i m e   ( h o u r ) ,  Z i s  t h e  
d e p t h  of snow c o v e r  ( m ) ,  A is t h e  mean a n n u a l  
a i r   t e m p e r a t u r e   r a n g e  (47.6"C) (From Amuer mete- 
o l o g i c a l   s t a t i o n   f r o m  1 9 7 5  t o  1987)  and AT i s  
t h e   r a i s e d   d e g r e e  of mean a n n u a l  g r o u n d   s u r f a c e  
t e m p e r a t u r e .  So f a r ,  we o b t a i n e d   t h e   f i n a l   r e -  
s u l t s  ( s e e   T a b l e  4 )  a b o u t  snow r a i s e d   a n n u a l  
g r o u n d  s u r f a c e  t e m p e r a t u r e s .  The d a t a  i n  T a b l e  
4 is c o r r e s p o n d e n t  w i t h  t h e   r e s u l t s   c a c u l a t e d  
b y  V . h . K y d r y a v t s e v ' s   f o r m u l a .  

T a h l e  4 The i n c r e a s e d   a n n u a l   g r o u n d   s u r f a c ; '  
t e m D c r a t u r e s   a t   e a c h   s i t e  

s i t e  A B C D  E F  

thickness o f  snow 
cover (m)  

increased tern? 
pcrature ( " C )  

4.3  4.6 5.0 2.6 4.9 4,7 

0.302 0.335 0.363 (121.0 a370 0348 

From , ,Table  3 and 4 ,  it: i s  d i s t i n c t   t h a t ,   t h e  
t h i n n e r   t h e . d e p t h  o f  snow c o v e r ,   t h e   b i g g e r   t h e  
v a l u e  o f  K, a n d  t h e   l e s s   t h e  warm e f f e c t  ( i . . e .  
s i t e  D ) ,  and s a w  t ime we can  s e e  t h e   v a l u e  o f  
AT is mai.nly  determined b y  t h e  d e p t h  of  smow 
c o v e r  when t h e  ranges o f  K d o e s n ' t   c h a n g e g r e a t -  
l y .  E s p e c i a l l y ,   T a b l e  4 p r e s e n t s   t h a t   t h e  warm 
eftet a t  burned s i t e s   ( s i t e s  B a n d  E) j 3  
s l r o n g e r   a t   u n b u r n e d   s i t e s .  The e f f e c r   a t   s i t e  C 
i s  t h e   s t r o n g g e s t .  As f o r  t h e  e f f e c t  of snow 
c o v e r  on t h e   r e g i m e  o f  ground   su r face   t empera -  
t u r e  we ough t   t o   cons ide r  common e f f e c t s  o f  i t  
a n d   v e g e t a t i o n .  

o f  3now and i t s ,  e f f e c t   t o   g r o u n d   s u r f a c e   t e m -  
p e r a t u r e  i n  1991,  b u t  i t  p r e s e n t s  the g e n e r a l  
r e s u l t s   a b o u t ;   t h e   d l s t r j b u t i o n  of  snow c o v e r .  
t,he r e a s o n   w h i c h   c a u s e s   d i f f e r e n c e  o f  t h e  dis-  
t r i b u t i o n  and t h e   d , e g r e e   o f   t h e   i n f l u e n c e  o f  
snow cover  t o  ground  surf ' ice   temperature- .   The 
a i m   o f  t h i s  is t o   e m p h a s i z e   t h e   i m p o r t a n c e  of 
snow c o v e r .  

i n  1 9 9 2 ,  i t s   d e p t h   ( a b o u t  70 cm i n  March) is 
c o m p a r a t i v e l y   t h i n n e r   t h a n   t h e   d e p t h  i n  1991,  
b u t  t h e   c . h a r a c t e r i s t i c s  of i t s  d i s t r i b u t i o n  and 
i t s  e f f e c t   t o   g r o u n d   s u r f a c e   t e m p e r a t u r e   a r e  
s j . m i l a r   t o   t h e   1 9 9 1 ' s ,   o n l y  i n  t h e   d i f f e r e n c e  
~ h o u t   t h e   i n t e n s i t y  and r a n g e l  of t h e  e f f e c t s .  

CONCLUSIONS 

The c o n c l u s i o n   a b o v e  i s  only character is ti,^^ 

A c c o r d i n g   t o   t h e   d e p t h  o f  snow cover  in w i n t e r  

1 ,  

The  ,depth o f  snow c o v e r   r e l a t e d  t o  genmor- . 

p h o l o g i c a l   p o s i t j o n  a n d  the t y p e s  o f  v e g e t a t i o n  
(naked,  burned  and  unburned).   The d e p t h  in swamp 

i s  t h i c k e r   t h a n  o n  s l o p e .   I n   t h e  same  geomor- 
p h o l o g i c a l   p o s i t i o n  a n d  v e g e t a t i o n   c o n d i t i o n ,  
t h e   d e p t h   a t   b u r n e d  s i t e  i s  t h i c k e r   t h a n   a t  u n -  
burned s i t e .  The d e p t h   a t   n a k e d   s i t e  i.s t h e  
t h i n n e s t .  

The d e n s i t y  of snow c o v e r   d e c r c a s e s  b y  s e -  
q u e n c e :   n a k e d   s i t e   > b u r n e i  n <  t e  > u n b u r ~ t e d   s i t e ,  
t h e   v a l u e  i s  100-200 K g / m  . 
s u r f a c e   t e m p e r a t u r e  i s  mai.nly  determined b y  t h e  
d e p t h .   I n   t h e  same g e o m o r p h o l o g i c a l   p o s i t i o n ,  
t h e   e f f e c t   a t   b u r n e d  s i t e  i s  s t r o n g g e r   t h a n   a t  
unburned s i t e .  Owing t o  t h e   e f f e c t  of v e g e t . t ~ t i n n  
on  llte t e m p e r a t u r e ,   t h e   t e m p e r a t - u r c  n f  t h e   l a y e r  
o f  snow c o v e r  a n d  ground  tempera ture  hecomc 
complex. 
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THE D E N U D A T l O N  BY GELIFRACTJON A N D  INFLUENTIAL FACTORS I! THE 
PERIELACIAL ENVIRONMENT OF T I A N S H A N  MOUNTAINS, C H I N A  

L i u  Gengnian’,   Xiong  Heigang’  and C u i  Z h i j i u ’  

‘Department  of  Geography,  B e ‘ i j l n g  U n i v e r s i L y ,  B e i j i n g ;   C h i n a  
*Department   of   Geography,   Xif l j iang U n i v ~ r s i t y ,  X in j i ang ,   Ch ina  

Accord ing   t o   t he   1980   da t a   measu red  i n  t h r e e   a o i n t s   a t  Ti anshan   Mounta ins ,  i t  
can be r e f l e c t e d   t h a t   t h e   d e n u d a t i o n   r a t e s   b y ’ g e l t f r a c t i o n   a t , t h e  h!gh s l t i t u d e  
of T i a n a h a n   y o u n t a l n s  (3200-4000 m )  a r e  0.0014 m’/rn ’ .yr ,  0.Ol’s m’/m * y r  a.nd 
0.00018 m a / m  ‘ y r ,  r e s p e c t i v e l y .  The r a t e  goes h i g h e r  w i t h  h i g h   a l t i t u d e ’ ,  b u t  t h e  
p e t r o l o g y ,   s t t u c t u t e  a n d  h u m i d i t y  may make. t h i s  t e n d e n c y   c o m p l i c a t e d .  The r a t e s  
011 s o u t h e r n  slopes a t e   h i g h e r   t h a n   t h o s e  on n o r t h e r n  s l o p e s .  H i g h e r   p r e c i p i t a -  
t i o n  and a i r  h u m i d i t y  may make t h e   r a t e   h i g h e r .  I t  shows b y  c o m p a r i s o n  t h a t  t h e  
a l p i n e   p e r j g l a c i a l   e n v i r o n m e n t s  i n  m i d d l e   l a t i t u d e   a r e  t h e  f a v o r a b l e   f o r   d e r t u d a -  
t i o n  b y  g e l i f r a c t i o n .  

” 
1 NTRODUCTION 

The Bing Pass ( a l s o  known a s  S h e , n g l i   P a s s ) ,  
6010 m a.s.l., i s  s i t u a t e d  o n  the   Urumqi-Kuerle  
highway.  135 km s o u t h  o f  Urumqi. T h i s  highway 
W:IS p u t  i n t o   u s e  i n  t h e   l a t e   f i f t i e s  and W E S  

abandoned i n  1959 because  a s e c t i o n  of t h e   h i g h -  
w n y  nea r   t he   B ing  Pass was b u i l t  on t h e   L a t e r a l  
moraine o f  No.4 G l a c i e r   t h a t ,  when m e l t e d ,  made 
the   road  s i n k  a n d   c o l l a p s e .  The  abandoned  road 
r e c e i v e d   t h e   g e l i f r a c c e d   d e b r i s ,   p r o v i d i n g  arr 
i d t t a l  p l a t e ,  f o r  m e a s u r i n g   t h e   d e n u d a t i o n  r s t . c ‘ o f  
yc.1 i l r - a c t i o n .  

rrl on the  Dushanzi-Kuche  Highway,  110 km s o u t h  
The Haxi legen   Pass ,   3580 m a . s . I . ,  is s i t u a t -  

O F  Dushanzi .   Yuximolega i   Pass ,  3 4 2 8  m a . s . l . ,  is 
s i t u a t e d  on the  Dashanzi-Kuche  Highway, 1 7 5  k m  
s o u t h  o f  Dushanzi C i t y .  The  Dushanzi-Kuche I l l g h -  
w a y  b e g a n   c o n s t r u c t i o n  i n  1.974 a n d   t h e   s e c t i o n  
ko inp   t h rough   t he  pass was f i n i s h e d  i n  1981 + The 
R r l i f r e c t e d   d e b r i s   f a l l 8  and a r e  amassed on t h e  
r o a d   f r o m   t h e   s l o p e ‘ b e s i d e   t h e  ronrl ,  a l s o  p r o v i d -  
i n g  a good r e s e a r c h   l o c a t i o n .  

METHOD A N D  RESULTS O F  MEASUREMENT , 

T h e  m e a s u r e m e n t s   i n c l u d e   t h c   l e n g t h  and w i d t h  
c r r  t h e   d e b r i s   s p r e a d  on t h e  r o a d ,  t h e  he ight   and  
s l o p e  o f   t h e   d e b r i s   h i l l ,   t h e   h e i g h t ,   s l o p e ,  
s l o p e  o r i e n t a t i o n ,   p e t r o l o g y  E I I ~  t e c l o n i c s  of 
t h c . b e d r o c k  i n  t h e   s o u r c e   r e g i o n .  The d i s t a n c e  
bctween  measured p o i n t s  is 10 m .  The c r o s s  p r o -  
f i l e  of t h e   g e l i f r a c t e d  d e b r i s  h i l l  b e s i d e   t h e  
I - O R ~  c a n  bc t a k e n  a s  a t r i a n g l e .   “ h e   p o r o s i t y  o f  
tl le g e l i f r a c t s d   d e b r i s  I s  averaged  a t  0 .8 ,  so 
the volume o f  t h e   d c b r l . s  h i l l  on the  road  con b e  
c a l c u l a t e d   a s   t h i s :  

1 / 2  * L ( m )  + W ( m )  * t l ( m )  Jt 0.8 

- 
* T h e  r e s e a r c h  i s  s u p p o r t e d  h y  NSFC and Tianshan  
G l e c i a l   O b s e r v a t i o n   S t a t i o n .  

L:  Length of  t h e   d e b r i s  h i l l  ( l e n g t h  o f  t h e  

W :  W i d t h  o f  t h e   d e b r i s  h i l l  
ti: Height  of t h e   d e b r i s  h i l l  

road w i t h  d e b r i s  on i t )  . . 

a n d  t h e   d e n u d a t i o n   r a t e   o f   g e l i f r a c t i o n   c a n  be 
c a l c u l a t e d  a~ follows: 

V(m3 ) / S ( m ’ ) / T ( y r )  

V :  Volume o f  t h e   d e b r i s  h i l l  
S :  A r e a  of t h e   s o u r c e   r e g l o n  
T: Years  i n  s u c c e s s i o n  

1980  da te   has   been   measured  i n  t h o s e   t h r e e  

s t a t i s t i c   d a t a  o f  d i f f e r e n t  s e c t i o n s   a r e   l i s t e d .  
p o i n t s .   B e c a u s e  this number is t o o  b i g ,  o n l y   t h e  

T a b l e  1 .  s h o w s  t h e  d a t a  f o r  t h e  d e b r i s  i n  -Haxi -  
l egen  Pmss, T a b l e  2 for t h a t  i n  Yuximolegai  
P a s s ,  T a b l e  3, and  Table  4 f o r   t h a t  in Bing Pass .  

I t  can   be   r e f l ec t ed   f rom  Tab le  1,  t h r o u g h  
T a b l e  4 t h a t   t h e   d e n u d a t i o n   r a t e  o f  g e l i f r a c t i o n  
i n  Yuximolegai  P a s s  is t h e  Fastest. The r a t e  
v a r i e s  Rmong 0.005-0.0392 m’/m’.yr w i t h  t h e  mean 
v a l u e  o f  0 . 0 1 1 ~  m ’ / m ’ * y r .  The d e n u d a t i o n   r m t e  of  
g e l i f t a c t i o n  in Haxi legen  Pass is bhtween  those  
i n  Yuxi logen  Pass   and H i n g  P a s s ,   v a r y i n g  from 
0.0045-0.08$ m’/m’*yr ,  w i t h  t h e  memn v a l u e  of 
0.0014 m ’ / m  ‘ y r .  R i n g  P a s s .  t h e   e a - t e r n m o s t  of  
t h e   t h r e e   p a s s e s ,  is l n w ~ r  i n  t h e   t i e n u d a t i . ~ ~ ~  
r a t e  of g e l i f r a c t i o n .  The, ra t -e  is hetween 
0.000002 m’/m’.yr and 0’.’00!8 m’/ma.yr, w i t h  - t h e  
meon v a l u e  of 0.00018 m ’ / m  ‘ y r .  

CHARACTERS A N D  INFLUENTIAL FACTORS OF D E N U D A T I O N  

The. d e n u d a t i o n   r a t e  b y  g e l i f r a c t i o n  i n  t h e  
c o l d  m o u n t a i n s ,   p l a t e a u s   a n d   p o l a r   r e g i o n s  is a 
p r i n c i p a l   t h e o r e t i c a l   p r o b l e m   i n   G e o m o r p h o l o g y .  
And a long   w i th   t he   expans i .on  o f  t h e  human a c t i -  
v i t i e s ,   t h e   a t u r l y  o f  d e n u d a t i o n  b y  g e l i f r n c t i o n  
has become a p r a c . t i c a l  prnbl.ern i n  t h e  c o n s t r u c -  
tion f i e l d ,  such  L ~ R  t h e   b u i l d i n g  of  r o a d s ,  



Table 1. Depositional amount of gelirraction  debris nnd the  denudation rate a t  Haxilegen P a s s  
(average For the  year of 1981 to  1990) 

UP 3510-3490 58 1.9 0.88 25 h.5 8 34 152 35.79 464 . 0 WE4 8.4 
MP 3490-3421 200 3.0 3.7 14 18.9 30 39 205 168.00 6000 
1.P 3421-3400 60 2.6 0.5 I1 54.1 Ah 39 205 31.2  

0.0028 
5160 

2.8 
0.ooO6 0.6 

UP 3510--3480 190 4 . 1  1.39 20 30.8 53 38 330 433.12 9500 0.OO'JG 4 . 6  
5.5 

0.00045 0.45 
0.00059 0.59 

N TP 3480-3430 65 2.3 1.50 4 1  15.0 25 37  218 89,70 1625 0.0355 
S SP 3130-3400 276 2 . 7  0.375 8 50.3 90 34 340 109.14 24030 

LP 3400-3385 217 4.3 0.38 5 70.7 110 40 0 141.83 23970 

Nnte:  S S :  s o u t h e r n  s l b p e  NS: n o r t h e r n  s l o p e  UP: upper   par t  HP:, midd le   pa r t  SF': s e c o n d   p a r t  
T P :  t h i r d  p a r t  LP: l ower  p a r t  W :  w i d t h  H :  h e i g h t  S: s l o p e  HS: h e i g h t  of  slbpe 
LS: l e n g t h  of s l o p e  OS: o r i e n t a t i o n  o f  s l o p e  

'Table, 2. Depositional amount of gelifraction  debris and the  denudation rate a t  Yuximolegai Pass 
(average for t h e  year of 1981 t o  1990 

Debris  Body Source Region 

Part  ~ l t i  tude Length 
Total Area of Denudation Rate of Slope 

of Road w HS Ls 0s Amount o f  Source 
m Deposition Region Rate 

Retreat 

nm. yr" m (mean value) (mean value) 
m m D  m m  

m' m' 
m'm- yr-' (mean value) 

UP 3428-3398 368.1 2.55 2.33 41 5.25 6.06 56 158 874.83 2231 0 A392 39.2 
S TP 3380-3398 225 2 .00  1.40 42 9.50 1.0.97 54 80 252.00 2468 0.0102 

0.0105 
10.2 
10.5 

LP 3280-3329 601.8 0.90 1.44 35 9.05 10.45 56 65 311.97 6288.8 0.0050 5.0 
s SP 3329-3380 623.5 1.23 1.59 37 6.43  7.43 51 145 487.75 4633 

N UP 3828-3392 78 2.05 1.725 34 9.0 10.40 67 266 110.33 702 0.0157 15.7 
s LP 3792-3280 253.5 0.9 1,715 30 9.5 10.97 74 38 156.51 2781 0.0056 5 . 6  

Note: SS: s o u t h e r n   s l o p e  NS: n o r t h e r n   s l o p e  UP: upper p a r t  MP: m i d d l e  p a r t  SP: Second p a r t  
TP: t h i r d  p a r t  LP: lower p a r t  W :  width  i f :  h e i g h t  S: s l o p e  HS:  h e i g h t  of  s l o p e  
Ls: l e n g t h  o f  s l o p e  O S :  orientation of s l o p e  

* I  , 
, , T a b l e   4 .   D e p o s i t i o n a l  amount of  g e l i f r a c t i o n  d e b r i s  and   t he   denuda t ion  r a t e  a t  B i n g  Pass  

( a v e r a g e  f o r  t h e  y e a r n  o f  1981  to   1990)  

Al t i t .ude  L e n g t h  Amount o f  Source  
Depos-i tion Region 

T o t a l  Area of  
, P a r t  m of Road 

Denudat ion Rate  of  S l o p e  

Rare R e t r e n t  
m ' m -  y t " '  m m - y r - '  m 

m '  m '  

AB , .  , 3920-4010 1 7 2 0  2004.7 230030 0.00029 
' C D  3880 536 447.20 2 6 4 2 6 . 8  0.00056 0.56 

0 .29  

3800-3880 
3760-3800 1062 

FG ' 3 6 0 0 - 3 7 6 0  1258 

GH 3960-4010 1 2 7 0  1104.93  192470 
HT 3980L3960 1110- 65580 

2 80 
0 .6  

218.44 7 200 
170  

0 . 5 2  

I , KL , .3589-3850 1670 
135.61  3230 0.00028 0 .28  

, , ,  272.31 486800 0.00002 0.02 

s , DE 713 0.00078 0 . 7 8  
l?F 

999.11  42637.4 
981.29 106093.8 0 e 00031 0.31 
109.19 213952,5 0,00002 0 .02  

0.19 0.00019 
O.OO06 
0.00052 

1186.9  ) ! N  , TJ 
s J K  3'800-'3900 

3850-3880 
- >  

Note:. SS: s o u t h e r n  s l o p e  N S :  northern s l o p e  
, ,  

398 



T a b l e  3 .  Depos i t iona l   amoun t  of g e l i f r a c t i o n   d e b r i s  a n d  t h e   d e n u d a t i o n  r e t e  a t  B i n g  Pass  ’ 
( a v e t a g e  f o r  t h e  y c a r s  of 1981 to 1 9 9 0 )  m 1  

Debris Body Source Region 
Total Area of 

Length 
Rate OF Slop,e’ 

Part  Of Road ‘(mean value) (mean value)  Deposition Region H S LS 0s Amount of Source Denudation Retreat , , Race (mean vaIiie)’ 
m m r n ”  m’ m’ m’m”yr” 

, . , .  

170 1.32 1.00 37 76 219 09.76  12920  0.00023 . , ,  I I (  ‘d..23 
370  2.28 1.78 38 191 172 600.64  70670 0 .OM28  : Q’.w , 
370 1.43  1 .12  38 157 170  237.04 58090 0.00014 . , , , , , - 

AB 3920-4010  360 
0.14 ’ ’  

2.17 1.90 38 75 171 528.09  27000 O . O d 6 s ’  ’ . ,  
290 2.11 1.59 37 115 176 389.17 33350  0.00039  0.39 
160 

CD 3800 
2.00 1.25 32 175 200 160.00 28000 O.opol9 

536 1.83 1 . 1 4  32 49.3 158 447.28  26424.81 0.00056 
0.19 

DE 3800-3880 713 
0.56 

2.32 1.51 33 59,8 160 999.11 
EF 3760-3800 1062 1.75 1.32  37 99.9 167 9S1.29, 106093.8 , 0.00031 

42637.4 q.00070 0.78 

FG 3600-3760 1285 
0.31 

0.70 0.31 24 lh6,5 182 ,109.19  213952.5 , , O..OO002  0.02 

3 20 1.98 1.34 34 si 83 j39.61 25920  0..00044  0.44 
360 1.89 1.23 33 238 92 334.76 85680 0.M3013 0.13 

CH 3960-4010 370 
220 

0.84 0.59 35 171 92 i,, 73.73 63270 O.OOO04 0.04 
2.36 1.72 36 80 90 357.21 176W 0.00068  0.68 

300 2.67 1.80 34 35 85 576.72 10500 0 A 0018 1.8 
0.45 

100 2.18 1.58 36 113 80 137.78 11 300 0.00041 0.41 
0 .3  

0,52 
1.69 1.18 35 95 95 135.61 16150 0.00028 0.28 

, ,  , .  

0.61 I :: 
S 

- 

N 350 1.56 1.09 35 50 85 238.06 17 500 0.00045 HI 3900-3960  360 1.58  1.03 33 73 85 234.35 26280 0.0003 
S 

IJ 3880-3900  280 1.84 1.06 30 50 150 218.44  14000 0.00052 
JK 3850-3880  170 

, .  

240 0.25 0.15 31 275 115 3 .6  66000  0.000002 0.002 
340 1.45 0.94 33 320 90 185.37 108800 O.OOO06 0,06 
200 1.24  0.84 34 340 90 83.33  68000  0.00004 0.04 

KL 3589-3850 410 0 0 25 200 35 0 82000 0 0 

200 0 0 15 200 30 0 40000 0 0 
200 0.01 , 0401 25 200 35 0!0112 56000 0 0 

r a i l w a y s ,  o i l  and g a s  c h a n n e l s ,   t o u r i s t   o u t f i t s  
and s c i e n t i f i c   s t a t i o n s   ( H a r r i s ,  1 9 8 6 ) .  T h i s  
problem has been p u i d  much a t t e n t i o n  in , t h e  
world  and  var ious  methods  have  been  engaged  to  
s t u d y  t h e   d e n u d a t i o n   r a t e  by  g e l i f r a c t i o n  and 
t h e  main i n f l u e n t i a l  f a c t o r s  ( F r e n c h ,  1986: 
Barsch ,   1977;   Gray ,  1 9 7 3 ;  J a h n ,  1976; Luckman, 
1972). 1,i Shude et a l .  (1981) no ted   t he   denuda-  
t i o n  r a t e s  f o r  t h e   t h r e e   s e c t i o n s ,  300 m l o n g  in 
t o L a l ,  of d i f f e r e n t   a l t i t u d e s  a n d  s l o p e   o r i e n t a -  
t i o n s .  , ,  

A l t i t u d e  

i n t e n s i t y  and s p e e d ,   t h e   i n t e n s i t y   a n d   s p e e d  
become more a n d  d e n u d a t i o n  rate becomes  higher  
a s   t h e  a l t i t u d ~  zets h i g h e r  ( s e e  T a b l e  1-4). 
From 3400 t o  3510 m on t h e   s o u t h e r n   s l o p e  i n  
Haxi legen  P a s s ,  t h e   d e n u d a t i o n   r a t e   c h a n g e s  from 
0.0006 n l ’ / m ’ . y ~  and 9.0028 m ’ / m ’ - y r  i n  t h e   l o w e r  
p e r t ,  t o  0.0084 m’/m . y r  i n  l l le  upper p d r ~ ,  
g e t t i n g  1 4  t i m e s   h i g h e r .  O n  t h e   n o r t h e r n   s l o p e ,  
t h e   r a t e   c h a n g e s  from 0.00059 mr/p’*y . ry to  0 .0046  
t n ’ / l a ‘ .y r ,   ge t t i ng  7 . 8  t imes  h i g h e r .  T n  t h e   l o w e r  
p a r t  (3280-3329 m )  o n  t h e .   s o u t h e r n   s l o p e 2 i n  
Yuximolegui Pass, the r a t e  is 0.005 m’/m - y r ,  
and  the r o t e  g e t s   h i g h e r   w i t h  t h e  a l t i t u d e ,  
0;0105 I n ’ / m ’ . y r ,  0.0102 m’/m’*yr a n d  0.0392 m’/ 
In * y r   a t   t h e   d i v i d e  (3398-3428 m). The r a t e  o f  
the   upper  p a r t  i s  7.8 times o f  t h a t   a f   t h e   l o w e r  
p a r t .   I n   t h e   l o w e r   p a r r  (3280-3392 m )  on t h e  
n o r t h e r n   s l o p e ,  t h e  mean d e n u d a t i o n  rate I s  
0.0056 m’/m’.yr and  the   ra re   becomes  0 .0157  

I n  r e g a r d s  t o  t h e   i n f l u e n c e  o f  a l t ’ i t u d e  on  the 

m’/m’.yr   for   the  upper  p a r t ,  getting 2 . 8  times 
h i g h e r .  The d e n u d a t i o n   r a t e  on t h e   s o u t h e r n  
s l o p e  in Ding Pass   changes  tiom 0.00002 r n ’ / m ’ . y t  
a t  3600 m t o  0,00078 m’/m’.yr a t  3080 m ,  then  
g e t t i n g  a l i t t l e  l o w e r a f r o m  O . ~ ~ ~ 7 8 , m ’ / n l ’ + y r  s t  
3880 m t o  0,00029 m’/m . y r  a t  4Ql0 m. The r a t e  
on t h e  nor thern   a lQpe   chankes   f rom ( l . 00002  m’/ 
m’.yr a t  3589 m t o  0.0006 m’/m’:yr a t  3960 m. 
t h e n   g e t t i n g   l i w e r  t o o  t o  0 , 0 0 0 1 9   m ’ / m a - y r   f o r  
t h e   p a r t   b e t w e e n  3960 m and 4010- m .  The changink  
tendency  o f  t h e   d e n u d a t i o n   r a t e   g e t s   h i g h c 1 -   w i t h  
a l t i t u d e ,  and a f t e r   # r e a c h i n g   a n   e x t r e m e   v a l u e ,  
t h e   r a t e  g e t s  l o w e r   g r a d u a l l y .  T h i . s  p a t t e r n   h a s  

n n d  h u m i d i t y .  
someth ing  t o  do w i t h  t h e   p e t r o l o g y ,   t e c t o n i c s  

S l o p e  O r i e n t a t i o n   a n d  S l o p e  Dip 

i n f l u e n c e  o f  y l o p e  o r i e n t o t i o n  on  t h e   d e n u d a t i o ~ ~  
r a t e  b y  g e l i f r a c t i o n   t h a t   t h e  r u L e  on  he sout t j -  
e l - n  slope i s  I l iyher  than L I I ~ L  U I I  L I I ~  I ~ u r - L h e r n  
s l o p e .  The i n f l u e n c e  of  s l o p e   o r i e n t a t i o n  on t h e  
d e n u d a t i o n   r a t e   w o r k s  b y  i t s  i n f l u e n c e  from t h e  
t e m p e r a t u r e   a n d   p r e c i p i t a t i o n .  O n  t h e   s o u t h e r n  
s l o p e ,   t h e   d a i l y   t e m p e r a t u r e   d i f f e r e n c e  i s  more 
o b v i o u s ,   e s p e c i a l l y  on the s u r f a c e  o f  t h e  rocks 
l h a t   a r e   d i r e c t l y   e x p o s e d   t o   t h e  s u n .  I t  i s  mort? 
f r e q u e n t  for t h e   t e m p e r a t u r e   t o   v a r y   a r o u n d   z e r o  
degrcc c e n t i g r a d e ,   m a k i n g   t h e   r o c k s   h a v e  more 
o p p o r t u n i t y  .to f r e e z e   a n d   m e l t ,   t h u s  is f a v o r a - -  
b l e  f o r  t h e  rocks t o  collapse. ‘ In  Haxi legen  P a s u ,  
Lhe lnean rate o n  t h e   s o u t h e r n   s l o p e  is 0.002 
~ n ’ / n ~ ’ . y r  and t h a t  on t h e  n o r t h e r n   s l o p e  i s  

T a b l e  1 t h r o u g h  T a b l e  4 show c l e a r l y   t h e  
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0 . 0 0 1 3  m'/m'*vr, t h e  f o r m e r  i s  1 . 6  t i m e s  o f  c he 
l a t t e r .  I n  t h e  Yuximolega i   Pass ,   the  r R t e s  o n  
t h e   s o u t h e r n   a n d   n o r t h e r n   s l o p e s  a r e  0.012 m i /  
m'+yr   and  0.0077 m ' / m a . y r  r e s p c c t i . v e l . y ,  t.he 
former is  1 . 5 4  t i m e s   t h a t  o f  t h e   l n t t ~ r .  I n  
R i n g  P a s s ,  i t  i s  0.00024 m 3 / m a . y r  and 0 . 0 1 2 3  m ' /  
m a  . y r  r e s p e c t i v e l y  f o r  the   sout l ;e rn   and   nor   thcrn  
s l o p e s ,   t h e   f o r m e r  i s  1,85 m ' / m ; y r .  The above 
d a t a  show t h e  obvious i n f l u e n c e  of s l o p e  mrierl-  
t a t l o n  on t h e   d e n u d a t i o n   r a t e .  

o f  t h e   i n f l u e n c e  o f  s l o p e  d i p  on t h e   d e n u d a t i o n  

wl t h  FI h i g h e r   s l o p e  d l p .  I n  f a c t ,  t.he i n F 1 u ~ r r r - e  
r a t e .  The d e n u d a t i o n   r a t e   d o e s n ' t   g e t   h i g h e r  

of s l o p e  d i p  on t h e   d e n u d e t i o n   r a t e  is c o v e r e d  
u p  b y  t , h e   p e t r o l o g y   a n d   t e c t o n i c s .  

T a b l e s  1 t h r o u g h  4 d o n ' t  show a c.lent  tpndency 

- Tempera ture  a n d  t l u m . i d i t v  
The c l i m a t i c   d a t a  i n  Tianshan  Mountain i s  

r o r e .  Up t o  now, t h e  d a t a   a v a i l a b l e  i s  from Da- 
x i g o u  M e t e o r o l o g i c a l   S t a t i o n  i n  t h e   s o u r c e   a r e a  
o f  U r u m q i  R i v e r ,   T i a n s h a n   g l a c i a l   o b s e r v a t i o n  
s t . a t i o n  o f  Academica S i n i c a ,  Gongnais i  R i v e r  
Snow A v a l a n c h e   O b s e r v a t i o n   S t a t i n n  of Academica 
S i n i c a   a n d   D u s h a n z i   M e t e o r o l o g i c a l   S t a t i o n .  As 
wel l  j' Liu  Chaohai '  e t  a l .   ( 1 9 8 8 )   n o t e d   t h e   c h a n g e  
o f  t h e  summer t e m p e r a t u r e  i n  T i a n s h a n   g l a c i a l  
a r e a .  Z h a n g   J i n h u a   e t  a l .  h a v e   s t u d i e d   t h e  
t c m p e t a t u r e   s t e p s  j n  t h e  s o u r c e  a r e a  o f  Urumqi 
R i v e r   ( s e e  Q i u  Guoqing,  1 9 8 3 ) .  T h e i r   s t . u d i e s  
a r e  a l s o  h e l p f u l   t o " t h e  s t u d y  O f  t e m p e r a t u r e  
n n a l y s i s  in t h e   a b o v c   t h r e e  passes. Daxigou 
M e t a o r o l o g i c n l   S t a t i o , n   b e l o w  B i n g  Pass i s  3540 
m a . s . 1 .  T h e  a n n u a l  mean t e m p e r a t u r e  i s  -5 ,34"C 
arld t h e  a n n u a l  mean p r e c i p i t a t i o n  i s  430 m m .  
The a v e r a g e   o c c u r r e n c e s  of a i r  t e m p e r a t u r e  
o s c i l l a t i n g   a b o v e   a n d   b e l o w  O'C is 130. I n  t h c  
s o u r c e  a r e a ,  t h e   t e m p e r a t u r e  grnr l i ent  i s  0 . 3 3 -  
U.37"C/lOO m from 1870 t o  3000 m ,  0 ,66 'C/100  rn 
from 3000 t o  4000 m .  T h e  Snow Avalanche  Obser- 
v n t i . o n   S t a t i o n  of Academica   S in i ca   (43"21 'N ,  
84O39'F)  a t  t h e  foot of  t h e  s o u t h e r n   s l o p e  of 
Yuximolegai  Pass is 1776 m a . s . 1 .  The a n n u a l  
mean t , empera ture  i s  1 . 3 O C  a n d  t h e   a n n u a l  mean 
p r e c i p i t a t i o n  is 840 mm (Hu Ruji, 1989)-   Dushan-  
z i  n o r t h  t o  Haxi legen  Pass is 700,m, T h e  a n n u a l  
te thpe ' ra lurc  is 7.5"C. Table 5 shows t h e  tempera-  
ture':mrfd h ' u m i d i t y  d a t a  i n  t h e   i n v e s t i g a t e d   a r e a s  
hesert row t h e   d a t a  i n  t h e  a b o v e   t h r e e   p l a c e s .  'The 
tempera tJwres  i n  t h e   t h r e e   p l a c e s  e r e  s i m i l a r ,  

f a l l i n g  i n  below  the s n o w l i n e  and p e r m a f r o s t  
e n v j r o n r n e n t s .   T h e ,   p r e c i p i t , a t i o n  Is o b v i o u s l y  
d i r f e r e n t , ,  w i t h  t h a t  i n  Y u x i m o l e y a i  a s  t h e  h i g h -  
e s t  a n d  t h a t  i n  B i n g  P a s s  a s  t h e  lowest. P r e c i -  
p i t a t i o n  is d i r e c t l y   p r o p n r t i o n a l  t o  t-he d r n u d a -  
t , i o n  r a t e  h y  g e l i f r a c t i o n ,   r e f l e c t i n g   t h a t  h u m &  
d i t y  i s  CI key f a c t o r   a f f e c t i n g   t h e  g e l i t r a c 1 , i u n .  
Dcnudar , ion  ' ra te  on t h e   s o u t h e r n   s l o p e  i s  h i g h e r  
lhan   tha t -  on  t h e   n o r t h e r n   s l o p e  t h o u g h  t h e  m e a n  
t , empera ture  o n  t h e   s o u t h e r n  s l o p e  i s  h ighe r   t han  
t h a t  on (.he n o r t l r e r n   s l o p e .  T h i s  phenomenon 
shows t h a t  t h e   r e l a t i o n s h i p   h e t w e e n   t e m p e r a t u r e  
a n d  d e n u d a t i o n   r a t e  i s  n o t  s i m p l e .  I n  l o w  temppr- 
a t . u r p  c n n d i t i n n s ,   t h e   w e n t h c r i l l g   i n t e n 3 1 t . y  i s  
c o n t r o l l e d  b y  t h e  t i m e s  of t e m p e r a t u r e   v i b r a t i o n  
around 0 ° C  and   t he  speed of   t empera tu re   change .  
' fhexPfore ,  a wide  scope of t e m p e r e t u r e   d i f f e r c n c e  
i s  f a v o r a b l e  f o r  g e l i f r a c t i o n .  

Pe t ro loRy   and   Tec ton ic s  a n d  T o p o ~ r a p h y  
T a b l e  G g i v e s   t h e   s t a t i s t i c s   o f   d e n u d a t l o n  

r a t e s  f o r  t h e  i n t e n s i v e l y   g e l i f r a c t e d   s e c t i o n s  
i n  t h e   a r e a s  of t h e   t h r e e   p a s s e s .  O n  t h e  s o u t h -  
e r n   s l o p e  o f  l l ax i legen  P a s s ,  t h e   d e n u d a t i o n  r a t e  
is 0.0084 m ' / m ' . y r   t h e   h i g h e s t ,   f o r   t h e   u p p e r  
par t   (3490-3510 m ) ,  0.00764 m ' / m  'yr h i g h e r  t h a n  
t h e  mean v a l u e  of 0 .0028 m' /ma.yr  f o r  n i n e t y  
m e t e r  l o n g  s e c t i o n  of t h e  midd1.e par t   (3421-3490 
m) w h e r e   j o i n t s  a r e  i n t e n s i v e .  O n  t h e   n o r t h e r n  
s l o p e  of Haxilegen Pass .  t h e   d e n u d a t i o n   r a t e  is 
t h e   h i g h e s t  i n  t h e   s e c t i o n   w h e r e   t b e   j o i n t s   a r e  
i n t e n ' s i v e ,   t h e   r a t e  i s  0 , 0 0 5 4  m ' / m  * y ;  f o r   t h e  
lower part   (3385-3400 m ) .  0.0011 m " j m  . y r  and 
0.00078 r n ' / m ' - y r  f o r  t h e   s e c o n d   p a r t .  'They a r e  
9 . 1 5 ,  1 . 7 3   a n d   2 . 4 4   t i m e s   r e s p e c t , i v e l y   t h a t  of  
t h e  memn v a l u e .  I n  Yux imolega i   Pas s ,   t he   pa r t  
w i t h  t h e   f a s t e s t   d e n u d a t i o n   r a t e  i s  t he   uppe r  
p a r t ,  f o r  b o t h   t h e   s o u t h , e r n   a n d   n o r t h e r n  s l o p e y ,  
They a r e  0.0496'my/ma.yr and 0 . 0 3 4 6  m'/m' .yr ,  
1 . 2 7  e n d  2 . 2  t i m e s   t h a t  o f  t h e  mean v a l u e  
r e s p e c t i v e l y .  The r e a s o n  i s  t h a t   t h e   i g n e o u s  
cocks h e r e   a r e   s u b j e c t   t o   c o l l a p s e .  The r a t e  f o r  

A S  qh,own i n  Table  6 .  The i n t e n s i t y  of j o i n t  
some s e c t i o n s  i s  much h i g h e r  than  t h e  mean v a l u e  

d e v e l o p m e n t   p l a y s   a n   i m p o r t a n t   r o l e  i n  c o n t r o l -  
l i n g  t h e   d 4 n u d a t i o n   r a t e ,   e s p e c i a l l y   f o r   t h o s e  
a r e a s  w!th a f e u l t  b e l t  p a s s i n g   t h r o u g h ,  s u c h  
a s  t h e   d e n . u d a t i o n   r a t e  i n  Yuximolegai  Pass  i a  
q u i t e  fast. i ' e t r o l o g i c a l   i n f l , u e n c e s  on t h e  
d e n u d a , t ' i o n   a r e   a l s o   o b v i o u s . .  I n  R i n g  P a s s ,  t h e  

T a b l e  5 .  C l i m q t i c   D a t a  o f  t h e   I n v e s t i g a t e d   A r e a s  , ,  

P l a c e  A l t j t u d e  
m 

Annual Mean 
Tempera ture  

"C 

A n n u a l  Mean 
P r e c i p i t a t i o n  

mm 

Anxi legen  P a s s  3385-3510 S o u t h e r n  S l o p e  
N o r t h e r n  S l o p e  

- 5 . 2  - - 6 . 0  , , 

-5.8 - - 6 . 7  500-600 

Yux'i.molegal Pass 3280-3420 Mea 11 - 4 . 8  " -5.7 600-700 

R i n g  P a s s  , 3589-4010 N o r t h e r n   S l o p e  - 5 . 6  -A.4 430 

\ .  

. * .  



T a b l e  6 .  Measurement  Data of  S p e c i a l l y   S t r o n g   G e l i f r n c t i o n  S i t . e o  

ss u p  
M P  

58 1.9 0.88 25 8 3 8 . 7 9  0 .  O O B b  
60 3.2 1 . 7 9  34 30 137.5  0.00764 

100 . 3 . 8  0.65 3 4  90 98.8 0 , 0 0 1  1. 

L P  YO 4.5 1 . 5  20 50 243 0.0054 

HI' 

SP a7 NS 4 . 4  0 .4   10  90 6 1 . 2  0.00078 

YP SS 225 3 . 3  3 . 1  37 8 . 2 5  9 2 0 . 7  0 . 0 4 9 6  
NS 57 2.7 2.4 36 7 . 5  147.7 0,0346 

A B  10 3 . 6  2 . 2 2  32 1 75 32 
C D  30 

0..00142 
3.9 2 . 0 7  2 8  1 2  95*9 0 . 0 0 ~ 7  

SS DE 263 
Y O  

2 . 4  
2.5 

1.2 
1 . b  

27 
30 

10 
45 

303  
I 2 6  

' I ,  

EF 60 3 . 9  1.8 25 7 , ,  1 6 8 . 5  
F G 50 1 . 7  0.53 18  85 , 18 > 0.00014 

0.0134 

RP 
10 3.1 2 . 0 1  3 3  54 24.9  0.001.54 

G A 50 3 . 3  1 . 7 5  28 7 0  115.5 0 .0011 
10 3 .9  2 . 2 9  30 66 35.7 0.0018 

HI 10  4 .7  2 . 6 3  2 9  20 4 9 . 4  0.00824 
NS 3 3 . 5  1 . 7 5  2 7  17 7.35 0.0048 

.I K '3 3 . 0  1 . 6 8  30 8 1.0.1 0.0084 

K L 20 
20 

1 . 7  
3 . 8  

0.9 28 300 1 2 . 2  0.00007 
2 . 5 6  74 3 4 0  77.8 0.0003R 

- 
Note:  H P :  I l ax i legen  Pas8 YP: Yuximolegai P a s a  AP: Iling Pass S S :  s o u t h e r n   s l o p e  t lS:  northern slope 

mugen g n e i s s  i s  e e s i e r   t o  collapse t h a n   t h e  
s c . h i s t .  Resides, t h e  r a t e  maybe h i g h e r  in some 
l o w  p l a c e s  ( d e p r e s s i o n s )   p e r h a p e  because t h o s e  
p l a c e s  p r o v i d e  more s u i t a b l e  h u m i d i t y  and tem- 
ptbratutf  condilions, such  a s  t h e  E F  p a r t  on t h e  
sou the rn   s lope   and  JK p a r t  on r h e   n o r t h e r n  s l o p e  
in Bing P a s s  ( r e € .  T a b l e  6 ) .  

T h P  d e n u d a t i o n  r a t e s  i n  c e r t a i n  plat-es may he 
q u i t e  h i g h  d u e  t o  t h e   i n f l u e n c e  o f  t e c t o n i c s ,  
petrology and  topography.  I n  Haxi legen  P a s s ,  
t h e  h i g h e s t   r a t e  on t h e  s o u t h e r n   s l o p e  is 
0.007611 m'/m'.yr, 3 . 8  t i m e s   t h a t  o f  t h e  mean 
v a l . u e .   t h e   h i g b e s t   r a t e  on t h e   n o r t h e r n  s l o p e  
i s  0.0054 m ' / m  a y r ,  11.2 t i m e s   t h a t  of t h e  mean 
v ; ~ l u c .  I n  Y u x i m o l e g a i  Pass, t h e   h i g h e s t   r a t e  on 
t h e  s o u t h e r n   s l o p e  is 0.0496 m ' / m ' . y r ,  4 t i m e s  
0 1  t h e  mean v a l u e ,  t.hc h i g h e s t ,   r a t e  on t h e  
r l o r t h n r n  s l o p e  i.s 0 . 0 3 4 5 5  m'/m'*yr ,  4 . 5  t i m e s  o f  
Lhe m c a n  v a l u e .  t n  B ing   Pass ,  Ltre h i g h e s t  r a t e  
o n  t h e   s o u t h e r n  s l o p e  i s  37 t i m e a  t h e  mean v a l u e  
~ t r d  t h a t  on t h e   n o r t h e r n  slope i s  65 t i m e s  t . h c  
mt'an v a l u e .  

SUMMARY 
" 

The f o l l o w i n g  c o n c l u s i o n s  c a n  bc m o d e  based 

1 .  T h e   d e n u d a t i o n   r a t e s  b y  g e l i f r a c t i o n   a t  
nn t.he a b o v e   a n a l y s i s :  

the h i . g h  a f t - i  t u d e  o f  'Tianshan  Mountains ( 3 2 0 0 -  
41100 m >  a t e   0 . 0 0 1 4   m 3 / m a . y r  i n  Haxi legen  Pess ,  

0 , 0 1 5  m ' / m ' . y t  i n  Y u x i m n l e g ~ i  Pass, 0.00018 m y /  
m " - y r  in B i n g  P a s s .  

2 .  The  m a j o r   f a c t o r s   a f f e c t i n g   d e n u d a t i o n   r n t e  
a r e  a l t i t u d e ,   s l o p e   o r i e n t a t i o n ,   t e m p e r a t u r e ,  
p r e c l p i t a t i o n ,  p e t r o l o g y  and  topography.  T h e  r a t e  
is h i g h e r  w i t h  a h i g h e r   a l t i t u d e ,   b u t  t h e  p e t r o -  
Logy, s t r u c t u r e  and h u m i d i t y  may make t h i s  t e n d -  
ency complicated. The r a t e s  on s o u t h e r n   s l o p e s  
a r e   h i g h e r  L h u t  t h o s e  on n o r t h e r n   s l o p e s .  The 
f o l . l o w i n g  f a c t o r s  make t h e   r a c e   h i g h e r :  more 
i n t , e n s i t y   a n d  times of  t empera tu re   change   a round  
O"C,, h i g h e r   p r e c i p i t a t i o n   a n d  a i r  h u m i d i t y ,  
coarser p ~ r t i c I e s ,  more   compl i ca t ed   compos i t ion ,  
m3re t e c t o n i c  f r a c t u r e d  rocks   and  some lower  
d e p r e s s i o n  may make t h e   r a t e   h i g h e r .  I t  is shown 
b y  g1.0bal. comparison t h a t  t h e   a l p i n e   p e r i g l a c i a l  
e ~ ~ v i r o n m e n t s  i n  m i d d l e   1 a t i . t u d e  o r e  f a v o r n b l e  
f o r   d r n u d a t j o n  b y  g e l i f r a c t i o n .  
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DISCUSSION ON THE  DISTRIBUTION OF TANGENTIAL FROST- 
HEAVING FORCE ALONG THE LATERAL  SURFACE OF F I L E  

Liu  Rongxu 

Heilongjiang  Province  Low  Temperature  Construction 
Science  Research  Institute,  Rarbin,  China 

By means  of  experiments  the  distribution  pattern of tangential  frost-heaving 
force  along  the  lateral  surface of  pile has  been  found.  The  results  show  that 
its peak  value  moves  gradually  downwards t o  the  freezing  interface  as  the 
freezing  depth  is  developing,  and  the  stress-relaxation  feature  emerges  in  the 
frost-heaving  force  as  the  frozen s o i l  displacement  is  increasing'  along  the 

can  not be further discovered. A new explanation  is p u t  forward as  follows  to 
trial  pile, but  the reasons and the conditions  for producing  the displacement 

make  such  problems  clearer  in  this  paper:  Due  to  the  temperature-dropping 
shrinkage  in  foundation  soil,  the  tensile  stress  and  cracks  appear  later t o  
reduce  the  freezing  strength  greatly,  and  the  tangential  frost-heaving  force 
is also reduced  correspondingly. 

INTRODUCTION 

It  is very  important  in  practical  permafrost 
engineering  to  study  the  distribution  of  tangen- 
tial  frost-heaving  force  along  the  lateral s u r -  
face  of  pile,  and  the  changing  pattern o f  the 
distribution  with  elapsed  time  in  seasonal 
frozen  areas.  Scholars  from  the  former  Soviet 
Union  have  done a lot of research  work o n  this 
topic.  Among  them,  Darmatov, B.Y. g o t  results 
in  this  field  for  the  first  time  in  Yikarkar 
(Darmatov, 1 9 5 7 ) .  There  are  also  other  scholars 
who  had  discussed  this  topic  (Orlov,1962, 1977; 
Czutovitch, 1 9 7 2 ) .  

experiments o n  the  distribution  of  tangential 
frost-heaving  force  along  the  lateral  surface 
of  pile o n  the  Qinghai-Tibetan  Plateau. 

THE EXPERIMENTAL RESULTS A N D  ANALYSES 

Some  Chinese  scholars  have  made a series  of 

Egalev, K.E., a researcher  from  the  former 
Soviet  Union,  got  the  distribution  curves  of 
relative  tangential  frost-heaving  force  along 
the  trial  pile  in  tbe  silty  sandy  clay  located 
in  the  seasonal  actlve  layer  in Yikarkar(Fig.1). 

shown  in  Fig,l,  the  following  conclusions  can 
After  analyzing  the  distribution  curves 

be  drawn: 
(1) The  maximum  value  of  relative  tangential 

frost-heaving  force  initially  appears  near  the 
ground  surface,  and  then  moves  downwards  to  the 
freezing  interface  as  the  freezing  depth is 
increasing,  and  finally  the  maximum  value 
emerges  at  about 2 / 3  of  the  whole  frost  depth. 

force increases  gradually  with  temperatures 
dropping  in  the  frozen soil layer, and stress 
relaxation  occurs  as  the  frozen  soil  displace- 
ment  along  the  trial  pile is increasing 
(Czutovitch, 1 9 7 2 ) .  

soil o f  the  foundation,  the  reduction  of  tangen- 

( 2 )  The  average  unit  tangential  frost-heaving 

When  the  shear  displacement  occurs  in  the 

tial  frost-heaving  force  is  $ue t o  the  partial 
destruction  of  the  ice  crystals  at  the  ice- 
contact  points  of  the  foundation,  and  to  the 
crystal-orientatiun in the  process  of recrystal- 
lization  in  the  direction  of  reducing  the  capa- 

ment of the  foundation  (Darmatov,  1957;  Viylov, 
bility  of  resistance  to  the  frozen  soil  displace- 

1959;  Orlov. 1 9 6 2 ,  19771. 

e 3 

Figure 1, Distribution  curves of relative 

along  the  trial  pile  (taken  from K.E.Egalev) 
tangential  frost-heaving  force oT(NXIO/cm) 

Researchers,  from  Lanzhou  Institute o f  Gla- 
ciology  and  Geocryology,  Chinese  Academy of 
Sciences, also made  such  experiments  at  the 
observation  station o n  Qinghai-Tibetan  Plateau 
in 1 9 7 5 ,  and  obtained  similar  results on this 
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of  the soil contacted  to the foundation in the 
ropic. They divided  the whole freezing process 

same  depth  into  four  stages,  which  are  the 
initial  freezing  srage,  active  freezing,  cooling, 
and  overcooling.  The  increasing  of  tangential 
frost-heaving  force  mainly  occurred  in  the 
stages  of  initial and active  freezing,  and  in 

limited (Tong Changjiang, 1 9 8 2 ) .  
the  3rd stage  such  increasing  becamc  very 

with  the  soil  temperatures  descending  from  the 
initial  freezing  point t o  - 5 " C ,  the  relationship 
between  them  could be considered a linear  one, 
and  such  r'elationship  could  still  be  taken  as 
an  increasing  one in a direct  proportion  until 
the  temperature  reaches -10°C. After  that,  the 
reduction  of  tangential  frost-heaving  force 
would  be  dominant  in  the  following  process  as 
time  progressed  (Tong  Changjiang,  et  al, 1 9 8 5 ) ,  
sec Fig.2. 

The  tangential  frost-heaving  force  increased 

oct .25rh Nov .loth Nov.25th D2c .loth De?,ZOth 
Tangential  Erost-heaving forceo,(Kpa~lO') 

o 0.1 0 3 . 1 0 . 2  o 0.10.2 o o;io.20.3 o 3.10.2 
,". 

3 
v 

2 50 
*L: 
v 
a 
m 
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Figure 2 .  Distribution o f  tangential  frost- 
heaving  force  along  lateral  sur€ace o f  
foundation  (from Tong Changjiang,  et  al, 1985) 

1. initial  freezing  stage; 
2 .  active  freezing  stage: 

4 .  overcooling  stage. 
3 .  cooling  stage; 

THE AUTHOR'S  EXPLANATIONS OF THE EXPERIMENTAL 
RESULTS 

The additi.ona1 freezing  strength  found by 
the  researchers,  from  Lanzhou  Institutc of 
Glaciology  and  Geocryology,  Chinese  Academy  of 

nearly  in  direct  proportion to the  negative 
Sciences, by  means of indoor  experiments  is 

temperatures  at  the  common  changing  scope  in 

- S 0 C ,  then  the  long-term  additional  freezing 
the  foundation.  If  calculated  according  to 

strength  is  not  lower  than 0.4 MPa, a n d  the 
maximum  value  of  tangential  frost-heaving  force 
i s  not  higher  than  0.3  MPa. The slump  is  un- 

tial  frost-heaving  force  not  exceeding  the 
likely  to  occl~r  under  the  condition of tangsn- 

long-term  additional  freezing  strength. 

heaving  force  should  he  as  follows: 

during  soil  freezing  is  located  near  the  freez- 
i n g  interface (in the  drastic  phase-transforma- 
tion arcas). Because  of  the  volume  expansion  of 
soil  while  freezing,  and  the  foundation  remain- 
ing  stationary  even  if  the  freczing  makes  the 
soil and the  foundation  into a whole,  the 
tangential  frost-heaving  force  emerges.  The 

The  developing  process  of  tangential  frost- 

The  tangential  frost-heaving  force  produced 

force i s  determined by the  following  three 
factors: ( 1 )  the  classification  of  soil  which 

water  content i n  soil, and  the  ground-water 
depends on the  soil  frost  susceptibility,  the 

level. (2) the  additional  freezing  strength 

while  freezing  makcs  the  soil  and  the  founda- 
a l o n g  the  lateral  surface  of  the  foundation 

tion  into a whole,  and  the  strength  depends on 
the  negative  temperature,  the  value  of  the 
normal  compressive  stress  on  the  surface, and 
the  surface  roughness. ( 3 )  the  thickness  of  the 
frozen  layer. 

If  the  soil  is  of  strong  frost  susceptibility 
in the  foundation,  and  the  additional  freezing ' 

large  enough,  then  thc  thicker  the  frozen  soil 
strength  between  the  soil  and  the  foundation  is 

layer,  the  greater  the  stiffness  (namely,  the 
bend-resistance  capability)  of  the  frozen s o i l  
laycr, and  the  larger  the  distribution  area of 
the  effective  frost-heaving  stress, and finally 
the  larger  the  tangential  frost-heaving  force. 
l n  fact,thisis a loaded  system  of a two-layer 
foundation  (shown  in Fig.3). 

I !  I Effective  frost" 
heaving  stress 

Figure 3. Diagram  for  the  developing  process 
o f  tangential  frost-heaving  force 

lower  (except  for  the  rebounding of air  tempera- 
tures in the  following  spring),  the  freezing 
interface  moves  downwards,  and  the  ground tern-- 
peratures  continue  to  drop  everwhere  along  the 
lateral  surface o f  the  foundation  (all  these 
places  remain  firm, e.g. the  point " A " ) .  The 
freezing  strength  increases  in  direct  proportion 
t o  the  negative  temperatures  with  the  soil  tem- 
peratures  desce%ding, and then  the  tangential 
frost-heaving  force  should  become  steadily 
larger  and  larger,  and  distribute  with  Lhe 
trends  and  features  of  being  bigger a t  the 
upper  section  and  smaller  at  the  lower  one a s  
the  thickness  and  the  rigidity o f  the  frozen 

described  above. 
layer  increase,  but In fact  it  isn't  like  that 

the  upper  section  is  easily  and  greatly  influ- 
enced by  the  air-temperature  fluctuations. At 
the  beginning of the  freezing  period,  the 

While  the  air  temperature  gels  lower  and 

The  main  reason  for  this  is  that  the  soil  at 
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t e m p e r a t u r e  i s  not   very low, a n d  t h e   f r o s t   h e a v -  
i n g  a n d  f r o s t - h e a v i n g  f o r c e  of  t h e  s o i l  i n  t h e  
d r a s t i c   p h a s e - t r a n s f o r m a t i o n  a r e a s  i n c r e a s e s  i t 1  

a l i n e a r   r e l a t i o n  t o  t h e   n e g a t i v e   t e m p e r a t u r e .  
'The h o r i z o n t a l   f r o s t - h e a v i n g  f o r c e  i n  t h e   f r o z e n  
l a y e r  i s  a c o m p r e s s i v e   s t r e s s ,  S O  i t  makes  the 
d i r e c t   s t r e s s  on t h e   s h e a r   p l a n e   b e t w e e n   t h e  
€ r o z e n  s o i l  a n d  t h e   l a t e r a l   s u r f a c e  o f  t h e  foun-  
d a t i o n  much l a r g e r .   A f t e r  t h e  i n c r e a s e  o f  d i r e c t  
s t r e s s   t h e  shear s t r e n g t h  i s  a l a o   e n h a n c e d  
c o r r e s p o n d i n g l y ,  s o  t h e   c a p a b i l i t y  o f  t r a n s f e r r -  
i n g   t a n g e n t i a l   f o r c e   b e c o m e s   s t r o n g e r .   B e c a u s e  
t h e   t h i c k n e s s  of t h e   f r o z e n   l a y e r   i n c r e a s e s  
g radu : i l l y .   t he   v i l l ue  o f  t a n g e n t i a l   f r o s t - h e a v i n g  
f o r c e   a l s o   r i s e s .  

The s t r e s s - c o n d i t i o n   c h a n g i n g   p r o c e s s  i n  t h e  
h o r i z o n t a l   d i r e c t i o n   n e a r  L O  t h e   u p p e r   l a y e r  is 
a s  f o l l o w s :  A t  t h e   b e g i n n i n g  of t h e  f r e e z i n g  
p e r i o d   t h e   h o r i z o n t a l   f r o s t - h e a v i n p   c o m p r e s s i v e  

~ s t r e s s  i s  very l a r g e ,  a n d  t h e   t e m p e r a t u r e - d r o p  
s h r i n k i n g   s t r e s s  is r e l a t i v e l y   s m a l l ,   a n d   t h e  

~ c o m p r e s s i v e   s t r e s s   b e c o m e s   l a r g e r  a n d  l a r g e r ,  
f u r t h e r m o r e  i t  r e a c h e s  i t s  maximum v a l u e  when 
t h e   h o r i z o n t a l   f r o s t - h e a v i n g   f o r c e   s t o p s   i n c r e a s -  1 i n g .  T h i s  compress ive  stress is balanced  b y  t h e  
t e m p e r a t u r e - d r o p   s h r i n k i n g   s t r e s s ,  s o  t h e  zero- 
stress c o n d i t i o n  e m e r g e s .  I f   t h e   t e m p e r a t u r e -  
d r o p   s h r i n k a g c   c o n t i n u e s ,   t h e   l a r g e   t e n s i l e  
stress w i l l  be produced,   and also when t h e  
h o r i z o n t a l  t e n s i l e  s t r e s s  i s  l a r g e r  Lhan t h e  
l i m i t e d   v a l u e   ( e x c e e d s   t h e   u l t i m a t e   t e n s i l e  

o f   t h e   f r a g i l e   f a i l u r e  o f  t h e  f r o z e n  s o i l  l o a d  
s t r e n g t h ) ,   t h e   f r o s t   c r a c k s  w i l l  occur   because  

due t o  Ihc t e n s i l e  s t r e s s  ( V i y a l o v ,  e t  a 1 , 1 9 8 1 ) ,  
more  o v e r   t h e s e   c r a c k s   w i l l   c o n t i n u e   t o   d e v e l o p  

s e a s o n a l   a c t i v e   l a y e r )  ( L i u  Hongxu,   19901,   see 
(mos t  o r  Lhe c r a c k s   a r e  i n  polygons i n   he 

F i g . 4 .  

I 
I 
I 
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I I F r o s t   c r a c k s  
I 
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F i g u r e  4 .  Diagram Ear c h a n g i n g   c o n d i t i o n s  o f  
h o r i z u n r a l   f r o s c - h e a v i n g  € o r c e  ( f rom L i u  
H o n g x u ,  1990)  

I n  such  an  obvious1.y  changi.ng  period  from  the 
e a r l y   w i n t c r  when t h e   q u i t e  l a r g e  c o m p r e s s i v e  
s t r e s s   e m c r g e s . t o   t h e   d e e p   w i n t e r -  when the q u i t e  
l a r g e  t e n s i l e  s t r e s s  a p p e a r s  i n  t h e   h o r j z o n b a l  
d i r r t t i u n ,   t h e  additions\ f r e e z i n g  s t r e n g t h  and 
Lhe v e r t i c a l   s h e a r   s t r e n g t h  a r e  a l s o  c h a n g i n g ,  
t h e   t a n g e n t i a l   f r o s t - h e a v i n g  f o r c e  w i l l   f i n a l l y  
vary i n  c o r r e s p o n d e n c e .  

A f t e l   t h e   h o r i z o n t a l   t e n s i l e  Y L I ' ~ S S  a y y e a r s  

b i l i L y  Ilt!twcen t.he f r o z e n  s o i l  and   t he  Y . a t e r a l  
i n  t h e   f r o z e n   l a y e r ,   t h e   s h e a r - r e s i s t a n c e  capa-  

s u r f a c e  o f  p i l e   w i l l   r e d u c e   g r e a t l y ,   i n   o t h e r  

w o r d s .   t h e   a d d i t i o n a l   f r e e z i n g   s t r e n g t h   w i l l  
l o w e r  b y  a larMe degree. A 1 ~ h o u g h  t h e  € F O U L -  
heav ing   fo rce ,   wh ich   occu r s  o t  t h e   c o n s t o n t , l y  
d e s c e n d i n g   f r e e z i n g   i n t e r f a c e ,  i s  g r a d u a l  l y  
d e c r e a s i n g .   t h e   t h i c k n e s s  of t h e  f r o z e r ~  l i ~ y e r  
is c o n t i n u ' o u s l y   e n l a r g i n g ,   a n d  the a c t i v e  art?:# 
o f  t h e   e f f e c t i v e   f r o s t - h e a v i n g   f o r c e  Js r l r l ~ i d l y  
i n c r e a s i n g ,  and t h e   i n c r e a s e  o f  t o t a l  f r u s L -  
h e a v i n g   f o r c e  i s  f a r   l a r g e r   t h a n   t h e  O e c r c + ~ s c  
o f  f r o s t - h e a v i n g   f o r c e   d u e   t o   t h e   d e s c e n d i n g  0 1  
t h e   f r e e z i n g   i n t e r f a c e .  S o  c h e   t a n g e n t i a l   f r o s ~ . -  
hcov ing   fo rce   becomes   l a rge r  antl , l a r p e r .  and 
when t h e  f o r c e  i s  t o o  g r e a c  t o  hc e n t l u c c d  b y  
t h e  f r o z e n  s o i l ,   t h e   r e l a t i v e   d i s p l a c u m c n l  w i l l  
t a k e   p l a c e .  The d i s p l a c e m e n t   w i l l  make t h c  
a d d i t i o n a l   f r e e z i n g   s t r e n g t h   a t   t h e   i n t c r l a ( . c .  
r e l a x   f u r t h e r ,  t h i s  c h a r e c t e r i v t i c   i s e x h i b i  ccd  
t h r o u g h   t h e   d e c r e a s e  o f  t o n p e n c i , a l   f r o s t - h u n v i n g  

when t h e   t i m e  o f  t h e   t a n g e n l i a l   f r o s t - h c c v i n k  
f o r c e ,  The d i s p l a c e m e n t  will  s t o p   d e v e l o p i n g  

f o r c e  is equal t o  t h e   f r e e z i n g   s t r e n g t h .  

t i o n  at t h e  u p p e r  f r o s t - h e a v i n g   s e c t i o n  o f  Lhc 
s e a s o n a l   a c t i v e   l a y e r ,   t h e   ~ d d i . ~ i o n a l  f rc . ( . ;? ing  
s t r e n g t h  o f  t h e  i n  s i t u  .test i s  i d e n t i c a l  w l t h  
t h a t   g a i n e d  by i n d o o r   ( m o d e l )   e x p e r i m e n t s  whcrl 
the s o i l   t e m p e r a t u r e s  a r e  h i y h e r  Lhan - 1 O ' C  
( t h a t  is t h e  l a t e r  p a c t  of  t h e  s l o w  phase- 
t r a n s f o r m a t i o n   a r e a s ) ,  b u t  t h e   a t l d i   t i o n t r l   f r e e z -  
i n g   s t r e n g t h  o f  t he   s ample   ga ined  b y  f r e e z i n g  
i n  t h e  model under   t he   un l imi t ed   conr l i t i o l l  i s  
s m a l l e r .  The a d d i t i o n a l   f t u e z i n g   s t r e n g t h  i n  
s i t u  w i l l .  be much s m a l l e l -   t h a n   t h a t  gainc.11 Iby 

a re   l ower   chan  - 1 5 O C  i l l  the d i r e c t  i o n  o f  il 

Lhe indoor   expe r imeu t s  when t h e  M L J I  I t t !nlpL'r i l lur(~s 

n e g a t i v e   t e m p e r a t u r e .  

C O N C L U S I O N S  

O n  t h e  l a t e r a l   s u r f a c e  o f  p i l e  i n  t h e  f o u n d t l -  

" 

(1 )  The peak v a l u e   o f   t a n g e n t i a l  f f ( J S t . -  
h e a v i n g   f o r c e  moves  downwards  along Lhc I t i L e r a l  
s u r f a c e  o f  p i l e ,  and  meanwhile t h i s   v d l u c  
d e c r e a s e s   n e a r  t o  t h e   g r o u n d   s u r f a c e .  T h e  main 
r e a s o n  f o r  t h u t  i s  that t h e   f r e e z i n g  1t lycr  
e x p a n d s   a t   f i r s t   d u r i n g   F r e e z i n g ,   a n d  tllcll 
s h r i n k s  w i t h  t he   r cmpera ru rev  d c c r c n s i n ~ ,  and 
t h e   a d d i t i o n a l   f r e e z i n g   s t r e n g t h  i l l c r e a s e s  
i n i t i a l l y  and d e c r e a s e s   f i n u l l y .  

( 2 )  The a d d i t i o n a l   f r e e z i n g   s t r e n g t h  &:.1incll 
b y  i ndoor   expe r imen t s   can  11011 be   used   ~I i t ' ccLl  y 
i n  p r a c t i c a l .   e n g i n e e r i n g  d e s i g n  i f  t h c  p r o c e s s  
o f  t h e   f r e e z i n g   e x p a n s i o n  antl t h e  t e m p e r a t u r c -  
d r o p   s h r i n k a g e  o f  t h e   f r o z e n   l a y e r  i n  [.he 
h o r i z o n ~ a l   d i r e c t i o n   a r e n ' t   r e g a r d e d .  

( 3 )  The t a n g e n t i a l   f r o s t - h e a v i n g  f o r c e  
o b t a i n e d  b y  means o f  i n d o o r   e x p e r i m e n t s  C ~ I I I I I ~ I ~  

be d i r e c t l y  p u t  i n t o  use i n  p r a c t i c a l  c n g i ~ ~ e c -  
i n g  t les ig l l  i f   l h e   c h a n g i n g   p r o c e s s   o f   t h e  n r l r l i -  
t i c r n a l   f l e e z i n g   s t r e n g t h   b e r w e e n   t h e  s o i l  : i n d  ' 

t h e   l a t e r a l   s u r f a c e  o f  f o u n d a t i o n  i s  not  
regarded .  

( 4 )  'To t h e   s h e a r   s t r e n g t h  i n  t h c  f rox<!n   I ;~ycr ,  
which i s  e a s i l y   i n f l u e n c e d  by  c l i m a t e ,  the. 
f r o z e n   l a y e r  i n  t h e   u p p e r   p a r t  o f  f o u n d a t i o ~ ~  
h a s  a p r o p e r t y  o f  a n i s o t r o p y .  ant1 t h e  v c r t i c , 1 1  
s h c a r  st .cength is c l o s e l y  r e l a t e d  1.0 t hc   ho r  i -  
z o n t a l   s L r e s s  i n  soil, s o  i t  must. he f u l l y  
c o n s i d e r e d   i n   p r a c t i c e .  

be made i.n a n  e n g i n e e r i n g   p r o j e c t  i n  s c a s o n ~ l l .  
f r o z e n  soil, and t h e   c h a n g i n g   p r o c e s s e s  o i  t h e  
e x p a ~ ~ s i o n  and   t he   sh r inkage  s t r e s s  i n  t h e   f r o z e n  
l a y e r  i n  t h e   h o r i z o n t a l   d i r e c t i o n   n r e n ' t  c o n -  

ed o t ~ l y  a f t e r  a n a l y s e s   h a s  been  done a b u u t   t h e  
s i d e r e d ,  t h e  e x p e r i m e n t a l  r e s u l t s  C H ~ I  he u t i l i z -  

( 5 )  . I f  an   i ndoor   s imu la t ion  e x p e r i m c n l  i n  L I J  
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STUDY OF THE LAW OF ' f fIE DXSTRIRtlTION OF PERMAFROST AND 
VEGETATION I N  D A  H l N C G A N  L I N G ,  NORTHEAST OF C H T N A  

L i u  Q i n g r e n ' ,  Sun Zhenkun' ,  C u i  Yongsheng', 
L i r l  J i o n g d e '  and Chen Dongfang' 

' H e i l o n g j i a n g   I n s t i t u t e  o f '  F o r e s t r y   n c s i g n ,  C.hinn 
* H e i l o n g j i a n g   I n s t i t u t e  o f  C i t y  P l a n n i n g ,   P r o s p e c t i n g   a n d  

Des ign ,   Chine  

Da Hinggan L i n g  forest r e g i o n  i s  l o c a t e d  on t h e   s o u t h e r n   e d g e  o f  n o r t h e a s t   p e r -  
m a f r o s t  b e l t s  and is i n  t h e  mos t   no r the rn   pe rmaf ros t   r eg ion .  From t h e   l a r a e  
amount of  i n f o r m a t i o n   a b o u t   h y d r o g e o l o g i c a l   a n d   e n g i n e e r i n g   g e o l o g i c a l   p r o s p e c t -  
i n g  and t e e t e ,  t h e  d i s t r i b u t i o n  and t h e  d e p t h  o f  p e r m a f r o s t   h a s  a c l o s e   r e l a t i o n  
w i t h  t h e   v e g e t a t i o n .  S o ,  t o   r e s e a r c h   t h e   o b j e c t i v e   c o n d i t i o n s  of t h a   d l s t r i b u t i o l 1  
o f  p e r m a f r o s t   a n d   v e g e t a t i o n   e u c c e a s i o n  i s  i m p o r t a n t   f o r . j u s  be a b l e   t o   p r o t e c t  
n a t u r a l   e r n l o g i c a l   r q l i b r i u m   a n d   t h e  c r o n o m i c  devclopmcnts  i n  t h i s  r e g l o t ~ .  

IYTRODUCTION OF REGIONAL GEOGRAPHY 

Da llinggon L i n g  f o r e s t   r e g i o n   b o r d e r s   H e i l o n g -  
j i n n g  River  and f a c e s  E l u o s i  i n  t h e   n o r l h e r n   p a r t ,  
borders   Bergunan River a n d   H a i l a e r   p l a t f o r m  i n  
the w e s t e r n   p e r t ,  Aer mountain i n  t h e   s o u t h e r n  

p a r t .  The r e g i o n   c r o s s e s   s e v e n   l a t j t u d e s  (46'10' 
p a r t  ~ n d  wes te rn   Song long   p l a t eau  i n  the  e a s t e r n  

- 4 7 ' 3 0 ' ) .  Alignment o f  t h e  r i d g e s  i n  t h e   r e g i o n  
i s  i n  a N.N.E. d i r e c t i o n   a n d   e x t e n d s  t o  a S . S . W .  

w i d t . 1 ~  j .s 300 km (115'30'N-126'30'E). 
d i r e c t i o n .  T h e  l e n g t h  i s  about  800 km a n d  t h e  

1 .  Meteorolonv 
Da Hinggan L i n g  f o r e s t   r e g i o n  is t h e   c o J t l e s t  

iu n o r t h a e s t   C h i n a .  I t  e x p e r i e n c e s  a t e m p s r a t e -  
[ r i g i d  c l i m a t e .  From Mehe m e t e o r o l o g i c a l   i n f o r m a -  
t i o n   a n d   H e i l o n g j i a n g   m e t e o r o l o g i c a l  a t l a s ,  t h e  
menn a n n u a l   a i r   t e m p e r a t u r e  i s  -5.3 - - 1 . 3 ' C ,  

The ex t reme low t e m p e r a c u r e  I s  -52.3'C and   t he  
mcan a n n u a l  g round   t empera tu re  i s  -4.8 - -1.O"C. 
h i g h e s t   t e m p e r a t u r ~  i s  36.8'C. T h e  y e a r l y   p r e c i -  
p i t a t i o n  i s  350-490 m m .  The maximum t h i c k n e s s  of 
SIIOW c o v e r  is 30-50 cm. The l a s t i n g  time o f  snow 
is u p  t o   s even   mon ths .  The f r e e z i n g   s t a g e  o f  
r i v e r s  i s  six m o n t h s .   T h e   f r o s t - f r e e   s t a g e ,  i n  
whul.e, is 90 days .   Weather  i n  w i n t e r  is v e r y  
I r i g i d  a n d  t h e r e  is I e s s  p r e c i p i t a t i o n .   I n f l u e n c e d  
b y  t h e  Mongolia h i g h  p r e s s u r e   a i r   m a s s ,  snow f a l l  
o c c u r s  when a v e r y   c o l d   a i r   m a s s  comes t h r o u g h  
ilre area.   TemperAt.urp i n  summer is m i l d  and 
p r e c i p i t a t i o n  i s  heavy.  The h u m i d  m a r i n e   c u r r e n t  
f r o m  s o u t h e a s t   m e e t s   t h e   c o l d   c u r r e n t  in th is  

a b o u t  85-909: of wholt! y e a r ' s   p r e c i p i t a t i o n .  The 
r c g i n n  and  forms r a i n  f a l l  which  composes o f  

c h a r a c . t e r i s t i c s  of  a warm a n d  h e a v y   p r e c i p i t a t i o n  
form R s u i t a b l e   e n v j r o n m e n t   f o r   v e g e t a t i o n  t u  
grow. 

2 .  Topography,   GeomorpboloRy  and  Soi l  

r e g i o n   b r l o n g s   t o   d e n u d e d  a.nd e roded   l ow  r idges  
and   tundra   phenomenon.   The   charac te r i s t ic  oE i t  

The topography i n  Da Hinggan L i n g  f o r e s t  , 

is f l a t . .  From t h e   r e c o r d e d   i n v e s t i g a t i n n   r e p o r t  
i n  1954 in Ua Ninggan  Ling, i n  t h e   a r e a  o f  t h e  
s l o p e  the  g r a d i e n t  i s  l e s s   t h a n   1 0 "  is h9X of 
t h e   r e g i o n ,   1 1 - 1 5 "  is l o % ,  16-25'  is 9X and mare 
t h a n  29' is 2 X ,  The v a l l e y  i s  c o m p a r i . t i v e l y  wi:de, 

w i d e  and s h a l l o w  v a l l e y s  i n  w h i c h  t h e   d i s c h a r e ; e  
I t  can  he d i v i d e d  i n t o  two t y p e s ,  first is the .  

i s  l e s s .   M o s t . p a r t s  of those v a l l e y s  a p p e a r  
swampy;  second j s  t h e  "V" form v a l l e y s ,   t h e y  
have  a f l a t  b o t t o m   a n d   s t e e p   c l i f f s .  On t h e  b o t -  
tom s t r a t u m  is meinly d e b r i s  which h a s  a b a d  
s o r t i n g   i n d e x .   T h e r e   a r e  a l o t  o f  t u s s o c k  hum- 
mocks on t h e   g r o u n d   s u r f a c e .  From Y i l i h u l i  moun- 
t a i n   t o   H e i l o n g j i a n g   R i v e r ,   t h e r e  is a l a r g e  
t u n d r a  a r e a .  I t  c o n t r o l . l e d  b y  t h e .   r i s e  o f  E e r i u -  
na R i v e r   a n d   t h e   f a u l t  of  H e i l o n g j j a n g   R i v e r .  
The s t r a t a  o f  Da Hingean L i n g  is meinly i g n e o u s  
rock. The d i r e c t i o n  of m o i n  r i d g e s  o f  Da Hinggon 
1,ing i s  N . N . E .  - S . S . W .  d i r e c t i o n .  The e a s t e r n  
s i d e  of t h e   r i d g e  is bounded b y  S o n g l o n g  pla teau ,  
the w e s t e r n   s i d e  b o r d e r s  t h e  Mongol ia   p la tenu  
a n d   t h c   r a t i o  o f  s l o p e  is m o r e  than  thaL on t h e  
w e s t e r n  s - i d e .  T h e  s t r a t a  from o l d  t o  new appears  
i n  t h i s  r e g i o n .   T h e r e   a r e   s l a t e ,   a n d   m e t a m o r p h i c  
s a n d   a n d e s i t e ,   h a s n l t   f r o m  Mesozonic era them 
s a n d ,   t u E f ,   o i l   s h a l e   a n d   c o a l   l a y e r   f r o m   J u r a s -  
s i c  p e r i o d .   Q u a t e r n a r y   d e p o s i t s   a r e   e l u v i u m  
s l a p e  wash, n l l u v i u m  and d i l u v i u m .  The l i t h o l o g y  
is h u m u s  l a y e r ,   p e a t   a n d   s a n d y  c l a y .  S u r f a c e  
l a y e r  i s  brownish  loam l a y e r .  The s o i l .  i s  n o t  
f e r t i l e .  The s t a t u s   d e g r e e  o f  s o i l  i s  from 111 
t o  T V .  Tt. c a n  b e  d i v i d e d   i n t o   f o u r   t y p e s  on the 
r i d g e s  and t h e   n o r t . h e r n   s l o p e  of Da Hinggan  Ling,  
it is b r o w n i s h  a n d   b l a c k - b r o w n i s h   a c i a e l i s i l n a e  
s o i l  a n d   t h e   s t a t u s   d e g r e e  o f  a o i l  is IV. O n  t h e  
w e s t e r n   s l o p e ,  i t  is b r o w n i s h   a c i a e l l v i l u a e  S o i l .  
The s t a t u s   d e g r e e  of s o i l  i s  from 111 t o  v .  On 
s o u t h e r n  s l o p e ,  i t  i s  d a r k - b r o w n i s h   s o i l ,   t h e  
s t i r tus  d e g r e e  of soil i s  from IT t o  V .  

THE RELATIONSHIP BETWEEN THE DISTRIBUTION OF 
PERMAFROST A N D  VEGETATION DIVISION 



T h e  p e r m a f r o s t  i n  Da Hinggan  has g o o d  r e l a t i o n  
w i t h  the  c o l d   c l i m a t e .  B u t  t h e   t y p e s ,   d e p t h s  n n d  
d i s t r i b u t i o n  of p e r m a f r o s t   r e l a t e s  t o  t h e   f a c t o r s  
ol gcumurpho logy ,   t opography ,   l i l hu logy ,  6 0 4 1 ,  
w n t . e r ,   e t c .  A t  samv t i m e ,  its c h e r n c t e r i s t . i c 6  i s  
r e p r e s e n t e d ,  b y  t h e   v e g e t a t i o n ,   w h i c h   m e a n s   t h a t  
t h e r e  i s  a ru1.e  between  p,e.rrnafrost  and v e g e t a -  

b u t  i n   l o c a l   a r e a s ,  i t s  p r e s e n c e  . i s  d i f f e r e n t .  
t i o n .   I n  l a r g e  n r e a e , p e r m a f r o s t  a p p e e r s   u n i f o r m ,  

111 o r d e r  1'0 b r i n g   t h e   f o r e s t   i n t o  f u l l .  p l a y ,  we 
o u g h t   t o   t a k e   d i f f e r e n t  means t o  manage t h e  
d i f f e r e n t   a r e a s  d i f f e r e n t . 1 ~ .  The p e r m a f r o s t  
t v p e s   a n d   c h a r a c t e r i s t i c s   o f   v e g e t n t i o n ,  a n d  t.he 
dtbt.ai .Ls a r e  d e s c r i b e d  below ( s e e  F 7 g . L )  

F i g u r e  1 .  D i s t r i b u t i o n  o f  p e r m a f r o s t   a n d   t h c  
management  and d i v i s i o n   o f   f o r e s t  

I .  County ( B a n n e r )  governmen t   a r ea :  
2 .  S o u t h e r n  limit o f  c o n t i n u o u s   p e r m a f r o s t ;  
I .  S p o r a d i c   p e r m a f r o s t :  

4 .  R i v e r ;  
5 .  A f o r e a t i n g   B u r e a u  l imi t :  
0 .  P r o t e c t e d   N a t u r a l   A r e a .  

1 .  D i v i s i o n  A :  I t  l i e s   i n   t h e   n o r t h e a s t   p a r t  
of t h i s   f o r e s t   r e g i o n  and i n  A conr inuuus   perma"  
f r r ) s t   a r e a .  'The a r e a s  i n c l u d e   t h e   b u r e a u s  o f  
F u k e s h a n ,  % i . l i n j i ,   T u q i a n g , ,  hmuer ,  Ruzhong, Wrtma, 
Q i # i i h n ,  J i l i u  R i v e r ,  along mounta in ,  M a g u i ,  e t c .  
Thca t o t a l  a r e a  i s  4293000 h e c t a r e s . T h e  e l e v a t i o n  
i n  chis r e g i o n  i s  t h e   h i g h e s t  i n  Ua Hinggan L i n g  
( i . e . , t h e   e l e v a t i o n  j ,n  D a b a i  mountain is 1529 m 
a . x , l - ) .   T o p o g r a p h y   b e l o n g s   t o  ridges and 
d e c l i n e s   t o   t h e   n o r t h e a s t ,  The r e a i o n   f a c e s  c o l d  
c u i - r e n t s   f r o m   S i b e r i a ,  i t .  e x p e r i e n c e s  a c o l d  
c l i m a t e .   T h e  mean a n n u a l  a j r  t e m p e r a t u r e  is 
-5.3"C. mean s n t ~ u a l   g r o u n d   t e m p e r a t u r e  i s  - 4 . 8 " C .  
T h v  minlmum n i r  E p m p e r f l t ~ ~ r e  e v e r   r e s r h r d  was . ,  
-52.3OC. T h e  f r o s t - f r e e   p e r i o d  i s  less t h a n  
t h r p e   m o n t h s .  The Long f r e e z i n ~  a n d  s h o r t  thaw- 
i n l :  p e r i o d s  make t h e  d e t e r i o r a t i o n  o f  t h e  , 
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p e r m a f r o s t  slow and form t .he  widespread perma- 
f r o s t .  I n  va l leys   and   swamps ,   the   depth  o f  p c r -  
m a f r o s t  is t h e   t h i c k e s t .  From b o r e h o l e  Hg--24 ,  
t h e  d e p t h  i s  u p  t o  1 3 0  m .  The  d c y t h  i s  1 1 2 . 6  m 
f rom  borehole  He-,, s e a s o n a l l y  t h a w e d  d e p t h  in 
g e n e r a l  is  0.3-10 m. The d e p t h  o f  p e r m a f r o s t  o n  
f o o t s l o p e  is 15-30 m and   the   season-a l ly   thawed 
depth  i s  1 - 3  V I .  The d e p t h  is 1 5  m on slope and 
seasona l ly   t hawed   dep th  is compara t ive ly   deep .  
The d e t a i l s  a r ~  l i s t e d  i n  T a b l e  I 

t o  Reomorpho log ica l   pos i t i on  a n d  s l o p e  e x p o s u r e ,  
The temperakure  on n o r t h e r n   s l o p e  Is compara- 
t i v e l y   h i g h e r  a n d  t h e  seasonally thawed rlep1.h i s  
t h i c k ,  t h e  p e r m a f r o s t  i n  t h i s  Area i s  0-30 m .  
The t e m p e r a t u r e  on t h e  s o u t h e r n   s l o p e  is lower 
t h a n  o n  t he  n o r t h c r n  s l o p e  a n d  rhe  .seRsonnl l y  
thowed  depth i s  s h a l l o w   ( s e e   T a b l e  2 ) .  

t e m p e r a t u r e s  i s  l i s , F e d  i n  T a b l e  2 m u s t  be 
p r e s e n t e d  f o r  t h e  t , y p e s  o f  v e g e t a t i o n ,  The  vege- 
t a t i o n  i n  Dq Hlnggan L i n g  b e l o n g s  t o  t h e  s o u t h -  
e r n   p a r t  o f  e a s t e r n   S i b e r a n   l i g h t   a c i c u l % s i l v a e ,  
i n   C h i n e s e .  I t  i s  c a l l e d   t e m p e r a t e - f r i g i d  
a c i c u l . i s i l v e e .  I n  t h i s  r e g i o n ,  t he  v e g p t a t i o n  
is P i n u s  pumi la - l a r ixgmel in i .   The re  i s  a l l i t t l e  
Rhododendron   daur icum-Lar ixgmel in i .  Tn swamps, 
t h e r e   a r e  a l o t  o f  k t u s s o c k  hummocks. Along 
r i v e r   b a n k s ,   t h e r e   a r e   C h o s e n i a   m a c r o l e p i s ,  
Populus s u a v e o l e n s  ond A l n u s  m a n s h u r i c a ,   t h e  
s p e c i e s  of s h r u b s  mre J u n i p e r u s   d a h u r i c a :  
Rhododendron  dahuricum, Betula fruticosa and 
V a c c i n i u m   V i t i s - i d i e a ,  i n  a d d i t i o n  t o  Empetrum 
s i b i r i c u m ,   P y f r o l n   i n c a r n s t a ,   e t c .  

L a r i x g m e l i n i  h a s  a good a d a p t i o n  t o  t h e  
envi ronment  a n d  i t s  a b i l i t y  o'f n a t u r a l   r e c o v e r y  
is g o o d .  I t  is d i s t r i b u t e d   f r o m   v a l l e y ,  s l o p e  
t o   c r e s t s .  T h e  d e t a i l s  o f   v e g e t a t i o n ,  soil 
l i t h o l o g y  a n d   t o p o g r a p h y   a r e   p r e s e n t e d  i n  F i g . 2 .  

2 .  D i v i s i o n  B :  Complex f r o z e n  ground a r e a .  
The t y p e s  o f  f r o z e n   g r o u n d   a r e   c o n t i n u o u s  and 
s p o r a d i c   p e r m a f r o s t ,  i n  some a r e a s ,   t h e r e  a r e  
t a l f k s ,  I t  l i e s  i n  t h e  m L d d l e  o f  t h e   r e g i o n  
w h i c h   i n c l u d e s   t h e   b u r e a u s  o f  Tahe ,   Shiba   S ta -  
t i o n ,   A n g e l i n .   G e n g h e ,   T u l i h e ,   e t c ,  The t o t a l  
f o r e s t  a r e a  is 9988000 h e c t a r e s .  

The h e i g h t  o f  topography i n  t h i s  r e g i o n  i s  
l e s s   t h a n  i n  d i v i s i o n  o n e .  I t  t e n d s   t o   t h e  
n o r t h e r n   s l o p e ,  The d e g r e e  of  cold  is less than  
i n  d i v i g i o n   o n e .  The mean a n n u a l   a i r   t e m p e r a t u r e  
is - 4  - - 2 ° C  and t h e  mean nnnual ground t e m p c r a -  

t h i s  d i v i s i o n  i s  less t h a n  i n  d i v i s i o n   o n e .  The 
t u r e  i s  - 3  - - 1 . S " C .  The d e p t h  o f  p e r m a f r o s t  i n  

d e p t h  n e a r  t h e   b o r d e r  of d i v i s i o n  one i s  o n l y  
30-70 m, T h e  d e p t h  is becoming l e s s  and l e s s  
from  th,e  border t o  t h e  s o u t h ,   a t  t h e  same  t ime,  
t a l i k s  i n c r e a s e ;   n e a r   t h e   b o r d e r  of d i v i s i o n  C, 
i t  i s  mostly t h e   s p o r a d i c   p e r m a f r o s t .  

The lesser  degree  o f  c o l d  i n  c h i s  a r e a  makes 
the growing   pe r iod  0 1  v e g e t a t i o n   l o n g e r  (90-100 
d a y s )   a n d   t h e   s p e c i e s  o f  v e g e t a t i o n   i n c r e a s e .  
The r e p r e s e n t i v e  species orr t h e  slope a r e  mainly 
Rhodoendron   daur icum-lnr ixgmel in i .   The ' re  a r e  
l 'opulus   dsvodiana a n d  B e t u l a   d a u r i e c a ' ,   e x c e p t  
f o r   t h e  species i n  d i v i s i o n  A .  The"i.ncrement 

t h i s  d i v i s i o n ,   C p i c e a   b o r a i e n s i s ,   Q u e r c u s  Monga- 
p e r c e n t  i s  i n c r e a s e d ,  t o o .  On e a s t e t r l   p a r t   o f  

l i c a  and a f e w  IJ lmus  p r , o p i n g u a ,  Phel lodendron  
a m u r e n s i s ,  e t c .  a p p e a r .  B u t  t h e  g r o w i n g  o f  few 

d e n s e .  
s p e c i e s  i s  n o t   g o o d .   S h r u b s ' a r e   e x u b e r a n t   a n d  

The  main s p e c i e s  i s  Rhododendron  dauricum. 
The  number of Lespedeza  hlcolot a n d  Corylus 
h e l e r o p h y l l a   i n c r e a s e s .  a t  aame t i m e ,   t h e r e   a r e  
8 few A l n u s  m€tndShUrjCR, S p i r a e a   s e r i c e a ,  Rose 
a c e c u l a r i s .   e t c .  T h e  t h i n  l a y e r  Is rnaitrly 

I n  a d d i t i o n ,  t h e  dept-11  o f  p e r m f r o 3 1   r e l a t e s  

'The d i f f e r e n c e s  o f  t h e  t o p o g r a p h y   a n d   a i r  



T n b l e  1. T h e   r e l a t i o n s h i p   b e t w e e n   t h e   d e p t h  of p e r m n f r o s t   a n d   t o p o g r a p h i c a l   p o s i t l l o n  

Pos i t i .on  V a l l e y  R s w a m p  F o o t s l o p e  T e c t o n i c  
c o n p o s i  t i o n  On e l o p e  

I \ o r e h o l e  No. "s--7 Hs-1, ''9-24 I'z-1 lfz- 5 s-1 "P" Hz-! 0 

1 1 2 . 6  122,6 130.0 31.0 1 4 . 9   2 5 . 0  2 9 . 1  16 . O  D e p t h  o f  
p e r m a f r o s t ( n )  

S e R s o n a l l y  
I h a u e d   d e p t h ( m )  

We1 1 i n g  water  
a m o u n t   ( t / d )  

3- .8 3-  . 8  3-1.0 1 - 2 . 5  1 - 3  1 - 2 . 5  1-2.5 

1 . 0 0 2 . 1 5   1 . 7 4 4   1 2 2 9 . 8 2  

1-3 

9 8 5 . 2 2  

T a b l e  2 .  T h e   c h a r a c t e r i s t i c s  o f  d i s t r i b u t i o n   a n d  t h e  d e p t h  o f  w i d e s p r e a d  permafrost 

P o s i t j o t t  E a s t - w e s t " < i , v e r   v a l l e y  
, .  

S o u t h - n o r t h  r i v e r  v a l l e y  
' .  

E x p o s u r e  N. R l O p e  ' Val 1 .6 "~ : '  S .  slope W. s l o p e  V a l l e y  E . ' s l o p e  
\ ,  

M e a n   a n n u n l  
 round t e m p ,  ("C) 0 - -1.0 - 2  - - 4 . 2  -1 - - 2  0 - -1 - 2  - - 4 . 2  0 - -0.5 

D e p t h  o f  
permafrost ( m )  

0 - 20 SO - 1 5 U  20 - 50 10 - 30 50 - I 0 0  0 - 2 0  , 

S e a s o n a l l y  
t h a w e d   d e p t h  I n ) '  , 

2 - 4  0 . 5  - 1. 1 - 1 . . 5  1 . 0  - 2 . 0  0.5 - 1 1.0 - 3 . 0  

T e r r a c e ! ,   T e r r a c e  
I I I  I t  I 

I 1  I f  I I I  
I 1 I I L"--L: I , '  I I i i 11- 1 ;  I 1 I I 

M I  

. ,  
. I  

F i g u r e   2 .  P r o f i l e  o f  f o r e s t ,  s o i l ,  l i t h , o l o g y   a n d   t o p o g r a p h y  i n  D a . N i n g g a n . L i n g   f o r e s t  r e g i o n  . .: 
: .- 1 

I .  S w a m p   w i t h  mosa;  P e a t   g l e y s o l :  10. C o r n u s  a l b a l .  a n d  L a r i x g m e l i n i ,  
:, .:t 

2 .  M a r s h l . a n d ,   B l a c k   p e a t ;   c o n i f e r o u s  s o i l ;  
' ,. .I 

3 .  M e a d o w ,   G r a s s l a n d  sojl: * ,  , .  11. Grass  a n d   P i n u s ,  Brown c o n i f e r o u s , s a i l :  
4 .  R h o d o d e n d r o n   d a h u r i c u m  and P i n u s ,  1 2 .  Swamp with B e t u l a  f r u t i c o s a .  P e a t  g l e y s o l ;  

5 .  R h o d o d e n d r o n   d a h u r i c u m   a n d   L a r i x g m e l i n i ,  soil ;' 

6 .  Swamp w i t h  D e y r v x l s  s o r h i f o l  irr a n d  S h a l l n w   l a y e r  o f  c o n i f e r o u s  s o i l ;  

7 .  Grass a n d   L a r i x g m e l i n i ,  brown coniferous s o i l ;  1 6 .  Grass a n d   B e t u l a   d s h u r i c a ,   B r o w n  
8: R h o d o d c n d r o n   d a h u r i c u m  a n d  B c t u l u   p l u t y p h y t l a ;  c o n i f e r o u s  s o i l :  
9 .  Ledum p a l u s t r e   a n d   L a r i x g m e l i n i ,   S h a l l o w  l a y e r  1 7 .   N - N o r t h e r n   lope: 

o f  b r o w n   c o n i f e r o u s  s o i l :  18. S - S o u t h e r n   s l o p e .  

, ,  ( Z h a n g .  1 9 8 6 )  
, .  

! ,  

B r o w n   c o n i f e r o u s  so i l :  13 .  P i n u s   y u n r i l a   a n d   L a r i x g m e l i n i , ,  coniferous,': 

W e a t h e r e d   c o n i f e r o u s  soil; 1 4 .  Ledurn p a l u s t r e   a n d   B e t u l a  d a h u r i c a ,  

I l e y e u x i a   1 , a n g s d o r f f i i ;  1 5 .  Moss a n d   L a r i x g m e l i . n i :  

. -. . "  . 
, .  

- - ,  
.. , 

. . f  3 . 

v .  , ~ c c t n i u m  . . ' u l i g i n o s u m  m i x e d  w i t h  mosses ,  P y r o l ~  a l o t  o f  t u s s o c k   h u m m o c k s .  
in C o r n a t a  a n d   C d e y u x i a  s p .  O n  t h e  lowland, 9 .  D i v i s i o n  C :  I t  b e l o n g s  t o  s p o r a d i c  perma- 
t . h e r e  arc L e s p c d e z a   m i c h x   a n d  mosses  i n  a d o t -  f r o s t  a n d  1 . i e s  i n  t h e   s o u t h e r n  p a r t  o f  t h e  
d j s t r j b u t i o n .   A l o n g  r i v e r  b a n k s ,  t h e r e  a r e  r e g i o n .  I t  i n c l u d e s   t h e   b u r e e u l :  o f  K u l o n g s i ,  
svamps i n   w h i c h   t h e  w a t e r  i s  g r a d u a l l y   s t o r e d  U a y a n g s h u ,   T u l i h e .   W u e r q i a n ,   B i l a g e ,  e t c .  Total 
up and n o t  e a s i l y  d r a i n e d .  I n  t h i s  a r e a ,  perma- a r e a  i s  5519000 h e c t a r e s .  
f r o s t  i s  d e v e l o p e d .  On g r o u n d   s u r f a c e ,   t h e r t .  a r e  T h i s   d i v i s i o n   b e ' l o n g s  t o  low r i d g e s .  Tempera-' 
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t u r e  i s  c o m p q r a t i v g l y   h i p h e r  t.hnn i n  t l iv i . s ion  R .  
The mean a n n u a l   a i r   t e m p c r a t . u r P  is a b o u t  - 1 . 5  - 
-L.O°C, t h e   f r e e z i n g   p e r i o d  i s  a- ix  m o n t h s .  T h i s  
a r e s  i s  most ly  on t h c   n o r t h e r n  slope and  be longs  
t o   s e a s o n a l l y   f r o z e n   g r o u n d  n n d  p e r m a f r o s t - f  r e e  
ground.  I n  swamp or  weC l a n d ,   t h e   r l r a i n a g e   c o n d i -  
t i o n  is n o t  good snd t h e   g r a s s e s   a r e   c o v e r e d  b y  
t u s s o c k  hummocks; t h e r e  i s  sporad ic   pe rmaf ros t .  
I n  t h i g   a r e a .  WF! c a n  d i v i d e   t h c   d i v i s i o n  C i n t o  
CI and C 2  s u b - d i v i s i o n s ,   w h i c h   r e s p e c t i v e l y ,  
have a s t c r p  r lorthctr l  s lope   and  a g e n t l e  south- 
e r n   s l o p e .  T h o  a i r  t cmpera tu re   and   humid i ty  i n  
d i v i s i o n  C1 a r e   h i g h e r   t h a n  i n  d i v i s i o n  C 2 .  As 
n r e s u l t ,   t h e   c h a r a c t . e r i s t i c s  o f  p e r m a f r o s t  a n d  
v r ' g e t n t i o n   a r c   d i f f e r e n t ,   t o o .  

, 4 :  I J i v i s i ~ t . ~  C 1 :  S p o r i ~ d i c   p e r m a f r o s t  r e g i o ~ ~ .  
'The d e p t h  o f  pe rmaf ros t   f rom  no r thwes t  t.o s o u l h -  
c a s t  i8 g r n d u a 1 j . y   d e c r e a s i n g ,  t .he v e g e t a r i o n  i.s 
iu R t r a n s i t i o n   f r o m   O u e r c u s   m o n g a l i c a - l a r i x -  
gmeelini t o   Q u c e x c u q  vongsJjca.or A l n u s  mand- , 
s h u r i c a   a n d   p r a i r i e .  The  p1ant.s  in t h e  u n d i s -  
t u r b e d   a r e a   a r e   e x u b e r a n t .  

d e t e r i o r a t i n g  f r o m  n o r t h e ' h a t , t o   s o u t h w e s t  I n  
t h i s  region a n d   t h e   v a g e t ~ t i o n   t r a n s f e r s  rrom 
B e t u l a  p l a t y p h y l l s - L a r i x g m e l j , ~ ~ i  t o  B e t u l a  
y laphy lXa .   Be tu la   p l aphv l l a   and  grass l a n d .  In 
g c n e r a l ,   t h e   r e l a t i o n   b e t w e e n   p e r m a f r o s t   a n d  
v e g e t a t i o n   g o e s   a l o n g  w i t h  the   chan-ging of 
v e g e t a t i o n .   t h e   d e p t h  of p e r m a f r o s t  from n o r t h -  
west  t o  southeast i s  f r o m   t h e   c o n t i n u o u s  and 
d e e p ,  to t h e   d i s c o n t i n u o u s  a ~ ~ d  s h a l l o w ,  o r  
d i s a p p e a r i n g   ( s e e  Fig.3 o f  the d i s t r i h u t i n g  
t endar lc ies  o f  p e r m a f r o s t ) .  A n o t h e r   c h a r a r t e r - -  
i s t i c s  i s  t h a t   t h e   d e p t h   o f   p e r m a f r o s t  i n  t h c  
sitme l a t i t u d e  i s  t h e   s a m e ,   s u c h   a s  i n  Huola 
f r o s i n .  t h e   d e p t h  i n  t h e   c o n t r o l   a r e a  is 130 m 
rind on  t h e   e d g e   o r  on t h e   f o o t s l o p e  of t h e  
h H s i n  i t  i s  a b o u t  30 m .  The v e g e t a t i o n  a l s o  
c l l a n ~ e s  t o o ,  T h e   v e g e t a t i o n  on n o r t h w e s t  a n d  
west s l o p e s  i s  s p a r s e  a n d  on s o u t h e a s t  and e a s t  
s l o p e  i s  dense   and   exube ran t .   Accord ing  to t h i s ,  
wllerl we e x p l o i t ,   m a n e g e ,   u t i l i z e   a n d   p r o t e c t  
f o r e s t ,  w e  o u g h t  t o  p u t  t h e   f o r e s t   i n t o  f u l l  

5 .  D i v i s i o n  C Z :  S p o r a d i c   p e r m a f r o s t  t h n t  i s  

P l a y .  

N40'SE 
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F i g u r e  3 .  T e n d e n c y   o f   v e r t i c a l   d i s t r i b u t i o n  o f  
p e r m a f r o s t  i n  Da Hinggnn  Ling 

SOME "IDEAS A B O U T  FORESTE.XPLOITATION ANJ 
PROTECTION I N  PERMAFROST REGION 

The f o r e s t   r e s o u r c e  i.n the permnfros t  f o r e s t  
r e g i o n  o f  Da Hinggnn L i n g  is  rich. S t ' s  e c o l o g i -  
<:el ~ n v l r a n m e n t  a n d  economic v n l u r  a r e  s l g n i f j . -  
c a n t .  From above ,  we propose some a d v i c e :  

1 .  Draw u p  t h e  Laws of P r o t e c t i n k   F o r e s t  a n d  
E c o l o R y  i n  Time 

r u l c s  f o r  l o n g   t e r m   d e s t i n a t i o n .   F o r   a c t i v i t i e s  
To fo re s t ,   i n r$us t . r i e s ,  we ought  t o  make some 

of m i n i ~ ~ g ,   r a i l w a y ,  highway  and e l e c t r i c  power 
c o n s t r u c t i o n s  i n  f o r e s t   r e g i o n   w h j c h ,   r e l a t e ,  t o  
t h e   d e s t r u c t i o n  o f  t h e  f o r e s t  a n d  d i s t u r b  perma- 
f r o s t ,  W P  shor l ld   formula te  some  means to r e c q v e r  

The r u l c s  o r  laws must b e  p u t  j111.n e f f e c t  urlder 
the   de ' s t royed  v e g e t a t i o n  b e f o r e   c o n s t r u c t i o n .  , 

t .he  10( .al  g o v e ~ r l l l r e ~ l t . ' ~   p r o v i s i u n .  T o  thc d e p q r t  
ments o r  o r ~ a n i z a t i o n s  w h i c h   d o n ' t   a b i d e  b y  Che 
r u l e s  o r  l a w s ,  we m u s t  g i v e  them s e v e r e  p u n i -  
shments  i n  o r d e r  t o  p r o t e c t   f o r e s t   r e s o u r c e s  and 
the   eco log ic -a1   env i ronmen t .  

2 .  Reaeonab.le Management o f  F o r e s t   R e s o u r c e s  
f r o m  4 Long-term P o i n t  of View 

on i o r e s t a .   F o r e s t  resource i s  ve ry   impor t an t  
for   them.  We m u s t  d o  less c u t t i n g  a n d  i n c r e a s e  

a f o r e o r i n 8   i n   o r d e r   t o   c r e a t e   a n   e q u l i h r i u m  
hetwaen  them. For  t h e   r u t t i n g   a r e a ,   i t  i s  neces-  
s a r y   f o r  u s  t o  aforest i n  a g i v e n  t ime. To t h e  
naked  mountains ,  we s h o u l d   c r e a t e   p l a h s   t o  
r e c n v e r   f o r e s t  on them, W e  s h o u l d  be m o n i t o r i n g  
t h e   p l a n t  d i s e o s c s ,  i n s e c t   p e s t s   a n d   f o r e s t  
fires. s e r i o u s l y .  T n  exploiting t h e   f o r e s t ,  we 
t l c a l  with i t .  a c c o r d i n g  t o  i t s   e c o p h e n o - t y p e ,   a n d  
same t i m e  l a y  down s c i e n t i f i c   c u t t i n g   p l a n s  n n d  
e f f e c t i v e l y   c o n t r o l   t h e   d e c r e a s i n g   t e n d e n c y  o f  
wood-reserves, The  amount of  burned w o o d  c a u s r d  
b y  t h e  man-msde o r  n a t u r a l   f i r e  is very l a r g e .  
From i n v e s t i g a t e d   i n f o r m a t i o n  i n  f i v e   f o r e s t  
b u r e a u s  managed h y  Da l l i n g g a n   L i n g   f o r e s t   b u r e a u ,  

90700, more t h a n  3 . 1 8  t i m e s  o f  t h e   s t a t i s t i c s  
t h e   a c t u a l   b u r n e d  wood amount ,   per   year ,  i s  

numhers  (from Zhou H o n g l i e ' s  I n f o r m a t i o n ,  I)a 
tlingp,an Ling I n s t i t u t e  o f  F o r e s t r y   P l a n n i n g ) .  

3 ,  T h e  E c o l o R i c a l   S i R n i f i c a n c e  o f  F r o t e c t i n R   t h e  

T h e  forest i n  Da I l i n g g a n  Ling h a s  t h e   c h a r a c -  

The  depar ' tments i n  t h i s  reg ivr l   g rea t ly   depend 
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t e r i s t . i c s  of s t o r i n g  and a d j u s t i n g   t h e   w a t e r  
r e s o u r c e s  of  H e i l o n g j i s n g   R i v e r ,   L o n g j a n g   R i v e r  
a$d E e r g u l n a n   R i v e r ,   a n d   h i n d e r s   a n d   d e c r e a s e s  
t the  i n v a s i o n  o f  S i b e r i a n  c o l d  c u r r e n t  a n d  t he  
w i n d  and  sand fram the   Mongol ia  P l a t e a u .  I t  
r l u u r i s h e s   t h e   L o n g j i a r l g   P l a t e a u ,   t h e   p r o s p e r o u s  
Mulongbeier  League  and p r o t e c t s  t h e   w a t e r   a n d  
s o i l  losses, and a t  t h e  same t i m e ,   p r o v i d e s  

envt ronment  i n  Da Hinggan Lirrg ,  
i m p o r t a n t  wood r e s o u r c e   a n d   p r o t e c t s   t h e  
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r e s s j o n s   i n   n o r t h e r n   M o n g o l i a ,  f o r  e x a m p l e .   t h e  
R i v e r s   C h u l u t ,   T e a ,  S h a r g n ,  A r s a i ,  Z c l t - e r ,  S h i -  
l u s t e i ,  e t c . .  

T h e y  also o c c u r   n t   t h e   b o t t o m  o f  l a c u s t r i n e  
~ l e p r e s s i o n s :   T o n s h i l - n u r ,   H u t a g - n u r ,   D a r h a t  Lake 
h a s i n ,  e t c . .  T h e   f r o s t   h e a v i n g   m o u n d s   c a n   b e  
d i v i d e d   i . n t o   t w o   t y p e s :   L h e   s e g r e g a t e d   a n d i n t r u -  
s i v e   o n e s .   U s u a l l y ,   t h e   p e r e n n i a l   h e a v i n g   m o u n d s  
a r e  not  v e r y   b i g   i n   v o l u m e ,   t h e   b i g g e s t   o n e  
L o u n d  near t h e   S a n g i n - d a t e i   n u r  is 30 to 40 nl 1.11  

h e i g h t ,   1 5 0 - 2 0 0  m in d i a m e t e r  at i t s  b a s e   ( P h o t o  
1 ) .  T h e   s m a l l   m o u n d s ,   e . g . t h e   t u r f   h u m m o c k s ,  a r e  
w i , d e l y   d l s t r i h u t e d   i n :   M o n g o l i a .  

FROST CRACKINGS A N D  POLYGONAL FORMS 

U n d e r   t h e   s t r o n g   c o n t i n e n t a l   c l i m a t e ,  o n e  o f  
Lhe w i d e l y - d i s t r i b u t e d   p r o c e s s e s   i n   M o n g o l i a  i s  
t h e   t h e r m a l   d e f o r m a t i o n   ( f r o s t   c r e r k j n g n )   a n d  

p o l y g o n s ) .   T h e   w i d t h   o f   t h e   c r a c k s   c a n   b e   f r o m  
t h u s   t h e   p o l y g o n a l   f o r m   ( f r o m   m i c r o   t o   m a c r o  

T h e   p e n e n t r a t i n g   d e p t h  of  t h e  f r o s t   c r a c k i . n g s  
s e v e r a l  m i l ime te r s  t o  1 0 - 1 2   c e n t i m e t e r s  o r  m o r e .  

w o u l d   b e   l i m i t e d   w i t h i n   t h e   a c t i v e  l a y e r ,  b u t   i n  
c e r t a i n   c o n d i t i o n s ,   t h e   c r a c k s   c a n   p e n e t r a t e  
i n t o   t h e   p e r m a f r o s t ,   f o r m i n g   t h e   c h e c k - l i k e  
r - r y o g e n i c   t e x t u r e .  

M a c r o p o l y g o n s   ( m a y b e   w i t h  i c e  w e d g e s )  were 
f o u n d  by P r o f e s s o r   A . P . G o r b u n o v   i n   D a r h a t   b a s i n  
(IF P r i h u b s u g u l .   T h e s e   k i n d s  o f  m a c r o p o l y g o n s  
a r e   w i d e l y   d i s t r i b u t e d  i n  D a r h a t   b a s i n   a n d   t h e  
i n t e r m o n t a n e   d e p r e s i o n s  o f  M t .  K h a n g a i ,  M t .  
K h e n t e i   a n d   o t h e r   p l a c e s ,   T h e   s m a l l .   p o l y g o n a l  
f o r m s  d e v e l o p   e v e r y w h P r e , i , e . i n   t h o   f l o o d   l a n d , s ,  
v a l l e y s   a n d  t e r r a c e s ,  f o o t h i l l s   a n d  slopes 
( P h o t o  2 ) .  T h e  smell p o l y g a n   w i t h  a d i s t a n c e  o f  
10-15 cm b e t w e e n   t h e   c r a c k s  a t  a n   e l e v a t i o n  of  
2500-2600 m on t h ' e   n o r t h e r n   s l o p e  of Mt.Al ta i  is 
t h e  l e a s t  oE a l l  m i c r o p o l y g o n s   o b s e r v e d   b y   t h e  
a u t h o r .   B o t h   t h e   n o r l s o r ' t i ? d   a n d   s o r t e d   p o l y g o n s  
were e n c o u n t e r e d , '   t h e   ' n . o n s o r t e d   p o l y g o n a l   f o r m s  
were w i d e l y '   d i s t r i b u t e d ,   t h e   s o r t e d   o n e s - - i n  M t .  
K h a n g a i ,   P r i h u b e u g u l   a n d   o t h e r   p l a c e s   ( P h o t o  3 ) ,  

'I'HERMOKARST 
, .  

T h e   s i g n s  'of  t h e r m o k a r s t . i n c 1 u d i n g   t h e  round- 
s h a p e d  s m a l l  l a k e , f o r m e d   b y   t h e   m e l t i n g  o f  g r o u n d  
i c e ,  were o f t e n  seeb B E  t h e   b o t t o m  of l a c u s t r i n e  
b a s i n s  a n d  r i v e r   v a l l e y s .   T h e   n e g a t i v e   l a n d f o r m s  
( w i t h o u t  wa te r )  a n d   t h e  lakes were l o c a t e d  a t  
t h e   p l a c e s   w i t h   p e r e n n i . a l   f r o s t   h e a v i n g   m o u n d s .  

; B e c a u s e  of t h e .  c l i m a t i c  o p t i m u m  i n  H o l l o c e n e ,  
f , h e   v a l l e y - g l a c i e r , s   a n d   t h e   a l p i n e   g l a c i e r s   i n  
M o n g o l i a   r e t r e a t d d ,   t h e   p e r m a f r o s t   d e g e n e r a t e d  
a n d  . t h e   t h e r m o k e t s r " i p r o c e a ~ s e s   b e g a n  t o  d e v e l o p  . 
T h e  s i g n s  o f  s u c h   t h e r m o k a r s t   p r o c e s s e s   c o u l d   b e  
s e e n   n o t   o n l y  i .n t h e   p e r m a f r o s t   r e g i o n ,   b u t  a l s o  

C e n t r a l  K h a n g a i   U p l a n d  a n d   o t h e r   p l a c e s .  T h e  
in t h e  s o u t h ,   i . e . t h e  s e a s o n a l   f r o s t   z o n e  of  t h e  

d e v e l o p m e n t  of t h e r m o k ? r s F  a t  t h e  c l i m a t i c  o p t i -  
m u m  p e r i o d  of H o l l o c e n s   a d c o u n t e d  f o r  t h e  i n -  
c r e a s e  o f  m e a n  a n n u a l  a i r  t e m p e r a t u r e   t h e   w a r m -  
i n g  o f  p e r m a f r o s t ,   t h e   t h i c k e n i n g  of  t h e  see- 
s 1 ) n a l   t h a w   l a y e r   a n d   t h e   i n c r e a s e  o f  t h e   b u r j e d  

g r o u n d .  
d e p t h  o f  g r o u n d  ice or  t h e   i c e - r i c h   f r o z e n  

N o w a d a y s .   t h e r m o k a r s t  i s  stil.1 d e v e l o p i n g  ~ n d  
c a n  b e   s e e n   i n   t h e   v a l l e y  o f  R i v e r   C h a r g a n - t u r u -  
t i n - p o l  of B a j a n h o n g o r   A i m a k   ( S o u t h   K h a n g a i ) ,  
a n d  i n   t h e   n e a r b y   r e g i o n   o f  Dedal Somon, K h e n t e i  
Ai.nlak ( n o r t h e s t  of M o n g o l i a ) ,   I n   t h e s e   r e g i o n ,  
some s m a l l  d r a i n e d   d e p r e s s i o n s ,  1 , 5  m i n   d e p ~ h  
a n d  4-5 m i n   d i a m e t e r ,  were f o u n d .   T h i s   e v i d e n t -  
l y  p r o v i d e d   f o r   t h e   d e v e l o p m e n t  of  t h e  thermo- 
k a r s t  processes .  W i t h  t h e  e n t e r i n g  of  w a t e r ,  tile 
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m e l t i n g  n f  i c e  w 0 u l . d   h e c o m e   a c - t i v a t e d ,   t h e  s e t -  
t l e m e n t  of g r o u n d   w o u l d  h e  f a s t e r  a n d  t h e  s m a l l  
p o n d   w o u l d   b e   e n l a r g e d .  

THERMAL EROSION 

I n  M o n g o l i a ,   t h e r m a l   e r o s i o n   u s u a l l y  O C C U ~ G  

a s  a small d i t c h ;   w h e n  Lhe i c e - r i c h   f r o z e n   g r o u n d  
o r   g r o u n d  i c e  i s  s u b j e c t   t o   e r o s i o n ,   t h e   t h e r m a l  
e r o s i o n  stream c o u l d  occ-ur . 

Tn N o r t h e r n   M o n g o l i a ,   e s p c c i a l l y  i n  t h e  OarhaL 
b a s i n ,   b e c a u s e  o f  t h e   i n t e n s i v e   s n o w - m e l t i n g   e n d  
t h e  t e m p o r a r y   i n t e n s i v e   s u r f r t c c   f l o w ,   t h e  U- 
s h a p e d   d i t c h e s   d e v e l o p   a c t i v e l y ,   a n d   t h u s   t h e  
s e a s o n a l   t h a w i n g - f r e e z i n g  l a y e r  i s  s c o u r r e d ,   t h e  

not o n l y  t h e  e n l a r g e m e n t  o f  t h e   d i t c h ,   b u t  also 
upper  p e r  L oE p e r m a f r o s t  I s  e r o d e d .  T h i s  c a u s e f i  

t h e   i n t e n s i v e   s e t t l e m e n t   o f   g r o u n d ,   T h e   i n k e n -  
s i t y  o f  t h e   d i t c h   e n l a r g e m e n t   e n d   t h e   d e s t r u c -  
t i o n  o f  t h e   r i v e r   b a n k   c o m p o s e d   o f   i c e - r i c h   s a n d y  

, c l a y   a n d   s i l , f y , s a n d   c a n  be 1 t o  3 m .  
T h e r m a 1 , e r o s i o n s  were f o u n d  i n   t h o s e   p l a c e s ,  

w h e r e   t h e  i c e  c o r e  ( a e g r e g ~ t e d  o r  i n t r u s i v e )  of 

b y   r i v e r   d i s c h a r g e .   T h i s  was o b s e r v e d  a t  t h e  
v a l l e y   b o t t o m  of  R i v e r   O l e i n - $ 0 1   a n d   R i v e r   C h a r -  
g o n - T u r u t i n - g o l ,   w h e r e  a  roup o f  p e r e n n j a l l y  

' e  f r o a t  h e a v i n g   m o u n d  was w a s h e d   a n d   d e s t r o y e d  

f r o s t   h e a v i n g  
b a n k  o f  R i v e r  
r e d   b y  w a t e r ,  
e x a m p l e :  

0 - 2 . 2  m S 
b r o w n ,   w i t h  p 
i n g   a n d   f r e e z  

w i t h  B b e d d e d  
t e x t u r e .  

A t  t h e  mea 

2 . 2 - 8 . 0  m 

i 
1 
i 

" 

m o u n d s  were e n c o u n t e r e d .   T h e   l e f t  
O l g o i n - g o l  was i n t e n s i v e l y  scour- 
the  f o l l o w i n g   p r o f i l e   c o u l d   b e  n r ~  

Y I t y  s a n d   a n d   s a n d  
a n t   r o o t s ,   t h a w e d  
ng l a y e r ) .  
F r o z e n  s i l t ,  b l u e  
a n d   i r r e g u l a r   n e t  

der b e l t  o f  t h e  r 

I 

t 

i n 
s i l t  was i n t e n s i v e l y   e r o d e d   e n d  

c l a y ,  d a r k  
( s e a s o n a l   t h a w -  

r i c h  in i c e ,  
e d   c r y o g e n i c  

v e r ,   t h e   f r o z e n  
t h u s   t h e '   r ' l v e r  

b a n k  was d e s t r o y e d .  In 1988, t h e   a u t h o r   f o u n d '  
t h a t  i t  h a d   c o l l a p s e d   i n t o   t h e  weter ,  t h e  c o l -  
l a p s e d   s e c t i o n  was 3 - 4  m i n   w i d t h .  

"- CRYOGENIC SLOPE PROCESSES A N D  PHENOMENA 

I n   o u r   c o u n t r y .   t h e  most a c t l v e   f o r m   t o  p r e -  
p a r e   t h e   b l o c k  mater ia l s  m o v i n g   o n   s l o p e s  is 
C r y o g e n i c   W e a t h e r i n g .   S o m e t i m e s ,  i t  i g  c a l l e d  
c r y o h y d , i a t i o n   w e a t h e r i n g .  As a b a s i c   r e s u l t  n f  
c r y o g e n i c   w e a t h e r i n g ,   t h e   l a r g e   b l o c k s  were 
f o r m e d  (Photo 4 ) .  T h e  c a u s e  of c r y o g e n i c  w e a t h -  
e r i n g   a c c o u n t e d $ n o t   o n l y  f o r  t h e   f l u c t u a t i o n  o f  
g r o u n d   t F m p e r s t y r y  ( 4 n  M o n g o l i a   i . t  i s  c o n s i d e r -  
a b l e ) ,   b u t   a l s o  S6r t h e  water  l r e e z i n g   i n   t h e  
r o c k   j o i n t s .  A , l a r g e  n u m b e r  o f  block fields a n d  
k u r u m s   i n   m o u n t i a n   r e g i o n s  o f  o u r   c o u n t r y   p r o v e d  
t h e   i n t e n s i t y  o f  c r y o g e n i c   w e a t h e r i n g .  I n  Mt. 
K h a n g a i ,   t h e   a c t i v e   c r y o g e n i c   w e a t h e r i n g   b e l t  
s t a r t s  from 1500 m a . s . 1 . .  

t h e   i n t e n s i t y  of  c r y o g e n i c   w e a t h e r i n g   i n   t h e  
o f f s h o o t  of M t . K h a n g a i  i n  t h e   c r y s t a l l i n e   s c h i e t  
r e g i o n ,   R i v e t   S e g n e g e r i n - g o 1   b a s i n ,   d u r j n g  1978- 
1 9 8 3 .  I n  the  c a t c h e r ,  0 . 5  m i n  a r e a ,  t w o   b o r l l -  
d e r s ,  some g r a v e l   a n d  s i l t  were o b t a i n e d .  

As a r e s u l t  o f  c r y o g e n i c   w e a t h e r i n g ,  wome 
f i n e - g r a d e d   m a t e r i a l s   o c c u r r e d .   F i e l d   o b s e r v e -  
t i o n s   b y  means o f   t h e   c a t c h e r  were c a r r i e d  out  
i n   M t . E m g a n t i n - h u s h u ,   H U t a g   S o m o n ,   B u l g a n   A i m a k ,  
f r o m   1 9 7 7 - 1 9 7 8 .  T h e  r e t r e a t  of t h e   r o c k - w a l l  
c a u s e d   b y   w e a t h e r i n g ,   i n d i c a t e d  a v e r y   l o w   i n -  
t e n s i t y .  One e x a m p l e  i s  s h o w n  i n  T a b l e  2 .  

a n  slope o f  t h e  m i d d l e - h i g h   m o u n t a i n   w i t h   c o n -  
t i n u o u s .   d i s c o n t i n u o u s ,   a n d   e v e n   s p o r a d i c   p e r -  
m a f r o s t   i n  our  c o u n t r y .  

By m e a n s  o f  t h e   c a t c h e r ,   t h e   a u t h o r   o b s e r v e d  

Kurum i s  o n e   o f   t h e   w i d e l y   d i s t r i b u t e d   f n r m s  



T a b l e  2 K e s u l ~  o f  o b s e r v u t i o n  o n  t h e   i n t e n -  
s i t y  oE c t ' y o y e n i c   w e a t h e r i n g  i . n  
ortl~ouneiss.Mt.Emaantin-hushu 

- .. 
AI-ea of Mawria ls  Working 

Duration Rock catcher   into  catcher   condi t iou 
(cm) ( X )  o f  catcher 

2.6 shaded 
.. 

Kurulns d e v e l o p  o n  t h e  s l o p e s  w - i t h  B s t e e p u e s s  
f r o m  3-5 '  t o  4 0 - 4 5 ' .  F o r  e x a m p l e ,  i n  t h e  M t .  
Roy(lo-yu.L near  the   ULan-Uator  C i t y ,  t h e y  g e n e r -  
a l l y  o c c u r  on t h e   n o r t h .   n o r L h e a s L  und n o r t h w e s t  

g c n c r a l l y  composed  o f  s h a r p  a n g u l a r  b l o c k s  and 
s l o p e s .  At l h e  u p p e r  parL  uf s l o p e ,  kurums a r e  

b i g   b o l d e r s ;   a t  the m i d d l e  p a r t  of  s l o p e ,  t h e y  
g e n e r a l l y  consisL of a n g u l a r - r o u n d e d   b i g  L O  m i d -  
d l e  b o l d e r s   ( P h o t o  5 ) . ,  I n  t h e  g o r g e  a r e a ,  the 
lower  p n r t  o f  s l o p e  i s  r a ~ h e r  s t e e p  ( 4 0 - 4 5 ' ) ,  
Lhe kurums  become s ~ o n e  s t r e u n l u , w h e r e  the v c l o -  
c i L y  o f  downward   mnvement 'o f   the   b locks  i s  s t i l l  
c o n s i d e r a b l e  ( T a b l e  3 ) .  

'Tab1.e 3 Movcmenc u l  b l o c k  ~ ~ l a ~ e r i a l s  
in s t t ) n o   s L r e a m   a t  M t .  

Bogd[J-U],  1982-19811 

Class i f ica t ion  Small Very coarse Cocltsc Middle 
o f  block boulder pebble pebble pebb1.u 

Size (cm) 40-20 20- 10 10-6 b-4 

per yeor(cm) 1 7 * 5  
Moving distance 21.7 34.1 22.6 

As shown in 'Cable 3 ,  the moving s p e e d  of  t h e  
s m a l l e r  m a t e r i a l s  i s  h i g h e r  t h a n  t h a t   o f  Lht:  
c o a r s e r  o n e s .  Kurulns d e v e l o p   a c t i v e l y   i n   t h o  U ~ J -  

p e r   p a r t   o f   t h e   M o n g o l i a n   h i g h   m o u n t a i n s ,  For 
e x a m p l e ,  011 t h e  u p p e r   p a r t  of t h e   p l a n a t i o n  

c i a l l y  t h e  c r y u l ~ l . a n a t i o n   t e r r a c e s   ( w i t h  s e v e r a l  
l a n d f o r m ,  t h e   a n c i e n t   p l a n a t i o n   s u r f a c e ,  espe-  

s L e p s )  in  he Mt-Bogdo-ul   (2100 m )  and  I lug lan-  
P u s g c r  (2100 m) of  the M r . K h a n t a i   e n d   o t h e r  
m o u n t a i n s .  K u r u m s  a c l i v e l y   d e v c l o p   m a i n l y  on 
s t e p p e d  c r y u p l a n e t l u n   L e r r a c e y ,  t h u s  the t e r r a c e  
scars would retreat backwatrls a n d    he l a ~ e r e l  
c u t t i n g   w o u l d   o c c u r .  

t h e  p l a n e d  h l l l t u p  o f   t h e   m i d d l e   a n d   h i g h  moun- 
t a i n s   w h e r e   t h e   g o l e s   i c e   a n d  snow i s  me l t i . ng .  
'The r e p e a t e d  u ~ ) h ~ . a v l n g   ( c a u s e d  b y  t h e   i c e   f o r m a -  
t i on )  and se~tlenlent  (caused by t h e  ice  melting) of a 
kurum body leads Lo Lhe block  material downs1,ope  movement. 
l'hc moving velocity of cryogenic  creeping is v e r y  slow and 
was observed t o  be several   milimeters par year.  Usually, 
cryogenic creeping  develops a t   t h e  upper  part of mountalns 
or Lhe planed hillLop und plays  an  important  role  in  the ' 

planation of the surnmll surface of the middla-hiRh moun- 
ta ins  in Mongolia. 

o l i a ,  mainly on t h c   n o r t h - f a c i n g  slope. on t h e  
p l a n e d  s u m m i t  a n d   t h e   f o o t h i l l s ,  i n  t h e  s i l t y -  

6 ) .  
sandy  c l a y  w j c h  some c o a r s e - g r a d e d  d e b r i s   ( P h o t o  

C r y o p e u i c   c r e e p i n g   d e v e l o p s  on the s l o p u s  a n d  

S o l i f l u c t i o n   w i d e l y   d e v e l o p  j n  n o r t h e r n  Mong- 

S o l i . f l u c t i o n  c a n  b e  s u b d i v i d e d  I n t o  s low  and  
r a p i d  ones. The  v e l o c i t y   o f   t h e   s l o w   p l a s t i c o v i -  
s o u s  InovemcnL o f  t h e  slope d e p o s i t s  i s  n s  low a s  
s c v e r . 1 1   c e n t i m e t e r s   p e r   y e a r .  A t  t h e   u p p e r   p u r t  
u l  t h o   h i g h   m o u n t a i n s   w i t h o u t  any  in lpedjng  e f -  
f e c t s ,  thc s o l i f l u c t i o n s   c a n   o c c u r  on a l l   s i d e s  

M ~ . K h e n t c i .  
o f  s l o p e s ,  e s p e c i a l l y  on s o u t l 1 - f a c i n g   s l o p e  of 

The movemcrlL c ~ f  t h e   s i l t y - s a n d y   c l a y  nnd s i l t y  

4 1 3  

s a n d   w i t h  some d e b r i s  on L h e  n o r t h e a s t   s l o p e  0 1  
Mt.Bogdu-u l   (w i th  &I y t e e p n e s s  o €  10-29" )  i.s 1 . ' -  
2 . 8  cm per- y e a r .   T h e   r c s u l L s  o f  o b s o r v a t l o n s  UII 

i he s o i l - g r o u n d   m o v e m e n t   a r e  1 isLed in T a b l e  4 .  

T a b l e  4 O b s e r v a t i o n s  or1 t h e   s o i l - g r o u n d  
movement i n  t h e  s l o w   s o l i f l u c -  

t l o1 l s  in Mongol ia  

steeoncss movement 
SI ope Soi 1 -ground Observer 

.. 
Mt.Khangai 3-7 25-30 Suhudrvcki i ,1974 
ML.SC~L-UI 6-7 5 U.l.uvsandttpva 
ML.Darsin- 
n u r u  12-28 2-7 H.l.us~bocinchr.n.197H 

Elt.Uogdo-ul 10-29 24-28 K.I,onlborincholI,l~85 

t h e i r  sign? wore o b s e r v e d  a t   Z a v k h a n ,   A r k h a r l g a ~ ,  
Bulgan   and  t h e  C e n t r a l  Aimak. 011e o f  Cht :  r d p i d  

Zavkhen A i m d k ,  A U ~ U S L  1 ,   1 9 6 1 .  O n  t h e  n o t t h c r n  
s o 1 i f l u c L i o n s   t o o k  p l a c e  i n  t h e  Mt .Turge  o f  

s l o p e  o f  t h i s   m o u n t a i n ,   1 5 - 1 8 "  in s t e e l ~ n e ~ u , t h ~ ,  
r o o t  l a y e r  w a s  e r o d e d   r a p i d l y ,   b e c o m i n g  a Llljch 
s l u r r y   m o v i n g  out on the f r o z e n   b a s e  on  Lhe 
s l . oye .  The s o l i f l u c t i o n a l  b o d y  W H Y  15-20 m i n  
w i d t h  and 150 m i n  l e n g ~ h .  B e i n g   L r a n s p o r t e d  
downwards a l o n g  the n o r t h e r n  s l o p e  t h e   s u l i f l u t -  
t i u n u l  d e p o s i t   f o r m e d  trL t h e   f o o t l ~ i l l s .  

n o r ~ h e r ~ ~   s l o p e  of  midd le -h igh   moun ta  I n s ,  s o l i -  
I n  L h u  p e r m a f r o s t  r e g i o n ,  e s p e c i a l l y  on t h e  

f l u c t i o n a l   l a n d € o r ~ o s ,   i n c l u d i n g   t h e   t o n g u e , f l u w ,  
t e r r a c e s ,   e t c ,   a r c   w i d e l y   d i s t r i b u t e d .  

IClNtiS 

T h e   r a p i d   s o l i f l u c t i o n s   w e r e   s e l d o m  see11,but 

I c i n g s ,  s m a l l  t o  n l i d d l e  i n  size, ure   w ide3y  
d i s t r i b u t c d  in t h e  m i d d l e  t o  e ~ i d d l e - h i g l l  mouII- 

d i v i d e d   i n t o   s e a s o n a l  (one y e a r )  and  p e r e n n i d l  
t a i n  r e g i o n s  of  n o r t h e r n   M o n g o l i a   a n d  c a n  be 

o n e s .  T h e  s e e s o n a l   i c i n g s  a r e  the b a s i c  forms, 
whj.ch o c c u r  i n  l a t e  A u t u m n ,  r c a c h   t h e  maximuln 

S p r i n g   t o  Summer.  Thc p e r e n n i a l   i c j n g s  a r e  sc1.- 
s i z e  i n  J a n u a r y   a n d   F e b r u a r y ,  and d i s a p p e a r  i l l  

(IUIII s e e n .   T h e y   m a i n l y   o c c u r  i n  Khubsugul  Aimak 
and  have a l o c a l  name " G j a l a n  I I I ~ S "  ( b r i l l Y a n ~  
i c e ) .  One o f  t h e   p e r e n n i a l   i c i r l g s  was o b s e r v e d  
b y  t h e  a u t h o r  i n  R i n c h i l h u b z  Somon.  Khubcugul 
Aimak. A t  maximum, i t  is  500 m i n  w i d t h ,  1 . 2  kIII 
i n  1cngLh  and w i . t h  i c e - c r a c k s  2 . . 0 - 2 . 5  m in w i d L I I .  

R i v e r   i c i n g s  ( P h o t o  7 ) ,  l a k e   I c i n g s   a n d  
g r o u n d   w a t e r   i c i n g s   a r e   w i d e l y   d i s t r i b u t e d , - s u l r -  
p l i e d  by , s u r f a c e - w a ~ e r ,  g r o u n d  w a ~ e t  o r   b o t h .  

ROCK C L A C T E K  

Mongol ia  is a s  l o w  a s  -4°C t o  -6°C. 1 1 1  t h e   a l -  - .  

p i , n e  r e g i o n ,  i t  i s  much c o l d e r .   T h - i s  i s  f a v o u r -  
a b l e  t o   he deve lopmen t  of  r o c k   g l a c i - e r s .  Rock 
g l a c i e r s   a r e   e n c o u n t e r e d  i n  Mt.Khangai,  Mt.Khe11- 
t e j ,  o f   t h o   P r i h u b s u g u l ,   M t . A l t a i   a n d  the 'revull- 
Dogdo (4374  m a . s . 1 . )  ( P h o t o  8 ) .  

'l'avan-Bogdo i s  a m a t u r e  one 200 m in  wi .d th ,  50(J 
T h e  r o c k  g l a c i e r  a t  t h e  v a l l e y  o f  s o u t h e r n  

nl i n  l e n g t h ,  10-15 m i n  t h i c k n e s s  a n d  wl.th S C H I S  
a b o u t  30" i n  s t e e p n e s s .  I t  is composed o f  angu-  
l a r - r o u n d e d   b l o c k s   a n d  boulders.Up t o  now,  ther '*:  
was a l m o s t  no d e t a i l e d   i n v e s t i g a t i o n  on r o c k  
g l a c i e I - s  i n  Mongol i a .  

Th-e mcan annua:t a i r - - ~ m p ~ ~ r a i u - r a "  i.n fdLr t~b~_r! !~  

I n  Mouyolja, i n  t h e   s e m i t r a n s i t i o n a l  s e a s o n a  I 
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.pr$ctical.investigation a f t e r   o v e r a l ~ ~   c o m p r e h e n s i v e  analyzimg.,"'tH'd e f f e c t s  of 
w a t e r   c o n d i t i o n s ,  soil p r o p e r t i e s  a n d   r e m p e r a t u r e   f a c t o r s  on t h e  f r o s t  heaving  
w e r e   d i s c u s s e d :   t h e   r e l a t i o n s h i p   b e t w e e n  f r o s r .  dep th ,   hea ,v inp   and   wa te r   t ab l e ,  
t h e   d e s i g n   v a l u e s  of t a n g e n t i a l   h e e v i ; , : :   f o r c e ,  a n d  t h e   c a l c u l a t f n g  method a r e  
p r e s e n t e d  i n  t h i s   p a p e r ,   W i t h   t h e  n ~ e t f , o d  of u s i n g   h e a v i n g   f o r c e   t o  p u l l  p i l e - ,  
t h e   l o n g - t e r m   f r i c t i o n a l   r e s i s t a n c e  or' warm s o i l   t o   t h e   p i l e  was measured,  and 
Yts d e s i g n  v a l u e s  a g r e e a b l e   t o   t h e   p i l e s   o p e r a ' t l n g   c o n d i t i ' o n u   ' i n   w i n t e r   w e r e  

. .  ~. 1 i' 

,, . ,  
,.I 

w a t e r   t a b l e  hw (cm) 

derermi.ned.  

1 N T R O D U C T l O N  

I n  s e a s o n a l l y   f r o z e n   z o n e s ,   t h e   p i l e   f o u n d a -  

C o n s e q u e n t l y ,  t h e  phenomena  of i t s  drawj-ng  out 
t i o n  i s  a c t e d  on b y  t h e   f r o s t  h e a v i n g   o f   s o i l .  

and b r e a k i n g  away a r e   o f t e n   b r o u g h t  a b o u t .  For  
a l o n g   t i m e ,  i n  q u i t e  a few l o c a l i t i e s ,   t h e  
measure o f  i n c r e a s i n g   t h e  embeded d e p t h   o f  p i l e  
was a d o p t e d   t o   p r e v e n t  it f r o m   p u l l i n g  u p ,  which 
o f t e n   p r o d u c e d   a n   i n c r e a s e  i n  t h e  c o s t .  T h u s .  i t  

prevent .  p i l e  f ounda t ion   f rom  be ing   pu l l ed  u p  
s t i l l  r e m a i n s  a p r o b l e m   t o  be r e s o l v e d  on how t o  

rcasonal   embedded  depth .  
b y  f r o s t   h e a v i n g   o f   s o i l   a n d  t o  d e r e r m i n e  a 

Viewed in t h i s  c o n t e x t .  we h a v e   c a r r i e d  o u t  
i n - s i t u  t e s t   s i n c e  1983, The t e s t  s i t e  i s  l o c a t -  
ed a t  a d i s t a n c e  o f  a b o u t  60 k m  from  Chaugchun 
c j t y ,   J i l i n g   p r o v i n c e .  The soil u f  t h i s  s i t e  i s  
c l a y e y .  

Based o n  t h e   o b s e r v a t i o n   d a t a ,   t h e   r e l a t i o n -  
s h i p  among t a n g e n t i a l   f r o s t   h e a v i n g   f o r c e s   a n d  
t h e   f r o s t .  d e p t h ,  heav ing   amoun t   and   wa te r   t ab l e  
was a n e l y z e d ,  t h e  v a l u e   r a n g e  o f  t a n g e n t i a l  
f r o s r   h e a v i n g   f o r c e   a n d   l i m i t e d  frictional r e -  
s i s t a n c e  t o  t h e   p i l e   f o u n d a t i o n  are p r e s e n t e d  
i n  this p a p e r .  

THE RELATIONSHIP BETWEEN FROST DEPTH, H E A V I N G  
ANI) WATER TABLE 

The f r o s t   d e p t h  i s  a s s o c i a t e d  w i t h  a i r  tem- 
p e r a t u r e ,   s o i l   p r o p e r t y ,   c o v e r i n g   c o n d i t i o n   a n d  
w a t e r   t a b l e ,   e t c .  For t h e  r e g i o n   w i t h o u t   c o v e r +  
i n g  and w i t h  approximately the   same a i r  t empera-  
t u r e   a n d  soil p r o p e r t y ,   t h e   w a t e r   t a b l e  may be 

According t o  t h e  r e s u l t s  of  s t a t i s t i c a l   a n a l y s i s  
t a k e n  a s  t h e  main f a c t o r  d o m i n e t i n g   f r o s t   d e p t h .  

made b y  rneerls of   obse rved   da t a   yee ra  a g o ,  t h e  
r e l a t i o n   b e t w e e n   f r o z e n   d e p t h   a n d   w a t e r   t a b l e  
W B Y  e s t a b l i s h e d  (Flg.l)* 

R e c e n t l y ,   i n   t h e   e n g i n e e r i n g  d e s i g n .  t h e  
s t a n d a r d   f r o z e n   d e p t h  was o f t e n  taken a s  a d e n i g n  
f rozen   dep th .   However ,   t he re  i e  a c e r t a i n   d i f -  

1201 

Fig.1 Relation belween frozen  depth and the water table 
linear  equation hf=L04.68+0.25hw 
Correlation  aoeffeicent r-0.84 
Standard  deviation S-8.8 

fe rence   be tween  them.  From t h e   l i n e a r  law r n  
F i g . 1  b y  u s i n g  t h e  r e g r e s s i o n   a n a l y s i s  and  t a k -  
i n g   i n f l u e n c e d   d i s t a n c e  180 cm o f  w a t e r   t a b l e  
(on  t h e  b a s i s  o f  c a p i l l a r y   h e i g h t   o b t a i n e d  from 
l a b o r a t o r y   a n d  i n - s i t u  t e s t s ) ,   t h e   c x p e r i r n e n t a l  
formula  f o r  c a l c u l a t i n g   d e s i g n  f r o z e n  depth   can  
be d e r i v e d   a s   f o l l o w s :  

h d  hs -  B ( 1 8 0  - H W )  ( 1 )  

where h d  i s  d e s i g n   f r o z e n   d e p t h  (cm); h,  i s  
m u l t i a n n u a l  m a x i m u m  f rozen   dep th   found  o u t  f r - o m  
m e t e o r o l o g i c a l   d a t a   ( c m ) ;  h w  i s  d e p t h  of water 
t a b l e   f r o m   g r o u n d   s u r f a c e  ( c m ) ;  B i s  r e g r e s s i u r t  
c o e f f i c i e n t .   t a k i n g  a s  0 . 2 5 ,  

The f r e e  heaving  amount u f  g r o u n d   s u r f a c e  
depends  upon t h e  c o m p l i c a t e d   w a t e r   m i g r a t i o n  
c o n d i t i o n s   a n d   p r o c e s s e s  i n  L h c  c o u r s e  o f  s o i l  
f r e e z i n g .  But, t h e  k e y   f a c t o r s   g o v e r n i n g   t h e  
d e g r e e  o f  w a t e r   m i g r a t i o n  a n d  f r o s t   h e a v i n g  i s  
the d i s t a n c e  of t h e  g r o u n d  w a t e r   l e v e l  L O  t h e  
f r e e z i n g   f r o n t .   A c c o r d i n g   t o   t h e   o b s e r v a t i o n  



h 
d a t e  w i t h  t h e   s t a t i s t i c a l   a n a l y s i s ,   t h e   r e l a t i o n -  
ship of  t h c   h c a v i n g   r n t i o  t o  w e l e r  gruund   l eve l  
is o b t a i n e d  i n  F i g . 2  a n d  may be c a l c u l a t e d   a s  

1 *. 
, .  - 

%4 

0 40  80 

water  capl,e,   hw(cm) 

Fig.:! Helatiolmhip between the  heaving r a t i o  
and the water table  

Linear equation q =26.552-O;E17hw 
Correlation  coefficient r=0!94 
Standard  deviation S=2.%8 

f o l l o w s :  

= 26.552-0.137 h w  ( 2 )  

where Q i s  r a t i o  of heave ( X ) ;  t h e   o t h e r   s y m b o l s  
a r e   t h e  same a s  p r e v i o u s ,  

e v a l u a t e   t h e   f r o s t   s u s c e p t i b i l i t y  of t h e   c o n -  
s t r u c t i o n   p r o j e c t   s i t e   ( w i t h  c l ayey  s o i l  i n  an 
open  system,  and H g r o u n d  w e t e r   l e v e l   L e s s   t h a n  
180 c m  f rom  the   g round   su r f ace  a.nd d r o p s   w i t h  
t h e   f r o z e n   d e p t h   d e v e l o p m e n t ) .  

Both formulas   ment ioned   above   can   be   used  to 

THE E'ACTORS A F F E C T I N G  T A N G E N T I A L  PHOS'I' H E A V I N G  
FORCE 

Frost  Depth 
From o h s e r v a t i o a   d a t a  o f  p a s t   y c a r s  i l  can  be 

s e e n   t h a t   t h e  E r o s L   h e a v i n g   f o r c e   s t a r t s   t o o c c u r  
w h e n  t h e   f r o z e n   d e p t h   r e a c h e s  20-30 em, w h i c h  
b a s i c a l l y   c o r r e s p o n d s  t o  t h e  time of f r o s t   a p -  
pea r ing .   Then ,  B Y  t h e   f r o z e n   d e p t h   d e v e l o p s ,  
t a n g e n t i a l   F r o s t   h e a v i n g   f o r c e s   i n c r e a s e  w i t h  
H q u i c k e r  r a t e  and i n  the  form o f  a E l u c t u e t i o n  
u n d e r   t h e   a c t i o n  o f  a i r   t e m p e r a t u r e   v a r i a t i o n .  
U s u a l l y ,  t h e  maximum v a l u e   o ~ c u r s  i n  t h e   . s e c ~ n d  
week  of December to t h e   f i r s t  week of  J a n u a r y  
n e x t   y e a r ,  b u t  t h e r e  a l s o  e x i s t s   i n d i v i d u a l  
e x c e p t i o n s ,   e a l i e r  or l a t e r  t h a n   t h a t  of above .  
A f t e r   r e a c h i n g   t h e  maximum v a l u e ,   t a n g e n t i a l .  
f r o s t . f u r c e   g e n e r a l l y   t e n d   t o   d r o p ,  and q u i c k l y  
r e d u c e s  from t h e  t h i r d  week of  March until i t  
d i s a p p e a r s .  The d a t e  of t a n g e n t i a l   f r o s t   h e a v i n g  
f o r c e   d i s a p p e a r i n g   t a m e s  commonly a t   t h e  end o f  
Mar-ch, somet imes   de l ayed   t o  llre secor~d week o f  
A p r i l .  F i g . 3  shows t h e   o b s e r v a t i o n   r e s u l t s  o t  
p i l e  No.? in t h e  t e s t  s i t e  d u r i n g  t h e  w i n t e r  o f  
1986-1987. From t h i s  f - i g u r e ,  t h e  process   ment -  
ioned  above  can be s e e n .   F o r   y e a r s ,  t h e  o t h e r  
t e s t   p i l e s   p e r f o r m e d   s i m u l a r l y   t o   p i l e  No.7. As 
shown in F i g , 3 .  t h e   f r o s t   h e a v j . n g   i n c r e a s e s  w i t h  
t he   f rozen   dep th   deve lopmen t   and   fo l lows   t he  
maximum when t h e   f r o z e n  d e p t h  r e a c h e s   t h e   m a x i -  
m u m ,  b u t  t h e  max imum v a l u e  o f  t a n g e n t i a l  frost 
Ileavlilg for-ce t o k e s  p l a c e  nu t  a t  t h e  same t i m e  
a s  t h e  maximum f r o z e n   d e p t h .  

Fig.4 s h o w s  t h e   t a n g e n t i a l   f r o s t   h e a v i n g  
f o r c e  a 5  B tunc t i .on  o f  t h e  r a t i o  of  c o r r 2 s p o n d -  
i n & ,  f r o s t   d e p t h .  I t  can b e  seen   f rom t h i s  f i g u r e  

Fig.3 '(he process u l  tm;entjsl  fros.. ;.IV-- 

ing Force.  heaving magnitude, frost  depLh, 
water  table, and air- temperat.ure 

I. is tangential   frost  heaving force; 2 i s  
heaving  magnitude; 3 is average  daily  air 
temperature; 4 i s  frost depth; 5 i s  water 
Lable ( p i l e  No.7, 1986, 1987) 

00 
a 
'4 

R a t i o  01 f r o s t   d e p t h ( % )  

F'ig.4 Relationship between tangent ia l  f r o s t  heav- 
i n g  force and frost d e p t h  

C ~ A U  b e f o r e   f r o s t   d c p t h   r e a c h e s  'LOX o f  i L s  maxi- 
m u m ,  c h e   t a n g e n t i a l   f o r c e  i u  vel'y 1 j L t l e ;  when 
t h e   f r o s t  d e p t h  i s  20-35% o f  i1;a maximum, i t  
r a p i d l y   i n c r e a s e s ;  a s  t h e  f r o s t  d e p t h  r e a c h e s  60 
% o f  i t s  maximum o r  80% i n  i n d i v i d u a l  c a s e s ,  t h e  
t a n g e n t i a l   f r o s t   h e a v i n g   f o r c e   r e a c h e s   t h e   m a x i -  
m u m .  The cases   men t ioned   above  shaw t h a t   t h e  
d e s i g n   v a l u e  of f r o s t   d e p t h   s h o u l d  b e  c o r r e c t e d  
when t h e  u n i t  o f  t a n g e n t i a l   f r o s t   h e a v i n g   f o r c e  
i s  d e t e r m i n e d   a n d   t h e   f r o s t  dept.11 i s  c a l c u l a t e d .  
A t .  t h i s  t i m e ,   t h e   v a l u e  of 0 . 6  (hw=180cm) L o  0 . 8  
(hw=O) may be t a k e n  n6 t h e  c o r r e c t i o n   c o e f f i c i - -  
e n t ,  
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Air   Tempera ture  
I t  con be a l s o   s e e n  from F i g . 3  t h a t   a i r  'tem- 

p e r a t u r e  i n  w i n t e r   v a r i e d   o b v i o u s l y ,   c u n s e q u e n t -  
l y ,  t a n g e n t i a l  frost h e a v i n g   f o r c e   a p p e a r s   a s  a 
wavel ike   deve lopment  w i t h  t h e   a i r   t e m p e r a t u r e  
changes ,   Accord ing  t o  t h e   m e t e o r o l o g i c a l   o b s e r -  
v a t i o n  d a t a  f o r   t w e n t y   y e a r s   i n   C o n g z h u l i n g   c i t y  
and   twenty   seven   years  i n  S h a n g l i e o   c o u n t y ,   t h e  
i n d e x  o f  n e g a t i v e   a i r   t e m p e r a t u r e   ~ c c u m u l a t i o n  
is 1326 a n d  1 3 3 6 a c . d .   r e s p e c t i v e l y .   D u r i n g  o u r  
o b s e r v a t i o n   p e r i o d ,   t h e  maximum o f  t h i s  i,ndox 
1s 1409.5'C.d (198,5-1986) ,  the minimum i s  1009.4 
" C * d  (1988-198'9). T h u s ,  i t  may be c o n s i d e r e d  
t h a t ,  so f a r  a s  t h e   i n f l u e n c e   o f   a i r   t e m p e r a t u r e  
i s  c o n c e r n e d ,  t h e  measurement  valrle o f  t a n g e n -  
c i a 1  f r o s t  h e a v i n g   f o r c e   a r c   b a s i c a l l y  r e p r e s c n -  
t a t i v e .  

Ground  Water  Level 

ground water l e v e l   r i s i n g  ( F i g . 2 ) .  The ~ I I - s i t u  
o b s e r v a t i o n   d a t a   i n d i c a t e s   t h a t   t h e   c l o s e r   t h e  
w e t e r   t a b l e  i s  t o   t h e   f r e e z i n g  f r o n t ,  t h e   g r e a -  
t e r   t h e   t a n g e n t i a l   f r o s t   h e a v i n g  f o r c e .  I n  t h e  
c o u r g e  o f  a p p r o x i m a t e l y  a t e n   y e a r   o b s e r v a t i o n ,  
t h e  depth  of  t h e  w a t e r   t a b l e   a t   t h e   t i m e  o f  f r o s t  
beginning  in e a c h   y e a r  was f r o m  t h e  m i n i m u m  o f  
z e r n  t o  t h e  maximum of  150 cm,  and t h e  maximum 
u n i t  t a n g e n t i a l   f r o s t   h e a v i n g  f o r c e  was 1 1 8  kPa 
and 40-60  kPa. r e s p e c t i v e l y ,  I n  t h e   y e a r s   w i r h  
r e l a t i v e l y   s x a b l e   g r o u n d   w a t e r ,   t h e   d i f f e r e n c e  
o f  t a n g e n t i a l   f r o s t   h e a v i n g  f o r c e  was n o t   s i g -  
n i f i c a n t .  It shows t h a t  r a r e r  tab1.e p l a y s  a n  

heaving  f .nrca .  
i m p o r t a n t   p a r t  in p r o d u c i n g   t a n g e n t i a l   f r o s t  

DESIGN V A L U E  OF TANGENTIAL FROST HEAVING FORCE 

The heaving  of f r o s t  soil increases w i t h  t h c  

Accord ing   t o  t h e  d a t a   o b t a i n e d   f r o m  l u n g  term 
i n - s i t u  t e s t s  and p r a c t i c a l   i n v o s t i g a t : i o n ,  i t  i s  
d c m o n s t r a t c d   t h a t   t h e   m a g n i t u d e  of t a n g e n t i a l  
f r o s t   h e a v i n g   f o r c e  i s  dependent  upon a combins-  
t i o n  o f  d i f f e r e n t  f a c t o r s ,  i nc lud ing   g round  
w a t e r   l e v e l ,  f r o v t  d e p t h ,   f r o s t   h e a v i n g  ratio, 
a i r  t e m p e r a t u r e ,   r o u g h n e s s  of  p i l e ,   e t c . .  

24 t e S L  p r l e s  and   p ro to type   examina t ion ,   and  
t a k i n g  t h e  w a t e r   t a b l e   a n d   f r o s t   h e a v i n g  r a t i o  
a s   t h e  m a i n   p a r a m e t e r ,   t h e   d e s i g n   v a l u e  of  u n i t  
t a n g e n t i a l   f r o s t   h e a v i n g   f o r c e  is p r e s e n t e d  i n  
T a b l e  1 .  

Based on t h e  c o n t i n u o u s   o b s e r v a t i o n  o f  t h e  

T a b l e  1 Des ign   va lue  o f  a n i t  t a n g e n t i a l  
frost h e a v i n a  f o r c e  

W a t e r   t a b l e  b e -  ~~~~i~~ r a t i o  u n i t  t a n g e n t i a l  
f o r e   f r e e z i n g  

( m )  ( X )  

> 1 , 5  C6 < 60 
1 . 5 - 0 . 7  6-18 60-80 
0.7-0 >I8 80-120 , 

heaving  r o r c e  
(kPe) 

Notes:l. The values i n  t h i s  table  are  applicable t o  the 
piles  grouted used w - i t h i n  the framework other- 
wise i t  s h o u l d  be multiplied  with a roughness 
coefricienr o f  1.2-1 .5;  

culated with  formula ( 1 )  and t h e n  multiplied 
is computed, des ign frost d e p t h  should be cal-  

by the  correction  coefficlent of 0.6-0.8. 

2 ,  When the   to ta l   t angent id   f ros t  heaving force 

%ESltiN VALUE OF FRICTIONAL RESISTANCE 

I n  o r d e r  to gain   the   lung- te r l l l  L r i c ~ i o n a l  

r e s i s t ance   ' be tween   t hawing  a n d  t h o  I o u n d a t i o n ,  
two p r o t o t y p e   p i l e s  of n a t u r a l  ~ c a l ~  a r e  cmbeded 
a t   t h e   G o u g z h u l i n g   t e s t   s i t e ,  b y  u t i l i z i n g  f r v s t  
h e a v i n g   f o r c e  B Y  t h e   p u l l i n g - u p   f o r c e .  A f t e r  twu 
y e a r s  o f  measurement ,  t h e  l i m i t   v a l u e s  of two 
p i l e s   a r e   2 1 3  kN and 240 k N ,  r e s p e c L i v e l y .  'lhe 
f o r c e   v s . d i s p l a c e m e n t  o f  p i l e s  i s  s h o w n  i n  Fig. 
5 .  I t  is i l l u s t r a t e d  i n  t h i s  f i g u r e  t':. t b c f o r e  

,, 

,-. n 

Y Q V  Dec . J a II E'e t Ma I' 

FLg.5 Graph  of friction  resistance and 
displacement of piles  (1987-1988) 

1,2--friction  resistance of piles  Nu.1) 

3,4--displacement of p i les  No.11 and No. 
and No.10 respectively; 

10 respectively. 

r e a c h i n g   t h e   l i m i t e d   v a l u e ,   r e s i s t i b i l i L i c s  l u  
p u l l i n g - u p   r a p i d l y   i n c r e a s e ;   a f t e r   r e a c h i , n g  th<> 
l i m i t e d   v a l u e ,  i t  f a l l s  q u i c k l y ,   a t   t h e  same 
t ime. d i s p l a c e m e n t  o f  p i l e s   l i n e a r l y   i n c r e a s e s  
o b v i o u s l y .  I n  i n d i c a t e s   t h a t   o n c e   t h e  p i l e  is 
p u l l e d   t o  move, r e s i s t i b i l i t y  would drop  down,  
v e r y   q u i c k l y  a n d  f i n a l l y   t e n d  t o  a s t a b l e   v a l u e .  

According t o  t h e   o b s e r v e d   v a l u e s ,   t h e   a v e r a g e  

s o i l  is 10.7 kPe and  12.6 k P n ,  r e s p c c c i v e l y .  
f r i c t i o n a l   r e s i s t a n c e  o f  two p i l e s  i n  thawi.ng 

T h u s ,  f o r  t h e   c a s t - i n - p l a c e   p i l e   f o u n d a t i o n  
embedded i n  c l a y e y   s o i l ,   t h e   l i m i t e d   f r i c t i o n  
c e s i s t e n c e  a g a i n s t  p u l l i n g - u p  may be t a k e n  a s  
11-13 k P a .  The r a t i o  o f  t h e   a b o v e  v ~ l u e  t o  t h e  
u n i t   f r i c t i o n   r e s i s t a n c e  o f  30-35 kPa provided  
f o r  corresppnd-ing s o i l s  a n d  c o m p r e s s i o n   p i l e s  
i n  R e g u l a t i o n  JGJ 4-80 is 0 - A .  T h e r e f o r e ,   t h i s  
c o e f f i c i e n t  may be used t o  c a l c u l a t e   f r i c t i o n a l  
r e s i s t a n c e   a g a i n s t  p u l l i n g - u p  of o t h e r  soils b y  
u s i n g   t h e   f o l l o w i n g   f o r m u l a :  

F 0 . 4 S C   h i f i  ( 3 )  

where E' i s  f r i c t i o n a l   r e s i s t a n c e  a p e i n s t .  p u l l -  

o f  p i l e  ( m ) ;  h i  i s  t h e  t h i c k n e s s  o f  e a c h  s o j . 1  
jng-up  01 warm s o i l  l a y e r s  (kW); S i.s p e r i m e l e r  

l a y e r   ( m ) ;  f i  i s  t h e  u n i t  f r i c t i o n a l   r e s i s t a n c e  
o f   c o m p r e a s i o n   p i l e  i n  each  soil l a y e r  ( k P o ) .  

CONCLUSION 

Based  on t h e  c o n t i n u o u s   o b s e r v a t i o n   r e s u l t s  
ob ta ined   f rom t h e  t e s t   s i t e   f o r   y e a r s  and   t he  
p r e s e n t   o b s e r v a t i o n   d a t a  c o l l u c t e d  i n  J i l i n g  
p r o v i n c e ,   t h e   r e l a t i o n s h i p   b e e w e e n   f r o s t   d e p ~ h ,  
frost hesv , ing  ,and ground  water   l eve l  is p r e s e n -  
t e d ,   t h e   d e s i g n   v a l u e   a n d   c o m p u t a t i o n   m e t h o d  of 
u n i t  t a n g e n t i a l   f r o s t   h e a v i n B   F o r c e   a n d   f r i c -  

mined ,in t h i s   p a p e r .  T h e s e  t e a t  r e s u l t s  have 
t i o o a l  r e s i s t a n c e  a g e i s t   p u l l i n g - u p   a r e   d e t c r -  

b e e n  p o p u l a r i z e d  a n d  a p p l i e d  a l l  o v e r   J i l i n g  
p r o v i n c e ,   h a v i n g   a c h i e v e d   c o n s i d e r a b l e   e c u n o ~ a j c  
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b e n i f i t s ,  IIC the  same time, t h e  r e l i a b i l i t y  o f  
t h e s e   r e s u l t s  h a v e  a l s o  u n d e r g o n e   a n   e x a m i n a -  
t iori .  
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Permafrost Formation Time 

Virgi4 J. Lunardini 

U.S. Army cold regions Research and Engineering Laboratory 
Hanover, New Hampshire 03755-1290 

The age of permafrost is related to the  time required for,soil systems to 

cycles complicate the relation between freeze rate and age. A pure conduction 
freeze since permafrost is at least as old as i t s  formation time. Freeze/thaw 

beat transfer with freeze/thaw model is used to prediot the  time needed to form 
a given thickness of permafrost. The formation time is a function of the Long- 
term geothermal gradient, the ratios of the frozen- tw- thawed thermal proper- 
ties, and the temperature history of the upper surface o f  the permafrost. The 
simple theory leads to universal graphs that predict the formation time.  Real- 

mates of the formation time of permafrost. The model indicates that deep pema- 
istic soil property ratios and paleo- temperature scenariae then lead to eati- 

frost requires formation times on the order of the complete Quaternary Period. 

INTRODUCTION 

Permafrost is a result of the history and 
the present state of the earth's surface energy 
balance and the geothermal heat flow. Given the 
same yearly net gain of energy, however, one re- 
gion may  have permafrost while another will not ,  
due to the sites different thermal histories. 
Thus, the pregent energy flows may be such that 
permafrost cannot exist in one region, whereas it 
will subsist in another as "relic permafrost." 
Since the energy balance involves meteorological 
Conditions, surface vegetation, topography, and 
soil conditions, no simple correlation has been 
found for the existence of permafrost in the mar- 
ginal or discontinuous regions. 

upon the long-term temperature variations at its 
upper surface. Mean global temperatures deduced 
from oxygen isotope data for the past 180 million 
years suggest  that little'permafroet existed pri- 
or to the late Tertiary Period and none for the 
100 million  years before the long-term cooling 
that began 35 million years before the present 
(MYBP) (Eddy and Bradley, 1991). During the Plio- 
cene (2-5 MYBP), temperatures oscillated up t w  
4°C above present values (Folland et al., 1990), 
and permafrost was probably present at locations 
that now have mean temperatures less than -8 'C.  

The Quaternary Period has been marked by 
greatly reduced temperatures, massive glacia- 
tions, and ice ages of 100 to 120 thousand 
years' duration. The Holocene interglacial is 
somewhat cooler  than  the previous one and the 
solar record would seem t o  indicate the next 
significant  temperature move should be downward 
with a new ice age evolving (Budyko, 1974; Budd 
and Smith, 1981). The quantitative temperature 
record from isotope analysis for  the past million 
years (Folland et al., 1990) indicates at least 4 
or 5 glacial periods with the last one 
(Wisconsin) ending in North America some 12,000 
years ago: temperature departures from present 
values  swung from highs of +3'C during 
interglacials to lows of about -1O'C during  the 

The thermal history of permafrost depends 
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glacial maximums. Analysis of the Voetok 
(Antarctic) core indicates maximum temperature 
excess o f  the past 160,000 yeare of about 3 ' C  
(Jouzel et al.,  1987). Temperature variations! of 
8 to 12'C during the last glaciation have also 
been reported from Greenland ice cores (Dansgaard 
and Oeschger, 1989). If the temperature 
variations deduced from ocean and  ice copes were 
global, then  the paleotemperature history at a 
site could be reconstructed. This has been done 
for Prudhoe Bay by Osterkamp and Gosink (1991) a8 
shown in Figure 1, based on the work of Brigham 
and Miller (1983): other scenarios used data from 
Maximova and Romanovsky (1909), Jouzel et sl, 
(1987), and Sun and L i  (1988). 

given site could have dropped as much as L2.C 
below present values; paleotemperature excursions 
on this order o f  magnitude should be used with 
the permafrost formation models.  Rapid growth of 
permafrost should not  be explained simply by 
extraordinarily low paleotemperatures. Figure 2 
shww6 one  example o f  average paleotemperatures 

Isotopic data infer that temperatures at a 
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Figure 1. PermaTrost Surface Paleotemperature 
Model for Prudhoe Bay, Alaska, aftas Osterkamp 
and Gosink (1991), Brigham and Hiller (1983). 
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Figure 2. Mean Paleotemperature Departure, Prud- 
hoe Bay, Alaska, One Glacial Cycle, Brigham and 
Miller (1983) Data, AT -2 .54 -C  

for a glacial cycle of 1~0,000 years for Prudhoe 
Bay, Alaska, with the temperature variations 
presented by Ostsrkamp and Gosink (1991). 

time that has elapsed during and eince the freez- 
ing of the soil syatem. Different cyclea of thaw- 
ing  and freezing occur at different places and 
the age of  two "similar" deposita o f  permafrost 
may be quite different. X t  is probable that  some 
permafrost had its origin at the beginning of  the 
Pleistocene era (Brown, 1 9 6 4 ) ,  but the 
intervening thermal conditions were also 
important. 

There have been few systematic thermal stud- 
ies of the origin of permafrost and its formation 
time. Osterkamp and Gosink (1991) studied the *e- 
sponse o€ permafrost due to surface temperature 
variations using quasi-steady, perturbation, and 
finite element models to predict the position of 
the permafrost bottom. However, they were mainly 
interested in deducing paleotemperatures from the 
present permafrost data at Prudhoa Bay, Alaska. 
Allen et al. (1988) used a quasi-steady model, 
based on the work of Lachenbruch et al. (1982) 
for the same purpose in the Mackenzis Delta 
region of Canada. Romanovsky at al. (1988) noted 
qualitative aspects of the drigin and disappear- 
ance of permafrost in the Transbaikel area of 
Russia. Katasanov (1988) used "cryogenic struc- 
turea" to argue for the origin o f  permafrost 
early ih 'the Quaternary. 

formation, using a simple conduction model and 
realistic palea-temperatures. 

THEORY 

The age of a deposit of permafrost is the 

This paper predicts the  rate of permafrost 

Solidification phase change problems are i n -  
herently nonliwar with few exact solutions. A 

semi-infinite medium which undergoes a step 
solution for a constant initial temperature, 

change of surface temperature was given by Neu- 
mann (1860) and expanded upon by Carslaw and 
Jaeger (1959)., The search for practical solU- 
tfons  has led  .to approximate solution methods; 
the heat balanca,iptegral technique solves the 
energy equation:,cjn, average over a space volume 
(Goodman, 19583, The method ha6 been applied to 
constant initial temperature problems of the 
semi-infinite slab (Lunardini and Varotta, 1981), 
while a modification of the integral method util- 
izing a single integration over an entire noncon- 
stant property volume has yielded aCCUKate solU- 
tiwns (Yuen, 1980: Lunardini, 1981a, 1982). The 
integral method has been used with initial 

I ,  

Figure 3. pegion with Linear Initial Temperature 

temperature 'diitrjbutions. but limited to ahallow 
freeze depth (Lunardini, '1984) . ' 

Figure 3 shows an infinite layer of soil 
with.a linear initial temperature distribution. 
The soil i s  homogeneous and conduction is the 
only mode of energy transfer. At zero time the 

mences. The time it takes fur . b e  aurfdca temper- surf?c,e temperature drops to T, and freezing com- 

,ature to drop to tbe freqzing,'point is naglsctect 
since this will be small'compqred to the forma- 
tion  time;  thus an acceptable scenario i s  that 
for which To m Tf. The governing  equations a.xe 

. . . "" . 

Ti(X,t) Tf. ( = I  

T (t) i s  the paleotemperature transient. The heat 
balance integral method assumes that no thermal 
changes occur below the thermal dieturbance depth 
X+6 , thug, 
aT, (X+s;t) 

= G  
I .  

a x ,  ,, 
T , ( X + C , t )  = ( X + b ) G  + To, ( i d )  

The temperature at the beginning af freeza.is 

T, ( X f O )  = TO+ GX*  ( 3 )  

The energy balabcs a t  the phase change inter- I 
faae ,for the fkebze process, is 4 , - ,  ! : 

k, [ a T , / B x )  - k,(8T2/ax) = p,IdX/dt 

convect.ion due to density difference is a,,pecon- 
dary effect. Because of the initial tempqrature 
distribution, during freeze, the heat flow ta the 
freeze interface from the thawed region will ex- 
ceed the geothermal heat flow until equilibrium 
is established. Integration of the energy e q m -  
t i o n s  over  the region where  temperature changea 
are occurr.ing, 0 < x < X+6 , (Lunardini, 1991) , is 

I -, 

(41,  

x+ 6 
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0 2  1 (a++) 2 P z 1  ts-1) 
a2= 

' 
- [ 2 d  ( B + ~ ) + w I ,  a*> - 

,m' , " ' I  I ,:< ,," .,:, 1; , g 'k, 10 

P [ O  (0+2)+24 3 .  Only thg ratios of the thawed-to- 
frozen values o f  thermal conductivity, specific 
heat capacity, and density are needed, These can 
be estimated with good accuracy for many perma- 
frost soils, see Appendix 1. 

Unl.ike.thr Neumann solution, the permafrost 
zone for this case reaches an equilibrium value'. 

The ratiq:of the sensible to the Latent heat 
is quite  large and tends;tn increase as the 
freeze depth increases. This will cause  the per- 
mafrost to grow at a far slower rate than for a 
soil with no geothermal gr'adieht. 

- Effect o f  Quaternary. Freese/'Ghnyu cvc lee 
, * .  

Tho theory assumes that the soil was init- 
ially unfrozen. However, cyclic warming and cool- 
ing tend to cool the ground after each thaw 
event. The  time to reach equilibrium,will be 
greatly changed b;y the initial tempefature -Uf 'k$a 
.soi& but not ,tnq Pinal equilibrium ~htckness';' 
When surface warning occurs, geothermal heit'fiow 
melts permafrost and also warms the so i l  in a 
growing  region,n@ar the original freeze/thaw in- 

geothermal: heat flow went into meltin but this 
terrace. Uaximum thaw would occur if all o f  the 

the entire permafrost volume would melt and the 
. '  , i s  physically impassible. Given suefcfhient time, 

/ '  

T 

Figure .?I.., Freeze Time o f ,  Saturated Mineral Soils 

soil temperature wouid be ,lws than that o f  
eq. (3-1 -". Clearly' the .sensibl-.e heat which must be 
removed i n  the moduiated care,.wii,l.l be less than 
that'dori the original freeze, and the cooled soil 
will freeze much faster with.fhe same mean sur- 
face temperature. The concepts arid SolUtiPn are 
further discussed in Lunardini (i992). 

, > , ~ ,  , ,  

DISCUSSION 

Equation (lo) WBB solved numerically ..result- 
ing i n  values of the permafrost depth versus time 
as a function of S , r ,  +, and the thermal prop- 
erty ratios. ResulTs are graphed in Figure 4 for 
a soil porosity of 0.379 (Prudhoe Bay, Alaska 
value.): more extensive graphs are given in 
Lunardini (1992). Figure 4 can be used $0 ssti- 
mate permafrost formation times for arbitrety 
surface temperaturea and.geptherma1 gradients. 
Figure.5  shows  the time needed to reach 90% o f  
the equilibrium permafrost thicknems. m e  graphs 
are only valid for the particplar,poil ratioa 
given, however, this does not eft*,& the model 
itself.  Any si te  can be modeled by using site- 
specific property ratios. 

' Coneiderable infopation is available from 
explmatory welle at- Pqu-udhoa Bay, A1aska;:the 
actual permafrost data show that the property 

422 
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Figure 5 .  Time to Reach 90% Equilibrium Pepth 

ratios for c 0.379 close to measuked,vslues 
(Lachenbruch et al., 1982). Some temperature 
scenarios for Prudhoe are listed in Table l., 

mafrost has  the conditions: Ts*-10.99'C, T " 1"C, 
G .0286 "C/m, e = 0.379, S - 0.1440, aI f r -  58.89 
m2/yr, kg= 4.34 W/m-K, measuTed k,, = 0.5795, 
measured permafrost thickness 599.3m. The equi- 
librium permafrost thickness is X," 602.8~11.  From 
Figure 5 we note that the t ine  to reach 901 of 
equilibrium (surface temperature held  at -10.99 
"C) is 500,740 yrs. This suggests that the pre- 
sent climate of Prudhoe Bay is considerably warm- 
er today than it ha6 been on average over the 
past glacial eykles. Such warming over the past 
15,000 years is widely accepked. 

and Miller.(1983) paleotemperature scenario: Ts 

Table 1.. Paleotempdrature scenarios, Prudboe Bay, 

Time before present 

Examsle 1, A t  Prudhoe Bay, Alaska the, ,per- 

Fxamele 2. Prudhoe Bay, with the Brigham 

Alaska (psterkamp and Gosink 1991) :' 

Scenario T * ( ' C )  (kiloyears) 

Present, Lachenbruch( 1982) -10.99 10-150 
Brigham and Miller(1983) -13.69 240 
Matteucci(l989) "1 1 300 
Robin(1983) ** -16 160 
Maxiinova et- al. (1988) ** -11.3 170 

* Average value of the surface temperature. 
** Fitted to present Prudhoa Bay temperature. 
= -13.69.C for 225,000 years before -wami.ng to 
-11'C in the last 15,000 years; X h 763.51. For 
t = 225,000 years ( r  = 67.3), fro: Figure. 5 with 
S = 0.1827, we read u = 1.412. Thus the Senna- , 

fTost will grow to 626.5m. This value will'then 
slowly decay to the new equilibrium of 602.0m 
over 15,000 years. Note that a cooler surface 
temperature will greatly accelerate growth since 
a much larger fraction o f  the growth will be dur- 
ing the early, rapid growth stage, 

Prudhoe Bay after s i x  glacial cycles. The upper 
curve ptbdicts rapid-initial permafrost growth, . 
reaching a thickness of 570m after 120 Lyr, with 
the paleotemperature model o f  Fig. 2. The thick- 
neES then slowly approaches an equilibrium value 

Figure 6 shows the permafrost thickness at 

47. 

T h o  b l  

Figure 6. Effect of Paleotemperature on Prudhoe 

.of 739m surpassing the present thickness o f  6OOm 

will yield permafrost that is too thick. AlSR . 
after about 185 kyr; this paleotemperature model 

shown. is the prediction of Oeterkamp and Gosir&. .. . :  
(1991) -using Figure 1 and starting  with 6004 off  
permafrost- that indicatee much faster permafmsk: 
growth and thicker pemafrost.  Their  quasi-stsady~~? 
model neglects sensible heat, E ~ B B U Q ~ B  fixed geo-*-, 
thermal heat flow to the freezing interface, and 
starts with permafroat de th far leas than e&- 
librium; these approximatyon= overestimate the 

the large effect if the paleotemparature model is 
freeze rate. The lower cuwa o f  Figure 6 shows 

only slightly modified for different glacial i i ! ,  

cycles. The predicted permafrost thickness W i l l - .  
reach present values after about 645 kyr and WiEl.-: 
then tend to oscillate, about thin valua. 

permafrost, on the order of 16001p.- Let the prop- 
erties be thoae of Prudhoe Bay. b,ut t = 0.4 , AT, = .# 
29.27'C, 0 = .0286'C/m, a l p  57.99 m'/y, then X*= 
1813m. The value of the surface  temperature chos- ~ 

en ia about 12'C colder than present winter tqm- , 

petatures in Canada, Russia, and Greenland. To 
find the time required to form 90% of the 
permafrost (1632111)~ the calculations  are as 
before with S = 0.4. The results in Table 2 
illustrate tdi long tine needed to form deep ,. ( .  
permafrost by conduction alone. . I 2 . .  

Table 2. Formation Time of 1632m Permafrost. 

Case G Time W e a r  Comm~;nt 

Bay, Alaska, Permafroat Growth. 

Examale 3 .  Caneider the case of very thick 

'<  ' _ .  

, ,;- , 

.i > 

no pre-cool 0.0286 4190.6 Uses eq.(lO) ,' . ' 

Pre-cool 0 . 0 2 2 0  488.9 Uses eq. (10) 
Pre-cool 0.0286 358.9 Pre-cool solution 
Neumann 0.0286 4150 Equivalen$-'T tiaed .~ .  

Neumann 0 . 0  6 4 . 8  Minimum tinieQ * .-r 

*Prudhoe Bay soil, AT1= 29,3'C, X,- 1813R. . <  : :i 

, ':, $ r , l  : 

Table 3. Bxtreme Predicted Permafrost Thicknasd" ' ~ 

I L  j >  

. I  1 1 ' '  

L .  

Time Ivrars) 7 o DeDth (meters) 
100 , 000 2.274 0.769 1408.4 
532 , 257 12.513 1.033 2000.0 
1,000,000 22.786  1.1011  2132.0 
2,000,000 45.572 1.1643 2254.5 

' ,  

infinity .. - 2600. a 
, \! 

. ; ! I \ -  

Example 4 .  Consider the conditions forL the 
. 1  

maximum probable permafrost thicknesq th,e' fgozen 
thermal conductivity i s  large, the gebthehag 
heat flow and latent heat are low; afid-'tbe'sur- 
face temperature is minimal. Let e 0.2, T = 
-23.5'C, qg = 0.042 w/ma,  and s a i l  with kg='5.06 

, I  

9 



W/m-K. The results are shown in Table 3. The 
pemafrost.reaches  a.thickness o f  2132111 after One 
million years and a value of 2255m after two mil- 
l i o n  years. Balobaev et al* (1978) note that the 
greatest permafrost th'icknesses recorded are on 
the East Siberian platform with maximum pema- 
frost thicknesses of 1500m. These thickneises 
are on the order o f  the values predicted here and 
it i s  not likely permafrost much thicker  than 
this'has ever existed, since the required time 
exceeds the plausible time available. These ei- 
treme thicknesses are not in thermal equilibrium 
wit.h the present: surface temperatures and are 
slowly thawing. 

CONCLUSIONS 

The qalculatjpne and examplea indicate that 
the growth of pemkfrosrt, with pure conduction',,- 
heat.tranefei, is gQV#rned by the trllneicsnt sur- 
face tempekature, the geothermal heat' flow, ant3 ,, 
ther  soil'thennal propertiem. Permafrost,grows 
very rapidly for an initial phase and then asymp- 
totikally approaches a steady ststd value aftor 
time spans of immanse,length. Very thick pema- 
frost may  have  required the total Quaternary Per- 
iod t~ fofm.  It is likely that permafrost is not 
in eqUilibrium at most eitoa. The battorn growth 
and decay of permafrost are so slow that accurate 
field methods of detecting whiah is occurring (o,r 
if equilibrium exists) are not available. Perma- 
frost less than 600m cari grow within 50,000 
years, with surface  temperatures only elighly 
lower than present values, but deeper permafrogt 
depths require tine -scales of several ice ages 
and quite low temperatures-to form. The oldest 
permafrost in a given volume will be located at 
an intermediate  depth since thaw occure first at 

' the upper and lower boundaries. 

APPENDXX 1.  SOIL PROPERTIES AND a T I O S  

The thermal GOndUCtiVity of a lhixture can be 
estimated with the geometric mean (fachenbruch et 
al., 1982: Gold and Lachenbmch, 1973: Lunardini, 
1981). For a general s o i l  this is 

where ka, k k are the thermal conductivi- 
ties of ai:?'safi s k i d s ,  ice, and water; x is 
the  volumetric fraction of component j. 

I f  the soil is always Baturated, has a con- 
stant void ratio e, and all of the water freezee, 
then xw = and the~conductivity ratio is 

where 7 = . 9825  is a temperature  correction 
(Lachenbruch et al., 1982). The presence of un- 
frozen water and the expansion of water upon 

umetric specific and latent heats, denerity, and 
freezing lead to second order effects. The vol- 

thermal diffusivity ratios may be calculated fol- 
lowing standard techniques (Lunardini, 1981). 

scribed as functions of the soil void ratio 6 

For soil systems, the property ratios  Fan be de- 

(Lunardini and Varotta, 1981). Using the thermal 
conductivities of Table 4, the property+atios 
used in the graphs were calculated Eor,i *r 0.379. 
The thermal CanduQtivity ratio will be represen- 
tative of aoil that 'is not too.dry: the ratio?. 
should be acceptable if t 2 0.2, Kqrsten (1949). 

Table 4. Thelma1 conductivity of materials. 

substance k W/Im-"Cb 
Water 0 561 
ice 2 .281-  
air 0.0237 
silicaeous s o i l  solids 4.29-5.87 

NOMENCLATURE 

= specific heat 

- P C ,  volumetric specific heat 
= geothermal gradient 
= thermal conductivity - latent heat o f  solidification 
= geothermal energy flow 
= c (Tf-Ts)/l, Stefan Number 
= time 

= depth coordinate 
= temperature 

= PermaiKOst thickness 

= c,/c.r 

Q = thermal diffusivity 
B - & / X  
6 depth of temperature disturbance 
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T h e   r e s l d e n L i a 1  a r e a  o f  t h e   G u i i a n ' C o a l  Mine is l o c n t e d  i n  a t a l i k  in t h c  [J l 'ed<Jl l l -  'I  
i n a n t l y   c o n t i n u o u s   p e r m a f r o s t   z o n e  of t h e   n o r t h e r n  De l l inggan ' L i n g .  T h e  severe 
c o l d  c l i m a t e   a n d   t h e   p l e n t i f u l   g r o u n d   w a ~ e r   l e a d s t o   t h e   d e v e l o p m e n t  o f  ' s e a s o n a l  ' ' ' 
s p r i n g   i c i n g s . P , r a c t i c c   v e r i f i e d  t,he a v a i l a b l e n e s s  o f  t h e  " f r o z e n   d i t c h "   i n   t h e  , .  

, .  

t r e a t m e n t  o f  i c i n g s .  

I N T R O D l j C T I O N  

Bu i ld ins s   wou ld  be harmed b y  i c i n g s  i n  t h e  

m e a s u r e s   f o r  t h e   t r e a t m e n t  o f  i c i n g s ,  a n  under -  
cold r e g i o n s .  I n  o r d e r  t o  f i n d  t h e  effective 

s t a n d i n g  o f  t h e  o r i g i n  o f  i c i n g s  is q e c e s s a r y .  
D u r i n g   t h e   c o n s t r u c t i o n  o f  t h e  f o u n d a t i o n  of a 
r e s i d e n t i a l  b u i l d i n g ,  water  g u s h e d  o u t  and 

o n l y  a f f e c t e d  t h e  r a t e  o f  c o n s t r u c t i o n  b u t  a l s o  
i c ings   were   fo rmed  i.n O c t o b e r ,  1990. T h i s  no t  

endsngered   he f o u n d a t i o n .  A Prozqn d i t c h  was 
dug a f t e r  a lot d f  i n v e s t i g a t i o n   a n d  s t u d i e s  on 
t h e   g e n e s i s  o f  t h e  i c i n g s .  The  water flow w a s .  
s t o p p e d  from November, 1991 t o  May, 1992.  So 

T h i s  i n d i c a t e d  t h a t  the  f r o z e n   d i t c h  was 
the   i c , ing   p roblem  has   been  s o l v e d  s u ~ c e s s f u l l y .  

e f f e c t i v e  i n  c o n t r o l l i n g   t h e   w a t e r - g u s h  i n  t h e  
f o u n d a t i o n  pic   and  i n  t r e a t i n g   t h e   i c i n g s .  

A SURVEY OF THI? WORKING A K R A  

GeoRraphy  and Geology 

l o c a t e d  i n  t h e  n o r t h  p a r t  o f  t h e  M t .  Da Hinggan 
L i n g ,   a t  52'57'-+52'59'N, 122°201-122'23'E and 
440'-600 m a . s . 1 . .  on a d o n u d a t e d - d e p o s i t e d  ' 

D a l i n  R i v e r   r u n   t h r o u g h   t h i s  area a n d  flow i n t o  
s o u t h - f a c i n g   g e n t l e   s l . o p e ,  t h e  G l l l i a n  River   and 

R i v e r   ( F i g " 1 ) .  
t h e  Amur R i v e r  - a t r i b u t a r y  o f  t h e   H e i l d n g j j a n g  

t e m p e r a t e  zone. According L O  t h e   o b s e r v a t i o n s  
d u r i n g  1976-1991 i n  t h e  Mohe M e t e o r o l o g i c a l  
S t e t i o n ,  10 k m . f r o m  t h e   G u l i a n  C o a l  Mine, i t  is 
known t h a t :  

* t h e  mean a n n u a l   a i r   t e m p e r a t u r e  I s  a s  low 

maximum - 3 h , E ° C ;  &3 -4.5"C. t h e  m i n i m u n  - - 5 2 . 3 ' C .  a n d  t h e  

* t h e   f r o s t - f r e e   p e r i o d  is l e s s   hen one  

,B months o f  t h e  y e a r :  
hundred   days ,  t h e  f r e e z i n g   p e r i o d  l a s m  a b o u t  

t h e   p r e c i p i t a t i o n  i s  c o n c e n t r a t e d  i n  t h e  per.lod 

The r e s i d e n t i a l  area of  G u l i a n  Coal  M i n e  is 

The w o r k i n g   a r e a  i s  i n  B c o n t i n e n t a l   f r i g i d -  

" t h e  mean annual   ground  temperat .ure  is -4.2'C, 

42t i  

F i g u r e  1. Topographic  map of  t h e  
i n v e s t i g a t e d  a r e a  

f r u m  J u l y  to   September   and   averages   400-500 mm 
p e r  y e e r .  

Such B climate i s  f a v o u r a b l c   t o  the g:round 
f r e e z i n g   a n d   t h e   p e r m a f r o s t   d e v e l o p m e n t .  

The  working  area 1s l o c a t e d  i l l  t h e  Ergulla 
F o l d  B e l t ,  a p a r t  of t h e  V u r i s i a n  Fold S y s t e m .  
The L a t e   V a r i s j s n   G r a n i t e  is w i d e l y - d i s t r i h u r e [ l  

f o r m i n g   t h e  b a s e  of t h e  Quaternary  syst .eni  and 
i n   t he   sou the rn   and   wes t e rn  p a r t s  o f  t h i s   arc!;^, 

the  C r e t a c e o u s   s y s t e m .  The Lower C r e t a c e o u s  



tuffaceous  breccias  and  tuffs  are  in  conformity 
with  the  granite  conglomerate:  the  Quaternary 
system,  composed  of  the  humus soils, silty  clay, 

developed  in  flood  land  and  gentle  slopes. 
sandy  soils,  pebble  and  elastics,  is  widely 

Features  of  Frozen  Ground 

inantly  continuous  permafrost  zone  in  the  north- 
Generally,  this  region  belongs to the  predom- 

ern  Da  Hinggan  Ling.  The  development  and  distri- 
bution  varies  with  terrain.  The  perennially 
frozen  ground  as  thick  as 50-70 m or more  and 
rich  in  ground  ice,  is  well-developed  in  the 
swampy  lowland  at  the  bottom o f  valleys  or 
basins,  while  the  upper-  middle  part  of  slopes 
and  the  structural  denudation  ranges  are  general- 
l y  occupied by taliks  with  a  few  isolated  perma- 
frost  masses,  small  and  thin (Guo et  al, 1 9 8 9 ) .  
The  residential  area o f  the  Gulian  Coal  Mine  is 

only  a 40 m  thick  permafrost  was  observed  in  the 
located  in  a  talik  on  south-facing  gentle  slope, 

Borehole S Z - 4  at  its  southeast. '. 

terrain.  For  example,  it is 2.55 m i n  Borehole 
SZ-5 at 497.66 m a.s.1. and 3.20 m in  Borehole 
SZ-6 at 4 8 0 . 5 4  m a.s.1. 

i n  Fig.2, 

The  seasonal  freezing  depth  also  varies  with 

The  distribution  of  frozen  ground  is  shown 

Figure 2. Sketch map showing  distribution 

1. permafrost  region 4. railroad 

3.  buildings 
2 .  permafrost  melt  region 5. contour 

6 .  river 

of  permafrost 

Hydroeeoloxical  Condition 

Types and  features  of  ground  water 

be divided  into  the  suprapermafrost  water  and 
the  subpermafrost  water:  within  the  talik,  there 
develops  the  talik  water.  According  to  the  com- 
position  and  characteristics of aquifers,  the 
ground  water  can be divided  into  the  pore- 
phreatic  water  in  Quaternary  sediments  in  river 
valley,  the  pore-crevice  phreatic  water  in  the 
incomplete  talik,  the  structural-crevice  water 
in  granite  and  the  pore-crevice  water  in  the 
tuff.aceous  breccias. 

In  the  permafrost  area,  the  ground  water  can 

4 2 1  

As the  cryogenic  impermeable  layer,  the per- 
mafrost  can be  the  obstruction  to  the  water 
movement  leading  to  concentration  of  the  ground 
water  on  the  northern  part o f  the  working  area, 
seeping  out  as  spring  like  Springs 1 and 2 ,  
forming  the  spring  icings i n  winter (Fig.3). 

Figur,e 3 .  Hydrogeological  sketch  map 
1. granite; 
2. Jiufeng  mountain  series o f  cretaceous 

3 ,  granite; 4 .  conglomerate; 

6 .  seasonal  spring; 
5 .  perennial  spring: 

7. geological  boundary  line; 
8. profile  line. 

system; 

valley i s  generally 1.0-1.5 m in  thickness and 
is  frozen  partially o r  completely  in  winter, 
showing  an  obvious  seasonal  variation,  thus,  it 
can  only be  used as  a  small  scale  seasonal  water 
resource, 

In  the  incomplete  talik  along  the  railroad, 
the  pore-  crevice  phreatic  water  is  in  a  posi- 
tion  between  the  seasonally  frozen  layer  and  the 
perennially  frozen  ground. It doesn't  .outcrop 

out  from  the  steep  side  of  the  subgrade,  forming 
on  to  the  ground  surface;  in  winter,  it  seeps 

water,  although  of  little  interest  in  utiliza- 
a  series of  beaded  icings.  Such  kind  of  ground 

tion,  is  an  important  supply  of  the  deeper 
aquifer. 

development  of  the  aquifer  and  the  distribution  of  perma- 
frost,  the  water-  abundance  of  the  granitic 
structural  crevice  artesian  aquifer  varies  con- 
siderably. For example,  as  observed in  Borehole 
S Z - 3 , 1 2 0  m in  depth,  through  the  well-  creviced 
granite  with  a  tattered  belt 88.5 m i n  thickness 
it  wells  as  plentiful  as 737.04 m'/day when  the 
water  table  drops  for 1 7 . 5  m.  At the  Gulian 
River,  as  observed by Borehole SZ-1 down  to  a 
depth  of 1 1 2  m through  the  granite  poor-cracked, 

The  qquifer  of  suprapermafrost  water  in  river 

Dependent  upon  the  position  nature  and crevice 



it  wells 34,54 m'/day when  the  water  table  drops 

artesiarwater  in  the  tuffaceous  breccias 
for 53.4 m. The  abundance o f  the  pore-  crevice 

For  example,  it  wells 'in high  quantity  in  Bore- 
aquifer  is  also  depengent  upon  the  above factors. 

holes SZ-5  and SZ-6. Such  kind of ground  water 
also  distributes  in  the  gentle  slope.  Based on 

the  pumping  test  in  boreholes  in  dry  season  it 
pumping  test  unique-borehole  in  wet  season  and 

water  season is 1806-2300 m'fday in  the  wet 
is  known  that  the  amount  of  the  talik  artesian 

season, 

S u p p l y ,  runoff  and  drainaRe of  round water 

forming  the  pore-  crevice  phreatic  water;  then, 
the  phreatic  water  moves  down  through  the 
weathering,  sedimentary  and  structural  cracks of 
bedrocks  forming  the  talik  artesian  water o r  the 
subpermafrost  artesian  water - that  is  the 
major  way  of  supply  and  runoff  of  the  ground 
water  (Yang  et  al,.1985). 

first,  drainage  through  the  Dalin  River  and  the 
Gulian  River;  second,  drainage  as  springs, 
forming  icings  in  winter. 

In sum,  the  basic  conditjon  for  the  supply, 
runoff  and  drainage  is  that  the  pores  and  cracks 
are  well-developed  in  the  bedrock; a d  the 
existense  of  permafrost  as  the  cryd-genic  fmper- 
meable  body  is  one  of  the  important.factors  that 
determine  the  distribution,  supply,  runoff  and 
drainage  of  ground  water. 

The  precipitation  infiltrates  into  the  taliks, 

The  ground  water  is  drained  through  two  ways: 

ORIGIN OF SPRINGS 

permeable  aquifer  of  the weathered granitic 
The  seasonal  springs come  from the  well- 

conglomerates,  Their  formation  begins  in  middle 
November  and  stops  in  March  next  year.  During 
the  warm  season,  the  aquifer  is  very  well  in 
containing  water  while  in  winter,  with  the 
gradually  thickening  of  the  seasonal  frozen 
ground,  the  aquifer  reduces  in  its  volume,  the 
ground  water  is  pushed  up  onto  the  ground  sur- 

under  a  cold  climate  forming  icings. 
face  under  the  cryostatic  pressure,  and  frozen 

The arte.sian water  is  usually  fed by the 
pore-  crevice  phreatic  water  in  taliks,  and, 

can be  fed by the  artesian  water.  The  Spring 1, 
under  a  certain  condition  the  phreatic  water 

300 m to  the  west  of  the  building  flows 16 m'/ 
day  all  the  year  round.'Such  a  spring  is  locat- 

crevice  phreatic  water  through  the  fault  and 
ed in  granite  area,  and  can  also  feedthe  pore- 

the  weathered  zone  of  the  granite.  The  amount 
of  the  ground  water  is  one  of  the  causes of the 
seasonal  spring-icings. 

relation  to  the  climate,  especially  to  the 
The  occurrence  of  spring-icings  has  a  close 

precipitation.  According  to  the  observation  in 
the  Mohe  Meteorological  Station,  the  precipita- 

while  the  mean  annual  value - only 445.7 mm. 
tion  was  537.9 mm in  1989  and 503.0 mm in  1990, 

During  these  humid  years,for  example,  since 
November  1990,  all  the  icings  in  this  area  are 
larger  than,usual.  It  follows  that  the  precipi- 
tation  is  the  direct  supply  of  the  pore-  crevice 
phreatic  water i n  taliks. 

TREATMENT MEASURES OF ICINGS 

Because  the  spring is fed by the  pore- 
crevice  phreatic  water i n  a  thin  aquifer  under- 
lain by impermeable  layer,  the  crosswise  slope 
is  gentle,  the  method of  digging  a f r o z e n  ditch 

could be available  to  prevent  the  building  from 

arranged 25 m  to  the  north o f  the  buildings  and 
the  endangering o f  icings.  The  frozen  ditch  was 

was 2 . 0  m in  depth, 4 . 0  m  in  width, 100 m  in 
length. I n  this. sector,  the  seasonal  frost  depth 
is 2 . 5 5  m, s o  the  ditch  was  cut  into  the most 
part o f  the  seasonal  frost  belt.  It  was  observed 
that  at  the  depth o f  1.5 m  there  was  a  well- 
permeable  gravel  belt, 0.4 m  in  width  and 0 . 5  m 

movement, while beneath a  depth of 2-3 m ,  a 
in  height, being a good channel for ground water 

poor-permeable  granitic  conglomerate  was  found. 
Thus,  the  frozen  ditch  was  dug i n t o  the  aquifer, 
forming  a  wall  cutting  off  the  ground  water. 

December  1991, some  small  seasonal spring- 
According  to the  observation  in November  and 

icings  occurred  nearby  after  the  digging of the 
ditch (Fig.4). This  might  result  from  the 
transfer  of  the  water  channel. 

Figure 4. Distribution  of  the  frozen  ditch 

CONCLUSIONS 

1 .  I n  order t o  treat  the  icings,  an  under- 
standing  in  hydrogeological  condition  and  in 
the  origin of icings  is  necessary  for  the 
selection o f  the  suitable  measures. 

2. The  frozen  ditch  method  is  available t o  
treat  the  icings  fed by the  pore-  crevice 
phreatic  water  coming  from  the  incomplete  talik 
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EFFECTS OF SNOW C O V E R  O N  T H E R M A L  R E G I M E  OF FROZEN sons  

Ma Hong, Lj .u  Zongchao  and L i u  Y i f e n g  
X i n j i a n g   I n s t i t u t e  of  Geography.Chinese Academy of   Sciences,Urumqi  830011,China 

Yang Zhian 
Department o f  P h y s i c s ,   X i n j i a n g   U n i v e r s i t y ,  Urumqi 830052,   China 

T h i s  s t u d y  d e m o n s t r a t e s  t h e  snow c o v e r   h a s  a s i g n i f i c a n t   e f f e c t  o n  t h e r m a l   s t a t e  
of u n d e r l y i n g   f r o z e n   s o i l s .  T h e  e x i s t e n c e  o f  snow w i l l  n o t   o n l y   i n s u l a t e  t h e  
h e a t  loss f r o m   g r o u n d ,   t h u s   r a i s i n g   t h e   g r o u n d   t e m p e r a t u r e ,  b u t  also d e l a y   t h e  
e f f e c t s  o f  e x t e r n a l   c o n d i t i o n s  on t h e r m a l   s t a t e  of  f r o z e n  s o i l  due t o  i t ' s  low 
c o n d u c t i v i t y   a n d   l a r g e   c a p a c i t y  of h e a t .  The v a r i a t i o n  o f  f r o z e n  s o i l  d e p t h  i s  
c l o s e l y   r e l a t e d   t o   v a r y i n g   a i r   t e m p e r a t u r e  a n d  s o l a r   r a d i a t i o n .   T h e r e f o r e ,  g u o -  
g r a p h i c a l   l o c a t i o n   p r o b a b l y   p l a y s  a more dominant  r o l e  i n  a f f e c t i n g  t h e  p r o c u s s  
o f  energy  exchange  between  ground  and  a tmosphere,   and  hence  the  thermal   regime 
o f  u n d e r l y i n g   f r o z e n  s o i l .  

XNTRODUCTZON 

The s e a s o n a l   f r o z e n   s o i l  i s  w i d e l y  d i s t r i b u -  
ted i n  t h e  C h i n e s e   p o r t i o n  of t he   T ien   Shan  
mounta ins ,   which  i s  a l m o s t   t o t a l l y   c o v e r e d  b y  
s e a s o n a l  snow t h r o u g h o u t   t h e   w i n t e r s . A n d  snow 
will a l t e r   t h e   b o u n d a r y   c o n d i t i o n s   a n d ,   t h a r e -  
f o r e ,  change   t he   t he rma l   r eg ime   o f   unde r ly ing  
f r o z e n   g r o u n d   s i g n i f i c a n t l y .  I t  is e s s e n t i a l  L O  
g e t   s u f f i c i e n t  d a t a  i n  order  t o   e n a b l e   a n  u n d e r -  
s t a h d i n g  a n d ,   f u r t h e r ,  to p e r m i t   r e l i a b l e   q u a n -  

on  t h e   t h e r m a l   s t a t e  of f r o z e n   s o i l s .   F o r  r h i s  
t i t a t i v e   a n a l y s i s  o f  t h e   e f f e c t s   o f  snow c o v e r  

p u r p o s e ,  t h i s  p a p e r   p r e s e n t s  'some r e s u l t s  from 
f i e l d   m e a s u r e m e n t s   a n d   d e s c r i b e s   t h e   s e a s o n a l  
v a r i a t i o n  of f r o z e n   s o i l   d e p t h   u n d e r   ' d i f f e r e n t  
e x t e r n a l .   c o n d i t i o n s .  The r e s u l t s   a r e   d e r i ' v e d  
from d e t a i l   m e a s u r e m e n t a   a t  two e x p e r i m e n t a l  
s i t e s  and  from y e a r s  of f i e l d   o b s e r v a t i o n s .   I n  
a d d i t i o n ,   t h e   e f f e c t s  of s i r   t e m p e r a t u r e   a n d  
solar r a d i a t i o n  o n  t h e r m a l   s t a t e  of  snow and  the 
underlying f r o z e n   s o i l   a r e   a l s o   d i s c u s s e d ,   f r o m  
a t h e o r e t j c a l   p e r s p e c t i v e .  

STUDY A R E A  AND D A T A  COLLECTION 

The s t u d y  a r e a  was l o c a t e d  i n  the mid-moun- 
t a i n   z o n e ' o f  t h e  western T i e n  Shan   mounta ins ,  
near   the   T ien   Shan  Snow and  Avalanche  Reaearch 
(TSAR) S t a t i o n   ( 4 3 " 1 6 ' N ,  8 4 ' 2 4 ' E ;  1776 m a . ~ . l . )  
of Lhe X i n j i a n g   I n s t i t u t e  o f  Geography,   Chinese  
Academy o f  S c i e n c e s .  T h i s  a r e a ,   r e f e r r e d   t o  
l o c a l l y  a s  t h e   " w e t   i s l a n d  i n  a r id   l ands ' ! ,  has H 
t e m p e r a t e  and  humid c l i m a t e .  Mean a n n u a l  a i r  
t e m p e r a t u r e   r e c o r d e d   a t   t h e  TSAR S t a t i o n  i s  1 . 3  
'C (1973-1986) ,   and   average ipnnual  maximum and 
minimum t e m p e r a t u r e s  a r e  1 2 . 6  a n d  -14.4'C i n  
J u l y  a n d   J a n u a r y ,   r e s p e c t i v e l y .  Mean annua l   p re -  
c i p i t a t i o n  i s  8 2 7 . 3  m m  w i t h  a maximum of 1 1 3 9 . 7  
m m .  T h i s  area h a s  a mean w i n t e r  snow d e p t h  o f  
0 . 8 6  m w i t h  a maximum of  1 . 5 2  m .  I t  is e s t i m a t e d  
t h a c   s n o w f a l l   a c c o u n t s   f o r   a b o u t  30% of a n n u a l  
p r e c i p i t a t i o n .  Winter l a s t s  f o r  a b a u t  4 L O  5 

months   and   the  snow cover  i s  e x t r e m e l y   u n e v e n .  
T h e   d o m i n a n t   s u r f a c e   m a t e r i a l s   a r e  drab  f o r e s t  
soil and meadow soil covered  by  d e n s e   v e g e t a ~ i o r L  
F r o s t   s o l 1   o c c u r s ' a t  a d e p t h   r a n g i n g   f r o m  0 . 2  t u  
1 .5  m ,  depending  o n  s l o p e  ' o r i . e n C a t i o n ,  s l o p e  
m a t e r i a l s ,  a n d   s u r f a c e   c o v e r .  

of  1986-87.  The  measurements o f  t e m p e r a t u r e   p r o -  
f i l e s  were made u s i n g   t h e  HP-3497A D.igi ta1 I la t i~  
C o l l e c t i o n   S y s t e m   a t   t w o   e x p e r i m e n t a l   s i t e s .  One 
( s i t e  A) was   l oca t ed  on  a s o u t h - f a c i n g .  yenL3c. 
s l o p e  o f  a b o u t  7 ' ,  t h e   o t h e r  ( s i t e  B ,  50 m a p a r t .  
from s i t e  A) was on t h e  f l a ~  t e r r a c e   s h a d e d  
e n t i r e l y  b y  mounta ins .  A t  e a c h   s i t e ,  snow tem- 
p e r a t u r e s ' a n d   t e m p e r a t u r e s  of u n d e r l y i n g   f r o z e n  
s o i l  w e r e   m e a s u r e d   u s i n g   t h e r m i s t o r s   a t  LO cm 
i n t e r v a l s .  An e x t r a   a r r a y  of t h e r m i s t o r s  was 
u s e d  n e a r   s i t e  A t o   m e a s u r e   o n l y , t h e   t e m p e r a t u r e  
p r o f i l e s   o f   f r o z e n   g r o u n d ,  w i t h  t h e   o v e r l y i n g  

T h i s  c o n f i g u r a t i o n   a l l o w s  a comparison  between 
snow  removed  soon a f t e r   e a c h   s n o w f a l l   c v e n t  , 

t h e r m a l   r e g i m e s   o f   f r o z e n   g r o u n d   u n d e r   d i f f e r e n t  
e x t e r n a l   c o n d i t i o n s .  

F i e l d   e x p e r i m e n t  was c a r r i e d   o u t  in t h e w i n t e r  

RESUL'I'S A N D  DISCUSSION 

The  wilrter o f  1986,/87, was s l i g h t l y   c o l d e r  
t h a n   n o r m a l .   T h e   1 , o w e s t   a i r   t e m p e r a ~ u r e   a n d   t h e  
maximum snow d e p t h  occ,urred,  a s   u s u a l ,  'in m i d -  
J a n u a r y  end early 'Mdrcli, r e s p e c ~ i . v e l y .   F r e e z i n g  
t e m p e r a t u r e 3  began"iti mid-October  and  were  main-, 
t a i n e d  up t o   l a t e  Mdrch.  Snowfall   began In m i d -  
October  arid reached  i t s  maxjm'um,depth o f  79 c m  
in e a r l y   M a r c h , ,  b u t '  -t 'he Lrequc'rlL ' m e l t i n g   e v e n t s  
d , e l a y e d   t h e   f o r m a t i o n  of  f roz 'en  'soil f o r   a b o u t  
20   days .   Snowmel t   s t a r t ed  i n  l a tk  March and way corn- 
p l e t e d  i n  3 'weeks .   Su r face   me l t ihg  o f  Erozthn 
soils i n  ba re ' g rou 'nd   advanced  b y  a b o u t  15 d a y s  
t h a n  in snow c o v e r e d   s i t e .   F o r e s t s   a n d   s h a d e d  
s l o p e s   r e t a i n , e d  R s n o w  c o v e r   f o r   l o n g e r   d u r a -  
t i . o n .  T h u s ,  t h e   s u r f a c e   m e l t i n g  o f  snow a n 3  
f r o z e n  s o i l  d e l a y e d   f o r   a b o u t  a month or even 
l o n g e r ,   d e p e n d i n g  on t h e   s u r f a c e   c o v e r   a u d   l o c a l  
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topography.  
Fig.1 shows Lhe a i r   t e m p e r a t u r e s ,  snow d e p t h ,  

IIECEMBEI? JANUARY FEBRUARY M A R C H  

! Flg.1 Variati.on of air  temperature, snow deptb, , 

and the d e p t h  ,Q€ frozen so i l  measured a t  
si.te 13 during.the winter of 1986/87 

> "  

and the d e p t h  o f  f r o z e n  3b i . l  f.ram, dec,embe.r 1986 
t a  A p r i l  1987 measured a t  q i t e  A , .  ,F,r,on t h i s  
f i g u r c , - , s . o o w  d e p t h  i n c r e a s e d  py.?dua,lily 7 8 6  the '  
s eason   p rogres sed ,   and   dec reased . ,   r ep3d ly  i n  l a t e  
Masch d u e  t o   r a p i d   s n o w m e l t .  Dep&h, o f  f r o z e n  
s o i l  .increa.,sed a s  sir t e m p e r a t u r e   d e c r e a s e d  d u r -  
i n g  t h e  e a r l y -  s t a g e  of  snow a c c u m u l a t i o n   p e r i o d ,  
and   dec reased  a s  i n c r e a s i n g  a i r  t e m p e r a t u r e   d u r -  
in#. t h e   l a t e   p o r t   o f   w i n t e r .  T h e  v a r i a t i o n  o f  
f r o z e n  soil d e p t h  was c l o s e l y   c o r r e l a t e d   t o   t h a t  
of  a i r   t , e m p e r a t u r e  I f  a l a g  time o f  a b o u t  2 0  
d a y s  i s  t a k e n   i n t o   c o n s i d e r a t i o n .  T h i s  i n d i c a t e s  
a , c l o s e   r e l a t i o n s h i p   b e t w e e n   a i r   t e m p e r a t u r e   a n d  
t h e   d e p l h  of f r o z e n  sotlu. 

b ' i g . 2  shows a c.omparison  between t h e  d e p t h s  
of f r o z e n   s o i l  o f  a snow cove,red p l o t  ( F i g . 2 a )  
and a snow-f ree  p l o t  ( F i g . Z b )  m e H s u r e d  a t   s i t e  
A .  These two p l o t s   w e r e  5 m e t e r s   a p a r t  a n d ,  
h e n c e ,   a r e   c o n s i d e r e d  to be under   the   same c x -  
t e r n a l   a t m o s p h e r i c   c o n d i t i o n s .  A t  snow covered  
p l o t ,   t h e   d e p t h  o f  f r o z e n  soil were much t h i n n e r  
t h a n   t h a t  B L  s n o w - f r e e   p l o t ,   a n d   v a r i e d  less 
s e n s i t i v e l y   t h a n   t h a L   a t   s n o w - f r e e  p l o t  i n  r e s -  
ponse to v a r y i n g   a i r  t e m p e r a t u r e .  Although snow 
will r e f l e c t  a l a r g e   p a r t  o f  i n c o m i n g   s o l a r  
r a d i a t i o n   a n d   r e d u c e   t h e   e n e r g y  i n p u t  t o  snow, 
c h u  l o w   c o n d u c t i v i t y   a n d   l a r y e   h e a t   c a p a c i t y  o f  
snow w i l l  i n s u l a t e   t h e   e n e r g y  loss f rom snow and 
u n d e r l y i n g   f r o z e n   s o i l ,   a n d ,   h e n c e , d e l a y i n g  t h e  
e f f e c t s  of  e x t e r n a l   a t m o s p h e r i c   c o n d i t i o n s  on 
t h e r m a l   s t a t e  of f r o z e n  s o i . l  s i z e a b l y .  

i n c o m i n g   s o l a r   r a d i a t i o n ,  low c o n d u c t i v i t y ,   a n d  
l a r g e , h e a t   c a p a c l ~ y ,  t h e  e x i 9 t a n c . e  of a snow 
c o v e r  will a l t e r   t h e   e x t e r n a l   c o n d i t i o n s  of  f r o -  
zen s n i l  p r e ~ t l y ,  t h u s  modify ing  t h e  energy  c x -  
c h a n g e s  a t  t h e  snow-soil i n t e r f a < - e .  I t  i s  t h e r o -  
f o r e   i m p o r t a n t  to u n d e r s t a n d i n g   f i r s t l y   t h e  

, I  

As a poor h e a t   c o n d u c t o r  w i t h  h i g h   a l b e d o   f o r  

" I , 
, .. . 

L 

1' 

I/- 

F i g . 2  Comparison of r'rozen s o i l  depths between a 
snow covered plot(a)  and a snow-free  plot. 

(b) measured a t  s i t e  A during  the 
winter of 1986/87 

, I  

t he rma l   r eg ime  o f  snow cover i n  r e s p o n s c  t u  C X -  

surfas(: r e m p e r a t u r e   a n d   p e r i o d i c   s o l a r   r a d i a -  
t e r n a l   a t m o s p h e r i c   c o n d i t i o n s ,   i . e . t o   v n r y i . n g  

t i o n . . M a  Hong a n d   o t h e r s ( l 9 9 1 )   d e v e l o p e d  a model  
w i t h  w h i c h . c h e ' t e m p e r a t u r e   p r o f i l e s  o f  a snow 
c o v e t  a t  si te  A w e r e   s i m u l a t e d   f o r  1 6  F e b r u a r y .  
1987 .   Resu l t s , shown  i n  Fig.3 demonst race  t h ~ t  
s i g n i f i c a n t   d i u r n a l   v a r J , a ~ l o n , i n  snow tempera-  
t u r e   o n l y   o c c u r  i n  the t p p  l a y e r s  o f  a snow 
c o v e r ,  e t ' *  d e p t h  o f  about. 20 c m  below  he sur-  
f a c e ,  w h i l e   t e m p e r a t u r e  i.n t h e   b a s a l   l a y e r s  is 
c o m p a r a t i v e l y   s t a b l e  in s p i t e  o f  t h e  l o r y u  t e 8 -  
p e r a t u r e   f l u c t u a t i o n  a n d   s t r o n g  so lar -  r a d i a l i o n ,  

430 



i n d i c a t i n g  n he p r o c e s s  o f  energy  exchange  mainly 

m i n o r   e f f e c t  011 e x t e r n a l   f a c t o r s  o f  Lhermal 
occur  i n  t h e  t o p  l a y e r s  o f  a s n o w  cover ,   have  a 

regime of d e e p   l a y e r s  o f  snow a n d   t h e   u n d e r l y i n g  
f r o z e n  s o i l  i f  t h e   t h i c k n e s s  of o v e r l y i n g  snow 
e x c e e d s  30 cm. The energy loss from  snow s u r f a c e  
a t  n i g h t  may b c  balanced  to some e x t e n t  b y  r i s -  
i n g  a i r   L e m p e r a t u r e  and s o l a r  j n p u t  d u r i n g  t h e  
day,   bu t  t h e  n e t  loss o r  g a i n  o f  energy  i n  t o p  
l a y e r s  o f  B snow cover  may a F f e c t  t h e  t h e r m a l  
regime o f  d e e p   l a y e r s  o f  snow a n d   f r o z e n   s o i l  
t h r o u g h   h e a t   c o n d u c t i o n ,   b e c a u s e  t h i s  p r o c e s s  i s  
r a t h e r  s l o w  due t o  l o w  c o n d u c t i v j t y  of  snow  and 
f r o z e n  soil, and s o  t h e   e x i s t a n c e  o f  snow w i l l  
d e l a y  the effects o f  e x t e r n a l   a t m o s p h e r i c   c o n -  
d i t j o n s  a n d   r e t a r d   t h e   h e a t  loss from b a s a l  
l a y e r s  o f  a snow cover   and   f rom  the   under ly ing  
frozen ground.  

The e f f e c t  o f  s o l a r   r a d i a t i o n  on t h e r m a l  
regime o f  s n o w  h a s  been   d i scussed  i n  d e t a i l  b y  
Colbeck ( 1 9 8 9 ) .  He r e a c h e d   , t h e   c o n c l u s i o n  
t h a t   t h e  amount o f  s o l a r  r a d i t a t i o n   a b s o r b e d  
b e n e a t h   t h e   y u r f a c e  oE 8 snow c o v e r   c a n   i n t r o -  
duce   more   energy   in to   the  snow than   can  b e  
r e a d i l y   c o n d u c t e d  away. T h e r e f o r e ,  the s u b - s u r -  
f a c e   t e m p e r a t u r e   i n c r e a s e s   o v e r  what i t  would b e  
i n  t h e  absence  of  s o l a r  i n p u t .  To s h o w  t h i s  
e x p e r i m e n t a l l y ,   t h e  snow t e m p e r a t u r e - p r o f i l e s  
( F i g . 4 )  measured a t   s i t e  B f o r  16 February ,   1987 
a r e  u s e d  h e r e  t o  make a compar ison  w i t h  F ' ig .3  
D e s p i t e  t h e  r e s u l t s  s h d w n  i n  Fig.3 from t h e  

TEMPERATURE ( " C '  
1 1 I 

- 1 7  -15 - 1 3  -11 -9 - 7  - 5  - 3  -1 

t i ip .4 Temperature prof i les  measured st s i t e  
B, 16 February 1987. Time is given 

i l l  hours of l oca l  solar time 

t h e o r e t i c a l   c a l c u l a t i o n s ,   t h e y   a r e  s t i l l  com- 
pa rab le   because  t h e s e  r e s u l t s   h a v e  b e e n  t e s t e d  
a g a i . n s t   t h e   o b s e r v e d   d a t a  from s i t e  A ,  and show- 
ed a good agreemen t   bc twecn   t hem.   C lea r ly ,   t he  
s o l a r   r a d i a t i o n  s h i f t s  t h e   t e m p e r a t u r e   n e a r   t h e  
sur face   f rom  lower  values s h o w n  i n  Fig.4 t o  
h i g h e r  v a l u e s  s h o w n  in b ' i y . 3   d u r i n g   d a y   t i m e .   I t  
seems t h a t  t h c r u  i s  n o  e f f e c t  o f  y o l u r  i . r l p u t  o n  
snow temperaLure in t h e  b a s a l  l a y e r s   b e c a u s e  
t h e r e  i s  n o  n o t i c e b l c   v a r i a ~ i o n  i n  ~ e m p e r a ~ u t e  
herween  the d a y ' a n d  n igh t .   However .   wh i l e   r ad ia - .  
t i o n   i n c r e a s e s  t he a v e r a g e   t e m p e r a t u r e   a n d  tem- 
p e r a t u r e   g r a d i e n t  just h e l o w   t h e   s u r f a c e  in snow, 

811 i n l e r m e d i a t e  l a y e r   b e l o w   t h a r   ( C o l b e c k , 1 9 & 9 ) .  
i t  d e c r e a s e s  t h e  ~ v e r ~ g e   t e m p e r a t u r e   g r a d i e n t  i n  

The effect o f  t h i s  i s  t o  d e c r e a s e   t h e   h e a t  loss 
f r u m  t h e  b a s a l  l a y e r s ,   a n d   h e n c e ,  t o  i n c r e a s e  
t h e  t -empcrature  in t h e  b a s a l  l a y e r s  of a snow 
cove r   and   unde r ly ing   f rozen  s o i l .  From Fig .3   and  
4 ,  Eor e x a m p l e ,  t h e   t e m p e r a t u r e s  e t  t h e  snow-  

s o i l   i n t e r f a c e  o f  s i r e  A and s i t e  B were ,  r c s -  
p e c t i v e l y ,  -0.5'C and -2.7'C, and the   measured  
d e p t h s  of  f r o s e n  soil u n d e r l y i n g   t h e  two s n d ~  

T h e s e   d i f f e r e n c e s   a r e   c o n s i d e r e d   o n l y  d u e  t u   he 
c o v e r s   w e r e ,   r e s p e c t l v e l y ,  2 5  c m  and 75 cm. 

were   unde r   t he  same e x t e r n a l   c o n d i t i o n s  e x c e p t  
e f f e c t s  o f  s o l a r  r a d i a t i o n   b e c a u s e   t h e  t w o  s i t e s  

f o r  t h e  solar r a d i a t i o n   r e c i e v e d .  From t h i s  i t  
can  b e  seen t h a t  t h e  s o l a r   r a d i a t i o n   a f I e c t s  
snow t e m p e r a t u r e ,  n o t  o n l y  i n  t h e   u p p e r   l a y e r s  
o f  a s n o w  c o v e r ,  b u t  a l s o  i n  d e e p e r   l a y e r s .   T h i s  

d j r e c t l y   t o  the d e e p e r   l a y e r s  and h e a t s   t h e  snow 
i s  n o t  because  t h e   s o l a r   r a d i a t i o n  p e n e t r a t e s  

b y  a b s o r p t i o n   ( b e c a u s e   p e n e t r a t i n g   s o l a r   r s r l i a -  
c i o n   r e a c h e s  a l i m i t e d  d e p t h  of a b o u t  30 cm 
below t h e  snow s u r f a c e ) ,  b u t  b e c a u s e   t h e   s o l a r  
r a d i a t i o n  warms t h e  snow t e m p e r a t u r e   n e a r  L h u  
s u r f a c e   a n d   d e c r e a s e s  the a v e r a g e   t e m p e r a t u r a -  
g r a d i e n t   b e l o w   t h a t .  This d e c r e a s e d   t e m p e r a t u r e -  
g r a d i e n t  allows more heat energy  t o  b e  accumula-  
t e d  and less t o  b e  l o s t ,   a n d ,   t h e r e f o r e ,  in- 
c r e a s e s  t h e  t e m p e r a t u r e  i n  d e e p e r   l a y e r s  of  t h e  
snow c o v e r ,  or even i n  t h e  u n d e r l y i n g   f r o z e n  
ground.  
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STRENGTH A N I )  YIELD CK1'l'ERIA O F  FROZEN SOIL. 
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, '  

/ I  

, L i m i t u t i u n  h a s  been  showed f o r  l i n e a r  y i e l d  c r i t e r i a  of f r o z e n  s o i l  w h i c h  we 
o f t e n   c o n t i n u e  t o  u s e ,   s u c h  a s ,  Mohr-Comlomb Von M i s q ~ - B o t k i n  o r  Drucker -Prager  
C r i t e r i a .  U n d e r  combined stress s t a t e ,   a s   c o n f i n i n g  pressure i s  i n c r e a s e d   t h e  
s t r e n g t h   i n c r e a s e s   t o  *laximum v a l u e   a n d   t h e n   d e c r e a s e s  , w i t h  a c o n t i n u e d  i n c r e a s e  
I n   c o n f i n i n g   p r e s s u r e .  Th.e f a i l u r e   s u r f a c e  in t h e  p r i n c i p a l   s t r e s s   s p a c e   € o r m s  a 
p a r a b o l i c ,   t h e   s h a p e  of   which   depends   upon  the   cohes ion   and   rhe   f r ic t ion   angle  
a n d  Lhei r  c h a n g e  w i t h  t empera tu re .   Based  o n  t e s t   d a t a ,  t h i s  pape r   has   g iven  il 

p a r a b o l i c   y i e l d   c r i t e r i a  ~ n d  r e l e v a n t .   p a r a m e t e r s .  A t  low s t r e s s   l e v e l s ,   t h e  
c r i t e r i a  c a n   t r a n s f o r m   i n t o   l i n e a r   c r i t e r i a .  

INTRODUCTION 

As a p a r o u s   m a t e r i a l s ,   f r o z e n  s o i l . ,  which   a r e  
composed of h e t e r o g e n e o u s   m a t t e r s  a n d  i s  h i g h l y  
s e n s i t i v e  t o  phase   change ,  i u  v e r y   c o m p l i c a t e d .  
So E a r ,  L I I ~  more e n d  more s c h o l a r s   h a v e  been 
drawn t o  work  f o r  s t u d y i n g   s t r e n g t h   p r o b l e m  of  
f r o z e n   s o i l .  I t  i s   h e l i v e d   g e n e r a l l y   t h a t ,   u n d e r  
t h e  same c o n d i t i o n s ,   t h e   b i g g e r   c o n f i n i n g   p r c s -  
s u r e  applied on f r o z e n  9011, t h e  b i g g e r   i t s  
s t r e n g t - h .  T h i s  c o n c l u s i o n   h a s  l a i d  a f o u n d a t i o n  
f o r  many o f  s t r c n g t h   c r i t e r i a ,   f o r   i n s t a n c e  
Mohr-Comlomb C r i t e r i a   ( T e r z e g h i   a n d   p e c k ,  1 9 6 8 ) ,  
Drucker -Prager  (1952) and Von Mises-Botkin 
C r i t e r i a  e t c .  (Vya1ov e t  a l . ,  1 9 6 2 ,  1981) .  Mean- 
while some o f   n o n - l i n e a r   c r i t e r i a s  a l s o  a r c  p u t  
f o r w a r d   o n e   a f t e r   a n o t h e r  b y  Ladanyi  ( 1 9 7 2 1 ,  
G o r o d e c s k i i  ( 1 9 7 5 ) ,  Vyalov ( 1 9 8 5 ) ,  Lade cl HI., 
(1980) .  Vyalov  and S l e p a k  (1988) e t  SI. 

With f u r t h e r   t h o r o u g h  s t u d y i n g ,  a l o t  oL 
s c h o l a r s  (Chamber la in  et a l . ,  1 9 7 2 ;  Pararneswarn 
and Jones ,   1981;   Baker  e t  a l . ,  1 9 0 2 ;  J o n e s ,  
1982)   found   t ha t  a s  c o n f i n i n g   p r e s s u r e  was 
i n c r e a s e d ,   t h e   s L r e n g t h   i n c r e a s e d  t o  m a x l m u m  
va lue   and   t hen   dec reased  w i t h  a c o n t i n u e d  i n -  
c r e a s e  i n  c o n f i n i n g   p r e s s u r e .  T h i s  c o n c l u s i o n  
a l s o  i s  v e r f i e d  b y  O U T -  t e s t s .   I t  fs n e c e s s a r y  
f o r  u s  t o  p u t :  fo rward  new s t r e n g t h   c r i t e r i a  
w h i c h  i s  s u i t e d   t o  ncw problem.  When Nadoi ( 1 9 S O )  
s t u d i e d  solid m a t e r i a l ,   K e i n i c k e   a n d  R e a s t o n  
( l l a u s l e r ,  1983)  s t u d i e d  s e a  i c e ,  t h e y  f o u n d   t h a t  
parabolic f u n c t i o n s  ar-c a p p l i c a b l e  a s  s t r e n g t h  
c r i t e r i a  o f  m a t e r i a l s .  As t h e o r y ,  F i s h  (1991)  
h a s   d e v e l o p e d   s u c h   f u n c t i o n s  i n t o  i r o z e n   S o i l .  
Prom o u r   e x p e r i m e n t a l   r e s u l t s ,   i t  i s  s e e n  t h a t  
t h e  failure s u r f a c e  of f r o z e n  sui3 Eorms a 
p a r a b o l o i d  in t - h e   p r i n c i p a l  st re^^ s p a c e  (Fig.1, 
FIg.2 and   F ig .3 ) .  Based on test d a t a ,   t - h i s   p a p e r  
~ i v e s  a p a r a b o l i c   y i e l d   c r i t e r i a  s n d  r e l e v a n t  
p a r a m c t e r .  

RESULTS OF TEST 

.", 

Keeping l o a d l n g  r a t e  a n d   w a t e r   c o n ~ c n t s ,  we 
. :  

c a r r i e d  o u c  a x i a x l a l   c o m p r e s s i o n   t e s t . s   t u  froxer l  
Lanzhou  sandy s o i l ,   f r o z e n   t l u a i b e i   c l a y  soil ( i n  
t h e   d e p t h  o f  177 .5  I n )  and   f rozen  I luaibe i  sandy 
soil ( i n  t h e   d e p t h  o f  1 4 3  m). From t e s t s ,  we 
f o u n d  c h a t  t he  s h e a r   s t r e n g t h  o f  f r o z e n  r e n c h e s  
a maximum v a l u e   a t  a c e r t a i n  l e v e l  of c o n f i n i n g  
p r e s s u r e ,   f u r t h e r   I n c r e a s e  o €  t h e   p r e s s u r - e  l e a d s  
t o  a d e c r e a s e  o f  s t r e n g t h .  I t s  p o s i t i o n  o f  m a x i -  
m u m  v a l u e  i s  d l r f e r e n t  w i t h  change  o f  tempcre-  
t u r e  and s o i l  p r o p e r t y  (Fig.1). F i g . 2 ,  F i g . 3  and 
Fig.'. s h o w  t h e i r   M o h r ' s   e n v e l o p e s .  

F i g u r e  1. The r e l a t i o n  of t h e   s h e a r   s t r e n g t h  
a n d  c o n f i n i n g   p r e s s u r e   a t  - 5 ° C  
( L o a d i n g   r a t e  i s  10T/min)  
1 - Lanzhou  sandy soil; 
2 - f lusibei   sandy soil. 

I t  is s e e n   t h a t   t h e  s h e a r  s t r e n g t h  1 a p p r o x i -  
mately i s  l i n e a r   w i t h   t h e  [mean normal s t r e s s  0 
a t  low s t r e s s   l e v e l ,   o n c e   c o n f i n i n g   p r e s s u r e  
f u r t h e r   i n c r e a s e s .  t h i s  c u r v e s  show p a r a b o l i c  
p a t t e r n .  
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F i g u r e  2 .  T h e  Mohr ' s   enve lopes  of Lanzhou s a n d y  
soil u n d e r  d i f f e r e n t   n e g a t i v e   t e m p e r a t u r e  

F i g u r e  3 .  The Mohr's e n v e l o p e s  oE H u a i b e i  s a n d y  
s o i l   u n d e r   d i f f e r e n t   n e g a t f v e   t e m p e r a t u r e  

F i g u r e  4 .  The Mohr ' s   enve lopes  o f  H u a i b e i   c l a y  
s o i l  u n d e r   d i f f e r e n t   n e g a t i v e   t e m p e r a t u r e  

Y I E L D  CRITERIA 

For e s t a b l i s h i n g   c o n n e c t i o n a   b e t w e e n  l a b o r a -  
t o r i a l   c o n d i t i o n s  a n d  n l u l t i a x i a l   s t r e s s   a t  

o f  stress 
f i c l d s .  we should  use  t h e   i n v a r i a n t   f u n c t i o n  

f ( T , ,  I,, 1,) = 0 ( 1 )  

t o  e x p r e s s  y ie ld   cond iL ion  o f  m a t e r i a l s .  Where 
1 1 ,  I 2  and T 3  a r e  t h e  f i r s t ,  t h e  second anti thc th i id  

When 
inva  

and 
cond 

Where J a n d  J a r e  t he  f i r s t  and second i n v u r - i -  
a n t  of the stress d e v i a t o r .  O n  octahedra l  p l s n e ,  
t h e  l o c u s   c a n  be  e x p r e s s e d  i n  t h e  form 

f (P , l I )  = 0 I 1; ( '3 

Where 

p = 7 J1= Ul t 02 i. u3; 
I 

L 
q =/3Ja="-[(oL-oz)2+ (a1 -03 )2*  ( 0 3 - 0 , ) 2 1 4  

Under  s tress  s t a t e  of  a x i a l   s y m m e t r y ,  

q = oI - u 3 ,  p = + (a1 '+203)  

In t h e  p r i n c i p a l  s t r e s s   s p a c e ,  eq.(l) e n d  
eq.I3) d e s c r i b e  a f a i l u r e  s u r f a c e ,  t h e  shape O F  
which is d e f i n e d  b y  a t y p e  o f  t h e  y i e l d   f u n c t i o n  

q = f l ( P )  ( 4 )  

Bascd on L e s t s ,  t h e   p a r a b o l i c   c u n c t i o n  c a n  be 
s e l e c t e d  a s  A y l e l d  c r i t . e r l o n  f o r  f r o z e n  s o i l  
( F i s h ,  1991), (Fig.5) 

Where. c - resistance a v s o c i a t u d  w i t h  s u i l .  c o h e -  
s i o n  o n  t h e   o c t a h e d r a l   p l a n e ;  

b = tgdr, 4 i s  a n g l e  o r  i n t e r n a l  I t i c l t i ( o n  
o n  t h e   o c t a h e d r a l   p l . a n e  when p - 0 ;  

pm- t h e  v a l u e  of t h e  mean normaf  stress 
w h i c h   t h e   s h e a r   s t r e n g t h  o f  f r o z e n  
soil reachcv a maximum v a l u e  qr,, 

q m  = c t -b. pm 2 ( 6 )  

Figure'S, Y i e l d  c r i t e r i a  o f  f r o z e n  s u i 1  ' 

From eq,(5). i t  i s  s e e n   t h a t '  eq ' . (5)  m a y  t r a n i -  
forms i n t o  t h k  Drucket-Prag 'er  yield c r i t e r i o n ,  
q m c t b p , :  when pm+m; F o r  E r i c t i o n l e v s   s a i e r i a l $  
( b = O ) ,  q = c ,  eq.(5) r e d u c e s   i n t o  Von Mises y i e l t l ,  
c r i t e r i o n .  

T h u s ,  t h e   s t r e n g t h  o f  f r o z e n  s o i l   u n d e r  trii' 
a x i a l  stress s t a t e  i s  d e s c r i b e d  by a y i e l d  c r i - , .  

and pm, can be o b t a i n & d ' t h ? o u g h  t e s t  d a t a ,  
t e r i o n  [eq.(5)], t h e s e  p a f a m c t e c v  of which C ,  

DETERMINATION OF PARAMETERS 

For f r o z e n  Lanzhou s a n d y  s o i l ,  Lhe c h a n g i n g  
r e t a t i o n  o f  c ,  0 and p m  w i t , h  temperature a r e  a s  
f o l l o w s  (Fig.6, 7 a n d  8 )  r i a n t  o f  t h e   s t r e s s  tensor r e s p e c t i v e l y .  

m a t e r i a l  i s  c o n s i d e r e d  t o  be homogeneous 
i s o t r o p i c .  we can uoe e q . ( 2 )  t u  show y i e l d  
i t i u n  o f  m a c e r i a l s :  

4 P -0.h070 + 2 7 . 2 7  
j ( J 1 ,  J 2 )  = 0 ( 2 )  

P m  = ( -65 .798  t 45,61)4 
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F i g u r e  6 .  'Ihe r s l a ~ l o n  oi ~ o l l e s ~ v o   ~ e s ~ s t a n c e  

an t l  t e m p e r a t u r e  

2 6 10 1 4  

-e( oc ) 
Pigu,i!e i7. The r e l a t i o n  o f  a n g l e  of i n t e r n a l  

I ,  f r i c t i o n  and   tempera ture  

t 

F i g u r e  8.  T h e  r e l a t i o n  of ,  pm and   t empera tu re  

S O  e q . ( 5 ) ,  ( 7 ) ,  ( 8 )  and ( 9 )  g i v . 2   y i e l d   c r i t e r i o n  
o f  f rozen   Lanzhou s a n d y  s o i l .  Through  s imula ted  
c e l c u l a r i o n ,  we f o u n d   t h a t   c a l c u l a t e d   v a l u e d  
a r e  less t h a n   t e s t   v a l u e s   ( s h o w n  i n  d o t t e d  l i n e  
o f  Fig.9), and t h e  l o w e r   t e m p e r a t u r e ,   t h e  more 
c a l c u l a t e d  values approach  t e s t  v a l u e s .  T h i s  i s  
caused  b y  h y p o t h e s e s  o f  homogeneity  and  isotrope. 
T h e   l o w e r   t e m p e r a t u r e ,   t h e  more f r o z e n  soils 
a p p r o a c h   i s o t r o p i c   m a t e r i a l s .  

c a n   o b t a i n  
When s t r e s s  is l o w e r ,   l e t  pm+m i n  eq.(5), we 

q = c + b p  ( 1 0 )  

Eq. ( 1 0 )  can  b e  c o n s i d e r e d  a s  y i e l d   c r i t e r i o n  o f  
f r o z e n  soil u n d e r  low stre3s l e v e l s .  I n  t h i s  
moment. the c a l c u l a t e d   v a l u e s  more a p p r o a c h  test 
v a l u e s .  

-CONCLUSION 

1. Through  compar ison  o f  c a l c u l a t e d   v a l u e s  

4 3 4  
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Fig ,bVG-'Y:  U n t i u r  , ~ l i f l e r e n t   n e g a t i v e   t e m p T r a t u r e ,  
' the   compar ison  o l  c a l c u l a t e d  v a l u c v  

and l e s t  v a l u e s  

a n d  t e s t .  v a l u e s ,  t h i s  p a r a b o l i c   y i e l d  c r i t c r i o ~ t  
i s  f e a s i h l e .  When t e m p e r a t u r e  i s  'tower, L11c 
c r i t e r i o n  more a p p r o a c h   p r a c t i c a l   c o n i i i t . i o n .  

P r a g e r   y i e l d   c r i t e r i o u  t o  d e s c r i b e  s t r t . ~ ~ ~ L h  
change o f  f r o z e n  so i .1 .  
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GEOLOGICAL - ENGINEERING  CONDITIONS OF Y W  PENINSULh ALozlG 9ESIGNIUG RAILROAD 

Anatoly P. "Izelevl  and Felix E Are2 

'State Burvey and Deming I n s t i t u t e  LEUGIPROTRA#S Uorkovoky av.,143,  Baint-Petersburg  196105, Ruesia. 
Pmtersburg  Inrr t i tute  of Railway  Engineers, Moukovsky av., 9 ,Saint-Peteraburg  190031 ,Ruusmia. 

The geological   and  engineer ing  condi t ionr   of   the   southern  half  of the YamaL p n i n -  

t i on   b rough t  to l i g h t  a number of geologica l -engineer ing   pecul ia r i t i es  of t h e   r e g i o n  
s u l a  were explored for t h e  purpomr of road building. The resultm o f  t h i s  invera t iga-  

t h a t  w i l l  hamper t h e  road conatruction  considerably.  The report comprise6 t h e  moat 
imlp r t an t  mpscial f e a t u r e s  of t h i n   k i n g   t h a t   c h a r a c t e r i z e  t he  c o p p a i t i o n  and t h e  
mtructure of t h e  upper mcctiwn of t he   geo log ica l  column, s a l i n i t y  of t h e  groundm, 
cryopaigm, t h e   t a p r a t u r s  of t h e  grounde,  the: ca r ry ing  capabilitiem of a rg i l l aceous  
grounds,   spreading and amounts of t h e  wedge and the  sheet   ground ice am well as t h e  
cryogenic mlumping of dopes. 

&n extena iva  volume of  geological-enginesring 
murvey work. f o r   t h s  purpose of building  ra i lways 
i n   t h e  mouthern  half of t h e  Pamal peninsula  up t o  
l a t i t u d e  10.a' Uarth  (noxdyyakha r i v e r )  wam 
bxought about i n  1985-2991. I n   p a r t i c u l a r ,  20 
t h w a a n d  borclholau  with t h e  t o t a l  l eng th  of 130 
Jm were bored of which 3000 ones wexe f x a  20  m 
to 4 0  deep. Figure 1 e h m  the l ayout  of loca- 
t i o n  of t h e   r w t e a   t h a t  were emlored. 

Figure  1. m y o u t  of ra i lway  routes   on Y a m 1  
Smfnmu1a.r 1 - a c t u a l  railroad; 2 - ra i l road   under  
cons t ruc t ion ;  3 - r o u t e s  vermionm explored. 

part of t h e  Welt Sibe r i an  lowland. F x o p  t h e   p o i n t  
The Y a a a l  paninmula in the  extreme  north-west 

of view of geomorphology, t h i n  i s  an  aggradation 
p l a in   w i th  a 8tep-like  topography  which  had been 
f o m d  i n   t h e   c o u r a e   o f   t h e  retreat of  t h e  sea 
t h a t  wan in progreasing state n i n c e   t h e  niddle 
Ple i s tocene .  The water shed  axeas o f  t h e  Y-1 
peninmula are occupied wi th   t he   Sa lekha rd   P l a in  
w i t h   t h e   a b s o l u t e  M X ~ E  from 65  m t o  95 m and 
wi th   t he   f azan taevakaya   P l a in  whome he igh t  
reachem 45 t o  6 5  a. These  plainr  are f r inged   w i th  

t h e  aacond ( 1 4  t o  20 m) and the first ( 7  t o  12 n) 
t h e  th i rd   mar ine  terrace ( 2 2  to 35 m) and with  

terrace6 prese rved   pa r t i a l ly .  Along t h e  whole 
coamt, laida up t o  5 m high is  spread. As a 
whole, t h e  peninsula structure conmimta of  a 
thick l a y e r  of the   Quaternary  mea depomits. The 
thicknamm of t h e   p r r m f r a s t   i n   t h e  middle areas 
of t h e   p n i n s u l a   r e a c h e s ,   a c c o r d i n g  to the data 
of  V.V.Baulin, 500 m, and it d e c r e a s e s   i n  t h e  
d i r e c t i o n  of t h e  eoamt. The thickneaa of t h e  
f rozen  grdundm i r  l imi t ed  by t h e i r   s a l i n i z a t i o n ,  
and due Eo t h a t  it doer not  exceed 10 m i n  
s eve ra l  areas. The border-l ine of upread of the 
froaen ground#  coincides,   approximately,   with  the 
outer   border - l ine  of adfreea ing  of  t h e  mea ice 
and t h e  bottom. - 

The explored tog 6ec t ion  of t h e  geo lcq iea l  
column consimta of a l l  t h e  geomorphologic l e v e l s  
of  dumty  aande  and of more mmU-dimpexad 
groundm up to , the heavy Bandy c l a y s   i n c l u s i v e .  
Therefore   the   composi t ion   o f   the  groundm iu 
r a t h e r  ronotonourr a# a whole.  But as to the 
l imita   ment ioned above, t h e   s t r u c t u r e  of the  
ground6 i s  cha rac t e r i zed  by a s t a r t l i n g  
l i t h o l o g i c   v a r i e t y   b o t h   i n   t h e  column and  along 
t h e   s t r i k e .  The upper   l ayers  of  t h e  groundm are 
sandy  and  clay-Handy  mainly,  while  argillaceoua 
grounds begin   p reva i l ing  as t he   dep th   i nc reaeea .  
Tbre a r m  more a rg i l l aceous  groundm on t he   Sa l ek -  
hard  and  the  fazantmevskayo  Plain#,  and  they are 

I 

436 



encountered more f requent ly  close to t h e  sur face  
t h a n  on t h e  lower marine tsrsacem. One MY #e& 
t h e  logic inereane of t h e   d i l p a r n i ~ i t y  of grounds 
i n   t h e   d i r e c t i o n  frm aouth fo north. 

umed for bui ld ing  t h e  ear th  roadbed without a n u -  
Neither ground o f , t h e , Y a P a l  peninsula may be 

ber of requirements t o   t h e w  humidity  and t o   t h e  
technologica l   p repara t ion   and  erection of t h e  em-  
bankaent 'of  the  railrppd-bad are met. ' 

-, -1 : 

A l l  the   g rounds ,   wi th , the   except ion   of   the   t ap  
l a y e r  wanheclout wi th , , sur face  water and the recent  
waterborn  continental   sediments,  axe charac- 
t e r i z e d   w i t h   # a l i n i t y .   S a l i n i t y  of the  sanda lies 
w i t h i n   t h e   l i m i t s  from 0.05 to 0.1 or 0.2% b u t  
saaetiaes it is am .high as from 0 . 3  t o  0 . 6 t .  .. 

S a l i n i t y  of t he   s andy .c l ays  is from 0.1 t o  0.8 o r  
1.08, or up t o  1.5% i n  some caeee, S a l i n i t y  of 
the   aands is the name on a l l  t h e  geamorpholoqical 
l eve l s ,  w i t h  t h e  exception af t h e  laida,. ,The de- 
gree  of s a l i n i t y   a l o n g   t h e   s t r i k e  and to tha vex- 
t ical  ex ten t  i a  d i r t r i b u t e d   r a t h e r   i r r e g u l a r l y .  
S a l i n i t y  of a l l  t h e  ground#  incressea  aa t he  
depvh increases .   Thin   re la t ionship   in  the  sands 
can be obacrrved i n  t h e  form of a feebly  seen  ten-  
dency, and as t h e   d i s p e r s f v i t y  of the grounda  in- 
creases th i s   t endency  become. apparent more dia-  
t i n c t l y   w h i l e  it i s  v i a i b l e   r a t h a r   c l e a r l y   i n   t h e  
heavy  sandy  clays. The M X ~ -  v e r t i c a l   g r a d i e n t s  
of s a l i n i t y   c a n  be oblerved i n  t h e  heavy  sandy 
clays,  for example, 0.118 /m. The above d i f -  
ference in t h e   r e g u l a r i t y  of var i a t ion  of 
s a l i n i t y  af sands  and lrandy clay8 as t h e  depth in- 
cr rasea  becoaea a p e r e n t  by t h e  f a d  t h a t  t h e  de- 
gree af s a l i n i t y  i m  l e ? ~  in t h e  aand interbedm i n  
sandy  clays  conaiderable an compared t o  t h e  
encloeing  grounda. So f a r   a a   t h e   r e g i o n s  and t h e  
territories are conceqnd ,   s a l in i ty   o f   t he  
grounda inc reases  from nouth t o  norLh and from 
east to wert. I n  t h e  eas t e rn  areas of t h e  penin- 
s u l a   t h e   s a l i n i t y   o f  a l l  t h e   l i t h o l o g i c a l  
va r i e t ip s   o f  ground? i n  much l e a s  as cmpared to 
the   western territorier. 

Due t o   t h e   s a l i n i t y ,   a l m o s t  a l l  the   f rozen  
grounda m c u r r i n g  below the   lpyer   wi th   annual  
v a r i a t i o n  of temperature are %n t h e   p l a s t i c  
f rozen   a t a t e   even  a t  the  loveat   temperatures ,  
which reducem t h e i r   c a r r y i n g   c a p a b i l i t y  sharply. 
80 s a l i n i t y   i n c r e a m e w i t h   t h e   d e p t h  leads to t h e  
decrease of t h e  ca r ry ing   capab i l i t y  of  t h e  
groundlr w i th  the   depth .  

The g r w n d e   t h a t  fro& the  f lood-plain8  of   the 
r i v e r s   f l o w i n g   i n t o   t h e  Kara Sea on t h e  weatern 
coast of t h e  YamaL are also sa l in i zed ,  For ex- 
ample, i n   t h e   v a l l e y  of t h e   b i g g e a t   r i v e r  of the 
Y a m a l  peninuula, t h e  Yuribay,'- all. t h e  grounds 
making up t h e  flood-plain are abl in ized  a t  tha 
dintance  up to 65 km from the mouth i n  a 
r t r a ingh t l ine ,   w i th   t he   excep t ion  of t h e  upper 
aection of t h e   s a n d   l a y e r   i n   t h e   r i v e r  bad and 
t h a ' t a l i k u   u n d e r  t h e  l a r g e  lake. that do  not 
freeze' . through down t o  t h e  bottom. Swe geamor- 
phological ,   geological  and hydrological  singu con- 
f i rm t h e  fact t h a t   t h e   s a l i n i z a t i o n  of t h e  
grouhda i n   t h e   f l o o d - p l a i n  of  t h e  Yuxibay r i v e r  

which converted the  Val ley of t h i s  r i v e r   i n t o  a 
occurred dur ing  the  eolocene  marine txsnsgtemsion 

gulf.   Judging by t h e  marks of the   f lood-plain at  
the :d iskance  .of 65 km frm t h e  aea, t he   aea   l eve l  
relative to t h e  lalad i n   t h e  course of t h e  peak of 
that tranagression,wau located approximately B m 

' , I .  i , 
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higher as campared t o  t h e   p r e a e n t   o n e .   W e d i n g  
o i  t h e   p i c t u r e s  raOe fror t h e  space ah- that. 
thm tranrgrennion pene t r a t ad   i n to   t he :  vallppr of 
all the riverm of t h e  Y a ~ l  peninsula t h a t - f l e w  
i n t o   t h e  ltara Sea at- t h e  wmmtarm knd- the northern 
count# but t h e  mort e x t e n g i v e   f h o d i n g  took place  
on t h a   v a l l e y s   i n   t h e  mouthmrn part of-  t h e  . 
Baidarhtnkaya Bay. .. , 

CBXQuma 
, . . I  

I .  

On the.f lood-plainn  and  the  marine"- tarracem  in  
t h e  oalinized sands on t h e  mark., behw the aea- 
l e v e l   t h e r e  are encountered  presmrs  cryogsbgu-  pf 
marine origin. B e m t  of a l l  thuy have.besen $x- ,~ 
plosed i n  the va l l ey  of t h e  Yuribay rivex~.and i t a  
v i c in i t i tw .  The t h i g h e a r  of the Laysrn-. .f i l ld,  
w i t h  cryopaiqa doe. not  exceed 20- to, 30.  r*n~ : I n  
the   va l l ey  of t h e   r i v e r  they can ba seen,:"ap- a 
rule, 10- am and mom blow the  sea- lave la  . M : , ~ - ~  
t h e  marine terraces, t h a r e   l a y e r s  -are:. L D C ~ & ~  1PO 
P belw the  aea- level .  The cryopaign,.mtesamnfined 
to mands only,  and for the tiae being tlrli.ona has 
aanuged t o  find 'mt,any canneetion of thmir 
mpnsad with other qsological,  gaolllorpholapdcrl, 
hydrological or geobotanical  condition..,,Ehay 

dmpth d i s t r i b u t i o n  ,is of i nc iden ta l , , na t s r a .  An .a 
have no  continuous areal extent. Their 'srra,<'ond 

tule, the  cryopaigs  have got head. but t;hnl,heado 
a r a   d i f f e r e n t  fram l a y e r  t o  layer ,   end- f ror r the , !  
po in t  of view of r egu la r i ty ,   t hey  have mothing , to  
do w i t h  the   depth  of Occurrence. n l l - t h a t . c m - !  
ffrmn t h e  faat t h a t  t h e  aands   ra tura ted   wi th  
cryopaigs are scattered domed l p a q s  whforb:dimen- 
sionu are r e l a t i v e l y  a ~ l l .  

Figure Z A l h s t r a t e m   t h e   g r a p h  of minera l iza-  
t i o n  of cryopaigr   vermus  the  la t ter 'wt terperature  
p l o t t e d  on tkmkmais of s tudying   the   apea i rens  of 
csyopaigm saapled from 18 boreholes   and , tba  basis 
of measuring the t e m p e r a t u r e s   i n   t h e  same 
boreholes. The graph i s  approximated by t h e  qua- 
t ion   g iven   hereaf te rs  

w i th   t he   co r re l a t ion   coe f f i c i en t  ?quai, ,tO 0 .9a  
The d a t a  snaw i n  Figltre 2 indiaate t,hqtL,the I:,A. 

a v a i l a b i l i t y  or t h e   u n s P a i l a b i l i t y  Of CrgOp$pS 
i n '  grounds does  not  depend upon t h e i r  t s p p ? r ( z ~ ~ ;  
t u ra .  cryopa.iga were discovered   prac t ica l ly i i  
wi th in   the  whole range of temperatures obmelrved 

I , ' ,  , . . 



,thqvarea  being. invsatigated,  that ir , from 0°C 
kO.-k$.'2%. fvidently, there Cxinta a thermochemi- 

m&&$ gr+'nd; 'which. ia rdgulatkd by the  tempera- 
ca$ gguili~r~~"€+twrren the caopaigs and the per- 

t$=# Fhhile the"cryopaigm are  saturated  solutions 
rrH$$h canceritration corrempond to their chemical 
' & m a i t i o n  and t w r a t u r e  

The aryopaign were foxmed in thb prdcen6 of 
epigenetic  freezing of the aandy'rocks that'left 
the amas from under the sea-level  at the regrer- 
sion. It i m  well known that at freezing'from' 
above not all the salt. dimsolved in the aubter- 
ranah. hc'e inchdixl  into the ice.  Some 

area ~,ao\mwards , to the thaw none. The  negative 
imthetprrl line! move downwards through the zone 

- of%i*l'eva'td  mineralixhtiah of  the pore solutioil 
and ^enter,  again;  .the  initial  minirilization 
areu, where thi 'aecond zone of ice formation , 
collom into eximtencq.' Xhua,the fYrnt (the upper) 
a&; of devatrd  i~nerali*~dion remainn behind  of 
the freering frorit. X layet of cryopaiga  gets 
fonied which iu"1iaited by fx.oren ground. from 
above sacl frw'below. Beaaune  ai the non-unifar- 
mity of the ntratification of grounds, the layers 
of aryopaige bectice limited  along the atrike, 
which ro~ults i n  fexmntion of cloned layers or 
lenmw. The temperature of the ejopaiqs 
decnrabpa in the procern of further freezing of 
the w&&r-maturated  layers. III this cam& the 
wdtsf:pontainedin the closed layer  of  aand  with 
cryop$ibm increamer their head. 

. .  

- .  part8  of them get nqueezed out fram the .frdezing 

- 
ritd* W&s m e a ~ u r d  at the dwth o f  the aero an- 

The tsmpsrature of  ground6,on the  explored ter- 

nbal'@litudem  liea within the range frm 0 to - 
6°C: 'ftm dl6tribution 'in plan ,in characterized by 
cobmiderable non-unifoaity,-and anolaliea  are 
often  enceunteked no far aa the depth i a  con- 
cerned. Vimual inspection.of the rurface  condi- 
tione  near 43 geothermal  bore-holen nhowad that 
the temperature value  dependa,  mainly,  upon the 
three interrelated  factorn 1 h t W  hereafter: 
microrelief,  vegetation and the depth of the snow 
cover. under the n o m 1  tundra conditione,  that 
i8, on the vast  flat  nurfacss  without  bumhes, or 
with saatterM bushes of birch  trees a ~ d  willows 
which  height does not  exceed 30 cm, the tempera- 
ture of groundm, mt a conniderable  dibtance from 
water baain. and .tram  flows,  is in ccmpliance 
with the latitudinal  zonation law, and  it  variem 
froa -4% to -6'C in the meridional  direction  on 
the territory  explored. ,. 

On t h e  watermhed plain., bnd on the flood- 
glainm of the river8 thera can be meen  vast  wil- 
low bunhy areas. In mome  places.  on the flood- 
plains they exceed the man'# height,  and they  are 
difficult to traveraa. fn winter time all the 
buahei..arca  @now-bound to their whole,height, The 
snow cover in the ahrubs id,very loose (man falls 
through it) and 'ia a vary rdiable thermo-insulat- 
ing  Layer preventhg the grounds frolD being 
frozen in  winter. Therefore in the ahrubs one.can 
see an elsvated  temperature  of  grounds  which ia 
eone  to 0°C rcmetinem. snow accumulation is also 
formed in the negative depremaione of the ter- 
rain. The gullien endathe narruu  deep  valleyr of 
&I$,. +vera &re. an&-bound  completely. Along the 
rtQad'p&Cipicem mruded by the rivera  and the 
Idker,'dXong khq steqp.mlapes of the terraces and 
the t~ermakwmt laqwtrins depremsiana  extengive 

snow  drifts  get  formed,  Those  accumulations of 
'snow  a180  call  forth the ihcreaae of tmmptpiatut,e 
of the grounda. The temperature8"of  groudda 'dn 
varioun  geonorphological  levels' qncer the' bhilar 
surface  condition8 do not differ .very much  fram 
one  another, 

There  may be defined three types of"t&m*ra- 
ture dintribution  in  depth  that are diiiracterimd 
not  only by rather h def'i'nite patterh  of the dia- 
tribution curvem  but ala0 by the temperature  ran- 
ger at the depth of  zero annual  amplitude6  (Pig- 
ure 3). The  first type (normal) wrrc8pond1~  to' 
the theoretical  conception of the one-dimensional 
temperature  pattern under the ateady nrute,condi- 
tions. The  temperature  increase8 as the depth 
almo inarearer, that is, the direction of the 
heat flow is upward. The vartica& gradient of the 
tempsrature in ddme to o.oln~/ih., The terpdrature 
depth  disribution  is  linear. On thk iingke  ais- 
tributian  CurVe8 the waves of winter  cooling and 
thome of 1-1: haating are' dimilariy distirict. 
The  temperature at the dapth'af 18 m lien  within 
the lhmitm frola -2.3'C 'to -5.4"C '"(i,n 'the baafn of 
the Yuribay  river). , . -  

The mecond type ia characterized the fact 
that the temperature of the ground  bedomFb  lower 

. : t  : <  . .  
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Figure 3. Diagram  ahowing type. of distribution of 
avorag@ dnnual.temperatuxe of grounds  depending on 
depth  in themmibay river barnin: 1 - 1st tygdl 2 - 
2nd typef 3. - 3rd ty@e, 

a* depth increanea. Direction of the heat flow ia 
downward. 'The.veitica1 gradient of the tempera- 
ture ranges at the depth of:the. zero annual 
amplitudes  fron 0.06 to O.O8"c/m, 

vilinear. The  distribution  single  graghw  uhow 

quite di8tinct.or tt ia unavailable  at  all, The 
that the wave o f  winter-cooling Sa either not 

The  dimtribution of the temperature8 is CUX- 
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temperature at the depth of 18 m lies within the 
range from -1" to -2.6-C. The pattern of curves 1 
and 2 illustrated in Figure 3 shows that the cur- 
ves approach each other with the depth and that, 
evidently, they meet at a certain depth. 

one,  ia characterized by the temperature 
descreare with the depth, but the vertical 
temperature gradient is several times, rmetiner 
ten times as much au compared to the first  type. 
Direction of the heat flow is  upward,  and  itu  ex- 
tent is abnormally high. The temperature diatribu- 
tion in respect of the depth $8 curvilinear. The 
waves of the winter cooling and the summer warm- 
ing-up  of the grounds are seen very diutinctly in 
the uingle temperature diutribution graphu. The 
temperature measured at the depth of 18 m lies in 
a very broad range from -0.7'C to -4.5"C and may 
be even positive. It is no use to illustrate such 
4 range in  a graph. 

The firmt type of temperature dimtribution can 
be seen at the vamt open and even area5 that are 
rather far from water basins and stream flows and 
that are situated beyond the borders o f  con- 
tinuous brushwood of bushes over 30 cm  high.  The 
second type is encountered in the thick bushes 
over 30 cm high in the negative topographic 
forms, in  the vicinity of 5teep and high  benches, 
terraces, coastu etc. The third type was found  in 
the areas of recently frozen taliks below river 
beds and below lakes. 

veing the eurface conditions around the geother- 
mal bore-holes, a graph of ground temperature at 
the depth of 18 n in the basin of the Yuribay 

ure 4) has been plotted. 
river versus the height of continuous hurhe6 (Fig- 

The third type of distribution, like the first 

In accordance with the data obtained after 5ur- 

Figure 4. Temperature of grounds versus height  of 
buahes in the' Yuribay river basin: 1 - on the 
flood-plainr; 2 - on  the marine terraceu and on the 
Kazanteevskaya plain. 

Thiu relationship is approximated by the 
parabola of 

t = 7.4(h+0.03)0'18-9 ( 2 )  

where h - shrub height in meters. According to 
the highest possible height  of the shrub equal to 
Figure 4, the extrapolation of the parabola up to 

2.5 m shows that the bushes in the areas of the 
Yamal peninsula being analyzed cannot be the 

caume of degradation of the permafrost or that of 
formation of local taliks in the unsalinized 
grounds. 

The materials set forth above testify to the 
availability of the climatic reserve of the nega- 
tive temperature of  grounds for many territories 
of the Yamal peninsula that are characterized by 
an elevated temperature. Removal of shrubs, drain- 
ing of the terrain and mearures to be taken to 
avert  snow-drifts will make it pomrible to reduce 
considerably the temperature of the grounds for 
engineering purposes. - 

In  many geological-engineering bore-holes 
drilled along the draft Line of the railway being 
planned, emission of combustible gar could be ob- 
served, sometimes for rather a long time.  In one 
of the wells in the valley of the Yuribay river 
the gas flame was burning one month and a half. 
Weak emission of gas was observed in many bore- 
holes  even a year later after the drilling was 
over.  In the course of field explorations of the 
grounds one could 5ee that aome samples of the 
sandy clays have the density which is uomewhat 
lower as compared to the conventional values at 
the same humidity.  At the field deucription of 
sandy  clays coxeu and  at their laboratory 

tical dimensions up to 12 mn were found many 
analyses, cavities of varioue shapes with the ver- 

timcu (Figure 5). 

some individual samples of sandy clays out  of the 
Calculations of  gar content (air porosity) in 

cores of  bore-holes with taking into considera- 

water allowed to find  out  at various sections of 
tion their salinity and the content of unfrozen 

the route aeparate layers of sandyclays with an 
elevated air porosity  of sone 5 to 1% am an 
average value in the column and up to 10% in in- 
dividual mmplea. Calculation of the air porority 
of the sandy clays nondeutructed structure with 
approximate.taking into account the content of un- 
frozen water made cn the basis of the initial 
data obtained  by the radio-iaotope logvinq method 
also made it possible to detect individual layers 
of  sandy  claya with an elevated air porosity.  In 
this case the highest air porosity equal to 50% 
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approximately was detected on the 5'79 kilometer 
of the route (Figure 6). 

The actual materials that are available are in- 
sufficient for profound generalizations though 
they are of principal significance since they tes- 
tify to the fact that on  the territories that 
were explored sandy clay with an elevated air 
porosity are encountered.  In euch grounds the 
porem are sometimes combined in large hydraulical- 

porosity is high enough to affect considerably on 
ly single systems. The order o f  the values of air 

the settlement of eandy clays under structures 
both  at thaw and in the plastic frozen state. - 
all the kinds of subsurface ice on the Yamal 

The dietribution and the volumetric content  of 

peninsula, both in top view and in cross-section, 
are extremely irregular (Figure 6).  In  general, 
ice micro-content and the content o f  wedge ice  in- 
crease regularly in the direction from south to 
north and with the height  of geomorphological 
level. 

6 I 7  
f0 'I 
f2 M 6 

Figure 6 .  Distribution of air porosity depending on 
depth in borehole No.6 on  the 579th km of the route. 

the marine terraces within the area of the 
For example, the ice content of the sanda on 

Yuribay river does not exceed too much their full 
moisture capacity in the thawed state as  a rule. 
Duuty sands with the gravimetric humidity up to 
65% can be encountered on the Kazantsevskaya 
plain. They acquire fluent state at  thawing. 
Their settlement at thawing lier within the range 
from 0.2 to 0.4. 

wedge ice in the grounds is not  Very high as a I 
Yuribay river mouth), the volumetric content of  

rule. For example, on  the marine terraces in the 
lower reaches of the Yuribay river the size of  
polygons ranges from 15 to 20 m, the thickness of 
the ice  veina on the  top ie up to 0.5 m, the ver- 
tical size accounts for 5 or 6 m. On the, 
Kazantsevskaya plain, to the north from the . 
Yuribay  river, there could be observed ice  veina 
up to 3 m wide and up to 10 m high while the 

To  the south away from latitude 68" North (the 

dimensions of the polygons measured 15 x 15 m. , 
Here the volumetric content of the wedge ice somei- 
times exceeds 25%. 

The amazing peculiarity of the Yamal peninsula 
consists in the local thick polygonal wedge ice 
texture spread on some areas whose uize does not 
exceed  only several dozens of meters. They can be 
observed from time to time  on  the vast ter- 
ritorieu composed of grounds with low ice concent 
without  wedge.  ice or with its low content. On the 
edges of river valleys and on the erodible bank6 
of the rivers they are characterized by two or 
three huge cemetery mounds up to 20 m high (Fig- 
ure 7). 

sometimes local (patch) peat-beds 2 or 3 m 
thick are confined to them. 

The greatest danqer to  the building is in  the 

glacier ice, the ice sheet of water basina and 
sheet  ground  ice (Injected ice, segregated ice, 

stream-flows) which is  not marked ar a rule in 
the topography on the plain surfaces of the tar- 
rain. 

stand the appropriateness of the speading of the 
Up to nowadays the acientimtm cannot under- 

ice of that  kind. The ice can be encountered at a 
depth of 2, 3 or aeveral dozens of meters from 
the surface (Figure 8). 

The thickness of the ice body may reach 20 to 
30 m, the horizontal dimensions may  be equal to 
several hundreds  of meters or even exceed a 
kilometer. 

In the course of surveying the railroads, 
there were found two areas of mas8 contamination 
of the territory with sheet ice on  the third 
marine terrace: in the basin of the mouth reaches 
of the Erkatayakha river *latitude 68' North) and 
to  the extreme North of the explored territory, 
in the region of future railway station 
Bovanenkovo.  The availability of sheet ice may  be 
detected by the geomorphological signs seen on 
the slopes of the river valleys and the lake 
depres6ion5, which is favoured due to the erosive 
ruggednesrm of relief. The reliable indicators of 
the availability of  mheet ice axe the thermocir- 
ques and the termoterraces on the slopes and the 
small thennokarst depressions both on  the elopes 
and on the watershed murfacea. 

" 

In  Augumt 1989 near the Bovanenkovo station 
there occurred mass slumping of the grounds of 
the seasonally thawed layer on these slopes which 
steepneme does not exceed 15" which aroused the 
engineers anxiety. The slumping can be externally 
exposed  in different ways, from small territorial 

the slopes ( ~ i ~ ~ ~ ~  9.) and up to mud-torrents 1000 
expoeuree  of frozen grounds in the upper pprts of 

m long. 
The  main reason causing the slumping i s  the 

moistening of the grounds of the seasonally 
thawed layer in the bottom parts of the slopes 
due to the summer atmospheric precipitation and 
the thawing of the iae-rich grounds near the base 
of the seaaonally thawed layer. Slumping is 
favoured by the double layer structure of the 
seaaonally thawed layer: a sand layer lying on 
sandy  clay. 

Thus, the optimum conditions for mass develop- 
ment  of cryogenic slumping appear during the 
years with the unusually warm summer and with an 
abnormally great mount of summer atnoepheric 
precipitation. Such conditions were observed in 

440 



1989. The mummer of 1990 w a s  warmer  than  the sum- 
mer of 1989 but the mount of atmospheric 
precipitation decreased sharply, and the slumping 
of the  grounds ceamed. 

The top part of the  seasonally  thawed layer in 
the vicinity of Bovanenkovo consists, as  a rule, 
of thixotropic  sands that, since  they  are un- 
frozen and water-saturated, are easily converted 
into the  quicksand  state  due to the effect of 
dynamic loads. Hence, the  movement of trains and 
other  dynamic  loads being applied to the grounds 
can  cause  their  cryogenic slumping in  the  summer 
time. The  mass  slumping of the  slopes in the area 
of the  Bovanenkovo  in 1989 happened everywhere on 
the  same days. 

Taking into account the  above  physical 
mechanism of cryogenic slumping, one may offer 
two principal methods of engineering  protection 

described above: 1) deriving of the  surface  water 
of  the structures against the  phenomenon 

and draining of the grounds of the  seasonally 
thawed layer on the alopes for  the  purpose of 
dewatering them, and 2) erection of npecial  con- 
structiona on  the rlopes that  could  hinder  the 

grounds may be improved by erecting vertical 
slumping. For example, the stability of the 

piles in staggered rows on  the  slopes  with  their 
penetration into the  permafrost  grounds  for 
preventing them from frost heave. 
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INFILTRATION .OF MELTWATER INTO EROZEN SOILS IN A .CONTINUOUS ' 
P m s T  ENVIRomNT 

Philip Marsh  and Mng-ko Woo * . ^  

INational Hydrology  Research Institute, Saskatoon, Sask., Canada S7N 3H5 
'Department of Geography, Maaster .University, Hamilton, Ontario, Canada L8S 4Kl :' 

Obsbrvations uiing a g a m  density  meter  shewed that total  infiltration  during 
snowmelt at two  sites near Resolute, H.W.T, varied from 9 to 12 mp of water, or 68 
of the  initial  qnowpack  water equivalent. At a  site  with I deeper snow cover, 
infiltration q s  38 mn Yn"1988 and 34 mm in 1989, representing 13 and 6% of the t !  

snowpack  watefiquivafsnt.  Asynchronous :timing of infiltration  at gamma, TDR, and, , 

thermistof $it6$ sll Wtj''SfQnifii%iYt Jpatial  varirbilit  in infiltration.; The 
empirical :frozan-soff intiltratiod  model of Gray dt a1.- (P985) , a p p d b l e ,  ,foi sites .' 
with lidtad i~~i~~ration,~"~over-pridi~ed'total' 'infiltration a t  s t L #  near Resol'ute. 
It is believad that 't4ia  occurred  brcause the s0,i.l ,pmperature was Caldqr  and  the 
:snow water  equivahrif-was larg8r, a t  the  Resolute srte?l,.thrn in the Prairies  where 
the  equqtiop was develp&xl. , . A s  a resylt, the model. ~reqqlres further  calibration 
before ,it cin be iisud +i"ru<off mocjels..for p m ~ f r , @ s t  :araas. 

1. 1 

During snowmelt runoff, meltwakey mi. e$ther j 
infiltrate  into  the soil directly beneath the 
snowpack, or 'runoff laterally as overland' flow in,. 
a saturated layer at the  snow/aail interface., The 
relative importance of  fhese two-flow  path 
greatly influences the  timin and magnitude of 
snowmelt runoff, and also adeqts sozl  
temperature  through  the  transfer of, scns-ible and 
latent heat. In  extreme conditions, either  the 
soil is impermeable  and a l l  meltwater  leaves  the 
snowpack  as saturated overland flow, or  the soil 
is sufficient1  permeable that all meltwater 
enters the soi!. It is more likely however, that 

the  relative  importance of infiltration vs. 
conditions are between these  two extremes, with 

overland flow$varying  witbin a basin, and from 
year to year. In  this situation, it i s  vbry 
difficult to accurately predict the  timing  and , 
magnitude of snowmeit runoff. 

Since infiltration into  frozen  soils  .plays .an 
important role ,in controlling snowmelt runQff, 
considerable work has been  carried out in rrgions 
where soil3 are seasonally frozen. This  includes 
field measurements (Kane, 1980; Kana and Steini 
1983; Granger et  al., 1984) and model 
developrnent/testing  (Harlan, 1972; Alexeev et 
al. , 1972; Gray et rl., 1985). Howcver, only a 
few studies have  considered  the  unique  aspects  of 
meltwater infiltration in permafrost anvironments 
(MarSh, 1988; Woo and Marsh, ISSO)! Some o f  the 
important differences include, colder ground 
temperatures and the existence of a  frozen 
substrate.of extremely low permeability.at a 
shallow depth. 

variation3 in frozen soil infiltration for three 
typical soil types at a site  In  the  zone of 

Will!, 
continuous permafrost; Specifically, this  paper 

(1) describe  variations in both total and 

( 2 )  .determine  total soil..infil<ratian, and 
( 3 ) .  ,test 'a. simple soil irifQtration model 

STUDY AREAS AND FIELD TECHNIQUES 

Northwest Territaries ( 7 4 '  55'N, 94' 5l'W) where 
the annual mean daily te,mperature is -16.6'C. 
Resolute, is in the  zone of continuous permafrort, 
with typical active layer thicknesses  between 0.2 

It is the purpose o f  this  paper to determine 

unfrozen soil n@sture. during the melt 
period, 

. . , .  developed for seapanally frozen soils. 
, ,  

Field work was carried out near Rescilute, 

end 6:7 m. Mean total precipitation  reported by 
the  weather statiori is 131 d y r ,  of which 79 mm 
falls as snow, and  the grouqd, $4 m o w  covered for 
about 9 months each year.  Hqwev.er, Woo et a l .  
(1983a)  showed*?hat  snow storage, in  the  study 
area is 1.1. to 3,O. times g r - t s  than the 
snowfal-,l E "pi$.ted -at  the weather; -station. Woo et 
a1.- (J983b5 ' $ G d  ttqt snowme& rvnpff ,dominates 
the annual hydrograph in the  Resolute qrea.,.., ~ ;::: 

Durin the  ppring of  1988 and 1989 field. work 
was earryed out at three  sites  within 3. km og. 

map) , and approximately 5 km from the, Resolut,e 
each other (see Woo and Marsh, 1990 for  site 

airport. Thsss sites include  three  typical , 

rurficial materials  found  in the area 
(Cruickshank, 1971) , including  polar deJert. soil 
which  is  a  mixture o f  pebb1es.and  loam (site A), 
bog gr wetland  soil  (Eite B), and  lithosol or 
gravelly  materials  (sits C). The  properties of 
the soil3 at each site are,given in Table 1. 
Since  the  wetland  site i s  Xed by snowmelt 
throughout  the summer, it , i~ referred to as  the 
fen site. A  more complete description of these 
sites i r  rovided by Woo >and Marsh (1990). 

At eacf study site, ,gemma access tubes, TDR 
probes and thermistors  were  installed  down to the 
permafrost  table at a depth of approximately 35 
cm (fen)  and 50 cm (polar desert, and gravel) in 
late August 1987. Unfortunately  these 
instruments  could not,be placed. at exactly the 
sumo sites, but instead  were  installed  within 2 
to 3 metre3 of each other. A twin-probe gamma, 
density  meter  was used to measure soil density,' 
with ,mcasuremcnts  obtained- at .5 em  increments 
These values were  then  used t o  detecmine'relatiye 
changes  in  soil  moisture  (assudinq that  '.changes: 
in density were due sokely4o changes'fn liquid 
content). since bulk densifg;;w&s iniaaured  at each 
site, gamma dkrisities were;aIso  converted to 
volumetric s~i ' l  mfstur&.':', The  -relative  and 
absolute medsurcmiiritd ihclude  both fra'zsn and 
unfrozen watcr:.'.The changes  in  relative soil 
moiature are accurate to f 2 mm of water, b u t . - '  ' 

there is considerable  uncertainty in the abdoltlte 
soil moisture due to vertica1,variations in'bu1.k (.. 

density. However, for infiltration, it is the ' 
relative changes  which are most important. TDR 
roli'es'.were installed horizontally at, depths bT 'L' 2 

P O ,  25, and 45 em. Calculation$, of unfrozen soil' ' j  

moisture followed the  procedure  described by Topp 
et al. (1980). However,,,for  the  pblar desert a'pd 
gravel Sites, a rrlationihlp  develbbed, by Smith 
(personal communication) for, gravel  soils was' ' * 

used. A t  all three  study sites, ground 
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Table 1 - Soil  properties for the three soil types  typical of the  study  sites near 
Rirsoluto. +is the soil porosity. (Woo and Marsh, 1990) 

tamperaturaa wire maaaurad at depths df 2; 5, 10, 
25, and 50 cm. At a nearby site, m o w  de  th r ~ d "  
properties wert measured  in snow pita fofrlowing 
the  procedure  described by Marah and W o o  (1984) .  
These data  were  used t o  determine when  meltwater 
first &ached the mowpack base and was  therefore 
available 'for infiltration. 

Measurement  problems  which limited the data 
analysis  for the fen site  in 198B and 1989, and 
the polar desert site  in 19B9 include: (1) at the 
fen site  in 1988 and  the  polar desert site  in 
1989, the wet soil density as measured,b  the 
twin  tube  gamma were often .leas &n the 
measured  soil  bufrbdksity.  This likely occurred 
because of the development of ice  1tnreJ:within 
the soil, which  would  have  resultec'in a 
reduction  in  soil density. Rs a rrsult, the  gamma 
measurements  could  only be used €or relative 
changes  in  soil  water utorrgs. They  could not be 
converted  into volumetric soil moiqture; and (2) 
the  gamma  tubes at the f m  site  rupturld  during 
the  winter of 1988/89, and as a reault the tubes 
were flooded  in  the apring of 1989 and  could not 
be used. 

midway  between  the  polar desert and  the gravel 
sites to measure  air temperature, relative 
humidit wind speed, solar radiation, and 
rainfal!: Thebe data, recorded at hourly 
intervals  by  a  Campbell  CR21  data  loggeri are 
considered to be representative of the  three 
study sites. The  meteorological data were w e d  to 
compute  snowmelt  using  thr  technique  described  by 
Heron  and Woo (1978). These  data were used to 
determine  the  beginning of thu melt period. 

A meteorological  station  was  located at a site 

RESULTS 

Soil moisture and temperature  during  snow melt 
During 1988, snowmelt  began on June 25 (dry  

1751, but due  to.significant  refreezing  within 
tho cold  snQwcover  (Marsh  and Woo, 1984) it took 
approximately 3 to 4 days for melt water to 
percolate  through  the  snowpack  and to reach  the 
snowpack bare. During  this  period  the  total soil 
moisture, as measured by the  twin probe gamma 
density meter, remained constant at all three 
sites  (see  Figures 1 and 2 for data from the 
polar  desert  and gravel sites). At both the  polar 

between 20 and 30% by volume.at a,depth of 10 cm, 
desert and  gravel site8, -the  soil  moisture  was 

and about 5 to 10% by volume at @, depth o f  25 cm. 
The drier sa i la  a t  depth may h a y  resulted  from 
moistura migration. during  the winter, al'though  it 
may also be due to  the uncsetainty in  the 
absolute  moisture  when  the amma densities  are 
cGnvortod t o  Ipoirfure by YO!-. 

A t  all sites, and all daptha, the unfrozen 
water component, as measured by TDR, was between 
2 and 59 (see Fivure 1 and 2 for  gravel and polar 
desert sitea). Given  that  soil  temperatures were 
between -8 and -12'C, these  values  seam slightly 
high, but are posaible  considering  the potential 
freezing point depression  (Tice et al., 1978). In 
addition, since  typical  errors for TDR are 
a proximately 26, these  values are certainly 
wythin the  error  bounds of the measurement 
technique. 

the snowpack-base;  soil  temperatures increased 
slowly  (Figures 'I'.and 2). However, as liquid 
water reached thc~.baae of  the snowpack, soil 

depths, with tha effect decreasing slightly with 
tenprraturas  increaked more rapidly at most 

increasing depth (Figures 1 and 2 ) .  A similar, 
rapid incrcrae  also  occurred at the fen site (WOO 
and Milryh, 1990) .  It would  be expected that this 
rapid increase in so i l  temperature i s  related to 
the  release of latent heat during refreezing o f  
in,filtrated melt water. However, as Figures 1 and 
2 show, neither  the gamma or TDR showed any 
increase in soil  moirture at this time. Since 
this  rapid  increase in soil  temperature could not 
be-due  to heat conduction alone, other 
possibilities  are likely. For example, meltwater 
may have infiltrated preferentially  down the 
ground  thermistor rad, or infiltration may be 
spatially variable. This  will be addressed mare 
fully in  the  discussion section. 

At both  the  polar desert and gravel s i t e s ,  it 
was not until near  the end o f  the melt period 
that soil  moisture  increased  significantly 
(Figures 1 and 2 ) .  At  the polar desett site, for  
example, sail moisture, both  frozen and unfrozen 
a3 indicated by tha a m  meter, increased S to 
10s by volume at b o d  the 10 and 25 cm depths, 
while  unfrozen  content as indicated by TDR, 
showed  an  anomalously  large  increase at the 10 cm 
level. Again, this  may be due to spatial 
variations  in soil infiltration, or since  the 
measured  soil  moisture  is  larger  than the 
porosity, it may indicate  the  occurrence o f  large 
pores  surrounding  the TDR probe. One possibility 
for  the  occurrence of such pores, is the 
potential for-thawed ice lenses remaining as 
water-filled macropores as hypothesized by Dyke 
and Egginton (1990). At  the gravel site, similar 
incraose8.h total  moisture occured. However, the 
increase  in  liquid water showed  a  more reasonable 
increase  (Figure 2). 

Cumulative  Infiltration  during  snow melt 

tb. 19E8 melt period varied  from 38 m at the 
gravel 3ite, to 12 mm at the  fen site, to only 9 

During the period before  liquid water reached 

The  maximum  increase  in soil moisture during 
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Figure 1. Change i n   t o t a l  soil moisture,  unfrozen soil  moisture, and t'emparature a t  depths o f  
10, 25, and 45 cm at the polar desert site in 1988. 
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Figure 2 .  Change in t o t a l  so i l  moisture,  unfrozen so i l  moisture, and temperature a t  depths of 
10, 25, and 45 cm a t  the gravel site in 1988. 
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nun at the  polar desert site (Tabla 2 ) .  As 
expected, the  cumulative infiftraafion curve"( for 
the  fen  site  (Figure 3) shows that,'the YItgjbrity 
of infiltration  occurred at approximateJy. the 
same  time  that  melt  water firit reached the 
snowpack base. However, at both  the gravel and 
polar  desert sites, th4 majority o f  

period, Normally, infiltration would occur  when 
lnfiltration  occurred  near  tho end of tha melt 

water  first  reached  the  snou/soil interface. 
However, this  may  have  been  affected  by  the 
existence of basal ice at the beginning of the , 

1988 melt eriod. This  basal ice resulted from . . 

an unusual!]i early snowmelt during May, 
followed by heavy  snowfall and low temperatures 
which-refroze  the  meltwater  as i c e  layers  and 
basa$?icce. At the  fen and polar desert sites, 

while. at the  gravel  situ it was sporadic, It is 
the  basal  ice  layer  was  nearly continuous, 

quits likely, therefore, that basal ice  played 
a role in  blocking the entrance of June 
meltwater  into the sail. Only  later  in  the .rn+!lt 
perid, when the basal  ice  layer  reached an ' 
isothqcmal condition, did it become 
suffitiently permeablm to allow meltwater to 
penetrate  the ice, Since we  have  no 
measurements of chan  e  in  soil  moisture  during 
the  May melt event, f t is unknown  if  soil 
possible, though, that  the soil was 
infiltration  occurred- at that time. It is 

sufficiently  cold tu freeze a11 meltwater as 
soon as it came  in contact with the soil. As a 

would not have  been  filled  durin  the May melt. 
result, the  infiltration  capacity of the  soil ' 

desert and  gravel sites, was  similar to that in 
1988 with 10 nun and  34 mm respective1 , ,  
However, the  spring melt sequence  in 1[ 989 was 
more  typical of long  term  conditions at 
Resolute, with an abrupt start to the melt 
during June. In  this case there was no  basal 
ice when  meltwater  reached  the  soil  surface  in 
June. The  timing  of  infiltration at the 
desert site  relative to snowmelt was: A i n E Y t o  

was considerably different, with  infzltration 
what occurred  in 1988. However, the  gravel  site 

beginning as sopn as maltyater  reached the 
snowpack base (Figure 3). In addition to  this 

peak in  infiltratPon  during  thb ..latter parts of 
first peak, it ap errs that:fhsre  was  another 

the melt period, &hilar  to 1988. 

In 1989, total  soil  infiltcat P on at the  polar 

MODELLING 

Gray et al. (1985) describe three baait soil 

restricted, limited  and  unlimited infiltration. 
infiltration  classes in the  Canadian Prairies: 
In the restricted case, virtually  no 
in€&t.ltration occurs  due to a blocking  layer 
near  the aoil. wrface.  In  the unlimited case, 
a11 bf the  snowpack m y  infiltrate  the  frozen 
soils  due to  the existence o f  large, air filled 
pores, or  macropores. Marsh (1988) described 
soils  which  fall  into  the  unlimited  class  in 
the Fiailackenzfe Delta region, while  Marsh  and Woo 
(19d4)  reported  soils  which fall into  the 
limited  classes  for  the  Resolute area. Both of 
these Bites are  in  the  zone o f  continuous 
permafrost. 

al, (1985) noted  that  there is an  inverse 
relationship  batween  infiltration and the. 
iroztn sail moisture content for d i m  to 
fine-textured, frozen prairie soils, and Gray 
et  al., .(1989) showed that the  soil is usually 

For soils  with  limited infiltration, Gray et 

not saturated at the end of the melt period, 
but instead  the  "degree of saturation" is 
t, ically, &*0.60 + 0.40 $, where and are tE saturation  limit and premalt moisture 
content, with both expressed as the degree o f  
para saturation. In addition, they noted that 
m1twat.r typically enatrated the frozen soil 
tb I depth of on1,y 3 9  cm. When  taken together, 
thare  two  conditions imply that  the 
infiltration  capacity of these  soils i s  small. 
For limited soILIs, tray,et a l .  (1985) suggest 
that infiltration is prlmrrily determined by 
the  snowpack  water equivalent and the frozen 
water content of the upper 30 cm of the sail 
as : 

(1) INF 5 (1- Bp)SwE0.''' 

where INF i r  the  total  oil infiltration (mm) 
and SHE is  the  premolt  snowpack  water 
equivalent (m) , 

Application to Reybl,ute Study Sites 

infiltration must only ,occur into  the upper 30 
em of the soil. Woo and  Marsh  (1990) present 
data which  illustrates that at the polar desert 
and  gravel sites, the  largest increases in 
water  stdrage occurs at: a depth of between 25 
and 35 cm, with  little,,or  no a parent changes 
bel& that de th. A t  thC/fen srte, moisture 
increase, altRough small, occurred a t  all 
depths down to 35 cm at the baae of the active 
layer, A t  all three sites, therefore, the depth 
to which  significant  infiltration occurred i s  
vary similar to that ,f~u~d., i p .  the studies of 

In order to 0ppi;l &dation 1, soil 

":  ' Gray'  et  al. (1985), sbbg"&$hg that their 
" .  ' equation milt be applicabla. . I /  

Equation 1 was applied to the  polar desert 

' i N H  and for the gravel  site  in 1989 (Table 2). 
,and grnvel  oitea to predict infiltration in 

The pr.edicted value  for  these sites were 54, 
80, and 69 mm respectively, compared to 
measured  values of 9,  38, and 34 nun (Table 2 ) .  
This apparent over  redietion  may be due to 
either differences 'ln the spil t e, soil 
temperature, or snow  water equiva -ent between 
the  Resolute  sites  and  the  study area of Gray 
et r l .  (1985). It  would 4e expected that soil 
temperature  plays  an  important role in limiting 
meltwater infiltration. Since  soils  in  the zone 
of  continuous  permafro9t.are considerably 
colder at.al1  de  ths  than in the Canadian 
BrairLes, it wouyd  be  expected thrit would be 
considehbly lower, thrreby affecting the 
relationship  batween e , ,  SWE and INF. Further 
work is required. 

T 

DISCUSSION 

temperature, frozen 'and u & p n  sa71 moisture 
Comparison of the  timin a€ chin es in so i l  

that they a m  non-synchronou3 by as much as 
(gamma), and unfrozen soil moistuFe (TDR) show 

several days  in  many cases:As suggested 

differential infiltration at the  three 
earlier, one  possible  teason f o r  this i s  

instrument sites, even  though  they were 
separated by only  a few metres. Such variation 
in the timing of infiltration may be related to 
small scale variation3 in the availability of 
wrt'k at the snow/soil  interface due to the 
occurrence of flow fingers  in  the  snowpack 
(Marsh and Woo, 1984). If infiltration is 
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Table 2 - Snow water equiva len t  (EWE), soil moisture, and i n f i l t r a t i o n   a t   t h e   t h r e e  study 
s i t e s   i n  1988 and 1989. The p r e d i c t e d  soil i n f i l t r a t i o n  is from  equation 1. J u l i a n  days a r e  
i n   b r a c k e t s .  

Year s i t e  

Gravel 

= d e s e r t  + Gravel 

(176)  

June 25 16 .42 38  13 116 
(176) 

June 15 ---- "" 10 6 
(166) 

""_ 

""" "" "" ""_ *"" "" 

.68 34 6 159 

40 $Polar Desert n 

40 
Fen F 

S '  V1988 R 

I 
I " " I " J ' I " " I " " ' l " ' ' l  

165 170 175 180 185 190 
Julian Day 

Figure 3 .  Cumulative  change i n  frozen  and  unfrozen s o i l  w a t e r   s t o r a g e   a t   t h e   p o l a r   d e s e r t ,  

day melt water  Eeached t h e  snowpack base ( F ) ,  -and   the   da te  on which t h a  snow cover was 
fen,  and gravel s i t e s   i n  1988 and 1989. A l s o  shown are t h e   s t a r t  of snowmelt (S), t h e   f i r s t  

removed (R) . 
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spatially  variable,  with  large  differences  over 
very  short  distances,  this  has  implications  to 
the  representativeness of existing  measurement 
techniques,  which  generally.average  over 
distances of only  tens of cm. 

Since  total  infiltration  may  represent  a 
considerable  pro  ortion of the  total  snowpack, 
frozen soil infiytration  has  a  significant 
impact  on  both  the  timing  and  volume of 
snowmelt  runoff. AJ a result,  there is a need 
for  simple  models to redict  infiltration,  both 
for  basin  scale  hydroyogic  models  and  for 
larger  scale  hydrologic  models  which  are 
required to interact  with  Global  Circulation 
Models  for  predicting  climate  change.  One  of 
the  few  models  of  frozen soil  infiltration 
which  is  sufficiently  simple  in term of data  
requirements,  is  that  developed  by  Gray  et  al. 
(1985) for the  Canadian  Prairies.  Although  this 
type of model  may  apply to permafrost  areas, 
comparison  with  field  data  from  Resolute  shows 
that  more  information  is  required  in  order  to 
apply  it to permafrost  soils. An additional 
limitation  of  the  Gray  et  al.  (1985)  model  is 
that  it  is  only  applicable to the  class  of 
soils  they  call  "limited  infiltration"  soils. 
There  is  a  need  for  sim l e  techniques to 
differentiate  between  tie  unlimited,  limited 
and  restricted  infiltration  soils, a l l  of which 
may  occur  in  permafrost  areas. 
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CRITICAL POLYGON SIZE FOR ICE-WEDGE FORMATION 
IN SVALBARD AND ANTARCTICA 
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'Department o f  Geqgraphy, Tokyo Metropolitan University 
Tsukuba, Ibaraki 306, Japan 

Hachlo j 1, Tokyo 192-03, Japan 

Dimensions and character of gOlygOnS and the underlying wedge structures  were 
investigated in three permafrost regions. Polygons in the Sar Rondane  Mountaine, 
Antarctica, are 3-15 m in diameter and mainly underlain by  ice wedges. In Advent- 
dalen, Svalbard, large polygone (7-30 m in diameter) accompany ice wedges,  whereas 
smaller  ones have only active-layer soil wedges. Despite large diameters (5-30 m), 
polygona in LinnBdalen, Svalbard, are only underlain by active layer soil wedges, 
The depth of wedge is, on the whole, proportional to the spacing, but the rela- 
tionship between the two dimensions ie expressed by distinct regreseion lines for 
continuous and  discontinuous permafrost regions. These results show that the 
polygon size can be indicative of  the exietence of an ice wedge, if the depth  to  the 
permafroet table and  the temperature of permafrost are known. 

INTRODUCTION 

Thermal contraction cracking in frozen eoils 
produce8 polygonal patterns on the ground surface 
underlain by eubsurface wedges. The wedges growing 
in contemporary periglacial regions are classified 
into eeveral types (e .g .  French, 1976; Washburn, 

tending downward into permafrost yield permafrost 
1979; PermAfrost Subcommittee, 1988).  Cracks ex- 

.. wedges,  which  are eubdivided into ice, composite 
and permafroat soil wedges  with respect to compo- 

of the fillings depends mainly on soil humidity. 
sition  (Washburn, 1979, 114,  Table 4.4): the type 

Cracks confined to seasonal freeze-thaw layers 
result in active-layer eoil wedge8 in permafrost 
regions or seasonally frozen-ground soil wedges in 

wedges are collectively referred to as eeasonal 
non-permafrost regions: in the following, these 

froet wedges. Rommovskij (1985) displayed zona- 
tion of permafrost and seasonal frost wedges. Ice 
wedges concentrate in cold permafrost regions, 
while active-layer soil wedges occur mainly in 
warm permafrost regions. This is because, with 

contraction cracks tends to deepen while that of 
falling ground temperature, the depth of thermal 

the active layer thine. 
Permafrost and seasonal frost  wedge8 also occur 

simultaneously  within a smal1,area. For instance, 
Romanovekij  (1973) indicated that an ice-wedge 
polygon  often includes several emaller polygons 
underlain by active-layer soil wedges. In such  a 
case, permafrost wedges tend to develop beneath 
larger Polygon8  than do seasonal frost wedges 
(Fig. 1). The question then arises as to whether 
permafrost and seasonal frost wedges can be  iden- 

elastic theory of thermal contraction cracks led 
tified by means of the polygon size. The visco- 
Lachenbruch  (1962) to state that deeper cracks 
relieve thermal atress over  wider areas, resulting 
in larger polygons. His theory suggeste that there 
i s  a certain relation between  depth and spacing of 

polygon size may be indicative of the wedge type. 
thermal contraction  cracks.  Consequently, the 

From this viewpoint, we inveetigated the rela- 

Figure 1. Schematic diagram indicating the 
relationship between the polygon size and the 
type of wedge. 

originating from thermal contraction cracks, the 
tionship between depth and spacing of wedges 

type of wedge and the depth of the active layer in 

tdalen in Svalbard and the Ssr Pondane Mountains in 
three permafrost regions: Linnedalen and Adven- 

Antarctica. These  regions are different in  perma- 
frost temperatures and depth of the active layer. 

STUDY AREAS 

the S0r Rondane Mountains, East Queen M u d  Land, 
Antarctic study sites lie  in  ice-free areas of 

mountains are located ca. 200 km south of  the near- 
which stand above the Antarctic Ice Sheet. The 

mates.  Air temperature never riaes above O'C 
est coastline and dominated by continental cli- 

throughout the year and mean annual air tempera- 
ture (MAAT) is -1S'C at ASUka  Camp, 40 km  north of 

Bummer sometimes thaws the ground surface, yield- 
the mountain  front.  However, strong insolation in 

ing an active layer no deeper than 40 cm,  which is 
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underlain by thick permafrost (Matauoka et al. , 
1990; Mateuoka and Moriwaki, 1 9 9 2 ) .  The depth to 
the permafrost table is commonly 30 cm in dry, 
sandy till. The amount of anowfall is quite small, 
and  much o f  the snow sublimates, which keeps the 
ground surface dry. Whereas permafroet wedges have 
been intensively studied in Victoria Land (e.g. 
Berg and Black, 19661, only a brief description of 
polygons has been made in the Ser Bondane Mountains 

siating mainly of gravelly aand. In particular, 
(Van  Autenboer, 1964) .  PolygonB occur on till con- 

typical forma develop  on  moraines  older than 1 mil- 

raines, most of which are considered to be  ice- 
lion years (Moriwaki et al., 1991). Younger mo- 

which may be deformed by decaying ice-cores. 
cored, exhibit only irregular polygonal forma 

Polygons are extensively developed in Svalbard. 

polygona (Jahn, 1989; llkerman, 19871, but detailed 
Some of them are deacribed as ice- o r  soil-wedge 

studies  on wedge structures are very few. The two 

bergen. Adventdalen is an wide U-shaped valley ex- 
study  areas lie along Isfjorden, central Spits- 

sizes are developed on river terraces along the 
tending to the fjord. Polygons of a variety of 

Adventelba River and on gentle valley slopes. Ice 
wedges were found  beneath some of the polygons 
(Svenason, 1988). The river terraces are rock 
terraces  with  a  thin  cover of loamy till and out- 
wash depoaita (On0 et al.,  1991). In some swampy 
areas, peat covers the terracea. Thermal contrac- 

peat deposits. Meteorological data at  Longyear- 
tion cracks are formed in the till, outwash and 

byen, located on the coast 26 kmwest of this area, 
indicate that MAAT is -5 .8 .C  (Akerman, 1987). MAAT 
at the study area is probably slightly lower than 
-6'C, because moat polygons occur 100 to 900 m 
higher than the Longyearbyen station. Thua, p e w -  

very thick in places as auggeated by open-system 
frost here is thought to be continuoua, but not 
pingoa on river beds.  The  depth to the permafroat 

depending on soils and local climate. 
table averages 100 cm and varies from 80 to 120 cm, 

to Isfjorden. A number  of polygons are developed on 
Linnedalen is located at the aouthwest entrance 

a series of Holocene coastal terraces (7 to 35 m 
a.s.l.), which lie between the present coast and 
the Lake Linngvatnet. The whole area was covered 
with a glacier during Last Qlacial Maximum, sub- 
merged in the sea following deglaciation and 

uplift between 9600 and 8000 yr B.P. (Svendaen et 
transgression, and then exposed by iaostatic 

a l . ,  1989). The uppermost layer of the terracea 
consiats of marine sand and gravel,  which partly 

and Mangerud, 1991). Meteorological data &t Is- 
incorporate a lodgement till up to 3 m thick (Lsnns 
fjorden  Radio Station, located at the northern end 
of LinnBdalen,  show that MAAT is -4.7'C (Akerman, 
1987). Polygona occur primarily where the ground 
is underlain by permafrost. However, there are a 
number of themkarst lakes lacking permafrost 
(Salvigsen and BlKersma, 1986), which  suggests 
that the permafroat is discontinuous. "he-frost 

o f  100 to 110 cm ~R-July,"a~d-probably deepen to 
tablCin iaarine deposits lies cgmmonly at a  depth 

13Oi20  cm by the end of summer. 

DIMENSIONS AND CHARACTRB OF POLYGONS AND WEDOES 

Definition of Dimenaions 

of the wedge  (Fig. 1). The Svalue ia defined by 
are expressed by the apacing, 5, and the depth, D, 

Dimensionl of a polygon and the underlying wedge 

the mean  diameter of two adjacent polygons bor- 
dered by the wedge, i .e. , S=( & t 4 ) / 2 .  The D value 
is repreaented by the wedge depth measured from the 
rim of the furrow . These measurements were adopted 

for  polygons  with a diameter  greater than 1 m.  For 
smaller polygons mostly lacking wedge structures, 
the Dvalue is expressed by the depth of open 
cracks. 

S0r Rondane Mountains,  Antarctica 

polygons are obvious, averaging 50 cmwide and 10 
commonly 3-15 m in diameter, Furrowa dividing 

were found in five of them. Open  cracks,  which  are 
cm deep. Six furrowa were excavated, and ice wedges 

the direct evidence f o r  active cracking, are rare 
in the furrows. However, ice-wedge tops at 30-40 cm 
depth approximate the present permafrost table, 

they have rarely experienced climate warmer  than 
indicating that the ice wedges are active, o r  that 

the preaent aince they became inactive. These ice 
wedges are at most 90 cm  wide and 80 cm in the 
vertical dimension. The  maximum crack depth (i .e., 
the maximum  thaw  depth plus vertical extent of the 
ice wedge)  was  110 cm (Fig. 2a:, SR4). The crack 
depth tends to  be proportional to  the crack spacing 
(Table 1). The smallest polygon ( 3  = 3.7 m) accom- 
panies a cra$k 56 cm deep, the loweat portion of 

wide and 20 CQ in the vertical dimenaion (Fig. 28: 
which is occupied by a  miniature ice wedge 6 cm 

Measurements of soil moisture at the center of an 
SB5). These i a ~  wedges underlie dry active layers. 

ice-wedge polygon (Sal) ahowed that the-active 
layer was very dry (1-3 % water/ wt dry soil) in 

Place. In contrast, the top of permafrost showed 
summer  months when diurnal thawing often  took 

dry soil). 
comparatively large ice content (15-30 %water/ wt 

The excavated furrow without an ice wedge waa 
underlain by awedge of poorly sorted gravelly sand 
(Fig. 2a: SRB). Traced downward to a  depth of 124 

below the preaent permafroat table. Thus , this 
cm from the surface, the wedge penetrated well 

wedge may be a permafrost soil wedge  with primary 
filling, i.e., a sand wedge described by Pew& 

pebbles and cobbles, which seemed to be too large 
( 1 9 5 9 ) .  However, the wedge contained a  number o f  

to fall into a  narrow thermal crack. The  polygon 
had awider (220 cm) and deeper (24 cm) furrow in 
compariaon with the ice-wedge polygons, and the 

polygon exhibited a domelike shape. Most polygons 
edgea of the furrow were rounded. As a result, this 

wedge and its host permafrost showed very low ice 
around this  furrow showed similar shapes. Both the 

content, which  may indicate that ice content was 

hypotheeis is that the wedge was initiated as an 
reduced by aublimation. Thua, an alternative 

ice wedge o r  a composite wedge (Berg and Black, 
1966),  and a subsequent arid climate caused subli- 
mation of  ice from  both the wedge and host perma- 
froat, resulting in a special kind of ice-wedge 
caat . 

Adventdalen in Svalbard 
medium and small sizes. Large-size polygons (S = 7- 

rolygons in this area are grouped into large, 

SO m) are bordered by wide (1-6 m), vegetated fur- 
rows. New, open cracks (mostly (1 cm  wide)  were 
found in a  quarter o f  the furrowa. Digging to the 
frost table in early 8ummer  exposed ice veinlets 

further digging ahowed the ice veinleta extending 
(commonly 2-3 mu wide)  below the open cracka,  and 

into  permafroslt. Although the freguency of crack- 
ing haa yet to  be checked by  long-term obaervations 
( e . g .  Mackay, 1992) ,  these featurea  seem  to indi- 

climate. Large polygons are often eubdivided into 
cate active thermal cracking under the present 

several mediuwsize polygons ( S  = 1-6 m) , which 
a h o  occur independently of the large polygons. 
These medium-eize polygona show  similar  open 

Polygons in the S0r lCOndan8 Mountains  are  ama11, 
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crack@ with underlying ice veinlets a8 large at3 

having narrower furrows (0.6-2 m vide).  Small-size 
thoae accompanying the large Oolygona, despite 

polygons ( 8  = 0.1-1 a) &re alao,_f onqd within 
larger  oner or independently pf. then. 

Four aectione of  large polygons were observed. 
Two of them were exposed along a river bank and 

bottom of wedge structures. .All the Wlyeone 
the othere were artificially excavated to the 

accoopsnied large ice wedges 85-220 cmwide with 
vertical dimensione o f  335-490 cm (Tie. Zb,'Tabls 
soils (loam and peat) are similar to those in 
1). The S-D ratioe of  ice wedges occurring in flae. 

are extremely limited (Table 1). One ice wedge 
coarse nhterials (aand and gravel), although data 

wedge 15 cm wide protruded 20 cm above the main 
displayed a ryngenetic atruetura in which a emall 

wedge (ADB) , suggesting that the w e t  was being 
deposited while the ~ w l l  ice wedge WEIB growing. 
The  other three ice wedgee, occurring in till or 
outwarrh depositsr. Showed neither eyngenetic nor 
-ti-syngenetic (Nckay, 1 9 W )  structures. 

Fivr medium-aim polygon8 were excavated well 
into permsfrort ;\ but nom, accompanied an ice 
wedge. Instead, the fumotqa between the polygons 
were underlain by: a ~ 0 i 1  .wedge confined to the 
active layer (Fig. ab: Ao9,-An12). Some so i l  wedges 
had a broad flat bottom ( A p 3 )  rather tban a pointed 
end. Such flat bottom may reflect lateral dis-  
placement of 5oilS by CryOtUrbatiOA i n  the active 
Allsrd, 1890; Veri Vliet-LanoB, lD8l ) .  Indeed, 
layer abutting the pemfrost table (Jetchick and 

since both the Boil wedges end hoet 8oila were 
abundant in e i l t a  and chyaI they were frost s u e  

m e d i m s i z e  polygons are hardly diatinguishable 
ceptible. With regard to eurfhce morphology. tbese 

from the m l l e s t  iCe-WdW :polygons ( S =  3-4 Q) in 
the very different soils of Sdr Eondane Mountains. 
In addition, both polygone have aimilar 9-D ratios 
(8/0 - 6; Table 1). 

Diatinct furrowa and wedge structures were 

polygons were bordefbd by open cracks in  the active 
rarely found in the smell-eize polygons. These 

l a y e r  only, no deeper than 40 cm and developed on 
both  the bare and vegetated ground. Poeeibly those 

er, the regularity o f  the eurface forms is quite 
on the bare ground -re deeiccation cracke. Howev- 

eiailar to thoae of larger polyeone. 

Linnbdelen in Svalbard 
developed on coastal terracea. No significant 

Polygons Imostly S =  5-30 D) are extensively 

difference in the siee and form of polygons w8s 
Pound among the terracee. Most of the polygone 
ezbibited aimilar diaaeter and geometrical pattern 
to large polYgOn8 in Advent'dalen, although furrowe 
o f  the former tended to be narrower and shallower. 
None of the five dieplayed an ice wedge, despite 

Wedgs stmcturss were obeerved in five polygons. 

all of them being accompanied by an active-layer 

excavated polygon (LNS: S= 23.4 m), described -as 
soil wedge (Pig. Zc) .  For example, 'the largest 

vated to 8 depth o f  160 cm. Neverthelees, the 
an ice-wedge polygon by herman (1987)' wan afca- 

only,  which was confined to the active layer. The , 

furrow  Wae underlain by a soil wedge ( D  = 108 cm) 

depth of these soil wedgee ranges from 51 to 108 
cm, roughly~-proportional~ t o  the -polygon Bises, and 

than the other two area8 (Table 1). 
the 9-0 ratioe here (B/. > 10) are much greater 

The WedgeB, consieting mainly of sand and milt 
with B few pebbles, displayed a vertical orien- 
tation, which wesquite different from.khe host 
material6 'corweed of horizontal layers ,of marine 
sand and gravel. The fillings were probably de- 
rived from both the host and wind-brown Pine mate- 

Tabla 1. Dimenalone and characteristics of 
excavated wedgee, 

Wedge S . D S/D Wedge' Host 
ID (m) (4 type materials 

Ser Rondsne Mountains, Antarctica 
SRl 1.1 >0.65 

SR3 5.3 1.05 
SB4 5 . 5  1.10 
SR5 3.7 0.56 
SR6 10,4 1-21 

Adventdalen, Svalbard 
AD1 2 .2  0.71 
AD2 0.30 0.18 
nD3 5.4 0,85 
AD4 0.93 0.29 
An5 13.9 4.10 
AD6 Oa14 0.05 
AD1 3.0 0.72 
ADS 22.5 9.45 
AD9 8.9 3.60 
AD10 3.8 0.. 12 
AD11 19.0 . 5.80 
MI2 2.55 0.50 

SRZ 5 , 2  1.20 

Linnblen, Svslbard 
LNi 9,6 0.82 
LN2 19.3 0.90 
LN3 23.4 1.08 
LN4 1.0 0.58 
LN5 9.0 0.51 

- IW 
4.3 IW 
5 . 0  IW 
5.0 IW 
6.6 IW 
8.4 PSW 

3 . 1  ASW 
1.7 AOC 
6.4 ASW 
3.2 AM: 
3+4 IW 
2 . 8  AOC 
5 . 1  ASW 
6.5 , 1 W  
2.3 IW 
5.3 ASW 
3.5 IW 
5 . 1  ASW 

12 ASW 
2 1  ASW 
22 ASW 
12 ASW 
18 ASW 

Gravelly sand 
Gravelly sand 
Gravelly sand 
Gravelly sand 
Gravelly sand 
Gravelly eand 

Loam 
Loam 
Loam 
LQaa 
Loam 
ham 
Loam 
Sand/gravelP 
Peat and loam 
Loam 
Ssnd/gravel 
Loam 

sand/gravel 
Sand/gravel 
Sand/gravel 
Sand/graval 
Sand/gravel 

xW= ice wedge, PSW= permafrost mil  wedge, ASW= 
acti,ve layer mil wedge, AOC= open crack in the 

A l t e r n a t i o n  of sand kod gravel 
active layer. 

Adventdalen, these wedge8 had a pointed bottom 
riale .  Unlike the flat-bottomed aoiL wedges in 

(Pig. 2c). Such a typical wedge shape sugeeste that 

allowed deformation of the wedges by cryoturba- 
the non-frost susceptible host mteriale rarely 

tion. 

five sites. the lack of wedm penetration into 
permafrost suggerte that these ~ 1 y g o n a  mainly 
accoi~pany active-layer eoil wedges regardleea of 

'above the flea level (9600-8000 B,P. ) , ice wedges 
the polygon size. After the ground was uplifted 

MY hnve occurred when the active llryer WM coneid- 

by warming. Shallow furrona between w e t  of the 
erdbly shallower than the preerent and then aslted 

polygons, however, hardly indicate subsidence due 
to the ice-wedge melting. New,: open crack6 found in 
soma furrowa suggest that the-1 cracking which 
initiated the Boil wedges is still active. 

Although the excavatione to date are limited to 

The field inveetigation swgerts that wedges 
have a depth reflecting their epacing for each 
study area or for  similar thermal environments. 

.%re compiled to evaluate the influence of thermal 
The data on the relation between depth and epacing 
condition (Plg,  3 ) .  Deta points For shall polygone 
( S  < 1 m) repreeent the mean values for more than 
ten adjacent cracks. Regardless of soil types, a 
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Figure 3. Relationship  between  t4e  depth and spacing of thermal  contractian > ,  

cracks. Pa, P,,, and PLll indicate  the  average  depth&  to  the  permafrost table. For the 
9sr Pondane Mountains,  Advebtdalea and LinnBdslen, respectiyely. PW= parmafroat 
we&e (ice or permafrost adil I+W). S W  eeasonal  frost wedge (active-layer soi;l 
wedge or open crack in the activb: 14yer). Lines A and B are explained  in,,.the  tart. 

I. 

, ,. 
, .  

Eobd relation c e  bg seen for  data from the  two 
regions of continuous pemtrost, as indicated  by 
Line A. Data  from  the  discontinuous permfrost 
region (Linnddalen) are plotted as Line B, indi- 
cating  that  for  the aeume Svalue tb, D value  here 

gionsr , 
i a  emalle?  thdn in the' dontinuous  permairort re- 

The two lines in Pig. 9 are b e l i d  to reflect 
chiefly  the  difference in pixmafroat  temperaturee, 
bechuae soil typea  here as at Adventdslen do n ~ t  
seem t o  affect  the 9-0 ratios very much.. There are 
two waafble  effects of permfrost teaperaturea  on 
the  Patios. One is that wamr pe'mafmat is rela- 
tively  plastic,  which  would  tend to  arrest the crack 
extenaion and result in ehallower cracks (Lachen- 
bruch, 1962, 57) .  The other  effect' ia that  cobling 
leads to contraction  of frozen ground when fraez- 
ing of most  of  the water aad the ieeultsnt  expan- 

ture at which the Boil contracts  rather  than ex- 
aion i s  complete (Romanovakij, 1973). !Rae  telqparp" 

Rands may lie  between -0.5 and -6'Cs depending on 
grain sixes and  water  content o f  the soil (Williams 
and Smith, 1989, l e g ) .  "LUalesb the Prosen  ground ie 
cooled below thia  critical  temperature, theilnal 

auggeet  that  cracke  do not penetrate into warm 
contraction  cracks never agpear.,Both effectg 

permafrost,  winter  temperature o f  which fallrr no 
lower than several degrees below D'C. 

Lowar HAAT aad  continentality in Adventdalen 
suggest  that  winter permfroat temperature i e  
conaiderably lower than that'in LinnBdalen. The 

penetration:sof the  thermal contraction Craclta..into 
lower temperature in the former may allow deeper 

the ground. BY contraat, only shallow  cracks c'an be 

formed in Lihddalen. Thls 'irr one poesible. expla- 
nation for the scarcity, of sctive lee mdgea in. 
regions df dimcontinuous , permafrost Indeed, omly 
active-layer so i l  wedgee extending no deeper than 
1. S m h v e  been found  beneath  .large  polygana (S'= 

regiona, regardlem of soil typee: tephra and 
10-69 m) in a variety of dircontinuoue perrrrfroert ' 

rrand milty  .soils in Iceland (Friedman, et.clL. I ! ' )  

1971f, volcmic sand and gravel in northern Japdn 
Sone et el., Ism), and sandy till in Quebec 
these regione seem t o  ,exceed ten end lie &round 
Line B in @ig. 3 .  

BY contra$+., Liae. A indicates  that permafroit 
temperaturea fq wigter are low enough t o  Produce 
deep contracfiow;aracks in both of the  continuous 
permafrost regipnsi The reeulte agree well with 
the  previous , ,etudios f porn o,ther continuous perma- 
frost regiona,  which atate ,that i c e  wedges a m  , I  

ueually found beneath  polygons  lsrger  than 10 n. in  
diameter (e.g.  Berg and Black, 1966; Black, X B ? 4 ; 7 i :  
Mackay, 1874) ,  whereas  acti,ve-layer soil wedget 
are o,ften' fpwa beneath  ,smaller  polyeone, for., . I 

le, tboae smaller than 8 m in Svalbard (Jahn, 

The averagege..dapth to the permafrost  table, R,' 
for each area i.e alao indiceted. on Fig. 3. The .. 

approximately tho-critipal 8pacfng.for permfroat- 
intersection  between  the 8-D 1ine.sod Pvalue elves 

wedge.  forqbtion:, The effQcg-Qf the Pvaluee an thb 
critical  spacing ia .aeenti3 for eraqple, in thw 7 

nediw~aiee  polygone 4s = 3-4 m) , ibich a c c m m -  :, . , j  

niee perpafrost wedges in. the Ssr Bondme: Mof0un-j 
taina .where P *.O. 3 m, .but qot  at Advsntdalen .; . , ' 

t Jetchick mid Alla~d, ISSO), The 8-D ratiarr for: 
, .  

ff3. 
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where P = 1 .O 1. Because the P values rarely exceed 
2 m in continuous prrmafrogt regions, Fig. 3 demon- 
where S < 10 m in continuous permafrost regions, 
atrates that active-layer. aoi-1-wedges mainly occur 

while they can develop where S > 10 m in discontin- 
uous permafrost regions. 

Figure 3 enablea us to predict the existence of 
ice (or permafroat) wedges in tarme of polygon 
sire. if the depth to the permafroat table and the 
temperature o f  permafroat are knoam. This relation 
is also applicable to the identification of the 
typo of fosail wedges, where 5, D and P values at 
the time of wedge formation can be evaluated,. Also 
soil type caflnot be ruled out ae being reepor+ble 
for some of the scatter in-Pig, 3 ,  even though it 
m y  not be a major factor. Improving the accuracy 
of the S-D ratios will require more data on 9 and D 
values from a variety o f  soil and climatic regimes. 
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PECULIARITIES OF FORMATION A N D  THAWING O F  ICE ORTGTNATBD  FROM C O L L O I D  SOLUTIONS 
A N T )  KEGU1,ATING OF THF, PHASE CONDTTIONS OF WATER IN THE  CRYOSPHERE , I .  

V l a d j m i r   M e l n i k ' o v   a n d   G e n n a d i   S m o r y g i n  

I n s t i t u L e  o f  t h e   E a r t h ' s   C r y o u p h e r e ,   l ' y u m e n ,   R u s s i a  

' .  ' , , 

E x p e r i m e n t s   s h o w   t h a t .   f r e e z i n g  of c o l l o i d  solutions r e s u l t s  in R n o t a b l e ,   i f   n o t  
i r r e v e r s i b l e ,   r e - d i s t r i b u t i o n  in t h e i r   s t r u c t u r e - a n d   c h a n g e s  i n  t h e i r   h e h a v i o r ' .  
When t h e  d i s t a n c e   b e t w e e n  & e l  a n d   i c e   r e a c h e s  10 ' -10-5cm, t h e  d i s j o i n i n g   p r e s -  
sure i s  i n d u c e d  i n  a w a t e r   f i l m   t h a t   h i n d e r s   f u t u r e  m o v c m e n r   o f   t h e   g e l  c l o s e r  
to the  i c e .  T h e  g e l   i n c l u s i o n   i n t . o  t h e  i c e  depends   upon  t h e  t w o   p a r a m e t e r s :   t h e  

e x i s t s  a c e r t a i n   d e p e n d e n c e  o f  c r y s t a l l i z a t i o n  r a t e  upon t h e   t e m p e r a t u r e  o f  t h e  
s p e c i f i c  h y d r o c o n d u c t i v i t y  o f  g r o w i n g  g e l  films and t h e i r  t h i c k n e s s .  There 

cooled i c e   s u r f a c e .  If t he  s o l u r i o n   c o n t a j n s   h i g h l y   g r a i n e d   m i n e r a l   p a r t i c l e s  
f r e e z i n g  will b e   a c c o m p a n i e d  by t h e i r   r e - d i s t r i b u t i o n .  An i c e   e m b r y o  i s  n e c e s s a r y  
f o r  Lhe c r y s t a l l i z a t i o n   t o   b e g i n ,   a t - h e r w i s e   t h e   s o l u t i o n   g e t s   o v e r c o o l e d  d u e  t o  
t h e   h e a t   e m i s s i o n .  Thu d e s t r u c t i o n  of  f r o z e n   c o l l o i d  systems w i t h  t h e  l u y c r c d  
s t r u c t u r e   d u r i n g   t h a w i n g   o c c u t s  i n  t h e  f o l l o w i n g   w a y .  A t e m p e r a t u r e   i n c r e a s e  
c a u s e s  t h a w j n g  o f  c e l l s   c o n l a i n i r l g   s u b s t a n t i a l   q u a n t - i t i e s   o f   a d m i x t u r e s .  

" I ,  ' 

C o l l o i d  systems a r e  r a t h e r   w i d e - . s p r e a d  in 

o f  c l a y   a n d   o t h e r   m i n e r a l   p a r t i c l e s ,   ~ u r f a c l a n t  
n a t u r e .  T h e   b e s t   k n o w n   e x a m p l e s   a r e   d i s p e r s i o n s  

s o l u t ' l o n s  o f  h i g h   m o l e c u l a r   c o m p o u n d s  a s  a p a r t  
o f  s e w a g e ,  s o i l  a n d  o t h e r   n a t u t a l  formations. 

E x p e r i m e n t s   s h o w   t h a t   f r e e z i n g  oE c o l l o i d  
s o l u t l o n s   r e s u l t s  i n  a n o t a b l e ,  i f  n o t   i r r e v e r -  
s i b l e ,   r e - d i s t r i b u t i o n  in t h e i r   s t r u c t u r e   a n d  
c h a n g e s   i n   t h e i r   h e h n v i o r .  

Let. us c o n s i d e r   f r e e z i n g  of c o l l o i d   s o l u t i o n s  
c o n ~ a i n i n g  g e l  f o r m i n g   h i g h  m o l c c u l a r  compounds  
( F i g e l ) .   D u r i n g   c r y s t a l l i z a t i o n   p o l y m e r   m o l e c u l e s  
will  a c c u m u l a t e   a t  a n o n - s t a t i o n a r y   b o u n d a r y ,  
s i n c e   p o l y m e r  s o l u b l l i t y  i n  i c e  i s  m u c h  l o w e r  
t h a n  i n  w a t e r .  A t  t h e  same t i m e  p o l y m e r   d i f f u -  

T h e i r   ~ L a t i o n a r y   d i s t r i b u t i o n  i s  p o s s i b l e  w i t h  
s i o n   i n t o   n o n - c r y s t a l l i z e d  w a t e r  will  o c c u r .  

a r y   c . o n c e n t r a t i o n  of a d m i x t u r e  n e a r  t h e   f r o n t  o f  
t i m e   a h e a d  o f  a n  a d v a n c i n g   f r o n t .  B u t  a s t a t i o n -  

c r y s t a l l i z n t i o n   c a n  b e  a s s o c i a t e d  wit.h  non- 
i n t e r a c t i n g   m o l e c u l e s .   B e y o n d   s o m e   c r i . t i c s l  
c o n c e n t r a t i o n s   p o l y m e r   m o l e c u l e s  t e n d  t o   b e  
h o u n d   w i t h   e a c h   o t h e r   a n d   f o r m   g e l s .   W a t e r  
t r a n s p o r t  t o  the f r o n t  i s  p o s s i b l e   t h r o u g h   f o r m -  
i n g  g e l  ( k i l t r a t i o n ) ,   U u r i n g   r i l t r a t i o n  a h y d r o -  
dynamic  f o r c e  i s  i n d u c e d   t h a t   p r e s s e s  a g e l  
l a y e r   t o   t h e   p h a s e   b o u n d a r y .  

When t h e   d i s t a n c e   b e t w e e n   g e l   a n d  i c e  r e H c h c s  
1 0 - 4 - 1 0 - 5 r r n  ( : n r . c ~ ~  ( b f  the. t i i I ; j o I n i r ~ g  p r ~ " s u r r  
a r e   i n d u c e d  ill tl w a t e r   f i l m   t h a t   h i n d e r s   f u r t h e r  
moving  o f  g e l   c l o s e r   t o  I c e .  Depend ing   upon  
t h e s e  f o r c e s  a g e l  l a y e r   c a n  h e  i n c o r p o r a t e d  
i n t o   t h c  i c e  a r  e x p e l l e d  i n t o  t h e   s o l u t i o n .  

t h e  s u r f a c e  o f  H g r o w i n g   c r y s t a l   s e e m   t o  be 
analogous t o   d y n a m i c   m e m b r a n e   f o r m a t i o n .  T h e  
] . a l t e r   a r e   f o r m e d  by c o m i n g   t h r o u g h  a p o r o u s  
l a y e r  w i t h i n  s o l u t i o n s   c o n t a i n i n g  membrunu- 
f o r m i n g  s u b s t r a t e s ,   t h e   p o r e s '   s i z e   b e i n g  o f  
3X1.0-7-?X10-4cm  (Rryk a n d  T s a p j u k ,  1 9 8 9 ) .  The 
f o l l o w i n g   c o m p o u n d s   c a n   s e r v e  a s  mcmbrane- 
g e n e r a t i n g   s u b s t a n c e s :   n e u t r a l   o r g a n i c   p o l y m e r s  

P r n r e s s e s   a s s o c i a t e d  w i t h  g e l  f o r m a t i o n  n e a r  

x 

Ell  

F i g u r e  1 .  The scheme o f  u g e l  l n y c r  6(r) form:$t.ion 
o n   t h e   s u r f a c e  o f  g r o w i n g   i c e  

P1 i s  t h e  e r t e r n n l   p r e s s u r e ;  Po i s  t h e  a t m o s -  
p h e r i c  pressure, V f  i s  t h e  f i l t r a t i o n   r a t e ,  6 is 
t h e   t h i c k n e s s  o f  a g e l   l a y e r ,  C o  and  Cr  a r e  

and t . h e  c r i t i c a l  o f  g e l  f o r m a t i o n ,  n ( h )  is t h e  
po lymer  c o n c e n t r a t i o n s  i n  t h e  i n i t i a l  s o l u t i o n  

t l i s j " I n i n g  p r e s s u r e ,  7'2 i s  t h e   l e m y e r a t u r e  ol' 
t h e  r e f r i g e r a t o r ,  5 i s  t h o   t h i c k n e s s  o f  an  i r e '  
l a y e r  

( p o l y v i n y l  alcohol, s t a r c h ,   d e x t r i n e e ) ,  o r g a n i c  
a n d  n o n - o r g a n i c   i o n - e x c h a n g e r s   ( b e n t o n i t . e ,  
h i g h l y  d i s p e r s e d   i o n i t e s ) ,   p o l y e l e c t r o l y t e s  
( h u m i n u a L i d s ,   p o l y a c r i l   a c i d ,   g e l a t i n e  and t h e  
l i k e ) ,   h y d r o x i d e s  o f  m u l t i c h a r g e d   m e t a l s .  

i n g  l o w - m o l e c u l a r   s u b s t a n c e s   p r ' e s e n t  i n  \ :he  
s o l u t l . n l l   ( s e c o n d a r y   d e t a i n i n g ) .  

t h e   d y n a m i . ~   m e m b r a n e s ,   I n c l u d i n g   t h o s e   o r l g i n s t c d  

D y n a m i c   m e m b r a n e s   a r e   c ~ p a h l e  o f  i n c o r p u r a t -  

O n e  o f  t h e  m o s t   i m p o r t a n t   c h a r h c t P r i s t i c s  o f  
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from  gelatine, is their  high  compressibility. At 
pressures  exceeding 4 MPa the  filtration s l i g h t -  
l y  increases,  and  at  pressures  more  than 6 MPa 
i t  remains  pract.jcally  constant. S o ,  the  detain- 

membrane  makes  up 10% at the  pressure 1 MPa and 
i n 8  of  magnesium chlorjde by a starch dynamic 

60X at P=6  MP,a. The r e a s o n  of the  pressure 
dependent  increase in secondary  detaining  can b e  
attributed t o  compressibility  of B membrane 
layer that  increases Llte contribution of the 
interEace  forces  to  the  distribution. 

f i c a n t  jnfluence  upon  freezing o f  closed  cells 
of  colloid  solutions  at  the  nucleus  pressure u p  
t o  dozens  of  atmospheres. 

The  formation o f  dynamlc  membranes  during 
crystallization of surfactants  requires  special 
condjtions.  Molecules  of  surfactants  form  true 
solutions  at  concentrations  lower  than  the  cri- 
tical  concentration o f  micelle  formation. O n  
reaching a critical  concentration  aggregate- 
micelles  are  generated  from  single  molecules 
present a s  micro-compounds of different  shapes. 
A colloid  micelle i s  a semi-penetrable  system. 
since  some  substances,  being  introduced  into 
the  solution  and  according  to  their  chemical 
nhture,  can  spontaneously  diffuse  through a 
monolayer  and  accumulate  in  the  nucleus  up t o  
high  concenrretions.  The  mechanism of their 
transfer  insidc  the  micelle is analogous  to  that 
in  biologic  membranes. 

ed polymer  layer  at  the  initial  stage, i.e. the 
concentration  near  the  phase  boundary Ls lower 
t h a n  Cr ( a  critical  concentration o f  gel forme- 
tion). A non-stationary  transfer is described b y  
the  equation o f  the  convective  diffusion  in  the 
coordinate  system  connected  with  the  boundary o f  
ice  growth: 

The  above  mentioned  reasons  can  have a signl- 

Let us consider  the f o r m a t i o n  of a concentrat- 

with  the  following i n i t i a l  and  boundary  condi- 
tions: 

C ( T , m )  = co. C ( 0 , x )  = c o ,  

D t v o c  = 0, x = o ,  
ac 

where Co is the  polymer  concentration i n  the 
initial  solution (or on  the  infinity); D is the 
diffusion  coefficient  of  the  polymer in water; 
Vo is the  rate of ice  growth; x i s  a coordinate; 
T is time, 

( 2 )  is of  the  form  (Amelkin,  Smorygin; 1989): 
The solution f o r  a set of  equations (1) and 

a 
e x p ( -  

unli.mited increase  in  concentration n e a r  the 
It can  be  seen  from  cxpression ( 4 )  t h a t  an 

ice-solution  interface  can  be  ohserved a t  T W  
and  at  the  ultimate  ratc of '  ice  growth. 

Let us find  an  equation  to  describe  the 
changes j.n the  level o f  a d e t e r m i n e d  concen~rtl- 
tion Cr(x(T),T) in order t o  define  Lhe distance 
from t h e  ice surface  aL  which  the  concentration 
is enough f o r  gel  formation (Cr). Setting t h e  
full  time  derivallve of Cr to n u l l  a n d  using 
equation ( 1 )  we derive: 

- = - exp[-(Vo t E) 51, 
d x  vo 
dr A . 

d x  x 

A = Cr/Co - 1; C ( O , . r 0 )  = C r ;  X ( T ~  

where T o  is the moment of detachment  of 
concuutrution  level  Cr  frow the  c r y s ~ a l l  
front.  For  the  concentration  Cr > >  Co we 

) = 0 ,  

At To- ;;; we  derive: 
I) A 

. O  

Lhc 
izaLion 
have: 

Calculations  show  Lhat the  thickness o f  a 
gel  layer makc: u p  71X1Um6 m a t  crystallization 
rates n e a r  10  m/s;  the  minimum  time of  formatioll 
i s  17 min.  The  time of lo7  sec i s  necessary  for 
t h e  formation oE more  chick  gel  layers ( u p  t o  

of  ice growth ( l O - ' m / s )  during  the interval of 
1 mm) a t  t h e  above  mentioned  race. AL high r a t e s  

10X10-6m is formed.  According  tu ( 3 )  t h e  pulymur 
concentration  in gel alters. S o ,  a f t e r  the 
interval of 3 . 1 6  sec  the  value of  C ( 0 , r )  e x c c c r l s  
the  initial  concentration 300 Limes a t  the ' 

interphase  boundary,  and  at B di.stance of SX10-6 
m from  the  boundary  the  concentration o f  (l is-  
solved  molecules d o e s  not  differ  from  the 
initial  concentration (Fig.2). Such a shsrp 
decrease  in  concentration  near  the  phase s u r f a c e  

Hence, the  system ( 1 ) - ( 2 )  can  serve exclusively 
1 s  not characteristic o f  gel-forming substances. 

for  estimation.  The  initial  layer  formed  from 
connected  molecules  pre~ents a n  obstacle f o r  
other  polymer  molecules.  This  specific f-tlter 
lets  through  water  molecules  and dissolvetl low- 
molecular  compounda, and detains  large  polymer 
molecules.  Meanwhile a gel  membrane  increasing 
In time is  formed  with  the  thickness o f  6(T), 
The  hydropermeability K i~ a decreasing  tlmc 
function,  In  this  caee,  taking  into  considera- 
t i o n  non-Btetionavy  growth of a gel  layer,   he 
problem  will be written in the following way: 

where  Cm is the  polymer  concentration in R g e l  
laycr; V(T) is the  filtration  ralc o f  w i l ~ c r ;  ?k 
is the rime necessary f o r  the  initial g e l  l a y e r  
f o r n l a t i a r ~  (the f i r s t  ~r~~pr'oxilntlti~)~~ F o r ,  T k  can 
b e  derived  from ( 5 '  ) ) .  

depends u p o n  a lot of factors, i.e. upon t h e  
The  polymer  concen~ration Cm i n  B gcl laycr 
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F i g u r e  2 .  The d i s t r i b u t i o n  o f  a r e l a t i v e   p o l y m e r  
c o n c e n t r n c i o n  Cr/Co from t h e  s u r f a c e  t o  t h e  
d e p t h  of t h e   s o l u t i o n  

F i g u r e  3 .  T i m e  dependent:@  of a g e l  l a y e r  L l l j c k -  

exp(-(z/2 t KoAP/2Dz)a] 
n4erfc(z/2+KoAP/2Dz) (10) 

111 e x p r e s s i o n  (10)  i t  is assumed t h a t  

Ap =: v f ( T ) d ( T )  
K O  

where K O  i.s t h e  p e r m e a b i l i t y  of  a t h i c k n e s s  u n i t  
i n  B gel l a y e r  [ m 4 N ” s e c - l ] ;  P is rhe d i f f e r -  

u n f r o z e n  w ~ t e r  f i l m  hetween g e l  and i c e .  
e n c e  of p r e s s u r e s  i n  t h e   s o l u t i o n   a n d  i n  an 

1 h y d r o c o n d u c t i v i t y  Kosl . 2  10”6mUN- ’sec” ,  u n d e r  
t h e r e   e x i s t s  3 c r i t i c a l  v a l u e  of  the s p e c i f i c  

1 CO-0.18, C m x 0 . 5 4  g e l  layer w i t h  t h e  6 ~ 1 3 X l O - ~ m  
which u g e l   l a y e r   c a n n o t   a p p e a r  ( 6 - 0 ) .  A P = 1 0 5 P a ,  

~ a n d  6=150X10-bm ( K o = l O - ” )  is formed  dur ing  100 
(KO=?   10 -16m4N-’ sec” ) ;  6=40X10-6m (Ko=1O-”); 

s e c  ( Y i g . 3 )  a t  AP=lO’Pa; C O - O ~ I X ;  Cm=O.5%, a n d  

€rotu i c e .  A t  t h e   i n i L i a l  pol  mer c o n c e n t r a t i o n  

of  a g i ~  l a y e r  emoun.t,s t o  4 ~ 1 0 ” m  f o r  100 s e c ,  
whic.h approximately 3 t i m e s  lower t h a n   a t  Co=O.’l%. 
T h u s ,  a g e l  l a y e r ,  c a p a h l c  of  i n f l u e n c i n g  f u r -  
t h e r  Inass exchange ,  is formed n e a r   t h e   i c e   s u r -  
Eac.e i n  some t e n t h s  o f  s e c o n d s .  

c e n t r a t e d   p o l y m e r   s o l u t i o n )   d e c r e a s e s  w i t h  f u r -  
t h e r   g e l  formation, and wate‘r inflow t o  growing 
i c e   d i m i n i s h e s .  T h i s  r e s u l t s  i n  d i s b a l a n c e  of 

t u r e  TI o f  t h e   p h a s e   t r a n s f e r   ( t h e   t e m p e r a t u r e  
L h e  thermodynamic   equi l ibr ium,  and t h e  tempera-  

o f  a n  u n t r o z e a  l aye r )   dec r ’enses   and   goes   l dwer  
than 2 7 3  K .  

I The a n a l y s l s  o f  e x p r e s s i o n   ( 1 0 )  shows t h a t  

I under  c o m p l c t e  detachment  o f  polymer  m,olecules 

1 Co=O.Ol% dllr l  a t  K o = l O ” S ~ ~ ~ ‘ N - Y s l ~ - ’ ’  t.hc c lh ickness 

The  h y d r o c o n d u c t i v i t y  o f  a l a y e r  6 ( T )  ( a  con-  

L e t  u s  d e r i . v t .  t h e   e q u a t i o n  o f  the   thermodyna-  

mic e q u i l i b r i u m  at t h e   i n t e ~ p h a s e   b o u n d a r i e s  g e l  
- u n f r o z e n   w a t e r   f i l m - i c e  (Fig.1). The e x p r s s s i c ~ n  
f o r  t h o   f r e e   e n e r g y  (GB) of  w a t e r  n e a r  r.hc g c l  
s u r f a c e  is: 

G w  = Gw,+VVPw-SwTw-g(x )+PIOVw ( 1 1 )  

where Cw0 is rhe  f r e e   e n e r g y  o f  w a t e t ;  V , ,  S ,  
a r e   t h e   s p e c i f i c  volume  and  water   entropy;  g ( x )  
is a c h a r a c t e r i s t i c  of t h e  g e l   s u r f a c e  i m p a c t ;  
PW=Pwg-Po is the p r e s s u r e  w i t h i n  a water l a y e r :  
Pwg is t h e  p r e s s u r e   n e a r  t h u  g e l   s u r f a c e ;  T,g= 
T w g - T o  i s  t e m p e r a t u r e :  TWg is t h c   w a t e r   t t m p c r a -  
t u r e   i n  a l a y e r  n e a r  t h e  gel s u r f a c e ;  P o ,  T I ,  
a r e  t he   p re s su re   and   t he   t empera tu re   unde r ’  I I O T -  
mal c o n d i t i o n s ;  P I  i s  Lhe h y d r o s t a t i c   p r e s s u r e  
o f  t h e   s o l u t i o n   ( P ~ O - P I - P , )  

The f r e e  energy of i c e   a t  ~ h c  boundary  with 
t h e   u n f r o z e n   w a t e r   c a n  be w r i t t e n :  

where G i o  i s  t h e  free energy o f  i c e :  I ’ j  R ~ I !  ‘ T i  
a r e  t h e  p r e s s u r e  a n d   t h e   t e m p e r a t u r e  ut’ i c e  
neer the   phase   boundary .  

phase  s u r f a c e ,   a n d  assuming t h a t  h ( a  t l i s t . ance  
By m a k i n g  e q u a l  t h e  f r e e  e n e r g i e s  n e a r   t h e  

b e t . u e e n   p h a s e   s u r f a c e s   g e l - i c e   ( u l l f r o e e n   w a t e r ) )  
i s  s m a l l ,  and b y  i n t r o d u c i n g  Tw=’ri=T1;  P , q = P . = P  
we o b t a i n :  

1 C ’  

T a k i n g   i n t o  consideration t -hat  (S , -s i  )T’,,=L, 
where L is t h e   l a t e n t   h e a t   o f  t h e  phase t r a n s f e r  
i c e - w a t e r ,   a n d  considering’the c o r r e l a t i o n  
( G i l p i n ,  1980)  

, ,  
PC = V;18(h)  

we o b t ~ j n  from (13’): 
LT 1 V,P10 -. V j P ,  +T ( 1 4 )  
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The  condition f o r  the  mechanic  equilibrium o f  
the  system  under  consideration (Fig.1) can  be 
obviously  written: 

where n(h)-B/h* i n  t h e  disjoining  pressure; B is 
the  con3tant (Ilerjagin and  Churajev, 1980). 

Using ( 1 4 )  a n d  ( 1 5 )  we  can  write: 

( 1 6 )  

The r a t e  of filtration  through g e l  i s  deter- 
mined b y  the  expression: 

Vf(r) = KAP ( 1 7 )  

where K is the h y d r o c o n d u c t i v i t y ' c o e f f i c i e n t  of 

A P = P I ~ - P ~ ,  The  hydroconductivity  coefficient is 
gel channels  and  of an unfrozen  layer (Fig.1); 

usually  determined by the  formula: 

K" = (K*)-l t b / K o  ( 1 8 )  

where K' is the  hydroconductivity o f  an  unfrozen 

R. Gilpin (1380) f o r  water  transport  between  the 
layer.  The following dependence  was  suggested by 

discs w i t h  the  radiua R a n d  growing  ice; 

where A is  constanti r is the  effective  radius 
of the  pores; I) is visfousity; g i s  the a c c e l e r n -  
tion o f  gravity.  The  value h is defined fronlvthtt 
exoression: 

(19) 

The pressure  upon  the  layer  from  the s i d e  of  
h moving  solution is balanced 'by the  disjoining 
pressure n(h). Thus, 

2.. n ( h )  
K 

By substjtuting  'the  expression  for n(h) w e  
derive from (16): 

Let us connect  the  filtration  rate  with  the 
rate o f  a moving  phasc  boundary  ice-solution. 
The  heat  transfer ( i c e  formation) b e i n g  rather 
slow,  we s h a l l  make use of the  quasistntionary 
field  condition  for t h e  temperatures i n  ice  and 
i n  a gel  layer. I f ,  f o r  the sake of  simplicity, 
the  temDerature of the  solution Tn is assumed 
t o  be 
brium 

where 
ents 
water 

- 
equal  to the  temperature of  the  equili- 
phase  transfer,  we  obtain ( F i g . 1 ) :  

X, and Xi are  heat  conductivity  coeffici- 
E water arid ice; TI i s  the  temperature  af 
in  an u n f r o z e n  l a y ; r ;  T;? i s  the  tempera- 

ture of  the  cooled  ice  surface; is the  ice 
thickness. 

layer  from  correlation ( 2 2 ) :  
We def ine  the  temperature  in  an u n f r o z e n  

Substituting  the  expression f o r  , t . ernperature  

the  connection V , i = V f  w/ i ,  we d e f i a e  t h e  crystdl- 
( 2 3 )  i n t o  (21), a n d  taking  into  considerat.ion 

lizatiun  rate  Vi  beyond  which gel will b e  incor- 
porated  into  the  ice: 

PiVp - =  
w K  (1 - Pj/P,')Pl tPiL - 

Pit LPwv: + i,TojG t X r T 2 / S  p Xw/6 t AiIC ( 2 4 )  

Let us use the  dependence  in ( l a ) ,  (18') an t l  
i n  (19) to d e f i n e  K: 

B y  transformation of ( 2 4 )  with respecL to 
( 2 5 )  we  obtain  lhe  ultimate  expression f o r  t h e  
deffnition o f  V;: 

T h e  analysis o f  equation (26) shows t h a t  t h e  
gel  inclusion i n t o  the  ice  depends,  mostly, u p o n  
c h e  two parameters:  the  specific  hydroconducti- 

n e s s  (6) (Fig.4). There  exists a certain depentl- 
vity of  growing gel films ( K O )  and t h e i r  thxck- 

ence o f  V? upon  the b a s i s  temperature T 2 .  I l P  Lo  
-2 .5 'C  ic& €ormarion is  governed by the  water 
inflow  through a gel  layer  (the  first 1eEt 
member prevails). Above this  temperature  the. 
rate of  ice  &rowth  is  limited by the heat  
exchange  (the  second  left  member). I f  the 

atmospheric  pressure ( P l o ' O ) ,  and T 2  tcnrls t o  
external  pressure  slightly  deviates  from  tho 

TI. the  process l . s  determined b y  b h e  second 
right  member and the  rate u f  ice  growth  tends 

in  the  form: 
to 0. In f a c t ,  equatjon ( 2 6 )  can h e  re-written 

Removipg V.. out of  the  brackets  we  derive 
two  equations: 

Since t h e  coc'fficientu a and b a r e  posit i v c  
in  the l a sr .  equation,  the  rate sppears t o  bc 
negative,  which i u  obviously a s h a r p  c u n L r a t l i c -  
tian .in terms. ThuB; a t  T2=TO V:=O. 

c'riticsl r a t e  of the  gel inclusion into  the  ice 
In this connection, in o r d e r  to rfefinc the 

it is nccessery  to'ust t h e  range of tempero~ures 
from - 1 0 ° C  to - 2 . 5 ' C  (Fig.4), within  which  the 
pracess  is  governed by both the mass- and heat  
exchanne. This temperature  range  can  extend to 
higher  temperatures 3 t  other  values o f  6 ,  K O  
and E .  

n o t a b l e  beginning  with P10'5 MPa end a t  T 2  
incteasinu c r i t i c a l  r a t e  ~ y p e a r s  t o  beromp 

being  above - 3 ° C .  

An impact o f  the  external  pressure u p o n  the 

Thus,  critical  rates  are  rather low antl makc 



e loo 
0 

F i g u r e  4 .  The  dependcdce .of" a c r i t i c a l   r a t e  o f  
i ce   g rowing  (VT)  upon t empera tu re   (To-T2) ,  
s p e c i f i c   h y d r o c o n d u c t i v i t y  ( K , )  and a g e l  l a y e r  

2-Vi=V;(6) a t  T--I°C, F==lO- 'm ,  Ko=10-15m2N-1~ec-1; 

3-vr -V;(AT) a t  5=1.0-2 , &=lo- '  , Ko=l0" 'm'N"~ec-~. 

u p  1 0 - 6 m  s under   the  most  common c o n d i t i o n s  
(K0=1O-", 6=10", AT=-I°C). Detachment o f  g e l  
and c o n c e n t r a t i o n  o f  i c e   l a y e r s   a r e   p o s s i b l e   a t  
lower r a c e s ,  

I f  t h e  s o l u t i o n   c o n t a i n s   h i g h l y   g r a i n e d  
m i n e r a l   p a r t i c l e s ,  i . e .  a c o l l o i d   f r a c t i o n  of 
s o i l s   ( w i t h  t h e  p a r t i c l e   s i t e  less t h a n  0.25X10-6 
m), s i l t  ( 0 . 2 5 - 1  urn), c lay   (1-10  u m l .  f r e e z i n g  
will be  accompanied b y  L h e i r   r e - d i s t r i b u t i o n .  
A c o r r e l a t i o n   h a s   b e e n   f o u n d   h e t w e e n   t h e   c r i t i -  
c a l  r a t c  of t h e   p a r t i c l e s   i ~ ~ c l u s i o n  and ~ l ~ e i r -  
r a d i i  R ( C i s s e ,   R o l l l n g ;   1 9 7 1 ) .  

* -  

v i  K '  - - *' 4QKTOao 
( 2 8 )  

9lIQ 
where q i s  t h e   v i y o u s i t y  o f  w a t e r ;  0-1.6 10 

- a  

J sm-' i s  t h e   f r e e   s u r f a c e   e n e r g y   a t   t h e   p h a s e  
boundary ;  a o =  J , 8  i s  t h e  m o l e c u l a r   d i s t a n c e  
i n  w a t e r ;  + = 0 . 3 4  i s  a d i m e n s i o n l . e s s   c o n s t a n t ;  

There i s  a l i n e a r  dependence o f  V .  u p o n  R i n  t h e  
K i s  t h e  Bolhzmann c o n s l a n t ;  T i s * L e m p e r a t u r e -  

l o g a r i t h m i c   c o o r d i n a t e s  ( F i g . ? ) .  k a l c u l a t i o n s  
show t h a t   c o l l o i d   f r a c t i o n s  o f  s o i l  and silt 
p a r t i c l e v  will be i n c o r p o r a t e d   i n t o   t h e   i c e  a t  
c r y s t a l l i z a t i o n   r a t e s  of 1 0 - ~ - 1 0 - ~ ~ ~ / ~ .  S i n c e ,  
a L  r a t e s  o f  10"6-10"7m/s, when A g e l   l a y e r  
detachment  i s  o b s e r v e d ,   r h e s c   p a r t i c l e s  wil l  bc 
e x p e l l e d  b y  growing  ice   and  w i l l .  c o n c e n t r a t e  
near   the   phase   boundary   toge ther  w i t h  t h e   p o l y -  
mer, O n  r e a c l l l n g  a c r i t i c a l   c o n c e n t r a t i o n  i . n d i -  
v i d u a l  p r o p e r t i e s  of m i n u r a l   p a r t i c 1 . e ~  become 
l o s t   ( t h e y   a r e   c o n n e c t e d   w i t h   t h e   p o l y m e r ) ,   a n d  
t h c   b e h a v i o r  of t h e  se1 - p a r t i c l e s   s y s t e m  will 
be c o n t r o l l e d  b y  hydroconduc t iv i ty   and  t h e  s i z e  
o f  a g e l   l a y e r .  

LeL u s  pay a t t e n t i o n  t o  t h e   f o l l o w i n g   i m p o r -  
t a n t   f a c t o r .  A r r  i c e  emhryo i s  n e c e s s a r y  f o r  Lhe 
c r y s t a l l i z a t i o n   t o   b e g i n ,   o t h e r w i s e   t h e   s o l u t i o n  
g e t s   o v e r c o n l e d   d u e   t o   t h e   h e a t   e m i s s i o n .  The 
s o l u t i o n  c o n  remain   in te rminably  in R s u p e r -  
c o o l e d   s t a t e ,  u n t i l  a n  embryo  spontaneous ly  

v;Iu3:.' .,'s 
F i g u r e  5 .  'Tire U C ~ C I I ~ ~ I I L ~  oi a ;':!.+ickl r a t e  

upon t h e   p a r t i c l e s '   r a d i i  

i c e   d e n d r i t e s ,   w h i c h   a c c u m u l a L e   i c e   o r i g i n a t e d  
n u c l e a t e s .  I t  i s  very 900n fo l lowed b y  a n e t  o f  

t h i s  c a s e  i c e  l a y e r s   ( w i t h o u t   g e l )  a r e  l o c a t e d  
from  water   advancing  through  gel   membranes.  I n  

t o  t h e   s u r f a c e  o f  c o o l i n g .  
i n  what  seems t o  he a c h a o t i c   o r d c r  I n  r e s p e c t  

I f  a c o o l e d   s u r f a c e  i s  c o v e r e d  w i t h  s o l i d  
i c e ,   p u r e   i c e   c r y s t a l s  will grow i n  a s h e e t  - 
l i k e  form p e r p e n d i c u l a r  t o  t h e  s u r f a c e  u f  t h e  
h e a t  emiss ion.  T h i s  may be a r e s u l t  o f  t he   phase  
b o u n d a r y   u n s t a h i l , i t y ,   w h i c h   m a n i r e s t 5   i t s e l f  i n  
t h e   a p p e a r a n c e  o f  s p o n t a n e o u s   p r o t u b e r a n c e s  and 
t h e i r   p e n e t r a t i o n   i n t o  a b e t t e r   n u L r i t . i o o  m c t l l a .  
The h i g h e r   t h e   r a t e  o f  t h e   h e a ~   e m i s s i o n .   t h e  
more p r o b a b l e  t h e  p r o c e s s   i s .  

ap.gregat ion and d i s t a b i l l i z a t i o n  o f  s t a b l e  
c o l l o i d  systems. A c o n c e n t r a t i o n  o f  d i s p e r s e d  
p a r t i c l e s  takes p l a c e  w i t h  t h e i r   t u r t h e r   a g g r e -  
g a t i o n  i n  between p u r e   i c e   l a y e r s .  

The d e s t r u c t i o n  o f  f r o z e n   c o l l o i d  :, tems 
w i t h .  t h e   l a y e r e d   s t r u c t u r e   d u i i n g '  t " h e & i n g  o c c u r s  

causes   t hawing  o f  c e l l s   c o n t a i n i n g   s u b ? t a n t i n l  
i n  t h e   f o l l o w i n g  way. A t e m p e r a t u r e  incresse  

q u a n t i t i e s  o f  a d m i x t u r e s .  R u t  a mel ted g e l  l a y e r  
w i t h   s m a l l   s o l i d   p a r t i c l e s  is n o t  subjc ' t t c r l  Lo 
des t . ruc t inn   and   tends   to   remain   bounded.  After 
thawing o f  pure  i c e  l a y e r s  g e l  c e l l s ,   b e i n y  more 
h e a v y ,   p r e c i p i t a t e  i n  t h e   c a p a c i t y ,  i . e .  t h e  
d i s t r i b u t i o n  of t h e   c o l l o i t l   s o l u t i o n   t a l t c s  

Layered ~ t r u c t u r e s   d e s c r i b e d   a b o v e   c a u s e  L h c .  

place.. 

soils a n d   r o c k s   c o n t a i n i n g   h i g h l y   m o l e c u l a r  
The p r o c e s s  of i c e   g r o w t h   ( f r e c z i n g  ) i n  

compounds,  though i n  t i n i e s t   q u a n t i t i e s ,   f a v n u r s  

d a i l y  s u r f a c e .  T h i s  a s  well can  b e  r e f e r r e d   t o  
t h e i r   c o n c e n t r a t i o n   a n d   a c c u m u l a t i o n   n e a r   t h e  

a r e   p o s s i b l e .   A g g r e g a t e s  of polymer   molecules  
t h e   f r e e z i n g  of w a t e r   r e s e r v o i r s .  Here two cLIse!s 

a r e  h e a v i e r   t h a n   w a t e r ,  s a  t h e y   p r e c i p i t a t e .  
H u t  t h e  t i n i e s t  mineral p a r t i c l e s ,   n o n - s o l u h l e  
o r g a n i c  s u b s t a n c e s  ( o i l  e m u l s i o n s )  and g a s  h u b -  
h l e s   c a n  be found i n  d i r t y   w a t e r   a l o n g s j r l c  wit.h 
s o l u b l e   p o l y m e r s .   C o n c e n t r a t e d   m i n e r a l  p ~ 1 r L i c l c s  
connec ted  w i t h  t h e , p o l y m c r   a r e   h e a v i e r   t h a n  
water  and w i l l  p r e c i p i t a t e  d u r i n g  thawing .  O i l  
emulsions  and g a s  b u b b l e s  i n c o r p o r a l e d   i n t o  L h e  

o r  p r e c i p i t a t e .   T h i s  i s  c o n d i t i o n e d  b y  n q u u n L i - -  
polymer  can come t o  t h e  sur face   and   remain   here 

t a t i v e   c o r r e l a t i o n   b e t w e e n   c o m p o u n d s  i n  
t lggrega tcs .  

Polymer  molecules  a r e  i n c o r p o r a t e d ,   i n t o   t h e  
i c e   p r a c t i c a l l y  w i t h o u t  t h g i r   r e - d i s t r i b u t i o n  
I n  t h e   s o l u t i o n  a t  r a t e s  V i > 5  1 0 L 5 m / y  ( F i g : 3 ) ,  
T n  t h i s  c a s e  a polymer i s  p r o p o r t i o n a l l y  d l s t r i - -  
b u t e t l  .in i c e ,  w h i c h  r e s u l t s  i n  f o r m a t i o n  0 1  a 
spec i f i c   i ce -composed   ma te r  i u l  . Dur ing   t hav in ,  
of t h i s   m a t e r i a l   i m c o r p o r a t e d .   m o l e c u 1 , a r  c h a i n s  

4 5 4  



become exposed  and r e m a i n  connec ted  f r o m  t h e  
s i d e  of  i c e ,  a n d  form gel U T  B h i g h l y   v i s c o u s  
l a y e r  from t h e  s i d e  o f  a thawing  phase.  T h i s  
l a y e r  h i n d e r s  o r  l i m i t s   t h e   w a t e r   f l o w  n e a r  t h e  
i c e  s u r f a c e .  

a v i s c o u s   l a y e r ,  a t r a n s i t i o n a l  z o n e  a n d  a t u r -  
bu len t   nuc leus .   Me l t ing   po lymer   mo lecu le s   fo rm 
a zone t h a t   c a u s e s  a s i g n i f i c a n t  s h i f t .  i n  t h e  
p r u f i l e  of t h e  t u r b u l e n t   f l o w  a t  the  boundary 
i r e - w a t e r .  T h i s  C A U S ~ S  an i n c r e a s e  i n  t h e   t h i c k -  

w a l l s  t h a t  c o n n e c t s  B v i v c o u s  l a y e r  a n d  a 
n e s s  o f  a l a y e r   i m m e d i a t e l y   a d j a c e n t  t o  t h e  

t r a n s i t i o n a l   z o n e  ( P i g . 6 ) .  An i n c r e a s e d  t h i c k -  
ness o f  an ~ d ~ a c e n t   l a y e r   s h o u l d  result, i n  a 
d e , c r e a s e  i n  t h e  h e a k   e m i s s i o n   c o e f f i c i e n t  a n d ,  
h'cnce,   in  a d e c r e a s e  of i c e   t h a w i n g   i n t e n s i l r y .  
Tho o t h e r   r e a s o n   f o r  a d e c r e a s e  i n  i c e   t h a w i n g  
i n t e n s i t y  is B t u r b u l e n c e   e x r l n t i o n   c a u s e d  b y  
p o l y m e r   m o l e c u l e s   p e n e t r a t i n g   i n t o   t h e   f l o w ,  , 
dur inB  thawing .  

K t  is known t h a t  a turbulent f l o w   c o n s i s t s  o f  

turbulent.  core 

viscous  sublayer 

\ v i  Y C O U S  sublay. . ,  
, +t,ajning poiymer 

F i g u r e : 6 .  .The t u r b u l e n t  flow s t r u c t u r e   n e a r   t h e  
' w a l l  d u r i n g  i c e  thawing 

a-  near  t h e  p u r e   i c e   s u r f a c e ;  
b -  i c e   c o n t , a i n i n g   p o l y m e r .  

t hawing 'dnd   hea t  e x c h a n g e  were c a r r i e d  o u t  on a 
c l o s e d  hydrodynamic   contour .   the  o p e r a t i n g  
channe l s   be ing  made o f  t r a n s p a ' r e n t  o r g a n i c  
g l a s s .  The f l o w  r a t e  was c,hanged from 0 . 1  to 
4 m/s. The a n a l y s i s  o f  t h e   p t c t u r e s   s h o w s   t h a t  ' 
t h e   t h i c k n e s s  o €  a t r a n s i t i o n a l   l a y e r   v a r i e s  
f r o m  1 . 5  t o  7 m m  f o r  d i f f e r e n t  polymers .  C o c f f i -  
c i e n t s  of h e a t   e m i s s i o n  d e p e n d  upon t h e   f l o w  
ve loc i ty   and  d i f f e r  i n  t h r e e   t i m e s  o r  more f o r  
pure  i c e  a s  compared t o  i c e  w i t h  pulymer ( F i g . 7 ) .  

C r i l e r i o r l   a n a l y s i s  of e x p e r i m e n t a l   d a t a  f o r  
pure  i c e  g i v e s  a c o r r c l a t i o f i :  

Experiments on a t r a n s i t i o n a l  l a y e r ,  on ice 

N u  = 0.0138 Pen" 

f o r  i c e  c o n t a i n i n g  0 . 5 %  o f   g e l a t i n e :  

. ,  

Nu = 0.005 Pe'" 

a n d  Cur i c e  w i t h  0 . 5 %  o f   p o l y o x i e t h y l c n ;  

N u  = O'.OOh Pea" 
wlhert: Nu, '  PC a r e  t h e  Nusselt and Peckle   numbcrs i  

- 
U,m/s 

F i g u r e  7 .  The dependence o f  the   hea t   emisv ior l  
c o e f f i c i e n t  upon t h e  f low rat .e  

1 i s  pure  i c e ;  
2 i s  i c e   c o n t a i n i ~ ~ g  0 . 5 %  o f  g e l a t i n e .  

As t h e   i n l e n s i t y  o f  i c e   t h a w i n g  i s  d i r e c t l y  
p r o p o r t i o n a l  t o  N u ,  t h e   i n t r o d u c t i o n  o f  0 . 5 %  o t  
g e l o t i n e   d e c r e a s e s   i c e   t h a w i n g  i n  3 . 3  t i m e s ,  
t h e   i n t r o d u c t i o n  o f  0 . 5 %  o f  po lyoxide- in  2 . 7  
t . inles a s  compared  with  pure i c e .  
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M i  Hsizheng  and Wang S h a o l i n g  

The p a p e r  a n a l y z e s   t h e   c h a n g e  o f  t h e   a r t i f i c i s l   p e r m a f r o s t   t a b l e  and t h e  roadbed 
s t a b i l i t y   a f t e r   a s p h a l t  pavement  was l a i d  i n  t he   Q ingha i -Xizang   P lg t eau   pe rma-  

r o a d b e d   h e i g h t .   w a t e r  on t h e   h i g h w a y   s i d e s ,  i c e  c o n t e n t  of  t h e   p e r m a f r o s t , ,   a i r  
t e m p e r a t u r e   a n d   d y n a m i c   l o a d   e t c .   T h e   c h s n g s s   o f   t h e   a r t i f i c l s l   p e r m a f r o s t  

t h e  p n p e r  summar izes   the   change   law,  i n  a d d i t i o n ,   t h e   a u t h o r s  p u t  forward  some 
tsb1.e a f f e c t s   d i r e c t l y   t h e   r o a d b e d   s t a b i l i t y .  On t h e  basim of i n v e s t i g a t i o n   d a t a  

suggestions on p r a t e c t i n x   t h e   p e r m a f r o s t  w i t h  a n  a im o f  k c c p l n a  t h e   r o a d b e d  

I f r o s t   r e g i o n .  The  main e f f e c t   E e c L o r s  of  t h e  a r t i f i c i a l   t a b l e  are 8s f o l l o w s :  

I 

. .  

, ,  , , (  I 

. .  

THE CHANCE OF THE ARTIFICIAL PERMAFROST TABLE UNDER 
THE ROADBED A N D  EFFECT O N  THE ROADBED 

Lanzhou I n s t i t u t e  of  G l a c i o l o g y  e n d  Geocryology,  
C h i n e s e  Academy o f  S c i e n c e s ,   C h i n a  

s t a b i l i z e d .  
. 1  

A t  p r e s e n t   t h e r e  a r e  r 

.. ~n permarrost a r e a s .  'The 

' From 1979 t o  1984 t h e  as1 
\ l a s s e s   t h r o u g h  a c o n t i n u r  

; l n d  the  highway  has  been  runtring f o r  e l e v e n  
y e a r s .  N o w  about  300 km ( s e c t i o n )  of the   h ighway 
i s  damaged i n  v a r y i n g   d e g r e e s ,  C I  

r ~ f  t h e   t o t a l   l e n g t h .  F o r  t h i s  r e a s o n  i n  1991 
c : n g i n e e r i n a   r e n o v a t i o n s  were p r e p a r e d  f o r  t h e  
11 

>:a t ions   were   conducted  f c  
r ' n g i n c e r i n g   t h e  most i m p (  
t h e   i n f l u e n c i n g  factors F 

n t t i f i c i a l   t a b l e  a n d  t h e   I n f l u e n c e  o r  cne a r t l -  
I i c i a l  t a b l e  on  r o a d b e d   s t a b i l i t y .   I n   t h e  p ~ p e r  
t h e   a u t h o r s   d i s c u s s   t h e   p r o b l e m s  from i n v e s t i -  
g a t i o n  d a t a  a n d  o x p e r i e n c  
s u g g e s t i o n s  on p r o t e c r i n t  

kl and b are g i v e n - i n   T a b l e  1. 
I t  s h o u l d  be p o i n t e d   o u t .   t h e   t o a d b e d   h e i g h t  . ~- 

frost under  t h e  r o a d b e d .  T h i s  i s  a l e a d i n g  
f a c t o r ,  I n  a d d i t i o n ,   t h e  change  of  t h e   s r t i f i -  

Water on t h e  Highway S i d e s  
I n  t h e '   b u i l d i n g  p r o c e s s  t h e  o r i g i n a l   g r o u n d  

I N r L U C N t i L N t i  P A L I U K S  UY 'THE A R  

A f t e r  t-he aaph  
I l e r m a f r o s t  t a b l e   u n d e r  t k  

l o  a p p e a r  

l a c t o r s  of  t h e   p e r m a f r o s t  

As the   highway i s  h u i ?  
i n c t e a s i n  

c h a n g e s  w i t h  t h e  roadbed h e i g h t ,  and  the  change 
p r o t c c t i n y  permaf 

o f  t h e   a r t i f i c i a l  t a b l e  wi th   roadbed   he igh t   can  I c e  C o n t e n t  o f  p e r m a f r o s t  
hc d e s c r i b e d  a s  f o l l o w s  ( F j g . 1 )  T h i s  is t h e  i c e  c o n t e n t  near t h e  permafrost 

, : ' .  

A h 1  = k l H  + b . I ?  (1) less a t   h i g h  i c e  c o n t e n t  sections (WU Ziwaflg, 
1982), h e c a u s e   c h a n g i n g   i c e   i n t o   w a t e r   r e q u i t e s  

4 6  1 

LNTRODUCTION where, Ahl-  p e r m a f r o s t   t a b l e   c h a n g e   ( m ) ,   p o s i -  
t i v e  is d e s c e n d e n t ,   n e g a t i v e  i s  
a s c e n d a n t ;  1 0  r e l i a b l e  and c o s t  

s a v i n g   t e c h n i q u e s  f o r  b u i l d i n g   a s p h e l t   p e v e m e n t  
Qinghei-Xizang Highway _. H - roadbed   he igh t   (m) ;  

k l , b  - statistical c o n s t a n t s ,  
)us p e r m a f r o s t  region, 
)ha l t   pavement  W R S  l a i d  From v a r i o u s   h i g h w a y   s e c t i o n s   t h e   v a l u e s  o f  

~ m p r o m i s i n g  559. i n f l u e n c e s   t h e   h e a t  c o n d u c t e d  into t h e  perms: 

amaged s e c t i o n ,  and t h e r e f o r e   d r i l l i n g   i n v e s t i -  
) r  permafrnst. For 

cia1 t a b l e  w i t h  t h e  r o a d b e d   h i i g h t  is a f f e c t e d  
.by water on the   h ighway   @ides  a n d  r o a d h e d   s o i l  

) r t a n t   t h i n g  i s  t o  f i n d  
~ n d  change  law o f  t h e  

c h a r a c t e r i s t i c s .   T h e r e f o r e ,  the  s t a t i s t i c s   a c e  
I n *  ~ r . .  . .  s l i g h t l y   r o u g h ,  b u t  t he   l aw  i s  r i g h t .  

: e ,  and  propose some s u r f a c e   a t   t h e   r o a d b e d   s l o p e   f o o t  was damaged 
5 t h e  p e r m a f r o s t  i n  

r * n g l n e e r l n g .  
i n  some s e c t i o n s .  Due t o   p r e c i p i t a t i o n  w a t e r  
p i t s  were formed ,  c a u s i n g   t h e   p e r m a f r o s t  table 
to d e s c e n d .  For example ,  a t  Brdaogou,  l.n 8ame 
t h e   l a n d f o r m s  a n d  same s o i l  group  t h e r e , a r e  two 
d r i l l ' h o l e s   a t  a d i s t a n c e  o f  750 m e t e r s ,  one 

~ a l t  pavement was I s i d ,  t h e  d r i l l  h o l e  i s  l o c a t e d   a t  t h e  s e c t i o n   w h e r e  

d e s c e n d .  The t h a w   s e t t l e m e n t   c a u s e s   d e f o r m a t i o n  
t h e r e  i s  no w ~ t e r  at t h e  h i g h w a y   s i d e s ,   a n o t h e r  
d r i l l   h o l e  is l o c a t e d   a t   t h e   s e c t i c n   w h e r e  

r o t   h i g h w a y   f a i l u r e .   T h e r e   a r e  many i n f l u e n c i n g  

m a i n  € , a c F c - r s ,   a r e   a s  follows: 

. . I _ .  ..... .- -..- -."".. x-  . - T I F I C I A L  TABLE 

le r o a d b e d   s t q r t e d   t o  

i n  th.e r o a d b e d ,  t h i s  i s  a b a s i c   r e a s o n   t h e r e  is w a t e r   a t   t h e   h i g h w a y  s i d e s .  The a r t i -  
- .  f i c i a l   t a b l e  o f  t h e   f o r m e r  is 4.10  m. t h a t  o f  

: t a h l e   c h a n g e .  The t h e   l a t t e r  i s  5.60 m where the n a t v r a l  perma- 
f r o s t   t a b l e  l a  2.30 m .  'Th i s   shous   t hq t  &\)e 
i n f l u e n c e  of w a t e r  i s  v e r y   s e r i o u s .  I t  i.s. v e r y .  

I t  i n  a p e r m a f r o s t   a r e a ,  
~g t h e  roadbed   he igh t  h a s  the a c t i o n  o f  

c a u s e d  by w a t e r ,  b u t  r he   hea t   amoun t  is very  
g r e a t ,   l a k e   t a l i k 8   p r e   a n   e x t r e m e   e x a m p l e  o f  

1 Roadbed H e i g h t   d i f f i c u l t   t o   c a l c u l a t e   t h e   h e a t   m a g n i t u d e  

i r o s t .  The a r t i f i c i a l  t n h l e  t h i s   c o n d i t i o n .  

I t a b l e .   U s u a l l y ,   t h e   p e r m a f r o s t   t a b l e   b e s c e n d s  I 



Table I .  The v a l u e s  o f  k, and b 

Kunlun K u n l u n  Chumaer K e ? k e x i , . i  Fenhuo  Kaix in l in  T r ~ o t u n  
N-slope B a s i n  R i v p r  Mount.   South  River F l d c e  

k, -1.40 1 . 1 1  - 1 . 6 1  -1. .OY -1 .20 - 2  -01 - 1 . 3 9  
3 . 2 4  b 2 . 3 5  2 .19  3 . 6 4  2 . 2 1  2 . 3.9 3 . 8 7  

H(m) 

2 3 

-1 
, .  0 .  

. I  

'2 F r n h u o  mount, -2 Kalxlnlin - South 

, I  

F i g u r e  1. T h e  r e l a t i o n s h i p  o f  A h ,  a n d  H 

,I grea t   amoun t  of  l a t e n t   h e a t :  on t h e   c o n t t a r v ,  
t.he p e r m a f r o s t   t a b l e   d e s c e n d s  more a t  l o w  i c e  
c o n t e n t   s e c t i o n s .   F o r   e x a m p l e ,  a t  somewhere (month) 
 here a r e  two d r i 1 . l  h o l e s ,   t h e   d i s t a n c e  i s  Room, 
w h e r e   t h e  r o a d b e ?  i s  t .he 3ame i . e .  1 . 3 5  m ,  s o i l  
c l a s s i f i c a t i o n  is the   same i . e .  c l a y e y  soil, 
n n d  w h e r e   t h e   a n t u r a l   p e r m a f r o s t   t a b l e  i s  1 . 7 0 m .  (1982) 
The a r t i f i c i a l   t a b l e  is 3 .00  m and 3 . 6 0  m ,  
r e s p e c t i v e l y ,   c u r r e s , p o n d i n g l y   t h e   w ~ t e r   c o n t e n t  c 
is 3 3 . 9 2  and 72.11b. The d i f f e r e n c e  O F  t h e  t w o  u 3  

a r t i f i c i a l   t a b l e s  is, l , . b O  m., $ 4  
P 

A i r  T e m p e r a t u r e  
Me.an a n n u o l   a i r   t e m p e r a t u r e  i s  a c o n t r o l l i n g  

t lcve lopmcnt .   Along  the   h ighway  the   a i r   t empera-  
I a c t o , r ,  i t  c o n t r o l s   p e r m a f r o s t   f o r m a t i o n   a n d  

t u r e   d e p e n d s  on e leva t io ,n   he ' i gh t .   Through  
c x p l a r a t i o n  i t '  is' i n d i c a t e d   t h a t   t h e   p e r m a f r o s t  
r~nder' t h e   r o a d b e d   a p p e a r s  i n  a s i m i l a r   s t a t e  
j n  gome m o u n t a i n   r i d g e s ,  sand i n  a u n s i m i l a r  
s t a t e  i n  h a s i n   a n d   p l a i n   s e c t i o n s ,   w h e r e  t.hP 
Lhnw l a y e r   h a s   d e v e l o p e d .  T h i s  shows t h a t  t h e  
s e a s o n a l   t h a w   d e p t h  i s  more t h a n  t.he s e a s o n a l  
f r e e z i n g   d e p t h ,   B a s e d  o n  t h i s  f a c t  i t  i a  
deduced   r easonnb ly  when th ,e  mean a n n u a l  a i r  
t e m p e r a t u r e   r e a c h e s  a & e r , t a i n  va lue   t he   pe rma-  
frost u n d e r   a s p h a l t  p'ave'metif w i l l  d e s c e n d .  
Hecause of  a b s o r p t i o n  t i e $ t , i n ,  asphe1,t  pavement 
t h e  t h a w  d a t e  o f  the  s 'easona ' i '  f r o z e n  8 ~ o u n d  
r ~ n d e r  roadbed is e a r l i e r ,  Comparin,g t h e  t e m p e r -  
n t u r e   d a t a  of  o h n e r v a t i n n  d r i l l  h o l e  ( F i g . 2 )  
i t  i s  s e e n   t h a t   t h e   t h a w   d a t e  i s  e a r l i e r   t h a n  
i n  t h e   p a s t ,  a n d  t h e   c o r r e s p o n d i n p   t h a w   d e p t h  
i n c r e a s e d ,  t h i s  c a u s e s  t.hc p e r m a f r o s t  t a b l e  t o  

t h e   c h a n g e  o f  g r o u n d . t e m p e r a t u r e  i n  t h e   r o a d b e d  
i n c r e a s e   g r a d u a l l y   y e a r  by  y e a r ,  t h i s  i n d i c a t e s  

which d o e s  n o t  ~ p p e a r  i n  a c y c l i c a l   c h a n g e   y e a r  
b y  y e a r ,  so a thaw  l aye r  was f o r m e d .  The r e s u l t  
is a a c c u m u l a t i v e   e f f e c t ' o f  g r o u n d  t e m p e r a t u r e  
i n c r e a s e .  

F i g u r e  2 ,  Thaw-f reeze   p rocess  of the   highway 
c e n t e r  d r i l l  h o l e  
p e r m a f r o s t   t a b l e  

"" 0°C ground  temp. 
I f f !  thaw l a y e r  

'cable  was 2 . 7 0  m dur ing   h ighway   u se ,  now t h e  
s e c t i o n  o f  highway  has  been  abandoned f o r  8 
y e a r s ,  the p e r m a f r o s t   t a b l e   h a s  become 2 . 2 0  m ,  
a n d  the n a t u r a l   p e r m a f r o s t   t a b l e  i s  2,OO m .  
From this i t  is s e e n   t h a t   t h e   i n f l u e n c e  of ' 
dynamic  load 5.s 2 2 . 7 %  o f  t h e   ~ r i g i n a l   p e r m a i r o f i t  
t a b l e .  T h i s  f a c t o r  s h o u l d  be p e y e d  a t t e n t i o n  to. 

!)vnarnic Load LAW OF ARTIFICIAL PERMAFROST TAIlLE DESCENT AND 

h i g h w a y  a6  a n  e x a m p l e   r e  a n a l y z e  the  i n f l u e n c e  
of  dynamic   load ,   where  Lhc? o r i s i n n 1   a r t i f i c i a l  The descendence  o f   t h e  n r t i f i c i n l   p e r m a f r o s t  

Taking  R k3051+220 o r l ~ i n a l  s a n d - g r a v e l  RFFECT ON THE ROADBED 
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f i -  

t a b l e  i s  usua l ly   un i form,   and   depends  o n  t h e  
s o i l   c l a s s i f i c a t i o n ,   i c e   c o n t e n t ,   t i m e  a n d  
t o a d h e d   h i g h n e s s ,   e t c .  The d e p t h  o f  t h e  art1 
c i a 1   t a b l e  with t i m e   a p p e a r s  a s  f o l l o w s :  

h - kZN' ( N t l )  

w h e r e ,  h - a r t i f i c i a l   p e r m a f r o s t   t a b l e   d e p t h ( m )  
N - time a f t e r   a s p h a l t   p a v e m e n t  was 

l a i d   ( y )  
k2,a - s t a t i s t i c a l   c o n s t a n t s  

!;o, t he   change  of a r t i f i c i a l   t a b l e  w i t h  t ime is 

A h 2  = k n ( N  - (N-1) ) CI ii 
( 3 )  

'I'he v a l u e s  O F  s t a t i . s t l c   c o n t e n t  k z ,  a a r e  given  
in T a b l e  2 .  

T a b l e  2 ;  The v a l u e s  o f  k 2  and 
- 

a R @  
Place   he  

Kunlun l3asi.n 
6 6  s t a t  i o n  

1. 
1 

Wurlaol -j an8 1 
K v k e x i l i  South  1 
Fenghou M o u n t .  2 

60 h 
80 

3 . 3 8  0 .104  
h 3 . 7 1  0.109 

60  1 2  3 , 7 6  0.110 
95 10 3.33 0 . 1 1 7  
40 h 2.85 0 .064  

F i g u r e  3 ,  The r e l a t i o n s h i p  o f  t h e   a r t i f i c i a l  
t a h l e  and  t ime  ( f rom X i a n  F i r s t  Highway 
Exp lo ra t ion   Des ign  Academy) 

x - roadbed   descendence  
o - change  o f  a r t i f i c i a l ,   t a b l e  

The change  j n  t h e   p e r m a f r o s t   t a b l e  C A U S C S  
i n e v i t a b l y   r o a d b e d   d e f o r m a t i o n .  From F i g . 3  i t  
j $  s e e n   t h a t   t h e  pavenlerlt de fo rma t ion   dppea r  
n p p t n x i m a t e l y  i n  a l i n e a r   l a w :  

A H  k , N  ( 4 )  

where,  A H  - pavemen t   s e t t l emen t   va lue  ( m )  
N - t i m e  a f t e r  a s p h a l t  pavcmrnt W R . S  

k3- s t a t i s t i c  c o n s t a n t  
L a i d  ( y )  

Comparing kz w i t h  k3 i t  is known t h a t  
descendence  o f  t h e   p e r m a f r o s t   t a b l e  i s  g 
t h e   r o a d b e d   s e t t l e m e n t  is g r e a t  a l s o .  T h  

a f f e c t s   d i r e c t l y   t h e   r o a d b e d   d e f o r m a t i o n  
nhows t he   descendence  of t h e   p e r m a f r o s t  

s P a h i l i . t y ,  

i f  Ihc 

, - .  .. , 

PKELIMINARY CONCLUSIONS A N D  QUESTIONS 

P r e l i m i n a r y  Conclusions 

p e r m a f r n s t   r e g i o n  a grea t   change   occu t - r ed , '  
permafros t   t ah le   descends   and   the   thaw  l ' ay  
deepens .   These  chanRes cause  roadhed  non-  

, ' " 8 :  
, ,  

( 1 )  After  asphal t ,   pavement  * a 9  l a i d  i n  

s t a b i l i t y .  
( 2 )  Thaw t ime  under   nsphal t   pavement  i s  

t h e  

e r  
t h e  

e a r l i e r   t h a n   b e f o r e ,   t h a w - d a t e  increoscs, there-  
f o r e   t h e   c h a n g e   o f  t h e  soil t e m p e r a t u r e   u n d e r  
t h e  roadbed  does  not   appe 'ar  i n  c y c l i c a l   c h a n g e s  
year  h y  y e a r ,  the  s o i l   t e m p e r a t u r e   h a s  an 
a c c u m u l a t i v e   e f f e c t .  

T h e r e   e r e  many e f f e c t   f a c t o r s  of t h e  a r t i f i -  
c i a l   p e r m a f r o s t   t a b l e  change, t h e   l e a d i n g  
f a c t o r  i s  h e a t   t h a w ,   s e c o n d l y ,   t h e   w a t e r  on t h e  
highway sides i s  v e r y   s i g n i f i c a n t .  

t a b l e  w i t h  t i m e  i s  
The change o €  t h e  a r t i f i c i a l   p e r m a f r o s t  

. A h 2  = kz(N" - ( N - l ) a )  

The change o f  a r t i f i c i a l   p e r m a f r o s t .   t a b l e  
w i t h  t h e   r o a d b e d   h e i g h t  is: 

Ah1 r kiH C b 

Q u e s t i o n s   a n d   S u g n e s t i o n s  
One" o f  k e y  problems i n  r o a d   e n g i n e e r i n g  is 

r o a d b e d   s t a b i l i t y .  S o ,  i t  is n e c e s s a r y  t o  

mum thaw  dep th   unde r   t he   roadbed ,   t he   s t eady  
f u r t h e r  s t u d y  t he   fo l lowing   p rob lems :   t he   max i -  

t i m e  e n d  c o n d j t i o n s  of  t h e  a r t i f l c i a l  perme- 
f r o s t   t a b l e .  and t h e  c h a n g e s  of  p e r m a f r o s t  
unde r   t he   combined   ac - t ions  of h e a t  a n d   l o a d ,  so 
t h e t   p e r m a f r o s t   p r o b l e m s  in road e n g i n e e r i n g  
can   be   so lved   t ho rough ly .  

The a u t h o r s  who t o o k   p a r t  in t h i s  e x p l o r a -  
t i o n   i n v e s t i g a t i o n  of  permafros t   damage ,  p r o -  
pose   the  following s u g g e s t i o n s :   ( 1 )   C l i m i n a t i o n  
o f  water  on t h e   h i g h w a y   s i d e s ,  f a c t s  prove 
t h a t ,   t h e   p a v e m e n t   a p p e e r e d   s e t t l e d   o r  damaged 
i n  t h e  s e c t i o n s  where   the   h ighway  s ides  o f  t h e  
o r i g i n a l   g r o u n d   s u r f a c e  were des t royed   and  
water  p i t s  were   fo rmed .   The re fo re ,  i t  i s  very  
i m p o r t a n t   t o  i n s t a l l  c u l v e r t s   a n d   d r a i n a g e  
d i t c h e s .  (2) T h e  berm a n d  s l o p e  should  be paved, 
t h e  optimum m a t e r i a l  i s  s o d ,   T h i s  n o t  o n l y  
d e c r e a s e s   h e a t  b u t  a l s o   p r e v e n t s   r a i n w a t e r  
f r o m  e n t e r i n g   t h e   r o a d b e d   f r o m  two sides. These 
actions h e l p   p r o t e c t   t h e   p e r m a f r o s t .  ( 3 )  Choos- 
i n g   s u i r a b l e   r o a d b e d   m a t e r i a l s .  The  toadbed 
m u s t  meel t h e   n e e d s  o f  l o a d   a n d   f r o s t   h e a v e  
d u r i n g   w i n t e r .   U s u a l l y ,   t h e   c o a r s e   g r a i n e d  
s o i l s  a r e   s u i t a b l e   m a t e r i a l s .   S i l t y  and,  cohe- 
s i v e  soils s h o u l d  be a v o j d e d .  ( 4 )  T r e n t i n g  t h e  
non f i l l e d  a n d  e x c a v n t i o n   s e c t i o n s .  It h a s  b e e n  
proved a l l   t h e s e   s e c t i o n s   w e r e   d a m a g e d .  So 
t h e s e   s e c t i o n s   h a v e   t o  be t r e a t e d   s p e c i a l l y ,  
From t h e   p r e s e n t   s i t u a t i o n   E h e r e   a r e   s e v e r a l  
methods:  l a y i r i g  a p a r t i t l o n   h e a t   l a y e r  u n d e r  
t h e   r o a d b e d ,   l a y i n g   a e r a t i o n   p i p e s ,  or r e p l a c -  
i n g  f i n e  g r a i n e d   s o i l s  w i t h  c o a r s e   g r a i n e d  
s o i l s .  From many f a r - t s   I t   h a s  he shown t h a t   t h e  
p e r m a f r o s t  w i t h  a c u l v e r t  on two s i d e s  i s  
m a i n t a i n e d  i n  j t s  o r i g i n a l   s t a t e .  Through 
p r a c t i c a l   i n v e s t i g a t i o n   t h e s e  ways  have  been 
shown t o  b e  s u c c e s s f u l .  
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PBENOMENOLOGICU MODELLING OF FROST-SUSCEPTIBLE SOILS 

Radoslaw L .  Michalowsici 
, ,  

Department o € ' , C i v i l  Engineering, The Johns Hopkins University 
Baltimore, MD 21218, V.S.A. 

A constitutive model for  saturated frost-susceptible soils is presented. The 
growth of ice during freezing  is simulated through introducing a function 
representing the rate of porosity growth, rather than simulating formation of 
single ice Lehges! A hypothetical form for the porqsity rate function i8 
proposed. Qistinct features associated with sail freezing are captufed! 
dependence of heave on the temperature, temperature gradient, magnitude of 
porosity, arid stress state. The model i s  targeted at qualitative and 
quantitative;predictions of frost  heave, not at explaining the physics o€ the 
phenomenon itself. 

INTRODUCTION 

Two fmst-heave models which have bken useful fox indicating the qualitative 
advocated the most in the past decade or so tendencies the model should predict, the m d &  9; 
are  the rigid ice model (Miller, '1,978) ana the itself does not need to be derived directly ;; 
segregation potential model  (Konrad and From analyais of the micromechanical 
Morgenstern, 1980) A reliable quantitative  processes. This statement: I s  certainly true , -  

description of the effects QF freezing in in the mechanics of solids, where constitutive,.. 
frost-susceptible soils is stilT to be relations have been formulated an the basis O f a ,  
achieved. While the rigid ice model i s  the macroscopic effects observed on  the samples, ,:'- 

one most  widely accepted in the scientific rather than on the basis ar microscopic 
connnunity, the model based on introduction o f  processes. Such models are not expected to 
the segregation potential has proved to be a explain the natura of  the phenomenon, but to 
m r e  useful  engineering tool. Both madels are predict the magnitude of the macroscopic 
based on micromechanics considerations. The  effect. For Instance,  the classical model ,of 
formation of a single ice lens i s  modelled,  elasticity does not explain why some materials 
and the Clausius-Clapeyron equation is used to (in a certain stress range) behave 
relate the pressure in ice and water. . Neither  elastically,  but, i f  they do, this model 
madel i s  capable of predicting,the macroscopic predicts deformation of these materials quite 
stress  state in  the sol; skeleton'and i c e .  3 accurately. There is no reason why such 
They  include the influence of the streas only appraach to modeling frost heave in soils 
in terms of "overburden pressure', which is  should be dismissed. 
meaningful only in one-dimenslo~~l-%reazing 
processes. Besides the two mentioned above, POROSITY INCREASE IN FREEZING FROST- 
other useful models can be found in the 
literature ( e . g . ,  Shen and Ladanyi, 1987, 
Guymon et rl., 1984). It is assumed that the soil is fully 

The model which is presented in this paper  saturated.  Water coming .from the,,tlhfrozen .'::I 

is  closely  related to that  proposed by side of the freezing zone feeds the W W i n g  ? 
Blanchard and Frbmond (1985) , and is very ice lenses. Individual ice lenses axe not- :.x> 
different  from the other models in its modelled here; instead, the increase in WlUlIW 
approach. Instead of concentrating on the of a frost susceptible soil during freezing is., 
mechanism of a single ice lens growth, the described by a rate .of porosity  change, here : ;. 

concopr.  of a porosity rate function is 
adopted. :.The influence of temperature, fraction in a representative volume ofmthe A 
temperature ghradient,  current value of ' ,  , 7 ,  skeleton-water-ice mixture'W,ill be increasing 
porosity,: and,the stress state on the porosity due to influx of water and  "freezing. The,. ' 

increase 66 t*ken into  gccount. porosity rate f,uunctlon  de'icribing this j 

The model,, i s  not targatqd at explaining the increase i s  postulated in the following form,,.-.. 
frost  heave  phenomenon,  put is aimed at where 19 is theprate oE porosity CWange, ' 

qualitative and qantitative predictions o f  (an /a t ) ,  T is the temperature (In .aC), ,-'and> :', ' 

the frost  heav@!itself. While considerations, @(akkfd)) is a .funct$Qn ,dependent . I,. , , on ths. first 

, - , ,  of the microscopic mechanism (interactions 
between ice, water, and sol1 skeleton) are 

. , I  

. . ,  , 

*. . 

I ,(?' m-n 

, .  called a porosity rate function. The.ice 

., <"": .> 
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invariant of the stress tensor in i c e  

Function fi (eq. (1)) is a proposed 
hypothetical function which accounts for the 
distinct features associated  with  soil 
freezing known from laboratory  experlments. 

rate and the temperature at which that maximum 
Parameters fi, and Tu are  the maximum  porosity 

material parmeters. Figure 1 shows the 
occurs, respectively, and a and are also 

porosity rate (based on eq. (1)) as a function 
of temperature, a l l  other parameters held 
constant. By selecting a proper combination 
of parameters rlc and X,, the characteristic 
features o f  &l.fferent soils can be modelled. 
For instance, selecting a large value of fi- I 

and T, only  slightly below freezing 
temperature To, is typical of silts where the 

very quickly with a decrease in temperature. 
frost heave is very intensive but tapers down 

Clay, on the other hand, would be better 
modelled with a lesser value of 4 and lower 
Tu. 
Phenomenological 
descriptipn of 
the porosity 
dependent increase on C B h m  Y v- 

only two I 

parameters (I?, t j: day ! 
and T,) was 
suhgested 
earlier by 0 
Fr4mond (19871, 
and a simulation Tempmtum ( OC) 
of a boundary Fig.1. Illustration o f  
value problem  porosity rate function. 
was shown by L i  
et a l .  (1989). 
Note that the rapid growth oL porosity at 
temperatures slightly below the freezing 
temperature i s  chatacteristic of the growth of 
ice lenses at the freezing  front, while the 

below freezing can be interpreted as secondary 
lower rate of ice growth at temperatures wall 

frost  heave. 
porosity increase as a function of ..,. 

temperature alone cannat  accurately  predict 
the volume expansion due to ice growth in 
frost  suscefitible soils. This porosity 
increase must also be a functian of the 
temperature gradient, porosity  itself, and the 
stress state in ice. The expression  in the 
first pair of parentheses (eq. (1)) accounts 
for the influence of the temperature gradient. 
At the temperature gradient equal to zero 

line at the point where rl is calculated), the 
ice (or porosity) growth ceases as this 

gradients significantly lower: than zero, this 
expression becorns zero. At temperature 

expression approaches unity. The expression 
in the second set o f  pareritfiqses in eq. (I) 
takes the current  porosity into account: the 
larger the porosity, the lower the rate of 

-2 -13 -1  -.5 rmo 

(aT/al  = 0, 3 coincides with the heat  flaw 

-porosity increase. When porosity repchea 

unity, the entire volume is filled with  ice 
and the porosity rate drops to  zero. 

As the porosity increases due to growth o f  
ice in the soil, the increasing  stress state 
in the ics will inhibit the ice growth.  It is 
postulated  that the deviatoric part of the 
stress tensor in ice has no influence  an 19, 
and function @ in eq. (1) is made dependent 
only on  the first invariant of the  microscopic 
stress  in  ice (aMriJ). Function m(u*t'i)) is not 

model  development it is doubtful  whether 
specified here in detail. At this stage of 

function can be estimated  with a 
precision good enough to be of  any practical 
value. This is because the calculations of 
the stress state in ice involve  equilibrium of 
all three phases (water, ice,  and  soil 

suction are inherently  imprecise due to 
skeleton), and the calculations of water 

inaccuracies (in estimates o f  hydraulic 
conductivity as a function of temperature. 
Therefore,  for simulation purposea,  function 
@(omfiJ) in eq. (1) was replaced  with a 
function  dependent on the total  stress in 
soil, & (eq. 17). 
arlisotroplc character, lee., the increase of 

quantity. The volumetric strain o f  the soil 
the volume cannot be represented by a scalar 

due to ice lens growth is  relatively  large in 
the direction of the heat  flow  lines,  and it 
i s  Likely  to be small in the direction of the 
isotherm1 lines. To capture the anisotropic 
character of void  growth, the porosity growth 
tensor i s  introduced as 

Growth of ice in freezing soils has an 

0 1  

where 0.33 5 & 5 3.0. The two Limit values 
of 6 (0.33 and 1.0) describe the isotropic 
growth  and unidirectional growth of ice lenses 
(in the direction of heat  flow lines) , 
respectively. Tensor & is identical to the 
strain rate tensor for the  entire  frozen 
composite  due  to ice growth. 

UNFROZEN WATER CONTENT 

The fiecond material function  which  is very 
important to the model presented is the 
unfrozen  water  content  in  frozen  soil. A 
three-parameter function is postulated  here in 
the form 

where w i s  the unfrozen water Eontent as a 
fractian of the d.ry weight, d i s  the residual 
unfrozen water content at some very low 
reference temperature, 2 is the minimum 
unfrozen water  content at freezing  temperature 
To, and a is the third material parameter. 
Experimental data confirming this type of 
relation can be found in the literature (e .g . ,  
Anderson and Tice, 1973). This paper 
considers only the freezing  process;  during a 
thewing prmeae the unfronen water  content  can 
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also be expressed  by 6q. ( 3 ) ,  but parameters 7 
and a are  likely to be different. 

A MODEL FOR FROST W E A V E  SIMULATIONS 

To present the principles of .conservation for 
the freezing skeleton-water-ice mixture, 
quantities 0l*) ,  elwJ, and 0")  describing the 
volume fractions of skeleton,  water, and ice, 
are introduced 

VI*) 81.1 .I - - 1 - n ,  e(. = V'" 
-p - v n ,  

VllI ( 4 )  
e's1 = Ilr 1 n (1 - V )  

where V " ) ,  PwJ, and Vi' are the volumes of the 
soil skeleton, unfrozen water, and ice, 
respectively, and v = v " J  + Vu) + V i ) .  v is 
the unfrozen water c0ncentration.l.n frozen 
soil 

v -  ti'" 
I +  

The s o i i  i s  assumed to ba saturated, and the 
density of the mixture, p, can be represented 
as 

where p r a ) ,   p r " ) ,  ana pfi), are the densities o f  
the three comonents of the mixture, 
respectively. The heat capacity of the 
mixture per unit volume is 

( 7 )  

where C"), I?", and C"' are the mass heat 
capacities o f  the soil skeleton, water, and 
ice,  respectively.  Due to changing 
proportions of the components in the freezing 
soil, the heat capacity will vary. 

The heat flow is assumed to bO governed by 
the Fourier law-of heat conduction with 
thermal conductivity x being a function of 
temperature (3,  ( T) 

Qi i s  the heat flux vector, T is the 

Heat  conductivity $.(T) is a property Qf the 
temperature, and x i s  the space co-ordihate. 

soil-water-ice mixture. Temperature T i s  the 
temperature of the frozen  composite, and no 
differentiation is made among the temperatures 
of all three phases. Water transport i s  
described by Darcy's law 

(9) 

, ., 

where q, I s  the flow rate  vector, h is the 
hydraulic head, and k(T) is the hydraulic 
conductivity (a function of temperature). The 

total stress in domposite 6, is 

,. . 
where u 1s the pressure in water, a,, is 
Kronecker's symbol, and stresses with bars are 
related to the cross-section of the entire 
composite (macrostreesea), while the symbole 
without bars represent the micrdstresses. 
Deformability of the frozen composite is 
described by a hypoelastic-type constitutive 
law 

- .  
where el is the strain tensor &a . B ( X j i ,  is 
the constitutive tensor for the composite. A 
similar relation describes the deformability 
of the skeleton itself 

. , , ,  , ,  , 

51;) B( T) &Tk) (12) 
'f I 

where &ll* j  is the 'strain tens&?;and B(T) . IrJ 
is the constitutive tensor o f  the skele&;: 
Note that the strain tensor of "the compoaitx 
is equal to the macrostrain tensor in' the 
skeleton. 

The principle of energy conservation taKes 
the form 

where 1 is the latent  heat of fusion of Water 
per  unit mass and Bi is the fraction of ice 
(eq. ( 4 ) ) .  It needs to be mentioned that 
eq. (13) contains no term due to heat 
transport by water  flow. It also neglects the 
terms due to mechanical work. These terms are 
considered small compared to the latent  heat 
released during  freezing. The mass 
conservation principle can be expressed as 

The momentum conservation principle for the 
entire mixture (in terms of the total 
composite stress qi) is 

where g, is the  gravity acceleration,  vector; 
and for the skeleton 

Equation (10) allows one to find the atreBs in 
ice after the total stress  and the mcrostress 
in the skeleton are  calculated from eqs. 
(11), (121, (151, and (16), and pressure u j  
(suction) is calculated after the hydraulic 
head is obtained. Such estimate of the strew 

4 6 7  



in  ice,  though  theoretically  consistent, may 
be  inaccurate,  since u i s  very  aensitive  to 
hydraulic  conductivity,  which  changes w i t h  
temperature.  For  this  reason,  function 
@ ( U i j l i ' )  in eq. (1) is  replaced  here by a 
function  of  the  total  composite  stress,  and  it 
is postulated  in  the  following  form 

. .G 

j where EM is the  first  invariant of the  total 
i! stress  tensor  (compression  taken as positive), 4 is a  material  parameter,  and n i s  the 

porosity.  The  function  in eq. (17) is a 
hypothetical  function which accounts for the 

with an increase  in  the  stress  state.  Thus, 
descending tendency of the  porosity  growth 

the  rate of frost  heave  decreases  with the 
increase  in  stress Em. 

MATERIAL  PARAMETERS 

An application of the  proposed  model in the 
simulation of a  one-dimensional  freezing 
process is shown  in  the  next  section. Model 
parameters  are  assumed  to  be  known.  The  more 
standard  parameters,  such  as  the  unfrozen 
water  content  (a  function  of  temperature), 
hydraulic  and  thermal  conductivity,  initial 
porosity, and  densities of the  components of 
the  mixture, are assumed to be known from 
independent  tests.. It Is the  parameters of 
the  porosity  rate  function  that  require  some 
explanation  as  to  their  possible  methods of 
estlmatlon.  It is suggested  that  these 
parameters  be  derlved  from  tests  with  'ramping 
temperatures'.  When  the  rate of boundary 
temperature change is  sufficiently  slow, such 
tests  allow  a nearly constant  temperature 
gradient to be maintained in the  freezing 
~amp18, and, thus,  the  process  in  the  freezing 
zone edn be considered as approximately 
statioriary  with  respect  to  the  co-ordinate 
system  attached  to  the  moving  freezing  front 
(due to -gebmetrical  changes  the  process is not 
strictly  stationary).  The  heave  rate is then 
expected to 'be  nearly  constant.  Tho  heave 

described  as 
rate  obtained  from  experiments  can be 

where H is the height of the sample, and d,, is 
expressed by eqs e (1) and ( 2 )  . Porosity rate 
II for material  under  a  negligible  stress  state 
i s  a  function of parameters rl,, T,, U, and B; 
thus,  a  minimum o f  four tests  are  needed,  each 
with  a  different  temperature  gradient. Four 
separate  experiments are suggested  rather  than 

avoid  difficulties  in  interpretation of the 
non-stationary  porosity  growth.  Parameter 5 
needs to be evaluated  from  additional  tests 
where  the  sample  is loaded with  an  external 
load.  While,  theoretically, f ive separate 
tests  are  needed  to  evaluate  the five 
parameters, mre tests  are  desirable  to  obtain 
a reliable Pet of pauramotors. Determining  the 
model  parameters  then  reduces  to a "curve 

, one with a varying  temperature  gradient to 
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fitting"  process  with  five  free  parameters. 
The  tests used to determine  the  parameters 
must not be  used to verify  the adequacy of the 
model - 

In  the  simulation  shown  below  the  poroaity 
rowth  will  be assumed to  be  anisotropic  with 

= 1 (no  lateral  growth  of  ice  lenses, . , e 
eq. ( 2 ) ) .  Neglecting  the  weight o f  the 
sample,  the  first  invariant  of  the  total 
stress tensor I s  calculated  as 

where p is the  load  per  unit area applied  to 
the  sample,  and p is Poisson's  ratio of the 

to  calculate  function Ip (eq. (17)). which,has 
frozen  mixture. gm from  eq. (19) will be used 

an inhibiting  effect on porosity  growth in the 
freezing soil. 
Hydraulic  conductivity  undergoes  large 

changes  in  quantity  during  freezing.  These 
changes  can be incorparated  into  the 
calculations  easily,  however, only two  values 
of hydraulic  conductivity k will be  used  here: 
one  for  unfrozen  soil, and one for  frozen 
soil.  Also,  two  values of thermal 
conductivity  will be used  rather  than a smooth 
function of temperature. 

No exact  model  parameters  were  available for 
simulation,  therefore,  reasonable  values  of 
parameters  such as t h e m 1  conductivity  were 
assumed, and  the  characteristic  parameters  in 
eqs. (1) and ( 2 )  were  selected  in  such  a  way 
so that  the  result  of  the  numerical  simulation 
would  match  the  experimental  result  reported 
by Konrad  and  Morgenstern (1980). This,  of 
course,  cannot  be  regarded as verification of 
the model. 
Heat  conductivity of the  mixture  was 

estimated as =, 145 kJ/24h.mb0c for the 
unfrozen  mixture  and k = 175 kJ/24h.m.'C for 

mass o f  the skeleton was assumed to be 900 
the frozen composite. Heat  capacity per unit 

J!kg.'C. Hydraulic  conductiv4ty.  wa8 Qstimted 
as k 10" m/24h for the  froZBh'materia1,  and 
k = m/24h for the  unfrogen  mixture. Note 
that  the value for  the  frozen soil iS two 
orders  of  magnitude  lower  than that reported 
by Konrad and Morgenstern (1980): this is 
because  the  value  they  reported  was  for  the 
frozen  fringe,  while  here  it  is an estimate  of 
the value  for  the  frozen  soil.  The maximum of 
the  porosity  rate  was  assumed as f i m  = 15 /24h, 
and  the  related  temperature as X. = -0.15', and 
u = 0.2 and B = 5.0. The  parameters in the 
function  representing  the  unfrozen  water 
content  in  frozen  soil (eq. ( 2 ) )  were  assumed 
as: E =  0.15, w' = 0 . 0 2 ,  a = 0 . 9  /"c, and 
X, = O'C. The  density of the skeleton  in  the 
calculations was pl") = 2.7 Mg/ma. 

SIMULATION OF A 1-D SINGLE-STEP  FREEZING 
PROCKSS 

A freezing process of a soil  sample  was 
simulated  using  the mdel described in  this 
paper.  The  initial  height of the sample was 
1% CRI. This freezing  process is similar to 
that  described by Konrad  and  Morgenstern  in 
their 1980 paper  (test NS-10). A one-step 
Sreoziw process was simulated where the 
Initial  temperature af the entire  sample was 



l0C, and a t  time t = t, the  temperature .of  the 
top  boundary  was  dropped  to -6'C. The 
freezing  process  was  then  allowed to co<tLue 
f o r  10 days. 
Calculations  were  performed  replacing the 

freezing soil sample  with  an  assembly.of 
control  volumes, with the  heat  and mass flow 
occurring  between  these  volumes.  The 
temperatures o f  the boundary  volumeo  were 
adjusted to be  equal  to  the  prescribed 
boundary  temperatures.  The  diffusion  process 
was  numerically  generated  through  an  explicit 
scheme  (independently  calculated  fluxes 
between  the  control  volumes).  The  number of 
elements  (control  volumes)  was 20. 

(a) (b) 
.2 

.18 

.15 

.1 

.05 

0 

.1 b 

.l 

- 0  
8 4 -2 0 1 0 .05 .1 .15 20- 

Temperature (%) Unfrozen water content 
(fraction of dry weight) 

Fig. 2 .  (a)  Temperature  Variation  during 
freezing;  (b)  unfrozen  water  content. 

Fig. 2- presents  the  variation o f  the 
temperature  throughout  the  sample at different 
times o f  the  process,  and  the  unfrozen  water 
distribution (a fraction  of  the dry weight). 
The  initial  porosity  of  the  material  was 
assumed  to be homogeneous,  and  equal  to 0.35, 
which,  assuming  full  saturation of the  sample 
before  freezing, led to an Initial  moisture 
content of 0.199. under  given  boundary 
conditions,  the  heat  flow  process  becomes 
almost  steady  after  one day (Fig. 2 (a) ) . The 
Variation  in  the  unfrozen water content  is 
related  to  the temerature changes.  The  drop 
in unfrozen  water  content  with  decreasing 
temperature  affects  the  heat  diffusion  process 
through the relaase of latent heat (this 
coupling  leads  to  iterative  numerical 
procedures for solving  the  freezing  process). 

Fig. 3 (a)  shows  the  porosity  increase 
throughout  the sample due  to  freezing, and 
Fig. 3 ( k )  shows  the  increase o f  the  ice 
content.  Appearance of ice lenses  is modelled 
here as regions of increased  porosity.  The 
quick  advancement of the  freezing  zone  in  the 
first  four  hours  of  the  process  results  in 

in  void  volume is observed.  Once the  speed of 
freezing in s i t u  where no significant increase 

the 0°C isotherm  becomes  relatively  smalL, the 
process of porosity.growth  becomes  very 
pronounced.  The  ice  content  increases 
significantly  in  the  neighborhood of the 
nearly-stationary  freezing zone, which i s  
indicated by t h e  increasing  'bulb"  in  ice 
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Fig, 3 .  (a) Variation of porosity  during 
freezing process; (b) ice, content. 

content  distribution  curves  in Fig. 3(b). "The 
peak  in  the  ice  content  distribution  can be 
interpreted as the  'final"  ice  lens formed 
during  step  freezing,  while  the  increased  ice 
content  above  that  indicates a,lower average 
ice  concentration, e.g . ,  thinner  and  widely 

distribution in the  upper  part of the  sample 
spaced  lenses. The constant  ice  content 

indicates  freezing itl situ of that  part. 
The model presented does not  require ' 

calculations of hydraulic  head  (suction)  .to 
simulate  heave.  This is because  the  porqsity 
rate  function  becomes  independent of the -. 

suction if the  Influence of the  stress  state 
in i c e  is  neglected. It is possible,  however, 
to back-calculate  suction  assuming  that  the 
water  transfer  is  governed  by  Darcy's  law, 
Hydraulic  conductivity in frozen  soil is.very 
much  dependent  on  temperature  (especially: ir'l 
the  region of intensive  porosity  increase), 
and  its  exact  variation is seldom  tested  for 
practical purposes. Back calculations of  
suction  based on approximately  estimated 
hydxaulic  conductivity  are  not  very  accurate, 
but  they  are.presented  here so some 
qualitative  conclusions  can be drawn. The 
level  of  the  hydraulic  head  at  the bottom o f  
the  sample  was asspned to be zero.  The 
hydraulic  head and i t s  gradient  for  the 
simulated step freezing  process  are  presented 
in Fig. 4 .  The  distribution o f  the  cryogenic 
suction  changes  during t h e  process,  and  it 
reaches  its maxidm before  a big concentration 
of increased porosity,,  is formed. As expected, 
the  maximum of the  suckion  gradient i s  related 
to  the  maximum  heave  rate,  and  the  suction 
gradient  decrease  coincides  with a decrease  in 
the heave rate. Some oscillations  in  the 
magnitude of the  cryogenic  suction  and  suction 
gradient  were observed during  the  process 
(see, fo r  example,  the  sequence of result~:f~s 
2 ,  5, and 10 days). These  oscillatians doem 
to  be  of  a numeric nature alid become smaller 
with a decrease  in  time  step. 

The heave of the sample as a function of , 
time is shown in Fig. 5 .  Du$ing the step 
freezing  process  the  heave  rate'lderivatiV&^of 
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Such behavior o f  
stationary. 

the simulated 
sample is to be 
expected, since 
it is postulated 
In eq. (2) that 
the porosity 

with an increase 
rate decreases 

heave rate 
reaches its 
nuaximum 

t I 

H '  
somewhere at. the 
beginning of the 
process, but not  A 2L 
at. the very 
start of 
freezing. The Fig. 5 .  Simulated heave. 

gradient is 
temperature 

highest  in-the frozen part of the sample at 
the beginning of step freezing, The porosity 
rate increases with an increase in l aT/ .az l+  
Heave of the sample, however, is the integral 
of the volume increase over the frozen part of 
the sample, and  this frozen parr is small at 
first, when the magnitude of the temperature 
gradient i s  high. Consequently, the sample 
(during step freezing) reaches the maximum 
heave, rate not at the very start o f  the 
process, but shortly after, see Fig. 5(b) 
(sorne fluctuations in the simulated heave rate 
were also observed, due  to,discretization of 
the sample for numerical calculations). 

I)iwrete points in,Flg. 5 (a) represent the 
heave measured by Konrad and Morgenstern 
(1980). While such simulation cannot be 
considered a verificatjon o f  the model, the 
numerical results indicate that the model 
psoducss very roasanable qualitative results. 
The four curves for p > 0 In #is. 54a) 
Yepresent heaving for overburdm pressures of 

0 
0 .2 .4 .I .B 1 

Time (days) 

30, 100, 200, and 300 kPa,  respectively. As 
mentioned  earlier, the stress state in ice, 
which  is  likely to be a governing  factgr in 
decreasing the heave rate,  cannot be 
calculated  accurately.  Therefore,  the 
decrease in the porosity rate due to an 
elevated stress level was expressed as a 
function of the first  invariant  of the total 
stress state Skk (the €allowing parameters  were 
used in eq. (18) and (19): p = 0.3, 

' = 0.333) . This hypothesis requires k r e  
study, Chough the reduction in frost  hgave 
shown in Fig. 5(a) due to overburden  seems  to 
be reasonable. 

FINAL REMARKS 

The model presented in this paper  has a 
p,henomenological character; and it  is  not 
derived from micromechanicql processes.,  The 
primry reason for formulation of this mdel 
is,to create a predictive tool.  for qualitative 
and quantitative estimates of  frost heave, not 
to explain the phenomenon itself. 

While no experimental'  data is available 'to 
verify the model quantitatively, the 
qualitative results ar0, quit,e  ericouraging. 
Simulations were also performed fax prdcesses 
with multi-srep bwundary conditions 
(Michalowski, 1992)., and WLth ramped 
temperatures. ' The quali'tative results are 
equally  promising. 

Further development of the model needs to 
concentrate on experimental verification of 
the porosity  rate  function, and on a more 
precise capturing of the influence of the 
stress state in frozen soi ls .  
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TRANS AwLslcA PIPELINE ~ T N S W I O N  Il ATIWN PASS 

X d t h  F. wobley, P.E? 'md John E. FmrrellP 

(1) Engineering Project kdmr on aont rac t  to 
Xlyemkr 'Pipelin.  Service Co- , Anahorage, f iauka-  

(2) Civil Enqinrrtrlng Coordinator, 
Alyemka P i p d i n e  Semiam Co., Anchorrgr, Uamka. 

npproxfmmtdy 520 tatera of khm Trmm Alrnka Pipmlinm i n   t h r  Brook. M g r  of Aluh 
ware re inmulatad  in  1990. Thr xraPtr apuntrinaus aitm and the harsh uattla climte 
mrd. thm pro jec t  difficxl3.t t o  conrtruat.  Thir papsr diacumamm how the   i nau la t ion  
duign and  nu tar ia la   ae l ra t lon  mtr dxivmn by~th,a environnwntal  aonatrainta. Snnral 
inmulation myateam uura avduated u a pmrt of t h e  d m m i g n  PMCI.~ of t h e  ameond phue 
of conatruetion. Wrtar and water vapor  abmorption, d u r d i l i t y  md conmtruction  fratorm 
-re aonaidmrrd. It yam found t h a t   p l u t i c  watmrprooi  inmulations will abaorb 
nignif ic l rnt   qurnt i t ie8 of water vapor under condition. m i a r i l r r  t o  thwar axpoctmd at t h e  
projeat mite. 11 miupla laboratory temt wam clavalopd to  c q a x a  vrpor  rbroxption 
uprbilitiem of the diffrrmnt  inmulrtionr. Tha tertm did not  provide mnough 
i n i o n m t i o n   t o   p r a d i c t  how t h e  inmulation would r c tva l ly  pazform I n  ,tho field. A t e a t  
a rc t ion  of t h e   t h r w   l s d i n q  inmulationm ayrtama w a  aonmtructd md inat-ntd to 
provide long-term psrformurir avaluation. - 

Approximatmly 520 m (1700 Emmt) of t h e  T r a m  
Alamka Pipe l ine   in   the  Brook8 Range of Alamka waa 
reinmulatad  in 1990 becauma of da te r io r r t i on  of t he  
original  inmulation ayotum. The decision to replace 
the   o r ig ina l   inaula t ion  w u  b u d  on zmnitoring 
data and vimual  obmrrvationa during nmintmmnca 
pro jea ta .  Beyond the  physical   conatrainta impaaed 
by t h e  p L p  i tmelf ,   the  -to mDuntainaum *ita and 
harah arctic cliaata influmnced how t he  
conatruction WM to be completed. 

An a part of t h e  d u i g n ,  fivm propmod 
inmulation  typea ware evaluated f o r   t h e i r  
mui t rb i l i ty .  Water and water vapor  abmorption, 
durability,  and  conafruction  faatox. ware uned t o  
d a t e d n e   t h e   f i n a l  inmulation ralrcklon. X aimple 
labora tory   t ea t  w a a  clawlopad t o  cosnpare vapur 
abmorption po ten t i a l  o f  t h e  different  inmulation 
myst-. Baaed on t h e  xeaultm of t h i a   t ea t ing ,  M 

inmulation aymt.m YM demignmd and  conmtructd 
which included  the above  nwntioned  factor.. 

The laboratory  temting did not  provida enough 
information to predic t   tha  long-tam pmrforrrvncm of 
the  inmulation  in thm f i e l d .  To provi.de addi t iona l  
f ie ld   information,  a t e a t  mmation. of  tha  three bart 
insulrtionm vystemn warn aonmtmctad  urd 
inat-ntd. Periodic readings of the  raonitoting 
inmt-nts continue to be made. - 

Atigun Pam. i m  loaatmd on tha   cont inental  divida 
i n   t h e  Brooks Range in   nor thern  Alaska (Figure 1). 
Thia paan provided t hc   b ra t   ove ra l l   r ou te   fo r   t he  
T r a n s  Alrskr Pipeline t o  br ing  w a r m  (5W - 6 4  C )  
c rude   o i l  from Prudhfm Bay to Valdee. The arctic/ 
continental  climate in   the   reg ion   cons is ta  of 
brief, cool surmmra from June  through Auguat and 
winter dominating the  rrnuinder of t h e  y e a r .  

The work mite i m  loamt'd an >tha mouth ai& of 
ths pama about 2 .5  km from t h e  top. The drainageway 
through which the   p ipe l ine  i n  loaatmd i.m mtsep and' 
naxmw with  about a 200 m dxop i n  1.5 km, 
Sidea lopa  rmgm frm 30 t o  10%. Soiln conaint of 
avr lmahe  md rockfa l l  dmpomit. f r o m  3 t o  50 rn 
thick.  C h a r  ice lmmem up to  2 m t h i ek  have bwn 
ancountered i n  borsholer drilled at tha mite. 

Prior to p i p d i n r  aon.truction,  -technical 
urplorakion rrwaled mevexal armam of iw- r i ch ,  
thaW-UnSt*ble permafroat  along the propomad 
p i p d i n e  'route. undar nom aonatruction 
conditiona, t h e  piprlinm would hrvm b*rtl b u i l t   i n  
m above-ground rmde .  h e  t o  snow avalmcho and 
rockfa l l  hazards, h o w s r ,  two inmulatad b o x a m ,  one 
aach for the   nor th  md aouth m i &  o f  t h e  p a a m ,  w e n  
dnignd t o  allow below-ground con6truction i n  t h s  
zone* wh+ra thaw-unatmblr moil6 wan found (Raf 5 ) .  
k h  inmula td  box conaimtad o f  53 ua (21 inchre) 
of r i g i d  borrd inmulation  murrwnding  the  pipe, 
aupported by a wnareta pad. The n p r c ~  h t m n  the  
box walla  and  the  pipe v u  i i l lad with a cmrnnt 
grout (Sea Fig. 2A) . Embe&ied within  , the  box wmre 
maorifiaial  rtugnma~unr a n d a  for cathadic 
protection. 

In 1979, h u t  2 yrlrrm af tex  a&plat ion o f  
pipsline  aonmtruction, a pipe lrrk r r s u l t i n g  from 
thaw-mettl-nt waa dimuovazed in Atigun Pam8 (Ref 
2 ) .  A major rmpair affoxt,   coupled  with  axtmaive 
axplorrt ion and zmnitarifig pragxmn anhanarmants, 
w a s  conducted  from 1979 through 1981. Several 
meationm of t he   i nau la t rd  box vera found to  havr 
expedmncad  aignificant  mettlamsnt caumed by 
degradation of the unhrlying  pxmmfrout.  -pair 
work i n e l u d a d   l i f t i n g   t h r   p i p e l i n e   t o  &Ea 
atremmmm, construction of below-ground mupports, 
moil grouting,  dewatering w a l l m  md drr inag .  
d i t c h e s   t o   c o n t r o l  w a t e r ,  and tmchmLcul refreezing 
to r ea to re   t he  pernrafromt. Therraoayphons mrn alno 
inatallmd  to  maintain  tha  frorrn moil i n   a r i t i c a l  
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araaa (Ref 6 ) .  A n  axtmmitn raonitoring mymtrm 
wnmimting of  thmzrmtmtor  mtringm and mu- rod. 
attrahmd to  t h m  p i p  waa ntmbl iahd  during C h i .  
ti-. 

Subsequent r m n i t o r i n g   i n d i o a t e d   t h a t   t h r e e  axeas 
i n   t h e   a o u t h  m i &  inaulatmd box, eneompuring abaut  
275 m (900 f e e t ) ,  ware cont inuing  t o  natt le a n d   t h a t  
atresmes i n   t h e  pip. were approaching mutinnrm 
allowable valuma (Ref 4 ) .  In 1988 thema  th- areaa 
wmrm axaavated and relevelad. 'hcaume  the  inau1at.d. 
box i n  thema a m a a  wau -d, t h e  inrulation waa 
raplaced with I1 an (16 i n . )  o f  annular  extrudd 
po lyn ty rens   i n su la t ion  (Soo Fig 2 8 ) .  

one of the mrjor cauaen of thm permafront  degradation 
waa groundnatmr flowing along the  unin8ulat.d p o r t i o n  
of the   p lgml ine   t ranah  above the   insu la tmd baxma, 
t rannpor t ing  hart th rough  the  trmah outmidm t h e  
innula t ion .  A. t h e  
permrfrort thawed, t h e   p i p a l i n e  urd inmulated box 
mettled. The mettle,rmnt tmndad t o  c r i c k   t h e   c o n a r a t a  
m d  grout  and t o  mpraad t he   j a in tm  in   t he   i nmula t ion .  
Thin m v w m n t   i n   t u r n  allowed nwre water t o  collu i n  
contiat with tha w i r m  pipe, r k c e x b r t i n g   t h e   t h a w i n g .  

During t h e  19EE r e i n r u l a t i o n  and r e l a y l i n g  T r k ,  
water w a s  found trappd a g a i n s t   t h a ' l p i p r ,   i n   t h r  
i n s u l a t i o n   j o i n t s   a n d   i n  the inmulat ion parr mpaacrn. 
The p r o t e c t i v e  taps c o a t i n g  w a n  deke+s,xatmd and 
ex te r io r   co r ros ion  wam noted. Also thc sacrificial 
magnamium mod.# had swrrmd d y  to$ tha qakt l snant .  
Bamod an theme  abmrrvations, i t ' w i a  xau-ndad thrt 
a l l  o f  t h a  remining p o r t i o n  o f  the. epy,vtP, inmulatad 
box bs rsp1ea.d. To r rduae  further a o r r o d o n .  
p o t e n t i a l ,  the p i p  will ba racaated &d t ha   ca thod ic  
pro tec t ion  mymtm repaired. Tha'laut portion of  t h e  
p r o j e c t  to rmplace t h i s   i n s u l r t a & b o x  i a  t m t a t i v s l y  
schedulsd for 1994. 

During eazlier repair work. it ram concludrd  that  

- 
The innulat ion  used to  r e p l a a e  tha i n s u l a t e d  box 

necda t o  ba able to tolerate a wet environmant and 
pip. mvsmanta   aaaoc ia td   wi th   mr t t l rmsnt ,  p$pa 
pulses   and t h e m 1  cxpsnaionm and contract ionn.  The 
annu la r   i nnu la t ion  ayatern is more forgivlnq fer lrvinox 
w v u m n t a   t h a n   t h a  rigid, b r i t t l e   i n s u l a t m d  box. 
Beard a tock   insu la t iona   main ta in   the i r   thermal  
properties b y   r e u i a t i n g   m i m t u r e   i n f i l t r a t i o n ,   w h i l e  
o t h e r   i n a u l r t i o n n   r e l y  upon a waterproof  jacket t o  
p ro tec t   t he   unde r ly ing   i nnu la t ion .  

P lan t ic .  board ntock i n s u l a t i o n s  are known t o  
uptake  merinture i n  the p o r e n  dmapite t h e i r   a l l e g e d l y  
being waterproof (bf 3). Labormtory tent ing  mubjsctn 
the  inmulat ion  aanplcs  to imnars ion   in  w a t e r  for 

vary ing  lmgthm oL t-. Thi. teak shown rhmther the 
inmulat ion i# r o u m t i a l l y  watarpsoof, Fiald 
-ation#, h-r, mubjwb thm Lnqulptkn *o a 
different rnvironmrnt thrn m u b m r h n , .  In' the f i e l d ,  
rater in f i l t r a t rm  c raakn  md joint .   and p t m  hartad 
in proximity t o  t h e   p i p e .  sexm of thm water a h n p u  
t o  t h e  vapor phme   and  ia driven by t h e   t q e r a t u r m  
d i f f a r m n t i a l   i n t o  the perr apaws of the inmulat ian.  
Bmaaume t h e  inaide and  outmide t a ~ p r a t u r a m  aze 
i n h e r e n t l y  diffarant md not  conarmt, the vapor 
partial prea#ute  dlffarontial i m  n o t   c o n a f m t .  When 
t h e  partial preaaurm i n  a g i w n  pore daa-ma t o  t h e  
daw p o i n t ,  the uccem vapor i a  changad back t o  t h e  
liquid p h u e .  T h i m  churge a l t e r a  tha t h e r n v l  
oonduct iv i ty  of t h e   i n n u l a t i o n  which f u r t h e r  altsru 
thr vapr premoure  diffmrmntial. By Eontinuoum , 
r e c y c l i n g  of thie conprlur ~llehmism, water vapor i a  
hrc& frrthar urd fa&hmr i n t o  thm inmulat ion cromm 
mection. m r  tinw, the effrct ivmmam of thm 
Xnuulatian datrriorrtma. 

Eamimtmar t o  vapor abaorptian, I mimpla l r b o r r t o x y  
t e n t  program wan developd. Dua t o  tium wnmtra in ta ,  
only a mingle  act  of t e a t s  WM p r f o r n w d .  The n-le 
t m m t m  provided only eomparativa  tent  ramultn o f  thm 
i n n u l a t i o n  aamplem. 

The five d i f f e r e n t   i n a u l a t i o n  aamplea wdxm f i x a t  
oven-dried, and the ir  clry conduct iv i ty  WM tmatcd 
uning a conmtant  energy  thmmul proba i n a a r t a d   i n t o  
t h e  nample. Power w a s  applied for tmn minptea, und 
the tamparatux*  changaa rarq:i!yordd and the?%& 
conduc t iv i ty   ca l cu la t ed .  Tha ya ,u l tm zrmtchr8. the 
rmnufautuxars ' published  aondd%ivi ty  valumm. The 
insu la t ion   aamplar  wdra cut i n t o  8.3 ana dlamter by 
2 . 5  c m  th i ck   d i skn   and  were -tad i n  a plaxiglrmm 
mupport '€rum with  both f l a k  facam of thm inmulat ion 
ucposad. The #upport frams w a a  plaamd avax n m a n l a d  
watax  bath urd t h r   a n t i r r   r p g a r n t u a  p l a d  i n  a cold 
r o o m .  Thm w a t r r  ba th  wna d n t a i n a r d  at 60" C, ,and the 
aold ram wae m i n t a i n a d  a t  0" C. Thin t a u t  Btiermal 
range approximuted  adiiual fiald tamprrturrm ' 

pxmvioualy  rmasurd.  Figure 3 ahow6 a aalumatic of 
t h e  t e a t  appnratum. 

The i n n u l a t i o n  WM k e p t   i n   t h e  t a u t  apparatua €or 
4 meke .   Pax iod icu l ly   du r ing  the temting thm srmples 
were rawmvad, the   nuxfacr  blotted dxy, and t h e  mample 
woighrd. The i n c r e a s e   i n   w e i g h t  wan p l o t t r d  as watar 
uptake. Sem Figure  4 .  A t  the enci of t h a  trst period, 
al l  of t h e   a m p l e a  w e r e  trmtad for a moiat thermr l  
Conduct ivi ty   using thar a- p?Bamduk& M tha,l'?vur-dry 
nunplam. The rrmultm of t h i s  ' f rn t ing  are. p x w e n t a d   i n  
Figure 5 .  

To evalua te   d i f fe ran t   inmula t ionm for thair 

To cletemnina t h e   t h i c k p a s s  of i n s u l a t i o n  rrguirrd 
to keep the foundation' moil&,+p therm1 aquilibrium, 
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a t w o  dimdhaional f i n i t e  elamant analyaia walo 
pmrforrmd (Raf 1). snnral different n w d a l m  WIEQ 

I ,  compute pro*rding t h e  ranga of thaw and refreezing 
" that-  might , b o  axpaetcd in the field. Bmaauaa arrtual the modium #ilia glama,inaulation maintained i t a  . '  

! moil and a i x  tinparaturam and the effaat of w i n g  tharmnl conductivity the h u t ,  folloand by P W '  fum. 
water ware riok.hown, the'moil tharuul pltarrrtesm In  evaluating the; oonrtxuction  'techniques, the daaign 
wmra eatirrmtsd *nd the remultm of the Wiling ware Life of the project and thr.ahi@ping rmquiramsnta,', 
conmiclarrd apprsximate. the PVC foam waa chosen for the  project. Thr 'PVC 

The ,reuultm of thr laboratory  touting  indicated' 

' :. : 

Figure 5 .' 
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inaula t ion  cr08m maction war bui l t  o f  thraa lnminatrd 
layer.. Thin and dmmar inaj..ds md outmido l aya r s  
mmndwichad thicker, nwxr fnlgile and lass 
aonduativm  cmntrr. Tha d m m a  inmi& lap' waa 
dedqned to reduaa vapor trmmport. The danar 
e e r i o r  a h e l l  MI damignrd t o   p r o t e c t  thm inmulation 
f r o m  conmtructian dunrge dur ing   bur ia l .  3hr 
in.ulation d a m i g n  i m  mhom i n  Figure 2C. The 
thicknssm o f  the  inmulation aymtun WAM baaad 
prinmxily  on the mt .conduativity vrluqa abthined in.'" 
the   laboratory  tamting.  - 

Am p a r t  of the  aonmtruution project to inmta l l  the 
PVE: foam inmulation, a f i r l d   t r a t   s e c t i o n  waa 
constructed to further evalua te   the  W C  foam md 
rilica glum inmulation. The expuadrd polynfyrane 
annular   inaulat ion placed on thr pipe i n  1988 wan 
11.0 inaluded i n  the test. The trmt rea t ion  was 
chewn bamad on loca t ion  o f  t he   rx i e t ing   po ly# ty rme  
inmulation,  groundwatrr  conditionm,  and &&en- o f  
known w a l a n c h o   a n - s u t  oonem. The rbrrncr of 
potmntial  avalinahrm waa to protect above-ground 
m i t o r i n g  inat-ntation. 

Approximtely 3 nmtaru of  a a l l u l a r   q i l i d a   g l a a u  
insu la t ion  warn i n 6 t a l l e d   b e t m n  tha PVC foam and the 
eximting polymtyren. foam. Figure 6 prerents  a 
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I .  ' CAST.IN PLACE CONCRETE PILES IN PERMAFROST 

Truls Mfllmann' and Kssre Senneset' 
.. . 

I ,  ' 
' ,  , v <  

, '  'Barlindhaug AS, Tromsd, Norway 
ZF&e&ical Division, The Norwegian Institute of Technology, Trondheimi Norway 

low cos1  method of concrete foundations in permafrost regirma. I ! .  

INTRODUCTION 

Due to recent Norwegian progress in the  field of concrete technology 
and  the  fact  that  Longyearbyen ha5 a concrete plant, the development 
of bod cast in situ concrete piles is of great  interest. 

For decades dwelling houses in Spitzbergen  have  been built on  wooden 
pile foundations, but the  development towards heavier and  more 
complex constructions in permafrost has. mssi tarcd heevicr faunda- 
lions. Prefabricated concrete piles have  mainly been used, but distance 
01' transpirt has resulted in relatively  high  installation costs. This 
research program  was  therefore initiated to develop a more economic 
and flexible method  of pile foundation. 

The principle is t0 drill a hole with diameter 200 mrn and  depth from 
5 m - 10 nl, install  reinforcemcnt  and fill up with fresh  concrete. 
During the hardening and curing period, the frozen  adjacent  ground will 
act as a formwork. Out studies  have  dealt with below 0 "C concrete 
tcchnology as well as geotechnical fiozen ground  problems. 

This study also continues  the research work done by Bredescn, 
Pushmann  and Gregctsen. published in the Permafrost Fmcccdings, 
Vol. 2, from the V. International Conference on Permafrost in Trond- 
heim, Norway, August F98i3. This wns a "Long  term  settlement t e s t  for 
concrete piles in permafrost", and one of the three test  piles was in fact 
a cast in situ reinforced concrete pile. 

World wide  research  studies on this wlrjecf hare contributed  very little 
to our knowledge of the  bearing  capacity of piles installed by this 
mcthod. It has bcen suggested that, cast, in. situ piles produce an 
excessive thermal disturbance of frozen gumund during concrete curing, 
and in this way c a m  effeco at the pile/natumi  permafrost interface 
which will reduce  the bearing capacity. 

Our laboratory research work has therefore  been omxntrated on the 
extent to which the thermal conditions in the frozen ground  will be 
infuenced by the relatively  warm (fresh and hardening) concrete. 

$* 1 ,  

Fig. 1 is an illustration of the expected  influenced zone I 
pile surface. 

ldjacent to the 

Of the ground parameters ,determining the  bearing  capacity, our main 
interest was the possible change of ice content  and  salinity of thc frozen 
ground surrounding the piles  owing  to  the thawing and freezing 
process. Our  main  concern WBS the  eventuality of migration of moisture 
towards the  pile, and forming a thin layer of ice coati,u at  the pile 
surface, The bearing capacity design might hen bc that gf a pile in 
pure  ice. 

Likewise we wanted to investigate  whether then' was B detectable 
migration of salt towards thc pile surface. Salt is known to depress the 
freezing  point of pure water thus accelerating the creep rate  and 
reducing the shear strength of frozen soil at the pile interface. 

.,; 

, .  
, . ~ , , -  

, I  

, , .  
I , \ 

Fig. 1. Expected migration of moisture  and salt. 



TEST PROCEDURE , 

Initially we had to devclop a test procedure which  simulated  the  natural 
conditions of a cast in situ concrctqconsQcti6n Wfrozen svil'matwitll. 1 
The idea of a circular steel tank came from BIGGAR and SEGO'S 
"Cimcnt Fondu  based gmut test"  published in the Proceedings of the 
Fifth Canadian Permaforst Confcrencc. 

Fig. 2 illustrates the iavestignyd,scc$pe:pf a pile ca&n frown proaund, 

7 ' 1 1 ~  tcsts were carried out i n  u stccl tnnk conmining nplwxitnatcly 0.5 
t u '  of soil material.  and during freezing of the  soil material a hoic (Q 
215 mm, h = 300 mm) in  the centre was made by using a formwork of 
oatboard material. The size of our test  tank  was  determined from 
prnctical  handling  and storing considerations as well us preliminary 
calculations of thermal conditions in curing concrete. 

After having established stable themid conditions in the  frozen soil' 
snmplc,  the formwork was rimovad, apd thc'remaining hole wns filled 
with concrete, ' 

The dianleter of the concrete pile section was taken as an average of 
those installed to date in permafrost arcas. 

The 50 mm glycol - filled refrigerant chamber surrounding the test soil 
was to securc a controllcd krnpcraturc at thc outcr cdgc of the soil 
,material. ,At thc.bottom. and on top of the soil a PVC-membrane  and 
liK) mm polystyrkn insulation were precautions made to simulate field 
temperature and most cunditions. 

' J r i  the Iafmratgry at, {he  Norwegian Institute of,Tcchnology we have 
simulated concretc casting and hardening,pr~ess'in,icc-poor frozen 
ground at temperatures - 1  "c, -5 "C and -10 PC. These lenlperefurcs 

' were ch'aractcristic tempcralum from the seasonable ground  tenlpcrrr- 

"C covers both summer and  winter permafrost conditions.  Our aim was 
to test a pile foundation method  which could be carried out at any time 
of the year. ,, 

, ,, 2 '  2 " ~ 

, .. . .:. , , L ,  .' 

! ,  . '  ,,,:>n : t ' /  

, .  . ,  

3, 

. . -  ., tu& prafi1Fs  iq Longpearbyen. The temperature span fmm -1 "C to -10 

.,<. . ,.  I .  , 
I _ . ,  , 

:.;,, . p t  ! 
. . a * *  , .I , , , , I  I ,  

, , , , 3 ,  
. , .  . .  , 

7.T , 270 ,. 215 270- 

Fig. 3 is an illustration of test temperatures of this  program related to 
a schematic graph  of  the  ground  temperature profile in  Longyewbyen. 

Initially after casting, temperature surveillance  and registration started 
both  in the concrete pile section as well as in the surrounding froten 

, so#. 

Our. research work was camed out in two  parallel series. One with 
concrete mixed withiin anti-freeze additive, and  the other with concrete 
having a heating cable placed  vertically in the centre of the pile model. 

This ww to ensure the  thermal  hardening conditions of concrete cast in 
frozen soil  material. 

Tests were also made on two different spil materials. One come 
sand/gravel material with  approximately 12% watcr content. The other 
was a siIt/cIay  material from hngyearbycn with a 2546 - 30%  water 
content. 
Bo* were ice-pdor soils with frozen bulk density more than I .7 g/cm3. 

All tests were  made  using the samcconcrete recipe, W/C ratio 0,45 
. . .  

(C35). 

TcmperatuE variations during a 120 hour period after casting wcfe 
recorded in the concrete test  pile model us well as in the surrounding 
frozen soil. Tests wcre also made on concrete strength and mhgrrtion 
of water and salt towards rhc pile/soil  interfacc. 

FigA shows the  plan and  section of test rank  with the location of 
temperature sensors. 

I ,  , I .  . : >  

, .  
. ,  

-10 .25 , . , 0 S ('C) TEMP. 
I 

i 
. .  

, ,  
Fig. 3 Test timplmt$rcs elated to se*sonal ground  temperature 

profile ih  Lorigyewbyen. . . '  , ' 

Fig. 2 lllustration of pile swtion. 



bj 270 215 1 270 !$ 
SECTION 

Fig. 4 Plan and secrion of test  tank  with  the  location of ternper- 
ature sensors (pile centre, pile/frozen  soil interface, 25 
mm, 50 mm, 1 0 0  mm, 150 mm, 220 mm and 270 mm 
from pile  surface). 

We will here give a brief  summary of test results of two representative 
tests with soil ternprarure -5 "C. 

Concrete mix with 5% anti-frost additive 

Before casting, the  temperature in the  homogenious fro7~n soil  sample 
was constanfiat -4,7 "C. 

The temperature in  the  fresh concrete at  the  moment  of casting was +20 
"C. After 4% hours the  temperature  was  below 0 "C, and  the concrete 
pile section  started freezing. 

Fig. 5 shows  the concrete temperature  variation in cubes  stored in water 
at +20'C, and in the concrete pile  section cast in frozen soil. Additia- 
n;dly we have  indicated  the  development of cube comprersivc strength 
in cubes stored in water  at +20'C, as well as  in cubcs cut from the 
concrcw  pilc. 

I n  spite of the rapid  temperature  fall,  concrete curing and  hardening 
cuntinued, with a relative rapid  increase in compressive  strength from 
d:ly 2. After 7 days the strength of concrete cast in  frozen  soil  was 
close to that of concrete cubes stored  at  normal  standard conditions, in 
water  with  constant  temperature +20 'C. 

, , TIME 
Id Id 21d 

. , , 

The a b p e  is of great interest for Svalbard  conditions since permafrost 
tcmperaturk  below 4-5 m under terrain surface is  constant approxi- 
mately -5 "C. The lab-test indicates that by this  method it is possible 
to establish u cast in place concrete pile  with acceptable  strength by 
using a standard concrete mix with 5% anti-frost additive. ' ' 

Fig. 6 shows  temperature i n  ttidohcrete pile during hardening  and 
curing as well as in the suriyndihg soil. At the pilcsoil interfan a 10 
mrn ~ 20 mm zone, k s u M  radially FroM the pile surface,  thawed 
due to the  warm concrete. 

h e ,  period.'in which,the soil mound  the pile  surface was thawed'was 
less than 5 hours'and this indicated that  both Khe amount of free water 
(and  salt) and the time period of possible  migration  towards  the pile 
surface a q  limited. . ,. 

Fig.' 7 (and  Fig. 10) show ice'content and' sdinity of drZ1kd~;cor~ 
samples of the frozen soil 5 days after concrete casting.' Nhe 'of  our 
tests indicated m y  detectable migration  of eithcr warer or salt towards 
the,pile surface due to the concrete casting and curing process. ' 

, .  

. .  , .  
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0 min 

- ,  

Fig. 7 Ice content and  salinity  after 5 days in frozen soil 
samples at locations indicated.  (Concrete mix with 5% 
antifrost additive). 

120 min 

, 
' I .  

Fig. 6 Tempcraturc profiles in concrete and  soil at given time 
, ,  , , irl5S;mpls..(Cancrete . . ,  mix with 5% antifrost additive). 
. .  \ .  

. I  ' , ,', , 

Concrete aile section with a cast in heating cable 

'i'hi? ;as a stpdarcl concrete kix  without  any anti-frost additives. Gut 
with a heating.cable to,,suppart thc curing process. 

Initially the ftcsh concrete had a temperature of 23.4 "C, but  after 5% 
hours the temperature in the centre of the pile fell to just below 6 "C. 
At the pil$/soil interface the trmpemtu~,.at this  time  was -1 "C, and 
,these.temperarure conditions both in,?? concrete pile section and in @e 
supunding frozen soil rqmaincd steady +roughout the whole test 
period (5 days). 

These .are,optimal t h m a l  conditions since in this  temperature  range 
conc~te, is curing rapidly pnd at the same time the,,soil at the pile 
surfag &gain? frozen. 

Fig. 8 shows the development of temperature  and concrete hardening. 
7;hq cqpxete compressive strength of the  test pile section develop close 
to paralJcJlt0 the. strength of cubes stored in water  at +20 "C. 

The thermal disturbance pf be sumunding soil is a!& negliable since 
the fmpemture' at the pile surface at no time in the  test  period 
cxceoded - 1  'c. This is shown in Fig. 9. 

, >  

> I 

10 -. 

0 ...................................................... .."- *..I.-_.--...---....._._ 

-lo I 
40 t 

, .  Ih Id 21d 

Fig. 8 Temperature variation and cube compressive concrete 
, , ,  ., , strength. (Concrete  with heating  cable). 
, , , 1 (  , _ ,  

, .  
. .  



1 Fig. 9 

Fig. IO 

1°C) YATING CABLE 

Temperature profiles in  concrete  and soil at given  rime 
intervals.  (Concrete with heating  cable). 

28 

2b 

24 
[ P ~ m l  SALINITY . 

Ice  content and salinity  after 5 days in frozen soil 
samples at locations indicated.  (Concrete  with  healing 
cable). 

COMMENTS 

so far rnlr s ~ d k s  have a h  t i w  for &-poor fnnm  oil^ M 
temperaturcs  between - I  "C and -10 "C thee are no significant  changes 
of the  frozen sail due to the cut in situ  ifistallation  method. 

Pig. 7 and 10 indicate  higher  ice  contents at thc  outer  radius  of  the 
frozen  soil, but WE are at this stage  unable LD conclude  other  than that 
this  variation occurs due EO inaccuwcy of measurements or the  initial 
soil frcezing pmces's. 

We made  however two impoitant obscrvationr 

(i) The zone  around  the  pile  which  thawed  due  to  the "warm" 
concrete was very small (less than M) mrn measurcd radially 
from the  pile  surface). This means that  the  arnounl of free  water 
and salt to  migrate  is  limited. 

, " .  

(ii) The period during  which  the soil surrounding  the pile had a 
temperature above 0 OC was  relatively shm (less than 6.5 
hours). , .  

The conclusion is, therefore, that there  is  just a limitad range of thermal 
disturbance on the surrounding  ground  due  to the caqt in situ process. 
At this  stage of our studies wc arc of the  opinion that the load-bearing 
capacity of concrete piles in permafrost  within the thcrmal,  water and 
salinity regimes tested  hem, is relatively  indifferent to the  installation 
mcrhod (cast in situ or inutallntion  of rcady made concrete  piles in 
drilled holes  with  slurry).  This  also  means  that thc known rnodcls for 
theoretical  calculations of concwte  pilcs in pcmafrost may be applied 
with no corrcctions for  the  cnst in situ  piles of these  tests. 
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SAND WEDGES AND PERMAFROST HISTORY,  CRUMBLING POINT, 
PLEISTOCENE MACKENZIE DELTA, CANADA 

Julian B. Murton and  Hugh M. French 

Department o f  Geology, University  of  Ottawa  and 
'Ottawa-Carleton  Geoscience  Centre,  Ottawa,  Ontario KIN 6N5,  Canada 

Large sand wedges (S10m deep  and S4m wide) at Crumbling  Point,  Summer Island, 
penetrate deformed icy sediments and  massive ice and  underlie a discontinuous 
veneer  of  aeolian  sand. The wedges probably formed  under  cold,  dry  conditions 
in  the Middle to  Late  Wisconsinan.  During  the  late  Wisconsinan-early  Holocene 
warm  interval,  regional  thennokarst formed a secondary  thaw  contact  beneath  melt- 
out diamicton.  Since  the  warm  interval,  ice  veins  and  wedges have formed,  many 
superimposed  within sand wedges. 

1 ' 1  - 
' 'Along  the  coastline of the Pleistocene 
Mackenzie  Delta,  retrogressive  thaw  slumping 
locally  exposes  sand  wedges. AC Crumbling  Point, 
on northern  Summer Island (Figure 11, we have 
examined  more  than 50  sand  wedges  and  their 
adjacent  cryostratigraphy. By,pIacing them i n  
their cryostratigraghic and regional  contexts,  we 
reconstruct  the  late  Quaternary  permafrost  history 
of Crumbling Point and  discuss  the  regional 
significance of the  sand  wedges. 

I n  several  ways,  the  sand  wedges  at  Crumbling 
Point are unusual. First, sand Wedge3  are  rarely 
described  from  the  western  North  American  Arctic 
(see e . g .  Mackay, 1974; Hodgson, 1982, p.27; 
Caster, 1983). Instead,  they  are  usually  described 
from permafrost  environments  that  are  very  cold 
and arid  (e.9.  Berg  and  Black, 1966: Bennike, 
1987) or from  areas  where permafrost no longer 
exists (e+g. Gozdzik,  1973; Mears, 1987). Second, 
the  sand wedges ac  Crumbing  Point  are  singularly 
large  (110m  deep  and 54rn wide).  Third,  many  host 
ice  veins  and  wedges.  However,  unlike  other 
descriptions of composite  ice-sand  wedges of 
primary infilling ( c . g .  Berg  and  Black, 1966), 
where  the  ice  and  sand  are  essentially  coeval, 
the sand wedges  and  ice wedges at  Crumbing  Point 
formed at  different times and  under  different 
climates. Fourth, the sand wedges penetrate  a 
thick  body of icy  sediments  and  massive  ice. 
Similar  icy  bodies,  cammon  in  Western  arctic 
Canada,  are  generally  interpreted either as 
intrasedimental  ice,  formed  during  permafrost 
aggradation  (e.g.  Mackay,  1971;  Mackay  and 
Dallimore, 19921,  or  glacier i c e  buried during 
either  ice  stagnation or glacier  retreat ( e . g .  
French and Harry, 1988, 1990). To our knowledge, 
sand  wedges  in icy sediments or massive  ice  have 
been  described  solely  from  Antarctica,  where  they 
penetrate  stagnant  glacier i c e  (P&wC, 1959). 

kQ!xcmN 

Crumbling  Point (69'36'N;l33%4'W) is in the 
zone o f  continuous  permafrost. The permafrost 
thickness i s  600-700m and  the  mean  annual  ground 
temperature  is  c,-B0C  to -9'C. The site  lies  just 
within  the  Early  Wisconsinan  (Toker  Point  Stade) 
glacial  limit b u t  beyond that of the  Late 
Wisconginan  (Sitidgi  Stade;  Figure  1;  Rampton, 
1988, map 1647A; Vincent, 1989, Figure 2 . 7 ) .  

The Point  itself  is  the  rapidly  retreating 
headland  of an ice-rich  plateau  (c.20m  asl). Along 
c.lkm, the  plateau i s  truncated by large  thaw 
slumps  that  expose  numerous  sand  wedges. 

Figure 1. Location  map of the Tuktoyaktuk 
Coastlands.  Triangles  mark  the locations of sand 
wedges. 'EW' and 'LW' denote  the  probable  Early 
and  Late  Wisconsinan  glacial  limits. - 

The  sand  wedges  penetrate a thick (15+m) unit 
of layered  and  deformed  icy  sediments  and  massive 
ice.  (Figure 2 ) .  The icy  layers  (c.0.01-0.40m  thick 
and c.2-60tm long) have volumetric  ice  contents 
locally  exceeding 95%; their  sediments  comprise 
sand  and  muddy  diamicton. 

The sand wedges  form a polygonal  network of 
downward-tapering  bodies  whose  average  spacing i s  
c.lOm  (Figure 2 ) .  Most  are steeply to  vertically 
laminated  (Figure 3 A ) .  The laminae (1-7mm thick 
and 0.05-3+m long)  parallel or subparallel  the 
wedge  sides, and many display  low-angle cross- 
cutting  relationships. Some wedges  contain 
distinct:  bundles of sand  laminae, the bundles 
forming  wedge-in-wedge  structures  (Figure 3A;  cf. 
Williams  and Tonkin, 1985; Nissen  and  Mears. 
1990). The  bundles  (0.05-0.5m  thick,  0.3-3.5m  long 
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Figure 3C: Sand wedge ( c . 7 , 5 m  deep) Whose top 
incrges i r l t o  a veneer o f  a e n l i a r ~  sand. In t-he upper 
celnt.re of t.he sand wedge is a t - h i n  ice wecige 
(airow; July 4 1990). 

and gerlerally containing  a  few to several t e m  of 
laminae)  reflect grain-size variations. 

sorted, similar  to local Pleistocene  and  aeolian 
dune sand (Figure 4 ) .  SEM analysis of grains from 
t,he  infill reveals  numerous equant. depressions, 
rounded edges and  upturned  plates (Figure 5 A ) ,  all 
signs of aeolian abrasion. (e.g. Krinsley  and 
Doornkamp, 1973). But  many  grains also display V- 
shaped  patterns  and bulbous edges (Figure 5B), 
signs of subaqueous  abrasion  (Krinsley and 
Marshall, 1987). Wherever  aeolian  and  subaqueous 
textures coexist, the former are superimposed on 
the latter (Figure 5; cf.  Krinsley and Cavallero, 
19701,  suggesting  that  subaqueously  abraded sand 
was later  abraded  in an aeolian  environment. 

The sand  infill  is  fine  yrained  and  well 

The sand  wedges are thought  to  have  formed by 
the  infilling of  thermal  contraccion cracks with 
aeolian  sand. This is indicated by  the large-scale 
polygonal  pattern of the wedges, by the sand 
laminae  wit,hin  the infill, by grain-surface 
textures  characteristic of aeolian  abrasion and by 
a textural  similarity  between  the  sand  infill  and 
local  aeolian dune sand.  Individual  laminae  show 
that  the wedges grew incrementally;  bundles o€ 
hand  laminae  suggest  that sand supply and/or wind 
velocity/direction  changed  episodically. The 
unusually  large size of the wedges is  problematic, 
but it may reflect  high  thermal  coefficients of 
linear  expansion and contraction of the  ice-rich 
host  materials. 
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materials, it locally  forms an angular 
unconformicy.  Across  the  contact  is  .,an  isotopic 
discontinuity:  the  average &"O value oE ground 
ice  above it is  -24.73O1, (n=4; o=l.55°/,, 1 ,  that 
below it -29.95O/,, (n=7;  0=0.58~/,, 1 .  

Because  of  the  angular  unconforrnity  and  the 
isotopic  discontinuity,  the  contact  must  be  a  thaw 
(or erosional)  contact;  and  because it is  younger 
and  lower  than  the  tops of the  sand  wedges,  the 
chaw  contact  must  be  secondary.  This  would  explain 
(1) the  abundance of soft-sediment  deformation 
structures (i .e.  thermokarst  involucions;  Murton, 
1 . 9 3 3 ) .  (2) the  deformed  tops of some sand wedges 
and (3) the  relatively  low  ice-content of the 
diamicton. The contact  represents the base of  an 
ancient  thaw  layer  in  which  diamicton  melted  out 
from  the  underlying  icy  sediments  and  massive  ice. 

Ice  veins  and  wedges  (S1.5m  wide  and 54m deep) 
penetrate  each  cryostratigraphic  unit  (Figure 2 ) .  
They  appear co be  epigenetic  and  related  to  the 
present  ground  surface.  Many are superimposed 
within  the  sand  wedges  (Figures 313-3D). 

DISCUSSION 

Bae c o d  

were  deformed  glacitectonically (cf. Mackay et 
al., 1972) during  the  Early  Wisconsinan  (Rampton, 
1988. p.66;  Vincent, "1389, Figure 2 . 7 ) ,  then  the 
undeformed  sand  wedges  postdate  this  time. 

underlying  secondary  thaw  contact  likely  formed 
during  the  late  Wisconsinan-early  Holocene  warm 
interval.  This  is  suggested  by  two "k dates of 
9,480 + / -  100 years B . P .  (Beta-46224) and 8 .860  
+/-le0 years B . P .  (Beta-46223) Erom  wood  fragments 
above  the  contact.  The  first  was  from  the  bottom 
of a 40cm  thick  layer of fibric  peat  overlying  a 
1.0-1.5m chick  sand  lens  separated from the 
'urlderlyirlg secondary  thaw  contact by 2-3cm of 
melt.-out diamicton. The second  was  from a root 
suspended  in  slump-floor  deposits above a  slump- 

Assurnirlg  that the  deformed  host  icy  materials 

The thaw  layer,  melt-out  diamicton  and 



floor secondary  thaw  contact.  The  simplest inter- 
pretation of these dates is that the wood  grew 
during  the  warm  interval  which  triggered  the  thaw 
slumping  and  which  formed  both the melt-out 
diamicton  and  the  underlying  thaw  contact.  This 
interval  was  probably  the  late  Wisconsinan-early 
Holocene, a time  when  western  arctic  Canada 
experienced  regional  thermokarst  (e.g.  Mackay, 
1978;  French  et al,, 1982;  Rampton,  1982,  p,33; 
1988,  pp.74-76,  Figure  66; Burn  et  al.,  1986; 
Harry  et dl., 1988). 

TWO lines of evidence  indicate that the  sand 
wedges  predate  the  episode of thawing.  First, 
since one of the  ’“-dated  wood  fragments  overlies 
the  sand,  and  the  other  occurs  in  slump-floor 
sediments  that  include  redeposited  sand,  both 
dates  provide  minimum  ages for the cessation of 
aeolian  sand  deposition.  Second,  sand  wedges  whose 
tops  are  deformed  in  the  thaw  layer  (Figure 3 A )  
must  predate it. 

In short,  the  age of the  wedges  is  likely 
Middle  to  Late  Wisconsinan. 

v Historv of Crumbllna PolnL 
The  deformed  icy  sediments  and  massive  ice  are 

probably  Early  Wisconsinan  in  age  or  older. 
However,  whether  these  materials  are  buried 
glacier  ice (e.9. see  French  and  Harry, 1988; 
1990)  or  intrasedimental  ice  that  was  glacially 
deformed  (cf.  Mackay  et al., 1972)  is  beyond  the 
scope of this  paper. 

BY the  Middle  Wisconsinan,  the  northwest  margin 
of the  Laurentide  Ice  sheer  had  probably  retreated 
southeast  of  the  Tukt-oyaktuk  Coastlands (J-S 
Vincent,  personal  communication,  November  1992), 
exposing  the  ground  surface  to  thermal  contraction 
cracking  and  aeolian  activity.  During  the  Middle 
t.o Late  Wisconsinan,  aeolian  sand  derived  locally 
from  Pleistocene  deposits  (Figure 4; see  Rampton, 
1988,  mag 1 6 4 7 A )  accumulated  both  in  thermal 
contraction  cracks,  forming  sand  wedges,  and  on 
the  ground  surface, a veneer.  Because  the  late 
Wisconsinan-early  Holocene  thaw  layer  had  not  yet 
formed,  the  veneer  likely  accumulated  directly on 
the  icy  sediments  and  massive  ice. 

interval,  Crumbling  Point  experienced  regional 
thermokarst.  The  plateau  was  isolated  on  at  least 
three  sides by thermokarst  basins  and  thaw slumps, 
and  the  uppermost  icy  sediment-s  and  massive  ice 
melted  within a thick  thaw  layer.  Thawing  was 
accomphnied by (1) the  formation of the  melt-out 
diamicton  above a secondary  thaw  contact  and ( 2 )  
the  deformation of the  sand  veneer  and  the  togs of 
some  sand  wedges. As no ice  wedges  extend  down 
from  the  thaw  contact,  thermal  contraction 
cracking  had  likely  ceased. 

Since  the  warm  interval,  permafrost  has 
aggraded  into the base of the  thaw  layer,  and 
thermal-contraction  cracking  has  recommenced.  But 
instead of infilling  with sand, the  cracks  have 
infilled  mainly  with  water  (ice),  because the 
modern  climate  is  wetter  and  warmer  than  that of 
the  Middle  to  Late  Wisconsinan (e.g. Ritchie, 
1984,  p.155).  Equally  important,  however,  is  that 
during  the  Holocene, the sand  supply  has  likely 
decreased,  reflecting  plant  colonisation o f ,  and 
pedogenesis within, the  tog  of  the  sand  veneer. 

During  the  late  Wisconsinan-early  Holocene  warm 

Peaional slanlflcance 
This  paper is the  first  to  describe  Wiscon- 

sinan-age  sand  wedges  of  primary  infilling  from 
the  Tuktoyaktuk  Coastlands. The  wedges must  be 
distinguished  from ( A )  the  small  Early  Wiscon- 
sinan  or  older  sand  wedges o f  secondary  infilling 
(see  Mackay  and  Matthews,  1983)  and ( B )  modern 
sand  wedges of primary  infilling  forming  in  the 
sandy floors of drained  lakes  (see  Mackay,  1974; 
personal  communication,  August  1991).  Besides  the 
wedges at Crumbling  Point, we  have  observed  large 
sand  wedges at three  other  sires  near  Summer 
Island,  and  single  wedges  elsewhere  (near  Johnson 
Bay  and on Bathurst  Peninsula;  Figure  1).  Why 
these  features  have  not  been  described  before  is 
probably  due to poor  exposures,  many  wedges  being 
obscured by slumped  sand. 

to be common  in  those  sandy  areas  of  the  Tukto- 
yakruk  Coastlands  which  were  unglaciated  during 
the  Lace (and  ?Middle)  Wisconsinan. In many  parts 
of the  Coastlands,  sand of pre-Middle  Wisconsinan 
age  is  abundant (see  Rampton,  1988,  map 1 6 4 7 A ) .  
Furthermore, by analogy  with  mpdern ice-free areas 
bordering  large  ice-caps (e.g. Berg  and  Black, 
1966:  Bennike, 19871, the  Late  Wisconsinan  climat-e 
here  was  probably  very  windy,  with  cold  katabatic 
winds  sweeping  across  the  ice-free  areas  northwest 
of the  Laurentide  ice  margin.  The  Late  Wisconsinan 
environment  probably  resembled  that o f  adjacent 
Beringia  (see  Hopkins,  1982) .* However,  the  Coast- 
lands  lay  relatively  close  to  the  margin  of  the 
Laurentide  Ice  sheet - a setting  likely  analogous 
to  present,  sandy  ice-marginal  areas  of  Antarctica 
arid nort+ern  Greenland,  where  sand  wedges  form 
today ( e . g .  Berg and  Black, 1966; Bennike,  1987). 
In these  sandy  environments,  and  probably  in  those 
of Late  wisconsinan  Beringia  and  the  Tuktoyaktuk 
Coastlands,  thermal  contraction  cracking  would 
have  coincided  with  aeolian  activity. 

CONCLUSIONS 

, , .  

Our  study  implies  that  sand  wedges  are  likely 

Large  sand  wedges  at  Crumbling  Point  penetrate 
icy  sediments  and  massive  ice. The wedges  are 
interpreted  as  thermal  contraction  cracks  infilled 
with  locally  derived  aeolian  sand.  They  likely 
formed  during  the  Middle to Late  Wisconsinan.  Sand 
wedges  of  this  age  are  probably  widespread  in 
those  areas oE the  Tuktoyaktuk  Coastlands  which 
were  unglaciated  during  the  Middle to Late  Wis- 
consinan  and  which  possessed  abundant  Pleistocene 
sand.  The  Closest  modern  environmental  analogues 
to  that of Late  (and  ?Middle)  Wisconsinan  Crumb- 
ling  Point  are  probably  the  sandy  ice-marginal 
areas of Antarctica  and  northern  Greenland. 

BCKNOWLEDGEMENTS 

Fieldwork  during the summers of 1989  to 1991 
was  supported by NSERC  grant  A-8367  (H.M.  French); 
The  Geological  Survey of Canada;  The  Inuvik 
Research  Centre,  Science  Institute of the 
Northwest  Territories;  and  The  Polar Coritirierital 
Shelf  Project,  Energy,  Mines  and  Resources  Canada. 
The  authors  are  grateful  to S.R. Dallimore, D.G. 
Harry,  W.H. Johnson, J.R. Mackay,  J.V.  Matthews 
Jr., J. Shaw, A .  Sher,  W.W.  Shilts, A . A .  Velitchko 
and J -S  Vincent €or their  comments  about  the  sand 
wedges  at  Crumbling  Point,  and  to L.D. Carter  and 

4 8 6  



E . A .  Koster  for  reviewing  this  manuscript. Andy 
Green  and  Bruce  Lowe  assisted  with  the  fieldwork, 
and Edward Hearn the  cartography. 

REFERENCES 

Bennike, 0. (1987) Quaternary geology and biology 
of the  Jorgen  Bronlund Fjord area,  North 
Greenland.  Meddelelser  om  Gronland,  Geoscience, 
18, 23pp. 

Berg, T.E. and R , P .  Black (1966) Preliminary 
measurements of growth o f  non-sorted  polygons, 
Victoria  Land,  Antarctica.  In:  (ed. J.C.F, 
Tedrow)  Antarctic  Soils  and  Soil-Forming 
Processes,  American  Geophysical  Union  Antarctic 
Research  Series, 8,  pp.61-108. 

Burn, C.R., F.A.  Michel,  and  M.W.  Smith (1986) 
Stratigraphic,  isotopic  and  mineralogical 
evidence  for  an  early  Holocene  thaw 
unconformity  at Mayo, Yukon  Territory.  Canadian 
Journal of Earth  Sciences, 23,  794-803. 

Carter, L . D .  (1983) Fossil  sand  wedges on the 
Alaskan  Arctic  Coastal  Plain  and  their 
galeoenvironmental  significance. In: 
Permafrost, Proc. 4 t h  InC. Conf., National 
Academy Press, Washington, D.C., pg.109-114. 

French, H . M .  and W.G. Harry (1988) Nature  and 
origin of ground  ice,  Sandhills  Moraine, 
southwest Banks Island,  Western  Canadian 
Arctic.  Journal of Quaternary  Science, 3, 19- 
30. 

French,  H.M.  and  D.G. Harm (1990) Observations  on 
buried  glacier  ice  and  massive  segregated  ice, 
western  Arctic  coast,  Canada.  Permafrast  and 
Periglacial  Processes, 1, 31-43. 

French,  H.M., D.G. Harry,  and  M.J.  Clark (1902) 
Ground-ice  stratigraphy  and  late-Quaternary 
events,  southwest  Banks  Island,  Canadian 
Arctic. In: (ed.  H.M.  French)  The  R.J.E.  Brown 
Memorial  Volume,  Proc. 4th Can.  Perm.  Conf . , 
National  Research  Council of Canada,  Ottawa, 
pp. 81-90, 

stratygraficzna struktur peryglacjalnych  w 
srodkowej Polsce (Origin  and  stratigraphical 
position of periglacial  structures i n  middle 
Poland,  Polish  with  English  summary), Acta 
Geograghica  Lodziensia, 31, 119pp. 

Harry, D.G., H.M.  French,  and W .  H .  Pollard (1988) 
Massive  ground  ice  and  ice-cored  terrain  near 
Sabine  Point,  Yukon  Coastal  Plain.  Canadian ' 

Journal of Earth  Sciences, 2 5 ,  1846-1856. 
Hodgson,  D.A. (1982) Surficial  materials  and 

geomorphological  processes,  western  Sverdrug 
and  adjacent  islands,  District of Franklin. 
Gealogical  Survey of Canada  Paper 81-9, 44pp. 

Hopkins,  D.M. (1982) Aspects of the  paleogeography 
of Beringia  during  the late Pleistocene. In: 
(eds D.M.  Hopkins,  J.V.  Matthews Yr., C . E .  
Schweger, and S.B. Young)  Paleoecology of 
Beringia.  Academic  Press,  New  York, pp.3-28. 

Krinsley, D.H. and J.R. Marshall ( 1 9 8 7 )  Sand  grain 
textural  analysis: an assessment.  In:  (ed. J . R .  
Marshall)  Clastic  Particles:  Scanning  ELectron 
Microscopy  and  Shape Analysis of Sedimentary 
and  Volcanic Clasts. Van  Nostrand  Reinhold,  New 
York, pp.2-15. 

Gozdzik, J. (1973) Geneza i pozycja 

Krinsley, D.H. and L. Cavallero (1970) Scanning 
electron  microscopic  examination of periglacial 
eolian sands from  Long Island, New York. 
Journal of Sedimentary  Petrology, 40, 1345- 
1350. 

Krinsley, D.H. and J. C .  Doornkamp (1973) Atlast of  
Quartz Sand Surface Textures. 91pp. Cambridge 
University Press, Cambridge. 

Mackay, J.R. (1971) The origin of massive  icy  beds 
in  permafrost,  western  Arctic  coast,  Canada. 
Canadian  JouYnal of Earth  Sciences, 8,  397-422. 

Mackay, J.R. (1974) The rapidity of tundra-polygon 
growth and destruction,  Tuktoyaktuk  Peninsula- 
Richards  Island  area, N.W.T. In:  Current 
Research,  Part A, Geological  Survey o f  Canada 
Pager 74-1,  pp.391-392. 

invertebrate  indicators of paleoclimate in 
northwestern  Canada  during lace glacial  times: 
Di8cuSsiOn.  Canadian  Journal of Earth  Sciences, 

Mackay, J.R. and S.R. Dallimore (1992) Massive  ice 
o f  the  Tuktoyaktuk area, western  Arctic  coast, 
Canada.  Canadian  Journal of Earth  Sciences, .29. 

Mackay. J.R. (1978) Freshwater  shelled 

15, 461-462, 

1235-1249. 
Mackay,  J.R.  and J.V. Matthews  Jr. (1983) 

Pleist.ocene  ice and sand  wedges,  Hoopex  Island, 
Northwest  Territories.  Canadian  Journal of 
Earth  Sciences, 20,  1087-1097. 

Mackay,  J.R.,  V.N.  Rampton,  and J.G. Fyles (1972) 
Relic  Pleistocene  permafrost,  western  Arctic, 
Canada.  Science, 176, 1321-1323. 

Mears,  B,Jr. (1987) Late  Pleistocene  periglacial 
wedge  sites  in Wyoming: an  illustrated 
compendium. 77pp. The Geological  Survey  of 
Wyoming,  Memoir 3 .  

MurtOn,  J.B. (1993) Thermokarst  Sedimentology of 
the Tuktoyaktuk  Coastlsnds, NWT. 187pp. 
Unpublished  PhD  thesis,  University of Ottawa. 

Pleistocene  ice-wedge  casts and sand-wedge 
relics in the  Wyoming  Basins, USA. Peqnafrosr 
and  Periglacial  Processes, 1, 201-219. 

(tesselations) in the  McMurdo  Sound  Region, 
Antarctica - a progress  report.  American 
Journal of Science, 257, 545-552. 

Rampton, V.N. (1982) Quaternary  Geology of the ' 

Yukon Coastal Plain. 49pp. Geological  Survey of 
Canada  Bulletin, 317. 

Rampton, V,N. (1988) Quaternary  Geology of the ', 
Tuktoyaktuk  Coasclands.  Northwest  Territories. 
98pp. Geological  Survey of Canada, Memoir 423. 

Ricchie', J.C.  (1904) Past  and  Present  Vegetation 
of the Far Northwest of Canada. 251pp. 
urliversity o f  Toronto  Press,  Toronto. 

Vincent, J-S. (1989) Quaternary  geology of the 
northern  Canadian  Interior  Plains.  In: (ea. 
R.J. Fultorl)  Quaternary  Geology of Canada add 
Greenland,  Geological survey of Canada, Gebltigy 
of Canada,  no. 1, pp.100-137. 

structures  and  palaeoclimatic  significan{e of '  a 
late  Precambrian  black  field in the Cattp Grid 
copper  mine,  Mount  Gunson,  South  Australia. 
Australian  Journal of Earth Sciences, 32,,287- 
300. 

Nissen,  T.C.  and B. Mears  Jr. (1990) Late 

Pew&, T.L. (1959) Sand-wedge pol:7gons 

Williams, E.E. and D . G .  Tonkin (1985) PeriyLacfal 

, ,  . ,  



, .  ~ 

IECFects of, Climatic WarminK on the Active h y o r  

T.Nakaydrna. T.Sone and M.Fukwda 

Institute of Low'Temperaturc Salonce,Hokkafdo UnSversi,tY, 
Sapporo, 060. Japan 

, ,  

SYNOPS ZS Under a climatic  warming trend, t h e  thickness of the active layer 
over permafrost will Incrcnse. Changes in  the  thickness anfl thawing  period o f  

posltlv,e  feedback  eifects  with  respect t o  future clJmate. In  this paper, we 
the active layer arc important, because a thickened active. layer  may  produce 

compute  ground  ternpetatwe  profiles  using a one-dimensional  heat  conduction 
solution and esthate active layer  thickness  under  appropriate  conditions  with 

obtained by this  model. to global perrnafrast regions,  the  Following  consideratlon 
respect to  alpine  permafrost i n  Nokkaido,  northern  Japan.  Applying Kt?SUltS 

i s  obtahed. If warming of climate  occurs in a l l  permafrost regions, the i n -  
crease o f  active layer thicknesg neat tho southern 1.irnit Is larger  than in 
arctic  reglons. If the  ground  surface  temperature  increases  linearly.  active 

which Is dcrlved from accumulating value of each day thawing depth  (cmkdaysf 
layer  thickness  will also increase proportionally. However, active  layer  index 

wi1.l Increase  exponentially. As t h i s  index  is  an  appropriate  indicator of posi- 
tive  feedback t o  warming o f  clismate.  the result of this  estimation  suggests that  
the  feedback  effect  will  increase  rapidly  year by year. 

, ,.) I 

THTXODUCTJON 

Recently i t  hae been reported basad on 
meteorological  observation that  global cli- 
matic warming is  occurring. (J-ones and Wlg- 
Icy. 1990) and that  warming  will be greatest 
i n  polar  regions af the  northern  hemisphere 
(Yamarnoto and I l o s h l a l ,  1880: Hansen and 
Lebedeff, 1987). Most climatic madels also 
have  predlcted  that  air temperature increaees 
mainly in high  latitude of northorn  heml- 
sphere, especially in winter  (Manabe and 
Stouffer. 1980: Washington  and  Meehl. 1984; 
liansen et a 1 . ,  1988; Schlesinger and Mitch- 
e l l ,  1965). An incrsnse or air  temperature 
probably  results i n  increases of ground 
surface  temperature and ground thermal ,re- 
gime, disregarding  changes of mow. humidity, 
vegetatlon, and so on. In permafrost ,areas, 
higher ground temperature  may cause a de- 
crease of permafrost thlckneas. an Increase 
o f  active layer  thlckness, a n d  a resul tant  
poleward retreat of permafrost boundasiks. 
Climatic change  causes  significant e f f e c t s  on 
permafrost  environments. 

cially i n  alpine and  polar regions, are the 
focus of our study. Both thickening of the 
active  layer  and increases in the thawlng 
period cause  changes near the permafrost 
table and these  changes In turn  produce  some 
effects on cllmate. In  high  latitude regions, 
when the temperature above the uppar  perma- 
frost is above zero during summer, the sea- 
sonal wetlands are  formed  on  permafrost. The 

Changes of active layer  thickness, espe- 

peat in the active layer b e g i n s  to decay 
under  anaerobic conditions and methane  gas is 
produced there and released to the atmos- 
phere. The production o,f methane  gas  probably 
increases  due to both  an  increase o f  active 
layer thickness and longer thawing period. 
Because methane i s  a prominent greenhouse 
gas, an increase of its  emission  from  active 
layer may cause further  global  warming. The 
thickening of the active layer also causes 
melting of excess ground  ice.  and  discharged 
water will affect surrounding hydrological 
environments.  Increased  water  volume  leads to 
changes in vegetation and. additionally. 
changes of albedo  and  evapotranspiration  from 
plants In that  area.  It I s  therefore  impor- 
tant to evaluate  the  magnitude of  thickening 
and the  prolonged  period  of  thawing of nct lve  
layer  under -recent trends of climatic  warm- 
ing. 

One of the objectlves o f  this  study i e  to 
ascertain  how future warming  will  affect  the 
active  layer,  especially  related t o  the 
changes o f  thickness and thawing period in 
the active layer. To estimate  those changes, 
a method using numerical  analysis was adopt- 
ed. The simulation was performed in regard  to 
alpine  permafrost in Hokkaido, northern 
Japan, where fluctuations of ground  tempera- 
ture have been  monitored.  Additionally,  we 
applied  results  derived  from  this  model to 
global  permafrost and considered  positive 
climatlc feedback effects  due t o  changes  In 
active layer. 



STUDY SITE 
. i . . : , - .  ! . ,  

In  mtd-latitude  regions like Japan. alpine 
permafrogt. exists on high mountains. ' 'The 
Daieretsu  mouiitairis are located 'in c'entral 
Hokkaido.  northern  Japan. These mountdkns  are 
composite  volcanoes attd theit8:h,j2hest peak "is 
Mt. Aeahidake, which' is 2 , 2 8 0  ' m  above sea 
level. On t h e  Hohkaf-daira  plateau.  which is 
2 , 0 7 0  m R . s . ~ .  (Fig.11, the existence of 
some  alpine  permafrost  and  periglacial ,fea- 
tures such as frost-f:i.i$ure  polyg'ohs were 
previously reported (Fhkuda and~~tfinoshita, 
1 9 7 4 ) .  The material of 8urface"sk'dlment is 
mostly of  volcanic origi'n'  'and 'dith some 
organic materials. The basal rock iki some 
kind o f  volcanic rocks.' 

Fluctuations of .air and ground temper'a- 
tures  hhve  been monitored since 1985 in this 
site (Soda et. al. ,19881': The' mka-q annual  air 
temperature i s  -3.7 *C '(the average o f  1851- 
1990) and  the  temperatures  were  monitored at 
the ground surface and at depths of 40cm. 
BOcm, 140~11, 220cm  and 300cm. Owing  to the 
flatness of, the  plateau  add  .severe prevqillrlg 
westerly winds in winter, there is little 
snow cover accumulation on the grovnd sur- 
face. The ground  surface ternperat0r:e regime 
is therefore  similar to 'aif"'?:pmperature 
IFig.2). 

The dep'th of the  bottom of permafrost  at 
' . , , I  

'+the Bite has  not been mdasured directly as 
;yet., However i t  was  estimated as somewhere 
between 5 and 10 m deep  based on  an analysis 
of ground  .temperature  giadient  and geo-elec- 
trical res'lstivity survey  [Sone et  al. ,1988; 
Fukuda and Sone, 1982). The depth of thaw  In 
s o i l  i s  in ferred  from ground temperature 
profi.les ,mentioned  above. Thawing of frozen 

, _  , 

Fig. 1 Location map o~"l!okkal,-dair.a  ,p!,ateau, 
M C s .  Dai'setsu, Hokkaido. 
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Fig.2 A i r  temperature and ground surface 
temperature on Hokkai-daira  plateau in 
1989-1930. 

ground begins i n  early May and the maximum 
thaw depth' oc"durs at 1 - 1.5 q deep in be- 
tween late Septemberiand early  Octbber. 

To predict  the  response  of  the  active 
layer to climatic warming, it i s  necessary to 
estimete ground temperature  profiles under 
glven  boundary  conditions.  Ground  temperature 
as a function of time was obtained based on 
the beat  conduction  equation  with  phase 
changes terms as 'a non-llnear heat  transport 
equation. In this study, the  heat  transport 
by moving grouhd  water i s  neglected. The 
,basic equation is a one dimensional, differ- 
ential  equation of heat  conduction : 

where x is the coordinate in,.'thc vertical 

and a is thermal  dlffusivi2y.  The  sub- 
direction. T is ground  temperature, t 1s.time 

scripts, u and f denote a s  u n f r o z e n  ,and 
Orpzen states, respectively. These equations 
were- solved numerically, using an implicit 
finite difference  method. The grid  spaciqg is 
10 cm and numerical solution i a  made .w i th  
one day  time  step. 

The amount of latent  heat at phase ch$nge' 

Ldtent heat i s  substituted Toe' Bk'at capacity 
i b ?  t r e a t e d  as an apparent heat capacity. 

with  equivalent  amounts .,'. 'wIi8n ' freezing tem- 
perature  stands withln given  tempcrqturs 
range. The following parameters i s  used' f o r  
numerical  simulation. .?The f i r s t - .  i -s borne 
properties o f  the sediment, such a8 thermal 
coaductivlty,, ..uogumetric h a t  ,capacity and, 
vqluaqtyic  water content, , Ssdimentq  near  the 
surf'ace and at ,1,,, m ,,depth>  were .,sampled and 
their vol.umetric water content and thermal 
conductivity  were  measured i n  thr, laboratory. 
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But we sampled  only  one  time  and  didn't  treat 
the changes af these properties  with  time. 
Heat capacity was estimated based on water 
content and specific heat of  the  dry soil. 
Secondary. as the  upper  boundary condition, 
fluctuation of ground  surface  temperature is 
glven I n  slnusol dal. form. As the  lower  bnund- 
ary condition, temperature a t  IO m deep is 

annual mean  air  temperature. Based  upon 
glven as a constant value, which I s  equal to 

similar  procedures.  Goodwin et al.. ( 1 9 6 4 )  and 
Kane et a l .  ( 1 9 9 1 )  examined the effect 'of 
climatic  warming on permafrost  temperature 
and active layer  thickness  in  Alaska. 

To verify the  accuracy o f  the solutl.on. 
simulated  active  layer  thicknesses  were 
compared with that measured  on the Hokkai- 
daira plateau in 1986 and 1990. The ground 
surface  temperature i s  approximated by fol- 

' lowing sine  curve: 
, , , I  

T(n) = AMP sin ( 2n / 365 4 PI1 ) + AT (3) 

where n is  elapsed day, AMP and AT are ampIi- 
tude o f  annual variation and annual  mean 
value in ground  surface  temperature  and PH i s  
phase difference, On Hokkal-daira plateau. 
AMP Ls 1 4 . R . C  and AT changes  year by rear. 
for example - 4 . 5  ' C  in 1986 and -2.3 C' in 
1980. Ground  temperature profiles under 
these  assumptions  were  obtained  computation- 
ally  and  the active layers are calculated  for 
twa.years. Comparisons of active  layer  thick- 
nesses  between  simulated and measured ones 
are shown in Fig.3. The simulated  values of 
active layer thickness  coincide  with meas- 
ured ones.  Particularly first day of 
thawing  and  rate o f  thaw  penetration in 
frozen  layer are well-simulated. As a conse- 
quence, this  model is applicable t o  predict 
changes of thickness and thawing period o f  
active  layer  under specific, relatively 
simple  condition (e.p. homogeneous soils, 
snow-free surface). 

CLIMATIC WARMING AND ACTIVE LAYER CHANGE 

The case of the  Daisetsu  Mountains 
.' In general: *it is reported that global 
warming of 0.3 'C - 0 . 7  *C/100 years  has 
occurred drlring the  past  century (WMO, I986)* 
Over the l a s t  few  decades, some climatic 
models  have  been  developed and future  warming 
has  been  predicted. No definite  predictions 
have  been  made  due  to  difficulties  and  uncer- 
tainness in the  numerical analysis, However 
accordinr t o  recent  Rtmospheri c general 
circalatian models which are  coupled to a 
mixed-layer ocean, iP the concentratlow o f  
greenhouse gases contlnue to  increase  at  the 
present rate. the increment of the ylobal- 
mean alr temperature  will  reach 1 .5 .C  and 3.5 
F in  'the 2030s (Meteorolnglcal Agency, li389). 

The regional  warming in  Hokkaido  has  not 
been studied. Thus the minimum  value  of 
global  average (1,s 'C / 50yr)  was  adopted 'as 
the rate' of warming f o r  this study. A t  the 
same time, the  warmlng trend was  assumed  to 
be a linear increase, with a constant  annual 
variation. In general, the ground surface 
temperature i s  different from air tempera- 
ture. However, we aasumed that the ground 
surrace  temperature was equal to a i r  tempern- 
ture. This  a.ssumption Is appropriate  on 
Hokkal-daira plateau. because of the lack of 
accumulation of snow and , vegetation  on  the 
ground surface. We computed the change of 
ground temperature  profile  and  estimated  the 
increase of thickness and  thawing  period  in 
the active  layer with the ground surface 
temperature warming over  the  next 100 years. 
The ground  surface  temperature, which is 
given as the upper boundary condition, Is 
obtained from the  approximated  sine  curve o f  
eq.3. AMP i~ steady at 14.5 'C. but AT i s  
temporal  function as follows: 

AT = 3.0 / 100 Y - 3.7 ( 4 )  

Flg.3 Comparison  between  measured  and  slmu- 
lated autive layer .thicknesses on Bokkai- 
daira pl-ateau i n  1986 and 1990. 
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where Y is the elapsed year. As the lower 
boundary condition. the temperature at a 
depth of 10 m is  given as t h e  same value as 
ohtnined by eq.4. The result is shown in 
Fig.4. The active  layer  thickneas  increases 
gradually  in  response  to  ground  surface 
warming at the rate of 3 *C / 100 y r .  The 
increased  value of thickening of active  layer 
is 53cm and thawing period becomes  37days 
longer than present,  It i s  noteworthy that 
the trend of this  line  indicates  linear 
increase. 

Sensitivity of the  active Layer  to 
climatic change 

We assume  Chat the ground surface  tempera- 
ture rises by one degree i n  two following 
manners. In the f i r s t  case, it rises from -10 
k to - 0 . C  and in the  second  from -3 *C t o  - 2  
k. By comparison of these two cases, the 
influence  of  initial  temperature to  change of 
actlve  layer  thickness  might  be obtained. The 
term "sensitivity of active  layer  change" is 
defined by the authors ae the Increase of  
active  layer  thickness  caused by one degree 
temperature rise. 

With  respect to Hokkai-daira  plateau. 
ten thawhg curves (in f i g . 5 1  were  drawn  by 



computations  using  mean  annual  ground  surface 
temperatures,  whloh vary from -10 'C to -1 'C, 
with the same value of AMP as 14.5 'C. In 
fig.0, the  relations  between ihitial ground 
surface temperature and increase of active 
layer thickness wi,th I. 'C increment's of 
temperature are plotted. In proportion to the 
inc.rease of initial ground surfac,e  tempera- 
ture. ,the  thickness of the  active  layer 
increases  exponentially. The higher 1nltiaL 
ground  surface  temperature  corresponds to the 
sohtharn  margins of the perrnaftost regi.ons .in 
the, northern . hemisphere. Thus an uniform 
increase o€ Lemperature causes greater thick- 
ening of active' layer in southern regions 
thtW in hrctl r: regions. 

A c t i v e  layer. index 

thickness and the thawing period o f  the 
active  .layer ' in permafrost  area  will 
increase. It is convenient to Introduce the 
term "active  layer  index"  to  evaluate the 
e f f e c t s  of  the  .degrees o f  active  layer 
change under a warming trend. This index i s  
defined,,tas the integcated value of  ,.the d a i l y  
thawing  depth, from beginning to.,end during 
thaw  period  (cm.days). The value,mis equiva-, 
lent to the area of  thawing curves. for 
example, which i s  shaded in Fig.6 I Because 
t h e  active  layer  index  represents  both  the 
values  of thickness and thawing  period in the 
active  layer. it is a very  appropriate indi- 
cator in considering the interaction  between 
changea of  active  layer  and  climate.  We 
consider that this index with relatlon to 
permafrost in high  latltude areas. may repre- 
sent the positive  feedback  effect on climate 
in the following  path. 

wbIcb  exhibits Eieasonal Wetland  characteris- 
tics  during summer, plays awimportant role 
as the major source of methane gas. The 
methane gas is produced by decay of  organic 
materials under anaerobic condition. High 
amounts of organic maLerlal are commonly 

1 1  

Under ar,;climatic warming  trend, the 

The active  layer  in  high  latitude areas, 

stored  in the active layer, and t h i s  is the 
primary source  of  methane. Permafrost b e -  
neath active  layer may contain "locked" 
organic  materials. If  the  depth of the active 
layer  exceeds the prevflo.us maximum  depth  and 
no change of the  hydrological cond-ltion such 
as ground water level. occurs during cli- 
matic warming period, rapid  decay of organic 
materials  from  "locked"  layer mlght occur. A 
large  amount of methane gas may then be 
released from that layer.  It is predicted 

APR. MAY JUN. J 

. .  I ,  

Fig.5 Seasonal changes of  thawing depth for 
different  annual mean ground  surface  tempera- 
tures. An area of shaded  portion is equiva- 
lent to active layer  index value when  ground 
surface  temperature 1.s -1 0 Y .  

GROUND SURFACE TEMP. I' C) 

F'ig.6 Relations between initial ground 
surface  temperature and increase of a.ct lve 
I.ayer thickness wlth temperatu,re kisB by 1.C. 
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Fig.7 Change o f  active layer index under 
warming trend at intervals o f  ten years for 
one  hundred years.  The rate of  warming is 
constant as  3.C / 100 yr and initial  tempera- 
ture is -3.7'~. 

that  the thickening af  the  active  layer  and 
prolonging of the seaearlel. thaw  cause nddi-  
ttona-17 production of methane  gas. 

,With. respect t o  Hokkal-daira plateau, 
usi-ng- . the vsJue of the  i,nitial Elround sur- 
face temperature as -3.7 * C ,  the  calculations 
of active layer Index were made a t  ten  year 

of 3.C / 100 yr (Fig.7). This figure I n d i -  
interval for 100 years with an increase  rate 

cates that  the active layer  Index  Increases 
exponentially  with a linear  temperature r i s e .  
Assuming that t h l s  result I s  applicable to 
not only the alpine permafrost in mid-lati- 
tude  but  the  permafrost  regions  in  high 
lntitude mnd the active layer index repre- 
sents the  indicator o f  methane  emission  from 

of this Index suggests  that the  warming of 
the active layer, the exponentially  increase 

the  ground at a constant rate  may  result  in 
accelerated positive feedback  effects .to 
climate. 

CONCLUSION 

, In thls study. ground  temperature pro-  
files were computed using numerical  analysis 
and the  response o f  the  active  layer  to 
climatic warming was estimated  under  simple 
boundary  conditions. The effect of climatic 
warming  on  active  layer is concluded in 
following summarizing sentences: 

1. If the  mean  annual  ground  surface 
temperature in t h e  DaiRetsu  Mountains, 
Hokkaido, increases linearly by 3 * C  over the 
coming 100  years,  the thickneas and the 
thawing period O P  the active  layer  wlll 
,4neraaae by 53 cm and 37 daya respectively. 

2 .  The thickening of the  active  layer in 
R warming trend depends on initial', tempera- 

ture  conditions. An  id"rease  in activd,  ,layer 
thickness with a  temp'brature rise' o f  1 *C 
becomes larger In  response to an  increase of 
initial  temperature.  It  implies  that in 
southern  regions of permafrost, the  thicken- 

cally than in Arctic regions under uniform 
ing of active- layer w i l l  occur more dramsti- 

warming occurs in both  regions. 
3. The active layer index i s  newly pro- 

posed  by  the authors ns an  indicator of the 
degree of change in  the active layer under 
warming trend. This index 1s derived  from an 
integration of thaw  depth  value6 a t  e w h  day 
(cm-days). The results o f  dalculations  with 
respect to the Daisetsu  Mountains suggest 
that  this  index  value  exponentially  increases 
in accordance  with  a  linear  increase of mean 
annual  ground  surface  temperature.  From t b i a  
fact, It may  be  suggested  that  some  positive 
feedback  effects will accelerate year by 
year. Ta.clarify the  interaction  between  the 
permafrost  and  climatic  change in future, it 

methane emission, the hydrologic'al condition 
is necessary to ascertain the .changes of the 

and other factors with the change of act,tve 
layer  thickness. 
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UPLIFT RESISTANCE OF PIPELINES 
BURIED I N  FROZEN GROUND 
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, .  

Design  of  buried  chilled pipelines in  ftost  heaving  terrain  requires a knowledge of 
the  uplift  resistance of pipes  buried  in  frozen ground. As the  chilled  pipe  crosses 

permafrost  areas,  the  frozen soil generates  considerable  resistance  to  upward  pipe 
from  unfrozen  (heaving)  terrain  to  frozen  (non-heaving)  ground  in  discontinuous 

movement.  If  these  uplift  resistance forces axe vel;y.hiyh,  then  the  resulting 

unfrozen  ground  will  tend to be  higher.  This  paper  describes  the  load-resistance 
curvatures  and  strains  induced in the  pipe  near  the'interface  between frozen and 

have  been  carried out, providing  the general shape of t he  l,oad-displacement  curve, 
response as a pipe is displaced upwards through  frozen  ground. A series  of  six  tests 

and  the  effects of backfill type, displacement rate,and.tcmperature. Interesting 
crack  patterns in the  frozen  soil  around  the  pipe have been  observed,  and  their role 
in  limiting  or  controlling  peak  and  residual  uplift  resistance is discussed. 

INTRODUCTION 
Backoraund 

A large  diameter  pipeline  may  be subject to 
frost  heave  displacements  of ir meter or more, i f  
the pipe is buried  in  initially  unfrozen soil. and 

significantly  below O°C (Nixon  et al, 1990). 
i s  operated  continuously  ac  temperatures 

predicting frost heave  itself,  and  future 
Considerable study  has  been  carried  out  into 

laboratory and field  studies  will  further refine 
predictions. 

Figure 1. Freezing  and  thawing  effects  on  pipeline 
in discontinuous  permafrost 

As shown  on  Figure 1, anather  major  input 

analysis I s  the uplift  resistance offered to 
required for frost heave-pipeline  interactinn 
upward  motion of the pipe by  the  frozen  soil. If 

unfrozen soil),  the  pipe  heave  near  an  interface 
the uplift resistance  were low (as in the  case of 

between  two soils of  different  heave  potential 
would occur  gradually across a  transition,  and 
strains and  curvatures  induced in the  pipe  would 
be of leas concern. However,  where  the  transition 
occilrB between frozen  and  unfrozen soil, the 

Tho rdjarenr frozen zone will be stable, and  does 
unfrozen 20m may be capable of large frost heave, 

not normally heave to any  significant ext-ent .  The 

frozen  stil in the  frost  bulb around the  pipe  is 
capable of providing  very large resistances  to 
pipe"movement  near  the  interface, and therefore 
stratns  and  curvatures in ,the  pipe  may  develop 
more rapidly across such a transition. 

transition has received considerably  less 
To date, the uplift rssiskance side of the 

attention  than  the  frost  heave side. In short, 
there  are no available  data  in  the  public  domain 
for  this  important  parameter. 

i ncu  a PIPLIN or  equivalent  structural  pipeline 
analysis as an  elasric-plastic  load-displacement 
relationship.  which  may  also  have a post-peak 

displacements.  The  peak  uplift  resistance is very 
reduction, or residual level at larger 

for design  purposes. For example, i f  the  peak 
important in determining  the  allowable  frost  heave 

uplift  resistance f o r  a large  diameter  pipe  were 
increased  from 300 to 600 k N / m  length of pipe, the 
allowable  frosc  heave  before a design s tra in  limit 
were  achieved  might be reduced from 1 m to 0.6 m. 

versus winter  values  of uplift  resistance. I f  the 
~ l s o  of considerable importance  is  the summer 

soil over  the pipe is  allowed t o  thaw  to some 
depth  close to the  pipe  each summer, a large 
seduction i n  uplift  resistance,  and  consequent 
relaxation  in pipe strains  could  be  expected. 

A full scale test on a section of large 
diameter pipe, tested a t  very low  vertical 
displacement  rates  over both  summer  and  winter 

carrying out mid-scale  laboratory  model  pipe  tests 
seasons would be costly,  and the alternative o f  

was  selected.  The  one-sixth  or so scale  test 
considered here  would require only a small 

be associated  with a f u l l  scale field test. 
fraction $of the cost and elapsed time that  would 

The  cest  program was designed  to  increase  the 
level of confidence in the value of the  peak 

displacement  function to be  used i n  pipeline 
uplift  resistance  and  nature of the load- 

Structural  analysis for frost heave deslgn.  In 

determine  the  mode of failure of the soil around 
addition,  visual  observations  were  made to 

the pipe during  the  cest. It has  been  suggested 

tend  to  reduce  the  uplift  resistance  (See Nixon et 
that cracks may farm  around  the  pipe  that  would 

a l ,  1 9 8 4 ) .  However,  this may be  appropriate  for 
more rapid rates  of  upward  displacement, and a 
brittle mode of soil failure. It may  transpire 
that slower and Inore  realistic  vcrtical 
displacements  result  in  a  more  ductile,  creep  mode 

The uplift resistance  is  most  simply  introduced 
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of failure. If the peak uplift resistance is 
atrongly  a  function of displacement  rate,  then it 
would be more appropriate to use a viscous creep 
function to  model  uplift  resistance  within the 
pipeline  structural  analysis. This could  have 
major  ramifications  (hopefully  beneficial) for the 
allowable  frost  heave  determined  for a pipeline 
project. 

v 
from a heavy  walled  steel  pipe  having a wall 

The pipe was 140 nun in diameter,  fabricated 

distance from both ends of  the soil container,  and 
thickness of 19 mm. The pipe protruded a short 

was  loaded  on  the underside of each  procruding 
end. Iniclal testing  did  not  apply a different 

maintained in the suyrouqding..soil. 
temperature in the pipe, other  than  that 

m?- Ro ?IATD 

Figure 2 .  Soil container for pipe s tres s  ; 
experiments 

'i. 

, .  

'The soil  container was approximately a cube, 
0.9m on a  aide.  It was made from  welded  steel 
plate 3 nun thick oir two  sides and the base, wich 
two end plates  bolted on to allow for removal 

ribs Ware welded to the  inner sides of the box to 
following sample freezing (See Figure 2 ) .  Steel 

prevent  vertical  slipping of the soil mass  during 
loading. During freezing, the two end  plates  were 
bolted in place.  Part of each  end plate  was 
designed to be removed  during  loading  from  time to 
time for observation  and  photography. 

in a  small walk-in  cold  room. No temperature 
The Boil container  was  assembled  and  operated 

control was applied to the soil container  itself, 
other than the cold room.environment,  which 
controls  ambient  temperatures  to  about t/- ~ O C .  
The  effective  temperature  control  within  the  soil 
mas9 was much better  than  this,  i.e.  to a tenth of 
a degree or so, because of the  thermal  damping 
effects of the soil mass. 

-1 clayey.  silt  was 
available a t  the  nearby  Univeraity of Calgary,  and 
approximately one cubic  meter a€ t h i s  material was 
air-dried for the  testing.  This is the  same 
material  that  was  present a t  the Calgary  frost 
heave  test  site. 

The bulk soil sample  was  homogenized in a 
concrete  mixer,  and  blended  with  about 22% water 
by dry wei  ht. The cold room vas sec inltially a t  
around -10 8 C, and l ifts about 0.15 m thick were 
placed in the  soil  container and allowed  to freeze 
over a 24 hour period.-The wet soil was lightly 
compacted  using a hand canpaction device  to  remove 
most of the a i r  voids. No effort-was made tQ allow 
the  soil to consolidate prior .to freezing, Random 
horizontal  ice  1ens.es  similar.-ta  those  found.under 
f i e l d  conditions formed in the soil during . 

- 

the soil remained  much the same, due to the 
freezing. However, the  overall  moisture  content of 

essentially  closed  system  nature bf the freezin . 
ApgroxlmaEely 4 lifts ,were  pldred  and +lowe8 

to f r e e z e .  The pipe section  was then pkac@ and 
the  next lift of soil  placed  around  the,pi#e. 
Finally,  a 0.15 m l i f t  of spil was placed 0ve.r the 
pipe  to  final  e1evation;to  simulate a scaled 
thickness of overburden  over  the p'ipe. Th'e pecond 
and  subsequent  tests  Investigated  the  effecti of 
using  the same soil  from  Test 1, ditching a scaled 
trench  in  the frozen soil, placing the pi@e in the 

s o i l  chips, and then saturating the backf i l l 'wi th  
trench,  backfilling t o  finaL  elevation  with  frozen 

water prior to final freezing. 
The  protruding  ends of the  pipe were- connecpd 

Lo the  reaction  frame  and  loading  assembly. and 
the  cold  room  reset to -5OC to equilibrate,at  the 
desired  test  temperature.  Samples of  the frazen 
sail were  taken a t  the  beginning and end of the 
test t o  determine  moisture  content  and'dry 
density . 

?%actio?Erame 
a SVSt 

was constrqcted  from  steel 
sections,  and  employed two mechanical actuators 
(screw jacks)  rated for. a total  load of  2.0 connes 

variable  power  supply,  and agedr reduction 
each. These  were  turned by a 1/4 HP IX mC?r with 
system. The gear reduction  system was designed to 
achieve a  near  constant  displacement rate of 
around 1 mm/day  or less, which is similar .to the. 
maximum rate of displacemefit  experienced by a pipe 
under  field  conditions. The motor turned the g&t 

output  shaft.  Each  shaft  turned an actuator at  
reduction syatern, which  was  equipped  with a doubl6 

one revolutian per day, corresponaibg Lo the 
each end of the pipe section  at  a  rate  of  around 

actuators were Duff-Norton  Model 9820, and the 
target  displacement  rate of 1 mm/day ok less.  Thb 
gear  reducer  system waa a 120,OOO:l triple 
reduction  worm gear unit.  origtnal  desi ps for rhe 

system, but  this  was  discarded in favour of the 
loading system had  considered a hydraulfc  loading 

mechanical system, due to potential  problems with 
unequal  loading  and  tilting  of.,t,he  pipe. 

dnr- 
-n the -pipe ends 
monitored  the loads actually  being applied to the 
test  pipe. n ~ o  LVDTS (linear  voltage  dfsplacement 
transducers) monitored the displacements  being 
experienced  by  the pipe. A third LVDT measured the 
vertical  displacement of the soil Surface. This 

deflection of the  pipe  in the'second and 
third LVDT was changed'to measure  the central 

subsequent  tests, as a concern for bending sf the 
pipe existed.  These  senaors had a total travel: of 
50 mm, with an  accuracy of about 0.025 mrri:,,l?i&. 
location of these sensors. is g,iVen On Figure 3. 
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Figure 3 .  Sensor  locations 



and  another  thermistor  in the room  were  used  to 
monitor  temperatures  throughout che-test. They 
were  located  in the  soil. around,  over. and beneath 

thcoughout  the soil mass. 
the pipe to observe any temperature  variations 

The thermistors,  together  with 2 LVDTs and 2 

acquis'ition  system  and PC computer. The data 
load  cells  were  monitored  every  hour  using  +..data 

,,acquisition  system used was an interactive  program 

lpnsors,  storage  to  hard  disk;  and  fprrnatting  for 
far the PC that  allows regular sampling of various 

,lat,er  processing  using  a  spreadsheet  program. A 
real time  display on the PC screen wits obtained 
.during testing.  The data were stnred,on floppy 
disks ,  and post-processed using a simple FORTRAN 
program written for the PC. 

A total  of 9 thermistors  in  the soil and pipe, 

After freezing, the-ends of the  container  were 
removed.  -1nsulatian  was  placed,around  the 
container. A plastic  sheet  wae  placed  on  the  soil 
surface to prevent  sublimation o f  ice from  the 
soil. The top anchor  beams as shown  on Figure 3 
were placed acrogs t h e  top o f  the  container.  The 
actuator6 and Lv"Ts.-yere  positioned, .and the  data 
acquisition  started.  The motor: was activated,  and 
controlled to obtain  approximately  the  target 
displacement  rate. 

were occasionally  removed,  to  observe  and 
photagraph the  pipe, soil and deformation 
patterns. The tests  was  terminated  when total 
displacements  exceeded  around 50 mm. and when a 

observed. 
significant reduction in total load had  been 

and ice conditions  around the pipe  were  made.  It 
Following  the t e s t ,  observations of the  soil 

was possible to re-use  the  majority of the  soil  in 
the test  container for all of the 6 tests.  It  was 
necessary to remove  the soil around the  pipe  and 

pipe could be replaced and backfilled  at  the start 
reconstruct a 'trench. in the soil, so chat the 

o f  each new test. 
The first  test  involved a uniform soil and 

constant  displacement  rate for the duration  of  the 
test."The  soil and pipe temperature  were 

&&rye peak  and  residual .loads at  large >,. 
controlled a t  -5.5OC. ThiS  test,  was  designed  to 

displacement,  and  to  observe  the  general 

displacement  rate. 
characteristics of load  versus  time for a s,llow 

The second  test  involved  removing  the  highly 
disturbed  frozen soil around and  over  the  pipe to 
a width of about one diameter 00 ,either  side of 

br+Xing it down and sieving  in  the  frozen 
the pipe, and  processing  the  frozen  material  by 

condition to obtain a uniform  size. The pipe  wa,s 

backfill placed  around  and  over  the p i p e .  The 
then  replaced in the  trench,  and  the  frozen 

backfill was saturated  with  water, and allowed to 
freeze i n  the cold room. The second  test then 
proceeded as before.  Fortunately,  this  .test 
indcard almost no discernible effects  6f  
backfill replacement of the  load-displacement 
response of the pipe, and this  permitted  future 

mass, and only replace  the  soil zone around t h e  
tests to re-use the majority of rhe frozen soil 

Test 2 ,  and  explored  the e f f e c t s . o f  different 
slower diaplacement  rates -during the same test. 
The test was started a t  a displac@mcnt  rate of 1 
mm/day, until  about one-third of t h e  anticipated 
peak load was observed  on  the  pipe. The 
displacement  rate  was  then  decreased to around 0 . 2  
nrin/day, and run  past  the peak load at  this  rate. 
Sa this way, information on the  dependence of load 
on dlsplac,em?leht rate 1i .e.  creep) was obtained. 
rRsst.3 bxpr9encad some temperature fluctuatiunq, 
and was repeated  in  Tesc 5 .  Consequently; o'rrlv che 
results of Test 5 a t  t h e  slow displacement  rate 

During  the  test,  the  end  sheets of insulation 

pipe. 
The third  test used the  same  configuration as 

4 

are reported here. 
The  fourth t43t investigated  the  effects of 

pipe. This  could be caused  by'increased grovnd 
Increased soi1,temperature of -2% around  the. 

and/or  pipe  operating temperature, for example. 
T e s t , @  applied'a warming  clycle to the  soil 

surface, while  maintaining  a  controlled p i p e  
temperature of around -5OC'as before. This  was to 
simulate-the effect-i,,of summer warming  on  the  pipe 
uplift  resistance. 

A summar)r of t.he key results and background 
daca fdr.'"iactl, o f  the 5 tests is given on,Table 1. 

T&le  1 . - Rumnl~~i-y o f  t e s t  ,:oridit ions 
i.. . * i  .. 

TEST B'PILL TENP. TIME DISPL. ' I'M DISPL AT RLSIWAL 

6 R 2 0 . 0 ( - )  

Note that: ttw beak and r e s i d u a l  loads  reported 
on t h i s  table refer  to the. , tocal load on h C h  
ends of t h e  0 . 9  m l e n g t h .  of pipe. ' Surface warming cycle imposed during t e s t .  

U=unifsrrn backZi11 condition; R-reworked backfill 

soil used  below  the pipe for  a l l  experiments  was 
The  moisture  content of the  lightly  compacted 

in  the  range of 18.5-20  % by dry  weight. The water 
content o f  the 1-aplaced and reworked soil .in the 
backfill trenc.h i n  the l a s t  4 experlmfrnts was 2 2 -  
25% by dry: weight. 

' The load weaked about 2 ~ 9 3 . 6  )rN at a time of 
eqt # 1 - m r n l  test on 

10 days,  with a displacement of about 7 mm; as 
shown  on  Figure 4 .  The unit load corresponds t o  
about ,708 kN/m a t  this  displacement  race. The test 

after  which  the load tended ta stabilize a t  some 
exhibited a re la t ive ly  brittle  post-peak phase,, 

residual  level a f t e r  a few days. 

r I I I I I I 
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Figure  4 .  Pipe load-displacement for t e s t s  1 and 2 
- effect of backfill type 

dramatically a f t e r  peak load, and this  is-llkeljr 
The soil sur face  displacement fate  'increased', 

due to cracking along the soil sbrface  aver  the 
pipe .  F i n a l l y ,  soil temperatdres  remained quite 
stable throughout the  test,  varying  by  about 
0.loC. At the end of the loading phase, the 

relaxation of load was  monitored  for 2 days. After 
loading  apparatus was switched  off,  and  the 

completion, the soil around  and over the pipe was 
removed and htcjken down in the frozen &Ate, 
backfilled, flooded with  warm  water,  and re- 



carried out  under  the same conditions as the 
frozen.  The  second u p l i f t  resistance test was  then 

partially  thawed  and re-frozen backfill around the 
first, ta see the effects of the  replaced, 

Pipe. 

The pactern of cracks was  mapped  twice, ( a t  I1 
days and a t  the end of  the  test),  and  then 
photographed. The patterns did not change since 
the first  mapping  at 11 days (See Figure 5 ) .  with 
t h e  exception that  the crack over the  center of 
t he  pipe  penetrated  from  the soil surface  almost 
to t he  pipe. 

Test IJ 2 " 

control test, are given  in Figures 6 - 1 0 .  The 
Results m h  is a typical or 

backfill  around  the  pipe  was  reworked as described 
earlier. The purpose of the test was to examine 
the effects  of backfill method cn the  frozen 
uplift  resistance. 

I* 
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Figure 6 .  Pipe end load with t ime for t e s t  # 2 

Figure 7 .  Pipe displacement with time fOK test Y 2 

The load versus time  plot as given on Figure 6 
i s  very  simi1;jr  to the first test with  the 
homogeneous backfill. The peak load is almost t h e  
same a t  90 kN for each end o f  the pipe, although 

8 .S mol, ds shown on Figure 4 .  The residual load 
i t  occurred a t  a slightly smaller displacement of 

displacement  at  the center of the pipe was 
remained  somewhat  higher than test Y 1. The 

measured d irect ly  from a small  rod welded to the 
pipe using an 1,VDT. This  displacement clearly 
lagged behind  the applied end  displ.acements by up 
to 3 mm, as shown on Figure 7 .  Except for a period 
of rapid load build-up a t  the  beginning of the 
tesr, the displacement plot with  time is quite 
linear-, indicating  the success of the mechanical 

displacement  rates. The displacement rates 
screw actuatol system in maintaining near canstant 
obtained a t  t h e  center and ends of the pipe vary 
from about 0 . 6  mm/day while  the load was 
increasing on the syst.em to  around 1.0 mm/day as 
load on the system was reducing.  Finally, the 

plotted on F i g u r e  R with the average  end load on 
difference in and m i n u s  center  displacements  was 

the system. The plot indicates  that  the 
displacement  lag appears to be linearly  elastic 
and recover ab le .  

0 m ID 

Figure 8 .  Displacement l a g  VB end load, test I 2 

ThiS I w d i r q  apparatus  was  then  switched off, 
and tt~e t e l a x a t i o n  of load  was  monitored  for a 5-  
day period. This f i n a l  segment of the load time 
curve as indicated on Figure 6 ha5 been replotted 
as 3 s t t a i g h t  l i n e  on a semi.log plot, and 
Indicates tkte lengthy time period t h a t  would be 
required fo r  L.he load to  stabilize. This behavior 
certainly indicates a time-dependent or creep 
response i n  t h e  pipe-soil system. The crack over 
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the  center of the pipe penetrated  from the  soil ' 

surface  almost  to  thq pipe. The cracks on either 
side of the pipe develo@ed almost horizontally 

on one side not so well  developed as the  one on 
from the  spring  line af She ,pipe, with  the  crack 

the  other side. 

P P  
TesK I 4 had  a  nominal'soil  temperacure of - 

2OC,  which  was  significantly  warmer  than  the 
previous tests. A nominal  displacement  rate of  

Tests 1 and 2 at -5.5OC. 
0.6-1.0 mrn/day was  selected  for  similarity  with 

111 I I I I I 

" . . X  

w m c m a w r u m - o ) l ~ ~  
a x L * C ~ Y ~ T , ~ Y ~ h C K m u  

DUWIAWENT (mmf 

of warmer soil temperature 
Figure 9 .  toad-displacement for test 4 - effects 

Figure 9 shows  the  load-displacement  plot. 
Comparison with results for Test # 2 indicate  thac 

peak load was about one-half of the  value obtained 
the same shape of curve  was  obtained,  although  the 

time showa that the ends  were  displaced  at a 
from the tests a t  -5.5OC. The displacement with 

relatively  uniform  rate, with the  center of the 
pipe lagging 1-2 mm behind  the  ends, as observed 
previously. Aside :KOM a temperature  fluctuation 
of about 1. O°C in  the early stages of the test, 

around -2.1 to -2.2OC. The  peak  displacement was 
the  temperature remained  relatively  constant  at 

realized  at a displacement of around 2 mm, as 
compared  with 7mm' for the  tests at -5.5OC. Also, 
the peak-to-residual  reduction in load does i7ot%' 
seem-as pronounced  in  this  test,  indicating a less 
brittle response. A t  about 5 days,  some  small 
cracks in the soil were first noted close to the 
pipe  springline,  but these did not seem to 
penetrate very far  into  the s o i l .  Around day 18 at 
the  conclusion of the tes t ,  the  end  was removed 
from the  soil box, and only two relatively  minor 

pipe springline,  and rising  at about 60° to  the 
cracks were observed in the soil scasting'at the 
horizontal part way to the soil surface. These 
cracks d i d  not penetrate all  the  way to the 

was  present a t  the base of pipe, roughly  equal in 
surface. The usual  large gap between  pipe  ana soil 

s ize  to the  applied'displacernenc of 18 nun. The 
crack noted  over  the  pipe was up  co  a few mm wide, 
and did not penetrate  all t h e  way to the pipe. 

WBE etopped to observe  relaxation, and the load 
From day 18 to day 20, the  displacement  rate 

decayed from about 18.7 kN to  about 14.3 kN a t  

switched off ,  and  the soil allowed to warm  up  and 
each end of the  pipe. A t  day 20, the  cold  room was 

thaw.  Within abut 1 day, the soil over the pipe  
thawed, and t h e  load f e l l  essentially to zero, as 

demonstrates  thac if chawing  o f  t h e  soil around 
would be expected. This phase o f  the test  simply 

and over the p i p e  can be induced (however 

*tepracticalLy teru. This may be very beneficial 
CenUpOrary), then the uplift rssiscance w i l l  drop 

when  considering  practical  measures to reduce 
uplift  resistance,  and  thereby  increase t h e  

allowsble froat.heave, of a buried pipeline. 
i ,  , 

" 0 p , ,  

Test 3 ,  ,which 
rate, ,. , . 

+xp,rrirnced some teinperature  csntral  problems, 
T e s t  5, however  ran  s'uccessfully. for a duration  of 
75 days. with an applie'd  ,displacement  rate of 
0 .15 -0 .2  mm/day, and excellent,.;temperature 
control. The load-displacement.  curve for this test 
is given cm Figure 19. Also shown is  the 
equivalent cu~ve for  the  control Test 2 for 
comparative  purposes. It i s  seen t h a t  Test 2 a t  ; 

the higher  displacement..rate  exhibited a .  higher 
peak  and  residual  load,  and also peaked  at  a 
somewhat higher pipe  displacement. These 
r h s s r v d ~ . i v n s  drt! runsistent  with  the idea thaL a t  
least  son^ of t.hr uplift resistance  depends  on  the 
creep properties of the  frozen  soil, and Khat 
lower  displacement rates will result.  in  lower 
uplift  resistance  values. ' 

DlSPLACRlEWT mm) 

TwtmATu" "K 
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Figure 10. Test 5 - slow displacement  rate 

cracking  observed  around  the pipe was gxeatily 
IC is  important  to note that  the  amount ;E soil 

peak pipe 1oad.had'been achieved  some  considerable 
reduced  at  the  end of this test. Even though the 

time prevj.ouslyl;khe magnitude and exterit of soil 

minimal. A few minor cracks  extending 30-60 mm 
cracking  adjacpnt to the soil springline  was 

away from the pipe were  noted. A significant  crack 
was present  at  the  soil  surface  directly  over the  
pipe, however,)  In all tests. T h i s  crack was the 
first  to  develop,  and  extended  about  half way from 
the  soil surface to the pipe. 

le 
T e s ~ i ~ u r e s S f r ~ o a c ~ c d i s p l a c ~ m ~ ~ ~ .  curve for 
Test 6, where the usual  displacement  rate of 
around 1 mm/day was imposed  on  the pipe ends  unci1 
about 2/3 of the  peak  load  was  attained.  At t h i s  
time,  when  a  load of about 70 kN on  each,"end of 
the  pipe was reached, a surface  warming Cycle was 

effects o f  surface  seasonal  warming i n  the field. 
imposed on  the  soil  surface,  to  simulate  the 

This  wa5  done by placing a grid o f  cloeely spaced 
plastic pi.pes on the  soil  surface,  and  covering 

This  provided B thermal contxt between the 
them with 5 25 mm thick  layer of dry,  fine  silt. 

surface beating  grid and the soil surface. The 
grid of heating pipes was connected to a constant 

The pipe was controlled  at  a  constant  temperature 
temperature  circulating  bath  controlled  at t5OC. 

o f  -5% during the same time period when the 
surface warming was  applied for a 12-day period in 
surface temperature  warming  cycle was imposed. The 

application of the  surface  temperature  increase, 
the middle of the test. Almost  immediately  after 

70 kN to 12 kN. After t h i s ,  the temperatures  were 
t he  pipe load on each end f e l l  rapidly from about 

A slight recovery of  the pipe end load was 
allowed to S ~ ~ U L I I  to their  original  value of -5%. 

pipe loads .  The effects of surface  warming  were 
observed, followed by a concirruing decay in the 

- 
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Irarnatic  and  immediate, whic.h w i l  1 be at i n r c r t . s t  
$ .p ipe l ine   des igners   concerned   wi th   mi t iga t iny  

on a b u r i e d   p i p e l i n e .  
.he e f f e c t s  of  curvatures  induced by f rus t   heave  

I 

t : 
p. 

m 

0 
I5 m 

Figure 11. Load-displacement fur  t e s t  6 -- effetrts 
of s u r f a c e  warming c y c l e  

le  t o s t b  of f L o 7 ~ r 1  S o i l .  
Clear ly ,   the   peak load a n d   i n i t i a t i o n  *CI€ S C J ~ ~  

c r a c k i n g   a r e   l i m i t e d   t o  a l a rge   ex ten t  by the 
t e n s i l e   s t r e n g t h   o f - t h e   f r o z e n  s o i l  a d j a c e n t   t o  
and over t he  p ipe .   Tens i l e   c r acks  seem t o  open a t  

by t h e  p ipe .   In   o rder  t o  i n t e r p r e t   t h e  peak  pi[-)@ 
a time corresponding t o  t h e  peak l m d  experienced 

loads using some bas i c   so i l   p rope r ty   such  a s  
t e n s i l e   s t r e n g t h ,  a s e r i e s  of uniax ia l   t ens i l t :  
s t r e n g t h  tests were c a r r i e d  o u t .  As noted by ~ I L Y I I ~  
i nves t iga to r s   i n   t he   pas t ,   che   s t r eng th  o f  f rozen 
soils ( i n   t e n s i o n  or compression) is time 
dependen t ,   and   dec reases   s ign i f i can t .1~  wit-h 

series o f  7 u n i a x i a l  tests were   car r ied  o u t  in a 
increas ing  time to  f a i l u r e  ot loading r a t e .  A 

spec ia l ly   des igned   tens ion   appara tus ,   tha t   appl ied  
a constant  dead load t o  a dumbbell  shaped 
specimen, similar to  Zhu and  Carbee ( 1 9 8 7 ) .  The 
tests were a l l  c a r r i e d   o u t  in a cold room a ' ~  -5OC, 

was p lo t t ed   aga ins t   t he   l oga r i thm of t.he t i m e  ta 
at varying stress levels. The r e c i p r o c a l  c ~ f  s t r e s s  

f a i l u r e   a s  shown on  Figure 1 2 ,  accord iny   to   the  
Via lov   p lo t t ing   p rocedure .  A well dof in 'ed   s t ra ight  

s t r e n g t h  to be obta ined  a s  a funct ion  of  t h e  time 
l i n e  was obra ined ,   a l lowing   the  u n i a x i a l  t e n s i l e  

was in the range  of 18, i n d i c a t i n g  a r a t h e r  
t o  f a i l u r e .  The s t ra in  a t  f a i l u r e   f o r  a l l  tests 

b r i t t l e   r e s p o n s e  t o  tensi le  s t r e s s e s .  For example, 

s t r e n g t h  is e s t i m a t e d   t o  be 350 and 3 1 1  kFa 
f o r  times t o  f a i l u r e  of 8 and 3 2  days ,   t he  tensi le  

r e s p e c t i v e l y .  Fu tu re  a n a l y s i s  w i l l  employ these 
v a l u e s   i n   c o r r e l a t i n g   t h e   o b s e r v e d   p i p e  load in 
t h e   u p l i f t   r e s i s t a n c e  tests wi th   t he  uniaxidl t t . u t  
r e s u l t s .  

q6 - c 
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POTENTIAL OCCURRENCE OF PERMAFROST AN0 GAS HYDRATES 
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A two-dimensional  finite  element  model  was  used  to  investigate  the  thermal 
response  of  subsea  permafrost  and  gas  hydrates  to  changes  in  sea  level  and  climate 

pernlafrost  containing  brines,  the  spatial  distribution of the  ice-bearing 
over  a 121 Kyr time period  along  a  line  offshore  from  Lonely,  Alaska. For subsea 

permafrost ( I B P )  is predicted  to  be  wedge  shaped  and  to  extend  only  19 km offshore, 

depth to t h e  IBP table  increases  almost  linearly  with  distance  offshore.  For 
There  is  significant  lateral  heat  flow  throughout  the IBP section  offshore  and  the 

subsea permafxst with  constant  thermal  parameters, IBP is predicted to extend 52 

Depth to the I B P  table  increases  almost  linearly  with  distance  offshore  and  then 
km offshore  (Fater  depth - 5 0  m)  and is nearly  isothermal  beyond 4 km offshore. 

becomes  relatively  shallow  and  nearly  constant  in  depth.  Seabed  temperatures  and 
the  assumed  sea  level  history  curve  are  especially  important  in  determining  the 

be  modeled  better  using  constant  thermal  parameters.  Depth to the IBP table 
current  distribution of subsea  permafrost.  The  full  thickness  of IBP onshore  can 

offshore  may  be  modeled  better  when it is assumed  that  the  Bermafrost  contains 
brines.  The  predicted  depth  zone  for  stability  of  methane  gas  hydrates  is  between 
220 m and 650 m  near  shore. For subsea  permafrost  containing  brines,  this  zone 
extends 32 km offshore  compared to 54 !an (to  the 55 m water  depth)  for constant 

hydrates  in  the  continental  shelf  near  Lonely i s  on  the  order  of lo4 years,  much 
thermal  parameters.  The  time  scale  for  producing  methane  gas  from  destabilized  gas 

longer  than  previously  predicted. 

INTRODUCTION 

evidence  for  repeated  glaciations  about  every lo5 
years  (Shackleton  and  Opdyke, 1977). The 
continental  shelves  of  the  Arctic  Ocean  were 

water  depths  of 120 m (Bard  et  al., 1990). Cold 
emergent  during these glaciations, up to current 

climates  during  periods o f  emergence  favored  the 
formation  of  permafrost  and  the  stabilization of 
gas  hydrates  in  the  shelves.  Rising  sea  levels 
during  interglacial  periods  replaced  the  cold  air 
temperatures  on  the  shelves  by  much warmer sea 
water  temperatures. As a result,  the  permafrost 

depths,  and permafrost  would  have  started to  thaw 
and  thawed sediments  would  have  warmed at all 

from  both  the  top  and  the  bottom.  Eventually,  gas 
hydrates  would  have  been  destabilized,  providing  a 
potential  source of methane  gas to the  atmosphere. 

to the  new  surface  boundary  conditions after 
Since  permafrost  thaws  very  slowly in response 

submergence,  considerable  time (on the  order  of 
tens  of millennia)  may  be  required  to  completely 
thaw  the  Permafrost.  Consequently,  ice-bearing 
permafrost ( I B P )  and  gas  hydrates  may  still  exist 

Ocean.  The  existence  of  subsea  permafrost  and  the 
in  parts  of  the  continental  shelves  of  the  Arctic 

presence  of  ice  in  these  continental  shelves  has 
been  confirmed  by  drilling  in  shallow  water 

off  the  coasts  of  the USSR (Molochushkin, 1978). 
(usually  a  few  tens  of  meters  or less in depth) 

Alaska  (Lewellen,  1973),  and  Canada  (Mackay, 
1972). Subsea  permafrost is also  indicated  in  the 
interpretations  of  offshore  .seismic  data  (Hunter 

petroleum  exploration wells  (Osterkamp et al., 
et al., 1976) and of geophysical logs in offshore 

1985). Destabilization  of  gas  hydrates  (by 
warming  the  sediments  in  the  continental  shelves) 
during  periods  of  high  sea  level  may he a periodic 
source of atmospheric  methane  over  geological time 
(Clarke et al,, 1986; MacDonald, 1990). Warming 
of the  permafrost  and  sediments  and  permafrost 

During  the  past  mi’llion  years,  there  is 

thawing  eventually  causes gas  hydrates  to  become 
unstable  resulting  in  the liberation  of  large 
volumes  of  gas.  However, the  permafrost  may  act 
as a seal  (because of ice in  the  pores)  preventing 
been thawed  to generate escape routes  €or the gas. 
the gases  from escaping until sufficient ice has 

MacDonald (1990) has  investigated  the  time  scales 
for  the  response  of  the  permafrost  to  submergence 
using  a  one-dimensional  analytical  model.  Since 
the  model  did  not  include  latent  heat  effects,  the 
predicted  time  scales are expected  to  be  much too 

the  time scales  for production  of  atmospheric 
short. This means that  his  predictions  regarding 

methane  gas  by  destabilization  of  gas  hydrates in 
continental  shelves  affected  by  permafrost are not 
correct. 

models  (e.g.  Mackay,  1972;  Lachenbruch et al., 
Calculations  using  one-dimensional  analytical 

1982)  and  numerical  models  (Outcalt, 1985: Nixon, 
1986) €or the  transient  response of permafrost to 
submergence  generally  suggest  the  presence  of 

of  deeper  water. The  occurrence of subsea 
relatively  thick subsea  permafrost even  in  areas 

permafrost  implies  the  potential  presence  of 
stability  zones  for  gas  hydrates.  However,  one- 
dimensional  models  are  not  completely  satisfactory 
because of possible  lateral  heat  flow  in  the 

some  cases, it may also be  necessary  to  include 
subsea  permafrost  particularly  near  shore.  In 

distributed latent heat  effects  and  variable 

presence  of  saline  pore  fluids  in  the  permafrost, 
thermal  parameters  associated  with  the  potential 

which  do  not  appear  to  have  been  done. 

dimensional  numerical  modeling of the  thermal 
response of permafrost  to  changes  in  sea  level  and 
climate,  which  includes  the  effects  of  saline  pore 
fluids  on  latent  heat  and  thermal  parameters.  The 
region  considered was the  continental  shelf  of 
Alqska  near  Lonely.  Results of these  simulations 
are used  to  evaluate,  at  the  present time, the 
spatial  distribution  of 1BP in  the  continental 
shelf  near  Lonely and the  stability  zones  of  gas 

This  paper  presents  the  results  of  two- 



hydrates  that  may  exlsc  r/ltnin  or  under  the 
permafrost. 

simulations,  study  site,  choice of parameters, 
Additional  information  on  the  numerical 

initial  conditions,  boundary  conditions,  and  other 
simulations  may  be  found  in  Fei ( 1 9 9 2 ) .  

axmL5In 
The  study  site,  offshore  from  Lonely  which is 

about 135 km southeast  of  Barrow,  Alaska,  was 
chosen  because  of  the  availability of data  from 
other  research  and  from  onshore  and  offshore 
petroleum  exploration  wells.  Available  data 

J.W.  Dalton-1 (JWD) well  onshore  and  the  Antares 
consist  of  geophysical  logs  and  samples  from  the 

well  offshore  (Collett  et al., 1989; Deming  et 
al., 1 9 9 2 ) ,  results o f  thermal  studies  in  five 
shallow  drill  holes  along  an  offshore  line  to  the 
northwest  from  Lonely  (Harrison  and  Osterkamp, 
1 9 8 1 ) .  and  results  of  bottom  sampling  and 
shoreline  erosion  studies  (Hopkins  and  Hartz, 
1978). 

interglacial  nearshore  and  lagoon  sand,  silty  fine 
sand,  and  pebbly  sand  (Hopkins  and  Hartz, 1 9 7 8 ) .  
Shallow  offshore  drilling  data  (Harrison  and 
Osterkamp,  1981)  indicate  that  the  seabed 
sediments  are  fine-grained to about  the 30 m 
depth.  At  the JWD well,  the  deeper  well  logs 
indicate  relatively  coarse  material  (conglomerate 
and  sandstone)  down  to  the 270 m to 300 m depth  or 
so overlying  finer  macerial  (siltstone)  (Collett 
et al., 1 9 8 9 ) .  There is a change  in  the 
temperature  gradient  in  this  depth  interval 
(Lachenbruch  and  Marshall, 1 9 8 6 ) .  We  interpret 
the  base  of  the IBP to  be  at 360 m  to 366 m  (about 
-2.2'C) where  slight  changes  in  the  resistivity 
log  and  the  temperature  gradient  occur.  Other 
onshore  wells  in  this  region  indicate  a  similar 

material. 
lithology  but  generally  with  somewhat  finer 

about 24 km distant  on a line  bearing N55'E from 
Lonely  in  about 1 5  m of water.  well logs 
indicate  that  relatively  fine-grained  material 
exists  in  the  upper  section  (above 190 m)  where 
permafrost  might  be  expected  with  some  coarser 
material  from 190 m  to 312 m.  The  use  of 
geophysical  logs  to  determine  the  presence or 
absence  of I B P  is very  difficult  because of the 

the  thawed  material  and  any  warm  and  marginally 
lack  of  contrast in physical  properties  between 

ice-bearing  permafrost  which  would  be  thawing  from 
both  the  top  and  bottom.  According  to  the  gamma 

272 m  and 305 m.  Increases  in  the  resistivity  log 
ray log, there  are  two  similar  sections  just  above 

(DIL) above 272 m  but  not  above 305 m suggest  that 
IBP  may  exist  above 272 m  which is our 
interpretation  of  the log. However,  other  factors 

permafrost  could  produce  these  increases. 
(e.g.,  changes  in  pore  fluid  salinity)  besides 

determined  from  drill  cuttings  from  the JWD well 
The  harmonic  mean  thermal  conductivity 

W(mK)-1 (Deming  et  al., 1 9 9 2 ) .  Values of 2 . 5  
in  the  frozen  interval  from 113 m to 269 m is 2 .57  

W(mK)-1  and 1 . 7  W(mK)-l were  used  for  the  frozen 

was  assumed  to  be  0.2.  For  fine-grained 
and  unfrozen  material  respectively.  The  porosity 

dependent  thermal  parameters  were  calculated  using 
sediments  containing  brines,  the  temperature- 

an  unfrozen  water  content, & = A*, where T is 
the  magnitude  of  the  temperature ,("C) and A and B 
are  empirical  constants  (A = 0.1435. B = -0.902) 

assumed  to  be -1.63'C. The  volumetric  heat 
(Fei, 1992). Freezing  point  depression  was 

capacity  and  the  thermal  diffusivity  were 

Osterkamp (1987) . calculated  according  to  the  methods  used  by 

The  onshore  surficial  deposits  were  mapped  as 

The  nearest  offshore  well  (Antares, EXXON) is 

50 I 

of - 80 mW-m-2  for  the JWD well.  However,  the 
average  measured  temperature  gradient  and  the 
above  frozen  conductivity  yield  a  more  normal 
value  of - 54 m13-mm2  in  the  upper  interval. For 
the  simulations,  a  compromise  value  of 65 mW-m-l 
was  used. 

sediments,  temperatures,  and  depth to IBP was 
Information  on  the  near  surface seabed 

obtained  in  five  shallow  drill  holes  which  were 
rotary  jet  drilled  along  a  line  bearing N32W near 
the DEW site  at  Lonely  (Harrison  and  osterkamp, 
1 9 8 1 ) .  Distances  from  shore  were  paced  and  may 
contain  significant  errors. 

in  these  holes,  two  to  three  weeks  after  drilling, 
which  are  thought  to  be  within  a  few  hundredths 
degree  of  equilibrium  values.  The  profiles  show  a 
decreasing  thermal  gradient  with  distance'  (time) 
offshore.  Assuming  the  current  average  shoreline 
erosion  rate (4.7 ma-I),  the  hole  at 7770 m 
offshore  has  been  submerged  for  about  seventeen 
centuries.  Approximate  mean  seabed  temperatures 
can  be  obtained  by  projecting  the  thermal 
gradients in the  deeper  part  of  the  holes UP to 

boundary  often  makes it difficult to do this 
the  seabed.  However,  the  presence  of  a  phase 

reliably. 

Deming  et  al.  (1992)  suggest  a  large  heat  flow 

Figure 1 shows  temperature  profiles  measured 

Figure 1. Subsea  permafrost  temperatures  measured 

bearing N32SJ at  Lonely,  Alaska.  The  numbers  next 
in  five,  shallow,  offshore  holes  along  a  line 

offshore  which  were  paced  and  may  contain 
to  the  profiles  are  the  estimated  distances 

significant  errors. 

brines,  the  amount o f  ice  appears  to  increase 
In  warm  subsea  permafrost  which  contains 

gradually  with  depth  (osterkamp  and  Harrison, 

there  is  no  distinct  change  in  temperature 
1982; Osterkamp  et al,, 1 9 8 9 ) .  Consequently, 

gradient  nor  properties  at  the I B P  table  but  only 

which  makes it difficult  to  detect  the  presence  of 
a gradual  curvature o f  the  temperature  profile 

ice  from  the  drilling  data or the  temperature  data 
(Fig. 1). Therefore,  the  holes  were  heated  to 
determine  the  presence of ice  using  the  method 
described  by  Osterkamp  and  Harrison ( 1 9 8 0 ) .  Our 

heating  the  holes indicate  that  the I B P  table 
interpretation o f  the  results  of  drilling  and 

occurs  between 6 m  and  15  m  below  the  seabed  along 
this  line  (Table 1) , 



Table 1. Data  for  holes  drilled  at  Lonely  along  a  line  N32%  starting  at  a  point on the  shoreline  which 
was N66W from  the DEW site  radar  dome.  The  hole  number is the  distance  from  shore  in  meters  determined 
by  pacing. 

bearing N32"W (Table  1)  which  crosses  the  shelf  at 
an  angle  and  one  bearing  N20%  which is 
perpendicular  to  the  depth  contours  and  passes 
about 15 km to  the  west  of  the  Antares  well. 
seabed  profiles  for  these  lines  were  constructed 
using  results  from  thb  above  studies  and 
bathymetric  maps. TWO simulations  for  the  latter 
line  are  reported  herein,  one  for  sediments  with 
fresh-water  pore  fluids  and  one  for  sediments 

perform  two simulations  for two  near-extreme  cases 
containing sea  water  brines. our  strategy  was to 

with  regard  to  their  effects  on  the  thermal  state 
of  the  permafrost.  Additional  details  and 
simulations  are  discussed  in  Fei (1992). 

Simulations  were  done  for  two  linea,  one 

The  initial  thermal  conditions  are  unknown. 
However,  the  simulations  were  started  using  steady 
state  conditions  (Lachenbruch, 1957) far  enough 
into  the  past  (121  Kyr BP) to  allow  any  transients 
(Osterkamp  and  Gosink,  1991)  associated  with  the 

boundary condition depends on whether the  surface 
initial conditions to  disappear.  The surface 

is emergent  or  submergent.  For  the  emergent 
surface  temperature,  the  paleoclimatic  temperature 
history  of  Maximova  and  Romanovsky (1988), 
modified for the  Lonely  region  (Osterkamp  and 
Gosink  1991),  was  used.  Their  hi'story  gives  good 
agreement  with  the  current  permafrost  thickness  at 
Prudhoe  Bay  (Osterkamp  and  Gosink,  1991).  Since 

curve for this portion of the Beaufort Sea  shelf, 
there does not appear to be  a sea  level history 
the  timing for emergence  and  submergence  was 
obtained  from  the  sea  level  history  curve of Bard 
et al. (1990)  modified  to  take  shoreline  erosion 
into  account  (Fei,  1992).  This  procedure  produces 
depths  to  the  seabed  that  are  somewhat  shallower 
than  observed  up  to 20 km offshore.  For  the 

determined  from  measurement@ in shallow  drill 
submerged  surface,  current  seabed  temperatures 

holes  at  Prudhoe  Bay,  Barrow,  and  Lonely,  adjusted 

and  Harrison, 1982, 1985). Additional  information 
for  water  depth,  were  used  (Fig. 1 and  Osterkamp 

is provided  by  Fei  (1992). - 
F i n e - c c  

Figure 2 shows  the  Predicted  current 
temperature  distribution  in  the  continental  shelf 

uneven  character of the  isotherms in Figure 2 is 
along  the  line  bearing  N20%  from  Lonely.  The 

caused  by  the  plotting  algorithm.  IBP (-1.6OC 
isotherm)  is  predicted  to  extend  only  about  19 km 
offshore. This surprising  prediction is a  result 
of  the  relatively  large  heat  flow  and  low  ice 
content  assumed  for  the I B P .  

Figure 2 .  Predicted  offshore  temperature 
distribution  and  stability  zone  for  gas  hydrates 
at  the  present  time  near  Lonely  for  fine-grained 
sediments  containing  brines.  The  ice-bearing 
permafrost is defined by the -1.6"C isotherm. 

coast,  but  it is also  significant  in  the  rest  of 
the  IBP  and  in  the  thawed  material  under  it  and 

depths  the  curved  isotherms  and  associated  lateral 
seaward  of  it.  Beyond 50 km offshore,  at  deeper 

heat  flow  appear to be  the  result of recently 
thawed IBP near  the  seabed.  These  results  suggest 
that  one-dimensional  thermal  models  that  assume 

predict  the  thermal  regime of subsea  permafrost 
there  is  no  lateral  heat  flow  may  not  correctly 

containing  brines. 

a  difference of 13%. In  the  offshore  region,  the 
is 318 m  compared  to  the  observed  depth  of 366 m, 

base of the  IBP  rises  rapidly  with  distance 
Offshore. A comparison  with  the  Antares  well  is 
difficult  since  it is about 15 km east of this 
profile  in  a  water  depth o f  15 m. If  water  depth 

predicts an absence of TBP at the  Antares  well. 
is used as a  criterion, this calculated  profile 

However, if distance  offshore  is  used,  IBP  at  the 
Antares  well  would  be  predicted  to  a  depth of 
about 200 m compared  to  the  272  m  observed: 

Depth  to  the  IBP  table  increases  almost 
linearly  with  distance  offshore  to  about 66 m 
below  the  seabed  at  19 km offshore.  At 7.8 km 
offshore,  the  predicted  thickness  of  the  thawed 

offshore,  along  the  line  bearing N320w, the 
layer  at  the  seabed  is  21 m. At  the  same  distance 

water  depth  were  used  as  a  criterion,  the 
observed  thickness  is 7 m  to 15 m  (Table 1). If 

would  be  greater. 
difference  between  observed  and  calculated  values 

Lateral  heat  flow is large  in  the  IBP  near  the 

The predicted  depth  to  the  base  of  IBP  onshore 

5 0 2  
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Figure 3 shows the  predicted  current 
termperamre distribution  along  the  line  bearing 
N2O0E from  Lonely. A nearly  isothermal IBP section 
extends  from 4 )an to 52 km offshore  where  the 
water  depth is about 50 m. Up to about 24 )an 

beyond 24 km it i s  neaTly tabu,lar  with a 
offshore, the IBP section is wedge-shaped  and 

relatively  flat  vertical  tip. ' The  relatively 
thick  tabular  section  appears to be a result of 
the  assumed  sea  level CUKVB. This curve  indicates 

exposed  to cold air temperatures  for more than 70 
that depths of less than 50 m were  continuously 

kyr  and  only  submerged  during  the  last  11 kyr. 
This  would  produce a thick  section of IBP out  to 
the  current 50 m isobath. 

Figure 3 .  Predicted  offshore  temperature 

at  the  present  time  near  Lonely  for  fine-grained 
distribution  and  stability zone for gas hydrates 

sediments  with  constant  thermal  parameters.  The 
ice-bearing  gertnafrost is defined  by  the  -1;-6"C 
isotherm. 

Lateral  heat  flow  is  large  within 4 )an of 
share  and  in  the  thawed  material  beyond and under 
the  tip of the fBP. Predicted  depth t o  the,base 
o f  the IBP onshore ( 3 5 5  m) is close  to  the 
observed  value (366 m). This suggests  that' the 
full  thickness  of  the  IBP  may bB modeled  better 
with  constant  thermal  properties  than  with 
temperature-dependent  properties  and  distributed 
latent  heat  effects  associated  with  the  presence 
of brines  in  thelpermafrost. A similar  result  was 
found by Osterkainp  and Gosink (1991) when  modeling 
changes  in  permafrost  thickness  at  Prudhoe  Bay  in 
response to chahgea  in  galeoclimate.  In  the 
offshore  region,  the  predicted  base  of  the IBP 
rises  rapidly to 24 )on offshore  and  then  more 

Antaree well is again  difficult , At the 
slowly  farther  offshore.  Comparison  with  the 

o f  the  IBP  would  be  at  about 210 m below  sea 
equivalent  water  depth  (15  m),  the  predicted  base 

about 270 m compared  to  the  observed  depth of  272 
level, and at  the  equivalent  distance  offshore, 

m. 
Depth  to  the IBP table  increases  almost 

linearly  with  distance  offshore  and  reaches a 
maximum  value  of  66 m below  the  seabed  at 22 lan 
offshore. It then rises to within 30 m of the 
seabed  and  remains  at  nearly a constant  depth  to 
the  tip of the IBP.  This behavior i s  the  combined 
result  of  the sea level  history curve and seabed 

glacial  minimum  lese  than 20 kyr BP to about 4 kyr 
temperatures.  Sea  levels rose  rapidly from th8 

, '  ' 

BP. As a result,  the  shelf  was  rapidly  covered 
with deep cold  water  (about  -1.5Dc).  In  the  last 
4 kyr,  submergence  (due to sea level rise and 
shoreline  erosion)  occurred in shallow  warm  water 

temperature  gradient in  the  thawed  material 
(about -1-1. In the shallow water, the larger 

between  the  seabed and the IBP table  (-1.63"c) 
allows  for  greater  heat  flow and therefore a 
faster  thawing rate.  Tho predicted  thickness of 
the  thawea  layer  below  the  seabed is 38m  at 7 . 8  h 
offshore,  much  greater than observed  along  our 
line -of shallow  holes  (Table 1.). While  thawing 
near  the  seabed  for  this  case is initially  greater 
than  when  brines  are  present, by 19 km offshore 

equal. 
the  thicknesses  of the thawed  layers  are  about ',> 

out  along  our line of shallow  holes (N32"W) usint : 
the  above  parameters  and  conditions  except  for a 
larger  geothermal  heat  flow  af 80 mW-m2 as 

cases, predictions for the depth  to the base of  
suggested by Deming et al. (1992). In these 

f B P  onshore  were  much  too  shallow  suggesting  that 
this  choice  of  heat flow may be too l~rge for , . -  
Lonely. 

Simulations  for  both  materiale  were  carried .' 

of preSSUKeS  and  temperatures  that  can be found in 
aseociation  with  permafrost,  inclubing  subsea 
permaf'rost  (e.g.  Kvenvolden  and  McMenamin, 1980: 
Collett  et  al.,  1988) + The stable  region  can  be 
determined from the phase equilibrium  diagram 
(Sloan, 1990). It  was  assumed  that the only  gas 

could be converted'to  depth using hydrostatic 
in  the  hydrate  was  methane and that pressures 

conditions  in  the  sediments.  Latent heat effects 
due to formation  or  decay of the gas hydrates  were 
neglected.  With  theae aesumptions, the  current 
appsoximate  stability  regions  for  methane  gas 
hydrates in the continental  shelf  near  Lonely  were 
mapped on the  two-dimensional  depth-temperature 
diagrams  in Fig. 2 and 3 .  

gas  hydrates  can  potentially  exiet'up to 32 )an 
In  fine-grained  sediments  containing  brines, 

offahore.  The  stability  zone is-below 220 m and 
above 650 m near  shore,  about  the same as  that 

well. For constant  thermal  parameters,  the  depth 
shown  in  Lachenbruch  et  al. (1988) for the JWD 

range  of  the  stability  zane  near  shore i s  aimilar; 
however, the stability  zone  extends  up  to  about 54 
km offshore  where  the  water  depth  is  about 55 m. 
Using the  Bea  level  history  curve of  Bard et al,: 

about IO4 years ago. Thus, the time scale  for 
(1990), depths of 50 m to 55 m were submerged 

producing  methane  gas  from  destabilized  gas 
hydrates in the  continental  shelf  near  Lonely (for 
constant  thermal  parameters)  is  about  four  timeb 
greater  than  predicted by Macllonald (1990). 

Uas hydrates are  stable over a limited  range 

used  to  evaluate  the  thermal  response  and  current 
A two-dimensional  finite  element  model  was 

thermal  regime of permafrost  to  changes  in sea. 

calculate  the  current  stability  zone  for gas- 
level  and  climate. This information  was  used EO 

hydrateP  in  the  continental shelf. The study 
s i te ,  offshore  from  Lonely,  was chosen because of  
the  availability o f  data  from  other  research  and 
from two  oil  exploration wells, one anshore  and 
one offshore.  These  data were used  to  provide 

permafrost table and base, thermal  properties of 
information on sediment  types,  deptha t o  the 

the  sediments,  heat  flow,  Shoreline  erosion  rate, 
and  boundary  conditions fox modeling.  Simulations 
were  carried  out  for  two  extreme  casea,  permafrost 
with  constant  thermal  parameters  and  permafrost 
containing sea water  brines  which  introduce 
distributed  latent  heat  effects  and  cause  the 

5 0 3  



I .  . .:., , 

th4mal parameters to have a tiitrong dependence on 

thermal parameters and produce results for the " 

temperature. These two cases  span  a  wide  range df 

different. 
thermal  states of the permafrost  which are quite 

For the case when the  permafrost  contains 
brines,  ice-bearing  permafrost ( I B P )  is predicted 
to extend only 19 km offshore. This is a result 
of the relatively  large  heat flow (65 mW-m-2) and 

Lateral heat flow is significant  throughout  the 
low ice content (porosity) assumed  for  the IBP. 

IBP and in the thawed material  under it and 
seaward of it. mi's ~uggests that one-dimensional 
thermal madele may  not  correctly  predict  the 

brine. Depth to the IBP table  increases  almost 
thermal  regime of subsea  permafrost  containing 

28 m compared to the 7 m to 15 m  observed  along :. 
linearly with distance offshore and, at 7.8 JEm, is 

another  line at the same distance offshore. 
For, the caae when thermal  properties  are 

offshore whore the water depth is 50 m. The IBP 
constant, IBP is predicted to extend 52 km 

offshore,  nearly  tabular  beyond  24 km affshore, 
is primarily isothermal, wedge shaped to 24 hn 

and has a  relatively flat vertical t i p .  Depth  to 

di6tance offshore over the wedge shaped  section 
the IBP table increases almet linearly  with 

and is relatively shallow and nearly  constant  over 
the  tabular section. This behavior i s  the 
combined  result of the assumed  sea  level hi5tOw 
CUKVB and seabed  temperatures. At 7.8 kin 
offshore, the predicted thickness af the thawed 
layer at the seabed Is 38 m compared to 7 m to 15 
m observed along another line at: the same distance 
off  shore. 

> :, :: I 

+ .  Predicted depth to the base af IBP onshore 
!:, obtained by applying the  model  with  conatant 
. ,  . thermal properties (355 m) is in better  agreement 

". prediction using temperature-dependent  thermal 
with the observed value (366 m) compared to the 

properties (318 m). This suggests that the full 
' thickness of the IBP can be modeled  better with 
constant thermal properties.  However,  the  depth 
to the IBP table appears  to be predicted  better 

brines. While thawing of  subsea  permafrost is a 
using the mofiel where the permafrost contains 
complex process possibly  involving  convective heat 
flow by movement of the brines, this  suggests that 
most of the deeper permafrost  may be relatively 
free of brines but that the near-surface 
permafrost  contains  brlnes,  althwugh  other  factors 

I m-2)  suggested by Deming et al. (1992) resulted in 

' may  play a role. 
Simulations using the large  heat  flow ( 8 0  mw- 

predictions for the base o f  the IBP which were 
I much two  shallow. 

gas hydrates is below about 220 m and above  about 
The predicted zone for stability o f  methane 

650 m near  shore. When the permafrost  contains 
brines. this stability zone extende 32 km 

properties, the stability zone extends 54 km 
offshare. For permafrost with constant t h e m 1  

offshore to the 55 m water  depth. Sutanergence 

This indicates that the time scale for  producing 
occurred ac this water depth about lo4 years ago. 

methane gas from destabilized gas hyarates in the 
continental shelf near Lonely is about four times - t greater than predicted by MacDonald (1990). 

we wish to thank T q S .  Collett ana Dr. J.P 
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'i; : science Foundation, 17.8. Qeological  Survey  and by 
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The  intensity of chemical  elements  tranmfer be- 
tween mnow  and frozen soils is dcterminsd by 
their pexmeability (transfer coefficienta)  as 
well  as concentration and temperature gradients. 
Froxen moils and, to a  greater  extent,  nnaw  axe 
psrmaable for mobile cwponantm. The  diffumion 
c-ffiaiants of water vapgur  in  froz  n  Boils  vary 
within the rang4 from 10- to m /s depend- 
ing on their emposition and mtmcture 
(Oatrourw, 1989). Snow i a  characterized by  high 
gas  permeability  which,  according to rolyakov 
(from laveliev, 1991) makes up 1-2 d m .  In  fremh 
snow the water yagur diffusion cmfficirnt ia an 
high am 5.6*10- /s (Pedoseeva et al., 1986). 
In many cares a liquid  component of the per- 
meability of frozen  soils  and snow is ala0 sig- 
nificant. h frozen ice Mturated #Oils, where 
the unfroaan liquid ia prament as thin f i l m  on 
the wW%acs of  silicatem  and  organic ratterC the 
liquid water diffuuion coefficients are 10- to 

I /s (Ostroumov, 1988). In  snow the inten- 
sity of l iqu id  transfer makes up a hundfdth part 
o f  the gas flux. 

The concentrations of poraum aolutions in 
moils are uaually  higher than in snow. For  ex- 
ample, in  sandy podnolic aoilm, patamsiua  con- 
centration  in the porous  solution  varies fraa 7.0 
to 112.0 mg/l (Ilanunnikova  et al., 1981),  and  is 
ten timer lower in rnow (Fedoseava et al., 1906). 
Therm  is a concentration gradient  between r o i l  
and  onow. Th8 diffunion flux of dhmolved rubmtan- 
cam caumed by this gradient  is  directed  from soil 
into mow. The existence of such  a  flux is con- 
firad by Jonasson and Allan (1972) ,  kkarov et 
al., (1990) and  others.  Alongaide  with  tranmfer 

associated with teapraturr gradient (mkarov, 
fram moil into snow, there i r  a  reverre  process 

Psdoaeeva and Fad~seev, 1990). The transfer of 
mobile  cmponentlr  and  exchange  of o h d c a l  ele- 
menta are continuounly going  in  frozen soils and 
m a w  due to the permeability  and  gradients of con- 
centration and temperature.. The iatensity of 
'f'lu%w a- the f t n r r  Waxlining it atill 
remain nb.ouxe. 
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THE ION EXCHANGE INTEWSITY BETWEEN SOIL AND SNW. 

oatroumov V.E., Demidov V.V., Butsenco X.N., llakeev O.V. and Germhevich V.D. 

Institute of Boil Science  and  Photoaynthesin, 
Russian Academy of  Sciences,  Purhchino, Ru00ia 

The prsaant  paper  deals with the intensity of ion  transfer in the frozen  soil - snow 
boundary. The contribution oE ice cryatal  surface to the ion tsanmfsr in frozen 
soilr i m  considered by  example  of  snow. The cwaparirion im made of the intennity.of 

precipitation,  local fluxer of  aoil  particlea due tb tho weathering. The role of 
fluxes of chemical  slcmentm in to a n w  from  different soursee: underlying soil,, '! , , 

mass transfer on the boundary moil - snaw in the balance of chemical  eleaentr of 
moil is evaluated.  The  quantitative  contribution of this  process to the'xun-off ele- 
menta from soils  with  thawing fluxem i s  estimated. 

. .  

The  kranmfer  of .?lementa  in frozen  moils oc- 
curs Minly in the tlnfrozen water film (Cary and 
Mayland, 1930) .  The  ions  are the most  active par- 
ticipants in  liquid  transfer.  This is confirmed 
by a high  electric  conductivity of frozen noils, 
which i s  of  anAionic typ (heno, 1988; FrOlOV, 
1976).  Under the influence of temprature 
gradient, the tranafar of ions and water  in 
froaen aoilm occurm in the direction of the ther- 
mal flux. The experimental  evidences ahow that 
the in tens i t i ea  of ions transfer in froaen, not 
icy day8 and  mandm, are ahroxhatrrly equal. Ttie 
contsnta of unfrozen  liquid on milicate  surface 
axe different  in thine case. In addition,  in the 
frosen mamples, at moisture content  approximating 
the maximal  molecular  capacity, t h e  trannfer coef- 
ficients  ure  only  slightly  lower than in uhilar 
but  thawed  samplen  (Qmtroumov, 1988). This is 
probably  due to the fact that ion transfer hap- 
pen6 mostly  not  in the unfrozen  moisture filmm on 
the silicate  surface, but in thoee on the ice  0ur- 
face. To verify  thin  muppomition,  one  mhould 
define the trend  and  quantity of the intenaity of 
ion tranmfer in snow, which in  much cane can be 
eonmidermi as 4 model of poroum ice i s  frozen 
0oilm. The  element transfer within the system 
aoil-snow i m  employed  in  geochamical  invesiga- 
tiona. For inmtance, the quantity of mobile com- 
ponents  in  snaw ia used a# the method in mineral 
remourcea  pronpecting.  Their  anomalielr  point  out, 
and with  high  probability, to the localimation of 
depomits of mineral  rerources in %onen of hyper- 
genesia. The record3 of the content af gaa  and 
volatile c-nentr of oil in  nnow are used  in 
the ail and  gas prospecting.  The  analysis of the 
distribution  of rate  and 8cattered element i n  
used in  prospecting of metal., specifically 
tungnten,  platinum,  gold (IIakarw et ax., 1990). 

The KeBUltB of the &nervation# of  con- 
taminants i n  the snow cover are widely used to 
study their fluxes from the atmosphere to soil. 
It i s  the pcnt iaportant method in ecolqy which 
yield6  data on the accuaulatian of  heavy metals, 
organic  and  inorganic  acidm,  and  other  tech- 
nagania apktma*. on tbe moil suxfrrca 
(Vanilsnko. Naaarw and Frisdman, 1988). Eowevet, 



it dirrogardm t h e   f l u x  of o l tuen ta  frm soil i n t o  
nnaw, which cont r ibu te#  t o  t h e  total  f lux   o f  con- 
tarinatem on t h e  marfee. To avoid   the  error., 
8.9. Viarama (1982) e iminad   t he   Up~m~m08t  5 ep 
l a y e r  of snow on t h e   g l a c i a l  murfaca. The woxka 
of Vamilonko e t  al.  (1988). and Vieram (1982) axe 
examplea of d i f f e r e n t   a t t i t u d a  t o  t h e  probhm of 
t h e   f l u x   o f   e l u e n t m   f r c r  moil i n t o  .now and 
mhcm that it rcrmaina unao1v.d. A credit pnrt of 
the balance of water noluble  carponentm  include8 
'fluxes to the  underlying  layer.   of rockm with  in-  
f i l t r a t i o n ,  lateral  run-off,  run-off of elameatrn 

.The f i e l d  obmeryationm aonfirm that i n  a p i n g  t h e  
due t o  eromioni  fluxem t o  p l a n t s  and #oil  Nlver8. 

l O i 8  of chmmical  element8  with  melting water 
ilarm and  run-off# ircm t h e  murface of cu l t iva t ed  
landr may be very  high  (Eulatkin,  19861 Eryorina 
an8 Er8hova, 1978). The cont r ibu t ion  of thane 
proceraea t o  the  e lemental   balanae of moils r a y  
by o a t h a t e d  by t h e  carparimion of fluxam par- 
t i c i p a t i n g  ih mama tranmfer. - 

To e v a l u a t e   t h e   i n t e n s i t y  of elemental  flurem 
frcl soil t o  mnow one  could  u8e  the data obtained 
froe t he i r   examina t ion   i n   f i e ld   axpe r imen ta .  They 
are known however fox t h e i r  8 p U i a l  hetterogenety. 
Without taking i n t o   c o n s i d e r a t i o n   t h i 8   f a c t  it is 
impommible t o  o b t a i n   t h e  reliable d a t a  on changen 
of the  dimtylbhtfon  of  element#  with the. The. 
latter r a q u i r b i  a labour  conmuring analytiaal 
work mince more ob8ervatian mites are need&. To 
decxea@e t h e  amount of work, obmerpations were 
carried o u t  on mpscially prepared h w e n o u 8  ob- 

Experiment. A 2 (P layer of t h e  parts made of 
preliminary grinded and a i e v d d l a a t e r i a l  sampled 
fror t h e  ploughed  horizon of 8andy- lou  grey 
foremt moil was  placad i n  rectangular 
polflvfnylchloxide vssmolm. The pamte wam 
prcl lyl inar i ly   brought  t o  the   a ta te   agroximat ing  
t h e  capillar moimture  capacity uming t h e   l i t h i u m  
chlor ide  8oluf ion a t  a concentration  of  about 50 
g l l .  The chloride of a lithim aalt as a labs1 i s  
explained by t h e  two renaon.1 f i r r t l y ,  i t 8  trans- 
f s r   c o s i f i c i e n t a  i n  roih are minilar t o  much 
widely spread elements am potammium am an  in-  
dicator   of   the   ion  t ranmfer:   sacondly,   unl ike  the 
o ther  elamentrn, l i t h ium doem not   p rac t icaX1y  fa l l  
on tha soil murface  together   with  precipi ta t ion 
(Voitkevich et A l .  I 1990) .and im not   found  in  
f r eah   anw,   excep t   fo r   t he   r eg ions  o f  local tech- 
nologenic dimchargem. In  our   experiment  it may 
o n l y   a r r i v e   i n t o  snow tram the umlerlying nail 
parte. 

I n   t h e  above  mentioned veurelm, t h e  harogenoua 
moil parts wam froxen duying 4 hia  at oryogenic 
texture which poin ted  ou.Q:to the h-aganoar dis- 
t r i b u t i o n  of moir ture  and' dthers lobile c-- 
ponentr. Tha soil pamte ' w a i  then  covered  with 
rncw. I n   t h e   c o n t r o l  vaamelm wi thout   the  pamte, 
t h e  .now w a s  placed d i r e c t l y  on t h e  bot-. During 
the   obaerva t ionr ,  the temperature at  t h e  battaP 
of t h e  velmel. warn adjueted to abaut -3' C .  The 
wallm- were heaped with  snow fox thermoi8olation. 
One of t h e  vemmelm had 4 inertion';ae-eterm in- 
stalled (time conmtant 20 min) ta4clllar t h e  
temperature  throughout the anow thicknemr. The 
mnow l a y e r  both i n  the  control  and~mxparimental  
vamaele wao 15 cp. I 

The a n w w a s  aamplsd.0, 67, 95, 100 and 167 
hrm a f t sx   t he   +g inn ing  of tha  exwriment.   Short  

ject. * 

, ,  

period. a l l w a d  um to ?olhw tho fluxem f r a  moil 

tion of t h e  latter due t o  t h e  sotion of t h o  d i f -  
to  #now at the   begiuning of t h e  pommlble maturn- 

fur ion  mchani8r .   In   tha.conrma oi m e ,  t h e  con- 
cmtxatianm of alamenta i n  aoil",an&lrnaw MY -- 
a m  equal CaU8ing the  abatement  of diffumion. 
Thexafore OUE data o n   t h e   i n t e n s i t y   o f   t h e   f l u x  
fraP moil i n t o  'mnow are overastimatibum, corparsd 
t o  t h e   v a l u e s   o b t e i n d  tar  longs+ psribdm. Ths 
tranmfur O f  el-ntm may change i t a  dAmction and 
intenmity  under   the action of t h e   t v x a t u r a  
g rad ien t .   I n   ou r   expexhn tw  the   change  of t h e  
temperature  gradient miqn fror negat ive  t o  psi- 
tiwe (mnow heat ing  frm ah-) dearearnad rap id ly  
tha concentration of i ons  i n  t h e  #now l a y e r  on 

. 80c ia t ad -wi th   t he   i on   dgxa t ion  fror snow ,iolX 
. t h e  b 4 d e ~  wi th   t he  moil paate. It i s  probably a$- 

.oil a n d ' p i n t r  out t o  t h e  f a d  t h a t   t h e  prerc.m- 
mea of the   t ranmfsr   wi th in  the s y u t g  roihdnow 
axe   r a the r  dynamio. 

The mncm maagles ware takmn layer by layer (at  
a depth O f , + 7 ,  7-11, 11-13, 13-11, 14-55 cm). 
Snow wan melted i n  pa-lyutbylene  packets at  rwI 
temperature. The remulting watef war f i l t r a t e d \  

f i l t r a t e ,  we d e t e r r i n d  the q u a n t i t y  of l i b h i m  
( red  l i n e )  t o  meparate lazgd particles. Th t h a  

and other8 elements. For t h e  analytical datsrmina- 
tionrn, the el-nts were chwen  t o  enable t h e  
cha rac t e r i r a t ion  of migrat ing  agents   having  the 
moat diuerne  mobili ty.  For ins tanca ,   l i th ium was 
chomen aa   t he  mobile cation of a small r ad ius  
(0.6*10-t0 m, according t o , P o l i n g ,  see ( V o i t -  
kavich e t  al., 199@)), and potarsiur having a 

a g i o .  an in te - ia to   po l i t ion  (r=0.99*10-'~ P). 
l a rge r   r ad ius  ( 1.3?*10"' m )  . Calcium ion oc- 

Bivalent copper war chomen am an  exampb of inay;; 
titre cat ion  having a small +$u r ad ius  (0#70*10- 
E), cadmium (2+10r=a.97*10* m) and lead : 

Lead, cachiur anti o t h e r r  heavy metala only 
(2+, r=1.2lflo- m) am larger alosr cationm. 

migrate in  molld dimperae phase soils, n o t   i n . t h e  
form of ions.  Xwwer t h e  mobili ty of theme &le- 
menta corralatem w i t h  t h e  parameter8 of ,cor- 
reaponding ion.. Of all  the   an ions ,   ch lo r ine  warn 
taken fox determinationm. 

The quan t i ty  of l i th ium and potarsiuc i n  the;., 
f i l t r a t e  was determined by the   emission  technique 
i n  t h e   f l a w  of an acetylene  burnor .  Calcium con- 
cen t r a t ion  wan determined by ,she atom absorgtiird 
method with flaw atorhation of memple#. GoppeP,  
lead, and cadmium concantrationm ware alra deter- 
m i n d  by t h a  at- abaorpt ion  technique,   uainq.hw- 
ever   an electrothem1 mathod to atoaixe the '  
namplee. A l l  d e t e a i n a t i o n r  of  the c a t i u n  quuan- 
t i t y  were rads with  an atop abrorp t ion  
mpnctrophotaeter A M  -3. The quant i ty   o f  . I ' : 
chlor ine  atoam was -122. Thi. r e s u l t e d   i n . t h e -  
foxmation of t h e   d e t e a i n a d  by t h e  mtandatd- +*ah- 
nique of a r g e n t m t r i c  titration. Tha d i v a r n i t y  
of t he   r eau l t s   ob ta ined  fox each sample wam no 
higher  then 2% for cat ions,   and 88 fox chlor ine ,  
c-red t o  the total  quant i ty .  

The a m  ,d&errinationm were mads on the ,watex 
extract. of:.,Ma rg53 paute underlying mnw in the 
experimental -oamaelv. 

Frop t h e  data on . the   d i s t r ibu t ion   o f   demen t .  

t a l  vegselr, we calculated t h e  i n t e n r i t i y  .of 
i n   t h e  mncw l a y e r a   i n   t h e   c o n t r o l . a n d  expsimen- 

t h e i r  fluxem froa moil i n to   snov  ( I ,  g/m,*kr) ac- 
cording to t h e  'formular 

(Cl*ll+C2+12* ... *Cn*ln)\k]:pm/T*pw, , 
whexe C1, C2, ..., Cn ( g / m  ) - are the   concsnt ra -  

', ., 

1=[~1*11+~2~*12+. . .+cn*ln)\b- 
, , . ,  , 
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t i o n  of e l m t e n t   i n   t h e   f i l t r a t e  of t h e  snow from 
l a y e r r .  1, 2, I . . , n from thd  expsrimental  '(b) and 
aon t ro l  (k) :vaa$elm; T ( h r )  C Lm..the tima' period 
f r e p  t h e  r r r ahqe ien t  of the   veaadla  t o  thm'anciw 
sempling; pur , gw ( k g h  ) - i n  mnw A n d  W#eK deri- 
a i t y f  I 11,,, lZr.  , ' I n  ,(m) . -  'irr the   depth  6f ' the 
snow  layera  1, ,2, . :. , n. 

The experimental'  and control vesse l s  were ' .- 

under aqua: condi t ioh  -of ttie f l u x  0f"elemehts 
frm.atmorrphste. T ~ M  eorpariuion of ftie coritent 
,of  elements i n  both Ones, makem it poanible ' t o  ob- 
t a h t h e   d a t d ' o n   t h e   f l u x e a  from the i b i l  pas t e  
t o  u w  dioregaxding   the  bfkect of t h e i r   f l u x e a  
fram' t h e  atpomphere. 

,The fnkens i ty  " o f  ' t h e  above  f luxes w& d k t e r l  ' 

mined  from t h e  name f a m u l a .  me' coapariaion was 
made -of '-now mampleh t aken  fxom t h e   c o n t r a 1  yes- 
selr at d i f f e r e a t  time i n t e r v a l r .  lhlr r e s u l t i n g  
i n t e n s i t y  of  0.4. pdtaraium  flux makem up 
l . W $ O - '  g/m'*hr. I .' 

W e  MdS aluo an  attempt t o  eva lua te   t he   sha re  
of the   e lement   run-off ,   including '  mwe byrophils, 
from '$ail with  melting,unow. $he f ie ld,  ezgari- 
mentm were oarrid o u t   ' a n   t h e  .low of gruy 
foramt 'moil with  1 .-8-2.3%, humus content.  The 
total a m u n t  of  cona-d bamer changes from 12.,5 
to  18.9' mg-eq/lOO, g,, ' T h i r   a b i l  i n  e r a c t e x i z e d  
by t h e  m e d i u m  quar&ity of mobile firrPs of  
nitrogen, phomphorua, and  potaroiuni, pB-6..5-6.8. 
The uoil of t h in   r eg ion  war mubjecteti ta Cxop 
xo ta t ibn   du r ing  8 yaa'rm without   appl ic r t jhn  of 
f e r t i l i z e r e .  The ea t imat ibn  of the  quan t i ty  of  
chemical ?lementa i n  anow and thaw were made by 
t he  water-balance-nethod  ur ing  en-off   grounds 
wi th in  t h e  framework of t h e  camprax programme uf 
uoil eromion invent iga t ions .  

The determination'  of Vn-of f   f l u s  of elements " 
was made by ca lcu la t ion .  Ta calculat\e t h r  pp-off  
f l u x  we u a d  a. data of mearurbpptr of element  con- 
cen t r a t ion  in t h k   a n w  dbv*ra&,,Tha d i t r cqen  con- 
cen t r a t ion  i n  f i i t x a t 6  wan thtezmiued by poten- 

m n t   c o n c e n t r a t i o q r , y a s  used method described, 
timetric technique.. 'To meamre a l l .  o t h e r s  ele- 

above. - , .  , ,  * _  , 

The figure 1 lihovm-a tyh ica l   d iRt r ibu t iOn of 
element* i n  ' the. cont r i j l  .(dotd&d l i n e )  and ex- 
pe r idbn ta l  -(solid l i n e )  mbk mruplem. .The e u r v e ~  
shwitic) t h e  d i a t r i b u t i o n  of al l -%he  e lement8 
under ,the r t u d y . t a k e   t h e  alike form. h e r e f o r e ,  
for t he   i - l l umt fn t ion  we took l i thium  and potau- 
a i m  for t h e  t h e  period 67 hrm beginning  from 

a l l  t h e  elements' -re ob8arved i n   t h e  lawex #now 
the venae1  arrangsment. The highemt  arountn of 

l e v e l   i n  control vdimels a t  t h e   c o n t a c t   w i t h   t h e  , '  

underlying  f rozen moil paate.  such a d i s t r l b u t i o d  
c h s r a e t e r  point. o u t   t h a t  t h e  f l u x   o f ' a l s a e n t n  i s  
d i r s a t s d '  frcm moil into mnorp. 

The,curve  of  potanaiumd.imtrfbution (Figure 1 )  
and of other  element8  oxaept for l i th ium 
damnst ra te .  a mlight incrersi of t h e i r  concentra- 
t ion  in the   upperhos t  'layat. It i r  ammociatad 
wi th   t he  elemirit t r ans fe r ' f t om ' f r emh  snow. Thin 
i m  confirmed by t h e   a b e n c e , o f  much an  increame 
i n  carno of-  l i th ium.  

T a b l e  l ' conta inm  tha   da ta  on the ,   i n t enu i ty  of 
l i t h i u m   f l u x ! f r o a  moil tti *tfh a t  d i f f e r e n t  
average  temperature# of an&, and, temperature 
gradien t .  The negat ive  valuea of t he   g rad ien t  
aaan thrt tha tampmrrtura &n tb, uepsi- layer i n  

, ,  

5 

5 

10. 

15 
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Figure 1. The dintxibufiion of: l i t h ium dnd potasrium 
ion. i n   t h e  snow , ,  

by t h e  ambient air .  
lwer than  in t h e  lower one,  ..due to i t a   c o o l i n g  , 

The temfi ra ture ' s lava t ion  from -8.2 to -1.8OC 
make0 incriams the f l u x  i n t e n a i t y  frca 0,155*10-5 
t o  3.42*10*c g/mzhr. This ,im connected  with  the 
increase  of the coef f ic ien t .  of l iqu id   t ranmfer  

pen. due t o  the  enlargement of t h e  film on t h e  
a8 f a r  as t h e  snow temperature  increaneu,  and hap- 

ice c r y r t a l a  and probably due t o  itm mobili ty 
(Kvlividze e t  a$., 1970). 

The increase of t he   abso lu t e   va lue  af te&ra- 
ture gradien t  (from -0.6 t o  -1.1 grad/cm) also 
makes i n c r e a p  thq flux intenaity(fTom 0.155*10'5 
to 0.?62*10- g/m *hr )  in n p i t e  of tbe drop of 
t ampwature .   Evident ly   wi th   the   t empra ture   range  
lower than  -8.2% t h e  role of t h e   g r a d i e n t  a n  a 
t r a n n i i r -   f a c t o r  k c m a  more important compared 
t o  the  teaperatuxe.  Thia im confirmed  by  the e x -  
ponential  form of t h e  cuxve  denoting  the dapend- 
ence of t h e   l i q u i d   f i l m   w i d t h  on t w r a t u r e  (Er- 
nhov" M h o v  et al., 1979). The increaming  f lux 
i n t e n s i t y  as fax aa the   abuoluta   value of t h e  
tempera ture   g rad ien t   increraen   po in ts   out t o  t h e  
f a d  t h a t   t h e   i o n s  are t r a n 8 f e r r a d   i n   t h e  mae 
d i rec t ion  as the   h&a t   f l ux ,  The aame o c w r a  with 
the ion  f lux,   in   f roren  eon-nalfne Soil8 
(Oatroumov, 1988)' with in  t h e  limit. of the inne r  
l i qu id   l aye r   ad j acen t  t o  t h e  solid phase.aurface.  
The coinaldhnce of the d i r e c t i o n  of non-isother- 
mal ion  trbnmfer i n   c r y o u o i l  and. #now mduplsr ,, 
pa in t s   ou t  t o  an i q w r t a n t . r o l e   o f . , t h e  cOmOn fQr 
tbsme object. uiebhanism of .  the   migra t ion ,  i.a, , 

the   ion  $ranapbrt '   wi thin  the.   Layer  of l i q u i d  on ,,I , 
t he   axya ta l   au r f i ce .  The participation af t h i n  ,,, 
maahaniua iii k m a t r a n a f e r  explain. a cooparative: , 

l y   h i g h   p e m e a b i l i t y  of froxetn unaaturatad  with 
ica  rand nluplem having a very maall quan t i ty  of I 

unfro26n water ,011 tha   sprfa ,ce  of  ,a oolid silicate 
corponent. - 

Tha remults p r e a e n t d   i n  table 2 rake, it pos- 
a i b l e  t o  cclparate t h e   i n t e n a i t i e s  of flux?.; .of 
d i f f e r e n t  ion.. The elemerita are vranged.Iln t h e  
decreaning order,'oi t h e i r '   f l u x e s   i n   t h a  mnow, 
which r e f l a d m  the decreasd of their.:tranmEer 
ability i n   t h e  enow. Thene data are g i v e n   f a r  
average nnow temperatures - .12.loC and g r a d i e n t .  
1.1 grad/cm. 

radium (r) , atcaic weight (Y4 j and electric charge,  ' 
(9) of iona. The f l u x   o f  ion# decreasea with grow, 
of these  parmeters produbt (Figure 2 ), . 
have ,a higher   mobil i ty  .of ions  colppared $0 .qq- , 

tion8 (OatXDUIIOV, 1988). Thicl is e*lained,by t h e  
f a c t   t h a t  aationm are more r ig idJy  sorbad , g n  t h e , :  
negatively charged eilicate nurfacc.  probably a. 1,  

cmpara t ive ly  law r b b i l i t y  of a 'cirforins ion 

Th6 t r a n n f e r  iritanmlfy , of ion. depmdr' dn 

The cqmrlacmtal   evidancsu #how t h a t   a o i l s .  
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Figure 2. ~apact of i o n  rrdiu.,  charge, and atollic 
weight  on t h e   i n t e n u i t y  of elements f lux i n  mow 

w i t h i n   t h e  synttmi Boil-Enow am compared to a 
gotanmium ion i n  due t o  t h e  analogiwm effect. A 
charge of t h e  ice cwmtal su r face  i n  usua l ly  p s i -  
t i v e  which i m  conneatmi  with  the  excem of posi- 
t ive ly   cha rged  lattice defect8 i n   i t a   m t r u c t u r e .  
Due t o  t h i s  fact, t h e   a n i o n r   i n  nnov are norbed 
on t h e   s u r f a c e  of ice particle8 more t i g h t l y   t h a n  
ca t ions  and t h e i r   m o b i l i t y   r e l a t i v e l y  dropm. 

To d e t e r m i n e   t h e   f l u x  of elements w i t h  t haw 
which brings them fror t h e  slop t o  t h e  accumulat- 
ing corponents of t h e   l a n d a c a p ,  we analyned the 
anow cover bmfore thaving. The snow conta ined   the  
following  aonaentrationm of elemants ( m g / l ) :  
n i t rogen  - 1.5, ch lo r ine  - 1.24, calcium - 1.00, 
sodium - 0 .60 ,  potaumium, magnemium,  phomphorum - 
0 . 2 0 ,  0.15 and 0.10, respeetivelyy or ca l cu la t ed  
per 1 h e c t a r e   t h e y  were (kg/ha 1.77, 0 .80 ,  0.65, 
0 . 3 9 ,  0.13,  0.10, 0.06 rempectively. 

During a n w  melting, ammonium Concentration 
v a r i e s  fr~p 1.1 to 0 . 2  mg/l, being maximal i n   t h e  
beginning. The mame holds t r u e  to patasuium (1.7 - 
0.7 mg/l). The concent ra t ion  of n i t r a t e s  changes 
frcm 2 . 0  to 3.4 ng/l, of calcium from 8.2 t o  14.7 
mg/l. Their  concentration  increasom a t  t h e  end af 
t h e  thaw,  Phosphorus is almost absent (0.16 mg/l 
and  lama),   chlor ine ( 2 . 8  - 5.3 mg/l) and mud- 

Table 2 .  Asucceasion of iona in the order of t h e  
in tens i t iem of t h e i r   f l u x  from soil to n n m  

Ion. It c1 L i  C a  
I,grrz*hr 9 .83   6 .89  0.762 0.54 
ions CU Cd Pb 

I,gm'*hr 0.288 0.0007 <0 .0007 

-12.1 -1.1 0.762 ,.-.?,.' 
.I I 

-8.2 -0.6 0.155 
-4 .o -0.2 2 .1J  , ' .  
-1.8 -0 .2 3.42 

nedum ( b u s  ' than 1.95 mg/l) concent ra t ion8  show 
n l i g h t  khanga'8. The mame was obrerved wi th  uodium 
concentration  which varied within  t h e   r a n g e  fr? 
1.0 t o  1.4 mg/l. The i o n a w t k i c .   C e t t r d n a t i o n r  of 
t h e  reaction of t h e  medium mhowed'its proximity 
t o  the neu t ra l   one  (pE=6.45-6.78) 

The c a i c u l a t i o n  of t h e  element run-off w i t h  ., 
thaw allowed urn t o  ,arrang&  slementd,: i n  .thb : .' 

decreasing order (kg/hr  per a t h a w  wr!.d,, (T& 
3 )  
T a b l e  3. The lomu of e l w n t r  (m) by  grey fore& 
nail dur ing  nnow melt ing  (by data on-,run-off 
qrounds) , , \ ,  

. .  

Elements C a  lv Cl " ldg 
1, ,kg/ha 1.83 0.72 " 0.37 0.35 
Elements Wa f P' . '  , 

4 kg/ha 0.25 0.23 0.04 

me run-off of e l e r e n t h  from t h e  murfacat w i th  
thqw f luxes , im  equiva len t  to the annuul aqsfage 
of flurem  given i n  Table 4.' ft contain. data 
which allova the  comparis ion of t h e   i n t e n s i t y  of 
elements   f lux fxom soil into mow a n d   o t h e r   t h e i r  
in f luences   and   e f f luxes .  
Table 4.  The i n t e n s i t y  of element  f luxen ( ~ 1 0 -  
g/m2*hr)  connected  with t h e  snow cove r  ( - - -  no 

*data) 
Flux X Na Ca %J 
Soil-rnow 9.83 - 0 .53  - 
Atmoaphere-maw 1.42 - 0.02 I 

With thawing 0.26 - 2.08 0.40 
water 
Flux Cd Ea c1 
Boil-snow 0.0007 * 6.89 
&tmosphartr-$now 0.004 - - 
With  thawing I 0.82  0.42 
water 

The fluxam  within  the myatem soil-anow and at- 
mosphere-snow ware determined  according t o  t h e  
above doecribad method. 

ment t r a n s f e r  at  t h e  mil-mow boundary i s  not  
less than t h e  other aourcea of t h e i r   e f f l u x  and 
in f lux  t o  aoil. , 

cDNcLusIoN 

Theme da tu  mhw t h a t   t h e   i n t e n s i t y  of the elm- 

The demcribed experiments showed t h e  diatribu- 
t i o n  of chemical  element# i n   t h e  homogenous snow 
l aye r   con tac t ing   t he   f rozen  noil .  Their  maxipal 
concentration in anow i n  found i n   t h e   p l a c e  of 
t h e i r   c o n t a c t  w i t h  a o i l .  The c a l c u l a t i o n s  of  t h e  
i n t e n a i t y  of element  f luxea fram sail  t o  snow 
ahowed t h a t   t h e y  depend on temperature,  as well 
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as  temperature  gradients  and  element  concentra- 
tion. Thm ion. are  traveferred to an? in the 
same dikqction am the" heat d u x .  , b e ' .  koiqcidence , 

of",ttie #.reati,on o$. ion fluxes in inow and frozen 
a o i l  ;is coneded with  their tran.epoq,vikbfn the 
liquiil layer d' the See aryrtsX mlirfacr. The e&- 
gomition of the element  flux  at the boundary ao i l -  
snow and their run-off with thaw mhawed that the 
former..i#  not a determining factor in the 
lamiheape b y c h . o f  matter. 
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QUANTITATIVE ESTIMATION OF WS-TRANSFER 
I N  LRNDSCAPE COMPLEXES OF NORTHERN RUSSIA 

A.V.Pavlov 

All-Russian  Research  Insti tute of Hydrogeology and Engineering Geology, 
Zeleny  Village,   Noginsk  district ,  Moscow region 142452  Russia 

The paper   presents  a quan t i t a t ive   e s t ima t ion  of mass-transfer for wide v a r i e t y  
of landscape  complexes  and  their most Important  component. A s impI i f i ed  method 
is sugges t ed   t o   ca l cu la t e   t he   coe f f i c i en t  of thermal   conduct ivi ty   of .snow as 
function of its dens i ty  and  temperature. Thermal p ro tec t ion   ab i l i ty . .G$-   ?ur fhce  
cwvers ( m o s s ,  l i c h e n )  is discussed.  Beat-exchange o f  water   bas ins   wi th  ,atmo-' 
sphere is analyzed for an  annual  cycle. I t  i s  shown tha t   t empera tu re   a t   t he  
bottom of a r c t i c   l a k e s  is lower  than  the  temperature  corresponding t o  the  
h ighes t   dens i ty  o f  water ( t 4 " C ) .  I t  is e s t ab l i shed ,  how f o r e s t s   e f f e c t   h e a t  
balance o f  t h e   e a r t h ' s   s u r f a c e  and thermal  regime  of s o i l .  Examples a r e  shown 
f o r  changes  in   heat- t ransfer  o f  landscape  complexes  under  typical  anthropo- 
genic  impacts.  

INTRODUCTION 

Thermal factor-  is dec i s ive  i n  preservat ion 
of natural s i t u a t i o n  i n  the  North  under 
anthropogenic  development.  Temperature of s o i l  
and freezing and  thawing of t h i s   s o i l   a r e  
c o n t r o l l e d  by i t  interaction  with  atmosphera 
and surface covers .   Quant i ta t ive   s tudy  of neat-  
t r ans fe r   i n   l andscape  complexes i s  an  important 
t a s k  of geoc tyologica l   p red ic t ion  and 
monitoring.  Under  supervision o f  the  author,  a 
de t a i l ed   s tudy  of thermal  regime  of  landscape 
complexes was carried out   in   permafrost  
covering 70% of   Russian  terr i tory.  The 
experiment  embraced  chiefly t h e  regions  of 
cont inuous  permafrost   (Central   Jakut ia ,   nor th  
of West S i b e r i a )  and  discontinuous  permafrost 
(Yenisey  River  North,  Bolshezemel  skaya 
tundra)  . 
Snow a s  a Function of Temperature 

S p e c i f i c   f e a t u r e s  of snow cover  include a 
continuous  evolution of t h e   t e x t u r e  due t o  
metamorphism  and good thermal   protect ion 
properties.  Conductive  exchange i n  snow cover 
is always  supplemented by heat-exchange  induced 
by thermal  di  Efusion 

Thus, i n t e n s i t y  of heat-transfer  depends  an 
e f f e c t i v e   c o e f f i c i e n t  of thermal  conductivity.  
Thermal conduc t iv i ty  and  thermal  protection 
p r o p e r t i e s  of snow t u  a g rea t  extent depend on 
temperzture.  For a l o n g  t ime  the  researchers  
d i d   n o t   t a k e   t h i s   f a c t   i n t o   c o n s i d e r a t i o n .  
Since  the t i m e  when t h e  publication o f  
G.F.Abel's (1883)  appeared a number o f  formulae 
were obtained  (Pansson 1904;  
Iosida,  1955;Droskuryakov,  l956,et a l )  i n  which 
c o e f f i c i e n t  of snow, thermal  conductivi.ty ( $ )  
w a s ' r e l a t e d   t o   d e r i s i t y  0 .  The comparison of 
these  formulae sli'ows a h igh   s ca t t e r ing   i n   t he  
$$ -values a t  tlie same d i sc re t e   va lues  of $s 
(Pavlav,1979).  So, t h e  use o f  only one g$$ - 

f a c t o r  is not  enough' t o   c a l c u l a t e  s s s  -vaiue. 
The same is shown by t h e   a n a l y s i s  of t he  
r e s u l t s   o b t a i n e d   a t  toe geocryological  
moni tor ing   s ta t ions   in  Russia (Figure .I). For 
example, i n  Solyonyset, t lement  (northern West 
S i b e r i a )  end e s p e c i a l l y   i n  Yakutsk where the 
temperature  of a i r  and snow cover is i n   g e n e r a l  
lower t h e n  i n  Igarka ,  t h e  Is$ -values are an 
the  average  lower (see Figure 1) .  The author  
(Pavlov, 1975, 1984) has shown the  dependence 
of SsS value on both  densi ty   Ssn and snow 
temperature Ssn.  Generally,   this  dependence on 
the  both  factors  is l i n e a r .  For r e l a t i v e l y  
narrow range of d e n s i t i e s  ( 0 . 1 2  g/cm $ SSn $ 
0 , 3 5  g/cm), one can ob ta in  t h e  following 
s impl i f i ed   ca l cu la t ing   fo rmula :  

0 * O ~ + X P ~ , ~  v,n<-looc 
As, XPsn, -10°c>v~,>-200c (1) 

-O.04+xpsn, ~,,<-20~C 

where I,, - i n  W/(rn. 'C) ,  x - dimensional 
Coeff ic ient   ( in   the  accepted  system of 

dimensions x 1" [W / ( rn .K) ] /(g/crn3). The 
lower is dens,i ty  of snow and the   h igher  is 
temperature,  the more is i t s  in f luence  upon the 
c o e f f i c i e n t  of thermal conduc t iv i ty  and t o t a l  
hea t - t r ans fe r .  A ksn-change  due to   t empera ture  
is one o f  mechanisms of s e l f r e g u l a t i o n   i n  
thermal  regime of landscape  complexes  in 
winter .  

A t  teluperature of - 2 5 ' G  end lower tkle ksn - 
values are actual ly   not   dependent  on snow 
temperature  and  correspond,to  conductive  heat 
t ransfer .   Accvrd ing   to   the   exper imenta l   resu l t s  
obtaincd iv, Yakutsk,   tho  coeff ic ient  of purely 
conduct ive ,hea t   t ransfer  is considerably  lower 
than   t ha t   ch l cu la t ed  by formula (I) end i s  
equal   to  0 .05;   0 .12  and 0.19 W,/(m"G) a t  psn = 

0 . 1 ; 0 , 2  and 0 . 3  g/crn3 r e spec t ive ly .  
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Figure  1. Thermal c o n d u c t i v i t y   c o e f f i c i  

e n t  of snow cover   $sn   as  f u n c  t i a n  of d e n s i t y  
S s n  according t o  the experimental   data  fu r  
Yakutsk (1) , Igarka  ( X ) ,  Solyony ( 3 ) ;  4 - , line 
lsn= psn: 5 - l i n e s  of  confining  range 

Temperature of snow cover e t  meteoro logica l  
s t a t i o n s  and geocryoloyical-monitoring po in t s  
is not ,measured a s  a ru le .   Therefore ,   the  
r e l a t i o n s h i p s - o b t a i n e d   a r e   s i m i l a r   t o  (1,) 
where  instead of vsn va lue ,   t he  a i r  temperature 

va i s : ,used   (Pavlov , l981) .  A s  the  Yakutian 

experiments  have shown,, t h e  k,,, value   increases  
w i t h  a rise i n  snow c r y s t a l  s i z e s .  So, t h e  
metamorphosed  snow i s  c h a r a c t e r i z e d  by a 
s l i g h t l y   h i g h e r  lisn -value  than a f r e s h  snow. 
However, t h i s   d i f f e r e n c e  is n o t ,   l a r g e .  

T t y s , ,  h e a t   t r a n s f e r   i n  a snaw cover, a s  
well a 3   t h e  rate of r e c r y s t a l l i z a t i o n  depends 
both on ver ' t ical   gradient  of  temperature  and on 
t e m p e r a t u r e   i t s e l f .  An optimal  growth of snow 
c r y s t a l s  is obse rved   a t   nega t ive   t edbe ra tu res  
( 5  t o  15'~)~ and  the most i n t e n s i v e   d i f f u k i o n  
and hea t   t ransEer   a re   observed  w i t h i n  0 t o  - 
2°C. 

Thermal ,Conduc t iv i ty  and  Cooling  Effect of 
Sur face  S o i l s  

Organic  -covers ( i . e .  moss, moss-lichen, 
mots-peat)   over lying the m i n e r a l   s o i l s   a r e  
u s u a l l y   c a l l e d  by Russ ian   geocryoloyis t s   as  on- 
-topsoil. covers .   While   being  in  a thawed s t a t e  
they s e r v e  a s  a n a t u r a l   t h e r m a l   i n s u l a t o r  
because. -t&sir thermal   conduct iv i ty  i s  10-20 
times lower t han   t he  s o i l .  

Thermal '   conduct ivi ty   end  heat-proof   ahi l i tv  
of t h e  s u r f a c e  snil cover end peat- was  s tud ied  
by R.I.Gavril iev  and  S.V.Eliseev ( 1 9 7 0 ) ,  

A.A.Konovalov end L.T.Roman (1973) ,  
A.A.Mandarov and P.N.Skryabin ( 1 9 7 8 ) ,  A.V.  
Pavlov ( 1 9 7 9 ) ,  V.P.Chernyadiev, e t  a l  (1984). 
Lichen  and  foxest   layers   in  a thawed s t a t e   a r e  
less ,hea t .   conduct ive   than   o ther   sur face  
covers   ( thbrmal   conduct iv i ty)   coef f ic ien t  i s  not 
more than 0 , 2 5  W / ( m . K )  . Thermal conduc t iv i ty  
c o e f f i c i e n t   o f  sphagnum  and pea t  i n  a s a tu ra t ed  
s t a t e  may reach 0 , 6  t u  0,75 W / ( m . K ) .  

A c o o l i n g   e f f e c t  o f  su r face  cover:; is 
manif6Sted- i t s e l f  most of a l l   d u r i n q   t h e   f i r s t  
ha l f  o f  warm season ( 5  t o  8'G a t  a cover 
th i ckness  of 4 t o  6 cm). I n   w i n t e r   t h i s   e f f e c t  
is lesd-'th.an in wmmer, as the thermal 
conductivft ,y of s u r f a c e   s o i l   c o v e r s   i n c r e a s e s  
w i t h   f r e e z i n g   b y ' a  f a c t o r  o f  2 t o  4 .  On the  
average, t h e  cov&rs  cool t h e  s o i l  by 0 , 5  t n  
1.5"G per  year erid,:,per summer, season .  

S p e c i f i c i t y  of Heat  'Exchange  "betwzen. .Soil end 
htmosphere 

, I  Annual c o n t r i b u t i o n  of s o l a r   r a d i a t i o n   t o  
the t e r r i t o r y  of Russia is 25$10 t o  SOSlrJ 
MJ/m$.  The western  regions of t h i s  count ry  
o b t a i n   a t  t h e  same l a t i t u d e s ,   d u e  t o  a q r e a t e r  
cloudineus  caused by a i r  masses  coming  from the  
A t l a n t i c   O c e a n l a   s l i g h t l y   l e s s e r   s o l a r  
r a d i a t i o n   t o t a l l y  f u r  a year  t h a n   i n   t h e   e a s t ,  

Radia t ion   ba lance  R o f  t h e   n a t u r a l   e a r t h ' s  
su r f ace   va r i e s   w i th in   t he   pe rmaf ros t  zone  from 
600 t o  R O O  MJ/(year.sq.m) a t  high  Lat i tudes 
( the   coas t   o f   t he  Arctic Ocean) t o  1600 

MJ/(year.sq.m) i n  the   sou th  o f  S i b e r i a .  The 
annual. rad ia t ion   ba lance  R does no t  exceed 40% 
from the   t o t a l   r ad ia t ion .   Nega t ive   R-va lues   a r e  
observed  during 5-6 months ( s ince   Oc tobe r   t o  
March o r   A p r i l ) .  

Annual  change of Q, 8 ,  t u rbu len t   hea t -  
exchange P, h e a t   l o s s e s   f o r   e v a p o r a t i o n  w E 
(where w - hea t ,  E - i n t e n s i t y  of evapoat ion)  
for   d i f fe ren t   l andescape   complexes  i n  t h e  North 
( e . g .  var iega ted-grass  meadows) moss-lichen 
tundfa,  forests, water  b a s i n )  is wel l  known. 
Maximum va lues  of these  components f a l l  on 
June-July.  In win te r ,   t he  R, P I  w E-values  are 
from 5 t o  15 times lower t h a n   i n  summer. 

Most s t u d i e d  are t h e  components of t h e  
ex terna l   hea t   t ransfer   for   an   open   a rea .  Heat 
l o s s e s   f o r   e v a p o r a t i o n   a r e   e q u a l  to 15-40% 
( f r o m   t h e   t o t a l   r a d i a t i o n )   d u r i h g   t h e  warm 

months  and 11-33% d u r i n g   t h e  cold months. The 
P/R r a t i o  i n  t he   t undra   du r ing   t he  warm sea  son 
i s  i n  genera l  t h e  same as i n  t h e  s t eppe .  A 
decrease  i n  R-value  with a r ise i n   l a t i t u d e s  
determines a general   tendency of reducing 
evapora t ion  E from t h e  soil sur face .Not   on ly  
the  E-value  decreases   here ,but  E/K r a t i o   a s  
w e l 1 , i n   s p i t e  o f  t h a t   t h e  s o i l  is over 
mois ture .  

i n c r e a s e s   i n  t h e  nor thern   reg ions  as compared 
with  the  moderate   1at i tudes.The  B-values   during 
t h e   e n t i r e  warm season may reach 5-6 % r e l a t i v e  
t o  Q and 10-14 % r e l a t i v e  - to  R.  The peak o f  B- 
va lues  falls on t h e  beginning o f  snil 
thawing.Heat yield i s  t h e   h i g h e s t   i n   t h e  

Beat flux B i n t o  a s o i l  e s s e n t i a l l y  
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beyinning  of w i n t e r .  
Temperature of s o i l  s u r f a c e  vs i s  a 

r e s u l t a n t  o f  t he   hea t   i n t e rac t ion   be tween  
e x t e r n a l  cblnponetlts of heat  balance  and 
i n t e r n a l  component B. Average  monthly 
d i f f e r e n c e   b e t w e e n   t h e  vs va lues   ( fo r   an  open 

f l a t   a r e a   w i t h  a n a t u r a l   s u r f a c e )  and  the v, 

value's do not   exceed 5'C. Thi S - V ~ / V ~  r a t i o  t o  
a cons iderable   ex tbnt   depends  on the  
c o n t i n e n t a l l y  of the c l ima te .  So, for  t h e  
v i c i n i t y  nf Yakutsk a va lue  of 8 * 0.95-1.2. 
For t h e  Arctic c o a s t a l   a r e a s   t h e  8 value  
i n c r e a s e s   t o  1 .5-2.  Besides,   one  observes  here 
c o n s i d e r a b l e   i n t e r y e a r  6 var i a t ions .   Dur ing '  
r e l a t i v e l y  cold summer time, S values i nc rease  
end i n  warm time decrease.   Temperature  of snow 
cove r   su r f ace  is  usua l ly   lower   than   the  
tempera ture  of air,; On t h e  average  during 
win te r   s eason   t h i s   dec rease3amoun t s   t yp ica l ly  
t o  not  more than  1-1.8'C. 

of soils a t   t h e   t o p  and base of a l a y e r  of 
annua l   hea t - c i r cu la t ion  vo o v e r   l o c a l   a r e a s  i s  

controlled t o  a great   degree '   by 
geomorphologica l   condi t ions ,   l i tho logy ,  
vege ta t ion .  The same CQllCi?rnS the   depth  of 
seasonal  thawing  {the The importance .OF t h e  
f i rs t  two f a c t o r s  is most c l e a r l y   s e A   i n   t h e  
A r c t i c .  I n  p a r t i c u l a r ,   i n   t h e  West Yamal t h e  
cth va lue   va r i e s   f rom 0.45 t o  0.75 on polygonal 
pea tbags  t o  1.5 t o  1 . 7  m on sand-blowing  areas.  
Tho h ighes t   t empera tures  vo (from -2'C t o  -4 'C)  
e r e   t y p i c a l   o f  bogged lowlands,  leaward slopes 
and  ravine  bottoms,  where t h e  t h i ckness  of snow 
d e p o s i t s   r e a c h e s  1 . 5  t o  2 m (up to 4 m )  . The 
lowest   temperatures '  of soils ( - 5 ° C  t o  - 7 . 5 - C )  
ere   observed  on  sand-blowing  areas   and  bare  
windward s l o p e s .  

O f  t h e   h i g h e s t   m u l t i - y e a r   v a r i a b i l i t y  among 
thermal.  parameters of t h e   l i t h o g e n i c   b a s i s  of a 
landscape  complex is usua l ly   t he   t empera tu re  o f  
a s o i l   s u r f a c e  v s ,  of the  lowest  one is t h e  gth 
value.   According t o  the  computer-modelled 
results, t h e  limits o f  changes in average 
annual   t empera ture   for  the past 3p-40 y e a r s   a r e  
as f o l l o w s   i n   C e n t r a l  Y a k u t i a  - fxom +O.S'C t o  
- 8 , 9 ' C ;  in  the  Yenisey  River  North - from +2'C 
to -4.O"C; in the   nor th-eas t   o f  West S i b e r i a  - 
from -4UC t o  - 1 2 ° C .  Mul t i -yea r s   va r i a t ions   i n  
t he  Gt.,, v a l u e   a r e   h i g h e r  f o r  o rgan ic  s o i l s  then  

for minera l   ones ,  The ACfr/cT va lues   a r e   equa l ,  
accord ing  t o  t h e  results of mult i -year  
obse rva t ions   conduc ted   i n  West Yamal, t o  from 
3 2  t o  73% fol peat,  1 5 - l h ' b  f.or sands end from 
18 t o  24% for  sands  loam. 

The formation of  average  annual  temperature 

Fores t  Effecf-on Thermal Regime o f  S o i l  

Among 311 the  landscape  complexes of t he  
North c o n i f e r o u s   f o r e s t s  and water  basins  have 

the lowest  values of a lbeda   dur ing  a warm 
season  ranging  from 1 0  t o  14% and 6 t o  12%, 
r s s p e c t i v e l y .  Albedo of c l o s e d  forsat3 in 
permafrost ( e . g .   l a r c h ,   f i r - t r e e ,  pine, b i r c h )  
is 6 t o  11% for  summer season  and 18 t o  20% for 
win ter  season lower  as  compared  with  an  open. 
a r ea  (Pavlov,  1979)  . An annua l ly  summed , , [ 
e f f e c t i v e   r a d i a t i o n  of forest-covered and 
f o r e s t - f r e e   a r e a s  i s  approx ima te ly   t he  same and 
i s  equal  to 31-33% from Q va lue ;  I n  w i n t e r ,   t h e  
e f f e c t i v e   r a d i a t i o n  of forests p r e v a i l s  and i n  
summer t h a t  of meadows. An annual  gum of 
r ad ia t ion   ba l ance  of f o r e s t  RS i n c r e a s e s  by a 
factor o f  1 . 4  t o  1 . 6  a s  compared w i t h  t h e  , ' 

r a d i a t i o n   b a l a n c e  of f o r e s t - f r e e   ( b a r e )  
t e r r i t o r y  Rb. Fores tcovered  areas usually show 
an i n c r e a s e   i n   m o i s t u r e   c i r c u l a t i o n .  

Fo res t   i n f luence  on thermal   regime a€ a 
s a i l  i s  due mainly t o  t h e  s h a d i n g   e f f e c t ,  a 
change i n  snow d e p o s i t i o n ,   e x i s t e n c e  o f  a heat-  
proof f o r e s t  l a y e r .   I n  forests t h e r e  is  a 
smal le r   depth  of seasonal  thawing  and  lower 
a n n u a l   h e a t   t r a n s f e r -   i n  soir l .  According t o  t h e  
expe r imen ta l   da t a   ob ta ined   fo r   Cen t r a l   Yaku t i a ,  
t h e   h e a t   t r a n s f e r  i n  a dec iduous   fo re s t  
amounted t o   o n l y  70  t o  7 6 %  as compared t o   t h e  
h e a t   t r a n s f e r  i n  an o p e n   a r e a .   I n   t h e   t a i g a  ' 

zone  where t h e  wood v e g e t a t i o n   h a 5   a , w e l l - .  
developed top crown, duing ,  a warm season  and 
a n n u a l l y   t h e   e f f e c t   o f   f o r e s t  on a s o i l  is, as. a 
whole a cool ing  one.   That  is why i n  the . a reas i  
near   the  southern  boundary of t h e   p e r m a f r o s t  
zone no t a l i k s   e x i s t   i n   t h e   f o r e s t s .   S p a r s s l y  
growing fores t s  and  shrubs  have,   as  a . ru le , .  a 
warming e f f e c t  or) a s o i l .  Th i s  is t y p i c a l  ,of 
fo re s t - tundra   zone   due   t o  show  blowing away af 
t he  open a r e a s  of its r e t e n t i o n  by wood 
v e g e t a t i o n .   I n   t h e   f o r e s t - t u n d r a   z o n e a f  West , 

Siberia, cont inuous   f rozen  soils a r e   o f t e n  , ,  

absen t ,  

Heat  Balance  and ThgrA5.A .-h.&..i-ie of Lakes 

The d e t a i l e d   y e a r - r o u n d   s t u d y  of 

., 

wate r su r face   nea t   ba l ance  was c a r r i e d   o u t  €or  
t h e   f i r s t  time a t  Syrdakh  Lake in   Cen t ra l .  
Yakutia  (Pavlov, Are, 1984). One of the   bas i c  
f e a t u r e s   i n   t h e   f o r m a t i o n  of Lake neat-balance 
is B c o n s i d e r a b l e   g r o w t h   i n   r a d i a t i o n   b a l a n c e ,  
evaporat ion,   seasonal   accumulat ion.  of beat by 
a water  mass as compared  with  adjacent 
sho re l ine .   Rad ia t ion   ba l ance   o f  l i k e s  dur ing  an 
open-water per iod  rises by a f a c t o r  o f  1.1-1.3 
end  by 20 t o  25% dur ing  a y e a r .  Heat 
accllmulati.on  becomes 7-8 times n i g h e r   a t  a 
depth of water   of  5 ta 6 m. 

In Central   Yakut ia  d u r i n g  a spring season a 
c o n s i d e r a b l e   r a d i a t i o n  warming occurs   of   water  
benea th   t he   i ce  up t o  1 0 ° C  (Are, 1 9 7 4 ) .  Due t o  
t h e   i n t e n s i v e   w a t e r  warming in s p r i n g   t h e  
mel t ing  of ice cover from  below is comparable 
w i t h  mel t ing  from above.   During  the  ice-melt ing 
per iod  the heat   accumulat ion by a l ake   r eaches  
almost t h e  r a d i a t i o n   b a l a n c e .   I n  summer peri'od, 
sha l low  lakes  ( u p  t o  1 . 5 2  m deep)  have 
typ ica l ly   approximate ly   the  same tempera ture  
(15 t o  2 0 ° C  and   h ighe r )   t h roughou t   t he i r  



thickness .   Water   tqmperature   in   the  lakes   that  
a r e  less  than  3-4 m deep  decreases  w i t h  depth 
due t o  l ack  of wind  mixing. Thus,  a s t a b l e  
d e n s e   s t r a t i f i c a t i o n  is formed. An annual 
average  temperaturq.  a t  a lake  bottom vbt is 
e q u a l   t u  6 to 8 ° C  w i t h i n  a r a t h e r  wide  depth 
i n t e r v a l  (1 .5  t o  3 .'5, m )  . A t  a water  depth of 50 
t o  80 .m,' it  approaches   to  +doc. 

During   severa l   recent  years the   thermal  
year-round  observations  have been conducted  at  
t h e  l a k e s  of Gydah ar,d Yamal peninsulas  ( i . c .  
Kruyloye,  Parisento,  Zagadochnoye,  Syurtyav- 
Mal to) .   These   l akes   a re   charac te r ! izsd  by a deep 
mixing of open  water   masses   ( to  IO-12m and more 
end a l o w e r  temperature  of  the  bottom  sediments 
(by  3 t o  4°C) as compared w i t h  t he   l akes  o f  t h e  
Yakutian taiga zone. The lakes o f  t h o  tundra  
zone  show i n   w i n t e r  a gene ra l   i nc rease   i n   wa te r  
tempera ture   wi th   depth .  A s tab le   denso  
s t r a t i f i c a t i o n  of water  masses is formed.  In 
the   deep   l akes   du r ing  a per iod ,  p r ior  t o  i c e  
me l t ing ,   t he   t empera tu re   d i s t r ibu t ion   i n   t he  
c e n t r a l   p a r t  of a water  mass becomes c l o s e  t o  
i so the rma l .  At, t h e  same time,  the  water  masses 
under   the  ice   and  in   the  near-bot tom  Layer   are  
cha rac t e r i zed   by  a n o t a b l e   v e r t i c a l - d i r e c t e d  
h e t e r o g e n e i t y  i n  t empera ture .  Such temperature 
d i s t r i b u t i o n   i n d i c a t e s   t h e   e x i s t e n c e  of f r e e  
c o n v e c t i o n   i n   t h i s   c e n t r a l   p a r t  of  water  mass. 
T h i s   i n t e r e s t i n g   f a c t  of convective  mixing o f  
water  masses under   the ice a t  t he   i so the rma l  
s ta te  was r e p o r t e d   e a r l i e r   f o r  t h e  Vanda Lake 
i n  Antarct ica   (Hoare,  1 9 6 9 ) .  The temperature 
does not r e a c h   t h e   l e v e l  which  would c o r r e s  
pond t o   t h e  maximum d e n s i t y .  
Radiation  warming of water  below  the ice i n   t h e  
lakes o f  Gydan and Yamal is expressed  poorly.  
Therefore ,  t h e  ice mel t s  away c h i e f l y  from 
above .   Af te r   the  ice cover i s  melted 
completely,  a r ap id   hea t ing  of water   begin.  
Isotherm is formed  throughout   the  ent i re   water  
mass. Maximum hea t ing  of water   reaches 14 t o  
18°C [July,   August)  . Temperature a t  a bottom 
s u r f a c e   w i t h i n   t h e ,   f r e e z i n g - f r e e   p e r i o d ,   i n  
genera l ,   ac tua l ly   does   no t   depend on the   depth  
bo th   i n   sha l low  and   r e l a t ive ly   deep   l akes  
(Figure 2 ) .  ~n annual   average   increase   in  
tempera ture  of the   bot tom is 2 . 8  t o  3.8"C 
w i t h i n  a d e p t h   i n t e r v a l  of 1 .8  t o  2 m. At  a 
water depth  o f  more than  2 m an vbt i nc rease  
wi th   dep th  i s  not   l a rye  (see Figure 2 ) .  
Anthropogenic Impact on Heat Transfer i n  
Landscape Complexes. The a r e a s   i n   t h e   R u s s i a n  
North that a r e  under intensive  development 
s u f f e r  from the   fo l lowing   wide ly  spread 
anthropogenic   ac t ions   on   the  surface of 
landscapa cmplexes:  d i s tu rbance  ( o r  removal) 
of t u r f   and   vege ta t ion  layers; compaction 
( c l e a r a n c e )  of snow; use of  admixtures 
( f i l l i n g s )  and a r t i f i c i a l   c o v e r i n g s .  Changes i n  
a na tura l   complex   a re  most a c t i v e   d u r i n q   t h e  

'bt Qc 
0 2 4 6 8 10 

h,, m 
Figure 2 .  Temperature  change  in bottom 

su r face  vbt with  depth of water  i n  t he   l akes  
of West Ya mal, averaged f o r  a f r ezze - f r ee  
period ( a ) ,  Ju ly   (b )   and  annual (c) 

Development ..." in   Proc .   o f   Thi rd  
1nter.Conf.  on Permafrost,  19781, a d i s turbance  
o r  removal of  tundra   cove r s   l eads   du r ing  a warm 
per iod  t o  a decrease  i n  ea r th ' e   su r f ace   a lbedo  
by e f a c t o r  of 1 . 5   t o  2 and more (from 0.2-0.35 
t o  0.08-0.1)  and  in  turbulent  neat-exchange by 
a f a c t o r  of 1.4 t a  6 . 3 .  An i n c r e a s e  is observed 
in   evapora t ion  (by 1 . 3  t o  2 times), r a d i a t i o n  
balance  (by, 5 t o  15%),  heat  accumulation by a 
s o i l  ( t o  6 0 % ) .  This  kind of anthropogenic 
impact i n   t h e   a r e a s   w i t h   h i g h - i c e   s o i l s   r e s u l t s  
i n  thawing of i c e   r i c h  s o i l ,  accumulation of 
water and subsidence of t he  8 a r t h ' e   s u r f a c e .   I n  
a f e w  y e a r s   a f t e r  a d i s tu rbance ,  a depth of 
seasonal  thawing may become 2 t o  4 times 
g r e a t e r   a s  cornpared t o   t h e   i n i t i a l   v a l u e .  

Card ina l   changes   in   hea t   t ransfer   begin  
when f o r e s t   v e g e t a t i o n  i s  removed.  This is well 
s tud ied  for  a t a i g a  zone  (Pavlov, 1979) . As a 
r u l e ,   i n   t h i s  case a growth is observed i n  
r e f l e c t i n g   a b i l i t y  and a drop i n   r a d i a t i o n  
balance of t h e  t e r r i t o r y .  Due t o  an i n c r e a s e   i n  
evapora t ion ,   t he re  is a general   moisture-  
c i r c u l a t i o n   d e c l i n e .  On the   con t r a ry ,   hea t  
accumulation by t h e  s o i l  and  thawing  depth 
inc rease .  

A g r e a t   h e a t i n g   e f f e c t  is observed when a 
mow  cover is a f f e c t e d .  I n  p a r t i c u l a r ,   i n   t h e  
A r c t i c   e a c h   a r t i f i c i a l  1 0  cm dec rease   i n  a 
he ight  of snow cove r   (w i th   na tu ra l   dens i ty  
preserved)   causes  a reduct ion  of an  annual 
average  temperature of soils yo by 0 .5  t o  

f i r s t   s e v e r a l   y e a r s  after the  development. 1.5'C. A t  a complete  removal o f  snow t h e  heat-  
According to the   vbserva t iuos   conducted  in t h e  c i r c u l a t i o n s   i n c r e a s e d  by a f a c t o r  of 1 . 5  t o  2 
nor th  of West Siberia (Pavlov,  Serge.ev,  and  more. 
Gkryabin, 1979; "Impad:r? <.'f T a ~ z i t o r y  
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Table 1. Temperature o f  a i r  and  surface of 
sandy loam under  natural and dis  turbed 
conditions according to long-term data from t h e  
Yakutian  Geocryological  Observation  Sta  tion, 

In a bare site  with 
natural snow cover 
In pine  forest 
Si01 with  turf- 
vegetation  and snow 
covers  removsd 
Ventilated  cellar 
(without  heating 
sources) 
Ventilated  cellar p l u s  
0.1 m thick  foam  plasti 
cover  on a soil 
Snow cover plus a foam 
plastic mver  over s o i l  
3€  a  thickness: 0.07 m 

0.2 
0.3 

dith a polyethylene 
:over 

Temperature of s a 4  
surface 

*c 

Air temperature 
In  all  sites 

Experimental  site 

C 

- 
JanuarT 

-42.5 

-20 .8  
- 2 4 . 3  

-32.9 

- 3 2 . 4  

-12 I 4 

.10.5 

.2.8 

.2 * I 

,12.7 - 

- July 

20.2 

2 3 . 2  
18.1 

2 3 . 6  

17.0 

2 . 8  

8.3 
0.6 
0 . 6  

2 6 . 7  

- Annua, 

-10.5 

- 2 . 2  
-5.1 

-6.0 

-a. 4 

-4.3 

-2.9 
-1.8 
-1.9 

1.7 

The use of artificial  covers ( e . g .  
heatisolation end transparent  materials), 
fillings and ventilated cel lars  may  greatly 
affect  the  temperature  and  thawinq/freezing of 
soils. The most complete  quantitative 
estimation  of  efficiency of surface influence 
on  the  thermal  regime of the  permafrost zone is 
obtained fo r  Yakutsk.  Thus,  the  temperature of 
soil surface i n  a  ventilated  cellar was 
estimated  for July and annually on the  average 
by 6,6'C and 2.4"C lower  as  compared  to  the vs 

values  in the bare s i t e  (see Tabla 1). The 
depth of seasonal  thawing stti in  the  ventilated 
cellar  dropped  by 10 to  12%  against the natural 
conditions.  When a soil was overlain  by  an 
additional  foam-plastic  Layer 0.1 m thick,  the 
.$ value i n  the  same  cellar  decreased by a 
factor of 2 .6  to 2.9. On the  whole (see Table 
21, foam plastic  covers  have  the  mast 
conslderable  effect  on soil temperature both in 
summer  end  winter,  end on the  depth o f  seasonal 
thawing as compared  with  other kinds of surface 
effects.  In  Yakutsk, the soil coverad  by  a 
0.25-0.3m foam-plastic  layer  thaws  during  the 
whole  summer not more  then  to 0.1-0.25 m, 
A transparent  polyethylene cover spread over 
the s o i l  surface raises the summer  temperature 
o f  a soil  in June-Suly by 3 to 6'C and may Lead 
to a  disconnection o f  I s e a s o n a l l y  f r o z e n  layer 
and permafrost s t r a t a .  Intensive  development of 
the  territory c m  result in t h e  formation of 
natural and technical  complexes  (systems) 
unstable in thermal  term.  Their  stabilization 
sometimes takes dozens of yea r s .  

Table 2. Dynamics of s~asonal thawing of 
sandy  loam  under  natural  and dis turbed 
conditions according to long-term data  from  the 
Yakutian Geocryological  Observation S t a  tion, m 

Experimaptal  site 

In an open  site  with 
grass cover 
In  pine  forest 
Soil with  turf- 
vegetation cover 
removed 
Ventilated ce l l a r  
(without  heating 
source) 
Jentilated cellar 
3111s a 0.1 m thick 
Foam plastic  cover 
m a soil 
i foam  plastic cover 
wer soil, of a 
:hichess; 0.07 m 

0 . 2  m 
0.3 m 

lith a  polyethylene 
:over 

*)End o f  thawing  season 
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Approximately 80 p e r c e n t  of Alaska is  u n d e r l a i n  by permaf ros t  which controls. - 

climatic zones   i n   A laska   rough ly   co r re spond  to t h e   t h r e e   e s t a b l i s h e d  perma- 
f r o s t   z o n e s .  The c r y i c  climatic zone  corresponds to t h e   z o n e   f r e e  of perma- 
f r o s t ,   w i t h  a maritime climate. S o i l s   i n   t h i s  zone  have mean annual  s o i l  
t empera tu re  (MAST) measured a t  50 cm d e p t h  of >O0 to 8'C, and mean annua l '  
p r e c i p i t a t i o n  (MAP) of 4 0  to 500 cm. The cryic-pergelic c l i m a t i c   z o n e  ~ ~ r r e -  I .  

s p o n d s ; t o   t h e   z o n e  of d i s c o n t i n o u s  permafrost, wi th  a strong c o n t i n e n t a l  
climate. T h i s  zone i s  composed of a complex  mosaic of p e r m a f r o s t  soils and 
pe rmaf ros t - f r ee  soils with MAST of >-4' t o  2'C, and MAP of 30 so, 95 c m :  ,'The 
p e r q d i c   climatic^ zone  corresponds t o  t h e  zane of con t inous   pe rmhf ros t ,  'and 
has.MAST from -4' t o  - lQ°C,  wi th  MAP of 12 to 50 c m .  

! t h e   s o i l   t e m p e r a t u r e  regime a n d   o f t e n   t h e   s o i l   m o i s t u r e  regime. Three sail 

. -  

. ' *  :7 , ,  
Y ' .  

INTRODUCTION 

Soil t empera tu re   and   p rec ip i t a t ion   and  
t h e i r   d i s t r i b u t i o n  are i m p o r t a n t   f a c t o r s   i n  
c o n t r o l l i n g   t h e   b i o l o g i c a l   a n d   c h e m i c a l  ac- 
t i v i t i e s ,  as w e l l  a s   p h y s i c a l   p r a c e s s e s   s u c h  
a s   p e r m a f r o s t   f o r m a t i o n ,   i n  so i la .  I n   t h e  
U.S., a g r i c u l t u r a l   p r a c t i c e s  are c l o s e l y  
related t o  s o i l  climate, a n d   t h u s ,   s o i l  t e m -  
perature and soi,J, mois tu re  were recognized  as 
d i f f e r e n t i a e   i n  Soi l  Taxonomy and used a t  
v a r i o u s  categoric l eve l s   (Smi th ,  1986). Mean 
annual  s o i l  temperature measured a t  50 cm was 
i n t roduced  as a d i a g n o s t i c   s o i l   p r o p e r t y  a t  
t h e   s u b o r d e r ,  great group, subgroup, and 
family c a t e g o r i c   l e v e l s  in soil Taxonomy ( s o i l  
S u r v e y   S t a f f ,  1 9 9 2 ) .  The f r i g i d   a n d   c r y i c  
t empera tu re  regimes s h a r e  t h e  same range of 
MAST of > OaC t o  P C ; ~  t he   fo rmer   have  a mean 
summer s o i l   t e m p e r a t u r e  (MSST) a t  least 5- 
warmer t h a n  t h e  mean w i n t e r  s o i l  t empera tu re  

i s  d e f i n e d  as MAST of 0' or Less r e g a r d l e s s  of 
(MWST) . The p e r g e l i c  soil t empera tu re  regime 

t h e  presence  o f  permaf ros t .  As d e f i n e d   i n  Soil 
Taxonomy, permafros t  is a s u b s t a n c e   i n   w h i c h  
t h e   t e m p e r a t u r e  i s  p e r e n n i a l l y  a t  or  below 
O'C, whether   the   cons is tency  is very   hard  or 
loose .  Soils wi th   pe rmaf ros t   have   pe rge l i c  
t empera tu re  regimes [mean a n n u a l   s o i l   t e m p e r a -  
ture (MAST ) ,  cO'C] and are.placed i n   p e r g e l i c  
subgroups,.,' It i s  i m p o r t a n t   t o   n o t e   t h a t  
perpel ic  and  permafros t  are n o t  synonymous. A 
soil wi th  MAST d o c  at t h e  50 cm d e p t h  may n a t  
have a t h e r m a l   c o n d i t i o n   p e r e n n i a l l y   e q u a l . t o  
o r  below 0°C. >Permafros t  s o i l s ,  a r e   e n c o u n t e r e d  
c o n s i s t e n t l y  In t he   zone  of cont inuous  perma- 
f r o s t  of noEthern arctic  Alaska and   i ncons i s -  
t e n t l y  i n  t h e  zone of d i s c o n t i n u o u s   p e r m a f r o s t  
of i n t e r i o r  subarctic Alaska,   but  not i n  the  
c o a s t a l  aone of  southern   Alaska  (PBwB, 1975) ., 

I n  a general   overview,  sails f r o m   t h e  
n o r t h e r n   a r c t i c   r e g i o n   t h a t   c u r r e n t l y   c l a s s i f y  

.,;II 

i n  pergelic subgroups  have permaf ros t   w i th in  1 
m. This i s  true regardless of t e I t h i c k n e s s  of 
t h e   s u r f a c e   o r g a n i c  mat. S o i l  temperature and 
permafros t  are t h e   d o m i n a n t   s o i l  ipmperties 
a f f e c t i n g   l a n d  use and management firactice. 
Management is u s u a l l y  directed a t h p r e s e r v i n g  
t h e   c u r r e n t   s t a t u s  of permaf ros t .  . . 

r e l a t i o n s h i p   e x i s t s   b e t w e e n  t h e  s u r f a c e  or- 
g a n i c  mat th i ckness ,   so i l   t empera t tme ,   and  
dep th  t o  pe rmaf ros t  (Viereck, ,-197f3)... 'Many 
soils, under c l imax   na t ive   vege ta t ion ,   have  a 
t h i c k  layer of mosses and  organic  matter on 
t h e   s u r f a c e .  This o r g a n i c  mat acts as an 
e f f e c t i v e   i n s u l a t o r  against changes: in.  s o i l  
temperature. The MAST is perenni&I.ly::cO'C in 
t h e s e  s o i l s .  I f  the s u r f a c e   o r g a n i d m a t  . i s  
d i s t u r b e d ,   e i t h e r  by technogenic activities,  
o r  more commonly by w i l d f i r e , .  t h e   soil tem-. 
p e r a t u r e  will b e g i n   t o  r.isa and:%.he ,permafros t  
t a b l e  will lower   (v ie reck ,  1973;- Fobte, 1 9 7 6 ) .  
If t h e   d i s t u r b a n c e  i s  s i g n i f i c a n t ,  MAST may, 
wi th in  a few years, rise above 0'C a n d , k h e  
p e r m a f r o s t   t a b l e  recede. tb: w e l ' l  below 1 m 
(Moore and  Ping, 1989) . 'Wifh   nafurh l  suedes- 
s i o n  of the v e g e t a t i o n  toYhrd clfmah!, t h e  

t h i c k e n ,   a n d   t h e  MAST map d&k&ds'e'e'Bglow O'C 
s u r f a c e   o r g a n i c  mat may r e e s t a b l i s h  and 

aga in .  ; . (I; e'' \ , ,  

i n  Soil .  Taxonomy ( S o i l  Surv6g St -a f f ,  1992)  do 
not   adequately  addreaa 'nlqny of 'the 'eryic and 
p e r g e l i c   s o i l s  of high l a t i t u d e s .  Ab d t a t e d  
throughout  Soil Taxonomy a n d  Cdnversations i n  ' , 

- S o i l  Taxonomy (Smith, *198'6) , : t h & . e x i s t i n g  
concep t s  of s o i l s  of h)ii.gh l a t i tudes  are t e n t a -  , 
t ive  and need to be r#Vised- &S rGslarch  con-  
t i nues .   Qn-go ing . r e sea rch -   and   p rog res s ive  so i l  
s u r v e y s   a r e   b e a r i n g  o u t  these jstatefhients. -The 

:ase of c u r r e n t . S o i l  Taxonomy conr~dpts &ti many 
h i g h - l a t i t u d e  soils and even hign a l t i t u d e  
soils (Bockheim and Burns, 1991) wi th  perma- 

~ <. , 

I n  t h e   i n t e r i o r   s u b a r c t i c  region;-. a dynamic 

The cu r ren t   de f in i t f&s , -d 'nd   t axonomic   keys  _. 
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f r o s t  does no t   adequa te ly   a id   t he   t r ans fe r  c 
s o i l  knowledge. As pointed  out  by Moore e t  a 
(1992) , near ly  65 percent  of t h e   s o i l s   i n  
northern  Alaska  can  be  covered by only two 
subgroups,   e i ther  Pergelic Cryaquepts or 
Rupiic-Histic Pergelic  Cryaquepts.  The purpose 
of t h i s   p a p e r  is  to review  and summarize 
c u r r e n t   d a t a  on s o i l   c l i m a t e  i n  Alaska  and t o  
formula te   so i l   c l imat ic   zones .   These   c l imat ic  
zones  would a i d  t h e  improvement of  s o i l   c l a s -  
s i f i c a t i o n  i n  h i g h   l a t i t u d e s .  

muQQ 
The s o i l  climate d a t a  are reviewed from 

published  journal  art icles,  p r o f e s s i o n a l  
papers,  government  documents,  and  unpublished 
d a t a  of on-going  research  projects.  The clima- 
to log ica l   da t a   , ( a i r   t emps fh tu re ,   p rec ip i t a -  
t i o n ,  and growing  season) , 'are pr imar i ly  from 
C l i m a t o l o g i C a l  Data-Annual' Suirimary ( N O M ,  
1990).  The p r imary   sou rces . fo r ' t h i ckness  and 
temperature of permafrost   are  from that of 
PBwb (1975) and  Lachenbruch et al . (1989). 
The primary  sources of s o i l   t e m p e r a t u r e   a r e  
from t h a t  of   publ ished  data  of Ping (1987)  and 
unpubl ished  data  from  on-going soil tempera- 
ture and net s o i l s  moni tor ing   pro jec ts  of 
Ping, The boundaries   of   soi l   'c l imate   zones  are  
approximated  with  reference t o  Lachenbruch e t  

N O M  ( 1 9 9 0 ) .  
a l .  (1989), Washburn (1973), POW& (19751, and - 
Pe rue- 

o f  continuous  permafrost   which  includes t h e  
Arctic Coastal  P l a i n ,  t h e  Arct ic  Fosthills, 
and t h e  Brooks Range (PbwB, 1975).  The a rea  
has s t r o n g  a r c t i c  inf luence .  The MAAT is 
g e n e r a l l y  less than  -8OC, and a s  low a s  -12OC 
i n  Barrow (Owenby and E z e l l ,  1992).  The MAP 
ranges from 12 t o  20 cm a long   t he -  Arctic Coast 
t o  50 cm i n   t h e  Brooks Range. Permafrost 
thickness   ranges from 200,'to,6511 rn on t h e  
coas t a l   p l a in ,   bu t   dec t easeq  to 280 to 310 m 
i n   t h e   f o o t h i l l s   o f   t h e  Brooks Range (Brown et 
a l ,  , 1980; Lachenbr,uch et a l .  , 1989; PBwB, 
1975;  and  Williamsr: 1g70). Lachenbruch et, al. 
(1989) es t imated  thg long-term mean sur face  
temperature  (0') of , t h i s  zone  based on 2'Y' 
e x p l o r a t o r y   d r i l l ~ n g , w c l l s .  The MAST of perma- 
frost  s o i l s   a r e  thus. es t imated  to be -7' to 

-7OC i n   t h e   F o o t ' h i l l s  and -4'  t o  - 5 O  C along 
- 9'C on t h e   A r c t i c ' c o a s t a l   P l a i n ,  and -4"  t w  

the   nor thern   s lopes-  of t.he Brooks Range ~ 

PBwb, 1975; and  Williams,  1970).  Therefore, 
(Lachenbruch e t  a l .  I 1989: asterkamp,  1988; 

t h e  MAST i n  t h i s   p e r g e l i c  zone ranges from - 4 O  

t o  - 1 O O C .  
In this zone, t h e  thermal balance of the 

s o i l  is maintained, t o  a major  degree, by t h e  
i n s u l a t i n g   p r o p e r t i e b  of t he   su r f ace   o rgan ic  
mat.  Disturbance o f  t h e  organic  mat w i l l  
result i n  a n  i n c r e a s e  i n  so i l   t empera tu re .  As 
a result, t h e   a c t i v e  layer will thicken  and 
the permafrost t a b l e  w i l l  lower.  Rarely, 
however, will the  permafrost   tabl<:  lower 
completely below t h e   s o i l   p r o f i l e .  'The perms- 
frosf t a b l e  will r,emain as an impermeable 
layer   us ,ual ly   within 1 m .  Water  released by 
Lhe thickened  act ive  Layer   during thaw rill 
percbon . the  permafrost table, .  . Barrow is 
loca ted  a t  t h e   n o r t h e r n   t i p  of t h i s  zone,,  with 

This  zone  generally carresponds t o  t h e  zone 

the   lowes t  MAP o f  12 cm, and  water  budget is 
less than  0.1 cm (Bovis  and  Barry, 1 9 7 4 ) .  Yet 
s o i l s   i n   t h e  Barrow area  have  an  aquic mois- 
ture regime  because the s o i l s   a r e  saturated 
much o f  t h e  growing  season  (Soil  Survey S t a f f ,  
1992) due t-o the   p resence  of the   permafros t  
t a b l e  impeding in te rna l   d ra inage .   Therefore ,  
many shallow  lakes  dominate t h e  coas ta l   l and-  
scape. Any lowering o f  t he   s t ab le   pe rmaf ros t  
t a b l e s  is a major  concexn in   eng inee r inq  
i n t e r p r e t a t i o n .  The primary  land management 
.goal  1s to insu la te  the permafrost   against  any 
change i n   h e a t  and . t h u s  to maintain a s t a b l e  
thermal  regime  (Line11  and Tedrow, 1481 ;  
Johanson, 1990) .  

This  zone corresponds ta t h e  zone o f  d i s -  
continuous  permafrost   according t o  PBw& 
(1975) I and it l i es  mainly i n   i n t e r i o r  Alaska, 
bounded by t h e  Brooks Range on the   no r th  and 
the Alaska Range on the   sou th .   In   t h i s   c l ima te  
zone?  permafrost soils are in t e r spe r sed   w i th  
permafros t - f ree   so i l s .  The r e l a t ive   p ropor t ion  
of permafros t   so i l s   decreases  from n o r t h   t o  
south  throughout  the  zone. The southern bound- 
ary  of the Zone of Discontinuous  Permafrost is 
approximated by t h e  O°C mean annual a i r  iso- 
therm ( P ~ w C ,  1975).   This zone has a s t rong  
con t inen ta l   i n f luence ,  a d  the s o i l  c l imate  is 
t r a n s i t i o n a l  between cryic and  perge l ic .  The 
MAAT ranges from O°C to -7'C, and t h e  MAP 
ranges  from 1 7  t o  45 cm along a south t o  north 
grad ien t  ( N O M ,  1990).  The recorded  permafrost 
temperatures a t  15 t o  25 rn at Fairbanks, 
Glennallen,  Kuskakwim Delta,   and  near Nenana 
are ,  respec t ive ly ,  -0.gaC, -1 ,5OC,  -O.l"C,  and 
-0.3"C,  and the   t h i ckness  oE permafrost   in  
t h i s  zone  ranges  from 3 m t o  40  m (Pbwb, 
1975).  Williams  (1970)  compiled  data  from 
w e l l - d r i l l i n g  logs and  found the permafrost  
temperature  ranges from -0.3 to -1.2'C i n  Khe 
I n t e r i o r .   I n   s i m i l a r   l a t i t u d e s  t o  i n t e r i o r  
Alaska,  Burns and Smith (1988) measured t h e  
MAST of s i x  sites near Mayo,  Yukon T e r r i t o r y  
ranbing from -0.5' to -1 .5OC wi th  permafrost  
' th ickness  of 7 4  to 110 m. In gene ra l ,   t he '  
temperature o f  permafrost  a t  15 t o  25 m ranges 
from O°C along  the  southern  boundary  to  less 
than -5OC along  the  northern  boundary of this 
zone (PLwB, 1975) . 

The MAST of an undisturbed  permafrost  soil 
a t   Fa i rbanks  i s  -1.3"C (Ping, 1987) , which i s  
Q . 4 ' C  lower   than   tha t  o f  the   receding  perma- 
frost. The MAST of   another   permafrost   soi l  on 
t h e  Copper  River Plateau is  -1 .O°C,  but a few 
y e a r s   a f t e r  land c lear ing ,  the MAST rose  t o  
Z0C and t h e  -soil became well drained.  (Clark 
and  Kautz, i n  press) .  In   a r eas  l i k e  i n t e r i o r  
Alaska,   slope  aspect  plays an impor tan t   ro le  
i n -  the occurrence  of  permafrost (PBw&,  1954; 
Rieqer et a l .  , 1963). The south   fac ing  slopes 
ate genera l ly  w e l l  drained and free of perma- 
f r o s t ,  and the nor th   fac ing  slopes are.  usually 
underlain by permafrost   wi th   thickness   ranging 
from as l i t t l e  8s a few cent imeters  near the 
r i d g e - t o p s  to more than  80 m in t h e  v a l l e y  
bQttOrn (Qnterkamp; personal  communication) I 

Kawosaki and  Osterkamp  (1988)  measured MAST of 
1'C on. south  f a c i n g  hillsidea and -3OC i n  
bottomland  areas.  The MAST on.,  some sites north 
o f  For t  Yukon a r e  less than  -1OC with HSST of 

than 50 cm (Ping,  unpublished d a t a ) .  The 
14'C o r  more i n d i c a t i n g   a c t i v e  layer   deeper  

p e r m a f r o s t - f r e e   s o i l s   i n   t h i s  zone  have MAST 
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Ping  (1989) .  Any d i s t u r b a n c e  of t h e   o r g a n i c  
mat, n a t u r a l l y   o c c u r r i n g   s u c h  as w i l d f i r e ,  or 
man- induced  such as c u l t i v a t i o n ,   c a n  result 
i n   s u f f i c i e n t  s o i l  t empera tu re   i nc rease   (P ing ,  
1987; K a l l i o  and Rieger, 1969) to l o w e r   t h e  
permafros t  t ab l e  2 m or  more below t h e   s o i l  

du r ing   t haw  o f t en  w i l l  d r a i n  f r e e l y ,   a n d   t h e  
s u r f a c e .  Water released from t h e  active l a y e r  

MAST will rise above 0°C. I n  areas with pexma- 
frost, t h e  active l a y e r  is  often s a t u r a t e d  
du r ing   t he   g rowing   s eason ,   and   has -an  aguic 
soil mois tu re  regime. Areas f r e e  of permaf ros t  
u sua l ly   have   we l l -d ra ined   so i l s ,   and  a u d i c  
s o i l  mo i s tu re  regime (sail S u r v e y   s t a f f ,  
1 9 9 2 ) .  I n t o r i o r   A l a s k a  has summer storms which 
p r e v e n t   t h e  soils from drying ou t  during the 
growing  season. 

u v i c  Soil 

sporad ic   pe rmaf ros t   and   pe rmaf ros t - f r ee   zones  
as def ined   by  PBwb (1975). T h i s  i s  t h e   s o u t h -  
ern c o a s t a l  zone   having   s t rong   mar ine   in f lu-  
ence ,   inc luding   southeas te rn   Alaska ,   lowlands  
of t he   s au thcen t r a l   A laska   moun ta ins ,   t he  Cook 
I n l e t - S u s i t n a  Lowland, t h e   A l a s k a   P e n i n s u l a ,  
and   southwes tern   i s lands .   These  areas are 
g e n e r a l l y  free of permafros t  except a t   h i g h  
a l t i t u d e s  and on ice  f i e l d s .  The no r the rn  
boundary o f  t h i s  zone  corresponds t o   t h e  MAaT 
o f  the -2'C isotherm  based on d a t a  from Pbw6 
(1975)  and   f rom  c l ima to log ica l   da t a  ( N O M ,  
1 9 9 0 ) .  Soils i n   t h i s  zone have a c r y i c   s o i l  
t empera tu re  regime (Ping, 1987: Rieger, 1983: 
Smith e t  a l .  , 1964)  . Soils w i t h   f o r e s t   c o v e r  
gene ra l ly   have  low summer s o i l  temperatures, 
bu t  season814 f r o s t   p e n e t r a t i o n  is  as little as 
a f e w  c e n t i m e t e r s   d u e   t o   t h e   i n s u l a t i n g   e f f e c t  
of snow cover  (Rieger, 1973) .  Some s o i l s ' i n  
t h i s  zone,  due t o   l o c a l i z e d   s t r o n g   w i n d s   w h i c h  

p e n e t r a t i o n .  The recorded  MAST ranges  from 0' 
remove t h e  snow cover ,   have deeper frost: 

Alexander, 1 9 9 1 ) .  The MAAT i n   t h i S  zone  ranges 
t o  -6'C (Ping, 1987; Smith e t  a l . ,  1964: " .  

from - 2 O  to @ c .  Most of  t h i s  zone  has a udic" , 

s o i l   m o i s t u t e  regime wi th  MAP ranging  from 40 
t o  150 cm. In   sou theas t   A laska   and   a long   t he  
G u l f  of Alaska where t h e  MAP ranges from 150 
t o  450 cm, the s o i l s   h a v e  a perud ic   mo i s tu re  
regime due to prec ip i t a t ion   exceed ing   evapo-  
t r a n s p i r a t i o n   i n   a l l   m o n t h s  of most y e a r s  
(Soil Survey   S t a f f ,  1 9 9 2 ) .  

!22&aum 

This  cll.matic zone   cor responds  t o  t h e  

Based on e x t e n t  of p e r m a f r o s t ,   s o i l  tem- 
p e r a t u r e   a n d  s o i l  mois tu re  regimes and   o the r  
c l i m a t i c   d a t a ,   A l a s k a   c a n  be p r o v i s i o n a l l y  
d i v i d e d  into t h r e e   s o i l  climatic zones ( F i g .  
l), a n d   t h e   s o i l   c l i m a t e  o f  selected a r e a s  and 
sites are summarized i n  Table 1. 

(1) Perge l ic   zone .   This   zone   inc ludes  the 
A r c t i c  Coastal P l a i n ,   t h e  A r c t i c  F o o t h i l l s ,  
a n d   t h e   n o r t h e r n  slopes of t h e  Brooks 
Range. The MAAT ranges  from -8OC to <-12'C, 
and MAP ranges  from 12 t o  50 c m .  The esti- 

aquic and   ud ic  moisture regimes. 
(3) Cryic zone.  his zone is free of permaf ros t  ' 

w i t h  MAP ranging  f rom 45 t o . 4 5 0  cm and MAAT 
ranging  f rom -2" t o  P C .  The MAST r anges  
from >Oo to 8OC. The  dominant  moisture 
regime is udic where   t he  MAP i s  less t h a n  
150 cm, and perud ic   where  the, MAP is  more 
t h a n  150 cm. 

L'.,"' CL"... c 1 C" I V .  " I" V".II&..""I 'J 

f r o s t  such   a s   A laska  are n o t   a d e q u a t e l y  ad- 
S o i l  climatic zones   o f  a r e a s   w i t h  perma- 

dressed i n  S o i l  Taxonomy. The r e c e n t   f o c u s  on 
the e f f e c t s   o f  qldbal change on bioqeochemical 
soil p r o c e s s e s   i n   r e l a t i o n  t o  envi ronmenta l  
q u a l i t y  and  long-term ecological i m p l i c a t i o n s  
c e r t a i n l y  has c r e a t e d  more.,demand €of .the 
i nven to ry   and   r e sea rch  o f  p e r m a f r o s t   s o i l s .  A 
w e l l - d e f i n e d   s o i l  climatic zone  would  improve 
t h e  soil c l a s s i f i c a t i o n   s y s t e m ,   w h i c h  would i n  
t u r n   f a c i l i t a t e  soilbbased technology  trans- 
fer. 

5 1 9  



14-27 

'30 

30-50 

1s '  

' .  . 

l i - 4 5  

29 

' 37 

17 

38 

135 

250 





REEERENCES 

A l e x a n d e r ,  E .B.  ,3991. Soil temperatures' in 
f o r e s t   a n d  muskeg o n   D o u g l a s ,   I s l a n d ;   s a u t h -  
east Alaska :  , S o i l  S u r v e y   H o r i z o n  32:108-116. 

Bockheim,  J .G.; 'and S . F .  B u r h s .   1 9 9 1 .   P e r g e l i c  
s o i l s  of the w e s t e r n   c o n t i g u o u s   U n i t e d  
S ta tes :  d i s t r i b u t i o n   a n d   t a x o n o m y .  Arctic 
a n d  &pine ,,Res. 23: 206-212. 

Bovis, M.J., a n d  R.G. Bary. 1974.  A c l i m a t a -  
logical a n a l y s i s  o f  n o r t h   p o l a r   d e s e r t  
a r e a s i  p .  23-32. I n  T.L.  Smi ley   and  J . H .  
Z u b e r Q e   ( e d s . )   P o l a r  Deserts and  +lodern Man, 
The U n i v e r s i t y  of A r i z o n a  Press. Tucson, AZ, 
p.  170. 

Brown, J., K.R. Everett,  P . J. Web&, S .F. 
MacLe%n Jr., a n d  D.F.  Murray. 1980, The 
caastbl  t u n d r a  at. Barrow. p.  1-29.  In' J. 
Brown* P.C.  Miller, L.  L. T i e s x e n ,   a n d  F.L. 
B u n h e i l  (eds.) An arctic e c o s y s t e m :   t h e  
c o a s t h l   t u n d r a  a t  Barrow,   Alaska.  The I n s t i -  
t u t e  of Ecology.  Dowden, H u t c h i n s o n  L Ross, 
S t r o u d s b u r g ,   P e n n s y l v a n i a .  

Burns,  C.R. ,  a n d  C.A.S.  Sm,ith. 1988. Observa-  
t i o n s  o f  t h e  "th&jrm$J o f f - s e t "   i n   n e a r -  
s u r f a c e  mean a n n u a l   g r o u n d   t e m p e r a r u m s  at 

Canada.  Arct ic  41:99-104. 
several sites neap. Mayo,  Yukon T e r r i t o r y ,  

C l a r k ,  t $ . H , ,  a n d ' D .   K a u t z .   ' ( I n  press.) Soil 
s u r v e y  o f  the Copper R i v e r  Area, A l a s k a .  
USDA-bCS, U . S .  G o v e r n m e n t   P r i n t i n g   O f f i c e ,  
Washirigton, D.C. 

F o o t e ,  Y.J. 1976. C l a s s i f i c a t i o n ,   d e s c r i p t i o n ,  
and   dynamics  of p l a n t   c o m m u n i t i e s   f o l l o w i n g  
f i r e   i n   t h e  t a i g a  of I n t e r i o r   A l a s k a .  Fire 
effects s t u d y .  USDA F o r e s t  Serv., I n s t ,  . !  I, I 

N o r t h f l r n   F o r e s t r y ,   F a i r b a n k s ,  AK. 
Johanseff, Y.J. 1990. E n g i n e e r i n g  problems !!, ': 

associated w i t h  permafrost. I n  P r o c e e d i n g s  
of West&& R e g i o n a l  Coaperative S o i l  S u ~ v e y  

Kall io ,  A., a n d  S. Rieger. 1969. R e c e s s i o n  o f  
C o n f e r e n c e ,  511 N.W. Broadway,   Por t land ,  OR. 

p e r m a f r o s t   i n  a c u l t i v a t e d  s o i l  o f  1 n t e r i g . r  
A l a s k a .  Soil Sci. SOC. Am. Proc. 33:430-432. 

Kawasaki, K., a n d  T . E .  Osteskamp.  1988. Map- 
p i n g   s h a l l o w   p e r m a f r o s t  by e l e c t r o m a g n e t i c  
i n d u c t i o n - p r a c t i c a l   c o n s i d e r a t i o n s .  Cold 
R e g i o n   S c i e n c e  and Technology 15:279-288. 

Lachenbruch,  A.H., Sass, J . H . ,  Lawyer, L.A, 
Brewer, M.C., M a r s h a l l ,  B . V . ,  Munroe, R . J .  , 
Kennel ly ,  J . P . ,  Jt., G a l a n i s  S.P., Jr. , a n d  
Moses, T.H., Jr.  1989 .   Tempera tu re   and   dep th  
o f  p e r m a f r o s t   o n   t h e  Arctic Slope of A l a s k a ,  
i n  Grye, G., ed., Geology  and exploration of 
t h e   N a t i o n a l   P e t r o l e u m  Reserve i n   A l a s k a ,  

sional Paper   1399,  p. 645-656. 
1979 to 1982: U.S.  Geological S u r v e y  Profes- 

a n d  permafrost s u r v e y s   i n   t h e  Arctic. 
C l a r e n d o n   P r e s s ,  Oxford. 263 pp. 

Moore, J . P . ,  D.K. Swanson,  and C.L. P i n g .  
1992.  Warm p e r m a f r o s t   s o i l s   i n   i n t e r i o r  
A l a s k a .  I n  P r o c e e d i n g s ,   F i r s t   I n t e r n a t i o n a l  
Confe rence   on   Cryopedo logy ,   Pushch ino ,  

\ , I  ' 

L i n e l l ,  K.A., a n d  Y.C.F. Tedrow.  1981. Soil 

Moscow Region,  Nov. 10-14, 1 9 9 2 .  R u s s i a n  
Academy of S c i e n c e .  Moscow, Russia. ( i n  
press) . 

Mobte, J.P., a n d  C.L. Pi%g. .1989. ' 'C lw+9i f ica-  
t i o n  of p e r m a f r o s t   s o i l s .  S o i l  S w p e y  ~ o r l -  
z o n s  30:  98-104. 

NOAA. 1990. C l i m a t o l o g i c a l  Data - Annual 
Summary, A l a s k a ,  .Vola 76, No. 13.  U.S. 
Department   of   Commerce,   Nat ional  Climatic 
Data C e n t e r .   A s h e v i l l e ,  NC. 

'Osterkamp, T . E .  1 9 8 8 .   P e r m a f r o s t   t e m p e r a t u r e s  
i n  the  Arc t ic  N a t i o n a l   W i l d l i f e   R e f u g e .  Cold 
r e g i o n s  Sci .  and  Technol . . l5 :191-193.  

t i o n ,   a n d   h e a t i n g   a n d   c o o l i n g   d e g r e e  days, 
s t a t i o n   n o r m a l s  of t e m p e r a f u r e ,  precipita- 

1961-90 .   Cl imatography a €  the  U . S . . N o .  81. 

Climatic Data C e n t e r .   A s h e v i l l e ,  North 
Carolina. , \  

PiwB, T.L. 1 9 5 4 .   E f f e c t  of permafrosC  on  
c u l t i v a t e d  f ie ld ,  F a i r b a n k s ,  Area, A l a s k a .  
U . 5 .  Ceol.  S u r v e y  B u l l .  989-F.  W.S.  Govern- 

PBwB, T.L.  1 9 7 5 .   Q u a t e r n a r y   g e o l o g y ' o f  Alaska. 
m e n t , P r l n t i n g  Office, Washington,  D.C.  

O.S. Geol,, S u r v e y  P r o f .  paper 835.  U .S .  
Goveknrnent P r i n t i n g   O f f i c e ,   W a s h i n g t o n ,  D.C.  

'tho A l a s k a n  sails. S o i l  S c i .  S O C .  Am. J. 

h .  , ,  

Owenby, J . ; R . ,  and.D.5 .  Ezell,. 1992.  Monthly 

.. U.S.'Dept. o f  Cowerce. NOAA N a t i o n a l  
, a .  

P i n g ,  F.L. 1987. S o i l  t e m p e r a t u r e   p r a f i l e s  of 

51:lOlO-1018. 

c l a s s i f i c a t i o n  o f  some w e l l - d r a i n e d   a l o i n e  
Rieger, S.  1973. T e m p e r a t u r e  regimes and 

soils i n  Alaska. Soil Sei: Soc, Am. Prbc. 
37 :'8O6-807, . ,  

Rieger., S. 1943. T h e   g e n e s i s   a n d  c lass i f ica-  
,. t i o n  of cold s o i l s .  Academic   P res s ,  New 

York. 
Rieger, S., J.A.  DeMent, a n d  D .  S a n d e r s .  1963. 

S o i l   s u r v e y  o f  F a i r b a n k s  Area, Alaska .  USDA- 
SCS, U, .S .  G o v e r n m e n t   P r i n t i n g   O f f i c e ,  Wash- 

Smith, G . D . ,  F .  Newhal l ,  L . H .  Robinson,   and D .  
i n g t o n ,  D .  C I 

Swansan. 1964. S o i l - t e m p e r a t u r e  regimes- 
T h e i r   c h a r a c t e r i s t i c s   a n d   p r e d i c t a b i l i t y .  
USDA-SCS-TP-144. U .S. Governmen t   P r in t ing  
Office, Washington,  D.C. 

Smith,  G . D .  1986. C o n v e r s a t i o n s   i n  s o i l  t a x -  
onomy - O r i g i n a l   t r a n s c r i p t i o n s  of t a p e d  
c o n v e r s a t i o n s  by Guy D. Smi th .  Xn T . R .  
F o r b e s  (ed.) The Guy Smith i n t e r v i e w s :  
R a t i o n a l e  for c o n c e p t s   i n  S o i l  Taxonomy, 
C o r n e l 1   U n i v . ,   I t h a c a ,  NY. 

Soi l  S u r v e y  S t a f f .  1992.  Keys to S o i l  Tan- 
onomy. SMSS Technica l   Monograph  No. 1 9 ,  5 t h  

V i e r e c k ,  L.A. 1973. W i l d f i r e   i n   t h e  t a iga  o€  
ed. P o c a h o n t a s  Press, I n c . ,   B l a c k s b u r g ,  VA. 

A l a s k a .   Q u a t .  Res. 3:465-495. 
Washburn, A.L. 1973. Periglacial  p r o c e s s e s   a n d  

e n v i r o n m e n t s .  St. M a r t i n ' s  Press, New York. 
(320 PP.) * 

Williams, J.R. 1 9 7 0 .   G r o u n d   w a t e r   i n   t h e  
p e r m a f r o s t  regions of A l a s k a .   G e o l o g i c a l  

m e n t   P r i n t i n g  Office, Washington,  D.C. 
s u r v e y   p r o f e s s i o n a l  paper 696. U.S. Govern- 

522 



DILATOMETRY OF POROUS LIMESTONES UNDERGOING 
FREEZING AND THAWING. 

' A. PISSART~, A.  PRICK^-*, J. c1. OZOUF~ 

fLab&a;oire de GBomorphologie et de GIologie d u   Q u a t e r n a i r e .  

*&spisante du  Fonds  Nat ional   Belge de l a  R e c h e r c h e ' S c i e n t i f i q u e  
3Cent re  de Gbomorphologie du CNRS, Caen,   France .  

, . ,  , 

! '  Univers i te :  de Libge, Belgium 

The d i l d t o i e t r l c a l   b e h a v i o u r  or c a l c a r o u s  rocks c y l i n d e r s  was m e a s u r e d   i n  
dfametet and i n   l e n g t h   d u r i n g   f r e e z e - t h a w   c y c l e s .   T h e s e   m e a s u r e m e n t s  have 
shown i n t r i c a t e   a n d   n o n - i s o t r o p i c   v a r i a t i o n s   i n   t h e   d i m e n s i o n s  of t h e  rocks 
which are i n   c o n n e c t i o n  w i t h  m i g r a t i o n s  of u n f r o z e n  water w i t h i n   t h e  samples a t  
n e g a t i d ' t e m p e r a t u r e s .   T h e s e   m i g r a t i o n s   c a n  h regarded as responsible for 
c o n t r a c t i o n s   i n s t e a d  of t h e  global expansion which was p r e v i o u s l y   e x p e c t e d .  
These   expe r imen t s  stress t h e   i m p o r t a n c e  of f a c t o r s   w h i c h  have been acknowledged 
by many a u t h o r s ,  ie  t h e  water c o n t e n t  in t h e  sample, i t s  l i t h o l o g y ,  t h e  rate o f  
c o o l i n g   a n d  the s l i g h t   a l t e r a t i o n s  of t h e   e x p e r i m e n t a l  device. 

INTRODUCTfON 

A v e r y   i m p o r t a n t . d i l a t o m e t r i c   r e s e a r c h   d n  
materials u n d e r g o i n g   f r e e z i n g   a n d   t h a w i n g  was 
p u b l i s h e d  by Thomas (i938). H e  h a s  observed 
c o m p l i k a t e d   c u r v e s  o f  v a r i a t i o n s   i n   l e n g t h  of 
some rocks, b r i c k s  and tiles samples when t h e y  
are f r e e z i n g .  We tried t o  e x p l a i n   t h e s e  
v a r i a t i o n s   b u t   h a d  some d i f f i c u l t i e s  t o  
u n d e r s t a n d  why some wet materials undergo  
c o n t r a c t , i o n   u n d e r   f r e e z i n g .  H e  e x p l a i n e d   t h a t  
i n s i d e   t h e s e  samples, t h e  pressure giverl by 
t he   newly - fo rmed  ice i n d u c e s   l i q u e f a c t i o n  for  
t h e  ice i n   f a v o u r a b l e   p o s i t i o n ,   a n d   t h a t   t h i s  
process p r o m o t e s   i n t r u s i o n  of water i n t b  
u n f i l l e d   p o r e s .  

Lehmann (1955) h a s   d e s c r i b e d  a similar 
c o n t r a c t i o n  of wet bricks u n d e r   f r e e z i n g .  His 
o b s e r v a t i o n s  became e x p l i c a b l e  in the  papers 
of Powers  and Beelmuth (1953) a n d  Powers (1958) 
on t h e  dilatometric v a r i a t i o n s  o f  cement 
pastes ( f i g u r e  1) They  have  shown  that .  i f  
microscopic bubbles i re  i n s i d e  tkie cement 
pastes (the bubbles   'mus t  be So nirmerouri t h a t  
t h e y  are separated b y   l a y e r s   o f  paste o f . o n l y  
a f e w  t h o u s a n d t h s  o'f a n   i n c h  thick) ,, Che 
f r e e z i n g   p r o d u C e s e s " s h r i n k a g e   r a t h e r   t h i A  I' ' 

, d i l a t a t ' i o n .  And t h e y  proposed t o ' e x p l a i n   t h i s  
s h r i n k a g e  by t r a n s f e r  of water from t h e  paste 
t o  'the a i r  b u b b l e s .  

This m i g r a t i o n  of water by c r y o s u c t i o n  
g i j e s -  o n   e x p l a n a t i o n  for some part of t h e  
d i l a t o m e t r i c   c u r v e s  recorded i n   e x p e r i m e n t s  
carried out w i t h   p o r o u s   l i m e s t o n e .   W i t h   t h e s e  
e x p l a n a t i o n s ,  t h e  d i l a t o i e t r i c  c u r v e s   e n a b l e  
o n e  t o  see what   happens   dur ing  the f r e e z i n g  o f  
w e t  m&kerlal a n d  t h e  process of gelifract*ion. 

, : , < , ,  

Fiqure 1 : Dilatometric c u r v e s  of. cement 
pastes - Upper c u r v e  shows d i l a t a t i o n   p r o d u c e d  
i n  paste c o n t a i n i n g  no a ir  b u b b l e s .  Lower 
curve  shows same paste with  e n t r a i n e d  air; 
DIJL = l e n g t h   c h a n g e   i n   m i l l i o n t h s   ( P o w e r s ,  
1958) - 

F i g u r e  2- shows t h e   e x p e r i m e n t a l  device w i t h  
which w e  h a v e  made dilatometric measurements. 
The e x p e r i m e n t  samples are c y l i n d e r s  o f ' ,  
l i m e s t o n e  f 10 cm i n   l e n g t h   a n d  4 c m  i n  
diameter. The m a i n   p e c u l i a r i t y  of our sys tem 
is t h a t  we n o t   o n l y   m e a s u r e   t h e   v a r i a t i o n s  in 
l e n g t h  of c y l i n d r i c  sample i n   o n e  place but i n  
several l o c a t i o n s  : in t h e  c e n t r a l   p o i n t  a f '  
t h e  circular base, near t h e  border of the:  'silme 
base, a n d  a l so  on t w o  p o i n t s   w h i c h  are f a c i n g  
each other o n   t h e  sides o f  t h e  c y l i n d e r .  With 
a l l  t h e s e   m e a s u r e m e n t s ,   w e . x e g i s t e r  not o n l y  
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t h e  v a r i a t i o n s  i n  l e n g t h  o f  t h e   c y l i n d e r   b u t  
also i t s  v a r i a t i o n s   i n  diameter. 

F i g u r e  2 : E x p e r i m e n t a l  device u s i d   i n   o u r  
e x p e r i m e n t s .  

The e x p e r i m e n t s   t h a t  w e  p r e s e n t  below were 
made w i t h  two k i n d s  of r o c k  : t h e   s t o n e  of 
Caen  which is a b a t h o n i a n  bioclastic l i m e s t o n e  
a n d  a t u r o n i a n  V.uffeau" called Bz4zb.  The 
porosity of t h e  s t o n e  of Caen i s  between 32 
and  33,2 k; f o r  t h e  BrBzb, t h e  v a l u e  i s  
be tween 46,6 a n d  48  S .  

T h e  measurements  were made w i t h   l i n e a r  
e l e c t r o n i c   d i s p l a c e m e n t   t r a n s d u c e r s  made by 
Schlumberger  (Sangamo)  which give v a r i a t i o n s  
i n   l e n q t h  w i th  a n   a c c u r a c y  o f  1 mm or less. 

i n s i d e  a steel Fylinder o n   w h i c h   t h e  
d i s p l a c e m e n t  tkansducers were set. The , ~ 

d i l a t a t i o n   c u r v e s   t h a t  w e  present be,$,ow were 
corrected fo r  t h e   c o e f f i c i e n t  of expans iont  of 
t h e  steel c y l i n d e r .  ,. , 

* The bases of t h e ,  studied samples were s t u c k  

of our 
The i n t e r p r e t a t i o n s  of dilatometr ic  curves 

o b F a i n e d   d u r i n g   f r e e z i n g   a n d   t h a w i n g  were 
i l l u m i n a t e d  by t h e   r e s u l t s  of d i l a t o m e t r i c  
measurements  made on t ,he same c a l c a r e o u s   r o c k s  
d u r i n g   d e s s i c c a t i o n   e x p e r i m e n t s   ( P i s s a r t   a n d  
Lautridou, 1984: Hamls..et a l . ,  1987). In t h e s e  
pasdra' we h a v e  shown. t h a t   i m p o r t a n t   c h a n g e s  i n  
t h e  l e n g t h  of c y l i n d e r s  of t h e  sane r o c k s  
o c c u r  when t h e  water c o n t e n t   f l u c t u a t e s .  
V a r i a t i o n s   i n   l e n g t h  are a t  the h i g h e s t ,  when 
t h e . w a t e r  moves i n  or out of t h e   t h t r m e f  
f i s s u r e s  of  t h e  r o c k s .  This reqult; w a s  
d e m o n s t r a t e d  when we observed that She l o s s  of 

a v e r y  small amount of water gives i n   s a m p l e s  
w i t h  very l i t t l e  water an   impor t an t  
d i l a t o m e t r i c   s h r i n k a g e .   T h i s   c o n t r a c t i o n   i n  
l e n g t h  was by f a r  less i m p o r t a n t  when t h e  
sample he ld  more water and lost t h e  same 
weight  by d e s s i c c a t i o n .  

that w e  give beelow w i l l  d e m o n s t r a t e  t h e  
i n f l u e n c e  of  t h e  water c o n t e n t ,  of t h e  
poros i ty  of t h e  rock, uf t h e  s l i g h t  
a l t e r a t i o n s , o f  the e x p e r i m e n t a l   d e v i c e  and the 
rate of c o o l i n g ,  a l l  f a c t o r s   w h i c h  are well 
known as controll i ing g e l i f r a c t i o n  pKOCeSSeS. 

The  p r e s e n t a 9 i o n  of d i l a t o m e t r i c   c u r v e s  

saau2k , j '  

We s h a l l  see t h e  effect  of v a r i a t i o n s   i n  
t h e  water content of B r i z B  samples through t h e  
compar ison   of  dilatometric c u r v e s   r e c o r d e d  f o r  
a c y l i n d e r  which c o n t a i n s  5 6 , 8  g of water 
( w h i c h   r e p r e s e n t s  98 % of t h e   f u l l   s a t u r a t i o n )  
w i t h  a c y l i n d e r  which held 4 2 . 1  g of water 
tha t  is t o  say 72 t of  i t s  f u l l   s a t u r a t i o n .  
The rate of c h a n g e   i n  temperature d u r i n g   b o t h  
e x p e r i m e n t s  w a s  2 %/h. 

F i g u r e  3 gives a view of t h e   v a r i a t i o n   i n  
l e n g t h   a n d   i n  diameter observed f o r   t h e  sample 
wi th  98 % o f  h i s  f u l l   s a t u r a t i o n .  On t h i s  
graph ,  we r e c o g n i z e   t h e   s u c c e s s i v e   p h a s e s  : 
1. C o n t r a c t i o n  of 20 rnm i n   l e n g t h   a n d  
d i l a t a t i o n  o f  10 nun i n  diameter when t h e  
sample goes from 20 Oc to 0 O C .  

2. Great i n c r e a s e   i n   l e n g t h   a n d  i n  diameter 
when t h e  sample r e m a i n s  at 0 O C  ( z e r o  
c u r t a i n )  , 
3 .  S m a l l   i n c r e a s e   i n   l e n g t h  when t h e  
t e m p e r a t u r e  o f  t h e  sample goes down u n t i l  
-10.7 OC,: t h e  diameter i n c r e a s e s   d u r i n g  a 
l o n g e r  t i m e .  
4 .  Low s h r i n k a g e  i n  l e n g t h   a n d   i n  diameter 
d u r i n g  the  16 h o u r s  when t h e  sample remains a t  
a temperature of -12,5 Oc. 
5 .  I m p o r t a n t   c o n t r a c t i o n   d u r i n g   t h e   w a r m i n g  
u n t i l  0 OC and t h e  zero c u r t a i n .  
6 .  I n c r e a s e  in l e n g t h   a n d  i n  diameter when t h e  
warming  occurs  above 0 'C. 

p r o b a b l y  be e x p l a i n e d  by t h e  processes 
d e s c r i b e d  now, taking i n t o   a c c o u n t  t h e  numbers 
g i v e n  above : 
1. T h e r m i c   c o n t r a c t i o n   a n d   m i g r a t i o n  of water 
i n s i d e   t h e  sample b y   t h e   f o r m a t i o n  of a 
g r a d i e n t   o f  temperature i n s i d e   t h e   c y l i n d e r .  
2. F r e e z i n g  of t h e  free water i n   t h e   r o c k  
almost a t  t h e  full s a t u r a t i o n .  
3 .  The adsorbed water f r e e z e s  a t  temperatures 

4 .  Unfrozen water r e m a i n s  at -12.5 "C. Some of 
t h i s  water is m o v i n g   i n s i d e   o f   t h e  sample to 
pares which are void. 

T h e s e   d i f f e r e n t  parts of t h e   c u r v e  may 

below 0 . v .  
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Figurh 3 : Dilatometric  curves  recorded  far a cylinder of "tuffeau de 
BrBzi"' with 98 % of the  full  saturation. Rate of cooling 2 OC/h. The 
numbers  indicate  the  different  phases  described  in the text. 
Legend : To in  the  sample = temperature  measured w i t h  PtlOO inside the 
sample: A 1  = dilatometric  variations  in pm; Sup.Centrb = measure  on  the 
central point of the superior face of the  cylinder: Sup.Border = measure 
on the border of the superior  face of the cylindre; Flanks - sum of the 
measures  made on the sides of  the  cylinder. 
All wur dilatometrical  measurements  are put to the initial.  value Of $0 in 
order to facilitate the cornparision  between  curves. 

, ,  

Figure 4 ; Dilatometric  curves  recorded  for  a  cylinder of "tuffeau de 

See legend  below  figure 3. 
' BrezB" with  72 % of the full saturation. Rate of cool ing -2 OC/h. 

." , 

m 

E "  ... I..* ........... 

f d 40 

2 2 0  T 
-a 
J 

0 

Figure 5 : Dilatometric  curves  recorded for a  cylinder of Stone of  Caen 
with 77 % of' the  full saturation. Rate of cooling -2 .aC/P. 
See  legend below figure 3. ' ' '  
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5 .  D u r i n g  the warming when t h e   t e m p e r a t u r e ,  
r e m a i n s  below 0 OC,'the ice which i s  under  
p r e s s u r e   a n d   w h i c h  ,is i n   c o n t a c t   w i t h  some 
sa l t s  b e g i n s  to melt or a l l o w s  a s h r i n k a g e  of 
t h e  rock. 
6 .  The water which comes from the m e l t i n g  O f  

t h e  ice goes back i n t o   t h e   t h i n n e r  pores of  
t h e  rock and gives a d i l a t a t i o n .  A t  the same 
time a thermal d i l a t + t i o n   o c c u r s .  

0 "C,  t h e  dilatom'tri'c ' c u r v e  becomes ' 

c o m p l e t e l y   d i f f e r e n t  '' ( - f igure 4 )  : 

related m a i n l y  t o  t h e   t h e r m a l   c o e f f i c i e n t  O f  

d i l a t a t i o n .  The f r e e z i n g  of t h e  free water 
w h i c h   o c c u r s  a t  0 "C (zero c u r t a i n )  did not 
give a n y   d i l a t a t i o n   b e c a u s e   t h e r e  were enough:  
voids w i t h o u t  water i n s i d e  t h e  sample to, i ,  . 

accept t h e  c h a n g e  in volume  of   tP&freeqing,  
water w i t h o u t  a s i g n i f i c a n t   i n c r e a s e ;  ,,in ~ 

p r e s s u r e .   A f t e r   t h e   z e r o   c u r t a i n .   t h e  sample 
u n d e r g o e s  a very impor t an t   r e t r ac t ion : ! ,wh ich  is 
t h e  same phenomenon as t h e  one dsscribsd by 
Thomas (1938) t h a t  w e  have  ment ioned i n   t h e  
i n t r o d u c t i o n   o f   t h i s  paper. The v a r i a t i o n  i n  
diameter is similar t o  t h e   v a r i a t i o n   i n   l e n g t h  
if it i s  remembered t h a t   t h e   l e n g t h  o f  the 
s t u d i e d   c y l i n d e r  i s  10 cm and its diameter 4 
cm. By c o m p a r h o n   w i t h  t h e  i n t e r p p t a t i o n  o f  
Powers  (1958) w e  believe t h a t   t h i * . . r e ; t r g c t i o n  
r e s u l t s  from t h e   m i g r a t i o n   o f  water' from t h e  
v e r y   t h i n   f i s s u r e s   p r e s e n t   i n   t h e  rock t o  t h e  
n e a r e s t   e r n p t y , l a r g e r  pores where ice c r y s t a l s  
are growing .  

A slow m i g r a t i o n  of water goes on when t h e  
t e m p e r a t u r e  oscillates around -15 

D u r i n g   t h e  warming, t he  movement of t h e  
water g o i n g   b a c k -  b&o-Ulsb , t h i n   f i s s u r e s  i s  t h e  
main reason w h y ~ ~ i ~ ~ ~ t a ~ ~ ~ n ~ ~ o c c u r s .  

With 72  I of the: d u , l l   s a t u r a t i o n , .  belaw 

T h e   r e t r a c t i o n  of tkie sample above 0 "C i s  

. .  

I ,  : , ,  , 

e of -Poroslitv.ofh* 
With a similar amount  of water (77 % of t h e  

f u l l   s a t u r a t i o n ) ,  t he  c u r v e s  recorded w i t h  a 
c y l i n d e r  of s t u n e  de  Caen ( f i g u r e  5)  do n o t  
show t h e  s h r i n k a g e  we have s e e n   u n d e r   t h e  same 
c o n d i t i o n s   i n  t h e  sample o f   B r b z i  (tigurg 4 )  
As s o o n  as the;; (freeaing b e g i n s  (moment c l e a r l y  
visible on the ;   t emp$ra t t r re ,&urve  by t h e  small 
i n c r e a s e   i n   t e r n p e r a t t r r e ' w b i c h  occurs i n s i d e  
the sample), we observe a small d i l a t a t i o n  
w h i c h   c o n t i n u e s   u n t . $ l   t h e   t e m p e r a t u r e  reaches 
-1 ' C .  Below t h i s  t e m p e r a t u r e  a c o n t r a c t i o n  
o c c u r s   a n d  t h i s  p r o b a b l y  appears when t h e  
m i g r a t i o n  of watar f rom  . the  smaller pores and 
f i s s u r e s   e x c e e d s   t h e   d i l a t a t i o n  related t o  t h e  
i n c r e a s e   i n   v o l u m e  by water f r e e z i n g .  

The d i f f e r e n t   r e s p o n s e s  o f  the Caen  and 
Br4zB stones must be seen i n   c o n n e c t i o n   w i t h  
t h e   c h a r a c t e r i s t i c s   o f  porosity of t h e  two 
r o c k s   ( f i g u r e  6 ) .  The BrizP: a t o n e   h a s  a great 

-number of poxes smaller t h a n  0 , 0 5  mm. These 

very small pores are known to induce   impor tan t  
s h r i n k a g e  by d e s s i c c a t i o n .  

0.00 1 0.01 1 

1 

F i g u r e  6 : D i s t r i b u t i o n  o f  t h e  pore s i z e   i n  
a t o n e s   o f   C a e n   a n d   i n   V u f f e a u x  de Br4z4" as 
t h e y  are m e a s u r i d   w i t h  a mercury porosimeter. 
T h e   p e r c e n t a g e  of  t h e  pores under  0.15 mm i s  
h i g h e r   i n  the "Br4~&*~ t h a n   i n  t h e  s t o n e  of 
C a e n ,   T h e . d i E f e r e n c e   b e t w e e n   t h e s e   t w o  
1 i m e s t o n e s ; i s  greater f o r  t h e  pores below 
0 ,025  m. - 

The e x p e r i m e n t   p r e s e n t e d  i n  figure 5 l i k e  
t h e   o t h e r   o n e s  we have p r e s e n t e d  till now had 
o c c u r e d  i n  o u r  refrigerator i n  which there i s  
n o   v e n t i l a t i o n   s y s t e m .   F o r   t h e   e x p e r i m e n t  
shown i n  f i g u r e  7 ,  a n  electric fan  was set 
inside t h e  cold room to mix t h e  air  d u r i n g   t h e  
e n t i r e   e x p e r i m e n t .   T h e s e   c o o l i n g   c o n d i t i o n s ,  
w i t h  a cold a i r  cur ren t ;   which  blows 
h o r i z o n t a l l y ,  are d i f f e r e n t   f r o m  t h e  
c o n d i t i o n s  used for t h e   p r e v i o u s   e x p e r i m e n t s ,  
a n d   c o n s e q u e n t l y  ,we n o t i c e   d i f f e r e n c e s  in t h e  
dilatometrical behaviour. 

We h a d   s e e n   o n   f i g u r e  5 a pronounced 
d i l a t a t i o n  i n  l e n g t h   a n d   i n  diameter i n  
c o n n e c t i o n   w i t h  t h e  f r e e z i n g   o f   f r e e  water. 
Figure 7 shows a dilatornettical response i n  
l e n g t h   w h i c h  i s  d i f f e r e n t   f r o m  t h a t  i n  
diameter, i f  w e  remember thaf; the l e n g t h  of 
t h e   c y l i n d e r  i s  10 cm, a n d  i t s  diameter, 4 cm. 
The b e h a v i o u r   s h o w n   o n   t h i s   f i g u r e  is v e r y  
d i f f e r e n t   f r o m   t h e  one observed on f i g u r e  5 .  
This seems n o r m a l   s i n c e  it i s  known that these 
b e h a v i o u r s  are related t o  d i f f e r e n t  water 
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Figure 7 : Dilatometric c u r v e s  for a s t o n e  of Caen w i t h  7 7  % of t h e  f u l l '   s a t u r a t i o n .  Rate of c o o l i n g  
-2 OC/h. An electric f a n   h a s   m i x e d   t h e  a i r  i n   t h e   r e f r i g e r a t o r   d u r i n g  t h e  e n t i r e   e x p e r i m e n t .  5ee 
l e g e n d  below figure 3 .  

' .  

F i g u r e  8 : Dilatometric curves for  a s t o n e  of Caen w i t h  12 I of t h e   f u l l   s a t u r a t i o n .  Rate of c o o l i n g  
-0,5 OC/h. S e e   l e g e n d  ~ I O W  f i g u r e  3 .  

m i g r a t i o n s   i n d u c e d  by d i f f e r e n t   d i r e c t i o n s  of 
t h e   f r e e z i n g   f r o n t   p r o p a g a t i o n .  

Measurements of t h e   d i s t r i b u t i o n  of H20 
i n s i d e  a c y l i n d e r  of Breze f r o z e n  under t h e  
same c o n d i t i o n s  have shown t h a t  some water was 
moving  from the c e n t e r  of t h e   c y l i n d e r  t o  t h e  
sides. This m i g r a t i o n  of water, induced  by t h e  
l o c a t i o n   o f  a la teral  g r a d i e n t  of temperature 
d u r i n g   t h e   f r e e z i n g   e x p l a i n s   t h e   a n i s o t r o p i c  
c h a r a c t e r  of t h e  d i l a t a t i o n  of t h e  sample. 
T h e s e   o b s e r v a t i o n s  show c l e a r l y   t h a t  it is 
impossible t o  u n d e r s t a n d   t h e   d i l a t o m e t r i c  
r e s p o n s e  of a rock i f  measurements are n o t  
made i n . d i f f e r e n t   d i r e c t i o n s .  

of c o w  
The  comparison o f  t h e   d i l a t o m e t r i c   c u r v e s  

g i v e n  on t h e  f i g u r e s  5 and 8 i l lustrates t h e  
i n f l u e n c e s  of t h e  rate o f  c o o l i n g  of t h e  
samples. With a rate of 2 OC/h a dilatation 
was observed d u r i n g   t h e   f r e e z i n g .   W i t h   a n  
amount of water that i s  n o t   v e r y   d i f f e r e n t  
(72 S a g a i n s t  I1 % ) ,  t h e   e x p e r i m e n t  shown on 
f i g u r e  8 w i t h  a rate of c o o l i n g  of 0 , 5  "C/h 
p r o v o k e s   o n l y  a c o n t r a c t i o n  of  t h e  sample. I t  
seems that w i t h  a v e r y   s l o w   f r e e z i n g ,   t h e  
g r a d i e n t  of t e m p e r a t u r e  w a s  n o t   i m p o r t a n t  
enough t o  g ive  m i g r a t i o n s  of water and  a 
d i l a t a t i o n .  However. a s l o w   f r e e z i n g  allows 
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the migration of, water from the narrow 
fissures to the larges pores where it Ereezes. 

CONCLOSIONS 
, ,, 

These  experiments show the complexity of 
the dilatometric variations of wet samples of 
rocks undergoing freezing and thawing. The 
increase in volume related to the 
transformation of water in i c e  is the main 
mechanism  when the sample is close to 
saturation; it becomes less impartant whbn 
voids in the rocks are not filled with water. 
In t h i s  case, the migration of water becomes 
the main process. Transformation of water in 
ice gives  a dilatation of the rock; migration 
of water from the small pores and fissures to 
larger empty pores gives a contraction o€ the 
rock * 

factors  we  have  discussed here, i.e. the 
content of water in the sample, the 
distriburion of the porosity in the rock, the 
influence of slight alterations of the 
experimental  device and the rate o f  freezing 
are important parameters in the gelifraction 
of the rocks. 

Here, we have shown that  these influences 
may be seen on  dilatometric curves and that 
their role in qelifraction may be approached 
in a  single freezing cycle. We believe that  
the dilatometric  research will become an 
important method to analyze the qelifraction 
process in different materials. Because it 
clearly spwa the influence o f  the 
displacement  of 'Cater inside the rocks which 
corxespond to a proass of dessiccation and 
hydration in the smallest fissures, the 
dilatometric  research may help answei the 
aggressive  question of White (1976) : "Is frost 
action really only hydration shattering?lV. 
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DISCUSSION OF DESTRUCTIVE  CAUSE OW THE SOIL D A M  BANK OF 
RESERVTORS A N D  ITS PREVENTATIVE S T R P S  

Qiao  Dianshi ' ,  Xu Jingguang'   and  Zhang X i k u n 3  

'Suihua  Area  Hydraul ic   Bureau,   Hei longj iang,   Chi .na 
' L a n x i  C o u n t r y   H y d r a u l i c   B u r e a u ,   H e i l o n g j i a n g ,  C h i n s  

3 Q i n g g a n g   C o u n t r y   H y d r a u l i c   B u r e a u ,   H e i l o n g j i a n g ,  C h i n a  

According t o  o b s e r v a t i o n   d a t a  o f  i c e   p r e s s u r e   a n d  dam f r o s t   h e a v e  o f  l a r g e -  
m i d d l e   t y p e   r e s c r v i o r s   f o r  many y e a r s  i n  t h e   r e g i o n ,   t h e   i c e   c o n d i t i o n  l a w  o f  
r e s e r v i o r s  i s  a n a l y z e d .  The d e s t r u c t i v e   c a u s e s  o f  r e s e r v i o r  soil dams  were 
p r i m a r y   s t u d i e d ,  its p r e v e n t a l i v e   s t e p s   a r e   p r e s e n t e d   b e l o w .  

INSTRUCTION 

Y e l l o n g j i a n g   P r o v i n c e  i s  l o c a t e d  i n  a h i g h  
f r i g i d   r e g i o n ,   t h e   w i n t e r  is l o n g ,  and t h e  
c h a n g i n g   a m p l i t u d e s  of  a i r   t e m p e r a t u r e   a r e   l a r g e .  
Yea r ly   ave rage   t empera tu re  is b e l o w  O'C and   t he  
lowest t e m p e r a t u r e  i s  -50°C. S o i l  f r e e z i n g   l a s t s  
a s  long  a s  7-9 months.  T h e  p e r i o d   o f   r e s e r v i o r  
f r e e z i n g  i s  a s  l o n g  a 6  s ix   mon ths .  T h e  a v e r a g e  
m a x i m u m  d e p t h  o f  f r o z e n  s o i l  is 1 . 5 - 2 . 5  m ,  
maximum i c e  t h i c k n e s s  i s  0.9-1.5 m (Qiao Dian- 
s h i ,  1 9 8 6 ) .  The  damage t o  t h e  r e s e r v i o r  soil dam 
b a n k  t h a t  i s  produced by f r o s t  damage i s  very 
s e r i o u s .  Nowadays, many s c h o l a r s   b e l i e v e   t h a t  

soil dam bank i s  produced b y  s t a t i c   i c e   p r e s -  
Lhe m a i n  c a u s e  of t h e  damage of  t h e   r e s e r v i o r  

s u r e ,  so s t e p s  o f  p r e v e n t i n g   i c e   p r e s s u r e   a r e  
p r e s e n t e d .  

and tiam f r o s t   h e a v e  of r e s e r v i o r s   o v e r  many 
y e a r s ,   t h o  main c a u s e  o f  t h e  d e s t r u c ~ i o n  o f  
r e s e r v i o r   b a n k s  i s  produced b y  f r o s t  heave  and 
i c e  p u l l  f o r c e .  I€ t h e r e  is e n o u g h   t h i c k n e s s  f o r  
t h e  bank  and t h e   c o n v t r u c - t i o n   q u a l i t y  c a n  be 
d c t e r m i n e d ,  damage  can be p r e v e n t e d .  

According t o  o b s e r v a t i o n   d a t a  on i c e   p r e s s u r e  

ANALYZED ORSERVATTON DATA ON I C E  PRESSURE 01: 
HESERVIORS A N D  FROST HEAVE OF DAMS . ,  

Analyzed  Observation  Data of  I c e   P r e s s u r e  on  the 
R e s e r v i o r  

h e a t  e x p a n s i o n  of t h e   r e s e r v i o r   i c e   l a y e r  wllen 
cotrsLraitrt:d, i c e  p r e s s u r e  is c e l , a t i v e ,   n o t  n n l y  
t o  t h e  l i m l ~ e t l  c o n d i t i o n s  o f  t h e ,  i c e   l a y e r  
( b a n k s  and  forms of  r e s e r v i o r -   s u r f a c e ) ,  b u t  t o  
t e m p e r s t u r e ,   i c e   t e m p e r a t u r e   a n d   i c e   t h i c k n e s s ,  
a s  w e l l  ( X u  Uemeng, 1 9 8 3 ) .  Ten years o f  o b s e r v a -  
t i o n   d a t a  on i c e   p r e s s u r e  o f  Lhe S h e n l i   r e s e r -  
v i o r  i n  Qinggang o f  l l e i l o n y j i a n g  €rorn 1980-1990, 
s h o w s  t h e  f o l l o w i n g  l aw:  

I c e   p r e s s u r e   u n d e r   d i f f e r e n t   t e m p e r a t u r e s   a n d  

I ce   p r - e s su re  0 1 1  t h e   ~ e s a l v i o r  i s .  p r o d ~ c ; a t l  b y  

maximum i c e   p r e s s u r e  
W i t h   d i f f e r e n t   t e m p e r a t u r e  changes. ,  t h e  1.ce 

p r e s s u r e  is d i f f e r e n t .   A c c o r d i n g  t o  many y e a r s  
of  o b s e r v a t i u n   d a t a  on i c e   p r e s s u r e  o f .  t h e  S h e n -  
l i  r e s e r v i o r ,   t e m p e r a t u r e   c h a n g e   i s   d i v i d e d  j n t u  
t h r e e   t y p e s :  

( 1 )  The g e n e r a l   w e a t h e r  a t   d a i l y   v a r j a c i o n s ,  
t h e  i c e  t e m p e r a t u r e   s t a r t s  t o  i n c r e a s e   a t  8:OO 
a n d  a r r i v e s  a t  t h e  maximum v a l u e  a t  1 4 : 0 0 ,  then 

The  second day i s  s i m i l a r  t o  t h e  f i r s t  d a y .  
d e c r e a s e s  and a r r i v e s   a t  t h e  mitliaum  a,t n i g h t .  

Expans ion   p re s su re   be tween   i ce  layers i s  n o t  
s y n c h r o n i z e d ,   t h e y   c o n s t r a i n   e a c h   o t h e r  , '  so 1 . h ~  
i c e   p r e s s u r e  is n o t   l a r g e .   T h e   r e s u l t  n f  p r a c -  
t i c a l  o b x e r v a t i o n  shows t h a t   i c e   p r c s s u r e  i s  a t  
a maximum a t  14:OO e v e r y  d a y ,  a t  a b o u t  I O 0  KPa. 

I c e   p r e s s u r e  is s m a l l e r  i n  t h i s  c o n d i t Y o n .  T h i s  
i s  b e c a u s e   n o n - u n i f o r m   c o n t r a c t i o n s  of the i c e  
l a y e r s   a r e   p r o d u c e d  b y  a t e m p e r e t u r o   d e c r e a s e  
a n d   t h e r e   a r e  many i r r e g u l a r   f i s s u r e s .  I n  f a c t , .  
t h e   i c e   f i e l d  h a s  n o t  been a n  i n t e g r a l  inass i n  
t h e   c o n d i t i o n  of t h e  cross f i s s u r e s ,  When th6 
new i c e  mass i s  formed b y  water  i n  t h o s e  €is- - 
s u r e s   o r   t h e   t e m p e r a t u r e   i n c r e a s e s   t h e   d e f i n i t e  
v a l u e ,   f r e e   e x p a n s i o n  is l i m i t e d  h y  the i c e  
l a y e r s  and t h e  i c e   l a y e r s   e x p a n d   a g a i n ,  and i c e '  
p r e s s u r e  is formed.  So i c e   p r e s s u r e  i n  n Y U C C C S -  
s i v e   d e c r e a s e  o f  t e m p e r a t u r e  i~ s m a l l e r .  

( 3 )  The  weather o f  a s u c c e s s i v e  r i s i n g  i n  

maximum v a l u e .   B e f o r e   c r e e p  d i d n ' t .  t a k e   p l a c e  
t e m p e r a t u r e :   I c e   p r e s s u r e  is a t   i t ' s   y e i ~ t ' l y  

w i t h  t l ~ e  t e m p e r a t u r e   r i s i n g ,  and t h e   i c e  mass 
i n  t h e  i . c e  l a y e r s ,  i c e  t e m p e r a t u r e   i n c r e a s e d  

and p r e s s u r e  e x p a n d s .   A c c o r d i n g   t o   t h e   o b s e r v a "  
t i n n  results of s e v e r a l   y e a r s .   t h e   w c a t h c r  o f  d 
s u c c e s s i v e  r i s e  i n  t e m p e r a t u r e  is o f t e n  shown 
t w i c e ,   o n c e  i n  t h e   l a s t  t e n  d a y s  of t h e  1 1 L h  
month, t h e  t h i c k n e s s  of t h e   l a y e r  i~ a h o u t  2 0 - 3 0  
cm. The o t h e r  i s  a t  the end o f  th&  second m o n t h  
and early d a y s  of t h e  t h i r d   m o n t h ,   t e m p e r a t u r e  
l a r g e l y   i n c r e a s e s ,  ice p r e s s u r e  i s  a t  i.1.s ntaxj- 
m u m  v a l u e  of  t h e   y e a r .  Maximum o b s e r v a t i o n  

( 2 )  The   t empera tu re  i n  a ~ i u c c e s s i v c   d e c r t ' a s c .  
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F i g u r e  2 .  The p r o c e s s  l i n e  o f  t e m p e r a t u r e ,   i c e  
t e m p e r a t u r e  a n d  i c e  p r e s s u r e  i n  n s u c c e s s i v e  
d e c r e a v e  o f  t e m p e r a t u r e   w e a t h e r   a t   S h e n l i  
r e s e r v i o r  

v a l u e s  a t  a s e c t i o n  a r e  g e n e r a l l y  700-400 KPa. 

The d i s t r i b u t i o n  Law of  i c e  p r e s s u r e  is found 
w i t h   t h e   t h i c k n e s s  o f  the i c e  l a v e r   a n d  b y  
c e l c u l a t l n g  t h e  value o f ,  i c e  p r e s s u r e  

y e a r s ,  i c e  p r e s s u r e  o f  d i f f e r e n t  d e p t h s  o f  t h e  
According t.0 . the  obgervation d a t a  O F  s e v e r a l  

i c e   l a y e r  is n o t   i d e n t i c a l  ( F i g . 4 ) .  Maximunl I c e  
pressure e p p e a r s  a t  2 0 - 3 0  cm j.n p l a c e s .  Recause 
o f  t h e  f r e e  l i n k i n g   s u r f a c e  of t h e   i c e  b o d y ,  
t h e   e x p a n s i a n  o f  t h e  i c e  layer a t  t h e   d e p t h  o f  
20-30 c m  e n d u r e s   s m a l l e r   c o n t r a i n t s ,  t h u s  i c e  
p r e s s u r e  i s  s m a l l e r   t h a n  t h R t  u f  che l o w e r  
l a y e r .  The t r i a n g l e   d i s t r i b u t i o n  i s  equal t o  
-zero d l .  t t le  r n ~ ~ x ~ r n ~ r l n  I c e  thlckncss. H e c ~ u u t .  
d i t f e r e n t  i c e  pressures on t h e   s e c t i o n ,  c a l c u -  

F i g u r e  3 .  P r o c e s s   l i n e  of t e m p e r a t u r e ,  i c c  ~ c m -  

s u c c e s s i v e  rise i n  ~ e m p e r a t u r u  a t  S h e n l i  
p e ~ - a t u ~ - e  a n d  i c e  ~ K ~ S S U I E  of t h e  wrdthl?r 1 r I  : I  

r e s e r v i o r  

F i g u r e  4 .  Changing of i c e  p r e s s u r ' e  w i t h  d e p t h  

O b s e r v a t i o n  Analyses of  Dan1 FrosL  Heave 
The s o i l  darn of Shenli r e s e r v i o r  i n  ( l inggang 

coun t ry   and   t he  Nihe r e s e r v i o r  i n  Lanxi c o u n t r y  
a r e   i s o t r o p i c  s o i l  dams. The banks a r e  constt 'uct- 
e d  w i t h   d r e g s - s a i l   c 0 n c r e t . e  of 7 cni t h i c k n e s s  
ubove the water  ~ a h l e  o t  Xir lgl i  i n  cht! l o s t  t.cBn 

ments  o f  lo0 cm*50 crn i n  a r e a  and 1 0  cm t h i c k -  
d a y s  o f  the month. T h e  banks use c o n c r e t e   p l e c e -  

n e s s  below t h e  w a t e r   t a b l e  of  X i n g l i ,  asphalt 
l i q u i d  o f  2 cm t h i c k n e s s  is paved u n d e r  t h e  
c o n c r e t e  p l a t e ,  dregs soil c o n c r e t c  of 7 cm 
t h i c k n e s s  is pnved  under   the   asphal t  l i q u i . d ,  
t o t a l   t h i c k n e s s  is 1 Y  cm. There er-c dam f i l l s  of 
c l a y e y  soil ( p l a s t i c   i n d e x  i s  1 4 - 1 7 )  under  t h e  
dregs-soil c a n c r e t e .  T h e  s o i l  t l a ~ ~  of  Luhe resur- 
v i o r   i n  q l n g g a n  c o u n t r y  i s  a n   i s o t r o p i c  s o i l  I I ~ I I I I  
of c l a y e y  s o i l ,  t h i s  dam u s e s  a bank o f  d r y  
h u l l d i n g    lo tree, i l y  I . ' h i ~ ~ k n r * ~ s  i~ 7 0  c i n ,  u n r l ~ ' r -  
it t h e r e  is 2 0  .cm o f  g rave l   and  1 5  c m  of c o a r s e  

5 30 



sa n d . 
y e t l r s  for- t he  melrtionutl t h r c a  i e s e r v i u ~ s ,  afr,t-r  
f r e e z i n g ,   c h e   t h r e e  dams  produce   f r -os t   heave   to  
a d i f f e r e n t   e x t e n t ,   t h e  dams s u r f a c e  rises, 
banks s l i p  a n d  f i s s u r e s   i n c r e a s e .  The maximum 
f ros t   heave   amoun t  o f  t h e  dams .appears  i.n t h e  
surface a t  1 . 5 - 2 . 0  m above the w a t c r   t a b l e ,   t h e  
f r o s t  heave  amount i s  20-30  c m . . T h i s  i s  because  
t h e   c a p i l l a r y   w a t e r  s t i l l  s u c c e b s i v e l y   m i g r a c e s  
forward t o  t h e   f r e e z i n g   f r o n t   # a n d   f o r m s   i c e  
c r y s t a l s  i n  t h e  dam a f t e r   t h e  d a m  f r e e z e s   a n d  
t h e  soil water   forms  i c e  c r y s t a l s .  From t h e  view 
of Lhe frost heave   p rocess ,   E ros t   heave  in t h e  
f i r s L  s t a g e  d e v e l o p s   q u i c k l y ,   t h a t  ot l a t e r  
p e r i o d  becomes slow (Pig.5, Fig.6). 

According t o  t h e  dam o b s e r v a t i o n   o f   s e v e r e l  

25 1976-197: 
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F i g u r e  5 .  The p r o c e s s  l i n e  o l  f r o s t   h e a v e  
d e f o r m a t i o n  o f  S h e n l i  t e s e r v i o r  dam 

upper of dam 

Line of s l u p e  sur face   a f te r  frost  heavt / I 

F i g u r e  6 .  T h e  e x a m p l e  of frost heave o f  t h e  dams 
s l o p e  a t  Luhu r e s e r v i o r  

PHlMARY A N A I . Y S E S  OF THE CAUSES OF SOIL JAJ 
D A M A G E  
" 

F r o s t  damage o f  t h e  dam bank is produced b y  
s e v e r a l   a c t i n g   f a c t o r s ,  M y  a n a l y z i n g   a l l  o f  t h e  
f a c t o r s  o f  bank  damage, s u c h  a s  i c e . p u s h  f o r c e .  
dam f r o s t   h e a v e  a n d  hank q u a l i t y ,   t h e  m a i n  
d e s t r u c t i v e   c a u s e 8   c a n   b e  f o u n d ,  

Analys ing  ~ h c  Ice  P u v l r  Force  AcLing on t h e  I)na 
S l o p e  - (An Example o f  a D r y  build in^ S t o n e s  
Bank) 

L i s  t h e  t h i c k n e s s  o f  t h e  d r y  3Lones  bank. 'I' 

is i c e   p r c - s s u r e ;   i t s   c o n d i t i o n  of b e a r i n g   f o r c e  
is a s  f o l l o w s .  

s a f c l y  c o e f f i c i e n t  o f  t h e  r c s . i s t i n 8  s l i d e  i s :  
According tn t h e  f o r c e  b a l a n c e ,  the   bank 

where W'-t.he wcight  o f  b e d  i c e   l a y e r  and  deducted 
buoyancy.  

" 

i' 
F i g u r e  7 .  C a l c u l a t i o n   f i g u r e  n €  r l r y  b u i l l l i n g  

s I c r n w s  h c - a t - i n y  t,hc ic.e ptlsll f o r , , + !  

W '  = 1-k.- H L  - p t'" t . U  (2) 

f - t r i l - L i u n  c o e t f i c l e n ~  Ilct,wuen the d r y  
b u i l d i n g   s t o n e s  bank a n d  t h r !  [ J S ~  l o y c r ;  

a - t h e  c r o s s   a n g l e   b e t w e e n  t h e  s l o p e  s u r f a c . e  
a n d   h o r i z o n t a l  l i n e  

?.=ZOO K P a ,  t = O . 4  m rk-26 K N / m ' ,  m=3,  f=0.8. I C L .  
I f  K = l ,  t h e   t h i c k n e s s  o f  i c e  l a y e r  6-1  In, 

h e i g h t   a b o v e   t h e   i c e   s u r f a c e .  
p u s h  f o r c e  can  b e  r e s i s t e d  b y  a bank  of 3 . 9  III 

hank h e i g h t  c o n d i t i o n s .  I f  b a n k  t h i c k n e s s  - i s  
The dam of g e n e r a l   m i d d l e - h e i g h t s  h a v e  L h e  

l a rge   enough  and  Khe b u i l d i n g   s t o n e s  o f  the benk 
at-e c o m p a c t e d ,   i c e  p u s h  f o r c e   c a n  be r e s i s t e d .  
The r e s e r v i o r  u s i . n g  d r y   b u i l d i n g   s t o n e s   b a n k s  
~ I I ( J  w i t h  a h igh  q u a l i t y  ol: b u i l t l i ~ l g  51GJlles h d s  
been   cons t ruc t ed  f o r  10-20 y e a r s  i n  o u r  r e g i o n  
ant! b a n k s  have n u  i n f l i c t e d  t iamage.  

T h e  E f f e c t  o f  Dam F r o s t  Heave  on Bank Damage 

p a d  under  t h e  bank is o f  silty c l a y  and l o a m  
w i t h  s t r o n g  f r o s t  h e a v e   p r o p e r t i e s ,  i f  t h e  tiam 
s u r f a c e  d o e s  not  have a th i ck   enough   p ro t . ec r ion  

e a s i l y  produced i r l  s u r f a c e   s o i l  o f  s o i l  dams 
l n y e r  o f  s a n d  s h a l e ,  non uni form f r o s t  h r a v e  I S  

d u r i n g   f r e e z i n g   a n d   c a u s e s  the b u i l d i n g  m a s s  of 
t h e  bank due t o  t.110 r i s i n g  a n d  f i s s u r i n g  c a n n b L  
e x a c t 1 . y   r e s e t   b e f o r e   t h e  i c e  t h a w  i n  s p r i n g  a n d  
t h e   f r o z e n   s o i l   d o e s n ' t   r e s e ~   d u r i n g   t h e   t h a w .  
I t . ' s  easily e r o d e d  t o  t h e  f i l t e r  p a d  under Lhc 
b u i l d i n g   s t o n e s ,   f i n a l l y   c a u s i n g   t h e  b a n k  t o  
s l u m p .  The d r e g s  s o i l  conc re t e   bank  o f  the soil 
dam i n  S h e n l i  r e s e r v i o r  ( J i n g g a n g  count r ' y  was 
b u i l t  i n   1 9 7 s .   T e n s i l e   s t r e n g L h  o f  t h e  d r e g s -  
soil  c o n c r e t e  I s  100 KN/cm a t   t h e   t e m p c r o t u r e  u f  
- 2 0 ° C  a11d c o m p r e s s i o ~ ~   s t r e n g t h  is 1000 N / c m .  
When ~ e n a i l e   s t r e s s  produ.ced b y  t h e  frost hcnv- 
i n g  f o r c e  o f  t h e  dam is mure t h a n  100 K N / r : m .  
fissure:: u E  f r o s t  h e a v e  a r e  i m m c d i o l . c l y  p t o d t I L c ( I  

i n  t h e  bank S U I - f a c e  o f  d r e g s - s o i l   c o n c r e r e .  O n  
A p r i l  2 9 ,  1 9 8 3 ,   t h e   r e s e r v i . o r  suffered due 1 . 0  
s e v e n   l a r g e  storms, f r o s t  heave  f i s s u r  rs o f  L h c  
d r c g s - s o i l  i n  t h e   c o n c r e t e   h a n k  d i d n ' l  r e s e t .  :\I\(! 

c l o s e ,  s o i  1 g r a i n s  o f  t h e  dam were eroded  b y  
waves.  maximunl e r o s i o n  d e p e h  was 2 . 1  n l ,  t h i s  
~ a u s e d   t h e   b a n k s  o f  d r e g s - s o i l   c u n c r e t ~  t o  s i n k  

For the soil dams of f r i g i d  r e g i o n s ,  Lha dam 
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and   b reak .  1.8 banks , o f  t h e  dams w e r e  damaged nnr l  
t h e  damage  are;! wae'-2OOO-, s q u a r e  rae te rs .   Nihe  
r e s e r v i o r  i n  l . a n x i  c o u n i : y ' . w a s ~  b u i l t  i n  1Y76 .  
Because  o f  f r o s t   h e a v e  of  t h e  dam i n  1 9 8 4 .  banks 
of d r e g s - s o i l  c o n c r e t e  were damaged an4 l o s t  
t h e i r   e f f e c t i v e n e s s .  

r e s e r v i o r ,  used Y L O I I C  p a d s  o f  1 . 5  m Lhickneas  
unde r   t he  h a . l k ,  wedthe I i . r i g   g ran i t e  w I . t h  5 111 
t h i c k t i e s s  is t h e   r e p l a c e m e n t   m a t e r i a l   u n d e r  L h e  

Xiangyttng r e s e r v i o r ,   s a n d   s h e l l  is used  below 
pad. A l a r g e  volume  cole-wal l  dam 1 s  u s a d  in 

s e n d  (thickncus i s  1 . 1 5  S I  Ere  used below t h e  
t h e   p a d .   T h r o c   l a y e r  p a i l s  of  ~ L O ~ C Y ,  g r a v e l  and 

b a n k  a t  DonKfanghung reser v i o r .   T h e s e   r - e s c r v i o r s  
have b e e n  r u n n ~ n g   f o r  many y e a r s .  'I'hc f r o s t  
heave  R l l l O l l n K .  of  t h e  damR i n  ve ry   sma l l ,   t houph  
p r c v c n t o t i v c  s t e p s  u r c  n o t  t a k e n   t h c  h a n k s  nrc  
s t i l l  i n  ~ o v t l  contli . t i trn.  

R e c e n t l y ,   t h e  soil dam of  the  Dongfanghong 

E f f e c t s  o f  t h e  ~ i n e e r i n R - _ Q ~ ~ ~ l i t . y _ . o ' l  I"-, 

D e s t r u c t i o n  o f  B a n k s  
From obse rva t ion ,   bank   damage  of many s o i l  

dens i s  r e l e t i v c  w.ith t h e   e n g i n e e r i n g  q u a l i t y .  
I t  i u  i r r s ~ i o l l a l  L U  t h e  design, i f  t h e   b u i l d i r t g  
q u a l i t y ,  p r o p e r   r u n n i n g ,  e t c . .  i s  n 6 t  e n s u r e d ,  

1 .  The demand o f  p r e v e n L a t i v e   f r o s t   h e a v e   i n  
t h e   d e s i g n  J s  n o t   c o n s i d e r e d .  If t h e  pad t . h l c k -  
n e s s  i u  no t  e n o u g h .  t h e   s o i l  dam banks of rest 'r -  
v io r r ;  i n  seosuneLly f r u z e ~ ~  soil regions must 
c o n s i d e r   t h e   t h i c k n e s s  o f  t h e  bank  end pad from 
t h e  v i e w  o f  p r e v e n t i n g   f r o s t   h e n v r .  B u t ,  marly 
d e s l g n s  of s o i l  dam banks   do : l ' t   convlder  t h l s  
p o i n t .  I n  1965 the   bank  d c s i g n  o f  t h c   L i a n l a i  
r e s c r v i o r  i n  t l a i l u n   c i t y  used c o n c r e t o   p r e f a -  
b r i c a t e d  s l a b s  o f  50nSOx18 cubic c e n t i m e t e r s  a n 0  
Brave1   and   f i ne   s and   o f  10 cm i n  t h t c k n e s s   w e r e  
paved u n d e r  it, i t  was d e s t r o y e d  i n  l e s s   t h a n  
t h r e e  Y C G T Y .  'The 500 m l o n g   t a n k  of Weixin 
r e s e r v i o r  i n  Wangan count-y u s e d  c o n c r e t e  p r e f a -  
br i ceLed  s l a b s  o f  1 0 0 ~ 1 0 0 x 2 0   c u b i c   r e n t i n e t e r s  
a n d  a two l a y e r s   f i l l e r  d i t c h  30 cm i n  t h i c k -  
n e s s ,  which  were  aet  u p  I n  t h e   j o i n t   i n  1966.  
I t  was dnmnped i n  l e s s  t h a n  t w o  y e a r s  n f t c t  
being  bui1. t   and i n  1 9 6 7  c o n c r e t e   p r e f a b r i c a t e d  
s l a b s  o f  J O ( l a 5 0 ~ 2 0  r u h i c   c e n t i m e t , e r s   w e r e   u s e d ,  

u p  u n d e r   t h e  s l o b ,  most o t  t h e  bank was damaged 
g r a v e l   a n d   f l n e  s a n d  10 cm I n  t h i c k n e s s   w e r e   s e t  

i n  t w o  y e a r - Y  a f t e r  b e i n s  b u i l L .  

s t o n e   s i z e  of d r y  t h e   b u i l d i n g  sLo~res bank ls 
2 .  B u i l d i n g   q u a l i t y   c a n n o t  be e n s u r e d .  The 

on t h e   s m a l l  s i d e , a u d  a "C103e.   t tght   end  smooth" 
s t u n a s   b u i l d i n g  i s n ' t  a c c o m p l i s h e d .   I t  i s  common 
t o  have a lnose julnt between  every s t o n e ,  c u u s i n g  
t h e  b u i l d f n g  t o   r i s e  and  be  uneven. 

N s ~ u r a l   f i l L e r   m n L e r i e l  i s  used i n  t-he p a d ,  
the grain-slsc a n a l y s i s  is l iot  f i n i s h e d ,   t h e  

n o t  meet: the dentand of t h e  d e s i g n .  I t  is more 
g r a d a t i o n  a n d  t h e  coefficient among l a y e r s   c a n -  

m i n g l i n g   l e v e l s  a r e  not u n l F o r m .  
serious t o  the phenbmenon i f  t h e   t h i c k n e s s   a n d  

p a r t s  and  smal l  e r e a s  of damage i n  t h e  bank 
were   found  la te r   and   were  n o t  r e p a i r e d  antl 
r e i n f o r c e d  i n  t ime .  Jlue to l a rge   waves ,   t he   bank  
is destroycrl   and t h e r e  is u l a r g e   s c a l e  COllopse. 

I n  summary,  the main des t rucr .Lve  c a u s e s  o f  
t h e  s o i l  dam bank i n  t h e   r e s e r v i o r s  I n  s e a s o n a l -  
l y  frozen s o i l  r t g l o n s  is b e c a u s e   e f f e c t i v e  

, s t e p s  t o  p r e v e n t  f r o s t  heave  o f  t h e  soil dam a c e  
n o t  t a k e n .  T h e  e x t e r n a l  f a c t o r s  o f  bank t l e s t r u c -  
tlon a r c  due Lo t h e  i n f e r i o r   q u a l i t y  o f  bank 
e n g i n e e r i n g .  I f  t h e   m e n t i o n e d  t W C J  c o n d i r i o n s  a r e  

p r e v e n t e d .  

Poor  running  and  mninLenanr,e 1 ~ : v t r l s .  Str11,e 

' . m e t ,  daaa$e caused  b y  i c e  p u s h  t u r c e  car1 be 

From the   v i ew o f  p r e v e n t i n g   i c c  p u s h  f o r c e ,  
p r e v e n t a t i v e  steps i l l  f r o s t  rlemclgr of r c s e r v i n r  

' I ' h c r e   a r e   i c e   b r e a k i n g  methods (mechanc ia l  tint1 
banks  hove many methods a t  home and   abroad .  

~ r t i f i c a l   m e t h o d s ) ,   s l i d e  m e t h o d s  u s i n g  a 

t a b l e   e t c .   S t a t i c   i c e   p r e s s u r e  i u  the main c a u s e  
p l a s t i c  f i l m ,  t h e  method o t  r e g u l a t i n g   t h e   w o t t ' r  

o f  t h e  b a n k  d e s t r u c t i o n .  S o  t h c   d i r e c t  a c t i o r l  o1 
s e p a r a t i n g   t h e   i c e  a n d  t h e  bank c a u s e  t h e   i c e  
mass t o   h a v e  a f r c c   s u r f ; r c e  or  f r i c t i o n  brtwcerr 
t h e  ~ c e  and  bank BIC' d c c r a n n r d  to  make i c e  Lrcc- 
l y  e x p a n d  t o   a c h i e v e   t h e  g o a l  of  d e c r e a s i n g   i c e  
p r e s s u r e .  1 1 1  o r d e r  t o  p r r v e u l  Lallk d e s t r u c t i o n  
b y  i c e  p u s h  f o r c e ,   t h e  bank  must  have P d e f i n i t e  
t h i c k n e s s  and  be C ~ O S P ~  y r n n t r u r t - e d  t o   p r e v e n t  

From Lhe o b s e r v a t i o n  darn o f  many y e a r s  a t  Shell- 
i c e  p u s h  f o r c e  i n  t h e  o n y i n e e r i n g  s t r u c t u r e .  

l i   r e s t r v i o r  i n  H e i l o n g j i a n g  i t  is  shown t h a t  
maximum i c e   p r e r s u : e  o f  t h e   s e c t i o n   i s  l o s s  t h i l n  
200 KPa and the  f r i c t i o n   c o e f f i c i e n t   b e t w e e n  
t h e  pad and b u i l d i n g   s t o n e s   i a   e q u a l  t o  0 . 8 ,  
b a n k   t h i c k n e s s  i s  des igned  accordjog L O  f q l l d t i o n  

( 3 ) .  
The f r o e r  damage U P  t h e  s o i l  [lem battk o f  

s h o u l d  t a k e  t h e   m e n s u r e s  t o  p r e v e r ~ t  f r o s t  heave  
r e s e r v i o r s  i n  s e a s o n e l l y  f r o z e n  s o i l  r e g i u n s  

o f  t h e  soil dam s u r f a c e  w i ~ h  t h e  e n g i n e e r i ~ t n  
d c - s i g n .  I t  is s u g g e s t e d  r h u t  Lhe s t r u c t u r e  of 
che soil dam b c  improvud  antl Lhe sand s h e l l  1 0 1 '  

p a d  thickness be i n c r e a s e d   e x c e p t   f a r  in l oam 
f i l l  m a t e r i a l s  t o  p r e v e n t  f r o s t  heave .  I t  i s  f in 
essential s t e p  t o  p r e v e n t   t h e  s u i 1  dam b a n k  
destruction, T h e   t h i c k n c s s  o f  t h e   p r o t e c t i n g  
l a y e r  is de te rmined  a c c o r d i n g  t o  t .he  depth of: 
f r o z e n  ground a n d   t h e   c a p a c i t y   h e i g h t  I n  t h e  
location. 

ensu red  i n  t h e   d e s i g n  a n d  c o n s t r u c t i o n  o f  bank 
e n g i n e e r i n g .  The t h i c k n e s s  of t h e  pa11 anti b u i l d -  
ing   mass  e n d  compos i t ion  o f  t h e  1 t l y c . t - s  m u s t  IneeL 
t h e   r e l e v a n t   s t a n d a r d s .  

CONCLUSIONS 

I n  a d d t   t l o n ,   t h e   e n g i n e e r i n g   q r ~ a l i  t y  m u s t  he 

1 .  D i s c u s s i o n  O F   he d e s t r u c t i v e   c a u s e s  nf 

measures  to prevent   f ros t .   damage  3 r e  t a k e n .  
the s o i l  dam b o n k  is t h e   p r e m i s e  b y  whlch  the 

dam bank i s  f r o s t   h e a v e  of t h e  s o i l  d n m  i n  t h e  
2 .  The  main d e s t r u c L i v e   c a u s e  o f  r . h r  g u l l  

t h e s i s .   E x t e r n a l   d e s t r u c t i v e   f a c t o r s  o f  t h e  s o i l  
dam bank i s  t h e   i n f e r i o r   q u a l i t y  o f  bank s n d  pad 
c o n s t r u c t i u n .  

3 .  The s t e p s  o f  p r e v e n t i n g   i c e  a t  p r e s e n t ,  
f o r   e x a m p l e ,   m e c . h a n c i a 1   a n d   a r t i f i c a l   i c e  break-  
i n 8  o r  t h e   p l a s t i c  f i l m  producing s l i d e ,  prove  
t h n L  t h e  mein d e v c r u c t l v e   c u u s e s  o f  t h e   s o i l  (lam 
bank i s  t h e   s t a t i c   i c e   p r e s s u r e ,  and much money 
i s  s p e n t  eve ry   yea r .   These  s t . e p s  of p r e v e n t   i c e  
a r e  f e n s l b l e   f o r  somt! low sui1 dams.  

". REFERENCES "_ 
Xu Bemesg, (1.983) E x p a n d  p r e s s u r e  of  i c e   l a y e r  

of r e s e r v i o r .  Proceedings of  t h c  s i x t h  

Oiao D i a n s h i ,  A n y  Yongchang  and  Zhang X i k u n .  
i n t e r n a t i o n a l  symposium on  I c e  S i t u a t i o n ,  

( 1 4 8 4 ) ' I c e   S i t u a t i o n ,  t c e  p r e s s u r e  a n d  
p r e v e n t i n g   s t e p s  O F  i c e  damage 1 1 1  S h e n l i  
r e s e r v i o r .  J .  o f  E n g i n e e r i n g  a n d  Frozen  s o i l .  
1 9 8 6 ,  2 .  



DEVELOPMENT CONDTTION OF A L P I N E  PERMAFROST 
I N  'THE MT. TIANSHAN, C H . [ N A *  

Q i u  Guoqing 

Lanzhou l n s c i c u ~ e  o €  Glac io logy   and   Geocryology,  
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The t h r e e - d i m e n s i o n a l   v a r i a t i o n  o f  mean a n n u a l   a i r   t e m p e r a t u r e  i n  t h e  Mt. T i a n -  
shan ,   Ch ina  l e a d s  t o  a d e s c e n t  o f  t h e  lower l i m i t  of a l p i n e   p e r m a f r o s t   n o r t h -  
wards   and   ea s twards   and   t he   t h i cken ing   and   co ld ing  of  p e r e n n i a l l y   f r o z e n   g r o u n d  
upwards.  The mean a n n u a l   a i r   t e m ' p e r a t u r e  Tac at  thelower limit o f  a l p i n e   p e r m a f r o s t  
s h o u l d  be -1.83'C a c c o r d i n g  t o  s t a t i s t i c s .   S i n c e   t h e   G o r c z y n s k i ' s   c o n t i n e n C a l i t y  
i s  g e n e r a l l y   l o w e r   t h a n  50, che   pe rmaf ros t  in Chinese   T ianshan   shou ld  not.  be 
c o n s i d c r c d  a s  t he   " con t inen ta l "   one .   Because   t he   l ower  limit of permaf ros t   can  
be l o c a t e d   a t   t h e   p o s i t . i o n s   w i t h   d i f f e r e n t   v a l u e s  o f  c o n t i n e n t a l i t y ,  L L  seems 
t h a t  Lhe c o n l i n e n t a l i t y   i s   n o t   t h e  o n l y  f a c t o r   t h a t   d e t e r m i n e s   t h e   d i s t r i b u t i o n  
o f  p e r m a f r o s t .  The v a r i a t i o n  i n  t h e   a m o u n t ,   d i s t r i b u t i o n  and  form u f  p r e c i p i t a -  
t i o n   m i g h t  be an i m p o r t a n t   r e a s o n   r e s u l t i n g  in t h e   d i f f e r e n c e  of p e r m a f r o s t  
d i s t r i b u t i o n  i n  West  and East T i a n s h a n .  

1 NTRODUCTION 

The  'rianshan i s  a grand  mountain  system i n  
t h e   C e n t r a l   A s i a .  o f  which 1700  km s t r e t c h e s  i n  
t h e   C h i e n s e   t e r r i t o r y ,   a c r o s s i n y  21' i n  longi tude .  
T h e r e   a r e  many r i d g e s   a n d   f a u l t  b a s i n s  c o n t r o l l e d  
b y  t h e  WNW a ~ l d  ENE t e c t o n i c   l i n e s  and o t h e r  
f a c t o r s .  Most of t h e  r i d g e s   a r e   h i g h e r   t h a n  
4000 m a . s . 1 . .  

d i s t r i b u t e d  i n  t h i s  mountain  system, the   fo rmer  
Alp ine   pe rmaf ros t  and g l a c i e r s   a r e  w i d e l y  

o c c u p l e s  a t o t a l   a r e a  o f  63000 km' { Q i u  e t   a l ,  
1983), a n d  L I I ~  l a ~ t e ~  - 9 5 4 8 . 4 5  knl ( S h i  e~~ d l ,  

1988) .  
I t  i s  r e c t ~ g n i z e d   t h a t  t h e  a l t i t u d i n a l  zona -  

t i o n  o f  a i r   ~ e m p e r a t u r e  i s  t h e   m a j o r   ' f a c t o r  f o r  
t he   deve lopmen t  o f  p e r m a f r o s t  i n  a l p i n e  r e g i o n .  
Gorbunov ( 1 9 7 8 )  and   Har r i s  (1989)  emphasized 
t h e   i m p o r t a n c e  o f  t h e  c o n t i n e n t a l i t y  o r  t h e  
annua l   r ange  o f  a i r  t e m p e r a t u r e  f n  t h e   d e v e l o p -  
ment of  p c r m a r r o s t .  Xu a n d  F u  (1983)   sugges t ed  
a r e g r e s s i o n   e q u a t i o n ,  on t h e   b a s i s  o f  da ta   f rom 
2 9  m e t e o r o l o g i c a l   s t a t i o n s   s p r e a d   f r o m   3 4 . 5  t o  
2136.9 m a . s . 1 .  j n  t h e   w h o l e   t e r r i t o r y  o f  X i n -  
j i a n g ,  L O  show the   dependence  o f  H I T  t e m p e r a t u r e  
on l a t i t u d e  and   a lL i tude  a n d  t o   d e c i d e   t h e  
p e r m a f r o s t   d i s t r i b u l i o n  i n  Ihe   h igh   mounta in  
above 2800 m a . s  . I .  

discuss t h o  i n f l u e n c c  o f  c l i m a t i c   f a c t o r  o n  t h e  
dt*vcloyment o t  a l p i n e   p e r m a f r o s t .  F o r  t h i s  pl.lr- 
pose some e q u a t i o n s  a r e  s u g g e s t e d   t o   e x p r e s s  
t h c   v a r i a b i o n  o f  p r e c i p i t a t i o n  and t h e  mean 
a1111ua1 valtre and a n n u a l   r a n g e  of  a i r   L e m p e r a t u r e  
i n   t h r e e - d i m e n s i o n s .  

I n  this p a p e r ,   t h e   a u t h o r  w o u l d  l i k e   t o  

M E A N  A N N U A L  A I R  'I'F,MPIIKATURE A N D  G H O I J N D  SURFACI': 
TEMPERATURE 

. 
* T h i s  p r o j e c t  i s  s u p p o r t e d  b y  t h e   , N a t i o n a l  
Na tu ra l   Sc i ence   Founda t ion  of C h i n a  and b y  t h e  
T i a n s h a n   G l e c i o l o g i c a l   S t a L i o n  o f  Academia Sinica. 

w i l l   d e c r e a s e  wi.th t h e  r i s i n g  of a l t i t u , d e .  
Decause o f  t h e   t e m p e r a t u r e   i n v e r s i o n  i n  w.inIrer 
i n  t h e   l o w e r   p a r t  of T i a n s h a n .   t h e   g r o d i e n t   o f  
mean a n n u a l   a j r   t e m p e r a t u r e   v a r i e s  i n  d i f f e r e h t  
a l t i t u d i n a l .   z o n e s .  F o r  e x a m p l e ,   a l o n g   t h e  IJrumqi 
R i v e r ,   t h e  mean a n n u a l   a i r   t e m p e r a t u r e ~ w i l l  
d e c r e a s e  0.3'C t o   0 .4"C  a s    he e l e v a t i o n   a r i s i n g  
100 m a t   t h e   a r e a   f r o m  900 t o  3000 m a . s . l . ,  
w h e r e   t h e   t e m p e r a t u r e   I n v e r s i o n  i s  o b v i o u s  i n  
w l n t e r ;   f r o m  3000 t o  4000 m H . s . ~ . ,  t h e   g r a d i e n t .  
i s  0.6' t o  0.7°C/100 m .  

of  mean a n n u a l   a i r   t e m p e r a t u r e  i n  t h r e e - d i m e n -  
s i o n s .  s t a t k ~ t i c s  was lnade b y  u s i n g  daLa o b s e w -  
e d  i n  1 7  m e t e o r o l o g c i a l   s t a t i o n s   i n / a r o u n d  
T ianshan   (41" lO '   t o   44 '54 'N ,  80"14' t o  9 4 " 4 2 ' E ,  
4 6 8 . 2  t o  3 5 3 9  m a . s . 1 , ) .  T h e   r e s u l t  i s  a s  
f o l l o w s :  

G e n e r a l . l y ,  t h e  mean a n n u a l .   a i r   t e m p e r a t u r e  

For  a g e n e r a l   u n d e r s t a n d i n g  o f  t h e   v a l ' i a t i o n  

Ta E 109.3 - 2.19Xl - 0.02482 - 0 .0051X3  

where. Tn - mean a n n u a l  a i r  t e m p c r a t u r e  ( ' C  
x 1  - l a t i t u d e  (ON); 
x 2  - l o n g i t u d e  ( " E ) ;  
X 3  - a l t i t u d e  ( m  a . s . 1 . ) .  

The c o r r e l a ~ i o n   c o e f f i . c i e n t   o f   E q u a t i o n  ( 1 )  
0 . 9 5 9 6 .  

As shown in Equat ion  ( I ) ,  t h e  mean annua 1 
a i r .  temper'ar.ure will dccreast:  % . 2 " C  w i t h  each  
1 "   i n c r e a s e  i n  l a t i t u d e ,  0 . 0 2 ' C  w . i t h  each  l e  
l n c r e a s c  i n   l o n g i t u d e   a n d  0 . 5 1 ' C  w i t h  eoch I 0 0  m 
i n c r e a s e  i n  l a t i t u d e .  T h i s  r e s u l t   c a n   r o u g h l y  
t e l l  why t h e   l o w e r  limit of a l p i n e   p e r m a f r o s t  
d e s c e n d s  from s o u t h   t o   n o r t h   a n d   f r o m  w e s t  to 
e a s t  ( Q i u  e t  i l l ,  1 9 8 3 ) .  

f a c t o r s ,   t h e   s r a n d a r d   r e g r e s s i o n   c o e f f i c i e n t  
were c a l c u l u ~ e d :  

I n  o r d e r  t o  c o m p a r e   t h e   s i g n i f i c a n c e  of t h e  

whore. II - r~umber  of s t a l i o r ~ s .  

5 :1 3 



C o r r e s p o n d i n g l y ,  f o r  l a ~ i ~ u t l e  X1,81=-0.47;  
f o r   l o n g i t u d e  X 2 ,  B 2 = - 0 . 0 2 5 ;  f o r  a l t l t u t i e  X 3 ,  
8 3 = - 0 . 9 3 .  

S i n c e  1 8 3 1 > 1 ! 3 1 1 > 1 H 2 1 ,  i t  c a n  he  he1ievc.d t h a t  
t h e   a l t i t u d e  is t h e   m o s t   s i g n i f i c a n t   f a c t u r   t h a f .  
a f f e c t s   t h e  mean a n n u a l   a i r   t . e m p e r a t u r e ,   t h e n  
t h e   l a t i t u d e ,  a n d   t h e n   t h e   l o n g i t u d c .  

The   deVelopnlent   and   d i sLr ibut ion  o f  perma-  
f r o s t ,   h o w e v e r ,  i s  n o t   d i r e c t l y   d e p e n d e n t  upon 

The n e c e s s a r y   c o n d i t i o n   f o r   t h e   d e v e l o p m e n t  o f  
t h e  a i r -  b u t  t h o  g r o u n d - s u r f H c e - t e m p c r a t u r e .  

on   g round   su r f ace  is e q u a l   t o  o r  lower  than 0 'C .  
p e r m a f r o s t  i s  t h a t   t h e  mean a n n u a l   t e m p e r a t u r e  

Rased on t h e  statistics b y  u s i n g  t h e  d a t a  

T i a n s h a n ,  i t  is k n o w n  t h a t   t h e   r e l a t i o n s h i p  
from 1 5  m e t e o r o l o g i c a l   s t a t i o n s   i n / o r m u n d   t h e  

hetween t.he mean annual  p r o r ~ n d  s u r f a c p  tPmpera- 
t . u r e  T s  and   t he  mean annual  a i r  t e m p e r a t u r e  To 
i s  a s   f o l l o w s ;  

TS = 1 . 8 6  .t 1 , 0 2  Ta ( 2 )  

The c o r r e l a t l o n   c o e E E i c i e n t  o f  E q u a t i o n   ( 2 )  i s  
0 . 9 6 7 3 .  

should  b e :  
I f  ' P s = O ,  then   he mean a n n u a l   a i r   t e m p e r a t u r e  

T ~ c  p - 1 . 8 6 / 1 . 0 2  = -1 .83"  '1 - 2 ° C  

t u r e  a t   t h e  lCJW$:r l i m i t  o f  pe rmaf ros t   shou ld  b r  
I n  o t h e r  w a r d s ,  t h e  mean a n n u a l   a i r   t e m p e r a -  

around - 2 ' C ,  ~ t a t j s t i c a l l y .  
A t  t h e  Summer Camp of t h e   T i a n s h a n  E l a c i o l o -  

g i c a l   S t a t i o n  or t h e   D a x i g o u   M e t e o r o l o g i c a l  
S t a t i o n  (3539 m a . s . l . ) ,  t h e  mean a n n u a l   a i r  
t e m p e r a t u r e   i s . - 5 . 4 ' C ,   t h e   g r a d i e n t  i s  0.63"C/  
100 m ,  t h u s ,  8t an ~ ' l e v a ~ . i . o n  o f  2 9 7 2  m t h e  mean 
annual. a i r  t e m p e c p t u r e  would b e  -L.83'[: ,  a n d  a t  
9000 m a . s ,  1 . .  i t  would  he - 2 ' C .  T h e r e f o r e ,  i t  
i s  e a s y  10 u n d e r s t a n d  w h y  t h e   l o w e r   l i m i t  o f  

IJrumqi  R i v e r  i s  a t  a b o u t  3000 m a . s . 1 .  ( 3 2 5 0  m 
a l p i n e  permafrosr .  i n  t h e  uppe r   r each  of t h e  

o n  t h e   s o u t h - f a c i n g  s l o p e  and  about  2900 m on  
t h e   n o r t h - f a c i n g   s l o p e ) .  

I n   t h e   K u i x i a n  Daban r e g i o n ,  t h e  mfan annual  
a i r   t e m p e r a t u r e  was   observed   to  b c  - 1 . 3 " C  at. 

a . s . 1 . .   4 2 " 5 1 '  i n  l a t i t u d e  and  86"54'  i n  l o n g i -  
t h e   D o n g d e s a l a   M e t e o r o l o g i c a l   S t a t i o n   ( 2 9 2 1 . 3  m 

t u d e ) .  I f  t h e   g r a d i e n t  i s  0.6°C/100 n i ,  t h e n   t h e  
mean a n n u a l  a i r  t e m p e r a t u r e  st a n  e l e v a t i o n  of 
3050 m ( s o u t h - f a c i n g   s l o p e )   s h o u l d  b e  - 2 ' C .  
T h i s  can  t e l l  w h y  t he   pe rmaf ros t   l ower   L imi t  a t  
s o u t h - f a c i n g   s l o p e  was o b s e r v e d   t o   l i e  on 3100  m 
a . s . 1 .  

The v a r i a t i o n  o f  a i r  t e m p e r n t u r e  i n  t h r e e -  
d i m e n s i o n 3   l e a d s   t o   t h e   n o r t h w a r d  und easLward 
d e s c e n t  u f  t h e  lower l imit  of p e r m a f r o s t ,   a n d  
e s p e c i a l l y ,  t o  t h e   t h i c k c n l n g   a n d   c o l d i n g  o f  t h e  
p e r e n n i a l l y  f r o z e n  ground  upwnrds.   For  example,  
a l o n g  t h e  Urumyl R l v v r .   t h e   g r o u n d   t e m p e r a t u r e  
a t   t h e  level of  z e r o   a n n u a l   a m p l i t u d e  i s  -0.7'c 
a t  3348 m n . s . l . ,  - L . b " C  a t  3 4 0 7  m a . s . 1 .  and 
-4.9'C a t  3900 m s . s . 1 .  

Thermal   regime  of   ground  a lso  depends on t.he 
l o c a l   c o n d i t i o n s ,   s u c h  a s  t h e   s l o p e   o r i e n t a t i o n  
and s u r f a c e  cover e s p e c l a l l y   t h e  s n o w  c o v e r  
( T a b l e  1 ) .  

maximum g r o u n d   s u r f a c e   t e m p e r a t u r e  on s o u t h -  
f a c i n g  s l o p e  was much h i g h e r   t h a n   t h a t  on t h e  
n o r t h - f e c i n g  s l o p e ,  w h i l e   t h e  minimum - c l o s e  

h e a t - i n p u t  on the south-facing s l o p e .  T h e  d i f -  
t o  e a c h   o t h e r .  T h i s  i n d i c a t e s  a much h i g h e r  

" f e r e n c e  o'f h e a t - b a l a n c e  o n  s l o p e s   a l s o   l e a d s  t o  
a d i f f e r e n t i a t i o n  o f  permafros t   lower  l imit .  For 
example.  i n  t he   Ku ix ian  Daban region, t h e   l o w e s t  

As shown i n  T a b l e  1 ,  a t  a same e l e v a t i o n   t h e  

p o s i t i o n  f o r  p e r m a f r o s t   o c c u r r e n c f  on nort t l -  

o f  2700 m a . s . 1 .  and 400 m lower than  thaL UII 

f a c i n g   s l o p e  was a h s e x v e d  t o  b e  n t  an e l c v a t i r ~ l l  

t h e   s n u t . h - f a c i n g   ~ l o p c   ( Q i u  a n d  % h a n g ,  1981 ) .  

CON'TINENTALCTY 

R e c e n t l y ,  che imIrv1'Lanr.e o f   c u 1 1 t . i ~ ~ e n ~ a 1 . 1  ~y 
w a s  e m p l l a v i z e d  i n  some l i t u r a t u r c s .  Gorbunov 
( 1 9 7 8 )  sugges ted   thaL Lhe a l p i n e  p e r m a f r o s t  I I U  
t l i v i d e d  i n t o  Llle m n r i t i m e  a n d  r u ~ ~ t i ~ l t . r l t o l  L.yl~e:;, 
a c c o r d i n g   t o   t h e   c o n t i n e n l a 1   i L y .  The  former 
deve lop ing   unde r  a mar ic i rne   c l imate   might  I I C  
c h a r a c t e r i . z e d  b y  t h a t  rts lower 1 i m i t  is L I ~ J S C .  
to the  y n o w l i ~ ~ u ,  w h i l e   t h e   l a t t e r   d c v e l o y i n y  
u n d e r   c o n t i n e n t a l   c l i m a t e  - t h e   s n o w l i n e  i s  
much h i g h e r   t h a n   t h e   p e r m a f r - o s t  lower  l ' i m i  L .  T h e  
d i s t d n c r ?   b e t w e e n   t h e   s n o y l i n e  a n d  f h e  lowcr 
l i m j , t .  wi l l  e n l a r g e  w i t h  t h e   i n c r e a s e  o f  c o n t i -  
n e n t a l i t y  and the  Mr.. 'L ' ianshan,  a 'ccortl ing Lu 
Gorbunov, i s  t h k '  t y p i k a l   c o n t i n e l ' l t a l   p e r m a f r o s t  
r e g i o n .   H a r r i s   ( 1 9 8 9 )   a g r e e d  t o  Gorhuntrv's i d e a  
and   cons ide red  a q u a n t l t a t   1 v e   r e l a t i o n s h i p  b e -  
t w e e n   c o n t i n e n t a l i t y  and t.he ~ l t  I.turle o f  pet~n, i -  
f r o s t   l o r e r   l i m i t .  

p l a c e s  a~ t h e .   h i l l f o o t  of'  T i a n s h a n  a r c  i l l  ~ I I  

envi ronment  of c o n t i n e n t a l   c l i m a t e .   l ' h c  i n t l c x  
commonly u s e d  f o r   e v a l u a t i n g   t h c  ~ : o l t t . i n c n t . a l  

CON'r1NF.NTAI~~tTY K suggest .e t l  b y  Gorczynski  ( % t i ; l n f i  

e x t e n t  o f  c l i m a ~ e  i n  a c e r t a i n  r ~ g ~ o n  I S  t.hc 

a ~ ~ d  L i r l ,  1 9 8 5 ) :  

O f  c o u r s e ,  ' l 'iarlshan i s  f a r  f r o m  o c e a n  unrl : . h c  

K = 1 . 7  A / S i n  X 1  - 20.4 

where ,  A I_ a n n u a l   r a n g e  o f  n i r   t . r ~ ~ ~ [ r c t r ~ l L u r c  o(:; 

A t  t h e  f o o t  o f  T i a n s h a n ,  i n  t h e  Ilrurnqi ( : i t  y 
X 1  - l a t i t u d e .  

(918 m a.s.l.), A i s  4 0 . 9 O C ,   t h e   c o n t i n e n t a l i t y  
K I s  7 9 . 9 .  As t h e   a l t i t u d e   r i s i n g ,  A and .K 
become lower  and  lower.  Along t h c  U r u m q i  R i v c  r ,  
f o r   e x a m p l e ,  a t  t h e  Rase o f  t h e   T i a n s h a n  Glat 1 1 ) -  

l o g i c a l  S c a t i o n  ( 2 1 3 0  m a . s . l . ) ,  A i s  26°C no,! 
K i s  4 4 . 1 ;   a t   t h e  Summer Camp o f  t:he Tianuhnn 
G l a c i o l o g i c a l   S t a t i o n   o r   t h e   D q x i g o u  Metoorolo-  
g i c a l  S t a t i o n   ( 3 5 3 9  m a . s . l . ) ,  A i s  2 0 . f i ° C ,  K 
is 30.8; a n d  a t   t h e  Dry C i r ~ u e  (3820 m a . s . l . ) ,  
i t  is 2 0 . 3 " C  i n  A and ' 3 0 . 1  i n  K .  U s u a l l y ,  i n  a 
r e g i o n  w i t h  a t y p i c a l   c o n r i f 1 e n t a l   c l i m a t e ,  the 
K v a l u e  should b e  g r e a t e l -  Lhan 5 0 .  Thus.  ttlr! 
pe rmaf ros t   r eg ion   a long   t he   I l rumqi   R ive r  i s  1 1 0 1  

~ o n t i n e n ~ t a l   c l i m a t i c a l l y .  

dcpenence  o f  Rnrlual  range o f  a i r  rempe1.'+1~11'1! A 
F o r  an approximate   unders l -and1np  of  t h e  

on t h e   l a t i t u d e  X 1 ,  l o n g i t u d e  X 2  a n d  a l t i t u d e  
X 3 ,  s t a t i s t i c s   b a s e d  on the   da t a   f rom 19   st-.:^- 
t i o n s  i n / a r o u n d  T ianshan   ha5  thc! f o l l o w i n g  
r e s u l t :  

A = - 2 7 . 6 2  t 0 . 7 4 X l  t 0.41X2. - 0 . 0 0 5 9 X 3  
( 3 )  

'The c o r r e l a t i o n   c o e f f i c i e o ~  u f  I * ; ~ u ~ ~ L ~ o I I  ( 3 )  is 
0.8899.  T h e   c o r r e s p o n d i n g   s t a n d a r d   r e g r e s s i o n  
c o e f f i c i e n t s   a r e ;   f o r   f a c t o r   l a t i t u d e  X 1 ,  
B1=0,098; f o r  f a c t o r   l o n g i t u d e  X ? ,  3 ' 7 = 0 , 2 6 0 ;  
a n d  f o r  t h e  f a c t o r   a l t i t u d e  X 3 ,  0 3 - - 0 . 8 4 7 .  
S i n c e  IR31>1B21>IBll. i t  c a n  b e  recugnlzud    hat 
t h e   f a c t o r   a l t i t u d e  X3 is t h e  most s i g n i f i c a n t  
o n e ,   t h e   l o n g i t u d e  X 2  i s  t h e   s e c o n d ,  a ~ ~ d  t h e  
l a t i t u d e  X 1  - t h e  t h i r d ,   T h a t  i s  Lo s a y .  t h e  
a n n u a l  range  o f  a i r  t e m p e r a t u r e   w i l l   d e c r e a s e  
f o r  0.59'C w i t h  e a c h  100 m i r l c r e a s a  o f  a l t i t u d e ,  
a s c e n d  0.74'C o r  0.41'C w i t h  e a c h  1' i n c r c a s e  
111 l a t i t u d e  or 1' i n c r e a s e   i l l   l o n g i t u d e   r e s p e c -  
t L v e l y ,  

Based on Equat ion  ( 3 )  end t h e   G o r c z y n s k l ' s  

5 3 4  



T a b l e  1 .  Ground s u r f a c e   t e m p e r a t u r e   a t  2960 m a . s . 1 .  i n  K u j . x i a n  Daban r e g i o n  
( a f t e r  Q i u  and  Zhang.  1981) 

Ground s u r f a c e   t e m p e r a t u r e  'C 
DEite S l o p e   o r i e n t a t i o n  

M a x .  M i n .  Daily a m p l i t u d e  

3 1 . 6  4 . 6  
5 1 . 7  4 , O  

2 7  . o  
4 7 . 7  

Exposed 21.5 - 12.0 
-5.8 

33.5 

6.1 

S o u t b - f a c i n g  31 .o  - 1 2 . 3  4 3 . 3  

d e f i n i t i o n ,  a nomograph   showing   t he   va r i a t ion  o f  
c o n t i n c n t a l i t y  in t h r e e - d i m e n s i o n s  call be made; 
also, based o n  t h e  Equat ion ( I . )  a n d  ( 2 ) ,  t h e  
s t a t i s t i c a l  l o w e r   l i m i t  o f  a l p i n e   p e r m a f r o s t .  o r  
t h e   p o s i t i o n   p o s s i b l y  w i t h  a mean annual  a i r  
t e m p e r a t u r e  o f  - 1 . 8 3 - C  can be d e t e r m i n e d  (Fig.1). 

i n / a r o u n d   t h e  M t .  T ianshan  

From t h e  F i g . 1 ,  one  can  see t h a t  in most of 
t h e   a l p i n e   p e r m a f r o s t  ~11-ea  t h e   c o n t i n e n t a l i t y  
1.3 l ess  Lhan 5 0 , .  t h e r e f o r e  i c  should   no t   be  
cons idered t h a t  I;he a l p i n e   p e r m o f r o s t  i n  T ian-  
shan  helongw t n  t,hc c o n t i n e l . t a 1   t y p e   d e v e l o p i n g  
under a cont . - inencal   c1, imate .  Also, s i n c e   t h e  
c o n t i l l e n t a l i t y  in r e g l h n s  h i g h e r   t h a n   t h e  g l a -  
r i e r  t e r m i n u s  (above  3600 m) i s  m u c h  lower t h a n  
5 0 ,  L I I U  glkit:ieK Y ~n 'I ' ianshan s h o u l d  n o t  b e  

B e c a u s e   t h e   l i n e  o f  the s t a t i s t i c a l   l , ) w e r  l imit  
c o n s i d e r e d  a s   he c o n t i n e n t a l   t y p e   e i t h e r .  

uf a l p i n e   p e r m a f r o s t  eat1 r u n  t h r o u g h   t h e  p u s i -  
t i o n u  w i t h   d i f f e r e n t   c u n t i n c n t o l i t y ,  f o r  example 
a t  44'N the   K-va lue  a t  t h e  l u w c r  l l m i t   v a r i e s  
from ,35 t o  S O ,  i t  .seems t h a t  t h e   c o n t i n e n t a l i t y  
1 %  n u t  t h c  . n 1 1 1 y  f a c t o r   t h a t   d e t e r m i n e s   t h e  
d i s t r i  b u t i u n  o f  ' a l p i n e   p e r m a f r o s t .  

PRECII'I'TATION 

T h c r e  i s  I I U  denyi t lg  t h e  impor tance  o f  temper-  

a t u r e   a m p l i t u d e  on  he development  of f r o z e n  
ground.  W i t h ' n  same  va lue  o f  meen a n n u a l  a i r  
t e m p e r a t u r e ,  a h i g h e r  r'wnge of a i r   t e m p e r a t u r e  

f r e e z i n g  and a warmer  summer f a v o u r a b l e  t o  
i n d i c a t e s  a c o l d e r   w i n t e r   f a v o u r a b l e  t o  ground 

ground  Lhawing.   The  penetrat lng  depth  and  process  
of  f r e e z i n g - t h a w i n g ,   h o w e v e r ,  dcpent1.s no t  on1 y 
on a i r   t e m p e r a t u r e  h u t  a l s o  on t h e   s u r f a c e   over 
e s p e c i a l l y   t h e  snow c o v e r ,  the l i t h o l o g i c a l  
c h a r a c t e r i s t i c s  o f  ground a n d  o t h e r   f a c t o r s .  
Here,  the a m o u n t ,   d i s t r i b u t i o n  of p r e c i p i t a t i o n  
might   have an i m p o r t a n r   e f f e c t  on t h e   d e v e l o p -  
ment o f  f rozen   g round .  

s e a s o n ,  t h e n  u n d e r  a t h i c k , ' t i n d   s t a b l e  snow c o v e r  
the   g round and t h e   g r o u n d - s u r f a c e  must be much 
warmer t h a n   t h e   a t m o s p h e r e  because o f  t h e  i n s u -  
l a t i o n   e f f e c t  o f  the   snow,   even   though in H , 

c o n s i d e r n b l e  c o l d  w i n t e r ,  Che f r e e z i n g   p r o c e s s .  
of  ground  would  he l i m i t t r d ,  n o t  a b l e  t o  pent.- 
t r a c e  t o  a c o n s i d e r a b l e   d e p t h .  I n  on a r i d  and 
warm s u m m e r ,  on t h e   o t h e r   h a n d ,   t h e r e  would n u t  
be a hamper t o  t h e  t h a w i n g   p r o c e s s  o f  ground.  
' r h u s ,  t h e   h i g h e r   t h e   a n n u a l   r a n g e  of a i r  tem- 
p e r a ~ u r e ,   t h e   d e e p e r   t h e   d e p t h  o f  ground t h a w i n g  
i n  summer + T h e r e f o r e ,   t h c   p e r e n n i a l l y   f r o z e 1 1  
ground m u s t  be t luveluped  under a mean annual  
a i r   t e m p e r a t u r e  c o l d  enough.  

summer i n  l i q u i d  s t a t e ,   t h e r e  i s  n o t  n t h i c k  
and s t a b l e  snow c o v e r  i n  w i n t e r ,  w i t h  a higheI-  
annua l   r ange  o f  a i r   t e m p e r a t u r e ,  1 1  i s  p o s s i b l e  
Lo f o r m  a th ick   Erozen   ground i n  t h e  c o l d  and 
d r y   w i n t e r ,   b u t  in the   ra iny   warmer   sunla le r ,  
under   thb   thermal  c f f c c t  of  t he   h ighe r   t cmp 'e ra -  
t u r e  a n d   t h e   r a i n f a l l ,   t h e r e  m u s t  bc a cdfi 'sider- 
a b l e   t h a w i n g   d e p r h  o f  g r o u n d .  T h i s  i s  a l g l j  
u n f a v o u r a b l e  t o  t h e   d e v e l o p m e n t  o f  perma ' f ros t .  

season  mal.nly i n  s o l ' i d  s t a t e .   t h e n  i n  t h e  wiritbr 

s t a b l e  a n d   t h i c k  anow c o v e r .   T h e   m a j o r   e f f e c t  ' 
t iwe  w i ~ h  B few s n o w f a l l  t h e r e  would  not be :I ' ,  

of  t h e  t h i n  and   uns t ab le  snow c o v e r  in w i n t e r  
i s  t o  r c f l c c t  t h e  sol.tlr r a d i a L i o n ,  T h u s ,  r~nt lcr  
n low t e m p e r a t u r e   t h e  f r e e z i n g  p r o c e s s  i s  
all.owed t o  p e n e t r a t e  down t o  a c o n s i d e r a b , l e  
d e p t h .  l n  t h e  r e l a t i v e l y  warm S U m m R T ' ,  i t  is 
i m p o s s i b l e   t o   f o r m  a t h i c k   a n d   ~ t a b l e ~ s n o w  ' ' 

c o v e r   e i t h e r .  The s o l a r   r a d i a t i o n  w o u l d  be 
r e f l r c . t e d  b y  t h e   t e m p e r a r y  s n o w  s u r f a c e  h n d  
consumed with t h e  snow m e l t i n g .  'This. w'ould' h e  
u n f a v o u r a b l e  t.0 t h e   t h a w i n g  o f  ground  hht 
tavaura t ) l . e  t o  t h e   d e v e l o p m e n t  on(\ p r e b e r v + t ' l o n  
o f  p e r m e f r o s t .  

and s e a s o n a l  d i s t r i b u t i o n  of  p r e c i p i t a t i u n .  

I f  th.c p r e c i p i t a t i o n  i s  c o n c e n t r a t e d  or1 c o l d  

I f  p r e c i p i t a t i o n  i s  c o n c e n t r u t c d  on a warm 

Xf t h e   p r e c i p i t a t i o n  i s  c o n c e ~ t t r a t e d  on worm 

, . ,  

'Thus, i t  i s  n e c c s v a r y  t0 d i s c u s s  t h e  s p R t i & l  

Based o n  t.he s ~ a t i s t i c s  by  l l s jng   da ta   f rom 



18 s t a t i o n s   i n / a r o u n d  the Mc. T i a n s h a n ,  t.he 
dependence o f  p r e c i p i t a t i o n  P on l a r i t t r d e  X L ,  
longitude X 2  a n d  a l t i t u d e  X3 is known a s  
f o l l o w s .  

P 2 -2669 .1% t 99 .81X1  - 18.70X2 t 0 . 1 3 8 3 X H  
( 4 )  - 

The c o r r e l a t i o n   c o e f f i c i e n t  o f  E q u a t i o n   ( 4 )  A 
is 0.8077.  'The c o r r e s p o n d i n g  s t a n d a r d  r e g r o s e i . o n ,  u; 
c o e f f i c i e n t  R 1  f o r   f a c t o r  X 1  i s  0 . 5 1 ,  B 2  f o r  X 2  I ;  

i s  - 0 . ! + 8 ,  a n d  8 3  f o r  X3 i s  0 . 6 3 ,  S u ,  t.he o r d e r  ' El 
of  s i g n i f i c a n c e  of  f a c t o r s  c a n  be l i s t e d   e s  . I -  
X 3  + X 1  + X 2 ,  'I'he E q u a t i o n  ( 4 )  s h o w s  a g e n e r a l  ,$ 
t e n d e n c y   t h a t   t h e   p r e c i p i t a r i u l l  d r c r e e s c  M H S L -  

wards and i n c r e a s e s  norLhwards a n d  upwards.  .,.I 
I l o w e v e r ,   t h e .   s p a t i a l  d i s t r i , b u t i o n  o f   p r e c i p i t a -  + 

L i o n  i s  n o t   c o m p l e t e l y   c o i n c i d e d  w i t h  t h e  l i n e a r  
r c g u l a t i o o .  T h e r e  a r e  h i g h - p r e c i p i t a t i o n   b e l t s  
a t  Lhe m i d d l e - a l t i t u d e  a n d  a t  the  modern  snow- 
l i l i e .  Al though  the   p rec- iy i t . a t . . iun   decreases  
e a s t w a r d s  i n  g e n e r a l ,  i t  w o u 7 : i  be changed b y  
Lhe l o c a l  t e r r i i n ,  . e .K.  i t  i s  326 m m  i n   Y i n l n g  
(770  m a . s . t . ! ,  t h e n  i n c r e a s e s   t o . 4 6 0  m m  i n  
S i n y u a n  ( 9 2 8 . 2  m a . s . l . ) *  real:h(:Y u p  t o  a v a l u e  
a s   h i g h  a s  827.3 m m  a t  t h e  T i a r r s h n l l  Snow S t a t i o n  
( 1 7 7 6  m a , s . l . ) ,  t h e n   d r o p s   a g a i n  e a s t w a r d s  to 
285 m m  in  Uayanbluk  (2458 rn a . s . 1 . )  and down t o  
8 6 . 7  mm i n  Y i w u  ( 1 7 2 8 . 6  m a . s . 1 . )  a t  the e a s t e r n  
e n d  of , T i a n s h a n .  S o ,  [he   Equa t ion  ( 4 )  can   on ly  
e x p r e . s s  a ~ L ' I I ~ I  a l  t endency  o f  p r e c i   p i t a t i o t l  
d i s t r i b u t i o n .  

s h a n  ( F i g . 2 )   s h o v e d   t h a t   e i L h e r  Lhe a n n u a l  v a l u e  
or t h e  p r e c i p i t a t i o n  I n  t h e  s e a s o n  w i t h  a mean 
monthly a i r  t e m p e r a t u r e  < O ° C  i n  t he   wes t  a r e  
g e n e r a l l y  much h i g h e r   t h a n   t h e t  i n  t h e  east. 
T h e  snow c o v e r  i n  w i n t e r   c o u l d   r e s t r i c t :  t h e  
freezing of g r o u n d .  For e x a m p l e ,  a c c o r d i n g  t o  
t h e   q b s e r v a t i o n   a t  2 7 0 0  m a.s.1. in t h e   B a l s h a y a  
Alme t inka   Pe rmaf ros t  S t a t i o n ,  Z a y i l i s k - i j  A l a ~ a u ,  
Kazahston d u r i n g  1075-1974, in t h o  c e n t e r  o f  a 
w i n d - d r i f t e d  snow bank ( 1 2 0  t o  160 c m  i n  r h i c k -  
~ r e s s f ,  the"frcezing d e p t h  a f  ground  was  only 4 5  
cm: a t  t h e   e d g e  o f  t h e  snow bank  wit,h a t h i c k -  
n e s s  of 80 cm a t  t h e  most al jd 30 t o  4 0  cm from 
Novcnrber t:o F e b r u a r y ,  t h e  f r e e z i n g  d e p t h  of 
g round   pene t r a t ed  d o w n  t o  1.4 m; a t  t h e   p o s i t i o n  
20 m f rom  the  5nnw bank,   where   the  snow c o v e r  
was 0 t o  3 0  cln a n d  o c c a s i . o n a l l y  40 cnr a t  lsLe 
s p r i n g ,  t h e   f r e e z i n g   d e p t h  o f  g r o u n d  p e n e t r a t e d  
down t o  2.4 m (E'ig. .3) ( S e v e r s k i y   a n d   S e v e r s k i y ,  
1 9 9 0 ) .  I n  t h e  E a s t  T i a n s h a n ,   t h e   o b s e r v a t i o n  i n  
Llre Tianvhan Snow Station showed t h a t  under  a 
50 c m  snow c o v e r ,   t h e   g r o u n d -  o n l y  f r o z e  down t o  
a depLh of 60 cm (Hu a n d   J i a n g ,  1 9 8 9 ) .  T h u s ,  i n  
t h ?  snow-rich West Tianshan   and  t h e  Y i l i   v a l l e y  
uE [:he Eaet T i a n s h a n ,  i t  i s  n e c e s s a r y  E O  have a 
rcr ider  t e m p e r a t u r e   f o r   t h e   d e v e l o p m e n t  o f  prr- 
mnfrost. For e x a m p l e ,   a t  an e l e v a t . i o n  of   3000 GI 

I n  the  Belshays   A lma t l , nka   R ive r   bas in ,  t h e  
psrma, fros t  w i t h  B t h i c k n e s s  o f  20-40 m o r  s o  i s  
d i s c o n t l r i u o u u l y   c o n f i n e d  i n  t he   no r th - f ac i~ t ; ! !  
v a l l e y  f i l l e d  w i t h  t i l l ,  a l t h o u g h  t h e  menr> 
a n n u a l   a i . r   t e m p e r a t u r e  is. a s  law a s  - 3 . 4 " ' ;  
( S e v e r s k i y ,  1 9 7 8 ) .  In t h e  most  p a r t s  o f  :.!le 
E a s t  T i a n s h a n . , i t  1 s  more f a v o u r a b l e  t o  L ~ I C  
development  o f  p e r m a , f r o s t .  For i n s t a n c e ,  i n  t h e  
u p p e r  r e a c h  of t h e  U r u m q i  R i v e r ,  76,5Z o f  t h e  
a n n u a l  p r e c i p i t a t i o n  is c a n c e n t r a t e d  i n  t h e -  
r e l a t i v e l y  warmer s e a s o n  from J u n e  t o  September  
i n  s o l i d   s t a t e ,   t h e  snow cover u s u a l l y   e x i s ~ s  
no more t h a n  two d a y s ,  a s  m e n t i o n e d , a b o v e ,  t h i s  
i s  f a v o u r a b l e  to t h e  p r e s e r v a t i o n  of t h e  f r o z e n  
g r o u n d ,  T o  t h e  c o i d e s t  s e a s o n  f r o m  November t o  
F e b r u a r y ,   he monthly prccipitation.is usually 

L l  

4: 

A c u m p a r i s o n  between t l ~ e  E a s t  a n d  West ' I ' i a n -  

F i g u r e  '2. Dependence of p r e c i l r , : . c j t i o n  011 a l ~ i t u d e  
a l o n g   t h e   R a l s h a y a  A l m a t i n k a  Krver a I 1 t l  L h e  
IJrumqi R i v e r  

a1  - p r e c i p i t a ? . i ( i n  ( m m )  i n  t h e  set15011 < O o c : ;  
a2 - a n n u a l  p r e c i p i t a t i o n  ( rnn)) :  

b - psrcenLage o f  precipirar . . iu[n in I .hu 

season < O ° C ;  

S e v e r s k i y ,  1 9 7 8 ;  w i t - h  m o t l i t : i c a l . i o ~ ~ ) ;  
d o t t e d  l i n e  - U a l s h a y , i  A l m a t ~ n k a  K ~ v c r ( a l  tcr 

t h i c k   l i n e  - U r u m q i  R i v e r .  

n 

h 

. .  

F i g u r e  3 .  I s o t h e r m s  i n  ~ I - ~ U I I ~  under  (I  : : u r r u u u d -  . 
3 n g  t h e  snnw bank ( a f t e r   S e v c r a k l y  e a l ,   1 9 9 0 )  

a .  under  Lhe c e n t e r  of  snow b a n k ;  I .  a t  che  
e d s e  o f  $now bank;  e. 2 0  m from the snow 
h a n k .  H e i g h t  o f  snow bank: 1 .  c e r l ? c i  ( ~ t  t h e  
s n o w  bank;  2 .  a t  the edge o f  t.hc :now b t i n l r :  
3 ,  20 m from t h e  snow b a n k .  



l e s s   t h a n  5 m m  ( T a b l e  2 ) .  Without  a th ick   and  
s t a b l e  s n o w  c o v e r  i n  w i n t e r ,   t h e   f r e e z i n g   p r o c e s s  
i s  ullowad t o  p e a e r r a t e  t o  a c o n s i d e r a b l e   d e p t h .  
Under  such a f a v o u r a b l e   c o n d i t i o n ,   a t  a n  e l e v a -  
t i o n  o f  3 3 4 8  m a t  tlle t l p y e r  r e a c h  of  Urunlqi 
R i v e r ,   t h e   p e r m a f r o s t .   c a n  b e  as t h i c k   a s  50 m 
w i t h  n ground  tempera ture  of - 0 . 7 " C  a t   t h e   l e v e l  
o f  z e r o   a n n u a l   a m p l i t u d e .  

I n  t h e  much d r i e r   K u i x i a n  Daban r e g i o n   t o   t h e  
s o u t h  of t h e  Urumqi   R ive r   bas in ,   acco rd ing   t o  
t h e   o b s e r v a t i o n   a t   t h e   D o n g d e s a l a   M e t e o r o l o g i c a l  
S t a t i o n  ( 2 9 1 2 . 3  m a . s . l . ) ,  t h e  to t .a l  v a l u e  o f  

o r  t h e  2 . 2 %  of t h e   a n n u a l   p r e c i p i t a t i o n  ( T a b l e  
p r e c i p i t n t i o n  i n  t h e   c o l d e s t   s e a s o n  i s  o n l y  5 mm 

2 ) .  The l o w e r  l i m i t  o f  permafrost t h e r e   1 . i e s  a t  
2700  m a . s . 1 .  or1 north-Lacl11g  slope and a L  3100 
m a . s . 1 .  o n  s o u t h - f a c i n g   s l o p e  (Qiu alld  Zhang, 
1981)  and is about  200 m l o w e r   t h a n   t h a t  i n  t h e  
llrumqi R i v e r   b a s i n .  A t  t h e   e l e v a t i o n  o f  3300 m ,  
t h e  g r o u r ~ d   t e m p e r a t u r e   a t   t h e  l e v e l  of z e r o  
a n n u a l   a m p l i t u d e  was o b s e r v e d   t o  be - 2 . 0 ° C  a n d  
i s  1.3'C l o w e r   t h a n   t h a t   a t  t h e  same e l e v a t i o n  
a t  Lhe l l rumqi   River   basin.  

I t   s h o u l d  be c o n s i d e r e d   t h a t   t h e   p r e c i p i t a -  
t i o n  in w i r ~ t e r  would i n c r e a s e   w i t h   t h e   i n c r e a s e  
01  annual  amount  northwards  and  westwards i n  t h e  
E a s t   T i a n s h a n ,   a l t h o u g h   t h e   p r e c i p i t a t i o n   t h e r e  
is g e n e r a l l y   r e l a t i v e l y   c o n c e n t r a t e d  on t h e  
warmer s e a s o n .   T h i s   w o u l d   r e d u c e   t h e   n o r t h w a r d  
deSCenK of p e r m a f r o s t   l o w e r   l i m i t   a n d   e n h a n c e  
i t s   e a s t w a r d   d e s c e n t .   I n  some p l a c e s ,   t h e   c o n d i -  
t i o n  fo r   pe rmaf ros t   deve lopmen t  W C J U ~ ~  he  more 
f a v o u r a b l e   t h a n  i n  t h e   a r e a   b o r d e r e d  on i t s  
nc1rt.h because  o f  t h e   d i f f e r e n c e  i n  p r e c i p i t a t i o n .  
'The s t o r y  i r l   he K u i x i a n  Daban  and t h e  Urumqi 
River   bae in   might  b e  one of t h e  e x a m p l e s .  

T h u s ,  t h e  a m o u n t ,   d l s t r i b u t i o n   a n d  f o r m  of 
p t ec ip i t aL i .on   migh t   have   an   impor t an t   e f f ec t  on  
the   deve lopment  o f  t he   f rozen   g round  a n d  might 
b e  an i m p o r t a n t   r e a s o n   r e s u l t i n g  in t h e  d i f f e r -  
ence  of p e r m a f r o s t   d i s t r i b u t i o n  i n  t he   wes t   and  
E , I ~ L  T i a n s h u n  and w i t h i n  Lhe East  Tiansl lan 
i t s e l f .  

C:ONCI.IISTON 

1 .  The clcvelopment   and  dIsLribut iol1 o f  a l p i n e  

permaf r o s t   a r e  i 1. nf1uent:ed b y  the  combincrl   cff t rc  
o f  t h e   n a t u r a l   f a c t o r s .  The a l t i t u d i n n l   v n r i a -  
t i o n  oi- t h e  a i r  t e m p e r a t u r e  is t h e  most i m p o x -  
r a n t   f a c t o r   t h a t   l e a d s  t o  t h e   a l r i t u d i n a l   ~ ( ~ n a -  
t i o n  o f  I r o z e n  g r o u n d .  T h e  d e c r e a s e  o f  t h e  mean 
HIInual a i r   t e m p e r a t u r e  from s o u t h  t b  nor th   and  
f r o m  w e s t   t o   e a s t   w o u l d   l e a d   t o  a d e s c e n t  of 
p e r m a f r o s t  l o w e r  3 . i m i t  a t   t h e  same d l r c c t i o n :  
t h e   i n c r e a s e  o f  p r e c i p i t a t i o n   n o r t h w a r d s  e n d  
westwards  would  Lead t u  an a s c e n t  uf p c r m ; l l , o s t  
lower limit from s o u t h  t o  nor th   and  f r o m  t . . ~ s t  
t o  w e s t .  T h u s ,  t h e   n o r t h w a r d   d e s c e n t  o f  pcr'ma- 
f r o s t   l o w e r   l i m i t   c a u s e d  b y  t h e   d e c r e n s c   o f  
mean a n n r l a l  a i r   t e m p e r a t u r e   w o u l d  bc reduced  b y  
t h e   i n c r e a s e  of p r e c i p i t a t i o n  a t  a same d i r c ! c "  
t i o n ,  w h i l e  t h e  d e s c e n t  o €  t h e   l o w e r  I i m i I .  
e a s t w a r d s  c a u s e d  b y  t h e  d e c r e a s e  of t h e  meall 
a n n u a l   a i r   t e m p e r a t u r e  would  be  enhanced b y  t h e  
d e c r e a s e  o f  p r e c i p i t a t i o n   w e s t  t o  e a s t .  As a 
r e s u l t ,   t h e   a c t r l r a l   n o r t h w a r d   d e s L e n t  o f  pt't'ma- 
f r o s t   l o w e r  limit would  be l e s s  c h a n  t h a t  
c a l c u l a t e d  by t h e   E q u a t i o n  ( 1 )  and ( 2 ) ;  t h e  
a c t u r a l   v a r i a t i o n  of t h e  l o w e r   l i m i t   f r o m  we$[. 
t o   e a s t  wou ld   be   g rea t e r   t han  t h e  c a l c u l ~ t e d  
one .  

2 .  The s e a s o n a l   d i s t r i h u t i o n ' o f   p r e c j p i t a t i o n  
has a n   i m p o r t a n t   e f f e c t  on t he   deve lopmcn t  o f  
f r o z e n  g r o u n d .  The s n o w f a l l  i n  w i n t e r  would 
r e s t r i c t  t h e  g r o u n d   f r e e z i n g ,   w h i l e  t h e  s n o w f a l l  
i n  summer w o u l d  b e   f a v o u r a b l e  t o  t h c  p r e s c r v a -  
t i o n  o f  f rozen   g round .  The s p a t i a l  and   s easona l  
d i f f e r e n c e  i n  p r e c i p i t a t . i o n   d i s t r l h u t i u n  might  
Ire an 1:npor tan t   reason   t .ha t  ~ a u s u s  t h e  d i f f e r -  
ence  i n  p e r m a f r o s t   d i s t r i b u t i o n  b e t w e c n   he E a s t  
and t h e  West T i a n s h a n   a n d   ' w i t h i n   t h e  I:ast 'P inn-  
Y h k i I I  i t s e l f .  

3 .  S i n c e   t h e   c o n t i n e n t a l i t y  is u s u a l l y   l e s s  
than  5 0 ,  i t  would  be l n a p p r o p r i a ~ e  t o  c d n s i d u r  
t h e   p e r m a f r o s t   t h e r e  a s  t he   " c -on t i r l en t i t l '  ~ : Y [ J c " .  
Because r he lower  limit u f  a l p i n e   p e r m a f r o s t  
r u n s   t h r o u g h  the p l a c e s  d i € f e r e n t  i n  cont inent21-  

t h e  o n l y   f a c t o r   t h a t ' d e t e r m i n e s   t h c   d i s t r i b u l i o n  
l i t y ,  i t  s e e m s   t h a t   t h e   c o o t i n e n t a l i t y  is l l o t  

o f  p e r m a f r o s t .  

IIt!roic Br-idge 5 . 5  6 . 4  10.5 4 0 . 7  6 4 . 7  110.3 9 2 . 0  53 .6  4 4 . 1  2 2 . 4  1 2 . 2  6 . 4  4 6 8 . 8  
( 1 6 5 0 )  
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REPAIR OF A ROAD BUILT ON PERMAFROST AT KfLPISJhRVI, NORTHERN FINLAND 

Seppo saarslainen Dr.Techn, (Civ.Eng.), 
senior Research Scientist 

Road, Traffic and  Geotechnical  Laboratory 
Technical  Research  Centre of Finland, 

FINLAND 
P.O.  nOX 108, SF-02151 ESP00 

This paper deals with a repaired, insulated  road  structure on permafrost  in 
Peera, Northern Finland. The road section was built  in 1987. It was monitored 
since then in years 1988 - 1991. The depth o f  frost  and thaw penetration and 
thawing in and below the insulated road, frost  heave  and thaw settlement, as 
well as chan-ges in the moisture content of the  subgrade were monitored by 

that  of  old  road  before repair. Thaw settlements  have  occurred even after  the 
field  measurements. The freeze  and thaw behaviour of the road was compared to 

repair, but at a lower rate. 

INTRODUCTION 

The specific problems in cold climate are 
connected to frost  heaving  and  thaw  compression 
in freezing and thawing soils, and accumulation 
of snow and ice to com-munications, roads  and 
other structures. 

The stable state of the  ground in seasonal 

mafrost areas the ground is frozen.  Freezing of 
frost areas is an unfrozen one, while in per- 

unfrozen, frost-susceptible ground, as well a6 
thawing of frozen,  ice-rich  ground may cause 
vwlume changes in the ground, and  displacements 
at the ground  surface  and  the  structures upon 
it. 

normally  maintained by  limited freezing  and 
thawing of the frost-susceptible  ground  in the 
a c t i v e  zone. An engineering structure, i . e .  a 

the ground  surface zone. The main  effects are 
road, causes changes to thermal  conditions at 

due to the raised  pavement  temperatures in warm 
seasons and  lowering of temperatures in winter 
by exposure o f  snowless pavement. The snow ac- 
cumulation on the road and side slopes can 
cause instability of embankment  shoulders. In 
summer, the ponding of runoff as well as the 
all embankment surfaces may cause  local  heating 
effects to the underlying  permafrost. 

dealing with cold climate  problems in Northern 
Finland, was carried out (Fig. 1). It included 
experiments and design solutions  for the con- 
trol of  frost  heave,  prevention o f  snow accumu- 
lation on road, mitigating  icing on road, and 
limiting the excess thaw settlements o f  the 
road underlain by perma-frost  (Lehtonen & saa- 
relainen 1989, Saarelainen 1990a, 1990b, Saare- 
lainen & Kivikoski 1990, Lehtonen.1991, Xivi- 
koski 1990). 

The stability of structures in permafrost is 

I n  the late 80Iie6, a  research  project 
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Fig. 1. Site location.  Mean  annual air ternpera- 

sohjeet 1987). 
tures in  Finland  (Talonrakennuksen  routasuojau- 

LOCAT, CONDITIONS 

The mean  annual air temperature at the site 
is about - 2 . 5 . C .  The mean  freezing  index is 4 2  
000 h'C , maximum once in 10 years about 50 
000 h'C, and,the estim-ated  maximum once in 50 
years about 60 000 h"C. The thawing  index ac- 
cording to a i r  temperatures is about 2 5  000 
hac. 

was located close to the edge of peatland. The 
depth to the base of permafrost  beneath the 
palsa was according to site  investigations 

The site, an old road  embankment on palsa, 



about 7-0 metres. The generalized  longitudinal 
p r o f i l e  is illustrated in Fig. 2 .  The the old 
road embankment was underlain by thawed  peat to 
thc  dcpth  of 2 metres. The permanently  frozen 
horizon  consisted of a top layer o f  frozen 
peat, about 1 - 2 metres thick, underlain by 
frozen silt, changing  at a greater  depth to 
till.  According to geophysical soundings, the 
b a s e  rock was at  the  depth of about 10 metres. 

that was constructed for car traffic during 
The road is an old transportation route, 

World War 11. The road had bccn paved with 
oll-yravel layer in 1962. The max-imum  thaw 
settlement f o r  the  period of 1962 - 1987 was 
a b u l t t  1 . U  metres. T h i s  could be detectcd 

during test construction, as the maximum 
thickness of the pavement layer was exposed 
(Fig. 3 ) .  The oil-gravel thickness resulted 
from the continu-ous maintenance and raising of 
the surface with pavement  material. 

The thaw compression of frozen  peat in la- 
boratory  thaw-compression tests was about 70 %. 
If a thaw settlement was 1.8 metres, the cor- 

peat subgrade had been about 2 , 5  metres. This 
responding, cumulative thaw.penetration in the 

means that an-average rate of excess  thaw 

mm/year,  and the annual rate of thaw  settlement 
penetration  in  frozen  peat was about 100 

about 7 0  mm/year. The thaw damage was con- 
centrated at the edge of p a l s a .  

rn as1 

v +464 - V +464 

Fig. 2.  Longitudinal  profile of aalsa ground  at Peera test section. 

Fig. 3 .  Old, exposed oil-gravel layers with thickness of 1.8 metres on Peera palsa. 
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Fig. 4 .  Structural section of the planned test road at Pesra, p a l s a .  

THE TEST STRUCTURE 

The goal of test construction at the site 
was to find  and test an approach, in which  the 
thaw settlements could be limited, and the rate 
of settlement could be reduced to a  tolerable 
level. 

ciple, either replacement of the frozen peat  at 
At the site conditions, this means, in  prin- 

the top of the palsa  with  stable fill or lim- 
iting the thaw penetration  using thermally 
insulated  structure. The heating effect was to 

gregate. 
be  reduced  using  a  light-coloured  pavement  ag- 

The excavation of frozen or pre-thawed peat, 
and replacement with  a  stable  gravel  fill was 

perimentation was concen-trated  into the design 
seen tow laborious and  expensive. Thus, the ex- 

and  testing of a  thermally  insulated  road  em- 
bankment. 

In order to ensure the  proper  freeze-thaw 
behaviour, the embankment was planned with 
thermal insulation, The insulated  structure was 
designed by thermal  analysis, in which, 
starting from the inltial  temperature  condi- 
tions and thaw depth, the  seasonal thaw anu 
frost penetrations were calculated  applying on 
the pavement  assumed  surface  temperatures..In 
winter, the temperatures were assumed to follow 
air temper-atures, as to thawing  and waEp 
season, the air  temperatures were multiplied by 

thaw cycles, The insulation was selected BO 
1,5. The analysis was run over three  freeze- 

that the freeze-thaw  depth was limited to 
coarse-grained, stable  embankment. An illustra- 
tio'n of the  road  section  is  illustrated  in F i g .  
4 and the freeze-thaw  prediction in  Fig. 5. 

The thermal  insulation,  lOOmm  thick  extruded 
polystyrene  foam board, was covered with upper 

gravel pavement, and underlain  with  levelling 
subbase and base  layers  overlain  with oil- 

was spread to the subgrade in order to form  a 
layer o f  gravel. The original  road  embankment 

stable layer for the  delayed  thaw under the in- 
sulation. The slopes were  covered  with a 0.3 - 
0.5 metres thick layer of peat  for the veqeta- 

tion and for the,reduction of thaw penetration 
during warn season. The pavement was mixed 
using  light-coloured  quartzite  aggregate. 

CONSTRUCTION 

bankment  spread on the  subgrade in autumn 1986. 
The old  pavement was removed  and the old em- 

The subgrade was exposed €or freezing  in winter 
1986 - 1987. The hew embankment  with  thermal 
insulation was constructed i n  May 1987, and the 

was determined  in order to create freeze-thaw 
pavement was laid in  August 1987. The schedule 

conditions, in  which the thermal  behaviour of 
the insulated  em-bankment is approaching the 
balance  from the cold side. 

MONITORED BEHAVIOUR 

The temperature  profiles as well as freeze 
and thaw depths were monitored at two points of 
the section, at locations of 30 2 8 0  m and. 30 
320 m from the border to NorWaY, 1.5 metres 
aside from the centre line,  in years 1987-1989. 
Temperatures were measured using copper-con- 
stantan thermocouples, and freeze-thaw  depths 
using frost tubes filled  with 1:2000 methylene 
blue solution. The vertical  displacement of the 
pavement was miasured by monthly  levelling o f  
the pavement at two locations. 

peratures in,the freeze-thaw season 1987 - 1988 
is illustrated in  Figs. 6, and the observed 
freeze-thaw  development in the same season at 
the two observation  points  in  Fig. 7. According 
to measurements, the thawed  horizon was frozen 
to the permafrost  table, as to the following 

while the actual thickness  of the embankment 
thaw penetration was about 2 - 2.4 metres, 

was 2 - 2 . 2  metres. 

An example of the monthly  variation of tern- 
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Fig. 6. Measured ground temperatures in the test s e c t i o n  at Peera, paisa, during freeze - thaw 
season in w i n t e r  1987 - 1988 at points 30200 ( a )  and 3032 

DISCUSSION AND  CONCLUSIONS 

Frost  penetrated  at  the  observation  points 
down  to  the  permafrost  table  during  the 
freezing  period of the  winter 1987 - 1988. The 
thaw  penetration  at  the  monitoring  points of 
the  test  section  in  the  late summer of 1988 was 
roughly  the  same  (about 2 metres)  than f o r  the 
original  embankment. In  the old embankment  with 
the  thick-ness of 1 - 1.8 metres,  the  late  thaw 
penetrated  into  the  ice-saturated  peat.  In  the 
test  structure,  thaw  penetration  was  limited 
almost  totally  within  the  thermally  insulated 
embankment. Moreover,  the  thawing  index in  sum- 
mer 2988 was high ( 2 8  900 h'C) compared to the 
long-term  average  (about 25 000 h'C). 

In  the  back-analysis of thaw  penetration,  a 
n-coefficient  value  about 1.25 was estim-ated. 

This means a distinct  effect of pavement  colour 
on the thawing  index, as values  cited  in  lit- 
erature are normally  higher  than 1.4 (Lunardini 

on  other,  normally  paved te% sections  in the 
1978). The corresponding  n-  oefficients  varied 

metres  in the same  area, in the  range of 1.33 - 
close  vicinity, at a distance  of 100 - 300 
2 . 0 .  

AS a conclusion,  it could be stated  that the 

proper,  insulated  embankment. The insulation 
harmful thaw settlement  can  be  limited  using a 

thickness 100 mm  extruded  polystyrene was 
satisfactory  in the conditions 0.f the site. The 
use of light-coloured  pavement  aggregate  de- 
creases  pavement  temperatures  during  thawing 
season. 
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Fig. 7 .  Measured frost and Chaw penetrat ion i n  the period of autumn 1987 
observation points. 

,, . . e  
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ULOBAL CLINATIC CYKANQE AND SOME~Wt3SIBLE GEOMOPPHOfroQXCalL AND ECOLOUICAL  EFFECTS 

ISFJORDEN AND'LIEFEDEPYOPDEN, NORTHERN ePIl'BBE#GEN. 
XN ARCTIC PER)aAPROST ENVXRONMENTB, 

Eliaabeth aohmitt ' 

Geagraphisahes Snatitut, Justua-Liebig-Universitat, D-4300 Gieasen, Germany 

Radiation, through i t s  effect on temperatuie is the most important and 
differentiating ecological factor controlling the development of (and 
interactions between) vegetation, permafroet and;qeomorphology in the Arctic. To 
get  some information on what may happen to the arctiq permafrost environment in 
case o f  a global warming, two areas w th different geoacolo cal conaitiona have 
been investigated: Liefdefjorden (80 b N) and 'Isfjorden (78 s$ N) . Climatological, 
ecological and vegetation gradients from inner to outer fiord areas are 
presented. The role o f  solifluction and permafrost deserves spacial interest in 
this' context. A comparative analysis includes the vegetational and ecological 
patterns, the macro- and local. climate, and the microclimatic, geomorphological 
and pedological site conditions. It allows an interpretation of imaginable 
environmental aspects af a possible climatic change in these .permafrost areas. 

J N T R O D U m t N  AND AIM OF THE- 
In  the arctic, radiation through its effect 

on temperature i s  the most important factor 
cpntrolling the development of permafrost, ! 

ge'omokphic features, vegetation and their 
interactions. To get some information regarding 
what may happen to the  arctic permafrost 
environment in caRe of,q.gXobal atmospheric 
warming,  which is expected to be most 
pronounced at arctic latitudes (MAXWELL, 1991) 
two areas on spitsbergen with different 
macroclimatic and gsaecological conditions  have 
been investigated (Figure 1) : Isfjord (7BWN) 
and Liefdefjord (8O0N). 

The comparative investigation of these  two 
areas  with the vegetational and ecological 
distribution  patterns and their regional 
variations as a function of meso- and 
microclimatic 88 well as geomorphological and 
pedological s i t e  conditians should allow an , 

interpretation o f  some environmental aspects of 
a possible  climatic change in these arctic 
permafrost areas. 

lEmQQ!5 
The ecological data on which the paper is 

based have been recorded during three field 
seasons on Spitsbergen (August 1989 - northwest 
coast of Spitsbergen, summer 1990 - 
Liefdefjord,  summer 1991 - Isfjord). All 
locations and areas mentioned here have been 
visited. The vegetation has been recorded and 
mapped with the method of BRAUN-BILANQUET 
(1964,). Alltogether  more  than 150 vegetation 
records  have been done in the Isfjord area and 
about 100 records at the coasts of the 
Liefdefjord. The s ize  o f  the homogene test 
areas  was about 25m2 per record. The cover  was 
estimated for each vascular plant species and 
for the group of mosses and lichens. To get an 
-explanation f o r  the evident differences in the 
vegetation within each of both fiord areas and 

Nordaustlandat 

TuEenoyarle ,. .' 

.... 

Figure 1. Location of the study areas in 
Isfjord and Liefdefjord 



Tahlc 1. Climatic gradient in the Isijord attributed 10 the gtadienl in cootinentatity 

I 

loenl'iorr 27 7.91 3.7.91 R nN 

73'C 
weakly foggy, 

diffuse sunshine 

9 . w  
sky slightly overtasled 

to cloudy 

10.rc 
sky slightly ovcrcasled 

to cloudy 

15.2'C 
sunny . 

7 . X  5% cal/em2 4.6/4.PC 

Xl.YC 7423 d/cm2 S.1/5.loC 

15.o"c 10785 cd/cm2 6.1/6.PC 

4 l Y  foggy, 
dirruse sunshine 

sfightly cloudy with 
some clearings 

sunny with single 
clouds 

17.1-C 14211. cal /cm2 7.6/7.8"C* 
sunny 

between them, relevant ecological site 
conditions such as substrate, soil, 
geomorphology, permafrost, hydrology and 
climatic factors have also been recorded with 
special reference to the meso- and 
microclimate. The meso- and microclimatic 
situation of the investigated are85 has been 
registered with several weather stations. In 
the Liefdefjord s i x  electronical data logger 
recorded global radiation, air temperature, 
soil temperature in different depth, wind 
velocity, wind direction and relative humidity 
i.n different ecological sites. In the Isfjord 
one automatic Weather station was set up in the 
vicinity of Longyearbyen. The climatic data of 
Barentsburg and Pyramiden have been recorded 
.and provided to me by the Russian hrktikugol 
coal mining company. The data of Isfjord Radio 
were given by the local weather station and the 
long-term mean values of Longyearbyen and 
Isfjord Radio refer to AUNE (1982). 

PRESENT E C O W C A L  SDUATION 
- Ecoloaical.aradiente in the research ar eas 

As one passes up the Isfjord which deeply 
intersect the interior of Spitsberqen a gradual 
change in climate takes place. Sea fogs do not 
penetrate far into the fidrd and low-lying 
clowds are often dispersed by the heat from the 
land near the entrance. As a,result,  clear 
weather i% )more frequent and insolation and 
temperature are higher than in the  outer part. > .  

This phenomenon is aLeo true for the 
' . . ,  

Liefdefjord, where cases o f  non-penetration of 
fog and clouds from the sea were observed at 
8 0 %  of the days in July'and August 1990. An 
additional factor, which" probably exerts an 
important effect in producing these,climatic 
gradients (particularly in Liefdefjord) is the 
prevalence of fohn winds blowing down the 
Monacobreen, a mighty glacier calving at the 
head of the fiord. On the whole, the  climatic 
gradient is wn3m pronoun,ced in'the very long 
Isfjord than in the much shorter LieEdefjord. 

MS 

2.6/2.K 

3.1/3.3T 

4.2 /4 . lT 

6$[6.6"C* 

Table 1 shows the enormoue differences in 
global radiation, temperature and wind velocity 
owing to the pronounced gradient i n  

the Isfjord. 
continentality from the mouth to the head of 

Corresponding to this climatic gradient in 
both investigation. areas are, gradients" in 
vegetation which are also much more impressive 
in the Isfjord than in the Liefdefjord. It is a 
gradient in both, number of species and plant 
communities which i s  ahown for the Isfjord in 
Table 2. According to the climate four climatic 
and vegetation zones on flat areas  can be 
distinguished: 

1. moss and lichen dominatea zone: h t h e  
exterior coastal regions of Spitebergen 
influenced by the Gulf stream, the fog , .  . 

abundance and the number of overcast days ie 
very high (20 to 25 days in July). These less 
favourable climatic conditions durihg the ; 

summer  allow anly a few flowering plants to 
exist. Here more or less closed communities 
dominated by mosses, lichens and grass species 
seem t o  form the climax (moss and lichen 
heaths, cp. EUROLA, 1968) - 

2. Grass and herb mat zone: Further up the 
fiord and less exposed to the sea fog, climatic 
conditions become mote favourable and allow the 
occurrence of a relatively closed vegetatien 
cover richer in flowering plants. 

' .  . 

3. Dryas zone: The Dryas zone is situated $n 
the parts of the fiords protected from fog ty! 
certain extent. The most highly developed 
vegetation form in this area is a.dwarf-shrub 
heath o f  .mvaa octoaete+ 

. . ,  
4 ,:.,&adope zone: The inner f i o r d  areiae , 

where coastal fog occurs rarely, hiaths of 
LOP# t e traam ocour, provided that ddaphic 

and topographica~,con~~tiorrs are favorable. ' 

, .  I 

'. , , . 
/ , .  
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Table 2. Vegetation gradient in the lstjord  due to the climatic gradient with special reference to the cbaractcristic floristic structures 

Typical Dryadion 
communities 

Degree in vegetation cowr 
(vascular plants) 

Occurrence of Dryas oct. 

Occurrence of Cassiope 
letragona 

Vitality of dwarf shrubs 

/ .  

Propurlion of grass species 
to dwarf shrubs 

lstjord  Radio Barentaburg Longyearbyen barn iden  . ,  

Yolari- l'ctragonae- Tetrapnae- 
Dryadetum Dryadeturh Dryade,tum 

"50% 60.70% ', above 70% 
, .  , L i  ; 

rare  frequent very frequent 

missing frequent very frequent 
> . '  

wcak 

4: 1 

moderate 
to weak 

21. 

good to very Eood 
very E* 

1:2 1:3 

Diversity in vascular low 
plant species 

i \ ,  
. ,  

In  the I s f j o r d  ic .is posafble to trace  the 
gradual appearance of mssioae (Table 2) due to 

The plant  i s  missing in areas n e a r  tbe'fiord 
the existing  gradient in temperature  (Table 1). 

mouth. Further to  the,interior it forms 
extmsivo:-and luxuriant  heaths and is 
aixbmpani'ed by a flora of, increasing diversity. 
soma bf the attendent species occur e x c l u s i v e l y  
in these inner fiord areas, e.g. Emwetrum 
hermabhroditum, Rubus chamaemQ- (dwarf shrub 
and fresh,.moss heaths). others, such as Drvas 
wctoDetala, Absaecu-  ID 
m l i a n u m  and pediculari 

inus, gaBaver 
6 hisauB (dry moss 

heath) are-concentrated mainly in this part. In 
comparison, species which are more- concentrated 
i n  t h e  outer parts.of the fiord are rather 
rare, e . g .  &a a l ~ a ;  -a c 
moss-heath) and Ssxifr  aaa oewoaitifolia  which 

ernua ( d r y  

is much,mwre frequent and. reaches a higher 
cove r  here than in the interior parts of the 
fiord. The communities o f  prvas octog etala I- 

( W - D r v a d e t u m  , RuDestri-Drvadetu, polari- 
DrvaBetyIg and Tetranonae-Drvkdetum .- RdNN1Nts;:'- 
1965) are concentrated in t h e  "inland" areas. 
(Cp. EUROLA, 1968) e 

' A t  present C a s s b e  t e w u  n o a  forms 
communities of limited extent but SUMMERHAYES 
and .ELTON, (1928) assumed it would form.heaths 
if the  climate was slightly warmer. This 
richest type of vegetation,  also  characterized 
by species such a6 Rubus cham 

developed in the surroundings of Pyramiden (cp. 
Figure ,I). . Large. areas o f  the Ie f jord ,  are part 

. .  aemorus, V a c c u  and Betu la  nanq, seems to'be most 

of the & zone, a smaller part belo 
the very well  developed zone and on 
outer fiord belongs to 8.moss and lichen 
dominaked.tundra.  The border between the 
fiord,area  and less favorate areas  may be' 
located, ,in Colesbukta. L ,  I , , ,  

Nngs to 
ly the 

,inner 

middle -high to very high 
, ' v e r y  high ' 

, ,  

'Table 3. Altcralion OF significant ecDlogica1 lactors  due to an incrcasing latitude 
and the ellectr on vegetation 

Latitude 

sun angle (21.6.) 

radiation  (cal/cm2/min) 
on a plane surlace (21.6.) 

mean  July  air temp. 

snow4ree  areas 
mid-June (17.6.91) 

period of ' 
ground thawing 

thawing dcpth 

vegetation scason 

diversity in vascular 
plants 

hcigth of vegetation 

meun vcgctation cover 

vegetation pattern 

slrudurd  vegclahn " 

diversity 

plant productivity 

regencrdon polential 

lrrjnrd 1.ictdcljord 

r n A  - 79,T 

35.5 "c 33.5' 
1.16 --- 1,1 

6.3' -* 4,6' 

I . Irn% -.I- W-W% 
I .  

begin or June- 
end of August " 

mid-June- 
mid-August 

2.5 m - 1,8 m 

84dayt - 62 days 

,132 spccics - 102 species 
, ,  

q 3 0 c m  - lfi-lS(20)cm 

; :%3% , - 40.45% 

continous 'I- patchy. 
, 1: . 

high - medium . 

3-4 salix Icavcs 1-2 adix lcaws 
p e r  year 

higher - lower' 

- pc?r year 



ecological situation in the Liefdefjord is 
The climatic conditions and thus  the 

comparably less favourable than in the Isfjord 
because oF,Yts position about 200 km further 
north '(Table 3) a The vegetation cover  here is 

octowetalq (not as well developed as in the 
less dense and communities dominated by grvas 

Isfjord) are the climax. Caasiaae tetraaon 
confined'entirely to~the interior o f  the fiord 

a i s  

and even here it is not abundant and the 
individuals are not particularly luxuriant. The 
occurrence of Cassiove, even of 

102 plant, species, however, indicate 
advantageous meso- and microclimatic conditions 
in spite o f  the high latitude. 

at one place, and of additional 

There  are not only ecological gradients 
within the fiorda due to the degree of 
continentality but also north-south gradients 
in important ccological factors. Table 3 shows 
the alteration of significant ecolo9ical , 
factors due to an increasing latitude and t h d r  
effects on vegetation. 

A t  first sight the extramorainal areas of 
the Liefdefjard seem to be very homogeneoue 
wkthregard to vegetation and geomorphology. 
These patterns are primarily the result of the 
relations between water budget, microclimatic 
conditions, geomorphic processes and their 
influence on site stability over permafrost. 
The predominantly intact vegetation cover  seems 
to indicate this area i s  geomorphologically 
inactive. However, detailed analysis of soil 
profiles, rhizospheres and plant societies 
indicate widespread occurrence o f  solifluction 
under vegetation cover, 

The distribution of particular plants, 
especially Dmis octowetalq and Silene  a 
seems to b e m a  reliable indicator o f  the 

caul 1s 

presence ( m e n e  acaulis) or predominant 
absence (prvas octowetala) of surficial 
solifluction processes (especially frost 
creep). Investigation of vegetation and Soils 
in the Liefdefjord and the adjacent Bockfjord 
showed that Drvaa i s  not competitive on poorly 
drained soils with pronounced surficial 
solifluction. The plant poseeses a strwng main 
root up to 0.3 m long which can be separated by 
the shear stress between upper and lower 
horizons during solifluction or by shearing 
over stones and stone flakes (cp. Figure 2). 
This phenomenon was evident in more than YO  
p i t s  exposing the root system of DrYas, which 
seemingly,died out without causb. 

In contrast, sites of active solifluction in 
the research area can be recognized at high 
numbers and intensive regrowth of Silene 
a c a u l i s .  The ability of this arctic-alpine 
radial cushion plant to discard the main root 
every two years ( H E G I ,  1979) makes it very 
competitive on unstable ground. In addition the 
studies in Liefdefjord showed that Silene 
acaulis does not even form a  true main root but 
only a fine but dense and shallow root net. So 
t,he cushion can move with the upper few 
centimeters of the soil without suffering 
damage. With sufficient water saturation 
solifluction starts on gradients of I' as 

microsolifluction (TROLL, 1944) Clearly visible 
miniature solifluction lobe# with  a  diameter o f  
a few centimeters or tans &_centimeters I , 
appeared on slopes greater than 5 ' .  
Characteristic of the visiblj act ive zone i s  a0 

wr poa arctica, w e c u r u s  a l D b  
increasing dominance Qf giasSy,species  (m 
Oxvria diu= and polvaanum u i y w  (beeldea 
Silene acau ) .  Cassiowe tetras- shrubs also 
seem to be %e to survive soil sliding or flow 
without suffering serious damage. 

. I  
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a 1 to 0 cm thick layer of blackish-brqWil 
organic material with dark brown firie 
grained, slightly -loamy substrate 

al buried organic material , - .  

b brown, slightly loamy substrate with a 
percentage of gravels and stones of about 
15 Vol% 

. ' !  1. 

c greyish-brown, slightSy loamy substrate; - ' 
soil pores filled with water; more tnan" 
8 0  Vol% gravels-'and stones 

d boulders of a diameter of about 50 cm 
rather no fine grained substrate 

Figure 2. Separation of the strong main $.oat of 
Dryas octopetala at sites with solifluckion 
under vegetation (Liefdefjord). The  main root 
of the plant .has been cut at a depth of: 3, .fa 
4 ~ m .  only the unfrozen horizons  a and b,qre 
moving. The drawing is made after a . , 
photograph takeh in summer 1990 and,displaya 
a very typical situation. 



Microclimate and soil type 'are essent'ial '. 
factors contrdling solifluction. The . infl ,Uen~e 
of both factors is particularly evidant"aq a 
SsW-facing 10' sZope in Liefdefjord "with 
substrates, consisting , o f  silty sand to sandy', 
loam, The jelatively high suminar tempera$,urei 
(sdil temperatures of 23: wexe fkequent dyr;:ng 

deep despicatibn of @q.":s,ubstTate during the 
summer 1990) and the qqqd drainaqe reeult,e&  $n 

summer. A s  a result ground ice~fommation and, 
frost action are reducid during the'winter. 
Even  at  a  aepth of 4 0  - 45 cm the  substrate was 
moderately dry. Due to  the lack of water, 
solifluidal processes are reduced even at high 
slope angles. Among comparable soil conditions, 
there  seems to be a gradient in solifluction 
activity in extramorainal areas from the outer 
parts of the fiords to the inner parts. This 
phenomenon could be traced particularly well in 
the Isrjord. However, this gradient has no 
validity for intramorainal areas where 
intensive thermal erosion (increased by high 
radiation and temperatures) is the dominant 
ecologic and geomorphic process (KING & 
SCHMITT, 1993) + '  

" ,  

At present it is not possible to accurately 
predict what arctic climate changes will result 
from global changes (BLISS b MATVEYEVA, 1991). 
Global  models predict that winter temperatures 
will  rise  more  than Bummer temperatures (GAMMON 
et al., 1985). This assumption has already been 
true for the past secular temperature  changes 
which  have been more pronounced in Gpitsbergeh 
than in north-west Europe (HESSELBERG h 
BIRKELAND, 1940). In Spitsbergen, the increase 
in the mean annual temperature in about 50 
years ha6 been calculated to be 2 - 3" C. This 
has  been mainly due to an increase in the 
winter  temperature which has  risen up by about 
5' C .  The temperature increase in July as the 
warmest month has been insignificant. Because 
the summer  temperature is by far the most 
important climatic factor €or the plant growth 
in Spitsbergen  the change that has  taken place 
has scarcely had such a great effect on the 
vegetation as one might expect judging from the 
rise of the mean annual temperature (H~EG, 
1956) 

If the prediction o f  MAXWELL (1991) comes 
true and the mean annual temperature'increase 
in the Arctic is about 3' or 4' C and winter 
temperatures rise about 7' to 9" C, the summer 
warming .will  be significant and will have 
important effects m the arctic ecology. Then, 
the following alterations in the arctic 
environment of Spitsbergen are imaginable: 

1. In the near future the  greatest  changes 
probably will occur in processes related to 
permafrost (MAXWELL, 1991). These will be 
indirect changes resulting from an increase in 
.the active layer thickness. It i s  expected that 
these short-term effects of a  climatic warming 
difgey widely from intramorainal to 
exttambrainal sites: ' 
Geomornholoaicallv intrlmorainal ar- are 
character,ized by a'Widespread thermal erosion 
today (KING', 1993) which may certainly be 
enhanced by a future warming. Codkequently 

substrate instability will be intensified ,ko 
that no ecological development can tax@ Glade - 
in contrast a degeneration of the prssdnf; ' 

weakly developed ecosystems will be promoted by 
an increase in radiation and tempereturi. 
In areas increasing temperatures 
will immediately favour plant growth, plant 
survival, the development of a more dense and 
continuous vegetation cover (as the ecoldgical 
gradients, of twday show us). As a result'of 
improved conditions  for plant growth, 
vegetation will. be enabled to retard and 
minimize erosion associated with the melting of 
ground ice.  At the same  time higher 
temperatures will also increase the maturity 
degree and the differentiation of the scarcely 
developed soil profiles. 

2. As a longterm effect,  a partial 
displacement, o f  the inner arctic zonation (Low, 
Middle and High Arctic) with their structural 
characteristics towards north is to bo expected 
because t'floristic zones are correlated with 
the amount o f  6umer warmth to the paint that 
other ecological factors are ineignificant in 
comparisontt (YOUNG, 1971 in BILLINGS, 1991). In 
the case of Spitsbergen as  a high arctic area 
those will be a displacement of vegetation 
zones along the described gradients with an 
extention of warm-loving Cassime Vet- and 
D ryas o c t Q D e t a  communities. , .  

3. In the Nost favourable'areas of 
Spitsbergen (inner fiord areas), the vegetation 
cover will experience incisive structural and 
floristic changes. &q&&run hermavhroditum 
which presently occurs to a limited extent will 
form true heaths if the climatic conditions 
improve. The occurrence of plants such as 
e u a  u s chamae 6 and'V " d m 

~ ~ a ~ n o ~ ~ ~ o ~ e k r  with %%nurq sp%f? 
(SUMMERHAYES b ELTON, 1928) indicates that a 
relatively slight' amelioration o f  the present 
climate would produde tundra vegetation of the 
typical subarctic'type, here. 

The fina1,extent eo which climatic changes  will 
affect these pernla'rrwnt environments depends on 
the physiolwgioer -reactions of arctic wildlife 
to a  changing climate and even more than this 
on the nature' o f  feedbacks coupling Vegetation, 
substrate stability and geomorphological 
processes (see CHAPIN, 1991) . 

, ,. 
, .  
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Correct Use of the Segregation  Potential  Concept ' ' 

, ,  

for,Two-Dimensional Frost Heave  Simulat,ion 

Mu Shen and J.-M.Konrad 
1 .  

.. . , . . , .  
. ,  , ,  

Dept. of Civil Engineering, 'Laval'University, Quebec, PQ, G1K 7P4, Canada 

The  segregation  potential of a soil can be used as an input to predict the  moisture  content  increase 
. , due tb ice  lens  ,growth  during fteezing. It is an efficient  phenomknological  parameter  that can readily 

, '  ., be used in a two-dimensional  numerical  simulating  heat and mass transfer  model. 
, ,  This paper  discusses  modifications to conventional  heat  flow models in order to determine  the 

temperature  gradient  in  the  frozen  fringe with sufficient  accuracy and without  oscillations  despite 
spatial discretization. A new techgique~for  calculating the mmpmakure  gradient  in  the  frozen  fringe 
has  proven to be a  satisfactory  approach for applying  correctly  the SP functions  to soil freezing. This 
technique is especially  applicable for soils characterized by sharp transitidns between  the  unfrozen 
and frozen state. 

INTRODUCTION 

Konrad and Morgenstern (1980,1981,1982) introduced the 
segregation potential, SP. to characterize freezing in fine- 
grained soils, and  showed  that this concept is very useful 
for  engineering  predictions.  According to the Konmd- 
Margenstern SP theory,  frost  heave  results  from two 
components:  the  water  transported to the  frost  front  to 
form ice  lenses,  and the in situ  freezing of the pore water. 
The water  intake flux to the active  ice  lens is proportional 
to the temperature  gradient in the  frozen  fringe 

v = SP -gradT (1) 

where Y is the  velocity of water  intake (mls), grudT is the 
temperature  gradient  in  the frozen fringe (Wm), and SP is 
the segregation  potential (d/*C.s), which  can be 
determined  from labommy  freezing tests. A detailed 
procedure for experimental  determination of the  segregation 
potential  has been described by Komd (1987). Konrad 
and  Morgenstern  (1982)  established  that  the segregation 
potential of a given freezing soil decreases with increasing 
applied  pressure as follows 

SP = SP;e "a (2) 

where SP,, is the value  of SP obtained for zero  applied 
pressure, a,, is the stress normal to frost  front, and a is a 
soil's  constant.  The SP frost heave  model  in its  simplest 
form only  requites a precise  knowledge of the  temperature 
gradient in the  frozen iiinge. In recent years, the 

. .  

segregation potential  concept has been  successfully  applied 
for preQicting frost  heaving  .from chilled pipelines and 
anificial ground  freezing in onedimensional cases (Nixon, 
1982;. Konrsrd and  Morgenstem, 1984). However, 
calculations of the adequate temperature  gradient  and  the 
stress-heave  interaction in  two-dimensional cases are much 
more  complex  than in onedimensional cases. The  thermal 
analysis by Konrad and  Morgenstern (1984) for  predicting 
frost heave around chilled buried pipelines  was  based  on a 
one-dimensional, axially symmetrical finite difference 
method. This implied  that  the  thermal effects from the 
graund surface were not taken into  account  with this 
approach. Nixon (1986) developed a- two-dimensional 
thermal simulator  incorporated with the SP concept. In this 
simulator, the temperature  gradient and position  of  active 
lensing  were  obtained  by  using a quadratic fit to the 
temperatures  in  the  elements  adjacent to the  frost  front. 
However. this method is limited to  the case where  the frost 
front is approximately  orthogonal to the grid  lines of the 
rectangular mesh. Coutts (1991) used  the  control  volume 
finite  element  method (CVFEM) incorporated  with  the SP 
concept  to  simulate the temperature and stress fields in 
freezing  soil  around a chilled  pipeline.  Because  of the 
spatial  discretization,  the  calculated  temperature  gradient 
in this  numerical  model  oscillates  with  time. To reduce  the 
amplitude  of  oscillations,  Coutts (1991) proposed that the 
temperature  gradients used to  calculate  the  water  intake 
should be determined  at  the  isotherm of the coldest 
temperature in the phase  change  range.  Obviously, this 
approach  may  not  eliminate  completely the oscillations, but 
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reduce  thair amplitudes. 

This paper de&ih::, : a numerical  technique  for  de&rmining 
the temperiltiue grdiknt in the frozen fringe with  sufficient 
accuracy and  &Yit?l;:,:lt oscillation. 

- ~ N ; Q &  = o 

0U"I'LINE &-THE THERMAL MODEL ' , 

where A designates the spatial domain, and S is its 
The basic heat transfer quation in a frcezing soil is lx~undary with nomal direction n, The finite element 
governed by $.he following partial  differential equation disCretizatiw1 is accomplished using triangular elements. 

The  unknown  function T can be approximated  throughout 
aH 
-x - V*(XVT) - Q = 0 (3) the  solotion  domain at any time t by the  relationship 

where H denotes h e  enthalpy per unit  volume ( h i ' ) ,  h is 
the thermal  conductivity (WlmOC), Tis the  soil  temperature 
(00, t is  time (s)~ and Q is the  internal heat source (Wlm'). 
Convection  within  the soil is  neglected,  since  the 
cwductive components are often 2 or ~3 orders of 
magnitude greater than the convective  components  (Nixon, 
1975). 

Alternatively,  eqn.(3)  can be expressed as 

where is c' an apparent  heat  capacity,  defined as 

-dH C = -  I<. (5 )  
dr 

Bawina et al. (1973) assumed that  latent h M  during 
phase  change is released over a very narrow temperature 
range, T2 - TI  (TI Tf < Tz). It has ibeerl t,found. that. 
numerical results .are sensitive to the;wlcct.ion and 
irnp!ernentation of the T2 - TI interval, Instead, 0,'Neill 
(1983) srlggested  that the phase change occurs at a discrete 
temperature. Tr, without any artificial  spreading of the 
phase front, i.e. 

c" = C + LJCT - Tf) (6) 

where L denotes the latent  heal of lusion,ypar unil volume 
of the soil (,I/&), and 6 is the Dirac delta function. 

FINITE ELEMENT PROCEDUIZE 

Using. the Gderkin finite element  method, one multiplies 
the,,governing equation (4) by a weighting  function Ni and 
integrates  over  the  whole  domain 

. \, ~ 

where T,(t) are nodal temperatures to be determined, and Nj 
we interpolation functions, which are chosen to be identical 
to the  weighting  functions.  Substituting  the  approximation 
(8) in (7) provides N equations for solving N unknown 
nodal temperatures Ti. once the boundary conditions &ve 
been applied . I .  I I: 

I .  r h r l v )  + CKIIT) = V I  (9) " 

where 

The  greatest  difficulty in solving  latent  heat. ~,f,rScts is the 
evaluztion of matrix N, which contains the integral of the 
apparen!, heat capacity. B'Neill : (19831, pmps41d an 
arslrclach fqr obtaining the  matrix [NJ asmiaterr with .the 
6 function in the 'heat capacity 

[N1 = sCNiNjdxdy  A +LJNiNiS(T-l;ju!xdy A (10) 

Tk : second €em of the  right hand side in qn.( lO) is 
mmero only when, an element  contains the Tf isotherm. 
!Jsing two-dimensiyal lin&rriangular finite clemcnts, the 
temperature  gradienf, ,in, each c@nent is constant, and all 
~ S Q ~ ~ ~ I T I I S  in  the elerngpt are patal~. HOWCVW, Consitferiqg 
a yew coordinate  system (i';,y'> for each element, in, &ich 
x' is perpendicular  to the T ,  isotherm and y' extqnds along 
this isotherm,  the  temperature  distribption faction, T,  cam 
then be expressed  to be only  a function of x' 
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Applying  the  characteristics of 6 function,  the  integral 
including latent heat may be lransfmed as 

Y: 

where the subscripts i and 2 are  two  intersection points of 
the T, isotherm with two of the three element  sides.  The 
above integral is then evaluaed approximately by using 
Simpson’s rule. In  phase  change  elements.  thermophysical 
properties h. and C are evaluated from the  weighted  area 
method. This procedure provides a latent heat contribution 
to  the  matrix N, after  which  one may proceed as usual. 

Because  the  thermophysical  properties are related to 
temperature,  the system of differential  equations (9) is 
nonlinear  and an iterative  procedure is normally  required to 
upgrade  the  estimate of N and [K] at each  time  step. 
However. these coefficients  may also be evaluated using 
the tempratwe distribution of the  previous  time  step 
without  iteration.  Evidently,  some errors are introduced as 
compared with a solution  obtained by a  fully  iterative 
pracedm, but  these errors are of the  same  nature as the 
qPcption errors in any finite  difference  procedure  and 
hence can be reduced  to an acceptable  level by using 
relatively  small time steps during the  period of rapidly- 
changing  temperature. 

SINGULARITY IN THE TEMPERATURE GRADIENT 

The  gmdient  used in the SP concept  (eqn.(l)) for water 
intake  velocity  to  the  frost  front  is the temperature  gradient 
in the  frozen soil nearest  to  .the T, isotherm.  Because of the 
discontinuity in temperature  gradients at the  frozen- 
unfrozen interface, the temperature gradient within an 
individual  heaving  element, as determined from q n . (  11). 
does not vary monotonically with time, as it would in a real 
system, but instead  oscillates.  This  phenomenon  occurs in 

all fixed-mesh  finite  element  models. To illustrate this 
phenomenon, a one-dimensional thermal simulation with 
phase  change was performed on a soil column  discretized 
using  two-dimensional  triangular  elements.  The soil column 
was 2m high,  and tho top  boundary  temperature was held 
at -2°C. The bottom and sides of the  column  were  specified 
as zero-flux  boundaries.  The  temperature  gradient of the 
element  containing the Tf = 0°C isotherm varying with time 
was presented by the dotted line 2 in Figure (1). 

i Bypropo88rnethcd , 
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Figure  1: Comparison of temperature gradients 
calculated by using different  methods. 

As seen in this figure, the temperature gradient  at  phase 
change  elements fluctuates significantly. This arises from 
the fact that when  the frost front crosses an element 
boundary,  the  resulting  tempemture  gradient is an average 
of the temperature gradients in the frozen and  unfrozen 
portions of the element. As the frost  front  progresses 
through the element,  the  temperature  gradient  increases 
since the area of the  frozen podiaq increases, This 
continues until the Tf isotherm crosses the  next  element 
boundary. Then, the  temperature  gradient  suddenly drops, 
bemuse the  frozen area in the “new” element becomes 
much less than in the “old element. 

To avoid oscillations of the  temperature  gradient  used in 
the SP concept during  computations,  the temperature 
gradient  should be determined from a completely  frozen 
element  adjacent the frost front. This  can be done by using 
a locally moving  mesh  technique as illustrated  in  Figure 
(2). Consider that the  frost front intersects the shaded 
trimg1.11~  element JE at points 1 and 2 as shown.  From the 
mid  point  of  segment 1-2. an  orthogonal  line, A 8 ,  is 
drawn. All the triangular elements  having a common  node 
with the  shaded  element JE are  searched  (elements E l  to 
E12 as shown). From these elements, the nodes  which are 
in the frozen m e s  (nodes ki to kd) are searched and 



in 
, .  

F i g 7  2: Illustratioq2  of  the  proposed  method. 
8 .  

, .  

stored.  The  node wilh the  shortest distance normal to the 
line A-B (node LJ) is' se~ected. A tkmporary  triangular 
element  joined by points 1 . 2  and R2 is now created, from 
which the temperature  gradient  in  the  frozen  side  the 
frost  front  segment 1-2 catl be determined by using 
eqn,(ll). This  gradient  is  then used EO calculate  water 
intake flux v to the  heaving  element JE (shaded) from  the 
SP function. 

CALCULATION OF THE FROST HEAVE 

Frost heave in a freezing  soil usually has two  components, 
in-situ  heave and segregational heave. For heaving  element, 
J E  (shaded  element as shown in Figure (2), the total 
volumetric  strain  increment, d ~ " ,  in a particular  time s t q ~  is 

where dEi; and d~,' are the  element  volumetric  strain 
increments  due to in-situ  heave  and  segregational  heave, 
respectively. The in-situ  expansion in the element is caused 
by freezing  and  expansion of the pore water in  the soil, 
given by 

where AVi; is the element  volumetric  .expansion  increment 
due to the in-situ  heave, V is the total volume  of  the 
element, p,., pw are  densities  of the ice and  water, 
respectively, W,, W, are initial water conlent  and  unfrozen 
water  contcnt,  respectively, pd is the dry density  of the soil, 

5 5 3  

and Ax is the  change in the proportional of the fractional 
area frozen in the element over the time step. 

With  the frost  front  position  given by the  ,temperature 
solution for the time smp. the temperature gradient 
determined by using the proposed technique. and the length 
of the segregational freezing  front  isother'rn 1, in the element 
(length of the segment 1-2 &~\yn in Figm (2)), may be 
used  to  calculate  the  volumetric smin incretrient  due to the 
segregatimal  heave using the SP function 

,*, . , 

where AV, is the element  volumetric  expansion  increment 
due to the segregational  heave, A' is the element area, At is 
the  time step, and v is the  water  intake flux to the heaving 
element  obtained by using the eqn.(2). 

For the case of  plane strain. the  initial strain is  affected 
by the  elastic  constants. The element  isotropic  volumetric 
heave slrain increment may be written as 

1.1 

6 

where p is the Poisson's ratio. More  detail  on  the 
mechanical  finite  element  procedure  will appear in an , . 
upcoming paper, where  anisotropic  heave  is also discussed." ' , 

* 

NUMERICAL EXAMPLES 

The  accuracy of the numerical  thermal  model has ,been 
verified  against  the results of Neumann  solution for 8 one- 
dimensional  freezing  problem  using the twodimensicma€ 
triangular finite  elements.  The  region  considered is initially 
unfrozen at a 1°C and the freezing  temperature  is  taken as 

V 

x 4  , t ,  x = l  
, .  

,Figure 3: Finite  element mesh 1-D frekzing probid. ' 
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0°C. The  finite  element m$sh used is shown  in  Figure (3): 
The following  parameter  valu& ark ukd in this rnuineAcal'.. 
test 

y ~ I d , * > O  = - I T  
?bf= 1.22 X" = 1.09 WlmOC 
C,= 2.07 C,, = 2.5 M J l d  
L = 75.42 M J I d  

The progrw of the frost penetration  is  compared with the 
Neumann  salution' in Figure (4). As shown in , t h i s  figure, I .  

,' 

Time. hours 

Figure 4: Cornparisan between calculated  and  analytical 
(Neumann) frost penetration. 

the numerical  result agrees well with the  analytic  solution. 
Figure (1) shows  the temperature gradients for calculating 
water intake flux to the beaving element  varying  with  time, 
using three different methods. The dotted line 3 in this 
figure presents  the  analytic  solution of the  temperature 
gradient  in  frozen  zone,  which is obtained by using the 
exact  location  of  the  frost  front incorporated with the linear 
temperature  profile  in from zone. The solid line 1 shows 
the temperature gradient in the  frozen soil close to the frost 
front calculated using  the pmpased technique. The precision 
of the  aurherical  results  based  on the proposed method is 
shown to be quite  satisfactory  when compared with the 
analytical solution. 

The model has been used to simulate &he first  phase of the 
Canada-France pipeline  ground  freezing  experiment 
described by Williams (1983). In this  experiment,  the 
temperature of the pipe was held  constant  at -2"C, and  the 
temperature of the ground surface was at 4.75'C. The 
initial  temperature  was 4OC and the moisture content  was 
40% (m'ltd). A SP, value of 145x10' ( d l " C . s )  was 
selected, and the parametw a in the eqn.(2) was given as 
2.0 (Mi%') (Coutts, 1991). ~n this numerical ta t ,  we have 
only considered an extreme  pipe-confinement case in  which 

,)' I ! 

the pipe is assumed to be free floating. , 

Figure (5) and (6) show  the  simulated  isotherms and the 
moisture  content after 6OOO hours, respectively. Ftom these 
two figures,, it i s  found that a significant moisture 
accumulation accurs below  the pipe and behind the 
advancing  freezing  front. MOA detail on the mkhanicd 
model and simulation results will be presented in a 
subseqwnt.paixr, because of the limitation of space. 

CONCLUSION 

Most  of the two-dimensional  thermal  models use a fixed 
finite  element mesh and  simulate  fairly  well  the  location of 
the  frost h n t .  However, the fixed ' firhe element  mesh 
leads to oscillations  in  temperature  gradient  in  the  phase 
change  element,  which in turn may  lead to oscillations in 
frost  heave  computations if SF concept is used. A new" 
approach  for  determining  the tempratuq gradient in the 
frozen fringe  .without  oscillations  due  to spatial 
discretization h e  'bi: described. This technique was used to. 
calculate t h e ' ~ ~ p r a t u r e  gradient in the froZen soil  near'the 
frost  front for dohedimensional  freezing problem using a 
two-dimensional  mesh.  It was established  that the numerical 
results agree well  with the analytic solution. 
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A model f o r  m o i s t u r e .   m i i r a t i o n  d u r i n g  s o i l  f r e e z i n g  i s  propoSed.   According tu 
t h e   m o d e l ,   r h e   m o i s t u r e   m i g r a t i . o n   i n   f r e e z i n g   E r i n g e  c a n  be d e t e r m i n e d   t h r o u g h  
i n t r o d u c i n g  t h e  c o n c e p t  o f  m i g r a t i o n   p o t e n t i a l  Mp ( e x t e n d e d   s e g r e g a t i u n  p o t e n -  
t i a l )  which  can Ire g i v e n  b y  t e s t s .  The u n c e r t a i n t y  c a n  be avoided  f o r  e s t i m a t i n g  
t h e   h y d r a u l i c   c o n d u c t i ( r e " t y   w ? t h i r l   f r e e z i n g  f r i n g e  $111 g e n e r a l  models. E x p c r i m e n t , a l  
method o f  mrgrat i .011  potant . ia$ ; s  givel i ."  , 

e INTHOUIJCTION 

When a column of  s o i l   f r e e z e s  f,r;pm c p L d  s i d e  ' 

t o  warm s i d e ,   t h e   m o i s t u r e   m i g r a t T h h   b c c u i s ,  a n d  
t h e  mois tur -e  f i e l d  r e d i s t r i b u t e s .   B o t h   t h e o r y  
i ~ n d  p r a c t i c e   p r o v e   t h a t   m o i . s t u r c   m i g r a t i o n  
o c c u r s   m a i n l y  in f r e e z i n g  f r i n g e ,  and t h e  allluunt 
of  t h e  m i g r a t i o n   d e p e n d s  o n  t e m p e r a t u r e  g r a d i e n t ,  
moisture c o n t e n t   a n d   s o i l   p r . o p a r t i e s .  Many math- 
ematical   models  have  been  proposed.  The  model 
f o r  coup led   hea t  o n d  m o i s t u r e  I s  p r e s e n t e d  b y  
Har lan  ( 1 9 7 3 )  i n  w h i c h  m o i s t u r e   m i g r a t i o n  i s  
c a l c u l a t e d ,   t h r o u g h   i n t r o d u c i n g   D a r c y ' s   l a w   i n t o  
f r o z e n   s o i l .  The t h e o r y  of s e g r e g a t i o n   p o t e n t i a l  
( S p )  ( K o n a r d  and  Morgens te rn ,  1 9 8 1 )  s i m p l y  cl'e- 
t e r m i n e s  t h e   m o i s t u r e   m i g r a t i o n   d u r i n g   t h e  for- 
mation of t h e   f i n a l   i c e   l e n s .  I n  t h i s  p a p e r ,  t h e   F i g u r e  1. Schemat ic  ~ I i a g r a n ~  o f  f r e e z i n g  so i l  
c o n c e p t  of S p  is extended  to f r e e z i n g  soil and 
renamed a s  m i g r a t i o n   p o t e n t i a l  (Mp). Combining 
Mp and Nurlan ' s   model .  a new mathemat ica l   model  

s o I l .  The m o i s t u r e  e q u a t i o n  combining   Uarcy ' s  

f o r  d e t e r m i n i n g   t h e   m o i s t u r e   f i e l d  is proposed , '  r ,  . h i ~ $ , & s  law 1 s  as f u l l o w :  
],sw th Clapeyron  e q u a t i a n  i s  t h e  most common. 

d u r i n g  s o i l  f r e e z i n g .  The r e l a t i o n   b e t w e e n  M p  
and t h e  p e n e t r a t i o n   r a t e  i s  o b t a i n e d  i n  ope11 
s y s t e m .  

u n f r o z e n  z o I ~ e  

frost I i ne  
f r e e z i n g   f r i n g e  

f r o z e n   z o n e  

co1.d s i d e  

, ,  :ti>< ' .a. . 
' !  .. v = K 9  

ax ( 1 )  

G E N E R A L  MATHEMATICAL MDgELS 
Where: V - t h e  r a t u o f  mjgr t l t ion  ( c m / s )  

K - m o i s t u r e   c o n d u c t i v i ~ y  (cm/m)  
_ I  I '.- \b - soil wate r   po t ' cn t i a l  ( c - n r )  

According L O  t h e  law o f  m o i s t u r e  mfp-ra . t ion ,  
a column u f  s o i l  c a n  be d i v i d e d  i n t o   t h r e e  zunes r'  , ' Base({ on t h e   c a l c u l a t i o n  of soil water  ~ O L ~ I I -  
(shown in F i g u r e  I): u n f r o z e n   z o n e ,   f r e e z i n g  t i e l ,  we g e t :  
f r i n g e  and   f rozen   zone .  I n  u n f r o z e n   z o n e , , t h e r e  
does n o t   e x i s t   i c e ,   t h e   m o i s t u r e   d i s t r i b u t i u n  ? s  , I L = p w + x  
d e f i n e d  b y  t h e  soil w a t e r   p o t e n t i a l .   F r e e z i n g  . ',: 

f r i n g e  is  P impor tan t   zone  f o r  m i g r a t i o n ,   h e r e ,  ' P w  i s  t h e   w a t e r   p r e s s u r e .  Su t h a t :  
a l l h o u g h  i t  i s  t h i n .  The m o i s t u r e   m i g r a t i o n  is 
m a i n l y   c o n t r o l l e d  b y  Lhc z o n e .  That  i u  t h e  most  
i n t e n s e   z o n e  among the  t h r e e   z o n e   d u r i n g   f r e e z -  
i n g .  I n  f r o z e n   z o n e ,  soi .1  h a v e  been   comple te ly  

l y  s t e a d y .  The  amount o f  t h e  moisture migrption , K - =  a e  D ( L )  
i s  very l e s s ,  

t o   c a l c u l a t e   t h e   m o i s t u r e   m i g r a t i o n  i n  f r e e z i n g   c o n t e n t  

x - c o o r d i n a t e ,  ( ,FP)  

'. 
I .* 

. ,. 
, >., ( 2 )  

_ I  

a x .  ax  
*=.&!E! ( 3 )  

. .f~,gzcrt. the s t r u c t u r e  of  t h e  soil i s  c y y y a r t i v e -  L3P 
. 8 . I_  . : r j  ! 'I 

M a n y  mathemat ica l   models   have   been  p r o p u s c d  wllere, 11 i s  d i f f ~ ~ s i v i t y ,  ( c m ' / y ) ,  e i s  moist.urc 
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I n  f roze11  zone  and  f reezing f r i n g ,  t h e  
C l u p e I  L U I I  equtr t ion  iu   axpreyt ied Y Y :  

Where: P i  - i c e   p r e s s u r e  
L - l a t e n t  h e a t  

T - t e m p e r a t u r e  
T k  - a b s o l u t e   t e m p e r a t u r e  

%*pi-- d e n s i t y  o f  waI;cr antl i .ce,  reupecnively. 
1f p i = ( ) ,  and t h e   d a r c y ' s   l a w  i s  s t i l l   c o r r e c t ,  
s u b s t i r u r i o g   e q u a t i o n  ( 2 )  and ( 5 )  i n t o   e q u a t i o n  
( I )  y - i e l d s :  

I t  i s  d i f f i c u l t   t o  dc!ter-mlne t h e   m o i s t u r e  
c o n d u c t i v i t y  i n  t he   E rozen  a n d  f r e e z i n g  soj.1 b y  
e x p e r i m e n t .  I n  o r d e r  t o  c a r r y   o u t   n u m e r i c a l  
s i m u l a t i o n ,   i t  I s  o f t e n   a s s u m e d   t h a t   t h e  m o i s -  
L u r e   c o n d u c t i v i t y  i s  a f u n c t i o n  o f  m o i s t u r e  
c o n t e n t  or t e m p e r a t u r e  i n  some models. The 
e f f e c t  o f  t h e  m o i s t u r e   c o n d u c t i v i t y  on  t h e  c a l -  
c u l a t i o n  is s m a l l   f o r   t h e  f r o z e n  zone  because o f  
i t s  s t e a d y   ~ t r u c t u r e .  However ,   the   assumption 
h a s  a g r e a t   i n F l u e n c e  o n  t h e  c a l c u l a t i o n  f o r  
f r e e z i n g   f r i n g e ,   b e c a u s e  t h e  u n f r o z e n   m o i s t u r e  
c o n t e n t   h a s  a r a p i d   d e c r e a s e s   a n d   t h e   d e c r e a s i n g  
p r o c e s s   c a n ' t   b e   d e t e r m i n e d  b y  e x p e r i m e n t . T h e r e -  
f o r e ,  I t  t he   a s sumpt ion   K=f (B)   o r  K = f ( ' l ' )  ismused 
to c a 1 c u l a t . e   m o i s t u r e   f i e l d ,   t h e r e  would  be a 
l e s s   r e l i a b i l i t y ,  and t h e   a c c u r e c y  of the model 
i s  d o u b t a b l e .  

MlGRATION POTENTIAL MODEL 

S e g r a R a t i u n   P o t e n t i a l  
I n  o r d e r  t o  a v o i d   he u n c e r t a i n t y  and s e n s i - '  

t i v i t y  o f  t h c   m o i s t u r e   c o n d u c t i v i t y ,  a s i m p l e  
method I S  proposed c o  p r e d i c t   t h e  f r o s t  heave  b y  
Konared  and  Morgenstern ( 1 9 8 1 ) .  Xt i s  p o i n t e d  
o u t   t h a t   i n o i s t u r e   m i g r a t i u n  r ~ t , e  ( V )  i s  i n  
i n v e r s e   p r o p o r t i o n  t u  the t e m p e r a t u r e   g r a d i e n t  
( G r )  i n  f r e e z i n g   f r i n g e   d u r i n g   t h e   f o r m a t i o n  of 
f i n a l   i c e   l e n s ,  a n d  t h e   p r o p o r t i p n a l   c o e f f i c i e n t  
is d e f i n e d  a s  s e g r e g a t i o n   p o t e n t i a l  ( S p ) ,  t h a t  
is : 

V 5 Sp Gr ( 7 )  

'The p r o l e s s  u f  the  f o r m a t i o n  of i c e  l e n s   c a n  
be c o n s i d e r e d   a s  a s ~ e a d y   p r o c e s s .  W h e n  t h e  
boundary   condi t ion  i s  c o n s t a n t ,   t h e   s e g r e g a t i o n  

t i o n  ( 7 ) .  moisture   migrat . imn c a n  be o b t a i n e d  
p o t e n t i a l  i s  p ro 'x ima te ly   cons t an t .   Us ing   equa -  

a f t e r '  S p  is d e t e r m i n e d .  

M i g r a t i o n  P o t e n t i a l  Model. 
S e R r e a a t i o n  ~ o t e n t i a l  i s  c o n s t a n t   o n l y  in - ._ 

s ~ e n d y  p r u c r s s .  When s o i l  f r e c r e s  r . o u t i n u o u ~ 1  y ,  
Sp i s  o h v i o u s i y   c h a n g e a b l e .  The  changes o f  
p e n e t r a t i o ~ ~   r a t e ,   m o i s t u r e   d i s t r i b u t i o n  o f  U L I -  
Froxen zone a n d  o v e r b u r d e n   c e r t a i n l y   e f f e c t e d  
the   change  u f  S p .  a n d  t h e  c o n c e p t  of  s e g r e g a t i o n  
i s  n o t  s u i t a b l e ,   a t  t h i s  moment. I n  o r d e r   t o  
p r e d i c t  t h e   m o i s t u r e   m i g r a t i o n  u n d e r  nons teady  
c o n d j  t i o n .  t he   concep t .  o f  m i g r n t f o n   p o t c n t i o l  

i i s  proposed 
( M )  i s  s t i l l  
c i c n t   i s  n o t  

T I 1  e f u n c t i o  II 
I r ra t iou  r a t e  

V - M  P 

n t he   pape r .   Assuming   t ha t   equa t ion  
corrccl, t h e   y r o p o r t i u n a l  c o e f f i -  
a c o n s t a n t ,   b u t  a f u n c t i o n  of  p e n e -  

Imois ture   conten t   and   overburden .  
is e x p r e s s e d  B S  tollow: 

( 8 )  

where: V+ - p e n e t r a t i o n   r a t e ,   ( c m / h r . )  
POV-  ovcrburdcn  ( K p a )  

r i a l  - M p .  U s i n g  equal . ion  (8), t h e   m o i s t u r e  
m i g r a t i o n  i n  f r e e z i n g   f r i n g e  c a n  be e x p r e s s e d  
d u r i n g   d y n a m i c   f r e e z i n g .  C o m b i r r i n g  e q u a t i o n  ( 3 ) ,  
( 6 )  and (El), t h e   m o i s t u r e  f i e l d  o f  t h e   t h r e e  
zone  o f  f r e e z i n g  s o i l  i.s d e t e f m i n e d ,  

T h e  f u n c t i o n  i s  d e f i n e d  a s   m i g r a t i o n   p o t e n -  

P r e l i m i - n a r y   E x p e r i m e n t a l   R e s e a r c h  

t h e   t e m p e r a t u r e s  o f  bo th  s i & e s  o f  t h e  sample  
a c e  c o n t r o l l e d  i s  c o n d u c t e d ,  t h e  t e m p e r a t u r e  
f i e l d  T ( x , t )  i s  t a k e n .  If t h e   I e l a t i u n  betwcer~ 
the f r e e z i n g   p o i n t   a n d   u n f r o z e n   m o i s t u r e   c o n t e n t  
i s  known, t h e   f r o s t  I i n e  can   be   de t e rmined .  The 

r e p l a c e d   w i t h   t h e   g r a d i e n t  n t  f r o s t  line, t h a t  
t e m p e r a t u r e   g r a d i e n t  ( G f )  i n  f r e e z i n g   f r i n g e  i s  

the change o f  t h e   m o i s t u r e   c o n t e n t  is measured ,  
i u  G y = ( d y / d ~ ) l , , ~ ~ .  A f t e r  t h e  t e s ~  i s  completed. 

t h e   m o i s t u r e   m i g r a t i o n   r a c e  i s  g o t t e n  b y :  

When a one-way f r e e z i n g   e x p e r i m e n t  i n  which 

h e r s ,  Yd is t h e   d r y   d e n s i t y  o f  t h e  s o i l .  U s i n g  
e q u a t i o n  ( 8 ) ,  Mp i s  c a l c u l a t e d .   D i s c u s s i n g  d a t a  
from many g r o u p s  o f  e x p e r i m e n t s ,  t h e  f u n c t i o n  
Mp(V+,  0 ,  P O V )  can be f o u n d .  

T h i s  paper  g i v e s  a p r c l i m l n a r y   r e s u l t   f o r  
Lanzhou loess. The t e s t  - is  c o n d u c t e d  in open 
system  under  c o n 3 t a n r  o v e r b u r d e n .  The s a m p l e  i a  
s a t u r a t e d   d u r i n g   s o i l   f r e e z i n g ,   t h u s  the ntois- 
t u r e  con ten^ a t   t h e  t u p  o f   f r e e z i n g   f r i n g e  i u  
c o n s t a n t .  T h e r e f o r e ,  M p  i s  o n l y   t h e   f u n c t i o n  o f  
p e n e t r a t i o n   r a t e  V.I. I t  becomcc; f e a s i b l e  t.0 

men ta l   da t a   l rom t h e  same t e ~ t .  Some i n i t i a l .  
f i n d  t h e  re1 ,n t ion  between M p  a n d  V+ w i t h  e x y e r i -  

con( I i t io11s   in  the  t e s t  a r e  l i s t e d  in T a b l e  1 .  

T a b l e  1 .  I n i t i a l  conditions 

T h e  p r o c e s s  of t h e   p e n e t r u t i o ~ l  i s  shown  ill 
F i g u r e  2 .  U s i n g  a r e g r e s s i o n   a n a l y s i s ,  Lhe 
p r o c c s s  i s  r e p r c s s e d  a s  e q u a t i o n  (IO). 

l i f  = - 4 ttH 
t 

Where, t is t i m e ,   h u u r ;  A and LC a r e   e m p i r i c a l  
c o n s t a n t s ,  and A=O.I .1983,  B--O.B68S.  The  pene- 
t r a t i o n   r a t e  is c a l c u l a t e d   f r o m   e q u a t i o n  ( 1 1 ) .  

tlHr 
= "K (11) 

The t e m p e r a t u r e   g r a d i e n t  a t  f r o s t  l i n e  i s  
o b t a i n e d  f rom  t empera tu rc  d i s t t i h u t i . o n  d u r i n g  
soil f r e e z i n g .  T f  t h e  m o j s t u r e  m i g r a t i o n  is 
i g n o r e d  i n  f r o z e n   z o n e ,   t h e   c h a n g e  of Lhe ~mois- 
t u r e   ~ o n t ~ ' n t  can h e  de t e rmined   f rom  the   mo i s tu re  
d i s t r i b u t i o n   t h a t  i s  shown in 1:jgurc 3 a f t e r  
 est:, he=elxsHT - eo. 00 i s  t h e   i n i t i a l   m o i s t u r e  
c o n t e n t .  

e q u a t i o n  (!I), antl t h e   m i . g r a r , i o n   p o ~ e n t i a l  is 
d e t c r m i n r d   w i t h   e q u a t i o n  ( 8 ) .  A f L e r  a n a l y s i z i n g ,  

and  p c o e t r a t i o n  r a t e  ( v + )  i:; a s  f a l l o w :  (Fiy.4) 
t h e   r e l a t i o n   b e t w e e n   m i g r a t i o n   p o t e n t i a l  ( M p )  

T h u s ,  t h e   m i g r a t i o n   r a t e  i s  c:alculatet l   wi th  
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F i g u r e  2. The process of penetration 

Figure 3 .  M o i s t u r e   d i s t r i b u t i o n   a f t e r  t e s t i l l g  

Mp=128.07xVt-0.261 for V q C 0 . l  (cm/hr) 

M p - 9 4 . 7 7  fl+ 3 1 . 2 6  f o r  V+>O.1 ( c m / h r )  
( 1 2 )  

V*(cm/hr)  

Figure 4 .  R e l a t i o n  betweerl Mp and Vr 
i n  open system 

CONCLUSION 

The m o d e l  simplifies t h e  calculation of moiu-  
ture m i g r a t i o n ,  and has t h e  a d v a n t a g e  t h a t  i t  is 
1 , n d t p s n d e n t  u p o n  the m o i s t u r e  c o n d u c L i v i t y .  F u r -  
t h e r   r e s e a r c h  l a t e r ,  the  m,odel c n n  b c  hoped L O  

predict  moisture m i g r a ~ i o n  i n  a c c o r d a n c e  w i t h  
t h e  condition o f  f r o z e n  soil in f i c l r l ,  anti Eur-  
t h e r m o r e  it will p r o v i d e  t h e  t h e o r e t i c a l  b a s i s  
f o r  t.he f r o s t  h e a v e .  
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EFFECT OF SOIL THAW ON OFF-ROAD VEHICLE TRACTION 

S a l l y  A. Shoop 

Cold  Regions  Research  and  Engineering  Laboratory 
Hanover, NeM Hampshire, USA 03755-1290 

was 11sed t o  measure  t ract ion on a v a r i e t y  of  thawing  conditions of a frost-suscep- 
To de t e rmine   t he   e f f ec t s  of  thawing on vehicle  mobili ty,   an  instrumented  vehicle 

t i b l e ,   s i l t y   s a n d .  The tes ts  were performed  in a l a r g e  s o i l  test  bas in  where  temper- 
a ture   and  moisture   condi t ions were c o n t r o l l e d ,  

very w e t  and,   therefore ,   the   thawed  layer  i s  extremely weak. Tract ion  decreases  sub- 
Thawing causes a l a y e r i n g   o f   t h e   s o i l   t h a t  i s  most pronounced when t h e  s o i l  i s  

s t a n t i a l l y  when t h e  water content  of  the  thawed  layer i s  above t h e   l i q u i d  limit of 
t h e  so i l .  Trac t ion   a l so   decreases  as t h e  thaw  depth  increases   unt i l  a c r i t i c a l   d e p t h  
i s  a t t a i n e d ,  beyond  which no f u r t h e r   t r a c t i o n  i s  l o s t .  For dry  and  intermediate 
w a t e r   c o n t e n t s ,   t r a f f i c k i n g   t h e   s o i l   i n c r e a s e s   t h e   o b t a i n a b l e   t r a c t i o n ,   b u t   f o r  w e t  
s o i l s ,   t r a f f i c k i n g   i n c r e a s e s   t r a c t i o n   o n l y   i f  it c r e a t e s  a favorable  r u t  geometry. 

Driving a vehic le  on thawing  ground i s  d i f f i c u l t  
because  of  the low s t r e n g t h  of thawing   so i l .  Weak 
so i l   condi t ions   a re   p r imar i ly   caused  by water drawn 
i n t o   t h e   s o i l   d u r i n g   f r e e z i n g ,  or added t o   t h e   s u r -  
face  while  drainage is  r e s t r i c t e d  by the  underlying 
impermeable  frozen s o i l .  The r e s u l t  i s  a weak, 
thawed layer   over  a strong,  frozen  base.  During 
thaw,  road t r a f f i c  i s  o f t e n   r e s t r i c t e d  and  off-road 
t r a v e l  i s  v i r tua l ly   imposs ib le .   Also ,   vehic le   t ra f -  
f i c  on thawing  ground  can  result   in  extensive  rut-  
t ing  and  environmental  damage. 

Thawing soils  experience  an  extreme  change  in 
strength  during  thawing  and,  with  both  frozen  and 
thawed So i l   p re sen t ,  must be   s tud ied   a s   l aye red  
media. The object ive  of   this   s tudy was to   de te rmine  
how s o i l  conditions  inf1uence"vehicle  mobili ty on 
thawing  ground. An experimental  approach was taken 
using an instrumented  vehicle  to  measure  vehicle 
t r a c t i o n   f o r  a v a r i e t y  of  thawing  conditions  of a 
f ros t - suscept ib le  s i l t y  sand. The tests were cur, i n  
a l a r g e  sofl test bas in  where  temperature  and  mois- 
ture   condi t ions  could  be  var ied  and  control led.  - 
c o n t r o l l i n g   s o i l   s t r e n g t h ,  because s t r e n g t h  i s  t h e  

The experimental   design focused on t h e   f a c t o r s  

s i n g l e  most important   soi l .   property  control l ing 
off-road  vehicle   mobil i ty .  The same test technique 
and  vehicle were  used  for a l l   m o b i l i t y  tests so 
tha t . app l i ed   s t r a in   r a t e   and   l oad ing  were cons tan t .  
Because a s i n g l e  test s o i l  was used ,   the   s t rength  
of the   thawing   so i l   could   be   var ied  by c o n t r o l l i n g  
the  water   content ,   densi ty ,   and thaw  depth. Many 

depth, thaw rate, depth t o  water t a b l e ,  ice segre- 
o ther  parameters (such as f reeze  r a t e ,  f reeze  

g a t i o n ,   f r o s t   h e a v i n g ,   a n d   i n i t i a l   s o i l   c o n d i t i o n s )  
were also  s imultaneously  control led  or   monitored,  
as discussed i n  Shoop and  Henry, 1 9 9 1 .  

Is Test B& 
The mobi l i ty  test  bas in  i s  36 by.13 meters by 

ters of  gravelly  sand, which  can  be  used t o  c o n t r o l  
3.5 meters deep. I ts  bottom i s  f i l l e d   w i t h  2 . 4  me- 

the   wa te r   t ab l e .  The sand i s  covered by a geotex- 
t i l e  t o  sepa ra t e   t he   base  f i l l  and the   over ly ing  
one meter of test s o i l .  The bas in  i s  instrumented 

moisture  and  temperatures  throughout  the  basin,  
wi th   t ens iometers   and   thermis tors   to   moni tor   so i l  

f i ne -g ra ined ,   s i l t y   s and   t yp ica l   o f   r i ve r  bed  sands 
The tes t  s o i l  used  in   these  experiments  i s  a 

in   the   nor theas te rn   Uni ted   S ta tes .   Because  o f  t h e  

t h i s   s o i l  i s  h ighly   suscept ib le  t o  frost   heaving 
f ine ' -grained  f ract ion  and  the  high  permeabi l i ty ,  

and subsequent  thaw  weakening. I n  t h e  test basin,  
it s imula t e s   o f f - road   o r   t r a i l   cond i t ions .  

compacted t o  a spec i f i ed   dens i ty .  The sur face  of 
Before  f reezing,   the  test s o i l  i s  t i l l e d  and 

t h e   s o i l  i s  then  covered  with  refr igerat ion  panels  
t o   f r e e z e   t h e   s o i l  from the   su r f ace  downward. Panel 
tempera tures   a re   ad jus ted   to   cont ro l   f reeze   ra te ,  

To thaw t h e  s o i l ,  t h e  pane l s   a r e  removed and  the 
frost   heave,  moisture migrat ion,  and   f ros t   depth .  

thaw r a t e  is  c o n t r o l l e d  by t h e  a i r  temperature   in  
t he   bu i ld ing .  The condi t ions of t h e  thaw  depend on 
the   so i l ' s   wa te r   con ten t   and   dens i ty   be fo re   f r eez -  

heave  during  freezing,  and  thaw  reconsolidation. 
i ng ,   t he  amount of moisture  migration  and  frost  

The water  content is  c o n t r o l l e d  by i n i t i a l l y  
d r y i n g   o r   w e t t i n g   t h e   s o i l   p r i o r   t o   f r e e z i n g ,  by 

by spr inkl ing  water  on the   t hawing   so i l   su r f ace   t o  
ad jus t ing   f r eeze   r a t e ,  by adding a water   table ,   and 

and  experimental method i s  more fu l ly   desc r ibed   i n  
s imulate  snow m e l t  and  spr ing  ra ins .  The tes t  bas in  

Shoop e t  a l . ,  1 9 9 1 .  

properties  such  as  moisture,   density,   thaw  depth,  
Each time t r a c t i o n   t e s t s   a r e   p e r f o r m e d ,  soil. 

r e s i s t a n c e   t o  cone  penetration,  and  shear  strength 

taken  throughout  the  test   basin  and  averaged t o  
a r e  measured.  Density  and  moisture  measurements are 

thaws,  samples are taken a t  the   su r f ace   and   a t   va r -  
r ep resen t   t he   ove ra l l   so i l   cond i t ion .  For deep 

ious  depths   to   de€ine  the  moisture   and  densi ty   pro-  
f i le .   Moisture   condi t ions  deeper   than 0.3 meters 
a re   ca l cu la t ed  from the   t ens iometer   read ings   us ing  
a so i l   mo i s tu re   cha rac t e r i s t i c   cu rve .  Thaw depth i s  

penetration  measurements or test  p i t s .   Genera l ly ,  
obtained from t h e  s o i l  temperature  profile  and  cone 

a t  least 15  penetration  measurements  are made 
throughout  the test bas in   t o   de t e rmine   t he  homo- 
genei ty  of t h e  s o i l  s t r e n g t h  and thaw. So i l   shea r  
s t r e n g t h  i s  measured  with an in-s i tu   shear   annulus  
device ,   o r  by d i r ec t   shea r  and t r i a x i a l   t e s t i n g   i n  
the   l abora tory .  

To s imulate  a s i te  t h a t   h a s  been t r a f f i c k e d  by 
many vehicles   (such  as  a company o f  t h e  Army), ad- 
d i t i o n a l   t r a c t i o n  tests were per formed  a f te r   the  
s o i l  was t r a f f i c k e d  50 passes  with a f ive- ton 
truck,  Experience  has shown t h a t   a f t e r  50 passes ,  
a d d i t i o n a l   t r a f f i c   d o e s   n o t   a f f e c t   s o i l   s t r e n g t h .  
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strumented t o  measure the   forces   genera ted  a t  t h e  
t i r e - s o i l   i n t e r f a c e ,  as w e l i  as the  speed of each 
wheel  and t h e  t rue   vehic le   speed .  The test vehic le  
equipment  and i t s  u s e  a r e   f u l l y   d e s c r i b e d   i n  B e r -  
l i n e r   a n d  Shoop, 1991 ;  Shoop, 1992; and  Bia isde l l ,  
1983. For t h i s  t es t  series, a mud and snow r a d i a l  
t i r e  was used  (Table 1) .  

Vehicle tests were performed  using a vehic le   in -  

T a b l e  1. T i r e  Characteristics 

Diameter ................. 73.7 cm 

Contact  Area . . . . . . . . . . . . . 509.7 em2 
I n f l a t i o n   P r e s s u r e . . . . . . . .  103 kPa 

Deflect ion . . . . . . . . . .____. 6.2 cm (38 percent )  
Tread Width . . . . . . . . - . . . f .  15.7 c m  

t i r e - s o i l  i n t e r f a c e  a s  a r e s u l t  of increas ing  t h e  
Driving t r a c t i o n  i s  t h e   f o r c e  g e n e r a t e d   a t  t h e  

to rque   app l i ed   t o   t he   whee l .  The t r a c t i v e   f o r c e  
v a r i e s   w i t h   t h e   s l i p  of t h e  wheel,  but  for  compari- 
son among s o i l   c o n d i t i o n s ,   t h e   d a t a  i s  reduced t o  
an  average  peak  t ract ion  value  and  converted  into 
a t r a c t i v e   c o e f f i c i e n t  by d iv id ing  by t h e   v e r t i c a l  
f o r c e  on the  wheel.  A t  l e a s t   t h r e e   t r a c t i o n  tests 

of the  wheels  are  instrumented, a minimum of s i x  
are   performed  a t   each  soi l   condi t ion:   because two 

independent  measurements a re   ob ta ined .  

SOIL C O N D U O N S  TESTFg 

each  surface.  Data are grouped  according t o  test 

thawing   condi t ions ,   t rac t ion   a l so  was measured when 
conditions.   Aside from the   t h i r t een   und i s tu rbed  

t h e  s o i l  was to ta l ly   f rozen ,   and   aga in   wi th  no 
f r o s t   l a y e r   p r e s e n t .  T o  c l a r i f y  the e f f e c t s  of den- 
s i t y ,   t h e   s o i l  was a l s o   t e s t e d   a f t e r   t i l l i n g  ( s i m -  

of t h e   s i x   t h a w i n g   c o n d i t i o n s   t e s t e d   a f t e r   t h e   s o i l  
i l a r  t o  a farm f i e l d ) .  The f ina l   g roup ing   cons i s t s  

was t r a f f i c k e d .  The d a t a   i n   t h e   t a b l e ,   a s  w e l l  as 

t i on   and   su i1  measurements f o r   t h a t  test condi t ion.  
i n   a l i  subsequent  graphs,  are  averages o f  a l l   t r a c -  

The range of the  thawing s o i l  cond i t ions   t e s t ed  

the  range of combinations o f  each of t he   va r i ab le s ,  
are d isp layed   in   F igure  1, which a l s o   i l l u s t r a t e s  

which forms t h e   b a s i s  of the  experimental   design 

t e s t ed   (w i th   t he   excep t ion   o f   t he   t i l l ed  s o i l ) .  The 
concept. The shaded area represents   the   condi t ions  

blank  area is  i n   t h e   r e g i o n   r e p r e s e n t i n g  a deep 
thaw i n  wet s o i l ,  which was d i f f i c u l t   t o   o b t a i n  be- 
cause  the  sandy s o i l  (which  has a r e l a t ive ly   h igh  
pe rmeab i l i t y )   beg ins   t o   d ra in   l a t e ra l ly   a s   t he  thaw 

wet thaw  occurs   natural ly   in  less permeable   soi ls .  
depth  increases ,  as a l s o  happens i n   n a t u r e .  A deep, - 
meters t h a t   s i g n i f i c a n t l y   a f f e c t   v e h i c l e   m o b i l i t y  

and  density.  The only  vehicle  parameter  varied was 
(and s o i l   s t r e n g t h )  are moisture,  depth of thaw, 

r e p e t i t i v e   l o a d i n g   ( t r a f f i c k i n g ) .  The e f f e c t s  of 
each of these  parameters  are discussed  below. 

With t h e   s o i l   t y p e   h e l d   c o n s t a n t ,   t h e   s o i l   p a r a -  

Table 2 summarizes t h e   s o i l   c o n d i t i o n s   t e s t e d   s t u r p  
(expressed as thaw  depth,  water  content,  dry  den- 
s i t y ,  cone  penetration  index,  and  cone  gradient), 
a long  with  the  corresponding  t ract ion  obtained on 

s t r e n g t h  and,   therefore ,   vehicle   mobil i ty ,  has been 
known for q u i t e  some time (Casagrande, 1932; Ayers, 

The f a c t   t h a t   s o i l   m o i s t u r e   a f f e c t s   s o i l  

Table 2 .  S o i l  parameters and vehicle traction for each test condition. 

Tract ion Depth Content  Denslty  Index Gradient 
Gross Thaw Water D f Y  ' Cone  Cone 

Coeff ic ien t  (a) (%)  ( 9 / c m 3 )  

Undisturbed Thawing S o i l  
4 May 88 
5 May a8 

0.651 
0.582 

5.7  9.7  1.48 270 
11.4 

158 

18 May 88 0.610 
6.8 1.50 206  82 

8.9 11.8  1.51 
9 Jun 88 0.667 

206  102 
10.2 

10 Jun 88 
21.0  1.58 

0.657 14.0 
235 

17.5 
102 

19 J u l  88 
1.65 

0.665  2.5 
182 

24.8 
60 

20 J u l  88 0.636 
1.48 291 

5.6 
163 

17.7 1.63 181 78 

10 Nov 88 
19.9  1.51 

0.460 
155 

12.7 
105 

23.4 
28 Dec 88 

1.55 113 
0.484 

65 

20 J u l  89 
4.4 

0.665 16.9 
24.2  1.52 
18.1 3. .71 

145 93 

7 Nov 89 0.671 
222 12 

15 Nov 89 0.585 
17.8  17.6  1.62 
1.3 20.8 300 

111 38 

9  NO^ 88 0.633 3.8 

No f r o s t   p r e s e n t  
20 Dec 88 
27 Dec 88 

' 0.662 
0.649 

0.0 
0.0 

13.0 
9:o 

1.70 203 1 53 
1.61 210 53 

Total ly   f rozen 
3 NOV a9 0.689 0.0 10.5  1.62 300 

T i l l e d   f o r  low dens i ty  
20 Nov 89 0.546 0.0 9.2 1.08 9 2 

Traf f icked   thawing   so i l  
10 Nov 88 0.518 12.7  28.6 
30 Dec 88 0.486 5.1 

1.52 
27.1 

218  105 

7 NOV 89 
1.55 

0.740 
117 59 

11.4 
16 Nov 89 

1.75 
0.666 

174 49 

17 Nov 89 
8.9 

0.712  16.5 
13.7  1.77 214  67 
13.0 

20 Nov 89 
1.79 210 

0.744  35.1  12.7  1.83 275 57 
59 

17.8 



Dry Density (dcm 3, 
2.0 

0 i5 
Thaw Depth (cm) 

Figure 1. Test design  concept  showing  range of s a i l  
parameters  tested. 
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F i g u r e ' 2 .   T r a c t i o n  versus water   conten t .  

mQbili ty  models used hy t h e  U.S. A m y  u s e   s o i l  
1987;  Ageikin, 1987: Shoop, 1989b) .  In fact, the 

mois ture  t o  p r e d i c t   s o i l   s t r e n g t h   a n d   c o n s e q u e n t l y  
v e h i c l e   m o b i l i t y  (Kennedy et a2.,'1988). It i s  not  
s u r p r i s i n g   t h e n  to see also a strong r e l a t i o n s h i p  
between so i l   mo i s tu re   and   veh ic l e   pe r fo rmance  
( t r a c t i o n )   f o r   t h a w i n g  so i l s .  The major d i f f e r e n c e  
i n  thawing  ground is t h a t  the moisture   content  can 
reach levels much h igher   than   those   normal ly   seen  

d r a i n i n g ,  high-permeability sand  can become super- 
i n   u n f r o z e n  soil.. For i n s t a n c e ,  a normally free- 

sa tu ra t ed   du r ing   t haws   because  of dra inage  resttic- 
t i o n  caused by t h e   u n d e r l y i n g   f r o z e n   s o i l .  

The effect o f  water content  on v e h i c l e  perfor- 
mance can, be seen -by. p l o t t i n g  the peak tractive 
c o e f f i c i e n t  w i t h  water content  as shown i n  Figure 2 
f o r  d L . 2 3  s o i l  conditions tested. The graph   c lear -  
l y  indicates  an increase in t r a c t i o n  w i t h  i n c r e a s -  
i n g  s o i l  m o i s t u r e   u n t i l , t h e  water content  reaches 
approximately 18 pe rcen t ;   t r ac t ion   t hen   d rops  

l i q u i d  limit of t h e  so i l  (20 percent). An except ion  
r a p i d l y  as t h e  water conten t  i n c r e a s e s  beyond the  

occurs  when t h e  sail is wet (above thb Ep-iIi 
limit), bu t   t he   t haw is very  shallow (less t h a n  
t h r e e  cm),  such as t h e   c o n d i t i o n s  tested on 1 9  July 
1988. I n  this case. high t r a c t i o n  was obta ined ,  de- 

provided by the close proximity of the under ly ing  
spite a high water content ,  because of the s t r e n g t h  

t o  dig through the weak, thawed l a y e r  t o  t h e  
frozen s o i l  a n d   t h e  ability of the s p i n n i n g  t i r e  

strong, f r o z e n   s o i l  below. 

!rhaLwm 
Tract ion  and s o i l  s t r e n g t h  are s t r o n g l y   i n f l u -  

enced by l a y e r i n g .  This is p a r t i c u l a r l y   t r u e  of 
thawing  soi ls   because  theA-.s t rength of t h e - f r o z e n  
so i l  i s  s i g n i f i c a n t l y  greater than   t he   t hawed  soil. 
To observe the eEfect of the   t haw ,&$p (depth t o  
the  top of the competent  frozen so i l )  d i r e c t l y ,  
without  confpunding the o t h e r  soil parameters, the 
d a t a   c o l l e c t e d  on und i s tu rbed   t hawing   so i l  were 
grouped by similar water c o n t e n t  (low water content 
ranging  from 6 t o  13 pe rcen t ;   i n t e rmed ia t e  water 

more than 23 percent )   and  are plotted i n  F igure  3 .  
content ,  17 t o  2 1  percent ;  and h i g h  water content ,  

where the t r a c t i o n  decreases rapidly (by o n e   t h i r d )  
The most s i g n i f i c a n t  eiFects are f o r  very wet soils 

nea r ly   cons t an t  value a t  a thaw depth  of ten cm. A t  
aa the thaw increases, and t h e n  levels off to a 

p r o v i d e   a d d i t i o n a l   t r a c t i o n  for t h e  t i re ,  and the  
t h i s   d e p t h ,   t h e   s t r o n g   f r o z e n   l a y e r  i s  too deep to 

thawed  layer  i s  t o o   t h i c k  t o  b e  scraped away by t h e  
sp inning  wheel. When t h e  moi s tu re   con ten t  is l o w  
(less than  13 p e r c e n t ) ,  there i s  a similar but 
lesser e f f e c t  on t r a c t i o n ,  but a t  i n t e r m e d i a t e  
water c o n t e n t   t h e r e  is no loss o f  t r a c t i o n   w i t h  
thaw. The effects of l a y e r i n g  a t  t h e  dry and   i n t e r -  
mediate water c o n t e n t s  are less pronounced,becquse 
the s t r e n g t h  of the thawed so i l  is greater (at the 
lower   mois tures ) ;  thus, t h e   s t i e n g t h   d i f f e r e n c e  . 
between t h e  thawed  and frozen l a y e r s  i s  less, . 'parr 
t i c u l a r l y  a t  t h e ~ i n t e r m e d i a t e  s o i l  mois ture  levels. 

t r a c t i o n  are more c l ea r ly   unde r s tood-by   cons ide r ing  
The e f f e c t s  of t h e   f r e e z e / t h a w   l a y e r i n g  on g r o s s  

t he  n a t u r e  of the soil failure benea th  a sp inning  
t i re .  A typical f a i l u r e  zone for  t h e  t i r e  and soi l  
condi t ions  tested was c a l c u l a t e d   u s i n g  the f i n i t e  
d i f f e r e n c e   p l a s t i c i t y   a n a l y s i s  described i n  Karafi- 
ath and Nowatzki, 1978. For a t i re  s l ip  o f  five 

W.C. (%): 0 &13; 17-21; 0 23-25 

2 - t -  t 0.7 , ,  

0.4 11111111111 
0 ,  4 ' .  8 12 16 20 

; Thaw Depth (cm) 

Figure  3 .  Trac t ion   versus   thaw  depth  
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. .  

F i g u r e  4 ,  G e q t r y  o f  t h e   s o i l   f a i l u r e  zone generated by a sp inning  t i re .  The presence  o f  a s t rong   f rozen  
soil w i t h i n  t h i s  zme will affect t h e  vehicle traction. 

p e r c e n t ,   t h e  plastic f a i l u r e  i n  a homogeneous soil, 
w i t h   p r o p e r t i e s  o f  t he   t hawed  Sand,  extends to a 

Far   t hawing   cond i t ions ,  a f r o z e n  layer would be 
d%pth.of approximately 17 c m  (shown i n  Figure 4 ) .  

the f a i l u r e  is conf ined  t o  the thawed layer. Poten- 
added; because  of  the s t r e n g t h  of the f rozen  soi l ,  

tiaXl.y, ,therefore, a n y . f r o z e n   l a y e r   w i t h i n  17 c m  of 
the s u r f a c e  would add to t h e   t r a c t i o n  available to 
t h e  tire. I n   r e a r i t y ,  t he  f rozen  soil has l i t t l e  
i n f l u e r k e   u n t i l  i t - i s  well w i t h i n   t h e   t h e o r e t i c a l  
f a i l u r e   z o n e   ( w i t h i n - t e n  c m  oF. the sur face ,  as m- 
dicateerl by t h e  f l a t t e n i n g  of the c u r v e   i n   F i g u r e  
.3); * 

I .  

, ,  

Densi ty  also affects vehicle performance, but 
i t s ' c o n t r i b u t i o n s  qre strongly  overshadowed by t he  

of d e n s i t i e s  tested. The d r y  density (yd) 05 t h e  
infguence  of mois ture  and t haw  dep th   fo r  the range 

thawing soils ranged from 1.48 f.0 1,83 g/cm . Al- 
though t h e  f r eez ing   and   t hawing   p rocess   changes   t he  
density s l i g h t l y ,  the range of i n i t i a l  soil d e n s i t y  

of t h e  soil t o  v a r i o u s  water c o n t e n t s  and compac- 
(prior t a  f r e e z i n g )   i a  l i m i t e d  by t h e  f l a t  response 

rive efforts. Therefore, t o  e v a l u a t e   d e n s i t y  af- 
fects, a t r a c t i o n  test  was performed  on t i l l ed  
soil. The l o w  d e n s i t y  t i l led soil Cy, - 1.08 g/cm3) 
y i e l d e d  16 p e r c e n t  less t r a c t i o n   t h a n  the  corx-, 

+y, = 1.61 g/cm , 27 December 1988). However, these 
sponding compgcted soil (same soil mois ture ,   bu t  

tlk t r a c t i o n  loss for low-density wet soils should 
are d r y  soils (water c o n t e n t  o f  n i n e   p e r c e n t ) ,  and 

ba cons iderably  greater, 

'The major effect o f  t r a f f i c k i n g  is r u t t i n g  gen- 
erated by  compaction  and mass movement of the sail. 
The repeated load of the f ive - ton   t ruck  applies a 
compactive, e f f o r t   t o  t h e  S o i l  and, as i n  any cam- 
pa'ctive effort, the s o i l   d e n s i t y   i n c r e a s e s  as a 
f u n c t i o n  o f  the- wkter c o n t e n t .  The water c o n t e n t s  
and d e n s i t i e s   o b t a i n e d  after trafficking are shown 

2.0 

1.8 

m 
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5 
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e 
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P 
2. 
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Figure  5 .  Densi ty  o f  trafficked soil i s  a f u n c t i o n  
of water content .  

i n   F i g u r e  5 .  The optimum water content  for com- 
p a c t i n g  t h i s  Soil, as determined  by M!l" s t a n d a r d  

and t h i s  is where t h e   h i g h   d e n s i t i e s   o c c u r .  A t  t h e  
compact ion   tes t ing ,  is approximately 13 percent ,  

behaves as an   incompress ib le   f lu id ,   and   a l though 
other end of t h e  graph, the very  wet thawing soil 

wheels,   density  remains on the Low s i d e .  
r u t t i n g  is e x t e n s i v e  due to so i l  flow around the 
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Water Content 17.8% 12.8 26.0 25.7 
Thaw Depth 17.4 cm 8.9 12.7 4.8 

Figure  6.  Effect of traffic on vehicle t r a c t i o n  for 
comparable  thawing so i l  c o n d i t i o n s . ,  

, .  

The P f f e c t  of t r a f f i c k i n g  on t r a c t i o n   c a n  be 
seen  by comparing t e s t s  an trafficked and un- I , 

t r a f f i c k e d  soil for similar thaw c o n d i t i o n s  (same' 
thaw depth and water c o n t e n t ) .  This w a s  p o s s i b l e  " 

f o r   f o u r  of the trafficked s o i l  tests; t h e  o t h e r  
two t e s t s  had  no similar u n t r a f f i c k e d   c o n d i t i o n s .  
The t r a c t i o n   v a l u e s  for the four comparable data 
sets are shown i n  Figure 6, along with average s o i l  

t r a c t i o n  by apprax ima te ly   t en   pe rcen t .  On w e t  
c o n d i t i o n s .   I n   g e n e r a l ,   t r a f f i c k i n g   i n c r e a s e s  the 

s o i l s ,  however, as t r a f f i c k , i n g  does n o t   i n c r e a s e  

whether the t c a f f i c k i n q  leaves ruts t h a t  are 
so i l  d e n s i t y ,  an i n c r e a s e   i n   t r a c t i o n   d e p e n d s  on 

cleared o f  w e t  so i l  (as happened i n  the  t h i r d  com- 
p a r i s o n  i n  the f i g u r e ) ,  or  the w e t  soil covers  the 

pery  so i l  (and no  t r a c t i o n   i n c r e a s e  a3 shown i n  the 
r u t s  of the   p rev ious   pas s ,   y i e ld ing   un i fo rmly  slip- 

last comparison i n   F i g u r e  6 ) .  

AND ~ C L u S I n N s  

c o n d i t i o n s  of f rozen/ thawing  sand using an   i n s t ru -  
Vehicle t r a c t i o n  was tested on several d i f f e r e n t  

mented vehicle i n  a moisture- and , tempera ture-  
c o n t r o l l e d  test  b a s i n .  The purpose of t h e  s tudy  was 

mobi l i ty   in   thawing   ground.  The r e s u l t s  of t h e   e x -  
t o  determine h o w  soil parameters   inf luer ice  vehicle 

per iments   can be summarized as follows: 
1. Water c o n t e n t  has a s t r o n g   i n f l u e n c e  on trac- 

t i o n  be'cause  of i t s  effect on the s t r e n g t h  of the 
soil. Tract ion  (and shear r e s i s t a n c e  of t h e  s o i l )  
i nc reases   w i th  so i l  mois ture  t a  a maximum v a l u e  a t  
i n t e r m e d i a t e  water con ten t s   and   t hen   dec reases  rap- 
i d l y  a t  mois ture   l eve ls   beyond the Liquid l i m i t .  

2 .  Soi l   t hawing   causes   l aye r ing  of t he  s o i l  pro- 
f i l e  (weak,  thawing soil over  a s t rong ,   f rozen  
base) and  therefore ,   thaw depth also has  a major 
i n f l u e n c e  on vehicle performance. The effects ace 
most pronounced when the t h a w i n g   s o i l  is very  w e t  
and weak. Trac t ion  decreases wi th   increas ing   thaw 

becomes le39 i n f l u e n t i a l   a n d  the thawed  layer  be- 
depth as the s t r eng th   p rov ided   by  the f rozen  layer 
comes too t h i c k  for t h e  t i re  t o  scrape  away.  Once 
a c r i t i ca l  thaw depth i s  r eached   ( t en  c m ) ,  .no f u r -  
ther reduction i n  t r a c t i o n  i s  observed. 

ever, the iffect  of d e n s i t y  i s  slnall 'compared t o  
3 .  Trac t ion   i nc reases  wi th  s o i l   d e n s i t y ;  how- 

the  i n f l u e n c e  of mois ture  and thaw depth over the 
r e l a t ive ly   na r row  r ange  of d e n s i t i e s   o b t a i n a b l e  on 
s a n d y   s o i l .  

t r a f f i c k i n g  i n c r e a s e s   s o i l   d e n s i t y   a n d  t h e r e f o r e  
4 .  A t  low and   i n t e rmed ia t e   mo i s tu re  Levels ,  

i n c r e a s e s   t r a c t i o n .  For incompressible ,  w e t  soils, 
however, t r a f f i c k i n g   r e s u l t s   i n  mass movement o f  
the  so i l   wi thout   compact ion ,  and vehicle perfor- 
mance depends   on   whether   resu l t ing   ru t s  are cleared 
of  the s l i p p e r y ,  w e t  so i l .  
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The n-factor ,is the' ratio of surface temperature ta air temperature (both integrated over 
time) for any period - usually for summer and winter. The  summer n-factor  is  of special 
interest to engineers.  The authors have conducted longterm experimental studies of 
n-factor in West Siberia. In addition, they have determined n-factors (summer) for the 
Russian permafrost region on the basis of data from more than 800 meteorological 
stations. These results are determined from sandy and fine-grained surfaces without plant 
cover.  Generally, the n-factor increases from south to north. Time variation of the n- 
factor inte.grated for short periods is considerable during the summer.  The total summer n- 
factor variation among different years is slight.  The  summer n-factor maps for the Russian 
permufrost region are presented in this report. 

JNTRQDUCTION 

In .the summertime the temperatures of most  of the natural 
surfaces and disturbed surfaces are higher than the air 
temperature. in the wintertime the snow cover's 
temperature is  slightly less than the air temperature. The 
latter usually is  not very important in the prediction of 
permafrost prediction temperature. 

The difference between the temperature of the soil surface 
and the air is  found as a rule from an energy  balance at  the 
earth's surface. For this purpose the  following equation is 
used: 

where: 
t ,  - temperature of the aurface; 
t. - air  temperature; 
R -  net radiation balance at the surface; 
LE - heat spent in evaporation; 
a -  convective heat exchange coefficient. 

This method is effective enough far theoretical analysis. Its 
practical use meets many difficulties. Firstly, the net 
radiation balance at  the ground surface can differ in the 
same arm from spot to spot by 20-90 % and mws. 
Secondly, the  quantity  of the heat consumed in evaporation 

changes by several time$ depending on the mo'isture 
conditions of the subsurface's layer.The calculation of LE 
as the component of the heat balance equation usually 
doesn't give the correct results (Lazareva, 1978). Thirdly, 
the largest errors (1,5-2 times) are related to the 
determination of the  convective exchange coefficient. 

FIFLD STUDY 

The difficulties mentioned above forcsd us to study the , 

temperature regime of various soil surfaces by the 
experimental method. Measurements of temperatures of 
hundreds of undisturbed and di~turbed surfaces were 
obtained during eight summer seasons in different areas of 
West Siberia by  the authors of this report and 
N. Moskalenko (Moskalenko, 1983). It was found that a 
fairly canstant relationship was obtained between the sums 
of the summer air temperatures and the sums of the soil 
surface temperatures. The ratio  of the sum of the soil 
surface temperature to  the sum of the air temperature is 
known in permafrost literature a8 the n-factor. 

DATA ANALYSIS 

The n-factor was ueod for the calculation of tho depth of 
the active layer by H. Carbon (1962). This  approach has 
been used many  times in different countries. American 
&to wwe -diad by LuMrdini (1978). Ha also 
developed the  n-factor theory. Special investigation of the 



n-factor was made by the authors of this report (Slavin- , 

Borovskiy, Shur, 1877). 

After the comparison of our  data and data of other 
researchers we c ~ m 8  to the conclueion that the  n-factor  for 
the whole summer is stable fr,om  year to year and there is 
definite regularity in its-geographical variation. Based on 
this hypothesis we calculated the summer n-factor for the 
Russian permafrost region. For this purpose we used data 
from more than 800 meteorological stations which are 
located throughout the entire permafrost region or clois to 
its southern border. Meteorological record books tram 
which we took the information contained monthly data 
about the soil surface and air temperature averaged for a 
long period. We also found detailed information from 10 
stations and studied the n-factor change during the summer 
eeasons 1 Bel - 1974' (Figure 1). According to FiQure 1, 
where the  n-factor  is founded to 0.1, the n- factor is very 
stable.  The limit of divergence from  the  n-factor value 
averaged far a long period is not more than 10 %. 
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7 
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valleys, n-factors depend on the location of the site within 
the valley.  Slope  exposure, depth  of  the valley and of the 
site to a river are  also important. For example, the n-factor 
increases an the south facing alopes, and inside deep (300- 
600 m) hallows and.valteys, if the site is open enough to 
the horizon. 

The influence of the sea8 is seen well  on those plains 
which are open to seas.  The greatest n-factor in all land 
situations is  found on the ~eacoast. On  arctic Islands 
according to the data of Meteorological record books the n- 
factor ean be incredibly high cornpsred with continental 
locations. As one moves into  the continent he can see that 
the  n-factors decrease regularly. The influence of the 
northern 6BaS determines the decrease of the n-factor from 
north to south. In the summer basic air m8sse8 are forming 
above the northern seas and  moving  into the continent. 
Tha a011 surface which absorbs solar radiation is 
considerably warmer than the sir.  This difference between 
these temperatures is relatively reduced into the continent. 

Local factors such as the location of the  site in microrelief, 
the moistura condition of the soil surface, artificial covering 
of the soil surface, and building development around the 
site can be very important. The n-factor depends on the 
granulometric composition of the soil. It increaser in the 
following order of soil types: peat,  clay, silt, send, gravel. 
Rut moisture conditions of the soil's surface and subsurface 
layer are vary important and often change this regularity, 
because the n-factor of the wet surface is considerably lees 
than that  of  the dry one, 

The impact of a microrelief on the n-factor  wae studied on 
a sand embankment with a height of about 1.5 rn. On the 
north facing elope of the embankment n = 1.06; on i te 
horizontal part n 1.2; on its south  facing slope n = 1.3. 
Artificial coverings, such as concrete or asphalt completltty 
change the heat balance in any area, end n-factors for this 
kind of surface are the greatest of any studied. In an area 
surrounded by buildings the turbulent heat exchange is 

L 
f. open  space. 

9 decreased and the n-factor is therefore greater than  that of 

Figure 1. The n-factor (summer) change during 1981 - 
1974 for 10 meteorological stations of the Russia 
permafrost region. 
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From  place to place the n-factor chahges noticeably under 
the influence of several factors: subsurface material, the 
position of the site in relief, its distance from the sea or 
large lake  and  other local factors. 

N-FACTOR MAPPING 

The schematic maps., Figure 2, represent the n-factor 
isolines of the Russian permafrost region. The maps were 
derived from data obtained from bare surfaces which had 
coaree  (Figure 2-a) and fine (Figure 2-b) subsurface 
materials, according fa record books of Russian 
meteorological data, Far the plains, the  n-factor distribution 
is shown by isolines n = 1.1 ; 1.2; 1.3: 1.4; 2.0. For the 
mountain areas, only the meet reliable regularities are 
given. They relate to large  valleys, hollows and gentle 
dopes. The n-factors of the upper parts of slopes, bald 
mountains,  passes and tops are usually more than 1 and 
less than 1.1. 

The n-factor  distributiod.for plaids can be estimated easily According to data from the meteorological record books ' 

and can be expressed on maps by ieolines,  The n-factors ' ' and the maps in Fig. 2 the  n-factor everywhere is more 
of bald mountains everywhere are equivalent to 1 .O-1.1. In than 1 .O, because meteorological stations are usually 

. .,. + , . a ,  I 



Figure 2. Schematic n-factor maps of the Russia permafrost region. The soil surface without plant cover. 
a - clay soil: . b  - sandy soil. 
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located on dry and sunlit places. However, the  n-factor of 
swampy spots or shady slopes can be equal to or less than 
one. 

The regularities which are shown  on the mape are true only 
for the whole summer  period; they are not true for shorter 
periods of time, such as 1 month, 10 days, and especially, 
24 hours. 

We studied especially the n-factor's change during the 
summer season. Both  the instantaneourr  value and the 
value which  was averaged for a short pariod (24 hours, 1 
week) were changing  conrriderablv in an irregular  manner. 
The changes  depended on the moisture of the soil surface, 
the meteorological conditions, and uome other factors. The 
accumulated value, however, was changing suite regularly. 
For dry surfsces it was at  its maximum in the first summer 
month and it decreesed to  its limit  (the n-factor for the 
whole summer) by the end of tha eummer.  For the 
constantly wet surfaces, and especially the surface of 
water, the regularity of the n-factor's change was  the exact 
opposite, and the accumulated value of the  n-factor 
increased to  its limit during the summer season. 

ADDITIONAL APPLICATIONS 

Based on the climate data n-factor velues were calculated 
I IS  functions of the latitude of the  site and the  cakndar 
time. The result of this calculation for sand surface8 in 
West Siberia is  shown in the nomogram (Figure 3). 

The nomogram was used for the determination of the 
temperature of the soil surface for any summer month and 
calculation of the active layer's change during the summer. 
Far this purpose tho  following formula can be used: 

i 

where: 
2: t.., - the sum of the air temperatures from the 

beginning of the period with the air temperature 
above 0" C including the month for which the soil 
surface temperature must be predicted; 

n,, ni., - the  n-factor value for the present and previous 
months. 

The prediction of the n-factor value for artificial covering is 
one  of the very serious questions in the engineering 
permafrost prediction. In a few areas  (Fairbanks,  Alaska - 
USA for example), n-factors have been studied extensively, 
but for many area8 we  still don't have any information at 
ail. Using the maps and the graphs in Figure 3 we can 
extrapolate the information from  the areas where the n- 
factor values are known into the area where the n-factor 
value is unknown. As a first approximation the  following 

4 3 2 ' 1.s 

, %  i 
,o 

Figure 3. The n-factor nomogram for any period of time. 

formula can be helpful: 

where: 
n, - n-factor value for a predicted sltuation: 
n,'- n-factor value of the same kind of surface in any srea 

n,,,'- n-fectar map value (Fig. 2) st  the same area 

n, - n-factor map value (Fig. 2) at the same area  as n,. 

For example, it is necessary to  know the n-factor of a 
concrete surface in North Chukotka and there is this kind of 
information for Yakutsk, If n,' = 1.6; n,' = 1.2 and n, = 
2 then n, = 2.7. 

The n-factor maps can be used in many ways, in particular 
for the, prediction of the impact of global climate change  on 
permafrost. 

where n-factor value is known; 

as h': 
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ALUMINAS IN QUATERNARY  SEDIMENTARY ROCKS OF YAKUTIA: 
NEW  FINDINGS  CONCERNING  MINERAL  FORMATION IN PERMAFROST REGIONS 

Christine  Siegert 

Alfred-Wegener-Institut  for  Polar-  und  Meeresforschung 
Forschungsstelle  Potsdam 

Telegrafenberg A 4 3 ,  D-0-1561 Potsdam,  Gemany 

Newly-formed  aluminas  were  found by  cryolithological  investigations  in  ice- 
rich  Quaternary  deposits  in  Yakutia.  The  results of  detailed mineralogical. 
examinations  have  shown  that  these  aluminas  can  be  assigned  to  the  modifi- 
cations a-A1203 (corundum),  &-A1203  and  8-Al203.  The  crystallization  of 
these  phases  in  syngenetic  frozen  sediments  takes  place  under  quite  unusual 
thermodynamic  conditions.  It  points  to  the  fact  that  cryogenous  dehydration 
processes  are  of great influcence  on  the  diagenetic  transformation  of 
sediments  within  the  permafrost  zone. - 

In the  frame  work  of  long-term  cryoli- 
thologic  research  activities  in  Garious 
regions  of  Yakutia  special  investigations 
have  been  carried  out  concerning  the  for- 
mation of minerals  under  permafrost con- 
ditions.  Besides  regional  factors  which 
are  controlled  by  the  geological  setting 
of a region  and  the  special  landscape 
attached  thereto  these  results  reflect 
that  cryogenic  processes  have  a  decisive 
impact on mineral  formation. 

Cryolithogenic  deposits  which  have 
been  developed  under  various  conditions 
are  characterized  not  only  by  distingu- 
ished  characteristic  facies-caused  frost 
effects  as  cryogenic  structures,  ice 
wedges  and  various  other  frost-action 
phenomena,  but also by certain  paragene- 
ses  of  authigenic  minerals  (Siegert, 
1981, 1987). 

new  formation  of  minerals  reach  their 
highest  intensity  in  sediments  of  active 
layers  and  in  small  taliks,  where  seaso- 
nal  and  long-periodical  variations  of 
climatic  factors  are  most  effective. The 
manifold  repeating  phase  transitions  of 
water,  and  the  various  cryogenic  proces- 
ses  connected  therewith, as well as  sig- 
nificant  seasonal  changes  in  the  biologi- 
cal  activity,  lead  to  a  profound  chemi- 
cal  nonequilibrium  within  the  sediment 
milieu  and  stimulate  precipitation  and 
crystallization  of  mineral  substances. 
Within  the  upper  permafrost  layer,  that 
is  subjected  to  seasonal  and  longterm 
temperature  variations,  cryogenic  mineral 
forming  processes  continue.  Along  with it 
authigenic  phases may be  formed  reflec- 
ting  specific  cryogenic  processes.  The 

Geochemical  processes,  which  lead  to 

metastable  newly  formed  aluminas,  which 
we proved  in  quaternary  frozen  rocks  of 
Yakutia,  belong  to  them  and  are  going  to 
be  presented  here. 

Authigenic  aluminas  were  found  in  the 
area of the  Lena  delta as well as in se- 
veral  regions  of  the  Central  Yakutian 
lowland  in  loess-like  deposits of Late 
Pleistocene  and  Holocene  ice  complexes. 
All horizons  with  aluminas  show  distinct 
characteristics  for  cryogenic  hydromor- 
phic  soil  formation.  Besides  aluminas, 
Fe and Mn hydroxides,  sulfides  (greigite, 
mackinavite)  and  also  manganese  calcites 
occur  as  new  formations.  The  observed, 
mineral  parageneses  and  the  total  content 
of  authigenic  components  characterize  a 
high  hydrogene  accumulation  rate  within 
active  layers  prior  to  their  permafrost 
transition. 
Within  the  Central  Yakutian  lowland,  the 
sediments  which  carry  newly  formed  alumi- 
nas  have  developed  in  valleys of small 
rivers. The composition of the  allochtho- 
nous  components  indicates  that  slope  pro- 
cesses  play an important  role  in  their 
accumulation. The erosional  areas  are 
composed  of  Mesozoic,  pyrite  contai-ning 
argillites  and  subarkases.  There-fore, 
suprapermafrost  waters  enriched in sul- 
phate  and  fulvo  acids  can be formed 
(Katasonova  and  Siegert,  1982)  They 
cause  mobilisation  and  transport  of 
aluminium  and  enable  its  enrichment  in 
certain  geochemical  barriers  within  those 
areas  in  this  environment  which are 
characterized  by  accumulation. 

In the  eastern  part of the  Lena  delta 
newly  formed  aluminas  were  found  in  Late 



Pleistocene  sediments  which  were  strongly 
overthrusted  by  cryogenic  soil  formation. 
In this  case  the  erosional  products of 
argillites as supplier  of  matter  again 
played an important  role  (Slagoda, 1989). 

Aluminas  occur  as  white  and  yellow 
dims,  which  exhibit a glass  or  pearl l u s -  
tre.  Their  mean  diameter  is 0.1-0.2 mm. 
In the  investigated  samples  the  total 
content of the  dims  does  not  exceed 
O.On%,  however,  in  the  heavy  mineral 
fraction it rises  in  average up to 1-3% 
and  reaches  maximum  values  of 10-30% 
(sample  series  taken  from  the  eastern 
Lena  delta).  Detailed  microscopical  in- 
vestigations  have  shown  that  the  dim- 
shaped  grains  were  formed  by  adhesion of 
fine  crystals  (Fig. 1). Sometimes, 
aluminas  have  grown on plant  detritus ~ 

which  is a definite  proof for their 
authigenic  character.  The  great  grain 
brittleness  is an additional  argument 
against  rheir  redeposition.  When  exerting 
slight  pressure  they  crumble to a great 
number of crystallites. 

Figure l A  Scanning electron  micrograph of 
aluminia grain ( t r a n a s s i t i o n  phase) 
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a maximum  of 0 . 0 0 5 - 0 . 0 0 6 .  Since  the 
microprobe  was  only  able  to  prove  alumi- 
nium  one  might  assume  that  the  aluminum 
hydroxides  diaspore  was  newly  formed. X- 
ray  diffraction  analysis,  however,  sh3wed 
that  these  newly  farmed  phases  in  fact 
are  three  different  alumina  modifications 
a - A l 2 0 3  (corundum), &A1203  and 8-~1203. 
This  result  deserves  special  attention as 
the  last  two  phases  were  only known so 
far  as  artificial  metastable  products 
which  develop  by  dehydration  of  aluminum 
hydroxides  under  the  influence  of  high 
temperatures  (Lippens, 1961). Corundum 
will  be  formed as the  stable  end  product. 

In order to trace  possible  crystallo- 
graphic  differences  between  each  alumipa 
modifications  within  the  deposiks  inves- 
tigated by us a great  number  of  indivi- 
dual  grains  of  different  origin  were ana- 
lyzed  by  X-ray  diffraction  (Debye  camera) 
and  Camebax  microprobe. The result  was 
that  according  to  their  crystal  structure 
all.  purely  white  grains  were  in  fact 
corundum ( d - A l 2 0 3 ) .  Two types  of  Debye- 
gramrnes  were  obtained  from  the  yellowish 
grains  (Table 1) . 



Tabelle 1. X-ray diffraction data o f  aluminas 
6 - ~ 1 2 0 3  d - ~ l i o 3 , * )  8-A1203 
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*)X-ray diffraction data of sample V-19-1 totally e q u a l  e ta lon of corundum No.19-173. 
Etalon according t o  Powder Diffraction F i l e ,  1977,  JCPDS, USA 
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Diffraction File, 1977) + The A 1 2 0 3  
content fo r  a l l  modifications amounts to' 
83-87 mass%, whereas the content of 
traces is always less than 1% (Table 2 ) .  

iconsidering the f a c t  that the exami- 
nakigns were carried aut with great care, 
thq law oxi~de,sums and A1203 contents 
only can be' explained by vary high rnicro- 
porasities o f  the new phases which i s  
typical especially far the inner regions 
o f  the micro-aggregates. The rather high 
micro-porosity of the corundum grains 
(Fig. 2) is an obstacle when preparing 
the samples for the microanslyses. We 
believe that the C q O 3  contens in the 
a-Al203 modification are a result o f  
remaining polishing paste. The investi- 
gation conditions ate  described in our 
pager (Siegert at  al., 1990). 

examined by us are similar to the 
corundum described from the  bauxites. 

a'luminum" is released by weathering of 
soils. Evidence is given for this f a c t  by 
the relatively high content of water- and 

. oxalat-.sal&le aluminum within certain 
horizons .of.  gley tundra soils (Zvereva 
and  Ignatenko, 1983) and alas soils 
(Desyatkin, 1984). The fulvo acide, which 
commonly prevail within the cryogenic 
soils, favour the formation of soluble 
Al-organometallic compounds and enable 
mobility and transport of aluminum. In 
case the permafrost is close to the 
surface, the transport of dissolved 
components from  the active layer  is 
limited. As a result of cryogenic changes 
in  the composition of the pore solution 

2 .  In the recent subpolar environment 

Taballe 2. Chemical composition of the authigenic aluminas, mass % 

Modifi- 6-Al203 o-Al203 &-A1203 
cation, 

'colour yellow whit e 

smp1 e 8-19-21 U-19-24 G-5-1 *r 

0,21 0.97 0.64 

8 6 , 5 6   8 4 , 7 5  83,50 

The presence of authigenic corundum 
and the natural equivalents of the modi- 
fications &-A1203 and B-~l203 in synge- 
netic frozen sedimentary deposits shows 
that undoubtedly these phases must have 
been formed outside their stability 
fields at negative or low positive tempe- 
ratures. The following facts may be 
discusaed for  the explanation of the 
genesis under such thermodynamic condi- 
tions which are unusual for  them: 

1. 'Low-temperature comndum" is 
already known as a rare weathering 
product. Terent'eva et al. (1961) have 
described a hypergene fine-crystalline 
corundum from Russian bauxite deposits 
which had not been influenced metamor- 
phicaliy, tow-temperature corundum from 
such bauxites i s  characterized as a meta- 
stable product that was formed in the 
course of natural ageing of kliachites 
and which easily hydrates into gibbsite 
under surface mnditims. With respec: t3 
their optical and micromorphological 
properties the authigenic aluminas 

_ *  . ,. ,,, ,, -, , ,,...,- .. .. 
, !. : , 4:. 

even an initially low content o f  
dissolved substances may lead to a slow 
enrichment and precipitation within the 
soils. For this reason, the formaCion of 
kliachite as well as various crystalline 
aluminium hydmxi-des (gibbsita, 
boehmite) was observed (Zvereva and 
Ignatenka, 1983; Gradusov and 
Urusevskaya, 19871. 

3. S b c e  aluminas have been found in 
frozen rocks which are rich in ice it can 
be assumed that cryogenic processes must 
have played an important role in their 
crystallization. 'She effects of freezing 
processes on structural changes o f  hydro- 
gels are known in colloid chemistry for a 
long rime. Coagulates of  metal hydroxides 
adopt granular character after freezing. 
The porosity, filtration and sorption 
ability o f  the precipitates increase 
considerably. Later activities investi- 
gatad the effect of individual factors 
(freezing temperature, freezing velocity, 
foreign ion content, p H )  on structural 
chrngings of the coagulates (Xomarov ec 
al., I982 a , b t .  Comparing investigations 
have shown rhar adsotbents grown out of 
kliachires reach their optimum properties 
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at a  freezing  tempe,r*tufe of : P C .  ~ o w e r  Komarov, V.S., O.F. skurka and N.S.Repina 
negative tempe-rature~;.i'whic~'accelerate. : (1982). The  influence  of the pH-value 
ice crystallization, reduce,the structure on  the  pore  structure of frozen hydro- 
formation of hydrogels gels.  Izvestiya Akad, Sciences BSSR, 

eer.  Chemical Sci., No. 3 ,  24-27 (in 
, _ _  

I 

formation of the alumin 
under such unusual  thermodynamic  candi-+ 
tions. h longterm  influence of  negative 
temperatures  might  intensify  dehydration 
of  coagulates.  It  may be assumed  that the 
slow reactioq velocity  in  frozen  systems 
is respohLibPsTor oMaining the  meta-" 
stable  transPtion &des. u.- and &AI203 
besides  corundum., .' *: 

Hence, the presented ,investigations . 
improve our knowledge of new rni.nera,l , , , 

formation  in sedirnent$,wi)+in thP,pexma- 
frost zone' and  reflect  thk'special  role , 

of cryogenic prd$'$&es 'b;.l, ph&o, balance&. 
They  under1ine"that bryogWdc' dbhydrat-ion 
processes  haue-.great.  influen-  on  the 
diagenesis of cryolithogenic  sediments. 

* ,  
I > ,  .. 

, ,  . , 
, , .  , 

I , > . ,  

' The 'investigations presented,Were ron- 
ducted-during my Way at- the Laboratory 
for  Cryolithology o€, ,the Jmti,t&e fpr 
Permafrost in Yakutsk.  Durinq my field 
work and sample  preparation I ,  was, assis- 
ted by members of the Laborat&' foi 
Cryolithology.  The  crysthlstructura-I  and 
microprobe  analyses  were'tcarsied OW , b p  

A.t.Shirokpu, 4.V.Nikishava~"and.L.A. 
Pavlovaat the  Tnstitute for Geosciences 
in Yakutsk. 1 wish to  express  my  sincere 
thank's to all of them. 
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."..)KYDROLOGIC UD WATER QUALI"IT CHARACTERISTICS, - ' 
. + ,  

, .  ,OF. A DEGRADING OPEN-SYSTEM PINGO , ,  , . .  . 

codbed p i e t o d c  haod pemeht& upward to 
pmtmst' th- fiwzing, expanding, and with 
wntinuing water vupply eventually hmving up the 
overlying surfice to fohn a mwlad or small hill. 
OpeO-system pingas b v e  received less attention than 
clwsed-system pingos; H o l m  et al. (1%8) suggest 
that this is becpuse (1) open-eyBltem pingos occuf 
primarily in h d i a W i m o w - p m f r o s t  zone (i.e. 
cszltral Alaska) which has more heterogeneous relief 
than the Arctic d plpirr a d  is largely vegetated 
byh~ortPllahrubs,mkiagtheseIaudformslesa 
conspicuous, (2) pingw mry be mistaken for other 
land formsl mch as huu-lslida debris or awionnl 
mmmts, and (3) the general region of their 
cwumnce m y  bavo d v e d  leas .#ention by 
surficial geologists than has the Arctic. 

This paper rqxwts obsmntions of hydmlogic and 
water quality attributes of a thawing op-system 
pingo in the ditax.mtinuow-permabt Yukon-Tpoana 
Uplands of cenbal A1pskp. 

SETTING AND DESCRIPTION 

Tbe CaribOu-Pok~ Creeks Resasrch Watsrshed 
(CPCRW) liers in the Yukcm-Tpnana Uplands of 
c a a r n l . A 1 p s L o  at 65"10'N, 14790'W. The dendritic 
dminaga pltbwn of the 104-km2 CPCRW is 
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Pardull flume WPB cb~aear for thir installation 

am appropriate for installation ia thermally sessitiva 
stream sdons, it is fairly itwnsitive to approach 
velpcity , , d does, not py&e a pool at tbe inlet 
(Slaughter 1981). Water stage WOB mrdd utilizing 
au lactroalc data logger couplsd by a potentiometer 
toaflwtinthestillingwelloftheflutoe,aadwps 
ala0 parididly recorded mpnuolly by field 
tdmicians. We did not attempt to meurum 
subsurface water which may have left the pond by 
iafiltrotioa thrdugh the mantle. 

its hydraulic design aud StnrctUrrl ability 

Water quality d b u t e s  wem determined for grab 
wnplw collected iathe ttraw pond, normally withiu 
one meter of the bank. Sample8 were  collected in 
500-ml pre-wwhd Nalgene bottlea which were 
capped under water and kept cool and dark during 
transport to Fairbanks for d p i s .  Specific 
conductance wasmastued with n Beckman 
Solubridge metar; total alkaliaity was determined by 
t i tdon to pH 5.1 using a Hach digital titrator; pH 
was determiaad with a DigiSeme LED pH mater; 
turbidity wp8 ckhrmined utilizing a Hach analytical 
nephelometer. 

Air and water temperature were measured with B 
pra-calibmted glass thermometer # she pingo at time 
of site  visits. Precipitation was mrded by a 
tipping-bucket precipitation  gage petmanently locatad 
in tba Caribou Craelt valley 1OOO.mcaast of the, 

ovailobla fmm a north-aspect 5.7-km2 catchment (C- 
3) located 2400 , ,, m west of the pingo. 

pingo. ~IlCUTWlt SbeamflOW -lWIWUtS WWe 

During d o a a l  whiter vis& tb the site 
exksive ice accumulation the lower teaches af 
the runoff channel, s i m i l a r  to aufois.deposits 

watershed (Kaae and Slaughter  1973a; Slaughter 
1990), .provided  evidence of water outflow during 
winter months. 

PESULTS ANP DISCUSSION I , , I  

~ ~ d y  fQUd h other SeCtOrS of , t h e  TBBBotch 

Data for 1989 are presented, as repreamtative of 
th9 fOUt y- Of Study. ' . , I  

, .  

, A  1 , .  . .  , ~ ,~ , , . 
. ,  

W&tr .vield:. . . . ,  , ., ,..' _ ,  

The summer flow of  w?rer, from the pingo thaw '. 

. ,. 
, ." 
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pond through the mff channel varied from 0.3 to 2.5 
I ls in 1987, h a  to 4.1 lls in -1988, zero ta 1.8 Ils in 

, :  

, .  1989 PRECIPITATION 

1989 PINGO 
M l l Y  DISCHARGE 

I 

2 

I 

' VV f I  

Figure 1. Frecipitation, pingo discbarge, add C-3 
stream dischtgs, 1989. 

1989, pod m1-0 to 0.9 I h  in 1990. Didurge From the 
pingo was not mQporreiv0 to precipitation (Figure 1) 
radshownocorrsl.tionwitbstreamflawofaaeuby 
&st+& straom in clrtchmaot C-3 (Figure 2). 
sa#mnow m C-3 ia bighly mpmsivo to summer 

precipitation (Haugen et al. 1982). The .lack of 
pingo flow response to pfecipitation suggests that the 
water source is subpennahst groundwater. 

I 
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which is not (yet?) tbawing and degrading, provides 
aa opportunity to monitor i c e a d ,  thermally 
m i t i v a  geomorphic landforms in a controlled 
setting. ~%rmafrost terrain, particulatIy ia 6 . h e  
of d i m t i n u o w  penrrpfrost in central Alaska, 'is 
extremely d t i v e  to possible global wptmldg 
(hchenbwh and Mnrsball 1986; Post 1989): 
Monitoring the hydrologic and geomorphic status of 

&ificntion of whether such "arming ia iadaed 
occurriog, at least in this specific, Snviranmmtal 
satting. In this context, the pingos and the 
b d m p - w d e  catchmeslt/stmm system of Caribou- 
PokerCreeks R-h Water;shed ace incorporated 
into the b i f i c  Global Change Rtsearcb Plan of the 
USDA Fomt-SerVice Global Change Reseprch 
Program ( S c i e n c e  Policy Associatea 1990). 

&E?& pingo8 over the coming M e  may &ow early 

-, , .  

This m m c h  was supported by the Pacific' 
Notthwat Research Station, USDA Forest Sebice. 
Field snmpling wlls largely oocomplishbd with 
support of volunteers fiom EARTHWATCH, The 
Center for Field Resaprch, Watertown, Mass. 
Briggib Jaeger, Lisa Rseber, Laura Lnrsea aria 
William Waod wem instmmental'in guidiug the 
efforts of voluntebr8, and in acquisition  aud analysis 
of data. scdt Ray- and,Micbelle Smith provided 
mvduabls field and l * b o r o t o r y  wistauce with this 
tewuch. 
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> -  ii Dissolution of carbonate  rocks is a primary  mechanism  underlying  the  production 
of fine-grained  material that. i s  important for development of soil  profiles  and ' . 
for driving  diverse  geomorphic  phenomena.  Experiments  were  designed  to I 

simulate  limestone and dolomite  dissolution  at  the  acidity of precipitation  and, 
snowmelt-(pH'5-5.5). Dolom$te  dissolved to produce  fine-textured  residues 

8-14% by waight of the  saFple  dissolved. In contrast,  dissolution  of  limestone 
( ~ 0 . 0 5  mm  diameter  partjcles),  primarily of  dolomite  mineralogy,  amounting to 

yielded - i l -3% fines, primarily of silicates. hlomite dissolved  approximately 
2 times dower ,than  limestone,  however,  chemical  weathering of carbonate .'rdcks 

The  effect O f  rock  type  and  chemical  weathering  on  frost  shattering is 
in soils is limited  by  water  availability  rather  than  dissolution  kinetics. 

discussed. ., , 

INTRODUCTION 
Soils in the  High  Arctic  develop'ed on 

dolomite'  parent  material  are often quite 
striking  due  their  tendency to form sorted 
features. These soils generally have abundant 
silt-size  fines2  primarily of dolomite 
mineMlogy (Tedrow and Krug 1979; Foreman and 
Miller 1984; Mann  et al. 19,86; Etzelrndller and 
Sollid 1991; Dredge 1992). They  have  been 
observed  to be very  actively  undergoing 
cryoturbation  and develop inta  some o f  the  most 
picturesque sorted features  ,(Washburn l9,BO; 
Hallet  and  Prestrud 1986; van Vliet-Lanoe 1988). 
In contrast,  High  Arctic  soils  on  limestone  are 
not  generally  noted  to  contain  significant 
quantities of fines,  and  the  fines  that are 
present  tend to bo silicates.  In  order to gain 
insight  into  the  soil  processes  that  lead to the 
development of these  soils,  several  questions 
were  posed.  What is the primary  mechanism for 
producing  the  silt-size  dolomite  particles  in 
soils  developed on dolomite? Can the fines  be 
accounted for by chemical  dissolution, or are 
physical  weathering  or  transport  processes 
necessary to account  for  the fines present? 
This  study  presents  results  from  laboratory 
experiments  designed  to  simulate  chemical 
weathering, and discusses  alternative sources of 

Dolomite  may  refer to either  the  mineral 

predominantly  dolomite;  herein  dolomite  refers 
dolomite or sedimentary  rock  containing 

to the  rock  unless  stated  otherwise.  Limestone 

mineral is calcite.  (Bates  and Jackson 1984) 
is a sedimentary rock whose  primary  carbonate 

fines in soils  developed on carbonate  rock 
parent  material. 

and  Antarctic are limited'by  the  cold  conditions 
and low precipitation.  Weathering of silicate 
rocks to form clay  minerals and metal  oxides 
occurs  very  slowly,  whereas  dissolution of 
carbonate  rocks obcurs re-latively  rapidly 
(Ugolini 1986; Bockheim and Ugolini 1990; Doner 
and Lynn 1989). Dissolution of carhnate rocks 
to produce a fine-textured  residue  has  been 
propased as a maj,or  mechanism for formation of 
fines  in  the  Arctic  where  carbonate  rocks are 
widespread  (Ugolini  and  Tedrow 1963; Tedrow 
1977; Forman  and  Miller 1984). Although 
accumulation of fines  in  soils  developed on 
carbonate rocks have  been  observed,  little work 
has  focused  on  determining  rates,  yield, and 
mineralogy of fines produced  under  weakly  acidic 
conditions.  The  focus of this  gaper is to 
establish  yields and mineralogy o f  the  residue 
remaining  after  dissolution of carbonate rock 
under  mildly  acidic  conditions  expected  in High 
Arct ic  soils.  This  study  provides a 
quantitative  estimate o f  the  production of fine- 
textured  residue  produced  from  dolomite 
dissolution  and  contrasts  this  with the residue 
produced by limestone  dissolution,  in  order to 
better  understand  procgsses of soil  genesis. 

study of ,silt accumulation  in  a  soil  developed 
on dolomite  parent  material  is  presented.  Since 
chemical  weathering  may be insufficient to 
produce  the silt accumulation found in this 
soil, other potential  sources of fines are 
discussed. 

Soil  forming  processes " i n  the High .Arctic 

In  addition to the  laboratory  study,  a  case 

For the  examples  and  experiments  described 
here,  the  fines  have been determined to contain 
>80% silt-size  particles (2-50 um),  therefore 
the  terms fines and silt are used . 

interchangeably. 

580 



Five  samples  of  dolomite  and  limestone  were 
selected  from  Br@ggerhalv@ya,  Spitabergen 
(7E055'N, 11025'E) and Svartknaueflya, 
Nordaustlandet  (79025'N, 22020'E), both in the 
Svalbard  archipelago.  X-ray  diffraction 
patterns of random  powder  mounts  indicate  that 
the  dolomite  contains  about 5-10% quartz  and 4 %  
plagioclase,  while the limestone  was  composed 
primarily of calcite  with  variable  amounts o f  
quartz  and  minor  amounts af plagioclase  (Table 
2 ) .  To compare only fresh  unweathered surfaces, 
rock  samples  were broken to  remove  weathering 
rinds, if present,  and crushed. The  unweathered 
surfaces might be expected to weather  more 
rapidly  than  when  a  rind is present,, but using 
freshly  exposed  surfaces  allows  a  more 

different  samples.  In  addition,  weathering of 
consistent  comparison  to be made  between 

fresh  surface  may  better  represent  conditions 
present  early in soil  development. The crushed 

size fraction and rinsed  with  distilled water to 
rock was  sieved to keep  only  the 0.5 to 0.25 mm 

remove any adhering  finer  size  fragments. 

beakers and 60 ml of distilled  water  was  added. 
One gram  samples were placed  in 100 ml 

The beakers were  sealed to minimize  evaporation 
except  for a pH probe  and  burette  tip  to  add 
acid. A Teflon  coated  magnet  was  suspended from 
the  beaker stopper'by latex  tubing  and  the 
beaker  was  placed on a  magnetic  stirrer, 
allowing  the  solution  to be stirred  without  the 
sample  being  abraded.  The pH was maintained  at 
either 5.0 or 5.5 utilizing  a  pH-stat:  setup 
(Radiometer  Model PHM 62  pH meter  fitted  with 
Radiometer  Model A B U ~ ~  autoburette, TTA60 
titration  assembly  (Radiometer  America,  Inc., 
Westlake, OH)). The pH was maintained  at the 
set value by the  addition of 0.25 N HC1; during 

added to maintain the pH was recorded as a 
the  course  of  the experiments the amount of acid 

function of time. A pH value of 5.5 was used 
for  the  majority of the  experiments  since  pH 
values of precipitation and snowmelt  are 
typically  between 5 and 6 (Mam et al. 1986; 
Sletten 1988, unpublished  data). A pH value of  
5 .0  was  chosen for one experiment  to  explore  the 
effects of slightly  more  acidic  conditions.  The 
experiments  were  conducted  for  periods  up to 509 
hours,  generally  until  approximately 20% of the 
original  sample had dissolved. 

Inn u v s l s  of R p n l U  
At the  completion o f  the  experiment  the 

polycarbonate  filter  membrane  to  collect  the 
solution  was passed through a 0.1 urn 

residue.  The  residue  was  sieved  at 0.05 mm. 
The c0.05 nun fraction  indicates t he  proportion 
that is silt-sized or smaller.  Previous  results 
(Mann et al. 1986; sletten,  unpublished  data) 
indicate  that clay size  particles (<0.002 mm) 
typically  comprise  less than 20% of the <0.05 mm 
fraction  in  soils  developed  on  the  rock  types 
investigated  here.  Therefore, the r0.05 mm 
fraction  in  these  experiments i s  assumed to 
consist  primarily of fragments  greater  than clay 
size. The weights of sample  dissolved  and  fine- 
textured  residue  produced  were  determined. 

RESULTS 

The  yields of the  residues are shown in 
Table 1. The dolomite samples dissolved  at  pH 
5.5 produced  an  average 10.6f3.0% fines (<0.05 
mm), while  the  limestone  samples  yielded an 
average of 1.8% for the  two  samples  tested. 
Dolomite  sample  1  dissolved at pH 5 . 0  produced 
only 3.1% fines, compared to 14% fines at pH 
5.5. Dolomite  sample 2 was dissolved  for  two 
time periods resulting  in  the  dissolution of 15 
and of 209 of the  original  sample, and producing 
9.9 and 8.1% fines  residue. 

Table 1. Amount of fine-textured  residue 
(<0.05 mm in  diameter)  produced based on  the 
amount of sample  dissolved. The original 
sample  consisted of 1.0 g of 0.5-0.25 nun 
rock rragments (chips). 

, 

s a m o l e '  

residua.l$l 
dolomite la 5.0 210 3>.1 
dolomite la -5.5 156 :&4.0 
dolomite  2a 5.5 145 9.9 
dolomite 2b 5 . 5  190 8.1 
limestone  3a 5.5 210 0.5 
limestone 4a 5.5 2 5 4  3.0 

In addition  to  normalizing  the  amount of 
fine-textured  residue  produced to the  amount o f  
sample  dissclved as shown in  Table 1, the  

of calcium  solubilized  by  rock dissolution; 
residue  produced can be normalized to the amount 

these  values are given  in  Table 2 .  

Table 2 .  Average  yields  in  mg  silt ( - d . O !  
mm diameter) per  meq Ca dissolved into 
solution. 

Samnle M 
dolomite  la 5.0 2.4'mg  silt/$&  Ca2* 
dolomite la 5.5 10.0 
dolomite 2a 5 . 5  8 . 5  
dolomite 2b 5.5 7.7 
limestone 3a 5.5 0.25 ' 
limestone  4a 5 .5  1.6 

sllt vlel 

I 

M 

u 

Results of x-ray diffraction  analysis  are 
shown  in  Table 3 .  The dolomite  and  Limestone 
both  contained  silicate  minerals.  The" 
mineralogy of the  dolomite residue was  very 
similar to the  original rock, reflecting.! silt- 
size  fraction  primarily  composed ti€ dolomite. 
In  contrast,  the  di8's'QI'ution o f  limestone 
preferentially reiovdd'calcite and  produced  a 
residue  primarily .dompdsed.of sil'icate  mizierals: 
Both redidues contained tddkes .of .feldspar thht 
were hot'noted im,-!fhe x-ray  diffraction  patterns 
of the  original  sampled. Most likely this $a 
due to the fact that the  silicates  are present ' 
in greater  relative  abundance  in  the  residue, 
and  hence are detectable in the  residue,  but  not 
in  the  whole  rock  sample. 
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Figure 1. Acid  added versus time of dissolution f m  dolomite  and  limestone  samples. 

Table 3 .  X-ray  diffraction  analysis of  
driginal  rock  samples  and of the <0.05 mm 
size  residue  produced  after  dissolution. 
Relative  abundance  based on the 100 peak 
height: - = no peak, + = trace, ++ = 
moderate, +++ = malor.  Note:  minerals 
present  at  less  than about 5% abundance 
may  not be detected. (qz = quartz,  dolo = 
dolomite,  rdl = calcite,  feld = feldspar, 
plag = plagioclase, res = residue after 
dissolution. 

SamDla LlLdQk2ialu- 
dolo.-rock ++ +++ I - + 
dola res ++ + f+ + + 
lime  rock ++ - +++ 
lime res +++ - +/++ + - 

- 
- - 

The rate of acid  addition is proportional 

The  amount of  acid  added  can be utilized tQ 
to the carbonate  dissolution rate (Figure 1). 

on the rock  type. The amount of pure  dolomite 
estimate the amount of rock  dissolved  depending 

dissolved is 0 .46  mg  per  meq  acid added 
according to the  equation: 

c a ~ g  ( C O ~ ) ~  + 2 ncl = ~ a + ~  + ~ g + ~  + 2 HCO,- + 2 c1- 

While the  amount of  calcite  dissolved is 
0.5 mg per meq  acid  added  according to the 
equation: 

CaCO, + H C ~  3 Ca+2 + HCO~'  + ~ 1 -  

The slopes of the  lines allow estimates o f  
the  dissolution  rates to be  calculated.  The 
rates are 25 pg/hr far dolomite at pH 5 .0 ;  4.5f 

pg/hr f o r  limestone  at pH 5,s. The limestone 
1.7,pg/hr for dolomite at pH 5.5; and 1 2 f 1 . 2  

dissolves  approximately  twice as fast as the 
dolomite  sample  at pH 5,5. The  single  dolomite 
sample test-ed at pH 5 . 0  dissolved  approximately 
6 times more rapidly  than  at  pH 5.5. 

DISCUSSION 

e 9" 
Dissolution  rates  determined  here  were 

compared  with  rates  determined  using  pure 
minerals of dolomite  and  calcite  (Table 4 1 ,  
given in a review by Wollast (1990). The 
dissolution rate for the dolomite  sample  tested 
in  this  study  was  greater  and  the  rate was more 
sensitivity to hydrogen ion activity. This may 
be due to the  samples  analyzed  being less 
crystalline or incompletely  dolomitized. 
Analysis of dissolution  products sugpo t this 
contention  since  greater  amounts o f  &+ on a 
molar  basis  were  produced  than  were Mg2+ for 
some of the samples tested. Dissolution of 
limestone  compared to pure  calcite at  pH 5 . 5  was 
approximately 4 times less. The  calcite in the 
limestone was pure  according to x-ray 
diffraction  analyses  and  the  dissolution 
products  contained  only  traces o f  magnesium, 
therefore  the  difference do not appear to be 
attributable to differences  in  mineral  purity. 
There  may be differences  in  surface 
characteristics and estimates of surface area. 

The pH conditions  used for most of the 
dissolution  experiments  were  selected to 
approximate  the  hydrogen  activity of  
precipitation and snowmelt, as discussed above. 
When meteoric water  contacts  carbonate  rocks  in 

Table 4 .  Average dissolution  rates (mob 
c~-%s-~) determined  in  this  study  compared 
to those  presented by Wollast (19901. ND 
= not  determined. 

dolomite 5.0 
dolomite 5.5 lo - lo .a  10-10.5 

limestone 5.5 10-10.4  ND 
calcite 5.5 ND 

~ O - l O * O  10-10.2 

1 0 - 9 . n  
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Figure 3 .  Dolomite dissolution  rate  as  a  function  of  particle  size  at  various  pH  values. 
Rate  constants  used to  generate  these  graphs  are  from  review  by  Wollast (1990). 

the  soil  the  pH  increases,  along  with  Ca++  and 
HC03-.  Soil  solutions,  collected by  tension 

with  respect  to  carbonate  minerals  near  the 
lyslmeters,  were  found  to  approach  saturation 

surface  (Mann  et  al. 1986; Sletten 1988). 
The tendency  of  dolomite  to  form  fine- 

grained  material is related  to  its  fine-grained 
matrix,  revealed  clearly  in a thin  section 

grains are relatively  stable  and  smaller 
(Figure 2 ) .  For  a  given  composition,  larger 

crystals  will  dissolve  more  quickly  since 
dissolution  rates  increase  sharply  with 
decreasing  particle size as shown  in  Figure 3. 
Particles  less  than  a  few pm  in  dj.ameter 
dissolve  particularly  quickly;  perhaps 

particles of carbonate  minerals  in  these  soils. 
accounting  for  the  paucity of clay  size 

tone 

here,  accumulation  dolomitic  fines  are  sensitive 
According  to the  experiments  performed 

to  slight  changes in pH  since  dissolution  at  pH 
5.0 produced  less residue  than  at pH 5.5. This 
helps  explain  why dolomitic  fines  accumulate  and 

are abundant in Arctic  regions  where  chemical 

weathering  conditions,  such as occurring in 
weathering is weak.  Under  more  intense 

temperate  climates,  dolomite  dissolves  more 
completely,  including its dolomiti'c  fines,  and 

is  produced  will  have a relatively  greater 
less  residue  is  expected, but the  residue  that 

proportion of silicate  minerals. 

material  in  the  High  Arctic  often are barren o f  
vegetation  and are classified as Polar  Desert 
soils  (Tedrow 1977; Bliss  and  Matveyeva 1 9 9 2 ) .  
Soils  on  silicate  parent  rocks  under  the  same 

vegetation. The barren  conditions may  be ' 

climatic  conditions  generally  have richer 

related to soil  instability due to 
cryoturbation,  rock  instability  by  dissolution, 
and  the  alkaline  conditions  and  limited 
availability of nutrients. In limestone  terrain 
only  small  quantities  of  fines are produced  and 
the  soils  are  often  very  gravelly  and  not very 
conducive  to  plant  colonization. On the  other 
hand,  soils  on  dolomite  parent  material.  contain 
an abundance of silts  that  allow  rapid  "wicking" 
of  water, as is  evident  during  collection  of 
soil  solutions  using  tension  lysimeters  and from 
extensive  frost-heave of the  surface  which  may 
disrupt  vegetation. 

Cane  Studv - Soil  Develoaed on Dol- 
of  Ca2*  solubilized,  along  with  values of Ca2' in 
soil  solutions,  can  be  used to estimate  rates  of 
silt formation  in soils. For example,  consider 
soils  developed on reworked  beach  deposits 
primarily of dolomite  at  Braggerhalvmya, 
Spitsbergen  (Forman  and  Miller 1984; Mann  et  al. 
1986). For this  example,  assume  that  climatic 
conditions  have  been  similar  to  present,  all 
water  from  precipitation  has  percolated  through 
the  soil,  and  the  weathering  intensity  has  been 
constant. 

developed on  the crest o f  a  raised  beach  ridge 
that  dates to 11 kBP and, based on analogy  to 
modern-day  beach  deposits,  did  not  inherit  silt. 

have  abundant  silt;  presumably due to 
In  contrast,  swales  between  the  beach  ridges 

accumulation  after  depositioli  and  original  back 
shpre  deposits.  These  soils  have  developed  a 

Soils  developed on  carbonate  parent 

The amount of silt  produced  per  equivalent 

The soil  considered  in thl's example 
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horizon  enriched  in silt-size particles  (Mann  et 
al. 1986). Micromorphology  of  this  horizon  were 
interpreted  by van  Vliet-Lanoe  (personal 
communication,  1992) to be  pedogenic  in  origin 
and  not  due  to  sedimentation in a  marine 
envirorqent . 
fines due to chemical  weathering  can be made 

An  estimate  of  the  maximum  production of 

from  climatic  and  soil  solution  data. The 
current  mean  annual  precipitation  is 385 mm, 
estimated  from  the  weather  station  at  NyAlesund. 
Assume  all  water  from  precipitation  percolates 
through the soil  an  dissolves 25 mg Ca2*/1,  the 
concentration of Ca$+ measured in soil  solutions 
collected  by  tension  lysimeters  exiting  the  silt 
horizon  (Mann et al. 1986; Sletten 1988). This 
amounts to 5.3 keq  Ca2*  per  square  meter  over 

for  dolomite dissolution at pH 5.5 (Table 2 ) ,  
11,000  years. Using  the average of the  values 

8.7 mg of silt  produced  per  meq  Ca2+  dissolved, 
leads to an  estimate  of 46 kg of silt  per  ma 
over  the  time  period  specified. In  actuality, 
soil  profiles  from Br~ggerhalv6ya contain 

with  silt  accumulation  containing 25% silt  with 
approximately 64 kg  silt/m2  (15  cm  thick  horizon 

a  bulk  density of  1.7  g/cm3). 

dissolution  can  account  for  a  major  amount of 
the  fines  present.  It  is  important  to  consider 

the  precipitation  occurs as snow  and  much  of  the 
the  validity  of  the  assumptions.  Since  most  of 

water  from  snowmelt  flows  overland, the. 
assumption  that  all  the  water  from  precipitation 
percolates  through  the  soil  may  be an 
overestimate. On the  other  hand,  the  amount of 
silt  produced  in  the  soil  may  be  greater  than 

since the  stability of the  silt-size dolomite  is 
that produced  in  the experiments  at pH 5.5, 

quite  sensitive to pH  conditions  and  the  soil pH 
is  typically  higher  that 5 . 5 .  The silt 
accumulated  in  the  silt  horizon  can  also  be 

here is -expected to- be minimal since  the  soil 
subject  to  dissolution,  although  the  dissolution 

dolomite  near  the  soil  surface  (Sletten 1 9 8 8 ) .  
solutions  approach  saturation  with  respect  to 

below. 
Other  potential  sources of fines  are  discussed 

Additional  sources  leading  to  the  observed 
silt  accumulation  in  the  soils  presented  in  the 
case  study  include:  (1)  fine-grained  material 
inherited with  the  parent  material; ( 2 !  eolian 
input of  silt;  or ( 3 )  physical  weatherlng 
processes,  in  addition  to  chemical  dissolution, 
to produce  silt.  As  discussed  above, it does 
appear  that, since  these soils occu; on beach 
ridges,  they  did  not  inherit  much  fines, so,the 
first  possibility  is  excluded.  With  respect to 
eolian  input,  soils  in  other  locations on 
Svalbard  have  been  noted  to  have  a  significant 

local loess sources  for  the soil presented  here 
input of loess  (Sletten  1990).  There are no 

parent  material do not contain  dolomitic  silt, 
and  nearby soils  developed  on  non-carbonate 

therefore  it  appears  unlikely  that  eolian  input 
could account  for  much  of  the  silt  accumulation. 

These  calculations  suggest  that  dolomite 

An alternative  mechanism  for  producing 

*is  physical  weathering.  Considerable 
fines  from  dolomite  in  periglacial  environments 

experimental work suggests  that  the  production 
of  fines  by  freezing  depends on  the total 
porosity,  pore  size  distribution,  saturation 

material  (Lautridou  and  ozouf 1982;  Whalley a* 
coefficient,  petmeability,  and strength of the' 
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McGreevy  1983;  Latridou  1988; Hall and  Latridou 
1991). Frost  weathering  is  often  believed  to  be 
due to  volumetric  expansion of water  during 
freeze-thaw  cycles, but  such  cycles  may  not  be a 

necessary  since  growth of  ice  at  sustained 
freezing  temperatures are sufficient to produce 
pressures  adequate to comminute  rocks  (Hallet et 
al. 1991). The effect  of  water  is  also 
important  in  non-freezing  environments since 
clay  minerals  in  dolomite  rocks  tend  to 
concentrate  at  grain  boundaries  and  thereby,  due 
to  expansion  by  water  adsorption as rocks  are 
wetted,  are  susceptible  to  breakdown.  Clays in 
non-dolomitic  limestone  tend  to  be  disseminated 
and do not  display  the same tendency  (Dunn  and 
Budec 1966; Fahey  and  Dagresse 1984). 

recrystallization  from  limestone due to a 13% 
Dolomite  may  gain  porosity  during 

contraction  when M '+ stoichiometrically 
substitutes  €or  CaYt;  typical  porosities of 
dolomite  are  even  greater  than  this  (Murray 
1960;  Moore  1989).  Murray (1960)  showed  that 
rocks  with  increasing  dolomite  mineral  content 
(from 5 0  to 90%) had  increasing  porosity  (from 
10  to 30%), and  that  dolomite  in  general  had 
significantly  greater  porosity  than  limestone (5 
to 15%). The  greater  porosity of dolomite 
versus  limestone  suggests  that it may be more 
likely to frost-shatter. 

dolomite  is  susceptible  to  breakdown  by  water 
due  to  frost  shattering  and  water  adsorption,  in 
experiments it is  not  noted  to  be  particularly 
prone  to  frost  shattering. The combined  effects 
of  chemical  and  physical  weathering  may be 

Dissolution of smaller grains  between  larger 
important  in producing silt  from  dolomite. 

grains  in  dolomite  could  increase the,porosity 
in  the  small  pore size  range  leading  to  enhanced 
susceptibility to physical  weathering  by 
freezing.  This  process  would  be  expected  to  be 
more  important  near  the  surface,  where  water is 
least  saturated with respect  to  carbonates  and 
dissolution  will  occur  more  rapidly.  This is 
consistent  with  field  observations  that  rocks 
near  the  surface  display  considerable  pitting 
and  fracturing,  while  rocks  within  the  soil 
profile  show  few  signs  of  weathering. 

Although it appears  reasonable  that 

produced  a  fines residue  up to 14% by weight of 
Dissolution of dolomite by  dilute acid 

the  amount of rock  dissolved,  primarily of 
dolomite  mineralogy.  Limestone  produced  much 
less  fine-textured  material  and  the  fines  were 

accumulation  and  persistence  of  dolomitic  silt- 
composed  primarily of silicates.  The 

by the  weakly  acidic  conditions;  particles  less 
size particles in  High  Arctic  soils is explained 

than silt-size are especially  unstable  toward 
dissolution  and  even  under  these  conditions  do 
not  persist. 

produced by chemical  weathering,  this  may  be 
insufficient  to  explain the amount of fines 
accumulated  for the .case  study'  soil  developed 
on  dolomite.  It  is  suggested  that  the  porosity 
of  dolomite  relative  to  limestone,  particularly 

weathering  and  that  this may  render  dolomite 
for  small size  pores, is enhanced  by  chemical 

more  susceptible to frost weathering. 
Additional  studies are in order to consider  the 

Despite  the  high  yield of dolomitic  fines 



interactions of chemical  and  physical  weathering 
in  producing fines from  carbanate rocks. 

, .  
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The mechanical properties of a frozen  80il  depand  heavily on it61 t?rQ@ratUXa 
dirtxibution in situ. At dif€ersnt temperatures; frexen soil ewhibita diifexent 
c w  rates under the same load. In addition, the ateep raton under trnrion are 
different fsom m o ~ e  under compression even i f  the mgnitudae of streemen  are 
the s w .  The creep strain rates a i  frozen soil arc usually  calculated 

evaluates the temperatwe effects on the flexural behavior of frozen sail using 
analytical equationm and finite element analysis. vyalov's equation i a  wad to 
acEOUnt for the tamperature effect on creep strain  rates of frozen roil .  
halytical.-equatione were derived to analyze  froxmn s o i l  beams with linaar 
t4wpuature distributions. A finite  elrrent mthd vas used t o  analyze an 
artificially  frazen retaining wall to study the temperature effect on the design 
of frozen soil retaining walls. 

power l a w  but with  different  parametere  for tension and  camprrssion. 

- 
wahanical pruper=iea ,of a frozen s o i l  

depend h-vily am its temperature  distribution 
in situ. A t  diifuant temperatures, frozen 
soil mxhibitrr diriarent creep ratea under the 
same load. Xn aadition, the creep rate under 
tendon, i m  different from that W a r  
ampr8.8ion even when the magnitudes of 
strealram are the same, . 

The flexural behavior of frozen moil under 
aonslant and uniform temperature  diatributiona 
wan analysad 800 at. al. (1986). Since the 
temperature  distribution of frozen soil in situ 
in m r l h  unlfom, a study or the temperature 
a f f w t a  on the flexural behavior in important. 

This papar evaluate. the temperature 
aft& on tha flexural behavior of froton soil  

!ruing two neth0d.m. First, analykical equations 
!ware darivlld to analyze froaen eoil bemm w i t h  
l h r  tanparatwe variations. m e  temperature 
im unt#d a t  ita lowest at  the top of the beam 
and variu linaarly to  the bottom or vine 
v . 3 1 ~ ~  An .warpla uolution is prementdl. 'phis 
mituation ia rhilar to frozen  ground under 
reanonal terpsrature changes. 

Seaoml, an artificially  frosen  Boil 
retaining wall wan analyzed u t i l h i n g  a finite 

t-ature ilr at it0 lowest at the location of 
inarea0 ng diutanea from the pipea. 
Artificially i r o t r n  soil retaining walls have 

. b u n  wed for lwg* excavation for mora than a 
bundr+d yearn" This trchnique ha0 h e n  proven 
to ba a t  effective tor soft ground and high 
Vatrr tabla conditione. A design methad 

prU8mt.d by 8- and Muv&i (1992) but the 
rrmming a uniform temperature distribution  waa 

I-aturm affects were not well  uirderatood. 
-18 pamr evaluates the temperature effects on 
the wall design with a computer analyeis. 

m1-t mthd. AU BhbWn in Rig. 1 the 

irrmiY p i p s  a* gradually warm Up w i t h  
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varios froi 0.9 t o  1. For frosan Boil w i t h  a 
small temparatuxe variation, k can be aeeuaad 
'as 1 (+arcland et a l l  1978). 

! . ,  , ! ,  " '  .(i 

Sinma i rozen.eoi l  ha6 aiff-ent material 
propgrtim8;. in +cmriion than  in- aompresBionn the 
nriutral axis of a irozsn *oil bemm is not 
nauemsarily located along the centar OC the 
beam as in the case .for craep of metal beams. 
An important objective for the analysiw 0s 
frozen soil beam is t o  determine the Location 
of the  neutral  axis. Once, the location or 
the  neutral axis is detrmined, the stresses, 
strains and drfleations a n  be calculated. 

an of 

Consider a froxen soil m u b  jacted to 
pura banding ao shown i n  Fig. 2 (a] . 
TBap.ratura 18 aar- to vary  linearly aerass 
the cection &a shown in Fig Z(b). Wmuma the 
nautral axirr is located a t  a diotance h from 
the tap surfaae o f  tha ham. AeEuring k a t  
plana crectlons r a i n  plane after deiomattan, 
the utrain will vary  linearly acroms the 
section ss crhaom in P i g .  z(0) 

, , .  . 
T 

did. 
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Qs. 9a aiii -9b baaone 

The total msultant forcer C and T in the 
.compression and tansion zones can be obtained 
by integration. Thus, 

where 

h 

0 
h 

x, = F 

and b i a  the width of *e sectian 48 shuwn in 
F i g  2(a). 

the bmpression and tanadan zoneei,c@n be 
The location of Ula,iresultant Sdrces in 

I 

I 



20 I 8. : , 0.1725 
40 0.2538 
60 .. ~ 0.3013 
ao 0.3428 
100 1 9,,3741, 
17.4 ., i . T i . : y  0.3889 
1ca 
160 0.4200 

0.4016 

0.1253 
0 .  I932 
0.2164 

0 .  apoo 
0.2331 

0.2805 
0.2658 

o.aero 

0.7549 . , 

0.9387 
0.5436 

0.OIOl 
0.9480 

0 9530 
0.9516 

0.9543 

X. hn analytical equation f a r  a frozan.aoil 
beam with a linear temperature variation waa 
derived 6 
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FIG. 5 DISPLACEMENT AT FRO2EN SOIL RETAININO WALL 

This material is baaed upon work @Upported 
by the llational science Foundation under Grant 
number Ws-9111021. m e  authors wiah to express 
their appreciation to the National  science 
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for reviewing  this text.  
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T H E  M ~ T H O D  OF. ~ E T E K M ~ N E D  D E S I G N  V A L U E S  O F  H O R I Z O N T A L  H E A V E  F O R C E  O N  
' , : ' , .RETAINING WALLS IN SEASONALLY  FROZEN G R O U N D  A R E A  

. ,  

S u i ,  ' f - i e l i n g ,  N'a Wenj ie ,  I , i  Dazhou a n d  Jiang  Weiqia-np 
( 1 ,  

. H u . i l o 1 1 y j i a n g   I l y d r a u l i c   R e s e a r c h   I n s t i t u t e , '   H a r b i n ,   C h i n a  

Afcer  5 . y e a r $  o f  f . i e l d  t e s t s  t h e   v a l u e s  o f  h o r i z o n t a l  hea%e f o r c e  o f  r e t a i n i n g  
vialla  and i t s  d i s t r i b u t i o n  p a t t e r n   a l o n g   t h e   w a l l s  wag o b t a i n e d .   U s i n g : t h e  s t a -  
t i s t i c a l .   s h a l y s i h  method of  a n   e x t e r n a l  enveloping  graph t h e  a u t h o r s   c h a n g e d   t h e  
f i re s sure  g r a p h ' o f   h o r i z o n t s l   h e a v e   f o r c e  o f  t h e   r e t s i n i n g  wa1.1 w i t h  a now-steady 
s ta te  i n t o   t h a t  of a s t e a d y  s t a t e .   A f t e r   c o r r e c t i n g  t h e  p r e s s u r e ,   d e f o r m a t i o n ,  
a lo:pe, ,   ,e tc . ,   th .e   method o f  d e t e r m i n i n g   d e s i g n   v a l u e s   a n d   c a l c u l a t i n g , t h e   f o r m u l a  
of h o r i z d n t a l   h e a v e   f o r c e  o f  t h e   r e t a i n i n g   w a l 1 , w e r e   o b t a i n e d .  A new method of 
determi 'nI 'ng  the  dominrrht   design  load i s  provided  f o r  p r e v e n t i n g '  frost heave In 

, a  : 

. t h e ' s e a s o n a l l y   f r o z e n   g r o u n d  n r c n s .  

INTRODUCTION 

Ttie s e , a s o n a l l y ,   f r o z e n   - g r o u n d  w i t h  B f r e e z i n g  
,$epfh  abqve 0 .5  m and   pe rmaf ros t  occuR,y e b o u t  

, .68ri6X o €  C h i n e s e   t e r r i . t o r y   ( T o n g   C h s n g j i a n g  e t  
:if.,i985). T h e  r e t a i n i n g  soil  structure^ end 
, b u i i d , l n g s  a r e  m a i n l y   d i s t r i b u t e d  i n  t h e  Nor- 
t h e a s t ,   N o r t h w e s t ,   a n d  North o f  C h i n a .  T r a d i -  
t i o n a l l y   t t l e s e   s t u c t u r e s   e n d  b u i l d i n g s  were 
de'signed a s  t h e  m a i n  l o a d  w i t h  so i l .  p r e s s u r e ,  
T n  Load.  r e g i o n s  t h e  f r o a t . h e a v e  o f  t h e  e a r t h '  
.b.ie.hind t h e  r e t a i n i n g   O a l l s  ~ 8 s  n o t  t a k e n  into 
k c c ' o u n t ,   a c c a r d i n g . t o   l n v e s i i g e t i o n   d a t a   f r o s t  
damage of . t h e  re ta*. ini-ng-  walls is a b o u t  4 0 % .  
T h e r e f o r e ,  i n  t h e  cold regions the r e t a i h l n g  
wa l l s   were   des igned   no t   on ly  w i t h  common s o i l  

f o r c e . a s  the  main load f o r   p r e v e n t i n g   f r o s t '  
p r e s s u r e , . - b u t   a l s o  w i t h  t h e  h o r i z o n t a l   h e a v e  

damage. 
A t  t h e   f r o z e n   g r o u n d  t e s t  s i t e  i n  Harb in  t h e  

R a t t e r n  o t  t h e ,   f u l l y   c o n s t r a i n e d   r e t a i . n i n g  wel l  
v a s  m e a s y r e d   ( S u i   T i e l i n g  e t  a1 . , 1987 ;  S u i  T i e -  
l i n g  ec a 1 : , 1 9 8 9 ) ,   t h r o u g h   s c a t i s t i c a l   a n a l y s i s  
of  the s p a c e - t i m e   d i s c r i b u t i o n   l a w  o f  t h e  hor-  
i e o n t e l  heave  f o r c e .  A f t e r   c o r r e c t i , p g  pressure ,  
d e f o r m a t i o n ,  and s l o p e ,  t h i s  p a p e r   g i v e s   t h e  
m e t h o d   o f   t a k i n g   t h e   d e s i g n   v a l u e s   a n d   c a l c u l a -  
t i n g   t h e   f o r m u l a  o f  the  h o r i z o n t a l   h e a v e  force 
o f  r c L a i n i n g   w a l l s .  

. t1oriro11,ta. l   heave  Eorce  value 'and d i s t r i b u t i o n  

E f f e & t , - o f  t h e  B i d i r e c t i o n a l  Fre"ezi'Z1R S t a t e  
The e a r t h   b e h i n d  t h e  r e t a i n i n g   w a l l  was a f -  

f e c t e d  b y  n e g a t i v e  a i r  t e m p e r a t u r e  from t h e  

and w i d  e r u d u a l l y  f r o z e n .  The f r e e z i n g ,  o i t l i n e  
e a r t k i f i s u r f a c e ,   t h e   w a l l   s u r f a c i +   a n d  Wtil,! f o o t ,  

c h a n g e s  fr'btn o n e - d i r e c t i o n a l   f r e e z i n g  t'o b i d i r e c -  
t - i o n e l   f r e e z i n g   p a r a l l e l  t o  t h e  w a l l  t o p .  The 
o u t l i n e  of  t h e   f r e e z i n g   p r o c e s s  ( O ' C  i s o t h e r m a l  
c u r v e )  1s p l o t t e d  i n  Flg.1. 

Bccuuse t h e  h e a v e   f o r c e  i s  a n   i n t e r n a l  s t ress  

5 a 
0 
P 

Fig.1 The s ignal   f igure uf O°C isbrhermal  curves 
and heave force of t h e  tested restraining 

wall during 1986-1987 
a -heave force 
-t-negative temp. 
o r t a n g e n t i a l  heave Eorce 
Oh-horizontal heave force 
27/1-day/month 
size unit:cm 

l r o m   t h e  ea r th '  f r o s t ,  i t s  a c t i o n  i s  v e r t i c a l   t o  
t h e  i s o t h e r m a l   l i n e ,   t h e   h o r l z o n t a l   h e a v e  l o r c c  
a c t i n g  on t h e  r e t a i n i n g  wal l  i s  a h o r i z o n t a l c o m -  
p o n e n t   o f   t h e   f r o s t   f o r c e ,  i + e . ,  ~ h = U . c o s u . T h e r e -  
f o r e ,  t h e  magni tude  of the h o r i z o n t , a 1   h e a v e - f o r c e  
c h a n g e s ' w i t h   t h e  movement o f  t h e  i s o t h e r m a l  
c u r v e .  

E f f e c t s  of  t h e  wa l l  h e i g h t  on t h e  he,ave o €  
fo rce   have   been   con€ i rmed  b y  t h e   p r a c . t i . c a 1  mea- 
surement  o f  t h e   d i s t r i b u t i o n   l a w  of  t t ~ e  . h o r i z o n -  
t a l   h e a v e   f o r c e  a n d  b y  an e l e c t r i c   r e a i s t a n c e  
n e t w o r k   a n a l o g   t e s t .  The  development o,f t h e  
f r o z e n   f r o n t  can be s l .mq la t ed   numet i caJ ly .  I t s  
n ~ l m e r i c a l   s o l u t i o n  is- shown on t h c  c o r u p u t e r .  
A f t e r   v e r i f i c a t i o n  w i t h  t h e   p r a c t i c H 1 , m e a s u r e d  ~ 

d a t a  the   method -of - d e t e r m i n i n g   t h e  d e s i g n  v a l u e  



and  horizontal  heave  force  values  given by this 
paper  are  only  suitable  in  the  range o f  wall 
heights  less  than 5 m and  three  times  that o f  
the  designed  frozen  depth. 

Effects  of  the  Wall  Constraint  Degree  (deforma- 
- tion> 

A s  the  frost  heave is not  constrained by 

macroscopic  observation,  but  there is no frost 
structures  the  frost  heave  amount  appears  in 

force.  The  structures  containing  the  earth  bears 
the  heave  force,  and  the  heave  force  changes 
with  the  constraint  degree. On the  basis  of  heave 
force  and  the  deformation  relationship,  through 
testing  and  results  from  home  and  abroad, 7 
groups o f  heave  force  and  deformation  data  were 

j n  Fig.2. For  

0 0 . 2  0.4 0.6  0.8 1.0 

Fig.2 The relationship  of  deformation  and  heave  force 
1. Law  Temperature  Heasearch  Institute  of 

3 .  Heilongjiang  Hydraulic  Research  Institute 
2 .  Heilongjiang  Hydraulic  Research  Institute 

4 .  Heilongjiang  Hydraulic  Research  Institute 
5. Lanzhou  Institute  of  Glaciology and  Geo- 

6. Japan 
7. Jilin  Hydraulic  Research  Institute 

Heilongjiang 

cryology 

engineering  safety  the  disadvantages  are  taken 
into  account. T h e  empirical  formula  is  given  as 
follows: 

where  f--heave  force  coefficient,  equal  to  the 
proportion  value  of  the  semi-constrained  state 
(there  is  deformation)  with  the  complete  con- 
straint  state  (there  is  not  deformation); s-- 
deformation  coefficient,  equal  to  the  propor- 
tional  value of deformation oE the  constrained 
structure  with  the  frost  amount  of  natural 
earth. 

Effect  of  the  Soil  Frost  Characteristics 

caused by the s o i l  frost, s o ,  the,strength  of 
The  horizontal  heave  force  is  a  action  force 

the soil  frost  effects  directly  the  value of 
horizontal  heave  force on the  retaining  wall.  In 
engineering  practice,  it  is  a  very  complex  pro- 
blem  to  evaluate  the  soil  frost  strength  because 
there  are  many  effect  factors. As a  result of 

frost  for  hydraulic  structuresin  seasonally 
"engineering  classlfication of foundation s o i l  

frozen  ground",our  institute  gathered  several 
hundred  measured  samples  of  soil  frost  which 
were  affected by many  factors. Thz  statistical 
method  of  the  semi-emplrical  formula  was pro- 
posed. In the  formula,  Latitude,  load,  water 
content,  and s o i l  characteristic  factors  were 
considered,  and  according  to  the  frost  amount, 
the  frost  engineering  classification o f  hydr-au- 
lic  foundation  soil is given. According  to  site  test 
data  for 5 years  in  complete  constraint,  Table I 
gives  the  maximum  horizontal  heave  force  values 
of  the  retaining  wall  in  complete  constraint by 
synthetic  analysis on the  frost  classificativn 
of  foundation  soils. 

values of  natural  conditions at  the  engineering 
From the  calculations o r  the  measured  frost 

areas,the  maximum  horizontal  heave  forces  of  the 
nondeformation  retaining  wall  can be determined 
from  Table 1. 

THE EMPIRICAL  PRESSURE FIGURE OF THE  MAXIMUM 
HORIZONTAL HEAVE FORCE OF RETAINING  WALLS 

force of the  retaining  wall is a  non-steady 
pressure  figure  which  changes  with  time  and 

can be  used  in  practical  engineering  design,  it 
space. To obtain  steady  pressure  figures  that 

is  necessary  to  find  the  distribution  law  of  the 
non-steady  horizontal  heave  force,  The  distribu- 
tion  law  can be obtained by analyzing  the  mea- 
sured  data. A coordinate  system  is  chosen  with 

above  the  ground,  and the maximum heave force 
the  horizontal  heave force and  the wall height 

of  every  month  each  year is plotted  in  thecoor- 
dinates,  the  maximum  external  envelope  line  of 
the  pressure  distribution  was  plotted i n  Fig.3. 
For  the  purpose of practical  engineering  design, 
the  maximum  values  of  horizontal  heave  force  of 
each  year  were  enveloped on a  broken  line  for 

heave  force  along  the  wall  height  was  obtained 
fine  soil,  the  distribution  law o f  horizontal 

(Fig.3). 

horizontal  heaye  force,  khe  figure  is plotted 
is  obtained  from  the  distribution  law of  the 

by the  following  steps: 1) Finding  the  maximum 
value o f  horizontal  heave  force  of  the  complete 
constraint  retaining  wall on the  soil  classi- 
fication; 2) Calculating  respectively  the  rela- 

0 , 3 7 5  h, 0.75 h, ... h; 3) After  the horizontal tive wall height o f  these feature points, i.e. 

heave  force  corresponding  to  the  feature  points 
is  determined  in  coordinates,  these  points  are 
connected  wiFh  the  line,  and  the  figure  is  ob- 

The  pressure  figure  of  the  horizontal  heave 

Fig.4 is  the  empirical  pressure  figure  which 

Table 1 The  maximum  horizontal  heave  force  values o f  retaining 
walls i n  complete  constraint 

Frost  type I I1 m IV V 

amount Ah<2 2<Ah,(5 5<Ah<12  12<Ah922  Ah>22 
(cm) 

Horizontal 
heave  force  150 50-100 100-150 150-200 200-250 

(kPa) 
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horizontal heave force (KPn) 
,~ 1 0 0  LTXl 

Fig.3 External envelope of horizontal 
heave  force of  retaining  wall 

horizontal  heave  forcel(Kpa) 

3 

Fig.4 The  maximum  empirical  pressure  figure 
of  horizontal  heave  force  of  complete 

constraint  retaining  wall 

tained. 

CALCULATING DESIGN VALUES OF HORIZONTAL HEAVE 
FORCE 

The  figure 4 can  not  be  applied  directly  to 
the  structure  design  with  deformation. So, i.t is 
neccessary tu correct  the  pressure,  deforma- 

and  then  the  design  value  can be calculated. 
tion , and  slope  for  the  horizontal  heave  force, 

Correction  of  the  Maximum  Horizontal  Heave  Force 
With  Pressure 

Comparing  the  maximum  measured  value  during 
1982-1987 with  the  maximum  emnirical  static 

tal  heave  force  monthly,  first,  the  correction 
value  given on the  distributiun  law  of  horizon- 

coefficients  of  every  month  are  calculated,  then, 
the  mean  value  of  the  months  each  year  is  taken, 

maximum  horizontal  heave  pressure  (Table 2 ) .  
these  are  the  correction  coefficients  of  the 

the  correction  coefficient C, the  correction 
For  improving  the  calculation  precision  of 

Table 2 Correction  coefficients of hori- 
zontal  heave  force of  each vear 

Maximum  pressure(kPa) 100 66 220 192 200 
(measured  value) 
Mean pressure(kPa) 53 34 128 92 102 
(measured  values) 
Mean pressure(kPa) 76.2 50.3 168 146 153 
(correction  values) 
Correction  coef- 0.7 0.68 0.76 0.63 0.67 
f icients 

coefficient  is  calculated  in  practical  measured 

0 . 7 .  
values  every 20 months,  and  the  coefficient  is 

Correction  of  the  Horizontal  Heave  Force  With 
Different  Deformation 

The  horizontal  heave  force is an  external 
stress on frozen  ground  in  the  horizontal  heave 
force  there  appears  a  decreasing  tendency  with 
the  deformation  increasing.  For  the  retaining 
wall  with  deformation  the  maximum  horizontal 
heave  force  in  complete  constraint  is  corrected 
o n  the  allowable  deformation  degree o f  the wall. 
I t s  value  is  calculated  in  formyla ( 1 ) .  

Correction o f  Horizontal  Heave  Force  With  the 
Slope 

Because  the  horizontal  heave  force  acts  oer- 
pendicularly on the  wall,  when  the  wall  displace 
ment  appears,  the  force  will  decrease.  The  slope 
coefficient  may be found  in  Table 3 .  

Step  of  Taking  DesiRn  Value  of  Horizontal  Heave 
Force 

at 1 / 2  of  the  wall  height  from  the  ground,  then 
1. The  frost  amount  is  calculated  or  measured 

the  maximum  horizontal  heave  force  in  a  complete 
constraint  state is found  from  Table 1.  

2 .  According  to  the  wall  design  height,  stru- 
ctural  form,  structural  material, etc.. The  al- 
lowable  deformation  of  the  respective  wall height 
is  determined by the  present  standard,  the  heave 
force  coefficient  is  calculated by using  formula 

3 .  On the  slope  rate  the  slope  correction 

4 ,  In the  complete  constraint  state  the  pres- 

(1). 

coefficient  is  found  in  Table 3 .  

sure,  deformation,  and  slope  are  corrected by 
the  horizontal  heave  force.  The  design  value  of 
the  horizontal  heave  force  of  the  reta,ining  wall 
is  calculated  with  formula ( 2 ) :  

value  of  horizontal  heave  force a r e  plotted  in 
5. Respective  wall hei.ght and  the  design 

Fig.5.  From  Fig.5  the  design  pressure  figure  is 
obtained. 

Table 3 Slope  correction  coefficients 

Slope rate 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8  0.9 1.0 

Correction 1.0 0.9 0.83 0.81 0.79  0.755 0.78 0.775 0.77 0.765  0.76 coefficients 
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The experimental  laboratory technique described in this pager is based on a concept 
that  cooling of the soil sample can be described by a temperature gxadient  and a 

using a ramping technique were integrated in a data  base. The data base includes 
frost  penetration rate. Experimental  resulta  from a series of frost  heave teats 

the cooling  rate, temperature gradient  and  water,  intake  for &.particular soil. A 
new approach  is  presented  in  this paper combining this data base  (interpolated by a 
cubical spline technique) and numerical modelling, t o  predict  frost  heave  in the 
field. The resulting finite element  computer program was validated against examples 
of laboratory  experiments and data from the field. This novel approach is shown to 
have potential fox uee in  engineering  practice. 

ZNTRODUCTSON 

Structural and peotechnical deaigne of civil 
engineering structures,  euch d B  roads, airfields, 
and buried pipelines in  cold climates require a 
knowledge of the ~laseification of frost 

difficult to determine the frost susceptibility of 
susceptibility of soih. Unfortunately, it i s  very 

soila to a satisfactory  level of confidence. The 
complexity of frost heave prediction is a 
consequence o f  the many factors that  influence 
soil  behavious. One group of  factors  is  related to 
soil characteristics; fo r  example type of soil 

moisture content and permeability. Another group 
(size and shapes of mineral  particles),  density, 

of factors is related to external  conditions, such 
a8 mechanical loads,  thermal gradients and cooling 
rates (both based on thermal  and  climatic  boundary 
conditions), and availability of soil  watrr. The 
frost susceptibility of soils should include  all 

susceptibility index can vary cormidexably. As a 
these factors and,  therefore, a selected 

this index) could lead to misleading design 
result, the prediction of  frost  heave (based on 

parameters, BO that  additional  freezing  tests  for 
a particular soil and project are often required. 

Practical commercial tests  must be simple,  of 
short duration and  inexpensive. To satisfy these 

based on testing conditions and processes which, 
conditions commercial Eroet heave tests have been 

in some cases, are unrealistic. For example, the 

boundaries of the soil sample are constant  and the 
thermal conditions for the cold and warm 

values are completely out of the range of real 

gradients used  during  tests are normally  several 
engineering and practical conditions. The thermal 

timea higher than those  developed  in the field. 
The resulting frost heave or suscepcibility  index, 
determined in such a commercial  teat,  could be far 
from reality. what is really needed is to be able 
to determine fxost heave upper and lower bounds 

need is to predict or realistically estimate an 
(or only the upper bound). Even better, Khe key 

expected real heave..This io the,main objective  of 
the authors' approach. 

FROST-SUSCEPTIBILITY INDEX TESTS 

Chamberlain (1991) performed a Comprehensive 
survey af frost-susceptibility  index tests used by 
transportation departments throughout the world. 
He concluded that most of these  agencies  have  used 
their own criteria.  Freezing  tests  employed for 
this  purpose are normally poorly designed  and 

weakening,  rather than both, are used. As a 
executed. Xn addition, only  frost heave or thaw 

result,  the  frost-susceptibility  index  does not 

weakening  potential,  particularly for  marginally 
represent the actual  heaving or thawing or thaw- 

frost-susceptible soils.  Recognizing this problem, 
Chamberlain (1987) developed  and  proposed a new 
five-day freezing  test  based an two freeze-thaw 
cycles and the California  Bearing Ratio (CBR) 

defined as the heave rate at the end of the first 
test. The frost susceptibility  index is then 

eight hours af each  two-day  freeze-thaw cycle. 
The  repetition  of the freete-thaw cycle accounts 
for the changes in suscsptibility to frost heave 
in  frost  virgin  material. The CBR test,  which is 
performed after the second  thaw, yields the  thaw- 
weakening index. Both of  these tests axe  then  used 
to determine the frost-heave potential. 

demonstrated  below,  that  the  frost heave rate is 
The main drawback of these tests i s  the fact 

heavily  dependent on the test specifications  and 
ita performance. For eXamgle, the  heave  rate of a 

depends on thermal  gradient, 1.e . .  on cold and 
soil during a classical  one-step change test, 

warm boundary conditions. If these  conditians are 

change rapidly as the test progresses, but also 
constant, not only the thermal  gradient will 

continrloualy changing. In addition, the 
the  apecimen  cooling and frost Penetration ~ l l  be 

temperature gradients used in  frost susceptibility 
index tests are 80 high,  that  they do not  reflect 
conditions  frequently  occurring in nature. 

paper is described,  several  aagecta  of frost 
action  will be discussed i n  detail. The dements 
of frost  action are important,  because  the  new 

Before the resting program carried out  in this 



computer  model  has  been  designed to closely 
simulate  actual fru~t penetration. 

Ice  Segregation 
Frost heave in soils is  caused  not onlv bv . . . . . . . . . 

freezing  of in-situ pore water but also & 
freezing of migratory  water. This water transfer, 
which is in addition to natural  water  movement 
cawed by gravity and elevation  beade, is due to 
auction  developed in the "freezing fringe".  This 
is a partly  frozen zone between the zero-degree 

depends on the capillary characteristics of soil, 
ieothenn  and the growing ice lens. water migration 

chemical  potential, o m t i c  forcea,  pneumatic and 
elevation head8, and overburden  pressure, but,the 
main agent gsneruting  suction  potential  is  the 
change in the adsorbed  water  layer  surrounding  the 
aoil  particles. AB this water  €reezea  and  becomes 

generated. The rasulting  suction  causes  water to 
thinner, a negative  pressure  within  the  layer is 

flow  through  the  freezing  fringe  and  to  accumulate 

ice  segregation and occurs at the location  where 
in form of an ice lens. This proteas i s  known aa 

an optimum  thermodynamic  condition  develops for 
ice  lens  growth. This condition  cwnbinee  auction, 
hydraulic  conductivity and temperature  (including 

that within  the freezing fringe  the suction 
latent heat). It is also influenced by the fact: 
pressure  and  eoil  hydraulic  conductivity  vary 
exponentially  with  temperature but in  OppaSite 
direction. 

now reasonably  understood, but their  quantitative 
The  vrocesses of ice segregation in soils are 

yet  at  hand. The segregation  process  leading  to 
determination  and  engineering  prediction  are not 

multiple,  or  rhythmic  ice-lenses can be described 
as  follows, 

segregation  temperature a8 well a8 the  ice-lens 
location  remain  constant due to a balance  between 
the  release of latent  heat  from the freezing of 
the  inflowing  water and the heat  flux.  The zero- 
degree  isotherm,  however, moves a8 cooling 1 

continues.  Consequently,  the  width of the friczing 

hydraulic  conductivity  decreases. The water flow 
fringe  increases  and the overall 'effective" 

product of the  hydraulic  conductivity  and  the 
towards  the  ice  lens can be calculated as a 

suction  potential. Since the suction gradient - 
remains  more  or  lese  constant, it is the low 
hydraulic  conductivity and the 'longa path  through 

water  movement. At such a time,  the  thermal  and 
the  freezing  fringe  that  eventually  retard  the 

hydraulic  balance is dietuxbed  and fast  freezing 

with  continuing  cooling  until  a new segregation 
results. The entire  fringe  then moves further, 

conditions  develops. , 
location,  with  suitable  thermal  and  hydraulic 

Imortance of Temerature Gradient 

process can also  explain  the  important  influence 
of temperature  gradient on the rate of heave.  The 
segregation  temperature, i . e . ,  the temperature of 

be  considered  conatant  with  reapect to changes in 
the  growing ice lone on its active boundary,  can 

unique for a  given  soil, i.e., it depends on soil 
the temperature  gradient.  This  temperature is 

type, percentage o f  fines, and porosity, and 
certainly on the  overburden  pressure.  Therefore, 
the  segregation  temperature is dependent  on 
suction  pressures  in  the adsorbed water  layers ox, 
in other words, on the water/ice pressure 
differential.  The  segregation  temperature is more 

However,  since  the depth of freezing fringe i~ a 
OK less  independent of the  temperature  gradient. 

migration  and  resulting  frost  heave  also  heavily 
strong  €unction of temperature  gradient.  the  water 

depend on the  temperature  gradient. In addition, 
the  resulting frost heave ie a  function o f  the 
hydraulic  conductivity, thwauction potential q d ,  

."" " 

During the growth of an ice  lens  the 

The  above  description of the segregation 

.. . I ,. - 
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in  general, the path the water  has to migrate 
through to reach the freezing  fringe. 

gegreoation Potential 

above and becau8e there are serious difficultiea 
associated  with  their  determination,  Konrad  and 
Morgenstern (1981) prDpoaed an engineering 
parameter  called *Segregation Potential*, SP. The 
definition of  SP i s  based on their experimental 
observation: at Che time of formation' of the 
final  ice  lens, the flow of  water, Y, is 
proportional to the  thermal  gradient, dT/dz, in 
the frozen  Boil, so: 

Instead  of  using  the complex factors  presented 

v = S P - d T / d r  

Another  very  important  parameter  strongly 
influencing  the  water migration is the cooling 
rate (Svec, 1989) and  is  utilized 8s follows. I€ 

temperature  bradient  and frost penetration aa two 
the soil  cooZ4,ng i8 expressed  in terms of 

as  for  example, in ramping freezing laboratory 
independent  variables, (forced to be independent, 

tests) , i.e. : 

where f represents the k o s t  penetration, t is 

can be observed. 
time; tben the  importance of the sate of cooling 

Rate of Conlin 
The importa%ce of the rate of cooling can be 

gradient, aT/az, the rate o f  frost penetration is 
explained as follows.  At a constant  temperature 

directly  proportional  to  the rate of cooling. A t  

the ice-segregation  site  is  establishea, the rate 
low cooling (ii.e., frost-penetration) rates, once 

of heave is a;,e.o low  because the freezing  fringe 
i s  very  thick. The low frost-penetration rates do 
not  act to force the segregation site to relocate. 
As well, the releaae  of  latent  heat from the 

thermodynamic  processes  relatively steady. The 
freezing  of  inflowing water keeps the 

mount of time required to relocate the ice- 
segregation site (i.e., start of a new ice lens) 
is  relatively very  long. In the middle range of 
frost-penetration  rates, the above process is 
faster  which, in a dynamic sense, allows a- thinner 
freezing fringe to form. Moreover, the segregation 

penetration rate, A thinner  freezing  Eringe 
temperature  decreases with the increase  in 

accompanied by a lower  segregation  temperature 
wiJl result  in  a  higher  rat? of heave.  In  the  high 

process beboqa BO fast  that there is  not enwugh , 
ranbe of fro+-penetration  rates,  the  freezihg 

time to ,establ$.sh significant  water flow between 
successive  locations of ice aegregation sites. As , 
a  result, the heave  rate  must  decrease. 

FREEZZNQ: -TESTS 

rn the vaBt ma$a.oris;v' of experimental one-s'tep 

used. In cantraat, the testing  procedure dtscribd 
freezing te~ts, coristant  boundary conditions are 

in  this  paper is based on the so-called "ramping' 

cold a r d w a m  ends of the sample are 
technigue. In this  method  the  temperatures at  th? 

simultaneously  decreased  according to a pre-' 
progr.med function.  Authora have strohg 
emerimental evidence shown below  that if the' 
temperatures of both  ends folhw the sarde linear 
function'of time, a *ramp*, then the ,frost heave 
vs. time will also be  a  straight line. This 

gradieht is ..conestant (dependant on rate, of 
relat,ionship  persists ao long as the temperature . , i , .  

cooling?, The rate of. heave then clearly becainesr'.a 



conatant. In other words, a constant  cooling rata 
below that the rate of heave,  however.  is  highly 
reeulta  in a conatant heave rate. Tt is shown 

dependent on cooling rate. 

described by Psnner (1986), Figure 1. All the 
tests were carried out  using the same  soil, 

prepared from a Blurry (moisture  content ahut 2% 
classified  aa clayey silt.  Soil  samples were 

above  the  liquid  limit) by consolidating  the 
sample under 400 kPa vertical strew aad allowing 
it to rebound under 20 kpa. 

The frost heave cell  used in this study was 

r$ m- 

+ W A M  SUPPLY 

Figure 1. NRC  Freezing Cell 

Prior to frost heave  testing, a gretxribed 

was then  eupercooled  in  order to initiate i ce  
thermal gradient was established.  The  soil  sample 

crystallization. upon initialization of ice 

due to the release o f  the latent heat of fusion. 
crystallization, the temperature  rapidly  increased 

The soil sample waa then thermally stabilized and 
the  temperature gradient wae forced  to return to 
the  initial  condition. 

test. Two freeze/thaw  cycles  were  performed fur 
each  teat to account far the  changoe in 
msceptibility ta frost heave  in  freezing  virgin 
material.  During  each  teat  the  temperature 
gradient and the cooling rate  were  both kept 
constant. This wae achieved by controlling  the 
boundary  conditions  in  ramping faahion using 0.05Oc 
temperature  incrementa, (Figure 2 ) .  Figures 3a and 

degree isotherm, and the development of f rost  
3b show the results of the  position of the zero 

heave and water  intake,  reBpectively,  during a 
typical test. 

Pour eete of tests  baaed  on  three  constant 
temperature qradients (0.035,  0.05, 0,075 and 

from the first two sets of experirnentra using two 
0. loC/m)  have buen performed. Most of the  results 

were  described by Svec (1989). Resulta from a 
conatant  tenlperaturo gradients 0.035 and 0.05Wcm 

third set of tests based on a 0.075°C/crn 
temperature gradient are ehown  in Figure 4. The 
fourth  aet using O.l0C/cm has  nat  been  completed  at 
.the writing of th iu  paper. The purpaoa of than8 
teats has been to provide an experimental  data 
base as an input for a comDuter  prediction model. 

Fresh samplss were prepared fox each individuul 
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T e s t  S e r i . e s  III, N0.2 Boundary Condit ion 
Temperature g r a d i w t  0.075 'c/cm. Humping rate 0.2 r/duy 

-0.a 1 

Figure 2. Boundary  Conditione in a Ramping  Teat 

Test S e r i e s  I l l ,  N0.2 Depth  of % e m  Degree Isotherm vs. iims 
Temperature gradient O.O75'C/cm, Ramping rate of O.Z'C/du~ 

1 

Teul  S e r i e s  111, N0.2, Heave US. t i m e  
Tvmperature gradient O.O75'C/cm, Ramping rate 0.2 %/day 

(b) 

and Compared to Computet Model 
Figures 3a & b. Resulta'of a Typical  Ramping Test 



Heave Rate us. Cooling Rate 
, ,  

Teat seriolr III with temperature qradient ofO.O75s'c/nn 

0.W 0.10 0.20 0.30 4.40 Q.50 0.60 

cooling rate &/duy) 

Figure 4. The Third Set of Testa Based on 
Temperature  Gradient  of 0.075°C/cm 

INTEGRATED E X P E R I U E N T A L - M A T H E ~ ~ A ; ~ "  m m  
, _ .  

A one-dimensional  finite el&ent model  proposed 
i n  this  study  is shown in Figure 6. The solution 
i s  sought  in two, finite  satursted soi l  regions: 
the frozen zone (I) and the unfrozen  zone (11) 
(before freezing  and  after  thawing). 

PROPOSED APPROACH 

The proposed experimental-computer  integrated 
frost heave  prediction model ia based on  testing 
as  described above. Seta  of  tests  using  constant 
temperature  gradients,  and  increasing  cooling 

major soil types,  (e.g,, clay,  silt,  silty  clay), 
(frost-penetration)  ratea will be performed  for 

resulting  in a eet of,functione (one  function  for 
etrch temperature  gradient). These functions,  whose 
form will be similar to thoae in Svec (1989) and 
in Figure 5, will  then be assembled into a data 
bass and by using  splines  (or some other 
extrapolation technique), a 3-D surface  envelope 
will then be  constructed. If necessary,  however, 

conditiona,  additional  testa could be performed as 
for specific  site,  project  and climtic 

cooling  rate  will bs selected  that  would lend to 
follows: ky observation. a tlrarmal  gradient and 

a freezing  teat  ueing  these  parameters  will  give 
the worst froet-heaving  conditione.  The  reaulta  of 

the  highest  possible  potential to heave, called 
the  "Critical  Segregation Potential', CSP, of the 

Similarly, us auggested by Chamberlain  (19871, 
sail  representing tho selected major soil type. 

these  additional  freezing  testa should consist of 
two freeze/thaw cyclbls, followed by a CBR  test. 

The  resulte of future  experimental  programs 
assanbled in data  bases,  which  is  graphically 
shown in Figure 5, will be used  in  combination 
with  our  new  computer model deecribed  below. 

Figure 5. 3-D Data Base as a Result of 
Experimental PrQgfam, Fig. 4, Svec. 1989 
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Zone: (1)- Frozen Zone 

be rigid  (e.g.,  without  any water  migration) and 
In this  zone the Boil/ice  mixture is assumed to 

-;qhe heat transfer  is by conduction alone. 

Zone (IIla) - Freezina Zone - Frost  Action , .  

During freezing  action in  thils zone heat 

migration  is  determined frmn-experimental data 
transfer  ia by conduction--alone, but  water ' 

babe as described  above. The concept of this model 

intake, as an axperimenthl  determined 3-D 
far  this zone is baaed on utilisina  the  water 

function, Figure 5, which dependa tin cooling ratea 
and  temperature  gradients.  Both  these  variables 
are determined  in each time  step a d  in each 
element."The cooling  rate ia  Calculated  based  on 
reaulte of the last two time steps, while  the 
temperature  gradient i s  calculated on the result 
of the  last  step  only. These two variables  are 
then  used  to  determine the  water  flow,  entering 
into  appropriate  elements from tha  data h13e shown 
in  Figure 5. In a point farm this  proceea is as 
follows : 
(1) Calculate temperaturi ~radient and cooling 

rate at each  time  step  in  each  finite 
element;' , , ,, . 

(2) Use these two valuee to determine the  water 
intake from the  experimental data base; 

~, 



( 3 )  Use the water  intake for,tm next time ateg 

( 4 )  Use an iterative  process hi the next time 

in all  elements aa new water level  and 
latent  heat load; 

- , step and calculate temperet,we 
distribution, frorjt genetr4tion and 
reeulting  heave. , .  

Zone (1I.b) ...- Thawinq Zone 

heat transfer calculations are performed aa 
described by field equations below: 

During  thawing,  full  conduction  and  convection 

Field Eauatione: 
The Eixed vertical  coordinate system is 

denoted by Z. The coordinate of the soil  surface 
BC time't, on which termperature 8. is applied, is 
2 = - H ( t ) .  H repreeents the amount  of  heave. The 
caordinate of the phase change  boundary ie 2 = 
Z, (t 1 where the temperature ie Bo. Since  the 
influence of live  loada on frost heave  in a raad 
application CM be considered  negligible, the 
overburden pressure ia as8umed  constant (20 kPa). 
Boundary conditions representing  a  prescribed 
temperature at the surface and phase change at the 
interface have been included. 

Field equation in the frozen Zone I: 

Energy  balance: pgi rt c drg 

where 9 represents temperature, z is depth, pel 
denotes the. wergge heat capacity  par unit valume 
of the soil/ice mixture,  and ki is the average 
thermal  conductivity of the soil/ice mixture. 

freezing : 

ae 30 

Field equation in the unfrozen Zone TI, during 

melting: 
Field equation in the unfrozen Zone XI, during 

where a' ( z ,  t! 9 sf factive stress: y s l  7w = 
submerged sol1  unit weight,  watex  densaty; p(z,t) 

volume-compresaibilicy; w -= s%l displacement; W = 
0 pore pree!esure.lor excess); = coefficient: of 

water  displacement; %'a coefficient of 
gemeabilityj B ( z , t )  - ,temperature of the mixture; 

of water *n s o i l ;  e average therma1,conductivity 
pic, = heat capacity of aoil; paca I heat capacity 

of the goil/water m 5 xtuse: u = coefficient of 
volumetric expansion of water: 9, = reference 
temperature; 

using third order polynomial  functions in 2 and 
linear finite - difference  step in time. 
Substituting thew functions into a  lineared 
version of the above equations  and  using the 
Oalcrkin approach yields a set of 16 algebraic 
equations. 

This model was c&ared to the result5 of an 
independent (e.g., variable baundazy conditions) 

Gslerkin's weighted  reeidual  method was applied 
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laboratory freezing test, and as well  to  the frost 
heave  data from the  field-experimental road  soils. 
These  validations  are  described in the next 
sect  ion. 

RESULTS OF MODEL TESTING 

Lqborato  re zin Tests 
The fzs! s:ep gin tho evaluation ak the  finite 

element  madel was to carry  out  individual 

calculated from the deta  base  described above for 
laboratory  freezing  tests. The water  intake was 

model  subjected to freezing, The earlier Figure 3a 
each t'ime step, and then used as a load in the 

shows a comparison  between  experimental and 
calculated  results for the  depth of the zero 
degree  isotherm,  while  Figure 3b shows the results 
for the heave. These two figures represent typical 
reBults in this  approach. As can be seen,  the 
model  coincides  remarkably  closely  with  the 
experiments. The evaluations of all of  the  results 
from all test aeries were similar,  indicating  that 
the  computer  model  performed  rather  well. 

Independent Laboratom l es t  

further  extended to evaluate an 'independent  test 

cooling rates were changed in  time. For the  fourrh 
(Test Series IV), where  temperature  gradients  and 

set  of experiments, the variable temperature 
gradients and cooling  rates  during,'each  individual 
test  were'chosen. (Fig. 7) 

Tes t  & n @ s  W. No.2, Depth of Zero  Degree Isotherm +a. 7'iy 

I " 

In the second s t e ~  the proposed  approach :as 

- 3 1  I W  

I 
0 r p w  2000 d..o Y CII 

Elapsed minutes 

(b) 
Figure 7.  Independent test 

The test described  in this paper  was based on 
co-activation of three different  consecutive 



temperature  gradients 0.075, 0 .05  and  0.035°C/cm 
and three di€ferent consecutive  cooling  rates 0.3. 
0.1 and 0.03°C/day. Figure 7a shows  experimental 
and  calculated  results for the depth of the  zero 
depxee isotherm,  while  Figure 7b shows  the 

heave. A good agreement  between  the model and the 
calculated and experimental  water  intake and total 

experimental  results was achieved.  Thio  evaluation 
i s  still  in  procesa. A large  number of  evaluation 
testa are planned. 

Road  Field Data Predictions 

evaluation oi premed model. As can be seen  in 
campus  in  1965,  Penner (1967) were used in  another 

Figure 8, both the frost penetration and total 
heave  coincide  well with field data. It can be 
concluded,  even based on these rather  limited  and 
only  preliminary  results, that: using  proposed 
approach  sccurare frost heave prediction fox 
engineering  projects  will be possible. 

Oara from a  road  test  section  built on the NRC 

CONCLUSIONS 

Potential  concept. The experimental  grogram,  using 
This paper i s  based on the Critical  Segregation 

laboratory freezing  tests of clayey  silt with 
controlled  temperature  gradients and cooling 
rates,  resulted  in a data base for water intake. 
The  combination of this data base and a finite 
element computer  model  was  used to develop a novel 
approach to predict  frost  heave. The preliminary 
Laboratory results  indicate that this new model 
could lead to prediction of frost heave in 
freezing soil  in the field. 

It must be stressed,  however,  that  a  large  (but 
not  impractical) number of teste  must be performed 

order to make this method  generally  acceptable in 
to  complete  the data base for clayey silt. In 

developed €or other  soil typea. 
engineering  practice,  similar  data  bases must be 
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CALCULATION OF FROST HEAVE STRESS ACTING 
ON THE FOUNDATION BOTTOM 

Tong  Shuchun 

Da Qing Oil Field  Constuction  Design 
Research  Institute.  Chins 

The  frost  heave  stress  acting on the  foundation  bottom  is  one of the  important 
parameters  of  the  depth  of  structural  foundations. On the  basis of the  energy 
balance  principle  the  paper  deduces  the  method o f  determining  the  frost  heave 
stress  on  various  foundation  forms.  The  problem  is of  great  significance for 
shallow  foundations. 

INTRODUCTXON 

o f  . t h e  effect  of frost' heave  on  structural 
foundations  che  depth  of  the  foundation  has  to 
be  buried beloy  the  frost  depth.  due  to  horizon- 
tal  frost  heave  non-frost s o i l s  a r e  filled  into 
the  foundation  sides,  this  method  is no't only an 
economical  waste  but ia 13180 complex  in  construc- 
tion.  Therefore it I s  a significant  problem  to 
determine a reasonable  depth  of  foundation  above 

~ the.,seasonally  frozen  ground.  The  key  to  this 
problem i s  predicting  the  frost  heave  stress 
acting on the  foundation  battom.  The  energy 
balance  principle  balances  the  effects  caused 
b y  .foundation  frost  heave a g a i n s t  the  potential 
energy  caused b y  the  structural  deformation. 
with a mathematical  method  the  paper  obtains  the 
analytical  solution fo-r this  problem. 

For solving  the  problem  the  following  assump- 
tions  were  made: 

(1) The  freezing  process  of  the  seasonally 
frozen  foundation I s  one-direction  plane-freaz- 
ing, i . e .  the  freezing'depth  develops  gradually 
from  the  surface  downward,  after  the  structures 
are  built,  the  heat  transmission  process of the 

freezing  depth of the  foundation  but  the  plane 
frozen  foupdation.is  changed, it decreases  the 

freezing  state i s  not  changed, 

the  foundation is uniform  the  ground  temperature 
gradient is constant  during  the  freezing process, 
So, the  frost  energy  caused b y  the  unit  frozen 
soil  layer a t  any  depth i s  the  same,  that  is, 
under  the  foundation  the  frost  energy  from  the 
first  unit  soil  layer is equal to that  of  unit 
soil  layers  at  other  depths. it can be described 
as the  following  (Tang  Shuchun. 1990): 

In Yeasonally  frozen  ground  regions,  because 

(2) It i s  assumed  that  the  frozen s o l 1  under 

Ah161  Ah262 a*.*..-= A h n 6 n  ( 1 )  

where:  Ah161, Ahz62,.. ..., Ahn6, Indicates  the 
frost energy from  first, second. third. ... nth 

unit soil layer.  respectively. 

written  a8  follows: 
Under  natural  conditions  formula (1) can be 

AhlylAA - Ah2yz2AH a*....- AhnynnAH ( 2 )  

where:  Ahl. ..., Ahn--frost  amount from 1-n unit . 
soil  layer ( m )  

y l , . .  ., yn--pnit weight  of-1-n u n i K  soil 
layer ( K N / m )  

t51,..,,,6n--soil weight  raised b y  1-n 
unit soil layer  frost ( K N / m ' )  

ANl,,..,AHn--the thickness o f  unit soil 
layer ( m )  

formula (2) 
The  following  equations  are  obtnineh  from 

A h 2  = 
2 Y  2 

Equations ( 3 1 ,  (I). (5) indicate  that,Ahl, 
Aha. ..., Ahn  has a linear  relationship for uniform 
soil,  the  frost  amount at negative  temperature 
decreases  linearly  along  the  foundation'depth. 

(3) Interface s t r e s s  at  the f r o s t  front  is 
equal  to or less than  the  bearing  capacity of 
the  foundation, and  the  frost  stress  act-ing on 
the  foundation  bottom b y  the  frozen  soil la.ycr 
i s  determined b y  t h e  stre39  spread  principal. 

Prom  above'  these basic ussumptions on  energy 
balance  principles  on-the  effects  of soil f r o s l  
heave on structures  shall  balance w i t h  the 
potential  energy  caused b y  structural  deforma- 
t i o n .  This can be written  as  the folloeing for- 
mula: 

l W 1 1  - [WZI ( 0 )  
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w h e r e  [ W l ]  -- E f f e c t  of soil f r o s t  o n  s t r u c t u r e ,  
KJ. 

s t r u c t u r a l   d e f o r m a t i o n ,  KJ. 
[W2]  -- P o t e n t i a l   e n e r g y   c a u s e d  by t h e  

e x a m p l e  we s t a t e  s i m p l y  the  r e d u c t i o n   m e t h o d   o f  
ftost e n e r g y   u n d e r  t h e  f o u n d a t i o n .  

For  t h e  s t r i p   f o u n d a t i o n :  

Vo-BDb 
FORMULA DEDUCTION 

When t h e   s t r u c t u r e  a n d  t h e   f r o z e n  soil f o u n d a -  

d e f o r m a t i o n   c a u s e d  by t h e  f r o z e n  s o i l  e f f e c t s   t h e  
t i o n   a r e  working a t  t h e   s a m e  time, t h e   f r o s t  

s t r u c t u r e ,  T h e  s t r u c t u r e  . a f f e c t e d   b y  t h e  f r o s t  
a c t i o n   h a s   d e f o r m a t i o n   p o t e n t i e l   e n e r g y .  This 
e n e r g y '   b a l a n c e s   w i t h  t h e  f r o s t  e n e r g y . ' W i t h i n  
the t w o  e n e r g i e s  t h e  soil f r o s t   e n e r g y   p l a y s  a 
d o m i n a n t  r o l e .  I t  is OP  i m p o r t a n t   s i g n i f i c a n c e  
f o r  t h e  d e s i g n  oE t h e   s t r u c t u r e s  on f r o z e n  
F o u n d a t i o n s  t o  d e t e ? m i n e   t h e   e n e r g y   m a g n i t u d e .  

T h e  sum o f  f r o s t   e a e r g y  (Wi) c a u s e d  by u n i t  
soil f r o s t  u n d e r  t h e  f o u n d a t i o n  i s  t h e  f r o s t  
e n e r g y  acting o n  t h e  f o u n d a t i o n  b o t t o m  (Fig.l), 
I t  c a n  b e  d e s c r i b e d  as follows: 

. , . . . . . . 

n hndn 

F i g u r e  1. [Wl] - i L I W i  - W 1  + W2 = .....+ Wn 

t h i s   e q u a t i o n   . c a n   b e   r e p l a c e d   w i t h   t h e   f o l l o w i n g  
e q u a t i o n s :  

W 1  = ( V O Y O  + V 1 Y l ) h r  

W 2  ( V O ~ O  +, V l Y ,  + V a y z ) h r  

W3 (VOYO + V I Y I  t VzYz+ V,Ys)ha ....... 
Wn ( V O Y ~  + v1Y1 +.....+ VnYn)hn 

where, Vo.Yo -- f r o z e n  soil w e i g h t   a b o v e   t h e  
f o u n d a t i o n   b o t t o m ,  KN 

V 1 , Y l -  VnYn -- 1 - n s o i l  l a y e r s   w e i g h t  
u n d e r  t h e  f o u n d a t i o n  
b o t t o m ,  K N  

The  ab. ,ove eqqati,ona may b e   v a r i e d  t o  t h e  f o l l o w -  
. i n g  form: 

: Wo' -..V o Y O ( h 1 t h 2 + h r t  ...... t h n )  
W 1 '  - t l T t ( h r t h t + h , +   + h n  1 
WZ'  = V l Y i (  h z + h n +  t h n )  

Wn' = VnYn( + h n  1 
...... 

D u e  t o  t h e  s t r e s s  s p r e a d   a c t i o n   t h e   v a l u e  o f  
' 4-k r e l a t e s  t o  t h e   s h a p e  of  t h e   s t r u c t u r a l   f o u n d a -  

t i o n .  Here t a k i n g  a s t r i p   f o u n d a t i o n  a s  a n  

. e . . . . . .  

Wn'-AH[ ( B t  2 .  n - l  AH A H  
)+ tga!bYnhn 

Because h , h  . . , h n   t e n d   g r a d u a l l y  t o  zero w i t h  

a d i s t r i b u t i o n  o f  u p s i d e - d o w n   t r i g o n o m e t r y . ,  
t h e   d e v e l o p m e n t  o f  f r o z e n   d e p t h ,   a n d   t h e r e   a p p e a r s  

t h e r e f o r e :  

h l Y , * h z Y i + h s Y s + .  * .+hnYnlhY ( 7 )  

, 

w h e r e ,  h t o t a l   f r o s t   d e f o r m a t i o n   a m o u n t  o f  
f r o z e n  s o i l  l a y e r   u n d e r  s t r i p  - f o u n d a t i o n ,  m ;  

y -- mean u n i t   v e i g h t  of the f r o z e n  801) 

B -- w i d t h  of  s t i l p  f o u n d a t i o n ,  a: 
D -- d e p t h  of s t r i p   f o u n d a t i o n ,  m: . 

b -- c a l c u l a t i o n   l e n g t h  of  s t r i p   f o u n d a -  

l a y e r   u n d e r  s t r i p  f o u n d a t i o n ,  K N / m  

t i o n ,  is I m. 
From e q u a t i o n  ( 7 )  and t h r o u g h m a t h e m a t i c a l  

t r e a t m e n t ,  we g e t :  
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where H -- f r o z e n  s o i l  layer  t h i c k n e s s   u n d e r  

s i n c e .  [Wl]=W'i+W:+W:+W: 
t h u s .  

s t r i p   f o u n d a t i o n ,  rn. 

[Wl 1- (2BDtna.vo+BHtna.vtH't)bh ' 

z t g u  ( 8 )  

r e p l a c i n g  Yo w i t h  Y l t  b l l ,  Eqs.(B) b e c o m e s  
[wll- ( 2 B D t n o t B H t a a + H ' ) h y  -nhy 

2rga , ( 9 )  

where ZBDtnUtBHtnUtH'  
2 t g a  n -  

-51 f8 $ h e   c o m p r e h e n s i v e  e f f e c t  c o e f f i c i e n t ,  i t  

a n d   t h i c k n e r r s   o f   t h e   f r o z e n  soil l a y e r   u n d e r   t h e  
is r e l a t e d  t o  t h e   f o u n d a t i o n   b o t t o m   s h a p e ,   s i z e ,  

f o u n d a t i o n   a n d   a n g l e  of s t ress  s p r e a d t  i t s  
d i m e n s i o n  is  i n  m a .  

f r o s t   e n e r g y   e x p r e s s i o n   u n d e r   c i r c u l a r   a n d  
r e c t a n g u l a r   f o u n d a t i o n   b o t t o m s  t h e  e x p r e b s i o n  
p a t t e r n  i m  t h e   a a m e  as  I n   f o r m u l a  ( 9 ) ,  b u t  t h e  
v a l u e   o f  rl is d i f f e r e n t .  

W i t h  t h e  same m e t h o d  i t  c a n   b e   o b t a i n e d  t h e  

For r e c t a n g u l a r   f o u n d a t i o n s :  

tl- ABHt l 'O tAH' t1 '0+BH' t~ ' a   +H ' tPABDtn 'U  
P t g ' a  

For c i r c u l a r   f o u n d a t i o n s :  

rl- 
a(lK'Hta'a+4RH'tnatH'*BR'Dtn'a~ 

8tg 'a  

w h e r e t  A,B -- r e c t a n g u l a r   f o u n d a t i o n   s i d e   l e n g t h ,  
mi 

H -- f r o z e n  s o i l  l aye r  t h i c k n e s s   u n d e r  
R -- r a d i u s  o f  c i r c u l a r  f o u n d a t i o n .  m; 

f o u n d a t i o n ,  m ;  
D " f o u n d a t i o n   d e p t h ,  m. 

A f t e r   s t r u c t u r e s   a r e   b u i l t ,  s o i l  f r o s t  h e a v e  
u n d e r   t h e   f o u n d a t i o n  i s  r e s t r a i n e d  by t h e   l o a d  
of t h e   s t r u c t u r e .   T h e  e f f e c t s  of s o i l  f r o s t  
h e a v e  c a u s e s   t h e   p o t e n t i a l   e n e r g y   o f  t h e  s t r u c -  
t u r e l l d e f o r m a t i o n .  the two e n e r g i e s  o r e  i n s a  
b a l a n c e d   s t a t e   d u r i n g   t h e  s o i l  f r o s t  h e a v e  pro- 
cess .  When t h e  e f f e c t s   o f  s o i l  f r o s t   h e a v e  
c o u s e s   s t r u c t u r a l   d e f o r m a t i o n .  a s  l o n g   a s  the  
d e f o r m a t i o n  is n o t   g r e a t e r   t h a n   s t r u c t u r a l  
a l l o w a n c e  or t h e   d e m a n d e d   d e f o r m a t i o n   a m o u n t ,  
t h e  s t r u c t u r e  w i l l  be i n  a s a f e  s t a t e .  T h e r e f o r e ,  
t h e  a l l o w a b l e   d e f o r m a t i o n   p o t e n t i a l   e n e r g y   c a u s e d  
by s o i l  f r o s t   h e a v e   u n d e r  t h e  f o u n d a t i o n   c a t 1  be 
i n d i c a t e d   a s   f o l l o w s :  

l w * I  = F 6 f  (10) 

w h e r e ,  F -- f o u n d a t i o n   b o t t o m   a r e a ,  m a ;  

b o t  tom, KN/m' : 

by t h e   a c t i o n  of  f r o s t  h e a v e  s t r e s s .  
u s u a l l y   t a k e n  as 0.01 m .  

6 -- f r o s t  s t r e s s  a c t i n g   o n   f o u n d a t i o n  

f -- a l l o w a b l e   d e f o r m a t i o n  qf  s t r u c t u r e  

From f o r m u l a  (6). we o b t a i n :  

o h ?  = F 6 f  

CONCLUSION 

T h e  f r o s t  h e a v e  stress a c t i n g  on t h e   f o u n d n -  

p r i n c ' i p l e ,  t h i . 8  is a new a t t e m p t .  T h e  t heo re t i ca l  
t i o n   b o t t o m  I s  o b t a i - n e d  w i t h  t h e  e n e r . g y   b a l e n c w  

c a l c u l a t i o n   r e s u l t   c o m p a r e s   f a v o u r a b l y  w i t h  
p r a c t i c a l   e n g i n e e r i n g .   T h e   c a l c u l a t i o n   m e t h o d  
g i v e n  b y  t h e   p a p e r  m a y  be u s e d   f o r   t h e   c n l c u l a -  
t i o n  o f  dam f o u n d a t i o n   s t a b i l i t y   a n d   o t h e r  
s t r u c t u r a l   f o u n d a t i o n s .  
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EXPERIMENT AND APPLICATION OF HEAVY TAMPfNG M l h O D  TO PREVENT 
A HIGHWAY FROM FROST HEAVING AND BOILING 

Tang  Xiaobo 

,Heilangjiang  Province Lou Temperature  Construction 
Science  Research  Institute,  Harbin,  China 

It i s  low-costed, effective and easy to  manipulate in  practice  to  consolidate a 

of highway  in  cold  regions. 
roadbed b y  using  heavy tarnping method  in  prevention a €  frost  heaving  and  boiling 

INTRODUCTION 

In  the co ld  regions o f  northern  China,  the 

The frost  heaving  and  thawing  settlement  of  the 
frost  disasters of highways  are  very  sertous. 

seasonal  active  layers  cause  the road  boiling 
t-o influence  the  normal  traffic, and  sometimes 
m o t e  the  traffic  interrupted, so the  expendi- 

very large. In order to search for  an  effective. 
tures on  road maintenances  and repairments  are 

simple,  and  low-costed  approach  to  prevent 
highways from frost heaving  and  boiling,  one 
trial  section  kas  taken  from a highway,  in  which 
the  frost  heaving  and  boiling  developed,  to use 
Lhe  heavy  tamping  method  to treat the  roadbed. 
The experimentll  process was carried  out  at  the 
s3me time  as  the  road  section was rebuilt.  The 
cxperimental  results  showed  that  the  heavy 

o f  frost heaving  end boiling of a highway. 
Lamping method  had a good effect in  pre*ention 

SURVEY OF TIIF: ENGINEERING CONDITION AT THE TRIAL 
SECT ION 

This  engineering  project was located  in  the 
central  part of Longfeng  district  of  Daqing  city 
i n  Heilongjiang  Province.  The  experimental aec- 
tion  was  selected  at  the  main  line of Tvanjie 
toad,  in  which  the  frost  heaving  and  boiling 
were most  se,rious. Th: section  was 275 m long, 
12 m ride,  and 3300 m in  area.  The  Tuanjie  road 
is topographically  low,  the  groundwater  level is 
-0.5 m,  the  drainage  condition  was  not  very 
smooth.  The  soils  in  the  roadbed  were  clay  and 
l a m  with  a,high  frost-heaving  property,  The 
pavement  was  made o f  sand  and  stones.  Sinck#the 
road was built  in  1961,  the  frost  heaving  and 
boiling  had  occured  every  year.  Although a 
large  amount of  rubbles,  crushed  atones,  lime- 
stone  powder,  and  lay  cinder was used  to  pave 
the  road  in  the  one  year,  the  boiling  still 
emerged i n  the n e x t  year.  The road was  rebuilt 
b y  applying  the  heavy  tamping  method  to  treat 

the  roadbed  in  1984,  and  the  pavement  was  con- + 

Crete  instead  of  sand  and  atones, 

THE HEAV'l j  TAMPING CONSTRUCTION. TEST AND OBSEP- 
VATfON . 

In  the  construction of this  engineering  pto- 
ject by using  the  heavy  tamping  method, a 15T 
crawler  crane  was  used, p s  well as B hammer  and 
an auto-unhooked  equipment  designed  and  made by 
ourselves. I n  order to avoid  the  occurence  of. 
crane's  backwqrd  declination  with  tamping  while 
the  crane  arm  being  in a large  tilt  angle, a 

'nongfanghong  100-type  bulldozer  was  used  to  pull 
the  crane  forwards,  meanwhile  the  bulldozer  was 
also  used  to  smoothen  the  roadbed.  A11  the  heavy 
tamping  parameters  are  shown i n  Table 1. 

During  the  camping  construction  all  the 

higher  than  the  bottom of the  road  trough,  and 
tamping-pit  bottoms  must  be  controlled  to  be 

also  the  tamping  settlements  must  be  limited 
within 0 . 9 4  m by adding  some  soil  constantly 
into  the  tamping  pits.  Meanwhile,  the  heavy 
tamping  numbers  were  counted  by  calculating  the 

than 0.03 m. The  method of pump  drainage  and 
last  two  times'  average  settlement  to  be  no  more 

drainage  ditches  along  two  sidea of the  road 
artificial  drainage  were  adopted  because  the 

were  not  completed  at  that  time.  After  the 
tamping  construction,  the  bending  settlement 
test was made  according to t h e  highway  construc- 
tion  standards.  The  results  listed  in  Table 2 
met  the  design  requirements. 

and  thawing  deformation  was  done  during  the 
winters  and  springs  after  the  heavy  tamping 
construction.  The l a r g e s t  frost  heaving  value 
we5 0.186 m in  the  untamped  beds  af  Tuanjie 
road,  and  the  value, by contrast,  was 0 . 0 5 4  m 
in  the  tamped  beds  of  the  same  road.  Compared 
with  that a t  the unta'mped section  the  largest 
frost-heaving  deformation  reduced  about 70% at 
the  heavy  tamped  section  (Table 3). Fig.1 has 

In 1985 and 1986, the  observation  on  freezing 
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Tab le ing  parameters  at  the  trial  section of Tuenjie  road 1. The  heavy  tamp 

Tfammer's Center-line  distance  Average  tamping . Average  impace  Average'  ground 'Ia m m e r  
dropping between  every  two settlement at energy per settlement i n  all 

weight distance tamping  pits every  pits unit  area the  tamping  areas 

3 . 2 5  
(m) 

0 . 9 4 5  ' 

( m )  
600 

(KNm/m' ) 
0.3 

Table 2. The results of  bending  settlement  test i n  the  bed of 
Tuanjie  toad  after  the tarnping construction. 

T e s t  site 
,No 1 2 3 4 5 6 7 

Coordinete  Ot610 0+570 0+530 O+i90 Ot450 0+410 0+370 

Bending 
settlement 1.40 1.60 1.24 I. .30 1.24 1.42 1.22 

Table 3. 

Observation  The  untsmped s e c t i o n  The  heavy  tamped  section 
sites 

I 2 3 4  5 6 7  I. . 2  3 4 5 6 7 8 9  
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F i g u r e  1. The frost-heaving d e f o r m a t i o n  curves a t  the  observation 
s i t e s  o f  the h e a v y  t a m p e d  and the u n t a m p e d  road sections 
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shown how t h e   f r o s t - h e a v i n g   d e f o r m a t i o n   c h a n g e d  
w i t h   t i m e   a n d   f r e e z i n g   d e p t h .  

ANALYSIS A N D  KI?SFARCH OF Tf lE TEST RESII1,TS 

The t e s t   r e s u l t s  showed  tha t :   the   l l cav  

o f   f r o s t   h e a v i n g ,  i t  c o u l d   g r e a t l y ,  t l i m i n  
i .ng m ~ t h o r l   w a s   v e r y   e f f e c t i v c  i n  t h e  p r ~  

h e a v i n g  a n d  boiling in t h e   r o a d h e r l .  
p n s s i b i l   i t , y  o f  t h e   r o a d   d a m a g e   c a u s e d  h y  

a c t i o n   i n   v o l u m c   d u r i n g   t h e   f r e e z i n g  o f  
T h e   t r o s l - h e a v i n g   s w e l l  i s  t h e  e x p e n s  

s o i l .   E x c e p ~   f o r   t h e   e x p a n s i o n   i n   v o l u m r  

Y 

i 
V 

i 
t .  

en1 i o n  
t :I m p - 

S I I  t h e  
r t n q t  

0 I 1  

w h  i I C  
I1 e 

t h y  o r i g i n   w a t e r  1.n s o i l  i s  f r e e z i n g   i n t o   i c F t  
t h e   s w e l l  i s  m a i n l y  cnuse t l  b y  t h e   r e l a t i v e  
d i s p l a c e m e n t  whi.ch h a p p e n s  due  t o  the   vo lume  
e x p a n s i o n  o f  i c e  a s  w a t e r   c o n s t a n t - l y   m i g r a t e s  
anrl a c c u m u l a t e s   f r o m   t h e   u n E r o z e n   a r e a s   t o  L h r .  
f r o n t n l   a r e a s  of f r e e z i n g .  I t  i s  a l s o   d e r i n e d  
R S  the s o - c a l l e d   f r o s t   h e a v i n g .  'l'he r o a d   b o i . l i n g  
i s  t.ha f r o s t - c a u s e d  phenomeno t l   t ha t .   t he   wa te r  
c o r r t c n t  i n  s o i l  w i l . 1   i n c r e a s e  a l o t  when t h e  

r o a d b e d   w i l l  be i n  s a t u r a t i o n   b e c a u s e  s o  much 
s e p a r a t e d   i c e  i s  thawed ,  anrl t h e   s o i l  i n  Lhe 

s h o r t  p e r i o d ,  h u t   m e a n w h i l e   t h e   d e e p e r  p " r t  o f  
t hawed   wa te r  i s  u n l i k e l y   t o   s l a k e   o u t  i n  a 

t h e   r o a r l h e d  i s  s t i l l   i n   f r e e z i n g ,  s o  t h e   s o i l  
g v t s   s o f t e r  ant1 s o f r c r ,   , i t s   s t r e n g t h   b e c o m e s  
lower   and   l ower .  As a r e s u l t ,   t h e   s p r i n g - l i k e  
d e f o r m a t i o n   e m e t g e s  i n  t h e   p a v e m e n t  u n d e r .  t h e  
r e p e a t e d  l o a d s  produced  b y  1 - u n n i n g   v e h i c l e s ,  
f i n a l l y   c r a c k s ,  ant l  d r u m 1 i . n ~   w i l l .   a p p e a r   a n d  
m u d  wi l l  f l o w   o u t .   R o t h   t h e   f r o s t   h e a v i n g   a n d  
t h e   i c e   s e p n r a ~ i n g   o n l y   c a n  o c c u r  u n d e r   t h e  
t h r a c   c o n d i t i o n s  a s  f o l l o w e d :   t h e   l i r s t  i s  t h a t  
t h e   s o i l  must h e   s e n s i t - i v e  t o  f r e e z i n g ,   t h e  
scconrl  1.s t h a t   t h e   f r o z e n   d e p t h  m u s t  r e a c h   t o  
t h e   e a s i l y   f r o z e n   s o i l ,  a n d  t h e   t h i r d  i s  enough 
w a t e r  s u p p l y .  Among t h o s e   t h r e e   c o n d i l   i o n s   t h e  
w a t e r   s u p p l y  i s  t h e   f o r e m o s t .  A l l  t h e   e n o u g h  
w a t e r   c a n  come f r o m   t h e   g r o ~ l n d   w a t e r ,  and t h e  
p a r t i a l   r a i n f a l l   w h i c h   p e n e t r a t e s   i n t o  the  road-  
bed t h r o u g h   t h e   p a v e m e n t  o r  t h e  r o a d  s h o u l d e r s ,  
s o  i f  t h e   w a t e r  s u p p l y  c a n   b e   d t o p p e d ,   t h e  
f r o s t   h e a v i n g  o f  t h e   r o a d b e d  soil w i l . 1  b e   s u r e l y  

a n d   b o i l i n g  w i l l  be  e f f e c t i v e l y  p r e v e n t e d .   T h e  
rcducer l ,  a n d  t h e  v c c u r r e n c e   o f  f r o s t   h e a v i n g  

heavy  tamping   method  can  meet t h i s   r e q u i r e m e n t .  
Under the s t r o n g   i m p a c t   f o r c e  of h e a v y   t n m p i n g ,  
t h e   s o i l  w i l l  h e   c o n s o l i d a t e d   q u i c k l y ,  anrl t h e  
s o i l   p o r o s i t y  w i l l  b e   l e s s e n e d .  A l a r g e   a m o u n t  
o f  e x p e r i m e n t s  a n d  r n g i - n e e r i n g   p r a c t i v e s  , 
r l c m n n s t r a t e d   t h a t   t h e  i n n e r  s t r e s s   f i e l d   w i l l  
he  chnnged when t h e   i m p a c t   e n e r g y   o f   h e a v y '  
t amping  i s  s p r e a d i n g   i n t o   t h e   r o a d h e d  s o i l .  a s  
v a r i o u s   w a v e s ,   a n d   t h o  p o r e  w a ~ e r   p r e s s u r e   w i l l  
be i n c r e a s e d .   A f t e r   s u c h   a n   e n e r g y   r e a c h e s  t o  
some v a l u e ,  marry  c r a c k s   w i l l   a p p e a r  i n  t h e  g o i l .  
T h e  f r e e   w ~ t z e r ,   t h e   c a p i l l a r y   w a t e r ,  a n d  t h e  
p o r l . i a l  1 .oose ly   bound   wa te r   w i l l   pe rmea te  
t o w n r d s   l o w - p r e s s u r e d   p l a c e s   t h r o u g h   t h e   c r a c k s  
u n d e r   t h e   a c t i o n  o f  t.he p r e s s u r e   d i f f e r e n c e s ,  
t h e   w n l e r   c o n t e n t  o f  t h e  s o i l  will d e c r e a s e  
c o n s e q u e n t l y ,  a s  w e l l   a s   t h c   s o i l   p e r m e a h j l i t y  
I)cing  low d o w n .  T h e   c o e f f i c i e n t  o f  p e r m e a b i l i t y  
of th t  s o i l   ( c l a y   o r   l a m )  a s  commonly i n  1 x 1 0 -  - 
1 x 1 0  I j e f o r c   t h e   ? o i l   h e i n g   t a m p e d ,   a n d   w a s  
s m a l l e r   t h a n  1 x 1 0 -  a f t e r   t a m p e d ,   B e s i d e s  t h i s ,  
t h e   h e a v y   t n m p i n g   c o u t d  a l s o  l o w e r   t h e   g r o q n d -  
w a t e r   l e v e l   d o w n ,   t h e   l e v e l   w a s  - 0 . 5  m b e f o r e  

Pieanwhile,  l a r g e   a m o u n t s  of b a c k f i l l  soil, 
ILamped b y  c o n t r a s t   t o   t h e  - 3  m a f t e r  tamped.  

c r u s h e d   s t o n e s   w a s   t a m p e d   i n t o   t h e   r o e d h e d ,  
L h i s  led t o  the r e d u c i n g  of t h e   f r o s t   h e n v i n g  
1 ) r o p c r t y  o f  t h e  soil. From F i g . 1 ,   t h e   f o l l o w i n g  

" 

f a c t .   c a n   h e   f i g u r e d   o u t ,   w h i c h  w a s  t l l a L  t h e  
f r o s t - h e a v i n g   d e f o r m a t i o n   o f  thr?  t n m y r d  roarlhetl 
W R S  v e r y   l i t t l e ,  and   t he   f ros t -h r r lv i . 11g  r lc lormn-  
t i o n  of t h e  untamyerl  rnnrlherl  tlevelopcrl c o n t i n u -  
o u s l y  w h e n  t h e   f r o z c n   d e p t h   e x c c e t l e t l   t h e   s t r n l - -  
t u r a l   l a y e r   o f   t h e  r o a t l b c d ,  t h i s   i l   l u s t r a t e s  
t i r a t  Lhe f r o s t - h e a v i n g   d e g r e e  o f  t h e  tampprl s o i l  
h a s   c h a n g e d .  Tlle d e n s i t   y - i n c   t e a s e d  s o i  1, Cormrrl 
a w n l e r - r e s i s t i n g   l a y e r  i n  n c e r t n i r ~   r a n ~ c  and 
d e p t h  a n d  t h i s  l a y e r  c u t  Lhe passagpp.  o f  1 I I C '  
w a t e r  s u p p l y  t o  t h e  rontlbcrl complet-ely o r  
p a r t . i a l l y ,  a n r l  made t h e  i c e   s c p a r a t i n n  i m p o s s i -  
h l c ,  so  t h e   r o a d   h o l l i n g  i n  s p r j n g   t i m c  c ' o u l d  
be p r e v e n t e d .  Aft.et t h e   p r a c t . i c a 1   e x a r n i n a t . i o n s  
on  Tuar1ji.e r n a d  t h r o u g h   t o t a l   t h r e e   c y c l e s  nf 
i r e e s i n g  and t h a w i n g ,  i t  was t e s t i f i c d   t h a t   t h e  

n11rl s u r r a c c  c r a c k s   w e r r   v e r y  conlnrrrn a t   t h e  
f e n t u r e s   s u c h  a s  f i s s u r e  o f  t l i s p l ; ~ c ~ n l e n t ,   s w e l l ,  

u n t a m p e d   r o a d   s e c t i o n ,  by C u n t r a s t ,  a n y  s u c h  
s i m i l a r   f e a t u r e s   h a p p e n c t l   a t   t h e  tanIpctl s e c l i o n .  

C O N C L U S I O N  

e a s i l y   m a n i p u l a t e d   m e t h o d  w i t h  spler1rli.d p r c s p w -  
The  heavy  tamping i s  a s i m p l e ,   t o w - c o s t ~ d ,  

t i v e s  o f  t u r t h c r   d c v e l o p n l c n t   l o r  t.hc p r e v r n t i o n  
n f  t h e  frost. h e a v i n g  a n d  b o i l i n g  o f  n highway 
i n  t h e   c o l d   r e g i o n s ,   ~ l t h n u g h  i t  was t h e   f i r s t  
t i m e   f o r   t h e  Itlethod c o  he appl   ie t l  i n  t h i s  f i e l d .  
It c a n  be c a r r i e d   o u t  h y  u s i n g  a l o t  < I T  l o c f i l  
1 1 1 n t e r i n l . s   s u c h   a s   s a n d ,   s t o t r ~ s ,   r r r n s t r u c t   i o n o l  
r e f l l e s e ,   a n d   i n d u s t - r i a l   w a s t e s ,  v t c .  S o  i t -  c a n  
t r a n s f e r   t e h   h a r m s   i n l o   t h e   b e n e f i t s .  

O F  t h e   h e a v y   t a m p i n g  method in  p r e v e n t i o n ' o f  
t h e  f r o s t  h e a v i n g   a n d   h n i l i r l g  of h ighways  Ineed 
t o  h e  f u r t . l r e r   t e s t e d .  

'The mechanism a n t l  t h e   l o n g - t e r m  e f  Tec t.i v ~ n e s s  
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A METHOD TO MEASURE HEAT CONDllCTIVITY WTTH A HEAT FLOW METER 

'Pa0 Zhaoxinnw,   %hang f . i x i n  a n d  tlou Z h o n g j i e  

S t a t e  Key I . ahora to ry  o f  F r o z e n   S o i l   E n g i n e e r i n g ,   L a n z h o u   I n s t i t u t e  o f  
G l a c i o l o g y   a n d   G e o c r y n l o g y ,   C h i n e s e  Academy of S c i e n c e s ,   C h i n a  

t h e   h e a t  
t e m p e r a t u r e  
i n g   b a t h s .  
p e r a t u r e  of  

t h e  t w o  s a m p l c  s i d e s  and  Lhe  hcaL  fl.ow transferring t h r o u g h   t h e   s a m p l e   c a n   b e  
d e t e r m i n e d .   T h e n   t h e  t h e r m a l   c o n d u c t i v i t y   c a n   b e   c a l c u l a t e d  w j  t h  a d a t a t a k e r .  

T h e   m e t h n d   d e t c r m l n i n g   t h e   t h e r m a l   c o n d u c t i v i t y  of  l r o z e n   s o i l  

o f  O I I P  s i d e  o f  t h e   s a m p l e  is k e p t  h i g h e r   a n d   t h e   o t . h e r   l o w e r  b y  
T I O W  m e t e r  i s  h a s r d   o n   t h e   p r i n c i p l e  o f  s t e a d y   h e a t   c o n d u c t i o n .  

A f t c r   t h e  s t e a r l y  h e a t  s i t u a t i o n  is s e t  u p ,  t h e   r l i € f e r c n c e  of  t h  
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W i t - t r  t h e   d e v e l n p m e n r  o f  c o n s h u c t i o n ,  n r w  
t vpcs  n f  b u i l . t l . i n g   m n t e r i r r l s   a n d   i n s u l a t o r s   a r c  
r - ~ ~ n t i n u o u s l y   i n v e n t e d .  One of t h e   m a i n   i n d e x e s  
I . t raL r e l l . c c t   t h c -   p r o p e r t i e s  o f  t h e  i n s ~ l l a t o r  i s  

' Il(*ot. c o n r i ~ l c t i v i t y .  I n  o r d e r   t o   a c c u r a t e l y   m e a s u r e  
t h e  h e a t   c o n d u c t i v j t y ,   t h c   h e a t  Elow meter   method 
i s  proposed fnr  t h e   l o c a l .   r e q u i r e m e n t s  and  ex-  
pr 'r ic!uces.  T I  makr.s u p  f o r  t h e  l a c k  o f  p r e s e n t  
r l f !v i ccs .  

" IIYPERIMENTAI, P R I N C I P L E  

'The m c t h u r l  o f  the  h e i t  f l o w   m e t e r   h c l o n g s  to 
O I I P  of  I.he mc;l.surirlg  mrthods of t h e   p r i n c i p l e  o f  
sI.c,atly h e a t  c o n r l u c l i n g  t h a t .  i s  commensura t e  wi t.h 
1 . 1 1 ~  c a s e  o f  s t . c a t l y   h c n t   c o n d u c t i o n   a c r o s ~   d o u b l e  
rl~*cltctl p l a t c .  K e c p i n g   C o n s t a n t   t h e   d i f f e r e n c e  o f  
l [ \ m p c r a t u r e   h e t . w e e n   t h e   t w o   s i d e s  o f  t h e   s a m p l e ,  
W I I C I I  t h e   h e R t  f1.ow i s  i n  t h e  s l e a d y   s t a t e ,   t h e  
h v a t   c o n d u c t i v i t y   c a n   b e   c a l c u l a t e d  by m e a s u r i n g  
-111e d i f f e r e n c e  of t e m p e r a t u r e   a n d   h e a t  f l u x  
r l r . r o s s   t h e   s a m p l e :  

E . A h  
x = -  C 

t 1 - t z  
, <  

w l ~ c r e :  X - h e a t   c o n d u c t i v i t y ,  w / m  ' C :  
C - c o e I f i c i e n t  o f  h e a t   f l o w   m e t e r ,  

IS - h e a t  flow m e t e r   r e a d i n g ,  m v ;  

t l , t * - -  t h e r m a l c o u p l c s   . i n d i C a t i n n . S ,  'c. 

mv m ' / W ;  

Ah - i n t e r v a l   b e t w e e n   t h e r m a l c o u p l e s ,  m ;  

RXPEKIMENTAL DEVICES AND OPERATING PROCESSES 

' I ' h c r e   a r e  t w o  s y s t e m s  of e x p e r i m e n t a l   d e v i c e s .  

C o n s t a n t   T e m p e r a t u r e   S y s t e m  

two lot4 t e m p e r a t u r e   c a l c ~ ~ l a t o r s   ( t h e   r a n g e s  o f  
T h e   s y s t e m   c o n s i s t s  o f  a t h e r m o a t a t i c  b o x  and 

-.i 6 0 8  

w i t h  
The 

r~ tem 
c o o l  

t e m p e r a t u r e :  -50 - 4 0 ° C  and - 2 0  - 1 . 0 " C ;  c o n t , r n l -  
1 . i n g   n c c u r a c y :  *O.OS"C). 

of: t h e   t h e r m o s l a t i c  box c a n ' t  s u r p a s s :  kO.11"C. 
T h e   c h a n g e   o f   t h e   t e m p e r a t u r e  on t h e   s u r f a c e  

D e b a i l s  a r e  shown i n  F i g . 1   ( T a o   Z h a o x i a n g , l 9 8 3 )  

6 

- 11 

- 12 

-9 

F i g u r e  1. 
I - h e a t   f l o w   m e t e r ;   2 - t h e r m a l c o u p l e ;  
3 - s a m p l e ;   4 - t h e r m o s t a t  A ;  
5 - t h e r m o s t a t  R: 6 - z e r o  p o i n t  o f  
7 - d a t a t a k e r :   t h e r m a l c o u p l e ;  
8 , 9 - i n l e t s  o f  c i r c u l a t e d   a l c o h o l ;  
1 0 , L l - o u t l e t s  o f  c i r c u l a t e d   a l c o h o l ;  
12 - sc rew f o r  t i g h t e n i n g :  
1 3 - l e a d i n g   l i n e s  of  t h e   t h e r m a l c o u p l e  a n d  h e e t  

f l o w   m e t e r .  

S y s t e m s  o f  Measuring Heat a n d   T e m p e r a t u r e  

a h e a t   f l o w  meter and two  t h e r m a l c o u p l e s .   T h e  
s e c o n d a r y   i n s t r u m e n t  i s  u s e d   a s   d a t a t a k e r .  

The o p e r n t i n g   p r o c e s s e s  a r e  a s  f o l l o w s :  
1 ) .  Prepar i :g   sample :   The  s i z e  of t h e  s ample  

T h e   s e n s o r s  o f  h e a t   a n d   t e m p e r a t u r e   f o r m  o f  

is 2 5 X 2 5 X 2 5  cm . I t  i s  demanded t h a t   t h e r e   n o t  
h e  g r a n u l a r s  o f  b u m p s  and h o l e s  o n  t h e  t w o  l a rger  



s u r f a c e s  o f  the  snmple.  The sample i s  p u t  i n t o  

made o f  copper w i t h  a - s i z e  o f  25XZ5X5 cm . t h e   t e s t  box i n  which t h e   s i d e s  and b o t t y m  a r e  

2 ) .  F o ~ i L i o n i n g  of t he  h e a t  flow  meter and 
the   s enso r  of the   thermalcouples:  The senso r s  of 
Lhermalcouple   a re   pos i t ioned   respec t ive ly  on t h e  
L W O  b igger   sur faces  o f  the  sample  where a smal l  
trough i s  carved i n  advance. A n d  a small   trough 
tha t ,has   t he   shape   o f   t he   hea t   f l ow  me te r  i s  
carved on one of  t he   b igge r   su r f aces  t o  a t t a c h  
the  heat   f low  meter ,  and the   s enso r  and hea t  
flow meter   are   placed i n  t h e   c e n t r e  of t h e  su r -  
f a c e .  When the  sample i s  g ranu la r  of powdery, 
t h e   s e n s o r s  and t h i e  hea t   f l ow  me te r   a r e   d i r ec t ly  
placed i n  t h e  i n t e r n a l   s u r f a c e s  of the  copper .  

s t a t i c  box, i t  i s  c l ipped  aa t i g h t l y   a s   p o s s i b l e ,  
so t h a t  i t  i e  ve ry   c lose   t o   t he   wa l l s .  

4). Turn on the  thermalcouple ,   heat   f low 
meter  and c i r c u l a t o r s ,  and s e t   t h e   t e m p e r a t u r e  
o f  t h e   c i r c u l a t o r s :  2 0 ° C  i n  A ,  3°C i n  IJ f o r  
pos i t i ve   t empera tu re ;  -20°C  i n  A ,  -3°C i n  B f o r  
nega t ive   t empera ture .  Then the  experiment   begins .  

5 ) .  Afte r   t he   da t a  o f  t empera ture  and hea t  
f l u x  a r e   d i s p l a y e d  on t he   s c reen  and  reach a 
s t e a d y   s t a t e .   d a t a  i s  r e t r i e v e d  and the  heat ,  
conduc t iv i ty  i s  c a l c u l a t e d ,  

i n t o  t he rmos ta t i c  b o x ,  so t h a t  two r e s u l t s   c a n  
be measured a t   t h e  same time. 

RESULTS A N D  DISCUSSION 

Experimental   Resul ts  
Through  m,ultiple  experiments o f  seven k i n d s  

o f  m a t e r i a l s .   t h e  method i s  proved t o  be f e a s i -  
b l e .  ' r o b l e  1 and Table 2 l i s t  t h e   r e s u l t s   t h a t  
o r e  appraached w i t h  the  data  measured w i t h  TC-22 
t ype   d ig i t a l   hea t   conduc t tv i ty   me te r  made i n  
.lapen. 

3 ) .  After   the  sample is p u t  i n t o   t h e  thermo- 

6 ) .  I t  i s  f e a s i b l e   t o  p u t  two samples  together 

Discuss ions  

o f  p l a s t i c s ,   g r a n u l a r  and powder, c o n c r e t e  and 
meta l .  A l l  t h e  m a t e r i a l s  d i d n ' t  con ta in  mois- 
t u r e .  The a b s o l u t e   e r r o r s  of  both  the  methods 
a t e  w i t h i n  the   range o f  3 0 X .  

The measured m a t e r i a l s   i n c l u d e   s e v e r a l   t y p e s  

Fol lor ing   conclus ions  may be obta ined:  
(1).  What a r e  measured are   dry  samples  o f  

granu la r  and  powder,   massive  materials  such  as 
Snsulato'r and p l a s t i c ,   a n i s o t r o p i c   m a t e r i a l  of  
g r a n u l a r ,   e t c .  

(2). T h e  measuring  range:  0.010-0.600 W / m ,  O C .  

( 3 ) .  Two samples  can be measured a t   t h e  same 

(4) Accuracy: 3 % .  
time . 

CONCLUSIONS 

Most o f  the  present  methods t o  measure  heat 
c o n d u c t i v i t y ,  no mat te r  i f  t h e   b a s i s  i s  s teady  
o r  n o t ,   a r e  used   th rough  s tab i l iz ing  the  bound- 
ary  temperpture  or  heating  sample.  These  methods 
can  not  measure  samples w i t h  smne water and 
anisotropic   mater ia la . .Compsred w i t h  o the r  
methods,   the   heat   f low  meter   has   fol lowing 
advantages:  

bo th   pos i t ive  and negat ive   t empera tures .  

t e n t  be ing   r ed i s t r ibu ted  and r e s u l t s  i n  t he  
d i s t o r t i o n  o f  de ta  b y  hea t ing  i n  other  methods. 

3 .  Aniso t rop ic   ma te r i a l s  of granu la r  and 
massive  samples  can be measured. 

4. Both d r y  and humid  samples  can  be  measured. 

1. I t  can   measure   the   hea t   conduct iv i t ies  in 

2. I t  overcomes  the  problem of  the  water  con- 

Table  1. Comparison of t he  resu l t s  of  two t e s t  methods 

The u n i t s  of hea t   conduc t iv i ty :  w / m  O C  

Density  Meter  heat  flov TC-22 Absolu te   e r ror  

(kgfm) 
d r y  

x X x x x x 
Sample name 

Foamed po lya ty t ene  34 0.034 0.034 0.02 0.02 -0.005 -0.005 

Foomed polys tyrene  35 0.035 0.03 0.03 0.03 4.004 -0.004 

Foamed polys tyrene  32 0.036 0.03 0.03 ' 0.03 -0 .005 -0 e 004 

Polyurethane 36 0.019 0.02 0.01 0.01 -0.004 -0.006 

Polyure thane  47 0.015 0.01 0 .01  0.01 -0.001 -0.003 
Class wool 32 0.036 0.03 0.03 0.03 -0.001 -0.003 
G l a s s  wool 32 0.034 0.03 0.03 0.03 0.001 0 .ooo 

P e r l i t e   c o n c r e t e  930 0.231 0.23 0.23 0.23 0.008 -0.004 
. P e r l i t e   c o n c r e t e  940 0.228 0.22 0.22 0 . 2 2  -0.003 -0.005 
Pear l i . t c   conc re t e  1220 0.331 0 . 3 4  0.32 0.32 -0 ,008 -0.021 
P e a r l i t e   c o n c r e t e  1460 0.345 0.35 0.32 0.33 -0.018 -0.025 

Quartz   sand 1680 0,302 0 . 2 5  0 , 3 0  0 . 2 8  0.001 0.030 

*--water con ten t  is zero. 



T a b l e  2 .  Test r e s u l t s  of c o m p l e x  s a m p l e s  

The u n i t s  of heat  conductivity: W/m " C  

Dry Sample 1 Sample 2 
Sample name density 

( k d m )  x X x x 

Foamed polystyrene 35 0.033 0.038 
Foamed polystyrene 34 0.035 0.035 

Polyurethane 36 0.017 0.017 

Polyurethane 47 0.020  0.021 
Perlite concrete 940 0.231 0.226 
Perlite concrete 930 0.230 0 .222  

Foamed polystyrene 35 0.030 0.033 
Perlite concrete 930 0.204 0.219 

*--water c o n t e n t  is zero. 
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ULTRASONIC MEASUREMENTS IN FROZEN SOILS TO -120'C : 
RESULTS AND INTERPRETATION USING DIFFERENT THEORETICAL MODELS 

nlIMUS , J. F. , AGUIRRE-PUENTE, J. ', COHEN-TENOUDJI , F. and 
LECLAIRE , Fh . 

'Departemant de Gdnie Civil,  Universitg  Catholique de Louvain', 
Louvain-la-Neuve,  Belgium 

ZLaboratoire d'A8rothermique du C.N.R.S., Meudon, France 

universite de Paris 7, Paris,  France 
'Laboratoire Universitaire  d'Applications de La Physique, ' ' 

Transmission experiments of ultrasonic  longitudinal  impulses have been carried out 
in three geological samples of different  nature,  from  ambient temperature down t o  
-12OOC. In t h i s  range of temperatures the whole domain o f  phase transition is I 

included.  Values of measured velocities for completely  frozen  and Unfrozen States 
allow testing of the different ultrasonic wave propagation models in the tWQ 
limits of application.  Evidence is, shown that the solid matrix undergoes 
consolidation process due to the ice  formation.  Assuming  a  matrix consolidation 
percolation process, wave velocity is predicted in function of the unfrqzen water 
content.  With this value on  one hand,  and the experimental velocity VS 
temperature curve on the other hand, a relationship between the water content and 
the temperature is then obtained.  For one of the studied  samples,  a camparison 
of results and  a detailed discussion are made in relation to other existing 
predictions. 

INTRoDUCTION 1 
, .  

The importaih reservoirs of hydrocarbon 
resources 'in arctic regions  and the research, 
which must be made in the Antarctic  require the 
construction of big structureo  on the land 
(roads, pipelines, buildings) as well a8 upon the 
sea floor (artificial  islands,  off-shore 
structures, gas or oil  exploration and production 
wells). The technologies  present  important 
challenges due to difficulties  caused by the 
'extreme 'climate conditions  and the freezing 
susceptibility of soils (water  suction, frost 
heave). 

Indeed, the grounds of these,  permafrosk regions 
are frequently composed of very  fine-grained 
Soils  with high water  content. The annual 
variations of the climate act upon the ground, 
and'  the so i l  underqoes thawing and freezing 
cycles  which continuously  modify the porous 
medium and its mechanical  properties. 
Engineers are  rewired to provide  important  data 
for. the  design of structures  and the prediction 
of the ground-structure system  behaviour. The 
proposed structures and  building  procedures must 
respect the natural permafrost  characteristics 
and the environment. 

Proper design will require a good knowledge of 
the complex phenomena which determine the 
behaviour of soils during  freezing and thawing,. 
processes and their different  thermo-physical 
properties. one of the most important  properties 
is the  unfrozen water content which affects the 
local thermal response to iow temperatures and 
consequently the global thermal  behaviour of the 
system aa frost heave,  mechanical  resistance, 
ground-structure  interactions, a.s.00 
Determination of  the un'frozen water content will 
affect the prediction of the in situ behaviour of 
materials, the scope o f  ldboratory  experiments 
and the interpretation of tests  conducted in the 
f i e l d  or in the laboratpry.  Non-destructive tests 
are often required and  acoustic techniques appear 
to provide very qobd information  allowing the 

determination of , '  the  thermo-physical 
characteristics and  a best knowledge of the 
freezing br thawing'  phenomena. 

Laboratory inve.atigations  in this field have 
recently bean  done  and  semi-empirical model's were 
widely tested. In certain cases,  satisfying 
practical results were obtained, but  only with 
the help of laboratoq experiments conducted over' 
a large ranges of temperature in order to adjust 
the models using the totally frozen and unfrozan 
conditi'ons of the soils. Leclaire (1991, 1993) i  

' have proposed a rigorous theory,  presented  in  a 
conipanion paper at this conference, in order to 
get a  generalized solution of the freezing  soil 
acoustic problem. 

The aim of the present paper is to submit 
results oi the moat  recent  experimental  researqh, 
to describe and  interpret measurebents using the 
practical semi-empirical methods and to discuss 
results in view of this new theoretical research. , 

SeMI-EHPIRIW A P P M  

DegChdtres (1989) and Thimus (19'91) have 
proposed several semi-empirical  approaches to 
determine the relationship between unfrozen water" 
content and  temperature. The authors have 
observed that the Timur's model (in l/v) (1968) 
and the Wyllie et a1 second model (in 2/p$) 
(1956) give erroneous values of ultrasonic 
velocities for  fine-grained soils in respectively 
totally unfrozen or totally frozen states. These. 
discrepancies could be explained  4y  physico- 
chemical changes at the boundaries  of  the clay 
flakes which occur during.the cooling of the 
sample at temperatures below O°C and  leaa to 
changes of the mechanical charactaxistics of the 
grains forming the solid matrix.. Consequently, 
the authora have proposed  a new approach which. 
considers a  continuous  linear  variation  of the 
unfrozen water content w i t h  the . l / v  the I/+ 
parameters between the two extreme situations. 

, The authairs have measured the ultrasonic velocity 
during the thermal process,  determined the 
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u n i r a m  watar content and  observed  a good 
agreement with values given by other approaches 
such  as calorimetric and NMR methods. The 
description of performed tests, the 
characteristics of studied soil (Boom clay) and 
the results  are described below. These two 
practical methods give results which do not 
differ greatly for the Boom clay. Nevertheless, 
the authors felt the necessity to confirm the 
validity of this approach  studying  other types of 
roils. This paper describes new measurements 
conducted  on silt and another clay samples and 
compares then with those carried  out on  the Boom 
clay samples. 

As shown in previous papers by Deschatres 
(1989) and Thimus (1991), semi-empirical 
approaches allow to obtain  interesting results 
for t~pecific  types of soils. However,  a given 
available modol was unable to explain the entire 
suite o i  measurements. In particular, these 
modals could not  give a good estimate of the 
ultrasonic velocity  for  both  consolidated  and 
unconsolidated media,  and  were unable to 
calculate  the acoustic waves attenuation 
coefficient. An acoustical theoretical model has 
been developed in  collaboration  between Paris 7 
University. LUhP and CNRS Aerothermic  Laboratory 
by Leclaira et  al. This theoretical model is 
discussed in another paper  presented  at this 
Conferenco (Laclaire, 1993). Biot's theory of 
sound propaqation in porous media  without  phase 
change  has been  developeh for a  complex  medium 
where a variable proportion of two  phaaes,  ice 
and water, fills the pores of the solid porous 
matrix. With the help\of this theoretical  model, 
one ita able to predict  for  any  porous  medium, the 
velocities and attenuations of the different 
waves (3 lonqitudinal and 2 transverse) which can 
prapagate through the porous medium, These waves 
properties depend directly on proportions o f  the 
water and ice as a function of temperature. 
Consequently, the theoretical prediction of 
'velocities can be used to interpret experimental 
results as discussed by Leclaire (1993). 

The pager presents results obtained fox three 
different  types of soils, two clays and one silt 

- a tertiary overconsolidated clay o f  Rupelian 
age (Boom clay) - a tertiary clay of  Ypresian age (ypresian clay) - a quaternary eolian loess (weichselian silt). 

Tho main physical characteristics of these 
soil* hava been  determined  and are given in Table 
1. 

: 

Test procedure and rasults obtained for Boom 
clay specimen have been already  presented 
(Leclaire, 1991). The procedure used to study 
other soils is more sophisticated. Two soil 
spaclmens are placed in a box in the cold room of 
civil Engineering Laboratory  (LGC - UCL). This 
box is cooled by dispersion of liquefied 
nitrogen. During the cooling, the temperature 
decreased at a 3 Kjhour rate between 20 and -20 
*C and a 12 Kjhour rate below -2OOC. The thawing 
of the specimens i s  obtained naturally. The 
temperature is  measured  inside and outside of the 

6 1 2  

first 

Himlogical 
cartent 

Bmn clay 
Kaolinite 4ax 
Illite 25% 
knbwill. 2OX 
Ebntna-I11 1% 

45 

39.1 

67.50 
26.20 
41.30 

22.20 
26.78 
la). 00 
39.00 

4 : liprid limit 
Y : plastic limit 
I, : plasticity i r h  
yn : wit  wl$t of mil 
m t  of by soil 

specimen 

Table 1 : Physical characterfstics of so i l s  

yl: mit  keim of solid  particles 
w : k s t e r C o n t e n t  
$: dqEe of S a ~ t i o n  

thermistors and/or 
thermocouples. The - ultrasonic  velocity is 
measured by two sensors placed on the ends of the 
other specimen.  Contact  between the sensors (54 
kHz frequency) and the sample is provided by 
spring. The testing equipment is shown on Figure 
1. A personal computer allows a continuous 
acquisition of data : temperature within the box, 
temperature o f  sample, travel time and acoustic 
signal.  This acquisition allows not  only the 
study of travel time but also detailed 
interpretations of the acoustic dgnal using 
Fourier analysis, amplituda and  attenuation. Two 
different tests wera carried out an ypresian clay 
ant silt specimens with same, resulta. Figure 2 
showrr the change of ultrarronic velocity for the 
threo soils. It i s  observed that the two clay 
specimens reach the totally frozen state at  only 
-1000~. The silt specimen is not  totally frozen 
at -85.C. An hysteresis  phenomenon  appears also 
clearly for the three soils between the freezing 
and thawing processms. The delay  observed for 
beginning Qf freezing could be explained  by the 
undercooling phenomenon. 

Several conrmento can k made based on 
comparative analysis of the velocity curve8 for 
the silt and tha clays. 

Ae shown by Johnson and Plona (1992) for a two 
phase medium (solid-liquid), the sound velocity 
increases with the consolidation of the medium. 
Its minimum value, when the solid is 
unconsolidated, is. given by tho Wood-Wyllie 
formula (1956) using the averaged  bulk  moduli. 

The three samples are @lightly  consolidated  at 
room temperature a6 shown by the low values of 
observed Young  modulus, 30, 90 and 150 MPa. 
These low values are not  sufficient to 
significantly increase  velocities from tha values 
qiuen by the Wood-Hyllia  formula. 

Ypmiw clay 
W i t e  50x1 
Illite 2% 
Kaolinite 25% 

23 

77.50 
25.80 
51.70 

20.49 
16.11 
26.96 

21 .a 
24.22 
85.63 
4.30 
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Figure 1 : Testing apparatus at LGC-UCL 

-: 
Using the fieclaire model (1993), the predicted 

velocity, for  silt where the solid is slightly 
consolidated and when the water is  totally 
frozen, should be 3495 m f s ,  While the measured 
experimental values were higher than 4500 m/S. 
The consolidation of the solid matrix is then a 
required condition to explain the discrepancy 
between the experimental and theoretical results. 
"hie fact has already  been  described, as 
occurring in Boom clay, by Thimus (1991). 

Starting with the experimental  velocity a t  low 
temperature, numerical simulations done with the 
Leclaire et a1 theoretical model (1993) predict 
that the elastic coefficients of the solid matrix 
should be ICu - 2*10'O Pa and G, - 1.2*1Oio Pa. 
These high  values are  inconsistent with  the low 
velocity values found in the unfrozen sample. 
Our interpretation is that tho elastic 
,coefficients must change during the freezing 
process due to the fact that the forming ice 
tends to occupy a  greater volume than water  and 
then exerts a compactness force on the 
surrounding solid particles.  If we use the 
Kuater and Toksbz model  (1974) to evaluate the 
elastic coefficients of a connected solid  matrix 
with the same porosity of the silt sample, we 
find that, when using bulk coefficients of  fused 
silica, the elastic coefficients are K, - 
2.2O8*1O1O Pa and G, = 1.421*1Oio  Fa. These 
values are noticeably near the values expected  by 
Eeclaira et al model (1993) using the 
experimental value aa in input. This result 
strengthens the idea of consolidation,  caused by 
the ice formation, of the solid matrix and then 
OI the medium aa a whola. 

The knowledge of the degree of consolidation 
induced by ice for given temperature is 
necea.saq to evaluate the unfrozen water  content 
at a given temperature. In absence of this 
knowledge provided by a more general model, one 
may only try t o  estimate the variation of the 
solid.matrix coefficient with temperature (or in 
absence of a thermodynamical state equation, with 
the unfrozen water content). 

Using a power variation  law for the description 
of dependence of the elastic constants of solid 

"matrix  with^ the unfrozen water content, - 
expression K, is determined as : 
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Figure 2 : Ultrasonic velocity versus 
temperature 

x, - Kd (1 - x ) ' .  using x - &/n 
where K, i s  the bulk modulus of the solid 

matrix  induced by ice for the totally 
frozen case, 
& is the unfrozen water volume 
proportion, 
r is a constant,  and 
n is the porosity. 

The simplest possible  value for t is 1 for a 
linear  dependency  but no strong physical argument 
favours it. It is interesting to describe the 



consolidation of the solid matrix,  as a 
percolation effect : the formation of ice 
induces expansion forces  which  establish  contacts 
between solid particles  which strengthen the 
matrix. The critical exponent r = 3.8 has  been 
proposed (De Gennes, 1976) to describe the 
variation o f  the coefficients of  elasticity in a 
power law of the number of contact points above 
ZL certain number threshold po. This law 
takas the form AK- m (p- p,)'. We arbitrary 
assume here  that the number of contact points 
above threshold is proportional to the ice volume 
fraction which lesds t o  the law K, = Kmr ( l - ~ ) ~  
wiul r = 3.8. Using this law, the longitudinal 
wave velocity calculated  with the model of 
Leclaire (1993) is plotted i n  figure 3, 

Clav sanmles : 
As with the silt  sample, the measured 

velocities are higher than the predicted 
velocities when all  water  is  frozen  and the 
matrix is slightly consolidated. The Kuster  and 
TokslZz model allows the evaluation of the elastic 
constants of  a porous  connected  matrix  using 
porosity n given in Table 1. ATsuming  coefficient 
r 0 3.8, the numerical simulation,  made  with the 
model of Leclaire (1993); o i  the longitudinal 
wave velocity can be determhed as a function of  
the unfrozen volume ratio -:(Figure 3) . 

- 

... 

1 0 1  
Vol*n unfrazsn w1Hr nlb 

I@ 

Figure 3 : Numerical simulation of sonic velocity 

COMPARISON OF PREDICTED AND EXP E R I M E W  

The predicted velocity for temperatures  above 
Ooc (totally unfrozen water) (figure 3 )  is 
greater than the experimental  value  for the 
samples of silt and  ypresian  clay  (figure 2). 
This difference can be explained by the presence 
o f  air which has the affect of drastically 
reducing ,the velocity in the sample.  On the other 
hand, a good correlation was observed for the 
Boom clay specimen which was , completely 
saturated. 

For temperatures below O°C (totally  frozen 
water), the predicted values are in relative 
agreement with the experimental values. 

C O M P W O N  OF PREDICTED WFF@ZerJ W m C O N T E N T &  

An exploitation of the figurei 1 and 2 cenduci8 
to the raXationship betuem the volume unfrozan 

water ratio and the  temperature, and using the 
relation between  the  water  content  w, the 
porosity n and the degree of saturation-" s,, 
figure 4 represents the unfrozen  water content 
(instead of volume  unfrozen  water ratio) va 
temperature.  This  figure shows that the water 
content behaviour of Boom clay and ypresian clay 
is very  similar : the two clay samples are 
totally frozen only at -100 OC and Boom clay 
seems to freeze more slowly than ypresian clay; 
silt sample freeze&  more  quickly than the two 
clays but, at -80 OC, the sample  is  not yet 
totally frozen;  .these  observations appear 
consistent with  the  fine-grained characteristics 
of two clays and  silt samples. 

It seems very important to compare the 
predicted values  with those obtained by 
thermodynamical Gilpin's  law (Gilpin, 1980), by 
'law based on liquid  limit determinatioq (Tice, 
1976) or by semi-empirical approach based on 
velocity values for totally  frozen and unfrozen 
water states (Thimus, 1991). 

Boom clav : 
-the predicted  values by Tice,  Anderson,  and 
Banin, and by Gilpin do not  allow  for ,a  tdtally 
frozen state of! soil; 
-the probable reason i s  the nature of the laws 
(potier law) and the high  value of liquid  limit; 
-the predicted values basgd on velocity meaaures 
are in better agreement  except for temperatures 
between -5 and -50 OC. , 

w s i a n  clav : 
-the game comments as for Boom clay can be ldade 
regarding the laws by The, Anderson,  and  Banin 
and  by  GYlpin; 
-the predicted valueq  based on veloaity mea'aures 
are' very'sirnllar. 

, ,  

w . : ,  
-because of the very  low value  of specific 
surface area, the  law  proposed  by Gilpin does not 
give reliable values of unfrozen  water content; 
-the  predicted  values by Tice,  Anderson and Banin 
Seem reasonable, probably  because of low values 

-the  predicted  values based on velocity 
measurements are vary similar and  very close to 
prediction of Tice, Anderson and Banin. 

of liquid limit; 
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Figure 5 : Comparison of predicted unfrozen 
water  content 

COMPARISON OF PREDICTEDAND EXPERIMENTALUNFROZEN 
JfATER CONTENTS 

The comparison of predicted and experimental 
unfrozen  water contents can be made only for Bbom 
clay. O u w y  (1986) has determined for this Clay 
the relationship between the unfrozen water 
content  and temperature using the calorimetry 
method (DSC) and nuclear magnetic resonance 
method (NMR), although only to - 45OC. Quinn 
(1991) have determined this relationship for the 
Boom clay  using NMR method to - 100OC. Figure 6 
shows the experimental unfrozen water content 
versus  temperature given by these authors. The 
predicted  values using semi-empirical approach 
Thimus (1991) and theoretical law by Leclaire 
(1995) are also indicated. 

One can observe the great differences between 
the  results o f  experimental measurements : 
-the results of Ouvry (1986) confirm the 
prediction by semi-empirical approach but are 
limited to  the temperature range between -20 and 
-45'OC, depending on the technique used; 

6 1 5  

-the results of Quinn (1991) , show a duwer 
freezing of  clay. The only agreement with the 
predicted unfrazen water content i s  observed for 
the temperature of totally frozen state at -100 
OC. Nevertheless due to the difference with all 
other results, these results must be take with 
qualification. 

Figure 6 : Comparison o f  predicted and 
experimental unfrozen water content 

CONCLUSrOU 

The theoretical approach proposed by Leclaire 
(1991, $993) confirms the prediction in 1/v given 
by semi-empirical approach proposed by mimus 
(1991). The results appear in relative agreement 
for the three studied soils, 

The prediction  based  on thermodynamical 
Gilpin's  law  or  on the liquid  limit determination 
seems in  agreement only for particular conditions 
concerning the specific surface area, the 
granulomatry, and the liquid  limit. These 
limitations restrict the use o f  these techniques 
for particular types o f  soils. 

The performed tests indicate the importance of 
ultrasonic velocity measurements survey to 
determine the changes of  unfrozen water content 
of a soil during the freezing process. 

In the futur, the authors wil continue to study 
and to develop the theoretical Law presented by 
-Claire et a1  and will test to explain and to 
solve the discrepancy  observed between the 
theoretical results and measuresetns (NMR) for 
fine grained soils. 
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ICE  WEDGES  IN  NORTHEASTERN  CHINA 

I 
Tong  -Boliang 

Lanzhou  Institute o f  Glaciology and Geocryology, 
Chinese  Academy  of  Sciences,China 

A group of well-preserved  inactive  ice  wedges  were  first  discovered  in  the I-, 
level  terrace  of  the  Yilijiqi  River  in  Wuma  area (52'45'N, 120"45'E). i n  the 
northwestern  part of  Mt. Daxinganling of China.  The  ice  wedges  were  being 
formed  during  the  late  glacial  period  of  the  late  Pleistocene,  and  stopped 

derive  that  the  mean  annual  air  temperature  in  this  area  at  that  time  was  at 
developing in the end  of  late  Pleistocene  epoch.  From  the  ice  wedges,  we  can 

least 4.6-7.6'C lower  than  today;  and  it  was no mope  than 0,6-1.4'C during  the 

was  approximately  0-1.9"C,  indicating  a  periglacial  environment  within  the 
hypsithermal  interval  of  the  Holocence,  while  the  mean  annual  ground  temperature 

period; 

INTRODUCTION 

The  Chinese  scholars  of  the  Quaternary  Earth 
Sciences had only  found'sand  wedges  and  soil 
wedges  in  the  territory o f  China  before  the mid.- 

However  actual  ice  wedges  were  not  found  until 
1980s,  and  reported  them  as  a  sign of ice wedges. 

1987,  when  they  were  discovered by Jia  Minchao ' 
and  Cheng  Guodong in  the  I-level  terrace on the 
right  bank o f  Yitulike  River in Daxinganling 
prefecture  of  China.  They  were 1-1.32 m  wide  at 
the  top  and 0.9-1.5 m  deep,  dnd  distributed  in 
wetlands  with  a  humus  silt mud  cvoering.  The 

the  Neoglaciation  following  the  hypsithermal 
' ' C  datings  yielded  that  they  were  products of 

Guodong, 1990). This  strongly  demonstrates  that 
interval  of  the  Holocene  (Peng  Haiyun  and  Cheng 

the  permafrost  in  Daxinganling  prefecture ex-. 
pericnced  a  developed  stage  during  the  Neogla- 
ciation. ,- 1 

a  thickness o f  60-100  m.is  not  only  formed 
within  the  approximate 3000 years o f  the Holocene. 
Unfortunately,  we couldn't  directly  prove  the 
presence o f  permafrost  in  the  Pleistocene 
because of the  dearth  of  evidence.  Whether  the 
permafrost  existed  in  the  late  Pleistocene  or 
melted  away  entirely,  or  has  not  survived  has ' 
been an  unsettled  problem  for  a  long  time. 

CHARACTERISTICS OF THE  ICE WEDGE 

I t  is  generally  assumed  that  permafrost  with 

In the  summer of 1990,  we  discovered  seven 
ice  wedges  in  the  I-level  terrace  of  the  right 
bank  of  Yilijiqi  River,  a  tributary  of  Wuma 
River, in  Qiqian town, northwestern  part  of 
Daxinganling  prefeclure:  The  ice  wedges  vary  in 
width, o f  which  five  are  from 1 m  to 3 . 3  m ,  and 
the  maximum  could  reach 5 m. The  visible  height 
of  the  ice  wedges  is  2  m  and  they  are 1.6-2 
meters  beneath  the  ground  surface.  The  wedge 
ice  is  characterized b y  vertical  foliation  and 
is  fairly  pure,  transparent,  with  rich  oval  gas 
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bubbles  of  1-2 mm in  diameter.  Hence  it  appears 
t o  be  opalescent on the  surface.  The  adjacent 
sediments  of  the  ice  wedges  are  ice-rich  gravel 
sand  and  ice-rich  gravel  silt  soil, a n d  they 
exhibit  an  upward  bending  resulting  from  lateral 

ordered  in alternate  layers,  are 3 - 1 5  cm  and  2-6 
squeezing forces (photograph). The  ice and silt, 

cm  in  thickness  respectively,  and  usually  the 
thickness  of ise layer  is  4-5  cm,  while  the  silt 
layer  is 2-3  em. The  adjacent  sediment  between 
two  ice  wedges is in a horizontal  form. At the 

o f  patch melting and refreezing,  and  2 or 3- 
top 70 cm of  the ice wedges,  there  are traces 

semicircle  melting  troughs  which  are  usually  15- 
55 cm  deep  and  30-57 cm wide  at  the  trough mouth. 
There  is  sandy  gravel o f  poor  roundness deposited 
in  the  troughs.  Fig.1  shows  the  section  of  sedi- 
ments  at  the  spot  where  the  ice  wedges  are 
covered. 

' 0 - 0.3 m: turf 

' (1.3 - 1.3 m: slime peat. 
C: (0.55 m  in  depth) 940i75 B.P. 

' 1 . 3  - 1.6 m: humus  silt. 
C: (1.6 m in depth)  10653k75 B.P. 

1.6 - 3.5 m: ice-rich  gravel  silt o r  

Figure 1. Pf'ofile of  sediments  at  the  spot ' 

of' ice  wedge  covering 



Photograph, I c e  wedge  in Wuma 

of  fluvial  flat  facies.  They  become  coarse- 
The  sediments  are  characterized by material 

grained  at  the  lower  reaches of the  river,  while 

to  the  rising of the  bedrock  surface.  From  the 
rapidly  disappear  towards  the  upper  reaches  due 

horizontal  form of  the  overburden  above  the  ice 
wedges,  we  can see that  there  were  neither  grid 
frost  cracks nor a  fissure  trench  on  the  ground 
surface,  and  the  wedges  were  inactive. 

NATURAL CONDITION AT  THE  SITE OF THE ICE WEDGES 

mountain  ridge runs from  north  to  east.  Its 
altitude  is  generally 600-700 m a . s . 1 .  and  the 
minimum  is 4 2 3  m ;  the  relative  height  amplitude 
is 200-300 m. The  mountain  slope  is  asymmetrical 
with. a  southeast  and  southwest-facing  slope 
which  is  steep  whereas  the  northeast  and 

River,  28  km  long,  flows  sinuously  from  north  to 
northwest-facing  slope  is  gentle.  The  Yilijiqi 

empties  into  the  Erguna  River.  The  river  valley 
south  and  joins  the  Wuma  River  first  and  then 

is 1500-3000 m wide  while  the  river  bed  is  only 
3-8 m  wide.  The  river  depth is less  than 1 m. 
The  ground  surface of  the  floodplain  is  flat. 
There  is  a  widely  developed  wetland  which  has 
shrub  vegetacion  and  secondary  birch  woods. 

Controlled  under  the  high  air  pressure  of 
Siberia  and  Mongolia  in  the  winter,  the  area  is 
bitterly  cold  with  a  mean  monthly  air  tempera- 
ture  0f*-28,3~C in  January  and  is  usually  clear 
with  Little  moisture  and  cold  northeast  winds. 
In contrast,  it  is  affected by  the  monsoon  from 

monthly  air temperature  of 16.5"C in  July.  It 
the  Pacific Ocean  in  summer,  it is hot  with 

i s  an  extreme  continental  cli,mate.  The  mean 
annual  air  temperature  is -4.4'12 (1966-1988)  and 
the  yearly  amplitude of air  temperature is44.8OC. 
The  air  temperature i s  below 0°C from  October  to 
April,  gaining  3394mcentigrade  day  in  frozen 
index,  whereas  the  170  days  of  warm  season  con- 
tributes  only  1829.3.centigrade - day  in  melting 
index.  The  annual  precipitation  is 300-400 mm 
among  which  the  precipitation in the  warm  season 
(May-Sept,)  accounts  for 8 6 . 5 5 1 ,  and  that o f  
July and  Aug. is 197.22  mm, 5 5 . 4 5 %  of  the  whole 
year.  The  thickness o f  snow  deposit  in  winter 
(Dec.-Feb.) is usually 10-20 cm,  equal  to 1 0 . 7 8  
mm of precipitation  and  only  making  up 3.03%  of 

In the  Yilijiqi  River  basin  of  Wuma  area,  the 

the  yearly  total.  The  snow  cover  period  lasts 
from  the  last  ten  days  of  October  to  April or 
the  beginning  of  May,  which  is  195  days  in 
average.  The  bitterly  cold  winter  and  short  hot 
summer  is  favourable  for  the  preservation  of  ice 
wedges  in  this  area. In addition,  the  thin  snow 
cover  and  the  April  snowfall  which  can  delay  the 
rising o f  ground  surface  temperature  also  con- 
tribute  to  the  preservation  of'ice  wedges. 

the  Erguna  River. It belongs t o  a  discontinuous 
permafrost  zone.  In  general,  there Is n o  perma- 
frost  on  the  sunward  slope.  Permafrost  is  widely 
distributed on the  shady  slope  only  with  excep- 
tion  of  river  talik  and  tectonic  talik.  The  per- 
mafrost iq usually 5 0 - 8 0  m i n  thickness and 
occasionally  up t o  100 71. The  mean  annual  ground 
temperature is -1 --1.5"C and  the  minimum  can 
reac-h -2°C. The  seasonal  thaw  depth  varies  from 
0 . 5 - 3 . 7  m in different  geomorphologic  positions. 
It i s  0.5-0.9 m,  the  least, In the  marshlands  at 
the  valley  bottom, 0.7-1.2 m on the  shady  slope; 
and 1.2-1.7 m in swampy  floodplains. 

TYPES OF ICE WEDGES 

Wuma  area  is  situated  in  the  lower  reaches of 

ance  with  the  formation:  syngenetic,  epigenetic 
and  complex.  The  classification i s  mainly  based 
on the  principle  of  growth  relationship  between 
the  ice  wedge  and  its  adjacent  sediments.  The 
principle  is  of  great  significance  in  age-dating 
the  wedges. Of the  seven  ice  wedges  discovered 
in  Wuma,  five  are  more  than 1 m  in  width,  and 
they'are 1 m ,  1.8 m, 3 . 3  m, 3.5 m and  5 m, 
respectively.  The  height  of  all  ice  wedges  is 
over 2 m. The  adjacent%sediment is gravel  silt 
soil,  and  it  alternates  with  the  segregated  ice 
layers.  The  silt  soil  layer i s  2-3  cm  in  thick- 
n e s s ,  while  the  ice  layer  is b-5 cm.  The  volume 
ice  content  is  rather  large.  This  suggests  that 
the  sedimental  environment  at  that  time  was  cold 
and  fairly  stable.  The  silt  soil  deposits  frozen 

tic. The  ice wedges, considered from their  size, 
from bottom to  top. The  frozen ground is syngene- 

have  a  different  order of genesis, i.e. the  one 
with  wide  top  formed  earlier  than-those  with  a 
narrow  top.  This  corresponds  to  the  formation 
law  of  frost  cracks. 

There  are  three  types o f  ice  wedges in accord- 

From  the  relationship  betwe3n  the  ice  wedges 
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' a n d   t h e i r   a d j a c e n t   s e d i m e n t s ,  wg 'can s e e   t h a t  
u l l  t h e  i c e - r i c h  s i l t  ? o i l   t h a t   t o u c h e s , t h e  

- s t d e  o f  wedge 0 6  o v e r  1 m ' w i d e  e x h i b i t s  an u p - '  
ward  bcncllng, anrl o n l y   t h a t  i n  t h e   m ' i d d l e  p o s i -  
t i o n   a p p e a r s   t o  h e  a horizontal   form  (photograph) .  
N . N .  Romanovsk i j   r ega rds  i t  a s  one of t h e   m a r k s  
I)[ a s y n g e n e t i c  i c e  wedge (1977 ,   p .106) .  On t h e  
LO!) 7 0  cm of  o n  i c e  wedge w i t h  1 m w i d t h ,  there  
a r c   s e v e r a l '   l a y e r s   o f   s e g r e g a t e d  i c e ,  4 - 5  cm 
t h i c k ,   c o n n e c t i n g  t h e  wedge a n d  i t s  a d j a c e n t  
s e d i m e n t .  T h i s  i n d i c a t e s   t h a t   t h e  i c e  wedge 
c x y c r i c n c e d   p a r t i a l  t h a w   t r u n c a t i o n   a t  i t s  t o p  
d u r i n g   t h e  warm seamon i n  thecourse  of   formationl ,  
antl  was s i m u l t a n e o u s  w i t h  t h e   f o r m a t i o n   o f   t h e  
seasona l   t haw layer  of t h e  a d j o i n i n g  soil. When 
t h e  s e a s o n a l   t h a w   l a y e r   f r e e z e s   f r o m   t h e   b o t t o m  
t o  the t o p ,   t h e   t o p   o f   i c e  wedge a l s o   f r e e s e s  

s e g r e g a t e d  i c e .  Then d u e  t o  t h e   s l l m a t e  c o o l i n g  
s i m u l t a n e o u s l y .  p r o d u c i n g  t h e  same  layer.  of  

anrl a g g r a d a t i o n   a c t i o n ,   t h e   s e a s o n a l  t h a w  d e p t h  
hecomes  shal low so t h a t  t h e   a b o v e   s e g r e g a t e d  
i c e   l a y e r   c o u l d  b e  p r e s e r v e d .  T h i s  i s  a n o t h e r  
murk of  n s y n g e n e t i c  i ce  wedge. 

in Wuma n r e a .  I t  i s  loca ted   be tween t h e  two 
syngene t i c   wedges  a n d  is o n l y  8 cm in w i d t h .  
T h e  n d j o c e n t   s e d i m e n t  i s  i n  a h o r i z o n t a l   f o r m .  
On t h e  t o p  o f  t h e  wedge, t h e r e  i s  a v e r t i c a l  
c r a c k   f i l l e d  w i t h  30 cm d e p t h   o f   o v e r b u r d e n   s o i l ,  
i . u .  h u m u s  s i l t .  T h i s   s h o w s   t h a t  i t  was formed 
a r t e r . t h e   f o r m a t i o n   o f   s y n g e n e t i c   w e d g e s   a n d   a t  
t h c   t i m e   o f   a n   a i r   t e m p e r a t u r e   d r o p   w h i c h  was 
t h e  f r i g i d  p e r i o d   o f   t h e   b e g i n n i n g   o f  t h e  

O n l y  o n e   e p i g e n e t i c   i c e  wedge  was  discovered 

. I l o loccne   epoch ,  10,000 y e a r s  ago.  

PALEOENVIRONMENT INDICATED BY I C E  WEDGE 

I t  i s  w o r t h   n o t i n g   t h a t  t h e  s y n g e n e t i c  i c e  
wedges w i t h  d i f f e r e n t  w i d t h  a n d  a d i f f e r e n t  

- o r r l c r  01 f o r m a t i o n   a r e   p r o d u c t s   o f   t h e   s a m e  
s c d i m c n t a l  age .  "C d a t i n g s   f o r   t h e   a d j a c e n t  
scdinlent  and t h e  t o p   o v e r b u r d e n  s o i l  heve  
y t o v c n   t h a t   t h e  i c e  wedges  were  formed  between 
14475t340 t o  10668*257  years  a g o ,  wqich  was  the 
c n r l  ot l a t e  P l e i s t o c e n e .  And they  a r e  p r o d u c t s  
o f  t h c   e a r l y   p e r i o d  o f  t h e   L a t e   G l a c i a t i o n  i n  
L'ltc u p p e r   P l e i s t o c e n e .  

I t  is a p r e r e q u i s i t e   f o r  t h e  f o r m a t i o n  of 
i c e  wedge i n  s a n d y   s o i l   t h a t   t h e  mean a n n u a l  
g round   t empera tu re   shou ld  b e  no h i g h e r   t h a n  
- 5  - -7 'C  (Romanovski j  N . N . ,  1 9 7 7 ) .  T h - i s  con 
a l l o w   t h c   b o t t o m  o f  t h e   a c t i v e   l a y e r   t o   f r e e z e  
from lrottom t o   t o p  i n  t h e   p r o c e s s  o f  s e d i m e n t  
a c c u m u l a t i o n .  T h e  mean annual   g round  tempera ture  
i n  Wuma a r e a  n t  p r e s e n t  is -1 - -1.5-C and   t he  
m i n i m u m  d o e s   . n o t  g o  below - 2 ' C .  O b v i o u s l y ,  i t  
d o c s  n o t   f i t  the c o n d i t i o n  o f  i c e  wedge  forma- 
t i o n ,  b u t  ' i t   c o u l d   r e I l e c t   t h a t  t h e  mean a n n u a l  
grnunrl ~ e m p e r a t u r e   a t   t h e   t i m e  o f  i c e  wedge- 
rormi .ng was 4-5.SoC l ower  t han   t oday .  To con-  
s i t l c r  l h e  diTCcrence  between  ground  temperature  
a n d  n i r   t e m p e r a t u r e   a t  t h e  same  geomorphologic 
U I I I I .  in n a x i ~ r g n n l . i n g  p r e C e c t u r e   ( T a b l e  l), we 
k l l t rw  t ! l n t   t h e   a i r   t c m p e r a t u r e  t h e n  cou ld   no t  be 
h i g h e r  t h a n  -9  - - 1 2 ° C  and  was a t   l e a s t  4 . 6 -  
7 . 6 O C  l o w e r   t h n n   t h a t  n t  p r e s e n t .  This i s  
equivalent t o  t h e   p r e s e n t   p h y s i c a l   c o n d i t i o n  o f  
Lhc n r e ~ s  o r  N o r t h e r n   Y a l k u c h j k a   c i t y  (-10°C: i n  
C I I C  mean a n n u n l  a i r  t e m p e r a t u r e )  i n  Russia. 

'Thc g r o u n d   s u r f a c e  soil l a y e r  m u s t  have  0 

g r n d i e n t  o r  1 0 O 0 C / m  ill the c o u r s e  of  f r o s t  
cracki .ng  (Komonovskij N . N . ,  1 9 7 7 ) .  We can t h u s  
( * s I . i n r a t c  t h a t   l h e   c l i m a t e   t h e n  was d r y  w i t h  
I i I . L l c  p r c c i p i t a t i o n ,  antl p a r t i c u l a r l y  the snow 
r l r*pos i t s  i t t  win te r   were  less a n d   t h e   v e g e t a t i o n  

T a b l e  1. D i f f e r e n c e   b e t w e e n   t h e  mean annual  
g round   t empera tu re   and   t he  a i r  t e m p e r a t u r e  i n  
D a x i n g a n l i n g   p r e f e c t u r e  

Site North Ground  temp. Air temp. Difference 
la t i tude  ("C) ("C) ("C) 

Gulian 53'03' - 0 . 5  - -1 -4.8 33-1.3 

Hangui 51"59' .-1.1 - -1--6 -5.4 3.8-4.3 

Yitulihe 50'32' -1.2 -5 3.8 

on ground s u r f a c e  was s p a r s e .   T h i s  wee caused  b y  
t h e   h i g h   a i r  pressure o f  Siberia and  Mongolia a t  
t h a t  time, o f  which t h e  c o n t r o l l i n g   t i n e  was 
l o n g e r ,   a n d   t h e   e f f e c t   l a r g e r .  a n d  t h e   c o n t i n e n -  

Wane Hanhua ( 1 9 9 0 )   a l s o   i n d i c a t e s  t h a t  t h e  
t a l  c l i m a t e  wam more  extreme.  The d a t a  from 

a m p l i t u d e  o f  t h e , m d a n   a n n u a l   a i r   t e m p e r a t u r e  
d rop   f rom p reaen t  t o  t h e   p l e n i g l a c i a l   p e r i o d  
( 2 0 0 0 0 - l l 0 0 0   y e a r s . B . P . 1   i n c r e a s e s  i n  the   Nor th-  
e a s t   P l a i n  from s o u t h   t o   n o r t h .  I t  is 5 . 4 O C  i n  
L i a o h e   P l a i n ,  6 .9 'C  i n  Shunnen  P la in  a n d  u p  t o  
7.6OC i n  S h s n j i a n g   P l a i n .   G e n e r a l l y ,   t h e  ampli-  
t u d e  o f  t h e  a i r  t e m p e r a t u r e   d r o p   i n c r e a s e s  0 .7 'C  
p e r , l a t i t u d e   t o w a r d   n o r t h .   C o m p u t e d  by  t h i s ,  i t  
w i l l  reach  11.7"C t o  Wuma a r e a ,  a n d  i t  a p p r o x i -  
m a t e s   t o   o u r   p r e v i o u s -   i n f e r r e n c e .  

Based on t h e   p o l l e n   a n a l y s i s  d a t a  a t  Huang- 
g a n g l i a n g  i n  t h e   s o u t h e r n  p a r t  o f   D a x i n g s n l i n g  ' 

p r e f e c t u r e   ( X i e  Youwu, 1 9 8 4 ) ,  we can o h t o i n  t h a t  
t h e  h e r b  p o l l e n  c o n t e n t  wag a s   h i g h   a s  90% among 
which   t he  con ten t  o f  A r t e m i s i a  a n d  Chenopodlum 
g e n e r a  i nc reased  t o  50-70%. w h i l e  woody p l a n t s  
were less  t h a n   b e f o r e ,  among which   t he   po l l en  
o f   c o n i f e r  amounbed t o  2-3%. The   con ten t  of 
c a l c i u m   s u l p h a t e  was a s   h i g h   a s  3.15%. i n d i c o t -  
i n g  a f a i r l y  weak L i x i v i a t i o n   a t   t h a t  time. The 

0.04-0.382 and t h e  pocked q u a r t z  made u p  1 0 - 4 O X .  
c o n t e n t  of s o l u a b l e   s a l t  i n  s o i l   a c c o u n t e d  f o r  

T h i s   i n d i c a t e s   t h a t  t h e  whole   Dexinpanl ing  

c l i m a t i c   c o n d i t i o n .  The  wind  power  was s t r o n g  
p r e f e c t u r e  a t  t h a t  time was i n  o dry   and   co ld  

s n t l  t h u s   f a v o u r a b l e  for t h e   round s u r f a c e   t o  
crack a n d   t h e   t e m p e r a t u r e  t o  d r o p  q u i c k l y ,  and 
s u b s e q u e n t l y  also f a v o u r a b l e  f o r  t h e  growth  of 

d i t i o n   t h a t  made t h e   s o u t h e r n   b o u n d a r y  o f  t h e  
i c e   w e d g e s .  I t  was t h e   d r y   a n d   c o l d   c l i m a t e   c o n -  

a l , ,   1 9 8 9 ) .   T h i s  was  more s o u t h e r n l y  t h a n   t h a t  
p e r m a f r o s t  move s o u t h   t o  38-42'N (Xu S h u y i n g   e t  

o f  Europe (43-4b'N) and S ibe r i a   (47 -50"N) .  
I n  the end  of l a t e   P l e i s t o c e n e ,  t h e  c l i m a t e  

i n  East   China  became warm, hot   and h u m i d ,  o r  
warm and a r i d   a f t e r   e n t e r i n g   i n t o  t h e .  Holocene 
epoch .   I towever ,   there   occured  s n  o b v i o u s  low 

and Xie Z h i r e n .   1 9 8 5 ) .  The e p i g e n e t i c   i c e  wedge 
t e m p e r a t u r e   p e r i o d  9,000 y e a r s   a g o  (Ymng Huai jen 

found i n  Wuma might   no t   be   formed  la te r  
t h a n  this p e r i o d .   A f t e r  then a l o n g  w i t h  t h e  
g e n t l e   r i s i n g  o f  the   whole   a rea   and   the   unr lc r -  
c u t t i n g   a c t i o n   o f  t h e  Y i l i j i q i   R i v e r ,  t h e  tcrrace 
s u r f a c e   e m e r g e d  u p  t o  5-6 m a b o v e   t h e - w a t e r  
l e v e l ,  wh ich   ha l t ed  t h e  development   o f   the  
wedges i n  o r e l a t i v e l y   h i g h   g r o u n d   t e m p e r a t u r e  
c o n d i t i o n .  I n  t h e  N y p s i t h c r m a l   i n t e r v a l ,   t l r c r c  
deve loped   w idesp read   pea t   f rom  sou t ,h   t o   no r lh  
i n  n o r t h e a s t e r n   C h i n a  ( L i  Handing a n d  Gan Fcng- 
q i ,  1 9 9 1 ) .  In Wuma a r e a ,   p e a t ,   o n e   m e t r c  in depth, 
was d e p o s i t e d   a t   t h e   v a l l e y   b o t t o m .  Under  such 
a b a c k g r o u n d   o f   h i g h   a i r   t e m p e r a t u r e .   t h e  SCR- 
sonn l   t haw  dep th  i n  Muma a r e a   i n c r e a s e d ,  nntl 
r e s u l t e d  i n  p a t c h e s   o f   d e f o r m a t i o n  on the   t op   o f  
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Ice   wedges .   Consequente ly   some  vary ing   degrees  
uE semicircle t h e r m a l   m e l t i n g   t r o u g h s  of 15-55 
cm d e e p  were  formed  and  served a s  t h e   s e a s o t t e l  
d r a i n a g e   c h a n n e l  on the  g r o u n d   s u r f a c e   d u t i n g  
t h e  warm s e a s o n   a t  t h a t  time. There   eccumula t ed  
s a n d y   g r a v e l  o f  poor   roundn t s s  i n  t he ' s e   t roughs .  
From these t h e r m a l   m e l t i n g   t r o u g h s  a n d  accumu- 
l a t e d   g r a v e l s ,  we can see t h a t  a t  t h a t  time t h e  
thaw  depth  was  not   deep,   ground  temperature   not  
h i g h ,   w a t e r   a m o u n t   l i m i t e d .   f l o w i n g  s p e e d  q u i c k  
b u t   p a s s i n g  time s h o r t .   T h e r e f o r e ,  i t  had  not 
much e f f e c t  on t h e   m e l t i n g  of t h e  i c e  wedges. 
All o f   t h i s   r e v e a l s   t h a t   . t h e   w e a t h e r   i n  Wuma 
a r e a  was r e l a t i v e l y  warm b u t  w i t h  l i m i t e d  r i s e  
i n  temperature d u r i n g  t h e  H y p s i t h e r m a l .  Wang 
H a n h u e   p r o p o s e d   t h a t   t h e   a i r   t e m p e r a t u r e  i n  
S h a n j i a n g   p l a i n  o f  N o r t h e a s t e r n   C h i n a  d u r i n g  
t h e  H y p s i t h e r m a l  was 3-5'C h i g h e r   t h a n   t o d a y ,  
H e n c e   t h e   a i r   t e m p e r a t u r e  i n  tJuma a r e a  u t  t h a t  
time c o u l d n ' t  b e  h i g h e r   t h a n  0.6- -1.4"C. T h e  
w h o l e   a r e a   w a s   a t i l l   u n d e r   t h e   p e r i g l e c i a l  
envi ronment .   The  swampy g r o u n d   s u r f a c e ,   d e v e l o p -  
ed   pea t   and   t h i cke t   mosses  h a l t e d  g r e a t l y  
t h e   r i s e  of ground   t empera tu re   caused  by  c l i m a t e  
warming.  Based on t h e   d a t a  o f  t h e   a d j a c e n t   o u t e t  
Dakar (Ceocryology USSR, 1989) ,   mosses   cou ld  
make the mean a n n u a l   g r o u n d   t e m p e r a t u r e   d e c r e a s e  
more t h a n  2-3'C. I n  a d d i t i o n ,  peat c . o u l d   c o n t r i -  
b u t e  2.5-4'C d rop   o f   g round   t empera tu re .  As a 
r e s u l t ,  a d e c r e a s e  o f  4.5-7OC in   g round   t empera -  
ture  was c a u s e d  by  both O F  t h e  a b o v e   f a c t o r s .  
T h e r e f o r e   t h e  mean annua l   g round   t empera tu re  i n  
Wuma a r e a   a t   t h a t   t i m e   c o u l d n ' t  he h i g h e r   t h a n  
0- -1.9'C. T h i s   p r o v i d e d  a p e r f e c t   n a t u r a l   c o n -  
d i t i o n   € o r  i c e  wedge t o  pass t h r o u g h   t h e  Hypsi- 
t h e r m a l   i n t e r v a l  of t he  l lo locene . '   Fur ther   more ,  
t h e  l o t e n t   h e a t   f u s i o n  of i c e  i n  ice-r ich s i l t  
soil and i c e  wedge i t s e l f  was a l s o  a f a v o u r a b l e  
t a c t o r   f o r  wedge p r e s e r v a t i o n .  

d e b r i s  i n  t h e   d e p o s i t s  o f  t h e  H y p s i t h e r m a l  i n  
Amur r e g i o n  on t h e   e a s t e r n  s l b p e  o f  Mt. Daxing- 
a n l i n g .  I t  r e f l e c t s   t h a t   a l t h o u g h   t h e   a i r  tem- 
p e r a t u r e   r o s e   t o  some d e g r e e ,   a t   t h a t  time, i t  
was s t i l l  under  a p e r i g l a c i d l   e n v i r o n m e n t ,  The 
permaCtos t  zone r e t r e a t e d   n o r t h w a r d s   t o   M a n g u i -  
Amur l i n e  ( C U O  Dongxin e t   a l . ,  1981),Wuma  was 
~ L i l l  w i t h i n  t he   pe rmaEros t  r e g i o n .  

The a i r   t e m p e r a t u r e  i n  68O of n o r t h e r n   l a t i -  
t u d e ,   w e s t   S i b e r i a ,   n o r t h   o f  Wuma, was 2.8-4'C 
h i g h e r  t h a n  t oday .   The   sou the rn  limit o f  perma- 
f r o s t   r e t r e a t e d   n o r t h w a r d s  b y  16-19' l e t ,   t o  
Lhe v i c i n i t y   o f  66'N. I n  t h e   a r e a  of 62-64'N, 
t h e   u p p e r   t a b l e  of p e r m a f r o s t   d e s c e n d e d   t o   1 0 0 -  
150 m be low  the   g round   su r f ace   (Bau l in  V.V. e t  
u l . ,  1 9 8 1 ) .   T h e r e  was w i d e l y  developed  subcom- 
m i t t e e   i c e   w e d g e s ,   l o w l y i n g   l a n d   a n d   p l a t e -  
s h a p e  ] .ow-lying  land. The s o u t h e r n  limit of 
p e r m a f r o s t  i n  C h i n a   o n l y   r e t r e a t e d   n o r t h w a r d s  . 
h y  1 0 - 1 2 O  l a t .  I t  s e e m s   t h a t   t h e   p e r m a f r o s t  i n  
Ch ina   has  a r e l a t i v e l y   s t r o n g e r   s t a b i l i t y .  

n n r l  a b o u t  4000 y e a r s  a g o  i n  the   Holocene   (Yang 

0.9 m d e e p  (4518fg0 B . P .  - 36&4*90 B . P . )  were 
l l u o i j e n  c t  a l . ,  1985) .  I ce   wedges   o f   1 .5  m and 

fu rmec l  I n  t h e  bottom o f  y i l i j i q i  R i v e r   V a l l e y  
oE D a x i n g a n l i n g   p r e f e c t u r e  (Peng Haiyun  and 
C h e n g  Guodong, 1990). P e r i g l a c i a l  phenomena 
l o r m e d  dur ing   t hese   pe r iods   have   been   found  i n  
reg ions   o f   bo th   the   south   and   nor th   bank  o f  t h e  
I I e i long j i ang   R ive r   Bas in .  I t  was  s .everely  dry 
a b o u t  3000 years   ago  and Z h u  Kezhen c a l l e d  i t  
Lhc co1.des t   per iod  i n  t h e   1 0 t h   c e n t u r y  B . C .  I n  
960-1276 a n d  1650-1700 A.D. t h e   c l i m a t e   t e n d e d  
Lo be   co lde r .   Consequen t ly  the p e r m a f r o s t  i n  
C h i n a  g a i n e d   a n o t h e r  p e r i o d  o f  development   and 

I n  a n o t h e r   c a s e ,   t h e r e   w e r e  a la rge   amouot   o f  

C o l d  p e r i o d s   o c c u r r e d  i n  8200-7000, 5800-4800 

moved southwards  by  5-6" l a t i t u d e s ,  e s t a b l i s h i n g  
t h e   p r e s e n t   p a t t e r n  oE p e r n l a E r o s t   d i s t r i b u t i o n  

c o n d i t i o n s ,  e .g .  t h e   b o t t o m  o f  Y i t u l i h e   R i v e r  
i n  n o r t h e a s t e r n   C h i n a .  I n  p l a c e s  w i t h  s u i t a b l e  

w h e r e a s   t h e r e  was  no s u c h   o c c u r r e n c e  i n  Wuma 
v a l l e y ,   t h e r e  stew i ce  wedges  of 40 cm i n  w i d t h .  

a r e a   b e c a u s e  o f  t h e   a s c e n d i n g   b e d r o c k   s u r f a c e  
a n d   t h e   Q u a r t e r n a r y   o v e r b u r d e n   l a y e r   b e i n g   t h i n  
(5 -8  m ) .  N e v e r t h e l e s s ,   b o t h   t h e   p e r m a f r o s t   a n d  
t h e  ice  wedges  formed  in t h e  l a t e  P l e i s t o c e n e  
have  b e e n  p r e s e r v e d  ' t o  t h e  present  d u e  t o   s u c h  
f a v o u r a b l e   f a c t o r s   a 8  t h e  p e r i g l a c i a l   e n v i r o n -  
m e n t ,   g r o y n d   s u r f a c e  swamp, v e g e t a t i o n '  of mosses 
a s  well as  l i t t l e  snow ' i n  w in te r s ,  e t c .  

comcLusm . 

1. The   pe rmaf ros t   and   i ce  wedge i n  Wuma area, 

China  was formed a t   l e a s t   1 4 , 0 6 0 - 1 0 , 0 0 0   y e a r s  
n o r t h e r n   p a r t  of Mt. D a x i n g a n l i n g ,   n o r t h e m s t e r n  

ago. i . e .  t h e   l a t e   g l a c i a l   p e r i o d  of t h e  e n d  of 

T h e y   e x p e r i e n c e d   p a t c h e s  o f  t h a w   t r u n c a t i o n  
u p p e r  P l e i s t o c e n e ,   a n d   a r e   i n a c t i v e   a t   p r e s e n t .  

d u r i n g   t h e   H y p s i t h e r m a l  o f  t h e   H o l o c e n e   b u t  
f a v o r e d  b y  t h e  p e r ~ g l a c i a l , e n v i r o n m e n t ,  t h e y  were 
a b l e   t o  b e  p r e s e r v e d   t o   t h e  present t i m e .  

2 .   The   syngene t i c   I ce   wedge  is t h e  mbjor   type 
i n  Wuma a r e a ,   w ' h i l e   t h e   e p i g e n e t i c   o n e  is r a t h e r  
r a r e   a n d  i t s  s i z e  i s  s m a l l e r   t h a n . t h e  former 
one.  They are  d i s t r i b u t e d  commonly i n  tWe I -  
l e v e l  t e r r a c e   a t   v a l l e y   b o t t o m   w h i c h  i s  c h e r a c -  
t e t i z e d  b y  w e t l a n d s  w i t h  t h i c k e t   m o s s e s .  Tire ' 

l i t h o l o g i c a l   p r o p e r t y  i n  i c e - r i c h   f r o z e n   g r o u n d  
i s  m a i n l y   c h a r a c t e r i z e d  by  s i l t  and   c l ay  soil, 

n o r t h e r n  p a r t  o f  D a x i n g a n l i n g   p r e f e c t u r e  i n  t h e  
3 .  The mean a n n u a l  s i r  t e m p e r a t u r e  i n  t h e  

e n d  o f  l a t e   P l e i s t o c e n e  was 4.6-7.6'C lower   than  
today  and t h e  c l i m a t e  W ~ B  d r y  end   co ld .  T h i s  c a n  
b e   i l l u s t r a t e d  b y  t h e   p r e s e n c e   o f   i c e  wedge a n d  
p e r m a f r o s t   a t   t h a t   t i m e ,  a n d  by  t h e  dynamic 
s h i f t i n g  of t he   sou the rn   boundary  o f  per .mafrost  

Compared w i t h  t h e  North Europe and S i b e r i a ,  t h e  
d u r i n g  t h e  l a t e   P l e i s t o c e n e   t o  t h e   I l o l o c e n e .  

p e r m a f r o s t  i n  n o r t h e a s t e r n   C h i n a   h a s   r e l a t i v e l y  
s t r o n g e r   s t a b i l i t y  s i n c e  t h b  I lyps i thermal  i n t c r -  
Val o f  t h e   H o l o c e n e ,  
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SHALLOW  FOUNDATION IN THE REGION OF FROZEN G R O U N D  

T o n g   C h a n g j i a n g '   a n d   L u o   M i n g r u '  

' L a n z h o u   I n s t i t u t e   o f   G l a c i o l o g y   a n d   G e o c r y o l o g y ,  
C h i n e s e   A c a d e m y  o f  S c i e n c e ,   C h i n a  

' P r o s p e c t i n g   A c a d e m i a   o f   M a n a g e m e n t   B u r e a u  o f  
Da H i n g g a n   L i n g .   F o r e s t y   M i n i s t r y .   C h i n a  

S h a l l o w   f o u n d a t i o n .   w h i c h  i t s  b o t t o m  i s  b u r i e d - w i t h i n  maximum d e p t h   o f   s e a s o n a l l y  
f r e e z i n g ,   w a s   s u c c e s s f u l   u s e d   i n   d e e p   s e a s o n a l l y   f r o z e n   g r . o u n d   r e g i o n   i n   1 9 8 2 .  
By b e i n g   i m p r o v e d   i n  1989,' t h e   e x p e r i m e n t s  were t a k e n   i n   p e r m a f r o s t   r e g i o n   a n d  
t a l i k  o f  Da H i n g g a n   L i n g .  i t s  r e s u l t s   s h o w e d   t h a t   f o u n d a t i o n   e m b e d d e d   d e p t h   o f  
building c o u l d   b e   r e a s o n a b l y   d e t e r m i n e d   a c c o r d i n g  t o  p r o p e r t y  o f  f r o s t   h e a v e   a n d  

force .  b u i l d i n g   l o a d   a n d  re r a i n i n g   a c t i o n  of  l o a d  o n  f r o s t  h e a v e   o f   s u b s o i l .  
t h a w  s e t t l e m e n t ,  s t a t e  of g r o u n d   w a t e r ,   t a n g e n t i a l   a n d   n o r m a l   f r o s t   h e a v i n g  

M o v i n g   c o n d i t i o n  o f  bs i l c l i@c  
r e g i o n   s h o w   t h a t   f o u n d a t i o n   o f   b u i l d i n g   c a n   b e  s h a l l o w l y  bur ied  a n d  meet a n d  

i n   y ' e r m n f r o s t   a n d   d e e p   s e a s o n a l l y   f r o z e n   g r o u n d  

d e m a n d  of  b u i l d i n g   s t a b i l i t y .  

XNTRODUCION 

F o u n d z i o n   t y p e   o f   b e i l d f n g   a n d  i t s  e m b e d d e d  
d e p t h   a r r c o n t i n u o u e l y  ta'then a t t e n t i o n  t o  e n g i -  
n e e r i n g  i . rc le  i n   p s r m k f r o s t   a n d   s p o r a d i c   p e r m a -  
f r o s t  regon of Da H i n g g a n   L i n g   a n d   d e e p   s e a s o n -  
a l l y  f r D z n   g r o u n d  of  Hei L o n g   J i a n g   a n d  Nei 
M e n g   G u . ? h e   e x p e r i m e n t s   w h i c h   f o u n d a t i o n   o f  
b u i l d i n g - s   s h a l l o w l y   b u r i e d   h a v e   e v e n   b e e n  
t a k e n  s i c e  f i f t y  years .  But f o r   k n o w l e d g e   o n  
t h e o r y  o3f ros t  h e a v e   b e i n g   n o t   e n o u g h ,  some 
b u i l d i n w a r e   s u c c e s s f u l ,  some p r o d u c e   d e s t r o y  
of .  d i f f e - n t   e x t e n t  f o r  f r e e z i n g   i n d   t h a w   a c t i o n .  
So some ales, p r o v i d e  t h a t  f o u n d a t i o n  b o t t o m  
m u s t   b e . g t   i n   1 0 - 2 0  cni p l a c e   u n d e r  mari.mum 
d e p t h  of  i r e e e i n g .   D e e p   p i l e   f o u n d a t i o n  i s  used 
i n  p e r m a f - o s t   z o n e .   I n  e a r l y  a t a g e  of 7 0  a g e a .  
a d v a n c i o r e m b e d d e d   d e p t h  of  f o u n d a t i o n   c a n  b e  
w i t h i n   s a s o n a l l y   f r e e z i n g   d e p t h  a f t e r  c o n s t r u c t -  
ed,  b u t   x r s i d u a l   f r o z e n   g r o u n d   l a y e r   u n d e r  
f o u n d n t i a  i s  n o t   p e r m i t t e d  t o  b e   p r e s e r v e d  
d u r i n g   c a t r u c t i n g .  From l a t e r  s t a g e  o f  70 a g e s  
t o  e a r l y  i t a g e  of  80 a g e s .   m a n y   i n s t i t u t e s e a r l y '  
or  l a t e r  L a n t i n u e d r o   d e v e l o p e   e x p e r i h e n t a l  
r e s e a r c h . n   t h i s   a s p e c t ,   < < D e s i g n   s t a n d a r d  of 
a u b g r a d e : o u n d f a t i o n  of b u i l d i n g   i n   f r o e e n   g r o u n d  
r e g i o n > > . . a  w r i t t e n   b y   s e v e n   u n i t e , . G B J T - 8 9  
a t n n d a r d . s   . f u r t h e r   p r e f e c t e d .   E x p e r i m e n t a l  
r e s e a r c h  *f s h a l l o w  f o u n d a t l o n   s h o w ,   a l t h o , u g h  
e n g f n s e r i ; g   g e o l o g i c a l   c . o n d i t i o n   o f   f r o z e n  s o i l  
in t h e   l r r a t i o n   a n d   t h e o r y  of f r o s t  h e a v e  a r e  
f u l l y  maemred, s h a l l o w   f o u n d a t i o n   c a n   b e  locatly 
u s e d   i n  mt o n l y   d e e p   s e a s o n a l l y   f r o z e n   g r o u n d  
r e g i o n  b c t e l i k  of De H i n g g a n   L i n g ,  

DESIGN  FLTORS OF SHALLOW FOUNDATION 

I t  i s  s t e n t i v e   d i s t r i b u t e d  t o  open a n d  close 
t a l i k   o f  .ermafrost n n d  t a l i k  of s p o r a d i c   p e r m e -  
f r o s t   i n  % I i i n g g a n  L i n g .  Maximum d e p t h  of sea- 
s o n a l l y   f - e e r i n g  is 2.0-2.5 *. T r i v a l   b u i l d i n g s  
o f  many p a r s  in t hese  regions t e s t i f y   t h a t  
f o u n d a t i a :   c a n   b e   s h a l l o w l y   b u r i e d  i n  f r e e z i n g  

. s t ra tum w i t h i n  d e p t h  o €  s e a s o n a l l y   E r e e z i n g ,  

s e r . v e   i n  bo t tom o f  f o u n d a t i o n .  
r e s i d u a l   f r e e z i n g   s t r a t u m  is p e r m i t t e d  t o  p r e -  

F o u n d a t i o n   r e a s o n a l l y   s h a l l o w l y   b u r i e d  i s  
d e t e r m i n e d   b y   f o l l o w i n g  f a c t o r s :  

1. F r o s t   H e a v e   P r o p e r t y   o f   S u b s o i l  
A l a r g e   n u m b e r  o f  f i e l d   d a t a  show t h a t  t h e  

f r o s t  h e a v e   a m o u n t   o f   s u b s o i l   i n c r e a s e - w i t h  
f r e e z i n g   d e p t h   i n c r e a s i n g   i n   f r e e z . i n g   p r o c e s s  
a n d  its i n c r e m e n t  i s  n o t   c o n s t a n t   v a l u e ,  i t  
c h a n g e   w i t h  s o i l ,  m o i s t u r e  and f r e e z i n g   c o n d i -  
t i o n .  Most d i s t r i b u t e d  law o f  f r o s t   h e a v e   a m o u f i t  
of s u b s o i l   a l o n e   f r e e z i n g   d e p t h   a p p e a r   l a r g e r   i n  
u p p e r   a n d  small i n  lower ( T o n g   C h a n g j i a n g   a n d  
G u a n   F e n ' g n i a n ,   1 9 8 5 ) .  See F 1 g . l .   F i g . 1  shows that 
c o e f f i c i e n t  of  f r o a t   h e a v e  (r() o f  lower s o i l  i n  
f r e e z i n g   d e p t h  i s  a l l  smal ler .  1.f c a l c u l a t i o n  by 
p 2 % ,  i t s  d i s t r i b u t e d   d e p t h   m a k e   u p  nearly 20-30 
p e r   c e n t  of t o t a l  f r e e z i n g   d e p t h .   F r o s t   h e a v e  

e n o u g h   s t a b i l i t y   o f   b u i l d i n g .  
p r o p e r t y  of t h i s  s u b s o i l   c a n n o t   o b v i o u s l y   a f f e c t  

Heave of S u b s o i l  
2 .  R e s t r a i n e d   A c t i o n  of B u i l d i n n   L o a d   o n   F r o s t  

E x p e r i m e n t a l   r e e u l t s   s h o w  t h a t  u p p e r  l o a d s  
h a v e   o b v i o u s l y   r e s t r a h e d   a c t i o n  on f r o s t  h e a v e  
of  e u b s o l l  (Fig.2). F r o s t   h e a v e - o f   s u b s o i l  ' . 

d e c r e a s e  w i t h  s u r c h a r g e   l o a d - l n c r r a a i n g ,  (Mp) i s  
u s e d  t o  i n d i c a t e  t he i r  r s l a t l , o n , ,  

W h e r e  Ah., - f r o s t  h e a v e   a m o u n t  of t h e  same l a y e i  
n a t u r e   s u b s o i l   u n d e r   t h e   a c t i o n  of  d e a d   w e i g h t .  

AhtJ - f r o s t   h e e v e   a m o u n t   o f  t h e  same s u b -  
s o i l  u n d e r   t h e   a c t i o n   o f   s u r c h a r g e  l o a d .  

i n g   c o e f f i c i e n t  ( H p )  u n d e r   a c t i o n   o f   d i f f e r e n t  
A c c o r d i n g  t o  t h e   r e l a t i o n s h i p   b e t w e e n   r e s t r n i n -  

l o a d   a n d  t h e  t h i c k n e s s  o f  f r e e z i n g   g r o u n d   u n d e r  
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0 50 100 150 
. 

Permafrost table 

Frost  heave  rate II (X)  

Ah (cm) 

pressure P (KPn) 

F i g u r e  2 .  Fros t   heave   amoun t  v s  a p p l i e d   l o a d  
' f o r   v a r i o u s   b u r i e d  d e p t h s  

o - 40. cm; o - 70  cm; 
x - 100 c m ;  A - 130 cm. 

f o u n d a t i o n  ( h f ) ,  d e s i g n   v a l u e *  o f  r e s t r a i n i n g  
c o e f f i c i e n t   d i f f e r e n t   s u b s o i l  of f r o s t   h e a v e  
can be g i v e n   t o   p r o v i d e   d e s i g n   a n d   u s i n g   o f  
s h a l l o w   f o u n d a t i o n .   R e s t r a i n i n g   a c t i o n   o f  s u r -  
c h a r g e   l o a d   c a n   o b v i o u s l y   d e c r e a s e   d e s t r u c t i v e  
a c t i o n   o f   f r o s t   h e a v e   o f   s u b s o i l  on b u i l d i n g .  

d e c r e b s e  refreezing d e p i h  of s u i s o i l  a n d  d e s t r o y  
a c t i o n  of frost heave i n  h e a t i n g   b u i l d i n g .  
E f f e c t   c o e f f i c i e n t   o f   h e a t i n g  is r e l a t i v e ' w i t h  
r e f i l 1 i n p " h e i g h t  of i n d o o r .  i t s  v a l u e   c a n   r e f e r  

"Lanzhou I n s t i t u t e  o f   G lac io logy  and.  Geocryology, 

a n d   C o n s t r u c t i o n   o f  O i l  F i e l d ,   1 9 8 5 ,   < < I n f o r m a -  
Academia S i n i c a  a n d  Daqing I n s t i t u t e  o f   d e s i g n  

t i o n   m a n u a l   o f   f r o z e n   s o i l   s u b g r a d e  of i n d u s -  
t r i a l  and c i v i l   b u i l d i n g   d e s i g n  i n  DaqPng 
r e g i o n .  >>. 

to s t a n d a r d  GBJT-89. In g e n e r a l .   i n d o o r   s u r f a c e  
i s  7 5  cm h i g h   t h a n   o u . t d o o r   s u r f a c e ,  t h e  in f luence  
a c t i o n   o f   h e a t i n g   s y s t e m   c a n n o t  b e  c o n s i d e r e d .  
T h u s ,   s t a n d a r d  maximum d e p t h   o f   f r e e z i n g   g i v e n  
a c c o r d i n g   t o   r u l e * *   s h o u l d   m u l t i p l y   a f f e c t   c o e f -  
f i c e n t  of h e a t i n g   ( ( b z h ) ,  s o i l  (4,  ) .  f r o s t   h e a v e  
o f  s u b s o i l  ( d ~ ~ ~ )  and  environment  Q I $ ~ , )  which   the  
- r u l e   g i v e   t o   g a i n   d e s i g n  d e p t h  of f r e e z i n g  ( I l f ) .  

A c c o r d i n g   t o   t h e   s t a t i s t i c s  of b u i l d i n g  
s t r u c t u r e   a n d   u s i n g   c o n d i t i o n ,   p e r m i t t i n g   d e f o r -  
mation v a l u e  of br i ck -wood   bu i ld ing  o r  b r i c k -  
c o n c r e t e   b u i l d i n g   c a n  b e  c o n t r o l l e d   a t  10 m m  
( J i ang   Hong ju  & Cheng E n y u a n ,  1989). S o ,  f r o s t  
heave  d e f o r m a t i o n   p r o d u c e   f o r   r e f r e e z i n g  o f  
r e s i d u a l   f r o z e n   s o i l  i n  s e c o n d   y e a r s  m u s t  meet 
t h e  d e m a n d  o f   f o l l o w i n g   e q u a t i o n :  

d * * Mp 5 [Ah] ( 2 )  

Where, d - t h i c k n e s s   o f   r e s i d u a l  f r o z e n  ground.  
q - a v e r a g e   h e a v e   c o e f f i c i e n t   o f   u p p e r  

s u b s o i l   w i t h i n  maximum f r e e z i n g   d e p t h  
( d e c i m a l   c a l c u l a t i n g ) .  

Mp - r e s t r a i n i n g   c o e f f i c i e n t   o f   s u r c h a r g e  
load  on frost heave of s u b s o i l  
( d e c i m a l   c a l c u l a t i o n ) .  

[Ah]-  p e r m i t t i n g   n o n - u n i f o r m   d e f o r m a t i o n  
value of b u i l d i n g  (cm or mm').  

So p e r m i t t i n g   t h i c k n e s s   o f   r e s i d u a 1 , f r o z e n  
g round   unde r   founda t ion  is: 

d S M  
'1"p 

Embedded d e p t h   o f   f o u n d a t i o n  is: 

[ H I  - Hf - d (4) 

I n  o r d e r  t o  p r e v e n t i n g   r e f r e e z i n g   o f   r e s i d u a l  
f r o z e n   g r o u n d   a n d   f r o s t   h e a v i n g   f o r c e   p r o d u c e d  
b y  s u b s o i l   f r e e z i n g   b e s i d e   f o u n d a t i o n   f r o m   a f -  
f e c t f n g   s t a b i l i t y  o f  b u i l d i n g ,   c h e c k i n g   c o m p u t a -  
t i o n  of  r e s i s t i n g   f r o s t   h e a v i n g   f o r c e  m u s t  b e  
t a k e n .  I n  o t h e r   w o r d s ,   f o u n d a t i o n   o f   b u i l d i n g  
m u s t  meet t h e  demand of s t a b i l i t y  u n d e r  t h e  
a c t i o n  of t a n g e n t i a l  and  normal f r o s t   h e a v i n g  
f o r c e .   D e s i g n  v a l u e  o f  t a n g e n t i a l   f r o s t   h e a v i n g  
f o r c e   c a n   r e f e r   t o   r e f e r e n c e  o f  Dai  Huiming  and 
Tie d e t i n g   ( 1 9 8 9 1 ,   s t a n d a r d   v a l u e  o f  normal 

Tong Changj iang  and Cheng  Enyuan (1989). These 
f r o s t  h e a v i n g   f o r c e  can r e f e r   t o  r e f e r e n c e   o f  

v a l u e s   a r e   t a k e n   s u c c e s s i v e   r e v i s i o n  o f  founda-  
t i o n   b o t t o m   a r e a ,   p e r m i t t i n g   d e f o r m a t i o n   a n d  
f r e e z i n g   d e p t h  by t h e i r  demand t o  b e  d e s i g n e d  
v a l u e .  

I f  i t  c a n n o t  meet t h e  demand. F i r s t ,  20 
c e n t e r m e t e r s   t h i c k   g r a v e l  soil a r e  f i l l e d  i n  
f o u n d a t i o n  s i d e  t o  weaken a c t i o n   o . f . t a n g e n t i a 1  
f r o s t   h e a v i n g   f o r c e ;   s e c o n d .   r e s i d u a l   t h i c k n e s s  
o f   f r o z e n   s o i l  c a n  be r e s o n a l l y   d e c r e a s e d .  

B e c a u s e   t h e   p r e s e n t   C o n s t r u c t e d   s t a g e  i s  a l l  
advanced t o  s p r i n g ,   r e s i d u a l   f r o z e n   g r o u n d   g t a d -  
u a l l y  thaw i n  c o n s t r u c t e d   s t a g e ,   t h a w i n g   c o e f -  
f i c i e n t  is d e t e r m i n e d  b y  s o i l ,   d r y  u n i t  weight  
and w a t e r   c o n t e n t  o f  r e s i d u a l  f rozen   g round   t o  
c a l c u l a t e  i t s  s u b s i d e  amount  (Tong  Changjiang 
and e t  a l ,  1987; Z h u  Y u a n l i n ,   1 9 8 3 ) .  

CONCLUSION 

I n  t a l i k  o f  permaf ros t   and   deep  s e a s o n a l l y  
f r o z e n   g r o u n d   r e g i o n ,   a c c o r d i n g   t o  water c o n t e n f  

" " H e i l o n g j i a n g   I n s t i t u t e   o f   C o n s t r u c t i o n  o f  Low 
T e m p e r a t u r e ,   1 9 9 1 .   - D e s i g n   r u l e   o f   c o n s t r u c t i o n  
o f   subgrade   and   founda t ion .  
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dry  unit  weight, f r o s t  heave property of subsoil, 
thaw  settlement  property of frozen ground:'local 
freezing  depth  and etc.. embedded  depth  of  foun- 
dation is locally  calculated for a l l  kinds of 
mote  uniform  svbgrad. So that  foundation i s  
reasonally  shallowly  buried and hold  stability 
of  building.  The  rule  which  foundation  bottom 
must be p u t  under  freezing  depth is broken 
through. 

of  experiment  in Daqing and  Jiagedaqi  region 
and  constructing  houses a r e  testified. design 
of shallowly  buried  foundation  is  reasonable, 
reliable a n d  can be usedin  design  before  and 
a f t e r  construction.  Ita  engineering c o s t  can 
be nearly  decreased 10 per cent. 
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penetrations were blasted at 2449 m a.s.1. Approximately 10 cm wide open 
During  constructi.on of a cable car station, two entranceways with 8 m 

j o i n t s  filled with frozen weathered loam  and ice were discovered in the 

o f  the rock profile of the Zugspitze crest., t:hc chosen construction directed 
limestone. According to the high degree of cleavnge and the rooflike structure 

the tow-line) into the core of the mout1tni.n. The stabilizing affect of 
the force vector (resulting €nom the weight of: t.he structure and the force of 

permafrost was maintained by restrictinq tho temperature influence o f  the 
building  and the direct solar impact, During construction o f  a railway  tunnel 
in 1985,  an ice-filled sink hole with a di.nme1:er of 15 m  was  penetrated at an 
altitude of 2560 m. The ice-body was insulated. Effects o f  atmospheric warming 
on the permafrost temperature and thickness could also be observed during 
construction of a new cable-way to the top o f  the  Zugspitze. 

INTRODUCTION 

The widespread occurence of permafrost  in the 
A l p s  i s  well known for  countries as Switzerland 
(BARSCH 1977, HAEBER1,I 1985), France ( W I N  in 
KING et af.. 1992), Italy (CARTON et al. 1988, 
RELLONI et al.> 1993) and  Austria (HAEBERLI & 
PATZELT 1982), where mountains often reach 
altitudes of more than 3500 m or even 4 5 0 0  m 
a.s.1. In cont-rast to the mentioned regions 
(IIAERERLI 1992) , the highest mountain in the 
German Alps, the Zugspitze, reaches less than 

permafrost were little known until recently. 
3000 m (Figure 1) and studies of active 

This paper describes three construction sites 
in the Bavarian Alps  and shows how the 
occurence of permafrost in  morphologi.cally 
exposed high mountain bedrock has to be 
accomodated with  speci-a1 construction 
techniques. The discovery of this permafrost 
occutence was unexpected for the leading 
engineers and geologists. Today the existence 
o f  permafrost i s  known for the area and the 
planning of constructi.ons can be done 

well as financial risks. 
accordingly thus limitinq constructjnn risks as 

THE CABLE ~ CAR EIDSEE - ZIJGSPITZE 
The cable car syst-em has a length o f  3353 m, 

was constructed in 1961 and shows an 
altitudinal difference of 1919 m between the 
valley and the mountain station at 2913 m a.s.1. 
(Fi.gure 2 ) .  The foundation of the mountain 

two di.fferently  inclined  rock surfaces 
station is located i n  a narrow crest formed by 

Wetterstein limestones (Middle Alpine Trias). 
consisting of thickly banked  and massive 

This bedrock forms the northern edge of a basi.n 
structure dipping in ENE direction (strike of 
bedding planes: N 60 - 7 0 "  E ,  dip: 25 to 35" 
towards S )  . 

F'igure 1. 1,ocation of  the Zugspitze mountains. 
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the mountain crest forminq the border between 
Ficjure 2. Location of the construction area at 

Austria in t.he western half and Germany in thcl 
eastern half of the figure. Zugspitze, the 
highest mountain in Germany (2963 m a . s . 1 . )  can 
be reached with the Cibsee cable car 
constructed i n  I961 o r  via the new railway 
tunnel constructed in 1985 and leading to the 
new ski center Zugspitzplatt (ZP, 2 5 8 5  m 
a . s . 1 . )  and the new cable car constructed in 
1991-93. 'The old railway tunnel leads to the 
Hotel Schneefernerhaus (SH, 2.665 m a. 5.1. ) . 
The outlines  of the. glaciers (Schneeferner; 
Hollentalferner) display the situation in 1961:, 
t-hey are much smaller today. 

Strong mechani.ca1 stress during orogenetic 
processes producgd a broken rock formation, 
whereby s t r o n g  disturbances running NNE and 
crosswise to the crest intensely crushed the 
bedrock up to the order of decimeters. Knowing 
well these fundamental characteristics already 
during the planning stade, the construction 
design was  drawn  up according to these 
unfavourable fractured rock conditions. The 

had to be directed into the bedrock should 
loads of a steel-portal frame construction that 

correspond to the we4ght of the bedrock broken 
for the entranceways, so that no additional 
loads had to be diqected into the subsurface. 

During the excavation of the 8 m deep and 7 rn 
broad openings for the entranceways a fact was 
discovered that caused additional problems for  
the long term static safety of  the 

construction: Perennially frozen weat-hsred loam 
2nd up to 10- cm thick ice lenses filled the 
NNI!-I-unning cl-eavaqes at the foundation level: 
Thur: the Zugspitze mountain top had to be 
reqirrded as  a permafrost area and conventional 

e.g. injections of concrete f o r  consolidation, 
rock construction techniques couldn't be used,  

or  the applicat.ion of prestressed rock anchors 
(cf. MULLER 1'363, KEUSEN & HAEBERLI  1983). The 
functioning of these two methods was unreliable 
or impossible due  to permifrost and ice-filled 
bctlrock joints. The design of the foundation 
construction was developed in  a way that avoids 
forces directed outwards for a l l  possible cases 
of loads and a l l  load points. The required J.oad 
direction a t  the northerly foundations is 
cnforced by R special support Construction with 
n r-rlller bearing pr.incip1e s imi lar  to that used 
in bridge constructions. A joint bearing at the 

1 , o t : l r .  sides of the roof-like mountain crest  that 
nout-hcrly foundations t-hus creates forces at 

a t ' r ?  directed towards tho mountain core. These 

wil.hout  e.g. prestressed rock, anchors and 
TOt-ces press toyether the mountain crest 

a[)])r-oximatively restore the ori .gj  nal 1 oad 
c o ~ ~ c l i t i o n s  bP the mountain crest prior to t-he 
cc>n::truction (cC. Fig. 3 ) .  In addition, it was 
drc~id~cl  that the foundations should furthermore 
br: exposed to the natural atmospheric 
cnn~litions in order to preserve t t . e  stabilizing 
cI:lrot of the permafrost. This colild be 
renl .ized for the northern foundati3n without 
furtller preventive measures, hut a: the 
snut:hcrn foundati.on exposed to the djrect z n l a r  
radiation It was decided to constrict in 
addition a sun terrasse that shadeat the 
cri.t-.ical area thus evading problems by 
hydrology and thermal erosion (cp. KORNER E, 
tJl,l?lCII 1965). 

: r ' ! ! ! . ~ , . C A ~ ~ ~ ~ A R ~ _ Z U G S r ~ T Z ~ L A . ~ ~ ~ - - ~ G ~ I T ~ . ~ ;  
M O I I N ' L ' A ~ N ~  

wit11 the construction of t h i s  new cable  car 
( l r ) 7 1 - 9 3 )  from the Zugspitze mountain top 
t.CWiII.ClS south the availability of  the ski area 
at t h e  Zugspitzplntt will bc facilitated. An 
;iltitucl.inal difference of  3 6 0  m will be 
surmt)unted  wi.th an obl.ique length of 1 .OoO 
mrtcrs. The top station o€ this new cab,le car 
i r :  located beside the Eibseo cable car station 
to the west in order to allow its level 
conuection. However, the foundation of the 
building was constructed in the less steeply 
inr:l ined (35") southerly slope of the Zugspitz 
crest in bedrock relatively little dissected by 
j o in t s .  

Alr-cady in an early stage, the construction O f  

thc tlcw building could be planned according to 
the now known rock properties and permafrost 
co~~ditions. A similar design was originally 
planned at the neighbouring Eibsee top station, 
placi.ng the rope bollard into the northern 
slope. Itowever, 1Smited space and 
arch Ltectonical circumstances required that  the 
founrlntion of the buil-ding  had to be placed 
entirely on the southern slope of the mountain 
crest (cf. Figure 4 ) .  

DnrLng July/August 1991 the excavations for 
the stressing pit - through which the main load 
O P  t h e  building would be directed into the rock 
suhcurface - were done. The exposed layer 
joj.nts below the rocksurface were filled with 
ice flown to a depth of 3 meters. On the other 
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cable car Eibsee - zugspitae a t  the mountain top statioo. 
Figure 3 .  Section across the mountain crest with foundations of the 

Figure 4 .  Foundation of the cable car Zugspitzplatt - Zugspitze at the 
mountain top station with locations of the triple erYtetraoaeter and the 
probes for temperature FasrrrePlerrts in k h c k .  
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hand the neathared loam in the little 
pronounced and NNE-running transverse 
disturbances was unfrozen. The layer joints had 
to be regarded as potential sliding  planes and 
the excavations for the StreSdhg pit were 
therefore deepened down to depths  where  the 
occurence o f  open, ice-filled joints was highly 
improbable. Xn addition an extensive plugging 
(one three-meter rock bolt per in2) between the 
foundation cohcrete and the bedrock was applied 
in order to increase the shear stability. A 
"triple extensometer" with lengths o f  5, 10 and 
15 meters  for  the observation of t h e  bedrock 
below the stressing pit was  also installed, 
because the stability could not be evaluated 
clearly and because the construction  site  was 
extremly exposed. The installation allows to 
judge  during the construction the increasing 

According to the new data obtained at  the 
influence of.the load to the subsurface. 

southern slope o f  the  Zugspitze  mountain top, 
the  use of rock anchors in the bottom zone of 
the stressing pit would be possible, because 
the extensometer drilling didn't hint to the 
occurence of deep reaching permafrost. A t  the 
end of the year 1992, a  drilling directed 
towards the  north wall will be done in order to 
install thermistors to monitor rock 
temperatures. 

The construction o f  the new  cable  car required 
the demolition of the sun terrasse at the 
mountain top station of  the Eibsee funicular. 
There, it could be observed, that extensive 
ground ice had formed in the excavation 
materia .since its deposition about 30 years 
'ago. The  ice formation continued into the open 
joints of the bedrock. A s  expected, the 
(tritium) dating o f  the' ice gave a very young 
age (after. 1965) * 

Actual tormation of permafrost and ground ice 
at this  site is well understandable at  this 
shaded site with little ventilation and 
evaporation, and nay a l s ~  be expected when 
considering the a i r  temperatures  (Figure 5) 
measwed at the nearby official weather station 
of  the German Weather Service (DWD). The ten 

year mean temperatures show  a  slight  increase 
from -5.25' in the first decade of this century 
to -4.9' C i n  the sixties and seventies and to 
-4.6' C during the Last ten years. according to 
K I N G  (1983, 1986, 1990) and others, this means 
that permafrost occurences are probably quite 
widespread here, and that a considerable 
permafrost thickness may be expected at least 
in slopes exposed towards north. 

A comparison of the precipitation values 
between the first 30 years o f  this century and 
the period 1961 to 1989 reveals also remarkable 
results: The precipitation total  has 
significantly increased  from 1332 mm per year 
to 2009 mm per year (FigUke 6). During thesa 90 
years  the glacier tongue  at the Zugspitzplatt 
has receded continuously and is located tvday 
a t  2.570 m a.s.1. A detailed climatological 
analysis shows, that especially winter 
'temperatures have increased in the fifties and 
seventies, and that quits  a.considerable amount 
of precipitation has probably fallen as rain 
instead o f  snow. providing an explanation for 
the continuous negative mass balance and 
glacier retreat. 

THE CONSTRUCTION OF A NEW RAILWAY TUN NEL TO 
THE ZUGSPITZ P U T T  

This rack-railway, originally constructed in 
the year 1930, leads from Gannisch-Patenkirchen 
(994 m a.s.1.) to the Zugspitze  Hotel 
Schneegernerhaus at 2665 m a.s.'l.. An 
additional railway branch leading to the s k i  
center  at the Zugspitzplatt and with a length 
o f  no0 m was added in the y e a r  3985. The new 
tunnel was explored in an area with little root 
cover by 5 boreholes. It was discovered then, 
that below up to 15 m morainic material there 
i s  primarily solid limestone bedrock. On the 
other hand it was known that: karst features 
occur in the basin-like "Zugspitzplatttv (e.9. 
sink  holes and  ponors), which were sometimes 
filled Uith ice. It was however by pure hazard 
that the tunneling after only about 100 meters 
entered an area with massive ice over  its  whole 
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Figure 5 .  Mean annual air temperatures 1901 to 199C 
regression at Zugspitze, 2960 m a.s.1, 
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Figure 6. Annual precipitation 3.901 t u  1990 at Zugspitze, 2960 m 
a . s . l . ,  and  linear  regression  line. 

0 10 ?Om 
U=" 

Figure 7. Tunnel track in  the area with the ice-filled  doline.  The 
moraine  cover  is  perennially  frozen  and  the  frozen debris shows  thick 
ice  lenses and massive  ice. The tunnel track entered  an  area  mainly  with 
massive ice, The railway  track  was  well  insulated (cf. t e x t ) .  

diameter. Rock particles marked a 4 5 '  
stratification at its  left  hand side, 
flattening towards the right  hand s i d e .  The 
tunneling  undoubtedly  established  the f a c t  that 
an ice-filled sink hole was hit, a massive ice 
body o f  unknown size.  Test b r i n g s  then 
revealed ice for a dis tance  of 19 meters (cp. 
Figure 7 ) .  
The fovpdat.ion for the  rack-railway track, 
extremely sensitive to settlement, required 
i n t e n s i v e  investigations  into the problem of 

heat  exchange  between  the  heated  tunnel a i r  and 
the  ice. It had to be reliably  determined  that 
melting of the ice  and  future  thaw  settlement 
of  the railway track could be excluded. 
Assuming an  air  temperature of f 6 '  C and an ice 
temperature of -1.5' C ,  heat  flaw  calculations 
revea1ed.a progressive  melting of the ice  along 
the  whole  tunnel  soffit. In order to avoid 
this, the use o t  insulation material below the 
heavily  loaded  railway  track was required as 
fQllOWS: 
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- 1 m t h i c k  gravel bearing layer on 
- 0.1 m  damming layer of foam glass (i.e. pure 
glass based on aluminum and silicon, acid 
resistant, compressive strength 0.5 N/mmz) , - 0.3 m gravel bed with sleepers. 

The tunnel wall was insulated with a 0.3 In 
thick  layer of shotcrete on the ice and 0.1 m 
thick slabs of rockwool at  the inner surface of 
the tunnel. The temperature in the massive ice 
body is continuously recorded at 6 sites. The 
ice temperatures just behind the tunnel  cover 
show  mean annual values of -0 .5 '  c (measured 
Over a period of 6 years). Until now, them was 
no detrimental influence of the tunnel statics 
and the railway track due to meltsing  processos. 

A final remark  concerns  the origin and ago of 
the ice: The tunnel area investigated was still 
ice covered in 1856 and became ice-free after 
about 1892 (FINSTERWALDER 1950). Th4 karst 
morphology of the Zugspitze area have been 
formed between the Pliocene and the Lower 
Pleistocene, The weathering loams at the 
Zugspitze mountain top originate from  an oldar 
cover  above the actual mountain crest and are 
not a weathering product o f  the limestone 
("WettersteinkaLk") 

CONCLUSTONS 

Constructioc experience shows- that permafrost 
in bedrock plays only a minor role concerni~~g 
the stability, because the cleavage volume 
filled with  ice is limited. The described 
construction measures have shown, that a 
critical examination of the structure stability 
in areas of mountain permafrost has to consider 
primarily the joint set of the rock (set-up and 
degree of separation) and the morphological 
circumstances of the construction site. ' 
nowever, permafrost may have a long lasting 
stabilizing effect, if at least partly cohesive 
joint fillings occur, that would have negative 
effects for the shearing strength o f  unfrozen 
rock. 

According to the actual climatic trend, a 
reduction of  the permafrost extent may  be 
expected, and instruments recording the 
temperature development and the rock 
compression have been installed therefore at 
the foundation level. If the observations point 
out, that the conserving effect of the . 
permafrost diminishes in course of time, a 
stepwise replacement by grout injectfons and 
tie-rods i s  intended. 

In contrast to bedrock, ice in frozen debris 
(moraines, slope material) oftan forms the 
effective matrix and therefore strongly 
influences  the load capacity and shear strength 
with ice temperatures of about -3'. C .  In 
bedrock and frozen debris, some  difficulties 
may be encountered with the corresponding 
techniques described in this paper. 
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PERMAFROST AND PEBIQLACIAL FORMS IN TKE ROMANIAN CARPATHHTANS 

Yetru.Urdea 

Thia  paper  outlinee  recent  advance8 in our  understanding o f  w m e  periglaclal pro- 
cesaea and forma i n  the Romanian Carpathians. as well  aa the existence of perma- 
front. Landform investigated  includ8:rock  glaciers,  cryoplanntion  terraces,  stone 
rivor6,thermal  contraction  craoka in peat, ice cavea, thufurs,  ploughing  blocks 
and other  solifluxional  forms.  The  rrproad of these forma is closely correlated t o  
the  ecological  and  microclimatic condifiona particularly. Taking into account the 
climatic  conditions, the presence of aegregafed i c e ,  the  epreading and svolutlon 
of the mentioned  periglncial forme, tho results of the  application of the BTS me- 
thod and having in view the B W m 8 r  temperatures o f  the  springa  situated  at  the 
fronts o f  rook  glaciere,  indicate the existence o f  p8rmafrOst-patChy and sporadic- 
in the  research  areas.  The ice  cnvoa, characteristic of the  extrazonal  permafrost, 
are a real  presence in all the major eubdivlsione of Romanian Carpathians. 

INTRODUCTION 
Ramanlan geomorphologists have not paysd suf f -  

icient  attention  to  the  existence o f  permafroat 
in the  Romanian  Carpathians.  Aside from ito  in- 
clusion 86 part of the  presentation of Romnniun 
glacial epoch’B conditions (e&. Ichim, 1980, 
1983) which  included the analysis  and  prcsenta- 
t f o n  o f  rock glacier in the  Southern  Carpnthiano, 
the current  existence of the  permafrost in the 
Romanian  Carpathians has not been  discussed 
(Urdea, 1985, 1988, 1992). 

of ground  that are predominantly underlain by 
permafrost in mountain  regiono, in areas  whore 
ermafroat i s  absent i n  the adjacent  lowlandu 
cf. Harris and  Corte, 1992). Mountain  permafrout 

Alpine or mountain permafrost refers to areus 

P 
exists  in a close and comp1e.x  interaction with LL 
large number o f  geoecological  factors  (altitude, 
slope expasure,  climatic  conditions, vegetations, 
e tc .  I .  
SITE CONDITIONS 

$!he Romanian  Carpathians  (spread  over 66.303 
km area, i .e. 27 ,a0$ of Aomanhan’a surfRce are 
ei2uated between 44 30’ and 48 N and 21 22’ and 
26 41’E, the maximum  altitude  being 2544 m in 
Moldoveanu Peak in Pagaras Mountains  (Southern 
Carpathiana)(pig. 1). If on the whole, the 2000 m 
altitude re l ie1  represents 35 o f  the  Burface, i n  
the  Southern Carpathians hieher than 2000 m reli- 
ef repreeents  more  than 10 $. 

In many parts of the Romanian Carpathians, 
high mountain  areas exhibit glacial sculpuro, with 
cirques,  steep  slopes and U-shaped valleya, o r /  
and rounded  mountain  tops and interfluves. 

The climatic  condition8 spec i f ic  for the hi& 
zone o f  the  RomnianoCarpnthions  are  cold;  median 
temperntures,under 0 C at  more than 2800 m alti- 
tude,  and the absolute  minimum ie -38 C. The box- 

plot of monthly  temperatures  at  selected.  meteor0 
logical  etations from the Romanian  Carpathiana 

Figure 1. Location map of study area. 

gives the range in  monthly  air  temperatures du- 
ring the year,  conditions  aharacteristic for moE 
stations in Romanian Carpathians ( F i g .  P).The 
number o f  days with frost (T min.40 C )  is 200- 
254 (fable 1) and the number o f  frost-thawing 
cyclee.ie more  than 125, frost being possible 
during the  whole year.The  mean  monthly  wind 
speed is more than 10 m/a on the hi& summits 
(Omu and farm -10,6 m/s,’Ceahlau -10,4 m/a), 
with  maxlmum  speeds  exceeding 40 m / s . .  Winds of 
more than 6 m/s (i.a.,capnble of redistributing 
anow) have a 60 $ frequency,  but  during  the win. 
ter  month8 tk& frequency reachs 80 %. The 



prevalent winds are those from the west end north 
;west 

fable 1, Mean winter (I), 8ummer [2 ) ,  annual (3) and RbsOlUte minimum air fernperatwe (4) ,('C), 
daya with frost (5) and annual precipitations (m~n) (G)  of selected Romanian Carpathians ritatioas. 

Station and period  Location m.a.s.1. 1 2 3 4 5 .  6 

Baisoara 1931-1970 Apuseni  Mts. 1385 -4,3 +12,7 +4,4 -25t3 
157 LO58 

042 
Vl.adeaea 1096-1975 hpueeni Mta. 1836 -7*5 + 9 , l  fl,l *3% 0 191 
Tarcu 19314970 Southern Carp ,2180 -7,8 .+ 7,7 -O,5 -28* 2 

17' 1278 Omu 1896-1975 Southern Carp.2505 -10,O + 4 " O  -2,s -38?0., 255 
Ceahlau 1931-1970- Eaethern Carp.1897 - 0,1 t F I , ~  +0,6 -28 , 2 193 738 
Iezer 1931-1970 Easthern Carp.1785 - 6,2 + 9, S. +L,6 -29 ,O 193 1'530 

1178 ' 

T 

(1896-19751 1 
I . . . . . . .  

A W  

J F M A M J ' J  A S-0 N 0 ,- 
MQNTHS ANW 

I .  . . . . . . , . . . , 

Figure 2. Box-plots o f  the  disbribution in mon-, 
thly  temperaturee, at some selected  meteorological 
statios from the Romaniati Carpathiane:VLadeasa, 
(Apuseni Mts .) , Omu (Southern  Carpathians) and 
1e-r (Easthern  Carpathiana) 

Snow  acaumulation (snow thickness,duration o f  
snow cover) on the  ground  surface is  another im- 
portant  factor for the occurrence of permafrost. 
Due-to the high frequency m d  speed of the winds, 
on  the  displayed surfaces the m o w  may not exis t  
or  it  has  reduced thickness, up  to 50 cm, while in 
other  places the thickness of theiJayer can be mo- 
re  than 370 cm.The maximum thichess are achieved 
in  March,  after  the'period o f  the 10WaEt  tempera- 
~ L W Q ~ ,  and as a consequence of frost ponefration 
into tho ground,  thio  favorio  conservatione of 
permafrost. 

The high Limit of the forest i s  situated bet- 
ween 1750-1050 m in the  south of  t he  mountain  area 
and batween 1600-1750 in the  north,clirnbing mainly 
on the Bouth displayed versants and  descending.on 
the North diaplayed onea. 

FIELD OBSERVATIONS AND DISCUSSION 

Mountain  permafront occurs &a a regulnr phe- 
nomenon  in  tho  periglacial belt o f  a11 high rnoun- 
t a i n  aynteme, 

Although -many periglacial  features have been 
identified in the Romanian  Carpathians(Morariu, 
1.959, Iancu, 1961, Niculescu and Nedylcu, 1961, 
Cotot,1964, Morariu et el., 1964, Ichim,l973, 1983 
Urdoa, 1985, l992),  not a l l  %axe currently  active: 
rock glaciers,cryoplanation  terraces,  rock  streams, 
thcrmnl  contraction cracks in peat,  thufurs, plou- 
ghi.ng blooks and other oolifluxional forms. 

Because  permafrost  can develop where the seaso- 
nal depth o f  freezing i3 larger  - than  that of tha- 
wing  (Sone, 1990), we have calculated  freezing 
index (FI) and  thawing index (TI)(cf. Harris, 
1902) and uaing the Stefan equations: 

D f = a z  (1) 

ue calculated the depth of tha winter  freezing 
(UT) and that of the summer thawing (Dt)(Table 2) .  
The altitude  whore  the  depth of. winter freeziw is 
larger than that of,flummer thawing is  estimated as 
arround 1800 m.a.e.l.(Fig. 3),m altitude that 
generally coresponds  to the high limit of the fo- 
reate. This altitude iwconslderad as the lower 
limit of permafrost in the ideal  conditions,becau- 
rre in reality the local  conditions  have a major 
influence  over  the  formation o f  ermafrost (cf. 
King, 1986, Haeberli  et a1.,1991!. 

Rock glaciers represent very favorable sites 
for maintenance of permafrost. The large extent of 
tho glacial relief on the north versant of the 
Southorn Carpathiam and Rodnei Mountaine favors 
the'foramtion of rock glaciers in glacial cirques 



and valleys (Urdea,1992). 

Figure 3 .  Potential  dqpth of seasonal  freezing 
and  thawing  versus altitude in the Romanian C a r -  
pnthlans. 

Table 2. weezing (PI) and thawing indexes ( T I ) ,  
depth o f  seasonal freezing (Df) and  thawing' 
(Dt) in the Romaninn Csrpnthians. 

Stationa rn.a.s.1, FI TI Df , M .  

Tarcu 2180 w7,e 874,3 108,1 ao,7 
Ceahlaw 1897 1364,O 1067,g 110,8 98.0 
Vladeaea 1837 1282.5 llL3,5 107.4 100,l 
Iezer  1785 1390,7 1128.1 111,9 100,7 
Baisoara 1385 826,8 1.815,4 0 6 , 3  127,O 

omu 2505 1768.9 404,9 X26,2 60,4 

I 
Situated it the  foot  steep, bhaded s lopes ,  the 

steep walls protect the.rock glaciers from  direct 
solar radiation and alao offer  a  large  quantity 
of froot  shattered blocks.  The microclimatio con- 
ditions favorable f o r  the  spreading o f  rock  gla- 
ciers  were also generated by tho  intense cooling 
of air massea that  rise on the  north ar,d north- 
west  versant of those  mountains,  the  dominant 
circulation of air being in t h i s  di rec t ion ,  up to 
the level o f  condensation  after  the dry adiabatic 
gradient (-l°C/lOO m), ang higher after the wet 
adiabatic  gradient (-0,65 C/100 m). The  high de- 
gree of  higrical  continentality (60-64) favors ' 

tho  spreading o f  rock glaciers  (cf. IIKilerrnann, 
1983). Glacial cirques also experience  frequent 
termal inversions  during both winter and summer, 
which  favors the maintainance of permafrost in 
thcoe places. 

Taking into  consideration.  that rock glaciers 
inrl lcate perrnairost,:ln the absonce of using geo- 
physical methods  (selsmic,geosLactrical, radlo- 
eco  sounding,  etc.) the  application of the BT8 
(bottom temperature o f  winter Bnow c o v e r )  method 
and having in visu the summer temperatures of the 
springs nituated at the fronta of rock glaoiers, 
the moulting values indicate the existence of 
permafrost  in the research areaa .  Thus, except . 
for the  frontal and marginal  zones of rock gla- 
ciers (points 1,2,3,lJ and 3-8) the BTS values a r e  
betveen.-5,6 and -8,5 C, which indicates the pre- 
sence of underground  ice ( c f .  Haeberli, 1970, 
Waoberli and E ifani, 1986) and presumebly  perma- 
frost (Table 3 7 .  , 

The temperatures  measured in July  and  August 
1986 and 1987 in  the springs situated  at  the fro- 
nts of rock glaciers Pietrsle,  Vale8 Rea and Gale- 
su (Retetzat  Mountaine)  were  under 2 C , values " 
that  are  independent of air temperature.  The l o w  
va@es of the  spring temperatvee, which are  close 
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t o  the i c e  p i n t  suggest that these water8 come 
Prom the melting o f  ice within rock glaciers 
(Table 4), ( c f .  Haebarli, 1983). 

Table 3.  Reeulte of BTS measurements  in  the 
Retezat Mountaine (10-13.11.1992) 

Point  Snow , BTB- . Poiht - Snow BT3 
thi ckne B 8 thiclmess 

( 4  (OC> (cm) (OC) 

1 04 -0.7 10 119 
2 90 -1,7 11 53 
3 155 -0,0 12 120 
4 140 -5,6 13 100 
.5 120 43,5 14 98 
.6 130 -0,L 15 110 
7 72 -6.0 X6 150 
8 100 -5,s 17 147 
9 70 -8.0 18 120, 

II 

-8.4 
-8.0 
-7,7 
-6,2 
-6,8 
-6.2 
-5.8 
-0,9 
-1,4 

Table 4.  Temperatures of the  aprings situated at  
the  base of some rock glaciers front from ' 
Re teaat Flountaina . 
Date Temperature8 of the springs Pir 

( c)  
' 1  2 3 . 4  5 re ( C )  

tempgratu- 

23.08;!86 197 - 
24.08.'86 1,s 1.7 1,2 - - 
19.07.'07 1.1 1,5 1,3 - e I3,7 
20.07.'07 - 1 , 3  1.2 1,4 1,2 l8,2 
21*07.'07 X,3 - - 1,4 0,9 14r9 

hing data obtained by the two  methods  preaen- 
t e d  above, we attempted to predict  the  accurrence 
o f  permafrost in Pietrele-Galesu zone from Rete- 
zat Mountalns,(Fig.4.).  The  existence  In  the Pa- 
Xing, Tarcu, .Fagaras and Rodna Mountains o f  some 
rock glaciers, which are situated in the  same con- 
ditione  that have been  mentioned  in  the  Retezat 
Mountaine, with a topography  that is characteris- 
tic fox  these  forms,  we  believe  that  permafrost 
also e x i s t s  in these  mountains.Xn  fact, i c e  has. 
been diacovered  during July, Augu~lt and  September 
in a cave from the rock glacier Doamnele  at 2050 
and 2124 a. (Qiurglu, 1990), with measured tempera- 
tures i n  the CBves from Pagaras and hce@ blo~oun- 
tains  during July and August being 0-2,5 C 
(Qiurgiu, 1990).  

Freezing and 'thawing indexes (Haxxia,l.982) 
Caloillatod at each meteorolog$cal 8f;akion between 
1385 m a.s.1. (Baiwkra) and 2505 m a.s.l,(Omu) 
with the  range o f , f l  C in meen annual air tempera- 

bilities of some periglacial forms existence in 
the  Romanian Carpathima, (Fig. 5). 

Thus,  thermal.  contraction crack8.h peat,?xia- 
ting at more than 1900 m a.a.1. are also specif ic  
to  sporadic and patchy permafroat, thufUrs occur 
at more  than 1700 m; and the  rock  glaciers  are 
develo ing up t o  the low limit o f  patchy perma- 
frost ?Fig. 5 b and c), Cryoplanation  terraces, 
which axe present in Retezat, Tarcu, Paring, Faga- 
T P B ,  Calimani and Rodna Mountains, are represented 



Figure 4. Permafrost  occurence i n  the area  Yietrele-Galesu  (Retezat Mountains) on the basis of BTS 
measurementa and estival  temperature o f  the  npringe situated at the  base of rock glac ie rs   f ron t :  
1-permafrost  present,  2-permafrost possible, 9- peak, 4-ridgo,.5-rock  glaciers,  6-rivers and lakes, 
7-BT8 meeurement, 8-spring-measurement. 

by shapes s i tua ted  at over 2000 m in full evolu- 
t i o n  proved by the  fr6ehneee of c l i f f a  and the 
presence  of aolifluxlonul processes on the aur- 
face of these  terraces .  These terraoses are s i tu-  
a ted  inside the areal  delimited by the  -1OC iao- 
therm, which oorreepondo to l the  Lower limi't o f ' '  
t hem forme developing (Karte, 1982). 

Rock stream o r  stone  rivere,  elements eepc- 
cially charac te r i s t ic  of geomorphological land- 
scapes o f  the zone si tuated above the   forea t  Li- 
m i t  i n  the Romanian Carpathians, are per ig lac ia l  
phenomena of the  permafroet  soma  (cf , Romanov- 
a k i  and Turin, 1986). Some o f  the  constituent 
blocks o f  the  stone r ivera   s i tua ted  at more than 
2300 m have a yearly maximum motion of up t o  
8-12 cm ( Wrdea, 1989) . 

In   o rde r   t o  make a corect  estimqtion a f  the 
presence and apreading of permafrost i n  Romnninn 
Carpathiana, we believe that  special af tont ion 
should be given t o  the  ice  and perennial  snow 
cavea, known by the  local  popQation,but ala0 by 
t u r i s t a  and eloquently  called ,, glacier" or   , i ce  
cave' or  ,, snow cave". 

From over 11OOO caves existing in Romaniu, 40 
oontain ice and perennial mow, being  aituated 
in all three  divis ions o f  the Romanian Carpath ic  
ans, at  a l t i t u d e s  between 900 and 2506 m n.8.l. 
(Table 5). It is important t o ,  mention tha t  Borne 
of these  store  the hu e quant i t ies  of i c e ,  Pocul 
Viu #lacier - 25000 m 9 , Bortigu  Olacler - 30000 
m3,  Th8 &en with  ice in Albele - 30000 m3 and 
60 m thicknees, and Scarisoara GLacler - 75000 
m3, with a 18 m ice  thicknetrs ( P i g .  6 )  The i ce  
formatione,   e ta lagmitea,   s ta lact i tes  and columns, 
change" from se4son t o  season, with B t h a w  during 
summqr when the temperature r i s e s  up t o  +lot, 
and with a recanatruction during win-, the wan 
temperature  being -7OC, (Viehmann 8% d.1960) 

Pollen  analysis  of the i c e   a t  Scarisoara and 
Focul Viu suggests  that  the acumulation of ice 
mae8e8 began i n ' t h e  first p a r t  of Subatlantic,  
3000 years ago tPop and  Ciobanu, 1950) and i a  not 
r e l i c t  ice from the  glacial   per iod.  

The presence of i ce   mdlperennia l  maw i n  maw 
caves,   the  great  quantity  in Some caven, a3 well. 
aa the permanent refreshment ,of these  ico and 
mow masses even in   those  zone8 where t h e  clima- 
t i c  eonditions involve longterm mean annual tem- 
peratures  of 6-7OC, euggeat t h a t  the topographic 
and microclimatic loca l  conditions are dcciaive 
for the appearance of this type of frost. The 
absence of a i r  current allows the  preservation of, 
.cold air in   these   cav i t ies ,   the  snow  mass gathe- ' 

red during winter as well as i c e  and anow tha t  
existed  previously  mentainhg n low temperature 
the whole year, 

CONCLUSIONS 

Taking into  account  the zone of mountain per- 
mafrost i n  the Romanian Carpafhians, considering 
the  presentation o f  the above r e a l i t i e s  we con- 
s i d e r  that up t o  2100-2200 m a.s . l .  there  is 
patchy  permafrost. In the lower area we can also 
f ind  extremely sporadic  permafrost ,   ei ther  in 
t a l u s  cones i n  shady places,  some of them covered 
with snow patches, t ha t  are preserved a long time, 
sometimes even  from on0 uinter to   another ,   or  In 
peat deposits.  

Considering  that  ice'and  perennial mows from 
th% caves  are a special form of the  permafrostfs 
existence,  conditioned by st r ic t  loca l  factors 
that don't obey t o  the lave of the zonality (in 
this c a ~ e  ver t ica l   zona l i ty ) ,   i . e+  with uiidaa- 
pread ve r t i ca l   d i a t r ibu t ion ,  we propose the name 
of axtraeonal  permafroat.This  extrazonal 



Tdde 5, Caves  with i c e  and/or peremid snow 
at the Romanian Cqpathians 

Cave Location Altitude 

1.Glacier Scarieoara Biller 
2.Glacier Bortigu 
'j .Glacier Focul Viu 
4.Glacier from Virtop 
5.Cava with ice 
6 .Itlacier Zguras ti 

8.hven with snow fkom Virtop 
9.Cave with  ice of Valea Seaca 

'I.Pit With 8nQW from VirtOp 

LO.Glacier Virtop 

- 
Mta. 

m.a.e.1. 
I 1x65 

1200 
1165 
1200 
1090 
900 
12 54 
1240 
1300 
1310 

11.GXaoier from Zapodie 1x00 
12 .Glacier Barsa 1136 
13.Glacier Aven 1210 
14.Yirfop with i c e  1200 
15.Glacier  Cave Vladeaea Mta. 1330 
16.Aven with ice o f  Rol  Aninei Mta. 9 50 
1T.Aven with snow of Stanuleti-Piule Mts. 1900 
LB.Aven  with ice of A l b e h  1925 
L9.Aven  with  ice of P i U h  2 000 
PO.Aven with snow o f  Scorota Seaca 19 60 
21.Cave with ice of  Dilma cu Brazi 1390 
22.Cave  nr.1 with i c e  of CheiLe siuhli 1110 
23.Cave nr.2 with  ice o f  Cheile Jiului 1125 
24.Cave  nr.3 with ice of Cheile Jiului  X150 
25.Aven with ice o f  Dilma cu. Brazi 1750 
26.Aven of Scocu Stanuleti 900 

I27.Aven of Bradul. Strimb 1200 
2O.Cave L6 of Tirnovu Capatinii Mte. 1625 
29.Cave below  Negoiu Fngaras Mts. 2240 
3O.Cave  nr.4 of Lespezi 2506 

' 31.Cave nr.6 of Lespezi 2490 
32.Cave  nr.7 of b s p e z i  2490 
3J.Cave of Doamnele  Cirque 2124 
34.Aven of Doamnele 2050 
35.Cave with ice of Piatra Mare BirseiMte.1400 
36.Cave  with  ice of Piafra 

Singuxatica Hasmas Mte.1585 
77.Aven  nr.2 o f  Piatra Alba 1540 
38.Cave with snow of Haemasu Negm 1500 
39.Cave with i c e  of Ocolaa Ceahlau Mts .. 1620 
4O.Cave with ice of Borsec Giurneu Mt$. 990 

Figure 5. Possibility of the  occurrence for 
front cracke in  peat (a), tongue-ahaped rock 
laciera (b), lobate rock glaciers (c), thufure 

fd) and i c e  cave8 (e) in the Romanian Carpathi- 
&no in relation t o  freezing and thawing indexee. 

I 
Figure 6. Glacier Scariaoara Cave-cross section:  1-ice,  2-ice formation( atalagmites, stalactites, co- 
~umns), 3-limeetone  formatione. 

permafrost  is .a8 we have already noticed, well REFERENCES 
represented in all the major subdivisions of Ro- 
manian Carpathians, but especially in Apuaeni Bnroch, P.(2970) Active rock glaaiere aa indica- 
Npuntaine and in 8outhern Carpathiana (Fig.7). tor for diacontinuou$ permafroot. An example 

. .  
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Figure 7. Spreading of some periglaoial forms and i c e  cavee in the Romanian  Carpathiana: 1-rock glaci- 
ers, 2-crgoplanation  terraces, 3-stone rivers, 4-eoLifluxional  forma, 5-thufux8, 6-ice  caves. 
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A MULTI-LINGUAL INDEX OF PERMAFROST TERMS 

Robert 0. van  Everdingen 

The  Arctic  Institute of' North  America,  The  University of Calgary 
Calgary,  Alberta,  Canada  T2N 1N4 - 

The  Terminology  Working  Group of the  International  Permafrost  Association is 
preparing  a  multi-lingual  index af the  main  and  secondary  terms  contained  in  the 
"Glossary of Permafrost  and  Related  Ground-Ice Terms'' (Permafrost  Subcommittee, 
1988). The index  covers  terms  in.English,  French,  German,  Italian,  Spanish.  and 
Russian;  Scandinavian  terms  still  have to be added. FOK each  language,  a 
separate  section of the  index will have  the  terms  arranged  alphabetically in 
that  language,  with  each  term  fallowed by its  equivalents  in  the  other 
languages.  Transliterated  Russian  is  included for added  convenience. To 
simplify  editing  and  updating.  the  index is being  prepared as a  database. using 
Wordperfect  version 5.1 €or IBM-compatible  computers,  Printouts of the  current 
draft  version of the  index  are  available for  distribution in hard-copy  format. 

INTRODUCTION 
t During  the  5th  International  Permafrost 

Conference,  held  in  Trondheim  (Norway)  in  August 
1988, the  Council of the  nternational 
Permafrost  Association (I 6 A) authorized  the 
with  the  mandate "to develop  a set of 
establishment of a  Terminology Working  Group 

internationally  accepted  permafrost  terms for 
use  in  engineering  and  science,  with  equivalents 
in various  languages, and to  disseminate  and 

Termiaology  Working Uroup was  established  in  the 
encourags  the  use of such terminology". The 

fall of 1988, with  members  from  Argentina, 
Canada,' China,  Finland,  France,  Germqny,  the 
USA,  and the  (former) USSR. 

for its  work  the  "Glossary of Permafrost  and 
Related Ground-Ice Terms", which  had just been 
published  (Permafrost  subcommittee, 19'88). The 
initial  effort was directed towards the 
preparation  of a multi-lingual  index 
incorporating  the  primary  and  secondary  terms  in 
the. Glossary,  and  a  number of synonyms.  The 
languages .to be  covered by the.index were to ba 
English,  French,  German,  Spanish, and Russian. 
Other  languages  were  to be added if desirable. 
This effort  was,  coordinated by the author. 

A t  about the  same  time,  work  started  in 
Lanrhou  (China)  on  a  Chinese-English-Russian 
list of permafrost  and  frozen-ground  terms. 

RESULTS / TRANSLATIONS 

The Working  Group  agreed  to  use as the basis 

ELs& 
At the  time of publication of the  Glossary 

(Permafrost  subcomnittee, 19881, a  French 
translation  was  also  published  (Sous-comitb de 
Pergblisol, 1988). From  this,  most  of.the  French 
equivalents of the  primary  and  secondary  terms 
were  incorporated  in  the  glossary  index  without 
change.  Changes  were  made f o r  46 of the terms. 
following  suggestions  from  the  French  Commission 
for the  study of Psriplacial Phenomena 

(Commission  Frangaise  pour l'ttude des 
Phinorn6nes IPiriglaciaires), which  were  received 
from J.-P. tautridou (Caen, France) in January 
1991. Examples of the  changes  include:  "couche 
active"  inskead 'of "mollisol";  "g&li-adhbrence" 

gelante"  instead of "€range gel&". 
instead of congelation adhbrente": and  "franye 

German - 
Terminology"  (Brawn  and  Kupsch,  1974) had been 
prepared in 1982 by Y. Karte  (Bonn,  Germany). 
The German equivalent  terms from that 

index,  with a number of corrections  and 
tran,slation.were  incorporated in the  glossary, 

additions  provided by Y. Karte  in  September 
1991. 

A German  translation o f  "Permafrost 

SParrish 

was  prepared by A .  E, Corte and E. Buk (Mendoza, 
The  Spanish translation of the glossary  terms 

Argentina).  Their  listing of the  Spanish 
equivalents of the primary  terms  was  received in 
February  1990:  secondary  terms  were  added  in May 
1990. 

Russian 
A  copy of the  Russian  translation o f  the 

whole  Glossary,  prepared by N. N. Romanovskiy, 
G. Rqzsnbaum:. and V. N. Konishchev (Moscow, 
Russia), wap received in February 1991, The 
Russian  equivalents of the  primary  ,and  sqcondary 
terms  have  been  incorporated in the  multi- 
lingual  index.  Since  that  time, a much  expanded 
glossary o f  Russian  terms,  with  English 

Romanovskiy and  his  co-workers. Currently,  the 
equivalents (if available)  has been  compiled by 

definitions  and  comments  $n  that  expanded 
Russian  glossary are being translated  into 
English, with support  from  the IPA. 

Transliteratiof4 

f r o m  the  Cyrillic  alphabet  to  the  Latin 
Transliterations of Russian  equivalent  terms, 
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alphabet,  using  the  Library of- Congress s y s t k ,  
have  been  added to the  terminology  index  for  the 
convenience of non-Russian  users. 

Italian 
Italian  translation3 of the  Glossary  terms 

were  prepared by C .  Ot,tone (Pavia,  Italy) and p .  

incorporated  in  the  index  after  they  were 
formally  accepted  in  November 1992 by the 
Italian  adhering body for IPA. 

AcandinavAaJ . 
Preparation of a  listing of Scandinavian 

terms  for  the  index  did not get underway until 
the fall of 1992. Only  five  terms  had  been 
included  in  the  index at the time thi.s  papet: way 
prepared. It is  anticipated that a  more  compleCc 
s e t  of Scandinavian  terms will be  incorporated 
in  samples of the  index to be  exhibited  during 
the  Conference. 

.SY nonYyms 
designated a3 "not recommended" in  the  Glossary) 
have  been  included  in  the  current  terminology 
index,  because  many sf these  terms ar;e  Eoultd in 
the  early perma€rost literature. 

WORD PROCESSING / PRINTING 

" 

.Dramis  (Camerino,  Italy)  in 1992,, and 

. -  

A number o f  synonyms  (including  terms 

To simplify  editing and updating,  the i t u h x  
was  prepared as a  database,  using  Wordperfect 

The  index is maintained as a master list of 
version 5.1 (for IBM and compatible  computers). 

records,  in  which  each  record  comprises  the 
following fig€idg: 
(1) a  number,  corresponding to the  sequential 
location of the  English  term in the  Glossary 
(Permafrost  Subcommitt.ee, 1988); ( 2 )  the  English 
term; (3) the  French  equivalent; (4) the  German 
equivalent; (4) the  Italian  equivalent; (6) the 
Scandinavian equivalerlt(s);.(?) Lhe Spanish 
equivalent; ( a )  the Rltssian equivalent; and (9) 
the  transliterated Hu:2sian equivalent. 

In order  to  avoid  2ossible  confusion of 
entries  such  as "ice, wedge"  and  "ice  wedge", 
all multi-word  terms I:ave been entered  in  the 
index  using  the naturs.1 word sequence (i.e. 
"wedge ice" and " i c e  vedge" €or the above 
example). The  elimination of commas  also 
improves  the  quality .>f machine  sorting. 

any of the  seven languages:  Small  files of 
layout  specifications  can  then  be  used  to  print 

seven  languages,  with  the  terms  in  the  selected 
separate  versions of the index €or  each of the 

language  as  the  prime  entries  (see Figures 1 to 
7). In individual  printouts,  the  sequence of  the 
secondary  entries  can be varied  as  desired, but 
the  Russian  terms  and  their  transliterations 
have  here  been  listed  after  the  other  languages, 
to minimize  printer  commands  in  the  layout 
specifications.  A utility  program  (Lines, Boxes 
Etc., from MAP Systems-, Houston) i s  used by the 
author  to  display  the  CyLillic  characters  on  the 
screen,  and to enhance print quality  and 
printing  speed on dot-matrix  printers. 

147,000 bytes  on  diskette;  individual  language 
sections  with  layout  specifications  each  occupy 
between 136,000 and 161,000 bytes on diskette, 
and 17 to 22 single-spaced pages. in  print-out. 

The  database  can ba sorted  alphabetically for 

Currently,  the  database  occupies  about 

DISTRIBUTION / PUBLICATION 
. .  

of the  multi-lingual  terminology  index  can  be 
obtained  from  the  author, at a nominal  cost of 
USS6.00 per  language  section. At the  time  of 
writing oE this  paper,  no  decision  had been made 
regarding  the  eventual  publication of the  index. 

Photocppieu of printouts of the  curcent  draft 

active  &-robled thermal pile 
acoustically-defined permafrost ( T ice-bonded permafrost) 

P..pieu  tllermique h circulation d'air froid. 
G..Kiihlpfahl  mit.Luftzirkulation.  I..pilone  attivo con 

citculaci6n de aire frio. R . . ~ K T H B H ~ I I  T ~ P M O C - R  
refrigerante  ad  aria  fredda.  &.pila  ti?rmica  activa a 

CHCTOUQ c xonamtm e o s n y x o u  [aktivnaia termosvaia 
sistema s kholodnya voxdukhoa]. 

F..mithodes  actives de construction d a w  le perg6hol. 
G..adive  Bauverfahren far Permafrost. I..met:odi  attivi 
di costruzione  ne1  permafrost. S..mitodos activos de 
construccih en permafrost. B . . a K T H ~ l i b l 0  U B T O A M  
crpo"rcnbc+ua Ha s e r H o l  rrep3nore [aktivnye aetody 
stroitel'stva na veclnoi nerrlotc]. 

adive construdon methods in permafrpst 

active  frost (- seasonal frost) 
active layer 

F..couche  active.  G..Auftauboden.  I..strato attivo. 
S..caga  activa. R..laORT%nbHblh cnoll [deiatcl'nyi  sloi]. 

F..dbcollement dans la couche active, 
G..Aufiauhden-Rutschung. I..collasso  dello  strato 
attivo.  S..ruptura o deslizamiento de la capa activa. 

deiatel'nugo sloia]. 
R..cueqertHe laClTeJIbHOr0 cnon [swshchenie 

active-layer failure 

active-layer glide (- active-layer  failure) 
active  liquid-refrigerant thermal pile 

F..pieu thermique A 5ifrigCrant  liqujde.  G..Kuhlpfahl 
nit fliksigem Kuhlntikkl.  I..pilone sttivo can 
rsfrigerante a liquido  freddo.  S..pila t.&rmic8 sctiva a 
refrigerante  liquido. R . . ~ K T H B H B R  T C P F O C ~ R R  
cvlcTcka IC  IMHJIKHU oxnamnebjvleu [aktivnaia termosvaia 
sistena s rhidkim okhlarhdcnim]. 

adive zone (- acthe layer) 
adfreeze / adfreezing 

F..g&Ii-adh&ence.  G..Anfrieren.  I..congclamur~l.o 
aderente.  S..congelamiento  adherente. R..cMep 3 a T b C R  
/ C M Q P ~ P H U ~  [saertat'ria / snertanie]. . 

F..r&sistance de la  g&li-adh&rence. 
G..Anfr-ierungs€e&gkeit. I..resistenza  per 
congelamento  aderente. S..fuerea de la congelacibn 
adherente. B..cHnsr c u e p 3 a ~ ~ n  [sila rmerraniia]. 

adfreeze strength 

adfreezing force (- adfreeze strerrgth) 
aygradational ice 

F..glace  d'agradation (d'wcraissement). 
G..Aggradationseia. Lghiaccio di aggradazione. 
S..hialo agradadonal. R..arpaaaumoHn#l 
[agradatsionnyi led]. . . 

air freezing  index (- freezing index) 
air thawing index (- thawing index) 

alas / alass 
F..alass. G..Alar: / Illass. f..alas. Lalass. R..anac 
[alas]. 

alpine  permafrost (- mountain permafrost) 
dtiphnation terrace (- cryoplanatiorl  terrace) 
annual €ro& zone (- active  layer) ' 
annually  frozen/thawed  layer (- active ~ F A ~ @ K )  

apparent heat  capacity 
F..capaciti  calorifique  apparent&  G..scheiubare 
Warmekapazitit.  I..capacit&  termica apparunte. 
S..capacidad de calor apuente. Rt.a@+oKTUt3nafl 
T C ~ J I O O M K O C T ~  [efEektimia  tepldost']. 

Figure 1. Samplaof  the  English  version. 
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abaissement du pint de congaation 
E..freezing-point depression. 
G..Gefrierpunktsecniedrigung. I..abbas,samento del 
punto  di  congelamento.  S..depresih  del  punto  de 
congelamiento. R . . n o ~ ~ r n e ~ u e  T O V K W  ~ B M Q ~ ~ ~ H M F I  
[ponizhenie  tochki tamertaniia]. 

action d u  gel (- g4livation) 
affaibUsement dii au digd  

I..indebolimento da  disgelo.  s..debilitaci6n por 
E..thaw weakening.  G..auftaubedingte  Abschwichuny, 

rPYHTa npw ~ ~ O T ~ H B B H H H  [oslablenie procbnosti  grullla 
pri protaivanii]. 

E..thaw sink. G..Tausenke. I..cavita  di  disgelo. 
S..dolina de  descongelamiento. R..nollwrnuHuc 
06yCJIOBneHHQe IlpOTaWBaHH@M [ponithenie  obuslovlennoe 
protaivanien]. 

agradation du perg&liisol 
E..permafrost  aggradation. G..Permafrost-Aggrad~L~~l~. 
f..aggradazione del permafrost.  S..agradacibn del 
permafrost. R..arpanauan e o v ~ o i 4  MopanoTbl 
[aqradatsiia vechnoi merrloty]. 

descongelamiento. R . . o c n a b n o ~ ~ e  IlpO'lHOCTkl 

afEaissement de degel 

aiguiUe de glace (- pipkrake) 
a las  

E..das / dass. G..Mas / Alass.  I..alas, S..alass. 
R..anac [alas]. 

aquiclude  cryoghique (- pSgeage aqueux cryogenique) 
aufeis (- glwage) 
baidjarakh (-butte de thermokarst) 
base du petgdisol (4 plancher  du  perg&lisol) 

Eton de, glace / geliciment 
E..permacrete. G..Frostbeton.  Lpermacrete. 
S..gelicemento. R . . M C K ~ C ~ T B Q H H O  nparoTosnerlltblc 
6noKw (KMpnkrW) ~3 ~ e p s n o r o  rpyH-ra [iskusutvenno 
prigotovlennye  bloki (kitpichi) i't nerrlogo grunta]. 

E..thaw bulb. G..Tau-Aureole. I..bulbo d i  diisgelo. 
%bulb0  de  descongelamiento. R..opeon npaTaMsallMR 
[ore01 protaivaniia]. 

E..frost mound. G..Frost-Hugel. I..monticeUo 
criogenico. S..doma de  congelamiento. P..Byr o p  

bulbe de degel . 

butte  cryoginique 

butte d e  glagage 
, . nyqeHHn [bugor pucbeniia]. 

E..icing mound. G..Aufeis-Hugel. I..monticello da 
ghiacciamento  superficiale. S..monticulo de 
engeladento. R..Hanea~b~I#  byrop [naledrgi bugor]. 

E..earth hummock. G..Erdbultc.  I..cuscinetto di teura. 
S..domo de tierra. R . . J O H J I R H P A  K D ' I K ~  ( 6 y r o p o ~ )  
[remlianaia kochka (bugorok)]. 

E..thermokarst mound. G..Thermokarst-Rugel. 
I..monticello termocarsico. S..monticulo de.tertnocarst. 
~ . . 6 a l ~ x e p a x  [baidrherakh]. 

E..turf hummock. G..Torfbulte.  I..cuscinetto erboso. 
S..domo de  turba. R..AQpHOBaR K O Y K E ~  [dernovaia 
kochka]. 

E..apparent  heat  capacity.  G..scheinbare , 

Warmekapazitat. I..capaciti termica apparente. 
%.capacidad  de  calor  aparente. R . . O & ~ J O K T H B I I B R  
TennaeMKocTD [effektivnaia  teploemkost']. 

but te  de terre 

butte  de thermokarst 

butte qaxonnk 

capacitb calorifique apparmte 

F i g u r e  2 .  Sample of t h e   F r e n c h   v e r s i o n .  

Abscherung 
E..dehchment  failure.  F..rupture  par  dkollement. 
I..frana di  distacco. S..ruptura por despegamiento. 
R..cMeqeHHe c O T P M B ~ M  [swshcheaie s otryvon]. 

E..active construction  methods in permafrost. 
F..mlthbdes adives de  construction dans le perghlisol. 
Lmetodi attivi di costruzione nel permafrost. 
S..m6todos activos de construcci6n en permafrost. 

Mep3nOTe [aktivnye metodp stroitel'stva na vechnoi merzlote]. 

active  Bauverfahren fiir Permafrost 

R..aKTWEHBlE M O T O f l M  CTpOMTOnbCTBa H a  E a Y H O U  

Adereis (- Veneneis) 
Aggradationseis 

E..aggradational ice. F..glace d'agradatiorl 
(d'accroissement).  I..ghiaccio di  aggradazione. 
S..hielo agradacional. B..arpaaaumoHtlarl nea 

Alas / Alass 
[agradatsionnyi led]. 

E..alas / alass. P..alass, I..das. S..dass. R..anaC 
[alas]. 

alpiner  Permafrost (-. Hochgebirgspermafrost) 
finfrieren 

E..adfreeze / adfreedng.  F..geli-adhPrence. 
I..congelamento aderente.  S..congelandento  adherentc. 
R..CMepaaTbCfl / c ~ e p a a ~ m o  [snerrat'sia / smetzanie]. 

E..adffeeze  strength.  F..risistance  de la 
gbli-adhirence.  Lresistenza  per  congelamento 
aderente.  S..fuerza  de la congelacih  adherente. 
R..cuna CMUpOaHWR [sila snerzaniia]. 

@..approximate thawing  index. F..indice de  degul 
approximatif. I..indice di  disgelo  approssirnato. 
S..indice de descongelamiento  aproximado. 
R..npW6nMH(OHHblfl  WHneKC I IpOTaLlBaHWfl [priblizhennyi 
indeks protaivaniia]. 

E..approximate freezing  index.  F..indice de gel 
approximatif. I..indice approssimato di congelamento. 
S..lndice de congelamiento  aproximado. 

indeks pronertaniia]. 

E..icing. F..glaCage. I..ghiacciamenb mperficiale. 
S..engelamiento. R..Han@Aa [naled']. 

E..icing mound. P..butte de  glagage. I..monticello da 
ghiacciamento  superficiale.  S..monticulo  de 
engelamiento. R..~anenk~wfl  byrop [nalednyi bugor]. 

E..icing blister. F..dbme de  glaCage. I..blister  da 
gbacciamento  superficiale. B..domo de engelamiento. 
R..HanCflHbIR byrap [nalednyi hugor]. 

Anfrierungsfestigkeit 

approxirnativer  Auftauindex 

approximativer  Gefxierindex 

R..npW6AMH(eHHMB WHAeKC n p O M Q p 3 a H M R  [priblizhennyi 

Aufeis 

Adek-Hiigel 

Aufeisblase 

Auffrieren 
E..frost jacking. P..Bjection g6livale. I..ciezione 
criogenica.  S..eyeccih  por  congelamiento. 

(BblMopaxMaaHMe) [kriogennoe  (morornoe)  vypuchivanie 
(vymorazhivanie)]. 

E..thawed ground. F..sol d6gelb. I..suolo disgelato. 

(OTnOmsHMe, nopona) [talyi grunt (atlorhenie, poroda)]. 

R..KpWOreHHOe  (MOPOJHOe) BbllTy'IMI3ElHMe 

aufgettauter Boden 

S..suelo descongelado. R..TaJlb!fl rpyHT 

F i g u r e  3 .  Sample o f  t h e   Q e r m a n   v e r s i o n .  



abbassamento del punto di congelamento 
E..freezing-point depression. F..abaissement du point 
de  congelation. G..Gefrierpunktsernbdrigung, 
S..depresi6n  del  punto de congelamiento. 
R..nOHMMOHMe T O Y K M  3tlMep3€1HUfl [ponirhenie  tochki 
tamertaniia 1. 

acqua di intrapermdrost 
=qua di intedaccia (- acqua interstiziale) 

E-Antrapermafrost water. P..eau intraperg4hol. 
O..~ntrapeemafrostwa~er, S..agua de intrapermafrost, 
R..Me~*rpJnOTHUrr B O A U  [ r t h r r l o t a y e  vody]. 

E..suprapermafrost water. B..eau .suprapergelisol. 
G..Supraperma€rostwaser. S..agua de 
suprapexmafrost. R..Henueprno~lrbm BOAU 

[nadnertlotnye  vody]. 

E..subpermafroat water. F..eau infrapergllisol. 
G..Subpermafrostwasuer. S..agua de  subpermafrost. 
R..nonMopanoTHue e o ~ b l  [podnerzlotnyc  vody]. 

E..pore water. F..eau interstitielle.  G..Porenwasser. 
%.aqua  intersticial. R..Bona noposaf l  [voda porovaia]. 

acqw di s a p r a p e r m d o s t  

=qua di sottopermafrost 

a q u a  interstieiale 

acqua libera ( 7  =qua interstiziale) 
aquiclude criogenico 

E..cryogenic aquiclude.  F..pi@geagc  aqueux 
cryogknique.  G..kryogener  Grundwasserstauer. 
S..acuiclusacrioghica. R . . K ~ M o ~ ~ H H D I P L  s o ~ o y n a p  
[ kriogennyi  vodoupor) . 

E..permafrost  aggradation.  F..agradation  du 
pergilisol. G..Permafrost-Aggradation. S..agradaci6n 
del  permafrost. R..arpaAauMfl s e r ~ o l l  ~ e p s n o ~ ~ ~  
[agradatsiia vechnoi mertloty]. 

E..alas / alass. P..alass. G..Alas / Alass. S..alass. 
R..anac [alas].  

assestamente  del  suolo  per  fusione ( -  compreSsione da 

aggradaeione del permafrost 

alas 

disgelo) 
assestamento da disgelo I 

E..thaw settlement.  F..tassement dii au dhgel. 
G..auftaubedingte  Setzung. S..assentamiento por 
dcscangelarniunto. R..ocanKa npH O T r a M B a H U H  [osadka 
pri ottaivanii]. 

E..frost action.  F..gilivalion.  G..Frostwirkung. 
S..acci6n de congelamiento. R..KpmoretrHble n p o u c c c u  
[ kriogennye protsessy] . 

aziane d d  gel0 

barrens 

base del  permafrost 

azione del gelo/disgelo (-. azione  del gelo) 

E..barrens.  F..desert de gilivatian. G... S... R.. . 
E..permafrost base. F..plancher du  pergilisol. 
C..Permdrostuntergrenze. %.base del  permafrost. 
H..nofiowBa B O V H O ~ ~  u e p 3 n o ~ t . 1  [podoshvwvechnoi 
nerrloty]. 

E..frost blister. P..hydrolaccoliLe saisonnier. 
G..Frostblase. S..domo de congelamiento  estacianal  con 
nucleo de hielo. R..rMApOJIaKKOnMT [gidrolakkolit]. 

E..icing blister. F.,d6me de glaqage. G..Au€eisblase. 
S..domo de  engelamiento. R..tranonHul Clyrop [nalednyi 
hugor]. 

blister criogenico 

blister da ghiacciamentn supeficiale 

Figure 4 .  Sample of t h e   I t a l i a n   v e r s i o n .  

a r p e n a w o H H d i  nen [agradatsionnyi  led] 
E..aggradational ice. P..glace d'agradation 
(d'accroissement). G..Aggradationseis.  I..ghiaccio di 
aggradaeione. S..hielo agradacional. 

E..permafrost  aggradation.  F..agradation  du 
perg8lisol. G..Psrmafrost-Aggradation. 
Laggradazione  del  permafrost. S..agradacMn del 
permafrost. 

a r p e r a r n a n  r ~ p ~ a r e ~ ~ a ~  n a K p o c r p y K r y p a  [agrtgatnaia 
kriogennaia aikrostruktura] 

arpanauwn  se . rHol   r teprnotw [agradatsiia vechnoi nerrloty] 

E..fragmlc cryQgenic  fabric.  F..microstructure 
cryoginique  angulaire. G..€ragmisches kryogenes 
Gefiige. f..struttura criogenica a frammenti. S..fibrica 
criogenica Erigmica. 

arporaTOWOAO6HaR K P V l O r C H H a R  M H K P O C T P Y K T Y 1 ) B  

[agtegatopodobnaia  kriogennaia nikrostruktura] 
E..fragmoidal cryogenic  fabric.  F..microstructure 
cryog6nique  subangulaire. G..fragmoidales kryogenes 
Gefuge. Lstrut tura   cr iogenica fragmoidale.  S..fibrica 
c r ioghica  fragrnoidal. 

B K T M B H B R  TOPMOCEaR C W C T C M a  C MUAKUM OXYlPMfli2HUeM 
[aktivnaia termosvaia sistena a zhidkin  okhlazhdeaien] 

thermique a refrigerant  liquide. G..KUhlpfahl mit 
E..active liquid-refrigerant thermal pile.  F..pieu 

fliissigem Kuhlmittel.  I..pilone attivo con refrigerante 
a liquido freddo. $..pila termica  activa a refrigerante 
liquido. 

aKTHBHaSI TOpMOCBan CMC'rCMa C XOJlOJll4t. IM BOlnyXOU 
[aktivnaia termosvaia sisteaa s kholodnym vordukhon] 

circulation d'air fcoid. G..Kuhlpfahl rnit 
E..active air-cooled  thermal pile.  F..pieu thermique a 

Luftzirkulation. I..pilone attivo  con  refrigerante  ad 
aria  fredda. S..pila termica  activa a circulacibn de aire 
Erio. 

B K T L ( B I 4 M C  HeTOflbl CTpOWTenbGTBa Ha BerliOfi MCp3JIOTC 
[aktivnye metody stroitel'stva na kechnoi merrlote] 

F..mithodes  actives de construction d a w  le perg8lisoL 
E..active construction methods  in  permafrost. 

G..active Bauverfahrep fur Permafrost. I..metodi attivi 
di  costruzione ne1 permafrost. S..rnPtodos ackivos de 
constcuccibn  en  permafrost. 

E..alas / alaas. F..alass. E..Rlas / A l a s .  I..alas. 
S..alass. 

E..thermokarst mound. F..butte de thermokarst. 
G..Thermokarst-Hugel. I..monticello terrnocarsico. 
S..monticulo de termocarst. 

E..€rost mound. F..butte cryoggnique. G..Prost-Hugc*l. 
I..monticello criogenico. S..domo de congelamiento. 

E..closcd-system pingo.  F..pingo en system@ ferm8. 
G..Pingo vom geschlossenen  System.  I..pingo a sistema 
chiuso. S..pingo de sistema cerrado. 

6 Y n r y H H R x  [bulgunniakh] . 

E..pingo. P..pingo. G..Pingo. f..pinga. S..pingo. 
BavHan ( n a c r o R H H a 9 ,  M H O ~ ~ J I ~ T H R R )  ucpana-ra [vechnaia 
(postoiannaia,  nnogoletniaia)  merrlota] 

anac  [alas] 

fiahnrnepax [baidrherakh] 

O y r o p  nyreHHn [bugor puclreniia] 

~ Y ~ ~ Y H H R x  [bulgunniakh] 

E..permafrost. F..pergClisol. G..Permafrost. 
I..permafrost.  S..perrnafrost. 

se'liian M c p r n o t a  anbnuUcKan (-t BvcoKoropHafl  
w e p 3 n O ~ a )  [vechnaia  merrlota al'piiskaia (-I vpsokogornaia 
netrlota)] 

F i g u r e  5 .  Sample of t h e  R u s s i a n   v e r s i o n .  



acnl6n de congelamiento 
E..frost action, F..Q&livation. G..Frostwirkung. 
Lazione delgelo. R..KPHOFOHH~IO npoqcccu 
[kriogennye ptotscssy]. 

cryoghique. G,.kryogener Grundwassershuer. 
E..cryo$enic aquiciude.  F..piheage  aqueux 

Ikriogeanyi vodoipor] . 
E..permairost aggradation. F..agradation du 
pergbkol. Q..Permafrost-Aggradakion, 
I..aggradazione del  permaftost. P..arpa,Aaqun 
B O V H O f l  Mep3JIOTM [agradatsiia vechaoi merrloty]. 

E..intrapermafrast water. F..eau intrapergblisol, 
F..Intraperma€rostwasser. I..acqua d i  intrapermafrost. 

acuiclusa crioghica 

f.,acqutclude CriOgenkO. R..KpWOreHHUfi P O A O y I l D p  

agradrrddn del permafrost 

agua de intrapermafrost 

R..MCMM~p~nOTHWO aOAbl [rthmerrIotnye Vddy]. 
agua de subperrn&mt 

E..subpermafrost water. F..eau infrapergklisol. 
G..Subperma€rostwasser.  I..acqua di sottopermafrost. 
R..notWePJJfoTHND B ~ A W  [podmerrlotnye vody]. 

E..supragsrmafrost water. F..eau suprapergdlisol. 
G..suprapermafrostwasser. Lacqua di 
soprapermafrost. B . . ~ e n ~ c p ~ n o ~ ~ u o  a o w  
[nadnerrlotnye vpdy].  

E..pore water. F..eau in te rs t i t i ek  G..Porenwasser. 
Lacqua interstiziale. R . . a o ~ a  n o p b n a n  [voda porovaia]. 

E..alas / alass. F..dass. G..Alas / Alass. I..alas. 
R..anac [alas]. 

E..thaw settlement. F..tassement dir au digel. 
G..auftaubedingte Setzung. I..assestamento da disgelo. 

agua  de  suprapermafrost 

agua intersticial 

alasS 

asentamiento por descartgehmienka 

R..OCaAKa npH OTTaHBaHMM (osadka pri OttaiVanii]. 
barreracero 

E..zero curtah.  F..p&riode zero. LNuUschleier. 
I..periodo aero. R. .~ynoaan   3aBocB [nulevaia zavesa]. 

E..permafrost base. F..plancher du pergblisol. 
G..PermaErostuntergrenze. L.base del  permafrost. 
R..noflolutla E O Y H O ~  ~ e p 3 n O T ~  [pododwa vechnoi 
mer~lotyl. 

E..thau bulb. F..bulbe de d6gel. G..Tau-Aureole. 
I..bulbo di disgelo. R . . o p a o ~ ~   n p o ' r a M t 3 ~ ~ ~ ~ 1  [oreol 
protaivaniia]. 

E..frost  bulb. F..manchon de gel. G..Frost-Aureole. 
I..nucleo di gelo. R. .opcon npoMop3aHHfl  [ore01 
proner~aniia]. ' 

E..volumetric latent  heat of fusion. F..chaleur latente 
volutnique de fusion. G..Schmelzwarme. I..calore 
latente volumetrico di fusion@. R..a6-bcnllafl C K P W T P R  
r e n n o - r a  nnaancl inf l  [obyemaia skrylaia teplota 
plavleniia]. 

E..blnck field. F..champ de blocs. G..Blockfeld. 
I..campo di piette. R..KauetJlioc ( r n d o a o e )  ~ 0 ~ 0  

[kamennoe (glybovoe) pole]. 

base del  permafrost 

b u l b   d e  descongelamienb 

bulbo de huelo 

calor  latente  de ftlsidn volurn&trico 

campo de bloyues 

is 
E..ice. F..glace. G.,Eis.  I..ghiaccio. &.hielo. R..nea 
[Id1 * 

P h  
E..palsa. F.,pdse. G..Pdsa. I . .pah.  S..palsa. 
R..nanca ( n e n c c a ,  nanbam) [palsa (pal'sa, pal'ta)], 

E..permafrost. F . . p e r g w .  Q..P&nafrost. 
I..permafrost. S..permafkost. R..Ba-Han 
(nocTonHHan, ~ ~ o r o n ~ ~ ~ n n )  MopsnaTa [vechnaia 
(poatoiannaia, rnopoletniaia) r r r l o t s ] .  

E..string fen. ,F..tourbihre r&icuhk. G..Strangmoor. 
Ltorbiera a cordoni. S..turbera  reticulada. 
R . . F P R ~ O B O - M O ~ ~ ~ ~ H H O C   6 o n o ~ o  [griadovo-urchathinnoe 
boloto]. 

E..frozen ground. P..g6liisol. G..gefrorener Boden. 
I..suola gelato.  s..sueio congelado. R..Map3nuH r p y ~ r  
(nopona,  OTnowaHHe) [aertlyi grunt (poroda, 
otlorheaie)]. 

perenne kfile . . 

stdng rnyr 

t jile 

Figure  7 .  Sample of the Scandinavian  Version 
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PERIODIC ICE-WED GE FORMATION 
FLOODPLAIN  SEDIMENTATI 

AND WEICHSELI 
:ON I N  THE NET 

AN COLD-CLIMATE 
'HERLANDS 

J. Vandenberghe C C. Kasse 

I n s t i t u t e   o f   E a r t h   S c i e n c e s ,  vrije. U n i v e r s i t e i t ,  
De Boele laan  1085, 1081 HV Amsterdam, The Nether lands .  

A radiocarbon-dated,  seven metres t h i c k ,   W e i c h s e l i a n   P l e n i g l a c i a l   f l u v i a l  

The p r e v i o u s   e x i s t e n c e   o f   p e r m a f r o s t  i s  t e s t i f i e d  by t h e   p r e s e n c e  of ice-wedge 
sediment   sequence   ind ica tes   seven  periods when permafrost aggraded  and degraded. 

c a s t s ,   w h i l e   t h e   c o r r e s p o n d i n g   p e r m a f r o s t   d e g r a d a t i o n  is man i fe s t ed  by c ryo tu r -  
b a t i o n s .  The sedimentary  sequence i s  c h a r a c t e r i z e d  by c y c l e s  o f  overbank 
depos i t ion   ( sand   and  s i l t )  fo l lowed  by   per iods  of l a n d   s u r f a c e   s t a b i l i t y  
( o r g a n i c   s e d i m e n t ) .   D u r i n g   t h e   l a t t e r   p h a s e s   p e r m a f r o s t   a g g r a d e d  on t h e  
f loodp la in .   F loodp la in   submers ion ,   however ,   r e su l t ed   i n   deg rada t ion  o f  t h e   ( t o p  
of   the)   permafros t   and   subsequent   format ion   of   c ryoturba t ions .  The p e r i o d s   o f  
i nunda t ion  lasted seve ra l   hundreds  to thousends  of yea r s .   Af t e r   w i thd rawa l  of 
water from t h e   f l o o d p l a i n ,   p e r m a f r o s t   r e - e s t a b l i s h e d   a n d  new ice wedge polygons 
developed ,   o f ten   above   the  o l d  wedges a n d   p e n e t r a t i n g   t h e   p r e v i o u s l y   c r y o t u r b a -  
ted zone. The l a t t e r  are a s p e c i a l   k i n d  o f  s y n g e n e t i c  ice wedges   because   the i r  
upward  growth was i n t e r r u p t e d  by c y c l i c   E l u v i a l   f l o o d i n g ,   r e s u l t i n g   i n   t h e  
downward thawing o f  t h e  ice  wedges and   c ryo tu rba t ion .  

INTRODUCTION 

Ice wedges have   been   subdiv ided   c lass ica l ly  
i n t o   t w o  main c a t e g o r i e s :   e p i g e n e t i c  and synge- 

French  & Gozdzik  1988; Mackay 1990). For   t he  
n e t i c  i c e  wedges (e.g. French 1976;  Harry 1988; 

e p i g e n e t i c   t y p e   t h e   s u r f a c e   l e v e l  i s  supposed 
to remain  constant   during  the  complete   develop-  
ment of t h e  wedge. Epigenetic  ice-wedge c a s t s  
have  been  recorded by  Ear as lthe  most  numerous 
ice-wedge casts (Harry & Gozdzik  1988). 

v e r s e l y ,   t a k e s   p l a c e   d u r i n g   s l o w  b u t  g e n e r a l l y  
c o n t i n u o u s   d e p o s i t i o n  a t  t h e   s u r f a c e .   I n   t h e  
c a s e   o f  slow s e d i m e n t a t i o n   r a t e s   t h e   g r o w t h  of 
t h e  ice ve ins   keep   pace   wi th   the   sed iment  ag- 
g r a d a t i o n   a n d   t h e  wedges  grow p r o g r e s s i v e l y   i n  
v e r t i c a l .   d i r e c t i o n .   I n  some cases, t h e   r a t e   o f  
d e p o s i t i o n  on t o p   o f   t h e  wedges is d i scon t inu -  
o u s   r e s u l t i n g  i n  t h i c k n e s s   v a r i a t i o n s   o f   t h e  
ice wedge  and a more o r  less developed wedge- 
in-wedge s t r u c t u r e   o r i g i n a t e s   ( D o s t o v a l o v  h 
Popov 1963; French & Gozdzik 1988: 
Vandenberghe & Van Huiss teden   1988) .   Genera l ly ,  
t h e   s y n g e n e t i c  ice wedges are n o t   d i s t u r b e d  by 
t h e   s e d i m e n t a t i o n   p r o c e s s .   I n   t h i s   p a p e r ,  
a n o t h e r   t y p e  of syngene t i c  ice wedge format ion  
is d e s c r i b e d  which i s  c h a r a c t e r i z e d   n o t   o n l y  by  
t h e   t e m p o r a r y   i n t e r r u p t i o n  of wedge growth but 
a l s o   b y   p a r t i a l   m e l t i n g   w h i c h  is caused by 
f l o o d i n g .  

formed i n   f i n e - g r a i n e d ,   f l u v i a l   a n d   a e o l i a n  
s e d i m e n t s   d a t i n g   f r o m   t h e   l a s t   g l a c i a l ,  The 
d e p o s i t s  were exposed in two t u n n e l   c o n t r u c t i o n  
pits besides t h e   P r i n s e s   M a r g r i e t   C a n a l   n e a r  
Grouw i n   t h e   n o r t h e r n   N e t h e r l a n d s  (53O04'45**N, 
5'49'54"E; Figure  1). 

Geoloq ica l  sett inq 

The  development  of  syngenetic  wedges,  con- 

The ice-wedge c a s t s   w h i c h  were s t u d i e d  were 

A condensed   geo loq ica l   s ec t ion  i s  p resen ted  
i n  fig. 2. The b a s a l  part is formed by a g r e e  

F i g u r e  1 Location map o f  study a r e a .  

n i s h  till c o n s i s t i n g  of sandy   c l ay   w i th   d i spe r -  
sed pebb les   and   cobb les   and   da t ing   f rom  the  end 
of t h e   p e n u l t i m a t e  glacial  (Saa l i an )  . I t s  top 
is weathered   by   so i l   fo rmat ion   and   covered  by 
peat and  sandy  or   c layey   pea t   f rom the Eemian 
and  Early  Weichsel ian.   During the subsequent 
W e i c h s e l i a n   P l e n i g l a c i a l  fluvial depos i t . ion  
o c c u r r e d   i n  the headwater of a local small 
r i v e r   c a t c h m e n t .   T h i s   c a t c h m e n t   d r a i n e s   t h e  
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NAP 

4,2 rn 

12,7 m 

lxxJ till (Saalian) (:I sand 1-1 humic 2 periglacial 

peat & clay (Holocene) silt rl clayey 
level 

r A  podzol (Holocene) peat * C'l'date 
Figure  2 S i m p l i f i e d   s e c t i o n  of t h e   L a t e  
P le i s tocene   sequence  a t  Grouw. 

h i g h e r   S a a l i a n  till regions ,   approximate ly  20 
t o  40km south  and east o f   t he   exposure .  The 
sed imen t s   cons i s t   p redominan t ly  o f  fine sands  
a l t e r n a t i n g   w i t h   ( h u m i c )  s i l ts  and   pea t .  They 
contain  numerous levels of ice-wedge c a s t s ,  
e a c h   a s s o c i a t e d   w i t h   c r y o t u r b a t i o n s .  The pre-  
s e n c e   o f   p e a t y   l a y e r s   e n a b l e s   a c c u r a t e  datati-  
on. The residue  components  and  the  humic  ex- 
t ract  of each   organic   sample   have   been   da ted   in  
o r d e r   t o   d e t e r m i n e   t h e   e f f e c t  of e v e n t u a l  humus 
i n f i l t r a t i o n .  O n l y  t h e  residue d a t e s  are pre-  
s e n t e d   i n  Figure 2. The Ple i s tocene   s ed imen t s  

a n d   t h e i r  morphology are covered  by  about 3.5 m 
of   c lay   and   pea t   which  Formed i n  t h e  Holocene 
c o a s t a l   p l a i n .  

C y c l i c  p e r i q l a c i a l   r i v e r   a c t i v i t v   d u r i n g  the 
W e i c h s e l i a n   P l e n i g l a c i a l  

Two main s e d i m e n t a r y   f a c i e s   a r e   d i s t i n g u i s -  
hed. The f i r s t  occurs in channels   which   inc ised  
the older P l e n i g l a c i a l   f l u v i a l   d e p o s i t s ,  Eemian 
p e a t   a n d   l o c a l l y   t h e   S a a l i a n  t ill  (F igure  2, 
l e f t   p a r t ) .   T h i s   f a c i e s  i s  c h a r a c t e r i z e d  by a 
stacked  sequence of channel   sed iments  which 
r e v e a l  a general   f ining-upward of about  7 m. 
Fine  to medium s a n d   w i t h   l a r g e - s c a l e  cross-. 

6 4 4  



bedded sdzs are common at the bme. .Righer i n  
t h e  sequence,  the  sands are f ine-grained and 
i n t e r c a l a t e d   w i t h  many humic silt beds. Bori- 
zontal  and  low-angle  channel f i l l  cross-bedding 
are 'dominant .   Individual   sand  and s i l t  beds 
revea l   smal l - sca le   cur ren t   r ipp le   c ross - lamina-  
t i o n  and  c l imbing  r ipple   laminat ion.  A rhythmic 
a l t e r n a t i o n  of f ine   sand   grad ing   in to   sandy 
si l t  with reworked  organic   mater ia l  is regular-  
l y  found.   Local ly   the  sands show a patchy out- 
look and are appa ren t ly  homogenized by f l u i d -  
ization. Isolated  small-amplitude  (dm-scale) 
c ryotufba t ions   and  frost  cracks  are   found  occa-  
s i o n a l l y   i n   t h e   c h a n n e l   f a c i e s .  A l l  t h e s e  cha- 
r a c t e r i s t i c s   p o i n t  t o  channel   depos i t ion   wi th  
l a r g e  and r e p e t i t i v e   ( s e a s o n a l ? )   d i s c h a r g e  
f l u c t u a t i o n s   i n  a per ig lac ia l   envi ronment .  

n e l s   a s  a complex 'of extended 
shee ts ,   each   having  a t h i ckness   o f  a few dm t o  
1.5 m.  F ive '   superposed   shee ts   a re   recognized   in  
t h e   ~ r o u w   e x p o s u r e s .  The topmost two u n i t s   a l s o  
extend  over  the channe l   f ac i e s .  The i n d i v i d u a l  
s h e e t s   c o n s i s t  of a fining-upward  sequence of 
f ind   sands   g rad ing   in to   sandy silts, humic 
silts and  sometimes  (clayey)  peat  (Figure 2 ,  
r i g h t   p a r t ) .   T h e s e   s h e e t s   a r e   i n t e r p r e t e d  as 
overbank  deposi ts .   General ly ,   they  are   not  
e r o s i v e ,   i n   c o n t r a s t  t o  the   channe l   depos i t s .  
L a t e r a l   t r a n s i t i o n s  from  channel to overbank 
f a c i e s   a r e   p r e s e r v e d   o c c a s i o n a l l y ,   b u t   o f t e n  
they   a re   e roded .  It f o l l o w s   t h a t  it i s  no t  
a lways  possible  to connect  individual  overbank 
u n i t s  to the   cor responding   channel   un i t .  The 
ove rbank   depos i t s   a r e   cha rac t e r i zed  by c r y o t ~ r - ~  
bations  and  ice-wedge  casts.  

The f luv ia l   dynamics   can  be conceived  as  a 
repeti t ive  system  of  channel  f low  accompanied 
by f looding.  The exposures  did no t  permit iden- 
t i f i c a t i o n   o f   p o i n t b a r   d e p o s i t s  and it was 
impossible t o   f i n d  o u t  i f   t h e   r i v e r  was one- or  
multi-channeled. Howver, a s   c h a n n e l   i n f i l l i n g  
was r a t h e r   f a s t ,   a s   i n d i c a t e d  by the  sedimenta- 
ry   s t ruc tu res ,   and  because e r o s i o n  was l a t e r a l  
on ly ,   t he   r i ve r  was probably a q u i c k   l a t e r a l  
migra t ing   type .  

o f  the region (Vandenberghe 1985;  Vandenberghe 
According to t h e   g e n e r a l  l i t h o s t r a t i g r a p h y  

& Van Huissteden 1988) and  radiocarbon  analy- 
ses, the f l u v i a l   s e d i m e n t s   d a t e   f r o m   t h e  weich- 
s e l i a n   P l e n i g l a c i a l .  

The s e c o n d   f a c i e s   o c c u r s   o u t s i d e   t h e  chan- 

Cyclic  development of p e r i s l a c i a l  
s t ruc tu res   du r ing   t he   Weichse l i an  
P len iq l ac i a l .  

is d i s t i n g u i s h e d  in the   overbank series. Each 
As shown above, a number o f   f l u v i a l   c y c l e s  

of them i s  assoc ia t ed   w i th  a l e v e l  of p e r i g l a -  
c i a l   de fo rma t ions .  i .e .  ice-wedge c a s t s  and 
c ryo tu rba t ions .  The l a t t e r   l e v e l s   a r e   s u c c e s s i -  
vely  descr ibed  below (see F igures  2 and 3 ) .  

The Lowest l e v e l   o f   p e r i g l a c i a l   a c t i v i t y  (1) 
consists  only  of  ice-wedge  casts:   they  have 
deve loped   on   t op   o f   f i ne   f l uv ia l  sands. As t h e  
wedges were f i l l e d  by t h i s  sand, t h e  ice wedges 
p o s t d a t e d   t h e   f l u v i a l   d e p o s i t i o n .  These  sands 
and t h e  ice-wedge c a s t s  are   both  younger   than 
Eemian ( t h e  age of t h e   u n d e r l y i n g   p e a t )  On t h e  
o t h e r  hand, t h e y   a r e   o v e r l a i n  by a widespread 
erosional   pebble   horizon,   which  dates   f rom  the 
end of t h e   E a r l y   P l e n i g l a c i a l  (Vandenberghe 
1985) and by a humic layer   rad iocarbon  da ted  at 
43.3 ka.  Thus, it is conc luded   t ha t   t he  ice 
wedges as well as the f l u v i a l   s a n d s  which  form 
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sc d 4  -date 'vLR/ cryoturbation v ice - wedge cast 
Figure 3 Schemat ic   representa t ion  of t h e  Weich- 
s e l i a n   p e r i g l a c i a l   c y c l e s  a t  Grouw. 

t h e   f i l l   o f   t h e s e  wedges date from the   Ea r ly  

t h e   f i r s t   c o l d   p h a s e   o f   t h e   l a s t   g l a c i a l   i n  
P l e n i g l a c i a l  (72-61 ka ) .   Th i s   pe r iod   r ep resen t s  

Europe  with  continuous  permafrost .  

o f   d i f f e r e n t   s i z e   o v e r l a i n  by a zone of cryo- 
t u r b a t i o n ,  80 t o  llOcm in   ampl i tude .  Some of 
t h e   c a s t s   a r e   f u l l y   d e v e l o p e d  while o t h e r s  seem 
t o  have   bean   i n t e r rup ted   i n  a young s t age .  As 
demonstrated  earlier  (Vandenberghe 19831, t h e  

The s e c o n d   l e v e l   c o n s i s t s  o f  numerous c a s t s  



ice-wedge c a s t s  and cryoturbations formed i n  a 
s ing le  time span during  pernafrost  degradatian; 

below the permafrost  table  while  the  involuti- 
remnants  of t he  ice wedges continued t o   e x i s t  

ons formed i n   t h e  deepening  active  layer.  This 
means that  the  involuted  organic silt, although 
it over l ies   the  ice-wedge casts ,  is  a t   l e a s t  as 
old  as ,   or   o lder ,   than  the ice- The organic 
layer  is  da ted   a t  c. 43.3 ka while  another 
overlying  organic silt, which is not  affected 
by the  cryoturbation, is dated at c .  3 0 . 1  ka. 
It follows  that,  permafrost  established and 
(partially)  disappeared between these two da- 
tes. 

The t h i r d  level shows many s imi la r i t i es   wi th  
t h e  second. It consists  of ice-wedge casts   with 
overlying  cryoturbations  (amplitude 50 - 100 

da t ion  is poseible by considering  the  age of 
cm). ~stfng of t h i s  phase of permafrost  aggra- 

the organic  layer deformed by the  cryoturbat i -  
on$ of  thid  phase (38.7 ka)  and the  age  of t h e  
base of an overlying  peat  layer which is  not 
deformed (37.8 ka). Permafrost  re-establish& 
and  degraded a t   t h i s  site dur ing   t h i s  900 years 

The four th   l eve l  i s  character ized by involu- 
period . 
tions,  about 70 cm i n  v e r t i c a l e x t e n t ,  on top  
of a peat layer. Only a few ice-wedge cas t s  
have been found. 
Although aomewhat leas  expressed,  these  peri-  
g lac ia l   fea tures   po in t   aga in   to   the  development 
o€ permafrost and its sihsequent  degradation. 
The top of t he  peat, which formed before  the 
iCe-wedg8 growth, is da ted   a t  c. 36.9 ka while 
the  next  youngest  organic  layer, formed with 
cer ta in ty   a f te r   the   degrada t ion  of t h a t  perma- 
f r o s t ,  is 35.5 ka old. 

ted  well-expressed  cryoturbations  (amplitude 
100 cm) charac te r ize   the   f i f th   l eve l .   This  

top of which i s  dated  a t  c. 35.3 ka. Thus, t he  
level   postdates  a deformed organic  layer  the 

development  and degradation  of.permafrost is  
s l i g h t l y  younger than   th i s   da th .  

cryoturbations (c. 10 cm amplitude) which a re  
developed i n   t h e  uppermost f luvial   sands.  O n l y  
a few ice-wedge cas t s  have  been observed. Un- 
for tuna te ly ,   l eve ls  6 and I cannot be dated 
absolutely,  because of the  absence of organic 
matter. 

The uppermost leve l  ( 7 )  i s  composed only  of 
la rge  ice-wedge cas t s .  The overlying  (cryotur- 
bated)  sediments have been removed by erosion 
(possibly  deflation)  during  the  Weichselian 
Late  Pleniqlacial   or  Late  Glacial .  The Holocene 
podzol was formed i n  t h i s  eroded  Weichselian 
surface (see f ig .  2 ) .  The  wedge cas t s  of leve l  
7 form together  with  the casts  from t h e  under- 
l y ing   l eve l s   c l a s s i ca l  examples  of  syngenetic 
ice-wedge casts:  they form a wedge-in-wedge 
structure (Vandenberghe & Van Huissteden 1988: 
Mackay 1990).  The wedges of  Level 7 may have 
been formed shor t ly   a f t e r   t he   o lde r   l eve l s ,  
t h i s  means sho r t ly   a f t e r  35 ka. Otherwise, it 
is a l so   poss ib l e   t ha t   t he   l a s t  two pe r ig l ac i a l  
l eve l s  developed  during  the  last   glacial  maxi- 
mum around 23-17 ka. 

Relation between sedimentary  environment and 
permafrost  development/deqradation 

Fully  developed ice-wedge cas t s  and associa- 

The s i x t h  phase  mainly cons is t s  of extensive 

' The overbank facies  reveals a sedimentary 
and a per ig lac ia l  c y c l i c i t y ,  The sedimentary 
cycles cons is t  of fining-upward  sequences from 

f i n e  o r  medium sands  into (humic) s i l ts  o r  
(clayey)  peat. These sedimentary cycles are 
stacked upon each  other  without  interruption ' 

they  are  separated by concordant  erosion le- 
vels.  According t o  the regular  sedimentation 
sequence it seems that   the   eroded volumes were 
very  small  (except  for  the lower- and uppermost 

The per iglacial   levels   normally  consis t  of 
ice-wedge casts associated  with  overlying cryo- 
turbat ions.  It is s t r ik ing   t ha t   t he   pe r ig l ac i a l  
levels  correspond  with  the  sedimentary cycles 
and both systems run p e r f e c t l y   p a r a l l e l .  The , 

topographic  surface a t  t he  time of perma-' 
f r o s t  development  probably  coincides  with  the 
top  of t he  fining-upward  sequence. However, the  
upper  surfaces of the  cryoturbated  zones do not 
necessar i ly   correlate   with  the  top of t he   f i -  
ning-upward seties. Instead,  they  generally 
OCCUK i n  t h e  lower  sandy p a r t  of the overlying 
sediment cycle, The cryoturbated  tones mostly 
consist   of an intermingling  of  si l t /peat  ( top 
of t he  lower fining-upward  sequence) and sand 
(base  of  the  overlying  fining-upward  sequence). 
This  indicates  that  permafrost  degradation 
occurred  during  flooding a t  the beginning of a 
new overbank  sedimentation  cycle, The bottom of 
the  cryoturbations marks t h e  minimum depth o f  
permafrost  degradation, 

Model of permafrost development on a periqlaci- 
a1  t loodplain 

leve ls )  . 

A model of   per iglacial  river a c t i v i t y  and 

The f l u v i a l  system is  subdivided  into chan- 
permafrost development i s  proposed. 

n e l  and adjacent overbank  environments. The 
overbank  environment i s  character ized by cyclic 
deposition.  Flooding of t he   r i ve r   p l a in  (depo- 
si t ion  of  sand by running  water) i s  followed by 
a period  of  decreasing  flow and standing  water 
conditions  (deposition of sandy t o  clayey 

i n t o  marshes  (organic silts, $eat, . silts) and finally  transforma  ion of the ponds 

During t h e   l a t t e r  phase  of stable  conditions 
permafrost becomes establ ished and ice wedges 

invasion of the  f loodplain.  A t  that  point  sands 
form. This development continues u n t i l  the nex t  

are  deposited  while  permafrost  thaws as a con- 
sequence of the  water on the  f loodplain.  Then 
wedge ice melts, as well as t he  top of the ice- 
rich  permafrost ,   result ing  in  the  transforma- 
t i o n  of ice-wedges t o  ice-wedge c a s t s  and the 
formation of cryoturbations  in  the  top  sedi-  
ments .  The sedimentation cycle continues by 
deposition of fines i n  t he  backswamps while 
permafrost   (a t   least)   par t ia l ly   disappears  
depending on its thickness and the  duration of 
flooding. 

This  twofold cycle has been  recognized at 
l e a s t  seven times. The freq3ent  presence of 
organic backswamp deposi ts   a l lows  detai led 
dat ing of the  events.  This holds  especial ly   for  
the  cycles 2, 3 and 4 which are  bracketed accu- 

k ing   tha t   the  per ig lac ia l  cycles 3 and 4 and 
r a t e ly  between radiocarbon dates .  I t  i s  s t r i -  

t h e i r   p a r a l l e l  sedimentary  cycles were esta- 
bl ished i n  a short  time: i n  less than about 0 .9  
ka and 1 . 4  ka respectively. 

Synthesis 

Ice-wedge growth i n  the Weichselian  perigla- 
c ia l  floodplain was in te r rupted  by flooding 
phases  with  partial  melting of the  permafrost. 
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F i g u r e  4 Ice-wedge cast a n d  a s soc ia t ed  c r y o t u r -  
b a t i o n   f r o m   l e v e l  3 o v e r l a i n   b y   i c e - w e d g e  cas t  
f r o m   l e v e l  4 .  The c r y o t u r b a t e d   z o n e  a t  t h e  base 
of t h e   p h o t o   b e l o n g s  t o  p e r i g l a c i a l   l e v e l  2 .  

A f t e r   a n   i n u n d a t i o n   e v e n t ,  when t h e   f l o o d p l a i n  
f e l l   d r y ,   t h e   b u r i e d   r e m n a n t s   o f   t h e  ice wedges 
were r e a c t i v i t a t e d .   I c e - w e d g e  casts  f rom  one  

o l d e r  l e v e l   a n d  p a r t i a l l y  p e n e t r a t i n g  i n t o  them 
l e v e l  are f o u n d  o n  t o p  of wedge casts  f rom a n  

( F i g u r e  4 ) .  This   mechan i sm of c y c l i c   s y n g e n e t i c  
ice-wedge 
g r o w t h   d i f f e r s   f r o m  c l a s s i c a l  s y n g e n e t i c  ice- 
wedge f o r m a t i o n ,   d e s c r i b e d   b y   F r e n c h  & Gozdzik 
1988,   which  i 5  c h a r a c t e r i z e d  by more c o n t i n u o u s  
d e p o s i t i o n   a n d   s i m u l t a n e o u s   u p w a r d   g r o w t h   o f  
t h e  ice wedge   (F igu re  5 ) .  C y c l i c   s y n g e n e t i c  
i c e - w e d g e   f o r m a t i o n ,  as d e s c r i b e d   h e r e ,  i s  
c h a r a c t e r i z e d   b y  a more s t e p l i k e   d e v e l o p m e n t .  
T h i s  i s  c a u s e d   b y   s u b s t a n t i a l   s e d i m e n t a t i o n   i n  
b e t w e e n   t h e   d i f f e r e n t   p h a s e s   o f   i c e - w e d g e   d e v e -  
l o p m e n t   a n d   b y   t h e   p a r t i a l   m e l t i n g  of  t h e  wedge 
ice f rom a p r e v i o u s   g r o w t h   p h a s e .  In t h i s  way,, 
c y c l i c   s y n g e n e t i c   i c e - w e d g e  casts  can be d i s -  
t i n - q u i s h e d   i n   t h e   f i e l d .  
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the subarctic and arctic. Since  the number of paved airfields in the subarctic 
and arctic i s  not great, their performance and factors which cause distress to 
asphalt concrete may not be fully appreciated by professionals involved in  air- 
field design and construction. 

Airfield pavement performance in cold regions may be categorized with respect 
to four modes of distress: (l? distortion and pavement faulting, (2) disintegra- 
tion, (3) inadequate skid resistance, and (4) cracking. Cracking may  be traffic/ 
load associated or non-trafficlload associated, With respect to asphalt concrete 
airfield pavements, non-traffic/load cracking, specifically low temperature 
cracking, is predominant. 

Airfields are  the primary element supporting the transportation network in 

- 
Airfields are the primary element of the 

transportation network in the subarctic and 
arctic, A recent example is the network of 12 
airports to serve  the Inuit villages in Quebec 
north of 5 5 O  north latitude (Tremblay 1989). The 
network was part o f  the  James Bay and Northern 
Quebec Agreement signed in  1983. It is sched- 
uled for completion in  1992. 

Virtually all permanent airfields were ini- 
tially aonstructed of a gravel fill placed di- 
rectly on the existing vegetation to take ad- 
vantage o f  the insulation and latent heat capac- 
ity of the surface organic layer (Crory 1988). 

was unpaved in its early history and a bearing 
It has generally been the case that the airfield 

surface was created by adding fines to "bindtl 
the gravel, which was then compacted and graded. 
The binder material was necessary because the 
aggregates which were used were not crushed. 
Difficulties arose, however, due  to ingestion of 
surface particles into aircraft engines, and 
severe rutting of the surface as the ground 
thaws and softens when attempts are made to 
extend operations into the summer season (Line11 
and Johnston 1973). Conaequently, when equipment 
can be barged or airlifted to rhe site, and as 
commercial air service increases, consideration 

America is almost exclusivialy associated with 
is given to paving the airfield, which in North 

the uae of asphalt Concrete. 

subarctic and arctic is not great, their perfor- 
Since the number of paved airfields in the 

mance and factors which cause distress to as- 
phalt concrete may not be fully appreciated by 
professionals involved in their design and con- 
struction. The purpose of this paper is to pro- 
vide a review o f  the performance of paved air- 
fields in the subarctic and arctic and to iden- 
tify a design methodology to relate to one major 
distress mode, namely, low temperature cracking. 
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Airfield pavement performance in cold regions 
may be categorized with respect to four modes of 
distress (Vinson, et  al. 1986): (1) distortion 
and pavement faulting, (2) disintegration, (3) 

brief background of these distress modes togeth- 
inadequate skid resistance, and (4) cracking. A 

of-the-art of research and/or practice is pre- 
er with a limited review of the current state- 

sented in the discussion that follows. 

Bistortinn and Pavement Faultins 
Frost heave and thaw degradation of perma- 

frost are primary causes o f  distortion and 
faulting of airfield pavements in the arctic and 
subarctic. Distortion distresa is also associat- 
ad with buried structures "jacking out1' of the 
ground under successive freeze-thaw cycles or 
remaining f i xed  while  the surrounding Boil 
heaves. Berg and Johnson (1983) noted that 
drains, culverts, or utility ducts placed under 
pavements on frost susceptible subgrades often 
experience differential heave and should be 
avoided, 

wick (i.e., cold temperatures, access to water, 
of frost heave a6 the  three W's: winter, water, 

a frost susceptible Soil).  It is univeraally 

to frost heave involves the elimination of one 
recognized that mitigation o f  distress related 

or more o f  these factors. Considering the evolu- 
tionary history of moat airfields it may not be 
practical to remove frost susceptible soils 
since they often comprise most o f  the embank- 
ment. consequently, insulation is experiencing 
increased use to prevent the advance of  the 

Berg  1989). However, the use o f  insulation on 
freezing front into the embankment (Kestler and 

produce surface icing and, therefore, result in 
runways is not a common practice since it can 

concerns for aircraft safety on landings. 

Rice (1975) succinctly identified the causes 



suggests the related problem of thaw weakening 

grade). Pavement  deterioration under repeated 
in the pavement  structure (i.e., base and sub- 

loads is a process of cumulative damage. During 

ment surface layer provided by the base, sub-, 
spring thaw,  the  supporting capacity of a pave- 

base, andfor subgrade, can  be reduced owing to 
excess porewater in the  supporting layers. Under 
these  conditions  damage  accumulation  for  a  given 
traffic volume and load is greatest and can lead 
to  a  substantial  reduction in overall pavement 
life (Rutherford and Mahoney 1986). An example 
calculation  which  follows  the mechanistic ap- 
proach to pavement design (Mahoney and Vinson 

the  Nome  Airfield  (Vinson and Rooney 1991). 
1983) suggests  the  magnitude of the problem at 

Considering the potential for  a fatigue failure 

craft loadings at the  Nome Airfield, it was 
in the  asphalt  concrete under three  design air- 

demonstrated that  85% of the annual damage oc- 

tion. Berg and Johnson  (1983) recommend a mini- 
curs in a one-month Wypical" spring thaw condi- 

mum 10 cm drainage layer be placed between the 
asphalt concrete pavement and the base course. 
The drainage layer should not have more  than 2% 
passing the number 200 sieve. Impedance of sub- 
surface drainage  elements cau6ed by frozen soils 
must be  considered in the  design process. 

Distortion distress of airfields in the sub- 
arctic and arctic  caused by thaw-consolidation 
of underlying ice-rich permafrost i s  related to 
conductive and/or  convective  heat  transport 
processes. Representative  case  histories which 
document this problem have been presented for 
the Nome (Rooney et  al. 1988), Kotzebue (Esch 
and Rhode 1976), and Bethel (McFadden and Seibe 
1986) airfields. 

solution to  a permafrost degradation problem to 
It is extremely important when seeking  a 

identify the  contribution related to conductive 
versus convective heat transport processes. 
Permafrost degradation related to conduction may 

gravel fill  and/or the change in albedo of the 
be associated with an inadequate thickness of 

surface when the airfield i s  paved. Traditional 
solutions fo r  a conduction problem are to in- 

Lobacz 1973) or insulate the problem area (Esch 
crease the  thickness of the  fill (Hennion and 

1973,1986; Esch and mode 1976; Rooney et al. 
1988), Non-traditional solutions include chang- 

and Aitken 1963; Berg and Aitken 1973; Berg and 
ing the  surface albedo using paint (Fulweider 

Esch 1983), the use of thermoprobes (or thermo- 
syphons) (McFadden and Siebe 1986), prevention 
of snow acting as an insulation blanket during 
the winter (Zarling et  al. 1988), use of air- 
duct systems (Zarling et  al. 1983), and pre- 
thawing followed by dynamic consolidation 
(Rooney et al. 1988). 

beat transport  is associated with ground water 
flow beneath  the airfield or through  the embank- 
ment. The influence of convection is to cause  a 
positive inflow of heat into the system, thereby 
slowing down or preventing long-term freeze 
back,,  or alternatively, accelerating the  depth 
of thaw. The  solution  to a convective heat 
transport problem generally involves  the modifi- 
cation of an existing subdrain system, and/or 
thk enhancement o f  subsurface drainage away from 
the runway. 

Rutting distortion  can occur in the asphalt 
concrete surface layer under aircraft tire load- 
ing. If rutting is likely to occur, i% is gener- 

In general, a  consideration of frost heave 

Permafrost degradation related  to  convective 

ally associated with taxiways and parking 
aprons. Janoo (1989) discusses rutting related 
to  the  use of low viscosity asphalt cements in 
cold regions. He notes  that rutting i s  related 
primarily to  the aggregate in the mix and to a 
much lesser degree  the  grade of the asphalt 
cement. To minimize  the potential f o r  rutting, I 
well-graded angular  aggregate  (with  two or more 
fracture faces) is recommended. The practice of 

cement content  should  be avoided as it may con- 
adding one-half percent to  the design asphalt 

tribute substantially to rutting. 

v 
into small, loose particles. Disintegration may 

Dielntegration is the breakup of a pavement 

be accelerated by freeze-thaw cycles, or traffic 
loading, especidlly adjacent  to cracks. In an 
asphalt concrete pavement, disintegration i s  
generally related to insufficient asphalt cement 
content in the mix, poor compaction of the mix 
(which may be related to cold weather construc- 

mix, or stripping in the asphalt mixture. The 
tion  (Eaton and Berg 1978)), overheating of the 

first three  problems  can  be avoided by carefully 
following conventional  mix  design  practice and 

the pavement. The  potential for stripping may be 
conscientiously supervising  the construction of 

overlooked. 

the loss of adhesion between the asphalt cement 
Stripping o f  an asphalt concrete pavement is 

and the aggregate. Stripping is due to  the ac- 
tion of water or water vapor in the asphalt 
concrete pavement. Specifically, water  gets 
between the asphalt cement film and  the aggre- 
gate surface. Since  the  aggregate  surface often 
has  a  greater  attraction  for water than asphalt, 
the water is  drawn between the asphalt cement 
and aggregate  surface and strips the asphalt 
away from the aggregate. The rate at which 

ture, type of aggregate, and viscosity and qom- 
stripping takes  place  depends on the tempera- 

position of  the asphalt (Tyler 1938). A summary 
and evaluation of laboratory test procedures 
used to identify the potential for stripping has 
been prepared by Terrel and shute (1989). 

&id ResisCance 

airfield pavements under all weather conditions 
is necessary to insure safe operations. Loss of 
skid resistance  can be related to aggregates 
which polish under  traffic and the buildup o f  
rubber deposits  over'a period of time. Loss of 
skid resistance in asphalt  concrete pavements 
may also  be  associated  with 'Lbleeding'L typically 
caused by too  much  asphalt in the mix. Hydro- 
planing (i.e., the buildup of a  thin layer of 
water between the pavement and tire) i s  often 
associated with  loss of skid resistance. 

Lack of skid  resistance related to skidding 

cern. Very little information  is found in the 
on an icy surface i s  usually the greatest con- 

literature on  means for improving skid reds- 
tance on icy runway  pavement surfaces. Reckard 
(1986) used hot sand to improve the  traction  on 
icy  roads. AWT/PF has  recently used rubber 
aggregate asphalt at some selected highway loca- 

particle flexing on breaking ice bonding under 
tions  to  assess the influence of the  rubber 

repeated traffic  loadings (Takallou et  al. 
1989). 

Good surface  friction or skid resistance of 



Cracking 
By  far  the  most  prevalent  airfield  pavement 

performance  problem  is  cracking.  Cracking  may  be 
traffic/load  associated  or  non-traffic/load 
associated.  With  respect  to  airfield  pavements, 
non-trafficlload  associated  problems  related  to 
changes  in  temperature  in  the  pavement  structure 
and  underlying  ground  are  predominant. 

pavements  is  not  common.  In  the  subarctic  and 
arctic,  trafficlload  associated  cracking  is 
often  associated  with  snow  plow  wheel  loading 
early or late  in  the  snowfall  season,  before  the 
subgrade  is  frozen or after  it  has  thawed.  Fa- 
tigue  cracking  also  may  occur  under  aircraft 
loading  in  the  wheel  path of a  taxiway. 

Reflection cracks  are  an  expression  of  the 

are caused  by horizontal  and/or  vertical  move- 
crack  pattern in  an  underlying  pavement.  They 

ments  in  the  pavement  beneath  an  overlay.  Re- 
flection  cracks  may  be  observed  in  both  asphalt 
concrete  overlays  on  old PCC and  asphalt  con- 

techniques  such  as  stress  and  strain  relief 
Crete  pavements.  Despite  extensive  work  using 

overlay,  an  economic  solution  to  prevent  reflec- 
interlayers,  geotextiles, or reinforcing  in  the 

have  been  observed  within 6 to 1 2  months  after 
tion  cracks  does  not  exist.  Reflection  cracks 

construction  of  an  overlay  on  a 50 mm asphalt 
concrete  surface  that  was  cold  milled  to  an 

The only  way  to  completely  eliminate  reflection 
initial  thickness  of 12 mm  (Vinson  et  al. 1986). 

cracking  is  to  remove  the  old  pavement. 

the  use  of  a  cement  treated  base  (CTB).  However, 
Reflection  cracks  have  been  associated  with 

Vita  et  al. (1988) did  not  find  this  to  be  the 
case  at  the  Bethel,  Alaska,  airfield  which  con- 
sists of a CTB underlying  an  asphalt  concrete 
pavement. CTB reflection  cracks  did  not  appear 
to  be  a  serious  problem  at  Bethel.  In  Pact,  the 
construction  and  performance of CTB  in  cold 
regions  has  been  very  successful  and  it  should 
be  considered  for  more  routine  use  in  the  future 
(Vinson  et  al. 1984). 

Two  distress  mechanisms  are  believed  to  cause 
thermal  cracking  in  the  subarctic  and  arctic 
(Fromm and  Phang 1972; Esch  and  Franklin 1989; 
Tian  and  Dai 1988). First,  transverse  cracks  may 
be  caused  by  the  overall  contraction  of  the 
entire  pavement  structure  and/or  underlying 

extend  through  the  entire  pavement  structure  and 
subgrade.  This  mechanism  may  cause  the  crack  to 

centimeters wide and  extend  across  the  pavement 
into  the  subgrade.  The  crack  can  be  several 

verse crack  is  associated with the  thermal  con- 
surface  into  the  shoulder.  This  type of trans- 

traction of soil  (in  the  base,  subbase,  and/or 
subgrade)  rather  than  the  asphalt  concrete  sur- 
face  layer.  In  fact,  they  can  occur  in  both 
paved  and  unpaved  roads  and  airfields  at  inter- 
vals of 12 to 90 m  and  depths  extending  to 2 m 
(Esch  and  Franklin 1989). 

Second,  low  temperature  cracking  is  attribut- 
ed  to  tensile  stresses  induced  in  the  asphalt 
concrete  pavement  as  the  temperature  drops  to  an 

cooled  to a  low  temperature, tensile  stresses 
extremely law  temperature. If the  pavement  is 

develop  as  a  result  of  the  pavement's  tendency 
to contract.  Friction  batween  the  pavement  and 
the  base  layer  resists  the  contraction.  When  the 
tensile  stress  induced  in  the  pavement  equals 
the  tensile  strength o f  the  asphalt  concrete 
mixture  at  that  temperature,  a  microcrack  devel- 
ops  at  the  edge  and  surface  of  the  pavement. 
Under  repeated  temperature  cycles  or  the  occur- 

Traffic/load  associated  cracking  in  airfield 

rence  of  colder  temperatures,  the  crack  pene- 
trates  the f u l l  depth  and  across  the  asphalt 
concrete  layer.  Tian  and  Dai (1988) note  that  it 
may  be  possible for a  thermal  crack  to  reflect 
up  through  the  asphalt  concrete  layer  from  an 
underlying  stabilized  layer  if  the  coefficient 
o f  contraction  of  the  stabilized  layer i s  great- 
er  than  that of the  asphalt  concrete  layer. 

The  primary  pattern  of  low  temperature  crack- 
ing  is  transverse  to  the  longitudinal  axis  of 
the  paving  lane  and  is  fairly  regularly  spaced 
at  intervals o f  30 to 60 m  for  new  pavements to 
less  than 5 m for older  pavements. I f  the  trans- 
verse  crack  spacing  is  less  than  the  width of 
the  pavement,  longitudinal  cracking  may  occur, 

pattern o f  cracking  that  may  be  observed  in  many 
and  a  block  pattern  can  develop.  The  complex 

older airfield  pavements is a result of (1) the 
increase  in  stiffness  (i.e.,  hardening) o f  the 
asphalt  cement  with age, and ( 2 )  the  change  in 
the  geometry  of  the  pavement  slab.  On  the  taxi- 
way  at:  Fairbanks  Airfield  a 3 m *'block  pattern" 
developed  on  the  taxiway  associated  with  longi- 
tudinal  and  transverse  thermal  cracks  (Each  and 
Franklin 1989). 

Fromm  and  Phang (1972) noted  that  the  trans- 
verse  cracks  caused  by  the  overall  contraction 
of  the  pavement  structure  and  subgrade  are  not 
as  serious as cracks  occurring  wholly  in  the 
asphalt  concrete  surface  layer.  Cracks  restrict- 
ed  to  the  asphalt  concrete  surface  layer  allow 
ingress of water  which in turn  increases  the 
rate of stripping,  and  allows  pumping of a  fine 
granular  base  course  and  load  associated  crack- 

may  result  in  the  formation  of  an  ice  lens  below 
ing.  Water  entering  the  crack  during  the  winter 

the  crack  which  produces  upward  lipping  at  the 
crack  edge.  Also;  de-icing  salts  may  enter  the 

which,  in  turn,  may  result  in  a  depression 
crack  and  cause  localized  thawing  of  the  base 

around  the  crack.  Cedergren  and  Godfrey (1974) 
noted  that 70% of  surface  runoff  can  enter a 
crack  one mm wide. 

L O W  TEMPERATURE CRACKING OF AIRFIET,DS 

Identification of Lo w Temaerature c 

ing  will  occur  in  airfield  pavements  constructed 
in  the  subarctic or arctic.  Esch  and  Franklin 

the  possible  exception of those  in  the  south- 
(1989) state  that  all  pavements  in  Alaska,  with 

coastal  areas,  can  be  expected to suffer  from 
thermal  contraction  cracking.  Therefore,  design 
engineers  involved  in  establishing  the  require- 
ments  for  airfield  pavements  must  identify  an 
asphalt  concrete  mixture  that will minimize  low 
temperature  cracking  without  compromising  other 
performance  characteristics,  for  example,  Peals- 

ployed to identify the low temperature cracking 
tance to rutting. Three approaches  may be em- 

resistance of an  asphalt  concrete  mixture: (1) 
regression  equations, !2) mechanistic  predic- 
tions,  and ( 3 )  simulatlon  measurements. 

fields  in  Canada,  Haas,  et  al., (1987) estab- 
Based  on  ah  analysis  of  data  from 26 air- 

lished  regression  equations  to  predict  the  aver- 

PVN (McLeod 1972, 1987) and  the  minimum  temper- 
age  transverse  crack  spacing  based,  in  part,  on 

were  south  of  the 50°  north  latitude.  Fifteen 
ature  at a site.  The 26 airfields  considered 

were  Itcoastal  associated**  airports.  Approximate- 

ment  overlays.  Finally,  extracted  (not "origi- 
ly  half of the  observations  were  made  for  pave- 

It i s  inevitable  that  low t e m p e r e r a c k -  

ssp 



naln)  aephalt-cement properties were used to 
develop the regression eguation(6). 

the surface layer when the thermally induced 
sized that low temperature cracking occurs in 

tensile stress (owing to the pavement's tendency 
to contract with decreasing temperature which  is 
reoiksted by friction at the pavementlbase course 
interface) equals the tensile strength of the 
asphalt concrete mixture. The thermally  induced 
tensile stress is generally calculated from a 
pseudo-elastic beam analysis equation ( H i l l s  and 
Brien 1966) which employs two input parameters: 
(1) the coefficient of thermal concentration, 
and (2) the asphalt concrete mix stiffness. The 
tensile strength of the asphalt concrete mix may 
be estimated or measured in the laboratory in 
either direct or indirect  tension. 

Crete mix stiffness and the tensile strength 
The determination of both the asphalt  con- 

requires that the rata of cooling in the field 
(and the associated development of tensile 
stresses and strength) must be related to a rate 
of loading or deformation in the laboratory (or 
in the case of a creep test, a time after ini- 
tial  loading). To date, a procedure to accom- 
plish this task has not bean convincingly  demon- 
strated to the pavement engineering community. 

simulation Measurement 

suggest that the thermally induced  stress, 

measured  in q laboratory test which  simulated 
strength,  and temperature at failure could be 

the conditions to which a pavement d a b  was 
subjected  in the field. The basic  requirement 
for the  test system is that it maintains the 
test specimen at constant length during  cooling. 
Initial efforts to accomplish this involved the 
use of "fixed frames,, constructed from  invar 
steel (Monismith et  al. 1965; Fabb 1974; Janoo 

, these devices were not satisfactory for larger 
1989; and Kanerva and Nurmi 1991). In general, 

specimens owing to the fact that as the tempera- 
ture decreased the load  in the specimen caused 
the frame to deflect to a degree that the 

Arand (1987) made a substantial improvement to 
stresses relaxed and the specimen didn't  fail! 

the test system by inserting a displacement 
glfeedbackgg loop which insured  that the stresses 
in the specimen would not relax because the 
specimen Length was continuously corrected  dur- 
ing the test. A modified version of  ArandIS 
system, fabricated at Oregon state University 
under Contract A-003A of the Strategic  Highway 
Research Program (SHFW), is shown in Figure 1 
(Jung and Vinson 1991) . 

A typical result from a thermal stress re- 
strained specimen test (TSRST) is shown in Fig- 
ure 2. The thermally induced stress gradually 

specimen fractures.  At the break  point, the 
increases as temperature decreases until the 

stress reaches its  maximum  value,  which is re- 
ferred to as  the fracture strength,  with a cor- 
responding fracture temperature. Tha slope a€ 
the stress-temperature curve, dS/dT, increases 
until it reaches a maximum  value. At colder 
temperatures, dS/dT becomes constant and the 
stress-temperature curve is  linear. The transi- 
tion temperature divides the curve into two 
parts, relaxation and  nonrelaxation. As the 
temperature approaches the transition tempera- 
ture, the asphalt cement becomes stiffer and the 
thermally  induced streases are not  relaxed  be- 
yond this temperature. The slope tends to 

In  the mechanistic prediction it is  hypothe- 

Monismith et al. (1965) were the first to 

Load Cell I t  
- : Thermistors 

Figure 1. Schematic of thermal stress restrained 
specimen test (TSRST) apparatus. 

4 r  I 

Relaxation - 

?35 -30 -25 -20 -15 -10 -5 0 
Temperature (OC) 

Figure 2. Typical TSRST results for  monotonic 
cooling. 

decrease again when the specimen is close to 
fracture due to the stiffness of the asphalt 
cement or the development of microcracks. 

Representative TSRST results for mixtures 
with two asphalt cements and two aggregates  are 
shown in Figure 3. Fracture temperatures for 
the 5 x 5 x 25 cm  beam specimens subjected to a 
IO-cfhr rate of cooling are plotted against the 
air voids content. The ranking for the mixture 
response is  in agreement with the ranking  based 
on the physical. properties of the asphalt ce- 
ments. Specifically, AAK2 (AC-10)  exhibits the 
coldest fracture temperature and AAGl (ARQOOO) 
exhibits the warmest fracture temperature. 

TSRSTe are generally conducted at a rate of 
cooling of  10°C/hr. The slower the rate of coal- 

difference may be as great as 5OC for a rate of 
ing the colder the fracture temperature. The 

cooling o f  l0C/hr compared to 1O0C/hr. The rate 
of cooling apparently does not have a signifi- 
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Figure 3. Fracture temperature versus air voids 
content. 
cant influence on the TSRST results for rates of 

yoehi 1984). Field rates of  cooling are less 
cooling faster than S°C/hr  (Sugawara  and Mori- 

than I°C/hr (Janoo et  al.  1990). 
TSRSTs are cgnducted under lung-  and short- 

term age conditioning. The greater the  degree of 
age conditioning the warmer the fracture temper- 
ature. The long te oven age (LTOA) condition- 
ing is believed toTepresent aging  which occurs 
during the construction of the pavement through 
a 5 to 10 yr time period  thereafter. The frac- 
ture temperature of a short-term  srpecimen is of 
the order of S°C colder than a long-term speci- 
men, which i s  very  significant. 

E CRACKING OF AIR - 
ETm P A V @ l E K E d L T H E  S-ARCTTI: 

Considering the limitations of existing re- 
gression equations and mechanistic predictions, 
it appears the potential occurrence o f  low tem- 
perature cracking is best evaluated with a simu- 
lation  measurement. Figure 4  presents a frame- 
work to evaluate low temperature cracking based 
on TSRST results. Implicit in the framework is 
the assumption that the TSRST fracture tempera- 
ture is equivalent to  the field fracture temper- 
ature of an airfield  pavement. The design air 
temperature should be based on the probability 
of occurrence of a given low temperature at the 
airfield  location, For example, the design tem- 
perature might be the coldest  expected tempera- 
ture with an annual probability less than or 
equal to 23. This means that the temperature 
will  only drop this low once every 50 years. 

culated  from the air temperature (Goering and 
Zarling  1985) or established from empirical cor- 
relations.  In  general, the pavement temperature 
will be several degrees warmer than the air tem- 
perature. At the St. Anne test road the pavement 

the air temperature (Deme et al. 1975). 
temperature was approximately 5Oc warmer than 

The other elements of the frapework have been 
discussed above. The acceptable mix design de- 
termined  is most likely  conservative since it is 
based on a fully aged  mix,  whereas field aging 
'will occur gradually over the life  of the pave- 
ment. 

The pavement surface temperature may  be  cal- 

Mix Design with 
Conventional or 

Modified Asphalt 

+ 
Compactionof ' 

Specimens at Field 
I Air Voids Content , 

Age Conditioning of 
i 

.1 \ 

spccimtns 

teasluement of TSRST 
F h e  Temperatme 

CFT) at 1 O C m t .  (or 
1 O°C/hr w/ correction) 

I 

fdentification of Design' 
Air Tcnpcrrrture at 
m e l d  Location 

3. 
'Relationship betweon ' 

Air Temperature and 
Pavement Swfhce 

~ Tempture / 
I + + 

Cornparision  of TSRST-FT to 
Design Pavement Surface Temperature (DPST) 

colder than 

Mix Design OK I"I Redesign mix 

Figure 4. Framework to evaluate low temperature 
cracking o f  airfield pavements. - 

Professionals involved with the design of 
airfield pavements in the eubarctio and arctic 
must be concerned with four modes of  distress: 
(1) distortion and pavement  faulting, (2) disin- 
tegration, (3) inadequate skid resistance, and 
(4) cracking. 

A framework to evaluate the potential for 
low temperature cracking at subarctic and arctic. 
airfields is presented. The framework employrd 
the results'from the thermal stress restrained 
specimen test, the aging charaeteristicB 05 the 
asphalt concrete-mix, the field cooling rate, 
and the probability of occurrence o i  an extreme 
low temperature at a given location. The mix 
design which is dk~tennined to be acceptable is 
most  likely conservative since the design is. 
based on a  fully-aged  mix, whereas aging in the 
field will occur gradually over the life o i  the 
pavement. 
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GEOPHYSICAL AND PHOTOGRAMMETRICAL INVESTIGATION OF 
ROCK GLACIER MURAGL I, UPPER ENGADIN, SWISS ALPS. 

Daniel 5 .  Vonder Muhll  and  Willy Schmid 

Laboratory  of  Hydraulics,  Hydrology  and  Glaciology, 
VAW -ETH Zentrum 

CH - 8092 ZUrich, Switzerland 

Muragl I is one of f i v e  rock g l ac i e r s   i nves t iga t ed   w i th in  a r e c e n t l y   e s t a b l i s h e d  
permafrost  monitoring  program. The physical  parameters  of  Muragl I were determi- 
neded by t w d  geophysical  methods. Seismic refract ion  surveys  revealed a t y p i c a l  
t h ree - l aye r   ca se :   ac t ive   l aye r  ( 2  rn t o  7 m th i ck )   w i th  a velocity  of  about 
1000 m/s or  less and a near -sur face   re f rac tor   wi th  3200 m / s  t o  3700 m / s  repre- 
sen t ing   t he   pe rmaf ros t .  With long  prof i les ,   bedrock (-5000 m/s) was reached a t  
depths  of  about 50 m. DC r e s i s t i v i t y   s o u n d i n g s  shcwed the   p resence  o f  a l a y e r  
with  several  hundreds  of k h ,  i n d i c a t i n g   t h e  rock glaciers   permafrost   consi-  
s t i n g  of congelat ion ice. F i r s t  results of the   aerophotogrammetr ica l   s tud ies   in  
t h e  time period 1981/1985/1990 are   a l so   p resented .   Evalua t ion  was performed  with 
a n   a n a l y t i c a l   p l o t t e r  by simultaneously  comparing two p i c t u r e s  o f  t h e  same a rea ,  
b u t   a t   d i f f e r e n t   d a t e s .   S u r f a c e  movements were c o n s i s t e n t l y  i n  the  range  of 1 - 
2 decimeters   per   year .   Accelerat ion and thickness  change o f  the   c reeping  perma- 
f r o s t  body were ca l cu la t ed .  

v 
i s  one  of t h e   f i v e  rock   g lac ie rs   tha t   a re   s tud-  
ied  within  the  scope bf the   permafros t  
monitor ing  program  ini t ia ted  recent ly   (Haeberl i  
e t  a l .  1993) . The i n v e s t i g a t e d  rock g l a c i e r  is 
approximately 750 m long and 150 m wide,  and 
has  pronounced lobes, furrows,  and  ridges 
caused by compression  flow. The lobes show sev- 
eral  societies  of  vegetation  and  l ichen,  and 
hence  have  developed. most l i k e l y   o v e r   s e v e r a l  
generat ions.  The rock  glacier  flows  from a 
small c i r q u e   i n t o   t h e  main v a l l e y  of  Muragl. 
The flow d i r e c t i o n   t u r n s   s h a r p l y  from NNE t o  NW 
(see Figures 1 and 5) . 
a l ready   descr ibed  by Salomon (1929) and Doma- 
radzki (1951). Barsch (1973) i n v e s t i g a t e d   t h e  
f r o n t a l   p a r t  of rock g l a c i e r  MuragL I by t h e  

A t  t h e   f r o n t ,   t h e   a c t i v e   l a y e r   t h i c k n e s s  o f  u p  
r e f r a c t i o n  seismic method with a sledgehammer. 

t o  20 m ind ica ted   tha t   the   permafros t  i n  t h e  

posed t h a t  80 m beh ind   t he   f ron t ,   t he   ac t ive  
rock g l a c i e r  i s  i n a c t i v e .  However, Barsch  sup- 

l aye r   t h i ckness  i s  about  four meters. Barsch 
and Hell (1975) measured in t h e   f r o n t a l   p a r t  a 
hor i zon ta l   ve loc i ty  of 21 cm/a and a v e r t i c a l  
displacement  of 10 cm/a. BTS-measurements 
(Haeberli  1992) showed t h a t   t h e   e n t i r e  rock 
g l a c i e r   a r e a  is under  permafrost  conditions, 
and ca l cu la t ions   w i th   t he  d i g i t a l  permafrost  
d i s t r i b u t i o n  program PERMAKART (Keller 19921 
i nd ica t ed   t ha t   rock   g l ac i e r  Muragl I l ies a t  
t h e  margin of the  discont inuous  permafrost  
area.  

survey  the  rock  glaciers  by means of a e r i a l  
photos  and to   u se   t he   co r re spond ing   da t a  
p r o c e s s i n g   p o s s i b i l i t i e s  of t h e   a n a l y t i c a l  
p lo t t e r .   Aer i a l   pho tos  from t h i s   r e g i o n   a r e  
ava i l ab le  fOK t h e   y e a r s  1981, 1985 and 1990. A 
direct  comparison o f  t h e  same a r e a   f o r  two d i f -  

Located i n   t h e   e a s t e r n  Swiss Alps,  Muragl I 

The two  rock   g lac ie rs   in   the  Val Muragl a r e  

It i s  t h e  aim of the  monitoring  network to 

ferent   yeaqs  enables   to   determine  changes  in  
a l t i t u d e  arid displacements.  

about   the  physical   parameters   of   the   permafrost  
In   o rder  t o  obta in   addi t iona l   in format ion  

body of  rock  glacier Muragl I, seismic re- 
f r a c t i o n  and DC r e s i s t i v i t y   s o u n d i n g s  were car- 
r i e d   o u t   i n   t h e  summer of 1991. The knowledge 
of seismic wave v e l o c i t i e s ,   t h i c k n e s s  of t h e  
ac t ive   l ayer ,   depth   to   the   bedrock   and  

c r e a s e s   t h e  understanding  of   the processes  i n  
r e s i s t i v i t y  o f  t h e  rock   g lac ie r  permafrost  i n -  
t h i s   p e r i g l a c i a l   a r e a .  Very low frequency re- 
s i s t i v i t y  (VLF-R) measurements were performed 
t o  test  c a p a b i l i t y  of t h i s  method in   permafros t  
a r eas .  R e s u l t s  remain  ambiguous but with   fur -  
t h e r  measurements it is  hoped t h a t  results will 
provide  valuable   information.  

In summer 1991, seismic refraction measure- 
ments  and DC r e s i s t i v i ty   . sound ings  were c a r r i e d  
out on rock   g lac ie r  Muragl I. Figure 1 gives  an 
overview of the   inves t iga t ions   per formed.  A s i -  
g n i f i c a n t   d i f f i c u l t y  of geophysical  measure- 
ments  on blocky  permafrost   surfaces arises from 
t h e   d i f f i c u l t   c o n t a c t  between the   sou rces ,   t he  
sensors  and  the  ground. 

 or seismic purposes,   explosives are usual ly  
detonated in boreholes i n  o rde r   t o   i n t roduce   an  

t h e   s u r f a c e  of rock   g lac ie rs  is covered  with 
optimum amount of   energy  into  the  ground.   Since 

big  boulders,   explosives  could  only be placed 
underneath  them. Geophones were p res sed   i n to  
fissures o r  between the  bwulders. 

p u t t i n g  steel s t i c k s  in to   the   g round t o  genera- 
DC r e s i s t i v i ty   sound ings   a r e   u sua l ly  done by 

te an e l e c t r i c a l   p o t e n t i a l   f i e l d  which i s  sur- 
veyed by t h e   p o t e n t i a l   e l e c t r o d e s  made of clay 
pots .  On r o c k   g l a c i e r s   t h e   c o n t a c t   r e s i s t i v i t y  
between t h e  steel st icks and t h e  underground i s  

, f i e l d  i n  the   subsur face ,   sa l twater  
gene ra l ly  too   h igh .  To c r e a t e   t h e   e l e c t r i c a l  
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FIGURE 1. Geophysical  measurements on rock 
g l a c i e r   M u r a g l  I i n   t h e  summer of 1 9 9 1 .  The 
g r i d   c o r r e s p o n d s   t o   t h e   o r t h o g o n a l   S w i s s   C o o r -  
d ina t e   Sys t em ( u n i t  i n  meters). 

s a t u r a t e d   s p o n g e s  were used a3 c u r r e n t   e l e c t r o -  
d e s ,  The c l a y  p o t s  have t o  be   p l aced   ve ry  
c a r e f u l l y   w i t h   t h e   h e l p  of mud and   water .  

which  change, t h e i r   p h y s i c a l   p r o p e r t i e s   o v e r  
s h o r t   d i s t a n c e s ,  so  it i s  d i f f i c u l t   t o  
c a l c u l a t e  a d e t a i l e d   s t r a t i g r a p h y .  

v e d   ( c f .   F i s c h  e t  al. 1977; King e t  dl. 1987; 
Evin e t  .dl. 1990) . 

Rock g l a c i e r s   a r e   t h r e e - d i m e n s i o n a l   b o d i e s  

N e v e r t h e l e s s ,  a r o u g h   s t r u c t u r e   c a n   b e   d e r i -  

i 

. F i v e  seismic r e f r a c t i o n   p r o f i l e s  were c a r r i e d  
o u t .  In o r d e r   t o  c a l c u l a t e  t h e   t h i c k n e s s  of t h e  

C e r v a l s  on t h e   c r o s s i n g   p r o f i l e s   a n d  1 0  m on 
a c t i v e  layer ,   geophanes  were p l a c e d  at. 5 m i n -  

t h e   p r o f i l e s   w h i c h   a r e   p a r a l l e l  t o  t h e   f l o w  
l i n e  d i r e c t i o n .  The l o c a t i o n  of each  geophone 
and s h o t  p o i n t  was de te rmined  by g e o d e t i c  sur- 
vey.  The  acoustic  waves were g e n e r a t e d  by ex- 
p l o s i v e s  (Te ls i t  A ,  up t o  1 kg' p e r   s h o t )  . The 
r e g i s t r a t i o n  was made w i t h  a 24 channel  ABEM 
TERRALOC Mk 11. F o r   t h e   i n v e s t i g a t i o n s  of  t h e  
p e r m a f r o s t   r e f r a c t o r ,   t h e   G e n e r a l i z e d  Reci- 
p r o c a l  Method  (Palmer  1980, Palmer 1986) was 
used .  The  method,  based  on  Nagedoorns Plus- 
Minus method  (Hagedoorrf 19591, t a k e s  m i g r a t i o n  
i n t o   a c c o u n t .  The  two p r o f i l e s   a l o n g   t h e  main 
f l o w - l i n e   d i r e c t i o n   s h o u l d   e n a b l e   t h e   d e t e r m i -  
n a t i o n  of t he   bed rock   dep th .  

d i r e c t i o n   h a d  a s t r o n g  a v e r a g e   i n c l i n a t i o n ,  a 
S i n c e . e s p e c i a l l y   t h e  p r o f i l e s  i n  flow l i n e  

c o o r d i n a t e   t r a n s f o r m a t i o n  was p e r f o r q e d   f i r s t .  
The new d i s t a n c e   a x i s  i s  t h e   l i n e a r   r e g r e s s i o n  
l i n e   c a l c u l a t e d   f o r   t h e   d i s t a n c e   a l o n g   t h e   p r o -  
f i l e  a n d   t h e   a l t i t u d e  of t he   geophones   i n   o rde r  
t o  o b t a i n  m i n i m a l  t o p o g r a p h i c   e f f e c t s .  The num- 

FIGURE 2 .  Depth o f  t h e   p e r m a f r o s t   t a b l e  on pro- 
f i l e  MGL S1 ( d i f f e r e n c e  of  e l e v a t i o n   b e t w e e n  
geophones   and   r e f r ac t ing   e l emen t s  of d i f f e r e n t  

p a t c h   e x i s t s   a n d   h e n c e   t h i c k n e s s  of t h e   a c t i v e  
s h o t s ) .  On t h e   r i g h t   s i d e ,  a p e r e c n i a l  snow 

t h i c k n e s s  of t h e   a c t i v e   L a y e r  i s  d e c r e a s e d .  
l a y e r  i s  v e r y   s l i g h t .   N o t e   t h a t  a t  t h e   f u r r o w s ,  

1 . . 
' ?  
\ 
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FIGURE 3 .  S t r u c t u r e   u n d e r   t h e  seismic r e f r a c -  
t i o n   p r o f i l e  LlGL 52 .  The long d i s t ance   be tween  
t h e  s h o t  p o i n t s   p r o v i d e d   s i g n a l s   f r o m   t h e  bed- 
rock,  which l i es  a t  a dep th   o f   abou t  40 t o  
60 m .  

b e r  of  l aye r s  a n d   t h e i r  s t ructures  i s  d e t e r -  
mined  from t h e   t i m e - d i s t a n c e   c u r v e   d e f i n e d  by 
t h e  new c o o r d i n a t e  s y s t e m .  t r a v e l  times. Va 

V e l o c i t y  of t h e   a c t i v e   l a y e r  i s  c a l c u l a t e d  by 1300 m / s .  .In t h e  
d i v i d i n g   t h e   d i r e c t   d i s t a n c e   b e t w e e n   t h e   s h o t   w i t h   p r e d o m i n a n t  
po in t s   and   t he   nea res t   geophones  by t h e  snow p a t c h e s ,  ve 

lues vary  between 400 and 

l y  b o u l d e r s   a n d   p e r e n n i a l l y  
l o c i t i e s  of t h e  ac t ive  layer 

u p p e r   p a r t  of the r o c k   g l a c i e r  
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a r e  h i g h e r   t h a n   i n   t h e   m i d d l e   a n d   l o w e r   p a r t  

even some vege ta t ion . ,   Haebe r l i   and  Pa tze l r  
w h e r e   t h e r e  i s  more f i n e - g r a i n e d   m a t e r i a l   a n d  

(1982)  observed  a s i m i l a r   r e l a t i o n  a t  t h e   r o c k  
g l ac i e r   Hochebenkar   (Aus t r i a ) .   S ince   rock  
g l a c i e r s  are moving  downslope, a l t i t u d e  
co r re sponds   rough ly  t o  t h e   a g e  of r o c k   g l a c i e r  
material. T h e   b o u l - d e r s   f a l l i n g   o n t o   t h e  upper- 
most p a r t   o f   t h e   c r e e p i n y   p e r m a f r o s t   s u r f a c e ,  
w e a t h e r   d u r i n g   t h e   t r a n s p o r t   d o w n v a l l e y   a n d   t h e  
n e a r   s u r f a c e   s t r u c t u r e   a l l o w s   e v e n   v e g e t a t i o n  
t o  grow. 

The p r o f i l e  s t r i kes  approximately  East-West  and 
F i g u r e  2 shows r e s u l t s  of seismic p r o f i l e  S1. 

c r o s s e s   t h e   r o c k   g l a c i e r   i n   t h e   c i r q u e .  A p e r -  
e n n i a l  snow p a t c h  occurs a t   t h e   e a s t e r n   p a r t   o f  
t h e   r o c k   g l a c i e r   ( o n . t h e   r i g h t  of F i g u r e  2 ) .  
V e l o c i t i e s   a r e  1200  m/s t o  1300 m/s and 3200 t o  
3500 m / s  f o r   t h e   a c t i v e   l a y e r   a n d   t h e  perma- 
f r o s t  body ,   r e spec t ive ly .  A t  t h e   p e r e n n i a l l y  
f r o z e n  snow p a t c h ,   t h e   c a l c u l a t e d   d e p t h  of t h e  
r e f r a c t o r   ( p e r m a f r o s t   t a b l e )   r o u g h l y   c o i n c i d e s  
w i t h   t h e   s u r f a c e .  The t h i c k n e s s   o f   t h e   a c C i v e  

p o i n t  B .  The same e f f e c t  i s  encountered  by 
l a y e r   d e c r e a s e s  a l s o  a t   t h e   f u r r o w   n e a r   s h o t  

M u r t i l  I (Vonder Muhll i n  p r e p . ) :  G e n e r a l l y  t h e  
seismic re f r ac t ion   measu remen t s  on  rock g l a c i e r  

a c t i v e   l a y e r   t h i c k n e s s   i n c r e a s e s   a t  convex t o -  
pographic   forms   and   decreases  a t  concave  forms. 

On rock g l a c i e r  Muragl I it va r i e s   be tween  0 m 
( p r o f i l e  S1, F i g u r e  2 )  and  about 7 m i n   t h e  
m a r g i n a l   p a r t s   o f   t h e   r o c k   g l a c i e r  
( p r o f i l e s  52, 53 and S 5 ) .  The v e l o c i t y  of t h e  
p e r m a f r o s t   r e f r a c t o r   v a r i e s   b e t w e e n  2600 m/s 
( i n   t h e   l o w e r   p a r t   o f   t h e   r o c k   g l a c i e r )   a n d  

v a l u e s  are observed  on t h e  long d i s t a n c e s  be- 
4050 m/s i n   t h e   m i d d l e  and u p p e r   p a r t ,  High 

t w e e n   t h e   t w o   s h o t   p o i n t s   a n d   v i c e   v e r s a .  T h i s  

w i t h   d e p t h :   t h e   g r e a t e r   t h e   d i s t a n c e   b e t w e e n  
i s  a consequence o f  t h e   i n c r e a s i n g   v e l o c i t y  

t h e   s h o t   p o i n t s ,   t h e   g r e a t e r   t h e   p e n e t r a t i o n  
d e p t h  o f  t h e  seismic waves. 

r e c o r d e d  on t h e  two p r o f i l e s   a l o n g   t h e   f l o w  
l i n e .   R e f r a c t e d   s i g n a l s   f r o m   b e d r o c k   a r e   o b -  

tween 4300 m/s and 5700  m/s. I n   p r o f i l e  S4,  a 
s e r v e d  on  p r o f i l e  2 .  Bedrock   ve loc i ty  l i e s  be- 

f a s t e r   r e f r a c t o r  i s  i n d i c a t e d  but bedrock  depth 
c o u l d  n o t  b e   c a l c u l a t e d .   F i g u r e  3 shows t h e  re- 
s u l t s  f o r   p r o f i l e  $2. The t h i c k n e s s   o f   t h e  

t u d e ,  and i s  r e l a t i v e l y  t h i n  n e a r   t h e  furrows, 
a c t i v e  l a y e r  i n c r e a s e s  w i t h  d e c r e a s i n g  a1 t i . -  

Bedrock l i e s  40 t o  60 m b e l o w   t h e   s u r f a c e .  
Where t h e   r o c k   g l a c i e r   t u r n s  i t s  f low d i -  
r e c t i o n ,   b e d r o c k   d e p t h  seems t o  I n c r e a s e   d r a -  
m a t i c a l l y .  I t  c a n   b e   i n f e r r e d   t h a t   t h e r e  i s  
probably  J l o w  v e l o c i t y   l a y e r   b e t w e e n   t h e   f r o -  
zen   ma te r i a l   and   t he   bed rock .  

S h o t s   o v e r   l o n g   d i s t a n c e s  of  up t o  500  m were 
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FIGURE 4. DC r e s i s t i v i t y   s o u n d i n g s  on rock   y lac ie r   Muragl  1. 



Sounding  MGL E l  is located a t  t h e   e n d   o f   t h e  
cirque i n  t h e   u p p e r m o s t  and o f t e n  shaded part 
of t h e   r o c k  glacier. It  revealed u n d e r n e a t h  a 
2 m t h i c k   a c t i v e   l a y e r  w i t h  a r e s i s t i v i t y  of 
25 knm, a h i g h   r e s i s t i v i t y   l a y e r .  The 
r e s i s t i v i t y  of t h e  second l a y e r  l ies between 
200 k h  and  4 Mszm, a n d  t h e  l a y e r  is between 50 
a n d  70 m t h i c k .  The t w o  a s y m m e t r i c a l  curves 
( n o r t h   a n d   s o u t h )  are similar. For a t h r e e  
l a y e r  case, t h e   t h i c k n e s s  of the  high 

not   more  than 50 m .  If t h i s  l a y e r  is separated 
r e s i s t i v i t y   l a y e r   ( i c e - b e a r i n g   p e r m a f r o s t )  is 

w i t h  a 100 k R m - r e s i s t i v i t y ,   t h i c k n e s s  of t h e s e  
i n t o  two l a y e r s ,   o n e  with a M h -  a n d   t h e   o t h e r  

t w o   l a y e r s   t o g e t h e r  may be up t o  1 0 0  m. 
Inserting a t h i r d   L a y e r  of 20 k h  t h e  t o t a l  
t h i c k n e s s  of t h e s e  three l a y e r s   c o u l d  be more 
t h a n  100 m w i t h o u t   c o n t r a d i c t i o n  t o  the  
m e a s u r e d   d a t a ,  On t h e   o t h e r   h a n d ,  4 high-re-  
s i s t i v i t y   l a y e r  with 4 M n m  c o u l d   n o t  be t h i c k e r  
t h a n  5 m .  W i t h i n   t h e s e   e x t r e m e   v a l u e s   t h e r e  are  
h u n d r e d s   o f   p o s s i b i l i t i e s   f o r   m o d e l s .  

be around 60 m t h i c k n e s s   a n d   a b o u t  1 Mnm a t  
R e a s o n a b l e   v a l u e s  f o r  t h e   p e r m a f r o s t   b o d y  may 

t h i s  s i te .  

t h e   r o c k   g l a c i e r   t u r n s  t o  t h e   N o r t h w e s t .  I t  
shows two a s y m m e t r i c a l  curves which are q u i t e  
d i f f e r e n t .  The t h i c k n e s s   o f   t h e   h i g h  
r e s i s t i v i t y   l a y e r   i n   t h e   n o r t h w e s t e r n  par t  
(downva l l ey )   appea r s  t o  b e   t h i n n e r   t h a n  i n  the  
s o u t h e a s t e r n   p a r t ,   w h i c h   e n d s   a t   t h e  steep rock 
wall .  R e s i s t i v i t y   v a l u e s   v a r y   b e t w e e n  100 knm 
and 3 M L i m .  T h i c k n e s s e s   d e p e n d   o n   t h e   i n s e r t i o n  
o f  a s e c o n d   p e r m a f r o s t   l a y e r  w i t h  a 100 k a m  re- 
s i s t i v i t y .  However, l a y e r   t h i c k n e s s  may be   up  
t o  40 m but not   more .   The   layer   be low  has  a 
much l o w e r   r e s i s t i v i t y   ( s e v e r a l  100  nm) t h a n  
t h e   o n e   i n   s o u n d i n g  MGL E l  b e c a u s e   t h e   c u r v e  i s  
s t r o n g l y   o v e r s t e e p e n e d .  

Sounding  MGL E 2  is l o c a t e d  a t  t h e   p o i n t   w h e r e  

E 
Methods 

c a n   b e   d e t e r m i n e d   b y   c o m p a r i n g   t w o   p i c t u r e s   f o r  
w h i c h   t h e   o r i e n t a t i o n  i s  known. F i n s t e r w a l d e r  
( 1 9 3 1 ) ,  Hofmann (1958)   and K i c k  (1966) deve- 
l o p e d   m e t h o d s   f o r   t h e   c a l c u l a t i o n s .   F l o t r o n  
(1979)  r e f i n e d   t h e   c o n c e p t  and a d a p t e d  it t o  
d i g i t a l   i n t e r p r e t a t i o n   d e v i c e s   w i t h   w h i c h  t he  
d i s p l a c e m e n t   c a n  be m e a s u r e d   d i r e c t l y .   P h o t o -  
grammetrical i n v e s t i g a t i o n s   o f   M u r a g l   r o c k  
glacier were per formed on t h e  KERN DSR 15-18 
a n a l y t i c a l   p l o t t e r ,   w h i c h  i s  a d i g i t a l l y  con- 
t r o l l e d   s t e r e o   r e s t i t u t i o n   i n s t r u m e n t .  

g e n e r a l l y   i n   t h e   o r d e r  of d e c i m e t e r  per 
y e a r . T h e   v e r t i c a l   a c c u r a c y  o f  t h e   i n t e r p r e t a -  
t i o n   o f   a n  aer ia l  p h o t o   t a k e n   f r o m   a p p r o x i -  
m a t e l y  900 m ( c o r r e s p o n d i n g   t o  a scale of 
1:6,000) i s  less t h a n  0.01% of t h e  a l t i t u d e  
above   ground.  The h o r i z o n t a l   a c c u r a c y  i s  a b o u t  
5 c m ,  which  means t h a t   t o t a l   d i s p l a c e m e n t   a c c u -  

u r e  s i g n i f i c a n t  d i s p l a c e m e n t s  t h e   n e c e s s a r y  
r a c y  is a b o u t  10 cm/a. Thus, i n   o r d e r   t o  meas- 

time i n t e r v a l  i s  4 t o  5 y e a r s .   M o r e o v e r ,   t h e  
s u r f a c e  of a r o c k   g l a c i e r  i s  u n d u l a t i n g   a n d   e x -  
t r e m e l y   i r r e g u l a r   a n d   h e n c e  i s  n o t   c l e a r l y  de- 
f i n e d .  

1981, 1985 and 1990 was p r o c e s s e d   d i g i t a l l y  
w i t h  a g r i d   d i s t a n c e  of 20 m. Then ,   two  p ic tu-  
res of a d i f f e r e n t  date were p u t   t o g e t h e r  t o  

I n  1900 Buchholz   recognized  t h a t  d i s p l a c e m e n t  

Creep v e l o c i t y   o f   r o c k  glacier p e r m a f r o s t  i s  

F i r s t ,   e a c h  stereo t e r r a i n  model o f   t h e   y e a r s  

- 
DC r e s i s t i v i t y  of c o n g e l a t i o n  ice i n  perma- 

frost (cf .   ShumskiL 1964) r a n g e s  from kfZm t o  a 
few MRm ( F i s c h  e t  a l .  1977) .. I n   c o n t r a s t ,  tem- 
p e r a t e  glacier ice ( s e d i m e n t r a y  ice) shows  typ-  

and V6gtli  1967). T h e r e f o r e ,  DC r e s i s t i v i t y  
ical  va ' lues  of more t h a n  10  M n m  ( R b t h l i s b e r g e r  

sounding  is an appropriate method to c l a s s i f y  
t h e   f r o z e n  material. 

s p e c i a l  problems of r e s i s t i v i t y   m e a s u r e m e n t s   i n  
permafrost: (i) L a t e r a l   e f f e c t s   c a n   c a u s e   a n  
o v e r s t e e p e n e d   s o u n d i n g  graph ( i n  particular i n  
its d e c r e a s i n g  par t ) .  (ii) L a y e r s   h a v e   t o  have 
a minimum t h i c k n e s s   t o  be d e t e c t a b l e .  (iii) 
F o r m a t i o n   r e s i s t i v i t y   d e p e n d s   o n  temperature 
( H o e k s t r a  and McNeill 1 9 7 3 ) .   T h e   r e s i s t i v i t y  

a round O°C and the  real p e r m a f r o s t  t h i c k n e s s  
rises w i t h  d e c r e a s i n g  temperature, p a r t i c u l a r l y  

may, t h e r e f o r e ,   b e   u n d e r e s t i m a t e d   a n d   o n l y  a 
minimum depth of t h e   f r o z e n   b o d y  i s  d e r i v e d .  
( i v )  S i n c e   d i f f e r e n t   m u l t i - l a y e r   s t r u c t u r e s   g e -  
n e r a t e  similar s o u n d i n g   g r a p h s ,   i n t e r p r e t a t i o n  
of DC r e s i s t i v i t y   m e a s u r e m e n t s   r e v e a l s  a r a n g e  
o €  r e s i s t i v i t y   a n d   t h i c k n e s s   m o d e l s .   I n   a d d i -  
t i o n ,   t h e   h i g h   r e s i s t i v i t y   ( a r o u n d  Mnm) of ice 
r ich p e r m a f r o s t  i s  mainly a consequence  o f  f r o -  
zen water i n   t h e   p o r e s   a n d   f r a c t u r e s .   B e d r o c k  
w i t h   n e g a t i v e   t e m p e r a t u r e s   n e a r   t h e   f r e e z i n g  
p o i n t  o f  water and a low ice  c o n t e n t  may show 
v a l u e s   f a r   b e l o w  100  knm. 

Measurements were c a r r i e d   o u t   w i t h   t h e  Hurn- 
mel -Schlumberger   a r ray .   This   method  provides  
t h r e e   v a l u e s   f o r   e a c h  AB/2 - p o s i t i o n   ( o n e   f o r  
t h e   s y m m e t r i c a l ,   o n e  f o r  t h e   l e f t   s i d e  and one 
f o r   t h e  r ight  s i d e ) .  The a s y m m e t r i c a l   a r r a y  
(Rummel  a r r a y )   a l l o w s   m e a s u r e m e n t s   u p   t o  great 
d i s t a n c e s  (AB/.?) d e s p i t e   u n € a v o r a b l e   t o p o g r a p h y  

tween the  l e f t  and t h e   r i g h t  s i d e   i n d i c a t e  t h e  
(steep walls, e t c ) .  Moreover, d i f f e r e n c e s  be- 

l a t e ra l  v a r i a t i b n   o f   t h e   u n d e r g r o u n d  (see 
sounding  MGL E2, F i g u r e  4 ) .  I t  i s  i m p o r t a n t   t o  
m e a s u r e   t h e   o v e r s t e e p e n e d   d e c r e a s i n g   p a r t . o f  
t h e   c u r v e  so t h a t   t h e   t h i c k n e s s  of t h e   h i g h  re- 
s i s t i v i t y   l a y e r  can be m o d e l l e d .   I n t e r p r e t a -  
t i o n s  are made on a p e r s o n a l   c o m p u t e s   u s i n g  a l -  
g o r i t h m s  based on Koefoed ( 1 9 7 9 ) .  

t y   s o u n d i n g s  were c a r r i e d   o u t  (see F i g u r e  1 ) .  
The lowermost   one (MGL E 3 )  i s  s i t u a t e d  a t  t h e  
t r a n s i t i o n   b e t w e e n   t h e   a c t i v e   a n d   i n a c t i v e   p a r t  
( v e g e t a t i o n  appears d o w n h i l l ) .   O b s e r v e d   v a l u e s  
of a p p a r e n t   r e s i s t i v i t y  were c o n t r a d i c t o r y .  The 
two o t h e r   r e s i s t i v i t y   s o u n d i n g s   f u r n i s h e d   t h e  
t y p i c a l   f o r m   o f   e l e c t r i c a l   m e a s u r e m e n t s   i n  per- 
m a f r o s t .  A f t e r  a s m o o t h   i n c r e a s e   o f   t h e  
a p p a r e n t   r e s i s t i v i t y   w i t h   e l e c t r o d e   s p a c i n g  
AB/2, a s u d d e n   d e c r e a s e   o f   o n e   t o   t w o   o r d e r s  of 
m a g n i t u d e   o c c u r s .   I n i t i a l   i n t e r p r e t a t i o n s  pro- 
v i d e  a t h r e e - l a y e r  case w h e r e   t h e  active l a y e r  
h a s   s e v e r a l  k h ,  the  h i g h l y   r e s i s t i v e   f r o z e n  
ground several 1 0 0  kflm, and t h e   u n f r o z e n   b e d -  

b o r e h o l e s  i n  t he   A lps   (Vonder  MUhll and  Holub 
rock several 100 am. R e f e r r i n g   t o   p e r m a f r o s t  

d e c r e a s e  w i th  d e p t h ,   T h e r e f o r e ,   t h e   s e c o n d  
1992) ,  ice c o n t e n t   i n   t h e   p e r m a f r o s t   t e n d s  t o  

layer of t h e   t h r e e - l a y e r  model i s  s e p a r a t e d   i n -  
t o  two :   one   w i th  a h i g h e r   r e s i s t i v i t y  
( c o r r e s p o n d i n g  to t h e  ice r i c h ,   c o l d  p a r t ) ,  and 
o n e   w i t h  a m o d e r a t e   p e r m a f r o s t   r e s i s t i v i t y ,  

F i g u r e  4 s h o w s   m e a s u r e d   v a l u e s   a n d   i n t e r p r e -  
t e d   c u r v e s .   I n   o r d e r   t o   d e t e r m i n e  maximum and 
minimum values f o r   r e s i s t i v i t y   a n d   t h i c k n e s s ,  
s e v e r a l  extreme models were c a l c u l a t e d .  

King et al. (1987). ment ion  with r e g a r d   t o  the  

On rock  glacier Muragl I t h r e e  DC, r e s i s t i v i -  
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Muragl I between t h e   y e a r s  1985 and 1990.  
FIGURE 5 .  Displacement   vectors  an   rock   g l ac i e r  

form a s t e r e o  model. A t  t h e   g r i d   p o i n t s ,   w h i c h  
are l o c a l i z e d   a u t o m a t i c a l l y  by t h e   a n a l y t i c a l  
p l o t t e r ,   t h e   p a r a l l a x e s  which are caused by t h e  
movement of t h e   r o c k   g l a c i e r   a r e  measured  and 
t h e   c o r r e s p o n d i n g   d i s p l a c e m e n t s   c a l c u l a t e d .  
These   bas i c   da t a   enab le   t he   subsequen t  
c a l c u l a t i o n s   o f   v e l o c i t y ,   c h a n g e s   i n   s u r f a c e  
a l t i t u d e   ( A h ) ,   a n d   s t r a i n  rates t o  be made. 

Results 
The vectors   of   displacement   between 1985 and 

1990 a r e   p r e s e n t e d   i n   F i g u r e   5 .  The v e l o c i t i e s  
decrease   towards   the   margins .  The s h a r p   t u r n   o f  
t h e   f e a t u r e  is a l s o   v i s i b l e   i n   t h e   d i r e c t i o n  o f  
t h e   v e c t o r s .  Maximum values o f  30 cm/a o c c u r   i n  
t h e   c e n t e r  of t h e   r o c k  glacier. The lowermost 
part, where  Barsch (1973) performed seismic re- 
fract ion  measurements ,   shows  very  small  
movements,  There, a h i g h e r   r a t e  o f  disp lacement  
is obse rved   i n   t he   pe r iod   1981 /1985   t han   i n  
1985/1990. The same tendency  i s  o b s e r v e d   i n  t h e  
marg ina l   pa r t s .  Th i s  ind ica tes   an   ongoing   s low-  
down of   the   rock  glacier movement i n   i t s f r o n t a l  
part as  well a s  a t  the   marg ins .  

s e v e r a l   e x c e p t i o n a l   p o i n t s  are measured, 
e s p e c i a l l y   i n   t h e   m a r g i n a l   a n d   f r o n t a l   p a r t s .  
These   po in ts   a re   caused  by b l o c k s   f a l l i n g  down 
a break l i n e .  

t h e   a l t i t u d e  per year   between 1981 and 1990 re- 
v e a l e d   t h a t   a r e a s   w h i c h  rise ox subs ide   occu r  

ment  of t h e   s u r f a c e  i s  less than  20 cm/a. The 
randomly  over t h e  rock g l a c i e r .   V e r t i c a l  move- 

only   except ion  i s  t h e   s l o w  moving a r e a   i n   t h e  
t r a n s i t i o n  zone  between the c i r q u e   a n d   t h e  val- 
l e y  on t h e   e a s t e r n   p a r r   w i t h   s u b s i d e n c e   r a t e s  
of  up t o  40 cm/a. 

1981/85 and  1985/90 are qui te  d i f f e r e n t ,   e s p e -  
S ince  t h e   v e c t o r  p l o t s   o f   t h e  two  per iods 

cially i n   t h e   f r o n t a l   a n d   m a r g i n a l   p a r t s ,   a c -  
c e l e r a t i o n  of t h e   r o c k ,   g l a c i e r   c a n  be 
c a l c u l a t e d ,  i.e. the   ve loc i ty   changes   be tween 
t h e  two time i n t e r v a l s .  The observed   t rend  o f  a 
s topp ing  of the   rock  glaciers movement i n   t h e  
lowermost p a r t  is not   confirmed,   most   l ikely 
due t o   t h e   e x c e p t i o n a l  points .  Values  vary 

The c a l c u l a t i o n  o f  t h e   v e r t i c a l   v a r i a t i o n s   o f  
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IRE 6. Rates of c h a n g i n g   s u r f a c e   a l t i t u d e  
' A t )  between t h e   y e a r s  1981 and 1990 i n  cen- 

wi th in  20 cm/a2, i .e. w i t h i n   t h e   u n c e r t a i n t y   i n -  
t e r v a l .  The results imply  unwieldiness  o f  t h e  
permafrost  body. 

photogrammetrical  study,  measurements  with  in- 

of  rock  glacier  Muragl I i s  about 3 t o  4 times 
c r e a s e d   i n t e r v a l s   a r e  recommended. The movement 

s lower   t han   t ha t  of t h e  Gruben rock glacier 
(Haeberli  and  Schmid 1988), so t h e   s u r v e y   p e r i -  
ods  should be approximately twice t o   t h r e e  
times longer .  - 

I n   o r d e r   t o   o b t a i n  better r e s u l t s  from t h e  I 

The combined  geophysical  and 
photogrammetr ical   s tudy of r o c k   g l a c i e r  Muragl 
I r e v e a l e d   t h a t   t y p i c a l  seismic v e l o c i t i e s   i n  
t h e   p e r m a f r o s t  are approximately 1000 m / s  f o r  
t h e   a c t i v e   l a y e r  , 2800 - 3900 m/s for the ice- 
bear ing  permafrost ,   and 5000 m/s for   bedrock .  
Thicknesses o f  t h e   a c t i v e   l a y e r   v a r y   b e t w e e n  1 
and I m wi th   h ighe r   va lues   nea r   t he   rock  
g l a c i e r   f r o n t .  DC r e s i s t i v i t y   v a l u e s   f o r   t h e  
a c t i v e   l a y e r   a r e   a b o u t  20 kf2m and 100 - 
2000 ki2m €or the   i ce -bea r ing ,   h igh ly  resistive 
permafros t .  The t h i c k n e s s   o f   t h i s   h i g h -  
r e s i s t i v i t y  layer may be up t o  100 m and ., 

dec reases  from t h e   u p p e r  part of   t he   rock  
g l a c i e r   t o  i t s  lower  par t ,   which i s  o f   t h e  same 
o rde r  as t h e   v a l u e s   d e r i v e d   f r o m   t h e  seismic 
survey .  The permafros t  body c r e e p s   w i t h  a ve- 
l o c i t y  o f  10-30 cm/a i n  a predominantly 
comressing mode. The o v e r a l l  flow d i r e c t i o n  
changes   d ra s t i ca l ly   ( abou t  g o o ) .  Variations i n  
a l t i tude  a n d   v e l o c i t y   b e t w e e n   t h e  two Periods 
remain  within  measuring  accuracy.   subsiding  and 
r i s i n g   a r e a s  are randomly d i s t r i b u t e d .  The mar- 
g i n a l  and f r o n t a l  parts of t h e   r o c k   g l a c i e r  ap- 
pea r  t o  slow down. 
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RAPID BOLIPLUCTION AS A STAGE OF TEE TRAWSfTfON FROM COVERED SOLIFLUCTXON M TEE PREE SOLIFLUCTION 

E. A. Vtyurina, S. G. Guevorkian, V. L. Poananin 

Industrial  and  Research  Institute  for  Engineering  Investigations of Construction, 
18, Okruznoy,  Moscow,  Russia 

In  this paper the rapid  solifluction  is shown as a  process of the  transition from 
covered  solifluction to the open one. Tvo kind8  of  the  sapid  solifluction are distin- 
guished  according to the  mechanism of the  thawed soilWs movement dorm the slope. The 
first kind  corresponds to the  case  of  the  movement  like the flow of viscous  Hew- 
tonian media, and the second  kind  corresponds to the  movement of vieco-plastic Bin- 
ghamian  media. The causes  of  thawed  8011's  local  instability on the slope  are 
revealed,  and  critical  conditions,  necessary for the  rupture of the turf  layer  and 
its  swift  descent  down  the  slope  are  analysed. 

The  problem  of  rapid  solifluction on slope  in 
the  zone of permafrost  has  been  insufficiently 
developed as  yet,  despite it's  negative  impact  on 
the  development  of the territory.  Saying  about 
the  rapid  solifiction  (or  spliv  in  Russian  ter- ~ 

minology;  that  signifies the rapidly  flouting 
turf  on  the  slope ) we imply  the  phenomenon o f  the 
rupture of the turf  Payer  and  its  swift  descent 
downwards the slope.  Because  the  term  spliv  bet 
ter  corresponds to the essence of  this 
phenomenon,  below we use  this  term  instead of the 
term  rapid  solifluction . Most researchers  con- 
sider  the splivs as  one of the  types of solifluc- 
tion  (Kaplina, 1 9 6 5 ;  Popav, 1967; Zhigarev, 1975, 
1978; Geocryology of the USSR, 1989), but,  how- 
ever,  the main distinguishing  feature  which  would 
enable  us to rank  the  spliv  with  other  types of 

has  not  been shown yet. The  difference between 
solifluction (closed OK covered,  open or free) 

the  covered  and  free  solifluction  is  in  the  condi- 
tions  of soil flow.  Covered  solifluction  concexns 
the  soil  flow  under the turf.  In  the  case of free 
solifluction the  soil  flows  over  the  turf or the 
turf is lacking (Fig. 1 ) .  

In a  contrast  with the view by (Kaplina, 1965; 
zhlgarev, 19781, the specific  charact.er of the 

solifluction  may  be  shown  only i f  we  take  into 
consideration the presence  and  behaviour  of the 
turf  layer  (turf-peat horizon) during the process 
of the  spliv . The velocity of soil's flow and  the 
time of SOi1'5 movement  appearance  don't  give  the 
possibility to reveal  the peculiarities  of  the 

parisonable  with the velocity of the  free 
spliv,  becauee the velocity  of the  spliv  is com- 

solifluction,  and  besides  that  the  splivs  may  ap- 
pear  at  any  season. In nature,  when the slopes 
are  largely  covered  with  turf,  the  immediate  tran- 
sition  from  closed  solifluction  to the open  one 
is impossible.  First,  some  process  should  cause 
the  turf  removal on a site of the  slope.  The 
spliv  is  such a process.  Hence,  the  closed 
solifluction is the flow of soil  under the turf; 
the  spliv . is the  flow of soil  together  with the 
turf,  floated on the soil downward the slope;  and 
the free solifluction is the flow  of  soil  having 

splivs , it0  difference  from  closed and free 

no  turf or a little  bit of it  over. The above-men- 

mon  range  of  ita  developmental  stages in which 
tioned  three  types  of  solifluction form the cwm- 

they  replace  cloned  solifluction, then the spliv I 

and,  lastly,  the  open  solifluction.  It  is  the , 
closed solifluction  that  can  arise  independently 
and  separately from the other two types. The 
spliv  is  impossible  without  precedingdevelopment 
of  the  closed  solifluction. The free  solifluction 
is  also  impossible  without  preceding  developments 
of closed  solifluction  and of the  spliv  (with i t s  
fullest  display,  when  the  ruptured  turf  is  swept 
down  the  slope  with the flowing soil). In  case  of 
reduced  spliv  the  effusion of water-saturated 
soil  occurs  through the gap in  the slightly  dis- 
placed  turf. 

Hence,  the  flow  of  soil  under the turf on the 
slopes  is  the  necessary  condition  for the spliv 
emergence.  But  this  condition  is  sufficient  only 
for  the  development o f  closed  solifluction, but 
not for the  spliv . The  second  necessary  condition 
of spliv  emergence is the  breaking o f  turf  under 
the influence  of  flowing so i l  and the  passive 
flowing of turf  with  flowing soil down the slope. 
It is this  condition  that accountg for the spliv 
cmergcnce.  Therefore,  the  solution o f  sp1i.v prob- 
lcm  requires  the  consideration  of two important 
questions: a)  the conditions and mechanism of 
solifluction  soil  flowing  an  the  slopes  under the 
turf-and b )  the  conditions  necessary for breaking 
the turf along  the  inclination  of the  slope and 
across it  and  the  flowing down o f  turf  together 
with  the  flowing  sail. 

Of  these  two  question a special  attention  is 
paid  in  connection  with  rapid  progress of closed 
solifluction  in  the  field of permafrost  and  its 
negative  influence on  the  development of slopes. 
In 1938, Lukashov  pointed  out the conditions 
necessary for solifluction  soil  flowing.  Later 
those  conditions  were  confirmed  and  supplemented: 
the  slope of the  surface,  sand  composition of 
thawed  soil, i t s  extension  beyond  soil  liquid 
limit  at  some  moment,  and the definite  ice con-. 
tent of thawed  soil. The splivs as  well  as other 
types of solifluction  progress in seasonally 
cryogenic  soils (SCS).  ~t should be noted  that 
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Figure 1. Forms o f  the  solfluction: 
a )  Free solifluction; 
b)Rapid$olifluction  (criogcnic spliv : 
c) Closed solifluction. 
1 - turf;  2 - plastic  soil; 3 - fluid  soil; 
4 - thawi.ng  boundary o f  the  frozen  ground. 

t h e  dominating  composition of seasonally 
cryogenic  soils ( S C S )  thawed  in  the courge of sum- 
mer, their  moisture and thickness meat the re-: 
cpirements  necessary for  the  deveioprnent of' v is -  
CL ! I-plastic  soil on the  slopes of different 
steepness. They mostly  consist of sand in  the 
whole  section or in the separate  horizons.  The 
moisture of seasonally  cryogenic  soils or their 
different  horizons  may  exceed the  soil liquid 
limit  during  summer  period (Vtyurinar 1 9 8 4 ) .  
Therefore,  the  thawed  soils  on  the  slopes  in  the 
zone of permafrost  may  flow:  The  role of soil 
thickness  in the development o f  solifluction flow- 
ing  is  estimated  according to the  flowing 
mechanism. Nowadays it is considered  that  the  vis- 
cous-plastic  flowing i s  similar to the flowing  of 
Ringham  media  (Kaplina, 1965; zhigarev, 1967, 
1975, 1978). Hence, the necessary  thickness of 
thawed  soils i s  one of the obligatory  conditions 
o f  viscous-plastic  flowing  on the slopes. 

When  solving the apliv  problem one might  just 
m e  this  idea if nature af thawed  soils flow on 

the slopes. This  idea  has not been  objected to 
and one could  not  touch  the wider problem o f  soil 
flowing on the slopes at all. It waa established 
long ago that the s p l i v s  emerge not only  in 
autumn  (Zhigarcv, 1978) but in spring-summer 
period  (Kaplina, 1965; Scrilnic, 1975) when  the 
thickness of thawed  soils is less  than  necessary 
for  the  Binghsm  media  and the Newtonian  liquid. 
This is also  proved by the regularities of the 
cryogenic  structure  of SCS (Vtyurina, 1984, 
1985), by the  ice  content in them,  and the thaw- 
ing of which  ensures  the  definite  moisture  of 
thawed soils. As it  was  shown in  the  analysis  and 
summary  of  actual data, the upper  horizon of the 
sand-suglinok of SCS in the whole zone of per- 
mafrost  and  also all SCS may be beyond the mois- 
ture  limit of yield  only  because of ice  thawing 
in  these  soils.  The  composition  and  moisture do 
not  limit  their  flowing down the  slopes in the 
course of thawing a# in the  case of the Newtonian 
liquid.  The  spliv  cisveloment  similar to the Bin- 
gham media i s  typical of the autumn splivs.when 
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th8 icy horizon of SCS is in the larger 
gone of  permafrorrt and the middle  horizon has a 
I w  ice  content. 

Therefore,  one can diatinquish two type8 of 
soil flaring; the first  one - splives  developing 
8imilar to the flowing of the Newtonian  liquid 
and the  sacond  one - splivs  developing  similar to 
the floving,of the  Binqhnm media. Thie  enables us 
to reconsider the role  of  permafrost  in the 
splivs  development.  Its role  does not  prove the 
fact that the splivs are allegedly  possible  only 
in aut- with the beginning, of  perrafrost thaw- 
ing (Ihigarev, 1978). and  that  permafrost i s  a 
water  confining stratum. 

The  main  thing is that the presence  of per- 
mafrost  and  its  temperature  differences  determine 
the regularities of  cryogenic  composition  of  aand 
SCS, the aaount a d  diatribution  of  ice  in scs 
being the reason for p r h r y  moistening the soils 
with  thawing (Vtyurina, 1984, 1985). 

The  differences in the character  of  sail  flow- 
ing  under the turf  determine  the  different  condi- 
tions  for  breaking the turf  across  the  nlopa  and 
its  shearing  along the inclination of  the slope. 
When  the  soil  is  flowing  an the Newtonian  liquid, 
turf  breaking and shearing  depend  on  the  thick- 
ness of turf (H), its resistance  limit to break- 
ing ( a b )  and  lateral  ahear (d.) ,  its  density 
(pt,,  thicknesa (h) and  dennity (pa) of thawed 
soils under it. When the soil is flowing as the 
Bingham  media,  the  turf  breaking  and  shear  and 
the developpent  of splivs o f  the second type  also 
dependupon the shear  resiltance  limit of thawed 
soils ( r ) .  Finally, taking  into  account  these  in- 
dices  makes  it  possible to determine  the  critical 
length (fr) aloqg the inclination  and  the  width 
( 8 )  acrosa the slope with turf.  Those  indices  are 
neceasary  for  turf  breaking  and  shear,  and there- 
fore, for  its  downward  flow  on  condition  that the 
~ 0 i 1  is iloiving under the whole  area of that  site 
at  given  moment of thawing. 

During the seasonal  thawing of  mineral  soils 
in  spring  when (h=O,db>b.), it is posnible to 
deternine the critical  length  of the slope for 
the first type splivs  by the formula: 

whom a-steOpn088 of the slope,  g-free  fall  ac- 
celeration (the rest  of the nymbols are  in the 
text). 

Accepting (db>d.) is possible in case of turf 
diBturbance, but i n  nature the turf ie usually  un- 
disturbed. On condition  that (db-ds) and (h-o), 
the  poaaibility of spliv is determined  not  only 
by (L) but also by (B), i.e. by the  length of the 
turf breaking and the alope width.  In  thin caee 
(XI) i a  calculated by the formulat 

The  analysis  showed  that depmding on  the 
thickness of turf and flowing  thawed  soil  under 
it, their physicwchanical indices  and the 
slopa  steepness, the values'& and B change  from 
s- meters to hundreds  and  even  thousands,  in- 
creasing, other  things  being equal,  with  decreas- 
ing of slope steepness. 

The flowing of thawed  soils  as the Bingham 
media under the  turf  on  condition  that ( b b M d o ) ,  
the  critical  length of the xlope for the spliv of 
the  sacond type is datemined by famula: 

If having the  undisturbed  turf,  then db-d., L 
and B are  deteraincd by the formula: 

= 4 *ab 
(1,25pt + 0,25pa*h/H)g.aim - 0,25-1/8 ( 6 )  

The  time  registration  and the spliv  mecbaniem 
enable ua to suggest a  new  classification: a) the 
spring  aplivs  are  only of the first  type; b) the 
8 m e r  splivs  are  mainly of the first  type,  rare- 
ly, of the second type; C )  the autumn  eplivs  on 
the moat  part of permafrost zone are  largely of 
the second  type,  rarely, of the firnt type, ex- 
cept  the  extreme  Northern  regions. 

Depending  on tha  spliv type the analysis of  L 
and B may be done by the equalities (1), (2) and 
(3); t h e  state of turf  being  taken into account 
and h  (splivs of the firat type) or by the 
equalities ( 4 ) ,  980 and (6) (splivs of the second 
type ) . 

It should be noted that the timely  aaeesmment' 
of  the egliv  hazard of slopes is  extremely  impor- 
tant.  The  sites whep the sglivu  have  occurred 
may be considered to be nonhazardous  in the 
course of 20-30 years. The  other  cryogenic  groces- 
sen  are  likely to develop on the above-mentioned 
sites  but the spliva may again occur only  after 
the turf renewal.. 

On  detail  investigation  of the thickness  and 
turf  properties  and the  thawed soil under the 
turf  on the slope investigated, the obtained  data 
on L and B make it psaible  to estimate the ac- 
tual apliv hazard of the slopes.  In 1992 the 
author  first  suggested the criteria,  asseaament 
methods  and  principles of cartographic  regre- 
sentation of potential spliv hazard of  alope.  Due 
to the  spatial.heterogeneity of thickness and 
turf propertien and thawed soil on the ahpep,  
the actual  spliv  hazard, as a rule ia  less than 
the potential  one.  Esgecially  if  it refers to the 
spring  mplivs.  Potentially, they occur rarely as 
their  development  dependa on the turf  thickness 
and  its  relationahip  with thaw depth  in spring. 
The  siten of the slopes on,which the turf thick- 
ness is equal ~r more than the thaw depth in- 
spring  are  nonhazardoua  at that  seamon of the 
year. 

The m-r sgliva of  the first type on the 
part of pemafrost zone  mainly  depend on s-r 
rain.. Therefore, the most  considerable  differen- 
ces betreen  potential and actual summer spliv 
harard of  slope. are  likely to ba in dry summer: 

The least difference  -tween tho potential  and 
actual  splivhazard af ml-s should be in autumn. 
Being detednsd laxgmly  by  ice  content and,  con- 
nequently,  by the  moisture OS the lower horizon \ 

of SCS thawing in autumn, the autumn  spliv  hasard 
is not  practically  influenced  by the 
heterogeneity of turf  thickness  and the rainy 
autumn  season. Tbe  temporary  changes of cryogenic 
structure of sand sc8 is the main  reason for  the 
differences htween potential  and  actual  autumn 
spliv  hazard of slops on the w n t  part of  per- 
mafrost zone. Perennial  changas of thaw depth in 
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different years in autumn cause thawing the 
horizons of varioun  content of ice and,  in addi- 
tion, the SCS ice-content  horizons of various 
thickness in the s u e  site of the slope. 

be less than the potential one  in  cold  summer- 
autumn  period and higher in the following wami 
ice  content horizon of sCS which  exceeds the 
average potential spliv hazard for a period of 
many  years. 

Mnpping.the potential apliv  hazard of elopes 
i. .e. the possibility of epliv  emergence  under 
given conditions makes it poenibls to develop the 
rational  method of natural investigation neces- 
sary for actual spliv  hazard afmxmnent. 
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A NUMERICAL SIMULATION OF COASTAL RETREAT AND PERMAFROST 
CONDITIONS, MACKENZIE DELTA REGION, CANADA 

Baolai  Wang 

Department of Geology,  University of Ottawa, and Ottawa-Carleton 
Geoscience Centre, Ottawa, Ontario, Canada K1N  6N5 

The  proximity of the  Beaufort Sea influences  permafrost  in  the  Mackenzie  Delta 
region in at  least  two  ways:  1)  thermal  erosion  and  rapid  coastal  retreat of 
unconsolidated  ice-rich  sediments leaves an offshore zone o f  relict  permafrost 
beneath  shallow  water,  and 2 )  the  thermal  regime in such  areas  progressively 
adjusts to the  new upper boundary  zone  created by the coastal retreat. To 
understand  these  implications more fully,  a  numerical nodel is applied to 
simulate  the  thermal  conditions of the  Mackenzie  Delta  littoral  environment. 
The  model  predicts permafrost preservation in the  nearshore  following  coastal 
retreat.  This  layer  of  relict  permafrost will vary  in  thickness,  depending 
upon  distance  offshore,  but  its  temperature  will  be 3 to 5OC warmer  than 
adjacent  terrestrial  permafrost, 

INTRODUCTION 

Subsea permafrost in the  nearshore 
areas of the  Arctic  Ocean  has  been 
documented  by  Russian (e.g: Are 1983; 
Molochushkin  1978),  Canadian  (e.g.  Hunter 
1988: Mackay  1972),  and  American 
scientists  (e.g.  Lachenbruch  and  Marshall 
1977;  Osterkamp  and  Harrison  1982).  Its 
origin  is  closely  related to an  ernergence- 

permafrost formed on exposed shelf areas 
submergence mechanism  which states that 

during  the  Pleistocene  when  sea  level  was 
lower  (Mackay  1972;  Vigdorchik  1980).  The 
ground  thermal  regime of subsea  permafrost 
depends  largely  upon  the  stability of the 

has been  relatively stable for long 
shorelines.  In  areas where the  shoreline 

periods of time,  the  thickness  and 
temperature of subsea  permafrost  approach 
an equilibrium  state.  However,  the  time 
required for subsea  permafrost  to  reach 
this  equilibrium  state  after a rapid  sea- 
level  transgression  and/or  coastal  retreat 
is probably mare than  10,000  years 
(Lachenbruch  1957),  Shorelines  developed 

sediments  will  unlikely  remain  stationary 
in unconsolidated  and  ice-rich  permafrost 

during  such  a  long  time  period.  Therefore, 
the study of littoral  nearshore  permafrost 
i s  mst realistic  if  a  retreating 
shoreline  is  assumed. This can be 
justified in the  Mackenzie  Delta  region 
where  extensive  areas  are  underlain  by 
unconsolidated  ice-rich  sediments  and 
massive  ground ice. In  this  paper  a 
numerical  model,  applicable  to  the 
littoral  zone o f  the  Mackenzie  Delta 
region, is used  to  simulate  the  ground 
thermal  regime  of  nearshore  permafrost 
under  the  influence of continuous  coastal 
retreat. 

EVIDENCE FOR COASTAL RETREAT 

Coastal  recession, caused by thermal 
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erosion of ice-rich  and  unconsolidated 
sediments  has  been  reported  from  many 
areas of northern  Alaska  (e.g.  Vigdorchik 
1980;  Walker  1988).  northern  Siberia  (e.g. 
Are 1983).  and  the  Western  Canadian  Arctic 
(e.g.  Dyke  1991;  Harry,  French  and  Clark 
1983;  Mackay  1963, 1986). In  the  Laptev 
Sea,  certain  islands  have  disappeared in 
historic  times, on account  of  extremely 
rapid  coastal  recession  (Barr  1976). On 
the  Yukon  Coastal  Plain,  the  grave o f  a 
member of Amundsen's  expedition  had  to be 
moved  landward  several  times  due  to 
coastal  retreat  (Mackayi  1963).  Recent 
field  observations  along  the  Beaufort Sea 
coast  in  the  Mackenzie  Delta  region 
indicate  that  the  retreat  rate  varies 
between  less  than  one  metre  to  more  than  8 
m per  year (Figs. 1 and 2 )  (Dallimore  et 
al.  1988;  Mackay  1986),  depending mainly 
on ice  content,  degree of lithification of 
the  sediments  and  the  activity  of  storm 
surges  and  longshore  currents.  Elsewhere, 
maximum  retreat  rates o f  15  to 20 m/year 
have  been  documented  for  parts of the 
Laptev  Sea coast, Siberia  (Molochushkin 
1978). 

NUMERICAL  MODELLING 

Seafloor  Temperature 
Mean  annual  seafloor temerature (MAST) 

is  taken as a  boundary  condition  in  this 
model.  For  the  Mackenzie  Delta  region,  a 
mean  annual  ground  surface  temperature of 
- 8 , O  'C is  typical  (Allen et al.  1988; 
Judge  1973).  Recent  studies  indicate  that 
seafloor  temperature  decreases  with 
increasing  water  depth  and  remains  below 
O°C for  much  of  the  year (Dyke 1991; 
Hunter  1988;  Sellmann  et a l .  1992). In the 
Mackenzie  Delta  region  of  the  Beaufort  Sea 
the MAST ranges  mostly  between Oand -2'C. 
In this  study  values of MAST of between -1 
and -2-C are  assumed  €or all areas  between 
Herschel  Island  and  King  Point,  plus  the 
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Figure 1. Location map of the Mackenzie  Delta  region,  showing  typical rates 
of  coastal  retreat: (1) King  Point, (2) North  Head,  and ( 3 )  Peninsula  Point 
and  Tuk 3 site.  Coastal  retreat  data  according  to  Mackay (1963, 1986)  and 
Dallimore et dl. (1988):  MMD  Modern  Mackenzie  Delta. 

Figure 2 ,  A 1971 a i r  photil 
the s h o r e l i n e   p o s i t i o n s  ai 
isoue-ce: Mackay 19136). 

offshore  areas of the  Pleistocene 
Mackenzie Delta (Fig. 1). The  discharge of 
the  Mackenzie  Rlver  mixes  with  sea  water 
to  glve  above O T  temperatures,  but  this 
effect is restricted to shallow  depths 
only  (Dyke 1991; Hunter 1 9 8 8 ) .  The MAST in 

Following shoreline retreat the submerged 
chis  area is assumed Lo be 0 'to -1T. 

permafrost  is  subject  to  degradation 
although  MAST  can  be  below O°C (Nixon 
1986).  The  depth of thaw has been 

d i f f e ren t .  times (1935, 1950,  and 1985) 
( A 2 2 5 3 5 1  of Peninsula  Point, showing 

discussed by Dyke  (1991).  Hunter  (1988) 
and  Nixon (1986). This  paper,  however, 
focuses  mainly on the  temperature 
variations of nearshore  permafrost  after 
rapid  coastal  retreat,  regardless of the 
phase  change. 

m=mGEL 
The  first  problem  to  consider is the ' 

ground-temperature  disturbance  due to the 
ocean,  where  the  shoreline  is  supposed to 
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have  shifted  during same brief  interval of 
time in the  past,  and  to  have  since 
remained  stable. T earth's  surface  can 
be considered a s p  
of the. land  surface and the  ocean  bottom. 

plane ( 2  = 0) , composed 

Neglecting  relief  in  this  way  can be 
justified  along  the  Weste'rn  Arctic  Coast 
of Canada  because of the  gently  sloping 
continental  shelf  and  low  relative  relief. 
In  a  two-dimensional  model,  the  shoreline 
is rFpresented by a  vertical  line ( 2  = 0, 
X = 0), the  land  surface  by 2 = 0, X < 0, 
and  the  ocean  bottom by Z = 0, X > 0 (Fig. 
3 ) .  

Figure 3 .  Coordinates of the  model  (see 
text) . 
The  basic  equation  describing  the  heat 
distribution  is  the  two  dimensional 
Fourier  equation  (Lachenbruch 1957): 

The  problem  is  to  find  the  increase  in 

at  any  subsurface  point ( x , z )  that 
temperature (8) caused by  coastal  retreat, 

satisfies  equation (1). At  the  same time, 
the  model  needs  to  satisfy  several 
conditions.  First, it is assumed  that 
prior to initiation o f  coastal  retreat, 
there  was  no  thermal  disturbance, 1 .e . :  

although thermal disturbance at the sea 
Second, after  the beginning of retreat, 

bottom  occurs, it is  assumed  that  there  is 
no change  in  ground  surface  temperature 
(i.e.  Ts  remains  constant).  The  sea  bottom 
disturbance is the  difference  between  the 
'mean  annual  temperatures of the  land 
surface  and  ocean  bottom,  represented  by 
A. Furthermore,  at an infinite  depth 
beneath  land ( z  = p . ) ,  it is assumed  that 

the  thermal  disturbance  caused by coastal 

expressed as follows: 
retreat  is  zero.  These  assumptions  are 

e(x, 0, r) = 0 (PO, x 4 ,  z=O) (3) 

while ( 3 )  to (5) are  boundary  conditions. 
Equation (2) i s  an  initial  condition; 

The  solution to  the  problem  can  be  written 
in  the  form (Lachenbruch 1957): 

c 

where 

TP = -e#cfi + 
1 
2 

where rn = z a / 4 a t :  a = thermal  diffusivity, 
crna/sec, t = time  since  coastal  retreat, 
yr, v = integration  variable. 

The  restriction  that a shoreline moves 
suddenly,  at t = 0, to  a  new  position, 
x = 0, can be removed  by  superposition of 
solutions of the  form of (6). In the 
general  case  when  n  stages  of  shoreline 
retreat  are  considered,  solution (6) 
becomes  (Lachenbruch 1957): 

Therefore.  the  ground  temperature  at  any 
point ( x ,  z) is  the  temperature  before 
disturbance  (Tu)  plus  the  temperature 
increase  caused  by  shoreline  retreat: 

T(x, Z, t) F 7h+8 = Ts+ Tg*Z+B (9) 

where Tg is the  ground  thermal  gradient 
("C/m). 
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Figure 4. Predicted ground temperature for 
rapid  retreating shorelines: A-seafloor 
temperature (Tsf) = OOC, B - T s f  = -1°C. and 
C-Tsf  = -2OC. 

retreat. This has been proven offshore of 
Tuktoyaktuk Peninsula where drilling has 
indicated subsea permafrost several tens 
of krn offshore (Hunter et al. 1976; Mackay 
1972). Such excensive subsea permafrost 
may be due partly to rapid coastal 
retreat. T h i s  inference is supported by 
the temperature data from Norton Sound 
area of the Bering Sea, where nearshore 
subsea permafrost i s  present only in areas 
of rapid  coastal  retreat (Osterkamp and 
Harrison 1982) . 

Fig. 5 indicates,  not  surprisingl-y, 
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Figure 5. Ground  temperature  profiles  predicted for different  locations: 
A-Tsf = 0°C. 8-Tsf  s -1T, and C-Tsf = -2T: curve  a-500 m landward of 
shoreline,  curve  b-at  shoreline,  c-500  offshore,  and d-2500 m offshore. 

that the most  significant  increase  in 
temperature  occurs  near  the  surface  (i.e., 
seafloor).  The  temperature  increase  within 

4-6OC during the first  several hundred 
100 m of the sea bottom  may be as  much as 

years of submergence  caused  by  coastal 
retreat.  Data  which  support  the model have 
been  reported  fkom  the  Laptev  Sea, USSR 
(Molochushkin 1978). and  from  Prudhoe Bay. 
Alaska  (Lachenbruch and Marshall 1 9 7 7 ) .  

The  model  also  indicates  that  the 
geothermal  gradient  of  subsea  permafrost 
becomes  smaller  subsequent  to  submergence, 
and  that it decreases  gradually  from  the 
land  to  the  offshore.  Another  phenomenon 
associated  with  coastal  retreat (or 
submergence)  is  the  presence  of a negative 
geothermal  gradient  in  the  upper 100 rn of 
subsea  permafrost. 

DISCUSSION 

By definition,  permafrost,  or 
perennially  cryotic  ground,  need  not 
contain  ice  even  though  its  temperature 
remains  below 0°C. Therefore,  the 
permafrost base does  not  always  coincide 
with  the  lower  limit of ice-bonded 
permafrost.  This  model  delineates  the 
boundary  between  cryotic  and  noncryotic 
ground  in  the  sea bed using  the 0°C 
isotherm  (Permafrost  Subcommittee 1988). 
However,  the  lower  limit of ice-bounded 
permafrost  cannot be directly  predicted  by 
the model because  the  freezing  point of 
the  sea  bed  changes  considerably  with soil 
type, salinity,.  pressure,  etc.. 
Investigations  carried out by  Lachenbruch 
et  al. (1982) indicate  that  the  distance 
between  the  base of ice-bonded permafrost 

and O T  isotherm  ranges  from 20 to 4 5  m at 
Prudhoe  Bay,  Alaska. 

Because  seafloor  temperatures are 
mostly  between -1 and -2°C (i .e. about 6 
to 7 OC higher  than Ts), much subsea 
permafrost  must be relict  and is 
degrading.  If a geothermal  gradient  of 
0.01 ‘C/m is assun@  for  the sea bottom; 
the  equilibrium  thickness  of  permafrost 
would be 200  m.  Thus,  one  can  infer  that 
the  thickness of relict  degrading  offshore 
permafrost may be as  much as 150  m. As a 
regional  maximum  rate  of  shoreline  retreat 

with  slower  retreat  rates will have 
has  been  assumed  in  this  simulation,  areas 

thinner  relict  permafrost,  and  the therm1 
cross-section  will be also  different. 

CONCLUSIONS 

Areas  of  littoral  and  offshore 
permafrost  exist  in  the  Mackenzie  Delta 
region  due  to  rapid  coastal  retreat. 
Consequent  upon  retreat,  submerged 
permafrost  adjusts  to  higher.seafloor 
temperatures.  However, it never  reaches 
its  equilibrium  thermal  condition  since 

upper  boundary.  The most significant 
the moving shoreline  always  creates a new 

the seafloor  rather  than a t  the  base  of 
increase  of  temperature  takes  place  near 

permafrost.  The  numerical  model  discussed 
in  this  paper  illustrates  that  the 
temperature of subsea  permafrost,  under 
rapid  coastal  retreat  conditions,  is  at 
least 3OC higher  than  in  adjacent  land 
perma€rost.  This  can have significant 
implications  for  all  geotechnical 
activities  in  the  littoral  zone  nearshore. 
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CORRELATION OF FREEZE-THAW ACTION TO THITFORMATION AND 
EXPLORATION  OF Q U A T E R N A R Y  G O L D  PLACERS 

Wang Chunhe 

N a t u r a l  Resources S e c t i o n  of  Changchun I n s t i t u t e  of Geography,  
C h i n e s e  Academy o f  Sciences,   Changchun  130021 

I t  i s  g e n e r a l l y   a c c e p t e d   t h a t   g o l d   p l a c e r s   a r e   t h e   c o m p r e h e n s i v e   p r o d u c t s  of 
m a n i f o l d   n a t u r a l   a g e n t s  i n  g e o l o g i c   h i s t o r y .  When s c i e n t i s t s   d i s c u s s - t h e  con- 
c r e t e   a g e n t s ,   h o w e v e r ,  t h e y  o f t e n   n e g l e c t   t h e   e f f e c t  of t e m p e r a t u r e   f a c t o r s .  
We have   been   s tudy ing   t he   Vua te rna ry  g o l d  p l a c e r s  i n  t h e   n o r t h e r n   p a r t  of t h e  
G r e a t e r   a n d   L e s s e r H i n g g a n   m o u n t a i n   r e g i o n   w h e r e   t h e r e   d e v e l o p s   f r e e z i n g ,   d e n u d a -  
t i o n ,   f r o s t   w e a t h e t l n g ,   n i v a t i o n ,   f r e e z e - t h a w   s o r t i n g ,   f r e e z e - t h a w   a c t i o n  a n d  
t h a w   a c t i o n ,   e c t .   T h e s e   a c t i o n s   p l a y e d   v e r y   i m p o r t a n t   a n d   u n n e g l e c t a b l e   r o l e s  
i n  t h e   f o r m a t i o n ,   p r e s e r v a t i o n   a n d   e x p l o r a t i o n  oE go ld   p l ace r s .   Based  o n  t h e  
e x p l o r a t i o n   e x p e r i e n c e s  o f  g o l d  p l a c e r s  i n  T h i s   p e r i g l a c i a l   f r o s t   r e g i o n ,  we 
w,ill g i v e  our v i e w s   o n   t h e   c o r r e l a t i o n  o f  f r e e z e - t h a w   a c t i o n   t o   t h e   f o r m a t i o n  
a n d   e x p l o r a t i o n   o f   Q u a t e r n a r y   g o l d   p l a c e r s   i n   t h e   n o r t h e r n   p a r t   o f   t h e   G r e a t e r  
and  Lesser  Hinggan  mountain  region. '  

INTRODUCTION 

T h e   G r e a t e r  and Lesser   Hinggan   mounta in   re -  
g i o n  i s  l o c a t e d  i n  N o r t h e a s t   C h i n a .   G e o t e c -  
t o n i c a l l y ,  i t  l i e s  i n  t h e   n o r t h e a s t   e n d  of E a s t -  
Asja-ltinggan-Mong0Ij.a F o l d  r e g i o n ,   T h e   s t r a -  
t i g r a p h y   o f   t h e   s t u d i e d   r e g i o n   a r e   m a i n l y   t h e  
metamorphic   rocks  o f  P r o t e r o z o i c   a n d   P a l e o z o i c  
Era them,   medium-ac id ic   vo lcanic   assemblage   and  
coal-bearingjsedimentary rocks among inland  basins of 
Mesozoic Erathem, and e l a s t i c  sediment of Cenozoic h a -  
them.  The regional  tectogenesis of post-Mesozoic Erathem 
was chiefly i n  a perpendicular u p  and down  movement.  The 
o c o r e c t o n i c  movement h a s   b e e n   a c t i v e   t h e r e .  

The   r eg ion  of i n t e r e s t   d e v e l o p s   a l m o s t   a l l  
ki.nds o t  geomorphologica l  u n i t s ,  b u t  low m u u n -  
Lain a n d  hill dominate .   Because  of t h e   T e r t i a r y  
p r n e p l a n a t i o n   p r o c c s s ,   t h e   m o u n t a i n s   h a v e   b e e n  
dcnudated  and  shaped  round  and  smooth.  T h i s  r e -  
g i o n  w i d e l y  deve loped  a very  t h i c k  w e a t h e r i n g  
c r u s t  o f  the H i n g g a n   p e n e p l a i n   ( L a t e   T e r t i a r y  
Pcl- iod)   and B u x i  p e n e p l a i . 1 1   ( e a r l y   P l e i s t o c e n e  
Epoch) ,   They   a re   e roded  b y  t h e  t r i b u t a r i e s   o f  
the I l e i l o n g j i a n g  (Amur) r i v e r   b a s i n .  The maj.n 
branches   a re :   Nengan,   t lumar ,  E r m u r ,  e t c . .  

O n  t h e   s u r f a c e   t h e   m a i n   g r o w t h  is  Hinggan 
l: lrch,   Camphor  pine,   Asian w h i t e  b i r c h ,   e t c . .  As 
w e l l ,   t h e r e   a r e  swamp p l a n t s  e n d  m i s c e l l a n e o u s  
h e r b s .  The soils a x e  brown c o n i f e r   f o r e s t   s o i l ,  
d a r k  brown s o i l ,   t u n d r a   s o i l ,   e t c . ,  

T h e   s t u d i e d   r e g i o n  i s  c h a r a c t e r i s t i c  oE t h e  
c o n t i n e n t a l  monsoon c l i .matc  o f  t h e  f r i g i d - t e m -  
p e r a t e   z o n e .  I n  w i n t e r ,  i t  i s  ve ry   co ld ,   d ry   and  

The   f rozen  p e r i o d  l a s t s  7 t o  8 months.  I t ' s  
long .   The  ex t reme l o w e s t  t e m p e r a t u r e  i s  - 5 2 . 3 " C .  

y e a r l y  a v e r a g e   t e m p e r a t u r e  i s  -1 t o  - 5 ' C .  T h e  
t e m p e r a t u r e   d i f t e r e n c c  o f  a whole  year  i s  4 1 . 8  
to   53.5 'C,   which i s  the   mos t   ex t r eme  in t h e  
c o u n t r y .  I t  s n o w s   h e a v i l y , w i t h   a n   a v e r a g e   d e p t h  
o f  0 . 3  t o  0 . 4  m .  The  blowing  snow p i l e s   c a n  
r e a c h  a t h i c k n e s s  of 0.8 t o  1 . 5  rn. I n  this r e -  
g i . on ,   t he   snow- re t a i . n ing  time c a n   l a s t  6 t o  7 
months .   The   s tud ied   r eg ion   deve lops   con t inuous  

d i s c o n t i n u o u s   i s l a n d - l i k e   p e r m a f r o s t   a n d   t h a w  
p e r m a f r o s t  i n  t he   no r th   and   g radua l ly   becomes  

a r e a s  i n  t h e   s o u t h .  I t s  a n n u a l   p r e c i p i t a t j o n  j s  
400 t o  500 m m .  

many k i n d s  o f  modern p e r i g l a c i a l   l a n d s c a p e s   a n d  
S i n c e   t h e   p e r i g l a c i a l   e n v i r o n m e n t   d o m i n a t e s ,  

a n c i e n t   p e r i g l a c i a l   o c c u r r e n c e s   d c v e l o p  wj.de1.y. 

promoted $he f r a g m e n t a t i o n   o f   g o l d - b e o r i n g  geol.-  
-1.  F r e e z i n g ,   n i v a t i o n   a n d   f r o s t   w c a t h c r i n g  

o g i c   b o d i e s ,   w h i c h   s u p p l i e d   l a r g e   a m o u n t s   o f  
f r a g m e n t a l   m a t e r i a l s   f o r  the f o r m a t i o n  01 g o l d  
p l a c e r s .  

f e r e n t   t h e r m a l   s t r c s s   i n d i c e s ,   s u c h  a s  thermal  
c o n d u c t i v i t y ,   t h e r m a l   c a p a c i t y ,   c o e f f i c i e n t  of 
t he rma l .   expans ion ,   e t c . .   Dur ing   t l l c   l ong- t c rm 
t e m p e r a t u r e   v a r i a t i o n s   a n d   f r e q u e n t   f r c c z i n g  
a c t i o n s ,  when t h e   t h e r m a l   s t r e s s  o f  rocks   and  
s o i l s  i s  l a r g e r   t h a n   t h e   t e n s i l e   s t r e s s  o f  them- 
s e l v e s ,   t h e   f r o s t   w e a t h e r i n g   f i . s s u r c s   a r e  f o r -  
med,  which s p l i t s  t h e   h a r d   r o c k s .   E s p c c i o l l . y ,  
when t h e   l e a k a g e   w a t e r   f r e e z e s   a l o n g   t h e  j o i n t s ,  
b e d d i n g s  o r  c r a c k s ,   t h e   v o l u m e  o f  i c e  i s  9% 
l a r g e r   t h a n   t h a t  of w a t e r  w i t h  t hc   s ame   we igh t ,  
w h i c h  can   produce  a g r e a t   s w c l l i n g   p r e s s u r e .  
D u r i n g   t h e   c o n g e l a t i o n ,   i f  a i l  t h e   r e s t r i c t e d  
i c e   c r y s t a l s   a r e  n o t  a l l o w e d   t o   e x p a n d ,   t h e i r  
b u l k  e x p a n s i o n   p r e s s u r e   ( a t   - 2 2 ° C )   c a n   r c a c h  
2115 kg/cm (Ts tovich ,N.A.  , 1 9 7 3 ) .  I n   t e m p e r a t e  
z o n e s ,  t h e   p r e s s u r e   e x e r t e d  on t h e  p p r e  wal l  o f  

I t  i.s measured   t ha t   t he   no rma l   swe l l ing   fo rce   o f  
r o c k s  b y  f r o z e n   w a t e r   o r   i c e   c a n   r c a c h   9 6 0 k g / c m :  

E r o z e n   s o i l   a t t a i n s  50-60 kg/cm'(Tong  Chang j i a n g ,  

f o r c e s  may d e s t r o y   a n y   h a r d   r o c k s .  I n  p a r t i c u l . a r ,  
1 9 8 3 ) .  S u c h   g i g a n t i c   f r o s t   p r e s s u r e s   a n d   h e a v i n g  

d u r i n g   t h e   s e a s o n s  of day-thaw a n d   n i g h t - f r e e z e ,  
a t  day   t ime,  t h e  p r c c i p i t a t i o n  and   mel twater  o f  
i c e  and  snow f i l t e r s   i n t o   a l l  k i n d s  n f  minor  
f i . s s u r e s ;   . a t   n i g h t .   t h e y   s w e l l .  and  produce g i . g n n -  

g e o l o g i c  b o d i e s .   A f t e r  t h e  p h y s i c a l  and   chemica l  
t i c   i c e - s p l i t t i n g   f o r c e s   w h i c h   c h o p  g o l d - h e a r i n g  

w e a t h e r i n g  of r e p e a t e d   f r e e z e - t h a w  a c t i o n s  i.n 

D i f f e r e n t   m i n e r a l s   a n d   r o c k s   h a v e   q u i t e  d i f -  



geologic  history,  a  large  amount o f  gold-bearing 

of  interest,  thc  periglacial  geologic  products 
fragmental  materials  were  formed. Tn the  region 

of  such a proccss  are:  frust  altiplanation  ter- 
races,  periglacial  talus,  block  fields,  stone 

muted  the  formation  of  gold  placers. 
strips,  stone  streams, etc.. They  greatly  pro- 

snow  lasts 5 t o  6 months. The  thickness of the 
snow mantle  varies  in  different  places.  The 
thickest  places  are  specifi.~  accumulating  dep- 
ressions,  lee  shelters,  blowing  snow  piles  and 
snow  ridges,  with  a  depth  of 0.8-1.5 m. From 
precipitation t o  accumulation,  with  the  prolong- 
ing of overstocking,  snow  gradually  becomes  more 

measurement  of  on-the-spot,  from !.2g/cm of 
concentrated  and  its  density  increases,  yith  the 

During  the  spring-thaw,  snow  gradually  melts  and 
primary snow to  0.3g/cm , O..5g/cm , and 0.6gIcm'. 

recrystallizes, At the  same  time,  snow  meltwater 
permeates  into  snow.  All  the  processes i.ncrease 

comes  firm  ice  (see  table 2). Like  glacier  ice 
the  snow  density  up t o  0,7-0.8g/cmS,  which  be- 

the  hard  firn  ice  slides  along  the  slope  and 
(averagc  density  is  0.83g/cmS),  while  melting, 

ploughs  and  excavates  the  underlying  rocks.Toge- 
ther  with  the  sheetwash  denudation  and  corroslon 
uf  ice-snow  meltwater,  they  formed  many  nivation 
trough  valleys  and  depressions,  with  thc  shapes 

geomorphological  units inlay  between  crests  or 
of  hemicycle,  chair, or dustpan, etc.. These 

accompanied by ice-snow drift  fans,with  the 
hang on mountain  sides, below  whir-h  Is  often 

shapes  of  fan  or  dish,  which  became  the  conve- 
nient  passways  for  the  fransportation  of p1ace.r 
gold  and  supplied  large  amounts  of  gold-bearing 
fragmental  materials.  These  typical  periglacial 
geomorphological  landscapes  are  widely  seen in 
this  region.  For  example,  there  is a groove  with 
running  water  a  length o f  less  than 3 km  in  warm 
seasons,  where  develops a branch  valley  gold 
placer. The  enrichment o f  placer  gold  has  a 
close  relationship  with 5 large  nivation  trough 
valleys., depressions  and  their  corresponding 
snow  drift  fans  developed on the  noKthwestern 
upper  slopes,  which  supplied  large  amounts  of 
fragmental  materials  for  the  formation of the 
gold  placer. 

snow  meltwater  promoted  the  migration  and  en- 
richment  of  placer  gold-bearing  fragments. 

grade,  and  water-bearing  nature,  the  surface 
rocks and soils  have  distinctivcly  diffcrent 
thermal  characters.  During  the  process o f  repea- 
ted  freeze-thaw  actions,  they  produced  quite 
different  capacities  of  frost-expansion  and 
thaw-sink  which  caused  uneven  displacements, 
rearrangements and  combinations. As a result,  on 
the  surface  there  appears  the  microgeomorpholo- 
gical  landscapes  of  stone  stream,  stone  strips, 
polygon  spotten  tjaele,  and  stone  ri.ngs, etc.. 
In particular,  under  the  effect of slopc  tor- 
rents  caused by ice-snow  meltwater,  the  stone 
streams  can  move  faster.  Thcre  was  a  catastro- 
phic  fire  in  the  forests  of  the  studied  region 
in  1987.  Only 4 years  later,  we  observed  that, 
with  the  combined  effect  of  the  torrent  of  ice- 
snow meltwater  and  freeze-thaw  uplift,  many 
blocks  of  the  stane  stream  climbed  onto  the  bur- 
ned  stumps.  The  uneven  freeze-uplift  action  made 
blocks  emerge  out of  the  soils  and  push  the  dead 
trunks  down. 

These  freezethaw  sorting and uneven  freeze- 
uplift  actions  played  very  important  roles  in 

In  the  studied  regton,  the  accretion  time  of 

2 .  Freeze-thaw  action  and  the  torrent  of  ice- 

Due to  the  diversity  of  material  components, 

the  sorting  and  transporting o f  placer  gold- 

mesotype  gold plac-er  of  the  studied  region,there 
bearing  fragments  on  slopes.  For  instance,  in  a 

are  many  stune  streams  wtth,the  width  of 0 . 3 - 0 . 4  
m on the base o f  valley  slopes,  These  stone 
streams  directly  transported  a  lot  of  placer 
gold-bearing  tragments  into  the  riverbeds  and 
promoted  the  formation o f  gold  placers. 

Accompanying  the  surface  freeze-expansion,  a 
Erozen s o i l  or  rock  grain on  slopes  can  rise 
with  a  little  height  perpendicular  to  the  slope 

tically  due  to  its  gravitation.  In  this  process 
face.  When  thawing,  this  grain  will  fall  ver- 

minor  distance  down on thc  slope.  Because of the 
of  the  freeze-thaw  action,  the  grain  creeps  a 

repeated  freeze-thaw  action  in  geologic  history, 
the  texture  of  soil  bodies  became  loose.  The 
soil  bodies  on  slopes  would  wriggle  and  crumple 
along  the  humid  thawing  surface  or  upper  limit 
of  permafrost  (Wang  Chunhe,1982),  which  formed 
congeliturbation  flows or congeliturbation  ter- 
races, In the  studied  region,  congeliturbation 
flows  frequently  appear  on  the  low-angle  sl.opes 
of 2 " - 1 0 " ,  in  particular, o n  the  rectilinear 
slopes of the  dark  side.  Some  developed  into 
congeliturbation  terraces  with  a  grade  of 3 or 
4 ,  which  are  distributed  in  a  scaly  form on the 
low-angle  slopes. 

mixture  consisting of  gravels,  broken  rocks, 
In profile,  the congeliturbatiun  flow  is a 

sands,  soils,  sticky  muds,  mucky  paleo  soils, 
etc.. Under  the  effect of paleoperiglacial  envi- 
ronments,  sands,  rocks,  muds and gravels  in  con- 
geliturbation  flows  inlay  and  alternate o n  ano- 
ther,  like  kneading  doughs,  forming  variegated 
soils  with  miscellaneous  colours o f  black,  yel- 
low,  brown,  etc,, We once  dated  the  congeliturb- 
ation  flow, wi.th an a g e  between  1583Ot243  a B. 
P.and 364001-490 a B.P.which corresponds  to  the 
turming  time of  gold  placers  in  this  region. 
This  indicates  that  under  the  effect  of  paleo- 
periglacial  envionments,  congeliturbation  flows 
supplied  a  lot of materials  to gold placers.For 
example,  the  congelitubation  flow  in  a  gold 
placer of the  studied  region  has  moved  over  the 

high  flood  plain. In particular,  some  parts  of 
valley  terrace of grade  1  and  stretched to the 

conveying  belt,  it  directly  supplied  large 
it  has  crept up on the  river  bank  and  like a 

amounts o f  fragmental  materials  for  the  washing, 
transporting and sorting by river  water.  This 

slope  wash  only on slopes  (Table 2 ) .  
process  has  more,rapid  movement  than  that of 

The  stability of Gegetation,  soils  and  rocks 
o n  the  base o f  hillslope  is  destroyed by fetch- 

on  the  bank  and  forest  fire,  ecc,,  the  primary 
ing  soils  for  constructing  roads,  river  erosion 

natural  thermal  equilibrium  of  permafrost  will 
be broken,  which  causes  huge-ice  tjaele  to  lose 
equilibrium,  csp.the  base  of  slope  where  there 
develops  underground  ice.  Therefore, o n  the 
edges of slopes,  the  thawing  tjaele  collapse  or 
slide  suddenly  in  masses.  This  kind  of  thermo- 
thaw  slumping  develops  more  rapidly  than  the 
congeliturhation  flow  does,  which  directly  sup- 
plied  fragmental  materials f o r  the  formation  of 
gold  placers.  For  instance,  in a gold  placer o f  

constructing  roads,  the  stability  of  slope  base 
the  region,because  workers  fetched  soils  for 

and  thermal  equilibrium  were  hroken. In only 3 

with a widlh of 4 to 5 meters  and  an  intermit- 
years,  the  thermo-thaw  olistostrome  was  formed 

tent  elongation o f  several  hundred  meters. 
The  snowfall  which  accumulates  during  the 

whole  winter may reach  a thickp-ess of  0.3-0.4~1, 
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Table  1  Roles  of  freeze-thaw  actions  in  the 
formation of  gold  placers 

stages of the  formation  ordinary  view  roles  of  freeze-thaw 
of  eold  Dlacers . actions(as  additions) 

1.preparation  of  main  external  agents:  l.freezing,  nivations  and 
materials  running  water,  wind, freeze-thaw  actions 

living  things,  sea cause  mighty  freeze 
breakers,  glaciers pressure,  heaving  forces 

ice-snow  excavating,which 
produce  the  relevant 
framents. 

2.migration  of  gold- main  transferring 
bearing  fragments agents  and  media: 
slopes gravitation,running 

water, gravitation, 
running  water, 
glaciers,  meltwater, 
wind 

J.transportation,  main  agents:running 
sorting  washing  up  water  in  river 
and  concentrating 

2.freeze-thaw  sorKing  stone 
stream as carrier 

3,freeze-thaw  action: 
congeliturbation  flow 
and congelifraction 

4.torrent  of  meltwater  and 
slump as carrier 

snowdrift  fan as carrier 

5.torrent  of  ice-snow  melt- 
water  caused  spring  flood 

" 
of  placer  gold 

4.burying  and  preserva- sediments  accumulated 6,frozen  for many years 
tion of gold  placers and  buried  gold protect ore bodies 

placers  from  destruction 

some  blowing  snow  piles  and  snow  ridges  can 
reach  a  thickness  of  over  0,8-1.5 m. In the  first 
several  days of sudden  warmth  in  the  spring,  snow 
melts  completely. At that  time,  the  vegetation 
under  the  trees  has  not  germinated  and  the  sur- 
face  is  exposed  without  resistance.  Therefore, 
the  mighty  spring  slope  torrents  caused by the 
ice-snow  meltwater,  especially  in  the  afternoon, 
scour  the  slopes  more  violently  than  summer 
storms do. 

spring  meltwater, on the  exposed  slope  of  arela- 
tive  catchment,  the  scour  channel  was 0 .2 -0 .3  m 
deep. On the  valley  below  the  base  of  the  slope 
formed  a  minor  proluvial  fan  with  a  length of 
over  ten  meters.  Along  the  slope,  the  torrent  of 
ice-snow  meltwater  scoured  and  pushed  the  gold- 

and  supplied  it  with  large  amounts of  materials, 
bearing  fragments  down  straight  to the  riverbed 

The  mighty  spring  flood  can  scour  and  transport 
many  more  materials  than  summer  precipitation 
with  dense  vegetation  can do. 

ponding  periglacial  products of gelivation,swel- 
Above  all,  the  repeated  actions  and  corres- 

ling,  ice-splitting,  nivation,  ice-snow  excava- 
tion  and  denudation,  freeze-thaw  sorting,freeze- 
thaw  action'and  the  subsurface  erosion by  the 
torrent  of  ice-snow  meltwater, play  very impor- 
tant  roles  in  every  stage  of  forming  placer gold, 
either  in  the  pulverization of gold-bearing 
rocks,  or  in  the  disassociation  of  gold  from 

mental materi'als on slopes, or in  the  transport- 
rocks, or in  the migration of  gold-bearing  frag- 

ation  and  enrichment o f  placer  gold,  or  in  the 
preservation of frozen gold  placers  from  destrue 
tion, etc.(Table 1 ) .  

agents  of  nivation,*freeze-thaw  action,  gravita- 
tion  and  running  water,etc.  superimposed  one 
anot,her and  alternated  in  geologic  history. 

(1) The  cold-warm  fluctuation  in  geologic 
history 

In the  Quaternary  Period,  periglacialclimates 

During  a  site  observation,  after  a  torrent  of 

3 .  In the  formation  of  gold  placers,  the 

and  interperiglacial  climates  alternated  many 
times  in  the  studied  region. 

During  the  relatively  cold  stages,  geliva- 

which  is  favourable  to  pulverize  gold-bearing 
tion,  ice-splitting,  nivation,  etc.dominated, 

geologic  bodies  and  dissociate  gold  from  them. 
The  formed  block  field,  talus,  snowdrift  fans, 
etc.stored  suEficient  fragmental  materials  for 
the  formation  of  gold  placers.  The  stone  streams, 
congeliturbation  flows,  stone  rings,  congelifrac- 
tion  slumps,  etc.became  very  important  media  for 
the  migration  of  gold-bearing  fragments on 
slopes. 

ture  rises,  and  ice  and  snow thaw. The  mighty 
torrent of meltwater  caused  the  dominant  trans- 
portation  of  slope  sheetwash  and  denudation,etc. 
which  transferred  the  stored  gold-bearing  frag- 
ments of relatively  cold  states  to  the  riverbed. 
Such  a  cold-warm  alternation  in  geologic  history 
helped  the  formation  of  gold  placers. 

During  relatively  warm  stages,  the  tempera- 

(2) Seasonal  cold-warm  alternation  in  a  year 

this  region.  In  frigid  winter,  the  lowest  tem- 
There I s  a  distinctive  seasonal  change  in 

perature  is -40 to -50°C.  There  are very  strong 
gelivation,  ice-splitting,  nivation,  bearing, 
etc.. After  the  winter,  ice  and  snowthaw,  the 
congeliturbation  and  subsurface  erosion  of lamel- 
larflow and the  torrent of meltwater  strengthen. 
Hereafter,  in  summer,  rain  takes  the  place  of 
snow,  the  running  water'dominates  (see  Table 2 ) .  
Year  in,  year out. Such  a  cold-warm  alternation 
helped  the  formation  of  gold  placers. 

( 3 )  Differences of  daily  temperature  cause 
the  alternation  day-thaw  and  night-freeze  ac- 
tions. 

difference  of 48.4'C in  the  studied  region. 
There  are  nearly  three  months  of  the  year  in 
which  the  temperature  fluctuates  around O ' C .  The 
large  daily  temperature  difference  caused  the 
positive and negative  temperatures  of  day  and 
night  to  vary  violently.  The  alternation  of  day- 

There  is  an  annual  average  daily  temperature 
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T a b l e  2 T i m e   a l t e r n a t i v e   r e l a t i o n s h i p  of e x t e r n a l   a g e n t s ,   s u c h  as  n i v a t i o n ,   f r e e z e - t h a w ,  
g r a v i t a t i o n .   r u n n i n a  water. e t c . i n   m o d e r n   p e r i n l a c i a 1   e n v i r o n m e n t s  

l a t e  a u t u m n   e a r l y   w i n t e r   f r i g i d   w i n t e r  early s p r i n g  , s p r i n g   e a r l y   s u m n e r  summer & 
i i _ ~ ~ ~ ~ ~  rttettrnn s e a s o n s  

months 
o f  items kztea'ly to Nov. early Feb. 

I.."..... 

la te  S e p t .  ' m i d d l e  Oct .  Dec.to next midd le   Feb .   midd le  Mar. middle   Apr .  M~~ to sept. 
to  midd le  t b  e a r l y  t o  l a te  , 

Mar. Apr. Apr . 
b e h a v i o u r   u n s t a b l e   t h i n  layer snow  man t l e  snow man t l e   snow  man t l e  meltwater p r e c i p i t e -  
of snow of snow becomes   t h i ck -   beg ins  t o  t h a w   p e r m e a t e   t i o n ( r a i n )  , 

m a n t l e   m a n t l e  er b lowing   thaw 
snow p i l e s .  
a p p e a r  

s ta te  o f   c o t t o n y   g r a n u l a r  firm f i r n  ice snow-ice r u n n i n g  
snow  man t l e  water 

b u l k   d e n s i t y   c o t t o n y   g r a n u l a r  f irm f i r n  ice s n o w - i c e   + r u n n i n g  
of snow 0.18-0.22 0.2-0.33 0.3-0.4 0.4-0.53 0.5-0.81 w a t e r  
man t l e (g / cm)  1 .o 

s u r f a c e   o c c a s i o n a l -   n i g h t - f r i e z e   s t a b l e   f r e e z e   o c c a s i o n a l -   d a y - t h a w   s t a b l y   t h a w   d e p t h  
f r e e z e - t h a w  l y  freeze day-thaw l y  thaw  n ight -   thaw  becomes  

freeze b i g g e r  

t r a n s p o r t -   s u r f a c i a l   s l i g h t  migrate to  f i r s t  melt- meltwater pe rmea te .   shee twash .  

water 
i n g  way oE e v a p o r a -   e v a p o r a t i o n ,   t h e   f r o z e n  water seep s e e p s   a n d   e v a p o r a t e ,   p e r m e a t e ,  

t i o n   a n d  migrate t o   f a c e , a c c u m u -   e v a p o r a t e s   s h e e t w a s h   e v a p o r a t e  
p e r m e a t i o n   t h e   f r o z e n  . l a t i n g  ice 

r e s u l t   o f  e v a p o r a t e  h e a v i n g ,  i c e - s p l i t t i n g ,  s l i g h t  eros- e r o s i o n  of lamellar flow w a s h i n g   o u t  
a c t i o n s  to  d r y  f r a c t u r e  n i v a t i o n .  i o n  of melt- meltwater of  ice-snow o f   r u n n i n g  

h e a v i n g  water meltwater, water 
u n d e r c u t t i n g  

r o c k s  f r e e z e  a n d   t h a w  r e p e a t e d l y .  I n   p a r t i c u l a r ,  
t h a w  a n d   n i g h t - f r e e z e  m a d e   s u r f a ' c e  soils a n d  

a t  d a y  t ime,  f r e e  water  i n  s o i l s  a n d   r o c k s   t h a w  
a n d   p e r m e a t e   i n t o   m i n o r   , j o i n t s   a n d   f r a c t u r e s .  A t  
n i g h t ,   t h e y - f r e e z e   t o  form i c e  b o d i e s ,   w h i c h  
p r o d u c e s   g i g a n t i c   i c e - s p l i t t i n g   f o r c e s   a n d   g e l i -  
v a t i o n   p r e s s u r e .   T h e s e   f r e e z e - t h a w   a c t i o n s   s m a s h  
r o c k s  o r  g o l d - b e a r i n g  g e o l o g i c  b o d i e s ,   w h i c h   p r w  
m o t e s   t h e   f o r m a t i o n  of gold p l a c e r a .  , - 
c o l d - w o r m   a l t e r n a t i o n s  i n  g e o l o g i c   h i s t o r y ,  or 
s e a s o n a l   a l t e r n o t i o n s  i n  a y e a r ,  or  f r e q u e n t  
o l t o r n s t i o n s  of d a y - t h a w   a n d   n i g h t - f r e e z e  i n  a 
d u y ,  a l l  c o u l d   m a k e   f r e e z e - t h a w   a c t i o n s  a l t e r -  
n a t e   i n  time. T h e y  a r e  f a v o u r a b l e   f o r  t h e  p u l -  
v e r i z a t i o n  of g o l d - b e a r i n g   f r a g m e n t s   o n   s l o p e s ,  
w h i c h   p r o m o t e d   t h e   e n r i c h m e n t  of p l a c e r   g o l d .  

4. I n   t h e   f o r m a t i o n  o f  f r e e  g o l d ,   t h e   e x t e r -  
n a l  a g e n t s  of n i v a t i o n ,   f r e e z e - t h a w   a c t i o n ,  
g r a v i t a t i o n   a n d   r u n n i n g  water a r e  r e l a y e d   i n  
s p a c e .  

B a s e d   o n   o u r   e x p e r i e n c e s  of  r e s e a r c h   a n d   p r o -  
s p e c t i n g  of g o l d   p l a c e r s ,  w e  c o n c l u d e   t h a t   t h e  
f o r m i n g   p r o c e s s  o f  g o l d   p l a c e r s   c a n   b e   d e s c r i b e d  
i n   t h i s  w a y :  from r i d g e s  t o  s l o p e s  t o  v a l l e y s ,  
s u c c e s s i v e l y   a p p e a r   t h e   s u p p l y   z o n e  o f  p u l v e r -  
i z a t i o n   a n d   d i s a s s o c i a t i o n   o f   g o l d - b e a r i n g  
m a t e r i a l s ,  t h e   m i g r a t i o n   z o n e  of g o l d - b e a r i n g  
f r a g m e n t s   o n   s l o p e s ,   t h e   t r a n s p o r t i q g ,   w a s h i n g ,  
s o r t i n g   a n d   s e d i m e n t a t i o n   z o n e  o f  f r e e  gold. T h e  
a l t e r n a t i o n  oE g o l d  p l a c e r s  m u t u a l l y   d e l i v e r   a n d  
r e l a y  f r o m   u p  t o  d o w n  ( see  F i g . 1 ) .  

Tn t h e   s u p p l y   z o n e  of g o l d - b e a r i n g   m a t e r i a l s .  
t h e   a c t i o n s  of f r e e z i n g .   n i v a t i o n s ,   a n d   g r a v i t a -  
E i o n  c a u s e d   h e a v i n g ,  f r o s t  w o r k ,   i c e - s p l i t t i n g  
a n d   d e n u d a t i o n .   w h i c h   s m a s h e d   g o l d - b e a r i n g  geo l -  
o g i c   b o d i e s   a n d   p r o m o t e d   g o l d   d i s s o c i a t i o n .  As 
a r e s u l t ,   t h e   r e l e v a n t   p r o d u c t s  of t a l u s .   b l o c k  
f i e l d  a.nd s n o w d r i f t  f a n ,  e t c . a p p e a r e d .   T h s y  were 

" T h e   p r e s e n t  i s  t h e   k e y   t o   t h e   p a a t " .   E i t h e r  
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~ t a "  from 

m o v e d   f u r t h e r   d o w n  t o  t h e   m i g r a t i o n   z o n e .  
I n  t h e   m i g r a t i o n   z o n e  o f  f r a g m e n t s .   d u e  t o  

t h e   a c t i o n s  o f  f r e e z e - t h a w   s o r t i n g .   t h e   t o r r e n t  
o f  meltwater a n d   f r e e z e - t h a w ' a c t i o n .   t h e   p r o -  
d u c t s   o f   c o n g e l i t u r b a t i o n  f l o w ,  s n o w d r i f t   f a n ,  
c o n g e i i f r a c t i o n  o l i i t o s t r o m e ,  e t c . b e c a m e   t h e  
c a r r i e r s  of g o l d - b e a r i n g   f r a g r n e n ' t s .   L i k e   c o n -  I 
v e y e r   b e l t s ,   t h e y   d e l i v e r e d   , t h e   f r a g m e n  
h i l l   t o p s   a n d   s l o p e s   i n t o s r i v e r   v a l l e y s .  

s o r t e d .   T h e r e f o r e .  f r e e  g o l d  was e n r i c h e d   i n  
t h e   f r a g m e n t s  were t r a n s p o r t e d .   w a s h e d   u p   a n d  

c o n v e n i e n t   p l a c e s .  
I n   b r i e f ,   t h e   a b o v e   a g e n t s  were m u t u a l l y  

r e l a y e d   a n d   d e l i v e r e d .   w h i c h  t o o k  p l a c e   i n   t h e  
whole  f o r m i n g   p r o c e s s  of v a l l e y   g o l d   p l a c e r s   i n  

I n   r i v e r   v a l l e y s , ' b y   m e a n s  of r u n n i n g  w a t e r . :  

f r i g i d  areas .  
5 .  E v a l u a t i o n   o n   t h e   p o s i t i v e   a n d   n e g a t i v e  

a s p e c t s  o f  f r e e z e - t h a w   a c t i o n   i n   t h e   e x p l o r s t i n g  
a n d   m i n i n g  of  g o l d   p l a c e r s .  

f o r b i d s   e x p l o r a t i o n   w o r k .   P r o s p e c t i n g   g o l d  
p l a c e r s   i n  t h i s  r e g i o n ,   e i t h e r  by d r i l l i n g .  or  
e x c a v a t i n g ,  o r  d i g g i n g   s h a l l o w  we l l s ,  i s  v e r y  
d i f f i c u l t .  W h e n   p r o s p e c t i n g   g o l d   p l a c e r s ,  we 
u s u a l l y   u t i l i z e  t h e  c h o p p e r   o f  a s h o c k i n g   b o r e ,  I 
w h i c h   p o u n d s   t h e  t j a e l e  t o  p i e c e s .  We a l s o   p o u r  
h o t  water a n d   v a p o u r   i n t o  t h e  d r i l l i n g   h o l e ,  
w h i c h   b e c o m e s   e f f e c t i v e  t o  t h e   w o r k .   I n   t h i s  
w a y ,  i t  t h e   u n d e r g r o u n d  i ce  i s  met, t h e   f o o t a g e  
o f   d r i l l i n g   m a y   i n c r e a s e   g r e a t l y ,   b u t   t h e   s a m p -  
l i n g  r a t e  r e d u c e s   g r e a t l y ,  t oo .  I t  e v e n   a f f e c t s  
t h e   r e s e r v e s  o f  g o l d   p l a c e r s .  

( 2 )  I n   e a r l y   s p r i n g ,   l a n d   a n d   r i v e r s  a r e s t i l l  
E r o z e n   i n  t h i s  r e g i o n .  So t h e   e x p l o r a t i n g   a n d   m i n -  
ing p e o p l e   u s e  meltwater from a c c u m u l a t i n g  snow, ice p i n -  
n a c l e ,   r i v e r  ice, saall l a k e  ice, t o  wash   up   heavy   p l ace r  
m i n e r a l s   o r   f o r   d r i n k i n g .   I n  remote m o u n t a i n   a r e a s ,  ice 
c o n e  or seasonal t h a w   s p r i n g  is b e t t e r   f o r - d r i n k i n g .   O n l y  

( 1 )  P e r m a f r o s t  i s  a s  h a r d  as r o c k   a n d   a l w a y s  



Fig.1 Diagram of spatia1,relay and deliver of external agenta, such  as freezing nivacion, 
thaw. ghvitaticn,  running water in  the fofmtion of gold placers ! 

1 oltiplanation; 2 block field; 3 nivarion  depression; 4 talus: 5 snowdrift fan; 
6 ston'e strip; 7 congelifraction slump: 8 congeliturbation flow; 

9 stone  stream; 10 swelling hillock: 11 road; 12 rivet 

in those  large mining rtgians can the deep undvrground 
water under the  permfroit laytr be used for drinking. 

(3) In  this  region, from late  spring to early 
summer,  as  the  weather  becomes  warmer,  the  ac- 
tive  layer  become@  thinner. We use  blasting to . -  

ezcavate  test  pits,  ditcher or shallow  wells. 
Because  the walls o f  p i t s  or ditches are frozen 
solidly *. the  border  slopes  are  stable  and  can 
prevent  water. f rom seeping.  During  this  time, I t  
i s  neither  necessary  to  use  supports  to  prevent 
the walls from  collapsing,  nor  to  build  coffers 
to avoid  soaking. So it  is  faster  to  drill  and 
convenient  to  sample  or-take  measurements.  If  we 
miss  such a good  time, the test  pits,  ditches 
and  shallow  wells  become  soaked. As the  frozen 
layers  of  walls  thaw,  they  collapse. So it is 
very  difficult  to  construct,  collect  samples or 
take  measurements. 

mafrost areas, the  local  manual  workers  throw 
baked  stones  or  burning  charcoal  into  mining 
galleries  to  melt  the  Ejaele,  which is called 
"scalding  method  of  baked  stone" and i s  very 
effective.  In  many  mining  districts,  it i s  gen- 
erally  done  to  root  up  grass  and  peat  layer by 
bulldozers  in  spring.  With  the  help of summer 
sunlight,  the  frozen  nongold-bearing  swamp  layer 
thaws  naturally.  When  it  thaws,  the  bulldozers 
strip  the  soils.  The  upper  frozen  layer  becomes 
soft and is favourable to excavate,  the  lower 
layer is still  frozen  and  has a high  intensity, 
on which  the  bulldozers do not  get  bogged  down. 
This  way of prethawing  and s t r i p p i n g  is very 
effective.  After  many  experiments.  we  found  that 
the  everyday  thawing  thickness  can  reach 1 . 8 - 2 . 5  
cm,  which  increases  one  fold  more  than  natural 

(4) Since  it is very  difficult  to  dig  ih  per- 
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thawing. 

swamp  and  permafrost  exist  together  ond  depend 
on  each other. In  summer  and autumn., the  active 
layer  becomes  thicker.  It i s  difficult  to  travel 
on .  Therefore.  the  gold  miners  have  to  send 
their  drilling  tools,  outfits,  provisions  and 
staff by tractors  which  drag  sledges  in late 

.than  half a year.  When lend i s  frozen  in winter, 
winter  or early  spring. They work  there for  more 

workers  and  machines  can  withdraw.  We  did SO 
when  we  made  explorations  of  several  gold pla- 
cers  in  this  region. 

(6) In  the  studied  region,  there  are  still 
miscellaneous  negative  effects o€ explorating 
and mining of gold  placers,  such as frost  heave, 
freeze  injury,  snow  hindrance, i c e  p a s t a ,  f r e e z e  
destruction of bridges  and  house  buildings  in 
mining  field, et.. 
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INFLUENCE OF POROUS CHARACTERISTIC OF MATERIAL ON 
DISPLACEMENT D U R I N G  FREEZING . 
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The   d i sp l ' acement  o f  v a r i o u s   m a t e r i a l s  was d e t e r m i n e d .  u n d e r  d i f f e r e n t   t e m p e r a -  
t u r e  g r a d i e n t s   b y i . t h e   c o n t r o l l e d   f r e e z i n g  t e a t s ,  a n d   t h e   p o r o u s   c h a r a c t e r i s t i c  
of  them was also determined  by P o r o s i z e r .  I t  was f o u n d   t h a t  t h e  p o r o u s d i a m e t e r  
r ang ing   f rom 0.1 t o  10 microns  i s  a v a i l a b l e  f o r  m a t e r i a l   m o v i n g   d u r i n g   f r e e z -  
i n g ,   t h o s e   g r e a t e r   t h a n  10 m i c r o n s   o r  less  t h e n  0.1 m i c r o n s   d i f f i c u l t   f o r  m o v i n g  
and   t hose   r ang ing   f rom 1 t o  5 m i c r o n s   o p t i m a l  f o r  moving.   There e x i s t s  o p t i m a l  
i n i t i a l  t e m p e r a t u r e  f o r  a c e r t a i n   k i n d  o f  m a t e r i a l s  to move. 

INTRODUCTION 

F r o s t   a c t i o n  i n d u c e s  w a t e r   m i g r a t i o n   a n d   i c e  
s e g r e g a t i o n  of wet s o i l s  s o  as  t o   d i s p l a c e m e n t  
of s o i l   p a r t i c l e s   a n d   o t h e r   m a t e r i a l s  i n  s o i l s .  
Research  o n  fiost heaving  mechanism h a s  b e e n  

s c i e n t i f i c  a r t i c l e s  have  been p u b l i s h e d   ( C o r t e ,  
l a s t e d  f o r  s e v e r a l  decades   and  l a rge   amoun t  of  

h.E.,1963; Penner  E . ,  1966; M i l l e r  E.D., 1980).  
P r e v i o u s   r e s u l t s   v e r i f y   t h a t  s i l t  is t h e  s e r i o u s  
one  €or w a t e r   m i g r a t j - o n   a n d   f r o s t   h e a v i n g  amoung 
v a r - i o u s  t y p e s  o f  s o i l s .  More a t t e n t i o n  was p u t  
on t h e   i n f l u e n c e   o f   g r a i n e d   s i z e  o f  soils and 
t e m p e r a t u r e   c o n d i t i o n s .  i 

I n  o u r   o p i n i o n ,  t h e  d i s p l a c e m e n t  of  m a t e r i a l s  
d u r - i n g   f r e e z i n g   m a i n l y   d e p e n d s  on t h e   d e g r e e  of 
wakr r   mig ra t ion   and  ice s e g r e g a t i o n ,   w h i c h   r e l a -  
ted  t o  p o r o u s   c h a r a c t e r i s t i c .   T h e r e f o r e ,  t h e  
d i s p l a c e m e n t  o f  m a t e r i a l s  was observed b y  t h e  
c o n ~ t o l l e d   f r e e z i n g   t e s t  and   the   porous   char -  
a c t e r i s t i c   d e t e r m i n e d .  T h e  purpose of t h i s  paper  
is t o   d e s c r i b e   t h e   r e l a t i o n s h i p   b e t w e e n   t h e  d i s -  
p l a c e m e n t   a n d   p o r o u s   c h a r a c t e r i s t i c .  

EXPERIMENTATION 

B e € o r e   t e s t i n g ,  t h e  m a t e r i a l s   u s e d  i n  t h e  
t e s t ,  i n c l u d i n g   b r i c k ,   c e r a m i c ,   z e o l i t e ,   g n e i s s ,  
t u f f ,  s l a t e ,   s a n d s t o n e  and g l a s s   b a l l s ,  a r c  
s o n k c d   i n t o  d i s t i l l e d  water  f o r  o n e   n i g h t   t o . l e t  
them be s a t u r a t e d .  

The d i s t i l l e d   w a t e r  i s  poured   i n to  t h e  Sam- 
p1.e box t o  t h e  h i g h t  o f  3 cm and q u i c k l y   f r o z e n  
u n d e r   t h e   t e m p e r a t u r e  of -2O'C. T h e n ,  t h e  t es ted  
s a m p l e s   a r e  p u t  o n  t h e   s u r f a c e  of  i c e  body a n d  
t h e   d i s t i l l e d   w a t e r   w i t h   t e m p e r a t u r e  of O'C i s  
p o u r e d   a g a i n   i n t o  t h e  sample  box t o  t h e  h i g h t  of 
10 c m .  T h e  t h e r m o c o u p l e s  a r e  i n s e r t e d   i n t o   t h e  
sample  box w i t h  t h e   i n t e r v a l  o f  e v e r y   c e n t i m e t -  
e r .   A f t e r w a r d s ,   t h e   s i d e  o f  the   sample  box is 
s u r r o u n d e d   w i t h   i n s u l a t i o n   m a t e r i a l s   w i t h   t h e  
t h i c k n e s s  o f  10 cm a n d   t h e  box i s  p u t  i n t o   t h e  
chamber w i t h  c o n s t a n t   t e m p e r a t u r e ,   F i n a l l y ,   t h e  

c i r c u l a t i n g   t u b e s  a t  t h e   b o t t o m   e n d   o f - t h e  box 
a r e  c o n n e c t e d  w i t h  t h e   r e f r i g r a t e d   c i r c u l a t i n g  
ba th   and  t h e  p l a s t i c   f i l m   c o v e r e d  on t h e   t o p  o f  
t he   box .  

s e t  a n d   a d j u s t e d   a c c o r d i n g   t o  t h e  r e q u i r e m e n t  
T h e  t e m p e r a t u r e   a t   t h e   b o t t o m  o f  sample i s  

o f  t e s t  a n d   f r e e z i n g  w i l l  be  from the   bo t tom 
upwards. 

a r e   d e t e r m i n e d   d u r i n g   t e s t i n g  a n d  t he   po rous  
c h a r a c t e r i s t i c  o f  m a t e r i a l s   d e t e r m i n e d   a f t e r  
t e s t i n g .  

RESULT A N D  ANALYSIS 

The f r e e z i n g   f r o n t  and s a m p l e   d i s p l a c e m e n t  

T a b l e  1 shows t h e  amount   of   displacement  of  

Table I Displacement value o f  materials for one day 
under different  temperatures, cm 

name of Bottom temperature, "C 
material -2.2 -1.7 -1.2 -0.7 -0.2 

brick 0.6 2 .5  1.7 1.5 0.2 
ceramic 0.3 0.9 1 . 4  1 .o 0.0 
zeol i te  0.2 1 .O 0.8 0.5 0.0 
gneiss 0.0 0.2 0.2 0.1 0.0 
s l a t e  0.0 
tuff 

0.0 0.1-0.2 0.1-0.2 0.0 
0.0 0,o 0.0 0.0 0.0 

sandstone 0.0 0.0 0.0 0.0 0.0 
glass   bal l  0.0 0.0 0 -0 0.0 0.0 

m a t e r i a l s   d u r i n g   o n e  d a y  when the  chamber  tem- 
p e r a t u r e  keeps a t  3.2"C and  the   bo t tom  tempera-  
t u r e  o f  sample  i s  d i f f e r e n t .  From t a b l e  1 i t  c a n  
b e  s e e n   t h a t   t h e   f r o s t   d i s p l a c e m e n t   o c c u r s   € o r  
some m a t e r i a l s   s u c h   a s   b r i c k ,   c e r a m i c ,   z e o l i t e ,  
g n e i s s   a n d   s l a t e   w i t h  moving o f  f r e e z i n g   f r o n t  
o f w a t e r  u n d e r  d i f f e r e n t   b o t t o m   t e m p e r a t u r e ,  b u t  
f o r   o t h e r   m a t e r i a l s  s u c h  a s  t u E f .  s ands tone   and  
g l a s s   b a l l s  d o  n o t - o c c u r .  

When t h e  e n d  t e m p e r a t u r e   c o n d i t i o n s  a r e  t h e  
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T a b l e  2 P o r o u s   c h a r a c t e r i s t i c   o f  materials 

name of total  porous  p o r o s i t y  a v e r a g e  p o r o u s   d i a m e t e r   d i s t r i b u t i o n , %  
material volume,  mllg ra t io ,  X dia.um >lo0 100-10 10-5 5-1 1-0-1 (0.1 

b r i c k  0.2810 41.08 1.3422 0 7 0 80 13 0 
ceramic 0.2061 33 * 34  0.2399 0 2 0 0 95 3 
zeolite 0.1185- 20.70 1.0746 0 0 20 50 1 2  6 
g n e i s s  0.0374 10.36 b .0585 0 0 2 17 44 37 
slate  0.0250 6.36 a 12 52 7 0 29 
t u f f  0.1291 23-90 . 1.9751 90 3 1 2 4 0 
s a n d s t o n e  0.0019 1 .oo 9 38 0 2 3 48 
g l a s s   b a l l  0.01w 2.52 23 64 0 0 0 13 

same, t h e   a m o u n t  of  d i s p l a c e m e n t   c h a n g e s   w i t h  
materials a n d   f o l l o w s  t h e  o r d e r   f r o m   h i g h  t o  
low a s :  b r i c k  > ceramic > z e o l i t e  > g n e i s s  > 
s l a t e .  I f  t h e  mater ia l  i.s t h e  same, t h e  a m o u n t  
o f  d i s p l a c e m e n t . c h a n g e s   w i t h   e n d   t e m p e r a t u r e  
a n d   h a s  i t s  maximum. 

B a s i c o l l y .   t h e r e  t v o  c o n d i t i o n s   f o r   s a t u r a t e d  
NIaterialS lnOVihg u p   w i t h   f r e e z i n g   f r o n t  o f  watec 
t h e  mater ia l  m u s t  b e  p e r m e a b l e   a n d   t h e   h y d r a u l i c  
c o n d u c t i v i t y  g rea te r  t h a n   t h e   f r e e z i n g  r a t e .  
When t h e s e  two c o n d i t i o n s  a r e  s a t i s f i e d ,  water 
c a n  go t h r o u g h   t h e   p o r e s   a n d   r e a c h  t o  t h e  i n t e r -  
f a c e   b e t w e e n  ma te r i a l  a n d  i c e  a n d   f r e e z e   t h e r e .  

O t h e r w i s e ,  t h e  ma te r i a l  w i l l  b e   e n g u l f e d   b y   t h e  
T h e n  mater ia l  c a n  move u p  from time t o  time. 

a d v a n c i n g   f r e e z i n g   f r o n t   a n d   , s t o p   m o v i n g .  
A c c o r d i n g  t o  Darcy's law. t h e  f l u x  o f  water 

m i g r a t i o n   t h . i o u g h   p o r o u s  mater ia l s  $ 8  p r o p o t i o n -  
e l  t o  t h e  h y d r a u l i c   c o n d u c t i v i t y   a n d   h y d r a u l i c  
p r e s s u r e   g r a d i e n t .   T h e s e  two p a r a m e t e r s   d e p e n d  
o n   t h e  s i z e ,  s h a p e .   q u a n t i t y   a n d   c o n t i n u i t y  of  
mater ia l .  T h e  f r e e z i n g  r a t e  d e p e n d s   o n   t h e  tem- 
p e r a t u r e   g r a d i e n t   b e t w e e n   b o t h   e n d s  of t h e  sam- 
p l e .  When t h e  t e m p e r a t u r e  a t  t h e   u p p e r   e n d  of 
t h e   s a m p l e   k e e p s   c o n s t a n t .   t h e   f r e e z i n g  r a t e  
d e p e n d s   o n  t h e  t e m p e r a t u r e  a t  t h e   b o t t o m   e n d  of 
t h e   s a m p l e .  

T a b l e  2 s h o w s   t h e   p o r o u s   c h a r a c t e r i s t i c  of 
v a r i o u s  ma te r i a l s .  I t  c a n  be s e e n   t h a t   a m o u n g  
t h e  f i v e   m o v a b l e  mater ia l s  m e n t i o n e d   a b o v e ,  t h e  
c o n t e n t  of p o r o u s   d i a m e t e r   r a n g i n g  f r o m  0.1 t o  
10 m i c r o n s  is g r e a t e r   t h a n  59X a n d   t h e  t o t a l  
p o r o u s   v o l u m e  i s  g r e a t e r   t h a n  0 . 0 2  m l / g .   r e s p e c -  
t i v e l y .   F o r   t h e   t h r e   u n m o v e d  mater ia l s ,  . t h e  
c o n t e n t   o f   p o r o u s   d i a m e t e r   g r e a t e r   t h a n  10 mic- 
r o n s   a n d  less t h a n  0.1 m i c r o n s  i s  g r e a t e r   t h a n  
93x a n d  t h e  t o t a l  p o r o u s   v o 1 u m e . i ~  less t h a n  
0.01 m l l g ,   e x c e p t   f o r   t h e   t u f f .   T h e r e f o r e .   f r o m  
e n g i n e e r i n g   a p p l i c a t i o n   p o i n t  o f  v i e w .   t h e   p o r o u s  
d i a m e t e r   r a n g i n g  Exom 0 . 1  t o  10 m i c r o n s   c a n   b e  
c o n s i d e r e d  t o  b e  t h e  e x t e n t  for  mater ia l s  m o v i n g  
d u r i n g   f r e e z i n g   a n d   b o t h  t h e  d i a m e t e r s   g r e a t e r  
t h a n  10 m i c r o n s   a n d  less  t h a n  0 . 1  m i c r o n s  a r e  
t h e   e x t e n t  f o r  m a t e r i a l s  u n a b l e  t o  m o v e .   T h e  
c o m p a r i s o n  of t w o  k i n d s   o f  mater ia l s ,  b r i c k   a n d  
ceramic, f u r t h e r   i n d i c a t e s   t h a t   e v e n   t h e  t o t a l  
p o r o u s   v o r u m e   a n d  t h e  c o n t e n t   o f   p o r o u s   d i a m e t e r  
r a n g i n g   f r o m  0.1 t o  5 m i c r o n s  a r e  v e r y  c luse  t o  
e a c h  o t h e r ,   t h e   a m o u n t  o f  d i s p l a c e m e n t  is  q u i t e  
d i f f e r e n t   u n d e r   t h e  same t e m p e r a t u r e   c o n d i t i o n s .  
So t h e  e x t e n t  o f  p o r o u s   d i a m e t e r   r a n g i n g  from 1 
t o  5 m i c r o n s  c a n  b e   c o n s i d e r e d  t o  b e   t h e   o p t i m a l  
e x t e n t  f o r  f r o a t   d i s p l a c e m e n t  of m a t e r i a l s .  I n  
c o n t r a s t  of T a b l e  1 t o  T a b l e  2 i t   i s  f o u n d  t h a t  
t h e  a m o u n t  o f  d i s p l a c e m e n t   d u r i n g   f r e e z i n g  i s  
r e l a t e d  t o  t h e  to ta .1  p o r o u s  volllme. B r i c k  h a s  
b o t h  t h e  m a x i m u m   o f   d i s p l a c e m e n t   a n d   t o t a l  
p o r o u s   v o l u m e ,  ceramic a n d  z e o l i t e  i n   t h e   m i d d l e ,  
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a n d   g n e i s s   a n d  s l a t e  i n   t h e  m i n i m u m   e z c e p t   f o x  

v o l u m e ,   a b o u t  90X of p o r o u s  diameter a r e  g r e a t e r  
t h e   t u f f ,   A l t h o u g h   t u f f   h a s   g r e a t e r  t o t a l  p o r o u s  

t h a n  100 microns  a n d  i t s  c , a p i l l a r y   p o t e n t i n 1  i s  
v e r y  low. 

T a b l e  3 s h o w s   t h e   r e a u l t  of f r o s t  d i s p l o c e -  
rnenr of b r i c k   i n   r e l a t i o n  t o  t h e   b o t t o m   t e m p e r a -  
t u r e .  From t h e   t h i r d   c o l u m n   o f   T a b l e  3 i t  c a n   b e  

T a b l e  3 D i s p l a c e m e n t  o€ b r i c k   i n   r e l a t i o n  
t o  e n d   t e m p e r a t u r e  

t e n t  Chamber bottomtempetsture('CYdisplacement(cm) 
No. Temp, O C  l s t d a y  2nd  day  3rd  day  4thday  5thday 

\!W1 -0.7/1.5 -0.7/1.0 -0.710.0 -0.110.4 -0.7/03 
w2 -1.7/2..5.-2.012.0 -2.412.0 -2.211.1 

W5 3.2 , -0.711.5 -1.011.2 - l . b / l . 5 p l . 8 / l . S  -2.4115 
W6 -2.210.6 
w7 -0.210.2 

s e e n  t h a t  t h e r e   e x i s t s  a n   o p t i m a l   b o t t o m  tem- 

Q e r a t u r e ,  
a t  w h i c h   t h e  f r o s t   d i s p l a c e m e n t   h a s  

l e s s  t h a n  t h e  o p t i m a l   v a l u e ,   t h e , d i s p l a c e m e n t  
b e c o m e s  less (Fig.1). I f  t e m p e r a t u r e  a t  b o t h  
e n d s  o f  t h e   s a m p l e   k e e p s   c o n s t a n t ,   t h e   d i s p l e c e -  
m e n t   d e c r e a s e s  w i t h  d e c r e a s i n g   o f   t e m p e r a t u r e  
g r a d i e n t   i n  i c e  ( F i g . 2 ) .  If t h e  bot tom t e m p e r a -  

t o  k e e p  t h e   d i s p l a c c m e n e  c o n s t a n t  ( F i g . 3 ) .  
t u r e  i s  d e c r e a s e d   d u r i n g  t e s t i n g ,  i t  is p o s s i b l e  

t s  maximum.  When t h e   t e m p e r a t u r e  is greater  or  

w 

0 
i n i t i e l   t e m p e r a t u r e   g r a d i e n t , ' C / c n  

Fig.1 Curve o f  heave  amount o f  b r i c k   v s .  
i n i t i a l   t e m p e r a t u r e   g r a d i e n t  

Fig.2 Curve o f  heave amount vs .   e l apsed  time under 
c o n d i t i o n  of end   t empera tu re   cons t an t  (W1) 



E 0 e 3  

Fig.3 Curve-of heave amount vs. elapsed time under 
condition of end temperature decreasing (W5) 

CONCLUSIONS 

1. Two parameters  of porous diameter  and i t s  
c o n t e n t  ere t h e  main f a c t o r s  a s  t h e  porous  char-  
a c t e r i s t i c  of m a t e r i a l s   i n f l u e n c i n g  t h e   d i s p l a c e -  

~ ment dur ing   f reez ing ,   the   porous   d iameter   rang-  
ing from 0.1  to   10  microns  can be cons ide red   t o  
b e  t h e  e x t e n t  €or porous  mater ia l  moving dur ing  
f r e e z i n g ;   t h o s e   g r e a t e r  th,an  10  microns  or  less 
than 0.1 microns t o  b e  t h e   e x t e n t  for porous  
mate r i a l   unab le   t o  move and  those  ranging from 
1 t o  5 microns  to  be the   op t imal   ex ten t   for  
porous   mater ia l s  t o  move. The to ta l   porousvolume 
m u s t  b e  g r e a t e r   t h a n  0 .025  m l / g  for porous  mete- 
r i a l s  t o  move. 

2 .  T h e r e   e x i s t s   a n   o p t i m a l   i n i t i a l  end  tem- 
p e r a t u r e  (or t e m p e r a t u r e   g r a d i e n t )   f o r  materials 
t o  move d u r i n g   f r e e z i n g .  The displacement will 
be reduced when t h e  end temperature i s  g r e a t e r  
or,less than  . the   opt imal   value,  
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THREE-DIMENSIONAL FINITE ELEMENT ANALYSIS OF STRESS A N D  DEFORMATION 
OF FROZEN WALLS Im DEEP THICK CLAY LAYERS 

Wane J i a n p i n g ,  Wang Z e n g t i n g   a n d   v u   Q i j i a n  . 

C e n t r a l  Coal  M i n i n g   R e s e a r c h   I n s t i t u t e ,   E e i j i n g   P e o p l e ' s   R e p u b l i c  of C h i n a  

.The d e f o r m a t i o n  of f r o z e n  wa l l s ,  s t ress ,  a n d   b o t t o m   h e a v e  a re  c a l c u l a t e d  by 
U s i n g   t h e  ADXNA p r o g r a m .   T h e   i n f l u e n c e  O X  t h e   h e i g h t   o f   t h e   s e c t i o n - ,  of  e x p o s i n g  
time a n d   t e m p e r a t u r e  a r e  a n a l y z e d .  And t h e  r e s u l t 5  a r e  c o m p a r e d   w i t h   m e a s u r e -  
menta i n   f r o z e n   m h a f t   c o n s t r u c t i o n .   T h a t   i n d i c a t e d   t h a t   c a l c u l a t i n g   r e s u l t s  of 
t h r t e   d i m e n s i o n a l   m o d e l s  are  a i r i l e r  w i t h  r e a l i t y .  So t h e   r t s u l t s   o f   t h e   p a p e r  
c a n   b e   u a e d  as a reference  of the m e c h a n i c a l  s t a t e  of f r o z e n  wa l l s  u n d e r  s imilar  
c o n d i t i o n s .  

INTRODUCTION 

S t ress  a n d   d e ' f o r m e t i o n   o f   f r o z e n  wa l l s  i a   d n e  
o f  t h e  main reasons  a f f e c t i n g   t h e   q u a l i t y  o f  
s i n k i n g s   e n d   b u i l d   s h a f t   l i n i n g s  i n  f r o e e n   s h a f t  
c o n s t r u c t i o n .   P r o v e d   b y . \ p r a c t f c e ,   i f   t h i s   p r o -  
b l e m  is t a c k l e d   b a d l y ,  i t  w o u l d   i m p a i r   t h e   q u a l -  
i t y  of t h e   p r o j e c t ,   h c i l d   u p   t h e   p r o j e c t   a n d   i n -  
crease t h e ' c o s t  of t h e   p r o j e c t ,   e v e n   p r o b a b l y  
e n d a n g e r   t h e   c o n s t r u c t i o n   ( C h e n g   W e n b a o  e t  a l . ,  
1988) 

l y  when t h e   s h a f t  i.9 s u n k   t h r o u g h  a c l a y   l a y e r ,  
a c c i d e n t s   o c c ' e s i o n l l y   t a k e   p l a c e   s u c h  as t h e  
e x t t d   d e f o r m a t i o n  o f  t h e   f r o z e n  wa l l .  I n   r e c e n t  
y e a r s ,  some s h a f t s   i n   c o n s t r u c t i n g  coal  f i e l d s  
w o u l d   s i n k   t h r o u g h  200-400 m o f  u n s t e a d l y  a l -  
l u v i u m   i n  o u t  c o u n t r y .   I n   t h e   s t r a t u m ,   g e n e r a l l y  
t h e r e   a r e   d e e p   a n d   c h i c k   c l a y   l a y e r s .   T h e   t h i c k -  
n e s s  of t h e   l a r g e s t   s i n g l e  layer i s  over 100 m .  
s u c c e s s i v e   t h i c k n e s s  is  over 200 m. T h e   c l a y  
l a y e r   h a s   p o o r  thermal c o n d u c t i o n ,   a n d  low fro- 
z e n   s t r e n g t h .  When t h e   s h a f t   s i n k s   t h r o u g h   t h e  
s t r a t u m ,   u n d e r   t h e   c r u s t a l  s t r e s s ,  g e n e r a l l y  

d e f o r m a t i o n  of t h e   f r o z e n  wall. T h i s   m a k e s n o r m a l  
t h e r e  a r e  f r e e z e  p i p e s   b r o k e n ,  c a u s e d  by e ' x t r a -  

c o n s t r u c t i o n  of s i n k i n g   s h a f t s   c o n f u s i n g   i m p a i r -  
i n g  t h e  q u a l i t y  o f  c o n s t r u c t i o n ,   h o l d i n g  up t h e  
c o n s t r u c t i o n  and i n c r e a s i n g   t h e   p r i c e   o f  con- 
s t r u c t i o n .  S o ,  r e s e a r c h  of  s t r e n g t h  and d e f o r m a -  
t i o n  o f  f r o - z e n   s h a f t s   i n   d e e p   a n d   t h i c k   c l a y  
l a y e r s  i s  v e r y   n e c e s s a r y .  

f r o z e n   s h a f t  i s  a c o m p l i c e t e d . p h y s i c a 1   m e c h a n i c s  
p r o c e s s .   S t r e s s   a n d   d e f o r m a t i o n  o f  t h e   f r o z e n ,  
wall a r e   b o t h   v e r f i e d  w i t h  time a n d   a p a c e .   e s p e -  
c i a l l y   a f f e c t e d  b y  s i n k i n g .   S i n k i n g   t h e   s h a f t  

f i e l d .  As t h e   c r u s t a l  s tress  a l w a y s   e x i s t s ,   t h e  
b r e a k s  t h e   b a l a n c e   o f  t h e  i n i t i a l   c r u s t a l s t r e s s  

d e f o r m a t i o n  of t h e  f r o z e n   w a l l   e x i s t s  a s  well .  
Only  when t h e  i n n e r   l i n i n g   h a s  been' b u i l t ,   d o e s  
t h e  d e f o r m a t i o n  of t h e  f r o z e n  wall b a s i c a l l y  
s t o p .  

I n  t h e   c o n s t r u c t i o n   o f   f r o z e n   s h a f t s , e s p e c i a l -  

S i n k i n g   a n d   b u i l d i n g   t h e   s h a f t   l i n i n g  o f  t h e  

678 

MATHEMATICAL-MECHANICAL MODEL OF THE FROZEN WAL& 

T h e  f r o z e n  wal l  is an  i r r e g u l a r   c y l i n d e r  kro- 
Z e n  s o i l  wall a n d  a form w h i c h  is a t e l n p o r o r y  
r u p p o r t  f o r  s i n k i n g .   T h e r e f o r e ,   t h e   c h a r a c t e r  of 
m e c h a n i c s   a n d   s h a p e   o f   t h e   f r o z e n  wal l  are n o t  
r e g u l a r   v e r t i c a l l y   a n d   r a d i a l l y  os t h e   s l o p e  of 
b o r e h o l e   a n d   t h e   v a r i e d  c h a r a c t e r i s t i c s  of s o i l  
l a y e r s  a r e .  

v a r i e d   c h a r a c t e r i s t i c s  .of  s o i l  m a k e - r e s e a r c h   o f  

t h e  frozen wal l  o f   t h e   m a i n   s h a f t  i n  X i e q i a o  
t h e  f r o z e n   s h a f t   v a r y   d i f f i c u l t .  By a n a l y z i n g  

m i n e   H u a i n a n ,   c o m p l i c a t e d  screes  a n d   d e f o r m a t i o n  
o f   t h e   f r o z e n  wall  a r e  r e s e a r c h e d   b y   u s i n g  A D I N A  

made a s  fol lows:  
p r o g r a m .  Some a s s u m p t i o n s  i n  t h e   r e s e a r c h  a r e  

( X )  T h e  paper t a k e   t h e   p l a c e m e n t   o f   t h e  f r o -  
z e n  wa l l  b y   f i n i t e   l e n g t h   c y l i n d e r   a n d   c l a y  i s  
t h e   o n l y  ma te r i a l  f o r   t h e   f r o z e n  wa l l :  T h e   d i s -  
t a n c e   b e t w e e n   f r e e z e   p i p e s   i n  t h e  f r o z e n   w a l l  
a n d   t h e   r a d i u s  a t  w h i c h   t h e   f r e e z e   p i p e s  a r e  ar- ,  
r a n g e d i s t h e  same. T h e   i n n e r   b o u n d a r y  o f  t h e  
f r o z e n  wall is d e t e r m i n d e d   b y - t h e  maximum r a d i -  
u s  of s i n k i n g .   T h e   o u t e r   b o u n d a r y  is d e t e r m i n e d  
by  -2 'C(Yu  Chuhou e tc . ,1989) .  T h e r e  i s  n o   s l o p e  
o f  f r e e z e  p i p e s .  T h i s   s h o w n   i n  Fig.1. 

T h e   i r r e g u l a r i t y   o f  t h e  f r o z e n  wa l l  s h a p e   a n d  

F i g . 1  Section of  f r o z e n  wa l l  
R1--radius of s i n k i n g  
R*--radius a t  which   f reeze   p ipe   a r ranged  
Rg--radius of out  boundary  of  frozen wall 



( 2 )  The d i s t r i b u t i o n  of temperature  changes 
very l i t t l e  w i t h  t i n e ,  so the  changes  can be- 
neg lec t ed .  The temperature  does  not  change i n  a 
v e r t i c a l   d i r e c t i o n ,  shown i n  F i g . 2 .  

I Fig.2-FField of temperature i n  
horizontal temperature i section of frozen wall 

Fig.2-a Fleld 01 temperature i n  
vertical  section tempera- 

ture of frozen  wall 

I so therms i n  the   f rozen  wal l   present   concen-  
t r i c   c i r c l e s  which  use  the  f rozen  pipe  as  t h e  
c e n t e r  of t h e   c i r c l e ,  b u t  the   temperature  i n  t he  
inf luenced   reg ion  of  varied  f reeze  pipes   mixes 
t o g e t h e r .  The tempera ture  i n  t h e  model i s o b t a i n -  
e d  b y  c o n s i d e r i n g i t h e   r e a l   s i t u a t i o n  end ca lcu-  
l a t , i ng   t he   va lue .  

the  model ,  use formula: 
For t e s t i n g   t h e   a c c u r a c y  o f  temperature i n  

Ek * L',, (o.Y3+d/S-0..55 S/E) 
1 

( 1 )  

tk--temperature of po in t  K (shown i n  Fig.2b):  
t --temperature o f  s a l t   w a t e r  i n  f r e e z e   p i p e ;  
d--diameter of  freeze  pipe;  S--distance  between 
f r e e z c   p i p e s ;  E--the t h i c k n e s s  oL f rozen   wal l .  

The t empera ture  o f  po in t  K is c a l c u l a t e d ,   t h e  
r e s u l t   i n d i c a t e s   t h a t : c a l c u l a t i o n  a n d  determina- 
t i o n  are t h e  same,  proving  that   temperature  de- 
termined b y  measurement  and  regulation o f  d i e -  
t r i b u t i o n  of t empera ture  is  a r e a l i t y .  

m ,  t h e  t h i ckness  of t h e  f rozen   wa l l  i s  6.3 m. 
Shown i n  Pig.3.  The d i s t a n c e  between  pipes is 
2 . 0 8  m, from t h e   t e m p e r a t u r e   d i s t r i b u t i o n  of t h e  
s h a f t   c r o s s   s e c t i o n  i n  Fig.2, a l though   t he  d i s -  
t r i b u t i o n  6f temperature   of  t h e  s h a f t  is not  on 
a x i a l  symmetry,   the   f reeze  hole   layout  i s  a t  t h e  
same d i s t a n c e ,   t h e r e f o r e   t h e   t e m p e r a t u r e   d i s t r i -  
bu t ion  i n  the   f rozen   wal l   cons is t s  o f  many simi- 
l i a r   s e c t o r s .  One o f  them is  chosen   for   ca lcu la-  
t i o n .  A mesh of f i n i t e   e l e m e n t s  i n  c a l c u l a t i o n s  
i s  three  dimensional   and  has   e ight   nodea,   the  
t o t a l  number of  mesh are   192 .  The period o f  c a l -  
c u l a t i n g   l a s t e d  144h. 

( 4 )  The overage u n i t  weight of overburden i n  
the  Huainan mine reg ion   whic i  is below the   su r -  
Eacc about 200 m is 1 .8  g/cm (Lanzhou I n s t i t u t e  
a f  G l ~ c i o L ~ g y  and Geocryology. S i n k i n g  Company 
of Coa l   Min i s t ry , l988) ,  t h e  v e r t i c a l   p r e s s u r e  on 
t h e  f r o z e n  wall is 4.580 MPa. The pressure  on 
t h e   s i d e   f a c e  i s  expressed  b y  t he   empi r i ca l   fo r -  
mula : 

P 

( 3 )  The v e r t i c a l  l e n g t h  of t he  model i s  12.4 

Fig.3  Three  dimensional model 
of  f rozen  wal l  

P 0 .0127  H (HPa) 

Where 0.0127 i s  an empir ica l   Coef f iCient ,and  

( 5 )  The m a t e r i a l  is  creep  and e l e s t i c - p l a s t f  

The s i t e   pa rame te r :  

H denotes   the   depth  of  t h e   c a l c u l a t i o n   l e v e l .  

s o l i d .  The parameter i s  as   fo l lows :  

u =  0.4 - 0.008 IT[ ( 2 )  

E l a s t i c  m o d u l u s  from  e*eriment a s  i n  Table  
1 ,   t h e   c u r v e  o f  i t  i s  shown i n  Fig.4. 

lOOC 

Fig .4   E la s t i c  modulus o f  f rozen   c l ay  
V B  the  temperature  

Table  1 Temperature v s  e l a s t i c  modulus 
.. . 

Temperature ( " C )  E l a s t i c  modulus 

-5 5 7 . 5 9  
-10 138.40 
-15   243 .24  
-20 437 .a4 

The creep  funct ' ion:  

E ) -a ( t ) /E+I~K(t - tdo( to )dto  ( 3 )  

o ( t ) / E :  e l a s t i c a   s t r a i n  

f&K( t - tO)o ( tO)d t0 :   c r eep   s t r a in  

The  mater ia l   funct ion  which f i t s  t h e  pa-per: 

.c 
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k( t ) = u b t a - l  ’ I)( t ) - H G t a  

u < 1 ,  6 t h e   p a r a m e t e r .  t : t ime. 
U n d e r   t h e   c o n d i t i o n  of c o n s t a n t   p r e s s u r e , t h e  

f o l l o w i n g   f o r m u l a  i s  d e r i v e d  from t h e   a b o v e  f o r -  
m u l a  : 

E - (1 (t)/EtA(T) u BtC ( 4 )  

A ( T ) :  t h e  e x p e r i m e n t a l   p a r a m e t e r s  w h i c h   d e p e n d  
on t e m p e r a t u r e ,  B,C: e x p e r i m e n t a l  p a r a m e t e r .  

T h e   p a r a m e t e r s   i n   t h e , f o r m u l a  come f r o m  re- 
f e r e n c e   ( L a n z h o u   I n s t i t u t e  o€ G l a c i o l o g y   a n d  
C e o c r y o l o g y ,   S i n k i n g   C o m p a n y  of Coal M i n i s t r y ,  
1988) : 

6 1 1 . 4 7   C - 0 . 2 1 7   A ( T ) = 0 . 7 2 5 5 1 T I 1  

U n d e r   t h e   c o n s t a n t   p r e s e u r e ,   t h e   s t r e n g t h   o f  
f r o z e n  s a i l  d e c r e a s e s   w i t h   t h e   i n c r e a s e   o f  time, 
s h o w n   i n   F i g . 5 .   T h e r e f o r e   t h e   s t r e n g t h  of f r o -  
z e n - s o i l   c a n   b e   c l a s s i f i e d   i n t o   i n s t e a t a n e o u s  

I T i m e  

. Fig.5 S t r e n g t h  of f r o h e n   c l a y  v s  t h e  time 

s t r e n g t h   a n d   l o n g - t e r m   s t r e n g t h .   L o n g - t e r m  
s t r e n g t h   a p p l i e d   i n   e n g i n e e r i n g  i s  n o t  t h e  o n l y  
c o n c e p t .  When t h e  l o n g  - term s t r e n g t h  of f r o z e n  
s o i l  i s  d e t e r m i n e d   f o r   s t r u c t u r e s   o n   p e r m a f r o s t ,  
t h e   c r i t e r i o n  oE time t o  f a i l u r e  h a s  t o  b e  t a k e n  
f o r  v e r y  l o n g ,  w h i l e  for t h e  c o n s t r u c t i o n   o n  t h e  
t e m p o r a r y   f r o z e n  soil s u c h  a s  t h e   f r o z e n   s h a f t ,  
t h e  time i s  r e l a t i v e l y   s h o r t .   C o n s i d e r i n g  t h e  
time a t  w h i c h  t h e  f r o z e n  w a l l  i s  w o r k i n g  t h e  
l o n g - t e r m   s t r e n g t h  is u s u a l l y   d e t e r m i n e d   a s  fol- 
lows ( B e i j i n g   R e s e a r c h   I n s t i t u t e   o f   M i n e   C o n -  
s t r u c t i o n ,   C e n t r a l   C o a l   M i n i n g   R e s e a r c h  I n s t i -  
t u t e ,  1989;  C h i n a   U n i v e r s i t y  o f  M i n i n g   a r i d   T e c h -  

C o a l   I n d u s t r y  P u b l i s h i n g  H o u s e ) :  
n o l o g y ,   S h a f t  S i n k i n g  o f  S p + c i a l   T e c h n i q u e s ,  

Og=1.73 + 0.392 Id ( 5 )  

THE CACULATION RESULTS OF DEFORMATION A N D  
ANALYSIS 

(1)  I n f l u e n c e  of  t h e   h e i g h t  o f  s i n k i n g  s e c t o r  

I n f l u e n c e   o n   d e f o r m a t i o n  o f  t h e   f r o z e n  wal l  
3 n   d e f o r m a t i o n  o f  t h e  f r e e z e  wal l :  

a t  t h r e e   h e i g h t s   o f  t h e  s e c t i o n   ( 4 . 4 ,  3 . 3  a n d  
2 . 2  m) a re  c o m p a r e d .   T h e   c a l c u l a t e d   r e s u l t s  a r e  
s h o w h  i n   F i g . 6 .   T h e   r e s u l t s   i n d i c a t e d  t h e  h e i g h t  
of t h e   s e c t i o n   h a s   a n   o b v i o u s   i n f l u e n c e   o n  d e -  
f o r m a t i o n  o f  t h e   f r o z e n   w a l l ,   a n d   t h e   i n f l u e n c e  
i n c r e a s e d  a s  time i n c r e a s e d ,  b u t  t h e   r e l a t i v e  
d i f f e r e n c e  WEIS n o t   c h a n g e d .   T h e  maximum v a l u e   o f  
d e f o r m a t i o n  of t h e   f r o z e n  wa l l  g e n e r a l l y   a p p e a r s  
n e a r   t h e   w o r k i n g   f a c e .   T h e   l a r g e s t   d e f o r m a t i o n  
o f   t h e   d i f f e r e n t   h e i g h t s   o f  t h e  s e c h i o n   a n d  time 
a r e  shown i n   T a b l e  2 .  

F r o m   t h a t .   d e f o r m a t i o n   o f   t h e   f r o z e n   w a l l  is  

T a b l e  2 T h e   m a x i m u m   v a l u e  of d i s p l a c e -  
m e n t  vs h e i g h t  of  s e c t i o n  

T i m e  Height of  s e c t i o n  
2.2m 3 . 3 ~  8.4m 

1 2 h  1 0 . 3 m m  19.3mm , 18.4mm 
24h  -17.4mm  20.9mm ~ 2 6 . 0 m m  
3 6 h  22.3mm 33 .Smm 

i s  d o u b l e d .   T h e r e f o r e ,  i t  is o b v i o u s  t h a t  t h e  
i n c r e a s e d  one time a s  t h e   h e i g h t  of t h e  s e c t i o n  

h e i g h t   o f   t h e   e r e c t i o n   h a s   a n   i n f l u e n c e   o n   d e -  
f o r m a t i o n .  Prom t h e   F i g . 6   l e a d   d e f o r m a t i o n  is 
i n f l u e n c e d  by t h e  h e . i g h t   o f   s e c t i o n ,   t h e  de- 
f o r m a t i o n   a f   2 . 2  m h e i g h t   o f   s e c t i o n   r e a c h e d  
a b o u t  2 m b e l o w   t h e   w o r k i n g   f a c e ,   b u t  a t  t h e  
h e i g h k   o f  4.4 m a n d  3 . 3  m i t  w i l l  r each  a b o u t  
5 m .  So t h e   s e c t i o n   h e i g h t   h a s   a n   o b v i o u s   i n f l u -  
e n c e   o n   l e a d   d e f o r m a t i o n ,  a s  s h o w  i n  Fig.6. 

( 2 )  T h e   i n f l u e n c e   o f  time o n   d e f o r m a t i o n  of  
t h e   f r o z e n  wal l  a n d   b o t t o m  heave:  

T h e  more time t h e ’   f r o z e n   w a l l  is e x p o s e d ,  t h e  
l a r g e r   t h e   d e f o r m a t i o n  i s ,  b u t  t h e  s p e e d   o f   i n -  
crease is d e c r e a s e d .  I t  i n d i c a t e d   t h e   d e f o r m a -  

wa l l  is  s t e a d y   i f  t h e  a m o u n t   o f  d e f o r m a t i o n  i s  
t i o n  i s  a t t e n u a t i o n  d e f o r m a t i o n ,  so  t h e  f r o z e n  

n o t   l a r g e r   t h a n   t h e   p e r m i t t e d   v a l u e ,   a n d  i t  will 
meet t h e   n e e d s  of c o n s t r u c t i o n .  I f  n d e c r e a s e  of  
t h e   d e f o r m a t i o n  of  t h e  f r o z e n   w a l l  i s  e x p e c t e d ,  
i t  i s  n e c e s s a r y  bo s p e e d ” u p   t h e   c a n s t t u c t i o n , a n d  

A t  t h e   b e g i n n i n g ,   t h e  d i s p l a c e m e n t  of 3 . 3  n a n d  
d e c r e a s e  t h e  e x p o s u r e  time o f  t h e  f r o z e n  w a l l .  

same t i m e - a r e  s i m i l i a r ,   b u t   l a r g e r   t h a n   t h e  2 . 2  
rn s e c t i o n .   A c o m p l i s h  time, a n d   i n f l u e n c e s  o f  the  
h e i g h t  o f  t h e   s e c t i o n   a r e   l a r g e r   a n d   l a r g e r ,  

14 .4  m h e i g h t  o f  s e c t i o n   a c c o m p l i s h e d  i n  t h e  

s h o w n   i n  Fig.7. 
When t h e  l i n i n g  o f  t h e  s h a f t  h a s   b e e n   b u i l t  

a n d  t h e  s i n k i n g ,   h a s   s t o p p e d  t h e  l o n g e r  t h e  time 

8.  B u t  i n  t h e  c o n d i t i o n  o f  s t r e n g t h e n i n g   I r e e z -  
is, t h e   l a r g e r  t h e  d e f o r m a t i o n  i s ,  shown i n  F i g .  

i n g ,  t h e  s p e e d  of  b o t t o m  h e a v e  i s  d e c r e a s e d ,  
s i m i l i a r   t o   d e f o r m a t i o n  of  t h e   f r o z e n   w a l l ,  so 
l o n g  a s  t h e   a m o u n t  of b o t t o m   h e a v e  is s m a l l e r  
t h a n  t h e  p e r m i t t e d   v a l u e .   t h e   s h a f t  i s  s e c u r e .  
I t  i n d i c a t e d  t h e  s t r e n g t h e n i n g   f r e e z i n g   h a s  re -  
s t r a i n e d  t h e  n o n - a t t e n u a t i o n   d e f o r m a t i o n ,  t h e  
l a r g e s t   s p e e d  o f  b o t t o m  h e a v e  i s  4 7 . 4  mm/h,  i t  
a p p e a r e d   a t  t h e  b e g i n n i n g  of t h e   s t o p  i n  s i n k -  

i s  l a r g e r .   T h e  d e e p e r ,   t h e  smaller b o t t o m  h e a v e  
i n g ,   T h e   r a d i u s  is l a r g e r ,  a n d   t h e  b o t t o m  h e a v e  

is. And t h e  s c o p e  of i n f l u e n c e  i s  r e s t r i c t e d  by 
time a s  wel l ,  a s  s h o w n  i n  Fig.9, t h e r e f o r e , t h e r e  
a r e  many f a c t o r s   i n f l u e n c i n g   l e a d   d e f o r m a t i o n .  

( 3 )  T h e   d e f o r m a t i o n   i n   f r o z e n   w o l l s :  
The d e f o r m a t i o n   i n   f r o z e n   w a l l s  is s m a l l e r  

a r e  c o m p a r i t i v e l y  smooth a n d  h a v e  n o   i n f l e c t i v e  
t h a n   d e f o r m a t i o n   o f  s i d e  w a l l s ,   a n d  i t ‘ s  c u r v e s  

h a s   m o r e   i n f l u e n c e  o n  t h e   s i d e w a l l   t h a n  t h e  i n -  
p o i n t s .   T h i s   p r o v e s   t h e   p r o c e s s  of s h a f t   s i n k i n g  

n e r   f r o z e n   w a l l .   A l t h o u g h   t h e   i n n e r   l i n i n g   h a s  
b a s i c a l l y  no d i s p l a c e m e n t ,   t h e   f r o z e n  w a l l  n e a r  
t h e   f r e e z e   p i p e s   h a v e  l i t t l e  d i s p l a c e m e n t .  i t  
i n d i c a t e d  t h e  f r o z e n  wa l l  w o u l d   h a v e  l i t t l e  d i s -  
p l a c e m e n t   a f t e r   t h e   i n n e r   l i n i n g   h a s   b e e n   b u i l t ,  
s h o w n   i n   P i g .  10. 

z e n   w a l l   s h o w n  i n  F i g . 1 1 ,  from t h a t ,  t h e  i n -  
f l u e n c e  o f  time o n   d i s p l a c e m e n t  of  t h e  s i d e  
wal l  is l a r g e r   t h a n   t h a t   o f  t h e  i n n e r   f r o z e n  
w a l l .  

(4) C o m p a r i s o n  of c a l c u l a t i n g  r e s u l t s  a n d  
m e a s u r e m e n t :  

T h e   d i s t r i b u t i o n   o f   d i s p l a c e m e n t  i n  t h e   f r o -  

6 8 0  
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Bm 

F i g . 6  T h e  d e f o r m a t i o n   o f   f r o z e n  wal l  a l o n g   d e p t h  f o r  d i f f e r e n t  
h e i g h t   s e c t i o n s  e t  e x p o s u r e  time equal  t o :  

Fig.7 T h e  maximlum v a l u e  o f  deforme- '  
t i o n  v s  t i m e  

2--height of s e c t i o n  - 3 . 3  m 
I--heighr of s e c t i o n  =4.4 m 

3 " h e i ~ h t  of s e c t i o n  ~ ~ 2 . 2  m 

$5 I 

200 

2 l!L 100 0 

12 24 36 t(h) 

I 

6 8  I 

F i g . 9   B o t t o m   h e a v e  vs r a d i u s  of s h a E t  a t  
d i f f e r e n t   d i s t a n c e s   u n d e r   w o r k i n g   f a c e :  

( a )  0 ;  (b) 2 . 2  m :  ( c )  4 . 2  m ;  ( d )  6.2  m 

T h e   X i e q i a o   m a i n   s h a f t  i s  X i e q i e o s   h o i s t i n g  
s h a f t ,  i t ' s  f i n i s h e d   r a d i u s  is  7.6 m .  t o t a l  
d e p t h  is 7 3 2 . 2  m .  S h a f t :   s i n k i n g   t h r o u g h   Q u a t e r -  I 

n a r y   o v e r b u r d e n   h a s  a t h i c k n e s s  o f  291 .3  m .  
S a n d  s t r a t a  is W . 4 7 X .  c l a y  s t r a t a  i s  4 5 . 5 3 3 ,  

T h e  c h a r a c t e r i s t i c s  of  t h e  c l a y  s t r a t a  i s  t h a t  
i t  is b u r i e d   d e e p ,  i t  h a s  l a rger  t h i c k n e s s  of a ' 

s i n g l e  layer  a n d  more c o n t e n t  of f i l m  water, i t  
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:1 a. a d P 
s i m u l a t e   t h e   s h a f t   i n  a d e e p   a n d   t h i c k   c l a y  
l a y e r .   C e r t a i n l y ,   t h e   c a l c u l a t i o n  and measure- ,  

T h i s  i s  b e c a u s e   t h e   m e a s u r e m e n t  of  b o t t o m   h e a v e  
m e n t  o f  b o t t o m   h e a v , c   h a v e  a g r e a t   d i f f e r e n c e .  

is not p r e c i s e ,  some a s s u m p t i o n 8  a r e  d i f f e r e n t  
from t h e , r e s l   c o n d i t i o n s ,  and t h e  error  i n  ca l -  
c u l a t i n g ,  e t c .  For d e t a i l ,  see r e f e r e n c e   ( C h i n a  
U n i v e r s i t y  of M i n i n g   a n d   T e c h n o l o g y  e t c . ) .  
In a d d i t i o n ,   t h e   m o d e l  s i z e ,  e s p e c i a l l y   t h e  mize 
u n d e r   t h e  working f a c e  has a n   i n f l u e n c e  on b o t -  
tom h e a v e ,  i t  i s  a n   4 m p . o r t a n t  f a c t o r .  

STRESS 
.. - 

. .  

T h e  stress o f   e v e r y   n o d e  is a n   a v e r a g e   v a l u e  
o f  n e a r b y   g a u s s   n o d e s .   T h e   d i s t r i b u t i o n  o f  
s t r e n x t h   a n d  e l a s t i c  m o d u l u s   . i n   t h e   f r o z e n  wa l l  
a r e  s h o w n   i n  Fig.12 a n d  Fig.13. 

F i g .  LO D i s p l a c e m e n t  of. f t o k e n  wall 
at f r e e z i n g   p i p e  

Fig.12 S t r e n g t h   v s t h i c k n e s s   o f   f r o z e n   w a l l  

F i g . 1 1   D e f o r m a t i o n   o f   f r o z e n  w a l l  v s  
t h i c k n e s s  -of f t o z e n   w a l l  for 

1--36 h o u r  ; 2 - - 2 4  h o u r  : 3--12 h o u r  

l .s  d i f f i c u l t  t o  f r e e z e   a n d   h a s .  a low s t r e n g t h  
a f t e r   f r e e z i n g .  I t  o b v i o u s l y  h a s  t h e   c h s r a c e e r s -  
t i c s  of  c r e e p .   T h e   l a r g e s t   t h i c k n e s s  o f  t h e   l i n -  
i n g  i n  t h e   f r o z e n   s e c t i o n  is 1.8 m .  T h e   l a r g e s t  
r a d i u s   o f   s i n k i n g  i s  5 . 4  m .  After s t r e n g t h f r e e z -  
i n g ,  t he  d i s t r i b u t i o n   o f   t e m p e r a t u r e   b e t w e e n   t w o  
f r e e z i n g   p i p e s  is s h o w n   i n   F i g . 2 .   T h e  model i s  
s i m i l i a r  t o  c o n s t r u c t i o n .   T h e   d e p t h  of t h e  model 
was f r o m   2 6 0  m t o  2 7 2 . 4  m e  T h e   t e m p e r a t u r e  of 
the  o u t e r   b o u n d a r y  was - 2 ° C .  T h i c k n e s s   o f  t h e  
f r o z e n  wa l l  w a s  6.3 m .  T h e   s p e e d  of  s i n k i n g   w a s  
1 . 1  m / d .  

b o t t o m  h e a v e  i s  200 mm,  t h e  d e f o r m a t i o n  of t h e  
f r o z e n  w a l l  is 30 mm d u r i n g  36 h o u r ,  a n d  t h e  

F r o m   T a b l e  3 ,  t h e   m e a s u r e m e n t   i n   c o n s t r u c t i o n :  

T a b l e  3 M e a s u r e m e n t  i n  c o n s t r u c t i o n  
a n d   c a l c u l a t i o n   r e s u l t s  

I tem m e a s u r e m e n t   c a l c u l a t i o n  

B o t t o m  h e a v e  200mm 2 7 5 m m  

D i s p l a c e m e n t  3 0 m m  3 2 m m  

c a l c u l a t i n g  r e s u l t  is t h a t   d e f o r m a t i o n  of t h e  
t r o z e n  wal l  i s  30 m m  a n d  b o t t o m  h e a v e  i s .  275 mm. 
T h e r e f o r e  t h e  c a l c u l a t i o n   a n d   m e a s u r e m e n t  o f  
d i s p l a c e m e n t  o f  t h e   f r o z e n  wall  a r e  b a s i c a l l y  
t . he  same. T h a t   p r o v e s   t h e   m o d e l   c a n  b e  u s e d  t o  

F i g . 1 3   E l a s t i c   m o d u l u s  VI t h i c k n e s s  of 
f r o z e n  wall 

( 1 )  D f s t r i b u t i o n   o f  stress i n   f r o z e n   w a l l :  

o f   s h a f t )   a n d   t h e   r a d i u s   d i r e c t i o n .   O O ( t a n g e n -  
T h e   d l s t r i b u t i o n  of  0, ( t h e  v e r t i c a l  s t r e s s  

t i a l  s t r e s s )  a r e  b a s i c a l l y  t h e  s B m e .  t h e y   b o t h  
reach t h e   l a r g e s t   v a l u e  a t  t h e  p l a c e   w h e r e  
f r e e z e   p i p e s  e r e  a n d   t h e i r   a m o u n t s  a r e  t h e  same 
t o o .  O n l y  (Jr ( r a d i a l  s t r e s s )  i n c r e a s e s   a c c o r d i n g  
t o  t h e  r a d i u s   i n c r e a s e .   B u t  i t  is m u c h   s m a l l e r  
t h a n  a z  p l u s  0 0 .  T h e   d i s t r i b u t i o n   o f  s t ress  i s  
t h e   s a m e  w i t h  t h e  d i s t r i b u t i o n  o f  s t r e n g t h  i n  
t h e   f r o z e n  w a l l .  T h i s   e x p l a i n s  t h e  c a u s e  of  n o  

same time. i t  p r o v e s   t h a t   c a l c u l a t i o n s .   a c o r d i n g  
p l a s t i c   r e g i o n   a p p e a r i n g   i n  t h e  frozen w a l l .  A t  

w a l l ,  h a v e  a g r e a t   d i f f e r e n c e  w i t h  t h e  r e a l  
t o   a s s u m p t i o n  of  w e l l - d i s t r i b u t i o n  o f  t h e  f r o z e n  

s i t u a t i o n   t h a t   m a k e s  r e a l  c a p a c i t y  of l o a d - b e a r -  
i n g   l a r g e r   t h a n   t h a t  o f  t h e  c a l c u l a t i o n .  

From t h a t ,  t h e  d i s t r i b u t i o n  o f  m e c h a n i c a l  
c h a r a c t e r i s t i c s  h a v e  a n   i n f l u e n c e  on t h e  s t r e s s  
f i e l d  i n  t h e  f r o z e n   w a l l ,  b u t  t h e   d i s t r i b u t i o n  
o f  t e m p e r a t u r e  has a n   i n f l u e n c e   a n   d i s t r i b u t i o n  
o f  m e c h a n i c a l   c h a r a c t e r i s t i c s .   T h e r e f o r e ,  a r e a -  
s o n a b l e   t e m p e r a t u r e   f i e l d   c a n   b e   d e s i g n e d  f o r  
r a i s i n g  t h e  c a p a c i t y  o f  l o a d   b e a r i n g .   T h a t  m u s t  
b e  n o t e d  f o r  t h e  same t e m p e r a t u r e  f i e l d .  the 



aecan ica l  c h a r a c t e r i s t i c 8   w o u l d   b e   d i f f e r e n t  i f -  
t h e  n a t u r e  o f  s o i l  i s  d i f f e r e n t .  So t h e  n a t u r e  
o f  t h e ' s o i l  is  a n   i m p o r t a n t   f a c t o r .  

F r o m   t h e  results,  t h e  s h e e r  s t r e s s  is  smeller 
t h a n  s t ress ,  i t ' s  a b s o l u t e   v a l u e  i s  smaller t h a n  
0.15 HPa,  S O  i t  c a n   b e   n e g l e c t e d .   T h e   d i s t r i b u -  
t i o n   o f  s t ress  i n  a v e r t i c a l   d i r e c t i o n  i s  well-  
d i ~ t r i b u t e d .   I n   c h a n g e s   n e a r   t h e   w o r k i n g   f a c e  
a n d   n e a r   t h e   b o t t o m  of  t h e  i n n e r   l i n i n g ,   t h i s  
i n d i c a t e d   t h a t  t h e  c h a n g e  of r e s t r a i n t   c o n d i -  
t i o n s  o f  t h e   f r o z e n  wal l  a f f e , c t e d   t h e  s t ress  i n  
t h e   f r o z e n  wall  a l i t t l e ,  b u t   n o t   o b v i o u s l y .  

e n d   c r e e p   p a r e m e t e r s   h a v e   a n   i n f l u e n c e  on t h e  
stress f i e l d   i n   t h e   f r o z e n  wall  d i r e c t l y ,   a n d  
t h e  stress f 1 e l d . w o u l d   d e t e r m i n e d   w h e t h e r   t h e  
p l a 6 t , i C   r e g i o n   a p p e a r e d ,  i t s  s i z e  a n d   w h e r e  i t  
a p p e a r e d .   E s p e c A a l l y .   t h e   p l a s t i c  reg ion  d o e s  
n o t  always a p p e a r   i n   t h e   i n n e r  c i rc le  a n d   e x t e n d  
t o  t h e  o u t e r  c i r c l e .  I t  a p p e a r e d   i n   r e g i o n s   n e a r  

' t h e  f r e e z e   p i p e s  sometimes. T h i s  is m a i n l y   b e -  
c a u s e   t h e   d i s t r i b u t i o n  of m e c h a n i c a l   c h e r a c -  
t e r i s t i c s  a r e   n o t   w e l l - d i s t r i b u t e d .  

on st ress:  

mater ia l  a n d   t h e   s i n k i n g  of  t h e   s h a f t ,  t h e  
s t r e s s  i n   t h e   f r o z e n  wall  i s  always c h a n g e d .  
From F i g . 1 4 ,  no matter w h a t  t h e  h e i g h t  of  t h e  
s e c t i q n ,   t h e  time o f   f r o z e n  wa l l  e x p o s u r e   h a s  
l i t t l e  i n f l u e n c e  on t h e  s t ress  i n   t h e   f r o z e n  
w a l l .  B u t   s i n k i n g  o f  t h e   s h a E t ' i s  a p r o c e s s  
w h i c h   c h a n g e s   t h e   r e s t r a i n t   c o n d i t i o n s  of t h e  
f r o z e n  w e l l ,  so t h e  s t r e s s  c h a n g e d  a l o t  i n  t h e  
p r o c e s s  of s i n k i n g .  see T a b l e   4 .  

D i s t r i b u t i o n  of e l a s t i c  m o d u l u s ,   y i e l d  atrelrs  

( 2 )  I n f l u e n c e  of  time a n d   h e i g h t  of s e c t i o n  

As i n f l u e n c e  by t h e   c h a r a c t e r i s t i c s  of  c r e e p  

T a b l e  4 T i m e  & h e i g h t  of s e c t i o n   v s  s t ress  

H e i g h t  of S t r e s s  o,(MPa) S t r e s s  og (MPa) 
scc t i o n  1 2 h   2 4 h   1 2 h   2 4 h  

~~ _____ ~. ~ 

2.2m 5.442 5 . 4 2 8  5 . 2 9 4  5 . 2 8 8  
3.3m 1 6.071 6.0919 5 . 9 2 0  5 . 9 4 5  
4,4m 6 . 2 3 0  6 . 2 4 2 5  6 . 2 2 5  6 . 1 7 2  - 

Fig.14a  Height of s e c t i o n  k'ig.14b Height  o f  s e c t i o n  
=2.2m expos ing  time t-0 -2.2m expos ing  time t-24 

F i g . 1 4 ~   I l e i g h t   o f   s e c t i o n  F ig - l4d   He igh t  of s e c t i o n  
- 3 . h  expos ing  t ine t-O -3.31~ expos ing  time tm14.4 

6 

.L 2 c  / 
'I / I 

Fig . lh f   He igh t   o f   s ec t ion  P ig . l4e   Height  of s a r t i o n  
-4.4m exposing the t-9.6 14.4m exposing tine t d  

CONCUTS ION 

T h e a r t i c l e   m a d e   u s e   o f   f i n i t e   e l e m e n t   m e t h o d  
t o  c a l c u l a t e   a n d  some h e l p f u l   c o n c l u s i o n  were 
o b t a i n e d :  

( 1 )  T h r e e   - d i m e n s i o n a l   m o d e l  of f r o z e n  s h a f t  
was p r o v e d   p r a c t i c a l l y   a n d  was a b l e  t o  s o l v e  t h e  
p r o b l e m s  of s t r e n g t h   a n d   d e f o r m a t i o n   i n   t h e   f r o -  
z e n   s h a f t .  

w a s   a f f e c t e d   b y   m a n y  f a c t o r s ,  f o r   e x a m p l e :   t h e  
p r o c e s s   o f   s i n k i n g .  t h e  h e i g h t  of s e c t i o n ,   a n d  
t h e  time f o r   b u i l d i n g   t h e   l i n i n g .   T h e   r a n g e  o f  
t h e  l e a d   d e f o r m a t i o n  i s  a b o u t  two times t h e  
r a d i u s   u n d e r   t h e   c o n d i t i o n s  of t h e   p a p e r .  

( 3 )  T h e   d e f o r m a t i o n  o f  t h e   f r o z e n   s h a f t  i s  

When t h e   h e i g h t   o f  t h e  s e c t i o n   d e c r e a s e s   b y   h a l f ,  
g r e a t l y  a f f e c t e d  b y  t h e   h e i g h t   o f   t h e   s e c t i o n .  

t h e  d e f o r m a t i o n  of t h e   f r o z e n   w a l l   r e d u c e d  b y  
t h e   s a m e   a m o u n t .   T h e   n e a r e r  t o  t h e   s i d e  wa l1 , the  
b i g g e r  t h e   d e f o r m a t i o n  i s .  And t h e   d e f o r m a t i o n  
i s  i n f l u e n c e d  b y  time g r e a t l y ,   t h e  f a r t h e r  f r o m  
t h e   s i d e  w a l l ,  t h e  s m a l l q r  t h e  i n f l u e n c e  is. 

'(4) A c c o r d i n g  t o  c a l c u l a t i o n s ,   t h e r e  a r e  v e r y  
f e u   n u m b e r   n o d e s   i n   t h e   p l a s t i c  s t a t e .  T h i s   e x p -  
l a i n s  why p l a s t i c   d e f o r m a t i o n   c e a s e s  a t  t h e  same 
time t h e  f r o z e n  w a l l  is b a s i c e l l ' y   i n   a n  e l a s t i c  
s t a t e .  B u t  t h e  p l a s t i c   r e g i o n   i n   t h e   f r o z e n   w a l l  
d o e s   n o t   a l w a y s   a p p e a r   i n  t h e  i n n e r  c i c l e  o f   t h e  
f r o z e n  wa l l .  i t s  d e t e r m i n e d  b y  t h e   d i s t r i b u t i o n  
o f   m e c h a n i c a l  c h a r a c t e r i s t i c s .  T h i s   r e s u l t s   i n  
g r e a t   d i f f e r e n c e s   w i t h   o r d i n a r y   m e c h a n i c a l  Ca l -  
c u l a t i n g .   T h e  maximum s t r e s s  i n   t h e   f r u z e n  w a l l  
e x p o s e d   s e c t i o n )   i n c r e a s e s  a s  t h e   h e i g h t  of t h e  
s i n k i n g   s e c t i o n   i n c r e a s e s .   T h e   v a l u e   o f  s tress 
i n c r e a s e s  15% a s  t h e   h e i g h t   o f   s e c t i o n   d o u b l e d . .  

( 5 )  T h e   p r o c e s s   o f   s i n k i n g   h a s  a g r e a t  i n -  
f l u e n c e   o n   t h e . c h a n g e s   o f  s t ress ,  b u t   t h e  time 
of e x p o s u r e  of t h e   f r o z e n   w a l l   h a s  l i t t l e  i n f l u -  
e n c e   o n  che s t r e s s .  S h e a r  s t ress  c o u l d  b e  n e g -  
l e c t e d   c o m p a r e d  t o  stress.  

.~ 

( 2 )   T h e   l e a d   d e f o r m a t i o n   o f  t h e  f r o z e n   s h a f t  
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THE PREVENTION;  CONTROL, A N D  EVALUATION OF  FROST DAMAGE ON THE  BUILDINGS 
OF CANAL SYSTEMS IN SEASONAL FROZEN G R O U N D  AREAS 

Wang W e n k a i   a n d   L i n   C h u a n w e i  

S u i  Hua Water C o n s e r v a n c y   B u r e a u   o f  Het L o n g J i a n g   P r o v i n c e  

T h i s   p a p e r   a n a l y z e s  t h e  r e a s o n s   a n d  measures of p r e v e n t i o n   a n d   c o n t r o l  of f r o s t  
d a m a g e   o f   c a n a l   s y s t e m  in s e a s o n a l   f i r o a e n   g r o u n d  a r e a s ,  a n d  makes B s u g g e s -  
t i o n s   f o r   p r o b l e m s   a w a i t i n g   r e s e a r c h .  

I N T R O D U C ~ ~ O N  

A t  Hei L o n g j i a n g   P r o v i n c e ,   m o s t  of  t h e  a r e a  
i s  s e n s o n a l   f r o z e n   g r o u n d .   T h e   d e g r e e  of f r o s t  

a t  Mei L i n g   C o u n t y   a n d  83% a t  N o r t h e r n  Cha Ha 
d a m a g e   o n  t h e  b u i l d i n g s  of c a n a l   s y s t e m s  i s  53% 

Yang Guan a r e a .  T h e   r e t a i n i n g  wa l l  i s  o n e  of 
s t r u c t u r e s   i n  w h i c h  d a m a g e  i s  most s e r i o u s ,   t h e n  
t h e  b o t t o m   p l a t e  of D r o p s ,   F l o o d g a t e s   a n d  Pump 
S t a t i o n s ,  e t c .  

t o  t h e  o v e r a l l   a r r a n g e m e n t s  o f   s t r u c t u r e   a n d   t h e  
F o r  e n g i n e e r i n g   p u r p o s e s ,  if w e  p a y   a t t e n t i o n  

r e a s o n a b l e   m e a s u r e s  of l o c a l  p r e v e n t i o n   a n d   c o n -  
t r o l  o f  f r o s t  h e a v e ,  f r o s t  d a m a g e  of t h e  b u i l d -  
i n g s   o f   c a n a l  systems c a n  b e  a v o i d e d .   T h e  rea- 

, 8ona f o r  f r o s t  d a m a g e ,   a l t h o u g h  t h e r e  a r e  a l o t  
of d i f f e r e n t   v i e w s .  most s c h o l a r s   t h i n k   t h a t   t h e  
m a i n   f a c t o r s   c a u s i n g   f r o s t   d a m a g e   i n   c a n a l   s y s -  
tems a r e  s o i l ,  w a t e r ,   t e m p e r a t u r e   a n d  s t ress .  .So 
e n g i n e e r i n g  c i r c l e s  a d o p t  t h e  f o l l o w i n g   m e t h o d s  
t o  p r e v e n t   a n d   c o n t r o l   f r o s t ' d a m a g e .  

METHOD OF WHOLE STRUCTURE 

F r o s t   d a m a g e  is most s e r i o u s   i n  t h e  m i d d l e  
a n d  small b u i l d i n g s  of c a n a l   s y s t e m s ,   I n   t h e  
o v e r a l l  a r r a n g e m e n t  o f  b u i l d i n g   c a n a l   a y s t e m s ,  
f i r s t  w e  s h o u l d  reduce  t h e , c o n t a c t   a r e a   w i t h  t h e  
s t r u c t u r a l   f o u n d a t i o n   i n  o r d e r  t o  dec rease  t h e  

r o b s b i l t t y   o f   f r o s t  h e d v e .  t h i s  i s  c a l l e d  t h e  
- ' a v o i h i n p "  m e t h o d  o f   f r o s t   h e a v e .  

~ l-*, I n   o r d e r   t o   r e d u c e   p l a n e  s i z e  of t h e  b u i l d -  
i n g   s t r u c t u r e ,  we s h o u l d  s h o r t e n ,  a s  f a r  a s  p o a -  
s i b l e ,  t h e   r e t a i n i n g  w a l l  o r  a d o p t  a w a l l  s t r u c - -  
t u r e  of "-" t y p e   ( F i g . l ) ,  w h i c h  is  b u r i e d   . u n d e r  
t h e   f r o z e n   l a y e r ,  s o  t h a t   v e r t i c a l   a n t i - p e r m e a -  
P i n g  i s  c o m b i n e d   w i t h   t h e   h o r i z o n t a l   a n t i - p e r -  
m e a t i n g   a n d  t h e  e f f e c t  oE n o r m a l   f r o s t   h e a v e   c a n  
b e   a v o i d b d .  I f  r e d u c i n g   t h e   e n e r g y   w i t h   s i e v e s  
i s  u s e d ,   f r o s t   d a m a g e  i n  t h e  s t r u c t u r e s   c a n   b e  
s o l v e d ,  because i t s  r e d u c e d   e n e r g y  i s  s u f f i c i e n t .  

Fand t h e  p r o t e c t i n g  bo t tom of  t h e  r e d u c i n g   e n e r g y  
p o o l  is b u i l t   w i t h  s e p a r a t e d  c . o n c r e t e ,  w h i c h   h a s  
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Fig.1 F l o o d g a t e  of  "-" t y p e  

a s t r o n g   a d a p t i o n  t o  t h e   d e f o r m a t i o n  of f r o s t  
h e a v e .  A t  Sui H u a   a n d  Wu C h a n g , e C c .   a r e a , s t r u c -  
t u r e  of "-" t y p e  was u s e d   m a n y  times a t  t h e  
d r o p s   a n d   f l o o d g a t e ,   i n   w h i c h   t h e   l o n g e s t   u s i n g  
time i s  20 y e a r s   a n d   t h e   e f f e c t  of  r e d u c i n g  
e n e r g y   a n d   p r e v e n t i n g   a n d   c o n t r o l l i n g   f r o s t  
d a r n a g e ,  e t c . ,  was v e r y   g o o d ,   a n d  more t h a n  50% 
of t h e   s t r u c t u r a l   a m o u n t   c a n   b e   d e c r e a s e d .  For 
t h e   m i d d l e  t o  small s t r u c t u r e s   u s e d   i n  water 
c o n s e r v a n c y ,   t h i s   m e a s u r e  is n o t   o n l y   a p p l i c a b l e .  
b u t  a l s o  i s  a c c e p t e d   e a s i l y   e n d  is f e a s i b l e  f o r  
t h e o r y .  . 

S u i   H u a ,  e t c .  a r e a ,  t h e  a q u e d u c t   d r o p s   a n d  
a q u e d u c t  pump s t a t i o n s  a r e  a d o p t e d   ( F i g . 2 ) .  t h i s  
a r r a n g e m e n t   c h a n g e d  t h e  p l a n e   t y p e   i n t o  t h e  
c u b i c   t y p e   a n d  - m y  c a n c e l  or s h o r t e n  a l o t  of  ., 
t h e   r e t a i n i n g  wall a n d   m a k e  , t h e  c o n t a c t e d  a rea  
b e t w e e n  t h e  b u i l d i n g   a n d   f r o z e n   g r o u n d   c o n c e n t r e  
t i o n   o n   s e v e r a l   p r o p s  of t h e , a q u e d u c t  so a s  t o  
a v o i d  f r o s t  heave,  For e x a m p l e ,  a t  S u i  Hua a r e a ,  
w h e n   t h e  area h a s   n o r m a l   a n d   s h e a r  fo rce  of  
f r o s t  h e a v e  i t  d e c r e a s e d   r e s p e c t i v e l y  b y  3% a n d  
18% i n  former a r e a ,  f r o s t   d a m a g e   o f   d r o p s   r e d u -  
c e d   c o n s i d e r a b l y .   M e a n w h i l e  60X o f   t h e   s t r u c -  
t u r a l   a m o u n t  was d e c r e a s e d .  

3. A t  S u i  Hua a n d  Mu L a n  e t c . a r e a ,  r e d u c i n g  
e n e r g y  w i t h  a d e e p l y   b u r i e d   s h a f t  was a d o p - t e d ,  
it c a n   a l s o   o b t a i n   r e s u l t s  of r e d u c i n g   t h e   s t r u c -  

2 .  A d o p t i n g  a . s t r u c t u r e   b u i l t   o n  s t i l t s .  At 



Fig.2 Aqueduct  drops  and  aqueduct pump s t a t i o n  

t u r a l  a r ea  a n d   f s o s t  da.mage. 
So i t  is s e e n   t h a t   f r o s t   d a m a g e   c a n  be  a v o i d -  

e d  or r e d u c e d   i f  we a d o p t  n e w   t e c h o l o g y ,   a c c o r d -  
i n g  t o  t h e   d i f f e r e n t   c h a r a c t e r i s t i ' c s   o f   b u i l d -  
i n g s   a n d  l o c a l  c o n d i t i o n s ,   a n d  a s  f e r  a s  por- 
s i b l e   r e d u c e   p l a n e   s i z e s   o f   s t r u c t u r e s ,   f o r  
e x a m p l e ,   a d o p t i n g   t h e   r e d u c i n g   e n e r g y   o f   s h a f t  
or  wal l  of "-" t y p e  or a s t r u c t u r e   b u i l t   o n  
a c i l t s .  e t c . ,  

h e a d  i s  n o t   h i g h ,   i f  we d o   n o t   w a n t  t o  a d o p t  
t h e   " a v o i d i n g   m e t h o d " ,  w e  m a y  c h a n g e   t h e   r e t a i n -  
i n g  wel l  t o  a s t r u c t u r e  o f  a v a c a n t   b o x   b u i l t  
by  c o n c r e t e   ( F i g . 3 ) .   E n g i n e e r i n g   p r a c t i c e s  a t  

4. F o r , s o r n e  of t h e  b u i l d i n g s   w h e r e   t h e  water 

ji!g /$?. ... 

.. 

F i g . 3  R e t a i n i n g  wall  b u i l t   b y   c o n c r e t e  

S u i  Hua a n d   X i n g   J i a n g , . e t c . ,  a r ea  h a s   v e r i f i e d  
t h a t  t h e  b u i l t   s t r u c t u r e  w i l l  a l l o w  f o r  c e r t a i n  
d e f o r m a t i o n s   i n   o r d e r  t o  m a k e  the f o r c e   o f  f r o s t  
h e a v e   r e d u c e   g r e a t 1 y ; i   A f t e r  t h e  f o r c e s  o f  f r o s t  
h e a v e   v a n i s h ,  i t s  d e f o r m a t i o n   c a n  b e  r e c o v e r d d .  
S i n c e   t h e   f u n c t i o n   o f   d r a i n a g e   i n   t h e  c r acks  o f  
e q u i p m e n t   g o o d ,   f r o s t   h e a v e  is v e r y  sma l l ,  so 
we may n e g l e c t   a d d i t i o n a l   f o r c e s   o f   f r o s t   h e a v e  
o n   t h e   s t r u c t u r a l   d e s i g n .  I n  some a r e a s  w h e r e  
h o i s t i n g   o c c u r s ,  i t  I s  f e a s i b l e  t o  u s e   t h e   b u i l t  
s t r u c t u r e  t o  a v o i d  frost d a m a g e   o f  some s m a l l  
s t ructures .  

lowable  a n d   u n a l l o w a b l e   d e f o r m a t i o n s .   T h e   p r o c e -  
e d i n g   t h r e e   k i n d s   o f   m e t h o d s   p r o d u c e   n o   d e f o r m s -  
t i o n s  or v e r y   s m a l l   d e f o r m a t i o n s ,   t h e   f o r t h  a l -  
lows t h e   p r o d u c t i o n  of  c e r t a i n   d e f o r m a t i o n s .   T h e  
two k i n d s  o f  f u n c t i o n s   f o r   p r e v e n t i n g   a n d   c o n -  
t r o l l i n g   f r o s t   d a m a g e  a r e  g o o d .  

T h e   a b o v e   m e a s u r e s  m a y  be  s e p a r a t e d   i n t o  sl- 

LOCAL HEASURES OF PREVENTING AND  CONTROLLONG 
FROST  HEAVE 

I n   t h e   o v e r a l l   a r r a n g e m e n t  of t h e   s t r u c t u r e s ,  
a l t h o u g h   t h e  above  m e t h o d s  may a v o i d  f r o s t  h e a v e ,  
t h e r e  i s  s t i l l  some a r e a s  of t h e  f o u n d a t i o n   c o n -  
t a c t i n g  t h e  f r o z e n   g r o u n d .  We m u s t  t r e a t  seri- 
o u s l y  t h i s  p o s i t i o n .   T h e   c o n c r e t e   m e t h o d s  a r e  
a s  f o l l o w s :  ' 

E x c h a n g i n g   S o i l .  Damming Water a n d   D r a i n a R e  
( h e o f  t h e  m e a s u r e s  t o  p r e v e n t   a n d   c o n t r o l  

f r o s t   d a m a g e  is t h r o u g h   a n   e x c h a n g e  of f o u n d a -  
t i o n   s o i l   i n  a f r o s t   h e a v e   z o n e .   T h i e  i s  e c o n o -  
m i c a l  a n d   p r a c t i c a l   i n  a s e a s o n a l   f r o z e n   g r o u n d  
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a rea .  We m u s t   t a k e   i n t o   c o n s i d e r a t i o n   t h e  s t r u c -  
t u r a l   h y d r o l o g y   a n d   p r a c t i c a l   c o n d i t i o n s  so we4 
c a n   o b t a i n   s a t l e f a c t o r y   e f f e c t s .  

D u r i n g  t h e  f r e e z i n g   p r o c e s s ,   w i t h  a c h a n g e  of 
b o u n d a r y   c o n d i t i o n s .  t h e  r o u t e   o f  water m i g r a -  
t i o n   f r o m  a n o r m a l   B o u r c e   c a u s e s   a n  increase  o f  
f r o s t   h e a v e ,  o r  d r a i n a g e   p r a d u , c e d   b y   t h e   f r o s t  
h e a v e .  

1. When t h e r e  i s  a g r a v e l   l a y e r   w h i c h   d o e s n ' t  
h a v e   p r e s s u r e  water u n d e r   t h e   f o u n d a t i o n ,  t h e  
f o u n d a t i o n   p i t   s h o u l d   b e   d u g   t o  t h e  g r a v e l l a y e r .  

o f  f o u n d a t i o n   p i t   m u s t   b e  1 a r g e r . t h a n   s i z e .   o f  
t h e n   c h a n g e   t h e   f i n e   a p i l  to  p u r e   g r a v e l  (SIZE 

f o u n d a t i o n ) .  or we m a y  u s e  a b l i n d  s h a f t  w h i c h  
i s  f i l l e d  ukth g r a v e l   i n   o r d e r  t o  c o n n e c t  t h e  
f o u n d a t i o n   p i t   w i t h ,   t h e   g r a v e l   l a y e r   u n d e r   t h e  
f o u n d a t i o n  as a p a s s a g e w a y   f o r   d r a i n a g e  (Fig.4). 

F i g .  4 B l i n d   s h a f t   d r a i n a g e  

O n l y   w h e n   t h e   d i s t a n c e   b e t w e e n  t h e  g r o u n d w a t e r  
l e v e l   a n d   t h e   f r o s t   f r o n t  i s  l a r g e r   t h a n  0 . 5  m 
u n d e r  t h e  f r o s t  f r o n t ,  is t h i s  method s u i t a b l e .  
On ly   when  t h e  r a n g e  of p e n e t r a t i o n  i s  0.6 times 
a t   t h e  s i d e s  o f   t h e   s t r u c t u r e ,   m u s t  we c h a n g e  
t h e  f o u n d a t i o n  . s o i l  t o  g r a v e l  soil o f  f r o s t  n o n -  

of  t h e  shea r  f o r c e  o f  f r o s t  h e a v e   w h i c h  ac t ,  on 
s u s c e p t i v i t y   i n   o r d e r  t o  e l i m i n a t e   t h e  e f f e c t s  

t h e  f o u n d a t i o n   s i d e s .  
2 .  When t h e  f o u n d a t , i o n   s o i l  i s  f r o s t   h e a v e  

s o i l ,  a c c o r d i n g  t o  t h e  c o n d i t i o n s  of  t h e   g r o u n d -  
water l e v e l .  we s h o u l d   a d o p t   d i f f e r e n t  measures: 

( 1 )  When d i s t a n c e   b e t w e e n  t h e  g r o u n d w a t e r  
l e v e l   a n d   f r o s t   f r o n t  i s  l a r g e r   t h a n  t h e  w i t h d r a w n  
h e i g h t  o f  f o u n d a t i o q   s o i l  t o  t h e  g r o u n d w a t f i r ,  
t h e  a b o v e   m e t h o d  i s  g o o d .  

( 2 )  When g r o u n d w a t e r   l e v e l  is h i g h e r ,  we 
s h o q l d   a d o p t   t h e   l a y e r - f i l l   m e t h o d  t o  c h a n g e  
s o i l ,  i n   w h i c h   t h e  s o i l  i s  d u g  o u t  from the  
f o u n d a t i o n   p i t   a n d   d r i e d   s l i g h t l y   b y   a i r i n g , a n d  
a p l a s t i c   m e m b r a n e  i s  u s e d   f o r   l a y e r - f i l l  d a m -  
m i n g  water B O  a 8  t o  form " l a y e r - f i l l  clos.ed 
f o u n d a t i o n " .  We know t h a t   d u r i n g  t h e  f r o s t   h e a v e  
p r o c e s s ,   f o r m a t i o n   o f   a n  i c e  l a y e r  i s  a r e s u l t  
of  t h e   c o n t i n u o u s   m i g r a t i o n  of w a t e r .   W i t h i n  t h e  
r a n g e  of t h e   f r o s t   h e a v e   z o n e ,  we m u s t   u s e  a 
p l a s t i c . m e m b r a n e  t o  dam w a t e r ,   m e a n w h i l e  we 
s t i l l  m u s t   m a k e  t h e  p l a s t i c   m e m b r a n e   e x t e n d  
o u t s i d e   t h e   f o u n d a t i o n   s i d e  so a s  t o  e l i m i n a t e  
shear  f r o s t   h e a v e .   A c c o r d i n g  t o  o b s e r v a t i o n s  of  
many years o n   t h e   u s e  o f  p l a s t i c   m e m b r a n e  for 
a n t i - p e r m e a t i n g  a t  h o m e   a n d   a b r o a d ,  we t h i n k  
t h a t  i t  i s  v e r y   g o o d  mater ia l .  B u t  we n o t i c e  i t s  
f a u l t   i n   n o t   a l l o w i n g   t h e   i n n e r   w a t e r  t o  d r a i n  
o u t .  

is "water". So l o n q  a s  we w a t c h  c l o s e l y  t h e  
w a t e r   a n d  t h e  a rea  s c o n d i t i o n s   a n d   a d o p t   d i f -  
f e r e n t  methods of e x c h a n g i n g  B o i l ,  a g o o d   e f f e c t  
o f   p r e v e n t i n g   a n d   c o n t r o l l i n g   f r o s t   h e a v e   c a n  b e  
o b t a i n e d .  

we a l s o  may a d o p t  a s imi la r  m e t h o d .  

m e n t  of  t h e   c a n a l   t h e r e   a r e   p i l 1 . 0 ~  beams 50 cnl 
i n   h e i g h t   a n d   u n d e r  t h e  beema is a g r a v e l  l a y e r  

I t  i s  s e e n   t h a t   t h e  k e y  t o  e x c h a n g i n g  s o i l  

For e x c h a n g i n g  s o i l  b e h i n d  a r e t a i n i n g   w a l l ,  

A t  S u i  Hua a r e a ,  i n  t h e  c a n a l   n n d  t h e  e m b a n k -  



7 0  cm i n   t h i c k n e s s   ( F i g - S ) ,   t h e - b r i . d g e   p l a n k  i s  

i o n c r e t e   p i p e  

F ig .5   P i l l ow beam b r i d g e  of shallow foundat ion  

l e i d   u p o n   t h e   p i l l o w   b e a m s .  When c a n a l  water 
r e c e d e s ,   t h e  water i n   t h e   g r a v e l   l a y e r   u n d e r   t h e  

b e a m s  i s  small ,  t h i a  is c a u s e d  b y   g o o d   d r e i n s g e .  

e x c h e n g i n g  s o i l ,  w e  m u s t   c o n s i d e r   s i a u l t a n e o u e l y  
t h e   d r a i n a g e   a n d  danmin!g o f  water,  o t h e r w i s e  
f r o s t  d a m a g e  can n o t   . b e   p r e v e n t e d  or c o n t r o l l e d .  

T e m p e r a t u r e - r e t a i n i n n   M e a s u r e  

l y  p e r f e c t e d   m e t h o d   o f   p r e v e n t i n g   a n d   c o n t t o l -  
l i n g   f r o s t   h e a v e   ( F i g . B ) ,  I t  i s  b a s e d  on c h e n g -  
i n g  t he  t e m p e r a t u r e   f i e l d  of  t h e  b a s e  a n d   u s i n g  

- b e a m s  i s  d r a i n e d   q u i c k l y ,  so t h e  f r o s t  h e a v e  of 

S t r i c t l y   s p e a k i n g ,   d u r i n g  t h e  p r o c e s s  of 

T h e   t e m p e r a t u r e - r e t a i n i n g   m e a e u r e  i s  a r e c e n k  

a way of many l a y e r  

b s t u f f e d  way 

F i g . 6   T e m p e r a t u r e - r e t a i n i n g   f o u n d a t i o n  

some m a t e r i a l s  a s  a t e m p e r a t u r e - r e t a i n i n g   f o u n -  
d a t i o n ,  f o r  e x a m p l e ,  a r i g i d   f o a m e d   p l a s t i c  
p l l t e   o f   p o l y s t y r e n e ,   p e r l i t e   a n d   w a t e r , e t c . .  
I n   c o n d i t i o n s  o f  t h i c k   s a n d y  c l a y  a n d   g r o u n d -  
w a t e r  of  u n c o n f i n e d   w a t e r ,  t h e  f r e e z i n g  time of 
soil is p o s t p o n e d   b e c a u s e   o f   t e m p e r a t u r e - r e t a i n -  
i n g   m e a s u r e s   o f   t h e   f o u n d a t i o n ,   a n d   t h e t C  w i l l  
b e  a l o t  of time f o r  8 d r o p   i n   t h e   g r o u n d w a t e r  

d u c e d .  n u t  t h e  v e l o c i t y  o f   t h e  f r o s t  f r o n t  
, l e v e l ,  so t h e  a m o u n t  of  w a t e r  m i g r a t i o n  i s  re- 

b e y o n d   t h e   t e m p e r a t u r e - r e t a i n i n g   b a s e  is s t i l l  
q u i c k e r .  A crosswise n e g a t i v e   t e m p e r a t u r e   g r a -  
d i e n t  is f o r m e d   b e t w e e n  w a r m   a n d   f r o z e n  soil, 
m e n n w h i l e .   t h e   d i r e c t i o n   o f  weter m i g r a t i o n  is 
c h a n g e d .  So i t  is n e c e s s a r y   t o   r e d u c e   t h e   e f f e c t  
of f r o s t   h e a v e   o f  soil a r o u n d   t h e   f o u n d a t i o n .  

1. U s i n g   r i g i d   f o a m e d   p l a s t i c s  o f  p o l y s t y -  

m a t e r i a l  of 10 cm t h i c k n e s s   f o r   h o r i z o n t a l  tem- 
r e n e .  A t  H a r b i n ,   e t c . .   a r e a ,   t h r o u g h   u s i n g  t h i s  

p e r a t u r e - r e t a i n i n g  of many l a y e r s ,  soil u n d e r  
t h e   f o u n d a t i o n   c a n ' t   E r e e z e  , For  e l i m i n a t i n g  
t h e  e f f e c t s  of f r o s t   h e a v e  of soil a r o u n d  t h e  
f o u n d a t i o n ,   t h e   h o r i z o n t a l   t c m p e r a t u r e - r e t a i n -  
i n g  l a y e r  s h o u l d  be e x t e n d e d   b e y o n d   t h e   f o u n d a -  
t i o n  a t   a b o u t  a p e n e t r a t i o n  o f  0 . 6 - 0 . 8  t imes.  
When b a s e  p r e s s u r e  i s  294 KPa,  d e f o r m a t i o n   o f  
this m a t e r i a l  may b e  c o n t r o l l e d  a t  less t h a n  
10% ( i t s  d e n s i t y  i s  l a r g e r   t h a n  0.03 g / c m ' ) . T h e  
a m o u n t  o f  d e f o r m a t i o n  may s a t i s f y  t h e  r e q u i r e -  
ments  of  m i d d l e   a n d  small s t r u c t u r e s .  

- 2 .  U s i n g  ceramsi te  p e r l i t e .   W i t h o u t   w a t e r ,  
c o n d u c t i v i t y  of t h i s  m a t e r i a l  i s  l e s s  t h a n  0.23 
W / r n * " C .  A t  w a t e r   c o n s e r v a n c y   s t r u c t u r e s ,   w a t e r -  
p r o o f i n g  i s  d i f f i c u l t .  When this m a t e r i a l  i s  
s o a k e d ,  i t s  t e m p e r a t u r e - r e t a i n i n g   p r o p e r t i e s  
d e c r e a s e   o b v i o u s l y .  

C i o n  is  lower a n d  the canal a t  w i n t e r  s t i l l  h a s  
w a t e r ,  we may a d o p t  a t e m p e r a t u r e - r e t a i n i n g  

3 .  U s i n g   w a t e r .  When t h e  s t r u c t u r e s  f o u n d a -  

687 

water l a y e r .  Data o f  Hei L o n g j i s n g   I n s t i t u t e  of 
Water C o n s e r v a n c y  Science s h o w e d   t h a t  B water 
layer 1 u n i t   i n   t h i c k n e s s  may e l i m i n a t e  a f r o z e n  
s o i l  l aye r  o f  1.5 u n i t s   i n   t h i c k n e s s .   B u t   t h i s  
m e t h o d  i s  o n L y   s u i t q b l e  f o r  c a n a l s   i n   w h i c h   t h e  
water d e p t h   c a n   b e   a s s u r e d   i n   w i n t e r .  

4. U s i n g   t h e   m e t h o d  of a n   a i r   f i l l - ' 1 a y e r . T h i s  
m e t h o d   c a n   r e t a i n   t e m p e r a t u r e ,   b u t  i t  is n o t   a n  
i d e a l   m e t h o d   b e c a u s e  o f  t h e   s t r o n g   c o n v e c t i o n  of 
a i r  a n d   t h e   d i f f i c u l t y  of c o n s t r u c t i o n .  

B a s e d   o n   a b o v e - m e n t i o n e d   a n a l y s e s , ,  we t h i n k  
t h a t  i t  i s  b e t t e r  t o  u s e  a r i g i d   f g a m e d   p l a s t i c  
p l a t e .   I n  smell s t r u c t u r e s ,  we a h o u l d  go a s  f a r  
a s  p o s s i b i l e  t o  ,use t h i s   m e t h o d .  

H e n s u r e  o f  H e c h p n i c a l   B a l a n c e  

t i o n  of s t r u c t u r e s ,  a l e r g e r  fo rce  of f r o s t  
h e a v e  w i l l  be p r o d u c e d .  I t  is n o t  a good m e t h o d  
o f   s e l f - r e d s t a n c e ,   b e c a u s e   t h i s   m e t h o d   c a n   n o t  
p r e v e n t   a n d   c o n t r o l  f r o s t  h e a v e .  When c o n t a c t  
b e t w e e n   t h e   a t r u c t u r n l   f o u n d a t i o n   a n d   f r o z e n  
g t o u n d  %* c o n c e n t r a t i v e   c o m p a r a t i v e l y ,  ' w e  may 
a d o p t   t h e   f o l l o w i n g   m e t h o d  t o  p r e v e n t   a n d c o n t r o l  
frost h e a v e   t h r o u g h   u s i n e   t h e   p r i v i p l e  of n e c h -  
a n i c a l   b e l a n c t .  

1. M e a u u r e  o f  a e l f - a n c h o r .   F o r c e e   a n d   c o u n t e r  
f o r c e s   o f  fromt h e a v e  a t e  a c o u p l e  o f  f o r c e s   i n  
w h i c h  the s i z e  i s  the same a n d   d i r e c t i o n  is o p -  
p o s i t e ,  So we may lay u p  a p l a t e  or wood p i l e  
t o  o f f s e t  t h e   c o u n t e r   f o r c e  o f  frost h e a v e   u n d e r  
t h e   f r o z e n  l ayer  (Fig.7). B a s e d   o n   t h e  mane'. 

U n d e r   c o n d i t i o n s  o f  n o t   a l l o w i n g  the d e f o r m e -  

p e n e t r a t l o a   l i n e  
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P i g : i r   P i :  * f i x e d  .by s n c h o l  

r e a s o n s ,   t h e   b o t t o m   p Z J t e  o f  t h e   r e t a i n i n g   w a l l  
t h a t  i s  c a n t i l e v e r  also may ' o f f s e t   c o u n t e r  for -  
ces  o f  f r o s t  h e a v e   a n d   s t r e n g t h e n   t h e   s t a b i l i t y  
o f  t h e  r e t a i n i n g   w a l l .  

2 .  I n c r e a s i n g   t h e   b u r i e d   d e p t h  of  f r i c t i o n a l  
p i l e .  When t h e   g r o u n d w a t e r  l e v e l  o f  t h e   f o u n d s -  
t i o n   p i t  i s  h i g h e r  i t  i s  d i f f i c u l t  t o  d i g  a b i g  
f o u n d a t i o n   p i t   w i t h  8 p l a t e   f i x e d   b y  a h  a n c h o t ,  
we may a d o p t   t h e   u a e  of p i l e s   i n  d r i l l e d  holes. 
T h i s   m e a s u r e  a l s o  may r e a c h   t h e  g o a l  o f   o f f s e -  
t i n g   c o u n t e r   f o r c e s  of f r o s t   h e a v e .   C o m p a r e d  
w i t h   t h e   m e a s u r e  o f  a s e l f - a n c h o r ,   t h e   s t r u c -  
t u r a l   a m o u n t  is l a r g e r .   b u t  i t  is an a c c e p t a b l e  
m e t h o d   b e c a u s e  t h i s  m e t h o d   h a s  t h e  c h a r a c t e r i s -  
t i c s  o f   q u i c k   m e c h a n i c a l   h o l e   d r i l l i n g   a n d   u s e s  
s i m p l e   t e c h n o l o g y .   T h e   a b o v e - m e n t i o n e d   m e a s u r e s  
of " o v e r a l l  a r r a n g e m e n t "   a n d  " l o c a l  p r e v e n t i o n  
a n d   c o n t r o l "  are d i v i d e d ,  e r t i f i c a l l y  by u s ,  
a c c o r d i n g  t o  e n g i n e e r i n g   d e s i g n   a n d   c o n t r u c t i o n  
p r a c t i c e .  I f  we n o t i c e   t h e i r   c h a r a c t e r i s t i c s   a n d  
s u i t a b l e   c o n d i t i o n s   a n d   a d o p t  a s u i t a b l e   a r r a n g -  
e m e n t   o f   s t r u c t u r e s .  we may p r e v e n t   a n d . c o n t r o l  
f r o s t   d a m a g e   a n d   o b t a i n  a good e c o m o n i c a l   e f f e c t .  

FUTURE R E S E A R C H  DIRECTION 

For r e s o l v i n g   e f f e c t i v e l y   t h e   p r o b l e m  of 
f r o s t   d a m a g e ,  we s h o u l d  p a y   a t t e n t i o n  . t o  the  
f o l l o w i n g   p r o b l e m s .  

1 .  R e l a t i o n   b e t w e e n   a i r   t e m p e r a t u r e   a n d   p e n e -  
t r a t i o n .   B a s e d  o n  t h e  former r e s u l t s  o f  r e sea rch  
w h i c h  h a v e  g i v e n   t h e   s t a n d a r d   m e t h o d s ,   f o r   e x a m -  



p l e ,   r e l a t i o n   b e t w e e n   n e g a t i v e   t e m p e r a t u r e  
i n d e x   a n d   p e n e t r a t i o n ,  e t c . ,  we c a n   o b t a i n q u i c k -  
l y   t h e   s t a n d a r d   p e n e t r a t i o n   a n d   t h e   p e n e t r a t i o n  
o f  s t r u c t u r a l .   d e s i g n .  I f  we c a n   d r a w   a n   i s o g r a m  
OF t h e  a v e r a g e   f r o s t   i n d e x   o f   m a n y ' y e a r e ,   a c c o r d -  
i n g  t o  l o c a l  d a t a  o f  a i r  t e m p e r a t u r e ,  we c a n  
o b t a i n   t h e   e x a c t   s t a n d a r d   p e n e t r a t i o n  of  t h e  
e n g i n e e r i n g  s i te .  I f  we k n o w   t h e   p r o p e r t y  o f  
F o u n d a t i o n  s o i l ,  g r o u n d w a t e r   l e v e l   a n d   l o a d ,  
e t c . ,  we c a n   o b t a i n   t h e   a m o u n t  o f  f r o s t   h e a v e  
a n d   r e l e v a n t   f o r c e a  of f r o s t   h e a v e .  So i t  i s  
i m p o r t a n t  t o  o b t a i n   a n   i s a g r a m  of t h e   a v e r a g e  
f r o s t  i n d e x  of m a n y   y e a r s .  

a n d   a l l o w a b l e   d e f o r m a t i o n  o f  d i f f e r e n t   b u i l d -  
i n g s .  We k n o w   t h a t   t h e  f o r c e  of f r o s t   h e a v e  
c h a n g e s   w i t h  t h e  c h a n g e   o f   a l l o w a b l e   d e f o r e a -  
t i o n   v a l u e s . , A l t h o u g h   t h e r e  *is some i s l a t i o n  
b e t w e e n  t h e  f o r c e  of f r o s t   h e a v e   a n d   a l l o w a b l e  
d e f o r m a t i o n ,  we h a v e   n a t   d e t e r m i n e d  how  much ' 
a l l o w a b l e  d e f o r m a t i o n   s h o u l d   b e   c h o s e n   a n d  how 
m u c h  t h e   d e g r e e  of a t t e n u a t i o n  of force  o f  f r o s t  
h e a v e  i s .  So we t h i n k   t h a t  it is  w o r t h   r e s e a r c h -  
i h e  t h e   p r o b l e m  t o  f i n d   t h e   r e l a t i o n s h i p   b e t w e e n  
t h e   m o u n t  of f r o s t   h e a v e ,   a l l o w a b l e   d e f o r m a t i o n  
a n d  a t t e n u a t i o n  of f o r c e  a€ f r o s t   h e a v e .  

3. F r e e z i n g - t h a w i n g   d a m a g e  o f  s l o p e   p r o t e c -  
t i o n  a t  t h e   e x i t   o f   t h e   h y d r o e l e c t r i c   s t a t i o n .  
S i n c e   h y d r o e l e c t r i c s t a t i o n n e e d s  many yea r s  t o  
g e n e r a t e  e l e c t r i c i t y  a n d   t h e   c u r r e n t  v e l o c i t y  
of t h e  e x i t  i s  f a s t ,  i t  c a u s e s   s e r i o u s   f r e e z i n g -  
t h a w i n g   d a m a g e  of  t h e  slope p r o t e c t i o n .  'So  t h i s  
a l s o  is w o r t h  f u r t h e r  r e sea rch .  

2 .  R e l a t i o n   b e t w e e n   t h e   f o r c e  of f r o s t  h e a v e  
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PROFILES OF FREEZING POINT A N D  UNFROZEN WATXR CONTENT 
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L a n z h o u   I n s t i t u , t e  o f  Glac io logy   and   Geoc ryo logp ,  
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T h e  v a r i a t i o n  of F r e e z i n g   p o i n t ,   u n f r o z e n   w a t e r   c o n t e n t  of  s o i l 8   a l o n g ' d e p t h  
c o u l d   u s u a l l y  i n d i c a t e  i n d i r e c t l y   t h e   c h a n g e  of g r a d i n g  s i z e .  mineral and 
c h e m i c a l   c o m p o s i t i o n s ,   c o n s q u e n t l y ,  t h e  s e d i m e n t a l   a n d   e n v i r o n m e n t   c o n d i t i o n  
a s  w e l l .   E x p e r i m e n t a l  r e s u l t s  s h o w  t h a t  t h e  ex t reme v a l u e  o f   f r e e z i n g   p o i n t  a n d  
u n f r o . z e n   w a t e r   c o n t e n t   o c c u r s   a t   d i f f e r e n t   d e p t h  o f  sedimenta l  co res   wh ich   migh t  
r e f l e c t  some e v e n t s   a t  t h e  C h i n a  Great W a l l   S t a t i o n ,   A n t a r c t i c a   f o r   r e c o n s t r u c t -  
i n g   t h e   c l i m a t e   c h a n g e   a n d   e n v i r o n m e n t a l   d e v e l o p m e n t  i n  L a t e   P l e i s t o c e n e .  

INTRODUCTIQN 

c o m p l e ~ e   s e d i m e n t a l   c o r e s  and measured t h  E 
g r o u n d   t e m p e r a t u r e   w i t h   t h e  d e p t h  of 0 t o  3 m 
t o  6 m i n  t h e  e n d  o f  F e b r u a r y   o r   t h e   e a r l y   o f  
March i n  t h e   C h i n a   r e a t  W a l l  S t a t i o n ,   A n t e r c -  
t i c a  (CGWS) w h i l e  h e  was a member o f   t h e   5 t h  
C h i n a  A n t a r c t i c   E x p e d i t i o n  i n  1988  to   1989  which  
p r o v i d e s  a p o s s i b i l i t y  t o  s t u d y  t h e  environmen- 
t a l   c h a n g e   a n d   c l i m a t e   d e v e l o p m e n t  f o r  L a t e  
P l e i s t o c e n e   ( C h e n ) .   D e t e r m i n i n g   t h e  p r o f i l e s  of 
I r e e z i n g   p o i n t ,  Tf, a n d   u n f r o z e n   w a t e r   c o n t e n t ,  
W U n f ,  of t h e   s e d i m e n t a l   c o r e s  is one,  of t h e  
t a s k  which was d i s c u s s e d  i n  t h i s  p a p e r .  

The profiles o f  Tf and W u n f  d e p e n d  on n o t  
on ly  t h e  mo i s tu re   and   g round   t empera tu re ,  b u t  
also t h e   g r a d i n g   s i z e ,  i o n  c o n t e n t  a n d  t y p e   a s  
w e l l .   T h e r e f o r e ,   a n y   s u d d e n   v a r i a t i o n  of T f  and 
W u n f  o f  s o i l   c o r e   a l o n g   d e p t h  m i g h t  r e f l e c t   t h e  
d i f f e r e n t   s e d i m e n t a l   c o n d i t i o n ,   a n d   c o n s q u e n t e l y ,  
migh t   p rov ide  more e v i d e n c e  f o r  t h e   r e c o n -  
s t r u c t i o n  of c l i m a t e   a n d   e n v i r o n m e n t a l   c o n d i t i o n .  

MLASUREHENT A N D  APPARATUS 

Measurement 
F r e e z i n g   p o i n t  Tf of  samples   was  conducted 

b y  t h e  well  k n o w n  supe rcoo l ing   me thod .  And 
u n f r o z e n  w a t e r  c o n t e n t  Wunf  was d e t e r m i n e d  as  
t h e   m o i s t u r e   b e g i n n i n g   f r e e z i n g  at g i v e n  tem- 
p e r a t u r e .  

Appara tus  

r e f r i g e r a t o r  bath w i t h  a s e n s i t i v i t y  of *O.O2"C 
. T h e   t e m p e r a t u r e   c o n t r o l l e d  b y  t h e   c y c l e  

and a n  a c c u r a c y  of f O , l ° C ,  made i n  NESLAB Co. 
USA, a n d  d e t e r m i n e d  b y  t h e r m o c o u p l e s   c o l l e c t e d ,  
b y  H P  3056-5 Automat ic   Data   Acquis i t ion   Sys tem 
w i t h  a speed  o f  100  p e r  second  and a s e n s i t i v i t y  
of +1uv w h i c h  is c o r r e s p o n d i b l e   t o   * 0 . 0 2 5 * C .  

EXPERIMENTAL RESULTS 

One of t h e  a u t h o r s ,  C h e n ,  h a s   g o t t e n  r t h e r  

\ 

The tests of Tf a n d  W u n f  were  conducted w i t h  
76  s a m p l e s   c o l l e c t e d   f r o m  Y e n w u  Lake, West l l i l l ,  
B a s t   s i d e  of West Lake  and a s o r t e d   c i r c l e  
nearby t h e  s c i e n t , i f i c   b u i l d i n g  of t h e  CGVS. 

w a t e r   c o n t e n t  W ,  t e m p e r a t u r e  T r e s p e c t i v e l y  . 
(Qiu   and   Wang) .   Af te r   de te rmining   and   ana lyz ing  
5 t o  9 c o r r e s p o n d i v e   v a l u e  of Tf and W or Wunf 
and T f o r   e a c h  sample,  a r e g r e s s i . o n   f u n c t i o n  
c o u l d   b e   e x p r e s s e d  b y :  

As well   known, T f  o r  W u n f  main ly   depends  on 

Tf =, - A I  W A a  ( 1 )  

Wunf '1 IT1 
Bz ( 2 )  

T h e   c o n s t a n t s  A I ,  A 2 ,  B1 and B 2  i n  f i t t i n g  Eq. 
( 1 )  and  ( 2 )  and t h e i r  c o r r e l a t i o n   c o e f f i c i e n t  r 

Most  of c o r r e l a t i o n   c o e f f i c i e n t  i s  a v a l a b l e  w i t h  
f o r   e a c h   s a m p l e  a r e  l i s t e d  i n  T a b l e  1 t o  4. 

t h e   v a l u e  of more  than 0 . 9 ,  

ANALYSE AND DISCUSSION 

The d i s t r i b u t i o n  of Tf and W U n f  a l o n g  t h e  
d e p t h   f o r  t h e  s e d i m e n t a l   c o r e s   w e r e   c a l c u l a t e d  
b y  means of E q . ( l )  and ( 2 )  w i t h  t h e  c o n s t a n t s  
l i s t e d  i n  T a b l e  1 t o   4 .  And t h e  moi s tu re   and  
g r o u n d   t e m p e r a t u r e   p r o f i l e s   m e a s u r e s  i n  s i t u  
a s   w e l l .  

W u n f  f o r  t h e  c o r e s  c o l l e c t e d  from Yenwu Lake,  
The p r o f i l e s  of  g e o l o g i c a l  column, Tf a n d  

West Hill, E a s t   s i d e  of west Lake  and a s o r t e d  
c i r c l e   w e r e  s h o w n  i n  F i g . 1   t o  3 a n d  T a b l e  5 
r e s p e c t i v e l y .  From F i g . 1   t o  3 ,  we know t h a t   t h e  
peak   va lue  of  f r e e z i n g   p o i n t  is  c o r r e s p o n d e n t  
t o  the   peak   one  of u n f r o z e n  water c o n t e n t  a t  
g i v e n   d e p t h .  

For t h e  p r o f i l e  of Tf  and Wunf i n  Yenwu Lake 
( F i g . 1 )  w i t h  e l e v a t i o n  of  14.5  m a . s . 1 . .   t h e  
Wunf  o f  s a n d y   g r a v e l   l a y e r   a t  t h e  d e p t h  of 1 . 1 5  
rn t o  1 .24 rn, 2.00 m t o  2.10 m ,  2 .10  m t o  2 .30  m 
and 3 . 4 7  m t o  3 . 5 5  rn is  28 .532 ,  13.71%. 13.24% 
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T a b l e  1. C o n s t e n t s  i n  Eq.(l) + ( 2 )  f o r  core p r o f i l e   c o l l e c t e d  from Yenwu Lake. CGSW 

Depth T e a t  Tf - - A , W A '  
Number "",f = hlTIB' r 

105-115 
20-40 

115-124 
187-193 
200-210 
235-250 
264-270. 
285-292 
313-325 
329-335 
335-340 
347-35s 
398-405 

4 50-455 
b15-423 

663-463 
463-470 
493-499 
536-540 
566-571 

626-632 
675-687 
702-701 
700-715 
722-729 
736-744 

58o-Sa5 

6 
6 
6 

' 9  
9 
6 
7 
5 
6 
5 
6 

- 8  
8 
7 
7 
6 
7 
6 
5 
6 
6 
8 
8 
9 
i 
9 
7 

763272 
431175 
8 2 1   - 6 3  

2295 
266.78 

15.77 
38'1.02 
816.08 

' 170.57 
1Y26046 

236.34 
694.39 
143630 
516.70  

1 9 5 1  
494.93 
278922 
295328 
156.66 
213.51 

25677 
3347 

580 * 11 
9 3 1  a 0 9  

22938 
368 I 05 

8b874 

5.607 
5.196 
2 , 6 6 9  
4.463 
2.693 

3.392 
3 ; a57  
1.826 
5.627 
2.079 

4.875 
2.582 

2.541 
3.008 
2.678 
5.059 
5.295 
2.998 
2.396 
3.983 
2.701 
3.267 
2.324 
4 ,254  
1.864 
4.093 

2 066 

11.408 
12.644 
12.485 

5 .804  
10.520 

3.997 
6.013 
6 .814  

17.089 
13.667 
14.323 
13.087 
11.575 
12 .011  
13.069 
11.180 
11.091 
11.397 

5.. 407 
9 .416  

13.544 
22.338 

7.382 
19.427 
1 1 . 9 9 1  
24.466 
16 .462  

.. 1 7 0  
.170 
.365  
, 2 1 6  
.332 
.46? 
.278 
.219 
. b 7 5  
.16& 
. 4 3 3  
.* 358 
.200 - 3 70 
.289 
,298 
.191 
.168 
.321  
.401  
, 2 2 5  
,303 

.407 

.191 

.465 

. 221  

.28a  

-916 

.987 
r 93.9 

.963 
* 909 
.982 
.971 

.931 

.960 

.949 

.961  

.988 

.969 

. 9 2 9  

.894 
983  

.g03 
,981 
.900 
.947 
.905  
.9.,7 1 
.973  
.902 
.931 
.963 
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T a b l e  2 .  C o n s t a n t s  i n  E q . ( l )  & ( 2 )  for c o r e   p r o f i l e   c o l l e c t e d  from West H i l l ,  CGSW 

Depth   Tes t  Tf = - A  W A S  W U n f  - B T r 
(cm) Number A A B B 

0-10 6 3 3 0 . 0 5  2.273 13.896 .311 .919  
20-30 6 71964 4.353 13.329 .215 ,968  
40-50 6 26182 4.182 11'. 740 .224  * 937 
55-60 6 0537 4.075 9 .663  .233  .976 
75-85 7 2527 3 . 5 a  11.151 .190  .822 
95-100 6 101655 4.697 1 2  190 .185 .932 

110-120 8 113129 4.446 13.903 . 2 1 3  .972 
1 4 0 - l b 5  0 20841 3 - 890 13.259 .239 .963 
1SO-160 7 2317 3.233 12.542 . .223 -849  
220-231 5 .  38 * 73 1.747 8.251 .556 - 986 
237-241 5 981.77 2.563 15.946 .296 I 8 7 1  
273-275 6 1 0 6 . 0 0  2.177 9.076 376 * 905 
275-270 5 2656 3.291 1 1 , 3 0 3  .266 - 9 3 5  
310-318 5 59.21  1.464 16.627 -619 .952 
318-325 h 781.45 2.659 13.400 ,292  .880 
335-345 s 9625 3.927 12.067 -162  . 798  

and  16 .77%  which   i s ,much more t h a n  i t s  p r e s e r v a -  
t i o n  c a p a c i t y  o f   s o i l   m o i s t u r e  ( W p c = l O X )  where 
TI i s  n e a r b y  - l . O e C ,  The Tf of  f o r m e r  three 
c l o s e   t o  O°C b e c a u s e  its w a t e r   c o n t e n t   r e a c h e s  
60% by w e i g h t .  The p r e s e r v a t i o n   c a p a c i t y  o f  
soil m o i s t u r e ,  3.47 m t o  3.55 m i n  d e p t h ,  is 
l e s s  t h s n  t h a t  o f  former t h r e e ,  i t s  Tf is -0 .15'C 
w h i l e  i t s  w a t e r   c o n t e n t  is more  than  25%.  Conee- 
q u e n t l y ,  t h e r e  is much m o r e   c o n t e n t  o f  s o l u a b l e  
i o n  c o n t a i n e d  in a b o v e   s a n d y   g r a v e l   l a y e r s .  

T h e ,   u n f r o z e n   w a t e r   c o n t e n t  of  s a n d y  g r a v e l  or 
f i n e   s a n d   l a y e r s  a t  t h e  d e p t h  of 4 . 7 0  m t o  4 . 7 5  
m ,  5 - 6 6  m t o  5.71  m, 5.80  rn t o  5.85 m and   6 .75  m 

t o  6 . 8 7  m is 12.76%,  12.86X,  16.17%  and  9 .41% 
r e s p e c t i v e l y  w h i c h  I s  m o r e   t h a n   t h a t  o f  its 
m o i s t u r e   p r e s e r v a t i o n  c a p a c i t y .  T h e  f a c t  shows 
t h a t  t h e  s o l a a b l e   i o n   c o n t e n t   c o n t a i n e d  i n  above  
l a y e r s  is r a t h e r  more. 

a t   t h e   d e p t h  of 3.19 m t o  3 .25  m ,  3 . 3 5  m t o  
3 . 4 0  tn, 3.47 m t o  3.70  m and  6.05 m t o  4 . 6 3  m 
i s  -0.6loC, -0.35'C, - 0 . l ' C  and -0.lOC respec- 
t i v e l y  which i n d t c a t e s  t h e r e  might  b e  much more 
ion c o n t e n t   c o n t a i n e d  i n  above l a y e r s .   T h e  
sedlmental c o r e s   c o l l e c t e d   f r o m   a b o v e  l a y e r s  
were u s u a l l y  i n  t h a w i n 8  s t a t e  c o n t a i n i n g  few 

For c l a y e y   s o i l   l a y e r ,  t h e  f r e e z i n g   p o i n t  Tf 
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T a b l e  3. Constants  in Eq.(l) & ( 2 )  f o r  core  p r o f i l e   c o l l e c t e d  
from the East  side o f  West Lake ,  CGW? , 

, ,  

Depth Test Tf = - A I W R s  W",f - B , I T I B '  
(cm) Number r 

A t  A 2  B l  B Z  

0-15 
15-30 
35-45 
45-55 
60-70 
70-80 

95-105 
8 0 - 9 4  

105-120 
130-140 
140-1 55 
160-170 
170-185 
185-200 
210-220 
220-240 
240-255 
255-275 
275-285 
285-295 
295-302 

7 
8 
5 
6 
6 
6 

. e  
7 
6 
5 
6 
5 
5 
b 
5 
5 
5 
5 
5 
5 
5 

2.01 a 40 
8780 

63808 
161.31  
395 .70  

2049 
40 .50  

325 a 50 
27 $ 4 4  

-14047530 
161878 
234716 
43780 

16544342 

165481 

' 52483 
1087440 

937677 
82447 

824242 

97  4847 

2 .192  
3 .739  
4 . 6 3 0  
2 .099  
2.521 
3 .328  
2 . 0 1 0  
2 . 7 7 0  
1 .834  
6 (I 349 
4 .611  
4 .911  
4 1207 
6 ., 662 
5.527 
4 .705  
5 .242  
3 - 899 
4 . 3 2 5  
5 .152  
5 .076  

9 .764  
1 2 . 3 4 4  
1 1  e 523 
12 .931  
11 .196  
11.011 

8 . 0 0 2  
9 . 2 3 1  

13.503 

12.440 
12 .730  
12.380 

12,390 
14 .240  
16.320 
13.703 
14 .440  
1 4 . 6 5 0  

- 7 , 5 2 9  

13.810 

12 * 340 

.315 
* 226 
,196 
.385 
.362 - 238 
.391 
.293 
.437 
.148 
,176 
.189 
,227 
.129 
.166 
. I 9 4  
.185 
,233  
- 2  30 
,191 
-193  

.887 
,919 . $53 
.899 
.921 
,889 
,886  
.g01 
.895 
.969  
.902 
.964  
.977 
,924 ' 
.957 
.964 
-986  
* 953 - 998 
,992 
.990 

T a b l e  4 .  C o n s t a n t s  i n  E q y ( l )  & ( 2 )  f o r   c o r e  p r o f i l e  c - o l l e c t e d  a sorted c i r c l e ,  CGWS 
1 

1-5 
11-14 
34-36 
45-47 
54-56 
64-66 
74-76 
81-82 
91-93 
98-100 

107-110 

5 
5 
5 
5 
5 
5 
5 
7 
5 
5 
5 -  

16495 
884 1 
1970 
4193 

654345 
234719 
170.43  
777 .40  

10035.92 
1079.86  
1347.96  

4 .304  
3 .750  
3 .016  
3 .526  
5.567 
5 .143  
2 .021  
2 .729  
3.445 
2 -645 
2 .a24 

9 . 6 3 9  
1 1 . 3 5 0  
12 .510  * 

1 0 . 7 9 0  
11 .210  
1 1 . 3 4 0  
12 .704  
11 .565  
1 4 . 4 8 4  
1 4 . 0 1 3  
12 .832  

.224 

.249 
e 316 
,274 
,170  
. I 7 3  
* 489 

.282 

.376 

.351 

,348 

.983  

.966  

.976  

.973 
,944 
.995  
.974  
985 

-998  
.996  

.9a2  

Table 5 .  Freezing p o i n t  and  unfrozen  water  content p r o f i l e  of 
depth of a sorted c i r c l e ,  CGWS 

Water  Freezing 
Depth  cantent point 

( X )  
Depth  contenc p o i n t  

( ' C )  (cm) 

Water  Freezing 
(cm) 

( X )  ("C) 

0-3  172 0 64-67  68 0 
3-5 . 57 0 
9-13 .5  

74.5-76 
65 -0. po l  81-82 5 :: -0 .036 

3 4 - 3 6  
-0 .012  

-0 - 015 91-94 30 
45-47  58 -0.003 98-100  30 
54-46 61 0 107-110 31.5 -0 .079 

-0.134 
50 -0.082 
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linf rozen water 
content ( X )  

I '  20 b'o 

Figure  1. Freezing  point   and  unfrozen  water  
c o n t e n t   p r o f i l e  o f  sedi rnenta l   core   co l lec ted  
from Yenwu Lake, CGWS 

i c e   c r y s t a l s .   B e s i d e s   a b o v e ,   t h e  unf rozen  water 
con ten t  N u n f  a t   t h e   d e p t h  o f  6 . 2 6  m t o  6.32 m ,  
7.02 rn t o  7.07 m ,  7 . 2 2  m t o  7 . 2 9  m and 7 . 2 9  m 
to 7.44 m is 2 7 . 6 5 3 ,  3G.lOX. 22.41%  and more 
than 20% r e s p e c t i v e l y ,  The f a c t  of  an a l t e r n a t -  
i n g   v a r i a t i o n  of Yu,f m i g h t   r e f l e c t  the event 
on the  sudden  change of the   sed imenta l   envi ron-  
ment and c l i m a t e .  

sed imenta l  c o t e  c o l l e c t e d   a t   t h e  We'st Hill w i t h  
a n  e l e v a t i o n  of 24 m a . e . 1 .  a t . t h e   s u r f a c e  
( F i g . Z ) ,  i t  i s  shown t h a t   t h e  Tf  a t  tbe depth of 
0 t u  0 . 5 . m  i s  l e s s   t h a n  -0 .3OC,  t he  T of medium 
sand   layer   a t   the   depth  o f  0.55 m t o  6 . 6 0  m i s  
-0.11OC. A 5  w e l l  known, T for  send  without  any 
ion  content  i s  c l o s e   t o  0 f C.  Looking  forwards  to 
t he   deepe r   pa r t ,  T f  8 t  t h e  d e p t h  of 0.95 m t o  
1.0 m and 1.10 m t o  1.20 m i s  a l s o   l e s s   t h a n  
-0.30°C. This is because of t h e   s i m i l a r   c o n d i t i o n .  
hctwecn t h e  upper end lower p a r t s .  

extreme  lower o f  - 1 9 . 7 8 ' C .  T h e  reason m i g h t  be 
much more ion  content  o n  one  hand,  and o n  
t h e  other   hand ,  i t s  water   migrated  to   the 
upper  part  and lower p a r t   ( p e r m a f r o s t   t a b l e   a t  
the doyth oE 1.5 m t o  1.6 m )  both f o r  a long 
Lime which made i t  dehydreted ( W s 7 X ) .  Beneath 
the   t h i ck  mass i c e  (from 1.90 m t o  2 . 2 2  m ) ,  t h e  
soil mois ture  a t  the   depth of 2.37 m t o  2 , L l  m 
is t h e   s i m i l a r   t o   t h a t   a t  1 . 2 0  I t o  1.31 m 

A f t e r   a n a l y z i n g   t h e   p r o f i l e  o f  Tf  and W u l l f  o f  

The Tf a t  the depth  of 1.20 m t o  1.30 m is 

4 I 
F igure  2 .  Freezing  point  and  unfrozen  water 
c o n t e n t   p r o f i l e  of s ed imen ta l   co re   co l l ec t ed  I 
from West I l i l l ,  CGWS 

except  i t s  ion   cohten t  is r a t h e r  more. Wunf and 
Tf of  sandy  gravel layer a t   t h e   d e p t h  of 2 . 7 5  m 
t o  2 . 7 8  m i s  11.1% and - 0 . 4 5 O C  whfch could  be 
only   ex is ted   whi le  i t s  ion   conten t  is r a t h e r  
more a l s o .  The peak va lue  of T f  a t   t h e   d e p t h  of 

- 1 . 3 1 ' C  and -0 .58 'C r e s p e c t i v e l y  which i n d i c a t e  
3.10 m t o   3 .18  m and 3.18 m t o  3.25 m occurs  

t h e   e v e n t  o f  ancient   environmental  and c l ima te  
v a r i a t i o n   a l s o .  

The p r o f i l e  of Tf and W u n f  of t h e   e a s t   s i d e  
o f  West Lake w i t h  an e l e v a t i o n  of 16.90 m 4.8 .1 .  
i 8  shown i n  Fig.3. f n  the   seasonal ly   thawing  

Tf i s  rather small because i t  i s  a f f e c t e d  b y  
l a y e r ,  0 t o  1 . 2 0  m in d e p t h ,   t h e   v a r i a t i o n  of 

t h e  Lake water nowadays  which ia not u s e f u l  f o r  

water   conten t  of  sandy  c lay w i t h  gravel   develop-  
indicat ing  ancient   environmental   change.  The 

en a t  t h e  depth   1 -30  in t o  3.00 m i s  not b l g  
which ind ica t e s   t he   f r eez ing   speed   migh t  be 
very  fas t   wi thout   water  s u p p l y  du r ing   f r eez ing .  
The W U n f  a t  t h e  depth of  1 .30  m t o  1 . 4 0  m (very  
c l o s e   t o   p e r m a f r o s t   t a b l e )  i s  18.98%  because  of 
r a t h e t   h i g h e r  ground  temperature.  The W u n f  a t  

3.02 m is 18.68% and 1 7 . 9 6 %  whi le  ground temper- 
t h e  depth of 1 . 4 0  m t o  1 .55  m a n d  2.40 m t o  

a t u t e  is -0.3-C and -0.7OC t o  -0 .8 'C  respec- 
t i v e l y  which m i g h t  be a b l e  to i n d i c a t e  t h e  
eed imen ta l   cond i t ions .  

The s o r t e d  c i rc le   ment ioned  above is loca ted  
st t h e  i n s i d e  o f  the   second  marine  terrace w i t h  
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Ice-wedge casts, r e l i c t  sand wedges, venti facts,  deflat ion surfaces, and aligned  landfoirna. 
r&rd  permafrost around the  Wismsinan  ice sheet margln in  the  Unlted  States f m  Montana 
to Indiana. Fran Montana to northeastern Nebraska, northwesterly winds were compressed, i n t o  
a narrowing zme with increasing  velocity, keepjng upland surfaces  free of snow so that 
permafrost could develop, and forming yardangs. Sand deflated  frun  dessicated s t"free  
ridges dropped into open thermal contraction cracks, producing sand wedges., Eastward the 

ridges.  Permafrost may have been continuous in W i s m s l n  and Minnesota 23 t o  18 ka, but was 
discontlnuws or sporadic to the southeast in I l l i n o i s  and Indiana. 

' strong winds de f l a ted   so i l s   t o  produce the Icrwan Erosion Surface,  leaving  the paha as 

INTROOUCTfON 
Wr ing  the Wisconsinan glaciat ion,  and perhaps during 

earl ier  glaciat ions, a per ig lac ia l  zone, i n  the  northern 
Great  Plains and Central Lowland i s  evident fm ice- 
wedge casts, r e l i c t  sand wedges, involutions, and 
batterned ground. Other indjcators  of   per ig laclal  condi- 
tions,  although not necessarily of permafrost,  include 
extensive  sol i f luct ion and other forms of mass wasting 
phenomena  and wind-oriented  fluted  landforms and 
def lat ion basins. Fossil evidence in sedfments includes 
assemblages o f  boreal and tundra manwnals, snal Is,  
beetles, diatoms, and pol len  typical  of modern arc t i c  and 
subarctic environments. t 

For many years, few features had been  documented that 
suggested  a  severe f rost   c l imate around the  Laurentide 
i ce  margin. During  the 1950's and ear l ie r ,  sane wrkers,  
pa r t i cu la r l y  palynologists, argued that they found no 
evidence o f  such c m d i t i m s .  In cmt ras t ,  sollle physical 
geographers had proposed a wide band o f  tundra, w i th  
.permafrost,  along  the g lac ia l  margin  during  the 
Wisconsinan maximum (D i l l on ,  1956: Manley, 1955). 

the  re-entrant between the  lobes  that approached the 
"Dr i f t less  Area" frcm  both  east and West. Scattered 
observations in I l l i n o i s  (Sharp, 1942; Frye and Willman, 
1958) were compiled by Wayne (1967) along with h i s  

'records of patterned ground, r e l i c t   s o l i f l u c t i o n  
features, and tundra  mollusks i n  Indiana to interpret 
presence of sporadic  permafrost a r d  the Wisconsinan 
i ce  margin abwt  20,wO years ago in the  Central Lowland. 
Farther west, Sharp (1949) reported abundant venti facts 
in  eastern Wyoming; Shafer (1949) recorded ice  wedge 

.casts and invo lu t ims in  eastern Montana in  the plains 
;betw% the -*tain front .and the, edge o f  the 
continental  glacier; and Tipton and Steece (1965) pointed 
out probable ice wedge casts In southeastern Swth  
Dakota. PkvQ (1983) sunmarired the  reported wedge sites 
across  the  United  States, and proposed that a re la t i ve ly  
wide band of continuous and discontinuous  permafrost 
;extended  across the  plains  from Ohio to   the  Rocky 
Mwntain  front  during  the Wisconsinan glaciat ion. Our 
I r e m r t  incorporates more recent  information and ref ines 

In Wisconsin, Black (1965) reported  ice wedge casts in 
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the  in terpretat ion of the  per ig lacial  environment across 
the  northern Great Plains and the  Central Lowlands. New 
records of   b iota  help  conf i rm  Interpretat ions based m 
geomorphic features. - 
Montana aosl Wmning 

and permafrost  should have  been extensive. The only  area 
where geomorphic features  result ing from a severe f rost  
environment have  been reported, though, i s  in the  t rwgh 
between the edge of the  Laurentide  ice sheet and the 

lfront of the b k y  Mountains.  Shafer (1949) described 
ice-wedge casts near Choteau and -involutions in the sane 
region.  Farther mrth, Kar lstran (1990) described ice- 
wedge casts  along  the  margin of the  ice sheet east of 
Glacier  National Park (Figure 1) .  Wlnd-carved yardangs 
have  been reported in southeastern Montana (Colton, 
Ism). 

Xcewdge  casts have been documented in  the 

Eastern Montana also was withln a perlglacial  region. 

intermontane  basins o f  Wyoming, (Nears, 1981, 1987), in 
the  southern  part  of  the  High  Plains of that  state near 
Cheyenne (Figure 11, and in  the Powder River  Basin 
(Nissen and  Mears. 1990). The strong winds that  are 
character ist ic  of   the modern Wyoming Plains were  even 
more intense  during  Pleistocene  glaciatlons, when 
abundant venti facts were formed near Buffalo (Sharp, 
19d9). The wind m l d  have swept many areas free  of an 
insulat ing st" cover 50 that permafrost  could develop on 
the exposed ground. *.. 

The Black  Hi 11s l i e  between the  eastern and western 
parts  of  the  northern Greet  Plains; Even t-h the 
a l t i t ude  of the  Black H i l l s   i s  greater than that  of the 
surrounding  plains, I t  d i d  not suppart any glaciers 
during  the  Pleistocene.  Both i t s   l o c a t i o n  and a l t i tude  
should have produced periglacial  conditions  durlng  the 
glaciat ions, but few observations of such fea-tures have 
been reported. I 

Many o f  the  val ley slopes in the  Black H i l l s  are 
smooth  and surely were affected by  greater  rates of 
solifluction, and permafrost may have existed  at  least 
local ly.  A road cut a t  Custer, South  Dakota exposes mica 



Figure 1. Map of  permafrost-relahi  periglacial features betnoon erntral fndlma afnd the 
W k y  Hwntain fmt rwrd probable pi tlon of tho swthsrn limit of 
dismtinwuslsporndic prrrafrcwt. Principal data aaurces  are: Indimm ( W a y m ,  19871, 
I l l i n o i s  (Johnson, lgwl), Wisconsin (Black, 19651, f a r a  (Wthrie, 19901, Nebruka 
(Wayne, 1991), Swth ,Dakota (Tipton and  8peeee. 1-1, North Dakota (Claytan, l-), 
Hontana (Shafer, 19491,  Wyenring  (Hears,  1987). 

schist, the steeply  dipping  foliation of which bends l h {o   l a te  Wiscckim loess covers older sediments 
abruptly dcnw~ slope  along a l i n e  about 2 m beneath the that  lack'a  soi l   prof i le on ridge tops in MrthMstrm 
land surface. Norton and Redden  (1960) reported  that Nebraska, althwgh in the f m a  arm a Sangmm paleosol A 

they had observed "about 15 to 20 exposures" of mica i s  krried beneath thicker loess on scam former tos 
schist in the Custer-Keystone area where a "s l ip  zone" s1-s. Subl&&im of i ce i n  the'exposed froten so i l  on 
paral lel  to the surface ,slope had formed 1 to  3 m below -the ridgetops l-oosmtied the surface material ( M c K w n a -  
the surface. This  abrupt bend m d  the "s l ip  tones" may %eman, 1990), making i t  .wailable for deflation by the 
mark the base o f  the  active  layer  at a tim when the  rock strong u n i d i r e c t i q l  w i r i a s  (Wayne,  1991a,b). The w i n d  
b a l m  i t  was frozen. Increased intensity  of  frost s. kept the  ypland  surfaces blorvn free of s m ,  but dr i f ted 
action may also have contributed to  the granular * ,  . i t  into lower ar&, where it protectd  so i ls  frm 
disintegration  of  the Harney  Peak Grani te  i n  places l i k e  ' deflation. A lag  of  ventifacts m the def lated  hi l l top 
"The  Needles. " surfaces is,  further evidence of the  effectiveness  of  the 

%gh a few observations of presumed ice-wedge indicates  that as much as 1.5 m of soi l  and till may have 
casts had  been published, recent  discovery of sand  wedges  been deflated. 
and ice-wedge casts in northeastern Nebraska  (Wayne,  For many years, mollliscan and vertebrate foss41 
1991a,R) adds considerable understanding of  the material recovered fran the Peoria Loess and f luv ia l  
'conditions  that  existed  there and i n  the adjacent parts sediments provided evidence that  colder  cmditions 
of Swth,Dakota and northwestern Iava during the last 
glacial maximum (Figure 1 ) -  These discoveries also  give 

existed in the  plains w t h  of the Wismsinan  ice 
margin. Most interpretations, however (Leonard,  1952), 

credence t o  the interpretation  that wedgeshaped features were that al-though the ,envirorvnent of loess d e w i t i o n  
near Osmond, Nebraska noted by Todd (legs), those was c w l e r  than at present, i t  was not cold. Recent 
reported by Tipton and Steeee  (1965) i n  southeastern collections from loess that may have been nearly 
South Dakota.  and some wedge-shaped structures  that mternporaneous with  the  formatlcn of 9Md wetjges and 
penetrate  black shaleTaobserved In 1971 i n  road cuts wedge casts in  northeastern Nebraska ecntain m 
near Smtee, Nebraska,  formed i n  thermal contraction assemblage that  inclees several cdd-&itnate r w i e s  
cracks i n  permafrost at  the time of the maximum advance  (Wayne, 1991a). Similar assemblegas hwe been reported 
d. the last  ice sheet. f-ran Iowa (Frest and R-s, 1981;  Baker  and others, 

695 

. .  
Jce-marginal  winds.  Cnrnparjson of  till features with 

South Dakota. North Dakota those where d pre-wfsconsinan got1 p r o f l l e   i s  preserved 



1986). Collections of vertebrate remains frui 

the si tes where r e l i c t  wedges are recorded, are daninated 
f luv i -s t i le  sediments along the  Niobrara  River, west of  

by boreal amall -1s (Vwrhees -and Corner, 1985). 
Southwestern North Dakota  endured both  strong winds 

and permafrost when i t  lay  within  the  periglacial tone 
during the Wiscarsinan glaciation. I n  several Papers, 
Bluenle and claytcm (1986); Clayton- (1980); and Clayton, 
Morm, and Bluernle (1980) have described  patterned ground 
and ice-wedge  polygons  southwest o f  the.artelm3st Wis- 
consinan till.. Ventifacts  are f a l r l y  eorrmon On the 
siliceous caps of  buttes in the  unglaciated  part  of North 
W o t a .  Aligned  trough and ridge topography  (yardangs) 
developed.in 9 bel t  across central and southern W t h  
Dakota ttlptm and S t e m ,  lass), northastarn  kbraska. 
(Wayne, lssla), and irorthwestern Iwra (Hallberg, 1979) 

' frm the  erosive  action of .et- w i n d  NW t o  SE along the 
glacier margin. 

swthaasterri Hontana (Colton, 1980) and in  northnestern 
South Dakota, but i t  becanes more evident in  the  central 
part of that utate, part icular ly near the Missouri River, 
where sane of the shallar wind-cut troughs have been 
accentu-ated by stream erosion. To what extent bedrock 
structure has affected  this  pattern Is d i f f i c u l t   t o  
deternine; Rshn and Fraree (1974) polnted out that a 
major joint  pattern i n  the Pierre  shale has the same 
orientation, and a recently  published map (Thetin and 
Pike, 1.991 ) showa a W-SE l inear  pattern throughwt the 
western part o f  the Dakotas and in eastern Montana that 
may be related  to rock structure. The pattern i s  
dist inct ive on thick  Waternary  deposits in rwrtheastern 
Nebraska and western Iawa (Figure I), however, where 
bedrock structure i s  not l i k e l y   t o  have influenced it. 
I t  disappears at the edge of  the younger till of  the Des 
b i n e s  Lober in  central Iowa. 

many ventifacts, sane that l i e  an deflated surfaces, and 
the distribution  of loess provide gearorphic evidence of  
s t m g  unidirectional' wind along the ice margin during 
the  Wismsinan  glaciation. Wells (1983)'idehtiflBd a 
similar  Wismsitian wind reg im f m  study of dune 
orientation on the Great Platns.  Katebatic winds 
draining  off  the glacier undoubtedly m t r l b u t e d   t o  
drying,  theiland surface and subliming ice in  it. They 
probably also stressed any exposed vegetation  greatly and 
contributed to  reduction of  the plant cover. Velocities 
of katabatic winds may  have been great emugh at times to 
deflate  the surface close to  the ice margin, but i t  ihi 
unltkely  that they wmtinued far across tha ice-free 
surface. They certainly  could wt have :produead the 
yardang-like linear  features because they did not flw i n  
the d i r e t i o n  necessary to do 80 (Figrre 2).  ' 

To produce winds capable of such erosive m r ,  
mrthnesterlies,  draining  fron  the trough between the 
Rocky h t a i n  Front and the Laurentide  glacier  rising  to 
the east, a l d  have be- a thermally eonfined current 
between the r is ing topography o f  the  glacier snd the 
southern split of the v l a r   j e t  atrean (Kutzbach and 
Wright, 1985). Northwesterly wind cutstricted between 
these two l imits  (f igure 2) would  have increased in 
velocity aa it flowed through the narrowing M a r i e s .  
I t  produced ventifacts  but  only minor deflatfan mi 
l i t t l e   l i n e a r  scouring in  Montana and North Dakota, but 
de f l s - t im  and yardang  developnent increased toward the 
southeast. Topographic deflection of the W-SE wind 
around the west side of the  Black H i l l s  (Figure I ,  2 )  
accrxrnts for  mre northerly wind directions recorded by 
the ventifact  orientations near Buffalo, Wyaning  (Sharp. 
1949). Similarly the positions  of  the  ice margin and the 
polar j e t  stream  would have, funneled the wind nure 
direct ly tcmard the east across Iowa end northwmtern 
I l l i no i s .  

This interpretation i s  not in  agreement with the 
concept that  cyclonic disturbances sharld have  formed in 
the ice-free xone along the edge o f  the  glacier 

A rimllar linear  pattern can be detected in 

The extensive area of wind-cut ridges and troughs, the 

Figure 2. Position of j e t  stream across North hnerica 
(after Kutzbach  and Wright, 1985) at 20,000 years B.P. 
open arrows represent strong  ice-marginal wind 
pattern; dashed arrows ,show katabatic drainage. 

(Lil jequist, 1974).  Such B cacrditim  wwld  create  strong 
wind f lan toward the,west,  rather thah.taward the 
southeast, the drientatiori  of  the observed wind-cut 
linear  patterns. 

Loeas i s  th in  ~n many bf t h e . l l p l y d  surfaces in 
northeastern Nebraska but thickens  )loticeably in  the 
transverke valleys between the  ridges'as  well as farther 
south, where i t  completely covers the till. Land snails 
characterize the Peoria L o e s s ,  but in  many areas, 
part icular ly  in north-central Nebraska, they are far from 
abundant. Loess that  awmulated an or near streams i s  
m r e  l ike ly   to   nmta in  shel ls  of fossil land snalls than 
i s  loess that was deposited on interfluves, which 
suggests that  conditions were too  dry  for  survival  of 
snails except lwr on the slopes. Farther south, along 
the Platte River, for  example, the  Peoria loess i s  m r e  
r ich ly   foss i l i fews,   wi th  snai  1 taxa that are 
characteristic of cool, not mid ,  conditions. 

' 

FN THE MISISSSJPPX AM HfsSoU3f 

Northwestern Iowa, west of the Des b i n e s  Labe till, 
displays  perfglacial  features  simi'tar t o   t b s e  in  
northeastern Nebraska. Hal Iberg (1979) called  attention 
to  the NW-SE l inear  pattern  that i s  evident on aarial 
photographs, and sand  wedges/sand-f  11 lad icgwedge casts 
have been observed in several places in Iowa and 
southeastern Minnesota (Ruha, 1969; Walters, 1992). The 
Iowan Erosion Surface ( IES) i s  a region  both east ctnd 
west of the Des Mines Lobe till in I o w a  where the t i l 1  
i s   o l d  but lacks a pre-Wisconsinan so i l   prof i le  (Ruhe. 
1969; Prior, 1991). Ventifacts have  been reported i n  
several places along the t i l l - l o e s s   m t a c t  (Wilswr, 
1945). 

Kncrwledge of the vegetation  that existed Bbwt 20 ka 
i s   tar   bet ter  in Icma than in Nebraska and farther west 
in the  plains. Virtually tutal absence of p~llen records 
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in  the  Great  Plains  during  the Wisconsin& maximum, 22 - 
18'ka. has made i t  necessary t o  use proxy  data  of 
extensive wind erosion and the  habitat  requirements  of 
land  snai ls  to guess that  the  ice-marginal zone was 
largely  either  barren  or  part ly covered with tundra 
plants. Records in  Iowa. however (Baker and  Waln, 1985; 
Baker and others, 1986), indicate  that a boreal  forest 
gave way t o  tundra-like  conditions  with  scattered 
conifers, much l i ke   t ha t  described fo r  ice-marginal 
wndi- t ions In  Indiana  at  the same t ime (Wayne, 1967). 
Mollusks and vertebrates  collected from ful l  g lac ia l  
sediments include a s igni f icant number of  cold-climate 
tam, although they also  include sane that do not  require 
tundra-like conditions. Insect assemblages in  an east- 
central Iowa s f t e  have analogues today along  the  tree- 
l i n e  i n  northern Canada (Baker and others, 1986). 
' Through central Iowa, much of  the IES i s  obscured by 
the younger till of the Des Moines Lobe, but t o  the  east 
it continues  (Figure 1).  Rmants of the pre-Wisconsinan 
surface, with a wel l  developed p a l e o s o l  beneath a loess 
wver,   exIs t  i n  the  southern  part  of  the IES as isolated 
elongate  ridges o r  paha. The  paha, oriented abaut N60% 
- S60°E, are a further  record  of  the  effectiveness  of 
wind erosion/deflation across this  part  of  the  state. 

Paha are  both  t i l l -cored aid loess-cored. The tili- 
,cored paha are  deflationary remants; loess-cored paha area 
longitudinal  loess dunes.  Most of these ridges  are in  
the  eastern  part  of  the-IES  (Figure 1 )  and represent a 
surface of  accretion  that was stabi l ized by vegetation. 
The IES includes one area cowred  with  thick loess and 
another,  nearer  the  Wismsinan  glacial margin, w i t h o u t  a 
loess  cover. The thick loess  border extends northward 
i n t o  southern Minnesota, roughly para l le l   to   the 
Mississippi   River.   In southeastern Minnesota the  thick- 
loess  border i s  abrupt and, 8s i n   I w a ,  separates  the IES 
i n t o  twoqparts. The loess-cored paha o f  southeastern 
Minnesota have a more northwesterly  orientation  than 
those in Iowa, nre  located on broad  uplands near  the 
thick  loess  border, and are  characterized by coarse s i l t  
and f i ne  sand. 

C ~ ~ T R J I I  AND FAST OF THE MISSISSIPPI RIVER 

Loess-cored paha, oriented  abwt NSO%, continue 
eastward  across  the  Mississippi  River into northwestern 
I 1  1 i no i s   (F lme l   e t  a1 , 1972). Johnson (1990) 
d a m s t r a t e d   t h a t   r e l i c t  mmsorted polygons and ice-wedge 
casts can be recognized tyts ide  the Wisconsinan ice  limlt 
as wel l  as an the w t e r  parts of  the Wisconsinan till 
plain  (Figure 1) .  Across I l l i n o i s  then, the zone 
occupied by perennially  frozen  grwnd must  have  been 
somewhat mbre extensive than i t  was i n  Indiana. 

Where the  Wismsinan  glacier reached i t s  most 
southerly  extent in  central  Indiana  (Figure l ) ,  ice-wedge 
polygons have not been recognized beyond the  glacier 
boundary, although asmet r ica l   va l leys ,  which indicate 
more Intensive mass wasting  but do not requiro 
permafrost,  are f a i r l y  common along  eastvest  trending 
valleys.  Icewedge polygons are noticeable  features of 
the landscape m the till pla in  between the f i r s t  
("21 ,ooO B.P. 1 and a subsequent ("20.000 B.P. readvance 
o f  the g lac ie r  (Wayne, 1967). Land snai l  assemblages 
recovered from a s I l t  bed that   l ies  between the t i l l s  of 
these tm, i ce  advances  and dated a't 20,000 B.P. are 
s imi la r  to those now l i v i n g  near Churchill, Manitoba, i n  
a region of spruce parkland and discontinuous  permafrost 
( W a d ,  1959,  1967). Some non-sorted  polygons are 
present on the  surface of the till p l a i n   l e f t  by t h i s   i c e  
advance, a l t h g h  none are on surfaces near the  ice 
advances that took  place abwt 15,000 B.P. Mass wasting 
on the s t i l l .  unvegetated central  Indiana 'till p la in  
f i l l e d  i n  depressions on the hummocky surface and reduced 
the   re l ie f   to   less  than 1 or  2 m over most of  the  surface 
(Wayne. 1968). In t h i s  region permafrost was 
discontinuws or sporadic, exist ing only where local 

-mndit ims  Wrmitted development and mafntenmce Of 
perennial ground ice. 

have  been observed are i n  Wisconsin. where they are 
present in  pre-Wisconsinan materials  (Black, 1965). 
Although  Black considered them t o  be related  to  the 

Moraine about 15,000 B.P.. and A t t i g  and Clayton (1992) 
Wisconsinan ice  advance that reached the Johnstown 

pointed cut that sun8 patterned ground in  the  State i s  
even younger, i t  i 8  l i ke ly   tha t  permafrost began t o  form 
ea r l i e r  than that.  Clayton and Horan (1982) sugWs,ted an 
, ice-margina~  posit ion across Wisconsin 20,000 years ago 
that i s  only  slightly  less  extensive  than  that  of  the  ice, 
that reached . i t s  maximum posit ion  at  the  Johnstch 
Moraine. The ke t t l e  lakes a t  Madison, Lakes Mendota  and 
Momma. are evidence that  large masses of  stagnant i ce  
frm an ear l ier   g lacier advance were buried by the one 
tha t   bu i l t  the Johnstown Moraine west o f  Madison. The 

Green Bay Lobe and the east edge o f - t h e  Des b i n e s  Lobe 
re-entrant between the western side  of the Lake Michigan- 

was undoubtedly  a region  of  intense  cold. Permafrost 
probably was continuous or  nearly so,throughDut th i s  re- 
entrant. 

m e  of the  locations where abundant i ce  wedge casts 

D I S W S S I ~  

Although patterned ground and slope  debris  of  various 
kinds  are  well k m  i n  the Appalachian Plateau in 
western New York and in  Pennsylvania, no evidence for 
permafrost has  been reported from the Central Lowland in 
western Ohio. I n  Indiana, non-sorted patterned  grwnd 
and thermal m t r a c t i m  wedge casts  are  restr icted to 
s i tes  near the  ice margin and within embayments along i t s  
lobate front. This d is t r ibu t ion  suggests that only 
sporadic  permafrost  existed  there  during  the WisconsJnan 
glacial  maximum, about 20,000 years ago (Figure 1 ) .  
Westward, arwnd  the  glacier  margin in  I l l l no l s .   t he  zone 
in which patterned ground i s  present widens, and in  
Wisconsin, in the  unglaciated  region between the Lake 
Michigan Lobe and the Des Moines Lobe, permafrost 
probably was contfnwus. 

Ice-wedge casts and def lat ion landscapes in  eastern 
Iowa and in sattheastern Minnesota provide evidence that 
permafrost wa$ extensive,  althoirgh whether or  not  i t  was 
continuous can not be determined from data  avai lable  at 
t h i s  time. Frequent strong winds across the  region, 
though, not  only  deflated the surface  material, produc- 
ing  the Iowan Erosional Surface, but  also  mxrld have kept 
i t  f ree  o f  an insulating  blanket  of m, thus permitt ing 
greater  frost  penetration. Faunal and f l o r a l  remains 
corroborate  the  tundra-lIke landscape indicated by the 
geomorphic data. 

West of  the Des Moines Lobe, yardang-like f l u t i ng  
indicates  that  strong M-SE winds were frequent and that 
extensive  deflation  took  place. Sand  wedges  and  sand- 
f j l l e d  icelvedge  casts i n  northwestern Iowa and 
northeastern Nebraska Were f i l l e d  with sediment from the 
nearby deflated till surface. Snow blown from the  ridges 
accumulated In more protected sStes i n  valleys, 
insulating  the  surface  there and protecting It frun 
deflat ion. Permafrost probably was,dismtinoous in t h i s  
region,  although.  the band of  discantinuws and sporadic 
Permafrost widened t o  a? least 100 km in  Nebraska (Figure 
1).  

North Dakota makes i t  l i k e l y   t h a t   w c h  af Swth Dakota 
was within  the zone of at least  discontinuous  permafrost, 
in  spite  of  the absence of observations  that  wwld 
mfirm i t s  presence. Both the  geographic  position and 
altitude  surely  provided  the  conditions for permafrost to 
exist  in  the  Black H l l l s .  In the  p la ins between the  Black 
H i l l s  and the Rocky Mountain front, ice-wedge casts, 
venti facts. and deflation  hollows  provide ample evidence 

'of the  greater  intensity  of  the  frost environment durlng 
'the last glaciation, The presence o f  ice-wedge,casts In 

Extensive  records o f  patterned ground in  southwestern 
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the  Great  Plains  in  Wyoming  makes it probable  that 
eastern  Montana  was  in 8 region of perennially  frozen 
ground. 

The  boundaries  we  are  suggesting for the  distribution 
of permafrost  during  the  period  when  the  Wisconsinan ice 
sheet  had  its  greatest  jnfluence on the  climate  of  the 
surrounding  region,  between  about 22,000 and 16,500 years 
ago, show it to have been mewhat more  limited  than 
those  suggested by earlier  authors.  Permafrost  probably 
was spbradic  near  the  ice  margin  in  Indiana  and  may  not 
have  existed in Ohio except  in  the  Appalachian  Plateaus. 
The zone widened  across  Illinois,  and  continuous  perma- 
frost  must  have  been  present  in  the 
covered by glacier ice between the L 
the Des Moines  Lobe. 

re-entrant  not 
ake Michigan Lqbe and 

Conditions  beyond 
tg the  last  glacial 
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The thermodynamic  conditions  within  frozen ground at temperatures  just below O°C 
are such that thexe is continuing  translocation of water and ice, and the 
displacement  of skeleton components. The dynamic nature of frozen  ground  expresses 

cycling, Micromorphological  observations  performed  after  completion  of the fourth 
itgelf  in  microstructural  changes  which  take  place as a function  of  freeze-thaw 

of internal  movement  and  reorganization  of  soil fabric componentB and pore space 
freeze-thaw  cycle of the Caada-France ground freezing w r i m e n t  reveal  evidence 

distribution.  The  resultant  fabric  types are beliwed to ba responsible for changes 
in hydraulic  conductivity,  water  retention  characteristic and €or increasing ths 
froat heave  susceptibility  of  the eoil. 

BACKGROUND 

Test  Facilitv/Exverimental  Conditions 
The  Canada-France  Pipeline GroundFreezing 

study  is carried Out in the controlled  environment 
France, under the auspices of Centre  National  de 
facility of the Centre,de G&omorphologie,  Caen, 

la  Recherche  Scientifigue, Laboratoire  Central des 
Ponts et Chaussdes,  and  Energy,  Mines  and 
Resources  Canada.  The  totally  enclosed  temperature 
controlled  test  facility  was  described  in  detail 
by Burgess et a1 (1982) when  the  experiment  was 
initially  set  up,  and  after  additional 
instrumentation  was  added by Carleton  University 
(1988). 

The  facility  consist8 of a refrigerated  hall 
18 m long by 8 m wide  and 5 m high. The  base of 
the  trough  of the facility  is  1.75 m  deep  and wag 
specially  prepared  to  isolate  the  thermal  and 
hydraulic  regimes  and to carefully  control 
experimental  conditions. 

monitor  both  the  thermal  and  hydrological  regimes. 
A network  of  aensors  consisting of thermistors and 
thermocouples  are  used to monitor  thermal  regime, 
and tensiometers  and  piezometers  are  used  to 
monitor  the  hydrological  regime.  Additional 

cells  are  used to monitor  total  soil  pressure. 
instmentation consisting  of  gloetzl  and  petur 

Periodic  level surveys are carried out  in 
conjunction  with  measurements of soil  heave  using 

diameter  uninsulated  steel  pipe  was  buried  in 
telescoping  heave  tubas. An 18 m  long by 27 cm 

surface, so that  it  transects a frost susceptible 
initially  unfrozen  soil to a  depth  of 60 cm below 

silt  and  non-frost  susceptible  sand (Figure 1). 
During  freezing periods air  temperature  was 
maintained  at -0.75OC and  pipe  temperature at -2OC 
(fir& cycle) and -S°C (subsequent  cycles). 

The  experiment i s  heavily  instrumented  to 

percent  clay (<0.002 m). Atterberg limit 
determinations of Caen lilt placed its liquid 

designated as ML (silt with low plasticity) by the 
limit at 32#, and plastic  limit  at 21%. It  can  be 

Unified  Soil  Classification System. 
lnwlalion 

a16 Crn trln*lllo" 

Figure 1. Longitudinal Cross Section of  the 
Caen  Experiment 

%&?% cycles of  freezing and  thawing 
(during  which  part of the  silt was frozen), 29 
undisturbed  Kubiena Box samples were taken for 
micromorphological  analysis,  in 1990 twenty-nine 
hydraulic  conductivity  core  samples were also 
obtained. The  samples  were  taken  from  five  soil 
profiles along the B-B axis (in the centre of the 
silt section of the  experiment)  located at: 
centre of pipe,  adjacent to side of pipe, 0.5 m 
from aide of pipe, 1.0 m from side of pipe and 
3.0 m from the  side of the  uiDe  (Fiaure 2 ) .  The 

Soil  Characteristics/Grain  Size  Analysis  samples  were  taken  accordinb t o  procedures 
The frost  susceptible  silt  (Caen  silt)  had  not  outlined in Sheldrick (1984) and Murphy (19861, 

been  frozen prior to the  installation of the pipe.  and every effort  was  taken to obtain  all samples 
The silt  is  eolian  in origin  and  composed of  about  in an  undisturbed  condition  (that is, to minimize 
3 t o  10 percent  sand (2.0 to 0 . 0 7 6  nun), 75  to 85 damage to the  samples  such as stress  cracks). 
percent  silt  (0.076 to 0.002 m) and 10 to 20 

700 
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Figure 2 .  Sample  Location  in  Profiles  Along 

Position  of  Isotherms  Day 482, 
Fourth  Freeze  Cycle 

the B-B Axis. 

returned  to  Canada  and  placed  in  storage  in  a 
temperature  controlled  (10OC)  and  humidity 
controlled (100%) room  at  Agriculture  Canada. 

All  Kubiena  box  samples  and  core  samples  were 

LABORATORY RESEARCH PROGRAM 

Caen  silt's  micromorphology  (i.e,,  the  arrangement 
A test  program  consisting of the  study of the 

of soil  particles  and  pore  space  distribution)  was 

Resource  Research  Institute,  Ottawa.  Physical 
then  undertaken  at  Agriculture  Canada's  Land 

property  tests  consisting  of  saturated  hydraulic 
conductivity  determinations  and  soil-water 
desorption  determinations  were  undertaken in an 
attempt  to  relate  the  micromorphologicial  features 
observed  in  thin  sections  and  block  specimens  to 
the  physical  properties  exhibited by the  Caen 
silt. 

Sample  Preparation  for  Micromorphological  Study 
Soil  water  was  removed  from  the  soil  samples 

prior  to  impregnation. m o  methods  are  generally 
used:  Eirst,  air  drying;  second,  replacement of  
soil  water  with  acetone.  Air  drying  may  result in 
substantial  shrinkage  of  the  sample.  Given  the 
presence  of  an  identified  swelling  clay  mineral 

the  purpose of this  study. Exchange  with  acetone 
(smectite), air  drying  was deemed  unsuitable  for 

maintains  the  sample  morphology  close  to  sampling 
conditions, and thu8  provides  greater  confidence 
for  characterization of the  observed  features. 
Murphy (1982) discusses  the  advantages  of  acetone 
replacement  of  soil  water  for gore analysis 
studies  in  mineral  soils. 

Soil  thin  sections  and  block  specimens were 
prepared  from  the  undisturbed  Kubiena box samples 

with  acetone  and  then,  subsequently,  impregnated 
after  they  had  undergone  soil  water  replacement 

with  a  polyester  resin  containing  a  fluorescent 
dye  (Wvitex OB, Ciba-Geigy).  The  methodology  for 
sample  impregnation  and block sample  preparation 

detail by Osterkamp (1977), Fitzpatrick (1984), 
is  widely  documented,  having  been  described  in 

Sheldrick (1984) and  White  (1991a). 

facilitates  the  description  of  the  arrangement of 
The use of thin  sections  and  block  specimens 

soil  particles  and  voids  as  well as provides 
information  on  particular  features  and  how  these 
features  are  interrelated.  Characterization of the 
voids,  their  shape,  size  and  arrangement  may  be 
undertaken  and  quantitative  information  obtained 
by using  computerized  image  analysis 
instrumentation  (Bullock  and  Thomasson,  1979). 

Cryogenic  and  Fabric  Observations 
Soil micromomholow is  the  systematic  study of 

the  arrangement of  the-  soil  constituents  and ~ 

associated  pores  in  an  undisturbed  state  of  the 
soil  at  a  particular  time.  Micromorphology,of  the 
thin  sections  was  described  according  to  Brewer 
(1964)  and a glossaxy of  micromorphological 
terminology by Howes  and  White (1991). Soil 
fabric  descriptions  were  made  from  vertically 

magnification  provides  an  indication  of  the gross 
oriented  thin  sections  at 6X magnification.  This 

morphology  that  characterizes  the  structure  of  the 
soil fabric (Fox 1979). 

Distinct  gross  morphologies  were  observed  to 
have  developed  in  the  samples  taken  from  the  zone 
within  the  soil  profile  exposed  to  the four 
freeze-thaw  cycles.  Van  Vliet-Lanoe (198.5) and 
White  (1991b),  noted  that  soil  structure  developed 

processes,  and  that  the  structures  were  stable  and 
directly  in  response  to  freezing  and  thawing 

maintained  their  distinctive  morphqlogy  through 
subsequent  disruption. 

a  fragmoidic  fabric,  Plate 1 ( 4 0  cm  below  the 
the  zone  exposed  to  repeated  freeze-thaw  cycles i s  

morphology havmg planar  pores  and  coalesced, 
bottom  of  pipe!.  The  fragmoidic  fabric  designates 

often  elongated,  soil  units.  Such  fabric  was 
interpreted by Van  Vliet-Lanoe (1985) to result 
from  ice  lens  formation.  and shown by Pawluk 
(1988) to form  from  repeated  freeze/thaw  cycles. 
The  fragmoidic  fabric  was  observed  to  change to a 
fragmic  fabric as a  function  of  decreases  in  the 
thermal  gradient  and  with  increasing  depth  below 
and  distance  away  from  the  buried  chilled 
pipeline,  Plate 2 (1.0 m from pipe, 20 cm  below 
surface),  The  fragmic  fabric  designates morphology 
having  compact  aggregates  separated by planar 
pores.  Maximum  planar  pore  widths  (up  to 0 . 2  mm) 
were  observed  in  the  fragmoidic  fabric  in  the 
frost  bulb  below  and  immediately  adjacent  to  the 
buried  chilled  pipeline  and  were  observed to 
decrease  in  width  as  the  fabric  changed  to a 
fragmic  fabric  where  maximum  pore  width (up to 
0.07 mm) were  observed, 

The  dominant  morphology  which has developed  in 

In  strong  contrast,  Plate 3 ( 8 0  cm  below 
surface, 0.5 m from  the  pipe)  shows  a  much  denser 
granular  structure  which  characterizes  the  soil 
taken  from  zones  in the profile  not  exposed to 

granodic  fabric  with  random  zones  of 
freezing.  The  dominant  morphology  in  this  zone  is 

porghyroskelic  fabric. The granodic  fabric 

7 0  I '  



’ Lithic discontinuities and stratification of 

and later confirmed by White (1992) were also 
sediment first observed by Dumoulin et a1 (1987) 

evident  in the thin sections made from samples 

depth of 60 cm below surface, (the depth at which 
taken from the surface above the pipe and at a 

the pipe was installed) 0.5 m from the pipe. The 

-.surface along the pipe caused some additional. 
activity of ecpiment and people on  the ground 

compaction-.of the soil. The dominant morphology in 

porghyroskelic fabric, Plate 4, whose morphology 
the zones, exposed to additional compaction, i s  

t o  no distinct voids. 
is characterized by a dense ground mass with few 

TESTS OF PHYSICAL PROPERTIES 

Saturated Hydraulic Conductivity Determinations 
Dallmore (1981) reported changes in hydraulii 

vertical permeability of the reconsolidated thawed 

&, Detailed examination of sections of the test 
sample increased from 8 x loe8 cm s3-l to 3 x loL7 cm 

vertical permeability was  due largely to an 
specimens suggests that the increase in the 

increase in the hydraulic conductivity in the 
portion o f  the sample frozen during the test. 
Intense ice-lensing, it is believed, is 

resulted in paths for increased‘water flow. 
responsible €or structural changes which have 

of the five profiles which had been expoeed to 
The undisturbed core samples taken from zones 

freezing and zones which had not been exposed to 

constant head apparatus developed by Klute (1965) 
freezing were prepared and instrumented with a 

to measure the hydraulic conductivity. 

from the following equation: 
Hydraulic conductivity (K) can be determined 

where X iS saturated hydraulic conductivity (cm 
s - l ) ,  Q is the volumetric flow over a period of 

T is time in seconds A is the cross sectional 
time T, L is the length of  the core specimen (cm), 

area of the core (cm4) and H is the hydraulic head 
difference in cm. 

All test results are plotted on a cross section 
of the sample site locations along the B-B axis 
(Figure 3 ) .  Overall, the test results indicate a 
pattern of hydraulic conductivity similar to the 
changes reported by Dallimore. Hydraulic 
conductivity values at 3.0 m from the test pipe 
were lo” cm s-l compared to higher values (one 
order of magnitude) cm 6-l in zones below (in , 
the frost bulb) and immediately adjacent to the 
pipe where the most intense segregated ice-lensing 
had been observed by Smith and Williams (1990). 

In contrast, much lower hydraulic conductivity 
values cm 8-l were observed inmediately above 
the pipe and in the zone of the soil profile along 
the B-B axis near the pipe but  not subjected to 

order of magnitude lower than the base values 
freeze-thaw cycles. These observations were an 

recorded at 3.0 m from the pipe, 

7 0 2  



Some  variations in hydxaulic  conductivity  from 
the report4,general pattern  were also observed. 

pretreatment of the silt used  in the  Caen 
?,his suggests  that, in spite of  the  elaborate 

experiment,  dif  fsrences in packing  are  present in 
the soil profile. Hydraulic  conductivity  values  in 
the  zones at 60 and 80 cm below  surface, 0.5 rn 
magnitude lower. Micromorphological  observations 
from the  side  of the pipe  were one order of 
indicate  that  porphyroskelic  fabric had developed 

-installation of the buried  pipe took place. 
in  this  zone  where  compaction  associated with 

2 x 104 I 

0 50 iM1 150 200 250 300 
Distance from pipe, cm 

Figure 3. Saturated  Hydraulic  Conductivities 
for Sample Profiles  along B-B Axis 

Soil-water  Desorrrtion  Determinations 

and the  soil  water  suction is a  fundamental  part 
of the characterization of  the  hydraulic 
properties of a soil. 

on  pore  size  distribution  which is valuable  for 

relating to drainage, liquid  waste  disposal and 
characterizing  soils for various  applications 

frost  heave  potential. 

applying a suction to a  specific  volume of soil 
Soil-water  desosgtion  tests axe  carried  out by 

drair.  at the  applied  suction,  to do so. The 
fox  sufficient  time to allow  the  pores  which  will 

equilibrated  sample i s  weighed  and  this value is 
used to calculate  the  water content  for the 
applied  suction. 

Following  the  completion o f  hydraulic 

were  prepared  for  soil,-watex  desorption 
conductivity  determinations,  the 29 core  samples 

measurement  according to methodology  described in 
detail by Sheldrick (1984). 

both  high  saturated  hydraulic  conductivity and  a 
high  air-entry  value.  Glass  beads  with a medium 
diameter  of 30 pn were  used as the  suction  medium 

water,  and  aluminum oxide powder of 9.5 pin medium 
for  suction  pressure  heads from 0 to 100 cm of 

diameter was used for suctions from 100 to 350 cm 
of  water. 

negative  pressure  head  was  applied to the glass 
To achieve  desorption of  the soil cores. a 

bead tank by lowering the constant  head burette to 
give  the  desired head. When  the cores had 
equilibrated for the appropriate amount  of time 
(Sheldmick, 1984) at the desired  pressure  head, 
the  samples  were  removed from the  tank's suction 
plate and weighed. 

the  pipe)  and  Figure 5 (0.5 m from side of pipe), 
when  compared to Figure 6 (1.0 m from side of 
pipe), show that variations in  water retention 
exist  between zones of the  profiles  which  have 
been exposed to freezing  when compared to zones of 
the  profiles  not  exposed  to  freezing. 

The most significant  variation i? water 

The  relationship  between  the  soil  water  content 

soil-water  desorption  data  provides  information 

The  suction tank provided  a  suction  medium  with 

Desorption  curves  (Figure 4, above and below 

703 

retention at  different  suctions  was obrterved 
between the core slamples taken  from b v e  and 
below  the pipe. Water  retrntion  ranged from 20% 
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Figure 4. Profile  one  Desorption  Curves for 
Sample  Cores  Located  (above  and 
below  the  pipe) 
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Figure 5 .  Profile  Three  Desorption Curves 
( 0 , 5  m from  side of pipe) 

for  samples  located  above  the  pipe to 34% for a 
sample  located  below the pipe  at a tension of 
-350 m of  water. A much  narrower  range of water 
retentions  was  exhibited by core  samples  located 
1.0 m from side of pipe  (Figure 6) where  water 
retention  varied by as little as 2%. 

Low porosity  values (38%) were observed 
throughout the  surface  layer of the eample area 

by equipment and foot  traffic over the operating 
and  are  attributed  to the compaction of this  zone 

life of the  experiment. 
Water  holding  capacity  and  higher  porosity 

values (46%)  within  the zones of  the  soil where 

create more macro sized  pore  space (> 60 pn) which 
intense segregated  ice-lensing  was  observed  would 

is responsible  for  this zone'a higher water 
holding  capacity. In contrast, water retention and 

and 3.0 m  from the side of the buried chilled 
calculated mrosity for  the  profiles  located 1.0 m 



pipe, where  little  freezing  took  place,  were 
observed to be mare  uniform. 
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Figure 6. Profile  Four  Desorption  Curves 
(1.0 m from side of pipe) 

Implications  for Frost  Suaceptibilitv 
Given that  both  the  carefully  controlled 

thermal  and  hydraulic  regimes for freeze-thaw 

experiment, it can be inferred  that the  reported 
cycles  have  remained  similar  in  the  Caen 

properties,  (specifically,  saturated  hydraulic 
changes  in  the soil's fabric  and  physical 

have  altered  its.heave  susceptibility. 
conductivity  and  water  retention  characteristics) 

chamberlain  and Gow (2979) showed  that  the 
freezing  and  thawing of silt  and  clay slurries 
caused an increase  in the  vertical  permeability  in 
their ,test  specimens.  Chamberlain (1988) observed 
that changes  also  occurred  in  the frost heave 
potential  of  compacted soils from  the  first 
freeze-thaw  cycle to the  second  and  third  cycles. 

performed by Chamberlain et a1 (1990) on four 
Subsequent freeze-thaw  permeability  test results 

compacted  frost  susceptible  soils  also  illustrated 
the extent  to  which  vertical  permeability  was 
increased as a function of freeze-thaw cycling. 

TABLE 1. Heave o f  Pipe  in Caen Silt  (Day 100) 

Freeze  Orcle  Heave ( e m )  % Increase 

Second 
Third 
Four 

10.77 
9.88 

11.40 

- 
9 
5 . 8  

Table 1  indicates  how,  in successive  freeze-thaw 
cycles of the  Caen  experiment:,  the  heave 
susceptibility of  the  silt  continued  to  increase. 

silt  may  have  been  brought  about by intense 
segregated ice-lensing which has created  the 

buried pipe. The  observed  changes  in  hydraulic 
fragmoidic  fabric  adjacent to and  beneath  the 

conductivity  and  water  retention  attributed to 
intense  ice-lensing  (Dyke, L. and P. Egginton 
1990) have  developed as a result  of  high  soil 
moisture  suctions in  the  freezing  zones.  These 
cause an increase  in  the  effective stress  in  the 
region below the  freezing  front  during  the 
formation  of  segregated  ice-lensing. 

increasing  the  soil's  vertical  permeability  in the 
near  surface layer,  permeability  which  haa 
remained  unaltered or  possibly  been  enhanced by 

associated  with macro pore spaces left  behind by 
each  subsequent cycle. Increased porosity ia 

The increasing  frost  susceptibility of C a m  

The  ice-lensing  has been responsible  for 

7 0 4  

intense ice-lensing. 

silt  exposed  to  freezing have been obsenred to 
increase  and  thus  permit  increasing amounts of 
water  to  migrate  to  the  freezing  front  where i c e  
accumulation  was  observed  tp be greatest,  the 
situation at depth  has  been  observed to be quite 
different.  Consolidation  which may be due to frost: 

magnitude  decrease  in  the silt's hydraulic 
induced  suction  has  resulted  in  a  full  order of 

conductivity,  and  a  reduction  in  its  water 
retention. 

conductivity  of  Caen  silt  core  specimens  indicate 
The  reported  findings  for  changes  inSrydraUliC 

that  zones of the  sample  profile not exmsed to 

after  several  consolidation  phases,  while 
freezing  have  become  less  permeable  and more dense 

conversely,  zones of the  sample  profiles  exposed 
to freezing  have  experienced an increase  in 
vertical  permeability. 

While  the  permeability of the  zones o f  caen 

CONCLWSIONS 

Micromorphology  observations and phyeical 
properties tests performed after  the  completion of 

ground  freezing  experiment  have  revealed  that  the 
the  fourth  freeze-thaw  cycle of the  Canada-France 

morphological  changes  in  soil  structure andl Pore 
dynamic  nature of frozen ground is expressed by 

size distribution. The  cumulative  affect8 of the 
continuous  translocation of water,  ice  and  small 
displacements of material due to frost creep 
associated  with  alternating  freeze-thaw  cycle8  has 
resulted  in  alteration of thie  frost s~isceptible 
soil's  fabric. The  reported  changes  in  fabric  have 

hydraulic  conductivity  and  the  water  holding, 
resulted  in the  alteration of both  the  saturated 

capacity of the soil. 

structural  changes  in  soil  fabric  can  alter  the 
It ih( clear  that  the  effects of micro 

frost-heave  susceptibility of soil  and  should be 
taken  into  consideration  in  order to better 
evaluate  soil-pipe  interactions  which  will  occur 
in  situ  in  the  field. 

should  now be undertaken  on  various  frost 
Finally,  more  micromorphological  research 

susceptible  soils.  This  research  would  help 
clarify  what  cryogenic  processes are  responsible 
for  alterations of frost susceptible soils' 

the  mechanisms  responsible  for  some 
fabric,  and  would  enable a better  understanding of 

micromorphological  assemblages  reported  in  this 
paper * 
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INFLUENCE OF SALINITY ON THE COMPRESSIVE STRENGTH 
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The primary objective of this study was to evaluate the effects of salinity, 
temperature and the total water content on  the compressive strength of fine- 
grained frozen soils. Three strength paraneters,.namely, peak, yibld and 
residual strength, were considered in evaluating the'strength characteristics 
of such soils. The secondary objective was to examine the type o f  failure 
frozen saline soils undergo. 

development has been taking place both in the 
During the past 'few decades, increasing 

coastal and off shore regions in the Arctic. 
The permafrost in these areas contain various 
levels of salinity. The presence of solutes in 
the pore fluid considerably affect the strength 
end deformation behaviour of frozen soils. The 
geotechnical engineer who has to design and 
construct structures in saline permafrost 
should possess a clear understanding of the 
short-term and long-term strength and 
deformation behavior of such soils..Hwwever,  in 
the literature relatively little data on 
strength and deformation behavior are 
available, particularly for frozen fine-grained 
saline soils. 

saline sand has been investigated by Sego et 
The short-term strength behavior o f  €rozon 

al. (1982) and Jessberger et al. (1985). Sego 

tests at -7% with the pore water salinity o f  
et al. (1982) conducted unconfined cornpression 

the sand varying between 0 and 100 parts per 
thousand (ppt) while Jessberger et al. (1985) 
performed triaxial compression tests on fine 
frozen sand with salinity varying between 0 and 
200 ppt and  at temperatures ranging from -1OOC 
and -4OOC. The results from both these studies 
indicated a marked reduction in the uniaxial 
compressive strength of frozen sand with 
increasing salinity. ogata et  al. (1983) also 
observed similar strength behavior in frozen 
saline sand at temperatures warmer than -2OoC, 
based on tests conducted on four sands and 
three cohesive soils with different salinities, 
( 0  to 30 ppt) and at temperatures between -2OC 
and -7OOC. A t  temperatures below -20% Ogata et 
aL. (1983) noticed that the strength of sand 
with salinity of 30 pp t  to be greater than that 
of the strength of  sand  with lower salinities. 
However, the test results from Jessberger et 
al. (1985) did  not  indicafe such strength 
increase with increasing salinity below -2OOC.  

compression test on a fine-grained so i l ,  with 
levels o f  salinity varying between 0 and 20 
ppt.  The tests were conducted at temperaturea 
between -5OC ,and -17OC on specimens with 
different total water contents ( i . e .  both 
unfrozen and  frozen water content) of between 
30% and 56%. Important strength parameters such 
as peak, yield  and residual strength, derived 
from the stress-strain curves of the Specimens 
under  the various testing conditions are 
considered in this study. 

This paper presents the results of  uniaxial 

D SAMPLE P R E P W T I O U  

Ball clay, a high plastic clay, with a liquid 
limit of 56.9 and a plaatia limit o f  24.7. The 
saturated soil wa3 initially prepared using 
slurry consolidation technique in a specially, 
fabricated 200 mm internal diameter cell. The 
steel cell body was coated with a teflon lining 
to prevent corrosion of the cell  due to the 
presence of salts. The lining also helped in ' 
reducing the friction effects on  the soil 
during consolidation. Saturated samples of the 
soil with water contents o f  around 52 and 349  
were prepared by consolidating the initially 
de-aired slurry under pressures of lo0 and 1200 
kPa, respectively. The pore Vater salinity of 
the soil slurry was varied  by adding sodium 
chloride at concentration levels of 0, 10 and 
2 0  g/L (or parts per thousand) to distilled 
water. 

test specimens, 38 mm in diameter and 80 mm .in 
length, were extracted using a core cutting 
tube. The sample disturbance was minimal. The 
specimens were then frozen unidirectionally 
from top  to bottom, without access to water at 
the bottom, in a freezing cabinet with the 
temperature maintained at -73OC. Visual 
examination o f  sections through the frozen 

The fine-grained soil used  in this study WMS 

From the 200 mm diameter consolidated sample 



disturbance to the initial unfrozen soil 
specimens revealed no ice  lenses and no 

structure. The degree of saturation of the test 
specimens prepared  in this way was greater than 
95%. The detail5 of the equipment and the 
specimen preparation and freezing procedures 
are contained in Wijeweera (1990). 

1 
Constant strain-rate uniaxial compression 

tests were performed on the frozen soil test 

T e s t  Syste?,(MTS) machine. A constant strain 
5peChehS using a closed-loap Fontrol, Material 

rate of 10 e* was used for all tests and the 
specimehs were strained to 20%. A temperature 
controlled cabinet mounted on  to the MTS 
maahine allowed the test temperature to be 
maintained constant for each test but varied 
between -5% and - ~ P C  for the t e s t  program. 
During the tests axial load-deforpation curves 
for each specimen were recorded using a x-y 
plotter. Three tests using separate specimens 
were conducted for each test condition. 

E S T  RESULTS AND D I S C U S i ? N  

Failure Modes of the SDecimens 
The frozen nail specimens with total water 

contents of around 52% and salinity 10 ppt or 
less tested at temperatures -lO°C and below 
failed in a brittle manner, exhibiting distinct 
shear failure planes. However, at a salinity, 
level of 20 ppt, with t h e  other testing 
conditions remaining the same, the frozen 
specimens failed in a more ductile manner with ' 

only barely visible cracks formiing even at 
strains close to 20%. The frozen saline soil 
specimens with total water contents of around 
325 generally failed in a ductile way with no 
ihdication of visible cracks. 4 ductils,type of 
failure was also obderved in all the saline 
soil specimens tested at.-5'~. Therefore, teat 
results generally indicate that high 
temperatures (around -5OC), high salinity 

contents (around 345) in Ball clay will 
levels (erdund 2 0  ppt) and low total water 

contribute to a ductile type of failure 
deformation when subjected to rapid compression 

expectea in the frozen so i l  at high total water 
tests. A more brittle type of failure can be 

contents, with low salinities and low 
temperatures. This type of brittle behavior at 
low temperatures and high total watar contents 
ha8 elso been reported in 8ix non-saline fine- 
grained trozan soils by Joahi and Wijeweera 
(1990) * 

Stress-Strain Be 
Typical stress-strain CUrVeEi for the 

havior 

specimens tested under various conditions are 
given in Figures 1 to 4.  Figure.1 shows that 
the strength of  the .soil increases considerably 
with decreasing s a l i n i t y .  The stress-strain 
curves opthe non-saline so i l  specimens 
exhibits a prominent peak and as the salinity 

with no significant peak vis ib la .  A similar 
increases the stress-strain curve flattens out 

behavior was observed at -10% as well. The 
apecimens tested  at -5% did not exhibit 
prominent peak  in their stress-strain cur 
particularly for the saline Sample6 (see %&(a ' 

2). It was noted that specimens which exhibited 
a prominent peak in their stress-strain curvea 
failed in a brittle manner while the SpeCilnGnS 
that failed in a ductile manner generally had 
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specimens with total water content of 
strain deformation behavior o f  Ball clay 

around 52% and at a temperature of -17OC. 
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with total water content of arohnd 52% 
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Effeat ~f temperature on the axial 
stress-strain behavior of Ball clay 
specimens vith 20 ppt salinity anq total 
water content of around 529 .  

stress-strain curves with no prominent peak. 

straln behavior o f  frozen soil  saline Ball clay 
is shown in Figure 3. The strength o f  t h e  soil 
decreases considerably with increasing 
temperature. Figure 4 shows typically the , 

effect of total water content on the stress- 
strain behavior of frozen Ball clay. It  can be 
observed (Figure 4) that  at  high salinity 
levels (around 20 gpt) the change in the total 

The effect of temperature on the stress- 



Tablo 1.Perk Conproaslvo Strenqth or Dall Clay 

water content of the soil has hardly  any effect 
on  the strength and stress-strain behavior oP 
the soil. However, for non-saline sail 
specimens higher strength is exhibited at 
higher total water contents, Wijeweera and 
Joshi (1990) . 
peak Strensth Behavior 

strain to peak values, for frozen Ball clay 
under different salinity, temperature and total 
water content conditions are presented  in Table 
1. It can be seen that the axial strain at peak 

particularly in the  saline soil specimens. 
strength increases with increasing temperature, 

more prominently in specimens with low total 
Furthermore, this type of behavior is exhibited 

water content. High values of strain (e.g. 0.09 
or more). at peak strength indicate a ductile 
deformation as ekident from the failure modes. 

The peak strength data in Table 1 clearly 
indicate that the strength decreases sharply 
with both increasing salinity and temperature. 
The total water content does not effect the 
peak strength of saline soil specimens 

The average peak strength and corresponding 

4 
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Fig. 4 Effect of total water content on the 
axial stress-strainbehavior o f  Ball alay 
specimens at -10Oc. 

significantly. However, a reduction in peak 
strength is noticeable in non-saline specimens 
at low total water  contents (see Table 1 and 
Figure 4). 

different salinities of the soil. The 
strength with change in temperature €or 

relationship between peak strength, am, and 
temperature, 8, can be best represented by 

Figure 5 shows the variation in peak 

in the  Different Strength-Tergerature Relationships 
Table 2.  Value of Parameters 

T$ 
0.90 0.07 

where and are parameters relating the 
peak strangth%o the temperature ratio. These 
are dependent on  the properties of the soil and 
are determined experimentally. is in degrees 
Celsius and 8, is a reference temperature, 
usually -1'~. A similar form OS temperature 
dependence on peak compressive strength of non- 

and Haines (1974) ,  Tsytovich (1975), Zhu and 
saline frozen soils has been reported by Saylea 

Carbee (1987) and  Wijewe%era and Joshi (1990)- 

different dry unit weights an8 salinities o f  
The values o f  parameters A and  mLI for 

the soil were derived by regrassioh analysis 
and are given in Table.2. The correlation 
coefficient of these two parameters,*dcrived 

indicating Eq. (1) to be a reasonable 
from the analysis, was found to be around 0.98, 

prediction of peak strength at various 
temperakures. 

Yield Strenath Behavior 
The stress-strain curves of the frozen Ball 

clay specimens showed yield to occur at axial 
strains between 0.5 and 0 . 8 % .  The yield strain 

value of 1% reported for polycrystalline ice 
values observed in this study are near the 

(Hawkes and Mellor, 1972) and non-saline fine- 
grained frozen soils  (Sayles and Carbee, 1901; 
and Wijeweera, 1990). The average yield 
strength values for the frozen Ball clay 

unit weight and temperature abe given in Table 
specimens at various levels of salinity, dry 

3. Figure 6 plots the yield strength data with 
changing temperature.The data in Table 3 and 
Figure 6 indicate that the y i e l d  strength 
increases with decreasing temperature and 
salinity and also with increasing total water 
content. Furthemore, Figure 6 suggest that the 
relationship between yield strength and 
freezing temperature can be expressed as  a 
simple power law: 

unit weights and salinities of the frozen soil 
The parameters A and my for various dry 

were derived by regression analysis, w i t h  a 
correlation coefficient of 0.98, and the  values 
are given in Table 2. The parameters Ay and my 
vary in a similar manner with A, and 
respectively i.e. A decreases and my ncreases 
with increasing salinity. 

Figure 7 plots the peak strength data versus 
the yield strength. The data points 
corresponding to a particular salinity and dry 
unit weight represent strength values at 
different temperatures ranging between -5OC and 
-17OC. The figure clearly indicates that peak 
strength increases with increasing yield 
strength and this behavior can be expressed in 
a linear form: 

3 
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Table 3. Ylold and Residual Strength ot Dall Clay 
st Various Tamperatures and salinitiea 

3.u 1.32 
u 7  1.12 

*I1 1.111 

LYI 1.1s 

261 1.11 

254 Im 

3.u 1.32 
u 7  1.12 

*I1 1.111 

LYI 1.1s 

261 1.11 

254 Im 

ILY) 

1.13 

1.29 

IJTJ 

1.10 

ILY) 

1.13 

1.29 

IJTJ 

1.10 

a97 1.11 

and  Joshi (1990) also reported  that  for  non- 
saline  fine-grained  frozen  soils k can be 
expressed as 

1 
-3 (4) k = (1 + en)) [0.015 (ydwL ) + 0.6841 

Fig. 5 Temperature  dependence of peak  strength. 
where yd = dry  unit  weight  in kN/m3, 

wL = liquid limit as a percentage, 
and E = average  strain  at peak strength at 
temperaeures  between -5OC and -17OC 

Figure 9 compares the predictions made by 
Eq. ( 4 )  with  actual k values,  In  this  figure 
data  for  a  number of frozen  non-saline soils 
reported by Wijeweera  and Joshi (1990) and Zhu 
and  Carbee (1987) along  with  the k values 
obtained from this  study  are  presented. It is 
evident  from  Figure 9 that  predictions  made 
using  the  parameter k agree  well  with  actual 
data  for  both  the  saline  and the-non-saline ... . 

frozen  fine-grained  soils  consfdered. 
Furthermore,  as  seen  from  Figure 7 the peak 
strength  versus yield strength  relationship 
given by Eq. (3) using  the predicted k values, 
giv.en"by Eq. ( 4 )  , agrees  with  the data.. 

psidual Strenath 
In  this  report,  the  residual  strength is 

considered as the  axial  stress  at 20% axial 
strain.  The  average  residual  strength  data for 
frozen  Ball  clay  at  various  salinities, 
temperatures  and dry unit  weights are listed in 
Table 3. The  data  indicate  that  the  residual 
strength  increases  with  decreasing  salinity  and 
temperature. The effect of total water  content 
on  residual  strength  is  found to be not  very 

. .. . ..  . 

F i g .  6 Temperature  dependence of yield  strength. 

on, = k u y  (3) 

where  k  is a parameter  independent o f  the test 
temperature.  ?eak  and  yield  strength  data f o r  
seven  non-saline  fine-grained  frozen s o i l s  
followed  a  relationship of the  form  given  in 
Eq. ( 3 )  (Wijeweera  and  Joshi, 1990, and'zhu  and 
Carbee, 1987). Wijeweera and Joshi (1990) a l so  
reported  that Eq. ( 3 )  holds  true  for  fine- 
grained froz n  soils  with dry unit  weights  less 
than 17 kN/m $ . 

In Figure 8 the  peak  to yield strength  Katio 
is  plotted  against  the dry unit  weight  for a 
number of non-saline  and  saline  fine-grained 
frozen  soils. The strength  ratio for non-saline 
frozen soils  have  been  extracted  from  Wijeweora 
(1990). Figure 8 shows  that  the  strength  ratio 
data  derived from this  study  follow  the 
distribution  corresponding to non-saline  frozen 
soils. It is  also  observed  that  the  strength 
ratio  increases  with  increasing dry unit 
weight. The strength ratio increases  very 
rapidly  beyond  a  dry  unit  weight of 17 kN/m3. 

approximated by the  parameter k in Eq. ( 3 )  for 
soilf  with a dry unit  weight of less  than 17 
kN/m (Wijeweera  and  Yoshi-, 1990). Wijeweera 

The peak to yield  strength  ratio can also  be F i g .  7 Peak  strength vs. yield strength  behaviar 
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Pig. 8 Effect of dry unit weight on  the peak to 
yield strength ratio. 
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significant, particularly in the case of frozen 
ealind soil. 

temperature is shown in Figure 10. The 
relationship batwean the two  can be 
approximated by a power law, similar to peak or 
yield strength versus temperature behavior, 
given by: 

The residual strength vari8tion.with 

The values of the parameters A, and Inr 
derived by regression analysis, with a 
coefficient of correlation around 0.98, 
corresponding to different salinities and dry 
unit weights of the soil are given in Table 2. 

The results from this study show'that peak, 
yie ld  and KsSidUal strength of the saline 

temperature in a similar manner and this 
frozen soil increases with decreasing 

behavior can be expressed by a simple power 
law. It is found that the two parameters A (pC, 
A and A,) and m (%, m and m,.) describing the 
dgpendence of each stdngth on temperature are 
strongly influenced by the salinity but are not 

significantly affected by the dry unit weight, 
particularly in the saline so i l  specimens. The 
A values decrease and the m values increase 
sharply with increasing salinity. This behavior 
suggests that, at temperaturea close to 
freezing, the change in strength (peak,. yield ' 

or residual) due to change i n  salinity is much 
greater than  at Lower temperatures. 

J,oshi and Wijeweera (1990) have reported a 
relationship between peak.and residual strength 
in the form given by Eq. (6) for non-saline 
frozen fine-grained soils. 

where om = peak axial compressive strength in 

u,. = axial residual strength in WPa, 
yd = dry unit weight of the SOU in k ~ / r n ~ ,  

MPa , 

and wL = liquid,limit oP.the so i l  as a 
percentage. 

peak to residual strength ratio at -lO°C for 
saline Ball clay derived from this  study  as 
well as tho data reported by Joshi  and 
Wijeweera (1990) for non-saline frozen soils. 
The peak to residual strength ratio of all the 
frozen s o i l s  considered, both saline and non- 
saline, appears to decrease with i.ncreasing  dry 
unit weight and this behavior may be 
approximated by Eq. (6). The best fit curve for 
all the data point s  closely follows the 
predicted values. Similar observations were 
also made for data corres onding Z o  
temperatures -5% and -17 C. Joshi and 
Wijeweera (1990) also reported that the peak to 
residual strength ratio for non-saline frozen 
soils is nat affected by the temperature . The 
same appears to hold true for the frozen  saline 
soil used in this study (see Table 3). As seen 
from Table 3 the peak to residual strength 

Figure 11 plok tho data corresponding to 

B 

Pig. 10 Temperature dependence of residual 
strength. 

ratio  decreases slightly with increasing 
salinity, particularly in soil specimens with 
low dry unit weight. 



CONCMlgTONS 

An increasie  in the salinity o f  a  frozen 
fine-grained soil increases i t s  ductlltty. A 
ductile type. of deformation can be expected in 
frozen  soils with high salinities (20 ppt) ,  low 
total water contents (34%) and a t  high 
temperatures (-5Oc). 

frozen s o i h  decreases with increasing 
temperature and t h i 8  behavior can be 
represented by a simple power law o f  the form 
given by Eq. (1). The temperature dependence of 
these three types o f  strength is considerably 
affected by the change in salinity of the soil, 
the strengths decreasing sharply with 
increasing salinity. The effect o f  salinity on 
strength is more pronounced at temperatures 
close to freezing than at lower temperatures. 

The peak to residual strength ratio of tho 
saline frozen s o i l  decreases with increasing 
dry unit weight and this behavior is very 
similar to that of non-salina frozen soils. 

The peak strength increases linearly with 
increasing yield strength and the relationship 
between the two takes the form given by Eq. 5 

(3). The coefficient k in this relationship 
increases with increasing dry unit weight and 

both non-saline and saline fine-grained frozen 
the expression for k developed is common to 

soi ls .  
The  conclusions-drawn above are true only 

f o r  the soil considered in this study. More 

tested to verify the applicability of these 
soils with wide range of properties should bo 

concluaions in general to other. types of fine- 
grained frozen saline soils. - 
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EFFECTS OF TERRAIN DISTURBANCE ON ARCTXC SLOPE HYDROLOGY 

Ming-ko Woo' and Kathy L. Young' 

'Department of Geography, McNaster University 
Hamilton, Ont. CANADA LBS 4K1 

An experiment was conducted in a continuous  permafrost  area'(Resolute, Canada) by 
placing a berm, a trench and a subsurface flow barrier perpendicular to a slope. 
and comparing their hydrologic and thermal  conditions with two control plots. 
Differential thawing altered the frost table configurations. The trench created 
a pond while the water table  was  often clos'o to the ground surface behind the 

Was modified, with no flow  downslope of the berm and reduced flow below the 
barrier, but deep beneath the berm. The timing and magnitude of overland flow 

trench. Suprapermafrost groundwater  flow was modified by the frozen core of t h e  
berm. The  trench regulated the outflow to  the lower slope, but the subsurface 
barrier completely interrupted the subsurface flow. 

.INTRODUCTION 

Development and human settlements in the 
Arctic cause terrain disturbances and some of the 
impacts on permafrost have been well documented 
( e . . g .  French 1987, Lawson 1986, van Evcrdingen 
1974). Other than  a few papers (e.g. Soulis and 
Reid 1978), the short-term affects of terrain 
disturbance on permafrost hydralogy have received 
limited attention, There is a need to understand 
how the thermal and hydrological procesrcs are 
affected by various slope disturbances and the 
present paper attempts to address this. 

simple linear structures were set across n 
slope to observe the 'treatment' effects of 
arctic  tarrain disturbance during the COL -se oi 

how the hydrologic activities, including the 
one summer season. The purpose ' i s  to determine 

water table fluctuations, groundwater and 
overland flows, are modified when such man-made 
structures are emplaced across slopes underlain 
by continuous permafrost. Results of this 
experimental study can be applied to  the planning 
of roads, ditches and buried linear structures in 
the continuous permafrost region. 

A field experiment was conducted between 
June and August 1908, at  a  site 3 km northeast o f  
Resolute, N.W.T.  (74'45'N, 94°50'W] on a north- 
facing slope of relatively uniform gradient of 
0.06. The slope materials can be described as 
polar desert soil (Cruickshank 1971) which i s  a 
mixture of pebbles (33 to 52 percent) , sand (41 
to 52 percent) and Einer materials  (these 
percentages were based on f ive  grab  samples from 
the  experimental slope). 
conductivities, determined using the single auger 

Hydraulic 

hole  method (Luthin 2966) , is 102f30 mmJd OK 

1.2f0.3 x mm/s (based on nine measurements). 
The active layer on the slope usually reaches 0.6 
m, and the vegetation is sparse. These 
conditions are typical of many areas i n  the High 
Arctic. 

introduced at the and of August 1987, and 
Three  types o f  slope disturbances were 

wide. a trench 0 6 m wide and about p .  3 m deep 
included a gravel berm 0.75 m high and 1.5 n: 

(uneven floor due to slumping of materials into 
the trench), and a subsurface barrier consisting 
of a plastic sheet backed by plywood buried to a 
depth o'f 1 m (Pig. 1) These treatments represent 
feature$ such as roadbeds, ditches and buried 
impermeable structures. TWO undisturbed plots 
were  set up on either side of the experimental 
slope to serve as controls. All plats were 
approximately 6 m wide and oriented across the 

each other by 20 m. Each plot included a series 
slope, with their centre lines separated from 

oE perforated pipes placed in the active layer t o  
permit groundwater level measurements (at daily 
intervals). The arrangement of these pipes are 
shown in Figure 1. Next to each pipe,  
measurements of frost table were taken by drlving 
a steel rod into the ground  until the frozen  zone 
is encountered. In addition, one thermistor 
string was embedded at each plot to measure 
ground temperatures dai.ly at five  depths  (eight 
for the berm site). Immediately downslope of 
each disturbance location and also at the lower 
slopes of the  control  plots, surface f low was 
collected by diverting (using corrugated 4 inch 
wide garden  trim)  runoff into containers 
(Lewkowicz and French 1982). The water levels  in 

Type F recorders and the rates of rise  Were 
the containers were  recorded by Leupold-Stevens 

converted into flow rates. 

that  all plots  have the  same topographic setting, 
The advantage of such experimental design is 
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SUBSURFACE 
BARRIER 1."" TRENCH 

p.-4 SNOW DEPTH (m) <zf BERM ." .. 

CONTOURS OVERLAND FLOW 
TROUGH 

FROST AND WATER TABLE 0 THERMISTOR  STRING 
OBSERVATION POINT 

Fig. 1: Experimental slope and treatment plots, 
deployment of groundwater observation pipes and 
overland flow  gauges, and snow depth (in m) in 
late June 1988. 

uniform surface cover, and similar  microclimatic 
conditions. The disadvantage is their limited 
horizontal extent 50 that  some edge effects are 
unavoidable. Since the goal is to examine  how 
these types of disturbances will alter the 
spatial patterns o f  slope hydrology, our emphasis 
i s  on the relative rates rather  than  the  absolute 
magnitudes of changes caused by these impacts. 

The summer of 1988 was warmer than the  30 
year average ( F i g .  2 ) ,  and an early melt event in 
May ripened most o f  the winter  snow cover, only 
to be followed by heavy snowfall and low 
temperatures which refroze  the meltwater produced 
by the early melt. By the  time  the  main malt 
season arrived (late June), the slope around the 
experimental plots had an average snow depth of 
0 . 5  m, though the trench  site trapped over 1 m of 
snow and the crest of the berm was bare. All the 
disturbance plots became snow-free in early July, 
but a residual snowbank  upslope of the plots 
continued to provide meltwater input throughout 
July. summer rainfall, measured by a tipping- 
bucket rain-gauge, totalled only 26 nun, most of 
Which fell after mid-AuguBt. Parts of the f i e l d  
data have been reported in another paper (Woo and 

Young 1990). The present paper w i l l  compare the 
overall thermal and hydrologic impacts between 
the control plots  and the plots subject to the 
three  types of disturbances. - 

Figuxe 2 shows the ground temperatures at 
the disturbed plo t s ,  compared with their  adjacent 
control plots. O f  particular  hydrologic 
significance is the position of the frost table 
below which lies the frozen materials that 
generally have very low  hydraulic conductivity 
and negligible water storage capacity (Kane and 
Stein 1983). Changes in the frost table 
configuration will affect the storage and 
movement o f  suprapemafrost groundwater (Woo and 
Steer 1983). 

The maximum active layer depths at the  two 
control plots were comparable, averaging 0 . 6  m, 
though the initiation of thaw was delayed by 
several days on the western  flank of the slope 
due to a deeper snowbank. The gravel berm had no 
snow on its crest and thawing began earlier than 
at the other plots. Once started, thawing 
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Fig. 2: Air temperature, rainfall, ground 
temperatures (in "C) , frost tables and water 
tables at five sites. 

Proceeded rapidly because' of the high  thermal 
conductivity of gravels, but when the thawing 
front reached the  original ground materials, 
thawing was retarded. The maximum thaw depth 
below the perm surface reached 1-05 m. The 

upslope, with the water table being close to the 
subsurface barrier proaucea a saturated zone 

ground surface. Thawing front descent was 
retarded because more heat was used both tQ warm 
the groundwater and to thaw the ground ice. The 
maximum thaw depth reached only 0 . 4 2  m. The 
trench wa6 filled with snaw and ice in early July 
and ground thaw was delayed until the i c e  melted. 
It remained flooded throughout the summer and 
with heat Loss to warm the water and possibly to 
sustain higher evaporation from the open water 
surfaces, less heat was conducted to the trench 
floor. This resulted in a  shallow  active layer 
below the trench (maximum thaw depth was 0.28 m) , 
but Freeze-back of the ground was delayed until 
the water in the trench froze. - 

Figure 3 shows the probabilities (estimated 

by relative  frequencies using daily observations) 
of water  table positions after the snowmelt 
period for  points lacated at the disturbance, at 
+5 m (upslopa) and -5 m (dawnslope) of the 
disturbed position.. The  two qontrol s i t e s  showed 
that the water  table was often at 0.1 to 0.2 m 
below the surface, and there  were notable 
variations in the water table positions from site 
to si te .  

Water level rose above ground more 
frequently at the subsurface barrier site, but 

.deeper below the surface, indicating that the 
downslope of it, the water  table was more often 

barrier usually withheld some of the lateral 
runoff and denying it to its  downslope locations, 
The  trench intercepted the upslope runoff, either 
storing it in the depression or losing it to 
evaporation, but was  able to alter the flow 
downslope so #at water table  positions  were less 
variable than at the upslope positions. During 
early summer, the berm had a frozen core with an 
elevation  higher  than the frost tables beneath 
its adjacent zones (Woo and Young 1990). This 
core effectively acted as a subsurface flow 
barrier but i t s  water table  was always below 
ground because of the elevated berm topography. 
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Fig. 3: Probabilities of water table positions 
relative to the ground  surface, at the disturbed 
and control  locations  and at 5 m upslope and 
downslope 00 these locations. 

pvsrland  Flow 

snowmelt  period downslope of all  plots  except the 
Overland flow was observed  during  the 

berm. The berm, with  a  frozen  core and 
topographically  higher  position,  intercepted  all 
the  flow and  impounded it  upslope. Surface 

the 'magnitude of flow  was less than 0.1 l/m/h 
runoff  at the other  plots began on 27 June, but 

(Fig. 4 ) .  The snow-filled  trench  was the first 
to generate  notable  amounts of flow (over 5 
l/m/h) a# water  overflowed  its  brim on 29 Yune. 
Continuous  melting  dropped the water  level in the 
trench  (meltwater  has  much  loss  volume than snow) 

7 1 5  

and outflow was  reduced,  ceasing comfiletely by 2 
July. The control  plots  produced  large  overland 
flows  between 1-3 July during days of intense 
melt. The subsurface  barrier  created  a  high 
water table upslope, but the downslope zohe was 
relatively  unsaturated.  Overland flow was able 
to infiltrate the newly  thawed  zone  until it, 
too, was saturated.  Then,  on 3 July,  significant 
overland  flow  occurred  below the barrier  site. 
The constantly  saturated  zone  upslope of the 
barrier sustained  high  overland flow on 4 July 
even  when the adjacent  control  plot  yielded no 
flow. Thus, the barrier  modified the timing of 
flaw  events. 
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- TRENCH - SUBSURFACE BARRIER 
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Fig. 4: Hourly  overland  flow  downslope  from the 
western  control  plot, the trench and the 
subsurface  barrier rite. - 

During the summer  period,  groundwater  flow 

out of the disturbed reaches was  calculated by 
(Q, as  discharge  per  unit  slope  width)  into  and 

Q -k  (Dd -k DU) / 2  * (hd - 'hu)/dl (1) 

where k i s  measured  hydraulic  condbctivity, D i s  

well,  with D=(h-f), for h being the water table 
thickness of the saturated  zone at an  observation 

and f being the frost table elevations. The 
subscripts d and u denote  an  upslope  and a 
downslope  observation  well and dl is their 
distance apart. For  each  disturbance  plot,  water 
table and froBt table data  from  wells  at -10 and 
-5 m, and  from wells at +10 and +5 m were taken 

control  plots, the wells at -10, 0 and +10 m were 
in pairs to compute  inflow and outflow  (for the 

used). Differences  in flows entering  and  leaving 
the  disturbed segments were  also  calculated fo r  
the  period 10 July to 14  August  (Fig. 5). 

outflow were  similar  throughout the summer. The 
At the western  control  transect,  inflow  and 

eastern  control  transect  received more inflow 
than outflow and this  was due to the higher  water 
table at the upper slope fed  by a late-lying 
snowbank.  The  trench  received  similar  amounts  of 
inflow as the eastern  control  plot but the POD1 

net change in flow  through this disturbed section 
in the trench regulated the outflow such that the 

was small. The subsurface  barrier  completely 
blocked  groundwater  flow,  reducing the outflow to 
very  low  values. The net result of excessive 
inflow  was to create a high  water  table  which 
sometimes rose above the ground  surface at t h i s  
disturbed site (Fig. 2 ) .  

with a frost table higher  than the water table 
Until  July 10, the ,berm had a frozen  core 

upslope.  This  obstructed  groundwater  movement 

this time,  groundwater  flow  downslope  of the berm 
and  built  up a thick  saturated  zone  upslope.  At 

was  maintained by meltwater  from the snow  on the 
downslope flank. W i t h  more  rapid  thawing  of the 
berm material, the frozen  core  disappeared in 
mid-July  and  groundwater  Plows  along the slope 
were  connected.  Inflow  benefited  from a thick 
satqrated  zone  while the hydraulic  gradient was 

by a steepened gradient and the net  effect  was  an 
reduced by the berm;  but outflow  was  compensated 
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Fig. 5: Calculated  groundwater  inflow and  OUtflQW 
and difference of flow  entering and  leaving the 
disturbed or control  segments. 

equalization of inflow  and  outflow.  The 
processes  revealed by this  experiment  suggest 
that if the berm is higher  or  if  it i s  made of 
materials of lower  thermal  conductivity,  an 
impervious  frozen  core may  persist  longer to 

its  effect  will  be  similar to that of the 
interrupt  groundwater  movement.  In  that  case, 

subsurface  barrier  noted above. 

CONCLUSIONS 

of slope  disturbance  on the thermal and 
Field  experiments  demonstrated the effects 

hydrological  processes in continuous  permafrost 
terrain. 

thaw,  while the water in the trench  retards 
(1) A trench traps more.snow which  delays  ground 

thawing  front  descent in  summer. The pond 
created by the trench  regulates  downslope 
groundwater flow. 
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(2) A subsurface barrier intercepts groundwater 
flow from upslope and deprives the downslope side 
of groundwater supply. The timing o i  overland 
flow is different from undisturbed terrain, and 
the saturated zone behind the barrier facilitates 
saturation overland  flow conditions during 
snowmelt and heavy rain. 

(3) Gravels whicti constitute the berm have a low 
porosity (Morris and Johnson 1 9 6 7 )  and therefore 
a higher thermal conductivity thanmaterials with 
greater air OK moisture  contents  (Farouki 1981). 
This, together  with an early dieappearance of 
snow on tho berm, result8 in a deeper active 
layer. The presence of a frozen core in spring 
interrupts groundwater flow and impounda water 
behind the berm. Overland flow is limited to the 
upslope side of the berm, but groundwater flow 
along the slope  will resume when the frozen core 
i s  lower than the  upslope water table. 
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Llaiding 
Lake 
Kushi 
Lake 
Kushi  
River 
Zhounoi 

Zhouna i 
Lakc 

La kc 
Kcltexjli 
Lake 
Taiyang 
Lake 

Lake 
Water 
Lake 
Water 
River 
Water 
Lake 
Water 
Lake 
Water 
Lake 
Water 
Lake 
Water 

8.73 0.83 4 . 1 2  6.05 0.14 0.16 0,60 20.63 

7.73 1.28 4 . 0  6,03 0.18 0.05 0 . 3 2  19.a9 

0.75 0.19 0 . 4 3  0.44 - 0.14 0.07 2.01 

4.09 0,24 0.95 2 . 7 3  0,OO 0.01 0.19 8.22 

2.41 0.11 0.18 1.38 - 0.05 0.12  6.25 

4.16 0.57 0.15 2.61 0.14 0.03 0.15 7.81 

0.11 0.07 0.10 0.12 - - - 0.42 

t e m p e r a t u r e  i s  s m a l l e r   t h a n   t h a t   o f   w u d n o l i a n g ,  
p r e c i p i t a t i o n  i s  a p p r o a c h  n n t l  r e l a t i v e  h u m i d i t y  
i.s h i g l t  t h a n   t h a t  o f  w u d a o l . i i l n g  b y  1 3 . 3 % .  

i 'llE CIIARACTERISTICS O F  L A K E  A N D  WATER CHEMISTRY 

II: i s  e x t e n s ' i v e   d i s t r i b u t e d  t o  l a k e  i n  t h e  
r e g i o n ,  such us t l a i d i n g   l a k e ,   k u s h i   l a k e , Z h o u n a i  
l n k e  a n d  s o  o n ,   t h e ) ;   a r e   a l l   h a l f - c l o s i n g   l l a k e .  
Yost l a k c  h a v e   s u p p l e   r i v e r  b y  i ce-snow  water  
f o r m i n g .  'The major  a x i s  d i r e c t i o n  o f  l a k e  i s  
e a s t - w e s t   d i r e c t i o n   a n d  correspond w i t h  r e g i o n n l  
t e c t o n i c   l i n e .  T h i s  shows t h a t   f o r m i n g  o f  l a k e  
b a s i n   o r e   c o n t r o 1 , l e d  b y  r e g i o n a l   t e c t o n i c   L i n e ,  
c h e   l a k e s  o f  n o r t h e r n   r e g i o n   a t   K e k e x i l i   a r e  
t e c t o n i c   l a k e   ( S h i   C h e n g x i ,  1989). 

Such o s  t a b l e  1, m i n e r a l i z e d   d e g r e e  of l a k e  
w o t e r   g r a u d a l l y   d e c r e a s e s  from e a s t  t o  w e s t   a t  
Kckexi l .1   nor thern  i n  Q j . n g h a i ,   t h e   l a k e  show 
c h a n g i n g  s u i t c  from s a l t   l a k e  Eo s a l i n e ,   s a l -  
t i s h  w a t e r   a n d   € r a s h   w a t e r   l a k e .  

Wnngping (198G) c o n s i d e r   t h a t   t h e   b i g g e r  a i r  
h u m i d i t y  i s  i n  g l a c i e r   a r e a ,  t he  s m a l l e r   m i n c r -  
a l i z c d  degree i s .  I f  i t  is a d e s e r t   s c e n e ,  i t  i s  
n d v e n t a g e   t o   i n - c r e a s e   m i n e r l i z e d   d e g r e e  o f  
water .   The   chnnge  OP m i n e r l i z e d   d e g r e e   i n   r e -  
s e a r s h   a r e a   m a i n l y   r e l a t e d  w i t h  a i r  h u m i d i t y ,  
p r e c i p i t a t i o n   a n d  s u p p l y  d i s t a n c e s  and s u p p l y  
amount of  r i v e r  o n d  a r e   s u c c e s s i v e   d e c r e a s e d  
w i t h   a l t i t u d e   i n c r e a s i n g .  I n  o r d e r  t o  a n a l y s i n g  
a n d   d i s c u s s i n g   s u c c e s s i o n  h i s t o r y  o f  l a k e ,  a 

d r i l l i n g  d e p t h  i s  30.08 m .  The s e d i m e n t  o f  l a k e  
d r i l l i n g  is made i n   s o u t h  bank o f  Zhounai  l a k e ,  

f e r i c e  is g r a v e l   s o i l   f r o m   z e r o  t o  3 . 8  m ,  i n t e r -  
bedding  of g r a y   c l a y  a n d  g r a v e l  s o i l  from 3 . 8  m . 
t o  1 1  m a n d   g r a y - b l a c k   c l a y   w i t h  a l i t t l e   g r a v e l  
s o i l  from 11 m t o  30.08 m .  According  t o  geophys-  
i c a l .   p r o f i l e  i n  Z h o u n a i   l a k e ,   t h e   s e d i m e n t i a l  
t h i c k n e s s  o f  l a k e   f a r i c e  i s  more t h a n  48.7 m a n d  
t h e  s e d i m e n t  of l a k e   e x t e n d   f o r w a r d  t o  2 km. 
This shows t h e  l a k e  was ever  i n  t h e  s t a g e  of 
e x p a n d i n g ,   t h e n  i n  t h e  s t a g e  of r e t r e a t i n g . . M a n y  
pa leobank l i n e s  a r e  l e f t  i n  t h e   l a k e  bank and 
t h e j r   h e i g h t   a r e  p r i m a r y l y  approach .   Th i s   shows  
t h a t  l n k e  h a s   n o t   a f f e c t e d  b y , n e w  t e c t o g e n s i s  
s i n c e  Q i n g h a i - T i b e t   p l a t e a u   r i s i n g .   T h e   m a j o r  
c a u s e  of  l a k e   r e t r e a t i n g  i s  c a u s e d  by c l i m a t e  
g r a d u a l l y   b e c o m i n g   d r o u g h t ,   l a k e   b e i n g   g r a d u a l l y  
p r e c i p i t e d .  

PERMAFROST CWARACTBRISTICS 

I t  i s  e x t e n s i v e   e x i s t e d   t o   c o n t i n u o u s   p e r m a -  
frost a t  n o r t h e r n  r e g i o n  o f  K e k e x i l i  i n  Qinghai .  

D i s t r i b u t e d   p a t t e r n  oE c o n   t i n u e o u s   p e r m a f r o s t ,  
o p e n   t a l i k  o f  l a k e  bed a n d  c l o s e   t a l i k  of lake 
bank a r e   f o r m e d   f o r   t h e   e f f e c t  o n  water  body o f  
many l a k e s   a n d   r i v e r ,   A c c o r d i n g   t o   t h e  p i t  of 
T e i y a n g   l a k e  a n d  z h u o n o i   l a k e  and d r i l l i n g  of 
Zhuonoi  l a k e ,   t h e   . e f f e c t   r a n g e  o f  t a l i k  of l a k e  
bank i s  g e n e r a l l y  20-40 m ,  t h i s  shows   t ha t   pe r -  
m a f r o s t  of  l a k e   b a n k   a r e   d i r e c t l y   a f f e c t e d  b y  
t h e   h e a t a m o u n t   o f   l a k e .  The l a k e   a r e a s   a r e  
l a r g e r  i n  t h e   r e g i o n .   d e p t h  o f  Taiyang l a k e  i s  
41. m ,  t h a t   o f   z h u o n a i   l a k e  more t h a n  50 m a n d  
t h e y  a r e   t c x t o n i c   l a k e .  S o  t h e   l a k e  bed of  T a i y -  
nng l a k e  and  Zhuonai   lake  must  he open t a l i k .  
According t o  w a t e r   a r e a   a n d   t e x t o g e n s i s , o p e n  , 
t a l i k  o f  l a k e  bed is easily.=.formecl f o r  K . e k e x i l i  
l a k e ,  Kushi l a k e  -and H_sidingnuoer. .Lake.Wean~hile  
c l o s e  t n l i k  e x i s t  i n  c e i t a i n   d e p t h   u n d e r   b o t t o m  
of  s u p p l e  r i v e r  o f   l a k e  i n  t h e   r e g i o n .   D r i l l i n g  
volumn p r o m u l a t e s  i n  Bingguo o f  K u s h i  r iver  
branch  t h a t  p e r m a f r o s t   a r e   n o t   f o u n d  i n  5 m 
d e p t h  u n d e r  r i v e r  b e d  and a l l  r i v e r  bed may b e  
c l o s e   t a l i k  (Fig.3). T h i s  i s  because  Ringgou i s  

F i g . 3  Voiumn or' 4 1  d r i l l i n g  in Einggou 

a t e x t o n i c   z o n e   a n d  i s  a f f e c t e d  by s u r f a c e w a t e r .  
Hongsui  r i ve r  l o c a t e s  i n  b i g   t e x t o n i c   z o n e  of 
s o u t h s l a p e  o f  K u n l u n  mounta in  and h e a t   s p i n g s  
t h a t  t empera ture  a r r i v e   t o  92OC a r e   s i t u a t e d  i n  
t h e   f r o n t i e r  o f  E u k e d e b a n   g l a c i e r ,   p l u s e d   t o  
i n f l u e n c e   o f   r i v e r .   d e d u c i n g  t h e  open t a l i k  of 
Hongsui  i s  formed.  

P e r m a f r o s t   t a b l e  i s  g e n e r a l l y  1 .55 -2 .0  m i n  
t h e   r e g i o n   a n d  i c e  l a y e r  w i t h  s o i l s  o f  5-10 cm 
t h i c k n e s s  i s  o f t e n   f o u n d   a r o u n d  t a b l e  (Fig.4). 
p e r m a f r o s t   t a b l e  o f  t h e   p a r t   a r r i v e   t o  2.5-3.0 m 
Such a s  K u s h i  l a k e ,   p e r m a f r o s t   t a b l e   b e s i d e  l a k e  
a f f e c t e d  by h i g h  s a l t  amount make p e r m a f r o s t  
t a b l e  o f  bank  migrate   down.  For example  Lian 
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l a k c ,  p i t  p r o s p e c t i n g   s h o w s   t h a t   s o i l   u n d e r  4 m 
a r c   f r i g i d   s o i l   t h a t   s o i l   t e m p e r a t u r e  is -4.O"C 
( a c c o r d i n g   t o   d a t a  o f  Mr. Li Shude) .  T h i s  shows 
L h e t   p e r m a f r o s t   t a b l e  i n  t h e   e f f e c t   r a n g e  o f  
l a k e  bank a r e   o b v i o u s l y   a f f e c t e d  b y  h i g h   s a l t  
amount of l a k e ,  b u t  t h e   i n f l u e n c e  of.  l a k e  h c a t n -  
mount  seem  more  weaken. 

Because of time l i m i t i n g ,  t h e r m o s e n s c t i . v e  
. r e s i s t o r  i s  s e t  i n  2 s  d r i l l i n g   o f   Z h u o n a i   l a k e  
and   s t eady   geo the rma l .   cu rve  i s  n o t   o b s e r v e d .  So 
the..Llli.ckness of p e r m a f r o s t   c a n n o t  b e  deduced b y  
qeolhermal   g r -ad len t :  % u t  lrwo g e o p h y s i c a l   p r o f i l e  
a r e   i n s t a l l e d  i . n  Zhuonai   lake  and  Binggou  of  
br;rnch of K u s l r i  r i v e r ,   a c c o r d i n g   t o   c a l c u l a t i o n  
of e l e c t r i c   m e a s u r i n g   t h i c k n e s s ,   t h e   t h i c k n e s s  
o f   p e r m a € r o s t  i s  74.8 nl i n  Zhuona i   l ake ,  t h e  
t h i c k n e s s  o f  p e r m a f r o s t  i n  Binggou i s  more  than 
40 m i n * u p s t r e a m   a n d  2 8  m i n  downstream.  The 
t h i c k n e s s  o f  p e r m a f r o s t   c h a n g e   s m a l l e r  i n  wide 
v a l l e y  ant1 b a s i n  o f  g e n t l e   f l u c t i o n .  The t h i c k -  
n e s s  of p k r m a f r o s t  i s  more   than   the   va lue  i n  t h e  
r o c k   a r e a  o f  h igh   moun ta in .  Why d o   t h e   t h i c k n e s s  
oT p e r m a f r o s t  of two  ment ioned   a rea   p roduce  s o  
l a r g e   d i f i a r c n c e ?  The  main  cause i s  tha t   pe rma-  
f r o s t  i n  Binggou may b e  a f f e c t e d  b y  new t e c -  
t o g e n s i s  i n  Binggou.  For  the  view of Tong Be- 
l i a n g  and Li Shude   (1983) ,   pe rmaf ros t  i n  Qinghai -  
T i b e t   p l e t e a u  show s t r o n g g e r   l a w  o f  v e r t i c a l  
z u n n t i n g  of  e l e v a t i o n ,   e l e v a t j . o n   h e i g h t   i n c r e a s e  
100 m ,  g r o u n d   t e m p e r a t u r e   d e c r e a s e  0.8-0.9 "C. 
Comparing w i t h  W u d a o l i a n g ,   e l e v a t i o n   o f   b a s i n  in 
t h e  r e g i o n  is h i g h  120 m t h a n   t h a t  o f  Wudaolinag 
and l a t i t u d e   o f  two a r e a s   a r e   t h e   s a m e ,   o c c o r d -  
i n g  t o   t h e   l a w  o f  v e r t i c a l   z o n a t i o n   o f   e l e v a t i o n ,  
thc t h i c k n e s s  of  permafros t   deduced  i n  w i d e   v a l -  
l ey  and   bas in  i s  6 5  m ,  p r i m a r i l y   a p p r o a c h i n g   t o  
g e o p h s i c a l   p r o p e c t i n g   d a t a .  T h i s  shows t h a t   p e r -  
m a f r o s t   a t  K e k e x i l i  n o r t h e r n   r e g i o n  j.n Q i n g h a i  
a b i d e   t h e   l a w  of  v e r t i a l   z o n a t i o n  o f  e l e v a t i o n ,  
I J U ~  t h e   t h i c k n e s s  of p e r m a f r o s t   i n   t h e   p a r t   a r e  
a f f e c t e d  b y  o t h e r   f a c t o r s .  

G R O U N D  ICE A N D  CRYOGENIC TEXTURE 

Ground   i ce  i s  only  formed i n  l a k e   s e d i m e n t  
a r o u n d   l a k e   b a s i n   a n d   g l a c i a l  h i l l  i n  t he   r eg j .on .  
Ground  ice   formed i n  l a k e   s e d i m e n t  i s  r e l a t i v e  
w i t h   s e d i m e n t a r y   e n v i r o n m e n t  of l a k e .   G e n e r a l l y ,  
g r a i n  of s e d i m e n t  i s  c o a r s e r ,   t h i c k n e s s   o f   g r o u n d  
i c e  i s  t h i n n e r :   g r a i n  o f  sedi.ment i s  f i n e r  . t h i c k -  

n e s s  o f  g r o u n d   i c e  i s  t h i c k e r .   F o r   e x a m p l e ,  
g r o u n d   i c e   l a y e r   o f   d i f f e r e n t   t h i c k n e s s   a r e  
e x i s t e d  i n  t h e  bank o f  Z h u o n a i   l a k e ,  i t s  t h i c k -  
nes s  i s  g e n e r a l l y  5-10 cm, t h e   d e e p e s t   o n e   a r -  
r i v e   t o  30 cm and i t  i s  p u r e   i c e   l a y e r   . w h i c h  i s  
formed i n  upper  o f  g r a y   c l a y .   I c e   l a y e r  w i t h  
s o i l  i s  formed i n  g r a v e l   s t r a t u m   a n d  j.ts t h i c k -  
11ess is  t h i n n e r   ( F i g . 5 )  * T h i c k n e s s  of  ground i c e  
l a y e r   b e i n g   f o r m e d  i n  g l a c i a l  hill is t h i c k e r .  
For  e x a m p l e ,  Ground i ce   fo rmed  b y  r e p e a t e d l y  
s e g r e g a t i n g  i s  found i n  t h e   f r o n t  of g l a c i a l  
w a t e r   f a n ,  i t s  t h i c k n e s s  i s  150 cm ( a c c o r d i n g   t o  
M r . L i   S h u d e ) .   I n d u c t i v e   i n f e r e n c e ,   t h e r e   a r e  two 
d e f o r m a t i o n  € o r  g r o u n d   i c e ,  one i s  i n t r a n e o u s  
i c e   s e g e r a t e d  b y  s u r f a c e   w a t e r  i n  p r o c e s s  o f  
f r e e z i n g ;   o t h e r  i s  e n d a g e n e t i c   i c e   f o r  g l v c i . a l .  
i c e . l a k e   i c e   a n d   r i v e r   i c e   b u r i e d .  

o g e n i c   t e x t u r e  i s  b a s i c a l l y   r e g a r e d  a s  b e i n g  
i n t e g r a l ,   s t r a t i f i e d  a n d   b a s i c   m a s s i v e   c r y o p e n i c  
t e r x t u r e ,   a n d   c h a n g e  w i t h  a d v a n c e   a n d   r e t r e a t  o f  
l a k e   a n d   s e d i m e n t a r y  r h y t h m .  I n  g e n e r a l ,   l n k e  
, r e t r e a t ,   i n t e g a l   c r y o g e n i c   t e x t u r e  i s  formed Lor 
c o r a e e   s o i l   a c c u m u l a t e d   a n d   i c e   c o n t e n t  i s  s m a l -  
l e r ;  Lake   advance ,   bas i c   mass ive   c ryogen ic   t ex -  

c o n t e n t  i s  l a r g e r .  Meanwhi-le l a k e   r e p e a t l y  a d -  
t u r e  i s  fo rmed   fo r  f i n e   s o i l  accumula ted  a n d  i.ce 

v a n c e   a n d   r e t r e a t  make wa te r   succss j . ve   n l ige ra t e  
t o  f r e e z i n g   f r o n t   a n d   t h i c k e r   i c e   l a y e r  i.s form- 
ed. S e d i m e n t a r y   s t r a t u m  u f  l a k e  te r i . ce  a l t c r n a -  
t a l l y   c h a n g e   f r o m   c o r a s c   t o   f i n e ,   c r y o g e n i c   t c x -  
L u r e   g r a d u a l l y   c h a n g e   f r o m   i n t e g a l ,   s t r a t i f i e d  
t o   b a s i c   m a s s i v e   c r y o g e n i c   t e x t u r e  n n d  t h e r e  is 
s t r a t u m   c h a r a c t e r i s t i c s   o f   i n t r u s i v e   c r y o g e n i c  
t e x t u r e   ( T r a n s l a t e d  b y  Guo Dongxing e t ,  a l ,  1988); 
See  F j , g . S .  T h u s ,  fo rming  o f  c r y o g e n i c   t e x t u r e  
h a v e   i n h e r i t  r e l . a t i o n  t o  s ed imcn t s ry   env i ronmen t  
rind s u c e s s i o n   h i s t o r y  of l a k e .  

D r i l l i n g   o f   Z h u o n a i   l a k e   p r o m u l a t e   t h a t   c r y -  

CONCLUSIONS 

open t a l i k  o f  l a k e  bed a n d   c i r c l e - t y p e d   c l o s e  
1. D i s t r i b u t e d   p a t t e r n  of  c o n t i n u e   p e r m a f r o s t ,  

t a l i k  o f  l a k e  bank a re   fo rmed  at: n o r t h e r n   r e g i o n  
o f  K e k e x i l i  in Q i n g h a i .  

2 .  Lake   has   ce i t a in   j . n f l . uence  on permafros ' t  
in l a k e   b a n k ,  i t s  r a n g e   o f   e f f e c t  i s  g c n c r a l l y  
i n  2q-hO m. S e l t   c o n t e n t  o f  l a k e   h a v e   l a r g e r  
e f f a c j t  on p e r m a f r o s t   t a b l e   o f   l a k e   b a n k .  

t i f i e d  a n d  b a s i c   m a s s i v e   t e x t u r e  in lake  bank of 
3 .  C r y o g e n i c   t e x t u r e  i s  m a i n l y   i n L e g a l ,  s t r a -  

t h e   r e g i o n   a n d   t h e r e  i.s s t r a t u m   c h a r a c t e r i s t i c s  

a c t e r i s t i c s   c a n n o t   a p p e a r   f a r  away from  Lake 
of i n s t r u s i v e - c r y o g e n i c   t e x t u r e ,   i d e n t i t a l   c h a r -  

b a s i n .   M e a n w h i l e   c r y o g e n i c   t e x , t u r e   h a v e   i 1 ~ h e r i . t  
r e l a t i o n  to sed imen ta ry   env i ronmen t   sucess i . on  
h i s t o r y  o f  l a k e .  

s t r a t u m  o f  l a k e  f e r i c e  and g l a c i a l t i l l  i n  t h e  
4 .   G r o u n d   i c e  o n l y  e x i t e d  i n  s e d i m e n t a r y  

r e g i o n .  I n  g e n e r a l ,   g r o u n d   i c e  is t h i n n e r  i n  
s e d i m e n t a r y   s t r a t u m   o f   l a k e   f e r i c e   a n d   d e e p p e r  
i n  g l a c i a l  t i l l .  
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EXPERIMENTAL RESEARCH ON DEFORMATION I N . M O D E L  
OF'AN ARI'IFICIALLY FROZEN WALL 

Wu ZiWallg. Ma Wei, ,Zhang  Changping,   Chang  Xiaoxiao a n d  L i u  Yorigzhi 

S t a t e  K e y  L a b o r a t o r y   o f   F r o z e n   S o i l   E n g i n e e r i n g ,   L a n z h o u   I n s t i t u t e , o f  
G l a c i o l o g y  and Geocryology.  C h i n e s e  Academy o f   Sc i ence .   Ch ina  

.Based on e x p e r i m e n t a l   r e s u l t s   o f  a m o d e l   o f   a n   a r t i f i c i a l l y   f r o z e n   w a l l ,  i t  was 
shown t h a t   d e f o t m a t i o n . o f  a f r o z e n  w . s l l  are r e l a t e d   c l o s e l y  w i t h  an   unsuppor t ed  
h e i g h t ,   d e v i a t o r i c  s t r e s s  a n d   a v e r a g e   t e m p e r a t y r e .  1 f . i ~  f o u n d   t h a t   t h e   p o s f t i o n  
o f  maximum d e f o r m a t i o n  is n o t   f i x e d ,   a n d  moves down g r a d u a l l y   w i t h   i n c r e a s e  of 
d e v i s r o c i c   s t r e s s .  The  chan,ge  law is: 

INTRODUCTION - 

I n  f r e e z i n g   s i n k i n g  of d e e p ' s h a f t s ,  t h e  key 
t e c h n i c a l   p r o b l e m   l i e s  w i t h  d e f o r m a t i o n   o f  t h e  
f r o z e n  w a l l  a n d   t h e   r e l a t e d   f a c t o r s .   S i n c e  t h e  
non-homogrne i ty ' o f   t empera tu re   and   s t r eng th   o f  
t h e  f r o z e n   w a l l   a n d   t h e   c r e e p   d e f o r m a t i o n   a f f e c t -  
ed b y  c o n d i t i o n s   o f   t h e   f r e e z i n g   s t r a t u m   a n d  
p a r a m e t e r s   o f   c o n s t r u c t i o n ,  i t  i s  d i f f i c u l t   t o  
s o l v e  t h i s  t e c h n i c a l   p r o b l e m  t h r o u g h  a p e r f e c t  
a n a l y t i c   a p p r o a c h .  As a r e s u l t ,  a m o d e l l i n g  
a p p r o a c h  is p r o p o s e d   t o  s t u d y  the whole  deforma- 
t i o n  p r o c e s s   o f   t h e   f r o z e n   w a l l   a n d  t h e  r e l a t e d  
f a c t o r s .  This p a p e r  w i l l  i n t r o d u c e   a n d . d i s c u s s  
mainly s t u d y  r e s u l t s  of t h i s  problem. 

, .  

EXPERIMENTAL  SET-UP A N D  SAMPLE PREPARATIONS 

All o f   t h e   p e s t s   a r e   d o n e  on l o w - t e m p e r a t u r e  

a r c  t aken  i n  time and p r o c e s s e d  by  a computer .  
t r i - a x i a l  e x p e r i m e n r a l  m a c h i n e s ,  and t h e  d a t a  

B o t h   e n d s   o f   t h e   s a m p l e   a r e  f i x e d  by a l o a d i n g  
p l a t e ,   w h i c h   c a n   b e   a l l o w e d  t o  produce  a p r o p e r  
d e f o r m a t i o n .   D e f o r m e t e r s   a r e   i n s t a l l e d   a c c o r d i n g  
t o  p a t t e r n  o f  F i g u r e  1. 

F i g u r e  1. Schemat ic   d rawing   of  
d e f o r m a t i o n   i n s t a l l a t i o n  

The  main p h y s i c a l   p a r a m e t e r s  a r e  as  f o l l o w s :  
Lanzhou loess s a m p l e  was  used i n  t h i s  s t u d y .  

w a t e r   c o n t e n t s :  14-157,; 
dry. . u n i t :  weight :   1 .77-1 .78  g/cm"; 
c o n f i n e d   p r e s s u r e :  5 . 5  MPa; 

hei 'ght  of f r o z e n   w a l l :  30-50 cm; 
t e m p e r a t u r e :  - 5 ,  -10, -15OC; 

s i z e s .   o f   s a m p l e : .  
o u t e r   d i d m e t e r  D=40 cm; 
i n n e r ,   d i a m e t e r  d-20 cm: 
t h i c k n e s s  of f r o z e n   w a l l  e-10 c m .  

T a b l e  1. P h y s i c a l   p a r a m e t e r  of  sample  
, I  

Composition of grain(%) L i q u i d  P las t ic  
.Soil 
name $0.1 o.05 o.oo5 (0.005 i t y  ( x )  ( x )  

Grav- 
0.1- 0.05- limit limit 

h-d" 1.7 5 .4  58.6 34.3 2.7 24.6  17.7 
loess  

EXPERIMENTAL  RESULTS A N D  ANALYSIS 

1. Disp lacement  Law, of  Frozen  Wall 
U n d e r  a h y d r o s t a t i c  pressure s t a t e ,  d i s t r i -  

b u t i o n  law o f   d e f o r m a t i o n   a l o n g   t h e   h e i g h t  o f  
t h e  f r o z e n  well a r e  shown i n   F i g u r e  2 .  The  maxi- 
mum d e f o r m a t i o n   e m e r g e s   a t  u p p e r  p a r t  of t h e  
f r p z e n   w a l l .  From upwards t o  downwards. t h e  
amount o f  d e f o r m a t i o n   r e d u c e s   g r a d u a l l y .  

w a l l  v s .  time. I t  i s  s e e n   t h a t  deformation c u r v e s  
a r e  l i k e  t y p i c a l   c r e e p i n g   c u r v e s .   D u r i n g   f i r s t  
c r e e p i n g   s t a g e ,   t h e   s m o u n t  0.f d e f o r m a t i o n  is  
a b o u t  20-35% o f  t o t a l   d e f o r m a t i o n ,   t h i s   d e f o r m a -  
t i o n  i s  d i f f i c u l t   t o   m e a s u r e   a t   f i e l d   c o n s t r u c -  
t i o n .  U n d e r  t h e  same pressure,  t h e r e   a r e  t h e  
same t y p e  o f   c r e e p i n g   c u r v e s   a n d   t h e i r   d e f o r m a -  
t i o n  i s  n o t   a l i k e   a t   d i f f e r e n t   p o s i t i o n s  o f  t h e  
f r o z e n   w a l l   ( F i g u r e  3 ) ;  U n d e r  a d i f f e r e n t   h e i g h t  
a n d   t h e   s a m e   p r e s s u r e ,   t h e r e  may b e  d i f f e r e n t  
t y p e s  o f   c r e e p i n g   c u r v e s ,   t h e   h i g h e r   h e i g h t  of 

F i g u r e  3 i s  d e f o r m a t i o n   c u r v e s  of t h e  frozen 



w 20 

l-lhr 
2-00hr 

40 L 
F i g u r !  2 .  Distribution l a w   o f   d e f o r m a t i o n  

a l o n g   h e i g h t   o f   t h e  frozen well (-1OOC) 

Q -12 2 4 6 8 1 0  
Timethour) 

F i g u r e  3 .  Deforma t ion   cu rves  o f  f r o z e n  
w a l l  v s .  t i m e  (-1OOC) 

t h e   f r o z e n   w a l l ,   t h e  eas ie r  n o n - a t t e n u a t e d  creep 
emerges ( F i g u r e  ) *  

2. The R e l a t i o n   o f ' D e v i a t o r  S t r e s $  a n d  Deforma- 
t i o n  Law t o  the Frozen  Wall 

When d e v i a t o r   s t r e s s   i n c r e a s e s ,  t h e  p o s i t i o n  
U T  maximum d e f o r m a t i o n   ' o f   t h e   f r o z e n   w a i l  w i l l  
g r a d u a l l y  move down ( F i g u r e  . 4 ) .  From F i g u r e  5 ,  

c r e a s e s  w i t h  i n c r e a s e   o f   d e v i a t o r  s t ress  u n d e r  
i . t  is round t h a t   t h e  a.mount of d e f o r m a t i o n  i n -  

confined y r c s s u r e .   T h e   r e l e t i o n  of t h e   p o s i t i o n  
of  maximum d e f o r m a t i o n   v a l u e   a n d   d e v i a t o r  s t r e s s  
c a n  Ire d e s c r i b e d  by f o l l o w i n g   f o r m u l a :  

Where h o  is d i s t a n c e   f r o m   u p p e r  e n d  of t h e   f r o z e n  
w a l l   ( c m ) ;  A a n d  !,are t e s t  p a r a m e t e r s   r e s p e c -  
t i v e l y ,  A - 8 . 5 9 ~ 1 0  , Ba3.84~10 . 

A c c o r d i n g   t o   a b o v e - m e n t i o n a l   l a w .  we may 
o b t a i n   t h a t  t h e  position of maximum d e f o r m a t i o n  
is n o t  F i x e d  d u r i n g   p r a c t i c a b l e   c o n s t r u c . t i o n  o f  
t h e  f r o z e n  w a l l ,   a n d  i t  moves down w i t h   i n c r e a s e  
of  s i n k i n g   d e p t h .  The r e su l t  i s  v e r i f i e d  b y  d a t a  
of No.3 Dong Feng s h a f t .   P a n j i  at: I lua inan .  

3 .  TI,; R e l n t i o n  o f  HeiRht  and Deformat ion  o f  t h e  
F r o z e n  Wall 

h e i y l i t  of the f r o z e n   w a l l   a f f e c t s   g r e a t l y  i t s  
d c f o r m a L i o n   ( F i g u r e  6 ) .  When h e i g h t  h > 4 5  cm, 
non-a t t enua ted  deEormat ion  will t a k e   p l a c e :  
Wllcn h < 4 5  cm, i t  w i l l  produce  a t t e n u a t e d   d e f o r -  
tnal; lon.  The b i g g e r  h e i g h t  of t h e   f r o z e n   w a l l ,  
t h e  b i g g e r  d e f o r m a t i o n .  From F i g u r e  6 ,  i t  is 
scetl when h<45 cm. the s e c o n d   c r e e p i n g   s t a g e  

Under  t h e  same p r e s s u r e   a n d   t e m p e r a t u r e ,  t h e  

F i g u r e  I .  Under d i f f e r e n t  deviator  s t r ~ m a ,  t h e  
d i s t r i b u t i o n  law of d e f o r m a t i o n  a l o n g  h e i g h t  

of the f r p z e n  wall ( - 1 O O O  

F i g u r e  5 .  T h e   r e l a t i o n   o f  maximum deforma 
v a l u e  a n d   d e v i a t o r  stress (-1OmC.,1Ohr 

t i o n  
) 

oc-cup ies   an   impor t an t   p l ace .  S O ,  ve can c a  
d e f o r m a t i o n .   t h r o u g h  t h e  e n g i n e e r i n g  creep 
of f r o z e n   s o i l :  

l c u l a t e  
t h e o r y  

t h e  

are s t a n d a r d   r e f e r e n c e   v a l u e s ;  Uk, He. k and n 
f r o z e n   w a l l ;  H is h e i g h t :  t i s  time; l(k a n d  0, 

are p a r a m e t e r s ,   w h i c h   t h e y   a r e   d e p e n d e n t - u p o n  
t e m p e r a t u r e ,  a t  - l O Q C ,  Uk52.453, H k - 1 0 ,  : l c = l o - a ,  
l len0.0046,  k-1.253, n - 1 . 8 1 .  

20V 
Ho - 4 5 ~  - 15 

B Ho-40.5cm 
8 10 Ho-31.6cm 
v 

I I 
0 2 4 6 8 1 0 1 2  

Time(hour) 

F i g u r e  6 .  Under d i f f e r e n t   h e i g h t s   o f   t h e  frozen 
w n l l ,  t h e   c u r v e s  o f  maximum 
d e f o r m a t i o n  v s .  time (-10°C) 
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When c r e e p i n g   t i m e  is very  
cq.(2) may b e  n e g l e c t e d .  So eq 

1 ong, t h e  f i r s t  i n  
( 2 )  becomes: 

o r m a t i o n  of t h e  4. E f f e c t  o f  Tempera ture  t o  Def 
Frozen  Wall  
' He know t h a t   t h e   l o w e r   t h e   t e m p e r a t u r e ,  t h e  
g r c a ~ e r  s t r e n g t h  o f  Erozen s o i l  and   sma l l e r  i . t i  
d e r o r m o t i u n .  ' P h i s  law is v e r f i e d  a l s o  by  o u r  
t u s t s .  Fig.7 i s  t h e   c u r v e s  of d e f o r m a t i o n  o f  
t h c  f r o z e n   w a l l   u n d e f   t h e   s a m e   h e i g h t  an? 
p r e s s u r e .  

Ftgure 7 .  Under d i f f e r e n t   t e m p e r a t u r e ,  
, '  change o f  d e f o r m a t i o n   a l o n g  

h e i g h t  'of - f r o z e n   w a l l  
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CONCLUSION 

1. As t a n  be ob ta ined   f rom  onn lyz ing  t h e  e x -  
p e r i m e n t a l   r e s u l t s ,  t h e  t e n p e r a t u r e  a n d  h e i g h t  
a f f e c t   g r e a t l y   t h e   d e f o r m a t i o n  o f  the   Erozen  
w a l l .   T h e   l o w e r   t h e   t e m p e r a t u r e ,  the s m a l l e r  
the  defo rmnt lon ' ; , and   t he   sma l - l e r  t h e  h e i g h t ,   t h e  
s m a l l e r   t h e   d e f o r m a t i o n  as w P l 1 .  So s p e c i a l  
a t t e n t i o n  s h o u l d  be p a i d   t o   t h e   s e l e c t i o n  of  
these f a c t o r s  i n  the, desigving a n d  freezing- 

. s i n k i n g  o f  a deep s h a f t .  

d e f o r m a t i o n  is n o t   f i i e d ,   a n d  i t  moves down 
g r a d u a l l y  w i t h  i p c r e a s e  of d e v i n t o r i c  stress. 
I t s  p o s i t i o n   c a n  b e  de te rmined  b y  e q * ( l ) ,   o n c e  
i t s  p o s i t i o n  is d e t e r m i n e d .  t h e  m a x i m u m  deforma- 
t i o n   v a l u e   c a n  be  c a l c u l a t e d  b y  e i t h e r  e q . ( 2 )  
or (3). 
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ACTIVE  LAYER  THAW CALCUUTIONS USING 
SIMPLIFIED THERMAL AND HYDROLOGICAL PARAMETERS 
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The  Green  theorem  was  used to solve  the  heat  flow  equation  for  an  active layer 
zone  with the  frost  table  as i t s  lower boundary. The  modal  incorporates  the 

moisture  status i n  the ca'lculation of  thermal  conductivity. The  frost  table 
effect of ground  ice  cantent  in  the  retardation of thawing  front  descent, and the 

computed €or a  transect  comprising  two  distinct  soil  segments  compared  favourably 
with  measured values. The  model  was  used to assess frost table  responses to 
varying  degrees of sail  saturation,  ice  content  and  air  temperatures, and the 
result  demonstrates  the  nsed to consider the hydrological  variables in thaw 
calculations. 

JNTRODUCTXON 

Ground  conditions  in  continuous  permafrost 
areas  may  be  considered  to-,comprise  a  number  of 
segments,  each  underlain by different-  materials 
experiencing  non-uniform  hydrological  conditions, 
and subject to differential  surface  heating. 
Year to  year  fluctuations  in the climate  and  long 
term climatic  change  will  vary  the  surface 
temperature  and  the  hydroiogy,  thus  affecting the 
thawing o€ the  active layer (Smith  and 
Riseborough 1983). In  addition,  alterations of 

will  affect  the frost  table  depths at its 
thermal5  properties in  any  portion  of the land 

adjacent  zones.  These  changes in thaw  depths  may 
have  implications  on  landform  development, 
vegetation  growth and the stability of man-made 
structures. 

the  hydrological  behaviour and the  surface 
Given.adequate.data-  on  the soil properties, 

temperature  regime,  various  numerical  methods 
(e.g. Kane  et al. 1991)  can  determine the  thaw 
depth  along  a  stretch of the ground. However, 
detailed  climatic  and  hydrological  data  are  often 
not  available to  run  such  models. If only  mean 
surface  temperature  and  average  hydrological 
information  ate  available,  an  alternative  method 
is needed to predict  frost  table  positions  under 
the  influence o f  climatic  variability  and change. 
This  Paper  presents an application of the  Green 
theorem to solve  the  heat  flow  equation €or an 
actiye  layer  zone  with  the frost table as its 
lower  boundary. 

THEORY 

The two-dimensional, heat transfer  partial- 
difference  equation  involving  phase  change of 
ground ice  is 

7 2 5  

where k is  thermal  conductivity, C is heat 
capacity, A i s  volumatric  Latent  heat of fusion, 
0 is ice  content, T is  temperature. r is time, 
and x and z are  horizontal and vertical 

directions. At: the  thawing  front, 

Let  us  first  suppose  that k, - k, = k and  neglect 

E for the  time being. At  the  thawing  front, 
equation (1) i s  reduced to  the Laplace  equation: 

The  Green  function  can  be  applied  to  solve 
equation ( 2 )  (Fritz 1982). The solution  is 

with n being the  direction  normal to the 
boundary, and 



f is the  radius  from ( x , z )  to the  boundary,  for 
all ($x and f#2. 

Heat  flux across the boundary (&I) is k a T  , and aii 

A t  the  boundary, 2 = 0 and  because  of  equation 
(4) , r - 0. Furthermore, VzT * 0 at  the  thawing 
front, so that  equation (3) is now  reduced to 

phase change at the  thawing front. Then 

T ( x , r )  - T * ( x , r )  + T ' ( x , r )  with 

kT'/z - I d z / d r  

At the thawing  front 

T' - I h a / 2 k t  ' ( 9 )  

Equation 9 is  substituted  into  equation 8 and 
integrated to yield an approximate  solition to 
equation 1: 

with 

Along  the  boundary, &/an = 0 except for the 
ground  surface 
aegtnent. Tn other  words, mian $ 0 only when a = 

and arlan = ar/aE,. 
0 and - 00 < x =. ds  can now be replaced by df,, 

Substituting  into ( 5 ) ,  ire have 

Introducing  heterogeneous  materials  and  non- 
steady  state  situation,  the  condition  the  thawing 
front, 2 = h (x,)  , is 

Here, f, is  replaced by f for simplicity of 
, presentation;  and T TO at [, 0. It is also 
assumed  that a weighted  average k is  applicable 
to the  thawed  zone  such  that k ( x, z, r = k (x, 
7 ) .  

Consider two adjacent  segments,  labelled A 
and 8 ,  consisting of different  soil  materials  and 
surface  temperature conditions. A t  the  thawing 
front,  we  have 

( 8 )  
with h = h ( x ,  7 ) .  

terms  on  the  right  hand  side of equation (1) is 
Next, we  examine  the  situation  where  the 

non-zero.  Instead of solving the equation 
directly,  we  partition  the  surface  ground 
temperature  into t~o~components: one to raise  the 
ground  temperature T , and the  other (T') to cause 

7 2 6  

At  the  thawing froht, T ( x ,  h )  = 0. This 
condition  is  satisfied  when  the  proper  value  of h 
is obtained  for  the  right-hand-side o f  equation 
,lo. - 

Hydrological  status of the soil affects 
frost  table  development  through  the  thermal 
conductivity  and -the.  amount o f  ground ice. 
Thermal  conductivity of earth  materials  can be 
estimated by (Farouki 1981) : 

k - Ilk ( j ) ' < ' '  
I 

(11) 

where P is  the volumetric  fractional  content of 
soil  component j which  includes  clastic  materials 
(m) , organic  matter ( 0 )  , water (w) , ice (i) and 
air (a). Their respective  thermal  conductivitiee 
(in W/m/' C) are: k(m)-2.93, k(o)=0.25, k(w)=0.57, 
k(i)-Z.aO and k(a)-0.025. For  a  soil  column, the 
relative contents of w, i and a vary  with  time 
and  depth, depe'nding an  the  hydrological  and 
thermal  conditions. 

In  the  thawed zone, the  general'  moisture 
profile is considered to be composed of  three 
sections (Fig. 1). A t  the  base i s  the saturated 
zone  with mean thickness  during  the  period (O,T] 
determined by averaging  the  daily  differences 
between  the  frost  table  and  water table 
positions. In  the non-saturated  zone,  moisture 
content  at  depth, or f,(w) , is  assumed to  decrease 
linearly  upward to reach  the  specific  retention 
value, f,(w) : 

f, ( w )  - max [ f., (w) , f, (w) -q(z* -z )  J (12) 

where z is the  depth at the top  of  the  saturated 

being 2/m f o r  gravel, 1.5/m for fine  sand and 
zone  and  g  is  the  gradient of moisture  decrease, 

clay and I/m €or peaty s o i l s .  The  estimated 



values  for saturated moisture content, f,(w), for 
specific retention, fo(w), are listed  in Table 1. 

Table 1 Input  parameters 

Gravelly Soil Peaty 6011 

0 .4  
0 . 3  
0 .87  
0 .90  

' see text for explanation of symbols 

moisture content  frozen at the beginning of the 
The ice content in a profile i s  taken as the 

past  winter. The  zone saturated with  ice is 
obtained by the  difference between the water 
table  and frost  table  at  the end of the previous 
summer season. 

Ground surface temperatures (T') are estimated 
empirically from air temperatures (T,) : 

The coefficients  were determined from f i e l d  
measurements (Table 1) and the correlation 

coefficients  were 0 . 9 9  for gravels and 0 . 9 8  €or 
peaty soils obtained from summer seasons o f  1988 
and 1989. 

MODEL T w  

The model. was applied to a transect in the 
continuous permafrost area near Resolute, N.W.T. 
(74'43'N, 94'59'W). The 34 m transect consisted 
or a  gravel  segment and a segment with peaty soil 
cover, and their stratigraphy is given  in Figure 

availability of frost  and water table 
1. The  site  was  chosen because oE the 

measurements for seven  summers (Woo and Steer 

and the  other  in peaty materials , provided 
1983). Two water table  wells,  one in the gravel 

inputs for moisture profile estimation.  Air 
temperatures from the nearby Resolute weather 
station allowed estimations of T* using equation 
13. In addition, frost tables were monitored at 

verification of model results. 
five points along the transect to allow 

Mean ground surface temperature and  mean 
thickness o f  the saturated zone for both soil 
types  were calculated over periods of 15, 35 and 
5 5  days  since  the beginning of thaw in 1988 and 

from the water table positions for the end o f  the 
1989. The initial ice  contents were estimated 

previous summers. The thawing depths ( h )  along 
the transect ( x )  for the test periods o f  various 
durations were obtained by optimizaton such that 
the right-hand-side o f  equation 10 satisfies the 
cand,i,tion T ( x , h ) = O .  

moisture content 
f ( W  

1-1 

E 

a 
water table . """"_ water table 

surface 

f 
SOIL 

surface 

f 

i/i A 

1 
GRAVELLY SOIL 

Fig.1 Assumed moisture content profile above 
and below the suprapermafrost water 
table and stratigraphic profile- - of two 
soil  types used in model testing. 



Table 2. Sensitivity of ground  thaw to temperature,  moisture  and 
ice  contents .. 

XNPUT VARIABLES 

Maximum 0.39 

Average 0.23 

Minimum 
Peaty soil: 

Maximum 0.42 

Average 

Avg. temp. 
Min. temp. 

Peaty Soil: 

Figure 2 shows  part of the transect  adjacent 
to  the border  between the  gravel  and  the  peaty 
soils.  Comparison of  the  calculated  frost table 
positions  (appear as linea  in Fig. 2) with 
the  observed  values  (symbols  in Fig. 2) suggests 
that  the  model  results  were  very  close to the 
field  data  for  the  three  time  periods  during  the 
two  years of model  testing. The root-mean-square 
error  from  all  the  points  was 0.014 m in 1988 and 
0.017 m in 1989. 

Experiments  were  performed t o  determine  the 
sensitivity of active  layer thaw to varying 
degrees of so i l  saturation,  ice  content and air 
tern eraturo  conditions.  Maximum, mean and 
minfmum  values  were  extracted  from  water  level 
records obtained  over seven years at the Resolute 
experimental  aite to estimate  the  saturated 
moisture  content  and  the  ice  content  for  the 
wettest,  average  and  driest  summers.  These 
variables  wera  combined  with  the  warmest,  the 
average and  the  coolest  summers (55 days of the 
thawed  season)  reported by the Resolute  weather 
stations to estimate  the  thawing  responses. 

Table 2 shows  that  while  thaw  depth is 
cantrolled by temperatures,  it is also 
significantly  affected by the  thickness of the 
saturated  zone and by the  thickness of the  zone 

saturated  with ice. Given  similar  summer 
tempexatures, a thick  saturated zone will  enhance 
thawing  due  to  higher k value  relative  to  the dry 
soil; but a large ice content  in the soil will 
retard  frost  table  descent as more  heat is needed 
in i ce  melt. These  experiment8  demonstrate the 
hydrological  influence  on  ground thaw. 

CONCLUSIONS 
(1) As the frost  table  represents a boundary 

where  the  ground  temperature is 0 ,  it is 
feasible to apply  the  Green  theorem to solve 
the heat  flow eqauation to yield a simple 
equation. Equation 10 is easily applicable 
to. calculate  ground  thaw along a transect 
COmpXidng two distinct  segments each with' 
its soil  thermal and hydrological 
characteristics. 

(2) The  model  result  compares  well  with  observed 
frost table  data  collected  in the continuous 
permafrost  area,  along  a  line  that  traversed . 
a  peaty  and a gravelly  soil segnient. 

(3) Sensitivity  experiments  using  different 
moisture  and i ce  contents and subjected to 
various temperature  conditions  demonstrated 
that the hydrological  status o f  the  soils i s  



!.mportant  in modifying the  rate of summer 
thaw. 
responses to  climate warming, it  is 

Thus, in terms of permafrost 

necessary to consider the wetting or drying 

changes. 
scenarios that accompany temperature 
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PROBLEMS OF PERMAFROST IN DEVELOPMENT OF WATER RESOURCES OF 
THE  HENERGUNA  AND  HEILONGJIANG  RIVER 
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In  recent  years,  the  Soviet  Union  and  Chinese  specialists  have  conducted  an 
engineering  geologic  investigation,and  study  of  the  Henerguna  River  and  boundary 
reaches o f  Heilongjiang  (Amul)  River. In this  paper,  the  permafrost  distribution 
and  thickness i n  those  areas  are  introduced,  five  permafrost  zones  were  divided, 
the  possible  changes  of  permafrost  conditions  after  hydraulic  projects construct- 
ed and  the  effect  on  the  hydraulic  projects  were  evaluated.  Analysis  indicated 

permafrost  does  not  exist  in  the  Huma  dam  site  down  stream.  Construction  and 
that  the  permafrost  is  good  for  developing  conditions  at  the  Mohe  dam  site  and 

operation  of  hydralic  projects  would  induce  the  degeneration  of  permafrost,  but 
it  would not cause  various  chahges of geological  conditions  at  the  dam  sites. 

INTRODUCTION 

During 1987-1991 Soviet  Union  and  Chinese 
specialists  have  conducted  engineering  geological 
studies  for  the  comprehensive  use  of  water  re- 
sources  of  the  Henerguna  River  and  the  boundary 
reaches o f  Heilongjiang  (Amul)  River.  Investi- 

width, extending above  the rivers  from the moun- 
gated territory involves  a zone  with  a 2 5 0  km 

tains of East  Zabaykal'ye in the west  to  the  low 
plains of middle  Priamul.  The  development  scheme 
involves  Mohe (Amazal), Liangin (Galingga), 
Shuanghezhan (Tolbuzin), Opu (Kuzniezove). Huma 
(Nowesklecinove), Hehe  (Blakowesinsk)  and  Tai- 
pingou  (Shinan)  hydroelectric  stations. 

most  important  problems  is,  based  on the  perma- 
For  composing  the  planning  scheme, one  of  the 

frost  zonation,  to  predict  permafrost  conditions, 
their  changes  during  the  operation  of  each 
structure  and  effects  on  the  engineering  geolo- 
gical  situation  and  structures. 

DISTRIBUTION AND THICKNESS OF PERYAFROST 

Researched  territory  is  located  in  the  south 
zone of  high  latitude  permafrost.  within  the 
Europe-Asia  continent.  Consequently,  the  distri- 
bution  of  permafrost  has  complicated  and ununiform 
characteristics.  The  fundamental  factor  governing 
permafrost  distribution  and  thickness id climate. 
The  general  tendency  for  zonation  of  permafrost 
distribution,  therefore,  is  to  submit  to  the 
latitudes,  namely  air  temperature  decreases  from 
south  to  north,  from  southeast  to  northwest  and 

with  latitudinal  rising.  Rut,  affected by human 
the  area  and  thickness o f  permafrost  increases 

microclimate,  composition  of  rocks,  vegetation 
activity  and  natural  factors,  such  as  altitude, 

of  forest,  surface  and  underground  water,  ex- 
posure,  etc.  the  distributlon  of  permafrost I n  
this  territory  has  obvious  regional  features, 
such as: continuous,  discontinuous,  island, 
scattered  island  permafrost  and  seasonal  frozen 
soil  with  different  thicknesses. 

The  results  of  investigation  and  exploration 
conducted  in  recent  years  indicate  that in the 
last  ten  years  with  air  temperature  rising,human 
activity  increasing  and  effect of  other  natural 
factors  as  well,  degeneration  of  permafrost  has 
occurred  in  this  territory,  expressed by the 
annual  mean  ground  temperature  rising,  area  of 
permafrost  reducing  and  thickness  thinning.  Such 
phenomenon  is  not  only shown by the  changes o f  
permafrost  conditions  in  overall  and  local ranges 
o f  this  territory,  but  also  can  be  visibly  found 

temperature  observations  at  each  dam  site. 
from  the  results o f  geological  exploration  and 

tion  with  engineering  geological  exploration and 
permafrost  on-the-spot  survey  and  investiga-tion 
to  analyze  the  general  action  of  air  temperature 
and  all  natural  and  artifical  factors  mentioned, 
above  the  principle  law of space  distribution of 

follows: 
permafrost  in  this  territory  can be  derived as 

local  ranges  of  the  northwestern  slopes  of  the 
Da  Hinggan  Ling  mountains  on  the  right  bank  of 
the  Heilongjiang  River,  in  the  north-western 
slopes  in  the  region  with  medium  mountain terrain 

of the  upland on the left  bank, and  in the  high- 
(absolute  elevation of  more  than 1000 m a.s.1.) 

est  peaks  of Da Hinggan  Ling  mountains.  It is 
because  in  these  regions  there  exists  low  air 
temperature,  dense  vegetation,  virgin  forest, 

dissected  intermontane  basins,  and  shady  slope 
steep  slopes  without  stable  snow  cover,deeply 

surfaces of  river  and  creek  valleys.  Permafrost 
thickness  varies  from 50 to 150 m,  sometimes  to 

the  river bed  and  have  generally  penetrated 
200 m. The  taliks  are  mainly  developed  beneath 

through  the  permafrost. On individual  gentle 
slopes  with  southern  exposure  the  infiltrated 

also  found. 
taliks  of  the  radiating-thermodynamic  type  are 

large  parts of the  northwestern  slope  of Da 

By referring to the  existing  data,  in  combina- 

The  continuous  permafrost  mainly  exists  in 

Discontinuous  permafrost  is  distributed  in 

7 3 0  



l l i n g g a n   L i n g   m o u n t a i n s   o n   t h e   r i g h t   b a n k  of  t h e  
H e i l o n p j i a n g   R i v e r ,   i n   t h e   n o r t h   a n d   w e s t   r e g i o n s  
w i t h   m e d i u m   a n d  low m o u n t a i n s   w i t h  a small a r e a  
o n   t h e   l e f t   b a n k ,   a n d   i n   t h e   l a r g e   p a r t s   t h e  
e l e v a t i o n  i s  l e s s  t h a n  100 m a . s . 1 .  T h i c k n e s s  of 
p e r m a f r o s t  is 50 m o r  s o ,  i n   t h e   m a j o r i t y   a n d  
i n c r e a s e s  t o  100 m o r  s o  i n  some s e c t o r a .   I n  
t h e s e   r e g i o n s ,   t a l i k s   d i s t r i b u t e d   o n   t h e   g e n t l e  
s l o p e s   a n d  f l a t  w a t e r s h e d   w h e r e   t h e   s n o w   c o v e r  
i s  t h i c k e r   a n d   h a s  a t h e r m o d y n a m i c  e f f e c t  a n d  
c a n   a c c u m u l a t e d   t h e r e ,   b e n e a t h   t h e   b e d s  of l a r g e  
r i v e r s ,   a n d   i n   t h e   r i v e r  t e r r a c e s  t h e   d e p o s i t s  
a r e  c o m p o s e d  o f  s a n d s   a n d   g r a v e l s .  

w i d e l y   d i s t r i b u t e d   w i t h  a t h i c k n e s s  of 10-50 m 
i n   g e n e r a l ,   a t , t h e   s l o p e  w i t h  n o r t h e r n   a n d  
o o r t h e a s t e r n   e x p o s u r e ,   e s p e c i a l l y ,  a t  t h e i r  

w i t h   d e n s e   v e g e t a t i o n   a n d   m a r s h e s .   T h i s   s i t u a -  
lower p a r t s ,   i n  t h e  v a l l e y s   a n d  lower t e r r a c e s  

t i o n   d e p e n d s   o n   t h e   s l o p e s   h a v i n g   d i f f e r e n t  
e x p o s u r e s   t h e   g r o u n d   s u r E a c e  t o  l a r g e   e x t e n t  i s  
s h a d e d   a n d   t h e   t o p  l a y e r  is  g e n e r a l l y   c o m p o s e d  
o f  l o a m   s e d i m e n t s   a n d   p e a t   w i t h  lower p e r m e a b i -  
l i t y  a n d   g r e a t e r   m o i s t u r e .   I n   t h e s e   r e g i o n s ,  
t a l i k s   v i d e l y   d e v e l o p .   T h e y  e x i s t  b e n e a t h   t h e  
b e d s ,   n o t   o n l y   o f   t h e  l a r g e  r i v e r s ,   b u t  a l s o  i n  
t h e   t r i b u t a r i e s ,   a n d   w i d e n  t o  l a r g e r  o r e a s  o n  
b o t h   h a n k s .  

I n  t h e   s o u t h e a s t e r n   p a r t   o f   t h e   s t u d i e d  t e r -  
r i t o r y  f r o m   t h e  Huma  dam s i t e  down stream, t h e r e  
is v i r t u a l l y  no p e r m a f r o s t   b e c a u s e  a i r  t e m p e r a +  
t u r e  i s  h i g h e r   a n d   r a i n f a l l  i s  m o r e a b u n d a n t   i n  
s u m m e r .   O n l y   i n  some s e c t i o n s  of t h e  lower  p a r t  
o f  s l o p e s  on t h e   r i g h t   b a n k   a n d   u p s t r e a m   f l o o d  
l a n d   o f   r i v e r s  a r e  t h e r e   p e r e l e t o k s  t o  b e   f o u n d .  
T h c i r   t h i c k n e s s  m a y  r e a c h  8 m. A t  t h e  same t ime ,  
s o m e  r e l i c t s  may b e   f o u n d   o n   t h e   r i g h t   b a n k .   b u t  
L h c   t h i c k n e s s  docs n o t   g e n e r a l l y   e x c e e d  3-5 m .  

ZONATION OF ENGINEERING PERMAPROST 

I s l a n d   a n d   s c a t t e r e d   i s l a n d   p e r m a f r o s t  a r e  

I n   o r d e r  t o  r e s e a r c h   p e r m a f r o s t   c o n d i t i o n s  
a f l e c t i  ng t h e   e n g i n e e r i n g  g e o l o g i c a l  s i t u a t i o n ,  
o z o n o t i o n  o f  p e r m a f r o s t   i n   t l h i s  t e r r i t o r y  h a s  
h e c n  macle. 

f r o s t   c o n d i t i o n s   o f  the  d i v i d e d  zones a r e  e x t r e -  
mely d i f f e r e n t   f r o m   e a c h   o t h e r .  

T h e  basis of z o n a t i o n  i s ,  t h e   c h a r a c t e r i s t i c s  
o f  permafrost d i s t r i b u t i o n   a n d   t h i c k n e s s ,   a n n u a l  
m e a n   t e m p e r a t u r e   o f   f r o z e n   a n d   t h a w e d   g r o u n d ,  
s e a s o r t a l   f r e e z i n g   a n d   t h a w i n g   d e p t h ,   a n d  c ryo-  
g e n i c   p h e n o m e n a ,  a s  m e n t i o n e d   a b o v e .  

a b o v e .   f i v e   p e r m a f r o s t  zones were d i v i d e d ,  a 
z o n e d   m a p  w i t h  s c a l e  o f  1 : 2 5 0 0 3 0 0  was p l o t t e d  
(see a t t a c h e d   m a p ) .  

O n l y   i n   t h e  lower b o g g y  t e r r a c e s ,  lower p a r t s  
of  n o r t h e r n   e x p o s u r e   s l o p e s   c o m p o s e d  of loam 
d o e s  y e r e l e t o k  o r  r e l i c t  p e r m a f r o s t   e x i s t .  

h m u 1 . - Z e i a   p l a i n   a n d  a l l  of  t h e   Z e i a - B l e i a   p l a i n  
o n   t h e ' l e f t   b a n k  of t h e   H e i l o n g j i a n g   R i v e r ,   r h e  
a r e a   s o u t h  of X i n j e i j i   v i l l a g e ,   f r o m   t h e   e a s t e r n  
s l o p e   o f   t h e   Y i l c h u l i   m o u n t a i n s .   n o r t h e a s t e r n  

m a s s i f  of t h e i r   s o u t h e a s t   e n d  t o  t h e  s i d e  o n   t h e  
s l o p e s ' o l  X i a o  H i n g g a n   L i n g   m o u n t a i n s   a n d   t h e  

r i g h t   b a n k .  

T h e   p r i n c i p l e  of z o n a t i o n  i s  t h a t   t h e   p e r m a -  

A c c o r d i n g  t o  t h e  p r i n c i p l e   a n d   b a s i s   m e n t i o n e d  

Z o n e  I - z o n e   h a s   v i r t u a l l y   n o   p e r m a f r o s t .  

T h i s   z o n e   i n v o l v e s   t h e   s o u t h e r n   p a r t  o f  t h e  

G r o u n d   t e m p e r a t u r e   i n   t h i s   z o n e   o n   t h e  erro- 
' s i v n   s l o p e s   w i t h  a s o u t h e r n   e x p o s u r e  i s  t1 -+3'C, 

011 E i re  h i g h  t e r r a c e s  c o m p o s e d   o f   p e r m a e a b l e   r o c k s  
From t h e   g r o u n d   s u r f a c e  is +Sac o r  h i g h e r .   T h e  
s e a s o n a l   f r e e z i n g   d e p t h   d e p e n d s   o n   t h e   c o m p o a i -  
t i o n   a n d   m o i s t u r e   o f   s e d i m e n t ,   a n d   v a r i e s  be- 
Lween  3-6 m .  C r y o g e n i c   p h e n o m e n a  a r e  f e w ,   o n l y  

s o m e   r e m a i n   i n   t h e   t h e r m a l   k a r s t   b a s i n s ,  terraces 
o f  mud f l o w   a n d  l i t t l e  f r o s t   m o u n d s   t h a t  a r e  
l s c a l l y   f o u n d .  

T h i s   z o n e   e n c o m p a s s e s   t h e   s o u t h w e s t e r n   e n d   m i d d l e  
m o u n t a i n   s i d e s   a n d   p a r t  o f  lower  m o u n t a i n s ,  
n o r t h w e s t   a n d   s o u t h e a s t   o n   b o t h   b a n k s   a l o n g   t h e  
N e i l o n g j i a n g   R i v e r ,   a n d   t h e   r e g i o n s   w i t h  lower 
m o u n t a i n s   a n d   h i l l s   o f   t h e  Xiao l l i n g g a n   L i n g  
m o u n t a i n s .  

T h e   t h i c k n e s s  of t h e   p e r m a f r o s t  i s  5-15 m ,  
a n d  sometimes r e a c h e s  2 5  m .  P e r m a f r o s t  i s  m a i n l y  
d i s t r i b u t e d   i n   t h e   v a l l e y   b o t t o m ,   b o g g y   s e c t i o n s  
o f  lower t e r races ,  a n d  lower p a r t s  o f   t h e   n o r t h -  
e r n   s l o p e s .  I t  occup ies  a n  a r e a  o f  10-20X;.  Tern- 
p e r a t u r e  of p e r m a f r o s t i s - 0 . 2  - - 0 . 5 ' C   g e n e r a l l y .  
T h i s   z o n e   h a s   c h a r a c t e r i s t i c s  o f  d e e p   s e a s o n a l  
t h a w  w i t h  d e p t h s  of  3-5.5 m .  I n  some s e c t i o n s ,  
c o m p o s e d  of  p e r m e a b l e   a l l u v i a l   r o c k s ,   t h e  sea-  
s o n a l   t h a w i n g   d e p t h   m a y   r e a c h  8 m ,  f o r m i n g  f r o -  
z e n   l a y e r s   o f   t h e   u n j o i n e d   t y p e .  

I n  t h i s   z o n e ,  a l l  k i n d s  ,of c r y o g e n i c  phenomena 
w i d e l y   d e v e l o p .  A t  t h e   v a l l e y   b o t t o m   t h e r e  
d e v e l o p s  f r o s t  m o u n d s ,   p i n g o s   a n d   t h e r m a l   k a r s t .  
o n  t h e  s l o p e s   t h e r e   d e v e l o p s  mud f l o w s   a n d   s t o n y  
c o n g l o m e r a t e s .  

Z o n e  1x1 - z o n e  o f  i s l a n d   p e r m a f r o s t .   T h i s  
z o n e   o c c u p i e s   q u i t e  a l a r g e  a m o u n t  of t h e   m i d d l e  
p a r t   o f   t h e   s t u d i e d  t e r r i t o r y .  T e m p e r a t u r e   o f  
t h e   p e r m a f r o s t   v a r i e s   b e t w e e n   0 - l . O " C   m i n i m u m  i s  
-2.O'C. P e r m a f r o s t   w i d e l y   d e v e l o p s  a t  t h e   b o t t o m  
p a r t   o f   t h e   r i v e r   v a l l e y ,   i n t e r m o n t a n e   b a s i n   a n d  
o n   t h e   s l o p e s   w i t h  a n o r t h e r n   a s p e c t .  I t s  t h i c k -  
ness m a y   r e a c h  20-50 m ,  d i s t r i b u t i o n  a r e a  i s  
30-50%. S e a s o n a l   f r e e z i n g - t h a w i n g   d e p t h s  a r e  
2 . 5 - 3 . 5  m i n   t h e   s e c t i o n s   c o m p o s e d   o f  loam a n d  
c l a y ,   a n d   1 . 5 - 2 . 0  m i n   t h e   b o g g y   s e c t i o n s .   I n  
t h e   s a n d - g r a v ' e l   s e d i m e n t s  of h i g h  t e r r a c e s ,  t h e  
s e a s o n a l   t h a w i n g   d e p t h   e x c e e d s  3 . 5  m .  

d e v . e l o p s .   I c i n g  occurs i n  a l l  of t h e   r i v e r s   a n d  
. I n   t h i s   z o n e ,   c r y o g e n i c   p h e n o m e n a  w i h r l y  

c r e e k s ,  f r o s t  m o u n d s   o c d u r  a t  t h e   b o t t o m  of 
v a l l e y s   a n d   g u l l i e s ,   t h e  lower p a r t s  o f  r i v e r  
v a l l e y   s l o p e s   a n d   o n   t h e   s m o o t h   w a t e r s h e d   w i t h  
m a r s h e s ;   a c t i v e  mud f l o w  i s  o f t e n   a c c o m p a n i e d  
w i t h  a s t o n y . c o n g l e m e r a t e   o n   t h e   s l o p e s :   p o l y g o n  
v e i n  i c e  a n d  s o i l  v e i n s  a r e  f o u n d  a t  t h e   b a c k  
c r a c k  of t e r r a c e s  o n   t h e  smooth s l o p e s .  As w e l l ,  
t h e r m a l   k a r s t   w i d e l y   d e v e l o p s   o n   t h e   s m o o t h  
s e c t i o n s  of t h e   v a l l e y   b o t t o m ,   i n t e r m o n t a n e  
b a s i n g .   a n d  i n  t h e   r i v e r   v a l l e y s ' .  

T h i s   z o n e  i s  c o m p r i s e d  of p a r t  of t h e  east a n d "  
n o r t h  mass i f  o n   t h e  l e f t  b a n k  of  t h e   H e i l o n g j i a n g  
R i v e r ,   a n d  the wide area o f  n o r t h w e s t e r n   s l o p e s  
of Da' H i n g g a n   L i n g   m o u n t a i n s   o n   t h e   r i g h t   b a n k .  
I t  o c c u p i e s   a n  a r e a  of 70-80%. T e m p e r a t u r e   o f   t h e  
p e r m a f r o s t  i s  b e t w e e n  0 - 2 T . a  I t s  t h i c k n e s s  i s  
g e n e r a l l y  60-80 m ,  a t  some s i t e s  i t  m a y   r e a c h  
100 m .  T h e   t a l i k s  a r e  p r e s e n t   o n   t h e   s u n n y   s l o p e s  
w i t h  less v e g e t a t i o n   t a v e r ,   s m o o t h  lower  water- 
s h e d s   c o m p o s e d   o f   p e r m e a b l e   r o c k s  ( w i t h  an 
e l e v a t i o n  of l e s s  1000 m a . s . l . ) ,  a n d  i n  t h e  
s t r u c t u r a l   b r e a k   z o n e s   o f   t h e   r i v e r   v a l l e y .  
S e a s o n a l   f r e e z i n g   a n d   t h a w i n g   d e p t h s   v a r y   f r o m  
2 . 0  t o  5.0 m ,  a n d  a r e  a p p r o x i m a t e l y  1.0 m i n   t h e  
m a r s h l a n d  a t  t h e   v a l l e y   b o t t o m .  

C r y o g e n i c   p h e n o m e n a  i s  w i d e l y   d e v e l o p e d .  On 
t h e   s l o p e s ,   s t o n y   c o n g l o m e r a t e .   s t o n e - r i n g -  
p o l y g o n   a n d  mud f l o w   d e v e l o p s ;  a t  t h e  lower p a r t  

a t  t h e  b e n d   o f   t h e  s l o p e   t h e r e  a r e  p i n g o s :  
t h e r e  a r e  p o l y g o n  v e i n  i c e ,  and f r o s t  m o u n d s :  

pingos  c a n   b e  seen a n y w h e r e   i n  t h e  r i v e r s   a n d  
c r e e k s :  a t  t h e   i n t e r m o n t a n e   b a s i n   s n d   b o t t o m  o f  
t h e   r i v e r   v a l l e y ,  thermal  k a r s t   a n d   f r o s t  mounds. 
p o l y g o n   v e i n  i c e  a n d  s o i l  v e i n  a r e  w i d e l y  

Z o n e  I1 - zone o f  s c a t t e r e d   i s l a n d   p e r m a f r o s t .  

Z o n e  IV - z o n e  o f  d i s c o n t i n u o u s   p e r m a f r o s t .  
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d e v e l o p e d .  
Zune V - z v n e  o f  c o n t i n u o u s   p e r m a f r o s t .  This 

z o n e  lies i n   t h e  l o c a l  moas i f  of t h e   n o r t h w e s t e r n  
s l o p e  of  Da H i n g g a n   L i n g   m o u n t n i n s  on t h e   r i g h t  
h a n k   o f   t h e   H e i l o n g j i a n g   R i v e r   a n d   i n   t h e   h i g h e s t  
p a r t  of n o r t h w e s t e r n   m o u n t a i n s  on t h e   l e f t   b a n k .  
I t s  a rea  e x c e e d s  80%. T e m p e r a t u r e  of t h e   p e r m a -  
f r o s t  i s  g e n e r a l l y  -1.0 - -3.OOC. i n   a n   i n d i v i -  
d u a l   l o c a t i o n  i t  may r e a c h  -5.O"C:The p e r m a -  

d e p t h   i n   t h e  sector  is c o m p o s e d  of loam a n d   c l a y  
F r o s t  t h i c k n e s s  i s  50-100 m .  S e a s o n a l   t h a w i n g  

and i s  1 . 0 - 2 . 5  m w i t h  a m i n i m u m  of a b o u t  0.5 m .  
i n   t h e   l o c a t i o n   c o m p o s e d '   o f   s a n d   a n d   g r o v e l  i t  
m a y   t e a c h  3.0-3.5 m .  

d e v e l o p s .  I n  t h e   r i v e r   v a l l e y s   a n d   i n t e r m o n t a n e  
I n   t h i s  z o n e ,   c r y o g e n i c   p h e n o m e n a   w i d e l y  

b a s i n s .   p i n g o s ,   f r o s t   m o u n d s ,   p o l y g o n   v e i n  i c e ,  
a n d  l o c a l l y   l a y e r e d  i c e  d e v e l o p .  On t h e   s l o p e s ,  
t h e r e  a r e  mud f l o w s   a n d   s t o n y   c o n g l e m e r a t e s .  

EVALUATION OF THE EFFECTS OF PERMAFROST CHANGE 
ON ENGINEERING GEOLOGIC CONDITIONS 

In  t h e  l a s t  t h i r t y  y e a r s ,  t h e   p e r m a f r o s t   i n  
t h e  t e r r i t o r y  of H e n e r g u n a   R i v e r   a n d   t h e   u p p e r  - 
r e a c h e s  of  H e i l o n g j i a n g  River h a s   b e e n   d e g e n e r -  
s t i n g [ h ) .   D u r i n g   c o n s t r u c t i o n   a n d   o p e r a t i o n  o f  
e a c h   h y d r a u l i c   p r o j e c t   d e s i g n e d   i n   t h e   r l e v e l o p -  
m e n t   s c h e m e  of H e i l o n g j i o n g   R i v e r ,   t h e   p e r m a -  
f r o s t   l o c a t e d  i n  t h e   c o r r e s p o n d i n g  s i t e  w o u l d  
d e g e n e r a t e .   B u t ,   d e g e n e r a t i o n  oE t h e   p e r m a f d , o s t  
w o u l d  n o t  m a k e   t h e   e n g i n e e r i n g   g e o l o g i c a l   c o n d i -  
t l o n  s e v e r e l y   d e t e r i o r a t e   b e c a u s e  of  t h e   c r a c k -  
i n g   d e g r e e  of r o c k s  a t  t h e   m a i n  p r o j e c t s  was 
c o m p a r a t i v e l y  low. a n d  i t s  p e r m e a b i l i t y  was lower. 
I n  t h e   p e r i o d   o f   c o n s t r u c t i o n   h o w e v e r  some 
p r o b l e m s   a s s o c i a t e d   w i t h   t h e   c h a n g e s  i n  p e r m a -  
f r o s t  may o c c u r .   R e s i d e s ,   o w i n g  t o  t h e   z o n a l  
a n d  l o c a l  d i f f e r e n c e ,   w h e n   o t h e r   c o n s t r u c t i o n  
h e y o n r l   t h e   m a i n - p r o j e c t  a r e  m a d e ,   s u c h   p r o b l e m s  
w o u l d  a l s o   b e  met.. T h e s e   p r o b l e m   s h o u l d   b e  
sturliecl i n  t h e   f u t u r e .  



A PRIMARY STUDY ON INTERFACE  CONDITIONS OF I C E  SATURATED CLAY 

Xu X i a o z u   a n d   W a n g   J i a c h e n g  
S t a t e  K e y   L a b o r a t o r y  o f  Frozen S o i l   E n g i n e e r i n g ,  LIGGAS, PRC 

E . H . C h u v i l i n   a n d   1 U . P . L e b e d e n k o  
Moscow S t a t e   U n i v e r s i t y ,   R u s s i s  

By u s i n g   a n   e l e c t r o n i c   s c a n n i n g   m i c r o s c o p e   t h e   i n t e r f a c e   c o n d i t i o n s   s u r r o u n d i n g  
i c e  s a t u r a t e d  s o i l  p a r t i c l e s ,   i n c l u d i n g   m o n t m o r i l l o n i t e .   k a o l i n i t e   a n d   m u l t i -  
m i n e r a l   N e i m o n g   c l a y ,  are o b s e r v e d   u n d e r   d i f . f e r e n t   t e m p e r a t u r e s   a n d   s o l t i t i o n  
c o n s e n t r a t i o n s .  Resul ts  s h o w   t h a t   u n d e r   c e r t a i n   t e m p e r a t u r e s   b e l o w  ze ro  t h e  
s h a p e   a n d   t h e   t h i c k n e s s  of u n f r o z e n  water f , i l m   s o r r o u n d i n g   t h e   s o i l   p a r t i c l e s  
c h a n g e s   w i t h  s o i l  t y p e ,   t e m p e r a t u r e   a n d   c o n c e n t r a t i o n .   T h e   s h a p e  of t h e   u n f r o z e n  
water f i l m   s u r r o u n d i n g  t h e  ice s a t u r a t e d   c l a y   p a r t i c l e a   c a n   b e   d i v i d e d   i n t o  
t h r e e   t y p e s :   s m o o t h .   w i n d i n g   a n d   o v e r f l o w .  

INTKODUCTION 

T h e   i n t e r f a c e   c o n d i t i o n s   a m o n g  a o i l  p a r t i -  
c l e s ,  u n f r o z e n  water f i l m ,  i c e  a n d   v a p o r  a r c  
i m p o r t a n t   c o n t e n t s  of  t h e   p h y s i c s   o f   f r o z e n  
so j l s .  T h e   i n t e r E a c e   c o n d i t i o n s   f o r m e d   u n d e r  
c e r t a i n   c o n d i t i o n s   r e s u l t  from c o m p r e h e n s i v e  
a c t i o n s  o f  v a r i o u s   f o r c e s .   T h e   s t u d y  i n  t h i s  
a r c 8  i s  of g r e a t   s i g n i f i c a n c e   € o r   u n d e r s t a n d i n g  
wa tc r  p h a s c   c h a n g i n g .   c r y o g e n i c   s t r u c t u r e  f o r m -  
i n g   a n d  water m i g r a t j . n g   i n   f r o z e n   s o i 1 s . l   a n d  
a l s o  f o r  p h y s i c o - m e c h a n i c s  of  f r o z e n  s o i l s .  
F o r  m a n y   y e a r s ,   f e u   i n t e r n a t i o n a l   s t u d i e s   h n v e  
b e e n  done i n   t h i s  a r e a .  For i n s t a n c e ,   A n e n i a n  
( 1 9 7 0 )  p o i n t e d   o u t   t h a t  the b o n d   e n e r g y   o f  water  
s u r r o u n d i n g   f r o z e n  s o i l  p a r t i c l e a   d e c r e a s e s  
w i t h   a n   i . n c r e a s e   i n   t h e   d i s t a n c e   b e t w e e n  water 
m o l e c u l e s   a n d  s o i l  p a r t i c l e s   i n   t h e   p o w e r   f o r m .  
D o c t o v a l o v  (1973) s h o w e d   t h a t   t h e   s t r u c t u r e   o f  
water  l a y e r s  c h a n g e s   w i t h   t h e   d i s t a n c e  t o  t h e  
s o i l  p a r t i c l e s   a n d   c a n  b e  d i v i d e d   i n t o   t h r e e  
t y p e s :   a n   a c t i v e   e n e r g y   z o n e  of b o u n d e d  water, 
a n o n   a c t i v e   e n e r g y   z o n e  of b o u n d e d  water a n d  
a n   a c t i v e   e n e r g y  zone of f r o z e n  water .  A n d e r s o n  
a n d   N o r g e n s t e r n  ( 1 9 7 3 )  d e s c r i b e d   t h e   e x i s t a n t  
mult i - layers  o f  water s u r r o u n d i n g   m i n e r a l  
p a r t i c l e s ,  i . e . ,  t h e   d i s o r d e r e d   z o n e   l o c a t e d  
b o t h  a t  s u r f a c e s  of s i l i c a t e  s u b s t r a c t   a n d  i c e ,  
r e s p e c t i v e l y ,   a n d   t h e   z o n e  o'f e n h a n c e d   o r d e r  

l o c a t e d   b e t w e e n  two d i s o r d e r e d   z o n e s .   U u t   f u r -  
t h e r   r e s e a r c h  i s  d i f f i c u l t   d u e   t o   t h e   l i m i t a -  
t i o n  o €  s t u d y   m e a s u r e s .  

R e c e n t l y ,   C h i n e s e   a n d   R u s s i a n   s c i e n t i s t s m a d e  
a j o i n t   e f f o r t  t o  r e s e a r c h   t h e   i n t e r f a c e   c o n d i -  
t i o n s   o f  water s u r r o u n d i n g  i c e  s a t u r a t e d  s o i l  
p a r t i c l e s   w i t h   d i f f e r e n t   t e m p e r a t u r e s   a n d   c o n -  
c e n t r a t i o n   b y  u s i n g  a n   e l e c t r o n i c   s c a n n i n g  mic- 
roscope .  T h e   p u r p o s e  o f  t h i s   p a p e r  i s  t o  p r e s e n t  
some o b s e r v e d   r e s u l t s .  

SAMPLE PREPARATION 

test P e  

T h e r e  a r e  t h r e e   k i n d s  o f  s o i l s  u s e d   i n   t h e  
., k a o l i n   a n d   m o n t m o r i l l o n i t e   ( t a k e n  

from u s s i a )   a n d   m u l t i - m i n e r a l   N e i m o n g  c l a y  
( t a k e n  from C h i n a ) .   T h e   p h y s i c a l   p r o p e r t i e s  a t e  
s h o w n  i.n T a b l e  1'. 

T h e   k a o l i n ,   m o n t m o r i l l o n i t e   a n d   N e i m o n g   c l a y  
a r e  m i x e d   w i t h   d i s t i l l e d  water a n d  a s o l u t i o n  oE 
n a t r i u m   c h r o r i t e ,   r e s p e c t i v e l y .   T h e   s a m p l e s  a r e  
q u i c k l y   f r o z e n   u n d e r   t e m p e r a t u r e s  of 10 t o  15 
d e g r e e   c e n t i g r a d e   b e l o w  ze ro .  A f t e r w a r d s ,   t h e  
s a m p l e s  a r e  p u t   i n t o  a c h a m b e r   w i t h  a c o n s t a n t  
t e m p e r a t u r e   f o r  48 h o d r s .  Then e a c h   s a m p l e  i s  
s p l i t   i n t o  two p i e c e s   b y  a k n i f e   a n d   s p r e a d e d   o n  
a f r e s h   s u r f a c e   w i t h   t h e   p l e x i g l a s s   s o l u t i o n  
w i t h   t h e  same t e m p e r a t u r e  a s  t h e   s a m p l e ,   a n d  
t h e n   p u t  away i n  a c h a m b e r   w i t h  a c o n s t a n t  tem- 

T a b l e  1 P h y s i c a l   p r o p e r t i e s  o f  t h e  c l a y  

Soil t y p e  
P a r t i c l e   c o m p o s i t i o n  % L i q u i d   P l a s t i c   G r a v i t y   S u r f .  

limit limit 
>0.05mm 0.05-0.002 (0.002 Sb % gIcm' 

area 

Kaoiin 0.5 46.7 54 .a 51.0 31.0 2.64 30 
Hontmorj. 0.2 46.7 53.5 114.0 44.0 2.45 560 

Neimonclay 0 . 2  50.8 47.1 32.8 20.4 2.73 28 
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' Table 2 Shape  of  unfrozen  water  film  under  different 
temperatures  and  concentration  conditions 

-~ 

Soil  type  Sample No. Temperature,"C  Concentration,Mole  Film  shape 

Kaolin G-0 1 -1.5 0 NOT  SEEN 
E-02 ' -1.5 0.1 SMOOTH 

Montmori- "01 -1.5 0 SMOOTH 
llonite "02 -1.5 0.1 WINDING 

-1.5 .0.1 OVERFLOWING 
~ 

N-01 -11 0 NOT  SEEN 
N-02 -1 1 0.1 NOT SEEN 
N-03 -1 1 0.5  NOT SEEN 

Neimong N-04 -1 1 1 .o SMOOTH 
clay N-05 -5 0 NOT  SEEN 

N-06 -5 0.1 SMOOTH 
N-07 -5 0.5  SMOOTH 
N-08 -3 0 NOT  SEEN 
N-09 0.1 0.1 SMOOTH 

perature  for  one  or  two  days  to  allow  the  plexig- 
lass  solution  to dry. Finally,  the  dried  film  is 

observation on the  electricscanning  microscope. 
taken  off  the  sample  and  the  sample  is  used for 

RESULTS  AND ANALYSIS 

Table 2 shows  the  observation  results.  It  can 
be  seen  that  the  unfrozen  water  film  of  ice  sat- 
urated  clay is not  always  observed  under  various 
conditions by elecrronicscanning  microscope.  For 
example,  the  unfrozen  water  film can' not  be  seen 
in  kaolin  without  solutes,  and  with a tempera- 
ture of -1.5"C: for  Neimong  Clay.without  solutes 
and  with a temperature  of -3'C. And  the  thick- 
ness  of  unfrozen  water  film  observed  has  reached 
the  order o f  Um, The  fact  mentioned  above  indi- 
cates  that  the  use  of  the  electronic  scanning 
microscope  to  investlgate  the  interface  condi- 
tions on ice  saturated  clay  has  its  limitations, 
the  thickness  of  unfrozen  water  film  must  reach 
the  order o f  Urn .  But  it  also  implies  that  the 
thickness  of  unfrozen  water  film o f  ice  satura- 
ted  clay i s  not  uniform, 

According  to  the  calculation  for  the  ice 

tioned  above,  the  average  thickness of the  un- 
saturated  Neimong  clay  under  the  conditions  men- 

frozen  water  film  is  less  than 100 angstrom,  but 
the  unfrozen  water  film  with  the  thickness  of 
several  microns is observed  under  the  electronic 
microscope.  The  existence  of  unfrozen  water  film 
with  such  a  large  thickness  can  not be explained 
by the  double  layer  theory.  Olphen, H.V.(1977) 
pointed  out  that  the  thickness  of  the  electric 
double  layer  decreases  with  an  increase in the 
concentration  (see  Table 3 ) .  One of the  possible 

Table 3 Approximate  value oE double  layer 
thickness  in  relation  to  concentration 

under  constant  surface  potential 

counter ion con-  thickness  of  double  layer,angstrom 
centration 

mole/dm'  one-valence  ion  two-valence  ion 

0.001 
1 .o 

1000 
100 

100 10 

500 
50 
5 

explanations is the  freezing  point  decreases 
with  an  increase  in  concentration. 

conditions o f  ice  saturated  clay can  be  divided 
According  to  the  observations, the  interface 

into  three  types:  smooth,  winding and  overflow- 
ing  (see Photos). From the  photos it is shown 
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t h a t  f o r  t h e  smoo th   un f rozen   wa te r   f i lm ,  there  
i s  u wh.ite s t r i p e  b o n d  w i t h  u n i f o r m   t h i c k n e s s  
s u r r o u n d i n g  t h e  s o i l   p a r t i c l e .   F o r   t h e   w i n d i n g  
u n f r o z e n   w a t e r   f i l m ,  i t s  th i ckness   changes   f rom 
p l a c e   t o   p l o c e  and may be r e l a t e d   t o   t h e  d i s t r i -  
hu t - ion  o f  c h a r g e s  on t h e   s u r f a c e  o f  s o i l   p a r t i -  
r 1 . e ~ .  For t h e   o v e r f l o w i n g   u n f r o z e n   w a t e r   f i l m ,  
the s t r i p e s  of u n f r o z e n   w a t e r   ( w h i t c  ) and i c e  
( b l a c k )   a r e   i n l a i d .  

f a c e  c o n d i t i o n s   c a n  be   observed ,  b u t  f o r   k a o l i n  
and   mul t i -minera l  Neimong c l a y ,  o n l y  one  type-  
t h e  smooth one was o b s e r v e d ,   e s p e c i a l l y   f o r  
Neimong c l a y ,  i t  only   apeers   under   h igher   con-  
c e n t r a t i o n   c o n d i t i o n s .  T h e  f ac t   men t ioned   above  
i n d i c a t e s   t h a t   t h e   i n t e r f a c e   c o n d i t i o n s   a r e   r e l a -  
t e d  t o  t h e  s u r f a c e   e n e r g y  o f  s o i l   p a r t i c l e s .  If 
t h e   s p e c i f i c   s u r E a c e   a r e a  is g r e a t ,   t h e   c o m p l i c a -  
t e d   i n t e r f a c e   c o n d i t i o n s  may occurr 

F o r   m o n t m o r i l . l o n i t e   a l l   t h r e e   t y p e s  of i n t e r -  

SUMMARY 

T h e  i n t e r f a c e   c o n d i t i o n s  o f  un f rozen   wa te r  
F i l m  is s t u d i e d  b y  u s i n g   a n   e l e c t r i c   s c a n n i n g  
m i c r o s c o p e .   O b s e r v o t i o n  shows t h a t   t h r e e   t y p e s  
o f  i n t e r f a c e   c o n d i t i o n s  m a y  occur  i n  montmoril-  
l on i t e :   smoo th ,   w ind ing   and   ove r f lowing .   Fo r  
k a o l i n  and   mu l t i -mine ra l   c l ay  w i t h  n lower sur- 
f ace   ene rgy ,   on ly   t he   smoo th  one can b e  observed. 

B y  u s i n g  a n  e l e c t r i c  scanning. mic roscope ,  the 
shopc  o€  u n f r o z e n  water f i l m   c a n   b e   o b s e r v e d \ ;  
on1.y f o r  t h o s e  w i t h  a t h i c k n e s s   g r e a t e r   t h a n  
micrpns ,   which  may b e  i n  t h e  pores. O i f f e r e n t  
methods o f  s t u d y i n g   t h e   i n t e r f a c e   c o n d i t i o n s  
b e t 3 e e n   p a r t i c l e s   h a v e  t o  be found.  
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THE ROLE OF SNOW IN STREAMFLOW GENERATION 
FROM AN ALPINE PERMAFROST BASIN IN TIANSHAN, NORTHWESTERN CHINA 
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The winter snow cover in the alpine area of Tianshan, China, is often shallow and  unevenly distributed. After 
correcting for systematic errors in gage measurements, total winter snowfall far excccds the snow accumulation on 
the ground because the 1-er experienccs sublimation losses and winter melt on sunny slopes. Melting of the 
snow cover in May is the main  Eource  of spring runoff. After the winter snow is depleted, the active layer 
thaws rapidly, providing ample storage capacity for suprapermafrost groundwater. From June to August, st ream 
flow is maintained by summer precipitation, producing many high flows which respond readily to rainfall, but 
lag behind snowfall by 1 to 3 days. For alpine permafrost catchments, it is useful to distinguish between 
snowmelt runoff (from the winter snow cover) and snowfall runoff  (from  summer  snowfall events) and rainfall runoff 
(from summer rain events). 

INTRODUCTION 

The snow cover in mountainous meas is chkacterized by its high 
albedo, large temporal changes and significant spatial variability. 
These f d u r e s  have a strong influence on the ground surface energy 
and water budgets which in turn arc closcly related to the climatc, 
permafrost characteristics and hydrology  of  mountain basins. In 
mid-latitude alpine arm, snowfall can occur during any time of the 
year, though summer precipitation also occurs as rain or hail. As the 
bulk of winter snowfall does not  melt unti! spring, the magnitude  and 
timing of snowmelt runoff is controlled by winter snow storage and 
by weather conditions during melt. In summer, runoff may be 
sustained by rainfall or by rapid melting  of  newly fallen snow. Thus, 
the basin snow cover is expected to have significmt influence on 
mountain hydrology. This paper presents the preliminary results of 
snow cover observation, surfacc runoff, active layer thaw  and  water 
table variations in an alpinc permafrost watershed in Tianshan, 
northwestern China, and demonstrates thc role of  snow in runoff 
generation. 

RESEARCH AREA AND METHODS 

The Urumqi River originates on the north slope of Chinese 
Tianshan and flows northward to the city of Uwmqi,  the capital  of 
Xinjiang Autonomous Region. The headwaters of this river lies 
within the zone of alpine permafrost where the surface cover is 
dominated by tundra vegetation, rock outcrops, felsenrneer and 
glaciers. The climate of this area is typically contincntaf, with a 
mean annual air temperature of -5.4"C and mean nnnual precipitation 
of 420 mm at the Daxigou meteorological station (43.06N. 86.50%; 
3539 m ad.). When corrccted for the systematic error caused by 
wind  and wetting loss of  the Chinese standard gage, the actual mean 
annual precipitation should be about 560 mm (Yang et al. 1989). A 
study basin was s e l e c t e d  in lhe Dry Cirque, a south-facing non- 
glacierized watershed, 1.5 km long md 1 km wide, surrounded by 
peaks of about 4300 m elevation on its  wcstcrn. northern and easte.rn 
flanks. Most slopcs arc steep and many parts of the basin are 
covered by coarse gravels. A hydrometric station w a ~  set up at the 
basin outlet (3804 m a.s.1.) and controls n drainage arc& of 1.68 h2. 
In addition, air temperature, precipitation and  relative.  humidity  have 
been measured routinely at this station since May 1982 (Fig. 1). 
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Braun (1991), Cooley (1988), Elder and Dozier (1989, 1990) and 
Goodison (198 1) havc discussed methods of snow survey and watcr 
equivalent computations. At thc Dry Cirque, snow depths were 
measured once every 7 to 10 days during the snow seasons of 1989- 
90 and 1990-91, using 42 stakes dcployed in the elevation range 
bctwecn 3800 and 3940 n. Snow pits were dug between  stakes 
along rows C and D for density measurements. At several depths in 
each pit,  three to five snow samples were taken using E 100 cm' 
snow sampler, and the samples were weighed by a spring balance 
accurate to 5 g. A second weather station was set up near the centre 
of the basin where air ternpcrature and precipitation were  observed 
at 8:OO a.m. everyday during summer. Three frost tubes, each 2 rn 
long, and seven groundwater wclls, provided frost table and  water 
table measurements laken at a weekly intend in winter and a daily 
interval during May to August. Snow and ground temperature data 
were collected near stake C, and frost tube 2, using two  thermistor 
strings (Fig. 1). 

U Snow Temperature .'\ 
4 Hydrometric Station (3804m) 

I 

f Screen and Precipitation Gage 
A Frost Tube and Ground Watcr Wcll Snow Stakc (E1 Line) 
Figure 1. Topography of  the Dry Cirque watershed showing the 
instrumentation and snow stakes 



COMPARISON OF SNOW COVER AND SNOWFALL 
Y&lSUREMENTS 

Several studies (Goodison 1978. 1989, Sevruk 1985, Woo et al. 
1983) have shown that snowfall measurement by all fypes of ordinary 
mow gages could produco systematic error M large a8 50-100% at 
windy and oxposed.sites, but the “ground truth mow” cannot be 
mwuurcd accurately wen with shielded gages such as tho doublo 
fence intercomparison reference gago @FIR). which was designed as 
the refcrdncc for WMO Solid Precipitation Mensuroment 
Intorcornparison (WMO 1985). Fortuntttcly.  in tho study arm wind 
spted during precipitation is  gonmdly low, with 80% of the annual 
precipitation occurring when daily wind speed is below 3 m d .  
Thus, the spatial distribution of the freshly fallen snow is relatively 
men, allowing tho calculation of new snowfall at the basin stake 
network during the 1989-90 gw~8~1. Table 1 shows that the SWB of 
the new snow, measured soon aftcr snowfall in order to eliminate 
snow sublimation of 0.1-0.3- per day (Ymg and Zhang, I=), 
was always higher than the gage measurement d q i t o  winter 
sublimation ftom the ‘snow surfacc. Gonorally, the ratio of water, 
equivalent of ncwiy fallen snow to gag0 mcllsuroment is less variable 
for thc heavy snow events. For theso o v c n ~ ,  tho gago catches 42- 
-88 % of the SWE of new snow, and on averago. tho catch ratio of the 
Chinese standard gage for’dry snow is 73.2% (Tab.1). The 5-year 
intorcomparison mcasuroment of snowfall at the adjacent Glacier 
No. 1 hydrological station indicated that tho averago catch rkio ws 
around 79% when cornpired. with DFIR (Yang et al. ‘ 1989). 
Howevgr, because of the small undercatch of tho  DFlR at high wind 
sped during.storms (Golubev 19851, 1985b), we prcfer the bnsin- 
Wid6 snow survey bf both depth and density for winter accumulation 
estimation. 

Tnble 1 Comparison of SWE measuredat stake network and snowfall 
measurement by Chinese standard gauge, Dry Cirque, 1989/90winter 

Period New Snow New Snow SWE Snowfall  (mm) 
Dcuthkm) Donsitv (mm) Dry Cirauo Daxkou 

Oct.06/0ct.16 9.0 , 0.125 11.3 10.0 10.9 
Doc.23/Jan.Ol 2.2 0.120 2.6 1 .o 1.2 
Jan.12/Jan.20 1.5 0.100 1.5 0.5 0.7 
Feb.14Eeb.20 1.1 . 0.100 1.1 1.6 2.8 
Fcb.26Mar.05 2.1 0.100 2.1 2.1 2.7 
Mar.19/Mar.26 6.4 0.135 8.6 6.0 6.3 
Apr.16/Apr.22 13.8 0.137 18.9 16.1 17.8 
Apr.23May.04 28.4 0.118 33.5 21.0 21.1 

Total 64.5 - 79.6 58.3 63,5 
Mean * 0.117 

TEMPORAL AND SPA% VARIATION OF m R  SNOW 
COVER 

A scasonal snow cover usually develops in q l y  October. Snow 
accumulates slowly during the dry period of November through 
March, with mean snow depth ranging from 5 to 10 cm, Rccipitstion 
increases significantly in late April and carly May and maximum 
snow depth reaches 50-80 cm. The major snowmelt period begins in 
early May and tho snow a v e r  often disappears complctcly by la te  
May or early June. The  rate of densification of the shallow- 

snowpack is low: tho m a n  mow density ranges from 150 to 270 
kg.m”  from October to February and increascsto 3 10 kg.mJ by mid- 
March, while m lato April, it decreases rapidly to 200.215 kg.m” 
because of tho addition of large quantities of new snow of low 
density* When the mow ripens in early May, itu density rcachts 
300-350 kg.m”. Snow water quivdcnt generally increnscs from 
October to May and the maximum of 190-200 mm appears at the 
valley bortom ncBT stako C, in w l y  May (Fig. 2). 

.- 
” Y U  **llD 

. 

Figuro2. Snow deptb,dcnnityand SWE b C, stako,Dry Ciue,l991, 

Snow distribution depends primarily on local. wind paltern, 
vegetation and topography, In order to detect tho 8pqial distribution 
of snow depth and ,density and to computo- tho basin SFYE for 
subsequent runoff analysis, an intensive snow survoy was carried out 
on 1-2 May 1991 along ‘all the stake row and additional lines, at 
intervals of IO m for snow depth and 20 m for snow density. h th6 
Dry Cirque, the deepest snow of 1.0-1.5 m was found at tho valloy 
bottom aad on the base of the stccp slopes. The upper dopea (above 
4000 m a d . )  wero covercd by shallower snow of 1020 cm depth 
because of losw to avalanches and to wind =our. Snow on south- 
facing dopes tended to be shallower than thoare with a northern 
cxposure. Occapionally. the south-facing slopes woro bar0 because 
of grcatei sublimation and melt than the other dopes (Fig. 313). 

Snow density at peak accumulation varied considerably in tho bash 
(Yang et al. 1991; Fig. 3b). Density on slopes ranged from 120 to 
200 kg.m” but on the valley bottom, it reached 400-500 kg.mJ, 
becausb of the ice layers formed by refreezing of meltwater  relensed 
by  mid-winter  melt  events. Deep snowpacksalso havohigh densities 
bocauso  of  snow  compaction  (Dozier ot al. 1989, Hall 1985). On the 
average, tho density of the deepest snowpack vaiied from 100 to 300 
kg.mL3 while the shallower snow had a larger density variation. 
There is  no significant correlation between mow deptb and snow 
density for shallow snow cover (Yang et al. 1991), as was also noted 
by Goodison (1981), 

At Daxigou mttoorological station, 1.5 km from tho Dry C i u e  
outlet, tho coefficient of variation of snow depth is 3.5 to 4 times that 
of snow  density Fang et al. 1991). . In the D.y Cirque, the 
coefficients of variation for snow depth and density. woro 0.59 and 
0.30, respectively, suggestingthat snow depth is mor0 variablo than 
snow density in tho shallow mountain snowpack in Tianshan. 

Tho distribution pattorn  of SWE was similar to that of snow depth. 
on south-facing dopes, s m  ranged from 10 W 20 mm and 
increased to 40-80 rnrn on the valley bottom, while the meximum of 
100-150 mm appeared at the foot of the west slopes (Fig, 3c). On 
1 May 1991, the mean SWE for the basin was 28.1 mm. 
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Snow cover mass balance can be expressed (all terms in mm.) as 

i 

Figure 3. Snow distribution in the Dry Cirque on 1 May  1991: 
(a) mow depth in cm, (b) snow density in kg/m' and (c) snow 
water equivalent in mm 

' S W E - P , + M , + D - E - Y  0 

wherc P, is snowfall, M, is mass transfer from the ground to the 
snowpack, D is snow redistributed by wind, E is snow surface 
mblimntion aid  Y is  drainage of moltwatet to the ground in winter. 
As f i s t  approximation, M,, D and Y are negligible for tho dry, cold 
snowpack overlying frozen ground of  the Dry Cirque where dr,iftiig 
seldom occum bccause of low wind speed. Snowfall aid  sub1,imation "" 
therefore dominate the snow water equivalent on the ground. winter 
precipitation at Daxigou meteorological station is a good indicator of 
the ncarby research area since winter is generally dry and 
precipitation docs not change much with elevation. Comparison of 
the snowpack SWE with precipitation # Daxigou station indicates 
(Fig. 4): (i) at the stago of  snow cover formation in October, SWE 
was close M cumulative snowfall, (ii) for the relatively dry period of 
December to February, SWE was lcss than cumulative precipitation 

' .  due to sublimation  and weak melt during the brief, warm spells, (iii) 
from mid-February to l a t e  March, SWE was close to cumulative 
precipitation , (iv) by April, significant melt and sublimation 

' decreasesthe snowpack sharply, theSWE accountsfor 10-20% of the 
. total winter precipitation, on the other hand heavy snow storms in 

' May increases the snow cover. Similar conclusions can be applied 
to the Dry Cirque basin uxcept the delay of'snow melt to early May. 

Figure 4. Maximum and minimum air temperature, cumulative 
snowfall (CS) and water equivalent of snow cover @WE) at Daxigou 
stntion in 1990/91 snow senson 

SNOWMELT RUNOFF IN SPRING 

Streamflow records for 1982-91 showed that flow usually began in 
May.and ended in September, with an, annual average runoff of 370 
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In 1991.  thawing of-tho active  layer started as soon as snow 
disappeared, Thawing began first on south-facing dopea aad in areas 
where  tho  mow WDS thii. At this .stage, the thiily thawed layet was 

mostly saturated aad supqcmafmt groundwatar*flow  oc~urrod. 
sometima even underneath a melting snow cover. The completely 
ripmid' residual mompa& in the v d k y  battom melted rapidly, 
yielding the first peak~~noff for stveral days. From middle May 
onward, struunflow declined as tho melt process cased. -Statistid 
analysia of two y w s  of d d y  discharge data for the month of May 
s h d  that streamflow (Q) did not' chango with daiy precipitation. 
but' was c lody  mlatdto daily maximum air tcmperaturo pa: 

Q = 0.644 + 0.048'T- 
(n-62, $=0,52, canfidcnco lcvcl=O.O1, -10.2<Tk< 12.2) 

Thb rdationehip ConfUmn that Mowfndt wm th8 maiu CO&bUtOr to 
atrutmflow during the tipring p l o d .  , I )  

' I  , ,  
I "  4 , ,  @ 

Pigum 6. Frost tablo and wnt8r tablo depth la tho Dry Cirque, 1991 
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- 
During and immcdiatdy aftq apring mdt, the active lay# thawed 

rapidly in the &rrvdly toils, pmidmg much thaHied pore space for 
infdtration and for ruprnpmaftooz groundwatsr -e. By late 
M s y , t h e f m ~ t a b l c d t o  1.1 m o n t h e ~ u n n y d q e ~ ( ~ i t c 3  in 
Fi. 6), and on dopea where the winter mow mer was shallow but 
where the mil mrtnrirlr were gmvolly (sit0 8 in Fig. 6). At tb 
lower baain, thehawing front only rsschcd.0.5-0.7 m bwum of tho 
law tbwmal eoaductivi of tho fino muterid. and the h@ ice 
~ ( X i a a a d W o o 1 9 9 3 ) .  k~vaUqbttomwket.bwiater 
l a o ~  c o ~ e  long, ground thaw war mor0 gradual arid did 
not~ lmundl la t sJu ly ( l i cd2 inFig .6 ) .  

T h o - p t o p a g r r p h y 0 f t h s r l p i n a E I t e h m s R t ~ ~ ~  
rmwf irr l rhtco lu t iaaarhanct ive layarpcjrmi trap id~  
delhrmy0fniamtwurd"trvhipereolrtothe 
mznw. ~ ~ r # p w r s O r S i n f r l l w a 8 ~ ~  
rapid, u w l l ,  oxomplifkd by tho penk runoff weat of 13 July 1991 
(Fig. 5). summet mowW ematrare ala common, thoughthe mow 
ewqt roldom pidn. strormdow mqomo to raowfall u O R M  

dclryea by 1 to 3 &y8, da 'how rapidly tha mow cover 
meitat. Such 'mowhtI runaff' o p t n  are mor0 ioinmon in lato 
spdy and towrtdr tbo cad of ammet. Bxrrmpler of hydrograph 
t t o r l y p h g w i ~ ~ ~ e a a b e P o u a d i n t h 8 1 9 9 1 I . t c .  
summer ctreudar"@ 5). 

From J w  to Augult ia the petiod of high runoff, qlllltlag for 
spproXlmlDdy~8~4Q 00 tbe annual ratll. On tho avaqp, moff ir 
&put 1q.m .in July and about 90 nun each in Juno and Auguat. 
By septcmbor, the f m i  front dwconb the d v o  l a p  .M air 
-='drops, *ad Otreamflo'w ' W i n &  dm. The hydrograph 
recmion depond8 On tho a n t e d e n t  moisture 8tmage in th8 active 
layer a@ the wWhw in Septanbtr. In g d ,  a, Jopg slow 
roccssion"oEcUrr With warm and wct wanther, othwwips tha stream 
stops flowing shortly a h  the onset sf dry, cold days. Monthly 
runoff for SepWubw avcmgcs about 20 mm, but the c&Xcient o'f 
variation is 70%. Melt rata of the freshly-fallaaaiow is low during 
lute Saptemb,cr, though pome mtltwattr d v ,  infiltrate tho c o ~ s o  
m&is to raipa @8 soil moipturo, m d  llrCrcfofo increase the.wintcr 
ground ice c o n k t  of the activo layer. 

* .  , , , > . I  I , ~ . ,  ,, 
. I  _ , I  , I 

 DISCUSSION^ 
' ,  I 

The w w ,  mow cover of an alpine basin differs from its summer 
snow cover ,in two major respects. There is more time to accumulato 
the winter cover to grcatcr thickness and for tho snow to be 
redistributed mor0 unevenly over  the basin; but the sunimer snow 
cover usually is wetter (sometimes the wet snow  is mixed  with  ra$) 
w d  molts ,more quickly. The water equivalent of *c winter snow 
cover influences the magnitude of tho molt-freshet of the mountain 
streams whilt the snow distribution pattern affects the rat0 of active 
layer thaw which in turn determines thc capacity of suprapermafrost 
groundwater storage in spriag. The summer snow,covo~ delays water 
delivery to tho stream nnd thoroforo modifits the *rainfall-runoff 
relationship expeck of the summer flowH, 

In view of tho &OVQ considwations, one may  digtinguish bctwean 
snowmelt runoff generatd by molting of the w i n k  snow cover, and 
snowfall runoff produced by the melt following individual storm 
events. Much nttGntiOn has been paid to snowmelt runoff in 
permafrost regions (e.g. the nival  runoff regime Frst described by 
Church, 1974). In alpine permafrost arc86 with  high summer 

prccipitatian, runoff may be gcuecatcd by rainfall, snowfall and a 
mixture of d i d  and liquid precipitation. The runoff pattccn 
p r o d u d  by rainfall will be different from the snowfall-genttatad 
discharge which is also distinct from the vring-time snowmelt 
runoff. To uadstrtnad betkc the hydrology af high mountains, tho 
stmmfiow.pnmting proccwes mtrit f u d e r  atmttion. - 

Funding for thii ltusy wiu provided by II gm8t from the Nati~nai 
Naturat Sclcaccr Poundation of chins. The lbsi#lc ruppoct Prom the 
Tianrhaa olaeiological Station of LaazhOu kucirocsof ~wi6lol1y and 
ckocryology, Chh&dcademy of Sciences, during the field work 
i8gatsftrllyappSChtUdbyttWUirhon. 
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PERMAFROST HYDROLOGICAL PROCESSES IN BINGGOU 
BASIN OF QILIAN MOUNTAINS* 

Yang  Zhenniang,  Yang  Zhihuai,  Liang  Fengxian a,nd Wang  Qiang 

Lanzhou  Institute  of  Glaciology  and  Geocryology,  Chineae  Academy of  Sciences, 
Lanzhou 730000, China 

Q i l i e n  Houn:ains. Its  altitude  range8 Eron 3431  to 4401 II a.8.l.and barnin area 
Binggou  experimental  basin  is  located  on a north slope in  the  middle  section o f ,  

area a t  the  limit of permafrost  in  Qilian  Mountains.  Meteorological  and  hydrol- 
is 30.48  km . Mean  annual  air  temperature i r  -2.5*C, which  corresponds  with  the 

ogicel research  began  since 1981, and i n  recent  years,  theta tuos futher  research 
on  ground  temperature,  ground  water  and  thawing  and  freezing oE the  active  lay- 
er.  Analysis 6howa that  hydrologic  processes  are  restricted by the  fluxes of 
heat  and  water  between  the  ground  and  the  atroaphere.  dhangrs o f  sir teapera- 
ture,  and  the  freeze-thaw  activities  vary  with  the  aeason  and  the  altitude. 
These  proce~ses  directly  affect  the  generation  and  concentration o f  runoff,  the 
occurrence of hydrologic  actlvities  and ttie characteristict  of  runoff. 

INTRODUCTION 

Hydrological processes in high  cold  region oE 
western  China a r e  signiEicantly  affected b y  the 
presence o f  perennially frozen ground,  snd its 
water and  heat  conditions.  Over 50% of  thecatch- 
mcnt  area oE alpine  rivers  in  Qilian  Hountoins 
ore  higher  than 3500 R a.s.l., where  there  is 
abundant  permafrost,  reasonally f r o z e n  ground, 
perennial  Eirn  and  glacier.  The  northern  fringe 
of Qinghai-Xizang  plateau  has  an  annual  mean 
air  temperature of -2.0 to -3.O'C (Cheng, 1979). 
Althoughonequarter of the  intire  area  of  China 
i s  underlain b y  PermaErost,  systematic  research 
on' pctmafrost  hydrology in China is a late de- 
velopment.  The  runoff  experimental  field site in 
Binggou  basin  of  the  upstream  Heihe  River  at  the 
mid-section o f  Qilian  mountains  was  established 
in  the 1984 to study  "the  changes of glacier, 
climate  and  runoff in Qilian  Mountains".  In 1989 
t o  1991, the  Commission o f  National  Natural S d -  
ences Foundation o €  China  provided  support to 
study  the  physical  processes of permafrost 
hydralogy.  This'poper  describes  (a)  the  effect 
o f  water  and  heat on runoff  generating processes, 
( b )  the b a s i c  hydrologic  characteristic of perma- 
frost  area,  and (c) the  result of water  balance 
based on measurements in the  Binggou  study  area. 

STUDY AREA 

Binggou  experimental b a s i n  is located on t h e  
upstream  area  of lleihe River  which  lies  on a 
north  slope in the mj.ddle section  of  Qilian 
Mountains.  between  longitudes 100°12 E to 100'18 
E and  latitudes 38O01 N to 3 8 - 0 4  N .  ?he eleva- 
tion  raOges from 3 4 3 1  to 4401 m a.s.L., and  the 
study  area  hos  an  area o f  30.48 km' (Fig.1). 
Ahout  half of study area  lies  between  the  eleva- 

lies  the  forest  belt.  while at 3500-4000 m a.s.1. 
t i o n  3431 to 3900 m a . s . 1 . .  Below  the  study  area 

* This  project is supported b y  the  Commission of 

o I 3 k m  
III --- hlghzvay 

0 Active Layer pi1 

Fig.1 The study  area of Binggou  basin 

sparse above 4000 m  in  the alpine  dersert zone, 
there is  mountain pasture, vegetation  becomes 

with b u r s t  growing  along  the  streams.  The  perma- 
frost  active  layer at the  both  sides o f  river 
bank  is about: l.b-l*5 m i n  depth,  and  increases 
toward  the  hill  slope.  Mean  annual  air  tempera- 
ture at the  Binggou  meteorological  site  is -2.5 
"C.  the  minimum  and  maximum  air  temperatures  are 

National  Natural  Sciences  Foundation o f  China. 



-30,.8"C a n d  2 4 . 8 O C .  r e s p e c t i v e l y .   M e a n   a n n u a l   r e l a t i o n s h i p   b e t w e e n  a i r  t e m p e r a t u r e  a t  T > O ° C  
a i r  t e m p e r a t u r e  a t  t h e   u p p e r   b a s i n ,  i t  is e p p r o x -   a n d  T(O"C a n d   d i f f e r e n t   a l t i t u d e s   h a s   b e e n  
imately -7.O"C. M e a n   a n n u a l   p r e c i p i t a t i o n  a t  t h e '   o b t a i n e d   ( F i g . 3 ) .  I t  s h o w s   t h a t   t h e   d u r a t i o n  of  
m e t e o r o l o g i c a l  s i t e  of B i n g g o u   b a s i n  i s  686 m m .  
S o l i d  p r e c i p i t a t i o n   o c c u r s   i n   O c t o b e r  t o  A p r i l .  
S n o w   c o v e r  a t  t h e   U p p e r   b a s i n   g e n e r a l l y  i s  a b o u t  
0.5 m i n   d e p t h ,   a n d   t h e   m a x i m u m   s n o w   t h i c k n e s s  
i s  a b o u t  0.8 m .  A d i s c h a r g e   g a u g e  was set  u p  a t  
3 4 3 1  m a .s .1 . .  I n   a d d i t i o n ,   t h e r e  was a h i l l  4000 
s l o p e   r u n o f f   e x p e r i m e n t a l  s i t e  a n d  a meteoro l -  - .  

- 

t e m p e r a t u r e ,   g r o u n d   t e m p e r a t u r e ,   p r e c i p i t a t i o n ,  
e v a p o r a t i o n ,   h u m i d i t y ,   s u n s h i n e ,   w i n d   s p e e d   a n d  
w i n d   d i r e c t i o n , ,   A n o t h e r  me teo ro log ica l  s i t e  was 
s e t  u p  a t  4100 m t o  measure a i r  t e m p e r a t u r e   a n d  
h u m i d i t y .   a n d   f i v e   p r e c i p i t a t i o n   g a u g e s  were 
e r e c t e d  a t  d i f f e r e n t :   e l e v a t i o n ,   s l o p e   d i r e c t i o n .  
F i v e   p o i n t s  were s e l e c t e d  for o b s e r v a t i o n   o f  2600 L 

g r o u n d   t e m p e r a t u r e ,  water t a b l e ,   f r e e z i n g   a n d  
t h a w i n g  of t h e   a c t i v e   l a y e r   ( F i g . 1 ) .  Month 

I 

og- ica l  s i t e  (3052 m a . s . 1 . )  t h a t   m e a s u r e d  a i r  E / "\ - 
4 3500 

- 

B 
4 
.- 
I - 

anoa + 
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THE INFLUENCE OF HEAT AND WATER CONDITION TO 
RUNOFF G E N E R A T I N G  

T e m p e r a t u r e  
Air t e m D e r a t u r e  was u s e d  a s  t h e   m a i n   i n d e x   n f  

h e a t   c o n d i t i o n ,   b e c a u s e  i t  i s  o n e  of  t h e   m a i n  
c o n s i d e r a t i o n  € o r  p e r m a f r o s t   d e v e l o p m e n t   a n d   t h e  
f r e e z e - t h a w   p r o c e s s e s  of  t h e  a c t iv , e  l a y e r .   T h e  
d i s t r i b u t i o n   o f   a i r   t e m p e r a t u r e   h e n c e   t h e   o c c u r -  
r e n c e  o f  p e r m a f r o s t   i n   w e s t e r n   C h i n a  is g o v e r n e d  
by l a t i t u d e   a n d   e l e v a t i o n ,   a n d   v a r i o u s  l o c a l  
f a c t o r s .  D a t a   f r o m   t h e   m e t e o r o l o g i c a l  s i t e  ( 1 9 8 4 -  
1 9 Y l )  f r o m   t h e   B i n g g o u   e x p e r i m e n t a l   b a s i n   y i e l d e d  
a m e a n   a n n u a l   a i r   t e m p e r a t u r e  of  - 2 - . 5 ' C .  T h e   m e a n  
a n n u a l  a i r  t e m p e r a t u r e   g r a d i e n t  i s  0 ~ 5 Z ° C / 1 0 0 m .  
C o n t i n u o u s   p e r m a f r o s t   a r e a  l i e s  o b o v e  4000 m a .  
s + i . ,  w h e r e   t h e   m e a n   a n n u a l  a i r  t e m p e r a t u r e  is 
b e l o w  -5 .O 'C .  t h e   p e r i o d  o f  below f r e e z i n g  tem- 
p e r a t u r e  l a s t s  9 m o n t h s  (Sept.to M a y ) .   D i s c o n -  
I : i n u o u s   p e r m a f r o s t   o c c u r s   b e l o w   t h i s   e l e v a t i o n ,  
w h e r e   b e l o w   f r e e z i n g   t e m p e r a t u r e  l a s t s  f o r  
h e t w e e n   O c t o b e r   a n d   A p r i l .   F r o m   t h e   c o u r s e  of  
a i r  t e m p e r a t u r e   s h o w s ,  a i r  t e m p e r a t u r e  rqscs 
s t a b l e   o v e r  O"C, w h i c h   b e g i n s   i n   l a t e  A p r i l  a t  
t h e  lower  p a r t  o €  B i n g g o u   b a s i n   a n d  S.s d e l a y e d  
i n  J u n e   a t   t h e   u p p e r   b a s i n   ( F i . g . 2 ) ,   a n d   t h e  

. . .. . 

- 2 5 1  1 I 
- auI7 
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F i g . 2   T h e   c o u r s e  o f  a i r  t e m p e r a t u r e  
i n   I l l n g g o u  b a s i n  (1988)  

Fig.3 T h e   r e l a t i o n s h i !   b e t w e e n  a i r  tem- 
p e r a t u r e  a t  T>O C e n d  T>O"C a n d  

d i f f e r e n t   a l t i t u d e s  

t h a w   d e c r e a s e s   w i t h   i n c r e a s i n g   a l t i t u d e .  R u n o f f  
t e r m i n a t e s  a t  t h e  lower b a s i n   i n   O c t o b e r ,   a n d  
f o r  t h e   u p p e r   b a s i n ,   r u n o f f .   c e a s e s   i n   S e p t e m b e r  
( Y a n g  Z . N . ,  1 9 9 1 b ) .  

G r o u n d   T e m p e r a t u r e  

T h e   v a r i a t i o n   o f   % r o u n d   t e m p e r a t u r e   i n   d i f f e r e n t  
s e a s o n s  

M e a s u r e m e n t s  show t h a t   t h e   d e p t h  o f  t h e  
a c t i v e   l a y e r  i s  1.0-1.5 rn b e n e a t h   t h e   n o r t h -  
f a c i n g   s l o p e s ,   a n d   w e t l a n d s   ( N o l ,  No3, No5 p i t ) ,  
a n d  i s  3 . 0  nl i n   d e p t h  a t  t h e   f i r s t  t e r r a c e  (No4 
p i t ) .  No p e r m a f r o s t  was f o u n d  on t h e   s o u t h -  
f a c l n g   s l o p e   a f t e r   d i g g i n g   d o w n   t o  3 . 2  a (No2 ,  
a n d   m e t e o r o l o g i c a l  s i t e  p i t ) .   G r o u n d   t e m p e r a t u r e  
p r o f i l e   f r o m   t h e   m e t e o r o l o g i c a l  s i t e  l o c a t e d  on 
a s o u t h - f a c i n g   s l o p e  a t  3 4 5 2 . m   a . s . l . ,  from 
J a n u a r y   t o   A p r i l ,   g r o u n d   t e m p e r a t u r e  i s  bel .ow 
0 ° C  f r o m   t h e   g r o u n d   s u r f a c e   d o w n  t o  3 . 2  m i n  
d e p t h .   T h e   h e a d - s u r f a c e  (0-1.5 m )  t e m p e r a t u r e  
r i s e s   a b o v e  0 ° C  i s  i n  May, b u t   t h e   l o w e r  l a y e r  
(1.5-3.2 m )  r e m a i n s  a t  a p p r o x i m a t e  O ° C  i n  May t o  
J u n e   ( F i g . 4 ) .  I t  s h o w s   t h a t   g r o u n d   t e m p e r a t u r e  
i n  d e e p e r  l a y e r  l a g s   b e h i n d  a i r  t e m p e r a t u r e  
r i s e s  f o r  a b o u t   t w o   m o n t h s .   T h e   g r o u n d   t e m p e r e -  
t u r e   p r o f i l e  a t  t h e   f i r s t  t e r r a c e  of  n o r t b -  
f a c i n g ,   3 4 4 0  m a . s . l . ( N o 4   p i t ) , a s   s h o w n   i n   F i g . 5 .  
i s  s i m i l a r  t o  F i g . 4 ,   b u t  from 0 . 5  nl d o w n w a r d ,  
f r o z e n   c o n d i t i o n   c o n t i n u e d 5 n  May t o  J u n e .  

T h e   v a r i a t i o n  o f  t h a w i n ' g .   a n d   f r e e z i n g   l a y e r   i n  
space  and time 

t o p o g r a p h y ,   s l o p e   d i r e c t i o n .   e l e v a t i o n ,   r o c k  
p r o p e r t i e s .  s o i l  m o i s t u r e   a n d   s u r f a c e   c o n d i t i o n .  
F r o m  Fig.6 s h o w s  ( 1 )  t h e   d a t e  of t h a w j . n g  i n  t h e  
same Layer lags w i t h  t h e   i n c r e a s i n g   a l t i t u d e , ( 2 )  
t h e   t h a w i n g   d e p t h   i n   d r y   g r , o u n d  i s  m u c h   d e e p e r  

, t h a n   w e t l a n d  a t  t h e  same a l t i t u d e ,  ( 3 )  t h e   d a t e  
of t h a w i n g   o n   t h e   s o u t h - s l o p e  i s  e a r l i e r  t h a n   o n  
t h e   n o r t h   s l o p e ;   w h i l e   f o r   f r e e z i n g   l a y e r  i s  
o p p o s i t e .  I t  i s  v e r y   i m p o r t a n t   f o r   t h e   a n a l y s i s  

d i f f e r e n t   a l t i t u d e  a r e a .  
t h e   g e n e r a t i o n   a n d  c o n c e n t r a t i o n  o f  r u n o f f  a t  

I n   r e l a t i o n  t o  p e r m a f r o s t   h y d r o l o g y ,   t h e  
g r o u n d   t e m p e r a t u r e   r e g i m e  h a s  t h e   f o l l o w i n g  
i m p l i c e t i o n s :  ( 1 )  t h e r e  i s  n o   r u n o f f   g e n e r a t i o n  
i n   e a r l y   s p r i n g   w h e n  the a c t i v e   l a y e r  is f r e e z -  
i n g .   M e l t i n g   m a y   o c c u r   o n   t h e  snow s u r f a c e ,   b u t  

T h e   d e p t h   o f   a c t i v e  l a y e r  i s  a f f e c t e d  b y  

7 4 5  .. ." 



Fig .4  The p r o f i l e  of   ground  temperature  
a t   m e t e o r o l o g i c a l   s i t e  (1991)  

Fig.5 T h e  p r o f i l e  of  ground  tempera ture  
i n  p i t  Nab (1991)  

0.0-0..4 m Brown g r a s s   c h a r c o a l   s u b c l a y ,  wet. 
0 .4-0.7 m Grey g r e e n   t h i c k   s a n d ,   c r u s h e d  

s t o n e  50%. 
0.7-1.1 m Grass c h a r c o a l ,   s u b c l e y  and  crushed 

g r a v e l .  
1 . 1 - 2 . 2  m Yel low  green ,   th ick   sand   c rushed  

w i t h  d e p t h   t o  70% 
s t o n e ,  and i t s  c o n t e n t   i n c r e a s e s  

i n g .  
2.2-3.0 m Grey b l a c k ,   p e a t   l a y e r ,  2 . 2  f r e e z -  
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P i t  e l e v a t i o n ( m )  

No 1 3956 
M e t e o r o l o g i c a l  s i t e  3 4 5 2  ( a )ahewing  

No2 
No3 

3510 ( b ) f r e e z i n g  
3473 

No4 3140 

t h e   p e r c o l a t i n g   m e l t w a t e r  i s  of fen   abso rbed  by  
snowcover   o r   dep res s ion   s to rage  a n d  t h e r e  is 
l i t t l e   r u n o f f   g e n e r a t e d ,  ( 2 )  i n  lnte s p r i n g   t h e  
d e p t h  of thaw i s  very   sha l low.  The f rozen   ground 
i t  a c t s  as an  aquiclude  (Dingman,  1975) ,  t h e r e -  
f o r e   a f t e r   t h e   i n i t i a l   m o i s t u r e   d e f i c i t  is 
s a t i E f e d , - , s u r f a c e   r u n o f f   o c c u r s .  T h i s  y i e l d s  
more runoff  i n  s p r i n g  (Yang Z.N., 1981) .  . ( 3 )  i n  
l a t e  summer, t h e   s e a s o n a l   f r o s t   d i s . a p p e a r s ,  so 
t h a t   t h e   a b i l i t y  of w a t e r   s t o r a g e   a n d   a v a p o r s -  
t i o n  i n  t h e   b a s i n   i n c r e a s e s .  T h u s  t h e  peak d i s -  
c h a r g e  i n  summer i s  lower  than i n  s p r i n g   g e n e r -  
a l l y .  b u t  e x c e p t   t h e   o c c u r i n g  df h e a v e y   r a i n ,  
and  the  base  f low i s  e x t e n d e d ,  (4) i n  t h e   w i n t e r ,  
t h e   s p r i n g  a.nd ground  water s u p p l y  t o  v a l l e y .  
i c i n g  and r i v e r   i c e   a r e   f o r m e d   a s   t h e   a i r  tem- 
p e r a t u r e  i s  ext remely   low,   and   there  is n o  
h y d r o l o g y   a c t i v i t y   a b o u t   h a l f  of a y e a r .  

Water   Table  in t he   Ac t ive   Lave r  

a long   the   s t ream  bank   end   has   l a rge   water  
s t o r a g e   w h i c h   d e c r e a s e s   f r o m   t h e  two s i d e s  o f  
s t r e a m  bank  toward t h e  h i l l  s l o p e .   S e a s o n a l  
v a r i a t i o n  o f  ground  water i n  s t o r a g e   i n ' t h e  
a c t i v e   l a y e r  i s  p a r t i c u l a r l y   n o t i c e a b l e  on t h e  
upper   reach o f  val ley .   For   example ,  i n  p i t  Nol, 

. a t   e l e v a t i o n  3956 m . a . s . l . ,   t h e   d e p t h  of a c t i v e  
l a y e r  is  1 .1  m,  b u t  t h e  f r o s t   t a b l e  is abou t  
0.5 m i n  J u n e .   A f t e r w a r d .   f r o s t   d i s a p p e a r e d  i n  
J u l y  t o   A u g u s t ,   a n d   t h e   w a t e r   t a b l e   r i s e a   t o  
approx ima te   1 .0 .m.  As t h e   a i r   t e m p e r a t u r e   f a l l s  
r a p i d l y  i n  Sep tember   t o   Oc tobe r ,   no .me l twa te r  
and r a i n f a l l  on s u r f a c e ,  b u t  t h e r e  i s  mel twa te r  
s u p p l y  to   the   g round  and  a8 l a t e r a l   d r a i n a g e  
c o n t i n u e s ,   t h e   b a s i n   w a t e r   s t o r a g e   d e c l i n e s  and 
t h e   w a t e r   t a b l e  d r o p s  and f r o s t   t a b l e  rises 
( F i g . 7 a ) .  A t  t h e  p i t  on the   moun ta in   s lope (p1 t  

T h e ' a c t i v e   l a y e r  is very   sha l low (1.0-L.5 a )  



s n d  t he   t hawing  o f  r i v e r   i c e  a l s o  occurs   f rom 
downstream  to   upstream when t h e   a i r   t e m p e r a t u r e  
riscs i n  s p r i n g   ( A p r i l   t o  May).   Air   temperature  
is rather  low i n  e a r l y   s p r i n g .  So t h a t   t h e   t h a w -  
i n g  o f  f r o z e n   s o i l  i s  s h a l l o w  i n  s p r i n g ,   t h e  
i n f i l t r a t i o n  of mel twa te r  is very weak (Kane  and 
S t e i n ,   1 9 8 3 ;  Y n n g  Z.N., 1 9 8 8 ) ,   m e l t w a t e r s  a r e  
absorbed  i n  t h e  s n o w  cove r  (Woo e t   a l . .   1 9 8 3 ) ,  
t h e n ,  w h e n  t h e   m e l t w a t e r   h a s  *. s a t i s f i e d   t h e  

. d e p r e s s i o n   s t o r a g e ,   s u r f a c e   r u n o f f  w i l l  b eg in  
' (Woo, 1 9 8 6 ) .   M e l t w a t e r   r e l e a s e   f o l l o w s  a s t r o n g  

d a i l y   c y c l e ,   a n d   a s   h e a t  s u p p l y  i n c r e a s e s   s t a b l y  
i n  t h e   l a t e  s p r i n g .  s o  does   s t r eamf low  d i scha rge .  
When a i r   t e m p e r a t u r e  i s  r ema ins   h ighe r   t han  O°C. 

Tab le  1 The r e s u l t  o f  w a t e r   b a l a n c e  i n  J;A~t&guu 

Years Preci  i ta-  Runoff Evapora- Runoff Air teT era- 
tion*Prnrn) (mm) tion(mm) r a t io   t u re  ( !) 

1984 713 529 184 0.74 -2.9 

1986 80L 682 122 0.85 -2.8 
1987 811 595 216 
1988 812 

0.73 -1.9 
704 108 0.87 -2.4 

1990 935 568 367 
1991 761 

0.60 -2.2 
348 413 0.46 -2.2 

AveraRe 808 568 238 0 . 7 0  -2.4 
' a d d o d   t h e   c o r r e c t i o n   p r e c i p i t a t i o n  ( 2 0 % ) .  

1985 804 548 256 0.68 -2.5 
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Fig.8 f h e   c o u r s e  o f  a i r  t e m p e r a t u r e ,  water t s b l e ' f r o s t  
t a b l e   e n d   d i s c h a r g e  (1991) 

Altitude (m) 

F i g . 9   T h e   r e l a t i o n - s h i p   b e t w e e n   m e a n  
a n n u a l   p r e c i p i t a t i o n   a n d   a l t i t u d e  

1 4 8  

M e a n   r u n o f f  r a t i o  was 0.70, a v a l u e  t h a t  i s  
c o m p a t i b l e   w i t h   t h e   v a l u e  of  in T i a n s h a n  U r u m q i  
r i v e r   ( Y s n g   Z . N . , 1 9 9 1 a )   a n d   t h e   r e s e a r c h   r e s u l t  
i n  Ar'ctic r e g i o n  ( 0 . 7 - 0 . 8 )  ( A n d e r s o n , l 9 7 4 .  
F i n d l a y , 1 9 6 9 ,   K a n e  et a 1 . , 1 9 7 3 ,  Woo,1983). T h e  
r u n o f f  r e t i o  c h a n g e s   w i t h  c l ima te  v a r i a t i o n .  
D u r i n g , l 9 9 1   w h e n   t h e  summer a i r  t e m p e r a t u r e  was 
a b o v e  1.0-1.5 n o r m a l   a n d   p r e c i p i t a t i o n  was b e l o w  
n o r m a l ,  the r u n o f f  r a t i o  was r e d u c e d  t o  0 . 4 6  
( T a b l e  1) .  T h i s   r u n o f f  r a t i o  is h i g h e r   ( i n   p e r -  
maf ros t  a rea)  t h a n   i n   u n p e r m a f t o s t   a r e a .  

CONCLUSIONS 

(1)  T h e   p r e s e n c e  o f  p e r e n n i a l l y   a n d   s e a s o n a l l y  
f r o z e n  s o i l  is a m a i n   f a c t o r   e f f a c t . i n g   t h e  
h y d r o l o g i c   p r o c e s s e s   i n   a l p i n e   p e r m a f r o s t  a rea .  
P e r m a f r o s t   b e h a v e s  a s  a n   i m p e r m e a b l e   n e d i u n ,   a n d  
t h e   c a t c h m e n t   r u n o f f  response t o  s n o w m e l t   a n d .  
r a i n f a l l  is  s t r o n g l y   m o d i f i e d .  This i s  similar  , 

t o  t h e   f i n d i n g  of ( S l a u g h t e r  e t  al*,' 1983). 
( 2 )  T h e   t h i c k n e s s  o f  the a c t i v e  l a y e r  i s  con- 
t r o l l e d   b y   t o p o g r a p h y ,   s l o p e   d i r e c t i o n ,   e l e v a -  
t i o n ,  soil mois tu re  c o n t e n t   a n d   s u r f a c e   c o n d i -  
t i o n ,  s u c h   a s  s n o w  c o v e r   a n d   v e g e t a t i o n   a n d  r o c k  
p r o p e r t i e s .   T h e   r a r e   o f   t h a w ,   t h e   v a r i a t i o n  o f  ' 



w a t e r   t a b l e  I n  t h e   a c t i v e   l a y e r   i n f l u e n c e   o t h e r  

The  runoff  regime i s  a n a l o g o u s  t o  t h e  s u b a r c t i c  
h y d t o l o g i c a l   p r o c e s s e s  i n  t h e   p e r m a f r o s t   z o n e .  

n i v a l   r e g i m e   r e p o r t e d  i n  North  America.  
( 3 )  I n  t e rms  of w a t e r   b a l a n c e ,   o v e r  7 0 %  of  an- 

e v a p o r a t i o n ,  b u t  t h e  r u n o f f   r a t i o  f o r  i n d i v i d u a l  
n u a l   p r e c i p i t a t i o n  i s  l o s t  t o  r u n o f f   a n d   r e s t   t o  

y e a r s   c a n   d e p a r t   s i g n i f i c a n t l y   f r o m   t h e  mean 
v a l u e ,   a s  . t h e  change o f  c l i m a t e .  
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This  paper  describes  the  thermal  properties,  unfrozen  water  content  and  hydraulic 

ties,  such  as s o i l  composition,  structure,  water  content,  temperature  level  and  soil 
conductivities  of soils in a brief  manner. The factors  that  influence  these  proper- 

which  can  coexist i n  several  phases,  and  its  effect  on  these  properties  is  evaluated 
dry  density  are  discussed. A very  important  and  complex  constituent of soil  is  water, 

under  a  variety of experimental  conditions,  Methods of evaluating  these  property 

transport  mechanism  in  soils,  are  reviewed  and  comFared  with  experimentally  deter- 
functions,  which  are  vital to the  understanding o f  the  simultaneous  heat  and  mass 

mined  data.  In  this  review,  frozen  and  unfrozen  soils,  both  saturated  and  unsaturat- 

pressions  and  in  graphical  form. 
ed, are  covered  and  the  results  are  presented  either  in  theoretica1,or  empirical  ex- 

INTRODUCTION 
For the  advancement  of  cold  regions  technolo- 

gy.,a comprehensive knowledge of the  mechanisms of 

mal  conditipns  or  a temperature  gradient,  and the! 
heat  conduction  and water  migration  under  isother- 

effects of soil type,  the  water  content,  the  tem- 
perature on the watec  migration  and  heat  conduc- 
tion  in  saturated  and  unsaturated  frozen  soils  are 
needed.  This  review  was  undertaken  to  summarize 
ahd  analyze  briefly  the  methods  of soil thermal 
conductivity  measurement  and  its  prediction  equa- 
tions, the  unfrozen  water  content  functions  and 
the  development of models  to  formulate  the  hydrau- 
lic  property  functions  of  frozen soils.  

be divided  into two broad  categories,  steady  and 
transient  methods.  In  both  methods,  the  soil  is 
assumed to be isotropic. 

Thermal  conductivity  measurements  can  largely 

v 
In this  method,  the  measurement  will  be  made 

until  the  whole  system  has  reached a pseudo  steady 
state  (theoretically  it  will  never  reach  a  steady 
state  in  a  real  sense i f  the so i l  is not 100% 

moisture  transfer  due to the  vapor  pressure  gradi- 
dry). In  the  case of  moist soil, there is always 

ent  caused  by  the  imposed  temperature  gradient. 
Therefore, in practical  sense,  we  only  can  con- 

The  most  commonly  used  test is the  guarded  hot 
sider  that  a  pseudo  steady  state  has  been  reached. 

plate  test  (GHPT)  in  which  the  thermal  conductivi- 
ty k can  be  computed  from 

where Q is the rate of heat  flow,  A is the  cross- 
sectional  area  of  the  specimen, Ax is  the  sample 
length  and AT is  temperature  drop  across  the  sam- 
ple. The  drawback of this  method is not  only  that 
it takes a  long  time  to  reach  a  steady  state,  but 
*hat  it also needs  a  rather  large  temperature  dif- 
ferential,  which  may  cause  an  appreciable  moisture 
migration.  Gravitational  effects  also show up,  as 
in the  experimental  results  on  moist  Ottawa  sand 
by  Woodside  and  Cliffe (1959). 

drical  and spherical  configurations: In the  cylin- 
Thermal conductivity  can be measured in  cylin- 

drical  arrangement,  the  main  heater  is  in  the  cen- 
ter  and  is  guarded by upper  and  lower  heaters to 
reduce  heat loss along  the  longitudinal axis. In 
the  spherical  method,  the  sphere  may be hollow  or ' 
solid  and  it  may be copper or aluminum. If  we  as- 
sume  that  the  depth  at  which  the  measurement is 
made  is  large  compared  with  the  sphere  radius,  the 
thermal  conductivity  of  the  surrounding  soil  after 
a steady  state  has  been  attained,  is  given by 

k =  Q 
47Cr(T1 - T2) 

where r is the  radius,  and TI and T, are  tempera- 
tures of external  surface  and  the  heat  sink.  In 
addition,  thermal  conductivity  can  also  be  ob- 
tained  by  measuring the temperature  at two  points 
in the soil and  the  heat  flow  between  the two 
po in t s  with  the  use  of  a  heat  meter. 

lent Met&& 
In  transient  methods,  the  soil  temperature 

varies  with  time.  Such  methods  are  more  versatile 

methods + 
and  less  time  consuming  than  the  steady-state 

thermal  conductivity  of  soils  both in laboratory 
or in situ.  Hooper  and  Lepper (1950), ,DeVries 

(1957) , Van  Rooyen  and  Winterkorn (1959) , Woodside 
(1952), Mason  and  Kurtz (1952), Lachenbruch 

and  Messmer (1961), Penner (19701, and  McGaw 
(1974) all have  used  the  probe to determine  the 
thermal  conductivity  value of soil.  They  reported 

the  short  time  period  of testhg and  the  small 
some alteration  in  moisture  redistribution  due to 

rise o f  the  probe  temperature. 

a  line  heat  source  placed  in a semi-infinite  homo- 
The  pr-obe  method  is  based  on  the  assumption of 

geneous  and  isotropic  medium. If at  time  t 0, a 
constant  rate o f  g per  unit  len&h of probe is ap- 

medium  (Carslaw  and  Jaeger, 1959) can be given  as 
plied to the  probe,  the  temperature rise AT of  the 

The  probe  method is widely  used  in  determining 

AT = 9 [- Ei (- L)] 
4 x k  4 at 

where r is the  radial  distance  from  the  line 



source, U is  the  thermal  diffusivity,  and  Ei  (-x)is 
an  exponential  integral. For large values  of  time, 

placing  the  Ei(-x)  with  the  logarithm  of  time  with 
the  temperature  rise  can  be  approximated  by  re- 

the assumption  of  invariant k, which  can  be  com- 
puted  from 

where T, and T, are  probe  temperatures  at  times  tl 
and t,, respectively, To conduct  laboratory  test- 
ing  properly,  Wechsler (1966). ptovides  the  follow- 
ing  criterion  related to the  sample  radius R by 

An important  factor  needed  to  be  considered is the 
temperature  gradient  setup  by the probe  heater. If 
.it is  too  large,  it  may  cause  excessive  moisture 
migration  in  unsaturated  soils,  and  it may cause 
melting  in  the  case of frozen  soils. 

assumption  that  the  annual  variation  in  tempera- 
ture  at  the  ground  surface  can  be  represented by a 
sine  wave.  Analyzing  the  attenuation  and  lag of 
the  annual  temperature  wave  in  the  soil,  one  can 
estimate  the  value o f  a (Forbes  (1948).  Hoekstra 
et al. (1973)  reported  values o f  a of a  cylindri- 
cal soil sample  by  applying  a  sinusoidal  tempera- 
ture  wave  to  its  periphery.  This  method  is  espe- 
cially  advantageous fo r  samples where  there  may be 

thermal  properties. 
a moisture  migration  problem or changes  in  the 

thermal  shock  method.  Here a sudden  change  in te-m- 
perature  is  imposed  on  the  boundaries of a  cylin- 
drical  sample  and  the  temperature  change  is re- 

conductivity,  the  value of specific,heat must  be 
corded at its  center, To compute  the  thermal 

known  beforehand. 

higher  thermal  conductivity  values  than  the  guard- 
In general,  the  probe  method  gives  somewhat 

ed  heat  plate  method. 

The  periodic  transient  method is based on  the 

Another  transient  technique  is  the  so-called 

CAL EOU- 
HERMAL CONDUCTIVU 

Various  models  have  been  developed €or  pre- 
dicting  effective  thermal  conductivities, k,. The 
soils  are  assumed  to  have  isotropic  propertles; 
i-e., the  value of thermal  conductivity  does  not 
depend  on  the  direction of heat  flow. Most of  the 
prediction  equations  are  purely  .empirical  with 
some  theoretical  basis.  Fa2ouki (1981) has  re- 
viewed  exclusively  the  models  developed  prior to 
1979. These  include  the  simplest  theoretical  ex- 
pressions for predicting  thermal  conductivity, 
i.e., the  series,  parallel  and  geometrical  mean 
models;  the  Smith  (1942)  methods  for  dry  soils 

with  one  path  consisting  entirely  of  an  air  column 
that  assume  two  heat  flow  paths  to  be  parallel, 

grain;  the  Kersten  (1949)  equations for unfrozen 
and  the  other  of  some  series o f  air and  soil 

and  frozen  silt-day soils; and  other  models  devel- 
oped  by.Mickley (1951), Gemant  (1952),  DeVries 
(1963) , Woodside  and  Messmer (1961) and  McGraw 
Johansen  and  Erivik (1980), Muzzio  and  Solaini 
(1969). The  Tost  recent  prediction  models  are  by 

(1982) and  sori (1983) 

of S m e  Predicted Results 

pared  those  derived by  DeVries (1963) and Johansen 
Gori (1983) has computed  some  results and  com- 

and'  Frivik (1980) with  his  equations (9, 10  and 
11). Figure  la  shows  the  variation  of keusr with 
sr. The  data  points  are  those of Kersten  (1949)  on 
Pamsey sandy  loam as reported by Farouki (1982). 

As evidenced from the  Figure,  DeVries'  equation 
gives  the  highest  prediction,  while  those  of JO- 
hansen  and  Frivik  fall  into  the  middle. Gori's 
prediction  gives  much  better  agreement  with  the 
experimental  data  up  to s, around 0.75. Figure  lb 
provides  the  variation of kmUsf with S, f o r  the 
case VJV, i Vwa/Vv. As shown  in  previous  figure, 
the  effect o f  u, on  keusf is much  more  pronounced 
than  in  the  equation by DeVries.  Johansen  and  Fri- 
vik  give  much  closer  results  between u, = 0 and uw 

0. However,  both  equations  predict  much  higher 
kgusr values  than  Kersten's  results  on  Fairbanks 
szlty  clay  loam,  as  reputed  by  Farouki  (1982). 
Both  predictions  give  higher keusf values,  when  uw 
= 0 for  the  entire  range of 8,. However,  EOri'S 
equation  gives  a  sl_ghter  lower  value o f  kausf  for 
uw = 0 and  for s, S 0.5. Not  until s, > 0.65, does 
keuaf far uw - 0 deviate from u, # 0 and  rise 
steeply. Figure IC  shows  the  comparison  of  experi- 
mental.  data  of  Penner et al.  (1975)  for  three 
soils  classified  as 8 ,  9 and  10. The same  conclu- 
sions  can  be  drawn  from  Figure  IC as from  Figure 
Ib,  but  in  general,  there  is  a  better  agreement 
between  the  theoretical  prediction  and  the  experi- 
mental  data. 

ZEN WATER CO- 
TY OF FRO= SOIL 

Anderson  et  al. (1973) reported  and  summarized 
the  work of Anderson  and  Tice  (1972) on the  phase 
composition curves of 11 representative  soils by a 
simple  power  equation,  i  .e., 

wu = aep 

where w,  is  in g H20/100 g soil, 0 i s  the  tempera- 
ture  in  degrees  Celsius  below  zero,  and a and p 
are  parameter  characteristics of each s o i l  for 
clay-water  systems. The least squares  expressions 
Lor a and p are  respectively  given by 

In a = 0.5519  In s -b 0.2 618 (7) 
and 

1nc-P) = 0.2640 In s + 0.3711 
Therefore, w, can  be  written  in  terms  of s (spe- 
cific  surface  per  unit  mass  of  soil)  as 

In w, = 0.2618 f 0.5519 In s 
-1.449 s-0.264 In e 

posed of two  components  (soil and water)  and  three 
phases, i-e., soil particle  matrix,  ice  and  unfro- 

expressed  (Anderson (1967) as  the  sum  of 
Zen  water,  the  heat  capacity o f  the  system  can  be 

If  we  consider  that  the  frozen  ground i s  com- 

where c, is apparent  specific  heat  capacity (cal/'C 
unit  weight  of soil), cs, ci, and c, are  the  specif- 
ic heat  capacity of s o i l  matrix,  ice  and  unfrozen 
water,  respectively,  and W, = the  total  water  con- 
tent, 0 is  defined as e-A8/2 , €$ = 0 + A8/2 , A8 
= 82 - dl, and L is  the  latent  heat  of  fusion.  The 
final  expression  of c, is 

high  specific  surface  area  have  much  lower c, val- 

with  lower  values  of s. 
ues at low  water  contents  than  the  coarser  soils 

The  calculated  results  indicate  that soils of 
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gan in the early 1900's. Taber (1929, 1930) empir- 
Scientific  investigations o f  Soil freezing  be- 

ically  showed  that  when a frost-susceptible soil 
froze,  water was driven  toward the freezing  front 
and  frost  heave  occurred  primarily  because of 
freezing of incoming  water  and  not  simply  because 
of the freezing  of  in-situ  water. 

f o r  describing the mechanisms o f  water  transport 
through frozen  soils  (Nakano, 1991).  Some  models 
were built by simply  extending the known  percola- 
tion  laws of unfrozen  porous  media  while  others 
were based on nonequilibrium  thermodynamics (Per- 
fect et al. f 1991). Howwer, there is no  consensus 
among  researchers on  the subject  because  none of 
these models  has  been  completely  validated  by 
experiments.  .In  view of these circumstances, we 
will focus.our discussions on  the mechanism  of  wa- 
ter transport  because the quantitative  praaenta- 
tion  of the hydraulic  properties  of  frozen  soils 
depends on a given model. 

Several  mathematical  models  have  been  proposed 

t' ' 3t-cl F- 
In  the past,  most  researchers  assumed  that the 

main driving  force  of  water  in  unsaturated  frozen 

4 l ( 1 1 1 1 1 1 1  

RamseySandy Loam (Kersten, 1949) - U w r O  
k b  4.15 

3 - km -0046 

k, 

I 

e 
I I I I I I I I I  

0 0.2 0.4 0.6 0.8 1 .o 
st 

- Johansen and Frivik (1980) 
- DeVrles(1963) 

" Gori(l983) 

0 0.2 0.4 0.6 0.8 I .o 
Sr 

soils  under  both  isothermal  and  nonisothermal  con- 
ditions is the gradient  of  unfrozen  water  pres- 
sure, P, if gravitational  effects are neglected, 
and  that the mass flux  of  water, J, in  one  direc- 
tion is given as: 

where x i s  the space coordinate  and K, i s  the Con- 
ductivity  function that generally  depends  ap the 
composition of a given soil. 

and the content of unfrozen  water  (weight  based) 
wu, some  researchers  (Taylor  and  Luthin,  1978; 
Jame and Norum, 1980) used an alternative form of 
Eq. 17 given as: 

Assuming a one-to-one  correspondence  between P 

where p I s  the dry  density of a given  soil  and Dl 
is. the %iffusiviCy  function  defined as: 

well-known  Richards equation  (Richards, 19311 for 
It i s  clear  that Eq. 11 I s  the same as the 

water  flow  through  unsaturated  and  unfrozen  soils 
and  that Eqs. 11 and 12 are  simple  extensions of 
the flow  law  through  unfrozen  soils tb frozen 

was calcul,ated from measured profiles  of  water 
soils. The  mass flux of water in  freezing  soils 

content  (Hoekstra,  1966;  Dirksen  and Miller, 
1966). However, the pressure of unfrozen  water, P I  
was not  measured  in these experiments,  and  no 
quantitative  evaluation  was  made on  the mechanism 
of water  transport., 

5 I I I I I I I I I -  

Soils 8.9 and 10 (Pennet. 1975) 
I - k. -3.0 

k a * 0.046 
4 - k. = 0.56 - - DeVrles (1963) 
I - Johansen and Ftivik (1980) I 

" God (1983) 

0 0.2 0.4 0.6 0.8 1 .o 
st 

Fiqure 1. Comparison of experimental  data 
and  theoretical  predictions vs degree  of 
saturation  where u, is the ratio  of  the 
volume  of  unfrozen  water to the total 
volume of  the cell; ks, k, and k, are 

water,  respectively;  and k, I s  effective 
thermal  conductivity of solid, air and 

thermal  conductivity. 
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hydraulic conductivity o f  a given  soil  depends on 
Harlan (1973) introduced a hypothesis  that the In experimental  work o f  Nakano  and  Tice  (1988, 

1990), a column  of  soil  with  initially  uniform  dry 
the liquid  water  content  regardless of frozen  or  density  and  water  content  was  placed in a Linear 
unfrozen  conditions.  This  hypothesis  was  tested  by  temperature  field. If Eq. 16  holds  true, then wLL- 
Jame and Norum (1980),  Pikul  et al. (1989)  and  ter  must  keep  moving  in the direction  of  lower 
Lundin  (1990).  These  results  indicate  that  Har-  temperature.  However,  according to their  experi- 
Ian's hypothesis  grossly  overestimates the flux of ments,  as  water  moves toward the cold  end, the 
water and that a empirically  determined  impedance 
parameter (or '  function) is needed to fit experi- 

initial  uniformity o f  w breaks  down  and a gradient 
of  water  content  buildup  in the column  acts 

mental  data.  It  appears  that  no  convincing  empiri-  against the driving  force  of  water  due to a temp- 
cal verification  of  either Eq. 11 or 12 has  been  erature  gradient.  Sooner or later two driving 
provided. 

In  the early  1980s a series  of  investigations 
forces of water  tend to balance  each  other,  while 

on the mechanism  of  water  transport  through 
the profile  of  water  content in the column  asymp- 

unsaturated  frozen  soils were Initiated  at C M L .  
totically  approaches the stationary  profile a8 

Nakano et al. (1982,  1983a,  1983b,  1984a,  1984b, the validity  of Eq. 15. 
time  increases.  These  experimental  data  cohfirm 

1984~) and Nakano  and  Tice  (1987)  studied the 
transport of water  in  frozen  clay  under  isothermal  on  water  migration  in  unsaturated  frozen  MOrin 
conditions and found  that the mass flux  of  water,  clay  subjected to temperature  gradients.  The  ef- 
J, can be expressed by: Eects of experimental  duration, t, temperature, T, 

xu  et  al.  (1985)  reported  experimental  results 

dry soil density, p,, and temperature  gradient, 
J -PdDl (Wt T) - aw Grad T, on  water  migration  flux, J, can  generally 

ax (I4) be expressed  as 
where w is the content  of  water in  all  phases. 
They  validated Eq, 14 with a series of experiments J = f (t, T, p,, Grad T) (17) 

but uniform  initial  values  of w, wt and wg , were 
in which two long soil columns  with two different For  varying  experimental  duration, t, and by main- 
connected and  exposed to a given  negative  taining  the  other  variables at specific  values  un- 
temperature TI der the fixed  values of T, pd and  Grad T, the flux 

matrix  made  of  soil  and  ice  because ice  i s  not a 
permanent  constituent  but  it  may  grow or melt  de- J = f (A t-l'* + B ) T ,  Pd, Grad T (18) 
pending  on a given  conditions.  Growing  (or  melt- 
ing) ice decreases (or increases)  the  local  flux 
of unfrozen  water,  which  disrupts  ordinary  mecha- 
nisms  of flow through  porous  media.  For  instance, 
when  wt  was greater than the equilibrium  unfrozen 
water  content w* at T and w; was  negligibly  small, 
Nakano  et al. found  that  water:was  transported 
from the wet  part to the dry  part  according to Eq. 
14 and that,  in the wet  part, the unfrozen  water = fc  T-D)Grad T, Pd, t (19) 
content  remained  constant  at w* while  melting  of 
ice  occurred.  It  is  important to mention  that the The  values of C and D are  found to be  complex 
.transport  of  water  in the wet  part,  where w z w* €unctions of Grad T, Pdt t as wel'l as w. For the 

melting of ice and  that the concept  of an analogy 
under $rich a condition,  usually is accompanied by effect of Grad T on J, a linear  relation  can be 

between  mechanisms  of  water  transport  in  unsatur- 
used,  i.e, 

ated soil and those in  frozen  soil  clearly  breaks 
down here'. 

The data o f  Hadley and  Elsenstadt (1955) , 
Hutcheon  (1958) and Oliphant  et al. (1983)  clearly 

same  Grad T and t, J increases  with pd up to a 
The  effect  of Pd on flux J was  unique.  For 

driving force of water,in unsaturated  frozen 
show that a temperature  gradient i s  an important 

critical pdC after  which J decreases as pd incxeaa- 
soils.  Therefore, the gradient of water  content 6s. for  temperature  ranged  from -4' to 1'C. Xu  et 
under  isothermal  conditions  and the gradient of al. (1985)  concluded  that the mechanism  of  water 
temperature are clearly two major driving  forces  migration  in  unsaturated  frozen  soils  is  similar 
for the transport o f  water in unsaturated  frozen to the process  in  unsaturated  unfrozen  soils. 
SOi13.  There still remains an inportant  question  Recently  Deng  and  Xu  (1991)  determined  hydrau- 
on  whether these two driving  forces act indepen-  lic  conductivities, Kt of both  saturated  and  un- 
dently when the transport  of  water  takes  place  un-  saturated  Soils  subjected to freezing  and thawing- 
der  nonisothermal  conditions.  The  hydraulic  conductivity of unsaturated  soil i s  

If T and w are independent, the mass  flux  of found to be  related to  the soil-water  potential 
water, J, may be written  in the general  form  given and water content  and  usually can be  expressed  in 
as : terms  of  an  exponential  function.  For a given  wa- 

Unfrozen  water  does  not  simply  flow  through a J can  be  written  as 

The  value  of A was found to be dependent  on the 
value o f  T and  increases as T increases.  Contrary 
to common  belief,  the  value .of B is not  zero  when 
t is zero. For  the  effect of temperature, T, the J 
value  can  be  expressed  by 

J - (E + F Grad  T)T, p,t t (20) 

ter  content, K decreases  with  an  increasing  con- 
tent o f  fines  and  dry  density.  Within a certain 

creases  with  increasing  amount  of  fines  and &. 
where  and D2 are empirically  determined  trans- For  any  kinds of saturated  soils, the value of K 
port  functions  that  generally  depend  on T and w. is larger  after  going  through one cycle  of  freez- 
If T and w are  dependant, J is given as: crease  in K value i s  more  distinctive  for  fine- 

ing  and  thawing  than  prior to freezing, The in- 

grained  soils  than  coarse-grained  soils and i s  

creases  only  slightly  after  repeated  cycles o f  

J =' - QdDl -PdD2 - aw aT 
ax (I5) region of soil-water  potential, the value of K in- 

n aw A aT 
ax ax J = - p d D l  - P -PdD2 - (16)  larger for greater dry density. The value of K in- 

h .% freezing  and  thawing,  and  in  general, it reaches a 
where Dl and D2 are empirically  determined  trana-  limiting  value. 
port  functions. 
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Frozen S u  
Water  in  saturated  frozen  soils  generally ex- 

ists  in two phases:  unfrozen  liquid  water  and  ice. 

temperature  T  under  uniform  pressure  fields 
ft has  been  shown  empirically  that the gradient of 

(Mageau  and  Morgenstern,  1980;  Perfect  and  Will- 

pressure P under  isothermal  conditions  (Burt  and 
iams, 1980) and the gradient of unfrozen  water 

Williams, 1976; Horiguchi  and  Miller,  1983)  are 
two major  driving forces fer the transport o f  wa- 
ter in  saturated  frozen  soils.  An  important  but 

pendent  when the transport of heat and  water  takes 
unresolved  question is whether T and P are  inde- 

place  simultaneously. 

water, J. in one direction  may  be  written as: 
I€ T  and P are independent, the mass  flux  of 

where x is the space  coordinate,  and K, and K2 are 
empisical  functions  describing the transport  prop- 
erties of a given soil  that  generally  depend on T 

dependent, 5 is given as: 
and the composition of the soil. If T  and P are 

J = -K1 - -K2 - ap aT 
ax ax (22) 

n n 
where K1 and K2 are empirical  functions  that  gen- 
erally  depend on T and  the composition of the 
soil. 

Equation 21 i,s a generalization  of  somewhat 
simpler  equations  proposed  by  Ratkje  et al. 
(1982) , Derjaguin  ,and  Churaev  (1986) , Horiguchi 
(1987)  and others.. Equation 21 implies  that the 
chemical  potential of unfrozen  water  depends  on T 
and P independently and'that the effect of T be- 
comes  significant  at  subzero  temperatures.  Such  an 
effectapf T was explained  by  either the interac- 
tion between  unfrozen  water  and  soil  surfaces 
(Horiguchi,  1987) or that  between  unfrozen  water 

Kuroda,  1987).  However,  hardly  any  experimental 
and  ice  surfaces  (Derjaguin and Churaev,  1986; 

data  exist to support  such  explanations. 

ers. The first  equality of Eq. 22 is reduced to 
DarCy'S law provided  that the dependence o f  K1  on 
T  becomes  negligible  for T > O0C: However, the 
second  equality  does  not  hold  true for unfrozen 

ple  extension o f  Darcy's law to frozen  saturated 
porous media. Hence, Eq. 22  is  clearly  not  a  sim- 

direct  empirical  verification of either  Eq.  21 OK 
Soils and Eq. 22 needs  empirical  verification.  The 

transient  conditions.  Unfortunately,  neither Eq. 
22 requires the accurate  measurement .of P under 

21 nor 22 has  been  directly  verified  due to  the 
lack o f  suitable  instrumentation fo r  pressure  mea- 
surements.  However,  this  situation  does  not  neces- 
sarily  preclude  indirect  methods'of  evaluating 
these  flow  equations. 

studies of a  steady  growth  layer  (Nakano, 1990: 
Takeda  and  Nakano, 1990; Nakano  and  Takeda,  1991), 
Nakano  found that the choice of transport  law (Eq. 
21. or 22) is the major  factor  affecting the behav- 

the solutions with reported  empirical  findings  and 
ior  of the solutions.  Comparing the properties of 

newly  obtained  data,  it  was  found  that the model 
based  on Eq. 21 i s  consistent  with  data  while the 
models  based on Eq. 22 contradicts the empirical 
findings. 

Equation 22 has  been  popular  among  research- 

Based on recent  mathematical  and  experimental 
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THE DEGENERATION OF PERMAFROST IN UPSTREAM  VALLEY  REGION OF ItEILONG  RIVER 

Yu S h e n g q i n g   a n d   W a n e   Z h a n c h e n  

R e s e a r c h   I n s t i t u t e  o f  S o n g - L i a o  Water C o n s e r v a n c y   C o m m i s s i o n ,  
74 B e i a n   R o a d   C h a n g c h u n   C i t y .   C h i n a  

T h e   u p p e r   r e a c h  of t h e  H e i l o n g  River is l o c a t e d   i n  a cold r e g i o n   w i t h   d e v e l o p e d  
p e r m a f r o s t .   S i n c e  t h e  1950'8, t h e  s t a t e  of t h e  p e r m a f r o s t   i n   t h e   v a l l e y  has  t o  
a c e r t a i n   e x t e n t   c h a n g e d  a s  h u m a n   a c t i v i t y  has i n c r e a s e d   a n d   t h e   , n a t u r a l   e n v i -  
r o n m e n t   h a s   b e e n   a l t e r e d .   I n  t h i s  p a p e r ,  t h e  d a t a   o b s e r v e d  f o r  more t h a n  30 
y e a r s   a n d  t h e  c h a n g e  t€ t o p o g r a p h i c a l   f e a t u r e s   i n  t h i s  area a r e  a n a l y z e d .  I t  i n -  
d i c a t e s   t h a t  t h e  p e r m a f r o s t  is d e g e n e r a t i n g   w h i c h  is  e x p r e s s e d  in t h e   a v e r a g e  
a n n u a l   g r o u n d   t e m p e r a t u r e   g r a d u a l l y   r i s i n g ,   a n d  t h e  area a n d   t h i c k n e s s  o f  t h e  
p e r m a f r o s t   r e d u c i n g .   T h e   r e a s o n s  f o r  p e r m a f r o s t   d e g e n e r a t i o n  i s  r e v e a l e d .  I t  
p r o v i d e s   u s e f u l   i n f o r m a t i o n  f o r  t h e   f u r t h e r   s t u d y  of  t h e   p e r m a f r o s t   i n   t h i s  
r e g i o n .  

DISTKLI~UTION A N D  CHARACTERISTICS OF PERMAFROST 
ALONG THE UPSTREAM VALLEY OF HEILONG RIVER 

T h e .   u p p e r  r each  o f , t h e  H e i l o n g   R i v e r  i s  897 
km l o n g   i n  t o t a l  f r o m   t h e   c o n f l u e n c e s  o f  t h e  
S h i l c k  e n d   E e r g u n a   r i v e r s  t o  I i e i h e   c i t y .   I n   t h i s  
r e g i o n  t h e  c l imate  is c o l d ,   a n d   p e r m a f r o s t   h a s  
d e v c l o p e d  t o  a l a r g e  extent:As p e r m a f r o s t  is 
t l ~ c  p r o d u c t  of  heat e x c h a n g e   b e t w e e n  t h e  atmos- 
p h e r e   a n d   l i t h o s p h e r e   a n d  t h e  g e n e r a l   l e v e l  of  
h e a t  e x c h a n g e   i n c r e a s e s  Er.om n o r t h w e s t  t o  s o u t h -  
c a s t  a l o n g   t h e   H e i l o n g   r i v e r ,   t h e  a rea  of  p e r -  , mafros t  d i , s t r i b u t i o n   a n d  i t s  t h i c k n e s s   d e c r e a s e  
i n  t h i s  d i r e c t i o n .   w h i c h  r e f l e c t s  t h e   z o n a t i o n  
o f  p e r m a f r o s t   d i s t r i b u t i o n  w i t h  l a t i t u d e .  A s  a 
r e s u l t  of d i f f e r e n t  t o p o g r a p h y .   a n d  t h e  d i f f e r -  
e n t  c o n d s t i o n s  of hea t  e x c h a n g e ,   t h e  f r o r e n c o n -  
d i t i . o n s   h a v e   d i f f e r e n t  c h a r a c t e r i s t i c s  i n  t h e  
same r e g i o n .  

F r o m  t h e  c o n f l u e n c e  t o  X i n g a n   v i . l l a g e  i s  t h e  
c o l . c l e s t  i n  t h e .   r e g i o n .   w i t h   a n   u l t i m a t e   m i n i m u m  
n i . r   t e m p e r a t u r e  of  -52 .3"C .  I n  t h e  z o n e   b e n e a t h  
t h e   l l e i l o n g   R i v e r  b e d ,  p e n e t r a t i n g   t a l i k   d e v e -  
l o p s ,  i n  c e r t a i n   r a n g e s  of b o t h  r i v e r  b a n k s  t he re  
o x i . s t   i s l a n d   a n d  s c a t t e r e d  i s l a n d   p e r m a f r o s t .  
P e r m a f r o s t  l a y e r s  a r e  d i s t r i b u t e d   m a i n l y  a t  t h e  
b o t t o m s  o f  the  v a l l e y   a n d   g u l l i e s ,   i n  lower  b o g -  
g y   d e p r e s s i o n   s e c t i o n s   a n d   s h e l t e r e d   s l o p e s   a n d  
a t  t h e i r  b a s e s .   G e n e r a l l y .   p e r m a f r o s t   t h i c k n e s s  
is 5-15 m ,  t h e  m a x i m u m   m a y   r e a c h  2 5  m .  S p r e a d i n g  

. i n  t h e  d i r e c t i o n  o f  b o t h  b a n k s ,  p e r m a f r o s t  
c h a n g e s  from s c a t t e r e d   i s l a n d  t o  i s l a n d   a n d  i s -  

~ l a n d  t a a i k ,  u p  t o  a c o n t i n u o u s   d i s t r i b u t i o n   z o n e ,  
n n d  i t s  a r e a  a n d   t h i c k n e s s   g r a d u a l l y   i n c r e a s e .  

v i l l a p c j  t h e  f r o s t  c o n d i t i o n  is w e a k e r ,  s c a t t e r -  
e d  i s l a n d   p e r m a f r o s t   o c c u p i e s  most of t h e  a r e a  
o l  b o t h  b a n k s .  On t h e   r i g h t   b a n k ,   p e r m a f r o t   e x -  
i s t s  m a i n l y  i n  lower b o g g y   d e p r e s s i o n  s ec to r s  
c o m p o s e d  of c l a y e y  soils, b o t t o m s  of c r eek  v a l -  
leys, and i n  p a r t i a l  s e c t i o n s  of t h e  lower p a r t  
o f  t h o   n o r t h e r n   s l o p e s - .  Whereas, i n  t h e  s e c t o r s  
w i t h  g r o u n d   v e g e t a t i o n   b e i n g   s e v e r e l y   d e s t r o y e d ,  

I n  ttle r a n g e  from X i n g a n   v i l l a g e  t o  X i n j i e j i  

t a l i k s   o n l y   e x i s t .  On t h e   l e f t   b a n k   i n   p a r t i a l  
lower b o g g y   a n d ,   d e p r e s s i o n   s e c t i o n s ,   a n d   b o t t o m s  
of  c r e e k   v a l l e y s ,   p e r m a f r o s t   c a n  also b e  met. 
U s u a l l y ,   t h e   t h i c k n e s s  of p e r m a f t o s t  is 3-15 m ,  
i n   i n d i v i d u a l   l o c a t i o n s   s l i g h t l y  more. W i t h  
s p r e a d i n g   i n   t h e   d i r e c t i o n  of b o t h   b a n k s .   t h e  

d e v e l o p s   i n t o   a n   i s l a n d  d i s t r i b u t i o n   z o n e .  
p e r m a f r o s t   i n c r e a s e s   i n  a r ea  and t h i c k R e s 8   a n d  

S t a r t i n g  from X i n j i e j i   v i l l a g e ,  t h e  u p s t r e a m  
v a l l e y  of t h e  H e i l o n g   R i v e r   e n t e r s   i n t o  a sea- 
s o n a l l y   f r o z e n   z o n e .   W i t h i n  t h i s  z o n e ,   t h e r e  i s  

b a n k   i n   m a r s h l a n d   e n d   l o c a t i o n s   w i t h   t h i c k   v e g -  
p r i n c i p a l l y  no- p e r m a f r o s t .  O q l y  o n   t h e   r i g h t  

e t a t i o n   a n d   b r y o p h y t e  are  t h e r e  o v e r y  few u n -  
d e g e n e r a t e d  r e l i c t  f r o z e n   l a y e r s .   T h e   t h i c k n e s s  

On  t h e   l e f t   b a n k ,   i n  lower b o g g y  r i v e r  t e r r aces  
g e n e r a l l y  i s  3-5 m .  t h e  maximum  may reach 8 m .  

a n d  lower p a r t s  of n o r t h e r l y   s l o p e s   c o m p o s e d  o f  
loam, there i s  f r o s t  p e r e l e t o k  t o  b e  met. 

DEGENERATION OF PERMAFROST ALONG RIVER VALLEY 

I n   t h e  1950's. a g r e a t  q u a n t i t y  o f  p e r m a f r o s t  
i n v ' e s t i g a t i o n   a n d   e x p l o r a t i o n   a l o n g   t f i e   u p s t r e a m  
v a l l e y  o f  t h e  H e i l o n g  River was c a r r i e d   o u t   a n d  
m u c h   p r a c t i c a l   d a t a  was o b t a i n e d   ( G . M . A p o s c k e i n .  
1 9 6 2 ) .  D u r i n g   1 9 8 7 - 1 9 9 1 ,  we h a v e  a g a i n   c o n d u c t e d  
i n v e s t i g a t i o n .   e x p l o r a t i o n   a n d   o b s e r v a t i o n  on 
p e r m a f r o s t   i n   t h i s   r e g i o n .   T h e   r e s u l t s   i n d i c a t e  
t h a t  i n  t h e  l a s t  t h i r t y   y e a r s ,   c o n s i d e r a b l e   d e g -  
e n a r a t i o n  of  p e r m a f r o s t  i n  t h i s   r e g i o n  h a s  OC- 

c u r r e d .  

M o v i n R  Upward of S o u t h e r n   L i m i t  o f  P e r m a f r o s t  
i n  R i v e r  Val ley  

W h a t  is c a l l e d   t h e   s o u t h e r n  limit of P e r m a -  
Krost is t e r m e d  a s  a z o n e .   i n   w h i c h  t h e  p e r m a -  

o n l y  s e v e r a l  i s l a n d   t h i n  f r o s t  r e l i c t  l a y e r s  or  
f r o s t   a n d   n o n p e r m a f r o s t  may r e p l a c e  each  o t h e r ,  

p e r e l e t o k s   e x i s t .  A t  t h e  same time, a s  a r e s u l t  
o f  the s h o r t   p e r i o d i c   f l u c t u a t i o n   o f   t h e  h e a t  
e x c h a n g e  l e v e l ,  in t h i s   z o n e   t h e t r a n s i t i o n a l  
p a t t e r n   f r o m   p e r m a f r o s t  t o  s e a s o n a l   f r o s t ,  o r  



the  reverse. may take place. 

ated  that the southern  limit  was  located  between 
H u m  and Sikejiu  dam  sites. A t  that  time,  in  the 
stratum of loam  and  clay,  the  location  with 
thick  bryophyte  growing  and  weak  bogginess of 
the  upper  reach ol the  creek  valley,  the  sectors 
covered by many  clusters  of  small  grass on  lower 
depression  of  flood  land,  there  was  permafrost 
or pereletoks  with a thickness o f  generally 3-5 
P. Whereas,  a€ter  thirty  years,  in  this  range 
frost  conditions  have  greatly  changed.  only  few 
or n o  ungenerated  relict  frozen  layers  are pre- 
sent.  Thus,  it  con  be  inferred  that  in  the  last 
thirty  years,  the  southern  limit of permafrost 
along  the  valley of Heilong  River  has moved  up- 
wards  approximately 50-100 km. 

Ground  Temperature  Rising 

ground  temperature  makes  it  possible  to  not  only 
determine  the  important  factors  such  as  mean 
annual  ground  temperature,  depth of annual tem- 
perature  variation  layer,  thickness oE frozen 
layer etc.. but also  to  define  the  developing 
and  changing  extent of permafrost  according  to 
the  variation  tendency of the,grotind  tempera- 
ture. 

both  river  banks  in  the  studied  region  many 
temperature  bore  holes  were  set up. Based on the 
observation  data,  the  temperature  and  thickness 
of  frozen s b i l  at  that  time  were  obtained.  In 
recent  years,  using  the  original  holes  on  the 
right  bank,  we  have  repeated  ]temperature  meas- 
urement. It was  fouid  that  ground  temperature 
has  changed  in  a  different  extent.  The  main  exp- 
ression  is  that  ground  temperature  is  rising. 

The Fig.1 shows  the  vertical  distribution 
curves  of'ground  temperature  measured  at  one 
hole  on  right  bank  in  the  upper  feach of the 
lleilong River in 1958 and 1990 ,  respectively. 
From  the  curves  in  this  figure  it  can be seen 
that i n  a  certain  range  below a depth  of 6 m 
from  the  land  surface  the  temperature  is or is 
near O'C, indicating  that at 

The  exploration  results o f  the 1 9 5 0 ' s  indic- 

Knowing  the  vertical  distribution  of  the 

In the course  of  surveying  in  the 1 9 5 0 ' s ,  on 

Temperature t ( " c )  

0 2 4 6 
I 

Fig.1 Curve of ground  temperature-vs-depth 
l"1959.8.11; 2--1990.7.17;  3--1990*10.2 

a given  depth  at  that  time  there  was  frozen 
layer  with a high  temperature.  The  curves 2 and 
3 show  that  ground  temperature  near  the  earth 
surface  has  the  greatest  variation,  with  the 
depth  increasing  the  range o f  variation  gradual- 
l y  reduces.  Downwards  from  a  depth of 25 m, 
these  curves  coincide in the  main,  showing  the 
ground  temperature  below 2 5  m being  stable. 
Whereas  upwards  from  this  depth i t  obviously 
rises  with  an  increase of more than 0 . 2 - C .  For 
example.  at  depth  of 10 m. the  measured v.aluc 
in 1958 is O.I"C, but  in 1990 reaches 0.4-0.7°C. 
A t  present. in  that  hole  there  is  not perrnafrot 
any more. 

Permafrost  ReducinR  in  Area  and  Thickness 

permafrost  moved  upwards  along  the  Heilong  River, 
At the  same  time  that  the  southern  limit of 

corresponding  changes a l s o  took  place  in  island 
and  scattered  island  permafrost  zones.  According 
to  the  exploration  results  in  the 1 9 5 0 ' s .  in  the 
upstream  valley  of  the  studied  region  at  the 
wide  1st  flood  plain terrace.. the  thickness of 
permafrost  was 20-40 m. at  the 3rd  and 4th ter- 
races  the  permafrost  was  of e continuous  die- 
tribution  with a thickness of 30-50 m. Whereas, 
the  exploration  results  conducted in  recent 
years  indicated  that  the  permafrost  area  current- 
ly  remains  only  approximately  10-20%,  generally, 
the  thickness i s  10-15 m, and  the  maximum  may 
reach 2 5  m. 

near  the  riverside  and  adjacent  localities  on 
the  right  bank,  in  the 1950 's  there  was  island 
distribution of permafrost.! flowever, to  date  the 
permafrost  has  reduced or exists  no  longer,  only 
in  locations  with  bogginess  and  dense  vegetation 
does  there  exists  relict  permafrost.  In t h e  
other  wide  1st  terrace  with  complicated  topogra- 
phy,  in  the  lnrge  bdggy  sectors.  in  the 1 9 5 0 ' s  
surface  water  remained  there  year in  and  year 
out,  thus,  human  qccess  was  difficult,  But,  in 
recent  years.  surface  water  has  considerably 
decreased,  in  the third  week  of  September  the 
ground  surface is principally  without  water. 
Therefore,  except  the  season of successive  rain- 
fall,  people may pass  through there. Degenera- 
tion  of  the bog induces  permafrost  to  degenerate 
visibly,  finding  expression  in  the  upper  limit 
o f  permafrost  obviously  ,lowering. In the  sectors 
with  vegetation  in  good  condition,  the  upper 
limit  generally lies at 2 m  deep; in the  sectors 
with  vegetation  in a slightly bad condition.  it 
has  dropped  down to below 5 rn. Based  on  theabove, 
it  can be concluded  that  the  area o f  permafrost 
distribution  in  the  upstream  valley  of  the  Hei- 
long  River is gradually  decreasing  and  the  thick 
ness  is  thinning,  which  results  in  the  island 
permafrost  zone  changing  to a scattered  island 
permafrost zone and,  subsequently,  the latter 
changing  into a seasonally  frozen zone. 

THE CAUSES OF PERMAFROST DEGENERATION 

, The  permafrost  exists  in a cerk'ain environ- 
.merit, thus,  the  change  of  natural  factors  such 
a s  climate,  topography.  terrain  features,  etc. 
has  a  great  effect  on  the  permafrost  distribu- 
tion  and  development.  The  changes of, external 
factors  certainly  causes  the  changes of the  per- 
maf  rost. 

RisinR Air Temperature  in  Studied  Repion 

For example,  at  a 1 s t  terrace  in  the  village 

Available  data  indicates  that  the  warming  of 

7 5 6  



t h e  c l i m a t e  o v e r   o n e   h u n d r e d   y e a r s  i s  o n e  of  t h e  
b a s i c   c a u s e s   i n d u c i n g   t h e   p e r m a f r o s t  t o  d e g e n e r -  
a t e .  A c c o r d i n g  t o  t h e   r e l a t e d   i n f o r m a t i o n   o v e r  
t h i r t y .  y e a r s  i n   t h e   s t u d i e d   r e g i o n ,   t h e  a i r  tem- 
p e r a t u r e   g e n e r a l l y   t e n d s   t o   i n c r e a s e   i n   t h e  form 
of  a w a v e .   T h e   i n c r e a s e m e n t   r a n g e  is more t h a n  
l . O " C ,   b e i n g   p a r t i c u l a r l y   o b v i o u s   d u r i n g   t h e  
t w e n t y   y e a r s   f r o m   t h e   e o r l y  1970's t o  t h e   e a r l y  
1 9 9 0 ' s .  T h e   d i S t i n g U i S h i l l g   f e a t u r e  of c l i m a t e  
w o r m i n g   i n   t h e   n o r t h   o f   o u r   c o u n t r y  i s  t h e   i n -  
c r e a s e  o f  a i r  t e m p e r a t u r e  i n  t h e   w i n t e r   s e a s o n  
b e i n g   g r e a t e r   t h a n   t h a t   i n   s u m m e r .   A c c o r d i n g   t o  
t h e   r e l a t e d   d a t a ,   i n   t h e  most  o f  n o r t h e a s t   C h i n a  

. a n d   t h e   o t h e r   r e g i o n s  o f  n o r t h e r n   C h i n a ,   w i n t e r  
a v e r a g e  a i r  t e m p e r a t u r e  o f  t h e   w i n t e r s   i n   t h e  
1980's was 1.0-1.5"C h i g h e r   t h a n   t h a t  i n  t h e  
t h i r t y  y e a r s  b e f o r e  1980 ( R e f e r e n c e  Room o f  NMB, 
1 9 9 1 ) .  T h e   i n c r e a s e  o f  t h e   a v e r a g e  a i r  t e m p e r a -  
t u r e  of w i n t e r   i n   t h e   u p p e r   r e a c h e s  of t h e  Hei- 
l o n g   R i v e r  i s  m u c h   h i g h e r .  

t h e   s t u d i e d   r e g i o n   s p e e d s   u p   t h e   h e a t   e x c h a n g e  
T h e   l a r g e   i n c r e a s e  o f  t h e  a i r  t e m p e r a t u r e   i n  

b e t w e e n   t h e   e a r t h s   s t r a t u m . a n d   t h e   a t m o s p h e r e ,  

c o n d i t i o n s   o n   w h i c h   t h e   p e r m a f r o s t  r e l i e s  f o r  
i n d u c e d   g r o u n d   t e m p e r a t u r e  t o  r i s e ,  c h a n g e d   t h e  

e x i s t a n c e ,   a n d   c o n s e q u e n t l y ,   r e s u l t e d   i n   p e r m a -  
f r o s t   d e g e n e r a t i o n .  

Humnn A c t i v i t y  
S i n c e   t h e  1960'9, w i t h   t h e   d e v e l o p m e n t  o f  

t h e  Big  X i n g n n   m o u n t a i n s ,   m a n y  t r e e  f a rms ,  m i n e -  
f i e l d s   a n d   r e s i d e n t i a l  a r e a s  h a v e   b e e n  s e t  ; u p ,  
a n d   t h e   p r o d u c t i o n  s c a l e  h a s   c o n t i n u o u s l y   e x -  
p a n d e d ,   a n d   h - u m a n   a c t i v i t y   h a s   c o n t i n u o u s l y   i n -  
c r e a s e d .  

T h e   p r i m e v a l   f b r e s t   i n   t h e   r i v e r   v a l l e y   h a s  
b e e n  -in a l a r g e  s c a l e  f e l l e d   a n d   r e p l a c e d  by a 
n e w  t r e e  g e n e r a t i o n .   T o  meet t h e   n e e d s  o f  l o g -  
g i n g  a n d   o t h e r   p r o d u c t i o n   a c t i v i t i e s ,   h i g h w a y  
sys tems a n d   d r a i n a g e s   h a v e   b e e n   c o n s t r u c t e d   i n  
t h e   r e g i . o n .   T h i %   s i t u a t i o n   n o t   o n l y   d e s t r o y e d  
p r o t o p h y t e   c o n d i t i o n s ,   b u t  a l s o  e n h a n c e d   t h e  
d r a i n a b i l i t y  of  g r o u n d   s u r f a c e ,   i n d u c i n g   t h e  
s u r f a c e  water  t o   d i s c h a r g e   r a p i d l y ,   m o i s t u r e  

, c o n t e n t  i n  s o i l  l a y e r s  t o  d e c r e a s e ,   s e a s o n a l  
t h a w i n g   d e p t h   t o   i n c r e a s e ,   a n d   t h e  a r e a  o f  
t n l i k  t o  d e v e l o p   c o n t i n u o u s l y .  

v e g e t a t i , o n   i n   g o o d   c o n d i t i o n s  were c o n t i n u o u s l y  
c u l t i v a t e d   i n t o   f a r m l a n d .   T h e   t h i c k   a n d   d e n s e  
v e g e t a t i o n   h a s   d e t e r i o r a t e d   y e a r   a f t e r   y e a r .  
For e x a m p l e ,   i n  o n e  1st t e r r a c e   w i t h  a w i d e   t o p -  
o g r a p h y   a n d   r e s i d e n t i a l  a r e a ,  t h e   f a r m l a n d   a r e a  
i s  a p p r o x i m a t e l y  20-30%; i n  t h i s  t e r r a c e ,  80-90 
% o f  t h e   v e g e t a t i o n   h a 3   b e e n   s e v e r e l y   d e s t r o y e d ,  
T h i s   c o n d i t i o n   r e m a i n s  t o  b e  worse o f f .  

D i f f e r e n t   h u m a n   a c t i v i t i e s   w o u l d   c a u s e   t h e  
e c o l o g i c a l   b a l a n c e  t o  b e   c o n t i n u o u s l y   d e s t r o y e d ,  

c h a n g e   b e t w e e n   t h e   a t m o s p h e r e   a n d   l i t h o s p h e r e ,  
r e s u l t i n g   i n   t h e   i n t e n s i f i c a t i o n  o f  h e a t   e x -  

q u i c k e n i n g   t h e   d e g e n e r a t i o n  o f  t h e   p e r m a f r o s t .  

F l o o d  Water 

t a r i e s  on b o t h   b a n k s  of t h e   H e i l o n g   R i v e r  cer-  

l e v e l .   i n   t h e  1st a n d   2 n d  t e r r a c e s  of  t h e   r i v e r  
t a i n l y   c a u s e s   t h e   c h a n g e   o f   t h e   g r o u n d  water 

v a l l e y .   P a r t i c u l a r l y ,   i n   t h e   h i g h   p e r m e a b l e  
e a r t h   s t r a t u m ,   t h e   r i s i n g   a n d   d r o p p i n g   o f   t h e  
g r o u n d  water  l e v e l  i s  b a s i c a l l y   s i m u l t a n e o u s  
w i t h   t h a t  of  t h e   r i v e r   l e v e l ,   n a m e l y ,   w h e n   t h e  
r i v e r   l e v e l  r i s e s ,  t h e   g r o u n d  water l e v e l  s l s o  
r i s e s ,  a n d   t h e   f l o w i n g   v e l o c i t y   i n c r e a s e s  cor -  
r e s p o n d i n g l y .   I n   t h e  s e c t o r s  w i t h  lower l a n d  
s u r f a c e   a n d  a d e e p e r   p e r m a f r o s t  limit, w h e n   t h e  

\ 

T h e   m a n y  s e c t o r s  o f  t h e  t e r r a c e s  w i t h   i n i t i a l  

T h e   f l u c t u a t i o n   o f  water l e v e l   i n   t h e   t r i b u -  

g r o u n d  water l e v e l  r i ses  o v e r   t h e   b o t t o m  limit 
of t h e   p e r m a f r o s t ,  i t  c a u s e s   d i s s o l u t i o n  o f  t h e  

a b l e  c e l l a r s  o f  r e s i d e n t i a l  a r e a s ,  d u r i n g   t h e  
p e r m a f r o s t .  For e x a m p l e ,   i n   t h e  wells a n d   v e g e t -  

low-f low p e r i o d ,   t h e   g r o u n d  water is  s e p a r a t e d  
f r o m   t h e   p e r m a f r o s t   l a y e r ;   b u t ,   d u r i n g   t h e   f l o o d  
p e r i o d   t h e   g r o u n d  water  l e v e l  i s  h i g h e r   t h a n   t h e  
b o t t o m  limit o f   t h e   p e r m a f r o s t .  By t h e   d i s s o l u -  
t i o n   a c t i o n  of  t h e   g r o u n d   w a t e r , ' t h e   p e r m a f r o s t  
t h i c k n e s s   g r a d u a l l y   d e c r e a s e s .  

T h e   o t h e r   e f f e c t   o f   f l o o d i n g  t o  t h e   p e r m a -  
f m s t  i s  e r o s i o n  of t h e   f l o o d p l a i n  t e r r a c e .  
t h e r e  a r e  two f l o o d   p e r i o d s   e v e r y  year i n  Itel- 
l o n g   R i v e r ,   O n e  of  t h e m  is t h e   s p r i n g   f l o o d   w i t h  
i c e  r u n n i n g .   D u r i n g   t h e   r i v e r  thaw w i t h  i c e  r u n -  
n i n g ,  a l a r g e   n u m b e r  o f  i c e  cakes o f t e n   p i l e   u p  
in t h e   r i v e r   c h a n n e l ,   f o r m i n g   a n  i c e  d a m .   C o n -  
s e q u e n t l y ,   t h e   r i v e r   l e v e l  r i s e s  u p ,   a n d   t h e  

T h e   o t h e r  i s  t h e   s u m m e r   f l o o d .  A t  t h i s  time. 
t e r r a c e  l a n d s  are i n u n d a t e d   w i t h   f l o o d  wa te r .  

t h e   r i v e r   o v e r f l o w s ,   w h i c h   r e s u l t s   i n  a v a s t  
s h e e t  of  water  on t h e  lower  t e r r a c e .  

As a r e s u l t   o f   f r e q u e n t   a n d   g r e a t   f l o o d s ,  
n o t   o n l y   t h e   p e r m a f r o s t   i n   t h e  t e r r a c e s  was 
e r o d e d ,   t h e   v e g e t a t i o n   o n   t h e   i n u n d a t e d  s ec to r s  
was also l a r g e l y   d e s t r o y e d .   w h i c h   w o u l d   c h a n g e  
t h e   d e v e l o p i n g   c o n d i t i o n s  of t h e   p e r m a f r o s t .  

CONCLUSION 

T h e   p e r m a f r o s t   i n   t h e   u p s t r e a m   v a l l e y  o f  t h e  
H e i l o n g   R i v e r  i s  s u b j e c t  t o  l a t i t u d e   z o n a t i o n .  
A t  t h e  same time, d u e  t o  d i f f e r e n t   t o p o g r a p h y ,  
t e r r a i n   f e a t u r e s   a n d   h e a t   e x c h o n g e   l e v e l s ,  e t c . ,  
t h e r e  a r e  d i f f e l - e n t   f r o s t   c o n d i t i o n s   i n   d i f f e r -  
e n t   r i v e r   r e a c h e s .  In' most o f   t h e   u p s t r e a m   r i v e r  
r e a c h e s   o n   b o t h   b a n k s   t h e r e   e x i s t s   s c a t t e r e d  
i s l a n d   p e r m a f r o s t .   S t r e t c h i n g   i n   e a c h   d i r e c t i o n s  
o f   b o t h   b a n k s   a l o n g   t h e   t r a n s v e r s e   s e c t i o n ,   t h e  
a r ea  a n d   t h i c k n e s s  of  t h e   p e r m a f r o s t   g r a d u a l l y  
i n c r e a s e s ,   t h e   s c a t t e r e d   i s l a n d   d i s t r i b u t i o n  of 

t a l i k   t y p e s .  
t h e   p e r m a f r o s t   c h a n g e s  t o  i s l a n d ,  o r  i s l a n d  

c o n d u c t e d   i n   r e c e n t   y e a r s   i n d i c a t e s   t h a t   o b v i o u s  
d e g e n e r a t i o n  of t h e   p e r m a f r o s t   i n   t h e   s t u d i e d  
r e g i o n   h a s   t a k e n   p l a c e ,   f o u n d   t h e   e x p r e s s i o n   i n  
g r o u n d   t e m p e r a t u r e   r i s i n g ,  a r e a  a n d   t h i c k n e s s  
d e c r e a s i n g ,   t a l i k   e x p a n d i n g ,   a n d   t h e   s o u t h e r n  

imare ly  50-100 km. 
limit h a s   m o v e d  t o w a r d s   t h e   u p  stream b y   a p p r o x -  

T h e   m a i n   c a u s e   r e s u l t i n g   i n   p e r m a f r o s t   d e g e n -  
e r a t i o n  i s  t h e   c h a n g e   i n   t h e   p e r m a f r o s t   e n v i r o n -  
m e n t .   I n c r e a s e  o f  h u m a n   a c t i v i t i e s   a n d   f l o o d  
i n u n d a t i o n   h a v e   s e v e r e l y   d e s t r o y e d   t h e   v e g e t a -  

b e t w e e n   t h e   a t m o s p h e r e  a n d   l i t h o s p h e r e .   W i t h  
t i o n ,   a n d   e n h a n c e d   t h e  h e a t   e x c h a n g e   p r o c e s s  

t h e   c h a n g i n g  of t h e   p e r m a f r o s t   e n v i r o n m e n t ,   p e r -  
maf ros t  d e g e n e r a t i o n i n   t h i s   r e g i o n  will b e   f u r -  
t h e r   s p e d   u p .  
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Z e n g   Z h o n g g o n g ,   l i u a n g   Y i z M   a n d  Xis Z h i y i n g  
L a n z h o u   I n s t i t u t e  of  G l a c i o l o g y   a n d   G e o c r y o l o g y , C h i n e s e   A c a d e m y  of  S c i e n c e s  

D e p a r t m e n t  of G e o l o g y ,   L a v a 1   U n i v e r s i t y ,   Q u e b e c ,   C a n a d a  
M a u r i c e - K .   S e g u i n  

T h e   a p p l i c a t i o n  of g r o u n d   p e n e t r a t i n g   r a d a r  t o  p l a t e a u   p e r m a f r o s t   r e g i o n s   a l o n g  
t h i   Q u i n g h a i - X i z a n g   h i g h w a y   h a s   p r o v e n   u s e f u l .   T h e   m e t h o d o l o g y  is d e s c r i b e d   a n d  
t y p i c a l   e x a m p l e s  a r e  p r e s e n t e d .   T h e  area d i s t r i b u t i o n s  o f  s e a s o n a l l y   f r o e e n  
g r o u n d   a n d   p e r m a f r o s t  a r e  well d i s c r i m i n n t e d   a n d   c l e a r l y - i d e n t i f i e d  w i t h  t h e  
h e l p  o f  t h e   g r o u n d   p r o b i n g   r a d a r   m e t h o d .   T h e   r a d a r   i n f o r m a t i o n   g a t h e r e d  is  com- 
p l e m e n t e d  by a n d   c o r r e l a t e d   w i t h   c o n t r o l   g e q l o g i c s l   l o g s  from n u m e r o u s   d r i l l  
h o l e s ,  a s  well as  r e s u l t s   f r o m   d e t a i l e d  e l e c t r i c a l  r e s i s t i v i t y  s o u n d i n g s .   T h e  
d e p t h s  t o  t h e  p . e r m a f r o s t  u p p e r   t a b l e   c a l c u 1 , o t e d  from t h e  GPR d a t a   d e p i c t  a r e l -  
a t i c e  error w h i c h   d o e s   n o t   e x c e e d  5 % .  N u m e r o u s   p r o b l e m s   r e l a t e d  t o  t h e  m e t h o d o l -  
.ogy. E i e l d  p r o c e d u r e   a n d   a p p l i c a t i o n  of g r g u n d   p e n e t r a t i n g   x ' a d a r  for t h e   d e l i n -  
e o t i o n   o f   p l a t e a u   p e r m a f r o s t  a re  d i s c u s s e d   i n   t h i s   p a p e r .  

INTRODUCTION 

T h e   Q i n g h a i - X i t a n g   h i g h w a y  is a n   i m p o r t a n t  
t r a f f i c  a r t e r y  w h i c h   r u n s  from X i n i n g   a t   i t a  
n o r t h e r n   e n d ,  t o  L h a s a  a t  i t s  s o u t h e r n   e x t r e m i t y .  
A c c o r d i n g  t o  r e c e n t  s t a t i s t i c s ,  most o f  t h e   p a s -  
s e n g e r s   a n d   g o o d s   t r a n s p o r t e d  in a n d   o u t   o f   t h e  
X j . z a n g   A u t o n o m o u s -   R e g i o n  ere c a r r i e d   o n  t h i s  
r o a d   w h i c h  is c a l l e d   t h e   " g o l d e n   b r i d g e " ;  i t  is 
t h e   m a i n   c o n n e c t i o n   b e t w e e n   X i z a n g   a n d   C h i n a ' s  
i n l a n d   p r o v i n c e s .  

w a y  b e g a n   i n  1953. D u e  t o  i n c r e a s i n g   t r a n s p o r t a -  
C i o n   d e m a n d s ,   t h e   h i g h w a y   u n d e r w e n t   r e c o n s t u c -  
t i o n   i n  the' 1 9 7 0 ' s  a n d  l a t e r  i n   t h e  1980 's .  T h e  
d i . r t  ( s a n d   a n d   g r a v e l )   r o a d  was t h e n   r e p 1 , a c e d  b y  
n n   a s p h a l k e d   h i g h w a y .   T h e   s e c t i o n  of  t h e   h i g h w a y  
w h i c h   c x t e n d s  f r o m  G o l m u d   t o  Lhasa c u t s   t h r o u g h  
K u n l u n ,   T a n g g u l a   a n d   N y a n q e n t a n g l h a   m o u n t a i n  
r a n g e s   a n d  i t  r u n s  a c r o s s  t h e   Y a n g t z e   r i v e r   h e a d  
p l a t e a u ;  i t s  t o t a l  l e n g t h   a m o u n t s  t o  1155 km. 
The m e a n   h e i g h t  of t h i s   s e c t i o n  i s  l o c a t e d   o v e r  
4100 m a.s.1.; 600 km o f  t h e  r o a d b e d  is s i t u a t e d  
i.n p e r m a f r o s t   z o n e s .   R o a d   d a m a g e s   r e s u l t i n g  from 
p e r m a f r o s t   a c t i o n   o c c u r r e d   c o n t i n u o u s l y   s i n c e  
t h e  s t a r t  of  i t s  c o n s t r u c t i o n   i n   s p i t e  of t h e  
p r o e e c t i o n  measures t a k e n  t o  h a l t  i t s  d e g r s d a -  
t i o n .   S u c h   m e a s u r e s  i n c l u d e d  i n c r e a s e  of r o a d b e d  
h e i g h t ,   i m p r o v e d   s e l e c t i o n  of  r o a d b e d  mater ia l s ,  
e t c . .  A f t e r  t h e  h i g h w a y   r e c o n s t r u c t i o n ,   r o a d  
s t a b i l i t y   p r o b l e m s  h a v e  n e v e r   b e e n   s o l v e d  s a t i s -  
f a c t o r i l y .   T h e   i n v e s t i g a t i o n s   a n d  s t a t i s t i c s  
p u t   f o r w a r d  b y  t h e   h i g h w a y   d e p a r t m e n t   i n  1990 
h a v e   s h o w n   t h a t :  3 4 3  km o f  t h e  r o a d   s u r f a c e  or 
r o a d b e d   b e t w e e n   G o l m u d   a n d   L h a s a   e x h i b i t   d a m a g e s  
a t   d j . f E e r o n t   d e g r e e s   a n d  t h a t  i t  i s  d i f f i c u l t  
t o  k e e p  t h e  t r a n s p o r t a t i o n   g o i n g  s m o o t h l y  i n  
s u c h   c i r c u m s t a n c e s .  

T o  s a t i s f y  t h e  r e q u i r e m e n t s   f o r   r e p a i r s   a n d  
n e w  d e s i g n s  of t he  r o a d b e d ,  a k n o w l e d g e   o f  t h e  
d i s t r i b u t i o n  o f  p e r m a f r o s t   a n d   t h e   s e a s o n a l l y  
f r o z e n   g r o u n d ,  oE t h e  d e p t h  O E  t h e  m a n i n d u c e d  

T h e   c o n s t r u c t i o n  o f  t h e   Q i n g h a i - X i z a n g   h i g h -  

u p p e r   f r o z e n   t a b l e ,   o f   t h e   f r o z e n  s o i l  t e x t u r e  
a n d   e x p e c i a l l y  of t h e  s p a t i a l   e x t e n t  o f  p e r m a -  
f r o s t   w i t h  a h i g h  i c e  c o n t e n t  are r e q u i r e d .  With 

s ica l  i n v e s t i g a t i o n  was u n d e r t a k e n   b e t w e e n  X i d a -  
t hese  o b j e c t i v e s  i n  m i n d ,   a n   i n t e g r a t e d  geophp- : 

t a n   a n d  t h e  n o r t h e r n   s l o p e  of T a n g g u l a   M o u n t a i n s .  
T h e   g e o p h y s i c a l   s u r v e y s  were c o m p l e m e n t e d   b y  tem- 
p e r a t u r e   m e a s u r e m e n t s   i n   d r i l l h o l e s   a n d   g e o l -  
o g i c a l   l o g s   i s s u e d  8s a c o n t r o l .   r n   t h i s   p a p e r ,  
w e  w i l l  r e s t r i c t  o u r s e l v e s  t o  t h e   d i s c u s s i o n  o f  
t h e   r e s u l t s   o b t a i n e d   w i t h   t h e   g r o u n d   p r o b i n g  
radar  (GPR) s u r v e y .   T h i s   s u r v e y  was c o n d u c t e d   i n  
t h e   p e r i o d :  August t o  N o v e m b e r   1 9 9 1 .  A t o t a l  
l e n g t h   o f 4 2 2 0  km was s u r v e y e d   a l o n g   t h e   h i g h w a y  
u s i n g  a C a n a d i a n   d i g i t a l   r e c o r d i n g   P u l s e  EKKO IV 
GPR u n i t   w i t h   a n   e m i s s i o n   f r e q u e n c y  of 50 MHz. 
For m e a s u r e m e n t s   a l o n g   t h e   l o n g i t u d i n a l   s e c t i o n  
t o  t h e  h i g h w a y .  t h e  a n t e n n a s   s e p a r a t e d  b y  a 
s p a c i n g  of  1 m were f i x e d   o n  a w o o d e n   s l e i g h  
w h i c h  w,as towed w i t h  a j e e p .   T h e   a p e e d  of t h e  
v e h i c u l e   v a r i e d   b e t w e e n  7 a n d  8 km h r - l ,  t h e  
d i s t a n c e   b e t w e e n  two s a m p l e d   ( d i g i t i z e d )   p o i n t s  
i s  a b o u t  10 m a n d  t h e  m e a s u r e m e n t s  were automa- 
t i c a l l y  r e c o r d e d   o n  a c o n t f i n u o u s   b a s i s .   C o n t r o l  
p o i n t s  were t a k e n   c v e r y  500 m t o  i n s u r e   a c c u r a t e  
l o c a t i o n  o f  t h e   s u r v e y   s t a t i o n s .  Detailed GPR 
s u r v e y s  were d o n e   n e a r  t h e  s i t e  o f  t h e  d r i l l  
h o l e s   o n   t h e  side a n d   a l o n g  t h e  t r a n s e c t  d i rec-  
t i o n  o f   t h e   h i g h w a y   i n   o r d e r  t o  c o r r e l a t e d   t h e  
r e s u l t s   w i t h   t h e   a c t u a l   p o s i t i o n   o f   t h e  m a n   m a d e  
u p p e r   f r o z e n   t a b l e .   T h i s   s u r v e y  was c o n d u c t e d  
u s i n g   t h e   m a n u a l   m o d e   w i t h   m e a s u r e m e n t   s t e p s  o f  
0.5 m .  To c a l c u l a t e  the  v e l o c i t i e s  of t h e   r a d a r  
wave i n   t h e   v a r i o u s   s o i l  l a y e r s ,  t h e   c o m m o n  
d e p t h   p o i n t  (CDP or W A R R )  t e c h n i q u e  was u s e d .  
I n  t h e   e x p a n d i n g   s p r e a d   c o n f i g u r a t i o n   u s e d ,  t h e  
m i n i m u m   d i s t a n c e  b e t w e e n  t h e   a n t e n n a s  is 1 m ,  
t h e  maximum 20 m a n d   t h e   d i s t a n c e   b e t w e e n   t h e  
m e a s u r e d   p o i n t s  1. m .  For t h e   p u r p o s e   o f   c o m p a r i -  
son a n d   s u p p l e m e n t  o f  g e o s c i e n t i f i c   r e s u l t s , o v e r  
200 D . C . e l e c t r i c a 1   s o u n d i n g s   w i . t h   s m a l l  e lec-  
t r o d e  s p s c i n g s  ( t h e  maximum h a l f - d i s t a n c e  (AR/2) 
of t h e  c u r r e n t   e l e c t r o d e s  i s  e q u a l  t o  1 2  m )  were 



a l s o  u n d e r t a k e n  t o  i n v e s t i g a t e   t h e   d i s t r i b u t i o n  

well  a s  t h e   d e p t h  of  t h e   n a t u r a l   u p p e r   t a b l e  o f  
of p e r m a f r o s t  and s e a s o n a l l y   f r o z e n   g r o u n d  a8  

p e r m a f r o s t .  

RESULTS 

A c c o r d i n g  t o  t h e   e x p e r i e n c e  on G P R  p r o b i n g s  
i n   p a s t  years  ( P . H o e k s t r a  e t  a 1 . , 1 9 7 5 ;   S . A . h r -  
c o n e  e t  a 1 . , 1 9 8 4 ;   J . A . P i l o n  e t  a 1 . , 1 9 8 5 ;  A.P.  
A n n n n  e t  0 1 , , 1 9 7 7 ;   J . A . P i l o n  e t  a1. .1980;  P.V.  
S e l l m a n  e t  01.,1983; S . A . b r c o n e  e t  a 1 . , 1 9 8 2 ) ,  
a n d   i n   o r d e r  t o  o b t a i n  g e o l o g i c a l  i n f o r m a t i o n  
w h i c h  i s  a s  r e l j a b l e   a n d   o b j e c t i v e  as  p o s s i b l e .  
n f u n c t i o n a l   m e t h o d o l o g y  is r e q u i r e d  f o r  t r a c i n g  
t h e   r e f l e c t o r s   a n d   c o r r e l a t i n g   w i t h  g e o l o g i c a l  

( P . H o e k s t r a  e t  a l .  , 1 9 7 5 ;   S . A . . A r c o n e  e t  a l .  , 1 9 8 4 ;  
o b j e c t s  a t  t h e   i n t e r p r e t a t i o n  s t a g e  of  GPR d a t a  

J . A . P i l o n  e t  a1..1985: A . P . A n n a n  e t  a1 . ,1977;  
J . A . P i l o n  e t  a l . ,  1 9 8 0 ; - P , V . S e l l m n n  e t  a1..1983: 
S . A . A r c o n e  e t  a 1 . , 1 9 8 2 ) .   T h e  GPR r e c o r d s  were 
a n a l y s e d   t h r o u g h o u t   t h e  2 2 0  km l o n g  s e c t i o n ,  
t h e n   c o m p a r e d   a n d   c o r r e l a t e d   w i t h   t h e   g e o l o g i c a l  
i n f o r m a t i o n   f r o m   a b o u t  300 d r i l l   h o l e s   a n d   o v e r  
200 e l e c t r i c a l  r e s i s t i v i t y   s o u n d i n g s   u n i f o r m l y  
d i s t r i b u t e d   a l o n g   t h i s   s e c t i o n   a n d   u s e d  a s  c o n -  
t r o l  p o i n t s .   T h e   c o m p a r i s o n  of GPR p r o f i l e s   a n d  
CDP s e c t i o n s  w i t h  d r i l l   h o l e   r e c o r d s  i s  most 
i n f o r m a t i v e .   T h e   r e f l e c t e d   w a v e   t r a i n   c o r r e s p -  
o n d i n g  t o  t h e   u p p e r   t a b l e  o f  p e r m a f r o s t   F a n   b e  
e s t a b l i s h e d   a n d   t h e   t a l i k s   o u t l i n e d   t h a n k s  t o  
t h e   d i s a p p e a r a n c e  of t h e   w a v e   t r a i n s   o n . t ' h e  GPR 
r e c o r d s .   T a l i k s   i d e n t i f i e d   i n  t h i s  m a n n e r   c o i n -  
c i d e   d e f i n i t e l y   w i t h   t h e   g e o l o g i c a l  l o g s  i n   t h e  
d r i l l   h o l e s   a n d   t h e   i n t e r p r e t e d   r e s u l t s  o f  t h e  
e l e c t r i c a l .  s o u n d i n g s .   I n . a c t u a 1   f o c t ,   t h i s  meth- 
o d o l o g i c a l   a p p r o a c h  was o c c a s i o n n a l l y   u s e d  t o  
c o r r e c t  some e r r o r s  e n c o u n t e r e d  in t h e  geo l -  
o g i c a l  logs. To d e t e r m i n e   t h e   d e p t h  t o  t h e   u p p e r  
t a b l e  oE p e r m a f r o s t ,   t h e   r a d a r   w a v e   v e l o c i t y  i s  
c a l c u l a t e d   m a k i n g   u s e  of t h e   t r u e   d e p t h   o f   t h e  
u p p e r   t a b l e   r e v e a l e d   b y   g e o l o g i c a l   a n d   t h e r m a l  
l o g s  on t h e   o n e   h a n d ,  a n d  t h e  c o r r e s p o n d i n g  
w a v e   a r r i v a l  time on t h e  o t h e r  h a n d .  I n  s e c t o r s  
w h e r e   t h e   g e o l o g y   a n d   g e o m o r p h o l o g y  a r e  u n i f o r m ,  
a m f u n   w a v e   v e l o c i t y   v a l u e  i s  a d o p t e d   a n d   t h e  
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d e p t h  t o  t h e   u p p e r   t a b l e   o f   p e r m a f r o s t  i s  c a l c u -  
l a t e d  a t  e v e r y   p o i n t   i n   t h e s e  s e c t o r s  of t h e  
s e c t i o n .   T h e ' r e l e t i v e  e r r o r  of t h e   c a l c u l a t e d  
d e p t h a  i s  less t h a n  5%. o n l y  a few p o i n t s   h a v e  
a n   a b s o l u t e  e r r o r  e x c e e d i n g  0.3-0.4 m .  T h i s   p o -  
i n t  will b e   d e m o n s t r a t e d   b y   c o m p a r i n g  5 o u t  38 
s e c t i o n s   o n  which  d r i l l   h o l e   i n f o r m a t i o n  i s  a v -  
a i l a b l e .  

E x a m p l e   1 : G P R   R e c o r d i n n s  t o  t h e   S o u t h  o f  W U l i  
P a s s  

Radar d a t a  were c o l l e c t e d  t o  the s o u t h -   o f  
W u l i   M o u n t a i n s   w h e r e   p e r m a f r o s t   a n d   i s o l a t e d  
t a l i k s  a l t e r n a t e .  No p e r m a f r o s t  was d e t e c t e d   o n  

k i l o m e t r a g e : 3 1 3 4   ( d i s t a n c e  ( k m )  from B e i j i n g l t  
t h e   g e o l o g i c a l  l o g s  o f , d r i l l  h o l e s   l o c a t e d  a t  

-400 m a n d  3135-30 m b u t   t h e  g e o l o g i c a l  l o g s  i n -  
d i c a t e d   p e r m a f r o s t   i n   d r i l l   h o l e s   s i t u a t e d  a t  
3135+100 m a n d  3135+620 m w h e r e   t h e   d e p t h  of t h e  
p e r m a f r o s t   u p p e r   t a b l e  is 6 . 0  a n d  5 . 6  m respec-  
t i v e l y  (Fig.1). An e l e c t r i c a 1 r e . s t s t i v i t . Y   s o u n d -  
i n g  (ERS) was c o n d u c t e d   b e s i d e   t h e   d r i l l   h o l e  a t  
3135-30 m .  T h e  ERS c u r v e s  a r e  of  h t e  D t y p e ( F i g .  
2 ) .  I n   t h e  f i r s t  p a r t  o f  t h e   c u r v e ,   t h e  r e s i s -  
t i v i t y  P s  = 1 0 0 - 1 2 0  R-m w h i l e  a t  l a r g e r  e lec-  

a b s e n t  s i n c e  Pa d o e s   n o t  i n c r e a s e  a t  d e p t h .   T h e  
t r o d e  s e p a r a t i o n .  Ps-100 R-m; p e r m a f r o s t  i s  t h u s  

ERS c u r v e  at: 3 1 3 5 + 7 0  m l o c a t e d  20 m a w a y   a n d   o n  
t h e   r i g h t   s i d e  of t h e   h i g h w a y  i s  of  t h e  A t y p e  
w i t h  ps*40 n-m i n   t h e  f i r s t  s e c t i o h  o f  t h e  
c u r v e ,  ~ ~ - 9 0  R-rn m i d - w a y   a n d   P s > 1 3 0  Q-m a t  
l a r g e r  s e p a r a t i o n .   A n o t h e r  ERS l o c a t e d  3 m a w a y  
f r o m   t h e  r i g h t  s i d e  o f   t h e   h i g h w a y  a t  3135t700m 
i s  c h a r a c t e r i s e d   b y  a H t y p e   c u r v e   w i t h  p , > 2 0 0  
R-m d t   t h e   b e g i n n i n g  of t h e   c u r v e ,   P s - l O O  R-m 
m i d w a y   a n d  p>170 n-m a t  l a r g e r   s e p n r a t i o n . T h e s e  
two l a s t  ERS c u r v e s   i n d i c a t e   t h e   o c c u r r e n c e   o f  
p e r m a f r o s t  a t  t h e  s o u t h   o f   W u l i   E l o u n t a i n s   a n d  
d e p t h  t o  t h e   u p p e r   t a b l e   a p p r o x i m a t e l y   e q u a l  t o  
3.5 m .  S i m i l a r l y ,   t h e  GPR r e c o r d   s h o w s  a s i g n i -  
f i c a n t l y   d i f f e r e n t   s i g n a t u r e   b e t w e e n   t h e  two 
s e g m e n t s  of t h i s   s e c t i o n   a n d  a s h a r p   b o u n d a r y  
a t  3135+50 m. No r e f l e c t o r s  a r e  r e c o r d e d   a f t e r  
100 n s   i n   t h e   n o r t h e r n   s e c t o r   w h i l e   i n   t h e   s o u -  
t h e r n  s e c t o r ,  s i x   r e f l e c t o r s   c a n   b e   i d e n t i f i e d  
b e f o r e  o r  a f t e r  110 n s   a n d   t h e   i l l - d e f i n e d  s i x  
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F i g . l   G r o u n d   p r o b i n g   r a d a r  r e c o r d i n g s  o f  a s e c t i o n  t o  t h e   s o u t h  
o f  W u l i   P a s s  ( 4 1 3 5  k m  f r o m   B e i j i n g )  
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F i g . 2   T h r e e  electrical r e s i s t i v i t y   s o u n d i n g   c u r v e s  
i n   t h e  area s o u t h  of Wul i   Mounta ins  

r e f l e c t o r s   b e c o m e  c l e a r e r  t o w a r d s   t h e   s o u t h . T h i s  
is a p p a r e n t l y   c a u s e d   b y   m u l t i l a y e r e d  i c e  a c c u m u -  
l a t i o n   n e a r   a n d   b e l o w   t h e   p e r m a f r o s t   u p p e r   t a b l e .  
T h u s ,   t h e   t r a i n   o f   r a d a r   w a v e s   r e c e i v e d  is t h e  
r e s u l t  of r e € l e c t i o n s   f r o m   t . h e   p e r m a f r o s t   u p p e r  
t a b l e ,   B e t w e e n   s t a t i o n s  3135+50 m a n d  3138 km,a 
r a d a r   v e l o c i t y   v a l u e  ( V ~ 0 . 1 0  m n s - l )  i s  a d o p t e d  
f o r   c a l c u l a t i n g   t h e   d e p t h  o f  t h e   u p p e r   t a b l e   a n d  
t h e   m e a n   r e l a t i v e  e r r o r  i s  e s t i m a t e d  a t  2.2% 
w h e n   c o m p a r e d   w i t h   t h e   g r o l o g i c a l  l o g s  o f   t h e  
d r i l l   h o l e s .  

E x a m p l e  2 :  GPR S e c t i o n  a t  B u d o n R q u a n  A r m y  
S e r v i c e   S t a t i o n  

B u d o n g q u a n  means u n f r o z e n   s p r i n g   i n   C h i n e s e .  
T h i s   s e c t i o n  is s i t u a t e d  i n  a t e c t o n i c   b e l t   a n d  
a s  I t s  n a m e   i m p l i e s   m a n y   b o t   s p r i n g s  a r e  p r e s e n t  
t h e r e ,   I n  1991, 5 b o r e h o l e s  were d r i l l e d   b e t w e e n  
3115 a n d  2 9 2 0  km b u t   n o   p e r m a f r o s t  was d e t e c t e d .  
T h i s   r e g i o n  was t h u s   c o n s i d e r e d  a s  a l a r g e  t ec -  

g r o l o g i c a l  t e rms) .  d a d a r   r e c o r d i n g s   f i o m  2 9 1 7  t o  
t 0 n i . c  u n f r o z e n   z o n e , ( t c c t o n i c   s u p e r t a l i k  i n  

2921km  show c o n t r a s t e d   d i f f e r e n c e s   i n   s e g m e n t s  
b o u n d e d   b y   2 9 1 7  km+SOO m a n d   2 9 1 8 + 8 0 0  m, 2 9 1 9 +  
300 m a n d   2 9 2 0  km (Fig.3). T h e s e  two s e g m e n t s  
d o   n o t   d e p i c t   a n y   o b s e r v a b l e   r e f l e c t e d   e v e n t  
a f t e r  100 n s .   H o w e v e r .  a c l e a r l y   i d e n t i f i a b l e  
a n d   c o n t i n u o u s   f i f t h  r e f l e c t o r  i s  o b s e r v e d  i n  
t h e  3 o t h e r   s e g m e n t s  o f  t h i s   s e c t i o n  a f t e r  100 
n e .  T h e   g e o m o r p h o l o g y  of  t h e   g e n t l e   s l o p e  t o  
t h e   s o u t h  o f  2 9 2 0  km s u g g e s t s   t h e -   p r e s e n c e  o f  
p e r m a f r o s t .  I n  a d d i t i o n ,   t h e   h i g h w a y  i s  d a m a g e d  
a t  t h i s   e m p l a c e m e n t .   F i n a l l y   p e r m a f r o s t  is  f o u n d  
i n   t h e   f l o o d   p l a i n  t o  t h e  n o r t h   o f   2 9 1 5  km. T h e  
r a d a r   r e c o r d i n g s   s h o w i n g  a f i f t h  r e f l e c t o r  a t  , 

100 n s t o n   t h e s e   t h r e e   s e g m e n t s   o f   t h e   s e c t i o n  
a r e  i n d i c a t i v e  o f  the  u p p e r   t a b l e  of p e r m a f r o s t .  
A t e s t  b o r e h o l e  was d r i l l e d  a t  2917 k m  b u t  its 
d e p t h   ( 4 . l m ) w a s   i n s u f f i c i e n t  t o  r e a c h   p e r m a f r o s t  
I t  was t h e n   f o u n d   t h a t  on an o l d  army s e r v i c e  
s t a t i o n   l o c a t e d  a t  2919 km o n   t h e   r i g h t   s i d e   a n d  
100 m away from t h e   h i g h w a y ,   p e r m a f r o s t   h a d   b e e n  
e n c o u n t e r e d   w h e n   d i g g i n g  a well ( H a n g   S h o o l i n g ,  
p e r s o n a l   c o m m u n i c a t i o n ) .   T h e s e   o b s e r v a t i o n s  c o r -  
r o b o r a t e   t h e   o c c u r r e n c e  o f  p e r m a f r o s t   i n t e r p r c -  
t e d  from t h e  GPR d a t a .  A c o m b i n a t i o n   o f  1)  r e l a -  
t i v e l y   l a r g e   d i s t a n c e   f r o m   t h e   h o t   s p r i n g s ,   2 )  
].ow t o p o g r n p y   a n d  3 )  f i n e - g r a i n e d   t e x t u r e   o f   t h e  
d e p o s i t s   e x p l a i n s   t h e   p r e s e r v a t i o n   o f   p e r m a f r o s t  
a t  2 9 1 7   a n d   2 9 1 9  km, 
i 

E x a m p l e  3 :  R a d a r   S e c t i o n   o n   t h e   S o u t h e r n  Slope 
bf K a i x i n R l i n R  

P r e d o m i n a n t l y   c o n t i n u o u s   p e r m a f r o s t   o c c u p i e s  
t h e   a r e a   e x t e n d i n g   f r o m   t h e   s o u t h e r n   s l o p e  o f  
K a i x i n g l i n g  t o  t h e   n o r t h e r n   e d g e  of T o n g t i a n  
R i v e r   b a s i n .   C l a y e y   s e d i m e n t s   a n d   g r o u n d  i c e  a r e  
w i d e s p r e a d   i n  this r e g i o n .   T h e s e   a d v e r s e   g e o l -  
o g i c a l .   c o n d i t i o n s  a r c  r e s p o n s i b 1 , e   € o r   t h c r m o k a r -  
s t  d e p r e s s i o n s   a n d  l a r g e  d a m a g e s   t o   t h e   h i g h w a y .  
T h e   r o a d b e d   b e c o m e s   , l a r g e l y   u n s t a b l e   d u r i n g   t h e  
t h a w i n g   s e a s o n .  

F i g . 4  s h o w s   t h e  GPR r e c o r d i n g s   o n   t h e   s o u t h e r n  
s l o p e  o f  K a i x i n g l i n g .   T h e   d e e p   r e f l e c t o r s  a r e  
u n c l e a r  a s  t h e  GPR s i g n a l  is  s t r o n g l y   a t t e n u a t e d  
d u e  t o  f i n e - g r a i n e d  s o i l s  a n d  a h i g h   m o i s t u r e  
c o n t e n t   ( t h e   s p a c e  i s  o c c u p i e d   b y   s w a m p s ) .  

d r i l l .  
h o l e   d r i l l   d r i l l  

F i g . 3   G r o u n d   p e n e t r a t i n g  radar s e c t i o n  at  Budonquan army s e r v i c e   s t a t i o n   i n  a 
t e c t o n i c   b e l t   c h a r a c t e r i s e d  by h o t   s p r i n g s  



F i g . 4   R a d a r   r e c o r d i n g s   o n   t h e  

S t i l l ,  t h e   s i x t h   r e f l e c t o r   i n   t h e  110-150 n s  
time w i n d o w  i s  c o n t i n u o u s .   T h e   d e p t h s   t o   t h e   p e r -  
m a f r o s t  u p p e r   t a b l e  o s  d e t e r m i n e d   f r o m   b o r e h o l e  
g e o l o g i c a l  l o g s  a r e  5 . 1 , 4 . 2   a n d   4 . 2  m on t h r e e  
p o i n t s :   t h e   c o r r e s p o n d i n g   a r r i v a l  times o f ' t h e  

I u s e  of t h e  G P R  v e l o c i t y   ( V - 0 . 0 7 5  m n s - I ) ,   t h e  
s i x t h  r e f l e c t o r  a r e  134,115 a n d  118 ne .  M a k i n g  

d e p t h  o f  t h e   p e r m a f r o s t   u p p e r   t a b l e  a r e  c a $ c u l a -  
t e d  as 5.04.4.32 a n d  4.44 m r e s p e c t i v e l y .   T h e  
r e l a t i v e  e r r o r  on d e p t h   e s t i m a t i o n s   b e t w e e n   t h e  
GPK r e s u l t s   a n d   t h o s e   o b t a i n e d   f r o m   t h e   g e o l o -  
g i c a l  l o g s  a t  12 b o r e h o l e s   d r i l l e d   b e t w e e n  3170, 
wnd 3 1 7 9  km v a r i e s   b e t w e e n  1 . 2  a n d   5 . 7 %   ( m e a n :  
2.8%). 

E x a m p l e  4 :  GPR S e c t i o n   o n   t h e   N o r t h e r n   S l o p e  of  
T a n R R u l a   M o u n t a i n s  

T h i s   s e c t i o n .  i s  c h a r a c t e r i s e d   b y  a z o n e  oE 
c o n t i n u o u s   p e r m a f r o s t   i n  a t h i c k   l a y e r  of  € i n e -  
g r a i n e d   s e d i m e n t s   c o n t a i n i n g  we l l  d e v e l o p e d   l e n -  
ses O F  g r o u n d  i c e .  T h e  CPR m e t h o d   o u t l i n e s   n i c e l y  

. t h e   p e r m a I r o s t   d i s t r i b u t i o n   a n d   t h e   d e p t h   v a r i a -  
' t i o n s   o f  i t s  u p p e r   t a b l e   u n d e r   t h e   r o a d   s u r f a c e  

( F j g . 5 ) .  T h e   n o r t h e r n   e n d  o f  t h i s   s e c t i o n  is 
l o c a t e d   i n  Muqu R i v e r .   T h e   s i x t h   r e f l e c t o r  is  
n o t   p r e s e n t  t o  t h e   n o r t h   o f   3 3 1 0 + 4 0 0  m i n d i c a -  
t i n g   t h e   t a l i k   c a u s e d  by t h e   r i v e r   b e d   w h e r e  

3 3 1 0 + 1 5 0  m d o w n  t o  a d e p t h  of  7 . 1  m .  On t h e  o t h e r  
u n f r o z e n  g r a v e l .  was o b s e r v e d  i n  a d r i l l  h o l e  a t  

h a n d ,  a c l e a r l y   . i d e n t i f i e d   s i x t h   r e f l e c t o r  oc- 
c u r s  t o  t h e  s o u t h   o f   3 3 1 0 + 4 0 0  m .  T h e   f i f t h   a n d  
s i x t h   r e f l e c t o r s   m e r g e d   i n   t h e   s o u t h e r n   s e g m e n t  
of  t h e   s e c t i o n  a s  n r e s u l t  o f  a s h a l l o w   u p p e r  

1 t a b l e   d e p t h .   R a d a r   v e l o c i t i e s  (V=0.078 a n d  0.068 
m n s - l )  were c a l c u l a t e d  f o r  t h e   s e g m e n t S : 3 3 1 0 -  
3 3 2 0   a n d   3 3 2 0 + 5 0 m - 3 2 3 3 K m   r e s p e c t i v e l y .   T h e   m e a n  
r e l a t i v e  e r r o r  of  t h e   c a l c u l a t e d   r e s u l t s  i s  3 . 8 %  
b y   c o m p a r i s o n . w i t h   t h o s e   o f   t h e   g e o l o g i c a l  l o g s  
from 11 d r i l l   h o l e s   a v a i l a b l e   o n   t h i s   s e c t i o n .  

I n   a d d i t i o n  t o  t h e   d e t e c t i o n  o f  p e r m a f r o s t  
d i s t r i b u t i o n   a n d   t h e   d e p t h  t o  i t s  u p p e r   t a b l e ,  
t h e  GPR i n f o r m a t i o n   c a n   a l s o   b e   u s e d  t o  d i s t i n g -  
uish s e d i m e n t a r y  r o c k s  a n d . / o r  s o i l  t y p e s .  For 

~ i n s t a n c e ,   t h e   d e p o s i t s   o n   t h e   n o r t h e r n  s e c t i o n  
from 3 3 1 0  t o  3 3 1 3  km a n d   w h i c h  a r e  l o c a t e d  a t  
t h e   f o o t h i l l s  o f  t h e  m o u n t a i n   r a n g e  a r e  o f  a l -  
luvial-diluvial-glaciofluvial n a t u r e ,   t h e y  a r e  
m a i n l y   c o m p o s e d  of  g r a v e l   w i t h   p e b b l e s   a n d   c o b -  
b l e s .   I n   t h e   m i d d l e   s e g m e n t  o f  t h e  s e c t i o n  ( from 
3313 t o   3 3 2 0   k m ) ,   i . e . o n   t h e  lower p o r t i o n  of  
t h e   s l o p e ,  c l a y e y  s i l t  s e d i m e n t s   w i t h  a m i n o r  
f r a c t i o n  o f  g r a v e l  were d e p o s i t e d   b y   d i l u v i a l  
a g e n t s .   T h e   g r a v e l   c o n t e n t   i n c r e a s e s   t o w a r d s  
t h e   s o u t h e r n   s e g m e n t  of  t h i s   s e c t i o n   n e a r   t h e  
u p p e r   p o s i t i o n  o f  L h e   m o u n t a i n   r a n g e   s l o p e .  

s o u t h e r n   s l o p e  of K a i x i n g l i n g  

On t h e  GPR r e c o r d i n g s   t h e s e   c h a n g e s   i n   d e d i m e n -  
t a r y  f a c i e s  a r e  r e a d i l y   o b s e r v e d .   I n   t h e   n o r -  
t h e r n   s e g m e n t  o f  t h e   s e c t i o n ,   t h e  GPR r e c o r d i n g  
p a t t e r n  i s  r e l a t i v e l y   d i s o r d e r e d   ( d i f f u s e  o r  
d i s r u p t e d  r e f l e c t , o r a )  d u e  t o  p r e d o m i n e n t  s c a t -  
t e r i n g  of  t h e  r a d a r   w a v e   c a u s e d   b y   t h e   o c c u r -  
r e n c e   o f   g r a v e l .   T h e  GPR r e c o r d i n g s   f r o m   t h e  
m i d d l e   s e g m e n t  o f  t h i s   s e c t i o n  a r e  r e l a t i v e l y  
u n i f o r m  e n d  t h e  i n t e n s i t y  of t h e  s i x t h   r e f l e c t o r  
i n d i c a t i n g   t h e   d e p t h  t o  t h e   p e r m a f r o s t   u p p e r  
t a b l e  is s e v e r e l y   a t t e n u a t e d   d u e  t o  s t r o n g  
a b s o r p t i o n  o f  t h e  E i n e - g r a i n e d   e n d  wet soils. 
F i n a l l y ,   i n   t h e   s o u t h e r n   s e g m e n t  of  t h e   s e c t i o n ,  
t h e  GPR p a t t e r n  i s  a g a i n   r e l a t i v e l y   d i s o r d e r e d  
i n  v i e w   o f  t h e  i n c r e a s i n g   c o n t e n t   i n   c o u r s e -  
g r a i n e d  m a t e r i a l .  

DISCUSSIONS A N D  CONCLUSION 

When i n t e g r a t e d   w i t h   i n f o r m a t i o n   o b t a i n e d  
from D.C.ER s o u n d i n g s   a n d  g e o l o g i c a l  l o g s  i n  
d r i l l   h o l e s ,   t h e  G P R  m e t h o d   y i e l d e d   v e r y   u s e f u l  
i n f o r m a t i o n   a l o n g   t h e  220 k m - l o n g   s e c t i o n   o f   t h e  
Q i n g h a i - X i z a n g   h i g h w a y   n o r t h  of  T a n g g u l a  Moun- 
t a i n s ,   i n   p a r t i c u l a r   c o n c e r n i n g   t h e   p e r m a f r o s t  
u n d e r   t h e   r o a d b e d   a n d   t h e  i c e  c o n t e n t  i n  p e r m a -  
f r o s t .  T h e   r e s u l t s   o f   t h i s   i n v e s t i g a t i o n   d o  
h a v e  a p r a c t i c a l   s i g n i f i c a n c e  i n  t h e   r o a d  cons- 
t r u c t i o n   a n d   r e p a i r .   T h e   d e p t h  o f  t h e  a r t i f i c i a l  
p e r m a f r o s t   u p p e r   t a b l e   u n d e r   t h e   r o a d b e d   v a r i e s  
from 3 t o  7 . 5  m a l o n g   t h i s   h i g h w a y  a s  a r e s u l t  
o f   d i f f e r e n c e s   i n   r o a d b e d   h e i g h t s   a n d  soil t y p e s  
a n d   t h e  GPR r e c o r d i n g s  r e f - l ec t  f a i t h f u l l y   t h e  
v a r i a t i o n s   i n   d e p t h   o f   t h e   u p p e r   t a b l e .  A cer-  
t a i n   n u m b e r  of c o n t r o l   d r i l l   h o l e s -  is  r e q u i r e d  
s i n c e  t h e   u p p e r   t a b l e  may c o r r e s p o n d  t o  t h e  
f o u r t h , ' f i f t h  of  s i x t h  r e f l e c t o r  g i v e n   t h e   d i f -  
f e r e n c e s   i n  soil t e x t u r e   a n d   c o m p o s i t i o n  as well 
a s  n a t u r e  of u p p e r   t a b l e   d e p t h .  Data o n   s e a s o n -  
a l l y   f r o z e n   a n d   t h a w i n g   d e p t h s  a r e  e s s e n t i a l  f o r  
c o n s t r u c t i o n   p u r p o s e s   i n   c o l d   r e g i o n s .  As t h e s e  
d e p t h s  a r e  g e n e r a l l y  smaller t h e n  5 m ,  t h e y  f a l l  
i n   t h e   d e t e c t i o n   r a n g e  o f  t h e   G P R . r n e t h o d . G r o u n d  
p e n e t r a t i n g   r a d a r  i s  more a c c u r a t e  a n d   f a s t e r  
t h a n   t h e   t r a d i t i o n a l   g e o p h y s i c a l   m e t h o d s  of  per-  
m a f r o s t   i n v e s t i g a t i o n   s u c h  a s  E . R . s o u n d i n g s  o r  
seismic8 a n d  i t s  a p p l i c a t i o n   i n   t h i s   f i e l d  
s h o u l d   b e  more w i d e s p r e a d .   T h i s  GPR s u r v e y  was 
u n d e r t a k e n   i n   S e p t e m b e r   a n d   O c t o b e r   b e c a u s e   t h e  
d e p t h  o f  s e a s o n a l   m e l t i n g  i s  t h e n   n e a r  i t s  m a x i -  
mum. E v e n   t h o u g h   r a d a r   w a v e   a b s o r p t i o n   i n   t h e  
s o i l  ( w e t )  is l a r g e ,  t h e  c o n t r a s t   i n   d i e l e c t r i c  
c o n s t a n t   b e t w e e n   t h e  moist  z o n e   a n d   p e r m a f r o s t  
u p p e r   t a b l e   ( t h a w e d - f r o z e n   i n t e r f a c e )  is c l e a r l y  
p r o d o m i n e n t .  I n  N o r t h  America. CPR i n v e s t i g a -  
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t i o n s   f o r   p e r m a f r o s t  a r e  o f t e n   c a r r i e d   o u t   i n  
A p r i l - M a y .   E v e n   t h o u g h   t h e  s o i l  a b s o r p t i o n  o f  
r a d a r   w a v e s  i s  s m a l l   s i n c e   t h e   n e a r - s u r f a c e  sec-  
t i o n s  of s o i l  is i n   t h e f r o z e n   s t a t c , t h e   c o n t r a s t  
o f  e l e c t r i c a l  p r o p e r t i e s  a t  t h e   u p p e r   t a b l e  of 
p e r m a f r o e t i s   w e a k   a n d   d i f f u s e   d u r i n g  t h i s  p e r i o d  
of t h e   y e a r .  S o ,  t h e   s e l e c t i o n   o f   a n   o p t i m u m  
t i m e s p a n   i n   t h e   y e a r  t o  u n d e r t a k e  GPR s u r v e y s  
for p e r m a f r o s t   i n v e s t i g a t i o n   n e e d s   a d d i t i o n a l  
e x p e r i m e n t a t i o n ,   c o m p a r i s o n   a n d   f u r t h e r   d i s c u s -  
s i o n .  

o f   r a d a r   r e c o r d i n g s .  I n   t h e   p r e s e n t   s t u d y ,  t ime 
i s  e s s e n t i a l  t o  t h e  q u a n t i t a t i v e   i n t e r p r e t a t i o n  

d o m a i n   r e f l e c t o m e t r y  was n o t   u s e d   i n   v i e w  o f  t h e  
n o n - a v a i l a b i l i t y   o f   t h e   e q u i p m e n t .  As m e n t i o n e d  
i n   r e f e r e n c e   ( R . M . M o r r e y  e t  a 1 . . 1 9 8 5 ) .  r a d a r  
w a v e   v e l o c i t i e s   o b t a i n e d   t h r o u g h   t h e   a n a l y s i s  o f  
CDP r e c o r d s  a r e  s o m e t i m e s   h i g h e r   t h a n   t h e   a c t u a l  
o n e s .  A c o m p a r i s o n   o f   t h e   v e l o c i t i e s   i n f e r r e d  
from CPD r e c o r d i n g a   a n d   t h o s e   o b t a i n e d  f r o m  r e f -  
l e c t o r s  o n   r a d a r   p r o p e r t i e s   c o r r e l a t e d   w i t h  
g e o l o g i c a l  l o g s  f r o m   d r i l l   h o l e s   i n d i c a t e   t h a t  
t h e y  a r e  n e a r l y   t h e  same. S o m e t i m e s ,   t h e   f o r m e r  
i s  l a r g e r   t h a n   t h e   l a t t e r   a n d  sometimes the re- 
v e r s e  is t r u e .   T h e   e x p l a n a t i o n  o f  t h i s   p h e n o -  
m e n o n  is t h a t   i n  a m u l t i l a y e r e d   m e d i u m ,   r a d a r  
w a v e   t r a i n s   c a u s e   i n t e r f e r e n c e s  for l a r g e   s e p a r s -  
t i o p  ( 2  I. m )  of  a n t e n n a s .  I t  i s  t h u s   d i f f i c u l t  
t o   p i n p o i n t   a c c u r a t e l y   t h e   a r r i v a l  time o n d  a 
r e l a t i v e l y   l a r g e   e r r o r  i s  a s s o c i a t e d   t o   t h e  c a l -  
c u l a t i o n   o f   g r o u n d   r a d a r   v e l o c i t y   u s i n g   t h e  CDP 
t e c h n i q u e ,  

A g l a n c e  at F i g . 5   s h o w s   t h e   d i f f e r e n c e s   i n  
r a d a r   r e c o r d i n g   p a t t e r n   r e s u l t i n g   f r o m   d i f f e r i n g  
l i t h o l o g i e s .  I t  is g e n e r a l l y   f o u n d   t h a t   t h e  
r a d a r   w a v e   p a t t e r n  i s  more i r r e g u l a r  a t  s t a t i o n s  
n e a r b y   r i v e r s   a n d  s t r eams .  Titis e x a m p l e   a n d  many 
s i m i l a r  o n e s   d e m o n s t r a t e   t h e   p o s s i b i l i t y  o f  d i s -  
t i n g u i s h i n g   t y p e s   o f   d e p o s i t s   a n d   s e d i m e n t a r y  
f a c i e s  c h a n g e s .  T h i s  d i f f e r e n c e  i s  e s p e c i a l l y  
o b v i o u s   i n   n a t u r a l   ( u n d i s t u r b e d )   g r o u n d  s e c -  

d i f f i c u l t   a s  2-3  m of g r a v e l  make u p  t h e  r o a d -  
t i o n s .  On t h e   h i g h w a y ,   t h i s   d i s t i n c t i o n  i s  more 

b e d .  
T h e   h i s t o r y  of a p p l i c a t i o n  of  t h e  G P R  m e t h o d  

g o e s   b a c k  t o  2 0  y e a r s   o n l y .   I n   C h i n a ,  E l l i s  i s  
t h e   f i r s t ' g r o u n d   p e n e t r a t i n g   r a d a r   i n v e s t i g a -  
t i o n  € o r  p \ e r m a f r o s t ,  so  o b v i o u s l y   m a n y   p r o b l e m s  
o f  t h e o r e t i c a l ,   m e t h o d o l o g i c a l   a n d   p r a c t i c a l  
n a t u r e  s t i l l  r e m a i n   a n d   r e q u i r e   f u r t h e r   d i s c u s -  
s i o n .  F o r   i n s t a n c e ,   a n   a n a l y s i s  o f  t h e   r a d a r  
w a v e   t r a i n  shows t h a t   t h e   f o u r t h ,   f i f t h   o r   s i * t h  
r e f l e c t o r  c a n   d e l i m i t   t h e   p e r m a f r o s t   u p p e r   t a b l e  
p e n d i n g   o n   m a n y   f a c t o r s   s u c h  a s  s o i l  t y p e ,  water  
c o n t e n t .   t h i c k n e s s  o f  r o a d b e d ,   n a t u r e   a n d   t h i c k -  
n e s s  o f  s e a a o n a l l y   t h a w e d  l a y e r .  I n   s u m m a r y ,   t h e  
f i r s t   c o r r e l a t e d   r a d a r   s i g n a l  is u n d o u b t e d l y   t h e  
d i r e c t  a i r  w a v e   t r a v e l l i n g   f r o m   t h e   t r a n s m i t t e r  
t o  t h e   r e c e i v e r .   T h e   s e c o n d   c o r r e l a t e d   r a d a r  
s i g n a l  ( r e f l e c t o r )  is d u e  t o  a r e f l e c t i o n  from 
t h e   h i g h w a y .   H o w e v e r  i t s  t ime d e l a y  i s  25-30 n s  
w h i c h   m e a n s   t h a t   t h e   r a d a r   w a v e   v e l o c i t y  i n  t h e  
a s p h a l t  l ayer  i n   o n l y  0.035-0.04 m n s - l  w h i c h  
i s  c l e a r l y  t o o  low e v e n   t h o u g h   t h e   a s p h a l t  i s  
h i g h l y  porous. T h e   t h i r d  r e f l e c t o r  is c o m m o n l y  

' u n r e l a t e d  t o  a c h a n g e   i n   p a r t i c l e  s i z e  w i t h i n  
t h e   r o a d b e d  m a t e r i a l s  o r  t o   t h e   d e p t h  c o r r e s -  
p o n d i n g  t o  t h e   i n t e r f a c e :   b o t t o m  of r o a d b e d -  
u n d e r l y i n g  s o i l  l a y e r .  

T h e   t r a v e l   s p e e d   o f - G P R   w a v e   i n  s o i l  l a y e r s  
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TllE PROBLEMS OF WATER TRANSFER  FROM SOUTH TO 
N O R T H  CHINA O V E R  WESTERN PERMAFROST  AREAS* 

Zhang  Changqing, Zhu Linnan.  Zhang  Jinnming  and L i u  Yonphi 

S t a t e  Key Labora to ry  o f  F r o z e n   S o i l   E n g i n e e r i n g ,   L a n z h o u   I n s t i t u t e  of 
G l a c i o l o g y . a n d   G e o c r y o l o g y ,   C h i n e s e  Academy o f  S c i e n c e s ,   C h i n a  

The proposal  i s  f o r  a w e s t e r n   c o n s t r u c t i o n   l i n e  for w a t e r   t r a n s f e r   f r o m   s o u t h   t o  
n o r t h  acrosa  c o n t i n u o u s   p e r m a f r o s t  a n d  s easona l ly   f rozen   g round   r eg ions   whose  
g e o g r a p h i c a l   c o n d i t i o n  i s  complex   and   eco logica l   envi ronment  i s  weak. Prom f i e l d  

s t u d y  o f  r e s o u r c e s  a n d   e n v i r o n m e n t a l   e v a l u a t i o n s ,   s p e c i f i c   r e s e a r c h   c o n t e n t s   a n d  
i n v e s t i g a t i o n  i n  t h e   w a t e r   t r a n s f e r   r e g i o n ,  we p r e s e n t  a gene ra l   image   abou t  t h e  

t e c h n i c a l   r o u t e s .  

INTRODUCTION 

The d i s t r i . b u t i o n  of water   and s o i l  r e s o u r c e s  
e re   cons ide rab ly   uneveu  i n  Ch ina .  The d r a i n a g e  
a r e a  of  the  Yel low  River  ( 7 5 . 2 x 1 0 4 k m 2 )  i n  n o r t h -  
e r n  C h i n n  is 4 2 . 1 %  more  t h a n   t h a t  o f  the   Yangzi  
Ri.ver ( 1 7 8 . 2 x 1 0 4 k m 2 )  i n  s o u t h e r n   C h i n a .  

108 m3) i s  on ly   abou t  6 1 . 4 %  o f  t h e   l a t e r  ( 9 5 1 3 ~  

antl o n e   h e c t a r e ,  i n  t h e   f o r m e r  i s  abou t  2 6 . 4 %  
108 m 3 ) .  The mean water  amount fo r   one   pe r son  

and 11.5% o f   t h e   l a t t e r   r e s p e c t i v e l y   ( W a n g , 1 9 9 1 ) .  
The d a t a   l i s t e d   a b o v e   p r e s e n t s  a c h a r a c t e r i s t i c  
of the s c v c r e   s h o r t a g e  o f  w a t e r   r e s o u r c e s  i n  t h e  
n o r t h e r n  p a r t  and a c o m p a r a t i v e   s u r p l u s  o f  wa te r  
r e s o u r c e s  i n  t h e   s o u t h e r n   p a r t .  From t h i s ,  a 
r e a s o n a b l e   h a l n n c e  of  w a t e r   r e s o u r c e s  i s  one 
s i g n i f i c a n t   m e a s u r e  i n  t h e   w a t e r - t r a n s f e r  f rom 
s o u t h   t o  no-rth across d r a i n a g e   a r e a s .  As of  now, 
we h n v c  workctl  ou t   p rog rams   o f   wa te r   t r ans fe r  
f r o m   s o u t h   t o   n o r t h   a c r o s s   d r a f n a g e  a r e a s  and 
some p a r t s  o f  the   programs  have  been p u t  i n t o  
e f f e c t .  The w e s t e r n   l i n e  of c o n s t r u c t i o n  f o r  t h e  
w a t e r   t r a n s f e r   f r o m   t h e   Y a n g z i   R i v e r   t o   t h e  
Yel low  River   has   great   importan.ce i n  changing 
t h e   w a t e r   s h o r t a g e   s i t u a t i o n ,   i m p r o v i n g   t h e  
cnvi ronment   and   deve loping   loca l   economies  i n  
t h e   n o r t h w e s t   a r e a .  Some r e s e a r c h  work i s  c u r -  
renl;ly  under  way. 

consLruc t ion  of w a t e r   t r a n s f e r  f r o m  s o u t h  to 
n o r t h   n e e d s   t o  p a s s  a r e  the   Tong t i an   R ive r   and  
t h e  Uatlu River w h i c h   a r e   l o c a t e d  i n  t he   head -  
waters o f  t h e   P a n g z i  River ( F i g . 1 ) .  The g e n e r a l  
w a t e r   a m o u n ~   t r a n s f e r e d  is u p  t o  2 0 0 - 3 0 0 x 1 0 8 m 3 .  
The c o n s t r u c t i o n  is composed o f  s e v e r a l   w a t e r  
t r a n s f e r   l j n e s  w h i c h  a r e  e i t h e r  i n  a n  a r t e s i a n  

The mean annua l   run -o f f   o f   t he   fo rmer   (584x  

T h e  r e g i o n s   t h a t   t h e   p r o p o s e d   w e s t e r n  l i n e  o f  

* O t h e r   r e s e a r c h   s t a f f   n r e  L i  Zuofu, Z e n  Zhong: 

Wang G u i r o n g ,  An Wcidong, Xian  Congde ant l  L i u  
gong,  Guo Xingming, Mi I la izheng,  Chang Xiaoxiao .  

Xi.ngmao. 

mode o r  a r H i s e d  mode. A s e r i e s  o f  d i v e r s i o n  
j u n c t i o n s  t h n t  c a n   c o n t a i n   1 0 0 ~ 1 0 ~ m ~  o f  wate r  
and have o height   between 200-b00m,  water   t rans-  

more than 50-100 km, d i v e r s i o n   c h a n n e l s  and 
f e r  p u m p  s t a t i o n s  a n d  d i v e r s i o n   c u l v e r t s  of 

o t h e r   h y d r a u l i c   s t r u c t u r e s   a r e   n e e d e d .  The  s c a l e  
of t h e   c o n s t r u c t i o n  is very  l a r g e .  S i n c e   t h e  
c o n s t r u c t i o n  i s  l o c a t e d  i n  h i g h   d t i t u d e s  which 
h a v e   a n   a d v e r s e   n a t u r a l   c i r c u m s t a n c e s  and made 
c o m m u n i c a t i o n   d i f f i c u l t ,   t h e r e  i s  a l i t t l e   s c i -  
e n t i f i c   i n f o r m a t i o n  o n  this r e g i o n .  T h e r e f o r e ,  
we m u s t  conduc t  a s e r i e s  o f  s t u d i e s   a h o u t   t h e  
e n v i r o n m e n t a l   e v a l u a t i o n  o f  n a t u r a l   r e s o u r c e s  i n  
w n t c r   t r a n s f e r   o r e n s   a n d   t h e i r   i n t e r a c t i o n   w i t h  
t h e   c o r t s t r u c t i o n ,  i n  a d d i t i o n   t o   s o l v j . n g  a l o t  
o f  co ld   r eg ion   p rob lems  of engineer ing  technology.  
These ' , , s tud ies   havc  a g r e a t   i m p o r t a n c e  i n  improv- 
i n g   t b e  p r o g r e s s  of e n g i n e e r i n g   c o n s t r u c t i o n  and 
i n  r i s i n e   t h e   s c i e n t i f i c   l e v e l  i n  c o l d   r e g i o n s .  

PHYSIOGRAPHICAL CONDITIONS A N D  THE CHARACTERIS- 
TICS OF PERMAFROST 

The r eg ion  ( 3 2 - 3 5 N ,  9 5 - 1 0 3 E )  of  t h e   w e s t e r n  
l i n e  of  w a t e r   t r a n s f e r   l i e s  i n  s o u t h e a s t   p a r t  o r  
Q ingha i -T ibe t .  The a l t i t u d e  of  t h e   r e g i o n  i s  
2 9 0 0 - 5 5 0 0  nl and t h e   p h y s i c a l   f e a t u r e s   l o w e r  from 
w e s t   t o   e a s t .  T h e  s t r i k e  o f  t h e   r i d g e s  in C h i s  
r e g i o n   a p p e a r s  i n  N . U . - S . E .  d i r e c t i o n .  Ba Y u k a l a  
Mountain c r o s s e s   t h e  h u l l  r e g i o n .  I t  i s  a l s o  a 
d i v i d i n g  r a n g e  of t h e  Yangzi  River  and  Yellow 
R i v e r .  In t h e   s o u t h e r n   r e g i o n   ( t h e   d r a i n a g e  n r e n  
of   Yangzi   River ) ,   the   topography is a c o n s i d c r a -  
b l y  e r o d e d   a r e a   a n d   t h e   d i f f e r e n c e  o f  e l e v a t i o n  
,is u p  t o  500-1000 m .  T h e  a r e a   e x p e r i e n c e s  a s u b -  
f r i g i d  o r  f r i g i d   c l i m a t e .   T h e r e   a r e   a c c u l i s i l v a e  
and c r o p s   d i s t r i b u t e d  i n  t h e   a r e a .  In t h e   n o r t h -  
e rn   r eg ion   (Ye l low  R ive r   d ra inage  a r e a )  the 
topography i s  g e n t l e .  

111 t h e   w e s t e r n   l i n e  of Tequantu-Sangrima i n  

sha l low and  wide v a l l e y s  a n d  a l o t  o f  l a k e s  and 
this r eg ion ,   t opography  i s  m n i n l y  h igh  mountains ,  

s w a m p s .  I n  t h e   e a s t  o f  t h e   l i n e  i s  a h i g h  moun- 
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Figure 1. Western'  line of water  trmnefmr from mouth to north 
1. Govcrrent areas of prefecture  and province; 
2. County  area: 
3. Hydrologieol  stotian at Dam mite; 
4 .  Water  transfer  line; 
5. Artesian  water  tranafer  line. 

tain ares, the  difference of altitude is 100- 
1000 m. I n  the  eastern  line  of  Haqu-Jiaqu, tOp0g- 

; rnyhy  is  diluvial  plateaus  and  ridges.  ft exper- 
iences a subfrigid .and draughty  climate  and 
appears a tundra  phenomenon (see picture). The 
geologic  structure is complex. N e w  structure 
movement is very  strong,  earthquakes  are  frequent 
and  the Ns i a  more than 6.0. 

The  type o f  permafrost in western  line of the1 
water  transfer  construction  belongs to upland 
permafrost  that  lies  in a transitional  belt  of %, 

continuous  permafrost in Qinghai-Tibet  Plateau 
and  discontinuous  permafrost or seasonal  frozen 
ground.  The  area o f  permafrost  is  about 14.4~10' 
k m 2  (Wang, 1991), i n  which  the  permafrost  from a 

Tongqian  River  to  Lianghu  water  transfer  regions 
contains 7040% of all  the  permafrost.  Only in 
river  vnlleya  and  areas  around  lakes are there 
taliks.  There  is  mainly  sporadic  permafrost  from 
Yalong  Rivet  to  .Dari  River  In  water  transfer 
a r e a s .  The  area  is  about 40-50% of  all  the 
region.  There  is  fragmentary  permafrost  between 
the  altitude o f  4300 and 4400 m from  the  Dadu 
R i v e r  to the  Yellow  River,  its  area i s  less  than 
20% and i t  basically  belongs to deep  seasonal 

controlled b y  altitude.  The  limit of permafrost 
frozen  ground.  The  distribution o f  permafrost is 

4200-4300 m a.s.1. I n  the  Yelong  River  in  the 
i n  Tongqian  River  water  transfer  area  is  about 

water  transfer  area,  the  limit  is  4150-4250 m 
a.s.1. and  4300-4400 m a.s.1.  Xt submits  to  the 
law of t h e  change o f  latitude.  The  latitude 
decreases  one  degree,  the  sub-limit of perma- 

frost  rises 130 m r  In  addition,  the  difference 
of 8eomorphology  and  vegetation  has  the  same 
effect  on  the  limit.  Owing to the  complexity of 
the  netural  condition in water  transfer aream. 
the  localization  of  the  distribution and  the 
un6tability of fresh  water is obvious. 

Up  to  now,  the  measured  depth of permafrast 

measured i s  lese  than 50 m, the  inferred increos- 
in  the  region  was  little. The maximu#  depth 

i n g  rate of the  depth of permafrost  is  13-172. 
From this,  the  depth  of  permafrost at the  alti- 
tude  obove 5000 m maybe  surpass 100-120 m .  aut 
the  water  trannfer  construction  related  to  the 
permafrost  in  the  Tongqian  River  area  is  probably 
within 40-60 Io, in  the  YalOng  River  area  it is 
probablywithin 10-20 m. The  Dadu  River  water 
transfer  area  only  relates to seasonal  frozen 

water ,  frost heaves  and pkngoes are distributed 
ground. Coyoturbation, thawed  landslide,  ground 

in  water  transfer  afeas,  especlally i n  the volley 
area  of  Bayakala  mountain  near'  the  water  transfer 
areas  of  Tongqian  River  and  Yalong  River (see 
picture), in which  the  ground  water  and  cryotur- 
bation  will  jeopardize  the  hydraulic  structures. 
Pingoea  and  etc. may damage  roads  and  the  run- 
ning of water  transfer  lines.  In  addition,  large 
lakes and swamps may  have  deep  ground  water 
(i.e. there i s  a thick  layered  grovnd  water  of 
about 4.45 m at  the  depth  of 20 m)  which  always 
threatens  the  stability  and  normal  running of 
hydraulic  structures. In concluding  the  charac- 
teristic o f  permafrost,  the  following  statements 
have a preticel  significance  and  must be given 

7 6 5  



a t t e n t i o n .  
1. T h e  pe rmaf ros t  i n  t h e  western l i n e  of t h e  

w a t e r   t r a n s f e r   a r e a   b e l o n g s   t o   h i g h   t e m p e r a t u r e  
p e r m a f r o s t   a n d   h a s   a n   u n s t a b l e   c h a t a c t e r i s t i c  
e x c e p t   f o r  the wes tern  wa te r  t r a n s f e r   a r e a  o f  
Tongqian River ,  e s p e c i a l l y  w h e n  t h e   f o u n d a t i o n  
i s  i n  a r i ch   g round   wa te r   a r ea  i n  t h e  r e g i o n ,  
t h e r e  w i l l  b e  no e n d i n g   c r e e p   a n d  t h e  b e a r i n g  
c a p a c i t y  o f  f o u n d a t i o n s  i s  a p p r o x i m a t e l y   z e r o  
( T s t o v i c h ,   1 9 7 3 ) .  T h i s  t y p e  of p e r m a f r o s t  is 
u n s u i t a b l e   f o r  dam f o u n d a t i o n s   a n d   c u l v e r t s .  
When t h e  c o n s t r u c t i o n  d o e s n ' t   a v o i d   t h e   r e g i o n ,  
i t  will need complex   techniques   and   h igher  
e x p e n s e s  t o  d e v i s e   t h e   c o n s t r u c t i o n  8 0  t h a t  i t  
will p ro tec t   t he   pe rmaf ros t   f rom  thawing  o r  
a l l o w . t h e   p e r m a f r o s t   t o   t h a w .  

i s  v e r y  complex a t  t h e  same c o n s t r u c t i o n   s i t e ,  
t h e r e  may b e  permaf ros t  a n d  s e a s o n a l . f r o z e n  
g round ,   and   t he   f rozen  a n d  thawed  ground 
c r i s s c r o s s e s   b e c a u s e   t h e  d e p t h  o f   pe rmaf ros t  i n  
t h i s  r eg ion  i s  l e s s  and l i e s  i n  t h e  warming con- 
d i t i o n   o f  modern c l i m a t e ,  human impact  may 
i n d u c e  the d e t e r i o r a t i o n   o r   d i s a p p e a r a n c e   o f  
p e r m a f r o s t .  I n  choos ing   t he   s chemes  ,of wa te r  
t r a n s f e r  l i nes  and  key w a t e r   c o n t r o l   p r o j e c t s ,  
we m u s t  pay g r e a t   a t t e n t i o n   t o   t h i s  and   g ive  . i t  
f u r t h e r   i n v e s t i g a t i o n .  

3 .  N a t u r a l   c o n d i t i o n s  i n  t h e   r e g i o n   h a v e  
c o n s i d e r a b l e   d i f f e r e n c e s   a n d   t h e   e c o l o g i c a l  
environment  is complcx  and  weak. When i t s  dis- 
t u r b e d ,  i t  i s  d i f f i c u l t   t o   r e c o v e r .   F o r   e x a m p l e ,  
t h e  low  land i n  Lianghu a r e a ,  t h e  a r e a   o f  swamp 
may s p r e a d - o r   d i s a p p e a r ,   a n d   t h e   d e g r e e  of 
s n l i n i z a t i o n  of s o i l  may be i n t e n s i f i e d .  The 
e v a l u a t i o n  of t h e   s p e c i e s  o f  p l a n t s  and   an imals  
and  epi.rlemics  caused b y  w a t e r   t r a n s f e r   h a s  conl- 
p l e x   n e g a t i v e  and l l o s i t i v e   s o c i a l   e f f e c t s .  Owing 

e x p l o i t i n g  the   water  t r a n s f e r   r e s o u r c e s .  
Lo this,  we ought t o  g i v e   s y s t e m a t i c  p l a n s  i n  

2 .  The d i s t r i b u t i o n  of   permafrost   on t h e  f l a t  

ENVIRONMENTAL A N D  CONSTRUCTION  PROBLEMS IN 
WATEK TRANSFER  AREAS 

As d e s c r i b e d   a b o v e ,   t h e   s c i e n t i f i c   i n f o r m a -  

and   wa te r   r e sources   and   c t c .  i n  t h e   w e s t e r n   l i n e  
t ion   such   a s   pc rma l ros t  , env i ronmen t  , e c o l o g y ,  

of   cuns t ruc t . ion  o f  t h e   w a t e r   t r a n s f e r  a r e a  i s  a 
l i t t l e   o r   n o n e .  Be c o n f r o n t e d   w i t h  s u c h  a s i g n i -  
f i c e n t   l a r g e  great s y s t e m a t i c   e n g i n e e r i n g  o f  
w a t e r  and s o i l   a m e l i o r a t i o n  of  t h e   s c a l e s  may 

R i v e r  i n  t he  p r o c e s s e s  of p l a n n i n g  d e s i g n  a n d  
b e  a s  l a r g e  as Sanx ia  eng inee r , i ng  of  Yangzi 

c o n s t r u c t i o n .  We f a c e  many p r o b l e m s   t o   b e  
s o l v e d .  The  main t a s k   f o r  u s  i s  t o   p r e d i c t  and 
e v a l u a t e   t h e   e n v i r o n m e n t a l   a n d  water r e s o u r c e  
c o n d i t i o n s   b e f o r e  t h e  c o n s t r u c t i o n   b e g i n s ,  i n  

and t echnology  problems.  T h i s  r e s e a r c h  -can n o t  
a d d i t i o n   t o   s o l v i n g   t h e  c o l d   r e g i o n   c o n s t r u c t i o n  

a v o i d   t h e   d e l a y s   c a u s e d  b y  i n c o r r e c t   e v a l u a t i o n s ,  
a n d  i m p r o v e   t h e   p r o g r e s s  o f  t h e   c o n s t r u c t i o n  i n  
w a t e r   t r a n s f e r . r e g i o n s ,  b u t  also enr ich  t h e  
s c i e n t i f i c   i n f o r m a t i o n   o f   Q i n g h a i - T i b e t   a n d  
e n h a n c e   t h e   r e s e a r c h   l e v e l  of C h i n e s e   c o l d  
r e g i o n   e n v i r o n m e n t a l   s t u d i e s ,  

prohlcms of  water   resource ,   envi ronment   and  
c o n s t r u c t i o n  of  t h e  w a t e r   t r a n s f e r   a r e a s   f r o m  
s o u t h  t o  n o r t h  i n t o  s i x  a s p e c t s :  

1. E v a l u a t i o n  of C o l d  Region  EnaineerinR  GeoloRy 
i n  P e r m a f r o s t  Areas 

O n  t h e  b a s i s  of p e r m a f r o s t   s u r v e y s  i n  l a r g e  
a r e a s ,   t h e   c h a r a c t e r i s t i c s  of t h e  d i s t r i b u t i o n  
of   permafros t   and  i t s  p h y s i o g r a p h i c a l   m o d e l ,  

From t h e  p r a c t i c a l   i n f o r m a t i o n ,  w e  d i v i d e  the 

m o n i t o r i n g   t h e   r e g i m e s  of water   and  heat   and 
t h e i r  dynamic   equi l ibr ium i n  permafros t   foundo-  
t i o n s .  d e f i n i n g   t h e   l o c a l   l a w s  of t r a n s i t i o n  
b e l t s  of  f rozen   ground from permaf ros t ,   spo rad ic  
p e r m a f r o s t  i n  t h e   a c t i v e   l a y e r ,  a n d  t hen  p r e -  

caused  b y  human a c t i v i t i e s  shou ld  be d e t e r m i n e d .  
d i c t i n g  t h e  d e t e r i o r a t i o n  tendency  of permafrost  

Resea rch  o n  t h e   i n t e r a c t i o n  a n d  t h e   r e l a t i o n  of 
w a t e r   t r a n s f e r   c o n s t r u c t i o n   i n c l u d i n g   c a n a l s ,  
c u l v e r t s ,  p u m p  s t a t i o n s  and e t c .   t o   v a r i o u s  
harmful   geological   phenomena.  The e v a l u a t i o n  
c r i t e r i o n  of t h e r m a l   s t a b i l i t y   m e t h o d s ,   c o n -  
s t r u c t i n g   p r i n c i p l e s ,  a n d  t h e i r   r e s o n a b l e   u s e s  
in k e y   c o n t r o l  c o n s t r u c t i o n s  (dams,   wei rs   and  
b r a k e s )  i n  p e r f r o s t   r e g i o n   s h o u l d  be s t u d i e d .  
As well  a s   t o   f i n d  and p r e v e n t  n e g a t i v e   e f f e c t s  
of  water   and   hea t   reg imes  of  permaf , ros t  i n  

The r e s u l t s  of t h e  above  problems pi-ovide a 
t r a n s e c t i o n  b e l t s  o n  c o n s t r u c t i o n  a n d  e c o l o g y .  

q u a l i t a t i v e  b a s i s  f o r   c h o d s i n g  a n d  o p t i m i z i n g  
t h e  s c h e m e   o f   w a t e r   t r a n s f e r   l i n e s   a n d   v e r i f y i n g  
t h e   p o s i b i l i t y  of  c -5n9 t ruc t ion .  

' 2 ,  T e c h n o l o g i c a l   C o n s t r u c t i o d  -probimems of  Rock 

T h i s  s u E j e t t  c a n  b e  merge'd WjthI ' engineer ing  
i n  Cold Re ion  

The  main s t u d y  i s  abou t   t he   fo rm  ahd   t he   cond i -  
g e o c r y o l o g y   i n ' c o l d  r e g i o n  h y d r a u 1 i . c   s t r u c t u r e s .  

t i o n  of t h e r m a l   t r a n s f e r   i n . t h e   a c t . i o n  of wa te r  
and h e a t  i n  the f o u n d a t i a n s . a n d   b a s k  o f  hydrau-  
l i c   s t r u c t u r e s  a n d  t h e i r   i n t c r a c t i Q e   e f f e c t s .  
w i t h  t h e   s t r u c t u r e .  'Those s t u d i e s  $:nclude 
m e c h a n i c s ,   h e a t ,   y h y s i o . y h e m i $ ~ r p  of, soil f r e e z e  
thawing ahd ' t heYr   p rocesses   wh ich   can   p rov ide  
d a t a   f o r   c o n s t r u c t i o n   d e v i c e s ,  T n  a d d i t i o n ,  we , 

m u s t  g i v e   s p e c i a l   a n d   d e t a i l e d  s t u d y  abou t  some ' 

problems i n  pc rmaf ' ro s t   founda t ions ,  s u c h  o s  t h e  

end t h e  c r j  t c r i o n  o f  d e f o r m a t i o n  s t a b i l i t y  of 
law of t h c  d 6 s t r j . I ) u t i . o n   o f   s t r e s s  f i e l d ,   s t r e s s  

p e r m a f r o s t   f o u n d a t i o n s  i n  d i f f e r e n t   c o n s t r u c t e d  
f o r m s   a n d   t h e r m a l   p r o c e s s e s ,   t h e   e f f e c t   o f   f l o w -  
i n g   d e f o r m a t i o n   a n d   t h e   p e r m i t e d   b e a r i n g   c a p a -  
c i t y  i n  t h e   l o n g   t e r m   s t r e s s   b e a r j . n g  on r c s e r -  
v o i r  b a n k s ,  wei r   bases  a n d  d e e p : c h a n n e l s ,  
dynamic response and bhe l o n g   t e r m s t a b i r i t y  of  
b e a r i n g   v a r i o u s   c h a n g i n g '  stresses ( ~ Y b r a t i o n ,  
i m p u l s i v e   f o r c e   e x p l o s i o n s  a n d  e ' t c . )  of t h e  
p e r m a f r o s t   f o u n d a t i o n .  The p r a p s u r e   d e n s i t y  of  
h i g 1 ~ ' ~ t e m p e r a t u r e  p e r m b f r o s t  founda t i . ohs ,   t he rma l  
c reeding   law  and   thc . reg i rne  of thermal   mechanics  
( t h e r m a l   a c t i v e   e f f e c t )   ( V i a l o v ,  19.78), i n  addi- 

and p r e d i c t i o n   o f  stress frields in, h i g h   s t r e s s  
t i o n  t o   t h c   e x ' p c r j m e n t s ,  a n a l y s i s ,  s i m u l a t i o n  

f o u n d a t i o n s   ( h i g h   v e i r  base  o r  h i g h   s t r e s s  
cen t re  a r e a ) ,  The r u l e s  and t h e . . p r i n c i p l e s   o f  
f r s e a i n g  thaw  of t h e   f o u n d a t i o n  o f  v a r i o u s  
l l y d r , a u l i c   s t r u c t u r e s ,  t h e *  t h e r m a l   p r e d i c t i o n  o f  
s i m u l a t i o n .  f o .  t h e   r e c o n s t r u c t i o n  af, r e s e r v o i r  
b a n k s  i n  p e r m a f r o s t   s e g j . u o s . .   a s  weL1 a s  t h e  

f r o s t  heave ,  s u r f a ~ c  d e , p r e s s i o n ,  .and the pro- 
f r o z e n  damage such a s  man-made the rma l   t hawing ,  

t e c t i n g   m e a s u r e s  a n d  p r i n c i p l ' e s   t o  t h e  wa te r  
f rom  reservoi r   banks   and  wa te r  t r a n s f e r   c o n s t r u c -  
t i o n s .   T o . r e s o l v e   a n d   r e s e a r c h  t h e  above  pro- 
b l e m s  e f f e c t i v e l y  w i l l  h a v e   a n   a d v a n t a g e   t o  

c o n s t r u c t i o n  and w i l l  o b t a i n   s o c i a l   b e n e f i t s .  
i m p r o v e   t h e   r e a s o n a b i l i t y  of t h e   d e s i 8 n  and 

3 .  S y n t h e t i c  Use a n d  S o i l   R e s e a r c h  

e x p l o i t i n g   r e s o u r c e s  i n  the w a t e r   t r a n s f e r   a r e a .  
I t  i n c l u d e s  w a t e r   r e s o u r c e s   ( t h e   t h a w e d   w a t e r  
o f  i c e ,  s n o w ,   a n d   r u n - o f f   o f   r i v e r s ) ,   t h e  
e f f e c t s  of b u i l d i n g   h y d r a u l i c   s t r u c t u r e s  o n  
surfac.e   ground  water   run-off  and  t h e i r   i n t e r -  

, i  

T h i s   s u b j e c t   p r e s e n t s  t h e  b a s i c   c o n t e n t s  of 
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compensa t ion   and   pred ic t ion  of t h e i r   c h a n g i n g .  
tendency;  t h e  methods o f  r e a s o n a b l y   e x p l o i t i n g  
l a n d   r e s o u r c e s  and t h e i r  optimum i n  water  
t r a n s f e r   a r e a s :   t h e   t e m p o r a l  and s p a c i a l   c h a n g e s  
O F  wate r   and   so i l   c aused  b y  w a t e r   t r a n s f e r   a c t o s s  
d i f f e r e n t   d r a i n a g e   a r e a s   b e t w e e n   w a t e r   r e s o u r c e s  
and  woter   recept ing  p1ace.s   and E h e  p r o b a b l e  
r e d i s t r i b u t i o n  phenomenon of l a n d   r e s o u r c e s   s u c h  
os  t h e   t e n d e n c y   o f   d e s e r t i f i c a t i o n  i n  wa te r  
t r a n s f e r   a r e a s ,   e s p e c i a l y  i n  YangZi R i v e r   d r a i n -  
age   a rea   which  is caused  b y  t h e   d e c r e a s e  o f  
v o t e r  i n  l o c a l   a r e a s .  T h e  w a t e r   a c c e p t i n g   a r e a  

i n t e n s i t y  o f  s a l i n i z e d  s o i l  which is caused  by 
(Yel low  River  d r a i n a g e  a r e a )  may i n c r e a s e s  t h e  

t h e   r i s e  i n  g round   wa te r   l eve l .  I n  some a r e a ,  
new swampa may a p p e a r .  To s t u d y  the  above  pro-  
b l e m s   a b o u t   t h e   r e d i s t r i b u t i o n  of weter   and  land 
r e s o u r c e s  and t h e   p r o c e s s  of t h e i r   d y n a m i c  
ba l ance   and   d i scuss   t he   means  t o  p r e v e n t   t h e  

' n e g a t i v e   e f f e c t s   c a u s e d  b y  w a t e r   t r a n s f e r  as a 
b n s i s  of l a n d  real igntent   and  schemes i n  water 
t r a n s f e r   a r e a s .   A c c o r d i n g   t o  t h i s ,  we m u s t  
d e s i g n   a n d   r e s e a r c h   w a t e r   t r a n s f e r   c o n s t r u c t i o n  
s i m u t a n e o u s l y .  

4. Eva lua t ion  of  t h e  Cold  Renion  Environment  and 
E n v i r o n m e n t a l   P r o t e c t i o n  

One d i r e c t   r e s u l t  o f  w a t e r   t r a n s f e r   a c r o s s  
d i f f e r e n t   d t a i n o g e   a r e a s  is  changes i n  t h e -  ' 

, b n l a n c e  of t h e   e c o l o g i c n l   e n v i r o n m e n t  i n  
h u l l  of t h e   w a t e r   t r o n s f e r   n t e a s ,  even or$;d 
t he   boundary   a r eas .  To  p r e d i c t   t h e   c h a n g i n g  
e f f e c t s ,  we ought t o  e s ' t n b l i s h  a new b a l a n c e  
m5del. T h i s  i s  t h e  main l i n k  t o   p r o t e c t i n g   t h e  
env i ronmen t   and   t o   a l l ow  the   , cons t ruc t ion   t o  be 
p u t  i n t o   e f f e c t .  The t h r e e   i t e m s   l i s t e d   a b o v e  
a l l  c'an be  merged i n t o  an   envi ronmente l   con-  
s t r u c t i o n   p r o b l e m  i n  o broad   sense .  O n l y  i n  t h e  ' 

narrow  sense o f  t h e   e c o l o g i c a l   e n v i r o n m e n t ,  i s  
i t  t h e   s u c c e s s i o n a l   r u l e s ,   t h e   d i s t r i b u t i o n  and 
t h e   c o n s i s t s n c ?  of v a r i o u s   b i o l o g i c a l   r e s o u r c e s ,  
t h e   p r e d i c t i o n  o f  t h e   c h a n g e s  of e c o l o g i c a l  
e n v i r o n m e n t   o f t e r   t h e  b u i l d i n g  of l a r g e   r e s e r -  
voirs, such a s  t h e   m i g r a t i o n  of b i o l o g i c a l  
s p e c i e s  anrl t he   changes   o f   g rowing   ru l e s  of  
v e g e t a t l o n ,  The e f f e c t s  o f   w a t e r   t r a n s f e r  on 
env i ronmen ta l   eng inee r ing   geo logy   such  a s  t h e  
chon$cs of geochemis t ry ,   hydrochemis t ry ,   t he  
means O F  c o n s t r u c t i o n   a n d   b i o l o g y   f o r   e n v i r o n -  
m e n t a l   p r o t e c t i o n .  O n  t he   who le ,   env i ronmen ta l  
ecology is n s y s t e m a t i c   c o n s t r u c t i o n ,  we need 
t o   R i v e   s y n t h e t i c   a d j u s t m e n t   t o   e a c h  l i n k  o n d  
t h l s  may o b t a i n   t h e   o p t i m u m   r e s u l t s .  T h i s  is a 
problem of human conce rn  i n  wor ld ,  and we m u s t  
pay a t t e n t ' i o n   t o  i t .  

5 +  P r e d i c t i o n  of t h e   C h a n c e s  o f  Cl ima te  i n  Water 
T r a n s f e r   A r e a s  

'To m a s t e r   t h e   r u l e s  o f  chang ing   c l ima te   and  
t o   p r e d i c t  i t s  dynamic s t a t e  i s  an   impor tan t  
b a s i s  €or us t o   r e a s o n a b l y   e x p l o i t  and u t i l i z e  
t h e   w a t e r   r e s o u r c e s .  I t  i n c l u d e s   t h e  ru1.e of 
a t m o s p h e r i c   c i r c u l a t i o n ,   t h e   p r e d i c t i o n  o f  t h e  
changes  of c l i m a t e   c a u s e d  by w a t e r   t r a n s f e r  and 
i t s  e f f e c t  on  t h e   e c o l o g i c a l   e n v i r o n m e n t  i n  
w a t e r   t r a n s f e r   a r e a s ,  i n  a d d i t i o n   t o   p r e d i c t i n g  
t h e   e f f e c t s  o f  t he   change  of  a i r f l o w  i n  low 
p r e s s u r e   a r e a s ,  of Songpan  and on w e a t h e r   f e a -  
t u r e s  i n  Qinghai   and  Gansu.  I n  wes t e rn   S i chuan  
( w a t e r   r e s o u r c e   a r e a ) ,   d r o u g h t   m a y . i n t e n s i f y  
t h e   c l i m a t i c   c h a n g e .  T h e  r e s u l t s   d i s c u s s e d   a b o v e  
c a n   d i r e c t l y  be  used i n  t h e   c o n s t r u c t i o n   s c h e m e  
i n  t h e  w a t e r   t r a n s f e r   a r e a s .  

6 .  The ReRime of   Geolonical   Environment  
F o l l o w i n n   t h e   c o n s t r u c t i o n  of  a s e r i e s  of 

l a r g e   c e n t r s l   h y d r a u l i c  h u b s ,  t h e   g e o l o g c i a l  
environment m u s t  be  changed,  and a t  t h e  same 
t i m e ,   t h e   s t r e s s  f i e l d  of r e g i o n a l   t e c t o n i c s  
may a l s o   b e ' c h s n g e d   t o o .  The e f f e c t  of many 
r e s e r v o i r s  and human a c t i v i t i e s  may induce  
g e o l o g i c a l   d i s a s t e r s  anrl e a r t h q u a k e s .  To 
r e s e a r c h  t h e  reg imes  of t he   env i ronmen t   and   t he  
e f f e c t s  and t o  Rive   l ong   t e rm  mon i to r ing   a r e  of 
 rea at i m p o r t a n c e   f o r   t h e   s a f e t y  of f u t u r e  
c o n s t r u c t i o n .  

f e a t u r e s  of t h e  r e s o u r c e s   e n v i r o n m e n t s   a n d  
c o n s t r u c t i o n .   F o l l o w i n g   t h e   e n g i n e e r i n g   p r a c -  
t i c e s ,  w i l l  g r e d u a l l y   f o t m  a r e s e a r c h   n e t w o r k  
a b o u t   c e n t r a l   s t u d i e s  o f  e n g i n e e r i n g   e n v i r o n -  
m e n t a l   m i n i t o r i n g ,   a n d  human s t u d i e s  of c o l d  
r e g i o n   e n g i n e e r i n g  and water  ond s o i l   r e s o u r c e s .  
The h u l l  sys tems will c o o r d i n a t e  t o  the   cons t ruc-  
t i o n  o f  t h e   s t r u c t u r e - i n  i t s  d i f f e r e n t   p e r i o d s .  
I n  t h e   p e r i o d  of  s t r u c t u r a l   p l a n n i n g ,   t h e   m a i n  
t e s t s  will f i n d  o u t   t h e   p h y s i o g e o g r a p h k c a l  
models  and t h e i r   c h a n g i n g   t e n d e n c y   a n d   t h e i r  
r e l a t i o n  t o  t h e  permafrost   environment  i n  pcr- 
rnnf ros t   reg ions   and   to  make t e s t   r e s e a r c h   a b o u t  
t h e   c h a r a c t e r i s t i c s   o f   h e a t  and mass t r a n s f e r  
and   the   p rocess  o f  t he   phys i ca l   and   mechan ica l  
q u a l i t i e s  of t h e   f o u n d a t i o n  o f  h y d r a u l i c   s t r u c -  
t u r e s .  T h i s  can   be   t he   ' ba s i s  of  optimurnly 
c h o o s i n g   w a t e r   t r a n s f e r   l i n e a  a n d  e v a l u a t i n g  
loca l   env i ronmen t s   and   t he   bene f i t s   o f   t he  
schemes of w a t e r   t r a n s f e r ,  and f i n a l l y   i m p r o v e  
t h e   s t r a t e R i c   d e c i s i o n s  of w o t e r   t r a n s f e r   f r o m  
s o u t h  t o  n o r t h .  We h o p e   t h e ' c o a s t r u c t i o n  will 
be p u t  i n t o . e f f e c t   e a r l i e r .  
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The d u r a b i l i t y  o f  loess-cement  is a s s e s s e d  w i t h  c y c l i c a l   f r e e z i n g  and  thawing 

c o n t c n t  i s  measured  and  micrographs of  SEM a r e   t a k e n .   M i c r o g r a p h s  show t h a t  the 
t e a t s .  A f t e r   t h e   c y c l i c a l  t e s t .  s p e c i m e n s   a r e  c u t  i n t o   l a y e r s  from w h i c h  wa te r  

cement  added t o  l o e s s  is hydra t ed  t o  produce a l o t  of p in-  or f a b r i c - l i k e   c r y s t a l s  
between s o i l  p a r t i c l e s .  T h i s  t h r e e   d i m e n s i o n a l   c r y s t a l   f r a m e w o r k   g i v e s   l o e s s -  
c e m e n t   a n   i m p r o v e d   s t r e n g t h .   D u r i n g   t h e   f r e e z i n g   p e r i o d ,   w a t e r  w i t h i n  t h e   s p e c i -  
men o r  s u p p o r t e d   f r o m   o u t s i d e   c i r c u m s t a n c e  is found t o  t r a n s p o r t   s u c c e s i v e l y   t o  
t h e   f r o z e n   f r o n t   a n d   b e   c r y s t a l l i z e d   o u t , f o r m i n g  some con t inuous  l a y e r s  o f  i c e  
i n  t he   spec imen .  I n  t h i s  p r o c e s s ,  t h e  crystal .   f ramework of  hydrated  cement  
a r o u n d   i c e   l a y e r s  i s  broken d o w n  b y  t e n s i o n .  As a r e s u l t ,  some  weak p l a n e s  
appea r  i n  t h e  specimen when i t  i s  melted\.  

INTRODUCTION 

Loess  h a s  a wide d i s t r i b u t i o n  wi.th a l a r g e  
t h i c k n e s s  i n  China .  T h e  h e s t  known exanrples  o f  
c o l l a p s i n g   s o i l s ,   e p i p l e i s t o c e n e  and  holocene 
l o e s s e s   h a v e  some p o o r   c n g i n e e r i n g   p r o p e r t i e s  
i n c l u d i n g   d i s p e r s i v i b i l i t y ,   h i g h   c o m p r e s s i b i l i t y  
and low s t r e n g t h .  From t h e   e n g i n e c r i n g  geolo- 
g i c ~ 1 3  [ i o i n t  o f  - v i e w ,  l o e s s  may b e  r e i n f o r c e d  b y  
various means so t h a t  i t s  e n g i n e e r i n g  p c r t o r -  
lnance  can be improved. I n  g e n e r a l ,   t h e y   f a l l  
i n t o  two c a t e g o r i e s :   m e c h a n i c a l  a n d  chec l ica l  
r e i n f o r c e m e n t .  B u t  loess-cement  may be r e f e r r e d  
to o s  l o e s s   c o n s o l i d a t e d  b a t h  mechanical ly   and 
c h c m j c a l l y .  When s o i l  is mixed  wi th   Por t lond  
ccment  and  compacted a t  a n   a p p r o p r i a t e   w a t e r  
c o n t c n t ,   t h e   m i x t u r e   f o r m s  a h a r d .   d u r a b l e   m a t e -  
r i a l  known 3s   so i l -cement ,   which  has been u s e d  
i n  China i n  t h e   c o n s t r u c t i o n  of  r o a d s ,   a i r p o r t s ,  
e a r t h  dam pavements   and   foundat ions  of b u i l d i n g s  
s i n c e  1970's (Xiso L i n  e t  a l . .  1 9 8 7 ) .  S y s t e m a t i c  
r e s e a r c h   a b a u t   l o e s s - c e m e n t  began i n  1987,  w h e n  
P r o f .  Zheng  Xiangong was sponsored  b y  t h e  Na- 
t i o n a l  F u n d s  l o r  N a t u r a l   S c i e n c e s .  I t  h a s  been 
f o u n d   t h a t   l o e s s   c o n s o l i d a t e d  b y  cement   has  
i m p r o v e d   e n g i n e e r i n g   p r o p e r t i e s  (Wang Yinmei a n d  
Zhang  Xiangong,  1991). As f u r t h e r   r e s e a r c h ,   h e r e  
i s  d i s c u s s e d   t h e   s t r e n g t h   a t t e n u a t i o n  o f  l o e s s -  
cement when i t  is e x p o s e d   t o   c y c l i c a l   f r e e z i n g  
a n d   t h a w i n g   w e a t h e r   c o n d i t i o n s ,   g r e a t   . a t t e n t i o n  
h a s  been  paid  to   the  micro-mechanism of t h e  
o t E e n u a t i o n  so t h a t  t h e  r e su l t s  may be used f o r  
o t h e r   k i n d s o i   s o i l - c e m e n t .  

MATERIALS A N D  MQULDING OF LOESS-CEMENT 

Loess-cement is a mix tu re   o f   l oes s ,   cemen t  
and   water .  The l o e s s  u s e d  i n  our   expe r imen t  i s  
t h e   n a t u r n l  loess  s o i l   s a m p l e d  a t  f i v e   l o c a t i o n s  

* T h i s  s t u d y  was suppor t ed  by  t h e   S t a t e  K e y  Lab 
o f  Frozen Soil E n g i n e e r i n g ,  L I G G ,  Ch inese  
hcndemy of S c i e n c e s .  

w i t h i n  Lanzhou D i s t r i c t ,  Gansu P r o v i n c e ,   C h i n a ,  
numbered r e s p e c t i v e l y  I t o  V a s  shown i n  Tab le  4. 
The p h y s i c a l   p a r a m e t e r s  o f  t h e s e   l o e s s   s a n 1 p 1 . e ~  
a r e   J . i s t e d  i n  Table  1. Tab le  2 shows  the  chcmi-  
c a l   c o m p o s i t i o n  o f  loess numbered V .  The  ccmenl: 
added t o  l o e s s  is a n o r m a l   s i l i c a t e   c e m e n t  w i t h  
g r a d e  4 2 5 .  Tap  water is used   a s "p3re  l i q u i d  t o  
h y d r a t e   t h e  powder mix tu re  o f  l o e s s  and cement.  
I n  c a s e  o f  . d i s c u s s i n g   t h e   e f f e c t  o f  a d d i t i v e s  
upon t h e   s t r e n g t h  of loess -cement ,   one   o f   the  
d i f f e r e n t   a d d i t i v e s  i s  d i s s o l v e d  i n  o r  mixcd 
w i t h  t h e   t a p   w a t e r .  

T a b l e  1. Phys ica l   Pa rame te r s  o r  L o e s s  Somplbs 

Granulomecric canlmition(X) 

gravity ( X )  (%) >0.05 0.05-9.005 (0.005 
Specific LL FL 

mm mm mm 

I 
II 

2.75 26.1 16.0 
2.71 23.3 15.4 

IJI 2.73 25.0 17,B 10 
I V  

72.6 17.4  
2.73 27.1 18.3 22 

V 
61 17 

2.725 21 72.B G.4 

Air-dr ied  i o e 6 8 ,  passed   t h rough  0.5 m m  s i e v e ,  
i s  m i x e d  w i t h   c e r t a i n   p e r c e n t  of cement, b y  
weigh t  of  l o e s s ,   t o  form a powder m i x t u r e ,   t o  
which a c e r t a i n  pe rcen t  o f  t a p   w a t e r ,  b y  we igh t  
o f  l o e s s  a n d  cement, i s  then  added and mixed 

l e c t e d  a d d i t i v e  i s  o r i g f n a l l y  d i s s o l v e d  i n  t h e  
t o g e t h e r  as homogeneously a s  p o s s i b l e .   T h e  se- 

t a p   w a t e r   i f   n e c e s s a r y .   R e g i n  t h e  moulding  pro- 
c e d u r e  a s  the   whole   mix ture  i s  comple t ed .  

A c c o r d i n g   t o   t h e   w a t e r   c o n t e n t  o f  t h e  mixture 
when a l l  ma te r i a l s  arc!  mixed t o g e t h e r ,   t h e r e   a r e  
two ways to mould t h e   m i x t u r e  t o  form a loess- 
cement   specimen.  I f  t h e   m i x t u r e   h a s  n water   con-  
t e n t   n e a r  i t s  p l a s t i c  limit, i t  is compacted i n  
a mold on a m a t e r i a l - t e s t i n g   m a c h i n e  t o  t ake  a 
c u b i c   s h a p e .  i n  t h e   c a s e   o f   t h e   c o m p a c t e d  loess- 



Tab1.e 2.  Chemical Composition of Loess Sample No.V 

C o n s t i t u e n t   C o n t e n t ( % )   C o n s t i t u e n t   C o n t e n t ( % )  

Si02 57 * 74 H 20' 2.90 

A l 2 O a  1 2  .oo H 2 0 -  1 .08  

Fe  2 0  3 2.83 co 2 6.17 

FeO 1 .44  Ti02 0 . 6 2  

Ma0 3 .  2Bb.  PPOS 0.15 . 

CaO 8.18 MnO 0.09 ' 

K 2 O  2 . 2 9  S 0.06 

. ,  Na 20 2.30 

(da ta   f rom Wang Yongyan e t   a l . ,   1 9 8 2 )  

cement ( C ) .  If t h e   m i x t u r e   h a s  a w a t e r   c o n t e n t  
u p  t o  o r  more  than i t s  l i q u i d  limit, i t  is  
thrown j . n t o  a  mold p i e c e  b y  p i ece   and  t h e n  
p u s h e d   o u t   t h r e e   d a y s   l a t e r ,  i n  t h e   c a s e  of  
s e l f - h a r d e n i n g   l o e s s - c e m e n t .  I t  i s  f o u n d   t h a t  
be tween  compacted   and   se l f -hardening   loess -  
cement (SW) .  e x c e p t   t h e   d i f f e r e n c e  i n  i n i t i a l  
w a t e r   c o n t e n t  and i n  mou ld ing   p rocedures ,   t he re  
i s  a s i m i l a r  mechanism of h y d r a t i o n  of  cement 
added   t o  loess. All t h e  spec imens  o u t  of t h e  
mold a r e  cured  i n  c e r t a i n   c i r c u m s t a n c e s  and f o r  
d i f f e r e n t   t i m e s  a s  r e q u i r e d .  

ENGINEERING  PROPERTIES OF LOESS-CEMENT 

When t h e   m a t e r i a l s  of l o e s s - c e m i n t   a r e  j u s t  
mixed t o g e t h e r ,   t h e   l o o s e   m i x t u r e   h a s  no strength. 
The s e l f - h a r d e n i n g   l o e s s - c e m e n t ,   h a v i n g  i t s  
s t r e n g t h   f r o m   t h e   c h e m i c a l   r e a c t i o n s  w i t h i n  t h e  
loess -cement -water   sys tem,  can be r e f e r r e d   t o  
O S  c d e m i c a l l y   c o n s o l i d a t e d   l o e s s .  The  compacted 
loes s -cemen t  h a s  a n  i n i t i a l   s t r e n g t h  coming  from 
the   mcchonica l   compact ion   e f for t   and   an   increased  
s t r e n g t h  w i t h  $ime  coming  from  chemical  reac- 
t i o n s  shown i n  F i g . 1 .  That  i s ,  compacted   loese-  
cement  is a loess  c o n s o l i d a t e d  b y  bo th  a mechan- 
i c a l  and  chemima,l  ,pr.ocesaes. 

I I I I 
0 . 2 8  50 100 150 200 , 250 

t ime(dicys) 

F i g u r v  1. I n c r e a s e  i n  s t r e n g t h  of 
compacted  loess-cement 

Unconf ined   compress ive   s t r eng th ,   one   o f   t he  

a l s o  used f o r   l o e s s - c e m e n t   r e f l e c t i n g  i ts  q u a l i -  
t y .  O b v i o u s l y ,  t h e r e   a r e  many F a c t o r s   e f f e c t i n g  

1 m o s t r i m p o r t a n t   p a r e m e t e r s   f o r  a m a t e r i a l ,  is 

1 .  t h e   s t r e n g t h  of l o e s s - c e m e n t ,   p r i m a r i l y   t h e  

d e n s i t y ,   p e r c e n t a g e  of  cemen t   added ,   cu r ing   t ime  

S i m i l a r   t o   t h a t  f o r  c o n c r e t e ,  d cur ing   pe r iod   o f  
and t h e  t y p e  and t h e   a d d i t i o n  o f  a d d i t i v e s   u s e d .  

28 'days  is d e r i n e d   f o r   l o e s s - c e m e n t  when i t s  
s t r e n g t h  is r e f e r r e d   t o ' a s   t h e   n o r m a l   s t r e n g t h  

d o e s   n o t  mean t h a n   t h e   i n c r e a s e  i n  s t r e n g t h   h a s  
used €or t h e  purpose o f  e n g i n e e r i n g   d e s i g n .  This 

c e a s e d   a t   t h e   t i m e ,  i n  f a c t ,   a b o v e   t h a t   t i m e  
l o e s s - c e m e n t   i n c r e a s e s  i t s  s t r e n g t h   c o n s i d e r a b l y  
shown in F i g . 1 .  F i g . 2  shows t h e   e f f e c t  o f  i n -  
c r eased   cemen t   con ten t   and   d ry   dens i ty  on t h e  
s t r e n g t h  of  compacted   loess -cement .   F ig .3  s h o w s  
t h e   e f f e c t  of i nc reased   cemen t   con ten t   and   cu r ing  

cement .  From F igs .2  end 3 ,  i t  can be found t h a t  
t ime  on t h e  s t r e n g t h  of s e l f - h a r d e n i n g   l o e s s -  

t h e  more the   cemen t   con ten t  and dens i ty   and   cuc -  
i n g   t i m e ,   t h e   h i g h e r   t h e   s t r e n g t h  of loeas-cement. 
I t  is i m p r a c t i c a l  t o  i n c r e a s e   t h e   s t r e n g t h  o f  
Loess  in c o n s t r u c t i o n  b y  i n f i n t e l y   i n c r e a s i n g  
t h e   d e n s i t y  or t he   cemen t   add i t ion   due  t o  techni- 
c a l  or economica l   r ea sons .  A reasonable   method 
may be, f i n d i n g  an   economica l ly   accep tab le   pe r -  
c e n t a g e  of   added  cement ,   the   mixture  i s  compact- 
ed to a maximum d e n s i t y  as t h e  c a p a c i t y  of a 
compacting  machine  could  do.  

3 t 5  ' 
c e m e n t ,   c o n t e n t ( % )  

F i g u r e  2 .  E f f e c t  of  cement  conte 'nt   and  dry 

a '  

I 
d e n s i t y  ( d )  on t h e   s t r e n g t h  

of compacted  loess-cement  

cement   conten t  ( % I  
. ~ i g u r e  3 .  E f f e c t  of cemen t   con ten t  And' c u r i n g  

t ime ( T )  on t h e   s t r e n g t h  o f  s e l f -  
ha rden ing   l oes s -cemen t  

T y p i c a l   r e l a t i o n s h i p s   b e t w e e n  8tres.s and 
s t r a i n   f o r   l o e s s - c e m e n t  are shown i n  F i g . 4 .  I t  
can  be  seen  from F i g . 4  t h a t   l o e s s - c e m e n t   a t  first 
d e f o r m s   e l a s t i c a l l y   u n d e r  load a n d   t h e n ,   a f t e r  a 
s h o r t e r   s t r a i n - h a r d e n i n g   s t a g e ,   c e a s e s   t o   r e s i s t  
f u r t h e r   d e f o r m a t i o n  and will r u p t u r e   a t  t h e  peak 
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p o i n t   w h e n  i t  i 3  t e s t e d  w i t h  a m a c h i n e  or  r a t h e r  
t h e  s t i f f  m a c h i n e  t h a t  was u s e d   h e r e .   C o m p a r e d  
w i t h  l o e s s ,  l o e s s - c e m e n t  is  a h i g h e r  e l a s t i c  b u t  
lower d u c t i l e  m a t i r i a l .  

3r 

- 
0 1 2 3 4 5  

s t r e i n ( % )  
F i g u r e  4. S t r e s s - s t r a i n   r e l a t i o n s h i p  O f  

s e l f - h a r d e n i n g   l o e s s - c e m e n t  

DURABILITY OF LOESS-CEMENT 

T h e   d u r a b i l i t y  o f  l o e s s - c e m e n t  is t r a d i t i o n -  
a l l y   a s s e s s e d   w i t h   t h e   a t t e n u a t i o n  of s t r e n g t h  
a f t e r  i t  h a s  b e e n   f r o z e n   a n d   t h e n   t h a w e d  25 
t imes.  T a b l e  3 s h o w s  t h e  e f f e c t   o f  some a d d i -  
t i v e s   o n   t h e   d u r a b i l i t y  of  l o e s s - c e m e n t .  From 
T a b l e  3 i t  c a n   b e   f o u n d   t h a t , '   w i t h o u t   a n y   a d d i -  
t i v e s ,  l o e s s - c e m e n t  l o s e s  more t h a t  30 p e r   c e n t  
of i t s  i n i t i a l   s t r e n g t h  a f t e r  2 5  c i r c l e s  of  
f r e e z i n g   a n d   t h a w i n g ,   a n d   t h a ' t   t h e   a d d i t i o n   o f  
w a s h i n g   p o w d e r   m o k e d  t h e  l o e s s - c e m e n t  mos t ly  
r e s i s t  t h e  a t t e n u a t i o n  mare t h a n   t h e  o t h e r s  d o .  
B e c a u s e  t h e  l o e s s - c e m e n t - a d d i t i v e - w a t e r   s y s t e m  

r e s e a r c h   b h e   e f f e c t  of  a d d i t i v e s   o n   t h e   d u r a b i -  
is  v . e r y   c o m p l i c a t e d .  t h e r e  is a f u r t h e r   n e e d  t o  

l i t y  of loess -cement .  

D u e  t o  i t s  c o m p a r a t i v e l y   p o o r   d u r a b i l i t y ,  
l o e s s - c e m e n t  i s  t h o u g h t  t o  b e   t r o u b l e s o m e   i n  
t h a t  i t ,  i f   u s e d   u n d e r   c o l d   w e a t h e r   c o n d i t i o n s ,  
i t  c n n  l o s e  p o r t  of i t s  s t r e n g t h   a n d   l e a d  t o  
i n s t a b i l i t y  o f  t h e   s t r u c t u r e s .  f n  o r d e r  t o  u n -  
d e r s t a n d  t h e  s t r e n g t h   a t t e n u a t i o n   m e c h a n i s m ,  
f o u r   s p e c i m e n s  o f  two k i n d s   o f   l o e s s - c e m e n t  were 
t e s t e d   u n d e r   d i f f e r e n t   c o n d i t i o n s  a s  s h o w n   i n  
T a b l e   4 ,  A c y l i n d r i c a l   s p e c i m e n . a l 5  cm x 15 cm, 
f i x e d  i n  t h e   t e s t i n g  c e l l  a n d   s i d e - w r a p p e d   w i t h  
foam r u b b e r ,  is e x p o s e d  t o  a n   a c c u r a t e l y   c o n t r o l "  
l e d   g r a d i e n t  o f  t e m p e r a t u r e   i n   a n   a x i a l   d i p e c -  
t i o n .   a n d   t h e n  1s f r o z e n   o r   c y c l i c a l l y   f r o z e n  
a n d  t h a w e d   w h e n  t h e  t e m p e r a t u r e   g r a d i e n t   e x p o s e d  
t o  is a d j u s t e d  as r e q u i r e d .   T h r e e  of  t h e  f d u r  
s p e c i e e n t s ,  were s u p p l i e d   w i t h   o u t s i d e  water  
t h r o u g h  a p i p e l i n e   i n  t h e  b o t t o m  o f  t h e  c y c l i n d e r .  
A f t e r   t h e  test a b o v e .  s p e c i m e n s  a r e  r e m o v e d   f r o m  
t h e  c e l l  a n d  a r e  c u t   i n t o   l a y e r s   a b o u t  1 cm i n  
t h i c k n e s s  each. o f  them h a l f   i s , u s e d  t o  m e a s u r e  
t h e i r  water c o n t e n t   a n d  t h e  o t h e r   h a l f  is u s e d  

M i c r o s c o p e  (SEM). 
t o  t a k e   m i c r o g r a p h s  w i t h  B S c a n n i n g   E l e c t r o n  

t i o n   p r o f i l e a  f o r  s p e c i m e n  SI, S2,, S3 a n d   S 4 ,  
r e s p e c t i v e l y ,   a f t e r   t h e y   a r e , t e s t e d   u n d e r  t h e  
c o n d i t i o n s   s h o w n   i n   T a b l e  4 .  T h e   f r o z e n   f r o n t  is 
i n   t h e   s p e c i m e n   w h e t h e r   f i x e d  or u n f i x e d  as  shown 
i n   T a b l e  4, a n d   m e u n s   t h a t   p o r t   o f  t h e  s p e c i m e n  
t e s t e d  will b e   f r o z e n  or c y c l i c o l l y   f r o z e n   a n d  
t h a w e d ,   a n d   a n o t h e r   p a r t  will n o t   b e   f r o z e n  
d u r i n g   t h e   w h o l e   t e s t i n g   p e r i o d .  I t  is e a s i l y  
f o u n d   t h a t  w a t e r - i s  t r a n s p o r t e d   p a r t l y  t o  t h e  
f r o z e n   e n d  from t h e   u n f r o z e n  e n d  ( a s  i n  S3), o r  
f r o m   b o t h  t h e  u n f r o z e n   e n d   a h d   t h e   o u t s i d e  ( a s  
i n  S1.  S2 a n d  $ 4 ) .  I t  i s  i n t e r e s t i n g  t o  n o t e  
t h a t . t h e r e  a r e  t h r e e  l a y e r s  of i c e  a v a i l a b l e  i n  
s p e c i m e n  S1  a f t e r  i t  h a d   b e e n   t e s t e d ,   l e a d i n g  t o  

Two of t h e _ s e l f - h a r d F n i n g  loess-cement s p e c i m e n s  
a s h a r p  i n c r e a s e   i n  water c o n t e n t  ( see  Fig.5). 

F i g s .  5 ,  6 ,  7 ,  a n d  8 s h o w  t h e  water d i s t r i b u -  

T a b l e  3.  E f f e c t  o f  A d d i t i v e s   o n  t h e  D u r a b i l i t y  af  L o e s s - C e m e n t  

A d d i t i v e  
S a m p l e  

S t r e n g t h  of  l o e s s - c e m e n t  

Name A d d i t i o n  ( g )  A(MPa)* B(MPa)*' C ( X ) "  

111, N o n e  N o n e  7 .90  5.31 

111, 0.5% w a s h i n g   p o w d e r   d i e s e l   o i l  3.16 7 . 3 3  

3 2  78  

6 . 5 3  1 0 . 9 1  

111, 0.5% s o d i u m   p h o s p h i t e  

1 x 1 ,  0 .6% c a l c i u m   c h l o r i d e  

111s 0.5% s o d i u m   s u l f a t e  
0 . 5 %  s o d i u m   n i t r i t e  
1% s o d i u m   p h o s p h i t e  

3.16 6 . 5 5  5.60 14 e 50 

3 . 7 9  5.96  4.90 17.79 

1 2 . 6 4  6.13 5 . 2 0  1 5 . 1 7  

111s 0.5% w a s h i n g   p o w d e r  3 .16  7.18 6.83 4.87 

* A - i n i t i a l   c o m p r e s s i v e ' s t r e n g t h  
B m a t t e n u a t e d   c o m p r e s s i v e   s t r e n g t h  a f t e r  25 c i r c l e s  of f r e e z i n g   a n d   t h a w i n g  
C-(A-B)/A, r a t i o  o f  i n i t i a l   s t r e n g t h  loss 

7 7 0  



T a b l e  4. C h a r a c t e r i s t i c s   o f   L o e s s - C e m e n t   a n d  
T e s t   C o n d i t i o n s  I 

c h a r a c t e r i s t i c s  
a n d   c o n d i t i o n s  

Specimen o€ l oes s -cemen t  

s1 s2 .s3 s4 

Type of the 
spec imen  ' 

SH C SH C 

Cement   con ten t  
( X )  

15 15 15 15 

. I n i t i a l   d r   d e n s i t y  1,56 
(gfcm 1 1 1.91 1.59 1 . 7 8  

I n i t i a l   w a t e r  
c o n t e n t  ( X )  26 .O 9.05 26.70 ' 9.38 

C u r i n g  time ( d a y s )  9 9 20 2 1  

S u p p o r t i n g  water 
f r o m   o u t s i d e  Yes Yes n o  Y es 

F r e e z i n g   o n l y  J J 

2 5  cycles f r e e z i n g  
and thawing  J J 

front in.  f i x e d   f i x e d   u n f i x e d   ' u n f i x e d  spec imen  

T o t o 1  time f o r  
l e s t i n g  (hrs)  240 2 40 370 370 

($1 a n d  S3), h a v i n g  lower i n i t i a l   d e n s i t i e s  bur .  
h i g h e r   I n i t i a l   w a t e r   c o n t e n t s ;   a r e   f o u n d  t o  b e  
more e a s i l y  c u t  a f t e r   h a v i n g   b e e n   t e s t e d   t h a n  
t w o  of  t h e   c o m p a c t e d   s p e c i m e n s  ( $ 2  a n d  $4). F r o m  
t h a t v i e w p o i n t   o f   d u r a b i l i t y .   c o m p a c t e d   l o e a s -  
cement shows a h i g h e r   f r e e z i n g - r e s i s t a n c e   t h a n  
t h e  of  t h e   s e l f - h a r d e n i n g   s p e c i m e n s .   T h i s  it 
b e c a u s e   c o m p a c t e d   l o e s s - c e m e n t   g a i n s  i t s  s t r e n g t h  

a c t i o n  of  c e m e n t   a d d e d ,   b u t   t h e   s e l f - h a r d e n i n g  
f r o m   b o t h   t h e   c o m p a c t i o n   e f f o r t   a n d   t h e   c e m e n t i n g  

l o e s s - e e m y n t   g a i n s  i t s  s t r e n z t h  from t h e  l a t e r  
o n l y . .  

c 

L e n g t h  of s p e c i m e n ( c m )  

F i g u r e - 5 .  Water d i s t r i b u t i o n   p r o f i l e   f o r  S1 
\ 

T h e   f a c t  o f  w h e t h e r  o r  n o t   t h e   s e l f - h a r d e n i n g  
. .  

s p e c i m e n  i s  c o m p l e m e n t e d   w i t h   w a t e r   f r o m  t h e  
o u t s i d e   e n v i r o n m e n t   h a s  a n  i m p o r t a n t   e f f e c t  on 
, the  d u r a b i l i t y  of  t h e  s p e c i m e n .  D u e  t o ' i t s  lower 
d e n s i t y ,   s e l f - h a r d e n i n g   l o e s s - c e m e n t  is more 
p e r m e a b l e   t h a n   t h e   c o m p a c t e d   s p e c i m e n ,  so  i t  
can g e t   m o r e   w a t e r   f r o m   o u t s i d e  t o  b e   f r o z e n   a n d  

L e n g t h  of s p e c i m e n ( c m )  

F l g u r e  6. Water d i s t r i b u t i o n   p r o f i l e  for 5 2  

w 

\ 

L e n g t h  o f  s p e c i m e n ( c m )  

F i g u r e  7 .  Water d i s t r i b u t i o n   p r o f i l e . f o r  S3 

L e n g t h  of s p e c i m e n ( & )  

F i g u r e  8 .  Water d i s t r i b u t i o n   p r o f i l e  for  S4 

h a s  a h i g h e r   p o t e n t i a l   t o ' a t t e n u a t e  i t s  s t r e n g t h .  
Based o n   t h e   a n a l y s i s   a b o v e ,  i.t c a n  be p r e l i n -  

i n a r i l y   c o n c l u d e d   t h a t   t h e   d u r a b i l i t y  of l o e s g -  
c e m e n t  may b e   i m p r o v e d   b y  t h e  ways a s  f o l l o w s :  

a l l   c o m p o n e n t  m a t e r i a l s  of l o e s s - c e m e n t   s h o u l d  
b e   C o m p a c t e d  as  h a r d  as p o s s i b l e :  

* H i g h  water c o n t e n t   o f  loess-cemeht s h o u l d  
b e   a v o i d e d ,   w h e t h e r   t h e  water i s  h e l d  in It 
o r i g i n a l l y  or  comes f r o m   o u t s i d e   e n v i r o n m e n t  
s e c o n d a r i l y .   I n   o t h e r   w o r d s ,  d r y  c o n d i t i o n s  are 
s u i t a b l e  to l o e s s - c e m e n t ;  

* Some a d d i t i v e s   s h o u l d   b e   a d d e d  t o  l oas s -  
c e m e n t , .   s u c h  as  d a i l y   u s e d   w a s h i n g   p o w d e r .  

* For a g i v e n   c e m e n t   a d d i t i o q ,   t h e   m i x t u r e  of 

MICROTEXTURE AND ITS C H A N G E  IN LOESS-CEMENT 

T h r e e   c a t e g o r i e s  of m i c r o g r a p h s  were t a k e n   b y  
t h e  SEN f r o m  loess  a n d   l o e s s - c e m e n t   b e f o r e   a n d  
a f t e r   t h e   f r e e z i n g - t h a w i n g  t es t s  t o  u n d e r s t a n d :  
(1) h o w   l o e s s - c e m e n t   i m p r o v e s  i t s  s t r e n g t h  from 
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t h e  cement  added, ond ( 2 )  how loess-cement   dt ten-  

c u l l y   f r o z e n  and  thawed. 
u n t e s  i t s  s t r e n g t h  when i t  is fr .ozen or c y c l i -  

Microgrrrphs show t h a t  s i l t  g r a i n s  i n  loess 
hcve t h e i r  " c l e a n "   s u r f a c e s   a n d   d i s t i n c t   o u t -  
l i n e s ,  b u t  a l l  o f   t h e   s o i l   p a r t i c l e s  i n  l o e s s -  
c e m e n t   h a v e   v a g u e   s u r f a c e s   a n d   o u t l l n e s , t h o t   c a n  
h a r d l y  b e  d i s t i n g u i s h e d   f r o m   o n e   a n o t h e r .  Another 
o b v i o u s  phenomenon obse rved  is t h a t  t he re  a r e  a 
l o t   o f  p i n -  or f a b r i c - l i k e   c r y s t a l s   b e t w e e n  soil 
p n r t l c l e s  of  l o e s s - c e m e n t .   T h e s e   c r y s t o l s ,  hnv- 
in& t h e i r   g r o w i n g   p o i n t s   o n   t h e   s u r f a c e s  of soil 
p a r t i c l e s ,   i n t e r w e a v e  w i t h  o n e   a n o t h e r  a n d  farm 
o framework i n  t h r e e   d i m e n s i o n s .   T h e s e  new  grown 
c r y s t a l s   I n   l o e s s - c e m e n t  m u s t -  be t h e   p r o d u c t s  o f  
hydrated  c 'ement ,   a l thorlgh t h e i r  mineral   composi-  
t i o n  i s  unknown. I t  i s  b e l i e v e d   t h a t   t h e  new- 
grown  th ree-d imens iona l   c rys ta l   f ramework  i n  
, l oes s -cemen t   g ives  i t  an   improved   s t rength .  

A f t e r   t h e   f r e e z i n g   o r   c y c l i c a l   f r e e z i n g -  
t h a w i n g   t e s t . . s p e c i m e n s  of loess-cement  were 
c u t   i n t o   l a y e r s .   w h i c h   t h e n ' w e r e   m e l t e d   a n d   a i r -  
d r i e d   i n   a n   i n d o o r   c o n d i t i o n .   T y p i c a l   l a y e r s   a r e  
used t o  t oke   mic rographs   compar ing   w i th   t ha t  
t ;hken from a s i m i l a r  u n t e s t e d  spec imens .  I t  i s  
f o u n d   c h a t   t h e   c r y s t a l s   w h e r e   t h e   f r o z e n   f r o n t  
s tood   have  b e e n  broken  down, t h i s  is caused  b y  
the t e n s i o n   e f f e c t   w h i l e   f r e e z i n g .  I t  is a l s o  
f o u n d   t h a t   t h e   h i g h e r  t h e  i n c r e a s e  of  water  con- 
t e n t ,  t h e  more t h e  d e g r e e  i n  w h i c h   t h e   c r y s t a l s  
have  b e e n  broken  down,   After   the   loess-cement  
i s  m e l t e d .  there  will b e  some  weak p l anes   where  
t h e  c t y s t a 1 . s  of  hydrated  cornent  have  been  broken 
down. I t  is t h e  f a i l u r e  of  t h e   c r y s t a l s   t h a t  
d e c r e a s e s  t h e  d u r a b i l i t y  of  loess-cement .  I f  a 
cemen t   con ten t  i s  g. iven ,  i t  is i m p o s s i b l e   t o  
i n c r e a s e  t h e  s t r e n g t h   o f   t h e   c r y s t a l s  of hydrated 
cement   to   improve  th*e d u r a b i l i t y  of  lbess-cement. 
e x c e p t  by  u s i n g  t h e  a l t e r n a t i v e s   s e l e c t e d :  more 

loes s -cemen t ,  or  a d d i t i o n  of  a d d i t i v e s .  or  a 
powerfu l   compact ion ,   o r   water -proof   t rea tment   o f  

comhinatipn  of  them. 
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ANALYSIS OF THE SECOND  PHASE  TRANSITION OF SODIUM 
CHLORIDE  SOLUTION IN FREEZING SOIL 

Zhadg'-Li%in, X u  Xiaozu,  Tao  Zhaoxiang  and  Deng  Yousheng 
Thp  State  Key  Laboratory of Frozen  Soil  Engineering,  Academia  Sinica 

. .  

By determining  the  unfrozen  water  content  of  saline  freezing  soils,  including 
Lanzhou  sand,  Lanzhou  loess  and  Inner  Mongolia  clay,  with a different  alignment 
of  initial  concentration of sodium  chloride  solution and total  water  con-tent  in 
a wide  range  of  minus  temperature. It is  found  that  when  the  total  water  content 
and  initial  conentration of the  solution  in  soil  reaches  an  appropriate  align- 
ment,  there  occurs a clear  second  phase  transition  with  the  temperature  going 
down.  The  begining  temperature in the  second  phase  transition'decreases  with  the 
particles  becoming  finer.  and  increases  with  the  total  water  cantent and the 
initial  Concentration of the  solution  in  soil  rises.  On  the.basis  of a great 

ween  the  beginning  temperature  of  the  second phase  transition  and  total  water 
deal of testing,  this  article  has  established the  quantitative  relationship  bet- 

content, as well as the  initial  concentration of solution  in  the  soil. 

INTRODUCTION 

The  trozen  soil is different  from  unfrozen 
soil in  some  properties,  just  because  there  is 
ice  and  unfrozen  water  coexisttng in frozen  soil 
at  the  same  time.  The  ice  and  unfrozen  water 
contcnt  existing  in  different  proportions  in 
frozen  soil  causes  many  complex  changes of the 
s o i l .  properties,  such  as  the  appearance  of  heav- 
ing,  creeping,  and  soliflucting,  the  qhanging of 
strength  and  thermal  properties,  and  the  forming 
of special  cryogenic  textures,etc.  The  existance 
o t  electrolytes  in  the  solution o f  soil  will 
significintly  affect  the  freezing  temperature. 
l'lrc proportion o f  ice  and  unfrozen  water  content 
in  frozen soil will  also be limited  to a large 
extent'  at  the  same  temperature. 

trolyte  as a notable  factor  influencing  the  pro- 
perties of frozen s o i l ,  has  caused  researchers 
more and  mote  interest.  With  the  opening  of  the 
geoshore  and  seabed  frozen  soil, t h e  problems  of 

. t h e  redistribution,  the  other  behaviors  and pro- 
pertitics of frozen  soil  becomes  vaster.  Among 
them,  the  effect of the  electrolyte  on  the  un- 
frozen  water  content is a key  one.  The  study  on 
the  problem i s  not  very  thorough  (A.Bain  and D. 
M-Anderson,  1974; h.R.Tice and  Zhu  Yuanlin  etal, 
1981 , etc). More  detailed  work has been  done  in 
theory t o  deduce  the  relationship  between  the 
decression of freezing  point Eo the  solution  in 
soj .1  and  the  type  and  concentration o f  the  ions 
i n  the  solution  has  been  deduced  theoretically 
(A.Rain  and  D.Anderson, 1974). Experimental  data 
shows  that  the  unfrozen  water  canrent  increases 
quickly  with  an  increasing  molaring  of  soil  solu- 
tion  at  the  given  temperature  (>-20°C).  The  mu- 
t u a l  relationship  between  two  quantities  is  well 
rrprescnted by a linear  function (Xu Xiaozu et 
al, 1988). The  Further  experimental  work  also 
proves  this  point  and  shows  that  the  relation- 
ship  between  the  unfrozen  water  content  in  soil 
and  total  water  content  in  the  saline (NaC1) 

Up ta now, the conte,nt and  type of the  elec- 

soil, i s  a linear  function  at  the same tempera- 
ture ( > - Z O ' C ) .  When  the  initial  concentration 
and t'otal water  content  in  soil  reach o certain 
alignment,  the  unfrozen  water  content  changes 
sharply  with  the  temperature  decreasing  fyrther 
(Zhang  Lixin, 1991). This  phenomenon  of  unfrozen 
water  content  changing  sharply  corresponds  to  the 
second  phase  transition irl NeCl-H20  system. T h i s  
paper  will  .discuss  the  characterlstics  and  law 
of the  second  phase  transition  in  frozen  saline , 

(NaC1)  soil.  There  is  .certain  significance to 
guide  us i n  opening  and  using  fr'ozen  soil.  in 
particular,  the  artificial  saline  frozen  soil. 
We  can  determine  the  temperature  at  which  the 
second  phase  transitition  occurs so as  to  avoid 
a sharp  change a €  the  frozen  ,soil  properties. 

EXPERIMENTAL  METHOD AND SAMPLE 

In  this  test,  we use Praxis  PR-103-Nuclear 
Magnetic  Resonance  analyzer  to  detect  un- 
frozen  water  content  in soil within temperatures 
of 0 to -35'C. What  related to the  operative 
method  of  using  the  analyzer  to  detect  the  un- 

detail  in  some  compositions (A.R.Tice et a1,1978, 
frozen  water  content  has  been  introduced in 

Xu Xiaozu  and  Deng  Yousheng, 1984). 
The  samples used  in  the  test  are  Lanzhou sand, 

Lanzhou  loess  and  clay,  which  in.Blze  composi- 
tion  have  some  typicality.  The  size  composition, 
index  of  plasticity  and  initial  content of. salt 
can be seen  in  Table 1. 

was  used  to  wash  out  the  salt  in  Lanzhou  sand 
and  Inner  Mongolia  clay. By detecting  the  con- 
ductivity of the  washed  liquid  and  comparing  it 
with  the  conductivity of distilled  water,  we 
find  both  are  almost  identical,  and  use  this as 
standard to determine  the  content  of  easily 
soluable  salt  near  to  zero.  Since  the  content  of 
easily  soluable  salt  in  Lanzhou  loess is very 
little. it was  not washed: 

Before  compounding  the  sample,  distilled  water 

Heating  the  three ~ 0 1 1 6 ,  respectively,  wecom- 
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Tab le  1 S i z e   c o m p o s i t i o n ,   p l a s t i c   i n d e x  a n d  i n i t i a l  
c o n t e n t  i n  samples  

Lanzhou 94.78% 3,93 0.37 0.04 - 
Lanzhou 0.48 7 - 1 3 .  75.69 16.70 26.7 17.6 0.08 Lwnzhou * 

- 0.146 Lanzhou 
Sand 

- .  

Inner HO- 0.48 1.64 20.56 77.22 32.8 20.4 0.705 'Inner 
ngoliaClay Monglia 

T a b l e  2 The  cornpoaition of samples  

5 0 0.25 0.5 0.75 1.0 1.25 
1.5 0 0.375 0.75 1.125 1.5 1.875 

Sand 12.5 0 0.625 1.2 1.875 2.5  3.125 
15 0 0.75 1.5 2.25 3.0 3.75 
17.5 0 0.875 1.75 2.625 3.5 4.375 
5 0 0.25  0.5  0.75 1.0 1.25 

Lanzhou 10 0 0.5  1.0 1.5 2.0 2.5 

10 t 0 0.50 1.0 1.5 2.0 2.5 

S i l t .  ' 20 ' 0  1 .o 2 . 0  3.0 4.0 5.0 

10 0 0.5 1.0 ' 1.5 2;O 2.5 

Ian-zhou 15 0 0.15 1.5  2.25 3.0 3.75 

25 0 .  1.2$ 2.5 3.75 5.0 6.25 
30 0 1.30 3.0 4.5 6.0 7.5 

Inner - 15 0 1.75 2.25 3.0 
Mongolia 29 0 1 .o 2.0 3.0 

" 

3.15 30 
4.0 5.0 

1.25 2.5 3.75 5.0 6.25 
30 0 1.5 3.0 4.5 6.0 7 . 5  
35 0 1.75  3.5  5.25 7.0 8.75 

Clay 25 0 

U n i t  i n  t h e  t a b l e :   S a l t  c o n t e n t ,  g s a l t / 1 0 0 g   s o i l :  
C o n c e n t r a t i o n ,  g sa l t / 100g   G ,o . t e r ;  
W a t e r   c o n t e n t ,  g water/iOOp, s o i l .  

pound them i n t o  t h e  samples  c o n t a i n i n g  Sod ium 
c h l o r i d e   s a l t   w h i c h   h a v e  a d i f f e r e n t   t o t a l   w a t e r  
c o n t e n t  and c o n c e n t r a t i o n  of l i q u i d  p e r c e n t a g e s .  
T h e  compos i t ion   o f   s amples   a r e  shown i n  T a b l e  2 .  

ANALYSIS OF THE THEORY OF THE SECOND PHASE 
TRANSITION 

The  Theory o f  t h e  Phase Finure t o  t h e  Svstem of 
NaCI-1120 

t h e   f i g u r e  the CD c u r v e  i B  t h e  s o l u a b i l i t y  of 
i c e ,  t h e  l i n e  o f  D J  is t h e   s o l u a b i l i t y  o f  NaCI.. 
2 H 2 0 .  S i n c e   t h e r e  i s  n o  maximum p o i n t   i n   t h e  
m e d i u m ,  the water-compound i s  u n s t a b l e ,   t h e  
l i n e  of DJ is t h e  s o l u a b i l i t y  of NaC1. 

G D E  shows t h e   l i n e  o f  common e x i s t e n c e  of  i c e ,  
kaC1.2H2O  and l i q u i d  phase .  To t a k e   a d v a n t a g e   o f  
t h e  above c u r v e s ,   t h e   p h a s e   f i g u r e  can be d i v i d e  
j . n t o  t h e   f o l l o w i n g   a r e a s .  I i s  t h e   a r e a  of u n -  
s a t u r a t e d  l i q u i d  ( f u l l y  l i q u i d  a r e a ) . T h e   a r e a  
i n d i c a t e s   t h a t   u n s a t u r a t e d  NaCl l i q u i d  does   no t  
have a s o l i d   p h a s e .  

I J ,  I V ,  V a r e   t h e   a r e a s  o f  t h e   s o l i d - l i q u i d -  
h a l a n c e   d o u b l e   p h a s e .   T h e s e   a r e a s   i n d i c a t e   t h a t  
somu solid phase  and  unsaturated l i q u i d  commonly 
e x i s t .  Among them, I1 i s  t h e   i c e   c r y s t a l l i n i c  

Fig.1 i s  t h e  phase  f i g u r e  o f  t h e  NaC1-HZO, i n  

I XV 

I I 

NaC1(%) by weight 

F i g . 1  i s  t h e   p h a s e   f i g u r e  o f  t h e  NaCl-HzO, 
i n  F i g . 1  NaCl-H20 s y b t e m  phase  
f i g u r e c l i a n g   B i a o m i n g ,  1 9 8 6 )  

a r e a ,  IV i s  NaCl c r y s t a l l i n i c   a r e a ,  V i s  NaC1. 
21120 c r y s t a l l i n i c   a r e a .  

The system i n  t h e   a r e a s  i s  s i t u a t e d  in a d o u b l e  
s o l i d   p h a s e  common e x i s t e n c e  and  no l i q u i d  phase .  
III is Ice+NaCl-21120 a r e a ,  VI is NaC12I12O-cNaC1 

m. VI a r e   t h e   a r e a s o f  t h e  f u l l y   s o l i d   p h a s e .  

* o y e a .  

'I'he Second   Phase   T rans i t i onof  the System of 
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The  second p h a s e  , t r a n s i t i o n  o f  t h e   s o l u t i o n  
t o  t h e  above t h r e e  t y p e s  of soils h a s   d i f f e r e n t  
c h a r a c t e r s .  t h e  m e i n  r e a s o n  i s  t h a t   t h e   s i z e   o f  
Lonzhou sand i s  l a r g e r ,   m a i n l y  in q u a r t z ,   f e l -  
d s p a r ,   m i c a ,   t h e i r   r e a c t i o n   w i t h   w a t e r  is no t  
o b v i o u s ,   a d d i n g   t o  t h e  s a n d   s p e c i f i c   a r e a  very 
l i t t l e ,  so  t h e   l i m i t i n g   f o r c e   o f   t h e   s o l u t i o n  i n  
s o i l  i s  very l i t t l e ,  t h e  c h a r a c t e r s   a r e   p a r t i c -  I 

l ey  the   s ame   a s   compared   w i th  the s t a n d a r d  s o l u -  
t i o n .  I n n e r  Mongolia   c lay p a r t i c l e s  a r e  v e r y  
l i t t l e  and f i n e ,  m a i n l y  a r e  composed o f  unsol -  
v e n t  s e c o n d - p r o d u c e d   m i n e r a l s   s u c h   a s   k a o l i n i t e ,  
m o n t o m o t i l l o n i t e ,  d u e  t o   t h e  i l l i t e  i n  them, 
s i n c e   m o n t o m o t i l l o n i t e   h a s  a s p e c i a l   e l e c t r o v a -  
l e n t  bond a n d  e l e c t r i c   c h a r g e   d i s p e r s i o n ,   t h e  
p a r t i c l e   a c t i o n  w i t h  wa te r  i s  q u i t e  obv ious .  
S i n c e  i t s  s p e c i f i c   a r e a  i s  v e r y  l a r g e , a n d   s t r u c -  
t u r e  is  very  complex, so t h e   s o l u t i o n  i n  s o i l  is 
l i m i t e d  s t r o n g l y .  I n  q u i t e  a n   e x t e n t  i t  i s  d i f -  
f e r e n t  from t h e - c h a r a c t e r s  of  t h e . 5 t a n d a r d   s o l u -  
t i o n .  

Lanzhou l o e s s  i n  s i z e   c o m p o s i t i o n  is  i n  t h e  
m e d i u m  of t h e m ,  m i n e r a l   c o m p o s i t i o n s  m n i n l y  a r e  
q u a r t z ,   f e l d s p a r .   m i c a ,  t h e i r  c o n t e n t  i s  over  
GO%. I t  a l s o  c o n t a i n s  a EeN c l a y  m i n e r a l ,   m a i n l y  
montomor i l lon i te   and  i l l i t e .  T h e  l o e s s   s a m p l e s  
i n  t h e  e x p e r i m e n t   a c c o r d i n g   t o   t h e   p l a s t i c   i n d e x  
s o r t i n g   s h o u l d   b e l o n g  t o  l o e s s   s a n d   c l o y .  The 

o f  t h a t   o f   a b o v e   s o l u t i o n  i n  s o i l s .  
p r o p e r t y  o f  s o l u t i o n  i n  l o e s s  is  i n  t h e  m i d d l e  

s o l u t i o n s  i n  s o i l s  

t h e   a b r u p t l y   c h a n g i n g  phpnomenon o f  unf rozen  
w a t e r   c o n t e n t ,  i t  is  f o u n d  t h a t  i n  t h e   f r o z e n  
s o i l   c o n t a i n i n g  sodium c h l o r i d e   t h e   r e l a t i o n s h i p  
b e t w e e n   i n i t i a l   t e m p e r a t u r e  of  t h e  second  phase 
t r a n s i t i o n  of t h e   s o l u t i o n  i n  s o i l  and i n i t i a l  
p e r c e n t   d e n s i t y  of s o l u t i o n  i n  s o i l  have   the  
fo l lowing   form:  

( b )  The e f f e c t  of i n i t i a l  c o n c e n t r a t i o n   o f  

O n  t h e  b a s i s  o f  a n a l y s i s  t o  t e s t   d a t a   a b o u t  

T =  A 
Sa + B 

where S o  is  t h e   i n i t i a l   p e r c e n t  d e n s i t y  of 
s o l u t i o n  i n  s o i l ,  T i s  i n i t i a l   t e m p e r a t u r e  o f  

m e t e r s   r e l a t e d  t o  s o i l .  T h e   F i g . 5 .   r e f l e c t s   t h e  
t h e  s e c o n d   p h a s e   t r a n s i t i o n ,  “C,A,B art! p a r a -  

-221, ” ”  - - 

v 

1 . Lanzhou sand 
2.  Lanzhou loess m 
3 .  Innermongolia clay 
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F i g . 5  T h e  r e l a t i o n s h i p   b e t w e e n   t h e  tem- 
p e r a t u r e  o f  t h e  s e c o n d   p h a s t e   t r a n s i -  

t i o n   p o i n t   a n d   i n i t i a l   c o n c e n t r a -  
t i o n  o f  s o l u t i o n  i n  s o i l  

r e l a t i h n s h i p  be tween  the   po in t  o f  t h e  second 
p h a s e  t r a n s i t i o n  a n d  c o n c e n t r a t i o n  o f  t h e   t h r e e  
t y p e s   o f   s o i l .  

( c )  The a f f e c t  of t o t a l   w a t e r   c o n t e n t  
S i m i l i a r   t o   t h e   i n i t i a l   c o n c e n t r a t i o n  of  

s o l u t i o n  in s o i l ,   t h e   r e l a t i o n s h i p  between t o t a l  
w a t e r  c o n t e n t  a n d  t h e  t e m p e r a t u r e  of t he   s econd  
phase  t r a n s i t i o n   b e g i n i n g   a l s o   c a n  b e  approxima- 

t e l y  expres sed  as:  

where WO is t o t a l   w a t e r   c o n t e n t ,  X .  C,D a r e  ’ 

p a r a m e t e r s   r e l a t e d  t o  s o i l .  As Fig.6 showing,  

”1% :. y z h ;  s;nd , , 
2 .  Lenzhou loess 
3. Inner Mongolia clay 

10 1 4  16 22 26 30 34 
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v 

I Fig.6 The r e l a t i o n s h i p   b e t w e e n   t h e  tem- 
p e r a t u r e   o f   t h e   s e c q n d  phase  t r a n s i -  

t i o n   p o i n t   a n d   t o t a l  wa te r  con- 
t e n t   t o   s o l u t i o n  i n  s o i l  

t h e   f i g u r e   r e f l e c t s   t h e   r e l a t i o n s h i p   b e t w e e n   t h e  
t e m p e r a t u r e  of  t he   s econd  p h a s e  t r a n s i t E o n   p o i n t  
nnd t o t a l   w a t e r   c o n t e n t .  - 

l i s h  t h e   f o l l o w i n g   f o r m u l a :  
Combining  fomula ( 1 )  and ( 2 ) ,  we c a n   e e t a b -  

I n  t h e  l i g h t  o f  formula  ( 3 1 ,  i t  can  be s e e n  
t h o t   t h e   t e m p e r a t u i e  o f  t h e   s e c o n d  p.hose t r o n s i -  
t i o n   b e g i n n i n g  i s  s t r o n g l y   l i m i t e d  b y  t o t a l  
w a t e r   c o n t e n t   a n d   i n i t i a l   c o n c e n t r a t i o n  o f  t h e  
s o l u t i o n  i n  soil. As one of  them a p p r o a c h e s   z e r o ,  
i t  wi l l .  let t he   beg inn ing   t , empera tu re  o f  t h e  
s e c o n d   p h a s e   t r a n s i t i o n   r e d u c e   p a r t i c l e y .  

CONCLUSIONS 

( 1 )  When t h e   t e m p e r a t u r e  o f  t h e  s o l u t j . o n  i n  
f r o z e n  soil c o n t a i n i n g   s o d i u m   c h l o r i d e   r e d u c e s  

w i l l  o c c u r .  The g e n e r a l d i s p l a y i n g o f  this phe- 
t o  a c e r t a i n   v a l u e ,   t h e   s e c o n d   p h a s e   t r a n s i t i o n  

nomenon i s  t h a t   u n f r o z e n   w a t e r   c o n t e n t  will 
r e d u c e   q u i c k l y .  

t a i n   a f f e c t .  The f i n e r  t h e  s o i l   p a r t i c l e  i s ,  
w i t h  t h e  same . i n ! L t i a l   c o n c e n t r a t i o n  of s o l u t i o n  
i n   s o i l  and t o t a l   . w a t e r   c o n t e n t ,   t h e   l o w e r   t h e  
s e c o n d   p h a s e   t r s n s i t i o n   t e m p e r a t u r e  i s ,  and t h e  
m o r e   u n c o m p l e t e l y   t h e   p h a s e   t r a n s i t i o n   i s , w h i c h  
is obv ious  i n  t h e   p r o c e s s  o f  g r a d u a l   c h a n g e .  

( 3 )  I t  i s  o b v i o u s   t h a t   t h e   a f f e c t   o f  t o t a l .  
w a t e r   c o n t e n t  and i n i t i a l   c o n c e n t r a t i o n  o f  t h e  
s o l u t i o n  i n  s o i l   t o  t h e  second,  p h , q s c  t r a n s i t i o n .  
The l e s s   b o t h   a r e ,   t h e   l o w e r   t h e   p o i n t  of t h e  
s e c o n d   p h a s e   t r a n s i t i o n  is. Both o f  them have a 
r e c i p r o c a l   r e l a t i o n s h i p .  

( 2 )  The s i z e   c o m p o s i t i o n  o f  s o i l   h a s   a c e r -  
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PLANT COMMUNITY ORDINA,TION AND ITS ENVIRONMENTAL INTERPRETATION FOLLOWING THE 
DISASTROUS FIRE IN A M U R  AREA.DAXINGANL1NG  PREFECTURE,NORTHEASTERN  CHINA*- 

Zhang  Qibin,Zhou  Youwu,Wang  Jiachen,Liang  Linhen and GU Zhonguei 

fanrhou  Institute of Glaciology  and  Geocryologg,Academia  Sinica * 

In  this-  paper,  the  plant  communities  following 1 9 8 7 ' s  turbulent  forest fire in 
Amur  Area,  northern  part of Daxinganling  were  studied  using  the  methods of TWIN- 
SPAN  polythetic  hierarchica1,divisive  classification (TWINSPAN program) & DCA 
ordination  (DECORANA program). The  results  show  that  DCA  axis 1 reflects  the 
gradient  of  soil  characteristics  and  topography; DCA axis 2 i s  interpreted  as 
the  gradient o f  forest  fire  burning  degree  which  can  cause  changes  in  both  the 
thaw  depth  to  frozen  ground  and  the  soil  temperature  at  shallow,layer  that  are 
the  sinificant  factors  for  the  distribution o f  plant  communities, and a regres- 
sion  equation  is  produced.  In  addition,  we  discussed  the  direction(snd  stages 
of plant  secondary  succession  under  the 
development. 

lnfluence of permafrost  environment 

INTRODUCTION 

The  turbulent .forest fire  burhed  in Mt.ba- 
xinganling  in  the-northeast  of  Chino  during May 
6-June 2, 1987 made a'great loss o f  forest  re- 
.sources i n  this  region  and It also  caused pro-  
minent,effect  on  the  permafrost  environment.  In 
this ca'se, understanding  and  mastering  the  rela- 
tionship  between  the  plant  communities  and  per- 
mafrost environment  and  their  developing  laws 
following  the  fire  would  have  great  significance 
for  the  reneval  of-forest  resources  and  promo- 
tion o f  the  plant  secondary  succession.  Themeth- 
ods of TWINSPAN  polythetic  hierarchical  division 
classification  and DCA ordination  are  currently 
one o f  the  advanced  methods  for  multivariate 
analysis  of  plant  communities. It is  the  least 
studied  for  using  this  method  to  analyze  the 
relationship  between  the  plant  communties  and 
their  permafrost  environment  following  the  dis- 
astrous  forest  fire  in  Mt.Daxinganling. In this 

toined  in  the  field  work  during  May-Aug.  1990 
paper,  we  made  careful  analysis of the  data  ,ob- 

by means  of  the  above  method  and  drew a sstis- 
factory  result. 

STUDY  AREA 

Amur  lies  in  the  northern  part of Daxingan- 
ling  prefecture,  and  belongs  to  Muohe  county. 
Its geographical  position  is 52"5U'N and 123'11' 
E. 

Amur  is  characterized by an extremely  frigid- 
temperate  zonal  continental  climate  with  short 
summer, loris .winter,  cold  and  long  period o f  
snowing. B y  the  data  from  the A L U ~  Meterological 
Observatory,  the  mean  annual  air  temperature  is 
-b.9'C, the  mean  annual  maximum  air  temperature 
is - 3 1 . 4 " C  and  the  minimum - 4 7 . 2 ' C .  The  annual 
precipitation is 443.9mm. The  frozen  period 

lasts  for 8 months. 

mountain  and  wide  valley.  The  velly is w*idely 
underlain by unconsolidated  sediments  deposited 
during  the  Quaternary. The main  rock is gronlta- 
and  there  are  also  tuff  breccia etc..fhe main 
s o i l  is brown  conifer  soil,  and  the  soil  layer 
is very  shallow.  'There  is  bog  soil i n  the  bottom 
o f  valley.  The  area  is  permafrost  discontinuous 

heaving,  stone  stream,  drunken  forest  and  other 
distribution  region.  There  can  be  seen  frost 

permafrost  phenomena. 

zonal  conifer  forest  region  inaccordance  with 
The  orea  is  part of the  frigid-temperate 

division o f  vegetation.  There  are  relatively 
few  vegetation  types  and  poor  composition o f  
plant  species.  The  turbulent  forest  fire  burned 
away a large  area of the  larch  (Larix  gmelinii) 
forest  in  the  region  and  only  left a few  area 
of unburned  forest.  After  three  years, the  plant 
secondary  succession  sequences  on  the  burned 
areas  are  different  with  the  situation  of  burn- 
i n g  degrees,  permafrost  conditions  and  the  keep- 
ing and  invading  circumstances of seeds. 

BRIEF INTRODUCTION  TO THE RESEARCH METHOD 

- The  geomorphologic  feature  of  the  area, is low 

Samplins 
During  May-August,l990,  the  authors  made a 

survey of the  vegetation  and  permafrost  condi- 
tions  following  the  fire  in  Tahe,  Amur,  Tuqiang 
and  Xilingji  forest  bureaus.  After  then  wechose 

' Amur as our field  observation s i t e  and arranged 
four  transect-observing  lines  according to the 
variationof  burning  degree,  topography  and  the 
appearence of vegetation.  We  used  typicalsBmp1- 
ing  method  to  make  the  sample  surveys o'f each 
different  types of plant  communities.  Quadrat 
size of the  samples  was lOmXlOm i n  woodvegeta- 
tion, 4 m X 4 m  i n  tall  shrub  vegetation  (h>0.5m), 

+? This  research  project was supported b y  the  National  Natural  Science  Foundation. 



2inX2m in short  shrub  vegetation (h<O.Sm) and 
ImXlm% in meadow  vegetation.  Certain  environment- 
a l  conditions,  species  coverage  percentage  and 
abundance,  community  sttucture and height  of 
1.ayers were  recorded  for  each  sample.  The  plant 
community  type  was  primarily  determined  in  the 
field b y  dominant  plants.  Environmental  factors 
measured  or  noted  included  the  thaw  depth  to 
frozen  ground,  water  content in soil,  ground 
temperature  at  shallow  layers  and  soil  texture 
ctc.. There  wdre 38 formal  plant  samples an,d 
some  supplemental  samples,  and  they  embraced 
the main types  of  plant  communities  in  the  area. 

Plant  Communites 
Quantitative  Classification  and  Ordination of 

Based  on  the  data oE field  semples,  we  made 

TWINSPAN  program  according to the  percentage 
the  community  classification by means of  the 

coverage  of  "sample---species  data  matrix";  and 
made  principle  ,correspondence  analysis (PCA) 
ordination by ORDINA  program.  reciprocal  avera- 
ging ( R A )  and detrended  correspondence  analysis 
(DCA) ordination by DECORANA  program. In  com- 
porision, DCA ordination  appeared  better  than 
the R A  and PCA ordination  because  it  can  reveal 
the  relationship  between  the  plent  Communities 
a n d  the  environmental  factors  objectively  and 
effectively,  and  avoid  the  arch  distortion  in 
the R A  ordination.  Thus  DCA  ordination  was u s e d  
ln this  paper  to  make  farther  environmental 
jnterpretakion.  All of the  calculation  is  ac- 
complished  on  the  VAG11/780  computer at  the 
Lnnzhou Institute of plateau  atmosphere  of  the 
Ctrjnese Academy of Sciences. 

Correlation  and Regression  Analysis oE Community 
Ordination  Axis on  Dominant  Environmental 
I Factors 

F i r s t  o t  all,  according  to;the  habitat  data 
of cach  sampling  points and their  positions  on 
the  ordination  figure,  we  analyzed  the  ecol- 
ogical  meanings  shown  on  the  ordination  axis. 
Then we made  correlation  and  regression  analysis 

' of the  environmental  indexes  with  the  DCA  sample 
ordination scores, consequently  we  worked  out 
the  multivariate  regression  equation  and  made 
signi-ficance test. As a  result.  we  got  the 

quantitative  relationship  betweem  the  plant  com- 
munities and their  permafrost  environmental fac- 
tors. 

WORKING RESULTS 

TWINSPAN  Classification 
Table 1 is  the  classi€ication  result o f  t h e  

38 samples and 32 plant  species  in  the  survey 
area by means.of  TWINSPAN  polythetic  hierar- 
chical  division  classification. 

and the  maximum  number o f  indicating  species  in 
each  division  is f o u r .  The  lower  part  shows  the 

The  selected  maximum  division  lgvel  is  four 

division  levels  and  types o f  samples  while  the 
right  part  shows  that  of  plant  species.  Twelve 
types of plant  communities  were  classified  in 
Amur  following  the  fire  (Table 2 )  and  the  resu 
was basically  consistent  with  that  identified b 
the  community  structure  and  appearence  feature 

1 
Y 
t 

DCA Ordination 
Fia.1 is  the  two-dimentional  plant  community 

DCA  oFdination.  which  indicates  perfectly  the 
relationship  between  plant  communities  and  their 
environmental  factors. 

The  DCA  ordination  axis 1 reflects'  a  gradient 
o f  soil  characteristics  and  topography. Its char- 
acter  value  is  0,733.  The  plant  communitieswith 
A X 1  scores (180 units  are  "Pinus  sylvestris + 
Lerix  gmelinii"  and  "Rhododendron  dauricum + 
Betula  platyphylla + Ainus. mandshurica"  communi- 
ties and generally  they  are  situated  at  the 
ridge,  middle-upper  part  of  mountain o f  steep 
slope  where  it  is  characterized by thin  layer o f  
big-grained  dry  coarse  sandy  soil  with  crushed 
gravel  layer  underlain.  The  porosity is big and 
the drainage  and  aeration  are  well. AX1 scores 
between  180  and 3 4 0  are  "Vaccinium  vitis-idaea- 
V.uliginosum f Ledum pa.lustre" and  "Artemisia 
laciniate + Vaccinium  vitis-idaea-Sanguikorba 
offc.incllis" communities.  They  are  situated  at 
the  middle-lower  section'of  the  mountain  with 
gentle  slope.  The  soil i s  eluvial  and  slope  wash 
crushed  gravel  subsandy  soil  and  subclay  soil. 
The  soil  porosity,  drainage  and  aeration a r e  
poorer than  the  former one. The A X 1  scores  bet- 
ween 340 and 5 2 0  are  "Larix  gmelinii-lhododend- 

No-burning 

Hqderate-burning 

100 - 
Severe-burning 

AXIS 1 

Fig.1 The DCA ordination of plant  communities  following  fire  in Amur area, 
Daringanling  prefecture.  The  community symbol8 are  defined in Table 2 
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T a b l e  1 T h e   r e s u l t   o f  TWINSPAN p o l y t h e t i c   d i v i s i o n   a n d   c l a s s i f i c a t i o n   f o r   p l a n t   c o m m u n i t i e s   a n d  
s p e c i e s  after & h e   d i s a s t r o u s   f i r e   i n  Amur a rea .Dax ingan l ing   p re fec tu re  

P l o t  number 
D i v i s i o n  

1 2 2 3 3 l e v e l o E  3 3 3  3 1 2 2 2 1 2 2 2  1 1 1 3 3 1 2 3  1 1 1 2  
3 5 7 4 8 9 0  8 3 7 1 2 5 6 6 7 8 6 4 5 6 9 0 3 I r 8 7 s p e c i e s  2 4   2 9 2  1 1 3 5 0 1  

S p e c i e s  1 2 3 4  
2 L a r i x   g m e l i n i i  

"0001 6 - - - - - - - - 7 3 - - - - - - - - - - - - - - - - - -  3""" 1 P i n u s   s y l v e s t r i s  
6 0 0 0 0  7""-"""""37"""""""-"" 

3 B e t u l a   p l a t y p h y l l a  3"""""""- 3""""""""""- 0 0 0 1  
4 L3.platyphyll.a ( c l u s t e r e d )  - "  

8 Rhododendron  dauricurn 
6 Populirs  davidiona 

5 - 4 - - 2 6 4 4 3 5 - - - - - - 2 - - - - - - - - - - 2 - - - - - - - - - 0 0 0 1  5 hlnus  mandshurica.  
- . " - o O o l  3 - - 5 - 3 6 5 - 6 - 2 2 1 - - - - - - - - - - - - - - - - -  

"""""""-42~""""""""""-000~ 
5 5 5 5 4 3 4 6 5 5 6 5 3 4 6 4 4 5 - 3 " " " -  0 0 0 1  2""""" 

15 Rosa d a v u r i c a  

0 1  - - - - - - - - 4 - - - - L - 2 1 - - - ~ 4 ~ - 4 - ~ 6 5 7 - - - - - - - -  29 Carex s p .  
2 5 6 7 8 8 7 - 4 - - 3 - 5 4 5 9 2 - 5 3 0 1 ,  " 5 " " " " " " "  13 Vaccinium  uliginosum 

5 5 3 3 3 2 - - - - 6 2 7 5 2 2 2 3 3 - 0 1  - - - - - - 1 - - - - 5 5 6 - 5 5 - 12 Ledum palus t re   var .angus tum 
0 0 1  1 1 - 1 1 2 - 3 3 4 2 1 1 " 2 " " "  " " " " - I " - i " -  22  Saussurea  amurensis  

- 3 " " - 1 ~ " - 3 3 2 - 1 " ~ " " - 3 1 2 " - - - 3 " " ~ 3 " - - ~ 0 ~ ~  18 S p i r a e a   s a l i c i f o l i a  
5 6 6 1 7 7 5 5 5 5 4 5 5 5 5 5 5 5 8 3 4 5 5 5 4 4 6 2 6 2 2 - - 3 - - - - 0 O l l  14 Vaccin ium  v i t i s - idaea  

0 0 1 0  2 2 2 - 1 " " " " -  "115""2-1-3""""" 28 Maianthemum b i f o l i u m  
0 0 1 0  """-2"""-4"""31"-----"""""- 27 Vicia b a i c a l e n s i s  
0 0 1 0  " - 1 " " - 1 " - 1 - 1 ~ " " " - " 1 - 1 - - - - " " " " "  2 6   A q u i l e g i a   v i r i d i f l o r a  
0 0 1 0  1"111""""- 1 - 1 - 3 1 1 " " -  - - - .." " 1 - - - - 25 Geranium  mxirnowiczii  
0 0 1 0  1 1 1 1 1 " - 1 " - 1 1 " " " " " -  " " " " " "_  24  Adenophora s p .  
0 0 1 0  11~1-21"~-~-~~"-1"11"311"3~1"""-"" 23 P y r o l a   i n c a r n a t e  
0 0 1 0  4 - 3 4 2 5 6 1 " - - - " - -  7 4 - 7 6 3 3 3 " -  " 1 " " " -  21 Artemisia l e c i n i a t a  
0 0 1 0  1 1 " 1 1 " " 1 " " " " 1 - 1 2 " " " " " -  "" 20 Chomaener ion   angus t i fo l ium 

1 " 1 2 3 2 1 2 1 - 2 2 3 2 " 1 3 1 4 2 3 5 4 5 " " " " - 0 0 1 0  " -  19 S a n g u i s o r b n   o f f c i n a l i s  
2 3 2 4 2 - 1 3 7 6 - 2 6 2 1 3 3 1 - 3 1 2 - 1 - 3 2 ~ - - - - - - - - l - O O O 1  30 Deyeux ia   angus t i fo l i a  

- 0 0 0 1  2 " " - ; " " " ~ 2 " " " " - - - " " " " " " " -  17 S o r b a r i a   s o r b i f o l i a  
- - - 0 0 0 , 1  2 2 " " " -   3 " - 3 " 1 3 3 " 2 " 2 " " "  4 " -  

"_" " " " " " " " " " " " "  5 4 5 5 5 S 5 6 4 1 0 0  
32 Sphagnum s p .  " " " " " " " " "_""" " "  7 8 6 4 5 5 6 5 6 1 0 0  
10 S a l i x   m y r t i l l o i d e s  1 " - ! " - 4 - 1 0 1  
I 1  S.hrachypodn """"""""""""""~ 2 - - - 2 2 - 3 - 1 0 1  
16 Dos iphora   f ru t i cosn  
31 Eriophorum  vaginatum 

I " " " " " " " " " " " " " " " " 1 " 2 2 1 0 ~  """""""_""""""" 1 - - 6 4 7 6 4 - 1 0 1  
9 Bhadodenrlron p a r v i f o l i u m  ""_"""""""""""" 1 - - 2 2 - 1 1 5 1 1  

7 B e t u l a   f r u t i c o s a  

I 

I. 

0 0 0 0 1  o o o o o o o l l l l l l o o o l l o o l l l l o o o o l  4 
0 0 0 0 0 0 0 0 0 0 0 0 0 3 1 1 1 1 0 0 0 0 0 0 1 1 l 1 1 0 0 0 1 1 1 1 1  3 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 l l l 1 l 1 l l l o o 0 0 0 0 0 0 0 0 1  2 
O a O O O O O O O O O O O O O O O O O O o o o o o o o o o ~ l l l l 1 l ~ l  

D i v i s i o n   l e v e l  of p l o t s  

Table  2 The   p l an t  community t y p e s   a f t e r   t h e   d i s a s t r o u s  f i r e  i n  Amur 

A :  Rhododendron  dauricurn t B e t u l a   p l a t y p h y l l a  + Alnus  mandshurica 
B: P i n u s   s y l v e s t r i s  + L a r i x   g m e l i n i i  
C: Rhododendron  dauricum-Vaccinium  vitis-idaea t Artemisia l a c i n i a t a  
D: Rhododendron  dauricum - Ledurn p a l u s t r e  - Vaccinium v i t i s  - i d a e a  
E: Artemisia l a c i n i a t e  + Vaccinium v i t i s  - i d a e a  - S a n g u i s o r b a   o f f c i n a l i s  
F: Vaccinium v i t i s  - i d a e a  - V.uliginosum + ledum p a l u s t r e  
G: Ledum p a l u s t r e  t Carex   sp .  - Vaccinium v i t i s  - i d a e a  
H: 'Vaccihium  uliginosum - V - v i t l s  - idaea 
I: Larix g m e l i n i i  - Rhododendron  parvifolium - Sphagnum 
J: B e t u l a  fruticosa - Ledum p a l u s t r e  - Sphagnum 
X: B e t u l a   f r u t i c o s a  - Vscciniurn  uliginosum - Sphagnum 
L: B e t u l a   f r u t i c o s a  - Eriophorum  vaginatum - Sphagnum 

area, Dax ingan l ing   p re fec tu re  

r o n   p a r v i f o l i u m "   a n d   " B e t u l a   f r u t i c o s e - E r i o p -   i n t e r r e l a t e d   w i t h   e a c h   o t h e r   b y   t h e   a l u v f a l ,  e l -  
k o r u m   v a g i n a t u m - S p h a g n u m "   s w a m p   c a m m u n i t i e s ,   l u v i a l   a n d   s l o p e   w a s h   a c t i o n s .  
T h e y   o r e   l o c a t e d  a t  t h e   v o l l e y   b o t t o m .   T h e   s o i l   T h e   c h a r a c t e r   v a l u e  of  DCA A x i s  2 i s  0 . 4 2 4 .  
is swamp s o i l  w i t h  f i n e  g r a i n e d ,   w e l l - d e v e l o p e d   T h e   A x i s  2 s h o w s  a g r a d i e n t  of  t h e   f o r e s t  f i r e  
p e a t  end t h e r e  i s  l o g g i n g  water o n   g r o u n d   s u r -   b u r n i n g   d e g r e e   a n d   c a n   b e   r e f l e c t e d   o u t :   b y   t h a w -  
f a c e .   i n g   d e p t h  t o  f r o z e n   g r o u n d   a n d   s o i l   t e m p e r a t u r e  

T h e   a b o v e   a n a l y s i s   s h o w s   t h a t   t h e   e d a p h i c  o r  a t  s h a l l o w   l a y e r s   i n   t h e   m i d d l e   t e n - d a y   p e r i o d  
soil c h a r a c t e r i s t i c s   a n d   t o p o g r a p h y  a r e  t h e  most o f  June. I n  summer t h e   v e g e t a t i o n   o n   p e r m a f r o s t  
s i g n i f i c a n t   f a c t o r s   f o r   t h e   s t r u c t u r e   a n d   d i s -   c a n   r e d u c e   t h e  d i r e c t  l i g h t   s h i n h i n g  t o  t h e  
t r i b u t i o n  o f  p l a n t   c o m m u n i t i e s   a l o n g   t h e  DCh g r o u n d   s u r f a c e   a n d   d e c r e a s e   t h e   e v a p o r a t i o n   a n d  
A X 1 .  T h e   s o i l   c h a r a c t e r i s t i c   a n d   t o p o g r a p h y   t h e   g r o u n d   ' t e m p e r a t u r e   ( Q i n .  Z.Y. a n d  X i e .  W.Z . .  

7 8 0  



1987) so as  to  protect  the  existence  and  deve- reflects  perfectly  the  relationship  between  the 
lopment  of  permafrost  and  slow  down  the  thawing plant  communities  on DCA axis 2 and  the  thawing 

degrees o f  damage  of  vegetation by fire,  the  soil  temperature  in  the  middle  ten  days of June. 
thawing  depth t o  frozen  ground  and  the  shallow 
layer  soil  temperature  changed  consequently  nt  DISCUSSION 
different  site  in  different  period.  The  plant 
communities  have a relatively  close  relationship  Plant  Succession  and  Permafrost  Development 
with  their  permafrost  environment  in  the  middle  The  broad  natural  forest  in  the  north o f  Mt. 
ten-day  period of June  because  it i s  the begin- Daxinganling  is  determined b y  the  climatic  con- 
ning  of  middle-growth  period o f  plant.  diti,ons  in  this  area,  while  the  permafrost  is 

The  bottom  swamp  and  the  mountain  slope  have  the  product  of  such  special  climatic  onditions 
a great  difference  in  ecological  conditions. He and  it  has a close  relationship  with  plont  grow- 
select  the  plant  communities  in  the  slopes  to  th  and  root  system  development.  The  permafrost 
make  multiple  analysis.  Their  characteristics  environment  created  special  ecological  condi- 
along  the DCA ordination AXIS 2 are  shown  as  tions  for  the  natural  forest  growth.  and  the 

'speed  of  the  octive 1ayer:Due to  the  varying  depth to frozen  ground  and  the  shallow  layer 

follows:  forest  vegetation.  acting  as  an  insulating  layer, 
The  section  with A X 2  scores (150 units  is, protects  the  permafrost  existence.  They  coexit 

heavy-burning  area  where  the  thawing  depth  to and  develop  coordindtely.  The  turbulent  fire 
Erozen ground  reaches 60-70 cm and the  shallow caused  changes  in  both  the  vegetation  type  and 
1,ayer soil  temperature i s  ll-14'C (The  value  is the  permafrost  environment.  If  there  will  not 
the  average  of  soil  temperature a t  10  and 20 cm be  any  further  great  and  repeated  disturbances 
deep. I t  is  the  same  in  the  following).  The in  the  future,  the  thawing  depth to frozen 
forest  here  suffered a severe  damadge,  In  the ground  and  the  shallow  layer  soil  temperature 
composition of plant  species o f  communities, will  decrease  at  the  same  time  with  the  vegeta- 
the  dry-tolerate  and  sun  plants  such  as  Artemi- tiop  renewal.  From  the  regression  'equation  we 
sia  laciniata.  Chamaenerion  angustifolium  etc, can see that  the  ordination  scores  for  vegeta- 
grow  exuberantly.,  Resides,  some  shrub  such a s  tion  type  will  increase on the DCA A X 2 .  T h a t  is, 
seedling of Betula,  hlnus  and  Rhododendron  grow the  plant  community  types  will  change from the 
vigorously  too.  AX2  scores  between  150-260 i s .  communities  dominant by species  of  Artemisia 
middle-burning  area  where  the  thawing  depth  to lacinista,  Sanguisorba  offcinalis,  Chomaenerion 
frozen  ground is 50-60 cm  and  the shall.ow la  er angustifolium,  and  Deycuxia  angustifolia  etc.to 
soil  temperature i s  9-ll°C. The  forest  is that  of  Ledum  palustre,  Betula  pletyphylla  and 
sparse,  and  some  ever-burning  trees  have  resus-. Alnus  mandshurica etc.. After  the  plant  self- 
citated.  The  dominant  plant  species  are  Ledum sparsing.action  and  invading  growth,of  conifer 
palustre,  Vaccinium  kuliginosum,  V.vitis-idaee, trees,  it  will deve,lop into  conifer  and  broad- 
Betula  platyphyllq  and  Alnus  mandshurica etc.. leaf  mixed forest:and will go on  to  reach  the 
There  are  also  Artemisia  laciniata,  Chamaener- climax  type--  Larix  gmelinii  forest.  The  perma- 
ion  angustifolium  and  sanguisorba  offcinalis frost  environment  will  also  recover  to  the  pre- 
otc.but  their  abundance is less  than  that  of  the f i r e  situation. 
heavy  burning  area.  The A X 2  scores  between 260- After  three  years  of  the  turbulent  Eire,  the 
320 is no-burning  area  where  the  thawing  depth plant  succession  developed well.. It has  passed 
to  frozen  ground is only 40-50 c m  and  the soil through  the  herb  stage  and  are  developing  or 
Lemperature a t  shallow  layer  is  8-9"C.The  cover- has  developed  into t h e  short  shrub or shrub 
a g e  of Pinus  and  Larix  forest  can  reach 70 per-  stages  and  will  keep  on  the  succession  to  the 
cent  or so. T h e  composition of plant  species Betula  or  Betula-Alnus  community  types  (Sun,H. 
bclow  the  forest  is p o o r ,  There  are  Pyrola in- L.and Feng. Z.W., 1988). I n  the  slight  burning 
carnata,  Vaccj.nium  vitis-idaea, Rosa davurica areas, many trees  have  resuscitated  and  grown 
a n d  V i c i n  spp. etc.. well. Uy avoiding  great  and  repeated  distur- 

changes  following  the  fire  have a close  relatiow  vation  and  artificial  tending,  the  forest  rc- 
s h i p  with  the  distribution of plant  communities  sources  and  permafrost  environment  will  recover 
and  their  species  composition.  And  it  can be  successfully. 
retlcctcd on the DCA ordination AXIS 2 .  

the  thawing  depth  of  frozen  ground  and  the  shal- 
low layer soil temperature  are  as  follows: 

T t  j s  clear  that  the  permafrost  environmental  bances  and  strengthening  the  environment  conser- 

The  correlation  coefficients  of DCA A X 2  with  Method  Discussion 
It: is a practicable  method  to  combine  the 

quantitative  classification  ordination  with  con- 
ventional  classification  in  the  research o f  

r1== -0.72** (p<O.Ol)  plant  ecology.  Some  Chinese  scholars  have  used 
r2-z  -0.54" (~(0.05) the  method  in  the  research  of  vegetatipn on 

Qinghai-Xizang  plateau,  and  alpine  tundra  types, 

ties  on DCA AX2 and  above  two  parameters of  and  Gauch, H . G . ,  1986; Qian, W . ,  1990). From  our 
environment  to  make  regression  analysis, we  ob-  research  work  in  Mt.Daxinganling  we  can  see  that 
tained  the  following  two-variable  linear regres-  this  method  successfully  handled  the  diversity 
sion  equation. of plant  communities,  and  also  provided  objec- 

tive  and  quantitative  relationship  between  the 
permafrost  environmental  factors  and  the  vegeta- 
tion  types  following  the  fire  in  permafrost 

Using  the  ordination  scores of plant  communi-  and h a v e  made  remarkable  results  (Zhang, D.H.S. 

AX2 - 588.16-5.6X1-11.44X2 
In which  AX2  is  the  ordination  scores o f  area. 

X 1  is  the  thawing  depth  to  frozen  ground 
X2 is the  soil  temperature  at  shallow  layer  interrelated.  In  this  paper  we  mainly  discussed 
b y  significance  test, F-9.71"' (p<0.01)  the  relationship  between  the  plant  communities 
Therefore,  the  above  regression equati'on  and  their  permafrost  environment.  From  the  cor- 

pldnt  communities  on DCA AXIS  2. There  are  many  environmental  factors to af- 
fect  the  plant  growth  and  they  are  usually 
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we  can see that  the  Fesult  is perfect.  We  hope 
in  the  future to collect more vegetation and 
environmental  data so as to 'derive a more  precise 
understanding of vegetation  and  permafrost en- 
vironment i n  Ht.D8xinganling. 
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- 
It has been established that  the  long-term 

mean surface temperature (MST) of the permafrost, 
obtained by extrapolating the deep linear 
portions of temperature profiles to the surface, 
in Alaska's Arctic Region north of the Brooks 
Range  has  recently warmed about 2 to 4'C 
(Lachenbruch and Marshall. 1986; Lachenbruch et 
al., 1988: Osterkamp, 3988). Estimates for the, 
start  of this warning axe generally  about 40 to 
80 years ago. Weather records for the North 
American  Arctic and Alaska show that there was a 
cooling  trend  from h u t  1940 until the mid-1970s 
(e.g. Hansen and Lebedeff,  1987). However, there 
is no evidence for this colder period, which 
lasted  three and one-half  decades,  in the 
permafrost temperature profilea. This apparent 
anomaly  suggests  that the relationships between 
air  and  permafrost temperatures require further 
investigation. 

investigation into the effects of air 
temperatures, snow cover, and the active layer on 
permafrost  temperatures. We will review some of 
the available information on permafrost 
temperatures and climate in the Alaskan Arctic 
north of  the Brooks Range. Some preliminary 
modeling  results will be presented showing the 

This  gaper  is a progress report on an 
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Climatological data and d e l i n g  are being u ~ d  to investigate the response of 
permafrost in the hlamkan Arctic north of the Brooks Range to change8 in climate 
over the last cantuxy or so. Air temperature8 in  this region are PtroDlplY 
correlated, vary with period8 of 10  years and 4 1  years, and foll- the same general 
trends as the North American Arctic. There is no evidence in the Barrow record 
(1923-1991)  for a warming of air temperatures consistent with  the 2 to 4% warming 
observed at the permafr0.t surface. Precipitation waa  primarily snowfall which was 

between etationa, and s h d  a periodicity-of 37 years at Barrow an8 34 y&s at 
greater during cold periods and mmller during warm periods, w poorly correlated 

Barter Island. These results suggest  that the effects of changes in air 
temperatures on permatrout temperatures m y  have b8en modified by changes in anow 
cover. A numerical modal wing North American Atetic air tsmparatures to repreaent 
the  permafrost surface temperatures and using  Prudhoe Bay conditions showed that 
the permafrost temperature variation8 depended strongly on the choice of initial 
conditions,  that  air tamperature changes were sufficiently  large to account  Lor the 
magnitude of the observed change8, -and that air temperature changes nredated 
permafrost temperature changea. An alternative explanation of the lase result io 
that the shallow permafrost t-ratures were colder than the a5suEOBd initial 
conditions. For a site near Bdpw, the model with Barrow air temperatures applied 
at the ground surface with  no snow ewer predicted  little  change in pemfrpet 
temperatures. This result disagraes with observations made in 1949 an8 confirma 
that air temperature variations alone (since 1923)  cannot  account  for the obsemred 
warming of the Oermafiost. For the observations and  predictions to be compatikle 
wh& the snow cover was added, the initial  ground  surface temperature must have 
been  about the  same as the mean annual air temperature. This implies a very thin 
snow cover prior to 1923. Variability in  timing,  rate of thickening,  duration, 
thickness of the snow cover, and the poor correlations batween stations, may 

permafrost  temperatures.  However, there is insufficient data to directly test  this 
explain why different sites show a warning,  little or no change, or a cooling of 

hypothesis.  Consequently, variations in the magnitude  and penetration depth of  the 
permafrost  warming  signal in Northern Alaska remain to be satisfactory explained. 

effects of using past air temperatures as  the 
boundary condition at the pennafrost surface, 
ground  surface, and surface of the snow cover 
(winter) and ground surface (summer). The effects 
of initial  conditions, the use of linear 
approximations  for the permafrost surface 
temperature histow, and the presence or absence 

be discuased. 
of a snow cwer on parmafrost temperatures will 

have been made in more than 40 holes on the 
Arctic  Coastal Plain and in  the foothills of the 
Brooks Rang8 generally between Prudhoe Bay and 
Cape Thompson (Lachenbruch e t  al., 1963; 

Marshall, 1986). Lachenbruch and Marehall (1986) 
Lachenbruch et al., 19821 Lachenbruch and 

and  Lachenbruch at  al. (1988) uaed an analytical 
model  to  reconstruct the history of temperature 
changes at the permafrost surface from these 
permafrost  temperature  profiles. Their results 
show that a variable but wideapread warming 
(typically 2 to 4%) occurred at the permafrost 
surface during the 20th  century.  Specifically, 
data  from their  main group of holes show that, 
for a surface temperature history consisting of a 
step  function,  the  warming started about 1946 f13 

Temperature  measurements through permafrost 



years with the permafrost surface temperature 
increasing by 2.7' f l.O°C. For the  linear  case, 
the  warming  would  have  started  about  1925 f 20 
years with the parmafrost surface temperature 
increasing by 4.0° f 1.6OC. The maximum  depth of. 
the climatic disturbance i s  generally  about 100 
m. Data  from the Prudhoe Bay group show that the 
warming there started  somewhat  earlier (step 
function -1924 f 13 years; linear function -1912 
f 9 years) with the permafrost surface temperature 
increasing by 1.9' f 0.5'C for a stepfunction and 
by 3.1' f l . l ° C  for a linear function. The average 
penetration  depth of the climatic  disturbance for 
the Prudhoe Bay group is about 163 f 16 m. There 
does not appear to be m y  evidence for a three 
and one-half decade long (1940-1976) cooling 
event  in these temerature profilea.  Most of 
these holes show a cooling within the last decade 
that  may be aaaociated with the drilling pad, 
geomorphic  processes, or short-term climatic 
fluctuations  (Lachenbruch and Marshall,  1986; 
Lachenbruch et al,,  1988; Osterkamp and 
kchenbruch, 1990). 

A few shal~low holes (-60 m) have been drilled 
along the txans-Alaska pipeline and in the Arctic 
National Wildlife Refuge ( " 3 )  and temperature' 
measurements made for the purpose of 
investigating the response of the permafrost to 
climatic changes (Oatarkamp et  al., 1987; 
Osterkamp, 1988). Data  from these holes are 
consistent with the deep holes and show that 
there has been a long-term  whrming of permafrost 
temperatures followed by a cooling of about 1'C 
from the time these holes were drilled  (1983). 
This  cooling is tentatively  attributed to a 
climatic  cooling (Ostsrkamp and Lachenbruch, 
1990). Temperature measurements in ANWR show 
results that  are  qualitatively  consistent with 
data at Prudhoe Bay W to the west  (Osterkamp, 
1988) . 

In brief,  permafrost temperatures in the 
Alaskan Arctic north of'the Brooks Range show 
that some areas have warmed over the last century 
but with different magnitudes of  warming  and with 
different  timing, a few show little or no change, 
and some areas show cf very recent  cooling. 

v 1 

Qlobal mean air temperature8 over bath the 
land and the oceans of  both  hemispheres (Jones, 
et al., 1986) show a marked warming to 1940, 
xelatively t3teady conditions to  the mid-1970s and 
a subsequent rapid warming. The mean annual air 
temperature (MAAT) measured at mdtsorologieal 
stations in the northern hemisphere has been 
increasing since the beginning of recorded data 
with most  of the warming occurring in the period 
before 1940 (Ellsaesser, et al., 1986). Hanaen 
and Lebedeff (1987) have shown that,  in thi 
northern hemisphere, there was a warning about 
0.6OC from 1880 to 1940, a cooling of about 0.3OC 
from 1940 to 1970, and a warming  of  about 0.3OC 
from 1970 to  1980.  Thia three decade long cooling 
period i s  coincident with  the  time  when  the 
permafrost temperatures indicate a warming. 
Warning  of the air temperatures in the  higher 
latitudes  was  significantly greater than at low 
latitudes 'and the warming was greater in the 
North American quadrant of the Arctic (Fig. IC, 
Hansen and Lebedeff, 1987). The W'P increased 
more than 3'C from  the mid-1880s t o  1940 in this 
region.  However,  fragmentary  early data suggest 
significant  cooling prior to the mid-1880s such 
that 259 to about 50% of the subsequent warming 
may represent a return to earlier level5 
(Ellsaesser, et  al.,  1986). 

In Alaska, MAAT have wanned  significantly 
during the twentieth century  in a pattern similar 
to that: of the North American Arctic  (Hamilton, 

1965).  Most Alaskan stations warmed  suddenly 
beginning  in  1976 and warm winters have been 
common  for  most Alaskan stations since then 
(Hoffman and Osterkamp. 1986).  Air temperatures 
at  Barrow, the station with the longeet weather 
record on Alaska's North Slope,  shown  in  Fig. 1A 
and Barter  Island  (Fig. 1s) have a similar 
pattern. For the periods of record, the MAAT at 
Barrow was -12.5 f l.l°C and at  Barter  Xsland 
-13.4 f 1.2OC. The MAAT at these two stations were 
closely  correlated with each other (correlation 
coefficient of 0 . 9 0 )  over the perid between 1949 
and 1988. The MAAT  for Barrow show a warming 
trend to about  1940, a three and one-half decade 
long  cooling trend to about 1976, followed by a 
warmer  period since then. There is no evidence in 
the Barrow record (1921 to present) for a warming 
of  air  temperatures  consistent with the 2 to doc 
warming  observed at the permafrost 'surface. 
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Figure 1. Mean annual air temperatures' from the . 
U. S. Weather  Bureau at Barrow (A )  and at Barter 

The data in ( C )  represent the 
variations obtained by H a n s e n  and 

Lebedeff (1987) for the North American quadrant 
of  the'Arctic. These data were smoothed by a low- 

Et%f (dark solid line). The record averages ilter with a cut-off  frequency of  0.091 

(thin rolid  lines  in A and 8 )  and selected 

C )  as used by Lachenbruch et  al. (1988) are also 
regression  lines (thin solid and  dashed lines in 

shown. 

The power spectra for the time Beries of MAAT 
and snowfall  at Barrow and Barter Xsland are 

using the  maximum  entropy method (Jenkins and 
shown in Figure 2. These spectra were calculated 

Wattsi 1968) with a cut off  frequency of 0.15 
year- . MAAT varies with periods of 47.3 years 
and 10.1 years at Barrow and with period of 9.7 
years at Barter  Island. Lack of a 47 year period 
at Barter  Island may be due to the shortness o f  
the twerature-time series. The 10 year period 
at both  stations confirms the correlation of air 
temperature  variations. Snowfall varies with 
pari& of 37.3 years at Barrow and 33.8 years at 
Barter  Island. 

Range, 65% to 80%  of the precipitation is 
In  the Alaskan Arctic north of the Brooks 

snowfall  which  lasts  for nine months (Benson. 
1982). Annual average precipitation and snowfall 



for the period of record at Barrow were about 11.0 
f 4.5 cm and 71 f 30 em, respectively, and about 
15.5 f 6 .0  cm and 107 f 47 em at Barter Island. 
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Figure 2. Power spectra for air temperature-time 
series at Barrow ( A )  and Barter Island (SI and 
for snowfall-time series at Barrow (C) and Barter 
Island (D), using a cut-off  frequezcy  of 0 15 
yeas-1. \ 

Figure 3 shows deviations of MAAT and snowfall 
from their long-term rneqns  at Barrow and Barter 
Island,  smoothed by a low-pa s filter with a cut- 
off frequency of 0.091 year- 9 . In general,  there 
was a trend with greater snowfall during  colder 
years and smaller snowfall during warmer years 
except  for a period between the mid-1960's and 
mid-1970's at. Barter Island. This reciprocal 
relationship between air temperature and  snowfall 
also  exists  in other places in Interior Alaska 
(Bowling, 1977) and is  probably  associated with 
synoptic-scale circulation (Bowling, personal 
communication). These results and the large 
annual  variations in snowfall  suggest, because of 
the  insulating properties of the snaw, that  the 
effects o f  changes in  air temperatures on 

modified substantially by changes in snow cover. 
permafrost surface temperatures may have been 
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Figure 3. Deviations of the mean annual  air 
temperature  and snowfall from their means at 
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A finite difference model for one-dimensional 
heat flow problems with phase change (Goadrich, 
1977, 1982) is being used to investigate the 
eifects of air temperature, snow cover, and 
active layer on permafrost temgeratures. This 
numerical model has a detailed routine for 
including the effect of snow cover on soil 

model  has been modified to  use weather data input 
(active  layer and permafrost) temperatures. The 

files  and  for  the long-term calculations needed 
in this research. Comparisons of model 
predictions with analytical solutions have been 
excellent. This numerical model has been 
calibrated  using our unpublished data for 
eonairions near the West Dock at Prudhoe Bay, 
Alaska  which is close to  site E of Lachenbruch et 
al.  (1982). 

The choice of initial Conditions for  modeling 
the response of  permafrost to surface temperature 
changes is often difficu1,t. A constraint  is 
imposed by the long-term MST (obtained by 
extrapolating deeper temperatures to the 
surface). The possibility remains that surface 
temperatures  may have been significantly  colder 
or warmer than the long-term mean for periods of 
several  decades. Perturbations in the temperature 
profiles  supporting this idea  have  not been 
reported. This problem is inherent  in  forward 
modeling of long-term permafrost temperatures. 

For the results shown in Figure 4, the air 
temperature changes for the North American Arctic 
(Fig. 1C) were used  for the surface temperature 
changes of the pennafrosk at Trudhoe Bay  (OOC 
corresponding to a MST = -12.0°C). Seasonal 
temperature variations were not included. 
Lachenbruch et  al. (1988) have made similar 
calculations for their AWUM site,  about 375 km 
southwest of Prudhoe Bay. Physical and thermal 
parameters  for the active layer and  permafrost 
were  based upon data for  Prudhoe  Bay conditions 
(Lachenbruch, et  al., 1982;  Zhang, 1989). Figure 
4 shows  the calculated permafrost temperature 
changes  for  different  initial  conditions. The 
initial  condition in 1880 was assumed to be an 
equilibrium temperature profile with different 
long-term  MST. In effect,  air temperatures were 
assumed to be constant with the value of the 
long-term mean until 1880 and then to vary as 
shown in  Fig.  1C. For case I, the MST = -12'C 
which  was  changed  in increments of -1'C for cases 
11, 111 and IV. This proc,edure introduces a step 
change in 1880 ranging between -lac and +2T. 
These  curves illustrate the effects of air 
temperature changes and of different choices of 
the initial condition on changes in the 
permafrost  temperatures. The results show that 
air temperature variations since 1880 are 
sufficiently large to account for the geuthermal 
observations provided that a sufficiently  cold 
MST is assumed. Cases 111 and IV are better 
matches to the data of Lachenbruch et al. (1982) 
for the Prudhoe  Bay  area. Depth of penetration o€ 
the curves compared to  the data shows that the 
warming  penetrates deeper than observed. 
Lachenbruch et  al. (1988) have suggested that the 
atmospheric  warming started earlier than the 
permafrost  warming. Another possibility is that 
the shallow permafrost temperatures were colder 
than the assumed initial conditions.  Except for 
the last possibility, the conclusions for  Prudhoe 
Bay are the  same as those reached by Lachenbruch 
et  al. (1988). 

Lachenbruch et a1  (1988).  based on inverse 
modeling o f  the temperature data,  suggest  that 

These  forward modeling results and those of 

Barrow  and  Barter Island, smoothed by a low-pass the  permafrost warming probably began-much later 
filter with a cut-off frequency of 0.091 year'l. than  1880, for Prudhoe Bay aboM 1920.  However, 
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Fig. 3 suggests that the  air  temperature trenb 
since 1920 have generally  varied by leas than 1% 
about the mean and the  variations were both 
positive  and  negative,  Therefore,  air  temperature 
changes alone (since 1920) do not  appear to have 
been sufficient to aceaunt  for  the  observed 2 to 
4% warming of the permafrost. 

E 
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Figure 4. Predicted  permafrost  temperature 
changes in 1985, for Pruahoc Bay  conditions 
starting in 1880, using air temperature 
variations  from  the  North  American  quadrant of 
the Arctic fop the  upper  boundary  condition at 
the permafrost surface. For  case I, the  initial 
equilibrium  surface  temperature  was set  at - 1 2 V  
which  was  changed  in  increments of -1OC for cases 
X I ,  I11 and IV. 

A comgprison  was  also  made  between  cases  where 
the air temperature  data were used for the 
permafrost  surface boundary condition  and  wherc 
these data were approximated by straight  lines as 
in  Lachenbruch et  al.  (1988). The initial 
conditione were taken to be the starting  points 
of regression lines  fitted to the  data 
(Lachenbruch et  al.,  1988). Case, I in  Figure 5 
used the air temperature  data and case If uaed 
the single regression  line  from le80 to 1985 
(Fig. 1C) with the  initial MST offset by -1.46% 
.for both cases. Case 111 used  the air t-rature 
data and case IV used the two regressiun linea 
‘{Fig. 1C) with an initial  offset of -2.21eC for 
both cases. The results in Figure 5 show that the 
differences  between  using  straight liner to 
aiqxoximate the data and using  the  actual  data 

below about 50 m and may  be more  significant 
are relatively mall but  generally  measurable 

above this depth. 
The use of air  temperature  variations to 

represent permafrost surface  temperature 
variations i s  obviously not  realistic  given the 
presence  of a sealronal snow  cover,  the  active 
layer and other effects. A lack of knowledge of 
the initial snow cover  conditions  also  hinders 
attempts ut  forward modeling of this problem. 
aoodrich (1982) has shown that the  equilibrium 
response of the annual mean  temperature at the 
ground surface is extremely  sensitive to the 
assumptions made in  treating the @now cover. For 
example, for a  fine-grained soil with a snow 
cover  reaching a maximum  thickness of 0.25 m, the 
mean annual  temperatures at the  ground  surface 
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can be increased 3 to 7’C over that of a bare 
ground  surface  depending on the  rate  at which the 
snow  cover  reaches  its  maximum  thickness. 

the mean annual  temperature at  the permafrost 
surface at three  sites  near Prudhoe m y  fMm 1986 
to 1990. These means were  calculated from 
measuremente  made at four hour  intervals  at 
eleven levels. One measurement  waB made at 1.5 m 
above the  ground in a radiation  shield, one at 
the ground surface, an8 nine in  the  active  layer 
and top 0.4 rn of  the permafrost  (see Zhang, 
1989). Generally, these mean  annual permafrost 
surface  temperatures  were  higher  than MAAT by 
about 3 to 6%. The snow conditions  for. this 
period (average maximum thickness of b u t  17 CUI) 
appear to be less than the  average  since 1977 
bared upon  measurements of the  water  equivalent 
of  the snow (Alaska Soi1,Conservation Service). 
There is not a  well-defined  ralationahip  between 
them temperatures. 

Figure 6 shows measurements of  the MlrAT and 

I 
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Figure 5. Predicted  permafrost  temperature 
changes in 1985  using  air  temperature  data  for 
the Northknerican quadrant of the  Arctic  (case 
I, III), the  single  regression line in Fig. 1C 
from 1880 to 1985 (case 11). and the two 
regression  lines in Fig. IC (case IV), f o r  tho 
upper dpundary condition at the  permafrost 
surf  ace. 

- .  

I 
Figure 6. Mean  annual  air  temperature and the 
permafrost  surface  temperature from  1986 to 1990 
near Prudhoe  Bay,  Alaska. 



The  numerical model was also used to evaluate 
the  effects of a snow  cover on permafrost 
temperatures. The calculations (Pig. 7)  were made 
uoing  the  air  temperatures to drive  the ground 
surface  temperatures for cases without and with a 
snow cover.  Barrow weather  deea  (mean  daily  air 
temperatures,  snowfall  and snow cover)  for the 
period from 3923 through  1991  were  used  in the 
calculations.  Thermal properties of the snow ware 
estimated  from  the  results  of M a o n  61983) and 
Stunn (1992). The initial (1923) MST was assumed 
to be -12.2OC with  a  thermal gradient:  of 
0.03 'C mdl. The snow surface or ground  surface, as 
appropriate, was  taken as the upper boundary. 
Physical and thermal  parameters for the active 
layer  and  permafrost were baed upon  data for 
Barrow conditions (Brown, 1969;  McGaw et  al., 
1978;  Lachenbruch  et al., 1988) .  The  dots 
represent  data  which  were  obtained  in  1949  (at 
583. Lachenbruch et  al., 1962). 

Figure 7. Predicted  permafrost  temperature 
changes  at site 583 near  Barrow  using  daily air 
temperatures  from  Barrow  (starting in 1923) as 
the  upper  boundary  condition at the  ground or 
snow  surface as appropriate. The dots  are the 
approximate  permafrost  temperature  changes at 
site SB3 in 1949  (Lachenbruch et  al.,  1962). 

I 

With  no snow  cover,  the  model  predicts a I 
slight  warming of permafroat  temperatures f o r  
1949  and a  slight  cooling for 1991. These  results 
do not  agree with the observations at SB3 nor at 
other  sites where  warming  has  occurred. Given the' 
assumptions,  these  calculations  show  that  air 
temperature  variations  alone  could not have 
produced  the  observed  permafrost  warming. 

With  the  snow  cover,  the  model  predicts 
permafrost temperature  changes  and  a depth.of 
penetration  which  compare  favorably  with  the 
measurements  at SB3. There is no clear  evidence 

1940 to the  mid-1970's. These results, 
for a  cooling  of  permafrost  temperatures from 

approximately  correct  predictions  for  both the 
magnitude  and  penetration  depth of  permafrost 
temperature  changes. are fortuitous  and may be 
misleading.  One of  the  assumptions of the  model 
was  that  the  initial  ground surface  temperature 
(-12.2'C) was  about the same as the  MAAT  which is 
eguivalent to assuming  a very thin  snow cover 
initially.  Thus, the model  predictions (and the 
experimental  data o f  Fig. 6), show that  placing  a 
snow cover on  bare  ground is equivalent to 
warming  the  ground surface by several  degrees. 
Therefore,  this  favorable  result  is  caused by the 
choice made for the  initial  ground  surface 
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tenrpetature. 

temperature  was  indicated by the data  of 
( -12.2 'C)  for the  initial  ground  surface 

Lachenbruch et  al.  (1988). A  significantly 
different  choice of MST leads to incorrect 
predictions. MST colder than MAAT  are not 
permissible. If the snow conditions  prior to 1923 
were similar to those  after 1923, then a pround 
surface  temperature  several  degrees  wanner  would 
be appropriate. However, such  a  warm  initial 
temperature  would  produce  permafrost  temperatures 
that are  too  warm  compared  with the data at  SB3. 
For the remlte and data to be compatible, the 
initial  ground  surface twarature must be 
similar to the MAAT. This implies  a  very  thin 
snow  cover prior to 1923. A similar -thesis 
was proposed by Taylor  (1991)  for the 
interpretation  of  permafroat  temperatures in the 
Canadian Arctic Archipelago.  However,  there  doe8 
not  appear to be other  supporting  evidence  for 
it. 

The  results of these  simulations and those of 
Goodrich  (1983)  indicate  that snow c w e r  can play 
a  major role in determining  change8 in pexmafrort 
temperatures. For the same air teqmraturr 
history, the  presence,  absence, or changes  in 
thickness  and  duration of  snow cover can result 
in  either  a warming,or a  cooling of permafrost 
temperatures. These  results and the fact  that 
snow cover i s  not  correlated  between  stations  may 
explain  why  different  permafrost sites in  the 
Alaskan  Arctic  show  a  warming,  little or no 
change, or a cooling  of  permafrost  temperatures. 

SUMMARY 1: 

The  choice OF the MST of the permafrost 

Air  temperatures  at Barrow and Barter  Island 
generally  follow  those  for  Alaska  and the North 
American  Arctic  showing an increasing  trend  until 
1940, a  decreasing  trend to the mid-197ODs and 
then  an  increase to warmer  temperatures  during 
the late 1970's and 1980,s. The  MAAT at Barrow 
was 4 2 . 5  f 1 .1OC and  at  Barter Island  about -12.4 
i 1.2%. Power spectra  for  the  temperature-time 
series rhow  that periods of 47.3 years and 10.1 
years exist  at  Barrow and 9.7 years at  Barter 
Island.  There  is a  strong  correlation of air 
temperatures at both stations. Precipitation is 
primarily  snowfall in the  Alaskan  Arctic  north of 
the Brooks Range.  Power  spectra  for the enowfall- 
time  series  show  a  period  of 37.3 years at Barrow 
and 33.8 years at  Barter  Island.  During  cold 
periods,  snowfall  was  greater, while  during 
warmer  periods,  snowfall was smaller.  This 
suggests  that  the  effects of changes in air 
temperatures may have been modified by changes in 
snow cover.  Correlation of snowfall  between 
stations was poor. 

A  finite  difference d e l  for one-dimensional 
heat  flow problems  with  phase  change  (Goodrich, 
1977)  was  used to investigate the effects of air 
temperature,  snowfall,  and  the  active  layer on 
permafrost  temperatures. Simulations were carried 
out  using  past  air temperatures  for the boundary 
conditions  at the  permafrost  surface,  ground 
surface. of surface of the  snow  cover,  The 
effects of initial  conditions, use of 
approximations  for  the  surface  temperature 
history, and of the  active  layer  and snow cwer 
on permafrost: temperatures  were  examined  in  this 
continuing  investigation. 

When air  temperature  variations in the  North 
American  Arctic  were  applied to the $e-frost 
qurface  at Prudhoe Bay, it was  found  that the 
permafrost  temperature  variations  depended 
strongly  on  the  choice of initial  conditions 
(long-term MST). The  air  temperature  variations 
(since 1880) were  sufficiently  large to account 
for  the  permafrost  temperature  variations  and  the 



air temperature  changes  occurred  earlier  than  the 
permafrost  temperature  changes. These results 
were the same as those  found by Lachenbruch et 
al. (1988). An alternative  explanation of the 

temperature8 were colder than the r s m d  initial 
laet  result is that the shallow permafrost 

conditione, The ditfarences between using air 
temperature &ta  at the  permatrost  murface 
cornpared to using  straight line approximations to 
the data were mall but measurable below  about 50 
m and may ba more  significant above this depth. 

the ground surface boUnaary condition [active 
layer but no anow ewer) at a aite (883) near 
Burrow produced little change  in  permafrost 
tweratures from  the  initial  condition. This 
result  disagrees  with permafrost temperature 
obtmrvations at SB3 end confirms that  air 
temperature  variations  alone  (since  1923)  cannot 
account for warming of the  permafromt.  For  the 
observations and predictions t o  be coalpatible 
when the snow cover was added, the initial  ground 
Burface  temperature must have been about the same 
as the MAAT. This  implies a very thin en& cover 
vrior to 1923, For the sme air temperature. 
history,  changes in snow cover can result  in 

The above results and  the  fact that snow cover is 
either  a  cooling or a  warming of the permafrost. 

different  sites in the  Alaskan  Arctic  show a 
not correlated  between  stations may explain why 

warming,  little or no change, or a cooling of 
permafrost temperatures. However,  lack of 
information on the  timing, rate of thickening, 
maximum  thickaess,  and  duration of the snow cover 
prior to 1923  at  Barrow and at other sites does 
not allow detailed  analyses  of these effects and 
hampers  forward modeling  efforts.  Consequently, 
variations  in  the  magnitude and penetration  depth 

Alaska  remain to be satisfactorily explained. 
of the permafrost  warming  signal  in  Northern - 

Barrow air temperatures  (1923-1991)  used for 
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RANDOM CHARACTERISTICS OF FROST HEAVE A N D  APPLICATION TO THE DiSIGN 
OF ANTI-FROST LIFT RELPABILXTY OF GROUTING P I L E  AT BUILDING SITE 

B y  way of a n a l y z i n g  a s e r i e s  o f  f r o s t   h e a v e   d a t a  i n  t h e  same terms a t  a s p e c i a l  

a u n i f o r m  b u i l d i n g  s i t e .  The   index  8 o f   s t r u c t u r a l   r e l i a b i l i t y  o f  t h e   o n t i - f r o s t  
s i t e ,  t h e  random d i s t r i b u t e d   c h a r a c t e r i s t i c s  of f r o s t   h e a v e  is determined a t  

method.  The s e n s i t i v i t y  of  t h e  i n f $ u e n c e  of frost d e p t h  H a n d  f r o s t   h e a v e  h on 
l i f t  s t a b i l i t y  of  g r o u t i n g  p i l e  i s  c a l c u l a t e d  by means of t h e   n o r m a l i z a k l o n  

B i s  a n a l y z e d .  T h e  r e su l t s  s t a t e   t h a t   t h e  random C h a r a c t e r i s t i c s   o f   b o t h   f a c t o r s  
o r e   o f  t h e  s a m e   i m p o r t a n c e   t o   t h e   f a i l u r e   p r o b a b i l i t y  Pf- of  t h e  s t r u c t u r e .  The 
r e l a t i o n  between Pf ,and t h e   v a r i a t i o n   c o e f f i c i e n t s  of  t h e   t w o   f a c t o r s  rises 
monotonously * 

INTRODUCTION 

F r o s t   d e p t h   a n d   f r o s t   h e a v e   a r e   t h e   b a s i c  
f a c t o r s   i n   a n t i - f r o s t   d e s i g n .   T h e  random  charac-  
t e r i s t i c   o f  f r o s t  d e p t h   w a s , f i r s t   c o n s i d e r e d  i n  

Cana l   Sys t em  Eng inee r ing  St 23-91" on May, 1991.  
"Design S p e c i f i c a t i o n s  of At i t i - f ros t   Heave  i n  

'The d e s i g n   f r o s t   d e p t h  was a d o p t e d   a c c o r d i n g   t o  

d e t e r m i n e d  3s a c o n s t a n t   a n d   t h e   d e s i g n   m e t h o d  
i t s  a r i s i n g   f r e q u e n c y   a n d   t h e   f r o s t   h e a v e   w a s  

o f  n s i n g l e   s a f e t - y   f a c t o r  was s t i l l  a d o p t e d .  

i s t i c s  of  f r o s t   h e a v e   b a s e d  on t h e  s p e c i a l  
o b s e r v e d   d a t a .   C o n s i d e r i n g   t h e   c a s e  of d e s i g n  
avtl o p e r a t i o n  of t h e  b r i d g e   a r o u n d   t h e   o b s e r v a -  
t i o n   s i t e ,   t h e   s t a b i l i t y  o f  a n t i - f r o s t   l i f t  o f  
t h e   g r o u t i n g  p i l e  is  e s t i m a t e d ' a c c o r d i n g   t o  t he  
r e l i o b i l i t y   t h e o r y .   L a s t l y ,  t h e  s e n s i t i v i t y  of 
t h e  v a r - i a t i o n   c o e f f i c i e n t   t o   t h e   f a i l u r e   p r o b a -  
h i l i t y  o f  t h e  s t r u c t u r e  is d i s c u s s e d .  

S U M M A R Y  OF TllE OBSERVATION OF FROST,HEAVE 

The p a p e r  w i l l  d i s c u s s  t h e  random c h a r a c t e r -  

The o b s e r v a t i o n  s i t e  i s  p l a c e d  on t h e   a l l u v i -  
8 1  p l a i n  on t h e  l e € t  bank o f  Dongl iao  River and 
locnterl  43O30'  n o r t h   l a t i t u d e  Bhd 124O12' e a s t  
1 . o n y i t u d e .   T h e   a l t i t u d e  i s  l 3 8 , 1 7   m e t e r s  on t h e  
l e v e l  of Ual ian  base.   The s i t e  is a t y p i c a l  
s c a a o n a l l y   f r o s t   s o i l   r e g i o n  i n  C h i n a  and i s  of 
broad and s m o o t h   t e r r a i n .   P a d d y   f i e l d s  a r e  a l l  
o v e r  t h e  s i t e .  Rased on t h e   e x p l o i t i o n   o f   e n g i -  
n e e r i n g   g e o l o g y ,   t h e   f i n i t e  s i t e  is  c o n s i d e r e d  
o s  a w e l l - d i s t r i b u t e d  s i t e .  

The   a r ea   o f   t he  s i t e  is 24x24 square m e t r e s  
o n e   h u n d r e d   a n d   f o r t y   f o u r   s u r f a c e   f r o s t   h e a v e  
f i n d e r s   a x e  s e t  up a t   t h e   i n t e ' r v a l  o f  2 m .  A l l  
t h e  f i n d e r s  a r e  made o f   h a r d . p l e s t i c s  i n  e q u a l  
s i z e ,  and  th.h  same  methods of s e t t i n g  u p  and 
o b s e r v a t i o n  a r e  u s e d .  

t h e   h e i g h t  o f  g r a s s  i s  l i m i t e d  to 25 cm. 

t h e  i n t e r v a l  of 10 d a y s  i n  t h e   t h r e e   c o l d  

The s i t e   m a i n t a i n s  a n a t u r a l   s n o w - c o v e r ,   a n d  

O b s e r v a t i o n s   w e r e   c a r r i e d   o u t  53 times i n  

s e a s o n s  from Dec. 1980 t o  May 1983.  More t h a n  
7600 da te   were   measu red .  

STATISTICAL ANALYSIS AND FITTING INSPECTION OF 
THE OBSERVED DATA OF FROST, HEAVE 

I . 

All t h e   d a t a   f o r   e a c h   o b s e r v a t i o n   a r e  regarded 
a s  a sampling.   The maximum va lue ,   wh ich  i s  of  
t h e  most i n t e re s t  f o r  us, o f ' e a c h   m e a s u r i n g  

s a m e   o b s e r v a t i o n .  All t h e  maximum v a l u e s  w i t h i n  
p o i n t  is  d i f f e r e n t  and   does   no t   appear  i n  t h e  

sampl ing .  we g e t  a t o t a l  o f  t h i r t y - n i n e  sampl- 
t h e  same  cold season a r e   a l s o   r e g a r d e d   a s  II 

i n g s .  

heave   a re   37 .0-170.0  m m ,  t h e   v a r i a t i o n s   o f   t h e  
v a r i a t i o n   c o e f f i c i e n t   a r e   0 , 0 9 1 - 0 . 2 7   ( i t s  mean 
v a l u e  i s  0 . 1 3 3 ) .   T h e   s a m p l e   c a p a c i t i e s   a r e  
133-144. When t h e  c a p a c i t i e s   a r e  less t h a n  144 
i t  is d u e  to t h e  damage o f  f i n d i n g s .  I n  o r d e r  
t o   d e t e r m i n e   t h e   t y p e   o f  random d i s t r i b u t i o n  of 
f r o s t   h e a v e  X ,  t h e  K-S i n spec t ion   me thod  is 
a d o p t e d .  We a s s u m e   t h a t   t h e   d i s t r i b u t i o n   a r e  
t h e   t y p e s  of normal ,   lognormal   and-   ex t reme I .  
L e t  t h e  d e g r e e   o f   c o n f i d e n c e  a b e   e q u a l   t o  0.05, 
t h e   s t a t i s t i c  be Dn a n d  t h e   c r i t i c a l   v a l u e s  
Dno.os a r e   c a l c u l a t e d   b y :  

F o r   e a c h   s a m p l i n g ,   t h e   v a r i a t i o n s   o f   f r o s t  

Dno.05 = 0+.8861& f o r  normal-   and  lognormal  
Dno.05 - 0 . 8 8 8 l L  f o r   e x t r e m e  I 

T h e   p e r c e n t a g e s   w h i c h   a r e   n o t   r e j e c t e d   t o   a c c e p t  

D n o . p 5 )  a r e  58 .97 ,  4 8 . 7 2  and 1 0 . 2 6 ,   r e s p e c t i v e l v .  
t h e   a b o v e   t h r e e  t y p e s  o f  d i s t r i b u t i o n s  (DnC I 

O b v i o u s l y .   t h e   d i s t r i b u t i o n  o f  o b s e r v e d   d a t a  is 
m o s t   c l o s e   t o  a n o r m a l   d i s t r i b u t i o n .  

I n  g e n e r a l   e n g i n e e r i n g ,  i t  i s  r a r e   t h a t  t h e  
s a m p l i n g   c a p a c i t i e s   a r e   1 3 3 - 1 4 4 .  I n  o r d e r   t o  
estimate t h e  s i g n i f i c a n c e  of t h e   a b o v e   c o n c l u -  
s i o n s ,   s u h s s m p l i n g  i n  which  about  2 7 - 2 9  observed  
d a t a   a r e   t a k e n   f r o m  eac.h o b s e r v a t i o n   a r e  
i n s p e c t e d .  Let u=O.O5, t h e  p e r c e n t a g e   o f  D n <  
Dno.05 a r e  100, 92.31   and   89 .74   for  t h e  above 
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T a b l e  1. T h e  s t a t i s t i c a l  r e s u l t s  of  maximum 
v a l u e   f o r   n = 5  

C o l d -  - - - 
s e a s o n  X ,  c v  c v  cvo 

3.980-1981 117.50 116.92 0.1130 0.1037 0.1673. 
1 9 8 1 - 1 9 8 2  169.97 169.61 0.1073 0.0889 0.1913 
1 9 8 2 - 1 9 8 3  167.40 167.82 0.1010 0.0872 0.1514 

- T h e   r e s u l t - s   i n   T a b l e  1 i n d i c a t e   t h a t  ysry, 
C V S  i s  c l o s e  t o  C v   a n d  the t o t a l i t y  is i d e n t i c a l  
w j . t h  t h e  t o t a l i t y  of o b s e r v a t i o n s   o n  t h e  w h o l e .  
T h e   C V O   i n   T a b l e  1 r e p r e s e n t s :   P ( C v s < C v o ) - 9 5 % .  

I'hFLUENCE OF. RANDOM CHARACTERISTIC'OF FROST 
HEAVE ON ANTI FROST LIFT RELIABILITY OF 
GROUTING PILE 

T h e   ' f r o s t   h e a v e   o f   t h e   f o u n d a t i o n  i s  t h e  
~ u t c o m e  o f  t h e  c o m b i n e d   a c t i o n  of b o t h   n a t u r a l  

v a l u e  of  t h e   f r o s t  heave r e f l e c t s  t h e   f r o s t  
s t r e n g t h   a c t i n . 8  on t h e   s t r u c t u r e .   T h e  f r o s t  
h e a v e  i s  t h e  o n l y   i n d e x  t o  eatimete t h , e  Erost 

91 ,  a n d  i t  is a l s o  t h e  ohJy  b a s i s  t o  es t imate  
s u s c e p t i b i l i t y  of f o u n d a t i o n  i n   C r i t e r i o n   S L 2 3 -  

t h e   s t a n d a r d   v a l u e  o'f t h e  v a r i o u s   u n i t s  of 
f r o s t   h e a v i n g   f o r c e .  For c x i m p l e ,   t h e   s t a n d a r d  
v a l u e  of t h e  u n i t   f c ' o s t   s h e a r  s t r e s s  c a n  be 
e x p r e s s  a s :  

' f a c t o r s   a n d   e n g i n e e r i n g   c o n d i t , i o n s .  So t h e  

T = 308 h " ' "   ( K P a )  (1) 

h e r e ,  h is t . h e   i n d e x  o f  f r o s t  h e a v e   c l a s s i f y i n g  
t h e  f o u n d a t i o n  s o i l  i n   e n g i n e e r i n g ;  its u n i t  is 
mater .  T h e   c r i t e r i o n   i n d i c a t e s  t h a t  h is 
d e t e r m i n e d   a c c o r d i n g  t o  t h e   p o s s i b l e   f r o s t  
h e n v c  O F  t h e  f o u n d a t i o n  in s p e c i f i c  e n g i n e e r i n g  
c o n d i t i o n s .  1.f t h e r e  i s  o b s e r v a t i o n ,  t h e  v a l u e  
I1 i s  determimed w i t h  t h e  o b s e r v e d   d a t a .  

s t r u c t u r e  i s  d e t e r m i n e d  b y  a c t i n g   s t r e n g t h  a n d  
frost d e p t h  ti. H a n d  h a r e  t w o   s i m u l t a n e o u s  
1 - a c t o r s .  A g r e a t   d e a l  oE p r e v i o u s   w o r k s   ( Z h a n g .  

T h e   t o t a l  f r o s t  h e a v i n g  f o r c e  a p p l i e d   o n   t h e  

~ t h e r e  s t i l l  e x i s t s  a few p h e n o m e n a   o f   f r o s t  
L L U U C  uullnu&rU l l U V T  U T C L T U J T U  U u v L U u Y L y .  U U L  

l i f t  (ti, 1990) .  F i g . 1   s h o w -   t h P   t y p i c a l   s c h e m e  

F i g u r e  1. T y p i c a l   s c h e m e   o f   t h e  v e r i f i c a t i o n  
of a n t i - f r o s t   l i f t   s t a b i l i t y   o f  g r o u t i n g   p i l e  

f o r  t h e  v e r i f i c a t i o n  of  a n t i - f r o s t  l i f t  s t a b i l i -  
t y  o t h e  g r o u t i n g   p i l e  of t h e  b r i d g e  a t  t h e  
s i t e \  T h e   s a f e t y  f a c t o r  K i s  c a l c u l a t e d  a s  
f o l l o w s :  

' ( 3 )  

here, D-0.6 m ,  d e s i g n   d i a m e t e r ;  
H11.6 m. d e s i g n  f r o s t  d e p t h ;  

L 1 4 . 1  m ,  d e p t h  of p i l e   b e l o w   g r o u n d  
surf ace : 

T = 1 2 2 . 5  KPe, u n i t   f r o s t   s h e a r  s t r e s s ;  
fm18.8 KPa,. u n i t   a n t i - f r 0 s . t   l i f t  s t ress  

p - 1 2 6 . 5  K N .  o v e r b u r d e n  on t h e  t o p  o f  t h e  

G-67.8 K N ,  t h e   w e i g h t  of p i l e . ,  
From t h e   a b o v e   v a l u e s ,  K i s  c a l c u l a t e d   a n d   e q u a l  
t o  1 . 3 ,  a n d  i t  meets t h e  r e q u i r e m e n t   o f   t h e  
d e s i g n .  

f i e d  v a l u e  of t h e  s a f e t y   f a c t o r  K is 1.03. The 
c h a r a c t e r  o f  t h e  two v e r i f y i n g  m e t h o d s  is t h e  

d e s i g n   v a r i a t i o n .  
same e x c e p t  f o r  t h e   d i f f e r e n c e   i n  t h e  v a l u e  o f  

t h e   s a f e t y   f a c t o r s  o f  t h e  t w o  m e t h o d s ,  t h e  two 
r e s u l t s  a r e  a l l  c o n s i d e r e d  s a f e .  

of u n f r o z e n  s o i l ;  

p i l e :  

A c c o r d i n g  t o  t h e   c r i t e r i o n  SL.23-91, t h e  v e r i -  

A l t h o u g h  there  i s  an o b v i o u s   d i f f e r e n c e   i n  

790 



According  t o  t h e  s t a t i s t i c a l  d a t a   a t   t h e  site, 
be low will e s t i m a t e   t h e   a n t i - f r o s t   l i f t   s t a b i l i -  
t y  of  t h e  g r o u t i n g   p i l e s ,   i n   t h e  v i e w  o f  t h e  
s t r u c t u r a l   r e l i a b i l i t y .  

Owing t o   t h e   c r i t e , r i o n  SL23-91 t h a t   h a s  b e e n  
i s sued   and  p u t  i n t o   e f f e c t ,   t h e   u n i t   f r o s t  
s h e a r  s t r e s s  i s  c a l c u l a t e d   f r o m   e q u a t i o n   ( 1 )  i n  
a c c o r d a n c e  w i t h  t h e  o b s e r v e d   f r o s t  heave. The 
s t r u c t u r a l  f u n c t i o n  Z i s  e x p r e s s e d   a s . f o l l o w s :  

Z .= BDl[(Ll-H)f t Dl L l y / 4  + n '  
D2(L-Ll)y /4  - 308A h o n o 6  (4) 

where ,  D l  i s  t h e  diameter o f  t h e  f o r m i n g   h o l e  of  
t h e  g r o u t i n g  p i l e ,  f is c o n s t a n t   a n d   e q u a l  t o  
0.8x18.8  KPa. 

V a r i a t i o n s  i n  e q u a t i o n  (4) a r e   l i s t e d  i n  T a b l e  2. 
T a b l e  2 i s , t h e   c h a r a c t e r i s t i c  va lues  o f   d e s i g n  
v a r i a t i o n s .  

T h e  c h a r a c t e r i s t i c   v a l u e s  of the   seven   random 

Table 2. Characteristic  value of design  variationa 

Variation h P Y 1 1 D  

Mean value 1.30 0.17.  124.50 24.00 1 O . W  '8.100 0-650 

Variation, 
0.13  0.19 0.06 0.025 0.033  0.037 Q.024 coeff ic ient  

\ 

h e r e ,  I I  is t aken . f ' r om  the   s t and ' a rd   a t l a s  o f  
f r o s t  d e p t h  i n  J i l i n  P rov ince ' (Zhang ,   1987)   and  

m n x i m u m  v a l u e  i n  t h e  T a b l e  1, and it i s  a normal 
i s  s u b m i t t e d   t o   n o r m a l   d i s t r i b u t i o n :  h i s  t h e  

d i s t r t b u t i o n .   t o o .   T h e ' o t h e r   v a r i a t i o n s   a r e  
s e l e c t e d   f r o m   f i e l d   i n v e s t i g a t i o n   a n d   d a t a  b y  
O I I ~  i n s t i t u t e .  D l  i s  assumed a s   l o g o r m a l   d i s t r i -  
b u t i o n ,  t h e  o t h e r s   a r e   r e g a r d e d  a s  normal d i s -  
t r i b u t i o n .   T h e  limit s t a t e   e q u a t i o n  is: 

2 - 0  ( 5 )  

The f o r m u l a  ( 5 )  i s  n n o n - l i n e a r   e q u a t i o n  w i t h  
m u l t i - v a r i a t i o n ,  anti m u s t  b e  s o l v e d  w i t h  the 
i t e r a t i v e   m e t h o d .  

l n t e r n a t i o n a l   C o m m i t t e e . o f   S t r u c t u r a l   S a f e t y  
(Zheny ,   1992) ,  t h e  m i n i m u m  r e l i a b i l i t y  B i s  
~ n l c u l ~ t e d  w i t h  t h e   n o r m a l i z a t i o n   m e t h o d .  

A c c o r d i n g   t o  t h e  p r i n c i p l e  drawn u p  by The 

Below is what   was   d i scussed:  
1. I t  i s  c a l c u l a t e d   f r o m   s e v e n  random v a r i a -  

t i o n s  i n  T a b l e  2 t h a t  a i s  0 . 7 7 2 5  and  Pt  i s  , 
0 . 2 1 9 9 .   T h i s   i n d i c a t e s  t h a t  t h e   p r i m a r y   d e s i g n  
is of a g r e a t e r   f a i l u r e   p r o b a b i l i t y ,  w h i c h  h a s  
a r e l a t i o n   t o  t h e  less s e l e c t e d   v a l u e   o f   a n t i -  
f r o s t   l i f e   s t r e s s   f ,  and i t  a l s o  e x i s t s  i n  
v e r i f i c a t i o n   a c c o r d i n g   t o   c r i t e r i o n .  

2 .  I t  is s e l e c t e d   t h a t  fl and h a r e  random 
v n , r i a t i o n s ,   a n d  t h e  o t h e r s   a r e   c o n s t a n t   a n d  
e q u a l  Po t h e i r  mean v a l u e s ,  w e  o b t a i n e d   t h a t  
is 0 ,7874   and   P f12  i s  0.2155.  Compared w i t h  t h e  
a b o v e   r e s u l t s ,   P r 1 2 / P f   e q u a l s   t o  0.98. I t  is 
i l l u s t r a t e d   t h a t  t h e  f a i l u r e   p r o b a b i l i t y  o f  
g r o u t i n g   p i l e   d e p e n d s   g r e a t l y  upon t h e  f r o s t -  
clepth ( 1 1 )  and f r o s t   h e a v e  ( h ) .  

t h e   r e s u l t s   a r e  is 0.9367,  Pq-2 is  0.1745  and 
P r z / P f   e q u a l   t o  0 .7 .  We f i n d  o u t   t h a t  t h e  random 
c h a r a c t e r i s t i c  of f r o s t   d e p t h  (H) i s  more d i r e c t ,  
t h a n   t h a t  o f  f r o s t   h e a v e   ( h )  i n  c a l c u l a t i o n .  

o b t a i n   t h o t  6 i s  1 . 0 7 0 7 ,  Pf2=43.0476  and P f z / p f  

3 .  I I  is s e l e c t e d   a s   t h e   o n l y  random v a r i a t i o n ,  

4 .  I f  h is t h e   o n l y  random v a r i a t i o n ,  we can  

is e q u a l   t o  Q . 2 1 ,  
C o m p a r i n g   t h e   r e s u l t  3 w i t h   4 ,  we c o n s i d e r  

t h a t  t h e  e f f e c t  of  random c h a r a c t e r i s t i c  of 
f r o s t   h e a v e  on t h e  r e l i a b i l i t y  i s  less  t h a n  t h a t  
of f r o s t   d e p t h   a c c o r d i n g  t o  t h e   d a t a   l i s t e d  i n  
T a b l e  2 ,  b u t  i t  i s  n o t   n e g l i g i b l e .  

between t h e  f a i l u r e   p r o b a b i l i t y  (Pf) and   t he  
v a r i a t i o n   c o e f f i c i e n t s  (CVH 8 Cvh) o f  f r o s t  
d e p t h  (H) and f r o s t   h e a v e   ( h ) .  T h e  results a r e  
shown i n  F i g . 2   ( a t   t h i s  moment, e a c h   v a r i a t i o n  
i n  e q u a t i o n  (4) i s  random),  a n d  P f  r i s e a  monoto- 
n o u s l y  w i t h  t h e  two v a r i a t i , o n   c o e f f i c i e n t s .  

I n  g e n e r a l ,  i t  i s  d i scussed  t h a t  t h e  r e l a t i o n  

F i g u r e   2 .   T h e   r e l a t i o n   b e t w e e n  Pf and CV 
1, Pf - C V I I  

2 ,  pf - c v h  

When CvH>0.2, t h e   s l o p e s   o f  t h e  c u r v e s  i n  

We s h o u l d   g i v e   a t t e n t i o n   t o   t h e   f a c t - t h a t   t h e  
F i g . 2   a r e   v e r y   c l p s e .  

l e s s e r   t h e  mean o f   f r o s t   d e p t h  a n d  f r o s t   h e a v e ,  
t h e   g r e a t e r   t h e   v a r i a t i o n   c o e f f i c i e n t   ( Z h a n g ,  
1983:  M i n i s t r y  o f  Water   Conservancy ,   1991)   ( see  
T a b l e   1 ) .  As a r e s u l t ,  we c a n   e x p l a i n  why t h e  
f r o s t   h e a v i n g   d a m a g e  of t h e   l i n e r  of t h e   c a n a l s  
i n  t h e   r e g i o n   w h e r e   t h e   f r o s t  d e p t h  i s  s h a l l o w ,  
i s  more s e r i o u s   a n d   o c c u r s   m o s t l y  i n ,  t h e   p r i m a r y  
p e r i o d .  I n  t h e   r e g i o n   w h e r e  t h e  f r o s t  d e p t h  i s  
s h a l l o w   ( i n c l u d i n g   n o r t h e a s t e r n   f o r e s t   a r e a ,  o 
low a l t i t u d e   s e a s o n a l l y   f r o z e n   s o i l   a r e a  and a 
c o a s t a l   a r e a ) .   t h e   v a r i a t i o n   c o e f f i c i e n t   o f  
f r o s t  d e p t h  w i l l  i n c r e a s e ,   a n d  i s  o f t e n  o f  
Cv1]>0 .2 .  I n  o u r   o b s e r v a t i o n ,  t h e  v a r i a t i o n   c o e f -  
f i c i e n t  of f r o s t   h e o v e   a t  t h e  b e g i n n i n g  o f  a 
c o l d   s e a s o n  i s  much g r e a t e r   t h a n  t h a t  a t  t he  

11 and h a r e  a l l  c o n g t a n t  i n  t h e   d e s i g n  o f  t h e  
p e r i o d  w h e n  t h e  maximum value   appears .   However ,  

e r e c t e d   b u i l d i n g s .  
I t  is  i n t e r e s t i n g   t h a t  when t h e   f r o s t  d e p t h  

(H) i s  t h e  o n l y  random v a r i a t i o n ,  Pf e q u a l s  
0 .1745   wh ich   co r re spond ing  t o  t h a t ,  t h e  s a f e t y  
f a c t o r  is 1.03 from C r i t e r i o n .   T h i s  means that: 
when K i s  g r e a t e r   t h a n  I., t h e r e  s t i l l  e x i s t s  a 
g r e a t e r   f a i l u r e   p r o b a b i l i t y .  

CONCLUSIONS 

t h a t  t h e  f r o s t   h e a v e  is  random  and s u b m i t s  t o  
normal d i s t r i b u t i o n  i n  t h e  v i e w  of   geology 
e x p l o i t i o n  i n  e n g i n e e r i n g   p r a c t i c e .  

The random c h a r a c t e r i s t i c s  o f  b o t h   f r o s t  
d e p t h  a n d  f r o s t   h e a v e   a r e   o f   t h e  same I m p o r t a n c e  
t o   a n t i - f r o s t   h e a v e   s t a b i l i t y   o f   t h e   s t r u c t u r e .  
Pf r i s e s   m o n o t o n o u s l y  w i t h  t h h   v a r i a t i o n   c o e f -  
f i c i e n t s   o f  H and h .  

I n  order  t o   d e t e r m i n e  e x a c t l y  t h e  f a i l u r e  
p r o b a b i l i t y  u n d e r  t h e   f r o s t   h e a v i n g   f o r c e ,  i t   i s  
n e c e s s a r y  t o  r e a l i z e  t h e  random v a r i a t i o n s .  

I n  e n g i n e e r i n g   p r a t i c e ,   o w i n g   t o   t h e   f a c t  

The o b s e r v e d   d a t a  c i t e d  i n  t h e  paper i n d i c a t e  
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that a site is often  regarded as well-distribut- 
ed and a local  zone  which  is  represented  with a 
observing  site,  the  above  conclusions are 
significant for actual  engineering. 
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THE  FORMATION  CHARACTERISTICS OF FROZEN-AREA BOGS IN' CHINA 

Zhang  Zeyou 

Feat  Society  of  Jilin  Province, P.R. China 

In our  country,  most  of  the  formation  environments o f  bogs  belong  to  the  cool- 
damp  type,  which  is  mainly  involved  in  the  frozen  areas  of  the  Greater  and  Les- 
ser  Xing'  an  Mountains  in  the  northeast,  high  mountains  in  the  west  and  the 
Qinghai-Xizang  Plateau  or  in  the  neighboring  areas  where  island-like  frozen 
soils  transit  to  seasonal  ones.  Among  these  bygs,  the  cover-degree  and  the  ac- 

Xing' an Mountains, While  for high mountains and  plateaus in  the  west, 0.004- 
cumulation intensity are 0.35% and 511,89T/km respectively for  the  Greater 

1 . 5 7 %  and 1.14-97.20 T/km', respectively.  The  values  of  other  areas  are  very 
low.  Such  a  distributian  pattern  has  a  direct  relationship  with  the  surface 
melting  in  the  frozen'areas  (Zhou  Youwu e t  a 1 . , 1 9 8 2 ) .  

INTRODUCTION ' 
results from  the comprehensive  actions o f  vari- 

The formation and,development  of  peat marsh 

ous  natural  factors.  Most  of  the  peat  marsh  in 
the  earth  is  distributed  over  the  frigid  zones 
and  temperate  zones  of  Europe,  Asia  and  North 
America.  It is closely  connected  with  environ- 
mental  conditions of frozen  earth.  Its  distribu- 
tion  has  clear  features  of  latitudal  zonality. 
Peat  marsh on the  land  surface on the  earth 
shows  a  north-south  symmetry.  In  the  cold  moist 
or cool  moist  climate,  regional  rainfall  is 
higher than the  regional  evaporation  capacity, 
and  frozen  earth  develops.  It is the  mostpower- 
ful belt  where'peat  marsh  forms  and  develops. To 
the  north  or  south  of  the  belt,  the  forming  act- 
ion  of  peat  marsh  weakens.  The  peatland  in  the 
northeast  of  China is part of the  belt.  In  the 
Greater  and  Lesser  Xing'  an  Mountains,  the cover- 
degree  of  peat  marsh  is 0,35%, and  the  accymula- 
tion  intensity  of  peat  reaches 511.89 Tfkm . The 
Qinghai-Xizang  plateau  is  the  area  where  peat 
marsh  develops  in  vertical  regions,  and  peat  in 
this  area  is  distributed  over  mountain  plains 
and  basins  of  3200-4500  miles  above  sea  level. 

TH'E ENVIRONMENTAL  FEATURES  THAT  FORMS  PEAT  MARSH 

Environmental  conditions of  water  and  heat 
are  the  basis  of  peat  marsh  formation,  because 
water  and  heat  decide  the  categories  and  in- 
crease  amount  of plants. Meanwhile,  they  also 
restrict  decomposition  intensity  of  plant  resi- 
due. Change of: soil  temperature  and  soil  mois- 
ture  restricts  the  actions o f  plants  and  micro- 
organisms  directly.  Generally,  under  the  condi- 
tion  when the soil  temperature  is 30°C, the  rate 
of  moisture  content  (the  weight o f  water  in  soil 
times 100%) is 30% and  the  maximum  content o f  
soil  moisture is 60-80%,  the  decomposition 
action of microorganisms is most  active  (Trans- 
lated by Shi Hua,1973). When  soil  temperature is 
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below 30°C and  the  productivity of pea@ plants 
is  more  than  the  decomposition  capacity,  it  is 
helpful  for  the  development of peat  marsh. 

The  moist  part  of  northeast  China in,the 

zone  is  the  region  where  the  distribution  and 
frigid-temperate  zone  and  the  medi-temperate 

reserves  of  peat  marsh  are  the  largest  in  the 
country.  The  regions  are  roughly  situated  bet- 
ween 42'N and  53"N,  and  includes  the  Greater  and 
Lesser  Xing'  an  Mountains,  the San Jiang  Plain, 
the  Chang  Bai  Mountains  and  the  eastern  edge  of 
the  NeiMeng  Plateau.  When  peat  marsh  forms,  the 
most  advantageous  environmental  condition  is  the 
climate  condition.  Except  for  the  north  of  the 
Greater  and  Lesser  Xing'  an  Mountains,  which  are 
located  in  the  moist  climate  region  in  the  fri- 
gid temperate  zone  and  have  widely  continuous 
perennial  frozen  earth  and  island  like  perennial 

meditemperate-moist  climate  region,  which  is  a 
frozen  earth,  the  others  are  located  in  the 

seasonal  frozen soil area.  Their  main  climatic 
features  are  shown  in  Table 1. 

We  can  see  from  Table  1,  in  the  Greater  and 
Lesser Xing' an  Mountains  and  the  eastern  edge 
o f  the  NeiMeng  Plateau,  the  temperature is low, 
the  frozen  season of  earth  surface  is  long,  and 
there is perennial  frozen  earth,  yielding  capac- 

weak, and  forest marsh  develops. All  these  make for a st- 
ity  of vegetation is  low,but  the decomposition capacity is 

rong accumulations of peat.In  the  Chang  Bai  Mountains  and 
the  San  Jiang  Plain,plant grow luxuriantly,there is dcve- 
lopedseasonal  frozen  earth  layers  that  prevent 

marsh  formations.  In  the  eastern  edge of the 
surface  water  from  draining  and  promote  peat 

most of  the  sand  dunes  are  fixed,  the  river  val- 
NeiMeng  Plateau,  the  surface o f  earth  is  wavy, 

wide  and  low,  spring  water  accumulates  in  these 
ley  and  low-lying  land  among  the  sand  hills  are 

low  lands,  temperature  is  low,  and  there is 
perennial  frozen  earth.  All  these  work  together 

although  the  area i s  relatively  dry. 
to  make  peat  marsh  develop  widely  in  the  area 

The  peat  marsh  in  the  northeast  of  China  are 
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in the 
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Table 1 The  environmental  features of peat marsh  formed  in  China 

item grade average  temperature("C)  accumulated  annual 
two  area temperature  average dry Erozen  layer o f  

January  July  annual >'C rainfall  degree  season  frozen so i l  
(m) ( X )  (days ) 

the  Greater 
and  Lesser  -30"20  18-22  -4-0  1500-2500  350-500 1.00 250-325  frozen  soil  and  is- 
Xing'  an 
Mountains 

the  San 
Jiang  Plain 

the  Chang ' 

Bai  -18--16  22-24 2-4 
Mountains 
the  eastern 
part  -of -16--14 18-22  0-2  2000-3000 400-500 ;::- 2>0-2w ennial frozen soil 
Nei  Meng 

La Sa  7.5  2000-2500  443.6 1.6 200-250 frozen soil and sea- 

Layers o f  perennially 

land-like  frozen  soil 

-20--18  22-23 0-2 2500-2800 500-600 1.00 200-250 frozen soil Layers  of  seasonnally 

2000-3OM3 600-900 A:& 180-250 Layers Of seasonnally 
frozen soil 

Layers  of  partially  per- 

Layers  of  island-like 

sonally  frozen  soil 
layers  of  island-like 

ly  frozen  soil 
Dang  Xiong  1.3  2000-2400  483.1 1.7 210-260  frozen  soil  and  seasonal- 

Ruorgai 

formed by the climatic,  geologic and geomorphol- 

ality. For example, high position and middle 
ogic actions, and  it has  some  features of zon- 

position peat marsh are mainly distributed  in 
the north and are scarely distributed in the 
south. In short, peat marsh  is  more widely dis- 
tributed in the Greater and Lesser Xing' an 
Mountains and has more types. The Chang Bai Moun- 
tains  is  the  second.  Marsh is also widely dis- 
tributed in the San  Jiang  Plain, but the accumu- 
lation  capacity of peat is low. It is much less 
in the east of NeiMeng. 

is distributed in the  semimoist  temperate  zone. 
The peat marsh in the Qinghai-Xizang  Plateau 

Especially, the conditions of peat marsh  forming 
are more suitable in the east of the plateau. 
Peat marsh develops  strongly in mountain  plains 

For  example,  the  Ruorgai  Plateau is the  largest 
and wide valleys o f  3000-5000  m  above  sea level. 

highland peat marsh area. At the height that is 
higher or lower than that of the area peat vege- 

over 5000miles above  sea level. There  is  a  large 
tations  are rare or with perennial  ice and snow 

change in water and heat conditions in a ver- 
tical direction because of many differences of 
cutting  degrees caused by the rise of the earth's 
surface. Generally under favorable  geomorphol- 
ogic and climatic  conditions water insulation 
action from the  layers of frozen earth and low 

ditions for peat marsh to  Eorm. There is 30-60 
temperature provide some good environmental  con- 

under ground that is located neat 30'N and 4000- 
cm frozen earth layer  in 60-100 cm soil layer 

4600 m  above sea level in the Xizang Plateau. 
According to the investigation  in  Zhong Ba coun- 
ty and Dong Xiong from June to July,  1979,  these 
frozen earth layers of the peat marsh are dif- 
ficult to melt in summer (Song Haiyuan  et al., 
1985). The  accumulative  area of peat marsh in 
the Rurgai Plateau  (3400-3600 m above  sea level) 
lies in the northeast o f  the  Qinghai-Xieang 

Plateau. It  belongs to two branches of the Yel- 
low  River,  the Black River and the White  River, 
In hilly plains the  hills  are low and gentle  and 
valleys are wide. So peat marsh  is formed at  the 
bottom of valleys,  terraces and low-lying land 
along the shore. The depth o f  the peat layer is 
2-3 m and the maximum reaches over 10 m. The 
surface  area  is nearly 3000000ha. The  type of 
peat marsh  is  singular,  which  has  a  relation to 
high altitude and cold and moist climate in the 
area. Although temperature  is  low  here,  the 
radiant  amount  is great (solar radiant  amount 
in  a year is 120-150 large calories per square 
centimeter). So various  herb  still  grow  luxu- 
riantly. Seasonally  frozen  earth i s  distributed 
widely. The  temperature of the  Surface  soil is 
low. microorganism's action is weak. All these 
make it difficult t o  dissolve dead marshy plants. 
So peat marsh in large  areas  is formed. 

source of the chang Jiang  River and Yellow River: 
where perennial frozen earth develops under the 
earth surface. Peat marsh in KaMaLong valley in 

4000-4300 miles  above sea level. Here the clim- 
the south of Qinghai province is located at 

ate  is  cold, and the  annual  average  temperature 
is O ' C ,  The  growing period of plants is  120 
days. Peat  marsh  is  distributed  in  a plain and . 

width  is 0.4 km and its area  is about 0.64  km 
straight valley, and its length is  2 km and its 
The  thickness in a  single  layer  is 0.85 m. the 
maximum is 2.2 m. A t  the bottom is  a mud layer, 
and a  frozen earth layer is also seen. 

Based on research and environmental  analyses 
made by geologic and mineral  departments,  the 

Epoch to the beginning of the Preboreal Epoch. 
peat marsh was  formed from the late Pleistocene 

During the period,  glaciers developed and dug 
the  valleys  firstly, and then,  the  climate got 
warmer. and the  glaciers  melted, the snowline 

Peat marsh is distributed widely in the 

794  



rose,  a  terminal  ridge of  laid  dri.fts  were kept 
in  the end  of  valley  and  became  th  natural  dike 
for  accumulating  water  and  marsh.  Peat  marsh 
developed  and  stretched  up  along  the  mountain 
slope  under  the  condition o f  a  relatively  cold 
climate  and  an  existence  of  frozen  earth  layers. 
During  the  later  period  the  terminal  ridge of 
laid  drifts  were  gradually  burst by water  flow, 
peat  marsh  retreated  to  the  bottom  of  the  valley 
from  the  wide  and  gentle  slope  and  developed 
into  a  herbaceous  peat  marsh  landscape. 

THE TYPE FEATURES  OF  PEAT  MARSH 

plateau  are  the  two  large  distribution  areas  of 
peat  marsh in our  country (Fig.1). Feat  marsh 
from  low  positions  to  high  positions i s  formed 
in  the  latitudal  zone  area of frozen  earth  in 
the  North.  Only  low  position  peat  marsh  is  form- 
ed in  the  frozen  earth  area  in  the  Qinghai-Xi- 
zang  Plateau. 

According  to  the  principles  of origination 

condition  of  the  process  of  peat  marsh  forming 
theories,  namely,  according t o  the  nutritious 

and  developing  and  types  of  marsh  vegetations, 
pear  marsh  in  China  is  classified  into 3 pat- 
terns  and 1 4  types  (Table 2 ) .  

The  northeast  of  China  and  the  Qinghai-Xizang 

Table 2 Patterns  and  categories  of  peat  marsh  in  China 

Patterns  Categories 

Low  position  Carex  peat  marsh  category 

marsh 
peat 

patterns 

position  peat 
middle 

marsh 

patterns 

Phragmitis peat  marsh  category 
carex--Phragmitis  peat  marsh  category 

Carex--Glyceria  peat  marsh  category 
Kobresia--Carex  peat  marsh  category 

Aluns--Carex  peat  marsh  category 

Larix--Carex  peat  marsh  category 
Salix--Carex  peat  marsh  category 

Carex--Sphagnum  peat  marsh  category 
Larix--Carex--Sphagnum  peat 
marsh  category 
Viccinium--Eriophorum--Sphagnum peat 
marsh  category 
Larix--Ledurn--Sphagnum  peat 
marsh  categorv 

high  position  Ledum--Sphagnum  peat  marsh  category 
. . -~ 

peat  marsh  Sphagnum  peat  marsh  category 
pattens 

Low position  peat  marsh  is  widely  distributed 

are  ahundant.  There is  a complete variety of :  
in o u r  country.  Its area is  large and  reserves 

category  of  peat  marsh  in  the northeast  of  China 
Except  for  the  Carex--Kobresa peat  marsh  cace- 
gory  and  Carex--Glyceria  peat marsh  category 

zang  Plateau,  the  other  twelve  categories  can 
that  are  mainly  distributed  in  the  Qinghai-Xi- 

all be  found  in  the  northeast.  Of  these  cate- 

maximum  surface  area  of  which  the  major  plant 
gories,  Carex  peat  marsh  category  covers  the 

Carex  schmidtii,  Carex  pseudocuraica, etc.. The 
species  are  Carex  meyerans,  Carex  lasiocarpa, 

peat  marsh  is  located  in  flood--plains,terrace, 
valleys  and  low-lying  land  and  is  usually  marsh 
of  seasonal or  perennial  water  keeping,  Water-- 
chemical  pattern  is  HC03--Ca--Mg  and  mineraliza- 
tion  degree  varies  from 50 to 500 mg/l.Most are of a 
flat  and  grasshilly  microgeormophology  peat  marsh 
landscape  (Chai  Xiu, 1 9 8 6 ) ,  Low  position  peat 
marsh  can  develop  to  become  middle  position  peat 
marsh  in  the  course  of  environmental  evolution 

- 
Fig.1  Accumulation  area  and  types 

of peat  in  China 
1. Plainsland 
2 .  Plateau  land 
3 ,  Mountainous  area 

and  devel-opment  of the  peat  marsh  itself.  The 
categories  that  are  usually  seen  in  the  Greater 
and  Lesser  Xing'  an  Mountains  and  the  Chang  Bai 
mountains  area of cold  and  moist  climate  are 
Larix--Carex--Sphagnum  peat  marsh  category.  Le- 

Carex--Sphagnum  peat  marsh  category. Middle posi- 
dum--Erophorum--Sphagnum peat  marsh category  and 

tion  peat  marsh  can  develop  continuously to be- 
come  high  position  peat  marsh.  The  categories 
o f  high  position  peat  marsh  that  have  becn  found 
are  Sphagnum  peat  marsh  category  and Ledurn-- 
Sphagnum  peat  marsh  category.  They  are  only  dis- 
tributed  in  hilly  areas  with  a  cold--moist  clim- 
ate  in  the  northeast o f  China.  Generally  the 
peat  marsh  protrudes  into  the  central  surface. 

The central depth of the  peat is  bigger, and 
It is  higher than its edge by about 1-1.5 m. 

has a variation from position  peat  marsh  to mid- 
dle  position  peat  marsh  to  high  position  peat 
marsh.  Little  peat  marsh  can a+lso be  seen i n  the 

moist  climate. And  they  are  hjgh  position  peat 
forest  belts  of  the  high--altitude  and  cold-- 

marsh  that is directly  formed on perennial  Ero- 
zen  earth  and  has  not  experienced  the  stage  of 

area of  Ar Hount and  YiErSi  in  the  Greater  Xing' 
low  position  peat  marsh.  For  example,  in  the 

a n  Mountains,  the  plants  on  the  earth  ground 
are,  mainly,  Sphagnum,  secondly,  Payttchum  and 
hypum,  etc.,  occasionally,  Ledum  and  Vaccinium 
are  associatcd  with  them. 

hai-Xizang  Plateau.  Categories of low  position 
Type of  peat  marsh  is  singular  in  the  Qing- 

Carex  peat  marsh  category  and  Carex--Glyceria 
peat  marsh in the  area  are  mainly  Cobresia-- 

marsh  vegetations,  dobresia  tibetica  is  a  spec- 
peat  marsh  category  (You  Nusi  et  al., 1991), Of 

ial  species  in  the  area.  The  main  component  of 

and  a  few  Carex  trichocarpa  and  Blysmus  sinoco- 
the  Carex  plant  community  are  Carex  mulicnsis 

mpressus.  Usually  grasshill  microgeomorphy  deve- 
lops.  They  are  the  kinds  of  grass  hills  that  are 
consisted  in,Kobresia.  Of  them,  large and small 
ridgy  grass  hills  are  distributed  widely,  The , 

related t o  the  distribution of frozdn earth. 
formation of these  ridge  grass hills i s  closely 

Just  as E.Toler said,  the  ridgy  and  moist  low-- 
lying  land  peat  marsh  is  concentrated  in  the 
south  of  today's  perennial  frozen  earth  belts 
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(about 50°-55'N). It is  a  result  of  the  alterna- 
tively  freezing  and  melting  action  in  the  frozen 
earth  area. In addition,  some  peat  embankments 
and  peat  hills  are  also  formed  under  the  envirow 
mental  conditions o f  frozen  earth, 

PEAT MARSH IN THE FROZEN EARTH  AREA  AND ITS 
DEVELOPING TENDENCY 

Although  there  are  different ideas  on  which 
the  most  developed  belt  of  peat marsh  is,  either 
close to  the  discontinuous  belt of  perennially 

earth area  or to the south of perennially frozen 
frozen earth in the south o f  perennially frozen 

earth,  the  opinions  that  peat  marsh  benefits by 
conserving  frozen  earth  are  consistent.  The 
forest  region  of  the  Greater  Xing'  an  Mountains 
in  the  northeast o f  China  is  a  perennially  fro- 

The  depth of  perennially frozen  earth  varies 
zen area. an  example i s  the  Gulian  valley.basin. 

from  high  to  low  from t-he bottom  to  the  edge  of 
the  basin,  The  depth  exposed  at  hydrology No.1 
drill  hole  located  at  the  bottom  of  the  basin  is 
75 m, but  the  depth  exposed  at  hydrology No.2 
drill  hole  located  on  the  edge of the  basin  is 
only  28 m. There  are  bushes,  low  position  Carex 
peat  marsh,  a  thin  buried  peat  layer,  and  grass- 
mound  microgeomonphology,  developed  in  the  low- 
lying  land  in  the  basin,  Betula  Platyphylla  and 
Larix  alternate  on  ihe  edge  of  the  basin.  Pinus 
camphor  is  distributed  on  the  top  of  the  moun- 
tain. The  depth of the  loose  deposit  is  the  lar- 
gest  at  the  bottom  of  the  basin  and  is 7-8 
peters,  and  gets  thinner  upward  gradually.  The 
depth  of  perennially  frozen  earth  varies  from 
7 5  m t o  100 m at the  bottom  of  the  basin,  from 
30 m  to 40  m  at  the  sloping  abdomen,  and  to 10- 
2 0  m  on  the  edge u f  the  basin.  Based on  the 
data  of  the  Huola  River  basin  the  maximum  sea- 
sonally  melted  depth  varies  from  low t o  high 

0.6-0.8 m  at  the bottom of the basin  and 0.8-1 .4  
from  the bottom to  the edge o f  the  basin, it is 

m at the  sloping  abdomen  and 2 , 2 - 2 . 3  m  on  the 
top oE mountain  (Liang  Linheng  et  al., 1 9 9 1 ) .  
At the  end  of A u g u s t  the  maximum  melted  depth 
of  the  peer  marsh  in Mo He  forest  area  is  only 
0.5 m or SO. Especially  the  melted  depth  in  the 
high  Sphagnum  peat lharsh area  is  smaller.  The 

of  peat.  Usually the  rate of heat  conductivity 
phenomenon  is  a result  of weak  heat  conductivity 

of  peat is very  small  and  is  about 0.0015 cal/ 
cm.s.OC, and  thatoof  peat  with  full  water  is 
0 . 0 0 1 1  cal/cm.s. C, and is far  lower  than  that 
of  mineral s o i l  (0 .003-0 .004 cal/cm*s*'C).Under 
this  condition,  peat  layers  protect  the  frozen 
earth  layer  on  one  hand,  and  low  temperature and 
water  insulation  action  of  frozen  earth  layers 
improve  the  development o f  peat  marsh  on  the 
other  hand. So middle  positior  peat  marsh  and 
high  position  peat  marsh  that  formed  on  the  fro- 

Greater Xing'an  Mountains.  High  position  Sphag- 
zen  earth  layer  directly  can bc. seen  in.the 

num  peat  marsh  is n o t  found is  the  Qinghai-Xi- 
zang  Plateau.  It  is  probably  a  result o f  strong 

growth of malnutrient  plants  such  as  Sphagruim, 
solar  radiation,  which  is  disadvantageous to 

etc..  From  this  we  can  consider  that frozen. 
earth  has  a  close  relationship  with  the  forma- 
tion  and  development of peat  marsh.  Just  as  the 
scholars  on  frozen  earth  study  have  put  forward, 
that  marsh  forming  and  development o f  peat  and 
layer o s  Sphagruim  can  promote  the  formation o f  
a  frozen  earth  layer,  and  it  is  very  obvious  for 
the  layer of soil i n  which  the  temperature  is 
near 0°C. In  the  Greater  Xing'  an  Mountains,  the 
earth  temperature  in  the  peat  marsh  land  is 
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lower  than  that  in  mineral  land by about 1-2°C. 
So a  frozen  earth  island  can  be  almost  circled 
out  in  the  south  bounds  and  lower  bounds of  the 

of  peat marsh. O n  the  contrary, in  the area 
frozen earth  area based  on  the surface outline 

where  the  annual  average  earth  temperate  is  near 
O'C,  even  the  distribution  of  zero  gradient  tcm- 
perature  can be seen,  and  the  bottom  of  the  fro- 
zen  earth  is  not  stable,  quarrying  peat  marsh 
land  must  result  in  an  increase  in  temperature 
€or  the  frozen  earth  layer  and  fall  in  upper 
bounds of frozen  earth  and  even  degeneration  of 
frozen  earth.  The  period of degeneration of fro- 
zen  earth  is  usually  the  stage of  development of 
peat  marsh  with  rich  water  resources.  At  present 
the  total  developing  tendency of  peat  marsh  in 
our  country,  whether  in  the  northeast o r  i n  the 
Qinghai-Xizang  plateau,'peat  marsh o n  the  edge 
o f  the  Ruorgai  Plateau  appears  to  become  sand 
and t o  dry.  Grassy  marsh-land  plants  gradually 
replace  the  marshy  plants.  Little  stream  and 

the  Ching  Bai Mountains in the northeast of 
little  river are  found in the peat  marsh land  in 

China,  Due to water  erosion,  peat  is  exposed t o  
the  ground.  All  these  have  some  relation  to  the 
arid  climate  and  human  activity. 
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an  Mountains,  "Glaciology  and  Geocryology", 
3 .  

Chai  Xiu ( 1 9 8 6 )  Prelimjnary  research  on  law of 

Liang  Linheng,  Zhou  Youwe ( 1 9 9 1 )  Variety oE 
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s t r a i n  ( % I  s t r a i n ( % )  I 
F i g u r e  2 .  T h e  s t r e s s  vs. s t r a i n  ( a :  loam s o i l  u t  d i f f e r e n t   s t r e i n   r a t e s ,  b :  loam soil under  

d i f f e r e n t   c o n F i n i n g  p r e s s u r e s ,  c :   l o w - d e n s i t y  sand u n d e r  d i f f e r e n t   c o n f i n i n &  
d :  h i g h - d e n s i t y   s a n d   u n d e r   d i f f e r e n t   c o n f i n i n g   p r e s s u r e s  

( ( f l -03)max a n d   y i e l d   s t r e s s .  s r r a i n  r a t e ,  a n d  
c o n f i n i n g   p r e s s u r e ,   f o r  loam and sand,  a r e   g i v e n  
i n  F i g u r e  3 ,  F i g u r e  4 and F i S u r e  5 .  F i g u r e  6 
s h o w s . M o h t ' s   e n v e l o p e   c u r v e s  of  t h e   s t t e n g r h   o f  
s a n d .  F i g u r e  3 and F i g u r e  4 i n d i c a t e   t h a t   t h e  
peak  s t r e s s  and y i e l d  stress o f  f rozen   loam d o  
nor  depend on  a s t r a i n   r a t e   r a n g i n g  from zero t o  
5 MPa. F i g u r e  5 p r e s e n t s  t h a t ,  f o r  h i g h   d e n s i t y  
a n d   s a t u r a t e d   s a n d .   t h e   p e a k   s t r e s t i   a n d   y i e l d  
stress i n c r e a s e   l i n e a r l y  w i t h  i n c r e a s i n g   c o n f i n -  
I n g ' : p r e s s u r e .   F o r   l o w   d e n s i t y  and u n s a t u r a t e d  
s a n d ,  t h e  c u r v e s   o f  t h e  peak ,   y i e ld   and   r emnan t  
s t r e s s e s  h a v e  t h r e e  p r o c e s s e s ,  The c o n f i n i n g  
p r e s s u r e s  t h a t  c o r r e s p o n d   w i t h  t h e  maximum and 
m i n i m u m  pemk stresses a r e  3.58 MPa and 5 . 7 3  MPa, 
r@.SpFCt,ivC?ly. The maximurn v a l u e  o f  remnant  
s t r e s s  is a p p r o x i m a t e l y  equal t o  t h e  m a x i m u m  
v a l u e  o f  p e a k  s t r e s s ,   t h e   c o r r e s p o n d e n t   c o n f i n -  
i n g  p,r'essures a r e  4 . 4 9  and 3.58 MPa, r e s p e c t . i v e -  
l y ,  i t  i s  i n d i c a t e d   t h a t   t h e   d e f o r m a t i o n  .beha)- 
tour  of frozen sand is similar t o  rha  defornlarioi  bYhav- 
i o u r  o f  f r o z e n  loam when t h e  c o n f i n i . n g  pressure  

' c h a n g e s  from 3.58 HPa t o  4 . 5  MPa'. T h a t  i s ,  t h e  
s t r e n g t h   d e c r e a s e s   s l i g h t l y   w i t h   . i n c r e a s i n g  o f  
d e f o r m a t i o n .  

T h e  a n g l e  o f  i n t e r n a l   f r i c t i o n .  f o r  h igh  
d e n s i t y  sand s a m p l e s ,  is a p p r o x i m a t e l y  equal  t o  
t h e  v a l u e   g i v e n  b y  A l k i r e  (1973) a n d  S a y l e s  
( 1 9 7 3 ) .  These  a r e  r e s p e c t i v e l y  31.So, 3 1 . 4 "  and 
3 1 " .  Because  o f  d i f f e r e n t   f a i l u r e   t y p e s  on, 

a r e  more t h a n  t h e  v a l u e s  ( 1 9 . 3 ' ,  1 2 . 4 ' )  give11 b y  
v a r i o u s   c o n f i n i n g   p r e s s u r e   c o n d i t i o n s .   t h e  angles 

Chamber la in  (1972), and V . R .  Parameswtiran (lB73) 
'on h i y h  p r e s s u r e  t e s t i n g '  c o n d i t l n n s .  ' 

. .  

-..' - 

DrscirsSroN 
I ~ . . . .  

E .  C h a m b e r l a i n ,  ( 1 9 7 2 ) ,  s t u d i e d  t h c  e f f e c t s  

. .  

of c o n f i n i n g  p r e s s u r e  ' o n  the s t r e n g t h  o f '  f r o z e n  
s o i l .  The s t u d y  showed t h e  s t r e n g t h  c u r v e  chang- 
i n g  w i t h   c o n f i n i n g   p r e s s u r e  h a s  t h r e e  s ~ a g e s .  
The c o n f i n i n g   p r e s s u r e   c o r r e s p o n d s  w i t h  t h e  
maximum and m i n i m u m  peak stresses whlc:h  are 
r e u p e c t i v q l y  5 2 . 5  MPa and  105 MPa. The rursu lL  
o f  t h e   s t r e n g t h   g e c r e a s i n g   w i t h   i n c r e a s e  o f  
c o n f i n i n g   p r e s s u r e  i s  owing t o  Lhe p r e s s u r e -  

m e l t i n g  of i c i s e r n s   t o  b e  i m p o s s i b l e  in o u t -  
m e l t i n g  o f  i c e  . i i ]  f r o z e n  s o i l .  R u t  t h e   p r e s s u r e -  

r a t e d  ttozcn sand, b e c a u s e   o f  tfit p r e s s u r e -  
t e s t i n g   c o n d i t i o n s .  For  low-dens i ty  a n d  u n s d L u -  

i n j u r i n g  o f  i c e ,  t h e  s t r e n g t h  d e c r e a s e s  w i t h  
i n c r e a s i n g  o f  c o n f i n i n g   p r e s s u r e .  

, .  

7 98 



coni!l_oi!g pressure(MPd)  
. .  

. .  
F i g u r e  4 .  S t r e n g t h . o f  frozen s o i l  fram B a i -  

Cheng v s .  c o n f i n i n g   p r e s s u r e ,  
T=-33'C R d m 1 . 4  g/cm' W,=-27x 

S t r a i n  . r a t e / s  

Normal s t r e s s ( M P a 1  

F i g u r e  6 .  Mohr ' s   enve lope   cu rve  o f  t h e  
s t r e t ~ g r h  o f  s a n d  

d i s p l a c e m e n t .  .The e n d  of t h e  p r o c e s s  i s  t h a l   i c e  

I '  
30 

c1 
u) 

confining  pressureKMPa),  

F i g u r e  5 .  S t r e n y r h  of t toze lr  s a n d  v s .  col- fining 
p r e s s u r e  
~ - 0 . 8 9 6 / ~  Tm-36 .3 'C  7 c = 1 4 %  

Dry d o n s i t y  g/cm ' 

n e  f r o z e n  soil i s  of a c e r i i n t a t o r y   t e x t u r e  
mat.erj . s l  c o n s i s t i n g  of  i c e  a n d  p a r t i c l e s .  T h e  
cementatory  \ jays  and its s t r e n g t h  on a m i c r o -  
cosmic l e v e l  a r e   d i f f e r e n t .  S t r e s s  c o n c e n t r a t i o n  
produced by t h e   d i f f e r e n t  p a r t i c l e  f r i c t i o n  
u n d e r   h y d r o s t a t i c   p r e s s u r e   c a u s e . s   t h e   i n j u r y  a n d  
f a i l u r e  o f  t h e   i c e - p a r t i c l e   c e m e n t a t o r y  f o r c e .  
A f C e r  n p a r t  of c e m e n t a t i o n  i s  f a i l e d ,  l rhu 
s t r e s s  w i l l  b e  r e d i s t r i b u t e ?  i n  f r o z e n  s o i l  i n  
o r d e r   t o   h a l a n c e   t h e   e x i s t i n g  s t r e s s  f i e l d .  
T h i s  process o c c u r r e d  b y  means o f  t.hc p a r r i c l e s  

is broken a n d  s t r e n g t h  i s  lost. 
The b e h a v i o u r  o f  p r e s s u r e - m e l t i n g  of i c  

r e a l i z e d  b y  m a n y  r e s e a r c h e r ' s .  On t h e  basis 
t h e   d i s c u s s i o n s  in r e p o r t s   ( L a d a n y i ,  1 9 8 1 ,  
1990), i t  1s known t h e r e   a r e   i c e   , w e a k e n i n g  
e f f e c t s  u n d e r y h i g h   p r e s s u r e .  I f  i t  is s a i d  
t h e  s u i 1  p a r t i c l e s   h a v e  f a i l e d  under h i g h  
p r e s s u r e ,  t h e  p r e s s u r e - i n j u r i n g  of icc w i l  
c e r t a i n l y   o c c u r   u n d e r   h i g h   p r e s s u r c .  

The d i s c u s s i o n   g i v e n  above i n d i c a t e s  t h  
f r o z e n   s o i l   s t r e n g t h   b e h a v i o u r s  of  t h e   t h r  
s t a g e s  in t h e  s t r e n g t h  of f r o z e n  s o i l  will 

e 

I 

e 
e 

of 
Was 

1985, 

t h a L .  

e 

simultaneous1.y  depend o n  t h e   p r e s s u r e - i n j u r i n g  
a n d  t h e   p r e s s u r e - m e l t i n g  of  i c e .  For  low d e n s i t y  
a n d   u n s a t u r a t e d   f r o z e n  s o i l ,  t h e  pressure- 
j ~ ~ j u r i n g  o f  i c e   i s   t h e  main reason. 

THEORRTICAL ANALYSIS ,ON .THE STRENGTH OF FROZEN 
SOIL 
" 

The' f r o z e n  s o i l  s t r e n g t h   d e p e n d i n g  on i.cu ' i o  

c o n t e n t ;   E u r t h o r m u r c ,  t h e  f r o z e n   s o i l   s t r e n g t h  
t a k e n  i n t o  a c c o u n t   t h r o u g h   i c e   s , ( r c n g t h  end i c e  

t l c p t n d i n g  o n  p a r t i c l e s  -is t i l k e n   i n t o   a c c o u n t  
t h r o u g h   p a r t i c l e s   f r i c t - i o n  a n d  p o r o s i t y .  For 
a b o v e ,  t h e  f r o z e n  soil s t r e n g t h   d e p e n d i n g  on 
i c e  and  p a r t i c l e  i s  s i m u l t a n e o u s l y   r e l a t e d  t o  
porosity.  'The p a r t i c l e s   p o r o s i t y ,  i s  d e f i n e d  as: 

Where, V ,  V,,in.-- soil volume and m i n i m u m  s o i l  

U ,  v m i n  - soil specific valume and 
volume, r e s p e c t i v e l y ;  

l-€,, is d e f i n e d   a s  particles c o n t a c t  
m i n i m u m  soil s p e c i f i c   v o l u m e :  

r a t e s .  



I. -- p o r t  ic lc:n I r i c f i o n  c o e f r i . c l c t l t .  
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I r y  F i g u r e  8 .  I t .  i s  w r i t l t e n :  



CDMPARISON CALCULATED VALUE WZTH TEST V A L U E  

F i g u r e  10, I 1  a n d  iZ showmthe r e l a t i o n a h i p s  
Irc~wccn f r o z e n   s o i l   s t r e n g t h   a n d  O, a s  w e l l ; $ s  
w;itPr C o p t e n t :  T h e  c a l c u l a t i r J t 1  volues III F i g . 1 0 ,  
I1  arc'ohtained by q r ,  a n t l . q 2 f r o l n  e q u a t i o n ; . ( ' ! ? ) ,  
a n d  t h e  v a l u e  i n  F i g u r e  1 2  is f t b m  q l = b l  .' 
S i m u l t a n e o u s l y ,  5 was f o u n d  b y  the f o l l o w i n g  
f n r m u l a :  

\ J h e t P  Rdrnox- -- mnximurn d r y  d e n s i t y  o f  s o i l  g i v e r ) .  

F i y u r e  1 2  s h o w s  f r o z e n  s o  t l  s t r e n g t h   d e c r e a s e s  

11y m o n y  r e s e a r c h e r s  ( Z h u  Y u a n l i n ,  1987, 
wi1.h i n c r o a s i n g  R d .  'The r e s u l t s  were t e s l i f i e d  

S l y l e s .  1981,  Wileweera ,  1990) ,  

P a r e m e s w a r a n ,  V . R .  and J o n e s ,  S . J . ,  ( 1 9 8 1 )  .I.  o f  

S n v t e s .  F.. ( I Y 7 3 )  2 n d  T n t ,  C o n f .  on P r . r m n f r o r t ~ ,  
G l a c i o l o g y ,  2 7 ( 9 5 ) ,  pp147-155.  

' pp384-391:  
T i n a ,  J , M , ,  M a r t i n ,  R . T .  and  L a d d , .  C . C . ,  ( I Y 8 3 )  - 

J .  G e o t r e c h .   E n g l .  109,  p p X 2 8 6 - 1 3 0 2 .  
t a d a n y i . ,  H., (1981) Proc. Symp.  on  Free  Duurrdnry 

L a d a n y i ,  B . ,  (198.5) 10th  Cancam. 
L a d a n y i ,  R., ( 1 9 9 0 )  C a n .  C r o t e c h .  J 
Z h u  Y u a n l l n  arld Carhee ,  D . 1 , .  , (1988 

Zhu Yuan l in   nnd  C a r h e e ,  D . L . ,  (1.987 

S a v l e s a  F.H. anrl Carhee, D . l . . ,  (198 

Problem.  

S y m p  I on ( : rnl lnt l  I : r e c z j  trg. 

ppR7-100, 

. 2 7 ,  pp8-18. 
) 51.h J n r .  

1 ) E n 8  I,, 

W i j e w e e r a ,  H .  a n d  J o s h l ,  R . C . ,  ( 1 9 9 0 )   C a n .  

S e e d ,  1I.R. a n d  Lee, H . L . .  ( 1 9 6 7 )  S o i l  Mrch. antl 

G e o l o g y ,  18,  ppS5-66 .  

G e o t e c h .  , J . ,  2 7 ,  pp472-483.  

Found t ) i v . ,  '93(SM6) I p p 3 3 3 - 3 6 0 .  



CLIMAlI? PLUC'I'VATION A N I )  'THE PROCESS OF Pl<.HMAFROST  FORMATION S I  N C I '  LAST 
G I , A C I A T T O N  IN THE SOURCE A R E A  01: U R I J M Q I  R I V E R .  TIANSHAN, CHINA: 

The S o u r c e  Area of l lrunlqi  River '   cxyerienccd  the  warm-cold e n d  a r id -humid   I l uc t -ua -  
t i o n s  a f t e r '  L a s t   G l a c i a t i o n ,  w i t h  t i n  a m p l . i t u d e   s m a l l e r   t h a n   t h a t  i n  Europc a n d  
East C h i n a .  The b u r l e d  h u m u s  soils widvly fourld on t h e  l o v e r  p a r t  o f  s l o p e  a n d  
s w a m p y  v a l l e y   b o t t o m   i n d i c a t e d   t h e   a g g r a d a t i o n  o f  s e d i m e n t s  s i n c e  Last   Clcccia-  
t i o n   w i t h  a v a r i o u s   a g g r a d a ~ i n g   r a t e  fro111 p l a c e  J O  p l a c e ,  The ~ g g r n t l a t i n g   s c d i -  
menCs i n  c o l d  climate w e r e   p o s s i b l e  t o  f o r m   t h e   s y n g e n e t i c   p o r m a f r o u L .  T h i s  was 
conf i rmed b y  t h e   d a t a  from boreho les   and  p i r s ,  w h e r e   s e v e r a l   i c e - r i c h  h o r i z c ~ n s  
were   found .  Based on t h e  m i n e r a l o g i c a l   u v i d e ~ l c e   a n d   c o m p a r i s o n   w i t h   p r e v i o u s  
work, i t  i s  e s t i m a t e d  t h a t  t h e  lower  l i m i t  o f  a l p i n c  permafrost a l o n g  Urumqi. 
R i v e r  r l u r i n n  L a s t  Glacj.atior1 b e  H L  a b u u t  2 1 0 0  m a . s . 1 .  a n d  90Q 111 Luwer ' thal1 i t s  

, ,  

.. 
p r e s e n t   p o s i t i o n .  

C l i m a t e  i s  an i m p o r t a n t  f a c ~ o r  in p e r m a f r o s t  
development,. T h o  format io l l  o r  d o g r e g a t i o n ,  c o l d - -  
I ng   o r   warming ,   t h i ckcn ing  o r  t h i n n i n g  o f  perma- 
f r o s t  a r e   r e s u l c a n t  fros l  c l i m a t e  c h a n g e .  O n  t h e  
u t h e r  h a n d ,  c h r  inEormat ion  o f  p e r m a f r o s t  d e v c l -  
opment o r  d u g r e g a t i o n   c o u l d   b e  the i n d i c a t o r  o f  
c l i m a t e  c h a n g e ,  u s e d  f o r  t h e  r e c o n s t r u c t i o n  o f  
e n v i r o ~ ~ m e n ~ .  S i n c e  fcw p o l e o - p e r i g l u c i a l   f e a t u r e s  
w e r ~  f o u n d  u u t  o f  the p r e s e n t   p e r m a f r o s t   a r e a .  
t.he a u t h o r s  would l i k e  t o  d i s c u s s   t h e   p e r m a f r o s t  
change  mainly by u s i n g   t h e   s t r a t i g r a p h i c a l   d a t a ,  

'The S o u r 1  t+ A r e a  a l  U r u m q i  K'iver i s  l o ~ a t e r l  011 

Lhc n o r L h c r n  s i d e  o f  M t .  Kalawucheng,   the m j d d l e  
p a r c  u f  ' I ' ianshan (43'07'N, 8 3 ' 4 9 ' 6 ) .  The r i d g e s  
a r e  a t  a n  e l e v a ~ i o n  of 4000 m u t  s o .  The modern 
s n o w l i n e  i s  a t  3 Y O O  t o  4100 111 a . s . 1 . .  The terminus 

The  lower  l imit ,  o f  p e r m a f r o s t  is at 2900 m 
o f  modern g 1 , a c i e r s   r u n s  down . t o  3600 m a . s . 1 .  

( n o r t h - f a c i ~ ~ g  s l o p e )  t u  3250 m a . s . 1 .  ( s o u L l r -  
f a c i n g  s l o p e ) .  

Belonging LC, T i a n s h a u   G e o s y n c l i n a l  F o l d i n g  
System, i t  i s  composed of Pa leozoic   i .gneous  rock 

d i n t l a s e ,  g r a n i t e  a n d  c h l o r i t e   s c h i s t .  The g l a -  
and nletamoryhic  r o c k s ,  i n c l u d i n g  a u g e n ,  g n e i s s ,  

c ia , te t l   aret l  1 1 1  l a t e   I ' l e i s t u L c n e  was k n o w n  to be 
d o w n  L o  3000 m u . s . 1 .  

X i n j l a n g  is far.  from ocean  a n d  i s  g e n e r a l l y  
r e c o g n i z e d  as (III a r e a  w i t h   t y p i c a l   c o n L i n e r l t a 1  
c'limaLo. ' ~ ~ H I ~ S ~ U I I ,  however. lying a c r o s s  t he  
m i d c l l t .  o l  X1l l . j iang,  i s  r e l a t i v e l y  humid a n d  
w i t h  n c ( 1 n t i n ~ 1 1 t n l j t . y   l o w e r   t h a n  5 0 ,  and   thus  
could  n u t  b e  c o n s i d e r e d  a s  a r e g i o n  of  conL1.- 
n e n t u l  r.1imat.e. 'The nicao a n n u a l  a i r  t .empergture  
d c t - r e a s c s  u p w a r d s ,  down ~o - 2 ' C  n r  3000 rn a . s . l . ,  

+$This p r u j c c t  i s  s u p p o r ~ e d  b y  t h e  Nt lc ior la l  
Sc i ence   Founda t ion  o f  China  and Lhe  Tiarlshan 
G l a c i o 1 o g i c j : ) l  S t a t i o n ,  Academia S i r l i c a .  
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t i o n   f r o m   t h e  Section o f  P i t .  90-4 
As shown i n  T a b l e  1 and F i g . 2 .  t h e  LoLal 

n u ~ n b c r  ol p o l l e n  a ~ l d  s p o r e  g r ' u i l l b  i s  1 0 3 7 ,  i n  
w h i c h  99 g r a i n s   a r e  o f  t h e  t r e e   p o I . l t ! n s ,  4 7 8  

a n d  4S6 -- p t e r i d o p h t e   s p o r e s .  
g r e l n s  a r e  o f  t.he s m a l l  s h r u b  and hr.rb p o l l r ? n s ,  

The s e c t i o n  ta.n be,  d i v i d e d  i n L o  4 b e l t s ,  
p a l y n o T n d i c d l l y   a n d   s t r a r i g r a p h i c a l l y .  

( 1 )  I n  t h e  huInus s o i l  a t  t h c :  depth  f rom 2.3 
t o  2 . 2  m a n d  3 4 2 5  a B.1'. i n  a y e ,  t.he p o l l e n s  

m 

20 40 L b  20 

and s p o r e s  a r e   m a i n l y  of s m a l l  s h r u b ,  h e r l )  , I I I I I  
ptrr itlophyte.  The  conLcnt. O I  J I I IU~ 1 s h r u b  dl111 

h e r b  p o l l e n s  i s  5 8 . 2 2 ,  p ~ e i - i d u p h y ~ e  % p u l e s  
7 9 . 3 % .  The  Ephedra  content  i s  a s  high  a s  88.7:'. 
in t h e  small s h r u b  and  hel-b p u l l u n s .  Wootfs ia  
and S e l a g i n e l l a   s p o r e s  i s  50X and 4 2 . h X  r c s p r c -  
L i v e l y  in p t e r i d o p h y t c   s p o r e s ,   t h e   c o n l c n t  o r  
t r e e  pollcns - only  2 . 5 1 .  

It i s  known t h a t  t he   Ephedra ,  GIoorlsja u n r 1  
S e l a g i n e l l a  a r e   g r o w i n g   i n   t h e   n r i d  and c o l d  
envi ronment .  This p a l y n o l o g i c a l  indicates a 
c l i m a t e   c o l d  aI1.d d r y  orouvrl 3 4 2 5  t~ B . P .  

i n  depth  and  3425 E O  1481 H B . P .  i n  a y e ,  I.hc 
c o n t e n t  o f  t r e e  - p u l l e n s  i n c r e a s e s  t o  6 . 2 Z ,  t h e  
Ephedra  c0nten. t   abrupt ly  d e c r e a s e s  t o  282 1 1 1  

L o t a l  g r a i n 3  o f  .small s h r u h  and   hc rh   po l l ens .  
T h e  c.oncerlt o f  Chenopod i a c e a e ,   A r t e m i s i n  and 
G r a r n i n ~ ; ~ ~  prrl l e n s  i n c r e , + s t + = ,  t o  l ? Y B  h?, n n d  I$:' 
r e s p e c t , i v e l y  o f  t h e  sma1.1 s h r u b  ~IIIII h c r h  pol- 
l e n s .  Some new p o l l e n s ,   s u c h  a s  C o m p n s i t t ~ e  A I I I I  
P o r e n t i l l a   a r e   f o u n d .  The c o n t e n t  O F  p t e r i t f o -  
phyte  s p o r e s ,  mainly Lhc W o o d s i ~ ,  is 4 0 . 2 ' / . .  
The S e l a g i n e l l a   c o n t e n t  is 2 1  . Z X .  Uutryc'hlum 
spates o c c t ~ r s  i n  t h i s  b e l t .  

known t h a t   t h e r e  was a s l i g h t  warming and w c I -  
t i n g   c l . i m a t i c a l l y .   C o m p a r i n g  with t h e  motlr:rn 
v e g e t a t i o n  (Li a n d  Yan.,  1 9 9 O ) ,  t h e  c l i a t u L e  C O I I .  
d i t i o n  way  sLiLl d r i e r  a ~ l d  c o l d e r  Lhan Lhclt a t  
p r e s e n t ,  

a n d  1481 a R. .P ,  i n  a g e ,  t h e   ~ o n t r n ~ .  o f  t r e e  
p o l l e n s   i n c r e a s e s  greatly t o  2 8 . 6 X ,  m a i n l y  
j n c l u d i n n  Salix ( 5 3 . 6 %  of t h e   t o t a l  t r e e  1 1 0 1 -  

( 2 )  I n  t h e  grave l - ly   s ed imen t  2 . 2  t o  1 . 6 2  ~1 

C o m p a r i n g   w i t h   t h e   f i r s t  b e l t ,  L L  c o u l ~ l  01: 

( 3 )  I n  h u l n u s  s o i l ,  1 . 6 2   t o  1 . 4 0  m 111 t i c p t , I I  

l e n s )   a n a  Querus'(30.6X). Within 
s h r u b  and h e r b  p o l l e n s   ( 4 9 . 8 %  i n  
a r e  Amarantha teae   (23 .37 , ) ,  P o t e n  
Ephedra ( 1 3 , 3 % ) ,  Caragana ( 1 . 3 . 3 X  
c e a e  ( 8 . 3 X ) ,  A r t e m i s i a  ( 5 % ) .  'I'he 
p t e r i d o p h y t e  s p o r e s  d e c r e a s e s   t o  
u re   Bo t rych jum (55.8%). Idoodsia 
Lycopodiunl   (11.5%).  

T h e  a r e a t  i n c r r a s c !  in crcc P U  



'Table  1. P a l y n o l o g i c a l  r e s u l t  o f  Fit 9 0 - 4  i n  t h e  Source  Area o f  Urumqi River  

Simple number 90-4-1  90-4-4 90-4-5 90-4-6 90-4-7 
" _I _I 

Name o f  pollens or spores Number Percent Number Perceut Number Percent Number Percent Number Percent, 

Tota l  number of poll.ens and spores 110 246 241 194 244 

- I" 

Tree pol.lens 8 7 . 3  4 1. .6 69 28.6 1 2  6 . 2  6 2 . 5  

Small. s h r u b  and herb 46 41.8 120 49.2 120 4 9 . 8  50 25.8 142 58.2  

Pteridophyte 56 150.9 120 4 9 . 2  52  21.6  1.32 68.0 96 39.3 

Picea 1 ,1 
l'axodiaceae 
Queruw Ib 3 . 6  

A l n u s  
Sslix 3 2 . 7  
Juglans 

Tree pollens Betula 

1 0.4 I 0.5 
1 0 . 4  

4 1.6 21 8.7 9 4 .6  5 2 
3 ' 1.2 
5 2 . 1  

2 0.8 
37 15.4 2 1 *o 

Ephedra 
Rhododendron 
Comyositae 
Artemisia 
Chennpadiaceae 
Caryophyllaceae 
Rosaceae 
Potent i l la  

Small shrub 
anrl herb Caragana 

Lilium 
Mimosoideae 

Gramineae 

11 10 1 0 1  4 1 , 4  1 6  6 . 6  l b  7.2 126 51.6 
5 2.1  

7 2 . 7  2 0.8 4 2.1 
2 0.8 6 2 . 5  3 1.5 2 0.8 

1 1 4 1.6 LO 4 . 1  6 3.1 c 1.6 
2 0.8 1 0.4 I 0 . 4  

4 3 , 6  3 1.2 1 0.4 
9 8.2 18 7.5 3 1.5 
4 3 . 6  2 0.8 2 0.8 3 1.5 3 I .2 
5 4 . 5  2 0.8 3 1.5 
4 3.6  16 6 .6  6 3 . 1  
3 2 . 7  2 0.8 8 3 . 3  6 2 . 1  1 .  0.4 

Amarsnthaceae 2 1 .a 3 1 . 2  28 l i . 6  
Ranunculus ' I  0.4 1 0.4 
Pnlygonaceae 3 1.5 
Convoluvlus 1 0.4 
Lnhietae 3 1 . 2  
Malva 1 0 , 4  
Corm ' 1 0.5 4 1 *6  

Woodsia 29 26.4 62 25.4 10 4.1 53 2 7 . 3  48 19.7 
Urynnria baronii 5 4.5  10 6.1 2 0.a 15 7 . 7  7 2.9 
Botrychium 4 3 . 6  29 1 2  19 9.8 

Pteridophyte  Selaginella  15 13.6 44 18.0 28 l b . 4  41 16.8 
Lycopodium 3 2.7 4 1 .6  6 2.5 7 3 . 6  
Adiantum 5 2 * 1  9 4.6 
Plagiogyria 1 0.5 

( a n a l y s i z e d  b y  Ma Yuzheng.. t he   Depa r tmen t  o f  Geography,   Lxnzhou  Col lege)  

- from 558 n H . P .  t.o p r e s e n t ,   i n d i c a t e s  a 
s ~ r o n t l  s t a g e ,  0 t o  0 . 8 5  m i n  depth  and the aRe 

c l i m n t c   s l i g h t  warmer i n  compari8on w i t h  t h e  
Ilrl t  1 .  

$ 0 ,  the c l i m a ~ e  f l u c t u a t e d  from cold-dry  t o  a 
s l i g h t l y   c o l d - w e t . ,   r e l a t i v e l y   w a r m - w e t ,   c o l d - d r y  
s i n c e  3 4 2 4  a R . 1 ' .  a c c o r d i n g   t o  Zhou K u n s h u  (1981), 
: r t   the  tlongwuyue Bridge S c c t i n n  ( 2 5 2 0  m a . a . 1 . )  
a r o u n d  4000 a R.P., the v e g e t a t i o n s  o f  Ephedra 
~ n r l  o t h e r   h e r b s   b e i n g  a h l e  t o  grow i n  c o l d - d r y  
v n v i r ~ n m e n t   w e r e   d o m i n a n t . ;   a f t e r  4 0 0 0  a B . P . ,  

Ephcrlr- po l l ens   were  s t i l l  - in  t h e  most. T h i s  
t.he P i c e a  pollens i n c r e a s e d  a l i g h t l y  a n d  t h e  

i n d i c a t e d  ~1 s l i g h t l y   w a r m e r .  

The C l i m a t e  C h e n n e s  S i n c e  Last G l a c i a t i o n  
S i m i l a r  t o   o t h e r   p l a c e s  i n  t h e   w o r l d ,   t h e  

Source' Area o f  U r u m q i  R i v e r  has e x p e r i e n c e d   t h e  

c-old-warm a n d  a r i d - h i m i d   f l u c t u a t i o n s  s i n c e  Last 
G l a c i n t i o n .  

Accord ing  t o  Q i n  Dahe e t  a1 ( 1 9 8 4 ) ,  i t  was 
c o l d  i n  15000 B B . P . ,  t h e  snowline was ahout, 
550 m lower  t h a n  o t  p r e s e n t ,  and t h e  g l a c i e r s  
advanced down t o   a b o u t  3000 m a . s . 1 .  snd t h e  
mean a n n u a l  a i r  t e m p e r a t u r e  was a b o u t  4'C lower 
t h a n   a t   p r e s e n t .  This c o l d  p e r i o d  could  be 
conf i rmed b y  m i n e r a l o g i c a l   e v i d e n c e   t o o .  I n  t h c  
m i n e r a l o g i c   c o m p o s i t i o n  o f  t h e  Upper  Wangfcng 
m o r a i n e ,   t h e   u n s t a b l e   m i n e r a l   c o n t e n t  was '32.75 

h o r n b l e n d e  and  a u g i t e  contents   were   28 .15% anrl 
t o  6 5 , 7 5 7  i t )  t h e   h e a v y   m i n e r a l s ,  o f  which t h e  

henvy  minera ls  was 1 9 . 6 % :   t h e   s u p e r s t a b l e  
17.15X r e s p e c t i v e l y .  The mean c o n t e n t  o f  s t a b l e  

m i n e r a l s  - o n l y  1 .1%.  In t h e   l i g h t   m i n e r a l  
c o m p o s i t i o n ,   t h e  p l a g i o c l a s e   c o n t e n t  was 51.23Z 
q u a r t z  - 32.82. All of t h e s e   i n d i c a t e   t h a t   t h e  



moraine e x p e r i e n c e d  a c o l d  c l i m a t e   s i n c e   t h e  
L a s t  Gl.ac i ,a t ion .  

A f t e r  15000 B R . P . ,  t.hc c l  i m n r e  g r a d u a l l y  
s l i g h t l y  became  warmer a n d  d r i e r ,  I n -  t h e   E a r l y  
H o l o c e n e ,  i t  was s t i l l  c o o l  alld d t y ,  a n d  ~ c r r l d e r l  
t o  warmer c o n t i n u a l l y  (Hen, 1 9 8 5 ) .  About 7000 a 
H . P . ,  i t  was r e l a t i v e l y  warm a n d  w e t ,  t h e " a r c a  
o f  t h e  Hungwuyue R r i d g c  was  covered b y  PJcca  
forest, t h e  a i r  t e m p e r a t u r e  W R S  a b o u t  l a c  h i g h e r  
t h a n  t h a t  a r  p r e s e n t  ( Z h o u  et a l ,  1981). In 
M i d d l e  H u l o c c n e  o r  t h e  Ncoglaciation, t h e  f r i s t  
g l a c i e r  d d v u ~ ~ c e  was rlevcloped betwccn 5700 a n d  
5000 a B . P .  The snowl ine  was 2 4 0  m lover t h a n  
t h a t  a t  p r e s e n t  ( Z h a n g ,  1 3 8 1 ) .  I t  was e s t i m a t e d  
t h a t  t h e  a i r  t e m p e r a t u r e  was nbouc 1.5'C Lower 
t h a n  t h a t  a t  p r e s e n t .  A f t u r u a r d s .  t he  a i r  
t e m p e r a t u r e  r o s e  a g o i n .  

By 3425 a H.P . ,  c o r r e s p o n d i n g  t o  t he  Zhou- 
Q i n  Dynasty  Cold P e r i o d  ( Z h u ,  1 9 7 9 ) ,  t h e  c l i m a t e  
I n  t h i s  r e g i o n  became c o l d  antl d r y .  T h e  s e c o n d  
g l a c i e r  a d v a n c e  of  t h e  N e o g l a c i a t i o n  was p e r -  
formed a n d  t h e  S h a n b e i  M o r a i n e  was formed ( C h e r t ,  
1 9 8 7 ) .  The m i n e r a l o g i c a l   r e s u l t s   a l s o   i n d i c a t e d  
a c o l d   c l i m a t e  ( T n b l e  2 ) .  T h e n ,  t h e  c l . imate  
became s l i g h t l y   w a r m e r .   A f t e r  1481 H U . P . ,  i . e .  
4 6 9  D.C., i t  became r e l a t i v e l y  warm a n d  wet .  
The a i r   t e m p e r a t u r e  w a s  e s t i m a t e d  to be a h o u t  
l ° C  h i g h e r  t h a n  t h a t   a t  p r e s e n t .  

a n d  d r y .  T h e  v e g c t a t i o n  W H S  j u s t  l i k e  t h a t .  
b e t w e e n  3 5 0 0  end 2900 a B . P . ,  ant1 t h e   s i r  tem- 
p e r a t u r e  was a b o u t  1.5"C lower that! t h a t  st 
p r e s e n t .  A f t e r  1392 T ) . C . ,  i t .  became s l i g l ~ t l y  
warmer. D u r i n g  16 t o  19 c e n t - u r I r s  o r  t h e  L i t t l e ,  
Ice Age, t h e ,   t e m p e r a t u r e   a m p l i t u d e  was I I U  nlore 
t h a n  1'C ( Q i n  et a l ,  1984). 

compating w i t h  C h e  p r e v i o u a  w o r k ,  i L i s  k n o w n  
t h a t  t h e  a m p l i t u t l c  of  t e m p e r a t u r e   f l u c t u u t i o n  in 
t h i s  r e g i o n  was some lower t h a n  a , ~  t h e  o t h e r  
p l a c e s .  i n  t h e  w o r l d .  For example ,  Lhe tempera-  
t u r e   d e p r e s v i a n  i n  t h i s  r e g i o n  was 4°C a t  t h e  
s e c o n d   s t a g e  o f  t h e  Les! G l a c i a t i o n  or 15000 a 
B . P . ,  and was 6 to B'C i n  East. China ( Y a n g  a n d  
X i e "  1 9 8 5 ) ,   1 0  t u  15°C: i n  Cent ra l   Europe  antl 
N o r t h  America ( F r e k e s ,  1979), Around 7 0 0 0  Q H . P , ,  
t h e  mean  a n n u a l  a i r  t e m p e r a t u r e  i n  this r e g i o n  
was I0C h i g h e r  t h a n  that o f  p r e s e n t  (Zhou e t  a l ,  
1 9 8 1 ) ,  w h i l e  i n  Eesr China - 2 t o ,  5 ' C  ( A n  e t  
a l ,  1991). From 5700 t o  5000 a U . P . ,  the   tem- 
p e r a c u t e  I n  t h i s  region was 1.5OC lower  t h e n  

A m e r i c a  - 5 t o  b'C (Yang a n d  X i e ,  1985) .  T n  
t h a t  a t  p r e s e n t ,  w h i l e  i n  E a s t  China a n d  North  

Between 460 ant1 1 3 9 2  D . C . ,  i t  became  old 

T a b l e  2. The mineralogic c o m p o s i t i o n s  of  



p e r m a f r o s t   abl le. e . g .  P i t  89-1 ,  t h e  h u m u s  soi l  
way found a t  a depth   o f  0 . 9 5  m ,  t h e  p e r m a f r o s t  
cablr :  1 . 4 2  8 .  Usual ly  Lhe h u m u s  soil c o l J  
on ly  be  formed b y  organism d L  t h e   s u r f a c e  
hurlrun o f  gruwttd,  Lkt? vct t rc rencc  o f  k n r l t . 4  

ment.   Also,   he th i .cknpss  o f  a c t i v e   l a y e r  i s  
h u m u s  s o i l   i n d i c a t e s   t h e   a g g r a d a t i o n  o f   s e d i . -  

u s u a l l y  g r e a l e r  than 1 m in t h i s  r e g i o n ,   i f   t h e  
permafrosr  t a b l e  i s  h i g h e r  t h a n  U T  j u s t  s l i g h t l y  

i n d i c a t o r .  o f  L h e  previouv  ground s u r f a c e ,  t h e n  
l c l w c r  I~I~I I I  1 1 1 n  ~ ~ I I I I I : ~  so i l  , w h i c l ~  rcould LI+: L I I C  

i t  i s  possible L o  cons ide r   t haL   t he   pe rmaf ros t  
t a b l e   h a s  been r i s i n g .  I n  o t h e r  w o r d s ,   t h e  
~ y n y ~ n c t i c  p r o c e s s  of  p e r m a f r o s t  h n s  o c c u r r e d .  

-._ T h e  Pur iRlac in l   Envi ronment  i n  !.his R t l v , l o n  
F a v o u r a b l e  tu t h e  Development. o f  S y n g e n e t i c  
Perennia l ly   Frozen   Ground 

The  most   par t  o f  t h e   w o r k i n g   a r e a   h a s  k u c n  
in a p e r i g l a c i a l   e n v i r o n m e n t   w i t h  some f l u c t u a -  
t i o n s  s i n c e   L a s t   G l a c i a t i o n   e v e n   t h o u g h  i n  t h e  
hypis t ,hermol .   in te rva l  o f  t h e   E a r l y   H o l o c e n e ,  
Lhc mean a n n u a l   a i r   t e m p e r a t u r e  was only l°C 
h i g h e r   t h a n  a t  p r e s e n t .  The a g g r a d a t i o n  o f  
s e d i m e n t s  i n  a p e r i g l a c i a l   e n v i r o n m e n t  could 
r e s u l t  i n  t h e  f o r m a t i o n  of s y n g e n e t i c   p e r e n n i a l -  
1.y  f r o z e n   ~ r c J u l ~ d .  

C l a c i a t i o n  a n d  Permafrost   Develonment  

p e r i g l a c i a l  a l p i n e  p e r m a f r o s t   a r e a .  The  ended 
and l a t e r a l   m o r a i n e s   re p e r e n n i a l l y   f r o z e n   w i t h  
b u r i e d   g l a c i a l   i c e   o c c a s i o n a l l y .  The f a c t   t h a t  
t h e   t e m p e r a t u r e   u n d e r   i c e  bed n e a r   t h e   e q u i l i -  
brium l i n e  of G l a c i e r  N o . 1  was o b s e r v e d   t o  be 
- 1 . 8 " C  ( H u a n g  nt a l ,   1 9 9 0 )   i . n d i c a t e d   t h e  e x i s t -  
ence  o f  p e r m a f r o s t  in s u b g l a c i a l   m o r a i n e .  T h u s ,  
i t  m i g h t   b e   b e l i e v a b l e   t h a t  ill t h e   i c e  opes, 
f o r  r x a m p l e  i n  t h e  Lqst G l a c i a t i o n ,  a t  r h e  i c e  
a d v a n c e   s t a g e s   t h e  ended and l a t e r a l  and suh- 
g l a c i a l   m o r a i n e s  would  be s y n g e n c t i c s l l y   a n d  
p c r c n n i a l 1 . y   f r o z e n ,   b e y o n d   t h a t   t h e r e  would b e  
the y e r i g l a c i a 1   r e g i o n  much l s r g e r  i n  a r e a .  A t  
t h e   i n t e r g l a c i a l   s t e g e  o r  i n t e r v a l s ,   t h e   g l a -  
c i e r s  would r e t r e a t ,   t h e   s n o w l i n e  and p e r m a f r o s t  
lower l i m i t  would r i s e .  L n  t he   a r ea   above   pe rma-  
f r o s t  l o w e r   l i m i t ,   a f t e r  t h e  m e l t i n g   o f  t l ~ o  
s u b a e r i a l . g l a c i a 1  i c e ,  it was co ld   enough   t o  
d e v e l o p  and  p e r e s e c v e  the f r o z e n  g r o u n d ,  f o r  
example ,  i n  t h e  Dry C i r q u e  g l a c i a t e d  i n  L i t t l e  
I c e  Age n e a r   t h e   G l a c i e r  No.1, fhe , 'menn   annua l  
a i r   t e m p e r a t u r e  is -7 .2 'C nowadays; ' i n  t h e  
obsurva t . ion  site of  t h e  Daxigou  MeteorologLcal  
S l a t , h o n ,   g l a c i a t e d  i n  L W V L  G l n c i e r i o n  and Neo-  
g l a c i n t i u n ,  i t  i s  now -5.4'C. Under  such B c o l d  
c l i m a t e ,  t .he  a g g r a d a t j o n  o f  scrliments  would 
r e s u l t  i n  the   Fotmat ion  of  , s y n g e n e t i c   p e r e n n i a l -  
l y  f rozen   g round .  

Nowadays, t h e   g l a c i e r s  a r e  sur rounded b y  t h e  

OISCUSSJObi:, THE POSSIBILITY OF A P P L Y I N G  THE 
R A T I O  OF QUARTZ/FELDSPAK TO.-.R,SC>J2TRUCT THT 
ALPINE PERMAFROST LOWER LIMIT 

A c c o r h i n g  Lu K o n i s c h c v   ( K o n i s c h e v   e t   a l ,  1988; 
Konischev, 1 9 8 5 ) ,  r h e   s t a b i l i t y  of m i n e r a l s  iri 
cold   envi ronment  i s  j u s t   c o n t r a r y  to t h a t  in 
warm-humid e n v i r o n m e n t .   Q u a r t z  i s  l e s s  s t a b l e  
i l l  crjlrl envirunmenL  with a c r y o g e n i c   c r n c k i n g  
s i z e   l i m i t  of  0.05  t o   0 , O l  m n l ,  w h i l e   t h e  
f e l d s p a r  - 0 . 1  1.0 0 .05  m m .  biotite - 0 . 2 5   t o  
0 . 1  m m  end  nluvLorite - 0 . 5  t o  0 . 2 5  rnnl. A S  a 
r e s u l t  o f  t h e   l o n g t e r m   i n t e n s i v e   p r o c e s s i o n  o t  

q u a r t z   g r a i n s  would c o n c e n t r a t e  on t h e   s i z e  o f  
f r e e z e - t h a w   w h e a t h e r i n g  i n  c o l d   e n v i r o n m e n t ,   t h e  

0 .05-0 .01  r n m ,  a n d   f e l d s p a r   g r a i n s  - 0.05 t o  0.1 

b e  furmctl in a p e r m a f r o s t  e n v i r o n m e n t   o r  have 
F ' X I I ? ! I  i t * n t i , l l l y ,  i f  Krl ,  t t lc  ~c1di1 t1cnts  s l r l ~ c l 1 ~ 1  

e v e r   e x p e r i e n c e d  a p e r m a f r o s t   e n v j r o n m e n t   a f t e r  
i t s  for'maLion; i f  K C l ,  t h e   s e d i m e n t s   s h o u l d  
h a v c  never cxper iencer l  a pern1a€rtrs1 .  e n v i r o r ~ l ~ e ~ ~ l .  
Some r e s u l t s  o f  m i n e r a l   a n a 1 , y s i s   ( a n a l y s i e e d  b y  
M a  Z ( 2 l t h e . i  ) a re   shown .  - i n  'Table 3 .  

i n  t h e  modern   permafros t  a r e a .  S a m p l e  2 t o  5 
was formed  dur ing  L a t e  P l e i s t o c e n e  (Gno and 
Wang, 1989). A c c o r d i n g   t o   t h e   a b o v e   s t a t e m e n t , ,  
Sample 2 a n d  3 w i t h  a K - v a l u e   g r e a t e r   t h a n  1 
might   havc   exper ienced  a p e r m a f r o s t  u n v j  conment ,  
orid the   Sample  4 and 5 w i t h  a K - v e l u e  < 1 might  
be n o t .  T h e r e f o r e ,   t h e   p e r m a f r o s t   l o w e r  l i m i t  
a l o n g  Ucurnqi R i v e r   d u r i n g   L a s t   G l a c i a t i o n   s h o u l d  
be between 2 0 2 0  and 2 2 0 0  m a . s . 1 . .  

As metior led  above,  t h e  mean a n n u a l  a i r  tem- 
p e r a t u r e   d u r i n g  Last G l a c i a t i o n  was 4 ' C  lower 

errt. W H S  a b o u t  0 . 4 J ° C / 1 0 0  m ,  t h e  p e r n i a f r o s t  
t h a n   t h a t  a t  p r e s e n t .  If t h e   t e m p e r a t u r e   g r a c l i -  

lower  1iroi . t   dur ing L a s t  G l a c i a t i o n  s h o u l d  b e  
900 L o  1000 m lower   than  i t s  p r e s e n t   p o s j   t i o n ,  
and shou ld  be between 1900 anrl 2300 III U . S .  1 .  , 
t h i s  i s  s i m i l a r  t u  t h e   r e s u l t  by  u s i n g  t h c  K -  
v a l u e .  T h u s  t h e r e   r e v e a l s  a p o s s i b i l i t y  o f  
a p p l   y - i n g   t h e   m i n e r a l o g i c a l   t e c h n i q u e  to r e c o n -  
s t r u c t  the p e r m a f r o s t  l ower  limit i n  tl c e r t a i h  
p e r i o d .   H o w e v e r ,   t h e r e   a r e   s t i l l  some pxohl.cms 
in   such  a m e t h o d .  F i r s t ,   t h e   c r i t e r i o n  o f  K i s  
o n l y  f i n  i m p e r i c a l   p e r a m e t e r ,   a n d  more  p c r f a c l  

value  would be changed w i t h  t h e   e o v i r o n m e n t .  f o r  
t h e o r e t i c a l  b a s i s  i s  n e c e s s a r y ,   S e c o n d ,   t h e  K -  

example ,  i f  t h e   d e p o s i t  was . formed i n  a very 
co ld   env i ronmen t  anrl most , ~ f  t h e  q u a r t z   g r a i n s  

c l imate   warming.   more  f e l d s p a r  g r a i n s  would 
h a s  r c s c h e d  t h e i r   s i z e  l imi t ,  t h e n  a s  t h e  

become s m a l l e r ,  8 s  a r e s u l t ,   t h e   K - v a l u e  would 
t e n d   t o   d e c r e a s e ,   v i c e   v e r s a .  T h u s ,  more  evidence 
i.s needed   fo r  Lhe v e r i f y i n g  o f  t h e  r e s u l ~ o  b y  
c h i s  method.   S ince   the   working  a r e a  h a s  never  
e x p e r i e n c e d  B very warm c l i m a t e  a f t e r  t h e   L a a t  
G l a c i a t i o n ,   m a y b e ,  t ; h i s  method c ~ u l ~ ~ ~ ~ e , & y a i l a -  
b l e  t o  s e a r c h   t h e   p e r m a f r o s t   l o w e r  lim1t"in t h e  
pabit c o l d   p e r i  otl .  

CONCLUSION 

S t l m p l r !  1 w i t h  a K-value o f  1 . 1 3 4  was o b t a i n e d  

In c o n c l u s i o n ,  t h e  fol lowing  point .5   could  be 

1 .  D u r  ied 'huelus  s o i l s  in t h e   p r o f i l e s   i n d i -  
lnarie : 

c a ~ u d  the  a g g r a d a t i o n  o f  s e d i m e n t s  on  s l o p e "  $ n d  
t h e  swampy l o w l a n d  s i n c e  Last G l a c i a t i o n .  

2 .  S i n c e   L a s t   G l a c i a t i o n ,   t h e   a m p l i t u d e  of 
cold-warm F l u c t u ~ t i o n s  in the   Source   Ares  o f  
lirunlqj  Kiver W ~ S  lcss t h a n   t h a t  i n  E a s t  C h i n d .  
The  working Mron has been I n  a r e l a t i v c l y  
s ~ a b l e  c o l d  p e r i g l a c i a l   e n v i r o n m e n t .  

c i .a1  envi ronment  l e d  t o  t h e   f o r m a t i o n , o f  
s y n g e n e t i c   p e r m a f r o s t ,  

4 ,  B y  L I I ~  m i n e r a l o g i c a l   m e t h o d ,  i t  i s  E Y L I -  
mated t h a t   t h e   p e r m a f r o s t   l o w e r   l i m i t .   d u r i n p .  
L a s t   G l a c i a t i o n  was  900-1000 m l ower   t han  t h a t  
a t   p r e s e n t .  More e v i d e n c e  is n e e d e d   f o r   v e r i f y -  
i ng   such  a r e s u l t .  

3 .  T h e   a g g r a d a t i o n  of sedimen1.s i n  p c r i g l r r -  

8 0 7  



Table  3 .  K-vdluc,  q u a r t z -  a n d  f e l d s p a r - c o n t e n t  i n  S e l e c t e d  S i t e s  

Number 
_" 

l 2 3 4 5 

Near Doxigou 

S t a t  ion 
S a m p l i n g   s i t e   M e t e o r o l o g i c a l  

Hong Wuy.ue 
B r i d g e  

Houxia  H o u x i ; ~  'Che t o u r t h  
Teem 

. . I , %  : , . .  

_* .- ._ 
A l t i t u d e  (m) 3 5 3 0  2 5 2 0  2 2 0 0  2020 1600 ' 

-- 

. " . . . - 

Gka'i n si z e  0.1- 0 . 0 5 -  0.1-  0 . 0 5 -  0 . 1 -  0.05- 0 . 1 -  0.0s- 0.1- 
g r a d e  ( m m )  0.05 .O.Ol 0.05 0.01. 0.05 0.01 0 . 0 5  0.01 0 . 0 5 0 .01  

0 .  05- 

". . .  , . .  
"- -~ ".l. 

Q u a r t z  
c o n t e n t  ( X )  ' 

5 9 . 5  6 2 . 5  4L.5   47 .5   41 .0   42 .5  5 6 . 5  5 5 . 0  5 9 . 5  ',$.O 

I 

, '  

K 1.134 1 . 2 9 3  1 .Obh 0 . 9 4 1  0 . 8 3 ' 2  
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THE: I.OESS A N D  ITS C L I M A T E  RECORDS 1 . N  K U N L t l N  S H A N  R E G I O N  
SINCE TllE LATE PLElS ' I 'OCKNE 
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In L h i u  p l ~ p e r ,   t h e   p r o p e r t i e s .   o r i g i n   a n d   e s p e c i a l l y   t h e   l o e s s   c 1 , i m a t . i ~   r e c c ~ r d  
o f  t h e  s t u d i e d   l o e s s   s e c t i o n   h a s   b e e n   t h o r o u g h l y   d i s c u s s e d .  Rased on e v i d e n c e  
o f  c l i m a t i c  c h a n g e s  p r a v i d e d  b y  l o e s s  a n d  o t h e r   p e r j g l a c i a l  p h e n o m e n a ,  t h e  c l i -  
m a t i c   f l u c ~ u a t i o n   I n   t h e   r e g i o n   f r o m   a b o u t  2 4  k u  B . P . c a n  be d i v i d e d   i n t o  f o l -  
l owing   pe r iods :  t h e  c o l d   p e r i o d  i n  l a t e  P l c i s t o c e n e  (24-10.7 ka B.P.), t h e   t r a n -  
s i t i o n a l  p e r i o d  i n  early Holocene (10.7-8.8 ka B.P.), the   mois t -warm  per iod  i n  
middle  Holocene (8.8-6.0 k a  B.P.), t h e  warm p e r i o d  i n  middle   Hnlcenc  ( 6 . 0 - 4 . 5  k a  
B.P.) t h e  L a t e  t lolocene p e r i o d  ( s i n c c  4.5 k a  5.P.) and etc.. 

Kuniunshan reg: ion is loca ted   be tween t h e  
s o u t h e r n   c o n t i n u o u s   p e r m a f r o s t   r e g i o n o n   Q i n g h a i -  
X i z a n g   P l a t e a u   a n d   t h e   n o r t h e r n   a r i d   d e s e r t  
r e g i o n s  such  a s  Tarim b e s i n ,   Q a i d a m  b a s i n  and 
e t c . ,  I t s  h i g h  a l t i t u d e   t e r r o l r l   i s a c c o m p a n i e d  b y  
8 p r e d , o m i n a n t l y   c o l d   a n d   a r i d   c l i m a t e .  T h e  high  
a l t i . t u d e  l o e s s  d e p o s i t   d e v e l o p e d  i n  p e r i g L u c i a 1  
t?nvirolneut n o t  o n l y   o c c u r s  o n  t h e  n 'or thern s l o p e  
o f  K u n l u n  Mts, b u t  on t h e   s l o p e   v a l l e y   a n d   r i . v e r  
t e r r a c e s  i n  t h e   i n t e r i o r  o f  Kunlunshan   r eg ion  
where  the h e i g h t  is above 4000 m e . s . 1 . .  A se-  

e a s t e r n  X i d a t a n  have   been   ca r r i ed  o u t  f rom 1990 
rj ,es  o f  research work on t h e  l o e s s  ' p r o F i l e  i n  

and t h e  r c s e r c h  results r e v i a l e d   t h a t   t t i e  K u n -  
l u n s h a n  r e g i o n   h a v e   u n d e r g o n e   c l i m a t e ' f l u c t u a -  

c o l d  perj.od I n  l a t e   P l e i s t o c e n e  ( 2 4 - 1 0 . 7  ka R. 
t i u n  p e r i o d s   s i n c e  24 ka B . P .  a 6  f o l l o w i n g :  The 

I ' . ) ;  The t r f l n s i e i o n a l   p e r i o d  i n  t h e   e a r l y  Hol- 
ocene  (10,7 -8.8 k a  B . P . ) ;  T h e  r e l a t i v e  warm and 
wet: p e r i o d  i n  the middle  Holocene (8.8-6.0 ka D .  
P .  ) ;  The warm and a r i d  peri.od i n  middle   t lolocene 
( 6 . 0 - 4 . 5  k a  B . P . ) ;  C l i m a t e   f l u c t u a t i o d ' p e r i Q d  k n  
1tlLe Holocene   ( s ince  4 . 5  ka B . P . ) .  

T h e  l o e s s   d e p o s i t  c a n  be seen  f rom Golmud t o  
X idn tan   a long   t he   ,Q ingha i -Xizang  IIi.ghway. I L ~ ;  
thickness i s  generally between 1-2  m a n d  t h e  
maximum is about: 10 m. 'The.- loess  Is r e l a t i v e l y  
c o a r s e  urld composed b y  mure s i l t  o r  f i n e  s a n d .  
G r a v e l   l a y e r  o f t e n  a p p e a r s  . i d  ' t h e  loess p r o -  
f i l e s .  T h i c k  a n d  c y p i c a l  3I'oeslS d e p o s i l   d e v o l a p c d  
o n l y  i n  some a r e a s .  

T h e  X i d a t e n   f a u l t  Valley w h i c h   s t r e c h c s   f r o m  
e a e c  to west situated between 35"hO"N t o  36'N. 

:According t o  X i d a t a n   M a r e r a l o g i c a l   S t a t i o n  (4101 
s a . s . l . ) ,   t h e  mean a n n u a l   p r e c i p i t a t i o n  i s  2 8 7  
m m .  The mean a n n u a l  air t e m p e r a t u r e  i u  2.9'C, 
t h e  mean m o n r t l l y  a i r   t e m p e r a t u r e  i n  J u l y  is 5.9 

" C .  T h e  pr imary  form o f  X i d a t a n  was formed i n  . 
t h e   t e c t o n i c  movements a t  t h e  beyj.11nIng  and t h e  
m i d d l e  o f  m i d d l e   P l e i s t o c e n e .  Durir lg  l u t e  Pls- 

s t r o n g  s i n k i n g .  The l o e s s  p r o f i l e  d i s c u s s e d  i n  
i . sLocene,  i t  a c c e p t e d  310 m l o o s e  s e d i r n e n t s  b y  

t h i s  p a p e r ,  w h i c h  C O V B I " ~  on b e d r o c k   o r  laLe P l e -  
i s t o c e n e  s l o p e  s e d i m e n t s   a n d   a t t r i b u t e d  t u  
e o l i a n - s l o p e  o r i g i . n ,  i s  l o c a t e d  a c  the f o o t  of 
s o u t h e r n  s l o p e  i n  t h e   j o i n t   p a r t  o f  X i d a t e n  i n d  
X i a o n a n c h u a n   ( F i g e l ) .  The a b a o l u t e  a l t i t u d e   a t  
t h e  bot , tom o f  t h e   l o e s s ' " p r o f i 1 e  is 4040 m a . s . 1 .  

A 
N 

. 
F i g . 1  Loess p r o f i l e  i n  t h e  E I s t  o f  X i d a t a n  

Two g r a v e l  b e l t s  compot;e'd' b y  j n l u r l a c e d  .l'&esti 

alld g r a v e l  b e d  a p p e a r s  a t  t h e  d e p t h  f r o m  1.'5'3. I 
111 alld from 5.9-6 .3  m. t h e   g r a v e l  w h i c h  h a s  t h d  
same l i t h o l o g i c  p r o p e r t i e s  as t he   s l "o 'pe~-bedrock  
differs i .11 s i z e  w i t h  ~ e n u r a l  'd i 'am'eter ,   about  1-2 
cm a n d  t h e  m a x i m u m  'dia.rneter cad be 5 cb .  THe u p -  
p e r ,  middle   and   lower   par r  o f  the' l o e ' i s  n a t u r a l -  
l y  d j v i d e d  b y  t h e  two g r a v e l ,  b e l c s  & r e  homdgen'e- 
Q U E ,  largely u n s t r a t i f i e d  s i l t  w i t h  no P ' b v i o u t i '  
c - a l e i c   a c c u a u l e ~ i o n   o c c u r r e n c e .   C o m p a r e d  w i t t i '  
t h e  l o e u h ~ d e p o s i t s  i n  o t h e r   r e g l t i n a  i n  Ct i ina,  
the c o a s e  s i l t  c o n t e n t  i n  X i d a t a n   P r o f i l e  a n d  



T a b l e  1 G r a n u l a r i t y   c h a r a c t e r i s t i c s  o f  t h e  loess  i n  Xida tan  - 
Depth Percentage ( X )  14c or 

(In) ( 2  2-4 4-6 6-8 >B 

1.5 1.76 17.43 61.00 11.09 8.72 ,4 .5  1.70 0.39 2.49 7 . 6343 
3.1 1.12 13.96 62.33 12.41 1O.l'p . '4 .73 1 . 7 0  0.41 1.96 6.12 12125t90 
4.4 0.12 5.34 68.70 15.41 9.4 .4.89 1.60 0.62 1.68 6.92 13658 
5.8 0.59 13.38 57.54 16.30 12:'1$ 4.85 1.83 0.45 1.56 4.72 15310t110 
6.3 0.22 11.72 62.64 1.5.34 lO.Zp, 4.81 1.67 0.50 1.48 6.10 18210+135- 

M 0 1  SKI Kg Kd calculate(l 
date  (y) 

7.h 7.88 36.09 40.49 8.01 6.99 5.73 2.00 0.07 1.90 5.84 2 u a o + m  

T a b l e  2 The a v e r a g e   c o n t e n t  o f  some heavy   mine ra l s  of t h e  
l o e s s  i n  Xjda ten  ( X )  

'::th Amph. Pyro. Ep id  Garn  Mice Meta U n s t .  M.st st@. V.SL 
^̂ ""_I___ "- 

0.4 
1.5 
3.1 
4 .4  
5 .a 
6 .3  
7.4 

37.61 0.86 
43.56 1.28 
40.69 0.20 
38.51 1.03 
38.30 0.20 
42.13 0.23 
30.90 0.85 

22.17 3.26 8.26 23.48 3 5 , 4 3  33.69 27.39 
21.03 3.86 5 . 5 8  18.4s 44.41 30.46 22.73 
20.05 4.29 3 - 4 1  20.65' 37.62 33.14 25.55 
20.91 3.73 9.52 23.19 35.19 34.99 27.13 
20.08 4.76  15.94 17.81 36.86 38.29 22.99 
19.67 4.63 12.03 18.Y8' 39.35 34.94 24.30 
19.10 3.86 18.24 24.03 33.90 35.83 28.31 

3.47 
3.35 
3.68 
2.69 
1.87 
1 . :38 
1.92 - 

t h e  mean g r a i n  s i z e  a r e  l a r g e r  b u t  t h e   c l a y  con- 
t e n t  is o b v i o u s  low ( T a b l e  l ) ,  The  skewness (SKI), 
k u r t o s i s  (Kg) and t h e   s t a n d a r d   d e v i a t i o n  (01) 
a r e  from 0.3 t o  0 . 7 ,  f rom 1.5 to 3 a n d  f rom 1.6 
to 2 . 0  r e s p e c t i v e l y .  All of them c o i n c i d e   w i t h  
e o l i a n   t r a n s f o r m a t i o n  ~ 1 1 d  a c o n c e n t r a t e d   g r a n u -  
l a r i t h  on c o a r s e  s i l t ,  

T h c . h e a v y   m i n e r a l s  i n  loess d e p o s i t  i n  Xida- 
t a n  a r c  p r e d o a n a n r l y   a m p h i b o l o l i t e ,   e p i d o t e , d I c a  
and m e t a l  m i n e r a l .  The c o n t e n t   o f   u n s t a b l e  m i n -  
ersls a n d ' r , e l a t i v e ' s t a b l e   m i n e r a l s  i s  h i g h e r  

s i m i l a r  ' t o  , t h a t  o f  t h e  loess i n  the n o r t h e r h  
t h e n   c h a t  of t h e  loess i n   e s t e r n   C h i n a  b u t  i;s 

s l o p c . , o E  K u n l u n  ,Mts  i n  X i n g j i a n g   P r o v i n c e .  T h i s  
i n d i c a t e s  t h e   s i m i . l a r i t y  of t h e   l o e s s   p r o p e r t i e s  

e r a 1   a n a l y s i s ,   t h o u g h   t h e   l o e s s   m a t e r i a l  may be 
i n  p e r i g l a c i a l   e n v i r o m e n t .  Based  on heavy m i n -  

p a r t l y  from t h e  nor the rn   ( l a idum  bas in .  most of 
cham come f r o m   t h e   c r y o g e n i c   w e a t h e r i n g  moun- 
t a i n c o u s   a r e a s   a n d   t h e  l o o a c  Q u a t e r n a r y   s e d i m e n t  

The a c t i v e   d u n e   n o t  Ear from t h i s   p r o f t l e  may b e  
i n  t h e   r e g i o n   b e c a u s e  the  west w t n d  i s  p r c v a l a n t .  

a n  e v i d e n c e  f o r  t h i s  c o n c l u t i o n .  
Prom s t r a t i g r a p h i c   a n a l y s i s ,  t h e  occurrence 

of  loess d e p o s i t   h o u l d   b e g i n   i n   t h e  lastesr 
P l e i s t o c e n e .  T h e  q 4 C  d a t i n g  s t  t h e   b o t t o m  of  
t h i s  p r o f i l e  is 24470+765 a B . P . ,  which i u  
c o i n c i d e d   w i t h  t h e  a g e  of lobss 011 . t h e  r h l r d  
KePrace of Golmud . R i v e r  (-1$931*400 a B . P . ,  Wang 
S h a o l i n g , l 9 8 9 ) ,   t h e  loess o n  n o r t h e r n   s l o p e  o f  
K u n l u n  Mts i n   X i n g j i a n g   P r o v i n c e   ( a b o u t  20 k a  

Conghe  Basin ( 2 7 6 0 0  f 750 a B.P., Xu S h u y i n g ,  
B.P., Gao Conghai  etc.,1991), t h e  new l o e s s  i n  

1986) ,  and t h e  s y n c h r o n u s   s a n d   d e p o s i t  on Q i n g -  
h a i - X i z a n g   P l a t e a u .   T h e - i r   o c c u r r e n c e s  a r e  a l l  

a n d   e d j e c e n t   r e g i o n s  a t  a b o u t  2 3  ka B . P . .  A l o t  
r c l a v a n t  t o  t h e  a r i d   t r e n d  o f  c l . i m a t e   i n   p l a t e a u  

of r e s e a r c h   w o r k s  hiilre i d e n t i f i e d   t h a t   t h e  Qins- 
hai -Xlzang  Pla t eau   uphesved  to 2000-3000 m a . s .  
1.  from r h e   e a r l y  ta m i d d l e   P l e i s t o c e n e   a n d  the 
southwest Monsoon c0111d c l i m b   o v e r   t h e   n o r  very  , 

h i g h  Himaletuya  Mts.then  and  brought  abundant 
r a i n f a l l  to t h e   P l a t e a u   a n d   e v e n   t h e   r e g i o n s  i n  
t h e  north' of  K u n l u n  M t s .  The   P la t eau  was u p l i f -  

t e d  t o   a b o v e  4000 m a . s . 1 .   e n d  t h e  h e i g h t  o f  
Himalaya   surpassed  6000 m a . s . l . a f t a r  Middle 
P l e i s t o c e n e ,  The n o r t h e r n   t r i p  of Y o u t h e a s t  mol)- 
soon was Y O  r e s i s t e d   a n d  t.he Qinghai -Xlzany 
P l a t r n u  begun i t s  c l i m a l e   e v o l u t i o n  in Llre t r e n d  

c l i m a t e  o n  p l a t e a u  or  i n  n e a r b y   r e g i o n s  was r e -  
l a t i v e l y  wet   which   can   be   ver i . f ied  b y  t h e  f r e s h  
w a t e r   l a c u s t r i n e   d e p a s i t   a n d   t h e   d e v e l o p i n g  o f  
l arge - sca le  i ce-wedges  on  p l a t e a u   ( G e n n r a l l y ,  t h e  
d e v e l o p i n g  of l a rge - sca l e   i . c e -wed&c  r e q u i . r e s  a 

P . ,  t h e  c l i m a t e   b e c a m e   a r i d   a n d  t h e  Q a i d u n l  b a s i n  
r e l a t i v e  wet c l i m a t e   c o n d i t i o n ) .  A € L e r  24 k a  8 .  

began i t s  second s a l t  d e p o s i t i n g   p e r i o d .  The ' 
d e s e r t  i n  N o r t h w e s t e r n  C h i n a  expanded a n d  t h e  
e o l i a n   d e p o s i t   a p p e a r e d  on p la t eau .   The  loess 
d e p o s i t   b e g a n   t o   a p p e a r @   t h e n  i n  t h e   r e g i o n   a n d  
a d j a c e n t   r e g i o n s   w h i c h   i d i c a t e s   t h e   c o l d - a r i d  
e n v e r o m e n t a l   c h a r a c t e r i s t i c s  began t o  be g r a d u -  
a l l y   f o r m e d .  

THE CLIMATE RECOKUS I N  LOESS DEPOSIT' 

L l t h o l o g i c ' a l  K e r n  

X i d a t a n  i s  l o c a t e d  at t h e  d a p t h  from 5 . 9 - 6 . 3  m 
and i t s  a g e  is between  18210*135  to  15310*:210 R 
B . P . .  The u p p e r   g r a v e l   b e l t  i s  l o c a t e d  a~ t h o  
d e p t h  f r o m  1.5-3.1111 and 1Ls a g e  i s  between 1 2 1 2 5  
130 t o  6000 a B . P .  (Fie.2). T h i s  two p e r i o d s  
s t i l l  h a v e   a r i d - m o i s t u r e   f l u c ~ u n t . i o n  a s  showed 
b y  t h e  i n t e r l a c e d  loess and gravel .  l a y e r ,  b u t  
t h e y   a r e   d e f i n i t e l y  thc most m o i s t  p e r i o d s  si.ncc! 
2 4  ka B . P . .  The j n d i . v i d u a l   g r a v e l   l a y e r   a p p e a r s  
a t  I . 8  t o  1 . 9 m , 2 . l  to L . 3  m, 2 . 9 ,  5.9  III and 6 . 3  
m r e s p e c t i v e l y  a n d  t h e y   a r e   a l l   c o r r e s p o n d e d  
w i t h   t h e   s u s c e p t i b i l i t y  peaks  which  shows a 
synchronous  wet-warm . f e a t u r e .  

u l a r  v i e w  he ld  b y  s p e c i a l i s t s   s u g g e s t s   t h a t   t h e  I 

0.05-0.01 m m  p a r t . i c l e   g r o u p  i s  t h e  mai.n g r o u p  oC 
e o l i a n  s e d i m e n t   a n d   t h e   p a r t i c l e   g r o u p  <0.005 m m  
i s  the a d d i t i o n a l   g r o u p  of e o l i a n   s e d i m e n t .  Arid' 
a n d  c o l d   c l i . m a t e   c o n d i t i o n  IS f a v o u r a b l e   f o r  

--uf a r i d  a n d  c o l d .  B u t  b e f o r e  2 3  ka  R.P., t h e - .  

T h e  lower  g r a v e l  b e l t  i n  t h c  l o e s s  p r o f i . l e  i n  

As to t h e   g r a i n - s i z e   a n a l y s i s   r e s u l ~ ,  B pop- 
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F i g . 2   C l i m a t e   r e c o r d s  i n  t h e  l o e s s  p r o f i l e  in Xi.datan 

c o a s e  s i l t  accumula t ion  b u t  u n f a v o u r a b l e  f o r  c l a y  
a c c u m u l a t l o n .  When l o e s s  had d e p o s i t e d ,   i n c r e a s -  
i n g   w e a t h e r i n g   a n d   s o i l - f o r m i n g   a c t i o n  r e s u l t  i n  
i n c r e a s i n g   c l a y   c o n t e n t   a n d   d e c r e a s i n g   c o a s e  
s i l c  c o n t e n t ,  The r a t i o  o f  them  (Kd)  call b e  used 
€ o r   i n d i c a t i n g   t h e   c o l d - a r i d  o r  wartn-wet c l i m a t e  
c o n d i t i o n .   C o n s i d e r i n g  t h e  s p e c i a l   h y p e r g e n e s i s  
i n  c o l d   r e g i o n ,   t h e  Kd may has   ano the r   mean ing :  
I n  warm-wet c l i m a t e   c o n d i t i o n  t h e  clay i s  Eor- 
med, but: i n  c o l d - a r i d   c l i m a t e   c o n d i t i o n   t h e   c l a y  
c o n t e n t   d r o p s   g r e a t l y  d u e  t o  u n r e v e r s i b l e  c o a -  
c e r v a t i o n   a n d  c o a s e  s i l t  c o n t e n t   i n c r e a s e s   d u o  
Lo frost c r a c k i n g  of t h e   p a r t i c l e   l a r g e r   t h a n  
0 .05  mm. The low c l a y   c o n t e n t   r e v e a l e d  i n  t h e  
p r o f i l e  j u s t  shows a c o l d   c l i m a t e   c h a r a c t e r i s t i c .  
T h u s  h i g h  Kd v a l u e   i n d i c a t e s   a r i d - c o l d   c l i m a t e  
end low Kd value  shows warm and wet c l i m a t e .  We 
c a n   c o n c l u d e   f r o m   F i g . 2   t h a t   t h e   c l i m a t e   g r a d u -  
a l l y  became a r i d - c o o l  from warm-wet  between 2 4 -  
18 ka I3-P.. T h e  per iod  f rom 15 t o  1 2  ka B , P .  was 
e x t r c m l y  a r i d  n n d  c o l d   a n d   t h e   c o l d e s t   p e r i o d  
was a t  a b o u t  1 3 . 7  ka B . P . .  The   c l . imate   fo l lowing  
t h i s  became f a v o u r a b l e  LIT. 12 ka B . P . ,  a n d  a t  7 
ka B . P .  t h e r e  waln a low t e m p e r a t u r e   e v e n t .  

P o l l e n  and  :,pore A n a l y s i s  
I n  t h e   w h o l e   l o e s s   o r o f i l e   e x c l u d j . n a   a r a v e l  

b e l t s ,  t h e   p o l l e n   c o n t e n t  o f  dcsert v e g e t a t i o n  
s u c h  a s  Ephedra s p a ,  Chenopodiaceac  and  Artemi-  
s i a   s p . c a n   s u r p a s s  90% w h i c h   i n c i c a t e s   t h e  l o e s s  
d e p o s i t i n g   e n v i r o m e n t  was s i m i l a r   t o   t h e  modern 
c n v i r o m e u t - t h e   d e s e r t   o r   d e s e r t   p a s t u r e   c n v i r o -  
ment .   The   po l len   conten t  o f  d rought -endur i ,ng  
p l a n t   s u c h  a s  Ephedra s p . ,  Chenopodiaceae  and 
A r t e m i s i a   s p . g r a d u a l l y  increase f ronl   the  bot tom 
t o  t h e   d e p t h  o f  6 . 4  m showing   t ha t   t he   c1 . ima tc  
became a r i d  and  coLd from 2 4  to 18 ko B . P . .  
T h o u g h   t h e   p o l l e n   c o n t e n t  from 5 . 8  nl to 3.1 PI 

d e e p  i s  a lso   main ly   composed  b y  t h e   a b o v e   t y p e s ,  
h u t  L h e  p'ol len t y p e s  and o t h e r   p o l l e n   c o n t e n t  
d c c r e a s i , a p p a r e n t l y  i n  t h e  m i d d l e  p u r t  which 
shows t h e  came c l i m a t e   c h a n g e   t r e n d  o f  t h e   g r a i n -  
s i z e  a i l a l y e i s .  T h a t  i s ,  f r o m   a r i d - c o o l   t o   a r i d -  
c o l d  and  then   warm-mois t   dur ing   the   per iod   f rom 
1 5 - 1 2  ka R . P . ,  From t h e   d e p t h  o f  1 . 5  m t o   0 . 4  m ,  
t h e   p o l l e n   c o n t e n t  of Ephedra   sp .d rops  a n d  p o l -  
leri t ypes   and   o the r  p l a n t  p o l l e n   c o n t e n t  i n -  
c r e a s e   g r a d u a l l y   a n d   P o l y p o d i u m   a p p e a r e s  a t  0 . 4 m  
d e p t h   i n d i . c a t e s   t h a t .  t h e  c l i m a t e   c o n d i t i o n   t h e n  

" 

( 2  ka B . P . )  was g r e a t l y   i m p r o v e d .  
T h e   o t h e r   a n a l y s i s   r e s u l t s   s u c h   a s  

c - o e f f i c i e n t  o f  h e a v y   m i n e r a l s ,  Si02/A 
a n d   e t c . h a v e   s i m i l a r   r e f l e c t i o n  f o r  c 
f l . u . c t u a t i o n  a s  the p o l l e n   a n d   g r a i n - s  
S i . S .  

1203 r a L i o  
l i m a t e  
i z e  o n a l y -  

w e a t h e r i n g  

The S u s c e p t i b i l j t y  Record 

'Though t h e   p h y s i c a l   m e a n i n g  o f  t h e  suscep- .  
t i b r l i t y  o f  l o e s s  has  not   been p e r r e c t l y   s o l v e d ,  
i t s  w c l l - c o r r e s p o n d e n c e  t o  t h e  6 1 8 0  r e c u r d  o f .  
tlie deep-sea s e d i m e n t   p r o v i d e s  u s  a useful met-hod 
t o  a n a l y s e   t h e   c l i m a t ' e   c h a n g e .  G e n e r a l l y ,   h i g h  

s u s c e p t i b i l i t y  i n d i c a t e s   a r i d - c o l d   c l i m a t e   c o n -  
s u s c e p t i h i l i t y  shows  warm-moist c l i m a t e   a n d  low 

d i t i o n .  By m e a s u r i n g   t h e   s u s c e p t i b i l i t y  of l o e s s  
deposit, R con t inuous   s l imace   change   c ' u rve  was 
made and t h e   a g e s  o f  a r b i t a r y   p o i n t   a t   t h e  pro-  
f i l e  w e r e   c a l c u l a t e d   b a s e d  o n  sus 'cep t  i h i l i ' c y  . 

From t h e   s u s c e p t i b i l i t y   c u r v e ,   w e ' c a n   c o n - ,  
c l u d e   t h a t   t h e   a i r . t e m p e r a t u r e  i n  K u n l u n  Mrs, 
r e f g i o n  g r a d u a l l y  decreases from 2 4 .  ka t u  l ( 5 ' k a  
B.P.(Fig,3). B h t  a t  a b o u t  1 5  ka B . P .  t h e r e  was 
a t e m p e r a t u r e   1 . n c r c a s i . n g   e v e n t .  Then t h e  tc,m- 
pe ra tu re   aga in   d roped   and   r eached   t he   l ' bwes ' t  
p o i n t   a t   a b o u t  1 3 . 7  k a  B.P.. A f t e r   t h a t   t h e  Cem- 
p e r a t u r e   f l u c t u a t e d   f r e q u e n t l y   a n d  a ext reme?;  
c o l d   e v e n t   o c c u r e d  at: a b o u t  10666 LL B , P . .  FUX- 

cenu  per iod:  T h e  tcmpereture i n ~ E B r l y , H o l & < c n e  
l o w i n g   t h j a   e v e n t  t h e   c l i r n a ~ e  e'ntercb i t s ' l l ' o l o ;  

s u s c e p t i b i l i t y  v a l u e   i m m e d i a t l y   s u r p a s s e d  ' i ts 
mean v a l u e  i n  Aologene (15 .6 ) .  A t  dbout  9 k a ' 8 .  
P . t h e   s u s c e p t i b i l i t y  d r o p e d  s t e e p l y  e n d  . f , h , e n  in- 
~ I u a s e d   g r e a c l y   a t  a b o u t  8 ' .8  ka B . P .  t b ' t ' k u  
h i g h e s t   v a l u e   i n   H o l o c e n e .  T h e y  i n d i c a t e d  q n t ?  
extreme-cold  and one s t r o n g   r e m o e r i t u r e   i n c r e a s -  

8.8-4.5 k a , B . P . ,  t h e   s u s c e p t i b i l i t y  was   ove r   t he  
i n g  e v e n t   r e s p e c t i v e l y .   ' D u r i n g  t h e  p e r i o d  of , 
mean v a l u e  j .n  Holocene d x c e p t  at',!bout ,'7 k a  and 
h . 2  ka B.P.. T h l s   ' p e r i o d   s h o u l d  be ' a  warm pqrio:d 
a n d  r h c   p e r i o d   f r o m ' 6 . 0  L o ' 4 . 5  ka B.P. s'hduld' 
be   t he   op t imum  c l ima te   pe r io ' d  € o r  t h e  S;usde$ '" : '  . ,+ 

tY b i l i t y  was a l l   a b o v e  the mean v a l u e , , i , n  ,Hlol-,, 
c e n e .  I n  t h c ' p e r i o d   f r o m  4 . 3 - 2 . 0  k a  'B.P.. t'hc, 
t e m p e r a t u r e   f e l l   P r e q u e n c l y  a,nd "'the'  lo,wes't. Su,Sd 
c e p t i b i l i t y   a ' p p e a r e d  a t  3;9 ka B . P . ' . '  T h i s  ' p e r i o d  
was c h c   N e o g l a c i a t i o n   p e r i o d .  T h c  s u s c e p t i b i l i t y  

' i n c r e a s e d   f a a t l y  i n  f l u c t u a t i o n   f o r m   a n d  t h v  
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rose a t  2 ka B . P .  and   then  fell g r e a t l y   a n d  
e n t e r e d   t h e   m o d e r n   l i t t l e   g l a c i a t i o r l  p e r i o d ,  

change  i n  K u n l u n  M t s . r e g i o n   c a n  be d i v i d e d  a 6  
f o l l o w i n g  p e r i o d s :  1 )  T h e  c o l d  p e r i o d  i n  L a t e  
P l e i s t o c e n e  among which   t he  p e r i o d  from 2 4 - 1 8  ka 
B.P. was  warm-arid.  t h e  p e r i o d  from 18-15 ka B .  
P .  was c o o l - m o i s t ,   t h e  p e r i o d  from  15-12.5 k a  B. 
P, was c o l d - a r i d   a n d   p e r i o d  from 12.5-10.5  ka El. 
P. was wet-cold .  2 )  The t e m p e r a t u r e   r i s i n g   p e r -  
i o d  i n  E a r l y  Holocene (10 .5 -8 .8  k~ B.F.) c h a r -  
a c t e r i z e d  b y  wet-warm c l i m s t e  a n d  v i o l e n t  tern- 

warm p e r i o d  i n  Midd.le Holocene ( 8 . 8 - 6 . 0  k a  S.P.). 
p e r a t u r e   i n c r e a s l n g  s n d  d e c r e a s i n g .  3 )  The wet- 

4 )  The  warm-arid  period i n  Midd le   Ho locene  (6.0- 
4.5 ka B . P . )  which is t h e  o p t i m u m  c l i m a t e  period.  
5 )  The p e r i o d  o f  Late   Holocene  S l n c e  4 . 5  k a  B.P. 
and e t c . ,  

According t o  p r e c e e d i n g   a n a l y s i s ,   t h e   c l i m a t e  

THE COMPAKING OF CLIMATE CHANGE SERIES 

T h e  c l ima te   change   s equence   showed  b y  t h e  

whole  t o  t h o s e  of o t h e r   r e g i o n .  B u t  t h e   v i o l e n t  
l n e s s  d e p o s i t  i n  Xi d a t o n  i s  s y n c h r o n o u s  as  R 

a n d   f r e q u e n t   t e m p e r a t u r e   f l u c t u a t i o n .   t h c ' c o l d  
e v e n t   r e f l e c t e d  b y  t h e  s u s c e p t i . b i l - i  t y  is espe- 
c i a l l y   o b v i u s .  This may be d u e  t o  t h e  p l a t e a u  
u p h e a v i n g   e f f e c t s   a d d e d  o n  pure  c l i m a l e  c h a n g e s ,  

The p e r m e f r o s t  r e s e a r c h  showed t h a t   t h e   p e r -  
m a f r o s t   n o r t h e r n  limit had  expanded to t h e  r e g -  
ion n e a r   N a c h l t a l  (3550 m a.s.1. a t   p r e s e n ~ )  i n  
L a t e   P l e i s t o c e n e .  I n  e a r l y  Holocene t h e   c l i m a t e  

., changed i n  warm and wet c l i m a t e ,   p c r m a f r o s t   r e f -  
r e r t c d  and h u m u s  l a y e r  o t  p e a t  were develapcd  

, i n  t h e   v a l l e y   a n d   b a s i o n  on   P la t .eau   wi th   the  a g e  
between lO-B]ka B.P..; I n  t h e   N e o g l a c i a t i o n  p e r -  
i o d   t h e  p e r m i f r o s t  again expanded i . ~ s  d l s t r i b u -  
t i o n  a r e a  i n d i c a t e d  hy i n v o l u t i o n s   a n d   o t h e r  
e v i d e n c e s   t o   t h e  n o r t h  o f  modern  permafrot 
n o r t h e r n  limit. And t h r o u g h  our  r e s e a r c h e s  an 
s a n d   d e p o s i t  an Qinghat-Xizang P l a t e a u ,  the   wt l r l~  
p e r i o d 8  ncc1Jre:d a t  9 k a ,  5-4 k a ,  1 k a  R . P . .  T h c  
a b o v e   f a c t 3  a;re o o i n c i d e d  w i t h  our  c o n c l u l i u n s  
i n  t h i s   p a p e r .  T h e   r e s e a r c h e s  on s a l t  l a k e  sed-  
iment  i n  'Chargan   Lake ' revea led   thaL  the  c l i m a t e  .' 

change   t r end  i n  t h i s   r e g i o n   s i n c e  2 4  ka 8.P.wus 
wet (before 24, k$ B . P . ) - - > a r i d  ( a f t e r  24 ks R .  
P.)--> m o s t   a r i d  (16 -9  ka B . P , ) - - >  r e l a t i v e l y  
wet ( s i n c e  (3 ka B.P.) (Cheng  Kerao,lYBb).  And 
Zhang  Penxi   s$bdid ided  the a r i d   p e r i o d   s i n c c  5 
ka B . P .  i n  Qajdutn', basin  (Zhang  F 'ensi , lY86).  Ac- 
c o r d i n g  t o  t h q  h i g h   a l t i t u d e  l o e s s  st.udy r e s u l t s  
i n  X i n g j i a n g ,  the c l i m a t e  i n  t h i s  reg ion   f rom 
1 . 2 - 7  ka B.P.Was c o l d - o r i d  o r  c o o l - a r i d   w h i l e  
t h e   e a r l y   p e r i o d  bE E a r l y  Holocene nlny be w e t -  
cool, o b v i o u s  wet c l i m a t e   a p p e a r e d  from 7-5 k a  
B . . P . .  T h e   c l i m a t e   c o n d i t i . o n  i n  L a t e  Holocene 
was degraded  and  two c o l d  pe r iod   occu red  in 
4.0-2.7 ka B , P , .  and  19th-17tIi  c e n t u r y  (GaoCong- 
h a i , 1 9 9 1 ) .  A l l  o f  l h e  above  e n v i r o p i n t a l   c h a n g e  
s e r i e s   a r e   c o r r e s p o n d e n t  w i c h  our  c o n c l u t i u l l  
a p a r t  from some d e g a l l s .  

c l i m a t e s   i n  K u n l u n  M t s - a n d  Qilian Mts.which 
s i t u a t e d  i n  s o r t h o r n   a n d   n o r t h e r n   s i d e  o f  ( ) a i -  
d u m  Basin r c s p e c t i v e l y   h a v e  t h e  most ~ i m i l a r i t y .  

8.9-8.7 ka B.P. and s o  on and   the   h igh- tompcra-  
E s p e c i a l l y  t h e   c o i n c i d e d  extreme-cold  event .  t l ~  

t u r e   e v e n t   a t   2 . 9  ka B . P .  and e t c .  ( Y R O  'J'enddn& 
1991) .   The   c l ima te   change   r eco rds  o f  t h e  l o e s s  
depos l t ;  i n  Xida tan  i s  also conf i rmed by t h u c  o i  
t h e   l o e s s  i n  Loess P l a t e a u ,  @ s p e c - i a l l y  the c o l d  
p e r i o d   o c c u r r e n c e s  i n  8 , 7 - 8 . 9  ku B.P., 7 . 5  ka 
B.P., 3 k a  B.P. and  e tc .which  a r e  w e l l - c o r r c s -  
pondent  w i t h  our  r e s e a r c h   r e s u l t s .  T t  I s  obv- 
ious t h a t  t h e  c l i m a t e   r e c o r d  o f  t h e   l o e s s  in Lhe 
r e g i o n  i s ,  o €  wide-spreed   meanings  a n d  p r s v j  d e s  
a good r e f e r e n c e   s e q u e n c e   f o r   c l . i m a t e   s t u t l i e s  
I n  nea rby   r eg ions   and  i n  p e r m a f r o s t   r e y i o r ~ s  on 
Q . t n g h a i - X l z a n g   P l a t e a u .   L a s t l y ,  we g i v e  n u t  t.he 
comparing of c l i m a t e   c h a n g e  s e r i e s  i l l  d j f f c l - e n t  
reg ion   and  e n d  our d i s c u s s i o n s .  
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PROTEIN  CHANGES  AND FUNCTIONS DURING COLD ACCLIMATION OF WINTER WHEAT 
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The  paper  presents  that  there  were  nine  soluble  proteins  in  the  cultivar  of 
Jingdong-1 a-nd 13 in  Xiaolong-12  that  increased  markedly  in  amount  during  cold 
acclimation, of which  the  amount o f  five  proteins  with  molecular  weights o f  1000 
D ,  7000 D (high PI), 18000 D (two kind),  and 21000 D in both  of  the  two  cultivars 
presented  to  be  positively  correlated  with  the  development o f  cold  hardiness. . 
During  the  period  of  cold  acclimation,  two k i n d  of  specific  membrane polypeptides 
o f  34500 D and 24000 D were  newly  synthesized  in  cultivars  of  Jingdong-1  and 
Longda-139;  one  specific  membrane  polypeptide  of 24000 D was  newly  synthesized 
on the  cultivar  of  Xiaolong-12. A n d  the  amount  of  these  polypeptides i n  leaf 

There  were  six  membrane  polypeptides  in  Jingdong-1  and  seven in Xiaolong-12 
tissues  appeared a positive  correlation  with  the  development of  cold  hardiness, 

accumulated  and  the  amount  in  leaf  tissues  increased  proportionally  to  the 
increase i n  cold  hardiness. 

TNTRODIJCTION 

In  recent  years,  studies  on  protein  synthesis 
and  changes  of  winter  wheat upon cold  condition- 
ing  have  served  as a profile o f  gene  expression 
alteration to deduce  the  effect o f  certain 
increasingly  or  newly  synthesized  specific pro- 
teins o n  the  improving of  cold  hardiness o f  
plants.  Cloutier  discovered in 1983  that  the 
amount o f  some  soluble  proteins  of  Winter  Wheat 
and  Rye  increased  rwice  following  cold  acclima- 
tion. In 1987,  Guy  found  that  three  membrane 
proteins  with  molecular  weights o f  160, 117  and 
85 KD were  synthesized in spinach  during  cold 
acclimation.  Mohapatra  reported  in 1988 that. 
cold  treatment to Alfalfa  induced  the  synthesis 
o f  ten  new  membrane  proteins.  This  research 
demonstrates  that  the  cold-conditioned  proteins 
are  positively  correlated  with  the  improving o f  

t o  the  alteration i n  gene  expression, 
freezing  tolerance o f  plants,  and  also  related 

Detailed  studies  on  cold-hardened  membrane 
proteins  are  now  in  progress o n  the  physiological 

We  attempt  here t o  approach  the  changing  regu- 
functions  and  specific  properties  of  tissues. 

larity  of  soluble  protein  and  membrane  protein 
of  winter  wheat  during colt? acclimation.  Our 
research  objectives also include  establishing 
the  relationship  between  protein  changes  and 
the  regulation of freezing-resistant  gene 
expression,  and  furthermore  deriving  their  rela- 
tionship  with  the  development of freezing 
tolerance. 

MATERIALS  AND METHODS 

1. Plant  Materials 

o f  cold  hardiness  were  selected  for  all  experi- 
ments.  They  are  as  follows:  Jingdong-1 (30-1). 
Jinglong-160 (JL-160), Longda-139  (LD-139), 
Xiaolong-12 ( X L - 1 2 ) ,  9-Shi-2/AH1599,  Yuandong- 
8165 (YD-8165), Yuandong-834 (YD-834), Baofeng- 

Sixteen  cultivars of wheat  with  varying degree 

7227 (BF-72.27), Xuzhou-21 ( X Z - 2 1 ) ,  86-005,  Ping- 
007, Y-Shi-5/WOH59,  9-Ping-l/AH105Y,  Y-Ping-Y/ 
W O H 4 5 ,  9-Shi-4/81890,  and  Yuandong-8756 ( Y D -  1 

8756). 

2, Cold  Acclimation  and  Deacclimation 
Seedlings  grown  at 2 0 ° C  were  divided  into  two 

zroups. o n e  group  was  maintained  at 5-15'C a s  a 
contrast,  the  other  group was placed  into  a 
controlled  environment  chamber  for c o l d  arclima- 
tion  for 42  days  (day: 2-4°C 12h/night:  0-2"C, 
12h). Thereafter,  the  cold  acclimated  seedlings 
were  transferred t o  5-20°C conditions  for  deac- 
climation.  All o f  the  experimental  seedlings 
were  basically  uniform  in  size. 

3 .  Administration  of  Freezing  Processinq 
The  experimental CII*, NH,  and DH (10  days) 

seedlings  were  processed  in  a  freezing  environ- 
ment by the method  we  described  in  a  previous 
paper  (Zhao  and Liang, 1987). 

4 .  Extraction  of  Soluble  Protein  and  Membrane 

winter  wheat  leaf  tissues  in C l i ,  NH, and DH 
seedlings  were  extracted  according  to  the  pro- 
cedures  described by Guy  and  Cloutier. 

The  soluble  proteins  and  membrane  proteins  of 

5 .  Gel  Electrophoresis 
Two-dimensional  slab  isoelectric  focusinR/SDS 

- index  pore  gradient  PAGE  technique  was  used 
in  separating  proteins  according to the  refer- 
ences  from  Guy (1Y87) and Zhao (1990). 

RESULTS A N D  ANALYSES 

1. Results of the  FreezinR  Tolerance  Evaluation 
t The  survival  rates o f  CH, NH, and DM wheat 

seedlings  following  freezing  process  in  a 
controlled  environment  chamber  at -7°C and -8'C 

'Abbreviations: CH, cold hardene.ri; NH, nonhardened; 
DII, de:-lar dened . 
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T a b l e  1. S u r v i v a l  r a t e  o f   w h e a t s   g r o w n  i n  
d i f f e r e n t   c o n d i t i o n s   a n d   p r o c e s s e d   i n   - 7 ° C  
a n d  -8 'C  c o n d i t i o n i n g  

S u r v i v a l   R a t e  

C u l t i v a r  Names -7°C -8°C 

NH CH DH NH CH DH 

Jingdong-1 

J inglong-160 
Xiaol.ong-12 

Longda-139 

Yuandong-8615 
Yuandong-834 
9-Ping-I/AH1095 
9-Shi-5/WCH59 
9-Shi-2/AH1599 
9-Shi-9/H1890 
9-Ping-91WOH45 
Ping-007 

86-005 

15 .7  90.2 1.9.8 0 88.5 23 .3  

43.5 88.5 51.3 0 89.7 7 
0 76 16.1 0 74 5.2 

42.3 86 
53.3 85.4 
57.1 93 .3  

68 .4  93.7 
42.9 95 .7  

0 85.7 
22 77.7 

0 83 
47  82.4 

0 90.9 
0 R3.4 

29.4 72.7 
23.9 67.8 

0 78  
7.7  87.5 

a r e   l i s t e d   i n   T a b l e   a n d   P h o t o s  1 a n d   2 .   F r o m  
t h e s e   r e s u l t s  i t  i s  c l e a r   t h a t   c o m p a r e d   w i t h  
t h e   c o n t r a s t   o n e s ,   t h e   s u r v i v a l   r a t e   o f   w i n t e r  
w h e a t   f o l l o w i n g   4 2   d a y s   o f   c o l d   h a r d e n i n g  
i n c r e a s e d   m a r k e d l y .   T h i s   i n d i c a t e s   t h a t   c o l d  
h a r d e n i n g   c a n   i n d e e d   I . m p r o v e   t h e   a b i l i t y   o f  
f r e e z i n g   t o l e r a n c e   o f   w i n t e r   w h e a t .   I f   t h e  C H  
s e e d l i n g s   o f  L J D - l ,  XL-12 a n d   J L - 1 6 0   w e r e  
r e t u r n e d   t o  5-20'1: c o n d i t i o n   f o r   d e a c c l i m a t i o n  
a n d   t h e n   p l a c e d  a t  - 7 ° C   a n d  -8°C. f o r  f r e e z i n g  
p r o c e s s i n g ,   L h e   s u r v i v a l  r a t e  w o u l d   d e c l i n e  
s i g n i f i c a n t l y ,   i n d i c a t i n g   a n   a p p a r e n t   d e c r e a s e  
i n   t h e   a b i l i t y   o f   f r e e z i n g   t o l e r a n c e   o f   t h e s e  
c u l t i v a r s .  

P h o t o  1. G r o w i n g  s t a t e  o f   4 2 - d a y   c o l d   h a r d e n e d  
a n d   t h e   c o n t r a s t  w h e a t   s e e d l i n g s  a t  2 0 ° C   f o r  
1 w e e k   f o l l o w i n g  p r o c e s s i n g  a t  - 8 ° C .  

2 .  C h a n g e s   a n d   F u n c t i o n s  o f  S o l u b l e   P r o t e i n s  
d u r i n p .   C o l d   A c c l i m a t i o n   a n d   D e a c c l i m a -  

2 . 1   C h a n n e s   a n d   f u n c t i o n s   o f   s o l u b l e   p r o t e i n s  
d u r i n R   c o l d   a c c l i m a t i o n  

o f   l e a f   t i s s u e s  i n  c u l t i v a r s   o f  JD-1 a n d  XL-12 
T h e   a l t e r a t i o n s   i n   s o l u b l e   p r o t e i n   c o n t e n t  

a r e   p r e s e n t e d   i n   T a b l e  2 .  I t  c a n   b e   o b s e r v e d  
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P h o t o  2 .  G r o w i n g   s t a t e  o f  4 2 - d a y   c o l d   h a r d e n e d  
a n d   t h e   c o n t r a s t   w h e a t   s e e d l i n g s  a t  20°C € o r  30 
d a y s   f o l l o w i n g   p r o c e s s i n g  a t  - 8 ° C  

f r o m   T a b l e  2 t h a t  t h e r e   w e r e  a t  l e a s t   n i n e  s o l u -  

i n  C H  s e e d l i n g s   o f  JD-1, c o m p a r e d   w i t h   t h a t   o f  
b l e   p r o t e i n s   o f   l e a f   t i s s u e s   i n c r e a s e d   i n   a m o u n t  

N H ,  s e e d l i n g s .   T h e   m o l  w t  o f   i n c r e a s e d   p r o t e i n s  
i n c l u d e d  4 3 ,  4 1 ,  18 ( t w o   k i n d s ) ,  2 4 ,  2 1 ,  7 ( t w o  
k i n d s   w i t h   h i g h e r  PT a n d   l o w e r  P I  r e s p e c t i v e l y ) ,  
a n d  1KD. T h e r e   w e r e  a t  l e a s t   t h i r t e e n   s o l u b l e  

w h i c h   n i n e   w e r e   t h e   s a m e   a s   t h a t   o f  J D - 1  a n d   t h e  
p r o t e i n s   i n c r e a s e d  i.n a m o u n t   i n   X L - 1 2 ,  among  

o t h e r   f o u r  were d i f f e r e n t   k i n d s   w i t h   m o l  w t  o f  
4 2 K n .  

I t  i s ,  t h e r e f o r e ,   c o n c l u d e d   t h a t   w i t h   t h e  
i n c r e a s e   i n   f r e e z i n g   t o l e r a n c e   o f  C H  s e e d l i n g s ,  
t h e r e  i s  a p r o g r e s s i v e   I n c . r e a s e   i n   t h e   a b i   L i t y  
t o   s y n t h e s i z e   s o l u b l e   p r o t c - i n s .   T h i s   s u g g e s t s  
t h a t   t h e   g e n e   t h a t   r e g u l a t e s   t h e   p r o t e i n   s y n t h c -  
s i s  h a s  a l t e r e d  i n   t h e   e x p r e s s i o n   m e c h a n i s m  
d u r i n g   t h e   c o l d   a c c l i m a t i o n .  

2 . 2   C h a n g e s   a n d   € u n c t i o n s   o f   s o l u b l e   p r o t e i n s  
d u r i n g   d e a c c l i m a t i o n  

A n a l v s i s  o f  t . h e   T a b l e  2 r e v e a l s   t h a t   t h e   n i n e  
p r o t e i n s   t h a t   i n c r e a s e d   a p p a r e n t l y   i n   a m o u n t  
d u r i n g   c o l d   a c c l i m a t i o n   o f  JD-1 ( t h d . r t e e n   p r o -  

d u r i n g   d c a c c l i m a t i o n .  
t e i n s   i n  X L - 1 2 )   o c c u r r e d   t h e   f o l l o w i n g   c h a n g e s  

a .  T h r e e   p r o t e i n s   o f   4 3 ,  . 41 ,  a n d   2 4  K D  i n  
JD-1 i n c r e a s e d   i n   a m o u n t   f u r t h e r ,   w h i l e   i n   t h e  
p r o t e i n   o f  7 K D  ( h i g h   P I )   t h e r e   r e m a i n e d   n o  
c h a n g e .  As f o r   t h e   c u l t i v a r  o f  X L - 1 2 ,   e i g h t  
p r o t e i n s   o f  4 2  ( f o u r   k i n d s ) ,   4 1 ,   4 3 ,   2 4 ,   a n d  

o f   t h e  s o l u b l e  p r o t e i n   c o n t e n t s   o f  N H 1  a n d  N I i 2  
7KD ( h i g h  P I )  a c c u m u l a t e d   f u r t h e r .  By c o m p a r i s o n  

l e a f   t i s s u e s ,  we f o u n d   t h a t   e x c e p t   t h e   d i s a p -  

t e i n s   i n c r e a s e d   i n   a m o u n t   i n  N H 2  l e a f   t i s s u e s   o f  
p e a r a n c e  o f  7 K D  p r o t e i n ,   t h e   o t h e r   t h r e e   p r o -  

JD-1. A l l  o f   t h e   e i g h t   p r o t e i n s   i n   l e a f   t i s s u e s  
o f  XL-12 p r e s e n t e d  a m a r k e d   i n c r e a s e  i n  a m o u n t .  
T h e   r e s u l t s   s u g g e s t   t h a t   t h e   a m o u n t s   o f   t h e s e  
p r o t e i n s   i n   l e a f   t i s s u e s  a r e  m a i n l y   s u b j e c t   t o  
t h e   i n d i v i d u a l   g r o w t h   d e v e l o p m e n t ,   a l t h o u g h   t h e y  
a l s o   a p p e a r   t o   b e   a f f e c t e d   b y   t e m p e r a t u r e   a n d  
t h e   d e v e l o p m e n t  o f  f r e e z i n g   t o l e r a n c e ,   w h i c h  a r e  
n o t   c l o s e l y   r e l a t e d .  

t o   d i s a p p e a r ,   w h i l e   t h e  18 K D  ( t w o   k i n d s )  
d e c r e a s e d   i n   a m o u n t ,   a n d   t h e  1 K D  p r o t e i n   d i s a p -  
p e a r e d   c o m p l e t e l y .  I n  c u l t i v a r  o f  X L - 1 2 ,   t h e  1 
KD p r o t e i n   v a n l s h e d   w h i l e   t h e   p r o t e i n   c o n t e n t   o f  
2 1  K D  a n d  18 K D  ( t w o   k i n d s )   d e c l i n e d .  By o b s e r v i n g  

b .   T h e  7KD ( l o w e r  P I )  p r o t e i n   o f  JD-1 t e n d e d  



Table 2. Alterations  in  soluble  proteins  (increase  in  amount  during 
cold  acclimation)  of  NH1,  CH, DH, and NH2  leaf  tissues 

A l t e r a t i o n s  
Protein  Mol wt 
Number  (Dolton)  Jingdong-1  Xiaolong-12 

NHI CH  DH  NH2 RS NHI CH DH N H 2  RS 

43000 t 4 4 f  0 + 4 4  1. 0 
42000 (four  kinds) - - t t  0 + 4 f  1. 0 

41000 + 4 + 4  0 + 4 4  4 0 
24000 + 4 4 . F  0 t t 4  4 0 

18000 (two  kinds) + 4 + =  A t 4 +  = A 
7000 (higher PI) + 4 =  - 0 + 4 f ;  4 0 
7000 (lower PI) + 4 L* = A + f J - * 4  A 
1000 t 4 -  - - A t 4 -  E A 

2 1000 + 1. +x - A t 4 J -  A 

I1 + 11 , presence  of  protein: "-" , absence  of  protein; " = ' I ,  n o  change:. 
" 4 " ,  increase  in  amount  of  protein: * ' + 1 1 ,  decrease  in  amount  of  protein; 
"+* ' I ,  tending t o  disappear  in  protein  content: 
"RS", relationship  between  protein  and  freezing  tolerance: 
I t  I1 , the  amount  of  protein  is  dominantly  controlled by the  growth  development 

despite  its  certain  less  closing  relationship  with  the  development  of 
freezing  tolerance: 

tolerance,  and  it  is  not  affected by the  individual  growth  development: 
, the  amount  of  protein is positively  related  to  the  development of freezing 

tolerance.  and it is  also  influenced by the  individual  growth  development. 

I 1   * I 1  , the  amount  of  protein  is  positively  related  to  the  development  of  freezing 

It  , II 
the  variation  of  soluble  protein o f  leaf tissues 
in  NHI  and N H z  seedlings, we discovered  that  the 
four kinds  of  proteins  in  either  JD-1 or XL-12 
didn't change  in  amount  in NH, leaf  tissues. 
This  suggested  that  the  amount  of  these  proteins 
in  leaf  tissues  was  positively  correlated  with 
the  development  of  freezing  tolerance,  and  was 
influenced  only by temperature, not by individual 
growth  development.  Consequently  it  indicates 
that  these  proteins  are  expressed by specific 
freezing-resistant  gene  regulation  and is respon- 
sible  directly  for  the  improving  of  freezing 
tolerance. 

(lower PI) in XL-12 tended to  disappear during 
c. The 21 KD  protein  in JD-1  and  the 7 KD 

deacclimation. By observing  the  variation  of 
soluble  protein o f  leaf  tissues  in NHl and  NHz 
seedlings,  we  discovered  that  the 21 KD  protein 
o f  leaf  tissues i n  NH2 JD-1 disappeared  whereas 
the 7 KD  (lower  PI)  protein  in NH, XL-12 increas- 
ed  in  amount.  Thls  suggested  that  they  had double 
functions, i.e. increasing  proportionally  to  the 

a  certain role  in  the individual  growth develop- 
increase i n  freezing tolerance  and  also playing 

ment. These  experimental  results  show  that  the 
gene  expression  in  CH  leaf  tissues  during  deac- 
climation  has  adjusted  remarkably s o  as to meet 
the  requirements  of  development  at  a  normal 

expression  there  has  occurred  a  crucial  altera- 
temperature,  hence in  the  mechanism of gene 

tion  during  cold  hardening. 

3 .  Changes  and  Functions  of Membrane  Proteins 
durinn  Cold  Acclimation  and Deacclimation 

3 . 1  Changes  and  functions  of  membrane  proteins 
during  cold  acclimation 

ElectroDhoretic  uattern of membrane  proteins 
from  cultiiars of JD-1,  LD-139  and X L - 1 2  NH  and 
CH leaf  tissues  is  shown i n  Photo. 3 ( A , B , C ) .  
Alterations  in  membrane  proteins of leaf  tissues 
in  JD-l  and  XL-12  under  different  conditions  are 

listed  in  Table 3 .  From  Photo 3 and  Table 3 ,  we 
can  see  that  after 42 days o f  cold  acclimation 
of J D - 1 ,  there  synthesized  two  kinds  of  specific 
membrane  proteins  of  34500 D and  24000 D which 
were  absent  in  the NH1  leaf  tissues. B y  compari- 
son o f  the  membrane  protein  changes  in  CH  and  NH 
leaf  tissues,  we  discovered  a  marked  increase  in 
the  levels of six  membrane  polypeptides  of 34000 
(three kinds), 15000, 7500, and 26000 D ,  And we 
also  observed a marked  decrease  in  the  levels  of 
at  least  thirteen  membrane  polypeptides  having 
mol w t  of  395000, 10000 (two kinds), 9009 (four 
kinds), 10500 (two  kinds), 42000, 37000,  28000,  
and 2 2 5 0 0  D  among  which  the  polypeptides of 
10000 (one kind), 9000 (two  kinds), 105030  (one 
kind), 3 0 5 0 , 3 ,  42000, 3 7 0 0 0 ,  and  28003  D  tended 

membrane  polypeptide changes in  LD-139  leaf 
to  disappear.  Photo 3(B) illustrated  that  the 

tissues  during  cold  acclimation  resembled  that 
of JD-1.  From  Photo 3(C) and  Table 3 ,  we  can  see 
that  a  specific  membrane  polypeptide  of 24000 D 
was  also  synthesized  in  XL-12  leaf  tissues during 
cold  acclimation.  There  were  seven  membrane 

with  that  of NHI tissues.  Their mol  wt were 
polypeptides that increased  in amount, compared 

75000 (two  kinds), 8000 (two  kinds), 34000 (two 
kinds),  and 15030'D. There  were  at  least  seven 
membrane  polypeptides  that  declined  in  amount 
markedly.  Their  mol  wt  were  10000  (two kinds), 
9000 (four  kinds)  and 10500 D, 

From  these  results it was  evident  that  there 
occurred  dynamic  alterations  in  the  composition 
of  membrane  protein  in  winter  wheat  leaf  tissues 

whereas some other  adaptive  genes  opened, pres- 
during cold acclimation.  Some  normal  genes closed 

enting  the  inhibition of normal  protein  svnthe- 
sis and  the  induction of stressed  protein syn- 
thesis.  This  demonstrated  that  the  gene  that 
controlled the synthesis of these  membrane  pro- 
teins had shown  fundamental  alterations. 
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t i o n  showed  an i n c r e a s e  i n  amount   during  deac-  
c l i m a t i o n ,   i n d i c a t i n g  a n e g a t i v e   r e l a t i o n s h i p  
bet.ween t h e  amount o f  t h e s e   p r o t e i n s  i n  l e a f  
t i s s u e s  and t h e  development  o f  f reez ing   to le rance .  

01 L I I C  s ix  membrane p r o t e i n s  o f  JD-l t h a t  
i n c r e a s e d  i n  a m o u n t   d u r i n g   c o l d   a c c l i m a t i o n ,  one 
p r o t e i n  o f  7500 0 d e c l i n e d  i n  amount   dur ing  
d e a c c l i m a t i o n  and  t h e   o t h e r   f i v e   d i s a p p e a r e d .  
A n d  o f  t h e   s e v e n   i n c r e a s e d  membrane p r o t e i n s  Of 
X L - 1 2 ,  t h r e e   p r o t e i n s  o f  8000 ( t w o  k inds )   and  
7500 D ( l o w e r  P T )  d e c l i n e d  i n  amount   and  the 
o t h e r   f o u r   d i s a p p e a r e d   c o m p l e t e l y .  B y  comparison 
o f  t h e   v a r i a r i - o n  i n  membrane p r o t e i n s  o f  Nli l  and 
N I l z  l e a f   t i s s u e s   f r o m   T a b l e  3 ,  we c a n   s e e   t h a t  
t h e  s ix  membrane p r o t e i n s  of JD-1 d i s a p p e a r e d  
i n  N H z  l e a v e s .  The p r o t e i n s  o f  8000 ( two k i n d s )  
and 7500 D ( t w o  k i n d s )  in XI.-12 d e c l i n e d  i n  
amount o b v i o u s l y ,   w h i l e   t h e   o t h e r   t h r e e   v a n i s h e d .  
T h i s   i n d i c a t e s   t h a t   t h e   a m o u n t s  o f  t h e  s i x  
membrane p r o t e i n s  i n  JD-1, and the seven i n  XL- 
1 2 ,  a r e   a f f e c t e d  n o t  o n l y  b y  t h e   t e m p e r a L u r e   b u t  
a l s o  b y  t h e  i n d i v i d u a l  g rowth   deve lopment ,   and  
a r e   p r e s e n t   t o  be a p o s i t i v e   c o r r e l a t i o n   w i t h  
the   deve lopmen t  of  f r e e z i n g   t o l e r a n c e .  

O u r  s t u d y  o f  t h e   c o l d   a c c l i m a t i o n  of w i n t e r  
w h e a t   i n d i c a t e s   t h a t   t h e   i m p r o v i n g  o f  f r e e z i n g  
t o l e r a n c e  i s  accompanied b y  t h e   a l t e r a t i o n  i n  
g e n e   e x p r e s s i o n .  The r e s u l t s   a r e   s i m l l a r  w i t h  
t h o s e   r e l e v a n t   a b r o a d   ( G i l m o u r ,  1988; G u y ,  1 9 8 7 ;  
Mohapatru,  1 9 8 8 ) .  In r e c e n t   y e a r s ,  i t  was  found 
t h a t  some s o l u b l e   p r o t e i n s   a n d  membrane p r o t e i n s  
were  newlv  svnthcsized i n  o l a n t  b o d i e s   d u r i n a  

I _  

c o l d  a c c l i m a L i o n ,   h e n c e   d e m o n s t r a r c d  on che  _ _  
l e v e l s  o f  u r o t e i r i T m c n e   a e n e   e x o r e a s i o n  
mechanism a 1  t e r e d   u n d e r   f r z e z i n g   s t r e s s   a l o n g  
w i t h  t h e   i m p r o v i n g   o f   f r e e z i n g   t o l e r a n c e .  Our 
e x p e r i m e n t s  showed t h a t   t h e   a m o u n t  of n i n e  
s o l u b l e   p r o t e i n s  i n  JD-1 a n d  t h i r t e e n  in XL-12 
Lncreaved   under   the  low t e m p e r a t u r e   c o n d i t i o n i n g .  
T h i s  e m p i r i c a l   r e s u l t  was f i r s t   r e p o r r e d  i n  our  
count ry   and  i s  s i m i l a r   w i t h   t h a t   o b t a i n e d  from 
C l o u t i e r ' s   e x p e r i m e n t s   ( C l o u t i e r ,  1983) .  Analyses 
o f  membrane p r o t e i n s   i n d i c a t e d   t h a t   d u r i n g   t h e  
c o l d  a c c l i m a t i o n  n o t  onLy two new membrane 
p r o t e i n s  o f  JD-1 were s y n t h e s i z e d ,  h u t  six 
membrane p r o t e i n s   ( s e v e n  i n  XL-12) i n c r e a s e d  I n  
a m o u n t ,   t h i r t e e n  membrane p r o t e i n s   ( s e v e n  i n  

T h i s   r e s e m b l e a  t h a t  o f  Y o s h i d a ' s  s t u d y  (1984). 
XL-12) d e c l i n e d  i o  amount o f  which  some vanished. 

We d i s c o v e r e d  i n  o u r   e x p e r i m e n t s   t h a t   t h e  
amounL o f  p r o t e i n s  o f  4 1 ,  4 3 ,  2 4 ,  7 ( o n e   k i n d ) ,  
and 4 2  KD ( f o u r   k i n d s )  i n  l e a f   t i s s u e s   w e r e  
m a i n l y   s u b j e c t  t o  t h e   i n d i v i d u a l   g r o w t h   d v e l o p -  
ment ,   hence   there   might   be  some  enzymes  respon- 
s i b l e   f o r   r e g u l a t i o n  i n  some m e t a b o l i c   p r o c e s s e s .  
O n  t-he o t h e r  h a n d ,  s i n c e   t h e i r   c o n r e n t   i n  
L i s s u e s   i n c r e a s e d   m e r e l y   w i t h   t h e   i n c r e a s e  o f  
f r c c z i n y  t o l e r a n c e  b u t  d i d  n o t   d e c r e a s e  w i t h  t h e  
d e c r e a s e  o f  e r e e z l n g   t o l e r a n c e ,   t h e y   c o u l d   b e  
r e g a r d e d  a s  h a v i n g   f u n c t i o n s  i n  l e a f  t i s s u e  
c e l l s   a t  low t e m p e r a t u r e  b u t  n o t   d i r e c t l y  
p a r t i c j p a r i n g   t h e   m e t a b o l i c   p r o c e s s  o f  f r -ecz ing- -  
r e s i s t an t   deve l .opmen l .  As f o r   t h e  21 K D  p r o t e i n  
of  J D - l  and  one k i n d  of 7 KD i n  XL-12, t - h e y  were 
a l s o   c o n s i d e r e d  a s  e n z y m e s   r e s p o n s i b l e   f o r  

t h e i r   c o n t e n t s  i n  l e a f  t i s s u e s  were  a f f e c t e d  b y  
r e g u l a t i o n  I n  some m e t a b o l i c   p r o c e s s e s   b e c a u s e  

t h e   i n d i v i d u a l   g r o w t h   d e v e l o p m e n t .   N e v e r t h e l e s s ,  
s i n c e   t h e   a l t e r a t i o n s  I n  t h e   p r o t e i n   c o n t e n t  
p e r n l l e l e d   t h e   i n c r e a s e  o r  d e c r e a s e  o I  E r e e z i n g  
to l e rance ,   t hey   were   deduced  t a  r e g u l a t e   c e r t a i n  

mnctab.olic I I K Q G ~ W  t&t a r a  d i r u c r l y  uu-i+t+& 
wi th   t he   deve lopmen t  o f  f r e e z i n g  r e s i , s ~ a n c e :  ' .  

T h e  p r o t e i n s  o f  1000, 18000 (t.wo k i n d s ) ,  
7000 ( o n e   k i n d ) ,  21000 D (7000 0 I n  JD-1 and ' ' 
21000 D i n  XL-12) were   p robab ly  some s o l u b l e  

w e r e   n o t   s u b j e c t   t o   t h e   l n d i v j d u n l   g r o w t h   d e v e l -  
p r o t e i n s  e x c e p l  enzymes,  f o r  t h e i r   r - o n t e n t s  

opment .  The  amount o f  t h e s e   p r o t e i n s  i n  l e a f  
t i s s u e s   p r e s e n t e d  s p o s i t i v e   c o r r e l a t i o n  w i t h  

€ u n c t i o n  was t o   c o n s o l i d a t e   t h e   c e l l   c a p a c i t y  
t h e  development  o f  f r e e z i n g   r e s i s t a n c e .   T h e i r  

d c n s i t y   t h a l   r e s u l t e d  Lrom f r e e z i t l g  d c h y d r r ~ t i o n .  
o f  hold-i.n&  water s o  a s  t o  r e s i s t   t h c   i m p a c t  o f  

membrane p r o t e i n s  i n  JD-1 (on ly   one   p ro t . e in  of 

s y n t h e s i s   a n d   i n h i b i t i o n   d u r i n g  the p e r i o d  o f  ' 

2 4  K D  i n  XI,-12) d u r i n g   c o l d   a c c l i m a t i o n ,   t h e i r  

a c c l i m a t - i o n   a n d   d e a c c l i m a t i o n   a p p e a r e d  t o  he ' 

o f  t h e   a b i l i t y  o €  f r e e z i n g   t o l e r a n c e .   T h e  amouot 
p o s i t i v e l y   r e l a t e d   t o   - t h e   i m p r o v i n g  o r  weakening 

o f  membrane p r o t e i n  o f  24000 D i n  JD-1 l e a f  way 
more  than that i n  X L - 1 2 ,  and t h e  membrane  pro- 
t e i n  o f  34500 D was n u t  s y n t h e s i z e d  i n  X L - 1 2  H L  
a1 1 .  On t h i s  h a s j s ,  i t  seemed  more  reasonahle  
t h a t  t h e s e   s p e c i f i c  membrane p r o t e i n s   w e r e  
f r e e z i n g - r e s i s t a n t   g e n e   p r o t e i n s   p r o d u c e d  under 
t he   l aw   t empe , r a tu re  s t r e s s ,  The f u n c t i o n s  u f  
t h e s e   s p e c i . f i c  membrane p r o t e i n s   a r e   t o   m a i n -  
t a i n i n g   t h e  m o b i l i t y  of  membrane a t  low  tempora- 

fo rma t io I I a1   changes  due to f r e e z i n g   d e h y d r a t i o n ,  
c u r e   c o n d i t i o n i n g ,  p r e v c n t i n y   p r o t e i n   f r o m  C O I I -  

a n d   r - e s i s t i a p  t h e  mechahical .   impact  c a u s e d  by 
f r e e z i n g   i n j u r y .  They a r e   s s v e n t i a l  a n d  d i . r e c t i y  
r e s p o n s i b l e   f o r   t h e   i n t p r o v i n g  of  f r e e z i n g   t o l e r -  
a n c e ,  and may p r o v i d e  key i n f o r m a t i o n   f o r   g e n e  
e n g i n e e r i n g .  

For  t h e  two  newly s y n t h e s i z e d   s p c c i f i c  

We can  draw t h e  f o l l o w i n g   c o n c l u s i u n s  f r o m  

(1). The a b i l i t y  o f  f r e e z i n g   t o l e r a n c e  
. .. LI!C a h o v e   a n a l y s e s .  

a c q u i r e d  d u r i n g  c o l d   a c c l i m a t i o n   o f   w i n t e r   w h e a t  
i s  improved   obvious ly   compared   wi th  t h n t  of 
c o n t r a s t .  

m a r k e d   i n c r e a s e  i n  the l e v e l s  of 9 s o l u b l e  pru-  

Among them,  the  amount  of f i v e   p r o t e i n s   w i t h  
t e j . n s  i n  JD-1 l e a f  tissues ( t h i r t e e n  1 1 1  XL-12) .  

m o l  u t  o f  1000 D ,  7000 D ( o n e   k i n d ) ,  21000 D ,  
and 18000 0 ( t w o  k i n d s )  i n  both  two C U I  t i v a r s  

opment o f  f r e e z i n g   t o l e r a n c e .  
p r e s e n t s  e p o s i t i v e   c o r r e l a t i o n  w i t h  t h e   d e v e l -  

membrane  proteirla o f  ahour  3 4 5 0 0  ant1 24000 D i n  
l e a f   t i s s u e s   o f   b o t h   c u l t i v a r s  o f  JD-1 and LD- 
1 3 9 .  o n e   s p e c i f i c  membrane p r o t e i n  o f  abour. 
24000 TI I n  X L - 1 2 ,  p r e s e n t  a p o s j  t i v e   r e l a t i o n  
t o  the development  of  r r e e e i n g   t o l e r a n c e .   T h e r e  
a r e  s i x  membrane p r o t e i n s  i n  Jn-1 and seven   i n  
XL-12  i n c r e a s e d  i n  amoun t   and   t hey   a r e   p re sen t  

o f  E r e e z i u g   t o l e r a n c e .   T h e r e  a r e  a t  l e a s t  Vwclvc 
t o  be p o s i t i v e l y   c o r r e l a t e d  w i t h  t h e  development. 

membrane p r o t e i n s  in JD-1 and  seven ir~ XL-12 
d e c r e a s e d  in amount  markedly,  T h e y  n r e   i n v e r s e l y  
r e l a t e d  t o  t he   deve lopmen t  o f  f r e e z i n g   t o l e r a n c e .  

( 4 ) .  'The a b i l i t y  o f  f r e e z i n g   t o l e r a n c e  o f  
p l a n t s i s   s u b j e c t   t o   t h o   g e n e   e x p r e s s i o n .  P r o -  
t e i n  i s  t h e  f i n a l  p r o d u c t  o f  g e n e   t r a n s l a t i o n  
and i n t e r p r e t a t i o n .  Tha s t u d i e s  o f  s t r e s s e d  
membrane p r o t e i n s   a n d   t h e i r   r e l a t i o n v h l p  w i t h  
t h e   d e v e l o p m e n t  o f  f r e c z l n g   t o l e r a n c e  art* o f  
g r e a t   s i g n i f i c a n c e   i n   e l u c i d a t i n g  Lhe r e g u l a t i n g  
mechanism of g e n e   c x p r o s s i o n   d u r l n g   t h e  p r o c e s s  
o f  p l a n t   i n d i v i d u a l   g r o w t h ,  i n  r e v e a l i n g   t h e  
e s s e n c e  of f r e e z i n g   t o l e r a n c e ,   a n d  in s i f t i l l g  
t h e   s t r e s e - r e s i s t a ~ ~ t   s o u r c e .  F i n a l l y  i t   w i l l  
a l a o  b e  h e l p f u l   f o r   b r e e d i n g  new c u l t i v a r s   w i t h  
s t r e 8 s " r e s i s t a n c e  by means uf a c o m b i n a t i o n   o f  

( 2 ) .  Cold   ha rden ing  I J ~  winter   wheat   can  induce 

( 3 ) .  D u r i n g  c o l d   s c c l i m e t i o d ,  twu s p e c i f i c  
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g e n e   e n g i n e e r i n g   w i t h   c o n v e n t i o n a l   m e t h o d s  of 
b r e e d i n g ,  
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EFFECTS O F  FOREST FIKE ON THE HYDRO-THERMAL REGIME 'OF F H O Z B N  G R O U N D ,  
THE NORTHERN PART OF D A  H I N G G A N  L I N E ,  C H I N A "  

Zhou Youwu,  L i a n g  Linheng,  G u  Zhongwei, L i n n g  Feltgxian  and Z h a n g  Q i b i n  

Lanzhou I n s t i t u t e  of Glac io lugy   and   Geocryulopy,  
C h i n e s e  Academy o f  S c i e n c e s ,   C h i n a  

The c o n t r a s t  o f  o b s e r v a t i o n s   a z   b u r n e d  a n d  unburned s i tes  i n  Amuer r e g i o n  o f  Do 
Hinggan Ling i n d i c a t e   t h a t   f o r e s t  E i r e  h a s   o b v i o u s   e f f e c t s  on p e r m a f r o s t .  The 
l o c a l   a i r   t e m p e r a t u r e ,   g r o u n d  s u r f a c e  and  sha l low  ground  tempera tures   and  mean 
a n n u a l   g r o u n d   t e m p e r a t u r e   i n c r e a s e d  a t  b u r n e d  s i t e s .  The i n c r e a s e s  a t  b u r n e d  
s i t es  i n  swamps a r e  more   obv ious   t han   on   s lopes .  T h i s  paper  a l s o  e v a l u a t e s  t h e  
e f f e c t s  o f  snow c o v e r  on t h e  mean snnua l   g round   su r f ace   t empera tu re   and   t empera -  
t u r e   r a n g e .  Water contenL at b u r n e d   s i t e s  i n  e a r l i e r   s t a g e  of t h a w i n g  is l ess  
t h a n   a t   u n b u r n e d   s i t e s   a n d   t e v e r s e s  i n  l a t e r   s t a g e s .  The a v e r a g e   w a t e r   c o n t e n t  
i n  s e a s o n a l l y   t h a w e d   l a y e r s  a t  burned sites i s  20% more t h a n  u n b u r n e d   s i t e s  i n  
the swamp. T h e  maximum s e a s o n a l l y   t h a w e d   d e p t h s  a t  b u r n e d  s i t e s  i s  d o u b l e   t h a t  
o f  unburned s i t e s  i n  t h e  swamp. 

INTRODUCTION 

The e f f e c t s  of  f o r e s t  f i r e  on p e r m a f r o s t   h a s  
b e e n   s t u d i e d   s i n c e   t h e  1930s i n  f o r e i g n   c o u n t r -  
ies. and the re   have   been  some r e p o r t s   e b o u t   t h e  
s t u d y  r e c e n t l y   a n d  i n  the p a s t .  T h e   a u t h o r  o f  

t h i s  problem ('4hou Youwu e t  a l . ,   1 9 9 1 )  
t h i s  pape r   has  had a s y n t h e t i c   i n t r o d u c t i o n   t o  

t r o u s   f o r e s t  f i r e  i n  1987 o n  t h e  p e r m a f r o s t  i n  
t,he n o r t h e r n  p a r t  of Da Hinggan L i n g ,  C h i n a ,  
f o l l o w i n g  t h e  i n v e s t i g a t i o n  i n  G u  L ian   min ing  
a r e s  i n  1988 ( L i a n g  Llnheng,  Zhou  Youwu, 1 9 9 1 ) ,  
w e  g a v e   f u r t h e r   i n v e s t i g a t i o n  t o  t h e  Amuer 
r e g i o n  ( 5 2 ' 5 0 ' N ,  123'11 'E)  i n  1990/1992.  

r i d g e s ,   r a n g i n g  i n  a l t i t u d e   f r o m  500 t o  700 m .  
I t  i s  l o c a t e d   i n  a f r i g i d - t e m p e r a t e   ( b o r e a l )  
zone.  The mean a n n u a l   a i r   t e m p e r a t u r e  i s  -4.7'C. 
The mean m o n t h l y   a i r   t e m p e r a t u r e  i n  J a n u a r y  a n d  
J u l y  i s  -3O.O'C and 1 7 . 5 ' C ,  r e s p e c t i v e l y ,  and 
t h c  meon annua l   t empera tu re   r ange  is 47.5"C 
(Amuer m e t e o r o l o g i c a l   s t a t i o n  i n  1975/199O). The 
y e a r l y   p r e c i p i L a t i o n ,  83% of i t  i n  t h e  summer, 
is 416 m m .  The p e r i o d  of m i n u s  a i r  t e m p e r a t u r e  
is  211.3 d a y s .  Snow can   bemain ta ined   for   about  1 8 7  

The v e g e t a t l o n  i n  t h i s  r e g i o n  i s  dominated by 
d a y s .  There  i s  a t e m p e r a t u r e  i n v e r s i o n  i n  winter. 

P inus   pumi la .  The s t e e p   s o u t h e r n   s l o p e  is c o v e r -  
e d  by  P i n u s   s y l v e s t r i s .  A b i g  f o r e s t  f ire-  dc- 
s t r o y e d  a v a s t   a r e a  o f  v e g e t a t i o n  i n  t h i s  region 
i n  1987.  

The bedrock i n  t h i s  r e g i o n  i s  composed o f  
v o l c a n i c   b r e c c i a   a n d   b a s a l t - a ~ ~ d e s i t e  o f  Lhe 
M e s o z o n i c   e r e .   Q u a t e r n a r y   u n c o n s o l i d a t e d   d e p o s -  
i t s   a r e   d i l u v i u m ,   a l u v i u m ,  s l o p e  wash e l u v i u m  
and  e luvium.  T h e i r  d e p t h  i s  from s e v e r a l   m e t e r s  
t o  20 m e t e r s .   P e r m a f r o s t  is d e v e l o p e d   i n   t h e  
swamp and on the g e n t l e   s l o p e s  o f  t h e  mountein 
f o o t s l o p e s  i n  t h i s  reg ion .   The   annual   g round 

* T h e  p r o j e c t  was funded b y  t h e  Chinese Committee 

ln o r d e r  t o  e x a m i n e   t h e   e f f e c t s  0 6  t h e   d i s a s -  

T h e  r e g i o n  i s  c h a r a c t e r i z e d  b y  l o w  r o l l i n g  

- 

of N a t i o n a l   S c i e n c e s  

t e m p e r a t u r e  i n  t h e  swamp is -1.0 - -4.2"C anrl 
o n  t h e  s l o p e  is 0.0 - - 0 . 2 ' C  (Dai J i n b o ,  1 9 8 2 ) .  
The maximum s e a s o n a l l y   t h a w e d   d e p t h  i s  l e s s  t h a ~ ~  
one  meter   In  the  swamp and 1.5-4.5 m on s l o p e s  
a n d   r i v e r   t e r r a c e s .  The c h a r a c t e r l s t i c s  o f  pe'r- 
m a f r o s t  i n  t h i s   r e g i o n   a r e   d e s c r i b e d  i n  a n o t h e r  
paper  (Gu Zhongwei e t   a l . ,  1 9 9 2 ) .  

EFPECTS'OF FOREST FIRE ON PERMAFROST 

we s e t  u p  40 p e r i o d i c   o b s e r v a t i o n  s, i tc?s which 
con ta in   g round   t empera tu re .   Wote r  con ten^ and . 
t h a w  d e p t h  i n  t h e  n o r t h e r n   v a l l e y ,  in t he  swamp 
anrl  on t h e   s l o p e  o f  Amuer f o r e s t  management 
bureau  i n  burned  and u n b u r n e d  s t a n d s .   E s p e c i a l l y  
o b s e r v i n g  5 sites e a c h   w i t h   b o r e h o l e s .  IJc g i v e  
t h , e   m i c r o - m e t e o r o l o g i c a l   o b s e r v a t i o n s  on s i t e s  3 
(unburned)   and  4 ( b u r n e d )   a b o u t   t h e  a i r  tempera-  
t u r e ,   h u m i d i t y ,   g r o u n d   a n d   g r o u n d   s u r f a c e   t e m -  
p e r a t u r e s  for e a c h ,  once e v e r y  f i v e  days, and 
measured  snow  cover i n  f iarch 1Y91 and i n  t h e  
w i n t e r  of 1 9 9 1 / 1 9 9 2 .  In T a h l e  1 a r e   t h e   s i t e  
c o n d i t i o n s ,  

Chenne t o  t h e  M i c r o c l i m a t e  

f a c e  w h i c h   d e c r e a s e s  i t s  r e f l e c t a n c e .  Accortllriy 
t o   f i e l d   i n v e s t i g a t i o n   a t   a e v e r l y   b u r n e d . a n d  
unburned sites i n  t h e  swamp s t u d y  a r e a  on S e p t .  
1 3 ,  1990,  t h e  mean d a i l y   r e f l e c t a n c e  s t  b u r n e d  
a n d   u n b u r n e d   s i t e s  i s  0 .15  and 0.18, r e s p e c t i v e l y ,  
a n d  i n  t h e   d a y   t h e   r a d i a t i o n   b a l a n c e  a 1  burn,ed 
s i t e s  i s  more t h a n   a t   u n b u r n e d  sires (Zhao K u i y i ,  
1 9 9 2 ) .  T h e  c h a n g e s  of  r e f l e c t a n c e  and radiation 
b a l a n c e   c a u s e d  b y  f o r e s t   f i r e   l e a d  t o  the   changes  
i n  Lhe s u r r o u n d i n g   g r o u n d   s u r f a c e   a i r   t e m p e r a t u r e ,  
g round  tempera ture   and   water   reg ime,  and f i n a l l y  
r e s u l t  i n  t h e   c a h n g e s  o f  f r o z e n   g r o u n d .  

b u r n e d   a n d   u n b u r n e d   s i t e s   i n d i c a t e   t h a t   a n n u a l  
a i r  t e m p e r a t u r e   a t   h u r n c d  s i t e s  ( s i t e  4 )  is . 
h i g h e r   t h a n   a t   u n b u r n e d  s i t e s  (site 3 ) , ,  o n  t h e  
whole.  The d i f f e r e n c e  o f  a i r   t e m p e r e t u r e  i s  0.2- 

The b u r n e d   f o r e s t   h a s  a b l a c k   u n d e r l y i n g   s u r -  

The o b s e r v e d   m e t e u r o l o p i c a l   d a t a   ( F i g . l ) * o t , .  . 

R I 0 



T a b l e  1. S i L e  c o n d i t i o n s  

No.1 Gcom. P o s i t i o n   V e g e t a t i . o n  I,i t h o l o g y  

Swamp i n  NaLural  young P i n u s  yumila   with Prom b o r e h o l e  21: 
1 i n t e r m o u n t a i n   h e i g h t  of  3-5 m and   canopy  dens i ty  0-1.2 m: P e a t   l a y e r .  

o f  0 . 4 ,  s p a r s e   uss sock hummock, 1.2-3.0 m: I c e b e d s  w i t h  s v i l .  
l i t t e r - l a y e r  w i . t h  d e p t h  o f  5 cm, Sandy  c lay  e n d  i c e  layers aLter-n;rLerl. 
Khododendrou  parvifoloum an'd moss 3.0-14 .1  m :  Grove l  l a y e r .  
w i ~ h  a c o v c r a g c  dcyr-ee o f  0 . 5 .  Corrtn ined  s n n d - g r a v e l  a n d  s a n d  c l a y .  

14.0-19.6 m: B r - e ~ c i t l  c o n L a i n e t l  in 
i c e - c o a t i n g   b o d y .  

2 
Swamp ahout: 50 m Burned P i n u s  p u m i l d .  Dead tress have From borehole  22: 
a p a r t  from N u . 1 .  been  removed. Now a r e   B e t u l a   d e h u r i -  Almost a s  sume a s  a h u v e .  

caaea,   Vt lccinium,  Carex s p .  *hose  A t  d e p t h  of 18 .0  m i s  w c a t h c r i n g  
c o v e r a g e   d e g r e e  -is 0 . 2  and ~1 lot .  o f  l a y e r .  
t u s s o c k  hummocks. 

G e n t l e  s l o p e  N a t u r a l  y o n g  P i n u s  pumi la   w i th   he igh t  From b o r e h o l e  23: 

e x p o s u r e  ant! Rhododendron  dnricum, L e d u m  p a l u s r c r e  0 . 2 - 6 . 1  m :  b r e c c i a  in w h i c h   t h e r e  i s  
w l t h  6 g r a d i e n t  V O K .  a n y u s t u m  ~ n d  V a t c i n i u m  v i t i s -  a q u i f e r   b e t w e e n  1 . 9  & 2.4111. 

"- - 
3 W i C h  N . H .  a b o u t  10 m and   canopy   dens i ty  i s  0 . 7 ,  0 - 0 . 2  m :  H u m u s  s o i l .  

i daea   communi t i e s  i n  a d d i t i o n  t o  6 .1-7 .0  m: C l a y  l a y e r  c o i l ~ a i n c t l  
s p a r s e   B e t u l a  ( I .  and P i n u s  s .  l i t t l e   g r a v e l .  

7 .0-13 .5  m :  C r u s h e d   g r a v t l .  I t  ir 

13.5-21.0 In: Weethe r ing   vu lcan iL  
b recc ia   and  ~ u r f  in 
which   c r evasse   has  
d e v e l o p e d .  

v o l c a n i c  hrb'c i a .  

- 

4 
Gentle slope Almost a l l  P i n u s  p u m i l l a  was burned From b o r e h o l e  2 4 :  
w i t h  N . W .  and r emoved   excep t   fo r   s eve ra l  o n e s  0-0.1 m: Humus soil. 
e x p o s u r e  500 m sti1.1 a l i v e .   T h e r e  i s  b l a c k   a s h  
e p e r t   f r o m  N o . 3 .  l a y e r  a b o u t  1 cm o n  g r o u n d ,  N o w  
T h e  g r a d e n l  is s h r u b s  a r e  prospe rous   wh ich  a r e  

0.1-4.8 m: B r e c c i a  w i t h  s a n d y  c lay , .  
4 . 8 - 6 . 5  m :  Crushed g r a v e l .  T t  i s  

4. maily  Vaccinium  ul   ig inosum  and  6 .5-21.0  n1;Weather ing  volcal l ic  
v o l c a n i c  

V a c c i n l u m  v i t i s - i e a e a  cum, b r e c c i a  w i t h  deve loped  
c r e v a s s e .  

G e n t l e  s l o p e  
5 

All burned P i n u s  pumi la   have  been 
w j L h  S . E .  

From b o r e h o l e  Z5: 
remvoed.   The   l i tho logy  i s  the   same a s  b o r c h o l e  

e x p o s u r e .  2 4 .  
l ' : h ~  g r a d i e n t  
'is 10. 

I 
_I_ "I."" 

. .  
t p Q . 4 " C  i n  surpmer a n d  0 . 6 - - 1 . 5 " C  i n  w i n t e r .  I t  a l s o  

p r e s e n t s , . ~ h a t   t h e   g r a d i e n t  of a i r   t e m p e r a t u r e  
(0,572.0 m )  o b s e r v e d   a t   b u r n e d  s i t e s  i s  h j g h e r  
tharl.;rat  unburned s i t e s .  O n l y  1.n the b e g i n n i n g  o f  
s p r i n g  and  the   end  o f  autumn,  , i . e .  t h e   b e g i n n i u g  
a n d  t h e  e n d  o f  v e g e t a t i o n   g r o w i n g   p e r i o d ,   t h e  
a i r  t e m u e r a t u r e   a t   b u r n e d   s i t e s  is lower   than a t  

. I ; u n b u r n e d   s i t e s .  From t h i s ,  we can s e e  t h a t   t h e  
canopy   has  a s t r u n g   e f f e c t  on a i r  t e m p e r a t u r e  i n  
the  f o r e s t .  And Lhe o p p r o x i m a t e  o h s e r v a t i o n   d a t a  
s h u w s  t h a t  t h e  mean annual  ~ i r  t e m p e r a t u r e   r a n g e  
a t  unburncd s i t e s  i n  r h e  pine f o r e s t  i s  0 . 6 ' C  
h i g h e r   t h a n   a t   b u r n e d   s i L e s .  

CharlKes t o   t h e  Ground Sur face   and   Sha l low Ground 
T e m p e r a t u r e  

w i t h  a i r  t e m p e r a t u r e  o n  t h e  s l o p e  from t h e  
o b s e r v e t l o n s .  I n  t h e  warm s e a s o n  (€corn m i d - J u n e  
t o   t h e   m i d - S e p t e m b e r ) .   t h e   g r o u n d   s u r f a c e  tern- 

G r o u n d  s u r f a c e  t e m p e r a t u r e  is r r u t  curespundcnt  

' .  p e r e t u r e   a t   b u r n e d  sitcs i s  h i g h e r   t h a n  ~ l t  
1 .nnksf*,ed a i t a a ,  bat  i e  t k a  e a l d  sessan ( a f t e r  
i m i d - O c t o b e r ) ,   t h e   t e m p e r a t u r e  i s  reversed   (F ig .1)  

a t  t h e  two s i t e s .   F i n a l l y ,   t h e   a n n u a l   round 
sur'afce t e m p e r a t u r e   a t   b u r n e d   s i r e s  - is  a p p ~ ' o x i - ,  
m a t e l y   t h e  same or   p robably   lhwer  t h a n  a t  u n -  

burlbed sites and t h e   a n n u a l   g r o u n d  s u r f a c e  tern- 
p e r a t u r e   r a n g e   a t   b u r l l e d  s i r e s  is 2 . 4 " C  h i g l l c r  
t h a n   a t   u n b u r n e d   s i t e s ,  

t h e  s l o p e  i s  s i m i l a r   t o   t h e  g r o u n d  s u r r i i c e  t.t'm- 

a t   b u r n e d   s i t e s   t h a n   a t   u n b u r n e d  s i r e s ,  and i s  
p e r a t u r e ,  !lamely i t  i s  h l g h e r  i n  t h c  warm s e a s o n  

r e v c r s c d  i n  t h e   c o l d   s e a s o n  a t  t h e  two s i t ' k ' s .  
F i . g u r e  2 indicates t h a t   t h e  g r o u n d  temperaku5re 
w i t h i r l  2 0  cm a t  burned sites .is 1 . 0 - 2 . 5 " C  h i g l l c ~  
c h a n  a t  unburned s i t e s  from May t u  O c t o b e r ' ;  I)UL 
t h e  t e m p e r a t u r e  i s  r e v e r s e d  i n  M~~y-.Iune R<I(I O c t .  
at t he   two  s i t e s .  Making a comparisotl  aI,(JLlt,  the 
a c c u m u l a t e d  ground   t empera tu re  a n d  a v e r a g e  % i r  
t e m p e r a t u r e  i n  t h e  c o l d  season ( T a b l e  2 )  bkrwceu 
burned  and  unburned s i t e s ,  we f i n d  r h a r  minus 
a ~ c u m u l a t a d  g r o u n d  t e m p e r a t u r e  w j  t h i n   t h e  d e p t h  
o f  1.5 m a t  b u r n e d  s l t e s  is more t h n n  in unlrurner l  

0.5'C  lower than  i n  unbur-net! s i t e s .  R u t  t h e  
s i t u s  and Lhe a v e r a g e  a i r  Lemperature  i s  0. I -  

g r o u n d   t e m p e r a t u r e   a t   b u r n e d   s i t e s  in t h e  swamp 
is h i g h e r  than a t  unburned s i t e s  d u r i n g  t h e  
whole year .   Accord ing  L u  F i e l d  measu1-emenLs II-~III 
May t o  A u g .  i n  1990,  t h e  g round  Lempora turu   a t  
b u r n e d   s i t e s  is 3.6'C h i g h e r  thun a t  unburned 
s i t e s  w i t h i n  t h c  d e p t h s  o f  10-40 C E I ;  a t  23 dt?pth 

The c h a n g e s  of  shallow  ground  tempert1tt l t-e (10 

a z o  
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F i g u r e  1 .  T h e   c o n r p a r i , s o n  of a i r   t e m p e r a t u r e   a n d   g r o u n d   s u r f a c e   t e m p e r a t u r e  

b e t w e e n   b u r n e d  e n d  u n b u r n e d  s i . tes  on  s l o p e  
1.2 - Air t e m p e r a l u r e  a t  b u r n e d   a n d   u n b u r n e d   s - i c e s  
3 , 4  - G r o u n d   s u r f a c e   t e m p e r a t u r e  at b u r n e d   a n d   u n b u r n e d  sites 

T e m p e r a t u r e  ( * C )  
5 10 15 20 

F i g u r e  2 .  T h e   c o m p a r i s o n  o f  s h a l l o w   g r o u n d  
L e m p e r a t u r e   b e t w e e n   b u r n e d  ~ n d  
u n b u r n e d  sites o n   s l o p e  

1 - 3  T h e   a v e r a g e  of t h e   t e m p e r a L u r e  trom May 

4 - 6  T h u   a v e r u y e  o f  I;he t e m p e r a t u r e  f r o m  Auy.  
t u  J u l y ,  1990. 

t o  Oct.. , 1.Y91.. 

U T  10 cm, the d i F f e r e n c e  i s  u p  t o  4-7'C from 
J u n e  t o  J u l y .  I n  t h e  c o l d   s e a s o n ,  t h e  m i n u s  
a c c u m u l a l e d   g r o u n d   t e m p e r a t u r e  a t  b u r n e d  s i t e s  
i s  l e s s  t h a n  a t  u n b u r n e d  s i t e s ,  b u t   t h e   a v e r a g e  
t e m p e r a t u r e  i s  h i g h e r   t h a n  flt L h e  u n b u r n e d  s i t e  
( T a b l e  2 ) .  

W e  c a n  s e e .  f r o m  t h e   a b o v e ,   c h a t   t h e   v e g e t a -  
t i . o n  ( y o u n g  p i n u s  p u m i l a )   i n   t h e   s w a m p   h a ' s  a h  
o b v i o u s  c o l d  e f f e c t ,   b u t   o n   t h e   s l o p e ,  i t  h a s  a 
c o l d  e f f e c t  i n  t h e  warm a e a s o n   a n d   h a s  a warm 
e f f e c t   w i t h i n   t h e   d e p t h  o f  1.5 m i n   t h e  c o l d  
s e a y o n .   T h e   w h o l e  year's e f f e c t  on  t h e   s l o p e  
needs f u r t h e r   o b s e r v a t i o n .  

a 2  I 

C h a n R e s  t o  L h c   S n o w   C o v e r   a n d  I t s  W a r m  E f f e c t  
T h r o u g h   i n v e s t i g a t i o n   t h e   m a x i m u m   t h i c k n c s s  

of s n o w  d e p o s i t e d ,   i n   m i d - M a r c h  o r  l a t e  M e r c h ,  
i s  u p   t o  3 1 - 3 3  cm. I t  was u p   t o  3 h - 4 0  cm i n  1990, 
I . Y t e r ,  f o l l o w i n g   t h e   i n c r e a s i n g  s i r  t e m p e r a t u r e ,  
s n o w  c o v e r  b e c o m e s   t h i n n e r ,   a n d  u p  t o  m i d - A p r i l ,  
i L  h a s  a lmost  t h a w e d   c o r n p l e t e 1 . y  ( F i g . 3 ) .  I n   t h e  
coldest m o n t h   ( J a n u a r y ) ,   t h e   t h i . c k n e s s  of s n o w  
c o v e r  is 2 5 - 2 5  c m ;  t h e   d l f f e r c n c e  o f  t h e   t h i c k -  
n e s s   b e t w e e n   b u r n e d   a n d   u n b u r n e d  s i t e s  is t h a t ,  
i n   t h e  s w a m p ,  t h e   t h i c k n e s s  u t  b u r n e d  s i t e s  is 
1 c m  m o r e   t h a n  a t  u n b u r n e d  s i t e s ,  a n d  o n   t h e  
n o r t h e r n  s l o p e  t h e   t h i c k n e s s  a t  b u r n e d  s i t e s  i s  
1 c a  less  t h a n  a t  u n b u r n e d  s i t e s .  T h e   d e n s i t y  of  
s n o w   c o v e r  is i n c r e a a i n g  aa t h e   t h i c k n e s s  is 

o f   t h e   d e n s i t y  is  b e t w e e n  127-141 k g / m ' .  T h e  
i n c r e a s i n g   b e f o r e  m i d - M a r c h .   T h e   c h a n g i n g  r n n g o  

d e n s i t y  at. b u r n e d  sites is m o r e   t h a n  n t  u n b u r n e t l  
s i ~ e s  n u t  o n l y  i n  the s w a m p  b u t  also o n  t h e  
s l q p e .  

formu1.a (E.D. E c s h o v ,  e t  a l . ,  1 9 8 6 )  
We used V . A .  K u r l r y a v t s e v ' s   p a r a - e m y i r l c n l  

h'I'y = AAs = A / 2 ( 1 - 1 / f )  

t o  ct l lcrr1at .e   he v a l u e  O E  warm e f f e c t  (ATs) aud 
the d e c r e a s e  v a l u e  o f  g r o u n d   s u r f a c e   t e m p e r a t u r e  

a i r  t e m p e r a t u r e ,   a n d  ( 1 - 1 / f )  is f o u n d  i n  Lhe 
r a n g e  ( A A s ) .  Where A i s  m e a n   a n n u a l   r a n g e  of 

g i v e n   t a b l e  b y  V . A .  K u d r y a v t s e v   a c c o r d i n g  t o  t h e  
d c n s i ~ y  a n d   t h i c k n e s s  of S I I O W '  c o v e r .   T h e   c a l c u -  
l a l e d   r e s u l t s   i l l u s t r a t e   t h a t ,  u n d e r  t h e  condi :  
t i . o n   t h a t  the  menn annual  a i r  t e m p e r a t b r e  

w i t h  i t s  d e n a i t y  b e t w e e n  1 5 5 . 4 - 1 6 3 . 0  kg;/m' c a n  
r s n y e  is 47 . S " C ,  2 5 - 2 6  cm t h i c k n e s s  of snow c o v e r  

i n c r e n s c . m c a n   u n n u a l   e r o u n d   s u r f a c e   t e m p e r a ~ u r e  
a n d  d e c r e a s e   L h e  range  of mean a n n u a l   g r o u n d  
s u r f a c e   t e m p e r a t u r e  3.8-4,O'C. T h u s ,   t h e   m e a n  
R I ~ I I U ~ ~  g r o u n d  s u r f a c e   t e m p e r a t u r e   u n d e r  snow " 

c o v e r  is o n l y  - 0 . 7  - -0.9'C, a n d  t h e   t e m p e r a t ' u r e  
r a n g e  o f  i t  i s  3 9 . 6 - 4 0 . 0 ' C .  When t h e   t h i c k n e s s  
o f   s n o w   c a v e r   i n c r e a s e d  1 c m ,  i t  c a n   i n c r e a s e  



T a b l e   2 . T h e c o r n p a r i s o n   , o f , g r o u r l d   t e m p e r a t u r e  ( "C)  a t  b u r n e d   a n d   u n b u r n e d  sites in w i n t e r  (OS,13,1991-25,04,1991) 

on slope 
- 

Tn swamp 

D e p t h  U n b u r n e d  s l t e  B u r n e d  s i t e  U n b u r n e d  s j  t c  B u r n e d  si L C  

") Accu.  Temp.  Avg. Tenrp. Accu.  Temp. Avg. Temp. A L C U .  Temp. Avg. Temp.  Accu. 'remp. Avg. Temp. 

0 . 5  -79.1 - 4 . 4  4 7 . 5  
1 .o -36 .2  

-4.9 '. -119.2 -6.6 -1 18.3 - 6 . 6  
"2 . 0 -38.3 -2 .1  ' -74 .a -4.2 -68.4 

1.5 -25.7 -1.4 -31 ,6  , -1.8 -77 .7  -4 .6  
-3 .8 

2.0 
-61.7 

5.7 
-3 .4  

0 . 3  7.0 0.4 -48 .o -2.7 -21,7 
2 .5  7 .4  0 .4 15.4 -44 .b -2.5 

- 1 . 2  
0.9 

3.0 7 . 7  0.4 
-14 .O -0.0 

3.5 
24 .1 ,  1.7 -37.6 - 2 . 1  

2 . 7  
- 1 2 . 3  

0.2 
-0.7 

4 .O 6.7 
19.9 

0 .4  
, I  * 1 -42.5 -18.3 -1 .Q 

2 9 . 5  
- 2 . 4  

1.6 -36.7 -2.0 -16.3 -0.9 

6 
" U n b u r n e d  s i t e  ! - .  - - - B u r n e d  s i t e  

U 
V I  

a .  !. 
0 
u 
3 

C 

1 D e n u i  I; v 

b 

T i l n e   ( m o u t h ,  y e a r )  

F i g u r e  3 .  C h e n g k s  o f  t h e   d e n s i t y  a n d  t . h e   t h i c k n e s s  of s n o w   c o v e r  a t  b u r n e d  a n d  u n l ) u r ~ ~ c ' d  s i ~ e s  
0 - 1  I1 swamp 

m e a n  a n n u a l  g r o u n d  k u r f a c e  t e m p e r a t u r e  a n d  de -  
c r e a s e  t h e   r a n g e  o f  i t  b y  0 , 2 ' C .  

C h a n n e s  t o  t h e  Water C o n t e n t   i n   ' G r o u n d  
A c c o r d i n g  to n u m e r o u s   m e a s u r e m e n t s   n b o u t  

water  c o n t e n t ,  i t  p r e s e n t s   t h a t   t h e  w a t e r  c o n -  

u n b u r n e d  s i t e s  w i t h i n  the d e p t h  of 2 0  cm b e f o r e  
t e n t  a L  b u r n e d  sites in t h e  swamp i s  m o r e  L ~ ~ I I  

the  b e g i n n i n g  o f  J u l y ;  a f t e r  t h l s  t i m e ,  t h e  
Water c o n t e n t  is r e v e r s e d  e t  the two s i t e s .  On 
t h e  s l o p e ,  t h e  w a t e r  c o n t e n t  a t  b u r n e d  a n d  u n -  
b u r n e d  s i t e s  c h a n g e s  a 1 L e r n a t i v e l . y  b e f o r e  m i d -  
J u n e ,  a f t e r  this r i m e ,  t h e  w a t e r  content a t  u n -  
b u r n e d  sites i s  s t e a d i l y  l e s s  t h a n  H C  b u r n e d  
s i t e s  ( T a b l e  3 ) .  W i t h i n   t h e   d e p t h  o f  0 .9  m on 
t h u  s u u L h e r n  s l o p e  a n d  1 . 5  m i n  t h e  s w a m p ,  t h e  
w a t e r  c a ~ ~ t e n t  a t  b u r n e d  sites i s  ~ I I O L - ~  t h a n  a t  
u n b r l r n e d  s i t e s ,  e v e n   i n   m i d - O c t o b e r  ( F i g . 4 ) .  

For t h i s  r e a s o n ,  we d i v i d e  t h e  changes of 
water  c o n t e n t   w i t h  t i m e  i n t o  L w o  p e r i o d s  a t  
b u r n e d  and u n b u r n e d  s i t q s .  I n  t h e  f i r s t  p e r i o d ,  
b e f o r e  the d u r i a t i o n  from m i d - J u n e  t o  m i d - J u l y ,  
t h e  t r a n s p i C s L i u u  u f  t l ' r u u  is I IUL c o m p a t t l L L v c l y  
i n t e n s e ,  a n ?  this m a k e s   t h e  water  c o n t e n t  i n  t h e  
soil l a y e r  a t  u n b u r n e d  s i t e s  more t h a n   t h a t  o f  
b u r n e d  s i ~ e s ;  i n  t h e  s e c o n d  p e r i o d ,  f rom m i d -  
J u l y  t o  O c t o b e r ,  i . @ .  t h a   v e g e t a t i o n   g t o w i n g  

"perfob., trcss h a v e  q'strong t r a n s p f r n t r o n ,  a n d  
th is  makes t h e   w a t e r , c o n t e n t   i n  soil l a y e r s  a t  
u l lhurnet l  Bites less I : h a n , n t   b u r n e d  s i t e s .  For 
exrrtnplc,  .in t h e  swamp, t h e  v a l u e  o f  e v n p o r n t i o n  
( f r o m   l u c e n t   h e a t  f l u x )  q t  u n b u t n e d  s i t e s  i s  u p  

b-on slope 

I 

F i g u r e  4 .  C h a n g e s  o f  wazer c o n t e n t  in g r o u n d  
w i t h  d e p t h  (a-Swamp, b - S l o p e )  

1-5 Boreholes f rom 21 t o  Z S  
The  s o l l d  l i n e  i s  t h e   u n b u r n e d  s i t e .  
The  d a s h e d  l i n e  i s  t h e  u n b u r n u d  s l t e .  

t o  10.92 r n m / r i ,  o n d  a t  burner!  s i t e s  i t  is o n l y  
5 . 0 9  m m / d  ( z h a o  K u i y j ,  1991 j .  

I . ,  
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Table 3 .  Changes  to  the  water  content  in  ground  at  burned  and  unburned  sites 
~. 

Water  cont.  in  swamp ( % )  
Date 

Water  cont. on southern  slope ( X )  

(mm-dd-yy)  (m)  Unburned  site  Burned  site  (mm-dd-yy) ( m )  Unburned  site  Burned  site 
Depth  Date 

(No.1)  (No.2) ( N o . 3 )  (No.4) 

05,17,1990 0.05 436.7 89.1 05,18,1990 0.10 23.9  27.6 

06,22 0.20 414.7  177.2 0 6 , l O  0.10 33.1 22.3 
07,08 0.10 1770.0 6 5 6 . 2  06,19-06,22 0 .20  15.5 22.4 
0 7 . 2 0  0.10 104.2 4 4 1 . 4  07,05-07,07 0.20 1 4 . b  24.0 

0.20 -" 241.5 0 .40  13.2 21.9 
08,03- 0.10 362.0 489.6 0 8 , 0 3  0.20 18.8 30.9 
0 8 , 0 5  0.20 185 .O "- 08,lO 0.10 35.7 59.9 

-05,19 

10,10,1991 1.2-1.3  36.7 82.0 0.40 10.4 13.2 
-10,18 1.6-1.8  64.5  66.5 0.80 13.5 26.2 

2.0-2.2 6 1 . 1  54.9 1.50 12.8 14.2 
1 0 , 1 0 , 1 9 9 1  0.50 10.0 '7.4 . 0 

-10,16 1 .oo 13.4 12.6 
1.50 14.2 12.6 
2 .oo 16.1 13.8 

T e m p e r q t u r c  ( " C )  
The  effect  of  the  changes  of  water  content, -10 -8 - 2  ' ( 1  

mentioned  above,  on  the  whole  seasonally  thawed 

water  content  of  the  seasonally  thawed  layer. 
layer  can  be  indicated by the  weighted  average 

At the  five  observation  sites,  the  values  are 
71.5%, 91.6%, 16.0%, 15.7% and 16.3% respective- 

water  content  at  burned  sites  is 20% more  than 
ly.  It  is  obvious  that  the  weighted  average 

at  unburned  sites  in  the  swamp,  and  there i s  
relatively  little  difference on the  slope. 

-r 

ChanKes  to  the  Mean  Annual  Ground  Temperature 

5 ,  6 ) ,  the  mean  annual  ground  temperature  at 
the  depth  of  zero  annual  amplitude  (about 15 m )  
is -2.1-C at  unburned  sites  and -1.8'C at  burned 

0.8'C at  burned  sites  on the northern slope, and 
sites in the  swamp, 0.1'C at unburned sites and 

1.8'C at  burned  sites on the  southern  slope. It 
is  clear  that  the  mean  annual  ground  temperature 
at  burned  sites  is  really  higher  than  at unburned 
sites,  and  its  difference on the  slope  is  much 

which  affect  the  mean  ground  temperature,  we  can 
more  distinct. As there  are  a  lot  of  factors 

conclude  that  the  difEerences  are  not  only caused 
by forest  fire,  but  at  least,  it  is  one  of  the 
main  factors. 

Changes  to  the  Seasonally  Thawed (Frozen) Depth 
Thr.ough field  investigation  from  May  to  July 

at  burned  sites  is "7-40 cm  deeper  than  at  un- 
1990, we  found  that  the  seasonally  thawed  depth 

burned  sites i n  the  swamp, but  on  the  slope,  the 
seasonally  thawed  depth  at  burned  sites  is  less 
than  at  unburned  sites  before  the  end of May, 
after  this  time  it  is  reversed.  We  estimate  from 
F i g + 5  that  the  maximum  seasonally  thawed  depth 
at  unburned  and  burned  sites  are 1.3 m and  2.5m, 
respectively, in the  swamp.  The  latter  is  almost 
twice  the  former. 

layer of permafrost  at  a  depth  of 5 to 10 cm  in 
On the  slope  at  unburned  sites,  there is a 

which  the  ground  temperature is approximately 
equal  to O'C. The  layer is thin  and  is  uncon- 

Therefore, o n  the  slope  the  sites  generally 
nected  with  the  seasonally  frozen  layer (Fig.6). 

belong  to  a  seasonally  frozen  zone, n o t  season- 
ally  thawed  zone.  The  seasonally  frozen  process 
lines  illustrate  (Fig.7)  that  the  maximum  frozen 
depth  at  burned  and  unburned  sites  are 2.85 m 
and 3.0 m ,  respectively, on the  slope.  It appears 

From  the  curves  of  borehole  temperature  (Fig. 

823 

Figure 5. Changes  of  ground  temperature  with 

The  solid  line i s  unburned  site  (borehole 21). 
The  dashed  line  is  burned  site  (borehole 22). 

depth  in  swamp 

that  the  depth  at  burned  sites is less  than  at 
unburned  sites. 

effect on seasonally  thawed  depths  in  permafrost- 
dominated  regions  andhave  little  effect on sea- 

After  a  forest  fire,  the  water  content i n  soil 
sonally  frozen  depths  in  permafrost-free  region. 

has  increased in the  swamp.  From  this,  the  maxi- 
mum  seasonally  thawed  depth  ought  to  decrease, 
but  the  common  eEfects  of  increasing  ground  tem- 
perature  and  the  ground  surface  temperature range 

ally thawed  depths.  The water content is of 
play the  leading  roles in  the increase of season- 

little  difference  at  burned  and  unburned  sites 
on the  slope.  The  counteraction  of  the  increasing 
mean  annual  ground  temperature  and  the ground 
surface  temperature  range  made  the  seasonally 

It  is  evident  that  forest  fires  have  a  strdng 



frozen  depths  change  little. 

Temperature ("c) 
- R  -6 "4 -2 

I 

Figure 6 .  Changes o f  ground  temperature  with 
depth on slope 

1,4-Bor'ehole 23  at  unburned  site on northern 

2,5-Borehole 24 at  burned  site on northern  slope; 
3,6-Borehole  25  at  burned  site on southern  slope. 

slope; 

- I  
. .  
6 

Figure 7 .  The  seasonally  freezing  process  line  at 
unburned(a)  and burned(b) sites  on  qorthern slope 

CONCLUSIONS 

Forest  fire  has  distinct  effect on the  hydro- 
thermal  regime  of  permafrost  in  Da  Hinggan  Ling, 
China,  The  effect  is  displayed,  as  follows, 
after  the  fire:  Local  air  temperature  has  risen, 
the  temperature  from  ground  surface  to  the  depth 
of zero  annual  amplitude  is  increased  in  the 

ground  surface  at  hurned and  unburned  sites  have 
swamp,  the  temperatures of  shallow  ground  and 

little  difference on slopes,  but  the  ground  tem- 
perature  at  burned  sites is higher  than  at un- 
burned  sites.,Snow  cover  increases  the  mean  an- 
nual  ground  surface  temperature  and  decreases 
the  range  of  it  to 3.8-4.O'C. The  difference  of 
the  depth  of  snow  cover  at  burned  and  unburned 
sites  is 1-2 cm,  and  can  make  the  mean  annual 
ground  surface  temperature  differ by 0.2-C.  Lit- 
ter  layer  decreases  the  mean annual ground sur- 

it  is 2;4-5.ZoC, The  layer  of black  ash  (burned 
face temperature by 0.1-0.2"C and the  range of 

litter  layer)  can  increase  ground  temperature 
slightly.  The  changes  of  water  content  duriQg----- 
the  preceding  period  of  seasonally thawi-ag""at 
burned  sites  is  less  than  at  unburned  sites. 
Later,  the  average  water  content in the  season4 
ally  thawed  layer  at  burned  sites  is 20% more 

_than  at  unburned  sites  in  the  swamp,  It  is  of 
little  difference  at  the  two  sites on the s l d p e .  
The  maximum  seasonally  thawed  depth  at  burned 
sites  is  twice  that  of  the  unburned  sites  in  the 
swamp.  The  seasonally  frgzen  depth  changed littlle 
on the  slope,  Seasonal  thaw  types  are  towards  an 
unstable  developing  direction. 

at  burned  sites  in  the  swamp  are  probably  to 
The  increase  of  thaw  depth  and  water  content 

make  the  swamp-land  further  the  swamping.  Owing 

coarse  soil  grains  and  almost no forest  litter 
to  the  fgct  that  the  deteriorated  permafrost, 

on ground  surface  makes  it  difficult  for  water 
t o  accumulate,  in  addition  to  the  low  temperature 
in  the  afforesting  seasons  of  spring  and 
which  are  unfavorable  for  sapling g r d ~ ? ! ~ ~  
use  the  regularity  of  the  changes  of  ground  tem- 
perature  and  water  content  with  time o n  the slope 
to  choose  the  optimum  time  to  afforest, 

The  effect of forest  fire  on  permafrost  is  a 
complex  problem,  it  is  concerned  with  the  hydro- 

tion  and  the  layer  of  permafrost.  It  needs 
thermal  exchanges  among  the  atmosphere,  vegeta- 
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y  to  Associate  Profs.Wang 
for  site  setting  and 
Din  Dewing  and  Lou  Guo- 

D a i  Jinpo, (1982) Characteristics  of  Ground  Tem- 

Part  of  great  Xinan  Mountain.  Journal  of 
perature on Permafrost  Areas  in  the  Northern 

Glaciology  and  Cryopedology,  Vo1.4, N o . 3 ,  

E.D.. Ershov  and  et  al., (1986) Field  methods  of 
pp. 53-63. 

Geocryological  Researches (in Russian). Press 

G'3 Zhongwei and  et al., (1992) The-Characteris- 
of  Moscow  University,  pp,ll1-119. 

tics  and  the  Changes  of  Permafrost,  Amuer 
Region,  Da  Hinggan  Ling,  China.  The  Sixth 
International  Conference o n  Permafrost (to  be 
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A DEVELOPMENT MODEL OF THE  PEBIGLACIAL  LANDFORMS ON SLOPE LAND - 
TAKING  THE PHENOMENA OF PERIGLACIAL LANDFORMS IN THE  TTANSHAN 

MOUNTAINS, WEST ANTARCTICA AND THE ANDES AS EXAMPLES 

Zhu  Cheng 
Department of  Geo. & Ocean  Sciences,  Nanjing  University 

A  development  model o f  periglacial  landforms on slope land is  summarized  based on 

Mountains,  Fides  Peninsula,  King  George  Island, West  Antarctica,  and  the  central 
the  distribution  characteristics  of  periglacial landforms  in  the  central  Tianshan 

Andes.  There  is  an  inherent  connection  among  various  periglacial  types on slope 
land  in  view  of  occurrence,  A  type  at  high  elevation is a  base  for  types  at  low 
elevation  in  constitution,  while  a  type  at  low  elevation  is  a  succession  and 
development o f  its  neighbouring  type  at  higher  elevation;  From  the  development 
spectrum of the  periglacial  type  along  the  top - slope - bottom,  a  progression 
is  characterized of periglaciation  and  the  periglacial  processes  from  simplicity 
to  variety  and  complexion,  and  the  periglacial  types  also  progresses  from  common 
to  superior;  There  is  an  influence of  climate,  shape  and  facing o f  slope on the 
development of periglacial  landforms. 

OUTLINE OF THE DISTRIBUTION OF PERIGLACIAL 1. On  the  north  slope  which  is  relatively 

TIANSHAN MOUNTAINS, KING GEORGE ISLAND,  WEST 
LANDFORMS ON SLOPE LAND IN THE CENTRAL  TIANSHAN  steep  and  with  bare  rock,  there  exists:  perigla- 

ANTARCTICA,  AND THE CENTRAL ANDES 
cia1  tor - rock sea - rock  debris (or debris 
which i s  relativelv  nentle  and  with  bare  rock. 
cone) - rock  glacier; 2. On the  south  slope 

The  Central  Tianshan  Mountains  (Zhu,  1992a) 

Showing  the  Distribution  of  PeriRlacial  Landforms1  net "sorted circle - block  stream ( o r  stone- 
(Taking  Daxigo-u',Area as  an  Example,  as  in  FSg.1,  block  slope - sorting  terrace -- sorting  stria 

stripes) - upheaving  stone ( o r  sea,&onal pingo) 

, "  
there  exists:  periglacial  tor - rock  sea - 

Figure 1. Sketch  map  showing  the  distribution of periglacial  landforms  in  Daxigou  area, 
the  central  Tianshan  Mountains 

1  periglaciator; 2 rock  sea; 3 rock  debris; 4 debris  cone; 5 block  slope: 6 sorting 
terrace; 7 a  single  rock  glacier  and  its  number; 8 cluster  of  rock  glaciers; 9 sorted 
stria; 10 sorting  stria  net; 11 sorted polygon: 12 sorted  circle; 1 3  block  stream; 
14 stone spread; 15 gelifluction  tongue; 16 gelifluction  bench; 1 7  unsorted  stria; 
18 unsorted  stria  net; 1 9  unsorted  polygon: 20 unsorted  circle; 21 seasonal  pingo; 
2 2  thawing  depression;  23  up-heaving  stone  with  its  base  rock  from  weathering; 
24  denudation o f  base  rock  from  weathering; 2 5  base  rock  slope: 26 a  modern  glacier  and 
its  number: 27 cirque  and  invation  depression; 28 boundary  line;  29  river: 30 mountai_n 
peak  and  ridge  line; 31 swamp. 
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S b l o c k   s l o p e ;  6 r o c k   g l a c i e r  f rom g l a c i e r  
r e t r e a t ;  7 b a s e  rock  o f  f r o s t - c r a c k  t y p e ;  8 
t h e r m o k a r s t   s u b s i d e n c e ;  9 c r y o p l a n a t i o n   s u r f a c e ;  
1 0   i l l v o l u t i o ~ l ;  11 s o r t e d   c i r c l e  and s o x  t i  ng 
stria n e t  w i t h  d i a m e t e r  > I  m ;  1 2  sanle a s   a h o v e  

and swamp of p u r i g l t l c ~ i a l  t y p e ;  1 5  n a t i o n a l .  
b o u n d a r i e y ;  1 6  r i v e r ;  1 7  swamp; 18  mudcrn p e r i -  
glacial a r e a ;  l!, l n k c .  

( 1  m ;  1 3  a s y m m e t r j c   p e r i g l a c i n l   v a l l e y :  14 peaL 

1. T h e  r e l a t i v e l y  m a l s ~ .  per i y l n c j e l  ' L O I I ~  on ; ,  
t h e  w e s t   s i d c  of t h e  c e n t r a l  Andes i s  narrow  and , , 

w i t h  € e w e r   t y p e s  o f  y e r i g l a c i a l   l a n d f o r m s .   I n  
t h e  n o r t h  of t h e  z o n e ,   t h e r e   a r e   o n l y  H few 
p i n g o e s  o f  r e g u l a t i o n  t . y p e .  o n  the s o u t h ,  t h e r e  
a r c  o n l y  a small   amount  o f  r o c k  g l a c i e r s   a n d  
g e l i f l u c t i o n   t o n g u e s   d c v c l o p c ~ i ; w h i l u  on Lhe 
r e l a t i v e l y   d r y  e a s t  s i d e  of  t h o   c e n t r a l  Andes, 
t h e   p e r i g l a c i a l   z o n e  i s  r e l a t i v e l y   w i d e ,  a n d  
w i t h   r e l a ~ i v e l y  more t y p e s  o f  y e r i g l a c i a l   l a n d -  
fortlts d i s t r i b u t e d .  

2 .  Above 3670 m a . s . l . ,  t h e r e  a r e   p i n g o e s  o f  
t h e   l a r g e   t y p e   d e v e l o p e d  in the  d r y  P u n a  P l n t c a u  
( 2 2 " - 2 5 " S ) .  G l a c i a t e d  rock g l a c i e r s  and p i n g o e s  
o f  peat  and swamp t y p e s  a r e  distributed iibuve 
4500 m a.s.I.(Corte, 1 9 8 8 ) .  

3 ,  The   a r ea  fronl 33'-35'5 in t h e   c e n t r a l  
Andes can  be d l  vided  j o L u  I.wo s u b a r c a v  b a s e d  on 
t h e   e n v i r o n m e n t a l   b a c k g r o u n d :  

1 )  The p e l - m u f r u s l  a r e a :  i t s  I t i w e r -  1 Inlit is 
i n d i c a t e d  b y  thc end o f  r o c k   g l a c i e r s  8 1  3 2 0 0  m 
a , s . l .  The t y p e s  o f  p e r i y l a c i a l   l a n d f o r m s  d i s -  
t r i b u t e d   f r o m  3200-4700 m 8 . 8 . 1 , .  a r e :   a c t i v e  
rock g l a c i e r ,   l a r g e   t y p e  o f  s o l i f l u c t i o n   t o n g u e ,  
g e l i f l u c t i o n   b e n c h ,   f u l ' i a t c d   p e r i g l a c i a l  rock 
d e b r i s ,  l a r y e  s o r t e d   c i r c l e s  w i t h  d i a m r ! t e r s  of 
1-4  m ,  c r y o p l a n a t i o n   s u r f a c e ,   n o n - o y m m e t r i c  
p e r i g l . a c i a 1   v a l l e y ,   h l o c k   s l o p e ,   t h e r m o k n r s t  
subui r lence .  

a n n u a l  a i r  t e m p e r a t u r - e  i s  above O " C ,  t h e  main 
t y p e s  o f  p e r i g l a c i a l  l a n d f o r m s  a r e :  g e l   i f l u c t i o n  
and s o l i l l u c t   i o n ,  wedge i ce   immedia t e ly   unde r  
t h e  s u r f a c e ,  shiFtt*rl r o c k  e o g e n d u r i n g  p i . t ~  and 
h o l e s  l e f ~  d u e   t o   v e r t i c a l   s o r t i n g  f i n d  f r o s t  
w e a t h e r i n g ,   h l o c k   s l o p e ,   s m a l l   s o r t e d   c i r c l e   et 
w i t h  a d i a m e t e r  O F  10-20 cm. 

2 )  T h e  seasonal f r o z e n  groufld a r e a :  t h e  mean 
, ., , 

A PKOBE INTO 'I'HE DEVEIAPMKN?' MODEL OP T H E  
PERTGLACTAL. LANDFORMS ON SLOPE LAND 

From  he d i s t r i - b u t i o n  of p e r i g l a c i a l   l a n d -  
f o r m s  i n  t . he   above   men t ioned   t h ree   r eg ions ,  some 
c h a r a c t e r i s t i c s  of developmcnL of t h e  y e r i g l a c i a 1  
l a n d f o r m s  on s l o p e  l a n d  c a n  b e  drawn:  

( a )  T h e r e  is ~ ( 1  l n h e r c n t   c o n n e c t i o n  among 
v a r i o u s  t y p e s .   S u c h   c o n n e c t i o n   d i s p l a y 3   t h a t :  
a l l  t h e  moin  t y p e s  o c c u r  above r h e  lower   111ni t  
o f  f r o z e n  s o i l ,  t h e   m n t . e r i R l   c o n s i s t i n g   o f ,   e a c h  
t y p e  i s  i l l i t i a l l y  pruduced f r u m  w e a L l ~ e r i n y ~   r o c k ,  
m a t e r i a l   c n n s i s t , j n &  of  a t y p e  a t  h i g h  e1evnLjon 
i s  a m a t e r i a l  b ~ s e  f o r  ~ y p e s  u t  l o w  e l e v a t - i o n  is 
a s u c c e s s i o n  a n d  dovelopmenr U T  ~ L Y  ~ ~ e i g h t r r r r t r i n g  
t y p e   a t  a h i g h e r   e l e v a t i o n .  

( b )  From t he   deve lopmen t   spec t rum of  t h e  
p e r i g l a c i o l   t y p e s   a l o n g   t h e  t o p  -- s l o p e  - 
I , u t t o n l ,  t( p r o g r c s s i o n  i s  c h a r n c t e r i x y d  o f  p t . 1 1 -  
g l a c i a t i o n   f r o m   s i m p l i c i t y   t o   v a r i e t y   a n d  com- 
p l e x i o n ,  and y u r i g l a c i a l   t y p e s  a l s o  p r o g r e s s e s  
from common t.o s u p e r i o r .  i3esldc.a co1.d wunLhcr ing ,  
b lock  slope a n d  r o c k  d e b r i s  on r o c k  s lope  expor i -  

meltwater and r a i n ,  u r ~ d  E r e e z e  t.haw ' a c t  ion f r o m  
freczing tlnrl m e l t i n g  U T  s u c h  - p e r c o l a t e d .  werLrr. 
O n  r i c h  m u d d y  slopes, i f  t-hc s l o p e  i s  r e l a t i v e l y  
l a r g e ,   ~ e l i f l u c t i o n  t o n g u c ,  y e l i f l u c l i o n   t e r r a c e  

-snce gravitation. v a s h f n g  of piasma from snow 
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a n d   g e 1 , i f l u c t i o n  b e n c h  d e v e l o p  w i t h  evident .  
g r a v i t a t i o n  and g e l i f l u c t i o n ;  i f  t h e  s l o p e  i s  
r e l a t i v e l y   s m a l . 1 .   s t r c a m e t l  str i a ~ e d   s o i l   s l o p e  
d e v e l o p s  w i t h  e v i t l e r l t   g e l i f l u c t i o n  a n d  f r e e z e -  
thaw s o r t i n g  and l e s s   e v i d e n t   g r a v i l . n ~ i o n .  A t  ; I  

s l o p e   b o t t o m ,  a v n r i c t y  o f  p c r l g J . n c l r ~ t i o r ~  I S  

more e v i d e n t ,  r o c k  g l a c i e r  d e v e l o p s ,  l m o i n l y  
u n d e r   g e l i f l u c t i o n   a c c o m p a n i e d  w i t h  g r a v i t a t i o n ,  , 
f r c c z c  e x p a n s i n n  p s e s a i  ng,  a n d  f r e c z c - L h a w  s o r -  
i n g ,  l a r g e l y  on shaded   and   ha l f  : < h a d e d  slopes. 
A n d  p i n g o  develops  nluinl  y u n d e r  L ~ - O Y L  heavl.!Ig 
l a r g e l y  on t h e  s u n n y  s l o p e ,  o r  s o r t e d  c i r c l ~ : ! ,  
s o r t i n g  s t r i a   n e t  and so on d e v e l o p  mainly u 1 1 1 1 e r  
f r e e z e - t h a w   s o r t i n g .   N e a r   t h e   b o t r o m  of r e l a t i v e -  
l y  g e n t l e  s l o p e s ,   s t o n e   s p r e a d  d e v e l o p s ,  mainly ,. 

under  tho washing o f  m e l t w a t e r  alltl frtrsL IlctlviIig, 
f rom p e r i g l e c i a t i o n .   R o s i d c v  s o r ~ e d  ~ i r r  Ics arrd 
s o r t i n g  stria n e b s  developed   under   f reeze-Lhaw 
s o r t i n g  i n  r i c h  m u d d y  v a l l e y s ,  when I hc ground 
i c e  i s  exposed d u e  t o  human a c t i v i t y ,   t h e r m o k a r s t  
s u b s i d e n c e   e a s i l y   d c v c l o y ~  i n  ti headward P I - o -  

g r e s s i o n .  
( c )  There  i s  t h e  i r l f l u c n c c  01 c l i n l a ~ t . ,  shape 

a n d  € a c i n g  of s l o p e  o n  t h c  developrncllt o f  p e r i - -  
g l s c i e l   l a n d f o r m s ,  Usually, i l l  c o l d  U I I ~  dry 
c l i m a t e   r e g i o n s ,   w h c r e   t h e  s l o p e  i s  moderatt:,  
t h e   l o n g e r  a d i s t a n c e  is f r o m   t h e   l o w e r   l i m i t  o f  
t h e  f r o z e n  so i l .  t o  t h e  snow l i n e ,  t h e  mure  Lypes 
n n d  t h e  more c o m p l e t e  L h e  p e r i y l a c i o l  landforrtls 

p e r f e c t   t h e   d e v e l o p m e n t   s p e ~ t r ' u m  i s  un s l o p e  
l a n d .  I n  c o l d  a n d   d r y   c l   i m a t e   r e g i o n s ,   w h e r e   L l ~ c  
s l o p e  i s  v e r y   s t e e p ,  p e r i . g l a c i a 1  l a n d l u r n l s  01 
mass movement, types  ntoinly d u e  t o  grnvi  t a t  i o 1 1  

d e v e l o p s   p r e d o m i n a n t l y ,  s u c : h  a s  r o c k  r l e b r i ~ ,  
d e b r i s   c o n e   a n d  lrlock s l o p e ,  whllc .   type* o t  
g c i i f l u c t i u n  and f r eeze - t l l i lw  sort.i.ng a r e  luss 
d e v e l o p e d .  The l e s s   t h e   d i s t a n c e  i.s from tht :  
l owar   l imi t .  o f  t h e   f r o z e n  s o i l  t o  t h e  s n o w  1 inc, 
t h e  [ewer the  t y p e s  o f  p e r i g l a c i a l .   l a n d f o r m s  o n  
s l o p e  l a n d ,  a n t i  the s h o r t e r  Lhe rlevelopmeIIt 
specLrum is. In  co1.d a n d  wet  c I - i m a t e  r e g i o ~ ~ s  
g l a c i e r   d e v e l o p m e n t  i s  p r e d o m i n a n t l y  i n  t a v o t ,  tl  
main t y p e  of;  t h e  p r r , i g l . a c i a l   l a n d f o r m s   a r c  o t  
g e l i f l u c t i o n ,  e.!., y e l i f l u c t l o n  t o n g u e ,  g ~ : l i . f l u -  
t i o n   t o r r n c e ,  a n d  r o c k   g l a c i e r  w i t h  c o n y u e  s h n p c !  
due t o  g l a c i e r   r e t r e a t  on a r e l a t i v e l y  l a r g e  
s c a l e .  

Based on t he   above   men t ioned  dr:'veIopment 
c h i r s c t e r i s t i c s ,  t h e  a u L h o r   t h i n k s  t h a c  B rlcwel- 
oyment. model o f  p e r i g l a c i a l   l a n d f o r m s  o n  s lope  
l a n d  may be summarized,  a s  shown in F i y . 4 .  

d l C  0 1 1  Y l U l J c  ~ . i l t k t l ,  d l ) ( \ ,  the lUllgC.1 r l l l l l  L l l e  1 1 1 1 J l Y  
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A d e c a l l e d   p r e s e n t a t i o n  o f  t he   dev@lopmen t  
model of p e r i g l e c i a l   l a n d f o r m s  on s l o p e   l a n d  
d i f f e r s  from  one Lo a n o L h e r  d u e  t o  d l f f c r ( ~ ~ ~ l  
c o n d i t i o n s  u f  c l i m a t e ,   l a n d t o r m ,  f a c i n ~ ,  a n d  s o  
o n ,  i n  t h e   a h o v c   m e n t i o n e d   t h r e e   r e g i o n s .  

The P e r i ~ l a c i a l  Region  i n  t h e  C e n t r o l   T i a n s h a n  
Mountains  

W i t h  a boundary line o f  8 6 ° F .  the  c o r l d i t i o n s  
o t  l and fo rms   and   c l ima te  1 1 1  L l ~ e  e i i g t  a r e a  I S  

d i f f e r e n t  f rom t h e   w e s t   a r e a  o f  4 1 ° 3 1 ' - 4 4 U 2 0 ' N ,  
82°10'-88040'E i n  the   cenLrs1  Ti ,c lnshat~ M o u n t a i n s .  
d i s c u s s e d  i n  t h i s  p a p e r .  I n  cornpariston o f  l a n d -  
fo rms ,   t he   moun ta in   a r ea   above  4000  m 111 t h e  
west region 1 s  l a r g e r  t h a n  t h a t  t n  t h e  e n s t  

a . s . 1 .  i n  t h e   w e s t   a r e a   h a s  t h e  higl iusr  peak 
r e g i o n  ( Y i l i o n h a b i e t d u a  M u u r l L a i n  w i t 1 1  5 5 0 0  m 

w t t h i n  t h i s  i n v u s t l g a t u d   r e d i o n ) ,   T h e r e  i s  Q 

r e l a t i v e l y   l n r g e  s p a n  f rom t ,he l o w t ? t  l i ini l  (11 



e r i g l a c i a l   t o r  (main1.y u n d e r  r e l a t i v e l y   s i m p l e   f r o s t   w e a t h e r i n g )  

I I 

r Rock sea   (mnin ly   under  
Rock ~1 ope r e l a t i v e l y   s i m p l e  

f r o s t  w e a t h e r i n g )  

R i c h  m u d d y  and 
Kock s : lope   re1a t ive . l  y 

1 

Kock d e b r i s  or  d e b r i s  b l o c k   s l o p e   ( u n d e r   G e l i f l . u c l i o n   t o n g u e  or 
cone ( u n d e r  g r a v i t a t i o n ,  g r a v i t a t i o n ,   u a s h i n   t e r r a c e   ( u n d e r   g r a v i l a l i o u  
washing o f  snowmell and of  snowmelt  and 
r u i . n ,  and  f reeze- thaw f r e e z e - t h a w   a c t i o n )  

a c t i o n )  
I I 

1 Sunny o r  h o l f  
shaded   s lope  

Kock g l a c i e r  or c l u s t e r  
u f  r o c k  g l a c i e r s  
( g e l i f l u c t i o n ,   f r e e z i n g -  
e x p a n s i o n   p r e s s i n g .  
E r e e r e - t h a w   s o r t i n g ,  
s l i d i n g   b e t w e e n   F r o z e n  
layer a n d   he u n d e r l y -  
i t l g  u n f r o z e n   l a y e r )  

S o r t i n g   t e r r a c e  ( u n d e r  
f reeze- thaw s o r t i n g  

and g r a v i - t a t i o n )  

S o t L i n g  s t r i a  net 
( f r e e z e - t h a w  s o r t i n g  

and g r a v i t a t i o n )  

"-r 
I "----I 

B l o c k  s t r e a m ,  s t o n e  
s l r i p e  a n d  up-heaving 
s tone   ( f r eeze - t -haw 
sorhing, f r e e z i n g  
expans ion  p r e s s i n g  
and washing) 

s o r t i n g ,   l c e e z i n g   e x p a n s i o n  
p r e s e i n g ,   w a s h i n g  of f i n e  
g ra ined   n l a t e r i . a l  of i c e  and 

r e l a t i v e l y   g e n t l e  
slope 

( g e l i f l u c t i o n ,   f , r e e r e -  
t h a w   s o r t i n g  a n d  

U u y o r , t e d  s t r i a  net 
(main ly   under  

t 
Sunny  or h a l f  
shaded   s lope  

end p a r c u l a t i o n  
w a t e r i n g )  

Subpolar  island 

o f  beach pebb le   (ma in ly  
under  f reeze- thaw 

snow m e l t w a t e r )  I ' The rmokar s t   subs idence  
( f r e c z c - t h a w i n g ,   f r o s t  
heav ing ,   t hawing  
d e p r e s s i o n )  

F i g u r e  4 .  Demonstrari.on o f  the development  'model o f  p e r i g l a c i a l  
m u d e l  of  periglacial l a n d f o r m s  on s l o p e  l a n d  

f r o z e n  soil L O  t h e  snow l i n e  in the   wes t  r e g i o n ,  
w h i c h  seems t o  imply t h a t   t h e r e  i s  wcll d e v e l -  
o p e d  p e r i g l a c i a l   l a n d f o r m s  on s l o p e  l a n d  and a 
long   deve lopment  spectrum, " W + V , L ,  ~ T T C  drt. 

a r e l a t i v e l y  l a r g e  amount o f  deep   canyons .  S o  
t h o t  t h e  land s l o p e  is l a r g e ,   e x c e p t  f o r  t h e  
mass movement t y p e s  o f  p e r i g l a c i o l   l a n d f o r m s  
i t  is r e l a t i v e l y   w e l l   d e v e l o p e d ,  a l l  t h e  oLhcr  
t y p e s  on sl .ope l e n d   a r e   r e s t r a i n e d .   A l t h o u g h   t h e  
span of t h e   p e r i g l a c i a l   z o n e  .in t h e  e a s t  region 
is n u t  a s   l a r g e  a s  t h a l  i n  t h e  west r e g i o n ,  
L h e r e  u r e  a r e l a t i v e l y   s m a l l  amount of deep  
canyons ( e . 8 .  canyons  i n  Daxigau area  a r e  m a i n l y  
d i s t r i b u t e d  i n  t h e  z o n e  o f  1703-3300 m ,  s l o p e s  
on  moun ta in   va l l ey   l and   above  3300 m a r e  
o b v i o u s l y  small), t h e   l a n d  slope is r e l a t i v e l y  

g e n t l e .   he development  of  p e r i g l a c i a l  l a n d f o r m s  
on  s l o p e  I - n n d  i s  c o m p l e t c ,  and t . h e  r l c v r l o p ~ n l - ! r ~ t  
s p e c t r u m  on s l o p e  l a n d  i s  r e l a t i v e l y   p e r f e c t  

w e l l ,  i n  v i e w  of t h e   c l i m a t e ,  
t i l t !  p r e c i p i ~ s t i o n  is g r e n t  in t h e  wcsL r e g i o n  i n  
t h e   c e n t r a l  T i a n s h n n  Mounta ins ,  it r leccesscs  
g r a d u a l l y  t o w a r d s  t h e  e a s t .  T h i s  intl ira1,es  thnL 
the   wes t  parr. o f  Lhc c e n t r a l   T i a n s h a n  M o u n L a i n s  
is r e l a t i v e l y   c o l d  and w e t ,  w h i l e  t h e  e a s t  p a r t  
is r e l a t i v e l y   c o l d   a n d   d r y .   S i n c e  a c o l d  ~ t r r l  W O L  
c l i m a t e  Is f a v o r a b l e  L O  t h e   d e v c l o p a ~ e n t  of 
g l a r i e r s ,  a c o l d   a n d   d r y   c l i m a ~ e  is  f a v o r ; l l l t ,  
t he   deve lopmen t  o f  p e r i g l a c i a l   l a n d f o r m s ,  Lhe re -  

o f  t h e  r e g i o n  t h e r e  is a r e l a t . i v c 1  y 1u rg :c  a m o u n L  
f o r e ,  i L  h a s  resulted i n  t h a t ,  i n  t h e  w e s t  y ~ r t  

of g l n c i e r s  and  rock g l a c i e r s  wiCh tongue  shapes 



f n  t h o   v a l l e y   d u e  t o  g l a c i e r   r e t r e a t ,   t h e r e   a r e  
r e l a t i v e l y  few o t h a ~ -   t y p e s  o f  p c r i g l a c i a l   l a n t l -  
f o r m s ,  comtnon o n e s  a r e  o n l y  p e r i g l a c i a l  t o r ,  
r o c k   d e b r i s ,   b l o c k   s l o p e ,   g e l i f l u c t i o n   t o n g u e ,  
b l o c k  s t r e a m  and so on.  111 t h e   e a s t   p a r t ,  modern 
g l a c i e r s  a r e  n o t  a s  w e l l  tlcvelopetl a s  tllilt i n  
t h e   w e s t   p a r t ,  and  t l ~ c r c  a r c  a few rock  y l s c i e r s  
w i t h  t o n g u e   s h a p e s  in t h e   v ~ l l e y ,   h o w e v e r ,   t h e r e  
is a v a r i e t y   o f   o t h e r   t y p e s  of p e r i g l a c i a l  l a n d -  
f o r m s ,  ant1 the   deve lopmen t   spec t ru ln  on s l o p e  
l a n d  i s  r e l a t i v e l y   p e r f e c t ,  s u c h  a s   t h a L  i n  t h e  
~ o x i g o u  L I I - ~ R ,  n e a r l y  2 0  t y p ~ ? s  o f  p ~ > [ - i p , l ~ c i ~ l  
l a n d f o r m s  e x i v t  f r o m   p e r i g l a c i a l  t .or  - I u ~ k  s e u  

g e l i f l u c t i o n   t o n g u e  - s o r t i n g   s t r i a   n e t  - 
s t o n e  s p r e a d  - t h e r m o k a r s t   s u b s i d e n c e  and so  
U I I  ( s e e  F i g . 1 ) .  

The P e r i n l a c i a l  R e ~ i u n  i n  F'jtles P e n i n s u l a  

1989 a t  t . h e   1 n e t c o r o l o g i c a 1 .   s t a t i o n   i n   t h e   G r e a c  
W a l l   S t a t i o n  of C h i n a  b u i l t  i n  1985, uhc mean 
a n n u a l   a i r   t e m p e r a t u r e  is a b o u t  - 3 , 3 " ( : ,  and  the  
mean a n n u a l   p r e c i p i t a t i o n  i s  605  mm e p p r o x i m a t e l y  
( Z h u ,   1 9 9 l b ) .  From the s h o v e   d a t a : ,   s u c h   a i r  tern-- 
p e r e t u r e   a n d   p r e c i p i t a t i o n  a r e  f a v o r a b l e  t o  t h e  
developolcnt  o f  p e r i g l a c i e l  l andforms.   Howevcr ,  
t h e  l a n d  of t h e  peninsula is l e s s   u n d u l a t e d ,  
which   causes   the   deve lopment  o f  p c r i g l a c i n l  
larldiorills UII s l ~ p e  1tind t o  ire I . ~ : S L L ~ C L ~ ~ I  W ~ L ~ I ~ I I  
a r e l a t i v e l y  l o w  h e i g h t  Z O I I ~ ,  thus t h e   d e v e l o p -  
m e n t ' s p e c t r u m  of  t h e  p e r l g l a c i n l   l a n d f o r m s  is 
a l s o  cpm,pac:ted i n  a r e l a t i v e l y   s h o r t   d i s t a n c e .  
F u r t h e r m o r e ,  the p e n i n s u l a  was i n f l u e n c e d  b y  t h e  
s e a  s i d e  h i s t o r i c a l l y ,  a n d   t h e   d e p o s i l s  o f  s a l t  
i o n s  arose f r o m  t h e   e v a p o r n t j o n  o f  modern sea 
w a t e r ,  t h e r e  l s  a h i g h  sa1.t c u n c e n t r a t  inn w i t h i n  
t h e  a c t i v e   l a y e r ,  whi.ch c a u s e s   t h e   l a y e r  t o  have 
a f a r  s m u l l e r   f r o z e n   s t r e l l g t h  a n d  f r o z e n   d e p t h  
conlpared w i t h  t h o s e  i n  t h e   c e n t r a l   T i a n v h a n  
M o u n t a i n s   a n d   t h e   c e n t r a l   A n d e s .   T h e r e f o r e .  
f l o w i n g   s t r i a t e d  so i l  m a i n l y   u n d e r   g e l i f l u c t i u n  
i s  t h e  m o s t  wide ly   deve loped   t ype  o f  p e r i g l s c i a l  
l o n d f o r m  on $ l o p e  l e n d ,  t h e  deve lopment  of rock  
d e b r i s  and rock  g l a c i e r s  o f  mass movement t y p e ,  
a n d  o f  pingo  and s o  on   ma in ly   unde r   f ro s t  heav-  
i n g .  i s  l e s s   w i d e s p r e a d .  IL i u  w o r t h w h i l e   t o  
n o t e   : t h a t .   d u r i n g   P l e i s t o c e n e  when A n t a r c t i c   I c e  
S h e e t  w t l s  a d v e n c i n g ,   t h e   n o r t h w e s t  s i d e  of  t h e  

e a s t  s i d e  was f ~ ~ l n g  t h e  i c e  r e t r e a t .  The h e s e  
p e n i n s u l a  was f a c i r ~ g  t h e  i c e  a d v a n c e ,  t h e  s o u t h -  

r o c k  on t h e   s o u t h e a s t  sid,e ,  e x p e r i e n c e d   i n t e n s e  
d r a g   e r o s i o n  f r o m  r e g e l a t i o n ,  s o  i t  was f u l l y  
b r o k e n ,  a n d  wns denuded   ea s i ly   unde r   wea t -he r ing  
a f t e r   t h e   g l a c i a l   e p o c h ;   t h e   s i d e   f a c i n g  t h e  - I c e  
~ d v a n c c  m a i n l y  e x p e r i e n c e d   c o m p r e s s i v e  stress, 
a f t e r   t h e   g l a c i a l   e p o c h .   t h e   b a s e   r o c k   m a l n l y  
e x p e r i e n c e d   s t r e s s   r e l e a s e   w h i c h   c a u s e d  t h e  ruck  
a u r F a c e   t o  hc eroded  b u t  t h e   e x t e n t .  o f  t h e '  
b r e a k i n g  a r  a w h o l e  i s  f t lr  Pcss tll911 t h a t  OII t h e  
s i d e  f a t i n k  the i c e  r e t r e a t .  T h i s  i s  t h e   b a s i c  
r e a s o n   t . h a t ,   t h c r e  i s  R r i c h   s o u r c e  o f  d e b r i s  on 
t h e  s a u t h e a s t   s i d e ,  nurl t h e r e  i s  a r e l a t i v e l y  
l a r g e  amount of r u c k   d e b r i s  anti  ) > e r l ~ l a c i r i i  

o n   t h e   n o r t h w e s t   s i d e   t h e r e  is a poor  s o u r c e  o f  
t y p e s  s o r t e d  from coarse %rai!lL'tl  r i e b r l s ,  w h i l e  

a r e  many t y p e s  s o r t e d  f r o m  Cine   g ra ined  m u d  f low 
d e b r i s ,  r o c k  debris is n o t   d e v e l o p e d ,  nnd L h c I r  

( Z h u ,  1 9 9 2 b ) .  'That i s ,  t h e r e  i s  a h i s t o r l c e l l y  
d e e p   r e a c h i n g  band  from g l a c i e r   e r o s i ' o h  I n  t h e  
deve lopmen t   mode l   o f   pe r ig l ac i a l   l and fo rm o n  

- r o c k   d e b r i s  - b l o c k   s l o p e  -- rock  g1ar:iar -- 

According  t o  3 year  m e a s u r e m e n t s  f rorn 1986- 

s f o p e  lnna i n  this r c g l o n .  , .  

'The P e r i M L a c i a l  He~.Lon i n  t h e   C e n t r a l  A n i l e s  

f e a t - u r e  o f  t h ~ !  tlevelopmcnt u f  pex - iy l ac i ,+ l   l and  
T h e  a u t h o r   t h i n k s   t h a t ,  the most d i s t i n g u i s h e t l  
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forms on  s l o p e  l a n d  i n  Llle c e n t r a l  Andcs ( 2 2 " -  
35'5) is t h e   d i f € e r e n c e  of slope f n c i n g ,  Chat . i s ,  
o n  t h e   w e s t   s i d e  of  the m o u n t a i n s ,   t h e  p c r l g l . 1 -  
cis1 z o n e  i s  n a ~ r o w ,   t h e   d e v e l o p m e n t   s p ~ c C r u m  on 
s l o p e  l e n d  i s  s h o r t ,   t h e r e  i s  a r - c l n t i v e l y  s m a l l  
amount o f  p e r i g l a c i a l  t y p e s ,  ~ n d  t h e  l o w e r  l i m i t .  
o f  t h e   p e r i g l a c i a l  zone is i n  a r u l o t i v c l y  high 
e l e v e l i o n ,   w h i l e  Lhc situation in t.he ~ B S L  s i d e  
is of t h e   c o n t r a r y .  From a n a l y s i s ,  t h i s  d l f l ~ r ~ -  
e l ~ c e  i s  m a i n l y  d u e  t o  climsric r u n s o n s .  

As mcnt ione t l   p rzv ious ly ,  Lor r : o m p ~ ~ t . i s t r n  0 1  
Llle devcloyment  of per i g I a c i , l l  l r rn t l f~r r rms w i l h  
t h a t  of  g l a c i e r s ,  t h e  r e q u i r e m e n t s  f o r  g 1 ~ ~ c ~ i e 1 . s  
i s  cold  and wet, w h i l e  f o r  p e r i g l a c i a l  l ~ ~ n d f o r m s ,  
i t  i s  c o l d  and d r y .  I n  more d e t a i l .  a m a r l ~ i m c  
c l i m a t e   r e g i o n  i s  f a v o r a b l e  t o  the   deve lopmenr  
o f  g l a c i e r t i ,  a r ~ d  n u t  f a v o r a b l e  t o   deve lopmcn t  
o f   p e r l g l a c i a l   l a n d f o r m s  ( C u i ,  1 9 8 0 ) .  A c o n l i -  
n e n t a l   c l i m a t e  r e g i o n  i s  n o t   f a v o r n b l b  t o   he 
development  of  g l a c i e r s ,  b u t  f a v o r a b l e  t u  d e v e l -  
opment o f  Frozen s o i l  and p c t i g l a c i a l  l ent l t 'orms.  
Because  rhe f r e e z e  thaw  frequency  and  ampIiturl<.  
i n   d ry  r e g i o n s  a t e   l a r g e r   t h a n   t l l o ~ e   i n  W ~ L  
r e g i o n s  i n  view o f  & p a c e ,  a p e r i g l a c i a l  zonl: 1 1 1  

a dry   r eg ion   unde r  a d r y   ~ l - i m a t e   p e r i o d  i s  witlcl- 
chan t h a t  i n  a wet  rt:gion u ~ ~ t l e r  B weL c l  i m a l c  
p e r i o d  - 

T h e   d i f f e r e n c e   i n   d l s c r i b u t i o n  o f  p e r i g l i i c i a l  
l a n d f o r m s  on  b o t h   t h e   e a s t   a n d  w e s t  s i d e s  i n  thf? 
~ e ~ t l a l  Andes IS w ~ ' e p I c ~ e n r . a t . i u ~ ~  uL t h e  I I I ~ I ~ L - .  

e n t   r e g u l a r   p a t t e r n  o f  t h e  develupmcnt  m o d e l  0 1  
p e r i g l a c i a l  l a n d f o r m s  on the   above   ment ioned  
s l o p e  1.arrd. The  Andes i s  n o C  o n l y   t h e   l o n g e s t  
and   no st p r i n c i p a l   m o u n t a i n   r a n g e   i n  t.he s u u t h -  
e rn   hemisphe re ,   bu t  a l s o  i t  i s  so i m p o r r a n t  
d i v i d i n g   l i n c  f o r  r h e   c l i m a t e .   A l t h o u g h   t h u  mu:lll 
m o n t h l y  a i r   t e m p e r a t u r e  of  t h e  c o l d c s t  monLh  
( J u l y  or August)   over  rhc mounta in   r eg ion  abovc! 
3000 m i s  below O " C ,  a n d  t h a t  o f  C h L '  warmcst  
m o n t h  ( J a n u a r y  o r  F e b r u a r y ) ,  i s  0 * - B o C .  t h e  
e a s t   s i d e  of  t h e  m0untai.n r a n y e  is m a i n l y  

e a s t  a n d  s o u t h e a s t ,   t h e  west  s i d e  i s  mainly 
i n f l u e n c e d   u n d e r   t h e   t r a d e  w i n d s  from t h e  n o r t l h -  

Because   t he  e a s t  s i d e  -1s r e l a t i v e l y  f a r  f r o m  
influenced u n d e r   t h e   t r a d e  w i n d s  from t h e  w e s t .  

t h e  6 e a ,  i t  h a s   r e s u l t e d  I n  t h a t   t h e r e  J s  more 
p r e c i p i t a t i o n  on t h e   s l o p e   f a c i n g   t h e  wind on 
the  west  s i d e  t h a n   t h a t  o n  t h e  e a s t  s i d e .   S p e a k -  
i n g  o f  t h e   m a i n   p e r i g l a c i a l   a r e a s   i n   t h e   c c n t r r ~ l  
A n d e s , ' i " t s   m o u n t a i n   f o o t  on t h e   w e s t   s i d e  i n  
C h i l e  is u n d e r  a s u b t r o p i c a l   M e d i l e r r s n e n n  
c l i m a t e ,  w i t h  a mean a n n u a l   p r e c i p i t a t i o n  u f  
a b o u t  5011-1000 m m ,  w h i l e  i L u  mountain f o o t ,  on 

h a l f  d r y  s u b t r o p i c a l   c l i m a t e ,  wi th  a meat) o n n u c ~ l  
the e a s t  s i d e  i n  A r g e n t i n a ,  i s  under  t l  d r y  nntl 

p r e c i p i t a t i o n  of  o n l y  200-600 m m ,  ' I ' h e r r f u r c ,  
t h e   e a s t   s i d e   a p p e a r s   c o l d  a n d  d r y ,   a n d   t h e   w e s ~  
B i d e  a p p e a r s  warm a n d  w e t .  

I n  t he   deve lopmen t  o f  p e r m a f r o s t  a n d   p e r i g l u -  
c i u l  l a n d f o r m s ,  w i n t e r  i s  an i m p u r t a n t  a c c u m u l , l -  
tiorr p e r i o d  f o r  two way p r o y a g ~ ~ i m n  o f  a 11e.pa- 
L i v e  colrl W B V ~  ( c h a t   i s   t o w a r d s   t h e   d i r e c t i o n  
of t h e  o p p e r  and Lower l i m i t  of  frozen s t ~ j l ' )  ' 
( C u i t u o w k i q i ,  1 9 8 5 ) .  T h i c k n e s s  o f  f ruzer l  soil  
and u p l i f t  a m p l l t u d e  of  pingo o n 0  Y O  O I I  ~ o m e  t o  

n l n g  u f  s p r i n g  ( Z h u ,  J9OU) .  'I 'hu west si t lc  ol' L I I U  
t h e  maximum u s u a l l y  at,  end of  winl-er o r   hep ln -  

c e n t r a l  Andes is s i t u a t e d  i n  a Met1iterrtine;l.n 
u l i m n t e   r e g i o n ,  warm w i n t e r   w i t h  r i c h  r u i n  
e a e i l y   c B u s e s   t h e  s u r f a c d  ' t o  be in a t . h a w i ~ ~ g  
c o n d i t i o n ,   w h i c h  is n o t   f a v ' o r a l ~ l c   t o  t.he  ful.1 
devefopmcnt o f  frozen soil a n d  p c r i g l n c i a k  
lrrndfornls.  Year b y  y e u r ,  ~ ~ ~ ~ i t i v f  ~ ~ c c u m u ~ ~ . ~ t c t l  

l e v e l ,  of t h e   l o w c r   l i n l l t  o f  p e r m a f r o s t  a n d  
Lempera t .u re   i nc reases   t he  eleviit.ion a h o v o  sc!.+ 

t e r m i n a l  o f  r o c k   g l a c i e r  j n c r - e a s e s  ~ ~ c ~ : ~ r ~ t I i ~ ~ g l y ,  



the  amount  of  periglacial type's decreases,  and  Cuituoweiqi, H.A., (1985) Mechanics  of frozen 
the  periglacial  zones  become  narrow.  Although  soil,  Science  Press. 
the  east  side  of  the  mountain  range  is  influenc-  White, S.E., (1981) Alpine  mass  movement  forms, 
ed  under  the  Fbhn  effect  to  some  degree  during  classification,  description,  and  significance, 
summer,  as  the  climate  is  dry,  with  small  amount  Arctic  and  Alpine  Research, 13(2), 127-137. 
of cldud,  small  temperature  inversion,  large 
temperature  difference  between day  and  night, 
and  large  amplitude  of  air  temperature  drop 
during  night,  and  during  winter  the  climate  is 
cold  and  dry,  the  cold wave  propagates  deeply, 
which  are  favorable  to  the  development of frozen 
soil  and  periglacial  landforms,  therefore,  the 
lower  limit  of  frozen  soil  and  terminal  height 
of  rock  glaciers  is  relatively low, the  ampunt 
of  periglacial  types  is  large  and  the  perigla- 
cia1  zones  are  wide, so that  the  development 
spectrum  of  the  periglacial  landforms  on  slope 
land  is  relatively  long. 

It  should  be  pointed  out  that',  the  develop- 
ment  model of the  periglacial  landforms on slope 
land  proposed  in  this  paper  is  mainly  based on 
the  author's  field  investigation  in  the  above 
mentioned  three  regions,  together  with  references 
of  previous  related  research  on  periglacial 

Plateau  (Cui, 1981), Colorado Mountains i n  North 
landforms on slope  land  in  the Qinghai-Tibet 

America  (White,  1981)  and  the  Andes  in  South 
America  (Corte, 1988). Further  research  and 
discussion  are  required  from  colleague scient'ists 
to  testify  whether  or  not  the  dev,elopment  model 
is suitable for the  development  of  periglacial 
landforms on slope  land in other  regions  in  the 
world. 

REFERENCES 

Corte, A.E., (1988) Geocryology  of  the  central 

Conference  on  Permafrost,  Proceedings  Vol.1, 
Andes  and  rock  glaciers,  Fifth  International 

Trondheim,  Norway,  718-721. 

permafrost  area  and  the  relation  between 
glaciation  and  periglaciation,  Glaciology 
and Cryopedology,  Vo1,2, No.2, 1-8. 

Cui, Z., (1981) The  basic  characteristics  of 
periglacial  landform in Qinghai-Tibet  Plateau, 
China  Science, No.6, 724-733. 

Mountain  Research, lO(2). 
landform  in'the  central  Tianshan  Mountains, 

Zhu, C., Cui, 2. and  Xiong, H., (1991a)  Analysis 
of processes  of  periglacial  landform  in  Fides 
Peninsula,  King  George  Island,  Antarctica, 
Antarctic  Research, 3(3), 25-38. 

Zhu, C., (1992b)  Characteristics o f  periglacial 
landform o n  slope  land in the  central  Andes, 
Geography  Science,  (in press). 

Zhu, C., Cui, 2. and Yao, Z . ,  ( 1 9 9 2 ~ )  On  fea- 
tures of rock  glacier  in  the  central  Tianshan 
Mountains.  Journal  of  Geoarauhv.  VoI.47. 

Cui, Z., (1980) On the  periglacial  mark  in 

Zhu, C . ,  (1992a)  Some  problems on periglacial 

No.3,  233-241. 
~ ~. 

1 Zhu, C. and Cui, Z . ,  (1991b)  Characteristics  of 
distribution of periglacial  landform  in  Fides 
Peninsula  and  its  mutual  relations  with 
history  of  glacier  erosion,  Geography  Science, 
V01.11, No.4, 336-342. 

Zhu, C., Song, C. and  Liu, Y., (1990) Charac- 
teristics  of  seasonal  frost  heaving  mounds 
at  the  head  of  Urumqi  River  Tianshan, 
Journal  of  Glaciology  and  Geocryology, 
V 0 1 . 1 2 ,  No.1,  55-62. 

8 3  I 



THE RESEARCH OF THE  FOSSIL ICE-WEDGES AND PERIGLACIAL  INVOLUTIONS IN THE 
EASTERN PIEDMONT OF THE  GREAT XINGAY  RANGES,  CHINA 

Zhu  Jinghu,Song  Changqing,Tang  Zhonghai and Wang  Guangzhou 

Department of Geography,  Harbin Normal University  Harbin, P.R.China 

The  Baitushan platform was  developed  in  the  foothill belt on the  eastern  slopes 
of the Greater  Xingan  Ranges. Many fossil  ice-wedges and periglacial  involutions 
were extensively developed in the platform. The  Baitushan  formation  stands  for 
the  deposition  character o f  an alluvial  fan  formed by the river in  front of the 
foothill.  The  Pingtai  formation  covered  the  Baitushan formation. The  lower part 
of the strata  reflects  the  character of slope  wash  deposition,  however,  theupper 
part is  a weathering crust. A lot of periglacial  involutions  formed by frost- 
heaving action  are in the  lower part of Pingtai  formation, and some  periglacial 
involutions  are  in the top of upper part of the  strata  covered by the perigla- 
cia1 loess. Periglacial  phases occurred in the Mid and Late Pleistoiene. 

INTRODUCTION 

foothill belt of the eastern  slope of the  Grea- 
Baitushan  formations  were developed in  the 

ter Xingan Ranges,  at  the  mouth of the  Taoer 

Noumin river. They were  cut by these  rivers  to 
river,  Zhouer  river,  Yalu  river, Alen river and 

form the platform (Photo 1) .  the  isolated  hil- 
lock, the landform o f  ridge  about 20-25  m high, 

phoro 1 ~oothill platform at t h e  
mouth t h e  Taoer river 

2 0 0 - 2 3 0  m  above  sea  level,  however,  in the south 
o f  the foothill belt of the  Taoer  river,  there 
is  was widely developed  loess of early,  middle, 
and  late  Pleistocene.  The  date  of  Baitushan  formation 
was determined to  be the early Pleistocene by 
the early regional  strata table(The group wri- 
ting the stratigraphical  time  table on Heilong- 
jiang province,l979). Recently,  the  department 
of hydrogeolagy  is  definite it is  the early per- 

mation, i s  still  thought to  be glacier,  glaciof- 
iod  of middlb  Pleistocene.  The  cause of the  for- 

established in the Baitushan period (Sun Diang- 
luvial  deposition (Yu Jianzhang,l964) and was 

qing,1977). Through  research in recent  years, 
some people think it  belongs to the  alluvial 
deposition, or pluvial deposition (Qu Shanwen, 
19831, and same  people believe it to be the 

Baitushan formation is covered by Pingtai  for- 
deposition o f  lake facies (Zhang Qingwen,1981). 

mation in the  area of Pingan  town,Pingtai and 
the  eastern Baitushan. This  formation  was con- 
sidered to  be the accumulation of an  intergla- 

middle period of middle Pleistocene. Many fossil 
cia1 period. The  date  was  determined to  be the 

ice-wedges and periglacial  involutions were ex- 
tensively developed  in  the platform and Pingtai 
formation (Figel). 

THE  CHARACTER OF DEPOSITION  GROUPS 

The  strata of the Baitushan  formation  are 
grayish  white,  and  grayish yellow gravel,  which 

white clay. The  length of the sandy lens  is 
is accompanied with sand and lens of grayish 

The  length o f  the  grayish  white clay lens  is 
about 2 0 - 3 0  m, the thickness  is  about 0 . 5 - 1 . 5  m. 

about 3-5 m, the thickness  is  several ten cm.An 
extensive layer of ferrousdyed phenomenon exists 
in the connected  surface between the  gravel and 
clay layer.  There i s  a  grayish  green clay stra- 
tum or lens under the layer. It has  an  obvious 
slanting  stratification  in  the sandy gravel 

of the platform changes gradually with the bed- 
layer. The  group of Baitushan  strata in the top 

rock. In the top of neutral-acid volcanic rock, 
the  grayish  white, brownish red and brownish 
yellow  weathering clay has fo'rmed, the  thick- 
ness  is 2-3 10. 

The  composition of the graJel  is mainly neu- 
tral-acid volcanic  rock, for example,  rhyolite, 
dacite and tuff, with some  andesite,  syenitepor- 

The  diameter o f  most gravel is 4-7  cm,  the  long- 
phyry,  trachyte,  granite, vein quartz and opal. 

est is  17  cm, t,he psephicity of gravel is very 

Few gravels have a polished surface but have no 
sharp, and most of them are  round, or sub-round. 

striae.  The  a-axis of gravels predominently dec- 
lines to SSW in  Pingan town. Some of them dec- 

direction o r  slant, the oblique  angle is 15-24', 
line to SE, which  is  vertical t o  the water flow 
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wedge-shape intrudes  into  the  Baitushan  forma- 
tion,  some  parts  have  evident  marks of extrud- 
ing in the both walls of the  split,  except  for 

at a regular projection  to the north o r  south. 
the nearly vertical  shape, some of the tops are 

The two walls  are  symmetrical or not  symmet- 
rical. The upper mouth  width of the  wedge  is 40- 
50cm, the  bottoni's is 15cm. The  average depth is 
1.0-2.0m, the  deepest is 3 . 5 m .  In some place'the 
distance  between two wedges is 0.5-1.3m. The fill 
of the  wedges  is  the clay of lower part of Pingtai 
formation  containing  brownish red gravel.Most of 
the gravel is arranged  erectly.  The  brownish ' 
yellow  clay  of  the  upper  part of Pingtai  formation  deve- 
loped  in a level  position  (Photo 2 ) .  Thywedge is  the 

Fig.1  fhe  distributional  map  of  the  fossil  ice- 
wedges  and  Periglacial  involutions  in  the  eas- 
tern  Piedmont  of  the  Greater  Xingan  Ranges 

Periglacial 
involutions 

vv--fossil  ice- 
wedges 

ab-surface of gravel mainly declines to SW, sec- 
ondly to SE, normally to the  foothill, and the 
main slanting-angle is 20-50". The  direction of 
the  gravel  arranging  stands  for  the deposition. 
charactors of alluvial  fan  formed by river in 
front of the foothill.  The clay of  the Baitushan 
formation  is  lacastrine  in the reduction  condi- 

condition  besides  alluvium-diluvium. 
tion and weathering in the warm-arid climatical 

The  Pingtai  formation  can be divided into 
upper and lower  parts  that cover the  Baitushan 
formation.  The  lower part is  reddish brown clay 
containing  gravel and there is relatively  more 
gravel nearing the bottom. The  stratification  is 
not clear. The  composition and diameter of gravel 
are  similar to that of the Baitushan  formation, 
the  thickness  is  about 1.0-1.5 m .  The upper part 

and the  colour  turns to brownish yellow gradual- 
is  reddish brown clay containing small gravel 

ly from bottom to top,  with  a  thickness of 0.5- 
1.0 m. The boundary between  upper and lower is 
not clear.in the Pingtai  formation,  Pingtai  for- 
mation  has  a  discordant  contact that-is wedg-e- 
shaped, bundle-shaped and pot-shaped with Baitu- 
shan  formation,  some  parts  were  covered by 

widely developed, 1.8 m thick. The lower part of 
brownish yellow loess, the vertical joint is 

Pingtai  formation  reflects  the  character of 
slope  wash  deposition,  however,  the upper part 
is  weathering crust. 

CHARACTER OF FROSSIL ICE-WEDGES AND PER~GLACIAL 
INVOLUTIONS 

Pingtai and eastern Baitushan. The  split of the 
Fossil  ice-wedges  are mainly distributed  in 

existing mark of paleo-permafrost. It shows  the 
annual mean t-emperature is - 5 ' C  in  the  eastern 
slope of the  Greater  Xingan  Ranges  in  middle 
Pleistocene of Quaternary. It is  normally  equal 
to the present annual mean temperature  in Mohe. 

Periglacial  involutions widely developed  in 
the  Baitushan platform o f  the  eastern  slope of 
Greater  Xingan ranges. A lot of involutions Eor- 
med b y  frost-heaving  action  are in-the lower 
part of  the P.ingt.+i f.ormation. They are pot- 
shaped,  cylinder-shaped, bag-shaped and a  string 
of  bead-shaped. The upper opening  width of'the 
pot-shape reaches to 1.5-4.0 m. The  involution 
is slightly symmetrical,  the burying depth is 
from about 20-30 cm to 1.7-2.7 m and"it shows 
the  thickness of t h e -  action lay-er- i-s from tens . - . -  " 

o f  centimeters to 2-3 m. It can b e  observed that 
the  grayish  white  gravels of Baitushan  formation 
were enclosed by brownish red clay containing 
gravels in the pot-shaped periglacial  involu- 
tions  disturbed by frost-thawing in the  section . '  
of the  walls of the  Pingtai  camp road or.the 
section of the  north-west part of the brick fac- 
tory in Pingan town. Some  of the round,  circular 
cone brownish red clay cubes  containing  gravels 
were pressed into  the  white  gravel  layer (Photo 
3 ) .  The  diameter of the bundle is 20-40 cm, the 
striking  marks of pressing are  obvious around 
its. The pot-shaped periglasial  involutions  are 

pa,rt  of Pingtai formation is covered by the  loess 
70 cm, wide and long, in the top of the upper 

in  the section of the Longjiang brick factory. 
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found  and  determined  orior  to  late  Pleistocene 
According  to  the  method o f  geomorphology,  in  the  north-east  and  north o f  China. 

~~ ~~ ~~ ~ ~ 

stratigraphy,  thermoluminescence,  paleomagnetic  The  periglacial  loess  covering  the  Pingtai 
dating,  clay  mineralogy  and  spore-pollen  anlysiq  formationin  Longjiang  brick  factory  produced 
the  age  of  the  paleo-ice  wedge tvas determined  fossil  groups  of  fauna,  for  example, E q u u s  
and  also  divided  into  the  relevant  periglacial  przewalskyi,  Coelodonta  and  Bos  primigenius. Bos 
age. primigenius  was  dated  9520k130 B.P.(Miao Zhendi, 

The  wedges  and  periglacial  involutions  deve-  1982) by C l 4 .  The  periglacial  loess  with  the 
loped  in  the  platform  of  the  Baitushan  formation  micro  layer  structure is 10  m  thick  and  produces 
of  the  Greater  Xingan  Ranges,  which  formed  later  fossils o f  mammuthus  and  North-China  Myospalax 
than  the  Baitushan  formation,  Through  thermolu- i n  the  upper  land  near  the  reservoir  of  the 
minescence  and  paleomagnetic  dating  to  datd  the  right  front  Qi  of  KerrQin.  The  periglacial  loess 
Longjiang  Baitushan  strata  in  .recent years, the  and  the  fossils  group  of  mammuthus-coelodonta 
date of the  formation  was  determined  to be belong  to  late  periglacial  age of  late  Pleis- 
800000-1000000 B.P.(Miao Zhendi,1982),  the  mid-  tocene,  and  could  last  to  the  early  Holocence  in 
dle  Pleistocene  deposition Q12b). The  main  white  this area. 
clay  mineral  in  Baitushan  and  Pingtai  is  kaolin 
and  contains  a  few  montmorillonite (Qu Shanwen,  REFERENCES 
1983; Zhang  Qingwen, 1981). The  main  spore-pol- 
len  composition  is  herbs  in  this  formation,  for  The  group  writing  the  stratigraphical  time  table 
example,  artemisia, lamb's quaters,  and  urtica. on Heilongjiang  province ( 1 9 7 9 )  The  stra- 
The  xylophyta's  are  few,  only  several  pollens  .tigraphical  time  table  on  North-eastern China, 
of  birch  and  oak (Qu Shanwen,l983;  Zhang Qingwen, The part o f  Heilongjiang  province,  Geological 
1981). Vegetation  type i s  grasslands o r  birch, 
or oak  veld.  Both  the  clay  mineral  and  spore- 

press. 
YU  Jianzhang  (1964)  Quaternary  glacier  in  the 

pollen  composition  reflects  the  mild,  warm,  and 
slfghtly d r y  _paleoclimate  environment,  to  show 

Greater  Xingan  Ranges,  The  collection  of 

that  there  does  not  exist  a  "Baitushan..glacial 
Quaternary  glacier  in  China,  Science  press, 

Sun  Diangqing ( 1 9 7 7 )  The  Quaternary  glacier  in 
epoch"  in  the  eastern  piedmont e€ --the"%reater 
Xingan  Ranges. Qu Shanwen (1983) The  disscusion  on  Baitushan 

China,  Geological  Acta, No.2. 

disturbed  layers  of  Pingtai  formation (Q22P) 
and  the  same  period  layers of 61.70 m  deep  in 

o f  glaciology  and  geocryology, Vo1.5.No.2. 

-.. . t.h-e e a s t .  pp~t of..Shongnen plain was  determined 
Zhang  Qingwen (1981)  The  discussion on the  rea- 

son o f  Baitushan  formation  material,  Journal 
to be 538000*8100 B.P.ky thermoluminescence.  of  Changchun  geological  institution. 
The  lower  Harbin  Huangshan  formation  developed 
periglacial  involutions  were  dated 400000- 

Miao  Zhendi ( 1 9 8 2 )  Quaternary  dating  in  Heilong- 

600000 B.P.by paleoma-gnitlsm. The..spore-po.llen 
are very abundant  in  the  brownish  red  clay con- " 

taining  gravel  of  the  Pingtai  formation.  The 
spore-pollen  of  trees  are 2 . 2 2 - 6 . 8 5 % ,  the  main 
arbores  are  pine,  lerch,  birch  and  oak.  The 
grass  pollen  are  artemisia, lamb's quaters,  and 
o f  the  grass  family  (Zhang Qingwen.1981). The 
plant  type  is  larch  and  birch  to  reflect  the 
paleoclimate  environment of  cold  and  damp. So 
the  Pingtai  formation  is  not  the  interglacial 
epoch  after  "the  Baitushan  glacial  epoch", it is 
periglacial  age  equal  to  Mindel  glacial  epoch, 
called  Pingtai  periglacial  age  (Photo 4)--the 
periglacial  age  trace of middle  Pleistocene  was 

The  age o f  the  gravel  filling  in  wedges,  the  glacial  period  in  North-eastern  China,Journal 

jiang  province. , 

" 
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SIMULATED ANALYSIS ON A MODELING TEST FOR SOIL  FREEZING- 
THAWING PROCESS WITHOUT PRESSURE 

Zhu  Linnan, L i  Dongying  and  Guo  Xingming 

State  Key Labor'atory of  Frozen Soil  Engineering, LIGG, AS,China 
I .  

, .  . ,  , 

There a r e  the  coupled  hear-moisture  transfer a n d  deformation from thaw-consoli- 
dation or froat-heaving i n  the freezing-thawing  process  of soi .1  without  pressure, 
We used the  theory o f  simulation,for  the  modeling test to  mark  system  analysis 
and to suggest  the  simulated  conditions  satisfied  with m o d e l i n g .  

INTRODUCTION 

T h e r e  are  the c o u p l e d  heat-moisture  transfer 
and  deformation  from  thaw-consolidation o r  frost- 
heaving in the periodic. rreezing-thawing  process 
of soil  layers  beneath  the  natural ground sur- 
f a c e  i n  permafrost or deep-seasonal  frost r e g -  
i o n s .  In order  t o  study  the  relationship  between 
an  engineering  construction and ita  foundation 

and t h e  stability of construction  used in t t ic 
soil in  the  periodic freezing-thawing process 

modelj-ng rest  method,  we  first  proceed  with th.e 
simulated  analysis  without  pressure in Lhe"Ereea 
ing-thawing  process of natural g r o u n d .  I 

I n  this paper. we  have  discussed  the  critFria 
of t h e  simulated  modeling f o r  two  cases,  that 
i s ,  unsaturated  soil  and  saturated soil, a:nd 
s u g g e s t  the  simulation  conditi,ons, also is  de- 
termined by present  simulation  conditions. 

MATHEMATICAL  MODEL , ,  

Let us cons i .der  the  problem o f  the Heat-mois- 
ture  transfer  occurring  in  phase-change  and  de- 

Ing i n  porous material,  the  group of basic d L f -  
formation  from  thaw-consolidation or frost-hF,av- 

fierential e q u a t i o n s a n d  s i n g l e  conditions can be 
written a s  the  following: 

1. Heat-moisture  transfer e q u a t i o n s :  
thawed  region: 

frost  region: 

2 .  Coupled  conditions vn t h e  surface o € '  
thawing-freezing ( D i n g  Dewen, 1983): 

TI = T u  = 

e eu ( 7 )  

x = h  

for thawing in form ( 5 ) A e - 0 .  
3 ,  Equation frost-heaving(An  Weidong etl., 

1990):  

E - 0 . 0 9 (  BotA€"Bu)+( 8,-(1) (8) 

A h  = E H  ( 9 )  

4. Equation o f  thaw-consol.idatlon (chargeless 
pressure): 

S - Aofi (10) 

5. Boundary  conditions  and i.nitia1 conditions: 

X = O ,  T=Tl(t), B = B l ( t )  
X-H, T-T,-p, e =  @ 2(t) } , ( 1 1 )  
t=o, T = T ( x ) ,  e=e(x) 

where C u ( C f )  is heat  capacity of  s o i L , ( s i g n  u 
means  thawed, f frost), Xu(Xf) i s  thermal COII- 

ductivity,  Tu, T f ,  To a r e  frozen  soil, t h a w e d  
soil, and phase  change  temperature, Du(Df) I l y d -  
raulic  diffusivity, 8, e,,, A O ,  80 a r e  the tottrl 



c o n t e n t ,   u n f r o z e n   w a t e r   c o n t e n t ,   t r a n s f e r  
w a c e r   c o n t e n t ,   i n i t i a l   w a t e r   c o n t e n t  in u n i t  
volume,  t t i m e ,  h i s  l o c a t i o n  of  p h a s e   s u r f a c e  
i n   d e p t h ,  L i s  p o t e n t i a l   h e a t  o f  phase   change ,  
P, i s  d e n s i t y  of w a t e r , f i a   r a t i o  o €  f r o s t   h e a v -  
i n g ,  Ah i s  number o f  f r o s t   h e a v i n g ,  A0 i s  c a e f -  
f i c i e n t  o f  t h a w - c o n s o l i d a t i o n ,  !I is t h i c k n e s s ,  n 
i s  p o r o s i t y ,   S r  is s a t u r a t e d   d e g r e e .  

DERIVATION OF SIMULATED CRITERIA 

According  t o  t h e  theory of  s i m u l a t i o n ;  t h e  
c r i t e r i a   f o r m u l a t i o n s   c a n  b e  ob ta ined   f rom equa- 
t i o n s   ( 1 1 ,  ( 2 ) ,  ( 3 ) .  ( 4 ) ,  u s e d  in i n t e g r a l  com- 
p a r i s o n ,  a s  i n  t h e   f o l l o w i n g :  

-I a u t  - I  a f t  - " u t ,  y ( a = - )  x 
1' 1' l a  1' c 

f rom  equa t ion  ( 7 )  ( 6 ) ,  o b t a i n e d :  

and Xu T, e -, 3, B", ", - 
I I ~  A O  T~ eu 

f rom  equa t ion  (8) (9), o b t . a i n e d :  

A h  E 6 
- I  

E i  A8 II 

f r o m   e q u a t i o n   ( l D ) ,   o b t d n s d :  "T 

The a f o r e s a i d   b a s i c  s imulo ' ted  c r l c e r i a   f o r -  
m u l a t i o n s   a l l  m u s t  be   ab ided  b y  i n  t h e  + o d e l i n g  
t e s t ,  a n d  wou1.d be r e w r i t t e n  . b y  t h e   s i m p l i f i e d  
c r i t e r i a   f o r m s   c o n s i s t i n g  o f  f o u r   f o r m s   e c c o r d -  
i n g  t o  t h e  self m o d e l i n g   p r o p e r t y  o f  s o i l .   t h a c  
is, t h e   p a r a m e t e r s  o f  heat   and  mois ture  o f  s o i l  
change w i t h  t e m p e r a t u r e  a n d  w a t e r   c o n t e n t   a n d  
can be s a t i s f i e d  in t h e   f r e e z i n g   o r   t h a w i n g   p r o -  
c e s s ,  t h e n ,   t h r o u g h   s u b s t i t u t i o n  among t h e  c r i -  
t e r i a ,   t h e  r e s u l t  i s  a s  f o l l o w s :  

-*  2 = s, 

s 
A Q H  

m i n e d  by " n  d i m e n s i o n a l  theorem" (ti Zhiguang,  
T h i s  r e s u l t  i s  t r u e  and  consummate,   an4  deter-  

1 9 7 3 ) ,  w h i c h  h o l d s   t h a t ,  t h e  phenomenon  descr ibed 
b y  p h y s i c a l   v a r i a b l e s  I, which h a v e  number of 8 
i n c l u d i n g  A ,  T ,  t .  Q ( q u a n t i t y   o f   h e a t ; ) ,  8, D , a n d  
E ( A o ) ,  w h i l e ,  t h e  b a s i c   p h y s i c a ' l  u n i t s  z, which 
have  number o f  5 ,  i n c l u d i n g  T, t, 1, Q .  and M 
( q u a l i t y ) ,  so t h a t .  the number of u n d i m e n s i o n a l  

f 
Y 

F i g .  I 

*I 100 

4 150 

i n v a r i a n t s  ( t h a t  i s ,  s i m u l a t e d   c l - i t e r i u )  m=i-2=3,  
i t  t a l l i e d  w i t h  ( 1 2 )  i n  o t h e r  w o r d s ,  from(l2) 
i n s t e a d  o f  t h e   g r o u p  from (81,  ( 9 1 ,  ( l o ) ,  ( 1 1 ) .  

ANALYSIS OF SIMULATION CONDITIONS 

The i n d i c a t i v e  forms of  s i m u l a t e d   r a t i o   c a n  
b e  w r i t t e n  from' '   (123,  a 6  t h e  f o l l o w i n g :  

, , ' )  . ,  / '  

'Ah % Ch CTC t cDCb t 
_I (-)-I ,-=I ,-=l* 
C E C H  C A O C . ~ ~  c , (c l . ) '  cAeG1)' 

l e t  us d i o c u a s  this problew i n  o r d e r  of closed 
c o n d i t i o n s  a n d  o p e n e d   c o n d i t i o n s ,   r e s p e c t i v e l y ,  
f o r   m o i s t u r e   t r a n s f e r   r e p l e n i s h m e n t .  

M o i s t u r e   T r a n s f e r  K c p l c n i s h e d  W i t h  Closed 
C o n d i t i o n s  

I n  t h i s  c a s e ,   t h e   s o i l  I ' i )er  o c c u r s  j n  an 
u n s a t u r a t e d   s t a t e   b e c a u s e   t h e   g r o u n d   w a t - e r  l e v e l  
i s  s t a c c a t o  when t h e   m o d e l i n g   t e s t  was used i n  
o r i g i n a l   s o i l ,   t h e  r a t i o  o f  s i m u l a t i o n :  

cx c q  = ';D = C c  = CAO 1 

'Ah = cj j  = c 1  

l e t t i n g   c ~ = c e = l   ( t h a t  i s ,  t empera tu re   and  
m o i s t u r e  a r e  t h e  same  between  natural   and  model 
s a i l ) ,   a b o v e  t h r e e  cr1te1-1a c a n  be s i m p l i f i e d  
a s  t h e   f o l l o w i n g   f o r m  ( 1 3 ) :  

T h i s " r e s u l t   i n d i c a t e s   C h a t ,   t h e  r a t i o  o f  L i m e  
equals  t.o t h e  q u a d r a t i c  r a t i o  of  geometry in t h e  
model when t h e  ratios O F  t empera tu re   and  mois-  . 
t u r e   a r e  e q u a l  t o   one .   P ig .1   shows   t he   con tpur i -  
son r e s u l t s  berwekn   t he   mode l ing   t e s t   and  f - i e l d  
o b s e r v a t i o n ;   t h e   L a n z h o u   l o e s s  i n  t h e  model 
s i m u l a t e s   t , h e  silty c l a y s  i n  f i e l d  of  t h e  Q i n g -  
ha i -Xlzang   P l a t eau .  T h e  r a t y o  of  t i m e  c t " 3 6 5  
( t h a t  i s ,  one  day o f  model time s i m u l a t e s   o n e  
year  o f  n a t u r a l   p r o c e s s ) ,   t h e   r a t i o  of geometry 
cl=& =19.1 ,  (length of model   reduces  1 9 . l t i . m ~ ~  
t he   uppe r   boundary   t empera tu re   u sed  i n  t h e  atmos- 

t u r e  i n  t h e   a d h e r e n t   s u r E a c e   l a y e r  (Wu Zi.wang 
p h e r e   t e m p e r a t u r e   a d d s   t h e  incremenL o f  tempern-  

e t  a 1 . , 1 9 8 8 ) ,  the  lower   boundary   t empera ture  
used i n  t h e  year,  ave rage   g round   t empera tu rc ,  
which   equals  t p  - 2 . S 0 C ,  i s  l o c a t e d   a t   t h e   d e p t h  
of  15 m e t e r s ,  wh8,re P i p . l a ,   t h e   s e e s o n a l t h d w i n g  
p rocess   shows  a good co , lnc i ,dence  i n  bo th  t h e  

Nater -conten t ' ? f  , .  weight  ( X >  

I , . -  
Compared resu l t s  between modeling test  and f i e l d  observatlon (Kc Kc Xi L i  in Qinhai) 

.. . -" L,.^._.,.".. . I._.._ ".... ., , 

a .  seasonal thBw3.ny process, b. curve of water  content i n  end of thawing period 

. , .  . . 

1. curve of modeling t,esr, 2 .  curve of field  observation 
, .  > .  
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w a t e r  c v n ~ e n t  in the e n d  o f  t h e   t h a w i n g   p e r i o d  
s h o w s   t h o  same c h a n g e  t e n d e n c y  ( t . h a t  is, t h e  
m i d d l e  o f  r h e  c u r v e  p r e s e n t s  a d r i e d  situation 
b u t   t h e r e  occurs some of  d e v i a t i o n ) ,   o t h e r w i s e .  
t h e   n u m b e r   o f   t h a w - c o n s o l i d a t i o n  are n o t  corn- 
p u t e d  because t h e r e   a r e   n o   f i e l d   d a t e s .  

M o i s t u r e   T r a n s f e r   R e p l e n i s h   W i t h   O p e n   C o n d i t i o n s  
In this c a s e ,  t h e r e  i s  a g r o u n d  water level 

u s e d  f o r   t h e   s o u r c e  t o  r e p l e n i s h   r h e  s o i l  l a y e r  
c o n t i n u o u s l y .   C o m p a r i n g  t h e  d e p t h  h ' a f   g r o u n d  
water l e v e l  with t h e   h i g h n e s s  hg o f  u p p e r  capil- 
l a r y  of s o i l ,  w h e n   h ' d  ho t h e  s e a s o n a l   t h a w i n g -  
f r e e z i n g  s o i l  l aye r  o c c u r s   i n  a s a t u r a t e d  s t a t e  
a n d  is t h e  s a m e  i n  m o d e l   a n d   i n   f i e l d .   t h e n ,  
a b o v e   s i m u l a t e d   c o n d i t i o n s ,  from ( 1 3 ) ,  a l s o  c a n  
be s u t i . s f i e d  and p o p u l a r i z e d .  i f  h ' > h o .  t h e  sec- 
t i o n  o f  ( h ' - h o ) o f   s e a s o n a l   t h a w i n g - f r e e z i n g  
s o i l  l a y e r  o c c u r s  in u n s a t u r a t e d  s t a t e  i n  f i e l d ,  
b u t  i t  is s a t u r a t e d  i n  m o d e l   b e c a u s e   ( h ' / l < C h g ) .  
w h e r e   h o  is a c o n s t a n t  of soil a n d  h '  w o u l d  be 
r e d u c e d  b y  t h e  geometric s l m u l a t e d   r a t i o   C 1 ,  
t h e r e b y  the s i m u l a t i o n  c r i t e r i a  can n o t  be 

c o e f f i c i e n t   a = h o / h ' ,   w h e r e  (I means t h e  r a t i o  
s a t i s f i e d   a n d  n e e d s t t o b e  r e v i s e d  a s  u s e d  i n  t h e  

c o m p a r e d  the s a t u r a t e d  l a y e r  w i t h  t o t a l  s e a s o n a l  
t h a w i n g - f r e e z l n g  layer, i n  o t h e r  words ,  o n l y  t h e  
layer of h o z a h '   i n   t h e   f i e l d  i s  s a t u r a t i o n ,   b u t  
t o t a l  layer  h '   i n   t h e  model h a s   b e e n  a v e r s a -  
t u r a t e d  f o r  c o m p l e t e   s a t u r a t e ,   t h e r e f o r e .   t h e  
r e a u l t s  o f  t ' e s t  i n c l u d i n g   A h 0  a n d  So need r e v i s -  

S=USo, w h i c h  a r e  c l o s e  t o  the r e a l  d e f o r m a t i o n  
i n g  and m u l t i p l y  t h e  r a t i o  a ,  t h a t  i s ,  A h d A h g ,  

o f  natural soil. l a y e r .  
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t u r e ,  Moisture a n d  S t r e s s  f i e l d s   i n   F r o z e n  

L1 Z h i g u t r n g  (1973) I n s t i t u t e  Base of M o d e l i n g  
S a i l .  t h e  L a n z h o u   U n i v e r s i t y  Press, C h i n a .  

T e s t  f o r  T h e r m o d y n a m i c  E q u i p m e n t ,  t h e  N a t i o n -  
a l  D e f e n c e   I n d u s t r y   P r e s s ,   C h i n a .  

Roadbed E n g i n e e r i n g  i n  P e r m a f r o s t   R e g i o n ,   t h e  
L a n z h o u  U n i v e r s i t y   P r e s s .   C h i n a .  

" 

We Z i w a n g .   C h e n y  Guodong, Z h u   L i n n a n   e t 1 . ( 1 9 8 8 )  

. .  
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PKOS'C HEAVE PREVENTlON DESIGN FOR THE R I G I D  C A N A L  LlHINGS 

Zhu  Qi.ang 

G a n s u  Prou i n c i a l  Resea rc -h   In s t . i cu t c  o f  Water  Conscrvancv 
I 

T h i s   p a p e r   p r e s e n t s  a p r a c t i c a l  way t o  s e l e c t  t h e  f r o s t   h e a v e   m i t i g a t i o n  mea- 
s u r e s   € o r  the c a n a l  l i n i n g s  a c c o r d i n g  t o  t h e  e n g i n e e r i n g   c l a s s i f i c a t i o n  o f  t h e  
f r o s t   h e a v e .  l'he f r o s t   h e a v e   p r e d i c t i o n s ,   f o r   t h e   g r o u n d w a t e r   t a b l e  when i t  wus 
s h a l l o w  o r  d e e p  s e a t e d ,  a r e  given .   Based  on  t h e   f r o s t   h e a v e   v a l u e   p r e d i c t e d ,   a n  
e n g i n c e r i n g   c l a s s i , f i c a t i o n  of f r o s t   h e a v e  a 6  wel.1 a s  t h e   s c i e n t i f i c   s e l e c t i o n  of  
t h e   f r o s t   h e a v e   p r e v e n t i o n   m e a s u r e s   a r e  made. 

1NTHODUCTION 

In   Gensu   P rov ince ,   Ch ina ,  frost heave  i s  one 
of t h e   m a i n   f a c t o r s   c a u s x n g  damage F O  t h e  h y -  
d r a u l i c   s t r u c t u r e s  i n  t h e  winter t i m e .   E a p e c i a l -  
l y  t h e  r i g i d   c a n a l  l i n i n g s  w h i c h   s u f f e r   t h e   m o s t  
f r o m   f r o s t   h e a v e   o w l n g   t o  t h e  f r e q u e n t   c o n t a c - -  
t i o n  w i t h  t h e  water a s  w e l l   a s   t h e   s m a l l   w e i g h t  
o f  t h e   l i n i n g s .  T h e  f r o s t  damage causes  s r e a t  
e c o n o m i c   l o s s e s .   F i r s t l y ,   t h e   e f f e c t i v e n e s s  o f  
s e e p a g e  p r e v e n t i o n  i s  r e d u c e d .   P r o t o t y p e   t e s t s  
show t h a t  t h e  s e e p a g e  l u s t  i n  t h e  l i n e d   c a n a l s  
s u b j e c t e d   t o  B medium f r o s t  damage   increased  by 
30% a s  compared w i t h  t he   undamaged   cana l s .  I t  i s  
e s t i m a t e d   t h a t   t h e   t o t a l   a m o u n t  o f  t h e , w a . t e r  
loss d u e  t o  t h i s  i s  a b o u t   l 0 8 m 3   i n   t , h e   p r o v i n c e .  
S e c o n d l y .  L h e  r e h a b i l i t a t i o n   c o s t   f o r   t h e  f r o s t  
damaged c a n a l s  is s i g n i f i c a n t .   F o r  a medium s i z e  
i r r i g a t e d   a r e a  (5000-10000 h e c . )   i n  a f r o s t  
h e a v e  a r e a .  t h e   r e h a b i l i t a t i o n  c o s t  may r e a c h  
100000-150000 Rmb y u a n s   p e r   y e a r   i f   p r o p e r  mi t - .  
i ga r ion   measu res   have   noc   been   t aken ,  The t o t a l  
c o s t  f o r  t h e   w h o l e   p r o v i n c e  i s  a b o u t  3-4 mil- 
l i o n s  Rrnb y u a n s   e a c h   y e a r .   F i n a l l y .   t h e   s e r v i c e  
l i f e  of t h e   c a n a l  i s  g r e a t l y   s h o r t e n e d .  Many 
c a n a l s  i n  Gansu  have t a  b e   r e b u i l t   o n l y   a f t e r  
t e n   y e a r   s e r v i c e .  S o ,  t h e  e c o n o m i c   e f f e c t  o f  t h e  
i n v e s t m e n t  o f  t h e   c a n a l   c o n s t r u c t i o n  i s  g r e a t l y  
r e d u c e d   o w i n g   t o   t h e   f r o s t   a c t i o n .  

a c t e n t i o n  t o  the c n 8 i a e e r j n g   p r a c t ' i c a s   a n d  re- 
s e a r c h   w o r k s  on t h e   m i t i g a t i o n   m e a s u r e s  f o r  t h e  
f r o s t   h e a v e   o f  the c a n a l s .   C . W . J o n e s   e t   a l . o f  
t h e  U.S.Bureau of Reclamat ion  ( 1 9 8 2 )  made a wide 

IlSBR p r o j e c t s   a n d   s u g g e s t e d  some c o r r e c t i v e  mea- 
i n v c s t l g a l i o n  on t h e  f r o s t  h c a v i ~ ~ y  cases i n  t h e  

ca l la1  l i n i n g s .  Q.Kong ( 1 9 8 3 )  dj -scussed  t h e  F r o s t  
s u r e 3  f o r  the h y d r a u l i c   s t r u c t u r e s   i n c l u d i n g   t h e  

.ad pot farnard a €re++& k + s  r l n t ~ i f i c a t f m  of 
h e a v i n g   f e a t u r e s  o f  t h e   c o n c r e t e   c a n a l   l i n i n g s  

t h e  soil. a s  w e l l  a s  damage   con t ro l   measu res  f u r  
t h e  c o n c r e t e   l i n i n g s .  Q . Z h u  e t   a 1 , ( 1 9 8 3 , 1 9 8 6 ,  
1 9 8 8 )  s t u d i e d  t h e  f r o s t   h e a v e   c h u r a c t e r i s t l c s  o f  

M a n y  e n g i n e e r s   a n d   r e s e a r c h e r s   h a v e   p a i d   g r e a t  

t h e   c ~ n ~ r e t e   c a n a l s  and   p re sen ted  marly r e s c a r c h  
f i n d i n g s  o n  t h e  g r a v e l - s a n d   r e p l a c e m e n t  a n d  o t h e r  
m i t i g a t i o n   m e a s u r e s .   A . L i ( l 9 8 8 )   c o n d u c t e d  i l n  ex-  
per iment  on a l a r g e  U-shaped   cana l .  B,Zhao(1986) 
p r e s e n t e d  some r e s u l t s  from the  f i e l d  t e s t s  on 
t h e  s u b s o i l   r e p l a c e m e n t   u s i n g   v e r y   f i n e   s a n d  
c o l l e c t e d   f r o m  t h e  dunes,   B.Song (1988) s t u d i e d  

o f  c o n c r e t e   c a n a l   l i n i n g s ,  To d a t e ,  haw t o  sci- 
t h e   a n t i - f r o s t - h e a v e   b e h a v i o r s  o f  v a r i o u s   t y p c s  

e n t i f i c e l l y   a e l e c t  a n d   d e s i g n   t h e  frost heave 

. s t , i l l  a problem w h i c h  Lhe h y d r a u l i c  e n g i n e e r 6  
m i t i g a t i o n   m e a s u r e s  for t h e  c a n a l   lining^ i s  

, e n g i n e e r i n g   e x p e r i e n c e s  and t h e   r e s e a r c h  f i n d -  
h a v e  t o  be f a c e d  w i t h .   T h i s  paper   sumrnarlzes   the 

ings   ob ta ined   du r l . ng  t h e  r e c e n t   y e e r s  I n  Eansu 
and i n  n o r t h e r n   C h i n a .   A f t e r   s e t t i n g  u p  an ong- 
i n e e r i n g   c l a s s i f i c a t i o n   o f   t h e  f r o s t  heavi .ng,  a 
method  for  t h e  s e l e c t i o n  and   des ign ing   o f  t h e  
f r o s t  h e a v e ,   c o n t r o l   m e a s u r e s  f o r  t h e  c a n a l  lin- 
i n g s  i s  p r e s e n t e d ; .  

PREDICTION OF FROST HEAVE A N D  E N G I N E E R I N G  C L A S -  
SIFICATION 

S i n c e   1 9 8 0 ,  many f i e l d  t e s t s  have  been c o n -  
d u c t e d  t o  d e t e r m i n e  t h e  f r o s t  heave magni tude  
u n d e r  v a r i o u s   s o i l   a n d   g r o u n d w a t e r   c o n d i t i o n s   i n  

j i a n g  (Y,Xie e t  al.,1989), Gansu (9 .2hu  e t  e l . ,  
t h o   n o r t h e r n  p r o v i n c e s  o f  China s u ~ h  e s  ! le i long ' -  

1988) ,  Xin j i ang   (D ,Zhu   e t  a 1 . , 1 9 8 5 ) ,  Liaonjn'g" 
(X.Wang.1985) ,   Shaanxi   (A.Li ,1988) .  T h e s e  t e s t s  
showed t h e t  c h e   f r o s t   h e a v e   r a t i o   ( r a t i o   b e t w e e n  
h e a v e   v a l u e   a n d   f r o v r   p e n e t r a t i o n )   i s . m a i n l y  
r e l a t e d  t o  t h e  s o i l   t y p e ,   t h e   g r o u n d w a t e r   r o b l e  
e n d   t h e   s a i l  moisture. T l ~ e  c o r r e l a t i o n  e q u u L i u n n  
t o   p r e d i c t   t h e   f r o s t   h e a v e   a r e   d i v i d e d   i n t o  two 
g roups ,   depend ing  on the   g roundwate r  condition. 

l l o w l y   s e a t e d ,  

r i a !  rorm a s  
t o   t h e  g r o u n d -  

When t h e   g r o u n d w a t e r   t n b l e  is s h a  
t h e   f r o s t   h e a v e  I s  r e l a t e d   m a i n l y  
*mer bcpth f n  a n e g a t r o e  E x p o n c n  
f o l l o w u :  

f = ae-b i :  



where f i s  t h e  Erost h e a v e   r a t i o ,  i n  p e r c e n t a g e ;  
2 i s  t he   g roundwate r  d e p t h  (m); a e n d  b a r e  cotl-. 
m i e ~ t e ,  de~q++di.rrg on t h e  soil type. h c c n r d i n g  to 

e s t i m a t e d  from  'Table I .  When t h e  groundwater  
t h e   a b o v e  t o s t i n g s ,  o and b c a n  be  roughly 

t a b l e  i s  d e e p l y   s e e t e d ,   t h e   f r o s t   h e a v e  is msin- 
l y   r e l a t e d  to t h e   w a t e r   c n n t e n t  i n  t h e  s o i l  be- 
f o r v   f r p r z i n p  in G I . i n e a r  fo rm R S  fo3.lnw: 

F = A ( W  - BwP) ( 2,) 

w h c r e   w i s   t h e  soil m o i s t u r e  b e f o r e   f r e p z i n g :  w 
i s  the p l a s t i c  limit of t h e  @ o i l :  A and B a r e  P 

c o n s t a n t s .  From some tesL r e s u l t s ,  for loam a n d  
s n n d y l o n m ,  A r a n g e s  between 0 .37  and 0 . 5 ,  the 
morr   c layey Lhe s o i l  i s ,  t h e   g r e a t e r   v a l u e  q t  A 
should  be a d o p t e d .  U r anges   be tween  0 . 7 3  end.0.9, 
t h e   s m a l l e r   v a l u e  i s  s u i t a b l e   f o r  a s i l t  r i c h '  
s o i l .  

Tab1e.I Values of a and b i n  equation ( I )  

Soil  type Groundwater d e p t h  Z(m) a b '  

Clay o<= z <=1.O 60-30 1 .25 
1.0<= 2 <=2.5 27-21 0.89 , 

Heavy and me- 
dium loam o<= z <=2.5 311-19 I . I  

Sandy loam, 
1 i g h t  loam 0<= Z <=1,5 19-14 1.2 

According to Z h u  ( 1 9 9 0 ) ,  t h e  c r i t i c a l   d e p c h  
f o r  d e t e r m i n i n g  whelher  the groundwater  i s  deep- 
l y  o r  s h a l l o w l y  s e a t e d   c a n  b e  found i n  Tab1.e 2 .  

Tnh1.e 2 The crit.ica1  depth for groundwater 
deeply  seated 

Soi l  c y p ~  
_" I 

Clay Hemvy and Sandy  and  Sand 
mcdi.um loam l igh t  loam 

Cr iLical depth(m) 2 .5  1 .e 0.8 0.5 

'Then t:he f r o s t .  heave  can be d e l e r m i n e d  b y  the 
fn l .3owing   equat ion:  

h ,= f I i / l O O  ( 3 )  

w h e r c  I1 Is Lhe c r n s t  h e a v e ;  II  is t h e   f r o z e n  
d e p t h .  

c a n  he d i v i d e d  i.nLo four c l a s s e s , , h y   t h e   h e . a v e .  
v i r tcc ,  t h e  f r o s t   h e a v e  of , t h e   f o u n d a t i o n   s o i l  

v a l u e ,   a s  shown i n  T a b l e  3 .  , .  > 

A c c u r d i t l g  t u  . t h e   r e a l   s i t u a t i o n  i n  Gansu . F r o -  

Table 3 The' engineering  classificeti,nn o f  
the Crost heave 

Classif icat ion I I T  m I V  

Srosl heave value (cm) (2 2-6 6-10 >IO 1 -  
In l i g h t  of t h e   r e s e a r c h   f i n d i n g s   a n d   c n g i -  

n e e r i n g  p r a c t i c e s ,  t h e   f r o s t   h e a v e   m i t i g a t i o n  
mcasures   can  be c l a s s i f i e d   a s ' s t r u c t u r a l  measure, 
m o i s t u r e   c o n t r o l   m e n s u r e ,   s u b s o i l   r e p l a c e m e n t ,  
h e a t   I n s u l a t i o n   a n d   t h e   a d o p t i o n   o f  a f l e x i b l e .  
l i n i n g .   T a b l e  4 s u m m a r i z e s   t h q   a p p l i c a b i l i t y  o f  

o f  f r o s L  heave .  
t h e   m i t i g a t i o n  measure v e r s u s   t h e   c l a s a i f i . c a t i o n  

In T a b l P b ,  I.he m i c i g a t i o n   m e a s u r e s   s u i t a b l e  
l o r   t h e   h i . g t i e r   c l a s s  of f r o s t   h e a v e  is a l s o   e f -  
f e c t - i v e   f o r   t h c  lower class. F o r   i n s t a n c e ,  the 
s u b s o i l   r e p l a c e m e n t '   m e a s u r e   c a n   b e   a d o p t e d   i n  

s m a l l e r  r e p l a c e m e n t   d e p t h  i n  t h e  l a t t e r  c a s e .  
t h e  c l a s s  T-V a s  w e l l  a s  t h e  c l a s s  JTJ b u t  w i t h  a 

S P E C I F I C  DESIGN FOB VARIOUS MITIGATION MEASURES 

T U - s h a p e d  c a n a l   s e c t i o n :   T h e  IJ-shmped S C C -  

The S t r u c t u r a l   M e a s u r e s  

i n  China i n  r e c e n t  yeors, is u s ~ ~ a l l y   a d o p t e d  i n  

c u r v e . s a d i u s   l e s s  t h a n  1 m. I n  m o s t   c a s e s ,   t h e  
U - s p a p e d   c a n a l   l i t l i n g   s e c t i o n  is c o s t  w i t h  con-  
c r e t e  i n  o n e   p i e c e .  For the   convenienc .e  of con- 
s t r u c t i o n ,   p r e f a b r i c a t e d   c u r v e d   s l a b s   a r e   a l s o  
I J S ~ ~  some t i m e s  b u t  w i t h o u t  a j o i n t  i n  t h e   c e n -  
t e r  o f  t h e   i n v e r t ,   A c c o r i n g  t o  f i e l d   o b s e r v a -  
t i o n s ,   t h e  U-shaped  canal  is l i f t e d   a s  a whole 
when s u b j e c t e d   t o   f r o s t  h e a v e ,  s o  f e w e r   c r a c k s  
occur .   However ,  when   he h e a v i n g   a c t i o n  is v e r y  
s t r o n g ,  t h e  heave f o r c e  on both  s i d e s  of t h e  [I- 

, , .,. ' , -."u.,"...17 

' t i ' n n ,  b e i n g  t h c  ~ I C W  f a v o u r i t e   f o r  s m a l l  c a n a l s  

I a c a n a l  w i t h  a c a p a c i t y   l e s s   t h a n  5 m J / s  and t h e  

4 , '  shaped  canal.   become s o  l a r g e   t h a t   c r a c k s  will 
, .  " occ.ur a t  t h e   j u n c t u r e  o f  the c i r c u l a r  part. and 

t h e   s t r a i g h t   w a l l .  I t  i s  c o n c l u d e d   t h a t  this 
k i n d  o f  s e c t i o n  can b e  success fu l . l y   u sed  i n  t h e  
a r e a   w i t h  f r o s t  heave  amounting t o  5-6 cm. T h e  
U-shaped  canal  s e c t i o n  i s  shown in F i g . 1 .  

. I  

F j g . 2  The c a n a l   s e c t i o n  w i t h  an 
i n v c r t e d   a r c h   b o t t o m  

2 .Canal  w i t h  an   j -nve r t ed   a r ch   bo t tom:  Thi.s 
k i n d  of c a n a l   3 e c t i . o n  shown i n  Fi g . 2  has   been  
wide ly   used  i n  Gansu ,   X in j i eng  a n d  o t h e r   p r o -  
v i n c e s  i n  C h i n a .  Tests i n d i i a t s d   t h a t   t h e  d e -  
f o r m a t i o n  i n  a c a n a l  G i t h  a n   ' i n v e r t e d   a r c h   b o t -  
tom s u b j e c t e d  t o  t h e   ' f r o s t   h e a v e  w i l l  be  more 
e v e n   t h a n   t h a t  of a t r a p e z o i . d a 1   c a n a l   w i t h  a f l a t  
bo t tom.  Accord ing  t o  t h e  t e s t i , n g   c o n d u c t e d  i n  
Gansu ,   China ,  the r o t a 1  amount ' o f  f r o s t   h e a v e  
f o r  two t y p e s  o f  s e c t i . o n s   i s ' " , c l o s e ,  b u t .  t h e  
measu red   va lue  o f  a n g u l a r   d i s p l a c e m e n t  01 t h e  
c a n a l .   l i n i n g  -is o n l y  1 / 2 5  of t h a t  o f  t h e   f l a t  
bo t tom.  It. is c o n c l u d e d   t h a t   t h e   c a n a l  w i t h , e n  , '  

i n v e r ~ e d  s r u h  bo t tom  can   s a fe ly ,  r u n  i n  t h e  a r e a  
w i t h   f r o s t   h e a v e  of u p  t o  5 cm. When t h e   f r o s t  , .  
heave  i s  very s t r o n g ,  t h e  t i , c [ o r m a t i o n  in t h e  
bottom  becomes s o  l a r g e  t h n i .  t.he l i n , i n g  w i l l  
c r a c k .  ' 

3 .  B e a m - s l a b   s t r . u t t u r e :   I n   , r e c e ~ ~ , t   y e a r s , ,  a 
new t y p e  o f  s t r u c t u r e  w i t h  s l a b s  suppor , ted  on 
t h e  beams  spaced 0 .8  m c e n t r a l  t o  cerr tnr  h a s -  
been  used i n  Qinghai   and  Gansu  Province. ,   ?he.  
beams ,   suppor t ing  a l l  t he   we igh t  o f  t h e   l i n i n g  
syst lem,   has  a r e l a t i . v e l y   l a r g e r   p r e s s u r e   o r   t h e  

! , - ',I 



'ruble 4 The frost heave mitigation measures versus  clasuj.fi.ca- 
t i o n  of t h e  frost heave 

Classifica- F r o s t  heave The measures for f ros t  
t ion value(cm) heave mitigation  Applicabili-ty 

I 12  No spec,ial measure is needed 

II 
-._- 

2-6 Structural  measures: 

1. U-shaped canal 

2.  Canal with h v c r t e d  The b o t  LOIII chord 

7 .  Beam-slab c011cre~e 1 i n l n g  
4 .  Large  dimension concrete 

arch bottom 1 4 m  

s lab  with j o i n t s  f i l l e d  
wi.th cocl-tar p o l y c t h e l e n e  
covered w i t h  asphalt 

m 6- 10 Moisture  control measure Groundwater deeply 

1.. Double l in ing- - to  seated, no l a t e r a l  
p u t  a membrane under water  source to 
concrete  slabs so-il moisture 

2 .  Double l i n i n g  + thin 
layer of gravel-sand 

IV >10 Subsoil replacement w i t h  

sand-gravel 
Heat insulation w i t h  polystyrene 
foam board 
F l e x i b l e  l ining:  Flow velocity 
geomembrane covered limit& 
w i t h  s o i l  

s u b s o i l   t h a n   t h e . s l a b s   d i r e c t l y  p l a c e d  on t h e  
g round.  So t h e  f r o s L  h e a v i n g  is r e s t r a i n e d  b y  

t h e s e e p a g e   l o s t ,   r a n g e s   b e t w e e n  1 2  t o  3 1 0  1 / m 2  

t h e   p t e s s u r e   f r o m  the beams  and i s  d e c r e a s e d ,  
d a y  nrtd i s  109 l / m a d  on average   and   can  b e  re -  
duced t o  7 l / m ' d  on a v e r a y e  b y  p l a c i n g  B memb- 

It was o b s e r v e d  i n  t h e   . J i , n t a i   e x p e r i m e n t   c a n a l  Cane u n d e r  t h e  c o n c r e t e  s l . a b s .  C o m p a r a t i v e   t e s t s  
i n  Ganuu, China, t h a t  t h e  heave v a l u e  o f  t h e  
l i n i n g  is reduced , 'by  1 / 3  t o  1 / 2  a s  compared t o  

showed t h a t   t h e   d o u b l e   l i n i n g  c a n  r e d u c e  the  

the heave v a l u e  of t h e   g r o u n d .  The  beam-slab 
f r o s t  h e a v e  b y  35% t o  50% a s  compared with a 

l i n i n g  s t r u c t u r e s  i s  shown in F i g . 3 .  
s i m p l e   c o n c r e t e  l i n i n g .  The t h i c k n e s s  o f  the 
membrane i s  u s u a l l y  taken a 3  0.2 m m .  To p r o t e c t  
t h e  membrane from b e i n g  p u n c t u r e d  by  t h e   c o n -  
C r e t e   s l a b ,  a n  i n t e r i m  layer u s i n g  l u w  g r a d e  
cement  sand w i t h  a t h i c k n e s s  of  3-5 cm i s  p l a c e d  
between t h e  s l a b   a n d  che membrane. 

The d o u b l e  I . i n i n g  h A s  s u c c e s s f u l 3 y  s o l v e d  t h e  
frost h e a v e  problem o f  m a n y  c a n a l s   o r i g i n a l l y  
b a d l y  damaged i n  Gansu a n d  X i n j i a n g   p r o v i n c e s .  
However, t h i s  nfessure is e f f e c t i v e   o n l y  i n  t h e  
c a s e  o f  t h e   g r o u n d w a t e r   b e i n g   d e e p l y   s e a t c d ,  no 
o t h e r   w a t e r  s u p p l y  t o   t h e   c a n a l   b e d ,   n e i t h e r  
from the g r o u n d w a t e r   n o r   f r o m   t h e   i r r i g a t e d  
fields o r  r u n n i n g  d i t c h u s   n e a r b y   t h e   c a n a l  s i d u .  

i n  s e e p a g e   c o n t r o l  o f  Lhe c a n a l ,  R c e r t a i n a m o u n t  
of s e e p a g e  w a t e r  ( a v e r a g e  on 7 L / n l ' d )  w i l l  s t i l l  

A -  I o c c u r .  If t h e  s o i l  h a s  a very   poor   d ra inape  p e ~ - -  - f o r m a n c e ,   a f t e r  a l o n g   p e r i o d  o f  a c c u m u l a t i o n  i n  

" 

, .  Although t h e  d o u b l e   l i n i n g  i s  v e r y   e f f e c t i v e  

~ i g . 3  ~ h k  b e a m - s l a p  l i n i n g  s c r t l c t . u r e  t h e  cana l  s u b s o i l ,   t h e  soil. moisture r a n  r e a c h  R 

The Double t i n i b &  
d a n g e r   v a l u e   t h a t  will c a u s e   f r o s t  damage i n  t h e  

T h e  d o u b l e  l i n i n g ,  i s ' t h e   p l a c e m e n t  of  a 
c o l d   p e r i o d s .  I n  t h i s  c a s e ,  i t  is recommended t o  
p u t  a l a y e r  of  g r a v e l - s a n d  u n d e r  t h e  membrane, 

membrane  under ch'e c o n c r e t e ~ s l e b  to g r e a t l y   r e -  
duce  the  & @ p a g e   t h r o u g h   t h e   c o n c r e t e   r r a c k s ' a f l d  

Testa   showed t h a t  t h e   c o m b i n a r i o n  o f  a d o u b l e  
l i n i n g   a n d  a t h i n  g r a v e l - s a n d  l a y e r  c a n  r e d u c e  

j o i n t s .  T h i s  iQ p a r t ; c u l a r l y   n e c e s s a r y  when t h e  
small p r c f a b r i q n t c d "  cunCre'Le v l a b t l  n r e  adopted , ,  

t h e  fr0s . t  heave  b y  70% as  compared w i t h  t h e  

for c a n a l   l i n i h g .   r h e r ! , t h e   s e e p a g e  lost may 
s i m p l e  c o n c r o t c  l i n i n g .  T h i o  measure h a s  been 
s u c c b s s f , u l l y '   a d o p t e d  i n  t h e  M i n q i n  M t l i  n C a n a l ,  

r e a c h  a r e l a t i v e l y  F i g h  amount t o   r e p l e n i s h i n g  
t h e  soil m o l a t u i e  a n d  c a u s i n g  serious damage t o  

i n  Gana-u., C h i n a .  w i t h  a clayey c a n a l  b e d ,  a 
g r o u n d w a t e r   t a b l e   d e e p e r   t h a n  3 nh and a mex f r o s t  

t h e  1 i n i I l R  i n  t h e  w l n t F r  time. T e s t s   s h o w e d , t h a r   p e n e t r a t i o n  o f  1.4 m i n  t h e   n o r t h e r n  f a c e d  s l o p e  

8 4 0  
. .  

I 



T a b l e  5 RR for v a r i o u s  s o i l  t y p e s   a n d   g r o u n d w a t e r   c o n d i t i o n s  

Soi l  t y p e  Depth   o f  water 
u n d e r   s u r f a c e  

Of 'lope s l o p e   a n d   b o t t o m  

C l a y  >2.5+H 50-70 70-80 

Heavv  and medium loam >1.8+H 
~~ 

50-70 
~~ 

70-80 
~ 

L i g h t   a n d   s a n d y  loam >1 .OtH 
~~ 

40-50 
Clay.heavy  and  medium loam L e s s   t h a n  above 60-80 80-100 

~ ~~ 

L i g h t   a n d   s a n d y   l o a m   L e s s   t h a n   a b o v e  50-60 60-80 

Note: H is t h e  maximum f r o z e n   d e p t h .  

( s h a d e d   s l o p e )  of t h e   c a n a l .  

- S u b s o i l  Replacement  W i t h  G r a v e l  a n d   S a n d  

r e p l a c e m e n t   d e p t h  i s  e n o u g ' h ,   q u a l i t y   o f  t h e  
v e n t i o n   i n   v a r i o u s   c o n d i t i o n s ,   p r o v i d i n g  t h e  

m a t e r i a l  is a d e q u a t e   a n d   p r o p e r   d r a i n a g e   s y s t e m  
is i n s t a l l e d ,  i f  n e c e s s a r y . ' A c c o r d i n g  t o  Q . Z h u  
e t  a l . (  1988) ,  the f o l l o w i n g  3 c r i t e r i o n  s h o u l d  
b e  o b s e r v e d  : 

1. D e p t h  c r % t e r i o n :  A c c o r d i n g   t o   t h e  i n - s i t u  
tes ts  c o n d u c t e d   o n   m a n y   c a n a l s   u n d e r   v a r i o u s  
soil a n d   g r o u n d w a t e r  conditions i n  a 4-6  y e a r  
p e r i o d ,  t h e  more c l a y e y   t h e  s o i l  a n d  t h e  s h a l -  
lower the g r o u n d w a t e r  t a b l e  i s ,  a g r e a t e r   d e p t h  
o f  s u b s o i l .   r e p l a c e m e n t  i s  n e c e s s a r y  t o " 1 i m i t  t h e  
f r o s t   h e a v e   v a l u e  t o  a s a f e  l e v e l .  Based o n  181 
sets  of  d a t a  o b t a i n e d  from t h e  f i e l d  t e s t s ,  t h e  
r e p l a c e m e n t  r a t i o  ( R R ) ,  w h i c h  i s  t h e   r a t i o   b e t -  
w e e n   t h e   r e p l a c e m e n t   d e p t h   a n d   t h e   f r o z e n   d e p t h ,  
n e c e s s a r y  f o r  r e s t r i c t i n g  t h e  h e a v e  r a t i o  t o  
l ess  t h a n  2% is  s h o w n   i n   T a b l e  5 .  T h e   r e p l a c c -  
r n e n t   d e p t h   c e n  b e  o b t a i n e d   b y   m u l t i p l y i n g  R R  
w i t h   t h e   f r o z e n   d e p t h .   S i n c e   t h e  R R  a n d   t h e  
fr0s.t p e n e t r a t i o n  vary  w i t h  t h e  l o 2 a t i o n  o f - t h e  
c a n a i  s e c t i o n ,  t h e  r e p l a c e m e n t   d e p t h   d e s i g n e d  
i n m e h i s  way is n o n u n i f o r m   a l o n g   t h e .   s e c t i o n .  

search f l q d i n g s   a n d   t h e   p r a t i c a l   e x p e r i e n c e s   i n  
C n n s u ,   I n n e r   M o n g o l i a   a n d   X i n j i a n g   R e g i o n .  
C h i n a ,  i t  was p r o v e d  t h a t  n o t   o n l y   t h e   g r a v e l  
a n d   g r a v e l - s a n d   b u t  a l s o  t h e  s a n d   i n c l u d i n g  
v e r y  f i n e   s a n d   ( a v e r a g e   d i a m e t e r   d o w n  t o  0.13- 
0 . 1 7  m m )  can be u s e d  a s  r e p l a c e m e n t  m a t e r i a l .  
But each k i n d  of  material  s h o u l d   h a v e  a l i m i G  
f i n e   c o n t e n t   ( d i a m e t e r < 0 . 0 5  m m )  t o  e n s u r e   a n o n -  
f r o s t - s u s c e p t i b l e   n a t u r e   u s e d  f o r  r e p l a c e m e n t .  
B a s e d  on 2 2 0  s e t s  of t es t  d a t a  from Z h a n g y e  
F r o s t  Itaave S t a t i o n ,   G a n s u ,   C h i n a ,  t h e  limit. of  
t h e   f i n e   c o n t e n t  i s  s h o w n   i n   T a b l e  6 .  

T h i s   m e a s u r e  i s  e f f e c t i v e   i n   f r o s t   h e a v e  pre- 

2 .  Material  c r i t e r i o n :   A c c o r d i n g  t o  t h e  re- 

T a b l e  6 L i m i t  of f i n e   c o n t e n t   i n   r e p l a c n c n t  material 

D i s t a n c e   b e t w e e n  water table s n d  >o, <oS5 
bottom of f r o z e n  s o i l  (tu) 

LiE!iG o f   f i n e   c o n t e n ;   ( w e i g h t  %) 8 4 

3. D r a i n a g e   c r i t e r i o n :   W h e n  t h e  r e p l a c e m e n t  
m a t e r i a l  is u n d e r l a i n   b y  an i m p e r v i o u s  l a y e r ,  
t h e n  i t  w i l l  b e   s a t u r a t e d  o r  p a r t i a l l y   s a t u r a t e d  
by t h e  s e e p a g e  wat'er. T h e  water i.n t h e  g r a v e l -  
s a n d  will ~ a u 6 e   h e a v e  action d u r i n g   f r e e z i n g .   I n  
this case .  d r a i n a g e  i s  n e c e s s a r y .  

i n   G a n s u .   O n e  is c o m p o s e d  of a l o n g i t u d i n a l  
d r a i n a g e   l a c a t e d  a t  t h e  c en t r a l .  l i n e   o f   t h e   r e p -  
l a c e m e n t   b o t t o m   a n d   m a n y  l a t e r a l  d r a i n a g e s   w i t h  
a s p a c e  o f  20-30 m t o  c o n d u c t   t h e   d r a i n a g e  wa te r  

T h e r e  a r e  two t y p e s  of d r a i n a g e  systems used 

@ u t  of t h e  e m b a n k m e n t .  This d e s i g n  i s  s u i t a b l e  
f o r  a f i l l   s e c t i o n .   O t h e r w i s e  a d r a i n a g e   d i t c h  
b y  t h e  s i d e  o f  t h e  c a n a l  i s  n q c e s s a r y .   A n o t h e r  
d e s i g n  i s  s u i t a b l e   w h e n   t h e   i m p e r v i o u s  l a y e r  is 
n o t   t h i c k   a n d  a p e r m e a b l e  l a y e r  l i e s  u n d e r  i t .  
T h e n  a s e r i e s  of  s u m p s   s p a c e d  10-20 m a r e  s e c  
a t  t h e  c e n t r a l  l i n e  t o  l i n k  t h e  r e p l a c e m e n t  
m a t e r i a l  w i t h  t h e   p e r m e a b l e  s t r a t u m .  Pig.4 a n d  
Fig.5 i l l u s t r a t e s  t h e  two t y p e s  o f  d r a i n a g e  e y -  
stems. 

""- 

Fig.4 T h e   d r a i n a g e  o f  s u b s o i l   r c p -  
. l a c e m e n t ,   t y p e . '  1 " ~ q  

' 841  

G r a  

Fig.5 The d r a i n a g e  o f  s u b s o i l   r e p -  
l a c e m e n t ,  t y p e  2 

The Heat I n s u l a t i o n  

o b s t r u c t  t h e  f r o s t  p e n e t r a t i o n  so t h a t  f r o s t  
h e a v e   c a n   b e   r e d u c e d  t o  a s a f e  ] . e v e 1  o r  t h o r n u -  
g h l y   a v o i d e d .  The d e s i g n  of t h e  h e a t  i n s u l a t i o n  
c a n  b e  c a r r i e d   o u t  by t h e   f o l l o w i n g   p r o c e d u r e .  

d e p t h   r e d u c t i o n  r a t i o  (FDRR), w h i c h   c a n   b e   e x p -  
The f i r s t   s t e p  is to d e t e r m i n e   t h e   f r o z e n  

r e a s e d   b y   t h e   f o l l o w i n g   e q u a t i o n :  

T h e   p l a c e m e n t  of  a p o l y s t y r e n e  foam b o a r d   c a n  

q - 100 ( H  - H l ) / H  ( 4 )  

w h e r e  I1 is t h e   o r i g i n a l   f r o z e n   d e p t h ,  til is t h e  
f r o z e n   d e p t h  a f t e r  t h e  p l a c e m e n t  of a h e a t  i n -  
s u l a t i o n  b o a r d .  q i s  FDRK. T h e   v a l u e  o f  q c a n  
b e   t a k e n  a s  r h e  same w i t h  the v a l u e  of  R R  i n  
T a b l e  5 .  T h e n  t h e  r e d u c t i o n  of t h e  f r o z e n   d e p t h  



c a n  b e  c a l c u l a t e d  from e q u a t i o n  4 .  The t h i c k n e s s  
of  t h e   i n s u l a t i o n   b o a r d   c a n   b e   o b t a i n e d   f r o m  a 
h e a t   c o n d u c t i o n   c a l c u l a t i o n  when t h e  r educed   f ro -  
z e n  depth   t l l= l l ( l -q /100)  is g i v e n  or can be rough-  
l y  e s t i m a t e d  b y  t h e   f o l l o w i n g   e q u a t i o n :  

d = ( H  - Hl)/k ( 5 )  

where  d is t h e  t h i c k n e s s  of t h e  i n s u l a t i o n   b o a r d ; ,  
k is a c o e f f i c i e n t .   A c c o r d i n g   t o   t h e   f i e l d  t es te ;  
k r anges  between 8 a n d   1 2   f o r   t h e   s o u t h e r l y  fat - ! :  
i n g   s l o p e   ( s u n n y   s l o p e ) ,  9 and 1 3  f o r   t h e   c a n d l  
b o t t o m ,  13 and 15 f o r  t h e   n o r t h e r l y   € a c i n g  slojpe'j 
( s h a d e d   s l o p e ) .  

Heat i n s u l a t i o n  i s  a n  e f f e c t i v e   m e a s u r e   f o r  
v a r i o u s   c l a s s e s  of f r o s t   h e a v e   b u t   h a s  a l i m i t e d  
a p p l i c a t i o n   f o r   c a n a l   l i n i n g s  i n  China  owing t o  
t h e   h i g h  c o s t  of t h e  m a t e r i a l ,  e x c e p t  i n  t h e  
l a r g e   s c a l e   w a t e r  d e l i v e r y  c a n a l  i n  Shandong 
P r o v i n c e .  The i n s u l a t i o n   b o a r d  is p laced   unde r  
t h e   c o n c r e t e   s l a b s  a t  t h e  u p p e r  s l o p e   w h i l e   t h e  
r e m a i n i n g   s l o p e   a n d   t h e   b o t t o m  u n d e r  t h e   l o w e s t  
water l e v e l  i s  p r o t e c t e d  by t h e  w a t e r   i t s e l f  
which i s  k e p t  running  the  whole  winter(D.Wang,  
1989). 

The  Adoption o f  a F l e x i b l e   L i n i n R s  

u s e  o f l e x i b l e   o n e  i n s t e a d  of a r i g i d   l i n i n g .  
T h e   f l e x i b l e  l i n i n g  composed o f  a geomembrane 
c o v e r e d  w i t h  so11 o r  g r a v e l   a n d  s a n d  can  comform 
t o   l a r g e   d e f o r m a t i o n   c a u s e d  by f r o s t   h e a v i n g  
without  any  damage.  The most commonly  usbd'aemb- 
r a n e  is PE o r  PbC f i l m  of 0 . 2  m m  t h i c k   a n d   a s p -  
h a l t   g r a s s   f a b r i c s   w h i c h   a l l   h a v e   r e l a t i v e l y  
lower  c o s t  c o m p a r e d   w i t h   t h e   c o n c r e t e   1 i n i n g . T h e  
d i s a d v a n t a g e s   o f   f l e x i b l e   l i n i n g   a r e   t h e  l i m i c  
a l low'ab le   f low  ve loc i ty   which  is recommended t o  
Le less  than   0 .6  m/s f o r   t h e   s o i l   c o v e r   a n d  0.8- 

T h e   s l o p e  s t a b i l i z a t i o n  i s  a l s o  a problem. Ac- 
1 m / s  f o r  a g r a v e l   a n d  s a n d   p r o t e c t i o n   l a y e r .  

c o r d i n g   t o   t h e   f i e l d  tes ts ,  t o  keep t h e  p r o t e c -  
t i o n   l a y e r  from s l i d i n g .   t h e  s l o p e  ( v e r t i c a l  t o  
h o r i z o n t a l )  i s  recommendecl t o  b e  l e s s   t h a n  1:  2- 
2 , 5  f o r  a s o i l   c o v e r   a n d  1 :  1.75 f o r  g r a v e l   s a n d  
c o v e r .   B e c a u s e   o f   t h e   f l a t   s l o p e  of t h e   f l e x i b l e  

a n d   i n c r e a s e s   t h e   c o n s t r u c t i o n  c o s t .  R e c e n t l y ,  
l i n i n g   s e c t i o n ,   l a r g e   r i g h t - o f - w a y  i s  demanded 

t h e  mud-straw c o v e r   w i t h   t h i c k n e s s  of 15-20 cm 
has   been   adop ted   fo r  membrane p r o t e c t i o n   f o r   t h e  
s m a l l ,  m e d i u m  s c a l e  and i n t e r m i t t e n t l y   r u n n i n g  
c a n a l  i n  M i n q i n  County i n  Gansu ,   Ch ina ,   Th i s  ,. 
k i n d  o€  cover   can   keep  a slope o f  1 : 1 . 5  f o r  a 
f i v e   y e a r   p e r i o d   s e r v i c e  w i t h  v e r y   l o w   c o s t .  

CONCLUSIONS 

\ -  

I n  a s t r o n g   h e a v i n g   c a s e ,  i t  i s  p r e € e r a b l e   t o  

1 .  T h e  c o r r e c t   d e t e r m i n a t i o n  o f  t h e   f r o s t  
heave  amount i s  t h e   b a s e  o f  p r o p e r   s e l e c t i o n  of 
t h e   f r o s t   h e a v e   m i t i g a t i o n   m e a s u r e s .  The f r o s t  
h e a v e   p r e d i c t i o n   c a n   b e   e s t i m a t e d  by .some e m p i r i -  
c a l   e q u a t i o n s   o b t a i n e d  from t h e   f i e l d  t es t s  
wi th   enough   p rec i s ion   f rom t h e  e n g i n e e r i n g  v i e w -  
p o i n t s .  T h e s e   e q u a t i o n s   c a n  be d i v i d e d   i n t o   t w o  
g r o u p s   a c c o r d i n g  t o  t h e   g r o u n d w a t e r   c o n d i t i o n .  

l e v e l s ,  a c c o r d i n g  t o  t he   heave   va lue ,   wh ich   can  
b e  r e l a t e d   t o   t h e   p r o p e r   s e l e c t i o n  of t h e   f r o s t  
h e a v e   c o n t r o l   m e a s u r e s .  

3 .  The f r o s t   h e a v e   m i t i g a t i o n   m e a s u r e s   c a n   b e  
d i v i d e d   i n t o   s t r u c t u r a l   m e a s u r e ,   m o i s t u r e   c o n -  
t r o l  m e a s u r e ,   s u b s o i l   r e p l a c e m e n t   a n d   h e a t  i n s u -  
l a t i o n   m e a s u r e s .  All t h e s e   m e a s u r e s   h a v e   t h e i r  
a p p l i c a b i l i t y   r a n g e   a n d   s h o u l d  be adopted   accord ;  
i n t  t o  t h e   l o c a l   c o n d i t i o n s .  

2 .  The f r o s t - h e a v e   c a n   b e   c l a s s i f i e d   i n t o   f o u r  
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PERHAFROST IN TEE NORTH OF KO- PENINSULA 

Viktor An 

Institute  of  Cryosphere of Earth  of  Russian  Academy of Sciences 
f.0.b. 1230,  Tyumen, 625000 Russian  Federation 

The results of the investigation  of  natural-climatic  conditions of the northwestern 
part of the Korean  peninsula are considered  based on the possibility  of deep freaz- 
ing. The  data testifying to probable  presence of the pexmafrost on the southern and 
volcanic area. 

fNTRODUCTfON 

The natural-climatic conditions of north- 
western  part of  Korean peninsula on the pos- 
sibility of the  deep ground  freezing  were  studied 
in 1990. According to the geocryological  division 
of the EUrOaSian continent into districts this 
territory  is regarded in the zone with the 
seasonal freezing because of its  latitudional 
Location  and the influence of the warm Pacific 
air mass. 

The territory of the volcanic area Pjaktusan 
presents itself the basaltic  plateau  on the east- 
ern  dirrtrict of the Kaema tableJand with the 
highest peak of Pjaktusan (2750 m of the al- 
titude). The Chinese name of  the area is  Chanbai 
Mountain. It i s  located on the boundary  between 
China  and  Korea. A volcano containing a crater, 
having the same name as Piaktusan Mountain,  is  lo- 
cated  about 8 km from it  and contains the Chendji 
lake ( altitude 2 1 9 0  m, depth 370 m). The  high 
plateau with the altitude of approximately  2000 m 
i s  located to the north and to the east of the 
volcano. Here stand out the volcanic cones o f  
Sobeksan (2172 m ) ,  Kanbeksan (2164 m), 
Soendzibong (2115 m), Mudubong (1931 m), Djaen- 
zibong (2360 m) and otl?eera (Fig. 1). 

The regular meteorological observations  are 
carried out in  this region at a number  of the sta- 
tions, of which the Samchjen has the longest 
period  of measurements (from 1955). The  altitude 
of the station is I383 m. The average annual  air 
temperature at this station i s  -0.2'C. The 
average monthly temperature in January i s  -17.70 
C,  in July is t16.0"C. The duration of the warm 
period  is about 193 days,.  from april  to October. 
The temperature of the so i l  surface i s  -0.Z"C. 
The average sum of the precipitation is 915 mm, 
and 757'm of which,occura in the warm  period 
(85% of the annual sum). The  greatest  monthly  sum 
of the precipitation occurs  in Suly (202 mu) and 
in  August (187 mm). The snow cover begins  in the 
first 10 days of  October,  when the average 
temperature is still positive (+2.5'C). The  depth 
of the snow cover increase8  relatively  monotoni- 
cally (Fig, 2 ) ,  and reaches the  xim mum (average 

-2750 - altltucle of inbidduel summit 
"" - line of oontinental.devide 

Figure 1. Map of the ares of Pjaktusan volcano. 

54 a) by the end of February. The melting of the 

appearing  entirely by the end of the month. 
snow  begins  at  March  and melts very rapidly, dis- 

The  freezing  of the ground begins in the first 
days of October,  but  it stable only after the mid- 
dle of  November,  This is because of the insula- 
tion by the snow cover of the 10 cm depth.  Figure 

Figure 2. The data of the observations on the 

temperature of air; 2 - depth of snow cover in  10 Samchjen  meteorogical  station. 1 - average monthly 
day  interval; 3, 4 - curves of freezing and  melting 
of snow. 
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3 ehmm the distribution of the afararpEI m t h l y  
t v a t u r e  of the soil surface and of tbe euxw 
baaad - t h e  data based on many yearn rea%axab at 
,the Wmchjen station.  Apparently, the m a n  m a t h -  
ly isothem of 00 C reaches the maxima depth (of 
0.45W) by the end of February, The freering ~ndr 
by the middle of w c h  reaching ita maximum (9.93 
r i n  1979 and 0.38 m in -1933). In April, the 
i m r  limit of the freezing rises. 

T m  3. The distribution of average tampernture 
(9) i n  the ground an8 i n  the mow, 8aPchj.n station. 

., I ' )  

The curves forred by the data of the 
$ W e a t u r e ' e  memaredent on tho grounds of the 

m&%m*opical #tation (Fig. 4) .  w e n t l y  the 
elmmeter of the temperature changes due t o  the 

-!- bOXaLQO'@ temperature rirs in connection 
wit@ $ a m a % a r  chnnges of t h e  elhate and with the 
air t-ture rima a0 a whole. Xhr character of 
Zw amrag* for many years cumfag i n  the layer 05 
the ~ W K O  annual temperature fluctumtiens (at the 

of 4-1 p )  shows thaf the average tempera- 
ture i s  nsar 45 .5 '~  et the depth of the t e r ~  un- 



0.015 K/m t he   t h i ckness   o f  the permafrost  can be 
about 200 m under   the  Chagunbong eummit. The per- 
mafrost  is a b e e n t   i n   t h e  hollow of the   Chendj i  
lake  because  of the  i n s u l a t i o n  of t h e  water and 
the   ou t f law  of  t h e  thermal water. 

I n  t h e  a l t i t u d e   r a n g e  from 1500 to 2000 m, in- 
d iv idua l   i s lands   o f   the   permafros t   can  be found 
on areas wi th   t he   dense   fo re s t s ;  predominance of 
the fir and   t he  moss cover  of 0,l on th ick .  A l -  
though t h e r e  ie i n s u l a t i o n   o f   t h e  snow presented 
i n  winter,  t h e  trees provide  ehade i n   t h e  summer. 
The t h i c k  moss cover warms u p   t h e  soi l  and accumu- 
lates much moisture. The t r a n s p i r a t i o n  of t h e  
moisture   f rcm  the soil's cover and t h e  growth of 
t h e  trees decreaee the  temperature   of   the   ground 
sur face .   Therefore   the   ind iv idua l   i s lands  of t h e  
frozen  ground may be developed i n   t h o s e  condi- 
t i o n s   w i t h   t h e   t h i c k n e e s  of permafrost   i s lands ila 
less than  10 rn. 

ON FOR 

The primary  cause  of  the  permafrost   formation 
i s  t h e   e c o l o g i c a l   c a t a s t r o p h e   i n   t h i s   r e g i o n ,  
which o c c u r r e d   i n   t h e   p a s t .   I n   t h e   p r e s e n t  epoch 
there were 16 cases o f - t h e   v o l c a n i c   a c t i v i t y  of 
the   P jak tusan  - from 580 t o  1898 (Chichagov, Lln, 
1990). By f a r  t h e  biggest  e-ruption was i n  1703. 
Following  an  eruption of the   vo lcano  t h e  l a rge  
pumiceatone  plain was formed i n  t h e  limit of t h e  
Pjaktusan  volcanic   plateau.  The g r e a t  primary 
forests ( t h e  needles-broad-leaved  forests  on t h e  
northern  slope  and  mainly t h e  needles on t h e  
southern slope) were buried  under   the  thickness  
of  the  pumicestone. The trees by the   annual  rings 

are from 320 t o  500 years  old and more. The 
buried trees st i l l  remained  almost  undestruded, 
thanks t o  the   p reserv ing  ability of t h e   g r e y  
pumicestone  and the   f rozen  ground. By t h e  
rad iocarbon  da t ing ,   the   age   o f   the   bur ied  trees 
are 650-1000 years  old on the   south-eas te rn  
slope, 1000-1200 years  old on  the  northern,  1400 
years   old on t h e   e a s t e r n  (Chichagov, Lim, 1990; 
Zhao Dachang, 1981). The m o s t  powerful  phase of 

beginning of t h e  X I  cen tu r i e s  by the  Jaganeee in-  
the  volcanic   erupt ion relates t o  the   end  of f - 
ves t iga tore .  The fonning  of  the  permafrost   began 
a f t e r   t h o s e   e r u p t i o n s .  

CONCLUSIOl 

of t h e   a l p i n e  plain with  specific hydroclimatic 
The ecological ca tas t rophe   caused   the  foming 

cond i t ions ,   t h i s  promoted t h e  rise of the   h igh-  
mountainous  tundra. The wind fac tor   caused  the 
deep  f reezing  of   the  ground  and  the  resul t ing per- 
maf rost  . 

Chichiagov V.P., Lim Kvon Muk (1990). The volcanic 
area and  Pjaktumn  volcano in t h e  PDRKI t h e   m d e r n  
relief, volcanism  and  ecological  cataetrophe. 
Geography  and Natural  Resources, No. 2. 

Zhao Dachang (1981). Pre l iminary   inves t iga t ion  on 
r e l a t i o n  between  volcano  eruption on C h a q b i  
Mountain  and the   success ion  of i ts  vegetation. 
Res. For. Ecosyst., V a l .  2. 
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FOREChSTTNG OF RIVER BED DEFORMATIONS IN TEE PERKIFTOST XONB 

Felix B.href and Victor h.Saviteky2 

'Peterrrburg I n s t i t u t e  of Railway  Engineers, Hoskovsky av., 9, St.Petersburg 190032, Russia. 
'Formely of t h e  Pe te raburg   In s t i t u t e  of Railway  Engineers. 

Comparative  analyais of t h e  morphometric characteristics of t h e   f r e e l y  meandering 
rivers i n  and  outs ide of pqmfrost zone showed that t h e  presence of frozen  grounds 
i n  t he  r i v e r  banin does not affect considerably t h e  basic n a t u r a l  l a w s  of r i v e r  bed 
deformations i n  t h e  permafrost zone  and the hydromorpholoqical  method of  fo recas t ing  
may be applied, i n   p r i n c i p l e ,  as it has  been worked ou t  for t h e  river. flowing  out- 
a i d e  of the p e m i r o a t  zone.  Comparison of t h e  rates of natural   deforr ia t ions of t h e  
Yamal peninmula rivers and o f   t h e   r i v e r s  located beyond t h e  permafrost zone mhaved 
that: by the equal width of t h e   r i v e r  bed t h e  Y a m 1  peninaula K i V e X B  differed cansid- 
e r a b l y   i n  lesser rates of deformations. 

Since 1986, t h e . a u t h o r s  have bedn studying t h e  

with t h e  object of working ou t  the  procedure of 
r iver  bed evo lu t ion  of t h e  Y a m a l  pen insula   r ivers  

f o r e c a s t i n g   t h e - r i v e r  bed defomationm. The 
grounda of the  YaPa1,panfnaula are perennia l ly  
frozen. The river bed e v o l u t i o n   i n  t h e  permafrost 

method8 of f o r e c a s t i n g  it have  not  been worked 
zone has been s tud ied  in su f f i c i en t ly ,  and t h e  

out   yet .  I t  .is universa l ly   recognized   tha t  t h e  
frozen state of gxounds affects t h e  evolution of 
r i v e r  bed though  there  is no single  opinion  con- 
cerning  not  only t h e   s i g n i f i c a n c e  of t h i s  effect 
but a l s o  ,about i t a   o r i e n t a t i o n .  some inves- 
t i g a t o r s   c o n s i d e r  t h a t  t h e  f rozen   a t a t e -o f  
g t w n d s  hinderes t h e   r i v e r  bed deformations  while 
o thers  are of an  opposite  opinion. 

Up to now most of t h e  inves t iga to r s  tried t o  
study  the  importance of t h e  frozen state of 
grounda i n  t h e  eva lua t ion  of river bed evolu t ion  
on t h e  basis of analyz ing  the  erosion of frozen 
grounda wi th  water streams. I roa ion  of frozen 
ground  develops  due t o  t h e  combined thermal and 
mechanical affect on to  it by  water streams. I t  is 
e v i d e n t   t h a t   t h e   e r o s i o n  of frozen  groupde is pos- 
sible only when t h e  stream washes t h e i r  bare sur- 
face. Permanent c o n t a c t  of t h e  Stretam w i t h  t h e  

guaranted a t  t h e  water temperature of O'C. A t  a 
frozen  ground i n  the  pXOCeSB of erosion is 

p o s i t i v e   t e i p r a t u r e  of t h e  water t h e  ground 
thaws  out,  and therefore consact is poas lb le  i n  
th i s   caae   on ly   p rov id ing  t h e  stream carries away 
t h e  thawed-out material m e d i a t e l y .  The vast ob- 
servations brought  about  by  the authors on t h e  
r i v e r s  of the parmafrost zone showed t h a t  under 
the   na tu ra l   cond i t ions   t hawing  of grounds outruns 
t h e  e ros ion .   In  t h i s  case t h e  surface of t h e  

by t h e  thawed layer ,   and therefore the   f rozen  
frozen  ground is separated from the  water stream 

stata of t h e  groundm does not affect the process 
of e ros ion  (Are, 1985) .  

Watching t h e  breek-up of r i v e r s   i n  t h e  c e n t r a l  
part of t h e  Y a m 1  peninsula  showed t h a t  even i n  
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t h e  very beginning of t h e  break-up t h e  water 
temperature is above  zero. Direct conthc t  of 
water streams with frozen  grounds was obaemed 
(1) immediately after t h e  ice cover  frozen to t h e  

ttom of t h e  river came t o  t h e  murface, ( 2 )  
fter t h e  snow cover on t h e  banks became eroded, 
(3) i n  the course of  formation of e ros ion  reces- 
SeB i n  t h e  bedding of shore cliffs, ( 4 )  at t h e  
e ros ion  of collapsed froaen  blocks of t h e  shore 
c l i f f s .  In a l l  the cases listed above, t h e  area 
of contac t  of t h e  water stream wi th  t h e  ejtposed 
su r face  of t h e  frozen  ground is not  large, and it 
can  be  seen  within a short period of time. BB- 
s idee ,  in t h e  fir& two cases accumulation of 
thawed sediments  can be encountered more frequent- 
l y  as compared to  t h e  frozen  ground  erosion. 
Therefore t h e r e  are no  grounds for n t a t i n g  that 
t h e  evolution of t h e  river bed  depends t o  a g r e a t  
ex ten t  upon t h e  e ros ion  of t h e  frozen ground. EX- 
t ens ive  ice content  in ' ths  ground8  being eroded 
may appear t o  be of a greater importance  due to 
t h e  descreaae of the  volume of t h e  grounds when. 
they  thaw ou t .   I n  sone reg ions  of the Y a m a l  penin- 
sula th i ck  sheet ice of  vas t   s t r i ke   occu r s .  The 
r i v e r  bed evolu t ion  may develop  In  those reg ions  
rather pecul ia r ly .  

frozeh  grounds,   the problem ie approached  u8ualJy 
from t h e  pos i t i ons  of hydromechanics  and thermal 
phyeics  (Yerahov e t  al., 1982). T h e , r e s u l t s  of 
those   i nves t iga t ions  cannot: be t h e  basis for work- 
ing   ou t  methods of f o r e c a s i n g   t h e   r i v e r  bed defor- 
mat ions   in  t h e  permafrost zone  not  only  on  the 
grounds of t h e  above  considerations  about t h e  im- 
portance of f rozen  state of grounds  but also. due 
to the fact t h a t  t h e  areas and t h e   d u r a t i o n  of 
direct contac t  of the  bare sur face  of t h e   f r o z e n  
ground to t h e  water flow i n  the  r i v e r  bed of a 
d e f i n i t e   r i v e r  cannot be defined and  used for cal- 
cu la t iona .  Besides, the phys ica l   i nvea t iga t ions  
do not take in to   accoun t  t h e  laws of the  r i v e r  
development a8 a phenomenon of nature.  

The aolut ion  should be searched for f r c a  t h e  
pos i t ions  of t h e  hydromorphological theory of t h e  

F 

In   t he   cour se  of studying t h e  e ros ion  of 



river bed evolution  (Kondratyev et  al., 1982)  ac- 
cording to which this process i s  subdivided  into 
7 typea. Each of them is  characterised  by  a  num- 
ber of quantitative morphometrical parameters. 

All the rivers of the Yam1 peninsula  develop 
in  conformity with the free meandering  type. 
B.P.Gnishtchanko (1979) found  out  that  auch 
rivers  beyond the borders of the permafrost  zone 
axe  characterized by the parometeru of river bed 
evolution  type, 

A = (Bf/Boh) * (Iv/XT) = 36.6.Cl1.5 (1) 

A1 = (Bmb/&h) (rV/Ir)  17.8f5.5 ( 2 )  

where: Bf - width of  the flood-plain, Bah - 
river bed  width, B r b  - meandering belt  width (in 
a general case - width of the river bed formation 
belt), IV - valley bottom gradient, IT - gradient 
of the stream free surface along the thawed  line. 
Figure 1 illustrates the B.F.Sni8htchenko'a graph 
ahowing the morphometrical parameters  of rivers 
with  various  typea o f  the river bed  evolution 
beyond the borders of  the permafrost  zone. This 
graph involves the informatlon  about  three  rivers 
of the Y a m 1  genineula (Yuribay,  Erkatayakha, 
Endzoryakha). 

Figure 1. The association of types of river bed 
evolution with relative gradient Iv/IT and relative 
widtha of meandering belt Bmb/BQa and  flood-plain 
Bf/&h.  1 - border of the area of  existence of  free 
meandering river beds according to B.F.Snishtchenko, 
2 - data,referring to the freely  meandering  rivers 
of the Y a m 1  peninsula. 

The ovemhelming majority of points  appeared 
to be located within the limit8  of the region 
where, in B.F.8nishtchenko'm  opinion, the  free 
meandering  exist8. 

For the snme three rivers of the Yam1 penin- 
sula the frequency curves have  been  plotted that 
illustrate the relative pitch of meanders, l / B c h ,  
the angld of turn of the meanders, Q, and the  de- 
gree of development of the meanders, S/A (1 - the 
distance on a straight line  between  the  points of 
bend of the river bed mean line, S - lenght of 
the meander between the neighbouring paint5 of 
bending along the middle line of the river bed). 
The  curves are illuatrated in Figure 2 together 
with the similar data of 1.V.Papov (1964) for the 

Oka, the Irtieh  and the Ob rivers. The curves of 
the Yamal  peninsula  rivers  coincide  almoat com- 
pletely  withe the limits of the family of the cur- 
ves  given by I.V.Popov. The  same figure il- 
lustrates the envelopes of the family of the 
river bed relative  width  existence, B.h/H ( X  - 
depth  of the river bed) for the rivers beyond the 
bordera  of the parmafroat  zone  according to the 
1.V.Popov's information (1983) and for six  rivers 
of  the  Yamal  peninsula.  The  non-coincidence  of 
the lower  envelopes can be explained  by the  fact 
that the whole river bed width i s  equal to 4.7 P. 
The minimum width of the Yamal  peninsula  rivers 
shown  in the Figure 2 i a  equal to 100 m. The 
divergence of the upper envelbpes can be ax- 
plained  by the fact that on one of the aectionu 
of the Yamal peninsula  rivers  a  very high bank 
gete  eroded.  Thia causes the increase of sedi- 
ments  accumulation, the appearance  of islands and 
the extension.of the river bed. As to the other 
parameters  of the data  given  in Figure 2, they 
testify to a proper coincidence of the Bah/H 
values for the freely  meandering rivers beyond 
the wrmafrost.zone and the riverrr of  the Y-1 
peninsula. 

d d w  

Figure 2. Frequency of the morphmetric charac- 
teristics of the freely  meandering river beds. 1 - 
envelopem of the family of curve. according to the 
infornation of X .V.Popov, 2 - avereged curve for the 
Yam1 peninsula  rivers, 3 - envelopes of  the family 
of cumem for the Yamal peninsula rivers. 

Bo considerable  differences were found  either 
in the interrelations of the degree of davelop- 
ment of the meanders  with the angles of turn and 
the pitch  of  meanders  with the river bed width 
(Figure 3). As to the three rivers OX the Yamal 
peninsula  that  were  mentioned  above,  below  given 
the mathematical exprerrsions of those dependences 
obtained: 

S / A  = (enQ + e-ea)/2 (3) 
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values of 0.007 at 0 C a <160°, 0.0072 at 160 C 
a < 2 W ,  and 0.0015 at 200' c u 280'. 

about ehowed  that at the macrolevel the develop- 

mafrost zone and  which  beyond the latter's  boun- 
ment of the freely  meandering  rivers in the per- 

daries takes glace in compliance with the general 
conformities to natural  laws  irrespective of the 
differences of the climatic  and the qeocryalogi- 
cal conditionn within the basins of-the rivers. 

where n - variable  coefficient  acquiring  the 
The comparative  analysis  that  was  brought 

Figure 3. Relations between the parameters, of free 
meandering.  1 - borders  of the range of  scattering 
of the data given by I.V.Pogov, 2 - I.V,Popov's 
Yamal peninsula  rivers, 4 - generalized  depen  dence generalized  depedence, 3 - data referring to the 
for the Y a m a l  peninsula rivers. - 

Hence, the methods of forecasting the horizon- 
tal river bed  deformation# of the freely  meander- 
ing  rivera  flowing  beyond the permafrost zone bor- 
ders may bet applied, as a matter of principle, 
also to  the similar rivers  of the permafrost  zone. 

P 
W.E.llondratyev worked out the hydrbmorphologi- 

cal method  of  forecast f o r  the freely  meandering 
rivers and  offered the Equation ( 5 ) ;  

in  which Y - the average long-term  horizontal 
displacement of the concave (being exoded) bank 
of  the meander  in the river cross-section  being 
analyzed  for the numder of  years  T  in m, CIax - 
maximum  rate of the bank  displacement  in the 
meander being analyzed,  m/year, K - empirical 
coefficient  taking into consideration the phase 
of meander  development,  h - maximum depth of the 
river bed in the cross-section  being  analyted, hp - maximum  depth of the river reach in the 
meander.  The depth  values axe measured  from the 
average  level of the crests of the r i f t a  that 
limit the meander. 

The value  of C" is defined by comparing the 
aerial  photographs ox the topographic  maps  issued 

value  is  an  integralcharacteristic  which takes * 

in various  year  of  survey,  and that is why this 

into  consideration  all the hydrological  and the 
other  natural  factora which the river bed. deforma- 
tione of  the river being  studied depend upon, in- 
cludihg the frozen state of the grounds if the 
river  flows  within the permafrost zone. 

To use the Equation ( 5 ) ,  numerous measurements 
o f  the horizontal river bed deformations of 20 
rivers of the Ysmal peninpula have been taken for 
the recent 20 years through comparing the aerial 
photographs (the scales  ranged  from l:lOOOO to 
1:45000),  the topoyraphic maps at a  scale of 
1:25000 and the resrllts of the geodetic  on-site 
measurements of the present-day  rivsrbbda  loca- 
tion. The geodetic  measurements  were taken in the 
course of the  route  surveying of approximately 
300 km of the banks of several rivers. 

~rocdseing of the results of those neasure- 
menta  showed  that the average  long-term  ratee  of 
the transverse  displacements of the flood-plain 
banks of the greatest river of the Yamal penin- 
aula, the Yuribay (the catchment  area is 9100 
km2, the width of the river  bed  in the lower 
reaches  ranges  from 200 to 250 n, the discharge 
per year is 4.7 ma ) account for same 1.7 m/year 
in the middle  sections of the meanders.  The  ab- 
solute  maximum average rate for many  years  of 4.7 
m/year  was  detected at individual  short  sections 
of the Yuribay  and the Erkayakha rivers. 

The results  of  processing of all the measure- 
mentu-depending upon the average width of the 
river  beds  are  illustrated in Figure 4. Here the 
values  of  the  rates for the morphologically 
homogeneous  sections (MBS) of the rivers are 
shown. Curve 4 illustrates the average  rates (the 
erosion  area  divided by the total lenght of the 
sections  being  eroded). Curve 3 shows the average 
maxirmup rates ( the sun of the absolutely  maximum 
rates in each meander divided by the number of 
meanders  in the NHS), while curve 2 shows the ab- 
solutely maximum rate# of each MHS. The data  set 
forth  in  Figure 4 testify the fact  that the 
average  rates do nct  exceed,  as  a rule, 1 m/year, 

m/year, and the nbsolutely maximum rates do not 
the average maximum rates do not exceed 2 or 3 

deformations upon the river  bed  width is ap- 
exceed 4 mlyear. The dependence of the rates of 

proximated by the regression  Equation type 

C="m 
whose parameters are set forth in  Table 1. 
Figure 4 also  illusrates the ~.V.Popov~s data 

[Itondratyev  et  al., 1982) for the rivers  flowing 
beyond the boundaries of the permafroet zone. 
They testify to the fact  that the maximum Eater 
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Figure 4 .  Shore retread rate ve r sus   r i ve r  bed width.  
1 - data and  dependence  given by I.V.Popov for t h e  

through 4 - data and  dependences f o r   t h e  YAmal 
rates t h a t  are t h e  maximum'ones on the  uect ion,  2 

peninsula   r ivers :  2 - maximum rates on the   s ec t ion ,  
3 - average maximum rates, 4 - mean rateu. 

of deformations of t h e  Y a m a l  pen insula   r ivers  are 
t w o  or t h r e e  times less than   t hose  beyond t h e  bor- 
ders of t h e   p e m a f r o s t  zone. Field  observat ions 
of the   b reaking  up of t h e  Yuribay r i v e r  and its 
t r i b u t a r i e s  showed t h a t  t h e  main cause of t h a t  
was t h e   a f f e c t   o f   t h e  snow cover admitted by a l l  
the   h id ro log in t s   t hough   t h i s   f ea tu re  seem under- 
estimated when a p p l i e d   t o   t h e   r i v e r s  of t h e  
tundra  zone. 

. .. 

Table 1. Parameter8 of Equation ( 6  ) 

C K m Corre la t ion  
f a c t o r  

Average 0.01 0.5 0.82  
Average 0.05 1.0 0.78 
mxfmum 
Average 0.11 * 1.5 0.69 
M X h m  

OF OM - 
Extensive mnow t ranupor ta t ion   due  t o  wind i n  

t h e   t u n d r a  at  the   poor ly   exprenred   preva i l ing  
d i r e c t i o n  of windm r e s u l t .   i n   t h e   f a c t   t h a t   a l o n g  
a l l  t h e  bank b l u f f s   o f   t h e   m i d d l e - s i z e   r i v e r s  
( t h e  area 05 t h e   c a t c h m e n t   b a d n  range. from 2000 
t o  SOOOO'km ) snow d r i f t s   a p p e a r  by the   apr ing ,  
and t h e i r  maximum t h i ckness  is equal  t o  t h e  
he ight  of the bluf fs .   That  i s ,  it can  reach as 
much as 20 m. The w i d t h   o f   t h e   d r i f t e  i n  t h r e e  or 
four   t imes  as much as t h e   h e i g h t  of t h e   b l u f f s .  
The a f f e c t  of t h e  snow cover  and of t h e  ir- 
r egu la r i ty   o f  i t 0  territorial d i s t r i b u t i o n  can be 
seen i n  s e v a r a l  aspects: 

1. I n   t h e   e a r l y   s p r i n g ,   f i r s t  of a11 t h e  open 
f l a t  areas of t h e   t u n d r a   w i t h   t h e  least height  of 
anow cover become f r e e  from snow. The water from 

melted snow f l o w u  t o  t h e  va l l eys  of the   channels  
f i l l e d   w i t h  snow completely or pa*ially, 
s a t u r a t e n   i n  it and gets filtered i n   t h e   d i f e c -  
t i o n  of t h e  p iezometr ic   inc l ina t ion .  It is evi- 
dent  t h a t  i n   t h i s  case t h e  water e n t e r s   t h e  
r i v e r s  slower and  the  temperature   of  t h e  inflow- 
ing  water is close to  t h e   p o i n t  of  freezing.  Both 
t h e a s   f a c t o r s  decelerate t h e  thermal   des t ruc t ion  
o f   t he  ice cover of t h e  r i v e r s   w i t h   t h e  water 
stream and  cause a delay   of   the  terms o f   r i v e r s  
break-up. 

2. Before   the   beginning   of   the   f lood ,   the  ice 
cover  along  the  shoaly  convex  banks  which w a s  
frozen  up t o  t h e  bottm and  which  has  no snow 
coves become0 t h a d  due t o  t h e   e f f e c t  of t h e  
penetmating solar r a d i a t i o n   t h a t   r e a c h e s   t h e  
d r i f t s   l y i n g   u n d e r   t h e  ice and that getn  them to 
t h a w  too. Therefore, when t h e  water l e v e l   i n   t h e  
r i v e r  rises t h e  ice cover  on  such ateas f l o a t s  to 
the aurface  without  any obstacle. The snow cover 
absorbs p r a c t i c a l l y   t h e  whole pene t r a t ing   eo la r  
radiat ion.   Therefore ,   the  ice cover  which W a 8  
frozen to t h e  bottom and  which w a s  covered  with 
snow does not  malt i n  spite of t h e   a v a i l a b i l i t y  
of penet ra t ing   rad ia t ion .  When t h e  water l e v e l   i n  
t h e   r i v e r  rises it does not  ctwe to t h e  su r face  
but  it sinks  and later on is melted d u e  t o  t h e  e f -  

terms of ice melting  and f l o a t i n g  t o  t h e   r u r f a c e  
f e c t  of t h e  water stream only. In t h i a  case t h e  

are t h e  least on the  sec t ions   be ing  washed away. 
A s  t o  the   accumula t ion   sec t ions ,   the  ice lying  on 
t h e  bottom becomes covered  with  sediments  which 
s lown t h e  thawing,   and  therefore   this  ice w i l l  
come t o  t h e   s u r f a c e  later. I f  t h e  l a y e r  of aedi-  
menta ia t h i c k  enough t h e  ice may not. come t o  t h e  
su r face  at  a l l ,  and melt in   p l ace .  

3.  Snow d r i f t s   a l o n g   t h e   e r o s i o n a l   c l i f f n  l ie 
on t h e  ice cover. They do not le t  it came t o . t h e  
sur face   and   exc lude   comple te ly   the   poss ib i l i ty  of 
washing-out of t h e  banks  above t h e   l o v e r  mark of 
t h e   f a s t  ice u n t i l  tixis bank p ro tec t ion  disap- 
pears. So, l a r g i  snow drifts a long   the   h igh  bank. 
can   thus   de lay  t h e  beginning of  washing-out t e r n  
f o r  a long time. Por  example, on t h e  Yuribay 
r i v e r ,   i n   t h e  Purnndo erea, i n  1987, t h e   h i g h  
erosible shore .became f r e e   f r a a  the  f a s t  ice and 
t h e  unow d r i f t s  on t h e   J u l y  2,  19 d a y s   a f t e r . t h e  
baginning  of  break-up time and i n  I dayn a f t e r  
itu peak phase. 

1. A f t e r   t h e   f a s t  ice and   the  unow d r i f t .  
meparate from t he   sho re ,   t he  wator ntream  enter8 
a direct con tac t  t o  the   f rozen  grounds and 
eromion of them takem place.  By t h i a  time t h e  
temperature of water i n  the r i v e r   a l r e a d y  Is 5 - 
7%. - 

The r e s u l t s  of obnervution8 met f o r t h  above 
a n d   o t h e r   r e s u l t s  of observa t ions  show the dif -  
f e r e n t  af f e c t   o f   t h e  mnaw cover on t h e  procenm of 
r i v e r  break-up. Its total  e f f e c t   i w r e d u c e d  t o  ex- 
c luding  or t o  d e c r e a s i n g   t h e   p o s u i b i l i t y  of 
direct con tac t   o f   t he  water stream to t h e  bare 
frozen  ground  both i n  apace  and i n  t h e .  To t h e  
g r e a t e s t   e x t e n t  it appl iea  t o  the  beginning of 
t h e   s p r i n g  break-up when t h e  water temperature is 
t h e  lowent  and,  hence, when the  f rozen  ground may 
resist no& of all t he   t he rma l   e ro r ion   e f f ec t  of 
t h e  water flow. On t h e  whole, t h e  snow cover lee- 
sen8   the   par t   o f   the   f rozen  state of  grounds i n  
t h e  development of C,he river bed evolution. 



The integral affect of the snow cover on the NmBmixs 
horizontal deformations of the river bed resultes 
in their dacreaae due tat Are P.E. (1985) Forecasting  basia of  tkermoabrasion 

of the aqcumulation of melt water in the snow 
drift8 in the valleya of their rmll tributaries; 

Iondratyev R . E . ,  Popov I.V., Shirhtchenko B.F. 
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water coming fxolD the valleys of tributaries 
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PREDICTION OF STABILITY OF SOLUlrLUCTION SLOPES AND STRUCTURES ON THEM . "  . 

G. I. Bondarenko 
. ,l 

Research Institute of Bases and Underqruund Structures .' 

2-nd Institutuknya St, 6 ,  109428 MOSCOW, Russia 

The  xesults of many years of experimental investigations are given  in  the paper. The 
calculation  methods of stability of the nolufluction slopes accounting  for the 
peculiarities of thawing s o i h  deformability on  the contact with  frozen r o i l  are 
presented. Dependences of friction and cohesion o f  thawing moil on  water  content 
with  shearing  at the moment of thawing  are given.  It has been ahawn  that  water  con- 
tent is the  main  factor governing the stability of the solufluction slopes,  The 
diagrams of the relationshipa of stable  angle of slope, water  content and consisten- 
cy of ' s o i l  are presented. The steps to improve stability and prediction method of  
stability of the aolufluction slopes and structures on them  are recommended. 

Solufluction i s  wide  spread  in  the regions 
with cold  climate  and in the mountainous 
countries  (Chaplain  1965), Industrial qnd ,agricul- 
tural development not only intensifies solufluc- 
tion processes, but promotes  the appearance and 
development of thetae processes on slope where 
solufl.uction was not observed earlier. 

Study of the conditions  of d8fOmtatiOnS on 
aolufluction slope by (McRoberta 1975, Nixon 
1973) and (Ihigarev 1967, Rjnbchun 1976) re- 
searchers taks  into  consideration that the dis- 
placement occurs as aliding of the  thawed soil on 
the underlaying frozen soil. calculutiona were 
made accounting that ehear-strength is the aame 
for the  whole  thawed  soil and the identical limit- 
prolonged strength Tprol (Xhigarev  1967)  or r=P 
in  the  stage of viscous  flow  (Rjabchun 1976). As 
it was  mentioned by the authors, the calculated 
angles of slopea appeared to be higher than  those 
observed in the  natural conditions, even in  the 
c4aes when the coefficients of filtration and 
pore pressure  were  taken  into account.The con- 
solidation  theory  of  thawing proposed by the 
Canadian researchers  reflect8 moat completely the 
peculiarities of deformability of the  thawing 
soil on  the slopes  when  considering filtration of 
hydrostatic suspension  and  pore pressure. now- 
ever, they  note the necessity of  the detailed 
study of the  geotechnical  properties of the soil 
an the contact  with  the  frozen so i l  (Nixon 1973). 

Stability the  authors carried out laboratary and 
in situ invetatigations of  changing phyaical and 
mechmical properties of the s o i l s  and the 
mechanimm of the aoils  defornationn while thawing 
on the slopes. In this  case special attention was 
given to the  peculiarities of deformability of 
the  thawing soil on the contact with the frozen 
soil I 

The following main  regularities were defined: 

To develop the calculation  methods o f  

- while thawing  the upper woverlapping. layer 
and the  lower unear-contactr layer of the  soil 
are created on  the  boundary  with the f~ i jpr l  '%oil; 

- the leaat strength  of  shearing is in the 
(near-contact) layer of the soil, where  the maxi- 
mum loorening, water content  and  pore  preaaure 
were; 

quick loading action  is less than  for  the  long 
tern period; 

strength of ahearing as  well  as  friction  and 
cohesion are decreased when  water  content and ice- 
content are increased; when  water  content is more 
than limit of fluidity then  strength of shearing 
ie practioally absent. 

Friction and coheeion of soils  were  defined in- 
situ and in laboratory conditions  taking  the sptt- 
dally developed methods  (Bondarenko 1983, 1991) 
allowed to make the ehearing at the moment of 
thawing. The  diagrams of friction  and  cohesion  de- 
pendences on  water  content of soil  were  made (Fiq- 
ure 1). 

One  can see from these  diagrams  clearly  that 
friction and cohesion  are  decreased  when  water 
content is increaaed. At the  same  tine  with  equal 
water content (for example, equalled to 0,36) 
friction and cohesion  for  different loams ere dif-  
ferent and equal  correapandingly tor 11 , 

ferruginous -IOo and 0 , 0 8  MPa; d u ~ t y  -So and. 
0.001 Wa: silty -25O and 0.04 MPa. 

This may be explained that  with  one  value of 
moisture (0,36) the soils have different  conBiU- 
tency: #iXty loans - hard plaeticity one, but , :  
dusty loams - fluidity one. 12 typea of disp8rsed 
soils ( l o m a ,  sandy loa~s, dusty aanda) frm.&he' 
slopea of the South Yakutiya, Krasnoyarek,wgiont: 
and Yamal were inveeigatad. 

It was stated that  friction.an8 cobsirion 'of , .  
the  thawed soilm depend not simply on maietuxe, 
but on  the  condetency  of sail as well, , ,and they 
are changed from the  maximum  values  with hard 
plasticity consistency till the minimum  values 
with fluidity consistency. 

strength of shearing of the  thawing  soil  with 



a o i l a  on t h e   s l o p e   s t a b i l i t y  was inves t iga ted .  
The inf luence  of moisture  and  consistency of 

The ca l cu la t ions  of s t a b i l i t y  were made for each 
type of soil w i t h  the   g iven  water content.  

Figure I. Dependence of f r i c t i o n  a%: c:st " J Z i c I !  :r.t 
thawing soil  on water content:  1 - ciuaty (E;s,=U. 31, 
Wp=0.18); 2 - fe r ruginous  (W~=0.38, Wpf0.22); 3 - 
s i l t y  (W~=0.'43,  Wp'O.37). 

Taking i n t o   a c c o i n t  t h e  s ta ted  regula<$t i&s 
t h e  ca l cu la t ions  of t h e   s t a b i l i t y  of elopee, e::- 
asvations  and  banks slopes were performed  using 
T"2e scheme of t h e  slapq;f.~fttad against   and can- 
s ide r ing  t h a t  t h e  l i n e  of s l i d i n g  w a s  givai: by 
the   depth  of thawing. f h e  calcuXetiona were par- 
fomcd from t h e  formula: 

where a - angle of s lope   i nc l ina t ion :  p - so i l  
dens i ty ;  h t h  - depth of soil t h w i a g  daFiaod frc1m 
engineering  and  geological  research or def ined  

nogeneous a d i o n  duriaf; the p a r i d  uf,, cons t sud iun  
from thennotechnical  cslculations  accounting tech- 

and lservice oparation o f  s t ruc tu res ;  C - h ,  pth - 
cohenian   and   f r ic t ion  of the thawing soil. 

Thca basing on these r e s u l t s  t h e  diagrams of 
the dependence  of  'the Btable angle of s lope  on 
the   wa te r   con ten t  were p l o t t e d .  I t  ~ 7 a e  clear frm 
t h i s  d i a g r a m   t h a t  the s t a b l e  ang3.o of  s lope  i s  
decreased w i t h  t h e  water conten t   imreas ing .  
diagrams in FigurF  2 make it possible t o  de f ine  
t h e  stable angle bT s lope  for t h e  given  type b>l 

reaearch wJ. th  t h s  known values o f  water corhwnt 
soi l  from t h e  dath of engineering and gsolor:ical 

and t h e  depth of thawing.  There  diagrams make, it 
poplsible a h a  to pred ic t   t he   va lue  of t h e  Fntgls 
when t h e  va lue  ,of water content  and  the  dapth  of 
thawing are chhnged dur ing   t he   pe r iod  of construc- 
t i o n  and  slervibe  operation of atrueturc.~.  The 
s h e  diagrams of dependence of t h e  87,~:hle angle  
of s lope  on t h e  d i f f e ren t   dep tha  of t,l;awing were 
p l o t t e d  for t h e  a l l  inves t iga t ed  soils. It wail ap- 
p e a r e d   i n   t h i s  case t h a t  t h e  values of t h e  6 tab le  
angle of slope ( a l  well. as f r i c t i o n  and  cohesion) 
w e r e  d i f f e r e n t  for t h e  d i f f e r e n t  soil# w i t h  t h e  
s&e values of w a t e r  content.  For  example,  for 
t he  inve r t iga t ed  loam8 t h e  values of , t h e  stable 
a n g h  of adape were d i f f e r e n t  w i t h  t h e  water con- 
t e n t  - 0 . 3 6 t  for s i l t y  loams -12O, for dus ty  loama 

30 

20 

10 

I" 

Figure 1. Dependence of stab3.0 angle of  s l o p  on 
water content of e i l t y  loam wi th   d i f f e ren t   dap th  of  
thsmring . 

- 6 O ,  for   ferruginous loms - 2 0 ° .  EOWtVef, t h e  
values of t h e  stable angle of s l o p e   a r e  slca iden- 
t i c a l  for the same loaara w i t h  t h e  idm'cical con- 
s i s tency .  And hence, the a t a b i l i t y  of Slopes 
dk.pends not  simply on t h e  water content but on 
t h e  state of  u o i l  and pr imar i ly  on i's cons is tcscy .  

Accounting t h i s  t h e  ana lys i s  and the de temina -  
t i 0 1 1  of t h e  stable slope depending QII the   cons is -  
tency ( w i t h  t h e  change of water content  beginning 
from t h e  limit of r o l l i n g   o u t  till t h e  limit of 
f l u i d i t y )  were performed €or 12 types o f  t h e   i n -  
ves t iga ted  soils. It has been appeared   tha t  w i t h ,  
tbu ident ical   conBistency these soils have  pract:l- 
0 4 l y  t h e  same stable angle o f  slope. The 
diagrams of dependence of atable  angle of elope 
DO consistency of t h e  sa i l  far d i f f e r e n t   d e p t h s  
af thawing wexe p l o t t e d  in F.ig?lre 3 .  The valuea 
of t h e   s t a b l e   a n g l e  of s lope  received  f rom  the 
diagrams axe well i n   l i n e   w i t h   t h e n a t u r a l  
values.  The diagramlr r e c e i v e d   p s r m i t , t o   d e f i n e  
t h e  stable angle of slope from t h e  r e s u l t s  of sn- 
gineering and geo log ica l   i nves t iga t ions ,  i f  t h e  
water  content at  the depth of seasonal  t h a w i r q  is  

tent equals ax more than  t h e  l i m i t  of f l u i d i t y  
leas than the limit af f l u i d i t y .  If t h e  wate?; con- 

t hen . the   s lope  ia nonstable  (Bondarenko 1983). 
The depth of thawing may he increased  with  get-  

t i n g  warmer of t h e  c,limate, leakage of tech- 
oagsneoue va te ra  when vegetable  and  peat  covering 
i s  removed. The inc rease  of the depth of  thawing 
leads t o  the  thawing of not deep icy boddinpa, 
and t h i r   f a c t   i n i t i a t e s   t h e  q u i c k  ao luf luc t ion .  
Moraovar t h e  reaovment of moas and  peat  covering, 
t r e e a  and bu~he8,  des t ruc t ion  of t h e  upper soil 
layer dur ing   the  period of t e r r i t o r y   d w e l o p e n t  
and  conetruction - a l l  t h i s  weaknsp:.r the holding 
forces  of  t h e   s l o p e  and a c t i v a t e s  ilre so luf luc-  
t ion   p racesaes .  

The appearance of ao luf luc t ion ,  rLu ac t ion  on 

d i t ioned  by not  only t h e  geocryology b u t  t h e  char- 
the  surroundings  and  lrtxuctures - nll t h i s  is con- 

acter of the engineer ing  act ion on t h e  slope as 



. .  

Figure 3. Dependence of  atable angle. of slope 
on consistency of loams: 1 - dusty; 2 - fer- 
ruginous; 3 - silty. 
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well. Therefore  when  the stability of the 
aolufluction #lopes and the structures on them  is 
defined, then  the system usurrounding-structure- 
slopen should be taken  into consideration. 

While excavating on  the slopes of permafrost 
diepersed soils the slopes of excavations were 
awellsd up, drainage  canals were poured, and this 
led to  the destruction of road-bed and to  the in- 
terval of transport movement. Landalidinge often 
take place on  the  slopes of excavations and then 
heavily iced horizons are exposured during their 
development. Along  with  the destruction of local 
stability of excavation slopes the large-scale 
landslides take  place on the solufluction slopes 
that lead to the destruction o f  road#. During 
the road construction  an additianal load from the 
weight of embankments as well a% ta dynamic load 
from the rolling stocks act an the slopes. 
Numerous cases of railways defoxmation under the 
action of solufluction  axe known. Different rates 
of embankments displacementm were observed. Sone- 
times the road emban-ent slowly moved together 
with the seasonally thawed layer during some 
years. The rates are measured in cn per year, 
Step-by-step bending of earlier Btraight sections 
of road takes place. With strong moistening af 
soils or with thawing  through of heavily ice 
soils quick landslidings occur aa a reault of dia- 
turbance of turf covering. There are known the 
cases when  the  sections of roads with  the length 
of 100 m were diaplacsd along the slope down to 
80 n during two days. 

The preservation of vegetable covering layer 
and the  use of  different types of tharmoiaolation 
decrease the  depth of thawing. This not only 
weakens the  displacing forces but keeps the 
retaining forcea at the expense of the vegetable 
layer and due to prevention of  the below located 
heavily iced horizons from thawing. 

The influence of salufluction on the pipelines 
is explained by the  character of the process 

(plastic and viscous or viscous flow), by the 
method bf pipeline laying, i t s  thermal regime, by 
the change of the  behaviour of ground waters and 
the overgraze .oil waters. mxirnum action  on the 
a l o p  and am the Bequence maximum defoxmations of 

pipeline. When the  route  direction and the  move- 
ment of the flow are coincided then  the baring of  
the pipe may take place. When  the  pipeline  cuts 
(intersects) the  solufluction  flow at and  angle 
then the displacement forces of  the sliding  slope 
will act  upon. 

During industrial and  residential  construction 
an  the solufluction slopeb as  well  an in the imme- 
diate vicinity ~ K O D I  them  trench  excavational  cut- 
ting OX #lopem, which  take  place  together  with 
the change of temperature and water  content 

the large landslidinga. The  most  intensive defor- 
regime in the upper or Lower part of  them, induce 

nations accur at the beginning of construction. 
The increase of depth of thawing  under  the atruc- 

cause not only the  disturbance of the locar 
ture and the leakage of  technogeneoua  waters may 

stability but the sliding of the  whole  slope also. 
The moving soil  preares  considerably  on  the 

columns and separate foundations, and  presBure 
can incline them in the  direction of s l o p  fall- 
ing down, if the  depth of their  embedment  in  the 
frozen soil will be nonsufficient or if they have 
no time to freeze into  the soil aftex  their in- 
 talla at ion. 

While construction on  the aolufluctioned 
slopes displacements and  deformations  of  small 
buildings and even small  towns on the shallow 
foundations can be observed. 

To prevent the Landsliding it i s  necessary to 
account the  time of construction - the eecond 
half of summer and the beginning of autumn, when 
the maximum thawing takes place. Moreover, it is 

type of foundations, sizes and the  depth of embad- 
necessary to choose and design well-grounded the 

ment. The basic requirement for  foundation - not 
to prevent the natural filtration of water on the 
slopes in order to exclude  the  poasible  formation 
of icing at the upper part af the slope. Pile 
foundations, piles-envelopes foundations and 
columns foundations are the moat effective ones 
for construction on the  solufluction 8loges. 

Two basic types of foundations are recommended 

the foundations streamlined by landslide, 2 - the 
for construction on  the  solufluctioned slopes: 5 - 
foundations mtabilizing landslide. The atream- 
lined foundations are used during the overground 
communicationm laying, pipelinea, rope roads, 
electric parer lines construction etc., when 
another methods oE road  construction round the 
solufluctioned slope or camplete  stabilization of 
the slope are economically nonaxpenditious. The 
design of the foundations streamlined by the thaw- 
ing soil im carried out on  the  action of the ac- 
tual landsliding pressure. The  foundation ex- 
hibits resistance to plastic deformation. 

The construction of stabilizing foundations i a  
one of the radical methods of landalides control. 
The well-known method of calculation of pore pres- 
sure on the stabilizing piles in the nonfrozen 
soils uaing the  arch effect (fto 1975) is the 
cinematically impossible for using at the plastic 
and viacous pressing thraugh  more  weak  thawing 
soils. The calculation method by Dr. A.S. 
Stroganov, developed in Research Institute of 
Baarea and Underground Structures (HIIOSP), iu 
more applicable far the  solufluction nlopea. This . 
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method is baned on the classic theory of plas- 
tiaiky, where  the  condition of the nonstabilized 
(naneonholidated) state of the holding landslid- 
ing mass ia ,taken. 

CONCLUSION 
1. While thawing  the upper uoverlappingn layer 

and the, lower uneaxcontactsdr layer of soil are 
created on the boundary with frozen soil. The cal- 
culation of the Stability of the solifluction 
soil ahould be done  with account of frictian and 
coheaion with  the shearing at the  moment of thaw- 
ing. 

2. water-ice contents on the contact of thaw- 
ing soil with frozen one is the main factor 
governing the stability of the solufluction 
a Lopes. 

3. TO predict the  slopes stability and struc- 
tures  on,  them it" is recommended to carry out the 
following: 

- to gxavide enginttring surveying for the 
solifluction investigations; 

- to predict stable  angle of slope from water 
content and conaistency: - to calculate  slope stability for the system: 
surroundings-structure slope, taking into account 
friction and, cohesion of thawing sail; 

- to develop the complex of antilandsliding 
measures ; 

- to aelect the  type of foundation and to cal- 
culete the landrliding pressure. 
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CREATION OF WATER-IWERVIOUS .kROZEN SCREENS IN EARTE DAMS IN CENTRAL YARUTIA 

Rudolf V. Chang and Olga I. Alexeeva 

Permafrost Institute, Russia Academy of Sciences Yakutsk 677018, Russia 

The  results  of  two field experiments made on  the soil dams  in  Central  Yakutia  are 
given  in  the present gaper. The optimum design parameters of fluid-flow ther- 
mosiphons  have  been ascertained for creating reliable antiseepage screens. The ef- 
ficiency of foam  plastic use in combination with thermosiphons is shown. 

In the  extreme  North  of  Russia small water en- 
gineering systems axe built  with a view to water- 
supplying the settlements  and separate 
enterpriaea, to seating reservoir-coolers at  the 
thermal  stations  and  irrigating  the land. The low- 
pressure head dams  which  are included in  thg 
above-aaid water-engineering systems frequently 
operate  unsatisfactorily and destroy. 

I The  experenca  has  shown that their  static and 
seepage  stability  should be ensured by means of 
creating a froien  screen  in the body and bed of 
the dam. The  frozen  state  of  the dam might be 
reached either by natural OX artifical freezing 
of dams stretches  for years. One of the  most 
developed  and  widely  used  means of the  rapid crea- 
tion o f  frozen-  screens i s  the  themosiphons. 

At present the  different modifications oP ther- 
mosiphons  are known. They consist of the follow- 
ing parts: the overground part is a heat ex- 
changer  dispersing heat into  the atmosphere and 
the soil. As a heatcarrier one can use cold atmos- 
pheric air, liquid  and steam. As far  as the ef- 
ficiency of soil  cooling  is concerned they  are 
practically identical. The Yakut builders, for in- 
stance, frequently  employ kerosene aa a heatcar- 
rier. The  latter is regarded  as  the most suitable 
according to its  characteristics such as 
solubility and corrosin activity with respect to 
metals. The  main  feature of fluid-flow ther- 
mosiphons  compared  with  other means of soil freez- 
ing is the  minimum  expence  on  the  maintenance and' 
high reliability  ut  long periods of roil freezing. 

In  Russia  there is a great deal of experience 
of the use of fluid-flow thennosiphons in in- 
dustrial, civil  and  hydrotechnical construction. 
Yakutia is the  first  region where the above-men- 
tioned installations  have undergone industrial 
testing and been  introduced  into practice. 

Thermosiphons  are  widely used in the construc- 
tion of industrial  and  municipal buildings in  the 
cities of Hirnyi  and Yakutsk. An innovative 
method has  been  developed: a thermosiphon  is 
placed into a concrete  pile  (Hakarov 1985). 
'In hydraulic  engineering thermosiphons with a 

liquid coolant  were  first used in 1973 at  the 
Sitykan water-retaining  structure (North-western 
Yakutia)  which  was  built for water supply in 
diamont  mining  operations  (Makarov 1985). Later 
they  were  used  in the water-retaining structure 
built in  the  Irelyakh  River  (Western Yakutia), in 

the dams  on  the  Poiirkavy  creek (North-eastern 
Yakjutia) and the Shestakovka  River  (Central 
Yakutia) . 
sciences took M e d i a t e  part in  the  development 
of different atructures of thermosiphons'and 
method6 of their design, and conducting  field 
testa as well. 

B e l w  there are the  main  results of two  tests 
of such LI kind'made om the dam of the  mganky 
Rivir  and cut-off dam  in  the  suburbs of the  town 
of Yakutsk.*The aim of the inveltigation  was to 
specify the parameters of the cooling  system (ar- ' 

rangement spacing, height of overground ex- 
changer) and the effect assessment of  their be- 
haviour in cambination  with  plastic foam heat in- 
sulation. 

The  natural  climatic  and  geocryological condi- 
tions of the region  in  question  are  characterized 
by the follwing data: the average  lang period 
air  temperature  totals 10.3"C below zero; the 
average monthly  temperature  ai  January -45°C 
be lw zero, of July +19"C; absolute minimum -64OC, 
absolute maximum t38'C. The average wind velocity 
in  winter  makes 1.8 mps. The amount of preoipita- 
tioh ir equal to 247 nun. The long period frozen 
soils have the thickness to 450 m, temperature 
ranging from -2.7 to -3'C. There are  talics  under 
the lake and  river bed. 

The  dam on the Haganka  river  was  built  in 1980 - 82 and it is the reconstruction of the water 
power station built in 1973  which  was  twice 
destroyed (in 1975  and  in 1 9 8 0 ) .  It creates  the 
reservoir of long period control  with volume of 
600 000 CU. m. In nummer the water  is used for  ir- 
rigation of  190.ha potatoes and 40 ha  of cab- 
bages, in winter-for the watersupply of the air- 
port and the settlement of Magan. The maximum dam 
height in  the bed river  section  is  equal to 11 m, 
the length along  the  crest 142 m, the width on 
the crest 10 m; the base of  the  upper  slope lr7, 
the  lower  base lr4. The dam body is  filled  with 
local  dry mupes and randy aoils, There is a metal- 
pipe spillway 1.0 in diameter, 60 m in length 
with the  bucket  reinforced  concrete  stanchion cap. 

The  soils of the dam bed are  characterized by 
heterogeneoua aomposition. The left aide of the 
valley of  the Baganka  river is compoaed of dif- 
ferent sands  with  moisture 0.21 and  volume mass 
1910 kg/m3 which  thaw to  the depth  of 5 8 .  There 
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are open water-aaturated  rands  in the river bed. 
The right side of the river valley i s  composed of 
suglinoks covered with sands from 1 to 2 m thick. 
The avera e moisture is 0.45; the volume  mass 
1560 kg/m . The seasonally thawed depth  varies 
from 1 to 2 . m .  

In order to create the frozen antiseepage 
nucleus in the body  and  bed of the dam,  in  Dezem- 
ber 1982 - January 1983, 30 thermosiphons  were 
set along the upper edge  of the dam crest at spac- 
ing 2.5 m, from 3.5 to 13 m long. The  ther- 
mosiphons consist of two pipes  coaxially  located. 
The diameter of the exterior pipe of soil heat  ex- 
changer is 152 mm, interior 63 mm. The  exterior 
heat exchanger is represented by the ribbed  pipe 
219 mm in diameter, 2 m in high. 

The cut-off dam on the territory o f  Permafrost 
Institute was filled in 1965 when making an ar- 
tificial lake. The lake i s  an  alas  depression 
filled with subpermafrost water.  Its  capacity i s  
2500 m3, the maximum depth of water i s  3.6 m. The 
original dam dimensions are as follows: the 
length alohg the crest 180 m, width 4.5 - 5 . 0  n, 
height 3.0 m, the elope base 112. The  preasure 
head makes 0.5 m. 

The two metre layer of dark grey  humus  supes 
with moisture about 0.3. The thickness of  grey 
fine-grain sands with  vegetative  detritus  inter- 
layers with moisture over 0 . 4 .  The lateporous 
sands emerge at the depth of 22 a with  maisture 
0 . 2 .  In order to prevent seepage 3 1  thermosiphons 
with spacing 3 m were instaled in the body  and 
bed of the dam in September 1982. The  external 
heat exchanger i s  made of steel pipe 219 in 
diameter, itm height 1.3 n. The soil heat  ex- 
changer consisting of two coaxial pipes 159 and 
85 mm in diameter are from 7 to 12 m long.  In 
1904 the plastic foam Pcv-1, 6 cm thick was 
placed on the crest and lower slope of 18 m dam 
section. 

Both hydropower stations were equipped  with 

enabled 'one to observe the chage of temperature. 
regime. The regular observations on the Hagadan 
dam have been made for 6 years, on the dike  for 4 

Figure 1 presents the changes of temperature 

3 

..with controlling and,_plaaeuring  devices  which 

years ( 19.82 - 86). 
field of  the dam. 

The  observations  showed that the thermosiphons 
filled  with  kerosene worked two months in 1983. 
As a resblt of it, the roil temperature lowered 
to 0.2 - 0.4'C at the depth of  7 - 10 m. At the 
end  of  January  1984 the reliable close  up of the 
ground  ice  cylinders along the whole length of 
the dam was  fixed. In the range af  the above-said 
depth  in April 1985 - 5 - 6°C. The temperature 
tend to decrease  from year to year.  The check 
boring  indicated that the ice ground  nucleus to 
the depth  of  11 m is camposed of massive texture 
soils to the depth of 1 5  m - netted  with  ice  in- 
clusions 1 - 2 mm thick. 

The comporative analysis of cryogenic struc- 
tures points to the conditions of soil freezing: 
the s o i l s  to the depth of 11 m were located in 
the zone of  intensive lateral influence of ther- 
mosiphons,  below-under the influence of the 
butts. The dam boring in Oktober 1985 to the 
depth  of 22 m convinced us that the soil  ground 
ice wall formed  in the body and bed of the dam. 

The  observations on the dike of Permafrost  rn- 
stitute showed  that the solid frozen screen with 
the isotherm -1°C was made on the dam bed  for two 
winter  seasons; the frozen screen blocked the 
talic and  joined the permafroet soils. The frozen 
screen  thickness  in the block sections is 3 - 4 
m, the soil temperature in September -1.0 +1.ZoC. 
These  parameters of the frozen screen  prove  ita 
reliability.  When  using thermosiphons on the dams 
with  low  height the problem arises how to 
preserve the frozen massif -in summer. For in- 
stance, the depth of mearronal thaw of dam  soils 
makes 2.5 - 3.0 m which i s  commensurable with  its 
height.  It appeared impossible to set  up the 
frozen screen  in the duke body only by means  of 
thermosiphons. 

Nowadays,  highly-ef f icient heat-insulating 
materials  are-being  produced-plastic foams on the 
synthetic  resin  base. The heat  conductivity  fac- 
tor of the above-said materials is 0.02 - 0.04  
BTU (m" K). In  some. counkries.specia1 types of 
plastic foams have be& developed and  widely  used 
for soil therum-insulation in different climatic 
zones. In this.country the well-known plastic 
foams Qf the type PSB and PS, rarely PCV. The ap- 

C 

' /  
Figure 1. The changes of temperature field  in the body  and  bed of the dam on the Haganka river. a - 02.83; 
b - 04.83; c - 09.84; d - 03.88 1 - 6 are numbers of themmetric boreholes. 



Figure 2. The  changes of zero isotherm of the soil 
dam in  the suburbs of Yakutsk. 1 - thermosiphon; 2 
- plastic  foam  covex; 3 - zero isotherm in September 
1982 till  the  installation af the  thermosiphons; 4 
- zero  isatherm in 1984 before placing  the plastic 
foam; 5 - zero ieothenn in September 1986. 

plication of plastic foams has shown their ef- 
ficiency ,in conrolling  the depth of seasonal  thaw 
of soils. 

The  observations  made on the eazth dike dam in- 
dicated that  after  the  summer placing of plastic 
foam on the cxest  and slopes of the  dam  the  zero 
isotherms  joined approximately a  month  later  than 
on the  sections  without plastic foam cover; In 

apring one could observe  the  thaw  delay  under  the 
plastic foam. The mean annual  temperature of the 
dam surface under  the  plastic foam have not 
changed practically and  was  equal to -1.48"C. Two 
years later after placing the plastic foam the 
average annual  temperature lowered to -1.1'C in 
the sections without plastic foam cover. The  soil 
temperature has lowered at the depth of 3 m under 
the  plastic-foam approximately 1'C (Figure 2) f o r  

regime at the  depth of 1 m are more evident; the 
four years. The  changes of soil  temperature 

amplitude of annual  temperature  fluctuations  in 

with 1983 - 04 and in 1986 the temperature  curve 
1984 - 1985 lowered approximately 10°C compared 
entirely moved to the  range of subzero  tempera- 
tures. The  depth of seasonal  thaw  of s o i l s  under 
the plastic foam cover deacreased three-fold and 
made 0.5 - 1.0 m. The  investigations  showed  that 
for the  conditions of Central  Yakutia  the  ther- 
mosiphons may be set at spacing 2.5 - 3.0 m. The 
complex application of thermosiphons and effi- 
cient heat insulation enables one to make the 
reliable frozen  screen  in the body of soil dam 
and improve its configuration owing to  the depth 
checking of seasonal thaw of soils. 
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Role of three types of neotectonic  movements  in  evolution of the permafrost  zone  in 
North Euraria in Late Cenozoic is  shown.  First, large  scale  undulatory inovemente 
were responsible  for the general  change of tectonic  structure  of the Arctic region 
between Paleagene and  Neogene periodm  and  are related to the appearance of the psr- 
mafroat zone.  Second, warping  movements  resulted in rhythmical structure  of  sedi- 
ments and formation of the terrace topography.  .The transgressions and regressions of 
the Arctic ocean caused the paleoclimatic  changes.  Third,  emall  scale local neotec- 
tonic moveamnts  are  landforms patterns, 

INTRODUCTrON 
One can distinguish three types of tectonic 

movements which occurred  during the new geologi- 
cal stage (Neogene-Pleistocene), namely:  large 
scale undulatory movements,  intermediate  scale 
warping movements,  and small scale  movements  re- 
lated to ,the  formation of local  neotectonic atruc- 
tures (Afanasyev et  al. 1988). First,  undulatory 
movements create regions of sediment  removal  and 
dagreasions of accumulation.  They also determine 
the thicknema of the depositional apron on the 
platforms and within tectdnic basins.  Second, 
warping movements are responsible for the coin- 
plexity and.change of facies,  cyclic  recurrence, 
and the etaga character  of  accumulative pracem- 
ses. These movementa  involve  entire  continents, 
or parts of them, which are tectonically uniform. 
And finally,  local tectonic movements,  which  main- 
ly due to p~ocessea of lithogenesis  and 
katagenesie, create local  negative  and positive 
structures. 

The appearance and  development of the present 
peramfrost zone are closely  related to the oabvs 
mentioned  neotectonic  movements. The general 
trend of the Earth's climatic cooling in the  Late 
Cenozoic  resulted  from  Alpine  orogenic  stage and 
the formation of large  mountainous  regions of 
Eurasia  and  America. 

nOVEllENTS 

The hiatary of North Eurasia's  and the Arctic 
Ocean's development in the new  geologic  stage is 
determined by the warping  movements  (Afanasyev et 
al. 1988; Baulin 1985;  Danilov 1987). These move- 
ments are responsible for changes in the trans- 
gressive .and regressive  development  of the Arctic 
Ocean withih the shelf  and  paleoshelf.  They  con- 
txol development of peneplanation  surfaces and  al- 
luvial and marine terraces. 

N.1. Nikolaev (5949) divided the neotectonic 

stage into three phases. The firat  neotectonic 
(first continental  phase) is characterized by the 
general  upward  movement. The second phase  (marine 
phase) is characterized by general downward move- 
ment. And the third  phase (second continental 
phase) referad to the time of new general upward 
movement. These three main  neotectonic  phases oc- 
curred in North  Eurasia (Figure 1) and  caused 
changee in the paleographic  environments  and the 
evolution of the permafrost zone in the Late 

I 

Figure 1. Geologic  and  geomorphic  structure of the 
northern  part  of  weat Siberia with the exposed 
neotectonic phases: 1-4 - main lithological 
varieties and  facies of basin deposits (1 - 
relatively  deep-water clays and lams; 2 - fresh- 
water  and  salt-water  varved clay and  silt; 3 - 
coautal  sands; 4 - littoral gravel sands,  shingle 
beds) , 1-111 - neotectonic  phases: I-Miocene' - 
formation  of  ancient  erosional  topography,  which is 
buried now; 11-Pliocene-Eopleistocene - formation 
of the main masses of new deposits: III-Quaternary - development  of the preaent topography" 
Cenozofc. 

The first  neotectonic  phase, or first  continen- 
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tal phase,  which corresponds to the Miocene 
period, was a time of broad  regression  of the 
Polar basin, when  almost the entire  area of the 
Arctic  ahelf hed  dried. The factors of the over- 
depend  valleys of the pre-Pliocene  and  early 
Pliocene periods are currently buried. They are 
located  at  depths from 150 to 250 m in the 
Pechorskaya lwland, whereas i n  northern  western 
Siberian  lowlands they are located  at  depths  from 
300 to 400 I\, and within the coastal  lowlands of 
North-last  Euraaia they arb  located  at  depths 
from 80 to 100 m below the present  sea  level. 
Both seaaonal ice on  the Arctic  Ocean and 
oeasonal ground freezing within the coastal  area 
appeared in the Moicene period  (Danilov 1987). 
leogsnesia of permafrost, i. e. the first forma- 
tion of the permafrost  zone on the dry  land, oc- 
curred in mountainous regions. 

The necond  neotectonic phaae, or marine  phase, 
which  corxespondr to the Pliocene period, i s  char- 
acterized by sea tranmgression onto the Arctic 
shelf  and then eouthward  into the adjacent  coas- 
tal plains of western Eurasia.  Thick  lagoonal, 
marine  and  neax shore deposita  have  accumulated 
within this region. At the same  time,  alluvial, 
deltaic  and  lagoonal deposits have  accumulated 
within the plaina of North  Eastern  Eurasia.  These 
depoaits  filled  ancient  valleys,  which now remain 
buried,  and  have  Bgatial  distribution  on  wpter- 
mheda. The stable ice cover on the Arctic Ocean 
was formed  at this time.  During the formation  of 
this ice  cover,  coarse-grained  lredimente were 
'transported  and  deposited  at the bottom (Clark 
-1982) Also,  permafrost  with  ground i ce  appear t 
within lowlands  and coastal areas of  North East- 
ern Eurasia (Danilov 1987). 

the history of the Axctic and the Subarctic i s  in- 
In the third phase,  aecond continental  phase, 

terpretad inpifferent ways according to the con- 
cept of transgxeasions-glaciations  relations. 
Variouar geologi-geomorphic  data  indicate  that  in 
the Pleistocene  and  Holocene  periods the leading 
factors sf the Arctic shelf  development  and  that 
of the adjacent lowlands were the transgressions 
and  regressions of the Arctic Ocean, caused by 
the warping  movements  (DanilOV 1978;  Danilov 
1987). In the course of these transgressions, 
when the amount  of  warm water flowing  into the 
Arctic  Ocean  increased, the climate of the sur- 
rounding dry land became more humid  and  moderate. 
In contrast,  during the regressions,  when the 
Arctic  Ocean  became more isolated, the climate be- 
came  colder  and more Continental.  These were 
perioda of intensive  freezing of solids  and the 
dsvelopaent of  extensive  permafrost on dried 
shelf  and  coastal  plains. 

Regions of glacier  development  in the Arctic 
were limited to mountains.  Glaciers  extended  only 
to the foothills. At the same time,  the  cold 
water sea covered the plains,  which  have  current- 
ly an absolute  height of  up to +250 m, in the max- 
imum stage o f  the transgression.  Vast  terrace- 
like  geomorphic  levela  and  terraces  were formed 
in the Late-Pleistocene period. 

Thus, permafrost exislta within the Arctic  and 
Subarctic  plains  from the Pliocene period until 
now.  Herewith, periods of predominant  continental 

developent of the Polar basin)  and  periods of 
cryolithcmorphogenesis  (at,ages of the regressive 

predominant  submarine  cryolithomorphogenesis 

basin) are diatinguimhed  within the plainn  and 
(stages of transgressive  development o f  the Polar 

The  repeated  sequence of  transgressive  and 
regremive stages  in the Pliocene and Pleistocene 
periods caused the development of the complex ' 

These  sediments cmppos~ accumulative  plains of 
structure of cryogenically  transformed sedbentn .  

northern  Eurasia. The relationship  between the ac- 
cumulative  marine  geomorphologic  levels  of the 
northern part of the Weot  Siberia  and the 
Pechorrkaya  lowland  and  thickness of pexmafroatl 
which  increaser  with the age and abpolute  height 
of the geomorphological  levels (Trofimov et ax. 
1980), i e  due to above mentioned  circumstance. 

Extremely rigorow climatic  codditions in 
northern Euraaia at the end of the Late-Pleim- 
tocene period were  related to the stage of the 
vast  pre-Xolbcene  rsgreaaion., According to the ex- 
inting  estimntionm  (Afanasyev 19881 Danilov 1987) 
mean  annual air teapsrature,  ground temperature ' 

and.thicknasn of permfroat have  incrclaamiabout 
two them. The whole  territory of the Pollrer 
soviet  union  waa ths part of thie  'ancient  per- 
mafrost  zone. Ragionm of aurficial glaciation in 
northern  Eurasia had comparatively small dimen- 
sions  and  were lhited  to Fenno-Scandia, northern 
and  southern  parta of the Urala, north-eastern 
part of the FSU,  plateau hltorana  and the Arctic 
islands. 

There are various types of local neotectonic 
structures of different nizem within the plaino 
of the permafrost  zone, which  arb  composed of ,z 
thick  maases  of  sediments, e. g. the Pechorskayb 
lowland, the northern  part of West Siberia, the 
Tapyr lowland  etc. Tectonic  arches  ahd domes, a$ 
well a0 complex  tectonic  structures, have been 
revealed  there through the interpretation of 
remotely wens&  data.  It was  established that the 
anticlinal domem, which  are  well-defined  in 
present  topography,  often  inherit  ancient posi- 
tive tectonic  structures of the liesozoic  age. 

Detailed  investigations of the local  neotec- 
tonic mtructures  in the northern  part  of the West 
Sibaria  have  been  conducted by many scientists 
(Sergienko et  al. 1983; and  others). our invea- 
tigationa  based on interpretation  of ratpotely 
sensed  data  allowed to compile the map of neotec- 
tonic  structures  within the Tazovarkiy Peninsula, 
West  Siberia (Figure 2). According to the manifas- 
tation  of neotectoaic~movements in the present 

Peninsula  has  been  subdivided into two main 
topography, the entire  area of the Tazovskiy 

which  tend to subside. In  turn, theme area are 
units;  areaa, which tends to uplift  and  areas, 

subdivided  into  sites  with  different  intensity of 
neotectonic  movements, The main part of the 
Tazovskiy  Peninsula ie characterized  by a moaaic 
pattern of sites  with  different  directions and in- 
tennity of neotectonic  moyements. 

The  comparison of this map with structural and 
tectonic  maps of  the region  of variour foxmations 
and.levels of platform  mantle  has shown Chat in 
spite of the predominantly  inherited character of 
neotectonic  movements in some  casea there i s  the 
inversion of the trend of the neotectonic move- 
menta.  Taking into  account this circumstance, the 
mag ahma local  positive  and  negative  inherited 
neotectonic  structures, as well as inversion 
neotectonic  atructures  of  different  order. 

The  local  neotectonic  structures are resvon- 



Figure 2. Hap of the neotectonic structures within 
the Tazovskiy Peninsula (northern part of West 
Siberia) t 1 - zones  of  lineaments,  which  confine thei 
graben-like river valleys? 2,3 - large  lineaments 
by  landscape indicators); 4 - other  lineaments; 5 - (2-located by the topographic escarps, 3 - revealed 
boundarien of the areas  with  different  trends of 
neotectonic  movements; 6 - sites of the neotedonic 
mtructuras. 

MfrOSt, thickness of permafrost,  as  well  as  spa- 
tial distribution  and  combinations, of cryogenic 
geomorphic  proceasen  and  landforms.  Three  types 
of  paragenetic  seta of cryogenic  geomorphic 
processes  dnd  landforms  have  been  revealed  within 
the.Tazovnkiy Peninsula  depending  on inherited 
character  of  neotectonic  movements  in  the  Pleia- 
tocene  and  Holocene  periodn. 

The first type of the paragenetic $et$ of 
cryogenetic  proceases  and  landforma  occurs  within 
the  local  ponitive  inherited  neotectonic  atruc- 
turen.  It in rubdivided  into two claraea  dspend- 
ing on the structure of the lithologic basis of 
the  cryogenic  proceases and landforms develop- 
ment.  Pirst, the accumulative landforu composed 
of thick  manses of the Quaternary adhents. 
Second, the accumulative-denudational landforrr 
composed of'tke thin cover of the Quaternary ~d- 
mantn  which  lied on the consolidated  Paleagene 
clap. First cl'aso is chatacterized by the 
wide8gread.occurrence of thermoeroaional fra- 
tnren,  aolifluction  lobes and other mlope 
landfoms,edigenetic ice wedges. Tbe areal of 
positive  neotectonic  atructureo in the northern 
part of the.Taeovskiy Peninsula,  where  permafrost 
remainn u n t h a d  since the Late  Pleistocene 
period, axe characterized by the lack of thar- 
mokarst lakes and depressions  on  mineral aoila. 
The p o s i t i v i  inherited  neotectonic ntructursm 
within the southern part of the Taaovskiy  Penin- 
aula,  where pemafrost thawed  in the Holocene 
period, are  characterized by the  occurrence  of 

thenmkarnt lakes  and  other landform, which  are 
related to thawing of perennially  frozen soils. 
Nevertheless, thermoeroaional  and slops topog- 
raphy  daminaten  in the northern part of the 
Tazovskiy  Peninsula. Second  class  occurs  within 
sites,  whsre thin cover of the Quaternary 
deponitr is underlain by Paleogene clays. This 
clann cmgrises so-called  linear  ridge  topography 
along  with  small and deep thernokarst  lakes be- 
tween  the  ridges,  ice  wedges,  and  thermoeroeional 
gullies. 

The  second type of the paragenetic  sets of 
cryogenic  geomorphic procesae,~ and landfom' oc- 
cuxs  within the local  negative  inherited  neotec- 
tonic  structures, which are characterized by the 
increaued thickness  and the high  ice  content of 
the  Quaternary  depcoits,  predominantly  sandy- 
loamy  and loamy. The a a t  includes  various  ther- 
mokarat  lakes,  pingos, ice wedgen,  and  polygonal 
peatlands. The  high i ce  content in the depouita 
and  slight dissection of the surface  favour  wide 
development of ,thermokarst  lakes  and  peatlandn. 
As a whole, the inherited  negative  structures  are 
characterized  by  highly dynamic contemp.rarf 
geocryologlcal  conditiona.  Kere, the thernokaret 
process takes  place  along  with the active per- 
mafrost  neogenesis  within the floodplaina,  ther- 
mokarst  deprearions  and ewamps. 

Finally, the third type of the paragenetic 
sets of cryogenic processes and  landforms  occura 
within the  local  neotectonic  structures,  which 
changed the.direction of their movement  in the 
Late  Pleistocene or Holocene perida. The set 
develops  on epigenetic  and  syngenetic  perennially 
frozen  ground, which is characterized by dif- 
ferent  lithological  composition  and  ice  content. 
The  set  is  intermediate batween  the two setn ' 

described  above  and  includen  cryoqen.$c  landforms, 
which  are typical for both the positive  and  nega- 
tive  inherited neotectonic  structures. The third 
type  is  subdivided  into two classes. The first 
class  occurs  within the accumulative landforms, 
which  are  composed o f  the Quaterna,m deposits, 
and  are  Characterized by the cwpl&x combination 
of  the  cryogenic  procenses  and  landforms. The 
second  class develops  within the sites  with  occur- 
rence of the Paleogene  clayey deposits. The 
secondiclass  includes the linear  ridge t o m -  
raphy,  which is-well-defined morphologically, 
various thermokast lakes, large  frost  maunds, 
polygonal  peatlands  and ice wedgea. 

OF TKE 

The  linear ridge topography  widely  accurl  .in 
the  northern  part of the Weut  Siberia  (TaXOVBkiy, 
Gydan and Yamal Peninsulas)  within the local 
miter, where the Paleogene diatomaceous  clayey 
deposits  occur near the surface (leas than IO P 
below the  nurface) and are overlaid by the Pleia- 
tocene  nddiaents. These  landforms are the most 
npectaeular  in the Tazovakiy  Peninmula  (Figuxe 
Z ) ,  where  they form curved  belt#,  which  reprevent 
the syntem of parallel  di8continuous ridgem and 
elongated themkarst depresmions. AB to the 
origin of the  linear ridge topography, there in a 
hypothesis  (Arkhipov,  hatakhov, Grosvald et al.) 
according to which the belts of the ridges  are ' 
connidered am the marginal foxmation#, i. e. the 
frontal moraines of the hypothetical  ice mheet of 
the h t e  Pleistocene age, which  advanced to the 
dry  land  from the ltara nea shelf and covered the 
Tazwskiy Peninnula 16-18 thousand  yearn ago. The 





STRESS-STRAIN STATE OF FROZEN ROCKS AX THEIR THAWrNG AROUND EXCAVATIONS 
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A stress-strain state dynamics of frozen rock8 during their thawing around excava- 
tions have been studied. Unlike to  the known works, the mechanical behaviour of 
rocks is described on  the basis of plasticity theory method8 accounting for 
microdeformations, microdestruction and'dependence of thennomechanical properties of 
rocks on phase transitions of porous water in the range of its freezing temperature. 
This approach makes it possible to consider the natural physical pecularities of 
rock behaviour  and to revel their effect on service parameters of excavations, 

INTRODUCTION 

Among the; nositly widespread underground con- 
structions in permafrost are excavatione of dif- 
ferent applications including mining excavations, 
cavities, ahafts and wellbores. In most cases, 
the use of such excavations i s  connected with the 
fact that the internal temperatures exceed the 
ice melting point. Under  those conditions the 
frozen rocks surrounding an excavation tend to in- 
creasetheir temperature which leads to formation 
of a thawed rock zone around  the excavation. The 
values of frozen rock strength properties 
decrease with temperature and ice content in 
pores (Dubina and Chernyakov 1990). Themophisi- 
caL characteristics show a sirnilsr dependence on 
ice content and temperature. such a softening of  
frozen rocks caused by temperature increase 
results in-a higher rock  pressure leading to  the 
growth of deformations in unsupported excavations 
and higher loads to supported ones. Analysis ot 
those deformations and loads  is a necessary part 
of underground construction design. The analysis 
reliability is determined by a ,proper choice of 
physical-yechanical properties in rock behaviour, 
of their thennomechanical characteristica and by 
the adequacy of calculation schemes to a real 
prediction object. 

In (Dubina and Chernyakov 1390, 1991) we have 
-suggested a model o f  frozen rock thennomechanical 
behaviour that was based on  therconcspts of 
micromechanics of microinhomogeneous media defor- 
mation (Novojilov 1989)  which is a characteristic 
feature of frozen rock according to (Savelyev 
1989, Zaretaky 1986). This model equations 
presented in (Dubina  and Chernyakov 1990, 1991) 
describe the following pecularities of physical- 
mechanical structure and behaviour of soils and 
rocks.  First, the  properties of plastic defoma- 
tion under loading associated with a dilatation 
of shear nature and with  an elastic-plastic 
microcracks opening due to increase of the first 
invariant of tensor- Second, difference in ten- 

T 

sion and compression strengths of rocks, and the 
Bauschinger effect. Third, macrofracture develop- 
ment based  on the macrodeformation theory and, 
correspondingly, description of rock behaviour at 
the descending section of  loading plot curve. 
Fourth, damage cumulation and their effect on 
defomatiorr nature at cyclic loading. Fifth, de- 
pendence of thermophysical and  mechanical rock 
properties on the phase composition of porous 
water in its freezing temperature range as well 
as a dependence o f  rock unit volume deformations 
on temperature and ice content. 

The suggested model irr based on a concept of a 
continuous change of soil  thennophysical and 
physical-mechanical properties  with its tempera- 
ture fluctuations from values  for a solid frozen 
state to those €or a completely- thawed state in 
conformity with specific ice content. The ice con- 
tent is described by an  ice concentration 
parameter W (Tsytovich 1973)  whose temperature de- 
pende'ce can be expressed through  the following 
formula 

N 1 
w=-= 

Mw + fi [ l o  - A w  
r T 5 T f  I 

, T > T r  
(.I) 

where Mt, Mw are mass portions of ice and un- 
frozen water in a soil element, respectively; Aw 
i s  a parameter characterizing the  ice concentra- 
tion curve pattern and depending on soil type: 
and T i  is a temperature at a given  soil  type 
starts to freeze up. 

values from the solid frozen  state to a thawed 
one can be expressed by any continuous curve 
depending on soil type. In the general case, this 
curve can be approximated using a fractional poly- 
nomial function. An  analysis of empirical data 
shows an approximation with polynomials up to  the 
third degree to be  quite sufficient for obtaining 
a satisfactoryaccuracy. 

momechanical model were introduced in (Dubina and 
The physical-mechanical parameters  of  our ther- 

Chernyakov 1990, 1991) in  the form of 6 universal 
material functions B describing  the diversity of  
deformation process. Besides, a w parameter de- 

The transition of thennomechanical properties 
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pendece,  the universal material functions  depend 
also upon the following two onear u - parameter 
determining the hypercone angle of final loading 
in  the deviator apace and characterizing the in- 
stantaneous plastic material properties; B - 
parameter characterizing the material loosening 
degree  as 8 = a * ts <el> + b tr <.&>I where 
a and  b-are  constants,  tr-is a tensor trace and 
<> is the averaging  sign. 

The following form of 6 universal material 
functions was used in this model 

Bi (BiT S(Bif - Bit)W) U n  ; i = 11 2 

Bi = (1 + Bie)(Bi, + ( B i t  - Biy)W); i = 3! I ,  5 

B6 = 1 ( 2 )  

where BiT and B i f  - are material constants  in 
thawed and  frozen  states,  respectively;  And  n-is 
the approximation  constant. 

A similar dependence of other mechanical  and 
thermophysical characteristics on ice  content  was 
introduced,  according to (Dubina et al. 1983, 
1990), in the form 

E =a ET + (Ef - E T )  W, 

= VT t (VI! - YT) w, 
q T  a ujvT + (ojtT - o j T T )  W ,  

= U T B  + ( O f n  - 02") w, 

c = c? + (cf - C T )  w, 
1 = AT + (lf - A ? )  w (3) 

where E,. v ,  .-UjTI un are elasticity  modulus, 
Poisson's ratio,  yield stress and  temporary 
strength,  respectively: j=l and j =2  correspond to 
microplastic deformation and microdamage cumula- 
tion; c, I are specific  heat capacity and  heat 
conduction  coefficient, respectively; lower  in- 
dicer T and f correspondtothawedandsolid 
frozen  states of a medium. 

The mechanical  effect of soil temperature 
change  consists  not  only in a change of its  ther- 
momechanical  characteristics as seen from ( 2 ) '  
( 3 ) ,  (Dubina and Chernyakov 1991) and (Dubina and 
Krasovitsky 1983),  but also in a change of three- 
dimensional  deformation. In the model considered 
a relative  change  of  volume E represents a sum of  
three-dimensional deformations resulting from 
microplastic defomations &I, microdamage cumula-' 
tion E 2  temperature deformation E and of  porous 
water freezing Ew i.e. 

& = & 1 + & 2 + & T t E w  . LEi 

&T = a T  (T TO), 

Ew = a w  w W, 

where ~ X T ,  aw are coefficients of  three-dimen- 
sional deformation for the solid mineral skeleton 
and  freezing  porous  water, respectively; & ? I s  a 
parameter  of  porous water solidification taking 
the value z=1 at freezing and z = O  at soil thaw- 
ing. 

In conclusion  for this section destribing the 
model it should  be  noted the following.  First, 
the theory of microdeformations and rnicrodestruc- 

tion considered  in this model represents a 

that can be  applied  using limiting traneitions in 
generalization of existing plasticity theories 

the model  parameters as shown in (Dubina and Cher- 
nyakov 1990).  Second, identification Of the model 
parameters  for  given types of  rocks and  aoils 
does  not  require  any additional mechanical tests 
and can be  carried  out  by using ordinary standard 
teste but  under  cambined loading (Dubina and Cher- 
nyakov 1990). Third, a further development of the 
microdeformation  and microdestruction theory will 
alow not  only  for describing the rock plastic 
yielding but  also their creeping behaviour which, 
from the viewpoint of microcracing, is now being 
considered for frozen soils (Zaretaky 1986). 

Let us now  consider the calculations done ac- 
cording to this model. In order to analyse the 
dynamics of the stress-strain state (SSS) we have 
to know the dinamica of media properties change 
with time which  depends OR ice content variation 
w (T) as a function  of  temperature. 80, SSS is to 
be calculated  at  each time step similarly to solv- 
ing the problem of temperature distribution T 
(t).  The  tempesatuke field ie calculated through 
a numerical  integration of a guasilinear heat con- 
duction  equation  having a heat capacity value 
that corresponds to a problem of porous water 
phase  changes in the freezing temperature range 
(Dubina and.Xrasovitaky 1983). Since the stresaea 
arising in  rocks do not exceed the,.vaJues .at 
which the SSS effect on temperature field should 
be  considered, the temperature destribution is 
apart  from SSS. Both temperature field and SSS at 
a general  discretization of  Falalation region on 
the basis o f  a basic  8-nodes  isoparametric  ele- 
ment.  The  problem  of SSS determining is solped in 
displacement  terms  by integrating the initial sys- 
tem of equations  written in velocity t e m s  with 
respect to time. 

The heat  conductivity equation is solved by in- 
teration at  each time step. The calculation , 

results  obtained  using a special computer program 
are  given for nodes of  a three-dimensional meshor 
in the form of  isolines of calculated variables 
at intersections of  the calculation region  and 

this way  it  is possible to follow the evolution 
coordinate  surfaces  with a given  interspacing. In 

of T (t) and SSS for the three-dimensional case 
of  calculation  region. 

Consider  now the applicability of this ther- 
momechanical  model to the calculation of SSS in 
the case of thermal  and mechanical interferences 
of  excavations  releasing  heat into frozen  rocks. 
The commonly used industrial constructions are 
mostly  rather  extended along their axis. So, the 
practical  needs  wbult  be  fairly  satisfied through 
solving  two-dimensional thermal plasticity 
problems  for  excavations of various cross-sec- 
tions.  The  most characteristic features of SSS be- 
haviour  are.especially markedly seen when cal- 
culating the canonic  cross-sections such as 
circle  or  rectangle. The choice of these crosa- 
sections  is  due to  the availability for them of 
elastic-plastic  problem solutiona without forma- 
tion of a zone  of rocks softened by thawing which 
allows  fox  results  comparison. In a series of cal- 
culations  we  have considered singled and coupled 
closely  interspaced  circular-  and  rectangular- 
shaped  excavations. Considered also was the ef- 
fect of cross-section  shape, excavations inter- 
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spacing,  service  time,  dilatation  and  Loosening 
on SSS. 

The calculation  have  given the following 
results. The SSS development with time was mostly 
influenced by excavation8  interspacing and their 
length. For  a muber of  excavation8  there W&S an 
interspacing  at which their mechanical  interac- 
tion was  ceased (at the excavation  depth down to 
300 a this  interspacing  exceeds 5 maximum cross- 
section  sizes for mck8 who8e  rpecific  density is 
lower than 2 t / m 3  ) The increase of thawing  areas 
significantly  effects the shape of rock  plastic 
deformation  region up to areaa  oversizing the ex- 
cavation  cross-section by an order  of  magnitude. 
The  prese  of a support  and the increase  of its 
regidity  decreases the total level of SSS and the 
sizes of  plastic  deformation  region.  The  regions 
of plastic de€omrattions  for one excavation EOW 
are  more  developed  as capsred  to the case of two 
closely  interspaced rows. Consideration of rock 
dilatation  gives  a  considerable  decrease  in sizes 
of the plastic  deformation  region, On the other 
hand, consideration  of  microdestruction  effects 
leads to a  certain  increase of  plastic  deforma- 
tion zone. Comparison between  the  elastic  and 
elastic-plastic  models  shows  that  excavation  con- 
tours  can be increased by several  orders of mag- 
nitude  depending on numerical  values  of  calcula- 
tion parameters. fn the case of  many  years' 
development of thawing areas the eizes  of phStiC 
defosnation  regions axe growing  during  several 
first years but then they are diminiahing  and  Ita- 
bilize  in  time.  Level  and  sizes o f  the region  of 

elevated  streas  con?entration are decreasing  with 
a  number of excavations in.a certain fixed-sized 
region up to pillar  aize of u given minimum value. 

Thus, we have  developed the model for predict- 
ing Sss of frozen  rocks  around closely inter- 
spaced  ugderground  excavations  and, on this 
basis, for solving the problems  connected  with 
design  and  service of economically  effective and 
reliable  Byitems  of  underground  constructions. 
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THE TEMPERATURE EFFECT ON THE RE-DISTRIBUTION OF MICROELEMENTS IN THE SOIL MASSIF 

Valentina I. Fedoseeva and 0. A.  Streltsava 

Permafrost Institute, Russian Academy of Sciences Yakutsk, 677018, Russia 

The tendency of gold redistribution has been estimated having the  temperature 
gradient  on  the  basis  of  the  data obtained investigating the gold absorption  on  the 
river sand samples at various temperatures and of the calculation of nicroelement 
equlibrium  concetrations  in frozen and thawed massifs, initial conditions  being 
equal.; the solid phase of water is available or lacks. 

The  considerable part of ore gold deposits  in 
Russia is concentrated  in  the  permafrost zone. At 
present the geochemical  methods of prospecting 
mineral  deposits  axe being developed in these 
regions. The methods are based on  the  soil sam- 
pling and soil analysis with a view to revealing 
dissolved microelements. It i s  necessary to under- 
stand the dissolved elements migration under the 
conditions of low temperatures and changable 
temperature  regime  as  the  sourse of entering 
microelements is a buried ore body ox slluvial 
deposit. 

ists in  some amount at any temperatures under 
natural conditions. The above-said phase contains 
microelements forming the  diffused haloes in the 
form of chemical compounds of different composi- 
tion, the  most part of which  are  able to interact 
chemicaly with  some  active  surface  centres of  dia- 
persive soil components. In our opinion, there is 
a  sense  in researching adsorption interactions in 
heterogeneous  soil media and  assessing  the effect 
of these  phenomena upon the microelement migra- 
tion. Due to  the formation of  geochemical fields 
the  particular interest presents  the dependence 
of microelements  redistribution  between  the pore 
solution and  despersive  solid  phase of soils upon 
the  ambient temperature. The  regularities of the 
process might be specified when investigating the 
absorptions  of  some  compounds by the absorption 
method fromthe solutions. 

Streltsova 1988) has shown  that  such  an important 
element for  prospecting  as gold contained in the 
chloride  complex of gold (1II)at temperature -2OC 
has the adsorption interaction factor  with  the 
oxide 3 - 4 times less than at +25'C. That ia to 
say the absorption affinity of the element to  the 
oxide  surface  decreases  at  lower temperatures. 

In the  present  article we have investigated 
the  adsorption  interaction of the chloride com- 
plex of gold (111) with the natural objectriver 
sand at above-zero and below-zero temperatures 
under conditions  approximate to natural ones. For 
this purpose, the maximum relationship of the 
solid and  fluid phases (2Og/20mg) has been chosen 
which enabled  us to sample  the sufficient volume 
of free fluid to analyse it. The gold concentra- 
tion  was  determined by SpeCtrUmphotometrJcally by 

It is known  that  the fluid phase in soils e x -  

The  example  with  alumina  (Fedoseeva and 

the absorption band  of the  complex AuCl-. In 
order to prevent ths ice formation  at -2'C the in- 
itial gold solutions were  being  prepared in the 
presence of the background of  the  electrolyte  KC1 
with concentration I mole/l. According to the 
state diagram of the  system  HzO-KC1 the ice 
starts forming from the  solution  with  such con- 
centration at about -3OC (Chemist's Reference 
Book 1965)..Taking into  account the ability HAUCl  
to the hydrolysis (Fedoseeva  and  Streltsova 1988) 
the initial solutions after the addition of the 

defenite pH (some sand was added)  were  allowed  to 
required amount of an acid ar alkali to get  the 

stand for 24 hours. 
According to  the  experimental  data  the  curves 

of  gold absorption by the  sand  surface  have  been 
obtained from some initial  solutions  with  dif- 
ferent gold gold concentrations  depending  on pH 
and aa a result of it the  adsorption  isotherms at 
the most common values of pH have  been  calcu- 
lated.  In order to show the  characteristics of 
the adsorption curves some part of them is given 
in Figure 1. The  adsorption  isotherms  at  pH 6 and 
7 given in Figure 2 are  the  most  common adsorp- 
tion curves characterizing the substance  distribu- 
tion between the  solution  and  solid  phase  surface 
subordinate to the  adsorption  equation by 
Langmuir (Greg and Sing 1984)  (see  below) accord- 

culated. It turned out that the gold adsorption 
ing to which the  adsorption constant KLcan be cal- 

constant (1x1) on the  river  sand  at 25°C exceeds 
the adsorption constant at - 2 " ~  approximately 
twofold (3.02 7 10' and 1.6  lo' l/mole, respec- 
tively). That means that at low  temperature  the 
ability of the  river sand to the gold bond 
decreases practically twofold. 

migration having the conrrtant or changable 
one can estimate the  direction  of  microelement 

temperature-gradient  in  the  soil  massif and the 
solid water phase. 

Under natural conditions  as it was  stated 
above  the pore moisture contains the mobileforms 
of elements. The amount of moisture is easily 
determined at above-zero temperatures but at 
below-zero temperatures the value is extremaly 
anall that complex determination  techniquasa are 
required, However, using the published  data on 
the dependence of  fluidlike layer  thickness  on 

Taking into consideration  these  circumstances 
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Figure 1. The dependence of gold adsorption on the 
river  sand  samples upon pH and temperature from the 
solutions NAuCl  with  initial concentration 1 lo-' 
(3), 1.5 + 10m4(4)/ 2 - 1 0 * 4 ( 5 ) 1  3.5 ' lo-' (6) 
mole/l. Background - 1 mole/l KCL. 1 - 25OC, 2- -2'C. 
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Figure 2. The  adsorption gold isotherms from the 
8OlUtiOn3  aAuCl4  at pH 6 (1) and 7 (2) at 25 ( 3 )  and 
-2OC ( 4 ) .  

the  interface ice-silicagel (Kvilividze et al. 
1974)  upon the temperature and on determining ex- 
perimentally the specific  river  sand  surface by 
means of the adsorption method from the solutions 
(Greg  and  Sing  1984) according to methyl blue, it 
is quite  possible to estimate the amount of fluid- 
like phase  at  any below-zero temperature. 

To assess the direction o f  gold migration one 
should bear  in  mind  that  the gold redistribution 
will  occur  in  the  massif with homogeneous initial 
distribution  with the changing temperature in 
such a  way that, firstly, it results in equaliz- 
ing of the element concentration in  the whole 
fluid phase, secondly, at  any soil point the sub- 
stance  amount r a t i o  on  the  soil particle surface 
and in the  solution  corresponds  to  the tempera- 
ture. 

On the  basis of adsorption measurement rsults 
we have made  calculations of the equilibrium gold 
concentrations in the river rand massif at dif- 
ferent temperatures  for  the  initial gold con- 
centrations, lo" mole/l. The  sample moisture is 

22%. The concentration of the  background 
electrolyte was taken 1 mole/l h t h  fo r  frozen 
and thawed roils. The  absorption  constants  have 

values B at 25 and -2°C and the equation by Ar- 
been calculated on the basis of experimental 

renius  connecting  the constant of any  chemical 
equilibrium  vith temperature. According to  the 
calculation results shown in Figure 3 (curves 1, 
2) it follows that at temperature  gradient and 

with the surface of dispersive soil components 
considerable microelement adsorption interaction 

the substance  migration in the  pore  moisture 
ehould occur from the cold pointB aystem to  the 
warm ones  in  the  thawed and frozen samples. When 
the  temperature of the adjacent blocks is equal 
(with  solid  water phase in o w  of them)  the sub- 
stance  movement may occur from the  frozen part to 
the  supercool qne. Such is the  tendency o f  the 
microelement migration in  the  hypatetic  pore solu- 
tion provided the propertiea and  concentration of 
the  backgrodnd electrolyte do not influence  on 
the  adsorption activity of migrating element from. 

Actually, the most common concentration of the 
background electrolyte at above-zero temperatures 
is IO-* mole/l which increases to several  moles 
per litre. When  the systems axe freezing leading 
to reduction of the amount of  liquid containing. 
deluted components. Thus, in reality  the gold ad- 
sorption equilibrium at above-zero temperatures 
i s  set in  the  other media and, therefore,  the ad- 
sorption  constant will be different. Taking into 
account the fact that  the  interaction  nature of 
chloride gold complex  with  the  model  substance 
surface  is practically similar and the solution 
composition, the values of pH being equal, is 
identical  one can estimate the  adsorption con- 
stant correspondence for sand at different back- 
ground electrolyte concentrations according to 
the curves of gold absorption from the solution 
into  the  surface of A1203 (Figure 4). It follows 
fsom the  Figure  that at temperature 25°C the ef- 

threefold  as  much for the background media 
fective  adsorption constant at pH 7.0 is over 

mold1 K C 1  compared with onemolar. On calculating 
the  equilibrium Concentrations and  allowing  for 
the  known regularities of adsorption  (Greg and 
Sing 1984) one can determine that the constant in- 
crease  will be not less than fivefold. Making  the 
corresponding re-calculation of equilibrium con-. 
centrations  for  the  thawed samples at  different 
temperatures  one can obtain  curve 3 in Figure 3. 
That is to day, the equilibrium concentrations in 
the  thawed part o f  the massif will  appear  consid- 
erably less that it was suppoaed. 

Thus, on  condition of the interaction of the 
migrating microelement from with the surface of 
dispersive  soil components, as  well as the migra- 
tion form composition, the gold migration ability 
from the  frozen  sample part to the adjacent super- 
cool  one  should increase. In the  thawed  part of 
the  soil  the concentrations are  considerably 
lower than  in  the  frozen one. consequently, the 
concentration gradient as the  mobile  factor of 
migration  will be less, the  temperature  dif- 
ference being equal. However, it follows from the 
assessment of the experimental work  results 
(Mitrofanov et  al. 1981) about the  gold  migration 
in  the  mixture of quartz and goethite, the migra- 
tion  degree i s  twicefold at room temperature  than 
at -6°C. At  the level which i s  at  the  distance of 
1 cm from the mixture area with gold concentra- 
tion it was 9.3.10- '% of the  total gold content 
after  keeping  the samples 6 months at room 
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Figure 3. The  calculated  equilibrium  gold 
concentrations  in the pore moisture of thawed ( 1, 
3) and frozen ( 2) sand samples depending upon the 
temperature.  The  background  electrolyte 
concentration  taken at calculations, 1 mole/l ( 1, 
2) and 10-2 mole/l  KC1 (3). 

temperature  and 4.5*10-l% at -6'C. It  is evident 
that  the  result is determined by the qualitative 
difference of the migration  media in the frozen 
systems. The corresponding  contribution is made 
by the  fact  that  the gold diuplaceu upward on the 
sample  due to  the stronger  adsorption propertios - 
of the  solid  phase  at above-zero temperatures. 

The  exposure of the quartz  sand and goethite 
mixture  at  changable  temperature regime (from in- 
door to -6OC and inversely) resulted in the gold 
content o f  1 .2% of the total gold content at the 
same level.  It is evident  that  the element migra- 

be noted that the period are likely to be of 
tion  increases under  these conditions. It should 

great significance  when  the  system passes through 
0°C. The  substance  migration  might mainly occur 
in  the  boundary of two adjacent areas with gold 
concentration, one of which  etill contains ice 
and another  is thawed. 

governing the element  redistribution in the river 
If we consider  adsorption  only  as a phenmenon 

sand massif  with  areas  with  different tempera- 
tures (-2'C and +2S°C), and take  into account the 
regularities  mentioned  above we can estimate the 
proportion of gold  amount  concantrated in these 
axeas in a state  of equilibrium. 

Let u5  compare the adsorption equations by 
Langmuir 

1. 
4 6 8 70 pH 

Figure 4. The gold absorption from the  solutions 
HAuC14 by the  surface  A1203  depending  upon pH at 
different background electrolyte concentrations: 1 
- mole/l KC1, 2 - 1 mole/l KC1. Gold 
concentration 2 . 10" nole/l. 

KL - c = r/(rH - r )  (1) 

(Greg and Sing 1984) at two temperatures (KL - 
adsorption constant; C - equilibrium  microelement 
concentration;r - substance  quantity  adsorped  in 
equilibrium state;rM - maximum  monolayer  adsorp- 
tion capacity). Taking C from this  equation  and 
equalizing the  expressions obtained for both 
temperatures 

(r/KL . (rn - r))25" = (r/xL . (rH - r))"20 ( 2 )  

and taking into account  that  the value under 
natural conditions i s  relatively small, we  obtain 
the relationship 

r250/r--20 = (KL . r M ) 2 s o / ( K ~  . rH)--20 ( 3 )  

As stated above it is  quite evident that  the 
adsorption constant at  above-zero  temperature ex- 
ceeds the adsorption constant  at -2'c not less 
than tenfold. The  maximum  monolayer  adsorption 
capacity of the  system  in  question i s  higher  at 
above-zero temperatures as well. Therefore, it 
turns out that the gold concentration  increases 
scores of times in the thawed part of sand massif 
than in the contacting cold part. 

The sbove stated results  have  been  obtained 
using #uppositions favourable for migration; one 
of them is the  similarity  of  physico-chemical 
properties of pore moisture of thawed  and  frozen 
systems.  In reality, a great of  many factors 
arise preventing that. In our opinion, the direc- 
tion tendency of microelement  migration i s  
specified correctly. The migration  propertiee 
should be taken  into  account  both  at  even dis- 
tribution of temperatures  (above-zero or below- 
zero) and at  changable  temperature regime. 
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THE MICROBIOLOGICAL AND BIOGEOCHEMICAL RESEARCH IN PERMAFROST:  PALEOECOLOGICAL  IMPLICATIONS. 
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Paleoreconstructions of global changes are  most  apparent  in the  
cryolithosphere,  which is a  native  storehouse of geological,  biological afid 
climatic  chronicle.But on the some stage of research  using  traditional  methods 
dosn't give us in  the  main  any new information.It  is  impossible to obtain  the 
new dates without  using  the  new  methods.That is why the  scienti-sts now look 
for new criteria, that can  help to solve  this  problem.The  basis of these new 
methods is the  characteristic  feature of permafrost - it preserves the 
material, and  the  information  which it contains.  These  approaches  take  into 
account  the  cryoprevervation of viable  microorganisms  and  some  gases  in  the 
Late  Cenozoic  frozen  sequences  from  the  moment  of  sediments  freezing. 

INTRODUCTION 

The  cryolithosphere of the  Earth  has 
encoded all the  climatic and  geological events 0; the  Quaternary  period.  The  permafrost 
deposits  represent  the best  natural  paleobank 
of  geological, biological,ecological,climatic 
and other data. Their interpretation  is  not 
easy  because  the  cryornetamorphozed  sedimentary 
cover  differs  from  the  original  one in  both 
the  character o f  bedding as well as 
granulometric,  mineralogic  and  geochemical 
properties.Invettigations of their  genetic  and 
stratigraphic  origin  by  means of conventional 
geological  methods do not  always  yield 
unambiguous  results.  Moreover,  conventional 
methods  are  unable  to  solve the  general 
problem of the  historical geocryology, namely 
they do not determine the  age of permafrost 
and do not describe  the paleofrost  dynamics  in 
a  vertical  section,where  the  ancient  levels of 
melting  are  found. 

space  depends on climatic and  geological 
oscillations.In  Pliocene - Pleistocene  these 
oscillations were displayed  most c l e a r l y  as 
agradation of thick  frozen  layers  during 
cryochrones  and  further  their  degradation 
during thermochrones.Thermochrone5 produced 
stratigraphic  levels in  the  permanently f rozen  
sedimentary  cover.The  depth of these  ancient 
levels and cups of  melting  cokresponds  to t h e  
natural  situations of that  timg,.After  each 
cooling,the  thawed  layer  refroze and " a young 
" permafrost was enclosed by I' an  old " 
permafrost in one monolith of a frozen 
section.  The  border  between thern,their  age  and 
conditions in which  they  formed  can  be 
established from the numerous  viable  microbial 
cells  and  radiative  gases  in  permafrost. 

RESEARCH AREA 

The  cryolithosphere  existence in  time  and 

Due to its paculiar  geocryological and 
climatic conditions, b o t h  ancient  and  modern 
ones,  the  Western  part of Bermgia (Kolyma - 
Indigirka lowland) is the most: convenient  for 
microbial  (Gilichinsky  et a l l  1992) and gas 

investigations  (Rivkina e t  a1,1992). It has 
s i x  different  areas: 1. High  Eastern  border of 
lowland on the  right  bank of the Kolyma in  the 
forest - tundra, This region contains the 
famous  Late  Cenozoic  exposures. 2. The Late 
Pleistocene  Edoma  surface  residues on the 
opposite  bank of  the  river (21600 +/  - 200 
yr.a, GIN - 4 3 3 4 ) .  3 .  The vast sandy plain 
sltuated  on  the  left  bank of the Kolyma 
between  Kolyma and Konkovaya  rivers 
(Khalarchinskaya  tundra), 4 .  The  most abundant 
uplands  constructed  by Late Pleistocene 
deposits o f  Edoma  suite  in  tundra  between  the 
Kolyma and  Indigirka rivers.  There  are a l o t  
of alas  levels  formed  during  thawing of Edoma 
sediments  in Holocene. 5. The  neotectonic 
rising  with exposures of the  most  ancient  Late 
Pliocene deposits of Olerion  suite. 6. The 
East  Siberian  sea coast. 

The  preliminary  results of our geological 
research,  pertaining to the problem  discussed, 
are  the  following  (Gilichinsky,  1992) : A / ,  On 
the  lowland,  the glacier cover was absent. 
Therefore  the  permafrost  thickness  thawing was 
not  caused  by  this factor.  B/.The sea 
sediments  are only found  in  a narrow strip of 
present - day  East  Siberian Sea coast. 
Therefore,  the  permafrost  thawing was not 
caused by sea transgrations.  C/.The  climat-ic 
conditions of that  region also prevented  any 
significant  degradation  of  frozen  layers  even 
during  optima.  Therefore, the  permafrost has  
been  preserved  in the  unchanged  form  until 
present  time. Kolyma lowland  belongs to one of 
the few  regions where the oldest of these 
thickness  were  discovered  and where sediments 
frozen  in the Late  Pliocene  did n o t  thaw 
later,  neither  as  a  result of climatic 
fluctuations  no  under  the  influence of 
geological  factors. I t s  age is more  than 3 mln 
years. 

external factors  and modem  prokses limited 
by  the  depth of the  seasonal thaw layer 0.5 - 
1.0 m;  yearly low temperatures of the 
sequences (-9 t o  -13 cO); exceptionally loose 
sediments  cemented with ice  (its  content is 
more than 50 % and  all  pores  are closed).  In 

The  present-day  conditions:  influence  of 



these  closed system, there  are no filtration Viable  microorganisms  were  isolated  from all 
and  water horizons]  migration of moisture and the  samples of  the a las  and  taberal 
gases, cells and  ions is impos'sible. well 2 ( 2 / 8 4 )  well 3 (3184)  I 
METHODS 

Samples  were taken  from  the  cores of the 
wells (not from the  exposures  which are not 
representative for this kind of research): 
drilling was performed  mechanically without 
chemicals;  the average core temperature  was 
never  higher  than -1 Co, Specimens  were placed 
in sterile aluminum  boxes  and  transported  to 
the  laboratory in frozen state. A microbial 
examination  consisted  in  the  study of the 
qualitative  and  quantitative  diversity of 
viable cells, their  growth at temperatures 
from -10 to +65 Co) on dense  nutrient media, 
and  response to freezing - thawing stress. The 
attention  was  mostly  focused  on CH4, It was 
measured  in  field  using  a  nhead-spacen 
technique,on a gas  chromatographer XMP-4 
supplied  with a flameionization detector.The 
range of CH4 values  was 5 ppm. Some 
experiments  were  done  with  C02,  Carbon dioxide 
concentration  was  measured also under field 
conditions  in  the  same  samples  using an 
infrared  analyzer  "Infralit" : its radge was 5 
ppm  too.  About 2200 samples taken from Late 
Cenozoic  sediments  were  analyzed for the 
availability of viable  microflora; about 700 
samples were tested €or the  presence  of gases. 
We also studied microbiocenoses  and gas phases 
of  modern  tundra  cryosols  as  models for 
paleoreconstructions  and  interpretation of the 
data  obtained. 

OBJECTS AND RESULTS 

The  research  was  done on  layer, 
particularly  the  syngenetic  frozen one 
starting  from  the  second 'half o f  the Pliocene 
period  until the  present  time: Wells 2 and 3 
(fig.1): The first was  drilled  to  the depth of 
20 1, it  went  throughout the Edoma  suite and 
opened to sands.The average number of viable 
microorganisms in Edoma  sediments  was 1.8 
104 cella  per 1 4; 12% of samples  were 
sterile.The  second  well is situated in a deep 
alas  depression.Down  to 3, 5 1 there are alas 
(6500 t/- 90 yr.a., GIN-4331)  and taberal 
sediments  with  underlying  Edoma  suite and then 
sands.Viable  cells  were found I n  all the 
samples. The  number of microorganisms in alas 
samples  is on 'average  higher  than in the 
underlying  and  surrounding  sediments of Edoma 
suite  (up 1.6 * l o 6  cells/g) . The  transition 
to  Edoma  layers is marked by a  quantitative 
peak o f  viable cell s in the bottom' of an alas 
pack (on the background of t h e .  total high 
quantity)  and a drastic drop of the  cell 
number  outside  the  cup of thawing. 

Wells 4 and 5 (fig.2): The first was 
drilled  in the alas depression where the main 
section is  represented by alas and  tabecal 
sediments  with  the  underlying  Edoma s u i t e .  
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1 4  

17 

R 
H ,  m 19 

Fig.1. The  distribution o f  viable cells in 
Edoma  and  alas  sediments  of  Plakhin Yar. 
Conditional  meanings (fig.1-11: 1 - sands, 2 - 
loamy  sands, 3 - loams, 4 - clays, 5 - peat, 6 
- ice, I - ice-ground, 8 - organic remains, 9 - sulfide  inclusions, 1 0  - carbonate 
inclusions, 11 - stratigraphic boun+aries, 12- 
quantify  of  viable  microorganisms,l3 - sterile 
,,samples, 14 - CH4-content, 15 - CH4 - 0; 16 - 
CH4- content  about 0; 17 - COP-content, 18 - 
cover  horizon  boundary, 19- boundary of the 
seasonal  thawed  layer. 

Well 4 (4/90) well 5 (5/90) 

HI  m 
Fig.2. The distribution of viable  cells in 
Edoma and alas sediments  of  Omolon Yar, 

H, m 

packs, k i n g  mostly  abundant  on  the  bottom 
(10.5 m) . They grew 'at all expekimental 
temperatures: +G5 to +lo Co; optimum +20 Co. A 
sample from the u n d e r l y i n g  Edoma  suite (11.4 ' 

1) was sterile. Well 5 was kdr i l l ed  through icy 
Edoma  sediments.Temperatures of +65, t45 and 
+30 Co were unfavorable for  the  development of 
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cells from Edoma samples;  the cells from  the 
covering 1.5 m  horizon  were  able  to  grow at + 
30 C': the  optimum being +IO Co. Well 6 was 
drilled i n  the alas depression of one of the 
north ranges  of this  Edoma.  The  alas  sediments 
are underlined  by  a  never  thawed  Edoma at a 
depth of 5 m. The average  number of viable 
microorganisms  here was 7 * lo5 cells/g,  and 5 
* IO3 in a  lower horizon. ' 

Wells 7 , l O  (fig.3) are a  continuation of a 
well 1 (6/90) well 10 (1/91) 

y 1,o 2: n\lCHalkg 

35 

Fig.3.Distribution of viable 
microorganisms and CH4- conte.lt  in  Olerion 
sediments. 

famous  stratotype of Olerion  suite. 
Simulary results  were  obtained  in both  wells. 
In  all the Late  Pliocene  sediments of Olerion 
suite  there  were viable cells (lo3 - l o 4  ; 9 .* 

10' cell/g in  mineral  and  organic  layers, 
respectively)  and  methane  at  concentrations 
from 2 . 3  to 4 5 . 5  ml/kg.  The cells did  not grow 
at t 6 5  C; at 0 C their  number  varied  from 3.5  
* 10 to l o 5  cell / g .  At this  temperature  and 
tl0 Co, the cells of 7 out of 19 samples  did 
not grow; at t45 and t30 Co, they were only 4 
samples the cells of which  were  unable to 
develop,hnd at t20 Co it was only one such 
sample. The optimum  temperature  was  between 20 
and +30 Co. 

Wells 8 , 9 , 1 1  ( f i q . 4 )  were  drilled from  the 
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mlCHq/kg 

well 13 15/92) 
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Fig.4. Distribution of viable cells and CH4- 
content in Edoma sediments. 
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watershed  surface: ,the  first opened  a 1 5  m 
of icy  aleurites of Edoma suite; the  second, 
situated i n  the vicinity,went along the  ice 
vein.In  well 8 ,  methane was found only in  the 
covering  horizon,  its  content  decreased  from 
15 ml/kg-on the bottom o f  the seasonally 
thawing  layer to 0.6 m l / k g  on the  bottom Of 
the  Holocene  thawing layer . It was absent 
within  the  Edoma  interval  and in samples o f  
the  ice-veins  taken  from well 9 .  In  this  well, 
samely as in  the  ot,hers,  the samples of Edoma 
polyhonal  vein  ice  were  completely  sterile. At 
temperatures  between + 5 and t31 Co in  the 
covering  horizon,  the  number of viable cells 
varied fr m 4 t o  8 * l o 5  cells/g and  decreased 
to 4 * IOs - 3 * .lo4 in  the horizon below the 
border between this layer  and  underlying 
nonthawing  Edoma  suite. Well 11 is  situated in 
the  same  watershed  in  a small alas  depression. 
The  upper 3 .3  m a r e  represented  by lake facies 
with  interlayers of turf  horizons;  the  layer 
from 3.5 m to 4.5 m is  represented by taberal 
sediments; and until  the bottom the  sediments 
are  represented  by aleurites of Edoma  suite. 
CH4 was present everywhere, at concentrations 
1 . 4  t o  9.9 m l / k g  in alas sediments.  Its 
quantity  dropped to 0 . 4  - 0.7 ml/kg  in  taberal 
deposits at a  depth of 3.5 - 4 . 5  m and  to 0 in 
Edoma  suite  layers.  The  average  number o f  
viable microorganisms was (opcimum baing 
between t10 and +20 Co)  1 x l o 4  - 4 . 5  x l o 5  
cell/g  in alas sediments;  the  transition to 
the  taberal deposits i s  marked by a 
quantitative  peak of viable cells (7.5 x 10 ) 
on the  bottom of an alas pack - at the same 
depth  where  the CH4 concentration  changes; in 
lower  horizons  there  were 8 x IO2 to 6 x l o 4  
cells/g. 

Wells 12 - 15 (fig.5) were  drilled  from 
the  watershed  surface of Edoma. CH4 was  found 
in the covering  horizon a t  concentrations 1 to 
5 ml/kg and was absent  below  (in Edoma). Wells 
16,17 ( f i g . 6 )  were  drilled  in  the  same  place 
along  the  exposure wall  on the  boundary 
between  Olerion and Edoma suits. In  the 
latter, CH4 was not  found;  in  the contact  zone 
it was  found  at  small. concentrations (0.03-0.6 
ml/kg);  but  in Olerion  deposits  its  content 
changed from 1 to 3.5 ml/kg. C02 was present 
in  both suits (1.3-27.3 ml/kg). 

depression.  The  first 4 . 5  m are  represented  by 
alas  deposits,then go a thin (1 m) horizon of 
Edoma suite, and  to 4 4  m deposits of Olerion 
suite,below  (down  to 50 m) there  are  Pliocene 
sands o f  TomusYar suite.The CH4 and C02 
distribution  in  the well is following: C02 is 
present i n  all  the samples (1.0 "23.0 ml/kg); 
CH4 is  present  at a quantity o f  1.3-7.7 rnl/kg 
in alas layers, it decreases to 0 in Edoma 
suite,  in  Olerion  sediments its-content varies 
from 1 to  5 ml/kg and below, i n  sandslit drops 
to 1 m l / k g  in all the samples. 

Siberian s e a ) .  

5 

Well 18 was drilled  in  a deep'alas 

Wells 19-23 (the  bank of the East - 
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F ig.5.  Distribution of viable cells and  CH4- 
content  in  Edoma  sediments. 

Wells 20.21, 23 are  situat.ed  on  the day 
surface o f  the thick  Holocene  alas.  The 
section of well 19 is represented by taberal 
sediments with interlayers of peats.  The 
section of well 23 is  modern  alas  deposits 
within the thickness of Holocene  taberal 
sediments.A 12 m  section of well 21 is . 
represented  by  alas  facies;  below,to a 20 m 
depth, they are  aleurites of Edoma suite, 

thickness. Down to 7.3 l,'the range of 
concentrations makes up 0.04 - 1.4 ml/kg, 
below it increases to 2 . 4  - 10.8 ml/kg. In 
modern alas sediments,CH4 is present a t  b 

quantity of 0+1 -1.9 ml/kg.  In  well 21 on  the 
bottom of the  layer o f  modern  seasonal 
thawing,the  methane  content is 0.7 ml/ kg, and 
further, within the alas  package from 1.3 to 
11.4 m 0 it varies  from 3.2 to 10.5 ml/kg;  in 
underlying  Edoma  layers,  at  a  depth 12.5 m , i t  
drops sharply. From 13.5 rn and to the well 
bottom, CH4 was absent.The cel%s grow a 5 all 
temperatures  between +IO and +37 Co (10 
cell/g) in the alas pack  and  at +20 and t30 Co 
in underlying  Edoma  suite ( l o 3 ' -  l o 4  cells/g) 
Well 22 was drilled  from  the  watershed  surface 
consisting o f  icy  aleurites of Edoma  suite; 
methane is only found i n  the  upper 2 . 3  m ( a  
covering layer).  Lower it was not  found in  all 
the  samples.  The  transition to the  Edoma 
deposits was marked by a quantitative  peak of 
viable cells (3.2 l o 5  cell/g) in the bottom 
of this covering  horizon, at  the same depth 
where methane  concentration  changes.  Well 19 
to the depth of 4m continues a t h i c k  Holocene 
alas package Eurthe under the  sea  level. It 
goes through the 20 m  thickness of the  sea 

In well 20 CH4 is present  throughout  the 
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Fig.6. Distribution of CH4- b CO2- content 
on the  boundary  between  Edoma  and  Olerion 
suits. 

sediments and penetrates  the  continental 

More  than 60 % of sea samples are  sterile; 
sands + 

for  viable cells from  underlying  sands the 
optimum is between + 20 and +30 Co (lo4 
cell/g).  The  methane content  varies  from 1 - 3 
to 10 - 13 rn l /kg  in the sea deposits and 
decreases to 0 in the sands. 

Wells 24 - 27 were  drilled  in the sands on 
the south - east  of  k'halarchinskaya tundra.In 
well 25, drilled  from  the surface, lethane  was 
absent.The  number of viable  microorganisms  was 
by 1. - 2 orders  lower  than  in  1oams.The  cells 
grew within  a wide range of temperatures, from 
0 to * 4 5  Co, the optimum  being t20 to t30 Co 
in upper horizons  and +lo to +20 Co  in lower 
ones.  Well 26 was  drilled  not far from  the 
previous  one, in  the  modern river  valley bog 
situated  on  the  same  sands.CH4 i n  a  small 
quantity was present  throughout  the well bog 
section. Well 24 was drilled from the  bottom 
of the  dried lake depression where the 
uppermost 2 m are represented by the  sand lake 
Holocene  facia  situated in typical  Khalarchin 
sands.In lake sediments,the  bacterial  number 
was 6 + l o 3  - 2 lo4 cell/g. Below the 
earlier  existed  lake  talik,the  number of 
viable cells,  was  similar to that one in 
Khalarchin  sands  samples ( 3  lo3 - 2 . 4  * lo4 
cell/g).  Well  27.The  uppermost 15 m are 
represented by typical  Khalarchin  sands,then 
the well penetrates aleurites of t h e  unknown 
1ayer.h the  first  part of the  section,methane 
was absent;  in the second one its content 
varied 3 to 15 ml/kq. 



CH4  content in  the  modern  tundra  cry 
varies  from 0 to 5 ml/kg.In  the  thawed 

O S  01s 

horizons of cryosols,taken  from  the  surface, 
methane was either  absent or present  at 
extremely low concentrations - 

An average  bacterial  number in  modern 
tundra cryosols makes up  1,5 - 6,O .* lo6 
cells/g in turf. Down the  profile,they  become 
less abundant,  their  number  drops to IOQ and 
lO(5) in sands and  clays,  respectively.  The 
bottom of the  modern  seasonal  thawing  layer  is 
characterized  by the  peak of  microbial  cell 
number compared with  their  maximum  in  surface 
horizons  rich  in  organic  matter . 
DISCUSSION 

We managed to reveal  the  presence  of 
viable cells and  radiative  gases  in 
permafrost. This fact i s  importaat  for 
reconstructions  and  forecasting  of global 
warming  consequences.  The  most  vivid  example 
are  thermocarsts  forms  which  were  widely 
spread  in  Holocene.They  continue to develop  at 
$resent and  may be  taken  as a  paleoecological 
model of the  results  of  global  warming.  The 
laminarity of CH4 distribution,conditioned by 
the  age  and  genesis of frozen  thickness, 
eliminates  the  possibility  of  its  diffusion  in 
them. This methan? might  be  preserved  in  the 
thicknesses  from  the  very  moment  of  their 
transition to the  permafrost  state and 
therefore  might  characterize  the 
biogeochemical  situation  existed  in  the 
sediments  by that  moment.  This  is  the  most 
important  fact  for  paleoreconstructions 
(Rivkina  et a l ,  1992) .  

absorber of the  infrared  part of the 
electromagnetic  spectrum.  This i s  its  most 
important  role as a "greenhouse"  gas.  The 
contribution o f  methane  to  the  climate  warming 
as a "greenhouse" gas is  comfortable  with  the 
effect  of  C02,in  spite o f  its  lower 
concentration.  This  is  explained  by the fact 
that greenhouse  effect of CH4 per a molecule 
is 25-30 fold  higher  than of C02 (Whallen 
S.C.,and Reeburgh W.S., 1 3 9 0 ) .  The CH4 
formation  and emission are  affected  by  the 
tundra  landscapes  and make  up 7 %  of the  annual 
total  flux of CH4 to the  atmosphere 
(Cicerone,Qremland, 1988; Fung  -et  al, 1990; 
Whalen,  Reeburgh,l9901.  The  tundra  ecosystems 
contain  about 13% of planetary  carbon (Post 
W.M. et all 1982), which  is  mostly  found in 
the seasonally  thawing  layer and  actively 
participates  in  the  biogeochemical  cycles. 

A far  highermore  quantity of organic  and 
mineral  carbon  (in  passive  form) is  present i n  
the  permafrost  below  the  thawing  layer.  cH4 
quantity depends on the genesis  of  deposits, 
and type o f  the  cryogenic  thickness. It i s  not 
found  in  Edoma  suite and  Khalarchin  sands, 
however i s  present  in  Late  Pliocene - Early 
Pleistocene  deposits of Olerion  suite  sea 
sediments of the  beginning of Late 
Pleistocene,  covering and  alas  horizons  which 

Methane,alongside  with CO2, is a powerful 

thawed  during  Holocene optimum . CH4 quantity 
drastically  decreases  (almost to zero)  on 
transition from the alas layers to the 
underlying  never  thawed deposits of Edoma 
suite  thus  marking  the  border  between  the 
frozen  sediments  of  Holocene  and  Late 
Pleistocene  age.  The  same  border is marked  by 
the  peak of the  microbial abundance on the  top 
of the permafrost water confining  layer which 
underlies  the  sediments affected  by  the 
thermocarst  during  Holocene optimum. 

The  numerous  data confirm the  idea of a 
synchronous  character  of  the cycles o f  thawing 
and  development of thermocarst. According.to 
these evidencestthe average July temperatures 
during  Holocene  optimum i n  the  North - East 
Eurasia  were  by 8 - 9 Co higher  than the 
modern  ones.  Even  at steady winter 
temperatures,  this  should sharply increase the 
depth of seasonal  thawing  and  appearances of 
thermocarst  centers.  The  further  development 
of the process was  flavored  by  the local 
factors  and  primarily by the  presence of 
polygonal  ice  veins  of  Edoma  suite.It  resulted 
in  the  increase of the water content in  thawed 
horizons,  temperature,  and  depth of seasonally 
thawed  layer,  which  promoted  the process of 
methanogenesis.  The  absence of methane in 
Edoma  deposits is explained  by  the Low water 
quantity  in  seaso7ally  thawing  layers  during 
their  formation,  i.e.  the prevalence of dry 
tundra - steppe  landscapes.  In  Holocene, CH4 
generation  predominated aver CH4  oxidation 
which is evidenced by the  presence of methane 
in the  above  ment'ioned thawed  horizons and  its 
absence  in the unthawed  Edoma. 

The  free  water appearance  and  positive 
temperatures  stimulated  the  revival  of cells 
after cryobiosis,  their  development  and 
propagation  in  thawed horizons.  The  further 
freezing  fixed  this  outburst  of  the  vital 
activity  and as the  result  the number o f  
microorganisms in thawed  and then  frozen 
deposits  is  by 2 orders  higher  than in  the 
underlying  syngenetic  frozen  and  not  thawed 
sediments of Edoma suite.  This is explained  by 
the  fact  that  during  Holocene warming, the 
depth of seasonally  thawing  increased. It'was 
accompanied by the.  transition of  viable 
microorganisms  down  the  section; their number 
was  maximal  on  top  of  the  underlying  never 
melted frozen Edoma  suite.  During cool 
periods,  the top  of the permafrost  went up, 
and cells  accumulated at intermediate  depths. 

When  thermo-  and  cryochrones occur one 
after another  on  the  stabilized  surface,  each 
new thawing  overlaps  the previous one. I f  a 
new thermochrone causes a deeper thawing, it 
eliminates  the  peak of microbial  number 
corresponding  to  the  previous  thermochrone and 
provides  the  development of a n@w one at a 
greater  depth. If  thawing  is less strongla new 
peak  will  develop at a depth  lower  than the 
previous  one. Therefore,  the deeper in  the 
sect ion is the  peak a€ t h e  microbial  number, 
the  older  is  the  thermochrone  it corresponds 
t o .  This was  exemplified by the surface 
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horizon and ales packages thawed during 
Holocene optimum, i.e.we showed the border 
between the frozen deposits o f  Late Holocene 
age and underlying  Late  Pleistocene  frozen 
thicknesses. It is  interesting  that:  the  border 
i s  marked not  only by  the  number of viable 
cells but  also  by  the  qualitative  variability 
of microbial  spectra an.d physiological 
peculiarities. 

CONCLUSION 

Using  the  microbiological  and 
biogeochemical  approaches,as  well  as 
traditional  and  appropriate  geological 
methods,  it is possible to distinguish  the 
paleoecological  conditions of different 
geological  periods  within  permafrost  areas 
(Gilichinsky  et all 1988,1989, 
Gilichinsky,l990). In the  present  work it was 
shown by  example  of  the  boundary  between 
sediments  which  melted  during  Holocene  optimum 
and  those of Edoma suite, SimularJr as the 
depth of today's  summer  thawing of tundra 
'cryosols  corresponds  to  the  modern  climatic 
conditions,  the  depth o f  Holocene  thawing  also 
correspond  to  the  climatic  regime at that 
time.The-results obtained show that  methane  is 
a  marker of paleoconditions  while, C02 
distribu,tion  in  frozen  thicknesses  cannot 
serve  as  that. It  is  planned  to  confirmed  this 
work to reconstruct  the  dynamics of frozen 
soils  in  the  vertical  section  and t o  establish 
the  level of thawing  of  Late  Pleistocene  and 
other  long-term  thermochrones. When 
determining  the  depth  of  thawing  it  might be 
unimportant  what  factor,  either  climatic  or 
geologicallhas caused  the warm wave. 
Therefore,  the  above  considered character of 
the  distribution of microorganisms  and  methane 
in  the  subsurface  sedimentary  thickness 
conditioned  by  the  climatic  optimum,  makes i t  
possible to determine  the  bottom of the 
earlier  existed  and  then  newly  frozen  lake 
pseudotalics.The  microbiological  and 
biogeochemical  data  obtained  on  syngenetic 
those on epicryogenic  thicknesses,  make it 
possible to employ such an  approach to 
establish  the  paleotalic  zones under,the pra- 
rivers  and  thawing  levels of permafrost  during 
sea  transgressions. 

EXOBIOLCGXCAL SEANCE:Icy caps on  Martian 
pales  isolate  the  underlying h c k s  from 
negative  temperatures  prevailing on the 
surface  (AntArctica or Greenland).  The 
amplitude o f  their  asci-llations  and  the  depth 
of their  penetration on equator or  middle 
latitudes  reduce  sha,rDly  because  Martian  dust 
(the same way as finely-dispersed  soils  in 
Arctic). As a result,  in  any  cases  the  depth 
temperatures o f  Martian  permafrost  approximate 
the  Earth'ones.Therefore  Martian 
cr)iolithosphere  contains  the unfrosen water 
films  surrounding the mineral  particles  and 
rigidly  associated  with  them.  On  the  Earth, 
the  viable  microorganisms  are  preserved in 
such  an  ecological  niche  "in  situ"  during  the 

geological  significant  period o f  t h e  up t o  
the f irst  million  years.  Probably,  such a 
mechanism  can work by 2-3 order of time 
longer: up to billions years,In  this  case the 
Earth  permafros - environment  inhabited  by 
microbes-  can  be  considered as a model of the 
Martian oneland the  viable cells in permafrost - as the  analogues of potential  habitants of 
Martian  frozen  sequences.  The latter protect 
the  cells  from  the  lethal  influence of 
radiation.  The C02 presence,as well as  sharp 
temperature  oscillations across 0 C, i s  not an 
unfavorable  factor €or  cells  preservation 
because  this gas and  these  processes  are  also 
found  in  permafrost  thickness o f  the Earth.And 
if the  life  existed  on Mars  during  the  early 
stage  its  develQpment,  its traces in  the  form 
of microorganisms,  might be discovered in  the 
depth of Martian  permafrost  (Gilichinsky  et 
all 1992). 
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CONSTRUCTION OF BUILDINGS ERECTED ON SURFACE-TYPE SPACE FOUNDATIONS DESIGNED FOR PERHAFROST 

* Ju.M.Goncharov 

Permafrost  Institute  of  the  Siberian  Branch 
o f  the  Russian  Academy of Sciences  lgarskaya  Research  Permafrost  Station 

The report  covers  the  problems o f  construction  and  use of buildL1gs  erected  on  sur- 
face-type  space  foundations  making  use of the  interlayer,  which  enables  a  consider- 
able  reduction  of  cryogenic  processes  in  case of thermal  and  mechanical  interaction 
of buildings  with  the  frozen  base.  Observation  results  related  with  the  use  of  build- 
inga  are  presented.  The  results  of  providing  the  thermal  conditions  for  the base 
soils  during  construction  period  are  analyzed. 

One of  the  trends  in  improving  foundation  en- 
gineering  on  permafrost  is  the  developing  and  ex- 
tending  the  application  field of  surface  type  ven- 
tilated  space  foundations  making  use  of  the  inter- 
layer,  which  enables a considerable  reduction of 

mechanical  interaction of buildings  with the 
cryogenic  processes  in  case of thermal  and 

frozen  base. 
The  interlayer  under  the  space  foundation 

enables : 
to confine  or  eliminate  completely  the  layer 

of seasonal  thawing  in  the  underlying  frozen  soil 
of  the  base  in  case of the  construction  according 
to  principle 1; 

to reduce  considerably  the cryogenic proces- 
ses, which  cause  soil  deformation  and  heave 
within  the  confined  depth  of  seasonal  thawing 
under  the  footing  of  the  interlayer. 

tion  (A.c. 670683 USSR, M I  D E02 27/02 Founda- 
The  space  structure  of  the shell-type founda- 

tion  (Goncharov  Ju.M.,Tregubova L.L., Poleshchjuk 
V . L . ,  1979)) is a  folded  slab,  the  folds  of  which 
are  used  for  foundation  ventilation  in  order to 
preserve  the  frozen  state of the  base  soil.  The 
shell-type  foundation  is  erected  of  precast  mem- 
bers  (may  be  also  cast-in-situ) on the  interlayer 
13 (filled  soil),  which  is  arranged  between  the 
foundation  and the frozen  soil  of  the  base  formed 
of  non-heaving  material. 

The  shell-type  foundation 1 (see  Figure 1) is 
assembled o f  separate  reinforced  concrete  members 
with  protruding  base of working  reinforcement 
around  its  perimeter.  The  members  consist of the 
upper  thickened  horizontal  beam f o r  supporting 
the  walls,  panels  (Figure 1 f )  of  the building, 
which  turn  into  two  thinner  inclined 160 nun 
slabs,  which  change  into  the  lower  horizontal 
slabs. 

Between  the  inclined  slabs  within  the  internal 
hollow  (cavity) of the  member  there  are 
strengthening  stiffness  ribs 2 (Figure 1 c ,  d, e, 
€ 1  - 

The  structure of this  foundation  is  rigid 
enough,  therefore  the  uneven  deformations of the 
base do not  practicaly  change  the  quality  of the 
stress-strain  state ot foundation mePlber5. 

The distribution  of  loads  on the foundation  in 
accordance  with  the  deformation  properties Of in- 
homogeneous  base  contributes  to the perforfor- 
mance of the  space  structlre. 

Depending  on  the  structural  and  technological 
features  of  the  buildings on intermediate  layer 
there  socle  part  (Figure 1 a, b, 9). 

For  buildings  provided  with  technical  floors 
(for  laying  engineering  pipelines  and  cables), as 
well as for  connection  with  engineering  pipelines 
at building  floor  level,  the  socle  parts  is 
designed  of  the  shell-type  foundation "and the 
floor  slabs  (Figure 1, a),  which enables to pro- 
vide  cooling of base  soils  due  to the folded 
shape  of  the  foundation,  the  upper  cavities of 
which  serve for natural  cold  air  ventilation. 

For  buildings  without  technical  floors  and 
frame-type  buildings  the  folded  slab  serves as 
buildind  foundatioc,  and  the  combination of walls 
(or aafety  bracing  in  frame-type  buildings)  with 
floor  slabs  (Figure 1, b)  forms a blown  through 
service  space  in  the  socle  part  of the building 
used f o r  pipeline laying.  This  underfloor  duct  is 
ventilated  through  the  vents  located  around  the 
building  perimeter.  The  columns  in the frame-type 
buildings  are  erected  over  column  footings  which 
are  cast-inasitu  and  installed  on a thickened 
part  of  the  horizontal beams of  the  shell-type 
foundation  (Figure 1, d). The  stiffness of the 
shell-type  foundation  in  longitudinal  direction 
is provided by the  internal  and  external  (Figure 
1, b, 7 and 2 )  stiffness ribs. 

I n  production  buildings  the  socle  part of the 
foundation  consists of the  ventilated  folds  in 
combination  with  ventilation  ducts,  which are ar- 
ranged  either on the  fill  (Figure 1, g) or right 
inside it (Figure 1 h). 

The  first  buidings  on  similar  foundations  have 
been  erected  and  used  in  Igarka (in Krasnoyarsk- 
area).  This  work  has  been  further  developed  and 
applied t o  the  industrial  region o f  Norilsk.. 

Two residential  houses  on  shell-type  founda- 
tion  have  been  built  in  Igarka  in  unfrozen  water- 
saturated  clayey  silty  loams  and  sandy  silty 
loams  with  deformation  modulus of the base E - 
3 . 4  m a .  
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Figure 1. 5tructuraL  designs o f  space,  ventilated,  shell-type  foundations 
a - for bearing  walls; b - for columns  of  framed  buildings  with  an  aerated  underfloor space; c - longitudinal 
section  of the foundation  fold  under  the  bearing  walls:  d - do, under  the  columns;  e - precast  member of 
the  foundation  for  bearing  walls;  f - do, under  the  columns: g - for  production  buildings  with  the  floors 
over the  soil for the  bearing  walls;  h - do, under  the  columns. 
5 - floor  slabs; 6 - wall beam; 7 - stiffening  rib; 8 - ventilation  duct; 9 - jib cap; 10 - concrete  floor; 
1 - shell-type  foundation; 2 - stiffening  rib; 3 - cast-in-situ  portion; 4 - low-strenght  filling  material; 
11 - heat  insulation; 12 - vents; 13 - intermediate  layer  (fill); 14 - top  of p@IInafKOSt; 15 - concrete 
blind  area. 

To study the deformation  character of the  base 
and the  fill  and,  accordingly,  the  settlements of  
the  shell-type  foundation the residential  houses 
were  provided  with  depth  and  surface  bench  marks 
(Figure 2 ) .  Deep marks were located  at  depths  of 
1, 2 ,  3 and 5 m  in  the  middle  part of the build-  

along one of i t s  longitudinal  and tranavexse 
ings between the foundation  folds, as  well  as 

walls, while  the  surface  marks - in  the  brickwork 
o f  the  building  socles  along  the  longitudinal  and 
transverse  walls  at  the  level o f  the  upper  founda- 
tion  edges. 

The  maximum  non-uniformity  (difference) of set- 
tlement  for  house No. 1 (axis E) was 4 4  mm, and 
for  house No. 2 (axis A )  - 33 mm. The  non-unifor- 
mity  of the settlements  along  the  lenght of  the 
buildings  caused  the  tilt of the foundations 
which for the two houses was 0.0016 (which  is far 
less that the allowed  value of 0 . 0 0 5 ) .  

Bend analysis  of  the  shell-type  foundation  has 
shown, that  there was a  slight foundation  bend of 
0.00043 in  house No. 1, and, on the  contrary - 
asymmetrical.  bend  of 0 . 0 0 0 7 2  in house No. 2 .  The 
indicated bend values  are far less  than the ul- 
timate  values  allowed for brick  buildings  without 
the  wall  reinforcement - 0.001. 

From the graphs  one can see that  the  absolute 
settlement  values of house No. 2 foundations ex- 

ceed  those  of  house No. 1. The  settlements  in 
hohse No. 1 nave  almost  ceased  by the mid  of 
November 1988, whereas  in  house No. 2 they  still 
occured. 

The  average  settlements  around  the  building 
perimeters  also  vary.. In  the mid  of  November 
1988 the  average  settlement in house No, 1 was 
8 . 7  cm  and  in  house No. 2 - 12.7 cm. In house No. 
1 the  average  settlement  is  less  than  the ul- 
timata  permissible  value (10 cm), and in house 
No. 2 it exceeds  this  value  by 2.7 cm. 

values  and  dampening rates  is  explained  by  the 
greater  compressibility  of the base  soil  under 
house No. 2 .  

Let's  examine the  base  deformations  according 
to the  entire  depth (Figure 2 ,  e). The  measure- 
ment  has  shown  that depending on the  depth  one 
can  observe.settlement daping for all the marks. 

The  deformations of the fill  within 1 m  and 
under  the  foundation  footing  are as a rule 

to greater  deformations than that  under  house No. 
similar. The base  under  house No. 2 is  subjected 

1 which  resulted  in the greater  absolute  founda- 
tion  Settlements of this house. 

The  average  monthly  rate,  based on the mean 
foundation  settlement data was 2 . 8  mm/a month  for 
house No. 1 and 3.8 m / a  month for house No. 2 .  

The  difference  between the absolute  settlement 



a. 

b. 

d, 

e. 

C. 

D 

Figure 2 .  FoundatiLil and soil  base  settlement  curves 
a - longitudinal  building  section; b - layout  scheme of experimental  houses  and  deep (a circle),  surface (a 
triangle) marks and a bench mark ( a  double circle); c - foundation  Settlement  curves  for house No. 1; d - 
do, fox  house No. 2 ;  e - do, deep  marks 

1 - foundation  fold; 2 - cast-in-situ  portion: 3 - insert 

During  the  next  years  the  absolute  settlements 
and  their  rates  have  notably  reduced.  Thus,  for 
instance,  the  avecage  monthly  rates of the  settle- 
ments for house No. 1 were  from 1984 to 1985 - 
0 . 4  since 1985 till 1986 - 0 . 4 4 ,  since 1986 till 
1987 - 0.26 and  since 1987 till 1988 - 0 . 0 6  mm/a . 
month,  and  for  house No. 2 accordingly 0.84, 1.1 
and 0.14 mm/a  month. 

A heat-insulated  garage  building  has  been 
erected on ice-rich  high-temperature  frozen 
soils.  The  garage was built on shell-type  founda- 
tions  combined  with  ventilation  ducts  in  the  town 
of  Igarka  (according to the  strutural  gcheme, 
shown  in  Figure 1, 9).  The  three-year  uae of the 
building  has  shown,  that  during  the  summer-autumn 
period  no  thawing  of  the  frozen  base  under  the  in- 
termediate  layer (1 m  thick)  took  place.  The sys- 
tem  of  foundation  ventilation  provides  the  design 
temperature  conditions o f  the  base  and  the  zero 
isotherm  does  not  sink  below the interlayer  foot- 
ing. 

For  construction of a  building  with  a  non-insu- 
lated  underfloor  sFace  up to 2 m  high  according 
to the  scheme  giver;  in  Figure 1, b  in  the  town  of 
Norilsk  use  has  been  made  of  a  castin-situ  shell- 
type  foundation  structure. 

A frame-type  four-starey  building  with  curtain 
wall  panels  has 18x54 m plan  dimenaions. 

The  shell-type  foundation  is  divided  by  defor- 
mation  joints  into  three  blocks.  The  concentrated 
loads  from  building  columns  are from 10.1 to 21.6 
kN. 5 

The  intermediate  layer  was made in two stages. 
The  first  stage  included  soil  filling  operations 
to  level  the  site  surface:  the  second  stage - 
making  the  intermediate  layer  with an average 
height of 4 m  and  ramming  in  layers. 

tive  outside air  temperatures and the soil mix 
The  first stage  operations commenced at nega- 

temperature  (rock  fractions from 10 - 15 to 50 - 
6 0  cm with  additions o f  clayey silty loam) averag- 
ing to 0.5"C. 
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Figure 3. Foundation  settlement. 
1 - top of permafrost - 1992; 2 - top  of  permafrost - 1989 

During the first  stage  (filling  operations) 
the  weather  was  relatively  cold:  from -8  to -18OC. 

The  fill  .density  was  analyzed  by  determining 
the soil density  in  a  filled  and  consolidated 
state, as well  as  the granulometric  composition, 
the  soil  humidity, the content of  clayey  and 
silty  particles. 

The  further  filling in layers  at  the  second 
stage  was done at a  temperature of - 2 0 ' ~ .  Use  was 
made  of  a  olean  rock  with 2 0  - 30 cm  fractiona 
which  was  consolidated by a  vibrating  roller  to 
the  design  elevation. 

After  the  intermediate  layer  was  formed,  the 
operations  by  making a cast-in-situ  shell-type 
foundation  were  started. 

To provide a continuous  concreting of the 
space  foundations the latter  was  divided  into 
three  parts,  each  of  which  corresponded to the 
dimensions of the temperature  block. The first 
technological  section  on  the  temperature  block of 
the  foundation  consisted of horizontal  slabs  and 
1/3 inclined  slabs,  the  second - 2/3 inclined 

slabs,  horizontal  foundation  beams  and  vertical 

type  foundation was followed  by  shuttering  work, 
rigidity  diaphragms.  The  concreting  of  the  shell- 

erection of  jib cap and  wall beam reinforcement 
with  their  subsequent  concreting. 

The  observation af the  base  soil  temperatures 
during  the period from 1989 to 1992 inclusively, 
has  shown  that:  firstly,  there  occured  a  complete 
soil  freezing  of  the  base  below  the  fill  footing 
(before  the  commencement  of  work on making  the  in- 
termediate  layer  there  was  a  seasonal  base  thaw- 

the  soil  temperature  by 0 . 2  - 0.5-C on the 
ing) and  besides  there occured the lowering o f  

average.  The  foundation settlements are  uniform 
and do not, as a rule, exceed 2 cm (Figure 3 ) .  

Goncharov Yu.M., Tregubova L . L . ,  Poleshchuk V.L. 
(1379). Patent 670683 USSR MKI D E02 2 7 / 0 2  
Foundations.  Discoveries,  Invention? N. 2 4 ,  p.  
103. 
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mCfllll3ISHS OF LAYER STRUCTURES GROWXNG DURING GROUND PREE2ING 

Yakov  Gorelik  and  Vladimir  tolunin 

Institute of the Earth's  Cryorrphere g.b. 1220, w e n ,  625000, Russia 

Experimental data obtained allowed to present  characteristic time - dependencies 
u p h  the temperature inside a porous  filter  and the rate of ice graath on the 
 filter)^ eurface. Their correlation  was  determined  during  stationary ice growth and 
during ice penetration onto the filter a pores. The  latter is related to a sharp 
decrease in the rata of ice growth  and a aharp increase of the filter'ir teperature. 
This obviously proves that the process  of a non-streaky  zone formation during ground 
freezing is unstable, whereas ice  lensing  is a stable  procesm, depending on disturb- 
ing  factors. On this basis a comprehensive model is suggest  for calculation of ice 
accumulations within freezing ground. 

By present two trends for explaining layer 
grounds  proved to-bc valid  both theoretically and 
experimentally. The first is based on a vacuum 
filter  mechanism of moisture transfer towards a 
freezing  front, and is well illustrated by  G.M. 
Feldman (1988) in his experiments on ground 
columns  freezing. According to this mechanism 
necessary conditions for ice layer growth in 
ground  are:  first, temperature fluctuations  on 
the  boundary between thawing and freezing  zones 
within a sample frozen from  above,  and,  second, 
cohesion  of a frozen part of the sample w i t h  the 
walls of a ground containing cassette. 

searches demonstrate an alternative mechanism  for 
ice  Layer  growing. Among those researches are ex- 
periments on ground columns frazen from  beneath 
(Zhestkova  and Schur 1 9 8 0 ) ,  on isothermal ice 
growing above porous filters (Biermans et  al. 
1978) ,  and the experiments carxied  out by the 
authors (Figure 1) in the absence of  cohesion. An 
alternative mechanism is  based on power interac- 
tion  between ice and mineral substances within 
the  ground through the film of unfrozen water. 
This mechanism presents the second txend accepted 
by a number of scientists (Eilpin 1980; Gorelik 
and Kolunin  1989; Grechishcev 1979:  Derjaguin  and 
Churaev 1980; OrNeil and Miller 1985). Works  Gil- 
pin (1980), OfNeil and Miller (1985) present 
analytical models for calculating parameters of 
layer structures formed during ground  freezing. 
Essential  in calculations is the presence of ' 

frozen fringe beneath a growing ice lens.  Re-dis- 
tributfon of tension between solid compounds  and 
unfrozen water results in release of the ground 
carcasa at a certain point within this zone, iden- 
tifying thus ice lensing. Structures formed  ac- 
cording to these models appear to tie thin-layered 
with  nax, size of ice lenses 1-2 m. But at a cex- 
tain  depth they are finished up with a thick ice 
lens corresponding to its stationary growth. 

The formation of ice lenses with the ultimate 
thickness of 1 cm within the framework of these 
models is hardly ever possible. That  is  why  an 

Nevertheless a number of experimental re- 
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analytical  description of layer  structures  within 
natural  qround  requires  additional  studies. 

in model syatems  show  that  this  process i s  rather 
Experiments  on  ice  growth  above  porous  bodies 

stable  and can be  stopped  by distabilizing  chan- 
ges  in outside conditions.  This  determines the 
most  probable  mechanism of ice  lensing  with 
notable  thicknesr of lenses  within  frozen  ground 
systems. Experiments by Ozava and Kinosita (1989) 
on  ice growth on thin  porous  membranes  show  that 
the formation of ice  crystals is not  followed  by 
their deep penetration  into a porous  body.  This 
practically means that  during  stationary  ice  lens- 
ing a freezing zone i s  absent.  This is also 
proved  by the data on thermal  regime  inside  the 
filter during stationary  ice  growing  and  during 
ice penetration inside the filter  unless the 
process is utabla  (Figure 2). The  general  scheme 
of our experimental  layout is analogous to that 
used Biermans et al. (1978). The  operating  filter 
with  installed  thermocouples  was of the diameter 
22 mn and of the thickness 5 mu. Besides the 
device  wan  equipped  with  automated  registration 
of temperature and moisture  levels  within the 
measuring tube bend (Figure 2). During  stationary 
ice growth the temperature at all  points  inside 
the filter is lower  than the temperature of 
penetration  identified by the fold-point  on  the 
curve for Level 3 (figure 2). A t  this point  the 
growth  rate o f  ice  decreases to zero,  while  the 
temperature at  different  points  within  the  filter 
simultaneously  goes up to the value  corresponding 
to the freezing  temperature of the filter capil- 
laries (curves 1-2). stationary  ice  growth  can be 
distabilized  by  temperature  changes or by changes 
in pressure upon ice. Further  increaae in liquid 
level is connected  with  pressing of water  out af 
capillaries by growing i c e  crystals.  It  seems 
clear that sharp changes  in  parameters  would  be 
impossible if the process  were  accompanied by  ice 
penetration into the pores with the formation  of 

occur only after stationary ice  growth its dis- 
a frozen zone.  The  formation of a frozen zone can 

torted. A t  the time zo ice crystals  penetrated 
through the filter  became visible at the filter's 
bottom. 

-t t f  

Figure 2. Scheme of installation of thexmoregisters 
inside the filter and changes in temperature  (curves 
1-2) and in drop of the liquid  level in a gauge tube 
(curre 3 ) .  

We suppose  that  the  formation of a layer ~truc- 
ture during ground  freezing under natural  condi- 
tions  should  occur  according to the following 
scheme: growth  of  an ice lens  of a notable  thick- 
ness proceeds in a stationary  regime.  The  bound- 
ary between  frozen and thawing  ground  (freezing 
front)  coinbides  with the lower  boundary of a 
growing  lens, 1. e. a frozen  zone is  absent. 
During this perid the  ground  temperature 
nonotonously  changes  with  depth  from the min 
value at the front  ti < Ooc to the max t, 2 ooc 
at a point  remote from the  ground  surface.  Water 
in the ground  pores  adjacent to a freezing  front 
on the aide of thawing  ground is super cooled to 
the temperature lower than the initial  freezing 
temperature of the pores  tR 0%.  

in outside  conditione the rtability  of  ice  lens 
As a result  of a cyclic or  spontaneous  change 

growth is distorted,  resulting thus in penetra- 
tion of ice into the ground  pores  and  partially 
in the super cooled  water zone.  Due to in- 
stability of this process  and  in  accordance  with 
Pig. 2 the temperature goes up in the initial 
freezing  zone,  which  contrasts to the data 
presented  Gilpin (1980), O'Neil  and Miller 
(1985), where the calculated  temperature 
monotonously goes down  in a frozen  zone. 

The  question of  the location of a new lens can 
be settled  on the basis of the  criterion  for the 
carcass  release ( (7. = 0, #a  - tension in the  car- 
cass). But the question  requires  further  thorough 
investigations in compliance  with  actual. 

The  present  investigation  covers  only  condi- 
tions  for  stationaxy growth of ice  lenses  leaving 
aside  aspects  related  to  formation of a new  lens. 

First, we are  interested in a quantitative 
description of an  experiment  on  ice  growth  in a 
pure modal situation  (Biermans et  al.  1978). 

Figure 3. Scheme of experimental  layout of Biemana 
et al. (1978) 1 - a glass tube; 2 - water; 
3 - porous  filter; 4 - ice  column. 

The  scheme of an experimental  device  presents 
a tube of a U - f o r m  with a porous  filter  fixed  in 
its  left bend (Figure 3). The  initial  liquid 
level  allows  for a creation  of a thin liquid 
layer  above the filter.  Independent  pressure 
regulation i s  deriigned in the tube channels.  The 
tube  was  placed  in a bath  with  distilled  water 
used  au a tbermoatat. The temperature in the 
themoatat was kept  constant  in the range 



-a, 01 - -Q .os0c. at t h  initial 1o~tnt a priming 
in  the form of an ice crystal was put in a liquid 
layer  above the filter. Then tha rate  of station- 
ary ice growth was meaaured dependent  upon pres- 
sure differences in channels  at  the fixed tempera- 
ture of surroundings. The  authors of the experi- 
ment present the necessary parameters and chasac- 
teristics of  the filter used. 

figure 4 shows the diagram for ice-water film 
equilibrium (as = 0, a = lo5 Fa). Figure 5 
presents  dependence of a summary  flow  through- 
the  filter  upon  pressure P in  the right bend of 
the  tube  at a constant  pressure  in  the left bend 
a = 10' Pa and at  different  temperatures of sur- 
roundings. 

Here are  equations for a quantitative analysis 
of moisture  transfer  in the discussed experiment. 
Initial are  two  correlations  for equilibrium at 
the phase boundary: 

u = Pf t n(h) (1) 

which, correspondingly, present the  conditions 

tween  ice  and  water film near  the solid surface 
for a mechanic  and  thermodynamic equilibrium be- 

of the filter. Here Pi is pressure in the film,/a 
is pressure upon ice, n ( h )  i s  disjoining pressure 

- 0,z 
Figure 4. Line  of  equilibrium between ice and water 
film. 

between sol id  surfaces  dependent  upon the film 
thickness h (Derjaguin et al. 1 9 8 5 ) ,  tr is the 
temperature at the phase boundary, To is the ab- 
solute  equilibrium  temperature of volumetric 
phases of water  and  ice  at the normal pressure 
Po = l o 5  Pa, p and p i  are  ice and water density, 
aris specific heat of  ice melting. Conditions  for 
a mechanical  equilibrium presented in formula (1) 
indicate the absence of a frozen zone, i.  e. the 
scheme i s  used without  ice penetration into  the 
pores. 

For further  consideration it is necessary to 
give a function of the power interaction between 
solid surface  n(h) (diI3jQining pressure). It 
should be noted that  at present there. are no reli- 

able data t~ailabh for a defFnite Ctroice of fanc- 
tional dependence n(h). 

Nevertheless some experimantal results, as 
well as certain approximations of the DLVO theory 
make it possible to present this  dependence  in 
the following generalized way: 

n(h) = A/ha , (3) 

where A and a are constants. 

following correlation: 
Combination of equations (1) and (2) gives  the 

n(h) = - - p w  iEtf 
=o " 

+ (1 - E ) u  I 

which, if (3) is taken  into account, determine 
the dependence of the film thickness  upon  the out- 
side pressure and the front temperature. 

Heat exchange between  the phaae boundary and 
surroundings is described by the equation: 

q = Z(tf - t.) I 
1 -  

where q is the heat flow from the  phase boundary, 
d is the filter thickness, t4 is the thermostat 
temperature, 1 is the effective coefficient of 
heat transfer that reflects  different  conditions 
of heat exchange between  the  boundary and sur- 
roundings. 

Figure 5. Dependence of the  water flow upon  pressure 
at a fixed temperature  of  the surr0undings:O - t. 
3 are corresponding calculated curves. 
= -0 .05OC; m -  t4 = -0.04OC; A - ts -0.03°C. 1, 2 ,  

The liquid flow  density 9 is determined by the 
equality: 

0 = C(P - Pi) , ( 6 )  

where c is the coefficient of hydroconductivity 
of filter - film channels in between  ice  and the 
filter surfacer 

where cg is the proper hydroconductivity of a fil- 
ter section unit, ct i s  the  hydroconductivity of 
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the film that  should be calculated by a certain 
scheme for a liquid flow  in  the film (Figure 6 a, 
b). 

Liquid  coming to  the film out of a *ingle 
capillary  spreads  over  in  radial directions from 
a capillary'a mouth  and i s  hampered at the  outer 
contour by counter  flows  coming out of adjacent 
capillaries. At the  upper film boundary the 
upstream liquid flaw  is  different from zero. Such 
a etructure of the  flow  can be described in terms 
Of velocity vr(r,z),vz(z). The pressure near a 
single  capillary  is  determined by the function 
P ( r , z ) ,  where r and z are, correspondingly, 
radial  and.linear  coordinates  within  an annular 
zone near  the capillary. 

Figure 6. Scheme of the film  water flow between ice 
and water  surface; a - separate capillary section; 
b - plan view; 1 - capillary, 2 - braking zone of 
flow. 

sible liquid flow  within  the frameworks of the 
The  solution of the  task  for viscous incornpres- 

above mentioned scheme allows to express hydrocon- 
ductivity of the film: 

cf = cfq nh3=chH3 , 0 -1 
( 8 )  

where n i s  a number of capillaries per a filter 
section unit: q i a  the liquid viscosity; cp is 
the  numerical  multiplier of order 1 dependent 
only on  the  correlation of the  radii within an  an- 
nular  zone of the liquid flow near a single capil- 
lary. 

Under  the  conditions of the stationary flow 
the  values of q and 9 are connected by the COK- 
relation: 

q = xpvq . (9) 

The set of equations ( 2 ) ,  ( 4 ) ,  ( S ) ,  (6) is 
closed  as  regards  unknown Q, tr, Pf, h and 
equalitietr ( 3 ) ,  (7), (8),.(9), and makes it pos- 
sible to investigate the rnfluence of the  outside 
parameters ut P I  t, upon  the  flow 9, The equation, 
for t r  can be derived  from the system: 

where c should be expressed  through tf by correla- 
tions (7), ( e ) ,  (3) and (4). 

The analysis of (.he results  should  embrace con- 
ditions under  which  the  exgariment  was  carried 
out: P < 0, u = 0. After  the  solution o f  equation 
(1) relatively to t f ,  the  flows  in  the system are. 
described by equations (5) and (6). Let us mark 
the leff: side  of  equation (10) through fh (func- 
tion of the heat flow), and the right  side - 
through fn (function  of the  mass flow). Relative 
configurations of the  functions fh and fn are 
shown in Figure 7. The point of intersection  of 

Figure 7. Graphs of the functions of heat and  maas 
flows fh, fs. 

the graphs identifies the .solution of  equation 
(10). As can be seen from  the  graphs the flow den- 
sity Q goes up to  the maximum  value and then  down 
to zero, provided the  temgerature  of  the aurround- 
ings t, goes dawn (from 0 c )  and the pressure P 
is constant. Decrease in  the pressure P at a 
f ixed temperature t. results  in a decrease  in  the 
mass flow. For aome pressure values the root of 
equation (10) is tf = tc, while  both heat emis- 
sion  and  maisture  transfer  turn to zero (q = 0 ,  
Cg = 0). The last condition  makes it possible to 
immediately create an experimental graph of equi- 
librium in the system. With further  decrease in 
preasure the  temperature at the front becomes 
lower than  the  temperature of the surroundings 
(ti c ts) and the  flow  reverses  its  sign  (ice 
melting occurs). 

tive  dependance of the  flow 9 upon ouiside fac- 
tors. Calculations prove that  calculated  curves 
can be well applied to experimental  coordinates 
at  any value of a within  the  range 1 5 a 5 2 .  

Figure 5 demonst-ates as  an  example  calculated 
curves of the  flow at a = 2. The parameter A = 
4.4 * 10-1 2N was derived from available  experimen- 
tal  data for the  thickness of  an unfrozen  water 
'film at negative temperature. The value of 
hydroconductivity in (8) was  assumed  as ch = 
7.3-1012s/(kg+m) , and the coefficient of heat Con- 
ductivity was detemined as 1 = 4 W/(m*K). 

We should like to mention  that  the analysis 
given above prorea it valid that hydroconduc- 
tivity of the film should be chosen in form ( 8 )  
and disjoining pressure i n  form (33,  which 

These considerationa seam to explain a qualita- 



in compliance with the reuults present4 Gilpin 
(1980). The above mentioned  characterintics of 
the film are furkher used  for the,description of 
ground  systems. 

It should be noted  that at a certain  copbina- 
tion of parameters in the system  three  roots of 
squation (10) are possible. Thim  situation in con- 
ceivable, far example, at mall value. of the 
heat mmission coefficient  or  under the conditions 
trl <e It.1. In this cane two extreme point8 of 

conditions. In fact, time dependence of the film 
nteraection in the graph  correspond to stable 

thickneas in a  nan-stationary  regiae can be repre- 
sented  from some initial value ha i n  the follow- , 

ing , 

1 

h - h o - $ * + i W t ,  (11) 
a 0 

where  functions q(r)  and @(?) are  determined by 
equation8 ( 5 )  and ( 6 )  and are time dependent: 
through the temperature tr. 

After  performing  differentiation of (11) with 
respect to time we receive the expremsion for the 
rate of chatigea in the film thickness  that  can be 
represented by the functions of f h  and, fr. 

i#?'py- f m  - fh dh 
. d7 (12) 

Equation (12) readily  confirms  that small 
temperature deviations near two extreme  roots of 
equation (10) bring the system  back to the ini- 
tial utate.  And, vice versa,  theue  deviations 
near the middle root lead to an  increase  in  devia- 
tions. 

Tha,queetion  of absolutely  stable  states au- 
sociated with the minimum and  maximum  roots  re- 
quires  special  consideration.  The  experimental 
evidence  however  indicates  that  a  decrease in the 
temperature of the surroundings t. leads to an  in- 
creaue of the flow 9, other  conditions  being 
equal. This means that in  reality  thia  situation 

means (and i s  proved by calculations)  that  during 
correspondb to  the maximum root.  Besides  this. 

natural  processes the value  of tf i s  cloae to O°C 
(makes up the tinielrt parts of a degree). For ex- 
ample durinb ground  freezing the correlation 
ltrl << 1t.l is as a rule true,  where tr should 
be arsociated with the temperature at the ground 
surface. In the latter care-the graph  of the f h -  
function in Figure 7 presents  a  straight  line 
parallel to abscislsae. 

paranetera (for example a  gradual  decrease  in  the 
temperature t.) it is possible to create  such  a 
position  that the function of f a  be a  tangent to 
the  function of fr st a certain  point (a dotted 
line  in Figure 7). The further  changes  result by 
a rapid leap in a situation  where  no  stationary 
solutions  are available for equation ( l o ) .  This 
can be attributed to the loss of stability  and 
the  beginning of ice penetration  into  ground or 
filter pores. 

In case  when the non-equality Itr I <c Ite 1 is 
true and Pydroconductivity of the  filter  can be 
neglected  as compared with  that af the  film,  the 
stability  criterion for the system can be 
presented  obviously: 

Through monotonous changes in  outside 

- h / d  5 2cha?ppw(a/3)1.5(-P)-" . ( 1 3 )  

point i 8  determined by: 
The  temperature of penetration at the freezing 

Condition (13) may as w e l l  be a, critexion of a 

the crymtallixation front. In thi8 came the viola- 
stable  puuhing  away of admixture  particles  from 

tion of wndition (13) aorreupondr to aapturing 
of admixtures. In  more  complicated  cames the 
determination of ntability  condition8  requires 
numerical  caleulation8. 

In compliance  with the above mentioned  con- 
sideration we shall be able to present the estima- 
tion of the size of an ice lens grom at a: depth 
e during  semi-infinitesimal  ground  freezing  with 
the murface  temperature  being constantly negative 
(Figure 8). Far the sake of' simplicity let u8 

Figure 8. Scheme of  ice  lensing  in the ground  system 

growth. 
a - &t the initial' moment; b - during  atationary 

consider  that the thawing part of the ground i a  
homogeneous  as  regards the moisture  content  at 
the initial  moment  and  has the temperature of  . 
0%. The  pracess of ice lenaing CM be divided in 
two stages.  At the first  stage the temperature at 
the bottom  of the lens  is in the range 
t R  < tr c Ooc and ice does not penetrate in porelr 
of the thawing  ground, i. e. the frozen  zone is 
absent. The  second  stage  begins when the tempera- 
ture reaches ,a certain  value tn, while  ice 
penetration  into the thawing  ground  begins,  which 
causes the formation of the frozen zone of the 
finite thickness. At thiu moment the liquid flow 
on the lene  sharplydecreattee due to an increase 
in hydroresistance of ground  capillaries  partial- 
ly filled in with ice, The further  nutrition of 
the  lens  proceeds  through the frozen zone.  The 
major  part of ice within the lens is uupposed to 
accumulate  during t h e  first stage. 
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The pressure distributibn  in  the thawing 
ground is governed by the equation for the filtra- 
tion  consalidationr 

cv = kf/(gpva,) , (16) 

where g is  the acceleration of gravity; kf, a. 
are  correspondingly  coefficisnts of filtration 
and compressibility of the  thawing ground. The 
pressure in the depth of the thawing zone is Pw I- 0 .  

Confining to approximate distribution of 
Pw(z1?) and by introducing the radius of in- 
fluence Le(?) (Barenblatt 1954) 

Lp(T) .= (Cv?)l I I (17) 

we can  express  hydroconductivity of the  thawing 
zone cg through ita characteristics 

where B = {kfa/(pwg)}1.12. 

occurs during  Lens  growth  due to involvement of 
deeper horizons. The maximum of the function of 
the  mass flow fm determined by the right side of 
equation ( 10) with  the coefficient of hydroconduc- 
tivity c determined by ( 7 ) ,  ( 8 )  and (18) 
monotonously  decreases in time  due to a decrease 
in hydroconductivity cq. In a certain  time inter- 
val 71 the stationary lens growth is distorted, 
an& thus, the determination of the lens size is 
confined to identification of this  time interval. 

derive  for 21: 

Thus, a monotonous mcrease  in hydroreoistance 

Dwelling  upon  consideration  for a = 1 we 

where the rate  of freezing t' and pressure upon 
ice from above  the  upper ground thickness d is 
determined: 

5' = -It./(Sep,z); (I = y z  , ( 2 0 )  

where y is a volumetric ground weight. 

under stationary  conditions  can be determined 
through  correlation E 1  = p ' .  TI,. Introducing .a 
clear dependence  on z and taking  into considera- 
tion  (20)  we  finally  derive 

The size of an ice lena 51 grown at a depth z 

51 = [B 'yz2 (#  - P 2 ) q / p  , (21) 

where 

The analysis of equation ( 2 1 )  shows that dis- 
tribution of ths sizes of ice lenaes according to 
depth i s  of non-monotonous character  (Figure 9 )  
and at a certain depth  turns to 2610. Calcula- 
tions show  that  this depth determined through 
parameters of clay  formations  can make up dozens 
of meters. The  reason for the decrease in the 
lens size beginning  with a certain depth is the 
prevailing role of preanrure from above upper 
ground horizons that push  away  the migrating i n -  
flow towards the front. 

Figure 9. Configuration of the function of the 
distribution of ice lenses thickness  according to 
the depth of the ground section. 

In addition it is necessary to mention  that 
the  function of distribution  (21)  appear to be 
very sensitive to  the configuration of the func- 
tion of interaction (3). Thus, at a =2 for small 
z there  appears a zone free f r o m  ice lenses  grown 
in the stationary regiie. 
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OPTIMAL PARAMETERS OF I N T E F W U Y  PRESSURIZED OPENING IU PERHAFROST 

fgor E. Guryanov 

Pemafromt Institute, Russian Academy of Sciences Yakutsk 617018, Russia 

The  allowable  parameter limits for openings pressurized from the  inside - depth  of 
preesure, opening geometry  and  duration of off-loading. Contours of the limit equi- 
openings and minimum  pressure - are studied in relation to  the value of operating 
librium zone of ground, deformation of ground at the opening boundary and in the mas- 
sif are  calculated  in the elastic-plastic problems. The equations and plots 
presented enable  one to design openings with optimal parameters under various en- 
gineering conditions. 

The  new  methods of low  temperature  separation 
of natural gas and condensate generate a need for 
the  construction of underground non-shaft-type 
storage8 at a depth of hundreds of meters (Musaev 
1983). Thick permafrost ground provides tightness 
of storages, and the  occurrence of sands permits 
the  application of jetting technology  for washing 
out a  cavity  throungh  a  borehole  (Gaev et al. 
1986 ) . 

Our  task is to investigate the possibility of 
constructing underground non-shaft-type storages 
in the Middle-Viluy gas field area, Yakutia. The 
generalized geological-lithological profile of 
this  area is composed of the Cretaceous  deposits 
( X 2 )  below  the Quaternary cover. Monotypic 
deposits (sand and unconsolidated sandstone) ex- 
tent to 850 m depth. Permafrost  is 590 rn thick; 
temperature  changes  with  depth  can be represented 
by the form: 

e = - 3.1 + 0 . 0 0 5 ~  H ,  
where 8 - ground temperature, 'C; H - depth 

from the surface, m. 
Values of the  ultimate long-term strength of 

frozen ground are normally requixed to determine 
the stability of an opening. But we  applied  the 
method different from the  conventional  methad 
which requires  much  time  due to  the invariance of 
rheological curves. Uniaxial  compression  tests 
were performed on  frozen ground at a continuous 
loading rate of 5 - 10 kPa/hr; the rate of ul- 
timate defamation was not higher  than 0.001 
hr-'; and the  reaching of ultimate rrtrength was 
accompanied by a  sharp  increase in the  rate 
which  was  greater  than  that  in  comventional 
tests. At -5'C the  tent  results  are  as follows: 
the  mean  modulus of sand deformation E* = 60 m a ,  
the Porrsion's ratio vplue v -0.35. 

The  mean values of the  physical charac- 
teristics of the  frozen  sand  tested are: porosity 
coefficient e, = 0 . 1 5 ,  moisture  content S+ = 
0.96, density of  pore  ice p i  = 0.86 g/cma. With 
no air porosity and ice-cement consolidated  up to 
pi = 0.92 g/cm , the ultimate volume compres- 
sibility of this ground is E~ = 0.04. 

The test  reveal  that  the  mean  stress sig- 
nificantly affects the  strength of the-sand. So, 
the  results are rationalized according to  the 

Guber-Mises strength condition  relating oc- 
tahedral tangential stresses 7: to normal Ut 
stresses: 

r t  = c* + o*,tgp = 0 . 6  + 0.3140', , MPa. ( 2 )  

To extrapolate expression (2) which  was  solved 
at -5'C to any temperature, taking  into  account 
the recommendations given  in Manual for Defining 
Physical, Thermophysical and Mechanical  Charac- 
teristics of Frozen Ground  (Manual 1973) and 
Structural Design Codes (SNiP 1990) the  angle of 
internal frictfon pa is assumed to  be constant, 
and cohesion c on account of a  narrow  tempera- 
ture range is given by: 

C' = 0.2 - 0 . 0 8  e , ma. ( 3 )  

substituting (1) iqta (3) we obtain c*  as a 
function of depth: 

C* = 0.448 - 0.000424 H , m a .  ( 4 )  

From eqn. (4) a  change in c* is less  than 10% 
for 100 m of depth, which  does not exceed the ac- 
curacy of strength estimations. Taking  into ac- 
count an increase in density and strength of 
ground with depth which is reverse to eqn. ( 4 ) ,  
we think that the  strength  condition is depth-in- 
dependent at the  mean ground temperature 8 = 
-2.5'C at the sites of intended openings: 

r', = 0.4 + 0.3140+, , m a .  ( 5 )  

Since the considered storages will  be  the 
first of this kind, only  approximate  dimensions 
of an opening depending  on  designed  capacity  are 
known, while the exact geometry i s  unknown. So, 
the stress-qtrain state of the  surrounding  ground 
is calculated for the  two extreme geometries of 
an opening: spherical and cylindrical, and  inter- 
mediate shapes are estimated according to their 
similarity to  the  extreme ones. Since  drilling of 
a borehole amounts to 75% of the total  cost of un- 
derground storage construction  (Musaev 1983), it 
is necessary to determine the allowable  minimum 



depth of an opening. 
We adopt the depth of an opening and operating 

pressure in it as operating parameters. As the 
final  task  is to find out optimal relationship be- 
tween  theae parameters, we must determine the 
geometry of a plastic zone in the ground massif 
surrounding an opening, and predict displacement 
of an opening contour in relation to: - the  depth of an opening at a specified 
operating pressure in it (higher  than natural 
preaeure) ; - the operating pressure (lower  than natural 
pressure) at a specified depth o f  an opening. 

Since the effect of the opening depth is con- 
trolled by the natural pressure, i.e. ground 
weight which interacts with  the operating pres- 
Bure in  an opening, and this  depth i s  compared 
with dimensions of an opening, we introduce dimen- 
sionless parkmeters into our analysis. 

Linear dimensionless parameters; relative 
radii and displacements p = rjro; k = R/ro; u = 
W r o ,  where  ro - initial radius of an opening, m; 
r - radial coordinate, m; R - external radius of 
the calculated zone,  m; U - radial displacement, 
m; depth of an opening h = H/ro, where H - the 
distance from the day surface to the center o f  
an opening, 

y = 0.019 w/m3 - volume weigth of ground; pras- 
(ground) pressure qs= ps/yr, = H/ro = h, where 

sure  In an opening q = p/yro; p - operating pres- 
sure, MPa; modulus of deformation E =E’/yro; 
[E’] - m a ;  stresses u = a*/yro; r =2*/yrO; [ a ‘ ] ,  
[T’] - m a ;  cohesion c = c*/yro; [c ] - ma. 

In  the case of axial (cylindrical) and central 
(spherical) symmetry of the stress-strain state 
the Cauchy’s formula are: 

Force dimensionless parameters: natural 

“ p = a p ;  
au U &a = - 

P I  

where EP, &a - radial deformation and tangential 
deformation, respectively. In the case of the con- 
sidered symmetries of the elastic-plastic prob- 
lem, deformations depend only on the radius.  From 
the Cauchy‘s formula the deformation continuity 
equation can be written as: 

We  use  the Bencky equation: 

where i = p ,  +a - radial and tangential indices. 
We use  the dlfference of main stresses as well, 
taking.into account eqns. (6) and (7): 

ui - o o = = p q .  
E &a 

For the symmetric problem, the equilibrium 
equation is1 

where i = 1, 2 correspond to  the axial s p s t r y  
and central symmetry, respectively. Substituting 
eqn. (8) hato eqn. (9) taking  into account q n .  

nd c alculati cg eqn. (9) for the c 
central symmetry problem ( i = 2) gives: 

3 - u = c ,  1 ” Y  

l + v  

e of the 

i.e. the mean stress is radius-independet: @a = 
const. In the  case of the axial symmetry ( i=l) ,  
from eqn. (9) we obtain: 

- 3 
1 + 1’ 

u = c + c I . .  

Since ground destruction along the  contour of an 
opening is related only to horizontal displace- 
ment during vertical deformations 

and the Hencky equation (7) is complemented by 
egn . 

eqn. (10)’ becomes: 

3(1 - v)u0 = C(l + v )  f hg 

Again, the mean stress is independent of radius: 
uo = const. 

Thus, the  common feature of the  stress states 
in the problems calculated is that  the  mean stres- 
ses are constact. So, the strength conditions (5) 
can be considered as the plasticity conditions 
which in the dimensionless form are: 

r0 = c + uotgp = c + 0.3140~ ; 
c = 4.21 + 1.75 , 
at the opening radius range ro = 5 - 12 m. 
Now we consider the strew state of the ground 

surrounding a spherical or cylindrical opening. 
The calculated ground massif (a spherical layer 
or a cylindrical layer) consists of two  con- 
centric zones: I - the external elastic zone, and 
XI - the internal plastic zone. 

For the case of a spherical layer, from con- 
stancy of the  mean  stress in the elastic zone 

ua = 
up e 2uff 

3 = co 

eqn. (9) becomes: 

$ ~ + a p = c o .  (12) 

For the plastic zone, eqn. (9) with eqn. (11) be- 
comes : 

Calculating eqns. (12) and (13), and equating the 
stress values at the boundary of the  elastic and 
plastic zones, we  obtain  the equation for  the ex- 
ternal radius of the plastic zone (the boundary 
of zones I and If): 



Figure 1. Plastic  zone  radius pn i n  the ground  massif 

versus  the  opening  depth H at different  operating 
surrounding  spherical  and  cylindrical  openinga 

pressures p. Different  pressures  on  the  external 
contour of the spherical  calculated  area: 1 - ok = 
h; 2 - Uk = 9h/13; 3 - Uk = 7h/13. 

where rrgn is  a  function of the  relation  between 
the  operating  pressure  in  an  opening q and the 
natural  pressure uk. 

The  mean  value of Uk is 

no = - l + v ! ! = P h  
1 - v s  13 

and it corresponds to the  mean  radial  depth of 
zone I1 around  an  opening.  For  the  hemisphere 
which is above or below  the  equatorial  plane,  the 
minimum  radial  depth (in  the  key) is determined 
from  eqn. (14) at crk = h, and  the  maximum  radial 
depth (on the  horizontal  axis)  at 

. v  uk = -h "h . 7 
1 - v  13 

In  the  case of a cylindrical  layer,  from  con- 
stancy of the  mean  stress  it  follows  that  the sum 
of radial  and  tangential  stresses  is  constant: 

Up Uk = 2c0 I 

i.e.  for the elastic  zone,  eqn. ( 9 )  becomes: 

In the  plastic  zone,  eqn. ( 9 )  with  eqn. (11) 
gives : 

T 

- I  
'\ 

"\ 
\ 

\ 
\ 

P \ 

Figure 2 .  The  plastic  zone  boundaries  in the ground 
massif  of  a  cylindrical  opening  (height L/ro = 1 0 )  
and  a  sherical  opening  at  different operatmg 
pressures  p  and  depths €I. 
where 

D Z d  
2h 

3 ( 1  - Y) 

I(;[ (1 - v ) y  I- (1 + v)tgv 1 - (1 - 2 4  . 5c 

Calculating  eqns. (15) and (16), and  equating 
stresses  at  the  boundaries of zone  I  and  zone 11, 
we  obtain  the  plastic zone radius  expression: 

Figure 1 gives  values o f  the  plastic  zone 
radius  in  the  ground  massif  around  a  spherical 
opening  versus  the  opening  depth  which are  calcu- 
lated  by  egn. ( 1 4 )  for  different  values  of uk 
(curves.1, 2 ,  3 ) ,  and  those  around  a  cylindrical 
opening  which  are  calculated  by eqn. (17). As 
shown  in  Figure 1, a t  a  smaller  opening  depth  and 
greater  pressure  the  plastic zone spreads  over a 
large  area  of  the  surrounding  ground. 

Different  variants of loading on  the external 
contour  are  used  in  the  central  symmetry scheme, 
to estimate  the  effect of ground  pressure  asym- 
metry. Sa, the  presented  radial  depths of the 
plastic zone must  be  estimated  with  consideration 
for the  equivalent  angular  coordinate o f  each sym- 
metric  calculation  (see  Figure 2 ) .  Since  asym- 
metry of zone PI in the transition  region  between 
cylindrical  and  spherical  calculations  can  not ex- 
ceed  curvature of the  spherical  variant,  we  intro- 
duce  increasing  heights of a cylindrical  opening 
abutting  on  a  spherical  one  in  Figure 2 .  

Figures 1 and 2 3-llustrate  behsviour of the 
ground  surrounding a pressurized  opening  with  the 
operating  pressure  aignificantly  greater than  the 
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H - 2 o u ~  

Figure 3. The  plastic  zone  radius p n  in  the  ground 
massif  around a spherical  opening  and a cylindrical 
opening  versus  the  depth H a t  the operating  pressure 
p=O, 1, 2,  3 MPa. 

natural  (ground)  pressure.  At a given  limited 
plastic  zone  radius  these  relations  can  be used 
to determine  the  minimum  depth of an  opening. 

For  the  case of an opening  with q C uk, the 
natural  presure i s  a  factor  controlling  ground 
destruction,  and  the  plastic  zone  radius  in- 
creases  with  increasing  depth  of  an  opening (Fig- 
ure 3). As for the  plastic  zone  geometry,  the 
range of pressure  values  in  an  opening  which do 
not  impede  formation o f  the plastic  zone  in  the 
ground,  widens  with  depth.This  general  regularity 
is  illustrated  in  Figure 4 .  

If plastic  strain  should  be  avoided,  egns. 
(14) and (17) enable  us to limit  the  range of 
safe  values of  operating  pressure  in the spheri- 
cal opening at p .  = 1 

O 0 ( l  - fitgcp) - dTc< q < 

< a,(l + fitgp) + f i c  , (18) 

as well  as  in  the  cylindrical  opening 
vh D vh D 

1 - - v  2 1 - w  2 +". "+ < q < -  

In  expressions (18)  and (19), the  upper limit is 
the  limit of increasing the allowable  pressure  in 
a  pressure  opening,  and  the  lower  limit i s  allow- 
able  off-loading.  These  expressians  enable  us to 
change  depths as well.  Thus,  in  a  free  opening 
( q = O ) ,  the maximum depth  of  a  spherical  opening 
h = 3.68 c I  or H = 1 7 . 4  m, and  that of a cylindri- 
cal  opening  h = 3.66 c, or El = 77 m. In the  case 
of  a pressurized  opening  with  pressure  values o f  
6 - 8 MPa,  the  minimum  depth of a Spherical  open- 
ing is 368 - 504  m, that of a cylindrical  opening 
i 5  435 - 606 m. 

Dimensions of the  plastic zone calculated  by 
eqns. (14) and (17) and shown  in  Figures 2 and 4 
are much greater  in a cylindrical  opening as con+ 

H=300 m 

Figure 4 .  The  plastic  zone  boundaries  in  the  ground 
massif  surrounding  a  spherical  opening  and  a 
cylindrical  opening  at  the  operating  pressures  p=O, 
1, 2 ,  3 MPa and  depth H=200 - 500 m. 
pared  to  a  spherical  opening. So, l/r, = 10, the 
highest  value, is taken for the  cylindrical  open- 
ing,  and  plots o f  the  plastic  zone  boundary  in 
Figure 1 are  limited  by  curvature  of  the  spheri- 
cal  problem  solution. 

i s  determined €or two  values of maximum  pressure 
p=6  MPa  and p=8 MPa.  The  ultimate  radial  expan- 
sion of a cavity equal to 0 . 5  m is adopted as the 

an  ice  wall. Radial  displacement of the  opening 
requirement for service  safety of an opening  and 

contour is taken  as the sum of radial  displace- 
ment of zones I and 11. Assuming  the  plastic  zone 
to be incompressible  (because  sand  dilatancy  is 
not taken  into  account),  and  analyzing  the  stress- 
strain  state  we  obtain  the  expersion for wall dis -  ' 
placement of a  spherical  opening: 

The  first  parameter - the  depth of an  opening - 

where un - radial  displacement of the  boundary of 
zane I and  zone I1 which i s  

ol 

Wall  displacement of a cylindrical  opening is cal- 
culated in  a  similar  way: 

u = \I1 f u,(u. + 2 p n )  - 1 , 
where 



Figure 5. Relative  displacement of  opening  contours 
u  and the plastic  zone un versus depth 8:  8-6, s-8 
- spherical  opening p = 6, 8 m a ;  c-6,  c-8 - 
cylindrical  opening p = 6, 8 MPa. 

Table 1. Displacement of the plastic  zone  contours 
around an opening 

p, MPa H,m U,m Unrm E,m U,R Un,m 
Sphere r o - 8 m  ro 12 m . 

6 190 0.47 0 . 2 4  230 0.40 0.34 
8 290 0.50  0.30 350 0.51 0 .42  

Cylinder r o = 5 m  ro = 7.5 m 
6 300 0.49 0.27 350 0.48 0 .34  
8 460 0.51 0.31 520 0.51 0 . 3 0  

~abltr 2. Minimum  allowable  pressures  in  openings, 
HPa 

Eqna, (20) - (23) relate  ground  displacement 
to the operating  pressure  and the depth of an 
opening. Table 1 giver minimum depths of openings 
calculated.using these  equations  at  allowable 
wail  disp4acePent  u m 0 .5  m. 

given in Table  1 are 
and  preslrure;  smaller 

depth result:  in wall  displacement U 0.5 m. Pig- 
ure 5 gives the'petailed  interpretation of these 
relatipns.  It can be  used while  choosing  depth of 
an opening from different  considerations: 

The second  parameter - the lower  limit of al- 

lowable  pressure  in  an opening - can be estimated 
'on  condition  that the  minimum depth of the plas- 
using plots in Figure 3, or eqns. (14) and (17) 

tic  zone (r. - 1 )ro 5 0.5 m  whose  ground is 
held  by the lining during  displacement toward the 
cavity. 

The  limit  and  duration of short-term  off-load- 
ing  are  determined by the rate of  contraction of 
an  opening  which  is  assumed to be equal to the 
rate of  volume  deformation  in the tests: 

de 0 

dt 
- = 0.0082t  ,[t] - day. 

From  it we define  the time to reach the ultimate 
deformation eo 

t f mi = 3.1days . 
As the testa  have  rhown the time for the entire 
ground of zone TI to reach the ultimate deforma- 
tion i s  1 day (Votyakov 1961), so, the total al- 
lowable  duration of off-loading is 4 days. 

Assuming the, linear contraction  of an Opening 
allowable  in  practice to be  less than 0.1 m ans 
taking  into  account the volume deformation of 
ground,  it is easy to deternine from eqns. (14) 
and (17) allowable  radial  depth of the plastic 
zone and  calculate  the  minimum pressure during 
short-term  and  long-term  off-loading of a cavity 
using the following expressions# f o x  the opheri- 
cal opening 

p = 0.01315[B - 1.331(0.333 + 
t In  pn)(97.1 + H ) ] ,  ( 2 4 )  

for the  cylindrical  opening 

p = 0.01023[H - 13.78(0.5 t 

+ In p n )  d48 .4  C Hi, ( 2 4 )  

where  p - pressure, m a ;  B - depth, m. 
The  results of eqna.  (24), ( 2 5 )  calculations 

for  the  recommended  depths of. the opening (Table 
1) are  given in Table 2; the presented  values of 
pressure P I  are  allowable  for  not longer than 4 
days,  and the values of pa are allowable without 
time restrictions, 

It is evident frum Table 2 that npherieal  open- 
ings  are  preferable  not  only due,to lesser depth. 
but to greater  allowable  lowering of the operat- 
ing  pressure  in  an  opening  aa well. Total short- 
term  off-loading is permimaible only for the 
spherical opening constructed at a  minimum depth. 
Moreover, the etress-strain states of the ground 
in a loaded'and  off-loaded spherical opening  are 
asymmetric  along  the  perpendicular  axes, i.e. the 
sphere  has  full  stability. 

The  study of the extreme geometries of an open- 
ing - spherical  and  cylindrical - enables us to 
estimate the performance of actual oval openings 
whose shape  being  an intemediate form between 
the two extremes i s ,  strictly,sgeaking, unknown 
and is characterized  only  by the generalized 
relationship  between  diameter  and vertical dimen- 
sions. The  method of an appriori analysis we use 
which is based on the  uncertainty bf initial data 
i s  called the method  of equivalent symmetric solu- 
tions. Though the method i0 approximate, the 
recommended  depths of  an opening (Table 1) are 
twice smaller  than  those  given  in  a  preliminary 

, .  
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design of the gas mining  project  (Musaev 1983). 
It is to be noted  that the proposed  analysis 

of continuous  variations of the parameters of an 
internally  preusurized  opening in relation to 
depth ia valid for the germafrdst  ground only. 
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DYNAMICS OF PERMAFROST-BYDROGEOLOGICCAL MEDIUM AT P R r m Y  (LEDGE) DIAMOND DEPOSIT D E V E L O A P ~ ~  

Igor V. Klbovsky and  Semyon P. Gotovtsev 

Permafrost Institute,  Russian  Academy of  Sciences  Yakutsk 677018, Ruasia 

The  'article  presents the tesults of geothermal  observations  made on technogenic 
areas  (quarries, dumps of enclosing rocks, spoil  areas,  ground for  highly  mineral- 
i , z d  water storage) of the Udachninsky  mining  and  concentrating  plant (the Siberian 
platfom). The possibility of using the geothermal  method  for  singling out water-ab- 
sorbing collectors in  the  upper part of the cryogenic  layer is justified. The 
analysis of the dynamics of the temperature field  of rocks in the course of area 
development i a  given. A dangerous  ecological  aspect of uaing the systems  of  brine 
burying near watercourse  valleys is emphaaized. 

The primary diamond deposits located  in the 
cryolithozone (permafrost zone) are  developed,  as 
a rule,  by the open-cut  method. As a result, the 
excavated  quarries  completely  destroy the vageta- 
tion and soil surface covers and  cause  consider- 
able  transformation  of the day  surface,  Vast 
areas  are  allocated for dumps  and  tailings.  The 
total area  of technogenic surface  disturbance is 
eetimated to be dozens of  square  kilometers. Be- 
sides,  since the quarries reach  the  regional 
level of highly mineralized water - cryopegs 
(ealine  water  below O°C) - there is a  problem of 
their drainhge  and adequate storage of drained 
brines. Storing of cryapegs in  underground  collec- 
tors i s  considered to be the most  efficient 
method  preventing the contaminatioti of the3en- 
vironment. The following  aapects  should  be  eon- 
sidered in this case according to Boriuov  and 
Alexeev ,(198:.) a f) the well-known  property of a 
brine to remain  liquid when subjected to the ef- 
fect  of a  wide range of negative  temperatures; 2) 
non-uniformity of  the brine on top - ice  from  bot- 
tom system8 the brine will inevitably  melt the 
ice if the medium  terdperature is above  its forma- 
tion  point; 3 )  emptying the collectors  space (in 
case  of  ice transformation to a  liquid  and the ex- 
istence  of  hollows which are  free of ice in per- 
mafrost); 4) the effect of a  dense  convection 
which  consists  in fresh brine  supply to the point 
of interaction with ice where its  desalinized  mix- 
ture with  dissolved (melted) ice  comes to the sur- 
face. In this case the process  proceeds till com- 
plete  melting  of ice in filtration  channela, the 
concentration  gradient  in  liquid  being preaemed. 

It seems to be useful to examine the raised 
problems  hdving taken as an example the 
facilities  of the Udachninsky  mining  and  con- 
centrating  plant, where primary  diamond  sources 
have  bean  being quarried for  more  than 30 years. 

Here is some brief  information  on  the  per- 
mafrost  conditions of the region.  The  permafrost 
zone is of  a continuous naturer the upper 100-300 
m are  presented with permafrost  containing ice. 
Below is a  layer of frost  soil  with  liquid  saline 
water of negative  temperature.  The  entire  thick- 
ness of the cryogenic  layer  ranges €tan 600 to 

plained by the UthoLogical and petrographical 
1500 m. The  cryogenic  structure may be largely ex- 

composition  and  by the structural  and tectonic 
situation  by the time of epigenetic freezing.  In 
crushed  areas  one may observed  fissured,  fissure- 
vein  and  cryogenic  vein  structures. The formation 
of these  structures  caused the development of a 
cryogenic  disintergration  level which spreads 
deeply to the  permafroet  bottom. The upper part 
of the rock  layer, i. e. the level of active 
cxyohypergenesia  is  heavily  destroyed. The proces- 
ses  of  physical  weathering that affected the tec- 
tonic  jointing  have  increased clearances in the 
layer  and formed additional  hollows for ice forma- 
tion. 

Geothermal  features of the cryolithozond have 
bean  studied  well  enough. The first data on the 
temperature  of  rocks  in an area of the Udachnaya 
diamond  pipe  were  obtained  in the early 1960s. Ac- 
cordingly to the reeults of this work there have 
been  made  conclusions on the occurrence of a 
thick  permafrost  layer  and on the complicated 
character of temperature-  formation  (Xlimovsky and 
Ustinova 1962). It  har been discovered that 
temperature  of rocks within the blue ground body 
variae  from -6.0% to -7.8OC. Relatively lwer 
values in the eastern  part of the diamond pipe 
are  explained by the different composition of the 
blue ground-itself and  by the location of the 
diamond  pipe  in the relief. Later Ustinova  stated 
(1964) that  rather  low temperatures in the south- 
eastern  part of the mine area resulted from brine 
flow  and  increased  salt  concentration, i. e. due 
totheso-calbd concentrationconvection . 
mal  observations in 1978-1982 (Devyatkin and Sham- 
Numeroun factual data were obtained frat qeothes- 

shurin 1978). On the basis of the results ,ob- 
tained,  morphological  parameters  of the 
cryolithozone have been  estimated, and, in par- 
ticular, a sharp  bend of isotherms  has  been  dis- 
covered  which  predetermines the position of the 
zero isotherm,  and makes the thickness of the 

m to 1050 m. Of interest is the information on 
cryogenic  Layer  within  a small area.vary from 600 

the rock temperature  that has  been obtained'in 
the  course of engineering and  survey  operations 
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carried out an  the sytykan River. On the  right 
bank the  values  at a depth of 15 m within the 
floodplain area  were -1.2'C, and upwards along 
the  slope of the south-western part they gradual- 
ly lowered to -2.8 - -3.4%. The  rock  temperature 
on the  slope of the eastern  exposure at ap- 
proximately the # m e  elevations  turned out to be 
anomalously low, -8.8%. Such a great temperature 
drop is probably explained by permafrost condi- 
tions: the  rlopes  are  covered  with  deluvial 
deposits  (clayey silt with  crushed stone). The 
thickness of this  layer  on  the left-bank slope i s  
from 2 $0 5.8 m, and on  the right-bank slope from 
1.1 to 2.7 m. Besides, the left-bank clayey ailt 
contains much  more  ice  in  the  shape of lenses and 
intarlayerrs. 

Geothewal observations Of 1986-1991 enable to 
compare the-data which  were obtained previously 
with  the newly obtained  data  (Figure 1 a,  b). 

Greater  changes in  the landscape  in  the 
process o,f the deposit  development have taken 
place within the quarry  area  and  in  the in- 
dustrial zone. The  area represented formerly a 
gentle slope  covered by trees gradually changing 
to  the valley bed. At present, there  are 80 m 
high dumps  around the quarry  which occupy large 
areas; a small valley of the  Piropov Stream, on 
the  slope  of  which  the  eastern part of the pipe 
was expoBed, is now  covers  with dumps, and the 
vegetational cover  has  been  almost  completely 
destroyed within the  range of 2-4 km. 
in boreholes during 30 yeara of  the deposit 
development make it possible to get an  idea  on 
the  trends in the changes of the temperature 
field in  the  courae of the quarry development. 
When comparing thk  results of temperature meaeure- 
ments  in  borehole 329 (Figure 1 a) we  can  see 
that during  the five-year period the  temperature 
at a depth of 40 m has lowered from -5.1 to 6.2 
OC as a result of  lateral cooling. The  difference 
in temperaturea gradually reduces, and at a depth 
of 160 rn temperatures  are almost equal.. 

The first water-bearing layer of the  Wpper 
Cambrian complex  was stripped at a depth of 150 
e. Temperature measurements  taken  in bore-holes 
drilled from the  depth of 160 m show that there 
is a,temperature  rise  in  the water-bearing rocks 
during the  quarry driving. In the diagram (Figure 
1 b) one can see that  there i s  a certain drawing 

The  results  of  temperature  measurements  taken 

of the  inathems upwards in the bottam  part of 
the quarry. According to  the results of the pre- 
vious observations the  rock  temperature  on  this 
section steadily decreased from  west to east, and. 
the isotherms were  directed  downwards.  Such a 
marked transfamation of temperature  in  rocks lo- 
cated below'the water-bearing layer i s ,  probably, 
the result of the changed conditions of mining 
operation#. The  main  reason i s  probably the in- 
creased water content in the lower part of  the 
quarry which results in changes  in  microclinptic 
conditions. These  conditions  change  rather rapid- 
ly due to various technogenic  factors (ex- 
plosions, transportation operations, etc.). For 
example, a i r  temperature  observations'on  the 
edges of technological  roads  of the  quarry  ahow 
that in winter air  temperature  in the  quarry dif- 
fers greatly from that in  the adjacent  area 
(Potatujeva and Bazavluk 1989). There is a 
notable winter inversion which  results in a 
decrease in air  temperature  in the  quarry  from 
0.2 to 5.4OC at every 100 m of its depth. The  cal- 
culations show that in deep  quarries the addition- 
al cold accumulatipn in  winter  makes up  to 850 de- 
gree-days at every 100 m of depth. 

Thus, during the cleuelopmsnt of the  quarries 
and their deepening to  the first  water-bearing 
layer  there  is lowering of the  temperature  in  the 
rock massif caused by lateral cooling. After  cut- 
ting  the cryapega in the  lower part of the quarry 
the rock temperatures increase. Thi; is probably 
a result of the effect of the heat produced by 
condensation of water  vapours  which  saturate the 
air within the quarry. To some extent, it  may 
also be caused by a high technogenic  pollution of 
the atmosphere by gas. 

The formation of a temperature  regime in  dumps 
and under them is a little bit different. Dumps 
which occupy large areas may be considered as ar- 
ti€iciaK!$ created mesoforms of the relief. To 
study dump temperature, boreholes  were  drilled  in 
two dumps (waste  rock)  with the height o f  80 rn 

Borehole T-l i s  located on  the  slope of the 80 m 
and 50 m, respectively, in 1990 (Figure 2). 

high dumpf 150-200 m from the edge o f  its bench. 
It has been found that the rock is not frozen to 
the depth of 25 m. The  lowest  temperatures  are ob- 
served at the  depths of 5 0  m and 90 m. Seasonal. 
freezing at the end o f  April  reaches 7 rn. At this 
depth the average annual temperature i s  -1.S'C. 

Figure 1. biagram of temperature  change  in borehole 329 and the geothermal profiles of  the  eastern (a) and 
western (b) sides  of the quarry of the Udachnaya pipe. 
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Figure 2. Temperature  curves  for  boreholes T-1 and T-2. 
silty  loam of the terrace above the Daldyn  River flood 

The  permafrost table is on average at the depth 
of 25 DO, and the natural  day  surface is at the 
depth  of 80 m.  At the boundary of large-fragment 
dump rock and  Quaternary  clayey  silty  loam  which 
represents  deposits of  terrace I1 above the.flood 
plain of the Daldyn  River, the permafrost  tempera- 
ture i s  rather  high ( - 0 . S O C ) ;  the geothermal 
curve of the borehole is of a  degrading  type. 
This  enables  us to make a  preliminary  conclusion 
that  permafrost on the terraces of the Daldyn 
River  which are covered  with dumps has  not  got 
frozen  for the period of 25 years.  Therefore,  air- 
and  water  collecting ducts could  exist  under  them 
for  long time which considerably  affect the 
ecological  situation  of the landscapes  near the 
river. 

Great changes in permafrost and  hydrogeologi- 
cal condition8 take place during the pumping of 
the  water  out of the quarry and  its  storing. 
Drainage watBr of complex hydrochemical composi- 
tion  includes the coaponenta  which  are  harmful 
for the environment  and,  therefore, in pumped to 
the brine  storages  (accumulators),  and i a  dis- 
charged trough the borehale to the fissured  zone 
of  one  of the faults. The basic brine  absorbing 
layer  is  located  at  a depth of 120-180 m. Accord- 
ing to the borehole data the thickness of per- 
mafromt cemented by ige is 200-220 m in this 
area.  Thus; ice containing rocks  nre  used an an 
absorbing  system for brine atorage. 

As an engineering  facility, the accumulating 
structure  represents  a  rather  simple  system  con- 
sisting of a mmall excavation pit of 350x140 sq. 
1~ i n  area  and 12 m in depth, and.revera1 water in- 
take boreholes  located  around  its pnrameter. The 
total  area of the ground  for  burying  drainage 
water is about 6 sq. km. 

A preltinary analysis of the  geological  infor- 
mation  show the occurrence of ice-free  cavities 
in the permafrost layer which form drainage  water 
absorption  zones  connected by  fissures-collectors 
associated,  as  a  rule,  with  harder  rocks (lime- 
stone,  dolomite). Drainage  water is mainly  accumu- 
lated in  clayey  varieties of  rocks  close to their 
tops.  At different  portione of the accumulating 
facility there are 2-3 water-permeable  horizons 

1 - fragmental  material of dumps; 2 - alluvial clayey 
plain; 3 - bedrock; 4 - ice  interlayers. 
or active  hydrodynamic  zones (according to Frolov 
1966). The basic form of brine migration is, 
probably, convection - mechanical transfer caused 
by the hydraulic  gradient; this has been proved 
by  experiments  on migration  carried  out with the 
use of an  indicator  (fluorescein). The experi- 
ments  show  that the filtration  rate  in the 
horizontal  plane of the fissured collector in the 
upper  part of permafrost  is up to 0.33 mhin in- 
dicating the occurrence of spacious  empty 
cavities. 

The  result8 of geothermal obsemations  show' 
that  pelmafrost  temperature  in the annual cycle 
in subjected to considerable  fluctuations  which 
mainly  depend op the temperature of the dis- 
charged  brines  and their amount. Th4s9 Two fac- 
tors  predetermine  sharp  temperature  fluctuation8 
along the depth. Uaximum temperature .gradient6 
depending on the season  have  been registered in 
the brine  absorbing  intervals. As an illu6tration 
one may examine the temperature curves of 
borehole  41.(Figure 3). The borehole has been 
drilled itl early 1987,  and connected with the 
water  dimcharge  system  in  August 1989. Prior to 
connection of the borehole to the water conduit 
rock  temperatures  at depths of 40, 100, 160 and 

tively, with an average gradient within the 
200m ware -3.14, -3.06, -2.89 and -2.1loC, rempec- 

measured  interval  being 0.5°/200 m.' Soma bends of 
the temperature cumes below 1 4 0  m indicate the 
influence of  the brines  discharged through 
boreholee 37, 31 and 32 and the direction of  
their movement. Further  observations were made 
after  connecting the borehole to the burying sys- 
tem.  The reaults of geothemal measurements show 
that  rock  temperature has slightly  lowered (to - 
peared at the depths of 40-80 m and 160-240 m. 
5.O-6.S0C), and new temperature anomalies have ap- 

Thua, the abeorption  intervals  in the operat- 
ing  boreholes  are  notable for temperature values, 
andformthe warm or cold temperatureanomalies 
depending on the season. similar temperature cur- 
ves  have been  registered  in  other operating 
boreholes. 

regiatered  in the operating  boreholes (up to 
As it  wag  expected, the maximum gradients are 

893 



I I I I I 
'b 

borehole No. 41. Symbols I measurement  dates : 1 - May Figure 3.Diagr8.m of temperature changes in operating 

13, 1987; 2 - July 21, 1987; 3 - April 7, 1988; 4 - 
January 16, 1989; 5 - Way 8, 1989; 6 - December 15, 
1989; 7 - August 21, 1990. 
1 0 Q / l O O  m). In  the test boreholes the gradients 
are 2-3 timea lower,  and  further they are 8rm. 
the operating bbreholea,  smaller are their 
values. This fact  makes it possible to use the 
results of geothermal investigations for tracing 
the location of the brine  absorbing  collectors. 
The Analysis of temperature gradient  changes in 
borehole 31 reveals that the main brine-absorbing 
collector is located at the depth of 120-180 m, 
and,  probably,  is the only one. I n  borehole 32 
there are two such collectors at the depth of 40- 
80 m and 100-160 m. In  borehole 36 there are 
thxee water conducting zones atthe depths of 40- 
60 m, 80-100 m and 120-200 m. One may draw 

ture gradients in the test  boreholes. This has 
similar conclusions when analyzing the tempera- 

also been proved by long-term  observations' bf the 
changes in water level  made  in  hydrogeological 
boreholes. The water 1evel.in borehole 42 have 
responded rather notably to the water discharge: 
during the warm  period (April) when there is an 
intensive water discharge,  it  rises  sharply;  at 
the end of Nay  it  stabilizes  and  remains  almost 
unchanged even during the period  of  intensive 
water discharge (July-September). From October 
the water level gradually  lowers.  In some 
boreholes (nos.101  and 55) there is a slight 
change in the water level; no direct  relationahip 
with water discharge intensity  is  obmerved. 

Thus, the main brine  migration  within the bury- 
ing rrystem is  non-uniform.  Taking into account 
changes in the water level  in the borehole8  and 
the rock temperature, one can single out three 
horizons or zones of drainage water absorption. 
The  first horizon of  ground water (40-00 m) has 
probably emerged as a result of  infiltration of 
brines discharged right  into the accumulating 
pit, i. e. at the start  of the system  operation. 

' It caused the concentration Qf quite large mount 
of highly  mineralized  water  in the upper  part of 
the rock massif. The formation  and  persistence of 

the water-bearing  layer within this system has 
the moat harmful effect on  the environment be- 
cause of its hygsometrical  position, since it is 
located above the local base level of  erosion. 
The second horizon  within the range of depths of 
120-180 m is the main  one. All operating 
boreholes have  been  installed in such a way that 
drainage water is discharged into water intakes 
and  collectors of this horizon. The third horizon 
has been found at the depth of 220-240 n only in 
borehole 41; its  area i s  not  large. 

Additional  information on potential ocqurrenca 
of water-absorbing  aonan or horizons pay be  ob- 
tained through geothermal observations in no- 
called blowingboreholes . In t h i s  axea, vertical 
air movement  was  often observed along a borehole 
shaft. In such  caaes the results of geothernral ob- 
servations were  affected by air flow. For ex- 
ample, when measurementu were made in borehole 41 
in January 1989 when it had  not been connected to 
the water dircharge  symtem  yet, a descending air 
movement:  was  observed  at a rate of 0.4 m / s  at its 
temperature -35OC. It turned out that in winter 
the downward movement of  air. ("suction borehole") 
causes a decrease  in temperature approximately  in 
the same way  as  in the case of cooled brine dis- 
charge (Figure 4, curve 4 $ ,  i. e. unevenly  along 
the profile,  At  some depths there are sections 
and zones  with  abnormally low temperature values 
which, as shown by later observations, coincide 
with the brine  absorbing  intervals. * 

During  geothermal investigations in the area 
air convection  has  been observed in many 
boreholes located  over the entire area. Air flow 
movement was  more  frequent and intensive ink 
boreholes 56, 57, 64 drilled in  the middle part- 
of the slopes. 

Two things should  be noted here.  First, the 
boreholes are  on  average  200-260 m deep,  and  ini- 
tially did  not  reach the natural level of ground 
water, i.  e. they  were within the permafrost 
layer.  Therefore, air convection i s  hardly  re- 
lated to the  ground  water  regime.  Second, the ob- 
servations show  that  air movement conditions are 
the same in  all  boreholes: a descending or  ascend- 
ing air movement is observed  at one and the same 
time which, to OUT opinion, rules out ther- 
mogravitational  air  convection through the fis- 
sured rock and the systems of drilled  boreholes. 
Whereas the ascending  air Slow normally  has the 
temperature of the horizon which acts  as a gas  or 
water collector, the temperature of the descend- 
ing  horizon  depends  greatly on the seas.on.and the 
time of the day, i. e.  depends on the environment 
temperature.  Hence,  the effect of the discending 
air flow is  much  grater than that of the ascend- 
ing one.  and  may  act  as an additional cboling or 
heating  factor  depending on the season. 

we have made-a series of observations to study 
the effect of air convection on the reeults of 
geothermal investigations and to reveal the fis- 
sured zones and air-conducting collectors in 
socks. At  the  very  beginning of measurements (8 
a.m., 1 May  1990) the borehole sucked the air at 
a rate of 0.94 m/s. This rate was gradually  in- 
creaming,  and by the end of the experiment  last- 
ing 72 hours  it  reached 13 m / s .  During this 
period the atmospheric pressure steadily  lowered 
from 722 to 699 mm Hg. So, there was an indirect 
relationship between the changes in the air flow 
rate in the borehole  mouth and the atmospheric 
pressure. It  is  in good agreement with earlier in- 
vestigations  (Olovin 1980, 1982). Air temperature 



Figure 4. Diagrams (a) of atmospheric  pressure  change (l), air  flow  rate (2) and rock temperature change at 
various  depths  in  borehole 41: ( 3 )  - 3 n, ( 4 )  - 2 0  e, (5) I 40 m, ( 6 )  - 80 m, and the limits  of  rock 
temperature  fluctuations in the dorehole (b) . 
at the daytime xose to +7.5OCt and  at  night 

the frozen  rocks  by air flow. The analysis of the 
lowered to +2.2OC, i. e. warmth  was  brought to 

data  revealed that rock temperature was  in  direct 
relationship with air temperature,  this  relation- 
ship  reducing  with  depth. In the upper part  of 
the quarry it depended on the rate of air  flow as 
well.  At the depths of 30 m and 40 m considerable 

only  during the first  hours  ofithe  observations, 
rock temperature fluctuations were registered 

and then the temperature stabilized. 

numerous  large  air-  and  wator  conducting  collec- 
tors  in the'upper part of a permafrost  layer (to 
a depth of.180 m).  These collectors act  as 
drainage  brine  intakes  in  permafrost.  Being 
filled  with  highly  mineralized  quarry  water,  they 
cauee  melting of ice.  The situation ie aggravated 
by the fact that during the period  from 1985 till 
1991 the quarry  water was discharged to the 
utilization system in growing aarount from  200 to 
700 thousand cub. m per year. In  1985-1988  it 
amounted to. 1.3 nln,  cub. m. 

Comparison of temperature measurements  of the 
first two years of investigations (19814988) has 
shown that near some boreholes  which  are not 
engaged  in brine discharge and  are at a small  dis- 
tance  away  from the quarry, the temperature in 

Rather  considerable were seasonal  changes in 
the  permafrost  has undergone  notable changes. 

temperature of the brines  pumped from the quarry. 
In sumer,due  to a great water  inflow they practi- 
cally  did  not  stay there; in water  they  remained 
there  sometimes up to one month. The  average 
temperature  values  in summer ware 5-6OC (the maxi- 
mum value was L2.SoC in July  1987). ~uring the 
coldest winter moths the brine temperature in the 
sump  lowered to -15 -25OC (at  air  temperature - 
42OC).  No notable  temperature  changes  occur 
during  transportation through the pipelinaB.  For 

So, detailed  geothermal  observations find 

example,  in August 1988, when the quarry  was 
drained, the brine temperature in the sum  was 
5.7'C, and  in the tog part of the intake 
boreholes  it  was 8.1 C .  As for the general 
mineralization,  its  diatribution is different, 
depending on the season. Whereas in winter time 
the  mineralization of brines i s  close to the back- 
ground  values, in  summer,  especially  during the 
period of  rains,  it decreases to  38-42 g/l. It 
should  be  noted that  starting  from 1985 there 
have  been changes in the background  mineraliza- 
tion values  of the quarry water as well: in  1985 
it  was 60-70 g/l, in  1987 - 190-200  g/l,  and now 
it is 230-250  g/l.  It might  related to the fact 
that the quarry  which is 240 m deep  reached the 
level of  highly mineralized water. 

Using the information  discussed above we can 
analyze the dynamics  of rock temperatures  in the 
upper.part of the cryogenic layer  in the mining 
area  (Figure 5 a,  b, c ) .  At the initial stage of 
mining, i. e. when the environment  had  not been. 
disturbed  yet,  at a depth of 25 m permafrost 
temperature  in  divides  was -1. 7OC, and on north- 
facing  slopes it  was -4 ,Doc. Pumping of highly 
mineralized  water  and  its  infiltration  from the 
quarry  has  caused total decrease by 1 .Z°C in  rock 
temperature.  At the same time, there is an in- 
crease  in the concentration  of  salts  and  other 
chemicals  in the upper  part of the geological 
medium, i. e. in the layer of frozen  ground which 
might  become  wet  frozen  ground,  and  sharply 
change  its  physical  properties. 

From the  ecological  point of  view, such ground 
may  become traps €or suprapemfrost water,  and 
act  as  water conducting  collectors o f  a pressure- 
filtration  type.  It will result in the accumula- 
tion of contaminating  elements in ground  and 
rocks of the free aeration  zone  that will undoub- 
tedly  affect the permafrost  landscape  situation. 
The  seasonally thawing layer  whose thickness will 
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Figure 5. Temperature field of rocks  at a depth of 
25 m: a) March 1987, b) April 1988, c) May  1989;  A-B - location'of  the  geothemical sections. 

increaue due to salinization, will act  in this 
case as a secondary mouxce  of  environmental  con- 
tamination (Goldberg 1985).  Horeover,  accumula- 
tion of brines+in  the upper  part  of the geologi- 
cal section, and especially  within the layer of 
annual temperature fluctuations,  as well as  sharp 
seasonal .fluctuations of rock temperatures will 
intgnsify cryogenic disintegration  of  rocks  and, 
therefore, formation o f  more  fissures  and 
cavities through which  pumped  brine  can  drain. 
Hence, there are real preconditions for the foxma- 
tion of technogenic seasonal  icings.  Taking  into 
account that in  the diamond-bearing  area the 
geological karst  phenomenon takes place,  as  well 
as seasonal temperature deformations  of  fissuring 
in the karst  subjected  rocks to the quasi-peri- 
odical changes in the fislrure syatems (Timofeev 
1985) ,  one may expect a considerable  transforna- 
tion of the hydrogeological  conditions of the 
region  and the areas adjacent to the technogenic 
sections oftha Udachnaya  diamond pipe. 

In the given example, the surface  of the ridge 
where the accumulation pit  is  located,  is 140 m 
above the water line of the Daldyn  River.  Assum- 
ing the talik under the river  bed to be 20 m 
thick,  we can determine the ecologically safe 
depth for pumping of the quarry  water.  According 
to our calculations,  it  should  be  about 160 rn 

and hydrogeological monitoring  data, in the 
(285 m a.s.1). However,  according to geothermal 

096 

course of  the water intake  system operation (for 
a relatively short period of time) n technogenic 
water-bearing  layer  has  formed  at the depth of 40- 
60 m. Its  elevation  is  higher than the water line 
of the Sytykan and  Daldyn  Rivers. Taking into BC- 
count the north-westerly direction of the Ok- 
tyabrsky  fault  area, we recommend  not to dis- 
charge drain water to the accumulation facility, 
since it will Fause the explanation of the tech- 
nogenic  water-bearing  horizon of aggressive 
saline water which  will  inevitably be discharged 
above the local base  level  of erosion with sub- 
sequent  transport to the local river system. 
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ISOTOPIC AND CHEMICAL CCMPOSITION OF GROUND ICE I N  WEST SIBERIA 

L . N . K r i t s u k  and V.A.Polyakov 

All-Russian  Research I n s t i t u t e  of Hydrogeology and Engineering Geology Zeleny  vil lage,  Noginsk 
District, Moscow Region, 142454, Russia. 

On the   bas i s  of detai led  intergrated  s tudy  of  ground i ce  i n  West S iber ia ,  
widely  using  hydrochemical and isotope methods, a reg iona l   chara te r i s t ic  is 
obtained for the  composition  of ground i ce  and natural   water  in t h e  s tudy 
region:  regularit ies  in  formation, an i n  ground  nature  of  massive and th i ck  
wedge ice .  The genet ic   l ink  with  cer ta in   types of ground water, frozen under 
d i f f e ren t  hydrodynamic and cl imat ic   condi t ions,   are   es tabl ished.  The mechanism 
of formation and r e l a t ive  age of different  morphological types o f  ground ice 
are  determined.  There i 5  revealed a genet ic  l i n k  between lake  water,  ground 
(massive and wedge) i c e  and cryopegs as different-aged  products of cryogenic 
metamorphization in   the  course of deep  freezing of the   l i thosphere.  

INTRODUCTION 

Isotope  invest igat ions i n  the  northern West 
S iber ia  have  been carr ied  out  by VSEGINGEO 
since 1980 w i t h  t h e  aim t o  determine  the 
genesis of massive  ice. As the  obtained  results 
show (Anisimava  and Kritsuk,l983; K r i t s u k  and 
Polyakov, 1989), more perspective i s  achieved i n  
the above-mentioned aim by combining 
hydrochemical and isotope  methods. The use of 
these methods and in t e rp re t a t ion  of the   resu l t s  
obtained were based on the known regular 
features   in   the  formation of chemical. and 
isotope  composition of natural   water and ice  
(Anisimova, 1981; O'Neil, 1968; Souchez and 
Jauze1,  1984) e 

As the  composition of  graund i ce  is a 
function  of a great  number of interconnected 
na tura l   fac tors  and condi t ions ,   to   es tab l i sh  
the  regular   features  of i ts formation 
ispossible  basing on e i t h e r   l a r g e  number o,f 
ana lys i s  of ice-forming phenomena of  the same 
type o r  de t a i l ed   t e s t ing  of a s ing le  ice 
deposit ,  and  employing p robab i l i s t i c  / 
s t a t i s t i c a l  methods for analyt ical-data  
processing. 

northern West S l i e r i a   i n   t h e   d i f f e r e n t  sites of 
the  Yamal and Gydah peninsulas and Pur-Nadp 
interfluve  (Figure 1). Ground-ice  samples were 
taken from the boreholes 10-15 m deep and 
natural  grbund  exposures. A t  t he  same time, the 
samples of surface and ground  water and 
prec ip i te t ion  were t e s t e d   i n   d i f f e r e n t   s i t e s  o f  
the  study  region.  Isotopic and  hydrochemical 
analysis  were made i n  VSEGINGEO.  The result 
obtained  are shown i n  Figures 2-4. 

The genet ic  and paleoclimatic  curves were 
plotFed  based on t h e  comparison of chemical and 
isotope  composition of ground i c e  and 
prec ip i ta t ion .  Samples of r a i n  and snow were 
taken  in   the  coastal   area of Marre-Sale, a t   t h e  
shore of Ob Bay (Kamenny Cape and Tadibe-Yakha 
Peninsula,  a5 well a s  i n  the  area of Tyurin-to 
Lake and Nadym City. 

The work of such  kind was performed i n  the 
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Figure 1. Location of s i t e s  for isotope 
invest igat ion of  ground i c e  i n  West Siber ia .  1- 
Si t e s  of in tegra ted   de ta i led   i so topic  and 
hydrochemical i nves t iga t io  and t h e i r  number: 
(1) Marre-Sale Cape; 2 )  Se-Yakha River  Valley 
(Mutnaya) : ( 3 )  Nurminskaya s t ruc tu re ;  ( 4 )  Novo- 
Portovskaya  structure;(5)Yuribey R i v e r  Valley 
(6)"Ice Mountain" a t  Yenisey  River;Z - S i t e s  of 
Individual  isotope  investigation:(7) Kharasavey 
Cape; ( 8 )  Tyurin-to Lake; ( 9 )  Se-Yakha River Mouth 
(Zelenaya);(lO)TidibeYakha River 
Mouth; (11)Parisento Lake; (12) Antipayuta; (13) 
Kamenny Cape; (14) Labytnangi; (15)Nadp  River;  
(I6)Pangody;  (17)UrengoySamples of:3-precipi-  
tation;  4-lake  water;  5-sea  water;  6-river  water 
I-underground  ice;8-structure-foming  ice;9- 
massive  ice;lO-wedge ice;ll-pingo  ice;lil-sea 
ice .  

RESULTS 

Precipi ta t ion of West Siberia  has an 
u l t r s f resh   ( f resh   in   coas ta l   a rea)   carbonate  
sadium-calcium  composition with an increased 



.1 comwosision of natural 

.. 

water  in  West  Siberia  1-surface  water (11-549) 
2-precipitation  (n-25);3-ground  water  (n>56). 

content of C1 and Na in  the  coastal  area  and 
wide  variations of Mg  and SO due  to  the 
latitude  of  territory,  dlstance  from  the  sea 
coast  and  season  of  the  year  (Figure 2). 
Mineralization i s  usually  not more than 60 mg/l 
and only at  the  sea  coast  reaq,hes 200 mg/l. 

Isotope  cohposition  of  precipitation 
depends on a season.  and  distance from sea 

coast.  The  "lightest"  precipitation (8" 0 - 
24.1do; 6 D - 108%o) was i n  January  in  Marre- 
Sale  area,  the  "heaviest" (&I8 0 - 7.2 'bo - in 
June  in  Nadym.  The  variation  in 0 and S D  
content  at  the  cosast  are in a complete 
agreement  with  the  trend of average  monthly 
temperature of air  (Kritsuk  and  Polyakov, 
1909). Experimental  points  of  isotope 
composition  are  located  near  the  calculated 
line of meteor  water  (Figure 3 ) .  

Surface  water  isotopic  composition  was 
studied in different  sites of the  regions  and 
in  special  detail  in  Yamal. It was  established 
that  isotopic  composition of surface  water 
contains  mainly HC03 (excluding  the  sea  coast 
where  there i s  a high  content of C1, Figure 2 )  
Among  the  cation  at  the  sea  coast, Na prevails, 
at  the Ob Bay  shore Mg, and  in  continental 
areas - C1. Mineralization  varies  from  dozens 
of mg/l (in  water  of rivers  and  very  large 
lakes)  to  several  hundreds of mg/l  (in  lakes of 
active  neotectonic  structure).  Sulphatse  are 
either  absent  in  surface  water or  have  rathe'r 
low concentrations,  associated  usually  with  the 
lakes,  in  the  shore  exposures at which  suphate- 
containing ice is  melting. 
A sharp  increase in  sulphate  content  from 62 to 
80% -eq. is observed  in the Tadibe-Yakha  River 
Valley  and  in  the  lakes of Urengoy  structure. 
Here the ground water is 

-20 -10 0 -20 -10 0 

-20 

-60 

-100 

-140 

-180 

-20 

-60 

-100 

-140 
-180 

Figure 3 .  Isotopic  composition  obtained 
for:  A-natural  water;  B-ice of pingo; C- 
massive  ice;  D-wedge  ice.  1-precipitation; 2- 
lake  water;  3-sea  water;  4-river  wate'r; 5- 
underground  water;  &icing;  I-sea  ice; 8- 
cryopegs;  9-underground  ice. 
supposed to be  recharged f r o m  .a zone  with  a 
confined  water-circulation. Low mineralization 
indicates  prevailing  atmospheric recharge, 

A specific  feature of surface  water  in  West 
Siberia  is  its  heterogeneous  chemical 
composition,  whith is confirmed  by  the 
elongated  shape o f  distribution  curves, low 
concentrations of different  ions, as  well as by 
abnormally  high  contents of different 
mineralization  components  observed  in some of 
the  samples  (i.e.  right-hand  side of 
distribution  curves  in  Figure 2). A reason  for 
the  heterogenety may lie  in  a  different  degree 
of cryogenic  metamorphization,  connected  with 
seasonal  freezing of different  amounts of 
surface  water.  Special  studies,  performed 
within  the  Nurmisky  local  tectonic  structure, 
have  established a  difference  in  chemical 
composition o f  lake water in  the  dome  and  wing 
areas,  which  was  attributed  to  different  depths 
of the  lakes  (Kritsuk  and  Chervova,l985). 

Genetic  heterogeneity of  surface  water in 
the  permafrost of West  Siberia  is  proved  by  its 
isotopic  composition obtained during  the  study. 
Distribution of 0 -values i s  shown  in 
Figure 5A. 

The 0 content in  the  surface  water of 
West  Siberia  varies  from -6.6 to -18.9 %o. Of 
the  heaviest  isotopic  composition  is  sea  and 
lake  water  from  the  west  coast of Yamal. The 
lightest  one  is  the water of large  lakes  and 
rivers  in  the  northern  areas of Y,amal and 
Gydan.  Considerable  variations  in S1'O values , 
observed  in  the  lake water of one area  having 
an  extremely  humid  climate,  are  connected 
perheps  with a  difference  in  the  age of lakes, 
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the  types of lake  recharge  and  with  a  different 
cryogenic  metamorphization of lake  water.  Such 
kind of isotopic  cornposition  in  lake  water was 
observed  in  the  Bovanenkovo  structure (818 0 of 
-9,7 to  -14.1%0),  Novo-Portovskaya  structure 
(&I8 0 of 12.4 to -16.6%0), in  the  Marre-Sale 
area (&la 0 of -9.0 to  -14.3%0) . 
relatively  light  lake  water,  but  in  the  heavier 
lake water  a  sharp  increase of CL and  Na  and 
sometimes of NH4 and SO4 is observed. 

Ground-water  composition in the 
cryolithozone, as a potential  source of ice 
formation, is formed  in  the  paragenetic 
permafrost-ground water  system  and  reflects a 
kind of hydraulic  connection  between  ground- 
and  surface  water. 

characterized by ultra-fresh  hydrocarbonate 
calcium  composition  (chloride-calcium 
composition  at  the  coast),  contains  different 
amounts of silicic  acid  and  is  close  to  the 
isotopic  composition f o r  precipitation of 
sumer and  autumn  periods 0 - -13,s to - 
15.7%0). 

Of a notable  predominance  in  the  chemical 
composition of inter-permafrost  water  are HCO 
(to 80 to 90%-eq. and  more)  and Mg (to 60 to 
80%-eq.),  which  points  to  a  considerable 
cryogenic  metamorphization. A specific  feature 
of  this  water is a high  content of silicic  acid 
(from 20 to 30 to 50 to 60 mg/l) double-valence 
iron.  Mineralization  is  not  high (0.1 to 0.3 
g/l), but  can,  in  case of a poor  link  wlth 
surface  water,  rise  to 0.5 g / l  '(Figure 2 )  . The 
inter-permafrost  water  has  an  atmospheric 
recharge,  which  is  known by  its relatively low 
mineralization,  actual  absense of sulphates  and 
isotopic  composition of oxygen  (Figure Sg). 

Freezing-out of inter-permafrost  water  due 
to a change  in  the  conditions of heat-exchange 
of soils with the  atmosphere causes a formation 
of  in-permafrost  ground  water of a 
chloridesodium or sulphate-magnesium  type, 
differently  mineralized  (from 3.6 to 6.9 g / l ) ,  
which has not  been  once  reputed  in  the  central 
permafrost  zone  in  the horth of the  Arctic 
Circle.  The  analogous lenses o f  ancient 
"frozen-out"  low-saline (5.4 g / l )  
chloridesodium  ground  water  which lost its  link 
with  surface  water  (judging  by  its  abnormally 
light  isotoplc  composition, i.e. 818 0 of 21.4 
%o: 6 D of 170%0) was found  in  the  south of 
West  Siberia  (outside  the  permafrost  zone). 
According  to  the  radiocarbon  analysis,  the  age 
o f  this  ground  water  is  more  than 10,000 years 
(Polyakov, 1986). 

The  in-permafrost  mineralized  water  (i,e, 
cryopegs!  is most widely  spread  in the  northern 
cryolithosone - Yamal  and  Gydan Peninsulas, 
.both on the  sea  coast  and  in  their  continental 
areas,  i.e.  in  the  bottoms of drained lakes 
(hasyreys)  and deep  narrow bogs. Mineralization 
range  from 1-2  to 80100 g/l.  The  water  is of 
chloride-sodium type with a high  content  of 

As a rule, K O 3  and Ca prevall  in 

Above-permafrost  ground  water  is 

HC03 and  Mg  (20 to 30%-eq., sometimes  higher). 
The &la 0 content in the tested cryopegs  varies 
'from -5.9 to -18.680 (Figure 5B). The 
experimental  poinst  (Figure 3C) o f  isotopic 
composition of cryopegs (69-72) are  located 
within  the  area of cryogenically .metamorphized 
water  (above  the  line of meteor water ) .  This 
fact,  along  with  its  light  compposition, 
enabled  the  authors  to conclude that  the 
majority of cryopegs are relicts of the  cold 
climatic  epoch  when  the surface  water  (and a 
great  part of water  in  hydrogenic  taliks)  was 
found to be  frozen.  At the  same  time,  the  left- 
hand  section  of  the curve  which reflects  the 
composition  of  deep ground  water of oil-  and 
gas  fields,  surely  illustrating  a  genetic  link 
of the  tested  samples with sea water. 

The  ground  ice  is  characterized  by  fresh , 

(rarely  by  ultrafresh  hydrocarbonate or 
chloride  composition with different  content of 
Ca,  Na  and Mg (Figure 4 )  . The  curves of 
mineralization  components fo r  the  ground  ice 
sharply differ  from  those  for  natural  water  in 
the  study  regions (see Figure 2) by  shape, 
availability  of  several  peeks  in  occurrence  and 
rare  modal  values f o r  the  most  componentds  of 
mineralization.  Without doubt,  these  facts 
point to a  heterogeneous  composition of frozen 
water  and  its  different  cryogenic 
metamorphization. A higher  (than  in  surface 
water  and  precipitation)  mineralization  of 
ground  ice  gives the basis  to  suppose an 
underground  source of ice  formation. 

Figure 4 .  Chemical composition of ground  ice. I 
- massive  ice  in  Se-Yakha River Valley  (Site 2; 
n-50) ; 2 - massive  ice of ' 'Ice  Mountain"  (Site 
6; 11-32); 3 - wedge ice in Yuribey  River  Valley 
(Site 5; n-25). 

The  content of stable  isotopes  in  ground 
ice  widely  varies  (Figure 5 C) . The  location of 
the  experimental  points of isotopic  composition 
in  Figure 3 provides evidence about  the 
participation of natural water of different 
genesis  in  the  ice  generation,  different  age o f  
the  ice  itself,  and its  formation  under a 
spectrum of air  temperature. A combined 
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analysis of hydrochemical  and  isotopic  results 
made  it  possible  to  establish  the  genesis, 
freezing  conditions  and  relative, age of  ground 
ice, as  well  as  to  make  original  paleographic 
conclusions  (Kritsuk,  1990;  Kritsuk  and 
Polyakov, 1989). 
Ground  ice of pingos  is of the  youngest  age. 
The relief and  low  hypsometric  position  (e.g, 
river  valley,  bottoms of drained  lakes  enable 8 
supposition,that the  formation of pingos  is 
connected  with  the  drop of postoptimal 
temperatures  during  Holocene  period  and 
freezing of talik  ground  water,.  Having  a 
hydrocarbonate  sodium  ultra-fresh  composition, 
the  ice of pingo  is  characterlzed  by 
considerable variations in  total  mineralizetion 
along  vertical  profile,  caused  by a change  in 
the  concentrations of HCO and Na and to a 
lesser  extent of Mg and  Ca. As the  special 
detailed  hydrochemical  invesetigations o f  pingo 
in the  south of Gydan  showed,  the ice of large 
pingo  was 

4 

Figure 5 .  Oxygen  isotope  composition of 
natural  water  and  ground  ice  in  West  Siberia. A 
- surface  water:  1-rain (n=26) 2 - snow (n-35); 
3 - lake  water  (n-55); 4 - water of rivers  and 
streams (n-17). B - ground  water: 1 - ground 
water o f  different  aquifer  (n=17); 2 - cryopegs 
(n=8). C - ground  ice: 1 - structure-forming 
ice (n-30) pingo (n=13);  3 - massive  ice 
(n=123);  wedge  ice  (11-48); 5 - icings of 
Putoran  and  Polar Urals (n=17). 

being  formed  through  repeated  injections of 
ground  water,  frozen  in  a  closed  space  beneath 
taliks ( Anisimova,  1981). 

Among  ice  types of pingo,  there  are 
distinguished  massive  (lens-like)  ice  and 
icewedge  bodies.  Oxygen-isotope  composition  of 

lens-like  ice  is  close to the  composition of 
present-day  lake  water,  and  isotopic 
composition of hydrogen widely  varies  (Figure 
3 8 ) .  Wedge  ice,  located  usually  in  the top of 
pingo,  represents  the  ice of extension  figgures 
(Mackey, 1983). Its  chemical  composition  shows 
an  lncreased C1 and  Na  content  (sometimes of 
SO$$), which  indicates a high  degree of 
cryogenic  metamorphization of frozen  water. 
Isotope  composition of  wedge  ice i s  much 
lighter  than  that of lens-like  ice (poknt 62 in 
Figure 3 B), which  is  due to isotope 
fractioning  in  freezing water  (Souchez and 
Jouzel, 1984). I 

Thick massive  ice  is widely  spread in river 
valleys,  on  shores of large lakes  and sea coast 
of amal  and  Gydan,  as well  as  along  the 
eastern  periphery of the  WestSiberian  Plate. It 
is  connected  spatially  with  the zones o f  
abyssal fau l t s ,  as the  analysis of 
structuralOtectonic  and  aero-space  maps  shows. 

The  chemical  composition of ice  strata i s  
highly  heterogeneous both in  vertical  and 
horizontal  direction  (Fi-gure 4 ) .  Mlneralization 
ranges from dozens to hundreds  mgOl.  The 
analysis  revealed  a  connection  between  isotopic 
and  chemical  compositions of massive  ice  and 
between  conditions  of  its  occurrence,. Of the 
heaviest  composition ( d l e  o of -9 to -U%o, d 
D of -100 to -1200) is  chloridesodium  massive 
ice of the  western  marginal zone of amal; of a 
lighter  one ( d l 8  0 of -13  to -18%0: kD'of  -120 
to -160%0) hydrocarbonate-calcium  (magnesium) 
ice,  developed  in  the  river  valleys o f  Centrat 
amal  and  finally of the lightest  composition 

( d l s  0 of -20 to 24%0: d D of 160%0) i s  thick 
masssive  ice of hydrocarbonatemagnesium  type, 
spread  on  the  shores of very  large  rivers (e.g. 
Neito,  Voivareto  Halevto  and  others). A high 
content  of HC03 and  Mg,  silicic  acid  (from 2-4 
to 10-16 mgOl),  and  double-valence  iron (10 to 
15 mgOl),  in  a  number of samples,  indicates 
that  the  massive  ice of amal  and  Gydan  is 
genetically  connected  with  inter-permafrost 
water of the  southern  cryolithozone  and 
availability  of SO4 and N H 4 .  This  points to a 
deterioration of water  exchange  with  surface 
water  due to freezing of water  in deep 
hydrogenic  talik  (Anisimova, 1981). On  the 
contrary,  quasi-homogeneous  hydrocarbonate- 
calcium  composition of tbe melting ice of "Ice 
Mountain" ( S i t e  6 in  Figure l), as well as 
association  of  the  site  with  the  zone o f .  
reginal  fault,  enabled a conclusion to be  made 
about  freezing of highly  confined  Eissure  water 
(Kritsuk  and  Anisimova, 1985). 

different-type  ground water is. proved by the 
isotopic  results  (Figure 3 C). The experimental 
point of isotopic  composition,  grouped  around 
the  freezing  line  (Michel, 19861, were located 
in  several  vertical  chains,  which is an 
evidence for  a genetic  relationship  between 
massive  ice  and  ground  ice of pingo  and for 
their  similarity  in  the  mechanism of formation 
(Figure 3 B, C) . Considerable  variations  in 

A genetic  link of massive  ice with 



isotopic  composition  of  massive  point  to  a  wide 
temperature  range of ice  formation. 

a  homogeneity o f  its isotopic  cornposition  in 
the  cross-section  (Vaikmyae  and  Karpov, 1985; 
Kritsuk  and  Polyakov, 1989). The  ordered 
location of experimental  points in Figure 3 C 
indicate  that  large  amounts of frozen  fresh 
water,  and  similarity  in  the  chemical  and 
isotopic  compositions of massive  ice  in 
different  areas, of Yamal,  about  regional 
distribution of ground  water.subject to 
freezing. 

genesis of massive  ice of West  Siberia  and i t s  
formation  from  different-type  ground water is 
confirmed  by stable  isotopes of carbon 
contained  in  it d l 3  C :  from -17.6 to -1O.l%0 
(Kritsuk  and  Polyakov, 1989). The  same 
conclusion was  made by  the  researchers at the 
"Ice  Mountain"  (Kuznetsova  and  Karpov, 1989). 

A similarity was established  in  chemical 
end  isotopic  composition of massive  ice o f  
Yamal  with  the  composition of water  in  large 
lakes  inter-permafrost  water  in  the  southern 
cryolitozone  and  icings  along  the  structural 
margins of West-Siberian  Plate  (Figure 5*) . 
This  enables  a  supposition  that  this  ice  is  a 
remainder of a  huge  underground/on-groufid 
icing,  formed  during  primary  freezing o f  the 
territory in the  areas of discharging  ground 
water  with  atmospheric  recharge. This fact, 
along  with  the  specific  areal  distribution  of 
massive  ice  (i.e.  association  with  the  zones  of 
abyssal  faults)  and  the  tracers of partial 
melting of the  ice  itself,  accompanied  by 
formation of secondary contacts  of it with  the 
overlying  rocks,  enable us to  consider  the 
massive  ice o f  the  northern  West  Siberia  to  be 
the  most  ancient ice  structures  (Kritsuk.1990). 

Wedge  ice  is widely spread  in  river  valleys 
and  lake  shores of the  peninsulas o f  Yamal, 
Gydan  and  Tazovsky  with  the  thickest 
occurrencee  (height > 10 m) associated  with  the 
zones of abyssal  faults.  It i s  Located  usually 
in  the  well-washed,  quartz  sands  with  high 
inclusione of organics.  This  kind o f  ice has a 
paragenetic  link  with  the  underlying  massive 
ice.  Ice-bearing  sediments for shallow  ice 
veins ( < 5 m)  are  usually  lacustrine,  marshy 
highice  silty  Loams  overlain  by a peat  layer 
and  underlain often by lens-like  bodies. 
Actually  all  the  cryological  researchers of 
West Siberia  have the  same  opinion  about  thick 
wedge  ice as being  syngenetic  structures, 
formed  due to repeated  frost  crackings  and 
penetration o f  surface  water  into  the  cracks. 
However,  the  isotopic  and  hydrochemical 
investigations we have  conducted do not  confirm 
this  hypothesis.  Chemical  composition o f  wedge 
ice i s  close to  that  of  massive  ice,  which 
indicates a genetic  relationship  between  them 
(Figure 41, A t  the  same  time  the  thick  wedge 
ice  contains  an  increased  content  of SO4 and Mg 
(to  60%eq.),  as well as silicic  acid (to 25 
mg/l),  which  is  actually  absent  in  surface 
water  and  precipitation  (Anisinova, 1981), 

A  specific  feature of think  massive  ice  is 

The  conclusion we have  made  about  in-ground 

Along  with a relatively  high  mineralization of 
wedge ice (to 300 mg/l)  and  availability of NO$ 
end  double-valence  iron  in sone samples ( 
unstable  in  an  oxygen  medium),  the  chemical 
composition of ice veins  points to freezing of 
ground  water  which has been  subjected to a 
higher  cryogenic  metamorphization  than  In 
massive  ice.  Thick  wedge  ice  represents  the 
"lightest"  ice  formations  in  West  Siberia 
[Figure 3 Dl 
The  samples  were  taken by the staff from  the 
Polar  Wral  Expedition  and  from  the  Krasnoyarsk 
Branch  of  "Priroda"  Center,  and  analyzed in the 
VSEGINGEO Laboratories. A considerable  number 
of experimental  points o f  wedge- ice  are  located 
above  the  line of.meteor water. In order to 
establish  the  mechanism  for  formation of  ice 
veins,  a  detailed  hydrochemical  testing was 
performed.  Typical  vertical  distribution of 
mineral  components in  a  vein  is shown in Figure 
6 where  demonstrates  the  formation of ground 
ice  due  freezing of  fresh  water  in  a  closed 
space,  accompanied by freezing-out of  the  salts 
contained  in  it  (i.e7  injection  mechanism of 
ice  formation].  This  conclusion is based on 
considerable  variations  in  totai  mineralization 
of  ice  in  cross-section,  connected chiefly  with 
the  changes in the  concentrations of HC03, Na 
and  at  some  depths of SO4 and Mg which  are  most 
distinctly  expressed in the lower  layers o f  
ice.  Also,  it  is  confirmed  by  isotopic  studies, 
i.e.  that  the  lightest  compgsition  is  the  more 
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Figure 6. Component  changes  in  minerali- 
zation  and  stable  isotopes  of  ice  vein  with 
depth ( near-valley  area of 111 terrace of 
Soty-Yakha  River,  Site 3 )  1 - sand; 2 - ice; 3 
- ironing: 4 - perma  frost  table. 
mineralized  ice  (Kritsuk and Polyakov, 1989) * 

SUMMARY 

Considering  the  specific  occurrence of the 
tested  ice  veins  and  the  established  specific 
features of chemical  and  isotopic  composition 
of  thick  wedge  ice, a conclusion can be  made 
that  it  is a secondary  in-ground  ice,  formed 
under  severe  climatic  conditions  from 
completely  frozen  cryogenically  metamorphized 



ground  water  of  deep  cryogenic  taliks  and  at 
penetration  of  frozen  water  under  high  pressure 
into  extension  fissures  in  a  frozen  mass.  The 
considerable  818 0 variations  within a narrow 8 
D-range  (Figure 4 D) indicate  that  the  source 
water in  wedge  ice i s  formed  under  close 
hydrodinamic  conditions  and  different,  climatic 
conditions  with no uniform  aquifer  available. 
The 6l3 C value  in  the  tested  vein i s  equal to 
- 1 4 . 4 % 0  (Kritsuk  and  Polyakov,  1989a)  .The  fact 
that  the  thick  wedge  ice  is  associated  with  the 
modern or ancient  lakes.and  river  terraces  and 
Located  above  massive  ice  gives  the  basis to 
consider the  wedge  ice to be younger  formations 
than  the  Latter( Fig.7) 

Borthole W 3 8  

Figure 7. Location of massive  ice  and  ice 
wedges  within  the  pingo  in  Soty-Yakha  River 
Valley  (site 3)  (after V.F. Bolikhovskii) 

The isotopic  composition a€  polygonal-wedge 
ice,  widely spread in  ancient  lake  depressions, 
I s  close  to  the  composition of ice  in  pingos 
and  massive  ice  (left-hand  section  of  the  third 
curve in  Figure 5 C) . The  ice  is  ultrafresh, 
HCO and Ca are  predominant  in  its  chemical 
composition,  which  indicates a genetic  link 
with  surface  water  and  precipitation. 

Structure-forming  ice  (ground  ice)  isotopic 
composition  varies  within a wide range (Figure 
5 C )  . Modal 0 value  at  the  distribution 
curve (-15 to -17%0) shows  that  the  source 
water  of  this  ice  has  been formed at  air 
temperature  close  to 0' and the ice  itself  is 
of a  segregated type.  At the same time, some 
samples of structure-forming  ice  represent 
probably  fissure ice of injection  genesis  due 
to the  penetration into a frozen  ground of the 
freezing  lenses  of  sea or deep water  (lefthand 
section of the  distribution  curve) wr o f  the 
cryogenically  metamorphized  water from 
hydrogenic  taliks,  were  freezing  during  a  cold 
epoch  (right-hand  section) - 
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ON THE STUDY OF IIVAL  DEPOSITS  IN  YAKUTIA 

viktor V. Kunitsky 
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Yakutak 611018, Russia 

Prom the nival deposits it  is  suggested to single  out the extranivites - peculiar 
drifts accumulated near a  permafrost  snow  patch  as  a  rule  during the surface,  flat 
and  small-stream  bedless  run-off  of  its  melt  water  under  pernafrost  conditions. 
There are three main varieties of modern  extranivitea - deposita  near the anow patch 
bank, deposits near the snow patch cones  and  deposits  near  snow  patch  flood-plain. 
The article examines some sections of old deposits  near snow patches.  It  has been 
pointed out that discovery of Pleistocene axtranivitea  and their spread over Yakutia 
area may witness the development of numerous  permanent snow patches on the mountains 
and plains of this area in the past  and  prove  that  accumulation  and melting of these 
Snow patches took place under permafrost  conditions. 

I I 

Figure 1. Schematic  map o f  the  area  under 

a dotted  line.  The fraction of the arrow denotes: 
investigation.  Extranivite areas are outlined  with 

the region o f  Prianabarskaya  plain; If - the region numerator - conventional  number  of the region: I - 
of Primorskaya  bank; I11 - the region of Omolojskaya 
Depression; IV - the region of Chekanovsky ridge; V - the regian  of Kisiljakh ridge; the denominator 
denotes the year of the author's participation in 
the field  permafrost investigations of the region. 

rule, as a result of surface, plain and fine- 
stream  bedlesa  run-off of its melt water under 
permafrost  conditions. 

The  permanent  snow patches include perennial 
snow  patches  and  drifting snow patches (Shusnsky 
1916). Both types of snow patches are considered 
as snw, firn  and  ice accumulations remaining 
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throughout the year as compared with seasonal 
snow patches (spring, early and late summer). The 
permanent snow patches are peculiar forns of  over- 
ground glaciation.  They serve as intermediate 
link between the seaaonal snow cover and 
glaciers, and differ from them by smaller dimen- 
sions, short life, absence of distinct features 
of movement and division in feed and melt  areas. 

Snow patches cause nivation (Matthes, 1900) or 
underenow erosion (Tolmachjov 1903). It is under 
staod as a localized rock destruction caused  by 
frost, which includes the processes of  its  physi- 
cal and chemical weathering and the processes of 
ablating the weathering products from anow 
patches (Chetyrjokhyazychnyj 1980). 

In their revision article Embleton and King 
(1975) point out that nivation efficiency depends 
on  the thickness of the gnaw patch and on the 
thermal conditions of the underlying soil. If a 
snow patch is located on non-frozen soils, the 
nivation takes place both at  its edges and  right 
under it. if the snow patch is underlaid by per- 
mafrost soils, t h e i r  nivation is restrained under 
it and proceeds mainly within a narrow strip 
along the edges and near the snaw patch. With the 
reduction of its thickness and the occupied area 
the zone of intensive nivation shifts across the 
entire surface freed  from the snow patch (left by 
the snow patch). 

This dependence helps to understand the 
mechanism of rock breakage (destruction) caused 
by snow patches.  At the same tine it enables 
claasifying the snow patches, singling out  at 
least two main geothermal categories: a) warm ' 

snow patches, L e .  located on unfrozen soil: b) 
cold snow patches - underlain by  permafrost. The 
rock weathering products, which result from  niva- 
tion, remain on place and subjected to some shift- 
ing and sedimentation near the snow patches are 
called nival deposits (Ljubimov 1967). 

According to  the data obtained for Bol- 
mhezemelskaya tundra and for mountains of the 
Caucuses and the Tien Shan (Ljubimov 1967), for.. 
the lowlands of Pechjora and West Siberia it  is 
suggested to single out the following types the 
nival drifts I f - nival-gravitational; I1 - 
nival-eolian (epinival); 111 - nival-eluvial 
(nival-hypergenic); I V  - nival-solifluctional 
(perinival); V - nival (snow-ice) deposits 
(Liverovsky and Ljubimov, 1972). 

This.classification covers a wide range of 
natural phenomena. Among them there are not  only 
the phenomena predetermined by nivation but also 
those that cause its development - temporary and 
perennial snow patches which are regarded as 
nival deposits, Such a proposal is rather dis- 
putable, since it contradicts the initial idea  of 
the nival deposits (Ljubimov 1967) and  besides, 
disturbs the casual relationship within the sys- 
tem of notions on snow patches, nivation and 
nival deposits. 

are perinival or nival-solifluctional deposits. 
They include laminated silt (aleurite) of 
solifluctional tongues, festoons, pseudo ter- 
races, trails, debris cones below  vast snow 
fields and transverse snow patcheu on gentle 
slopes, as well as laminated silt of trails and 
of debris cones and the material of longitudinal 
strips with coarse fragments in the trough below 
the longitudinal snow patches on  the slopes of 
mean steepness and,  finally, nonlaminated 
material of the solifluctional debris cones and 

Of special interest within this classification 

mud-flow coarae fragments and aleurite at cirque- 

Ljubimov 1972) .  
type snow patches on steep slopes (Liverovsky and 

Extranivitea.might have been referred to 
perinival deposits.  But  in this case it should 
have been  noted that genesis of extranivites is 
aasociated with the existence of only cold per- 
manent snow patches.  Besides, one should mention 
that the structure  and the composition of  ex- 
tranivites i s  affected  not only by nivation and 
solifluction,  but also by other important 
lithogenetic processes (surface-type, plane-type 
and fine-stream  run-off and alluviation, frost 
fracturing,  frost  heave, frost sorting, per- 
mafrost),  which take place near cold permanent , 
snow patches.  Finally, one should mention that ac- 
cumulation of extranivites is controlled by the 
seasonally thawing layer processes and  not  by the 
nivation and solifluction which according to  the 
available data (Boch 1946, Kaplina 1965, Washburn 
1979) take place within the layers of temporary 
and seasonal freezing of soils and as it is known 
take part  in formation of perinival deposits. 

Thus, the idea of perinival deposita is much 
wider than that of extranivites and differs from 
it in the contents. This difference is due to the 
fact that the sense of the notion of  perinival 
deposits is  revealed through the detemination of 
the leading factor of rock weathering at places 
of various snow pat2h formation, as well as 
through the judgment:  on the main process of  frag- 
ment material shifting from snow patches, ir- 
respective of thermal parameters of the soil 
under them. 

tranivites the priority is given to the idea of a 
special geocryological situation near the cold 
permanent snow patches and under,~them. 

According to genetic classification of Quater- 
nary  deposits the extranivites represent a 
peculiar type of continental drifts. They are not 
so much of a dynamical but rather of a formation- 
al category.  Therefore, they are also called as 
snow patch-adjacent  deposits. 

nial snow patches  on the slopes of mountains and 
plpins.  Nival meadows near such snow patches may 
bejregarded  as landscape indicators of such 
deposits. 

According to the information related with the 
investigation of the nival meadows in the tundra 
area of East Siberia (Tikhomirov 1956)  the drift- 
ing snow patches on the slopes within Tajmyr Lake 
resemble small glaciers and provide a peculiar 
humidification of the adjacent area.  In summer 
the surface of slopes near such snow patches is 
overwetted. Sometimes it: is covered by small mud 
streams, which sometimes settle here in the form 
of  silt.  The  grass on these nival meadows is 
rugged. since their development i s  influenced by 
the streams of meltwater containing suspension 
matter, the appearance of the nival meadows 
reminds the surface of the fluvial plains of 
large rivers  and the surfaces o f  alluvium 
rewashed  annually  by  high  water. 

This information i s  similar to the one ob- 
tained by the author in  Yakutia. It shows that 
the gently eloping areas adjacent to  the cold 
perennial enow  patches  in tundra of the 
Prianabargkaya plain and on  the slopes of 
Primorsky and Chekanovsky mountain range are mois- 
tened throughout the warm season by the water of 
such snow patches. 

When explaining the sense of the notion on ex- 

Now extranivites  are found neax the cold peren- 



Melt water in the varying amounts  enter the 
gently  sloping surface of altiplanation terraces 
adjacent to snow patches and  flow  over it  in the 
fom of a continuous film (rather thin) or in the 
form  of  stray streams or bedless  springs. Such 
streams do not disturb as a rule the turf (@ad) 
when crossing the terrace.  They  often  split, 
saturate the seasonally thawed layer,  fill  cracks 
in  it,  stay  in microdepressions of the relief  and 
not always reach terrace edge. This water is 
often  turbid.  Fram the lower edge  of the peren- 
nial  cold  snow patches they transport nival silt, 
and  sometimes gruss, fine crushed  stone, gravel 
grains, fine pebble. Such water more or less even- 
ly irrigates the strip adjacent to the snow 
patch, the width of which is ccmmensurable with 
the width of the altiplanation terrace. The snow 
patch  melt  water sediment the suspended  and  frag- 
mental material carried by small streams. As a 
result of such sedimentation in the nival meadows 
and  adjacent  permafroat  landscapes  near the cold 
perennial  snow  patches,  peculiar  silty deposits 
are  foxmed  on the slopes. These deposits are 

4 AM3 
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Figure 2. Scheme of extranivite foxmation: a - in 
case OX snow patch  bank; b - in case a snow patch 
bank is absent. 
Symbols: JIM3 - the line of intensified  frost 
Weathering  area (Boch and  Krasnov  1943); Ua - 
protalus rampart (Flint 1963), nival rampart 
(Ljubimov 1967) or snow patch  rampart; nn + UK - .the 
area, of the snow  patch debris cones and  plain; I - 
the soil with underzero mean annual  temperature 
destroyed by nivation; 2 - anow,  firn, ice of 
perennial m o w  patch: 3 - pseudomoraine (Tolmachev 
1903) or snow patch deposita; 4 - the deposits of 
the snow patch  debris cones and the deposits of the 
snow  patch  plain (integral deposits). 

called  modern  extranivites, like the material 
near the snow patch, which substitute8 them in  ac- 
cordance with the given scheme (Figure 2). 

The area of the existing now deposits near the 
snow patch plain  as well as the area of  debris 
cone deposits near snow patches is located  be- 
tween the bank  adjacent to the snow patch  and the 
front  edge of the altiplanation terrace (see Fig- 
ure 2). In the gaps  of the nival bank and  where 
it is missing, this area is directly adjacent to 
the lower edge of the thawing perennial  cold  snow 

patch.  Here, the area  of  snow  patch plain 
deposits is located  around the distal periphexy 
of the snow+patch debris  cones. 

Thus, in case of a facial approach one should 
distinguish three basic  varieties of modern ex- 
tranivites:  pseudomoraine or deposits of  the snow 
patch  bank;  deposits of the snow patch debris 
cone;  deposits of the snow  patch  plain. 

These  deposits  have  an  important common fea- 
ture.  The  fragmental material of a14 abovemen- 
tioned  varieties of mcxiern extranivites is 
deposited  without  any  notable washout on the un- 
derlayer  surface. No basal horizon is formed on 
it.  At the same time the composition and the 
structure  of  each  extranivite  variety  have some 
peculiar  features.  Thus,  according to the o b a e ~ a -  
tions  made in one of the terraces adjacent to the 
nival  meadow  in the tundra of Prianabarakaya 
plain, the modern  deposits  of the snow patch 
plain had the following  peculiar  features: a) 
mainly  loessial  appearance due to  the prevalence 
of  aleurite (silt) particles; b) poorly visible 
lamination  of  subhorizontal Interlayers contain- 
ing  an  abundance o f  sand  particles: c) rare, as a 
rule,  disintegrated  gruss,  gravel, fine crushed 
stone and small (2-4 c m )  pebble rock resistant 
against  weathering; d) numerous threadlike 
radicles  (rootlets),  both  alive and died off, 
buried  on their place; e) enveloping location on 
base  rock  without a basal  horizon; f) a small 
(less than 1 m) depth of seasonal thaw; g) EXCES- 
sive (redundant) humidity  in the seasonally 
thawed  layer; h) the traces of.intensiv,e proces- 
ses of shallow  and deep frost  fracturing.  Be- 
sides, the same deposits in a frozen state con- 
tained  cementing,  as well as  ground ice and  wedge 
ice  (Kunitaky 1989). Similar structure i s  typical 
of  many  modern  deposits of the snow patch debris 
cones  situated  in other areas o f  the 
cryolithozone.  There  analogies  are the result of 
two main  reasons.  One of  the reasons is that all 
pointed  out  varieties of modern extranivites 
belong to cryolithogenic  deposits (Katasonov 
1972), or to be more  exact, to Chose of them 
which  are  accumulated  on a seasonally thawing 
layer. The  other  reason  of these analogies is 
that  one  and the same  variety  of modern ex- ' 

tranivites  is  formed  in  different regions, in 
similar  though not identical hydrological situa- 
tion near the thawing  cold  permanent snow patches 
on  slopes  with  terraces  in these regions (see Fig- 
ure 1). 

According to the opinion  of investigators the 
transportation  of fragmental material on the sux- 
face of  altiplanation terraces in permafrost area 
is mainly  provided  by solifluction and by the 
processes of structural  ground formation 
(Obruchev 1937). 

According to the author one should  not ignore 
participation of solifluction in the fornation of 
extranivites.  But still in relation to the ac- 
tivity of  melt water as a basic  agent of 
transporting the fragmental material of  the 
deposits of snow patch debris cones and anow 
patch  plain, as well  as in relation to the 
mechanism of the primary sedimentation of euch 
material - sedimentation of suspended particles 
carried by water and their transformation to 
peculiar  drifts  deposited  on the slopes - the 
solifluction of such drifts should be considered 
in  most  cases  as  one of the processes within the 
chain of events  that cause accumulation of  sedi- 
ments  near  snow  patches. 
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A peculiar case of extranivite accumulation is 
the formation of deposits of a snow patch bank 
with prevalence of large-fragment material. It is 
known that 6uch material is accumulated as a 
result of the slide of rock fragments down the 
sloped surface of a snow patch from the line of 
the intensified frost weathering area. Similar 
slide - solifluction - is observed on  the surface 
of both the warm and the cold snow patches ir- 
respective of their life period. 

shallow and deep frost fracturing, frost heaving, * 

froirt sorting, segregation and wedge ice forma- 
tion - all the6e processes take place in modern 
deposits of snow patch debris cones and snow 
patch plain. As new layer6 of  such sediments are 
accumulated, they are subjected to the indicated 
processes right on the slopes. Strictly speaking, 
these processel take place at postsedimentation 
staged of accumulation, when it temporarily 
stops. The intermittent nature of such sediment 
accunulatipn is determined when etudying not  only 
modern extranivites but also their ancient 
analogues observed in the sections of the 
cryolithozone. 

Ancient nival deposits are spread over the 
area of Yakutia. They are found in the sections 
of relict altiplanation terraces located,  as a 
rule, below the existing nivation base or below 
the lower border of its modern development belt 
(Solntsev 1949). The indicated deposits take part 
in the structure of cryopediments - gently  slop- 
ing surface ( 1-loo) of concaved shape with a 1.5 
m thick loose mantle, which differ from altiplana- 
tion terraces in  the lower part  of the water 
divides of elopes (czudek and Demek 1973, Czudek 
1988).  Beside#, the ancient nival deposits are 
found  in the llections of almost horizontal areas, 
which are regarded as permafrost plain pediments 
(Timofeev 1965) or cryopediments (Timofeev and 
Wjurina 1983),  and sometimes as terrace ridges 
(Kartashov 1966) or as syngenetic kind of terrace 

According to the available data,  solifluction, 

ridges (Gravis 1969). Three areas are located,  as 
a rule,  near (at)  the foot of concaved slopes and 
differ from cryopediments in greater deposit 
thickness which is over 1.5 m. 

Ancient  nival deposit layers were observed in 
the natural scarps and in the sections of mine 
openings.  Such layers were studied in detail  on 
the slopea of the Frianabarskaya plain and at the 
foot of the Primorsky bank chain, as well as 
within the area of the Kisilyakh mountain range 
(see Figure 1). 

Figure 3 shows a cryolithological section of 
the Prianabarskaya plain area. It enables to make 
judgements on  the structure of one of the al- . 
tiplanation terraces. The altiplanation terrace 
invesfigated  by bore pits is probably of a relict 
character. As shown on  the section (see  Figure 
3 ) ,  it i s  rather  large. Its rear step is 15 rn 
high,  and a gently sloped platform is 1 hn wide. 
This makes an impression of a rather durative 
nivation  on the investigated area provided by 
probably (I big perennial snow patch or by several 
such  patches. 

At  present, no permanent snow patches are 
formed on this terrace, though a seasonal snow 
cover reaches 0.6 m. one may judge about the 
period of nivation development on this terrace by 
the comparison of its deposits with the alluvium 
investigated by boreholes 2266-2268. The forma- 
tion of this alluvium i s  said to have taken place 
at the end  of the Sartanskaya epoch or at the 
beginning of the Kolocene. Based on this assump- 
tion, the formation of the examined altiplanation 
terrace should  be attributed to the Sartanskaya 
( Q ' 3 )  or to the earlier epoch.  In the rear cqsp 
and  on the platform  of this altiplanation terrace 
the boreholes discovered thinly laminated clayey 
limestone  placed almost horizontally._These rocks 
have a fismrad cryostructure formed by a fresh 
ice  with addition of si1t;which fills vertical, 
inclined  and horizontal fissures in the lime- 
stone. There i s  a big amount of  such ice on  the 

SE 

Figure 3. Cxyolithological shape of the Prianabarskaya valley.area; 1-2 - surface cryogenic eluvium (Katasonov 
1965) of limestone: the rock (cliff) with ice-made cracks (I); ice-heaved rock soil (2); 3-5 - Pleistocenic 
(Q3) extranivites: deposits of snow patch rampart  and  snow  patch debris cones, integral (3); deposits of 
snow patch plain (4); deposits of surface and  suprapermafrost water from the cold perennial snow patch - 
ice veins (5); 6 - colluvial-solifluctional crushed  rock  containing silty loam and clayey loam with a 
socket-type (socketed) cryostructure; 7 - deluvial-solifluctfonal  sandy silty Loam and clayey loam with 
lens-shaped, latticed cryogenic structure; 8 - alluvium of the modern ( Q 4 )  horizon:  pebble,  sand,  silty 
loam, clayey loam, peat,  ice veins (wedges); 9 - borehole and  its  number. 
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top of the rock moss. In  this part of the sec- 
tions, which resembles a surface-type cryogenic 
eluvium (Katasonov 1965) the ice-filled cracks 
(fissures) are  up to 2 CUI wide and sometimes one 
may find ice masses with suspended blocks and 
smaller fragments of limestone located almost 
horizontally. 

platform of the terrace  refers to ancient nival 
deposits. Among them  are the deposits of the  snow 
patch plain and integral deposits of  the  snow 
patch bank and the  snow patch debris cones (see 
Figure 3) 

According to  the  data provided by boreholes 
2271-2277 the integral deposits of the  snow patch 
bank and debris  cones  contain aandy silty loam 
and clayey 6ilt. They also contain gross and 
crushed stone, the amount of which increases with 
depth. near the underlaying cryogenic eluvium 
layer one may find limestone blocks. These silty 
loam and clayey silt include 0.5-2 cat ice sockets 
and numerous 3 mm thick ice lenses of irregular 
shape.  At greater depth and near ice veins the 
gaps between limestone fragments are filled with 
ice with silt inclusions, and a baaal cxyostruc- 
tuxe i s  observed. 

The deposits of the  snow patch plain revealed 
by the boreholes 2212,  2214, 2215 occupy the 
upper part of the  ice  complex sections. Thgy are 
represented by loearsial silty loam and cla9ey 
silt with numerous thin (1-2 nrm) segregatea ice 
lenses. In contrast to  the underlying crushed 
stone silty loam and clayey silt,  theare deposits 
contain much lesr crushed stone ahd gross, and 
are characterized by the availability of small 
black and bluish-black spots, which resemble sul- 
fides that.as it is known are  typical for silty 
rock of an  ice complex. Horizontal and sometimes 
concave interlayers o f  ground ice are attached to 
the sides of the ice veins o f  these deposits. T h a  
thickness of these interlayers is up  to 3 cm. 

The ice veins pierced by boreholes 2273-2211 
have irregular shape. Their cross-section is 
similar to large-size boilers made of dir ty  Yel- 
low-brown ice containing subvertical chains o f  
gas bubbles and thin silt layers. In other cases 
one cold observe in similar rocks the asymmetri- 
cally split ice veins bent down the slope and ice 
strips of variable width vertical xenoliths of 
fine crushed stone and gross. 

cut and located below the seasonal thawing layer 
The upper edges o f  these ice veins are melted, 

of the  wedge ice deposits. Another peculiarity of 
(Table I), which makes an impression of antiquity 

the examined ice veins is that their side con- . 
tact8 have peculiar steps (projections) - 
shoulders, which serve as  the evidence of geologi- 
cally simultaneous formation of ice veins and the 
layers containing these veins. These shoulders 
also show that accumulation of these underground 

mittent by  nature. 
ice deposits and related extranivites was inter- 

The sections of the relict terrace end with 
slope sediments (deposits). They include col- 
luvial-solifluctional rock debris silty loam and 

borehole 2278 and deluvial (talus)-eolifluctional 
clayey loam with cryogenic structure stripped by 

ticed cryogenic structure divided by ice layers 
silty loam and clayey silt with lens-type, lat- 

branches, stems) stripped by boreholes 2269-2277 
and containing numeroua remnants of wood (roots, 

on a gentle slope crossed by dells and occupied 
by  woods. 

The ice complex that  covers the eluvium on  the 

Table 1. The depth of the maximum seasonal  thaw- 
ing of soils (h) and the  depth of ice  vein loca- 
tion (HI acc. to borehole data 

2214 0.50 
2215 0.40 
2276 0.50 

3.65 
2.35 
1.50 

2211 0.40 2.10 
mter The depths (h, X) ware  determined  in  April 
1965. The h-value was detedned by means of the 
cryostrudural: method 

In the examined section it i s  suggested to 
regard the ice complex as the deposits accumu- 
lated under ihe conditions of  the  Arctic  tundra 
(Gravis 1969).  It seeme to be correct  since no ' 

visible vegetation remnants are  found in  this cam- 
plex . 
rocks stiipped by the boxehole 2274 as Quarter- 

It is suggested to regard the  ice complex 

nary deposits of structural-solifluctional CrU6- 
tores (Gravis 1969). one may agree  with  this 
proposal but  it should be reasonable to add that 

boreholes 2211-2273 and 2275-2211 the ice ColapleX 
according to the data of borehole 2214 and 

rock should be-regarded as Pleistocenic ex- 
tranivites. 

The ice complex stripped by borehole 2274 'is 
compared with similar deposits investigated pre- 
viously within the  tomship of  Kular  (see  Figure 
1). These deposits fill the  small valleyr, cover 
the alluvium of the terraces and fom.thick 
layers on the slopes of the  mountain  ridge Kular 
up to the outcrop of the bedrock at water divides 

presented in thia"Wti@e- may.. prove .a wide- a m a d  
(Gravis 1%9 1. This comparison and the material 

of Pleistocene extranivites in Skiitia. 
-..According to the available data the ancient ex- 
tranivites have been preserved not only in  the 

patch deposits of the Pleistocene play an impor- 
region of the Prianabarskaya plain. The snow 

tant part  in the structure of Bykovsky peninsula 
and Huostakh island  in the ar?a of the Primorsky 
mountain ridge (bank) and occupy -some-. areas 
within the Chekanovsky ridge. Vast areas  are oc- 
cupied by Pleiatocenic extranivites in  the 
Omolojskaya depression and on  the  slopes of a low 
mountain range Xiailjakh (see  Figure 1). - 

The hypothesis on the edrional (East- 
Siberian) glaciation of Yakutia area  in  the 
Quaternary period deserves much attention as 
paleographical and geocryological concept. The 
judgements on its erroneous nature  met in the 
books  on permafrost (Fundamentals of Geocryology 

of this hypothesis on the development in Yakutia 
1959) ought to-be revised, since the main  thesis 

(in  the pasf times) o f  sedentary fields of  firn, 

which existed  and melted under permafrost condi- 
snow, ice and numerous firnlike snow patches, 

tions has been proved by the discovered Pleis- 
tocenic extranivites and the facts on  their  wide 
spread over this area. 
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COMPLEX TECHNOLOGY FOR PREPARATION OF PERENNIALLY FROZEN PLACERS TO DREDGING 

Kurilchik A.F., Samyshin V.K. and  Perlshtein G.Z. 

All-Russian  Science-Researche  Institute of Gold  and  Rare  Metals, Nagadan, 685000, Russia  North- 
Eastern  Department  of  Permafrost  Institute,  Siberian  Branch of Russian  Academy of Sciences, 

Magadan, 685000, Russia 

A lot of dredging  €ields in the North-East of Russia  are underlain  by 
inhomogeneous  perennially  frozen  grounds  with  ice-rich  fine-grained  deposits 
substantial  thickness  at  the top of mining  massif. A complex  technological 
scheme for preparation of such  placers  to  dredging is worked  out.  It 
inc1udes:l)  hydraulic stripping of fine-dispersed seam 2) artificial  thawing 
of alluvial  gravel-and-pebble  deposits 3) drainage of coarse-grained grounds 
at depth  a  bit  more  greater  than  seasonal  freezing  layer  thickness.  The  scheme 
using will allow to increase  the  efficiency  of  dredging  in  this  region. 

More than 50 years gold  dredging  were 
widely employed  in the North-East of Russia. 
The  most  part of placers i s  composed of 
permafrost  deposits  that  must  be  thawed to 
mining. As the  main  methods of artificial 
thawing  the  hydropoint and  filtration-drenage 
ones are  generally  used.  However  deposits  under 
mining  often  include deep lying  gold-bearing 
seam  overlapped  with  inhomogeneous (along 
vertical  section)  ground  mass.  The  sp4cial 
complex  methods  are  required for  preparation of 
such deposits to dredging.  This  paper  presents 
an  example  of  complex  technological  scheme  has 
been  developed specially fo r  some  placers  in 
the  upper Kolyma river. 

The  dredge  field  located  in  the  nameless 
creek  valley is characterized  with  two-layered 
section  of  the  deposits  to be mined:  on  the 
surface  there  are  loams  of 2.5-3.0 m  thickness 
underlying  with  alluvial  gravel-and-pebble 
grounds (6-9 m). Loam  ice-content is 600-700 
kg)m3  and  that o f  lower  layer  is 200-260 kg)m3. 
The  region  is  placed  within  continues 
permafrost  zone, at  an  average air  temperature 
-1l0C,  ground  temperature  minus 3-5°C and snow 
thickness 40 cm.  The  taliks  are  concentrated 
only near riverbeds,  their  seasonal freezing 
depth  achieves 2.5-3.0 m.  Hydraulic  thawing  in 
this  case is quite  low-efficient due to  the 
pcesense of fine-grained  deposits of 
considerable  thickness in  the upper part of 
section.  These  sediments  have  excess  ice- 
content and negligible  permeability  in the' 
thawed  state.  Their  removal  beyond the contours 
of the  field  (using  an  advance  blasting)  is  too 
expensive. 

Deposits of this  type  can be  effectively 
mined  with  help of a  complex  technological 
scheme  has  been  worked  out  in  details  for 
similar  conditions. All of its  elements  were 
thoroughly  tested  and  employed  in  mining 
practice.  The  scheme  includes : 1) hydraulic 
stripping  of  fine-dispersed  seam 2 )  artificial 
thawing and subsequent  dredging of alluvial 
coarse  grained  sediments 3 )  preparation  of so - 
called  "remains"  (to  be  dredged  at  the 
beginning  of  the  next  summer  season). 

Performance  of  the  offered  technological 
scheme  starts  with  the  removal of a  soil and 
vegetation  layer  from  the  field's  surface  and 

simultaneous  mounting of water-supply  system. 
The  procedures are to be accomplished  by  the 
beginning of a  summer  season, i. e.  at tame 
when  a  hydraulic  mining of frozen loamy 
deposits  could be started.  Water-pipe  system  is 

hydraulic  mining  and  hydropoint  thawing. 
Hydrojetting of grounds may bh performed for 
instance-with the stati-onny monitors  which . . . .  

jets are  not  more than 50-60 m (Mining 
World,1956)  Samyshin, 1986) . However  on  the 
large  dredge  fields  (about 150000 m2)  it's 
necessary to have  a  lot o f  units  acting only 5- 
9 hours a  day  that is n& efficient  enough. 
Modern  technology  of  frozen  deposits  hydro- 
mining calls  for  using o f  self-propelled 
monitor  unit  joined to a  water-main  with  a 
flexible  rubberized  hose of 60-70 m  length 
(Lavrov  et al. I 1988)  , That  gives it 
possibility to move over the  whole  field's 
area.  Self-propelIed  units  have  considerable 
advantages  under geocryological-  conditions of 
the  upper Kolyma. 

field  is conventionally  divided into several 
pannels  and  the  unit moving  from  one  pannel  to 
another washes o f f  the  thawed  layer  accumulated 
on  the  frozen grounds  surface  due  to  action  of 
atmospheric  heat.  The  process allows  most 
rational  use of  thermal  and  mechanical  energy 
of water  and  natural  external  heat. 

specially  driven  trench  and  the  pulp  is 
transported  down to the  area of the  field 
worked  out  before  (hydrodump). In  case of 
silting  the  accumulated  layer may be removed  by 
a hydromonitor  jet  from  a  close  distance, 
Difficult-to-washe  formations can also be 
washed  off  by a  similar may. 

When deposits contain large  rock  fragments, 
combined  procedures are the most  effective  and 
widen  considerably t h e  sphere of use  for the 
technology.  The main  principle of combined 
operations is separate  washing  away of fine- 
grained sediments and  transporting of remained 
large  fragments  grounds  with  earth-movingl 
hauling  and other  mining  equipment  (bulldozers, 
excavators,  dredge  pum  etc.) . 

The  second stage of the  complex  technology 
is  presented  by a  hydraulic  thawing  of  gravel- 

.designed so that  it could be used  €or  both 

Hydrojetting i s  carried out as follows:  the" " 

The  thawed soil is washed off into a 
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andpebble  deposits. Most ve r sa t i l e  method for  
preparation oE frozen  grounds to  dredging is 
hydropoint thawing  (Miles  method). It  is used 
a t  most dredging sites of the North-East  of 
Russia. Hydropoint  thawing is based on the  heat 
exchange  between v e r t i c a l   a r t i f i c i a l  
percolation  water  flows and frozen  grounds. The 
method is performed  by dr i l l ing   ho les   in   f rozen  
massif  with  subsequent  sinking of pipe-points 
in to   the   ho les  and water pumping through  the 
poin ts .   Dr i l l ing  marks are  arranged i n  a 
staggered  order at  an equal  distance from each 
other .  On dredge  f ields  of Kolyma region  the 
ordinary  thawing  depth i s  5-12 m and ice- 
content is 200-400 kg/m3.The dis tance between 
hydopoints is commonly set 3.5 4 . 5  m and water 
consumption  per one point is 5 .O-2.5 m3/h. A t  
such  parameters thaw dura t ion   var ies   in  limits 
10-50 days. 

a lso  use  f i l t ra t ion-drainage thawing  based orA 
heat exchange  between  seepage  flows  of  mainly 
horizontal   d i rect ioh and a frozen ground 
massif. Hdwevar, . . . t  he appl icat ion of t h i s  method 

-.. is- . . l imited by the  . le-~s--tha~ing  depth (5-6m) and 
high  standards €or hydraulic .d~Er;dud-v-kky - 

(permeabi l i ty   coeff ic ient  Kp> 2 m/h). 
Nevertheless  the  method's low cost  and 
a v a i l a b i l i t y  of f a i r l y   l a r g e  number of placers  
responding  the demands provide it frequent 
employment. For feeding and d ra in ing   f i l t r a t ion  
flows a number o f  procedures have  been 
developed. Most acceptable  are  systems  with 
paral le l   drainage and feeding  trenches (o f  
depth 1.5-2.0 and 0 . 2  m correspondingly)  driven 
a t   t he   d i s t ance  20-30 m from each other .  

f i l t r a t iondra inage -  thawing i t  must be born in. ..:; 
mind tha t   the   f ie lds   p repared   in   such  a way 
should be mined at the  end  of a sumer  season, 
otherwise the  preventing  of thawed deposi ts '  
freezing is required. A t  the  North-East  of 
Russia .thawed ground's  protection from freezing 
is connected  with  substant ia l   d i f f icul t ies  due 
t o  long and very  cold  winter,  comparatively 
small  thickness of snow cover and other   natural  
features .  I t  should be mentioned tha t   t he  
problem of ground stock  prepared  €or  dredging 
i n   l a t e  autumn and especial ly   spr ing  per iods 
remains qui te   acu te   for  mining enterpr ises .  The 
a v a i l a b i l i t y  of such ground s tock  in   spr ing 
time provides  the  possibil i ty  of  putt ing up t o  
dredging much more earlier,   thus  prolonging  the 
dredging  season. 

This problem  can be successfully  solved 
with  help  of thawed grounds  drainage ( i . e .  
producing  of  so-called  "sushentsy"  zones) 
instead of t ry ing  t o  prevent   their   f reezing.  
Sushentsy are determined as deposits  with low 
moisture  content a t  which they  keep  loose state 
even a f t e r   f r eez ing  ( Perlshtein,l979) - 
Technology of ar t i f ic ia l   sushentsy  preparat ion 
includes two main elements: 

1) thawing  of  frozen  grounds by one o f  the  
hydraulic methods 

2 )  reduction of deposits  humidify by 

To.prepare a dredge f i e l d  t o  mining one may 

Taking i n t o  account low r a t e  of 

draining t o  the   c r i t i ca l   va lue  (wCr) t ha t  
provides loose consistency of grounds i n  both 
thawed and f rozen  s t a t e  and allows t o  excavate 
them a11  the  year round. 

are  considered t o  be proper  for  preparation of 
sushentsy  zones. I n  rectangular  area  of  width 
200 m and depth 6 m their   humidi ty   decreases   to  
wSr during 10-30 days a f t e r   d r a i n i n g   s t a r t .  If 
a f i l l e r  is presented by l i g h t  loamy sand, 
drainage  realizes much slower. So, t he  
preliminary  calculations  are needed t o  make 
sure   the ground  massif with  given  hydrophisical 
charac te r i s t ics   can  be dra ined   to  w$$ before 
refreezing.for  this  purpose  numerical  algorithm 
and computer  program  were  worked out 
(Pappor t ,  1978) e 

successful ly  employed for  placers  reclamation 
ta  all-theyear-round  mining  with  bulldozers and 
excavators.The  feature  of i t s  application  €or 
dredging  f ield is an a v a i l a b i l i t y  of flooded 
dredge p i t .  The water level  should  be lowered 
and a height  of  the  above-water  ground wall 
must  be a b i t  more than  f reezing  layer  
thickness.  Due to   the  drainage  the  upper   par t  
of mining  massif will be presented by frozen o r  
thawed sushentsy,  whereas  the  lower  flooded 
part  (including  paygravel  layer) w i l l  remain i n  
thawed s t a t e .  Therefore,  dredging  operations 
may be s t a r t e d  w i t h  appearance  of f i r s t  water 
i n  the  dredge  pit  by the  beginning of spring. 

preparation of frozen  placers to dredging  can 
provide  considerable  increase i n  the  eff ic iency 
of , t he  dredge f l e e t   i n   t h e  North-East of 
Russia. 

Coarse-grained  sediments  with a sand f i l l e r  

Sushentsy  preparation  process was 

The offered complex technology for 
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TECWQGZNIC GEOCHEMICAL FlELDS.IN TBE PERHAFROST ZONE -ON THE E W L E  OF YAKUTIA 

Vladinir A. Xakarw 
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The article examines the pcaliarities of technogenic  geochemical  fields  in various 
natural media of permafrost areas* A week self-cleaning  ability of natural media and 
high density of teahnogenic  preaaure  re8ult  in  a  faater formation 'crf contrasting 
geochemical anomal'ies in  residential and  industrial  regions. The speeifio character 
or technogenic anomalies i a  dependent on the peculiar  migration of chedcal element8 
and compounds.  Technogenic  anomalies  are  almo  registered in the top layer of psr- 
Mf roSt 

It im known that the natuxe of the North in ex- 
tremely  sensitive to human activities. 
Anthropogenic effect on the permafrost  bring@ 
about the changes in the Bature*u balance, ',, 

hinders aconaaic activities,  *cause8  introduction 
of large mounts of chemical elements and their 
cwpoundm to permafrost  landscapes. Of particular 
importance is the stuhy of geochemical  processes 
which  determine dispermion and  concentration of  a 
substance  in the cryolithozone and  play an impor- 
tant part in preserving the environment. 

GE- IN THE 

Atmospheric pollution i s  one of notable 
anthropogenic effects on the natural  environment 

North the climatic  peculiarities  hinder the 
in the permafrost zone. In  many  regions of the 

spread of pollution agents.  They reduce  .illumina- 
tion  intensity  and  ultraviolet  radiation (by 40- 
50%) and under northern conditions  these  factors 
worsen the living  conditions. They reduce the al- 
bedo of snow in winter which results in the ear- 
lier  snow  melting on contaminated  areas  and  may 
result  in  thennocarst  phenomena. It  should  be 
noted that the intensity of air pollution is in 
direct  proportion to the number of anticyclonic 
days  and is, therefore,  notably  expresaed  in the 
continental regions of East Siberia.  The poe- 
sibility  of self-cleaning of the atmosphere  in 
the northern  region is very  small;  since there is 
a short  growing  period, a small biomasm  and  high 
air  humidity. The observations  show  that the at- 
mosphere of the northern regions  is  becoming con- 
taminated  with various pollutants. 

A distinctive feature of the climate in 
Yakutia is an expremaed  anticyclonic weathes 
regime in winter  and  frequent  air  mass  intruaionm 
from the Arctic  Ocean. The main  feature  that 
deternines the character of the climate  and  salt 
transfer  during the cold period is the spur of 
the winter  Asian anticyclone which  almost  com- 
pletely covers the entire tekritory.  The  prevail- 
ing  wind direction during the cold  period on the 
territory  of  Yakutia are western,  northely  from 
Arctic  Ocean  and  relatively  local  south-western 
from the Sea of Okhotsk. 

The atmospheric transfer of considerable malt 
mas~ea result8  in the change of geochemical 8itUa- 
tion and conmiderable  malinatfon of the per- 
nafrort  landscapes. 

h n t p r w e ~ i c  po&ktAon of the atbospbere in 
Yakutia"ref1ects the paculiarities of eC0-C 
development  and  has aJocal  Charadern except for. 
the basin  of Vkl ju.i- U I j t W . ;  wh-~~t.bc~ogeniC,.Rtrr- 
sura is of regional  nature  because of the .atiOs-- 
pheric transfer of sulphur and a numbsr of heavy 
metalm from the territory of Xrasnoyarsk area. A 
mhort  snow-ielt  period and  existence of per- 
mafrost rocks  canme6  intensive  run-off of 
meltwater.  Therefore,  snowmelt  play a limited 
role  in feeding  underground  water on the greatest 
part of  Weweat Yakutia. Intensive accumulation of 
pollution products  in the snow cover has -a nega- 
tive effect on.the quality of river water which 
are  mainly  fed with-melted s n & , ( V i J j u i  and its 
tributaries  Olenek,  Anabar).  Contamination may 
alao affect the eubpermafrost water in  areas ' 
where  geochemical  link is provided through talics 
and  underbed, flooded  areas  with an increased 
jointing of rocks, which filtrate well the layexe 
of alluvial  and  fluvioglaaial  deposits. 

The  sources of  technogenic contamination on 
the territory of  Yakutia  determine the local  at- 
mospheric  pollution. The most typical features of 
a  technogenic  pressure  (judging by the chemical 
composition of the snow cover) are the increased 

pounds, the transfer of pX values to alkalies, 
content of carbonatem sulphur, nitrogen c m -  

the  occurrence of microelements typical of  con- 
tamination  sources.  Depending  on the intensity of 
pollution  sources the scale  of technogenic pres- 
sure may be rather  considerable. For instance, 
the  technogenic  pollution of the atmosphere in 
Nexjungrinskii-Chjulmanskii industrial dietrict 
covera an area  of  about SO00 km', and the total 
amount of dissolved  and  aolid admixtures that 
fall  on the surface  in the region of  Nex- 
jungrinskii coal mine  reache6 800 t/km2 a year 
(Makarov 1990). 

Anthropogenic  salinization of the permafrost 
landscapes due the atmospheric transfer of  con- 
taminants take place (1) in the regions of high 
technogenic  pressure (2) on the territory of 
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towns,  located in the areas  with  unfavourable 
landscape  and  climate  conditions (3) in  areas  of 
open-pit  mining.  The  density of  technogenic  pres- 
sure in case of atmospheric  pollution  may be 
rather high  (Hakarov et  al.. 1990). 

Both salts  and  domestic  and  processed ef- 
fluents  get  into the soil of  residential  and  in- 
dustrial zones.  However, the greater  part of them 
fall on the surface  with  atmospheric  precipita- 
tions. For instance, on the territory of Yakutsk, 
in the area of  intensive  technogenic effect the 
amount of the salte  that  fall  out  from the atmos- 
phere  reaches 44 t/km2 a year.  These  are  mainly 
sulphate salts, the concentration of  .which  in the 
snow-melt  water  of  Yakutak  reaches 1300 mg/L 
(background  content  about 0.5 mg/l).  Of the total 
amount o€ municipal  effluenta, the atmospheric  ef- 
fluenta makes up 19%. 

Contamination of the surface  water  results  in 
the formation of technogenic anomalies,  which 
etretch  within the hydraulic  system for hundreds 
and thousands kilometers (the rivers  Lena, V i l -  
jui, Xolyma). The most extended  stream are formed 
by phenols  and  oil  products.  The  anomalies  of 
heavy  metals  in  larger  river$  are of local  nature 
and  fesult.frola  both the variable  economic  ac- 
tivities and the high  natural  concentrations  in 
the rock of the river  basins.  The  mining 
entetprises  have a cata&raphie ef fwt- Qn- the .. 

ecology of the river systems. The  greatest nega- 
tive effecta. resuJt from the discharge of 
proc_egged pradricts to-the rivera and the  rapid in- 
crease of the suspended  effluent  as  a  result of 
initiation  of  thexmoerosion processes.  The tech- 
nogenic  pollution in this case  reach  the  shelves 
oi northern seas. 

Technogenic  effect on the environment  notably 
changes  hydrogeochemical  conditions of water-bear- 
ing  ayatems,  causes  technogenic  contamination of 
natural water, especially  fresh suprapemfroat 
water.  -=The available  frozen  impermeable  layer,  lo- 
cated"a1 a  small  depth  from the ground  surface as 
well a8 €ow.rubzero  air  temperatures  make  for a 
peculiar hydrogeochemical  situation  on  the  north- 
ern territories and wide  development of cryogenic 
metamorfization of ground  water  in the zone of 
technogenic preaaure  consists of the increase  in 
mineralization,  chlorides  and  .sulfates in the 
water and -in  accummilation of heavy  netala. In 
case of  repeated  freeze-thawing  cycles, the basic 
amount of soluble  products of contamination i e  
concentrated  in the gravitational water, thus 
forming cryopepa. The formation of  gryopegs  as a 
result of intensive  and  durative  anthropogenic  hc- 
tivity causes their occurrence in the older part 
of inhabited  residential  area6  (Uelnikov, 1963; 
Anisimova,.1975). h high  technogenie load on 
geosyatems  during the pant  yeaxs caused the  inten- 
sified processes of contaminating the soil and 
suprapermafroat  water the formation of cryopegs 
in the new houaing  development areas.  At the name 
time the conditions  of  migration and  concentra- 
tion of chemical elements in the areas  of active 
dynamics of suprapermafrost  water was observed. 
However,  .slightly  contrasting  anomalies  of con- 
taminating elements were observed in the  seasonal- 
ly thawed layer  and  in the top permafrost  layer. 

Observation of the behaviour  of  soil  solutions 
has  enabled to determine the peculiar  features  of 
geosyster operation. The Post contrasting  changes 
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in the flows of macro-  and  microelements, the pn 
value and  oxidation-recovery  potential, which 
determine the geochemical  migration  medium in the 
upper  horizons  of the seasonally  thawed  layer, 
are observed  before  and after the cold period, 
when  sharp  changee of temperature and  staged 
humidity  transfers takes place.  Most  of the com- 
ponents  that form technogenic  geochemical  fields 
are  accumulated  in the upper horizons of the 
leasonally  thawed  layer  before the cold period. 

and  migration of soluble contamination  products 
In  winter, hs a  result of cryogenic  concentration 

deep  into the seasonally thawed layer  under the 
effect of freezing,  there  occur a depletion  of 
the upper  horizons sf the seasonally thawed 
layer:  by the beginning of  the warm  period the 
concentrations of contaminating  components  and 
productivity  (component  amount  in 1 Io thick 
layer) of technogenic  anomalies  are  reduced. The 
maximum  range o f  seasonal  changes in..$he inten- 
sity  of geochemical  fields is typical of Mo, Cr, 
Ag, SOa-, NatI Ca++,  the concentrations  of which 
in soil water  change by 5-15 times. 

The  productivity o f  technogenic  geochemical 
fields  in the upper  parts of seasonally thawed 

on the territory of Yakutia has  been  calculated. 
layers  during the spring and the autumn  periods 

The difference  between the obtained values char- 
acterizes the amount  'of the matter transferred 
during the winter period to deeper horizons of 
Seasonally  thawed layers and to the top of per- 
mafrost.  One  may  judge  about the scale and the 
intensity of the processes of cryogenic . .  
,redistribution of contaminating components by , 

the annual balance of the productivity of tech- 
nogenic anomalies for the town areas whish, 
make5 for so:- - 13.8; C1- - 8 . 8 ;  Na" - 7.0; 
Ca2* - 2.'4 th0u.t. For heavy  metals - Cu, Cr, V - 
these values  are 3-4 times lower. ., 

into the top of permafrost  depends on the 
gradient  of concentration  (component  amount in 
the effluents),  geochemical  properties  of  chemi- 
cal -elTenta, whi-ch  form the anomaly,  and also on 
geological  peculiarities of the aection. 

The  prevalence 01. intensive  anion migration-in 
the left eide of the  series ( SO:-, HCO,-, C1 ) 
proves  ?he  experimentally  obtained data on a 
greater  mobility of the negative  ions  in  per- 
mafrost  (Lebedenko 1989)-. 

The  distribution of the components  in  a  .solid 
phase is less intensive.  Ultimately, the elemen- 
tal contentain the solid  and  liquid  phasea of 
geochemical  fields i s  dependent  on I complicated 
coabination of  dependent on a  complicated  combina- 
tion of simultaneous  processes.  The  most  impor- 
tant of them io, probably  of the elements by 
hydrous  ferric  oxides,  hydrous  manganese  oxides, 
by organic  matter  and  clay minerals. One m y  
judge  about the summary  effect of all these 
processes  by the intenaity of the aureole zone of 
chemical elem@nts  in solid  and  liquid  phaees.  For 
Bome  elements  (Ln, Co, Mo, V) there is a  prevail- 
ing  absorption  by  solid  phase, for others (Pb, 
m, CU) it is in  favour of water solution. 

contamination  of suprapemafrost water is a 
considerable  danger  for the weter of the deeper 
levels,  since the geochemical  link ie realized 
through taliks. Contamination of the supraper- 
mafrost  water i s  in  moat cases an irreversible 
procese, resdlinga chainreaction and result- 
ing  finally  in contamination of suprapemfrost 
water. 

Xhe  penetration  depth  of  technogenic  anomalies 



nayana a s  Fspofithozorrs tpnmafrost) the maxi- 
~ U Q  contamination  of soil by the producta  of the. 
tschnogenemia i s  regietered  on  soil  surface 
(Meahdailotra'et al. 1984). soil is regarded  aa d 
self-cleaning  filter  of  nature. In the per- 
mafrost,  however, it practically loser  its  desin- 
fection  properties. The reasons for that  are a 
amall thicknesa of the aection, poor drainage, 
thermohydrogeochemical  barrier  on the way  of  con- 
taminant  migration,  annual  freezing  that  favours 
tho concentration of  contu@nant:  in soil water, 
the prevalence bf recovery  conditione, Weak, 
biochemical and rsduced chtyicpl.  actlvipy ?f 'b:okl ' ; 
(becauae of low temperaturer) , a short hriod of  
biological  life  during the year. These  conditione 
effect the acceleration of Boil  contamination 
proceneea  in the area of technogenic  pressure. 
The  high  potential of atmospheric  pollution due 
to climatic  peculiarities,  limita the scale of 
contaminant  dirpex6ion, Aa compared  with  tech- 
nogenic anomalies in the atmomphere, the 
lithochemical  fields occur OR limited  area8  and 
have a leaaer acah of degradations.  In the sloil 
of residential aream there is a high  rime of the 
concentration of Cl', F g ,  Pb, PI S I  hg, Sn,,..,.Cu, 
y r  En, C r l  the anomalies ?f which are wideay 
spread, for.inatance, in Yakvtak and even'occur 
in acme regjmns of such a young and well- ' , >  

developed toUn.aa Nerjungri. 
The  accumulation of, the baaic nags of solid"' 

contaminants take place  in the upper part of 
roils to a depth of 15-20 F. Depending on the in- 
tensity of  technogenic  preasure aouxce and the in- 
tensity of cryogenesis procetlre's the depth of con- 
taminant  penetration may reach 2.5-2.7 111,' which 
remulte t ~ m  camportent migration in soil  solution 
and their  further  settlement  (sedimentation) on 
various  adsorbenta. 

salt represents the greateat  danger for,per- 
mafroetr as the ralinated soiln keep the negative 
temperature,  but  become  thawed,  thua  reducing  the 

bearing  capacity  of  building  basem  and  demtraying 
the foundation  materials. The anthropogenic 
salfnfzatian of aoil muy t h  
temperature in spite of the fact  that annual mean 
aoil temperature remain negat4ve. For instance, 
if' thi concinttdoh pore solution in' clyey 
silts  is 80 g / l ,  the thawing temperature is equal 
to -boC, the soil  temgerature under natural  condi- 
tione  being  about 4-8 C beIow zero. Therefore a 
maall  temperature riae till commence perrenial 
melting of soil  and  development  of themkarat, 
The r o i l  of Yakutek may serve as an example of 
high  Nnlinization of soil in inhabited areas. 

Acmulation of e4lts'in''the mils of fn- 
habited  points located-in more favourable 
landacapsa OF with a rel'atibtly shoki period of 
technogenic  preasure  prOceed8  very dowly. 
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Thd,paper considers methodological  Problems o f  developing phyto-ecological maps on 
the biasis of stability of ecosystems'to anthropogenic impacte. The estimation of the 
stability of bioqeocoenosis is Liased on the  study'of:natural  succession and 
anthropogenic dynamics o f  vegetation cover. 

: Ecological problems as  well as economic.'and so- 
cial  problems  are among the  essential and urgent 
nwds of the Humankind. Solution of ecological 
problems is impeded by a great number of factors; 
e.g. in  the north of the West Siberia features 
such as permafrost:, short' period of vegetation 
growth, low temwratures, bustained winds, etc; 
produce highly mensitive ecosystems and low poten- 
Eial for r&2overy: At the 'same time a high rate 

.' ?f pponomic developrtlent associated with explora- 
tion  and  exploitation of gas and oil  fields 

' resu4ts i n  rli&Urbarides of large areas. 
Geohatawical inves<igations of the  Western 

Siberian tundras on  the,regional  level were car- 
ried out in 1970.in connection with preparation 
of the vegetation map of the  Western Siberian 
Plain. The results of investigations were also 
published in the worke describing the plant cover 
of Yamal-Gydan tundras including the  main boun- 
daries of vegetation zones and principles of clas- 
sification of tundra vegetation (Heltzer, 1977, 
1980, 1984, 1985) .  

1 '  

. I  

, . ,  

' ., 
I ,  

. .  * ,  

I ,  

Apparently, this fact ham resulted in no well- 
developed  concept  of.the stability of natural sya- 
terns (geosystems, ecosystems, landscapes). Insuf- 
ficient elaboration of theoretical aspects still 
exist in  spite of large number of publications 
dealing with  theoretical  and practical questions 
of the problem (Grave, 1978, 1980; Peres, 1979; 
.Krauklis, 1 9 7 9 f  Brown and Grave, 1981; Preobraz- 
hensky, 1983; Kuprijanava, 1983; Glazovskaya, 
1988; fsachenko, 1991). 

surface atability and sensitivity to the 
anthropogenic impact: 

1. Investigation? of ground stability and sen- 
sitivity to construction (in order to avoid the 
negative influence of cryogenic processes on en- 
gineering constructions). 

2. Investigations of the stability of natural 
systems as a part of the biosphere, i. e. regions 
of accumulation and transformation af energy and 
regions of biogeochemical activity of living or- 

Two aspects  are  recognized in the problem of 

Nowadays  the necessity for more  detailed inves- ganisms. 

tigations o f  environment and large-scale The  revealed laws of natural sUCCeSSiOnS and 
landscape  mapping  is  taking place in  connection moving forces and trends o f  anthropogenic vegeta- 
with  economic development of Yamal's  North. tion  development  gives us an opportunity to rank 
Methods of ecological mapping rank high among different types of stability of the Yamal 
other methods of the environmental research. biogeocosnosis. 

We hold with Sochava's term necological mapr 
as an approach  which  describes  interaction be- 
tween biota (vegetation and fauna) and basic en- 
vironmental  conditions  (Sochava, 1979). 

Field investigations (aerointerpretation and 
field surveys, together with field ground checks) 
were  planned to cover, to  the greatest possible 
extent  the  diversity of zonal-provincional fea- 
turea of Yamal's tundras. AS a result, a series 
of largeyscale phytoecological maps and maps of 
biogeocoenosis  resistance to mechanical impact 
were prepared. 

The problem of the surface stability arises 
from the increase i n  degree of the  anthropogenic 
disturbance. The concept of M6tabilityn is 
qualitative and at: the same time  useful approach. 

The following  criteria were used to distin- 

1. The ability of ecosystems  (biogeocoenosis) 
guish the types of biogeocoenosis stability: 

to withstand  anthropogenic disturbance and to 
maintain their initial state (resistance). 

2. The  ability of biogeoceanasim to recover 
toward  normal  (original)  regime of functianing 
after removal of disturbance (resilience). 

The  final  stage of our investigation was the 
map entitled ItBiogeocoenosis resistance to the 
anthropogenic  (mechanical) hpctN (Fig. 1). This 
map  was derived from the phyto-ecological map. 

The legend of the  map is shown on Table 1. 
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Figure 1, Biogeacoenosis resistance to the antropogenic (mechanical) impact. Fragment of the map 
(the legend see Table 1 . )  
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The  main  objective o f  t h i s  study is to utilize  an  empirically-derived , , ~ 

1 . )  , ,  

equation to estimate  the  annual depth of thi  active  layer over a 28-year 
period. The impact of freeze-thaw  cycles on bedrock  weathering  and  vertical 
stratification of the  active layer is  alga  addressed. Both the  equation arid 

, , " :  2 I 

prediction were derived  on  the  basis of mean daily air temperatures ana daily , , 

, , I $  , ,  , 

liquid precipitation amounts from two western  Spitsbergen  (svalbard),stations. 
Because of strong spatial  differentiation of soil features  in the unglaciated ~ , . ~  ' 
area, the  predictions  show  only  the  general  trend of the  processes and say not " " .  

applicable  to a l l  types of ground  materials. 
, , '  

DTRODUCTXJ)! 

Previous  investigations of active layer 
thickness  have shown a strong seasonal 
variability in the operative  processes  which are 
often  influenced by precipitation  (Harciniak  and 
Szczepanik  1983;  Olszewski 1986; Migala 1988; 
1990; 1990 unpubl.). Migala  (1990) has derived  a 
general  equation  relating  ahnual  depth of the 
hcti.ve layer to seasonally-fluctuating  summer 
durat ion and  liquid  precipitation  amounts. 

The main objective of this study is to 
utilize the empirically.-derived  equation to 
estimate  the annual, depth o f  the  active  layer 
over a 29-year period. The impact of freeze-thaw 
cycles an bedrock weathering and vertical 
stratification of the active  layer  will  also be 
addressed.  

METHC?Q 

Prediction of annual  active  layer  thickness 
at the  Hornsund  Fiord  area  was  empirically 
derived  using  meteorological and ground 
temperature  data,  and  utilized  to  predict  active 
layer  thickness at the Isfiord Radio  Station 
(Map 1). The 29-year record  at Isfiord extends 
from 1947-1975 and i s  applied to predict  active 
layer  development for the years 1949-1975 (Norsk 
Meteo. Arobk 1947). Both the equation and the 
prediction  utilize  mean  daily a i r  temperatures 
and daily  precipitation  (rain)  amounts. 

Annual  maximum  thaw  depth (h) was 
calculated  using E q .  1, originaily  proposed by 
Migala (1990) , 

h -- 0.5 In T - (0.364 R R - I  - 0 . 2 8 8 )  Eq. 1 

where: 
h = maximum  annual depth uf thaw (m) ,,:~ 
T = durat . ion of summer thawing (days) 
R = total r a i n  (mm) "'during previous autumn 
R ,  = tota.1 rain (mm)  during  current  thaw  season 

J I  

J 

1 

Map 1. Area of inveetigation,  Svalbard  (Norway) 
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It is assumed  that t he  ground  thaws  when 
the  mean daily air  temperature (t) rises above 

": O'C. The duration of seasonal  thaw (T) commences 
' \ ,  from this date and  continues  until t returns to 

O'C, The autumn and  summer  precipitation periods 
are  determined  on the basis of the,following 
criteria  (Baranowski 1968): 

autumn 2.5Oc > t > -2.5"~ 
summer t >== 2 . 5 ' ~  

These periods are defined on ly  to calculate the 
total sum of liquid precipitation (rain and 
melted, episodic snowfall). The criterion for 
the  summer defines the period of active rain. 
The criterion for the autumn period is justified 
since  snowfall does not  play a siynificant role 
in the  Svalbard  and t h e  value of -2 .5 'C appears 
to be the limit of'groun'd  cooling  prior to the 
final winter freezing of the active  layer 
(Migala 1988; 199b; 1991; 'chma1 et a l .  1,988,; 
Migala et a l .  '1,9d8). 

daily  ground  temperatures  and  meteorological 
data for the period 1979-88 at  Hornsund,  Fiord. 
The seasonal  penetration of the O°C isotherm was 
analyzed an the basis of ground  temperatures at 
depths of 0 . 0 5 ,  0.1, 0.2, 0 . 5 ,  0 . 8  and 1.0 m. 

Next, the impact o f  meteorological  data  on 
the dynamics of 0 C penetration was tested 
statistically, .and indicate a significant 
correlation  between  maximum  thaw  depth  and 
seasonal  precipitation  amounts at Hornsund;  r = 
0 . 8 7 ,  F = 17.88, with a critical  value of 13.75 

L at (p=.OL). The standard  error of the estimated 
equation is.O.1023 and the standard  error Q €  the 
regression coefficient is 0.0746. 

The ground  temperature  measurements  used in 
the  equation were obtained from a sandy-gravel 
marine terrace about 2 0  m as1 in the  vicinity of 
the Polish Polar Stati.on  in  Hornsund  Fiord 
(Szerszen 1965; Baranowski 1968). These  terraces 
occur  frequently on the unglaciated coast of 
western  Spitsbergen and, despite  the 120 km 
distance  between Isfiord and  Hornspnd,  they 

'probably exist in Isfiord. The strong  spatial 
.' differentiation of soil features.in the 

; will  only show the general  trend of the 

'not be applicable to all  types of ground 

Equation 1 was. derived  and  calibrated  ,using 

unglaciated area suggests that  the  predictions 

processes  and role of precipitation; they will 

materials. 

RESULTS 
The pluviothermal  effect  on  active  layer 

estimated on the basis of meteorological  data 
from Isfiord Radio Station (Narsk  Meteo. Aroljk 
1947 ...). From Table 1 it is interesting to note 
that  over the period 1947-75, the duration of 
seasonal thaw (T, column 1) varied from 8 6  days 
(1968) to 151 days (1957). Soil thawing u s u a l . l y  
started  between the end o f  May and the first  ten 
days of June, and  ceased in  mid-September or, 
,sporadically, by the beginning of October. The 
high  variability of  precipitation should also be 
noted (columns 4 and 5 ) .  The Lowest  amount of 
summer  precipitation  was  observed in 1966 (21 
mm) and the rainiest period was the thaw  season 
o f  1972, with a total of  236 mm.  Autumn 

138 mm  in 1961. 
Using the Isfiord  meteorological  data 

(Table 1) and Eq. 1, it Was  estimated  that  the 

-development over the years 1947-75 have been 

precipitatitm ,Fluctuated from 3 mm in to 

Ydar T s A Hi IC1 

. ~ 1111 I . 
1947 138  89 26  109 

1 2 4  
5H 

-89  
1949 

36  9 2  2 8  

1 4 5 0  109 
26 60 4 ' I  

89 
1951 

32 96 1 1 
9.1 86  39 

3552 113 99 55 
93 

90 
9 3  

4 1  
1953 102 
1454 92 94 

100 110 
35 

1955 118 
8 6  

1 1 I1 
1Y56 

11 
119 7 2  

160 I o 
56 31 

1957 
52  

151 
1158 

92 52  97 
10 '7  

73 
8 5  

1959 116 
16 

81 
l i ,60  

38 
121 ga 

115 
11 

90 

1961 
145 

104 
2,2 

1862 
79 48 85 

94 
138  

5.5 5 6  
1363 1 1 3  84 28  1 3 4  3 4  

4 3  98 

1Y64 
1965 ' 91 77 2 
1966 93 

2 2  57  
67 

1967 105 
2 9  21 7 

8 0  2 2  
1968 

172 
86 64 

99 

1969 11.4 a 3  
23  $ 3  
26  

58 

1970  
129  

9 4  61 
105 

1971 121 a8 
55 235 
26 1 1 3  

73 
3 3  

1972 117 106 22 
1973 103  

236  
7 3  

8 3  
3 5  

1974  113 
1 4 8  46 

1'175 
73 

3 3  7a 
3 4  ' 139 4 1 
70 7 5  : a  

1348 
Lao 66 

85 6 7 
3 0  

a 8  59 

14ck of d a t a  

Table 1. pluviothermal. conditions for the  year 
1947-75 at Isfiord Radj.0 Station, Spitsberqen. 

ground  usua$l,y thawed to a depth o t  1.5-1.8 m 
and, sporadically, less than 1.5 m and  more t han  
2 . 0  m. The only  exceptional case was 1962, when 
the estimated thaw reached a depth of o n l y  0 . 8  rn 
(Figure,1) e The average far the entire 
population i s  1.81 m, with a standard  deviation 
o f  0.23 m; if the anomalous  case of 1962 is 
excluded, the average depth is 1.85 m and the ' 

standard  deviation is 0.12 m. 

frequency of thaw cycles within  the  ground was 
calculated at 0.1 m  depth  increments  (Figure 2). 
The results suggest that  the annual, thaw  layer 
extends to a depth of 1.5 m naarly.lOo% of the 
time; the only  anomalous  year was 1962, which 
had an exceptionally  short thaw'period. Active 
layer  development to a depth of 1.9 m occurred 
in 50% of the years. The frequency of thaw 
therefore diminishes exponentially  with depth. 

On the basis of the estimates,  the 

2.2 ". .. 

! 
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c 
E 1.8- 

1" 

e 1.6- 

$ 1.2- 

$ 
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' 
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Figure 1. ' Estimated  maximum  depth of the active 
layer, Isfiord Radio. 
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Figure 2. Estimated frequency of freeze-thaw 

Station. 
' 'cycles with  depth, 1947-75 at Isfiord Radio 
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, , The temporal trend of the  active Layer 
t i  i ' thickness is shown in Figure 3. The gradual 

' -deepening  of the  active layer abave permafrost 
-may reflect: the slight global tendency toward 
:warming. The annual variability auggests 
different  intervals of thaw periodicity, but  any 
relationship should be verified by detailed 
field analysis. 

. .  

2.2r--- 
, ' ,  

1 

1948 1951 1958 1961  1968  1971 1976 
years (T) 

Figure 3. Beet-fit trend of seasonal active 
layer depth, Isfiord Radio Station. 

pISCUSSloN 

The results  show strong variability of 
annual thaw,  which is partially dependent on 
seasonal liquid prgcipitation (rain) during the 
current summer and -revious autumn. Preliminary 
accounts by Chmal e[,al. (1988) and Migala 
(1990), and the empirical equation derived at 
the Bornsund area, ind,icnte favorable 
correlations and suppprt of these findings, 
However, these estimates must be verified by 
extensive f i e l d  ~psearch~and spatial analysis. 

The problem o f  precipitation treIlUs m d "  
variability in the Svalbard area waa analyzed by 
Baranowski (1975) , Houghton (1984) and Brazdi.1 
(1988). They  concluded  that both monthly and 
annual sums of precipitation fluctuate with 
periodicitics of 3-10 years. Staffensen (1982) 
and Pereyma (1983) analyzed  differences in the' ' 

spatial  distribution of precipitation. Yearly 
precipitation sums in central  Spitsbergen  are 
estimated to be one-half to one-third the 
amounts  received in the western portion of the 
,island. Strong  spatial  patterns o f  precipitation 
are  apparent but difficult to correlate 
empirically  owing to local moderation by 
atmospheric  circulation,  orographic  effects, and 
the complexity of  the varied underlying  surfaces 
including rock,  glaciers and snowfields, as well 
as water  and  sea ice (Baranowski 1975; Brazdil 
1988; Niedzwiedz and Ustrnul 1988; Gluza and 
Piaaecki 1989). In addition,  the  strong  maritime 
(Gulf Stream) influence on the western side of 
the  island, where  this study took place,  is 
noticeably lacking on the  eastern  (lee) side. 

On the basis of the above  discussion, the 
following hypotheses are advanced: (1) the 
spatial  distribution af rainfall  plays  a major 
role in the topoclimatic  differences of active 
layer development, and (2) there exists the 
probability of time sequence  correlation between 
seasonal  precipitation  magnitudes and the 
thickness of the active layer. (The role of the 
"snow-curtain effect" during  melting, and the 
role o f  snow  as an insulator in heat exchange, 
are well-known and is not discussed in thjs 
study) . 
each year in the near-ground air layer (0.5-1,o 
m), and about 50-60 cycles at the ground surface 
(after  Baranowski, 1968). There are usually 
10-20 freeze-thaw cycles at a depth of 10 cm, 5 
cYcles.at a depth o f  50 cm and 1-2 freeze-thaw 
cycles ,each year at greater depths. The 
freeze-,thaw cycles near the surface are not very, 
effective owing to the timing of the maximum 
frequency (spring and autumn), and because of 
the very ahort  duration (a few hours) and 
episodic  nature of  the events. 

There are about 80-90 freeze-thaw cyt:les 

1 .B -i ": ', 

0 100 200 300 400 500 800 700 800 900 loo0 
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years 

Figure 4. The assumed partial rock 
disintegration curve for metamorphic schist , 

(after  Martini 1986). 



Martini (1986) estimated, on the  basis of 
experimental  work,  that  metamorphic,schist 
araund the Hornsund Fiord becomes  partially 
disintegrated after  about 2 5 0 - 5 0 0  freeze-thaw 
cycles. The time  required to partially 
disintegrate schisk',by frost weathering  within 
the active layer can be evaluated  on  the basis 
of the  frequency of thaw  with  depth,  as  shown  in 
Figure 2, and the data  of Baranowski (1968) and 
Martini (1986). The estimated  curve of frost 
weathering rates is shown i n  Figure 4 ,  and seems 
to ref lect  a characteristic feature of t h e  
active layer: parts  e structure  in  vertical 
profile, or it8  "triplicity". The three parts of 
structure were  distinguished by t-he  authors on 
the basis  of the  different criteria: 
distribution of water and ice inclusions (by 
Zhestkova 1961, after Washburn 1979), thermal 
conditions, and moisture  features (by Czappe 
1966). The precipitation o f  late summer or 
autumn  period can play an important  role in 
building  ice  inclusions  (lenses,  veins,,'pofe 
ice4 in the  active layer  where, the following 
6EaSo71, they will  alter  the bulk thermal 
properties and  conditions  (heat  exchange, 
zero-curtain effect,  and  latent heat) and 
moisture distribution in the ground. 

affected by the frequency of  thaw cycles in  each 
region of  the ground. The process  is  conditioned 
by thermophysical soil features and  distribution 
of moisture. 

In cansequence, the  vertical  structure i s  

Based on the resulks and discussion 
presented above, it i s  concluded that (1) the 
trend of estimated  seasonal  active  Layer thaw 
depth  corresponds to the  global  warming 
tendency; ( 2 )  the frequency of thaw cycles 
within  the  active  layer is vertically  dependant; 
ancl ( 3 )  the  curve of the frost weathering  ratp 
reflects the 'ttriplicity" o f  the active layer. 
This  fundamental  characteristic o f  the active 
layer i s  affected by the frequency of thaw 
cycles , w k d  moisture  distribution .in the  ground. 

require  further  research to verify: ( 1 )  the 
spatial distribution of precipitation plays the 
main role in the  topoclimatic  difeerences of 
active  layer development, and (2) there  exists 
the probability o f  tine sequence  correlation 
between  liquid  psecipitation  magnitudes  and 
active  layer  thickness. 

TWO hypotheses  can be advanced which will 
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Re8ult;m of long-tam elrpsrhntal obmemation (1969-1992) of thawing  dynarica of the , ( 

m t r u c t m d  on the Viluy  River in 1968 ~ L Y I  pzemented. The main cmpnentm of the tber- 
frosen  ground  cappoafng the water  remervoir bsd of  the hydroelectric powex plant,c&n- ."-: 

MI balanea in the water re~ervoir, their effect on  microclimatic  conditions of the  

ont  that the depth o f  meamonal thaw may incrtrure in  the  near-mhore  area  resulting in 
near-shore area and water  temperature  in  the  lower  reach  are unaXyaed. It i 8  Lmnd 

inten8ive  developrent of thexmal.  eromion of 8hOre6. 

m i n  factorm cauaing pclmafromt degradation 
are the follauingt direct them1 effect of the 
water  impounded  in u reservoir on the pcrrafrost 
table,  indirect  effect  manifeating  itmelf in  chan- 
gem in miaraclimatia  conditionm of a re6srvoir 
and near-8hare  area,  changer in the hydr0aynad.c 
reg- of ground water and change8 in the profile 
of a ahom mlop am a result of wave action. , 

Theme factorm affect difiarent liter of a remer- 
voir interruptdly and nonunifaaly due to the 
haterageneour lithologic.1 structure of rockm, 
t4e influanee of horizontal and vertical  in- 
homogeneity of meteorological charaatsri8tics  in 
the near-surface air layer, the variability of 
water  flow into a frop a remervoir  due to 
variability of a  precipitation  amount  in  dif- 
ferqnt yearm, changes in a  nhore-line  positian 
and a shore profile. The study of ths thermal 
reg- in the"rsmervoir-environment" mymtam  began 
20 yeara ago for one of the largemt  water  Tamer- 
voir. aonatructd on gsrmairoat. 8- renultm 
have h n  previwmly reported (Kannaky and 
Ron8tantinw 1972, Helnikov and Olovin 1983). 

wam Y.mpouncled by the dum  eructad for the Viluy 
Eydrocrlectria Power Plant on the middle reach of 
the  Viluy River. It6 total  mtorage 4' about 36 km' and water  plane  area i s  2170 k . The ream- 
voir ham (in plan) lake-like  widened mectiona up 
to 10-18 km in width  which are connected by  nar- 
rawer nediona 1-2 )rm in  width.  The depth of the 
reservoir ranger  from 5-10 m u t  the backup #ita 
ta 70 m near the  darP,,and,averagea 18 m. Narrower 
nectiona of the watar body are at  aitaa  where 
trap outcrop8 occur, wide ractiona a m  ut the 
mite# copgomod of thick Mesozoic and Paleoaoiu 

The  wuter  reservoir wu invemtigats (Figure 1) 

depOSit6. 
The total annual inflow into the remewair im 

approximately 20 km', half of, thim  value im ac- 
count  for by the Viluy River. The annual runoff 
O f  the Chona  Creek,  largest  tributary of the 
Viluy,  conmtitutem  about 1 / 4  of the Viluy  inflow. 
About half of the annual runoqf of the #mall 
rivers ir in  Hay, that of  the Viluy in June.  The 
€lowage  coefficient of the reaarvoix i m  0.7. 

Frozen  ground  temperature on watsr8heds  with 
an  absolute  elevation of 300-400 II 18 -2. .  .-3*C, 
the mean  annual  air  temperature, i o  about - 

8*C.  S i t e  to mite variability of t. in  thir.  area 
t i a  inmignificant;  air temprature decrepqhn by 
0.71% northward  and by 0.09 C ea8twked  at *very 
100 b. Air  temperature  variations with altitude 
are more aignificant due to 8inking of'cold 
winter  air to the low river valley. A conaider- 
able difference  in the m a n  annual air t6mPra- 
ture brrtwsen watermhmd  arcan  and  battcmm of river 
va~eyr: (3% differemcs in the invemtigating 
ana) reaultr h m  winter  invermion in the near- 
murfaoe air layer aind in the free atmaghers. 
Frozan  ground tehpexaturem in the vallity range 
f n  -1 C to -10% depending onethe altitude, 
slope  angle, expomure and lithology of  rockr. 
Hsan  annual value. of the elamticity of water, 
vapourf e., 2 m above the murfaee  alightly depend 
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on tho altitude: in the elevation  rungs from 160 
to 430 I e. docreamem  lineariy  with  altitude at 
an approximate rat. of 3.10- millibar/a. The 
-an annual wind velocity  in  river  valleyu  in- 
creamer linearly from 1 to 3.3 m/mec in the eleva- 
tion range 160-530 m, while on waterrhed Va in 
conrtant 3.3-3.4 duec. The main.annual pxecipita- 
tion value, G., doer not  vary  in the elevation 
range 160-350 m.,:ht higher miter with the elava- 
tion over 410 n G. may  eonuiderably increame, am 
indicated by,,olpreryation data available from the 
climate atation!loqatad at the elevation of 116 
m. Prior to the irpoundmnt at the atation mite 
Ga was qraaver than,that in  othor aream. 

The near-rhors.  area. Changer  in  microclimatic 
condition8 .of the near shore atan caumd by the 
impoundment are accwanied by changes in the nur- 
ftee t h e m 1  balance, &n incrraum in the depth of 
mearanal  thaw, aad a rime of frozen  ground 
temperature.. There change. oan be emtimated 
uaing data available frm the cliratic  atationn 
Ln the neax-uhore area of the reservoir (Figure 
1, .item a, b, c). These mtationm are located at 
the elevation of 250 m above sea level, i.  e. at 
\>hY elevation which correspondm to the height of 
the d u  cremt of the Viluy  Hydroelectric Power 
Plant. 

The m o m t  mignificant change. in the neariahoxe 
are  changea i n  air temperature, tar and abmolute 
air  humidity, ea. During the ice-free priod (my- 
October) th& mean air temperature (t.) and air 
humidity (e.) are greater than those at the mitem 
with the name elmvation located  far  from the 
water reuemoir  (tor eo):  them differences 
depnd on  the r f z e  of a rrmerzoir mection: the 
wider io the rtraemair rection the greater is the 
diffexence. The affect of the reservoir on the 
microelimatfc conditionn in the near-shore variaa 
throughout  tha,ycrar (Figure 2); during the freeze- 
up period the air tomprature, tal  and air 
humidity, en, do not differ from thoma observed 
at unaffected rite. (to, ea): in  Hay-June the air 
temperature difference t. - tg in the near-mhorc 
:tone i m  lower by 1.5-3OC (Figure 2) : in  July- 
August it approaches zexo and  reaches  itu maximum 
(ta - to - l,5-2.5°C) in October. The air 
humidity difference ea - ek increa8es  sharply in 
Hay-June, reachem  it6  maximum i n  July (e. - eo = 
2-3 ab), than it decreases down to zero by Rovem- 
bar. 

peicxoclirratic conditions .is deteminttd to a 
f7rsator oxtmnt by the width of the remsrvoirl 
during the ice-frss period the abrolute air 
hulpidity increamem by. 0.3 mb, with the conntant 
valus of air tQlrgerature or even a  #light 0.5'C 
temperature drop,  at the remewair aectiona 1-2 

tions 5-6 k wide (Figure 1, site b) the a i r  
km wide (Figure 1, mite a): at the remarvoir see- 

humidity  increamem more mignificantly - by about 
tura;  at the mectians up to 10-15 km w u . e  the air 
1 ab with the conatrnt  mean  annual air tempera- 

humidity  increamea  by 1,5 . , m b  and the RXE. tbapera- 
ture increamem by 1 .S°C. .fn winter the heat-  and 
mmm exchange between the +memoir and the near- 
aurface air layer i m  almoah the mama am in unaf- 
featad arearr due to the inkulating effect ob i c e  
and snow covermt  and  microclimatic condition. 
above the  rememoir are the mame am those in  unaf- 
,,fpztmd p e a #  at the e v e  elevations. 

.&wkrA&l of tho' near-surface layer in' 
which the mignifieant tranmformation of 

The egfed of the reservoir on the 

So, hm'theme factu it follawn  that a 

eq- 
1.m 

Pipure 2. Frozen  rock thawing dynamien  in the bed 
of the Viluy water remervbir in ,the  borehole. 1, 
2, 3. 

meteorological  fielda  rplated to the impaundmont 
wcurs, i m  Byrtem of flgttened  memi-mpheres  with 
a diameter  baing by 20-308 grentet than thr width 
of the remervoir. Theme nsri-mpherea are poorly 
connected  with eaok other at narrawer sectionm of 
tho femervoix: they  exist  only during the ice- 
free period; the maximum extent of theme aonrrs  in 
t e r u  of the air temperature i n  in June and Oc- 
tober,  in term of the air humidity in Yuly- 
Augumt. An area  affected by the rememoir i m  em- 
timatad ta be h u t  1 Im wide, though in m o a m  
neamonm  it MY be tan8 of kilometeru, particitlar- 
ly during the period8 of mteady  windr with etable 
directiqn. The  fact  that the area a€fectmd by the 
rarervoir in rather small can ba explained by an 
increame in the virtual temperature of  a near-uur- 
face  air  layer,  a  ahift of the near-water  layer 
mtratification  toward the nuper-balanced one and 
intenmifiH yertical  tranmport. 

slight  increa#e (by 2-4%)  in the depth of 
aeamonal thaw in the near-ahore of the remervoir 
(Olavin et al. 1987). Greater change. are ex- 
peatad to occur in the ground temperature raghe 
rerulting from the dimtu.rb&noa of natural  vegetn- 
tion due to therroeromionnal proceumem  and mn.1 
activity  in the IIeaK-UhOKe zone. Thickneum of a 
layer-of aeamonal thawing inoreamen 1.5-2' tinea, 
frozon  grounu  temparatuxe rise. by 34%. 

The flooded mea. Thawing of frozmn rockr con- 
poming the bed of the Viluy  reaexvoix haa b a n  
studiad for over 20 yeara Btarting from 1968 at a 
gentle m l q m  mite (a *LOo) located ut a  distance 

Three geothermal borehole. were drilled in the 
of 0.8 Rm f r a  the plant's dam and  water inlet. 

flooded  area and spaced at 4 0  ID intervals.  Tho 
borehola wexe  at depthu o f  6 m (borehole l ) ,  12 m 
(borehole I )  and  18 m (borehole 3 )  from the reaer- 
voir rurface at  a  normal water level. Rwkr in 
the  reservoir bed are  cumposed of waek-jointed 
dolerite. with the moiuture content of about 50 
kg/r3.  Heat  and temperature conductivity, of 
dolerites  in the massive are a = 2.8.10- m'/hr, 
1 * 2.27 W/m.K. In the areas we investigated the 
ra te  o f  frozen  ground doas not depend  on the loca- 
tion of a borehole (Figure 3) and  changes  in 

The impoundment im expected to lead to a 
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Figure 3. Difference  between  temperature t D C  and 
e l a n t i c i t y  of water vapour e, mb, above t h e  water 
remervoir - t., ea, and  thome at  a considerable 
d i a t m c e  from it: - tq ,  eoa when the   wid th  of t h e  
water reservoir i~ a)  1.5-2 h; b) 5-6 km: c )  10-12 

height of 2 I, from t h e  ground  murfaca l e v e l ) .  
(meamurements of meteorlament8 were made a t  t h e  

direct propor t ion  t o  T O  a s .  ~ifferoncam i n  total 
thawing  depth are rcraulting  mainly  from  the fact 
t h a t   t h e   b o r e h o l e  mite8 ware flooded a t  d i f f e r e n t  
petiods of the: borehole 3 wag flooded i n  Hay 
1969# borehole 2 i n  Way 5970, borehole 1 i n  June 
1974 I 

In t ena i ty  of frozen ground  thawing dependa on 
t h e  mean annual t m r a t u r e  of a near-bottor 
water l aye r  in t h e  reservoir. Thio temperature im 
d i f f i c u l t  to predict since it dependB on many fac- 
tors d e t e x d n i n g  the water- and heat   balance of 
t h e  reservoir: the   hydro logica l  and hydrothexmal 
regiae8 of t h e   t r i b u t a r i e m ,   i n t e n s i t y  of v e r t i c a l  
miring  and an average rate of flaw, work-lond o f  
t h e   p l a n t  facilitiem, opera t ion  reg5.me of water 

surface t v r a t u r e  of  f looded  rocks  near  the 
dam i 8  clome t o  t h e  mean annual tarparature t of 
water f lowing   i n to   t he  power mtat ion  uni ta .   This  
mean annual water temperature may be csatimatsd 
ua lng   the   equat ion  for the  heat   balrnctr  of t h e  
remervoir I 

outlet 8 t n l d U X c # ,  e t C .  

Q - T  
V*Cw*Kf 

( F'" - € 4  

where V im t h e  total  s to rage   o f   t he  reservoir; 
CW - the heat capacity of water: Kt Ql/V - t h e  

the   pe r iod  of time meaaured in   yea r s !  & # ,  t - f lowage  coeff ic ient ;  Qw - the   annual  xu off; AT - 
the   average  temperature  of water f lowing   i n to   t he  
reservoir   and  f lowing  out  to t h e  downstream; 8 - 
t h e  water su r face  area i n   t h e  reservoir. 

0 
0 

0 

0 

Figure 4. Beat-balance  coPponent of t h e  water 
rememoir: hea t  exchange w i t h   t h e  atmomphare q A  and 
heat  f low to the   underlying  rocka 9,. 

fn tena i ty   o f   hea t  excbange between t h e   r e o e r -  
v o i r  and t h e  atmosphere, g A  - Q d S ,  (F igure  4 )  * 

has  not   been  changing  for  meveral yea r s  and 
average 45.0 f 13.3 kW.hr/r'.yr! t h e   h e a t  flow in 
t h e  ~ e m e r v ~ i ~  bed han been  decrclaming Orom 24.4 
kW.hr/m'*yr i n  1967 t o  5.2 kW.hr/m2*yr in 1983- 
1984. Thus, d u r i n g   t h e  operation of t h e  power 
p lan t  with an  annual power genera t ion  wtput Qf 
2.6.10' kW.hr the   thermal   energy   of  abwt 110.10' 
kW*hx/yr in withdrawn a d d i t i o n a l l y  frw t h e  Vilpy 
River. A part of thim amount of  eneirgy (11.1.10 
kn .h r /y r   i n   t ho   20 th   yea r  of the p l a n t   o p e r a t i o n )  
i m  expsnssd for warning and thawing of f rozen  
ground i n   t h e   r e a e r v a i r  bed; and another  part 
(99.4.10'  kW/yr, which i r  t h e  amount of total  
h e a t   f l a w   i n t o   t h e  stmomphers  averaged  over  the 
p a m t  20 yearm) i a  expenned f o r  changing the  
climatic coad i t ionn   i n  adjacent axmaa. 

A t  s-a mite8 located nmat t h e  dam a very  high 
rate of thawing i~ ObBerVsd due to water f i l t r a -  
t ion in thawing ground. A t  thane  mites t h e  rats 
of t b w i n g   i a   g r e a t e r  by an order a8 caapared t o  
tha t  observed in t h e  remervoir bed (mse Figure 3). 

t a l i k  fo-tion in t h e  water reservoir b d  have 
Recent ly ,   aevaral   rsgular i t iem governing t h e  

been revealed depending  on  inhomogeneity of mor- 
phology, c a m p a i t i o n  and mtructurer of f rozen  
ground  within #&-ret* l i thogenic   facie .  and i n  
endomorphic zones. For example, i n  the artram wi th  
t h e  nymtem of c a v i t i e s  and i iaaures partly f i l l ed  
with ice, irregular or long-p8riad harmonic  fluc- 
t ua t ions  of thawing  ground  tarperaturea are ob- 
served with  an amplitude of up to 1*C. Thin waa. 
baing &mewed dur ing  6 years  at borehole no.3 
(Figure 2 )  at the depth of 11 II t o  16 m frop the 
s u r f a c e   ( t h e  interval of i X r e g u l a K  t e r a t u r e  
fluctuations i m  shown bg.a dotted Line).  
nonotonom long-period f luc tua t ion#  of thawing 
ground  tmperrr tursa   (with  the period of over 1 
ysa r )  ware found  on the   r i gh t - a ide  bank of t h e  
dam bama at the   Vi luy  power a t a t i o n .   P e r i o d i c a l  
tempera ture   f lubuat iona  meam ta be eaumed by the  
t r ana fo raa t ion  of a f i l t r a t i o n  rats f i e l d  am t h e  
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The I-eport is based  on a complex  appruash  and the r e s u l t  of process ing   and  
ana lyz ing   t he   da t a   o f  a 30-year period o f  obse rva t ion  on  meteoelements 
a f f a c t i n g  the temper-atErc  ccgim of the lvwer a i r  l a y e r  and g e n e r a l i z a t i o n  o f  
new d a t a  on frozen grounds. The r e v e a l e d   r e g u l a r i t i e s  of permafros t   format ion  
i n  Sou the rn   Zaba ika l i e   a r e   cons ide red   i n   r e l a t ionsh ip   w i th   phys i co -  
geographical   and geologico-geocryological f a c t o r s .  

Southern   Zabaika l ie  is the t e r r i t o r y   w i t h  
t h e   s t a t e   b o u n d a r y  of Russ ia   i n  the south  and 
e a s t ,   t h e  Khamar-Daban and  Ulan-Burgasy  ridges 
i n   t h e  w e s t  a n d   i n   t h e   n o r t h  i t  i s  limited by 
53' of n o r t e r n   l a t i t u d e   n o t   i n c l u d i n g   t h e  
Dauria   highland.  The main f a c t o r   d e t e r m i n i n g  
t h e  p e c u l i a r i t y  of the   Sau the rn   Zaba ika l i a  
c l i m a t e  are radiat ion  regime,   a t rnocfer ic  
c i r c u l a t i o n   p e c u l i a r i t i e s ,   r e l i e f   w i t h   h o l l o w s  
and mountains,  remoteness  from  oceans. 

On the t e r r i t o r y  i n  ques t ion  t h e  mean 
a n n u a l   a i r   t e m p e r a t u r e  i s  -0 .2  ...- 5 . 7 ' C ,  t he  
s o i l   s u r f a s e   t e m p e r a t u r e  i s  +1 ... - 5 ' C .  
Geocryo log ica l   cond i t ions  of t h e   a r e a   a r e  
complex and   d ive r se ,   t hey  a re  due t o  the 
i n t e r a c t i o n   o f   d i f f e r e n t   n a t u r e   f a c t o r s :  
c l ima te ,  re l ie f ,  expo iu re  and s t eepness  o f  
s l o p e s ,  snow cove r   and   vege ta t ion ,   su r f a se  and 
s u b t e r r a n e a n   w a t e r s , l i t h o l o g i c   c o m p o s i t i o n  and 
p e c u l i a r i t i e s   o f   g r o u n d   s t r u c t u r e   a n d   t e x t u r e .  
A l l  t h e s e   f a c t o r s ,   i n  the l o n g   t u n ,   l e a d   t o  a 
g r e a t   v a r i e t y  of temperature  regime  and 
t h i c k n e s s  of seasonal ly   thawed,   seasonal ly  
f rozen  and  perennial ly   f rozen  graunds.   Frozen 
grounds   a re   represented   by   deep   seasonal ly  
thawed-frozen  grounds,   mainly by sporadic   h igh  
t e m p e r a t u r e   p e r e n n i a l l y  f rozen grounds (PFG) . 
The l a t t e r  are i n  limit equiIibriurn t o  t h e  
f a c t n r s  P + i p u l a t i n g  permafros t   ex is tance   and  
a r e   c h a r a c t e r i z e d  by uns tab le   thermal  
c o n d i t i o n s ,   a v a i l a b i l i t y  o f  cont inuous ,  
d i scon t inuous  and sometimes layerad  permafrost  
and   t abe t  soil t a k e n   i n   v e r t i c a l  
sec t ion .Thickness  of seasonal  thawing  and 
f reez ing   depends  upon so i l  s u r f a c e  
t e m p e r a t u r e ,   l i t h o l o g i c  ground composition, 
ground  humidity  on  the  eve of  w i n t e r ,   t e x t u r e  
densi ty ,   regime of ground and temporary  waters.  
Maximum dep th  of s e a s o n a l   f r e e z i n g  is 
r e g i s t e r e d   i n   l a r g e - g r i t t y  little-wet grounds 
and  reaches 6 m.  I n  fine g r a i n e d   s l i g h t l y  f r o s t  
heaving  grounds  the  depth of seasona l  f r e e z i n g  
r eaches  4.5 NI, and t h e   d e p t h  of sea iona I  
thawing - 4  m. t h e  PFG t empera ture  i s  0 . . + * 

2 m C ,  t h e  t.hickne:s is from t a n s  of cen t ime t re s  
t o  100 m. The PFF l i s  i n  o r ig ina l   rocks   and  
Q u a t e r n a r y   d e p o s i t s .   O r i g i n a l   r o c k s   a r e  
represented   by   bundles  of a l e u r o l i t e s ,  
s a n d s t o n e s   a n d   a r g i l l i t e s ,  and Quaternary 
deposits are  c h a r a c t e r i z e d  by a I te rna t ion  o f  
layom wi th   d i t f e ren t   L i tho log ic   compos i t ion ,  
r ep resen ted  by argillaceous, sandy  and  coarse  
d e t l - i t a 1  grounds which a r e   q u i t e   d i f f e r e n t   i n  

th ickness   and  s t r i k e ,  o f t e n   e v e n   w i t h i n   o n e  
l ayer .  

farmetion  have  been  determining on a basis of a 
approach  and  discovering  system-forming 
f a c t o r s .  To e s t i m a t e   t h e  regime and common I 

r e g u l a r i t i e s  of meteorological   e lements1 . ,  

i n f l u e n c i n g  a i r  and soil surface t empera ture  
r eg ime   t he   da t a  a€ 7 1  m e t e o r o l a g i c a l   s t a t i o n s  
o f   s o u t h e r n   Z a b a i k a l i e  since 1954 to 1988,have  
been   s i s temat ized .   This  period of obse rva t ion  
is r e p r e s e n t a t i v e  f o r  the   eva l iza tdan  of  
meteoelemonts  regime due t o  physical 
development of p rocesses   (Loren t s ,  1977) and 
makes it  p o s s i b l e  t o  de termine  basic 
quan t i t a t i . ve  and q u a l i t a t l v e   p e c u l i a r i t i e s  of 
m e t e o r o l o g i c a l   p r o c e s s e s   a f f e c t i n g   t h e  
formation of temperature   regime o f  lower 
a tmospher ic   l ayer ,  t o  e s t i m a t e   t h e i r  time 
v a r i a t i o n  and   ob ta in   comparable   da ta   for  
r e v e a l i n g   r e g u l a r i t i e s  of t h e i r  space changing. 
The v a l u e s  of meteoelements   ranges  considerably 
on t h e   t e r r i t o r y .   T h u s , i n   J a n u a r y  the mean 
mounth ly   va lues   a re :   a tmospher ic   p ressure  
1Q29.8 ( t h e   s t a t i o n   o f  Byerka) ... 1048.1 hPa 
( the  s t a t i o n   U d i n s k ) ,   a i r   t e m p e r a t u r e  -19.7 
( t h e   s t a t i o n  of Sedlovaya) ...- 3 3 . 2 ' C  ( t h e  
s t a t i o n  of Gorbi t sa ) ,   wind  speed 0.2  m/sec 
(Gorb i t sa )  . . *  3.7 m/sec ( t h e   s t a t i o n  of 
G a r e k a t s a n ) .   S y s t e m a t i z a t i o n   a n d   a n a l y s i s   o f  
m e t e o r o l o q i c a l   d a t a  was based on air and s a i l  
s u r f a s e   t e m p e r a t u r e ,   p r e c i p i t a t i o n ,   a t m o s p h e r i c  
p re s su re ,  a i r  hunid i ty   and   wind ,  Heat t r a n s f e r  
in to   g round and i n f l u e n c e  of s u b t e r r a n i a n  
waters   have   been   es tab l i shed  in t h e   r e s u l t  a f  
f i e l d   i h v e s t i g a t i o n s ,   g e o l o g i c a l   p r o s p e c t i n g  
a n d   s c i e n t i f i c   g e n e r a l i s a t i o n  of l i t e r a t u r e  
d a t a .  I t  was e s t a b l i s h e d  that 
ghys icogeographica l  and geologico-  
q e o c r y o l o g i c a l   f a c t o r s   a f f e c t  PFG 'formirig. 

cons ide rab le   va lue  of t o t a l   s o l a r  radiation:and 
preva lense  of d i r e c t  so l a r  r a d i a t i o n .   E q u a l i  i 

va lues  of so la r  radiation are observed  i n  
l a t i t u d i h a l  direction. On p a s s i n q  t o  I' of.' 
n o r t h e r n   l a t i t u d e   s o l a r   r a d i a t i o n   c h a n g e s  by 
4 % .  T o t a l   s o l a r   r a d i a t i o n   i n   t h e   n o r t h  o f  t h e  
area e q u a l s  4255, a n d   i n   t h e   s o u t h  - 4972 MJ/m2 
a yea r .  The d i r ec t .  so la r  r a d i a t i u n  makes up 55% 
of t h e  t o t a l  OI.IF!. The r e s e a r c h  done by 
V.A. Lyuhchenko  and T. I .  Palanova (1 974)  r e s u l t e d  
in the f i n d i n g  t h a t  s c a t . t a r e d   r a d i a t i o n  
reaching t h e   h o r i z o n t a l  surface i n  t h e  shade is 

The f a c t o r s   i n f l u e n c i n g   p e r m a f r o s t  

The r a d i a t i o n  regime.-is c h a r a c t e r i z e d  by a 
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2 times Less t h a n   i n   t h e   o p e n .  
I n  a d d i t i o n ,   t o   s o l a r   r a d i a t i o n   t h e   e n e r g y  

of a t m o s p h e r i c   c i r c u l a t i o n  a l so  a f f e c t   t h e   h e a t  
exchange  on  the  boundary  "atmosphere-ground". 
The t o t a l .   p l a n e t a r y   a i r   c u r r e n t   s y s t e m   c r e a t e s  
t o t a l   a t m o s p h e r i c   c i r c u l a t i o n   d u e  t o  which t he  
e x c h a n g e   a f   l a r g e   a i r  masses is done   i n  
h o r i z o n t a l  and v e r t i c a l   d i r e c t i o n s  on  account 
o f  t empera tu re   d i f f e rence   be tween   d i f f e ren t  
l a t i t u d e s ,   i a c l u d i n g   c i r c u l a t i o n   i n   t h e  system 
af a n t i c y c l o n e s  and cyc lones  as w e l l .  I n  
Z a b a i c a l i e   t h e r e   p r e v a i l   c o n t i n e n t a l   a r c t i c   a i r  
m a s e s s ,   t h e i r   c e n t r e s   b e i n g   i n   t h e   m i d d l e   a n d  
s u b - a r c t i c   l a t i t u d e s  of  both  hemispheres.  In 
w i n t e r   r a d i a t i o n   c o o l i n g   i n   a n t i c y c l o n e  
p r e v a i l s ,  i n  summer convec t ion   type5  of weather  
are predominant.  The freguencv of the reg ions  
o f  h igh  pressure an t i cyc lones   and   r i dges   ove r  
Zabaikalie i s  r e g i s t e r e d  more o f t e n   t h a n   t h e  
r e g i o n s  of  Low pressurecyc lones   and   t roughs .  
The a n t i c y c l o n i c   c i r c u l a t i o n   a v e r a g e s  558 of 
t h e   t o t a l  number of  days ,   t he   cyc lon ic   one  - 
42% ( C l i m a t e  ..., 1 9 8 2 ) .  h e  t o  the   a tmospher ic  
a i r  m a s s   c i r c u l a t i o n   a n d  t h e  E a r t h ' s   r e v o l u t i o n  
from t h e   w e s t  t o  the e a s t  a s e t t l e d   S i b i r i a n  
a n t i c y c l o n e   w i t h   t h e  highest winter   a tmospheric  
p r e s s u r e  of the Aqian   con t inen t   ( t he   p re s su re  
i n   t h e   c e n t r e  is up t o  1050 hPa)  p r e v a i l i n g  for 
a l m o s t   h a l f  a yea,r   (Polovinkin,  1946)  i s  formed 
i n  a cold p e r i o d  of a yea r  over t h e   t e r r i t o r y  
of Z a b a i k a l i e  and Nothern  Mongolia .   In   this  
p e r i o d  one c a n   o b s e r v e   s m a l l   s o l a r   h e a t   f l o w ,  
i n t e n s i v e   r a d i a t i o n   c o o l i n q  of lower a i r  Layers 
and t h e i r   s t a g n a t i o n  t h a t  p rovide   t empera ture  
a i r  i n v e r s i o n   r e a c h i n g  1 ... 2 krn i n   v e r t i c a l  
d i r e c t i o n  ,. ( P r i b a i k a l i a  a .  , 1965)  . The 
temperature i n  this Layer c a n   , i n c r e a s e   w i t h  the 
h e i g h t  t o  2' and  more  per IO0 m. I n   t h e  
S i b i r i a n   a n t i c y c l o n e   t h e   f o r m a t i o n  o f  
c o n t i n e n t a l   a i r   t a k e s   p l a c e ,   t h e   a i r   i n  lower 
layers be ing   even  colder than the a r c t i c  air, 
and i t  p r o v i d e s   g r e a t   t e m p e r a t u r e   i n v e r s i o n s ,  
The lowest tempera tu , res  on January  are 
r e g i s t e r e d  gt a minimum a b s o l u t e   a l t i t u d e   a n d  
t h e   t e m p e r a t u r e .   i n c r e a s e s   w i t h  an i n c r e a s e  o f  
an  altitude. It, is r e g i s t e r e d   t h a t   t h e  
t empera tu re  of a lower air l a y e r   d e c r e a s e s   i n  
t h e   r e g i o n s  o f  high   a tmospher ic   p ressure .  The 
a n t i c y c l o n m   p r e s s u r e   h a s  the maximum v a l u e   i n  
t h e   c e n t r e   a n d   d e c r e a s e s  t~ i t s  s i d e s .  

w i t h   t h e  rest of the t e r r i t o r y  one can  observe 
sail  surface t e m p e r a t u r e   i n c r e a s e   i n   t h e  
v a l l e y s   o f   t h e   S a l e n g a   r i v e r   a n d  its 
t r i b u t a r i e s  Khi lok  and  Krasny  Chikoi  ( in t h e  
l o w e r   c o u r s e ) ,   t h e   J i d a   a n d   t h e  Uda ( i n  t h e  
middle  and  lower  course) as well' as the Onon 
r i v e r   ( i n   t h e  middle and l o w e r   c a u r s e ) ,   t h e  
Ingoda and t h e   S h i l k a  (from t h e  station of 
Karymskaya t o  t h e   s t a t i o n  o f  S r e t e n s k ) .  

The t.e[npevature a l s o  i n c r e a s e s   i n   t h e  
Torey,  Klichka  and Argun hollows i n   t h e   s o u t h  - 
eas t  and i n   t he   Nerch insk  - Olovsk h o l l o w   i n  

' a Eho north.  Ttte mean monthly  temperatuve  of the 
s o i l  s u r f a c e   i n   t h e s e   a r e a s   i n  a warm pe r iod  
e q u a l s  15'C, b o t h   i n   t h e   s o u t h  (the s t a t i o n s   o f  
Kyakhtq,  UrFuk,  Nizny  Tsasuchey)  and  in  the 

I n  a.warm p e r i o d  o f  the   year   as   compared 

n o r t h   ( t h e   s t a t i o n s  of W o r i n s k ,   S h i l k a ,  
Nerchinsk  Sretensk)  Here t h e   s o i l   t e m p e r a t u r e  
regime is in f luenced  by a i r   f l o w s   w h i c h   a r e  dub 
t o  an a i r   c i r c u l a t i o n  i n  the   cyc lone   sys tem.  .' 

The p o l a r   f r o n t   s e p a r a t i n g   t h e   a i r  of temperate ' ' .  
l a t i t u d e s   o c c u p i e s   t h e   n b r t h e r n   p o s i t i o n ;   i n  
t h e   f r o n t  part a f  cvc lones  cornins f rom  the  

. , , ,  

Middle  As&,  Mongolia  and  China i o  southern  
Zabaikal ie   (Sorochan,  1961) t h e  warm a i r  passes  
a l o n g   r i v e r   v a l l e y s  and t e r r i t o r i e s   w i t h   t h e  
f la t land  and   moun ta ineous   r e l i e f .  The mountain 
ranges prevent  warm a i r  f rom  pene t r a t ing   i n   t he  
a r e a s  of middle-mounta ineous   re l ie f ,   and   here  
t h e  mean monthly,   temperature  , o f  t h e  s o i l  
S U K € ~ C ~  i n  a warm p e r i o d  equals  1 2  . . . 13'C i n  
t h e   s o u t h  of t h e   t e r r i t o k y   ( t h e   s t a t i o n s  of i 
Gharemkhovo, Alexandrovsky  2eVbd)  and i n  t h e  
n o r t h   ( t h e   s t a t i o n s  of Mogzonr Z i l o v o ) .  

Under t h e   i n f l u e n c e  of c i r c u l a t i o n   i n   t h e  
lower a i r  l a y e r   a n d , i t s   i n t e r a c t i o n   w i t h   t h e  
p e c u l i a r i t i e s  o f  orography  end  uderlyi ,qg 
s u r f a c e  thore appea r s  local c k r c u l a t i p n  
depending   upan   var ie ty  of t h e   r e l i e f  forms, 
a l t i t u d e   a n d   p r o x i m i t y  t o  l a r g e   r e s e r v o i r s .  The 
t empera tu re   change ,   a i r '   humid i ty   and  amount of8 
t r ans fe r r ed   hea t   depends  an t h e  speed;af wind. 
The r e l i e f   a n d   u n d e r l y i n g   s u r f a c e   a f f & c t ' t h e  
speed of wind.  Thus, for i n s t a n c e ,  an open f l a t  
c o u n t r y   i n   t h e   T o r e y  haIIow wi th  tree+e,$s :and 
steppe v e g e t a t i o n  i s  c h a r a c t e r i z i e d  i s  the  area 
w i t h   t h e   g r e a t e s t   w i n d   a c t i v , i t y   i n   Z a b a i k a l i e .  
Here t h e  maximum wind  speeds,   possible   once a 
15-year period, reaches  3 2 , " .  4 2  m)sec. 

The speed of wind   i nc reases ,   i n   t he   p l aces  
of approaching its c u r r e n t  lines and,  on t h e  
con t r a ry ,  i t  decreases i n  t h e i r   p a s s i n g .  The 
i n c r e a s e  of the   wind   speed  is r e g i s t e r e d  on t h e  
mountain  peaks  and  watersheds.   an  the Slopes 
exposed t o  wind or  p a r a l l e l  t o  wind. The 
charac te r   and  the degree  of i n f l u e n c e  of t h e  
wind  regime on the   thermal   reg ime o f  s o i l  
s u r f a c e  is determined  by the  p e c u l i a r i t i e s  o f  
macro-  and  microforms of the r e l i e f ,   t h e i r  
expos i t i on ,   abso lu t e   and   r e l a t ive   he igh t s ,  
l eng th  of hol lows ,   depress ions .   and   va l leys ,  
t h e i r . u i d t h ,  break, orograph ic   c los iny   ( f lowing  
though  and  vegetat ion.  

The h e a t i n g   i n f l u e n c e  of large r e s e r v o i r s  
on the  temperature   regime o f  t he   ad jo in ing  
t e r r i t o r y  was e s t a b l i s h e d  due t a  t h e i r   h e a t  
Libera t ion   and   absorp t ion  i n  t h e   r e s u l t  of 
p h a s e   t r a n s i t i o n . a f   w a t e r   i n t o  ice and  back 
du r ing   t he   comple t e   f r eez ing  and i c e   b r e a k  o f  
lakes. I t  was e s t a b l i s h e d   t h a t   n e a r   t h e  
stations oE Navoselenginsk,  Sasnovo-Qzersk, 
Beklemishevo  and  Solovyevsk  si tuate$  on  the 
shore  o r  i n  the direct p rox imi ty  from t h e  
lakes ,  t h e   t e m p e r a t u r e   i n   t h e   p e r i o d   o f  
complete freezing and ice break  i s  
correspondingly  1 . . . 2 'G h i g h e r  or lower  than 
n e a r   t h e   s t a t i o n s   o u t s i d e   t h e  zone o f  t h e i r  
i n f luence .  The i n f l u e n c e  of l ake   Ba ika l  on the  
soi l  su r face   t empera tu re  a t  t h e   s t a t i o n s   i n   t h e  
nea res t   p rox imi ty  to it was n u t  established. A , 
number of r e s e a r c h e r s   s t a t e s   t h a t   t h e   B a i k a l  
i n f luence  is spread only on a ra ther   nar row I 
b e l t   d u e   t o   t h e   p r o x i m i t y  of mountain  ranges ,' 



(Reference  book ..., 1 9 6 7 ) .  K.A.Losev (1985) 
a l s o  supposes t h a t  the l a k e  a f f ec t s  the 
microc l imate  d > f  the a r e a  which is l i t t l e  l a r y e r  
t h a n   t h e  lake itself. 

i n  t h e  a r e a  is c h a r a c t e r i z e d  by cons ide rab le  
unevenness. The mean a n n u a l   p r e c i p i t a t i o n  has 
t h e   l e a s t   v a l u e s   ( 2 0 0  . . . 350 nun) on t h e  
bot toms  and  lower  par ts  of hollow  s lopes  and 
r i v e r   v a l i e y s  in the middle-  and low- 
m o u n t a i n e o u s   r e l i e f ,   a s  w e l l  a s  i n  plains,   and 
h i l l s ,   a n d   t h e  mean t en -day ,pe r iod  snow cover  
depth  is 3 , , . 1 2  cm ( 7  cm'on   . an   average) ,   the  
a b s o l u t e   h e i g h t  of hollow and va l ley   bo t toms 
b e i n g   o f   l i t t l e   s i g n i f i c Y r i c e .   P r e c i p i t a t i o n  
i n c r e a s e s   w i t h   t h e   h e i g h t  on the s l o p e s  o f  
mountain ridges i n   t h e   r a n g e   a f  25 ... 3 D  mm 
per 100  m of he igh t  a year   (Reference book 
. , .,1968). 00 .. . 90% o f  the   annual  
p r e c i p i t a t i o n  f a l l s  t o  a warm pe r iod  o f  a yea r .  
Snow does   no t   a f f ec t  t h e  ground  on l o w  r e l i e f  
e lements  due t o  i t s  l i t t l e  th inckness ,   du ra t ion  
a f  snow covering from 49 t o  92% of the   co ld  
period and  ice   c rus t   format ion .  on i t s  .surfase 
( f rom  the  middle of February)  promdting t h e  
e l i m i n a t i o n  o f  snow h e i t i n g   i n f l u e n c e  i n  t h e  
f i r s t  2 / 3  o f   w i n t e r ,   R a i n : p r e c i p i t a t i o n  i s  
spread u n e v e n l y   o n   r e l i e f   d e m e n t s  i n  a 
moun ta ineous   c ros s -coun t ry   l oca l i t y .  
P r e c i p i t a t i o n  is less? on, t h e   p o s i t i v e   r e l i e f  
forms  than  on the nega t ive  4 n e ~  because  they 
promote   the   de lay  of s u r f a c e  w'aters s t reaming 
down t h e  slopes a n d   c o n t r i b u t e   t o   t h e  
addi t iona l   g round  dabping .  The flow of 
add i t iona l   mo i s tu re   f rom  the  slopes reaches  i t s  
maximum v a l u e s   a t   t h e   f o o t  and:, in ; the  v a l l e y s  
and   the   va lue   depends   in   the   dura t ion ,  s lope 
s t e e p n e s s  and i t s  h y d r a u l i c  
cha rac t e r i s t i c s : 'The   g round   t empera tu re  
dec rease  i s  g r e a t l y   i n f l u e n c e d   b y   t h e  
evapora t ian   f rom  the  s o i l  gurface  which 
consurnes.53 ... 59% of t h e   r a d i a t i o n   b a l a n c e ,  

and  the  re l ief   wi th  mountains   and  hol lows,  
occupying 2 / 3  of t h e  area,   have a q r e a t  
i n f l u e n c e   o n   t h e   h e a t   a n d   m o i s t u r e   d i s t r i b u t i o n  
and on t h e   r e g u l a r i t y   b r e a k i n g  of t h e   l a t i t u d e  
z o n a t i o n   a n d   t h e   a l t i t u d e  belts.  

Sau ths rn   Zaba ika l i e  took p l a c e   i n   t h e  . 
Quaternary  per iod (Geocryology .... 1 9 8 9 ) .  Tho 
ground  temperature  regime on the   depth  of: 4 0  . . . 7 0  m is known t o  be formgd :for t h e   l a s t  30 ... 40 years   (Field  Geblogkoal   Research 
. . . , 1 9 6 1 ) .  Judging   f rom  the .   €ac t , tha t   an   annual  
heat  flow  from  The Earth*'in't$&.or -fo i ts  
su r face   ave rages  1970 kJ/m2: '(G&vril6va, ,1978)  
which is 1 . 7  thousand t imes,  le& tha,n a .mean 
annual   f low of t h e   s o l a r  efie'.iryy h'eat a t  t h e ,  
l a n d   s u r f a c e  o f  Southern  Jab'+ikali&' ( 3 2 ' 1 7 ,  
MJ/m2) and   t ak ing   i n to   accoun t   t ha t   t he  PEG 
maximum t h i c k n e s s  here is. up t o  100 m, ,we can 
draw t h e   c o n c l u s i o n  that a t  "p resen t   t he  PEG 
c x i s t a n c e  is in   c lose   in te rdependense   wi th  up- 
to -da te   phys icogeolographica1   and  
g e o l o g i c o g e o c r y o l o g i c a l   f a c t o r s .  Here PFG i s  
r ep resen ted  by ep ic ryogen ic  and  syncryogenic 

T h a  &#qabGh prouprw * .  iorr d.kixibu.tiffi 

Atmospheric t o t a l  and l w a l  a i r  c i r c u l a t i o n  

The PFG formatian  and  development   in  
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qrounds ,   the   ep ic ryogenic  ones p r e v a i l i n g .   I n ,  
t h e  epicryogenic PFG we can  observe t h e  largest 
i c e  i n c l u s i o n s  i n  a r g i l l a c e o u s   g r o u n d s   i n  the 
form of i n t e r l a y e r s  and 1enses':up t o  30 nun 
th ick .  S y u r y o w d s  to a % 
ex ten t  of an   a rg i l laceous   sand   composi t ion   and  
!lave t h e .   h i g b  , ice s a t u r a t i o n .  Maximum 
i n c l u s i o n s  o f '  i c e   l a y e r s  o r  vein% are 
r e g i s t e r e d   i n   s a n d  hams  and  sand   c lays   up  to 
30 . " .  40 .CUI, in s l a y s  up t o  40 . * .  60 c m ,  and 
i n  midium sands up t o  lo0 cm. 

s t i p u l a t e   t h e r m o p h y s i c a l   p r o p e r t i e s  of grounds 
a r e   t h e i r   c o m p o s i t i o n ,   h u m i d i t y   a n d   d e n s i t y .  I n  
some hollows of the  2abai .kal  , type L.M.Demidyuk 
(1968) discovered  a c loss  connec t ion ,  of t h e  
c h a r a c t e r  of  d i s t r i b u t i o n s   t h i c k n e s s ,  and 
temperature  regime of PFE wi th   t he" '  
p e c u l i a r i t i e s  of t h e   t e c t o n i c   s t r u c t u r e  of 
these   ho l lows .  

wa te r s  on PEG i s  r e g i s t e r e d   i n   t h e i r   d i r e c t  
contac t .   Suprapermafros t   waters  affect t h e  
upper PFG h o r i s o n ,   i n t e r p e r m a f r o s t  waters have 
on ly  a l o c a l   i n f l u e n c e ,  and subpermafrost - 

waters   can   , s ,ubs tan t ia lLy  change   the  PFG 
t h i ckness  ".arid tempera ture .  . ' 

The b a s i c   g e o l o g i c a l   p a r a m e t e r s   t h a t  

The g r e a t e s t   h e a t   i n f l u e n c e  o f  underground 
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, '  

An analysis is given of the structure  and  texture of a  number o f  typical underground 
naseive ice bodies in Western  Siberia, Pour main typelr of  massive ice  are revealed: 
the buried  glaciers, the epigenetic  injectional the syngenetic n?ar offshore-marine, 
end the aynganetic  submarine  ice bodies. For  the  latter the way of ice  fornation by 
freezing  of  deep-water  sediments i s  pxopoesd. 
A certain regularity  in the natural  occurrence of the above-mentioned types of mas- 
sive ice is revealed" A reconrtruction of the Pleiatocene  paleogeographical  pattern 
in Western Siberia  as  well  as of the conditions  under  which the  fornation of the mas- 
sive ice take place, i s  described. 

INTRoDu(1TIoN 

Waasive  ice  beda axe frequently  encountered in 
Western  Siberia. These large  underground  ice 
bodiea are not identical  neither by age,  nor  by 
genesis. The investigation o f  the distribution of 
aasoive ice  mhows  a  certain  regularity,  which is, 
in turn, closely connected  with the geological 
history of Western Siberia and with the 
paleogeographical conditions of  past  epoches. 
Both the mechanians of ice formation  and the 
peculiarities  of the respective  epoches  reflected 
themselveu  in the individual  features  of  ice 
structure. The author is trying to reveal  the 
genesie of several ice bodier"oE-Yhe, region,  in- 
vestigated  by the author himself.bnd described  in 
the literature. The regularities of massive  ice 
fozmation  in Fleistocepe in the north of the 
Weatern  Siberia are considered here. Since MI- 

the Subarctic as well, the applicability of the 
rive ice i e  wide-spread in  many  other  regions of  

analysis  proposed goes beyond the regional 
framework, 

The invastigation of the texture of reveral 
nasmive ice bodiem in various  regione of Western 
Siberia gave the following results. 

The Ernacavo's masaive ice  body,  known as the 
Ice mount I is diaposed on the right  coast  of 

Yenisei  river  at the Latitude of the Arctic 
Circla.  This i s  a large ice body,  ,'having  several 
hundred meters in diameter arid several  tens 
meters  thickness. It i s  disclosed in the section 
of the 50-n Yeninei'lr tsrrace..The ice body is 

thousand  yeare  old  (abs.age - RTZ-318 MGU). The 
ice  body  itself  is  represented by the tranaparant 
monolithic  coarue-crystalline ice, the crystals 
having aize from 10-20 to 50-60 cm of irregular 
form and their orientation  being  chaotic.  Appreci- 
able inclusiona of air and a o i l  inside the ice 
are  absent. There are series of thin  parallel f i s -  
surea  in the ice mass,  which  are  filled  with the 

QVeKlied by the Xyryan till (1111) it i p  79f20 

ice  and  loamy  Boil, analogous to the overlying 
daporit#. The  width of fiaaures  comes to be a  few 
millimeters.  The  ice-ground  zones  are  charac- 
terized by a  comparatively fine crystalline  struc- 
ture (the crystalo axe 1-4 cn in diameter) filled 
with air bubbles. 

be explained  from the position of the glacial 
The  structure  and  texture of  this  ice  body  can 

hypothesis  (Shpolyanakaya et al. 1907). It  looka 
like the dirty  ice  described by Lavruahin (1976) 
for  many  regianm.  Such  an ice texture i a  formed 
by dragging  rocka of glacier's couch  along a flaw 
cleavage  with  bedding.  The  latter  are formed 
during the glacier notion. 

finuurea  axe  filled by  soil. In adqition,  layers 
The  new  cleavages arise  during  ice flow. The 

of ragelational  ice  are  formed thera. The 
txanapnrent  ice  layers  and ice layers  with  soil 
lenaes  and  ice  schlierens  are  mutually  alternat- 
ing. Such  a  structure i s  typical for the edge 
parts of glaciers.  It  ha8 been  obaerved by the 
author  (Shpolyanskaya et  al. 1987) for  buried 
glaciers of the mountains Pien-Shan.  Thua the 
Ermacovo's nas#ive  ice  body is probably  a  buried 
remainder of some  neighbouring  outlet  glacier of 
the  Xyryan mpoch, 

Another  massive  ice  near the village I n  n o k 
e n  t y e v s k o y e on the left  coast of  lower 
stream  of the  Yenisei  river ia diacloaed in the 
mection of  50-a Yenisei's  terrace. The  structure 
of the ice is similar to the glaciers' (Karpav 
1986). The  ice body is  a  large  monolithic of 40 fn 
thick.  It  lies at 0 . 6 - 0 . 8  m depth from the sur- 
face.  In the ice there are  series of thin arclike 
iissurea  filled  with the loamy soil and the ice 
body io  subvertically  stripped. The  enclooing 
sediments  axe  represented  by the ice  aatuxated 
till.  Apparently this  ice body alao hall been 
formed  by  outlet  glacieru  from a neighbousing 
mountain  glaciation. It should be noted  that the 
ice of the structure described above, i s  en- 
countered  nawhare  in  West Siberia except €or the 
regions  next to Yenisei  river. 

Quite a different  shape haa another  ice Layer 
near the village T u b - 8 a 1 e. 11: is disposed 



on the left coarst of Yenisei  in ita lower ntream. 
This layer of ice i s  described by Karpov (1986). 
The ice b d y  is  diaclosed  in thq'section of 20-m 

vea  c+y 10 m thick and is underlaid by  flne- 
granylary  8andS. The thicknssa of the ice  body ex- 
ceed@ 15 m, i t s  extent is as much  as 1070 n. The 
ice transparent,  contains no air bubbles up to 9 
q,depth, possesses inclusion# of  .varve  bite  which 
mount decrease# sharply with the depth.  Ground 
layers, similar to those in the ice  bodies 
described above, are absent  here. A hollow  of 0.5 
m height was uncovered bel? the ice by the drill 
hole. The hollow is filled.,+,th  sublimation ice 
and is similar to the same hollow# of the in- 
jected  frost mound of Yakutiya  (bulpunniakh). 

in exposure  .Tub-Sale  hap  cdllplicated  contacts 
with  overlaying varves. Thq ice' stocks in'the 
form of a  mushroom are observed  and the clay 
'layers are broken there and  shifted With-an I:''. 

amplitude  up to 1 m on  both sides of- the'.'ice ' 
stock. Mora or less 1ength.y layers of ground me 
absent in the ice. Such a, ptiwcture of the ice 
body  indicates  an intergraund.injection mechanism 
of it8 formation by  intrim% of the underground 
water in the upper 1syeri"rif th-e freezing 
groundmaam. This laada  inbditably to a  deforma- 
tion of soil layers,  brsaking.'of  them,  tearing- 
o f f  of vhrve  particlen, int@sion of diluted 
sail, etc. 

The giant  bulgunniakh nsar'the village M B s s 
o y a k  h  a (height - 22.5 'm and  basis - 286x176 
m) i s  described by Karpov  (1986).  Xts core is 
more than 20 m thick and is represented by a mnn- 
sive  glass-like transparent ice without  mineral 
inclusions and Vith rare air bubbles. The charac- 
ter of ice in the buldjupniakh im aimilar to the 
ice  body  in  Tub-Sale. 

The geological exposure S e  1 y k i n o is 
also in the lower atream of  renisei river  near 
the village  Uat-Port  (Tunel,  Shpalyanskaya 1983). 
This massive ice  aharply  differs  from  both types 
deecribed  above. The deposita of  Middle-  and 
Upper-Pleintocene age form a 10-60 n terrain 
level, The lower  part .of the atrata i s  formed  by 
the poor-icy marine aleurites of Middle' Pleh- 
toCene (112). The boulder 1 0 ~ s  of rsgresaive 
stage  of the sea ( X T 4 )  are  bedding  above.  The 
near  offshore-marine  Kazantsev  Upper-Pleistocene 
sands (1111) overlie the latter ones. Theae 
deposits include the layers of ice,  which  are  rep- 
resented by a series of thick ice sehliers  (15-60 
a), separated  by  ground  lhyers  15-20 cm thick', 

denre,  'gI+ws-like,  sometimes with inclu.siona of 
eeldon  up to 30 em. The ice is tranaparedt,' 

small-particle o f  soil. The ice texture is coarse- 
cryn'tdline  with  crystals,  which are 5-6 up t o  10- 

NaYglR ~ I I I J )  twr-. I t  i a  - 4 &X- 

In  contraat to another masa,ive ice, the body 

. ,  

12 @?yi-,?! " 

The  cryogenic construction of the enclooing 
sediments a61 well as the texture of the ico .indi- 
cate  a  segregational-cementic mechanism of 'ice- 
fonnation during ayngenetic  freeding of the 'near 
offshore-marine  Hand deposits.;  It  may be supposed 
that  in the Kazantsev  epoch, when the average 
temperature of the air at that latitude was -9Oc 
(Shpolyanskaya 1981), the near offshore-maride' 
sediments  accumulated  and froze simultaneously 
(syngenetic). The ice uchliera &Nerved in  that 
part of the exposure have segregational-csmentic 
origin  and  formed in the basis of the active 
layer of the permanently  ,accumulated  coarse- 
granular  sediment  saturated  by the supraper- 
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mafrort  water.  This  is confirmed ,almo.by.  the fact 
that the described ice it# practicll.ly mdountered 
nowhere  in the fora of #ingle irolat8d dayersi' . 
U t  aolv i n  tbr fnrm of *arias of amfo- 1 .: 
layers  which  evi&ntly.have been farmed during:. 
proceas of sedimentation. 
,-Bih;helar masaive ice beda  are, described ,also ' .  

parently theae massive ice also have bean formed 
for the central parta'of Yamal (Baulin 1967).  Ap- 

in  a  similar way. 
The ica layers  in the exporure iwthe valley 

bf river T a d-i b e y  a k h . a  at the.Uestern 
Oydan  axe  disclosed  from the  depth.o€ .I5 m in the 

visible thickness i0 5 4  m and  'its ertent i s  100- 
section of the Kazantsev (1111) strata+ Its  

150 m. The ice body ia pierced,by'thin (0.3-1.4 
c m )  ground  layers.  In thia icedgrcIund mass Wekan 
trace intricately deformed thicker ice layefre and 

pattern. 'The thick1;ess of the  -ice -1ryars changer 
thinner  ground  layers,  forning  a single con€ozmed 

frao 2-3 to 10-15, Crequently up to 20 cn. 
The  uniform  and thin Stratification of the 

ground  and of the ice, and the high conformity of 
the liyers  could be formed only in subaquatic Con- 
ditions  at  sufficiently  large water depth. Taking 
into  account the nasine origin of the enclosing:- 
deposita  ane  may  suggest that such a type of ice 
has  beon  formed  in the Arctic shelf sea aa the 
result of uyngenetic freezing of accumulated - 
marine ad$ments at the  cwparatively- greater,-! 
depth. , ,  , 

A possibility of nuoh  a type of fxeizing has 
been  conaidered  in details by the  auth#r,earLier 
(Shpolyanskaya  1989). . I  , .  

The temperature of the near seabed w a t e r h  
the Arctic sea. at the depths from 35-up .to.l00 
1, reaching -1.6O -1.8% can provide. t k  fresz- 
ing of the groudb. The aalt concentration in poxe 
water of the bottom aedinants, psevanting their 
freezing,  decreasau with,depth (a fact  well-known 
in  marine  hydrochehistry) . !thus  at a certain 
depth the freezing  of  bottom aediments-can O~CUK, 
forning a stratified  icerground deposits: , I\ 

These massive ice beda of the Tadibeyakha kype 
have  been  formed  in submarine conditions thrrlugh 
simultaneous (syngenetic) accumulation and freez- 
ing of sediments. App&rently, similar madaive,ice 
which  is  deecribed for Pamhl and Gydan (see e.g. 
Velikoteky 1987) aleo has baen,formed in  a 
similar way. 

1,-., 

., , 

The  moat  ancient  and  wide-spread ice bodie8,'j 
are  evidently  included in,  the Kazantmev sedi- r w  
ments. This ice  has synetgstLc-suLwarine  and,near 
offshore-marine  origin.  The' ice bbdies different- 
ly, depending  on the spe~edW.e condition.  arlch as 
the diatanca  froa  the.uhcrfr; depth of the see . 
etc. In the outer part8"~f Y a m a l  and Gydan which 
were covered by a deepaea at that epoch, the Ace 
of submarine  origin is wide-spreudi Iathe inner 
pdrts of Y a n a l  and Gydan which becnme free from 
the sea  earlier, the ice of near  offshore-marine 
origin  is  typical,. 

*he burkd ice  is associated with xyryan 
deposita ' C l f f ~ )  and ia encwntered near the.) 
,Yeniaei  river only. I ' .  ., ., 

'Thbhjectional ice is apparently the youngeat 
one.  .It is encountered main:Iyin  the Kaargi,n 
depdmitr (1113) and  has been.*fomed in course of 
their epigenetic  freezing dudngtha subsleqrrent; 
aevere  Sartan  epoch (1114 1 .  It  .is eneountmredfd 4 



the accumulating  medimenta: far from the island# 
at deaper'pdrtm of the ,aka the sub-marins  ice wat~ 
formed, while  at the uhallow-parte near the is- 
lands the naqr'off8hore-dd~~ine ice wan oucurrdd. 

The lrazantkbv epouh i a  believsd to be a whim 
one.  Ita maximum  many-year  average air ternpama- 
ture exceded ita  prerent valtiu by 3 O ' .  Fox the 'ex- 
treme northern  regionr of Pleuraern Siberia with 
preaent air temperature -9' - -ll°C CKis wen not 
of large  impdrtanca, The temperature remained low 
enough. For more wani regibnm,  already near 
Arctic Circle,'sukh a rire of temperature 
prevented  frsazing of the bottom  ground. Equally, 
thi ahallow narrow h i l a  along the,nodern siVerP 
well-warmed during summer did  not contribute to 
freezing of aadiaenta at  that latitudea.  There- 
fore'in  the Kaaantmev  'dapoaita  maaaive iae"beds' 
are  enbountered  only to 

the North of the latitude 68-69' N. 
The lyryan  epoch '(11x2) which replaoed the 

Kasanteev  one wa0 characterized  by a Cold climate 
and a nubasrial  development of pxactically all 
the region.  Only the mdst northern regions of 
Yams1  and Gydan remainkd under the sea level. AC- 
eotdingly the-4yryan-depobits  arb,repreasnted by 
non-sorted  nand-graual laM-alluvidl and  boulder 
#and-clay  glaciex  and ghcifluvial material. In 
the mountains  framing Wlstern Siberia a rountain- 
valley  glaciation  developed, whose tongues de- 
scenduthe  mur-Ural and'near-Yenitmi part@, of 
the redion by low-tenperature conditian8 and by 
deep freezing of  the ground, the separate parts 
of the ice tongues could'be sauily buried by its 
own morana, thun forring%underground maamive ice 
beda. The Ermacovo'b'mauaivi  ice  described above 
iu pxobab1y.a buried tongue of the valley glacier 
from Putoran mounts and the Innokentevakoye mas- 
sive  ice Is a tongue from the mountains Byrrang. 

In the tyryan deposits-of Y-1 and bydan rep- 
resented  by  laid aedhenta  the buried  ice i e  ab- 
sent, This may indicate the ab#erice of  glaciation 
cover i n  weSt8rn siberia. 

In the Kargin  epoch (1113) some reverae sea 
tranagreaaion took place  whiah  formed an inde- 
pendent terrace levii  especially  extensive  along 
Yenisei  river  up ta the.hrctic Circle. This epoch 
i a  believed to be'relatively warn, remaining the 
present  one. Therefore on Yamal the peaty 
depoaite-  with thick syngenetic  palygonal-wedge 
ice  were formed while in'the southern continental 
regions, e.g. at  Yeniaei,  nbn-frozen baeih sedi- 
menta  were  occurred. 

Nevertheless the Kargin deposit8,are frequent- 
ly accompan$sd by layered ice of injectional 
origin.  Thia is especially true for the neax- 
Yenisei  part of  thc Westexn Siberia. This can be 
explained  only  by tskihg'into account that the 
Kargin  daposita beghn to freeze in the aub~equsnt 
kartm epoch' ( TI14 ), marked 'by a deep regre8sion 
of the Arctic m a  and by an  extremely law air 
tsmparatuxs. me freezing  wal'ilccompanied by a 
non-uniform  di8placament of appreciable malrben of 
underground wnter, their freezing hnd formation 
of massive ice. The region  of Yclnisei ia momt 
favourable  for th is . .  Thrre is  a zone which' 
amparatea two tectonic atmcturps, namely 'the 
Weatern  Siberia  plain and the Middle aiberia plat- 
form. Thia fractured  zone is a discharge area .of 
deep water  horizona. 

The ancisntn.ice wan  conservatsd up to present 
time, despite the exiatence in the recent  parrt,of 
the Golocene thermal maximum, A calculation 
(Shpolyanukaya 1981) hau  nhown that !ti Westep 



narth of 66oN for i t 0  eastern part the- frozen 
ground diu not thaw from above neither in Upper 
Pleistoceze nor in  Golocene. In Golocent the 
climate wan sharply continental and in the naar- 
Yenirei  part the Siberian  anticyclone  retained 
i t s  importance, which caused low temperatures  and 
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BOREHOLE EI;ECl'ROM?!TRY OF PERMAFROST ZONE 
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I I , ?  The borehole electrometry in geocryology is considered as one of 'the long-term mien- 

j '  ..of technological and infom&tianal pomaibilitien of  the well-known  geophysical 
- . * , ,  ", tific trends, determined by  npecific  aspect of  the tamkm, the heW3ssary adaptation 

meFhogFa.Some possibilitie8 of this trend  are  illustrated  with the examples of netted 
up by the borehole  electronetry  new  pscularitica of  eledtromaqne'tic  field  in 
cryolithotona.  Specifically, the existence of the intensive  natural,  electromagnetic 
field in stationary  part of the cryolithozone  cauaed  utationary  physico-chemical 
processes i s  emphasized. 

7 

The modern stage of geocryology aimed  at 
developing the science related to lithosphere 
cryogenesin  includea  prediction of undesirable 
cryogenic process development  and  elaboration of 
the methods for controlling there processes.  The 
complicated nature of the stage  naceeeitates  the 
increase of  information of geophysical  methods by 
arranging them according to complexes and by in- 
creasing  mensitivity  and  accuracy of measurements. 

The fact that the borehole  electrometry is 
regarded as a separate aection of cryolithozone 
geophysics can be mainly  explained by its 
peculiar position in respect to the ground  and 
aerospace  investigations,  as well as by the 
peculiar aspect8 of frozen rock survey  in 
boreholem. The cmplex interpretation of ex- 
perimental materials makee it possible to deter- 
mine the internal structure of the cryolithozone, 
their composition and trends of changing in  apace 
aad the. Besides, the parameters of electromag- 
netic fields, mearrured  in boreholes  during time 
periods w i t h  an assigned frequency,  are  very im- 
portant for predicting  possible changem  in 
geocryological  sections. 

Frozen  rack, as object of  investigation,  is  ex- 
amined  in borehole shaft (electrical logging) and 
within the borehole space, i.e. adjacent  space 
(borehole prospecting). The study of changes in 
the  structure,  compositian,  properties and state 
are  considered to be the main  purpose of the in- 
veutigations. 

To achieve this goal  one has to solve two sete 
of  problems, which differ greatly  and  are  inter- 
conditional: the tasks aimed  at  developing the 
methods a€ borehole elactrometry and the taska 
aimed at extending the use  of these methods in 

The  variability (time-space) of a certain 
geocryology. 

geoelectrieai section which is the subject of  in- 
vestigation, is determined by external  physical, 
geographical, climatic and  antropogenic  factors 

and  identified due to the changes  in the 
parameters of electxophyeical  proceuees  which 
occur  when  artificial  electromagnetic  field: - correlative  links  between the electromag- 
netic  parameters  and  properties of the medium 
under  consideration; 

and as a final  result  based on these charac- 
terirticu: 

- structural  change0  in  geocryological  section 
as a result of external effects:  and - atructure  and  lithological  composition of 
geocryological  sections. 

The  methods o f  borelioiole electrometry  of the 
frozen  lithosphere  zone  were  and are foxmed 
taking  into  account the achievements of proapect- 
ing geaphyaics and the resulta of experimental  In- 
vestigations  in the aream of cryolithozone 
development.  With  accumulation of  the experience 
and  revealing the conditions for making neaaure- 
nents, the number of  methods  steadily  increased 
and they were specialized  conformably to the new 
investigation  conditione by way of further 
development of the theory,  methods and technologi- 
cal  means of  measurement,  as well  as by maarching 
for new methods and phyeical  parameters of a . 
pro jeet . 

The  development  of the methods of borehole 
electrometry i s  based on the following  fenturen: - the tasks, necesnitated by the problem of 
cryoqeneeis OX Lithosphere  and the development of 
the Extreme  North  regions; 

electrophysical  properties of rocks at negative 
temperatures: 

- the peculiarities of phyaico-chemical procerr- 
se# in  frozen  rock; 

- variability o f  the state of geoelectrical 
and geocryological  sections  under the effect of 
factors : - the results of theoretical  and  experimental 
of the relatione  between the electromagnetic 
field  and the investigated object: 

- understanding of differentiation of 

- the achievements of electronics,  instrument 
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The improvement, application and developmmnt 
of borehole ele7tropetry methods was baaed on the 
taaks and the  pculiarities'af inveetigation ob- 
ject, the presence of ice and unfrozen water'in 
the rock. It is not yet possible to determine 

enable predicting slectrophyaical properties ac- 
cording to the quantity of'certain .phaaea con- 
tained in them, their  mutual location and taking 
into account the outside ,thermodynamic 
parmetere. The exiating way of inveatigationh 
consiated in a direqt experimental determination 
of  electxophysical parameters of: rock in 
Laboratory and under field conditions. This cir- 
cumatance, a8 well as the existing theoretical 
basis of some  methods have contributed to the 
priority of the expeximent at the preuents stage. 

The borehole ehctrometry is moat efficient 
for investigation of cryolithozones in hole made 
with a minimum disfurbance of the natural ther- 
modynamic state oF-rock during drilling opera- 
tions. \ 

This importank, feature may be',observed as a 
rule,  by using the cooled air aa.a cleaning agent 
the procema of drilling. On  the other hand the in- 
vestigation of auch boreholeqllimita  the p a -  
aibilities of the  known  methods of geophyaice be- 
cause of the  conditions of the hole wall and the 
negative temperatures. This,problem ha# been'dis- 
cussed in detail in our papers (Snegirev 1983, 
1987). It h e  contributed to the development of 
special borehole electrodes, to the methods of 
preparing borehole  wall for oboervation by conduc- 
tion methodat complete elimination of conductive 
and inductive mutual effect of measuring and 
generating devices, and development of measuring 
equipment which  is  capable of working under low 
temperatures and high electrical resistances. 

of the investigations provide e w e  new 
peculiarities of electxmagnetic field in the , 
cryolithozone and allow the plapning of a more , 
profound study of cryolithozone properties. The 
illustrationa emphasize the above-mentioned 
pcculiaritiea which  are basically as follows: 

there i s  a natural electrical field which varies 
in time and space. In general, it is'the 8um of 
electrical fields, formed in various sections 
depending an concrete  conditions and reaches the 
values of 200 mV. Positive; negative and variable- 
type anomalies are registered with maximum , 

amplitude up to 100 mV  (Figure 1). 
The existence of variable and stable (time) 

anomalies of the natural electrical f ie ld  nakea 
it possible to *peak of various sources for their 
origin. One of the sources o f  the natural electsi- 
cal field in  the  cryolithozone i a  the phase our- 
face of the line; frozen - thawed rock (Figure 2) 
which specifies the subject of investigation of 
cryolithozone by the method. 

pose that variability of relatively time-stable 
anomalies of En-pracesses is pretermined by per- 
manent physico-chemical processes, which when ex- 
cited  by external factore may serve as peculiar 
indicators within  the cryolithozone monitoring 
ryrrten. 

2. The borders between thawed and frozen rocks 
are not always registered according to electric 
logging data by changes in electric conductivity, 
which in the vertical  section depends on the 
temperature, humidity and anline compoaition in 

m53w-*", Wrlim-mtnCl 

The experimental materials obtained by means 

1.  In the rtationary part of the cryolithozone 

According to  the existing opinions one may sup- 

the pore solution. Indication of this  border ac-'!'' 
cording to  the  data of resistance method may be 
somethem .possible only in  the course of obaerva- 
tions, when the anomaly moves after  the shiftihg ' 
phase border (Figure 2). 

Figure 2. The results o f  a complex determination of 
rock properties within the  divide  surface thaw- 
frozen racks in active layer. 

3. Geoelectrical and geocryological sections, 
drawn according to  the data of borehole 
electrometry, mainly reflect the geological and 
cryolithoLogica1 permafrost structure. The effect 
of the spatial distribution of negative tempera- 
ture in the permanent part o f  cryolithozone i a  o f  
a peculiar nature, reflecta upon  the values of 
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electric  conductivity  and does not cause  the 
change of the anomaly form. The  correlation in 
th*~,dhtgfbution of isotherms and iaoliner of 
electric  conductivity  is  very  weak (Figure 3). 

W 

Figure 3. K h r ' l i t e  deposit temp. iield at 
various  irothernal  horizons. a=25m, b=50m,  c=in- 
telpet.  rssulta.1 - pipe outline (contour), 2 ' 1  
increased resistance lev., 3 - bearing  .horizon 
Nos., 4 - isotherm.  lines, 5 - hole  numbers. 

4 .  In the frozen rock there exist-&mining 
durative  potentiale of polnrization,~wMch occur 
after the. smitatim of Bn-field by.arect cur- 
rent impulse (Figure 4) and which: ch&ge the sign 
in case it changes its polarity. This-shows the 
ability of frozen rock to accumulate electric 
power  like  electric  capacitor. 

This  revealed  peculiarity is found-; .ar a rule 
at intervals of Laminated ice-rich rock of 
variour  electric  conductivity and should be more 
thoroughly  investigated in the future.  Thus, the 
developed  procedure of frozen rock investigation 
in bareholes  by  electronetxy  methada, the , 
peculfaritiee of frozen rock proljerties, the, 
specific aspect of the taeka and their pecuiiar 
solution (the necessity of  special  drilling,  the 

4 

- Cima rodstem I 

@,-+Pdh o t  oc***r. p r n t  of 
. ,  

, ,  ' trduction e&-. 

reduction  'in a dry hole  and the data o f ,  electrical 
Figure 4 .  Tybical  curves of frozen ,rock polarization 

coring  (loggins). , 

development  of  new structural  and  functional  ele- 
ments o f  measuring  equipment,, etc,) and the 
result8 of the%xperiments enable us to apeak 
about fhe,formatian a€ a new  scientific trend in 
geocryology - the boxehole  electrometry of the 
frozen zone of  lithosphere. 

EEmwEEi ., ' , 
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STRATIGRAPBY, AGE AND ORfGiN OF HASSIVE I C E ,  YAHAL .PENINSULA, WEST S1-A 

.'? V.I. Solomatin, M.A. KoniakhLn 

Department of Geography, Hoacow State University,.  119899 Uoscm, Russia 

New data concerning the,,age, stratigraphy  and origin of massive icg were obtained 
secently for ramal Peni'nrula from an extensive programdn geological and engineer- 
ing boring for gas field  development. The ccnplex of ,analytic results o f  drill 
core samples provides the basis for the new  conclusions  doncerning the origin of mag- 

I sive ibe: . 

- 
, This paper is based on geological and analytic 
: I materiala coll,ected by the authors in the process 

o f  personal and jaint work with many arganiza- 
tionm and colleagues on the problem of maas'ive 
ice,  its  origin, age and influence on stability 
'ofpdmdfroer aw a reault o f  industrial develop- 
ment  .and human activity on the North. Some. , , r  

aspect8 of our*irwr?stigation and valuable . 

materials 'were produced in ,collaboration with 
sc i ent i s ta  frm Canada - Dr. F. Micbel snd Dr. W. 
echeny, and Estonia Dr. R. Vajkmae. 
.' massive ice as an individual morphogenetic 
type was discovered at the beginning of nixties 
(Dubicov,"Rorejaha, 1964; Hackay, 1971).  In the 
hidcTb4M the aeventies (aolomatin, 1976) it was 
argued that many features of geomorphological, 
geological podtion as well.alr petrology of mu5- 
di+e*ice contradicted the:injsction or uegrega- 
ti& idsa and m y  be explained only with the help 
of  buried glacial origin of the ice (Solomatin, 
1976). The problem of the m s a i v c  ice i s  the key 
for many problem8 in of Quaternary geology, 
paleogeographical reconetruetion" besides it0 nean- 
ing for fundamental pexmafrost science.  There are 
many of attempts to get any explanation for 
younger segregated origin o f  massive ice,  but 
many of  them are too speculative and don't cor- 
renrpond with actual data which we. pO8SeSS. 

We would like to show evidence-utbich cwld be 
further uaed for discussion of theee problems. 

The region of our investigation (so called 
Bovanenkovo gas-field area) ia oituated  in the 
West  of the central part of Y a n t a l  Peninsula, near 
to merging of Mordiyacha and Seyacha rivers. This 
region is well-known in literature because of 
wide massive ice distribution. And  here  was the 
massive ice body, explored for the firet t h e  in 
,,Russia. 

1. ThO distribution, dimensions and  bedding of 
masisive  ice. 

Hundreds  of drill holee on Bovanenkovo gas I 

field indicate the distribution of actual bodies 
of  massive ice, their upper and batton surface 
boundaries  and correspondence with geomorphologi- 
cal and geological conditions. Thwaurfece of 
Bovanenkovo districts is formed  by  remaina of a 
marine  terrain eroded by thermokust and ther- 

mosrosion, with a l t i t d  20 - 40 R above $me ! 
level and the alluvial terraca'af, 15 - 20 li 
(above see level). Those remi-. are arounded by 
lacumtrine-alluvial level of 4 - 6 n. 

The peculiaritiea of the terrain, cafiaimt of 
many closed lake basin# located on dWferent 
levels  and  many thentokarst feature on alopciu 
which  cut into underground ice. 

Ths-dsill hole data tiatify' te the wjde dia-  
tributih of'maasive ice, %o t-hat they  a& fwnd 
in all rrections above levels and what ie nmark- 
able - undelc contsrporary river stream and f&& 
plains. 

The ice forma a core it hills remains a d  i& 
partly preserved under frozen deposita ;Of the 
younger geomorphological Levels (Figurls 1 and 
2). We may  say tow that modern relief including 
the river valley, as well, waB fore%d.by ther- 
moarolrion of the initial surface which warr built 
by  icy sediments. A saparate part of ice were con- 
served  by new redhentation. . .  , .  

The area of maeaive ice bodioa rpacbes more 
than 100 square kilometers and its diaqeter -.  

# m e  ,ten  kilometers. The m a x h  known tbickneeu 
of ice on Bovanenkovo area is 19.6 m: thicltnees 
decreases from high levels to l w a r  ones.. , II 

On the basis of data from 76 drill holam we ' 

can give the percentage of massive ice thiekneasr 
less than 5 m - 47%; 5 - IO m - 24%; IO - 15 m - 
16%; 15 - 20 m - 9%; more that 20 P - 4%. 

The depth to upper'boundary of ice W s s  from 
the soil aurface varies from 1.5 to 20 a. fh moat 
cases it 111 2 - 5 m.  Evidently thir i s  the reason 
for-themakarst and thermoerosioa #oms which are 
widely distributed on  the Bovansnlrova Adab- 
solute altitude of ice  body base varies f r a  +18 
to' -28.k"m' and it changes in correlathn with, ' 
relief df contemporary sail surface: it risee, 
high  level surface and irr descending urpder ' \  

lowered territory (Figures 1 and 3). Ibn altitrlde 
of upper ice  boundary varies from +30-3 m to' &18 
m.  

There ia good correspandence betweem their 
boundary  and soil surface altitude (Fiqtr-re 3 ) .  
From our point of view, it indicate8 t h  geolhi- 
csl youth of massive ice and a i  main relief,f*aia- 
tures of Bovanenkovo area. In any o t h e r  cas&% 
couldn't see thia evidence because of high Safe 
of  ice melting ana relief reconstruction. 

,I 
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F i g u r e  1. The  scheme of soil" SUK~& relief and dept' 
of upper  and  bottom  boundaries of massive ice in 
central part of Bovanenkovo area. 1). Relief contaur , ,. 

(&Flute altitude, metess).",2). Boreholes which 
have encountered a massive ice. 3). porehole of 300 
n depth. 4). Contours..af  the .upper boundary of. 
maslive ice  (absolute  srtitude,  meters), (5 - 7). 
The plots of:  5). massive  ice bodies with upper 
boundary absolute  altitude  from.10 to 20 m; 6). the 
same, from 20 to 30 m; 7). the same, more then 30 
m. 8). The absolute  altitud$,pf massive i ce  botfom 
boundpry (meters). 9). The boreha3es without nadlsive , 

ice. (1 - 1 - geological profile, see Figure 2) 

The  position of''rnigr8ive  ice' an a rough sqrface 
of underlain by sandy  horizon t&st'ifie,s'ko, an 
identical age of all, ice bodie's :oh"Bovanenkovo ' 

tFrritoryand possibly a uniform initial strata ' 

o f  ice  which  was secondary eroded and now i s  , 

presented by separated remains,. Such 
peculiarities of geological position 6f'inassive 
ice testify to a glacial buried ice origin and 
d8n;'t camempond to an origin by ground water ~' 

f re9zing .' 
2. Stratigraphy and age'of' massive ice. The 

detail  results of complex  analysis of sampLes ,' ' ' 

with depth 300 a (Figure I) p&miza UQI t b  qive 
from many exposures and bov+oles including one , 

BMB conchtions concerning 'the stfatigraphic 
po%ition and age of massive i ce .  

24 
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' ' Figure 2, ' GeGbgiCal profile across  the valley of 
Sejacha river. (The line 1 - 3, see; Figure 1) 1 
- day; 2 I silt; 3 - sand; 4 - ice; 5 - borehole; 
'6 - abs. :age (TLM) 

:..'I I F,!i. I ,: 
, ' 6. :. 'I', 

a9i6 TLH definition ahow% that  the  age of srdi- 
metiW bnderrlaing the massive ice i8 2 2  ka BP. 
B&ed,dn the  depth of 155 m per one  thousand 
yeac,+She sediments  an  the  depth 260 m are aged 
11s m h m .  

.I.: b.) P&le&magnetic analysis of 108 core  samples 
- .froma depth o f  50 - 235 m shows that all strata 
ibf-perm&rast have straight magnizatian, unstable 

: palarHy and belong to Brunes epoch, e. g .  to 
)., Pleistocene. There is a paleomagnetic episode  on 

the: depth near 180 m. 
c) Spore-pollen spectrum do not change 

'.ittiroughout the  main part of the crossection.Tha 
t q g o f  sediments is undoubtely Pleistocene  the 
:..But nix content of species  does not allow  more 

detd.1' Htratification. The camposition of 
opectrun;is similar to contemporary  sediments of 
Ob River Abound of mix species from  far  regiana 
and ava:il'ability of Tertiary species  permits to 

. supposefa mwach away of  ancient depasits and poor 
1ocal.sdusces of  spore and pollen. 

d) Grain  size analysis: massive ice is over- 
1ain.b~ silt and clay, probably due to shore 
lagoonal sedimentation. Under massive ice lies a 
finel sand, lower-sandy s i l t ,  then  silty  clay with  
horizons of sand. The grain size analyBia testify 
to a more active  sorting  material more dynamic 

the  depth of 250 m) of cK0SmeCtiOn than in the 
conditionl of sedimentation in  the upper part (to 

lower one. Between them  there i s  the  erosional 
contact - a coarse sand with high level of sort- 
ing. 

The coefficient of cryogenetic contrast  which 
reflects a relative cryogenetic stability of 
basic mineral  components of ground was  calculated 
by  V.Konistchev and V.Rogov: quartz and feldspar 
in two gr&n size fraction (0.1 - 0.05 and 0.05 - 
0;Ol mm); maximal  size of cryogenetic sub- 
division: IC was shown that thc graat.er the val.ue 
bi this caktfficient the  greater stage of 
cryogenetic transformation in mineralogy of aedi- 
ments. There are two maximum points of this coef- 
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Figure 3. The correlation between  massive  ice (a) ul 
altitude. 

ficient  at the depth of 80.5 m (5.1 - 5.0) and  on 
the depth of  253 m ( 2 . 6 8 ) .  These maximwm points 
correlate with the periods of temperature 
decrease. 

W.Macheny (York University! Canada) Carried 
out the morphostructural analysis of two samples 
by scanning microscopy for quartz grain  aurface. 
Be  pointed  out that the ground  was  subjected to 
abrasion by fluvial processes and then passed 
into a subaerial weathering.  V-shaped  percussion 
scars on grain surface show a consequence of 
water txanaport and later of weathering. The high 
nuder of rounded grains  present  allow the augges- 
tion  that fluvial transport was long and reasonab- 
ly intense prior to weathering. The impression 
gained  from the range of  particles  analyzed i s  
that many of  them were first transported by ice 
where they obtained the bulk of fracture  features 
on their aurface, Over 80% of the grains  with 
fracture features carry an abundance of adhering 
particles that may have accumulated  fram the 
grinding of rock material at the base of the ice. 

e) Chemical content of  pore water: the silt 
and  clay above massive ice  have a high  aalinity 
of pore  water. The maasive ice io ultrafresh.  The 
salinity of sand under ice conSi#tS ofm0.06%. 
With depth a salinity of silt and clay changes 
rhythmically, maximum reaching to 1.07% and 
average of  0.5 - 0.6%. The chemical composition 
here is similar to marine environment. 

f) The complex of  foruminifer a ehells  in- 
cludes the genusr Gyroidinoides globulina  pueudo- 
parrella; Textularfn gavelinopais;  Dentalina len- 
ticulina;  Quinqueloculina:  Eoeglundina;  Melonis - 
in 'intervals of section 279 - 2 5 5 . 5  m and 239 - 
231.2 m. The absence of Quaternary species in 
this strata; taking in  account TLW data, tes- 
tifies that it is a replacing  complex f r m  out- 
wauhed deposits. 

norcrotrai; IBlandiella helenae;  Elphidium  sub- 
clavatum; Protelphidimrb&culare; Baaaidulina 
reniforene; Astrononion gallowayi: ~uin- 
queloculina sp.; Korreriella ap. Probably it is a 
horizon of marine tranagression. In higher 
horizons a fossil microfauna is  absent. 

In the interval 192 - 157 m occur:  fslandiella 

?per  and (b) bottom boundasy and soil surface, ObeoZute 

g) Diatom  foarilol were found in s.ope aanplen 

belong to the thickwall shells which ari.widely 
from 62 investigated  ones. Hainly,$he species 

distributed  in  Tertiary sediments of Weat 1 

Siberia:  nelosira  ox+hata grunow; Coscinodihcu8 
moelleri. On the depth 75 m were found mostly 
freshwater  species:  Melozira up.; Tabellaria 
fenestrata (Kutz) ; brachiahwater species -,j 

Stephanodis  hautzschii grun,.and a few Melpzira 

water diatom were found  in sand underlayered the 
sulcata ehr (Kutz) - marine ,diatom. Only fiesh- 
masaive ice: Eunotia praerupta vari ,muscicola 
Boye P.; Stauroneis anceps ehr.; Caloeis silicula 
ehr and  otherr. 

h) The  existence  of  beetleu' in one of samples 
assumes a closeness of land to  an area .of sedimen- 
tation. 

A joint  interpretation of all above pointed 
and  other  analytical resulter confirm with .a con- 
fidence the estuarian conditione of sedimentation 
of  main  part of underlain by ice  horizons. 

Marine  conditiona in the lawer part of th ick-  

brachish water basin. Three borizons'may be dim- 
nes0  changed to delta deposition in awre'or leas 

tinguiahed i.n section from a tup- to the depth , . 

under  massive  ice: first la'tre Wiaconain (20 - 
25 ka BP) sands  with the liaif on 'dtkpth  71.7 m; 
aecond - interglacial  silt ( 3 W -  40  kh,BP) to the 
depth  185 Q; third - sandy clap and silts(100 - 
120 ka BP). 

The  isotope oxygen analysis is carried out by 
F.Hiche1,  N.Kritauk  and  by 8.Vaj-e (on out: e a -  
pling)  shows that a content of. heavy isutope , . 
oxygen varies from'-12% to -23% with -18% - - 
21%.The value of  isotope cl3mE)ositkon has not . I  

trend in croasection  but  it  chahdea'  rhythnica&ly. 
This  evidence does not correspond to the ", ; i '  . 

volumetric  water  crystallization. : 
Conclusions: 1). The marskve ice of the. digT. , 

trict of  Yamal  peninsula describd li-ea under 
marine  silt and clay and above delta sand. Gush, 
type af stratification,  silt (clay) - he:- r e a n d  
i u  known in most regions of, hasaiver :ice .diPtribu- 
tion. This evidence reflecttr ,both genetic 'and 
stratigrafic  behaviour of rnaa's'jivie -iae. 2). ,The 

tocene. 3);' The fil'ii'ng bed bf  i c e  ilt deprerrsions 
age o f  discribed massive ice irPr'h late ~ P X w i m - , ~  ' 

, .  

.~ _. , 
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Figu?? 4. The analitic data of  borehole  core  invedtigation. I). Giological  profile, Ia - lithology  and  dates 
of absolute age by theraolunes~ncaanalysis; fb - cryogenetic  structure. 11). Depth  scale, netr from sail 
surf,ac,?..pibB. altitude +5 m). 111). Grain s i z e  content o f  ground (ana) patharn, IV). Salinity of  ground  in 
percant'trigned non-salted layers). V ) .  Ground  pore  water  ionic  content, mg/ecv. vI).';he coefficients of 
mineral cxyagenetic stability: VIa  - in the grain s i z e  fraction 0.1 - 0.05 mm; VIb - coefficient of 
cryogenetic  mineralogical  contrast,  common; VIb* * -  the same, individual.  VI1 ) , Paleomagnetic  casactaristics: 
Qn-Kenigsbergsr  factor:  magnetic  sucaeptibility;  Jno-magnetic  amount before cleaning;  Jnt-the same, .afkqf., 
cleaning:  jo-angle of inclination  before  cleaning; j(t)- the same, after cleaning. 

of beneath deposits indicates a fornation of ice 
on this soil surface. 4). The  distribution of mas- 
sive ice in sections o f  a11 geomorphological 
levels  oppoaes any idea of intraground  growth of 
ice, because the latter proccesa i61 poneible only 
under geomorphological  control. 5). hn unconfor- 
mity of top contact of ice with rtructure of over 
laying deposits and  with a relief of  oil surface 
as well am a witness of  ice roof erosion tea- 
tifies to a  buried  ice  origin. 6). The large 
dimension of maaaive ice body contradicts  an  in- 
traground  origin. 7). The  dynamomethamorphic type 
o f  ice structure shown i n  pravioua works 
(Solomatin, 1976, 1986) and  manifested by nacro- 
and microdeformations  which  are  uncorrelated  with 
structure of contained aadirnents confirn  a gln -  
cia1  nature of  the maanive i ce .  
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'The results h f '  f i e l d  i n v e s t   i n a t  ious of p i les  i r i  t l rawi l lq  soils are described. 
Nine stages of  i n t e r a c t i o n  of system  elements   "pi le-soi l"   have been 
e . ? t ah l i shn i l :  every stage heinq analyzed. The experi-mental   values  of nega t ive  
f r i c t i o n   f o r c e s , i n f l u e n c i n g  on t h e  p i l e   a r e  obtained, t he i r   compar i son  with 
s t anda rd  values is made. Some p e c u l i a r i t i e s  of  thermo-mechanica l   in te rac t ion  
of p i l e s  with t h a w i n g   s o i l s  are stated. 

. I  , ' , ,  

Pile  foundat ions  of bui ld ings   and  c a p a c i t y  of p i l e  base is determined  by des ign  
.str11ct11rcs construcJsd .?n permafrost s o i l s  on pressure on f rozen  gr"our1d under t h e  lower end 
p r i n c i p l e  I1 (assuming, fhe  soils thaw i n  o f  t h e  p i l e  and  design shear s t r e n g t h  of soil 
structure serv ice)   undergo   n ine  stages of o r  s o i l  s o l u t i o n  a long  t h e  l a t e r a l   s u r f a c e  of 
i n t e r a c t i o n  w i t h  t h e  base. p i l e   f r e e z i n g .  

In the f i r s t  s t a g e  (Fig. 1. a )  t h e  bear ing  

a b E d c f Q h i 
I. 11 111 J V  v M PF !a lx 

assuming t h e  t hawing   du r ing   s t ruc tu re   s e rv i ce .  

The p i l e  load   capac i ty ,  Fu, is determined 
by t h e   f a m i l i a r  forrnu1.a (Rases and 
Foundations ..., 19YO).  

The second stage (F ig .  1. b) is 
c h a r a c t e r i z e d  b y  the  beginning  ofpthawiny of 
permafrost: $ o i l s   s u r r o u n d i n g   t h e   p i l e .  

I n   t h e   t h i r d  s taye  (Fiy. 1. c )  t he   ha l a  o f  
thawing has  already reached   the  p i l e  t i p .  

The f o u r t h   s t a g e  i s  c h a r a c t e r i z e d  by t h e  
movement of  thawing h a l o  below t h e  p i l e   t i p  
( F i g .  1. d ) ,  

settlement occur due t o  t h e  so i l  thawing under 
t h e  p i l e   t i p .  

I n  t h e  f i f t h  s tage  (Fig. '  1; e )  the  thawing 
h a l o  is  lowered t o  t h e  ' cons ide rab le  depth from 
the p i l e  t i p .  The ra te  of s a i l  thawinq  and 
rnmpac:t.ion 11r1dp1- rhri lower end  of t h e  p i l e  i s  
markedly aecreasrd and a c c u r h n g i y  the Lata UL 

p i l e  settlement Geinq reduced. Within t he  upper 
p a r t  o f  t h e  pile body t lie r a t e  o f  t h e  thawed 
soil  se t t l emen t  (Vs), surrounding the n l l e ,  
exceeds  t h e  r a t e  of I-.ile srl.i.lalrletlt ( V p i ,  ail!? 
v i ce  versa, bel,0~.~1 a *:cr+.air, pp jn t  T*IP " ~ l !  
"zeroH (Dalmatov e t .  al., 1 9 7 5 )  the r a t e  of 
p i l e   s e t t l e m e n t  exreeds t.he rate of soil 
set;tI.ement,. 

Intensive s o i l  compact ion   and   p i le  

With the   fu r the r   advance  of thawing halo 
i n t o  the m i l  below t h e  p i l e  t i p  ( s t a g e  V I .  
k 19. 1. 1.1 tne r a t e  O L  saii t-hawing  and p i l e  
settlement becomes minimal. While s o i l  
compaction  and,  accordingly.  s o i l  settlement 
l oca t ed  above tho  pile t i p   c o n t i n u e s ,  s o i l  
displacement i.n r e l a t i o h  to t h e   p i l e  body 
o'scurs, and the  development of nega t ive  
f r i c t i o n   r e s u l t s  . 

Stage  V I 1  ( F i g ,  1. a )  is Charac te r i zed  by 
t h e  complete s o i l  thawing  under the pi l e  tip. 
t h e  development of p o s i t i v e   a n d  negative 
f r i c t i o n  forces on t h e   l a t e r a l   s u r f a c e  of the 
p i l e ,  

In the e i g h t h   s t a g e  ( F i g .  1. h) that thawed 
s o i l  cornpaction  under Lhe lower end o f  t h e   p i l a  
is coming t o  an  end  and soil compact ion  located 
above t h e  p i l e  t i p  i s  s t i l l  con t inu ing ,  t h a t  
co1rtribute.s t \ J  rlegative f r i c t i o n  development 01. 

the  l a t e r a l  surface ot t h e  p i l e .  
The n i n t h  stage of i n t e r a c t i o n  o f  p i l e  wi th  

the base s o i l  deve lops  as t h e  s o i l  
aor ,so l idnt im a i  the File base is  completed 
(bnrh ~ ~ X J Q  and h e h w  t11e p i l e  t i p  (Fig.1.i.). 

Analyziny t h e  p i l e  load c a p a c i t y  of n i n e  
s t a q e s  of i t a   i n t e r a c t i o n  with t h e  base s o i l  i t .  
s h o u l d  be n o t e d   t h a t  the most  unfavorable 
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conditions  for pile behavior  are to be found in 
IV... VIIX stages.  Let us consider  each of  the 
above stages separately. 

In the I V  stage (Fig.1.d)  the  thawing  halo 
having  reached  the pile tip is moving  down.  The 
bearing capacity of the  thawed soils under  the 
pile tip is  determined  by  the  parameters of 
ultimate shear strength o f  the soil  condition 
acquired  immediately  after  thawing ( C t h g .  Fthg) 
(Tsitovich. 1973). 

by the  ball  method of testing  and  must 
correspond to ultimate  resistance long Ctho. 
The  angle of internal f r ic t ion  (Ftha) is 
deFermined  by  the  quick  shear test for 
unWrained  and  uncompacted soil condition. 

The bearing  capacity of thawed soils mwst 
be estimated in the most dangerous  physical 
state  for  the  pile  foundation  stability  when 
the so i l  under the laad has n a t  been  compacted 
yet.  Considering  that at the  moment of soil 
thawing its strength  characteristics  (Cthg, 
Fthg)  have  been  considerably  reduced at  the 
moment of soil thawing  (Mikhailov,  Bredjuk, 
1966;Shusherine  et.  al. 1983) (depending  on  the 
type of soil, its  moisture,'  cryogenic  texture, 
composition,  structure,  condition) , it  is 
evident  that the bearing  capacity of thawed 
soil under the  pile t i p  in stage IV is minimal. 
Therefore, if the load transmitted  by the pile 
tip exceeds some limit  value for the  given 
soil, the loss of bearing capacity of soil 
under the pile tip will  occur,  and will be 
accompanied by the p i l h  slide and maximum 
development of positive  friction  forces, f ,  on 
its  lateral  surface. 

characterized  by  gradual  compaction of the soil 
under the pile  tip, slow pile  settlement  under 
the loag,  development of negative  friction 
forces on  the  lateral  surface of the  pile, 
which in their t u r n  cause additional  pile 
settlement.  In  case  negative  friction  forces of 
high  value appear, the loss of bearing  capacitv 
of thawed soil under the  pile  tip  and pile 
slide are possible. 

In  the sixth stage (Fig. 1. f),  negative 
friction forces act within  the  limits of the 
entire  lateral  surface of the  pile and reach 
maximum  in  their  development.  The elitire  load 
acting on'the pile is transmitted to the  base 
soil through the pile  tio.  This  results  in  high 
normal  and  tangential  stresses  in  the  soil 
causing its  additional  compaction and  pile 
settlement,  development of  zones o f  limit 
equilibrium  in  the  soil and  in  certain  cases, 
involving either loss of p i l e  load capacity and 
pile  slide or pile  fracture.  The  Latter  is 
highly  dangerous in case of long  built piles 
(Sobolevsky, 1988). 

The results o f  investigations  carried out 

Cohesion, in  particular,  can  be  determined 

The fifth stage (Fig. 1. e )  is 

by Y .  A. and D. Y. Sobolevsky  (1988)  showed 
that  in  analyzing  the  pile behavior and 
designing  their  load  capacity it is necessary 
to  consider  the  influence of dilatancy  on the 
conditions of developing  contact  filtration  and 
negative  friction along the  pile  body. 

X. g) the s o i l  at the  pile base has melted 
entirely.  The  soil  consolidation  under  the  pile 
tip  is gradually being completed.  The  soil 
above  the p i l e  tip still  continues 
consolidating,  especially in upper levels. In  
these conditions  zero  point  dividing  action 
zones of  positive and negative  friction  is 
slowly  displaced downwards. 

The  slowing down of soil consolidation 
located  above  the  pile  tip  is  due to the  fact 
that  the soil  compaction  occurs  mostly under 
the  action of its  dead  laad  while soil 
underlying  the pile tip is compacted not only 
under  the  dead  load but also  due  to  the  action 
of the load transmitted by the  pile  tip. By the 
end of the stage  zero point reaches  the  level 
of pile  tip. 

distinguished by the  fact  that the  stresses 
taken by the  pile  (external load, negative 
friction) and also  its  dead load are 
transmitted  onto  the  thawed soil'by the  pile 
tip.  In this  case  the  thickness of the soil 
located  above  the  pile tip  would  hand on the 
pile.  This  is the  case  similar to the  sixth 
stage.  However.  unlike  the sixth  stage, in  the 
given  case  the  load  transmitted by the pile t i p  
acts on  the  thawed,  compacted soil, which 
consolidation  has been,practically completed. 
In this case the  probability of large 
additional  settlement is small,  however,  the 
probability of fracture o f  long  piles  increases 
repeatedly.  Considering all the stages of 
interaction of system  element  "pile-soil" i.t 
should  be noted that  the  greatest  probability 
of long piles fracture  exists in stages 111, VI 
and VI11 o f  interaction of p i l e  with  thawing 
and  thawed base soils. 

thawed soil under  the  pile tip is especially 
high  in  the  sixth stage. 

Considering  that pile,  behavior in thawing 
soils  is  the  least  studied  field  in  engineering 
geocreology,  experimental  tests  in  natural 
condition  of  interaction Qf piles  with  the 
thawing soils  have  been  conducted.  Thawing 
argillaceous,  sandy and coarse rock soils were 
subjected  to  static  pressure  Load  tests. The 
total  moisture of the  given  soils  under t h e  
pile tip was 0.142.. . 0 . 2 7 3 ;  0.089 ... 0.240; 
0.056 ... 0.219,  respectively.  Cryogenic  texture 
o f  the soils  under  investigation was more  often 
massive,  seldom  layer,  net  and also crust 
(sandy and coarse  rock soils with  sand filler). 

By the  beginning of the  seventh  stage (F ig .  

The  eighth  stage  (Fig. 1. h) is 

Probability  of loss of bearing  capacity of 
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1 1 0.0193 0.0254 0,0360 31.6 j 86.5 
1 2 0.0201 0,0254 0 .0360  26.4 1 79.1 
2 11 0.0170 0 .0200  0.0320 17.6 / 111.8 

Precast. 
square sect 
long, solid 

reinforced prismatic pilers of t.he f i r s t  stage the  tes t  was , ;conducted   in  

and b u i l t  were used in t h e - t e s t s .  soil, and i n  t h e  t h i r d  stage::- in the thawed 
Lon ( i s  J * O ,  3;  0.  3 s 1 3 .  3:) tiel 6.1': 7 fr ,T7erI qrc-rllrld, i n  the  secondistage - in thawing 

The %ests were conducted i n  three s t a g e s .  Tn soi l .  The p i l e  l o a d  

1 I P  1 
' ?' 

r 14. -.  U ~ ~ ~ I I ~ ~ I I - C  t . , L  p+, i~ $4- ._. I- ,,* 1 ,. 1 

capaci ty  i n   d i f f e r e n t   f r o s t - s o i l  conditions the 
resistance of the thawing s o i l  u n d e r  t h e  p i l e  
t i p ,  t h e  p i l e  and near-the-pile soil settlement 
were determined, Thawed s o i l s  were sub jec t ed  to 
t e n s i o n  p i l e  load, t h e  u n i t  va lues  of negat ive  
f r i c t i o n  forces p resen ted  i n  Table 1 being 
de termined .  

The diagrams of dependence o f  pile N1 
displacement on vert ical .   tension p i l e  load made 
on  the results C J ~  two tests a r e  presented i n  
F i g .  2, Diagram 1 is c h a r a c t e r i z e d  by the 
presence of three z o n e s .  In the f i rs t  zone [he 
dependence of p i l e  displacement upon t h e  load 
is practically l i n e a r .  At the point 
:zorre.spunilinq 7,; t ! i ~  load :,l I[.: l , . ; l #  ti'lf:l.+: . ,?, 

change i n  the diagranl and the rlepmlanca 
becomes c u r v i l i n e a r .  Under the load  of 200 kN 
the c u r v e  becomes straight Li r~a  s t . e ~ l ~ l y  goirid 
up I 

Tn l i . q , ~ r a m  ? t h e  ( ' I I L V ~  rhanqe cnr-respnnd? 
t o  the load c.f 90  kt4 ( 2 ,  3 time? less t h a n  i n  
tes t  NI) . One of t h e  reasons of ea r ly  

. .,. . , . . "  . ,- I , .;.., c ;  -:,I 1 \, te-rrsion p i l e  l oad .  

nppearanca of t he  curve change in diagram 
"load-dispLacenl~nt" i n  test N2 is incomplete 
restorat ion of s t r u c t u r a l  r e l a t i o n s   b e t w e e n  t h e  
p a r t i c l e s  of  sdil sur rounding '  t h e  p i l e  in I 
days a f t e r  the Test N1. 

A s e r i e s  r ,~f  tests an   e s t ima t ion  of negative 
f r i c t ion   fo rces  were condiicted upon the pile N 2  

The tests were conducted by the quick test. 
(Fig. 3) * 

The diagrams of s i x  tests (from 6 t h  t o  11th) 
are  L,epresented in F ig .  3 .  The i n t e r v a l s  
between t h e  end of the former and t h e  beginning  
of the next t e s t  l a s t e d  €or about 25 minutes.  

' - ,  ;. .?  ~ G , , J - ,  f;.rL:rc r-ktained expe r imen ta l ly  with 
the v a l u e s  nbt.airled by the design i n  accordance 
with the   ex is t ing  s t a n d a r d s  shows t h e i f  ' , #  ' . 

r?nsiderable  d i f f e r e n c e  (on t h e  'average 43%):;  I 

test values of neqat ive f r i c t i o n  forces it is 
necessary L U  cui l t i r iua f i e l d  exper iments .  wi th  
p i l e s  o t  d i t f e r e n t  l e n y t h  i n   v a r i o u s  

Cotnpsrismm of u n i t  values of negat ive ' .  

Taking in to  c o n s i d e r a t i o n  a small ;number of 
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Fig .  3. Dependence of p i l e  k2 displacement on v e r t i c + l l y   t e n s i o n  pile l oad  

frost so 1 condi t ions .   Accumula t ion  o f  
experime tal da ta   and  t h e i r  p rocess ing  w i l l  
allow to compile r e g i o n a l  t ab les  of u n i t   v a l u e s  
of nsgat ve f r i c t i o n   f o r c e s   t h a t  w i l l  
c o n t r i b u  i e t o  the reliability of p i l e  
founda t ions  i n  thawing soils. ,. 

push-in loads (with simultaneous- thaw' af 
permaf ros t  soils) i n   s i t u   a J l o w  draw,next 
conclusions. Low b e a r i n g   c a p a c i t y  (50, . ,  300 
k N )  under pile edqe have following t ypes  of 
permafros t  soils: 

r e s i d u a l  clay s o i l s  (loam and c l a y )  
massive, seldom l a y e r ,  net c r y o g e n i c   t e x t u r e  
w i t h  t o t a l  moisture more 0 .  22,  under thaw  from 
t i g h t p l a s t i c  t o  c u r r e n t p l a s t i c   c o n s i s t e n c y ;  

fine g r a i n e d  and flour sands massive 
c r y o g e n i c   t e x t u r e   w i t h  total mois ture  more 0. 
20, under  thaw s a t u r a t e d ;  

€ K O S ~  heav ing   h igh ic ing  medium, coarse, 
g r a v e l  sands c r u s t  and b a s a l   c r y o g e n i c   t e x t u r e  
with t o t a i  moi s tu re  more 0 .  15, unde r   t ha t  
saturated; 

highicing gravel and crushed s tone wi th  
sanding aggregate under  thaw  saturated,   wit .h 
t o t a l  moi s tu re  0. 145 ... 0 .  1 2 2 .  

High bearing c a p a c i t y  (700..  . 1100 kN) 
under pile edge marked by next types of 
pe rmaf ros t  soils; 

under thaw hard cons i s t ency ,   w i th  total 
mois tu re  nor more 0.  15; 

c ryogen ic  texture (tight, seldom medium t i g h t )  
w i t h , t o t a l  moisture up to 0 .  12: 
c r u s h e d   s t o n e  soils wi th  loanlihg aggreqa te  
massivk c ryogen ic  texture with  t o t s 1  mois ture  

Analysis o f  results of pilez ' , t$sts of s t a t i c  

eluvial hams massive cryogenic texture 

I , e l u v i a l  coarse and  qravel  sands  massive 

0. 056... 0. 102, U l l d e L  L11d1i llrlld L G l i > i S t e i i C y .  
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There were studied  about 50 base mxpencea. Oxygen  isotope  analyuis  of ayngenetic 
ica.wedgem  alloved to reconstruct  winter  temperaturea  which  were  lower than m o d e r n  
onea &out 8-10°C (total winter  temparnturaa)  and  stayed  quite  severe  and clopled to 
modern ones during Eolocens. The eormlation analyrim of axtend  maisive of 
palynologic  data  permitted to ovaluate the uumer paleotemperaturem.  They were lower 
about  1-5O C than modern onam in Lata  Pleistocene  cryochron just during  warreat 
epoch of murmer  teaperaturem  could ba about  1-3OC warmer than modern ones.The sum- 
mer temperatures were exceeded modern a m e x  teaperatures  about 4-5OC in Holocene 

during Late Pleistocene cryochron  and  were clo0e to modern  ones in Eolocene opqiaum . opt imum . The total tempraturea of  naked frozen  grounds  were lower about  S-9OC 

INTRODUCTION 
There are Eout  enviro-ental  events  attracted 

the mart  attention of investigators of the last 
40-50 Kyr himtory. These are Ocean  level  changes, 
dynamics of cover glsciationa,  cryolithozone  chan- 
ges, climatic  fluctuations.AL1 of them  are  inter- 
acted more or leas. The new  information  about 
each other  gives  knowledge  abaut  all the other. 
So we believed the new data of cryolithozone 
dynamics  which were received  last  yearm can be 
useful for study of adjacent field.. 

The main attention we have spared for  inves- 
tigations  of basis sequences of myncryogenip 
thicknesuea by complex of conjugated methodm 
named the complex iaotope  paleogeocryalogic 
analysis . It includea  both  well-known  methods 
(such as pollen, diataa, microfauna, 
paleobatany,hydroch~irtry et  al.) and the new 
method i.e. the study of axygen and hydrogen com- 
position of ground ice.  All basis  mequences were 
dated aa ctmplete as possible by radiocarbon of 
any organic  matter. It in allowed to make 
chronologic correlation reliable  enough,  The 
deuterium corponition data frol ground ice had 
been received more than 40 years ago by R.Teis 
but regular  study or stable  iuotopea in per- 
mafrost began more late. However we must  marked 
that, our invcutigationa  are  differed  from  other 
ones by the obligatory  procedure i.e. radi&arboh' 
dating  of  ayncryogenic  thicknesses  containing  ice 
wedges.  (Vasil'chuk,  1982; 1988-1992) Thiu  is 
provided the dating  both of the frozen  thicknesa 
and syngenetic  ice  wedges. The technique of this 
procedure  were  described  earlier in detail 
(Vaail'chuk,  1991, 1992). 

,~ 

deposit. One of the most interest pahogeographic 
and paleoclhatic objects  ara the Late Pleirn- 
tocene seguencea  with thick syngenetic ice Predgcs 
which were forming continuously.Uuuring  lamt 40 
Kyr in North of Asia. This fact i a  allowed to re- 
conlrider the accepted galeoclimatic views,.accord- 
ing to latter the noticeable waming:occurred 
during the Middle of Wurm (Weichelian,'Wisconsin, 
Dsvenaian)  and  Early  and Middle Bolocehe. As it 
is  found by our study that warn not correct for 
North of Ani&. The syncryolithogen proceaaes were 
took place  quite  actively during laet 40 Xyr in- 
cluding  Middle Wurn and Early  and Uiddle Holocene 
tao.The  using  of complex isotope 
paleogeocryologic  analysis i s  allowed to receive 
the quantitative  character of ayncryolithogenemis 
geotemperature  conditions in North of Asia during 
lart 4 0  Kyr. oxygen isotope diagrams received 
fxoa Late  Pleistocene (Figure 1) and Holocene 
(Figure 2) syngenetic  ice predgei of lorthern Asia 
are the base of such  paleoreconutructions.  The 
distribution  trend  has  been determined for the 
Northern  Aaia  ice  wedges  of different age. 

- The dl'O trend in U t e  Pleiatacene ice 
wedges  was ahilar  to  mdern one $.e. d ' " ~  +came 
more  negative  from  West toward Ealrt by 8-10 h 
,frm -19 i -25 b in Weatern Siberia ice wedges 
to -30 + -35 % in Northern Yakutia then it i s  be- 
cads as high aa -28 f -33% in North of Chcbtka 

),and as  high as -23 f -29 % in the Last of Chuck- 
otka  (by 6-8 % ). These data are evidenced the Air 
m&as Transportation warn uimilar to madarn one in 
the end of Late  Pleistocene  thtoitgh,Asia  Sub- 
arctic.  weat direction of ~ i r - a s  Tranapoktation 
was  duuinatad in the considerable part of Eurasia 
continent.  Atlantic  influence wIB essential from 

- .  and  Central  areas of Magadan Region (by 2-3 % 

- Jamal  peninsula to Uorth-last  YakutSa,  but it Was 
possible  weaker than moderh tine due t0 more fre- 

The  interpolation  method was used for dating  quent  cold  and dry Ardtic hir MSS advection-.  The 
of mingle sample or series of samples or part of influence of pacific  air masses were probably 
ilotopa  diagram too. ft is provided  discount of 
formation  character of concrete  ground  ice 

, ,  
I .  



a b c d e f 9 h i  

- ,  , 

Fig.1. Interregional oxygen isobop. diagram  correlation of Late  Pleietocene  ice  wedgea of different  regions 
of Euramia  cryalithozone: a-t - ice  wedges diagrams: a - near  Gyda  uettlement (up) and  near  Seyaha  settlement 
( d m )  in the, North of Western.Siberia; b - in  depression  near  Kular  settlement, c - Bykovaky  peninsula in 
the mouth of IAiakiver; d-g - in the Borth.of Yakutiar d - m e r  omolon  river,  e - Plakhin6ky Yar natural 
exposuxe, f - near Xeleny Uyn krttlemsnt:,I g - Duvnnny Yar nptural  expoaure: h  -Central  Yacutia,  natural 
elgoaure in valley of Vilu-y 'river. neaE mouth of 'Qalychima  river; + irk - Chpckotka : i -.  in the hion island, 
j - natural  expomure  Ledovy  Obryv in Hain river, k - near Anadyr town I 1 - C-14 date of organic matter frw 
thickness which synchronous to ice  wedges ; a - author'#  data, b - literature  data; 2 - oxygen  isotope  zone 
indexear Y - temperate (close to present  condition#); YX - temperate  cold; X - cold; OX - very  cold.  Ordinate 
axis is radiocarbon  age, received by interpolation of radiocarbon  dates,  horizontal  coordinate 
i s  M"o - dl'O difference between  value dl'O frop ice  wedges  and  from  active  ice  growth  veins  from flood 
plain,  laida and peat bogs the mme xegion, where  Pleistocene  ice  wedges  were found. Mean  value dl'O for 
active ice growth veins is: a : -18% ; b-g : -26%. ,h: - 2 4 , 5 r  , I: -26% (the later  displacement of isotope 
prov€ncei haa been taken in  consideration): j I -22% : k : -16 %, . . , ,  

leue than preaent in the eaat  areas of Northern 15 i -21 8 . The  modern  dintribution of oxygen- 
Mia. The continental  anticyclonic  regime 18 in  recent  ice vein  shoots  and in mnoycover 
dom:nated here in  winterm  particularly. (average winter va1urs)si.s :aLomed to Bolocenc. 

-$e qolocene ice wedges have  preserved  the  nivilrion %o oxygen-iaatope aones which had 
mame zendendk'.in 6la0 ,  dietribution i,e. decrease  been  offered  .arlier  fvasil'chuk, 1991) was ueed 
of bl'o valuea wai'bp.tq'6-8 %' to the East  from - for correlation Qf oxygen  isotope diagram. 
1 4  + -20,a in  Western Siberia ice  wedges to -23 + 
-28 $. in Northern Yakutia onus. Ewever the values 
af j ? . ' O  i? Chuckotka ice wei3ges incre,ased up t6 - The  study of dependence  of  oxygen sotope 

paremetera in recent ice wedges ( dl'O )from 

. .  

I ,, , 
, .  

Pig. 2.  Interregional oxygen isokope  diagram  Correlation of Holocene  ice  wedges of different ' maions of 
Eurasia cryolitho- %one t a-o - ice  wedgea diagram#: a-d in the Uorth of Western  Siberia t a - near .dk&t;tlenent 
wraaaway (the first terrace) , b - near  aettlement  Seyaha (Beat on the tliird terrace ) , c - near  settlement 
q#ia;(Eat,on tbe first terrace ), d - near  trading  station mtjujsale~(peat on the second terrace ) t  e - 
Bykovsky  peninebla in the mouth of Lena,river' (peat on the second terrace ), f-i - in  North Yakutia:' f - 
mouth of (Iholon river (flood plain) , g - neak  exposure  Plakhinsky Yar (fload plain) ,h - near  settlement 
Xelehy My8 (flod plain ),i - near  exposure  Duvanny  Yar  (alau),  1-1 - in Chuckotka : j - island  AiOn  (peat 
on the third  terrace),  k - on the Hain  river ( alas i.e. peat on the ice  wedge  complex ), 1 - near.Anadyr 
town (peat on the first terracti ); m-n - in Central Yakutia": m - flood plain of Viluy. river near  mouth of 
!J!yalycbiaa rkwer, n - natural expoaure  Momontova  Gora ( lacustria  sediments in upper part 60 - m terrace ), 
o - expomure of the first terrace Chara  river,  Northern  Babajkalje r 1 - C-14 date of organic matter from 
thickness which synchronouse to ice  wedges , a - author'a  data, b - literature data] 2 - oxygen  isotope  zone 
indexea : Y X  - cold-temperate, YT - warm-temperate, the rest values of d l  ' 0  belong to zone Y ,i.e. temperate, 
cloue to modern condition, On .the ordinate  axis  radiocarbon age of the i ce  wedges , on  the  horizonfal.'c&&dinate 
d l  ',O" i. e. difference between  value of dl'O from  ice wedge  and tram ice growth  veins;  mean  value dl'O for 
ice,  ~gFob+h.V?iqS  are, for q ~ d  : -J8 h ,,,for e-i : -26 %. , for j I -21% , for k I -22% , far  1 : -16%. , far n : 
-24,5% , for n : -26%,, for a -ii,5e 

' , .  , 
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There were studied about 50 b e e  reguences. Oxygen isotope analyaia of  syngenetic 

ones about 8-LO°C (total winter tmmpratuma) and  stayed quite sevare and clowad to 
ice.wedges allwwed to reconstruct.wintsr temperatures which were lower than.modern 

modern ones during Bolocene. The aorrslation snalyrin of extend massive of 
palynologic data parmittad to evaluate the aumer paleoterperaturse. They were  lower 
about 1-5O C than modern onem  in Late Pleistocene cryochron just during warmeat 

mer  tampamatures were exceeded modern a m e r  temperatures abut I-SOC in Holocene 
epoch of  8-r tempraturea could be about 1-3OC warmer than modern one6.The uum- , 

during  Late Pleistocene cryochron and were cloae to modern ones in Holocene optimum . optiaup . The  total  tempmaturer of naked frozen grounds were lower about 5-9OC 

INTRODUCTION deposit.  One of the most interest paleogeographic 
and paleoclimatic'objedts  are the Late Phis- 

There are four environmental events  attracted 
the most attention of investigator8 of the laat which were foming  continuwsly.during lamt 4 0 '  

tocene aquences with thick  syngenetic ice' wQdge0 

10-50 ltyr himtory. These are Ocean level  changes, Kyr in North of Asia. This fact is allowed to re- 
dynaaicm of covtr glaciations, cryolithozone chan- consider the accepted paleocliaatic views,,accord- 
gcu, climatic fluctuationa.Al1 of them arc  inter-  ing to latter the nokiceable varming'occurre6. 
acted more or lesa. The new informtion about during the Uiddle of mrm (Weichelian, Wiuconsin, 
each other gives knowledge about all the other. Wvensisn) and  Early  and Middle Bolocdne. As it 
So we believed the  new data of cryolithozona is  found by our study that waa not correct for 
dynamic8 which were received last  years can be Uorth of A d a .  The syncryolithagen processes 'were 
useful for study of adjacent fields. took place quite actively during last 40 fyr in- 

The Pain attention we have  upared for invea- cluding Uiddle Wurn and Early and Hiddle Holocene 
tigations of basis sequences of syncryogenic too.The using of cmplex isotope 
thicknessem by complex of conjugated methods paleogeocryabgic bnalysis is allowed to receive 
named the complex isotope paaleogeocryologic the quantitative character of syncryolithogenesis 
analysis . It includes both wel.1-known methdds geotemperature conditions in North of Aaia during 
(such as pollen, diators, microfauna,  laat 40 Kyr. Oxygen imotope diagrams received 
paleobotany,hydrochmi#try et al.) and the new  from Late Plaistocene (Figure 1) and Holocene 
method i.e. the ntudy of ,oxygen and hydrogan cw- (Figure 2) syngenetic ice  wedges of Northern  Asia 
position of  ground ice. ~ l l  bamia aequences were are the base of rruch paleoreconatructiona. The 
dated aa collplete a8 po6aibls by radiocarbon of distribution trend  has been determined  for  the 
any organic matter. It is allowed to make Northern Asia ice wedges of different age. 
chronologic correlation reliable enough. The - The dl'o trend in Late  Pleimtocene ice 
deuterium copposition data from ground ice  had wedges was bbilar to. modern one .e. 8' ' 0  .+emme 
been received more than 4 0  years ago by R.Teis more negative  from Weat toward East by 8-10 t. 
but regular study of stable isotopes in p r -  , from -19 L -25 b in Western Siberia  ice wedges 
mafrost began more late. Eavever we must  marked ' to -30 f -35 b in Northern Yakutia  then it i s  be- 
that, our investigatione are differed from other ~ came as high  as -28 + -33%. in North of CItuchotka 
ones by the obligatory procedure i,e.  radliocarbon' and Central areas of nagadan Region  (by 2-3 % 
dating of atyncryogenic thicknemses containing  ice ' , ),and  au high as -23 + -29 0. in the Esmt of  Chuck- 
wedges. (Vauil'chuk, 19828 1988-1992) !Phis i s  otka (by 6-8 % ) Theme data  are evidenced the Air 
provided the dating both of the frozen thickness nass Tranaportation was mimilax to modern one in 
and rynganetic ice wedges. The technique o f  this the end of Late Pleistocene thlwgh,Aeia Sub-, 
procedure were described earlier in detail arctic. West direction of Air ,mass TranbpQhation 
(Vasil'chuk, 1991, 1992). was dominated in the  conmidsrable part of Eurasia 

continent. Atlantic influence waa essential ftam 
Jamal geninsula'to North-last Yakutia, .but it was 
possible weaker than moderh tine due to hoEe fre- 

The interpolation method was used for dating pent cold  and dry hrdtic air mass advection-. The 
of ningle aarple or series of  samplem or part of  influence'of pacific air masses were probably 
isotope diagram too.  It is provided discount of 
formation character of concrete ground ice , ,  

9 4 5  
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Fig.1, Interregional oxygen isotope. diagram correlation of Late Pleistocene ice wedges of different regions 
of Eurania cryolithozoner a-k - ice wedges diagrams: a - near Gyda settlement (up) and near Seyaha settlement 
(down) in thsl4olth of Weatexn.Siberia; b - in depresaion near Kular settlement, c - Bykovaky peninsula in 
the mouth of M'na .*r-iver;  d-g - in the Worth .of Yakutia: d - Lower Opolon river, e - PlakhinaRy Yar natural 
exposure, f - near Zeleny.  Uyn  buttlament,. 4 - Duvanny Yas netural qxpoaure; h -Centrql Yacutia, natural 
expoaure in valley of  Viluy  river.neaE mouth of Walychima river; i-k. - Cwckotka : i - :  in the Aion ialand, 
1 - natural exposure Ledovy Obryv in Hain rivex, k - near hnadyr town r 1 - C-14 date of  organic matter from 
thickness which  synchronous to ice wedges ; a - author's data, b - literature data; 2 - oxygen isotope zone 
indexes: Y - temperate  (close to present  conditions); YX - temperate cold; X - cold; OX - very  cold. Ordinate 
axis is radiocarbon age, received  by  interpolation of radiocarbon  dates,  horizontal  coordinate 
is M"o - d1'0 difference between value dl'o from  ice wedges and from active ice growth veins from f l d  
plain, laida and peat bogn the name region, where Pleirtocene ice wedges were faund. Mean value d l ' 0  for 
active ice growth veins is: a a -18% ; b-g : -26%.  ,h: -24,5r , i: -26% (the later displacament of  irotope 
provinceb haa been taken in  consideration): j : -22% : k : -16 % . . ., . 

. . I  . <  

less than present in the east areas of Northern 
Asia. The continental anticyclonic regime 
d+nated here in Wihterm particularly. -!he ,$olocene ice wedges have  preserved the 
aame zendenc9'iri d l a O ,  distribution i .e .  decreaae 
of h1'O value& was'hd'to'6-8 &' to  the East  from - 
14 + - 2 0 , %  in Weatern Siberia ice wedges to -23 i 
-28 $. in Noqthern  Yakutia on&. Eowever the values 
af j'1'0 in I .  Chkkotka  ice'wedgea increamed ", up, tb , . - 

* .  

15 + -21 % . The modern ditatribution  of oxygen- 
18 in  recent  ice  vein shoots and in snow,cwer 
(averag* winter values).is  ,alosed.to Holocene. 
.b$vi.sion to oxygen..imotope sones  which had 

been offered eatlier {Yasil'chuk, 1991)  was used 
for-correlation of-oxygen isotope diagrams. 

OF 9 
The study of dependence of oxygen sotope 

parmetera in  recent ioe wedges ( df aO )from 
, .  

, . * > I !  , , ',b C d e  I, > , $  h i j k ., 1""; 9 n 0 

, "  

Fig.2. Interregional oxygen.irotopa diagram correlation of Holocene ice wedges of different :&gions of 
Euraaia cryblitho- zone : a-o - ice wedges diagraaar a-d in the North of Western Siberia : a - near .Y&tittlement 
Ktgaaaway  (the firet terrace) , b - near settlement  Seyaha (*at on  the t'hird terrace ), c - near settlement 
~ ~ + ~ ( , ~ a C , o n . t h e  first terrace ), d - near trading station Uatjujsale'jpeat on the aecond terrace ) #  e - 
Bykovaky peninsula in the mouth of Lena ..$iytig' (peat on the eecond terrace ), f-i - in lrorth Yakutia:' f - 
mouth of cgolon  river  (flood plain), g - neax  expoaura Plakhinrlky Yar (flood plain),h - near eettlement 
Zehhy Hya (flood plain ),i - near exposure Duvanny Yar (alas), j-1 - in Chuckatka : j - inland Aion (peat 
on the  third terrace), k - on the Hain river ( alas i.e. peat  on the ice wedge complex ) ,  1 - neai.Anadyr 
town  (peat on the first terrace ); m-n - in central Yakutia': m - flood plain of Viluy river near mouth of 
Tyalychira rimr, n - natural exposure llamantova Gora ( lacuutrim 8lKfiments  in upper part 60 - m terrace ), 
0 - e-sure of the first terrace Chara river,  Northern Zabajkalje I I. - c-14 date of organic matter from 
thickness which  synchronouae  to ice wedges , a - author'B  data, b - literature data; 2 - oxygen isotope zone 
indexes : YX - cold-temperate, YT - warm-temperate, the rest  valuee of d l  ' 0  belong to zone Y , i.e, temperate, 
close to modern condition. On,the ordinate axis  radiocarbon age of the ice wedges, on the  horizantdltciiordinate 
d."p i.e. difference between value of &lag from ice wedge and frcm ice qr&h veins: mean value 8' ' 0  for 

I : . I . .  I , 
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Fig.3, Comparison of character variation@ oxygen -18 content from recent ice growth veino (which wexe formed 
during  last 100 years) (a) and total winter tempersturem (b) averaging at  lart 60 - 100 ysarm. Iaolines : 
1 - nursly drown, 2 - supposed drwn, 3 - South  boundary of present active growth of ice veins. 
winter temperatures of the air'iu demonstrated lower than modern ones and the  total  winter 
the close relationship of these characteristicm 
(figure.3). 80 it is allowed to derive a simple 

temperatures were leau than modern ones by 2000: 
30OO0C in Late Pleistocene cryochron whils 

equations of regression.  EoLocene temperatures were close to the modern 

tal. w i n t e r  = dl'ovein ( * ~ O C )  (1) 

t9m.january e 1,s dl'ovain ( 5 ~ O C )  ( 2 )  

S t o w i n t m r  = 2 5 0  d l a 0 v e i n  ( f 500°C) (3) 

Theue equations were used  for interpretation 
of oxygen iaotope data to winter paleotemperature 
values  (Table.1). The mean winter temperaturea 
were lees by 8-10° C than modern ones during 
epoch of Late  Pleistocene cryochron (40-10 lryr 
B.P.), while Holocene winter temperatures were 
cloaed to modern ones even during Holocene" OPT 
tinun*. The mean January temperature0 ware oscal- 
lated symbatially too, as they were by 11-16OC 

oneu . 
The  numeroun palynologic data were provided 

the reconstruction of summer temperature charm- 
teriaticr . Subfossil pollen spectra were studied - 
and  compared with vegetation season tamperataras. 
It is performed the existence of steady 'relation- 
ship for total value ( & ) o f  tree pollen (without 
value of far transported pallen of Pinus sibirica 
and Pinus silveotris) in  flood  plain, watte,m&mh 
deposits from total pomitivs teuperatureu. ,Thin 
dependence may bs expressed by follow equation 
but  approximately: , .  

9 t D ~ ~ m m . r  40 Pt ( f 30OOC) ( 4 )  



Table 1. The ground taEMratures ( f+z0c - tk snaw  and  vegetation  cover taken  away) in the North Eursaia 
CqQlitozone Late Quaternary total sumel (St.) and total winter (&t.~ air temperaturea (degreeom day) 
and  values a1 0 in wedges (in  to SHOW) , mean air winter (t, ". , c)  and  mean January (tj c 1 :zir 
temperatures 

IJ on the fig.4AI 
location of the 

tq r Pt r s t. d l 0  0, s t" t r :u,  .>,, tj t p r o m a n t  

mequsnces. 
8- ground. 

1. Seyaha  river -15  13 +a00 -24 -6000 - i 4  
2.IeJnnd Itotel'ny -19 

-36 
8 +500 -29 -7250 ~ -29 -4 3 -14 

-10 

3,Ys;:dri:iula Bykwsky -19 2 +so0 -30 -7500 -30 
4 .  SekiAm. fular -2 1 2 +500 -32 -8000 -32 -48 
S,VOrQntUOV8ky Yar -21 2 +so0 -31,5 -7125 . -32 -47 
6. Plakhinnky  Yar -22 1 
7.Duvanny Yar -21  2 
8.L-r a d o n  -20 1 +so0 -29 , s  -1400 -30 -44 
9. Settlm. leleny My6 -20 3 +500 -32 -8000 -32  -48 
10.Ialand Aion -19  13 +9QO -3 1 -1350 -4 6 -12 
I l .min  riw? -11  3 +so0 -28 -7000 -20 
12 .Viluj river -18 30 -30.5 -7600 -31 -46 -LO t1200 

13.Ssyaba river -12 7 +so0 -22 -5500 
14  .Gyda river -13 

-22 
'I 

-3 3 -10 
+so0 -21 -5250 -32 -32 

1S.foland  xotel'ny . -16. ,, 6 +so0 -6250 -25  -31  -14 
-10 

16 .Setth. Kular -2 1  4 +SO0 -31 -7 7 50 -31 -4 6 
17.Rlakhin6ky Yar t21 1 
18.Settlm. zeleny nys -21 1 '  +500-- -31 -7750 -3 1 -46 -12 

%.~ 

30 - 25 Kyr B , p .  

-4s -13 
-15 
-14 

+SO0 -33 -8250 -33 -4 9  -13 
+500 -31 -7750 -31 , -46 -12 

-12 
-12 

-31 
-4 2 -9 

22 - I4 Kyr B.P. 

-25 

+500 
-14 

-32 -8000 -32 -48 -13 

19.hvanny  Yar -2 0 2 t 500 -31,s -7900 -32  -41 -12 
2Q.Krasivoe sequence -19 3 f500 -31  -1150 -31 -16 
2l.Lower Omolon -18 2 f500 -29 -7250 -29 -43 

-12 

22.Aljoshkinmkaya -19 3 +so0 -31 -1 150 -31 -4 6 -12 
-12 

ter-ce 
23 Island Aion -18 2 t500 -29,5 -7400 -4 4 
24.Town Anadyr -12 

-12 
4 +500 -201 5 -5100  -21  -31 

25.Main river -16 1. +500 -20,s -7 100 
-7 

26 .Vilu j river 
-29 -43 

t800 
-9 

27.Seq. Penix uw, 
-44 -10 

ltolyma 
N on the fig.4B 10 - 5 lyr B.P. 
1.Sattlm. Kharasaway -8 20 +loo0 

-30 

-18 12 -29,s -7400 -30 
I +SO0 -31,s  -7900  -32  -41  -11 

2. Settlm.Seyaha -10 

R. 
3.Nqarkatetnedayakh -10 

4',.. Setthsnt Gyda -11 
5 . S a t t h .  Hatjujsale -12 
6 .  Island Icaly -13 
Ljakhovski 
7,Bykovmky peninmula -16 
8 .  Zagadochnye lakes -13 
9.Alas of Plakhinski  -16. 
Y ar 
10.Alpa of htvanny -15 

* li.,i&as near -16 
B * A o l ~ s k W  
12,Aljoshkinskaya -14 
ter-ce 
13.Hamontova Gora -15 
14.Chara river -11 
15. Inland Aion -12 
16.Tovn Anadyr -7 

Yai . , 

15 
9 

11 
13 

6 

8 
1 
13 

12 

11 

13 

10 
72 
8 
15 

t1000 
+goo 

flOOO 
+PO0 
+600 

4-800 
+loo0 
+goo 

+PO0 

+9OQ 

t1000 

+1800' 
+ I 6 0 0  
t600 
f1200 

-15 , 5 
-19,5 
-17 I S  

-19 
-19 I 5 
-2 1 

-27 , 5 
-25 
-21 

'-26 

-27 

-25,5 

-28,s 
-23 
-22 
-17 

-3900 
-4900 
-4400 

-4750 
-4900 
-5250 

-9900 
-6250 
-6750 

-6500 

-6750 

-6400 

-1100 
-5750 
-5100 
-4250 

-16 -2 3 -6 
-20 
-18 

-19 
-20 
-21 

-2 8 
-25 
-27 

-26 

-2 1 

-2 6 

-29 
-2 3 
-22 
-17 

-29 
-27 

-28 
-29 
-32 

-4 1 
-31 
-40 

-39 

- 4 0  

-38 

-4 3 
-34 
-33 
-26 

-10 
-10 

-10 
-11 
-14 

-13 
-12 
-13 

-12 

-13 

-12 

-12 
-8 

-13 
-a 

17,Min river , -9 25 *1200  -20 -5000 -20 -30 -n,-""- 
, ?  ' .  - ' .  
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Pig.4. Mean annual temperatures distribution char- 

parmafroat ground surface t A - during fate 
acter (the anow and vegetation cover taken away) on 

Pleistocanu chryochron: a - 30-25 Kyr (continuad 
lines), b - 22-14 Kyr (dotted lines); B - during 
Bolocane optimum 1 -temperatureisolines; 2 - p  
of evaluated temperatures: for A and B see Table 1; 
3 - preeent temperature9 on  ground surface 

Pollen tree values were determinate from the 
name sequences as oxygen ieotope sampling had car- 
ried out in ice wedges. In isolated cass  the 

tions. Theae data having  been averaged in the 
neighboring sequences were used for such examina- 

most interert time intervals  and procelreed  as 
value8 of summer paleotemperaturea are presented 
in Table,l, too. So it in showed Bummer tempera- 
tures were less stable than winter ones. However 
they were lower than modern temperatures (by 1- 
5OC for mean summer temperaturee and by 200-500'C 
for total vegetation season temperatures). But 
there were sope short pexiods of Bummer warming 
i n  Late  Pleistocene cryochron 40-10 Kyr 8. P., 
when mean summer temperatures were higher by 1- 
3% and total summer temperatures were more by 
200-30Ooc than  modern ones. 

The calculation of emmer temperatures deter- 
mination is  not such accurate as winter, but this 
fact doen not influence on general temperature 
course due to difference between duration of sum- 
mer and winter periods, Summer lasts 2-4 months 
while winter ~a a rule lasts 8-10 montbu. So ab- 
solute values of total winter temperaturea are 6- 
LO times much than summer ones and even twice or 
three time increase of total u-er temperatures 
doea not influenced on annual temperature course. 
It is the  dynamic of winter temperatures was 
determined  and i s  detarmining now changes of 
temperature field of Northern haia permafrost. 

We have t 8 t h t x d  annual ground tempiratures 
having taken  total supper and winter tempgaturs8 

winterizing influence of vegetation and an&.- 
covex intentionally. Theme data ia nhowed in' 
Table 1 and Figure 1. The  temperatures are showed 
for conventionally naked  ground. One  can nee the 
pemuftaat grounds were  Coldar'than modern one by 
5-10° C during Late Pleistodsne cxyochron over 
all area of Northern Asia cryoLithaaone. The 
temperatures of naked permafrost ground0 were 
about -12 + -17OC in  the North of Weatern Siberia 

Northern Yakutia; -16 i -2OOC in Central 
(Yam1 and Gydan peninmulan); -18 + , ,  -22OC in 

Yakutia;  -12 i. -17% in Chuckotka. 
The temperatures of naked permafrost grounds 

were close to modern ones in Bolocune'including 
optimum . They ware about -8 -6 -12% in *aha1 and 

Gydan peninsulas; -11 + -16OC id Northekn . ' '  . 
Yakutia;  -10 i -15OC in Central Yakutia; -8 + - 
12%  in Trnnlrbaikal region; -6 i -10% in Chuck- 
otka. 

CONCLUSIOla 

inco "orEt*on. ws have "d 9 *. . 

This temperature model is explained the 
developnent feature. of eyncryoqgenie permfroat 
thicknees quit?  enough. The permafrost thick- 
nessur were forming more southern in Late Pleis- 
tocene cryochron than present. Their area ban 
decreased  in  Holocene. Now they are forming over 
all Cryolithozone in areas of recent accumulation 
such am flood-plains,  wattes, marehes and bogm, 

paleogeographical indicator is important for the 
paleoglaciologic reconstructions. This factor is 
disregarded frequently for paleogLaciologic 
reconatruction. of: the end of Late Pleiatocene. 
However the  thick non-deformed syngenetic ice 
wedges are  spread over  Seaaide  Subarctic  Plains 
everywhere.  They were forming continuoubly 40-10 
Kyr B.P., and  could not cover by Ice sheets 
neither during forming of ice wedgee as thick ice 
cover prevanted  from the front cracking the bot- 
tom ground,  no eubsequently as  ice sheet pressure 
should to deform ice wedges.  But there is no any 
deformations even for shallow ice wedges  which is 
lied from depth about 1-2 netars. 

a result of 8tudy of Late Quaternary syncryogenic 
SO, there ie aumtary of new notion received as 

permafrost of Northern haia by the complex oxygen 
iaotope paleogeocryologic analysis. Execution of 
analogoun investigations in Northern araas of Fin- 

is spread) and Northern Canada and rlaskn  (where 
land,  Sweden, Norsrcy (where Eolocene permafrost 

Late Pleistocene rryncryogenic thicknesses  are 
spread  as much as in Northern Asia) may t o   c m -  
plete tha notion of paleocxyologic evolution of 
Northern  Hemisphere, It huve to answer ta %-e 
difficult questions of Cover  Glaciation dynamic, 
sea  level changes and environmental changes an a 
whole. 

The role of myncryogenic permafrost ae 
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ENGDTEERIWG AND GEOCRYOLOGICAL PE~WIYIARI,TIES OF USING . .. 
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PILE FOrn$ATIOITS IN dEADAN AREA 
Vladlmir P . Vlas ov. 

. . I. North-Eastern  Department o f  Permafrost   Inst i tute ,  
, .  

, .  'Magadan 685000, Russia . .  

. .. 
, . I -  i , 

.., ., " . ,.,; I 

The problem  of  providing t i e   s t a b i l i t y  of bui ldin9  and  s t ructures   erected on . - 
frozen ground remains  acute.  Successful  construct,on  under auch conditions I .  . , 
Magadaa ( the  North-East of  Russia) ,may be regarded as a pos i t i ve  example, . 

The use o f  pi le   foundat ions here has  enabled a safe  and e f f i c i en t  construction, 
.~ 

building8 and st ructures   erected on frozen gro- 
The problem o f  providing the  s t a b i l i t y  o f  

uad remains acute. It will become s t i l l  more 
important in the nearest   future   because of the 
global rise in the  earth climate temperature. 
Therefore  the  search f o r  eechnfcal  designs, 
that  may increase  the  safety and durability of 
bases and foundations is one of the  i m  or t an t  
tasks of engineering  geocriology.  In tgis con- 
nect ion  the experience of foundation  engineer- 
ing on permanently  frozen soil with  unsteady 
temperatures may be o f  use (Konash 1977, Vlasov 

The town Magadan, founded i n  1939, was deve- 
loping as the   adminis t ra t ive ,   cu l tura l  and re- 
search centre  of the Magadan area   the  economy 
of which i s  based on the  mhing industry. 

frost penetrat ion (2.5 ... 3.5 mf and by the  
presens of discont tnious permafrost, that 
occurs i n  the f o r m  of Lens-shaped portions of 
IO0 t o  I0000 rn and more indiameter between the  
s i tes   wi th   f rozen  s o i l .  The thickness of the 
frozen  leases i a ,  as a r u l e ,  2...10 R and in 
some cases - up t o  30 PI. Their tenperature ran- 
?e5 frocl zero t o  1%. T ~ M  marg~ns of certain 

slands and  lenses of frozen s o i l  are   very un- 
steady  s ince any changes in the hea t  exchange 
a t  the ground surface i m e d i a t e l y  cause the  
displacement of the f rozen s o i l  margins. 

p e r m f r o s t .  A t  the  depths of more than 6-8 m ,  
r e p l a x  a s  compared t o  t h e  areas of continuous 

except rare cases,  t h e  frozen soils have a xe- 
l a t i v e l y  small ice content &?d when thawed give 
slight settlements. The frozen s o i l  of the  
upper layers, which have a ra ther  high t o t a l  
humidity, ,is of ten  suscept ible   to   consol idat ion 
'by thawing and i t s  subsidence uey reach 18 cm/m. 

Thus, the r e l a t i v e l y  small dinensions of the 
f rozen   so i l   l enses ,  their re la t ive ly   h igh  tem- 

w a ] .  

The area is character ized b a deep  seasonal 

The d i s t r ibu t ion  o f  i c e  L? the  g r o u d  is not 

, , : 

perature  and unstable s t a t e  caused by man's I' ; 
a c t i v i t y  a8 w e l l  as the   loca t ion  o f  . s table . - - -  
frozen and unfrozen so i l   r a the r   c lo se .   t ck the '  

using p i l e  foundations. The year i n v e ~ t i -  
eurface have created'  adequate prerequis i te8  Pgr 
gat ions  carr ied  out  In Magacan & the  author, in 
colloboration with the municipal building orga- 
nizat ions has  enabled the   spec i f ica t ion  of the  
problems related with  the  desi@ and erection 
o f  p i l e  foundations Fn t h i s  region. The basic 
r e su l t s  of these   inves t iga t ions  are given below. 

At present, depending on the permafro$% atid 
hydrogeological  conditions o f  construct ion ai -  
tes ,   here  are in use the  bored  piles  with ai- 

ned and combined p i l e s .  
ter-driving, as well as of bored sunk eonslmal" 

The bored, after-driven p i l e s  are   such r,c, 
p i l e s  which a r e  sunk Fnto the holes  ,.that have 
been bored up t o  the d a s i  bearing  layer  of 
thawed o r  frozen soi ls  anrare af ter-dr iven by 
a diesel-hammer. They are used Fn any s o i l s  
which enable dr iv ing  below the bottom plug of 
borehole8 t o  a depth of no. less than 0.5 m.- 

sunk In to   the  boreholes   dr i l led t o  the design 
The bored sunken conetrained r.c. p i l e s  are 

bearing layer of unfrozen ox frozen ground and 
provided with consolidated bottom, The lower 
ends of t h e   p i l e s   a r e  embedded i n  a couere t ; r~~-  - 

hole  diameter high. 
Casing which s!lould be no l e se  than t h ree  bdrl- 

The bored s u k  combined4 e p i l e s  axe ar- 
ranged i n  the  boreholes,  ariaad t o  the desig- 
ned bearing layer of unfrozen  or frozen ground. 
Their bottom part cons is t s  of the   cast- in-s i tu  

borehole  bottom,  wgereas  tze  upper  part is de- 
concrete  post ,  SUP or ted b the  consolidated 

s i p e d  of a r.c. post embedded i n  the  Cast-in- 

borehole diane ters .  
s i t u   c o n c t e r e   t o  a depth of  no less than  three 

The cha rak te r i s t i c  feature o f  arranging the  
a f te r -dr iven   p i les  i n  unfrozen s o i l  is t h a t  one 
can quick reach t h e   t e s t  refusals i n  case of . 

driving i n  the s o i l  O,5 to 4 m below the  bore- 

. . I  7 
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hole  bottom, Fnly  i n  some rare cases one can 
maLage  t o  dr ive  p i l e s  from the  borehole bot- 
tou,s 6 p deeper on the   s i tes   the   base  of which 
is  coaposed of  dust-like c lay  o r  loose sand 
soil viith a small  contqnt. .of coarse grains. 

The bored, after-driven p i l e s  supported by 
frozen  coarse grain and sandy s o i l  should be 
hindled w i t h  special   care .  Tn th i s   case   there  
is no need t o  follow special ins t ruc t ions  on 

hole  bottom. Rather often it is allowed t h a t  
the  minimum-depth o f  pile drive below the .bore- 

borehole  bottom.  Therefore, pile refusal obtai-  
the cone o f  a roc. p i l e  only penet ra tes   the  

ned i n  this case may not   se rve  as a cr i te r ium 
for evaluation oP its bearing capacity and only 
shows t he   s a fe ty  of the  lower p i l e  end connec- 
t i o n  with t he  frozen soil a t   t h e   l e v e l  o f  the 
borehole bottom. T o  prevent p i l e s  f rom breakage 
during the driving  process it is recommended t o  
observe the  following rules: in order   to  make 

borehole  bottom wi th  unfrozen sand to a height  
smooth t h e  p i l e  cone penetrat ion - t o  f i l l   t h e  

of 0,s - I m o r  t o  thaw the s o i l  t o   t h e  same 
depth i n  the borehole  base; after the  p i l e   r ea -  
ches t h e  borehole  base one should limit the  
f u r t h e r   d r i v i n g  to 30 diesel-hammer StrOkBS. It 
is recommended to use Fn this case p i l e s  with 
adequate  reinforcement'. They should be made of 
a high-grade  concrete and provided  with  metal 
caps I 

use& in case they r e s t  an unfrozen and frozen 
The bored, sunk and compined-type p i l e s  axe 

large-fragmnt rock, gravel, coarse  and mediun- 
gmde sands, as well as on dusty clay soil with 
flaw index j i  Q 0-.4'; The Use o f  combined p i l e s  
is economically  reasonable -in case of pl,$e 
depth of no less Wan I 2  m. Consolidation o r  
borehole  bases f o r  these p i l e s  is provided by 
ramrnFng t h e i r  bottom, as a r u l e ,  with the  use 

the  bore mud. 
of  crushed stone to re inforce  the  res idue of 

The length o f  the  amk X.C.  posts  of the 

the  f a c t   t h a t   t h e y  should cut a l l  layers of the 
combined p i l e s  is chosen taking i n t o  account 

frozen eofls, tha t  c rea te   nega t ive   f r ic t ion  
fo rces  durFng thawing and settlhng. The empty 
space (hollows) between the  walls o f  the  bore- 
holes and the pi les  are f i l l ed   wi th   concre te ,  
cement ox s o i l  (mud) mortars depending on the 
hor izonta l  loads and negative friction forces. 

The general  requirement to a l l  types of pi-  
l e s ,  used i n  Magadan, is t h a t  Fn case the  con- 
s t r u c t i o n  site is regarded as a seismic zone of 
6 poin ts  and more,  they  should be driven t o  a 
depth o f  no l e s s  than four meters from the soil 
surface and in case o f  water sa tura ted  dusty 
sands la foundation bases - no less than 8 m .  
The advantage o f  the above-mentioned p i l e  ge- 
s i p  is t h e   s u i t a b i l i t y  o f  p i l e s  t o  perfofm 
un er negat ive  f r ic t ion.   Fi le   arrangement  in 
the boreholes  the  diameter of which exceeds  the 
lar~est cross-section of p i l e s  by 2 - 15 CE, 
enab les - to   u se .Bqy ,an t s f r i c t ioaa l  filling nate- 
r i a l  thaf reduces GGative f r i c t ion .  I n  Eagadq 
io3,:irdtii%ee, p i l e  hollows a re  f i l l e d ,  as a 
rule ; ,'Wk.h ?bore mud. 'Phis enables saving gf 
concrete'Snd cement as well  as to reduce  the 
negat'Pv@ f r i c t i o n  forces  on the  side surface of 
Fi le s  by 4070 .zn& t t u s   t o   i n c r e a s e  t h e i r  bearing 
capacity. 

Depending on engineering and geocryological 

t m e s  of P i l e s  may be designed as end-bearing 
conditions o f  cons t ruc t ion   s i t e s ,  She examined 

o r  f r i c t ion   P i l e s .   The i r  d e s i m  bearing capaci- 
t y  is determined  taking i n t o  accoym-t aiti-1 

prelcad due to the   negat ive  f r ic t ion forces in 
case of penetration through frozen soil layers 
which s e t t l e  during ChavJing. For  calculzt ions 
of regional  values of s o i l   d e s l m  resistance R 



4 
6 
8 
IO 
I2 
14 
I5 

4 

8 

12 

I4 

16 

I8 

20 

Bored after-driven p i l e s  
I0800 . 7100 5700 4000 27CO 
I2000 9200 6200 5100 
12900 . -9800 6800 

3 600 
5400 

53600 10200 
9900 

7500 5600 4iCO 
I4300 10350 8200 7900  5900 
I4900 I0450 

4300 
4'600 

15200  10500 8400 6400 4800 
Combined p i l e s  

. ." .. . . .- . . . . .. " . ." . 

* For sandy s o i l s  the  values of R are given in the numerator, 
and for dusty-clay soils - i n  denominator. 

Table 3 

Table 2 Design negative friction forces fa 
of thawing s o i l s ,  KPa 

Desiga resistances f of unfrozen and 
thawed of medium-density soils along Le an large-frapent and sandy soils 
the side surfaces of p i l e s ,  KPa depth of 

Layer men&, semi- mediun- dusty sand 
&;lean soil lar e-Prag- coarse and fine and 
depth 
of soil loca t ion ,  gravel sands g r a b  sands 
layer semi-gravel, f h e  dusty - - - 
locat ion 9 large and dusty-clay s o i l e  with  flow index J m 

sandy soils 
m 

medium 
grain size 0 
dusty-clay,v!ith fLow index J, equal t o  

equal to 

093 0,5 

I 15 IO 7 
3 0,2 0,T 0,4 G,5 0,6 0,7 2 

3 
20 10 
24 I2 

3 .56 42 30 24 18 8 4 26 I9 I3 
6 63 45 :3 27 20 50 5 28  20 I4 
a 67 40 f6 29 22 I2 6 90 21 15 
IO 71 51 38 31 24 I4 7 52 22 I6 
I2 75 55 40 :? 2C I6 8 34 2: x7 

? 56 2 4 I6 
IO 53 25 I9 

I? 

9 5 3  



Ro, = I . 5 5  + 0.5 m. 
%o deternine t h e  bearing  capacity of bored 

after-driven and bored sunk p i l e s  i n  thawing 
soils t h e  f o l l o r i n  method. o f  s t a t i c   t e s t s  i s  
recozneaded. The p f l e  is sunk up t o  the  desig- 
ned level and the  gap between i t s  s i d e  surface 
m d  t h e  frozen soil, tha t - causes  negative f r i c -  
t i o n  forces during *hawing, and i s  f i l l e d   w i t h  
a casing. The in te rna l .d iameter  of the casing 

t i o n .  The external surfac_e o r  t he  casing i s  in 
exceeds  the maximum s i z e  of t he  p i l e  cross-sec- 

contact  with  the  frozen soil &nd takes up nega- 
t i ve f r i c t ion   fo rces  Prep originated during 
the  s o i l  thawing and s e t t i i n g .  The casing sink- 
i a g  depth should correspond t o  t h e  thickness of 
the  frozen s o l 1  l ayers  having t h e   t o t a l  d e s i ~  
set t lement  of no l e s s  than 5 cm during thawing. 

A metal. pbpc thrusted in to  t he   f rozen   so i l  
to measure Fn.*t can :be used. In this case f a r  

l e s  which w i l l ;  b e   d i r ec t ly  used f o r  foundations 
ca lcu la t ion  ~f nega t ive   f r i c t ion   fo rces  on pi -  

the  obtained  value F N ~ J  is multip.lied by the 

with hollows f i l l ed   w i th   conc re t e  o r  cement 
conversation  factor o f  f r i e t l o n  Kt For p i l e s  

mortars K is  equal t o  1.35 -and f o r  those 
f i l l e d  with soil mortar - 0.8. 
around  the p i l e ,  measurement of the  negative 
f r i c t i o n  forces  on t h e   c a s b g  (mate1 pipe) ,  
t h rus t ing  of the p i l e  by s t a t i c  loads and as- 
sumption of nega t ive   f r ic t ion  forces  when cal- 
cula t ing  the  bear ing ca acity o f  the  pile.,The 
value is determined by #&in, the casing on a 
dynamometer, The soil around the'pils should be 
unfrozen f o r  the e n t i r e  casing depth  within the 
range Re , which will exclude the e f f ec t  of un- 
frozen s o i l   i n t e r a c t i o n  at the v e r t i c a l  thawing 
border with  the f rozen  8oil'm the  development 

determined by ca lcu la t ion   ( Ins t ruc t ion ,  1988). 
of negative f r ic t ion   forces .  The value Ro is 

within any radius e.qual o r  less than R o  , as 
The ground below the  casing is unfrozen 

the puvose  of the  thawin is to eliminate  the 
f r e e z a g   f o r c e s  on t he  s i f e  sur face  o f  the p i l e  
and t o  prepare the  bearing soil layer a t  pile 

The teats include  thawing of the  frozen soil 

9 5 4  
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I ENSURING STRUCTURAL STABIFITY AND DURABILITY. IN 
PEWFROST GROUND =+a AT GLOBAL w m p G  OF  HE eA~i?a'~ CLIMATE 

Vyalov S . S . * ,  Gerasinov A . S a 2 ,  Eolotar' .A.J.', Fotiev 

'Kuibyshev Civil Engineering  InatitUte#  Hoscow,  Russia 
2Reseakh Inst.itute of experhental disign of Constraction, St. -Peterburg, Russia 

'Industrial and Research Institute €or Engineering  Investigation of  Cqnstruction,  Uoscbw,~  Buss+a 

The  paper discus'aes variations in frazen ground  temperature conditions and  lwad 
capasity  under a waxmer  climate,  listing  techniques to ensure structural safety for 
buildings. The paper describes analogue  simulktion  for  frozen groundtemperature  ahd 
thawing  depth  changes and consequent  durability  deterioration under an increase in 
annual  average a i r  temperature of 2 and 4°C. Numerical  calculations were  performed 
with  respect to 'four geothermal zones comprising the cryogenic  region, in  relation 
to annual  average ground  temperature. The paper demonstratea  warming effects  as neg- 
ligible in  northern  zonas,  and  fairly  pronounce  in  southern  zones, particularly in 
diacontinnoua permafrost,  including total degradation, 

Climatologists have  predicted that  the coming 
century will bring global warming of the Earth's 
cliaae, caused by a  greenhouse  effect from in- 
creased CO content  in  the atmotrphere,  partially 
reaulting from human  activities. The waraing will 
undoubtedly  affect the  temperature and  mechanical 
condition  of  permafrost amsses. 

Denpite contradictions in the predicted  numeri- 
cal valuesl the has come engineern to define the 
directions of  change in the mechanical  properties 
of permafrost and to discuss potential  approaches 
for  neutraling the  changes, ensure  etability of 
engineering structurerr in pemafrost areas,  both 
operational  and  newly  constructed. 

The iasuea of prospective  climate warming  have 
been  diecuesed extensive by in the climatologic 
Literature,  reviewed,  in  particular,  in papera 
(Anthropogenic..., 1987; Boriaenkov, Kondrat'ev, 
1988). Whereas  the rates,  values  and  ewen  charac- 
ter of the  warming vary  considerably from one 
model to another,  the majority of scientists seem 
to agree that,  with a  doubling of CO in the atmaa- 
phere, annual  everage air temperature increment 
by the  middle of the next  century will increase 
from 2 to 4°C. We  have chasen these figures  a8 
our reference point. Budiko (1980) argues  very 
forcefully, that warming will be  strongest in 
high-latitude  regions. 

In evaluating  the effects 0f.a rise of annual. 
average air  temperature  on permafrost  ground  con- 
ditions, one should bear i n  mind that both annual' 
average  air temperature and the  temperature and 
thickness of ground ice vary  neridionally.  Canae- 
quently, the response and air-temperature sen- 
sitivity of the frozen layer  will also vary with 
latitude.  Thus,  in  northern  latitudes,  where 
thick permafrost contains large  stores of cold, 
the  warming effect will be  negligible,  while 
southern  permafrost areas  will be  affected to the 
UtInOBt degree. On  the  strength of the  above 
stated,  we have applied a latitude-zone  principla 

. ., , 
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to categorize the  whole  cryogenic  region  in four 
geothermal  zones, based upon  the  degree to which 
pexmmafraet will resist 1 - Y C  annual  avecuge air 
temperatur rise. As I criterion  for the 
categorization, we  have selecked the permafroat 
ground  annual average  temperature  Tz.'ZonejI - 
very unstable, comprises pemafrast ground  areas' 
wih  temperature Tz from 0 to -l"C, zone 11 - mild- 
ly  unstable,  transitional, comprises the area 
with Tz from -1 to -3'C, zone III - stable, com- 
prises the area  with Tz from"3 to - 7 F ,  and  zone 
f V  - very stable, comprises the area  with Ta 
below -7OC. 

Figure 1 is a map showing  isothennic linea for 
permafrost  ground annual  average  temperatures and 
geothermal  zone  boundaries. Figure 2 demonstrats 
the profilea  marked  in thick  lines in Figure 1, 
along the 7OoC meridian. The  profile  indicates 
permafrost  ground thickness and annual  average 
air  and  frozen  ground temperatures, as well as 
geothermal  zone bourx#ar&W4" A chdiacteriatic fea- 
ture .of zone I, second  in size, is the discon- 
tinuous,  intermittent, almost  insular  character 
of permafrost  ground; with permafrost ground 
there comprising from 5% at the southern to 50% 
at the northern  boundary. Subsequently,  frozen 
ground in the zone is .fairly unatable  with riaea 
in ais temperature. Zone 11 represents a narsow 

the southern to 90 - 100% at  the  northern bound- 
strip,  with frozen ground camprising from 50% at 

ary, alno unstable, although to a lasser degree. 
The. Zane seem8 .to be transitional to stable zone 
111. The latter is characterized by continuous 
permafrost,  comprising 95 - 100% of the area. 
Zone IV, the largest and very stable , i s  charac-A m:r '  ". 
terized by continuous  low-temperature PWmafKOSt. 

Mathematical simulations of warning effects On 
permafrost ground',temperature and mechanical  can- 
ditions  was performed  with  respect to profile  in 
Figure 2 for six geographical  localities bent for , ,  

the profile. 



Figure 1. Chart of cryogenic region with defined geothermal zones: I - 5 - geothermal zones: 1 - zone I - 
Tz frqm, 0 to -1°C: 2 - zone I1 - Tz from -1 to -3°C; 3 - zone I11 - TZ from -3 to -7%; 4 .. zone IV - Tz below 
-7°C; 5 - mountain frozen ground; 6 - positive-temperature graunds; 7 - isothermic linea for annual average 
ground temperature; 8 - profile with number; 9 - cryogeic  region  boundary; 10 - geothermal zone boundary. 
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'Fig~~re"S: Ptof,ila sf latitude-zone variations  in  annual  average air temperature (Ta) and pemafrost ground 
tempe&tuye (T2') ,"thickness  and prevalence of  permafrost  layer along 70 EL (Western Siberia Designations) I 

:z-'$!?& 0°C to +2"C and more; 4 - number for geothermal zones cryogenic region: 5 - 8 - geothermal zones with 
teGeratiureB ,Tz, 5 1 zone I Tz from 0 to -1°C; 6 - zone I1 - Tz from -1 to -392; 7 - zone 111 - Tz from -5  

&:frost ground; 2 - isothernic line 0°C (Permafrost  Layer bottom) ; 3 - geothermal .zone with temperature 

- ,&. -7°C; 8 - zone IV - Tz below -7'C I (Compiler" Fat iev S I  M. ) 



The annual average air Ta and ground TZ 
temperature (at  the depth of  10 m) involved were 
116 follows: for zone IV - Kharasovei, Ta=-9.9"C 
and Tz=-l  .8'C and Dudinka Ta=-lO.2"c and Tz=- 
7.5'c; for zone III - salmrrg, Ta=-8.boC and h=- 
3.5'C: for zone II - Urengoi Ta=-Y.5"C and Tz=- 
1.S"C; for zone I - Bunto Ta=-5.4"C and Tz=-O.E'C. 

The simulation wag  parforned  by  numarical com- 
putation  in the modified programme developed in 
Research Institute of experiment design of Con- 
strution (St.-Peterburg). The annual average air 
temperature rise was assumed with the annuul 
trend of 0.033 and O.O66"C, ensuring 6O-year  in- 
crementa Ta = 2  and 4'C, and renaininq etable  for 
the 10 years to follow. 

Annual average air temperature variations were 
superimposed  by seasonal fluctuation6 in the form 
of successive winter and aummex sine curves. To 
provide for the set annual average temperature 
rise, winter and sumex curve amplitudes received 
appropriate annual incrementa in the proportign 
211. 

northern  and iooae. , in southern zones) and  vegeta-, 
The programme took account for snow (solid in 

tion cover. Soil weu;assumed to be loam, typical 
for the upper permafrost layer0 in Yamal'. 

Numerical calculations for orelected locatities 
defined frozen =sa annual average temperatures 
and their fluctuatione in time and  depth,  account- 
ing f O K  senmnal fluctatiana. We also evaluated ; 
the role of snow-vegetation  cover. 

To evaluate changes in frozen ground  ?tability 
characteristics, we developed a special unit 
using the obtained temperature variablen  and  cor- 
responding  stability charactariatier for frozen : 
ground.  In doing so, we also accounted for 
durability variation8 in time. Thus, in evaliat- 
ing frozen ground  load  capacitiqg  and their varia- 
tions with warning, we considsred the following 
processes varying with time t: 

- rock tamperature.variations in time and 
frozen layer thicknera: 

- frazen  ground durability R variations in ' 
time and depth, in accordance with law  (Vialav, 
1978) 

where tf - tine before  deatruc*ion, @ - 
parameter dependention ground  temperature: B - . 

soil constant; 

ing to  the l p :  ; 
- durability-temPerature  relationship, ~ C C O K ~ -  

R = a + b i d [ .  i 3 )  

Paper (Vialov, 1978)  describe@ joint  solution 
for the  three equations obtain able €$om the in- 
tegral equation 

where tu - Ftructual service life,.and ti - *  
, < >  ' 

time before destruction, correlation to  the 
durability  limit  by (Boriaenkov, Kondrat'ev, 
1988). 

Numerical evaluation using equation (ViaLov 
atol, 1984) can define, for each time moment  in 

the warming  pracetw, and for each point in the 
frozen layer the permufroat ground d u p b i l i t y  and 
load  capacity. 

Simulation findings for changes of ground 

nual average air temperature rise a r q r w e d  
in  Figure 3. They are! 

the depth  of 10 n,jn localitiea examined at Ta * 
- frozen  ground annual average temperature a t  

2 and. 4 F  will rise frpm -8 to -6.5'C 'and -5°C in 
the 4th geothenqal zone, from -1.3 to -1.1 and - 

. l . 0 " C  in the 2th  zone, and Prom -0.8 to -0.7 and - 
0.6'C in 'the  lth zone (Figure 3a) : 

- depth  of  permafroat layera uppex line (thaw- 
ing depth) will increase  by 15 - 30 -, in zone 
IV; by  28 - 85 -'in zone 111, by 60 - 345 cm in 
zone 11, and  by 450 - 790 cm in 20ne I (Figure 
3b,c). The underlined figuree mean  that  thawing 
procssges  is  progressive, generating diacon- 
kinuous frozen ground; 

- the thawing rate €or frozen gropnd-in  the 
geothermal zone8 is 2.5 - 5 . 0  mm gei  year f o r  

60 mn per year for* zone TI and 75 - 330 mn per 
zone IV: 3 .O  - 14 nun per year for zone 111; 10 - 
yehr' for zone I. 

Thus, for geothermal zones IV and 111, the 
warming will merely result in slightly greater 
thawing depth,  witk no r,adical changes involving 
permafrost  conditions.  In zpnes I1 and,  par- 
ticularly, 'I the warning will have'more tangible 
effects,; resulting in overall generation of dis- 
continuous frozen'ground and taliks, w i t h  a ten- 
dency for complete degradation of  existing ground 
ice. Eventually,  if warming aasumw an age-long 
character, the permafrost line can be drawn fur- 
ther north l ) ~  500 km along IO EL and 1200 and 
even more lon along the 100 EL. But, of course, 
the thawing can only occur if the climate is get- 

' tirig' warmer for a very Long (geological) perid.  
Indeed, even at a thawing rate aa high a& LOO mm 
per year, thawing of a 10 m frozen  layer in zone 
I will take 100 years. Xn this cage, it will thaw 
gradually, with the rate lowered from south to 
north. 

predicted thawing rates with warming effects 
ocourring in the Holocene, beginni,ng, 10.5 - 10 
thousand years ago and lasting for 4 - 5000 
years.  In that period, with the air getting 3 - 

,roc ramex,  pamafrost ground 200 m thick in 60 
latitude  and SO - 100 n thick in 66 Latitude cm- 
pletely, with permafroat  line drawn north from 47 
to 61 HL. The melting rate, therefore, comprised 
from 7 t o  60 MI per year. Apparently, the pre- 
vious  and predicted-thawing rates are of the same 
order,  which - with all the assumptione involved 
in OUT forecasts, testity to  their plausibility 
(Geocryology USSk, 1989, Fotisv, 1978). 

ground  durability in the caurse of warming. 
Numerical  evaluationa, w i n g  equdtion (Vialov, 
1984) indicita, for example,  ground-pile freezing 
durability limit -, one of the' basic frozen ground 
strength  characteristics, to change in the 60-  
year design time within the following limits.  In 
zone 1V the maximum descrearre will be by 3%  with 
a temperature Fire of 2'C, and 3 '- 16% with rise 
of 4%; in zone 111 the decrease will  comprise 8 - 
17% at ATa=2"C and 35 - 50% at ATa=4"C; in zone 
11 durability will decrease by 20 - 37% at 
ATa=2'c and 46 - 53% at A T 4 C .  

As regards zone I, accounting for permafrost 
degradation,  freesing durability deqrease will 

temptrlHmre 'in far 

I 

Of considerable interest is comparison of the 

Let ua now diacurra preicted cbangea in frozen 
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cokprise frdaa 50% to 100%, so that struciuial ' 

reliability will  require either  special 'ba?? codl- 

tion principle - allowing  thawing. 
The  effects of potential  climate waking in 

relation ta structural  stability  and  durability 
on  permafrost ground8 can be auwaed up as follows: 

within  geothermal zone IV there  will  be a fair- 
ly slight  deterioration of permafrost  ground  load 
capacity, to be easily  balanced by some lowering 
in  foundation  temperatures to described below. 

within  zone 111, and  particularly  zone 11, the 
warming will  eauee  more  tangible adverse  effects 
on the titability and  durability of  structures. 

Nevertheless, the warming  effects can be 
neutralized  by  using the severity - of the nortb- 
ern  climate.  Xndeed,  annual  average  air  tempera- 
ture has alqays been 2 - 7°C lower than annual 
average  permafrost  ground  temperature, so that, 
if the temperature  difference Cah be intrduced 
in the frozen  layer, this can, if even  partially, 
balance the  air  warming effect.  Temperature  condi- 
tion control  and temperature lowering  in per- 
mafrost  ground by utilizing  natural  cold can be 
managed by several techniques. 

One is pre-conetruction  ground  coaling  from 
the ~urfime, by removing snow, Numerical evalua- 
tions  indicate that  with  the eurface  cleaned of 

ground  temperatures decrease as follows~ in 
snow-vegetation  covex,  annual average  frozen 

Kharaeovei  and  Dudinka (zone IV) by 2.4 - 3.3"C 
respectively,  in Samburg  (zone III,  loose snow 
cover) - by 5.9'42. In  zone I (Vielov, 1984 and 
otherlr) preliainsary  snow-clearance  coaling  in 
the 1st  winter  ensured an annual  average  fxozen 
ground temperature  decreaee from -0.3 to - l .Z"C 
and subtsequent cooling  in the aervice  period 
brought the temperature in three years to - 2 . 4 t ,  
increasing  overall  freezing  durability  from 0.036 
HPa to 0.150 Wa. 

through  several  strategiea. The fisat  is  a  tradi- 
tional  ventilated  basement, with natural  and some- 
times forced winter  air input. Our experience of  
many  yeara  has  shown this to achieve  a 1 - 3°C 
decrease  in  annual  average  frozen  ground  tenpera- 
ture. Another  technique involvaa  installing  ven- 
tilation ducts  in the ground  under the floor of 
the building,  with a natural, or if necesary  a 
forced  cold air input.  If the structure8  are not 
very heavy, then of course we  can  use ventilated 
surface  foundations set on bedding  courses. 

The  moat  effective  measure,  however, is the 
use o f  seasonal thermal siphons  and thermal piles 
with  steam-fluid  coolant. In  winter  the agent is 
circulated by deneity difference in the aurface 
and  eubsurface  asctiona of the plants.  Put 
another way, the p; ants  require no engines.  They 
can be either  fitted in the pile body (thermal 
piles), or fixed  hosizontally  under the floor.  In 
special  cases (spacious structures),  foundations 
can be  cooled  with the use of engines  installed 
in  summer. 

The beet result8 in improving  frozen  ground 
load  capacity can be  attained by combining the 
abovedeacribed  measures  for  ground  cooling  using 
natural cold.  Thus, the measures were utilized at 
the construction  of an integrated  houae-building 
factory in Yakutsk. The construction  mite  had  ex- 
tremely  unfavourebls  frozen-ground  conditione, 
the ground  being  high-temperature  and  highly 
saline,  with  extensive thawing zones. The tempera- 
ture  was -1.2 - -1.9OC, which, with  the high 

iru&nrnnrclUrsn. PE .tha ysn a f .  .2Qnaixuc- 

In-aervice  baee  ground  cooling ie achieved 
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salinity, is elos,? to the freezing po;int, exceed- ' 
Snq: it  in the ttiawing zone, 'and in  many places 

Under the cundltionu, the following meaaurel were 
a-q ~ Q W  ww t - a  at the Swe t w e .  ' 

taken to lower  ground  temperaturea. First.,  befosg. 
the conqttuction  worke  began, the ground was ' " 
cooled fr'on the surface,  both  by regular arnh _, ,  

ciearanke  and by forcing cold  air  through pre- 
viously  drilled (for subsequennt pile  'setting) 
holes. For in-aervice  cooling, a tall basement 
(from 1.2 to 2.5 m) with a forced  ventilation sys- 
tem warn installed,  with thermal  piles about the 
building  perimeter. As a  result, for  five  years 
oil  service  life only, baae  ground temperatures 
were 4°C lower  and the whole base  ground  layer 
was completely  frozen. 

In  conclusion, we would  like to observe that, 
accounting for the coming climate warming, con- 
struction works in zones 11 - IV should generdIy 
be oriented toward preserving frazen foundations. 
Thia i s  impotant even if the conetruction prin- 
ciple  permits grousld temperature  conditions  con- 
trol,  using  natural cold. Thia can be performed 
both  fox  buildings  under construction and c m -  
pleted (for example, by fitting thermal siphona). 

This will ba mort. complicated  in zone X, with 
discontinuous  and  insular frozen ground dcgreda- 
tion.  Apparentaly, structure built in  the zone ac- 
coxdinq to  the principle  of allowable  frozen 
ground  thawing, ox to the principle of preserving 
the frozen  condition, will  be  subjected to 
greater  deformations from climate warning,  par- 
ticularly  in the latter  case. Tu prevent deforma- 
tions in coiipleted Btructures, thawing process 
should  be ahwed down by cooling the grounds  with 
thermal  siphons,  and  even using engine-driven 
cooling  plants. As regardn  structurem  in the 
course  of  construction, the conetruction prin- 
ciple  rhould  be  selected  from  engineering-economi- 
cal comparisons. In doing 00, the principle of 
preserving  ground  frozen will  require the moat ef- 

With  a1Lowable  thawing, on the one hand, one 
fective,  combined  base ground coaling praccpdures. 

should  aim  at  decreasing the sinking properties 
of  thawing  ground,  which can usually be attained 
by preliminary  thawing-overal or  local  (depending 
on the circumatances).  But on the other hand, eur- 
face structures should be tstrengthened and  in- 
tegral  functioning  of the  whole  surface atructure- 
foundation-base syatemensured. 

In conclusion, the prospective climate  warming 
will undoubtedly cause chanqen in  the properties 
of permafrost  negligible  in the northern and tan- 
gible  in the southern section of cryagehic 
region.  Naverthelesa,  warming effects  can  be 
balanced by utilizing the natural cold of north- 
ern  regions.  Meanwhile,  appropriate  mea8ures 
should be developea in  anticipation of climate 
warming.  In  doing so, an absolute requirement  is 
to organize at all  large  units  in  permafroat 
areas  regulax monitoring of ground temperature 
conditions and structural  dcformationa.  And, o€ 
courne,  climatologists are  respoaeiblc for 
specifications of numerical warning  effects to be 
aarswned as x-eference points  for  engineering 
design. 
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