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PREFACE - VOLUME 3. 

This volume, along with Volume 1 and 2 which contain the technical papers 
presented  at the Conference,  makes up the  entire  set of the Fifth International 
Permafrost  Conference  Proceedings. 

In  accordance  with  the  information  given in the IPA Council  Meeting  succeeding  the 
Conference, this volume  contains the Special  Session  Presentations,  Additional 
Papers,  Poster  Presentations  and  their  synopses, as well  as a List of Participants. 

The  Norwegian  Organizing  Committee  appreciate  very  much  the  cooperation  and 
support  provided by the  Norwegian  publication  "Frost  Action  in  Soils",  from 
The  Royal  Norwegian Council for Scientific  and Industrial Research. This third 
volume is issued  ,as  volume 27 of  Frost  Action in Soils. 

The  Organizing  Committee  will  use  the  opportunity  to  thank  all  contributors  to  the 
proceedings  presented.  They  cover  many  engineering  and  scientific  disciplines  and 
present  research  activities  and  engineering  solutions  from  many  countries. 

The Conference  comprised 289 papers, 8 Special Session Presentations and 
37 Poster  Presentations. 305 participants  were  registered. 

The Organizing Committee is indebted to all involved as chairmen, speakers, 
discussion  participants,  technical  tour  guides  and  to  the  local  Trondheim  organizers 
for  their  successful efforts. 

Finally, the cooperation and assistance given by  Tapir Publishers are greatly 
appreciated. 

Kaare  Flaate  Kaare  Senneset 
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-PERMAFROST  TEMPERATURE AND THE CHANGING CLIMATE 
A.H. Lachenbruch, T.T. Cladouhos  and R.W. Saltus 

U.S. Geological Survey, Menlo Park,  California 94025 

Synopsis 
Temperature profiles  in continuous  permafrost to  depths of a few hundred  meters  contain  a  faithful record of change in  surface temperature 

during the  past few centuries. When interpreted  with  heat-conduction  theory,  this  little known source can provide important information 
on patterns of contemporary  climate change. Precision measurements  in  oil wells  in the Alaskan Arctic  indicate a variable  but widespread 
warming (typically 2O-4’C) at  the permafrost  surface  during the 20th  century. Recent statistical  studies of 100 years of weather records from 
the North American Arctic  suggest  similar  large changes have  occurred  in the air temperature although  they might have started somewhat 
earlier. The permafrost warming is conspicuous and  easily  measured,  and  it is occurring at high latitudes where anthropogenic  climatic 
change  is  expected to be  greatest and first  observable. Although permafrost is well-suited to  the detection  and  monitoring of such changes, 
little  is  presently known about either the geographic  extent or cause of its warming. 

INTRODUCTION 
We all know that permafrost is associated  with  a cold climate, 

but how well do we understand  this  association? What is the rela- 
tion between thermal conditions  in  permafrost and climatological 
parameters? What can  permafrost  tell  us about cold climates of the 
past? How will changing climate affect permafrost, and changing 
permafrost affect climate? And finally, what will be the effects of 
such changes on the interacting  landscapes  and biological systems? 

Studim in natural and  engineering sciences in permahoat 
regions have  traditionally focused on one or two  of three physically 
distinct domains: the atmosphere, the seasonally thawing  active 
layer, or the permafrost. Each is governed by different physical 
processes and consequently each is usually studied by people with 
backgrounds in different disciplines. TO answer the foregoing 
questions we must develop new understanding of the interactive 
process= that take  place across the domain  boundaries. However, 
in some casea our disciplines are still so separated that a useful 
beginning  can  be  made by applying  procedures that  are well 
known on  one  side of the boundary to questions being asked about 
the  other side. An example is the subject of this  paper: the 
use of temperatures measured deep in permafrost to reconstruct 
the recent  history of temperature change at  the earth’s surface. 
Although the general  method has been familiar to solid-earth 
geophysicists  since Lord Kelvin used it  to estimate the age of the 
earth (Thomaon, 1862), it  has  not been exploited a much as  it 
might in the accelerating search for contemporary  climatic change. 

It is  now  well-known that  human activities  are changing the 
composition of the atmosphere  and  this, in turn, is  likely to cause 
substantial changes in global climate. Because of the great social, 
economic, and scientific  importance of such changes, an intensive 
search is underway for reliable physical models to predict  its course 
and for reliable data bases to confirm the predictions (Ellsaesser 
et d., 1986). Existing models indicate that by the middle of 
the next  century,  mean global temperatures will increase  a few 
degrees Celsius with effects in the Arctic being greatly  accentuated 
(Diekinson, 1986). The most studied  database is the surface  air 
temperature, which  shows large  variability in time and space on 

all scales. Few records in the Arctic extend back far enough to 
put the effects of the modern  buildup of grenhouse gases in the 
context of climatic changes known to occur on longer time scales. 

Unlike air  temperatures, whicb depend  on  a  thermal environ- 
ment that changes hourly, temperatures beneath  the surface in 
cold permafrost  represent  a  systematic  running mean of the recent 
temperature history at  the surface;  they are unaffected by thermal 
complications  from moving fluids. Because a temperature change 
at  the surface  takes  time to propagate downward into  the  earth, 

Figure 1: The  thermal memory of the earth for events on its surface. 
Contours show the  6trength of the temperature anomaly at any  time 
t and depth z due to  a uniform  surface temperature disturbance of 
magnitude D and duration A. Depth axes  give depth in  metera  for 
events  with durations of I century or 1 decade (on the right) or for 
an arbitrary “A” years  (on the left). (Assumed thermal diffusivity is 
l0W6m2sec”.) Two event-durations after the conclusion of an event 
( i e . ,  at t = 3A), the maximum  signal falls to IO%, and it occura at 
about 38 m for A = 10  years  and  120 m for A = 1 century. At the 
conclusion of a uniform disturbance of duration A ( i e . ,  at t / A  = 11, the 
anomaly  is  not  appreciable (<5%) below about 50 m for A = 1 decade, 
and about 150 m for A = 1 century. 
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the deeper the  temperature measurement, the farther back in 
time is the interval of surface temperature history it represents, 
and  the  smoother is the signal as  the high-frequency  noise i s  
progressively filtered out.  Thus  the ground "remembers" the  major 
surface temperature events (Birch, 1948), and careful temperature 
measurements made  today  to  depths of a few hundred meters can 
provide information on the history of local surface temperature 
during  the  past few centuries (Figure 1). 

We have recently applied these  methods  to show that per- 
mafrost has been  warming rapidly in the 20th century over much of 
a IO5 km' region of the Alaskan Arctic (Lachenbruch and Marshall, 
1986; for related discussion,  see Judge  and Pilon, 1984; MacKay, 
1975; Brown and Andrews, 1982). We shall reiterate and update 
these  results  and discuss them in the context of new  climatological 
information on century-scale trends in Arctic air temperature. 

OVERVIEW OF THE GEOTHERMAL REGIME 
The  data for this  study represent typical conditions in cold 

continuous permafrost ( L e , ,  permafrost with temperatures well 
below 0°C and no mobile  liquid fraction). They were obtained 
from oil exploration wells distributed  throughout  an  area of rolling 
foothills and lake-strewn coastal plain  between  Alaska's Brooks 
Range and  the Arctic Ocean (Figure 2). The major features of 
the  temperature observations and their interpretation in terms of 
heat-conduction models are illustrated by the  data from Awuna, 
a site in the Foothills  province 150 km from the Arctic Coast 
(AWU, Figure 2 ) .  The two latest profiles, taken 2.4 and 3.3 years 
after drilling, are shown  in Figure 3; their difference represents the 
dissipation of the  heat introduced by drilling. A conduction model 
of the drilling process (Lachenbruch and Brewer, 1959) shows that 
at this late  stage, the disturbance (- I T )  is the same at all  depths 
and  the form of the profile is no longer disturbed.  The linear 
portion of the profile at  depth  in  Figure 3 represents steady flow of 
heat q from the  earth's interior according to  the Fourier relation 

q = m o  ( 1 )  

where l'o is the  thermal gradient and IC is thermal conductivity. 
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Figwe 2: Map of northern Alaska 
showing well locations with  symbols  keyed 
for Figs. 5 to 8. All  except the "shal- 
low  group" indicate  surface  warming over 
a period of several  decades to a cen- 
tury.  Numbers  and  contours  (dashed 
curves)  represent the extrapolated  long- 
term mean annual  temperature at the top 
of permafrost, 0,. 

200 I AWUNAA , , , , , \  1 
Figure 3: Measured  profiles at AWU. Line  with  slope r, and  surface 

intercept 8, is  least-squares fit to the linear  portion. T ( a )  (stippled  re- 
gion)  is  temperature  anomaly  identified  with  secular  increase  in  surface 
temperature;  cross-hatched region indicates  recent  cooling.  Dots  show 
every tenth measurement  point;  their  diameter ( ~ 0 , 0 5 ~ C )  is estimated 
reproducibility. 

A 

TIME 

Figure 4: Schematic  representation of the effect of surface  temper- 
ature history on the geotherm. A step  increase  in  surface  temperature 
in the amount D between time 0 and t [solid rectangle  in (A)] results 
in  departure of the upper part of the geotherm [solid  curve  in (B)] by 
T ( a )  from the steady-state  linear  geotherm  [dashed  line in (B)]. A su- 
perimposed  cooling  in  the  amount d betwcen t' and t [dah-dot line i n  
(A)] would  modify the geotherm  as  shown  by the dash-dot  curve  above 
the circled  point  in (B). 



Extrapolation of the linear portion to  the surface yields the 
intercept temperature 0,. Our main interest is  in the  upper 
100 m or so and  the  curvature  there  that causes a warming 
departure of the  geotherm from the  extrapolated linear profile; 
the resulting temperature anomaly (stippled area  in  Figure 3) is 
denoted by T(z). In the simplest interpretation, T ( z )  represents 
the response of the ground to recent  warming of the mean  annual 
surfam  temperature from a previous long-term value of 6,; the 
gradient reversal above the circled dot could represent a very 
recent cooling. This  interpretation is illustrated in Figure 4B for a 
simple hypothetical  temperature hibtory  shown in  Figure 4A. [The 
theory of such  changes  haa  been  widely  discussed (e.g., Birch, 1948; 
Cermak, 1971; Osterkamp, 1984).] 

The configuration of the  geotherm at Awuna is not unique 
(Figure 5). In fact, Figures 5 to 8 (representing all  stations shown in 
Figure 2) show that most sites display a similar warming anomaly 
T ( z )  (stippled areas),  although  many show a more pronounced 
cooling anomaly than AWU superimposed in the  upper layers 
(cross hatched). Irregularities can make the anomaly difficult to 
evaluate or, in  extreme cases (Figure 8), to identify. In Figures 5 
to 8, the curves are offset to display their form; consequently, the 
intercept value at the surface, Bo,  does not appear. The individually 
estimated values of Bo are shown and contoured in  Figure 2. The 
fact that  they can be contoured in  this simple manner-values 
increase systematically with distance from  the coast in a pattern 
modified  by  regional  topography-supports the  interpretation of 
0, as a long-term mean surface temperature with regional climatic 
significance. 

THE SIMPLE MODEL 
The simple representation of Figure 4 implies that curvature in 

the  geotherm is caused by  changing temperature at the  earth's 
surface. Although cold permafrost permits us to neglect heat 
transport by  moving ground water and  treat  this as a problem 
in  pure  heat conduction, three  other sources of curvature are 
theoretically possible: 1) transient effecta of rapid aggradation 
of the surface (if the  boundary is not static); 2) steady-state 
effects of lateral  heat flow  (if the problem is not one-dimensional), 
and 3) steady-state effects of Systematic changes  in thermal 
conductivity with depth (if the medium is not homogeneous). 

In the first mechanism, the gradient diminishes near  the surface 
because the rapidly accumulating sediments don't have time  to 
warm up. To explain the observed curvature, however,  would 
require persistent sedimentation rates on the order of 10 crn  yr-' 
or more, a condition that does not occur  at  the Alaskan site.  
The three-dimensional effects of the second  mechanism do exist in 
this  terrain (e.g., Lachenbruch et  al., 1962); surface temperature 
varies laterally primarily according to geomorphic control of the 
moisture regime. These effects must contribute to  the anomaly 
T ( z )  and  add to  the  scatter of estimates for climatic change based 
on T ( I ) .  Nevertheless, the uniformity of sign of the observed T(z ) ,  
generally a warming, and  the contourability of 8. (Fig. 2) suggest 
that three-dimensional effects are secondary; the wells  were not 
drilled  sclectively  in  warm  places  such as lakes or topographic highs 
(see Fig. 10, Lachenbruch and Marshall, 1986). 

The  third mechanism, vertically  varying conductivity, causes 
the  greatest problem for the simple model although  it is dear 
that  the warm  regions (stippled areas) are not caused exclusively 
by conductivity contrasts. No evidence exists for the  systematic 
increase in conductivity required to explain the  systematic decrease 
in gradient in the  upper 100 m. In  wells  like Awuna (Figure 3) 
and most of those illustrated in Figures 5 and 6, the uniformity 

Figure 5: Data from  main group  (Fig. 2). Stippled region i s  our 
interpretation of  warming  anomaly T ( z ) .  Temperature  change ("C) and 
date (A.D.) are given  for the best-fitting  step-function  climate  history 
(solid  curve).  Cross-hatched  area  above  circled  dot  represents  recent 
cooling.  Number  in parenthesis  is age of construction  pad  in years at 
time of temperature  observation.  Summary  statistics  are  for  best-fitting 
step and  linear  temperature  histories.  Thermal  diffusivity  assumed to 
be  10-%n2sec-'  except  €or  measured  value ( 1 . 4 ~  10-6m2sec") at CTD. 

O r  , .5%- I XI 
-4 

8ool "1. ,.. .. I" -,." .I * , 5 *  ' .. 5 " .  . . . .  a 
&.,"*A ''SA 

Figure 6: Data from  Prudhoe Bay group  (Fig. 2). Assumed thermal 
diffusivity  is 1.6 x 10-6m2sec"  based on  measurements by  Lachenbruch 
et al. (1982). Pad ages not  determined.  Other  conventions as in  Fig. 5 .  

Figure 7: Data from shallow group  (Fig. 2). Cross-hatched region 
represents  most  recent  event.  Other  conventions as in  Fig. 5.  

Figure 8: Data from  inhomogeneous  group  (Fig. 2). Gradient 
changes at depth (e.&, at "A") are caused  by conductivity  contrasts. 
Gradient  change at B in NIN is  ambiguous;  if  caused by conductivity 
contrast, the best-fitting  step-history is a warming of about  1°C in the 
1960's; if not, it  is  about 3'C in the 1920's. Conventions as in  Fig. 5. 
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of gradient at depth  permits linear extrapolation to  the surface 
with reasonable confidence that K is  uniform and therefore T ( z )  
is truly a transient anomaly.  Profiles with less  uniform gradients 
indicate  contrasts in conductivity, and for them it is often difficult, 
in the selection of ro, to distinguish between slope changes caused 
by climatic change and  those caused by conductivity change (see 
for example, NIN in Figure 8). Gradual slope change a t  greater 
depth caused by conductivity changes  could be confused with 
older climatic events. These ambiguities could be resolved if the 
thermal properties were  known a8 a function of depth,  but we do 
not have such information for most of the wells. Nevertheless, 
i t  seem clear from inspection of the profiles (Figures 5 to 8) 
and from the foregoing  discussion that  the consistent departure 
from linearity toward warmer temperatures generally represents 
a transient warming. If the gradient actually reverses  sign  (for 
example, at 45 rn in Awuna), transient warming is the only 
plausible explanation. 

Even if the foregoing geometric conditions for the simple model 
are satisfied, the warming anomalies need  not all be associated 
with changing climate; locally they can be caused by engineering 
modifications or natural geomorphic  processes on  the  tundra 
surface. In general, the engineering disturbances will not predate 
the  construction for drilling at these wilderness sites,  but  natural 
growth  and deterioration of thaw lakes and bogs and  the shifting 
of stream channels and shorelines can be expected to  introduce 
local variability into  the general temperature  patterns established 
by climate. Such local anomalies are  actually of great  interest 
in themselves; they contain information on  the long-term passive 
effects of engineering structures  and on the evolution of geomorphic 
features (Gold and Lachenbruch, 1973). 

We note finally that  the analysis of curvature in the simple 
model depends  upon identifying an undisturbed  straight-line por- 
tion of the  geotherm at depth  (Figure 3). Given the variability 
of climate, there is, of course, no such thing as an "undisturbed 
geotherm" even "at depth." However, plausible perturbations  that 
occur much farther  in  the paat than  the multi-decade events we are 
analyzing generally have relatively small effects on geothermal gra- 
dient,  and  their effects on curvature  are practically undetectable. 
For example, the "little ice  age" with a temperature anomaly of 
-0.5"C  between 1550 and 1850 A B .  can  be seen from Figure 1 (A 
= 300 yrs, t w 1.5 A, D= -0.5"C) to cause a maximum present-day 
anomaly of -0.125"C at about 125 m, an average gradient perturba- 
tion of 1"C/km. Gradient effects of late Wisconsin glaciation (e.g., 
A = 30,000 yrs, t FS 1.5A, D = -5.O"C, Figure 1) are of compa- 
rable magnitude.  Such effecta have little influence an our analysis 
of the large recent perturbations such as that at Awuna (Figure  3) 
which dominates ( i e . ,  reverses) the local geothermal gradient of 
30°C/km. 

It is clear that inhomogeneities and three-dimensional effects 
limit our capacity to resolve details of T ( I ) ,  and  the lack of 
samples requires us to  estimate  thermal conductivity and make 
some arbitrary choices  for the "undisturbed profile at depth." 
Nevertheless, simple direct calculations based on  the homogeneous 
one-dimensional transient model  discussed provide insight into  time 
scales and  the general magnitude of recent temperature changes 
involved in  generating  the observed  anomalies.  For this purposc, 
we write the  temperature  (Figure 3) 

qz, t )  = 0, + r,z t q z ,  t )  (2) 

The last  term in (2) is  governed  by the differential equation 

where a = K / p c  is thermal diffusivity, and pc is volumetric heat 
capacity. 

We assume that  the surface tcrnperature varies with  time 
according to a simple three-parameter power law 

This provides the surface boundary condition for the solution of 
equation (3). The  initial condition is 

T ( r ,  t )  = 0 (5) 

The solution of equations (3), (4), and (5) evaluated at i = t* is 
(Lachenbruch et ol., 1982; Carslaw and  Jaeger, 1959) 

where i"crfcp is the nth integral of t,he error function of p and r(p) 
is the  gamma function of argument /3. This result gives the  ground 
temperature  at  the  end of a surface warming interval of duration 
t* during which the surface temperature increased  by D .  The form 
of the increase can  be  adjusted with the value n; for example n = 0 
is a step increase in temperatwe,  and n = 2 i s  a linear increase 
(equation 4). 

APPLICATION OF THE SIMPLE MODEL A N D  IMPLI- 
CATIONS FOR LONG-TERM  HEAT  BALANCE 

An example of the  best fitting results for Awuna for several 
values of n in the simple model (equation 6) is shown  in Figure 9B. 
If the warming occurred as a step function (TI = 0), it  started 
about 50 years ago and warmed about 2°C; if it was a linear change 
(n  = a), the increase was 2.6"C during  the  last 68 years; an increase 
accelerating as  the  square of time (n  = 4) would have started 
97 years ago and grown to 2.9"C. Figure 9A  shows that all four 
of the surface temperature histories illustrated in Figure 9B fit the 
observations equally well,  gencrally within thc overall measurement 
error in the interval below  30  m  where they were fit. The shallower 
observations (above the circled dot  in  Figure 3) were not included 
because they represent a recent complication incompatible with 
the simple form of equation (4); they will be considered  in the  next 
section. Although the Awuna example illustrates the ambiguity 
of historical details in this inverse method,  it leaves little  doubt 
that we are looking at  the effects of a multidecade event in the last 
century that represents a temperature incrcase of 2"or 3°C. 

This warming rcsults from a net accumulation of heat in the 
earth  at a rate which  we can now calculate. Average  values 
are 0.1-0.2 watts  per  square meter (climate flux C, Figure IO); 
the  steady geothermal flux flowing  in the  opposite direction (g, 
Figure 10) is about 0.06 Wm-'. It is of interest to  compare these 
gentle solid-earth fluxes to  the more vigorous activity on the  other 
side of the  earth's surface. The larger  "top-side"  fluxes drive the 
ecosystem, and  their balance point determines the  earth's surface 
temperature (Weller and Holmgren, 1971). They consist of the 
incoming and outgoing radiation components and  their difference 
("net," Figure 10A) which, among other things, is responsible for 
melting snow and evaporating water allowing them  to  return  to 
the  sea or sky to balance bot11 the  thermal  and hydrologic budgets 
in  preparation for the next annual cycle. The numbcrs on the 
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arrows (Figure IOA) indicate  that these top-side climatic fluxes 
sum to zero as they should if the  climate is not changing. But 
we just determined from the solid earth  (Figure 9) that climate i s  
changing; at  hwuna  about 0.16  Wm-' more has been  going into  the 
earth  than  out. As this is just  1/100th of the net radiation (itself 
a difference of large numbers), we could  never detect  it by trying 
to keep a balance sheet of fluxes at the  earth's surface. Thus while 
the unbalanced climatic flux (C, Figure IOA)  is an inconspicuous 
second-order effect in the climatic system, it is a conspicuous first- 
order effect that dominates the  thermal regime of the  upper 100  m 
in  the solid-earth system (Figure 10B)"the solid earth is a good 
monitor for  changes  in the  surface energy  balance. The downward 
flowing heat  cannot go far  in a century because the  earth  is a poor 
conductor; it is all contained in the stippled region (Figure lOB), 
which represents the complete climatic event from start  to finish. 

The analysis illustrated for Awuna (Figure 9) has been extended 
to  the  other sites where  curves  were smooth enough to permit  its 
application (Figures 5 ,  6, 7). In performing the analysis, we used 
an  iterative least-squares technique to determined the  bmt-fitting 
parameters D and t", equation 6 ,  for the  step (n = 0) and linear 
(n = 2) climatic change after identifying the long-term anomaly 
T ( z ) .  An error in the choice of the "undisturbed" linear profile 
at  depth (0 ,  + For) can make a big  difference  in the  outcome (see 
NIN, Figure 8). Where it was ambiguous we generally opted for 
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Figure 9: (A) Warming  anomaly T ( z )  obtained from AWU (Fig. 3). 
Circles are observations; curves are best-fitting  geotherrns  calculated by 
Eq. 6 for the four  forms of temperature  history (Eq. 4) shown in (B). 

1 

ANNUAL RADIATION BALANCE (Wlm2) 
BARROW.  ALASKA 

(After Dingman et ai, 1980) 

Short Wave 

34 

3 K A T  4 
0 Ternperefure 

( 'C) 

1 
Figure 10: (A) Comparison of typical  unbalanced  climate  flux, C, 

with  geothermal flux, 9 ,  and other  fluxes at earth's  surface. (B) Role of 
climate  flux  in the geothermal  regime. 

the choice that would  give the lesser age for the event. In Figures 5 
and 6 the solid  curvea joining the observations, and the numbers 
within the  stippled regions, are for the step model; also shown are 
statistical summaries for both  the  step (n  = 0) and linear (n  = 2) 
models. In  the  right-hand margins of these figures, arrows show 
the  depths at which  effects of step  and linear changes  in surface 
temperature, in  progress for 10 or 100  years,  generally become 
small (<5% of their surface value;  see Figure  1). It is  clear from this 
reference alone that  the duration of warming was  much more than 
a decade but  not much more than a century. The formal summaries 
for the  Prudhoe Bay group (Figure 6) indicate  an "average" linear 
change of about 3°C starting in  1912, or an "average" step change 
of about 2°C starting in  1924.  For the main  group  (Figure 5 )  the 
corresponding values are a linear change of about 4'C starting in 
1925 or a step change of 2.7"C starting  in 1946. 

Unlike the closely  spaced Prudhoe Bay group,  statistics for the 
main group  do not represent a geographic area because we have 
excluded those sites (shown  in Figure 7) having no evidence of a 
temperature anomaly extending deeper than 50 or 60 m. Three of 
the  sites, NKP, ESN, and ATI, show a warming (below the circled 
points on profiles),  which suggests a start-up between one  and 
two decades ago when  we  use the previous assumptions. Like many 
others,  thesc wells show a recent transient cooling trend (above the 
circled dots).  The profile at SME is unique for the  Coastal  Plain 
and Foothills provinrm in  showing  only the recent  cooling above 
the circled point; a previous  warming trend is not indicated. The 
remainihg three sites, CNR, LBN, and LUP, form a distinct  group 
lying along the front of the Brooks Ranges (Figure 2). They show 
only a superficial  warming trend (above the circled point) that is 
largely a product of the last decade. 
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Consideration of Figures 5 to 8 collectively, makes it clear that 
although our estimates for temperature change in the last  century 
contain  large  uncertainties  and the derived parameters  do  not show 
spatial  trends  that can be readily contoured,  it would not be correct 
to  treat these as random  variations in the description of a uniform 
climatic  event. The high quality of the  data in  Figure 7 precludes 
the possibility of long-term warming indicated at most of the  other 
sites, and  the warming at Prudhoe Bay probably started earlier 
than in some areas farther west and  inland. The most  reasonable 
conclusion is that although there was a fairly  consistent warming 
trend of a few degrees Celsius at  the permafrost  surface  during the 
last  century  in the Coastal Plain and Foothills provinces, it did not 
start  at  the same  time  throughout  this region and probably did not 
extend into  the Brooks Range. 

EVENTS OF THE LAST DECADE 
In the foregoing analyses, the curves that we fit to  the lower 

older part of the geothermal  anomaly  often  do  not fit  very  well 
in the upper 50 rn or so, i e . ,  above the circled dots.  Judging 
from the marginal arrows in  Figures 5 7 ,  the  departure (cross 
hatched  region)  results largely from thermal  events of the decade 
preceding the last  measurement.  This is  confirmed  by a succession 
of measurements at KAG (Figure 11) where we were able to observe 
the evolution of such an anomaly. The two curves in Figure 11A 
illustrate  three  transient processes in progress simultaneously: 
1) the dissipation of the drilling disturbance  from 1979 to 1984 
without changing the form of the geotherrn, 2) a 45-year long-term 

Temperature e) 
- 1 0  -9 .a .r -6 -5  - 4  - 3  - 2  - 1  

0 ..".. , 

- 1 0  - 8   - 8  - 7  

Figure 11: (A) Two profiles  from KAG showing  thermal transients 
caused by: dissipation of drilling disturbance ( D ) ,  climatic  warming 
(W) ,  and  cooling  since  pad  construction, P. (B) Superimposed mea, 
surements  showing  evolution of recent  cooling  anomaly.  Solid  curves 
correspond to surface  histories shown in C. Numbers in B compare age 
of pad at time of measurement  with duration of cooling as determined 
from  independently  calculated surface histories shown in C. 
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Figure 12: Estimated depth of penetration of most  recent thermal 
disturbance (depth of circled dots, Figs. 5 ,  7, and 8) uersus age of 
construction  pad at time of last  observation,  Curves show depths to 
which a step change in surface temperature at time of construction 
would penetrate for a range of thermal  diffusivities.  Circles indicate a 
cooling disturbance; triangles, a warming disturbance. 

warming (stippled)  approximated by the linear  trend (n = 2), 
and 3) a cooling event (cross-hatched)  propagating downward 
and  causing a growing departure between the geotherrn  and the 
theoretically  fit  curve. The development of the last  anomaly  can 
be illustrated by superimposing the two sets of measurements and 
combining them with three intermediate  sets  (Figure 1lB). For 
each of these five curves, an independent  climatic  history was 
determined by fitting a linear  trend (n = 2) to  the deep part, 
and a superimposed step (n = 0) to account for the  departure near 
the surface. The resulting  histories  (Figure I lC)  all  indicate that 
the cooling started  at  about  the same time, which corresponds to 
the  date of drilling-pad  construction.  This  redundancy provides 
a basis for confidence in the conduction models and the choice of 
thermal diffusivity (10-6rn2sec-1). It also suggests that  at least 
part of the widespread recent cooling might be the passive thermal 
disturbance caused by emplacing a gravel construction  pad on the 
natural  tundra surface. Indeed, it is seen from Figures 5 and 
7 that even though  almost  all profiles  were taken in the same 
mpnth (8/84),  the  depth of the most recent disturbance (circled 
dot) generally increases with the age of the pad (numbers  in 
parentheses).  Figure 12 shows that  the relation between these two 
quantities is consistent  with a  step  temperature change at  the time 
of pad  construction for a reasonable  range of thermal diffusivities. 

In the Coastal  Plain and Foothills provinces, this recent trend 
is generally a moling on the order of a degree or more; in some 
cases it nullifies much of the climatic warming of the last  century. 
Although we do not know the cause, we speculate that  the slightly 
elevated, smooth, unvegetated  construction pad might have a 
thinner  drifted snow pack and less insulation from the winter cold 
than  the surrounding  terrain. Such effects can lower the mean 
ground temperature significantly (Goodrich, 1982). However, at 
the  three sites (LBN, LUP, and CNR, Figures 2 and 7) at  the 
edge of the Brooks Range province, the recent event is a warming 
and at  Prudhoe Bay we do  not yet know whether there  are any 
systematic engineering effects. Engineering practices have varied 
widely a t  these  sites  and much more study is  needed to document 
their  history and  to determine  their  long-term effects  on the heat 
balance of the  tundra surface. For the purpose of the present 
discussion, however, the observations  underscore the sensitivity of 



the permafrost temperature to modifications of the surface and  the 
need to control  these modifications near  any  observation wells that 
might be drilled to monitor  long-term natural  temperature changes. 

RELATION TO WEATHER RECORDS 
We have described a method of estimating the  temperature 

history of the permafrost  surface in the recent past from a 
knowledge of the geotherm today. Except for a recent engineering 
disturbance  and  an overlay of random geomorphic effects, we 
belieye that  the results reflect a history of changing climate. The 
most  familiar  indicator of changing climate is the history of surface 
air temperature and it is instructive to compare  our  results to  the 
best  eatimates of this  quantity for the same region. 

The only weather record of consequence on the Alaskan North 
Slope i s  at Barrow where observations began in 1921 (Figure 13A). 
However,  in a comprehensive analysis of world-wide records, 
Hansen and LebedefT (1987) have recently shown that air temper- 
ature changes at mid- and high-latitude stations  are highly corre- 
lated if the  station separation is  less than 1000 km. On this basis, 
they combined station  data  to describe long-term changes for all 
regions of the earth’s surface. Results  from  their paper are ahown 
as parts C and D of Figure 13, and from their  computer tape (which 
they  kindly  made  available) as part B. 

Figure 13 shows clearly that  the warming of the last  century 
is greater at high latitudes,  and  additionally, that  it is greater  in 
the North American quadrant of the Arctic than in the Arctic as a 
whole. The only record in  our  area of study, Barrow (Figure 13A) 
shows a decrease  over the period of observation as would other 
generalized Arctic records over the same  period. 

To close the gap between the climatological and  geothermal 
estimates of surface  temperatures, we suppose  curve 13 to be a 
reasonable  representation of air temperature,  and ask what the 
corresponding  geotherm would  look  like if curve B also  represented 
temperature  at  the  top of permafrost. The results of the calculation 
(Figure 14) show clearly that 100 years of weather  records are not 
enough to answer the question. An additional  assumption  must 
be  made for the pre-1880 long-term mean temperature (e, in our 
models). For Case I, it is taken to be the  start of the regression line 
for 1880 to 1925, e:, in  Figure 13B; for case I1 it i s  the ‘start of the 
regression line for  1880 to  1985,et in Figure 1313, and for case 111 we 
assume it  to be the same as that for the last 65 years, the period of 
the Barrow records (Or, Figure 148). The ambiguity  illustrated by 
the  three cases shows that  the geotherm  contains a great  deal more 
information on past  trends  in  climate than 100 years of weather 
records; the  extra information ia provided by the geothermally 
identified long-term mean (eo). 

A second interesting  feature of Figure 14 is the comparison of 
magnitudes  and depths of the climatic  anomaly for the  “6ynthetk” 
geotherms I, 11, and 111, and  the geotherm for Awuna (and similar 
ones in  Figures 5 and 6). It shows: 1)  the air temperature changes 
are large enough to account for the geothermal  observations  under 
reasonable  msurnptions for the long-term mean (e.g., cases I or 11, 
Figure 14); 2) the contradiction betwen case 111 and measured 
geotherms  (Figures 5 and 6) proves the warming trend of the 
last 100 years is substantially more than  the  return from a deep 
minimum in the  late 19th  century,  and  3) the synthetic  geothermal 
anomalies  extend  deeper than  that for AWU and  others  in  Figure 5,  
(they would also be deeper than those in Fig. 6 for similar assumed 
diffusivity) implying that  the atmospheric warming started earlier 
than the permafrost warming. 

To continue the numerical experiment, we test our method of 
estimating  surface temperature history by fitting  effects of simple 
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Figure 13: Mean annual temperatures from (A) U.S. Weather Bu- 
reau  at  Barrow, Alaska, and (B) from  Hamen  and  Lebedeff (1987) for 
the North  American quadrant of the Arctic; (C) the circumpolar Arc- 
tic, and (D) the Northern  Hemisphere.  Curves  for  nine-year  weighted 
average  and  aelected  regression  lines also shown. 

Figure 14: (A) Synthetic geotherms  based  on  following  assumptions: 
geothermal gradient and  diffusivity same &s AWU, surface ternpera- 
tures given by inset  (from 13B), and  long-term mean temperature of 0; 
(case I), t7: (case 11) or (case 111). 



of permafrost over much  of a lo5 km’ region of the Alaskan 
Arctic. The result comes from analysis of precision temperature 
measurements by heat-conduction  theory which can be applied 
with confidence because ground water cannot move  in the cold 
continuous  permafrost. Although the long-term warming to 100 tn 
shown by these curves is widespread in the Alaskan Arctic,  it is 
not universal there.  Counter examples occur at  the points in the 
“shallow group” of Figure 2 (7 out of 36 sites).  Other  complications 
exist in the upper 50 m from engineering disturbance, geomorphic 
processm, and  short-term climatic  events of the last decade. We do 
not have enough  information to  map  the  patterns of the long-term 
trends or to understand  their causes. It is clear, however, that 
the presence of these  systematic  transient temperature anomalies 
in the upper 100 m of permafrost  is a firm indication that  the 
heat  balance at  the surface was systematically  disturbed  during 
the last  century, and where such signals are  absent, it is a clear 
indication that  it was not.  This  geothermal  signal is a direct 
thermophysical consequence of the surface  thermal  events we are 
looking for, not a “proxy” for them. It is possible to  obtain 
climatic  history  information for the last  century ‘after the fact” 
by drilling a 200 m observation well at any location where the 
information is deaired. For example, where a changing tundra 
ecosystem was under  study, such a well  could provide site-specific 
information  on temperature history of the surface over the  past 
two centuries or so. An additional  advantage of the geothermal 
method is that  the  earth integrates the permafrost temperature 
uniformly and continuously, filtering out  the (high  frequency) noise 
and preserving only the (low frequency)  climatic  signal.  This 
spares us a computational  burden,  and avoids uncertainties that 
might be  caused by changing measurement conditions  during the 
accumulation of weather records over many human  generations. 

A peculiarity of the geothermal  method is that  the “surface” 
whose temperature is being reconstructed is not  strictly the surface 
of the solid earth. It is the surface of permafrost (Tpf, Figure 17) 
which  lies beneath an annually  thawing ‘‘active layer” whose 
thickness varies from 0.2 m in wet areas to 2 m in  dry ones. Below 
this  surface,  heat  transfer is almost exclusively by heat  conduction, 
above it is not. Most climatological studies of contemporary  change 
are analyses of r& (Figure 17) measured in a  standard observatory 
thermometer shelter. Between it and the top of permafrost  are a 
boundary layer in the air, a seasonal snow  pack and thc active 

Figure 15: Step and linear  reconstruction of climatic  history by our 
standard curve-fitting  technique  applied to rsynthetic  geotherms I (in A) 
and I1 (in 8 )  from Fig. 14. 
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Figure 16: %mParison of average  surface temperature histories for 
the linear (A) and step (B) fits to geotherms from the main group 
(Fig. 51, Prudhoe Bay  group (Fig. 6), and synthetic geotherms of 
Fig. 15A (Air I) and 15B (Air 11). 

(Le. ,  step and linear) changes to  the synthetic  geotherms (I and 11, 
Figure 14) as we did previously for AWU in Figure 9. Figure 15 
shows that these standard techniques do indeed give reasonable 
approximations to  the original  driving  function which for the 
geothermal case, of course, is unknown. 

To summarize  these comparisons, we show in Figure 16A the 
linear  surface temperature trends  (Figure 15) that we deduced 
from the fictitious  geotherrns (I and 11, Figure 14) along with 
the corresponding “average” values deduced from the geotherms 
in the main  group  (Figure 5) and Prudboe Bay group  (Figure 6 ) .  
Results for the corresponding step approximations  are shown in 
Figure 16B. Figure 16 provides a common  baais for comparison 
of highly generalized average trends for surface  temperature;  one 
derived from  measurements in the air in a large (- lo7 km2) Arctic 
region, the  other from measurements  in the solid earth in a sub- 
region (- 10‘ km’).  We have been surprised to learn that these 
generalized air temperature changes are essentially as large  as our 
geothermal  estimatea for the surface of permafrost in the Alaskan 
Arctic  although the permafrost changes seem to be  somewhat mote 
recent. Finally, it is important  to bear in mind that  the geotherms 
show that  at some of the permafrost stations significant trends have 
not occurred  in the last  century;  perhaps the same is true  at some 
of the climatic  stations. 

DISCUSSION 
Anomalous curvature in temperature profiles from oil wells 

indicates a 20th  century warming trend of  2O-4O C at  the surface 

Figure 17: Measurement  sites for the  different  annual  mean  tem- 
peratures: Tpf at upper surface of permafrost, Tgs at  the ground SUT- 

face, TM at the solid  surface of the snow  pack  when i t  is present and 
ground  surface when it is not, and Tir in a standard observatory ther- 
mometer shelter. 
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layer, each of which transfers heat  and  moisture in  complex  ways, 
and each can be influenced by changing  geomorphic conditions. 
Thus  it might not  be surprising that weather records at Barrow 
suggest that !fdr did not change systematically in  the last 65 years 
(Figure 13A) but nearby geothermal measurements suggest that Tpf 
probably did (SB3, Figures 2 and 5 ) .  The difference  could relate 
to a variety of factors (Smith  and Riseborough, 1983) including, of 
course, secular change in  snow  cover or other  moisture conditions, 
important climatic variables  in any case. To understand  and 
monitor the presently changing arctic climate, it is important to 
understand  the physical relations between temperatures at the  top 
of permafrost and those routinely measured in the overlying air so 
that geothermally detected changes can  be more directly related 
to  the wealth of data on air  temperature change. It is interesting 
that  statistical  treatment of 100 years of sparse Arctic weather 
records (Bansen  and Lebedeff,  1987)  suggest a total warming of air 
temperature of the same general magnitude  (although  not  quite as 
recent) as our  estimates for  warming of the permafrost surface. 

A second  obvious and  important  area for study is to  determine 
how widespread the geothermal climatic effects are  and  what  they 
tell  us about  the  pattern of contemporary change (both  in per- 
mafrost and in other impermeable formations worldwide). Ftefer- 
ences to such  change, mostly in  sitespecific local studies  scattered 
throughout  the geothermal literature, need to be pulled together 
and  systematic additional measurements should be  undertaken  to 
understand existing conditions and  to monitor their future changes. 

Finally, our data indicate  that  the permafrost surface in  the 
Alaskan Arctic is  generally  warming rapidly and  this implies a rapid 
change in climate there.  Why is this happening? Perhaps it results 
from a change in  snow albedo  due to  the settling  out of atmospheric 
pollutants (e.g., Clarke and Noone, 1985), or possibly to a secular 
change in sea ice  cover  over the nearby Arctic Ocean or to  subtle 
changes  in other  parts of the climate system of the  North Polar 
Basin  (Weller,  1984; Barry, 1985). Whatever  its cause may be, 
however, it is important  that  it  be  understood  and considered  in 
the  context of predicted global change. The permafrost warming 
is a very measurable and conspicuous  effect occurring where the 
global  warming is expected to  be  greatest  and first observable and 
in a medium (continuous permafrost) well-suited to detection and 
monitoring of such  changes. It is important  to  understand  the 
changing permafrost regime whether it is a direct effect of predicted 
global change or a complicating background  effect upon which the 
predicted global change will eventually be superimposed. 
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THE  SIGNIFICANCE OF CLIMATIC CHANGE FOR 
THE PERMAFROST ENVIRONMENT 

M.W. Smith 
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Carleton University, Ottawa,  Canada 

ABSTRACT The nature  and  magnitude of  climatic  changes  that  are  predicted in 
association  with  the  greenhouse effect are  considered in terms of  their  implications  for 

would  eventually  disappear  and  ultimately  there  would be a  new  "permafrost  map". This 
the  permafrost  environment.  with a climatic  warming it is inevitable  that  some  permafrost 

would  be a  slow  process,  however, but a more  important  and  immediate  question is how 
quickly  degradation  effects  would be seen, and  at  what  rate  would  they  develop.  The 
relationship  between  climate  (change)  and  permafrost is not a simple one, and  the  possible 
modulations  introduced  by  local  (microclimatic)  and  lithologic  conditions  are  illustrated. 
Finally, the  general  implications of climatic  change  for  periglacial  processes  are  also 
briefly  considered. 

INTRODWCTION 

There is  growing  interest  in  the  impact  of  human 
activity  on  the  levels of C02 and  other 

atmosphere, and  their  likely  effect on climate. 
radiatively active trace gases in  the 

Climatologists  have  shown  that  air  temperatures 
would  increase  because of the  so-called 
"greenhouse  effect",  although it is not  clear  by 
how  much.  Studies  demonstrate,  however,  almost 
universal  agreement  on a warming  concentrated  in 
the  polar regions, along  with  increased 
precipitation  there;  for a doubling  of  the 
atmospheric C02 content I some  models  predict 
that  annual air temperatures  throughout  the 
Arctic  could  increase  by 3 to 6 C ,  and  perhaps 
even more  in  some  areas  (Harvey 1982, Hansen  et 
al.  1984). 

While  a  climatic  warming  trend  has  yet to be 
clearly  identified in  the  meteorological  record 
(e.g.  see  Weller  1984),  the  magnitude  of  such 
changes in climate  would  produce  serious  and 
far-reaching  environmental and  engineering 

arctic  environment as a whole (McBeath 1984, 
problems  in  permafrost regions, and  for the 

French  1986).  Historical  evidence  shows  that 
while  the  northern  hemispherical  temperature 
increased  by  only  about 0 . 5 C  from 1880 to 1950, 
temperatures in  the  upper  two  metres o f  
permafrost  generally  increased  about 2C or more 
during  the  same  period  throughout  much o f  
northernmost  Alaska,  according to calculations 
of Lachenbruch  and  Marshall (1986). 

CLIMATIC CEIANGE AND THE P-T EMlIROUMESNT 

Permafrost is unique  in  earth  material terms, 
since it exists  close to its  melting  point. 

Most  discontinuous  permafrost  is  either  relict, 
or in such  delicate  balance  that  climatic or 
other  environmental  changes  can  have  drastic 
disequilibrium  effects.  Tens of thousands of 
square  kilometers o f  permafrost  are  warmer  than 
-3C, and  we  can  expect  that  most  of it would 
eventually  disappear  under  the  climatic  warming 
predicted, although  complete  degradation  would 
take  many centuries, at least, because of the 
thermal  inertia o f  ice-rich  materials  and  where 
there  are considerable thicknesses of 
permafrost.  Thie  (1974)  reported  a  decrease in 
the  areal  extent  of  permafrost  from 60 to 15% 
over  the  past  several  centuries in  the 
discontinuous  permafrost  region o f  Manitoba. 
Suslov  (1961)  wrote  that  the  permafrost  at  Mezen 
(NE of Archangel)  has  retreated  northward  at  an 
average  rate of 0.25 miles  per  year  since 1837, 
and  according  to  Bird (l967),  Sumgin  (1934) 
wrote  that  in  the USSR generally,  the  southern 
limit of permafrost  was  probably  receding,  as a 
result of climatic  amelioration. 

temperatures, which  may  be many  degrees below 
In  the  zone of continuous permafrost, ground 

OC, would  rise  wjth a climatic  warming,  but 
perhaps. no malor changes in regional 
distribution of permafrost would  occur. 
Meanwhile , however , we  could  expect  progressive 
deepening of the  active  layer  with  the  melting 
of shallow  ground  ice  and  ensuing  thaw 
subsidence.  In  some areas,  this  would 
undoubtedly  create  severe  maintenance  and  repair 
problems for roads, airports, buildings, 
pipelines, etc.  Greater  depths of gravel 
padding  would  be  needed  to  preserve  permafrost 
under  roads  and  other  structures. 

In addition  to  permafrost  degradation  per se, 
any change in  the  temperature  would  cause  malor 
changes in  the  strength  and  deformation 
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properties of frozen  ground,  even  without thaw. 
(The  effect of temperature is important not only 
because of its influence on  the  deformational 
mechanisms in the ice, but also  as it determines 
the  amount of unfrozen  water in the  frozen 
soil.) This could result in problems  with the 
bearing  capacity of piles,  which  are  widely  used 

and  adhesion forces  decline. Other  forms Of 
in northern construction,  as permafrost  warms 

foundations  may  also be affected. As well,  the 
creep  rates of (ice-rich)  permafrost  slopes 
would  increase  and  slope  stability  would be 
decreased. 

would also  afrect  various earth surface 
It  is important to realise that climatic changes 

processes  which  are  characteristic o f  the 
permafrost  environment,  such as ice wedge 
cracking, frost heave, mass movements  and 
creep.  This  may not be easy  to  determine, 
however,  since  according  to  Washburn  (1980) the 
climatic  relationships of permafrost  processes 

hypothesised that thaw  lakes in the  western 
are  poorly  known.  Nonetheless, it has  been 

Arctic  expanded  during  periods Of Warmer 

However,  the  sensitivity o f  thaw  lakes  to 
climatic  conditions (e.q. Carson 1968). 

climate  (change) is not well  documented, 
although  careful  observations of lakes  over  a 
10- to 20-year  period  might yield valuable 
information  on  growth  patterns  as a function of 
climatic  variation  (Burn  and  Smith,  this 
conference). 

Chanqes in precipitation 
Consideration of  climatic  change  should not be 
confined  to  temperature  alone, nor simply to a 

Hansen et al. (1984),  while  the  mean  annual 
change in mean  annual  conditions.  According  to 

be 7C  higher in a 2xC02 world,  increases in 
temperature in northwestern  North  America  might 

winter  temperatures  (up  to  11C)  would be 3 or 4- 
times  greater  than for summer (2 to 3C). In 
addition,  there  will be changes in precipitation 
(10 to 50% higher in summer, 60% higher in 
winter).  Various  earth  surface  processes in the 
permafrost  environment  could be affected by 
increased  rainfall, but more  importantly, 
perhaps,  changes in snow  cover  would  ,complicate 
the  effect of climatic  warming  on  grouna  thermal 
conditions. 

While  increased  snow  depths  would  partly  offset 
any  adjustment in ground  thermal  conditions  to 
higher  winter air temperatures,  calculations 
made by Goodrich  (1982)  showed that a  doubling 
Of snow  cover  per se from  25  to 50 cm increased 
the  minimum  ground  surface  temperature by about 
7 C ,  and  the  mean  annual  surface  temperature by 
3.5C. I f  the 50 cm of snow  builds  up  within 30 
days in autumn,  the  minimum  temperature  would 
only  reach -2.8C, the  mean  temperature  would be 
+l.lC, and  permafrost  would  degrade. In terms of 
ground  temperatures,  variations in snow  cover 
are  most  critical at shallow  depths,  and  the 
precipitation  increases of as much as 60% in 
fall  and  early  winter,  predicted in the Hanser 
model,  could be a  significant  factor i, 
permafrost  degradation,  particularly in marginai. 
areas. 

When  changes in precipitation are combined witi 
the  seasonal  nature of predicted  temperature 
increases,  the  problem of assessing  climatic 
impacts  on  permafrost is made more complicated. 

Siqnificance of  local  conditions 

extrapolating  a  warming  trend in the  atmosphere 
Further  caution  must be exercised in simply 

to the  ground.  Permafrost  conditions  are 
affected by the  nature of vegetation,  soil  and 

Guymon  (1974)  visualised  these  boundary  layer 
snow  conditions, as well  as climate. Luthin  and 

interactions in terms of a  buffer  layer  model, 

and  snow  cover,  interposed  between  the 
comprising  the  vegetation  canopy,  ground  cover 

atmosphere  and  the  ground  (Figure 1). 
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Figure 1. Boundary  layer  interactions  affecting 
the  ground  thermal  regime  (after 
Luthin  and  Guymon' 1974). 

Atmospheric  mass  and  energy  flows  together  with 
the  geothermal heat flux  constitute  the  boundary 
conditions, with the  vegetation  canopy,  snaw 

acting as  buffers  between the  atmosphere  and  the 
cover  (when  present)  and surface  organic  layer 

ground.  Consequently,  wide  variations in ground 
thermal  conditions  can  occur  within  small  areas 
of  uniform  climate  due  to  local  factors (e.g. 
Brown  1973,  Smith 1975). 

Figure  2, for example,  shows  there  are 
significant  differences in the  annual  ground 

the  boreal forest region  near  Mayo,  Yukon, 
temperature  regime  amongst  neighbouring  sites in 

Canada;  the  sites  differ in terms of vegetation, 
ground  cover and snow  cover  (the  details of 
which  may be omitted for the  present  purposes). 
The  summer  maximum 50-cm temperature  varies  from 
0.5 (at  site 6) to 7 . K  (at  site 4), and  the 
winter  minimum  temperature  from -2.9 (at sites 2 

evident at 50 cm are highly damped by the 3-m 
and 5) to - 8 . 6 C  (at site 4). The fluctuations 

depth.  The  mean  annual  temperature at 3 m 
varies  from -0.1  at site 2 to -1.9C at site 6, 
where  there i s  a 25-cm surface  organic layer. 

19 



Ground  Temperatures 
50 cm depth 

1987 

-10 I I 

I I00 200 300 
TIME (days)  

5 

-0.5 

2 
2 
2 
4 -1.5- 

E 
oi 

-2.0 - 

-2.5 - 

Site 
6 

Ground  Temperatures 
300 cm depth 

1Y87 
-1 0 I I I 

I 

1 

_I*" 
0 100 200  300 400 

TIME (days) 

Figure 2. Annual  ground  temperatures  at 

Canada. 
neighbouring sites. near Mayo, Yukon, 

The presence of organic  material has  been 
credited  with  the  existence of permafrost in  the 
southern  margins (e .g .  Lindsay  and  Odynsky 1965, 
Zoltai  1971), even where  the  mean  annual  surface 
temperature  is  above OC (see  Goodrich  1978). 
This implies  that  in  similar  areas  further 

quickly as at other sites with a climatic 
north, permafrost  would not degrade nearly as 

warming.  Riseborough (1985) concluded  that  the 
ground  thermal  regime  in.  the  boreal forest, 
where a surface  organic  layer  is present, will 
be  considerably  buffered  from  the  effects of 
climatic  change.  The  interception  effects of the 

thermal  resistance  of  the  moss  and peat, serve 
forest  canopy,  but, more  importantly,  the 

to  isolate  the  ground  from  the  atmosphere. 

The fact that  present  ground  thermal conditions, 
as illustrated  in  .Fig.ure 2, are -so variably 

linked to the  present  climate  makes it 
inevitable  that  they  will be differentially 
buffered  from  the  effects of changes in climate. 
In some  cases, the  response  in  permafrost 
conditions  may be  very slow to develop.  In 
addition, ground  thermal  conditions  will 
certainlv be further  affected as vesetation 
itself  chanses in  response to climatic  change. 
However, in areas of little  vegetation  or 
snowcover - such as  can be  found  in  the  Canadian 
Arctic  Islands, for example - the  linkage 
between  climate  (air  temperatures)  and  ground 
temperatures is more direct, and ao should  be 
the effects of climate  change. 

Imuortance of litholoaic  conditions 
The  thermal  stability  of  permafrost  will  be 
aided  by  the  occurrence of ice-rich  material 
near  the  present  permafrost  table.  Figure 3 
shows  the  results of a simple  simulation  of 
ground  temperature  changes  (using  the  model of 
Birch, 1948), for  an  increase  in  the  surface 
temperature of 1C per  decade  over  a  sixty-year 
period.  Mean  annual  temperature  profiles at the 
end  of  the  period  are  shown for three  values of 
the  ground  thermal  diffusivity.  (An  initial 
equilibrium  profile is included for reference.) 

TEMPERATURE (C) 

Diffusivity values 

Figure 3 .  Estimated  ground  temperature  profiles 
following a climatic  warming. 

The latent  heat  effects of ground  thawing  must 
be  considered in this  problem,  since  they  will 
largely  determine  the  rate  of  permafrost 
degradation.  By  using  apparent  diffusivities in 
the  model  (e.g.  see  Smith  and  Riseborough  1985), 
the  effects  of  phase  transition  can  be  mimicked. 
A diffusivity  value of 1x10" m2 s-l repesents 
the  thawing  of  icy  permafrost,  while  the  value 
of 1 ~ 1 0 - ~  applies  better  to  rock or unsaturated 
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frozen  (sandy)  soil.  There  are  striking 
differences in  the depth of permafrost 
degradation, which  ranges  from  only 6 m in  the 

diffusivity.  In  the  latter case, the  base of 
ice-rich  case to 26  m for  the  highest 

permafrost  also  rises  with  the  general  warming 

500 years, the  permafrost  table in the  icy  case 
in  the profile, but  only  by  about 2 m.  After 

would  still  have  degraded to only  about 40 m, 
and  the  base o f  permafrost  would  have  risen  by 4 
or 5 m. 

Consideration o f  the  local surface and 
subsurface  conditions  indicates  the  difficulty 

permafrost  conditions to regional  climatic 
of  assessing  the  sensitivity  of  localised 

change  (see  also,  Smith and  Riseborough  1983). 

__. 

PROCESSES AND FEATURES OF PERMAFROST 
ENVIRONMENTS 

Slope  movements 
Typical  features of slope  failure  and  related 
phenomena o f  mass-wasting in  the  permafrost 
environment  are  described in  the  literature 
(e.g.  French 1976). Most of  the  problems  arise 
as a result of thawing  with  consequent  loss of 
strength - e.g. 

-mudflows  result  from  the  thawing 
o f  ice-rich  permafrost,  and  flow-  dominated 
failures on natural  slopes  and  cut  slopes  are 
common in  permafrost  areas; 

-skin  flows  (active  layer  glides) 
involve  the  detachment of  a thin  veneer of 

movement  over  the  permafrost  table.  These  flows 
vegetation  and  mineral  soil  with  subsequent 

are  commonly  found in  ice-rich  sediments,  and 
result  from  the  thaw  failure of the  ice-rich 
contact zone.  Any  surface  disturbance 
(e.g.forest  fire) or climatic  change  which 
increases  the  thaw  depth  will  promote  such 
failures  (e.g.  Mackay  and  Mathews  1973); 

regions, is especially  common in  the  permafrost 
-slumping, although  widespread  in  many 

environment, occurring  wherever  ice-rich  soils 
are  subject  to  thawing; 

-solifluction  is  also  prominent  in  the 
permafrost  environment,  because  the  permafrost 
table  prevents  downward  movement  of  water 

acts as a shear  plane for  failure. 
leading to  conditions of saturation,  and  also 

While  there  are few  studies  which  links  mass 
movements  to  climatic  conditions (e.g. Lewkowicz 
1987) , it seems  reasonable to suppose  that  some 
climate and degradation of permafrost. 
increase would occur  as  a  result of changes in 

Deepening  of  the  active  layer  (with  consequent 
melting  of  ice-rich  soil)  could  lead  to 
conditions of instability  and  failure, a s  also 
could  increased  summer  rainfall  (cf.Mackay  and 
Mathews  1973).  In  addition  to t h e  displacements 
of  thawed ground, there  is a need  to  consider 
the  possibility for increased  deformation  of 
frozen  ground  under  conditions of warming. 

Strenqth  and  creep of frozen  qround 
The  mechanical  behaviour  of  frozen  soils  is  very 
different  from  that of  unfrozen soil, because  of 

soils are  more  subject  to  creep  and  relaxation 
the  presence  of  ice  and  unfrozen  water.  Frozen 

effects, and  their  behaviour 1s stronqly 
affected by  temperature  chanqe.  There  is 
extremely limited  information on the  creep of 
natural  -permafrost (or ice)  in  the  range  of 

practical  interest  (Morgenstern  1985). If we 
stress and  temperature (i . e .  near OC) of 

permafrost  will  be  dominated  by  the  rheological 
assume  that  the  creep  deformation  of  ice-rich 

properties of the ice, then  we  can  look  to 
Glen's  flow  law for  ice.  Based on  this, at a 
temperature of -22C the  strain  rate  produced  by 
a  given  stress is only  one-tenth o f  its  value  at 
OC, and  the  strain  rate  almost  doubles  from -5C 
t o  OC. Moreover,  we  should  remember  that a 
fine-grained  soil  close to OC will  contain a 
considerable  amount of unfrozen water, and  thus 

This implies  faster deformation  rates, and it is 
the viscosity  will be  less  than  for pure ice. 

by no  means  clear,  therefore , that  the  flow  law 
for  ice  will  provide us with  conservative 
estimates  of  strain  rates. 

Ice  wedge  crackinq 
Washburn (1980) states  that  while  the  relation 
of frost  cracking  to  (mean)  air  or  ground 
temperatures is of great  interest,  the 
relationshi is only  approximately  known.  Based 
upon  the  dfstribution of active  ice  wedges in 
Alaska,  Pewe (1966) suggested  that  ice  wedges 
only form  where  the  mean  annual  temperature IS 
-6C or colder, although  Mackay  and  Mathews 
(1973)  reported  active  ice  wedges  near  Fort  Good 
nope in the  discontinuous  zone. In any event, 
authors  seem to agree  that a rapid  drop in  the 
ground  temperature is necessary to cause 
cracking - this  would  certainly  be  impeded  by 
the  insulating  properties o f  a  deep  snow  cover. 
For example, Mackay  (1984)  has  shown  that a snow 
depth of 60cm  was  sufficient  to  prevent 
ice-wedge  cracking  in  an  area  of  active  Ice 
wedges  on  Garry  Island.  (See  his  figure 5, of 
minimum  ground  temperature  vs.  snow  depth). 

Other  features 
Tarnocai  and  Zoltai  (1978)  reported  on  the 
distribution of earth  hummocks i n  the  western 
Canadian  Arctic.  They  concluded  that  the 
hummocks  developed  only  during  the  cool  climatic 
period  since 5000 B.P.; the  most  southerlv 
hummocks  (e.g.  Fort Simpson, South  Indian  Lake) 
must have developed  during  the  coldest 
sub-period of the  last 5000 years, and  became 
inactive  when  climatic  conditions  moderated 

ago).  Zoltai  (1975)  analysed  the  pattern of 
(i.e.cryoturbation  apparently  ceased a long  time 
reaction  wood in  tree  ring  records,  to  infer  the 
incidence  of  ground  instability in earth 
hummocks  at  Inuvik.  The  record  indicates a 
period  of  greater  ground  instability  (heaving?) 
between  about 1850 and 1950, with  reduced 
activity  since  1950.  However, if this  pattern 
is related to the  climatic  warming  between 
1850-1950  and  the  cooling  trend since, it would 
seem  to  contradict  the  conclusions of Tarnocai 
and  Zoltai  (1978). 
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SUmlARY 

The  effects of climatic  change  on  the  permafrost 
environment  should  be  considered in a variety of 
ways: 

distribution of permafrost, as it degrades  under 
1. There  would  be  long-term changes in  the 

a  warmer  climate.  Tens of thousands of square 
kilometers  of  permafrost  which  are  warmer  than 
-3C would disappear,  eventually,  under the 
predicted  climatic  warming.  In  some  areas, 
however,  complete  degradation  would  take  many 
centuries, at  least , because of the  thermal 

thicknesses  of  permafrost. 
inertia  of  ice-rich  materials  and  considerable 

be  various  rapid  onset effects, especially  in 
2. More  importantly,  perhaps,  there  would 

the  discontinuous zone, where  most  permafrost 
is either  relict,  or in  such  delicate  balance 
that  climatic  or  other  environmental  changes 
could  have  drastic  disequilibrium  effects,  We 
should  expect  progressive  deepening of the 
active  layer  with  the  melting of shallow  ground 
ice,  leading  to  widespread  thermokarst  and 
increased  slope  instability. In some areas, this 
would  undoubtedly  create  severe  maintenance  and 
repair  problems  for  all  range of structures. 

3. Even  without thaw, change in permafrost 

strength  and  deformation  properties of the 
temperatures  would  cause  ,(major)  changes in the 

the  bearing  capacity of piles, which are widely 
frozen  ground.  This  could  lead  to  problems  with 

used in  northern  construction, as permafrost 
warms and  adhesion  forces  decline.  Also,  the 

would  increase  and  slope  stability  would  be 
creep  rates of (ice-rich)  permafrost  slopes 

decreased. 

4 .  The rate  of  various  permafrost 
processes, such as ice wedge cracking, frost 
heave,  mass  movements  (and creep),  for  example , 
would  change. 
relationships  of  permafrost  processes  are  poorly 

However, the climatic 

known. 

The  consideration of climatic  change  should not 
be confined to temperature alone, nor  simply to 
a change  in  mean  annual  conditions.  According to 
Hansen et al. ( 1 9 8 4 ) ,  increases  in  winter 
temperatures  would be 3 or  4-times  greater  than 
for  summer.  In addition, there  will  be 
increases in  precipitation  in  both  winter  and 

permafrost  environment could be  affected  by 
summer.  Various  earth surface processes in  the 

increased  rainfall,  but  more  importantly, 
perhaps,  changes in snow cover  would  complicate 
the  effect of climatic  warming on ground  thermal 
conditions. 

Further, we  must  appreciate  that  more  than 
simply  climatic  conditions  determine  the  surface 

ground.  While  the  occurrence of permafrost 
temperature  regime  and  thermal  conditions in  the 

depends in a broad  way on  climate, the  effects 
of  climate  and  climatic  change  may  be  modulated, 
perhaps strongly, by  local microclimatic 
(ecological)  and  lithologic  conditions. 

With a climatic  warming it is  inevitable  that 
some  permafrost  would  eventually  disappear  and 
ultimately  there  would  be a  new  "permafrost 
map". Wwever, the.  mo.ce  inunediatq.+ question  is 

how  quickly the effects will  be seen, and  at 
what  rate  will  they  develop? And, wbuld  such 
changes  be  important  to  northern  geotechnfcal 
engineering7  Since  this  concerns  the  transient 
aspects  of  the  problem  (rather than t h e  eventual 
steady-state),  some  important  questions  are: 

permafrost  change  due  to climatic  warming  likely 
1) What is the rate  and  magnitude of 

to  be?  what is the thermal  inertia  (time 
constant) o f  permafrost sediments? 

2 )  How  can we assess  the  effects  of 

conditions,  given  that local  conditions  exert  a 
regional  climatic change on permafrost 

strong  influence on the  ground  thermal  regime? 
1.e. How are  ground  thermal  conditions  buffered 
from  (or  linked to) changes in climate 
(including  feedback  effects)? 
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Abstract: 

The  climate  on  the  Svalbard  Archipelago  is  described  using  synopsis  measurements  from  several 
meteorological  stations.  Thawing  and  freezing  indexes fox Longyearbyen,  Svea,  Ny-Alesund, 
Hopen,  Isfjord  and  Bjsrnsya  are  calculated based on the  calculation of a ‘synthetic’ year for 
the  weather  stations.  The  period  between 1980 and  1987  has  been  chosen so as to enable 
comparison  between  the  stations. For these years the climate  has  been  markedly  cooler  than  in 
the  periods  1920  to  1960  and  1971  to  1977.  The  average  annual  temperature is generally  lower  on 
Svalbard  by  approximately 2OC, when  compared to the  average  temperatures  in 1920 to 1960. 
Should  this  cooler  weather  last for a  significant  period of time, it  is  expected that  the 
average  permafrost  depth  on  Svalbard  will  increase  with  approximately 40 to 80 m,  depending on 
local variations  in  climate  and  ground  characteristics. 

The climate of the Svalbard Archipelago 

The  climate of the Svalbard  Archipelago  has 
been  described  in  terms of a  statistical 
treatment of weather  synopsis  data  at  several 
locations  on  the  island  group.  (Steffensen, 
Esther, 1969 and 1982). Synopsis  data  exist 

been recorded, often  by hunters or by whaling 
from as  early as  1910. Even  older data have 

and  sealing  ships,  but  these  records  have  not 
been  transferred to computer  files  and  are  not 
as yet  available  for  statistical  analysis. 
Thus,  the  data  used in  describing the  climatic 
conditions  on  Svalbard  are  mainly  from  the 
period  1957-1987. 

Conditions  peculiar  to  the  Svalbard  archipelago 
are  the  marked  annual  variation  in  radiation  as 
compared to diurnal;  this  is  particularly 
noticable  during  the 3-4 summer  months  with 
midnight  sun  and  net  radiation  heat  gain,  and 
in  the 3-4 winter  months  with  the sun below the 
horison  and  net  radiation  heat loss. The  large 
scale  atmospheric  circulation is  characterised 
by the influence  of  the  mild  air  originating 
from the  low  pressure  area  around  Iceland,  and 
colder  air  from  Greenland  and  the  Arctic  Ocean. 
Ocean  currents also influence  the  weather  on 
Svalbard,  The  warm  Norwegian  current flows 
partly  into  the  Barents  Sea  and  partly  towards 
the  west  coast  of  Spits*bergen,  while  a  cold 
southwest-bound  current  moves  towards  Bjsrnaya. 
The  competing  air  masses  and  currents  give  rise 
to widely  varying  weather  conditions, 
particularly  on the west  coast o f  Spitsbergen. 

Steffensen (1982) has  classified  the  climate  at 
the  Svalbard  stations as either  Tundra  Climate 
(with  the  mean  monthly  air  temperature  above 
o°C at  least  one  month  during  the  year)  or 
Polar M+qine  with a. ma.rked  marine  influence  on 
weather  patterns.  Sometimes  the  weather at  a 
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single  station can vary  between  the two 
classifications.  Examples  are  Jan  Mayen  and 
Bjornlya . 

measurements  at  Svalbard, are the rapid  and 
The  most  remarkable  features of air  temperature 

significant  air  temperature  fluctuations, 
particularly  during  winter.  These  temperature 

of  permafrost  depth to any  large  extent,  hut 
fluctuations do not  influence  the  developement 

large  variations  in the  summer  temperatures may 
have a significant  effect  on  the  depth o f  the 
upper,  active  layer of permafrost. 

The oalculation o f  ‘synthetic’ years ~ 

As a tool for calculating  mean  freezing  and 
thawing  parameters  at  locations  of  the 
meteorological  stations  at  Svalbard,  mean 
temperatures  of  each  day  in  the  year for a 
spesified  period of time  have  been  calculated. 
These  temperature  means  form  a  ‘synthetic’ year 
which  characterise  the  temperature  variations 
dependent on location (S. Lystad, pers. corn. 
1988). The small-scale  fluctuations  which  are 
characteristic of the  winter  months  (January 
and  February)  are  evened  out  in  the  ’synthetic’ 
representations,  but  local  differences  in the 
temperature  fluctuations  are  preserved. An 
example  of a ‘syntetic‘  year f o r  Svea  is  given 
in table I. 

W b  
Day Jan Peb Mar Apr Ury ’ Jun 

1 -12.8 -14.9 -15.3 -14.0 -8.1 0 . 5  
2 -13.7 - 1 6 . 2  -16.2 -12.6 -7.9 0 .5  
3 -14.3 -15.0 -17.7 - 1 4 . 0  - 7 . 7  -0 .2  

5 -15.4 -17.1 -16.7 -11.3 -7.8 0.6 
4 -15.5 -16.1 -19.6 -12.3 -7.3 - 0 . 6  



6 
7 
8 

10 
9 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

25 
24 

26 
27 
28 
29 
30 
31 

Day 

1 
2 
3 
4 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

20 
19 

21 
23 
24 
25 

27 
26 

28 
29 
30 
31 

Jan 
-15.7 
-15.8 
-14.1 
-12.8 
-14.3 
-12.1 
-11.1 
-13.3 
-14.8 
-17.6 
-19.2 
-17.4 
-17.1 
-16.6 

-19.0 
-18.0 

-16.9 
-15.9 
-15.5 
-14.5 
-17.0 
-18.8 
-20.0 
-18.7 

-16.8 
-18.5 

Jul 

6.1 

3.6 
5.4 

5.6 
5.5 
6.0 
6.1 
5.6 
5.8 
6.6 
6.0 
5.5 
5.4 
5.6 
6.1 
6.0 
6.2 
6.8 
6.2 
5.6 
6.4 
6.2 
6.2 
6.9 
6.8 
6.4 
6.0 
6.1 
6.5 

Fab 

-16.7 
-18.4 

-12.6 
-10.7 
-13.7 
-14.3 
-15.5 
-15.0 
-16.0 
-17.7 
-20.3 
-17.3 
-13.2 
-14.9 
-15.4 
-12.2 
-15.2 
-16.1 
-15.0 
-17.1 
-17.5 
-17.0 
-14.6 

- 
- 

AU¶ 

6.3 
6.9 
7.0 
6.0 
5.8 
6.0 
5.5 
5.5 
5.3 
5.6 
6.0 
6.3 
5.7 
4.7 
5.0 
4.8 
4.2 
4.3 
4.4 
3.4 
3.5 
3.5 
3.6 
3.5 

3.5 
3.0 

3.3 
3.2 
3.0 

Uar 
-12.8 

-9.7 
-9.9 

-8.1 

-5.9 
-6.8 

-8.9 
-10.9 
-11.1 
-14.5 

-13.2 
-14.5 

-12.3 
-17.4 

-12.9 
-12.6 

-14.6 
-12.6 

-14.8 
-16.5 

-19.6 
-17.4 

-18.4 
-17.8 

-17.5 
-18.6 

BOP 

2.7 
2.5 

2.3 
3.0 

2.4 
2.0 
2.0 

1.6 
1.9 
1.5 
0.7 
0.5 
1.0 
0.7 

-0.3 
0.2 

-0.6 
0.6 

-1.8 
-1.4 
-1.1 
-2.1 
-2.7 
-3.2 
-2.8 
-2.7 
-2.4 

1 . 9  

- 

APr 
-12.7 
-14.5 
-16.2 
-15.6 
-16.2 
-16.7 
-16.1 
-14.2 
-13.6 
-13.1 
-12.9 
-11.8 
-12.8 
-13.1 
-9.3 

-7.7 
-8.6 

-8.7 
-9.7 
-10.0 

-9.4 
-8.7 

-8.8 
-8.6 

-9.0 - 

Okt 

-1.8 
-2.6 
-3.4 
-2.6 
-3.6 
-3.1 
-2.5 
-4.0 
-3.8 
-3.7 
-3.9 

-4.9 
-4.6 

-4.2 
-5.0 
-6.8 
-6.8 
-7.1 
-7.7 
-6.9 
-6.2 

-1.1 
-5.6 

-7.3 
-7.0 
-9.1 
-9.4 

-9.2 
-9.2 

Yay 

-7.3 
-7.6 

-6.6 
-6.3 

-4.5 
-6.2 

-5.2 
-4.5 
-4.5 
-3.4 

-2.3 
-2.0 

-2.2 
-2.0 
-1.4 
-1.5 
-1.6 
-2.2 
-2.8 
-2.9 

-1.5 
-1.9 

-1.6 
-1.5 
-1.1 
-0.1 

NOV 

-9.0 
-9.6 
-9.5 
-10.9 
-11.5 
-10.3 

-11.6 
-11.3 

-12.6 
-12.7 
-9.5 

-10.1 
-10.8 
-10.8 
-9.2 

-10.1 
-9.3 

-10.4 
-9.5 

-12.1 
-12.3 
-13.2 
-11.6 
-12.6 
-14.7 
-15.1 

-13.2 
-11.8 

". 

Jun 

0.3 
0.6 

0.5 
1.0 
1.1 
1.6 
1.8 
1.8 
2.0 
2.2 

2.3 
2.3 

2.7 
2.6 
2.9 
3.1 
3.4 
3.9 
4.3 
4.4 
3.9 
4.5 

5.3 
4.8 

6.6 
- 

Des 

-13.0 
-12.9 
-14.3 
-17.7 
-16 ..8 
-16.5 
-16.9 / 
-18.1 
-20.4 
-18.8 
-17 .O 
-14.3 
-16.0 
-17.8 
-18.9 
-17 .O 
-15.3 
-15.9 
-17.5 
-13.0 
-12.3 
-11.9 
-11.4 
- 1 4 . 4  
-16.7- 
-15.4 
-13.9 
-13.6 
-13.2 

The di f fe ren t   meteoro logica l   s ta t ions  on 
Svalbard  have  recorded  data  over  different  t ime 
per iods ,  Thus, t o  enable  comparison of 
permafrost  conditions between t h e  s t a t i o n s ,   t h e  
period between 1980 and 1987 has been  chosen as 
t h e  basis  for  ca l cu la t ions  of ' syn the t i c '  
years.  The exception is f o r   I s f j o r d  Radio where 
synopsis  observations  stopped i n  1975 .  For 
Isfjord Radio a ' syn the t ic '   year   for  t h e  period 
1961 t o  I968 was ca lcu la t ed .  The  mean d a i l y  
temperature is c a l c u l a t e d   f o r   a l l   t h e   s t a t i o n s ,  
but it is feas ib le   wi th  t h i s  method t o  
ca lcu la te   ' syn the t ic '   years  €or a l l  the  
synopsis data ,  i . e .  measurements a t  0700, 1300 
and 1900 hours,  and f o r  all weather  parameters. 
Calculat ion  of   f reezing and  thawing  indexes 
have been made from mean dally  temperatures.  

Permafrost developement. 

No attempt has been made to   use   emphi r ica l   da ta  
t o  calculate  thawing  and  freezing  indexes of 
the  ground. This  i s  because t o o  l i t t l e  is known 
abou t   t he   so i l  and  other  local  geographical 
f ea tu re s   a t   t he   wea the r   s t a t ions ,  which a r e  
s ignif icant   to   permafrost   developement .  
However, o the r   s ign i f i can t   c l ima t i c   pa rame te r s  

t a b l e  11. 
are   given for each   s ta t ion  and presented i n  

Station Temp. Clouds No. of Prec.* Thawing 
Freezing 

index 

(air) 

annual  annual  clear no o f  index 

mean mean daya days (air) 

LY B -6.0 5 . 3 / 8  54 93 10095 

NA 
62232 

-5.8 5.418 52 100 8 0 8 8  
58728 
S -6.7 - 
68064 

9907 

IS -5.9  5.6/8 34 116 7356 
58752 
BJ -2.0 6.5/8 7 153 9960 

- - 

26993 
no 
57600 

-6.2 6.0/8 27 171 4176 

LYB=Longyearbyen, Svalbard Airport, 
Posn.: 7Eo15'N,  15O28'E 
NA-Ny-Alesund, Posn. : 7E055'N,  1lo56'E 
S-Svea, Posn.: 77O54'N,  16O41'E 
IS-Iafjord Radio, Posn.: 7B004'N, 13'38'E 
BJ-Bjmrn0ya, posn.: 74O31'N,  19°01'E 
HO-Hopen, POm.: 76'30'N,  25'04'E 

fall  more  than 0.1 mm. Since  measurements of snow depth 
Numbers  given  in  this row refer to days with m o w  

are not consistent, these cannot be statistically 
treated. The  number of days with snow fall  more than 

depth, but unfortunately snow cover duration is not 
0.1 nun (water  equivalent)  gives an indication of snow 

repoxted consistently. 

The thawing  index may be used as  an ind ica t ion  
of t h e  mean depth of t h e   a c t i v e   l a y e r .  
Comparing t h e  different   weather   s ta t ions,  
Longyearbyen, Svea and B j ~ r n ~ y a   a l l  have l a r g e  
thawing  indexes. The thawing  index  of s o i l   a s  

weather i s  c l e a r .  From t a b l e  XI it i s  seen  that  
compared t o   t h a t  of a i r  i s  l a rge r  if t h e  

b u t  t h i s  may be counteracted by the fact  t h a t  
Bjarrnarya have  very f e w  c lear   days on average, 

t h e r e  i s  much p r e c i p i t a t i o n ,  and p a r t i c u l a r l y  
r a in fa l l   du r ing  summer a t  Bjmrnwya. The thawing 
index of Hopen is very low, and t h e  number o f  
c lear   days  i s  a l s o  low. I t  may be assumed t h a t  
t h e   a c t i v e   l a y e r  on  Hopen i s  more shallow  than 
i n  Longyearbyen. I t  is not   possible  t o  be more 
presise   based on meteorological  data  alone.  

The freezing  index  together  w i t h  t h e  mean 
annual a i r   t empera ture  can be ind ica t ive  of t h e  
permafrost   depth  a t  the  weather   s ta t ions.  Due 
t o  i t s  Souther ly   posi t ion and  marine  climate, 
BjBrneya  has a much higher mean annual a i r  
temperature  and a lower  freezing  index  than  the 
o t h e r   s t a t i o n s .  It i s  t h e r e f o r e   l i k e l y   t h a t   t h e  
permafros t   l ayer   a t  Bjwrnmya is no deeper  than 
approximately 80 m .  During t h e  warm c l ima t i c  
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period  between 1920 and 1960, the  permafrost 
layer  on  this  island may  have  disappeared 
altogether. 

Svea and  Longyearbyen have the  largest  freezing 
indexes  and  the  lowest  mean air temperatures. 
It is therefore  likely  that  the  permafrost  is 
deepest  at  these  two  stations. Aoain. the 
results  are  likely to be modified  by  local 
geographical  and soil conditions. 

Conclusions 

A condition  for  the  existence  of  permanentely 
frozen  ground, is that  the  mean  air  temperature 

dependent  on  many  features of the  climate  and 
i s  below 0%. Permafrost  depth  and  cover  is 

the  landscape,  such as variations  in  snow 
cover,  the  presence of melt  water  in  the 
summer, the type of ground and the top 
vegetation,  as  well  as  the  orientation o f  

At  various  locations on the  Svalbard 
slopes, 

Archipelago,  permafrost  depths  have  been 
measured  between 75 and 4 5 0  m  (Liestal, 1980). 

Permafrost  is  maintained  by  mean  annual  subzero 
temperatures,  while  the  geothermal  heat 
radiation  thaws  the  ground  from  beneath.  The 
gradient of the  geothermal  heat  radiation  has 
been  measured  in  several  boreholes to be 
approximately 1% per 40m (Liestal, 1980). From 
t h e  local  mean annual air  temperature,  it is 

permafrost.  Approximate  permafrost depths  at 
therefore  possible to estimate  the depth  of 

different  meteorological  stations  based on 
annual  mean  air  temperature  are  given  in  table 
111. 

depths  (m) 
Station  Permafrost  depth (m) Active  layer 

LY B 

S 
IS 
BJ 
HO 

NA 
240 
232 
2 68  
236 
80 

2 4 8  

0.9  
0.8 
0.9 
0.8 
1.1 
0.7 

Climatic  changes  in  air  temperatures  can  be 
detected as fluctuations  in  running  five-year 
mean  temperatures.  Steffensen  (1982)  has  shown 
that  the  Svalbard  Archipelago has experienced 
two  periods of warmer  weather  in  recent  times; 

approximately 1971 to 1977. In  both  these 
from  approximately  1920 to 1960,  and  between 

periods the mean  annual  air  temperature  was 
approximately 20C higher  than  today,  although 

meteorological  stations. 
there  are  variations  between  the  different 

Measurements  made  by H. Major  in  1956 (Liestarl, 
1980) in  boreholes  near  Svea  and  Longyearbyen, 
confirm the depth o f  permafrost  estimated  by 
mean  annual  air  temperaure,  and  also  show  a 
characteristic  'bend'  in the upper  parts of the 
temperature CUCV~S which  corresponds to the 
warmer  climate  in  1920  to1960.  The  propagation 
speed of the 'heat'  wave  as  estimated  from 
these  boreholes, is approximately 3 m per year.' 
It i s  likely  that  temperature  changes will 

'propagate'  in the  soil at  different:  speeds 
depending  on  local  characteristics. 

However,  as a very  rough  estimate  (which  should 
be regarded  as  an  indication  only)  it i s  
possible to calculate  the  depth of the  active 

melting (3 m per  year) with  the number  of  days 
layer  by multiplying  an average propagation of 

when  the  air  temperature is above zero. No 
corrections  have  been  made to accomodate  the 
fact  that  the  soil  temperature may be 
significantly  higher  than  the  air  temperature 
under  certain  weather  conditions.  Melt  water 
also  has  a  significant  influence  on  the  depth 

presented  in  table I11 should  therefore  be 
of the active  layer. The  active  layer  depths 

regarded  as  low  estimates. 
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PERMAFROST AGGRADATION  AND  DEGRADATION ON 
ARCTIC COASTS OF NORTH  AMERICA 

J.A. Hunter 

Geological Survey of Canada, 601 Booth Street, Ottawa,  Ontario, KIA OES 

SYNOPSIS Permafrost conditions on the arctic coasts of North America are  related to the Pleistocene history of the  area  and 

coastal recession and permafrost  degradation;  whereas the  eastern lrctic and  the Arctic &chip&go are experiencing isostatic 
the  relative changes in  sea level. In general, the western Arctic is resantly experiencin risin sea levels with submergence, 

occurrence of ice-bonding, depends on such factors as  sea  water  temperatures  and  salinibes  as well as local & m a l  effects. 
uplift and permafrost  aggradation at emergent shorelines. The effect of these  changes on ground tem eratures,  and on the 

INTRODUCTION 

America has increased substantial1 over the  last decade as a 
Research on permafrost in  the coastal zone of arctic  North 

result of accelerated economic deveLpment of the north.  The 
main  incentive for such interest  has been the discovery of 
significant petroleum reserves  beneath  the  Beaufort  Sea 
continental  shelf and  in  the Arctic Archipelago. Increased 
industr ia l   act ivi ty   and  the  eventual   t ransport  of 
hydrocarbons to southern  markets will require  even more 
detailed  information  on  ermafrost  conditions  for  the 
planning  and construction 07 port facilities, pipeline landfalls 
and  other  nearshore  and  shoreline  facilities.  Both 
government  regional  surveys  and  industrial site-specific 

coastal permafrost conditions through the  study of coastal 
projects have  contributed  to an  increased  knowledge of 

processes and through geotechnical evaluations. However, 
most work has been restricted to areas of economic interest, 
and large tracts of coastline have yet to be examined. 

This  paper attempts ta characterize (in a eneral  manner)  the 
different  temperature  re ‘mes of permafrost in  the  coastal 
areas of arctic  North  fmerica,  from  studies of North 
American researchers. The role of permafrost in geomorphic p;0ce99es in these areas  is  the subject of a companion paper by 

.J. Walker (this volume). 

GLACIAL HISTORY 

The nature  and distribution of permafrost  along the present- 
da coastlines of arctic North America are, to a  large extent, 
degned by the Pleistocene history of the  area. S ecifically, 
the permafrost characteristics depend on the  locafhistory of 
ground surface  temperatures at  any given site. Thick “cold” 
permafrost has formed in  areas  that  have been aerially 

been covered  by water (sea or lakes) or glacial ice, the growth 
exposed for long periods of time; whereas in  areas which have 

of permafrost  has  been  inhibited  and  any  pre-existing 
permafrost may have degraded. 

Extensive glaciations of arctic regions in Pleistocene times 
have strongly  influenced the ground surface  temperature 
history of many  arctic  coastlme  areas.  The  glaciations 
resulted in major changes in relative sea level, partly  due to 

the transfer of water from the oceans to the  laciers,  and 
artly due to the depression of the  land by thict ice masses. 

!he lower sea levels exposed the continental  shelf areas of the 
Beaufort and  Chukchi  Seas,  and  as a result,  permafrost 
formed in these  areas. In contrast, during  the glacial periods 
the Arctic Islands were largely ice-covered and  the  land  areas 
were depressed; they are presently  experiencing post- lacial 
isostatic uplift, Thus,  the  glacial  history of a rc t icsor th  
America has contributed to the existence of two  zones with 
distinctly  different  coastal  characteristics. That is, at the 
present  time,  coastal recession and erosion in  the  western 
Arctic result in  the degradation of ermafrost. while land is 
emerging and permafrost is  aggra2ng  in  the  eastern Arctic 
(Figure 1). 

The  extent of Pleistocene glaciations in  the North American 
Arctic are summarized in Figure 1 (after Prest, 1984). The 
late Wjsconsinan glacial advance is  the best-documented, but 
there 1s evidence that older Pleistocene glaciations covered 
the  entire  Arctic Achipelago and  much of the  Canadian 
Beaufort Sea coast and continental shelf. In Alaska. ice was 
restricted  to a relatively  small  inland  area  during  the 
Pleistocene glaciations and did not reach the Beaufort Sea 
coastline. 

The  late Wisconsinan glacial advance did not  extend  onto the 
Beaufort  Sea  continental  shelf exce t in  isolated  areas. 
Figure 1 shows the  large  areas of the  keaufort  and Chukchi 
continental  shelves which would have been exposed at  times 
of maximum sea level lowering. These areas were exposed as 
dry  land,  and  may  have been subjected tb mean  annual 

ound surface temperatures much lower than those of today 
righam and Miller, 1983). K 

Estimates of the  extent  and  duration of sea level lowering 
(Mackay, 1972; Hill et  al., 1985)  suggest  that  extensive 
permafrost would have developed beneath these resent-day 
shelf  areas.  Permafrost  thicknesses in excess 0!700 m are 
known to exist beneath the  Canadian  Beaufort Sea shelf 
today (Mackay, 1986b), though it  is possible that  this thick 
layer may be a result of more than one period of permafrost 
aggradabon brought  about by a lowering In sea level. 
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Figure 1 Map of the  North  American  Arctic  showing  the  maximum  extent of major  Pleistocene 
glaciations and previously exposed shelf areas  (after  Prest, 1984). 

COASTAL RECESSION AND PERMAFROST 
DEGRADATION 

Canadian Beaufort Sea 

Evidence for coastal recession can be found along the  length 
of the Beaufort Sea coast, where  coastal retreat  rates  in places 
can exceed 15 dyea r .  Studies in the Mackenzie Delta region 
measured rates of between 1 and 13 &year  (Forbes  and 
Frobel, 1985; Macltay, 198613). Drowned coastlines  also 
r r s i s t  along  the west  coast of Banks  Island  and  Prince 

encroaches, degradation of permafrost occurs because  the 
atrick  Island (J.G. Fyles,  pets.  comm.). As the  sea 

mean annual ground  surface tern erature can be no colder 

bottom temperatures as low as -4.2"8 have been  recorded 
than  seawater (-1.8"C). This  is a sfow rocess, however; sub- 

beneath  the  Beaufort  Sea  shelf in water  depths of 50 m 
(Weaver and  Stewart, 1982; Mackay, 1986b). 

In  the Mackenzie Delta area of the Beaufort Sea,  thermal 
degradation is accelerated  b the seasonal inundation of large 
amounts of warm ( > O W  gesh  water from the Mackenzre 
River. Evidence of submerged  channels, some of which are 
associated  with  the  configuration of the  modern  day 
Mackenzie River channels, can be seen in  the  bathymetry of 
the Beaufort  shelf. This suggests that  the influence of warm 
river watea'may have been a-significant factox in permafrost 
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degradation, at least  in local regions, for the  last  several 
thousand  years. 

Under present day conditions, warm mixed (river  and  sea) 
water 1s resident on the  seabottom  durin  the  summer 
months to water  depths beyond 20 m, and  &stances  up to 
50 km offshore. In winter months  the fresh water flow is 
restricted  and cold seawater  invades  the  inshore  region. 
Figure 2 shows  the  extent of this  seasonal zone in  the 
Mackenzie Delta  area.  The  active  layer  created by the 
seasonal bottom temperature  variation  is discussed in  detail 
by Hunter  et  al. (1988). The  net  thermal  effect is the 
develo ment of a  nearshore thaw zone in  the seabottom. For 
water iepths  greater  than 8-10 m, however, the  mean  annual 
bottom temperature is a ain below O T ,  and permafrost could 
be re-established below %e active layer on the seafloor. 

A diagrammatic  model of the  nearshore zone in   the 
Mackenzie  Delta  area,  illustrating  the  degradation of 
permafrost under  the influence of warm river  water, is shown 
In Figure 3. Thermal  degradation of permafrost in the 
inshore  regions (water  depths 18-10 m), where mean  annual 
seabottom temperatures  are above O"C, is well documented 
(Hunter  et al., 1988), with thaw  depths  reaching 50 m or 
more. The bottom of this  thaw zone is closely associated  with 
the 0°C isotherm, and poorly bonded permafrost is evident 
(Dallimore et al., 1988). 
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Figure 2 Areal distribution of seabottom temperatures for the southern Beaufort Sea from a) end-of- 
summer, and b) end-of-winter measurements. The heavy lines indicate the onshore-offshore 
transects along which the data were collected. 
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- coastal recession 
shoreline  mean  annual  maximum extent 

Figure 3 Permafrost conditions in the nearshore region of the Mackenzie Delta coast. 

There is seismic evidence from some o f  the  farther offshore 

boundary persists at depth (Hunter, I&), as indicated in 
m a s  of the Beaufort Sea shelf which su ests that  this  relict 

Figure 3. No continuous  ice-bonded  permafrost  occurs 
between seabottom and this boundary, even though  sediment 
temperatures  may be a s  low as -1.8"C. Because  the 
temperature at the seafloor can be only mar  'nally below 0°C 
(>-Z"C), whether or not ice-bearing permagost could be re- 
established  in  the  sub-bottom  sediments  is  critically 
dependent upon the original salinity of the pore water, the 
rate of salt transport  into  the bottom sediments  after 
inundation, and on the  grain size of the sediments. However, 
there is ample evidence of the occurrence of lenses of ice- 
bearin  sediments  within a few metres of the seafloor in 
water iepths beyond 8 m (Blasco, 1983; Fortin et al., 1987). 10 
These may have refrozen in-situ with rising  sea levels. 

The  deeper  thermal effect of coastal  recession  in  the 
Tuktoyaktuk  Peninsula  area of the  Beaufort   Sea  is  

5 
illustrated  in  Figure 4 (after  Taylor  and  Judge, 1988). 8 
Temperature observations from a well situated 2 km offshore 

m 

have been interpreted to represent submergence for a period 
2 20 

of approximately 300 ears, implying  a coastal recession rate 3 
of 6-7 dyea r .  At dep& the negative temperature  gradient  is 
a result of the warming effect of the  seawater superimposed s 
on the pre-submergence temperature  gradient.  Analysis 

m 

su gests that  the mean annual surface tem erature prior to E 
sufmergence was -12°C; somewhat colder &an present  day k 30 
values. 

In  the immediate  shoreline area  (water de ths of <2 m)  the 
tern erature regime of the shallow permagost  is dominated 
by  &e insulatin effect of snow cover, and the cooling effect of 
sea-ice frozen to%ottorn. This  is  illustrated  in a diagrammatic 
model of the shoreline zone shown in  Figure 5, along with 
several sub-bottom tern erature profiles from an  onshore- 
offshore transect  in the I&kenzie Delta area. 

The thickness of snow  cover is governed by the morphology of 
the coastline and  its orientation  with respect to the prevailing 
winds. In the coastal mne of the Beaufort Sea,  shoreline 
scarps of 2 m or more in  height  are common, and  act as traps 
for snow accumulation  durin  winter. Such a thermal  Figure4 
blanket  results  in warmer shalfow permafrost tem  eratures 
beneath the narrow beach zone than beneath the cr)iff-top or 
immediate@ offshore (Fig. 5): "" 
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seabed 

top of ice  bearing 
permafrost 

Temperature-depth  rofile  measured  in a 
geotechnical  hole drilgd 2 km offshore  in  the 
eastern  Beaufort  Sea  (from  Taylor  and  Judge, 
1988). 
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Figure 5 Dia ammatic model of the shoreline zone. along  with wintertime sub-bottom temperature 
g;of!?es from four  holes  drilled along  an onshore-offshore line of the Beaufort Sea coast in  the 

ackenzie  Delta area. 

Over the winter, 1.5-2 m of sea-ice forms; thus,  in the shallow 
water  areas sea-ice is  in contact with the bottom, and often 
has only thin snow cover. The  winter cold wave is readily 
conducted into  the seabottom, producing relatively cold sub- 
bottom ermafrost  tem eratures  (Hunter  et al., 1988). An 
abrupt  ctange  in  the  sukbottom  thermal regime occurs at the 
point offshore where seawater exists beneath  the ice (Fig. 5). 

Alaskan Beaufort Sea 

An excellent summary of shoreline  permafrost conditions in 
Alaska is given by Osterkamp  and  Harrison (1985). Data 
collected at sites  from Nome  to Barrow  and  along  the 
Beaufort  coast  show  extreme  variability of conditions. 
Subsea permafrost does not occur in the Nome area, except 
possibly in the immediate  shoreline zone in  areas of rapld 
coastal retreat.  In  the Chukchi and Beaufort Seas,  ample 
evidence exists for coastal recession and  the  rapid  variation of 

shows a suite of temperature logs (after  Osterkamp  and 
permafrost temperatures from shoreline seaward. Figure 6 

Harrison, 1985) for five holes drilled from the shoreline to 7.8 
km offshore near Lonely, Alaska.  The changing slope of the 
ne ative  temperature  gradients  with increasing distance 
odhore reflects the time  since submergence. Coastal retreat 
rates  are  in  the order of 10 to 15 d y e a r .  

Unlike  the Mackenzie Delta area of the Beaufort Sea, where 
the  annual cycle of warm river water  dominates the  thermal 
regime of the shoreline areas. much of the  Alaskan Beaufort 
coast  experiences  colder seabottom  temperatures ( <O"C) 
year-round.  Degradation of ice-bearing  permafrost  under 
these  conditions is a result of the  combined  effects of Figure 6 Temperature-de th profiles from five holes drilled 
permafrost warming  and  transport of salt.  The  rate of salt  from  the  shoreyine  to 7.8 km  offshore in  the 
transport into the seabed is  variable,  and  the mechanism is  Alaskan  Beaufort  Sea  (from  Osterkamp  and 
not yet entirely understood (T.E. Osterkamp, pers. comm.). Harrison, 1985). 

31 

4 



At  the Lonely site, ice-bearing  ermafrost occurs a t  de ths of 
6-8 m below seabottom  in  alf  holes  (Figure 6). d r t h e r  
offshore however, in Harrison  Bay, Toimil(l985) reported ice- 
bearing permafrost a t  2 rn below seabottom in 18 m of water. 
This sugpsts  that  salt  transport  is  not a major factor in  the 
degradahon of permafrost at   that  site. On  the  other  hand, 
Osterkam and  Harrison (1985), in  summarizing  their  data 
from h & o e  Bay area, show that  in  the nearshore zone the 
transition between “unfrozen” and  ice-bearing  permafrost 
occurs in  the seabottom at a temperature of -2.4 C. Salt is 
transported from the seabottom down to this boundary,  where 
brine concentrations exceed that of normal seawater. Based 
on a coastal retreat rate of 1 d y e a r   a t  this  site,  Osterkamp 
and Harrison (1985) have  estimated a thaw  rate of 0.3 d y e a r  
at  the  phase  boundary.  Farther  offshore,  ice-bonded 
permafrost occurs at depths  between 5 and  15 m  below 
seabottom at temperatures of -1.8% Seasonal freezing of the 
seabottom has also been noted. 

Degradation of Massive Ice Bodies 

Although many  areas of the  Beaufort  coast  contain  large 
volumes of ice-rich soils  with an  abundance of ice-wedges and 

content  materials  in  nearshore  seabottom  areas  ofrapid 
thick massive ice bodies, there  are few reports of hl  h ice- 

coastal  retreat  (Dallimore  et  al.,  1988;  Osterkamp  and 
Harrison, 1985). It is possible that  the  msjority of 88 egated 
ice bodies do not occur on land at de ths substantial P below 
present sea level, and  are  degradexby  thermal-mecianical 
abrasion at the  shoreline.  In  the Mackenzie Delta  area, 
where there  is considerable depth of thaw  near  the shore, any 
shallow sub-bottom massive ice bodies would thaw quickly. 
In  the sub-bottom sediments of the  southern Beaufort Sea, 
less than 1% of all ermafrost samples from 86 geotechnical 
boreholes containef;  visible  ice that exceeded 50% of the 
sample volume (OConnor, 1984). 

Tuktoyaktuk where massive ice is exposed in the shore cliffs. 
Mackay (1986a)  studied  shoreline  retreat a t  a site near 

He  suggests  that  the  rate of retreat  is a function of the 
amount of excess ice in  the shoreline cliffs as well as the 
exposure to wave action from storm surges.  Where  a  massiye 
ice body did  extend below sea level, an offshore bath 
low now exists,  suggesting  thaw consolidation. 
observations of deep water close to shoreline are 
Dallimore et al. (1988), for a rapidly  retreating g:%!z 
containing ice lenses and massive ice bodies. 

EMERGENT COASTS AND PERMAFROST 
AGGRADATION 

In contrast ta the Beaufort Sea,  the Arctic Archipelago has 
experienced uplift  since  the  retreat of ice after  the  last 

fetween submergence and emergence is shown in  Figure 1 
laciation  (Prest, 1984). The  approximate  dividing  line 

(J.G. Fyles,  pers. comm.). The  emerging seafloor areas, 
which may have experienced marginal permafrost conditions 
in  the  past (from cold seawater),  are now exposed to lower 
mean annual  temperatures which  promote the  growth of 
permafrost. 

Taylor et al. (1983) have  analysed  temperature profiles from 
several  Arctic  Island  well  sites,  and  have  shown  that 
measured  permafrost  thicknesses and tem erature  adients 
within  permafrost  can  be  explained  gy  the s f oreline 
regression estimated from emergence curves  published for the 
regon.  Additional geoph sical  evidence  for  permafrost 
variations across the  shoreene zones in  the  central Arctic 
Islands  is given by Merritt (1979) and Acheson (1979). Both 
authors give seismic velocity and  structural  evidence  that 

permafrost becomes colder and  thicker  inland from coastlines, 

velocity  due  to  differing  thermal  regimes  can  produce 
and  is  thin, or absent, at  the shoreline. Variations  in seismic 

distortion  on the seismic sections that  are used to determine 
the  stratigraphy o f  sedimentary  rocks  in  petroleum 
exploration; and interpretation problems are often associated 
with the shoreline areas. 

Studies of the near-surface  permafrost  configuration at  the 
shoreline a t  Cambridge Ba Victoria  Island,  have  been 
conducted by Dyke (1987). Four  sites with  differing  shore 
slopes were examined. Figure 7 shows the  temperature-depth 
rofiles in mid-summer a t  the  high-tide  limit of the four  sites. 

&he results clearly illustrate  the influence of the ocean as a 
laterally encroaching heat source. 

Dyke (1988) has also  examined the growth of permafrost in 
the  intertidal zone of Hudson Bay a t  Churchill, Manitoba, 
where the isostatic u lift  rate  is  estimated to be 1 m/100 
years. This  study  in&ates  that permafrost is  a6  rading  in 
the u  per portion of the  tidal zone, and  is  modlied  at  the 
shoreEne by the  insulating effect of ve etation. A predictive 
model involvin seasonal freezing an f thawing indices has 
been successful& applied to the observations. 

TEMPERATURE PC)  

-12 -8 -4 0 4 

T 

Figure 7 obtained in  late  July 

slopes a t  these  sites 
a t  Cambridge  Bay, 

varied from 1 to 13%  (from,Dyke,  1987). 
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SUMMARY 

The coastlines of northern Alaska are experiencing  coastal 
recession and degradation of pre-existin permafrost on the 
continental shelves, Salt  transport  into &e  sediments at the 
shoreline results  in a freezing point depression; however, ice- 
bearing permafrost appeam to occur at shallow de ths  farther 
offshore in some areas.  The  Canadian Beaufort &a coast in 
the Mackenzia Delta  area  is  also  experiencing  coastal 
recession; but with permafrost de adahon at the shoreline 
strongly influenced b the warm reshwater nearshore zone 
resulting from the dckenz ie  River outflow. No data  are 
available for the  northeastern Beaufort sea coasts of Banks or 
Prince  Patrick  Islands. However, in  these  areas  subsea 
permafrost is expected to be degrading slowly without  the 
thermal influence of river outflow, 

The eastern Arctic, the Arctic Archi elago and Hudson Bay 
areas  are  experiencing  isostatic upfift, and  ermafrost is 

can be observed for severaykllometres  inland from such 
presently  aggrading at emer 'ng shorelines. Tgermal effects 

coasts.  In  contrast  to  the  western  Arctic  mainland, 
observational data  are  sparce for the Arctic Islands  and 
eastern Arctic mainland,  and  future  research  should be 
directed towards understanding  the  nature of permafrost at 
their emerging  shorelines. 
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PERMAFROST AND COASTAL PROCESSES 
HJ. Walker 
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SYNOPSIS  Coastal  erosion  in  the  Arctic  has  recently  gained  increased  attention  from  both 
scientists  and  engineers.  Much of this  attention  has  focused  on  those  processes  that  are  unique  to 
environments  dominated  by  permafrost.  Within  the  zone of permafrost,  mechanical  energy  is  joined 
with  thermal  energy  in  producing  thermal  erosion  along  riverbanks  and  coastal  cliffs. The  relative 
importance  of  these  two  energy  sources is related  to  a  number of factors  including  the  quantity of 
excess  ice  within  the  unconsolidated  deposits  being  eroded  and  the  intensity of  ocean  waves. 

INTRODUCTION 

The  coast  and  its  shoreline  have  been  important 

worked  in  the  Arctic.  Whether  they  be  seal-  or 
to  many  of  those  people who  have  occupied and 

whale-hunting  Eskimos ox oil  field  developers, 
the  shoreline  serves  as  both  bridge  and 
barrier. Therecent increase in the  rate  of 
development of the  Arctic  has  brought  with  it 
an  increase in  the  emphasis  placed  on  the 
acquisition of information  about  the coasband 
its  dynamic  character. 

The objective  of  this  paper  is  to  provide  a 
summary of the  nature  of  the  coastline  and  of 
the  processes  involved  in i t s  modification  with 
emphasis  being  placed  on  permafrost  as  a 
conditioning  factor. The discussion  is 
centered  mainly  on  the  coast  that  stretches 
from  the  Bering  Sea  to  the  Canadian  Archipela- 
go, a  type of coast  that  is  quite  similar  to  a 
large  proportion  of  the  coast  present  on  the 
opposite  side of the  Arctic  Ocean in Siberia. 

Details on the  thermal  characteristics  of 
permafrost,  on  glaciation,  on  rebound,  and  on  a 

presented in  detail  in  the  companion  paper by 
number of other  geophysical  parameters  are 

J. A. Hunter.  These  topics  are  pursued in  this 
paper  only  where  deemed  necessary  for  clarifi- 
cation  of  the  specific  topic  being  discussed. 

THE NATURAL  SETTING 

The  coastline of the  Arctic i s  long  and  varied. 
Using  the 1:5,000,000 Map of the  Arctic  Regions 
(American  Geographical  Society)  as  a  base,  it 
has  been  determined  that  (excluding  the  Bering 
Sea and  Hudson  Bay) it is  about 82,000 km in 
length  (Walker,  1982). 

Geology,  morphology,  and  hydrology 
The  coastline  circumscribing  the  Arctic  Ocean 

Precambrian  shields,  fold  mountains, and  flat- 
is  dominated  by  three  physiographic  types: 

bedded  plains  and  plateaus.  The  Arctic Low- 

Lands  portion of this coast  was  the  topic of a 
recent  paper  that  appeared  in  Geomor  hxc 
Systems  of lvorth America ( G r a f h O n e  of 
its  major  divisions,  the  Arctic  Coastal Plain, 
contains  the  coastline  the  continental  portion 
of which  receives  major  emphasis  in  this  report 
(Fig. 1). This  coastal  plain  extends  from  the 

coast  in northwest Alaska to  Meighen  Island 
locations where  the Brooks Range  forms  the 

near  Ellesmere  Island  in  the  Canadian  Ar- 
chipelago. It ranges  from  15  to 150 km in 
width  and  hae  two  major  (the  Mackenzie  and 
Colville)  and  many  smaller  rivers  that cross 
it. "West of  the  Colville River,  the  Arctic 
Coastal  Plain i s  a marine-abraded  surface 
mantled  by  marine, fluvial,  eolian, and 
lacustrine  deposits, ... East of the  Colville 
River to near  the  Mackenzie  Delta,  the  coastal 
plain  is  characterized  by  coalescing  alluvial 
plains  and fans,  with  pediments  increasingly 
common  eastward  along  the  mountain front... On 
the niainland east of the  Mackenzie  River,  the 
coastal  plain ... has  been  interpreted  as 
consisting  primarily of a Pleistocene,fluviaL 
and  deltaic  plain...  On 5anks  Island,  the 
Arctic  Coastal  Plain is characterized  by  low 
rolling  hills...from  Prince  Patrick  Island  to 
Ellef  Ringnes  Island [it] is  low,  flat,  and 
uniform.. .I' (Carter  et al.,  1987). 



The coast (topically  and  regionally)  emphasized 
in this  report  can  be  considered  to be of  the 
"soft" type, i.e., it is  composed of uncon- 
solidated mineral and  organic  material. Its 
"rock-like'' nature  stems from the  consolidation 
that  results  from  bonding by the ice that  forms 
within the  sediments. 

Climate, the ocean, and sea ice 
Much of  the uniqueness  of  coastal  forms  and 
processes  in  the  Arctic is due to  the  region's 
climate  especially  temperature.  Low  tempera- 
tuxes  are  responsible  for the existence  of 
permafrost, for the  formation of lake, river, 
and sea ice, and for the  maintenance  of  a  long- 
lasting,  albeit  generally thin, snow cover. 

Temperature is thus  one  of  the  main €actors 
determining  the  seasonality of coastal  proc- 
esses. A s  long  as  the  shoreline  is  protected 
by shorefast ice, wave erosion and nearshore 
longshore  transport  is eliminated; as  long  as 
snow drifts  protect  coastal  bluffs  (Fig. 2 ) ,  
thermal  erosion  is  negligible; and as long  as 
the  active  layer  and  rivers  and  streams  are 
frozen, deltaic  sedimentation is minimal.  The 
major  exception  is  the  Mackenzie  River which, 
like  the  large  Siberian rivers, carries water 
beneath  its ice cover  throughout  the  winter 
(Mackay, 1963). Although  the  length  of  the 
period  and  the  specific  time o f  its initiation 
and cessation vary, it  lasts most of the  year. 

"'7. 2 .  R e r ~ ~ a ~ t  snow bank j.n late  June Shingle 
Pomt, Canada showing results o f  wave a c t i o n  
( H  J Walker photo) 

Winds  along  the coast tend  to be persistent  and 
strong.  Although  throughout  the year prevail- 
ing winds are from the northeast, over much o f  
the Beaufort  Sea  strong winds from  the  south- 
west and west frequently occur, especially 
during  summer and fall.  Under  such  wind 

coastal  erosion  follows  as  happened  in  Septem- 
systems  storm  surges  develop  and  aggravated 

ber 1986 along  the  Chukchi Sea coast of Alaska 
(Fig. 3 ) .  , 

Although  extreme  storm  surges  have  a  recurrence 
period of 25 to 5 0  years (Reirnnitz  and Maurer, 
1978)lesser  ones happen in the  Chukchi and 
Beaufort  seas  regularly  during  the  late summer 
and  fall. Severe  surges  occurred  in  1963  (Hume 
and Schalk, 1967), 1970  (Reimnitz  and  Maurer, 
1978), and 1986. The heights o f  such  storm 
surges  have  frequently  been  determined by the 
position  of  driftwood.  Reimnitz  and  Maurer 
(1979)  reported  that  the  1970  storm  deposited  a 
line of driftwood 3.4 rn above sea level 5000 m 
from  the  shore.  Although  other  reports of such 
high  levels  have been reported, Mackay  notes 
that  such  extreme  heights  are  likely the.result 
of  Lodging  by " . . .wave  action,  swash effect , 
and run-up on slopes  rather  than by a  mean  sea 
level rise.. ." (1986). 
The  fluctuation in the  position of the  iae 
front  during summer and  fall  is  dependent to a 

duration  of  the  wind.  The  position of the  ice 
large  extent on the direction, intensity,  and 

front  is  critical to coasts €or two  reasons. 
If winds are  favorable  for  maintaining  a wide 

the  long  fetch  provided by the open sea. In 
shore  lead, waves may become  sizable  bgcause  of 

contrast, winds  blowing  toward  shore  move  pack 
ice  in  that  direction  decreasing  fetch  and 
dampening  waves (McCann, 1973). Such ice 
movement, when continued to the extreme, 
results  in  ice  pile-up  and  ice  override or ivu 
of event can modify the beach  and  the bluffs 
(the  Eskimo term for ice override). Both  types 

behind  the  beach if sufficiently  strong (Fig. 
4). Ice  movement  inland of 185 m from  the 
high-water  line  has been recorded on Somerset 
Island,  Canada (Taylor, 1978).  Harper  and 
Owens found  evidence of 11 override  events 
along  the  Beaufort Sea coast and  nine  along  the 
Chukchi Sea coast from an examination of extant 
air  photos  (1981). 

Although sea ice  moving on shore rearranges 
shore materials, creating  beach ridges, little 
permanent  change in beach form or position 
occurs.  Shore  ridges  are  destroyed  rapidly by 



swash  once  the  ice  melts  (Hume  and Schalk, 
1967) e 

From  the  standpoint  of  coastal  development, 
waves, longshore currents, and  tides  are all 
important.  Along  the  Arctic coast of  Alaska 
and Canada  astronomical  tidal  ranges  are low, 
longshore  currents  tend  to  be slow, and  low- 
energy waves predominate. However, under 
certain  wind  Conditions as mentioned above, 
waves  may  be  substantial  especially when 
generated at times of high  tide and  low 
atmospheric  pressure.  Under  such  conditions 
wavz heights  have  reached  six  meters  at  Barrow 
(Wiseman et al.. , 1974). Longshore currents 
are also accentuated  during  storm  conditions 
and nay result in  major  amounts of material 
transport. Hume and Schalk  (1967)  wrote  that 
the  storm  of  October  1963  "...moved  more 
sediment in a few  hours  that  would  normally  be 
transported  in 20 years." 

Fig, 4 .  Sea ice impact at ~a~~~~~ Alaska,  1 9 8 5  
as resu l t ,  of small i vu  ( H  J Walker photo) 

PERMAFROST,  THE  ACTIVE  LAYER,  AND  GROUND ICE 

Permafrost,  which by definition is dependent on 
temperature  only, may or may not  have  moisture 
present  along with the mineral  and  organic 
matter of which  the  ground  is  composed (Muller, 
1947). The amount  of  water  present  in  the 
system  is  dependent on regional  and  local 
topography,  drainage patterns, and  the texture 
and  hydraulic  conductivity  of  the  encompassing 
materials  as well as precipitation. 

Although  the  sine E non of permafrost  may be 
temperature, itsactuamistribution is also 

biota  (Polar  Research Board, 1933). Vhen 
affected by geology, hydrology,  topography, and 

conditions  are favorable, permafrost is 
continuous  except  under  those  water  bodies 
(lakes,  rivers,  the  sea)  that do not  freeze to 
the bottom  during winter, Even in  such cases, 

beneath  the  bottom o f  the water body as, for 
relic  permafrost  may be present at some  depth 

example, in the  case  of  subsea  permafrost. 

The  entire land surface of the  Arctic  Caastal 
Plain, including  the  immediate  coast is 
underlain by  permafrost. Its presence and  the 
presence  of  the  many  forms  that  are  associated 
with it have a major  impact on the  yeomorphic 
processes  that  operate  alony  the  coastline. 

Included  in  the  suite  of  permafrost  related 
forms  of  relevance to coastal  morphology  and 
processes  are  various  types  of  ground  ice 
including  pore ice, segregation ice, and  ice 
wedges),  ice-wedge  polygons, pingos, the  active 

1987). 
layer,  and  thermokarst  features  (Heginbottom, 

The form  and  quantity o f  ice  in  the  ground that 
forms  the coast helps  determine what happens 
upon  coastal  retreat. The amount  of  ice  varies 
greatly  from  nearly zero as in the case of  the 
"dry permafrost"  mentioned  above to nearly 100% 
in  very  localized  situations  such as wide ice 
wedges, ice  lenses, and massive ice sheets. 
Much  of  the  tundra  bluff  coastal area has 

meters the bulk of which  tends to be pore ice 
values of 40 to 60% by volume in the upper few 

(Brown, 1967, Heginbottom, 1983). Ice wedges, 
in  the  areas where well developed,  average 10 
to 20% of the  total  volume of the  upper five 
meters  of  permafrost  (Harry et aL., 1985). The 
vertical  distribution  of ice also  varies: most 
o f  it is  present near the top  of  the  permafrost 
(Figs. 5 and 6) . 

I I 

b 24 72 I 
Pig. 5. Sketch of  bluff at McLeod Point showing 

Black, 1983) 
three  separate  systems of ice wedges (From 

I Visible Ice Content (%) 

m 

Fig. 6 .  Example o f  
the  distribution 
of ice content 
with depth at 
Melville Island, 

Heginbottom,  1983) 
Canada  (From 

The spacing of the  ice wedges, which determines 
the  size  of  the  ice-wedge polygons, is  impor- 

which  they  intersect  the  bluff.  The  size of 
tant  in  bluff  erosion  as i s  also the  angle  at 

wedges and  the angle of intersection  control 
the  amount of ice at the  bluff edge at any one 
time.  Near  King Point, Yukon Territory, Harry 
et al. (1985) examined a total of 50 ice wedges 
(80% modern) which are  part of a  contiguous 
net. 
spac 
two 

The  modern wedges had an "apparent" 
ing ranging  from 15 m to near zero where 
ice wedges intersected  at  the bluff  face. 
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The width  of  the  wedges  ranged  up  to  10  m  in 

bluff  in  oblique  section.  Such  variability  in 
the  case  of  those  that  were  exposed  at  the 

spacing  and  width  is  typical  of  exposures  that 

Mackay  calculated  that  the  true  width  of  ice 
cut  across  ice-wedges  in  ice-wedge  polygons. 

wedges  in  ice-wedge  nets  that  have  equally 
sized  ice  wedges  is 0 . 6 4  times  the  apparent 
width  (Mackay,  1977) . 
Among the  most  distinctive  features  of  the ' 
coastal  plain  are  the  numerous  thaw  lakes  that 
dot  its  surface.  These  lakes,  many of them 
oriented,  are  frequently  tapped  by  coastal 
erosion.  Wiseman  et  aL.  (1973)  note  that 
"Lagoons  backing  the  larger  barrier  chains 
appear  to  have  originated  through  the  erosion 
and  coalescing  sf  thaw  lakes"  and  Are  (1980) 
writes  that "...on  the  shores  of  the  Bykovsky 
Peninsula  there  are  isolated  lagoons  which 
according  to  morphological signs are  flooded 
thennokarst  basins. 'I 

PERMAFROST  AND  COASTAL  PROCESSES 

Bluff  retreat  along  arctic  coasts,  rivers,  and 

years  and  for  several  reasons. It is often 
lakes  has  received  much  attention  in  recent 

conspicuous,  often  intensive,  has  distinctive 
processes,  produces  unique  forms,  and  impinges 
on human  settlements  and  activities. 

There  axe  several  factors  involved  in  bluff 
erosion  in  the  Arctic  in  addition  to  those 
normally  associated  with  such  coastal  retreat 
outside  the  zone o€ permafrost.  These  addi- 
tional  factors  center  especially  around  the 
amount  and  type  of  ice  included  in  the  impacted 
zone.  Because  the  ice  within  permafrost  is 
temperature  dependent,  any  condition  that 
initiates  a  phase  change  will  affect  erodabili- 
ty.  From  the  standpoint  of  bluff  erosion  the 
thermal  energy  transferred  to  the  permafrost  by 
water  is  especially  significant  although  that 
received  directly  from  and  through  the  atmos- 
phere  also  plays  a  role.  Destruction  by 
thermal  energy  from  the  air  and  solar  radiation 
is  referred to as  "thermal  denudation"  by A r e  
(1980).  These  two  conditions, i.e. from  water 

by  themselves under  the right  condition.  The 
and  air,  are sufficient to  cause  bank  retreat 

retreating  bluff  must  have  sufficient  excess 
ice so that  when  it  is  converted  to  water  the 
remaining  sediment  settles  to  a  depth  below 
water  level  (Fig. 7). The  extreme  case, of 
course, is a  bluff  of  pure  .ice  which  when 
melted  leaves  no  sediment  to  accumulate. 

If the  bluff  is  too  high or has too l i p e  
excess  ice  for  such  reduction  it  will  develop 
into  an  equilibrium  slope  consistent  with  the 
texture of the  thawed  material.  Such  stabili- 
zation  will  develop  when  the  thawed  sediment 
becomes  thick  enough  within  the  water  body  to 
insulate  the  permafrost  beneath  it  and on the 
subaerial  portion.when  it  is  equivalent  to  the 
thickness of the  active  layer. 

Such  thermal  denudation  in  association  with 
water  bodies  seldom  occurs in isolation.  Even 
in  small  water  bodies  some  water  agitation 

dimensiow to shorelhe' gkosion. Th&e two 
results  in mechanical  action  and adds another 

7 
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Fig. 7 .  The  rela- 
tionship  between 
water  and  land 
in  stable  and  un- 
stable  shores 
(From A&, 1980) 

processes,  working  together,  impact  river 
banks,  lake  shores,  and  seacoasts.  Ari  (1980) 
has  labeled  those  coasts so af€ected  "thermo- 
abrasional";  The  mechanical  element of 
thermoabrasion is highly  varied.  Along 
riverbanks  it  is  mainly  unidirectional  although 
the  larger  the  river  channelthe  more  important 
wind-generated  waves  become.  Along  seacoasts 
storm  surges  and  storm  waves  become  especially 
significant. 

Both  thermal  denudation  and  thermal  abrasion 
are  summer  phenomena.  However.  whereas  thermal 
denudation  is  nearly  continuous,  thermal 

Along  rivers it  will be  intense during  periods 
abrasion  is generally irregular in  timing. 

of  flooding  and  along  coasts  during  periods  of 
storm surges  when  waves  extend  across  a  beach 
to  the  cliff  base. 

In  most  coastal  situations it is  necessary to 
remove  eroded  material  from  the  zone of 
accumulation  in  order  to  maintain  bluff 
retreat.  In  this  regard,  what  happens on the 
underwater  shore  slope  is  important.  Thermal 
settling  within  thia  zone  leads  to  deepening 
which  in  turn  allows  increased  wave  attack  on 
shore.  The  rate  of  deepening of the  subaqueous 
portion of a retreating  coast  is  reduced  with 
the  accumulation  of  sediment  which  acts  to 
insulate  the  bottom  and  prevent  further 
thawing.  In  contrast,  removal  of  this  material 
by  waves  and  currents  enhances  thawing  and 
deepening. 

Thus,  coastal  retreat  in  permafrost  environ- 
ments  is  the  result  of  varying  proportions of 
mechanical  and  thermal  energy.  In  those  cases 
where  the  permafrost i s  ice  free  (dry  per- 
mafrost)  mechanical  erosion  dominates  and  in 
those  portions of the  coast  where  excess  ice  is 
present  thermal  energy  becomes  important. 

below)  that  occur  along many  permafrost  coasts 
The  very  rapid  retreat rates  (see  section 

have  prompted  many  workers to place  great 
emphasis on the  thermal  compogent  (e.g., 
Tomirdiaro,  as  reported in Are, 1980  and 
Reimnitz  and  Kempema,  1987).  Reimnitz  and 
Kempema  (1387),  however,  have  demonstrated 
"...that  mechanical  energy  is  more  important 
than  thermal  energy  for  the  maintenance of the 
dynamic  equilibrium  profile,..."  along  part  of 
the  Alaskan  coast.  They  found  that,  between 
1951  and  1985,  thaw  settlement  could  account 
fo r  only  a  small  proportion o f  the  total 
material  eroded  during  a  coastal  retreat of 
over 250 m  (Fig. 8 ) .  
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PERMAFROST, BLUFF RXCESSION, AND  COASTAL FORMS 

Harper, in  his  dissertation (1978), considered 
four ways in which ice-rich  bluffs recede; 
namely: surface wash, debris slides, ground-ice 
ShnpS, and  thermoerosional  falls (Fig.  9). 
"Surface  wash is downslope sediment transport 
caused by snowmelt and  summer rain runoff. 
Debris sliding  occurs where the surficial 
thawed  layer  fails as a result of oversteepen- 
ing at the  cliff  base" (Carter, 1987). 
Ground-ice  slumps (Fig. lo), also  referred to 
as thaw sLunps, thermocirques,  and  bimodal 
flows, "...consist of a stgep headwall, which 

1""drl .urt.a B a a  

all horimn eYmP 
7 IF.*rdW 

Fig. 9. Degradational  processes  affecting  ice- 
rich coastal bluffs  (After Harper, 1978) 

retreats due to melting of ice, and  a  debris 
flow ..., which  slides down the face of  the 
headwall..." (Heginbottom,  1987). Such 

removal of  debris  from  the  base. Thermoero- 
slumping is  sporadic  and  initiated by wave 

sional  falls (Harper, 1978) or  block collapse 
(Walker  and  Arnborg, 1963) provide  the most 
spectacular  form  of  recession in permafrost 
areas (Fig. 3 ) .  Such retreat is initiated by 
the  development of thermoerosional  niches  along 
the water line  (especially at those water 
levels  that  occur  during  river  flooding  and 

Fig. 10, Ground-ice slump, Yukon TeXritOEyr 
Canada (H J Walker photo) 

storm  surges).  When such niches  penetrate 

overhangs  the  niche  is  likely. In areas where 
sufficiently  deep,  collapse  of  the  cornice that 

ice wedges are present, collapse  usually  occurs 
along an ice  wedge. Thus, blocks often 

Of major  significance in bluff retreat is  the 
represent  part  of an ice-wedge polygon (Fig. 31 .  

Along  the  Colville  River  collapsed  blocks  have 
protection  such  blocks  provide  the  bank  behind. 

served  this  purpose  fox  up  to  four  and five 
years (Walker et al.,  1987). 

Ari, in his  definitive  work on thermal abrasion 

division of bluffs that develop  along  thermo- 
(1980). provides  a  four-fold  morphologic 

abrasional  shores: Sloping, vertical, 

described by Ax& (1980)  sloping cliffs may be 
truncated-sloping,  and  terraced (Fig. 11). As 

active or inactive  and often resemble  those 
that  develop  outside  the  Arctic. Their 

established  at  the  time  of  thermal  denudation 
steepness is controlled by  the angle of repose 

and  reflect  the  quantity  of  excess  ice  within 
the  permafrost. When ice wedges are p.resent, 
the surface  may be highly  irregular  (Fig. 12). 
If an,active cliff is again  subjected  to  basal 
therrnoerosion, removal  of material at  the base 
will gradually  over  steepen  the  lower slope and 
lead to the development of the  truncated- 
sloping  type (Fig.  llb). Vertical bluffs 
develop  with therrnoerosional  falls. Initially, 
these  vertical  slopes will be nearly  pure  ice 
if  the  break  occurs  along  ice  wedges. Such ice 
melts  rapidly  and  the  cliff is subjected  to 
thermal  denudation.  Terraced  slopes on 
thermoterraces (Fig.  lld) develop  along  high 

erosion  workinq in combination with thermal 
coastlines  in  response to sporadic  basal 

denudation. 

COASTAL RECESSION RATES 

Many of the  ice-rich  bluffs  that  comprise  much 
of  the coast of  the  Arctic  Coastal Plain are 

varies  not  only with location  along  the coast 
retreating. Coastal erosion of such  bluffs 

but also  greatly with time. 

As Ar; noted in discussing  erosion  rates  along 
similar  coasts  in Siberia, average  long-term 
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Pig. 11. The main  types  of  profile 
developed  on  thermoerosional  bluffs 
(After Ard, 1980) 

Fig, 12, ~ ~ a c ~ ~ ~ ~  ~ ~ ~ ~ t ~ l  b l u f f ,   low River, 
~~~~~~ (H J w a ~ ~ ~ ~  ~~~~~) 

during short  periods of time. He reported  that 
rates axe  quite  different  from those  obtained 

"...in the  last  150  years,  the  maximum  rate of 
thermal  abrasion  was  observed  in  1944-1946  on 
Semenovsky  Island  in  the  Laptev  Sea  to  be  at 
least 55 m per year" (A&, 1983). Although 

Arctic Coastal  Plain of North America, Short et 
nothing this  extreme has been reported for  the 

a1.  (1974) wrote  that "In 1972, the  eastern  end 
of  Pinyok  Island lost 40  m  to  tundra  ero- 
sion,..."  With  major storms, such as that in 
the  Chukchi Sea in  September  1986,  massive 
erosion  can  occur. 

Average  rates of retreat  have  been  calculated 
by a  number o f  researchers  for  various  parts  of 
the  Arctic  Coastal  Plain.  Most of the  calcula- 
tions  tend  to  be  for  relatively  short  periods 
of time  and  many  researchers  have  used  dif- 
ferent  methods.  Because  ice-wedge  polygons  are 
relatively  small  features  that  are  distinctive, 
photographs of them  can be  used  to  obtain 
accurate  erosion  rates.  Unfortunately,  the 
earliest  vertical  air  photographs  stem  from  the 
late 1940s, although  some  locations  are 
documented  on  oblique  photographs  Erom  earlier 
times. 

One of  th e earliest  c 
Leffingwell  who  based  his  measurements  on  the 
retreat of the  shoreline  at  Brownlow Point 
(east of Flaxman  Island)  in  relation to an  ice 
cellar  that  had  been  dug in 1901. By 1907  the 

the  shore  had  retreated  by  over 50 m for an 
ice  cellar  was  being  destroyed,  but  only  after 

average of about  nine  meters  per  year. 

Using  photographs  as  the  basis  of  calculation, 
Mackay  (1986)  determined  that the  coastal 
recession  at  a  massive  ground  ice  site  just 
west of Tuktoyaktuk  was 350 m during  the 50  
year  period  between  1935  and 1985 for  an 
average of seven  meters  per  year  (Fig. 13). 

alculations  was  made by 

Pig.  13.  Fifty years of coastal  retreat at a 
massive  ground  ice  site  near  Tuktoyaktuk, 
Canada.  Drawn  from  photo  in  Mackay  (1986) 

Such  rates  are  apparently  typical of the  most 
favorable  erosional  locations  along the coast 
(Hartwell,  1972,  Lewis and Forbes, 1974) . 
Rates €or most  of  the  coast  however, are more 
on  the  order of one  to  three  meters  per  year 
(Table I and  Fig.  14). 

Although  the  above  discussion  has  concentrated 
on  the  retreat of bluffs  exposed  directly  to 
the sea, thermoerosion also occurs  in  lagoons, 
lakes,  and  along  rivers.  Erosion in  Elson 
Lagoon  (east  of  Barrow) was  studied by  Lewellen 

has low, ice  rich,  bluffs along most of its 
(1970). Elson  Lagoon,  up to 10 km in width, 

landward  edge.  Bluff  retreat  varies  up  to  f.our 
meters  per  year in the  lagoon  proper. However, 
opposite a seven  kilometer  break i n  the  barrier 

year.  Lewellen  noted  that  within  the  lagoon 
islands,  the  erosion  rate is about 10 rn per 

erosion  and  length  of  fetch (1970). Apparently 
there was a  correlation  between  rates  of 

differential  erosion  within  lagoons  results in 

Wiseman et al.  (1973)  suggest  reflect  struc- 
the  development of cuspate points, points  that 

tural  lineainents within  the  coastal  plain  east 
o f  Barrow. 

Deltas, as  coastal  forms,  present  yet  another 

of open  coasts  and  lagoons, the water  involved 
example  of  bluff  erosion.  Unlike  in  the case 

That is not to say, o f  course,  that  waves 
in  thermoerosion  is  unidirectional  in  movement. 

generated  on  flowing  river  water  are  not 
important. I n  the  case of large  rivers  such as 
the  Mackenzie  and  Colville,  wind  generated 
waves  can  aggravate  the  erosional  process 
(Walker  and  Morgan, 1964). 
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Coastal  Retreat Rates for  the  Arctic  Lowlands* 
Maxima  Mean 

Location W y r )  (m/yr) 
Chukchi Sea coast 

TABLE I 

Near  Barrow 
Near  Barrow 
Barrow to Peard  Bay 

Near  Barrow 
Oliktok  Point 
Near  Prudhoe  Bay 
Barrow to Harrison  Bay 
Smith  Bay  to  Prudhoe Bay 
Barrow  to  Demarcation  Point 
Canadian  Beaufort  Sea  coast 
Kay Point 
Yukon  Territory 

1 Yukon  Territory 
Yukon  Territory 
Tent fsldnd, Yukon  Territory 
Garry  Island, N.T. 

P ~ ~ Z Y  Island, N.T. 
Hooper Island, N.T. 
Pullan  Island, N.T. 
Tuktoyaktuk  Peninsula 
Tuktoyaktuk  Peninsula 
Tuktoyaktuk  Peninsula 
Tuktovaktuk  Peninsula 

Alaskan  Beaufort  Sea  coast 

3.9 1.9 

1.5 
3.5 

0 . 3  
2.2 

4.5 2.1 

3 
1.4 
1- 2 

13.4 6 . 3  
18 2 . 5  
20 .5  3.0 

1.3 

2 
1 
1 

5 

"- 

"- 
I" 

"- 
27 15 
7.3 2.3 
1.8 

13.2 
1.2 

2.7 
6.3 
1.5 
9.2 

5- 8 " 

6-9 

8 

"- 
--- "_ 4 ".. . .. 

Banks-Island,  (Sachs  Harbour) , > 4  
N.T. 

-" 

603 for  sources  which  have  been  deleted  here 
*Modified  from  Carter  (1987).  See Carter, p.  

because  of  space  limitations.  N.T. = Northwest 
Territory. 

Fig.  14. Coastal  retreat  rates  in m per year 
(After  Rawlinson, 1983) 

Rates  within  the  Colville  River  Delta  vary  just 
as they do along  the  open  coast. cut banks 
and the  heads  of  mid-channel  islands  are 
especially  vulnerable  (Walker,  1983a,  1983b, 
Walker  and  Arnborg,  1963).  Long-term  (1949- 
1987)  sates in  the  tundra  bluff  near  Nuiqsut 
are just  over  one  meter  per  year, i.e., an 
amount  that  equals  the  wiath of the  river  at 
this  location  every 100 to 120  years. 

CONCLUSIONS 

Natrual  processes  along  coasts  composed of 
permafrost frequently  cause  rapid  retreat of 
the  shoreline.  Most  such  retreat  is  the  result 
of thermal  and  mechanical  energy  working in 
combination,  the  relative  proportions  of  which 
are  related  closely  to  the  amount of excess  ice 
in  the  eroding  system. 

Recently,  along  some  segments of the  arctic 
coast,  man  has  become a factor in coastal 
modification.  By  utilizing  beach  materials in 
his  construction  projects,  he  has  aggravated 
coastal  erosion as, far  example, at Barrow  and 
Wainwright,  Alaska,  in  airport  construction. 
To date,  only  small  scale  efforts  (Fig. 3 )  have 
been  attempted at reducing  coastal  retreat. 
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MAINTENANCE OF A RAILWAY GRADE OVER PERMAFROST IN CANADA 
D.W. Hayley 

EBA Engineering Consultants Ltd, Edmonton, Canada 

SYNOPSIS 
The Hudson Bay Railway is approaching 60 years o f  operation Over permafrost in northern Canada. Thaw-Settlement o f  the 
embankment and distortion ot bridge decks by frost heave have been perpetual problems. This paper describes an on- 
going program to develop a cost effective means of stabilizing the line. Twa test segments, covering 7 km of route, 
have been upgraded by bank widening and installation of 400 heatpipea. Ground penetrating radar was used as a survey 
tool to detect permafrost transitions for acourate location Of the heatpipea. The sites will be monitored until 1990. 
The data will allow evaluation of this technique for I much broader application on  the railway. 

INTRODUCTION THE HUDSON BAY RAILWAY 

The Canadian "north" comprises about 4.5 million sq. km The  Hudson Bay Railway was the first major  transpor- 
or about half o f  our land mass. The presence of perma- tation facility to be built over permafrost In Canada. 
frost affects almost all civil engineering structures, It provides the moat direct rout. for grain from Western 
with the greatest impact on linear transportation facil- Canada to a ..aport whiah is located on Hudson Bay at 
ities such as railways, roads and pipelines. The demand Churchill, Manitoba,  The line extends northeast from 
for  transportation  facilities haa bean  constantly  The Pas,  bfanitoba 820 km to the  northern  texminus of 
increasing  as new rssourcea ar4 found and Northerner6 Churchill. Pemfroat grades from isolated and sporadic 
are no longer Content living  in isolation. The high at the south end to  continuow at the north. The topog- 
coat of conatruction,  difficult  access  and  harsh raphy i s  uubdued with much of the landacape either post 
environment  has  fostered  innovation  among  practicing glacial lake bed o r  mstine lowlands that have emerged as 
engineers. recently a6 10,000 years ago. The climatic and drainage 

conditions that have prevailed since deglaciation have 
Basic design methodology for dealing with permafrost was remalted in widespread accumulation of peat. 
developed in Canada in  the 1950's and 60's. The 1970'~ 
aaw  quantification  af  some  of  the  more  difficult  Paxmafrost  is  present  in  elevated peat landform8 or 
technical challenges faced by designers. Major initia- "peat plateaus"  which  have  a  aurface  covering o f  
tives  in resource development led to impxoved methods of sphagnum M O ~ S ~ S ,  lichens and black spruce. The plateaus 
analysis  of  the ground thermal regime. Contributions becorns extensive north oi: the  camunity of Gillan where 
were made to our predictive capability for creep defor- permafroat  underlies more than 50 percent  Of  the 
mations  in frozen soils and to  the illusive prediction landscape. Between  the  frozen  plateaus  are  unfrozen 
of frost heave displacements. Much of the research and water-saturated fena in  which  ponds  and  streams are 
deVQlOpWnt conducted in Canada during  the past decade comnon. The  fen-plateau  boundarieu  denote  permafrost 
was driven by a perceived immediate need to solve these transitions  that appear to be stable in  their natural 
more  complex  technical  prObleMS  in  order to safely environment. However, it i m  hypothesized that they in 
produce oil or gas from the axctic. fact respond to minor  changes  in microclimate, snow 

accumulation and drainage to such an extent that perma- 
Permafrost research and development occurred at a hectic frost aggradation and degradation processes can co-exist 
pace  during  the  decade  that  preceded  the last (Thie,1974). The  permafrost  peatlands  provided  a 
International Conrerence on Permafrost. In contrast to particularly challenging environment for planning and 
this, the past five years have been a period of appli- Construction of  a railway to Hudson Bay at the beginning 
cation  and  refinement  of new technology.  In uome of  the century. 
respects, the past five years can  be referred to as  an 
era of maintenance. Construction of the  line  began  in  1917 but  it was not 

complete until 1929. Progress was interxupted by World 
This paper describes  some recent Canadian  experience War I and by a re-evaluation of of  the  terminal site 
with maintenance O f  the Hudson Bay Railway; a pioneering resuLting in  a substantial shift northward to the port 
facility currently operating over permafrost in Canada, of Churchill. This added about 200 km to the lenwh and 
On-going research to find a method for dealing with forced the route over the Hudson Bay Lowlands, one of 
thaw-induced embankment settlement is auapmariied and the  the moat extensive pmrmafroat peatlands in  the world. A 
challenges  posed  by  simple  stream  crossings  are  description of the  grade  construction  techniques is 
desoribed. New technology is being applied to very old provided by Charles (1959). He commcnts on the impor- 
problems in  the hope of reducing high maintenance coata tanae of route location, avoidancm of cuts, placement of 
and improving the operational safety. This quest for f i1 . l~  owmr frozen peat and  the  stability of water 
new and innovative solutions is vital to the very future crossing structures; both bridges and culvert.. This 
of  the facility. 
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historic paper documents 30 or more years of early 
Canadian experience with  embankment construction over 
permafrost. 

The line has been in continuous  operation  since 1929. 
However, with passing time, quality of the track has 

operational hazards are now a real concern on the 
deteriorated, maintenance costs have increased and 

system.  Even  with  annual  expenditures on maintenance  up 
to 3 times  normal  costs  for  western  Canadian  railways  it 
has  barely  been  possible to keep pace  with  grade  deteri- 
oration. The situation is further aggravated by 
improvements in rolling stock that demands a better 
class of track structure to carry  greater  axle  loads at 
higher  speeds. The operational  challenge is primarily 
due to the presence of permafrost with the widespread 
occurrence of peat  being  a  aecondary  factor. 

critical to adoption  of  heat  pipes as a  route  stabili- 
zation technique. 

a) Characterization of sinkhole distribution and 
frequency  along the route. ' 

b) Development of a rapid and effective means of 
locating the permafrost transitions in order to 
correctly  position the heat  pipes. 

c) Adoption of a generic design that is relatively 
independent  of  site-specific  conditions. 

d) Development of an efficient,  rail  mounted,  means 
of  installing the heat  pipes. 

THAW-SETTLEMENT 

Thaw-settlement of the embankment at a  discrete  locatio, 
has  been  termed  a  "sinkhole'  by  maintenance  personnel. 
Sinkholes are widespread  within  discontinuous  permafrost 
and  there are indicutiona  that  they  are  spreading  north, 
well into the region where permafrost in normal11 
considered  continuous.  Most  sinkholes  require 100 t, 
150 m of fill each year to maintain the track in I 

serviceable  condition.  Sinkholes  invariably fonn at the 
transitions between permafrost  peat plateaus and th( 

peatlands is shown in Figure 1 and a  typical sinkhole i: 
adjacent fens.  A section of track across the permafrost 

p ~ ~ ~ i ~ ~ ~  nozth of Gillam, ~ n i ~ ~ ~ ~  Figure 3 Sinkhole  formation  hypothesis 

An hypothesis  that  explains the occurrence  and  distri- 
bution of sinkholes is reproduced as Figure 3 (Hayley  et 
el.). Progressive lateral thaw of an unstable, near 
vertical,  permafrost  boundary causes the sinkhole to 
slowly migrate into an otherwise stable frozen peat 
plateau. The key  to restoring stability o f  the 
embankment  resides  with  stopping  the  retrogressive  thaw. 
vertical  heat  pipes;  inserted  through the fill  into the 
thawing  subgrade,  were  shown to be effective at cooling 
the transition after a trial installation in 1978 
(Hayley  et  a1,1383) . In  order  for this technique to be 
adopted for large  acale  use  along the route  it  must  be 
ah0 -n to be  not  only  technically  sound  but  economically 
viable. The followi-ng factors were .,identified as 

A thorough evaluation o f  the 600  km route over penna- 
frost was conducted by review of track maintenance 
records,  airphoto  examination  and  geophysical  methods. 
The northern 100 km and the southern 200 km are 
relatively free of thaw-settlement. An approximate 
distribution of sinkholes by frequency  for the middle 
half of the route is shown in Figure 4. Seven hundred 
active  sinkholes  were  identified  and  characterized  in 
this study. 

The  distribution o f  sinkholes  can  be  directly  related to 
variations in organic soil cover and climate. The 
sinkholes can also  be  broadly  categorized as simple or 
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Figure 4 Frequency of sinkhole  occurance  relative  to 
the  distribution  of  permafrost. 

complex.  Simple  sinkholes  are  characterized  by  a short, 
abrupt  dip  in  the  track.  They  typically  have 2 to 3 
transitions  from  frozen  to  non-frozen  subgrade  soils. 
I n  contrast. complex  sinkholes  are  often as long as 300 
i. and  are  underlain by 4 to 7 permafrost  transitions. 
The  ccmplex  sinkholes  represent a more  advanced  stage of 
permafrost  degradation  and  are c m o n  to  the  southern 
half of the route. A closely  spaced  group  of  simple 
sinkholes  impedes  the progress of  train  traffic. 
However, it is the  long  complex  sinkholes  that  pose  the 
greatest  operational  hazard  because  differential  settle- 
ments  are  more  severe  both  along  and  across  the  track. 

Effective  use  of  heat  pipes  requires a reliable  method 

within  individual  sinkholes.  Experimentation  with 
for determining  the  location of permafrost  transitions 

ground  penetrating  radar  on  the  Hudson  Bay  Railway  has 
confirmed  that it is both fast and  effective at locating 
the  permafrost  transitions  for  soil  conditions 
particular  to  this  route.  Ground  penetrating  radar  has 

between  frozen  and  thawed soils  (Annan and Davis, 1976) 
been  used  experimentally for some time to  differentiate 

or  to  chaxacterize permafrost  by  ice  content  (Kovacs  and 
Morey, 1 9 8 5 ) .  However,  there  is no precedent  for  appli- 
cation  of  this  technology  to  collection  of  route  data 
for  design  purposes. 

The  first  radar  survey  was  conducted  along 7 7  km  of 
route during  the winter, 1985. The  antenna  was  towed 

behind  a  vehicle at speeds  ranging from 5 to 7 km/hr. 
High  frequency  pulses  (120  Mhz) w@r@ transmitted  into 
into  the  ground  and a  reflection  was  received at the 
same antenna.  The  signal  was  processed on electronic 
equipment  carried  in  the  vehicle  then  printed  in 
analogue  form  on  a  strip  chart  recorder. A subsurface 
boundary  between  granular  and  cohesive or organic  soils 
or between  frozen  and  unfrozen  soils  can  normally  be 
distinguished  because  there  is a change  in  electrical 
properties  of  these  materials. 

Typical  data fxom a  radar  trace  over  one  of  the  early 
heat pipe  test  sites  (1978)  is  shown  in  Figure 5. The 
bottom  of  the  granular  embankment  can  always  be  distin- 
guished  as  can  the  groundwater  table.  Fill  that  has 
been  recently  placed  in  active  sinkholes  is  also 
evident.  The  radar  signature  from  the peat plateau  is 
more  intense  than  the  return  from  the  fen. 
Nevertheless,  precise  detection o f  the  frozen,  non- 
frozen  interface  is not particularly  reliable  perhaps 
because it is normally  coincident  with  the  base  of  the 
fill. The  nature  of  the  interface  is  such  that a 
relatively  steep  slope  is  defined  where  there  is  a 
transition  from  thick  fill over unfrozan peat (fen) to 
thin fill  over  a  permafrost peat plateau.  These  charac- 
teristic  features  on  the  radar  profiles  are  considered 
to be  reliable  indicators  of  the  degrading  permafrost 
boundary. This  has  been  confirmed  by  comparison  with 
geotechnical  data  obtained  by  drilling  and  sampling. 

Reasonable  success  from  initial  field  trials  prompted 
use of radar  to  locate  heatpipes just ahead  of  an 
installation  crew  and as a monitoring tool. Results  of 
sequential  survey  data  obtained  from  both  summer  and 
winter  surveys  have  been  compared to assess  changes. 

PrOtOtVDa nm  t '- 

A prototype  installation  was  completed  in 1987 to test 
the  validity  of  using  heatpipes  to  stabilize a 
meaningful  segment  of  track. Two, 3.5 km  long route 
segments  were  cho$en to represent  worst  case  conditions 
on  the  northern  and  southern  ends  of  the  most 
troublesome  portion  of  the  route.  These  sites 
reasonably  covered  the  range of closely  spaced  simple 
Sinkholes  (northern  site)  and  long  complex  sinkholes 
(southern site). The  permafrost  transitions  were  located 
from  ground  penetrating  radar  traces. A generic  design 
was  developed  for  each of the  sites  based  on  results  of 
the 1978 installation  (Hayley et a1,1983).  Data  from 
the  previous  installation  indicated  that a transition 

Figure 5 Ground  penetrating  radar  trace  over 1978 test  site no. 4 
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Figure 6 Heatpipe installation schematic 

could  be  stabilized  with  as  few as four carefully 
located heat pipes spaced at 4 m. with 2 on each side of 
the rails. 

A sketch of  the generic design adopted from past perfor- 
mance observations is shown in Figure 6. Selective bank 
widening was required to atabilize the sidealopes. The 
heatpipoo were 9 m long for the northern site and 11 m 
long for the southern site. 

This design was supported by thermal perfomunce data 
obtained  from  two  years  of  comparative  testing at 
Thompson, Wanitoba. The  two units that are manuiactured 
in Canada;  Cryo-Anchors and Thermo-Probes,  were 

monitored to determine the extent of the frozen cylinder 
inrntrlled at a  non-permafrost research  site  and 

that  formed  around the  pipes  each winter. A heat 
transfer  coefficient  wa6  back-ca1culated from the 
r e ~ u l t 6  f o r  colnparison with the manufacturers published 
data. The  results compared well, resulting in accepta- 
bility of either unit for use on the railway. 

Conatruction warn initiated in September, 1987 following 
a  competitive  bidding  process for both supply o f  the 

Figure 7 Auger drill and crane installing heatpipes 

Figure 8 Installation crew with rail mounted equipment 

heatpipes and installation  services. The heatpipes 
chosen were manufactured in Winnepeg, Manitoba by Arctic 
Woundations of Canada Inc. These unita were of standard 
Thermo-Probe derign; charged with carbon dioxide. The 

to allow a free standing radiator. 
6teel pipes were upgsaded to make  them  more robust and 

A total of 400 heatpipes were installed in 26 days uaing 
a custom  designed,  rail  mounted  drilling rig. A 

to a backhoe, rapidly drilled a hole that warn slightly 
continuous flight auger, mounted on a long must attached 

larger than the diameter of the heatpipe evaporator (61 
mu). Mud was injected through  the centre of the  auger 
to fluidize  the drill cuttings  and to stabilize  the 
hole. The hoatpipe wpa installed  with  a amall crane 
immediately after the augers were withdrawn. The entire 
operation was conducted from two flat cars that wefe 
moved  with a small ahuttlewagon.  The  construction 
operation is shown  in Figures 7 and 8. Inatallation 

of 3.3 units per hour. 
rata* varied from 1 to 6 units per hour with an average 

Representative segments of the t a m  sections have been 
instrumented  with  thermietox  cables  and  settlement 
survey points. These will be monitored for  two years to 
provide a quantitative means of evaluating performance. 
In addition, operating and maintenance personnel will 
provide their own arlessment o f  the effectiveness of the 
installation. A significant  improvement  in  overall 
track  quality  throughout  the 3.5 km  teat s i t s a  is 
essential before the measures can be judged B success. 

STREAM CROSSINGS 

General  upgrading of the  railway  would  require 

bridge decks are all supported by timber pilea that have 
replacement o f  a number of timber bridges. The timber 

commonly experienced  subatantial fxost jacking. The 
amall bridge, shown  in  Figure 9, illustrates a rather 

heave. The structure at km 612, ahown in Figure 10, is 
severe case o f  bridge deck  distortion  caused by pile 

more typical of many o f  the original timber bridge6 on 
the  route  north o f  Gillam.  Even  with  extensive 
shimming, piles no longer bear evenly on the  cross 
beams, a8 shown in Figure 11. In many cases, the pilee 
have been cut off sa they were progressively jacked out 
of the ground. 

The  crosaing at km 715 provides some insight into  the 
extent o f  the redesign measures  that are required to 
provide  a  stable  structure in this  environment. 
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Figure 9 Bridge deck d i s t o r t i o n  elbe t o  frost heave 
(1978 photo) 

17 

Figure 12 Si t e   cond i t ions   a t  km 715 crossing 

Figure 12 i s  a schemat ic   i l lus t ra t ion  of the   so i l   cond i -  
t i o n s   u t   t h i s   l o c a t i o n .  It was constructed  from  fouc 
geotechnical   boreholes   and  l imited  survey  data .  The 
stream i s  about 1 0  m across with a 1 2  m wide floodplain 
on each  bank. The o r i g i n a l   t i m b e r   s t r u c t u r e  was 3 4  m 
long,  with 1 0  simple  spans  between pi le   supported  bents .  

Soi l   condi t ions  in t h e   v a l l e y   c o n s i s t  of a l l u v i a l  s i l t  
and  sand  with a veneer   of   gravel   overlying  very  hard 
till. Th ick   pea t   ove r l i e s   t he   a l luv ia l  soils on t h e  
f loodplain  and it extends  under   the  abutments   and 
approach f i l l s .  The a l l u v i a l   s o i l a   a r e   o n l y  5 t o  6 in 
t h i c k   t h u s   t h e  timber p i l e s  m e t  r e f u s a l   a t  a shallow 
depth   in   the   hard  till (about 7 m ) .  

Permafrost i s  not  present below the  act ive  channel  or on 
the  f loodplain  but  i s  present below the  abutmehts. The 
water  depth  varies  substantially  throughout  the  year  but 
aeldom exceeds 1 m. It is usually  very low i n   l a t e   f a l l  
(300 nun) t h u s   t h e   s t r e a m  will f reeze   comple t e ly   i n  
winter,  except  perhaps for one smell channel. 

The or ig ina l   t imber   a t ruc ture  was rep laced   in  1978 with 
t h e   a t e e l   b r i d g e  shown i n   F i g u r e  1 3 .  There   a r e   f i ve  
bents  each  supported by 6 steel H p i l e s  (300 by 300 nun) 

When t h e  br idge  was inspec ted  by t h e  au thor  i n  1986 
t h a t  were driven to   depths   ranging from 11 m t o  12.5 m. 

heave   o f   t he   p i l e s   suppor t ing   t he   cen t r e   ben t  was 
obvious. The centre   bent  was 100  mm above the   ad jacent  
one8  with  the  displacement   c lear ly   not iceable  on t h e  
lower  f lange o f  t h e   s u p e r a t r u c t u r e .  Only t h e   p i l e s  
a u p p o r t i n g   t h e   c e n t r e   b e n t ,   l o c a t e d   i n   t h e   a t r e a m  
channel,  had  heaved  (Figure 13). 

The dep th  of seasona l  frost  p e n e t r a t i o n   i n t o   t h e  
streambed was es t imated  t o  range from 2 t o  3 m. The 
u p l i f t   r e s i s t a n c e  for p i l e s   d r i v e n   i n t o   u n f r o z e n  
a l l u v i a l   s o i l  and till is p r e d i c t e d   t o  be about 565 kN, 
thus   t he   ave rage   heave  stress f o r  3 m of f r o s t  
penetrat ion  probably  exceeded 150 kPa.  Such a high 
average  heave stress has   a lso  .been  reported by Penner 
and  Goodrich (1983) €rom tests on r e s t r a inhd   s t ee l   p ipe  
p i l e s   a t  Thompson, Manitoba.  Their  data $.haws t h e  
d e t r i m e n t a l   e f f e c t   t h a t  a 0 . 5  m th ick   sur face   l eyer   o f  
g rave l  has on t h e   a d f r e e e e  stress, i n c r e a s i n g   t h e  
a v e r a g e   s t r e s s  by a f a c t o r  o f  about four., Such a 
condi t ion   usua l ly  can not be  avoided when pilea a r e  
driven  into  an  active  streambed. 

Reconstruction  of  the  t imber  bridges on t h e   r o u t e  must 
ce ra fu l ly   add res s   t he   p i l e   heave   po ten t i a l .   C lea r ly ,  



Figure  13  Steel replacement structure  for Kn 715 
showing  heave  of  the  centre pile bent 

timber  piles  are not a good choice  for  the  conditions 
described  because  they  cannot be driven  deep  enough to 
establish  sufficient  anchorage  against  frost  heave. 
Steel H piles  can  be  driven  to  considerable  depths, 
however, they  expose  the  maximum  surface  area  per  meter 
of  length  to  adfreeze.  Steel  pipe  piles  provide  the 
best comprwhise  between  drivability  and heave potential, 
To ensure  that  adequate  anchorage is provided  against 
heave a penetration  depth in  the  ordec  of 20 m  would be 
required.  Alternative  solutions to  deep  driven  piles 
have  been  considered but rejected  because  they have been 
judged  to  add  unreasonable  complexity  to  the 
conetruction  effort. 

CONCLUSIONS 

The  practice  of  engineering  for permafrost conditions  in 
Canada haa matured  to  the extent that  we  now have trans- 
portation  facilities  and  structures  that  have  completed 
their  life cycle. These  facilities  require  either 
extensive  maintenance or reconstruction  if  they  are to 
continue  in operation. The  Hudson Bay Railway  is  a good 
example  of  such a condition. Its continued viability is 
important to  the commerce of northern  Manitoba but its 
future is threatened by rising  maintenance  costs  and an 
inability  to  keep pace  with  improvements  in  design of 
rolling stock. 

Settlement of  the  track  structure is a result of retro- 
gresoive  thaw at the  transitions  from  non-frozen  to 
permufrost peat landfoms. Research to  date has  shown 
that  selective  installation  of  heatpipes  will  arrest 
thaw-settlement at locations  where  conditions  fit  the 
model developed  (Hayley et a1.,1983). The  on-going 
study  described  in  this  paper  addresses  the  practical 
extension  of  the  earlier  work by developing a cost 
effective  methodology for design  and  installation  on  a 
much larger scale. A key  element in  the  design  is  a 
demonstrated  capabllity  to  locate  the heat pipes  using 
ground  penetrating radar. Success  of  the  new  installa- 
tions  will  depend  primarily  on  qualitative  evaluation  of 
track  condition  through  the 3.5 km test sites by opera- 
tions  and  maintenance personnel. 

unsatiafactory  for  new  construction  because  they  can not 
be driven  into  hard  till or permafrost  that  underlies 
most  sites.  Experience  with  driven  Steel n pile8  has 
not been  entircly  satisfactory  because of the  severe 
potential for frost heave. A  ateel  pipe pile, driven to 
a  depth of 20 m, ia required  to  provide  reasonable 
assurances  that  stability will be  maintained. 
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AIRFIELDS IN ARCTIC ALASKA 
F.E. Crory 

U.S. Army Cold Regions Research and Engineering  Laboratory, Hanover, N.H. 03755-1290 

SYNOPSIS Airplanes provide an important means of transportation for villages and petroleum- 
related activities in remote areas of northern Alaska.  ACCOKdingly this review discusses 
temporary and  permanent airfields which have been  constructed in that region,  ranging  from snow 
and ice winter airstrips to gravel and rock fills for all-season  airfields, which can eventually 
be paved to provide permanent airports. 

INTRODUCTION 

Arctic Alaska can be considered remote,  having 
only  brief  and limited access to the sea and 
very few roads. Although overland transporta- 
tion has changed from tractors and sleds to 
vehicles with low pressure tires, and even air 
cushion vehicles, the principal means of 
transportation to many of these remote areas 
is the airplane. The use of the airplane in 
the North is  not  new,  but  aircraft have 
changed, to accommodate more passengers and 

drilling equipment is designed  and  built to be 
larger  and heavier freight. Construction and 

transported by specific airplanes, such as the 
C-130. For more than a decade it has been 
possible to move entire oil  rigs, with the 
associated supplies, camp and construction 
equipment, from one remote area to another in 
the Arctic, provided there are temporary 
airfields at both  locations. Temporary air- 
fields are therefore vital elements to air 
transportation in the North. 

Temporary airfields in the Arctic are practi- 
cal,  prudent and.advantageous solutions to the 
siting and construction constraints of a 
specific location. when used in petroleum 
exploration the location for a new airfield is 
primarily dictated  by the proposed  exploration 
well  location. Unfortunately the well  loca- 
tions are selected from  geophysical data, with 
little regard for the existing terrain condi- 

differ from  permanent airfields in many 
tions. Accordingly many temporary airfields 

respects.  For  instance the orientation of the 
runway  may be based  on strong winter winds, 
if the operational period  will  be  during the 
winter only. Topographic features may also be 
used to advantage, with due respect €or cross 
winds that might occur only  in winter storms. 
Temporary airfields,  being private airfields 
(without scheduled flights), can be closed 
to all traffic in storms and strong cross 
winds. State and  federal guidelines for the 
design of airports can also be waived in same 
circumstances with respect to lateral obstruc- 
tions (drill rigs), and even  approach obstmc- 

tions. Some airfields are constructed with 
access only  from one end  of the runway, at 
least  for  large  aircraft, the other end  being 
obstructed by a hill  or  mountain. This is  not 
unique to the North  Slope, for there are 
several airfields elsewhere in Alaska that 
have one-way access and  have been in  con- 

While every  attempt  is made to comply  with 
tinuous operation for more than 25 years. 

normal  airfield  standards, there are situa- 
tions where this would  be  impossible,  prohibi- 
tively expensive, or require that the airfield 
be  many miles away  from the desired  location. 
Nevertheless, all variations from standard 
practice are carefully evaluated by all 
parties,  including the pilots,  aircraft owners 
and their insurance companies.  Temporary 
airfields are not  expedient  or to be otherwise 
construed as lacking  in good engineering or 
workmanship, for lives and millions of dollars 
are involved in every takeoff and  landing. 

TYPES OF AIRFIELDS 

For purposes of this review the types of 
airfields can be grouped  according to the 
construction material used, or their location, 
as follows : 

A. Runways on Ice 
1. Sea  ice 
2, Lakes or ponds 
3. Rivers 

2. Partially  drained lakes 
1. compacted snow or  ice 

3 ,  Ridges, beaches and  gravel bars 

1. Conventional gravel fills 
2. Insulated  gravel fills 
3 .  Rock fills 
4. Dredged  material 

1. Combinations 
2. Landing mats 
3. Geo grids 

8. Snow or Iced Runways 

C. Gravel or Rock Fills 

D. Combinations and Other Types 
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The  above  groupings do not  constitute  a  rank- 

type  best  suited fo r  the  proposed  site  is 
ing  or  preference:  the  selection  of  the  runway 

dictated  by  the  site  itself  and  the  period 
during  which the airfield  will be needed. For 
instance  a  shallow  exploration  well,  along  the 
coast  or  in  an  area  of  many  lakes,  can  be 
scheduled  for  winter  drilling,  wherein  ice  can 
be  utilized.  Conversely  the  planning of a 
deep  exploration  well, o r  other  construction 
that  might  require  a  year or more  to  complete, 
wauld  consider  all-season  airstrips  using  a 
gravel or rock  fill.  Many  programs  in  remote 
areas  also  require  more  than  one  runway. A 
frozen  lake  may  be  used to initially  move  in 
the  heavy  equipment to build  the  gravel  run- 
way,  or a short  snow  runway  may  be  built  close 
to the  drill rig, while a large  frozen  lake, 
several  miles  away,  may  be  used for larger 
aircraft.  Even  when  drilling rigs are  brought 
overland,  on  winter  trails,  a  short  temporary 
airstrip  is  usually  built  on  ice,  snow, 
beaches,  ridges or gravel  bars.  Such  small 
airstrips,  for  STOL  type  aircraft,  are  con- 
sidered  essential  for  obtaining  small  parts 
and  supplies,  crew  changes  and  medical  emer- 
gencies. 

Runways  on  Ice 

Sea  ice  may  be  utilized  for  temporary  winter 
runways.  These  include  free-floating,  first- 
year  ice  along  the  coast,  or  bottom-anchored 
ice  near  the  shore,  in  bays,  lagoons or shal- 
low  waters. Site selection  for  such  runways 
usually  includes  a  search  of  historical  infor- 
mation  on  ice  conditions  in  the  specific  area 
to  determine  the  extent  and  location  of  pres- 
sure  ridges  and  previous  ice  movements 
(Bilello, 1980; Continental  Shelf  Data 
Systems, 1969). Winter  storms  along  the  open 

coast  can  destroy  such  airstrips,  piling  ice 
along  the  shore  to  heights of 5 0  it, as shown 

disrupt  airfields  on  beaches,  in  both  the 
in  Figure 1. Such  ice  movements  can  also 

Summer  and  winter, as described by Kovacs 
(1983). Accordingly,  where  possible,  such 
runways  on  sea  ice  are  preferentially  located 
between  the  coast  and  offshore  barrier  is- 
lands,  in  lagoons or embayments  protected  by 

weaker  than freshwater  ice  and normally re- 
sand  spits or other  features. Sea  ice is 

quires  a  greater  thickness of ice  for  a  given 
weight of aircraft, as defined  in  Transport 
Canada (1985) and U.S. Air  Force  manuals 
(1958, 1968). Sea  ice  can  be  thickened,  by 
pumping  and  flooding, as is done  with  some 
freshwater  ice  runways,  to  achieve the re- 
quired  thickness  earlier  in  the  winter. 

Many  of the freshwater  lakes,  which  abound  on 
the  Arctic  Coastal  Plain  and  even  in  the 
Foothills,  have  long  been  used  for  winter 
airstrips.  These  also  include  the  small 
shallow  lakes,  which  have  primarily  been  used 
for the shorter  runways,  while  the  deeper  and 
longer  lakes  have  been  successfully  used €or 
the  1600-m C-130 runways.  While the water may 
freeze to the  bottom  rather  quickly,  at  least 
along the  shores,  the  floating  ice  thickness 
in the middle  of  the  lake  is  often  the  con- 
trolling  factor.  The  deep  central  region  of 
many  arctic  lakes is elliptical  in  shape. 

be inspected from  the  air and  the  bottom 
Lakes  under consideration f o r  a  runway  should 

profiled  along  the  proposed  alignment.  Con- 
cern  here  is  for  the  difference  in  dynamic 
stresses  and  deflections  in  a  floating  ice 
sheet, as opposed to the  bottom-anchored  ice 
in  the  shallows.  Such  dynamic  conditions  are 
generated  when  the  aircraft  is  landing,  taking 
off,  or  taxiihg at high  speeds  (Nevel, 1979). 
Whenever  posgible  one  should  try  to  park  and 
unload  aircraft  on  ice  frozen  to  the  bottom 
(Fig. 2 )  or limit  the  duration o f  parking  on 

the  runway  during  initial  construction  and 
floating  ice.  Snow is usually  removed  from 

subsequent  operations  to  promote  quick  and 

desired,  the  ice  may  be  thickened  by  flooding 
deep  freezing. If early  use  of  the  runway  is 

in  thin  lifts,  using  water  from  the  deep 
portions of the  lake.  After  flooding, the 
surface  of  the  ice  is  scarified  with  a  grader 
blade  to  provide  good  traction  and  braking. 

lakes  near  the  coast f o r  they  could  have  been 
One  should  always  check  the  salinity  of  all 

contaminated  by  previous storms. 

While  river'  ice  was  recognized  in  the  early 
exploration  programs  in PET-4 as providing a 
convenient  route  for  tractor  trains  (Reed, 
1958) frozen  rivers can a lso  be used  for 
runways.  However,  unlike  lakes,  some  of  the 
larger  rivers  on  the  North  Slope  experience  a 
considerable drop in  elevation  after  freeze- 
up.  Further  lowering o f  the  river  after 
freeze-up  causes the ice  near the  shores to 
crack  and  to  be  left  stranded.  However,  some 
reaches  in  the  wider  and  deeper  rivers,  such 

ways  (although  the  northern  reaches of the  Kuk 
as  the  Kuk  River,  can  provide  excellent  run- 

River can be  brackish).  strong  under-ice 
currents  in  narrow  river reaches can  retard 

thaw  in  the  springtime,  posing  a  threat to 
freezing,  create  thin  spots, or  prematurely 
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Fig. 2 Aircraft on  frozen  lake, just north 
of Inigok, spring of 1978. 

both construction and operations, and hence 
should  be  avoided. 

In general, runways on  ice can provide excel- 
lent airfields for short-term  use, often with 
much less work than required for snow or iced 
runways on the tundra. The environmental 
impact of runways on ice is minimal, the 
biggest concern being  fuel  spillage. There 
usually  is no impact  on the permafrost, except 
at shore-based  facilities, or the approach 
roads. Construction and operations super- 
visors should have experience and  full 
knowledge o f  ice mechanics, hydrostatic 
stresses and dynamic loadings, including the 
thermal and  load cracking of ice. 

and Iced R u t ~ w a  

Runways can be constructed directly on the 
tundra.  in the same fashion as winter trails. 
Normally such runways are for STOL aircraft 
and are limited in length to about 760 m. 

which avoids many of the problems of wheels on 
Some STOL aircraft are equipped  with skis, 

usually constructed by first  packing down any 
snow (Abele et  al., 1968). The runways are 

loose  snow. Of particular  interest here is to 
fill the voids between any  and  all grass 
tussocks. The runway can then be thickened 
and  graded to the desired elevations by sub- 

saturated with water after compaction.  Har- 
sequent applications of snow,  which is 

vesting sufficient snow, without causing 
damage to the tundra, is an important con- 
sideration and deep snow drifts along rivers, 
lakes or the sea coast are often the best 
sources. Snow fences,  deployed  earlier, can 
also be effective in  providing snow for con- 
struction (Williams, 1978). However, if ice 

Fig. 3 Outline of  runway  in  drained  lake, 
after thawing, East  Karupa No. 1 well 
site, 1980. 

from shallow Lakes or rivers is  readily  avail- 
able, the runway should be thickened and 
graded with chipped ice. Chipped ice requires 
much less water to congeal into  a frozen mass 
than snow, with less freezeback time (Adams, 
1978a,  1978b:  Fisher, 1977). Runways on the 
tundra can also be  constructed by direct 

lakes (Mitchell, 1981). 
flooding, using water from nearby rivers or 

Runways can also be constructed in drained or 
partially drained lakes.  Such runways utilize 
the shallow ice  frozen to the bottom in the 
center of the old lake  bed, with compacted 
snow or chipped ice  extending  beyond this 
central section to achieve the desired runway 
length.  Drained lakes usually have limited 
areas of aquatic grasses, as opposed to tus- 
socks. The extent  and abundance of these 
aquatic grasses are a  function of the original 
depth o f  the lake, how long the lake has been 
drained,  and the extent to which it has been 
drained. An example of such an  airfield, near 
the East  Kurupa No. 1  well site, i s  shown in 

concern when using drained or partially 
Figure 3, several years after use. A major 

drained lakes is the possibility of the emer- 
gence of a pingo under, or beside, the runway 
(Mackay, 1983). 

Ridges, beaches and gravel  bars have provided 

planes, particularly during the early 
numerous runways for STOL and small cargo 

petroleum  exploration  programs  on the North 
Slope (Reed, 1958). While many were used  only 
in the winter, when  frozen  and snow covered, 
some were and  still are used in the summer- 
time. Normally these runways required little 
initial  preparation, although some gravel bars 
have required spot grading, filling  and the 
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removal of brush.  During the summer many 
gravel bars are too rough and loose for 
regular tires and  t%undra*l tires must be  used. 
However, when frozen, snow covered  and  iced 
down, they can provide a good  runway. River 
bars and beaches normally  do  not  involve major 
earthwork and are usually  destroyed or 
rendered unserviceable by storms or floods. 
Brush,  if  present,  quickly encroaches on such 

Ridges, which are often windswept and barren, 
temporary facilities,  once they aEe abandoned. 

normally reflect surface damage only where the 
residual soils are thick and  previously  sup- 
ported  vegetation. 

Gravel or Rock Fills 

Virtually all permanent or temporary all- 
seaaon airstrips in northern  Alaska  have been 
built  using  gravel  fills. Airfields close to 
the coast have utilized  beach gravels that 
unfortunately are uniformly graded, with well- 
rounded pebbles or cobbles. Accordingly the 
surface cour6e must be blended with silt  and 
sand size material to achieve a smooth, dur- 
able and high bearing capacity  runway that 
will  not  rut or ravel.  Gravel fills for such 

vegetation to retain the insulating  effect and 
runways are normally  placed  directly on the 

organics. These fills are placed  in  both 
latent  heat retention of the near-surface 

winter or summer.  However, if done in the 
summer,  placement is  by  end dumping to avoid 

particularly  along the shoulders. The initial 
disturbing the vegetation and  permafrost, 

design depth o f  the gravel  fills  normally 
ranges from 1.5 to 2.0 m, although some runway 
fills have been as shallow as 1.0 m. Such 
gravel surfaced runways can be graded  and 
recompacted,  during the summer months, but 
often lose their fine-grained  soil binder over 

the years. Overlays of select gravels are 
therefore required  periodically, as typified 
by maintenance of the Umiat airfield, shown in 
Figure 4. Paving of gravel-surfaced runways 
on  permafrost is usually  not  cons,idered until 
any  abnormal thaw settlement has taken place 
and the runway has been  regraded with addi- 

years. To date only two airfields on the 
tional gravel over a period  of 10 or more 

North Slope have  been  paved, those at Barrow 
and  Deadhorse. 

protect  and preserve’the underlying permafrost 
Insulated gravel airfields are employed to 

when there is  limited  gravel available to 
provide the full depth of conventional gravel 
fills (Lachenbruch, 1959). The design of such 
airfields employs 4.0 to 7 . 5  cm o f  high- 
denaity polystyrene board  insulation,  placed 
directly  wn  frozen  cut or fill sections of 
sand o r  other unclassified borrow. A minimum 
thickness o f  30 cm of gravel is placed atop 
the insulation to provide the required  bearing 
capacity, gradable surface and to protect the 
insulation  from being crushed (Crory et al., 

on the North Slope (Inigok, Tunalik and 
1978). There are three such insulated runways 

Figure 5. All  of these insulated runways were 
Ivotuk), the Inigok runway  being shown in 

constructed  in the late winter and  early 
spring to capitalize on the coldest  ground 
temperatures possible. 

Quarried rock can also be  used fo r  runways. 

distances. The airfield at Inuvik, in the 
even when gravel sources are within reasonable 

Northwest Territories, was constructed with 
rock fill (Johnston, 1982). An example of a 
temporary airfield is shown  in Figure 6. This 
runway, a t  the Killik well  site,  had a 4.5-m- 
high rock fill  on the north end.  All rock €or 

Fig. 4 Umiat airfield,  originally  built  in Fig. 5 Insulated  runway at Inigok on sandy 
World War 2, after applying new ridge  constructed with limited gravel 

“surface  graver; 1980. from  Colville River, 1978. 
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the runway, parking apron and connecting roads 
was obtained by removing 10 to 15 m from the 
top of a small  knoll.  Generating sufficient 
quantities of select material  for the surface 
course appears to be  one of the biggest 
problems with  rock-filled  runways. 

The recent development of small, transportable 
dredges has provided  an  economical  method  of 
constructing runways during the summer months, 
particularly for native villages along the 
coast  and  major rivers (Lavielle et  al., 
1983). An aerial  photograph  of the first such 
dredging operations, at Nuiqsut, is shown in 
Figure 7. The construction of dikes to con- 
tain the dredged  material,  including the use 
of geofabrics, i s  an  important  feature of this 
construction technique. Further protection of 
the permafrost at the shoulders of such run- 
ways i s  accomplished by the use of  supplemen- 
tal pipes to convey the excess water back to 
the river. Such dredge operations can also 

volumes of  sands. and  gravels, which can be 
efficiently and economically generate large 

stockpiled on  gravel bars and beaches fo r  the 
later construction of  conventional  gravel or 
insulated  gravel  runways,  which  might  be many 
miles from the river. 

-.ions and  Other TvDes 

At some work areas the closest  lake  may  be 
large  enough  only f o r  a 760-m STOL runway, but 
a 1600-m  runway  may  also  be  required. To 
avoid constructing such a long  runway  entirely 
on the tundra, a combination  of a lake  ice  and 
snow/iced  runway can be employed (Mitchell, 
1981). This can only  be  accomplished when 

the shore of the lake. Fortunately, in some 
there are no  abrupt changes in  elevation along 

Fig. 6 Rock fill  runway at Killik  well site 
with  deep  fill  on  north  end, in 
foreground, 1980. 
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Fig. 7 Runway while under construction, 
using dikes to contain dredged 
material,  at  Nuiqsut, 1981. 

situations, there are shallows or marshy areas 
at one  end  of the lake that can be utilized, 
although a transitional ramp  of  compacted snow 
or cracked ice may be necessary. In other 
cases small peninsulas or dividing strips of 
land between two lakes can  be  bridged with 
snow and  ice to provide the required  runway 
length. Thus, combinations of airfield 
construction techniques should always be 
considered as practical  solutions. 

Landing mats, to stabilize beach  gravels, have 
been effectively used at the Point  Barrow 
airfield for over 40 years. The matting  used 
was of the pierced steel plank type, used 
extensively  during  and  immediately following 
World War 2 (Reed, 1958). While often dis- 
tressed by corrosion and  damaged by snow 
plows, it has provided  excellent service, far 
beyond  its  intended life. While extruded 
aluminum mattings have been tested at the 
Inigok well  site, both with  and  without an 
underlawent of insulation, to date no runways 
have actually  been  built  with such mats on the 
North Slope (Crory, 1988) 

Geofabrics and  grid confinement systems are 
emerging alternatives for use in  runways, 
especially  when  quality gravels are not avail- 
able (Burns, 1979; Bell  et  al. , 1983) * Such 
construction materials also provide options 
for  runway  overruns, shoulders and  parking 
aprons. They also offer new ways of  stabi- 
lizing soils that otherwise would suffer from 
erosion,  and can also be  helpful  in  rees- 
tablishing vegetation. Other methods of 
constructing airfields are to be  expected  with 
the advent of new products,  particularly 
chemical stabilizers. 



RESEARCH RECOMMENDATIONS 

The increasing use o f  computers and  recent 
advancements in thermal modeling can sig- 

used in the destgn of airfields on permafrost. 
nificantly improve the methods of analysis 

However, the detail to which all  interrelated 
parameters can be  integrated  into the computer 
models is  rapidly  approaching  an  impasse,  in 
that the data input  needed is just not  avail- 
able. Accordingly there should  be much 
greater emphasis on the collection of air and 
ground temperatures at all operating airfields 
and  at  abandoned  airstrips, where the snow 
cover is no longer being removed. Similar 
recommendations on the need  for reliable field 
measurements for a proper understanding of the 
impact  of all construction were made in the 
excellent review paper by Gold and Lnchenbruch 
(1973). Thermally, the conditions of a paved 
or gravel-surfaced  runway or of an active or 
inactive runway should  be  quite  different. 
Contrary to the opinion that ground tempera- 
tures on the North Slope are much lower than 
elsewhere in Alaska, they are not so every- 
where. There is a distinct  warming  and thin- 
ning of the permafrost as one proceeds south- 
ward, with temperatures at depth being  very 
close to the freezing  point at the base of the 
Brooks Range and  in the nearby Foothills 
(Osterkamp and Payne, 1981). 

Within the vast expanse of the North Slope, 
and elsewhere in Alaska, there are few weather 
stations. Still it  is vital  for the design of 
an airfield to know the wind directions and 
speeds,  precipitation, temperature and  freez- 
ing  and thawing indices.  Seasonal  ground 
temperatures, taken over many years, are also 
essential. The extent to which the lo-year 
records of ground temperatures at Barrow 
(Aitken, 1965) have been  utilized  is perhaps 
the best  proof of the value of such observa- 
tions. With today's compact weather stations 
and small battery operated recorders, one 
should  be capable of duplicating that 1946- 
1956  effort  at other sites, with only annual 
visits to remove the data tapes and change the 
batteries. There is much to be learned  from 
existing and  abandoned airfields that can be 
transferred to the design of future airfields. 

SUMMARY AND CONCLUSIONS 

Airfields constructed throughout northern 
Alaska have provided  vital transportation to 
both villages and other facilities. Winter 
airfields, on both snow and  ice, have served 
an  important  function  in  petroleum exploration 
programs. Gravel surfaced runways on per- 
mafrost have performed  well over the years and 
can be  easily  maintained.  Virtually  all 
abandoned gravel airstrips continue to find 
new  uses, even i f  for  brief periods each 
summer. All existing  and  new airfields should 
be  instrumented tn confirm design assumptions, 
particularly  long-term thermal conditions. 
This field research will  be  increasingly 
important as the cost of construction of such 
airfields increases. 
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A DEVELOPMENT OF THE ARCTIC TUNDRA IN YAMAL 
V.P. Melnikov 

Northern Development Institute,  Siberian Branch of the USSR Academy of Sciences, Tyumen, U.S.S.R. 

The indus t r i a l  expansion is one o f  t h e   v i t a l  
concerns i n  Arctic  regions, which become t o  be 
involved  ever more i n  the  sphere  of  the 
soc ie ty ' s   s t ra teg ic   in te res t s .  The problem  of 
resource development and u t i l i za t ion  i s  "a 
crosa-road" o f  p o l i t i c a l ,  economic and soc ia l  
in te res t s ,   "ba t t le - f ie ld" ,  where a compromise 
should be found between the urgent  needs of t he  
living  today and concern  for  the  future 
generations. 

Unfortunately,  our  successors won't i n t e r f e re  
w i t h  the  decissions we  make today. so, as a 
r u l e ,  among a l l   t he   a l t e rna t ives   ava i l ab le   t he  
most prof i tab le  i n  t he   l i gh t  of today's 
understanding  are chosen f irst  and foremost. 
Humankind is  undertaking the f irst  e f f o r t s   t o  
bring i t s  act ions i n  l i ne  w i t h  the  remote 
future  image. 

What is  going on i n  Tyumen North  today presents 
the unique experience o f  a wide-scale  intrusion 
into  the  polar   regions,  which remained for  
centur ies   the  pr ivate  domain of the  northern 
aboriginal  peoples. The experience is posi t ive 
and, a t   t h e  same time,  negative,  hence, we have 
come t o  a point,  where the  most ser ious 
conclusions  should be drawn. 

Man has  demonstrated h i s  power. Under the  
severe  natural  and climatic  conditions  he 
released and put   in to   p rac t ice  the energy, 
accumulated by the  biosphere  for  milleniums, 
and pu t   t o   u se   o i l  and gas  rivers  to.htu 
development of our   c ivi l izat ion,  And it i s  
only  natural   that   the   cr i ter ia   for   our   present-  
day ac t iv i t i e r   a s   s een  by future  generations 
w i l l  be the amount of destroyed  irretrievable 
natural  resources and harm done to   nature .  

T h e  s i t ua t ion   a t   p re sen t   has   g iven   r i s e   t o  a 
challenging  question: why i s  it that  aborigin- 
a l s  of the  Tyumen North  began t o  fee l   fear  and 

b u t  s t i l l  viable land? The Nenets woman-writer 
deep concern  for the  destiny of their   severe  

ANNA NERKAGI poihts  out:   the  threads of 
pipel ines   cut  off  the  veins of the  nat ive 
tradit ional  occupations - reindeer-breeding, 
hunting,  fishing, By these words she comes t o  
the bottom  of the  social-economic  contradic- 
t ions  and  emphasizes the   fa l lacy  of the  
tradit ional  technologies and stereotype 
t h i n k i n g  imposed on the   indus t r ia l  development 
of  the  polar  tundra. 

Yamal, being  the  epicentre of unfolding I 

beyond which the   a r c t i c   dese r t   l i e s ,  should 
contradictions,  "the  very  edge of  the  Earth" 

become a prooving  ground  of  our  maturity,  our 
readiness  for  reasonable management i n  Arctic,  
aimed a t  avoiding  disturbances of the f r a g i l e  
landscape and destroying the system o f  moral 
values of native  peoples. 

By now  we have  encountered  the  ecological 
problem incomparable i n  i t s  acuteness  with no 
other  place  but YamaL. Today Yam1 numberes 15 
thousand  people, 400 thousand  reindeer, from 15 
t o  30 lakes  per  square  kilometer,  tens  of 
b i l l i ons  of cubic  meters of gas  deposits, and 
there   a re   the  new promising  prognoses  of  the 
s t i l l   g r e a t e r  o i l  reserves.  U n t i l 1  the  first 
geologists came t o  Yamal the man-nature 
re la t ionship went on in  harmony, spanning  for 

point of upcoming ecological c r i s i s ,   a s  
centur ies .  As of today, we have  reached a 

compared w i t h  t h a t   i n   t h e  North Africa, a t  dawn 
of c iv i l i za t ion ,  caused by excessive  irr igation 
and animals'  pasturing. I n  Yam1 it is  the  
trenches of bulldozers,  not  reindeer  herds, 

process. Railway roads  are still being 
t h a t  may lead up to i r revers ib le  ecological 

planned, b u t  6 thousand  hectare of reindeer 
pasture have already  fa l len a victim t o  the  
increased pace  of northern  develapment. 

The Bovanenkovo deposit  alone, which w i l l  
become pa r t  of the  Soviet  Central Gas Supply 
System i n  a few years, numberes 12 animal 

are  included i n  the  Read Book.  The t e r r i t o r y  
species and over $0 bird species,  3 of which 

around the deposit  is a reservat ion  for  
reproduction of some species o f  wild l i fe ,  
insuring  maintainance of the  optimum density of 
l iving  beings  after  they  are  being  regularly 
diminished. 

The problem  of  atmospheric pollution,  especi- 
a l l y  by n i t r ic   ox ides ,  i s  o f  immediate 

harmless t o  people,   they  are  disastrous  to  the 
importance. Even i f  the   ni t r ic   emissions  are  

surface  l ichen and moss cover. And what makes 
things even wor8e i n  Yamal i s  the low a b i l i t y  
of so i l s   for   se l f -pur i f ica t ions  and frequent 
(up   to  200 days a year) fogs, making n i t r i c  
substances more toxic .  

The common t a sk   fo r   a l l   Arc t i c   s t a t e s  i s  t o   g e t  

have a new look a t   the   l as t   pure ,   as   regards  
away w i t h  a fetish of indus t r ia l iza t ion ,  to 

the ecology,  spaces beyond the  North Polar. 
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This is of particular  importance  for  Arctic,  as 
it i 5  becoming the  sphere of internat ional  
Scientific  cooperation,  natural   laboratory and 
the  source of new natural  reaources. 

Let u s  now consider  the  possible  sources of the 
ecological  catastrophe i n  Yamal. One of them 
i s  assoc ia t ed ,   f i r s t  and foremost, wi th  the low 
s t a b i l i t y  of natural  complexes,  even i n   t h e  
absence  of human a c t i v i t i e s .  The high  act ivi ty  
o f  cryogenic  processes, mainly thermal erosion, 
thermokarst and solifluction,  determines 
spontaneous i n s t a b i l i t y  of t h e   s l i g h t l y  
decl ined  terrain.  Some slopes a re  slumping 
continuously,  others  being  stable  for many 
years,   are  subsiding i n  what seems t o  be an 
abrupt manner, exposing  ice  masses. Appearance 
and development of ravines  occursI  as  well   as 
lake  formation  through  enlargement o f  perched 
ponde. Thermal erosion and thawing result  i n  
subsequent  coastl ine  retrieval by 0,s-3 m a 
year. The lakes  are  enlarging, b u t  then  often 
become partially  or  completely  drained. The 
r e l i e f  of Yamal, determined by the  natural  
bifurcat ion mechanism, presents an amazing 
var ie ty .  The same bifurcat ion mechanism, as  

aasociated  as  well w i t h  human-induced 
far as relief-formation is concerned: a r e  

a c t i v i t i e s .   T r a i l s  made by off-road  vehicular 
t ra f f ic   spread   ou t  i n  a l l   d i r e c t i o n s ,  for one 
and the same road cannot  receive many vehicular 
passes: and even man made roads  cause bifurc- 
a t ion.  

The ecosystem  of Yamal has  encountered  arising 
micro- and macrocatastrophes. found i n  no other 
place  but  here. New systems a re  born  spon- 
taneously, which a r e   l i k e l y   t o  change i n  
quantity and, furthermore, i n  quali ty,   thus 
giving rise t o  a new irreversible  process.  

Demography can be regarded  as  another  source of 
ecological  dieastor.  

The discovery of o i l  and gas deposits i n  
Western S iber ia   l ed   to   the   popula t ion   r i se  by 
1,5  million  people i n  the  Tyumen North. New 
towns wbre b u i l t  w i th  the  population up t o  100 
thousand and over. Town-building i n  Western 
Siber ia  i s  conditioned above a l l  by the 
s t ruc ture  of  underground  petroleum  resources. 

The t rend   for   bu i ld ing   "u t i l i t a r ian"  towns, 
oriented a8 they were  towards the  urgent  needs, 
t r iggered a number of increasing  social ,  
economic and ecological problems. The above- 
mentioned bifurcat ion mechanism led up t o  

and self-development of towns. In  many towns a 
i r revere ib le   soc ia l  phenomenon - self-creat ion 

needed for   rea l iza t ion  of i n i t i a l   g o a l s ,  the 
comparatively small pa r t  of population i s  

majority  require new production  field be 
formed. 

w i l l  be disastrous under the  natural-climatic 
The unmanagable growth o f  production  forces 

conditions of Yamal. I n  case the production 

w i t h  the  environment adaptat ion  abi l i ty  and our 
forces  are  put  under.contro1, b u t  don't  agree 

p o s s i b i l i t i e s   t o  make amends for   the   losses ,  
the   resu l t  w i l l  be the  same. T h e  Yamal tundra, 
fo r  example, can't  already  provide 400- 
thousand  reindeer herd w i t h  feeding,  for  the 

pasture  revegetation  ability  covers  about 300 
thousand  reindeer, And the  Bovanenkovo deposit  
alone is found t o  remove the  surface  cover, 
able  to  support  30 thousand  reindeer. 
Evidently,  that  the main d i f f i c u l t i e s  i n  the  
polar  tundra development are   associated w i t h  
the cryol i thozone  pecul iar i t ies   in  Yamal. 
Permafrost  occurs i n  a l l   t h e  elements of the  
surface.  Continuous permafrost w i t h  r a r e  
ta l iks   occurs  below large  lakes and r ivers .  
The observed maximum thickness of permafrost 
layer  exceeds 450 m and the  minimum ground 
temperature is minus -8OC.  Permafrost is 
characterized by deposits wi th  high  ice  
content,  contains wedge i ce  and sheets  of i ce  
of  the  size  20x100~200 m and more. The major 
pa r t  of permafrost ier sa l ted  up t o   g r e a t  
depths. which impacts  the underground  water 
supply and makes the problem of pure  water 
protection more complicated.  Permafrost s i t e s  
of high  ice  content and o f  t h i n  protect ive 
cover is the  main latent  source of i r revers ib le  
process  in Y a m a l  ecosystem. 

Yam1 i t s e l f   p re sen t s   t he   i nca rna t ion  of four- 
dementional  supersensit ivity  to  the impact  of 
everchanging  conditions. 

I t  is known t h a t  the increase of the  average 

accompanied by the  temperature  drop between the  
temperature on the  Earth 's   surface i s  

equator and the Pole. Nevertheless,  according 
t o   t h e  long-term  observations, the mean 
temperature i n  the  equator i s  prac t ica l ly  
constant. A l l  the  temperature cbanges a re  
associated w i t h  polar  zones. A sl ight   decrease 
in   t he  mean temperature on the Earth (by 0 . 5  
cause the temperature  decrease i n  the  North by 
2-3oC with a l l  corresponding  consequences. 

The thin  thermal  protective  cover makes the  
permafrost   sensi t ive  to  any energetic 
influences.  Deprived  of i ts  protect ive 
a b i l i t y ,  it may g ive   r i s e   t o   ac t iv i za t ion  of 
processes t o  great  depths w i t h  unpredictable 
r e s u l t s ,  

SUMMARY 

matter and energy  fluxes  requires  mostly 
Supersensit ivity  of  the  arctic  tundra  to the 

technologies. 
s c i en t i f i c   i n s t ead  of  energy consuming 

T h e  t rad i t iona l   t ask  of ecology is t o  maintain 
the  ecosystem  abi l i ty   for   self - rehabi l i ta t ion.  
B u t  t he   pecu l i a r i t i e s  of vegetation  cover and 
of permafrost   i t se l f  make this task  pract ical ly  
unreal,  and contradictory t o  natural   processes.  
Hence, the main task of  ecology is  t o  provide 
the smooth t rans i t ion  of one ecosystem i n t o  
another. The new-formed ecosystem  should 
possess  screan and biological   propert ies ,   able  
t o  minimize the   t rans i t iona l   losses .  

processes,  disturbing  existing  landforms, 
Human a c t i v i t i e s  impact on the  global 

d i sas tors  i n  Arctic.  
increases   possibi l i ty  of wide-scale  ecological 
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Ecosystems of Yamal-type  disappear,  naturally 
or anthropogenically,  under  the  water layer, 
caused  by  excessive  industrialization or by the 
significant  warming up of  the Earth's 
atmosphere.  Inevitable  changes in circulation 
procsasee in the  atmosphere and ocean will, 
trigger  new  process in the  biosphere.  This 
makes  evident  the  necessity o f  sound investi- 
gations on the  tendencies of anthropogenic 
impact. And  it i s  up to geocryologists to 
contribute to modeling of global  processes and 
their  evolution,  with  special  reference  to 
cryosphere. 
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PERIGLACIAL FORMS RELATED TO TERRAIN PARAMETERS 
IN  JOTUNHEIMEN, SOUTHERN NORWAY 
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Department of Geography, University of Oslo, P.O.Box 1042, Blindern, 0316 Oslo 3 

SY NOPS I s An  area  of 19.2 km2  located  around  Juvvasshytta in northern  Jotunheimen, 
central  southern  Norway,  is  mapped in detail  with  emphasis  on  periglacial  features  and  their 
relation to to  terrain  parameters.  Periglacial  forms  are  the  most  significant  geomorphological 
features of the  area.  The  areal  cover  of  patterned  ground  is  from 2 0 %  to 50% in a  continuous 
cover of till  above 1750 m a.s.1. In areas  above 2 0 0 0  m a.s.1. .the areal  cover  is  generally  less 
than 10% due to a smaller  amount o f  debris.  These  values  are  calculated  from  slope  gradients  less 
than 10 degrees.  Sorted  steps  and  stripes  have  a  well-defined  lower  limit  slope  gradients  at 
two  degrees  and  three  degrees.  The  upper  limit is not  well-defined.  These  distributions  have 
a  tail  at  steeper  gradients.  Block  tongues  have  a  normal  distribution  with  the  average  at 
1 3  degrees. 
Alpine  permafrost  is  well-documented  at  elevations  hiqher  than 1 7 0 0  m a.s.1. There i s  a  positive 
correlation  between  the  existence of periglacial Eorms and  the  presence  of  permafrost. 

GE0:WRPHOLOGICAL MAPPING 
The  geomorphological  mapping  is  based  on  high- 
quality  vertical  aerial  photographs on the 
scale 1 : 10 000. The  smallest  interpretable 
objects  have  a  diameter of 0.2m - 0.3m. 
Construction  of  the  contour  map  on  the  scale 
1 : 1 0  0 0 0  and  interpretation of geomorpho- 
logical  features  have  been  conducted  with  a 
stereo  instrument ( Stereo-simplex E 6 ) at  the 
Laboratory of Remote  Sensing  and  Thematic 
Mapping,  University of O s l o .  A  digital  terrain 
model  was  developed  from  the  analog  map  to 
investigate  the  relations  between  periglacial 

exposure on  the othbr. 
features on one side  and  slope  gradient  and 

Results  from  this  mapping  show  that  debris is 
well  represented  at  different  elevations  and 
different  exposures.  Seventy-four  percent of 
the  total  investigated  area  has  a  ContinuoUs 
cover of unconsolidated  material.  This  make the 
area  well-suited  fox  a  case  study of zonation 
of periglacial  forms.  The  area i s  55% block 
covered,  mostly  frost-sorted  till  and  weathered 
in situ  deposits.  Thirteen  percent is covered 
by glaciers, 12% by patterned  ground, 7 %  by 
unsorted  till, 7 %  by snow  patches  surviving  the 
thaw  and 3 %  by lake  surface,  which i s  at 1836 m 
a . s . 1 .  

The  mapping o f  patterned  ground is based  on 
Washburns  classification ( Washburn, 1 9 5 6 ) .  
Sorted forms in  flat  terrain  have  irregular 
patterns.  These  areas  have  been  classified  as 
sorted  forms in flat  terrain,  which  means  sorted 
polygons,  nets  and  circles.  Sorted  steps  are 

forms e lonsated  in t .he direction  of  the s teepes€ 
siope.  The  centres  of  fine  domains are. usually 
flat  with  a  marked  step of coarser  material  at 
the  border.  Sorted  stripes  are  stripes  of 
coarser  material in a  matrix of debris.  Block 
tongues  have .a border o f  coarser  material, 
usually  with  a  centre of fine  domains  with  the 
same  gradient  as  the  coarser  material  at  the 
border of the  tongue. 

The  boundary  between  mainly  weathered in situ 
deposits  and  frost  sorted  till  is  at 1950 m 
a.s.1. In areas  with  a  slope  gradient  of  more 
than 8 - 1 0  degrees,  this  boundary is lower, 
probably  due  to  solifluction  and  block  creep. 
Grain  size  analyses  show  that  the  centres of 
fine  domains  are  made up of 30%-40% material 
finer  than 0.125 mm,  with  no  significant 
differences  between  till  and  weathered in situ 
deposits.  The  latter,  however,  have  a  reduced 
total  amount  of  debris. 

The  bedrock of the  area  consists  mainly  of 
gabbro  with  intrusions of peridotite.  This lack 
of  homogeniety in the  bedrock  does  noe  affect 
the  zonation o f  periglacial  forms. 

ALP1 NE PERMAFROST 
The  mapped  area  represents  altitudes  from 1 5 5 0  m 
a.s.1. to 2200 m a.s.1. The  estimated  mean 
annual  air  temperature  (MAAT) is -2.6OC at 
1 5 0 0  m a.s.1. and -6.4OC at 2 2 0 0  m a.s.1. This 
estimate is based  on  interpolation  and  extra- 
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Fig.1  Relation  between  slope  gradient  and 
periglacial  form  within  the  mapped  area. 
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polation  of  MAAT  from 1 1  climate  stations  in 
central  southern  Norway.  Mean  annual  ground 
temperature  (MAGT)  has  been  measured  as - 2 .  l0C 
at 1850 m a.s.1. close  to  Juvvasshytta,  which 
is 2 . 4  O C  higher  than  the  estimated  MAAT ( 0de- 
qard, 1 9 8 6 ,  LiestQZ, 1 9 8 6 ) .  This  MAGT i s  higher 
than  estimations  made  bye  King  (1904). 

The  thickness of the  permafrost  is  probably 5 0 -  
100 m. There  are no measurements of the  geo- 
thermal  gradient  in  the  area.  The  site  where 
the  temperature  measurements  have  been  conducted 
generally  has  a  snowcover  of 0-0.15m from 
September  to  April.  Maximum  snow  cover  has  been 
measured as 0.5m  in  late  May.  In  flat  areas and  
on  slopes  exposed  to  the  south  and  west,  the 
snowcover mel ts  during  June.  MAGT  at 1850 m 
a.s.1.  indicates a lower  limit  of  alpine  perma- 
frost  in  flat  areas a t  1500-1700 m  a.s.1.  This 
lower  Limit of alpine  permafrost  corresponds 
well  with  the  lower  limit of ice-cored  morains 
in  Jotunheimen  at 1550 m a.s.1. (Ostrem,  1964). 
Patchy  discontinuous  permafrost  has  been  report- 
e d  between 1450 m a.s.1. and 1700 m a.s.1. i n  
the  Leirvassbu  area  (King,  1984) 

SLOPE GRADIENT AND FORM 
Figure 1 illustrates  the  relation  between  slope 
gradient  and  periglacial  forms  within  the  mapped 
area.  The  investigation  is  based o n  gsid of 
points  at 80 meters  separation.  The  whole  area 
of  inv  stigation is 1 9 . 2  km . Of this  area, 
2.3 km' is  made up of  sorted  forms  with  cent  es 
of  fine  domains (341 gridpoints:  and 10.7 km 
(1672 gridpoints)  block  covereu  areas,  including 
block  tongues.  The  total  num-er of block  tong- 
ues  is 5 2 2 .  The  number of gridpoints  with  occ- 
urances of block  tongues i? 169  which  corres- 
ponds  to  an  area o f  1.2 km . 

5 

, m n n  

Fig.2  The  distribution o f  per 
hypsogrgphic  curve o f  the  area 

ial  forms in 
right  half 6 

Areal cover of 
patterned ground 
< 10 deg. slope 
gradient 

relation to  height.  The left  half o f  the 
;hows  the areal  cover of patterned ground. 
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Sorted  steps  and  stripes  have a sharp  lower 

the  resolution  of  the  gradient  measurements 
limit  with  a  tail  at  steeper  gradients.  Due  to 

(80m x 80m),  there  are  very  few  gradients  lower 
than  one  degree.  The  lower  limit  for  sorted 
steps  is  close  to 2.0 degrees  and  the  lower 
limit  for  sorted  stripes  is  at  about 3.0 
degrees.  Block  tongues  have  a  normal 
distribution,  with  the  average  at 13 degrees. 
Table 1 shows  typical  gradients  for  different 
geomorphological  forms. 

ALTITUDE  AND FORM 
Ln the  investigated  area  the  areal  cover  of 
patterned  ground  generally  increases  with 
height  above  1750 m a.s.1. At  1950  m a.s.1. 
there  is  discontinuity dprc to  a  change  in  the 
amount  of  debris.  Block  fields  above  this 
altitude  are  dominated  by  in  situ  weathered 
deposits,  but  exratics  from  local  bedrock  exist 
all  over  the  area.  Below,  a  continuous  cover  of 
frost-sorted t i l l  dominates.  The  origin of 
this  change  in  morphology  is  probably  from  the 
last  deglaciation. 

The  distribution of periglacial  forms  in  rel- 
ation  to  elevation  is  illustrated  in  Fig.2. 
Well-devloped  sorted  forms  correspond  well  with 
the  assumed  distribution  of  alpine  permafrost. 
Over 20% of areas  assumed  to  have  alpine  perma- 
frost are  cover  with  patterned  ground.  In  non- 
permafrost  areas  the  areal  cover  is  less  than 
1%. This estimate  is  based,on  slope  gxadients 
less  than 10 degrees. 

DISCUSSION 
The  distribution of fossil  uersus  active  forms 
in  the  area  is  an  important  aspect  concerning 
the  present  zonation.  At  high  elevations  above 
1900  m a.s.1. there are active  forms  at  present. 
The  size of the  centres  of  fines  is  from  0.5m - 
1.5 m. The  debth of the  active  layer  is  from 
O.5m - 0 .8m.  

From 1700-1900 m a.s.1. the  fine  domains  have 
a non-vegetated  centre  which  indicates  active 
frostprocesses.  There i s  no activity  at  the 
surface of the  borders o r  in  block  covered 
areas,  which  are  heavily  lichen  covered.  At 
lower  elevation  there  are  few  indications  of 
active  frost  sorting.  In  the  height  interval 
1700-1900 m a.s.1 
fines  is  typical1 
active  layer  is 1 

T 

y  3m - 5m. The  debth  of  the 
. the s i z e  of the  centres  of 

.5m - 2.0 m. 

Slope  gradients  for  different  features  in  the 
area. 

Sorted  polygons and 
nets 2.0 90 
Sorted  steps 3 . 9  101 
Sorted  stripes 7.3 147 
Block  tongues 12.7 169 

Average  Number 

From  the  size of the  features  related  to  the 
present  depth of the  active  layer,  there is 
reason to believe  that  the  features  are  in 
equilibrium  with  the  present  climatic  conditi- 
ons,  The  fossil  appearance i s  due  to  an  equi- 
librium  in  the  soil/block  moving  processes  at 
the  borders,  probably  because  the  total  amount 
of fines  is  not  sufficient  to  maintain  active 

The block size  in  the  inter  circular  areas  are 
frost  processes  in  the  inter  circular  areas. 

typically 0.3m - 1.0m. 

Key factors  determining  the  zonation of peri- 
glacial  forms  are  the  water  content  of  the s o i l ,  
the  total  amount of fines  and  slope  gradient. 
Because  of  large  areas  with  alpine  permafrost 
at  high  elevations,  the  water  content  is  gener- 
ally  increasing  with  height.  West-facing  slopes 
have  few  snow  patches  in  mid-summer.  Here,  the 
water  supply  during  summer  is  less  than  that of 
east-facing  slopes,  where  numerous  snowpatches 
survive  the  thaw. 

Patterned  ground  is  most  frequent  on  east-facing 
slopes  in  the  interval  1800-1900 m a.s.L., which 
has  a 35% areal  cover  of  patterned  ground  on 
slope  gradients  less  than 10 degrees.  Areas 
above  1900 m a.s.1. have  scattered  sorted  forms 
with  diameter  seldom  larger  than 1.0  m. I n  situ 
weathered  deposits  dominate.  Fxom  these 
results  the  general  zonation  of  periglacial 
features  might  be  explained  bye  the  soil's  water 
content,  the  amount  of  fines  in  the  soil  and 
the  slope  gradient.  The  presence o f  alpine 
permafrost  is  a  critical  factor  affecting  the 
water  content,  Height  intervals  with  an 
areal  cover  of  patterned  ground  more  than 5% - 
10%  are  in  the  alpine  permafrost  zone. There 
is  reason  to  believe  that  other  similar  areas 
in  southern  Norway  are i n  alpine  permafrost. 
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GROUND ICE REGIONS OF NORTH AMERICA 
J.A. Heginbottom and D.G. Harry 

Geological survey of Canada, Ottawa, Canada, KIA O B  

1 .  v: unglaciatwd,  marine t r a n s g r e s s i o n / r e g r e s s r o n  sequence,  eolian  activity; 

permafrost  continuous,  ground  ice  mainly  a6  wedges  and  segregation  ice,  pingos  I.ocally  commtrn. 

2. U t o v a k t u k  C a a s t l a  : glacial  margin,  thick  surficial  deposits; 

permafrast  continuous,  extensive  marsive  grounc'  icw,  wedges  common,  pingos  locally  very  common. 

3 .  &uekn Elizabeth ~ S b a , d , , Z :  Partially(?)  glaciated,  weakly  lithified  bedrock,  variable distribution 
of  surficial  deposits;  permafrost  continuous,  massive  ground  icw  and ice wedges l o c a l l " y ( 9 1  

significant,  pingos  rare. 

4 .  ~ f i n - K e a w a t i n - U n s a v a :   h e a v i l y   g l a c i a t e d ,   i n d u r a t e d  b e d r o c k ,  limited  surficial  deposits; 
permafrost  continuous to discontinuous,  extent o f  ground  ice  limited,  pingos  very r a r e .  

5 .  hiadwnzie  Vallev-Northern  Provinces:  heavily  glaciated,  thick  surficial  deposits, extensive 
peatlands;  permafrost  continuous  to  discontinuous,  ground i c e  widespread  in  peatlands  and 

lacustrine  deposits,  pingas  rare,  palsas  comman. 

6 .  C o r d i l l e r a :  degree o f  glaciation  variable,  bedrack  and  topography  complex;  permafrast 
discontinuous  and  alpine,  ground  ice  conditions  complex,  open  system  (hydraulic)  pingos  common 

in  northern  part.  This  region  may  be  subdividwd  into  three: 

( a )  Central  and  Southern  Alaska  and  Interior  Yukon:  partially  glaciated: 

l b )  Southern  Yukon  and  British  Columbia:  glaciated;  and 

I C )  Western  United  States:  very  limited  glaciat,ion. 

In  addition,  two  azonal.  situations  are  recognized:  li)  areas 0 9  saline  soils,  and  (ii)  areas  of 

subsea  permafrost,  both  with  limited  ground  ice. 
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A GROUND ICE MAP OF NORTHWESTERN CANADA 
J.A. Heginbottom 

Geological Survey of Canada,Ottawa, Canada, KIA OES 

S Y N O P S I S  A new  permafrost  map o f  northwestern  Canada,  emphasizing  gxound  ice conditions 

1 s  presentrd.  The  map,  at a scale o f  1 : l  0 0 0  0 0 0 .  covers  the  Yukon,  the lower Mackenzie  Valley  and 
Delta a r e a .  and the  Tuktoyaktuk  Coastlands  area o f  the western  Arctic. The map  was  compiled  from 

exlstlng maps  of  surflcial geology and  terrain  conditions,  supplemented b y  sits-specific 

nhsrrvations.  The  extent o f  permafrost  within  each  map  unit is classified  in a 6-step  scale, from 

corlt inuouz I 1  c l a s s ) ,  through  giscontinuos I 4  classes)  to  absent ( 1  class). Ground ice  content  is 

classlfled ~n an  R-step  scale. from u, through  moderate  and u. to n + L ,  with intergrades  and a 
varlable  class.  The f o r m  1.17 which  the  ground  ice  occurs  is  described  in  the  legend,  along with 

pertinent,  information o r 1  ~ t s  geological  and  geomorphological  setting.  Known  locations of selected 

ywocryological  features, s u c h  as  pingos,  rock  glaciers  and  1c~-cored  moraines a r e  shown b y  symbols. 

T h e  g r o s s  dictribution o f  permafrost and ground  ice  in t h i s  region i s  controlled by latitude, 

alevation,  distance Cram the  Pacific  and  Arctic  Oceans,  the  seasonal  positions  of  major a i r  m a s s e s  

a n d  glacial  hlstory.  On a morn  local  scala, geological.. geomorphological,  topographic  and 

vegetational  controls a r e  m o r e  significant. I n  a 1 1  areas.  human  activity  can  no  longer  be  ignored 

3 6  a factor  ~nfluencing permafrost.  stability. 

REGIONAL FACTORS OF PERMAFROST DISTRIBUTION AND THICKNESS, 
HUDSON BAY COAST, QUEBEC, CANADA 

I R. Lhesquel, M. Allard' and M.K. Seguin2 

lDepartment of Geography, Universiti LavaI, Ste-Foy, QuCbec G1K 7P4 
2Department of Geology conjointly Centre d'etudes nordiques, Universitti Laval, Ste-Foy, Quebec G1K 7P4 

(Paper in Vol. 1 p. 194) 
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ROCK GLACIERS IN NORWAY, SVALBARD INCLUDED 
J.L. Sollid, L. Serbel and J. Tolgensbakk 

Department of Geography, University of Oslo, P.O.Box 1042, N-0316 OSLO 3, Norway 

Mapping  of  rock  glaciers,  mainly  by  means o f  aerial  photographs i s  carrl.ed out  in  Norway,  Svalbard 

included.  Sporadic  mapping  of  rock  glaciers  was  done  at  the  Department o f  Geography  In  the 70's. O f  

more  importance,  however, i s  a glacial  geological  map o f  Norway  (Sollid L T o r p  1984)  and a m a p   o f  

glacial  geology  and  geomorphology  of  Svalbard  (Kristiansen b Sollid 1 9 8 6 1 .  Both  maps  belong to t h e  

Norwegian  National  Atlas.  On  the  map o f  Norway  mainl.and,  ice-marginal  moraines  depo$ited  by I.oca1. 

glacierslrock  glacier  deposits  are  presented  in  one  group,  but  they  were  originally  mapped 

separately.  Most  important, a r e  t h e  maps o f  Nordrw  Andeya  (F1.akstad  et a l . . )  and  Kdfjord 
(Tolgensbakk b Sollid 1 3 6 8 ) .  In  these  areas,  as  well a s  in selected  sites i n  Sval.trard, a systematic 

study o f  rock  glaciers  has  been  undertaken  by  the  authors.  Prwlimenary  results  have  been  presented 

b y  Sollid ( 1 9 0 7 )  and Sollid b Tolgensbakk  (1988). 

Rock  glaciers  are  uf  permafrost  origin.  In  Svalbard.  which  has  thlck. 

areas  not  covered  by  glaciers.  most  rock  glaciers  are  still  actl.vw. 

for  rock  glaciers  in  mainland  Norway.  In  Svalbard  most  rock  glaciers 

Spitsbergan  which  was  deglaciated  early.  On  the  mainland  rock  glacie 

continuous  permafrost  in 

This is probably less common 

a r e  found  in  we5tern 

rs  are  mostly  located  outside 
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DETAILED  MAPPING OF PERIGLACIAL  FORMS IN JOTUNHEIMEN, 
SOUTHERN  NORWAY 
R. Bdeghrd, 0. Liestfll and J.L. Sollid 

Department of Geography, University of Oslo, P.O.Box 1042, Blindern, 0316 Oslo 3 

(Paper in VoI. 3 p. 59) 

FROST HEAVE 
KS. Fgrlandl, T. FBrland2 and S.K. RatkjP 

1Dividon of Inorganic Chemistry, University of Trondheim, NTH, N0-y 
ZDivision of Physical Chemistry, University of Trondheim, NTH, Norway 

(Paper  in Vol. 1 p. 344) 

A MATHEMATICAL  MODEL OF FROST HEAVE IN GRANULAR  MATERIALS 
D. F'iperl, J.T. Holden2 and R.H. Jon& 

1W.S. Atkins Eng. Scienca, Epsom, Surrey, U.K. 
2University of Nottingham, U.K. 

(Paper in Vol. 1 p. 370) 

MICROSTRUCTURE OF FROZEN  SOILS  EXAMINED BY SEM 
. - 

Kumai, Motov 

US. Army Cold Regions Research and Engineering Laboratory, Hanover, New Hampshire, U.S.A. 

(Paper in Vol. 1 p. 390) 

SPATIAL  VARIATION IN SEASONAL FROST HEAVE CYCLES 
E. Perfect", R.D. Miller and B. Burton 

'Department of Land Resource Scienee, University of Guelph, Guelph, Ontario, Canada N1G 2W1 

(Paper in Vol. 1 p. 436) 

THE.FORMATION OF PEDOGENIC  CARBONATES  ON  SVALBARD: 
THE INFLUENCE OF COLD  TEMPERATURES AND FREEZING 

R.S. Sletten 

University of Washington, Seattle, WA 98195, USA 

(Paper  in Vol. 1 p. 467) 

GENESIS OF ARCTIC BROWN SOILS (PERGELIC  CRYOCHREPT) IN SVALBARD 
F.C. Ugolini and R.S. Sletten 

College of Forest Resources, University of Washington, Seattle, WA 98195, USA 

(Paper in Vol. 1 p. 478) 



CHEMICAL  WEATHERING IN PERMAFROST  REGIONS OF ANTARCTICA: 
GREAT  WALL  STATION OF CHINA,  CASEY  STATION AND 

DAVIS STATION OF AUSTRALIA 
Xie, Youyu 

Institute of Geography, Academia Sinica, BeUing, China 

(Paper  in Vol. 1 p. 511) 

SOIL DISPLACEMENT IN SORTED  CIRCLES,  RESOLUTE  AREA, 
CORNWALLIS  ISLAND,  CANADIAN HIGH  ARCTIC 

A.L. Washbum 

Quaternary Research Center, University of Washington, Seattle, U.S.A. 

S Y N O P S I S  L i n e s  o f  d o w e l s   o r i g i n a l l y   i n s e r t e d  ta d e p t h 3  o f  1 0 0  and 2 0 0  mm ~ I : ~ D S S  s o r t e d  

c i r c l e s   w e r e   r e p e a t e d 1 . y   s u r v e y e d   o v e r  a 3 - y w a r  p e r i o d .  M e a s u r s m e n t s   o f   d o w e l   h e a v e ,   l e a n ,   a n d  

l a t e r a l  d i s p l a c e m e n t   p r o v i d e d   e v i d w n c e  on c i r c l e   a c t i v i t y .   S u b j e c t  to certa1 .n  a s s u m p t i n n n ,  t h e  

e v i d e n c e   s u g g e s t s   t h a t   t h e   c u m u l a t i v e  s o 1 1  d i s p l a c e m e n t  was r a d i a l  and t h a t  i t $  v ~ l o r i t y  n e a r  t h e  

s u r f a c e   i n c r e a s e d  l i n e a r l y  f r o m  zero a t  t h e  c e n t e r  a f  d c ~ r ~ : l e  to a maximum a t  t h e   s t o n y  bordwr. 
T h i s  p e r m i t s   a n   e s t i m a t e  o.f t he   m in imum  age  o f  c i r c l e s .  R a d i a l   d i s p l a c e m e n t   d e c r e a s e d  w ~ t , h  d e p t h  

and w a s  p r o b a b l y   n e g l i g i b l e  b e l o w  1 0 0  mm. A l t h o u g h   t h e   r a d i a l  displ.a1:r3ment p a t t e r n   upp ports t h e  

c o n v e c t i o n  hypothesis for t h e  d e v e l o p m e n t  o f  s o r t e d   c i r c l e s ,  it d o e s  n o t  necessarL3y  prove t h e i r  

o r i g l n .  

PERENNIAL DISCHARGE OF SUBPERMAFROST  GROUNDWATER 
IN TWO  SMALL  DRAINAGE  BASINS,  YUKON,  CANADA 

R.O. van Everdingen 

The Arctic Institute of North America, Calgary, Canada T2N 1N4 

(Paper in Vol. 1 p. 639) 

A FIRST  APPROACH  TO  THE  SYSTEMATIC  STUDY OF 
THE  ROCK  GLACIERS I N  THE ITALIAN ALPS 

A. Cartonl, E Dramis*, and C.  Smiraglia3 

'Institute di Geologia, Universith di Modena 
2Dipartimento di Scienze delta Terra, Universith di Camerino 

3Jstituto di Geografia, Universith Cattolica di Miano 

(Paper in Vol. 1 p. 712) 
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THERMOKARST  AND CANOE-SHAPED BLOWOUT DUNES IN A SUBARCTIC 
DUNE FIELD, KOBUK  VALLEY,  NORTHWESTERN ALASKA, U.S.A. 

E.A. Koster 

Geographical Institute, State  University Utrecht, 3584 CS Utreeht, The Netherlands 

S Y N O P S I S  During a reconnaissance  geomorphological  survey o f  late-Wisconsinan to partly 

still  active  dune  fields in the  Central  Kobuk  Valley a number o f  canoe-shaped  blawout  dunes  were 

RncounterQd,  mainly  stabilized  by  spruce  and  birch  forests.  This  part  of  the  floodplain o f  t h e  

Kobuk  River  consists o f  possibly  ice-rich,  silty  and  sandy,  fluvial  and  eolian  sediments  and  Lies 

at  the  transition  of  discantinuaus  to  continuous  permafrost.  Simple  and  complex  blowouts  consist o f  

elongated,  flat-.bottomed,  up  to 10-15 m deep  deflation  depressions  sharply  outlined  by  narrow 

longitudinal  or  arcuate r i d g e s  and  parabolic  dune  heads  at  the  western.  eastern or both  ends  of  the 
blowouts. 

These  dune  forms d i f f e r  from  elongate  parabolic  dunes,  hairpin  dunes  or  winddrift  dunes  in  that  the 

arcuate ridges sometimer  converge  at  both  ends o f  the  blowouts.  The  forms  are  extremely  uniform 

oriented (WNW-ESE)  and  vary  in  length  from 0 . 5 - 6  k m .  On  the  border  ridges a s  w e l l  a s  j n   t h e  

deflation  depressions  complex  systems  of  partly  reactivated,  secondary  parabolic a n d  sinuous 

t.ranSVsrSl  ridges  have  developed.  The  blowouts  are  dissected  by  fluvial  erasion  and  exhibit 

modlfication  by  thermokarst.  In  the  depressions  occasionally  wet  peaty  areas  and  elongate  ponds 

[ICCUT. 

I t  i s  suggested  that  this  dune  type  originates  by  initiation o f  spot  blowouts  leadins to locally 

a~:cnl.erated  wind  velocities  and  greater bed scour  controlled  by a high  velocity  opposite  bimodal 

wind  regime.  Local  permafrost  degradation m a y  be  caused  by  development  of  the  blowouts  in 
connection  With l o c a l  disruption  of  the  vegetation.  Concentration o f  water  in  summer  and  of  snow  in 

winter  in  the  initial  deflation  basins  could  promote  further  melting  of  ground  ice,  thereby 

inducing 3a-cdlY.ed self-developing  thermokarst.  Gradual  wasting o f  the  dunes  will  ultimately  result 

in stabiliTation  by  vegetation  at  the  rims. 

MICROTOPOGRAPHIC  THERMAL  CONTRASTS,  NORTHERN  ALASKA 
F.E. Nelsonl, S.I. Outmlt, K.M. Hinkel, D.F. Murray and B.M.  Murray 

IRutgers  University,  New  Brunswick, NJ,  USA 08903 

(Paper in Vol. 1 p. 819) 
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DETERMINATION OF EXTENT AND STIFFNESS OF FROZEN 
GROUND USING SEISMIC SURFACE WAVES 

L.D. Olsonl, K.H. Stokoe IP and S. Nazarian3 

10lson-Church, Inc., Denver, Colorado, U.S.A. 
2Brunswick-Abernathy Regent, University of Texas at Austin, U.S.A. 

Wniversity of Texas at El Paso, U.S.A. 

SYNOPSIS T h e   p o s t e r   p r e s e n t a t i o n   d i s c u s s e s  a feasibility r e s e a r c h   s t u d y   o n   d n   ~ . n t l o v a t ~ . v e  

n e w  s e i s m i c  t e c h n i q u e ,  t h e  S p e c t r a l   A n a l y s i s  o f  S u r f a c e  W a v e s   ( S A S W )   m e t h o d ,  f o x  1 . o r ; a t l n g  f r o z e n  

a n d   u n f r o z e n   g r o u n d   r a p i d l y   a n d   a c c u r a t e l y   t h r o u g h   m e a s u r e m e n t  o f  t h e  s u r F a c e  w a v e   v w l . o r i t y  

p r o f i l e .  The v e l o c i t y  o f  se i smic  w a v e s  i s  m u c h   f a s t w r   i n   f r o z e n   g r o u n d   t h a n   u n f r a z n n   g r n r ~ n t l .  The  

S A S W  m e t h o d   h a s   a l r e a d y   b e e n   u s e d   t o   p r e d i c t   m o d u l u s   a n d   t h i c k n e s s   p r o f i l . n s   f o r   p a v e m e n t s   a n d   f o r  

i n v e s t i g a t i o n s  o f  s o i l  s i t e s ,   d a m s ,   a n d  f i l 1 . s .  

T h e   p r e s e n t a t i o n   i n c l u d e s   a n   s x p l a n a t i o n  o f  t h e  m e t h o d o l o y y   a n d   p r i n c i p a l s  o f  t h e  S A S W  ~ ( ~ i - v e y ,   a n  

e x a m p l e   d i s p e r s i o n   c u r v e   ( w a v e l e n g t h   v e r s u s   p h a s e   v e l o c i t y ) .   a n d  r;eismic s h e a r   w a v e   v e , l n c l t y   a n d  

m o d u l u s   p r o f i l e s  f rom t h r e e   f i e l d  s i t e s  i n   t h e   F a i r b a n k s ,   A l a s k a   a r e a  ( t h e  I J n i v e r s s t y  of A l a s k a  a t  

F a i r b a n k s   h a y f i e l d ,   t h e   L o f t u s   S c h o o l   a n d   t h e  CRREL F a r m e r s   L o o p   F a c i l i t y ) .   C o m p a r i s o n s   a r e  

p r e s e n t e d  o f  r e s u l t s  o f  d o w n h o l e  s e i s m i c  s h e a r  wavw v e 1 o c i t y  t e s t s  a n d  s o i l  b o r l . n g s   f o r   c o r n p a r l ! ; o n  

of f r o z e n l t h a w e d  profile r e s u l t s .   T h e   f e a s i b i l i t y   r e s u l t s   s h o w   e x c e l l . e n t   a g r e e m e n t   h n t w n e n   s u r f a c e  

w a v e   a n d   d o w n h o l e  se i smic  v e l o c i t y   r e s u l t s   a n d   c 1 e a ~ L y   i n d ~ c a t e  t h e  i n c r e a s e d   s t r f f n e s s   a s s o c i a t e d  

w i t h  t h e  p e r m a f r o s t .  

One O f  t h e  most e x c i t i n g   a s p e c t s  o f  t h e   m e t h o d  i s  i t s  capability to d e t e c t   l o w   v e l o c i t y   l a y e r g  

u n d e r l y i n g   h i g h e r   v e l o c i t y   l a y e r s   w i t h   m e a s u r e m e n t s   m a d e   o n   t h e   g r o u n d   s u r f a c e .  This c a p ~ b i l . ~ t y  O F  

t h e  S A S W  m e t h o d  O v e r c o m e s  t h e  t r a d r t i o n a l   l i m i t a t i o n   o n  the u s e  09 t h e  sejsmic r e f r a c t l n n  method. 

T h u s ,   t h e  SASW m e t h o d   s h o w s   s t r o n g   p o t e n t i a l   f o r   l o c a t i n g   f r o z e n   a n d   u n f r o z e n   g r o u n d   l a y s r s   p v p n  

w h e n   t h e  ground s u r f a c e  i s  f r o z e n   a n d   t h e   u n d e r l y i n g  s o i l s  are t h a w e d .   T h e   p o t e n t i a l   b o n e f l t : ;  o f  

a c c u r a t e   k n o w l e d g e  O f  f r o z e n   g r o u n d   c o n d i t i o n s  t o  e n g i n e e r s ,   c o n t r a c t o r s   a n d   t h e   p u b l i c  are? 

t r e m e n d o u s  f o r  i m p r o v e d   p e r f o r m a n c e   a n d   e c o n o m y   o f   c o n s t r u c t i o n   a n d  maintenance 0 . F  r o a d s ,  

b u i l d i n g s .   r u n w a y s ,   a n d   p i p e l i n e s .  

T h i s   P h a S B  1 r e s e a r c h   s t u d y   w a s   s p o n s o r e d  b y  t h e  S m a l l   B u s i n e s s   I n n o v a t i o n   R e s e a r c h  Program o f  t , h e  

N a t i o n a l   S c i e n c e   F o u n d a t i o n   t h r o u g h   t h e i r  Polar O p e r a t i o n s  a i v i s r o n  a n d   c o n d u c t e d   b y   O ] . : ; o n - - C h u r c h ,  

I n c .  

ORIGIN OF MASSIVE GROUND ICE ON TUKTOYAKTUK PENINSULA, 
NORTHWEST TERRITORIES, CANADA: A REVIEW OF 

STRATIGRAPHIC AND GEOMORPHIC EVIDENCE 
V.N. Rampton 

Terrain Analysis and Mapping Services Ltd., Carp, Ontario, Canada 

(Paper in Vol. 1 p. 850) 
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PERIGLACIAL GEOMORPHOLOGY OF KVADEHUKSLETTA,  SVALBARD 
J.L. Sollid, L. Sorbel and J. Tolgensbakk 

Department of Geography,  University of Oslo, P.O.Box 1042,  N-0316 Oslo 3, Norway 

SYNOPSIS The  map  Jvadehuksletta  kvartarUeolusi o Y  q m a d e  b y  ToLgencbakk & 

Sollid ( 1 9 8 7 )  will be  demonstrated.  The  base  map  whlch i s  constructed by the  Norwegian P o l a r  

Research  Institute ( N P ) ,  is  in scale 1 :  1 0  000 with  contour  interval tl-f 1 0  m. The  authors h a v n  

supplemented  this  base  map  with d 5 rn contour  rnterval.  The a r e a  mrpl)lad in  detall CDnCHrn!j 

Quaternary  geology  and  periglacial  features.  The  legend o f  the mar) has 73 different themati.(- 
symbols,  among  them 13 areal o n e s .  

The  Kvadehukslctta  area  is  situated  on  the  southern  flank o f  Kongsflorden,  Spitsbergnn. J.S m a n t e l e d  

by marine  raised  shore  beaches  at  Breggerhalvmya's  headl.and.  The shore-line d~splacement has tleen 

studied by Forman  et a l .  ( 1 9 8 7 ) .  The  area  has w e l l  developed  periglacLal  patterned grnund features. 

especially  sorted  circles.  At  selectwd  sites,  circles  have  recently  been  studied b y  O r .  E .  Wallet, 

QRC,  Universlty o f  Washington  (Hallet C Prestrud 1 9 8 6 1  In a cooperation p r o ~ e r t  with  the  authors. 

The  authors  are  also  studying  rock  glaciwrs,  some o f  them I.ocatmd wlthin  the  map a r e a .  Measurement'; 

indicate  that  these  glaciers  are  active.  Rock  glaclers  are  very  common  in  wast,urn S p i t s b e s y o n  a s  

shown by Kristiansen b Sollid ( 1 9 8 6 ) .  

An interesting  part  of  the  Kvadehuksletta  study i s  t h e  investiyation o,f the  genesib: u f  the f i n e r ;  

and t h e  distribution o f  the  weathering  material.. Clue to cold-based 1.c~ conditions during gl.aciat~.otl 

Periods  the  surface m i g h t  have  bewn  little  disturbed  through a l o n g  period 0.f timp 

REFERENCES:  

ForVan, S . L . .  , Mann, 0 .  4. Miller, G . H .  1 9 8 7 .  The Welchselian  glaclatian  and Hol .ocsne  re-lative s e a  

level  history of Brmggerhalvmya,  Svalbard  archipel.ayo. &.G.LL(: and A 1 . ~ ~ ~ ~ . R e $ e a r c h  21, 4 1 - 5 0 ,  

Wallet, E .  b Prestrud, S. 1 9 8 6 .  Dynamics u f  periglacial  sorted  circles i n  western  Spitsbergen. 

Quaternarv  Research 2 6 .  8 1 - 9 9 .  

Kristiansen, K. & Sollid, Y . L .  1 9 8 6 .  Svalbard.  qlasialqeoloslsk 0 9  ueomorfolu~isk k a r t ,  1 : 1 0 0 O 0 0 0 .  

Nasjonalatlas  for  Nnrge.  Geoyrafisk  institutt,  Universitetet i Oslo. 

FLUVIO-AEOLIAN INTERACTION IN A REGION OF 
CONTINUOUS PERMAFROST 

J. Vandenberghe and J. van Huissteden 

Institute of Earth  Sciences, Free University,  Amsterdam,  The  Netherlands 

(Paper  in Vol. 1 p. 876) 
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OBSERVATIONS OF SORTEQ CIRCLE ACTIVITY, CENTRAL ALASKA 
J.C. Walters 

University of Northern Iowa, Cedar Falls, Iowa 

(Paper in Vol. 1 p. 886) 

PLEISTOCENE  PERIGLACIAL CONDITIONS, U.S. MIDLANDS 
WJ. Wayne 

University of Nebraska-Lincoln, Nebraska, U.S.A. 

SYNOPSIS  During  the  past  decade,  ice-wedge  casts  and  patterned  ground  in  southwestern 

North  t)akrta,  northeastern  Nebraska,  and  Illinois  have  added to the  previous  observations  in 
~ o u t h e a ~ t w r n   S o u t h   D a k o t a ,   e a s t e r n   I o w a ,   a n d   c e n t r a l   I n d i a n a   t o   g i v e  a p i c t u r e   of a W i s c o n s i n an  ice 

margina:l  permafrost  belt  running  from  Indiana to eastern  Montana,  increasing  westward  in  width, 

s p ~ r a d i c  in  the e a s t  to nearly  continuaus  in  the  west.  Mean  annual  temperatures  along  the i c e  

mar9j.n probably  ranged  from  about - 4 O C  in  Indiana  to -12 C or  lower  across  Nebraska  and  the 

Dakotas,  where t h e y  were accompanied  by  strong  northwesterly  winds.  Interpretations  based  largely 

on fnllnal assemblages  of  vertebrates  and  mollusks  that  had  lived 2 0 0  km Or m o r e  f r o m  the  ice  margin 

havo  suggested  that  the  ice-marginal  environment  during  pre-Wisconsinan  glaciations  may  have  been 

lesv severe  than  those o f  the  last  glaciation.  Pollen  records  are  sparse,  and  only  limited  physical 

evidence h a s  been  reported. 

0 

I n  Indiana,  ice-marginal  silts  contain 3 species  typical o f  the  subarctic  (Vertino  aluestrla 

ouahtoni. V .  m w t a .  and  Columella  alt 

today.  In  Nebraska  ice  marginal  firunules  have  not  been  found;  the  nearest,  in Loess that  post-dates 

t h e  ice  wedge  development,  also  contains  three  alpine  species t w i x  strinosa berrvi. V ,  

m d w ,  C .  a l w ) .  In  both  areas,  southward  from  the  permafrost  belt,  one 
I n d l a n a ,  and 0 .  striqusa, Nebraska)  disappears almost immediately,  and  Only C. a l t i c o b   i s   p r e s e n t  
A few o f  khw  thermal  contraction  features  in  North  Dakata  are  clearly  pre-Wisconsinan,  but  their 

age.  beyond  that. i s  not  known.  In  eastern  Nebraska,  earlier  Pleistocene  proglacial  faunal 

a s s o m b l a g e s  suggest a Climate  much  like  that  of  eastern  North  Dakota  today,  as  do  Peoria L o e s s  

assemblagws from the  Same  area  and  southward.  Comparable  similarities  can  be  found  among  vertebrate 

faunal assemblages f ram northern  Nebraska to southwestern  Kansas.  Ice-marginal  conditions  probably 
did  not d i f f e r  g r e a t l y  in  the  Central  Lowlands  and  Great  Plains  during  the  pre-Miscansinan 

g l a c i a t 1 , o n s  from those  that  cleveloped  during  Wisconsinan  time. 

. .  -1 and  none o f  the  warmth-loving  species o f  the  area 

LANDSLIDE MOTION IN DISCONTINUOUS PERMAFROST 
S. Wilbur and J. Beget 

University of Alaska, Fairbanks 

(Paper in Vol. 1 p. 897) 
70 



PERMAFROST AND TERRAIN  PRELIMINARY  MONITORING  RESULTS, 
NORMAN WELLS PIPELINE, CANADA 

M.M. Burgess 

Permafrost Research, Geological Survey of Canada, Energy, Minw and Resources, Ottawa, Canada 

(Paper in Vol. 2 p. 916) 

DEVELOPMENT AND THAWING OF ICE-RICH PERMAFROST AROUND 
CHILLED  PIPELINES  MONITORED BY RESISTANCE  GAUGES 

R.O. van Everdingen and L.E. Carlson 

The Arctic Institute of North America, Calgary, Canada T2N IN4 
L.E.C. Engineering Ltd., Calgary, Canada TZK 4R5 

(Paper in Vol. 2 p. 1004) 

PREDICTION OF PERMAFROST  THICKNESS BY THE "TWO POINT"  METHOD 
I.M. Kutasov 

Department of Petroleum Engineering and Geosciences, Louisiana Tech University, Ruston, Louisiana, USA 

(Paper in Vol. 2 p. 965) 

DISCONTINUOUS  PERMAFROST  MAPPING  USING  THE EM-31 
D.S. Washburn and A. Phukan 

Cold Regions Laboratory, Inc. (CRL), Anchorage, The University of Alaska at  Anchorage (UAA) 

(Paper in Vol. 2 p. 1018) 

RELATIONSHIPS  BETWEEN  SAMPLE  QUALITY AND  LABORATORY 
TESTING OF PERMAFROST SOILS 

T.H.W. Baker 

Institute  for Research in Construction, National Research Council of Canada,  Ottawa, Canada 

S Y N O P S I S  The Permafrast  Subcommittee o f  the  Associate  Committee  on  Eeotechnical  Research, 

National.  Re?enrch C o u n c i l .  o f  Canada,  is  preparing a laboratory  manual  for  testing  permafrost soils. 

The marirrR1 wlll c o v e r  labaratary  t,ecting  procedures to determine  physlcal,  mechanical and thermal 

; ) r o ; ? e r t i e s .  I n  participating  in  the  preparation o f  the  manual,  it  became  apparent  that poor quality 

s ; a r n p 1 ~ ~  can rui.n t h e  most  sophisticated  testing  program.  This  does  not  imply  that  all  testing 

procedures r ~ q 1 l i . r ~  a hiyh  quallty a f  s a m p l e .  The  relationship  between  sample  quality and laboratory 

t c s t l r l g  w l l l  be presented in a tabular  form. In undertaking a testing  proyram,  it i s  important  to 

k e e p  ~n m i n d  t h e  ~ p ~ r ; r . f i c  d1.m of  the  investigation.  Once  the  required  test  methods  have been 

cht j$;er l ,  t,hnrl t h u  $arnpl.cr quallty mrlrt be given  careful  consideration. The quality o f  the  sample i s  
clnpvndent o n  t h e  t y p e  o f  matnrr.al. sampled,  the  in  situ  condi-tion  at  the  time  of  sampling. and t h e  

m e t h o d s  n-f s a m p l i n g ,  t,ransport,ation  and  storage. 
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SHALLOW FOUNDATIONS, HEAT PUMPS, ACTIVE REFRIGERATION 
L.E. Goodrich, OJ. Svec and T.H.W. Baker 

Institute for Research in Construction,  National RHWCh Council,  Ottawa, Canada 

SYNOPSIS  Since 1986 the  National  Research  Council h a s  been  considerlny  the p o s s i b l e  

applications o f  ground  source  heat  pump  technology  to  Arctic  problems  in  collaboration  wlth  the 

Government  of  the  Yukon  two  field  projects  have  been  undertaken tu evaluate  the t e c h n o l o g y  for  slab 

foundations  located  on  permafrost.  Using a system  of  heat  collector  pipes  located  below t h e  

insulation  the  heat  normally  cscaping  to  the  ground  is  returned to the  living s p a c e  v i a  the  heat 

pump. T h i s  arrangement  makes  it  passible to maintain  frozen  conditions i n  the ,foundat:iort pad and 

sub-grade  while  producing a significant  quantity  of  heat  for  the  building  itself.  For  many 

communities  in  northern  Canada  the  relative costs of  fuel oil. and  electricity a r e  such  that 

operating  costs  may be largely  or  entirely  offset by  t h e  saving  in  fuel costs. Of  potentially 

greater  benefit i s  the  reduction  in  initial  construction  costs  compared  with  current  altsrnatives. 

72 



FOUNDATION DESIGN ON PERMAFROST WITH HEAT PUMPS 
B. Instants 

Storetveitvegen 96, N-5032 MInde, Noway 

SYNOPS 1 S B j a r n e  ~ n s t a n e s  A I S .  Consulting  Engineers.  have  designed  more  than 2 0 0  Projects 

on  Spitsbergen  during  the  last 20 yoars. On  the  Norwegian  mainland,  the  company  has  participated  in 

several  Heat  Pump  projects.  Several  years a g o ,  the  author  developed  the  idea to use  heat  pumps f o r  

foundation dktsign on  Svalbard. 

The idea i s  simple:  Heat  pumps  use  the  subsoil  underneath  the  building a s  energy  resource.  Thus  the 

temperature  underneath t h e  foundations  is  lowered to approximately - 1 O ' C .  The gained  energy  is  Used 

for  heating  the  building.  In  other  words,  the  heat  loss  through  the  insulated  floor  is  transported 

back  inside  the  building  by  means  of  heat  pumps. 

The  advantages  af  the  foundation  principle i s :  

, Creating .Low temperatures  under  foundations  and  thus  high  bcaring  capacity  of  the s o i l s .  

-. Contribute t.0 the  heating a f  the  building  with  low  energy  input. 

.. EconomicaL  foundation  design. 

Foundation  design  with  artificial  freezing o f  the  graund  by  means  of  heat  pumps,  was  used  for  the 

first  time  in  Spitsbergen for a S t o r a g e  Building  in  Sveagruva.  The  building  has a floor area o f  900 

m'. The  foundation d e s i g n  can  briefly  be d e s c r i b e d  as  follOWs: 

'. The existing s o i l  (characterized a s  Svea  Clay), w a s  leveled  to  minimum 0 , 5  m b e l o w   t h e   l e v e l   o f  

pipes  for  cooling  fluid. 

-' A minimum 0 , 5  m thick  gravel  pad w a s  laid  out  and  compacted. 

- On  the  gravel  pad, the  4 0  mm coaling  pipes  were  Laid  aut  in 1.0 m distances. 

The  pipes  wwre t h e n  embedded  in a 100 mm  thick  concrete  slab,  generally 200 mm  expanded 

polystyrene w a s  used.  In  order  to  sustain  the  concentrated  loads  under  single  column  footings, 

SWCla.1  quality  insulation  was  applied. 

- The  space  between  the  insulation  and  the  floor  slab i s  filled  with a 7 0 0  m m   t h i c k   l a y e r  o f  f i n e  

sand.  The  thickness  of 700 m m   w a s   d e c i d e d   m a i n l y   t o   s a t i s f y   m i n i m u m   s l o p e   f o r   s e w a g e   p i p e s   e t c .  

' The flcror i s  a 1 5 0  mm  thick  reinforced  concrete  slah. 

x A Computer  programme  was  devel.aped  to  calculate  the  necessary  effect.  the  quantity  of  cooling 

f l u i d ,  t.he dimensions  of  the  cooling  fluid  pipes,  the  insulation  needed  etc.  to  abtain  the  design 

temperature i n  t h e  soil. 

Necessary  effect  to meet the  temperature  required  at  the  level  of t h e  cooling  piDas (-10 C )  w a s  

C a I c I r Z a t R d  to a p p r o x .  16 kW. Mostly due  to  security  reasons,  there  is  installed  two  separate 

Systems,  each  of 18 kW. Pumps,  compressors  ett.  are  automatically  controlled b y  termistors  placed 

st,rategically  in  the  ground. 

0 

The  System h a s  been in operation  since ~ t s  completion i n  the  autumn 1 9 8 6 .  It  has  been  working 

SatJ,SfaL:tUrY without  any  protllems, anti has  proved  to  be  an  economrcal  method for foundation  design 

( I n  permafrost. The prirlciple  may  also  prove ta  be f e a ~ i b l g  . for  builQirrgs on difficult soil 

cnnditions  in a r e a s  without  permafrost. 
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THAW STABILIZATION OF ROADWAY  EMBANKMENTS 
J.P. Zarling,' W.A. Braleyz and D.C. Esch3 

1School of Engineering,  University of Alaska Fairbanks 
zhstitute of Northern Engineering,  University of Alaska Fairbanks 

%tat@ of Alaska, Dept. of 'hansportation & Public  Facilities 

(Paper in Vol. 2 p. 1352) 

THE CRACKING AND ITS PREVENTING OF THE ROAD 
UNDER LOW TEMPERATURE 

Tian,  Deting 

Science and Technology  Commision of Heilongjiang  Province, Harbin, The People's Republic of China 

S Y N O P S I S  Based  on f i e l d  investigations  on  an  asphalt-paved  highway  in  Heilongjiang 

Province,  North-east  China, f e a t u r e s  o f  t h e  cold cracking o f  the  road  pavement  were  described, and 

i t s  c a u s 8 s  were analyzed a s  well. After  intensively  analyzing its influencing  factors,  measures fur  

prwventrng the  cold cracking were presented f rom various a s p e c t s  including  selection o f  pavement 

material, d e s i g n  of road structure a n d  control  of  construction  quality.  etc. 

THE RESISTANCE TO FROST HEAVE OF VARIOUS CONCRETE CANAL  LINING 
Song, Baoqing, Fan, Xiuting and Sun,  Kehan 

Qinghai  Provincial Institute of Water Conservancy,  Xining, China 

(Paper in Vol. 2 p. 1482) 

AIRPORT  NETWORK AND HOUSING  CONSTRUCTION  PROGRAMMES 
IN NORTHERN  QUEBEC,  CANADA 

C. Trernblayl and G. Do& 
lQu6bec  Department of Transport Quebec, Canada 

2Service  des Sols et Chawdes, Ministere  des 'Ikansports du  QuQbec 

(Paper in Vol. 2 p. 1500) 
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RIVER CHANNEL DREDGING IN THE PERMAFROST-DOMINATED NORTH SLOPE 
M. Westonl, L. Nelson It2 and  J. Walker3 

W.O.Box 2700, Olympia, WA 98507-2700, U.S.A. 
2Public Works Dept., North Slope Borough, P.O.Box 69, Barrow, AK 99723, U.S.A. 
3Dept. of Geography, Louisiana State University, Baton Rouge, LA 70803, U.S,A. 

S Y N O P S I S  In  1 9 8 0 .  t h e  N o r t h  S l o p e  Rorough ( N S B )  began  an  extensive C a p i . t a 1  Improvemunt 

Program ICIP). M a s t  o f  t h e  C I P  projects r e q u i r e d  v a s t  Rrnountk o f  g r a v e l  a n d ,  b p c a u s p  upl .and  S O U T C F ~ S  

w e r e   L i m i t e d ,   r i v e r ,   l a k e ,  and l a g o o n   d r e d g i n g  w a s  i n l t l a t e r l .  I n  many c a s e s  material w a s  1.1laced 

d i r e c t l y  o n  t h e   t u n d r a   s u r f a c e  where  n e e d e d   m i n i m i z i n g  subaerial. m o d i f i c a t i o n .  S t rbaqueuus  c h a n y o  I F ,  

b e i n g   m o n i t o r e d   b y  a c o n t i n u i n g  program i n i t j . a t a d  b y  t h e  N S B .  

STUDIES ON THE PLASTIC-FILM-ENCLOSED FOUNDATION OF 
SLUICE GATES AND ITS APPLICATION 

Yu, Bofang, Qu, Xiangmin and Jin, Naicui 

Heilongjiang Provincial Institute of Water Conservancy, Harbin, China 

(Paper in Vol. 2 p. 1526) 

76 



LIST OF PARTICIPANTS 

van Everdingen, mbert O . ,  D r .  
Arctic Ins t .   o f   Nor th  America 

Alberta,  Canada T2LIC8 
2500 Univ. D r .  N . W . ,  Calgary 

van Vliet-Lanoe,  Brigitte, D r .  
Canada 

French Camp, Svalbard 
917 3 NY-ALESUND 
Norway 

Univers i ty  of Lund 
c /o  H. Akerman 
Kringelv.  2 8 ,  20100  Hassleholm 
Sweden 

Aakerman, Jonas, D r .  

Aguirre-Puente, Jaime, Mr. 
C,N.R.S. 
Lab.  d’Aerothermique 
4,  Route  Gardes,  92190 Meudon 
France 

CRREL 
7 2  Lyme Road, Hanover 
New Hampshire,  03755-1290 
U.S.A. 

Allard, Michel, D r .  
universit i!   Lava1 
Centre D‘ Etudes  Nordiques 
Sainte-Foy,  Quebec G 1 K  7P4 
Canada 

Michigan S t a t e   U n i v e r s i t y  
Dept .   of   Civi l  & Environmental  Engineering 
East  Lansing,  Michigan  48824 
U .S . A .  

Geology, 170-25 
C a l i f o r n i a   I n s t ,  of Technology 

Pasadena ,   Cal i forn ia  91125 

Axcone, Steven, Ree. Geophysicist 
U.S.A. 

CRREL 
7 2  Lyme Road 
Hanover, NH 03755 

Altagawa, Satoshi, Mr. 

Andersland, Orlando, Professor 

Anderson, Suzanne P., Ms. 

U .S . A ,  
Attwood. Carol 

Univers i ty  Road 
Department of Geography 

Bristol Bs8 1SS 
United Kingdom 

Bailey,  Helen, Mrs 
John  Wiley E, Sons  Ltd. 
Eaf f i n s  Lane 
Ch iches t e r ,  PO19 1 U D  
United Kingdom 

National  Research  Council   of Canada 
Baker, Harry, Mr. \ 

i n   c o n s t r u c t i o n  
:1A OR6 

Ins t .   fo r   Research  
Ottawa,   Ontar io ,  K 
Canada 

Univers i ty  of Read 
Dept. of Geography 
Whiteknights,  Read 
United Kingdom 

Baker, Sally 

BakkehBi. steinar 

ing  

ing RG6 2AB 

Norgefi G e o t e k n i s k e   I n s t i t u t t  
Postboks 40 ,  Tiisen 
0801 OSLO 8 
Norway 

Bakken. Arne. Student 
Asbjflrnsens  veg 34 
3600 KONGSBERG 
Noway 

Bakkep, Ivar, Sivi l ing .  
S i v i l i n g .  E l l i o t  Str@mme AS 
Torggt . 63 
2300 HAMAR 
Norway 

Univers i ty  of Colorado 
CIRES/NSIDC 
Boulder Co. 80309-0449 
u . s  .A .  

Kingston,   Ontar io  K7K 5Lo 
Royal Mi l i t a ry   Co l l ege  

Canada 
Beget,  Jams, Professor 

Universi ty   of   Alaska 
Dept. of Geology & Geophysics 
Fairbanks,   Alaska 99775-0760 

Barry. Fbger G.,  Professor 

Beaty. Anthony, D r .  

Bennett , Lorne 
U . S . A .  

Univers i ty   o f  O t t a w a  
Department of Geology 
Ottawa, On ta r io  K 1 N  6N5 
Canada 

The  Norwegian I n s t .  of Technology 
I n s t .   f o r  veg  og  jernbane 
7034 TRONDHELM 
Norway 

Geofros t  A . S  
Kjflrbov. 2 3  
1300 SANDVIKA 
Norway 

un ive r s i ty   Co l l ege ,   Ca rd i f f  

PO Box 7 8 ,  Ca rd i f f  CF1  1XL 
Department af Geology 

United Kingdom 
Braaten, Anna Marita,  Geologist 

Berg, Yostein S . ,  S i v i l i n g .  

Berggren, Anne-Lise, Dr-Ing. 

Berriaford, Mark 

S t a t o i l  
Geo, D-1 ,  Forus 
Postboks 300 
4001 STAVANGER 
Norway 

Dept. o f  Transpor t a t ion  ti P u b l i c   F a c i l i t i e s  
Pouch 196900 
Anchorage,  Alaska  99519-6900 

Bradley, Gregg, C i v i l  Engineer 

U.S.A. 
Bredemen, Bjgrn A . ,  Overing. 

SeLmer-Furuholmen  Anlegg AS 
Postboks 1175,  Sentrum 
0107 OSLO 1 
Norway 

National  Science  Foundation 
Division  of  Polar  Programs 
Washington DC 70550 
U.S.A. 

Burn,  Christopher, Dr. 
Universigy of B r i t i s h  Columbia 
Dept. of Geography 
Vancouver, BC V6T LW5 
Canada 

B f m t I ,  Jerry 

77 



Buska, Yamas, Research  Civil Eng. 
C RREL 

Hanover, NH 03766 
72 Lyme Road 

Bkk-Madeen, Carl, Civil  Engineer 
U.S.A.  

Danish  Geotechnical  Institute 
1 Magleb  jergve j 
DK 2800 Lyngby 
Denmark 

Caine,  lel, Dr. 
Universitlt  Heidelberg 
Geographisches  Institute 
Im Neuenh. Feld 348 
D-6900 Heidelberg  1 
F.R.G. 

C.N.R.S. 
Lab. d'Aerothermique 
4 .  Route Gardes,  92190  Meudon 
France 

University of Alaska 
Fairbanks 
Alaska 99775 
U . S . A .  

carter, L.  David, Geologist 
U .$. Geological  Survey 
Anchorage,  Alaska 99508-4667 
4200  University  Drive 

U.S.A. 

Inst.  Di  Geologia-Universita 
Cora0 Vittorio  EmanueleII  n 59 
Modena  41100 
Italy 

CRREIl 
7 2  Lyme Rd. 
Hanover, NH  03755 

Cames-Pintaux, Anne-Marie, Mrs. 

Carlson, Robert, D r .  

carton, ~lberto, Professor 

chamberlain, E m i n  J., Research  Civil  Engineer 

Chen, Xiaobai,  Associate  Professor 
Lanzhou  Inst. of Elaciologyand  Geocryology 
Chinese  Academy of sciences 
China 

Cheng, Enyuan,  Senior  Engineer 
Constructing and Designing 
Inst. of Daqing  Petroleum  Field 
China 

Lanzhou Inst. of  Glaciology  and  Geocryoloqy 
Cinese  Academy of  Sciences 

Christensen, Leif, Chief Geologist 
China 

L . C .  Geoconsult 
Klokkerfaldet 88 
8210  Arhus V. 
Denmarl*, 

Clark,  Jack 
Memorial Univ. of Newfoundland 

Newfoundland A1B 3x5 
C-COm, St. John's 

Canada 

Southampton  University 
Geography  Department 
Southampton SO9 5NH 
United  Kingdom 

Clarke  Engineering  Company 
1818 So. University  Avenue 
Suite  g-Fairbanks,Alaska 99709 
U + S . A .  

U . S  . A *  

Cheng, Guodong, Professor 

Clark, Michael J . ,  Dr. 

Clarke, Edwin S. 

Collett, Timothy s., Research  Geologist 
u . s .  Geological  Survey 
Mailstop  999, 345 Middlefield Road 
Menlo  Park,  California 94023 
* r S  . A .  

Collins, Charles M., Ree.Physica1 Scientist 
C RREL 
Bld 4070,  FT. Wainwright 
AK 99703 

Corapcioglu, M. Yavue, Associate Professor 
U.S.A. 

Washington  State  University 
civil & Environmental  Engineering/ 
Hydraulic  section 
Pullman,  WA  99164-3001 
U .S .A. 

Corbin, Samuel W . ,  Geologist 
University of Oregon 
Qept. of  Geological  Sciences 
Eugene,  Oregon 97403 
U . S . A .  

Cory, Wallace,  Manager 
Engineering & Planning A W  
401 W. fnt'l  Ap't Rd. 
Anchorage AK 99518 
U . S . A .  

CRREL 
72 Lyme Road 
Hanover, NH 
U . S . A .  

Peking  University 
Dept. of  Geography 
B e i  jing 
China 

Traffic  Inst, of Heilongjiang 
Province 
China 

Damaerchuk, Len, Professor 
University of  Manitoba 
Civil Engineering Dept. 
Winnipeg,  Manitoba W.T 2 ~ 2  
Canada 

Ryks  Geologische  Dienat 
District  West,  Postbus  5007 
1802 TA Alkmaar 
The  Netherlands 

Crow. Frederick E., Research  Civil  Engineer 

Cui, Zhijiu, Professor 

Dai. Huimin,  Senior  Engineer 

De Gans, W i m ,  Dr. 

Delaney,  Allan,  Physical  Science  Technician 
C RREL 
72  Lyme Road 
Hanover, NH  03755 
U.S.A. 

Delisle, Georg 
Bundesanstalt far Geowissensch 
Postfach  510153 
D-3000 Hannover 51 
F.R.G. 

McGill  University 
Dept. Of Geography 
805  Sherbrooke St.W. 

Canada 
Montreal, P.Q. H ~ A  2K6 

University  of  Utrecht 
Department of Geography 

The  Netherlands 
Heidelberglaan 2 ,  35A4CS Utrecht 

Ding, Yingkang 
China 

Domachuk, Len, Professor 
University Of Manitoba 
Canada 

R . T . A . C  
1765 Blv. St. Lhurent 
Ottawa K 1 G  3V4 
Canada 

DearocherB. Daniel, Graduate  Student 

Dijkmans, Joe, Drs. 

Dore, Guy 

78 



D r a m i s ,  Prancesco,   Professor  
Un ive r s i t a  D i  Camerino 
Dipt.  d i  S c i e n z e   d e l l a   T e r r a  
V i a l e   B e t t i  1, 62032 Camerino 

Dufour, Sylvain,  Program Officer 
I t a l y  

I n t e r n .  Development  Res. C t r .  
BOX a500 
Ottawa,  Ontario K1G 3H9 
Canada 

Queen’s   Univers i ty  
Dept.  of  Geology 
Kingston,   Ontar io  K7L 3N6 

Dyke. Lar ry  

Edwards,  Ronald,  Environmental  Affairs  Officer 
Canada 

Dept. of Energy, mines and resources 
580 Booth S t . ,   5 t h   F l o o r  
Ottawa,  Ontario 
Canada 

Eerola, Martti, L ic .   Ph i l .  

Laboratory,  P .O.  Box 3 3  
Roads & waterways  adminis t ra t ion 

00521 He l s ink i  
Finland 

Songaveien 7 2 

Norway 

Eggen, A s t r i ,  P ro j ec t   Eng inee r  

0855 OSLO a 
Eikevik,  T r y g v e  Magne, Foreker 

SINTEF 
Avdeling  Kuldeteknikk 

Norway 

NUNATEK, GrFnlands   t ekniske   o rganisa t ion  
Hauser  Plads 20 
11 27 Kglbenhavn K . 
Denmark 

Ershov,  Edvard 

Esch, David, Research Engineer 
Alaska  Dept. of T ranspor t a t ion  
Research  Section,  Alaska 
2301 Peger  Road,  Fairbanks 

Etkin.  David, Arctic Meteoro logis t  
4905 D u f f e r i n   S t .  
Downsview, On ta r io  M3H 5T4 
Canada 

Evans.  Kevin E . ,  Graduate   Student  
Universi ty   of  Alberta 
Dept. of G-eagraphy 
Tory  Building,  Edmonton, Alberta T6G 2H4 
Canada 

The Ohio S t a t e   U n i v e r s i t y  
Byrd Polar  Research  Center 
125 So. Oval Mall ,  CoLumbus,O. 
U.S.A. 

Survey & Design   Ins t .   Xin j iang  
Army Corps of Cons t ruc t ion  
Shihez i   Ci ty ,   Xin j iany  
China 

Univers i ty  of Reading 
Department  of  Geography 
Whiteknights,  Reading RG6 2AB 
United Kingdom 

1835  South Bragaw S t r e e t  
Anchorage, Alaska 99512 

7034 m o N n H E m  

Engraf ,   Anet te ,  C a n d .  Scient. 

U S S R  

U.S.A. 

E v e r e t t ,  K.R., Profes so r  

Feng,  Tins,   Senior  Engineer 

FenwicJc, Ian ,  Mr. 

F e r r e l l ,   J o h n ,  C i v i l  Engineering  Coordinator 

U .S . A .  

Fer r i ans .  Oscar. Mr. 
u . s ,  G&OlOgiCdl Survey 
4200 Universi ty   Drive 
Anchorage,  Alaska 99508 
U .S . A ,  

Fischer ,   Kenneth C . ,  Development Associate 

Granv i l l e ,  Ohio 43023 
P.O.  Box 515 

U.S.A. 

R i  jks   Geologische  Dienst  
Geological  Survey 
p ,o. BOX 157, 200 AD Haarlem 
The Netherlands 

F l a a t e ,  Kaare, Director 
Norwegian Road Research  Laboratory 
P .a. BOX 6390 E t t e r s t a d  
0604 OSLO 6 
Norway 

Luleb  University  of  Technology 
951 a7 Luled 

French, Hugh, Profes so r  
Sweden 

Unive r s i ty  of Ottawa 
Departments  of  Geography & Geology 
O t t a w a  K I N  6N5 
Canada 

Hokkaido Un ive r s i ty  

N - 19, w - 8 ,  Sapporo,  060 
I n s t .  of Low Temperature  Science 

Japan 

Hokkaido Un ive r s i ty  

Nl9 W8, Sapporo 
Inst. of Low Temperature S c ,  

Japan 

u n i v e r s i t b  Lava1 
Centre  D’Etudes  Nordiques 
Sainte-Foy,  Quebec G 1 K  7 ~ 4  
Canada 

Univers i ty  of Albe r t a  
Deptartment of Geography, 
Tory  Building Edmonton, A lbe r t a  T6G 2H4 
Canada 

Un ive r s i ty   Co l l ege   Ca rd i f f  
Department of Geology 
C a r d i f f ,  CF1 1xL 
United Kingdom 

Garty, Jacob, Ph.D. 
Tel-Aviv  University 
Department of Botany 
Tel-Aviv 69978 
I s r a e l  

Tecnomare 5’ .P .A .  
S Marco 2901 
Venice 35100 
I t a l y  

Giardino,  John R., A s s o c .  P ro fes so r  
Texas A & M Univers i ty  
Dept. o f  Geography & Geology 
College  Stat ion,   Texas 77843  
U.S.A. 

union  College 
Civil   Engineering  Dept.  
Schenec tady ,   But te r f ie ld  H a l l ,  NY 12308 

Fischer ,   Maarten,  D r s  

Fransson,  Lennart,  I,ic.Tech. 

Fuj ino ,  Kaxuo, Profes so r ,  Ph-D. 

Fukuda, Masami, ASSOC. Prof .  

Gahe, E m i l e ,  D r .  

Gallinger,   Bonnie Jean, Graduate S tudent  

G a l l o p ,  Michael, M r  

Ghigli ,   Antonio,   Engineer 

Gi f ford ,  Gregory P . , A s s i s t a n t  P ro fes so r  

U.S.A. 

44 Crowthers H i l l  
Dartmouth, Devon TQ6 9QX 
United Kingdom 

G i l l e s p i e ,  Clare, M s .  

79 



c 

Giraudi,  Carlo, Dr. 
ENEA C,R.E. Caseccia 
Strada  Prov. Ang., km 14300 
0060 S.  Maria DL Galeria-ROMA 
Italy 

UniVerSitdt  am  Hubland 
Geographishes  Institut 
D-8700 Wurzburg 

Glaaer, Ulrich, D r .  

F.R.G. 
Gosink,  Joan, Associate Professor 

University of Alaska 
Geophysical  Institute 
Fairbanks,  Alaska  99775-0800 
U.S.A. 

Seiken Co., Ltd., 
Kawarayamachi, 2-11-16 
Minami-ku, Osaka,  542 
Japan 

Grande,  Lars, Professor 
The  Norwegian Inst. of  Technology 
Inet. fox Geoteknikk 

Norway 
Grave. B.A., Dr. 

The USSR  National  Permafrost  Committee 
117312  Moscow 
USSR 

Norwegian  Geotechnical Inst. 
Box 40,  Tssen 
0801 OSLO 8 
Norway 

Grodainsky,  Valery 
Zitnaja 14 
MOSCOW 
USSR 

vsegingeo 
142452  Zeleny-village, 
Noginsk  district, MOSCOW reg. 
USSR 

Versuchsanstalt fdr Wasserbau,Hydrologie 
und Glaziologie 
ETH-Zentrurn, 8092 Ztirich 
Switzerland 

Univsrsitlt  Wdrzburg 

Am Hubland,  0700  Wurzburg 
Geogr. Institut 

P .R .G.  
Hagen,  Jon  Ove.  Researcher 

Norsk  Polarinstitutt 

, 1330 OSLO LUFTHAVN ' 

Hallet, Bernard, Professor 

Goto,  Kauji, Mr. 

7034 TRONDHEIM 

Gregersen. Odd, C i v i l  Engineer 

Gryaenov, Tikhon A.  

Haekmrll., Wilfried, PD Dr. 

Hagedorn,  Horst, Prof. D r .  

P.B* 158 

Norway 

Quaternary  Research  Center AK-60 
University of  Washington 

Seattle,  WA  98195 
U . S . A .  

Aanna,  Alan, Senior Geot. Eng. 
219 - 18th  Street S.E., 
Calgary,  AB, 
Canada 

University  college  Cardiff 
Geology  Department 
p ,o .BOX 78, ,Cardiff CFILXL 

Harris, Stuart A., Professor 
United  Kingdom 

University of Calgary 
Dept. of Geography 
Calgary,  Alberta T2N IN4 
Can da 

Harris,  Charles, Dr. 

16: 

Harry,  David, Dr. 
Geological  Survey  of  Canada 
Terrain  Science  Division 

Ottawa,  Ontario K1A O E 8  
Canada 

EBA Engineering  Consultants  Ltd. 

Edmonton,  Alberta 
Canada 

Aaynes. Valerie, Dr. 
University  of  Stirling 
Dept. of Environmental  Science 
Stirling FK9 4LA 
United  Kingdom 

Geological  Survey of Canada 
601 Booth St. 
Ottawa,  Ontario K1A OE8 
Canada 

601 BOQth St. 

Hayley,  Donald W . ,  Vice  President 

14535 118 Ave 

Heginbottom, J. Alan, Mr. 

Henry, Karen,  Research Civil Engineer 
CRREL 

Hanaver, NH 03755-1290 
72 Lyme Rd. 

U . S . A .  

Dames h Moore 
1626 Cole Blvd. 
Golden,  Colorado 80401 
U.S.A. 

Heuer, Christapher E., Researcg Associate 
Exxon  Production  Research  Company 
P . 0 .  Box 2189 

U.S.A.  
Houston,  Texas,  77252-2189 

Hillen, Roeland, D r s  
Geological  Survey 

2000 AD Haarlem 
The  Netherlands 

Hinaman. Larry  D., Student 
University of Alaska 
Water  Research  Center 
Fairbanks,  Alaska  99775-1760 

Hettinger, Loren R . ,  Senior Ecologist 

P.0. BOX 157 

U.S  .A. 

Minami  Shibetsu,  Shibetsu City 
Shibetsu-Highschool 

Hokkaido,  Japan 095 
Japan 

polar Continental  Shelf  Project 
344 Wellington St., Room 6138 
Ottawa,  Ontario K1A OE4 
Canada 

university of Nottingham 
University  Park 
Nottingham NG2 7DG 
United  Kingdom 

Holmgren, Bjorn, Dr. 
Abisko  Naturvetenskapliga  Station 
980 24 Abisko 
Sweden 

University of Alaska 
Dept. of Geology & Geophysics 
Fairbanks AK 99775  0780 
U . S . A .  

Geological  Survey of Canada 
601 Booth st., Ottawa,  Ontario 
K1A OE8 
Canada 

Hiramatsu, KaEuhikO, G-logillt 

Hobson, George, Director EmeritUB 

Holden,  John T. , Dr. 

Hopkins,  David U., Dr. 

Hunter, James A .  , Dr. 

80 



H#gvard, K i r a t i ,  Vit.aee. 
G e o g r a f i s k   I n s t i t u t t  
Postboks  1042,  Blindern 
0316 OSLO 3 

Instanes.  Bjame, Civ i l  Engineer 
Norway 

Siv iLing .   Bjarne   Ins tanes  A / S  
S t o r e t v e i t v .  96 
5032 MINDE 
Norway 

S i v i l i n g .   B j a r n e   I n s t a n e s  A/S 
S t o r e t v e i t v .  96 
5032 MINDE 
Norway 

Tokyo Gas co. , L t a .  
Research h Development I n s t .  

Tokyo 105 
1-16-25,  Shibaura,  Minato-ku, 

Japan 
I eu ta ,  Hisao, Mr. 

Seiken C o . ,  L td ,  
Kawarayamachi, 2-11-16 
Minami-ku, Osaka, 542 
Japan 

S u i t e  920 1350  Sherbrooke str .  
Montreal Quebec H3G 1J1 
Canada 

Univers i ty  of Wroclaw 
Geographica l   Ins t .  
P. uniwersyt.1,  50-137,Wroclaw 
Poland 

JansOn, Lars-Eric,   Professor 
VBB Consul t ing  Group 
P.O. Box 5038 
102 41  Stockholm 

Jardine,   John  Douglas 
Sweden 

Art ic  Foundations of Canada 
531  Marion S t .  
Winnipeg, Manitoba R2J OY9 
Canada 

Jeckel, Peter-Paul. Assessor 
Justus-Liebig-Universitlt 
Senckenberg-str .  L 
-6300 Giessen 

Instanes.  Dag, S iv i l i ngen ig r  

I~himaki, Takeshi, D r .  

Jambsen,  George, D r .  

Jahn,  Alfred,  Prof. D r .  

Jeseberger .  Hans Ludwig, Professor  
F.R.G. 

Lehrs tuhl  fiir Grundbau & Bodenmechanik 
Ruhr-Univers i t l t  Bochum 
Geb.IA 4/126 
u n i v . - s t r .  150,  4630 Bochum 

Jiang,  Hongju, Senior  Engineer 
F.R.G. 

Constructing  and  Designing I n s t .  of Daqing 
Petroleum  Field 
China 

Alaska DOT/PF 
P.O. Box 196900 
Anchorage,  Alaska 995 19-6900 
U.S.A. 

Johnson, W. H i l t o n ,  Professor  
u n i v e r s i t y  of I l l i n o i s  

Urbana, Illinois 61802 
1301 W .  Green St. 

Johnson, Eric, Geotechnical  Engineer 

Johnston, G. Henry, Mr. 
U , S . A .  

National  Research  Council  o f  Canada 
I n s t .  for Research i n  Cons t ruc t ion  
Ottawa,  Canada, K 1 A  OR6 
Canada 

YOrgenSOn, Torre. Research B i o l o g i s t  
Alaska  Biological  Research 
P . O .  Box 81934 
Fairbanks,  Alaska  99709 
U.S*A. 

Kane, Douglaa L., Professor 
Univers i ty  o f  Alaska,Fairbanks 
Water  Research  Center 
Fairbanks,  Alaska 99775-1760 
U , S . A .  

Kapp, Christoph, D i p l .  geol. 
ETH Hoenggerberg 
A b t .  f. Ingenieurgeologie  
8093 Ztlrich 
Swi tzer land  

Kapp, Hans, D r .  geol. 
Geoconsulting SA 
Teufene r s t r ,  25 
9000 St. Gallen 
Swi tzer land  

Trans Canada P i p e l i n e s  
Polar Gas Project, P , O .  BOX 90 
Commerce C o u r t  West 
Toronto,   Ontar io  
Canada 

Thayer  School o f  Engineering 
Dar tmou th  College,  Hanover 
New Hampshire 03755 

Kaustinen, Olavi, Vice-president 

Kennedy, Francis  E., Professor  

Kershaw, G. Peter .   Ass is tan t   Professor  
U.S.A. 

Un ive r s i ty  of Albe r t a  
Department of Geography 
Edmonton, Alberta 
Canada 

King, Lorenz,  Prof. D r  
U n i v e r s i t l t  Giessen 
Senckenbergstrasse 1 
D-6300 Giessen 

King. Roger H., D r .  
F.R,G. 

u n i v e r s i t y  of Western Ontario 

London, Ontar io ,  N6A 5C2 
Department of Geography 

Canada 
Kinoaita, S e i i t i ,  D r .  Prof.Emaritus 

Hokkaido Un ive r s i ty  
I n s t .  of Low Temperature  Science 
N19 W8 Sapporo 
Japan 

S t a t o i l  
P o s  tbok s 300 
4001 STAVANGER 
Norway 

1280 Gilmore Tra i l  
Fairbanks,   Alaska 99712 

Knutsson,  Sven,  Univ.  Lecturer 

Kjosavik, Jon  Kdre,   Staff   Engineer 

Knapman, Larry PJ. 

U.S.A. 

Univers i ty  of LuleA 
Dept. of Civ i l   Engineer ing  
95 187 Luled 
Sweden 

Koloahjev.  Nikolaj R. 
USSR 

Konrad. Jean-Marie. Professor  
Univers i ty  of Waterloo 
Dept. of Ear th   Sc iences  
Waterloo, Ontar io  N2L 3Gl 

Konuk, Ibrahim, Supervising Eng. 
Canada 

COGLA 
355 River Road, 15th  Floor  
O t t a w a ,  Ontar io  K 1 A  OE4 
Canada 

81 



Koster, Eduard, P r o f .  D r .  
U n i v e r s i t y  of Utrecht 
G e o g r a p h i c a l   I n s t i t u t e  
P . O . B o x  0 0 + 1 1 5 ,  3508 TC Utrecht 
The N e t h e r l a n d s  

A.M. U n i v e r s i t y  
Q u a t e r n a r y   R e s e a r c h   I n s t i t u t e  
Fredry  10,   61-701  Poznan 
Poland  

Krantz, William B., professor 
U n i v e r s i t y   o f   C o l o r a d o  

B o u l d e r ,  Colorado 80309-0424 
Dept. of Chemical E n g i n e e r i n g  

U.S.A. 

RA R r e i g  & Associates, I n c .  

Anchorage,  Alaska  99503 
1503 West 33rd  Ave. 

Kozarski,  Stefan, Professor 

Kreig, Raywnd A.  , President 

U . S . A .  
Kristensen, Monika 

N o r w e g i a n   M e t e o r o l o g i c a l   I n s t .  

0371 OSLO 3 
Niels Henr.  AbeIs v e i  40 

KrivonogoM,  Bine1 
Norway 

Y i d r o t e c h n i k  I n s t i t a t  
Leningrad  
182242 
USSR 

S o l l i s t r a n d   I n d u s t r i e r  A/S 
Postboks 177 
3  190 HORTEN 
Norway 

Lakehead   Tes t ing  Lab., I n c .  
2 2 6  North C e n t r a l  Avenue 
Duluth.   Minnesota  55807 
U.S.A. 

U n i v e r s i t y  of Umed 
G e o g r a f i s k a   I n s t i t u t i o n e n  
901-87 Umed 
Sweden 

CRREL 
Hannover 
NH 03755 
U.S.A.  

No. 13-16, Mita 3 - Chome, 
Shimizu Corporation 

Minato - Ku, Tokyo 
J a p a n  

Krokeborg, Jon, Seks  jonss  jef 

Kreewinski, Thomas, Principal  Engineer 

Kwllman, Leif ,  D r .  

Kumai, Motoi, Research Physicist  

Kuroda, Masanobu, Mr. 

Kutasov, I srae l  M., Assist. P r o f .  
L o u i s i a n a  Tech. U n i v e r s i t y  
C o l l e g e  of E n g i n e e r i n g  
P .O. Box 10348 
Ruston,  LA 7 127  2-0046 
U.S.A. 

Kuvaja, Kari,  Proj. Eng. 

P.0.Box 306 
Rauma-Repola OY 

33101 Tampere 
F i n l a n d  

345   Midde l f i e ld  Road, MS/923 
Men lo   Pa rk ,   Ca l i fo rn ia   94025  
U.S.A. 

U n i v e r s i t y   o f   M o n t r e a l  

Succ .  A ,  Montrea1,Que.  H3C  3A7 
Ecole P o l y t e c h n i q u e ,  C .P. 6079 

C m a *  

Lachenbruch, Arthwx, Research Geophysicist 

Ladanyi, Branko, Professor 

Landvik. Jon, Dr.Scient 
U n i v e r s i t e t  i Bergen 
Geol.ogisk I n s t i t u t t  avd. B 
A l l e g t .   4 1  
5007 BERGEN 
Norway 

Langagex, Hans Christian,  Civil Eng. 
NUNATEK, Gr$nlands   t ekn .   Org .  
Hause r   P l ads  20 
1127  K$benhavn K . 
Denmark 

NUNATEK, C r g h l a n d s   t e k n i s k e   O r g a n i s a t i o n  
Hause r   P l ads  20 
1127  Kgbenhavn K .  
Denmark 

C e n t r e  de G6omorphologi  du CNRS 
r u e   d e s   T i l l e u l s  
M O O 0  Caen 
France  

I n d i a n  & N o r t h e r n   A f f a i r s   C a n a d a  

O t t a w a ,   O n t a r i o  K ~ A  On4 
L e 6  T e r a s s e s   d e  l a  C h a u d i e r e  

Canada 

W n i v e r s i t d t   H e i d e l b e r g  
G e o g r a p h i s c h e s   I n s t i t u t  
Im Neuenheimer  Feld 348 
6900 H e i d e l b e r g  1 
F.R.G. 

V i a t e k  OY C o n s u l t i n g   E n g i n e e r s  
Box 4 
02101  Espoo 
F i n l a n d  

Leonard. Michael,  Senior  Engineer 

2 168 South  Hathaway 
Schaefer   Dixon Associates 

S a n t a  Ana, C a l i f o r n i a   9 2 7 0 5  

Larsen, Wlrik Anker, Civ i l  Engineer 

Lautridou,  Jean-Pierre, Dr. 

Lawrence, Ted 

Lehmann, Rainer,  Student 

Lehtonen, Jouko, M.Sc. 

U.S.A. 
Leser, Nartmut. P r o f .  Dr. 

Basle U n i v e r s i t y  
G e o g r a p h i c a l   I n s t i t u t e  
K l i n g e l b e r g s t r .   1 6 ,  4056 Base1 
S w i t z e r l a n d  

u n i v e r s i t 6   L a v a 1  
C e n t r e  D’Etudes  Nordiques 
Sa in te -Foy,  P .  Quebec,  G 1 K  7P4 
Canada 

Lmkowicz ,  Antoni, Professor 
U n i v e r s i t y  o f  T o r o n t o  
Dept .   of   Geography 
Er i n d a  l e  Camp. 
M i s s i s s a u g a ,   O n t a r i o  L5L 1C6 
Canada 

Li, Anguo, Senior  Engineer 
Northwest I n s t .  of Water Conservancy 

C h i n a  
H y d r o e l e c t r i c   M i n i s t e r y  

Link, Lewis,  Technical Director 
CRREL 
7 2  Lyme Road, 
Hannover,  NH 03755-1290 

dvesque,  Richard, Geomorphologist 

U . S . A .  
Liu.  Dongsheng 

China 
Liu, Tung Sheng, D r .  

A c a d e m i a   S i n i c a ,   R e i j i n g  

P .O.Box 634 
I n s t i t u t e   o f   G e o l o g y  

China 

82 



Long, Erwin, P res iden t  
Arctic Foundations, Inc .  
5621 Arctic Boulevard 
Anchorage,  Alaska  99518-1666 
U.S.A. 

Purdue  University 

West La faye t t e ,  I N  47907 
School   of   Civi l   Engineer ing 

U.S.A. 
Lowrey, Dennis, C i v i l  Engineer 

A r c 0  Pipe  Line Co. , Alaskan  Div. 

Long Beach, CA 90802 
300 Oceangate FN L a c  1477 

Lu, B i l l ,  P r i n c i p a l  Engineer 
The Earth  Technology  Corporation 
3777 Long Beach  Blvd. 
Long Beach,  California  90807 

Lavel l ,  Charlee W., Professor  

U.S.A. 

U.S.A. 
Lu, Guwei ,   Senior   Engineer  

Fores t   Des ign   In s t .   o f  Daxingan 
l i n g ,  Nei Monggol 
Autonomous Region 

Lueck. -drear3 
China 

Geograph i sches   In s t .   de r   Un ive r s i t a t  Bonn 
Mar t in s t r a s se  7 
5270 G u m e r s b a c h  
F.R.G. 

C RREL 
7 2  Lyme Road 
Hanover, NH 03755 
U . S . A .  

Lunard in i ,   Vi rg i l ,  Mechengr Pee. 

Lund, Gabriel Joachim, A.€ag. Student 
U n i v e r s i t e t e t  i Oslo 
Naturgeografisk  Seks  jon/Geografisk I n s t .  

0316 OSLO 3 
Postboks  1042,  Blindern 

Norway 

Dept. of Quaternary Research 
Odeng . 63 
5-11322 Stockholm 
Sweden 

Lunne, Tom. Sec t ion  Head 
Norwegian Geotechnical Inst. 
Pos tkaks   40 ,   Then  
0801 OSLO 8 
Norway 

Norsk P o l a r i n s t i t u t t  
Postboka 158 

Norway 
Mackay, J . Ross, Professor  

Un ive r s i ty  of B r i t i s h  Co lumbia  
217-1984 West Mall 
Vancouver, B.C.  V6T 1W5 
Canada 

Indian  & North .   Affa i r s  Canada 

Yellowknife, Northwest Territ,  
Land R e s .  Div. ,  Box 1500 

Canada 
Mai. Henrik, Managing Director 

Arc t i c   Consu l t an t  Group 
Sortemoseve j 2 
DK-3450 Allerqjd 
Denmark 

Makelininkatu 3 3  
I n s i n o o r i r a k e n t a j a t  OY 

90100  Oulu 
Finland 

Lundqvist,  Jan,  Professor 

Wv#,   vigdia  

1330 OSLO LUFTHAVN 

WacInnes, Kaye I,. , D r .  

Makkonen, Eero, Managing Director 

Malmstroem, Bo, Ph D 
Univers i ty  of Lund 

Soelvegatan  13,  223 62 Lund 
Department  of  Physical  Geography 

Sweden 

National Hydrology  Researcg I n s t .  
11 Innovation  Boulevard 
Saskatoon,SaskatchewanIS7N 3H5 
Canada 

C RREL 
7 2  Lyme Rd, 
Hanover, NH 03755 
U.S.A. 

USA EDE 
EUD FR 
APO 09757 
U.S.A. 

Naval Research  Laboratory 
Code 5110 
Washington, DC 20375-5000 
u.s .A .  

ER-75 Dept. of Energy 
Washington, D . C .  20545 
U.S.A. 

Marsh, Ph i l ip ,  D r .  

Mastel, C .  James, Environmental  Engineer 

Matviyak, Ronald, Civi l   Engineer  

Max, Michael D., D r .  

McCanrmDn, Helen, D r .  

McDougall, Jams, Mr. 
ESSO Resources Canada Ltd.  

Calgary,  Alberta T2P OH6 
237 - 4 t h  Avenue S.W. 

Canada 
Melnikov,  Evgeni j 

vsegingeo 

NoginSk d i s t r i k t ,  Moskow reg. 
Zeleny-vil lage 

USSR 
Melnikov. P .I. 

The USSR National  Permafrost  Committee 
117312 MOSCOW 
USSR 

Zi tna j ,   14  
Moscow 
USSR 

U.S, Geological  survey 
917 Nat ional   Center ,   Reston 
Vi rg in i a  22092 
U.S.A. 

The Norwegian I n s t .  o f  Technology 
Minig  Division 

Norway 

Moldamnov. O l e g  

Molnia,  Bruce F., D r .  

Myrvang, Arne M. , Dr-ing. 

7034 TRONDHEIM 

Nakano, Yoshisuke, Research Engineer 
CRREL 
Hanover, N . H .  03755-1290 

Nelson,  Frederick, Assistant Professor  
U.S.A. 

Rutgers   Universi ty  
Dept. o f  Geography 
New Brunswick, New Jersey. 

Neukirchner, Robert 
U.S.A. 

Dames & Moore 

Golden, Colorado 80401 
1626 Cole Blvd.  

Nieminen. P e r t t i ,  Ph.D. 
U,S.A. 

Tampere Univers i ty  of Technology 
Box 527, SF-33101  Tampere 
Finland 

83 



Hyberg, Rolf, Dr. 
Univers i ty  of Lund 
D e p t  . o f  Phyeical  Geography 

Sweden 
Soelvegatan  13,  223 62 Lund 

Olson, Carolyn, Research Geologist 
Agr icu l tu ra l   Un ive r s i ty  of Norway 
Dept. of Soi l  Sc iences  
Postboks 28 

Norway 

Olson-Church,  Inc. 
925 E.  17 th  Avenue 

U.S.A. 
Denver,  Colorado  80218 

O r h e i m ,  Alv, S t a f f  GeoLogiat 
S t a t o i l  
Box 40 
9400 HARSTAD 
Norway 

Univers i ty  of Alaska 
Geophys ica l   In s t i t u t e  
Fairbanks,  AK 99701 
U.S.A. 

Water Conservancy  College 
of Hei longj iang  Province 
China 

Pauleen,  Jon 
Lof tus  & Dailey 
1028  Aurora D r .  
Fairbanks,   Alaska 99709 
U.S.A. 

1432 AS-NLH 

O l s o n ,  Larry, P r e s i d e n t  

oeterkw,  Thomen E., Profes so r  

Pang, Guoliang, Associate Pro fes so r  

Peltonen,  Pekka, Researcher 
Tampere  University of Technology 
Engineering-Geological Lab. 
P.0 .Box  527, SF-33101 Tampere 
F in land  

Un ive r s i ty  of Guelph 
Dept. of Land Reeource  Science 
Guelph,  Ontario N1C3 2W1 

P e t r i e ,  William L., S t a f f   C o n s u l t a n t  
Canada 

Nat iona l  Academy of Sc iences  

Washington, DC 20418 
2101 Cons t i t u t ion  ?we 

P e r f e c t ,  Edmnd, Dr. 

U.S.A. 
Pewe, Richard H., Student  

U.S.A.  
Pewe. Troy L., Profes so r  

Arizona S t a t e   U n i v e r s i t y  

Tempe, AZ 85287-1404 
Department of Geology 

U . S . A .  

Univers i ty  o f  Alaska  Anchorage 
3211  Providence  Drive 
Anchorage,  Alaska 99508 
U.S.A. 

P i e s a r t ,  A l b a r t ,  Prof.  D r .  
Unive r s i tb   de   L i lge  
Laboratoire de  Gbomorphologie e t  Gbologie 
a u  Quaternaire 
P lace  du  20-hout,  8-4000  Liege 
Belgium 

Po l l a rd ,  Wayne A.; Assistant  Profes so r  
Memorial Univers i ty  of Newfoundland 
Department of Geography 
Newfoundland 
Canada 

Phykan, Arvind, Dr. 

Por tu ras ,   F ranc i sco ,   S t ipend ia t  
Norwegian I n s t .  o f  Technology 
I n s t i t u t t   f o r   P e t r o l e u r n s t e k n o l o g i  og 
og  Anvendt  Geofysikk 
7034 TRONDHEIM 
Norway 

Qiu,  Guoqing, hssociate Professor 
Lanzhou I n s t .  of Glaciology and  Geocryology 

China 
Chinese Academy o f  Sciences  

N a t u r g e o g r a f i s k a   I n s t i t u t t  
Soelvegatan 13  
S-223 62 Luna 
Sweden 

Heseisches Landesamt far Bodenforschung 
Leberberg 9 
6200  Wiesbaden 
F . R . G .  

S t o r e  Norske  Spitsbergen  Kulkompani 
9 170 LONGYEARBYEN 
Norway 

Repelewska-Pekala,  Janina, Dr. 
Maria Curie-Sklodowska  University 
I n s t i t u t e  of Ear th   Sc iences  
Akademicka 19, 20-033 Lubl in  
Poland 

Car l e ton   Un ive r s i ty  
Department of Geography 
Ottawa, Ontar io  
Canada 

Birkbeck  College 
Geography  Dept., 7-15 G r e s s e   S t r .  
London W1P I P A  
United Kingdom 

I s t i t u t o  In t e rnaz iona le   pe r  le 
Richerche Eeotermiche - C N R 
P i azza   So l f e r ino  2 
56100 Pisa 

Ryan, William L., Engineer 
I t a l y  

4446 Busings8  Park  Blvd. 
Anchorage,  Alaska 99503 
u .s .A .  

4-17, Etehu  jima 3-chome 

Japan 

VTT, Geotechnical  Laboratory 
Betonimiehenkuva 1 
SF-OBISO ESP00 
Finland 

Norak P o l a r i n s t i t u t t  
Postboka 158 

Norway 

Department of Geography 
Univers i ty  Road 
B r i s t o l  BSB 1SS 
United Kingdom 

Sand,  Knut, R e s  .eng. 
The Norwegian I n s t .  of Technology 
Dept. of Hydraulic  and  Sanitary  Engineering 
7034 TRONDHEIM 
Norway 

Rapp, Anders, Profes so r  

Reichmann, Helmut, Dr. 

Reistad, O l e  I . ,  Overingeni#r 

Riseborough,  Daniel 

Rose, James 

M s a i ,   A r i s t i d e ,  Doctor 

Ryokai, Kimitoehi, Sen io r  Research Engineer 

Koto-ku,  Tokyo,  135 

Saarelainen,   Seppo M ~ , s e n . R e e . O f f i c e r  

Sa lv igsen ,  O t t o .  Porsker  

1330 OSLO  LUFTHAVN 

Sambles,  Katherine 

84 



Schmidlin, Thomas, Assistant Pro fes so r  
Kent S t a t e   U n i v e r s i t y  
Geography  Department 
Kent,  Ohio 

Schmidt,  Ruth A .  M., Ph.D. 

Anchorage,  Alaska  99501 
1402 West 11 th  Avenue 

U . S . A .  

Schnier ,  H a  jo, D i p l .  GeolOge 
U.S.A. 

Bundesanstalt   f t ir   Geowissenschaften 
und Rohstoffen 
S t i l l eweg  2 
D-3000 Hunnover 5 1  
F.R.G. 

Sego, Dave, Dr. 
Univers i ty  of Alberta 
Dept.   of  Civil   Engineering 
Edmonton, A lbe r t a  T6G 2G7 
Canada 

Universi te   Lava1 

Sainte-Foy,  Quebec G1K 7P4 
Centre  D'Etudes  Nordiques 

Canada 

Univers i ty  o f  Alaska 
207 D Eie l son   Bui ld ing  
Fairbanks,   Alaska 99775-5200 ' 
U.S.A, 

Seguin, Maurice K . ,  P ro fes so r  

S e i f e r t ,  Richard D.. A s s t .  P ro fes so r  

Sellmann,  Paul,   Geologist  
C RREL 
7 2  Lyme Road 
Hanover, NH 03755 
U.S.A. 

Semenov, Lev 
Z i tna jo ,  14 
Moscow 
USSR 

Sengupta,  Mritunjoy, Associate P ro fes so r  
University  of  Alaska 
206 Brooks 
Fairbanks,  AK 99775 
U . S  . A .  

Senneset,  Kaare, Associate Professtor 
The Norwegian I n s t .  of Technology 
Geotechnical   Divis ion 
7034 TRONDHEIM 
Norway 

Univers i ty  o f  Hels inki  

HalLituskatu 11,00100 Hels inki  
Dept.  of  Geography 

Fin land  

Geography  Association of 

China 
HeilongjiangProvince 

AK Dept. of Transportat ion  and Pub. F a c i l  
P .O .Box 196900, 
Anchorage, AK 99519 

Seppala,  Matti, A s s o c .  prof .  

Shao,  Bing,  Deputy Director of the Council  

S iebe ,  C a r l  

Sinha, A j i t  K., Research S c i e n t i s t  
Geological  Survey  of  Canada 
601 Booth S t r e e t  
Ottawa,  Ontario,  K1A OEB 
Canada 

University  of  Washington 
Environmental  Engineering 
Mailstop FX-10, S e a t t l e ,  WA 98195 
U . S . A .  

U . S . A .  

S l e t t e n ,  Ronald, Doctoral Candidate 

85 

Slunga, Eero, Associate P ro fes so r  
He l s ink i   Un ive r s i ty  o f  Technology 
Facul ty  of Surveying & Civi l   Engineer ing  
Rakentajanaukio 411.02150 Espoo 
Finland 

Corsico  (Milano) 
v i a  Resistenza, 15-20094 

Smith, Michael, P ro fes so r  
I t a l y  

Car le ton   Univers i ty  

O t t a w a ,  Ontar io  K 1 S  5B6 
Deptartment of Geography 

Canada 
Sol l id ,   Johan  Ludvig,   Profeeeor  

Univers i ty  of Oslo 

P .O. Box 1042, Bl indern  
Dept. of Geography 

0316 OSLO 3 
Norway 

Hokkaido Un ive r s i ty  
Graduate  School of Environmental   Science 
N10 W5 Sapporo 
Japan 

Water  Conservancy 

China 
I n s t .  of Qinghai   Province 

Water Conservancy 
Department  of  Heilongjiang  Province 
China 

Michigan S t a t e   U n i v e r s i t y  
Dept. of C i v i l  ana Environmental 
Engineering 
Comm.Arts ,  E.Lanping, MI 48824 
U.S .A .  

Xian  College of Geology 
Xian C i ty  
China 

Sun,  Yuliang 
74 Beian Road Changchun 
China 

Norsk  Hydro AS 
P .o .BOX 200 
1321 STABEKK 
Norway 

Ka jima I n s t .  o f  Construction  Technology 
19-1 Tobi ta  Kyu, 2-Chome 

Japan 

Land Resource Research Cen t re  
K . W .  Neatby  Bldg.  C.E.F. 
Ottawa,  Canada K1A OC6 
Canada 

T a r t  Jr. ,  Rupert G., Associate 
D a m e s  & Moore 
5761 S i lverado  Wy, Step, 
Anchorage, Ak 99518 

Smiragl ia ,   Claudio ,   Professor  

Sone, Toshio  

Song, Baoqing, Sen io r  Engineer 

Song,  Limin, Director 

S t e l z e r ,  David, Research A s s i s t a n t  

Sun,  Jianehong, Aseociate P ro fes so r  

Seteredal, R e i d a r ,  Civ i l   Engineer  

Tanaka, Masuhiro 

Chofu-shi, Tokyo 182 

Tarnocai,  Charles, Soil S c i e n t i s t  

U.S.A. 
Thomas, Howard Paul, Associate 

Woodward-Clyde Consul tan ts  
701  Sesame S t r e e t  
Anchorage,  Alaska 99503 
U.S.A. 

North  Slope  Borough 
Pouch 340044 
Prudhoe  Bay,  Alaska 99734 

Thomas, James E., C i v i l  Engineer 

U.S.A. 



momsen,  Thorkild, N.Sc., Hydrologist 
Nuna-Tek, Greenland  Technical  Organization 
Sec t ion   for   Hydra-Technica l   Inves t iga t ion  
Hauser  P1.20, 1127 Kgbenhavn K 
Denmark 

u n i v e r s i t y  of Oslo 
Department of  Geography 
p .O. Box 1042,  Blindern 
0316 OSLO 3 
Norway 

Minis te re  des Transpor t s  du 0. 
700, boul .   S t -Cyr i l le  e s t  
30e etage,   Quebec,  G1R 5H1 
Canada 

Uchermann, Diderik Tonne, Sn.Ing. 

S t o r e t v e i t v e i e n  96 
S i v i l i n g .  B. I n s t a n e s  AS 

5032 MINDE 
Norway 

Univers i ty  of Washington 

S e a t t l e ,  Washington 98195 
College of Forest   Resources AR-10 

U.S.A. 

Tampere  University o f  Technology 
Engineering-Geological Lab. 
P.0.Box 527, SF-33101 Tampere 
F in land  

I n s t .  of Earth Sciences 

The Netherlands 
D e  Boelelaan 1085, Amsterdam 

Arctic Foundations of  Canada 
531 Marion S t r e e t  
Winnipeg,  Manitoba R2J  OJ9 
Canada 

Oregon S t a t e   U n i v e r s i t y  
Dept. of Civ i l   Engineer ing  
C o r v a l l i s ,  Oregon 97331 

Vitek, John D., Profeseor 
U.S.A, 

Oklahoma S t a t e   U n i v e r s i t y  
school of Geology 
S t i l l w a t e r ,  OK 74078 

Tolgensbkk,  Jon, Cand- Real 

Tremblay, Clement 

ugolini, Piorenzo, Professor of S o i l s  

Uusinoka, Raimo, Associate Professor 

Vandenberghe, J e f ,  Professor 

Vann, Colin 

Vinson, Ted S. , Profesaor 

U.S.A. 
Valtolini,   Cxistina, 

D o t t .  v i a  Carlo Sigonio  444 
Modena 41100 
I t a  Ly 

Lou i s i ana   S t a t e   Un ive r s i ty  
Department of Geography 
Baton Rouge, Louis.  70803-4105 

Walker, H. Jesse, Dr. 

U.S.A. 
Walters, James, Profes so r  

Univers i ty  of Northern Iowa 
Dept. of Earth Sc iences  
Cedar   Fa l l s ,  Iowa 50614 
U.S.A. 

W a g ,  Bingcheng,  President 
Water Conservancy  College 
of Hei longj iang  Province 
China 

wang, wenbao 
China 

Univers, i ty of Washington 
Quaternary  Reaearcg  Center AK-60 
S e a t t l e ,  Washington 98195 
U.S,A. 

Washburn, A.L.. D r .  

Wayne, William J . .  Professor 
Univers i ty  of Nebraska 
Dept.  of  Geology 
Lincoln,  Nebraska 68588-0340 

Wilbur, Stephen, Graduate Student 
U.S.A* 

University  of  Alaska,Fairbanks 
401 A Geophysical I n s t i t u t e  
Fairbanks,  Alaska 99775-0800 
U.S.A. 

Car l e ton   Un ive r s i ty  
Geotechnical   Science Lab. 
Ottawa,  Ontario K1S 5B6 
Canada 

McMaater Un ive r s i ty  
Department of Geography 
Hamilton,  Ontario L8S 4K1 
Canada 

Dept. of Ecology & Environmental  Research 
Swedish  University of A g r i c u l t u r a l  Sc iences  

BOX 7072, 750 07 Uppsala 
Sweden 

Xie, Youyu, Aeeociate  Professor 
Academia S i n i c a  
I n s t .  of Geography 
B e i  j i n g  
China 

Xu, Shaoxin,  Full Profes so r  
water   Conservancy   Ins t i tu te  
of Hei longj iang  Province 
China 

Xu, Xiaozu, Aaaociate Proferreor 
Lanzhou Ins t .  of Glaciology  and  Geocryology 
Chinese Academy of Sc iences  
China 

Yang, Pulai,  V i c e  Secre t e ry  Gen. 
Water Conservancy  Association 
of Hei longj iang  Province 
China 

Y a m k ,  Edward, Chief  Engineer 
Arctic Foundat ions,   Inc.  
5621 Arct ic   Boulevard 
Anchorage,  Alaska 99518-1666 
U.S.A. 

Water conse rvancy   In s t i t u t e  
of Hei longj iang  Province 
China 

China 

Univers i ty  of O s l o  

P . O .  Box 1042 , Blindern  
Dep. of Geography 

0316 OSLO 3 
Norway 

Williams, Peter J . ,  Professor 

W o o ,  Wing-ko, ~ r o f e a s o r  

Wramner, Per, Professor 

Yu, Baifang,  Senior  Engineer 

Zheng, Qipu 

MegHrd, ~une .  cand. Scient 

86 



AUTHOR’S INDEX VOL. 3 

Allard, M., 63, (Vol. 1 p. 199) 

Baker,  T.H.W., 71,72 
Beget, J., 70, (Vol. 1 p. 897) 
Braley,  W.A., 75, (Vol. 2 p. 1352) 
Burgess, M.M., 71, (Vol. 2 p. 916) 
Burton, B., 65, (Vol. 1 p. 436) 

Carlson, L.E., 7 1, (Vol. 2 p. 1004) 
Carton, A., 66, (Vol. 1 p. 712) 
Cladouhos,  T.T., 9 
Crory, EE., 49 

Dork, G., 75, (Vol. 2 p, 1500) 
Dramis, E ,  66, (Vol. 1 p. 712) 

Esch, D.C., 75, (Vol. 2 p. 1352) 

Fan, Xiuting, 75, (Vol. 2 p. 1482) 
Fgrland, K.S., 65,  (Vol. 1 p. 344) 
Fgrland, T., 65, (Vol. 1 p, 344) 

Goodrich, L.E., 72 

Harry, D.G., 62 
Hayley,  D.W., 43 
Heginbottom, J.A., 62,63 
Hinkel, K.M., 67, (Vol. 1 p. 819) 
Holden, J.T., 65, (Vol. 1 p. 370) 
Hunter,  J.A.,  27 

Instanes,  B., 73 

Jin, Naicui, 76, (Vol. 2 p. 1526) 
Jones, R.H., 65, (VOX. 1 p. 370) 

Koster,  E.A., 67 
Kristensen,  M.,  24 
Rumai, M.,  65,  (Vol. 1 p. 390) 
Kutasov, LM., 7 1, (Vol. 2 p, 965) 

Lachenbruch,  A.H., 9 
Gvesque, R., 63, (Vol. 1 p. 199) 
Liestal, O., 59,65, (Vol. 3 p. OOO) 

Melnikov,  V.P., 56 
Miller, R.D., 65,  (Vol. 1 p. 436) 
Murray, B.M., 67, (Vol. 1 p. 8 19) 
Murray, D.F., 67, (Vol. 1 p. 8 19) 

Nazarian, S., 68 
Nelson, EE., 67,  (Vol. 1 p. 819) 
Nelson, L., 76 

Olson, L.D., 68 
Outcalt,  &I.,  67,  (Vol. 1 p. 819) 

Perfect, E., 65, (Vol. 1 p. 436) 
Phukan, A., 71, (Vol. 2 p. 1018) 
Piper, D., 65, (Vol. 1 p. 370) 

Qu, Xiangmin, 76, (Vol. 2 p. 1526) 

Rampton, V.N., 68, (Vol. 1 p. 850) 
Ratkje, S.K., 65, (Vol. 1 p. 344) 

Saltus, R.W., 9 
Seguin, M.R., 63,  (Vol. 1 p. 199) 
Sletten, R.S., 65, (Vol. 1 p. 467), (Vol. 1 p. 478 
Smiraglia, C., 66, (Vol. 1 p. 712) 
Smith, M.W., 18 
Sollid, J.L., 59,64,65,69, (Vol. 3 p. 0o0) 
Song,  Baoqing,  75,  (Vol. 2 p. 1482) 
Stokoe II, K.H., 68 
Sun,  Kehan, 75, (Vol. 2 p. 1482) 
Svec, O.J., 72 
Sgrbel, L., 64,69 

Tian,  Deting, 75 
Tolgensbakk, J., 64,69 
Tremblay, C., 75, (Vol. 2 p. 1500) 

Ugolini, EC., 65, (Vol. 1 p. 478) 

van Everdingen, R.O., 66,7 1,  (Vol. 1 p. 639), 

van  Huissteden,  J.,  69,  (Vol. 1 p. 876) 
Vandenberghe, J., 69, (Vol. 1 p. 876) 

Walker,  H.J., 35 
Walker,  J., 76 
Walters,  J.C., 70, (Vol. 1 p. 886) 
Washburn, A.L., 66 
Washburn, D.S.,  71, (Vol. 2p.  1018) 
Wayne, W. J., 70 
Weston, M., 76 
Wilbur, S., 70, (Vol. 1 p. 897) 

Xie, Youyu, 66, (Vol. 1 p. 511) 

Yu, Bofang, 76, (Vol. 2 p. 1526) 

Zarling,  J.P.,  75,  (Vol. 2 p. 1352) 

Odegild, R., 59,65, (Vol. 3 p. OOO) 

(Vol. 2 p. 1004) 

87 




