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PREFACE 

This International Conference on Permafroat is 
the fifth in a series that started in 1963 at 
Purdue University, Indiana, USA. The next Ones 
were held in Yakutsk, Siberia, USSR in 1973; in 
Edmonton,  Alberta,  Canada  in 1978 and in 
Fairbanks, Alaska. USA  in 1983. 

This V International Conference on Permafrost is 
the first one after establishing thg Interna- 
tional Permafroet hesociation (IPA). The Asmo- 
ciation wag founded during the con€erence  in 
Fairbanks in 1983 upon the initiative of Canada, 
China, USA and USSR. 

The Norwegian Committee on Permafroat and the 
Norwegian Institute of Technology are honoured 
to be the organizers for t h i s  fifth conference. 
The support and guidance of the International 
Permafrost Association has been extremely impor- 
tant for us in the preparation for the conferen- 
C 8 .  

These proceedings contain the majority of the 

papers prepared for the conference. A final vo- 
lume  will be published at a later date. The high 
quality of the paper8 is the result of hard work 
by the authors, but also  the assitance given by 
the numerow reviewers in all the member count- 
ries. 

The Norwegian Organizing Committee  is indebted 
to all of you that have participated in the pre- 
paration tor this conference. I have already 
mentioned  the authorg and the reviewers and the 
support from the International Permafrost hsso- 
ciation. Impartant are  also  our sponsors who 
have  shown a great interest in  the permafrost 
science and engineering. 

Last, but: not least, I wish to thank everybody 
at the local  level  in Norway that have been 
working to  make it a SUCCesSiUl conference. We 
have our  share of ' experience in cold regions 
science and engineering in Norway. The enthusl- 
asm of everyone involved has, however,.besn a 
warming adventure. 

Kaare Flaate, chairman 
Norwegian Organizing caarmittee 
Fifth International Conference on Permafrost 
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THE NORWEGIAN ORGANIZING COMMITTEE 

Kaare Flaate  (Chairman).  Norwegian  Road  Research  Laboratory 
Odd Gregersen,  The  Norwegian  Committee on Permafrost 
Kaare Haleg, Norwegian  Eeotechnical  Institute 
sjarne Instanes,  Association of Consulting  Engineers, Nomay 
Tore  Ydrgensen, The Norwegian  Institute of  Technology 
William  Martin, Nor& Hydro 
Mngne  Often,  The  Associated  General  Contractors o f  Nomay 
A1V  Orheim,  Statoil 
Ole  Reistnd,  Store  Norske  Spitsbergen  Kulkompani A/S 
Otto  Salvigsen,  The  Norwegian  Polar  Research  fnstitute 
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Fifth  International  Conference on Permafrost: 
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The  Norwegian  Institute of Technology  (NTH) 



CONFERENCE PUBLICATIONS 

The official proceedings of the conference con- 
sist of: (1) the present volume of 288 contribu- 
ted papers by authors from 19 countries, and (2) 
a final volume that will contain the opecia1 
session presentatione, additional contributed 
papers and a list of participants. 

In response to the initial call for papers, more 
than 500 abstracts were aubmitted. The Norwegian 
Organizing Committee found it on this background 
practical and necessary to ask member countries 
o f  the International Permafrost Aosoeiation to 
set up reviewing committees to review and recorn- 
mend respective papers. This arrangement were 
approved by the Executive Committee of The In- 
ternational Permafrost Association. In the fol- 
lowing countries such reviewing committees were 
organized: 
Belgium: : A. Pissart, chairman 
Canada : H.M. French, chairman 
China : Cheng Goudong, chairman 
France : J.Aquirre-Puente, chairman 
Germany : H.L. Sesaberger, chairman 
Great Britain : C. Harris, chairman 
Italy : P. Dramis, chairman 
Japan : S. Kinosita, chairman 
The Netherlands: E. Koster, chairman 
Norway : K. Senneset, chairman 
Poland : A. Jahn. chairman 
Sweden : R. Nyberg. chairman 
Switzerland : W. Haeberli. chairman 

USA : J. Brown, chairman 
USSR : N.A. Grave, chairman 

The efforta and generous cooperation of this 
conunitteea and the reviewers called upon by 
them, are gratefully acknowledged by the Norwe- 
gian Organizing Committee. 

In the following pages the reviewers involved 
are listed. 

A publishing c d t t e e  wa8 established and given 
the responsibility for the coaperation with the 
national reviewing carmalttees, for the final 
acceptance o f  papers and the printing of pro- 
ceedings. 

The members of the publishing committe were: 

K.Senneset, chairman, The Norwegian Institute of 
Technology, The University of Trondheim. 

K.Flaat8, Norwegian Road Research LabOXatOry 
0.Gregeraen. The Norwegian conunittee on 

Permafrost 
R.Satersda1, Norok Hydro 

Tn addition to the proceedings, guidebooks for 
the field trips to Svalbard and the main land 
are published in an official Publication Serie 
a t  the University of Oslo, edited by the Depart- 
ment of Geography. 
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LIST OF REVIEWERS 

REVIEWERS OF CANADIAN PAPERS 

The review  of  Canadian papers was  conducted by the  Canadian  National Committee far the 
International  Permafrost  Association  (CNC/IPA),  with  the  aupport of the  Bureau  of  International 
Relations,  National  Research  Council  of Canada. A National  Review  Committee  consisted of the 
following individuals: 

Hugh M. French 
Chairman, CNC/IPA 

Univereity  of  Ottawa,  Ottawh,  Ontario 

Lorne W. Gold,  National  Research  Council of Canada, Ottawa,  Ontario 
David G. Harry,  Geological  Survey  of Canada, Ottawa,  Ontario 
Don W. Hayley, EBA Engineering Ltd., Edmonton,  Alberta 
J. Alan  Heginbottom,  Geological  survey o f  Canada, Ottawa,  Ontario 
0 .  Hank  Johnston,  National  Research  Council  of Canada, Ottawa,  Ontario 
Alan S. Judge,  Geological  Survey of Canada,  Ottawa,  Ontario 
Branko  tadanyi,  Ecole  Polytechnique,  Montrbal, QutSbec 
J. F. (Derickl Nixan, Hardy  BBT Ltd., Calgary Alberta 
R. 0. van Everdingen,  Arctic  Institute  of  North America, Calgary,  Alberta 

Reviewer8 

Michel Allard,  Univereit4  Laval , Qu&bec, Qubbec 
Bea Alt, Energy, Minee  and  Resources,  Ottawa,  Ontario 
T. H.  W. (Harry)  Baker,  National Remearch Council of Canada,  Ottawa,  Ontario 
D. Martin  Barnett,  Indian  and  Northern  Affairs,  Ottawa,  Ontario 
Chris R. Bur,n, University  of  Britieh  Columbia,  Vancouver,  British  Columbia 
Margo  Burgeaa,  Geological  Survey o f  Ganada, Ottawa,  Ontario 
Derek  Cathro, EBA Engineering  Cansultanta Ltd., Edmonton, Alberta 
Ian G. W. Corns, Environment  Canada, Edmonton, Alberta 
Scott R. Dallimore,  Geological  Survey  of Canada, Ottawa,  Ontario 
Jean-Claude  Dionne,  Yniversitd  Laval, Qudbec, Qukbec 
Len Domaschuk,  The  University,of  Manitoba,  Winnipeg,  Manitoba 
Larry Dyke, Queen's Univereity,  Kingston,  Ontario 
Sylvain Dufour, International  Development  Reaearch Centre, Ottawa,  Ontario 
Paul Egginton,  Geological  Survey  of Canada, Ottawa,  Ontario 
John G. Fylee,  Geological  Survey of Canada,  Ottawa,  Ontario 
Jim S. Gardner, University of  Waterloo,  Waterloo,  Ontario 
Laurel  Goodrich,  National  Research  Council of Canada,  Ottawa,  Ontario 
Stuart A. Harris, University of  Calgary,  Calgary,  Alberta 
Peter E. Johnson,  University of Ottawa,  Ottawa, Oritario 
Ian G. Jones,  Thurber  Consultants  Limited,  Calgary,  Ontario 
Jean-Marie  Konrad,  University of Waterloo, Waterloo,  Ontario 
Pave1 J. Kurfurat,  Geological  -Survey.of Canada, Ottawa,  Ontario 
P.,T. Lafleche,  Geological Sqrvey of Canada,  Ottawa,  Ontario 
Antoni G. Lewkowicz, University of  Toronto,  Toronto,  Ontario 
Phil Marsh,  National  Hydrology  Research  Institute,  Saakatoon,  Saskatchewan 
Fred A .  Michel,  Carleton  University,  Ottawa,  Ontario 
N. R. Morgenstern, University of Alberta,  Edmonton,  Alberta 
Andrd  Park,  Geotech  Engineering Limited, Calgary,  Alberta 
nanny  Paterson. carleton  Univereity,  Ottawa,  Ontario 
Ed Penner,  National  Research  Council of Canada,  Ottawa,  Ontario 
Jean A. Pilon,  Geological  Survey  of Canada, Ottawa,  Ontario 
Wayne H. Pollard,  Memorial  Univereity of Newfoundland, St. John'a, Newfoundland 
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Dennis E. Pufahl,  University of Saskatchewan,  Saakatoon,  Sankatchewan 
Vern N, Ramptan,  Terrain  Analysis and Mapping Service8 Ltd., Carp, Ontario 
N. W .  Rut tey ,  University of Alberta,  Edmonton, Alberta 
k .  Wdyne Savigny,  Univereity of British  Columbia,  Vancouver, British Columbia 
W .  J. (Bill) Scott,  Hardy BBT Ltd., Calgary,  Alberta 
Dave Sego, University of Alberta;  Edmonton, Alberta 
Don H. Shields,  University of Manitoba,  Winnipeg,  Manitoba 
Charlie E. Sloan, Fairbanka, Alaska 
Hike W. Smith, Carleton  University,  Ottawa,  Ontario 
A 1  Taylor,  Geologica1,Survey of Canada,  Ottawa,  Ontario 
Charlea Tarnocai,  Agriculture  Canada,  Ottawa,  Ontario 
Jean J. Veillette,  Geological  Survey o f  Canada,  Ottawa,  Ontario 
Jean-Serge Vincent,  Geological  Survey of Canada, O t t a w a ,  Ontario 
Rose W. Wein,  University of Alberta,  Edmonton,  Alberta 
Peter J.  Williarnrr, Carleton  Univereity,  Ottawa,  Ontario 
M.-K. (Hokl Woo. McHaater University,  Hamilton, Ontario 
Steve C. Zoltai,  Enviranment  Canada,  Edmonton, Alberta 

The  paper by 

Tremblay, C,  

was  not  available for CNC/IPA  review by the deadline eetabliehed to  meet the 
Organizing Comraittee's publication echedule. It warn, undm rnpecial 
circumstances,  submitted  directly to the  Norwegian  Organizing Committee, 
reviewed and accepted for publication by this  COmmitEee. 

EDITING OF CHINESE PAPERS. 

The  Norwegian  Organizing Conunittee wishes  to  thank the Canadian  National  Committee for the 
International  Permafrost  Association for undertaking the editing of a number o f  the papers 
submitted by China. In particular, the assistance o f  the  following  individualB  is  gratefully 
acknowledged. 

T.W.W. Baker,  Institute  for  Research  in  Construction,  National  Research 

C.R. Burn, University of British Columbia, Vancouver,  British Columbia 
S.R. Dallimore,  Geological  Survey of Canada,  Ottawa,  Ontario 
L. Domschuk, Univerrsity of Manitoba,  Winnipeg,  Manit&ba 
S. Edlund,  Geological  Survey of canads, Ottawa,  Ontario 
L. Gpodrleh, fnstitute for Research in  Construction,  National  Research 

S.A. Harris,  University of Calgary, Calgary, Alberta 
J.A. Heginbottom,  Geological Survey of Canada"  Ottawa,  Ontario 
G.H. Johnston,  Institute for Research in Construction,  National Research 

h.Q.  Lewkowicz,  University of  Toronto,  Toronto,  Ontario 
G. Mccormick, Hardy BBT  Limited,  Edmonton, Alberta 
S. Outcalt,  University of Michigan,  Ann Arbor, Michigan, USA 
S. Parameswaran,  NorthweBtern UniverBity, ChJrcago, USA 
L.B. Smith Thurber  Consultants Ltd., Calgary, Alberta 
W.W. Smith, Carleton  University,  Ottawa,  Ontario 
R.O. van Everdingen, The hrccic Institute of North hmerica, Calgary, Alberta 
P . Y .  Williams,  Carleton  University.  Ottawa,  Ontario 

Council of Canada,  Ottawa,  Ontario 

Council. of Canada,  Ottawa,  Ontario 

council of  Canada,  Ottawa,  Ontario 



REVIEWERS OF U.S. PAPERS 

The review of U.S. papers  was  conducted  for  the  Norwegian  OrganizinB Committee by the Natiorli l l  
Reslearch Council'$ U.S. Committee for the International Permafrost Association (USC/IPA). This 
revicaw was made  poesible by a #rant  from t h e  U.S. Department o f  Energy. The Committee p r a t c f u l 1 . y  
acknowledpes the  timely  effort6 o f  the  reviewers. 

0. S. COMMITTEE FOR  THE INTERNATIONAL PERtlAFROST ASSOCIATION 

Jerry Brown,  Chairman, National  Science Foundation.  Washington, D.C. 
C. William I.ovcll. Vice-chairman, Purdue University,  West  Lafayette,  Indiana 
George Cryc, U.S. Ceolopical Survey, Menlo Park. California 
David t ! .  Hopkins,  Univeraity of Alaska, Fairbanks, Alaska 
Virpil J. Lunardini Jr., U S A  Cold Regions  Research & Engineering Laboratory,  Hanover, N e w  Hampshire 
Rupert C. Tart Jr. , Dames & Moore, Anchorape. Alaska 

William 1.. Petrie, Sraff,Consultant, National  Research  Council, Washington, D.C. 

REVIEWERS 

Bernard D. Alkire, tlichiRan Technological University, Hwghton, Michigan 
Jalmer V. Alto,  Alyeeka  Pipeline  Service Company, Anchorage,  Alaska 
Duwayne M. Andereon, Texae  AhM  Univereity, College Station,  Texas 
Steven A. Atcone. USA Cold Rep,iona Research & Engineering Laboratory, Hanover, New  Hampshire 
C.L. Barcholomew,  University of Colorado,  Roulder,  Colorado 
Earl H. Ileietline, Fairbanks, Alaska 
James 8 .  Benedict,  Ward, Colorado 
Richard L. Berg, USA Cold  Regions  Research & EnRineering  Laboratory, Hanover, New Hampshire 
fatrick 8. Black, USA  Cold  Repiona  Research & Engineering  Laboratory,  Hanovet,  New Hampshire 
Jerry Brown, National  Science  Foundation,  Waehinpton, D.C. 

Joseph P. Cellinan, Loyola  Marymount Univeraity,  Lo8 Angelee,  California 
Neleon  Caine.  University o f  'Colorado,  Boulder, Colorado 

L. David Carter, U.S. Cenlogical  Survey, Anchorape,  Alaska 
Edward P. Chacho Jr., USA  Cold  Regions  Research & Engineering Laboratory,  Fairbanks,  Alaska 
Edwin J. Chamberlein, USA  Cold  Regione  Research & Engineering Laboratory, Hanover.  New Hampshire 
J.-L. Chameau, Purdue  University, Weet Lafayette,  Indiana 
K.C. Cheng, University  of Alberta, Edmonton,  Alberta,  Canada 
Barry Christopher,  Purdue University,  West  Lafayette, Indiana 
Michael C .  Clark,  University of Tennessee, Knoxville, Tennessee 
Samuel C. Colback Jr., U S A  Cold  Regiona  Research & En ineering Laboratory,  Hanover, N e w  Hampshire 
Timothy S. Collett, U.S. Geological Survey, tlenlo Par!, California 
John E. Cronin, Shannon  and Wilson, Inc., Fairbanke, Alaska 
Kenneth  Dean,  University of Alaska,  Fairbanks,  Alaska 
S. Lawrence Dingman,  University of New Hampshire, Durham, N e w  Hampshire 
Harvey E. Doner,  University of California, Berkeley,  California 
Lowell A. Douglas,  Rutgers  Univereity,  New  Brunswick, N e w  Jersey 

David C. Each.  Alaska  Department o f  Transportation & Public Facilities,  Fairbanks, Alaaka- 
Philip A. Emery, U.S. Geological Survey, Anchorage, Alaska 

Mchael L. Foster,  Dames & Moore, AnchoraRe,  Alaska 
K.R. Everett,  Ohio  State  University,  Columbue,  Ohio 

Hugh ! I .  French,  University of Ottawa,  Ottawa,  Ontario,  Canada 
David  Frost, Purdue University,  West  Lafayette,  Indiana 
Leonard J. Gaydos, U.S. Geological  Survey, Moffett  Field, California 
Kevin J. Gleeeon.  University of Colorado, Boulder, Colorado 
Richard P. Goldthwait,  Anna  Haria,  Florida 
Joan P. Cosink, University o f  Alaaka,  Fairbanks , Alaika 
Anthony J .  COW, USA Cold  Bepione Research & Engineering Laboratory, HanOVer,  New IiamPshire 
Ce0rp.e Gryc, U.S. Geological  Survey, tlenlo Park,  California 
Robert D. Cunn.  University  of Wyoming, Laramia, Wyomin 
Gary L. Cuymon, University of California, Irvine.  California 
Dorothy K. Hall, NASA Coddard Space Flight  Center, Greenbelt, Maryland 
Bernard  Hallet,  University Of Washington, Seattle,  WaehinRton 
Thomas D. Hamilton, U.S. Geological Survey, Anchorage,  Alaska 
Theodore A. Hammer.  Dames & Moore, Portland, Oregon -. . . . . . 

Theodore A. Hammer, Dames & Moore, Portland, Oregon 
William D. Harrison, University of Alaeka, Fairbanks,  Alaska 
Richard K. Haugen, U S A  Cold  Regions Research & Engineering Laboratory,  Hanover, New Hampshire 
F. Donald  Haynee, USA Cold  Region8  Research 8 Engineering  Laboratory,  Hanover,  New Hampshire 
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Hee2 Ilazen. Northern  EnFineering & Scientific,  Anchorage,  Alaska 
. I .  Alan Ilcp.inhottom, Geological Survey of Canada, Ottawa,  Ontario, Canada 
Christopher E. ifeuer,  Exxon  Production  Research Co., Houaton,  Texas 
Halph J. Hodek, Michipen Technological University,  Houphton, Michigan 
Pieter  Hoekstra, Golden,  Colorado 
David tl. Hopkins,  University of Alaska, Fairbanks,  Alaska 
Theodore Hromadka,  Mission  Viejo. California 
L.t t*  J i j i ,  City  ColleRe of N e w  York, N e w  York,  New  York 
Albert W, Johnson, San  Diego State Univeraity, San Diego, California 
Eric C. Johnson, Alaska  Department of Transportation h Public  Facilities,  Faitbanke, Alaska 
K o j i  Kawasaki,  University o f  Alaska,  Fairbanks, Alaska 
William B. Krantz,  University of Colorado,  Boulder, Colorado 
Raymond A. Kreip, Ray Kreip & Associates, Inc.. Anchorage,  Alaska 
Thomas C, Krzewinski,  Lakehead  Testing  Laboratory, Inc., Duluth,  Minnesota 
Arthur H. Lachenbruch, U.S. Geological Survey,  Menlo  Park, California 
Daniel  E. Lawson, USA Cold  Regions  Research h Engineering  Laboratory, Hanovef, New Hampshire 
Y.  Lee, University of Ottawa, Ottawa, Ontario,  Canada - 
Kobert M. Loesch,  Texas AhEl University, Collepe Station,  Texas 
Erwin L. Long, Arctic  Foundations, Inc., Anchorage, Alaska 
Charles W. Iavell.  Purdue  University,  West  Lafayette,  Indiana 

Viryil J. Lunardini, USA  Cold  Regions  Research & Engineering  Laboratory,  Hanover,  New Hampshire 
Philip F. Low, Purdue University,  West  Lafayette,  Indiana 

Jerry L. Machemehl.  Texas A&N University, College  Station, Texas 
Robert J. Madison, U.S. Geological  Survey,  Anchorage,  Alaska 

C, James Elartel,  USA Cold  Regions  Research h Engineering  Laboratory,  Hanover, N e w  Hampshire 
Daniel W. Mageau,  Hart Crowser, Inc., Seattle,  Washington 

Terry IlcPadden, University of Alaska, Fairbanks, Alaska 
Elalcolm  tlellor,  USA  Cold Regions  Research & Engineering hboratory, Hanover, N w  Hampshire 
Michael Netz,  Geotec Services, Inc., Golden,  Colorado 
Scott llills,  L.R. Squire & Aseociates,  Portland, Oregon 
James A.  tlorrison, Woodward-Clyde  Consultants, Solon, Ohio 
Leslie A, Horrissey, Ames Research Center, floffett Field, California 
Yoshisuke Nakano, USA Cold Regions  Reeearch & Engineering Laboratory, Hanovef, N e w  Hampshire 
Frederick L. Nelson,  Rutpers  University, N e w  Brunswick, N e w  Jersey 
Cordon L. Nelson, U.S. Geological Survey, Anchorage,  Alaska 
Thomas E. Osterkamp, University  of  Alaska,  Fairbanks,  Alaska 
Samuel I. Outcalt, University of Michigan, Ann Arbor,  Michigan 
Troy L, Piiwe,  Arizona State  University,  Tempe, Arizona 
Arvind Phukan, University of Alaska,  Fairbanks, Alarka 
Herve  Picard,  Oregon  State  Univereity,  Corvallis,  Oregon 
Noel C. Potter Jr., Dickinson College, Carlisle. Pennsylvania 
William F. Quinn, USA Cold  Regions  Research & Engineering  Laboratory,  Hanover, N e w  Hampshire 
tlichael \ J ,  Reed, Geotechnical  Resources, Inc., Portland,  Oregon 
Sherwood C. Reed, USA  Cold  Regions  Research & EngineerinR Laboratory, Hanover, New Hampshire 
William L. Ryan,  Ott  Water EnRineers, Inc., Anchorage, Alaska 

Robert S. Sletten, USA Cold  Regions  Research & Enpineering  Laboratory,  Hanover, N e w  Hampshire 
Hung Tao Shen, Clarkson University,  Potsdam, New York 

W,E.  Stewart, University  of  ilissouri-Kansas  City,  Independence, Missouri 
Rupert C, Tart Jr., Damea & tloore, Anchorage,  Alaska 

Allen R. Tice, USA Cofd Regions  Research & Engineering  Laboratory,  Hanover, New Hampshire 
John C.F. Tedrow, Rut  ers  Univereity,  New  Brunswick, N e w  Jersey 

Yau-Tang Teac, Oregon State University,  Corvallis, Oregon 
Fiorenzo G. URolini,  University  of Washinpton, Seattle, Washington 
Keith  Van Cleve, University of Alaska.  Fairbanks, Alaeka 
Ted S, Vinson,  Orepon Stare University.  Corvallin,  Oregon 
John D. Vitek,  Oklamoma Scare University.  Stillwater, Oklahoma 
Joseph S. Walder, University of Washington, Seattle, Waehingtwn 
Donald A. Walker,  University of Colorado,  Boulder, Colorado 
Jaslea C. Wal teI-8, UniverRity of Northern  Iowa,  Cedar  Falls , Iowa 
A. Lincoln Washburn, Univereity o f  Washineton. Seattle, Warrhington 
Joseph H. Westerhorstmann, Texas ALN University. College Station,  Texan 
Sidney E. White,  Ohio  State University.  Columbus, Ohia 
John R. Williams, U.S. Geological Survey,  Menlo  Park,  California 
John P. Zarlinp, University o f  Alaska,  Fairbanks, Alaska 

Papers by the  following U . S .  authors wer4 not available for USC/IPA review 
by the  deadline established to meet  the Organioing Commiftee'8 publication 
schedule. They were,  under epecial CircUmstunceB, eubmittod  directly to the 
Norwegian Organizing Committee, reviewed and accepted tor publication by 
this committee. 

Manikian. V. and Machemhl, J.L. 
Nidowicz, E., Bruggers, D. and Manikian, V. 
Washburn, D.S. and Phukan, A. 
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REVIEWERS OF PAPERS 

BELGIUM: 
D. Barsch, Univerrity  of  Heidelberg, 

8. Francou, Centre de Geomorphologic du 

E. Koster, University of Utracht, Utrecht, 

A. Pisaart, University of Liege 

Heidelberg,  Germany 

C.N.R.S. de Caen,  France 

The  Netherlands 

CHINA : 
cheng Goudong  (chairman) 

FRANCE : 
J. Agguirre-Puente, Laboratoire D'Aerothennique 

du C.N.R.S. 

GERMANY: 
H.L. Jessberger, Ruhr-Universitaet Bochum, 

J. Karte, German Research Poundation, Bonn 
L. King, Jurtus-Liebig Universitaet, Giesren 
H. Liedtka. Ruhr-Universitaet Bochum, Bochum 

Bochum 

GREAT BRITAIN: 
C. Harrie, University College car&ifr, 

R. Kettle, University  of  Aston,  haton 
K. Richards. University o f  Cambridge, 

D.E. Walling, University of Exstsr. Exeter 

Cardiff 

Cambridge 

ITALY: 
F .  Dramis, Universita' de Camerino, Camerino 

JAPAN : 
S. Kinoaip, Hokkaido University, Sapporo 
Y. Ono, Hokkaido University, Sapporo 

THE NETHERLhNDS: 
H. Berendsen, University of Utrecht, Utrecht 
E. Koster, University of Utrecht, Utrecht 
J. Vandenberghe, Free  University,  Amsterdam 

NORWAY: 
H.A. hronsen. StatoIl,,Haratad 
0. Gregersen,  Norwegian  Geotechnicnl 

Institute, Oslo 
B. Instanes, Bjarne Instanes h/8. 

Consulting Engineers, Bergen 
D. Instanas. Bjarp Instanes  h/S, 

Consulting Engineers, Bergen 
W. Martin,  Norak Hydro, Bergen 

A. Orheim, Statoil, Haratad 
0. Reistad, Store Norake Spitebergen 

Kulkomvani, Bvalbard 
0. Balvigeen. Tho Norwegian Polar Research 

Inotitute, Oslo 
K. Senneatst, The Norwegian  Institute of 

Technology, Trondheim 
J.L. sollid. Univereity of Oslo, Oslo 
R. Slcterodal, Norsk Hydro, Oslo 

A. Jahn, Univereity of Wroclaw, WroeZaw 

R. Nyberg, Naturgeografieka  Institutionen, 
Lund 

A. Ragp, Naturgeografieka Institutionen, 
LUnd 
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PALEOCLIMATE AND PERMAFROST IN THE MACKENZIE DELTA 
D. Allenl, E Michelt  and A. Judge2 

‘Department of Earth Sciences, Carleton University,  Ottawa, Canada 
2Terrain Sciences, Geological Survey of Canada,  Ottawa,  Canada 

SYNOPSIS Observed  depths to the  base of the  ice-bearing  permafrost  (IBPF)  in  the 
Mackenzie  Delta  region  range  from  over  700m to less  than  100m. The  wide  variation  in  the  thickness 
and  distribution of permafrost  primarily  reflects  trends  in  the  Tertiary  and  Upper  Cretaceous 
subsurface  deltaic  sediments  and  the  complex  past  surface  temperature  history. A strong 
correlation  with  rock  type,  reflecting  variations in  thermal:  conductivity  and the  occurrence of 
permafrost,  exists. 

Paleoclimatic  reconstructions for the  Mackenzie  Delta  using  numerical  models o f  permafrost 
aggradation  indicate  that  permafrost  has  aggraded  since  the  end o f  the  Sangamonian (75,000 years 
B.P.) when  surface  temperatures  were  approximately - 1 O C .  An Early Wisconsinan  and  Late  Wisconsinan 
Surface  temperature of about -18OC and  a  Mid-Wisconsinan rise to - 8 ” C ,  similar  to  mean  surface 
temperature  today,  are  sufficient to account  for  the  observed  maximum  permafrost  thicknesses  in 
the  region. 

INTRODUCTION 

The  Mackenzie  Delta, N.W.T., located  in the 
western  Canadian  Arctic,  forms  the  terminus of 
the  Mackenzie  River  at  the  Beaufort  Sea  coast 

with the geomorphic  characteristics of the 
(Figure 1). Its  northern  location coupled 

surface  and  the  thermal  regime at depth  have 
provided  suitable  conditions f o r  the  presence 
o f  permafrost which  typically  extends to 
depths of hundred@ of metres. 

Figure 1 The  Study  Area 
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The  surface  topography  and  geomorphology of 
the  Mackenzie  Delta  region,  which  is  composed 
in part by modern  sediments - forming  the 
modern  delta - and  older  deltaic  and  fluvial 
deposits - composing  Richards  Island  and  the 
Tuktoyaktuk  Peninsula,  has  been  described in 
detail by Mackay (1963). Details  concerning 
the  near-surface  stratigraphy of the  Beaufort 
Sea  shelf as well as the  occurrence of 
ice-bonded  permafrost  in t he  offshore  region 
are  reported by Hunter  et al. (1976). 

The Maokenzie  Delta  region i s  characterized by 
present  ground  surface  temperatures  which 
range  from as low as - 1 O O C  to  slightly below 
O°C in  the  vicinity of the  modern  Mackenzie 
Delta  and the offshore  area  (Young  and  Judge, 
1 9 8 5 ) .  

The  Mackenzie  Delta has in recent  years  been a 
center of northern  scientific  research  and o f  
hydrocarbon  exploration.  Increased  drilling 
activity in both  onshore  and  offshore  regions 
ha3 provided  the  means  to map the  occurrence 
of deep  permafrost.  Conventional  logging 
surveys  acquired  during  exploratory  drilling 
for  oil  and  gas  have  been  successfully  used to 
establish  the  depth to the  base o f  the 
ice-bearing  permafrost  (IBPF)  and  hence 
permafrost  thickness.  This  has  been  made 
possible by combining  a  knowledge of the 
physical  properties o f  permafrost  and a 
recognition o f  characteristic  responses of 
conventional  well-logging  instruments to 
frozen  ground  (Osterkamp  and  Payne, 1981: 
Hatlelid  and  MacDonald, 1979: Hnatiuk  and 
Randall, 1977). The  measurement  of  subsurface 
temperatures in  abandoned  oil  and  gas  wells - 
reported  in the  Canadian  Geothermal  Data 



Figure 2 Depth to the Base  of  the  Ice-Bearing  Permafrost as Determined from 
Industry  Well  Logs and  Government  Temperature Suweys (After Judge, 1986) 

Collections  for  Northern  Wells  (Taylor  and  the  regional  permafrost  regime.  Through  the 
Judge, 1977; Judge  et al., 1979, 1981; Taylor  use  of  relationships  discussed,  a  paleo- 
et al., 1982) - and  the  measurement  of  climatic  model is proposed to account  for  the 
sub-seabottom  temperatures  offshore  (Weaver  observed  permafrost  regime. 
and  Stewart, 1982) has constrained the 
interpretation  of  the  log  responses  and  given 
a  general  idea of the  thermal  regime at depth 
in the Mackenzie  Delta.  DISTRIBUTION OF PERMAFROST 

The region is to a  large  extent  underlain  by 
thick  continuous  permafrost.  Unfrozen 
sections  occur  in  newly  depasited 
unconsolidated  sediments  where  the  climate  has 
just  begun to impose  its  influence  on  the 
ground  thermal  regime. The ground  may  also  be 
unfrozen  beneath  major  rivers  and  lakes  and in 
offshore  areas  which  have  remained  submergent 
for  a  sufficient  length of time.  Although 
permafrost is absent or relatively  thin 
beneath  certain  disturbed  environments,  it  is 
in general  very  extensive  and  very  deep - 
exceeding  700m in some  localities. 

Figure 2 (after Judge, 1986) shows  depths to 
the  base  of the ice-bearing  permafrost  in  the 
Mackenzie  Delta as determined  from  industry 
well logs and  government  temperature  surveys 
for approximately 170 sites. The  deepest 
permafrost (>700m) is  observed  beneath the 
northeastern  portion of Richards Island. 
Permafrost  thins  very  gradually  further  to the 
northeast  but  remains  thick  beneath  much of 
the  Beaufort  Sea  continental  shelf. Towards 
the  south,  specifically in the  Parsons  Lake 
area,  permafrost  thins  from  over  60Om to less 
than 200111, 

This  paper  discusses  the  distribution of deep Along the Tuktoyaktuk  Peninsula,  permafrost is 
permafrost  in the Mackenzie  Delta  region  and generally  thick  but  tends to thin in a 
details  various  aspects  of  the  effects  of southeasterly  direction to depths of less 
lithology  and  surface  temperature  history  on than  200m  in the  vicinity of the  Eskimo Lakes. 

34 I 



Beneath the western  portion of Richards 
Island,  there  is  a  rapid  decrease in the 
thickness of permafrost  and  beneath  the  modern 
Mackenzie  Delta,  permafrost  is  thin  to  absent. 
Towards  the  west  and  along  the  Yukon  Coastal 
Plain,  permafrost may  again  thicken,  however, 
the  sparcity  of  datapoints  in  this  region  is 
insufficient to confirm  this.  Lachenbruch  et 
al. (1982) have  reported  thicknesses  of  up  to 
600m  at  Prudhoe  Bay,  Alaska. 

Offshore,  seismic and temperature  observations 
in the  Beaufort  Sea  (Neave  et  al. , 1978; 
Hunter  et  al., 1976; Weaver  and  Stewart, 1982) 
indicate  extensive  ice-bonded  sediments 
beneath  much of the  continental  shelf. No 
evidence  of  ice-bonding  has  been  found in 

nor  beneath  most parts of  Mackenzie Bay. 
offshore  regions where water  depths exceed  80m 

Where  present,  offshore  permafrost  is  best 
described  as  relic  degrading  permafrost  as  its 
distribution  is  a  reflection  of  the  past 
emergent  landscape  and  its  present  thickness 
has  been  arrived  at  primarily  by  gradual 
degradation  due  to the recent  warming  effect 
of submergence. It should  be  noted  however, 
that  there  is  evidence  of  aggradation  at 
shallow  depths  in  the  seafloor - for  example, 
pingo  growth  (Shearer  et  al., 1971). 

LITHOLOGIC VARIATIONS 

Late  cretaceous  to  Recent  sedimentation was 
and  still  is  dominated  by  deltaic  processes. 
This  resulted  in  a  series of thick,  northward 
prograding  delta-complexes.  Dixon (1986) 
identifies,eleven sequences  using  reflection 
seismic  profiles,  well  logs  and,  to  a  limited 
extent , outcrop  data. 
In  general,  the  deltaic  sediments  are 
divisible  into two main  facies:  mud-dominant 
and  sand-dominant,  corresponding to pro-delta 
and  delta-plain  'depositional  environments 
respectively. ft i s  this  variation  in 
lithofacies  which  appears  to  be  responsible 
for  the  observed  regional  variation  in 
permafrost  distribution.  In  particular,  there 
exists  a  strong  correlation  between  the  upper 
sand-gravel  unit  of the Pliocene-Pleistocene 
Iperk  sequence  and  the  occurrence  of  deep 
permafrost  (Allen  et  al.,  in  press). In  areas 
where  this  sequence  is  thick,  the  depth  to  the 
base of the  permafrost  is  significantly 
greater  than  in  areas  where  this  sequence  is 
thin to absent.  In  addition,  where  the  Iperk 
sequence  is  underlain by the  sand-dominant 
Kugmallit  sequence,  permafrost  attains  its 
greatest  depths - in  excess  of  700m  in  some 
areas. 

The  observed  correlation  between  lithology  and 
the  extent  of  permafrost  is  best  described  in 
terms  of  variations  in  thermal  conductivity. 
Using  all of the  available  temperature 
profiles  (Canadian  Geothermal  Data 
Collections)  in  conjunction  with  the  well 
lithologies,  a  number  of  thermal  gradients 
were  estimated  for  each of the various 
sequences.  These  estimates  were  then  averaged 
to  give a frozen  and  unfrozen  thermal  gradient 
f o r  each  sequence.  If a constant  and  uniform 

heat  flow of 60111Wm-~i6 assumed f o r  the  entire 

consistency of heat  flow  values  calculated f o r  
region - an assumption  supported by  the 
various  locations  along  the  Alaskan  arctic 
coast (Lachenbruch  et  al., 1982) and  the 
uniformity of deep  temperature  gradients 
across the Mackenzie  Delta  region  (Judge, 
1986) - then estimates of the  frozen  and 
unfrozen  thermal  conductivities  may  be 
assigned to each  sequence. The resulting 
thermal  conductivity  values  are  provided  in 
Table 1. 

TABLE 1 

SEQUENCE  CONDUCTIVITY LITHOMGY 
(W m" K") 

IPERK  mean 4 . 5  (f)  sand  and  gravel 

KUGKALLIT 4 . 6  (f) sand  and  gravel 

REINDEER 3.4 ( f )  sandstone 

s.d. 1.6 

1.8 

0.9 
2.1 (u) 
0.5 
2 . 4 *  (u)  mudstone 
0.6 

RICHARDS 

* Conductivity for  frozen  material  will  be 
similar due to low ice  content. 
(f) frozen, (u) unfrozen 

On the basis  of the lithologic  variations,  the 
region was divided  into  five  sub-regions,  each 
having  similar  subsurface  lithologic  profiles. 
These  include 1) the Kugmallit  Bay  region, 
which  encompases the northern  portion of 
Richards  Island  and  Kugmallit  Bay, 2 )  the 
Tuktoyaktuk  Peninsula, 3 )  the modern  Mackenzie 
Delta, 4 )  the western  portion  of  Richards 
Island  and 5) the offshore  Beaufort  shelf 
region.  Each of these sub-regions  was  assigned 
a  single value for  thermal  conductivity,  which 
in  most  cases  corresponded to the value 
assigned to the dominant  sequence,  a  porosity 
value  of  either  6 or 30 percent  depending  on 
whether the sequence  was  mud- or sand-dominant 
respectively,  and a diffusivity,  which  for  all 
sequences  was  estimated  at 0.015cm2sec". 
Variations  in  diffusivity  were  incorporated 
into the models  and  were  observed to have 
Little  to  no  effect  on the permafrost 
occurrence. 

SURFACE  TEMPERATURE HISTORY 

Three major  factors  which  affect  the  surface 
temperature  history  and  which  are  incorporated 
into the paleoclimatic  models  include:  surface 
temperature,  Wisconsinan  glacial  cover, and 
the submergence-emergence  history o f  the 
region. 

Surface  Temperature 

Estimates  of  the  surface  temperatures and 
their  fluctuation  through  time  during  the Late 

35 



Pleistocene  are  based  on  information  contained 
in 1) oxygen  isotope  records  for  the  Greenland 
ice cap (Dansgaard  et al., 1971) and 2 )  amino 
acid  surface  temperature  estimates  €or  the 
Beaufort  Sea  Continental  Shelf  (Brigham  and 
Miller, 1983: Smith, 1986). An  average 
temperature  of  -9°C  (after  Young  and  Judge, 
1985)  represents  current  surface  conditions  in 
emergent  areas of the  Mackenzie  Delta. 

It  should  be  stressed  that  there  still  exists 
considerable  debate as to  the  duration  of 
particular  temperature  intervals,  however,  the 
models  presented  here do not  accurately 
distinguish  variations  of 2000 years  or  less. 

Wisconsinan  Glacial  Cover 

The  glacial  extent  and  duration  in  the 
Mackenzie  Delta  during  the  Early  and  Late 
wisconsinan  remains  questionable  despite 
efforts  made by various  researchers to 
conclusively  define  the  limits  of  glaciation 

Rampton  (1982)  are  utilized in the  following 
in  the  region.  Those  limits  proposed  by 

analysis. 

The  majority  of  the  Mackenzie  Delta  was 
glaciated  during  the  Early  Wisconsinan  and  a 
duration  of  glacial  cover  of 5000  years i s  
proposed  in  our  model.  During this  time,  areas 
covered  by  ice  would  have  experienced  surface 
temperatures  on  the  order  of  O°C, as the 
presence  of  glacial  striations  in the region 
imply  a  temperate or wet-base  glacier  with 
basal  temperatures  at ox around  the  pressure 
melting  point. 

The  Late  Wisconsinan  ice  advance  appears to 
have  affected  only  a  small  portion  of the 
region  and is therefore  not  included  in  the 
paleoclimatic  reconstructions  presented 
herein. 

Finally,  the  models  do  not  distinguish  any 
glacial  readvances  which  may  have  occurred 
during  the  latter  part  of  the  Early 
Wisconsinan. For example,  the  Sabine  Phase, 
proposed  by  Rampton (1982) had  minimal  effect 
on the permafrost  aggradational  history, 
probably  because  it  was  of  short  duration. 

Submergence-Emergence  History 

Fluctuations of sea  level  during  the  Late 
Pleistocene  and  Holocene  have  had  a 
significant  effect  on  mean  annual  ground 
temperature.  The  relative  sea  level  curve €or 
the  Canadian  Beaufort  Shelf,  proposed by Hill 
and  Blasco (1986) indicates a 140m  rise in sea 
level  since  the  Mid-Wisconsinan ( 2 7 , 0 0 0  years 
B.P.). Paleoclimatic  models €or the 
near-offshore  region  incorporate  a  rise  in 
temperature to 1.8OC associated  with 
submergence  over  the  past  10,000  years,  while 
models  for  submerged  areas of the  modern 
Mackenzie  Delta  use  an  estimated  bottom  water 
temperature o f  1°C (Burgess, 1977). 

PALEOCLIMATIC  MODELS 

A paleoclimatic  reconstruction fo r  the  Late 
Pleistocene  is  carried  out by  modelling the 

effect of past  climatic  variations  on  the  base 
of the permafrost  in  a  uniform  material  where 
phase  change  conditions  at  the  frozen-unfrozen 
boundary  are  taken  into  consideration. 
Lachenbruch et al.  (1982)  derived the 
expressions  used to estimate  the  rate  of 
upward  thinning of permafrost  which  are 
presented  in  their  final  form  below.  It  is 
assumed  that  the  unfrozen  region  below  remains 

and,  consequently,  the heat  supplied to the 
in a  quasi  steady-state during  the  process 

base of the permafrost  at Z(t)  remains 
constant  and  equal to the  geothermal  flux Q. 
The  heat  balance at the  base  then  requires: 

-LN(dZ/dt) = Q-K dT/dZ - Kf (Tz-T@)/Z(t) (1) 

where L is  the  latent  heat  of  fusion,  N is  the 
porosity  of  the  material,  dZ/dt  is  the  rate  of 
upward  thinning  (or  equally  the  rate  of 
downward  aggrading), Kc is  the  frozen  thermal 
conductivity, dT/dZ is  the  geothermal 
gradient, Tz is  the temperature  at  the  base of 
the  permafrost  (taken as 0°C)  and T$ is the 
initial  surface  temperature. 

For  values  of trX where x= 2 / k  and 6 is  the 
thermal  diffusivity  of  the  frozen  material, 
the  derivative  on the right  in (1) is  small 
and  may be  excluded.  As  the  base  of  the 
permafrost  varies  through  the  process, so will 
the  value  of the time  constant (2). Therefore, 
in order to comply  with  the  above  conditions, 
the  time  interval  must  vary  accordingly. In 
the  case  of  aggrading  permafrost,  an  assump- 
tion  is  made  that the transient  behaviour 
to  surface  cooling  results  in  negligible 
permafrost  aggradation  for  values  of t=h A 
detailed  discussion  of  the  assumptions  and 
theory  is  given  in  Allen  (in  preparation). 

The  change  in the depth of the permafrost  (dZ) 
is calculated as a  result of a  step  increase 
or  decrease  in  surface  temperature  acting  over 
a  time  interval (dt). The  boundary  conditions 

state  permafrost  depth which  is  determined 
include  an  estimate  of the initial  steady- 

from the initial  surface  temperature,  the 
regional  heat  flow  and  the  thermal 
conductivity. A major  assumption in the 
modelling  is  that  any  Illinoian  permafrost 
thawed  completely  during  the Sangarnonian, 
hence  establishing the initial  subsurface 
conditions. 

Modelling  results  for  three  of  the  five  sub- 

graph  represents the surface  temperature 
regions are provided in Figure 3 .  The  first 

history  applied to the sub-regions  below.  It 
should  be  noted  that  temperatures  represent 
mean  annual  surface  temperatures  which  may be 
of  the  order  of 2’C warmer  than  mean  annual 
air  temperature  (MAAT).  The  variations  in  the 
base  of  the  permafrost (O ’C isotherm),  as  a 
result  of  successive  surface  temperature 
disturbances,  are  shown  graphically. 

Onshore  regions  are  assumed to have  remained 
emergent  from  the  Beaufort  Sea  during  the  Late 
Pleistocene.  Surface  temperatures in the 
Mackenzie  Delta  during  the  Early  and  Late 
Wisconsinan  are  estimated  at -18’C which  are 
sufficient  to  account  for  the  observed 
permafrost  thicknesses in the  region.  This 
estimate  agrees  with  that  proposed by  Brigham 
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and  Miller (1983) and  Smith (1986) for  the 
Alaskan  Beaufort  shelf.  A  mid-Wisconsinan 
rise in temperature to approximately -8'C is 
also  proposed.  Holocene  temperatures  are 
assumed to have  remained  relatively  constant 
at -lO°C during the past 15,000 years. 

In  all  cases,  the  final  calculated  permafrost 
thickness  compares  well  with  the  observed 
average  IBPF  base in the  region.  Again,  it 

c 0, Glac.  Sangamonian c 
0' - 5 .  

w Holacew 
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+ -10- 
UI 
u 

LL 
2 -15" 

VI -20- 
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should  be  noted  that  the  discrepancy  which 
exists  between the calculated  permafrost  base 
(0°C  isotherm)  and  the  depth to the  base of 
the IBPF  is  not  taken  into  consideration. 

CONCLUSIONS 

In summary,  a  number  of  conclusions may  be 
drawn  from the analysis of the  permafrost 
regime  in the Mackenzie  Delta.  These  include: 
1) the  depth  to  the  base o f  the  ice-bearing 
permafrost  varies  significantly  throughout  the 

between the  Pliocene-Pleistocene Iperk 
region, 2) there  exists  a  strong correlation 

sequence  and  the  occurrence o f  deep 
permafrost, 3) Early  and  Late  Wisconsinan 
surface  temperatures of -18'C axe  required  to 
account  for  the  observed  thicknesses of 
permafrost in the  region, 4) a  Mid-Wisconsinan 
rise  in  temperature to - 8 ' C  is  proposed, 5) an 
Early  Wisconsinan  ice  sheet  covered  the  region 
€or  at  least 5000 years  and  finally, 6 )  
present  permafrost  conditions  indicate  that  a 
Late  Wisconsinan  ice  advance  is  unlikely to 
have  been  extensive. 
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Figure 3 surface  Temperature  History  Applied 
to Onshore  Regions.  Modelling 
Results  Show  Variation  in 
Permafrost Base beneath  Kugmallit 
Bay,the  Tuktoyaktuk  Peninsula  and 
Western  Richards  Island 
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METEOROLOGICAL CONDITIONS' INFLUENCE ON THE PERMAFROST 
GROUND IN SVEAGRUVA, SPITSBERGEN 

S. Bakkehoi and C. Bandis 

Norwegian Geotechnical Institute, Oslo, Norway 

SYNOPSIS  Recordings of meteoralogical  data  and  temperatures in the  ground at Sveagruva, 
Spitsbergen,  have  been  taken  since 1977. Based on  the  collected  data,  this paper gives a presen- 
tation of the  time  dependence of the  isotherms In  the ground. In  addition,  measured heat fluxes 5 cm 
below  the  surface  are  compared  with  other  meteorological  data,  taking  into  account  the  composition of 
the  Sveagruva  clay  and  estimations of water  content  and  salinity. The influence of the  insulating 
effect of a  snow  cover  is  also  described,  and the snow  cover's  change of the  albedo  and  the  influence 
on the  radiation  conditions  are  investigated. Finally, thawing  depths  are  compared  with  the  energy 
exchange in the  top of the soil and the-snow-cover. 

INTRODUCTION 

In  order  to  obtain  information  on  the  climatic 
conditions  and  the  thermal  effects at Svalbard, 
the  Norwegian  Committee  on  Permafrost has 
established a permafrost  research  station at 
Sveagruva,  Spitsbergen ( 7 1 O  54'N, 16O 41'E) 
which  was  completed  in  June 1918 (Grsgersen, 
1980, Bakkshsi, 1982). see  map  Fig.1, 

Data  collection at the  permafrost  station is 
made  automatically,  with  measurements  taken 
every  hour  on  three  separate  Aanderaa  data- 
loggers. Measurements  are  taken of air tem- 
perature.  wind  force  and  wind  direction,  ground 
temperature  down  to 8 m  below  the soil surface 
and  down to 2.0 m  below a cancrete  surface of 
2 m x 2 m and a thickness o f  5 cm,  incoming and 
outgoing  radiation,  global  radiation, heat flux 
in the  ground and humidity of the air. In  addi- 
tion,  a  few  manual  observations  are  taken of 
snow  depth and snow  density,  thawing  dwpth  in 
the summer  and  water  content of the  topsoil. 
Some  of  the  observations  from  the  permafrost 

Bakkehei and  Bandis ( 1 9 8 1 ) ,  and it is intended 
station at Sveagruva have  been presented by 

to give  a  further  analysis o f  the  data  in  this 
gaper. While  Observations  have  been made for a 
period o f  ten  years  in  total,  only  those  records 
for the first eight years  have  been  analyzed. 

DEVELOPMENT OF THAWING  DEPTH 

One of the  basic  concerns of foundation engi- 
neering in permafrost  areas is the  penetration 
o f  the  thawing  depth,  and its influence  on 
construction works. Typically  buildings  are 
founded  in  one of two ways, either  on  pillars  or 
directly on the  ground. If a  building is 
constructed  on  pillars,  the  radiation  balance is 
changed  and the lack of snow cover during  the 
winter  will  greatly  improve  the  cooling of the 
ground; if a building is placed  directly on the 
ground,  good  isolation  and  maybe  freezing of the 
underground is necessary. 
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Pig. 1 Map of 5valbard  showing  location of 
Sveagruva 

As a first step to solve  these problems, it is 
of major interest to investigate what happens in 
an  undisturbed area. Recordings of temperature 
data  down to 8 m are  available from the station 
at Sveagruva,  and a time-depth  isotherm chart 
has  been  plotted out for a  tundra area, see Fig. 
2 and 3. Data  are  presented for two  periads, 
June 1979 to December 1980 and  June 1984 to 



~ ~ ' J ' J ' A ' S 1 0 ' N ' O ' J r F 1 M ' A ' M ' J ' J ' A ' 5 1 0 ' N 1 0 1  
a 

1979 

3 
I F ' M ' A ' M ' J ' J   A I S  

1980 

Fig. 2 Isotherm chart for the  tundra  area  from June 1979 to December 1980. Air temperature,  snow 
depth  and heat flux  through  the  top  layer i s  also  presented. 

December 1985. From the  time  series of these 
isotherms it is easy to follow the  thawing in 
summer and freezing in the  winter  period.  The 
tundra  area around the  field  station  consists o f  
marine slay with  a  mean  salinity of 30 g per 
litre;  the  salinity of the  pore  water is as high 
as 60 g per litre and in the  ice  lences we  will 
find fresh  water.  The  water  content below the 
active  layer is approximately 50 percent by 
weight of the  total dry clay  content  (Finborud 
and  Berggren, 1980), which,  given  the  salinity 
implies that there is no  distinct  freezing 
level,  rather a continous  change of hardness 

ment would classify the  clay as frozen with a 
from O O C  to colder depths. A subjective judge- 

temperature  below - 4 o C .  Thawing  depth i s  to a 
great extent dependent  on  the  water  content and 
salinity of the  soil.  Bakkehei and Bandis (1987) 
show that the latent heat when  freezing or 
melting is much  higher  than  the  energy  needed to 
cool or heat the  soil.  Clay  and  sand have dif- 
ferent thermodynamics,  since in frazen sand  the 
thermal  conductivity is approximately  twice as 
high as in clay (0. Johansen et al., 1976). The 
heat capacity for clay is therefore  much  higher 
than for sand,  especially at temperatures  below 
freezing. 

A s  a  result of this,  the  thawing  depth in a gray- 
vel fi l l  (a road close to the  research field, 
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Fig. 3 Isotherm  chart fo r  the tundra  area from June 1984 to December 1985. Air temperature, snow 
depth  and heat flux  through  the  top layer is also  presented. 

Table 1. Observed  thawing  and  freezing indexes for air, soil and  concrete  compared with maximum 
depth of Q ° C  in soil, under  concrete  and  in  a  gravel fi l l  at Sveagruva  station  together 
with  snow  heights  and  snow  covered periods. 

YEAR 
Summer Winter  lo3 hK lo3 hK IO3 hK lo3 hK lo3  hK IO3 hK 0% i n  Oo below OOC i n  gravel   he ight   he ight  Snow 

T ( a i r )  T(roi1) T(concr.) F ( a i r )  F(soi1)   F (concr . )   Depth of Depth of Oepth o f  Max snow Mean maw Days 

soil (cm) concr. lca)  fill (cm) (cm 1 (em) -covered 

1918 
1979  18/79  9.3  11.3 
1980 79/80 11.4 15 .9  

10.7 
15.7 

85.5 60.2  68.4 74 I1  128  65 30 
62.4 59 .2  60 .4  

275 

1981  80/81  9.4  14.1 
80 

13.9  90.8  69.1 77.2 
80 125 28 20 200 

19ez  81/02  6.9  13.1 1 2 . 3  
eo I1 134 45 30 225 

10.4 54.2 61.9 
1983  82/83  10.1 

1 6  
15.8 

13  
66.6  48.6 

143 
51.2 

40 30 215 

1984  83/84 14.2 11.6  16.3 66 .6  66.9  56.5 
88 196 40 30 2 2 5  

1985  84/85  12.1  16.8 
89 

47.7 30.9 
156 50 3 5  250 

1986  85/86 
104 110 18 50 200 

1981  86/01 210 
189 7 5  40 250 

42 25 190 

10.6  15.8 13.7 18  1 5  

" 

T = Thawing index  (hours * mean temperature  above 0%) 
F = Freezing index (hours . mean temperature  below 0%) 
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Fig. 4 Detail  map  showing  the  observation  sites 
at Sveagruva,  Spitsbergen 

see Fig. 4 )  goes much  deuper  than  in  the  tundra 
field.  The  gravel  fill is placed  above  the 
groundwater  level,  which  implies a low  water 
content.  The  deepest  level  of  the OOC each 
summer is calculated  from  the  field  measure- 
ments,  and is  presented  in  Tabla 1 for  the  gra- 
vel fill,  the  tundra  field  and  the  ground  below 
a  concrete  surface. To allow  a  comparison,  the 
thawing  index  T is also  presented  for  the  same 
periods  (Bakkehsi  and  Bandis, 1987). The 
freezing  index  far  the  preceding  winter is also 

with  maximum  and  mean  snow  height  and  the  length 
calculated  and  presented in the  table,  together 

of  the snow  covered  period. 

THAWING  DEPTHS  RELATIVE TO SNOW COVER, AND THE 
FREEZING AND THAWING  INDICES 

A statistical  treatment of the  data  was  per- 
formed  to  establish  any  dependence  among  the 
parameters.  The  thawing  depth  has  a  good  corre- 
lation  with  the  thawing  index,  giving a correla- 
tion  coefficient  of  approximately 0.8. 
Inclusion of the freezing  index  and  snow  cover 
increases  the  correlation  coefficient  to r=0.98, 
though  the  sample  only  consists  of  seven  years 
of observations.  The  correlation  between  the 
freezing index for  the  preceding  winter is - 0 . 8 ,  
while  the  correlation  coefficient  between  mean 
snow  depth  ana  thawing  depth  for  the  tundra 
field is 0 . 8 .  The  correlation  coefficient  bet- 
ween  the  snow  depth  and  the  thawing  depth  below 
the  concrete  field  is 0.7. 

For  the  case of the  gravel  fill  the  snow is 
always  removed.  This  means  that  observations 
from  this  place are not  comparable  to  the 
tundra  and  concrete  fields.  The  highest  correla- 
tion  of 0.7 is achieved  between  the  freezing 
index  and  the  thawing  depth.  Between  the  thawing 
index  and  the  thawing  depth  the  correlation 
coefficient is 0 . 5 5 ,  while a regression  equation 
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between  thawing index, freezing  index  and 
thawing  depth gives no significant  increase in 
the  correlation  coefficient. 

For  the  tundra  and  concrete  field  the  carrela- 
tion between  thawing  depth  and  thawing  index  is 
positive,  while  the  correlation  between  thawing 
depth  and  freezing  index is negative as 
expected.  Therefare.  low  temperatures  in  winter 
imply  less  thawing  throughout  the  coming  summer. 
The  high  positive  correlation  to  the  snaw  depth 
a180  confirms  the  great  importance of the  snow 
cover as  an insulating  layer. 

As seen in Table 1, there  appears ta  be a ten- 
dency  for  the  thawing  depth o f  the  gravel fill 
t o  increase  with  time  regardless of  the  thawing 
and  freezing  indices.  The  gravel fill itself is 
reacting  quickly  to  the  transmitted  energy,  yet 
the  surrounding  area  might  be  changed  in  the 
winter  period,  because  the  road is acting as a 
snow  fence  and  collecting  more  snow  than  usual 
on both  sides.  This  can  give  a  long  term  effect 
so far as heating  of  the  surrounding  area  is 
concerned.  Another  explanation  may of course be 
errors  in  the  measurements,  but  compared  with 
other  readings  this  does  not  appear  reasonable. 
The  gravel fill is placed  normal  to  the  pre- 
vailing  winds,  which  are  parallel to the  direc- 
tion  of  the fiord,  and  for  such fill placed ot? 
tundra  heat  exchange  due  to  wind  may  be  quite 
significant.  This  has  not  yet  been  investigated. 

STATISTICAL  PROBABILITY OF THAWING DEPTHS 

With  the  data  available it is possible  to  calcu- 
late a  regression  equation  which  includes  snow- 
cover,  and  freezing  and  thawing  indices  to 
determine  thawing  depths.  This  offers  the  possi- 
bility of extending  the  time  series  of  calcu- 
lated  thawing  depths  using  ordinary  meteorolo- 
gical  data  from  a  longer  observation  period.  The 
available  data  for  thawing  depths  is  treated 
statistically  and  plotted  on  Gausslon  normal 
cumulative  distribution  paper,  see  Fig. 5 .  
The  two  curves of thawing  depth  in  the  tundra 
and  the  concrete  field  are  very  well  related. 
The  seven  years of observations  imply  that 
the  result  must  be  treated  with care; the 
results  show  that  the  mean  yearly  depth  is 
approximately 80 cm; the 50 year  return  period 
value  seems  to  be  approximately 1 m depth; 
taking  the 1 in 10 year  period as a mean, the 
O ° C  isotherm will not  pass 70 cm. 

Thawing  depths  for  the  gravel fill are plotted 
on the  figure  and  show a wider  distribution o f  
the  depths,  from 120 cm to 210 cm. A s  mentioned 
before,  this  behaviour may be a result  of a time 
depehdant  increase  of  temperature  in  the  gravel 
fill. 

THAWING  DEPTHS IN RELATION  TO SEASONAL 
VARIATIONS 

Fig. 3 and 4 show  the  time  development of the 
thawing  depths in the  summers of 1980 and 1985. 
The  thawing  depths  were 80 cm  and 104 cm respec-- 
tively  in  the  tundra field,  while the  thawing 
indices  for  air  were 1 1 . 4 ~ 1 0 ~  h.K and 
12.1.103 h*K. The  thawing  indexes  for  the  top 
layer  in  the  tundra  field  were 15.9.103 h * K  and 
16.8.103 hK  which  gives an n-factor 
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Fig. 5 Return  periods for thawing  depths for 
a  tundra  field,  a  concrete  field  and 
a  gravel  filling 

(T(soil)/T(air))  equal to 1.4 for both  summers. 
This  implies that the  radiation  conditions of 
both  summers are well  correlated.  The  thawing 
index for the  tundra  field in 1980 can statisti- 
cally be expected  each  third  summer,  while  the 
1985 value  gives  an  expection  to be exceeded 
each  fourth  summer (see Bakkehei  and  Bandie, 
1987). The  position of  the O°C-isotherm in 1980 
can be expected to be exceeded  approximately 
each  second  year,  which  is  in good agreement 
with  the  thawing index. However,  the 104 cm 
reach of the  OoC-isotherm  in 1985 could be 
expected  to be exceeded  only  once in a  twenty 
year  period.  The  freezing  indices,  indicate 
that the  low  freezing  index for the  tundra  field 
in  the  winter 1984/85 is  most  significant,  since 
the  freezing  index of the  air  was 50% higher. 
This is explained by the  great  depth af snow 
during that winter;  looking at the heat flux 
through  the  top  layer,  heating  is  even  recorded 
in some  periods in January  and  February.  When 
the  summer  started,  the soil was  almost  isother- 
mal -5OC from the  top  and  down to 2 m,  while in 
1980 the  mean  temperature in the Soil was  two  to 
three  degreees  colder.  The  relationship  bet- 
ween  the  freezing  indices of air,  tundra  field 
and  snow height can be expressed  using a 
regression  equation 

F(tundra)=0.63F(air)-0.29Sx+26 

where Sx is the  numerical  value of maximum  snaw 
height (in  cm) during  the  winter  and  the unit 
for the  freezing  index is lO3.hK. The correla- 
tion  coefficient is 0.86; the  standard  deviation 
of the  residuals  is 6.2-103 h.K. This  eguatian 
allows  calculation of the  freezing index with a 
high  degree of accuracy  when  the air tem- 
peratures  and  snow  heights  are  known. It also 
shows  the  importance of snow  cover,  since a 
large snow height causes  a  significant  reduction 
in the  freezing index. This  equation  should be 

applicable  in  other  permafrost  areas  with  the 
same  type o f  surface. 

CONCLUSIONS 

Data  from  the  permafrost  station at Sveagruva 
have  been  available  since 1978. The  data  have 
been  used  to plot  time-series of isotherms in 
the  ground,  and  thereby  study  the  temperature 
development in a marine  clay  with  high  water 
content  and  salinity.  The  thawing  depth, or 
more  correctly  the O°C Isotherms  penetration in 
the  soil,  has  been  treated  statistically  both 
below  a  tundra  field  and below a concrete  layer. 
Return  periods have been  given,  and  using the 
same  method it has  been  possible  to  give  return 
periods for depths of other  isotherms. 

Thawing  depths are to a great extent  dependent 
on the conditions of the  precseding  winter, and 
not only  the  thawing  indices  in  the  summer.  The 
importance of snow  cover  during  the  winter is 
shown,  and a relationship  between  freezing index 
in air and  in  the  soil,  together  with  the  snow 
height  is  given, 

Data from Sveagruva  clearly  show that the appli- 
cation o f  meteorological  data must be made  with 
care  to  foundation  engineering in permafrost 
areas, specially in areas  with  clays.  The 
recording of data  will  continue in 1988 giving 
ten  years o f  records; it is not yet decided if 
the  recordings will continue in 1989. 
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THERMAL CURRENTS OF ACTIVE LAYER IN HORNSUND AREA 
H. Chmal, J. Klementowski and K Migala 

Geographical Institute, University of Wroclaw,  Poland 

The  report  contains  the  results of ground  temperature  measurements to A depth of 3 m  in the 
vicinity of the  Polish  Polar  Station  in  Hornsund,  South  Spitsbergen,  in  the  period  of  September 
1986 - June 1 9 8 7 ,  as well as the  results of measurements of  the  thawing  depth of the  active 
permafrost  layer on slopes and  on  the  strandflat.  The  freezing  and  thawing  processes of the  active 
layer have  keen  characterized  in  relation  to an analysis of the  temperature  changes of air  and 
snow  cover.  The  temperature of the  permafrost  table has also  been  determined. 
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INTRODUCTION 

Werenskiold ( 1 9 2 2 )  was  the  first  to  calculate 
the depth o f  permafrost  in  the  Hornsund 
region.  Ha  maintained  that  continuous  perma- 
frost  should  stretch  in  shallow  bays  some 
200 1~ of f  the  shoreline.  Since 1957, the pro- 
gramme o f  over a dozen polish  expeditions to 
t.he Hornsund  area  has  included  geomorphologi- 

A part o f  t,hose  investigations  concerned  the 
cal st-.udies of periglacial  processes  (Fig. 1 ) .  

thawing  rate of the  ground  and  it,s  thermal 
current.s  (Czeppe 1’466, Baranowski 1 9 6 8 ,  Jahn 
1 9 8 2 ,  Grzes 1 9 8 5 ) .  

Due  to those  studies,  the  principal  features 
of the  active  layer  were  identified,  though 
the  measurements  did  not  exceed a depth Of 
160 cm. A t  present, at the  polish  Polar 
Station in Hornsund a programme  is  being 
carried  out  which  includes  whole-year,  syste- 
matic  measurements of ground  temperature  to  a 
depth of 3 m, vertical  ground  movements,  cryo- 
genic  pressures as well as the  thawing  and 

profiles running from  the  mountain ridges to 
freezing rates of  the  active  layer along the 

the  shoreline.  In  this  report  the  measurement 
result,s of the period  from  September 1986 to 
September 1987 are  presented. 

METHOLE 

The main  ground  temperature  measurement  site 
wd5 located  in  the  central  part of the  Fugle- 
bergsletta  strandflat. In a 3 m  drillhole, 

cm in the upper  part and every 50 cm  in the 
resistance thermometers were placed every 25 

Lower  part of the  profile. The measuremant,s 
were  carried  out  every two days by  means  of 

Wheatstlsnc bridge. To control  the  depth  of 
isotherm  occurrence, 16 Danilin  sounders 

e installed  on t , h e  S slope of Fugleberget 
in  the  Fuglebergslette  st,xandflat. In 

ition,  during  the  summer  months,  the  depth 
thawing in different  geomorphological 

itions  was  established by using i r o n  rods 

Fig. 1 Location  map.  The  site of temerature 
measurements o f  the  ground  was  signed 
as well as the  line of thawing  cont,rol 
and also the  select,ed  positions of 
Danilin  sounders. 

stuck  into  the  ground.  The  vertical  ground 
movements  wexe  measured  with a Bac motomet,@r 
system. The rate of t,he movement was measured 
by perpendiculary  moving  iron  rods k e p t  by a 
steel  frame  pressed  into  the  ground. On this 

Complete  standard  meteorological  observations 
frame too, dial  extensometers  were  installed. 

wexe  also  performed. 

GEoMoRPHOLOEY OF STUDIED AREA 

The ~ i t e  of ground  temperat,ure  measurements 
was  located 500 m  from  t,hc  shoreline, on a 22 
m raised  marine  terrace.  The  final  formation 
of this  terrace  took  place  on  the  t,urn of the 
Plcist,ocene  to the Holocene  (Chmal, 1 9 8 7 ) .  To 
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B depth  of 1 8 0  cm there  was  fine  sandy  gravel 
(54-89% gravel),  further  down  t,here  was 
boulder  clay.  Down to a  depth o f  3 m  no  bed- 
rock  was  xeached,  though  about 10 m away  from 
the site there  was  quartzite  outcrops. 60 S. of 
the terrace  surface  was  covered  with  xero- 
phytes (mosses and  lichenes). In September  the 

occurred at a dept of 1 3 0  cm. 
underground water level  in  this  region 

The  investiyated  Fugleberget  slope  stretches 
at an  altitude o f  4 5  - 5 0 4  m a.s.1.. It i s ,  in 
general,  a  scree  slope  built of metamorphic 
rock debris: It i s  only  in  some  flat  places 
that  solifluction  cover,  formed  into  large 
t.ongues,  occur. The slope is cut up by several 

those  chutes,  there  are  talus  mantles modelled 
chutes.  In the subslope  part, at the  mouth o f  

by ablation  waters and solifluction  processes. 

SEPTEMBER , OCTOBER , NOVEMBER 

METEOROLOGICAL CONDITIONS 

t.he Polish  Polar  St,ation in Horqund was 
The  mean  annual  air  temperature  measured  at 

- 3 , 5 ' C  in 1957-58, and -3,9 t,o -6,8 C in the 
Years 7 9 7 8 - 8 7 .  The winter of 1 9 8 6 - 8 7  was 
rather  warm,  with  only 12 days  with a11 air 
temperature  lower  than - 2 O ' C .  In all the 
months,  with  the  exception of February,  there 
waxe 1-3 days of thawing  weather.  In  sum,  from 
October  to May there  were 4 1  days wit,h a p o c i -  
t i v e  mean  temperature. 

The  very  moderate  snowfall crf t,he f i r s t  three 
months of the  polar  winter  did n u t  produce an 
even  snow  cover.  From  the  beginning of wint.er 
the ground  surface  was  glazed  with ice, 313 
t.hat the  snow  was  easily  blown  off.  The  snow 
cover  did  not  become  stabilized  until  the 
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m i d d l e  of January.  Its  thickness,  finally, did 
not exceed 50 cm in the  strandflat  and 90 cm 
in lower  parts of the  slopes. To the  middle of 
March the snow  density  was 0,2 - 0 , 4  g.cm ,, 
and later, to the  end  of  April 0 , 4  
- 0 , 5  gscm - 3 ,  In ~ a y ,  as a result o f  new pre- 
cipltation,  the  snow  density  decreased 1n the 
upper  part of the cover, but it rose agaln to 
0,6 g-cm - 3  in  June  after  ablation had 
started. 

Thc t.hawing weather  and  blowing  caused a quick 
metamorphosis  of  the  new-fallen snow, so that 
numerous i c y  layers  formed in the snow cover. 

- 3  

RESUL rs OF MEASUREMENTS 
TEMPERATURE CHANGES IN THE VERTICAL PROFILE 

The  distribution of ground  temperatures in the 
3 m Profile situated in the  strandflat,,  in the 
Winter 1 9 8 6 / 8 7 ,  is presented  in  simplified 
farm  in Fig. 2. The diagram  reveals t,he 
following  phenomena: 

1 .  Toward the  end of the first decade u€ 
September the  thickness of the  active l ayer  
reached 230 cm. Deeper  in  the  ground  there 
was ice of thawing  t.emperature. Freezing 
advanced from above and from below, and 
l a s ted  35 days.  During  that  time a layer  of 
unfrozen ground, shielded  from above.by 
frozen  ground,  continued to exist at A 
depth of 80 - 120 cm.  This  phenomenon ac- 
cauntn fo r  the  development  process of hyd- 
rolaccoliths  which  can  very  often  be  found 
in the  Hornsund area. These  forms  may arise 
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~t the  beginning of winter,  whcnever  local 
conditions favour the  occurrence of hydro- 

the  ground. 
statlc pres3ure in  the  unfrozen  layer  of 

2. The  two-way  cooling s topped  on  November 21, 
when, at: the depth  of 2 , 5  , - J , 8  m, the 

’ temperature  dropped  below - 4 , O  C, At  the 
end  of  April  the  t,wo-way  migration o f  heat 
flux, typical of spring,  appeared  again. 
After 55 days, on  June 2, it. stopped 
altogether  when, at the  depth o f  #,5 - 3 , O  
m, the temperature r05e above -5,O C. Later 
vn, heat  flux took place  only  from  top  to 
bottom.  From  this  one  may  infer  that  the 

within - 4 , O  and - 5 , O  C (approaching  rather 
t,emperature a t  pepafrost +.able ranges 

-5,o C). 

3 .  The  interruption of the  two-way  heat flux 
migration,  similar  to  the  breaking  of  the 
zero  curtain,  mainfested  itself  by  a  rapid 
change of the  ground  temperature  in  the 
lower part of the  profile. In such  cases 
the  temperature at tge  depth of 2,5 - 3 , O  m 
changed  by 1 , l  - 1 , 4  C in  the  course o f  two 
days,  which  was  certainly an effect  of cas- 
cade  type. 

4 .  A pecularity of the temperature  distribu- 
tion in t.he first  half of the  winter  were 
t.he several-days-long  temperature  rises in 
the  lower  part  of  the  profile.  This  pheno- 
menon  occurred  first i n  the  period  between 
November 29 and  Desember 6. During  that 
time  the  temperature a&  t,he depth of 3 , O  m 
rose  from - 4 , O  to -0,6 C .  The same hap- 
pened - with  lesser  intensity - four  times 
more, always  after t,he formation  of  the 
isot,hermal  conditions  in  the  profile.  It 

t,he emmission o f  heat  which had accumulated 
may be assumed that.  this was the result of 

during  the  summer  in  some  part  of  the 
ground  or  bedrock  (below 3 , O  m)  which  had  a 
greater  heat  capacity. 

5. As logs as the  temperature  did  not  drop  be- 
low 0 C in  the  whole  profile,  the  changes 
of  air  t,emperature  wexe  reflected in those 
of the ground  t.emperat,ure  only  to a depth 
of  about 80 cm (zero curtain  effect).  After 
t,he active  layer  had  completely  frozen,  the 

temperature  oscillations  to a depth of 1,0 
air  temperature  oscillations caused ground 

- 1 , s  m. The  lag of temperature  reaction at 
t,he depth of 1,O m amounted t o  3 - 4 days. 
At  the  depth of 3 , O  m the  cooling  of  the 
ground  advanced  almost  systematically  over 
the  whole  winter,  with  the  exception of the 
spispdes  described in point 4 .  T  min. = 
- R , 9  C was  recorded  on  April 8. 

6 .  An air  temperature  rise of any  duration 
above O°C (thawing  weather)  caused  the  de- 
velopment (sf isothermal  condition  in  the 
profile . 

7 .  Before  the  format,ion of a compact  snow 
covex,  the  thermal  gradient  in  the  upper 
part o f  the profile  reached IOOC m - 1 .  
When t.he snow  cover had stabilized,  this 
gradient  was  abaut  two  times  smaller,  wit,h 
air t,emperaturcs  remaining  the same. In 
general,  however,  the  high  density of the 
snow  cover  made it, a good heat, conductor. 
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ges o f  snow  and  ground  temperatures  in 
Examples o f  the  relations  bst,ween  the  chan- 

F i g .  2). These (curves  illunt,rate  in  detail 
March are  shown  in  Fig. 3 ( s e e  also 

how  several cases of  thawing  weat.her  result 
in  isothermal  condition  (March 1 3 )  , f01- 
lowed by  heat flux  from the deeper  parts of 

during  the  first  thawing  period  the  amount 
permafrost  to  the  surface  (March 21). Even 

of  heat  reaching  the  upper  layer  of  the 
ground  was 50 great t.hat the  temperature  in 

3-day  air  temperature  drog  and  fseezing of 
the  profile  continued  to  grow, desp.it,e a 

the  snow to about -12 C .  The  subsequent, 
days of thawing  weather  amplified  the  ten- 
dency  toward  isothermal  condition.  After 
March 15 there  came  a  long  period of freez- 
ing weather.  Though  the  snow  cover  froze 
rapidly,  it  was only after a week  the 
ground  temperature  dropped at the  depth  of 
1,0 m and  after  two  weeks at the  depth  of 
2 , 5  m.  It may  thus  be  said  that  the  snow 
$cover  acted .$?-a. thermal  insulator  in  frost 
periods  but  stimulated  the  rise of ground 
temperature in thawing  periods.  This 
phenomenon  also  manifested  itself  clearly 
in the second half o f  May, i.e. at the be- 
ginning o f  summer in the  thermal  sense. 

THAWING IN THE LONGITUDINAL PROFILE 

In 1987 the  depth of thawing of the  active 
layer was measured  lengthwise  several  profile 
lines,  from  mountain  ridges to the  shoreline. 
Examples of maximal  depths of thawing o f  the 
ground on  the  slope  and  in the strandflat  are 
presented in Fig. 4 .  This  profile  was  running 
lengthwise  local  watershed  divides  and  there- 
fore  illustrates  the  thawing  of  ground  contai- 
ning  relatively  less  ice.  ft  can be seen  that 
t,he active  layer  thaws  deepest in t,he lower 
part  of  the  slope  and  in  the  subslope zone, 
which is a  result of the privileged  solar  ex- 
posure of the  slope. In the  subslope  section 
it is also  the  ablation  waters  running  down in 
the  debris  cover  and  being  heated  up  by  it 
that play a certain  role  in  the  process. 

In t.he mountain  ridge  zone  (above 3 5 0  m 
a . s . 1 . )  thawing  began 40 days  later  than  on 
t.he marine  t,erraces  and  lasted  only  for 38 
days.  By  September 16 the  ground  surface  Was 
frozen  (tw 8 cm) at the  highest  site.  The 
differences  in  the  thawing of this  slope  make 
it necessary to divide  it  into  two  distinct 

checking  of  the  panilin  permafrost  meters  on 
climatic  horizons.  Sounding as well  as  the 

determine  the  rate of t.hawing in dependence  on 
other  profile  lines  made  it  possibile  to 

the  local  physical  characteristics Of the  
ground. In morphological  depressions  and  on 
the  lines  of  ablation  water flow, the thawing 
process  was first.ly twice as slow as  on dry 

much t.he same (see Fig. 5 ) .  In damp places 
marine terraces. Next, the rate of thawing  was 

with a compact  vegetation  cover 
(mosses, Peat) thawing  took  place at a 2 - 3 
times slower  rate  than on the slope.  It  was 
also  found  that  this  rate  was  slower  near nut- 
crops of bedrock.  Commenting  on t-.hose obser- 
vations  it  should  be st.at..ed t,hat the fact,vrs 
decisive  €or  the  rate of thawinq are first of 
all  the  ice  content in the  ground,  further  the 
insulating effect, of vegetation,  and  the  more 
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intensive  cooling  of  solid  rock  outcrops in 
the  winter and, finally,  the  influence of 
solar exposure. 

FREEZING AND VERTICAL MOVEMENT OF THE GROUNO 

Here  we  intend to give only  brief  information 
about. the  relations  between  temperature 
changen  and  frost  heaving  of  the  ground. I n  
1907 the  ground  surface  froze  on  September 17 ,  
which  caused  its  upward  movement by 1 - mm. 
After 6 days  the  ground  froze  down t,o 20 cm 
and  in  the  following 5 days  to 50 cm; thc 5 - 
10 cp surface  layer  reaching  a  temperature  of 
- 5 , 5  C. This  in  turn  made  the  surface  rise by 
2 0  - 3 1  mm.  During  the  whole  of  that period a 
systematic  increase  of  cryogenic  pressure, 
reaching at one  site a value  of 2040 N'cm - 2  
and at the mher 3 1  90 N.cm - 2  was  recorded. 
The next. day t.hawing  wcat,her a c t  in and the 
pressure  dropped by 10 - 4 0  % .  The  ground  sur- 
face, however,  continued  to  rise,  owing t.o the 

periods of freezing  the pressure again  reached 
formation of seyreyatcd ice.  In the  subsequent 

the above  values,  oscillating  within & 10 % in 
accordance  with  t,he  temperature  vasiations of 
the  ground  surface.  Maximal  vertical  ground 
movements - coming up to 5 5  - 7 0  m m  -. were re- 
corded  in  the  centres of stone  circles. On 
Octcher 1 4  the  active  layer  was  found  to be 
totally reduced  and  t,he  pesiod of winter  sta- 
bilization of the  yround  surface  began. 

CONCLUSIUNS 

The  freezing  and  thawing  processes  of  the 
active  layer o f  permafrost in t h e  Hornsund 
area have  been  characterized in relation to  an 
analysis  of  the  temperature  changes  of air and 
snow  cover. The t.herma1 changes in the  active 
layer  appeared a5 specific by their  high in- 
t.ensity which is rather  typical  of  a  continen- 
tal  climate,  though  the  thermal  currents o f  
air and  precipitation  of  the  area  should  clas- 
sify it among  the  zones o f  cold  maritime  cli- 
mates. This  discrepancy results from  the  fact 
that  here  the  thin  snow  cover,  being  constant- 
ly blown and subjected to frequent  thawing  pe- 
riods,  cannot  act as a thermal  non-conductor. 

In  reference t,o t.he study by Jahn and Walker 
( 1 9 8 3 )  we  are  of  the  opinion  that  the  t,hawing 
rate of the  active  layer  in  the  Hornsund area 
indicates  a  microclimatic  differentiation. 
Here a general  distinction  can be made bet,ween 
the  climatic  horizon o f  the  strandflat  and 
slopes to a height of 350 m a.s.1. and  the 
higher  horizon of mountain  ridges. $he 
temperature of the permafrost ta$le ( - - 5 , 0  F) 
permits  the  assumption  that  the 0 C isut,hcrm 
occurs at a depth  of 100 - 250 m .  In  other 
parts of Spitsbergen  the  t,hickness  of 
permafrost is 200 - 400 m (Stearns 1966, 
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Liest01 1 9 7 7 ) .  Considering  the  mean  annual 
t,emperatures  recorded in the last several 
dozen years in the Harnsund  area it appears 
vbvioun  that, here t,he permafrost table is 
relatively  overcooled. 
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FREEZING-POINT DEPRESSION AT THE BASE OF ICE-BEARING 
PERMAFROST ON THE NORTH SLOPE OF ALASKA 

T.S. Collett and K.J. Bird 

U.S. Geological Survey, Menlo Park, California, W.S.A. 

SYNOPSIS Ice-bearing  sediments, common i n  Arc t i c   r eg ions ,   exh ib i t   phys i ca l   cha rac t e r l s t i c s   t ha t  can be detected 
with  bore-hole  logging  devices.   Properties  such  as  anomalously  high  electrical   resist ivity and shor t   acous t i c  
t rans i t - t imes  have  been  used t o  d e t e c t   q u a l i t a t i v e l y   t h e   p r e s e n c e  of ice   within  sediments .   Correlat ion of measured, 
near-equllibrium,  formation  temperatures  with the log-determined  base of ice-bearing  sediments  ( ice-bearing 
permafrost)  in  North  Slope wells shows temperatures  lower  than 0 OC a t   the   i ce twater   in te r face ,   ranging   genera l ly  
from -1.0 OC t o   a s  low a s  -4.8 OC. Near Prudhoe Bay, the  temperature a t  the  base  of  the  ice-bearing  permafrost  is 
approximately -1.0 'C, whereas 50 km OK more to  the  west i n  the  National  Petroleum  Reserve  in  Alaska (NPRA), the 
temperature  ranges  from -3.0 t o  -4.8 'C. 

Temperatures a t   t h e   b a s e  of ice-bearing  permafrost may be inf luenced by pore-f luid  sal ini ty ,   pore-pressures ,  and 
sed iment   g ra in-s ize ;   these   fac tors   co l lec t ive ly   depress   the   f reez ing   po in t  of water   ( f reezing-point   depression) .  
Theore t ica l   ca lcu la t ions   coupled   wi th   ana lys i s  of North  Slope  subsurface  data  Indicates  that   the maximum cumulative 
e f f e c t  of pore-water s a l i n i t y  and pore-pressure  accounts  for  only  about 1.5 OC of the  f reezing-point   depression.  
Freezing-point  depression  greater  than 1.5 OC may be  Caused by the  presence of fine-grained  (clayey)  moderately 
compacted  sediments ,   as   wel l   as   the  l imitat ions  of   wel l   logs   to   detect   re la t ively  small  or f inely  disseminated 
amounts of i c e  i n  fine-grained  sediments. 

INTRODUCTION 

Permafrost   thickness and subsurface  temperatures   are  
necessary t o  solve  engineer ing and s c i e n t i f i c  problems, 
such  as ,  (1 )  co r rec t ing   s e i smic   ve loc i t i e s ;  ( 2 )  
deve loping   sa fe   p rocedures   for   o i l -wel l   d r i l l ing ,  

ground-water  models; and ( I t )  de l inea t ing   t he   po ten t i a l  
completion, and production; ( 3 )  developing  regional 

d i s t r i b u t i o n  o f  gas  hydrates ,  Our i n t e r e s t   d e r i v e s  from 

Alaska, a study  funded by the  U.S. Department of Energy 
the   s tudy  of na tura l   gas   hydra tes  on the  North  Slope of 

(Agreement No. DE-AI21-83-MC20422). Subaurface 
temperature   data   are  one  component  needed to  c a l c u l a t e  
the   depths   a t  which gas  hydrates  could  occur. 

A t  t he   ou t se t  of t h i s   s t u d y ,  i t  was an t i c ipa t ed   t ha t  
wireline  well-log  responses  could be u t i l i z e d   t o  
ident i fy   the   base  of ice-bearing  permafrost in some  of 
the  hundreds of wel l s   d r i l l ed   for   pe t ro leum on the  
North  Slope,  thus  quickly and inexpensively  enlarging 
the   ex i s t ing  U.S. Geological  Survey  data  base  of 46 
wells w i t h  near-equilibrium  temperature  profiles 
(Lachenbruch and o t h e r s ,  1982; 1987). The b a s i s  for 
t h i s  optimism was the  general   coincidence of the 
deepest  occurrence of ice-bearing  sediments  with  abrupt 
changes of r e s i s t i v i t y  and a c o u s t i c   v e l o c i t y   i n  well 
logs  and with  the  depth of the  0 'C i so them  observed  
i n  wel ls  o f  the  Prudhoe Bay O i l  F ie ld .  

One-hundred  and f i f t y - s i x  wells wi th   su i t ab le   l og  
coverage were se lec ted  from a v a i l a b l e   w e l l   f i l e s  
(Alaska O i l  and Gas Conservation Commission,  Anchorage, 
Alaska and U.S. Geological  Survey, Menlo Park, 
C a l i f o r n i a ) ,  and  a map, showing depth  to  the  base of 
Ice-bearing  permafrost was constructed from the well 
logs ( s i m i l a r   t o  Osterkamp  and  Payne,  1981;  Osterkamp 
and o t h e r s ,  1985). When these  log-determined  depths 
were  compared to   temperatures   in  32 wells  with  both log  
and temperature  data. i t  was found tha t   t he  0 OC 
isotherm 
o f  pcrma 
well. we 
pruviorre 

WRR always  deeper than the  log-determined  base 
f r o s t  arid the difference  var ied from welL t o  

in te rpre ted  this observat ion,  as o t h e r s  had 
Ly, to mean that  the  ice-water  phase  boundary 

occurred  in   these  wel ls  a t  temperatures  lower  than 
0 OC, a  phenomenon known as  freezing-point  depression. 

Freezing-point  depression i s  genera l ly   ascr ibed   to  

chemical  bonding of water to   mine ra l   pa r t i c l e s  
increases  in sa l in i ty   o r   po re -p res su re ,  or t o   e l ec t ro -  

( p a r t i c l e   g r a i n - s i z e   e f f e c t )  (Osterkamp  and  Payne, 
1981). From our   analysis  of t hese   f ac to r s  on the  North 
Slope it was not poss ib l e   t o   exp la in   a l l  of the  
observed  freezing-point  depression. We pos tu l a t e   t ha t  
the  unexplained  difference  in   f reezing-point   depression 
i s  caused by (1)  unevalua ted   par t ic le   g ra in-s ize  
e f f e c t s  or ( 2 )  by l i m i t a t i o n s  of wel l   logs   in   se lec t ing  

e s p e c i a l l y  when ice   content  i s  small. In t h i s  paper we 
the   pos i t ion  of the  base of the  ice-bearing  permafrost ,  

document the  f reezing  point   depression phenomena on the 
North  Slope and descr ibe  our   analysis  of i t s  causes in 
se lec ted  wells, 

ICE-BEARING PERMAFROST 
In  this  study  the  term,  ice-bearing  permafroat  refers 

s u f f i c i e n t  volume of i c e   t o  be detected on geophysical 
t o  s t r a t a   t h a t   c o n t a i n s   o r  is  in te rpre ted   to   conta in  a 

well   logs  without  the  aid of temperature  data.  The 
minimum amount of   ice   necessary  for   detect ion by well- 
logging  devices i s  unknown. Within  the  thick  ice- 
bearing  permafrost  sequence found l o c a l l y  on the  North 
Slope,   mult iple   f rozen and  thawed horizons are   p resent .  
In th i s   s tudy ,   the   base  of the  ice-bearing  permafrost 
i s  def ined   as  the deepest  observed  frozen-to-thawed 
phase  boundary  that may e x i s t   a t  any p a r t i c u l a r  
locat ion.  The term permafrost is re fer red   to  as the 
thermal  condition i n  s o i l  or rock  having  temperatures 
below 0 OC which pers i s t s   over  a t  l e a s t  two consecut ive 
winters '  and the  Intervening summer (Brown  and  Kupsch, 
1974). The presence or absence of water  or  ice is n u t  
included in t h e   d e f i n i t i o n  o f  permafrost, and the  depth 
to   the  base of permafrost i s  the  depth  to 0 OC. 

Dcsai and Moore (1968) were t h e   f i r s t  to report   that  
ice-bear ing  sediments   exhihi t   physical   character is t ics  
t h a t  can be detected w i t h  subsurface  geophysical 
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devices.  Others have shown tha t   the   th ickness  of ice- 
hearing  permafrost  can be determined  from well logs  
(Stoneley,  1970; Howitt, 1971; Hoyer  and o t h e r s ,  1975; 
Hnatiuk  and  Randall, 1977; Osterkamp  and  Payne, 1981; 
Ostsrkarnp and others,  1985).  Osterkamp and Payne (1981) 
were t h e   f i r s t  t o  use  the  term  ice-bearing  permafrost 
to   descr ibe  the  physical   response of well logs   to   the  
presence of ice;   their   predecessors   (c i ted  above)   used 
the  te tm  permafrost   to   descr ibe  both  temperature  
condi t ions and the  presence of ice within  pore  spaces. 

Desai and Moore (1968)  demonstrated  that   the 
spon taneous   po ten t i a l ,   r e s i s t i v i ty ,  and acous t ic   logs  
show de f l ec t ions   a t   t he   base  of the  ice-bearing 
permafrost   (called  permafrost  by these authors )  i n  an 
unident i f ied  well on the  North  Slope of Alaska. They 
observed a s i g n i f i c a n t   i n c r e a s e   i n   e l e c t r i c a l  
r e s i s t i v i t y ,   a   d e c r e a s e  i n  a c o u s t i c   t r a n s i t  time, and a 
pronounced d r i f t  in spontaneous  potent ia l  from less- 
negat ive t o  increased-negat ive  values   af ter   croesing 
the  boundary from non-Ice-bearing to   ice-bear ing 
permafrost .   Stoneley (1970)  a lso   observed   s imi la r   log  
responses in the  Put  River-1 well in t h e  Prudhoe Bay 
O i l  F i e l d ,  which he a l so   a t t r i bu ted   t o   t he   p re sence  of 
ice, based on observat ions of cores  and log responses 
i n  an  unidentified  Prudhoe Bay w e l l .  Later,  Howitt 
(1971)  i d e n t i f i e d   t h a t  well as BP 12-10-14A and 
repor ted   tha t   i ce  was d e t e c t e d   v i s u a l l y   i n  cores t o  a 
well depth  of 1,858 f t ,  566 m below  the  ground  surface. 
The log-determined  base of ice-bearing  permafrost is a t  
1,885 f t  well depth (562 rn from the sur face) .  The 4 m 
discrepancy  between  depth o f  ice-bearing  permafrost and 
the  deepest   observed  ice  i s  not   cons idered   s ign i f icant  
because  records  from BP 12-10-14A show t h a t  only half 
of the  core  i n  which the   deepes t   i ce  was observed was 
recovered. Howitt's (1971)  i den t i f i ed   base  of ice (566 
m) is therefore   accurate   only  within  plus   or   minus 9 
m. These  observations of ice-bonded  cores i n  r e l a t i o n  
to   log  response for  t h i s   w e l l  are eummrized in f i g u r e  
1 and r ep resen t   t he   on ly   d i r ec t   ev idence   t ha t   ve r i f i e s  
the  accuracy of well logs as   i ce-de tec t ion   devices .  
Unfortunately,  no information was provided on the  
limits or  s e n s i t i v i t y  of  well. logs   to  ice de tec t ion .  

The 156 wells   used  to  map the  ( log  determined)  base of 
the  ice-bearing  permafrost on the  North  Slope  (fig.  2 )  
were  selected on t he   bas i s  of log coverage and q u a l i t y  
of log data.   This map shows tha t   the   depth  o f  ice- 
bearing  permafrost  ranges from less than 200 m i n  NPRA 
t o  more than 600 m i n  the east ,  and t h a t  it t h i n s   t o  
south. The e l e c t r i c a l - r e s i s t i v i t y  and acous t ic  
t rans i t - t ime well logs  were found t o  be  t"he  most u s e f u l  
in detecting  the  base  of  the  ice-bearing  permafrost .  
For a  complete  discussion of ice-bearing  permafrost 
depths  on the  North  Slope see Osterkamp and Payne 
(1981) ,  Osterkamp  and o thers  (1985) and C o l l e t t  and 
o t h e r s  ( i n  press ) .  

RELATIONS BETWEEN PERMAFKOST AND ICE-BEARING PERMAFROST 

Near-equilibrium  subsurface  temperature  surveys  are 
a v a i l a b l e   f o r  46  North  Slope wells (Lachenbruch and 
o thers ,  1982;  1987). Of ' these  46  wells, 32  have o ther  
well logs a v a i l a b l e  t o  determine  the  depth  to   the  base 
of ice-bearing  permafrost.  In these wells, the  

tempera ture   a t   the   log- ident i f ied   base  of ice-bearing 
tempera ture   p rof i les  have  been  used to  determine  the 

p lo t t ing   the   depth  of the  well-log pick for  the  base of 
permafrost.  This was accomplished for  each  well  by 

the  ice-bearing  permafrost  on the  recorded  equilibrium 
temperature   prof i les .  r h u s ,  ob ta in ing   a   d i r ec t  

of the  ice-bearing  permafrost  as  determined from t h i s  
temperature  measurement. The temperature at the  base 

-4.8 OC a t  Point Barrow. A contour map of these data  
d a t a  set ranges from -0.7 OC in the  Prudhoe Bay area   to  

( f i g .  3)  $bows r e l a t i v e l y  small values  i n  the  Prudhoe 
Bay area and h i g h  values  to  the  west,  i n  t h e  NPKA. 
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Figure 1 .  Selected  well  logs from the BP 12-10-14A 
well on the  North  Slope of Alaska.  Ice-bearing 
permafrost  base (BIBPF) is  i d e n t i f i e d   a t  562 m, and 
the depth of deepest  observed ice w i t h i n  recovered 

of the  0 OC isotherm i n  three  nearby wel l s   a re  shown 
cores  is reported by Howitt (1971)  to be  566 m. Depth 

along  with  the  calculated mean depth  (623 m) of the 
0 OC isotherm  in  these  wells.  See f i g u r e  5 f o r  
location and i d e n t i f i c a t i o n  of wells. 
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Figure 2. Depth to  the  base of the  deepest  ice- 
bearing  permafrost on the  North  Slope of Alaska  as 
determined from wirel inc  wel l  logs. Adapted from 
C o l l e t t  and o t h e r s  (in press ) .  Most  of the  wells  used 
a re   wi th in   the  box drawn  around the  Prudhoe Bay area .  
The l o c a t i o n  of t h e  welLs J.W. Dalton-1 ( 1 ) .  South 
Harrison Bay-1 ( 2 ) .  Prudhoe Hay U n i t  N-I ( 3 ) ,  and 81' 
12-10-14A ( A )  e r e  shown. Location of geologic  well- 
sec t lon  A-A' ( f i g .  4 )  is a l so  shown. 



Three  welle have been se lec ted   to   demonst ra te   bo th  

and ice-bearing  permafrost.  These wells, shown i n  
regional  and l o c a l   d i s c o n t i n u i t i e s  between  permafrost 

f i g u r e  4 ,  Include  log  responses ,   l i thologies ,  and 
depths  to  ice-hearing  permafrost  and the 0 O C  Isotherm. 
The well BP 12-10-14A, which was d r i l l e d   i n  1969 e a r l y  
i n   t h e  development  history of the  Prudhoe Bay O i l  F ie ld  
for   the  express   purpose of eva lua t ing   po ten t i a l  
permafrost  engineering  problems,  has no temperature 
survey. We have  used three  nearby wells ( f i g .  5 )  with 

estimate the depth of t h e  0 OC isotherm  and  the 
temperature p r o f i l e s  (Lachenbruch and others ,   1982)   to  

temperature   a t   the   base of ice-bearing  permafrost In BP 
12-IO-14A.  The average  depth of t h e  0 OC isotherm i n  
the  surrounding wells is 623 m ,  which is 61 m deeper 
than   the   log- ident i f ied   base  of ice-bearing  permafrost 
i n   t h e  BP 12-10-14A well (562 m;  f i g .   1 ) .  By using  the 
man depth of t h e  0 OC isotherm  reported from t h e  
surrounding wells and the  mean geothermal  gradient 
(Lachenbruch and others,   1982).  w? estimate the  
equi l ibr ium  temperature   for   the  base of ice-bearing 
permafrost In BP 12-10-14A a t  -1.75 OC. 
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Figure 3.  Temperature a t  the  base of ice-bearing 
permafrost on the  North  Slope  of  Alaska.  Temperature 
da ta   t aken  from  near-equilibrium  temperature  surveys 
(Lachenbruch  and o t h e r s ,  1982;  1987).  Ice-bearing 
permafrost   depths   are  from C o l l e t t  and o t h e r s   ( i n  
press) .  The contoured  data  are from 32 wells i n  which 
d iagnos t ic  well l ogs  and equi l ibrated-temperature  
surveys are ava i lab le .  

Figure 4 .  Selected wells from the  North  Slope o f  
Alaska i l l u s t r a t i n g  well log  response,   general  
l i thologies,   base  of  ice-bearing  permafrost ,  and 0 OC 
isotherm. See f i g u r e  2 f o r   l o c a t i o n  of wells. 

Fi 
vi 
15 

Wells Deplho°C Dillererre G,,, BlBPFTemp 

BlBPF Well A 
~ r n )  oeplhooc & ouloarn WeU A 

(m) 
CalCulmed Fmm 

A BPl2-10-14A (81BPF=562) I- 

wells 8-C-D 

B BP19-10-15 595 4 3  2.75 
C BP31-11-14 650 *8(1 2.90 

.o 91 

.2 55 

Mean-. 
.1.80 
-1 75 

0 8 p 2 7 1 1 !  625 ". +e2 ". 2.85 
2.83 623 +e1 

Ire 5 .  
Field.  

1 )  from 

Location  of 
Temperature 
BP 19-1 0-1 5 

fou r  
d a t a  
( B 3 .  

\ 

d 

wells in the  Prudhoe Bay 
(Lachenbruch  and  others, 
BP 31-11-14 ( C ) .  and BP 

0 6  
U 
km 

AB 
695m 

L 
4' 
.1 
18; 

27-11-14 (D) were used  to- ie termine  the  depth  of   the 
0 OC isotherm and ca lcu la te   the   t empera ture  a t  t he  
base  of  ice-bearing  permafrost  in BP 12-10-14A (A). 

In   South   Harr i son  Bay-1 ( f i g .  4 ) ,  the  base  of ice- 
bearing  permafrost  1s t en ta t ive ly   p l aced  a t  the 
r e s i s t i v i t y   d e f l e c t i o n   a t  275 m. The depth o f  t he  0 OC 
isotherm is a t  375 m. The temperature at the  base of 
the  ice-bearing  permafrost  is -3.1 OC. I n  J.W. 
Dalton-1 ( f i g .   4 ) ,  the base of the  Ice-bearing 
permafrost a t  270 m appea r s   t o   co inc ide   w i th  a d i s t i n c t  
l i t h o l o g i c   c o n t a c t ,   a n d   t h e   d e p t h  of t h e  0 OC isotherm 
i s  a t  410 m. The temperature a t  the  base  of   the ice- 
bearing  permafrost  is -3.9 OC. The p l o t  of t h e  0 OC 
isotherm on c r o s s   s e c t i o n  A-A' ( f i g .  4 )  r e v e a l s  a 
discrepancy  between  the  wel l - log  pick  for   the  base of 
the  ice-bearing  permafrost  and t he  0 OC equi l ibr ium 
isotherm, The difference  in   thickness   between  these 
horizons are var iab le .  In BP 12-10-14A i t  i s  61 m ,  but 
i n  J.W. Dal ton-1  the  difference is approximately 140 
m. Temperatures a t  the  base of the  ice-bearing 
permafrost may be inf luenced by many phys ica l  
parameters   tha t   co l lec t ive ly   depress   the   f reez ing-poin t  
of water, This  temperature  suppression is o f t e n  
r e f e r r e d   t o  a5 freezing-point   depression.  In the   nex t  
s e c t i o n  we have  attempted to   eva lua te   t he   r eg lona l  
v a r i a b i l i t y  of f reezing-point   depression on the  North 
Slope. 

FREEZING-POINT DEPKESSION 

It is genera l ly  assumed that   factors   producing 
freezing-point   depression are addi t ive.   These  factors  
include  the  presence of sa l t - ions  i n  solut ion,   pore-  
pressure ,  and v a r i a t i o n s   i n   s o i l   o r   r o c k   p a r t l c l e   s i z e  
(surface-area)  and type. The cumula t ive   e f fec t  of these 
fac tors   p roducing   f reez ing-poin t   depress ion   a re  
expressed  in   the  fol lowing  equat ion,  by Osterkamp  and 
Payne (1981). 

TO 0.0100 - TC - Tp - TS ( 1 )  

The first term To represents   equi l ibr ium  temperature   a t  
the   base  of ice-bearing  permafrost. 0.0100 s t ands  fo r  
t h e   t r i p l e   p o i n t  o f  water and T c ,  Tp, and Ts  a r e   t h e  
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temperature  corrections  for  chemical  composition 
( sa l t s ) ,   pore-pressure .  and e o i l / r o c k   p a r t i c l e   s i z e  
e f f e c t ,   r e s p e c t i v e l y .  

Chernlcal  Composition  (Tc) 

The e f f e c t  of chemical  composition (Tc) depends on the  
solute   concentrat ions  in   the  pore-water .  The 
predominant salt   observed  in  the  pore-water of the 
North  Slope i s  NaCl (Osterkamp  and  Payne,  1981;  Howitt. 
1971). If sa l t   concen t r a t ions   a r e  known, t h e   e f f e c t  on 
freezing-point  depression  can be ca lcu la ted  from the  
following  equation  (Osterkamp and Payne, 1981), 

Tc = 0.0137 f 0.051990 S + 0.00007225 S2 OC ( 2 )  

where S is t h e   s a l i n i t y  of the   pore-water   in   par t s   per  
thousand.  Equation ( 2 )  is graphica l ly   d i sp layed   for  a 
s a l i n i t y  range of 0-40 ppt i n  f i g u r e  6 .  S a l i n i t y   d a t a  
within  the  near-surface  sediments  (0-1,500 m) of t h e  
North  Slope  are   avai lable  from petroleum  dril l-stem and 
production  tests,  water  samples  from  cores  within  the 
permafrost  sequence, and spontaneous  potential   well-log 
ca lcu la t ions .  

-2 - 
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SALINITY (ppt) 
Figure 6 .  Freezing-point  depression due t o   t h e  
presence of increas ing  volumes of salt i o n s   i n  
so lu t ion   (Tc ) ;   no t   va l id   fo r   s a l in i t i e s   ove r  42 ppt. 

Analyses of 5 5  water  samples  collected  during  petroleum 
format ion   tes t ing   in   rock   un i t s  from  below the 
permafrost   sequence  are  available  in  the  North  Slope 
well f i les.  These analyses   indicate   that   (bulk)   pore-  
water   sal ini t ies   range  f rom 0.5 t o  19.0 ppt .  

tha t   pore-water   sa l in i t ies   wi th in   the   near -sur face  
Spontaneous  potent ia l   wel l - log  calculat ions  indicate  

sediments of the  North  Slope  are  low,  ranging  from 2 t o  
19  ppt. These c a l c u l a t i o n s  were made  by using 
conventional well log   in te rpre ta t ion   p rocedures   in  
which t h e   e l e c t r i c a l   r e s i s t i v i t y  of the  formation- 
waters   are   calculated from the  spontaneous-potentia1 
device and  from  which the   d i sso lved   sa l t   conten t  is 
est imated (Gondouin  and others,  1957).  Spontaneous 
potent ia l   wel l - log  calculated  pore-water   sal ini ty  

Harrison Bay-1 ( 2 ) ,  and  Prudhoe Bay Unit N-1 ( 3 )  
p r o f i l e s  fo r   t h ree  wel l s ,  J.W. Dalton-1 ( l ) ,  South 

( loca ted  6 km from BP 12-10-14A). a r e  shown i n   f i g u r e  
7. BP 12-10-14A  was not  evaluated  because  the  use of 
o i l -based   d r i l l i ng  muds invalidated  the  procedure.  
Uncorrec ted   log-ca lcu la ted   sa l in i t ies  from within  ice- 

va l id .  Therefore, only  sub-permafrost  clean-sandstone 
bearing permafrost and clay-rich  horizons are not 

u n i t s  have  been  examined. All th ree  well p r o f i l e s   i n  
f i g u r e  7 a re   s imi l a r ,   w i th   s a l in i ty   va lues   r ang ing  from 
3.0 t o  19.0 p p t ,  and average  about 9 p p t .  The highest  
detected  pore-water  salinity  of  19 p p t  would depress  
the  f reezing-point  of water  about 1.0 'C. 
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Figure 7. Calcula ted   pore-water   sa l in i ty   p rof i les  
using  the  spontaneous-potentia1  log method beneath  the 

(Well 1-J.W. Dalton-1; Well 2-South Harrison Bay-1; 
ice-bearing  permafrost   in  selected  North  Slope  wells 

Well 3-Prudhoe Bay Unit N-1). See f i g u r e  2 f o r  well 
loca t ions .  Only clean-sandstone  units have  been 
u t i l i z e d  in  the   ca lcu la t ions .  No well log  correct ions 
have  been  used (* denotes  base of ice-bearing 
permafrost) .  

Analysis of the BP 12-10-14A ice-bearing-cores, 
i n d i c a t e s   t h a t   s a l i n i t i e s   w i t h i n  the sands of the  ice-  

set, ranging  from 0.15 t o  0.50 ppt  (Bowitt.  1971). The 
bearing  permafrost   sequence  are  the  lowest of our data  

low sa l in i t ies   in   the   i ce-bear ing   hor izons  may be 
caused by connate   f luvial   water ,   meteoric   recharge,  
salt  re jec t ion   dur ing   f reez ing ,  or a combination of 
these   €ac tors .   Sa l t   re jec t ion   dur ing   f reez ing   might  
concent ra te   the   pore-water   sa l t s   a t   the   base  of the 
Ice-bearing  permafrost. However, t h e r e  i s  no evidence 
o f  pore-water s a l i n i t i e s   g r e a t e r   t h e n  19.0 p p t   a t   t h e  
base of ice-bearing  permafrost. Prom t h e  foregoing 

depression  that   can be a t t r i bu ted   t o   t he   chemica l  
a n a l y s i s ,  we conclude  that   the  maximum freezing-point  

composition  (Tc) of the  pore-waters is 1.0 OC a t   t h e  
reviewed s i t e s .  

Pore-Pressure ( T p l  

The e f f e c t  of pore-pressure on the  freezing-point of 
water  can be calculated  from  the  following  equation if 
P ,  t h e  pore-pressure on the   i ce  and water, is known. 

Tp - BP ( 3 )  

The v a r i a b l e  B is  the  Clausis-Clapeyron  Slope 
(0.00751 OC atmos-l).  Equation ( 3 )  is g r a p h i c a l l y  
d i sp l ayed   i n   f i gu re  8 f o r  a hydrostatic  pore-pressure 
gradient  of  0.097 atmos/m (0.433 p s i / f t )  and fo r   t he  
t h e o r e t i c a l  maximum g r a d i e n t   ( l i t h o s t a t i c )  of 0 . 2 2 3  
atmoe/m  (1.000 p s i / f t )   o v e r  a depth  of 0 t o  800 m. 
P ressure   da ta  from petroleum  dr i l l -s tem  tes t ing  In   17 
wells, and log  evaluat ion of d i scon t inu i t i e s   i n   ove r -  
burden  compaction  profiles  (pore-pressure  profiles)  in 
2 2  wel ls  have  been  used to   evaluate   pore-pressures  
within  the  near-surface  sediments (0-1,500 m). 

Pore-pressure  gradients  calculated  from  shut-in 
pressures   recorded  during  dr i l l -s tem  tes t ing i n  wel ls  
from the  North  Slope  range from  0.093 t o  0.112 atmos/m, 
with  an  average  gradient of  0.097  atmos/m ( 0 . 4 3 4  
p s i / f t ) ,   n e a r   h y d r o s t a t i c   ( d a t a  from well f i l e s ) .  To 
fur ther   evaluate   pore-pressures ,  well logs have  been 
used t o  study  over-burden  compaction  profiles. As 
rocks ,   par t icu lar ly   sha les ,   a re   subjec ted   to   inc- reas ing  
over-burden  pressures t h e y  are  compacted, and 
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subsequent   t rans i t - t ime  ve loc i t ies  and gamma-ray well- 
log  values  increase  with  depth  because of increas ing  
formation  density.   If  a rock   in te rva l  i s  over- 
pressured,  it w i l l  r e s i s t  compaction and can  be 

by a departure  of the log  curve  from a t r e n d   l i n e  
i d e n t i f i e d  on acous t ic  t ransi t - t ime and gamma-ray logs  

( Z o e l l e r ,  1984). Gamma-ray compaction  profiles ( f i g .  9) 
from t h e  J.W. Dalton-1  (1).  South  Harrison Bay1 (2). 
Prudhoe Bay Unit N-1 ( 3 ) .  and BP 12-10-14A (A) wel l s  
are   l inear   with  depth and  have no s i g n i f i c a n t  
d i scon t inu i t i e s ,   i nd ica t ing   hydros t a t i c  pore- 
pressures. The t h e o r e t i c a l  maximum pore-pressure 
gradient  could  only be reached i f   t h e   e n t i r e   i c e -  
bearing  permafrost  sequence,  both  rock and i ce ,   ac t ed  
as a s o l i d  mass, t r a n s f e r r i n g  i t s  ent i re   weight   to   the  
underlying  water-bearing  sequence. For t h i s   t o  happen, 
the  underlying  rock-pore-water  system must  be closed. 
Under l a rge   l akes  and r ivers   permafrost  may n o t   e x i s t  
(Lachenbruch and o thers ,  1982). and these  ice-free 
zones may ac t   a s   condu i t s   t o  relieve abnormal  pore- 
pressures .  
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Figure 8, Freezing-point  depression  due to subsurface 
pore-pressure  (Tp). The p r e s s u r e   e f f e c t  i s  shown as a 
func t ion  o f  a hydrostat ic   pore-pressure  gradient  
(0.097 atmos/m; 0.433 ps i / fP)  and the t h e o r e t i c a l  
maximum pore-pressure  gradient (0.223 atmos/m; 1.000 
p s i / f t ) .  

Pore-pressurea  in  the wells we have  examined are a 
product of  a hydrostatic  gradient  (0.097 atmos/m; 0.433 

depression,  calculated  from  equation 3 f o r  one of t h e  
p s i / f t ) .  The p res su re   e f f ec t  (Tp) on f reezing-point  

deepest  occurrences of ice-bearing  permafr08t (562 m i n  
the BP 12-10-14A wel l ) .  i s  only 0.5 OC. In J.W. 
Dalton-1,  with  the  base of ice-bearing  permafrost a t  
270 m, pore-pressure would depress   the  f reezing  point  
of  water  even less, 0.2 OC. 

So i l /Rack   Par t ic le   S ize   (Ts)  

P a r t i c l e   g r a i n - s i z e   ( g r a i n   s u r f a c e   a r e a )   a f f e c t s   t h e  

Osterkarnp  and  Payne,  1981).  Anderson and others  (1973) 
f reezing-point  of water  (Anderson and others,  1973; and 

suggested  that   c lay  could  suppress   the  f reezing-point  
by severa l   degrees   Cels ius ,   bu t   for   coarser   mater ia l ,  
such  as  s i l ts  and sands ,   t he   pa r t i c l e   e f f ec t  i s  
negl ig ib le .  However, t he   quan t i f i ca t ion  of f reezing-  
point   depression  a t r r r ibuted  to   c lay is d i f f i c u l t .  
Var ia t ions   in   c lay   micros t ruc ture   can   a f fec t   the  volume 
of unfrozen  water,   thus  further  complicating  the 
freezing-point   depression  calculat ions.  
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Figure 9. P r o f i l e s  of gamma-ray readings of s h a l e  
i n t e r v a l s   ( d o t t e d   l i n e )  and v i sua l   bes t - f i t   t r end   l i ne  
(dashed  l ine)   for   selected  North  Slope  wel ls  
( logari thmic  scale)   [Well  1-Y.W. Dalton-1; Well 2- 
South  Harrison Bay-1; Well 3-Prudhoe Bay Unit N-1; 
Well A-BP 12-10-14A]. Increasing gamma-ray va lues  
wi th   depth   a re  a measure of compaction of the  
sediments   (Zoel ler ,  1984). Gamma-ray v a l u e s   l e f t  of 
t he   t r end   l i ne  may indica te   pore-pressures   g rea te r  
than  normal  hydrostatic  or may i n d i c a t e   s a n d y   o r   s i l t y  
shales  with  low gamma-ray values  (*  denotes  base of 
ice-bearing  permafrost). See f i g u r e  2 f o r   l o c a t i o n  of 
wel ls .  

A t  t h i s  time it is impose ib le   to   quant i fy   the   e f fec t  of 
grain-s ize  on freezing-point  depression,  but i t  i s  
poss ib l e   t o   i den t i fy   t hose   pa r t s  o f  the  North  Slope 
where the  near-surface  sediments   are   re la t ively  r ich i n  

Prudhoe Bay area ,  g r a i n   s i z e  should  not   affect  the  
clay.  Within  the sandstones and conglomerates of the 

f reez ing   po in t  of water. However, i n   e a s t e r n  and 
northernmost  parts  of NPRA, a thick,   f ine-grained 
(shaley),  moderately  compacted  sediment  package of 
Cretaceous  age  that   occurs  near  the  surface,  may 
s ign i f i can t ly   a f f ec t   t he   f r eez ing -po in t  of water. X- 
r ay   ana lys i s  of Cretaceous  shales  from NPRA i n d i c a t e s  a 
c lay   conten t  of 40 t o  60 percent .  

Freezing-Point  Depression  Calculations Summary (To) 

It is imposs ib le   to   eva lua te   p rec ise ly   the   var iab les  
cont ro l l ing   f reez ing-poin t   depress ion   wi thout   spec i f ic  
data  from the base of ice-bearing  permafrost ,   such  as 
cores and formation  pressure  tes ts .  With the   ex i s t ing  
da ta  i t  i s  poss ib le   to   on ly   es t imate   t empera tures   a t  
the  base of ice-bearing  permafrost.  For  example,  in 
the BP 12-10-14A well the base of ice-bearing 
permafrost is e s t i m a t e d   t o   b e   a t  -1.75 OC. Freezing: 
po in t   depress ion   ca lcu la t ions  show t h a t   t h e  maximum 
observed  temperature  depression  chat  can be a t t r i b u t e d  
to  chemical  composition  (Tc) and pore-pressure  (Tp) is 
-1.5 OC. The equi l ibrated  temperature   survey for J.W. 
Dalton-1  indicates  that   the  base of ice-bearing 

depression a t t r i b u t e d  to  chemical  composition  (Tc) and 
permafrost i s  a t  -3.9 OC.  The maximum temperature 

pore-pressure ( r p ) ,  as   ca l cu la t ed  from a v a i l a b l e   d a t a ,  
is est imated  to  be -1.2 'C. The discrepancy  between 
the  observed and the  calculated  base of ice-bearing 
permafrost  temperatures is not   eas i ly   expla ined .  The 
s l igh t   d i f f e rence   obse rved  i n  wells l i k e  BP 12-10-14A 
may r e s u l t  from incons is tenc ies   in   the   da ta .  However, 
the  discrepancy i n  J.W. Dalton-1 is much g r e a t e r  and 
is not   eas i ly   d i scounted .  For ins tance ,   to   expla in   the  
2.7 OC d i f f e r e n c e  between  the  calculated and observed 
freezing-point   depression  in  J.W. Dalton-1,  the pore- 
w a t e r   s a l i n i t i e s  must be increased from  a maximum 
observed  value  of 19 p p t  to  volumes grea te r   than  40 p p t  
( f i g .  6 ) .  Conversely,  the  pore-pressure  gradient would 
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require   an  increase beyond t h e o r e t i c a l  limits ( f i g .  
8) .   Pore-water   sal ini t ies   or   pore-pressure  var ia t ions 
of  this  magnitude would  be eas i ly   de t ec t ed   w i th   t he  
procedures  used in   t h i s   s tudy .   The re fo re ,  i t  is 
assumed t h a t  an  unevaluated  variable i s  con t r ibu t ing   t o  
f reezing-point   depression in wells like the  J.W. 
Dalton-1. It has  been  suggested  that   clays  can  affect  
f reezing-point   depression,  and the  near-surface 
sediment  package  in J.W. Dalton-1  contains a 
s i g n i f i c a n t  volume of  sha les .   Other   wel l s   in   eas te rn  
NPRA, an a rea   under la in  by near-surface  shaley  rocks. 
exh ib i t   s imi l a r  low  temperatures  for  the  base of ice- 
bearing  permafrost   (f ig.  3 ) ,  suggest ing that grain-s ize  
(Ts) may be an   impor tan t   fac tor   in   expla in ing   f reee ing-  
poin t   depress ion   in   cer ta in  areas of the  North  Slope. 

An addi t iona l   fac tor   no t   re la ted   to   f reez ing-poin t  
depression is t h e   s e n s i t i v i t y  of well l o g s   t o  ice i n  
sediments .   Physical   factors   that   control   the   response 
of a ell log  include  mineralogy,   porosi ty ,  
temperature,  pore-fluids.  and, of spec ia l   concern   for  
t h i s   s tudy ,   t he   phys i ca l  state o f  the  pore-fluids.  The 
a b i l i t y  o f  a well-log  device t o  indicate   the  presence 
of ice  withifi  a rock mass is dependent on the 
s e n s i t i v i t y  of t he   dev ice   t o   de t ec t   t hose   a l t e r ed  
physical-chemical  conditions  caused by the  presence of 
ice. Well logs   i nd ica t e  that a s u b s t a n t i a l l y   t h i c k  
wedge o f  ice-bearing  permafrost is present  in the  
Prudhoe Bay area.  The base of the  ice-bearing 
permafrost   in  the  high-porosity  sandstones and 
conglomerates of t h e  Prudhoe Bay region is e a s i l y  
de t ec t ed   ( f ig .   1 ) .  However, i n  many wells from  the NPRA 
i n  which the shallow,  potentially  ice-bearing  sequences 
a re   cha rac t e r i zed  by s i l t s t o n e  and sha le   l i t ho log ie s .  

even  though  the  depth of the  0 OC isotherm o f t e n  
the w e l l  logs f a i l  t o  i n d i c a t e  the  presence of i c e ,  

ex tends   deep   in to   the   l i tho logic   sec t ion ,   In   these  
wells, e i t h e r  (1) ice   does   no t   ex is t ,  or ( 2 )  the  volume 
of the   pore- f i l l ing  ice is small and related  physical-  
chemica l   charac te r i s t ics  were below t h e   d e t e c t i o n  
l i m i t s  of the  wel l - logging  devices .   In   general ,   shales  
t h a t  have  not  experienced  deep  burial have high 
poros i ty  and f lu id   con ten t ;  however,  most waters 
a s s o c i a t e d   w i t h   s h a l e s   a r e   i o n i c a l l y  bounded t o   t h e  
c l a y s ,   i n h i b i t i n g  the formation of ice .   Therefore ,   ice  
may no t   ex i s t   w i th in  a s e c t i o n  where clay-rich  rocks 
a r e  found. The  th ick   sha le   sec t ions   p resent   wi th in   the  
sha l low  subs t ra te   o f   par t s  of NPRA may a f f e c t  pore- 
f i l l i n g   i c e   c o n d i t i o n s ,   b u t   c u r r e n t l y   t h e r e  is no 
evidence  to   support   th is   idea.  

SUMMARY ANil CONCLUSION 

The primary  purpose o f  t h i s   pape r  was t o  document  and 
at tempt  t o  evaluate  the  discordance  between  the w e l l -  
log ident i f ied   base  of ice-bearing  permafrost and the 
depth of t h e  0 OC isotherm. Comparison  of well-log 
responses   to   equi l ibr ium  tempera ture   p rof i les   in  
se lec ted  wells showed that the  w e l l  logs were 
responding  not  to  rocks  with a temperature o f  l e s s   t han  
0 OC (permafrost) ,   but  to  rocks  with a ce r t a in   con ten t  
of ice  ( ice-bearing  permafrost) .   Available  equilibrium 
temperature  data show that  temperatures at the  base of 

a s  low a s  -4.8 'C. However. t h e o r e t i c a l   c a l c u l a t i o n s  
ice-bearing  permafrost  range  from  approximately -0.3 t o  

coupled  with  wel l - log  data ,   indicate   that   the  maximum 
cumulat ive  effect  of pore-water s a l i n i t y  and pore- 

depression.  To exp la in   t he   g rea t e r   t han  1.5 OC 
pressure  accounts   for   only a 1.5 OC f reezing-point  

f reezing-point   depression  observed,   var iables   other  
then  pore-water s a l i n i t y  and pore-pressure must  be 
considered.  Although  quantitative  data  are  lacking, we 
suggest   that   the   discrepancy is  caused by a combination 
of the  presence of fine-grained  clayey  sediments, and 
t h e   p o s s i b i l i t y   t h a t   t h e  well logs  do not   detect   small  

amounts or f inely  disseminated  ice  in the  sediments. 
Our analysis   suggests   that   increased  understanding of 
f reezing-point   depression of ice-bearing  permafrost 
would come from new da ta  and re la ted   l abora tory  
experiments   directed  a t   determining (1)  well-log 
s e n s i t i v i t y   t o   i c e   c o n t e n t  of sediments and ( 2 )  
p a r t i c l e   e f f e c t   i n  a v a r i e t y  of typical   f ine-grained 
sedimentary  rocks  (s i l ts tone,   shale ,   mudstone)   with 
varying  c lay  content .  
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NATURAL GROUND TEMPERATURES IN UPLAND BEDROCK 
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SYNOPSIS Surface  and  subsurface  ground  temperature  measurements  were  made in drill holes 
representing  a  variety of permafrost/non-permafrost, slope exposure,  elevation,  vegetation,  and 
soil  conditions  within  the  upland  taiga of interior  Alaska.  Algorithms  representing  equivalent 
latitude  and  air  temperature/elevation  relationships  are  developed  to  more  precisely  define 
permafrost/non-permafrost boundaries  within  this  complex  terrain. 

INTRODUCTION 

In  the  discontinuous  permafrost  region af inte- 
rior  Alaska, the occurrence of permafrost i s  
controlled  by  a  complex of environmental  and  to- 
pographic  factors.  These  site  factors  include 
landform, soi ls ,  vegetation  community,  slope, 
and  aspect,  as  well as winter  snow  cover  and  the 
mean  annual  air  temperature  (Brown  and  Pbw6, 
1973; Brown, 1978; Lunardini, 1981; Nelson  and 
Outcalt, 1983) . Grouhd  temperature  data  and  re- 
lated  environmental  information  on  the  spatial 
relationships  of  discontinuous  permafrost  in  the 
upland  bedrock  terrain of Alaska  are  scarce. 
Indirect  methods of permafrost  mapping,  such as 
the  use of remote  sensing,  are  becoming  more re- 
liable  with  the  development  of  geographic  infor- 
mation systems modeling  techniques  (e.g.  Morris- 
sey et al. , 1986) . But  this  approach  requires 
ground  truth  from  actual  drill  hole  measurements 
and/or  surface  and  subsurface  temperature  mea- 
surement~ for  accurate  interpretation of ter- 

rnafrost  distribution. To better  understand the 
rain/vegetation  associations  related to per- 

interrelationships  among  these  factors  and to 
provide the needed  data; a  series o f  thermistor 
cables were  installed  in  drill  hole3  on  natural, 
undisturbed  sites  within the Caribou-Poker 
Creeks  Research  Watershed (Fig. 1). 

The  instrumentation  approach  employed  in  this 
study.is unique  because  it  permits  comparison of 
non-permafrost  and  permafrost  surface  and  sub- 
surface  temperature  regimes  in  close  geographic 
proximity,  but  with  different slope, aspect,  el- 
evation,  and  vegetative  cover.  The  resulting 
data  and  analysis  provide  needed  documentation 
and  algorithms  for  a  more  accurate  delineation 
of permafrost  boundaries. 

SITE  DESCRIPTION 

P h v s i c a l _ s a . t i n s  

The  Caribou-Poker  Creeks  Research  Watershed is 

tral  Alaska, 48 km  north of Fairbanks (Fig. 1). 
located  within  the  Yukon-Tanana  Uplands of cen- 

This  portion of the  Uplands  was  not  glaciated 
during  the  Pleistocene  and  consists of rounded, 

65' I 0' 

20' 

Fig. 1. Site  locations  in  Caribou-Poker  Creeks 
Research  Watershed. 

even-topped  ridges  and  hills  with  gentle  side 
slopes'  (Wahrhaftig, 1965). Caribou  and  Poker 
creeks  are  in  generally  flat,  alluvial-floored 
valleys  that  are  up to 400 m  wide.  Elevations 
in  the  watershed  range from approximately 195 m 
at  the  mouth of Poker  Creek  to 826 m on  the 
ridge  at  the far northern  edge of the  watershed. 
Caribou  Peak,  at 7 7 3  m, i s  a  prominent  peak  in 
the  center of the  watershed. 

Interior  Alaska  is  a  region of pronounced  conti- 
nental  climate  characterized  by  large  diurnal 

precipitation,  low  cloudiness,  and  low  humidity. 
and  annual  temperature  variations, low annual 

Primarily  because of its  higher  elevation,  most 
of the watershed i s  warmer  in  winter  and  cooler 

temperatures  within  the  watershed  range  from 
in  summer  than  Fairbanks. Mean annual  air 

- 4 . g ° C , a t  the  valley bottom to - 2 . 9 O C  on  Csribon 
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Peak, w i t h  the  highest  temperature of -1.2OC a t  
s i t e s  on the  south-facing  side of  Caribou  Peak, 
at   intermediate  elevations between the  va,lley 
bottom  and the  peak (Haugen e t   a l . ,   1 9 8 2 ) .  
With in  the  watershed  the  greatest  temperature 
contrasts   are  i n  winter, when t h e  valley  bottoms 
are  beneath  the  regional  air  temperature  inver- 
sion and axe  quite  cold compared t o  the  higher 
s i t e s  above the  inversion  (Bilello,  1974 ;  Haugen 
and Brown, 1978) . 

The Caribou-Poker  Creeks  Research Watershed is 
underlain by rock  of the  Yukon-Tanana Terrane, 
an igneous and metamorphic complex that  extends 
more than 1000 km from east-central  Alaska t o  
the  southern Yukon Ter r i to ry   (Fos t e r   e t   a l . ,  
1973). Within the  watershed  i tself ,   the under- 
lying  rocks  are  quartz-mica  schists,  garnet-mica 
sch is t s ,  and  micaceous quar tz i tes  of the  green 
schist   facies  (Forbes and Weber, 1982)  , w i t h  
quartz-mica  schist  predominating. The rock is 
deeply  weathered t o  >20 m .  

Colluvium derived from the  underlying  weathered 
bedrock is found on the  f lanks of t h e   h i l l s  and 
on valley  slopes.  The colluvium  probably i n -  
cludes some inact ive  sol i f luct ion  deposi ts .  
Soil   creep i s  an  important  ongoing  process  along 
the  north-facing  valley  slopes  of  the  watershed 
(Wu, 1984). A t h i n  cap o f  loess  mantles  the 
area,  b u t  because  the  loess i s  derived from the  
floodplains of streams  draining  areas of the  
same rock type,  there i s  no sharp boundary  be- 
tween the loess and colluvium  derived from the  
weathered sch i s t  below it (Rieger e t  al., 1 9 7 2 ) .  
Much of the   loess   tha t  was present on the  slopes 
has been retransported to the valley  bottoms, 
w i t h  retransported s i l t  fans and aprons  occur- 
r ing  along  the  valley  sides.  These s i l t  de- 
posi ts   are   f rozen and contain  ice-rich  sediments 
and organics (PBwB, 1982') . 
Soi l s  i n  the watershed  are  generally  thin,  
poorly  developed si l t  loams that  contain  varying 
amounts o f  sand or angular  gravel, which is de- 
rived from weathered  bedrock  within a meter or 
so of the   surface.   Rieger   e t   a l .  (1972)  mapped 
seven s o i l   s e r i e s  w i t h i n  the  watershed;  they 
can generally  be  divided  into  permafrost-under- 
l a i n   s o i l s ,  which are  poorly  drained, and per- 
mafrost-free  soils.  Permafrost-underlain soil 

Detailed soils information based on t h e   d r i l l  
s e r i e s   a s  mapped comprise 30% of  the watershed. 

logs i s  avai lable   (Col l ins  and Zenk, i n  prep.)  . 

The vegetation of the  watershed is character is-  
t i c  of t he   i n t e r io r  Alaska upland  boreal  forest 
( t a i g a ) ,  w i t h  black  spruce growing on north-fac- 
ing  slopes and i n  poorly  drained  valley  bottoms. 
Aspen, birch,   a lder ,  and white  spruce  are found 
on well-drained soils, typical ly   located on 
south-facing  slopes.  Variations i n  vegetation 
communities  over short  distances  are  caused by 
var ia t ions i n  slope,  aspect,  drainage,  post-fire 
successional  stage, and  geomorphic processes. 

A large  wildfire  burned  over most of the  water- 
shed  about 1910 .  The varying  intensity of t he  
f i r e  i n  d i f fe ren t   a reas  of the  watershed  has ap- 
parent ly   affected  the  ra te  of succession,  the 
d is t r ibu t ion  of plant  species, and the  composi- 

t i on  of the  vegetation communities now found i n  
the watershed  (Jorgenson e t   a l . ,  i n  p r e s s ) .  

METHODS 

The seven instrumented  s i tes   are  located  along a 

plete  topographic  profile of the watershed  (Fig. 
south-to-north  transect and form an  almost com- 

1). The p r o f i l e   s t a r t s  on a frozen  northeasterly 
facing low-angle slope  near t h e  valley bottom of 
Poker  Creek. I t  then  ascends  the  unfrozen 
south-facinq  slope o f  Caribou Peak. The p ro f i l e  
extends  over  the  top of Caribou Peak and ends on 
the frozen  north-facing  slope. 

thermistors  spaced  along  the  length. Cable 
Instrumentation  consists of cables w i t h  10-16 

the  depth of the  or iginal   borehole .   Dri l l ing 
lengths  range from 4.3  to   12.3 m depending on 

was done i n  the  winter,  and great   care  was taken 
dur ing   dr i l l ing   to  minimize disturbance of the  
natural  ground  cover and t o  clean up a l l   d r i l l  
cut t ings.   After   dr i l l ing,   the   mult ipoint   ther-  
mistor  cables were in s t a l l ed  i n  PVC p ipe   f i l l ed  
wi th   s i l i con   f l u id   t o  minimize convection 
(Osterkamp, 1 9 7 4 ) .  The cables were equipped 
w i t h  long  readout  extensions so t ha t   foo t   t r a f -  

thermistor  installation.  Thermistor  resistance 
f i c  was not  necessary i n  t he   v i c in i ty  o f  the  

measurements were made weekly using a d i g i t a l  
multimeter, - 
Site   character is t ics ,   including d r i l l  hole 
depth,  setting,  slope, and aspec t ,   a re   l i s ted  i n  
Table 1. S i t e  T-1A i s  located i n  the  val ley of 

downstream from the  junction of Caribou and 
lower  Poker Creek, approximately one kilometer 

Poker creeks.   Si te  T-1A is typ ica l  OF a con- 
tinuously  frozen  retransported s i l t  fan, com- 
monly found i n  val leys  of i n t e r io r  Alaska. The 
vegetation  varies from stands of open black 
spruce (-) fores t  (canopy  25-60%) t o  
a black  spruce woodland complex (canopy 10-25%). 
The ground cover  consists of a 45-cm-thick or- 

e n t i r e  1 0 . 4 - m  hole is i n  frozen s i l t .  
ganic mat of Feather mosses and l ichens.  The 

S i t e  y-3 is  located  near  the bottom o f  the  
south-facing  slope o f  Caribou  Peak. The vegeta- 
t ion  consis ts   of  a closed mixed fores t  community 
of black  spruce,  birch ( B e t Y l n . o a D v r i f e r a )  , and 
aspen (- t r P d o i d P S )  and a 24-cm organic 
mat of mosses.  Seventy  centimeters of s i l t  and 
organic si l t  rests d i r ec t ly  on bedrock. 

S i t e s  K-25, K-24, and K-23 a r e   a l l   l o c a t e d  mid- 
slope on the  south  side of  Caribou  Peak. The 
t h r e e   s i t e s   a r e   a l l  w i t h i n  45 m elevation O f  
each  other and have similar  equivalent  lat i tudes 

ta t ion   types .  A l l  t h r e e   s i t e s  have shallow s i l t  
(Table I), but have considerably  different vege- 

soils over  weathered  bedrock. The vegetation  at  
S i t e  K-25 i s  a closed  aspen  forest w i t h  a t h i n  

has a closed  black  spruce  forest w i t h  t r ee s  to 8 
6-cm organic  layer of f o r e s t   l i t t e r .   S i t e  K-24 

m high and a 30-cm-thick mat of mosses. The 
vegetat ion  a t  K-23 consis ts  of a c losed   t a l l -  
shrub  community o f  alder  (-) UP t o  3 
m h igh ,  w i t h  a 10-cm-thick  Organic  mat. 
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Table 1 
Caribou-Poker  Creek Si te   Charac te r i s t ics  

Hole 
Depth Elev 

S i t e  Landform (m) 
Equiv. MAST 

(m) Slope  Aspect  Lat. ("C) 

T-1A Fs 10.8 230 3' 070'  66.24" -1.8 

N - 3  Ns 4 . 6  250 5' 131"  61.65' + 0 . 7  

K-25 NS 1 6 . 2  390 1 2 "  1 9 4 '  53.42' +1.9 

K-23 NS 15.9 435 10 '  177 '  55.71' + 2 . 2  

K-2 NS 4 . 6  770 2' 346'  67.13' - 1 . 0  

K-20A N S  5.3 710 11" 004 '  75.85' -1.3 

Fs - Retransported  Silt  (Frozen) 
Ns - Schist  

S i t e  K-2 is located  near  the summit of Caribou 
Peak, which separates  the  drainages of Poker and 
Caribou  creeks. I t  i s  an area  of open dwarf- 
t ree   sc rub   cons is t ing  of scattered  black  spruce 
less  than 3 m high w i t h  a 15-cm-thick organic 
mat over  very  thin rocky so i l   t ha t   ove r l i e s  
weathered  bedrock. T h i s  s i t e  i s  a t r ans i t i on  
between non-permafrost  areas on the  south  side 
of  Caribou Peak and permafrost-underlain  areas 
on the  north  s ide.  

S i t e  K-20A is located on the  north side of Cari- 
bou Peak, 0 . 4  km north and 60 m below the  sum- 
m i t .  The vegetation  consists of open black 

thick mat of feather  mosses and -. spruce fores t  w i t h  scat tered alder  and an 18-cm- 

Equivalent  lat i tude was calculated  for   each  s i te  
as an  index 06 potent ia l   insolat ion.  The con- 
cept of equivalent  lat i tude was applied by Ding- 
man and Koutz (1974)  to  explain  permafrost-topo- 
graphic  relationships.  Any slope i s  p a r a l l e l   t o  
a horizontal   plane on the   ea r th ' s   su r f ace   a t  
some l a t i t ude  and receives   the same poten t ia l  
inso la t ion   as   tha t   p lane .  The l a t i t ude  o f  t he  
horizontal   plane i s  the  equivalent   la t i tude,  e ' ,  
and  depends on the  incl inat ion and azimuth of 
the  s lope:  

e'- s i n - l ( s ~   cos^ case +  cos^ (1) 

where e i s  the   ac tua l   l a t i tude  -of  the  slope,  K 
i s  the  incl inat ion,  and H i s  the  azimuth. The 
equivalent  lat i tude  for  each  si te i s  l i s t e d  i n  
Table 1. 

GROUND TEMPERATURE  RELATIONSHIPS 

Figure 2 shows the  mean ground temperature a t  
each  level fo r  a l l   s i t e s  w i t h i n  the  watershed, 
representing  averages of a l l   the   temperature  
readings  taken between 1 June 1986 and 31 May 
1987. T h i s  f igure   c lear ly  shows t h a t   s i t e  T-1A 
was continuously  frozen and was the   co ldes t   s i te  

a t  K-2 and K-20A were a l so  found t o  be low i n  
recorded i n  the  watershed. Ground temperatures 

comparison t o  o t h e r   s i t e s  i n  the  watershed. The 

warmest s i t e s  were those  located midslope on the 
south  side of Caribou  Peak.  Overall,  the  high- 
est surface  temperatures were recorded a t   s i t e s  
K-25 and K-23. The nearby s i t e  of K-24 showed a 

pattern  than  the  other two, probably  because of 
considerably lower  average  ground  temperature 

vege ta t ion   d i f fe rences   a t   tha t   s i te .  

The  Mean Annual Surface Temperature (MAST) for  
each s i t e  is l i s t e d   i n  Table 1. We consider  the 
su r face   t o  be the  organic/mineral   soil   inter-  
face.  Under a steady  state  condition,  the mean 
annual  temperature a t  any depth would be a l i n -  
ear  extrapolation o f  the  geothermal  gradient. 
The MAST i s  determined by the  project ion of the 
mean ground temperature  l ine  to  the  surface 
(Lunardini,  1981).  Since  the mean ground tem- 
perature is markedly higher  near  the  surface  at  
several  of t h e   s i t e s   ( F i g . l ) ,  we conclude  the 
steady  state  condition no longer  exists and we 
used  the  actual  rather  than  the  extrapolated 

t '  
1 6 l  

Fig. 2. Average ground and surface  temperatures 
f o r   a l l  s i tes.  
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Equivalent Lati tude 

nual  surface  temperature (MAST) w i t h  equivalent 
Fig. 3 .  Regression  and  correlation of mean  an- 

latitude.  The  curved  lines show the 9 5 %  confi- 
dence  interval  for  true  mean of Y. 

alent  latitude  (Fig. 3 ) .  The coefficient of 9 

surface  temperature fox ouc  comparison to equiv- 

determination  (r2)  for  this  relationship  is 
0.68. Most  of the  MAST  differences  among the 

as K-25, K-24,  and K-23, appear to be  due to 
sites  with  a  similar  equivalent  latitude,  such 

vegetation.  The  black  spruce  and  thick  moss 
cover  of K-24 provides  considerably  more  insula- 
tion  and  shading  compared to the  two  nearby 
sites.  The permafrost/non-permafrost boundary i s  
represented  by  the  intersection o f  the  regres- 
sion  line  with O°C MAST (Fig. 3 )  , which  occurs 
at  approximately 63' equivalent  latitude. 

The MAST at the valley  bottom  site, T-lA, i s  
much  lower  than  at  any  other  site  in the water- 
shed.  Winter  inversions of the  air  temperature 
profile  result  in  sharply  lower  air  temperatures 
at  the  valley  bottom.  This  site  also  has  by  far 
the  thickest  surface  organic  ground  mat ( 4 5  cm). 
The moss (primarily Sgbgum spp . )  tends to have 
a lower  thermal  conductivity  during  the  summer 

the  heat  flux into the ground as  compared to the 
(it  is  driest in June-July), which  would lessen 

other  sites.  Site  differences  in  depth  of  win- 
ter  snow  cover  is  a  third  major  factor,  but  we 
do  not  have  sufficient  data to evaluate  its  ef- 
fect. 

The  only  air  temperatures  available fo r  compari- 

Caribou  Peak  and  -4.5OC  for  Caribou  Creek  valley 
son are  long-term  annual  means of -2.9'C fox 

(Haugen  et  al., 1982). Applying  an  empirical 
equation  developed  for  air  and  ground  surface 
(organic/mineral s o i l  interface)  mean  annual 
temperatures  from  a  Fairbanks to Prudhoe  Bay 
transect  that  includes  the  present  study  area, 
Haugen et  a1.(1983)  found a  regression re- 
lat  ionship  of 

Y = 1 . 2 5  + 0.71X ( 2 )  

where X is the mean  annual  air  temperature  and Y 
is the MAST. The  equation  yields an  estimated 
MAST of -0.8'C for the K-2 ridgetop  site,  and 
-2.2 'C f o r  the T-1A valley  bottom  site,  close to 
the  observed MASTS of -1.0 and -1.8"C fo r  the 
two sites  (Table 1). 

CONCLUSIONS 

The monitoring of surface  and  subsurface  ground  Haugen, R K, Slaughter, C W, HOWF, Ii E & D i n g -  
temperatures  at  seven  drill hole sites  in a  dis-  man, S L ( 1 9 8 2 ) .  
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continuous  permafrost  upland  taiga  environment 
has  provided  documentation of surface and  sub- 
surface  temperatures  for  proximal  permafrost/ 
non-permafrost  regimes.  The  measurements  in- 
dicate  a  strong  relationship  between  permafrost 
distribution  and  several  environmental  parame- 
ters;  slope  arientation  and  aspect  (character- 
ized  by  equivalent  latitude  computations),  ele- 
vation  and  related  winter  air  temperature  inver- 

the most  important ones.  The  equivalent  lati- 
sions,  and  vegetation  associations  appear to be 

boundary  at 63', and  an  empirically  derived  mean 
tude  analysis  yields  a permafrost/non-permafrost 

annual  air  and  surface  temperature  equation from 
previous  work  agrees  closely  with  the  present 

highest  (Caribou  Peak)  and  lowest  (Caribou  Creek 
ground  surface  temperature  observations  at  the 

valley)  sites.  This  analysis  of  slope  equiva- 
Lent  Latitude,  elevation-air  temperature  rela- 
tionships,  and  vegetation  associations  has  pro- 
vided  documentation  and  algorithms to permit a 
more  accurate  delineation  of  permafrost  boundary 
areas in  an  upland  taiga  environment. 
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THAWING IN PERMAFROST - SIMULATION AND VERIFICATION 
M. Yavuz Corapcioglu and S. Panday 

Department of Civil and Environmental Engineering, Washington State University, 
Pullman, WA 99164-3001, USA 

S!mOPSIS  Governing  equations  of  thawing  permafrost  are  developed  for  an  unsaturated  frozen 
Porous  medium,  to  predict  the  extent  and  rate of thawing.  These  are  comprised of the  conservation 
of  mass  equations  for  the  unfrozen  water,  the  melting  ice,  and  the  deforming  porous  medium, as well 
as  an  energy  conservation  equation  for  the  entire  system.  Solution  is  achieved  by  discretizing 
these  equations  using  the  Crank-Nicolson  scheme.  Results  are  compared  with  laboratory  experiments 
conducted  at  CRREL.  Excellent  match is noticed  between  observed  and  simulated  temperature  and  pore 
Pressure  profiles, as well  a$  settlement  rates. 

INTRODUCTION 

Permafrost  is  any  rock or soil  material  that  has 
remained  below  the  freezing  temperature  of  water 
continuously  for  two or more  years.  Being  a 
delicately  balanced  thermal  phenomenon, 
permafrost  heals  very  slowly  when  damaged,  if 
ever.  Thawing  of  permafrost  with  subsequent 
surface  subsidence  under  unheated  structures 

ground subsidence under  heated structures  are 
such  as roads,  air fields  and railroads  and 

two  main  types of permafrost  related  problems. 
The  rate  and  extent of degradation  are  a  few of 
the  important  considerations in geotechnical 
engineering  in  arctic  and  subartic  regions. 
This  can  be  predicted  by  use  of  a  mathematical 
model  designed to simulate  the  physical  system 
under  consideration in a simplified  but  rigorous 
way.  The  predictive  ability of such  methods is 
based on identification  and  quantification  of 
the  significant  physical  phenomena  operative 
therein,  and  upon  construction o f  mathematical 
representations  to  describe  these  phenomena. 

The  works  by  Tsytovich  and  co-workers  appear  to 
be  the first studies on this  subject  (e.g., 
Tsytovich  et  al., 1966). A one-dimenslonal 
study  of  permafrost  thaw  and  settlement  was 

o f  them  approached the  problem from a simplistic 
later  investigated by  various researchers.  Some 

and  practical  point  of view (e-g., Brown  and 
Johnston, 1970), while others  preferred  a  more 
theoretical  approach. Morgenstern  and  Nixon 

the  theory  of consolidation. 
(1971) formulated thaw  settlement  in  terms  of 

Nixon  and 
Morgenstern (1973) later  extended  their  study  to 
incorporate  arbitrary  movements  of  the  thaw 
line,  including a nonlinear  compressibility 
relation. 

There  are  also  various  studies  to  simulate  the 
coupled  mass  and  heat  transport  in  a  freezing 
deformable  soil  system  in  addition  to  studies 
for  rigid  porous  media.  Studies  on  deformable 
media  include  the  works of Sheppard et al., 
(1978), and  Sykes  et al., (1974). Bear  and 
Corapcioglu (1981) developed a mathematical 
model €or fluid  pressure,  temperature,  and  Land 

subsidence  due to temperature  and  pressure 
changes in a saturated  porous  medium. 
Conservation of mass,  energy  and  equilibrium 
equations  were  developed  and  the  effects o f  
viscous  dissipation  and  compressible  work  have 
been  included  in  the  formulation.  The  effects 
of heat  transfer  by  forced  convection as well  as 
conduction  were  included  in  the  model. 

One  may  summarize  the  limitations of all  current 
models  collectively  by  noting  that  none  deals 
with  soil  mechanics  of  any  complexity, e . g . ,  
with  consolidation,  unsaturated  medium,  frozen 
moLsture (ice) content,  and  none  completely 
couple  the  governing  equations,  e.g., 
equilibrium  equations,  conservation  of  mass 
equations  for  frozen  and  unfrozen  water,  and 
heat  balance  equation.  This  study  presents  a 
mathematical  model  which  includes  coupled 
transport  equations to obtain  the  governing 
equation of thaw  of  a  partially  frozen  porous 
medium  based  on  concepts  developed  by 
Corapcioglu (1983). A numerical  solution  scheme 
5’s applied  to  solve  thg  model  and  comparison  of 
these  results  with  experimental  values  obtained 
at  the  CRREL  (Guymon  et  al., 1985), is 
presented. A more  detailed  treatment  of  the 
subject  is  given  by  Corapcioglu  and  Panday 
(1988) and  Panday  and  Corapcioglu (1988). 

GOVERNING EQUATIONS 

The  Unfrozen  Water  Flow  Equation 
Thaw  subsidence of partially  frozen  unsaturated 
soils  is  a  complex  phenomenon. At a  macroscopic 
level,  there  exist  four  distinct  phases  (soil 
solids,  ice,  water,  and air) within  any 
representative  elementary  volume of the  sol1 
system.  Due  to  an  increase  of  temperature,  the 
ice  within  the  soil  system  starts  melting,  thus 
creating a two-fold  effect.  First,  due  to 

pressure  decreases,  leading  to  an  increase  in 
thawing  and  associated  drainage,  the  pore  water 

deformations. 
effective  stresses  on  the  soil  grains,  causing 

Furthermore,  thaw  settlement 
occurs  due  to a volume  change  in  the  melting 
ice.  The soil air  is  assumed  to  remain  at 
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atmospheric  pressure,  thus  neglecting 
conservation of mass  equation for air  during  the 
formulation.  The  solid  phases,  ice  and  soil 
grains  are  assumed to be  incompressible 
individually;  however,  the  soil  matrix as a 
whole  deforms.  We  assume  that  ice  moves  with 
the  velocity  of  the  soil  particles  which  is  the 
rate  of  deformation.  Changes  in  the  volumetric 
contents  of  the phases due to mass  transfer 
(e.g.,  evaporation,  sublimation,  condensation) 
other  than  melting  and  freezing are assumed  to 
be  negligible. 

A macroscopic  conservation of mass  equation  can 
be  written  for  each  phase  in  the  medium.  The 
three-dimensional  conservation of mass  equation 
for  the  unfrozen  water  phase  is  given  by 

The  reader  is  referred  to  Appendix A for a 
definition of symbols.  For  a  deforming  porous 
medium,  the  specific  discharge  of  water  relative 
to  the  moving  solid  is  expressed  by  a  modified 
Darcy s law. 

where  the  flow  is  induced  by  potential  as  well 
as  thermal  gradients.  Assuming  that  the  solid 
grains  are  incompressible,  the  equation  of  solid 
mass conservation.can be  expressed  as 

Relating  the  volumetric  strain  rate  to the 
velocity of moving  solids,  and  employing  the 
concept of material  derivatives  with  respect  to 
moving  solids  the  insertion of (2) and ( 3 )  into 
(1) yields 

where  the  water is assumed  to  be  incompressible 
under  pressure  and  temperature  conditions 
existing  in  permafrost  soils  and  the  material 
derivatives  are  replaced by partial  ones  by 
assuming  a  negligible  convective  component. 
Following  Bear,  Corapcioglu,  and  Balakrishna 
(1984) a modified  relation  between  total 
stresses,  effective  stress, and pore  pressures 
for  an  unsaturated  porous  medium is 

The  strains  are a function of the  effect 
stresses,  and of temperature 
[i.e., E = E (z',T)J and  one can write 

( 5 )  

ive 

with  the  assumption of a constant  total  stress, 
and  for  one-dimensional  (vertical) consoli- 
dation). 

The  degree  of  unfrozen  water  saturation  Sw is a 
function  of  the  pore  water  pressure, p,  and 
,temperature, T. Under  isothermal  conditions, 
the  relation  between  Sw  and p,  is  given  by  the 
moisture  retention  curve  [Sw = S,(p)l. The 
phase  composition of water  in  the  frozen  soil 

content of unfrozen  water remaining at  a  given 
represents the  variation of the volumetric 

temperature  below  freezing.  These  two  curves 
can  be  plotted  simultaneously  in  three- 
dimensional  space (Ow, p,  and T )  to  obtain  the 
surface  illustrated  In  Figure 1. Thus,  this 
surface  can  be  represented as O w  = ow(p,T) = 
n[Swl(~).Sw2(T)I 

And,  we  can  write 

where  the slopes 5 and ST can be obtained  from 
the  surface genera!ed in  Fig. 1. We  can  also 
express  the  amount of ice mass on this surface. 
For example  the i c e  mass  at  point D is  equal  to 
the  mass  of  water at point A minus  the  mass of 
water  at  point D. Note  that  point A is  on  the 

volumetric  ice  fraction, e i  can be calculated  as 
ow vs.  p  plane, i . e . ,  T = OOC. So the 

neglect  any  mass  transfer into the  air  phase 
e i  = n(Pf/  pi) swl(P) [l - Swl(T)I  where  we 

from  the  water  or  the  ice phase (i*e., 
condensation,  vaporization,  and sublimation). 
Plotting this variation  of  ice content  with 
pressure  and  temperature, as in Figure 2, the 

written  as 
temporal  variation of ice  content Bi can  be 

where  the  slopes 41, and S ~ T ,  can be  obtained 
from  the  surface  generated  in Flg. 2. The  phase 
composition  curve,  like  the  retention  curve, 
experiences  hysteresis  during  the  freezing  and 
thawing  cycles  (Roopmans  and  Miller, 19661, but 
this  effect  has  been  neglected.  These  curves 
have  been  obtained  at a constant  porosity  under 
equilibrium  conditions.  However,  the  use of 
such  equilibrium  curves  in  studies  involving 
transient  flow  problems  in  unsaturated  soils, 
especially  in  slow-varying  problems  like  thaw- 
consolidation, i s  a valid  procedure. 

The  Conservation of  Mass Equation  for  Ice 
The  conservation of mass  equation  for  the 
melting i c e  in a porous  medium  is  given by 
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It  is  assumed  here  that  ice  moves  with  the same 
velocity  as  the  solid soil particles.  With  the 
assumption  that  the  density of ice, p a ,  remains 
constant,  and  using  the  definition o# strains, 
replacing  material  derivatives  by  partial  ones, 
and  inserting ( 6 )  and (7) for  partial 
derivatives  into (9) we  obtain 

4 IoiciT + p i e i  [papET + uT]l - aT 
a t  

for a  one-dimensional  expansion,  where X i h t  
has  been  expressed by ( 8 ) .  The  unfrozen  water 
flow  equation  can  finally  be  completed  by  again 
expanding  and  substituting ( 6 )  and (7) in ( 4 ) ,  
to  obtain 

Calculating  the  heat  capacity  of  the  total 
matrix,  as  the sum of the  heat  capacities  times 
the  volumetric  contents  of  the  individual 
phases,  replacing  terms  involving  rate  of  change 
of mass  of  unfrozen  water  and  ice by (1) and 
(9). respectively,  and  using (2) for  the  flow 
rate  yields,  after  manipulations 

expressed  in a vertical  one-dimension  where  the 
energy  conservation  equation 

saturation  relationships o f  ( 6 ) !  and ( 7 )  have 
been  used  to  express  the  equatlon  in  terms  of 
the  primary  variables p, and T, and  coupling  is 
done  to (10) through  the  rate of melting  term 
Ra 

for  a  vertical  one-dimensional  column, where 
coupling  has  been  achieved  through  the  Ra  term 
to (101, and gr is  expressed by ( 2 ) .  

Conservation o f  Enerw Equation 
The  macroscopic  energy  conservation  equation for 
a  saturated  porous  medium  was  developed  by  Bear 
and  Corapcioglu  (1981)  starting  from  microscopic 
considerations  and  deriving  the  macroscopic  one 
by  averaging  the  former  over  a  representative 
elementary  volume of the  porous  medium. It is 
assumed  that  the  thermal  resistance  between 
water  and  soil  particles i s  small,  hence,  local 
water  and  matrix  temperatures  are  equal. A 
modification  of  Bear  and  Corapcioglu's (1981) 
equation  to  incorporate  the  phase  change due to 
melting  in  an  unsaturated  thawing  deformable 
porous  medium  would  give 

MATERIAL PARAMETERS 

For  solution  to  the  system of equations 
developed  above,  one  needs  the hydraulic  and 
thermal  parameters o f  the soil  system. 

As, and  the  latent  heat of fukion, L, can  be 
assumed  to  be  constants  within  the  pressure  and 

others  will  be  pressure  and  temperature 
temperature  limits  under  consideration,  while 

dependent  (e.g., K, and h o ) .  

The  hydraulic  conductivity  of  an  unsaturated, 
unfrozen  porous  medium  is a function of the 
liquid  water  content [K = K( 6 w)]. For the 
frozen  zone,  ice  occupies  part of the  pore 
spaces,  and  an  impedance  factor is introduced  to 
the  hydraulic  conductivity  (Taylor  and  Luthin, 
1978) in  the  freezing  zone,  which  is  a  function 
of  the i c e  content.  Thus  the  hydraulic 
conductivity  in  the  frozen  zone  is  calculated  as 

Properties like %, Pi, P , P, cV, c,, Xi, if, 

a E  
a t  

(12) 
(1-n)] Ty - = 0 

The  first  term of (12) is  the  rate  of  change of 
the  total  heat  content.  The  second  term 
represents  the  rate of heat  production  due  to 
melting,  The  third  term  represents  convective 
heat flow, the  fourth  term  is  a  Fourier  heat 
conduction  law,  and  the  last  two  terms  repi-esent 
internal  energy  increase  due  to  viscous 
dissipation,  and  compression,  respectively. 

The  compressibility  coefficient  due to thermal 
changes, a is  a  parameter  which  can  be 
determined  Tiom  the  thaw  settlement  parameter, 

k l y  saturated  medium,  the  thaw  settlement 
For complete  thawing  of  a  fully  frozen, 

parameter A, as  defined by Sykes  et  al. (1974) 
represents  the  thaw  settlement  due  to  the  volume 
change  of  ice  on  melting  and  release  of  pore 
water.  Watson  et  al. (1973) have  performed 
experiments  to  determine  the  value A,, 

Assuming  that for a  partially  frozen,  partially 
saturated  medium  the  strain  due  to  melting  at 
constant  pressure,  is  proportional to A. with 
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the  prbportionality  constant as the  ratio of 
change  of  ice  content  to  Initial  porosity,  n , 
(note  that  this  ratio  will  equal  unity  when &e 
fully  saturated  frozen  soil  totally  melts),  we 
get q as 

*o 3% A, 
'T = = 'iT (15) 

NUMERICAL RESULTS AND DISCUSSION 

Equations (11) and (13) are  approximated  in 
their  finite  difference  form,  using  the  Crank- 
Nicolson  scheme.  An  iterative  successive 
solution  scheme  solves  for  p  and T within  the 
solution  domain,  until  convergence  is  achieved 

generated  by  (11)  and (13) are solved  using 
at  each  time  step.  The  tridiagonal  matrices 

Thomas'  Algorithm.  At  each  iteration  level.,  the 
values of the  non-linear  parameters  are  updated. 

The  initial  conditions on p  and T are  provided 
throughout  the  length of the  column.  The  toF 
boundary  condition  for  pressure is of 'the second 
kind  (prescribed  flux  boundary  condition).  The 
bottom  boundary  condition i s  a water  table,  and 
hence, is a  first  kind  boundary,  with zero pore- 
pressure. 

The  simulation  was  conducted on a vertical  one- 
meter  partially  frozen  soil  column,  for a period 
of 12 days. The objective  was to simulate 
results of  experimental  tests  conducted  at CRREL 
(Guynom  et  al.,  1985) so initial  and  boundary 
conditions  are as provided by them. A water 
table  condition  exists  at a depth o f  90 cm. 
Simulated  variations of Sw, p,  and T along the 
depth of the  column  are  shown  in  Figures 3 ,  4 ,  
and  5, for a 1, 4,  6 ,  and  12-day  period.  Figure 
3 shows the  saturation  profile  at 1, 4 ,  6 ,  and 
12  day  periods. It portrays  the  increase  in 
saturation  occurring  due  to  the  melting Q €  ice. 
from  the  first to the  sixth  day,  within  the 
frozen  zone.  Above  the  frozen  zone,  the 
accumulation of water  increases  in  time  due to 

By  the  12th day,  all  the  ice has  melted  and  the 
the  relative impermeability of the  frozen zone. 

saturation  starts  decreasing  again  due to 
vertical  drainage.  Figure 6 showr  how  the 
settlement  of  the  soil column proceeds in time. 
It  also  compares  this  with  the  settlement  curve 
as  obtained  in  the  laboratory  by  Guymon  et  al. 
(1985).  MQSt  of  the  settlement  occurring is 
thaw  settlement  due  to  ice  melting,  with  vary 
little  Terzaghi  consolidation  due to drainage. 
After  all  the  ice  melts,  consolidation  is very 
slow as  can  be  seen  from  the  decrease in slope 
that  occurs  at the section of the  graph  after 
approximately 7.1 days  (i.e.,  the  time  it  takes 
for  the  ice to melt  completely.)  Figures 4 and 
5 compare  numerical  results  for  p,  and T 
profiles  with  those  obtained  from  a  laboratory 
soil column  experiment  of  Guymon et al. (1985) 
conducted at CRREL. The  agreement  of  the 
results  is  very  good. 

Summary  and  Conclusions 
A mathematical  model  describing  the  cwnditions 

liquid  water,  frozen  water  (ice),  soil  grains, 
conservation of energy  equation.  and  fundamental 
definitions of stress  and  strain. The soil  air 
i s  assumed to be at the  atmospheric  pressures. 
In most  studies  reported  in  the  literature,  the 
effect of air flow i s  neglected.  In  fact, as 
the  unfrozen  water  migrates  down, a ir  escapes 
through  the  upper  boundary.  In  this  case,  it  is 
possible  that  the  pressure  of  the  air  phase 
might  differ  from  the  atmospheric  pressure  due 
to  trapped air bubbles.  However,  in  unsaturated 
partially  frozen soils,  Fuchs  et a l .  (1978) 
report  that  vapor  phase  contributes 
insignificantly  to  transport  phenomena  thus 
justifying  the  assumption  of  atmospheric  air 
pressure.  The  water,  soil  grains, and ice  have 
been  assumed  to  be  incompressible.  Specific 
retention  and  phase  composition  curves,  which 
are  abtained  under  equilibrium  conditions,  have 
been  utilized  and  their  involvement  in  slow- 
varying  problems  such  as  this  one  is  justified. 
The  material  coefficients of the  model  involved 
in the  solution and their  relation to the 
cbnditions  existing  within  the  soil  are  also 
presented  briefly.  During  consolid&tion,  it is 
assumed  that  there  is  no  relative  slip  between 
the soil  and  ice  particles, and that  they 
compress  as  one,  moving  with  the  same  velocity. 
Also,  the  local  acceleration  term o f  the  total 
derivative  is  much  larger  than  the  convective 
part  and so total  derivatives  are  replaced  by 
partial  ones. In the  case  of  thaw 
consolidation, we deal  with  small  spatial 
gradients  and/or  negligibly  small  velocities  due 
to the nature  of  the  phenomenon. 

The  results  of  the  simulation  were  encouraging. 
The soil column  under  consideration  thawed 
completely  in  about  seven  days.  the  simulation, 
over  a  12-day  period  produced a settlement  of 
about 1.8 cm, most of which  was  produced  by  thaw 
settlement.  Terzaghi  consolidation  continued 
after  all  the  ice  had  melted,  but  this  rate  of 
settlement  wag  extremely  slow.  Pore  pressure 
and  temperature  profilea,  as  well  as the 
settlement  rate,  when  compared  with  experimental 
results  showed  close  agreement. 
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SYNOPSIS Snow-ground temperatures have been intensively monitored at an upland tundra site 
and an open woodland site near Schefferville, Northern Quebec. The upland site is underlain by 
permafrost while the woodland site i s  affected only by seasonal frost. The aim of the study is to 
develop a better understanding of the differences in thermal regime between the two sites in 
particular, and of regional variations in thermal regime of the Schefferville area in  general. The 
present paper represents a preliminary analysis of the data sets. Interface temperatures beneath 
and between trees in the woodland are compared to similar measurements on the alpine tundra. The 
results indicate the sreat comDlexitv of  the role of the snowcover in the ground temperature regime 
near Schefferville. 

INTRODUCTION 

The snowcover has long been recognised as one 
of the main factors controlling the spatial 
distribution of permafrost in the 
Schefferville area (Bonnlander and Major- 
Marothy, 1964; Annersten, 1966; Thom, 1969; 
Nicholson and Granberg, 1973; Granberg, 1973; 
this volume; Nicholson, 1976:  1978a:  1978b). 
Despite many studies of the relationship 
between snowcover and ground temperatures 
(Bilello et al., 1970, 1972; Cary et aL., 
1978; Filion and Payette, 2978; Goodrich, 
1982; Singh et al., 1984) the details of the 
spatial and temporal variations in temperature 
at the snow-ground interface remain poorly 
understood. 

This interface is the scene of much biological 
activity during the winter and its thermal 
regime is crucial to the survival of both 
plant and animal life.  Of particular 
importance in the present context is the 
controlling influence that spatial and tempo- 
ral variations in interface temperature have 
on the ground temperature field. The present 
field study was undertaken for the purpose o f  
developing a better understanding o f  the 
thermal regime at the snow-ground interface 
and also to provide baseline data for the 
development of ground temperature simulations 
routines within a Digital Geographic Perma- 
frost Information System (EPIS) (Granberg, 
this volume) . 
STUDY AREA AND METHOD 

The instrumentation for this study has been 
described in greater detail by Desrochers and 
Granberg (1986a; 198633). Two sites were 
selected f o r  this  study; AT-2 in alpine tundra 
(54'51'N, 67"01'W 685 m a.s.1.) and SC-1 in 
open woodland (54"48'N,  66"49'W  514 m a.s.1.). 
The former site (Figure 1) was also used by 
Wright (1983) in a study of the hydrology of 
alpine tundra areas near Schefferville. Its 
main vegetation component is a cover of lichen 

with dwarf-birch (Betula glandulosa) which 
have been snow-abraded to heights less than 
the local depth of snow during the coldest 
part of the winter (Granberg, 1972). Stunted, 
procumbent spruce occur sparsely in wind- 
sheltered parts of the terrain while ridge- 
crests remain largely vegetation-free, often 
with a  thin cover of coarse gravel and  pebbles. 
The instrumentation for  this site was 
installed in the summer of 1986. 

The latter site (Figure 2) was instrumented in 
the fall of 1985. It is located in a typical 
lichen woodland as described by Hare (1959). 
The dominant tree species in this forest are 
black spruce (Picea mariana) and larch (Larix 
laricina) ranging up to 12 m in height and a 

The underbrush consists of dwarf-birch (Betula 
crown cover density ranging from a-20 per cent. 

glandulosa) and labrador tea (Ledum 
groenlandicum) usually less than 1  m high. A 

species of the genus Cladina) with patches of 
4-9 cm thick lichen mat (dominated by the 

sphagnum moss cover the surface. 

The differences in snowcover regime between 
alpine tundra and woodlands near Schefferville 
have been discussed in detail by Granberg 
(1972; 1973). The two sites experience very 
different snowcovers as  a result o f  redistri- 
bution of snow by  wind. This generates a snow- 
cover of high density which is  very variable 
in depth both spatially and temporally. In  the 
woodlands, the snowcover is deep and of low 
density as it is protected from  wind erosion 
by the trees. 

Figures 3a and 3b show the instrumentation at 
the  two sites. Ground temperatures were 
measured at depths of 0.5-10 m at thirteen 
locations on the tundra site (AT-l), and at 
depths of 0.5-1.0 m at six locations on the 
woodland site (SC-1). Snow-ground interface 

the mineral soil) at intervals of 12.5 m along 
temperatures were measured (at the surface of 

the four  traverses at AT-1 and at intervals of 
1 m along the s i x  traverses at SC-1. Snow tem- 
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Fig.3 Maps and instrumentation of AT-1 and SC-1 near Schefferville. 

peratures were monitored at levels varying intervals at both sites and all remaining 
from 0.5-90.0 cm above the surface at five sensors were scanned at four hour intervals 
locations at AT-1 and at nine locations at SC-1. using datalogging systems. Intermittently, 

soil moisture profiles were monitored using a 
Air temperature, relative humidity, wind speed, neutron probe in two access holes (1.75 m) at 
global and reflected solar radiation, and AT-1 and one access hole (1.0 m) at SC-1. 
ground heat flux were monitored at hourly 
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On several occasions detailed grid surveys 
were made of temperature profiles through the 
snowcover. A set of temperature probes of low 
heat capacity (Granberg, 1984) were used  in a 
portable mode to obtain 100 or more detailed 
temperature profiles through the snowcover on 
regular grids of 1 m spacing. 

RESULTS 

Woodland Snow Temperatures 

In the forest, interception of snowfall by 
trees causes spatial variations in snow depth. 
Cavities also develop around tree branches 
near the ground. Free convection through these 
cavities may cause appreciable cooling locally. 
The spatial variations in ground temperature 
reflect spatial variations in the resistance 
to heat flow offered by the snowcover. They 
may also, to some extent, reflect microscale 
spatial variations in the summertime surface 
energy balance as a result of shading by 
trees, microscale variations in view factors 
(Reifsnyder and Lull, 1965), and local 
variations in turbulent fluxes. 

The spatial variations in resistance to heat 
flow are largest in early winter when the 

snowcover is  shallow. These variations also 
decrease with increasing snow depth.  In 
general, the lowest interface temperatures 
occur early in the winter beneath trees  while 
in open areas between trees, the interface 
temperatures are markedly warmer (Figure 4). 
The temperatures shown in this figure are from 

and SS4 (forest opening), respectively. The 
snow -temperature sensors SS1 (beneath a tree) 

two sensors indicate little or no diurnal 
variation in the interface temperature 
throughout the winter. This demonstrates the 
excellent insulating properties of the low- 
density snowcover in the forest. 

Figures 5a and 5b show the spatial variations 
in snow depth and snow-ground interface tempe- 
tures respectively, measured by probes on 
February 21, 1985. A close relationship 
between snow depths and temperature patterns 
is apparent. Extreme minimum temperatures 
ranged from -3.0 to -12.7"C and maximum tempe- 
tures were all near to o'c. 

In temperature profiles from the February 
survey (Figure 6) the complexity of the heat 
exchanges through the woodland snowcover is 
apparent. In the afternoon when the survey was 
made, the range in interface temperature was 
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Fig.5 Spatial variations in snow depth (upper 
diagram) and snow-ground interface temperatu- 
res (lower diagram) near X-1. 

approximately 6 ' C .  At the uppermost measure- 
ment level, the temperature range was approxi- 
mately 3°C. While these differences arise 
partly from the variations in snow depth, part 
of the variations are probably related to 
effects of internal absorption of solar 
radiation by the snowcover itself and by 
vegetation in the snow. The variations may 
also be related to spatial variations in the 
effective thermal properties of the snow 
caused by, for example, convective heat 
exchanges along least-resistance paths 
associated with vegetation buried in the snow. 

Tundra Snow Temperatures 

At  AT-1 the thermal regime of the snow-ground 
interface is entirely different from that in 
the woodlands. Figure 7 is a plot of tempera- 
tures measured along one snow-ground interface 
temperature traverse. One of the sensors is 

while the other sensors are in shallow snow 
in a location o f  fairly deep snow (10-20 cm) 

from early November to late April with some 
(up to 10 cm). The plot covers the period 

omissions due to equipment failure in very 
cold weather conditions. 

There are large differences in snow-ground 
interface temperatures between areas of 
shallow and deep snow.  In shallow snow or 
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Fig.6 Snow temperature profiles near Sc-1. 
The snow-ground interface is taken as depth 0. 

snow-free conditions, the interface tempera- 
tures  tend to closely follow the air tempera- 
ture fluctuations during the mid-winter period. 
However, as solar radiation levels increase 
from mid-winter on, the interface temperatures 
rise to several degrees above the air tempera- 
tures in the daytime. The nocturnal temperatu- 
res vary less from the a i r  temperature and 
also vary less between the different shallow 
snow sites. 

Near day 8 0  there is a cross-over such that 
the interface temperatures in shallow snow or 
snow-free areas become warmer than areas o f  
deeper snow. On day 85, j u s t  at the start of 
a period of snowfall, the shallow snow inter- 
face temperatures reach melting temperatures. 
Insulation of the surface by new snow causes 
the interface temperatures to drop sharply, 
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Fig.7 Plot of all snow-ground interface temperatures along a traverse at AT-1 (lower graph) and 
air temperature (upper graph). 

indicating that the ground i s  still very cold 
closely beneath its surface. 

On day 91 as warm air temperatures return, 
percolation o f  meltwater to the snow-ground 
interface bring all interface temperatures to 
the melting point, including the site with 
deeper snow. Effects of the cold ground below 
are apparent, particularly around day 100-105. 
By now, the snow depth at the site of deeper 
snow has been reduced significantly as indica- 
ted by the increased diurnal variations in 
interface temperature. 

DISCUSSION 

Comparing the data from the  two sites, it is 
quite apparent why permafrost exists at the 
tundra site while not at the forested sites at 

Scheffewille. In very general terms, the 
absence of the snowcover allows the ground 
surface temperatures to follow the air temp- 
eratures throughout the season.  In an area 
where the average air temperature is below 

beneath those parts of the terrain that remain 
O'C, permafrost may  be expected to develop 

snow-free through the winter. The snow-ground 

also give an indication of the great complexi- 
interface temperatures presented in this paper 

ty  of heat transfers through the snowcover. 
The temporal variability in snow depths due to 
redistribution of the snowcover on the tundra 
complicate heat flow calculations. Similarly, 
cavities beneath thin parts of the tundra 
snowcover are important to the thermal regime 
of the interface. fn the woodlands, the 
interface temperatures vary  in response to 
snow depths but also in relation to view 
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factors, shading and local variations in the 
effective thermal properties of the snowcover 
as influenced by the presence of vegetation. 

The present study forms a part of a comprehen- 
sive data collection program of which the aim 
i s  to obtain a different perspective on the 
influence of the seasonal snowcover on perma- 
frost distribution. The snow-ground interface 
data will enable comparison of simulated 
ground temperature conditions with observed 
ground temperatures. We hope in this way to 
eventually develop the capability of spatially 
simulating grouna temperature variations using 
weather and snowcover data as inputs to  the 
GPIS. 

CONCLUSION 

This paper illustrates the great complexity of 
heat transfer through forest and tundra snow- 
covers at Schefferville. A wide range of 
factors complicates the simple relationship 
between snow depth and ground temperatures 
that has been used in permafrost prediction at 
Schefferville. The present findings do not 
necessarily render these simple relationships 

tive on the role of the seasonal snowcover in 
invalid. However, they do open a new perspec- 

distribution of permafrost at Schefferville. 
controlling ground temperature and the spatial 
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A LONG-TERM  PERMAFROST AND CLIMATE MONITORING 
PROGRAM IN NORTHERN CANADA 
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1 Abstract 

Four locat ions  in   Northern Canada were i n s t m e n t e d  
t o  monitor  ground  temperatures  and  meteorological 
parameters on an  hourly to daily  frequency. Tbe 
loca t ions   chosen   a re   shmn  on   F ig .  I. The i n t e n t  i s  

of  about  10 years   for  u s e   i n  t h e   a n a l y s i s  of climate- 
t o  develop a research  d a t a s e t  extending  over a period 

permafrost   re la t ionships   and  t rend  analysis .  The Mayo 
and   Church i l l   s i t e s   a r e   l oca t ed   nea r   r ep resen ta t ive  
meteoro logica l   s ta t ions ,  and the re fo re  have  minimal 
o n - s i t e   i n s t m e n t a t i o n .   P a r a m e t e r s  measured include 
s o i l   t a n p e r a t u r e s ,   p r e c i p i t a t i o n ,   a i r   t e m p e r a t u r e ,  
r e l a t i v e   h m i d i t y ,  wind speed   and   d i rec t ion ,   so i l  
moisture and snm depth.  Despite  problem  such as 
vanda l im,   equ ipen t   f a i lu re   and   equ ipen t   no i se ,  
the   da ta   co l lec t ion   has   been   genera l ly   successfu l ,  
confirming  that   current   technology  a l lavs   generat ion 
of  high  qual i ty   data   thrmgh  the  use of remote 
systems. A prel iminary  analysis  of data  obtained  from 
t h e s e   s t a t i o n s  i s  presented. 

Location of moni tor ing   s ta t ions  

Fig.  1 

2 In t roduct ion  

The purpose of s e t t i n g  up t h i s  network of s t a t i o n s  
was t o  monitor s o i l  t empera tures   in   the   d i scont inuous  
permafrost  zone of nor thern  Canada a t   l o c a t i o n s  
where representa t ive   meteoro logica l   s ta t ions   could  
be  co-located, i f  such   d id   no t   a l ready   ex is t .  The 
moni tor ing   s ta t ions  were loca ted  in a v a r i e t y  .o f  

access   and   l og i s t i ca l   suppor t  playing a s i g n i f i c a n t  
c l imatological   and  geological  s e t t i n g s ,  w i t h   e a s e  of 

ro l e   w i th   r e spec t   t o   t he   l oca t ions   chosen .  S i tes  were 
se l ec t ed  in u n d i s t u r b e d   a h a s ,   w i t h   t h e   e x c e p t i o n  o f  
the   one   near  Norman Wells, l o c a t e d   a d j a c e n t   t o   t h e  
Norman We 11s-Zama Pipeline.  

3 Stat ion  Locat ions  and  Descr ipt ions 

3.1 Mayo 

Seven thewocables ,  of 5m depth, were i n s t a l l e d   n e a r  
Mayo in July 1985, four of which  appear t o   b e   i n  
permafrost. The si tes a re   l oca t ed   abou t  3 km south  
o f   t h e  t m  o f  Mayo, a t   a n   e l e v a t i o n  of about 605 m 
ASL. Of t he   s even   mon i to r ing   s t a t ions ,   f i ve   a r e  
loca ted   in   f ine-gra ined ,   g lac ic - lacus t r ine   depos i t s  

mater ia l .   Several   act ively  expanding  thermokarst  
and  two a r e   i n  more r e c e n t ,   c o a r s e r   a l l u v i a l  

l a k e s   a r e   f o u n d   i n   t h e   s t u d y   a r e a  (Burn 1982), as 
well as two re t rog res s ive  thaw  slumps (Burn e t   a l .  
1986) 

The dominant t r e e   s p e c i e s  i s  white   spruce,   wi th  some 
paper   b i rch ,   a lder ,  balsam poplar  and willcw. The 
sh rub   l aye r   cons i s t s  of such   spec ies   as   wi ld   rose ,  
a r c t i c   l up ine ,   w i ld   rhuba rb  and  twinflower. The 

moss o r  l ichen. Although the  microclimate a t   t h e  
ground i s  frequently  coveted by a l aye r  of pea t ,  

t he rmocab le   s i t e s  i s  only marginally  represented 
by t h a t  of t h e   c l i m a t e   s t a t i o n ,   t h e   s i t e 8   w e r e   n o t  
me teo ro log ica l ly   i n s tmen ted   due   t o   l ack  of funds. 
Mayo has  a mean annual  temperature  of -3.7'C wi th  a 
s n a v f a l l  o f  1 2 2  cm and a r a i n f a l l   o f  185 mm (E tk in  e t  
a l . ,  1987). 

3 . 2  Normal Wells 

The Norman Wells s i te  was e s t a b l i s h e d   a s   p a r t  of 
t h e  Permafrost and Terraln  Research  and  Monitoring 

Resources Canada (EMR). The s i te  Ls 7 4  !a southeas t  
P r o g r m   ( B u r g e s s   e t   a l . ,  1986) of  Energy,  Mines  and 

of  Norman Wells, 300 m northwest of Canyon Creek  and 
10 m of f   t he   p ipe l ine   c l ea r ing .  I ts  e l eva t ion  i s  
107 m ASL. This   cable  was i n s t a l l e d   i n  1984 t o  a 
depth  of 1 3  m. 

73 



The v e g e t a t i o n   a t   t h e   s i t e  i s  open,  dwarfed,  black 
sp ruce   fo re s t   w i th  some paper  birch  and  an  undergravth 
of   l ichens.  The s i t e  i s  under la in  by  warm permafrost 
(F ig .  11). Since   the   c l imate   s ta t ion  a t  Norman Wells 
i s  only  marginally  representative of the  microcl imate  
a t  Canyon C r e e k ,   t h e   s i t e  was ful ly   instrunented.  A t  

- 6 . 2 - C  with  an  average s n m f a l l  o f  141 cm and r a i n f a l l  
t he   c l ima te  s t a t i o n ,  t h e  mean annual temperature i s  

of  189 mm ( E t k i n   e t   a l . ,   1 9 8 7 ) .  The Canyon Creek s i t e  
t e n d s   t o   c o l l e c t  sncw, due to   t he   l oca l   vege ta t ion ,  
and  comparisons  with s n m  dep ths   a t   t he   c l ima te  
s t a t i o n   s u p p o r t   t h i s .  

I I I I I  

Depth   graphs   i l lus t ra t ing   annual  maximum and minimum 
o b s e r v e d   t e m p e r a t u r e s   a t   t h e   s i t e s   n e a r  Norman Wells, 

Churchi l l   and   Schef ferv i l le .  

Fig. IT 

3 . 3  Churchill  

The C h u r c h i l l   s t a t i o n  i s  loca ted  some 400 m e a s t  of 

Brown of DUR/NRC i n  September 1973. The cab le  is s i t e d  
t h e   a i r p o r t .  T h i s  cab le  was i n s t a l l e d  by Dr. R.J.E.  

in   so l id   Ordovic ian   sands tone   wi th  no overburden 
other   than  shal low  pockets  o f  s o i l   i n   c r a c k s  and 
depress ions  on  the  bedrock  surface.  Large  blocks  of 
sands tone   c rea te  a surface  roughness  which causes  a 
ra ther   uneven   d i s t r ibu t ion   of  s n m  which v a r i e s   w i t h  
t h e  amount o f   s n w f a l l   a n d   t h e  wind  direct ion.  

The c l imate  of t h e   s i t e  I s  well represented by 
t h e   a i r p o r t   c l i m a t e   s t a t i o n .  Only temperature  and 
r e l a t ive   hun id i ty   s enso r s  were ins t a l l ed .  The c l ima te  
i s  l a rge ly   con t ro l l ed  by the  presence of Hudson Bay. 
The mean annual  temperature i s  -7.2'C, wi th   win ter  
snrwfalls  averaging  191 cm a n d   a n n u a l   r a i n f a l l  2 3 3  mm 
( E t k i n   e t   a l . ,   1 9 8 7 ) .  

3 . 4  Schef fe rv i l l e  

Due to  previous  research  conducted by t he   I ron  
Ore Company of Canada (IOC), t he   Sche f fe rv i l l e  
thermocouple   s t r ing  has  a data   record  going back t o  
1962. The M c G i l l  Subarc t ic   Research   S ta t ion   provides  
e x c e l l e n t   l o g i s t i c a l   s u p p o r t .  A sunmary of the  
r e s e a r c h   c a r r i e d   o u t   t h e r e  i s  documented by Granberg 
e t  a l .  (1983). 

The s i t e  I s  l o c a t e d   a b o u t  B km sou thwes t  o f  
S c h e f f e r v i l l e ,  a t  t h e   F e r r i m a n   p e r m a f r o s t  
experimental  site. Its e l eva t ion  i s  593 m ASL. 
Deta i l s   on   the   topographic   and   geologica l   se t t ing  a s  
w e l l  a s  dr i l l   r eco rds   can   be   found  i n  Granberg e t  a l .  
(1983,  1984). The depth  of permafrost  i s  unkncnun, bu t  
i s  probably  greater  than  100 m. The v e g e t a t i o n   a t  
t h e  s i t e  i s  spa r se   and   cons i s t s  of l i chens   w i th  some 
lcw-grmn woody p lan t s   w i th in  a g e n e r a l   s e t t i n g  of 
a lp ine   tundra .  The s i t e   t e n d s   t o  be  cooler,   windier 
and  more  snw-free,   but  with  greater  orographically 
induced   p rec ip i t a t ion   t han   t he   c l ima te   s t a t ion  
l o c a t e d   i n   S c h e f f e r v i l l e .   S c h e f f e r v i l l e   h a s  a mean 
annual  temperature of -4.8'C, a n n u a l   r a i n f a l l  of 
about  400 mm and  sncwfall   of 398 cm ( E t k i n   e t   a l . ,  
1987) * 

4 Instrumentation 

The permafros t   moni tor ing   s ta t ions   a t   Schef ferv i l le ,  
Norman Wells, a n d   C h u r c h i l l   a r e   a l l   e q u i p p e d  
w i t h   C a m p b e l l   S c i e n t i f i c  21X d a t a l o g g e r s ,   a n d  
A m 2  32-channel w l t i p l e x e r s .  At Mayo a Campbell 
S c i e n t i f i c  CR21 data logger  i s  used a t  one of t he  
s i t e s  and a CRlO a t  another.  Campbell S c i e n t i f i c  SM64 

The thennocables a t  Sche f fe rv i l l e   and   Church i l l   a r e  
s o l i d   s t a t e   s t o r a g e  modules a r e   u s e d   t o   s t o r e   d a t a .  

copper-constantan  thermocouples  while  those a t  Norman 
Wells and Mayo employ thermistors.  

O r i g i n a l l y ,   a l l   s t a t i o n s ,   w i t h   t h e   e x c e p t i o n  of 
Mayo, were powered by 32 a lka l ine   E -ce l l   ba t t e r i e s .  
Although  successful ,   th is  method was labour   in tens ive  
and   cos t ly .  A so lar   pane l   and   rechargeable   ba t te r ies  
w e r e   i n s t a l l e d   a t  Norman W e l l s ,   C h u r c h i l l   a n d  
S c h e f f e r v i l l e   i n  August o f  1987. T h e  s t a t i o n s   a t  Mayo 
a r e  powered by s i x   1 2 - v o l t   l a n t e r n   b a t t e r i e s .  

Snow depth  i s  sensed  ultrasonically  (Goodison e t   a l .  
1985). A l l  s enso r s   a r e   o f f - the - she l f ,   excep t   fo r   t he  
thermocables. The da ta loggers   a re   bur ied  in t he  
permafrost   and  covered  with  insulated  environmental  
s h e l t e r s   t o   p r o t e c t  them and t o  keep them in a 
thermally  stable  environment.  A f u l l   d e s c r i p t i o n  of 
t h e   i n s t r u n e n t a t i o n  i s  g i v e n   i n   E t k i n   e t  81. (1987). 
Data i s  recorded  hourly or  da i ly  and co l l ec t ed  
q u a r t e r l y ,   e x c e p t   a t  Mayo where 5 of  t h e  7 c a b l e s   a r e  
read  monthly. 
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5 Preliminary  Analysis 

Temperature  graphs  (depth  and  time-series)  and  the 
c a l c u l a t i o n  of ' d i f fus iv i t i e s '   f rom  the   gene ra l   hea t  
conduction  equation a l l w  for a cha rac t e r i za t ion  
of  the ground  thermal  regime a t  each  s i te .  The 
c a l c u l a t e d   ' d i f f u s i v i t i e s '   a r e   n o t   p r e c i s e l y   t h e r m a l  
d i f f u s i v i t i e s ,   b u t   a r e  augmented by h e a t   t r a n s f e r  
processes  other  than  conduction. It is t he re fo re  
poss ib le   to   ident i fy   cer ta in   non-conduct ive   hea t  
t r a n s f e r s  by c o n s i d e r i n g   t h e   m a g n i t u d e   o f   t h e  
c a l c u l a t e d   ' d i f f u s i v i t y ' .   D e t a i l s  of th i s   t echnique  
a r e   g i v e n   i n   S t o k e r  (1987). 

The Churchi l l   s i te   has   the   mos t   s t ra ight forward   ground 
thermal  regime of the  monitor ing sites. Conduction i s  
vir tual ly   the  only  mechanim of h e a t   r e d i s t r i h t i o n ,  
a s   t h e   s u b s u r f a c e  i s  mass ive   s ands tone .  It  i s  
t h e r e f o r e   p o s s i b l e   t o  € 0 1 1 ~  surface  temperature 
changes  into  the  ground  with  the  expected damping 
and  t ime-lag  effects  (Fig.  111). As a result ground 
tempera tures   exhib i t   ' g rea t   var ia t ion   th roughout   the  
year a s  shown by the  annual  temperature  envelope  (Fig.  
11). Since   the   Churchi l l   da ta  i s  a f fec t ed  by minor 
i n s t n m e n t   n o i s e ,   u s e  of the   genera l   hea t   conduct ion  
equat ion  yielded  poor  results. The technique worked 
w e l l  f o r   t h e   o t h e r  si tes.  

I t  was f o u n d   t h a t   t h e   s o i l   t h e r m a l   r e g i m e s   a t  Mayo a r e  
heavily  influenced by moisture. Even near-surface 
temperatures  are  remarkably  constant and  remain  near 
O'C. whi le   ev idence   for   s t rengthened   conduct ion   ex is t s  
when t h e   s o i l   d r i e s .  The c a l c u l a t e d   ' d i f f u s i v i t i e s '  
indicate   that   f reeze- thaw and  perhaps  evaporation/ 
condensat ion  are  most important in hea t   t r ans fe r s .  

Deeper s o i l  temperatures   tend  to  be a f f ec t ed  by a 
g rea t e r   mob i l i t y  o f  water. 

Mass-heat  flbws  (water) a r e   impor t an t  t o  the  ground 
thermal  regime a t  S c h e f f e r v i l l e ;   l e s s  so from 4 m t o  
6 m where  the  conduction component i s  s t r o n g   ( t h i s  

Near t h e  sur face  rap ld  temperature changes  can 
i s  possibly due t o  a lower mois ture   o r  i c e   c o n t e n t ) .  

occur  (Fig. I V )  and  cryogenic  suction i s  probably 
important. Cold temperatures   penetrate   deeply  as  most 
of t h e   s n w  i s  c a r r i e d  away by wind. 

A t  Norman Wells  conduction  prevails above 4 m and 
b e l w  11 m, where the  subsurface is consol ida ted  
(a l though  above  4 m l a t e n t   h e a t   e f f e c t s   a r e  
s i g n i f i c a n t ) .  Between 4 m and 11 m freeze-thaw  latent 
enerm  exchanges  dominate  the  thermal  regime  and 
c l e a r   s e a s o n a l   p a t t e r n s  in t he   ca l cu la t ed   va lues  
can.  be  identified.  Fig. V i l l u s t r a t e s   t h e  1 m soil 
t empera ture   response   to   changes   in   a i r   t empera ture .  

The thermal  regimes a t  Mayo and   Schef ferv i l le   a re  
influenced by moving w a t e r ,   w h i l e   l a t e n t   h e a t   e f f e c t s  
a t  Norman Wells  hold  temperatures  near  freezing. 
Figure I1 shms   t he   annua l   t empera tu re   enve lopes   fo r  
Sche f fe rv i l l e ,   Church i l l   and  Norman Wells. 

6 Conclusions , 

Good qual i ty ,   h igh  f requency,   longterm  ground 
temperature  and  meteorological  data  can  be  obtained 
a t  remote s i t e s  through  the  use of o f f - t h e s h e l f  
data  acquisit ion  systens.   These  independent  systems 
can   ope ra t e   t yp ica l ly   fo r  4 t o  6 months without 
servicing. Such d a t a  sets can  provide a va luable  t o o l  
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for t h e   a n a l y s i s  of  permafrost-climate  relationships 
and t rend  analysis .   Prel iminary  analysis  of t he  
ground  thermal  regimes would suggest   that   permafrost  
t e m p e r a t u r e s   a t   t h e   S c h e f f e r v i l l e ,  Mayo and 
pa r t i cu la r ly  Noman  Wells s i r e s  w i l l  not  respond 
r ap id ly   t o  a climate  change,  Churghill would  be a 
s e n s i t i v e   i n d i c a t o r  of a changing  climate. 
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PERMAFROST-CLIMATIC CHARACTERISTICS OF DIFFERENT CLASSES 
M.K. Gavrilowa 

Permafrost  Institute,  Siberian  Branch of the U.S.S.R. Academy of Sciences, Yakutsk, U.S.S.R. 

SYNOPSIS $'or each  class of the  climate-permafrost  relationship,  we  give  generalized 
quantitative  examples of permafrost-climatic  characteristics  according  to  the  freezing and 
thawing  Beasons as well as the year. These  data  include  the  duration o f  each Beason, the sums 
of radiative  and  thermal  balance  componentB, air, ground  surface  and  soil  temperatures,  the 
depths of seasonal  freezing  and  thawing,  the thickness of the  permafrost, etc. This  study  has 
used  data o f  stationary-based  climatic,  thermal-balance  and  geocryological  observations  obtained 
in different  physico-geographic  regions  and  eituations of hbxasia and North America, 

The  interrelation  between  climate  and perrna- 
frost is a composite  natural  phenomenon. How- 
ever,  the  most  substantial  linking  factors 

author  (Gavrilova, 1978; 1981) has  identified 
can be selected  from  their  great  variety. This 

several categories of  relationahips,  each of 
which shows its  own  factors o f  climate foxma- 
tion  that  determine the characterintics of 
heat and moisture  exchange  and  the  appropriate, 
xeaulting  climatic  ana  geocryoLogicaL conse- 
quences. They  are: 

(ij  cosmical  relationships - solar climate. 
( i i j  planetary  relationships - megaclimate. 
(iii)  regional  physico-geographical rela- 

( i v j  l oca l  physico-geographical  relation- 

( v j  on-site  physico-geographical  xelation- 

(vi) subsurface-aurface  phyeico-geographi- 

(viij  soil-ground  and  geological  xelatian- 

tionships - macroclimate. 
ships - mesoclimate. 
ships - microclimate. 

cal  relationships - nanoclimate. 
ships - climate of soil-grounda  and 
frozen  rocks. 

Let us consider  the  characteristics of the 
main regularitien of the  climate-permafrost 
relationchipa,  except  fox solar  climate, i.e., 
those  relationships  which  are pesently con- 
firmed by available,  large  Gets of quantita- 
tive duta. 

" I'e aclirnate  the  climate of superlarge xe- glons suc 8s  continents and ocean,¶.  Thick 
layers of pernlafrost  which  have  persisted  un- 
til  the  present,  had  been  forming  during  the 
course of hundred  thousands or even mill ions 
o f  years , i.s. , ure  associated  rnainly  with  the 
climate  in  the  past.  However,  comparattve  ana- 
l y s i n  of the  regional  distribution of perma- 
frost  zones and the  different  characteristics 
o f  the  rrregnclimate (radiation,  heat  balance, 
thermal, and others) reveals  that  the  presence 

of permafroet  regions  on  the  globe i s  a l s o  
supported by the  present-day  climatic  charac- 
teristica. This indicates  that  the once produ- 
ced permafrost zone is also sustained  by  the 
present-day  climat@,  with a reniewed forma- 
tion  occurring  Ln some places,  becauae  there 
currently  are a large  number of regtow Oea- 
turing  a severe climate as well. 

The figure  presents a map o f  actual  annual  mean 
air  temperature on land throughout  the  globe 
that has been  constructed by the  author  and 
i s ,  easentiaUy, a  pioneering  attempt  intexna- 
tionally (we do not  consider  here the sea  cli- 
mate and the sea  permafrost zone). AB is appa- 
rent  from  the  figure,  the  permafxost zone coin- 
cides  with the coldest  regions on the  globe. 
The  lowest,  currently  observed,  yearly air 

-16O in the Borth-East o f  Yakutia, -20° on the 
temperatures in the  Northern  Hemisphere axe: 

northernmost  islands of Canada, and below -20° 
to -25O i n  Greenland.  Throughout most of Asia 
and North  America  the  boundary of the  continu- 
OUB permafrost  zone (90 t o  100% of the a rea  
is  occupied by frozen grounds) approximately 
coincides  with  the  annual - 8 O C  isotherm,  that 
of the discontinuous  permafrost zone (70  to 
80%) refers  to -40, of  permafrost  islands 
(IO t o  60%) corPesponds  to - l a ,  and that of 
sporadic  permafrost (leas than 10%) coincides 
with  the 0.5-1OC isotherms. 

Displacement  of  the  regiona with negative an- 
nual. air temperatures, o r  the  coldest regions 
on the  globe,  toward  the pwlur and nem-polar 
latitudes  is  attributable  to  the  smallest so- 
l a r  radiation  input  into this pari; of the glo- 
be. Thus, the  total  radlatlon  input p c r  yeas 
in  the  region of the perslafrost  zone (2500 to 
4200 UJ*m-2, or 60 to 100 kcaL.ctn-2) is by 
factors 2 or 3 less than  thut  at near-equato- 
rial  latitudes (8400 XJ~m-2), while  the t o t a l  
radiation  balance (420 to 1500 1iJ.m-2, or 10 
tc 40 kcal*cru-2) is by factors P to 8 less as 
compared t o  the  equator (3500 T,IJ.t;-2). 

We have carried ou t  a detailed  quantitutivc 
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I 

Fig. Mean Annual Air Temperature (OC) and t h e  
Permafrost Zone Boundariaa. 
The Permafrost  Zone Boundaries: 1 - Continuous 
Permafrost ;  2 - Permafros t   I s lands  

a n u l y s i s  o f  the   seasonal  and annual   characte-  
r i s t i c s  of mecroclimvte o f  the  pexmafrost   zone 
on the  Eurasian  and  North-American  conti.nents 
f a r  16 c h a r a c t e r i s k i c s .  O f  them, the t e r r e s t -  
rial sur face   t empera ture  i s  t h e  most approxima- 
t e ,  globally measured  index o f  c l imate  t o  t h e  
objec t  under s tudy ,  o r  the rocks.  The annual 
sun3 o f  t e n i p e r a t u r e s   r e f l e c t   n o t   o n l y   t h e i r  
absolu te   va lues   bu t  a l s o  t h e   s u t i o s  of dura- 
t i o n s  o f  tho seasons  with  negat ive  and  posi t i -  
ve temperatures.  

The d i s t r i b u t i o n  o f  per.nlaProEtt-climatic  charac- 
t e r i s t i c s  depcnds not only on t h e   l o c a l i t y ' s  
l e t i t u d e ,   i . e . ,  t h e  t o t a l  so l a r   ene rgy   i npu t ,  
b u t  e l s o  on  the c i r c u l a t i o n  processes,  ox the  
degree of Eont inentaLity of c l imate .  hs is 
known, the   co ldes t   r eg ions  on t h e   c o n t i n e n t s  
n r e  shifted eant-north-westward. This also cor- 
reuponas  to   the  configurat ion of the  permafrost  
zone  boundaries. On the  average,  i t  may be as- 
sumed that   the   boundary of the  cont inuous per- 
rmfrost  zone comesponds t o   t h e  sums of annual 
negative temperatures of' t h e   t e r r e s t x i a i  mrfa- 
c e :  -2800, -3000a, continuous: -2000, -2500°, 

and permafrost  islands -1000, -1500O. Samewhat 
increased  temperature   values  a re  obsorved i n  
regions with humid marit ime  climate,  and de- 
creaeed  values  coxrespond t o  region8  with dry,  
sharp ly   cont inenta l   c l imate .  

Table I p r e s e n t s  a number of  genera l ized ,  quan- 
t i t a t i v e   m a c r o c l i m a t i c  and permafrost   characte- 
r i s t i c s  for t h ree  Large phyaico-geographical 
reg ions  of  Asia and  North  America. 

The macroclimatic regularltdes correspond main- 
l y  t o  f l a t  country as wel l  as large mountaneous 
a r e a s ,  as a whole. But t h i s   p a t t e r n   i n c l u d e s  
also secondary ,   l oca l   e f f ec t s ,  namely t h e  loca-  
t i o n   i n s i d e  mountain-masses, beneath la rge  wa- 
t e r   r e s e r v o i r s  and g l a c i e r   f i e l d s ,   e t c .  Weso- 
c l imat ic   t ransforn la t i .ons  of t h e   o r i g i n a l c l i m e -  
t e  have t h e i r   e f f e c t  here. 

Analysis of data from meteorological   Etat iona 
as well as our experimental   heat-balmce ubaar- 
v a t i o n s  reveals thet n~esoc l ims t i c   f ac to r s  have 
an except iona l   in f luence  upon t h e  p rope r . t i cu  
o f  perennial  freezsiug o f  rocks.  Th5.8 does, in- 

79 



TABLE I 
Permufrost-~;,acroclimntic C h a r a c t e r i s t i c s  

. " 

Eles te rn   S iber ia   Eas te rn   S iber ia  Canada 

Season  Season Year Season  Season Pear  Seanon  Season Year 
Of  free-of tha- of Tree-of tha- o f  free-of  tha- 
zing w i n g  zing wing zing wing 

Season  durat ion (days) 235 
T o t a l  r a d i a t i o n  ( iu ! J* r r2 )  1380 
Radiat ion  bsiance 
(i.iJ - m-2) -65 
Beat i n  u t  into  oil 

A i r  temperature 
(degree-days; -4000 
Pceezing-thawing (m) 
Ground temperature at 
10 t o  15 m ("C) -2 
Permafrost   th ickness  (m) 100 

(BJ * n-27 -1 05 

1 30 
1805 

1050 

105 

1200 
1-2.5 

-2 
100 

175 
2260 

1215 

115 

1600 
t o t a l  

20 
0 

Near  the  continuous  permafrost  bounaary 
365 220 145 365 225 140 

3265 1 1  70 2720 3890 1425 2305 

985 -65 1255 I190 -65 795 

0 -135 135 0 -95 95 

-2800 -4600 1700 -2900 -4100 1300 
1-2 * 

-2 . -2.5 -2.5 -2.5 - 
100 200 200 200 - - 
Near the  boundary of permafrost i s lnnda  
365 180  185 365 190 175 

3515 1170 301.5 4185 1425 3225 

1150 -40 1550 1510 0 1465 

0 -115 115 0 -110 110 

-1 700 ' -3000 1900 -1 100 -2700 1900 

- 

2-2.5 tQtd I - 
0 0 0 0 - - 
20 20 20 20 - I 

365 
2730 

730 

0 

-2800 - 
- 
- 

365 
4650 

1465 

0 

-800 - 
- - 

deed, explain t h e  wakening  OT dimppearance  
of permafros t   benea th   l a rge   x lvers ,   seas ,  ma- 
t e r   r e s e r v o i r s ,  Large g l a c i e r s ,   e t c .  as well  

and  aouthern  Lati tudes.  
as its appearance i n   t h e  mountains a t  moderate 

Table IX g iven   r e su l t s   o f   ou r   i nves t iga t ione  
i n  mountaneous  regions of South Verkhoyanle 
and Nor th   Zaba ika l i a   i n   S ibe r i a .  A common fea-  
t u r e  nhamd by all mountain-masses is t h e  al- 
t i tude-dependent   increase   in  d u r a t i o n  of t h e  
f r e e z i n g   s e w o n  and the   r educ t ion  i n  the   tha-  
wing neason. As a r e s u l t ,  due t o  l a r g e  losses 
of h e a t  by reflection i n  the case  o f  a prolon- 
ged p e r s i s t e n c e  of  t h e  snow cover ,  t he   r ad ia -  
t i on   ba l ance  - i n  going from depressions t o  
mountain t o p s  - r educes   g rea t ly .  

During t h e  winter t ime,  mountains show an air 

r a tu re   w i th   t he   1oca . l i t y ' s  a : l t i tude .  Howevex, 
t e q e r a t u r e  invers ion ,  I * e - ,  u rise i n  tempe- 

for the  formation of t h e  f i n a l  temperature  re-  
the surnrnertime condi t ions  a l so  are impartant  

glme of  rocks.  Thus, i n  t h e  mountains o f  Var- 
khoyanie at 2000 n aI. t i turie,  t h e  aum o f  air 
and  ground surface temperatures  f o r  a thawing 
season is by a f a c t o r  of 4 nmallcr than that 
for the   depress ions ,  vlhri.'Le t h e  SUtri of t h e  imii- 
a t i o n  bulancc and heat  i n p u t  i n t o  the ground 
s o i l  is twicc 8 s  amull. Accoydingly, t he   dep th  

80 

of thawing also is twice 8s small. For a shor t  

w a r m  throughout  and, on t h e  whole, they are 
summer per iod ,   ea r th   ma te r i a l a  are unable t o  

thus  colder  than t h o s e   i n   t h e  famous Oirngakons- 
kaya depression o f  the  Northern  Hemisphere 
' co ld  p o l e ' .  

A g r e a t   d i v e r s i t y  i.n l oca l  p e c u l i a r i t i e s  of 
pe renn ia l   f r eez ing  o f  rocks in shona by aatu- 
ral complexes  such as a f o r e s t ,  B sea, a gla- 
c i e r ,   i c i n g ,  and others. We have   car r ied  out 
expe r imon ta l   f i e ld   obse rva t ions  in about 150 

guish 'warm' and ' c o l d '  microcl imat ic  complex- 
a r e a s  which demonatrate that one may d i s t i n -  

ea having a cons tan t  or seasonal   in f luence .  
Ti%reover, t h e  combined e f f e c t  of a l a r g e  nun:- 
ber  of nature1  complexes manifes t s  i t s e l f  d i f -  
f e r e n t l y  i n  d i f f e r e n t  cl imatic zones. Thus, 
f o r e s t  and i c i n g  i n  the   no r the rn   r eg ions  have, 
g e n e r a l l y ,  a warming e f f e c t  on  ground e o i l s ,  
whereas i n  the   aouthern  regions,  a cool ing ef-  
f e c t  is observed. 

It appears that  the  heat-balance essence o f  the 
inf luence  of microclimate upon the seasonal  
freezing-thawing of ground s o i l s  i s  d i f f e r e n t  
f o?  each of t h e   n a t u r a l  complexes. Thus, t h e  
main f e a t u r e  of n f o r e &  (Table ISI) is a rc -  
duc t ion   in   input -output  of all t h e  components 
of the  thermal   balance during all periods of 



TmLU II 

Permafros t -Mesocl i4a t ic   Charac te r i s t ics  

Season  Season Year  Seeson  Season Year Soaaon Season Year 
o f  free-of  tha- o f  free-of  thQ- o f  free-of  tha- 
z ing wing z ing  wing z i n g  wfng 

South Verkhoyanie Oimyalcon, 740 m Nizhnyaya  Baza?  Suntar-Khayatu, 2068 m 
(depress ion)  1350 rn (valley) (ridge I 

Season d u r a t i o n  (days) 237 
Tota l   endia t ion  (LJ-ud-2j 1591 
2adin t ion   ba lance  
(r,;J. m-2 j 75 
Hea t   i npu t   i n to   so i l  
(j;.J m-2 I -1 59 
A i r  temperature 
(degreemdnys) -7669 
Surface temperature 
(degreoadaysj -7590 
Freezing-thawing (m) total 
Ground temperature a t  
10 lil ("C) -8.5 

128 
2428 

1231 

159 

169'7 

1691 
1.69 

-7.0 

365 254 111 
4019 2160 2102 

1306 -230 933 

0 -117 117 

-5972 -5984 876 

-5899 -7140 1104 
t o t a l  1 -35 

-7.6 - - 

Lorth  Zabailsalia Chara, 708 m Ingamakit, 1020 m Naminga 1400 m 
(open   depress ion)   ( re la t ive ly   c losed  ( V a l k Y J  

depress ion)  

Season  durat ion (days) 207 
Tot-el r a d i a t i o n  (ihiJ*m-2j 1616 
hadia t ion  balance 
(iiJ.m-2j -51 9 
Hea t   i npu t   i n to   so i l  
(idJ * m-2, -1 67 
A i r  temperature 
(degreeodeye) -4387 
Surface  tcmpemtur*e 
(degree-dugs; -4562 
Freezing-thawine (m) 5.0 
Ground temperature at 
10 m ("Cj -0.3 

158 365 
3232 4848 

1591 1072 

167 0. 

1594 -2793 

2040 -2522 
t o t a l  

+0.9 +0.3 

22 1 144 
1662 2449 

-389 1289 

-1  46 146 

-3870 1298 

-4257 1597 
t o t a l  3.0 

-1.8 -1.2 

365 237 128 36 5 
4111 1871 1796 3667 

900 -172' 80 7 636 

o -126 126 0 

-2572 -4144 1100 -3044 

-2660 -4558 1375 -3103 
t o t a l  1.75 

-1.6 -3.4 -2.6 -3.0 

the  year  clue t o  the overshadowing by t h e  
crowns of t r e e s  and because of the   p resence  o f  
u forest vege ta t ion   eubs t r a t e .  Depending on 
the  predominance of winter- or summertime i n f -  
luencos o f  thermal exchange, t h e  soil grounds 
under t h e   f o r e s t   c a n   b e   e i t h e r   c o l d e r  o r  WarKller 
than  those on surrounding open t e r r a t n s .  

During ti warm p e r i o d  o f  the  year ,  l a k e s  are 
notab le  f o r  lurge amounts of h e a t   t h a t  g o  for 
ice melt ing UB well  as evaporation  and warming 
o f  t h e  water and ear th   muter ia l s   benea th   the  
lekes .  Ln surrmer in Central   Yakut ia  the ternpe- 
r a tu re  under the  bottom of tl lake is by about 
5 to 7 O  higher as corizpared w i t h  t h e  same d e p t h  
undcr a wedow i n  the  neighbourhoods.  During a 
f reez ing  season, warn1 esrth rrrttterials  under 
the  lukea lose l a rge  amounts of  heat;   however,  
s t i l l  g r e a t e r  cmounta o f  heat are supplied 
when icc is being forriicd on t h e  lake, and t h i s  
subsequcnt ly   prevents  heat l o s s e s  through  the 
netey IIIESS. 6 s  u result, dur ine  the winter t ime 
t h e  ear th   mater ia l s   benc&th   the   l ake ,   though 
b e c w i n g  c ' o l d c ~ ,  do,  h o ~ ~ e v e r ,  not reuch negu- 
t i v e  vu.Lues. In the end, t d i k s  commonly occur 
mndel' t h e  lukss o f  the p e m u f r o u t  zone. 

,,.e hnvc X L C O  I n v c n t i g a t e d   i n   d e t a i l  the  micro- 

climatic inf luence  of a glac ier  and icing upon 
the  freezing-thawing o f  soils (Table IV). Pes- 
p i t e  a cer ta in   resemblance  of them t h a t  has 
ef fec t   on ,   fox  example, rad-iation  regimc, their 
h e a t   b a l a n c e   c h a m c t e r i a t i c  i s  t o t a l l y   d i f f e -  
r e n t .  P. g lac i e r   pe ra i a t s   t h roughou t  ' the  year, 
whlle   an ic ing  occurs  mainly seasonully. The 
g l a c i e r  mostly absorbs heat end p reven t s   hea t  
l o s s e s  by e a r t h   m a t e r i a l s .  Icing, however, 
plays both a hea t -pro tec t ing  and warming r o l e  
during the   course  of hea t  release a~ t h e  water 
spreading through its s u r f a c e   f r e e z e s  during 
t he   en t i r e   w in te r t ime .  As a r e s u l t ,   a g a i n s t  a 
background of severe macrocl imate ,   ear th  mete- 
rials under t h e  icings show high temperatures.  

The exper imenta l   inves t ign t ions  we have carried 
o u t   i n d i c a t e  that the c h a r a c ~ e r i s t i c   p r o p e r -  
t i e s  of seaeonal  freezing-thawing o f  s o i l s  i n  
different a r e a s  of the same t e r r a i n  a l s o  depend 
upon nanocl imat- ic   effects :   vegetat ion and s o i l  
cover#, small forms of t h e   t e r r a i n ,  ohallow 
w a t e r   r e s e r v o i r s ,   n a t u r a l   a n d   a r t i f i c i a l  n:ois- 
t en ing ,   e t c .   C la s s i fy ing  EB an independent 
category  such  milal l -scale   natural  and a r t l f i -  
c i a 1   e f f e c t s ,  amenable t o  contxol ,  i n  inlportant 
f o r  s u b s t a n t i a t i n g  hydrotherrml r:!cliorctions 
on f rozen  s o i l s .  
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3;eaaon Seuson Year Season Season Year  Season Sesison Year 
o f  free-of thu- o f  free-of thu- o f  free-of tha- 

C e n t r d  Yekut ia  zing wing z ing  wing zing wing 

-~ - 
Season of heason of  Year Yeason of  Season o f  Ye0.r. 
freezing thawing freezing thawing 

Glacier, Youth Verkhoyanie Ic ing,  C e n t r a l  Yakutia 

Leasan d u r a t i o n  (days) 303 62 365 
Tota l  r e d i n t i o n  (Il,J*rn-2) 3270 1009 4279 892 

120 

23000 3000 I t e f l e c t i v i t y  (%*days; 26000 7000 
L a d i u t i o n  absorbed (I.!J* ril-2 j 787 494 1281 

1080 
389 

i i f f e c t i v e  r a d i a t i o n  (1iJ.r.l-2) 151 1239 532 
aadiution balance ( i d  *ni -2)  -301 343 42 
hvtlparation hekt (I,IJ*mn-2) 

-151 
0 -42 -42 42 

Heat exchange with t h e  atmosphere 
( LiJ * m-2 ) -297 -80 -377 456 
Heat j ,nput  into i c e  iiLJ*ri1-2) -4 4 0 155 
Thaw heat of snow and 5.ce (EJ *m-2 j C 460 4 60 
Thawing layel. of  snow ana i c e  ( r n j  

-733 
0 1.o.ko.7 

ireat i.nput i.nto ground ( M  * n r 2 j  0 0 
-2.14 2.14 

0 
Tempersture of i c e  01' ground ut 3 rn  

-71 

( O C j  -25 -3 -14 -0.1 

61 
1185 
2000 

779 
251 
526 
310 

-552 
8 

'733 

2Y 

0.0 

181 
2077 
9000 
1 -1 66 
783 
377 
352 

-96 
163 

0 

- 42 

0.0 

in cxurtlple of' a n u n o c l i m a t l c  e f f e c t  induced by in heat conduction due to moiatening. Subsequen- 
s p r i n k l e r   i m i g u t i o n  ia g iven  in Table V. Not l y ,  however, moist  soils f r e e z e  more consifie- 
o n l y  does  i r r igc . t ion  ijtal:c t h e  soil tculpePuture rably so that t h e  therriial mgiwde of  such s o i l s  
rsgirm milder but i s  u b l e ,  during the f i y o t  might worsen. 
y e a r ,  t o  c o n t r i b u t e  t u  ~i stlll greater thawing 
of  t h e  p o u n u  UG u consequence of t h e  i n c r e w e  Heat i n p u t  j.,ntw rocks  froru t h e  ground surfrtcc 
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TABLd V 
Permafrost-Nanocl imat ic   Chur&cter is t ics  

Spr inkler  i r r i g a t i o n  meadow area being meadow u e c  being 
irrigated irr igat  od 

60 
1156 
1051 
959 

5 1  1 
297 

172 
42 

4 
21 
17 
20.0 
10.7 

4,4a 

1 *49 

166 
1176 
1168 

none 
* 

35 
I - 

959 
364 
595 
356 

1 72 
67 

- 
16.6 
14.2 

4.2 
1.7 

-0.2 
2.4 

- 
1 .o - 8 

38 
21 
17.1 25.8 

12.0 

- 
- 

- 
23.2 
9.7 - 

- 
22.1 

9.8 - 
Surface  tomperature (OC: 

S o i l  temperature at  0.5 rn  (OC) 
Thawing (m) 

and o t h e r   s t r u c t u r e s .  

Thus, t he   quan t i t a t ive   pe rmaf ros t - c l ima t i c  cha- 
r a c t e r h t f c s   i n d i c a t e   t h a t  a methods-based ap- 
proach t o  ident i fying:  the  particular r e l a t i o n -  
ships  between  climate  and  permafrost   depends 
on t h e   c l a s s  of the   coupl ing  under consideru- 
t i o n .  Also, the   smal le r -sca le   the   ob jec t   under  
s tudy ,   the  more d e t a i l e d   l n v e s t i g a t i o n s   s h o u l d  
be undertaken.  Thus,   megaclimatic  indices or" 
the  annual air temperature  a r e  s u f f i c i e n t  f o r  
a g e n e r a l   i d e n t i f i c a t i o n  of perennia l  f reez ing  
of  rocks on the   cont inents .  I n  order  t o  es tab-  
l i s h   t h e   r e g i o n a l   r e g u l a r i t i e s ,  it is  necessary 
t o   a n a l y z e   t h e   i n t e r r e l a t i o n  o f  macroclimate 
according t o  the   seasons .  Local t e r r a i n  pccu- 
l i a r i t l e s  of seasonal freezing  and  thawing of 
s o i l  g round8 r e q u i r e  a d e t a i l e d   z o n i t o r i n g  of 
t h e   h e a t  and noiature   regime 01 tz n:icro- nnSl 
nanocl imat ic   character .   Ul t imately,   the  teiilpe- 
XatUTe f i e l d  o f  frozen rocks i s  determined by 
the combination  of  cl lrnctic and geologj.c&l 
e f f e c t s .  

undergoes  fur ther   t ransformations.   Within  the 
layer of  seasonal temperature  flUCtUQtiOnS du- 
r ing  t h e  summertime, part of hea t  goes f o r  t h e  
warming of  the unfrozen layer  and, then, f o r  
fur ther   thawing of gTounds and  the rise i n  tem- 
p e r a t u r e   w i t h i n   t h e   l a y e r  of negative  tempsra- 
t u r e s .   I n   t h i s   c a s e   q u a n t i t a t i v e   c h a r a c t e r i s t i c s  
o f  each  process  depend also on t h e   h e a t  conduc- 
t i o n   p r o p e r t i e s  of  the  rocks  themselves  which 
a re   de te rmined  by the   l i tho logica l   composi t ion ,  
d e n s i t y  and moisture o r  i c e   c o n t e n t   i n  them. 

have  been warmed dur ing   t he  summer d e l i v e r  
During Q seasonal f r e e z i n g ,  soil grounds   tha t  

t h e i r   h e a t  t o  t h e   t e r r e s t r i a l   s u r f a c e .  

Thus, during a thawing  season i n  open  areas  of 

about 150 EdJ*r11-2 h e a t ,  ox 11% of t h e  amount of 
n Ineadow i n   C e n t r a l  Yakutia, t h e   s o i l   r e c e i v e s  

during t ha t   pe r iod .  O f  t h i s  amount o f  h e a t ,  
t h e   r a d i a t i o n  balance o f  t h e  ground s u r f a c e  

about   ha l f   the  heat goes fox thawing  the s o i l  
ground o f  a th ickness  o f  1.8 t o  2 rn. The rest 
goes f o x  its warming. There a l so  OCCUFB a sea- 
sonal v a r i a t i o n  of thermel  balance  components 

go for thawing i n  t h e  f i r s t  h a l f  o f  t h e  mmmer. 
of s o i l  groands.  The Largest  amounts of h e a t  

During th.e  second  half of t h e  summer, upper 
l a y e r s  of so i l   g rounds   begin  t o  cool  dom, whe- 
reas i n   t h e  zone of nega t ive  temperatures the  
warming process goes on. 

cli t ions,   an exceas o r  d e f l c i t  of the   o r ig ina l .  
Throughout t h e  year, under   nonstat ionary con- 

heat way also affect the  temperature  regime o f  
t h e  layey of annual   t empera ture   f luc tua t ions ,  
i . e . ,  i n  the zone o f  cons t an t ly   nega t ive  tempe- 
m t u r e s .  However, t he   i n f luence  of: c l imate  ex- 
t ends  only wi th in  E. ce r t a in   r ange .  The e x t e r n a l  
h e a t   i n p u t   i n t e r e c t s   w i t h   h e a t  flows wi-bhin t h e  
rocks  themselves,  nerricly the   hea t  o f  under- 
ground  waters,  gases, chemical  processes , T[zdi- 
;:.ctive decay, l . n t r u t u r r c s t r 8 i a l  flow, e t c .  lhis 
a l so  accounts  for. a n o m l o u s  n a n i f e s t a t i o n s  of 
t h c   t o q e r a t u r c  und th ickness  of frozen ~ o c k s  
in some geologicwt , hydrogeological ,  t e c t o n k ,  
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SYNOPSIS 
Slope, marine and  glacial sediments on the western foot of Wordiekammen in Petuniabukta indicate 
ancient solifluction phenomena. Bedrock of Carboniferous limestones i s  overlain by lacustrine 
fine-grained sands and silts, thermoluminescence dated at 119 & 17 ka. They are mantled with sands 
and gravels, conta.ininq marine mollusc shells that are TL dated at 66 & 9 ka.  On  the top of these 
there i s  a till, TL dated at 4 7 - 5 3  ka. Overlying gravels with pieces of marine mollusc shells form 
a surface of the: marine terrace 12 - 15 m a.s.1. They have been partly soliflucted together with 
the overlying till, TI, dated at 45  & 6 ka. The latter forms a lobate bulge on the terrace surface. 

INTRODUCTION 

During a scientific expedition organized in 
summer 1 9 8 4  by the Quaternary Research Insti- 
t,ute of A. Mickiewicz University of Poznan, we 
were engaged in geologic and geomorphologic 
mapping of t,he Ebbadalen-NordenskiGldbreen 
Region of Petuniabukta area, Billefjorden ( c f .  

B i l l e f j o r d e n  "- I 
Fig. 1 Location sketch o f  solifluction 
phenomena at eastern seashore of Petuniabukta; 
marked are presented exposures M and N (cf. 
Figs. 2 and 3 )  and geologic section (cf. Fig. 
4 )  
marine terraces with their altitudes in m 

1 - mountain massifs, 2 - glaciers, 3 - 

a . s . l . ,  4 - taluses, 5 - solifluct,ion lobes 

Klysz et aL. 1 9 8 7 ,  1 9 8 9 ) .  We studied a geo- 
logic profile of a rauine (up to 4 m deep and 
about 4 0  m long) cut into the slope of Wordie- 
kammen,  the eastern mountain massif of 
Petuniabukta (Fig. 1 ) .  The sequence of s e d i -  
ments seen in the walls o f  the ravine enabled 
us to distinguish a series of solifluction 
(gelifluction by washburn, 1 9 6 7 ,  and Jahn, 
1 9 7 5 )  origin. The studied sequence was parti- 
cularly interesting due to interfinqering of 
slope sediments with marine shingle of the 
t.srrace at 12-15 m a.s.1.. 

The age of this solifluction could be tenta- 
t..ively defined by thermoluminescence (TL) 
dating. S i x  samples were collected and the 
dating was done in the Thermoluminescence 
Laboratory (Institute of the Earth Sciences, 
M. Curie-Sklodowska University of Lublin) with 
application o f  J. Butrym's metahodics ( c f .  
Butrym et. al. 1 9 8 7 ) .  However a small content 
of quarts grains in the sediments and their 
short transport could result in a tentative TL 
age  only. 

Grain size and carbon carbonate content of the 
studied sediments were determined with a use 
o f  6 collected samples. On the basis of grain 
size analysis several typical indices were 
calculated, including: 

(i) mean grain size (after Folk, Ward 1 9 5 7 )  

(ii)  standard deviation 6 (aftex Folk, ward 
1 9 5 7 )  

(iii) graphic curtosis KG (after folk, ward 
1 9 5 7 )  
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graphic skewness us (after Friedman, 
1962 

A ravine cuts t,he terrace at 12-15 m a.s.1. 

Downslope cuts the terrace at 5-8  m a.s.1. and 
and passes upslupe into av chute (Fig. 1 ) .  

finally, enter3 the beach of Petuniabuha. The 
authors studied two exposures at vpposite 
sides o f  the ravine (M and N in Fig. 1 ) .  

In the exposure M (Fig. 2) the ravine floor is 
sorting belt (after Rotnicki, 1 9 7 0 )  

composed Qf fine-bedded carboniferous lime- 
stones (layer 1 in Fig. 2 ) .  The t o p  of t.he 

Ps = g90 - &I0 ( 5 )  limestone is loosened due to frost weathering 
processes. Limestones axe covered by a 2 m 
thick layer of gravel (layer 2). Near the base 

index of siltiness (after Karaczewski, t,here are minute pieces a€ marine mollusc 
1963) shells, and sediments are cemented by perma- 

frost. Unfrozen gravels nearer to the top o f  
the section are more loose and have a distinct 
layered structure. These marine sediments were 
TL dated at 66 f 9 ka (Lub-1140). 

< 0.002 mm 
> 0.002 mm a =  ( 6 )  

Sediments with a supposed admixture o f  organic 
matter were subjected to a palynologic ana- 
lyses but the results were negative. 

GEOLOGIC-GEOMLYRPHOLOGIC SETTING 

The mountain massif o f  Wordiekammen is com- 
posed o f  the Lower carboniferous (Culm) 
clastic rocks with intercalations of hard 
coal. These rocks gently dip westwards whereas 
they pass upwards into carbonate and sand- 
stone-conglomerate rocks o f  the Upper 
Carboniferous and permian (Hjelle, Lauritzen, 
1 9 8 2 ) .  Lower slope fragments of this massif 
t,hat descend to Petuniabukta, are buried by 
marine terraces at 5 - 8 ,  12-15  and 30-35 m 
a.s.1.. Older marine and glacial sediments of 
the upper part of the slope are mantled by 
Large taluses and a present  solif1u"ction cover 
(cf. Klysz et aL. 1987, 1 9 8 9 ) .  The plateau- 
like top surface of Wordiekammen at 700 m 
a.s.1. has numerous features and sediments 
t.hat indicate past glacial activity with 
hanging tongues towards Petuniabukta and 
Adolfbukta. 

The gravels are overlain by a thin (up  to 0.5 
m thick) till (layer 3 )  with a visual graded 
bedding, what is also supported by its index 

distribution and morphologic setting indicate 
of siltiness J (Fig. 2 ) .  The grain size 

that the sediment is a  basal till (cf. 
Boulton, Paul, 1 9 7 6 ) .  It was TL dated at 47 f 
7 ka (Eub-1139). This till is overlain by 
gravel (layer 41, of up to 8 cm in diameter. 
The layer is hardly stratified and contains 
fine pieces of marine mollusc shells. The 
gravel forms the surface of the marine terrace 
at 12-15 m a.s.1.. 

In the exposure N (Fig. 3 )  at the opposite 
side of the ravine but more upslope Wordis- 
kammen, also fine-graned Carboniferous Lime- 
stones occur (layer 1 )  in the ravine floor. 

by a I O  cm thick layer of fine-grained sands 
They are strongly weathered, and are overlain 

(layer 21, covered with a 10 cm thick layer of 
silt with an intercalation of washed coal silt 
(layer 3 ) .  The layer 3 represents a sediment 
of a shallow pond and was TL dated at 1 1 9  17 
ka (Lub-1144). On the top of this there is a 
thin ( 8 - 1 0  cm) set of fine-grained sands with 
pieces of marine mollusc shells (layer 4 ) .  

a b C d 

0.05-0fl02 mm 

Fig. 2 Geologic profile of the exposure M (cf. rig. , I )  at eastern seashore o f  Petuniabukta: 
a - lithology, b - grain size, c - grain size indices, d - calcium carbonate content 1 - fine- 
beded limestones, 2 - gravels with pieces of marine mollusc shalls, 3 - till, 4 - poorly  strat,i- 
fied gravels with  pieces of marine mollusc shells 



a b C 
1 

d 

[, 3.50 I 3.7 I 0.8 1 -1.6 1 10.03 1 0.06 1 

1 4.33 I 3.5 1 0.2 I -3.4 I 9.20 I 0.07 1 

I 0.96 I 3.2 I 1.5 1 4.6 I 850 I 0.04 I 

I 1.70 I 3.8 I 0.7 I 2.7 I 9BO I Q02 I 

Fig. 3 Geologic  profile of the  exposure N (cf. Fig. 1 )  at eastern  seashore of Petuniabukta: ' 
for a - d see  Fig. 2; 1 - fine-bedded  limestones,  2 - fine-grained sands, 3 - silt with  washed 
coal  intercalation, 4 - fine-grained  sands  with  pieces  of  marine  mollusc  shells, 5 - till  with 
insert o f  coal silt and  pieces of marine  mollusc shells, 6 - poorly  stratified  gravels  with  pieces 
of marine  mollusc  shells, 7 soliflucted  till  with  sandy-gravel  intercalations  and  pieces  of  marine 
mollusc  shells 

The  above  mentioned  sediments  are  covered by a 
30-50 cm thick  till  bed (Layer 5 ) ,  containing 
intercalations of coal  silt  and  pieces of 
marine  mollusc  shells.  Grain  size  characteri- 

(Fig.2).  Because of these  characteristics,  the 
till  is  interpreted as a  relic of a Once 
thicker till bed, and  therefore  it  may  also  be 
regarded as  a basal  till. 

o f  the  Lower 
stics  and  sorting of the  till  resemble those The  lower  part  of  the  resented  till Was TL 

part of till  in  section M' dated at 53 + 7 ka (Lub-7143). The till 1s 

20 
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5 

0. 

W 

n a.s.1. 

.c 
0 
3. 
3 a 
0 .- 

Wordiekarnrnen E 

Fig. 4 Geologic  section in Quaternary  sediments at eastern  seashore  of  Petuniabukta  with  marked 
exposures M and N, and thermoluminescence  dates 1 - Quaternary  bedrock  (Carboniferous 

pebbles  (terrace 12-15 m), 6 - soliflucted till, 7 - marine  pebbles  (terrace 5 - 8  m), R - marine 
limestones), 2 - sands  and  silts  with  washed coal, 3 - marine  pebbles, 4 - till, 5 - marine 
pebbles  (terrace 1-2 m ) ,  9 - talus  rubble 
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overlain by a layer of gravel (layer 6 1 ,  about 
0.5 m thick and with a visible stratified 
fabric. The gravel contains pieces of marine 
mollusc shells. 5uch grain size character- 
istics (cf. Fig. 3 )  of undoubtedly marine 
series resemble som features of glacial 
sediment. This probably reflects the influence 
of bedrock on which the series was deposited. 

T?4.27. T f f l s  ?gv?araFooa%d, 14 compared with 
ati g o f ,  23 6 3  ka (Lub- 

t,he underlying till (layer 5 ) .  Probably the 
erroneous date i s  the result of quartz grains 
coming from Carboniferous-Permian rocks of 
Wordiekammen whereas a short transport to a 
marine environment has not obliterated the 
primary thermoluminescence. 

The upper part of the section N (Fig. 3)-con- 
sists  of a meter thick layer of till  (layer 7 )  
with abundant streaks o f  sandy-gravel, and 
with pieces of marine mollusc shells. Index of 
siltinass J of this till (cf. Fig. 3 )  resem- 
bles the one of subglacial till of the wesen- 
skiold Glacier (Olazewski, Szupryczynski, 
1 9 8 5 ) .  This till forms a distinct bulge on the 
terrace at 12-15 m a . s . 1 .  close to the moun- 
tain massif slope and creates a solifluction 
lobe that descends a slope of Wordiekammen and 
interfingers with marine sediments of the men- 
t,ioned  t,errace. TL dating of the till gave an 
age o f  45 L 6 ka (Lub-1141). This suggests 
t,hat it is a solifluction feature of the same 
glacial epoch as the tills in the  lower  parts 
of both exposures. 

GENETIC AND AGE INTERPRETATION 

Lithology, grain size distribution and TL age 
of sediments of the marine terrace at 12-15 m 
a.s.1.  at the eastern seashore of Petuniabukta 
reflect a complex structure o f  this terrace. 
Its sediments are represented in section 
(Fig. 2) by supratill marine gravels and in 
section N (Fig. 3 )  by intertill marine gra- 
vels. In section M they are underlain by a 
basal till dated at 47 i 7 ka and by marine 
gravels dated at 6 6  & 9 ka. In section N t,hey 
cover R till, dated at 53 & 7 kat and under- 
lain marine sands and lake sediments dated at 
1 1 9  & 17 ka (Fig.4). 

During deposition of t.he sediments of the 

of Wordiekammen, solifluction flows developed 
marineterrace at 12 - 15 m a.s.1. on the slope 

there on previosly deposited till ( 4 5  + 6 ka). 
Such flows moved onto the surface o f  the ter- 
race as suggested by their location and the 
occurrence of sandy-gravel intercalations with 
pieces o f  marine mollusc shells in the upper 
part of the section N (Figs. 3 ,  4 ) .  

Solifluctian phenomena and processes develop 
widely in the present periglacial environment 
all aver Spitsbergen (Klimaszewski, 1 9 6 0 ;  
Dutkiewicz, 1961 ,   1967;  Jahn, 1967 ,   1975;  
Klysz, 1 9 8 6 ,  and  others). Presented fossil 
features suggest that they have also developed 
earlier and cannot be neglected in studies of 
geologic sections. - 
The authors axe indebted to Dr. J. But.rym 
(Institute of Earth Sciences, M. Curie-sklo- 
dowska University of Lublin) for thermo- 
luminescence dates. Special thanks are given 

to professor A .  Pissart (university of Liegel 

on the first draft of the manuscript. The work 
for time-wasting critical review and remarks 

was financially supported by the state project 
CPBP 03.03. B7. 
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GEOMORPHOLOGICAL EFFECTS AND RECENT CLIMATIC RESPONSE 
OF SNOWPATCHES AND  GLACIERS IN THE WESTERN 

ABISKO MOUNTAINS, SWEDEN 
L. Lindh, R. Nyberg and A. Kapp 

Department of Physical Geography, University of Lund, Sweden 

SYaOPSIS 
A number of snowwatches and  very amall glaciers are studied  in  the  Ldktatjbkka  area west Of Abisko 
(800-1500 m a.s. 1,. mean  annual  temperature  ranginp from c. -4 to -7.C). Permafrost  is present I n  
localized  frast  mound5 and to 8reate.r depth in the  bedrock at hiRh altitudes. 
Nivation  processes are studied at an instrumented  snowpatch site at 1200 m altitude.  The 
measurements  include i.a. air  and  Eround  temperature,  precipitation, Snow depth. runoff.  sediment 
yield and solifluction. An increased  qeomorphological  activity  at  snowpatch sitws is implied by t h e  
studies.  especiallv re)Sardin)?: s l o w  wash  and mass movements. 
Repeated  aerial  and  field  photography, snow surveys and Old air photos are used to t13SeSF t h e  
present stat~ls and  recent  climatic response of small plncisrs in the area. Durinp; the last 45 
years,  mast of t h e m  have receded and  several are probably  stagnated.  Variable  exposure to 
snowdriftinp seems imvortont t o  explain  different climatic responses. 

IBTRODUCTIOB 

Research on the  Reomorphological  effect of 
localized snow and ice bodies in hiKh mountains 
h a s  centered  either on fairly small snowpatches 
(e.8. St-Onge 1969, RudbsrE 1974, Thorn 19'79, 
Hall 1985) or well  developed  cirque  placiers 
< e . g .  L e w i s  1960, Evans 1977, Vilbors 197'7). 
Transitianal features between  snowpatches  and 
slacirrs have  been  little studied, concerninp: 
geomorphological  importance or with respect to 
snow/ice dynamics and climatic response. The 
present paper deals with these  issues. A 
number o f  snowpatches  and small Rlaciers  are 
being observed  yearly  since 1984 in the western 
Abisko  mountains Clat. 6 R 4 , ' )  in  Arctic  Sweden. A 
mobile research but  located  near an 
instrumented  snowpatch at c. 1200 IO altitude 
serves as a base  for the field  studies.  The 
project  alsa includew comparative studies of 
fossil perinlacia1  landforms in south  Sweden 
(Lat. 56):) (cf. Rapp et al. 1986). 

STUDY AREA 

The  western  Ahisko  mountains  (FiE. 1) is a 
massif  dominated by bedrock nf mica schists, 
with some marble beds. It rises  from the 
altitude nf Lake  Tnrnetrask  at 341 m a,s. 1. to 
the hinhest peak of Wt.  Vassitjdkka  at 1590 m. 
Thp motpholosy is characterized by  glacial 
t r n u y h  vallevs,  rounded  mountain ridpes and 
~1ateau:r w i t h  gentle :sloaro. Most of the  area 
is above tr-eeline ( c .  500--550 ml and is 
dominate? by b lock t  islds. rockwalln and talus 
slope,;, n n d  Trass-covered  solifluction s l o p a s .  
A si p n i  f i cau t  part, of the area I w  occupied by 
nerennial %now or p l a c i ~ r z .  

The mean annual air temperature in the hip;her 
parts o f  the area  (abave 800 m) is estimated a= 
ranging from -4 to -7*,,  C .  Precipitation  varies 
between c. 1000 mm to the west  (Kattsrjhkk)  and 
c. 300-400 mm to the  east (Abisko) f o r  valley 
stations. Kuch higher  amaunts are obtained  at 
high altitudes.  mean  values fo r  April at 
LbktatjBkka (1220 m)  being three  times  those at 
KatterjZLkk (Eriksson 1987). A l a r p  percentaRe 
of the  Drecipitation  falls as snow. Snow 
drifting by predaminantly  westerly  winds is 
very important. 

Permafrost is present  in  localized  mounds 
mainly in mires at altitudes o f  800-1000 m 
(Akerman B Malalmstrsm 1986). alonp lake shores 
even  higher u p  (at 1190 m in  Kuoblavappe 
valley, our observation),  and possiblv more 
widespread In bedrock at h l F h  altitudes i c f .  
King 1984). 

STUDIES OF SJICIVPATCHRS AB0 BIVATIOB PROCBSSBS 

&mqmUii.,g,n in  th- m W a 1  W - b i a k . ~  
mountains 

Some data on t h e  distribution, size and  ehaue 

part o f  the  area have  been comniled from air- 
of mainly  perennial snowpatches in the western 

phatos(Tab1e I). The  classification  into Lon- 
gitudinal,  transverse  and  circular  enowyatchee 
follows Lewis (1939). The Transverse t y p e  i s  
the most  commcin in the area. Larqe snowfields 
have  mainly easter1.v nsoects (Jeeside 
Incations). T h r e e  snownatches at tj80. '9.20 .%nd 
1220 m are followed vearlv in t h e  B ~ U L ~ V  r o n -  
cerninp; c 1  imatic response. 

89 



E i p r e  1. D i s t r i b u t i o n  o f  alaciers a n d   l a r g e   s n o w f i e l d s   i n   t h e   w e s t e r n  Abisko Mountains. The map 
a l s o  shows  es t imated  snowfetch  areas  f o r  some of t h e   f e a t u r e s ,   c f .   t e x t   a n d   F i g . 4  
Abisko is s i t u a t e d  2 km east  of t h e  map area. Con tour   i n t e rva l  100 m. - 

This   snowpatch a t  c. 1220 m a l t i t u d e  at M t .  
Ldkta t jdkka  has b e e n   s e l e c t e d  f o r  a s t u d y  of 
mass b a l a n c e   a n d   p o m o r p h o l o g i c a l   a c t i v i t y .   I t  
is s i t u a t e d   w i t h  a s o u t h f a c i n g   a s p e c t  500 m 
west of LAktat jAkka  Touris t   Stat ion;  The 
r e sea rch   hu t  is loca ted   about  midway between 
t h e   S t a t i o n   a n d  t h e  snowpatch tFig.2). Early i n  
t h e  s u m m e r  the  snowpatch is l o n g i t u d i n a l ,  
chancing t o  circular a s  me l t ing  proEresaes. I t  
occupies  a sha l low  hol low  wi th   rock   ou tcrops  
and block   pavement ,   t raversed  by a small stream 
f l o w i n g   d u r i n s   t h e  e a r l y  p a r t  of t h e  melt 
season .  The slope gradien t .   var ies   be tween  c .  

t h e  Ldktatjdkka s i t e  c o v e r s  0 ,212  km": a t  an  
15-25,,' along t h e  snowbed. The dra inage  area a t  

a l t i t u d e  of 1150 t o  1406 m. The v e g e t a t i o n  is 
sparse .   main ly   g rass   and  moss i n   t h e   l o w e r  
p a r t s .  

Field dnt,n are acqu i red  u r i m a r i t v  c tur inF  the 
s u m m e r  s eason   and   r eco rded   on   wr in t e r s   i n   t he  
h u t ,  or o n  da t a loxge r  a t  the anowpatch. 

Snow deDth is measured  automatica13.y near t h e  
h u t  with  a 1 m lonE snow s t ake   equ ipped   w i th  5 
photo   res i s tor - ,  a t  20 c m  i n t e r v a l s  f r o m  t o p  t o  
bottom. Tho m a w   s t a k e  i s  c a l i b r a t e d  a R a i n s t  a n  
indenendent p h n t o  r e s i s t o r ,   r e c o r r l i n q  amount 

of c loud  cover ( d a y l i g h t ) .  The accuracy  is 
s u f f i c i e n t  t o  g i v e   v a r i a t i o n s   i n  snow a c c u m u -  
l a t i on   and   me l t ing   w i th  a r e s o l u t i o n  af about 

used t o  m e a s u r e  gnaw d e p t h s   a t  t h e  snowpatch. 
10 c m .  F i x e d   s t a k e s  and manual snow su rveys  are 

Continuous  measurements  are made of r u n o f f ,  
usinK four   wa te r - l eve l   r eco rde r s ,  FiK.2 ion ly  
two were i n  o p e r a t i o n  during 1987). Prec i -  
p i t a t i o n  is p r e s e n t l y  measured  with a r a i n  
Rauge (SMHI). PVC-pipes i n s e r t e d   i n  the s l o p e  
a r e   u s e d  t~ s tudy   g roundwate r .   l eve l s .  
Continuous  recordinR is mads of wind speed and 
d i r e c t i o n .  snow d r i f t i n g  is monitored  with  an 
In f r a - r ed   s enso r .  A i r  t empera ture  i s  r eca rded  
with a THG i n  a screen.   ground  temperature  
wi th  a da ta logee r   and   r e s i s t ance   s enso r s ,   and  
manual ly   with  thermistors .  Creep and s o l i f l u c -  
t i o n  are s t u d i e d   w i t h  a line of wonden p s ~ s .  
Four  Gerlach t raps  a r e   u s e d   t o   c o l l e c t  sedi- 
ment t r a n s p o r t e d  by s l o p e  wash. 

" 
The s i te  at ' M t . N j u l l a  5 km W of Abisko is a t   a n  
a l t i t u d e  of C. 920 m with   an  east,arly a s p e c t .  
Th i s   t r ansve r se   snowpa tch   w i th  a dimension of 
C .  200x50 m i n   e a r l y  s u m m e r  occup ies  a small 
termce on  the  mountain s l o p e ,  with a ].OW 

backwall   (mostly less t han  5 m h i g h ) .  T h p  
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Table I. Sntnt? data  on snowrmtches in the  central western Abisko mountains. 

?'VD*S transverse circular longitudinal 
nu mbe r 

Altitude is00 BOO-1100 1100-1300 >1300 m 
number 8 41 103 19 

transv. / l o n ~ .  
82 30 42 17 

Size c 5 0 0 0  5000-10000 10000-50000 50000-15000 >I50000 m2 
number ro  44 40 13 4 

Aspect N NWB NE: ENE E ESE SE S S B  S SSW SW WSW W WNW NW N N w  
number 14 13 19 2Q 11 9 20 7 9 - 2 2 1 9 2  8 7  

Aspect  vs. N - E  E - S  s -  w W - N  

number 28 47 10 36 8 4 23 13 

Data compiled from air photos (1:60000) of upper LAktajokk, Kuoblajokk and Rakasjokk basins. 

Size ( 5 0 0 0  >5000 C5000 >5000 (5000  >5000 ( 5 0 0 0  >5000 I&= 

gradient of the snowpatch surface is between 

snowpatch 14-18c"', Vegetation is absent in a 
zone peripheral to the snowpatch, but increases 
downslope with mosses and grasses.  In Late 
summer, the snowpatch melts away completely in 
the southern part, while the northern, steeper 
part is perennial. The measurements embrace 
slope wash and solifluction. 

25-350 , that of the terrace downslope of the 

B1iiT.U" 

The lowest situated snowpatch (about 5 0 x 2 5  m 
in early summer) occupies a terrace at 680 m 
altitude 2 km west of Bjorkliden. It rests 
against a bedrock outcrop with roche moutonn6e 
sculpture. The terrace downslope of the snow- 
patch is a gentle grass-covered salifluction 
s l o p e .  The aspect is easterly. This transverse 
snowpatch normally melts away completely in 
August, althouEh an September 5, 1987 it still 
had a s ize  of 25x10 m. This summer was 

Pip: 2. The drainage hnmin of the T,Aktatj&kka 
snowuatch ! s )  a n d  the locatinn of weirs (w) 
for r l lnof  f mea.surement:s. Contour interval IOm. 

unusually cold. Heasurements include snow creep 
and sliding, and solifluction. 

Fram the observations o f  snowpatch size and 
depth during the years 1984-1987 the data of 

estimated maximum snow depths and volumes at 
Table I 1  have been compiled, Riving the 

the sites at the beginnine; and end of the 
summer season. Based on snow density 
measurements, yielding mean values of about 350 
kg/mJ in early summer, estimates of r u n o f f  
potential have also been made. Although some of 
t h e  water  will be lost by sublima- 
tion/evaporation, these estimates indicate the 
amount and varying duration of runoff during 
the summer season fo r  the sites. 

For the L&ktati&kka snowpatch drainage area, 
the total snow volume at the  beginning  of the 
meltlnff season (late May) was estimated based 
on paint sampling of snow depths to about 41000 
ma water equivalent. During t h e  period 11 J u l y  
to 26 AuRust 1987 an estimated 27000 m" water 
equivalent melted away from the area. and about 
21000 ma  were added as precipitation. 'The 
measured  runoff was about 51000 ma.  The 
discrepancy m y  he due to inaccurate estimation 
of the snow volume, or  to the components of 
sublimation/evaporation and groundwater, which 
have  not  been measured. The studied snowpatch 
contributed about 13 t of the total runoff f r a m  
snowmelt in the basin 1987. Snowmelt was of 
similar importance as rainfall as a cuu:~e af 
runoff. althouffh their relative sipnificance 
naturally  varied f rom time to time. 
Precipitatian was not  measured continuously, 
hawever runoff curves in July-Au~ust 1987 
correlate well wi%h a i r  temperature, with some 
time la8, indicatinq snowmelt con t ro l  or' 
variations in runoff ( F i R . : 3 )  

Yearly size variation of the s n o w p a t c h e s  i s  
related ta prevailiny s u m m e r  weather  and 
initlal snow depths. E.p. i n  1'385. with mean 
temperatures during the summer months above 
averap ( A t :  Abisko, .June d . 6 ,  J u l v  1;2.5, Auwlst 
2 0 . 5 " ' C )  the snowpatch at, L A k t , n t , j B k k a  melted 
away completely. In 1'38'7, ,3 2m deem varC 
remained. The summer ternp+?raturc?= tlmt vesr- 
were b e l o w  averaqe  cAbisku, .June : ' . '?< . J L J ~ V  ' 9 ' 7 .  
A I J ~ I J R ~ ,  7.h). T h u s  LonR-term tr-+nris i n  ,size 
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T a b l e  1 I .  E s t i m a t e d  maximum snow  depths ,   snowpatch  volume  and water e q u i v a l e n t   f o r   t h r e e   s n o w n n t c h  
s i t e s ,  wes tern   Abiska   mounta ins .   Based  on r e p e a t e d   f i e l d   m e a s u r e i n e n t 5   d u r i n q  1'486/1987. I 

sit? 

Laktn t jAkka  
N j u l l a  
P j 6 r k l i d e n  

max. d e p t h ,  m 
mid-June  mid-Sept mid-June  mid-Sept. 

volume, m'3 

4 
4 
3 

1.5 16,000 150 
1.5 

0 
2 0 , 0 0 0  6 0 0 
3 ,  000 0 

w a t e r  e q u i v a l e n t  
m3 

5 , 5 0 0  
h ,  8 0 0  
1,100 

v a r i a t i o n  m u s t  be s t u d i e d   b e f o r e   t h e  climatic 
r e s p o n s e  of snowpa tches   can  be e v a l u a t e d .  

G@&.BDFuQaCal ZICtiVitV-Bt X l l O W w  Si t e s  

Geomorphic   p rocesses  at t h e  sites are s t u d i e d  
by q u a l i t a t i v e   a b s e r v a t i o n s   o r   q u a n t i t a t i v e  
measurement I 

Frost shattsrinp and rockfall 

R o c k f a l l  is a s i K n i f i c a n t   p r o c e s s   o n l y  a t  t h e  
N j u l l a  sit ,e.  The B j o r k l i d e n  s i te  l a c k s  a 
v e r t i c a l   b a c k w a l l .  At N j u l l a ,  numerous small 
s t o n e s  w e r e  found on t h e   s n o w   n e a r   t h e   u p p e r  
r a n d k l u f t  l a t e  i n  t h e  s u m e r  o f  1987 ( a b o u t  1 
frae;ment p e r  1-2 m). No large rockfall e v e n t  
h a s   o c c u r r e d  at t h e  s i t e  between 1984-1987. A t  
t h e  LAktatjAkka s i t e ,  a n   a t t e m p t  is mads t o  
e v a l u a t e   t h e   p r e c o n d i t i o n s   f o r   f r e e z e - t h a w  
weather inp;  by t empera tu re   measu remen t s  i n  
v a r i o u s   p a s i t i o n s   p e r i p h e r a l  t o  the snowpatch  
o r  i n   t h e   p o u n d   ( N y b e r p  1986). 

D e b r i s  s l i d e s  and flows 

Two small d e b r i s  slideslflows have r e c e n t l y  
o c c u r r e d  on t h e   w e s t e r n  backslope of t h e  
Lbk ta t j akka   snowpa tch  site. Colourwd l i n e s  
s p r a y e d  across t h e  slide t r a c k s  w i l l  e n a b l e  
f u r t h e r   a c t i v i t y  t o  b e   s t u d i e d   q u a n t i t a t i v e l y .  
A t  t h e   N j u l l n  site. rmall masa movements of 
s imi la r  t y p e   h a v e   b e e n   o b s e r v e d ,   a l s o   o n   t h e  
s t e e p   b a c k s l o p e .  

precipitation 
1 1 . 7 - 2 6 - 8  

snowde th 
near hut 102 m m  
r 

15 1 

Slope wash 

s l o p e  Of t h e   s n o w p a t c h e s .   S e d i m e n t   d e p o s i t i o n  
S l o p e  Wash is a n   a c t i v e  process i n  a zone  down- 

V a r i a b l e   t r a n s p o r t  (Table 111). Trap:s on   bo th  
i n  traps d u r i n g  lon8 p e r i o d s   p o i n t   t o  a h i q h l y  

s i d e s  of the LAkta t jBkka   snowpatch   ab ta inod  
lower  amounts  of s e d i m e n t   t h a n   t h e   t r a p s  below 
t h e   s n o w p a t c h .  A s  t h e   t r a p   e f f  iciancy is fair1.q 

s e d i m e n t   t r a n s p o r t  by s l o p e  wash. 
low, t h e  results g i v e  only c r u d e  estimates of 

Soil creep and solifluction 

S o l i f l u c t i o n  lobes at; a l l  t h r e e  s i t e s  r e v e a l  
s l o w  maas movement i n  a zone dewnslope of t h e  
snowpa tches .   Th i s  is shown also by f a b r i c  
measurements   downslope of t h e  N j u l l a  snowpatch .  
S U r f i C i a l  r a t e s  of  movement l i e  w i t h i n  0-5 c m  
per year, w i t h  no clear v a r i a t i o n   b e t w e e n   t h e  
s i t e s .  

Snow creep and sl idinp 

Forces exerted by t h e  snowpack hove been 
s t u d i e d  a t  t h e   L a k t a t j b k k a   a n d   B j o r k l i d e n  
sites. Two snow slidinp stokes,  s i m i l a r  t o  
those   used   by   Mat thews  & Mackay <1963), w e r e  
i n s t a l l e d  at the LAktot jbkka  s i t e  i n  ea r lv  
September  1984. N o  movement had   been   r eco rded  
up  til. J u l v  1985, p a r t l y  because  a b a s a l   l a y e r  
of i c e  w a s  formed by r epen ted   rne l t i nx   and  
f r e e z i n g  a t  t h e  bed o f  t he   snowpa tch ,   wh ich  
f u r t h e r m o r e  has a f a i r l y  r o u p $   s t o n y   s u r f a c e .  
O b s e r v a t i o n s   o f   b e n t   s n o w s t a k e s  made of 
g a l v a n i z e d  s teel  revealed t h e   o c c u r r e n c e  Of 
power fu l   snow  c reep .   Th i s   p robab ly   has  l i t t le  
o r  no g e o m o r p h o l o g i c a l   e f f e c t .  

At t h e   B j o r k l i d e n  s i t e  t h e   o c c u r r e n c e  O f  snow 
s l i d i n g   o v e r   e v e n   b e d r o c k   s u r f a c e s  at Un 
anf f l e  of 20-30"can   be   demonst ra ted  (cf. DYSOn 
1937). I n   t h e  s u m m e r  of 1'387 p a i n t e d   s t o n a s   h a d  
moved D .  5-2.5 m s i n c e  1984, a c c o r d i n g   t o   p h o t o -  

J l Z  
5- valley end runoff 

25. 

I 14 

-4. - Table  I XI, Sediment  y i e l d  ( q )  i n  Gerlach t r a p s  
a t  L h k t a t j h k k a   a n d   N j u l l a  sites 

50- 

- 
s i t e  summer s e a s o n  1986 1'387 

1 N j u L l a  1 2 0  L L O  
N l u l l a  2 3 ' 7 5 0  no d.xt,s 

air temperature L i k t a t j a k k a  1 
~ ~ k t n t j a k k a  X 
LAkta t j  bhka, 3 

:352 9 4  
n o t   i n s t a  I led Yb 

10 3 4  

92 



graphic comparisons. Many stones had etria- 
t , i n n s  or crush marks as a result of slidin8 
and/or a heavy pressure affainst t h 0  underlying 
bedrock surface (cf. C o s t i n  st al. 1973). This 
process m y  contribute to keeping rock 
outcrops free from weathered debris, or may 

during postglacial time may cause a local 
remove till deposits. On s u c h  s i tes .  nivation 

redistribution of the glacial deposits. 

STUDIES  OF GLACIERS G O I I C B ~ I ~ G  RETREAT A B D  
GBI)IIORPHOLOGICAL BPPBCTS 

-butinn and recent r-tm-t ~~c 
"W 

The glacierization limit in the western part of 
the  massif is estimated tu an altitude of c. 
1400 m a* cu. 1. and rises eastwards tn an 
altitude of c. 1500 m (ostrern et al. 1973). Most 
of the glaciers , are situated in the higher 
western and central part in an altitudinal 
range from 1020 to 1590m. The lower smoather 
eastern part lacks Rlaciers and the amount of 
major snowfields is also decreasin8 rapidly 
from the central part towards east (Fig. 1). 
Present-day glacier distribution does not 
completely match the localization of cirque 
forms. B . E .  the large cirque at Lake Ekasjon in 
LAktavagge is presently empty, whereas at 
Ekmanjaure and KappasvaRge, glaciers occur 
unrelated to distinct cirq.ues. This could 

glaciation t c f .  Evans 1977) 
indicate a change in recent controls on 

compared with 
earlier during the Holocene and the 
Pleistocene. Repeated aerial and field 
photography, snow depth measurements and o l d  
air photos are being  used to assess the present 
status and recent climatic response of smll 

spme of them have receded markedly and are 
glaciers in the area. During the last 45 years, 

estimated to have lost up to 60 % of their 
volume, while others lost only 10 X since 1943. 

-P q-ofe respnn-e tn th- r e c e n t .  
In the western  Abisko Mountains most of the 
glaciers and large snowfields are oriented 
towards south to northeast (Fig. 1) Especially 

direct insolation plays an important role 
f o r  glaciers in southerly to easterly aspects, 

(Isard 1983). Calculations on the effect o f  
aspects have not yet been made fo r  the objects 
of this study. 

Another important factor far glacier mass 
balance in the study area is wind transported 
snow. Winds from W and NW give the larRast 
amount of  winter precipitation at  nearby 
Katterjakk (Erikrson 1987). The annual accu- 
mulation  at different sites is Lar~elv 
dependent. upon the amount of snowfall, wind 
t r a n s p o r t  and the faedinlr; area, the snowfetch. 
The snowfetch area has been estimated f o r  each 
Klacier for westerly winds ( F i ~ . l ) ,  using air 
phnto?; and detailed (1/10000) topographic maps 
(our own mappinq from air photos) and by t a k i n g  
into account some factors controllins the snow 
drift pattern ot the sites. rbarje factors are 

1600- 

1500- 

1400- 

? 

10004 I I I I I I 

8.1 5:l 1 : I  1 :4  

SNOWFETCH RATIO 

F i ~ u r s  4. The relatlnnship between altitude and 
ratio of snowfetch area to qlacier/cirque 
area for features numbered i n  Fi8. 1. 
A snowfetch ratio of e.p;. 5: i means the :snow- 
fetch area is 5 times as larere RO the corre- 
sponding glacier/cirque area. Numbers within 
parentheses show estimated X loss in volume 
of glaciers since 1943. Circles=emptv cirques. 
L e n K t h  of stap1e.s indicate uncertainty in 
estimated snowfetch areas. Black=lY43, white= 
present situation. 

a) slope steepness, b) topoRraphic influence on 

snow traps upwind ( c f .  Gray 8a Male 1'381). 
t h e  wind flaw and c) large snowfield:a acting as 

The relationship between estimated snowfetch 
area 'and the area nf glacler cirque/hollow 
implies that glaciers with l a r p  retreat have 
a smaller snowfetch area in relation to thelr 
cirque area compared with less retreatinE 
glaciers (see FiK. 4). Thus it ia inferred  that 
snowdrifting is very  important, durins recent 
decades f o r  the mass balance o f  the Flaciers, 
accounting far the emall. retreat of glacier', 
with favourable locatinns in this re:sDect 

based on limited data and withnlJt t,nkinc: 
(Large snowfetch areas) I These assumptions are 

aspect (insolation) fully inta consideration, A 
sliRhtl y different wind direction wl. 1 1  p:lve 
other estimates of :snowfetch atpas. If t h e  
snowdriftinK hym7,thesis Ir, correct, the ma:,:; 
balance for some of the studied obiects i s  verv 
sensitive tu c.hnnp;ss  in direction Crrr 
prcvai I i n p :  snowbearinx winds. We str+~:~:~, t h ~ t  
these conclusions are prelimj.n,ll'v. 
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TF&a§LiJ&rm1 i m e =  betw-n snnwfie1da & 
glEGLers, 

It has long been  suggested  that  the 
transformation of snowfields into glaciers 
occurs  gradually (Wrip;ht 1914, Lewis 1939). 
However,  very few field  observations  have  been 
made to shed more  light  over t h i s  problem. A s  
an  extension of the  nivation studies, 
transitional forms are being  investiffated  in 
the  western  Abiska  mountains  (Lindh 1984, Rapp 
et a1 1986). Out of 18 investigated  features, 
four  are  suspected  to be in a state more or 
less close to  become  glaciers if the  climatic 
conditians or snow drift  pattern  slightly  alter 
f o r  their  benefits,  due to a  rapid  climatic 
response. Seven are glaciers of varying sizes 
between 0 I 07 km2 and 0.65 km=, two are recent1 
stagnated glaciers (No. 8 and 9, Fig. 1, still 

et al. 19'73. Glaciers 1 and 3 are not  included 
marked as glaciers on the  glacier atlas, ostrem 

on  the atlas map) Three are mjor snowfields 
which  have  been  glaciers  probably  early in the 
Holocene, but are not  considered to be close 
to  glacier status presently.  One  of  them teast 
of the tourist  station) has a steep frontal 
moraine-like  ridge. The remaining two features 
are empty  glacial  cirques. 

The  four  first  mentioned  features (No. 2,4 ,6  
and 10 in Fig. 1) are a f  particular  interest. 
They are believed  to  have  been  glaciers  not 
very  long  ago. In air  photos from 1943, three 
of them show visible  ice  with  deformed  banding 
structures  indicating some movement.  None  of 
these  features  have shawn visible  ice  during 
the  research  period  because of low ablation 
durins summer. The sizes of their ice  bodies 
are therefore not known.  The  faurth  feature 
tNa.2) showed no visible  ice  in 1943, but on 
the  other  hand has a  fresh  arc-shaped  ridge 
close to its lower  margin  (Lindh 1984). Whether 
this ridge i s  a terminal  moraine  or a protalus 
rampart has not  yet  been  established. 

For snowpatch sites in  the  western  Abiako 
mountains, snow surveys, runoff  measurements 
and  monitoring of slope processes  point to an 
increased  geomorphological  activity  compared 
with snowfree slopes. Runoff  in  front of a 
neor-perennial  snowpatch is approx. twice  that 
fo r  snowfree slopes with only precipitation- 
generated  runoff.  Annual size variations of 
snowpatchas  reflect  the  prevailing  summer 
weather  conditions. Large snowfields and small 
glaciers  in  the  area show a variable  recent 
climatic  response  that may be  related to their 
exposure to snow drifting <size o f  snowfetch 
area).  Mast  of them have  receded  during  the 
last 45 years, but same  only  marqinally. 
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GAS-HYDRATE ACCUMULATIONS AND PERMAFROST DEVELOPMENT 
Yu.F. Makogon 

Chief of Laboratory, VNNIGas, Moscow, USSR 

SYNOPSIS The existence of natural  gas-hydrate  accumulation is related  not only tQ a 
considerable Fncrease in hgdricarbon  resources but also t o  the necessity 09 serious atudy of 
"aaageroue" properties of hydrates and hydrate-saturated  rocks and their   close  control d u r i n g  the 
engineering developmen* of HFZ both on l a n d  and  in oceans. 

The processes o f  phase transit ion of gas-water syetem under natural  conditions are accompanied by 
a  considerable change In themnoregime o f  section and specific volume of gas and water during 
hydrate formation and degradation. The value o f  change in phase specific volume leads on the one 
hand, t o  a  sharp  lncrease In stresses jn engineering constructions which exceed the  Crit ical  
stresses a n d ,  on the  other hand, - t o  a sharp decrease in load capacity of hydrate-containing 
rocks. These features should  be kept in mind  whFle developing the  hydrate  distribution regions 
both on l a d  a n d ,  especially, in ocean. 

The  grotRt;h of mineral raw energy consumption 
requires  the development o f  o i l  and natural  gas 
f i e lds  In the  Arctic  regions and beneakh the 
ocean floor. The development o f  these  f ie lds  
is related  to the large  geotechnical and tech- 
nologic  difficulties because of the presenoes 
of t h i ck  permafrost sections and  hydrate forma- 
t ion zones which are characterized by phase 
transit ton o f  water taking place during enginee- 
ring activ i t y  . 
The practice of developing t h e  re&s with 
large permafrost has  gained tremmdoue experi- 
ence Fn constructbg and operating engineerin 
structures both In the  Soviet Union and abmd.  
The experience in developixlg the zones of gas- 
hydrate  distribution is practically  absent. 
However, the  diff icul t ies   ar is ing while deve- 
lopFpg hydrate formation zones (-2) axe more 
serious  than  those  arizing in the permafrost, 

It is well lmown that   the majority of d i f f i -  
cult ies  arizing in the permafrost  sones are 
associated with a change of specific volume o f  
water b 9% durhng its thawing and freezing. 
This va f ue is enough for a sharp Chauge of load- 
carr ing capacity of Watersaturated mckB, and 
f o r  a r i z h g  high stress in engineering 
s t r u c t  ures. 

The discovery, made by the Soviet  scienkists 
of the existence of natural  gas  hydxates h Jhe 
earth 's   crust  and a complex of s c i e n t   e i c -  
research and f ie ld  worb  have allowed t o  reveal 
some reasons  complicating  the engFneerFng  deve- 
lopment of HFZ. 

dangerous properties of gae-hydrates and hyd- 
rate-saturated rocks. The problem lies in the 
f ac t  thak B apecifia volume o f  water 88 it 
 convert^ into  hydrate  state  increasee  three OP 
four times compared t o  its freezing. And con- 
v e r s e l g ,  during hydrate  degradation  a s p e c s i c  
volume of water declines s h a r p l y .  Thie fact 
fe a basic  principle and & m i l d  be keppt in mind 
while  developing  hydrate-formation zones. 

A Short; Characteristic of Gae Hydrate 

Gas-hydrates El& so l id  compo~d-JncluSions b 
which molecules of gae f i l l ,  under the s p 8 C t f i C  
pressures. and temperatures,  structural v o i d s  of 
c r y s t a l l h e   l a t t i c e  formed by water moleaules 
due t o  strong hydrogen  bond. WaWr moleculear 
a8 hgdrate and v o i d s  are formed looking l ike  t o  
be forced apart by molecules of gas enclosed h 
these vo ids ,  a specific water volume iacreaaing 
(depending on gas composttior, a d  the  structure 
of  hgdxaee Lattice) up t o  1.26 - 1.32 cm3/g. 
Molecular pressure of gas in the  hydrate 
l a t t i c e  reaches  several Dar. 

In appearance hydrates resemble, depending on 
the  .condition of formation and a ta te  of hya- 
rate formation compounds clearly defFned 
transparent  crystals of dlsferent forms. ~n 
elementam ce l l  of gara hydra%% consists of the 
dofjnite number of water and gas molecules (4- 
'17 water molecules pes one gas molecule) whose 
relationship depends on gas molecule s i z e ,  
pressure and temperature. One volume of water 
binds  f r o m  70 t o  220 volumes o f  gas. 

Reserves Of methane concentrated in the molecules crysta l lbe  hydrates of different c r u s t  in the hydrate s t a t e  exceed ,*-6 m31 structures are formed. S t u d s  of these  hvdrates 

Depending on the composition and  s i z e  of gas 

Their development and usage as power ?-?esokce has only begun. Figure I gi ies  the struituxal 
are ve ry  Important. However it is neceisaary , elements of gas Q d  ates, Whose .density varies 
in t h i s  case, t o  take in to  consideration the f r o m  0.8 - I .2 g/cmT. 

. -  ~ 
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Pigures 2 and 3 present 
of different gases. 

The hydrate formation conditions are defirred - 
by pressure,  temperature,  composition. and s t a t e  
o f  gae and water. The re la t ion  between prbs- 
sure and temperature o f  hydrate  formation by 
different  gases or natural  m i s t u r e s  are  u s u a l l y  
prsseuted  as  beterogeneoue diagrams. Figures 
4 and 5 i l l ua t r a t e  such dependence for Borne 
gases and l igh tvola t i le  Llquids. 'PO t h e   l e f t  
and above the equilibrium curvem hydrates w e  
formed and are stable;  t o  the right and under - hydrates  degradate.  Hydrates  are formed by 
a l l  known asea whose molecule s i ze  does not 
exceed 0.65 Mu (except hgdxwgen, helium and .' 
neon). 

Gas hydrate  can be formed and accumulated at 
any place h a v i n g  gas, water and the correspaa- 
d i n g  thermodynamic conditione, and are   e table  
over  a wide temperature and pressure range, 
from 'I00 t o  WOK and from . to 
2.103 ma. Hydratea are characterized by high 
electr ic   res is tance.  Bowd velocity In hyd- 
r a t e s  i s  alightly.,beLow  than that in ice. The 
velocity of  seismoacoustie waves through 
porous rock- saturated wikth gas hydrates by 60- 
100% h i  her than through  the Bame rock  satu- 
rated wfth f r e e  gas.  Hydrate  hardness I s  not 
well !mown; however, the available  data ahow 

Gas and waker permeability  through gas mdrat.e 
tha t  it. exceed8 ice  hardoess about two times. 

ie verg low. Gas hydrate is a geflect; 'cover 
f o r  gas and o i l  f ie ld@. The majority o f  the  
discovered prima= gae-hydratie depositx (GKD) 
in oceans have no Lithologic coverAand a m  
si tuated in the  immediat.e vicini ty  t o  bo%tom. 

The process of hydrate formation is accompa- 
nied by heat  release 8hd the  process o f  degra- 
aat ion - by heat absorption. A t  t O'C, %be 
heat o f  phaae conversion ia about 42OK3/kg; a* 

,O°C - about 14OKJ/kg. !Phe heat amount re- 
leased  under  hydrate formstioll and absorbed 
under  degradation depsurda on gas compoerition, 
gressure  temperature and saker state.  Figure 

gives Jhe dependePlce o f  ,kxeati of pmpatlecu 
hydrate  format ion (degradatiion) . ' 

Heat conduction o f  gas hydrate is considerably 
lower  than  $hat o f  ice   e ,&,   a t  200 K me- 
thane-hydrate  heat d u c t i o n  8 times lower 
compared to  ice.  

According t o  the oorl&8 of Soviet m d  foriega 
sc ien t i s t s ,   na tura l  gas hydrates are found ia 
H F Z  which are spread  widely  both on l a n d  and 
In oeema. 

The hydrate  formation eone ie a zone of m d i -  
mentaq, rocka saturated  with  water and gas 

t ab le  f o r  hgdrate  formation, The IQZ thick- 
ness i a  determiner by gas composition, re8eF- 
voir  water  mhseralization, geothem gradient , 
and pressure, The present  themodgnmic oha- 
r ac t e r i s t i c  of the sedimentarg rnarhle of the 
ear th 's  crust;  corresponds t o  the  oondleiona of 
hydrate  accumulation and i t a   s t a b l e  exia%ence 
on 25% of l a d  and 90% of ocean. The ISFZ 
thickness on land is 700-1200 (up t o  17003 m, 
in oceans - 2OO-lcoo (up to 1100) m. 

j.n wich the thermodynamic conditions are Sui- 

The u per boundasg of HFZ on land is at dep th  
of 708-250 m, in oceans,  depending on m6er 
depth, - Borne ern. t o  BBI f loor .  Figurm 7 and 
8 give  the  prorile o f  a zone of the  hydrate 
stable  existenoe in Ea& Siberia  and in the  
Beaufort Sea. 

The r e su l t s  of even the first search f o r  gas 
hgdrate  accumulations  have shown t h e i r  wide 
diatributxlon both on Land and, especially,  in 
oceans.  Figure 9 gives  the map-scheme of the  
explored  area8 o f  GHD dist r ibut ion in the  world. 
F&ure 10 gives  the acheme of the  GHD d i s t r i b u -  
tim in the  USSR. 

The lmowlege about the accumulation of natural  
gas hydrate 9mm the viewpoint of engineering 
act ivi ty  Ftl the region of its dis t r ibut ion i s  
extremely  poor. 

The process of hydrate formation In porous  rocks 
is accompanied by the deve1oprnen.t; of high 
s t resses  between the   par t ic les  of rocks, these 
stresses paaalng to  engineering  construct ions 
dri l led  into  a  zone of phase transit ion.  Mole- 
cular  atressee developing d u r i n g  hydrate crys- 
t a l l i za t ion  exceed considerably  those  develop- 
ing d u r i n g  water freezhg Xn @ closed volume. 

Phase t rans i t ion  tsking place d u r h n g  hydrate 
f ormatiion and degradation dtffrer Prom phase 
t rans i t ion  of. water du&g It's freezlng and 
thawing not only by a  value o f  water  specific 
volume "hang b u t  ala0 bg a considerable change 
o f  gas spec 3.0 volume. If at; the  moment of 
hydraee  fornation hydrate-forming compound is 
in gaseous  (vapour) s ta te ,   then d u r i n g  hydrate 
formation  a sharp decrease in It's s p e c u i c  vo- 
lume takeer place, For example,  under rnqthaus- 
hydrate foxmation a t  2?3K it's specif ic  volume 
decreases by 693 times L e .  high energy concent- 
ration of gas in a  uude  hydrate volume (one 
waken  volume bmde 181.9 volumes o f  metbane). 
As hydrate degradatee h~ a limited volume, its 
mer@ releases developing high pressure. 
Figure 11 shows the  dependance of pressure 
change  under hydrate  degradation In the  limited 
volume. The releasing energy of gas pressure 
as hgdrate  degradates  under  a  heat of engineer  
log construction may lead t o  f a i l u r e  of engi- 
neering construction  i tself .  For example, the 
Boviet, as well aa foriegn .expeds run inta  the 
facta of m u d  blowount due t o  gas l iberated under 
hgdrate  degradation  while d r i l l i n g  deep wells 
through hydrate-saturated  beds. Such blowouts 
am u s u a l l y  of short duration,  impulsive and 
self-regulative. Po elimina-be the sequence of 
blowout i s  verg expensive  eapecially when 
dr i l l i ng  worka are carried o u t  Ln the  Arctic 
o c e g  f r o m  dri l l ing  vessels.  

When hydrates a m  formed by  the liquid hgdricar- 
bons, the  pressure  increases a t  the moment of 
hydrate  formation b~ the  closed volume, the  
pressure i ac re s sbg  Pmm 0.5-0.7 MPa t o  70-80 
ma. Figure 12 gives a cut o f  tubing  (diameter - 64 cm, wall  thiclmess - 6 mm) collapsed by 
the  hydraOes formed by l i q u i d  gas condensate in 
tubing-oasing  annulus a t  the dep th  of 1245 m 
and a t  temperature of 7°C. 
The s t r e s s  h rock massif as hydrates are formed 
Fncludes two cornponenix: a change of specif ic  
water volume by 26-3256 and a change of specif ic  
gae volume. The studies  carried  out in 
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laboratory have shown that methene-hgdrate 
formation i n  saadstonea led t o  a complete 
destruction of them after degradation of hydrabe 
formed in these sandstonee. The load  oapaoitg 
of such  sandstonee a f te r  hydxake degradation is 
practically absant. Sandstone turns t o  drift 
sand. A deep well d r i l l e d ,  at temperature be- 
low equilibrium one, In rocks saturated wieh 
hydrates and  operated f o r  a long  period at tempe 
temperature  higher than equilibrium w i l l  be 
aubjectea t o  high  pmssure of gas l iberat ing 

under hydrate  degradation. Xf l iberat ing gas 
outflow into  the  surrounding rocks is lower 
than it 's inflow, the pressure in  n e a r h o l e  
area m a y  increase above %he c r i t i c a l  one and 
collapse CasFng. Prom this point of view, the 
Internal8 of hydrate monolith whicb,accoraFng 
t o  d r i l l i n g  of wells in oceans are  widely 
epread and reach the t h i c h e s s  of 3-5 and more 
metres, are most dangerous. 
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Flg.1. Structural elements of gas 
hydfates 
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Flg.4, The conditions of kvdrste formation 
by d i f f e r e n t  gases 



i 
E 

0 5 
I 

IO IS 

s' 
i w 

i2& 

7w 

21w 

Fig.8. Profile of HFZ in the Bofort Sea 

Fig.6. Dependens of propane- drake 
formation (degPadatio3 beat 
on temperature 
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Fig.10, Scheme of HFZ distribution 
in the  UbSR 

Fig,II. Relationship between pressure and 
gas temperature d u r i v  methane 
hydrate decomposition I.n a limited 
volume 
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A HYPOTHESIS FOR THE HOLOCENE PERMAFROST EVOLUTION 
L.N. Maximova and V.Ye. Bomanovsky 

Faculty of Geology, MOSCOW State  University, Moscow, USSR 

SYNOWIS The dynamics of ground thawing a n d  f r e e a h   i n   t h e  Holocene due to  climate 
fluctuations is discussed. The vaPiatiOn of summary temperature  curve8  obtained for different 
regions of the USSR has been studied based on an analysis of harmonics correspondhg f a  the  climate 
fluctuations  with periods of 41 ', 21 , and 11 thousand years. .Che resul ts   are  used t o  estimate 
the beghnhng of formation of the  Holocene perennially  frozen grounds  (completely frozen  af ter  the 
thermal maximum).  The stage5 o f  t h e i r  development are  related t o  c l h a t i c   f l u c t u a t i o n s  with the 
period of about 1.5 thousand years. An attempt is made t o  explair-some  regional  peculiarities o f  
the  Holocene permathst .  Thus the expanelon of the  permafrost zone a n d  growth of its m a x i m u m  
thickness (down t o  150-200 m) $ram the  west t o   t h e  east in the  USSR apart from the  existing regio- 
nal and  zonal  IactorB, can be  explained by an increase. in the  auration of fraezfng due to   . an .  
e a r l i e r  Holocene m a x i m u m  in the eastern  regions of Siber ia  as compared with the European North and 
West Siberia. The conclusions, c o n f h e d  by a s e r i e s  of computer calculations ~f perennial 
freezing, are in good agreemen% with  paleogeographicsl  reconstructions o f  the  Late  Pleistocene and 
Holocene. 

Perennially  frozen ground5 of the  Holocene age 
occupy over a th i rd  of the permafrost zone in 
the  USSR. Their  evolution is closely  associa- 
t e r  with  the  cl.imatic  changes. in t h e  Holocene. 
The climatic WmFng in the  first half O f  that 
period, which caused an intensive permai'rost 
degradation, and subsequent  temperature  decline, 
that reaulted in permafrost development Fn the  
areas which had e a r l i e r  be= occugiea by fully 
ox partially thaweclgrounds, are known t o  be the  
main events in the Holocene. 

The paleotemperature  cumm (Figs.1 and 3) are 
proposed t o  investigate  specific  features o f  
the  Holocene permafmat evolution in the  USSR. 
They have  been calculated in accordance  with 
the established  notions (Zubakov, 1986; M a x i -  
mov, ?972; Sergb,  l W 5 ;  and others) based 
on the  following  assumptionat (I) climatic 
xhythrne are  characterized by a s h u s o i d a l  va- 
r ia t ion  09 temperatures  with perlods OP 20Q(T ' ) ,  
IQO(T' ' , 41 (TI 1 , 21 (T$, and 10(T3)  thousand 
years8 (2)  the extrema of harmonics I' and T, 
occurred minimum 25-26 thousand, of T2 m i n i m u m  

thousand gears ago; (3) extreme  temperature 
deviatloils f r o m  the  present-day values 5n the  
cold  epoch were 9'C for high  lati tude8 of 
g1acier-f  ree  land in the  northem hemisphere, 
and 5'C for moderate ones; in the warm epoch 
these  values were 4'C and 2'C, respectively. 

Baaed on the  above-presented  assumptions, a 
system of equattons was derived  yielding  the 
amplitudes o f  the  T,, T2 and T3 harmonice and 
enabling  construction of the  summarg paleotem- 
perature  curves (Maximova and Romanovsky ,1986) : 

22-23 thousand, m d  O f  T' ' and T 3  m a x i m u m  f i v e  

= 0, 
m a x  

where is a function o f  t o t a l  temperature; 

mi?n and 'G,- are   the tlme periods of the 
l a s t  thermal maximum and m i n i m u m ;  To i s  the  
present t lme,   and rtatt and "btt are temperature 
deviations from the present-day values  during 
the periods of m i n i m u m  and  m a x i m u m .  

The amplitudes of 9' and T I t  harmonics were 
assumed t o  equal I o C .  

The climatic  variations in the Late  Pleistocene 
and Holocene obtained from the curves are  i n  
good agreement with  the  established  notions of 
the paleoclimatic  peculiari t ies of that  time. 
Phe paleotemperature  cume (Fig.?> i l l u s t r a t e s  
principal cllma.tic  eventa ~f the Late Pleisto- 

ponding to   t he  Isotopic oxygen Profi le  of i c e  
cene - Holocene and t h e i r  time interval corres- 

from the  boreholes  at  the Vostok station in An- 
t a r c t i c a  (Gordienko et al., 1983) and t o  its 
paleogeographic interpretation. 

From the curve obtahed for the highlands of 
southeastern  Siberia  over an interval  o f  160 
thousand years,  the foLLowbxg events can be 
identified (Zubakov, 1986) : the  Risa-Wiimian 
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Fig.1 Theoretical  paleofemperature  curve f o r  southern East Siberia  (a) and 
isotopic oxygen profile o f  ice from the  boreholes  at   the Vostok s ta t ion  in the 
Antarctica (b) . 

thermochron l3O-Il7 thoueand years ago with a 
climatic optimum 125-120 thousand years ago and 
the Wiirmian orgocluun 11745 thousand years 
with  cltmatic warming about 100-90 thousand 
years (95-80 thousand gears by the i so to  i c  
oxygen curve), a dramatic  cooling  about $5 
thousand years (75-70 thousand years by the iso- 
topic oxygen curve), intra-Wiirmfan r i s e  in tem- 
perature  with a peak about 48 thousand yeara, 
and a l a t e  w'trmian cooling 33-15 t h o u s a n d  yeara 
(with a m h i m u m  27-24 thousand years by ieoto- 
pic  oxygen cume),  and climatic warming in  the  
Holocene 15 thousand years ago. 

The procees o f  gmund freezing Fn the  Late 
Pleistocene  glacial  epoch and thawing  during 
the  Bolocme  temperature m a x h u m  in the  Batkal 
rift zone depressions was studied in accordance 
with these  temperature  variations. This region 
was chosen t o  implement the  hypothetical tempe- 

rature  variations due t o  a number of circums- 
tances. The posit ion of depresaions,extending 
la t i tud ina l ly ,  allows u s  to   neglect   the  chan- 
ges in surface  temperatures d u e  t o  the displa- 
cement o f  geographical zones. The landscapes 
of lacustrjne-alluvisL p l a h s  in the  depression 
f loors  over  the  investigated  period of time 

80 thousand ears) changed insignificantly Lava, 19855 This  permits  to suppose tha t  
the dynamics of the  temperature  field in the 
grounds was determined pract ical ly  by climatic 
variations,  Two permafrost horizons have been 
i d e n t i f i e d  in the  depressions - the  Late 
Pleistocene a d  the  Holocene (Zamana, '1980), 
They can occur  independently,  constitute a 
two-stage section  (Upper-hgara and Barguzin 
depressions), and merge kinto a s ingle  frozen 
ser ies  (Chara depression). The appmpriate 
CaBes of model are given h Fig.2. The pre- 
sence of the  two-stage section has made it 
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F i g 2  Variation of perennial thawing and freezing of rudaceous deposits 
in the mountajn depressions of the Transbaikal region in the Late Pleia-  
tocene and Holocene: (a) complete  thawing of the  Pleistocene f r o z e n  
ground s t ra ta i  in the section: perennially frozen grounds of the 
holocenic aget (b) IU8rgbg of partially thawed Pleistocene and being 
formed Holocene perennially frozen grounds into a s b g l e  f rozen  stata; 
and (c) a two-stage section porm&rost strata with the Pleistocene and 
Holocene horizons 
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possible   to  compare the estimated and actual 
depths of ground Sreeaing and thawing a t   t h r e e  
levels: t he  bottom of the Holocene horizon,  as 
well  ae  the roof and the bottom of the  Lata 
Pleistocene frozen ground. The corresponding 
actual  data  are f o r  the  depths f r o m  30-50 m t o  
80-110 m ,  70-150 m, and Ip -WO m; maximum 
thickness of the  relict  permafrost  horizon 
amounts t o  150-200 m,  b u t  in the  regions  with 
high  present-day  temperature this horisoa is 
intensively  degradhg and is only several  me- 
t ers   thick.  

Ground freezing and thawing have been simulated 
mathematically  using the  programs f o r  numerical 
solution of Stefan's m u l t i f r o l l t  problem deve- 
loped a t   t h e  Department of Gaocryolo y ,  MOBCOW 
State  University  meregha, in press7 m a  real i -  
zed on a BESM-6 computer. 

Comparison o f  the  computed data and Factual 
data  yields  posit ive  reault .  This, in the opi- 
nion of the   au thom,   jus t i f ies   the  attempt o f  
refining  the  paleotemperature  variatlone SS 
different  regiona of the  USSR f o r  the  Late 6 m  .. H o l o c ~ e  by e m b n g  UP t h e  ha1~1011ics PI, I2 
a d  T3* 
?he summary curves  obtained (Plg.3) confirm t h e  

Pig.3 Relative changes o f  summary a i r  
temperatures  with t h e  fn differme 
regions of the  permafmat zone: 1,2 - 
Wsat Siberia  (1 - Ob' River  region; 2 - 
Yenisei River region); 3&4 - East Sibe- 
r i a  (3 - -north of 65ON; - south of 
6 5 O N ) t  5 - Transbaikal  region; 6 - Par 
Eaat . 

lmown f a c t s  on t h e   r i s e  in the amplitude of 
climatic change8 Prom southeastern t o  narth- 
western USSR, as well as the  Holocene thermal 
maximum laggFa behing in the @am8 direction 
(KhotFneQ, 147). The e a r l i e r  terms o f  the  
thermal m a x i m u m  in Eaat Siber ia ,  as compared 
with  the European North and West Siber ia ,  c811 
be explained b y  the laws  governin the changes 
in bdiv idua l  rhythm amplitudes %I these 
regions,  In  accordance  with  the known Milan- 
kovic*s  astronomical  theory of climatic  fluctu- 
a t ions,   there  are signif icant   la t i tudjnal  d i f f -  
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erncefs ~JI the  TI and T2 rhythms: the  former 
dominates a t  high  lati tudes and near 45ON its 

tude of the T2 rhythm increases toward the 
a m p l i t u d e  is approaching Sem,  while  the ampli- 

According t o  the solutions  obtained,  the ampli- 
tude o f  the  TI rhythm decreases from 8-9.5OC Fn 
t h e  European North down to 2.5'C in the Par 
Eaat. The amplitude of the T rhythm increases 
from l ° C  in northern West S i b h a  t o  1.5-2OC Fn 
the  Transbaikal  region, The t o t a l  range o f  c l i -  
matic  variations and the  time of t h e i r  m a x i m u m  

northern West Siberia  ( the Ob River  basin) 
manifestation  varies  accord 9 1 9 .  Thus, in 

where tho ampl i tude  of t+e PI, T2 and T3 
r thms equals 7.2' 1.2 , and 0.5°C, respecti- 
ve Y y ,  t he   t o t a l  am i i tude  of temperature va- 
riations  reaches I%'C and the Holocene thermal 
maximum dates around 4.5 - 6.5 thousand gears 
ago. In  the  Transbaikal  region, where the 
l e a s t  difference between the  TI and T2 rhytbms 
and t h e  !P3 rhythm is practivallg  lacking,  the 
summary t o t a l  amplitude of cl imatic  variations 
is twice as small and the Holocene thermal 
maximum has the  earliest   dating imm 10-11 t o  
8 thousand years ago. Such an early  beginning 
o f  the m a x i m u m  is acknowledged by the  investi-  
gators ,of that  region (Yendrikhinsky , 1982). 
One carn.refFne the  thermal m a x i m u m  t h e  in the  
Holocene by superposing the mean-period rhytbm 
(1.5 - I .85 thousand years) of Shnitnikov 
(1957) on the curVeB obtahed. 

Our stiudiea have yielded new data f o r  analyzing 
the  dynamics of perennially frozen grounds in 
the Holocene, allowing a somewhat different in- 
terpretat ion of their   d is t r ibut ion.  A t  present, 
the  region of the Holocene permafrost occurrenoe 
Xn the  USSR w i d e n s  from the ,east  t o  the  west. 
In  the European USSR, the Holocene permafrost 
Btrata  occur only Fn the  circumpolar region. In 
West S ibe r i a   t he i r  boundary extends  south of 
the A r c t i c  Circle, turns  sharply souehw.ard east  
of the Yenisei Rtver and leave8 &he WBR. 
Ueually such a psttern of permaf'mst d i s t r l -  
buCion is, on the whole xelatsd t o  the increme 
fs severity  (contlnentaiity) of present-day clf- 
mate, neglecting the history of permafroat evo- 
Luti0.n ln the Holocene. Howeve , Born8 peculia- 
r i t i e s  of' permafrost distfibution in the the 
southern part o f .  the permafrost zone can be 
explained by sltudylng Its dynamics ia the  Holo- 
cene . 
Let us diScuSa the location o f  the  northern and 
southern  boundaries of the HQlOCene permafrost, 
The northern boundary corresponding t o  the 

P%!% d u r i n g  the Holocene thermal maximum 
rfaeo from the  south-east t o  the  north-west: in 
Est Siberia  it does not run beyond 65ON a n d  in 
Weat Siberia  extends t o  about 60-69°N. This is 

t u d e  o f  climate warming in this   di rect ion.  As 
in good agreement with an increase Fn the ampll- 

t o  the  southern boundary whose location i s  Qe- 
termined by the  variation in ground freezing 
during  the  climatic  cooling  that  followed  the 
optimum, Fn East  Siberia it moved southward 
much fur ther  than b West Siberia,  which appa- 
rently,  diaagrees  with  the assumption of lesser 
dynamics of permafrost due to   smaller  amplitude 

South. 

of thawing (tu11 ox p a r t i a l ,  f r o m  the 



of climatic changes. Buch a pattern can ac- 
tually  be  explained by a delay i n  progressive 

West Biberia (and In the  European north) d u e  t o  
development of the  Kolocene frozen grounds in 

l a t e r  onset of the  Holocene optimum and subse- 
quent  cooling. The delay in the  Holocene per- 
mafrost development h West Siber ia ,  as compared 
with Eaet  Siberia, i s  of the  order o f  2-3 t h o u -  
sand years a8 d e r i v e d  from the  eumes (Flg.3) 
and can be specified  accordfag  to  the  variation 
of the mean-period rhythm. 

Thus , a dramatic  extension of Che area of  the 
Holocene f r o m  strata eastward t o   t h e  Yenisei 
River is obviously  associated  with a Longer 
duration of t h e i r  formation and evolution in 
thiB area. Most probably  another  peculiarittg 
of the Holocene history 04 the  permafrost zone 
wa8 a lso  important;, namely the  pmsence of t he  
second "centerm o f  ground freezing in the  Holo- 
cene in the  highlands o f  the  northern Tranabai- 
kal  region, f o r  which the  earliest  dating o f  
the Holocene optimum has been obtained. 

The moat ancient Holocene fmzen gmund ntsa ta  

Xaet Siber ia  (about 6S0N), If the beginning of 
occur in t h e  noxthern  fransbaikal  region and 

t h e i r  fonbation is assigned t o  Novoaanchugovsk 
cooling (7.9 - 8.3 thoursana gears  ago),  then 
t h e i r  m a x i m u m  age could  reach 8 thousand yeam. 
The Holocene f rozen   s ta ta  o f  West Siber ia   are  
much younger. Their maxiam age i s  probabl 
about 3 thousand  y,ears  (Baulin e t  al., 79837 
Correspondingly,  the  thicknees of the  Holocene 
perennially  frozea grounda, reachbg 100-150 t o  
200 m near its northern boundarg in Bast Bibe- 
ria (in sedimentary rocks of the Paleozoic) and 
50-60 m In Best Siber ia  (in loose  Quaternarg 
formations), is different.  

Based on the above, one may hypothesize t ha t  
the Holocene frozen ground s t r a t a  in the UBSR 
are  in differen$  phases of their development 
re la t ive  to the   var ia t ion of long-term clima- 

t i c  rhythms In East Siberia, the  progresefve 
develo rnent of permafroat is nearing ternhation 
~ i g . 3 3  acgu i rhg  a pulsation  pattern  that  

term climatic rhythms, whereaa Fn Weat Slber ia  
corresponds t o  the  var ia t ion of medium and short- 

&he Ob' R i v e r  baain) and i n  the European North, 
permafrost  agrodation w i l l  still coatiaue d u r i x g  
Borne millennia,  hvolvlng areas ever further t o  
t he  south, and t h e  above-considered regional 
differences in permafrosf dist r ibut ion will gra- 
dually  level off. Therefore,  the  present-day 
pat tern of permafrost  distribution i s  only an 
episode In the  general  evolution of the  perma- 
f r o s t  zone, and i t a  dynamics h the  Holocene 
resulted from a common global  process of clima- 
t i c  changes with  the  phases component OP the  
climatic rhythms synchronized f o r   t h e   e n t i r e  
terri tory of the USSR. The above-discussed re- 
gional  dlffexences in the  Holocene permafrost 
evolution are conditioned by a specific  charac- 
ter of the   spa t ia l   var iab i l i ty  of amplitudes o f  
Fndividual  climatic rhythms having different 
physical origln, 
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DIVISION AND TEMPERATURE CONDITION OF THE 
LAST GLACIATION IN NORTHERN CHINA 
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SYNOPSIS  Based  on  the  glacial  and  periglacial  evidences,  the  plant and animal  fossils,the 
Last  Glaciation  in  the  northern  China  can be divided  into  several  substages,  namely  the  beginning 
stage of Dali  Glaciation,  110,000  to 70,000 yr.B.P.; the  early Dali  substage, 70,000 to 5 3 , 0 0 0  yr. 
B.P.;  the  mid-Dali  substage, 5 3 , 0 0 0  to 23,000 yr.B.P.; and  the  late  Dali  Substage, 23 ,000  to 10,000 
yr.B.P, Each  stage  can  be  subdivided  into  stadials  and  interstadials.  Also  the  paleoclimate  in 
each  stage is reconstructed. 

INTRODUCTION 

On  the  basis  of  the  researches  in  the  Northeast 
China  (Sun, et al., 1985)  and  the new data  ob- 
tained  recently,  the  climate  change,  stages of 
the  Last  Glaciation  are  discussed  in  this  paper, 

EVIDENCES OF COLD  CLIMATE 

Glacial  report 

In  the  Taibai  Shan o f  Shanxi  Province,  there  is 
a  group of cirques  at  the  height of 3 , 5 5 0  to 
3,610 m, below  which  five  U-shaped  valleys  and 
two end moraines  exist  in  an  elevation  of 3,000 
to 3,100  m  (Qi,  et  al., 1985) .  Two  groups  of 
cirques  and  U-shaped  valleys  occur  at 2 , 4 0 0  to 
2 , 2 0 0  m a.s.1. in  the  Baitou  Shan,  Jilin P r o -  
vince  (Sun, 1982). These  indicate-that some  sitesof 
the  northern  China  had been once  glaciated  dur- 

named  the  Taibai  Shan  Ice Age o r  the  Baitou  Shan 
ing  the  late  Pleistocene,  this  period  can be 

Ice  Age,  corresponding to the  Dali  Glaciation. 

Permafrost 
Permafrost  in  northeastern  China  is a part  of 
the  Eurasian  permafrost  zone.  Nowadays,  the 
predominantly  continuous  permafrost  distributes 
i n  the  northern p a r t  of the Mt.Daxi,nganling 
with  a  maximum  thickness of 100 m. The  southern 
limit o f  the  island  permafrost  lies  down to the 
latitude  of  49"N  and  is  coincided  approximately 
with  the 0 ° C  isotherm of the  mean  annual  air 

Mt.Huanggangliang  and  Mt.Baitoushan.  It i s  
temperature.  Alpine  permafrost  occurs in the 

believed  that  the  permafrost  region  was  much 
larger  during  late  Pleistocene,  and  the  present 

the  result of  its  northward  retreat  during  thc 
location o f  the  southern  limit of permafrost  is 

postglaciation  (Guo,  et al., 1981). 

The  other  periRlacial  features 

Ice-wedge  cast  is  the  most  important  evidence 
t o  reconstruct  paleocnvironment.  Some o f  the 
reported  ice-wedge  casts  are very clear in 

polygenal  and  wedge  pattern  and  with  the  deform- 

Datong  basin  (Yang,  et  al., 1983); some,however, 
ed enclosed  sediment, e.g.that one  found  in 

as those  found  in  Dehui  county,  Baicheng of Ji- 
seem to be frost  cracks  filled  with  sand,  such 

lin  Province  and  Aohanqi of Inner  Mongolia ( S u n ,  
1981). Another  important  evidence,  the  perigla- 
cial  involutions,  is  widely  reported  from  the 
Northeast,  North  and  Northwest  China,  for  ex- 
ample,  those  found  in  Zhuolu  county,  Gaojiabao 
in  Yangyuan  county of the  Hebei  Province, sal- 
awusu of  the  Inner  Mongolia  and  Huan  county  of 
Gansu  Province.  Thermokarsts,  block  fields,  pat- 
terned  grounds  are  also  indicators of periglac- 
cial  environment  (Cui,  et  al., 1984). Based on 
the  evidences  mentioned  above,  estimation  for 
paleoclimate  can be made  qualitatively  and  quan- 
titatively.  On  the  basis of stratigraphic  re- 
lation,  and  chronometry, they can be dated. F o r  
example,  the  black soil filling  in  the  ice-wedge 
casts  in  Guxiangtun  of  Harbin i s  dated 3 3 , 6 6 0 i  
3 ,270  yr.B.P. in 14C age,  Calcareous  nodules 
in  the  involution of  Hutouliang of  the  Yangyuan 
county  is  dated a s  2 7 , 6 7 5 * 7 5 4  yr.B.P.,sand i n  
the  wedges of Datong-26,000*2,000 yr.B.P.by 
means  of  thermoluminescence,  and  the  involution 
in  Zhuolu  is  dated  as 11,030*150 yr.B.P.in 14C 
age  (Huang, 1984). 

Boreal  faunas 
The  Guxiangtun  fauna of Mammuthus-coelodonta 
fauna  is  a  typical  one that  has been recognized 
as  the  fauna  living  in  a cold environment during 
late  Pleistocene.  The  fossil  sites  are  concen- 

cially in  the Northeast  China. By 14C dating 
trated in  the area to the  north of  38"N,espe- 

it  is  known  that  the  mammoths  are 10,000 to 
40,000 yr.old. The  dominant  species o f  mam- 
mot-hs is the  M.primigenius  Blumenhach. A few of 
M.Sungari and M.primigenius  Liupanshsnensis  were 
found  sometime. T h e  finding of mammoth 
fossils  at  the  bottom of Huanghai s e a ,  or the 
Yellow  sea,  is o f  significance,  indicating that 
the  sea  bottom had once  exposed  during  the  Last 
Glaciation  (Zhany, 1980). A corresponding onc 
in the  northern  China is the Salawusu f a u n a .  T t  
is quest.ioned whether  the  Salawusu  fauna is o f  

107 



0 1RO 360 km - 
I 

Fig.1  Paleoenvironment  during  Last  Glaciation  in  Northern  China 

1 .  present  southern  limit of predominantly  continuous  permafrost; 
2 .  present  southern  limit  of  island  permafrost , observed; 
3 .  Present  lower  limit of alpine  permafrost;  4.southern  limit of 
permafrost  during  the  maximum  Last  Glaciation; 5. coastline at 
the  maximum  regression  during  Last  Glaciation; 6 .  glacial  traces; 
7 .  ice-wedge  casts  and  frost  cracks; 8. thermokarsts; 9 .  involu- 
tions; 10. patterned  grounds; 1 1 .  block fields; 12. fossil  sites 
of Mammoth; 13. fossil  sites of Coelodonta  antiquilatis  Blumen- 
bach; 14-18  pollen sites: 14. spruce-fir  dark  conifer  ous  forest; 
15. larch  forest; 16. mixed  forest  with  spruce; 17.birch forest; 
18. dry steppe. 

cold  environment  indicator,  because of lacking 
mammoth  fossil.  However,  a  detailed  comparison 
shows  that  these  two  faunas  have  similar  com- 
ponents  with  a  few  exceptions.  The  Coelodonta 
antiquitatis  Blumenbach, Equus przewalskyi 
poliakoff  and  the  E.hemionus  are  all  species 
living  in  cold  environment,  The  Bubalus  Wons- 
jockiBoule et Teihard  used to be thought  as  an 
animal  living  in  warm  period,  however,.  being a 
member o f  the Guxiangtun fauna,  it  might be alao 

a  species of cold  climate.  Therefore,  it i s  
believed  that  the  Salawusu  fauna  also  existed 
during  the  Last  Glaciation,  only  the  climate  in 
their  living  area  was  slightly  warmer  than  that 
of the  Guxiangtun  one.  This  estimation is sup- 

* Z O O  yr.B.P. (Yuan, et al., 1983), and in  the 
ported by the  230Th  dating: i n  Salawusu"h9,500 

Shuidonggou-38,000f200 yr. B.P.(Chen, et a l . ,  
1984). 
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oe thought  at  about 70,000 yr. B.P. With  the 
deepening of studies o n  Quaternary  history, 
especially  those  in  oxygen  isotope of ocean 
sediments,  it  is proved  that  the  epoch of the 
Last  Glaciation  should be lasting  from 110,000 
to 10,000 yr.  B.P., and  the  period  from 130,000 
to 110,000 yr. B.P. should be the  Last  Postgla- 
ciation . The  climatic  evidences  during 110,000 
to 70,000 yr.  B.P. have b e e n  found  at  the  Xu- 
jiayao  ruins  in  Yangyuan  county of Hebei Pro- 
vince. This is called  the  Xujiayao  transitional 
period  (Table I). 

Pi a.s.1. If the  temperature  gradient is 3.5'C/ 
100 m, then  it  could b e  calculated  that  the tem- 
perature  depression  should be 6 ° C .  I n  the same 
way,  it  is  known  that  the  temperature  depression 
is 7.5"C in  Beijing,  and 8'C in  Beizhuang. Thus, 
it  is  acceptable  that  the  temperature  during  the 
period of 32,000 t o  2 3 , 0 0 0  yr. B.P. was by 7 ° C  
colder  than  at  present. 

During 5 3 , 0 0 0  to 36 ,000  yr. B.P., k t  was 4°C 
lower  than  at  present  according to the  distribu- 
tion o f  birch. 

RECONSTRUCTION OF PALEOTEMPERATURE CURVE 

By means of the  sporo-pollen  diagrams of the 
woody  plants  the  paleotemperature  curves  can be 
reconstructed  because  they  are  similar  to  each 
other  in  Shape (Fig.2). There  are  two  peak 
values of pollen  of  woody  plants  during  the 
periods o f  32,000 to 23,000 yr. B.P. and 5 3 , 0 0 0  
to 36,000 yr. B.P. These  suggest  two  stages 

arid-cold phases, i . e . ,  from 70,000 to 53,000 
relatively warm, also, the  diagrams show  three 

y r .  B.P., from 36,000 to 32,000 yr. B.P. and 
f rom 23,000 to 13,000 yr. B . P . ,  with  a  peak 
values of  grass  pollen  and  a  little  of  woody 
pollens. 

It is much  easier t o  determine  the  temperature 
depression on the  decrease  in  mean  annual  air 
temperature  during th@ period of  from  32,000  to 
23,000 yr. B.P. b y  comparing  the  elevation o f  
the  fossil  site  and  that of the  growing  site  of 
the  same  vegetation. For example,  the spruce- 
fir  fossil  site  in  Huangshan,  Harbin  is  at  an 
elevation of 150 m. and the  present  spruce-fir Fig.2  Comparison of Pollen  Diagrams  of  Woody  Plant 
coniferous  forest  distributes  at 1,400 to 1,800 in  Northern China during  Last  Glaciation 

.. . . ... 

Fig.3 Paleotemperature  Curves  Reconstructed by Dltterent  Methods 
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As  to  the temperature depression during the per- 
iod  of 23,000 t o  13,000 yr. B.P., several values 
were suggested: i.e., 12'C (Sun, 1980), 7-1:"C 
(Yang, 1980), 14°C (Pu, 1984)  and ll'C (Cui. 
1984). Such  a problem can be solved by using 

wedge  cast found  in Datong of Shanxi Province, 
the ice-wedge casts as the indicator. The ice- 

where  the mean annual  air temperature is 6.5'C 
at present, implies  a  former mean annual  air 
temperature of -5'C (Washburn,  1979) or -7 to 
-8 'C  (PCwc, 1974) when it  was  formed, or a tem- 
perature depression o f  12'C or s o .  In addition, 
the mammoth fossil sites  are concentrated in an 
area to the north o f  Dalian-Tianjin. Nowadays, 
the  Tianjin  is 12.2"C  in mean annual  air tem- 
perature, If  the  area with dense population of 
mammoth could be considered as  the permafrost 
region, then the line of  Tianjin-Dalian might 
have been the southern llimit of permafrost with 
a mean annual  air temperature of  0°C. Thus,the 
temperature depression might be  12°C or S O  at 
Tianjin. Sone  investigators suggested a 8'C 
temperature depression on the basis of spruce- 
fir  fossils,  however, as mentioned above,  the 
phase,  when  the spruce and  fir were  growing,was 
a relatively warm  period in the  Last  Glaciation. 

A l s o  the temperature depression is estimated as 
10°C during the period from 70,000  to 5 3 , 0 0 0  yr. 
B.P.; 8'C - 36,000 t o  3 2 , 0 0 0  yr.  B.P.; 4'C in 
the Xujiayao transitional period. 

Based on  the  above  discussion,  the paleotempera- 
ture  curve  is reconstruced and can be compared 
with those in  the other places reconstructed by 
different methods (Fig.3). 
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ABSTRACT IJngava Bay  is  a  macrotidal  environment  with  important  estuaries  and  very  large  tidal 
flats.  Discontinuous  permafrost  along  the  shoreline  occurs  under  two  sets of conditions: 1- In 
intertidal  muds  beneath  the  upper  marsh  where  the  total  duration o f  tidal  submersion i s  less  than 
8 %  of  total  time  and, 2 -  As supratidal  permafrost  along  the  upper  marsh  edge and between  tidal 
creeks.  Polygonal  cracks  and  small  mound8  are  ge8morphological  indicators of  intertidal  permafrost 
which  is  in  a  precarious  thermal  state (0 C to -1 C by the  end o f  thawing season). Ground  tempera- 
ture  regime is controlled  principally by the  year to year  variation of  snow thickness  over  the  ice 
foot.  Supratidal  permafrost  occurs in the  form of  segregated 'ice mounds in silt  Active  layer 
depxh is 1,5 8. Permafrgst  temperature  at  the  end of  the  thaw  season is about -2'C. Negative  tempe- 
ratures (-0.4 C to  -0.8 C) were  measured  below  mean  sea  level.  Basal  cryopegs  can  be  inferred from 
the  comparison of  basal  thermal  data  and  vertical  electrical  resistivity  profiles. 

INTRODUCTION 
Studies  of  permafrost  along  shorelines  have  been 
more  and more numerous  in  recent  years due, 
principally,  to  the  development  of  natural  re- 
sources  along  the  Arctic  coast of the USSR, A- 
laska  and  Beaufort  Sea in Canada  (Are,  1983; 
Mackay,  1986;  Smirnov, 1986) and, also,  due to 
the  damming of  some reservoirs  (Newbury  and Mc- 
Cullough, 1983). Most o f  these  studies  deal 
with  accelerated  coastal  erosion o f  cliffs in 
ice-rich  sediments and the  relative  importance 
to coastal  erosion o f  shoreline  processes (waves, 
ice-foot,  storm  surges)  vs  the  properties  of 
permafrost (ice content  and  cryostructure, 
strenght  of bonding,  slope  processes)  (Harry 
et al,  1983;  Hume et al, 1972). Coastal  reces- 
slon along  the lolrt-ic coastlines is linked 
to  a  transgressive  sea  level  and  storm su rges ;  
shoreline  retreat  results in the  drowning of  
thick  permafrost  layers  that  have  to  re-equili- 
brate to sea  bottom  temperatures  (Nixon,  1986; 
Molochuskin, 1973). Some  observations o f  acti- 
ve  layer  thickness  are  also  available  from Arc- 
tic  beaches  with  some  inferences  on  the  inter- 
action o f  permafrost  with  wave  erosion  and  sedi- 
ment  transport  (McCann  and  Hannell, 1971; Owens 
and Harper,  1977;  Taylor  and  McCann,  1974, 1983). 
However,  very  few  studies  of  permafrost in areas 
of tidal  marshes  and  along  the  shores  of  estua- 
ries  havc  been  produced.  One  important  reason 
for  this  situation is the  fact  that  there  are 
very  few  regions  along  the  Arctic  coasts with 
large  tidal  range  (Davies, 1980). Such  large 
ranges do o c c u r  i n  the  eastern  Canadian  Arctic 
however,  particularly  along  Hudson  Strait  and 
around llngava Bay.  Research on shoreline  perma- 
frost  has  been  conducted  along  the  southeastern 
coastal  sector o f  Ungava  Bay,  particularly  along 
rivihrc  George (F'ig.  1). Tmmcnse  tidal  flats 

- 

and  marshes havc developed in h a  
estuary.  The  area is still  unde 
post-glacial  emcrgence  (Lauriol, 
frost  conditions in Kangiqsualuj 

the  so-named  Inuit  settlement,  have  been  studied 
in detail. 

sualuj  juaq  Bay. 
DESCRIPTION O F  T I E  STUDY AREA 
Kangiqsualujjuaq  Ray i s  located 011 thc enstcrn 
shore o f  the  rivibrc  George  estuary, some 1 s  ~ I I I  
from the  shoro of thc onen sea [ I !&. 11. Tt ys  along  this -~ ~ 

rgoing  slow  lies  riaht  at  the  trcc- 

juaq Bay,  near 
1982). Perma- 
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ween  steep  rocky (mainly gneisses)  hills. Du- 
ring  the  post-glacial  d'Iberville  Sea  transgres- 
sion,  which  started  about  7400 BP, the  valley 
was  a  deep  and  .sheltered  sub-basin of the  sea 
into  which  marine  silts  were  deposited.  These 
fine  sediments  have  emerged and ,presently  make 
up a  large  proportion  of  the  soils  into  which 
permafrost  has  aggraded (Fig. 2 . ) .  
The bay itself  empties  completely  at low tides. 
The intertidal  zone is 16110m G i k ,  of  which only 
about  the upper100 mis the  tidal  marsh,  the 
rest  being  a  mudflat  strewn  with  ice-rafted boul- 
ders. 
Mean  annual  aAr temp.erature at  Kangiqsualujjuaq 
is about - 5 . 6  C as  geasured by our own meteo 
station; it  is -5.3 C Sn  Kuujjuaq, 160  km to the 
southwest.  Mean  Jgly  tempesature  at  both  sta- 
tions is between 9 C end L O  C and mean  January 
temperature  about - 2 2  C .  However,  the  shoreli- 
ne  itself is'a colder  environment  due to wind 
exposure.  Total  precipitation is about 400 mm, 
of which 4 2 %  is  snow  (Wilson, 1971). Due to 
wind-drifting,  snow  cover is very  uneven,  va- 
rying  from  virtually  nothing on  wind-swept sites 
to over 2 m  on  the  leeside  of  topographic  obsta- 
cles. 
Tides  are  semi-diurnal  and  range  is  8.7  m  for 
mean  tides and 1 3 . 9  m for large  tides  at  the  en- 
trance o f  rivihre  Koksoak  (Canada, 1 9 8 7 ) .  It is 
about 8 m €or  mean  tides  and 13 m for  large  ti- 
des in Kangiqsualujjuaq  according t o  our own  re- 
cording  station  that  operated  in  the  summer 
months of  1984 and 1 9 8 5 .  
DEFINITIONS:  INTERTIDAL  PERMAFROST  AND 
SUPRATIDAL  PERMAFROST 
The  permafrost  in  the bay occurs in two  diffe- 
rent  settings: 
1- As  intertidal  permafrost,  or  tidal  marsh 
permafrost.  This  terrain is periodically  sub- 
merged by  ti.des and  has  a  halophytic  herb  cover, 
An  ice  foot  forms  in  winter  over  the  surface. 
It can therefore be assumed  that  the  soil  ther- 
mal  regime is affected by tidal  submersions  and 
that  intensity of freezing i s  dependant on the 
overall  length of  time,  between  spring  tides, 
during  which  the  marsh  surface  is  exposed  to 
freezing  temperatures. 
2-  As supratidal  permafrost:  frozen  ground 
with  soil  surface  above  oxtreme  tide  level  but 
periodically in contact  or  surrounded by tidal 
water.  Terrestrial  tuaJra  vcgetation  (shrubs 
and trees  if  below  tree-line)  covers  the  ground, 
Vertically,  the  permafrost  extends  to  depths 
within  tidal  range  elevations,  sometimes as low 
as below  mean  sea  level.  The  surface  thermal 
regime is therefore  "normally"  controled  by  cli- 
mate  without  interference of tidal  submersions 
but periodic  movements  of  saline  groundwater 
around  permafrost  bodies  and  the  base of perma- 
frost  may  have  an  effect  on  permafrost  charac- 
teristics at depth. 
CHARACTERISTICS  OF  INTERTIDAL  PERMAFROST 
Marsh  permafrost  occurs in dominantly  silty  se- 
diments  carried by tidal currents.  The  sedi- 
ments  show a millimetre-thick  layering  and  con- 
tain  dispersed  ice-rafted  boulders,  disconti- 
nuous  sand and gravel  layers  and  ice-rafted 
lumps  of  gravel-size  debris. 

Surface  features 
Discrete  permafrost  bodies  are  easily  identifia- 
ble  in  tidal  marshes by changes in  vegetation, 
morphology  and  some  patterned  ground.  The  marsh 
usually  spreads  over  two  levels:  a  higher  marsh 
in  the  upper  1,s-2  m of the  intertidal zone and 
a  lower marsh, about  1 m below,  making  the  tran- 
sition  with  the  tidal  flat.  Permafrost is found 
o n l y  beneath  the  higher  marsh  which  is  only  sub- 
merged for 130-140  hours  per  year or less than 
8% o f  the  time,(Fig. 3). Figure 4 shows  a  topo- 
graphic  profile  from  the  terrestrial  environment 
to  the  mudflat  in  Kangiqsualujjuaq  Bay;  perma- 
frost  mapped  under  the  profile  with  the  help o f  
electrical  resistivity  using  the  dipole-dipole 
array,  is  prbsent  beneath  slight  topographic 
humps  separated  from  each  other  by  tidal  chan- 
nels. Vegetation  composition is more  complex on 
the  humps  than on the  flat  and  in  channels  be- 
cause  duration  of  tidal  submersion is lesser  on 
them  and,  inversely,  air  exposure is longer, a l -  
lowing  a  larger  variety of more  exacting  plant 
species  to  colonize  the  humps (see also  Kershaw, 
1976). The  frozen  patches  have  characteristic 
polygons on their  surface (Pig. 5 ) .  
The  polygons  are on average 1 , Z  m accross.  The 
cracks  along  the  edges  are  open 1 - 2  cm immedia- 
tely  after  spring  break-up.  They  extend at 
depth to about 30 cm. In winter, the surface  is 
covered  by  a 15-40 cm  thick  icefoot  which  free- 
zes to the ground; this  icefoot is formed f o l l o -  
wing  the  November  spring  tides by the  congela- 
tion of brash  and  damped  snow.  In  normal  clima- 
tic  years  almost no snow  accumulates  over  this 
icefoot  after it is formed  because of  important 
wind-drifting  effects  along  the  shore.  Therefo- 
re the  thin  icefoot  is  a  very  poor  insulating 
layer  and  frost  penetration  in  the  ground  is  not 
hindered. Tempera&ure,gradients in  the  surface 
layer of  over 0.35 C cm  were  measured  at  begin- 
ning o f  winter  in  the  first 2 0  cm o f  these  sedi- 
ments; frost  cracking  therefore  plays  a  part  in 
polygon  formation.  However, as these  higher 
marsh  surfaces  are  not  covered by sea  water f o r  
weeks,  particularly  during  summer  neap  tides, 
desiccation i s  probably a l s o  involved  in  polygon 
formation.  Such  polygons  are  present  over  inter- 
tidal  permafrost  exclusively  and  absent  over 
just  seasonnally  frozen  marshes and therefore, 
appear to be  reliable  indicators of the  presen- 
ce o f  Permafrost. No ice  wedges  have  been 
found  underneath  the  crack  system  which is  confi- 
ned  to  the  top of the  active layer; the  perma- 
frost  below is ice-poor and not  cold  enough to 
crack  under frost contraction. 
Small  mounds  are  other  superficial  features  re- 
lated t o  intertidal  permafrost:  they  are  eleva- 
ted  some 20-40 cm  above the  marsh  surface  and, 
very  often,  their  growth  has  induced  dilation 
cracking o f  the  turf  cover (Fig. 6 ) .  Many  such 
mounds  are  isolated  islands  of  permafrost on 
interfluves  between  tidal  creeks  and  tidal chan- 
nels. 
No permafrost  was  found  beneath  lower  marshes 
and  mudflats  despite  extensive  probing  with 
crowbars  and  thermistor  prabes.  Winter  observa- 
tions  indicate  that a wedge of tidal  water  pcne- 
trates  between  the  mudflat  surface and tho  ice- 
foot  which i s  not  frozen to the  hottom;  there- 
fore  the  yearly  frost  wave is not  allowed to 
penetrate  the  ground 
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Fig. 4. Topographic  profile  of the marsh (see 
Fig. l), permafrost  distribution  Githin  dotted 
1ines)and dominant plant species. 

Interference  with  shoreline  processes 
As frost  heaving  locally changes the marsh to- 
pography,  some  erosional and depositional  pro- 
cesses  are affected. Small  permafrost  mounds 
and slopes of larger  permafrost bodies are  ero- 
ded by waves at high tide on  windy  days. Frost 
and extension  cracks  provide  lines o f  weakness 
into which  wave energy is locally  concentrated. 
Some  mounds  get  destroyed (Fig. 7 ) .  Inversely, 
at spring  break-up  thin,  sediment  Ladden i c e  
floes  become  stranded  over  permafrost  terrain 
because  tidal submergence is shallow;  debris of 
silt,  sand  and  gravel s i z e s  are  strewn  over the 
surface, thus contributing t o  accretion;  thicker 
floes  that cannot float over the permafrost 
humps  get stranded  on  the  sides  of the humps 
where they abandon larger clasts  upon  melting, 
thus  building small  boulder ramparts. (Figs. 4 ,  
6 and 7 ) .  
Permafrost  characteristics 
Twenty two shallow holes 3 to 4 m  deep  were dril- 
led in tidal marsh  permafrost.  Some  core 
lengths were  obtained  with  a 5 cm diameter s in-  
glewalled  diamond corer. The ice appeared  most- 
ly in thin  lenses  and, in over 50% o f  the  cases, 
as a  reticulated  network (Fig. 8 ) .  Contrary t o  
supratidal  permafrost (see  below), there is evi- 
dently no or very little  groundwater  feeding  for 
the formation  of  an  important  amount  of  aggxada- 
tional  ice;  this is because the permafrost  humps 
are  some  distance  away  from  the  terrestrial  en- 
vironment  where  groundwater  flow  usually  comes 
from.  Intertidal permafrost bodies  are  also 
often perched 5-6 m  above the level  of the tidal 
creeks at  low  tide. As frost penetrates  from 
the surface i n  winter, only  the water  already 
present in the silt is available for cryosuction 
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r. r 'ag.  7 i n t e r t i d a l  pr ' r rnafrost  mound partly ero- 

AS measured by tive  electrical  resistivity 
ded by W S V C S  

soundings,  intertidal  permafrost lenses vary in 
thickness  from  2,3 m to 6,O m. 
Fig. 9 shows  temperature  profiles  in  marsh sedi- 
ments at different  times of the  year.  These 
profiles  indicate  that  by  the  end o f  the  thaw 
season  (mid-Novembgr)  soil  layers  over 3 m deep 
are  barely  below 0 C. Considering  the  freezing 
point  depression  of  the  sediment,  the  ground 
can  then  be  considered  cryotic  but  not  frozen. 
Considering  also  the  precarious  thermal  equili- 
brium,  some  permafrost a few  years  old  may  melt 
in a particularly  warmer  summer  of  after  a snow 
ier  winter. On the  other  hand, it may  persist 
and  evolve t o  supratidal  permafrost,  land  up- 
1 ift  aiding. 
CHARACTERISTICS OF SUPRATIDAL  PERMAFROST 

Fig. 9 Temperature  profiles  in  intertidal 
permafrost 

Supratidal  permafrost  in  Kangiqsualuj  juaq  Bay is a'say p2 and c z  being moved the 
distributed  within  some 60  mounds,  of  which o-  cable) were  used ( F i g .  10). 
ver 15 lie  right  along  the  high-tide  line (Fig. 
2). Some arc  surrounded by spring tides. Core 
drilling  down to four  meters  revealed  large  a- 
mounts of segregation  ice,  reaching  up to 80% 
o f  volumetric  content  in  some 40 cm long  core 
sections.  The  ratio  of mound.height t o  perma- 

measured  with  surface e l e c t r i c a l  resistivity 
frost thickness  within individual mounds,  as 

soundings, is roughly 1 : 3 ,  implyi.ng an  overall 
ice content  of 30-35% withi.n the  mounds. Grourd 
ice  however is distributed  unequaly  within  the 
mounds,  being  concentrated  in  the  first 2 to 4 
nlcters below  permafrost  table,  in  the  zone  of 
coldest  long-term  average  temperature  and revcp 
sible  thermal  gradient  within  the  permafrost. 
Permafrost  base  varies in depth  from  one  mound 
to  another  but for the  ones  closest  to  the sho-  
reline (Fig. 3 )  it is  lower  than  mean  sea  level 
and,  sometimes, as low as low-tide  level. 
Vertical  electrical  resistivity  profiles, corn 
bined with  temperature  measurements  were made 
from the  top  of  two  mounds (called A and B) with 
the  help o f  thcrmistor  and  electrode  cables dri- 
ven in holes  drilled  through  the  permafrost by 
water-jet  drilling.  The  steel  pipes  used for 
drilling  were  removed from the  holes  and  repla- 
ced by the  two  cables; one cable  has  thermis- 
tors at every  meter,  the  other  has  electrodes. 
'Temperature readings  are  made  with a multimeter, 

necting t h e  electrodes to a ABEM resistivity- 
electrical rcsistivity readings are  made  by con- 

meter.  Both  the  Schlumbcrger  array  (Current 
elcctrole C 1  be ing  on top,  C2 at base of hole 
and  potential  electrodes, P1 and P 2 ,  heing  suc- 
cessively  displaced two  at the ti.me) and  Wcnner 

Permafrost  mound A is  located  250  m  inland from 
the  shoreline. The elevation of the  summit  abo- 
ve the  high  tide  live  is  11 m and  the  mound  may 
be  considered as "terrestrial"  and  distant from 
the  tidal  influence.  Although  the  temperature 
profile is uneven,  because it was  still  unstabi- 
lized on ,June 25th 1987 (disturbances  from  dril- 
ling and  cable  installation  take  about  one year 
to  recover),  it is clear that permafrost is 22- 
24 m deep,  reaching a depth o f  13 m  below  high 
tide  level. 
The  Schlumberger  profile  provides a generalized 
distribution  of  electrical resisti\:l-ty values 
across  the  permafrost  section.  The  highest  va- 
lues ( 16o,ooo~.m)  occur at the  four  meters 
depth  and  then  fall o f f  rapidly  from 4 t o  8 m, 
corresponding to the  step  thermal  gradient in 
the  coldest  upper  zone of the  permafrost. From 
eight  meters  down,  the  resistivity i s  almost  nil 
f8r the  soil  with  temperature  ranging  between 
0 C and -0,SOC. The  Wenner-array  resistivity 
profile  gives  a  detailed  view o f  the  vertical 
distribution of resistivity  values at one  meter 
interval  along  the  profile.  Again  high  resisti- 
vities  are  evident in the  upper  permafrost  zone 
but,  also,  an inverse  relationship  between  tem- 
perature  and  resistivity i s  evident  along  the 
profile.  Resistivities get definitively  low 
from  about 22 m  downwards,  the  level of perma- 
frost base.as indicated by temperature  data. 
The  same  type  of  data i n  shoreline  mound B pro- 
vides a different  picturc. As measured on  June 
26th 1987, one  year  after  installation,  the  per- 
mafrost  base  is  about 9 . 5  m deep  below  mound top 
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( W e n n e r l   [ S c h l u m b e r c m r l  -: 
F i g .  10 Temperature and electrical  resistivity 
profiles in mounds A and B 
which is only 1 m  above  the  high  tide  level. 
So, permafrost  base is about 1-2 m  below  mean 
sea  level (Fig. 3 ) .  Many  very  hard  Layers, 
certainly  ice,  were  met  during  pipe  penetration 
from  1,s  m to about 5 m deep  and  very  low  resis- 
tance  to  penetration  was  met  further  down.  The 
Sdhlumberger profile d o e s  not show a c l e a r  p a t -  
tern  as  in  the  case of terrestrial  mound A ;  on- 
l y  two  zones of high  resistivity  appear,  one 
from 2 to 3 m depth the  other  one  from 9 to 10 
m . The former corresponds  approximately to the 
icy  layers,  the  latter  with a stratigraphic 
change from silt  to  sand, as felt  during  dril- 
ling.  The low contrast  curve  with  the  Schlum- 
berger  array  probably is due to the  fact  that 
most  of  the  section  contains  only a low amount 
of ground  ice  with  discontinuous  bonding. Also,  
electrode C 2 ,  at the  base of  profile, was pro-  
bably in soil  saturated  with bracki.sh groundwa- 
ter. On the  other  hand,  resistivity  data  using 
the  vertical  Wenner  array  clearly  illustrate  the 
highly  resistive  icy  layers  in  the  upper  zone 
o f  the  permafrost.  Below  four  meters,  the re- 
sistivities  are  steadily  low  despite  negative 
temperaturc,  again  reflecting  the  nonfrozen or 
poorly  bonded  nature  of  permafrost.  These  data 
strongly  suggest  that  in  supratidal  shoreline 
permafrost  in  marine  silts,  formation of  segre- 
gation  ice can occur in the  upper  portion  of  the 
mound,  that is above  the  level of tidal  influen- 
ce in groundwater. At depth,  the  cryotic  ground 
is very  probably  unfrozen,  forming  thick  basal 
cryopegs. 
Shoreline  processes 
Wave  erosion o f  the  exposed  supratidal  perma- 

frost  mounds  induces  some  active  layer  failures. 

are  a few centimeters  abovc  the  high  tide  level 
In addition,  the  turf  cover o f  a  few  mounds  that 

and  which  bears  upper  beach  plant  species  such 
as Elymus  arenarius  is  eroded by storm waves. 
These  processes  that  change  the  nature  of  surfa- 
ce  cover  probably  induce  some  permafrost  degra- 
dation. 

Pig, i l  Shorc i i r le  permafrost  on s u u t h e r ~ ~  shore 
of Ungava Bay, F, permaLrost t e r r a i n ;  C, t i d a l  
channei 5 ;  iui, m a l - s h ;  F s  flat; R ,  bcdrock u u t c r u p  

CONCLIJSION 
Permafrost in fragile  thermal cquilibriurn forms 
in  the  wide  intertidal  zones  beneath  the  upper 
marshes  where it actually  does  not  extend as  a 
continuous  wedge  (Hansel1 et a l ,  1983) but ra- 
ther  as  discrete  bodies  in  between  tidal chan- 
nels  and  along  the  upper  edge  of  the  intertidal 
zone. In that  respect,  Kangiqsualujjuaq Bay  is 
representative of the  Ungava Bay coastline 
(Fig. 11). Freezing  of  the  marsh  sediments  and 
persistance of permafrost is possible in the  up- 
per  part o f  the  tidal  zone only, where  submer- 
sions  are  few  and  where  a  thin  ice-foot  adheres 
to the  substrate, allowi.ng deep  frost  penetra- 
tion. Such  incipient  permafrost  is,  however, in 
a  precarious  thermal  state  being  barely  below 
O°C by  the  end of the  thaw  season; it can melt 
completely  after  a  particularly  warm and snowy 
winter or during  a  warmer  than  average  summer. 
As soon  as  the  surface  of  shoreline  sediments 
rises  sufficiently  high,  be it  by accrction, 
frost  heave or land  uplift,  intertidal  perma- 
frost  may  establish  itself. Land cmcrgence ai- 
ding, it can  then  evolve to supratidal  perma- 
frost  and  on to terrestrial  permafrost. 
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PERMAFROST DATA AND INFORMATION: STATUS AND NEEDS 
B.G. Barry 

World Data Center4 for Glaciology (Snow and Ice), University of Colorado, 
Boulder, CO 80309-0449, U.S.A. 

SYNOPSIS Information  on  permafrost  phenomena is collected  for  a  wide  range of purposes  by many different  groups of SF- 
cialist. The vast extent of the published literature - 4400 entries appear in the 1978-82 bibliography  compiled  for the Fourth Intema- 
tional  Conference on Permafrost - is illustrative of the potential magnitude of the related data sets.  Measurements  range  from  field  obser- 
vations of permafrost-related  features, to surface and borehole data on physical  properties of frozen  ground and geophysical  surveys, and 
Laboratory experiments or  tests.  Remote  sensing is  now adding  new types of data on frozen  ground  conditions. 

Up to now, there are  only  isolated  examples of organized national programs to collect,  standardize and archive  permafrost-related data. 
The scope and content of some current  data bases are illustrated. 

Planning for new international  activities such ab: the International Geosphere  Biasphere  Programme (IGBP) calla for  monitoring  global 
change in areas sensitive to climatic or anthropogenic  disturbances. The sensitivity of permafrost  conditions to such  changes is well- 
recognized.  However, the IGBP requirements  imply a need to develop  integrated  global  archives of permafrost-related  variables  suitable 
for use in multi-disciplinary  research.  Possible criteria for  archiving  permafrost data in  such a system are outliied, taking into account 
the  potential users of the  data. Problems created by the variable  horizontal,  vertical and temporal  characteristics of the measurements 
are diecussed. 

INTRODUCTION 

Data on the permafrost  environment are essential  for  energy and 
mineral  exploration and extraction, engineering  construction, 
water supply, waste  disposal,  agriculture and forestry  operations 
in cold  regions. In some  countries data appropriate to meet  these 
needs are collected  primarily by government OrganizatiOIM while, 
in others, the private sector is the principal  collector and user of 
data on a site-specific  basis. There is also growing  recognition of 
the fact that  the permafrost  environment is susceptible to  natural 
and anthropogenic  climate  changes and that ground temperatures 
provide a valuable  indicator of past climatic  conditions  (Lachen- 
bruch and Marshall,  1986). This fact  has led to the monitoring of 
permafrost  conditions as a  measure of environmental change. 
However,  such work is severely restricted by the virtual absence 
of consistent  regional and global data sets of permafrost - related 
environmental  variables. This paper  outlines the types of data 
that will  be required  for  theae and other general  purposes and 
examines the  extent to which  existing  archives  may  meet these 
needs.  Some 1,200 papers  on  permafrost and related topics  have 
been  presented at  the four  previous  international permafrmt 
conferences and many of these report on field or laboratory data, 
yet  inspection of the index to the conference  proceedinns  (Henin- 

tute) of Glaciology and Cryopedology in Lmhou in 1962. This 
timing is an indication of the short periods  over  which  field data 
have  been  collected,  although the permafrost literature b already 
extensive (Beginbottom and Sinclair, 1985; Shen and Zhang, 
1982). The 1978-82 bibliography  compiled for the  Fourth hter-  
national Conference on Permafrost, for example,  contains 4,400 
entries (World Data Center-A  for  Glaciology, 1983). Specialized 
periodicals  devoted to frozen  ground  phenomena are already 
being  published in the Soviet  Union  (Memlotnye hledovaniia) 
and China (Journal of Glaciology and Geocryology,  available in 
translation). 

DATA TYPES AND  REQUIREMENTS 

Information on permafrost  phenomena is collected for a wide 
range of purposes by many  different  groups of specialists, includ- 
ing engineers,  geographers,  geologists and hydrologists  (Harria, 
1986; Johnston, 1981; Tystovich,  1975). As recognbed by the 
National  Research  Council (1983), “the need to decide on ways in 
which  frozen  ground data should  be stored, retrieved and made 
available . . . presents a challenge.” 

bottom and Sinclair,  1986)  reveals that none bf the presentations The main variables med to characterize  permafrost  conditio- on 
has SO far specifically treated  the topic  from  a data management a scale  me summarbed in Table 1. An attempt haa  been 
perspective. made to identify and rank variables that me liiely to be  required 

for  programs such as the International Geosphere  Biosphere Pro- 
HISTORY gramme and for climate  change  monitoring. For other applied 

purposes these rankings  could  be  entirely  different. The spatial 
Studies of frozen  ground  began in the mid to late nineteenth ten- resolution of data required for c l i t e  modeling  purposes  using a 
t u v ,  with  research centers being  established  in the 1930s the General  Circulation  Model (GCM) is typically of the order of 1 ’ 
USSR and in the 19408  in North  America and Japan (Harris, latitude (Meehl,  1984). Currently, global  maps of permafrat 
1986). Comparable  developments  in  China  took  place in the extent barely satisfy tht  firat order  requirement, especidly in the 
early 1960s  following the establishment of the Division  (now h t i -  zones of continuous and sporadic  permafrost and, moreover, they 
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have not been prepared in digital  format.  More  detailed informa- 
tion  exists  for particular regions  (eg. a 1:500,000 scale map for a 
section of the  Tibetan Plateau, and 1:12,000 scale maps for  pipe- 
line routes in Alaska). 

Detection of changes in permafrost extent  and/or thickness in 
response to environmental changes  would  require  much  higher 
degrees of horizontal and vertical  resolution than &re generally 
available at present. In the marginal areas sampling at -100 m 
spatial intervals might  be  necessary. For relatively  homogeneous 
terrain, such m the North Slope of Alaska, maps of permafrost 
thickness can be obtained from  holes sited more than 100 km 
apart (Osterkamp, personal  communication, 1987). In moun- 
tainous areas, and particularly in areas of dmcontinuoua  per- 
mafrost, holes need to be  aited 80 as to represent terrain units 
having  similar environmental characteristics  (elevation, bedrock 
geology, soil properties,  vegetation  cover,  slope aspect, hydrology, 
and microclimate). The vertical  resolution of data on the thick- 
ness of ice-bearing  permafroslt, or the  depth of the 0 * C botherm, 
needs to be  fine if changes are to be detected on a decadal time 
rcale. Osterkamp (1984) estimated that aim-thick permafrost in 
interior Alaska might thaw within 200 years  assuming a 3 ' C rise 
from 0.4 ' C. For monitoring  such  changes,  vertical  resolutions of 
a few millimetres to 1 cm at representative instrumented sites 
would  be  necessary (Osterkamp, personal communication, 1987). 
Alternatively,  changea of temperature at 30 m depth (and other 
levels  preferably)  would  need to be  measured with a resolution of 
0.01 C. Such  precise  measurements  have  been made on a daily 
basis to a depth of lo00 m in Arctic  offshore  wells in 330 m of 
water (Taylor and Judge , 1985). Kn the marginal areas where 
ground temperatures are approximately  isothermal,  thawing of 
permafrost  patches  would  need to be  monitored. 

Data on  ice content, which  are  needed,  for  example, to assess the 
potential effect of ice melting due to anthropogenically  induced 
climatic  warming on global  sea  level, are wholly inadequate at 
present  for this purpme (Barry, 1985), although small-scale maps 
of ice volume  have  been  produced  in the USSR and Canada. Ice 
content data area also important for  predicting  ground distur- 
bance  resulting  from  thawing in c l i i t e  change scenariw. 
Detailed  ground temperature profiles are also needed to assess 
past environmental changes  (Lachenbruch and Marshall, 1980), 
whereas accurate measurements at a few fKed  levels  will  provide 
useful data for  monitoring future trends. GCM simulations of 
past climates  may  help to 'control'  calculations of past climatic 
changes  inferred  from  permafroet temperature profiles and projec- 
tions of future climatic  changes  may  help  permafroat researchers 
to design appropriate measurement  networks. 

For other purposes, data on many  different  physical,  mechanical, 
thermal, chemical, and electrical  properties of frozen  ground are 
required.  Engineering,  construction,  energy  development, and 
mining  activities  require  site-specific data on such  variables as 
bearing capacity, compressibility,  creep and frost  heave and thaw 
settlement in the active  layer, aa well aa on basic  soil  properties 
such as ice content, thermal conductivity, etc. Hydrogeological 
applications  may also require  basin-scale  information  on  soil 
porosity and on chemical constituents in the frozen  sediments. 

A further category of information  relates to laboratory testing of 
frozen  materials 88 a basis  for  theoretical  understanding and for 
engineering  applications. 

EXISTING DATA 

The global  distribution of permafrost and its mapping  according 
to three or four extent classes is relatively  well-defined  in terms of 
small-scale (1:lO million to 1:25 million)  maps of national terri- 
tories and still  smaller-acale  global maps (Heginbottom, 1984). 
Such  information is vital, but it  needs  complementing, by similar 
maps of the thickness of the permafrost and active  layer, and ice 
content data in preparation for future climate  modeling  experi- 
ments, that will  involve more detailed  parameterization of ground 
conditions in energy  budget and hydrological  cycle  calculations. 
Up to now,  such studies have  been  limited to hypothetical 
calculations  for  selected site conditions  (Smith and Riaeborough, 
1983; Coodwin et ul., 1984). 
Regional and local data of the  type needed to amplify the general 
data base are being  collected  by  various  organizations. In 
Canada, for  example, mean annual ground temperature data are 
available  for 305 northern sites and have  been  analyzed statisti- 
cally  in  relation to mean annual air temperature and latitude 
(Young and Judge, 1987). Geophysical data from  more than 500 
well logs in northern Canada have  been studied to determine the 
base of the ice-bearing  permafrost  from  electric and acoustic  pro- 
perties of sediments (Geotech  Engineering  Ltd.,  1983;  Hardy 
Associates (1978) Ltd., 1984: Taylor and Judge, 1974; Judge and 
Taylor, 1985).  A further  data base  compiled by the Geological 
Survey of Canada contains records  from 11,600 boreholes  drilled 
during road and pipeline routing studiea in the Mackenzie  Valley 
(Proudfmt  and Lawrence, 1976). Well log compilations have also 
been made for Alaska (Osterkamp and Payne, 1981; Osterkamp 
et al., 1985). 

For the continuous  permafrost  zone of North  America, maps of 
permafrost  thickness with 50 m  contour  intervals  could  probably 
be constructed if data were  available from another few hundred 
appropriately located  holes. In fact, over 30,000 moatly  shallow 
boreholes have probably  been  drilled in Alaska and northern 
Canada in connection with routing ntudiea  for  oil and gas  pipe- 
lines (R. Kmig, personal  communication, 1987) and in most  casea 
computerized data bases  developed. Therre data remain largely 
proprietary but detailed  summaries  have  been publiihed (Kreig 
and Reger, 1976, Kreig,  1982). Within the discontinuous  per- 
mafrost  none, a comparably  dense  network of boreholes  would  be 
essential  for direct mapping.  For the Schefferville area of 
Quebec-Labrador, Granberg et ul. (1983) assembled  digital data 
from over 200 themoxable sites. In addition,  they  developed a 
geographic  information system in order to integrate these data 
with air photograph of snow  cover, a digital terrain model and 
other information. Nelson (1986) illustrates the application of a 
predictive model, wing air temperature and snow  cover data, for 
mapping  permafrost in the lowlands of central Canada, west of 
Hudson  Bay. He  shows that  the zonal boundaries so delimited 
can be  considerably  refined  by the incorporation of a  'Stefan frost 
number' in which  soil  properties are estimated. An earlier 
attempt by  Vigdorchik (1980) to use environmental data  to 
predict subsea permafrost  occurrence  on the Alaskan continental 
shelf  also  utilized a computerised synthetic approach. 

DATA MANAGEMENT 
The management of modern data archives  involves the compila- 
tion of data  sets, their quality  control,  storage on appropriate 
media,  cataloging, and dissemination.  Given the variety of pur- 
pmes for which  field data are  collected, there is clearly  great 
diversity in the types of meaaurement,  due to differences of 

120 



instrumentation, reading and recording, as well a6 differences in 
units of measurement. Data managers  need  guidance on the pre- 
ferred  variables to be archived. Table 1 is a putative list  based 
on literature sources and scientists'  suggestions. The preceding 
discussion of predictive  mapping  using  computer-based i n f o r m  
tion  systems  suggests that, for  some  purposes, other environmen- 
tal data maybe  essential in order to provide  complete spatial cov- 
erage in data-sparse areas. 

The compilation of data  sets involves  decisions a8 to  the level of 
processing that has been  applied or is desirable. Table 2 illw- 
trates  the  data levels  conventionally  recognized  in  geophysical  sci- 
ence 85 applied to permafrost  variables.  Geophysical  field  meas- 
urements are level  zero,  whereas  most  scientific  research  utiliies 
level 1 data  to produce  level 2 results for publication.  Up to now 
level 3 products have  been  based  primarily on subjective  mapping 
compilations.  Since no mechanisms  for  international data 
exchange currently exist, there also are no common formats for 
observational  records.  Guidelines for data archives  need to be 
prepared concerning  such matters as the appropriate vertical 
spacing of profile data, horizontal  spacing of measurement  sites 
according to spatial heterogeneity of the terrain and lithology,  fre- 
quency of temporal sampling and measurement  accuracy for the 
variables  listed in Table 1. The Mackenzie  Valley  Geotechnical 
Data Bank (Proudfoot and Lawrence, 1976), for  example,  con- 
tains for  each  drill hole 27 variables describw location,  topogra- 
phy and drill site characteristics and up to 30 geotechnical  vari- 
ables for each  soil  horizon. 

The quality  control of geophysical data generally  involves  checks 
for  missing  values and the screening of the  data by comparison of 
individual  values  with a k3 standard deviation  range about the 
population  mean.  However, this assumes that a population  value 
can be  defined. In many instances, this may  not  be  feasible. 
However, other basic  checks  against  adjacent vdues (in space or 
time), or  calculations of gradients to highlight  possible errors, can 
be made. 

Storage of data may  be  in hard copy (tables or analog charts) or, 
for large data sets, electromagnetically an magnetic tapes and 
disks,  or on optical  disks.  Increasingly, users also want data on 
floppy  disks, or .other media that can be  used on  micro- 
computers. Professional  organizations,  government  agencies and 
university  researchers  could  develop low  coet software that could 
be  used to create, manipulate and display  such  permafrost data. 
Efforts  also  need to be made to ensure  preservation of digital data 
sets  that are no  longer  considered to be of high priority  impor- 
tance for the organbation which  originally  collected the  data; 
tapes deteriorate if not exercised and earlier  storage  media  (eg. 7- 
track tape, mass storage devicerr)  may no  longer  be  accessible. 
The United States National  Research  Council (1983) recom- 
mended that "the management and transfer of permafrost-related 
data be  improved  by,  for  example, . . . better integrating data 
bases with  World Data Center-A  for  Glaciology" but, up to now, 
funds  have  not  been  available to permit the Center to perform 
such a role,  beyond  present  bibliographic  activities. 

CONCLUDING REMARKS 

The growth of interest in  global  geoscience and in the human 
consequences of potential changes in the global  environment are 
leading to efforts in many fields to collect standardized consistent 
data on key environmental  variables. In the case of permafrat 
research, the thickness and temperature of the permafrost and 
the thickness of the active  layer will respond to changes in 
climatic  conditions and ensuing  changes in  snow cover and vege- 

tation. Scientists studying permafrost  conditiona  need to wcsw 
the  status of information that can contribute to interdiaciplinary 
geoscience  research. This preliminary  Meemment, together with 
recommendationa from a workshop on permafrost data and infor- 
mation to be convened in association with the Fifth International 
Conference on Permafrost in Tmdheim, ahould help to provide a 
Erkmawork for such an undertaking. 
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TABLE 2. 

Level# of Processing of Data on Permafrwt Variables 

LEVEL  DESCRIPTION  EXAMPLES 

0 Raw data Seiamie reaistivity,  electromagnetic 
meaeuremant. 

1 Primary scientific 
data (point, time values) thickneas of ice-bearing  petmufrost 

Temperature  reading, ice content, 

2 Spatial  compilation Eriddad data on permafroet 
of level 1 data thickneq vertical  temperature 

profile data 

3 Synthesid sst. of 
level 2 data 

GIS producta combining  aeveral 
varisblen. 
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SYNOPSXS Mapping technique i e  given and legend  contents of a geocryological  map a t   t h e  
s c a l e  of 1:1,500.000 i e   l a i d  bars. The map i a  conatxucfed by geologo-gene$ic  data.  Ceocryolo- 
gioal c h a r e c t e r i s t i c e  are repreaented by coloured  shadinge,  point  symbols and index numbers. 
Pour highland  geooryological  belta  axe  dietinguished,  namely,   continuous and discont inuous perma- 
f r o a t  and permafrost  maeeive  irslands and islende,  Within a first b e l t  an average  annual  tempera- 
t u r e  of permafroat  variea from zero t o  -4°C or   below;  within the r ee t   ones  i t  ie not  below -1OC.  

permafrost and its th ickneee   a re  also ahown f o r  each belt, The map i a  of inteX€t& f o r  g e t t i n g  
T o t a l  i c e  content,  development of ergogenic proceseee, depth of aeaeonal f r e e z i n g  end thawing of 

knowledge of r e g u l a r i t i e e  of forming geocryological condi t ions i n   C e n t r a l  Ada. 

A geocxyological map o f  NFR a t  a acale o f  
1 :1*500,000 is constructed by the f i n d i n g s  of 
eocryologieal  examinetione carr ied out. i n  
7982-1g~. A f ie ld   geocryologica l   survey   a t  
a s o a l e  of lrlOO.OOO a e m e d  am t he   bae i e  of 
the  map has been  conducted on 15 key s i t e 8  lo- 
ca ted   i n   d i f f e ren t   h igh land   geoc ryo log iaa l  
bel ts  of WR. Moreover,  examination  findings, 
yb l ioe t ione   (Pe ln ikov ,1974;   Vaai l iav   e t  a l . ,  

geocyologioal  maps of MPR by N.Lonzhid and 
987; Marinov and Tolet ikhin,  1963) as well PB 

A,I?.Minaev have  been u ~ e d .  
The present  map ie compiled by geological   data  
and repreeente   funa t iona l   re la t ionship  04 p e r  
mafroat and geologo-geographic  conditione. On 
t h e  map we aseume sepa ra t e   r ep reeen ta t ion  of 
pr inc ipa l   geocryologica l  features which  enab- - 
l e a  on t h e  one  hand t p  read r e g u l a r i t i e s  of 
forming  the geocryological condi t ione on i t  
end  on the   o the r  hand t o  forecarst a trend f o r  
change of eaoh   fea ture   in   connec t ion  with t h e  

. . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . .  

. . . . . . . .  

I Fig. Average annual  temperature and ex ten t  .of permafrost a t  t h e   t e r r i t o r y  of MPR: 
1 - cantinuous  permafroat thicknelsa ( T )  51 50-100 m, average  annual 

2 c. d i s c o n t i n u o u s   p e w f r o a t ,  T su 30+50 m, t P up to -1OC; 
3 - permafrost masses and i s l a n d s ,  T e 5130 m, t up t o  - i ° C ;  
4 3 permafrost   i s lande,  T a 5420 m, f a up t o  - 1 O C ;  
5 - lenses of froZen ground a re   poss ib l e ,  T = up t o  2+3 m, 

t empera tu re   ( t )  -1 ;'-~OC; 
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territory  development.  Extent,  thickness  and 
average  annual  temperature of permafrost aye 
shown' in a reduced  black  and  white  alternative 
map (Fig. 1). Colour on the map represents ex- 
tent,  thickness and average  annual.  temperature 
of permafrost. Pour highland  geocryological 
belts  axe  distinguished,  namely,  continuous 
(more  than 80%) and  discontinuous (80-50%) 
permafrost  and  permafrost  massive  islands (50- 
5%) and islands (less than 5%). It is coneider- 
ed inexpedient  to  diatinguish a belt of spora- 
dic  permafrost  since  it  occur  here  only  in 
overmoiated  soils  which  occupy  leas  than 1% of 
the area. Permafrost  thickness  does  not  exceed 
2-3 m in such  places. Due to  climatic  fluctu- 
ations a spatial  location o f  permafrost  lenses 
by  both a latitude of the  locality and an al- 
titude  above  sea-level  changes  nearly  every 
yearl 
Aocording t o  an  average  annual  temperature  of 
the  belt of continuous  permafrost  its  fours 
levels a m  distinguished,  namely,  below -4OC, 
from -4W to - Z 0 C ,  from - 2 O C  to - log  and fFom 
- 1 O C  to  close  to zero,  Each  temperature  range 
of the ground is shown by tints o f  cold  (blue) 
tones. In the  rest  highland  geocryological 
belts  the  ground  temperature  variee  between 
values  close  to O°C and -loco Therefore  there 
is no colour  gradation  in  colouring  highland 
geocryological  belts of discontinuous  pexma- 
frost and permafrost  massive  islands or pemne- 
frost island& 
Total  ice  content  on  the  map i s  represented  by 
s loping  coloured (red) shading.  Three  levels 
of ice  content  is  distinguished,  namely, lees 
than 0.2, between 0.2 and 0.4 and greater 
than 0.4. 
Depth of seasonal  freezing  and  thawing o f  the 
ground i s  shown both  directly  on  the  map  snd 
as a table o f  the map legend.  Special  point 
symbols  indicate 8reae of thermokarst  extent, 
frost  heaving,  formation of icing  (naled)  and 
f,rost  cracking. 
When  plotting  the  geocryological  map we have 
used a map of Quaternary  deposits  of MPR at 
a scale o f  1:1.500.000 as 8. geological  base, 
Among the  Quaternary  deposits  there are distin- 
guished  alluvial  lacustrine  alluvio-lacustrine 
glacial  glacio-lacustrine  alluvial-deaerp- 
tional  deluvial-proluvial  pxoluvial  proluvio- 
lacustrine  eluvial  eolian  and  vulcanogenic 
sediments.  Prequatexnary  rocks a m  aubdividad 
into  proterozoic  paleozoic  and  mesozoic  seai- 
mentary  metamorphic and intrusive  formations. 
Composition  genesis and age o f  fhe  prequater- 
nary d e p o s i t s  are  shown by a special  sign, 
that of the  Quaternary  ones  ia  shown by black 
shading. 
On  the map there a r e  used  two  types of bound- 
aries,  namely,  geocryological  (blue) and geo- 
logical  (black)  ones.  Geocryological  bounda- 
ries separate  hi  hland  geocryological  'belts 
(continuous line? and  areas of a cryolithozone 
with a different  average  annual  temperature of 
frozen  ground  within  the  limits o f  the  high- 
land belt o f  its  continuous  extent  (dotted line). 
Geological  boundaries  separate  rocks of differ- 
ent sge or genesis (continuous  line)  and  dif- 
ferent lithological composition  within  uniaged 
quaternary  deposits of similar  genesis  (dotted 
line 1. 
Geocryological  and  geological  boundariee  axe 

the  boundaries of a firet  and  second o r d e r  
reapectively; if change of geocryological  si- 
tuation  and  geological  conditions  coincides 
territorially  then a geocryological  boundary 
i s  run out in such places. 
An examination of the map content  enablea  to 
reveal principal  regularities of permafrost 
extent  and  quantitatively  characterize  its 
main  parameters,  Frozen  ground in MPR occupies 
comparatively  small  area,  not  more  than 15% o f  
its  territory,  but  its  ielands  and  masses  are 
widely mattered and predominantly  attributed 
to  such mountai!! sysiems a s  Mongol  and  Gobi, 
Altajn  Nuruu,  Hobaogol  Lake region Bangayn 
Nuruu  Hentiyn  Nuruu  and  Orhon-Selenge  Piddle 
mountain, Fermafrost  extent at the  territory 
of MPR follows  highland  beltfieas and latitu- 
dinal .  zonality, It resides in the  fact  that 
a hypsographical  position of the  highland  geo- 
cxyological  belts  diatinguishcd  rise  from  the 
North t o  South. A  highland  continuous  pexma- 
frost  helt  in the North in Hentiyn  Nuruu  and 
Wobsogol Lake region  begins  with  absolute 
elevations o f  1650-1750 m, Further  south in 
Orhon-Selenge  Middle  Mountains  and  Buteelijn 
Nuruu it  begins  with 2000 m and in Hangayn 
Nuruu it  begins  with 2400-2500 m. In Mongol 
Altajn  Nuruu ranging f r o m  North-West t a  South- 
East  absolute  elevations  of a aontinuoua  per- 
mafrost  belt r i a e  from 1800-2000 m in the 
North-West t o  2800-3000 m in the  North  (Ich 
Nuruu and Shara Nuruu), in Gobijn Altajn Nuruu 
a highland  continuous  permafrost  belt  is fol- 
lowed in uplend  areas o f  Bogdyn  Nuruu  and 
Zund  Bogd  beginning  with  absolute  elevations 
o f  2700-2900 m. At  highland  continuous  perma- 
froat  belt  begins 8 8  a whole by 150-200 m 
higher  than a t  hillsides of a north  arrange- 
ment. 
At  the map scale a highland discontinuow per- 
mafrost  belt  is  diatinguished in Hentiyn  Nuruu 
Orhon-Selenge  Miidle  Mountains  Mongol  Altajn 
Nuruu and Bobsogol Lake region, In the  south 
of Hentiyn  ?Iuruu.it begina from 1600 m, in the 
north  it  begins from 1400 rn, in Buteelijn 
Nmuu permafrost  layers  discontinuous  in  plan 
occupy a height  interval of 1700-2000 m. In 
Mongol  Altajn  Nuxuu  it is distinguished at 
east and north-east spurs and hillsides o f  a 
central  pert  within a height  interval  between 
2000-2500 and 2500-2600 m. In east  and  north- 
east Hobaogol Lake  Region  it  occupiea  heights 
between 1400 and 1800 m. 
A highland  belt of permafrost  masses and i s -  
lands is followed in e a s t  spurs  of  Hentiyn 
Nuruu within a height  interval o f  1200-1400 m. 
Pn Orhon-Selenge  Middle  Mountaina  this  belt i a  
widespread  within a height  interval of 1450- 
1600 m, within  the  limits of south  spurs of 
Hangayn Nuruu  (South-Hangajn  high  plateau)  it 
ocoupies  absolute elevations of 2300-2400 m; 
in  south and south-east  areas of Mongol. Altajn 
Nuruu  this  permafrost  belt  is  fol&owed_between 
1900-2000 m and 2800-3000 m; in  Hobaogol  Lake 
Region  ita  height  reference  also  varies  over 
a wide range, namely,  between 1800-2000 m. 
A lower  boundeSy o f  the  belt of permafrost 
islands  at south spurs of Hentiyn  Nuruu  runs 
at a height of 1500-1600 m lowering  to  the  east 
down  to 1100-1200 m; in  Orhon-Selenge  Middle 
Mountains  it  uses  from 650-670 m  in  the  north 
of the  region to gOO-12OO m in the  south; 
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wi th in   t he  limits of Hangayn Nuruu the  given 
geocxyological   bel t  i s  widespread, i t a  lower 
bound runn ing   a t  a he ight  of about 2000 m ;  i n  
Mongol Al t s jn  Nuruu t h e   b e l t  o f  permafrost 
iglandg  includea Ureg Nur Lake b a s i n ;   i n   e a s t  
Hobsogol  Lake  Region t h e   b e l t  of permafroat 
i s landa   occupies   an   in te r f luve  of the   Egi jn  
Go1 and Selenge  Rivers w i t h  absolute  eleva- 
t i o n s  of 1200-1800 m. Considerable   f luctuat-  
ions of an  average  annual  temperature of rocks 
(between -0.1 - 0,2OC and -4OC o r  below)  axe 
observed  only i n   t h e   h i g h l a n d   b e l t  of t h e i r  
cont inuous   ex ten t .   In   the   res t   h ighland   be l t s  

ru l e ,   does  n o t   f a l l  below -IoC, Dif fe ren t i -  
an  average annual  temperature of racks ,  as a 

a t i o n  of average  annual  temperatures of t h e  
rocks f n   t h e   b e l t  of t he i r   con t inuous   ex ten t  
has  been  caused by t h e   f a c t   t h a t   f r o z e n  ground 
occupies  here a wide  (up t o  800-100 m )  i n t e r -  
v a l  of abso lu t e   e l eva t ions  where a consider- 
a b l e   v a r i a t i o n  of n a t u r a l  and cl imat ic   condi-  
t i o n s  i s  observed. The highest   average  annual 
permafroat  temperatures (up t o  -0-1 - -0.2Oc) 
a r e  observed a t  the  bottoms of wide in t emon-  
t ane   a r eas  and va l l eys   i n   Ben t iyn  Nuruu and 
Mongol A l t s j n  Nuruu. These  areaa  axe  woodless 
and composed of w e l l   f i l t r a t i n g   c o a r s e  aands. 
The s i m i l a r  temperature i~ also p o e s i b l e   a t  
t h e  mouth  and south-west h i l l s i d e s  of medium 
steepness   located  near   lower  limit of t h e  
continuous  permafroet  belt.  
An average  annual  temperature -1 + -2W i s  
p r a c t i c a l l y   c h a r a c t e r i s t i c  o f  a l l   t h e   f o r e s t e d  
h i l l s i d e s   l o c a t e d   i n   H e n t i y n  Nuruu Bangayn 
Nuruu and  Oxhon-Selenge  Middle  Mountains, I n  
woodless Mongol  and Gobijn Nuruu t h e   s i m i l a r  
temperature i a   c h a r a c t e r i s t i c  OP d i f f e r e n t l y  
o r i e n t e d   h i l l s i d e s   a d j o i n i n g   t o  a lower limit 
of t h e   b e l t  of continuous  permafrost   leyers,  
Upland woodleas areaa (up t o  3000. m) wi th in  
the  l i l i t s  sf a l l  the  mountain  systems i n  MPR 
wi th  Hobsogol Lake Region excluded are chaxac- 
t e r i zed  by an  average  annual rock temperature 
of -2 + - 4 T .  The  same t emEera tpe  i s  recorded 
a t  f o r e s t e d   h i l l s i d e a  of Hobsogol Lake  Region, 
Above abso lu te   e l eva t ions  o f  3000.,m or-.begin- 
ning wi th  a hefght of 2600 m i n  Hobsogol Lake 
Region  an  average  annual  permafrost  tempera- 
t u r e   f a l l s  below -4OC. 

Low. It may be a t t r i b u t e d   t o  t h e   f a c t  t h a t  
Total  i ce   con ten t  of frozen ground i n  W R  i6 

coa r se   de t r i t a l   t e r r igeneous   rocks   axe  wide- 
spread  there  and to   cons iderable   ruggedness  
of t h e   r e l i e f ,  
In the   cont inuous  permafrost   bel t   th ickneaa of 
f rozen  l o o m  depos i t s  i s  low i n  overwhelming 
major i ty  of ca sea ,   t he re fo re  a t o t a l   i c e  con- 
t e n t  a f  f rozen  ground down t o  10-15 m deep i s  
the  lowest   possible   there ,  I n  lower p a r t s  o f  
h i l l s i d e s  and i n  widened p a r t e  of r i v e r s   v a l -  
l e y s   t h i c k n e s a  of Loose mater ia l   increases .  
A t o t a l  i c e  content  of  the  ground i n   t h e   b e l t  
of pamafros t   iBlands  is t he   h ighes t   poss ib l e  
there .  Por Quaternary  depoaLts a minimum 
t o t a l   i c e   c o n t e n t  i s  c h a r a c t e r i s t i c  of delu- 
v ia l -pro luvia l  and de luv ia l   depos i t a ,  Its 
magnitude  varies  between  hundredth  fractions 
o f  a u n i t   i n   t h e   b e l t  of  continuous  extent 
and 0.2 i n  case of permafrost   islands.  
A t  upland  aolef luct ion and d e s e r p t i o n   h i l l -  
sides a t o t a l   i c e   c o n t e n t  can incxeaae UD t o  

t inuous  permafrost .  A t o t a l   i c e   c o n t e n t  of de- 
p o s i t s  of various  genemis i n  l a rge  r i v e r  v a l -  
leys and in   i n t e rmoun ta in   va l l eys   o r   a r eaa  
v a r i e s  between 0.2 and 0.4. The g r e a t e s t   i c e  
content of t h i s  Tange of values i s  charscte- 
r i H t i c  of l a c u s t r i n e  and a l luv ia l   coarse-de t -  
r i t a l  pebbled  deposits.  A maximum i c e  content  
o f  t he  rocks (0.5-0.55) i s  observed a t  mar- 
shed a reas  of l i t t l e   r i v e x   v a l l e y s  and i n  p l a -  
c e s  of underground  water  discharge. Nesr by 
spr ings  a considerable   ice   content  i s  observed 
i n   r o c k e  of any genes i s  and vary ing   l i tho lo-  
gical   composition. 
A depth of aeasonal f r eez ing  and thawing o f  
t he  ground a t  t h e   t e r r i t o r y  of "PR v a r i e s  
between 1 ,O and 5.0-5.5 m. Main reg ionol   fac-  
tors  governing  the  depth of  seasonal   f reezing 
and thawing of t he  ground a r e  l i t h o l o g i c a l  
composition o f  s u p e r f i c i a l   d e p o s i t s  and t h e i r  
mois ture   conten t ,   zona l i ty   fac tors   be ing  o f  
much l e s se r   impor t ance   i n   t h i s   ca se .  
Minimum depth  of masonal   thawing i s  recorded 
a t   tha   bo t toms o f  r i v e r  v a l l e y a ,  intermountain 
a r e a s ,   l a k e   b a s i n a ,   f l a t  lowex p a r t s  o f  h i l l -  
a ides  composed of sandy loam and loam deposita.  
As to ta l   mois ture   conten t  o f  t h e  ground v a r i e s  
between 20% and 40% a depth of i t s  seasonal 
thawing  varies  between 2 and 1 m here. Mexi- 
mum depth  of  seasonal  thawing  up t o  5.5 m is 
c h a r a c t e r i a t i c  of s t e e p   h i l l s i d e s   w i t h   o u t -  
crops o f  rocky and half-rocky ground, I n  
gravelly-pebbled  ground a s  i t s  to t a l   mo i s tu re  
content  decreases  from 10 t o  3-4% a depth of 
seasonal  thawing  varies  between 3 and 5.5 m, 
For g r e a t   v a r i e t y  o f  coarse c l a e t i c  ground of 
t h e  most varying  geneeis   depth of seasonal  
thawing a t   t h e  whole t e r r i t o r y  o f  MPR v a r i e s  
between 2 and 3-3.5 m, Total  moisture  content 
of t he   depos i t s  rangee between 10-20%, 
Depth o f  aeasonal f r eez ing  of t h e  ground 
(Large Lakes bas in ,   Cent ra l  Cobi*n peneplain,  
Trans-Altejn and South-East Gobi3 var ies   be t -  
ween 1.5 and 5-5.5 m. I ts  d i f f e r e n t i a t i o n  i a  
mainly  effected by r e g i o n a l   f a c t o r s  ( l i t h o l o -  
gical composition and t o t a l   ma i s tu re   con ten t  
o f  the ground), Minimum depths of seasonal 
f r eez ing  (1.5-2,5 m )  e r e   c h a r a c t e r i a t i c  of 
sandy Loam and  loam, pro luvia l - lacus t r ine ,  
a l luv ia l - l acus t r ine ,   p ro luv ia l   depos i t s  B 
t o t a l   mo i s tu re   con ten t  of which  bein 15-405. 
Maximum deptha o f  seasonal f r eez ing  $4-5.5 m )  
are recorded i n  mountain  xegiona  where  Quater- 
nary  volcanogenic  or  prequaternaxy rocky ox 
half  rocky  ground  crops  out  aa well a a  i n  
eo l ian   sands  and deluvial-proluvial   coarse-  

which  being lese than 5-75. 
c l a s t i c   s o i l s  a t o t a l   mo i s tu re   con ten t  o f  

I n  mont c a s e s  depth of seasonal   f reezing of 
c o a m e   c l a s t i c   s o i l s  of t h e  above  regions 
v a r i e s  between 2,5- and 4 m, a to t a l   mo i s tu re  
content  being  an  average of 10-15%, 
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GEOTECHNICAL AND GEOTHERMAL CONDITIONS OF NEAR-SHORE 
SEDIMENTS, SOUTHERN BEAUFORST SEA, NORTHWEST 

TERRITORIES, CANADA 
S.R. Dallimore, PJ. Kurfbrst and J A M .  Hunter 

Geological Survey of Canada, 601 Booth Street, Ottawa, Ontario, K1A OE8 

SYNOPSIS Neas-shore sediments  in  the  southern  Beaufort  Sea display high  spatial and temporal 
Variability of geotechnical  and  geothermal conditions. This paper describes  results of extensive 
geotechnical  investigations  along two diverse  transects  in  frozen and unfrozen near-shore  sediments. 
The  geotechnical and geothermal  conditions of the near-shore zone are discussed as well as the 
implications fo r  the  design and construction of engineering structures. 

INTRODUCTION 

Anticipated development o f  hydrocarbon 
resources discovered in sedimentary basins 
underlying the continental shelf of the 
Beaufort Sea has created a need for detailed 
knowledge of the geology o f  the near-shore 
zone. Data on the geotechnical and geothermal 
conditions of seabottom  sediments are vital to 
the  engineering  design of structures  such as 
pipelines and marine terminals. The near-shore 
zone i s  an unique environment which typically 

materials undergoing constant modification by 
contains  a diverse  suite of  geological 

margins  such  as  the  southern coast of the 
active codstal processes. In transgressive 

Beaufort Sea, the near-shore zone  can be 
underlain by several hundreds of  metres of 
perennially  frozen  sediments which may  be in a 
state of thermal dis-equilibrium. 

This paper describes the geological, 
geotechnical and geothermal  conditions of the 
near-shore  sediments occurring off northern 
Richards Island in the southern Beaufort Sea. 
The results of detailed geotechnical 
investigations along two onshore-offshore 
transects (Figure  1)  as well as the scope o f  
techniques used are described in  detail. 

GEOLOGICAL SETTING 

Richards Island is underlain by thick deposits 
of Quaternary  sediments which are perennially 

Onshore sediments consist o f  early Wisconsinan 
frozen to several hundred metres depth. 

and older glacial, fluvial and marine sediments 
mantled by more recent lacustrine, colluvial 
and eolian  materials of variable thickness 
(Rampton, in  press). Ground ice i s  commonly 
present in terrestrial  sediments in the form o f  
discrete bodies of massive ice, ice wedges, ice 
lenses and pore ice (Rampton and Mackay,  1971; 
Dallimore and Wolfe, this volume). 

Coastal  areas of the Canadian Beaufort Sea have 
been experiencing a general marine 

transgression  since  at least late Wisconsinan 
times  (Hill et al, 1985). This process has 

marine  sediments lying unconformably over older 
resulted in a typical offshore  sequence of 

sediments which were once sub-aerially exposed. 
The near-shore  areas have been  recently 
innundated by the sea and therefore represent a 
transitional  zone between the onshore and 
offshore environments. 
The coastline of northern Richards Island 
exhibits  a variety of erosional and accretional 

area  since 1947, shown on Figure 2 ,  indicates 
landforms. A summary of coastal change in the 

.that  retreat rates vary from a maximum of 3.2 
m/a to no discernible change. In  order to 
assess the effect of coastal retreat on 
geotechnical  conditions of the near-shore zone, 

contrasting sites. The 1986 investigations 
investigations were undertaken at two 

concentrated on a  stable  coastal area while 
the 1987 study  site  was located in an area 
experiencing  coastal retreat at a rate o f  about 
3 m/a. 
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FIELD  INVESTIGATIONS 

Eighteen  boreholes  were  drilled  along  two 
onshore-offshore  transects to depths  ranging 
from 30 m  to 40 m. The  locations o f  the  drill 
holes  and  the  transects  are  ahown on Figures 3 
to 6. Geotechnical  drilling  was  carried out in 
the  spring  using  a  conventional  rotary  drill 
rig  capable  of  collecting  10  cm  or 7 . 5  cm 
diameter  samples.  Core  samples  were  collected 
from  all  drill  holes  either  continuously or at 
1.5 m intervals.  After  'measuring t h e  core 

photographed and logged  for  soil and i c e  type. 
temperature with a needle  probe, samples were 

All  drill  holes  were  cased  and then used for 
seismic and other  geophysical  logging  before 
thermistor  cables  were  installed  (Kurfurst, 
1986; 1988). Thermistor  cables  were  monitored 
until  thermal  equilibrium  was  reached  after 
dissipatian of disturbance  caused by drilling 
and  cable  installation. 

In  addition  to  the  drill  holes,  13  cone 
penetration  tests (CPT) were  carried  out  to 
provide  supplementary  information. A standard 
Hogentogler  electric  cone  penetration  syatem 
and  a  10-tonne  compression  cons  were  used  for 
the  testing. Soil temperatures  were  also 
monitored  at  the  cone  tip.  The  location  and 
depth of the CPT soundings  are  shown  on  the 
cross-sections  on  Figures 3 to 6. 

Field  work  conduct,ed  in  the  summers a€ 1986  and 
1987  documented  coastal  stratigraphy,  ground 
ice  conditions  and  coastal  retreat  rates, 
Installations of supplemental  thermistor cables 
to  monitor  temperatures  at  the  end  of  the  thaw 
season  were  carried  out in August of 1985  and 
1987 in small  diameter  jet-drilled  holes. 

RESULTS 

Geological  Conditions 

The  geological  and  geotechnical  conditions of 
each  site  have  been  summarized  as  simplified 
crosa-sections  presented on Figures 3 through 

defined  Holocene  unconformities  are  present  at 
6 .  Transgressive  marine  sequences  with  well 

both sites  (Figures 3 and 5). Sediments  above 
the  unconformity  consist of re-worked  sands  and 
laminated  marine  silts.  The  predominant 
feature  of  the very near-shore  areas  are 
submerged  terrestrial  sequences  composed of 
early  Wisconsinan  Eluvial  sand  and  marine 
,si  1 t . 
Massive  ground  ice  is  common  in  'the  terrestrial 
sediments  at  the  active  coastal  retreat  site 
where  an  irregular-shaped  ice  body  was 
encountered  in  four  boreholes  drilled  hear 
the  coast  (Figure 5 ) .  Its maximum  thickness of 
more  than 10 m was  measured  in  boreholes 87-5. 
Examination o f  exposures in the  cliff  section 
carried  out  during  the  summer,  indicates  that 
ground  ice in the  vicinity of the  drill 
transect  has  undergone  glacial  tectonic 
deformation.  Several  ground  ice  bodies  exposed 
near  the  transect  show  recumbent  folds  and 
brecciated  zones  with  broken  ice  clasts  up to 1 
m2. The  irregular  shape of the  ice  body, 

can  be  attributed  to  similar  deformation. 
inferred  from  borehole  information in Figure 5, 

Sediments  exposed  in  coastal  sections  in  the 
vicinity of the  stable  coastal  site  and  frozen 
terrestrial  sediments in near-shore  drill  holes 
are  generally  ice poor (Figure 3 ) .  

-P,2f%.-400&." 
2 3 .  
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CONTACT.. . - - HOLOCENE  UNEONFOAMITV.. . - 
Fig 3 Geological Crosssection of Stable Coastal Retreat S i  
Geothermal  Conditions 

The  geothermal  and  ground  ice  conditions  at  the 
two  sites  have  been  summarized in Figures 4 
and 6. The  permafrost  table (OOC isotherm)  at 
the  stable  coastal  site  (Figure 4 )  occurs close 

gradually  offshore  to a depth of more  than 8 m 
to  the  surPace  at  the  coast  and  then  dips 

below  the  sea  floor  at 800 m  offshore. A t  the 
active  coastal  retreat  site  (Figure 6), the 
permafrost  table  dips  abruptly  offshore  at 
200 m  to  more  than 30 m depth  below  the  sea 
floor by 1 kn offshore.  Instrumented  drill 
holes 
annual 
approx 

in  onshore  areas  indicate  tha 
ground  surface  temperatute 

.imately  -8OC. 

t the  mean 
is 
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CONTACT.. .- - HOLOCIW UNCONFORW- . -TWW 

Fp 4 Geotechnical and Permafrost Crossation of Stable 
Coastal Reireat S i  

It is apparent that the offshore bathymetry has 
an important  effect on the thermal regime of 
seabottom sediments  at each site. The  sea 
floor  at  the  stable  coastal  site has a  shallow, 
uniform  gradient with an extensive  area of sand 
flats near the shore. During the winter sea 
water in this area freezes  to the bottom,  thus 
allowing  cold winter temperatures to penetrate 
the underlying  sediments, maintaining 
permafrost  conditions  (Hunter et all this 
volume). The active  coastal retreat site is 
characterized by a narrow shelf  within 100 m 
off  the  coast and then by an  abrupt drop in 
water depth farther offahore. The grounding 
line of the sea  ice is approximately 80 m  from 
the coastline and areas farther offshore 
experience relatively warm seabottom 
temperatures that cause deep thaw. 

Seabottom  temperatures  were recorded during the 
spring 1986 and 1987 drilling programs and 
during  a 5-week period in August and 
September, 1987. These data indicate that 
water temperatures  at both sites are quite high 
during the summer with an average  temperature 
range  from B°C to ll°C. However,  seabottom 

during  short-duration storms. Seabottom 
temperatures  as  low  as 3.6OC were recorded 

temperatures measured during the spring were 
found to range  from -0.2OC to +0.5*C. 

SILT TO CLAY CLLV DUMLTON SAND MASSIVE ICE 

CONTACT.. . - - HOLOCEM! UNCWORYITY.. . M_ 

FQ. 5 G e o b g k a l  Crosssection of Active Coastal Retreat Site 

The geothermal  conditions at  the sea bottom 

processes. The presence of a  seasonally 
contribute to several interesting geological 

shore  creates the potential for seasonal frost 
thawing  and  freezing  zone in areas near the 

heave and  thaw settlement. At the active 
coastal retreat  site, thaw oE buried massive 
ground ice will result in settlement  at the 
sea floor creating  sub-sea thermokarst 
conditions similar to those described by Mackay 
(1986). The uneven  nature of  the Holocene 
unconformity  at the active  coastal retreat 
site between  boreholes 87-10 and 87-13 (Figure 

occurred but  that the depressions at  the sea 
5 )  suggests that some  local  settlement has 

floor  have been rapidly infilled by 
sedimentation. 

-.,-,- -ow 0 , ow 4on 8w 8w tom 1100 14?Dlspom 

UNFROZEN  FROZEN FROZEN WELL  BONDED MASSIVE ICE 
POORLY BONDED WITH EXCESS ICE 

CONTACT- . . - - HOLOCENE UNCONFORYITY.. . MY 

Fu.6 Geotechnical and Permafrost Cross-section of Active 
Coastal Retreat Site 

Geotechnical  Conditions 

The cone  penetrometer  (CPT) proved to  be an 
extremely useful complementary tool in 
determining the strength of unfrozen materials 
and their insitu geotechnical properties. 
Temperature data recorded by the cone 
penetrometer were reliable and consistent with 
the  temperature  data measured by the thermistor 
cables. The  cone penetrometer was a l s o  useful 
in  accurately  delineating the upper limit of 
frozen  ground. An example of typical CPT 
result is given  on  Figure 7 .  

The CPT results  indicate  a thin discontinuous 
zone of partially ice-bonded material a t  the 
top of the offshore Holocene sediments. AS 
shown  on  Figure 7, this zone is Characterized 
by high pore water pressure (30 m water column) 
and  increase in sleeve  friction and friction 
ratio just below the mudline. The presence of 
frozen materials is confirmed by negativ& 
temperatures (-0.llOC) recorded by both cone 
penetrometer and thermistor cable sensors. 
Both  drilling and cone penetration tests 

beneath  this thin surface layer are relatively 
indicate that  the Holocene  sediments present 

soft  materials with low bearing capacity of 
less  than 10 bars  (Figure 7 ) .  

Core  logs  from  drill  hole 87-11 and results of 
CPT  13  (Figure 7) as  well  as data from other 
drill  holes  indicate that  the  lower parts of 
the  Holocene  sediments  are slightly 
overconsolidated.  The results of CPT 13 show 
increases in cone bearing capacity ( 2 0  bars), 
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Fig. 7 Cone  Penetrometer  and  Temperature Data for 
Borehole 87-1 1 and CPT 13 

sleeve  friction (0.7 bar)  and friction ratio 
( 4 % ) ,  thus  confirming the presence  of 
overconsolidated  sediments detected  during 
drilling.  Overconsolidation of recent Holocene 
sediments  has  also been encountered in areas 
further  offshore  (Christian and Morgenstern, 
1986). This  overconsolidation is likely caused 
by freeze-thaw  effects  on the Holocene 
sediments  when they were exposed close to the 

overconsolidation  could be caused by cyclic 
sea floor. It is also  possible that 

loading by wave action. 

The strength of frozen  soils  encountered below 
the Holocene  sediments was €ound to  be 
highly  variable,  especially near  the O°C 
isotherm.  Examination of drill  core and 
limited CPT data indicate a  zone of poorly ice- 
bonded  materials in  this  area. Core  collected 
in  this  region  was easily  disturbed by sampling 
and  handling, and  varied  from supersaturated 
sand to extremely  competent, ice-bonded  sand. 
The  thicKness o f  poorly  ice-bonded sediments 
increases  with  distance from  the coastline,  as 
illustrated in Figures 4 and 6. It  is assumed 
that migration of saline pore  water affects the 
freezing point  and geotecnnical  properties  of 
the  sediments in  this zone. Further  work  is 
presently  underway to investigate this process 
and its affects. 

DISCUSSION AND IMZ'LICATIONS FOR ENGINEERING 

The  investigations carried  out  to date have 

sediments  are highly variable in a spatial and 
indicated that  the conditions o€ near-shore 

temporal  sense.  Coastal  areas which are 
exposed  can  undergo high  rates  of  retreat while 
nearby,  more protected areas  are relatively 
stable.  The  thermal regime  of sediments in the 

areas  where the sea ice freezes to  the  bottom 
near-shore area is also complex. In shallow 

during the winter, cold  permafrost conditions 
can be expected. A thick  layer of near-surface 
soil  may  undergo  seasonal  cycle OK freezing and 
thawing,  resulting in frost heave  and  thaw 
settlement. I n  deeper  water (zzrn) ,  submerged 

early  Wisconsinan  sediments are i n  a condition 
of thermal  diS-equilibrium which causes their 
relatively rapid thaw. When sediments are ice 

thermokarst  conditions can occur  with 
rich or contain  massive ice, sub-sea 

substantial thaw  settlement.  Assuming an 
average  coastal retreat  rate  of 3 m/a,  the 
thick massive ice  body  presently  exposed  below 

will be approximately 300 m  ofFshore in 100 
sea  level near  the active coastal retreat site 

years.  Assuming a similar sea floor profile a s  
at present, the  ice body would  then  be 
subjected to rapid  thaw. Since this  ice  body 
contains over 95 % ice by volume, thawing of 
the  ice  will result in up to 10 m of 
settlement at  the  sea  floor. 

These  findings  have  obvious  implicatisns for 

pipelines located i n  the  near-shore zone of  the 
design  of  engineering  structures  such  as 

Beaufort  Sea and  in  other  permafrost areas with 
transgressive  coastal margins. The highly 
variable  geotechnical  conditions of near-shore 
sediments  require that detailed  site  specific 
geotechnical  investigations  are carried  out 
prior to construction.  Geotechnical drilling 
should  investigate the properties of both 
recent  marine  sediments and  of submerged 

also be  paid to the present  geothermal 
terrestrial sediments. Close attention must 

conditions of the sediments as well as the 
history of sea floor temperatures to determine 
if a condition of  thermal dis-equilibrium 
exists. Finally, the temporal  variations in 
coastal  position, water depth and sedimentation 
must be considered at  both a  site  specific and 
a regional  scale. 

Geotechnical and geophysical  techniques used in 
the near-shore  environment  are  often  quite 
specialized.  Although use of a standard  rotary 
drill rig  is recommended, different sampling 
techniques  have to  be  applied  in areas  where 
the sea ice  is  frozen to  the  base (CRREL core 

present below the sea ice (Shelby tube), The 
barrel) then in areas where  a water column is 

cone  penetrometer  was found to be a useful  tool 
in this  environment, however  its penetration is 
limited to unfrozen and  poorly ice-bonded 
sediments.  Several  surface and downhole 
geophysical  techniques have  been  recently 
tested  in  the  near-shore area and  their 
results  are beinq  evaluated. 

CONCLUSIONS 

Two  onshore-offshore  transects have  been 
investigated off the coast o f  Richards  Island 
in the  southern Beaufort Sea at a  stable 
coastal retreat site and  at an  active  coastal 
retreat  site.  Results of geotechnical  drilling, 
cone  penetration tests  and  thermal studies  show 
that: 

1) Near-shore geology  is  dominated by a 
wedge o'f Holocene silt  unconformably overlying 
buri.ed early  Wisconsinan  sand and silt. 

2 )  Holocene  silts occurring near  the  sea 
floor are relatively  soft materials with low 
bearing  capacities and  shear strengths.  Zone5 
of slightly  overconsolidated Holocene sediments 
are  commonly present  at  depth. 
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3 )  The  seabottom temperatures and 
geothermal regime of the near-shore zone  are 
determined primarily by the offshore 
bathymetry. Permafrost is preserved in shallow 
areas  close  to the shore  where the sea ice 
freezes  to the base, thus allowing deep 
penetration of cold winter  temperatures. Areas 
farther offshore,  where the thicker  water 
column  maintains warm sea floor temperatures, 
experience rapid  thaw. 

4 )  Sediments near  the sea floor are 
subjected  to an annual cycle of freezing and 
thawing. 

5)  Thaw of ground ice present in buried 
early Wisconsinan  sediments  can result  in sub- 
sea thermokarst conditions. 

6) The thickness of poorly ice-bonded 
early Wisconsinan  sediments, possibly resulting 
from migration of saline pore  water, increases 
with distance from the shore. 
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MASSIVE GROUND ICE ASSOCIATED WITH GLACIOFLUVIAL SEDIMENTS, 
RICHARDS ISLAND, N.W.T., CANADA 

S.R. Dallimore  and S.A. Wolfe 

Geological Survey of Canada, 601 Booth St,, Ottawa, KIA OE8 

SYNOPSIS D i s c r e t e  b o d i e s  o f  m a s s i v e   g r o u n d  i c e  u p  t o  2 0  m t h i c k   a r e   c o m m o n l y   a s a q c i s t e d   w i t h  
A l s c i o f l u v i a l   s e d i m e n t s   o n   R i c h a r d s   I s l a n d ,   N o r t h w e s t   T e r r i t o r i e s .   D r i l l i n g   a n d   g r o u n d  probing 
r a d i l r   s q r v e y s   i n d i c a t e   t h a t   m a s a i v s   i c e   v a r i e s   s u b s t a n t i a l l y  i n  t h i c k n e s s ,   m o r p h o l o g y  a n d  
a s s o c i a t e d   s e d i m e n t .   T h r e e   t y p e s  o f  g r o u n d   i c e   w e r e  f o u n d  a t  t h e  t w o  s i t e 3   i n v e s t i g a t e d ;   t h e s e  
a ? e  i n t e r p r e t e d  a s  n e a r   s u r f a c e   a g g r a d a t i o n a l   i c e ,   b u r i e d   g l a c i e r   i c e   a n 3   s e g r e g a t e d   i c e .  

T h e   v a r i a t i o n  in m a s s i v e  t c e  t y p e  i s  i n d i c a t i v e  o f  t h e  v a r i e d   p o s t g l a c i a l   c o n d i t i o n s   w h i z h  h a v e  
e x i s t e d  in t:Iis a r e s .  D u r i n g  t h e   l a t t e r   s t a g e s   o f   E a r l y   Y i s c o n s i n a n   g l a c i a t i o n ,  g l a c i a l  ice was 
c o v e r e d   a n d   p r e s e r v e d   b y  g l s c i o f l u v i a l  s a n d s .  I n  o t h e r  a r e a s ,  p e r h a p s   w i t h   l e s s   s e d i m e n t  c o v e r  
o v e r   t h e   g l a a i a l  i c e ,  s u b s t a n t i a l   t h a w   o c c u r r e d .   S u b s e q u e n t l y ,   g r o u n d  i c e  has f o r m e d   i n   t h e s e  
s e d i m e n t s   d u r i n g   p e r i o d s   o f   p e r m a f r o s t   a g g r a d a t i o n .  

INTRODUCTION 

Massive ground ice commonly makes up a 
significant  portion of near-surface materials 
in the Mackenzie Delta - Beaufort Sea region 
(Mackay,  1966, 1971: Rampton, 1973, 1988). 
Typically,  massive ice is overlain by fine- 
grained  sediment and underlain by coarse- 
grained  sediment  (Mackay, 1971). Massive ice 
sverlain by coarse-grained materials, such as 
glaciofluvial  sediments, is rarely reported. 
However, the nature and amount of massive ice 
in these  sediments is of  significant importance 
for exploitation of granular resources and 
Ither resource related development. 

This paper describes the distribution and 

with coarse-grained,  glaciofluvial sediments on 
character  of massive ground ice associated 

2ichards  Island, N.W.T. (Figure 1). Field 
evidence  from drilling and geophysical surveys 
is presented  as well as data from laboratory 
analysis of ground ice samples. 

SURFICIAL GEOLOGY 

Tuktoyaktuk Coastlands of the Arctic Coastal 
Richards Island is situated in the 

Plain  (Rampton, 1988). The area is 
characterized by  thick deposits of 
unconsolidated 
perennially  frozen to several hundred metres 

Quaternary sediments, 

depth  (Taylor et al, 1982), Geotechnical 
borings, geophysical soundings and coastal 
exposures  all indicate that massive ground ice 

Rampton  and Mackay. 1971; Rampton and Walcott, 
is common in near-surface soils  (Mackay, 1963; 

1974;  Pollard and French, 1980). 

The  central and southern portions of 
Richards Island are covered by variable 
thicknesses of glacial, fluvial and lacustrine 

sediments. In the vicinity of Ya  Ya Lake and 
Lousy Poin't (Figure l), glacial outwash, ice 
contact ridges and esker-like deposits are 
common. As this area is well beyond  the  limit 
of Late Wisconsinan ice, and  the glaciofluvial 
materials  ate underlain by till, the sediments 
were probably deposited by melt  water from the 
Early Wisconsinan Toker Point Glaciation 
(Rampton, 1988). 

Radar  and drill transects . . . . . . . . . . .- 

Figure I : Location map 
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Figure 2:  Radar and drilling transect, Ya  Ya  Lake. Richards  Island, N.W.T 

FIELD  AND  LABORATORY  INVESTIGATIONS 

Two  areas were  chosen for detailed surveys 
after an examination of inland and coastal 
exposures and a review of previous drilling 
data. Figure 1 shows the location of drilling 
and  geophysical transects across  an ice 
contact ridge near  Ya Ya Lake and a 
glaciofluvial outwash complex near Lousy Point. 

The morphology of ice bodies and 

delineated with the aid o f  a low frequency 
associated sediments  at each site was 

digital  ground probing radar system  (Dallimore 
and Davis, 1987). Geotechnical drilling was 
undertaken using a rotary drill rig with a  10 
cm  diameter CRREL  core barrel. Boreholes were 
logged  and  representative  samples retained In 

Analyses completed on the ice samples included 
the frozen state for laboratory analysis. 

determination of oxygen isotope ratios (’Bo/’%) , 
routine water chemistry and ice fabrics. I n  
total,  data  were  collected  from 2 5  boreholes, 
20 line  kilometres of  radar soundings and 
approximately  100 gsound ice samples. 
RESULTS 

YA YA LAKE - Ice  contact ridge 
A discontinuous  series of steep-sided, 

flat-topped  ridges  occur  along the shores of 
Ya Ya  Lake,  on  southern  Richards Island (Figure 
1) * 
lake  and trend northeast-southwest. Channels 

The ridges rise up  to 4 5  m above the 

visible on the ridges  suggest that  they are 
composed of glaciofluvial  sediments, most 
likely  deposited in contact  with glacier ice. 
Previous drilling in  the area, carried out for 
the  purpose of granular investigations, 

beneath the ridges  (Ripley et all 1973). 
indicates the presence of massive ground ice 

TWO drilling and radar transects were 
completed across a ridge near  the north end of 
Ya  Ya Lake. The  drilling and radar data, shown 
on  Figure 2 ,  suggest that the stratigraphy 

beneath the ridge is complex with 
interstratified ice  and sediment. Reflectors 

changes in the velocity of propagation of 
indicated  on the radar records, represent 

electromagnetic energy. Drilling data confirm 
that most reflectors occur at  contacts between 
ice and sediment. 

borehole  drilled through the ridge are 
The geology and ground ice conditions of a 

summarized  on  Figure 3 .  The 6’80 profile and 

are shown beside the stratigraphic log to  aid 
natural water content values €or the borehole 

interpretation. Two distinct ice units are 
recognized:  a 50 cm thick  layer occurs  at 35 
cm  depth,  and a 6.7 m thick  layer occurs  at 9 m 
depth. 

Borehole 219 SO 3 
GSC 

Figure 3 :  Borehole log  of hole drilled through 
glacial fluvial terrace, Ya Ya Lake. 
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Upper ice 

The 50 cm thick  upper  ground  ice  unit 
occurs  beneath a 35 cm  thick  layer o f  peat. 
The ice has  a  horizontal  structure  with 
occasional thin  bands o f  organic-rich silt. 
?he depth  and  thickness of  the  ice suggests 
that  most is situated beneath  the  permafrost 
table rather  than in the active layer. 
Themical  analyses o f  the  ice  indicate a high 
conductivity and  high cation content (Table 
1). The  Oxygen-isotope  value of -21.8 %o for 
the ice  (Figure 3 )  is similar to  values 

rnodern ground ice  (Mackay, 1983). 
reported in the Mackenzie-Beaufort  area for 

Selected water-quality analyses for massive 
Tabia 1 

ground i c e  

No. t + ++ ++ 
Locality Samp. Cond.  Na K Ca Mg 

Ya Ya L .  
219503 
lm 1 1 5 7 3  
8-12m 3 111 

19 .0  1 2 . 7  298 .6  47 .8  
8.0 3 . 1  2.5 0.6 

216505 
9-26m 4 197 
Mackenzie 

7.6 4 . 1  20 .8  3 . 8  

Fliver 1 150 7 . 8  0 . 9  2 8 . 2  7 . 2  

umhos/cm (milligrams per 1 )  

LOUQY Pt. 

The  horizontal  sediment  bands,  ice 
structure  and the  high conductivity  and  cation 
contents,  indicate  a  segregated  origin for this 
ice with  a  ground water source.  The  position 
at the  top of permafrost  suggests that the ice 
is probably  aqgtadational ice which formed in 
the  active layer  and was  subsequently 

table  rose  (Mackay, 1977). 
incorporated  into permafrost as the  permafrost 

Other  boreholes, drilled  through  and 
adjacent to  the  ridge indicate that the 
occurrence of aggtadational ice  is  material- 
dependent. Of the 14 boreholes drilled on the 
ridge  during 1 9 8 6 ,  6 encountered  a near-surface 
ice layer or ice-rich zone (EBA Engineering, 
1986). In  all six boreholes the  ice-rich zone 
was  associated with fine-grained,  silty 
sediments  while the other  boreholes contained 
sand or gravel. 

Lower  ice 

are  underlain by 7 m of glaciofluvial  sand 
The upper  ice  and  fine-grained sediments 

with  occasional  gravel beds. The lower  massive 
ice  unit  occurs beneath the  sand  (Figure 3 ) .  
This ice i s  generally  sediment  €ree (>95% ice 
by volume) with occasional thin  bands of 
disseminated grey clayey  silt.  Several thin 
layers of silty  diamicton  also occur  within  the 
ice and a 2.5 m thick  layer  of  dia!nicton is 
encountered at 16 m  depth. It is assumed  that 
the diamicton  and  sediment  contained i n  the  ice 
is glacially  derived  since the appearance and 
grain  size of samples  collected from the 
borehole  are  simildr to  Toker  Point Till at 
other sites on central  Richards Island (Table 
2). No borehole  data are  available below 20 m 
depth, but  radar  prcfiling suggests that  the 
massive ice extends  approximately 3C m below 
the su r face  of the  ridge. 

G r a i n - s l z e  aqh!yscs  of diarn ic ton  fo::nd i r r  
borehole 219 SO: and 'Till Samples f r c m  tne Ya 
Ya Lake area. 

Sample % > 2mr. 5 Sano 2, Silt 'd Clay 

2 1 9  S O 3  
1 0 . 9  rn 5 2 4  
1 6 . 0  rn i 2 5  3 2  2s 

2 i) 4 1 

17.5 m 1 3 1  '! 2 :a 
11 2ROW2 2 38  2 9  33  
113ROW3 4 2 8  
34hRQX3 

20  
3 1 3  4 3  4 4  

5 2  

Note: Samples ROW an2 HOX d r f  taken Erorn 
Rampton, 1 9 8 8 ,  Appendix i. 

Table 2 

Oxygen-18  values in  the  ice above the 
lower diamicton  fluctuate between - 3 0 . 6  , t o  
- 3 4 . 1  %.(Figure 3 ) .  The lower diamicton and 
the ice  encountered at  the  bottom  of  the  bore- 
hole  have  more  positive isotope  values  ranging 

of  three  samples from the middle and lower  ice 
from - 2 7 . 4  to - 2 8 . 8  % .  Water quality analyses 
have an average  conductivity of 111 umhos with 
low  cation  contents  (Table l), Three thin 
sections  taken from samples in  the middle of 
the  borehole  show that crystal  size is variable 
with zones of  small  crystals 2 to 10 mmz in 
area  and coarser zones with crystals  up to 8 

with a universal  stage suggest  that the  ice  has 
cm? Determination of  c-axis orientations 

a variable  crystal  fabric  with no obvious 
preferred  orientation but several weak maxima 
inclined  at 30 to 60 degrees. 

The likely glacially-derived  sediment in 
the  ice, the abrupt upper  contact  and  the 
variable  ice  fabric indicate  that  the  ice may 
be of glacial  origin. Radar pro€iling and 
drilling  indicate that  the  ice  body  has a 
similar  morphology to  the  basal zones of modern 
ice  sheets with complex  interstratification of 
englacial  debris-rich bands (Boulton, 1970), 
The  conductivity  and  cation  contents of the  ice 
are  similar  to, but slightly  higher  than  most 
data  presented f o r  modern  glacial ice (Langway, 
1967; Table 8 ) ,  lower  than  modern Mackenzie 
River water (Table 1) and  lower  than data  pre- 

Tuktoyaktuk area by Mackay (1971). A range of 
sented f o r  massive  segregated ice in the 

5.3 %O i n  Oxygen-I8 is rather  large  for 
glacier  ice but not dncommon, especially for 
Pleistocene ice. Hoake and Clausen (1982) f o r  
instance, report a range cf up to 5 $,aver a 
few  metres in the  basal  portion of  the Barnes 
Ice  Cap  on Baffin Island. 

An alterndtive  origin would be  the growth 
of segregated ice  afcer deposition of t h e  t i l ?  
and  glaciofluvial  sediments.  However, this 
seems unlikely since the configuraticn of the 
ice body is irregular, but the ridge is flat. 
If the  ice had segregated i n  place  between  the 
sand and  the til?, the surface o f  the  ridge 
would  probably be hummocky at:d L I I ~ P V ~ P . ,  
reflecting the differentla1 thickness  of  the 
ice at depth. I n  addition, the sxygen is~tspe 
profile  suggests fractionatiarr d i d  not cccur. 
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Figure 4 :  Radar  and drilling transect, Lousy Point,  Richards  Island, N.W.T. 

LOUSY  POINT - Glaciofluvial  outwash 
An 11 km long  drilling  and  radar transect 

was completed near Lousy  Point  on the  east 
channel of the  Mackenzie River. A 5 0 0  m  long 
section  of  the transect adjacent to the 
Mackenzie  River  has been chosen for detailed 
discussion  (Figure 4 ) .  It begins on a terrace 
of the  Mackenzie  River  and  continues over  a 
hummocky  upland  area to  the  northwest. This 
upland is underlain by glaciofluvial  outwash 
sediments  deposited  during retreat of Early 
Wisconsinan  ice of the Toker  Point  Stade 
(Rampton, 1988). 

The surface of the  terrace  is 12 m above 
the  present  level  of the Mackenzie River. The 
fluvial  sediments in  the terrace  are  composed 
of ice-poor,  fine-grained  sand  and  silt  with 
occasional  organic layers. The  terrace is 
probably  related to drainage of meltwater down 
the  East  Channel of the Mackenzie River from a 
glacier  lobe  which  occupied  the  Mackenzie  Delta 
area for a significant period after retreat of 
Toker  Point ice from  Richards Island (Rampton, 
19881, 

upland  areas are underlain by a  thick  body of 
The  glacial  outwash  sediments in the 

massive ice. The internal structure  is  well 
defined  from  the radar data  shown on Figure 4 .  
The ice body appears to be  relatively 
homogeneous  with  few reflectors. The base of 
the  ice  is  marked by a strong reflector which 
is  gently undulating. This probably 
represents  an underlying  sand  similar to that 
encountered at the bottom of the borehole 
shown  on  Figure 5. The radar records  and 
drilling  suggest that  the ice body pinches  out 
towards  the  alluvial terrace. 

r-To 
Interbedded 
aMd and Silt 

\ 33 Sand 

Borehole 216 SO5 
GSC 

Figure 5: Borehole log of hole drilled  through 
glacial  fluvial  outwash  sediments, 
Lousy Point. 
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The  detailed log of a borehole drilled in 
the glaciofluvial outwash sediments is shown o n  
Figure 5, together with natural water contents 
and Oxygen  isotope data. The upper 4 . 3  m is 
composed of interbedded sand  and  silt. The 
sediment immediately below is a sandy silt with 
alternating ice and sediment bands. A 20 m 
thick massive ice body occurs beneath the silt. 
The ice is foliated with occasional thin 

disseminated  fine sand and silt. Approximately 
sediment rich zones composed primarily of 

1 . 2  m  of interbedded sand and silt with 
contorted bedding  and  ice veins occurs below 
the ice at the  bottom of the  borehole. 

Thin  sections were made at several 

generally sediment poor ( z  97% ice by volume) 
locations i n  the massive ice, which is 

dith occasional thin sediment bands  of fine 
sand,  The  sediment bands dip at an angle of 

orientations on 90 crystals indicates a 
10 to 15 degrees. Determination of C-axis 

?referred near vertical orientation, close to 
the pole of the sediment banding in the  sample. 
The  oxygen  isotope  data, shown on Figure 5 ,  
are relatively uniform with a range from 
-29.7 to -30.8 %.. The upper silt and  the upper 
interbedded sand and silt have similar isotope 
values to the massive ice, suggesting a common 
.qater origin. No fractionation pattern is 
readily visible. Chemical  analysis of the ice, 
shown on Table 1, indicates it has a higher 
tonductivity and dissolved solid content than 
the ice at  Ya  Ya  Lake. 

The lack of glacial sediment, and  the 
stratified ice and sediment in the zone from 5 
to 10m suggest: a segregation origin for  the 
massive ice. The preferred vertical c-axis 
orientation  parallel to an assumed vertical 
heat flow  direction and an apparent common 
water source throughout the borehole are  also 

of the ice body beneath the fluvial terrace 
indicative of segregated ice. The truncation 

suggests that the ice pre-dates the fluvial 
terrace. 

DISCUSSION 

The  occurrence o f  thick massive ice bodies 
of different  origins  suggests that Richards 
1slar.d has experienced quite local and varied 
gostglacial permafrost conditions. In the 
vicinity of the  ice contact ridges at Ya  Ya 
Sake,  ground thermal and climatic c0nditior.s 
were such that glacial ice of  the Toker Point 
Stade  (Early  Wisconsinan) has apparently been 
?reserved to  the present. At Lousy Point, 
2lacial  ice apparently melted out completely 
leaving a cover of glaciofluvial outwash. 
These  sediments were subsequently frozen during 
9ermafrost  aggradation forming a thick  body of 
segregated ice. Isotope data €or t h e  ice 
3ody indicate that fractionation did not occur 
.'uring ice segregation.  This may indicate that 
an open  ground water system existed. 

The  results of this study suggest that a 
najor part of the present topography of 
2ichards Island results from the presence cjr 
absence of massive ground ice  at depth. Growth 
3f segregated ground ice  has  raised  the  ground 
surface by as  much as 20 metres. Preservation 
of glacial ice has probably maintained many 
supra-glacial features. I t  is quite possible 

f o r  instance, that some of the high level 

glacial  drainage patterns which have been 
drainage  features  on the  island  may  be supra- 

?reserved since Early Wisconsinan times. 

with glaciofluvial materials presents obvious 
The  presence  of massive ice in association 

limitations in terms of extraction for 
COnStruction  materials. Borrow areas must be 
carefully planned to prevent thaw of buried  ice 
2odies or plans should be made to utilize their 
thaw during  site restoration. Geotechnical 
investigations for pipeline routes or other 
development  activities s h o u l d  consider the 
distribution o f  massive ground  ice in 
glaciofluvial  sediments and in other surficial 
materials  on  Richards Island. Information about 
the  origin o f  the  ice bodies will  aid in 
predicting their extent and characteristics. 

CONCLUSIONS 

Substantial volumes o f  massive ground ice 
are  found in association with glaciofluvial 
sediments  on  central Richards Island. Although 
the two  sites discussed in this paper are only 
12 kilometres  apart massive ground ice differs 
substantially in morphology, sediment 
association and chemistry, suggesting a 
different  origin for the ice bodies. 

A thin layer  of  recent  ground ice was 
encountered near  the surface o f  an ice contact 
ridge  at Ya  Ya Lake. This ice  was most likely 
initially formed at  the  base of the active 
layer and has been incorporated into permafrost 
due to recent climatic cooling. The massive 
ground  ice encountered at depth at  Ya  Ya Lake 
is mOEt likely glacial ice which was covered 
and ultimately preserved by a mantle of 

Richards Island was not glaciated during  the 
glaciofluvial sediments. Since this portion of 

Late  Wisconsinan, it is probable that this ice 
is preserved Early Wisconsinan glacial ice of 
the Toker Point Stade. Massive ground ice in 
glacial  outwash  sediments near Lousy Point was 
likely formed as a result of ice segregation 
during local permafrost aggradation sometime 
after  deglaciation in  the area but before 
deposition of a fluvial terrace. 
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PERMAFROST AGGRADATION ALONG AN EMERGENT 
COAST, CHURCHILL, MANITOBA 

L. Dyke 

Department of Geology, Queen's  University,  Kingston, Ontario, Canada K7L 3N6 
". 

ABSTRACT Permafrost  along  isostaticly  emerging  coasts  must  be  aggrading  into  land  as  it  becomes  exposed 
in  the  tidal  zone.  The  initiation of permafrost  has  been  shown,  by  borehole  temperature  measurements,  to  occur  in  the 
upper  half  of  the  tidal  zone  at  Churchill,  Manitoba. A theoretical  model,  based  on  the  extrapolation  of a single 
surface  temperature  history,  provides  a  prediction  of  permafrost  extent  that  may  be  accurate  enough  to  be  of  use  in 
reconnaissance  site  investigations. 

SIGNIFICANCE OF EMERGING  COASTS 

Permafrost  along an isostaticly  emerging  coast  must  be 
aggrading  as  a  wedge-shaped  body  into  previously  unfrozen 
seabottom.  Mackay  (1971)  predicted  the  extent  of  this 
body  with  the  aggradation  beginning  at  mean sea level, 
Allard  et a l ,  (this  vblume)  have  examined  the  tidal  zone 
of  permafrost  coasts  in  detail  to  determine  controls 
on  permafrost  distribution  in  that  environment.  Ice 
bonding  of  coastal  sediments.or  rock  may  be  significant 
in  determining  foundation  conditions  for  coastal 
facilities. For this  reason,  a  detailed  knowledge  of 
permafrost  distribution  at  the  coastline  may be required. 
This  study  is  an  attempt  to  predict  the  distribution  of 
permafrost  between  high  and  low  tide  along  an  emerging 
coast  where  permafrost  is  established  onshore. 

AB a point  on  the  seabottom  rises  into  the  tidal  zone, 

By  the  time  the  high  tide  level  is  reached,  exposuure  is 
it  begins an exposure  to  permafrost-forming  conditions. 

continuous so aggradation  of  permafrost  must  be  underway. 
Therefore  at  some  point  in  the  tidal  zone,  permafrost 
must  begin  to form. If this  point  can  be  located  and  if 
the  rate  at  which  permafrost  thickens  can be determined, 
then  the  distribution of this  permafrost  will  be  known. 

For  a  sea  coast,  other  factors  besides  climate  that  will 
control  the  distribution  of  permafrost  are  tidal  range, 
emergence  rate,  and  topographic  profile.  Heat  transfer 
from  the  seabottom  to  the  air is aided  in  winter  where 
sea  ice is in  contact  with  the  seabottom.  This  effect  has 
been  shown  to  influence  the  extent of frozen  seabbttom 
in  the  Mackenzie  Delta  area  (Mackay, 1972; Macwnald  et 
al,, 1973~ Dallimore  et  al., this volume).  Depending  on 
the  thickness of ice  and  the  tidal  range,  ice  may  contact 
the  seabottom  at  levels  below  low  tide,  therfore  exerting 
an  additional  contra1 on seabottom  temperature  outside 
the  tidal  zone.  Thermal  properties  of  subsurface  rock or 
soil  are  also  important  but  will  be  most  influential  in 
determining  the  thickness of permafrost  rather  than  its 
presence or absence. 

APPROACH TO THE PROBLEM 

The  determination  of  the  exact  distribution of permafrost 
requires  temperature  measurements or borehole  sampling. 
However  permafrost  thickness  can  be  predicted  as  the 
penetration  of  freezing  from  the  surface  if  a  history of 
surface  temperature  is  available.  This  approach  is 
followed  in  this  study  but  with a view  to  minimizing  the 
data  required.  To  do  this,  temperature  data  from one point 

in  the  tidal  zone  is  extraplated  across  the  tidal  zone. 
m e  extrapolation  is  carried  out  by  assuming  that  the 
modification  to  the  measured  temperature  can  be 
attributed  to  the  different  times  that  other  points 
across  the  tidal  zone  are  submerged  and  to  the  heat  taken 
up  in  melting  the  sea  ice.  The  accuracy of the  technique 
is  tested  by  comparing  the  prediction  to  borehole 
temperature  mesurements. The agreement  is  close  enough 
that  the  technique  may  be  useful for comparing  coastal 
sites  for  a  reconnaissance  site  investigation. 

DESCRIPTION OF THE STUDY SITE 

Churchill,  Manitoba  was  selected  as  the  initial  site  for 
establishing  the  extent  of  the  coastal  permafrost  wedge 
and  developing  a  technique for predicting  the  wedge 
geometry.  Onshore,  permafrost  is  well  established  in 
bedrock  and  is  probably 50 to  100  m  thick,  based  on 
comparisons  with  other  climates  where  the  depth  of 
permafrost is known  (Brown, 1963). Permafrost  is  also 
found  in  glacial  deposits  in  the  area  but is no  cblder 
than -lot where  shrubs  or  standing  water  exist  (Brown, 
1978). 

Several  pieces  of  evidence  suggest  that  isostatic 
adjustment  to  the  retreat  of  the  last  glaciation  is 
still  occurring  at  Churchill. A discussion  of  this 
evidhe by  Hansel1  et  al.  (1983)  favours  an  emergence 
rate  of  about 0.8 m  per  century.  However,  comparing  the 
advance of dietinctive  bands  of  flora  visible  on  both 
1929  and  1978  airphotos  indicates  a  rate of 1.0  m  per 

prediction,  bf  Peltier (1987) and  is  assumed  correct  in 
century.  This  figure  compares  favourably  with  the 

this  study. 

Tidal  variation  in  sea  level  at  Churchill  is  Commonly 
4 m, occasionally  reaching 5 m.  In  the  esturary  of  the 
Churchill  River  and  along  the  Hudson  Bay  coast,  low  tide 
exposes  a  tidal  flat  up  to 2 km wide.  This  provides a 
tidal  zone  wide,  enough  to  ensure  that  the  existance  of 
permafrost  in  the  tidal  zone  is  in  no  way  influenced  by 
onshore  permarost.  Accordingly 8 cables  equiped  with 
thermistors  were  placed  along  a 1.2 km line  extending 
from  approximately 5 m  above  high  tide  to 2 m  below 
high  tide  in  the  Churchill  River  esturary  (Fig. 1). The 
cables  extend  to  depths of 6 to LO m. 

The  line  of  temperature  cables  begins  on  one  of  a  series 
of  raised  beaches  supporting  forest  tundra  vegetationr 
scattered  spruce  with  a  mat  of  lichens,  moss,  sedges, 
and  very  low  rhododendron.  The  beaches  give  way  to  a 
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1 Km 

"-Temperature  measurement 

Figure 2. Contours  of  temperature  along  temperature  cable 
transect  for  June 20, 1985. Dots  show  location  of 
temperature  measurements. 

O0 1 Km 

0 500m - 
Figure 1. Incation'  of  temperature  cables (2  to 8) and 
contours of electrical  conductivity  (in  mmhos/m)  obtained 
from EM34 survey 

band  of  willows up to 2 m  high.  This  willow  band  occupies L" 

hummocky  terrian  down  to  extreme  high  tide. A sedge- 
covered  tidal  meadow,  dissected by tidal.  channels,  then 
appears.  Gravelly  to  bouldery  flats  replace  the  meadow 
about 1 m  below  extreme  high  tide.  Subsurface  materials 
consist  primarily  of  silt  with  varying  fractions  of  sand  Figure 3 .  Contours of temperature along temperature  cable 
and  clay.  Pebble8  and  boulders  are  common.  transect  for  October 1, 1985. 

This study Ussmes that  seabottom  below low tide  is  free 
o f  ice-bonded  permafrost.  while  boCtorn  temperatures  down O0 
to -1.6'C have  been  recorded  for  Hudson  Bay  (Pelletier, 
1969). this  temperature  is  not  low  enough  to  induce  ice 
bonding  in  pore  water  of  oceanic  salinity.  Water of the 
Churchill  River  undoubtedly  averages  above  this 
temperature and in  fact  may  delay  the  initiation  of 5 -  
permafrost  relative  to  the  open Hudson Bay  coast.  Test 
brings for the  port  facilities  at  Churchill  reported  no 
ice  bonding.  The  estuary  site  was  chosen  in  view  of  the 
protection  it  ofiered  against  damage  to  cables by ice 

10 - 

15m- 

1 Km 

movement. 10 - \ \ 

DELINEATION OF TIDAL ZONE PERMAFROST 1 

Temperature  measurements  have  been  carried  out  since  the 
summer of 1985. Readings  taken  between  late  June  and 
early  November (1985) show  that a zone  remaining  below  Figure 4 .  Contours  of  temperature  along  temperature  cable 
O°C exists  in  the  upper  half  of  the  tidal  zone  (between 
cables 5 and 8 )  for  this  time  interval  (Figures 2, 3 ,  and 

transect  for  November 1, 1985. 

4). Because  temperatures  in  this  zone  were  rising  on  the  progressive  aggradation  of  permafrost.  This  was  not 
late  June  reading  and  falling  by  the  early  November  anticipated  and  it  serves  to  show  that,  for  the  Churchill 
reading6  it  is  prebable  that a year-round zone remaining  climate,  conditions  immediately  onshore  are  just  as 
below 0 C does  exist.  This  has  been  verified for the  important  in  determining  permafrost  development  as  in  the 
succeeding  year  and so identifies  tidal  zone  permafrost  tidal  zone. 
based  on  the O°C criterion. 

Moving  landward,  a  talik,  coinciding  with  the  willow 
band, is identified.  Standing  water  and  snow  to  a  depth  water  undoubtedly  occurs.  It  results  from  the  salt 
of  approximately 1 m  respectively  take  up  heat  and  content  and  small  pore  size  associated  with  the  clayey 
insulate  during  freezing.  Taken  in  the  context  of  an  silt  materials.  Examination of any o f  the  tempexatuxe 
emerging  coast,  this  talik  is  a  dynamic  feature,  and  logs  for  cables 5 to 8 shows  thatobelow  about 3 m 
it  introduces  a  complication  into an otherwise  temperature  varies  little  from -2 C. This is a damping 

0 
15m- 

The identification  of  ice-bonded  permafrost  is more 
difficult.  Freezing  point  depression O f  sediment  pore 
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associated  with  uptake  or  production  of  latent  heat  at a severity  as  time  below  tidal  waters  decreases.  Frost  or 
temperature  that  probably  represents  the  freezing  point  thaw  penetration  can  be  predicted  by  solving  a  one- 
depression  experienced  by  the  pore  water.  It  is  likely 
that  some  water is always  present  because  temperatures 

dimensional  equation  that  balances  heat  flux on either 
side of a  freezing  or  thawing  boundary  and  latent  heat 

never  rise  above  the  narrow  variation  about -2OC. The  produced  or  absorbed  (Andersland  and  Anderson, 1978). In 
existance o f  a  steep  thermal  gradient  within  the  active  this  case  the  solution  used  gives  the  depth of the O°C 
layer  down  to  temperatures  of  -3OC  (Figure 2 )  also  temperature.  The  following  thermal  properties  for  a 
suggests  that  considerable  freezing  is  taking  place down saturated  clayey  silt  with 30% moisture  content  were 
to temperatures  that  low.  considered  to  be  representative  of  the  tidal  zone. soil 

The  existance  of  the  talik  and  tidal  zone  permafrost  are 
supported  by  inductive  electrical  conductivity  readings  Thermal  conductivity,  unfrozen 1.25 W/mzc 
straddling  about 1 km of  coast and including  the  borehole  Thermal  conductivity,  frozen 
transect.  A  survey  in  August, 1984, taken  with  a  Eeonics 

2.00 W/m C 

EM31,  showed  low  conductivity  coincident  with  the  beach 
ridge  zone  and  upper  part  of  the  tidal  zone,  Higher 
conductivities  coincided  with  the  willow  band. To 
interpret  this  survey,  the  active  layer,  permafrost,  and 
underlying  frozen  ground  become  members of a  layered  Permafrost  will  exist  for  the  case  where  the  first  year's 
earth.  freezing  depth  is  not  reached by the  subsequent  thaw. 

The EM31 receives  most  of  the  contibution  to  its  several  positions  across  the  tidal  zone  to  delineate  the 
conductivity  reading  from  the  first 6 m  below  the  surface.  extent 05 pe-frost. 
The  contibutions  receive  the  greatest  weighting  nearest 
the  surface.  Therefore  this  survey  essentually  reflects  Predicting  freezing  or  thawing  depths  requires  the  use of 
variations  in  the  depth  to  the  frost  table and is  most an impressed  freezing  or  thawing  temperature.  Freezing 
suitable  for  interpretation as two  layers. The talik  and  thawing  indices  determined  from  meteorological 
appears  as  a  very  thick  thawed  layer  which  can  best  be  records  are  inadequate  because  thermal  transfer  from  the 
interpreted as the  absence  of  permafrost.  air  to  emerging seabttom is  modified  by  the  growth  and 

An EM34 survey  was  conducted  in  mid-June  of  1985, 
decay of sea  ice  as  well as the  time  that any point  in 

effectively  receiving  input  to  a  depth of 15 m. (20 m 
the  tidal  zone  is  submerged.  In  this  study  the  problem 

coil  separation,  horizontal  dipole).  It  reproduces  the 
of  determining  thermal  transfer  is  avoided  by  using 

general  Pattern Of the EM31 survey  but  in  a  much  smoother  freezing  and  thawing  indices.  These  indices  are  then 
temperatures  from  the  shallowest  thermistors  to  estimate 

fashion  (Figure 1). This  may  be  the  result of the  lower applied as an average  temperature  above  or  below  freezing 
weighting  given  to  variations  in  pore  water  salinity fo r  the  time  interval  for  which  temperatures  average 
associated  with  tidal  creeks,  The low conductivitv  band a h v *  np h - l n w  Freezing (140 and 225 days  respectively 

at  the  Churchill  site: 

Volumetric  heat  capacity,  unfrozen  0.75  cal/OC  cm3 
Volumetric  heat  capacity,  frozen  0.50  cal C cm 3 

Diffusivity,  unfrozen  0.004  cm2/s 
Diffusivity,  frozen  0.010  cm / s  

do 

Freeze  and  thaw  penetrations  can  then  be  calculated  for 

e+**-- 'Id'thaw  penetration  below  the 
UrpL,L UL ~ L I -  L,leLIIIAsLvL can then  be  calculated. 

in  the  upper  tidal  zone  has  gained  prominence,  in 
accordance  with  the  greater  contibution  the  frozen  zone -I"&% ^C LI" LI"-l-L" . 

should  make  to  the  deeper  soundings.  The  survey  shows 
that  the  tidal  zone  permafrost  detected  by the temperature  Because  temperature  measr---ants  are  not  available 
measurements  extends  parallel  to  the  coast  and  seems  to  throughout  the  t3A-l r - a  

be  a  characteristic of the  tidal  zone. An interpretation 4-L"- C"""C.7r. 

of  permafrost  thickness,  assuming  that  the  variation  in 
conductivity  relects  changes  in  the  thickness  of  frozen  approximated  as Y lAlly-7y. 

ground,  is  shown  in  Figure  5.  This  interpretation  was the hlnh +id*  l i n e .  %err 

" - 
for  Churchill). 

" _"" ~ 

C L  PLll 

-_-_ "-.*, a method  for  extrapolating 

nf + : A n 1  mndifination o f  an impressed  temperature  can be 
c.Iyas LG.L,y.=AaLuAes  available was  devised. The duration 

= e("'.-"idal  function of distance  from _ _ _ _  ~ "-=.. _ _ _ _  _..__afore,  if  impressed  temperatures 
are known at  two  points  in  the  tidal  zone,  a  sinusoidal 
curve  can be used  to  interpolate  temperatures.  This  was 
done  using  the  temperaure  record  from  the  shallowest 
thermistor  of  cable 6 (cable  position  0.5  m  below  high 
tide  level)  and an estimated  temperature  at  the  low  tide 
level  (Figure 6 ) .  A  temperature  slightly  above  freezing 

. ...... _r 

EM34 survey 

I I 
Figure 5.  Base of permafrost  along  temperature  cable i?yY -;/ ,~~~~ ; ,~  , 
transect as interpreted  from  EM34  survey. 

made  using  a  conductivity  of 20 umho/cm  for  ice-bonded 
permafrost  based  on  conductivity  readings  for  sediments 
with  little  active  layer  development. 100 umho/cm  was 
used  for  thawed  ground,  based on readings  taken  well 
seaward  of  the  supposed  wedge  of  permafrost. 

PREDICTING THE EXTENT OF TIDAL ZONE PERMAFROST 

-2 p+ @' 
- + . mv-*YIc" 

-6 - 
? Tidal tone  1 

At  the  Churchill  site it is  assumed  that land emerges Figure 6 .  Freezing  and  thawing  indices  u 
at  a  temperature  slightly  above  freezing (1OC) to  become calculating  freeze  and  thaw  depth  at  any pomt I n  m e  
impressed  with  freezing  air  temperatures of increasing  tidal  zone  at  hurchill. 

1 40 
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The  estimate  of  thawing  temperature  in  Figure 6 is 
characterized  a  minimum  in  the  central  part  of  the tid a1 

(2Oc) was  used  for  the  low  tide  point,  based  on  the 
assumption  that  it is always  in  contact  with  water. 

The  thawing  portion of the  year  was  also  treated  by 
extrapolating  a  subsurface  thawing  index.  However  the 
extrapolation  must  take  into  account  the  heat  taken  up 
in  melting  the  previous  winter's  sea  ice. 

The  thickness  of  ice  in  the  tidal  zone w i l l  be  controlled 
by the  time  water  is  available  to be frozen.  Using  the 
meteorological  freezing  index  for  Churchill  and  the  time 
of  inundation  for m y  point  in  the  tidal  zone,  ice 
thicknesses  were  calculated  (Figure 7 ) .  

0. , ,, //////////// 
Thickness of icm formad 
in tidal 20ne 

/ 

4m-  1 
Tidal Zone 

Figure 7. Maximum  thickness  of  sea  ice  across  the  tidal 
zone  that  would  develop  for  Churchill  conditions, 

thawing  degree  days  required  to  thaw  this  ice  can  then 
be subtracted from the  total  available  to  arrive  at  a 
curve  showing  thaw  index  remaining  (Figure 6 ) .  It  was 
assumed  that  the  thawing  index  available  could be 
derived  from  the  shallow  thermistor  record  for  the  cable 
located  at  the  high  tide  level. 

Heat  Tor  thawing  is also derived from the  tidal  waters. 
Based  on  observed  values  for  the  Mackenzie  River 
(Mackay,  1972)  and La Grande  Riviere  (Freeman  et  al., 
1982),  an  available  thawing  temperature of 6OC was 
assumed  €or  the  low  tide  level.  At  the  high  tide  level 
a  thawing  temperature of O°C was  assumed  since  no  heat 
should  be  available  from  this  source. A sine  curve  was 
again  fitted  to  interpolate  the  water  thawing  index 
throughout  the  tidal  zone  (Figure 6). This  curve  and 
the  curve  giving  the  thawing  index  remaining  after  the 
thaw of sea ice  were  added  to  give an impressed  thawing 
temperature  across  the  tidal  zone  (Figure 6). 

The  curves  showing  freezing  and  thawing  index  can  now  be 
used  to  predict  the  location  of  permafrost  in  the  tidal 
zone.  The  approach  taken  is  to  calculate  the  depth Of 
freezing  in  an  unfrozen  soil  suddenly  subjected tlo a 
freezing  temperature  on  emerging from Hudson  Bay  at 1 C. 
The  freezing  temperatures  arrived  at  as  described  above, 
are  used.  The  frozen  sol1  is  then  subjected  to  a  thawing 
temperature  and  any  ground  remaining  frozen  is  considered 
to be permafrost  (Figure 8 ) .  

Freezing  tomperatura oyer one  year 
that  would produce  tha corre6fmondlng 
amount of  uermatrost 

0 
"C 
or 
rn 

by thawing  temperature 
on Figure 6 

Fr08t psnatrstlon Droducsd 
by freezing ternoerature 

Figure 8 .  Extent of permafrost  that  would  form  in  one  year 

to  ground  initially  at 1'C. The  upper  curve  gives  the 
if  freezing  and  thawing  indices  in  Figure 6 were  applied 

equivalent  constant  temperature  required  to  produuce  the 
corresponding  thickness o f  permafrost. 

zone.  When  applied  to  the  determination of permafrost, 
this  minimum  is  expressed  as a slight  decrease  in  the 
active  layer  thickness  (Figure 8 ) .  This  retardation of 
thaw  is  supported  by  temperatures  from  the  late  June, 1985 
readings  (Figure 2 ) .  The  coldest  ground  temperaturss  at 
this  time  axe  beneath  an  area  well  into  the  tidal  zone. 
These  two  features  suggest  that  an  area  for  optimum 
retardation  of  thaw  exists  where  a  relatively  large  ice 
thichess has  been  reached  before  warming  by  tide  wates 
has  become  dominant. 

The  thickness of permafrost  produced  by  the  hypothetical 
single  freeze-thaw  cycle  provides  a  basis for predicting 
the  subsequent  deepening  of  permafrost.  For  any  point  in 
the  tidal  zone,  the  decrease  in  freezing  temperature 
required to advance  the  freezing  front  from  the  top to 
the  bottom of the  permafrost  body  can be used  to  determine 
an  equivalent  temperature  that  would  produce the 
corresponding  thickness of permafrost.  This  was  done  for 
the  churchill  case  and  the  associated  temperatures  are 
shown  in  Figure 8 .  These  temperatures  can  then  be  used 
to  predict  the  thickness of permafrost  after  any  time 
interval. 

When  a  point  in  the  tidal  zone  reaches  the  high  tide 
level,  a  considerable  time  will  have  elapsed  since  that 
point  rose  to  the  level  allowing  the  onset o f  permafrost. 
That  time  interval is determined  by  multiplying  the 
elevation  difference  by  the  emergence  rate. To estimate 
the  depth of permafrost  beneath  the  high  tide  point, 
the  average  temperature  during  this  time  interval  can  be 
applied.  geothermal  heat  flux  (using  a  value of 
0.042 W/m , Judge, 1973) is  simultaneously  applied  to 
determine  the  depth  at  which  permafrost  aggradation  would 
be matched  by  this  heat  source.  This  gives  the  depth  at 
which  aggradation  would  cease.  Intermediate  points  can 
be similarly  treated.  The  resulting  extent o f  the 
permaErost  wedge i s  shown  in  Figure 9. Other  emergence 

""1 
I- Tidal Zone 

Figure 9. mtent of  tidal  zone  permafrost  for  different 
emergence  rates  at  Churchill. 

rates  are  similarly  treated  by  simply  applying  the 
corresponding  time  intervals  that  given  points  in  the 
tidal  zone  have  been  above  the  permafrost  initiation 
level. 

CONCLUSION 

The  initiation  of  permafrost  along  an  isostaticly  emerging 

tidal  zone  at  Churchill,  Manitoba.  The  prediction  of 
coast  has  been  shown  to  occur  in  the  upper  half  of  the 

permafrost  extent  in  the  tidal  zone  €or  Churchill  agrees 
well  enough  with  observation  to  justify  testing the 
technique  at  other  coastal  locations.  The  analysis  is 
empirical  in  its  extrapolation of measured  temperatures 
throughout  the  tidal  zone  and  lack  of  strict  accounting 
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for  various  components  of  heat  transfer  across  the  ground 
surface.  However  the  amount of data  required  to  apply  it 
is  small,  consisting  marily o f  one  year's  record  of 
temperature  from  a  point  at  or  close  to  the  land  surface. 
If  the  technique  is  accurate  when  applied  to a locality 
with a different  climate,  then  its  use  as  a  site 
investigation  tool  will be justified. 
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SYNOPSIS M a s s i v e   g r o u n d  i c e  b o d i e s  a r e  o n e   o f   t h e   t y p i c a l   g r o u n d   f e a t u r e s  
i n   t h e  Arc t i c  r e g i o n .   H o w e v e r ,   t h e i r   o r i g i n   a n d   f o r m a t i o n   p r o c e s s e s  a r e  s t i l l  
a r g u a b l e .   I n   t h i s   p a p e r ,  we c o n c l u d e   t h a t   m o s t   p a r t s  o f  t h e  i c e  b o d y   w h i c h  l i e s  
o n  t h e   s a n d   l a y e r   f o r m e d   b y   s u p e r i m p o s e d  i c e .  And t h e   s e d i m e n t   b e t w e e n  s t r a t a  o f  
i c e  was f o r m e d  a t  a n   a b l a t i o n   s t a g e   o f   t h e  i c e  b o d y .   T h r o u g h   i n t e r m i t t e n t   r e p e t -  
i t i o n s  o f  a b l a t i o n   a n d   a c c u m u l a t i o n   p r o c e s s e s ,   t h e  i c e  mass d e v e l o p e d   w i t h   r e c o -  
g n i z a b l e  s t r a t a  w h i c h   c o r r e s p o n d  t o  t h e   d i s c o n t i n u i t i e s   i n  i c e  f a b r i c s   a n d  
c h e m i c a l   c o m p o s i t i o n s .  

I N T R O D U C T I O N  
M a s s i v e   g r o u n d  i c e  b o d i e s  a r e  o n e  o f  t h e  
t y p i c a l   p e r i g l a c i a l   g r o u n d   f e a t u r e s   i n   t h e  
A r c t i c  r e g i o n ,   H o w e v e r ,   t h e i r   o r i g i n   a n d  
f o r m a t i o n   p r o c e s s e s  a r e  s t i l l  a r g u a b l e ,  
T h e r e  a r e  t h r e e   f o l l o w i n g   h y p o t h e s e s  a s  
t h e i r  o r i g i n ( F r e n c h , l 9 7 6 ) . 1 ) s n o ~ - g l a c i a l / b u -  
r i e d  i c e ;  2 ) s y n g e n e t i c  i c e  w e d g e s ;   3 ) s e g r e -  
g a t e d  i c e .  A m o n g   t h e s e   t h r e e ,   t h e  i c e  s e g -  
r e g a t i o n   h y p o t h e s i s   w h i c h   h a s   b e e n   p r o p o s e d  
b y   M a c k a y ( M a c k a y , l 9 7 1 )   h a s   b e e n   s u p p o r t e d   b y  
m a n y   s c i e n t i s t s   i n   t h i s   f i e l d .  
D u r i n g   t h e   j o i n t   r e s e a r c h   e x p e d i t i o n s   f r o m  
1 9 7 7 ,   a u t h o r s   f o u n d   t h a t   t h e   m e c h a n i s m   o f  
i t s  g r o w t h  i s  n o t   i d e n t i c a l   t o   t h a t   o f   t h e  
g r o w t h   o f   t h e   p i n g o   i n   w h i c h   s e g r e g a t e d  i c e  
c o n s t i t u t e s   t h e   c o r e ( F u j i n o , l 9 7 8 ) , a n d   c o n -  
c , l u d e d   t h a t   t h e   m o s t   p a r t s  o f  t h e   m a s s i v e  
i c e  b o d y   o r i g i n a t e   f r o m   s u p e r i m p o s e d  i c e  
f o r m e d   b y   c o n g e l a t i o n   o f  w a t e r  i n   w h i c h  i t  
was s u b m e r g e d ( F u j i n o , l 9 8 3 ) .  
F o r  o b t a i n i n g   m o r e   d e t a i l e d   i n f o r m a t i o n  o n  
m a s s i v e   g r o u n d  i c e  b o d i e s ,   t h e   r e s e a r c h  
p r o j e c t  w a s  c a r r i e d   o u t   w i t h   g e o p h y s i c a l ,  
g e o c h e m i c a l   a n d   g e o l o g i c a l   c o n c e p t i o n s   i n  
1 9 8 4 ,   1 9 8 5 ( F u j i n o , 1 9 8 6 ) , 1 9 8 6   a n d   1 9 8 7 .  
I n   t h i s   p a p e r ,   a u t h o r s   r e p o r t   t h e   r e s u l t s  
o b t a i n e d   t h o s e  f o r  f r o m   a n a l y s e s   o f   t h e  
s t r a t i g r a p h i c   f e a t u r e s  o f  t h e  i c e  b o d y   t o -  
g e t h e r   w i t h  i c e  f a b r i c s ,   p o l l e n   g r a i n s   a n d  
g e o c h e m i c a l   c o m p o n e n t s .  

S A M P L I N G  
T h e   l o c a t i o n  o f  t h e   m a s s i v e  i c e  b o d y   i n v e s -  
t i g a t e d  i s  d e n o t e d   b y  * i n   F i g .  1 ,  a l o n g  a 
s e a c o a s t   a b o u t  4.5 k m   s o u t h w e s t  o f  
T u k t o y a k t u k ,   M a c k e n z i e   D e l t a ,   N . W . T . ,  
C a n a d a ,   a n d   d e t a i l e d   t o p o g r a p h i c   m a p  o f  t h e  
m a s s i v e   g r o u n d  i c e  b o d y  i s  s h o w n   i n   F i g . 2 ,  
U s i n g  a m e c h a n i c a l   c o r e   d r i l l ,   s a m p l e s  were 
c o l l e c t e d   f r o m  t h e  r i l l  l a y e r   o v e r l y i n g   t h e  
i c e  b o d y .   O b s e r v a t i o n s  were  a l s o  c a r r i e d   o u t  
o f   t h e   s t r i a t i o n s   i n   t h e  i c e  b o d y , t o g e t h e r  
w i t h   t h e   s a m p l i n g  o f  t h e  t i l l ,  a t  t h e  o u t -  
c r o p p i n g  i c e  c l i f f   m a r k e d   b y  * i n  F i g .  2 .  

O b s e r v a t i o n s  were  a l s o   m a d e   o f   t h e   c o n f o r m -  
i t y   b e t w e e n   t h e  t i l l  l a y e r  a n d   t h e  i c e  b o d y  
a l o n g   t h e   o u t c r o p p i n g  i c e  c l i f f .  
S o i l   s a m p l e s   c o l l e c t e d  w e r e  p r e p a r e d   f o r   t h e  
d e t e r m i n a t i o n s   o f   c h e m i c a l   c o m p o n e n t s ,  s o i l  
t y p e s   a n d   i m p u r i t i e s   i n c l u d i n g   p o l l e n  
g r a i n s .  
U s i n g   a n   e l e c t r o m e c h a n i c a l   c o r e   d r i l l ,   t h r e e  
h o l e s  w e r e  d r i l l e d   i n t o   t h e   m a s s i v e  i c e  
b o d y .   T h e   l o c a t i o n   o f   e a c h   h o l e  was s h o w n   i n  
F i g . 2 .  A t  t h e   h o l e ,  W - 3 ,  a n  i c e  c o r e  w a s  

T h e   t o t a l   l e n g t h  was 2 1 . 5  m i n c l u d i n g  a 0 . 4  
o b t a i n e d   t h r o u g h o u t   t h e   m a s s i v e  i c e  b o d y .  

C o r e s   o b t a i n e d  were a r r a n g e d   a n d   l a b e l e d   i n  
m - t h i c k   s a n d   l a y e r   o f   t h e   b e d .  

s e r i a l  o r d e r ,   a n d   t r a n s p o r t e d   t o   t h e   I n s t i -  
t u t e   o f   L o w   T e m p e r a t u r e   S c i e n c e ,   H o k k a i d o  
U n i v e r s i t y , w h e r e   t h e   f o l l o w i n g   p r e p a r a t i o n s  
a n d   a n a l y s e s  were  m a d e .  
E a c h   p i e c e  o f  t h e   c o r e s  w a s  c u t   i n t o   h a l v e s  
a l o n g   t h e   v e r t i c a l   a x i s .   O n e  ha1.f  o f  t h e  
c o r e  w a s  c u t   p e r p e n d i c u l a r   t o   t h e   a x i s  a t  a n  
i n t e r v a l   o f  10  cm, f r o m   w h i c h   h o r i z o n t a l   a n d  
v e r t i c a l   t h i n   s e c t i o n s  w e r e  p r e p a r e d  f o r  

F i g .  1. L o c a t i o n   m a p  o f  T u k t o y n k t u k  a r e a :  * :  t h e  m a s s i v e  g r o u n d  i c e  b o d y  
s u b j e c t e d   t o  s n m p l i n g  
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c r y s t a l   o r i e n t a t i o n s  a n d  a l s o   s t r a t i g r a p h i c  
f e a t u r e s .   M e a n w h i l e ,   t h e   o t h e r   h a l f   w a s   c u t  
p e r p e n d i c u l a r   t o   t h e   a x i s  a t  an i n t e r v a l   o f  
5 c m ,   a n d  w e r e  p r e p a r e d   f o r   t h e   d e t e r m i n a -  
t i o n   u f   c h e m i c a l   c o m p o n e n t s   s u c h   a s   t o t a l  
n l ~ m b e r s  o f  i o n s ,   o x y g e n   i s o t o p e s ,  e t c .  
M o r e o v e r ,  s o i l  b e t w e e n   s t r a r , a   w h i c h   f o r m  a 
b o u n d a r y   o f   t h e   b a n d l i k e   s t r u c t u r e , a s  w e 1 3  
a s   a n y   i m p u r i t y   i n c l u s i o n s   s u c h  a s  p o l l e n s  
a n d   o r g a n i c   m a t e r i a l s  w e r e  a l s o   s u b j e c t e d  
t o   a n a l y s e s .  

ANALYSES 
1 )  I c e  c o r e :  A s c h e m a t i c   d e s c r i p t i o n   o f   t h e  
e n t i r e   l e n g t h   o f   t h e   c o r e   o b t a i n e d   f r o m  a 
h o l e , W - 3 , i s   s h o w n  i n  F i g .  3. 
I c e   c r y s t a l s   i n   e a c h   s t r a t u m  were  d i s t i n c t l y  
d i f f e r e n t   i n   s i z e ,   s h a p e   a n d   c - a x i s   o r i e n t a -  

D i s t r i b u t i o n s  o f  a i r  b u b b l e s   i n   t h e  s t r a t a  
t i o n .  

w e r e  a l s o   n o t   u n i f o r m ,  Air  b u b b l e s   i n   t h e  
s t r a t a  w e r e  m o s t l y   s p h e r i c a l ;   h o w e v e r ,   m a n y  
o f   t h e m  w e r e  d e f o r m e d   a n d   h a d  a f l a t  f a c e  
w h i c h  was f o r m e d   b y   v a p o r   g r o w t h   i n   t h e  
b u b b l e ,   F i n e   T i n d a l   f i g u r e s   h e x a g o n a l   i n '  
s h a p e  were  a l s o   o b s e r v e d   i n   s o m e  s t r a t a ,  a s  
s h o w n   i n   F i g .  4 .  S e v e r a l  s t r a t a  a b o u n d e d   i n  
t h e  same e l o n g a t e d   b u b b l e s .  
S e d i m e n t   c o n t a i n e d   i n   l a y e r s   e i t h e r   b e t w e e n  
a d j a c e n t  i c e  s t r a t a   o r   i n   t h e  s t r a t a  m a i n l y  
c o n s i s t e d   o f   s a n d ,  c l a y / s i l t  o r   t h e i r   m i x -  
t u r e s .   C o n f i g u r a t i o n s   o f   t h e   s e d i m e n t   h a d  
v a r i o u s   f o r m s  a s  o b s e r v e d .   M o r e o u e r ,   m o s t   o f  
t h e m   a b o u n d e d   i n   p o l l e n   g r a i n s   w h i c h  w e r e  
d i s t i n c t l y   d i f f e r e n t   f r o m   C h o s e   i n   t h e  t i l l  
l a y e r   o v e r l y i n g   t h e   i c e   b o d y . T h r e e  l a y e r s  o f  
s e d i m e n t s  o f  t h e m   a b o u n d e d  i n  m o r e   t h a n  3 mg 
o f   e l e m e n t a l   c a r b o n   w h i c h  i s  t h e   d e t e c t i o n  
l imi t s  o f  t h e   t a n d e m  AMS. 
2 )  T i l l   l a y e r :   T h e   s o i l ,   s e d i m e n t   o v e r l y i n g  
t h e   i c e   b o d y   c o n s i s t e d   o f   t w o  l a y e r s .  T h e  
u p p e r  l a y e r ,  a b o u t  5 0  cm i n   t h i c k n e s s ,  was  a 

n e a t h   t h a t  l a y e r ,  a h e a v y  c l a y  l a y e r  o f  
m i x t u r e  o f  g r a s s   r o o t s ,   p e a t  a n d  c l a y .  B e -  

F i g .  2 .  D e t a i l e d   t o p o g r a p h i c   c a p  o f  t h e  
m a s s i v e   g r o u n d  i c e  b o d y   s u r v e y   i n  
1 9 8 6  

l i g h t   g r a y   c o l o r  l a y  o n   t h e  i c e  b o d y .   T h e  
c l a y  l a y e r  w a s  c o m p o s e d   o f   c l a y ,  s i l t  a n d  
t h e   r o u n d   p e b b l e s   w h i c h  were . c o n t a i n e d   s p o -  
r a d i c a l l y .   T h i s   l a y e r  i s  c o n s i d e r e d   t o   b e  
t i l l  o r  r e - w o r k e d  t i l l .  
W h e n   a n   i c e   b o d y  i s  e x p o s e d ,  i t  s u f f e r s  
t h e r m a l   e r o s i o n   a n d   r e c e s s i o n .   T h e n ,  a n  
o v e r l y i n g  t i l l  l a y e r   c o l l a p s e s  o n  t h e  s u r -  
f a c e   o f   t h e  i c e  b o d y   l o s i n g  i t s  s u p p o r t   a n d  
t u r n s   i n t o   f l u i d   m u d   b y   m i x i n g   w i t h  m e l t  
w a t e r .  T h e   m u d   f l o w s   d o w n s l o p e  o n  t h e  i c e  
b o d y   b y   s o l i f l u c t i o n   a n d   c o v e r s   t h e   e r o d e d  
s u r f a c e   o f   t h e  i c e  b o d y .   T h u s ,  a n e w l y   d e -  
p o s i t e d   m u d   l a y e r   f o r m s  a s e c o n d a r y   d e -  
p o s i t e d   p l a n e  o n  t h e   e r o d e d   s u r f a c e   o f   t h e  
i c e  b o d y . T h e s e   s e c o n d a r y   d e p o s i t e d   l a y e r s  
c a n   b e   o b s e r v e d   c o m m o n l y   a r o u n d   t h e   h i l l ,  
e i t h e r   o l d   o r   n e w ,   e s p e c i a l l y   n e a r   t h e  i c e  
c l i f f   a n d   e a s i l y   d i s t i n g u i s h e d   f r o m   t h e  
o r i g i n a l  t i l l  l a y e r ,   b e c a u s e   t h e s e   l a y e r s  
u s u a l l y   l a c k   t h e   s u r f a c e   l a y e r   m a d e   o f   p e a t  
a n d   g r a s s   r o o t s .  
O b s e r v a t i o n s  w e r e  m a d e   o f   t h e   c o n f o r m i t y  
b e t w e e n   t h e  i c e  b o d y   a n d  t h e  o v e r l y i n g  t i l l  
l a y e r   a l o n g   t h e   o u t c r o p p i n g  i c e  c l i f f s .  
T h e r e  a r e  m a n y   s t r i a t i o n s   i n t e r c a l t e d   i n   t h e  
i c e  b o d y ,   w h i c h  a r e  c o m p o s e d  o f  v a r i o u s  s o i l  
m i x t u r e s .   F r o m   t h e s e   s t r i a t i o n s ,   e i t h e r  
c o n f o r m i t y   o r   u n c o n f o r m i t y  i s  e a s i l y  i d e n t -  
i f i e d ;   t h a t  i s ,  t h e   s t r i a t i o n s   i n   t h e  i c e  
b o d y  w e r e  c u t   b y   t h e   b a s a l   p l a n e  o f  t h e  
s e d i m e n t   o v e r l y i n g  i t  a n d   t h e   u n c o n f o r m i t y  
f o r m e d   b e t w e e n   t h e m .   T h e r e  a r e  some  s u c h  
u n c o n f o r m i t i e s   b e t w e e n   t h e  i c e  b o d y   a n d   t h e  
t i l . 1  l a y e r  w h i c h  i s  c o n s i d e r e d  t o  b e  
o r i g i n a l ,  a s  s h o w n   i n   F i g .  5. 
3 )  F o s s i l   p o l l e n   g r a i n s :   F o s s i l   p o l l e n  a r e  
f o u n d   a b u n d a n t l y   i n   t h e   o v e r l y i n g  t i l l  
l a y e r .  M o s t   o f   t h e m  a r e  t h o s e  o f  t h e  
T e r t i a r y   a n d   p r e - T e r t i a r y   A g e s   w h i c h   h a d  
e r o d e d  o u t  f r o m   r o c k s .   T h e r e  a r e  a f e w  
p o l l e n   g r a i n s   w h i c h  were t r a n s p o r t e d   i n   t h e  
a i r .  O n e   s a m p l e ,   f o r   i n s t a n c e ,   c o l l e c t e d  
f r o m  a t i l l  l a y e r   c o n t a i n e d  a p o l l e n  a s s -  
e m b l a g e   w i t h   t h e   f o l l o w i n g   c o m p o s i t i o n :  
B e t u l a  4 8  %, A l n u s  3 8  X ,  P i c e a  4 %, P i n u s  1 
X ,  C a r p i n u s  1 X ,  E r i c a c e a e  1 6  X ,  e t c .  ( S a m -  
p l e  No. 8 4 0 8 7 1 3 )  
P o l l e n   g r a i n s   i n   t h e  i c e  b o d y   c a n   b e   d i v i d e d  
i n t o   t w o  g r o u p s  w h e n   o b s e r v e d   u n d e r   t h e  
m i c r o s c o p e ,   t h a t  is, p o l l e n   g r a i n s  o f  g r o u p  
A a r e  t r a n s p a r e n t   i n   c o l o r   a n d  w e l l  
p r e s e r v e d   a n d  a r e  m o s t l y   c o m p o s e d   o f   P i c e a  
a n d   P i n u s ,  e a s i l y  d i s c r i m i n a t e d   f r o m   t h e  
o t h e r   g r o u p ,   p o l l e n   g r a i n s   o f   g r o u p  B a r e  
y e l l o w - d a r k   b r o w n   i n   c o l o r   a n d   p r e s e r v e d   n o t  
S O  w e l l  i n   g e n e r a l ,   m o s t   o f   t h e m   b e i n g   p r e -  
Q u a t e n a r y   i n   a g e   a n d   d e p r i v e d   o f   f o s s i l s .  
T h e   r e s u l t s   o b t a i n e d   f o r   p o l l e n   g r a i n s   i n  
t h e   i c e   b o d y  a r e  s h o w n   i n   F i g .  6 .  
As i s  c l e a r  f r o m   t h e   F i g .  6 ,  a l a r g e   v a r i a -  
t i o n  i s  f o u n d   i n   t h e   p o l l e n   c o n t e n t s   o f  
g r o u p  A ,  w h i c h  i s  c o n s i d e r e d   t o   h a v e   b e e n  
t r a n s p o r t e d   i n   t h e   a i r ; i n   e a c h   h o r i z o n  of 
t h e  i c e  c o r e ,   t h e   p o l l e n   c o n t e n t s  a r e  h i g h e r  
i n   t h e   l o w e r   p a r t   o f   t h e   c o r e ,   b e c o m i n g  
l o w e r   i n   t h e   u p p e r   p a r t   g e n e r a l l y ,   w i t h   a n  
e x c e p t i o n   o f   S a m p l e  6 - 2 .  
4 )  C h e m i c a l   c o m p o s i t i o n s :   D e t e r m i n a t i o n  o f  
C l - ,  S042-, e t c .  i n  i c e   s a  l e s  w e r e  c a r r i e d  
O u t  t o g e t h e r   w i t h   t h a t   o f  "0 t h r o u g h o u t   t h e  
i c e  b o d y . T h e   r e s u l t s  were s h o w n   i n   F i g .  7. 
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A s  i s  c l e a r   f r o m   t h e   F i g  7 ,  t h e   l o n g - a n d  
s h o r t - t e r m   v a r i a t i o n s  o f  I 8 O  w e r e   o b s e r v e d  
in t h e   p r o f i l e ,   a n d   a l s o   d i s t i n c t   c h a n g e s  i n  
c h e m i c a l   c o m p o n e n t s   w e r e   o b s e r v e d  i n  i t .  
D e t e r m i n a t i o n  o f  r a d i o c a b o n   d a t e   w a s   c a r r i e d  
o u t  o n  o r g a n i c   m a t e r i a l s   c o n t a i n e d  i n  t h e  
l a y e , r s  o f  s e d i m e n t s  i n  t h e ,   i c e   b o d y ,   a n d  
a l s o  o n  t w o  wood f r a g m e n t s   c o l l e c t e d  i n  t h e  
t i l l  ' l a y e r   o v e r l y i n g   t h e   i c e   b o d y .  
T h e  s e d i m e n t s  i n  t h r e e   L a y e r s ,   1 1 . 2 ,  2 1 . 2  
a n d  2 1 . 5  m i n  d e p t h ,   a b o u n d e d  i n  t h e   e l e m e n -  
t a l   c a r b o n   a n d   d a t e d   a t   1 4 2 7 0 ,   1 7 0 0 0   a n d  
1 7 0 4 0 ' y e a r s  B . P . ,  r e s p e c t i v e l y .   T h o s e   o f   t w o  
w o o d  f r a g m e n t s   w e r e  7 5 2 0  a n d  9 8 8 0  y e a r s  
B . P . .  

D I S C U S S I O N  
Much d i s c u s s i o n   h a s   b e e n   m a d e   a s   t o   w h e t h e r  
t h e   m a s s i v e   g r o u n d   i c e   b o d y  i s  a b u r i e d  
g l a c i e r ,  a s n o w  b a n k   i c e   b o d y  o r  a s e g r e -  
g a t e d   i c e   b o d y   w h i c h   h a s   g r o w n  i n  p l a c e   o r  
a n   i c e  b o d y  f r o z e n   f r o m  b u l k  w a t e r   i n j e c t e d  
u n d e r   p r e s s u r e   i n t o   f r o z e n   o r   u n f r o z e n  
s e d i m e n t ( M a c k a y , l 9 7 1 ) .  
T h e   a r g u m e n t s   a g a i n s t   t h e   b u r i e d   g l a c i e r   o r  
t h e   s n o w   b a n k   i c e   b o d y   a r e :  1 )  s o m e   m a s s i v e  
g r o u n d   i c e   b o d i e s   a r e  i n  u n g l a c i a t e d   a r e a s ,  
2 )   s o m e   m a s s i v e   g r o u n d   i c e   b o d i e s   a r e   f o u n d  
i n  l a c u s t r i n e   a n d   m a r i n e   s e d i m e n t  o r  t h e y  
l i e   b e n e a t h   t o p o g r a p h i c  h i g h t s  w h e r e   b u r i a l  
w o u l d   b e   d i f f i c u l t  t o  e x p l a i n ,  3 )  s a l i n i t y  
o f  m o s t  o f   t h e   m a s s i v e  g r o u n d  i c e   b o d i e s  i s  
f a r   g r e a t e r   t h a n   t h a t   o f   g l a c i e r .   i c e ,  4 )  t h e  
i c e   p e t r o f a b r i c s   a r e   s i m i l a r   t o   t h o s e   o f  
t h i n  i c e   l e n s e s   o f   s e g r e g a t e d   i c e ,   a n d  5 )  
v e r t i c a l   p r o f i l e s  o f  t h e   i o n i c   c o n t e n t s  o f  
t h e   i c e  f r o m  t h e   g r o u n d   s u r f a c e   t o   t h e  
s e d i m e n t   b e n e a t h   t h e   m a s s i v e   g r o u n d   i c e   b o d y  
t e n d   t o  s h o w  a c o m m o n   o r i g i n   o f   w a t e r   f o r  
t h e   i c e ( A d  Hoc S t u d y  G r o u p , 1 9 8 4 ) .  

T h e   p r e s e n t   a u t h o r s '   f i n d i n g s   f r o m   o b s e r v a -  
t i o n s   o f  t h e  i c e   c o r e   o b t a i n e d   t h r o u g h   t h e  
m a s s i v e   i c e   b o d y   a r e   o p p o s i t e  t o  t h e   a b o v e  
a r g u m e n t s ,   e s p e c i a l l y ,   o f  3 1 ,  4 )  a n d  5 1 ,  
w h i c h   a r e   r e m a r k a b l y   c o n t r a d i c t o r y  t o  t h e i r  
f i n d i n g s ( F u j i n o , l 9 8 6 ) .  
A d o u b t   a b o u t   t h e   s e g r e g a t i o n   o f   i c e   l e n s e s  
a s  t h e  o r i g i n  o f  t h e   m a s s i v e   g r o u n d   i c e   c a n  
b e  a r a i s e d   a s   f o l l o w s :  
A s  i s  w e l l  k n o w n ,   i c e   s e g r e g a t i o n  i n  s a n d  - 
w a t e r   s y s t e m   w h i c h  i s  a d a p t a b l e  i n  t h e  
m a s s i v e   g r o u n d   i c e   b o d y ,   c a n   n o t   b e   r e a d i l y  
o c c u r r e d   e x c e p t   w h e n   t h e   m i g r a t i o n   o f  
a d s o r b e d   w a t e r  b y  t h e  s a n d   p a r t i c l e s ,  If t h e  
i c e   l e n s e s   f o r m e d  b y  t h a t   m i g r a t i o n ,  i t  c a n  
be e a s i l y   d e f i n e d   f r o m   t h e   i c e   f a b r i c s   a n d  
c r y s t a l   s t r u c t u r e   w h e t h e r  it i s  t h e  m i g r a t e d  

T r e n  o f   l o n g - t e r m   v a r i a t i o n  i n  t h e   p r o f i l e  
o r  n o t .  

o f  "0 d o   n o t   s u p p o r t  t h e  c o n c e p t  o f  
s e g r e g a t e d   i c e .   B e c a u s e ,  i n  e q u i l i b r i u m  

i c e   a n d   w a t e r   t a k e s   p l a c e   c o m p l e t e l y ( 0 ' N e i l  
p r o c e s s ,   f r a c t i o n a t i o n   o f   i s o t o p e   b e t w e e n  

1 9 6 8 ) .  T h e n ,  s u c h   t r e n d  a s  o b s e r v e d  i n  t h e  
p r o f i l e  i s  d i f f i c u l t  t o  e x p l a i n  i n  t h e   i c e  
body o f  s e g r e g a t e d   o r i g i n .  
M o r e o v e r ,   c r y s t a l   ~ t r u c t u r e  i n  t h e   c o r e  i s  
q u i t e   d i f f e r e n t   f r o m   t h a t   f o r m e d  i n  s u c h  
p r o c e s s  a 8  s e g r e g a t i o n .  
F o r   i n s t a n c e ,   i c e   c r y s t a l s  i n  e a c h   s t r a t u m  
o f   t h e   c o r e   a r e   d i s t i n c t l y   d i f f e r e n t  i n  
s i z e ,  s h a p e   a n d   c - a x i s   o r i e n t a t i o n .   S t r a t a  
c a n  be d i v i d e d  i n t o  t h e   t h r e e   f o l l o w i n g  

h a v i n g   t h e   n e a r l y   h o m o g e n e o u s   g r a i n   s i z e  
t y p e s :  1 )  s t r a t a  o f  g r a n u l a r   i c e   c r y s t a l s  

a v e r a g i n g  0.5 cm;  2 )  s t r a t a  o f  m e d i u m -   s i z e d  
i c e  c r y s t a l s   h a v i n g .   t h e   n e a r l y   r e c t a n g u l a r  

a n d   b e i n g   a r r a n g e d  w i t h  some o r i e n t a t i o n ;  3 )  
s h a p e   a v e r a g i n g  2 - 3 cm o n  t h e  l o n g  a x i s  

s t r a t a  o f  l a r g e  i c e  c r y s t a l s   m o r e   t h a n  10 
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c m  111 d i a m e t e r .  
P i s t r i b u t i o n s   o f   t h e   c - a x i s   o r i e n t a t i o n   o f  
c r y s t a l s   o f   t y p e  1 a r e  c o m p a r a ~ i v e l y   r a n d o m  
a n d  d o  n o t   h a v e  a p a r t i c u l a r   c o n c e n t r a t i o n  
o f   o r i e n t a t i o n .   T h o s e   o f   c r y s t a l s  o f  t y p e  2 
s e e m  t o  h a v e  s o m e  t e n d e n c y   o f   a r r a n g i n g  
t h e m s e l v e s  i n  s o m e   p a r t i c u l a r   d i r e c t i o n .  
T h o s e  o f  c r y s t a l s  o f  t y p e  3 s e e m  t o   b e  
a r r a n g e d   i n   t h e   h o r i z o n t a l   p l a n e ;   h o w e v e r ,  
n u m b e r s   o f   c r y s t a l s  o f  t h i s   t y p e  a r e  n o t  
e n o u g h   f o r   t h e   d e t e r m i n a t i o n  o f  c - a x i s   o r i e -  
n t a t i o n ,  
T h e   c r y s t a l l o g r a p h i c   f e a t u r e  o f  t y p e  1 ,  
w h i c h   c o n s t i t u t e s   m o r e   t h a n   o n e   h a l f  o f  t h e  
e n t i r e   c o r e ,  i s  c o m m o n l y   o b s e r v e d   i n   s u p , e r -  
i m p o s e d   i c e   l a y e r s   s u c h  a s  g l a c i e r  i c e ,  l a k e  
i c e   a n d  s e a  i c e .  I c e  f a b r i c s   a n d  a i r  b u b b l e  
d i s t r i b u t i o n s   o f   s u c h  i c e s  a r e  n o t   u n i f o r m  
b e c a u s e   o f   d i f f e r e n c e s   i n   t h e   a m o u n t   o f  
w a t e r  s u p p l i e d  t o  t h e   s n o w p a c k .  I c e  c r y s t a l s  
i n   t h e   s n o w p a c k   c o n n e c t   e a c h   o t h e r   a n d   f o r m  
a t h r e e - d i m e n s i o n a l   n e t w o r k  s o  t h a t   t h e  c -  
a x i s  o f  e a c h  i c e  c r y s t a l  i s  o r i e n t e d   r a n d o m -  
l y .  T h u s ,   t h e   p o r e s   w h i . c h  a r e  f o r m e d   b e t w e e n  
i c e   c r y s t a l s  a l s o  c o n n e c t   e a c h   o t h e r   a n d  
f o r m  a t h r e e - d i m e n s i o n a l   n e t w o r k   i n   t h e  
s n o w p a c - k .  
W h e n   t h e   s n o w p a c k  i s  s u b m e r g e d   i n  w a t e r ,  t h e  
p o r e s  a r e  i s o l a t e d   f r o m   e a c h   o t h e r   a n d   f o r m  
a i r  b u b b l e s ;   t h e   s h a p e   a n d   d i s t r i b u t i o n  o f  
e a c h  a i r  b u b b l e   d e p e n d   u p o n   h o w   m u c h   t h e  
s n o w p a c k  i s  s a t u r a t e d   b y  w a t e r  i n   w h i c h  i t  
i s  s u b m e r g e d .  
T h u s ,   t h e   s u p e r i m p o s e d   i c e   l a y e r   f o r m e d   b y  
c o n g e l a t i o n  o f  w a t e r  i n  w h i c h   t h e   s n o w p a c k  
i s  s u b m e r g e d   h a s   d i s t i n c t i v e   d i f f e r e n t  f e a -  
t u r e s  o f  i c e  f a b r i c s   a n d  a i r  b u b b l e   d i s -  
t r i b u t i o n s ,   c o m p a r e d   w i t h   o t h e r  i c e  l a y e r s  
w h i c h  a r e  f o r m e d   b y   d i f f e r e n t   p r o c e s s e s .  
F o r m a t i o n  o f  l a r g e  i c e  c r y s t a l   l a y e r s   f r e e  
f r o m   b u b b l e s   m a y   a l s o   b e   e x p l a i n e d   f r o m   t h e  
s a m e  c o n c e p t   o f   s u p e r i m p o s e d  i c e  f o r m a t i o n ,  
t h a t  i s ,  a s n o w p a c k   w h i c h  is s a t u r a t e d   f u l l y  
b y   s u b m e r g e n c e   u n d e r  w a t e r  o r  a f a i r l y   t h i c k  
l a y e r  o f  w a t e r  w h i c h  i s  p e r c h e d   u p o n   a n  i c e  
b e d   b e n e a t h   t h e   s n o w p a c k ,   f r e e z e s  a t  a l o w  
c o o l i n g  r a t e  a s  c o m m o n l y   o b s e r v e d  i n  t h e  
c a s e   o f   l a k e   i c e .  
T h e s e   f a c t s   i n d i c a t e   t h a t   t h e   p r e v i o u s   a r g u -  
m e n t s   t h a t   t h e   m a s s i v e   g r o u n d   i c e   b o d y  i s  
f o r m e d   b y   s e g r e g a t e d   i c e   l e n s e s  a r e  d o u b t f u l  
b a s e d   u p o n   o b s e r v a t i o n s   o f   t h e  i c e  f a b r i c s  
o f   t h e  c o r e .  
N o w ,  l e t  u s   t a k e  u p  3 )  i n   t h e   a r g u m e n t s .  It 
i s  a l s o  c o n t r a d i c t o r y  t o  o u r   o b s e r v a t i o n s .  
As i s  c l e a r  f r o m   F i g .  7 ,  c h e m i c a l   c o m p o s i -  
t i o n s   i n   t h e  i c e  b o d y  a r e  f a r  l e s s  t h a n  
t h o s e   o f   m o d e r n   n a t u r a l   w a t e r ( K a t o , l 9 8 1 ) .  
T h e   d i s t i n c t   c h a n g e s   o b s e r v e d   i n  t e p r o -  
f i l e s  o f  c h e m i c a l   c o m p o s i t i o n s   a n d  " 0  c o r -  
r e s p o n d   t o   t h e   d i s t i n c t   d i s c o n t i n u i t i e s   o f  
c r y s t a l l o g r a p h i c   f e a t u r e s   i n   t h e  i c e  b o d y .  
M o r e o v e r ,   t h e r e  a r e  m a n y   f a c t s   o t h e r   t h a n  
i c e   f a b r i . c s ,   c h e m i c a l   c o m p o n e n t s   a n d   c o m p o -  

h y p o t h e s i s ( K a t o , l Y 8 6 ) .  
s i t i o n s   w h i c h  a r e  a g a i n s t   t h e   s e g r e g a t e d  i c e  

I c e  s t r a t a  a n d   s e d i m e n t   h e r w e e n   t h e  i c e  
s t r a t a  a b o u n d   i n   f o s s i l   p o l l e n   g r a i n s   a n d  
s p o r e s ,   F o s s i l   p o l l e n   a n d   s p o r e s  a r e  n o w  
b e i n g   a n a l y z e d   i n   q u a n t i t - y   a n d   q u a l i t y .   B u t ,  
f r o m   t h c   r e s u l t s   o b t a i n e d  s o  f a r ,   p o l l e n  
c o n t e n t s   i n   t h e  t i l l  o v e r l y i n g  u n  t h e   i c . e  
b o d y  a r e  r e m a r k a b l y   d i f t c r e n t   f r o m   t h o s e  i n  
t h c  i c e   h o d y   e i t h e r  i n  q u a l i t y  o r  q u a n t i t y .  

~ i g .  4 .  ~ i n d a l  ~ i g u r e s  i n  t h e  i c e  c o r @  

P o l l e n   g r a i n s   f o u n d  i n  l a r g o   n u m b e r s  seem t o  
h a v e   b e e n   t r a n s p o r t e d   i n   t h e  a i r  a n d   d e p o -  
s i t e d  o n  t h e  i c e  b o d y ,   f r o m   t h e   o b s e r v a t i o n s  
o f  t h e i r   f e a t u r e s .  
T h e   f a c t   t h a t   t h e   s t r i a t i o n s   i n   t h e  i c e  b o d y  
w e r e  c u t  b y  t h e  b a s a l  p l a n e  o f  t h e   o v e r l y i n g  
s e d i m e n t ,   w h i . c h  a r e  c o n s i d e r e d   t o   b e   a n  
o r i g i n a l   d e p o s i t ,   m e a n s   t h a t   t h e  i c e  b o d y  
s u f f e r e d   e r o s i o n   a n d   t h e n   t h e   s e d i m e n t  w a s  
d e p o s i t e d .  
More d e t a i l e d   i n v e s t i g a t i o n s  a r e  b e i n g   m a d e  
o f  i c e  f a b r i c s   a n d   s e d i m c n t   i n c l u d i n g   t h e i r  
c o n t i n u i t i e s   i n   t h e   i c . e   b o d y ,   t o g e t h e r   w i t h  
c h e m i c a l   a n a l y s i s .  
H o w e v e r ,  i t  m a y   b e   c o n c l u d e d   f r o m   t h e  
r e s u l t s   o b t a i n e d  s o  f a r   t h a t  m o s t  p a r t s  o f  
t h e   m a s s i v e  i c e  b o d y   e x c c p t   s e v e r a l   t e n s   o f  
c e n t i m e t e r s  o f  t h e   b o t t o m   l a y e r   w h i . c h  l i e s  
o n  t h e   s a n d   l a y e r   o f   t h e   b e d ,   o r i g i n a t e   f r o m  
s u p e r i m p o s e d  i c e  f o r m e d  b y  c o n g e l a t i o n  o f  
w a t e r  w h i c h  w a s  p e r c . h e d  o n  t h e   b e d   a n d   t h e  
i c e  b o d y  was  s u b m e r g e d  i n .  A n d   t h e   s e d i m e n t  
b e t w e e n  s t r a t a  o f  i c e  was  f o r m e d  a t  a n  a b l a -  
t i o n   s t a g e   o f   t h e   m a s s i v e  i c e  b o d y .   T h u s ,  
t h r o u g h   i n t e r m i t t e n t   r e p e t i t i o n s   o f   a c c u m u -  
l a t i o n   a n d   a b l a t i o n   p r o c e s s e s ,   t h e  i .ce  mass 
d e v e l o p s   r e c o g n i z a b l e  s t r a t a  c o n t a i n i n g  a 
s e d i m e n t   l a y e r  a t  t h e   b o u n d a r y   o f   e a c . h  s t r a -  
t u m   a n d  a l s o  d i s t i n c t i v e   d i s c o n t i n u i t i e s   i n  
t h e  i c e  f a b r i c s .  
R a d i o c a r b o n   d a t e s   d e t e r m i n e d   f r o m   t h e   s e d i -  
m e n t s   i n   t h e  i c e  b o d y   s u g g e s t   t h a t   t h e   i c e  
b o d y  was  f o r m e d   f r o m  1 7 , 0 0 0  t o  1 0 , 0 0 0  y e a r s  
B .P .on  t h e   s a n d   l a y e r   w h i c h  w a s  f o r m e d   i n  
5 3 , 0 0 0 - 5 6 , 0 0 0  y e a r s  B . P . .  T h i s   a g e   p r e d a t e s  
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t h e   m a x i m u m  o f  t h e   L a u r e n t i d e  T c e  S h e e t   i n  
t h i s   r e g i o n   b u t   n o t   p r e d a t e   t h e  e a r l y  
W i s c o n s i n   I n t e r v a l .   T h e n ,  a f t e r  s e v e r a l  
s t a g e s   o f   a b r a t i o n   a n d   d e p o s i t i o n ,   t h e  i c e  
b o d y   c o v e r e d   b y   t h e   o v e r l y i n g  t i l l  l a y e r  
o f   w h i c h   d a t e d  l e s s  t h a n  1 0 , 0 0 0  y e a r s   B . P . .  

M o r e   d e t a i l e d   a n a l y s e s   a n d   i n v e s t i g a t i o n s  o n  
t h e   m a s s i v e   g r o u n d   i c e   b o d y  a r e  b e i n g  c a r -  
r i e d   o u t   f o r   c l a r i f y i n g   t h e   o r i g i n   a n d   f o r -  
m a t i o n   p r o c e s s e s  o f  i t  r e l a t e d   t o   p a l e o -  
c l i m a t o l o g y .  
T h i s   r e s e a r c h   p r o j e c t  was s u p p o r t e d   b y  a 
G r a n t  i n  A i d  € o r  S c i e n t i f i c   R e s e a r c h ,  N O .  
6 1 0 4 1 0 0 4 ,   f r o m   t h e   M i n i s t r y   o f   E d u c a t i o n ,  
S c i e n c e   a n d   C u l t u r e   o f   J a p a n   a n d   a l s o   b y  
P o l a r   C o n t i n e n t a l   S h e l f   P r o j e c t ,   E n e r g y ,  
M i n e s   a n d   R e s o u r c e s ,   C a n a d a  a s  p r o j e c t  
N 0 . 1 2 1 - 8 4 .  
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MEASUREMENTS OF ACTIVE LAYER AND PERMAFROST PARAMETERS 
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A B S T R A C T  T h e   s t u d y   a r e a  i s  l o c a t k d   i n   t h e   s o u t h e a s t e r n  p a r t  of   Ungava  bay,   some  160 km n o r t h -  
e a s t  o f  K u u j j u a q   a t   l o n g i t u d e  65'50' W a n d   l a t i t u d e  58O30' N .  E l e c t r i c a l   r e s i s t i v i t y ,   i n d u c e d   p o -  
l a r i z a t i o n   a n d   s e l f   p o t e n t i a l   m e t h o d s  a r e  u s e d   t o   f o l l o w   t h e   e v o l u t i o n  o f  a c t i v e   l a y e r   a n d   p e r m a -  
f r o s t .   M e a s u r e m e n t s   a r e   t a k e n   b o t h   a t   t h e   s u r f a c e   a n d  i n  d r i l l   h o l e s   i n   c l a y e y   a n d   s a n d y   s o i l s .  
T h r e e  t e s t s  w e r e   a l s o   c a r r i e d   o u t   i n   t h e  summer 1 9 8 6  t o   v e r i f y   t h e   e f f e c t   o f   s a l i n e   w a t e r   a t   t h e  
b a s e  o f  i c e - r i c h   p e r m a f r o s t   u n d e r  a s h o r e l i n e   p e r m a f r o s t   m o u n d .   T h e   u s e   o f   t h e s e   m e t h o d s   i n  summer 
permi ts  t h e   d e l i n e a t i o n   o f   f o u r   l a y e r s  i n  t h e  soil p r o f i l e s ;   f r o m   s u r f a c e   d o w n w a r d   t h e s e   a r e :  a d r y  
l a y e r ,  a w a t e r   s a t u r a t e d   l a y e r ,  an i o n s   e x c h a n g e   z o n e  o r  t r a n s i t i o n   l a y e r   a n d   t h e   p e r m a f r o s t   u p p e r  
u o r t i o n .  I t  w a s   a l s o   D o i n t e d   o u t   a l o n e   t h e   s h o r e l i n e   t h a t   i c e - r i c h   p e r m a f r o s t  i s  l i m i t e d   d o w n w a r d  

I 

by s a l i n e   w a t e r   t a b l e   v a r i a t i o n s .  

I N T R O D U C T I O N  

The p u r p o s e   o f   t h i s   s t u d y  is t o   c o m p a r e   t h r e e  
g e o p h y s i c a l   m e t h o d s  I n  o r d e r   t o   f o J l o w   t h e   e v o -  
l u t i o n   o f   t h e   a c t i v e   l a y e r   a n d   t h e   u p p e r  p o r -  
t i o n   o f   p e r m a f r o s t .   T h e   s a l i n e   w a t e r   e f f e c t   a t  
p e r m a f r o s t   b a s e  along t h e   s h o r e l i n e  was a l s o  
s t u d i e d .   T h e   s t u d y   a r e a  i s  l o c a t e d   c l o s e   t o  
the   communi ty  o f  K a n g i q s u a l u j j u a q   a l o n g   t h e  
G e o r g e   R i v e r   e s t u a r y   s o m e  15  km s o u t h  o f  Ungava 
b a y ,   n o r t h e r n   Q u g b e c ,   C a n a d a   ( F i g .  1) .  The s t w  

w h i c h  some a r e  d e e p - d e p o s i t e d   c l a y e y  s i l t s  and  
dy a r e a   l i e s  on  Q u a t e r n a r y   m a r i n e   s e d i m e n t s   o f  

o t h e r s   s a n d y - g r a v e l l y   e m e r g e n c e   d e p o s i t s .   T h e  
c l a y e y  s i l t s  o u t c r o p  o n  t h e   s e a b o a r d   c l o s e   t o  
t h e   v i l l a g e ;   t h e   a g g r a d a t i o n  of g r o u n d - i c e  in 
t h e s e  s i l t s  b u i l t   u p   p e r m a f r o s t   m o u n d s   ( A l l a r d  
e t   a l ,  1 9 8 8 ) .  I t  i e  a t  t h e   t o p  o f  o n c  o f   t h o s e  

v e d ,   w h e r e a s  s a l i n e   w a t e r   t a b l e  was s t u d i e d  a t  
mounds t h a t  t h e   a c t i v e   l a y e r   d y n a m i c  w a s   o b s e r -  

t h e   b a s e   o f   a n o t h e r  mound l o c a t e d   i m m e d i a t e l y  
o n   t h e   s h o r e l i n e .  On t h e   o c h e r   h a n d ,   e v o l u t i o n  
o f   t h e   a c t i v e   l a y e r   a n d   p e r m a f r o s t  w a s  s t u d i e d  
on a r a i s e d   b e a c h  a t  t h e   e l e v a t i o n   o f  20 m .  
T h i s   b e a c h  i s  composed  of w e l l  s o r t e d   c o e r s e  
s a n d .   T h e   c o m p a r i s o n  o f  t h r e e   g e o p h y s i c a l  me- 
t h o d s   a l l o w s   t h e   u n d e r s t a n d i n g  o f  t h e   b e h a v i o u r  
o f  m e a s u r e d   p h y s i c a l   p a r a m e t e r s   ( e l e c t r i c a l  re- 
s i s t i v i t y ,   c h a r g e a b i l i t y   a n d   e l e c t r i c a l   p o t e n -  
t i a l ) .   D u r i n g  a c o m p l e t e   f r e e z i n g   a n d   t h a w i n g  
c y c l e ,   v a r i a t i o n s  i n  e l e c t r i c a l   p r o p e r t i e s   d u e  
t o   d i s p l a c e m e n t s  o f  t h e  water  t a b l e   a n d   t e m p e -  

d e n t i f i c a t i o n  of f o u r   l a y e r s  i n  b o t h  t h e   c l a y -  
r a t u r e   c h a n g e s  were o b s e r v e d .  T h a t  p e r m i t s  i- 

e y  s i l t  a n d   t h e   s a n d .  

METHODS 

Two v e r t i c a l   p r o b e s   ( o n e  2 m d e e p ,   t h e   o t h e r  
3 m) w e r e   i n s t a l l e d .   T h e   f i r s t  o n e  i s  on  t o p  
of  a c l a y e y  s i l t  mound a n d   t h e   o t h e r   o n e  i s  i n  
g r a v e l l y   s a n d  o n  a m a r i n e   t e r r a c e .   A l o n g   t h e  
p r o b e  i n  c l a y e y  s i l t ,  e l e c t r o d e s   a n d   t h e r m i s -  
t o r s   a r e   s p a c e d  a t  15  cm i n t e r v a l   f r o m   s u r f a c e  
t o  9 0  cm d e p t h   a n d   a t  20 cm i n t e r v a l   f r o m  90  cm 

t o  1 9 0  cm d e p t h .   T h e r m i s t o r s   a n d   e l e c t r o d e s  
a r e  l i n e d   u p .  

60' - 

F i g .  1 L o c a t i o n  of s t u d y  area. 
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TA R L E  I :  G E O P H Y S I C A L  I N S T R U M E N T A T I O N  U S E D  

.~ ~ 

E L E C T R I C A L  R E S I S T I V I T Y  I N D U C E D  POLARIZATION 

R e s i s t i v i t y   m e t e r :  ABEM d i g i t a l  SAS 300 
f r e q u e n c y  4Hz 

C h a r a c t e r i s t i c s :   t h e   t r a n s m i t t e r   c i r c u l a t e s  a 
p r e - s e l e c t e d   c u r r e n t  
( 0 . 2  t o  2 0  mA) a n d   t h e  re- 
c e i v e r   c o u p l e d   t o  a m i c r o -  
p r o c e s s o r   m e a s u r e s   t h e   v o l -  
t a g e  (1 V t o  500 V). The 
m i c r o p r o c e s s o r   c o n t r o l s   t h e  
m e a s u r e m e n t s   a n d   c a l c u l a t e s  
a u t o m a t i c a l l y  soil r e s i s -  
t a n c e s  (R V / I ) .   T h e   e l e c -  
t r i c a l   r e s i s t a n c e  i s  r e a d  
d i r e c t l y .  

T h e   i n d u c e d   p o l a r i z a t i o n   u n i t  i s  composed o €  a 
Lop0  (Huntec)  M-3 t r a n s m i t t e r   a n d  a MK I11 R e -  
c e i v e r .   T h e   c h a r a c t e r i s t i c s  of t h e   t r a n s m i t t e r  
a r e  : 

- maximum o u t p u t   v o l t a g e :  1800 V 
- maximum c u r r e n t :   1 . 5  A 
- r e s i s t a n c e   r a n g e :   1 0 0  t o  6 2 0 0  ohms 
- p e r i o d   o f   c u r r e n t   i n j e c t i o n   o r   t u r n  

- p e r i o d  of o n e   c y c l e ,  2 ,  4 ,  8 ,  1 6  s 
- r a t i o   o f   a c t i v e   t o   p a s s i v e  p e r i o d :  

o f f :  l m s  

1:1, 1 : 2 8 :  1, 1 : 6 7 :  1, 2: 2 : l  

F o r   t h e   r e c e i v e r ,   e l e v e n   m e a s u r e m e n t   s c a l e s  o f  

0 . 1 %  b e t w e e n  1 0  1 and   10  V .  
t h e   p r i m a r y   v o l L g g e  ( V p )  a l l o w  a r e s o l u t i o n   o f  

Both  Vp a n d   a p p a r e n t   c h a r g e a b i l i t i e s  (5 i n  ms 

or F l s ) ,  a re  m e a s u r e d .  ' 

V P  

a l o n g   t h e  p r o b e  o f   t h e   m a r i n e   t e r r a c e  a t  1 5  cm 
s p a c i n g   f r o m  0 t o  1 6 5  cm a n d   a t  2 5  cm f r o m  165 
t o  2 9 0  cm. The e l e c t r i c a l   p a r a m e t e r s  a r e  mea- 
s u r e d   a l o n g   t h o s e   p r o b e s .   T h e   g e o p h y s i c a l   i n s -  
t r u m e n t a t i o n   u s e d  i s  d e s c r i b e d  i n  T s b l e  I, Pe- 

9 t h  1985 t o   F e b r u a r y  1 6 t h   1 9 8 6   i n   b o t h   s o i l s .  
r i o d i c   m e a s u r e m e n t s  w e r e   u n d e r t a k e n   f r o m   J u l y  

E l e c t r o d e s   w e r e  s e t  f i x e d  on  t h e   g r o u n d   s u r f a c e  
i n  a p r e s e t   S c h l u m b e r g e r   a r r a y  f o r  t h e   e x p e r i -  
m e n t   o n   e l e c t r i c a l   p r o p e r t i e s  o f  b a s a l   p e r m a -  
f r o s t   a l o n g   t h e   s h o r e l i n e .   D u r i n g   c o m p l e t e  t i -  
d a l   c y c l e s ,   e l e c t r i c a l   r e s i s t i v i t y   a n d   i n d u c e d  
p o l a r i z a t i o n   w e r e   c o n t i n u o u s l y   m o n i t o r e d  a t  s p a -  

p e r m a f r o s t   b a s e   a n d   s u b b a s e  s o  as  t o   d e t e c t  t i -  
c i n g s   c o r r e s p o n d i n g  t o  t h e   e s t i m a t e d   d e p t h  o f  

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

R E S U L T S  

A) C L A Y E Y  S I L T  S I T E :  NEAR SURFACE MEASUREMENTS 

The r e s u l t s   c o v e r i n g   t h e   t h a w i n g   a n d   f r e e z i n g  
c y c l e   a n d   s h o w i n g   t h e   v a r i a t i o n  o f  e l e c t r i c a l  
r e s i s t i v i t y ,   c h a r g e a b i l i t y   a n d   t e m p e r a t u r e   w i t h  
d e p t h   a r e   p l o t t e d   i n   F i g .  2 ( A  t o   C ) .   T h r e e  
c r i t i c a l   d a t e s   ( J u l y  2 2 n d  1 9 8 5 ,  D e c e m b e r   9 t h  
1 9 8 5   a n d   F e b r u a r y   1 6 t h   1 9 8 6 )   a r e   r e t a i n e d   t o  
f o l l o w   t h e   t h a w   f r o n t  on  t h i s   s i t e .   A c c o r d i n g  
t o   e l e c t r i c a l   r e s i s t i v i t y   r e s u l t s   ( F i g .  2 b ) ,  
f o u r   l a y e r s   c a n   b e   d i s t i n g u i s h e d :  a d r y   l a y e r  
( d e c r e a s i n g   f r o m  250 t o  2 0  ohm-m) from t h e  s u r -  
f a c e   t o   t h e   d e p t h  o f  4 0  cm, a w a t e r   s a t u r a t e d  
l a y e r  ( 2 0  ohm-m) s i t u a t e d   b e t w e e n  40  and 9 0  cm, 

a t r a n s i t i o n   l a y e r  o r  i o n s   e x c h a n g e   l a y e r   ( i n -  
c r e a s i n g   f r o m  2 0  t o  150 ohm-m) f r o m  9 0  t o  1 2 0  
cm i d e n t i f i e d   b e t w e e n   s a t u r a t i o n   l e v e l   a n d   t h a w  
f r o n t ,   a n d   t h e   i c e - r i c h   u p p e r   p e r m a f r o s t   z o n e  
c h a r a c t e r i z e d   b y   r e s i s t i v i t y   i n c r e a s e s   f r o m   1 5 0  
t o  4 2 5  ohm-m b e t Q e e n  1 2 0  t o   1 5 0  cm ( T a b l e  2 ) .  
The ion e x c h a n g e   l a y e r  i s  i n t e r p r e t e d   a s   t h e  z o -  
n e   w h e r e   s e l e c t i v e   s e p a r a t i o n  o f  i o n s   f r o m   s o l i d  
( i c e )   t o  water t a k e s   p l a c e   ( Y a r k i n ,   1 9 7 8 ) .  On 
t h e  same d a y ,   c h a r g e a b i l i t y   i n c r e a s e s   f r o m  - 3 P s  
t o  3 u s  f r o m   s o i l   s u r f a c e  down t o  30 cm ( F i g .  
2 c ) ,   c o r r e s p o n d i n g  t o  t h e   d r y   l a y e r   a l r e a d y  i- 
d e n t i f i e d  by r e s i s t i v i t y .  From 30 t o  1 2 0  cm, 
p o l a r i t y   i n v e r s i o n s  o f  c h a r g e a b i l i t i e s   ( p o s i t i -  
v e / n e g a t i v e / p o s i t i v e )  a r e  n o t i c e d   c o v e r i n g   b o t h  

f a c t ,   t h e  n e g a t i v e   p e a k  a t  135  cm ( - 5  / i s )  i n d i -  
s a t u r a t i o n  l e v e l   a n d   i o n  e x c h a n g e  l e v e l ;  i n  

c a t e d   t h e   t h a w   f r o n t .   E l e c t r i c a l   p o t e n t i a l   r e -  
s u l t s  in t h e  same p e r i o d   s h o w e d   t h a t   t h a w i n g  p o -  
t e n t i a l  (730 m V )  i s  l o c a t e d   b e t w e e n  80 and  1 6 0  
c m  p l a c i n g   t h e   b o u n d a r y  of f r o z e n   a n d   t h a w i n g  
l a y e r s  o f   g round   a round   135  cm. On December   9 th  
1 9 8 5 ,   t h e   g r o u n d  is f r o z e n   f r o m   s u r f a c e   t o  6 5  cm, 
w h e r e a s  i t  i s  thawed  f rom 6 5  t o  1 5 0   c m , g i v i n g  
t h e  following s t r a t i g r a p h y :   f r o z e n   l a y e r ,   t h a w e d  
l a y e r ,   p e r m a f r o s t .   T h i s   s t r a t i g r a p h y  i s  c h a r a c -  
t e r i z e d   b y   h i g h e r   r e s i s t i v i t y   € o r   t h e   f i r s t  
l a y e r ,   l o w   r e s i s t i v i t y   f o r   t h e   s e c o n d   l a y e r   a n d  
h i g h   r e s i s t i v i t y  downward  from 1 5 0  cm ( F i g .  2 b ) .  
On F e b r u a r y   1 6 t h   1 9 8 6 ,   t h e   p r o f i l e  i s  c o m p l e t e -  
l y  f r o z e n ;   f o r   t h o s e   d a t e s ,   c h a r g e a b i l i t i e s   w e r e  
n o t   m e a s u r e d   a n d   r e s i s t i v i t i e s   w e r e   a b o v e   t h e  

T A B L E  3 :  C O M P A R I S O N  O F   E L E C T R I C A L  RESISTIVITY RESULTS I N  TWO MEDIUMS A N D  R E S U L T I N G  S T R A T I G R A P H Y  
"- "- 

C L A Y E Y  S I L T  SAND 

L E S I S T I V I T Y  (ohm-m) D E P T H  (cm) R E S I S T I V I T Y  (ohm-m) DEPTH (cm) LAYER 

-.- "_ ~" "" L.l" __ " 

2 5 0  - 2 0  0 - 30 12000 + 1500 0 - 50 - d r y   l a y e r  
2 0  

1 5 0  -+ 425 

30 - 9 0  5 0 0  
20 - 150  90 - 1 2 0  

5 0  - 1 2 0  
120 -210 1000 + 5 5 0 0  

- s a t u r a t e d   l a y e r  
- t r a n s i t i o n   o r   i o n s  

- p e r m a f r o s t   u p p e r  
120 -150 5 5 0 0  -+ 30000 2 1 0  - 2 4 0  e x c h a n g e  l a y e r  

p o r t i o n  
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r e a d i n g   c a p a b i l i t y   o f   t h e   i n s t r u m e n t a t i o n .  

B )  S A N D  S I T E  

The s i t e  i s  l o c a t e d  o n  a r a i s e d   b e a c h   c o m p o s e d  
o f   c o a r s e   s a n d   w i t h   b e d s   o f   g r a v e l .   T h e   f r o z e n  
g r o u n d   c o n t a i n s   i n t e r e t i t i a l . i c e .   T h r e e   d a t e s  
a r e   a l s o   r e t a i n e d   t o   i l l u s t r a t e   ' t h e   f r e e z i n g  
a n d   t h a w i n g   c y c l e .   F o u r   l a y e r s   a r e   i d e n t i f i e d :  
a d r y   l a y e r   ( 0 - 5 0   c m ) ,  a water s a t u r a t e d   l a y e r  
( 5 0 - 2 1 0   c m ) ,   t h e   t r a n s i t i o n   o r   i o n   e x c h a n g e  
l a y e r   ( 1 2 0 - 2 1 0  cm) a n d   t h e   p e r m a f r o s t   u p p e r  
p o r t i o n  ( 2 1 0 - 2 4 0  cm) ( T a b l e   3 ) .  On December   7 th  
1 9 8 5 ,  o n l y   t h r e e   l a y e r s   a r e   d i s t i n g u i s h e d :   f r o -  
z e n   l a y e r   ( 0 - 7 0   c m ) ,   u n f r o z e n   l a y e r  ( 8 0 - 2 6 5  cm) 
and   pe rmaf ros t   downward   f rom 2 6 5  cm d e p t h .   T h e  
u p p e r   p a r t  o f  t h e   p r o f i l e  i s  t h e n   f r e e z i n g   b a c k  
w h e r e a s   p e r m a f r o s t   t a b l e  is a r o u n d  250 cm ( T a b l e  
3 ) .  On F e b r u a r y   1 6 t h  1 9 8 6 ,  t h e   p r o f i l e  is t o -  
t a l l y   f r o z e n .  The c u r v e s   o f   e l e c t r i c a l   p o t e n -  
t i a l s ,   t e m p e r a t u r e s   a n d   c h a r g e a b i l i t i e s   c o v e -  
r i n g   t h e   t h a w i n g   a n d   f r e e z i n g   c y c l e   a r e   s h o w n  
i n   F i g u r e s  3 ( a   a n d   b )   a n d  4 ( a   a n d   b )   a n d  5 
( a   a n d   b ) ,   r e s p e c t i v e l y ,   w h e r e a s   c h a r a c t e r i s t i c  
r e s u l t s   o f   t h o s e   p a r a m e t e r s   a r e   p r e s e n t e d  i n  
T a b l e  3 .  C o m p a r i n g   t h e   r e s u l t s   o b t a i n e d  o n  
t h e   t w o  s i t e s ,  i t  w a s   p o i n t e d   o u t   t h a t   t h e   s a -  
t u r a t e d   z o n e  i s  s l i g h t l y   t h i c k e r   i n   c o a r s e   s a n d  
t h a n   i n   c l a y e y  s i l t  ( T a b l e  2 ) .  T h i s   d i f f e r e n c e  
i s  b e s t   e x p l a i n e d   b y   t h e   t h e r m a l   p r o p e r t i e s  o f  
t h o s e   m a t e r i a l s .   I n d e e d ,   s a n d   h a s  a h i g h e r  

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

a n d   m e l t i n g   o f   i n t e r s t i t i a l   i c e .   T h e   s a t u r a t i o n  
l e v e l  i s  f e d   b o t h   b y  water  f rom  g round  i c e  m e l -  
t i n g   a n d   f r o m  summer p r e c i p i t a t i o n s .  

C) E L E C T R I C A L  PROPERTIES OF BASAL LAYERS I N  
S H O R E L I N E  PERMAFROST: C R Y O P E G S  

T h r e e   g e o p h y s i c a l   t e s t s   w e r e   c a r r i e d   o u t  in 
summer  1986 t o   v e r i f y   t h e   e f f e c t   o f   s a l i n e  wa- 
t e r  on  g e o p h y s i c a l   r e s u l t s   a n d   a l s o   o n   t h e   v a -  
r i a t i o n   o f   s u b p e r m a f r o s t   g r o u n d w a t e r   f l o w  f o l -  
l o w i n g   t i d a l   f l u c t u a t i o n s ,   T h e   p u r p o s e  o f  t h e  
m e a s u r e m e n t s  i s  t o   d e t e r m i n e   t o   w h a t   d e p t h   t h e  
p e r m a f r o s t   c o n t a i n s   i c e   a n d   r e m a i n s   w a t e r t i g h t .  
U n d e r n e a t h   t h i s   d e p t h ,   f r e e z i n g   p o i n t   d e p r e s -  

w a t e r t i g h t   p e r m a f r o s t ,   c h a r g e a b i l i t i e s   a n d  e- 
s i o n   o f   s o i l  water p r e v e n t s   i c e   f o r m a t i o n .   I n  

l e c t r i c a l   r e s i s t i v i t i e s  a r e  h i g h   w h i l e   e l e c t r i -  
c a l   p o t e n t l a l s  a r e  a r o u n d   o r   e q u a l   t o   z e r o .  
A c c o r d i n g   t o  Roy a n d   E l l i o t   ( 1 9 8 0 1 ,   c o m b i n e d  
r e s i s t i v i t y   a n d   i n d u c e d   p o l a r i z a t i o n   s o u n d i n g s  
s h o w e d   t h a t   s i m u l t a n e o u s   d e c r e a s e   o f   a p p a r e n t  
r e s i s t i v i t y   a n d   c h a r g e a b i l i t y  i s  a d i a g n o s t i c  
o f  s a l i n e   g r o u n d w a t e r .  I t  is a l s o  known t h a t  

g e a b i l i t y  (Kay   and   Duckwor th ,   1983) .   The   p re -  
l o w e r   t e m p e r a t u r e s   i n c r e a s e   t h e   v a l u e  o f  c h a r -  

s e t  e l e c t r o d e s   a r r a y  was i n s t a l l e d   o n  a s h o r e -  

mound t o p  i s  1 m h i g h   a b o v e   s p r i n g   t i d e   l e v e l  
l i n e   p e r m a f r o s t  mound i n  c l a y e y  s i l t .  The 

a n d   t e m p e r a t u r e   d a t a   a l o n g  a t h e r m i s t o r   c a b l e  
i n d i c a t e s  warm p e r m a f r o s t   ( b e t w e e n  O ° C  and 
-0.5'C)  down t o  9 m d e e p ,   t h a t  is b e l o w  mean 
t i d e   l e v e l .  (see A l l a r d  e t  al., 1 9 8 8 ) .  

F i v e   i n d u c e d   p o l a r i z a t i o n   s o u n d i n g s   u s i n g   t h e  
S c h l u m b e r g e r   c o n f i g u r a t i o n   w e r e   m a d e   o n   J u l y  
1 5 t h  1 9 8 6  ( F i g .   6 a  t o  6 e ) .  A t  t h e   b e g i n n i n g  
o f   t h e   r i s e   o f   t h e   t i d e   ( l l h 4 4 ) ,  a p r o g r e s s i v e  
d e c r e a s e   o f   c h a r g e a b i l i t y   v a l u e s   f r o m   9 0   t o  
0 m s  b e t w e e n  4 and 7 m w a s   n o t i c e d .   T h o s e   v a -  
l u e s   b e c a m e   n e g a t i v e   a t  8 m b e f o r e   b e c o m i n g  
s t a b l e   a r o u n d  5 m s  beyond 9 m ( F i g .  6a). The 
r e s u l t s   o b t a i n e d   a t   i 4 h 5 2   ( c o r r e s p o n d i n g   t o   t h e  

f i n a l   r i s i n g  time o f   t i d e )   s h o w e d   t h e   s a m e  c h a -  
r a c t e r i s t i c s  as F i g *   6 a .   S l a c k   o f   h l g h   t i d c  
was a t   1 5 h 3 0 ,   w h e r e a s   t h e   t i d e   s t a r t e d   t o  e h h  
a t   1 6 h 1 4   i n d u c i n g  a d e c r e a s e   i n   c h a r g e a h l l i t y .  
The maximum v a l u e   o f   t h e   c h a r g e a b i l i t y  i s  s i t u a -  
t e d   a t   t h e   d e p t h  o f  a b o u t  4 m ( F i g .  6 d )  w h e r e a s  
t h e   p o l a r i t y   i n v e r s i o n  I s  a t   t h e   d e p t h  of 6 m 
i n d i c a t i n g   t h e   b a s e   o f   p e r m a f r o s t .   T h e   m e a s u -  
r e m e n t s   t a k e n   a t   1 7 h 3 0   ( F i g .   b e )   p o i n t e d   o u t   a n  
i n c r e a s e   o f   c h a r g e a b i l i t y   t o w a r d s  4 m .  T h e r e  
i s  a p o t e n t i a l   d i f f e r e n c e   o f  9 0 0  m V  b e t w e e n  4 
and 8 m ( F i g .  7 ) .  

More e l e c t r i c a l   p o t e n t i a l   r e s u l t s   w e r e   a l s o  ob- 
t a i n e d   o n   J u l y   2 2 n d   1 9 8 6 .  From r e s u l t s   o b t a i -  
n e d   d u r i n g   a l l   s t a g e s  o f  t h e   t i d a l   c y c l e ,  we 
d e d u c e   t h a t   t h e   p e r m a f r o s t   b e l o w  4 m ,  more p r e -  
c i s e l y   d e e p e r   t h a n   6 . 5  m ,  i s  u n f r o z e n   a n d  s u b -  
j e c t   t o   g r o u n d w a t e r   f l o w   v a r i a t i o n s   i n d u c e d   b y  
t h e   t i d e .   T h i s   i m p l i e s   t h a t   t h e  maximum t h i c k -  
n e s s   o f   i c e - r i c h   p e r m a f r o s t  in t h e  mound is 
a b o u t  6 m .  A l t h o u g h   n e g a t i v e   t e m p e r a t u r e s   v a -  
l u e s   b e t w e e n  O°C and - 0 , 5 ' C  a re  f o u n d  down t o  
9 m d e e p .   T h e   r e s u l t s  of e l e c t r i c a l   s o u n d i n g s  
b o t h  on  t h e   s u r f a c e   o f   t h i s  mound  and i n  a 
d r i l l   h o l e   i n d i c a t e d   t h a t   t h e   b a s e   o f   i c e - r i c h  
p e r m a f r o s t  i s  a b o u t  5 m d e e p   t h u s   c o r r o b o r a t i n g  
t h e s e   r e s u l t s .  

CONCLU s ION 
E l e c t r i c a l   p o t e n t i a l s   a n d   r e s i s t i v i t i e s   m e a s u -  
r e d   i n   c l a y e y  s i l t  w e r e  800 m V  and 2 0  ohm-m 
r e s p e c t i v e l y  a t  t h e   t h a w   f r o n t   a n d   p e r m a f r o s t  
t a b l e ,   w h e r e a s   t h e y   w e r e  500  m V  and  1000 ohm-m 
in c o a r s e  sand.  The e l e c t r i c a l   p o t e n t i a l s  
a l o n g   t h e   c o n t a c t   b e t w e e n   f r o z e n   a n d   u n f r o z e n  
s o i l s  show  some p o l a r i t y   i n v e r s i o n s   a n d   a r e   t h e  
s a m e   o r d e r   o f   m a g n i t u d e  as  t h e s e   m e a s u r e d   b y  
P a r a m e s w a r a n   e t   a 1  ( 1 9 8 5 )  and   Parameswaran   and  
Mackay ( 1 9 8 3 ) .  C h a r g e a b i l i t i e s  a r e  n e g a t i v e  
a t   t h e   t h a w   f r o n t   b e c a u s e  of t h e   i n t e r f a c e  p o -  
t e n t i a l   g r a d i e n t ,   w h i c h   p r o b a b l y   o c c u r s   a s  a 
r e s u l t  o f   t h e   e x c h a n g e - a b s o r p t i o n   p r o c e s s e s   o n  
t h e   s u r f a c e s   o f   t h e   m i n e r a l   g r a i n s  of t h e   s o i l .  
T h e   c o m b i n a t i o n   o f   t h r e e   e l e c t r i c a l   m e t h o d s  
p e r m i t s   t h e   d e s c r i p t i o n  of t h e   t h a w   f r o n t  p r o -  
g r e s s i o n  i n  t w o   k i n d s   o f  s o i l .  T h i s   s t u d y   a l s o  
p r o v i d e s  a mean t o   d e l i m i t ,   w i t h  a h i g h   d e g r e e  
p r e c i s i o n ,   t h e   i c e - r i c h   p e r m a f r o s t   b a s e   a n d  
b a s a l   c r y o p e g s  in s h o r e l i n e   p e r m a f r o s t .  
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Table 2 - Variat ion of temperature, r e s i s t i v i t y ,  self po ten t i a l  and chargeability with  depth below ground surface from 
July 22nd  1985 t o  February  16th 1986. 

DATE TEMPERATURE RESISTTVITY SELF POTENTIAL CHARGEABILITY THAW 
C crn ohm cm mV CUI m s  cm F R O N T  

CLAYEY SILT 85-07-22  10.6-4.36 70-40 250-10 20-40  -66.1 - 10.3  37.5-52.5  -2.25-1 37.5-52.5 65 cm 
4.36- (-0 e 06) 40-90 10 40-80  10.3-(-2.43)  52.5-67.5 1-(-1*17) 52.5-67.5 

-0.06- ( -0 ,83)  90-130 10-420  80-160  -243-467  67.5-82.5 -0.4-2.08 100-120 
383-(-72)  100-120  2.08-(-4.6)  120-140 

85-12-09  -2.20-0 0-65 1400-20 0-80 -4.6-7.79  140-160 
0- 10 65-150 20- 80-120  -160-(-14) 0-100 
0 150 -14-207 100-120 Not measured 

86-02-16 Frozen from surface  to 180 cm 

Kohm cm 
XARINE TER- 85-02-22  9.26-5 0-60 10-1 20-60  -44.6-216 67.5-82.5 0.97-1 20-110 
RACE (SANDY 5-0.5 60-130 1 60-130 -51+2*400 112.5-127 0.79-47 110-200 150 cm 
GRAVEL) 0.30- (-15) 140-200 10 140-200 -163.8-138 157-200 47-1.12 200-250 

-24- ( -3 .4)  200-400  10-40  200-400 

85-12-07 -4.47-(-0.46) 0-75 5-20 0-50 -44.3-135.5  200-227 
0 
0 

Not measured 
90-265  20-1 97.5-250 

275  1-6  250-277.5 

86-02-16 Frozen 
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THE ALPINE PERMAFROST ZONE OF THE U.S.S.R. 
A.P. Corbunov 

Permafrost Institute, Siberian Branch of the U.S.S.R. Academy of Sciences, Yakutsk, U.S.S.R. 

a rea   w i th in   t he  U.S.S.R. 

About ha l f   t he  area of t h e  U.S.S.R. i s  occu- 
p ied  by permafrost. Most o f  this a r e a   r e f e r s  
t o  the near-polar   regions  in  which perennia l  
f r eez ing  of the  l i thosphere  had  been  occurr ing 
during  the  Pleietocene  and  the  Holocene  under 
the a c t i o n  of h igh- la t i tude   c l imat ic   condi t ione .  
A s m a l l e r   p a r t  o f  t he  area i s  occupied  by  per- 
mafrost that had  formed on e leva t ions   under   the  
a c t i o n  of aevere   c l imat ic   conaf t ions   p reds te r -  
mined by the i r   hypsometr ic   pos i t ion .  Depending 
on the l o c a l i t y ' s   g e o g r a p h i c a l   l a t i t u d e ,   t h e s e  
can be a low-, a middle-, or a high-mountain 
l a y e r  o f  the  mountains. 

The purpose o f  t h i s  paper is t o  c a l l   a t t e n t i o n  
t o  problems o f  c lass i fy ing   the   permafros t  zone 
i n t o  a circumpolar and an  Alpine  one. Thia is 
d i c t a t e d  by  two motivations,  One is  t h e  need t o  
f o c u s   a t t e n t i o n   o n   t h e   f a c t o r s   g i v i n g   r i s e   t o  
perennia l   f reez ing ,  viz .  on t h e   l a t i t u d i n a l  po- 
s i t i o n   i n   t h e  first case and on the  hypsometric 
p o s i t i o n  in the  second case, as regards  its 
occuxsence. The other   mot lva t ion   impl ies   tha t  
data  accumulated on permafros t   in  mountaneous 
regions  provide  ever  irioreasing evidence f o r  
s p e c i f i c   f e a t u r e @  of the  Alpine  permafrost  zo- 
ne. The mosf a a l i e n t   f e a t u r e   c o r r e s p o n d s   t o   t h e  
absence o f  absolute  antagonism  between  the snow 
amount , the   degree of g l a c i a t i o n   i n   t h e  moun- 
taneous area and  the  height  boundary o f  t h e  
permaf$.oat  eone.  Namely, a n   i n c r e a s e   i n   t h e  
snow dontent i n  the  mountains  does  not  cause 
the   , f&rmufroa t  zona  boundary t o  r-ise. However, 
t h8 ,d i f f e rence  between the  snow l i n e   h e i g h t  and 
t@ perennia l   f reez ing  zone  boundary inc reases  
with  the  increasing  degree of  c o n t i n e n t a l   c l i -  
mate, owing t o   t h e   f o r m e r ' s   g r e a t e r   m o b i l i t y  
8s compared w i t h   t h e   l a t t e r .  I n  o t h e r  words, 
t hese   boundar i e s   a r e   bo th   sh i f t i ng   i n   t he  same, 
r a the r   t han  opposlfe, d i rec t ion ,   bu t   t he  amount 
of displacement i s  d i f f e r e n t .  

One remark is i n  order  here. I n  low ( e s p e c i a l l y ,  
sub t rop ica l  and t r o p i c a l )   l a t i t u d e s ,  where .L;hexe 
i s  no c i r c u ~ ~ ~ p o l a r  permafrost  zone a t  a l l ,  t he  
height  dependence o f  the  permafrost  axe& boun- 
dary p o s i t i o n  on the  degree o f  c o n t i n e n t s l i t y  
o f  c l lmatc  is the   reverse  as comparcd with h igh  
l a t i t u d e s .  Normally, thi.s  boundary lies substan- 
t i a l l y   l o w e r   i n   l i t t o r r t l   r e g i o n n  as coropuxed 

with  intercont inental   segions.  

The foregoing   g ives  good grounds  for  i d e n t i f y -  
ing  the  Alpine  permafrost  zone. 'Thia was done 
f o r   t h e  f i rs t  time as ea r ly  as t he  end o f  t he  
past   century by  L.A.Yachevsky (1889), who iden- 
t i f i e d  a polar  and an  Alpine  regions o f  'peren- 
n i a l l y   f x o z e n   s o i l ' .  However, the  terms  he 
had  coined  fa i led t o  be accepted by hio compat- 
r i o t s   i n   t h e i r   l a t e r   p a p e r s .   S i n c e  the  70s o f  
this   century  the  term  'Alpine  permafrost '  has 
again  been  ueed  in  a large number o f  publica- 
t ions   abroaa .  

SYNOPSIS T h i s  paper o f f e r s  a d e f i n i t i o n  of the  'Alpine  permafrost  zone'  concept and 
o u t l i n e s  some appsoaches  to its i d e n t i f i c a t i o n   i n   S o v i e t   t e r r i t o r y .   C h a r a c t e r i s t i c s  of e igh t  
geocryologica l   a reas  o f  the Alpine  permafrost  zone are given  and  an  estimate is made of t h e i r  
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The map p r e s e n t e d   i n  Pdwe"s (1983) paper ob- 
v i o u s l y   c o n t r a d i c t s   t h e   d e f i n i t i o n  of Alpine 
perniafrost  given i n  t h e  same paper. Be s t a t e s  
t h a t  'I... permafrost   exint ing on h igh   p la teaus  
and i n  high mountains o f  middle and low l a t i t u -  
des is called  Alpine  permafrost .  , . I '  (Phwk, 

t o  P ~ W B ' S  map, the  luorth Urals, included i n  t he  1983, $. 147). I n   t h i s   c a a e ,  however,  according 

region o f  the  Alpine  permafrost  zone, should 
be c l a s s i f i e d  as high  mountains  and  the Altai 
and  the  Sayany,  my,  which  are  not  lncluded  in 
th i s   reg ion ,   should  be placed in   the   ca tegory  
o f  e i t h e r   h i g h - l a t i t u d e  ox low mountaneous 
systems,  but  such i s  not   the  case.  

Hence, i t  i s  necessary t o  give c o n c ~ e t e  exprea- 
s i o n   t o   t h e   d e f l n i t i o n  of t he  'Alpine perma- 
f r o s t  zone'. Some sugges t ions  on this matter 
have  been  offered  previously  (Gorbunov, 19842, 
but   they  require  son& refinement. Thus, t h e  
permafrost zone, predetermined by t h e   l o c a l i t y ' s  
he igh t   pos i t i on ,  1s cu l l ed   t he  Alpine perma- 

However, the semantic  content of t h i s  term has 
not  yet   been  adequately  defined. T would l i k e  
t o  i l l u s t r a t e   t h i s  by some examples. Pujii and 
Higuchi (1978) and Few6 (1983) give d i s t r i b u -  
t i o n  maps for the  circumpolar and the  Alpine 
permafrost zones showing tha t   f rozen   ground of  
mountaneous e l e v a t i o n s   i n   t h e   s o u t h  of S i b e r i a ,  
as well a8 Kamchatka  and  Uongolia is not  inclu- 
ded i n  the   r eg ion  of the  Alpine  permafrost  zo- 
ne. Kowevex, Sikhote-Alin,   the   north o f  t h e  
Urals, t h e  Rocky Mountains  and the  mountttina 
of Scandinavia  and  Iceland l i e   w i t h i n   t h i n   r e -  
gion. 



f r o s t  zone. This should include  only  those 
pe renn ia l ly   f rozen  soils which  Occur over 500 
nz above s e a   l e v e l ,  and they are absent  below 
t h i s  l eve l .  

The hypsometric 500 m l e v e l  has been  chosen 
i n  view  of a number of reasons. It is t h i s  
isohypse  which is  usually indicated  immediate- 
l y  fol lowlng  the 200 m isohypse on small-scale 
maps. The height   range 0-500 m i s  s u f f i c i e n t  
i n  order .   to   give a c l e a r   d i s t i n c t i o n   f o r   t h e  
zones  of  seasonal  and  perennial  freezing of 
so i l s   because  i t  cor responds   to   the  3OC-diffe- 
rence of yea r ly  mean temperatures. Aa far as 
the  geomorphology is concerned,   the   level   in-  
d ica ted   co inc ides  with the  lower boundary o f  
mountain valleys. 

A t  f i r s t   g l a n c e ,   t h e   u a e  09 the   not ion  'Alpi-  
ne '   r e l a t ive   t o   t he   pe rmaf ros t  zone of l o w  e le-  
vat ions  does  not  appear j u a t i f i a b l e .  But this 
app l i e s   on ly   t o   t he  case when i t  i s  used in t h e  
meaning such as 'Alpine  bel t ' ,   'Alpine meadow' 
and   'Alp ine   t e r ra in ' ,   i . e . ,  when the   he igh t  

however, i n  which  emphasis is placed on t h e  
l e v e l  is emphasized.  There e x i s t   d e f i n i t i o n s ,  

f a c t   t h a t  a g iven   ob jec t  o r  phenomenon is  simi- 
la r  t o   t h o s e   i n   t h e  A l p s ,  i r r e s p e c t i v e  of t he  
p a r t i c u l a r   t e r r a i n   b e l t  ox r e l i e f   l a y e r ,  ' A l -  
p ine '   orogenesis ,  f o r  example.  Therefore, 'Al- 
pine '  may simply mean a permafrost  zone  that 
e x i s t s  due to t h e  aame reasons aa i n   t h e  Alps ,  
i . e . ,  owing t o   t h e   l o c a l i t y ' s   h y p s o m e t r i c  po- 
s i t i o n .  Moreover, t h e  oronym ' A l p s '  i n   C e l t i c  
means 'mountains'.  

The a n a l y s i s  of evidence  concerning  the U.S.S.R. 
area has  xevealed that the   s epa ra t ion  boundary 
between  'the  circumpolar  and  the  Alpine  regions 
o f  the   permafrost   zone  vir tual ly   coincides  with 
t h e  +3OC yearly-mean  temperature  isoline for 
r acks   r e f e renced   t o  @ea level.  (Osnovy  geokrio- 
l o g i i . . . ,   p a r t  1 ,  1959, Fig. 32). 

Indeed, f o r  a ver t ica l   t empera ture   g rad ien t  of 
0.6°/100 m ,  a long  t h i s   l i n e  at  500 m above  eea 
level. one should  expect  the  occurrence of moun- 
tain-masses  cooled t o  O°C. And t h i s  does satis-  
f y  the   p roposed   c r i te r ion  f o x  i d e n t i f y i n g   t h e  
reg ion  of the  Alpine  permafrost  zone. The 3OC 
isotherm f o r  rocks from e a s t  t o  west w i th in  
the  U.S.S.R. runs   in   the   fo l lowing   fash ion .  On 
t h e   e a s t e r n   l i t t o r a l  of Kamchatka i t  begins 

ward - south-northward arriving af t h e  western 
approximately  under 5 6 O  N and mns   then   south-  

l i t t o r a l  of the   peninsula   under  5 2 O  N.  It in-  
t e r sec t s   Sakha l in   unde r  5 2 O  N ;  fu r the r ,   a long  

x a l l e l   t o  i t ,  t he  boundary in t h e   a r e a  o f  t he  
the  Amur r i v e r s i d e ,   i n   t h e   v i c i n i t y  of and pa- 

c i t i e s  o f  Birakan  and Bi rn  reaches 4 9 O  N, t he  
southernmost   locat ion  within  tha U.S.S.R. Afte r  

through  Chinese  terr i tory  within  fha  geographic  
t ha t ,  i t  runs onatward - north-eaatward  passing 

l a t i t u d e   r a n g e  50-51° 11; then ,  i t  is d i rec t ed  
toward Lake B s i k a l  i n t e r s e c t i n g  i t  under 5 3 O N  
and the  Yenisei   under 5 ' 7 O  N. This l i n e   a r r i v e s  
a t  t h e  Urds under 62O N and at  t h e  White Sea 
under 64,O30 N. Then, i t  i n t e r s e c t s   t h e   f r o n t i e r  
between  the U.3,S.H. find Finland  under 68O30 N. 
It is t he  l u s t  po in t  where t h e   s e p a r a t i o n   l i n e  
bctwuen the  two reg ions  of the  pernlnfrost  zone 
reaches its northerrmost  position.  Consequent- 
l y ,  the  geoglrqhic  I . t l t i tude range withi-n which, 

dary l i n e  v a r i e s ,  i s  nea r ly  2O0 ( I t so  - 60'30).  
in Soviet  t e r r i t o r y ,  the above-mentioned boulz- 

Within  the  region of the  Alpine perronfrost zone 
i n  the U.S.S.R. one may i d e n t i f y  e ight  areas 
which are charac te r ized  by cortain  geocryologi-  
cn l   condi t ions  t y p i c a l  of t h m  only,  3s well  ae 
other   landscape  features .  

The Kamchatka-Kuril geocryological   area.  On t h e  
Kamchatka Peninsula   thore alae adjacent   reg ions  
o f  t h e  circunrpolar and  ths   Alp ine  permafrost 
zones. The boundary  between them Lies appro- 
ximately  a lon  the  l ine  connect ing Ust-Knm- 
chatsk ( 5 6 O  Ny with Ust-Bolsheretnk (52"  I d ) .  
On Kamchatkrz the  Alpine  permefxost has been 
very poorly invest igated  (Zamolotchikova  e t  al., 
1979)) while on t h e   l i u r i l   I s l a n d s  i t  has  not 
been  studied a t  all. 

This region is notab le  f o r  a very  complicated 
i n t e r a c t i o n  of  thermal  flows o f  ac t iye   vo lca-  
noes  and  hydrothermal  flows  with  the perma- 
fxost zone. This problem i s  s t i l l  a 'b lank 
space'.   There i s  fragmontarv  evidence  showing 
that t h e  lowex boundary af i s land   permafros t  

r i s e s  from 500 t o  1000 m above sea l e -  
vel. w i th in   t he  Kamchatka Alpine  permafrost zo- 
ne from north-  north-west  to  south-  south-east. 
No detai led  s tudies   have  been made of the  regu- 
l a r i t i e s  o f  s p a t i a l   d i s t r i b u t i o n  of permafrost 
masse8 i n   t h e   E a s t e s n   r i d g e ;  i t  might  be a n t i -  
c ipa t ed  that  the  is land-type of permafrost oc- 
cuxxence  predominates  there  which is due t o  
t h e  large amount of snow as wel l  as t h e  geo- 
t h e r m a l   c h a r a c t e r i s t i c s  o f  the   l i thosphere .  
According t o  very   t en t a t ive   e s t ima tes ,   t he  t o -  
t a l  axea of the  Alpine  permafros$  zone  on  the 
Kamchatka PeninsuLa f a  about 20 000 sq. km. 

Within  the Kamchatka permafrost  zone  there oc- 
cur  glacial-nival  and  mountain-tundra  landsca- 
pes  as well as Alpine meadows, peatland and 
brushwood of t he  sub-Alpine  zone. The perma- 
f r o s t  zone also  embraces,   paxt-ially,   the fo-  
r e s t s   c o n s i s t i n g  o f  s tone   b i rch .  

The chain of t he  Kur i l   I s l ands  has about 30 
peaks as high as over 1000 m above sea l e v e l .  
Most of them a r e  a c t i v e  o r  dead volcanoes. 

Data from meteoro logica l   s ta t ions  nnd t he  cha- 
r a c t e r i s t i c s  o f  t he   a l t i t ude   l andsca le   zon ing  
m g g e s t   t h a t  a b e l t  o f  the  Alplne  permafrost  
zone  above 1000 nl above sea  l e v e l  is preeent  
on the  highest   peaks o f  the   Atlasov,  Paramu- 
shir, Onekotan,  Kharimkotan,  Ekama,  Matua  and 
Simuahix  Ialands. It is poss ib l e  that ,  t o   t h e  
south,  small masses o f  permafrost  occur  above 
t h e  1500 m isohypse  on  the Uxup, I turup  and 
Kunashix  Islands.  But t h i s  i s  merely a supposi- 
t ion  because  act ive  volcanism,  the  co ld   cur ren t  
surrounding  the  is lands on t h e   e a s t e r n   s i d e ,  
and  stone  debxis i n  t h e  near-sununit b e l t  o f  t he  
mountains make any  re levant   predict ions  excee-  
dingly  complicated. Pox example, t h e   f a c t  that  
the   no r the rn  imslands a t  a l t i t udes   above ,  u t  
l e a s t ,  400 m are dominated by t a l u s  and stone 
d e b r i s  which are q u i t e  favourable f o r  perennia l  
f r eez ing ,   l eads  us t o  suppose that i n  some p l a -  
ces  the  permafrost  boundary on the hozWz Kur i l  
Is lands  occura s t i l l  lower as compared with  the 
South Kamchatka Pehinsultt,   i .e.,  a t  u l t i t u d e e  
of  about 500 t o  600 m. O n  the  o t h e r  hand, on 
the   s lopes  o f  a c t i v e  volcanoes no f r o z e n  masses 
may be present  at  t h e   a l t i t u d e   L e v e l  where the 
c l imat ic   condi t ions  axe favourable  for'  them. 

155 



The axea occupied by the  Alpine  permafrost  zo- 
ne on t h e  Kuril I s lands   appears   to  make  up t ens  
o s  a few hundreds o f  sq. km. 

A s  far as t h e   d i v e r s i t y  o f  landscape  zone6 w i -  
t h in   t he   pe rmaf ros t   be l t  is concerned,  the Ku- 
rjL I s l a n d s   a r e   i n f e r i o r   t o   t h e  Kanlchatka ]noun- 
t a i n s  - the shrub-covered  tundra  predominates 
the re  u s  wel l  as naked rocks  and  boulder  sere- 
ea ,  and debr i s .  

The SakhaLin geocryological area. The circurn- 
po la r   s eg ion  o f  the  permafrost  zone t h e r e  oc- 
cup ie s   t he  Schmidt Peninsula; poss ib ly ,  i t  al- 

k h a l i n   l i t t o r a l  a n  far aa about 52 N. s o  extencis f a r t h e r  out  southward a long   the  SR- 

The Alpine  permafrost  zone or1 t h e   i s l a n d  oc- 
c u m  in   the  West-Sakhal in  and Eaat-Sakhalin 
mountains, i n   t h e   g e o g r a p h i c   l a t i t u d e  range 
51O-49" I\i over 1000 m above sea l eve l .  

The Sakhal in   gsocryological   area i s  notab le  f o r  
i t s  large amount o f  ,mow cover  which does de- 
te rmine   the   i s land- type   d i s t r ibu t ion  o f  t he  
Alpine  permafrost   zone  highly  character is t ic  
f o r  the  mountains of t he   i s l and .  Another i m -  
p o r t a n t   f e a t u r e  of the   c l imate  i s  the   decrease 
o f  t he   yea r ly  mean air temperatures  toward  the 
Inland  depressions o f  Sakbalin as well  as to-  
ward i ts  e m t e r n   l i t t o r a l ' .  "19 t he re  were no 
t h i c k ,   s t a b l e  snow cover,   then along the   ea s t -  
e r n  seas ide  of Sakhal in ,   the   c i rcumpolar   re-  
gion o f  Sakhalin would l i e  somewhere within 
t h e  1'ungc TO-51 N. 

The formation condi t ions  f o r  the  Alpine perma- 
f r o s t  zone a r e  more favourabLe  for   the East- 
Sakhalin  r idge  because it is higher  and more 
dismembered; its s l o p e s   t h e r e   a r e   s t e e p e r  and 
rock  masses  and  large-boulder  screes occur i n  
greater   amounts;  and at the  same a l t i t u d e   l e -  
v e l s  t he   yea r ly  mean air temperatures   there  
axe lower as compared with the  West-Sakhalin 
mountains. 

The permafrost  eone on the   Sakhal in   I s land   in -  
cludes t e r r a ins ,   unde r  bald mountains, o f  cree- 
p ing   S ibe r i an   p ines ,  and  rock masses and  boul- 
de r   deb r i s  o f  the  bald  mountain  range. The area 
of' the  Sakhalin  Alpine  permafrost  aone  seems 
t o  be l e s s  than  n few hundreds of sy. km. 

The Sikhote-Alin  geocryological  area.  The val-  
l e y  of thc lower  reuchen of t h e  Amur, devoid 
of permafrost ,   separates   the  region of t h e   c i r -  
cumpolas  permafrost  zone  of  the North-Amur a r e a  
from the  Alpine  permafrost  zone o f  Sikhote- 
A l i n .  It seems Likely that ,  i f  t he re  were no 
Arnur va l l ey ,   t hese  two regions would be  lnaepa- 
r ab ly   l i nked  with each  other .  The permafrost 
zone i n   t h e   n o r t h e r n   p a r t  of Sikhote-Alin lies 
over 500 m and, on some occasi.ona, somewhat 
lower,   while  in  the  southernmost p a r t ,  under 
4 j 0 1 5  li i t  lies above 1400 m (Korotky e t  ax., 
1981 I .  
The p a s t  several   years   witnessed  the emergence 
o f  v e r y   i n t e r c s t i n g   l i n e s  of evidence  concer- 
ning  the  Sikhote-Alin  permafrost  zone indica- 
t i ng   t ha t   pe rmaf ros t   t he re   occu r s   i n  much grea- 
t e r  areus  than  thoughtof  previously.  Although, 
on t h e  whole, the  islund-type  permafrost  occur- 
rence  pr*edorninates  there,   but  there  are reasons 

fo r  an t ic ipa t ing   the   p resence  of fragments o f  
subzones of i t s  discontinuous 07, even,  conti.- 
nuous  d.evelopment i n  the  middle  and  northern 
parts of Sikhote-Alin. 

The permafrost i n  t h e   c e n t r a l  and nor thern  
parts of t h e  Tegion occurswithin the  zones of 
mountain  tundras  and i n  birch-and-larch fo-  
r e s t s  and i n  forests   under   bald  mountains; in  
the southern part i t  occur s   l a rge ly   i n   t he  20- 
ne o f  mountain  tundras, 

The a r e a  of the  Alpine  permafrost  zone o f  Si- 
khots-Liin may be e s t ima ted   t en t a t ive ly   n t  
50 t o  60 thousand sq, km. 

The B a i k a l  geocxyologicul  axea. It inc ludes  
the  mountains of the   Eas te rn ,   Centsa l  and 9ec- 
tern  Trans-Baikal ia  and  Pro-Baikalia  to  the 
south of 51° N i n  the eas t  and 5 3 O  IJ i n  the 
west. This a r e a   d i f f e r s  from the  previously 
discussed geocryological   areas  by I ts  high deg- 
xee of c o n t i n e n t a l i t y  o f  c l imate ,  t h e  d ivero i -  
ty of landecapes, t he  extensiveness of i ts 
Bpace, and  by the   r e l a t ive ly   we l l - s tud ied  geo- 
cryological s i t u a t i o n .  

The reg ion  o f  the  circumpolar  permafrost  ZQne 
the re  is inseparably  l inked  with  the  Alpine 
one;  therefore,   the  separation  between them 
i s  a conventional one and can be e s t ab l i shed  
only i f  a d e f i n i t e   c r i t e r i o n  is adopted,  such 
as one used i n  th i e   pape r .  

The condi t ions  favourable  f o r  perennia l   f ree-  

800 m (Aleksoev e t  all, 1969). 
~ i n g  of  the  zones are encountered  above 550 t o  

, In  the   r eg ion   w i th in  the  Alpine permafrost  zo- 
ne  there  occur  mountain  tundras,   Alpine mea- 
dows, t h e   t a i g a ,  and fores t - s teppe  and s teppe 
landscapes. 

The a r e a  o f  t he  reg ion  o f  the i d p i n e  permafrost 
zone there  i s  about 290 000 sq. km. 

The Sayany-Uta i  geocryological area. It embra- 
c e s   t h e  Sayany, t he  rtlountains o f  Centra l  Tuva, 
t h e  'Pannu-Oltt r i dge ,  the Ruznetsk Alatau, and 
t h e   M t a i .   I n   t h e   s o u t h - e a s t e r n   p a r t  i t  mer- 
ges t oge the r  with the  Baiktll a r e a ,  but  it d i f -  
f e r s  from t h i s   l a t t e r  by higher absolu te  a l t i -  
tudes,   extensive  occurrcnce of ic ing,   and by 
a f a i r l y   c l e a r - c u t   i s o l a t i o n  from the  circum- 
po la r   r eg ion  o f  the permafrost  zone.  In  the 
n o r t h e r n   p a r t ,   i n   t h e  ICuznetsk Alatau,  under 
5 5 O  N ,  t h e   a l t i t u d e  boundary o f  the  permafrost 
zone coincidea with the  500 m isohypse  (Shatz,  
19781, whi le   i n   t he   sou the rnmos t   pa r t ,   i n   t he  
Sou th -h l t a i  , under 4 8 O  N, I t  lies a t   t h e  
1500-1800 m l eve l .  

I n   t h i s  ares, the  permafrost  zone shows cont i -  
nuous occurrwnce within t he   g l ac i a l -n iva l  and 
the  mountain-tundra  zones; a t  Lower l e v e l s ,  
on  Alpine meadows and j n   t h e  taiga and s teppe 
zones of inland  depressions of the  Altai and 
Tuvn, discontinuous or island permafrost occuri 

The area o f  t he  r.e&ion o f  this Al.pine pornin- 
f r o s t  zone i s  estimated at 400 000 n q .  kn:. 
This   region of Alpine  permafrost is the  lar- 
g e s t   i n   t h e  U.S.S.b. 
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The Centra l  Asian geocx4yological area. It in-  i t  should be a n t i c i p a t e d  that, down the  large- 
cludes  the  Saur-Tarbagatai ,   the Dzhungar-Ala- d e b r i s  s lopes  t he re ,  some permafrost masses 
tau,  Tien  Shan, Rnd the  Pamlrs-Alai.  This i s  a r e   a b l e   t o   d e s c e n d  a3 low as the  500-800 rn 
the  highest-mountain  and  southernnlost , i n   t h e   l e v e l .  
U.S.S.R., reg ion  of the  Alpine  permafrost  zone. 

t h e   a l t i t u d e  boundary o f  the  permafrost  zone 
In the   nor thorn   par t  of the  reg ion ,  under 4.7O The a r e a  of t h e  Umls geocryological r eg ion  i s  

about 4 000 sq. km. 
l i e s  at the  2000-2200 m 1cvo1,  while jn t he  
southernmoet pa r t ,  under 36030 N ,  i t  is  s h i f -  
t ed  upward as h igh  as 3600 t o  3800 trl. A par t  

During the   course o f  the   P le i s tocene   the   re -  

of the  area  southward o f  4 I a  .N l i e s   w i t h i n   t h e  
gion o f  t he  Alpine perrmfrost  zone in preaont- 
day S o v i e t   t e r r i t o r y  underwent s u b s t a n t i a l  

subtropical   geographical  zone. spa t ia l   changes .  These  chttnges  were  twofold. 
A decrotlse i n  the a l t i t u d e   p o s i t i o n  of  t h e  pe r -  

The a r e a  1s c l e a r l y   i s o l a t e d  from the  circum- mafrost zone a l t i t u d e  boundary l e d   t o  an increa-  
p o l a r  reg ion  o f  the  permafrost  zone  and i s  no- s e  i n  permafrost massea in   the   Caucas ian  and 
where in   con tac t   w i th  it. Central Asian geocryological   areas .  A t  maximum 

fa l l s  of t e n p e r a t u r e   l a t e r   i n   t h e   P l e i s t o c e n e  
The continuous  permafrost zone there   occurs  
i n  the   g l ac i a l -n iva l   a r ea ,  mountain  tundras! 

perennial f r eez ing  o f  soils was p3,oceeding i n  
the near-aummlt zone of the   Carpa th ians ,   the  

and ,   pa r t ly ,  I n  Alpine meadown; t he   d i scon t i -  Crimean  ivlountains,  and the  Kopetdage. However', 
nuous  permafrost  zone  corresponds t o   t h e  zone most o f  the  mountains o f  the  present-day  re- 
of Alpine meadows; and permafrost i s lands  gion  of  the Alpine permafrost  zone i n   t h e   l a t e  
occur  in  sub-Alpine meadows, rnountaneous mea- Pleis tocene  and,   probably,  i n  the  M d d l e   P l e i s -  
~ O W R  and dese r t s .  Some permafrost  masses i n  
the no r the rn   ha l f  of the a rea   occu r   i n   t he  

tacane  such as t h e  Uxals, t he   bu r -Ta rbaga ta i ,  
t h e  Altai and the  Sayany, the Pre-Baikalia  end 

zone  of  conifexous  forosts. Thus, as campaxed 
t o  a l l  the  other   geocryological  axeas, t h e  

Trans-Baikalia  Mountains,  and  the Kamchatka, 
Sakhalin and Kur i l  Mountains as well  as, pro- 

g rea t e s t   l andscape   d ive r s i ty  i s  encountered  bably, most of the  Sikhote-Alin  found  themsel- 
here   within  the  permafrost  zona.  ves  within the  region of the  circumpolas  per- 

The a r e a  o f  the   reg ion  of  the  Alpine  permafrost  c r i t e r i a   f o r   d i s t i n g u i s h i n g  i t  from  the  Alpine 
zone i n  t h i a   c a s e  makes up 220 000 sq. km. permafrost  zone as suggested pseviously.  The 

'wax' of  t h e   a r e a  of the  Alpine  pelmafrost  zo- 
The Caucasian  geocryological  area.  It inc ludes  ne in t h e   l a t e   P l e i s t o c e n e  was smal le r   than  
the  Great  Caucasus as well us a number of sepa- its 'wane'  because of the  southward d i sp lace -  
s a t e ,  small mas[3es in   Transcaucasla .  Most o f  i t  ment of the  circumpolar  permafrost  zone  bounda- 
occurs i n  the  moderate  zone,  and a smal le r  p a r t  ry. Therefore, at epochs o f  temperature  drop 
i s  encountered i n  the sub t rop ica l  zone. In  the  
no r th  of the  area,   the   permaZrost   boundary  l ies   tory  reduced i n  axe&, whereas  during  periods of 

the  Alpine  permafrost  zone i n  U.Y.S.K. t e r r i -  

at the 2700 rn a l t i t u d e ,  and i n  the   south ,  i t  rise of temperature i t ,  on the  contra17y, inc- 
l i e s  a t  3200 m. The g lac i a l -n iva l  zone shows r e a s e d   i n  area. 
continuous  permafrost ,   while  discontinuous per- 
mafrost   and  permafrost   islands  occur  in  the  Let ua summarize the  foregoing  discussion.  The 
zone of Alpine meadows. Alpine  permafrost  zone i n   t h e  U.S.S.X. has an 

I t a  axe& i s  20 000 sq. km. about 10 7 of the   on t ixe   suba i r   reg ion  of  pe- 

The Urals geocryological   area.  While  occupying 
a p a r t  of the  North Urals, southward of 62O M, Tho Alpine  permafrost zone o f  t he  U.S.S.R. has 
i t  embraces  about 1.5 t o  2 t ens  o f  t he   h ighes t  been  studied  extremely  nonuniformly  to d a t e .  
peaks of t he   Cen t ra l  Urals, and the  eame num- I n   t h i s   r e g a r d   t h e   ' s t a t e  09 a f f a i r s '  l o o k s  
ber corresponds  to   the  South Urala. I n   t h e   b e t t e r  aa far as large  geocryological  areas 
nor th  of  the a rea ,  the permafroat boundary lies such as Central-Asian,  Sayano-Altaic and Uai- 
at t h e  500-800 m a l t i t u d e ,   w h i l e   i n   t h e   o o u t h  
i t  Lies a t  1000 m. kal ian   a re   concerned ,  and l o o k s  worse with t h e  

remaining areas; l o t  us c a l l  then1 'small'. Out 
of t h e s e   l a t t e r ,   t h e   t o t a l   l a c k  o f  geocryologi- 

The North Urds  present   permafrost   i s lands as c a l  data i E  typiSied by those   i n  which -the 
well as fragments o f  discontinuous  permafrost;   permafrost  zone occurs a t  separa te  sunurlits and 
as f o r  the  Central  and  South Urals, only pex- I n  l imi t ed  areas of t h e  s lopen .  These, pr i in t l r i -  
mafrost   i s lands  occur .   In   the f i rs t  c a s e   t h e   l y ,  are the  I C u r i l  Iylrinds  and  the Sukhal in  and 
permafrost  occupies bald mountain  zonea  and  South-Urds  Riountnins. But i t  is these locu -  
zone6 below bald mountaina,   penetrating, p a t i -  t i o n s  which p e m i t  u d e t a i l e d  s t u d y  o f  t he  de- 
a l l y ,  i n t o   t h e  taiga zone as well. I n  the  se-  
cond case ,  due t o   t h e  low a l t i t u d e  o f  t h e  moun- graphical  microconditions.  

pendence of perennia l  freezi.ng on physico-geo- 

ta ins ,   the   bald-mountain zone does not occur 
and,   theref  o r e ,  permafrost  masaes may be  en- 
countered  in  the  pre-bald-mountain  zone and i n  
t h e  taiga zone. I n  the  South Urals the  pesmn- REFERENCES 
f r o s t  zone is concentrated i n  the  bald-moun- 
t a i n  and  pre-bald-ruountain  landscape Z O I I ~ Q .  hlckueev, V.R. (1969).  Ve~2t-iBal'naytt  geoltr'iolo- 
I n  view o f  the extensive  occurrence  of  stone gicheskclyu poyasnost v predela!ch Zaba-i- 
deb r i s   i n   t he   Sou th  Urals in which  perwnnial  lculya. - Zapiski Zabaikal's!:ogo f i l i a l . %  
f reez ing  l.s known to   t ake   p l ace  even a t  pos i -  Geograf icheskogo  obshchcstvs SSSl:, vyp. 
t i v e   y e a r l y  mean a i r  temperatures (09 - 3OC) 37, '70-76. 

mafrost zone, provided  that  one fol lows  the 

a r e a  of about 1.1 millions of  sq. km, f e e . ,  

r e n n i a l l y  frozen rocks of  t h e  country, 
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RELATIONSHIPS AT SCHEFFERVILLE 
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SYNOPSIS 

This  paper  examines  the  role of the  seasonal  snow cover as a controller of the ground  temperature  field  at  Schefferville (54’48’ N, 
66’49‘ W). The snow cover accumulation  sequence in woodland  and alpine tundra is described and  heat transfers through  the 
snow  cover are discussed  using  simple  spatial  models. 

INTRODUCTION 

In cooperation with the Permafrost Research Section, Terrain 
Sciences Division of the Geological Survey of Canada  and the 
Iron Ore Company of Canada two reports were produced 
which contain most written materials about Schefferville 
permafrost, ground temperature data from more than 200 
themocables, active layedfrost depth data from over 20 000 
test its  and  to ographic and geologic information (Granberg 
et af 1983; 1984). These re orts form  the  Schefferville 
Permafrost Data File which is tK e main database for a digital 
Geographic Permafrost Information S stem (GPIS) which is 
now under development. The G P d  has evolved from a 
snowcover  mappin  technique  which  was  developed  to enable 
spatial mapping an8 hindcasting of snowcover  and  permafrost 
conditions over mines where permafrost was encountered but 
where no information on antecedent snow cover conditions 
was available  (Granberg,  1972;  1973;  Nicholson  and 
Granberg,  1973).  The main urpose of the GPIS  is  to 
facilitate the study of spatial a n i  temporal interrelationships 
between the ground temperature field and terrain and climate 
factors. In addition to ground temperature information the 
main inputs are weather,  snow  and  terrain data. 

In the development of the GPIS, the initial focus is on the 
effects of the  seasonal  snow  cover.  The  snow  cover 
distribution  has  been empirical1 linked  to  the  spatial 
distribution of permafrost at Schef Y erville (Annersten, 1966; 
Thom, 1969; Nicholson and Granber , 1973; Jones, 1976; 
Nicholson, 1976; 1978a; b; 1979). Adough it dominates the 
multiple regression equations that relate observed average 
annual  round temperatures to  terrain factors, the snow cover 
is not tfe only factor of importance. However, in order to 
develop a better understandrng of the effects of other factors 

balance &right, 1981; 1983) and heat transfers by moving 
such as s atial variations in the summertime surface energy 

roundwater (Nicholson and Lewis, 1976) it is important to 
!evelop a better understanding of the spatial dynamics of  the 
seasonal  snow  cover and the associated thermal effects. 
Although heat and mass transfers throu h the seasonal snow 
cover  are now  relatively  well  un&rstood  (Palm and 
Tveitereid, 1979; Goodrich, 1982; Powers et al, 1985), their 
spatial  and  temporal  variations  are  not. 

This paper may be seen as a preliminary investigation of 
several s atial and temporal aspects of the snowcover that are 
of signi P tcance to the ground temperature field. Available 
snow data  are used to  illustrate  the  spatial dynamics of 
snowcover  accumulation in forested  terram,  where  permafrost 
is absent, and alpine tundra, where permafrost occurrence is 
widespread. Spatial and temporal variations in factors which 
influence  the  net  thermal  effect of the  snow  cover  are 
simulated using simple models within the GPIS. Among the 
factors simulated are thermal  resistance,  optical  transmissivity 
and thermal buffering. A di ita1 terram model that was 
develo ped for the Timmins 4 f’ermafrost Experimental Site 
near  lchefferville  (Granberg,  1973) is  used  in  the 
simulations. Timmins 4 has previously been described in 
considerable detail by  Nicholson  and Thorn (1973)  Nicholson 
and Granberg (1973)  and Granberg (1973). 

THE SNOW ACCUMULATION  SEQUENCE 

Time profiles of daily snow depths  in  1968-1969  illustrate  the 
accumulation sequence in the woodlands (Fig. la). A cover 
of loose  snow of low density  develops, usually b late 
October. It is  even, except for interception effects. X s  the 
tree canopies are not very wide, these effects are small. The 
y a k  snow depth is reached in March  and  commonly exceeds 

.2 m. Commonly, the uppermost 0.10 - 0.15 m of the snow 
cover are of a density below .15 g/crnA3 until March, when 
increasing solar radiation accelerates the densification of the 
near surface la ers. The densit of the basal layers usually 
does not excee8.3 g/cmA3 until &arch  (Adams et al, 1966). 

Gradual changes in surface roughness and wind regime 
characterise the accumulation sequence in  the alpine tundra 
areas.  Vegetation-free rid e crests  do not protect the 
snowcover from  erosion an di therefore exhibit the locally 
highest erosion rates in early winter. An outward  growth of 
these aerodynamically smooth areas occurs as a result of 
accumulation at their downwind edges which act as efficient 
snow tra s. The aerodynamic characteristics of  rhe terrain 
vary  wit R wind direction and speed, and therefore a smooth 
area developed b wind of one direction may  be strongly 
eroded by  wlnd o Y a different direction or speed, adding  to  the 
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SNOW ACCUMULFlTION  SEOUENCE 

Y 

v 

Fig. 1: Snow depth variations throu the 1968-1969 winter 
in (a) woodland (Scheffervi Bh e Snow Course and (b) 
alpine tundra (Timmins 4 Snow Course) 

com lexit of snow  accumulation in open terrain.  Time 
rofzes o r  semi-weekly  measurements In 1968-1969 (Fig. 

yb) illustrate the great temporal and  spatial  variability  in  snow 
depth  in alpine tundra as compared  to  woodland. 

The  drift  transport in earl winter  is  mainly  over  short 
distances  from  the  smoot K areas to their  edges. By 
corn arison,  little  drift transport occurs in aeas where dense 
brus! still is exposed above the snow surface.  Over time 
however, the brush  vegetation is gradual1  buried by 
snowfall. This  creates new source areas for 2 irfting snow. 
Later in the winter the smooth areas begin to merge, thereby 
eliminatin the most efficient snow traps, This drasticall 
changes fie snow  accumulation  patterns. Snow d d  
transpart  over long distances now becomes possible, leading 
to a more strongly fra mented snow deposit of hi her density 
than before (Fig. 2a). %e most rapid  increase  in %ulk density 
coincides with the  period  durin which individual  patches 
merge into a connecmg surface o f smooth terrain. 
With continued snow accumulation  the  spatial  variations  in 
wind stress are gradually reduced so that the show de osit 
from individual storms becomes more evenly distribute!. In 

eneral,  therefore, by late wlnter the greatest depth Increase kern individual storms occurs on lee slopes and in  valle s 
while ridge crests still accumulate little or no snow. The bu$ 
density of the snow cover depends strongly on  the relative 
proportions of basal,  low  density  layers  and  surficial high 
-density layers in the overall vertical snow  profile. In areas of 

large overburden pressure 
layem Therefore, at the 
bulk snow density 
with depth (Fig. 2b). 
more variable.  The  basal  layers  are onl covered by a thin 
veneer of dense snow and  therefore ten B to both retain their 
low density  and form a larger,  variable,  fraction of the total 
vertical profile of the snow cover. 

Fig.  2:  Mean  snow density (a) at the Timmins 4 snow course 
from  the  beginning of winter to April 21, and b) 
spatial variatlons in  bulk  density  on  March 13, 196 6 . 
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The top0 raphic  control on snow  depth  is  strongest  in  convex 
parts of t i e terrain and  near ridge crests. The  temporal and 
interannual variability in snow  depth therefore tends  to be 
smaller in areas of shallow  snow,  than  in areas of dee  snow. 
Figure 3 shows the spatial variations in eak snow &th on 
alpine tundra (March measurements)  at ! immins 4 over the 
years 1969 to 1973, Two years  of greater snow  accumulation 
(1969 and 1970) exhibit fair1 slmilar depth distributions 
which,  however,  are distinct r rom those in years of lesser 
snow  accumulation (1971, 1972 and 1973). The  depths 
differ  proportionally  more in deep  than in shallow  snow 
areas. An intermediate attern (not shown) was  observed  in 
1974. Particularly signi f! lcant in  this context, however, is  the 
very great difference in extent of areas with very  shallow 
snow. The area  covered  by  snow less than .5 m deep is 
doubled in 1971-1973 as compared to 1969-1970. As these 
shallow snow areas are the  mam zones of  heat loss, this  great 
interannual variability adds  considerable  complexity to the 
dynamics  of the ground  temperature  field. 

1970 . .. 

1971 - 
1472 

PER CENT OF AREA 

SIMULATIONS OF SNOWCOVER INFLUENCE ON THE 
GROUND TEMPERATURE FIELD 

One of the  most  important  aspects  of  the  seasonal  snow  cover 
is  its thermal resistance or Rsi-value which  is defined as d/k 
where  d is the depth of the snow  cover  m),  and k is the 
thermal conductivity in W/m/K. Usin the 6 ensities in Figure 
2, the formulation  by  Devaux (1833) relating thermal 
conductivity  to  snow density, and  predicted  snow  depths 
(Granberg, 1973), it is possible  to  estimate  spatial  and 
tem oral variations in thermal  resistance by the  snow  cover at 
the .F immins 4 Permafrost  Experimental Site (Figure 4). 

Fig.4: S atial  and  tem  oral variations in Rsi-values  at 
?-ins 4 in 1998-1949. 

The simulations show that in early winter  the  Rsi-values are 
relatively  uniform  spatially. Over time  they  increase in some 
parts of the terrain  while  low  Rsi-values remain at  ridge  crests 
and in other  convex arts. By comparison, the Rsl-values 
computed for Stake $ 7 on the Scheffemille  snow  course 
(located in woodland) for the same dates were 1.4, 3.7, 3.1 
and 4.1 respectively. According to h e  simulations, most of 
the alpine tundra  site experiences lower  Rsi-values  than  those 
at the forest site. Exceptions are several relatively narrow 
zones,  some of which are known  to be taliks or unfrozen 
ground (Nicholson and Thom, 1973). 

Ground /snow interface  temperatures  are  influenced  by 
absorption of solar radiation, articularly  in areas of shallow 
snow  (Desrochers and GranLr , this volume).  Figure 5, 
which  was  produced  using re % icted snow  depths  and  an 
application of Beer's Law, &ows the s atial variations in 
transmissivity of the snow  cover  at % immins 4. The 
transmissivit  is  expressed  as  that  percentage of solar 
radiation  inci J ent upon  the  snow  surface  which  is  available at 
the  snow/ground  interface. A s ctrally  integrated extinction 
coefficient of .15/cm was used &&out  the series although 
values in the range  from ,08 to over  .4/cm  have  been 
observed at Scheffemille (Kulkarni, 1986). 

O C T .  27 

Fig. 5:  Spatial and tem oral variations in transmisivity of the 
snow cover at #nunins 4 in 1968-1969. 
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The map sequence shows that  transmissivities are high overall 
in early winter because of the generally shallow snow. Later 
in the winter it is only in  the areas ad'acent to ridge crests that 
significant  amounts of solar ra d iation  may  reach  the 
snowlground interface. . 

Meltwater percolation in spring raises the round surface 
temperature to 0°C in snow covered areas ( % esrochers and 
Granberg, this volume). The melting  point  is  reached in A ril 
and the groundhow interface temperature remains at t R is 
level until the snow cover disa pean, The extent of ground 
remaining  at & can be mapped \ y appl ing a melt  function  to 
the late winter snowcover predictlon. A i s  melt function may 
be  Spatially  uniform or spatially  varied  according  to 
microclimate  factors. A s atially  unlform  snow  depth 
decrease was applied to the darch 13 snow depth prediction 

ma series of the extent of ground 

aerial  photographs  taken 

6f This ma se uence may be 7 %  3) w ich is a snow 

Fig. 6: Maps of ground surface temperatures of 0°C during 
snow melt in 1968-1969 at the Timmins 4 Permafrost 
Experimental Site. 

RELATIONSHIPS BETWEEN SNOW AND VEGETATION 

There is a close spatial comelation between the alpine tundra 
vegetation and several aspects of the seasonal snow cover. 
There is, first, a relationship between the de th  of snow and 
the  height of vegetation which is relate a to damage of 
supranivean parts by snow abrasion during winter storms. 
The abrasion is most severe in a "snow abrasion zone" at the 
snow surface where the bulk of the particle transport takes 
place. The abrasion is manifested by a "hedge-trimming" in 
those parts of the terrain where the snow cover is shallow. In 
areas of deeper snow, abrasion does not produce the same 
effect as the snow depths are more variable and the plants are 
protected for a longer part of the  winter. Spruce trees in open 
terrain  exhibit .a "wmd gap"  at the height of the most 

commonly occurin snow depth during mid-winter. It is 
believed that the a \ rasion damage is more severe at low 
temperatures due  to  the increased brittleness of the twigs 
(Granberg, 1972). Dendrochronologic  observations on 
scattered alpine spruce at Schefferville (Werren, 1981) show 
that it may take a tree over 140 years to penetrate the snow 
abrasion zone. 

Secondly, there is an evident, lar e spatial variation in root 
zone temperatures which is relate f to spatial variations in the 
Rsi-values of the snow cover. In those parts of the terrain 
where the Rsi-value is close to 0 throughout the winter, root 
zone temperatures of -20°C can occur for extended periods of 
two to three months in most winters. Such temperatures are 

'Third, a cover of diverse s cies of lichens is prominent in the 
alpine tundra areas near ghefferville. Observations during 
snowmelt indicate a grading in the species that is apparently 
related to snow depth. In areas of shallow snow a thin  mat of 
dark-colored lichen species prevails while in deeper snow 
areas a thicket cover of liBht-colored species such as Cladina 
Alpestris occurs. Those llchens  that  survive on the  ridge  crest 
itself are nearly black. This color grading is probably  related 
to the availability of solar radiation at  the snow/ground 
interface,  Several  lichen species can photosynthesize at 
temperatures well below the freezing omt, some as low 
as -10°C (Lange, 1965). This enatles many lichens  to 
photosynthesize beneath the snow cover, The darker colored 
species would have a thermal advantage over the lighter 
colored in those parts of the terrain where the penetration of 
solar radiation through the snow cover is significant. In the 
deeper snow areas, the lighter colored species prevail and 
often form a deep (.l m or more) mat. As lichens form a 
hi ly insulating surface cover which also, outside the dark 
lic f en areas near ridge crests, has a relatively high surface 
albedo,  this represents an  indirect thermal effect of the 
seasonal snow cover which probably allows a significantly 
greater  summertime  heat gain in ridge  crest  areas than 
elsewhere. 

In those parts of the terrain where the snow cover remains 
lon est  in  spring  there is usually not much vegetation. 
Altaou h the  wintertime  root-zone tern eratures  are 
favourakle in these  locations,  the  reduced lengtl!  of the  growth 

ossibly  paired with effects of snow-dwelling 
parasitic season, P ungi and mechanical effects of snowcover settling 
prevents  the  establisment  of  trees. 

As it is the absence of woodlands that causes the spatial 
variations in snowcover  properties  that  lead  to  the 
development of permafrost, it may be  assumed  that the 
devastation by fire of woodland in the Scheffewille area will 
lead  to  permafrost  aggradation.  Because of the 
interrelationships  between  mmoclimates, snow  cover 
properties  and  vegetation cover, a substantial expansion of the 
alpine tundra areas may be  ex  ected.  The nature of the 
microclimate modification is suc K that the re-establishment of 
a forest cover is difficult. The presence of decayed  tree  trunks 
from  revious forests in alpine tundra areas near Schefferville 
woul t l  tend to support this conclusion. Furthermore, because 
of the  slow  regeneration,  there is adequate  time for substantial 
bodies of ermafrost to be established before the forest re- 
invades a i! urned area. Man currently forested locations at 
Schefferville can therefore expected to contain isolated 

ermafrost  bodies relating to  earlier denudation by fire. 
fhermocable data in such  locations  should  also  show s m s  of 
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the  amelioration  in  microclimate  caused by the re- 
establishment of the forest cover. 

CONCLUSIONS 

Although the main  conclusions from the permafrost  modeling 
project  remain  to be drawn, previous  research and reliminary 
results discussed in this pa r show that it is possi&e not only 
to  map  and  model  in consigmble detail the spatial distribution 
of snow cover and permafrost, but also to ma a wide range 
of associated themes, using mainly  weather  an B terrain  data as 
inputs. While the simulatlons shown in this aper are at thts 
sta  e  only  partially  calibrated it is believeathat they, with 
faiiy good  accuracy,  indicate the spatial  dynamics of the 
features shown. 
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PERENNIAL CHANGES IN NATURAL COMPLEXES OF CRYOLITHOZONE 
G.F. Gravis, N.G. Moskalenko and A.V. Pavlov 

All-Union Research Institute of Hydrogeology and Engineering Geology, Moscow, USSR 

SYNOPSIS The paper analyzee t i m e   v a r i a b i l i t y  of regime  parametesa of  geocryological  
condi t ions ,  A concluaion i s  made that   perennial   ohanges of these  parametera   are   largely due t o  
snow-accumulating  regime and can  considerably  exceed  depth  variations  in  seaeonal  thawing. A 
concept o f  c r i t i c a l   p o i n t s   i n   t i m e   e e r i e s  of  evolution of cryogenous phenomena i e  introduced. 
A r o l e  of biogenous components i s  analyzled i n   d y n d c e  of geoc ryo log icd   cond i t ione   a f t e r   t ech -  
nogenoua dis turbancee.  

Among a11 time-dependent  changefl i n  n a t u r a l  
complexea,  the moat s tudied  in   geocryology 
a re   pe renn ia l   va r i a t ions   In   t h i ckneae  of sea- 
aonally  thawed  layer o f  soils (STL), which 
usua l ly  do not  exceed 1% of  average m u l t i -  
annual   values  at  temperate   la t l fudee,   reach-  
ing o n l y   i n  rare cages  the 1 / 1 4  p a r t  of them 
(Epshtein,   1962; Axe,  Demchenko, 1972; Gav- 
ri lova,   1973;  Pavlov, 1975; Vtyurina, 1976). 
The greatest   t ime-dependent   unstabi l i ty  of 
seasonal  thawing (hth) ier observed at  Ugh la- 
t i t udea ,  The v a r i a t i o n s   i n   t h i c k n e s s  of STL 
here CEUI be more than  the 1/3-1/2 par t  of an 
average  multi-annual value, with  the  lower va- 
r i a t i o n s  f o r  mineral  Boil6 t h a n   f o r  organoge- 
noue  onee. Ae compared with  an  average  annual 
air temperature  and  even  with  average  tempera- 
t u r e  for summer aeason a8 wel l  aB with o the r  
thermal  parameters of a n a t u r a l  complex, hth- 
values  appeax  to be i n   g e n e r a l  more s t a b l e   i n  
pe renn ia l   p ro f i l e   (Pav lov ,   e t  al., 1983). Ac- 
co rd ing   t o   t he   r eeu l t e   ob ta ined   i n   Igaxka   ove r  
a period of  22 yeam,  an i n c r e a s e   i n  time- 
dependent   var iab i l i ty  of average  annual tempe- 
r a t u r e a  of air tair and of s o i l s  th at  the  
STL base, as compared with hth, can be e s t i -  
mated by t h e   f o l l o w i n g   a t a t i s t i c a l   c h a r a c f e r -  
i s t i c s :  

Para- Ave- Maxi- Mini- Mean NormalX sad 
meter rage  mum mum aquwe devia t ion  

value 
($1 

dev ia t ion  d/Z 
d 

o t h e r   s i t e a  appear of t en   t o   be ,  on the   cont ra -  
ry ,  higher   than  those of determining hgdrome- 
teorological   factors   (Pavlov,   1984)  

I n  Yakutsk the re  were car r ied   ou t  6-year sta- 
t ionary   observa t ions  of time-dependent  varia- 
b i l i t y  o f  a l l  parameters o f  hea t   t r ane fe r  
between s o i l  and  atmosphere  (Pavlov, 1975, 
1984). The observat ione showed t h a t   t h e   i n t e r -  
annual   f luc tua t ions  of bae ic   c l imat ic  para- 
metere over   the  above  per iod  were  re la t ively 
a l i g h t   ( e . &   t o t a l   r a d i a t i o n  - 3%, average 
annual. air temperature - 1196, the  height  of 
snow cover - 33%) and  the cornponenta of r ad ia -  
t ion-thermal  balance  varied i n  the  fol lowing 
ranges:  depth of masonal thawing - 9%; radia- 
t i o n  balance - 10%;   hea t   c i rcu la t ion  st the  
STL fop - 14% and a t   t h e  bottom - 11%; turbu- 
Lent hea t - t r ans fe r  and heat- losaea by evapora- 
t i o n  - t o  4M; average annual temperature o f  
STL t o p   e o i l s  - 87%. Varia t ions  o f  nome para- 
metere i n   h e a t - t r a n s f e r  between s o i l  and at- 
mosphere  were a l s o   a t u a i e d   i n  a number o f  cry- 
oli thozone  area8 using mathematical  modelling 
over a per iod of 50 years  (Pavlov and e t  ale, 
1983). Annual va lua tes   for   t empera ture  o f  t op  
so i l s   ( t , ) ,   dep th  o f  seasonal  thawing (hth> 
and time of j o in ing  ( r f )  of  seasonally  thawed 
l aye r   w i th   pe rmaf ros t   s t r a t a  were determined. 
I n  the  Yakutsk  region  the  amplitudes o f  peren- 
nial change8 of f,, hth and 2 ,  amounted, ac- 
cord ingly ,   to  7.3OC; 0.22 m; 1921 hr for   sandy 
loam and 4.9OC; 0.14 m; 2214 h r  - f o r  l o m a ,  
Normalized  deviations o f  these  parameters  ac- 
counted f o r  0.37; 0.03; 0.2 f o r  sandy  loam and 
0.58; 0.01; 0.2 - f o r  loame. Real va r i a t ions  
o f  modelled  parameters  are o f  a some excess 
of t he   t heo re t i ca l  onea because all determin- 
ing   f ac to r s   a r e   no t  possible  t o  be taken   in to  
cons idera t ion  in def in ing  a problem. Among the  
geofhermophysical  parameters  considered,  the 
l o w e s t   v a r i a b i l i t y  was found also f o r  hth-va- 
l u e s  and  the  higheat one - f o r  tB-values.  

Perennial changes i n  depth  of seasonal f reez-  
i ng  hf as observed i n   I g a r k a ,  Zagorek and 
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Changing  ranges of ave- 
rage  mnual   temperatures  of top   ao i la   dur ing  
the  las t  3L-40 years  amounted to :   in   the   Cent -  

North  Yeniaei  area - from 4-2 t o  -4.8OC and i n  
ral  Yakutia - from +0.5 t o  -8.gOC; i n   t h e  

north-east  of  It'est S ibe r i a  - from -4 t o  -12°C. 

The stuiriea of time-dependent  tendency i n  
changeti of t,, hth  and r f - v a l u e s  in Yakutak 
showed tha t   an   obv iouo   r i s ing   i n   he igh t  o f  
anow cover from 1950s resu l ted   dur ing   the   sub-  
sequent  25-year  period i n  an i nc rease  of  top- 
soil temperature by 2.20C and at a depth of 3 
m - by 1.WC (Fig. 1). Thus, mathematical a i -  
mulation  and  atationary  observations  allowed 
t o  know that   perennial   changes of hea t   t rans-  
fer,   STL-freezing  period and other  parametera 
o f  geocryological,   conditions  can  considerably 

a1 thawing  and  depend, t o  a g r e a t e r   e x t e n t ,  
exceed   t he   va r i a t ions   i n   t he   dep th  of  season- 

on scow-accumulation  regime  than on a i r  tem- 
perature .  

rig, 1 Changes o f :  a i r  temperature tair; 
peak height  of mow cover hs; surface  tempera- 
ture  ts an6 a t  a depth of 3 m tf; depth o f  s e e  
sonal  thawing  hth  and  time o f  freezing f 
according t o  average sliding values  over D. 10- 
year p e r i o d   i n  Yakutnk c i t y  and v i l l a g e  of 
Syrdakh  (Central.  i'a!cutia). 1,2 - both   S i tes ;  
3 - :lakutak, 4 - Syrdakh. 

Pan-induced  iapacts   dis turb  natural   evolut ion 
of natural   complexes and Lend t o   a c t i v a t i o n  o f  
geocryo1o::ical p rocesses .   PoRs ib i l i t i e s   t o  
produce E d i rec t ed   e f f ec t  on thermal  regime o f  
soila by managing external .   heat   t ransfer  ere 
ra ther   l imited  because  an  effect  on one of the 
components o f  heat   balance  dis turha  the s t e a e  
natural  heat  equilibrium  and  hence  changes  the 
other  components i n  the   oppos i te   d i rec t ion .  
Therefore ,   an   a r t i f ic ia l   change  o f  any compo- 
nent i n   e x t e r n a l   h e a t   t r a n s f e r  even i n   v e r y  
broad rmgee (e.g. of r e f l e c t e d   r a d i a t i o n  
through  decreas ing   sur face   a lbedo)   resu l t s  in 
not so eignif icant   changin of  heat  flux t o  a 
soil (PavLov, Olovin, 19747. A great  thermal 
e f fec t   can  be caused by using  such m o d w  of 
an impulse  influence as removal  (disturbance) 
o f  poorly heat-conductive snow- and vexe ta t i -  
on-covew  and  construction o f  a r t i f i c i a l  co- 
ver ings and f i l l i n g s .  According to   the   obser -  
va t ion*   ca r r i ed  o u t  in t h e   n o r t h  of \ka t   S ibe-  
r ia,  the  removal o f  moss-peaty  cover  reducea 
during 2-3 years  s o i l  a lbedo.and  evaporat ion 
by a f a c t o r  o f  1.5-2.5, radiat ion  balance - by 
5-15$, average  annual aoil temperature - by 
0.7-2OC, depth o f  seaeoaal  thawing - by a f ac -  
t o r  of 2-4. An annual   dif ference between a 
seasonal   hea t - f lux   to  a a o i l  and i t a   h e a t -  
l o s s e s  due t o  thawin@ o f  p e r m f r o s t  soile (PES) 
accoun t s   fo r   l / 2   t o  3/4 part of  s e a s o n a l   t o t a l  
hea t  under natural   conditions.   Cardinal  chan- 
gee i n  natural   thermal  components,   after fo- 
reat-cover   removed,   are   es tabl ished  for   the 
t a i g a  zone. Aa a ru l e ,   t hese  are a r i s e  of 
r e f l e c t a b i l i t y  and a d e c r e a s e   i n   r a d i a t i o n  ba- 

r a b i l i t y  of a d is turbed  a r e a  as campared with 
lance o f  t h e  t e r r i t o r y .  Cue to a lower  evapo- 

a fo ree t ed   one ,   mo i s tu re   c i r cu la t ion  is  reduc- 
ed,   there  i s  observed an inc rease   i n   s easona l  
heat-accumulation i n   s o i l s  and i n   t h i c k n e a s  
of STL. 

To perenn ia l   va r i a t ions  In thexmo-moisture  re- 
gime of so i l a   and  i t s  thechogenous  distuxhanc- 
es a r e  r e l a t e d  the changes i n  cryogenous pro- 
ceesea  and phenomena b u t  t h e s e   r e l a t i o n s  axe 
complex. Time s e r i e s  of evolu t ion  of any Cry+ 
genoue  phenomenon has such c r i t i c a l   p o i n t s   a t  
which, when reached,  abrupt  quantitative  and 

na t ion  of processes  forming th i s  phenomenon. 
qua l i ta t ive   changes  OCCUT i n  the  whole  combi- 

Some processes relax or come t o  end,  other 
ones i n t e n s i f y ;  new processes  appear  or t he  
leading  procesa is  replaced by another one. 

Cr i t ica l   po in ts   a re   reached  bo th  gradually  and 
suddenly.  Gradual  approach t o  them is asaoc i -  
a ted  with  directed  small   change8 of the pheno- 
mena proper (e.5. growth  of i c e   v e i n s  and 
p e r e n n i a l   f r o s t  mounda, deepening of thermo- 
k a r s t  depreasiona, 8 t C . )  ox o f  e x t e r n a l   f a c t -  
ora of t h e i r  development, i n   p a r t i c u l a r   t b e r -  
mo-moisture ones. Sudden reaching of t h e   c r i -  
t i c a l   p o i n t e  is a t t r i b u t e d   t o  ffian-in8uced im- 
paofs, cer tain  combinat ions o f  components i n  
thermo-moisture  regime of  s o i l e  o r  sharp devia- 
tions of sepa ra t e  components from t h e i r  avera- 
ge  multi-annual  values. 

k vivid  example of auch  an i r r e w l s r i t g  is 
presented by stone  streams. It fs long become 
apparent that these  s t reams o f  two ,types: 
slow and r a p i d  (Solonenko, 1gGO; ICorzhuev, 
1973). Slow atreams =re connected w i t h  t r a n s -  
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p o r t  of separate  stonea  (cryogenous  and  ther- 
nogenous  deserption).  During  rapid streams, 
the to ta l  s tone mas8 da r t8  of f  away. Studies  

Transbaikal)  ehowed t h a t  one of t he  reaaonfl 
car r ied   ou t  a t  the   r idge  of Udokan (northern 

for reaching a c r i t i ca l .   po in t ,  at which dis- 
placement of separa te   s tones   chaneee   in to  mo- 
vement of  t he  a l l  atone mass, Lie8 i n  an in -  
c r e a s e   i n  a depth of weaaonal  thawing a f t e r  
poor-snow win te r s  when i n f i l t r a t e d  os over- 
f l o w - i n f i l t r a t e d  i c e  is not formed with in  

1900; Konchenko, 1964). 
atone mas8 dur ing  spring snow-melting (Gravis, 

In  the  mountain- tafga  bel t  o f  t h e  Udokan r i d -  
ge (1250 m over 866 l eve l )   the   s tone   a t ream 
a t  one o f  t h e   s i t e s  o f  the  north-western 1 5 O -  
s lope thawed annual ly  t o  a depth of 1.2 m 

after t he  poor-snowy winter  o f  1980-1981, t he  
during 1977-1980, and remained immovable. But 

permafrost  bottom of the   s tone steam thawed 
out  (rock  debria  and  stones  with sandy-loamy 
f i l l i n g   t o  a depth of  1.45 m and # o i l s  - t o  a 
grea te r   depth) .  This cauaed a mass movement of 
atones i n   t h e   s i t a s  where the  a t ream waa un- 
dercut :   holee and aeai-hollows became p a r t i -  
ally f i l l e d .  

Pue t o  a l ack  of s f a t ionmy  obse rva t ions  G r i -  
tical pointe ere quantified  not  enough y e t  
and some o f  them a re  not  established at all. 
For an  example, i n v e s t i g a t i o n s  i n  the  north-  
ern  Transbaikal  al lowed t o  f i n d  two new c r i t i -  

n i c   swe l l ing  and f r ac tu r ing .  
c a l   p o i n t s  associated with perennial   cryoge- 

a1 Elwelling is arch  formation i n  the  lower 
The c r i t i c a l   p o i n t   i n  fievelopment of  perenni- 

of conf ined   aqui fe re .  ?lith a fu r the r   i nc rease  
p a r t  of frozen rnaaa due t o   i r r e g u l a r   f r e e z i n g  

i n  ground-water preesure, i c e   e x t r a c t i o n  be- 
gins i n  the apical sec t ion  of the  arch.  Then 
water   in jec t ions   can  be formed and  area-regu- 
l a r  perennia l   swel l ing   changes   in to  a d i f f e r -  
ent  ial one * 

Cine o f  t h e   c r i t i c a l  points  i n  development of  
polygonal-veined  re l ief  l a  the i n i t i a l .  forma- 
t i o n  ( i n  the  top  f rozen mass) o f  cryogenic 

which are i n h e r i t e d  by f ros t - induced   f r ac tu -  
tex ture   wi th   subver t ica l   e lements   (ve ins)  

res. S i n c e   t h i s  moment growth o f  i n i t i a l l y -  
soil ve ina   i n  polygonal wedge s t r u c t u r e s  i s  
rep laced  by accumulation of wedge i ce .  

l a t e a  water i n i t  i a t i nd  thermo~ars t - formaf ion ,  
or ravine8  appear.  I ,  

In Fhe nor th- ta iga  subzone Of ',':est S l u e r i a  
sink-formation i s  promoted by incrbas ing  
height of snow cover.  I-:ere, the  subsidence of 
PFS (permafrost soils)-roof reaches  5 m Over 
a period oi' 10-15 years. in t h e  sinks OS pe- 
r e n n i a l  frost ITIOU~AQB, small lakes are formed 
t o  a depth of 0.a-1 m. 

Irr tundra  and fo res t - tundra   subs id ing  O f  t h e  
t e r r i t o r y   s t o p a ,   i f  i t s  dewatering t a w s  p la -  
ce,  in 5-10 years.  hewly formtd   re l ie f - types  
are i 'astenea by tur f ,   c ryogenlc   p rocesses  
become stable. Kuch slower proceeds self-xec- 
very of biocoenosea. Some d is turbed  cornplexea 
axe being restored  extremely slowlg ( t o  1OC 
years) o r  are not  restored a t  all. 

Long-term s t u a i e s  of b i o t i f e  componenta car- 
ried out i n  different natural zones of Yest 
S i b e r i a  (Xosea lenko ,  Yaskreba, 1980) allowed 
t o   t r a c e  the dynamics of vegetat ional   cover  
under natural condi t ions  and unaer inf luence  
of impulse dia turbancee  ( e . & .  removal 02 vege- 
s a t i o n ,  upper  peaty layer t o  a t h i ckness  o f  
20 cm; dis turbance  of mic ro re l i e f ) .  The long- 
eat   per iod (15 yea r s )  o f  observations  over 
anthropogenic  dynamics o f  vege ta t ion  was apent 
i n  the n o r t h e r n   t a i g a  near the  town o f  Kadym 
where s t a t i o n a r y  .;rounds were conatrucfed in 
d i f f e r e n t   n a t u r a l  and dis turbed  complexea. 

To obtain a quan t i t a t ive   eva lua t ion  o f  vege- 
tation dynamics uaing  auto-correlat ion method 
(Vasi levich,  19701, c o e f f i c i e n t a  were  calcu- 
l a t e d  for c o r r e l a t i o n  between occurrences of  
s p e c i e a   i n   d i f i e r e n t  years- Indiv idua l   fea tu-  
res of uynamica of their   occurrenoe  under  na- 
t u r a l  and disturbed  conuitiona  were  esfabliah- 
ed f o r  a l l  spec ie s  composing  phytocoenosea. 

Vasilevich V I I .  (1970) r epor t ed   t ha t  meadow 
species  of t h e  c e n t r a l  European p a r t  oi t h e  
USSR d i d  n o t  show o s c i l l a t i o n s  (caaual varia-  
t i o n s   i n   s p e c i e s  abundance). Stud ies  of t h e  
West-Siberia*  north-taiga  phytocoenoses also 
a i d  not establ i rh   casual   changes in spec ie s  
occurrence. On t h e  'beating grounda w i t h  die- 
t u b e d   c o n d i t i o n s ,   t h e  maJor spec ie s  showed 
an  cont inuoua  c iecrease  in   correlat ion  coeff ' i -  
c ienks w i t h  years, which i s  t y p i c a l  of succes- 
sion changes. 
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Leading  ecological   factor   Inf luencing  the rate 
of vege ta t ion   r e s to ra t ion   i n   t empera t e -con t i -  
nenfa l   reg ions  of h e s t   S i b e r i a   l i e e  in humi- 
d i fy ing   condi t ions .  As soil-moiature  content 
of d i s tu rbed   na tu ra l  complexes  grows,  the 
area covered by vegeta t ion   increases ,  number 
of spec iea   f a l l i ng   ou t  of coenoais-composition 
r educes ,   t he re  i s  observed an. i nc rease  of ape- 
c i e a  not   occurred  in   the  coenosie  earlier, and 
of spec ie s  common f o r   i n i t i a l  and new  commu- 
t i e s .   Func t ion  between  covering  ra te  of vege- 
ta t ion   appeared   in   the  f i f t h  year   a f te r   t ech-  
nogenous d i s tu rbance ,  and moisture  content in 
t h e  upper 0.5 rn s o i l - l a y e r  is near t o  a linear 
one 

I n  the   nor thern  taiga the   s lowes t   r e s to ra t ion  
i s  undergone by d i s t u r b e d  mineral  mounds and 
heaving  r idges w k t h  low-moistened  peat-podsol- 
eluvium-gley  acid and poor sand 80k l s .  The 
mounds and r idges ,   be fo re   d io tu rbed ,  were co- 
vered w i t h  cedar  ledum-licher open woodlands. 
The removal of peaty  horizon ana vege ta t ion  
cover  deepened the seaaonal  thawing i n  f r o a t  
moundo by mare than twice  (Geocryological pre- 
d ic t ion .  .. , l983) ,   caused a d e c r e a s e   i n  aoil 
moisture  (by  twice) and in humus con ten t ,  sti- 
mulated  oxidation  pxoceasea. T h i s  eervea a 
zeason f o r  slow overgrowing of mounds w i t h  ve- 
ge t a t ion .  During t h e   f i r s t   y e a r s   a f t e r   a o i l  
d i s t u r b a n c e ,   r e s t o r a t i o n  of vegetat ion  cover  
amounted t o  no maze than 20$ and only in 10 
yeare it  reached 5@;, but   the number of new 
plant-agecies  even i n  15 yeare  remained alrnoat: 
by twice  lower as3 cpmpafed w i t h  i n i t i a l  condi- 
t i ons .  Sedge community appeared a t  t h e  mounds 
dur ing  t h e  f irs t  yea r s ,  waa rep laced  in 5 yeears 
by a birch-sedge  one, in 10 yea r s  - by birch- 
sedge-mossy  and in 15 years - by a birch-cow- 
berry-aed@-mossy community. 

A t  t h e  mounds w i t h  poor vege ta t ion ,  an act iva-  
tion of eola t ion-  and thermo-erosion-procesaea 
.is observed- Xntermound ravines w i t h  highly 
wetted pea%-bo5gy s o i l s   c o v w e a ,   b e f o r e  die- 
t u rbed ,  by cottongrase-sedge-sphagnum maxehes 
axe  being overgrown w i t h  p l a n t s   s e v e r a l  times 
88  f 'ast a8 mound-topa. Rate of graas- and mose 
covering of t he   d i s tu rbed   a r eas  where moisten- 
ing condi t ions  did not  undergo  coneiderable 
changes, amounted already t h e  next year  t o  5055, 
and i n  5 yeara   increased t o  70-00; spec ie s  
number  seemed to be even h ighe r  than t h a t  un- 
der  t h e  i n i t i a l   c o n d i t i o n s   a u e   t o   a g p e a f a n c e  
of Bome  new graes  species.   Fifteen-twenty 
years la ter ,  the  marshes ahowed development of 
phytocoenoses,  species  composition of which 
a l i g h t l y   d i f f e r e d  from t h a t  of i n i t i a l  onea. 
Peat-boggy soils of r av ines ,  a8 s o i l s  of frost; 
mounua, a r e  ac id ,  having low erchaxlge-cation 
conten t  and high h y d r o l y t i c a l   a c i d i t y  (Vasi- 
levekya,   lvanov,   Bogatyryov,  19861, t h e r e f o r e  
r e v e g e t a t i o n   r a t e  i s  mainly  determined, if 
techaogenous  dis turbances  are  of t h e  aame type,  
by condi t ions  of moistening -6 snow-accumulat- 
i ng ,  which are d i f f e r e n t   i n  mOWdS and ravines.  

Destruction and fo l lowing   r e s to ra t ion  o f  vege- 
t a t i o n  cover have a cons iderable   in f luence  on 
aynamica of geocryological   condi t ions (Tyr t i -  

undulated  areas  of #est Sioeria w i t h  b irch-pine  
kov, 1974). So,  $he  vegetation  removal from 

shrub-lichen  open-woodlands leads t o  an i n c r e a  
se   in   average  annual   temperatures  of %op s o i l s  

by 5-7O. In  winter  period  due t o  decreased 
snow-cover, soil temperature arops by 1-1 
and f reez ing   depth  rises  X'rom 1 e 5  m t o  2 m. A 
technogenous  size show6, w i t h  aevelopment of 
birch-grass-moss  vegetation a f a l l  in   average  
annual temperatures by 1.5-5.50 as  compared 
w i t h  wooaless areas. Differences  between  natu- 
ral  and man-induced condi t ions  axe  shortened 
as r e l a t i v e  t o  a height o f  anow cover and 
depth of seasonal   f reezing.  

Geocryological   predict ions f o r  the  developing 
mea8 should  take account; of changes in t he r -  
mo-moisture  regime of s o i l s ,  progress of cryo- 
genous  processes as wel l  as r e s t o r a t i o n  o f  
tu r f -vege ta t iona l   cover*   Predic t ion  o f  vegeta- 
t i o n   r e a t o r a t i o n  after impulse  disturbances i s  
made f o r  some as depos i t s  of  c ryol i thozone  
(Noskalenko, I 8 63). According t o  a r a t e  of ve- 
ge t a t ion   r e s to ra t ion   a f t e r   f echnogenoua  d i s -  
turbances,  a small-scaled  zoning i s  ca r r i ed  
out for the   nor thern   \Ves t -S iber ian   t e r r i to ry  
(Fig. 2 ) .  The f igure  shows t h a t  a r a t e  of ve- 
ge ta t ion   cover ing   increasee  from n o r t h   t o  

south and from drained  uplands t o  f l a t  swamped 
plains .  

Fig. 2 Scheme o f  zoning of t h e   n o r t h e r n   F e d  
Siber ia   accora ing  t o  r e v e g e t a t i o n   r a t e   a f t e r  
technogenoue  disturbances  stopped. 
Rate of vege ta t iona l  r e s t o r a t i o n ;  
A. i n  f l a t  p l a ins :  1 - r a p i d  (m-Ioo*); 2 - 

slow (60-80); 3 - very  slow (40-60). 
B. i n   h igh   a ivsec t ed  plains: 
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a t  p o s i f i v e  forms ab negat ive  forms 
of relief of r e l i e f  

sdikh  yrotsessov.  Hoskva: VSXGLTdGZO, 
B 54-61. 

4 - slow 
5 - very slow 
6 - very slow 

r a p  i d  
x ap i d  
slow 

+) Degree of  predicted soil covering w i t h  ve- 
getat ion  appeared in the 20th year after 
i f a  d e s t r u c t i o n ,  in $. 
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PERMAFROST AND ITS ALTITUDINAL ZONATION IN N. LAPLAND 
P.P. Jeckel 

Geographisches Institut, Universitat Giessen, Federal Republic of Germany 

SYNOPSIS In Fennosdandia ,   permafros t   research   was   concent ra ted   on   pa lsas   for  a long  period.  More  recent  reports  on  perma- 
f ros t   ou ts ide   the   pa lsa   mires   re fe r   main ly  to such  occurrences  where  permafrost   can  be  ident i f ied by other   geomorphological  
indicators   such as tundra  polygons or small   thermokarst   ponds.  In addi t ion,   permafrost   occurs   in   Lapland at many  locat ions  where 
t racing  by  diagnost ic   landforms  is   e i ther   diff icul t   or   impossible .   Two  examples   are   given:   ground  temperature   measurements   with 
thermis tors  at M t .  Njul la ,   Abisko,   demonstrate   the  exis tence  of   permafrost  at 880 m a.s.1.; bo t tom  t empera tu res  of the   win ter  
snow  cover   indicate   permafrost  at Mt.  Saana,  Kilpisjarvi, at 650  m a.s.1. Based  on  these  resul ts ,   some  ref lect ions  regarding  the 
a l t i tud ina l   permafros t   zona t ion   a re   p resented ,  

1. INTRODUCTION 

The   au thor  of this   paper   fol lows  the  permafrost   def ini t ion 
given  by  Brown  and  Kupsch  (1974, p. 25):  "The t h e r  a1 condi- 
t ion  in  soil   or  rock  of  having  temperatures  below 0 C persis t  
over  a t  leas t   two  consecut ive   win ters   and   the   in te rvening  
summer".  With  regard to the  a l t i tudinal   zonat ion  of   permafrost ,  
the   t e rminology  presented  by  King (e+ 1983, 1986) has  been 
adopted. 

During a Nordqua-Symposium  held at the  Abisko  Scient i f ic  
Research  Stat ion  in   North  Sweden  in   September   1987,   the 
au thor   es tab l i shed   tha t   many  geosc ien t i s t s ,   par t icu lar ly   f rom 
Finland, are s t i l l   convinced   tha t  in F in land   permafros t   occurs  
exclusively  in   the  palsas ,   even  in   the  northernmost   par ts  of 
Lapland.  Indeed,  permafrost   research  in  Finland  was so exten-  
s ive ly   concent ra ted   on   pa lsa   inves t iga t ions   tha t ,   even   in  1982, 
Seppala  st i l l   pointed  out:  "50 far   permafrost   has   been  found 
on ly   i n   t he   mi re s   i n   t he   co res  of palsas" (p. 232). 
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2. FENNOSCANDIAN  PERMAFROST  OCCURRENCES OUT- 
SIDE  THE  PALSA  MIRES 

In Norway  and  Sweden,  as ear ly  as the  beginning of t h e  
c e n t u r y ,   t h e   o c c u r r e n c e  of pe rmaf ros t   ou t s ide   t he   pa l sa   mi re s  
had   been   re fer red  to by a few  authors  ( incl .   Reusch,  1901; 
Hamberg,  1904;  Fries,  1913). The  best   review  of  Fennoscandian 
permafrost   d iscoveries   known  up to that   t ime  is   provided  by 
Sven  Ekman  (1937). He reports  in  detail   on a dri l l ing  operat ion 
for  drinking  water  in  North  Sweden  in  1941.  This  well  was 
s i t u a t e d  at 1220 m a d .  and  led to the   d i scovery  of a perma- 
f ros t   th ickness  of 70  m  in  bedrock (loc. cit.,  p- 34). Regardless 
of Ekman's   wel l   founded  arguments ,   Some  authors   maintain 
even   years   l a te r ,   tha t   permafros t   in   Fennoscandia   i s   main ly  
res t r ic ted  to the  palsa   mires   (Vorren,   1967;   Wramner,  1973). 
Howevcr ,   those   researchers   who  cons ider  a much  wider   exten-  
sion of permafrost   possible  or even   very   l ike ly   a re   forced  to 
conclude  that   in   Fennoscandia   very  l i t t le   is   known  on  the 
permafros t   d i s t r ibu t ion   ou ts ide   the   pa lsa   mires  (e.g. Kapp  and 
Rudberg,  1960, p. 152; Rhman,  1977, p. 18;  Karte,  1980, p. 
445; King,  1984, p. I ;  Svensson,  1986, p. 123). 

Sincc  the  beginning of the   s ix t i e s ,   t he   number  of reports   on 
permafros t   ou ts ide   the   pa lsas   has   increased   in   Norway  and  
Sweden,   mos t   concent ra t ing ,   however ,   on   occur rences   which  
c a n  be t r a c c d  by geomorphological  indicators.  These  irrclude 
invest igat ions of ice-cored  morains   and  rock  glaciers   (Ostrem, 

1959, 1964, 1971;  Barsch  and  Treter,  1976).  The  reports  by 
Rapp  and  Annersten  (1969),   Rapp  and  Clark  (1971)  and  Rapp 
(1982,  1983),  which  use  ' tundra  polygons'  and  so-called  'collap- 
sed pingos' as fur ther   permafros t   ind ica tors ,   mus t   rank  in 
t h e  same ca egory.  The  papers  by  Lagerback  and  Rohde  (1985, 
1986)  and 1 kerman  and  Malrnstrom  (1986)  focus  on  'small  
thermokarst   ponds ' .   Moreover ,   some  very  recent   papers  
emphasizing  the  wide  extension of Fennoscandian  permafrost  
are   mainly  based  on  morphological   indicators   (Svensson,   1986;  
Meier,  1987). 

The   ex ten t  to which  permafrost   mapping  based  exclusively 
on   geomorphologica l   fea tures   can   provide  a rel iable   picture  

of cer ta in   'd iagnost ic   landforms'   (Harr is ,   1986,  p. 12)  proves 
must   be  doubted.  Of cour se ,   i t   i s   accep ted   t ha t   t he   ex i s t ence  

tha t   pe rmaf ros t   i s   p re sen t  at these   l oca t ions ,   o r  at least  was. 
However ,   the   converse   cannot   be   concluded:   the   l ack  of 
diagnost ic   landforms  does  not   per  se p rove   t ha t   t he re   i s   no  
permafrost .   Harris  (1986, p. 12), for   example,   had to a d m i t  
t ha t   t he   ex t ens ion  of pe rmaf ros t   was   tw ice  as wide as 
he   had   presumed  in   an   a rea   which   he   had   mapped  main ly   on  
the  basis  of  morphological  indicators.   The  same  risk  also 
exis ts   for   Fennoscandia ,  as shown  by  the  repeated  asser t ion 
that   permafrost   occurs   only  in   the  palsas .   Accordingly,   for  a 
sa t i s fac tory   es t imat ion  of perrnafrost   extension,  diagnostic- 
landform  mapping  must   be  complemented by further  investiga- 
tions, e.g. g round   t empera tu re   measu remen t s   and   hammer  
seismic  or   geoelectr ical   soundings.  In th i s   respec t ,   the   inves t i -  
gations  by  King  (1976,  1982,  1983,  1984,  1986)  and  King  and 
SeppaKi  (1987a,  1987b)  provide  valuable  information.  These 
papers   and  his   own  f ie ld   experience  lead  the  present   author  
to the   conclus ion   tha t   permafros t   i s   widespread   over   l a rge  
a r e a s  of Lapland,  including  locations  where I t  cannot   be  iden-  
t i f ied ,   o r  at least   not   def ini t ively,  by geomorphological 
f e a t u r e s   a l o n e .  

3. PERMAFROST  INVESTIGATIONS AT TWO TEST SITES IN 
SWEDISH  AND  FINNISH  LAPLAND 

3.1 The test s i tes  

Mt.  Njulla  near  Abisko  in  North  Sweden  and  klt.   Saana  near 
Kilpis jarvi   in   Northwest   Finland  were  chosen 'as  tcst s i t e s  (cf. 
fig. I ) .  Wi th in   each   a rea ,   there   i s  a suff ic ient   di f iercnc-e in 
e leva t ion  (see t a b l e  I )  as well as abundant   examples  oi pcri- 
g lac ia l   fea tures .   Both   loca t ions   a rc   cas i ly   access ib le ,   bu t   the  
m a i n   a d v a n t a g e   i s   t h e   f a c t  that the  Abisko  Sr ient i f ic  Kcsrarch 
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Station is very near to Mt. Njulla  and the Kilpisjirvi Riologic- 
a1 Station is in the imtnediatc neighbourhood of  Mt. Saana. 
As a result, somc logtstic support by thr  stations was 
possiblc  and climatologic-a1 data measured nearby were avail- 
able (table 2). 

FIGURE I 
Location of investigation sites and M A A T  isotherms 

in Lapland 

A A  investigation area AbiskolMt. Njulla 

A K investigation area Kilpisjarvi/Mt. Saana 

Norwegian weather  stations (cf. %man, 1977) 

-1'- MAAT isotherms for the period  1931-1960 

The map is partly based on figs. 26 and 28 in ahman, 
1977.  The isotherms have been redrawn because they are 
also based on data from Swedish  and  Finnish stations (desig- 
ned by P.P. Jeckel, drawn by S. Roth). 

Abisko / Mt.  Njulla 

Abisko  is the name of a river and a valley leading to  a large 
lake, TornetrGsk; it is also the name of a lake about 10 krn 
upstream, a village and one of Sweden's oldest national parks. 
The area is one of the  driest in Fennoscandia. Towards the 
west,  the  precipitation sum increases rapidly and exceeds 
IOU0 mm per year in thc western part of the mountains. While 

degrees  northern latitudes is to be found in the Norwegian 
the highest positive temperature anomaly for the high sixty 

coastal areas, Abisko enjoys all  the  advantages of a foehn 
window  behind the Scandinavian mountain chain. Further to 
thc east, cloudiness and precipitation  increase again and there 
the situation bccomes more and more continental. 

The M t .  Njulla test  site is situated on the south shore of 
Turtletrssk duc west of the Abisko delta. I t  is the easternmost 
surnroit of the Wcstrrn Abisko  High Mountains, which  reac-tr 
I > Y r i  rn at their hlghest point. Thc surficial rocks are mainly 
garnet t r 1 i c . a  rr:hists and othcr medium  or  high metamorphic: 
roc.ks such as hard  sc.hists, graphite sc-hists and calcite marbles 
(Kullirlg, IYh4, plate 2 ) .  Tectonically, the massif bclongs 
to ttw uplwr w d  rniddlc allochthonous nappe system of the 

TABLE I 

Some topographical parameters relating to the test  4tcs 

latitudc 
longitude 
elevation of mountain top 
elevation of valley bottom 
highest mt. top in a 5 km radius 

closest  weather station 
elevation of weather station 
disrancc rnt. top/weather  station 
elevation of titnaer line 

In  a 25  km radius 

Njul la  

ISo 42' 
1169 

342 
1403 
1991 

Abisko 
388 
5.3 
650 

6 P  22' 

Saana 

6Y0 03' 
20' 52 '  

1029 m a.s.1. 
473 IT1 a.s.1. 
Y53 rn a.s.1. 
I448 rn a.s.1. 

4 7 8  m a.s.1. 
3.1 km 
6DU rn  a.s.1. 

Kilpisjarvl 

TABLE I1 

Selected  climatological data lor Abisko  and Kilpisjarvi 

Abisko Kllpisjarvi 

MAAT 
MAAT February 
M AAT J u l y  
abs. minimum temperature 
abs. maximum temperature 
precipitation 
""""""""""_--~I"- 

All data of the  weather stations Abisko  and Kllpisjarvi for 
the period  1931-1960, partly unpublished. 

- 0.5 - 2.0 :C -10.8 -13.1 C 

-38.9 -47.2 O C  
t12.3 +11.6 OC. 

+31.3 t28.8 O C  
300 376 m m  """""__~_""""""""~ 

Caledonides resting on the autochthonous Precambrian 
bedrocks (Scandinavian Caledonides, 1985). 

The  Mt. Njulla test  site exhibits a great  variety of periglacial 
forms which cannot be discussed here in detail, e.g. sorted 
polygons, unsorted stripes and steps, sohfluction lobes, 
ploughing boulders, block fields, nivation hollows  and terraces, 
talus cones and avalanche tracks. However, none of these 

concerned. The closest landforms at which permafrost 
features is a clear  indicator of permafrost at the location 

is firmly established are  the palsas east of the Abisko Delta 
(360 m a.s.l., 4 km away) and the  therrnokarst ponds at 
Rakaslako (about 1000 m a.s.l., 9 k m  away: see also Kapp, 
1983, p. 85). 

Kilpisjarvi / Mt. Saana 

Kilpisjarvi is the narne of both a lake and a small vlllage on 

here, near Kilpisjzrvi, and in the nearby Halti area do the 
its north shore in the very northwest of Finland. Only 

Caledonides extend to Finland, with elevations exceeding 

different from conditions in Abisko:  mean temperatures  are 
1000 m. Topography  and climate at Kilpisjarvi are not too 

tinental, as shown by the differences between mean air 
I to 1.5'C lower  and the  entire situation I S  slightly more con- 

tern eratures for July and February (23.l0C for Abisko, 
211.7 C for Kilpisjarvi) and the  difference between $e absolute 
maximum  and minimum temperatures (7O.Z0C, 76.0 C). 

The Mt. Saana test  site on the north shore of Kllpisjdrvi con- 
sists mainly of Caledonian shales and sc-hists. The east, south 
and west facing upper slopes are almost vertical c.liffs !rang- 
ing in height from a few dozen metres to morc than 100 m. 
Saana is the outermost  part ot a Caledonian 11appe over- 
thrustcd to  the southeast. Compared with hjulla, bedrock out- 
crops arc much more common  and the overburdcn i s  grnct-all) 
thinner. Accordingly, pattcrncd ground  on Saana itself is 
rare; within  block fields, Individual stonc polygons are 

talus cones and avalanche tracks. 
tound. Other periglat-ial forms present are solliluctiorr lobcs. 

E 
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3.2 Methods  used 

At each test site,   sevcn  ground tetllperature-measurenrent 
potnts  have  bccn  Installed  down to a maximum  depth  of 2.4 m 
and  equipped  with  up to eight   thermistors .   TemperatureS of 
spr ings   in   l a te   summer ,  as well as bo t tom  t empera tu res  of 
t h e   s n o w   m v c r  (HTS) in l a t e   w in te r ,   were   measu red  in both  
areas ,   and  some  e lcctro-magnet ic   soundings  were  carr ied  out .  
in a d d i t i o n ,   a t  Mt.   Njulla,   some  hammer  seismic  soundings 
were   conducted   and   a i r ,   g round  and  BTS t empera tu res   have  
been  recorded  with a da ta   logger .   Comple te   resu l t s   and   pro-  
cedure  detai ls   wi l l   bc   given  in   another   paper   (Jeckel ,   in   prep.) .  
Hcrc,   only  two  examples   have  been  selected.  

3 .3   Ground  temperature   measurements  at Mt.  Njulla, N. 
Sweden 

The  results  given  in  the '   following  were  obtained at measure-  
ment   po in ts  TM 6 and TM 7, bo th   s i t ua t ed   on   t he  east fac ing  
s lope of Mt.  Njulla at 880 m a@. The  average   g rad ien t  of 
this   par t  of the   s lope  is about  I4 , or  25%. The  d i s tance   be t -  
ween   the   two  loca t ions   i s   on ly  21 171, bu t   t he   g round   t empera -  
t u re s   a r e   marked ly   d i f f e ren t ,  as fig.   2  shows.  The  measure- 
men t s   were   ca r r i ed   ou t   w i th   r e s i s t ance   t he rmomete r s   w i th  a 
nega t ive   t empera tu re   coe f f i c i en t   (NTC  e l emen t s   o r   t he rmis -  
tors). In t he   ma in ,   t he   s ame   p rocedure   was   u sed  as described 
by  King (1984, p. 114). 

FIGlJRE 2 
Ground  tempera tures  at test s i t e s  TM 6 and TM 7 

Njulla, 880 m a.s.1. 
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TM 6 was  installed  on  the  surfac;c of a sbhfluction  lobe 
about   10  m  f rom  i ts   southern  cdge.   Thls   locat ion I T  highly 
exposed to the  wind;  snow  is  blown  away.  Average th~c.kncss 
of t h e  snow cover   ranges   be tween 0 and 20 c m  on t h e   s u r t a c e  
of the  sol i f lut t ion  lobe;   within a I m  radius of the  rneasure-  
ment   po in t   the   snow  he ight   was  on no occaslon  found to 
be grea ter   than   10   cm.  TM 7 wa5  placed 111 a nlvat lon 
hol low  between  two  sol i f luct ion  lobes.   Here,   snow accumulates 
eve ry   w in te r   and   exceeds  3 m I n  t h e  upslope  part  of t h c  
hollow.  Directly a t  TM 7, snow  thickness  was  5 c;m on 13.10.86, 
51 c m  on 28.1 1.86 a n d  190 c m   o n  30.04.87, whi le   thc   sur faces  
of the   so l i f luc t ion   lobes   very   c lose  by were   more   o r   l e s s   f r ee  
of snow.  Accordingly,   the  cold  was  able to p e n e t r a t e  the 
ground  deeply at locat ions  such as TM 6 ;  here ,   the   l a te   wln ter  
tempera ture   was   be low -3OC,  even  at depth  of 2.4 m.  At 
locat ions  such as TM 7, wh ich   a t   t he   beg inn ing  oi December  
were   a l ready   pro tec ted   by  a snow  cover  of 50 cm  or   more ,  
the  ground  did  not   even freeze down to a depth  of I m  and 
the   Tempera tures  of the.   frozen  layer  were  only  sl lghtly  bclow 
O°C (see  fig. 2b). A t   t h e   e n d  of June ,   the   upper   l ayers   were  
much  warmer  at TM 6 than  at TM 7 (fig. 2c) because   t he  
l a t t e r   was   s t i l l   cove red   w i th  25-30 c m  of snow. TM 7 became 
f r e e  of snow  on 04.07.87, and  at t h e   e n d  of Ju ly ,   the   snow 
completely  disappeared  in  the  nivation  hollow. In the   midd le  
of Ju ly ,   g round  tempera tures  at each   dep th   were   a l r eady  
higher at TM 7 than  at TM 6 (fig.  2d).  Subsequently, at TM 7, 
the  ground  temperaTures  increased  continuously  down to t h e  
lowest  thermistor,   while,  from rnid-IuIy,   the   three  lowest  NTC 
e l e m e n t s  a t  TM 6 kep t   a lmos t   cons t an t   t empera tu res :   be tween  
-0.5OC and O.O°C, which   a r e   t yp ica l   fo r   t he   ze ro   cu r t a in  at 
the   uppe rmos t   pa r t  of a frozen  layer   ( f igs .  Ze, 2f). In 1986, 
the   t empera ture   d i f fe rence   be tween  the   two  po in ts   was   even  
g rea t e r   t han   i n  1987. A t  TM 7, t he   h ighes t   t empera tu re  
for the   l owes t   t he rmis to r   was   r eco rded  in September :  4.3OC. 
At TM 6, t he   max imum  t empera tu re  at &he  lowest   e lements  
was   r eco rded   a s   l a t e  as 28.1 1.86: r-0.3 C (fig. 2a). These 
values   s l ight ly   above zero must  also be  regarded  as   typical  
fo r   t he   ze ro   cu r t a in   (F rench ,  1976, p. 14).  

TM 6 and  TM 7 were   chosen  as examples   because of the i r  
proximity t o  each   o ther .   The   resu l t s   p rove  tha t  a perennlal  
f rozen   l aye r   ex i s t s  at TM 6 and  is  nor present at TM 7. Unfor- 
tuna te ly ,   i t   was  not possible to keep  cont inuous  records  for  
t he   en t i r e   yea r   because  of the   very  diff icul t   snow  condi t ions 
during t h e  win ter .   Never the less ,   on   the   bas i s  of 12 measure- 
m e n t s  a t  each   po in t   f rom  September  1986 to August 1987, 

and  2.4 m c a n  be put  a t  -O.X°C a t  TM 6 and t l . l  C at TM 7. 
mean  ground  tempera tures   for   th i s  period a t  a d e e t h  of 2.3 In 

The  thickness  of t h e   a c t i v e   l a y e r  at TM 6 is thought fo be 
approximate ly  2.5 m. Assuming  tha t   the   MALT at t h e  perma: 
f ros t   t ab l e   i s  -0.8OC and  tak ing   the   average   geother rna l   g ra-  
d ien t  to b e  I0C/33 m, a permafrost   th ickness  of about   25 rn 
could  be  expected.  Very  probably,   however,   the  frozen  layer 
i s   much  th inner   here   because  of the   h lgher   g round  tc rnpera t -  

of 5-10 m at TM 6 can   be   r ega rded  as a reasonable   es t imat -  
ures   in   the   immedia te   sur roundings .   A  permafros t   th ickness  

ion. 

3.C HTS measurements  at M t .  Saarm, N.W. Fmland 

Haeberli   (1973)  developed  the  method to p r o v e   t h e   e x i s t c n w  
of permafros t  by measur ing   the  bottorr Lcmpera ture  of t h e  

of I m-BTS values   lower  than -3'C ind lca te  the occurrence  
winter   snow  cover  (BTS): henea th  a mtnirnurrl  snow thickness 

of permafrosr ,   whi le   values   higher   than -2'C d e m o n s t r a t e   t h c  
absence  of a perennial   frozen  layer (lot.. cit.. p. 223).  The 
method  was  improved by Hacberl i   and  Patzel t  (1982) and K~rrg 
(1984). The  las t -named  au thor   reduccd   the  minlrrlurn  snov' 
thicrkncss to 0.8 m (p. 6 6 )  a n d   w a s   f u r t h e r m o r e   a b l e   t o   d r t c r t  
tha t ,  at. po in ts   wi th   the   same  mean  ground  tempera ture .  tht, 
BTS a r e   d c t e r m i n e d  by the   thickncss  of the   snow  cove r  (p.125). 
Fig. 3 shows the cr i t ical   values   for  HT'S in t e rp re t a t lo r   acco rd -  
ing to King: points   above  the  hori /ontal   l ine   Indlcate  ;1 thln 
snow  cover  and should not  be  taken  into  consideratlon:  belo\\  
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this limit. low HTS values to  the  left of the  temperaturc bound- 
aries indicate the  esistence of permafrost, while high HTS 
ialues to  the right of thc two lines indicate the absence of 
permdfrost.  Tetnperatures between the two critical limits be- 
long tu a 'methodical unrwtalnty licld' and  do  not permit de- 
finlti\r  intrrprrtatiun. 

Fig. 3 sho\vs the bottom temperatures of the winter snow cover 
nleasured nithin 5 proiiles between 31.03.87  and  05.04.87. All  
5 profiles ncre situatcd on a saddle a t  720 m a.s.1. between 
t\\o  flat 11111 tops north of Mt. Saana and about 1 km northwest 
o f  Lake h a m .  The two h i l l  tops, with elevations of 750 and 
760 111 a.s.1.. are only 30-40 111 higher than the saddle and 70- 
SO 111 above the  surface of Lake Saana and, on both, the snow 
co\er \vas no more than 10 cm when the measurements were 
tahen and  is presumed t o  be very thin throughout the winter. 
t\! contrast,  a maximum  snow depth of 3.1 m was found in the 
middle of the saddle, wbich is to some extent in the lee of the 
northwesrern hill  top. At most points of the BTS profiles, 
snow depth ranged from 0.8 to 1.8 m. A distance of IO m bet- 
ween the individual measuring points was chosen. Three profiles 
were run  north to south; two were cross profiles west to  east. 
I n  total. 53 values were measured; temperatures ranged bet- 
\veen -2.4 and -6.9OC. As can be seen from fig. 3, these values 
indlcate a perennial frozen layer underneath. This i s  somewhat 
surprising, at least for those points with a thick snow cover 
i n  the middle of the saddle, but might be accounted for as 
follo\vs: permafrost  patches began to develop below the 
permanently snow-free hill  tops and increased gradually until 
The!, finally merged, even below the  protective snow cover in 
the saddle. This  would mean that  the horizontal extent of this 
permafrost occurrence is a t  least 800 by 200 m, Le. 16 ha. 

FIGURE 3 
Bottom temperatures of late winter snow cover 

from profiles BTS K 87/4, 5, 8, 9,  10: 
Saddle N.W. Saanajarvi, 720 m a.s.l. 
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Some other profiles indicate the existence of smaller perma- 
frost patches even at  lower elevations. Almost all temperatures 
of  a  profile a t  590 m a.s.1. range between the  critical limits; 
here,  definitive interpretation is not possible. However, the 
values of two profiles a t  620 and 650 m a.s.1. provide indica- 
tions of permafrost. 

Harris (1986, p. 17) states  that "BTS mcasurernents do not 
work in continental, high latitude environments". This assert- 
ion cannot bc accepted, because it is based on inc:orrect quot- 
ing.  The fig. 2.6 presented by Harris (loc. cit.) shows HTS 
values between 0 and -I°C below a snow cover of  about I m 
during the period February to April. According to Haeberh, 
these values would mean that permafrost IS absent  (see e.g. 
1973, p. 223; 1978, p. 379)  and nOt, as Harris quotes (1986, p. 
IS),  "that perrnafrost should be present by the  interpretation 
of Haeberli". Consequently, Harris' fig. 2.6 constitutes an argu- 
ment that, even in  his area of study, the BTS method works 
ve ry  well. 

Admittedly, there is one reservation to be stated: as mentioned 
above, the use  of BTS as permafrost  indicators presupposes a 
snow thickness of a t  least 1 m according to Haeberli or 0.8 m 
according to King; and, of course, the more continental the 
investigation areas  are,  the more difficult it will  be t o  f ind  
sufficient snow thicknesses. This implies that  the BTS method 
is not universally applicable, but that does not  mean that 
"BTS measurements do not work  in continental, high latitude 
environments" (Harris, 1986, p. 17). The present author's in- 
vestigations were carried out about 18' latitude  further north 
than Harris'  measurements and the BTS method was  found to 
operate very well. 

One  more point must be stressed: first and foremost, BTS 
values prove the presence or absence of permafrost a t  the 
measuring point. Ceneralisations should  be formulated very 
carefully.  Particularly at  the southern fringe of permafrost or 
at  the lower limit of an altitudinal permafrost  tone, a snow 
cover of about I m may be perfectly  sufficient to  protect  the 
ground against winter cold so that  there is  no perennial frozen 
layer below the snow patch. Simultaneously, the ground at 
snow-free locations nearby can be cooled down so extensively 
that  active permafrost can develop. 

According to  the present author's experiences in  the field,  the 
following general tendency seems to be valid for areas with a 
rather thin snow cover presenting only small patches  suitable 
for application of the method: a) low BTS values below a thick 
snow cover demonstrate  the existence of a perennial frozen 
layer at  that location; if there  are many snow-free areas near- 
by, permafrost is probably more widespread than can be estab- 
lished by means of the BTS method because of the lack of 
snow; b) high BTS values prove the absence of a perennlal 
frozen layer at  that location; if values are close to  the  critical 
limits and there  are snow-free areas nearby, occurrences of 
permafrost should not be ruled out without further mvestigat- 
ions. 

4. ALTITUDINAL ZONATION OF PERMAFROST IN NORTH 
LAPLAND 

For the  latitudinal zonation of polar permafrost, both a two- 
fold and a threefold division are in  use. Regarding the  altitud- 
inal zonation of high-mountain permafrost, many authors adbo- 
cate threefold  classification  into a continuous, a discontmuous 
and a sporadic permafrost  belt, "as the ecological differences 
in alpine areas  are very big" (King, 19S6, p. 133: cf. also 
Haeberli, 1978, p. 381;  Weise,  1983, p. 2 2 )  Furtherrllore. the 
threefold division of mountain permafrost is preferable because 
the limit between the discontinuous and the sporacid perma- 
frost zone is thought to be not only the limit between arras 
with higher or lower percentages of permafrost  terrain. In 
addition, the perrnafrost distribution pattern is dliierent i n  
both zones, as already emphasized by King (loc. tit.). Sporadic 
mountain permafrost  occurs in areas with rather h~gh m e ~ n  
annual air  tcmpcratures only slightly below O°C or  posslbl!. i n  
ve ry  extreme cases, wen slightly above O°C (Harberli, 197s. p. 
381). A t  these  temperatures, a perennial frozen layer <'a11 orrl! 
develop if  other local factors  are highly favourable. e:g. 
sparse vegrtation, very thin snow cover and spel-lal lh)dr.olog~c- 
a1 conditions. 
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Accordingly,   the  fact tha t   sma l l   pe rmaf ros t   pa t ches   can   fo rm 
under   these   c i rcumstances   does   no t   mean   tha t   the   percent -  
a g e  of terrain  underlain by pe rmaf ros t   en l a rges ,   f rom  the  
lowest  individual  incidences  onwards,  with  increasing  altitude. 
In many  a rc t ic   and   subarc t ic   mounta in   a reas ,   for   ins tance ,  
pa lsa   s i tua ted   in   va l ley   bo t toms  a re   the   lowes t   permafros t  
occur rences ;   e l sewhere   in   the   va l leys   and   on   the   lower   s lopes  
permafrost   is   not  found,  particularly if t h e s e   a r e a s   a r e  
f o r e s t e d .   O f t e n   t h e r e  is  a d i f f e r e n c e  of several   hundred 
m e t r e s  in   e l eva t ion   be tween   t he   pa l sa s   and   t he   nex t   h ighes t  
permafrost   occurrences.   Nevertheless ,   there   is  a ce r t a in   e l e -  
va t ion   above   wh ich   t he   pe rcen tage  of permafros t   t e r ra in  in- 
c reases   fa i r ly   s tead i ly   wi th   increas ing   a l t i tude .   This   e leva t ion  
should  be  considered  the  lower  l imit  of the   d i scont inuous  
permafrost   zone.  In f o r e s t e d   p a r t s  of the   mounta ins ,   th i s  
l imit   would  normally  have to be  def ined as being   above   the  
t imber   l i ne :   t he   t r ee s   cause   snow to a c c u m u l a t e  so t h a t   t h e  
ground  i s   insu la ted   aga ins t   the   win ter   co ld .   Below  the   t imber  
l ine,   formation  of   act iv 'e   permafrost   i s   only  possible  at loca- 
t ions  with  very  special   conditions;  if pe rmaf ros t   occu r s   he re ,  
t h e s e   a r e a s   h a v e  to b e   c h a r a c t e r i z e d  as p a r t s  of the   spo rad ic  
permafrost   zone.  

In the  Mt.   Njul la   and Mt. Saana  invest igat ion areas, p e t m a  - 
f ros t   was   de t ec t ed  at loca t ions   where  it could  not  be identi- 
f ied  by  diagnostic  landforms.  This is considered  typical  for 
the   sur rounding   a reas .   Therefore ,   de te rmina t ion   of   the   lower  
litnit of the   d i scont inuous   permafros t   zone   in   th i s   au thor ' s  

a long   the   l ines   adopted  by Barsch for the  Swiss   Alps  (1977)  
inves t iga t ion   a reas   cannot   be   based  on  morphological   features  

or by   Ba r sch   and   T re t e r   fo r   t he   Rondane   a r ea  in  Southern 
Norway  (1976).   By  contrast ,   King's  proposal  seems to be 
be t te r   adapted   for   condi t ions   in   Nor th   Lapland .   He   combines  
the   l ower   l imi t  of the   cont inuous   permafros t   zone   wi th   the  
lowes t   occur rence   on   south   fac ing   s lopes   and   the   lower   l imi t  
of the   d i scon t inuous   zone   w i th   t he   l owes t   occu r rence   on  
north  facing  s lopes  (198Q, p. 130). 

TABLE 111 

Air   t empera tures   and   lower   l imi t  of discontinuous 
pe rmaf ros t   zone  at t h e   i n v e s t i g a t i o n   a r e a s  

Abisko  Kilpisjarvi 

MAAT  1931-1960 I 0.5 - 2.0 OC 
MAAT  reduced to sea level  + 1.6 + 0.5 O C  
elevation  of - 1 . 5 ' ~  MAAT 

iso therm 580 390m a d .  
e leva t ion  of t imber   l i ne  650 600m a.s.1. 
e leva t ion  of lowes t   permafros t  

occur rence   above   t imber   l ine ,  
established  by  author 's  
invesr igat ions 880 650m a d .  

t inuous  permafrost   zone  (a)  800-850 600-650m a.s.1. 

of (a)  -2.71-2.9 -2.61-2.9 OC 

proposed  lower  limit  of  discon- 

reduced ;YIAAT at e leva t ion  

"Gradient  for  all  reductions  0.53°C/100  m,  cf.  Laaksonen,  1976 

_____"""""""""""~"-~~"""""~""-~"~""""""""" 
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T h e   d a t a  in t a b l e  I11 form  the   bas i s   for   the   fo l lowing   conclu-  
sions: 

1. At  Mt.   Njul la ,   ground  temperatures   indicate  a smal l  
pe rmaf ros t   pa t ch  at 880  m a.s.1. in a ra ther   shaded   loca t ion  
o n   t h e  east facing  slope.   On  the  north slope, permafros t   might  
occur   somewhat   lower .   Therefore ,   the   lower   l imi t  of the  dis-  
cont inuous  permafrost   zone  is   assumed to b e  800-850 m a.s.1. 
2. A t  Mt.  Saana, BTS measurements   provide  evidence of a n  
ex tended   permafros t   occur rence  at 720  m  a.s,l,  Indications  of 

3. The  mean  annual   a i r   t e rnpera turcs   reduced  to sea level 
show  tha t   the   p resent   au thor ' s   inves t iga t ion   a reas   a rc   appre-  
c iab ly   co lder   a t   cor responding   e leva t lons   than   King ' s   t es t  
sites, w h e r e   t h e   t e m p e r a t u r e s   r e d u c e d  to sea level  range 
f rom 2.5 to 4.9OC (198C, p. 133).  As a resu l t ,   the   per rnaf ros t  
zones   ex tend   nearer  to sea level,   especially at M t .  Saana. 
4.  In his   general   model  of al t i tudinal   permafrost   zonat ion,  
King   combines   the   lower   l imi t  of the  discont inuous  zone  with 
t h e  -1.5OC MAAT  isotherm (e+ 1986, p. 134). In both 
areas   invest igated,   th is   isotherm  runs  wel l   below  the  t imber  
l ine.   Therefore,  any connect ion  with  the  lower  l imit  of t h e  
discontinuous  permafrost   zone  seems  unlikely.  
5. A t   t h e   a u t h o r ' s  test s i t e s ,   r educed   t empera tu res  at t h e  
proposed  lower  l imit  of the   d i scont inuous   permafros t   zone  
range   f rom -2.5 to -3OC and  thus  do  not   deviate   excessively 

a r e a s  (-2.0 to -2.5OC, cf. 1984, p. 133). Therefore ,   wi th   regard 
f r o m  t h e  values   determined by  King for   his   invest igat lon 

to areas   wi th   condi t ions   comparable  to those  at Abisko  and 
&Kilp is ja rv i ,   i t   seems  reasonable ,   for   an   in i t ia l   approximat lon ,  
to expec t   t he   l ower   l imi t  of the  discont inuous  permafrost  
zone  as d e f k e d   a b o v e  to be  s i tuated at t h e   s a m e   e l e v a t i o n  
as t h e  -2.5 C MAAT  isotherm. I t  mus t   be   s t r e s sed   t ha t  a 
modes t   t empera tu re   g rad ien t  of 0.53°C/100  m as proposed 
by Laaksonen  (1976)   has   been  del iberately  appl ied.   Using a 
higher  gradient  would  have  resulted  in  even  lower  reduced 
t e m p e r a t u r e s  at the   l ower   l imi t  of the  discont inuous  perma- 
frost   zone.  

Genera l ized   assumpt ions   on   the   bas i s  of the  f indings  present-  
ed   in   th i s   paper   may  be   p remature .  Of course ,   every   perma-  
f ros t   occur rence   i s   dependent   on   no t   on ly   c l imate   bu t  
a l so  a number  of   local   factors   which  could not be  discussed 
here ,  e.g. topographic   s i tuat ion,   vegetat ion,   petrographical ,  
pedological  and  hydrological  conditions,  as well as the   con-  
t inued  exis tence  of   re l ic   permafrost .   A  more  detai led  report  
wil l   be   presented  in   the  near   future   (Jeckel ,   in   prep.) .  
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A MODEL FOR MAPPING PERMAFROST DISTRIBUTION BASED ON 
LANDSCAPE COMPONENT MAPS AND  CLIMATIC  VARIABLES 
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SYUOPSIS 

A computer  model for mapping permafrost   d is t r ibut ion was developed t h a t  uses vege ta t ion ,   t e r r a in  
uni t   and   equiva len t   l a t i tude  maps and  regional  air   temperature  data as  the  geographic  data  base  for 
ca lcu la t ing   the   hea t   ba lance  of t he  ground surface.  The r a t i o  of t h e  amount of hea t   en te r ing   the  
s o i l   i n   t h e  summer,  when t h e  ground was seasonal ly  thawed,  and l o s t  du r ing   t he   w in te r ,  when t h e  
ground was s e a s o n a l l y   f r o z e n ,  was ca l cu la t ed   f rom  the  degree-day sums a t   t h e   s u r f a c e  and s o i l  
thermal  conductivit ies.  Thermal parameters  used i n  the  computations were assigned t o  the   vege ta t ion  
a n d   t e r r a i n   u n i t   t y p e s   a n d   m o d i f i e d  by t h e   e q u i v a l e n t   l a t i t u d e  map.  The simulated  permafrost 
d i s t r ibu t ion   wi th in   the   Spinach  Creek Watershed  near  Fairbanks,  Alaska,  agreed  closely  with  the  dis- 
t r i b u t i o n  mapped  by photointerpretat ion.  The e f f e c t s  of  c l imat ic  warming  on permafrost   d is t r ibut lon 
were a l so   assessed .   Wi th in   the  mapping area,  permafrost  covered  100% of the   a r ea  below a  mean annual 
a i r  temperature of -7.7OC, 37.3% a t  -3.SoC, 21.3% a t  O°C and  was el iminated above 2,6OC. 

IITROWCTIOIP 

Recent e f f o r t s  t o  develop  models  for  predicting 
p e r m a f r o s t   d i s t r i b u t i o n   h a v e   e m p h a s i z e d   t h e  
re la t ionships  between  permafrost  and  vegetation, 
soi l ,   topography,   a i r   temperature  and  snowcover, 
A s i t e - s p e c i f i c  approach   us ing   d ig i ta l   t e r ra in  
data ,   developed by Morrisey  (1986) , in tegra ted  
vegeta t ion ,   topography  and   thermal   imagery .  
Nelson  (1986)  developed a computational method 
f o r  the   reg iona l  mapping of permafrost   d is t r i -  
bu t ion   baeed   on   min ima l  c l i m a t i c  da ta   and  
subsurface  information. The  model presented   in  
t h i s  paper uses both  Landscape component maps, 
d e l i n e a t i n g   v e g e t a t i o n ,   t e r r a i n  u n i t s ,  and 
e q u i v a l e n t   l a t i t u d e   v a l u e s ,   a n d   r e g i o n a l  
c l i m a t i c  d a t a   f o r   s i t e - s p e c i f i c   l a r g e   s c a l e  
mapping of permafrost.  This  approach  allows  the 
model t o  be r e spons ive  t o  t h e   s p a t i a l   v a r i a -  
b i l i t y  of  a landscape  and t o  changes  in  cl imate.  

An e s s e n t i a l   p r e r e q u i s i t e  f o r  p e r m a f r o s t  
d i s t r i b u t i o n   m o d e l s  i s  t h e   s i m p l i f i c a t i o n  of 
su r f ace   hea t   ba l a r . ce   computa t ions   i n   o rde r   t o  
r e d u c e   t h e  number of s i t e - s p e c i f i c   v a r i a b l e s  
needed   in   the   geographic   da ta   base .   Energy  
budget  models (Goodwin and Outcalt  1975, Ng and 
M i l l e r   1 9 7 7 )   t h a t   u t i l i z e  a l a r g e  number of 
radiative,   thermal and  aerodynamic  parameters of 
the   sur face ,  more r ea l i s t i ca l ly   accoun t   fo r  the 
p a t h w a y s   i n v o l v e d   i n   e s t a b l i s h i n g   t h e   h e a t  
balance a t   t h e   s u r f a c e ,   b u t   a r e   n o t   f e a s i b l e   f o r  
r e g i o n a l   m a p p i n g   m e t h o d o l o g i e s .  M o r e  
a p p r o p r i a t e   t o   r e g i o n a l  mapping  models a t e  
gimpler  approaches  that   relate  soil   temperature 
OK s o i l   h e a t   f l u x  t o  a i r  temperature  (Lunardini 
1978, Haugen e t  al. 1983) , ne t   r ad ia t ion  (Abbey 
e t  al. 1978) , and t o  b iophys ica l   fac tors  of t he  
surf ace (Jorgenson 1986  1 . 
Large-scale  permafrost mapping models m u s t  also 

b e   a b l e  t o  incorporate  remote  sensing  products 
t h a t   i d e n t i f y   a n d   c l a s s i f y   c h a r a c t e r i s t i c s  of  
the   landscape  that  have d i f fe r ing   microc l imat ic  
and s o i l  thermal  properties. Much progress   has  
been made in   c lass i fy ing   and   charac te r iz ing   the  
v e g e t a t i o n   ( V i e r e c k   e t  a l .  1983)  & n d  t e r r a i n  
u n i t  (Krelg  and  Reger  1982)  components of t he  

d a t a ,   i n c l u d i n g  s a t e l l i t e  imagery  and  aer ia l  
l andscape   t h rough   t he  use of  remotely  sensed 

photography. However, the w e a k e s t   a r e a   f o r  
model   development  i s  t h e   l i m i t e d   d a t a   b a s e  
c h a r a c t e r i z i n g  the microc l ima tes  of a broad 
range of v e g e t a t i o n   t y p e s   a n d   a n a l y s e s   t h a t  
account  for  the   geographic   var iab i l i ty  of s o i l  
temperature. 

A p o r t i o n  of t h e   S p i n a c h   C r e e k   W a t e r s h e d ,  
l o c a t e d   2 5  km NW of Fa i rbanks ,  Alaska, was 
s e l e c t e d  a s  t h e  t e s t  s i t e  f o r   m o d e l  
development.   This  mountainous  watershed i s  
r e p r e s e n t a t i v e  of much of t h e  Yukon-Tanana 
uplands.  The s l o p e s  have a shallow  mantle of 
l o e s s  or have  shallow  residual soils on s teeper  
s i t e s .  The v a l l e y  bottom is g e n e r a l l y   f i l l e d  
with  f ine-grained  retransported  deposits removed 
f r o m   t h e   h i l l s i d e s .   C l o s e d   s t a n d s  of aspen, 
birch,   and  white   spruce  predominate  on upland 
s l o p e s ,   f a c i n g   e a s t ,  s o u t h  and west. The 
v a l l e y   b o t t o m ,   r i d g e   t o p s   a n d   n o r t h - f a c i n g  
s l o p e s   a r e   d o m i n a t e d  by b l a c k   s p r u c e .   I n  
va l ley   bo t toms,   tussock   bogs   occur  i n  smal l  
patches and low shrubs occur along  small  creeks 
and  drainages. 

STRUCTURE AWD THEORETICAL BASIS FOR mD&L 

The  model uses the   s imple   re la t ionship   o f fe red  
by Car l son   (1952)   a s  the approximate   c r i te r ia  
f o r  permafrost   formation.  For any p a r t i c u l a r  
s i t e ,  t h e   r a t i o  of t h e   a n n u a l  amount of heat 
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SYNOPSIS 

A c o m p u t e r   m o d e l   f o r   m a p p i n g   p e r m a f r o s t  
d i s t r i b u t i o n   w a s   d e v e l o p e d   t h a t  u s e s  
v e g e t a t i o n ,   t e r r a i n   u n i t   a n d   e q u i v a l e n t  
L a t i t u d e  maps  and r e g i o n a l   a i r   t e m p e r a t u r e   d a t a  
a s   t h e   g e o g r a p h i c   d a t a   b a s e   f o r   c a l c u l a t i n g  t h e  
h e a t   b a l a n c e  o f  t h e  g r o u n d  s u r f a c e .  The r a t i o  
o f  t h e  amount  of h e a t   e n t e r i n g   t h e   s o i l   i n   t h e  
summer, when t h e  ground  was  seasonal ly   thawed,  
and l o s t   d u r i n g  t h e  w i n t e r ,  when t h e  ground  was 
s e a s o n a l l y   f r o z e n ,   w a s   c a l c u l a t e d   f r o m  t h e  
degree-day sums a t   t h e   s u r f a c e  and s o i l   t h e r m a l  
c o n d u c t i v i t i e s .   T h e r m a l   p a r a m e t e r s   u s e d   i n  t h e  
c o m p u t a t i o n s   w e r e   a s s i g n e d   t o  t h e  v e g e t a t i o n   a n d  
t e r r a i n   u n i t  t y p e s  a n d   m o d i f i e d  b y  t h e  
e q u i v a l e n t   l a t i t u d e  map. 

T h e   s i m u l a t e d   p e r m a f r o s t   d i s t r i b u t i o n   w i t h i n  

A l a s k a ,   a g r e e d   c l o s e L y   w i t h  t h e  d i s t r i b u t i o n  
t h e   S p i n a c h  Creek W a t e r s h e d   n e a r   F a i r b a n k s ,  

mapped by  p h o t o i n t e r p r e t a t i o n .  The e f f e c t s  of  
c l i m a t i c   w a r m i n g   o n   p e r m a f r o s t   d i s t r i b u t i o n  were 
a l s o   a s s e s s e d .   W i t h i n  t h e  m a p p i n g   a r e a ,  
p e r m a f r o s t   c o v e r e d  100% o f  t h e  a rea   be low a mean 
a n n u a l   a i r   t e m p e r a t u r e   o f   - 7 , 7 O c ,   3 7 . 3 %   a t -  
3.5OC,  21.3X a t  O°C a n d   w a s   e l i m i n a t e d   a b o v e  
2.6OC. 

INTRODUCTION 

R e c e n t   e f f o r t s   t o   d e v e l o p   m o d e l s   f o r   p r e d i c t i n g  
p e r m a f r o s t   d i s t r i b u t i o n   h a v e   e m p h a s i z e d   t h e  
r e l a t i o n s h i p s   b e t w e e n   p e r m a f r o s t   a n d   v e g e t a t i o n ,  
s o i l ,   t o p o g r a p h y ,   a i r   t e m p e r a t u r e   a n d   s n o w c o v e r .  
A s i t e - s p e c i f i c   a p p r o a c h   u s i n g   d i g i t a l   t e r r a i n  
d a t a ,   d e v e l o p e d  by M o r r i s e y   ( 1 9 8 6 1 ,   i n t e g r a t e d  
v e g e t a t i o n ,   t o p o g r a p h y   a n d   t h e r m a l  imagery. 
N e l s o n  ( 1 9 8 6 )  developed  a computa t iona l   method 

b u t i o n  b a s e d   o n  m i n i m a l  c l i m a t i c   d a t a   a n d  
f o r   t h e  r e g i o n a l  mapping  of p e r m a f r o s t  d i s t r i -  

subsu r face   i n fo rma t ion .   The   mode l   p re sen ted  in 
t h i s  paper   uses   bo th   l andscape   component   maps ,  
d e l i n e a t i n g   v e g e t a t i o n ,   t e r r a i n   u n i t s ,   a n d  
e q u i v a l e n t   l a t i t u d e   v a l u e s ,   a n d   r e g i o n a l  
c l i m a t i c   d a t a   f o r   s i t e - s p e c i f i c   l a r g e   s c a l e  
mapping of  p e r m a f r o s t .  T h i s  approach   a l lows  t h e  
model  t o  b e  r e s p o n s i v e  t o  t h e  s p a t i a l   v a r i a -  
b i l i t y  of  a l a n d s c a p e   a n d   t o   c h a n g e s  i n  c l i m a t e ,  

g e t  m o d e l s   ( G o o d w i n   a n d   O u t c a l t   1 9 7 5 ,  Ng and 
Miller 1 9 7 7 )  t h a t   u t i l i z e  a l a r g e   n u m b e r  o f  
r a d i a t i v e ,   t h e r m a l  a n d  aerodynamic   parameters   o f  

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

b a l a n c e   a t   t h e   s u r f a c e ,  b u t  a r e   n o t   f e a s i b l e   f o r  
r e g i o n a l   m a p p i n g   m e t h o d o l o g i e s .   M o r e  
a p p r o p r i a t e   t o   r e g i o n a l   m a p p i n g   m o d e l s   a r e  
simpler a p p r o a c h e s   t h a t   r e l a t e  s o i l  t e m p e r a t u r e  
o r  s o i l  h e a t   f l u x   t o   a i r   t e m p e r a t u r e   ( L u n a r d i n i  
1978, Haugen e t  a l .   1 9 8 3 1 ,   n e t   r a d i a t i o n  (Abbey 
e t  a l .  19781, and to b i o p h y s i c a l   f a c t o r s   o f   t h e  
su r face   ( Jo rgenson   1986  1 .  

Large-sca le   permafros t   mapping   models  m u s t  a l s o  
be  a b l e   t o   i n c o r p o r a t e   r e m o t e   s e n s i n g   p r o d u c t s  
t h a t   i d e n t i f y   a n d   c l a s s i f y   c h a r a c t e r i s t i c s   o f  
t h e   l a n d s c a p e   t h a t   h a v e   d i f f e r i n g   m i c r o c l i m a t i c  
and s o i l  t h e r m a l   p r o p e r t i e s .  Much p r o g r e s s   h a s  
been made i n   c l a s s i f y i n g   a n d   c h a r a c t e r i z i n g   t h e  
v e g e t a t i o n   ( V i o r e c k  e t  a l .  1 9 8 3 )  a n d   t e r r a i n  
u n i t  (Kre ig  and   Rege r  1982)  components  o f  t h e  
l a n d s c a p e   t h r o u g h  t h e  use of r e m o t e l y   s e n a e d  
d a t a ,   i n c l u d i n g   s a t e l l i t e   i m a g e r y   a n d   a e r i a l  

m o d e l   d e v e l o p m e n t  i s  t h e  l i m i t e d  d a t a  b a s e  
p h o t o g r a p h y .   H o w e v e r ,  t h e  w e a k e s t  a r e a  f o r  

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

A p o r t i o n   o f  t h e  S p i n a c h  Creek  W a t e r s h e d ,  
l o c a t e d  2 5  km NW of F a i r b a n k s ,   A l a s k a ,   w a s  
s e l e c t e d  a s  t h e  t e s t  s i t e   f o r   m o d e l  
d e v e l o p m e n t .   T h i s   m o u n t a i n o u s   w a t e r s h e d  i s  

u p l a n d s .  T h e  s l o p e s   h a v e  a s h a l l o w   m a n t l e   o f  
r e p r e s e n t a t i v e   o f  much o f  t he   Yukon-Tanana  

l o e s s   o r   h a v e   s h a l l o w   r e s i d u a l  so i l s  o n   s t e e p e r  
s i t e s .  T h e  v a l l e y   b o t t o m  is g e n e r a l l y  f i l l e d  
w i t h  f i n e - g r a i n e d   r e t r a n s p o r t e d   d e p o s i t s   r e m o v e d  
f r o m  t h e  h i l l s i d e s .  C l o s e d   s t a n d s   o f   a s p e n ,  
b i r c h ,  a n d  w h i t e  spruce  predominate  on upland  
s l o p e s ,   f a c i n g   e a s t ,   s o u t h   a n d  west .  The 
v a l l e y   b o t t o m ,  r i d g e  t o p s   a n d   n o r t h - f a c i n g  
s l o p e s   a r e   d o m i n a t e d  b y  b l a c k   s p r u c e .  In 
v a l l e y   b o t t o m s ,   t u s s o c k  bogs o c c u r  i n  s m a l l  
patches   and   low s h r u b s  o c c u r   a l o n g  small c r e e k s  
a n d   d r a i n a g e s .  

STRUCTURE AUD THEORETICAL BASIS FOR NODEL 
An e s s e n t i a l   p r e r e q u i s i t e   f o r   p e r m a f r o s t  
d i s t r i b u t i o n   m o d e l s  i s  t h e  s i m p l i f i c a t i o n  of   The  model   uses  t h e  simple r e l a t i o n s h i p   o f f e r e d  
s u r f a c e   h e a t   b a l a n c e   c o m p u t a t i o n s  i n  o r d e r   t o  by C a r l s o n   ( 1 9 5 2 )  a s  t h e  a p p r o x i m a t e   c r i t e r i a  
r e d u c e  t h e  number o f  s i t e - s p e c i f i c   v a r i a b l e s   f o r   p e r m a f r o s t   f o r m a t i o n .  For any p a r t i c u l a r  
needed i n  t h e  g e o g r a p h i c   d a t a   b a s e .  Ene rgy  bud- s i t e ,  t h e  r a t i o   o f   t h e   a n n u a l  amount of h e a t  
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e n t e r i n g   t h e   s o i l   c o m p a r e d   t o   t h e   a m o u n t   l e a v i n g  
( A ) ,  i s  dependent  o n  t h e   t e m p e r a t u r e   d e g r e e - d a y s  
s u m s  a t   t h e   s u r f a c e   a n d   t h e   t h e r m a l  
c o n d u c t i v i t i e s  o f  t h e  s o i l  when i t  i s  thawed o r  
f r o z e n :  

R =  ( D D T , / D D F , ) / ( K f / K t )  ( 1 )  

w h e r e  D D T ,  a n d  DDF, a r e   s u r f a c e   t h a w i n g   a n d  
f r e e z i n g   i n d i c e s   b a s e d  on  degree-day sums and K f  
and K t  a r e  t h e  t h e r m a l   C o n d u c t i v i t i e s   o f   f r o z e n  
and  thawed s o i l .  

T h e   f r e e z i n g   a n d   t h a w i n g   d e g r e e - d a y  sums and 
t h e   f r o z e n  a n d   u n f r o z e n   t h e r m a l   c o n d u c t i v i t i e s  
o f   t h e  soil a r e   c o n s i d e r e d   t h e   m o s t   i m p o r t a n t  
v a r i a b l e s .  The   use  o f  n - f a c t o r s   ( L u n a r d i n i  
1 9 7 8 )   a n d   r e g i o n a l   c l i m a t i c   d a t a   p r o v i d e d   t h e  

which i s  a f u n c t i o n   o f   t h e  t o t a l  h e a t   t r a n s f e r  
s i m p l e s t  way t o   e s t i m a t e  s u r f a c e  t e m p e r a t u r e ,  

a t   t h e   s u r f a c e .  O n  t h e   o t h e r   s i d e   o f   t h e  
e q u a t i o n ,   t h e   i m p o r t a n c e  o f  t h e   r a t i o   o f   f r Q z e n  
t o   u n f r o z e n   t h e r m a l   c o n d u c t i v i t i e s   t o   p e r m a f r o s t  
f o r m a t i o n   h a s   l o n g   b e e n   r e c o g n i z e d   f o r   o r g a n i c  
s o i l   h o r i z o n s  and i s  o f   e q u a l   s i g n i f i c a n c e   f o r  
m i n e r a l   s o i l s ,  The r a t e   a t  wh ich   hea t  is l o s t  

t h e  r a t e  a t  w h i c h   h e a t   e n t e r s  t h e   p r o f i l e  
from f i n e -  and c o a r s e - g r a i n e d   s o i l s  r e l a t i v e  t o  

i n c r e a s e s   r a p i d l y   w i t h   i n c r e a s i n g   m o i s t u r e  
c o n t e n t   o f   t h e   s o i l   ( F i g .  1 ,  K e r s t e n   1 9 4 9 ) .  
T h i s   m a k e s   w e t   m i n e r a l  s o i l s ,  s u c h   a s   t h o s e  
f i n e - g r a i n e d   d e p o s i t s   i n   v a l l e y   b o t t o m s   a n d  
d e p r e s s i o n s ,   p a r t i c u l a r l y   s u s c e p t i b l e   t o  
p e r m a f r o s t   f o r m a t i o n .   T h e   f r o z e n / u n f r o z e n  
c o n d u c t i v i t y   r a t i o  i s  even h i g h e r   f o r   s a t u r a t e d  
o r g a n i c s   a p p r o a c h i n g   t h a t  o f  w a t e r ,   a b o u t  4 
( F a r o u k i   1 9 8 1 ) .   H o w e v e r ,   a t   v e r y  Low m o i s t u r e  
c o n t e n t s   t h e   c o n d u c t i v i t y   o f   f r o z e n   s o i l  i s  l e s s  
t h a n   t h a t  o f  u n f r o z e n   s o i l   p r e s u m a b l y  because 
f r e e z i n g   r e d u c e s   s o m e  o f  t h e   b r i d g e   w a t e r  
b e t w e e n   p a r t i c l e s .   T h i s   m a k e s  d r i e r  s i tes ,  such  
a s   w e l l - d r a i n e d   s o i l s   b e n e a t h   a s p e n   s t a n d s ,  less 
s u s c e p t i b l e  t o  p e r m a f r o s t   f o r m a t i o n .  

2-T I 

0.4- 

Lowell sand o*2: 

Data points: - Foirbonka silt clay loom 

01  1 - 1  f 1 1 I 
0 10 20 30 

MOISTURE CONTENT ( X )  

F i g u r e  1 .  E f f e c t s   o f  s o i l  m o i s t u r e   o n   t h e  
r a t i o   o f   f r o z e n  ( K f )  t o   u n f r o z e n  ( K  1 t h e r m a l  
c o n d u c t i v i t i e s .   R a t i o s  o f  e q u a t i o n s  (!)/(4) and 
( 7 ) / ( 6 )  a r e   p l o t t e d   ( s e e   t e x t ) .   D a t a   a n d  
e q u a t i o n s   a r e   f r o m   K e r s t e n   ( 1 9 4 9 ) .  

S u r f a c e   t e m p e r a t u r e s   a r e   r e l a t e d   t o   a i r  
t e m p e r a t u r e s   u s i n g   n - f a c t o r s  i n  t h e   f o l l o w i n g  
e q u a t i o n :  

w h e r e  DDT, i s  the   thawing   degree-days   and  DDF, 
i s  t h e   f r e e z i n g   d e g r e e - d a y s   o f  t h e  a i r   ( a b o v e  
O ° C )  and N t  ,and N f  a r e   t h a w i n g   a n d   f r e e z i n g  n- 
f a c t o r s .  P IS a p o t e n t i a l   i n s o l a t i o n  i n d e x  t h a t  
m o d i f i e s  t h e  summer n - f a c t o r   a c c o r d i n g  t o  t h e  
p o s i t i o n   o n   t h e   l a n d s c a p e   a n d  i s  c a l c u l a t e d  by: 

P = L / L e ,  

w h e r e  L i s  t h e   l a t i t u d e   a n d  L e  i s  t h e  
e q u i v a l e n t   l a t i t u d e  o f  t h e   s i t e .  The e f f e c t  i s  
t o   i n c r e a s e   t h e   n - f a c t o r   o n   w a r m e r   s i t e s   a n d  
reduce  t h e  n - f a c t o r   o n   c o l d e r   s i t e s .  

Kers ten ' s  ( 1 9 4 9 )   e m p i r i c a l   e q u a t i o n s   w e r e   u s e d  
t o  c a l c u l a t e  t h e  t h e r m a l   c o n d u c t i v i t i e s   o f  
f r o z e n   a n d   ' u n f r o z e n   s o i l s .  The e q u a t i o n s   g i v e  
t h e   t h e r m a l   c o n d u c t i v i t y  ( K )  o f   t h e   s o i l  i n  
terms o f  i t s  m o i s t u r e   c o n t e n t  w (%I and i t s  dry 
d e n s i t y   7 6 .   F o r   u n f r o z e n   f i n e - g r a i n e d   s o i l s  

K t  = 0.1442(0.910gw-0.2)10~~~~~~~d ( 4 )  

and f o r   f r o z e n   f i n e - g r a i n e d   s o i l s  

For u n f r o z e n   c o a r s e - g r a i n e d   s o i l s  

K t  0.1442(0.710gw + O . ~ ) I O O . ~ ~ " ~ ~  ( 6 )  

a n d   f o r   f r o z e n   c o a r s e - g r a i n e d   s o i l s  

K f  = 0 . 0 1 0 ~ 6 ~ 1 0 ~ o * 8 1 ' 6 ~ d  + 

The w a t e r   c o n t e n t  of  t h e  s o i l  was   modi f ied  by 
t h e   e q u i v a l e n t   l a t i t u d e   o f  t h e  s i t e  u s i n g :  

w h e r e  w m  i s  t h e   t y p i c a l   s o i l   m o i s t u r e   f o r  a 
g i v e n   v e g e t a t i o n   t y p e .  T h i s  h a s   t h e   e f f e c t   o f  
r e d u c i n g  s o i l  m o i s t u r e   o n   s o u t h - f a c i n g  s i tes  and 
i n c r e a s i n g   m o i s t u r e  on n o r t h - f a c i n g   s i t e s .  

A l t h o u g h   t h e   e f f e c t s   o f  snow  cove r  on w i n t e r  
s o i l  t e m p e r a t u r e s ,   a n d   t h u s   p e r m a f r o s t  
d i s t r i b u t i o n ,   w e r e   r e c o g n i z e d   a s   i m p o r t a n t  
f a c t o r s ,   s n o w   d e p t h   a n d   d e n s i t y   w e r e  n o t  
d i r e c t l y   i n c o r p o r a t e d   i n t o   t h e   m o d e l .  
D i f f i c u l t i e s  i n  mapping snow c o v e r   d i s t r i b u t i o n  
p r e c l u d e d   t h e  use of snow e f f e c t s  i n  t he   mode l .  
I n s t e a d ,   t h e  snow c o v e r   e f f e c t s   a r e   i n h e r e n t  i n  
t h e   w i n t e r   n - f a c t o r s   a s s o c i a t e d  w i t h  e a c h  
v e g e t a t i o n   t y p e .  

MODEL IUPUTS 

P e r m a f r o s t  i s  mapped  by c a l c u l a t i n g   t h e   h e a t  
b a l a n c e   a t :  t h e  g r o u n d   s u r f a c e   f o r   e a c h   p i x e l  
( p i c t u r e   e l e m e n t )   o f   t h e   m a p p i n g   a r e a .  T h e  
FORTRAN p r o g r a m   r e a d s   t h e   v e g e t a t i o n ,   t e r r a i n  
u n i t   a n d   e q u i v a l e n t   l a t i t u d e  map f i l e s ,  i n  
r a s t e r   f o r m a t ,  and   a s s igns   l andscape   componen t  
c l a s s e s   t o   e a c h   p i x e l .   T h e r m a l   p a r a m e t e r s   c h a r -  

178 



VEGETATION PUP TERRAIN UNIT HAP LQUIVALENT LATITUDE MAP PHOTOINTERPRLTED PERMAFROST MAP 

$.lo* shrub Y-ClOsld whqtm spruce 
Vturrock bo9 Wclosed  ulxod forlst 
0.0 n b gpr A-closmd arpln 
P.Ck*d*b.spr B-ClOSM LlPch 

LEGEND 
L.lW$S 

LIGEN0 

F-rltrans  rttd dtposjts 
U . r t ~ i d u r ~ s o l l / n t h c r l d  bedrock 

Equivallnt Lltltude-SO+(Jx) 
LEGEND 

a c t e r i s t i c   o f   e a c h   l a n d s c a p e   c o m p o n e n t   c l a s s  
w e r e   t h e n   a s s i g n e d   t o   e a c h   p i x e l   f o r   t h e   h e a t  
b a l a n c e   c o m p u t a t i o n ,   d e p e n d i n g   o n   t h e   c l a s s  
a s s i g n e d  t o  e a c h   p i x e l .  Summer a n d   w i n t e r  n- 
f a c t o r s   a n d   s o i l   m o i s t u r e   v a l u e s   a s s i g n e d   t o  
e a c h   v e g e t a t i o n   t y p e   a r e   p r e s e n t e d   i n   T a b l e  I. 
T h e   b u l k   d e n s i t i   a s s i g n e d   t o   e a c h   t e r r a i n   u n i t  
w e r e ;   1 . 3 0   g / c m T   f o r   l o e s s ,  1 . 2 0  f o r   r e t r a n s -  
p o r t e d   d e p o s i t s ,   a n d  1.60 f o r   r e s i d u a l   s o i l s .  
T h u s ,   t h e   f r o z e n   a n d   u n f r o z e n   t h e r m a l  
c o n d u c t i v i t i e s  of  e a c h   p i x e l   a r e  a f u n c t i o n   o f  

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

c h a r a c t e r i s t i c  of  e a c h   t e r r a i n  u n i t .  A t h a w i n g  
d e g r e e - d a y   v a l u e  ( O C )  o f  1 7 0 0  a n d  a f r e e z i n g  
d e g r e e - d a y   v a l u e  of  2950 were u s e d  f o r  t h e  
F a i r b a n k s   l o n g - t e r m   a i r   t e m p e r a t u r e   a n n u a l  sums. 

T h e  model w a s   a p p l i e d  t o  a d a t a   b a s e   i n c o r p -  
o r a t i n g   v e g e t a t i o n ,   t e r r a i n  u n i t  a n d   e q u i v a l e n t  
l a t i t u d e   m a p s .   T h e   v e g e t a t i o n   a n d   t e r r a i n  u n i t  
m a p s  were d e l i n e a t e d   f r o m   a i r p h o t o s  ( 1 : 6 3 , 0 0 0  
CIR) f o r  a p o r t i o n  (1 .6  x 3.0 km) o f  t h e   S p i n a c h  
Creek W a t e r s h e d   a n d   t h e n   c o n v e r t e d  t o  r a s t e r  

w a s  b a s e d  o n  a 1 :63,000 USGS t o p o g r a p h i c  map 
f o r m a t   ( F i g .  2). T h e   e q u i v a l e n t   l a t i t u d e  map 

u s i n g   t h e   a p p r o a c h  o f  Dingman  and  Koutz ( 1 9 7 4 ) .  
E a c h   p i x e l   c o v e r s  43 x 74 m on t h e   g r o u n d .  To 
a s s e s s   t h e   v a l i d i t y  o f  t h e   m o d e l   o u t p u t ,  
p e r m a f r o s t   d i s t r i b u t i o n  was a l s o  d e l i n e a t e d  from 
t h e   a i r p h o t o s  and a g r e e m e n t   b e t w e e n   m e t h o d s   w a s  
compared .  

SIMULATION  RESULTS 

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

r e p o r t s  b y  L i n n e l l   ( 1 9 7 3 1 ,   V i e r e c k  e t  a l .  
( 1 9 8 3 ) ,   a n d   H a u g e n  e t  31. ( 1 9 8 3 ) .  The i n i t i a l  
r u n   m a p p e d  33.4$ o f  t h e   a r e a   a s   p e r m a f r o s t ,  
s i m i l a r   t o   t h e  3 2 . 1 %  m a p p e d  b y  p h o t o -  
i n t e r p r e t a t i o n .   H o w e v e r ,   t h e   p h o t o -  
i n t e r p r e t a t i o n   a l s o  mapped 2.6% o f  t h e   a r e a  a s  
q u e s t i o n a b l y   f r o z e n   a n d  4 . 4 $  a s   q u e s t i o n a b l y  
u n f r o z e n ,   t h u s   t h e   p e r c e n t a g e  of f r o z e n   a r e a  

a r e a s   w e r e   a d d e d   o r  d e l e t e d .  S m a l l   a d j u s t m e n t s  
r a n g e d   f r o m  25 .1% t o  39.1% when t h e   u n c e r t a i n  

w e r e   t h e n  made t o   t h e   t h e r m a l   p a r a m e t e r s   o f   t h e  
v e g e t a t i o n   t y p e s  so t h a t  several  of t h e   n o r t h -  
f a c i n g   d e c i d u o u s   s t a n d s   a n d   v a l l e y - b o t t o m   w h i t e  
s p r u c e   s t a n d s   w e r e   m a p p e d  i n  s u b s e q u e n t  r u n s  a s  
f r o z e n   i n s t e a d  o f  u n f r o z e n .   T h e   t r a n s i t i o n  
z o n e s   a l o n g   r i d g e s   a n d   t o e s   o f  s l o p e s  a l s o  

T a b l e  I. T h e r m a l   p a r a m e t e r s   a s s i g n e d   t o   e a c h  
v e g e t a t i o n   t y p e .  

~~ ~~ ~~ 

N - f a c t =   S o i l  
V e g e t a t i o n   t y p e  N t  N f  M o i s t u r e  

( %  w t . )  

C l o s e d   a s p e n   f o r e s t  1 . O O  0.30 15 
C l o s e d   b i r c h   f o r e s t  0 . 9 0  0 . 3 5  20 
M i x e d   b i r c h - s p r u c e   f o r e s t  0 .85  0.35 20 
C l o s e d   w h i t e   s p r u c e   f o r e s t  0.80 0 . 3 5  50 
Open b l a c k   s p r u c e   f o r e s t  0 .60 0.30 50 
Closed  b l a c k   s p r u c e   f o r e s t  0 .50 0.30 45 
Low s h r u b  s c r u b  0 .85  0.30 4 0  
T u s s o c k  bog , 0.90 0.30 55  
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PERCENT OF AREA FROZEN-6.2 

r i q u r e  3 .  S i m u l a t e d  e f f ec t s  of d i f f e r e n t  mean a n n u a l  a i r  t cmpera t l l r e s  on pe~-mafrost. d i s t r i b u t i o n .  
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c h a n g e d   s l i g h t l y ,  I n  t h e   f i n a l   v e r s i o n   u s e d   f o r  
s e n s i t i v i t y   a n a l y s i s ,  3 7 . 3 2  o f   t h e   a r e a   w a s  
mapped a s  f r o z e n .  

T h e  s e n s i t i v i t y   o f   p e r m a f r o s t   d i s t r i b u t i o n   t o  
c h a n g e s  i n  s o i l   m o i s t u r e   a n d   n - f a c t o r s ,  
p a r a m e t e r s   w h i c h   a f f e c t   t h e   c a l c u l a t i o n   o f  
s u r f a c e   h e a t   b a l a n c e ,   w e r e   t e s t e d .  When s o i l  
m o i s t u r e   w a s   r e d u c e d   o r   i n c r e a s e d  by 308, t h e  
f r o z e n   a r e a   c o v e r e d   2 6 . 4 %   a n d   4 5 . 4 %  
r e s p e c t i v e l y .  

N - f a c t o r s   w e r e   i n c r e a s e d   a n d   d e c r e a s e d  by 30% i n .  
v a r i o u s   c o m b i n a t i o n s .  When o n l y   t h e   t h a w  n- 
f a c t o r s  ( N t )  were i n c r e a s e d   a n d   d e c r e a s e d ,  
p e r m a f r o s t   c o v e r a g e   v a r i e d   f r o m   2 6 . 0 1   t o  79.2%. 
When o n l y   f r e e z e   n - f a c t o r s  ( N  w e r e   c h a n g e d ,  
t h e  f r o z e n  a r e a   v a r i e d   f r o m   5 5 . 6 %   t o  53.7%. 
When N t  w a s   i n c r e a s e d   a n d  N f  w a s   d e c r e a s e d ,   t h e  
f r o z e n   a r e a   c o v e r e d  2 0 . 5 2 .  When N t  w a s  
d e c r e a s e d   a n d  N f  i n c r e a s e d ,   t h e   f r o z e n   a r e a  
c o v e r e d   9 4 . 9 $ .  

T h e   a n a l y s e s   i n d i c a t e d   t h a t   t h e   m o d e l   w a s  very 
s e n s i t i v e   t o   n - f a c t o r s   b u t  l e s s  s e n s i t i v e   t o  
s o i l   m o i s t u r e   v a r i a t i o n s ,   T h e r e f o r e ,   s o m e  

w h i c h  by t h e i r   n a t u r e   a r e   q u i t e  v a r i a b l e   f r o m  
u n c e r t a i n t y   a c c o m p a n i e s   t h e  use o f   n - f a c t o r s ,  

month t o  m o n t h   a n d   f r o m   y e a r   t o   y e a r   e v e n   w i t h i n  
a g i v e n   s i t e   ( L u n a r d i n i   1 9 7 8 ) .   H o w e v e r ,   t h e r e  
w a s   o n l y  a l i m i t e d   r a n g e   t h a t   p r o d u c e d  a 
p e r m a f r o s t  map s i m i l a r   t o  t h e  p h o t o i n t e r p r e t e d  
p e r m a f r o s t  map. 

RESPONSE OF PERUAFROST TO CLIMATIC CHANGE 

The  model  was  used t o   a s s e s s   t h e   e f f e c t s   o f   a i r  
t e m p e r a t u r e ,   a n d   t h u s   c l i m a t i c   c h a n g e ,   o n  
p e r m a f r o s t   d i s t r i b u t i o n  w i t h i n  t h e   S p i n a c h  Creek 
t e s t   a r e a   ( F i g .  3). P e r m a f ' r o s t   c o v e r a g e   w a s  
1 0 0 %  a t  a m e a n   a n n u a l   a i r  tern e r a t u r e  ( M A A T )  
b e l o w   - 7 . 7 O C .  From - 7 . 7  t o  -6 C ,  t h e   w a r m e s t  
s o u t h - f a c i n g   s l o p e s   b e c a m e   u n f r o z e n .  From -6 t o  
- 4 O C ,  e a s t   a n d  west p o r t i o n s   o f   m i d s l o p e s ,   a b o v e  
t h e   r e t r a n s p o r t e d   d e p o s i t s   b e c a m e   t h a w e d .  From 
- 3 . 5  t o   - 2 . 7 O C   ( t h e   d i f f e r e n c e   b e t w e e n   t h e  
F a i r b a n k s   l o n g - t e r m   a v e r a g e   a n d   1 4   y e a r   a v e r a g e ,  
1 9 6 8 - 1 9 8 2 1 ,   d e c i d u o u s   f o r e s t s  on  NE a n d  N W  
f a c i n g   s l o p e s   a n d   s t e e p   s o u t h - f a c i n g   d r a i n a g e s  
became  thawed.   Between  -2   and  O°C, change   was  
l i m i t e d   t o   b l a c k   s p r u c e   s t a n d s   o c c u r r i n g   a l o n g  

Between 0 and 2OC, a l l   b l a c k   s p r u c e   s t a n d s   a n d  
t h e   l o w e r   p o r t i o n s   o f   s o u t h - f a c i n g   s l o p e s .  

t u s s o c k   b o g s   o n   r e t r a n s p o r t e d   d e p o s i t s   i n   t h e  
v a l l e y   b o t t o m s   b e c a m e   t h a w e d .   A b o v e  2OC, 
p e r m a f r o s t   p e r s i s t e d   o n l y   o n   l i m i t e d   p o r t i o n s   o f  
s t e e p   n o r t h - f a c i n g   s l o p e s .  A t  2.6'C, a l l  
p e r m a f r o s t   w a s   e l i m i n a t e d .  

g 

EVALUATION OF HODEL 

T h e   v a l i d i t y   o f   t h e   m o d e l   c a n   b e   p a r t i a l l y  
e v a l u a t e d  by i n d i r e c t   m e a n s .   A l t h o u g h   n o   f i e l d  
v e r i f i c a t i o n   w a s   d o n e   o n   t h e   p e r m a f r o s t   m a p  
( p r e s e n t   c l i m a t i c   c o n d i t i o n s ) ,  good a g r e e m e n t  
( 9 2 . 7 % )  w a s   a c h i e v e d   b e t w e e n   t h e   s i m u l a t e d  map 
(MAAT=-3.5'C) a n d   t h e   p h o t o i n t e r p r e t e d  map. 

G o o d   a g r e e m e n t   w a s   a l s o   f o u n d   b e t w e e n  t h e  
r e s u l t s  o f  t h e   t e m p e r a t u r e   e f f e c t   s i m u l a t i o n s ,  
i n  w h i c h   p e r m a f r o s t   b e c a m e   c o n t i n u o u s   b e l o w  

' 80 ,-Five Mile Comp (Yukon River) 

\ !*Fairbanks (30 year  ave.) 

30- 

20 - 
10- 

8 

0 1 1 1 1 1 1 1 1 1 1  

-8 -6 -4 -2 0 2 
M U N  ANNUALAIR TEMPERATURE ('C) 

Figure ,4. S i m u l a t e d   e f f e c t s   o f   c h a n g e s   i n  mean 
a n n u a l   a i r   t e m p e r a t u r e s   o n   t h e   p e r c e n t   o f   a r e a  
f r o z e n .  Air t e m p e r a t u r e s   a t   F i v e   M i l e  Camp and 
A n c h o r a g e   a r e   i n c l u d e d  for c o m p a r i s o n .  

- 7 . 7 O C  M A A T  a n d   a b s e n t   a b o v e   2 . 6 O C  MAAT,  and 
o t h e r   e v i d e n c e   ( F i g .   4 ) .   A c c o r d i n g   t o   H a u g e n  
( 1 9 8 2 1 ,  MAAT'S  o n   t h e   s o u t h   s i d e  of t h e   B r o o k s  
R a n g e ,   w h e r e   p e r m a f r o s t  i s  d i s c o n t i n u o u s ,   r a n g e d  
f r o m  -5 .9  t o   - 6 . g 0 C   a n d  M A A T ' s  i n   t h e   A r c t i c  
f o o t h i l l s ,   w h e r e   p e r m a f r o s t  i s  c o n t i n u o u s ,  
r a n g e d   f r o m  -6 .7 t o   - 1 1 . I o C   ( y e a r s   1 9 7 5   t o  
1 9 7 9 ) .   B r o w n   ( 1 9 6 7 )   u s e d   t h e   - 8 . 3 O C  M A A T  
i s c t h e r m   t o   d e l i m i t   t h e   b o u n d a r y   b e t w e e n  
c o n t i n u o u s  a n d  d i s c o n t i n u o u s   p e r m a f r o s t   a n d -  
1 . 1  O C  t o  d e l i m i t  t h e   b o u n d a r y   b e t w e e n  
d i s c o n t i n u o u s   a n d   s p o r a d i c   p e r m a f r o s t .   H a r r i s  
( 1 9 8 1  1 c o n c l u d e d   t h a t   t h e   b o u n d a r y   b e t w e e n  
d i s c o n t i n u o u s   a n d   s p o r a d i c   p e r m a f r o s t   l i e s  just  
o n   t h e   c o l d   s i d e  o f  O'C. I n  o u r  m o d e l ,  
p e r m a f r o s t   b e c a m e   s p o r a d i c  ((25%) i n   t h e   m a p p i n g  
a r e a   a t  M A A T  of  -1.OOC. H a r r i s  also n o t e d  
s p o r a d i c   p a t c h e s   o f   i c e   b e n e a t h  p e a t  h a v e   b e e n  
f o u n d   a t  M A A T ' S  a s  warm a s  5OC b u t   w e r e   m o r e  
f r e q u e n t l y   f o u n d   a t  MAAT'S  below 3OC. 

T h e   i d e n t i f i c a t i o n  of  n o r t h - f a c i n g  s l o p e s  a s   t h e  
l a s t   l o c a l i t y   f o r   p e r m a f r o s t   t o   p e r s i s t  i s  
i n c o n s i s t e n t   w i t h  some o b s e r v e d   o c c u r r e n c e s ,  
h o w e v e r ,   a n d   m a y   b e   d u e   t o  t h e  l a c k   o f  
g r o u n d w a t e r   e f f e c t s   i n   t h e   m o d e l .   E x p e r i e n c e  i n  
s o u t h - c e n t r a l   A l a s k a   a n d   o t h e r   a r e a s   a t   t h e  
s o u t h e r n  limit of p e r m a f r o s t   i n d i c a t e s   t h a t   t h e  
l a s t   p o c k e t s   o f   p e r m a f r o s t   w o u l d   n o r m a l l y   b e  
e x p e c t e d   t o   o c c u r   a r o u n d   t h e   e d g e s  o f  bogs   and  
p e a t l a n d s   t h a t   d o   n o t   r e c e i v e   g r o u n d w a t e r  
d i s c h a r g e   f r o m   ( w a r m e r )   h i g h e r   u p l a n d   s l o p e s .  
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CONCLUSIONS 

S e v e r a l   c o n c l u s i o n s   c a n   b e   d r a w n   f r o m  t h i s  

w o r k   q u i t e   w e l l  i n  m o d e l l i n g   t h e   n a t u r a l  
p r e l i m i n a r y   e f f o r t .   T h e   a p p r o a c h   a p p e a r s   t o  

d i s t r i b u t i o n  of p e r m a f r o s t  in t h e   S p i n a c h  Creek 
t e s t   a r e a .  The model i s  r e l a t i v e l y   s i m p l e   a n d  
t h e   r e q u i r e d  i n p u t s  a r e   f a c t ' o r s   t h a t   c a n   b e  
m a p p e d  b y  s k i l l e d   p h o t o i n t e r p r e t e r s   a n d / o r  
d e r i v e d   f r o m   d a t a b a s e   a n a l y s e s   o f  s o i l  t e s t  d a t a  
a n d   c l i m a t i c   d a t a .   H o w e v e r ,  i t  s h o u l d  be n o t e d  
t h a t   m o d e l l i n g   ( a s  wel l  a s   p h o t o i n t e r p r e t i v e  
p e r m a f r o s t   m a p p i n g )   c a n   b e   e x p e c t e d   t o  b e  
e a s i e r   i n   h i l l y   t e r r a i n ,   s u c h   a s   t h e  t es t  a r e a ,  
t h a t   h a s  1) r e l a t i v e l y   t h i n   l o e s s   c o v e r ,   a n d  2 )  
s t r o n g   g r a d i e n t s  i n  i n c i d e n t   s o l a r   r a d i a t i o n .  
I n   a d d i t i o n ,   t h e   r o l e   o f   g r o u n d w a t e r  is 
i m p o r t a n t   a n d   c a n n o t  be n e g l e c t e d ,   e s p e c i a l l y  i n  
l a n d s c a p e s   t h a t   a r e   f l a t t e r ,   h a v e   m o r e   c o m p l e x  
g e o l o g y   a n d   v e g e t a t i o n ,   a n d  in m o r e   m a r i t i m e  
c l i m a t e s .  

A l t h o u g h   t h i s   m o d e l   w a s  run on a s p e c i f i c   a r e a  
n e a r   F a i r b a n k s ,   t h e   r e s u l t s   o f   t h e  mean  annual  
a i r   t e m p e r a t u r e   s i m u l a t i o n s   c a n   b e   a p p l i e d   t o  
A l a s k a ' s   I n t e r i o r  i n  a g e n e r a l  way a n d   h a v e  
i m p l i c a t i o n s   f o r   h u m a n   d e v e l o p m e n t   o n  
p e r m a f r o s t .   R e l a t i v e l y  l i t t l e  c h a n g e   m i g h t  be 
e x p e c t e d   t o   o c c u r   f r o m  a c l i m a t i c   w a r m i n g   f r o m -  
3 . 5  t o  O'C, e x c e p t   a t   t r a n s i t i o n   z o n e s   a l o n g  
p e r m a f r o s t   b o u n d a r i e s ,   p a r t i c u l a r l y   o n  
r e t r a n s p o r t e d   d e p o s i t s  on t h e   l o w e r   p o r t i o n s  of  
s o u t h - f a c i n g   s l o p e s .   A b o v e  O ° C ,  p e r m a f r o s t  
d e g r a d a t i o n   w o u l d   a c c e l e r a t e   a n d  a l l  v a l l e y  
b o t t o m s ,   w h e r e  much i n f r a s t r u c t u r e   d e v e l o p m e n t  
o c c u r s ,  w o u l d   b e c o m e   t h a w e d ,   T h e   t h a w i n g  of 
r e m n a n t   p e r m a f r o s t  on s t e e p   n o r t h - f a c i n g   h i l l s  
a t  MAAT's be tween  2 and 2 . 5 O C  w o u l d   l i k e l y   h a v e  
l i t t l e   e f f e c t  on human use s i n c e   t h e s e   s i t e s   a r e  
r a r e l y   d e v e l o p e d .  
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SYNOPSIS. In the  mountain of northern Finland ermafrost exists  in a discontinuous pattern with 
thicknesses between  about 10 and over 50 metres. &e permafrost sites are  often without snow  cover 
in winter and show deflation henomena  and a typical vegetation, then. After a short history of perma- 
frost research in  Lapland, a jetailed description of the permafrost environment of northernmost Fin- 
land is  given. 

HISTORY OF PERMAFROST  RESEARCH IN LAPLAND 

Although the knowledge about  permafrost distribution in Lapland 
is  very limited and mainly concentrated on palsas, the history of 
permafrost research is quite long. Permafrost research started  in 
the beginning of this century mainly  in connection with the deve- 
lopment of this northernmost part of North Europe. Permafrost 
findings  have been  done during the construction of the railway 
between  the Swedish iron  ore city Kiruna and  the  seaports Narvik, 
Norway and Lule&, Sweden,  respectively  (Fig. 1). At  that time re- 
searchers as Andersson (1903), Hamberg (1904) or Hogborn (1914) 
had a very good understanding of the laws that govern the distribu- 
tion of permafrost. Permafrost sites were  mainly  discovered north 
of Kiruna in an  area with  very little precipitation and  deep winter 
temperatures. Apart from these findings  along the railway track 
permafrost research was concentrated on palsa studies initiated 
again in  Swedish Lapland by Fries  and  Bergstrom (1910). A large 
number of palsa studies followed until today and a comprehensive 
description of these studies is  given by Vorren (1979), h m a n  
(1977) and Seppalii (1987). Whereas in Finland and Norway the 
general opinion was, that permafrost sites are restricted to palsas, 
Ekman (1957) was able  to  report 60 meter thick permafrost in a 
drill hole in the Abisko  Mountains. Comparable  little  attention was 
&En to this sensational finding. Ostrem (e.g. 1964) did  extensive 
studies concerning the formation of ice-core moraines by an admi- 
rable multitude of methods without  really realizing that  the resul- 
ting  inventory of ice-core moraines was at  the  same time a perma- 
frost inventory (cp. Barsch, 1971; Ostrem, 1971). Rapp  and An- 
nersten (1969) and Rapp  and Clark (1971) reported  the occurrence 
of large polygons  in the mountains of Northern Sweden, but the 
role of permafrost was mentioned only marginally  in these publica- 
tions.  King (1976) did again seismic studies on some of Ostrem’s 
ice-cored moraines and discovered that permafrost existed also re- 
gularly  in  exposed  ridges of other origin. The regular and wides- 
pread distribution of  high mountain permafrost was then  summari- 
zed  in  King (1983,  1984,  1986). Svensson (1986) gives an inventory 
of periglacial forms  in  Swedish Lapland  and puts  much emphasis 
on relict forms (cp. Rapp, 1982). Meier (1987) gives a periglacial 
inventory for Norwegian  Lapland  and  discusses the permafrost 
conditions. 

During  the construction of the road from Kiruna  to Narvik 
(Norway) at  about 1980, permafrost was  again  found  (Knutsson, 
1980). This report was received again with astonishment, although 

the widespread distribution of permafrost was postulated already 
by Hogbom (1914), h m a n  (1977) or King (1976,  1982). Frozen 
ground can regularly be found during construction work in Swedish 
or Finnish Lapland, but as h m a n  (1977) mentions, it is often very 
difficult to decide whether these findings are perennially or ody 
seasonally frozen. A climatic comparison between Finnish Lapland 
and  the  Canadian subarctic shows that large parts of Finnish La- 
pland belong to  the subpolar forest  tundra  and permafrost should 
therefore be as widespread as in the well-studied, comparable  Ca- 
nadian  areas  (Table 1). In Norwegian Lapland, the  Varanger  Pe- 
ninsula shows even a true polar climate, at least  in its interior 
(Meier. 1987). This fact is missing in  the mental map of most Eu- 
ropeans, Thorough studies of the  interior parts of Varanger Penin- 
sula will c~rtainly bring more knowledge about permafrost features 
in Norwegian Lapland, similarly to those reported  from Swedish 
Lapland by Lagerback  and  Rohde (1986) or h e r m a n  and Malm- 
strtlm (1986). It is therefore  quite obvious, that permafrost exists 
also outside the high mountain  areas of Norwegian and Swedish 
Lapland and then belongs to  the subpolar and polar type (Karte. 
1980). 

DISTRIBUTION AND THICKNESS OF PERMAFROST IN 
LAPIAlqD 

In a very recent  paper,  the  authors have presented the results of 29 
geolectrical soundings for permafrost and given a detailed descrip- 
tion of the field methods (King and  Seppal$ 1987; cp.  King et al., 
1987). These results can be summarized as follows: In most places 
above timber line a permafrost thickness of 10 - 50 m was recorded. 
In many localities at higher altitudes, e.g. several hundred  meters 
above  the timberline, the permafrost thickness is 50 m  at least, and 
a thickness of more  than 100 m may be extrapolated for the highest 
mountain tops of northern Finland. 

In many areas close to  the timberline, permafrost appears in 
a discontinuous pattern,  and  its thickness  is in  the  order of several 
meters, then (Tab. 2). The occurrences are closely related  to  the 
microtopography, and hence to the thickness of snow cover during 
winter. Drifting snow conditions prevail during winter storms, and a 
snowcover of several decimeters may isolate the  ground  from the 
cold  locally and thus prevent the permafrost formation. Deflation 
phenomena  on  the  other  hand hint to snowfree sites and  often to 
permafrost below. Thus, vegetation pattern is a good indicator to 
the winter  conditions, as will be  shown in the following chapter. 



THE PERMAFROST ENVIRONMENT 

The inlandsis of the glaciations have imprinted the topography of 
northern Finland. The gently  rolling landscape or the  rounded Gel1 
mountains together with the vegetation cover  have  much similarity 
e.g.  with the  Ungava/Labrador peninsula in Canada  and  even  the 
climatic values are  rather similar (Tab. 1). The area belongs more 
to the  polar/subpolar environment than  to  the  alpine environment 
therefore,  even  in  mountaineous  areas. 

Topography, climate and seasonalfrost 

Northern Finland is 5atter and lower  in altitudes  than  bordering 
areas  in Sweden and Norway, where  the KjBlen mountains in the 
west rise above 2000 m (Fig. 1). In Finland elevations higher than 
loo0  m  are reached only in the NW corner of the  Caledonian 
mountains (Kilpisjhi and Halti). Large areas of Finnish Lapland 
are less than 300 m  above  sea level (Atlas of Finland 1986, Folio 
121-122). Many fjell summits are less than 500 m high. 700 m is a 
rare  altitude  and 'm be found at a few  summits of eastern Sa- 
riselkti south of Lake Tnari, and at  the Ounas-Pallas !jells about 
24OE and as already mentioned, in NW Finland west of 22OE longi- 
tude. In general, the topography is smooth  and  the fjell slope 
gently. The summits are very flat and large in  area as is typical of 
old peneplain surfaces (Seppiilii and Rastas, 1980). The main part 
of Finland belongs to  the  Archaean shield area and  the  rather 
gentle mountains are  the results of Tertiary uplifts as horsts and 
surround, arc-like, the  southern  and western edge of the  Lake Inari 
basin.  Typical topographic features  are  deep  fault valleys cutting 
the mountains in blocks. These valleys are important for  plant sur- 
vival during the severe subarctic winter that  dominates  the fjell 
tops. 

According to Kolkki (1965) the  mean  annual  temperature in 
northernmost Finland ranges between + O S  and -Z0C (period 1931- 
1960). There is a pronounced moderating influence on the air tem- 

peratures along the coast. The result is that  the warmest area is the 
NE corner close to  Varanger fjord and  the coldest area is the 
mountainous region in  the NW corner (Kolkki 1965;  Fig. 2 A). In 
the region where palsas occur, the  mean annual temperature is - 
O.S°C or below. These  temperatures  represent the readings at few 
(about five) stations  situated usually  in  valleys, and at a height of 
two metres  above  the  ground surface. Local climatic conditions 
that  are responsible for  the permafrost formation might differ sig- 
nificantly  (e.g. winter inversions). 

The coldest months are January and February which are 
very similar (Fig. 2 C and D In the long term  the monthly mean 
temperatures range from -11 k C in  the NE to -14OC to  the S and W. 
During  the coldest months, the  miemurn  temperatures  often fall 
below -4pC (Fig. 2 B). Seasonal thaw starts  in May when mean 
monthly temperatures rise above O°C (Fig. 2 E) but locally  much 
snow still remains on  the ground. Snow melt in the valleys con- 
tinues throughout May and  lakes  at higher altitudes stay frozen un- 
til mid-June. Mean  June  temperatures in the study areas are  bet- 
ween +7 and t 10°C  (Fig. 2 F). July  is the warmest month with 
mean monthly temperatures  from + 1Z0C to + 14OC (Fig. 2 G). 
The  duration of the  thermal winter is  longer in coastal areas than 
in  the  interior (Fig. 2 H). 

Mean  dates of first soil frost formation are between 15th 
and 25th of October  whereas thqwing takes place between 10th and 
20th of June (Soveri and Varjo, 1977). In mineral soils in Utsjoki 
the  depth of seasonal  frost may reach 2 to 3.5 m (SeppSlii, 1976); 
these measurements are made in  valleys. In peatlands with normal 
snow cover the frost penetrates down to 40-60 cm (Seppalii, 1982 
a); seldom  deeper in Utsjoki, If this happens, then there is  not 
enough time for complete thawing during the preceding summer 
(SeppHilil. 1986). In peatlands seasonal frost may still be encounte- 
red  at  the  end of  July, but usually  thaws  completely before  the new 
freezing season starts  (Seppdiz 1983). The frost season in 
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TABLE 1. Mean air temperatures of selected weather stations 
in subarctic areas of Canada and Finnish Lapland. 

Ut. Year Jan. July 
ON OC min.% max.% 

Fort George, 
Quebec 5 4 0  - 2 . 2  -28.3 +17.8 
Woosonee I 
Ontario  51°  -1.1 -20:  0 +21.7 

Nitchequon, 
Quebec 5 3 0  

Toivoniemi, 
Inari, 

Finland 69' 

Sodankyla, 
observ . , 
Finland 67O 

Pallas j ami, 
Finland sao 

-2 .2  

-0.4 

-0.4 

-0.4 

-28.9 

-17 * 4 

-19.0 

-16 5 

+18.3 

+18.8 

+20.2 

+18.9 

PEg. 2. The dimate of northern Fhd. Redram der  Kolkki, 
(1965). k Mean annual air temperature (193160) in northernmost 
F h d .  B. Mean mud a h l u t e  minimum temperature. C. Mcan 
temperalure in JMWY. D. Mean temperature in February. E. 
Mean tempahwe in May. F. Meau temperahus in June. G. Mean 
temperature in July. H. Duration of the thermal winter (Oo ... 0 9  in 
days (193160). 

northemost Finland lasts up to 8 months in mineral soils and 
even 9 to 10  months in mires, 

Lake Inari is covered  with ice about 200 days a year  (mean 
191CL.1950  according to Atlas of Finland  1960:8).  The  thickness  of 
the  ice  cover is about 80 cm and  the surface temperature during the 
summer  time is generally  less  than 15'C (Kallio et al., 196917). 

In the  palsa  region  the annual precipitation  is  about 400 mm 
or  less  decreasing NW to some 320 mm at Kilpisjhi except at the 
northernmost part of Utsjoki where  it exceeds 380 mm a year. Pre- 
cipitation maxima exist in July-August;  February-May is a period of 
low  precipitation.  During  June-September  more  than 50% of the 
annuaLtotal  precipitation occurs ( H e l M ,  1966).  About 30-4045 
of the annual precipitation  (October-May) is in the  form of mow. 
The  average d m u m  thickness  of  snow  cover is 60-80 cm and 
normally this is reached  in  March  or April. In the Kevo region in 
Utsjoki the  snowfree period lasts  about 5 months  (KELrenlampi, 
1972). In the  highlands of Finnish  Lapland  this period is  about  one 
month  shorter  except  on  fjell-tops  (Hiltunen,  1980). 

h the summit areas of fie& the snow cwer is very thin (5 
cm or  less)  and it may  disappear  completely  even at  the  end of Fe- 
bruary (Kallio et d., 1969).  Birch  forests  have  thicker  snow  cover 
than  pine  forests  and by midwinter  the  low  alpine  heath  possess 
only about 50% of the snow  depth  found  in  the  birch (Kkenlampi, 

lm, Clark et al., 1985). The  prevailing winds are from W and SW 
in Finnish  Lapland.  The seasonal wind directions are Merent: Du- 
ring the  summer time NE, W and N winds dominate,  during  winter 
winds from the W, SW and S occur (Atlas of Finland  1960:6; Sep- 
pail, 1976).  Special  attention  should be paid to the effects of strong 
winds from NW (Sepp&lilii, 1971,  1973);. The wind  velocity  strongly 
increases  with higher elevations  and this is  of great importance for 
the  thickness  of snow cover (eg. Solantie,  1974; King, 1986a).  Snow 
distriiution is a function of  wind,  interacting  with  microtopography 
and  vegetation,  and this changes  with  wind direction, At  the  meso 
scale,  however,  the snow distribution  is a product  of  topography 
and a cause of vegetation  responses  (Hiltunen,  1980). 

Topography' has its  effects on the air temperature (King, 
1986b). In advective  weather  situations  there is an  adiabatic  gra- 
dient of about 0.6°C/100 m  altitudinal  difference. On the  other 
hand, the relief  is  favourable  for  the  formation  of  "cold air ponds" 
in  the  valleys  with  stagnant  cold  and  heavy  air.  Then, the fjell  tops 
can be up to 2OC warmer  than  the  valley  bottoms  for  long  periods 
(Clark et al., 1985).  Occasionally  it  may  even be 10°C  warmer on 
the summits than in the valleys ( H e l i d ,  1974;  Huovila, 1974). 
This certainly  docs  not  mean  that  the permafrost formation on the 
rjell tops would be prevented  because of  lack  of  cold.  Air tempera- 
tures  there are still cold enough (e.& -3@C instead of - 40%) and 
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allow, because an isolating snow  cover  is often missing, a cooling of 
the  ground  and much deeper  penetration of frost than  in  the snow 
covered  valley bottoms. 

After this climatological and topographical description of 
typical  permafrost sites, several conclusions concerning the  general 
permafrost distribution in northern Finland qan be drawn. 

The relief map or the  altitude as such, certainly does not tell 
one of the expected permafrost localities. The lower limit of dis- 
continuous permafrost changes its altitude  and  drops from the 
more maritime to  the more continental, dry climates. This has been 
shown clearly by King (1984, Figs. 67 and 69;  Figs. 5 and 6) and a 
connection of the lower  limit of permafrost belts with the MAAT 
has been postulated, The lower  limit of discontinuous permafrost is 
at about 300 m a.s.1. in  the Utsjoki area  and rises to values of about 
500 m a.s.1. in the NW and  the S of the study area (MAAT 
isotherms reduced to  sea level are OOC and t l0C, respectively). 
But the  number of weather stations in northernmost Finland is  very 
limited and  their location usually  displays a rather special climate, 
Moreover, a maritime/continental contrast does not  exist as clearly 
in northernmost Finland as in the Swedish and Norwegian  moun- 
tains  to  the NW and W of our  area (6. isotherm in King, 1986,  Fig. 
4). 

Vegetation 

When selecting sites for our geoelectrical soundings, our primary 
aim was not only to find permafrost but also to quantify the impor- 
tance of snowcover and vegetation as critical factors in  permafrost 
formation. The complex interdependence  between  permafrost  and 
vegetation has been shown by many authors (e.g. Tyrtikov, 1978). 
In many cases vegetation is even a direct indicator for winter snow 
thickness (e.g. Clark et al., 1985). and snow thickness often is pri- 
marily responsible for  the formation of permafrost. 

A description of the vegetation at typical sites with and 
without permafrost is  given as follows: Permafrost regularly  exists 
in  the fjell summits of northern Finland, Here,  the permafrost area 
is in  general  above timberline and indicated by low and  medium 
heath vegetation. If this hypothesis is true,  then  the vegetation map 
of northernmost Finland (Sepp&la and Rastas, 1980)  which indica- 
tes the  distribution of barren fiell tops (+ alpinn) can be  read as 
a map of permafrost. Similar interpretation can be given to  the ve- 
getation classification for  the Kilpisjhi region made with Landsat 
MSS data  (Clark et al., 1985,  Fig. 5). It could be used not only as a 
snow depth  surrogate  map but also as permafrost map  where parts 
of yellow, all orange (=light brown and grey  pixels on highlands 
then show the existence of permafrost).Certainly, further  research 
work has  to be done  in  order  to prove this hypothesis.  But our as- 
sumption is also encouraged by the regular permafrost distribution 
pattern which is comparable with that  obtained by a large number 
of geoelectxic,  seismic, ground  and snow temperature soundings in 
the ncighbouring Kebnekaisc  area (King, 1983). 

In northernmost Finland, in the Tana River valley, the tim- 
berline  on  north facing slopes is just  above 100 m a.s.1. In general, 
the  forest limit is located  between 300 and 400 m a.s.1. in  the 
northern parts of the studied region, between 400 and SO0 m a.s.1. 
in  the western p w  and rising to 600 m a.s.1. altitude in Kilpisjid 
on the southwest facing dope of saana mountain. Here, the tim- 
berline  often corresponds to thc lower  limit of discontinuous per- 
mafrost. 

Heaths w e n d  above  the  forest line. The lower heathlands 
are  dominated by shrubs such as Betula nana, vaccinium rnvrtillus 
a d  Empetnun hemaphtoditum, whereas  in  the  fjell at higher ele- 
vations s& /&mea, Empetrum and  alpine grasses  with lichens 
and mosses occur. In  the mountains of the NW ca.~iope t m w ~  
is abundant (Clark et al., 1985). On  the fie11 Summits blockhlds 
and wind  blown heaths with lichens and mosses well bare rock 
slabs are  often found. Patterned  ground (as stone p o l y g o ~  and 

stone  stripes on slopes) occur regularly on fjell  summits (Seppaii 
1982b)  signs of deflation hint  to permafrost, too. 

A good correlation  between snow depth  and type of vegeta- 
tion was found in  KilpisjW  and Kevo region by Clark et al. (1985). 
During the winter 1984/85 the snow depth ranged from 5 cm for 
medium  altitude  heath to 85 cm in birch forests. Plants which need 
a certain protection of snow  cover do  not survive without it, and 
this means  that e.g. chionophilous plant communities (PhyltWme - 
Vaccinium myrtillus heaths, meadow-like and  heath like snowbeds) 
usually carry 80 cm snow at a maximum,  while the wind  swept 
heaths of the chionophobic communities have  less than 20 cm snow 
(Eurola  et al. 1980). Permafrost may then  be expected at  the latter 
sites, Thus, snow depth is the most critical factor  for  the  permafrost 
formation (King, 1986a) and this has also been shown in experi- 
mental palsa studies (Sepptilh 1982a). 

TABLE 2. Location of selected SOUII- sites with permahost thickness in metres. 

2. 360 45 
3 .  360 18 

Flat.  dry  low  alpine  heath. 

4 .  360 I1 
Deflation.  Stone  polygons,  low  alplne  heath. 
Deflation  surface.  Low  alplne  heath. 

5 .  360 24 Lerae veoetated  stone  polygons  wlth  diameter 8 m .  

E .  360 18 
Low-elpiie  heath. 

7 .  360 none  Flat,  no  deflation. Low alpine  hegth. 
Hlll  with  deflation  patches. low heath. 

8 .  320 13  Hlll  with  bio  boulder, g l a c a a l  tlll.  deflation, 
low  heath.  peat on summit. 

10. 320 14 
11. 3 2 0  15 

Hill. Glacial  till.  Soma  deflation. 

12. 320 none Large  depression  with  wet  patch. 
Depreeslon.  boulders,  patterned  ground. 

13. 3 2 5  7 Hlll  with  deflation.  Coarse  gravel, 

9 .  315  none D e p r e s a a o n .  Betula  nana  bushes. 

n e ~ f  nn e t m n l f .  ( c p .  Fig. 3). 
14. 305 none In  birch  forest.  glecLel  till. 
15. 335 1 0  
16. 340 14 

Saddle  bstween  riummlts.  Alpine  heath. 

23. 830 50 
Summit  of  SkalonJuovttsa.  Alplne  heath. 
Medlum  altitude  heath.  Betula  nana,  Empetrum. 

24. 890 50 Medium  altitude  heath. N slope: 13.5O. 
25. 880 50 N slope, 25". Strong  sollfluction. 

27. 680 12-14  Low  heath. 10 m b e l o w   t h e   s u m m ~ t .  

"" - - -  " 

Medium  altltude  heath. 

V e r y  fresh  rock surfacs. few c r a c k e .  
B i g  b l o c k s   on  thin  tlll C O Y B P .  

unsorted  frost  polygona. 

Frost  polygons.  Medium  altltude  heath. 

28. 710 4 0  

2 9 .  730 20-50 10 rn bs low t h e  ~ u m m l t .  G l a c l a l  till. 

L o c a t i o n s :  ( c p .  Fig. 1 I :  
Skallovarri ( N o .  2 t o  14) 
Aillaas ( N o . 1 5  and 16) 

Saana ( N o .  23 to 25) 
Pikku  Malla ( N o .  27 t o  29) 



Whether'permafrost is actually forming today is both impor- 
tant and difficult to answer. In some  places, the active layer is  thick 
and it might  be  possible that some permafrost is  relict.  However, to 
assume a glacial age would  certainly be  too  far reaching.  We  know 
that during the climatic optimum 7000-5000 years ago, the pine tree 
line was hundreds of kilometres north of the  present stage and on 
many Qell summits trees  were growing, then  (Eronen, 1979).  At 
other localities we are  quite convinced that severe winters followed 
by low summer  temperatures may result in  the  formation of  new 
permafrost. These  latter sites are  at  least as favourable for  perma- 
frost formation as those where Seppiilti  (1982a) actually proved 
palsa growth.  But to prove the growth of permafrost, continuous 
temperature  measurements in deep bedrock and over many years 
are compulsory. 

ACKNOWLEDGEMENTS 

Our studies would not have been successful without the help of the following per- 
sons and institutions: Mr. Peter-Paul Jeckel, Giessen, Mr. H e w  Klein, Kilpis- 
jiimi, the Kcvo Subarctic Research Station and Kilpisjiirvi €$dogical Station and 
the Geophysical Institute of the University of Frankfurt. Funding came from the 
Academy of Finland and the Deutsche Forschungsgcmcinschaft. 

REFEFENCES 

Aario, L. (1960). Vegetation zones of Lapland. Atlas of Finland 1960,108. 
han, R. (1977). Palsar i Nordnorge. (Summary: Palsas in northern Norway.) 

Meddelanden frh Lunds Uuiversitets Gengrafrska Institution 78,165 pp. 
he rman ,  J. & MalmstrBm, B. (1986). Permafrost mounds in the Abisko area, 

north Sweden. Gcografuka Annaler 68A(3), lS5-165. 
Anderrnu, G. (1903). Tjderts djuplek i nordligaste Sverige. Ymcr 23, p. 485 

(Stockholm). 
Barsch, D. (1971). Rockglaciers and ice-cored moraines. Gcogr. Ann. 53 A, 203- 

206. 
Clark, MJ., A.M. Gurnell, EJ. Milton, M. Seppiila 9, M. Kyostili (1985). Remo- 

tely-sensed  vegetation dassifxation as a snow depth indicator for hydro- 
l o g i c a l  analysis in sub-arctic F h d .  Fcnnia 163,195-216. 

Ekman, S. (1957). Die Gewiisser des  Abisko-Gebietes und h e  Bcdmgungen. 
Kungl. Sv. Vcfenskapsakademiens Handlingar 66 (Stockholm). 

Eronen, M. (1979). The retreat of pine forest in F i  L a p h d  since the Holo- 
cene climatic optimum: a  general discussion with radiocarbon evidence 
from subfossil  pines. Fennia 157,93-114. 

Eurola, S., H. Kyllonen C K Laine (1980). Lumen ekologisesta  merkityksestii kas- 
villisuudellc Kilpisjwi alueella. (Snow conditions  and some vegetation 

Fries, T. & E. Bergstrom (1910). Nhgra iakttagelser ofver  palsar och deras  fore- 
types in the Kilpisjiirvi region.) Luonnon Tutkija 84.43-48. 

komst i nordligaste Sverige. Stockholm Geol. Wren. Fbrh. 32(1),  195-205. 
Hamberg, A. (1904). Till fr5gan om forekomsten af alltid frusen mark i Sverige. 

Ymer 24.87-93 (Stodrholm). 
Helimiiki,  U.I. (1966). Tables and maps of precipitation in F i d ,  193160. S u p  

plement  to  the  Meteorological  Yearbook of Fdand  66,2,22 pp. 
Helimaki, U.1. (1974). Lapin ilmastosta ja tunturien  ilmaston erikoisuuhista. 

(Summary: On the d i a t c  of Lapland, especially on the hi.) Lapin 11- 
mastokkja - Climate of Lapland, 23-27, Rovaniemi. 

Hiltuncn, R. (1980). Tuulenpiekseman  ja lumenviipymin IAmlmpBtila - ja lumioloista 

wind-exposed places on PikLu-MdIa.) Luonnon Tutkija 84.11-14. 
Pikku-MalIaUa. (Temperature and snow conditions on MOW beds and 

Hogbom, B. (1914). Uber  die geologische Bedeutung  des  Frostes. BuU. Geol.  Inst. 
Uppsala, 12,257-389. 

Huovila, S .  (1974). Lamphlojen  dtelurajat  Pohjois-Suomessa. (Summay 
Temperature range in northern Finland.) lapin Ilmastokirja - Climate of 
Lapland, 18-22, Rovaniemi. 

Jeckel, P.P.  (in  prep.). Untcrsuchungen zur Periglazialmorphologie und Perma- 
frostverbreitung in Lappland. 

Kallio, P., U. Laine & Y. Makinen (1969). Vascular flora of Inari  Lapland. I. Int- 
roduction and Lycopodiaccae - Polypodiaceae. Reports from the Kevo 
Subarctic  Research  Station 5,l-108. 

Klenlampi, L. (1972). Comparisons between the  mimodmates  of  the Kevo 
ecosystem studysites of the Kevo meteorological  station. Reports from the 
Kevo Subarctic  Research  Station  9,50-65. 

Karte,  J. (1980). Rezente, subrezente und fossile PeriglGkeirerscheinungen im 

L. (1976). Pcrmafrostuntersuchungen in Tarfala (Sehwdisch Lawland) mit 
nordlichen Fcnnoskandien. Z. Geomorph. N.F. 24(4). 448-467. 

Hilfe der Hammerschlagscismik. ~itschr.f.Glctscherkundc und Glazid- 
gcologie 12(2),  187-204. Kipg, L. (1979). Palsen und Permafrost in 
Quebec. Triercr Geographische  Studicn,  Sonderhelt 2, Kanada und das 
Nordpolargebiet, 141-156. 

King, L. (1982). Qualitative und quantitative  Erfassung von Permafrost in Tarfala 
(Schwedisch Lappland) und Jotenhcimen (Norwegcn) mit Wilfe geoelekt- 
rischer  Sondierungen. Zeitschr.f.Geomorphologie, Supplemcnt-Bmd 43, 
139-160. 

King, L. (1983). H i i  mountain permafrost in Scandinavia. Permafrost; Fourth 
International Conference, Procediup. National Academy Press, 
Washington, D.C., 612617. 

King, L. (19M). Permafrost in Skandinavien. U u t c r s u c h ~ r g e b n i s s e  aus Lap- 
p h d ,  Jotenhcimen und Dovre/Rondane. Hcidelberget Geograpkche 
Arbeiten 76,174 pp. 

King, L. (1%). zonation and ecology of high mountain permafrost in Scandina- via. G e o g r d - a  haler 68A, 3, U1-139. 
King, t. (1986b). Les limitcg i n f C r i c u r e s  du per@Iisol alpin  en Scundinavie - 

rccherches en terrain  et prkntation  dographique. Studia 

King, L., W. Fich, W. Haeberli & H.-P. Waechter (1987). Comparison  of resisti- 
Gcomorphologica  Carpatho-Balcanica XX, 59-70. 

.ity and radio-echo soundinp on rock glacier permafrost. 
Zeitsehr.f.Gletneherkun& und Glazialgmlogie 23/1 (i pregs). 

Kin& L. & M. Seppiila (1987). Permafrost thicluress and distribution in F i h  
Lapland - results of geoeleetrisal soundw. PoMors&ung 57 (i press). 

Knutsson, S. (1980). Permafrwt i Norgeviigen. Byggmiistaren 10. 
KoIkki, 0. (1965). Tables and maps of temperature in F m h d  during 193160. 

Supplement to  the Mcteorological Yearbook of F b d  65, la, 42 pp. 
J.,agerbick, R. & L. Rodhe (1986). Pingos and palm in northcnimost Sweden - 

Prelimiiary notes on recent investigations. Geografigka Annaler 68A, 3, 

Meier, K.D. (1987). Studien ZUT p e r m e n  Landsehaftsform in Finnmark 
(Nord-Nowegen). Jahrbuch der Geagraphischen  Gesellscbaft zu K-Ianno- 
ver, Sonderheft 13, pp. 298. 

pp. 149. 

0strem, G. (1964). Ice-mrcd moraina in  Scandinavia. Geogr. Ann. 46,282337. 
Ostrem,  G. (1971). Rock glaciers and ice-cored moraines, a repb  to D. B a r d .  

Rapp, A. (1982). Zonation of permafrost  indicators in Swedish Lapland. Gcogra- 

Rapp, A. & L. Amersten, L. (1969). Permafrost and Tundra polygons in Northern 
Sweden. In: Pkwk,  T.L. (4.): The Pcriglacid National  Park, Swedii La- 

Rapp, A. & G.M. Clark (1971). Large noanorted polygons in Padjelanta  National 
Park, Swedish Lapland. Geogr. Ann. 53A(2), 71-85. 

Seppiila,  M. (1971). Evolution of eolian relief of the Kaamasjoki - KieUajoki river 
basin in F I  Lapland. F e d  104,M pp. 

S e p p i ,  M. (1973). On the formation of periglad sand  dunes in northern Fen- 
noscandia. Ninth Congress INQUA (Chriitchurch)  Abstract, 318-319. 

Seppiili, M. (1974). Some  quantitative  measurements of the prcsent-day deflation 
on Hietatievat, Finnish Lapland. Abhandlungen der Akademie der Wis- 
sensehaften in GMtningcn, Mathematisch-PhysikaWe Klmsse, 111. Folge 
29,208-220. 

Seppala, M. (1976). Per ig lad  character of the  dimate of the Kevo region (Fin- 
nish Lapland) on the basis of meteorological observations 1962-71. Re- 

Seppiili, M. (1982a). An experimental study of the formation of palsas. Procee- 
ports from the Kevo Subarctic  Research  Station 13,l-11. 

dq Fourth Canadian  Permafrost  Conference, Calgary. National  Re- 
search Council of Canada, Ottawa, 36-42. 

Seppalii, M. (1982b). Present-day priglacid phenomena in Northern Finland. 
Biulelyn  Peryglacjalny 29,231-243. 

Seppiilii, M. (1983). Seasonal thawing of palsas in Finnish Lapland. Permafrost. 
Fourth  International Conference, Proceedings. National Academy Press, 
Washington, D.C., 1127-1132. 

Seppalii,  M. (1984). Deflation  measurements on Hietatievat, Finnish Lapland, 
1974-77. In: Rod Olson; Frank Geddes & Rws Hastings (eds.), Northern 
E c o l o g y  and  Resource Management. University of Alberta Prcss, Ed- 
monton, 3949. 

G w .  Ann. 53A(34), 207-213. 

fisk T i d ~ ~ k ~ i f I  Q37-38. 

p h d .   G w .  Aan. 53A(2), 71-85. 

Seppiila, M. (1986). The origin of palsas. Geografiska  Annaler 6 8 A ,  3,141-147. 
S e p d i ,  M. (1987). Palsas and  related forms.  In: MJ. Clark  (ed.). Advances in pe- 

riglacial geomorphology. John Wiley, Chichester (in press). 



Seppiilii, M. C J. Rastas (1980). Vegetation  map of northernmost F i d  with 
special reference to  subarctic forest limits and natural hazards.  Fennia 

Solantie, R. (1974). Pohjois-Suomen lumipeitteestu. (Summary On the snow cover 
in northern Finland). In: Lapin llmastokirja - Climate of Lapland, 74-89, 
Rovaniemi. 

Sweri, J. Br M. Varjo (1977). Roudan muodostumiresta ja esiinlymisesti Suo- 
m e w  vuosina 1955-1975. (Summary: On the formation and occurrence of 
soil frost in Finland 1955 to 197s.) Publications  Water Regearth Institute, 
National Board of Waters, F i d  20, a pp. 

T@w, A.P. (1978). Permafrat and vegetation. Permafrost Second International 
Conference - USSR Contribution.  National Academy of Sciences. 
Washington, D.C., 100-104. 

Vorrcn, K.D. (1979). Vegetational investigations of a paka bog in Northern Nor- 
way. TROMURA, Naturvitenskap. Nr. 5. University of Troms , Institute 
of Biology and Geology, pp. 182. 

158,41-61. 

188 



CRYOGENIC COMPLEXES AS THE BASIS FOR.PREDICTION MAPS 
I.V. Klimovskyl and S.P. Gotovtsev 

lpermafrost  Institute,  Siberian  Branch of the U.S.S.R. Academy of Sciences, Yakutsk, U.S.S.R. 

I 

SYNOPSIS We consider  criteria fox  and methods o f  identifying  cryolithogenic  complexes 
(CLC: on the  basis o f  morphometxic  and  cxyolithogenic  analysia. An attempt is mado to  associate 
cryolithogenic  complexes with landscape  conditions  and,  on  this  basis,  determine  the  ausceptibi- 
lity of the  surface  to  man-induced  effects  aa  well as predict  the  occurrence of permafroat-geolo- 
gical processee. 

Economic  development o f  permafrost  rock  regions  tion, and others. The response itsel$ most corn- 
is always  accompanied by a vast  interaction of monly  manifests  itself in the  development of 
the  permafrost  with a wholo variety of natural 
conditions;  In  this  case  any  man-induced  effect  (thermokarst,  solifluction,  thermal  abrasion, 

a number o f  permafrost-$eologicaL  processes 

on  the  natural  environment,  including  the pex- etc.) whose  potential  activity is always pre- 
mafroet  situation,  introduces  a  disturbence 
into  the  heat  balance of frozen  rocks (Brown 

sent in the  natural-geological  environment  ana 
in order  t o  identify  them in their  manifesta- 

and Grave, 1981 Therefore, every economic  de-  tion  requires merely a small  impulse, i.e., 
velopmant of some or other  region  should  rely an artificial  creation of the most  favourable 
on  elements of a prediction-based  estimation o f  conditions,  which is often  the  case  when  the 
the  possible  change in the  natural  permafrost  surface is subjected t o  man-induced  action. 
conditions as a resuLt o f  man activity.  The The development of a l l  pemafrost-geological 
extent  to  which man's activity has effect on processes  fits in rather well  with  crgolitho- 
biogeocenoses  and  landscapes  produced by them,  genic  (csyolithoZogic)  complexes (CLC). By each 
is generally  defined  by  terms  'suaceptibiLity' of them  (Melnikov  et aZ., 19851, we  undaxstand 
and 'stability',  the term 'susceptibility' be- loose permafrost  sediments  that had formed un- 
ing regarded as the  back  reaction o f  a  natural der certain  facial-geological  condltions,  wi- 
environment t o  some  diaturbance  and the term  thin not only  intrinsically  homogeneous t ypee  
'stability'  being  defined as the  ability of o f  terrain  but also on rocks of the same litho- 
natural-territorial  complexes  to  resist  the  genic  base.  Under  condltionn of a structure- 
production or activation of cryogenic  proces-  denudation  terrain  which is common  to  platform 
ses (Grave, 1979). Intercomparing  these  two  regions,  cryolithologic  complexes form a cryo- 
terms leads us t o  conclude  that  the  notion 
'susceptibility'  is more abstract. It involves 

lithogenic cover. 

not  only  the  variations of engineering-geologi- Using the above conaiderations  as  well as a num- 
csl properties of soils  but also the  entire  na-  ber of techniques reported in an earlier paper 
tuxal  system with ita  Complicated ecological. 
relationships.  This  term should, perhaps,  be 

(Klimovslcy a t  a l e ,  19861, Dn the basis of iden- 
tifying  and  mapping  cxyolithologic  complexes 

relative  vulnerability of the  landscape  environ- i t  possible  to  esfimats fhs susceptibility of 
applied f o r  small-scale  mapping as the  index of we  have  compiled  medium-scale  maps which make 

ment.  The term 'stability'  is  more  appropriate permafrost  terrain9 and, t o  a certain  extent, 
Pox characterizing  the  engineexing-geological predict  the  manifestation o f  cryogenic  proces- 
conclitions of the  areas when these  are  being 868  when  a  given  territory is daveloped by man. 
mapped  on a large sca le .  The  areas  being  mapped  have  been  chosen wi th in  

Thus, in  the  caae  of  permafrost  mapping  on  dif- 
the  central. part o f  the Mid-Siberian plateau. 

ferent  scales,  when  the areas are Identified, The map of landscape  microzoning  according  to 
depending on the aims of ge~crYohZical SUrVeY, susceptibiLity  to  man-induced  effects  of  the 
according  to  the  degree of their  susceptibility V~lyuy-Ochchuguy-Botuobins~o@ mezhdurechie 
or stability  to mm-induced disturbances, map- (country  between  two  rivers) has been  compiled 
ping material in itself  con-t;ai.ns  an  element o f  on the  principle of identifying  the t y p e s  and 
a preliminary  qualitative prediction O f  the OC- subtypes of terrain  taking  into  account  certain 
curxence of cryogenic  processes. morphometric  parameters of the  geomorphological 
There is general consensus (Grave, 1978) that terrain, we understand  the  cambination o f  a cer- 
the rosponse of a surface t o  its  disturbances tain  geomorphological  element of the  relief  with 
is  determined  Largely by variations in charac- the  relevant  typical  vegetation  associntions 
teristics of ita  elements  such as soil covers, which had been  formed on a given geological-snd- 
composition  and  ice  content of soils, inclina- lithological  baais. FOX t he  region under study, 
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structure (Pig. 1). In  this case by  the  type of 



Pig.1 A Fragment of the  Schematic Map o f  
Landscape  Microzoning  According  to  Suacepti- 
bility t o  Man-Induced  Effects for the Vilyuy- 
Ochchuguy-Botuobinakoa  Nlezhdurechie  (Country 
between  Two Rivers) (the  Region Appeam Sha- 
ded). 
-Susceptibility of the amas to nlan-lnduced 

c e p t i b L e ;  3 - weakly  susceptible  (stable). effects: 1 - suaceptible; 2 - moderately sua- 

IPypea and  subtypes of terrain: 4 - watershed, 
hill-hillock; 5 - watershed,  gentle-wavy; 

6 - slope of 
northward  exposure; 7 - slope o f  southward 
exposure; 8 - shallow-valley; 9 - floodland- 
terrace.  Other le end: 10 - boundary of ter- 
ra in t y p d m e s ;  I I - boundary of 
landscape  microareas; and 12 - isolinea f o r  
the values of the  coefficient of relief dis- 
tribution. 

using n topographic  basis on a scale of 1:1OOOOC 
four types of terrain  were  identified, namely 
watershed,  slope,  shallow-valley, and floodland- 
terrace.  Besides,  two  subtypes  are  marked  with- 
in the water8heds:  hill-hillock  and  gentle-wavy, 

', 
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and within the Slope8  those of south- ana 
northward  exposure. 

The gaomorphologica~ atmctuxe o f  the  area 
under  inveatiBation  that is generally  typical 
o f  the  entire  Siberian  Plateau, is predetermi- 
ned by the geological  structure. It is notable 
fox a vast  occurrence o f  trap-formation  rocks 
emerging  into  the  daylit  Ecuxface in the  form 
o f  subhorizontal  bodies o f  a complex aonfigura- 
tion.  This  enhances  significantly  contrast and 
roughness of  the surfaces o f  geomorphological 
Levele.  Areas  with  occurrence^ of olayeg-car- 
bonate ground and continental ground of the 
Lower  and  Upper  Paleozoic,  respectively,  which 
do not  show  great  &ability to agents of physi- 
cal weathesing, form a more uniform relief. 

Thus,  there ie a considerable  difference  in 
natural conditions of watershed,  slope  types 
of terrain  composed by traps  and o f  areas  with 
clayey-carbonate ground which  determines the 
parameters of the  permafrost  situation. 

When mapping  permafrost  landscapes  according to 
their  sueceptibility,  it is important to take 
i n t o  account the ice content o f  the  cover o f  
loose  sediments,  especially their  upper hori- 
zons. For the region considered, a criterion 
Pox estimating  the  ice  content  is  the  facial 
belonging and  thickness of sediments  within a 
CLC 

AB for Quarternary  sediments,  deluvial sugli- 
noks and supes, with r a m  inclusions of gruas 
covering the. entire  surface  with a continuous 
' jacket'  of 2-4 m thickneaa axe most  common oo- 
currence.  Alluvial  sediments occur exceedingly 
acarcily because  the  river  network  in  that re- 
gion i s  characterized  by 8 multitude of shallow 
stream  flows  with  broad,  weakly  cut-in  valleys. 
Only two major water flowa have a floodland and 
two  terraceas  above  the floodland. Therefore, 
there exist differences  in  both the composition 
and  ice  content of mellow valleys o f  shallow 
and  Large water flows.  Lithological orom-aec- 
fions of the former are  notable for the predo- 
minance of dsluvial.  material  which  is  accumula- 
ted due largely fo flat-type  wash-off.  The com- 
position o i  sediment8  which  are o f  little  thick- 
ness ie diversifom, although  the  ice  content 
o f  Boils i n  the  active layer of the  shallow 
valleys, on aome  occasions,  takes  on  typical. 
values of sediments of major  water  flow  valleys. 
Within major water  flows,  the deluvial coat 
occurs on the  slopes and partly coveTs the ter- 
xacea comparing  unfavourably,  in  percentage, 
only with alluvial  sediments.  However, alLuvial 
sediments proper from  the  surface  show a two- 
three  meter  thick,  very  fine-grained  Bedirnents 
of floodland facies having an ice  content bet- 
ween 50 and 60%. At higher  levels,  they  contain 
wedge ice, owing to  which  the  total ice con- 
tent may increase  substantially.  Thus,  the d i f -  
farencee  in  lithology o f  shallow  and major wa- 
ter flows are responsible for the  considerable 
inhornogeneitiea  in  Landscape  conditions,  and 
this given grounds for recognizing them as in- 
dependent types  of  terrain. 

For a general  characterization of the  diversity 
of relief,  it  was  subjected  to a morphometric 
analysis following a technique  suggested in a 
previoua paper (Gotovtsev and  Dorofeev, 1980). 

0 



The essence of this  technique  is  to  count  the 
number of isohypses on the  topographic  map  wi- 
thin  an  elementary aquae cell,  whose s i 2 a  is 
chosen  according  to  the map's scale,  roughness 
of the  relief and contrast o f  amplitudes  of 
absolute  marks. The number o f  ieohypsee inside 
a square on a 1:lOO 000 scale  map  is  chosen  ar- 
bitrarily as the  coefficient of xelief  rough- 
ness (K j whose  value  is  directly  proportional 
t o  the Pgeneral inclination of the  terrestrial 
surface  corresponding to a square. By connecting 
the isolines of  the  values of equal  coefficients 
we  obtain a morphometric  map o f  relief  rough- 
ness that  reflects  areas  with  different  incLi- 
nations  of  the  terrestrial surface. 

Upon  comparison  following  such a technique,  the 
map  revealed  that  there is a fairly  well-defi- 
ned  association o f  morphological  elements  of 
the  susface  with  the  composition of their  rele- 
vant bed ground and loose  sediments, i.e., with 
cryolithologic  complexea.  Areas  having  the oo- 
efficient 1-4 are,  generally,  composod of car- 
bonate-series  materials,  and  the  coefficient 
4-6 is characteristic  of  the  areas  showing  the 
emergence of trap  bodies.  The eusface inclina- 
tion  determines  largely  the  intensity  of  cryo- 
genic  processes.  Nate, $or example,  that  the 
presence o f  appropriate  inclinationa  contribu- 
tes  to  the  development of solifluction  and 
thermal  erosion,  while favourable pre-condi- 
tions for activation of tbermokaret  are  crea- 
ted on placors, due to a disturbance  of the 
soil  cover in areas  composed  of  ice-containing 
sediments. It becomes,  therefore,  quite clear 
that  it  is  necessary  to  take  into  account  natu- 
ral  inclinations  when  aubetantiating  the  degree 
o f  susceptibilltyof  cryogenic  lansdcapes  to 
man-induced  disturbances. 

Analysis  and  intsrcomparison of maps  for  ter- 
rain types and relief roughness have  made  it 
possible to  construct a schematic  estimating 
map of  susceptibility  to  man-induced  effects. 
According  to  the  character  of  the  back  reac- 
tion o f  a natural surface  to  diverse  disturban- 
ces, we  have  classified  the  areaa  into  three 
categories:  weakly-,  moderately- and aurrceptib- 
le. 

We consider  the  shallow-valley  and  floodland- 
terrace  types of terrain  to  be  the  most  auscep- 
tible  to  man-induced  effects  because  they 8x9 
composed of ice-rich  ground  and  frequently  con- 
tain  wedge  ice  and  occur on subhorlzontal  sur- 
faces. Progressively  growing  thermokarst  and 
thermal.  erosion  are  possible  to  evolve  in  such 
areas  whenever  the  natural  vegetation  and m o m  
covers axe  disturbed  and  inclinations  changed. 

Nhen  engineering  activities  are  undertaken in 
slope  areas,  one may expect  the  development or 
regeneration o f  slope processes,  whose  intensity 
will depend mainly  on  the  surface  inclination 
and the lithogenic  base of the  constituent  ma- 
terials. Most  intense  development  of  slope pro- 
cesses  will be observed  on  steep  slopes  (the 
roughness  coefficient 4-6) which,  according fo 
their degree of susceptibility,  pextain  to  the 
category of moderate  processcs.  In weas compo- 
sed  by  trap  materials, in the  case of a distur- 
bance  of  the  vegetation  cover  with  such  values 
of the  coefficient, a selective  manifestation 
of  a rock-stream  forming process i s  possible, 
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which  gives  grounds  lox  regarding  them as re- 
gions of a moderate  degree of susceptibility. 
More  stable  areas  are  only  vast  expansen  with 
a gentle-wavy  relief qn watersheds  (the rough- 
ness coefficient  being 88 large as 2). 

Thus,  combining  the  types o f  terrain  and  mor- 
phometric  indices  provides a fairly good basis 
for  recognizing  areas of natural  complexes  on 
a cryolithogenic bmia accarding  to  their  back 
reaction to man-induced  effects. The areas  we 
have  identified  were  estimated  mainly  according 
to two criteria.  First, this was  the  ice  con- 
tent  of  sediments  covering  the  chief  elements 
of the terrain.  In this case  we  mapped  the  ty- 
pes  of  terrain  occurring  within  cryolithologic 
complexes  with  the  largest  value of this  index. 
And  second,  we  employed  the  degree of relief 
roughness,  which  permits  us,  to  some  extent,  to 
identify  areas  showing  different  potential pos- 
sibilities  for  development  of  cryogenic  slope 
procearres. 

A morphometric  approach  for  puxpoaes of identi- 
fying  and  mapping  was also used  when  compiling 
a map of cryolithologic  complexes of one of 
the areas o f  the Morkoka River  basin  (the Vi- 
lyuy River  tributmy). 

Owing to the use of the castographical  basis 
of  a  large scale (1:lOO 0001, we have cdcu2a- 
ted  the  roughness  coefficient. Its mean  back- 
ground  index was found equal to 4. The  largest 
values o f  the  coefficient  are  obaerved  in  the 
upper  reaches of the  Morkoka River. This is due 
to  the  fact  that  extensive a x e m  there are oc- 
cupied  by  districts of trap  plateaux;  river  and 
atream  valleys  often  represent  typical  canyons* 
Aa one  moves  down  the  valley,  the  relatively 
high  values of the  roughness  coefficient  axe 
shifted  from  the  bottom  to  the  watersheds  whe- 
re  trap-formation  ground  axe  shielding the Pa- 
Laozoic thickness.  The  hypsometric  position of 
t rap  areas  in  the  area  between  two  rivers in 
the  upper  xeachea of emall  water f lows does not 
contribute  to  their  erosion-denudation  dismem- 
bering.  Analysis of morphometric data revealed 
eleven  cryolithological  complexes  showing  that 
the  coefficient 1 isoline  delimits  the  horizon- 
tal  surfaces of the  waferaheds  and axeas of the 
valley  bottome,  thus  delineating the riverside 
alluvial  valleys  (Pig. 21, The  inclination  ang- 
le o f  these  surfaces does not  exceed 2 or 3 O .  
They  may  be  considered - following A.I.Popov 
et  aL.'a (1963) terminology - t o  be local  areas 
of accumulation,  with a relevant  gamut of cxyo- 
genic processes,  phenomena and formations en- 
countered  within  four  cryolithological complex- 
es ( 1 ,  2, 6 ,  and IO). It  should  also  be  noted 
that  the  cryolithological  complex  of alluvial 
plains (2) displays  a  very  fragmentary  occur- 
rence.  The  main  characteristics of cryolitholo- 
gical  complexee (CLC) identified  are  listed  in 
Table I. 

Using  the  cryolithogenic basis, together  with 
data of morphometric  analysis o f  a 1:30 000 
scale  map  we  have  constructed  a  scheme f o r  pre- 
dicting  shore  (including  cryogenic)  processes 
in  the  area of.the planned  water  reservoir  on 
the Vilyuy  River (Pig. 3) on which  three re- 
gions  are  identified  according  to  the  character 
and degree  of  activity of the manifestation o f  
permafrost-geological  proceases. 
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Pig.2 CryolitbologicaL Complexee in the 
Morkoka River Basin. LPGEND: 1 - trap  water- 
ehed plateaux; 2 - riverside alluvial plains; 
3 - deluvial-decerptioa  slopes; 4 - deluvial 
solifluction slopes; 5 - steep elopes of sub- 
surface wash-off; 6 - stxucture-denudation 
plateaux; 7 - slopes o f  plane deluvial wash- 
off; 0 - slopee of Linear aurface wmh-off; 
9 - steep slopes of eurface pull-down; 10 - 
bottoms of relic degreeeione; 11 - aandy mas- 
ses; and 12 - boundaries o f  axyolithological 
complexee. 

One is identified as being a region o f  prolon- 
ged and nonuniform  thermal  denudation. As for 
another region, B different processing o f  the 
shores, depending on  the  lithogenic  baeie of 
the .dopes, is expected in areas  limited by 
the coeffitient 2. And the  third  region, in the 
character of development of working processes 
of the shorea, i e  similar to the  aeoond one. 
However,  becauas o f  the extensive  development 
of the ground of trap compoaition and due to 
the closeness of hydroatstic  upthxuet (a rela- 
tively small lift of the water  level), pxoces- 
see of alteration of the shores here will be 
somewhat oppreaaed; only the alteration of ice- 
containing sediments of the first and second 
terraces o f  the V i 1  River ( local iaed waah- 
ings-off and creepsEeerns to oocur. 

Thus, the above examples lead UB to conclude 
thatmorphornetric maps of relief roughnelsa con- 
rstructed on 8. cryolithogenic  basis are useful 
for predicting not  only cxyodanudafion procea- 
aea and  estimate  the  euaceptibillty of a pex- 
mafrost  environment to man-induced  effects 
but alao for successful planning o f  Bome or 
other  engineering  activitiea, in close co-or- 
dination with  iasuee of ecological concern. 

Fig.3 Pxediation Scheme f o r  kogenic Pro- 
cewea in the  Area of the Vilyuy  River  Water 
Reeemoir. LEGEND: 1 - thermal abrasion; 
2 - predominantly solifluction; 3 - thsrmo- 
karats thermal abrasion; 4 - rock falls; 
5 - rock-stream formation; 6 - thexmokarst 
oave-ins; 7 - isolines of the roughness coef- 
ficient; and 8 - area number. 
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TABLE I 

Some Characteristics in Sediments of Cryolithological CQmpleXeS 

CLC Genetic  type  and composition Cryogenic structures Ice content, 
num- o f  loose sediments Sb (volume) 

Thawing, 

ber 
m 

Ground Mamive Total From l o  
i c e  ice 

I 

Gravel-pebble,  Ice-cement,  crusted, 50 5 
gravel-Band 

55 - 
Sand  Xce-cement, massive 45 5 50 0.8 1.3 

Supes-auglinok Masslve, Lene, 5? 10 65 0.5 1.1 

. . .. .. . . 

basalt 
- 

l a t t i c e  

Same, peaty Pockets 80 10 90 0.15 0.9 

Silty-clay?y Layered, lattice, 55 10 65 0.7 

Same,  peaty,  peat Pockets 85 10 95 0.2 ‘ 0.5 

Clays and cruehed rock Basalt,  crusted, 55 7 62 0.3 1.2 
auglinokcr (in the near- 
‘raft’ area) 

Layered-fiseured, 
l m a ,  Lattice 

Supee-clayey Lena-rrhaped 68 5 73 0.2 1.0 

Cruehed-rook supes Lena-shaped,  massive, 61 5 66 - 
Cruabed-rock euglinok Same 70 5 75 0.4 1.0 

Sanda Contact 10 - 10 - - 
Clod-oruehed rock Basalt, crusted 40 - 40 - - 
Gruaa-crushed rock Crusted,  pocket, 42 c 42 0.7 1.5 

. . .. - . .. ~~~ 

lens 

crustea 
I 

ice-cement 

sand, eupes, sugllnok Massive, lens-shaped 40 10 50 0.4 2.0 

Crushed-rock - gxuee Crusted, lens-ehaped 40 10 0 50 0.9 2.0 
s u p s  

Gruas-euglinok Crusted, lens-shaped, 62 10 72 0.5 1.9 

Clod-cruahed rook Cmrsted, pocket, 40 - 40 0.5 1.0 

pocket 

fissured, basalt 
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GLACIAL HISTORY AND PERMAFROST IN THE SVALBARD AREA 
J.Y. Landvikl, J. Mangemdl and 0. Salvigsenz 

'University of Bergen,  Department of Geology,  Section B, Alldgt. 41, N-5007 Bergen, Norway 
2Norsk Polarinstitutt, Rolfstangveien 12, N-1330 Oslo Lufthavn, Norway 

SYNOPSIS Glacial and sea level history play an important role as preconditions for the 
development and distribution  of permafrost in arctic  areas. Based on  reconstruction o f  the  weich- 

has been subject to widely different conditions pertaining t o  permafrost development,  The main 
selian and Holocene history of  Svalbard and the Barents Sea, we propose seven zones  each  of which 

distinguishing characteristics  are whether areas have  been: subject to subaerial periglacial 
conditions durinq the  last slaciation: subaerially exoosed due to eustatic lowerinq o f  sea level: 
recently raised From sea  due to glacio-isostatic 

9' 12' 15' 18' 21" 24' 27' 30' 33' 

0 

9 

8 

7 

6 

11 SVALBARD 1 I 

I 

Fig. 1 Map  of  the Svalbard archi- 
pelago and  the Barents Sea.  Locations 
o f  the sea-level  curves in Fig. 3 are 
shown. 

. .  
rebound: or, remained as  nunataks. 

INTRODUCTION 

Permafrost  covers the entire land area of 
Svalbard with known  depths varying between 1 0 0  
and 4 6 0  m  (Liestol. 1977). Thawed zones  occur 
underneath  glaciers and major lakes, and 
sometimes also in connection with warm ground 
water (Salvigsen 0 Elgersma, 1 9 8 5 ) .  

For several years  we have studied the geologic- 
al history of  Svalbard. with special  emphasis 
on glacial history and sea level changes. In 
this paper we  discuss  the  consequences this 
history has for  the  distribution and thickness 
of permafrost in the  area. 

We do not  delve into  the physics of frozen 
ground, but deal with the  change o f  the physic- 
al environment through time.  Permafrost needs 
long time  spans to adjust to equilibrium with 
surface temperatures, and  thus permafrost 
thicknesses and temperatures often reflect past 
climatic  conditions.  We have focused on  the 
most prominent effects o f  climatic  change the 
last 1 0 0 , 0 0 0  years, namely the  growt,h and decay 
o f  ice sheets and relat'ed sea-level  changes. 
Based on these studies and other  available data 
from Svalbard.  we use the geological history to 
outline some boundary conditions for  permafrost 
development and distribution within the  region. 
The Svalbard archipelago is situated at 
latitude 7 4 "  to 8 1 "  north between the cold 
Barents Sea  (Fig. 1 )  and warm Atlantic water in 
the Norwegian and Greenland S e a s .  Present mean 
annual temperature along the west coast is 
about - 5 ° C .  while to  the east i t  is somewhat 
lower.  The northern coast a f  Nordaustlandet has 
a  probable mean annual temperature below - 1 0 ' C .  

Temperatures during the  Late Weichselian 
glaciation in Svalbard are suggested to have 
been considerably lower  than today. In con- 
trast,  climate during long periods o f  the 
Holocene has been so  much warmer than  the 
present that i t  must have caused significant 
reduction in permafrost. 
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GLACIAL HISTORY 

The glacial history of Svalbard and the Barents 
Sea during the  last glacial cycle  has been 
disputed, and quite conflicting models have 
been proposed. Boulton ( 1 9 7 9 )  suggested a very 

a g o ,  whiie Denton & Hughes ( 1 9 8 1 )  assumed that 
limited glaciation peaking around 1 1 , 8 8 0  years 

both  the Svalbard archipelago and the Barents 
Sea were covered by a large ice sheet 18,0130 
years ago. Later investigations by Elverh~i & 
Solheim ( 1 9 8 3 )  indicate that an ice sheet 
covered at least the  northern parts of  the 
Barents Sea. Based on field imvestigations in 
central and western  Svalbard, Mangerud et  al. , 
( 1 9 8 7 )  proposed a model w i t h  a Barents ice- 
sheet to  the east,  separate ice domes  over 
western Svalbard, and  ice free margins along 
the western and northern  coasts.  They  propose 
that an ice stream filled Van Mijenfjorden. 
while most of Isfjorden was probably ice free 
during the Late weichselian ( F i g .  2 ) .  

The most important implication of this model i s  
that .during the Late Weichselian, there were 
ice free areas along the coast that were 
exposed to severe arctic  conditions.  Recon- 
structed ice surface profiles from that period 
demonstrate that several mountains must have 
been nunataks, and  thus experienced quite 
another temperature history than  the  glacier- 
covered lowlands around them, 

Due to  the warmer climate  during parts o f  the 
Holocene, there was probably less glacier ice 
in Svalbard than today. Minimum limits for 
glaciers in the Holocene  are not known, and 
many of the small  glaciers  were probably non- 
existent for long periods. 

F i g .  2 Reconstructed Late Weichsel- 
ian  ice  front positions in the 
Isfjorden and Van Mijenfjorden area 
of central Svalbard.  Glaciers  are 
shaded. From Hangerud Q. ( 1 9 8 7 ) .  
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Fig. 3 Sea-level curves from  the 
Svalbard archipelago. Locations of the 
curves are  shown in Fig. 1 .  
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SEA-LEVEL HISTORY 

The l a t e  glacial and Holocene  sea- 
for Svalbard is now  well known. AS 
b y  Schytt al. ( 1 9 6 8 ) ,  the Holoc 
chang~s in the area were governed 
isostatic rebound centered ,over 

level history 
demonstrated 

ene  sea-level 
by a  glacio- 
the Barents 

Sea. Sea level curves from Kong Karls Land in 
the northern Barents Sea  (Fig. 3 )  show a 
rebound of  some 100 m during the  last 1 0 . 8 0 0  
years, and  the  land is still rising today at 
0 . 3  rn /lo0 years (Salvigsen, 1 9 8 1 ) .  On  the west 
coast,, there was a very rapid initial uplift 
(Fig. 3 )  and  most  of  the  land areas emerged 
within some  few thousand years as a  response  to 
the  deglaciation of the Barents Ice Sheet 
(Mangerud et d., 1 9 8 7 ) .  The  emergence  was 
interrupted by a  Mid-Holocene transgression 
(Forman d.. 1 9 8 7 :  Landvik et al., 1 9 8 7 ) ,  
and there are indications that a transgression 
is  in progress today (Rudberg, 1 9 8 6 ;  Forman u. ,  1 9 8 7 ;  sandahl, 1 9 8 6 ) .  

ZONATION OF PERMAFROST  DISTRIBUTION BASED ON 
THE  GEOLOGICAL  HISTORY 

On the  map in Figure 4 ,  we have outlined 7 
zones each with a  different geological history 
that would have given rise to different pre- 
conditions critical for permafrost development. 

1 .  The Barents Sea  zone 

This  zone  comprise  the previously glaciated 
areas and shallow banks in the Barents Sea. 

As demonstrated by Salvigsen ( 1 9 8 1 )  and Elver- 
hei & solheim 1 1 9 8 3 ) .  at least  the northern 
parts o f  the Barents Sea were glaciated during 
the Late Weichselian. As  inferred from sea- 
level curves on  Svalbard, this  ice  load dis- 
appeared some 1 2 . 0 0 0  to 1 0 . 0 O Q  years  ago.  The 
deglaciation was probably forced  by  the rising 
eustatic sea-level that caused  a rapid calving 
of the i c e  front. 

We thus expect that temperatures close to G " C  
beneath the  glaciers  were replaced by sea 
temperatures that were also  close to Q'C. Thus 
there was  no  time  for subaerial exposure and 
permafrost development on the present sea  bed. 
T h i s  is in contrast to parts of  the Alaskan and 
Siberian continental shelves  where permafrost 
is widespread. 

2. The western and northern  shelf  zone 

This zone includes former ice free areas that 
were transgressed by the sea during the  end o f  
the Late Weichselian and areas that were 
transgressed in periods of the Holocene. 

If the reconstruction of the  last glaciation by 
Mangerud g,_t aj,. ( 1 9 8 7 )  i s  correct. the present 
beach zone and continental shelf  off parts of 
the  west  and north coast down to a depth of 50  

m below sea level, were subaerially 
d l r r i n q  the 1.ai.e Weichselian  maximum. 

to 1 5 0  
e x p o s e d  
Thus, i 
the  con 
the  mos 

f there indeed exists any permafrost on 
tinental shelf around Svalbard. this is 
t probable area. A t  present, we have 

i 

1 5 O  2 10 27O 

1. The  Barents  Sea  zone 

~~ 2 .  The  western  and  northern shelf zone 

P 
1 1  5. The  central  lowland  zone 

,e* Boundary between: 

3. The emerglng  coast  zone and 
I 4, The  transgresslve  coast Zone = E The central mountains zone 

7. The western  and nothern non-glaeialed z m e  

Fig. 4 A schematic  presentation  of the 
different  zones  discussed in  the text. 

little knowledge about the  magnitude  of  iso- 
static  depression of  the crust during the 
Weichselian, but at least the  shallower parts 
of  the  shelf should have been exposed  for 
several tens o f  thousands o f  years.  The warm 
Atlantic waters that reach  the west coast of 
Svalbard today would cause rapid thawing of 
possible permafrost as compared to e.g. the 
Alaskan shelf.  However,  some time  during the 
last 1 0 , 0 0 0  years relict permafrost must have 
existed at some  depths below the present sea 
floor I 

3 .  The emerginq coast  zone 

This i s  a narrow  zone along the  coast  line in 
areas where land  is still emerging from sea, 
i.e. mostly in  the eastern parts o f  the archi- 
pe l ago 

In this  zone  no 
present sea  leve 
risen above sea 
time of subaerial 

permafrost is expected below 
1.. In those areas that have 
level, the  relatively short 
exposure poses a limiting 
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factor for the thickness o f  permafrost. The 
present rate of  emergence at Kongseya is around 
0 . 3  m / 1 0 0  years (Fig. 4 ) .  and areas at 10 m 
a.s.1. at Kongseya have been above sea leva1 
for 2 0 0 8  years.  Permafrost is probably in near 
equilibrium with present surface temperature. 

4 .  The transqressive coast  zone 

This  zone comprises the  coast line along the 
west and north coast of  Svalbard.  This  zone is 
mainly a transition zone between zone 2 and 
zone 5 ,  or  between zones 2 and 7 .  

The possible ongoing transgression combined 
with coastal erosion, leads  to capture  of small 
areas along the coast by the encroaching  sea. 
Thus permafrost can  be  expected  beneath  the 
present beach in such areas. 

5 .  The central lowland zone 

This  zone  comprises the  land areas that were 
covered by the  Weichselian  glaciers and sub- 
sequently deglaciated at ca. 1 0 . 0 0 0  years B.P. 
We exclude  the  area  covered by present day 
glaciers situated within this zone. 

The  zone was covered by warm based glaciers 
during the Late Weichselian, and the permafrost 
must have developed  .after  the  deglaciatfon 
about 1 0 . 0 0 Q  years  ago. 

6 .  The central mountains zone 

All mountains that penetrated the  surface  of 
the Late Weichselian ice sheet as nunataks  are 
included in  this zone.  The  upper parts of the 
ice sheet certainly  also had temperatures well 
below zero: thus  the zone includes the  upper 
parts of the mountains,  even if  they were ice 
covered. 
As shown by the reconstructed margins o f  the 
Late  Weichselian ice sheet (Fig. 2 )  and profil- 
es of valley and fjord glaciers, parts of the 
mountains in central  Spitsbergen.  i.e. within 
the central lowland zone, must have been 
nunataks during the  last glaciation. We assume 
that  the  last extensive  glaciation that covered 

Weichselian (Salvigsen P Nydal, 1981: Miller. 
these mountains occurred during  the Early 

1 9 8 2 1 ,  or  even  earlier. 

Thus  the summit areas  have been exposed to 
severe arctic  conditions for  some 8 0 . 8 8 9  to 
lQ0,QQp  years. Immediately  after  deglaciation. 
1 G . 0 0 0  years  ago, the permafrost temperature 
and thickness in these mountains was probably 
in equilibrium with the glacial time tempera- 
tures. Yet a s  this  time  the air temperature 
rose t o  the vicinity of present day tempera- 
tures.  Thus the temperature in the permafrost 
must have increased. and these mountains must 
have experienced a net thawing of  the  perma- 
frost, 

" 7. The  western and northern  non-glaciated  zone 

This  zone includes all areas above present sea 

level  that were outside  the limits of the Late 
Weichselian ice sheet. 

Several studies  have  shown that the  western and 
northern margins o f  Svalbard were not subject 
to glaciation  during the Late  Weichselian 
(Salvigsen & Nydal, 1 9 8 1 :  Miller,  1982;  Mange- 
rud g . ,  1987: Forman, in  press). f f  we 
consider  the  eustaticly low sea-level during 
the  Weichselian, both  the present land area 
outside the Late Weichselian maximum and parts 
of the continental shelf were subaerially 
exposed. 

The general climatic history for  this  zone has 
been parallel t o  the history for  the  nunataks 
(zone 6 ) .  but topographical differences between 
the  zones likely caused large local  differences 
in permafrost development. 
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SYNOPSIS A l a n d   s y s t e m s   a p p r o a c h   w a s   u s e d   f o r   t h e   s t u d y   o f  a 3 , 7 0 0  km2 a r e a   t r a v e r s e d   b y   t h e  
t r e e   l i n e   a n d   t h e   m a r i n e  l i m i t ,  Some 1 , 9 0 0   l a n d   s y s t e m s   i n   Q u a t e r n a r y   d e p o s i t s  were i d e n t i f i e d   a n d  
m a p p e d .   F o r   e a c h   o f   t h e s e ,   t h e   a r e a   u n d e r l a i n   b y   p e r m a f r o s t   w a s   e v a l u a t e d   b y   m e a n s  o f  geomorpholo-  
g i c a l   i n d i c a t o r s   ( c r y o g e n i c   m o r p h o l o g y ,   v e g e t a t i o n   s t r u c t u r e ,   s n o w   c o v e r   t h i c k n e s s . . . ) .  Mean 
t h i c k n e s s   o f   p e r m a f r o s t   w a s   t h e n   e s t i m a t e d   a c c o r d i n g   t o   c a l c u l a t e d   s t a t i s t i c a l   r e l a t i o n s h i p s   b e t -  
ween   morphomet ry   o f   pe rmaf ros t   mounds   and   t h i ckness  .of p e r m a f r o s t ,   m e a s u r e d  a t  215 s i t e s  b y   e l e c -  
t r i c a l   r e s i s t i v i t y   s o u n d i n g s .  Due t o  m a r i t i m e   c l i m a t i c   i n f l u e n c e ,   p e r m a f r o s t  i s  w i d e s p r e a d   a n d  
t h i c k e r   ( 2 0  m) w i t h i n  a 1 5 - 2 0  km w i d e   s t r i p   a l o n g   t h e   H u d s o n  Bay c o a s t .   F u r t h e r  e a s t ,  b e l o w   t h e  
t r e e   l i n e ,   p e r m a f r o s t   i n   m a r i n e   s e d i m e n t s  is s p o r a d i c   a n d   t h i n  ( < l o  m).  I t  i s  o b s e r v e d   m a i n l y   i n  
p e a t l a n d s   a s   p a l s a s .   P e r m a f r o s t  i s  a l s o   w i d e s p r e a d   a n d   t h i c k  ( 2 0  m) i n   d r u m l i n s   i n s i d e   t h e   f o r e s t  
t u n d r a   b e c a u s e   t h e y   h a v e   v i r t u a l l y   n o   s n o w   c o v e r   d u e  t o  w i n d   d r i f t i n g .  I t  i s  a l w a y s   a b s e n t   u n d e r  
f o r e s t  o r  s h r u b s   w i t h   d e e p   s n o w  ( > B O  cm) a n d   b e n e a t h   d e e p   s n o w p a t c h e s   o n   t h e   l e e s i d e   o f   h i l l s .  

INTRODUCTION 

t h i r d   o f   t h e   p r o v i n c e   ( A l l a r d   a n d   S e g u i n ,   1 9 8 7  
In Q u E b e c ,   p e r m a f r o s t   u n d e r l i e s   m o r e   t h a n  a 

a ) .   D e s p i t e   r e c e n t   p r o g r e s s ,   t h e   p e r m a f r o s t  
z o n e s   i n   n o r t h e r n   Q u e b e c   h a v e   n o t   b e e n   m a p p e d  
c o m p l e t e l y .   T h e   o n l y   a v a i l a b l e   m a p s  on perma- 
f r o s t   d i s t r i b u t i o n   c o v e r   s m a l l   a r e a s   a n d   a r e  
u s u a l l y   r e s t r i c t e d   t o   p a l s a s   b o g s  o r  t o   t h e  
b o t t o m  o f  a s h o r t   v a l l e y   ( L a p r i s e ,   1 9 8 6 ;   C o u i l -  
l a r d   a n d   P a y e t t e ,   1 9 8 5 ;   P a y e t t e   a n d   S e g u i n ,  
1 9 7 9 ;   S e g u i n ,   1 9 7 6 ;   S a m s o n ,   1 9 7 5 ) .  I t  is d i f -  
f i c u l t   t o   i n t e r p r e t   t h e   r e g i o n a l   f a c t o r s   a f f e c -  
t i n g   t h e   d i s t r i b u t f o n   o f   p e r m a f r o s t   b y  u s i n g  
t h e s e   s c a t t e r e d   a n d   n o t   v e r y   c o m p a r a b l e   m a p s .  

A m e d i u m - s c a l e   ( 1 : 5 0 , 0 0 0 )   m a p p i n g   p r o j e c t  was 
i n i t i a t e d   i n   1 9 8 2   t o   d e p i c t   t h e   d i s t r i b u t i o n  
a n d   t h i c k n e s s   o f   p e r m a f r o s t   i n   Q u a t e r n a r y   s e d i -  
m e n t s   i n   t h e   d i s c o n t i n u o u s   p e r m a f r o s t   z o n e .  
M e d i u m - s c a l e   m a p p i n g ,   u n l i k e   s m a l l - s c a l e  map- 
p i n g ,   a l l o w s   i d e n t i f i c a t i o n  of r e g i o n a l   f a c t o r s  
w h i c h   c h a r a c t e r i z e   p e r m a f r o s t .   T h i s   i n f o r m a -  
t i o n  i s  u s e f u l   f o r   e n g i n e e r i n g   w o r k s   o r   f o r  as- 
s e s s m e n t   o f   t h e   e n v i r o n m e n t a l   i m p a c t   o f   e n g i -  
n e e r i n g   p r o j e c t s   s u c h   a s  d a m s   a n d   r e s e r v o i r s .  

STUDY A R E A  

L o c a t e d   o n   t h e  QuGbec s i d e   o f   H u d s o n   B a y ,   t h e  
s t u d y   a r e a   s t r e t c h e s  o n  b o t h   s i d e s   o f   t h e  Nas a 
p o c a   a n d   S h e l d r a k e   r i v e r s   a n d   c o v e r s   3 , 7 0 0  km E -  
( F i g .  1). The  mean  annual  air t e m p e r a t u r e  i s  
a b o u t  -5 .5OC  and  the  amount  o f  p r e c i p i t a t i o n  i s  
a b o u t  530  m m ,  i n c l u d i n g  2 0 0  cm o f  snow (Wilson, 
1971) .   Hudson Bay p l a y s  a m a j o r   r o l e  o n  t h e  
c o a s t a l   c l i m a t e .   D u r i n g  summer  and f a l l ,   t h e  
c l i m a t e  i s  m a r i t i m e ;   t h e   t e m p e r a t u r e  i s  c o o l ,  
p r e c i p i t a t i o n  i s  a b u n d a n t   a n d   f o g   o f t e n   c o v e r s  
t h e   a r e a .   D u r i n g   w i n t e r   a n d   s p r i n g ,  sea  i c e  
c o v e r   a n d   t h e   l a r g e   a n t i c y c l o n e s   m a i n t a i n  a 

c o n t i n e n t a l   c l i m a t e   c h a r a c t e r i z e d   b y  a d r y   w e a -  
t h e r   a n d   c o l d   t e m p e r a t u r e s   ( m e a n   t e m p e r a t u r e  o f  
- 2 4 O C  i n   J a n u a r y )   T h e   s n o w c o v e r   t h i c k n e s s   v a -  
r i e s   v e r y  much b e c a u s e   t h e   s n o w  is r e d i s t r i b u -  
t e d   b y   t h e   w i n d .   S h e l t e r e d   a r e a s ,   t o p o g r a p h i c  
d e p r e s s i o n s ,   t r e e   s t a n d s   a n d   s h r u b   l a n d   a r e  
c o v e r e d   b y   a n   a v e r a g e   o f  1 metre o f  snow ( t h e  
e x t r e m e   v a l u e s  may r e a c h  3 m e t r e s )   w h i l e   t h e  
t o p  o f  p a l s a s ,   d r u m l i n s ,   d e l t a s ,   e s k e r s   a n d  
r o c k y   h i l l s   r e m a i n s   a l m o s t   d e v o i d   o f   s n o w c o v e r .  
T h i s   u n e v e n   s n o w   c o v e r   p l a y s   a n   i m p o r t a n t  r o l e  
on  p e r m a f r o s t   d i s t r i b u t i o n ;   i n   t h e   S c h e f f e r v i l -  
l e   a r e a ,   N i c h o l s o n   a n d   G r a n d b e r g  ( 1 9 7 3 )  h a v e  
s h o w n   t h a t  70 cm o f  s n o w   w e r e   e n o u g h   t o   p r e v e n t  
t h e   d e v e l o p m e n t   o f   p e r m a f r o s t .  

A f t e r   t h e   r e t r e a t   o f   t h e   l a s t   L a u r e n t i r t e   i c e  
s h e e t   ( 7 , 3 0 0  BP a t   N a s t a p o c a   r i v e r   a n d  7 , 6 0 0  BP 
a t   S h e l d r a k e   r i v e r :   A l l a r d   a n d   S e g u i n ,   1 9 8 5 ) ,  
t h e   T y r r e l l   S e a   f l o o d e d   t h e   w e s t e r n   h a l f  o f  t h e  
s t u d y   a r e a   ( F i g .  1) ( V i n c e n t  e t  a l . ,   1 9 8 7 ;  Se- 
g u i n   a n d   A l l a r d ,   1 9 8 4 ;   H i l l a i r e - M a r c e l   a n d   V i n -  
c e n t ,   1 9 8 0 ;   H i l l a i r e - M a r c e l ,  19761, l e a v i n g  f i -  
n e   d e p o s i t s   i n   t h e   v a l l e y s   ( c l a y e y   s i l t s )   a n d  
c o a r s e r   s e d i m e n t s   ( r a i s e d   b e a c h e s ,   b l o c k   f i e l d s )  
o v e r l y i n g   t h e   f i n e r   o n e s   o r   l o c a t e d  o n  t h e  
s l o p e s   o f   r o c k y   h i l l s .  East o f  t h i s   z o n e ,   t h e  
a r e a  i s  c o v e r e d   b y   g l a c i a l   ( m a i n l y   d r u m l i n s )  
a n d   g l a c i o - f l u v i a l   d e p o s i t s   ( e s k e r s ,   d e l t a s ,  
f l o o d - p l a i n s ) .  
L i k e   t h e   m a r i n e  limit, t h e  t r e e  l i n e   c r o s s e s   t h e  
s t u d y   a r e a   f r o m   n o r t h   t o   s o u t h ,   s o m e   f i f t e e n   k i -  
l o m e t r e s   a w a y   f r o m   t h e   c o a s t l i n e   ( P a y e t t e ,   1 9 8 3 ,  
1 9 7 6 )   ( F i g .  1) .  T h i s  i s  d u e   t o   t h e   p r o x i m i t y  
o f  Hudson Bay w h i c h   k e e p s   t h e   t e m p e r a t u r e   c . o o l e r  
on  t h e   l i t t o r a l   f r i n g e .   L o c a t e d  west  o f   t h i s  
l imi t ,  t h e   s h r u b   t u n d r a  i s  b a s i c a l l y  made  up 
o f   m o s s e s .   l i c h e n s   a n d   b u s h e s   ( w i l l o w s   , a n d  
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FIGURE 1 Map o f  t h e   s t u d y   a r e a :  ( 4 4 4 4  , t r e e  
l i n e ;  ........,.. 
l i m i t s  o f   p e r m a f r o s t   z o n e s .  

, m a r i n e  l i m i t ;  _.-.-.-.-._. 
( b i r c h e s ) .  I n  t h e   f o r e s t   t u n d r a ,   i n   a d d i t i o n   t o  

d e s   b l a c k   s p r u c e s   a n d   l a r c h e s   i n   t h e   v a l l e y s .  
s h r u b   t u n d r a   s p e c i e s ,   t h e   v e g e t a t i o n   a l s o   i n c l u -  

C R Y O G E N I C  MORPHOLOGY 

T h e   s t u d y   a r e a   s h o w s   d i f f e r e n t   c r y o g e n i c   l a n d -  
f o r m s   w h i c h   c h a r a c t e r i z e   t h e   d i s c o u n t i n u o u s   p e r -  
m a f r o s t   z o n e .   S e v e r a l   m i n e r a l   p e r m a f r o s t   m o u n d s  
a n d   p a l s a s   o c c u r   i n   t h e   b o t t o m   o f   t h e   v a l l e y s  
c o v e r e d   b y   f i n e   s e d i m e n t s   ( A l l a r d   a n d   S e g u i n ,  
1 9 8 7 a ;   S e g u i n   a n d   A l l a r d ,  1 9 8 4 ;  L a g a r e c ,   1 9 8 2 ,  
1 9 8 0 ) .  From w e s t  t o   e a s t ,  we o b s e r v e  a morpho- 
l o g i c a l   g r a d i e n t   ( L a g a r e c ,  1 9 8 2 ) .  In t h e   s h r u b  

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

l a n d s c a p e   a n d   t h e   l a c k  of p a l s a s  i s  e x p l a i n e d  b y  
t h e   v e r y   s m a l l   p r o p o r t i o n  o f  p e a t l a n d s .   B e l o w  
t h e  t r e e  l i n e ,   t h e r e   a r e  a f e w   p a l s a s   a n d   t h e i r  
r e l a t i v e   a b u n d a n c e   v e r s u s   t h a t   o f   m i n e r a l   p e r m a -  
f r o s t  m o u n d s   t e n d s   t o   i n c r e a s e   t o w a r d   t h e   e a s t .  
By f i f t y   k i l o m e t r e s   f r o m   t h e   c o a s t ,   p a l s a s   a r e  
t h e   m a i n   c o m p o n e n t  o f  t h e   l a n d s c a p e .   T h i s   c h a n -  
g e  i s  p a r t l y   d u e   t o  a m i l d e r   c l i m a t e   i n l a n d   t h a n  
on t h e   c o a s t .  

B e c a u s e   o f   t h e i r   c o a r s e r   g r a i n - s i z e   d i s t r i b u -  
t i o n ,   g l a c i a l   a n d   f l u v i o g l a c i a l   m a t e r i a l s   h e a v e  
v e r y  l i t t l e  w h e n   t h e y   f r e e z e ;   t h e r e f o r e ,   t h e i r  
c r y o g e n i c   m o r p h o l o g y  i s  n o t  w e l l  d e v e l o p e d .  
F r o s t   c r a c k s   a n d   s o i l   w e d g e   p o l y g o n s   ( F i g .  2 )  
a r e   t h e   o n l y   e l e m e n t s   w h i c h   a l l o w   a s s e s s m e n t  o f  
t h e   p r e s e n c e   o f   p e r m a f r o s t   u n d e r   d r u m l i n s ,   e s -  
k e r s   o r   d e l t a s .  T h e   s o i l - w e d g e s   a r e  s t i l l  a c -  

g e s "   d e s c r i b e d   b y   R o m a n o v s k i j  ( 1 9 8 5 )  i n   s i m i l a r  
t i v e   a n d   c o r r e s p o n d   t o   t h e   " p r i m o r d i a l   s o i l  wed- 

c l i m a t i c   a r e a s   i n   t h e  USSR. 

The v a r i e t y  of d e p o s i t s ,   t h e i r   m o r p h o l o g y ,   v e g e -  
t a t i o n   c o v e r   a n d   c l i m a t e   e f f e c t s   a r e   v e r y   s u i t a -  
b l e   f o r   t h e   s e t t i n g  up  of a me thodo logy   wh ich  
w o u l d   a l l o w   m a p p i n g   t h e   d i s t r i b u t i o n   a n d   t h e  
t h i c k n e s s   o f   p e r m a f r o s t   u s i n g   g e o m o r p h o l o g i c a l  
c h a r a c t e r i s t i c s .  

METHODS 

s u r e  i t  a p p l i e s  t o  d i f f e r e n t   d i s c o n t i n u o u s   p e r -  
I n   o r d e r  t o  s i m p l i f y   t h e   m a p p i n g   a n d   t o  make 

m a f r o s t   z o n e s ,   t h e   a p p r o a c h   u s e d  was t h a t   o f  
t h e   " l a n d   s y s t e m "   ( J u r d a n t  e t  a l . ,  1 9 7 7 ;  Mab- 
b u t t ,  1968 ;  M a b b u t t   a n d   S t e w a r t ,  1 9 6 5 ;  C h r i s -  
t i a n   a n d   S t e w a r t ,  1968). T h i s   m e t h o d   c o n s i s t s  
o f   d e l i m i t i n g   h o m o g e n e o u s   g e o m o r p h o l o g i c a l  

FIGURE 2 S o i l   w e d g e   p o l y g o n s  on  t h e   t o p   o f  
d r u m l i n s   ( Z o n e   1 1 1 ) .  

s y s t e m s  on t h e   b a s i s  o f  v i s u a l   o b s e r v a t i o n :  
each   o f   t hem i s  c h a r a c t e r i z e d   b y   o n e   t y p e  Of 
s o i l   m a t e r i a l ,   c r y o g e n i c   m o r p h o l o g y   ( d e n s i t y  of  
m o u n d s ,   p a t t e r n ) ,   r e c u r r e n t   v e g e t a t i o n   s t r u c t u -  
r e  and  a d e n s i t y  o f  t h e r m o k a r s t   p o u n d s .   T h i s  
f i r s t   e s t i m a t i o n   a l l o w s   t o  s e t  up a s a m p l i n g  
p l a n   w h i c h   t a k e s   i n t o   a c c o u n t  a l l  g e o m o r p h o l o g i -  
c a l   a n d   e c o l o g i c a l   c o n t e x t s   i n   t h e   a r e a .  

I n   t o t a l ,  1 , 9 6 3  g e o m o r p h o l o g i c a l   s y s t e m s   w e r e  
i d e n t i f i e d .   E a c h  of  them h a s   b e e n   d e s c r i b e d   i n  
d e t a i l ;   f i f t e e n   p a r a m e t e r s  were e v a l u a t e d   f o r  
e a c h  o f  t h e m   a n d   c o m p i l e d   i n  a d a t a   b a s e   w h i c h  
was l a t e r  u s e d   t o  map a n d   a n a l y a e   t h e   f a c t o r s  
r e l a t e d   t o   p e r m a f r o s t .  

I n   a d d i t i o n   t o   t h e   a c q u i s i t i o n   o f   v a r i o u s   g e o -  
m o r p h o l o g i c a l   d a t a ,  215 e l e c t r i c a l   r e s i s t i v i t y  
s o u n d i n g s  were made i n   a l l   e c o l o g i c a l   c o n t e x t s .  
E l e c t r i c a l  r e s i s t i v i t y   s o u n d i n g ,  a g e o p h y s i c a l  
m e t h o d   p r e v i o u s l y   u s e d   i n   t h e   a r e a   ( S e g u i n   a n d  
A l l a r d ,  1 9 8 4 ;  S e g u i n ,   1 9 7 6 )   a l l o w s   a s s e s s m e n t   o f  
t h e   p r e s e n c e   o f   p e r m a f r o s t   a n d   a n d   a n  e s t ima te  
o f   t h i c k n e s s .   T h i s  i s  p o s s i b l e   b e c a u s e   i c e - r i c h  
s o i l s   h a v e  much h i g h e r   e l e c t r i c a l   r e s i s t i v i t i e s  

s a n d s  a n d   g r a v e l   s o m e t i m e s  h a v e  a r e s i s t i v i t y  
t h a n  u n f r o z e n   s o i l s  (Fig. 3 ) .  H o w e v e r ,   f r o z e n  

s imi la r  t o   t h a t  o f  u n f r o z e n   f i n e r   s e d i m e n t s   b e -  
c a u s e  o f  v e r y   l o w   i c e   c o n t e n t .   T h i s   m e t h o d   h a s  
a l s o  some r e s t r i c t i o n s  wben t h e   s o i l   t e m p e r a t u -  
r e s ,  t h o u g h   l o w e r   t h a n  0 C ,  a r e   i n   t h e   r a n g e  o f  
f r e e z i n g   p o i n t   d e p r e s s i o n  of t h e   s e d i m e n t s .  

T h e   c o m p i l l n g   o f   t h e   r e s u l t s   b r i n g s   o u t   t w o  
e s s e n t i a l   c r i t e r i a   f o r   m a p p i n g :  

i )  T h e r e  is n o  p e r m a f r o s t   u n d e r   c o n t i n u o u s   t r e e  
a n d   s h r u b   c o v e r s ,   m a i n l y   b e c a u s e  o f  t h e   i m p o r -  
t a n c e  o f  t h e   a c c u m u l a t i o n  o f  snow i n  t h e s e   e n -  
v i r o n m e n t s ,  I n  9 O X  o f   t h e   c a s e s ,   a r e a s   o f   b a r e  
ground o r  a r e a s   c o v e r e d   b y   h e r b s   a n d   m o s s e s   a r e  
a s s o c i a t e d   w i t h   p e r m a f r o s t .   P e a t   b o g s   ( e s c e p t  
p a l s a s )   a n d   f e n s   h a v e   n o   p e r m a f r o s t   b e c a u s e  o f  
w a t e r l o g g e d   s o i l   ( o r   p e a t )   a n d  snow c o v e r  thick- 
n e s s .   P e r m a f r o s t  i s  a l s o   a b s e n t   u n d e r   t h e   s i d e s  
o f   d r u m l i n s   w h e r e   d e e p   s n o w p a t c h   a c c u m u l a t e .  

ii) S t a t i s t i c a l   a n a l y s e s   ( n o n - l i n e a r   s i m p l e  

b e t w e e n   t h e   m o r p h o l o g y   o f   m i n e r a l   p e r m o f r o x c  
r e g r e s s i o n )   h a v e   s h o w n  a n  o b v i o u s  r e l a t i o n  

m o u n d s   a n d   p a l s a s ,   a n d   t h e   t h i c k n e s s  (Th) o f  

mounds ( l ) ,   t h e   w i d t h  ( W )  o f  t h e  m o u n d s   g i v c s  
p e r m a f r o s t .   I n   t h e   c a s e  o f  m i n r r n l  permnfrust 

t h e   b e s t   c o r r e l a t i o n  w i t h  i t  c u e f f i c i c n t  oi 0.51 
( A l l a r d   e t   a l . ,   1 9 8 7 :  L c v e s q u e ,  1 9 8 6 ) .  
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:FIGURE  3 R e s i s t i v i t y   i n   t h r e e   t y p e s   o f   Q u a t e r n a r y   d e p o s i t s ,   T h e s e   v a l u e s  a r e  t a k e n   d i r e c t l y  on  
r e s i s t i v i t y   c u r v e s .  

(1) Th 2.457252 (W0'443468)  (0.999794') TABLE I 

F o r   p a l s a s  ( 2 1 ,  i t  is t h e   l e n g t h  ( L )  w h i c h   g i v e s  
P e r m a f r o s t   d i s t r i b u t i o n  
in Q u a t e r n a r y   S e d i m e n t s  

( 2 )  Th 0 .602319   (0 .997738L)  

t h e   b e s t   c o r r e l a t i o n  (0,83) ( B l a i s  e t  a l . ,  
1 9 8 5 ;   A l l a r d  e t  a l . ,  1 9 8 7 ) .  In b o t h  cases ,  t h e  
volume may h a v e   g i v e n   u s e f u l   r e s u l t s ,   b u t  i t  was 
i m p o s s i b l e   t o   m e a s u r e   t h e   h e i g h t   o f   t h e   m o u n d s  
on t h e  a e r i a l  p h o t o g r a p h s   w h i c h  were a v a i l a b l e  
( 1 : 4 0 , 0 0 0 ) .  

U s i n g   t h e s e   o b s e r v a t i o n s ,  i t  was p o s s i b l e   t o  
c o m p l e t e   t h e   m a p p i n g   o f   t h e   d i s t r i b u t i o n   a n d   o f  
t h e   t h i c k n e s s  o f  p e r m a f r o s t   u s i n g  a e r i a l  p h o t o -  
g r a p h s .   F o r   t h e   s e d i m e n t s   w h i c h   d o   n o t   p r e s e n t  
p a r t i c u l a r   g e o g r a p h i c   f e a t u r e s   r e l a t e d   t o   p e r -  
m a f r o s t   ( d r u m l i n s ,   e s k e r s ,   d e l t a s . . . ) ,   t h e   a v e -  
r a g e   o f   t h e   m e a s u r e s   o b t a i n e d   b y   e l e c t r i c a l  re- 
s i s t i v i t y  i s  u s e d .   T h e   l i m i t e d   n u m b e r   o f   e s k e r s  
a n d   d e l t a s   e n a b l e   s o u n d i n g   o f   a l l   o f   t h e m   t o  
g e t   " r e a l "   v a l u e s .  

F o r   m a p p i n g ,   t h e   d a t a  on t h e   d i s t r i b u t i o n   a n d  
o n   t h e   t h i c k n e s s  o f  p e r m a f r o s t   w e r e   s o r t e d   i n  
c l a s s   i n t e r v a l s   i n   o r d e r   t o  make t h e  maps* ea- 
s i e r  t o   c o n s u l t   a n d  t o  h a v e  a b e t t e r   p e r c e p t i o n  
o f   t h e   r e g i o n a l   d i s p a r i t i e s .  

PERMAFROST D I S T R I B U T I O N  A N D  T H I C K N E S S  

O f 2 t h e   3 , 7 0 0  km2 o f  t h e   s t u d y   a r e a ,   o n l y   8 6 9  - 7  
km (24x4 a r e  made  up of Q u a t e r n a r y   d e p o s i t e ,  
488.7 km (56.2%) of   wh ich  a r e  p e r m a n t l y   f r o z e n  
( T a b l e  I )  ( L e v e s q u e  e t  a l . ,   1 9 8 7 ) .   T h e   r e m a i -  
n i n g  ( 7 5 . 8 % )  i s  m a d e   u p   o f   o u t c r o p s   a n d   l a k e s .  

* S e e   t t P o s t e r s l l   ( v e   I n t e r n a t i o n a l   P e r m a f r o s t  
C o n f e r e n c e )   o r   N o r d i c a n a   n o   5 1 ( L L v e s q u e  e t  al., 
1 9 8 7 )  f o r  t h r e e  s e r i e s  of s i x  maps 
( Q u a t e r n a r y   d e p o s i t s ,   p e r m a f r o s t  
d i s t r i b u t i o n   a n d   p e r m a f r o s t   t h i c k n e s s ) .  

QUATERNARY BVOUATERNARY UNDERLAIN  BV PERCENTAPEOF 
DEPOSITS DEPOSIT8 (kmz) PERMAFROST (km') PERMAFROST ( X )  

MARINE a 6 0 . 0  
DEPOSITS 

a1r.1 

DEPOSITS 
EOLIAN 15.3 8.9 I 
QLACIO-FLUVIAL 1 2 4 . 3  
DEPOSITS 

88.0 6 5 . 4  

I GLACIAL 
DEPOSITS 

2 4 4 . 0  161.1 I 0 ORQANIC 1 2 8 . 1  
DEPOSITS 

TOTAL 869.7  488.7 

I m p o r t a n t   d i s p a r i t i e s   i n   t h e   d i s t r i b u t i o n   a n d  
t h i c k n e s s   o f   p e r m a f r o s t  a r e  o b v i o u s   i n   t h e   s t u -  
dy a rea .  T h e   n u m e r o u s   m i c r o - c l i m a t e s   w h i c h  
e x p l a i n   t h e s e   d i s p a r i t i e s  a r e  c l o s e l y   r e l a t e d  
t o   t h e   p r e s e n c e  of   Hudson 'Bay  and t o   t h e   d i s -  
t r i b u t i o n   o f   t h e   s e d i m e n t a r y  ma te r i a l s .  

T h e   p e r m a f r o s t   r a n   b e   s o r t e d   i n   t h r e e   z o n e s  ( I ,  
11, 111) a c c o r d i n g   t o  i t s  s p a t i a l   d e n s i t y   a n d  
t h i c k n e s s   ( F i g .   1 ) .  

Zone I c o r r e s p o n d s   t o   t h e   s h r u b   t u n d r a  a r e a ;  
t h e   p e r m a n e n t l y   f u o z e n   s o i l s  a r e  a b u n d a n t  
( > 8 0 %   o f   t h e   a r e a )   a n d   t h e i r   m e a n   t h i c k n e s s  
i s  20 metres (min=3 m ,  max=29  m).  The  main 
c r y o g e n i c   f o r m s  I n  t h e  a r ea  a r e   m i n e r a l   p e r m a -  
f r o s t  mounds   deve loped  in c l a y e y  s i l t s .  The 
d e p r e s s i o n s   b e t w e e n   t h e   m o u n d s   w h i c h  are occu-  
p i e d   b y   t h e r m o k a r s t   p o u n d s   a n d   s h r u b s ,   a r e  
t a l i k s   ( F i g .  4). 

The   p rox imi ty   o f   Hudson  Bay c r e a t e s   c o n d i t i o n s  
w h i c h   f a v o u r   t h e   d e v e l o p m e n t  o f  p e r m a f r o s t ;  
d u r i n g   t h e   s u m m e r ,   c o o l   t e m p e r a t u r e s   a n d  nume- 
r o u s   f o g g y   d a y s   b r i n g  a m o r e   r i g o r o u s   c l i m a t e .  
T h e   a b s e n c e  o f  t r e e s  a n d   t h e   s c a r c i t y   o f   s h r u b  
v e g e t a t i o n   a l o n g   t h e   l i t t o r a l   f r i n g e   i n   a d d l t i m  

20 1 



F I G U R E  4 W i d e s p r e a d  permafrost (1,809,)  in e l a y -  
e y  s i l t s  ( Z o n e  I), Near  N a s t a p o c a  r i -  
v e r   ( I 2  km f r t m  H u d s o n  B a y ) .  

t o   s t r o n g   w e s t e r l y   w i n d s   c h a n n e l l e d   i n   t h e  
s t r u c t u r a l   v a l l e y s   p e r p e n d i c u l a r   t o   t h e   c o a s t ,  
d o  n o t  make t h e   l a n d s c a p e   f a v o u r a b l e  f o r  t h e   a c -  
c u m u l a t i o n   o f   s n o w .   O n l y   t h e   v a l l e y   s i d e s   a n d  
t h e   s h r u b b y   d e p r e s s i o n s   s h e l t e r e d   f r o m   t h e   w i n d  
h a v e  a s u f f i c i e n t   d e p t h  o f  snow ( > 8 0  cm) t o  
s t o p   t h e   e x p a n s i o n   o f   p e r m a f r o s t  o r  t o   f o r m   t a -  
l i k s .   T h e   t o p s  o f  t h e   m i n e r a l   p e r m a f r o s t   m o u n d s  
w h i c h   o c c u p y   t h e   w i d e s t   p a r t  of  t h e   a r e a   r e m a i n  
u n c o v e r e d   b y   t h e   s n o w   a n d   e x p o s e d  t o  t h e   c o l d e s t  
a i r   t e m p e r a t u r e s .  

Zone 11, l o c a t e d   t o   t h e   e a s t ,   c o r r e s p o n d s   t o   t h e  
f o r e s t   t u n d r a   b e l o w   t h e   m a r i n e  l i m i t .  The   e f -  
f e c t s   o f   H u d s o n  Bay on  t h e   r e g i o n a l   c l i m a t e  a r e  
l e s s  p r o n o u n c e d   ( t h e r e   a r e  l e s s  f o g g y   d a y s ) .  
T r e e s   t a k e   a d v a n t a g e  o f  t h e s e   m i l d e r   c o n d i t i o n s  
a n d   c o l o n i z e   s o m e   a r e a s  in t h e   v a l l e y s  ( F i g .  5 ) .  
T h e   m o r e   n u m e r o u s   t r e e   a n d   s h r u b   a r e a s   p r o v i d e  
a f a v o u r a b l e   e n v i r o n m e n t   f o r   t h e   s e d i m e n t a t i o n  
o f  d r i f t e d   s n o w ,   t h u s   f o r   t h e   f o r m a t i o n  o f  t a -  
l i k s .   P e r m a f r o s t  is s c a t t e r e d  ( <  4 0 % )  a n d   t h i n  

23 m) i n  f i n e   g r a i n e d  m a r i n e   s e d i m e n t s .  T h e s e  
( a v e r a g e  of l e s s   t h a n  10 m e t r e s ;   m i n = 2  m ,  max= 

v a l u e s   p r o g r e s s i v e l y   d e c r e a s e   f r o m   t h e   n o r t h w e s t  
t o   t h e   s o u t h e a s t ,  s o  t h a t ,   t h e r e  i s  a l m o s t  n o  
p e r m a f r o s t   a t   t h e   s o u t h e a s t e r n   e n d   o f   t h e   s t u d y  
a r e a .   ( F i n .  6 ) .  

F I G U R E  6 T h e r m o k a r s t  pounds a n d   d e c a y i n g  p a l s a s .  
S p o r a d i c   p e r m a f r o s t ,   s o u r h e a s t   p a r t  o f  
Zone T I ,  

T h e   t y p e  o f  d e p o s i t s   d o e s   n o t  seem t o   p l a y   a n  
i m p o r t a n t   r o l e   i n   t h e   d i s t r i b u t i o n   a n d   t h i c k n e s s  
o f   p e r m a f r o s t   s i n c e   g r e a t   d i f f e r e n c e s   i n   t h e  den- 
s i t y  o f  p e r m a f r o s t   o c c u r e d   i n   t h e   c l a y e y  s i l t s  
f o u n d   i n   z o n e s  I and  11. 

T h e   o n l y   d e p o s i t   w h l c h   h a s   s o m e   e f f e c t  o n  perma- 
f r o s t  i s  p e a t .  I t  i s  a g o o d   t h e r m a l   c o n d u c t o r  
when i t  i s  damp and  a g o o d   I n s u l a t i n g   m a t e r i a l  
when i t  i s  d r y   ( S o l l i d   a n d   S o r b e l ,  1 9 7 4 ;  Brown, 
1 9 6 6 ) ;   t h e s e   p e c u l i a r i t i e s   a l l o w   p e r m a f r o s t   t o  
d e v e l o p   i n   d i f f e r e n t   u n d e r l y i n g   m a t e r i a l s   w h e r e  
i t  w o u l d   b e   i m p o s s i b l e   w i t h o u t  a p e a t   c o v e r .  
T h i s  i s  why p e r m a f r o s t   e n c o u n t e r e d   i n   t h e   b o t t o m  
of t h e   v a l l e y s   o f   t h e   f o r e s t   t u n d r a  a l m o s t  ex-  
c l u s i v e l y   o c c u r s   i n   t h e   f o r m   o f " p a l s a s   ( F i g .   7 ) .  
However, t h e i r   a d v a n c e d   6 t a t e   o f   d e g r a d a t i o n  
s u g g e s t s   t h a t   t h e y   w e r e   f o r m e d   d u r i n g  a c o l d e r  
c l i m a t i c   p e r i o d   t h a n  a t  p r e s e n t ;   t h e y   a r e   c u r -  
r e n t l y   a f f e c t e d  b y  e r o s i o n   ( A l l a r d   a n d   S e g u i n ,  
1 9 8 7 b ;   L a p r i s e ,   1 9 8 6 ) .  

Zone   (111)   seems t o  g o  a g a i n s t   t h e   e s t a b l i s h e d  
o r d e r   b e c a u s e  i t  h a s   i d e n t i c a l   d e n s i t i e s  ( > 8 0 % )  
a n d   t h i c k n e s s   ( a v e r a g e  2 0  m e t r e s ;  m i n =  3 m ,  max= 
3 2  m) t o  Zone I even   t hough   Zone  111 i s  l o c a t e d  
in t h e   f o r e s t   t u n d r a  away  from t h e   s e a   i n f l u e n c e  



T h i s  i s  e x p l a i n e d   b y   t h e   t o p o g r a p h y  o f  t h e   d e -  
p o s i t s   i n  t h i s  Z o n e   ( F i g .  2 ) .  T h e   g l a c i a l   a n d  
f l u v i o g l a c i a l   s e d i m e n t s   ( u n l i k e   t h e  sea d e p o s i t s  
w h i c h   a r e   m a i n l y   l o c a t e d   i n   t h e   b o t t o m   o f   t h e  
v a l l e y s )   f o r m   d r u m l i n s   f i e l d s   a n d   s a n d u r - d e l t a s  
t h a t   a r e   v e r y   e x p o s e d   t o   t h e   w i n d .  Snow i s  
c o n s t a n t l y   d r i f t e d   o f f   t h e   t o p   o f   t h e s e   f o r m s  
a c c u m u l a t i n g   i n   t h e   d e p r e s s i o n s   l o c a t e d   i n   t h e -  
p e r i p h e r i a l   a r e a s .   T h e s e   d e p r e s s i o n s ,   w h i c h  
c o n s t i t u t e   t a l i k s ,   a c c o u n t   f o r  a s m a l l e r   p r o p o r -  
t i o n   t h a n   i n   t h e   c a s e  o f  Zones I and  I1 b e c a u s e  
t h e   d e p o s i t s   a r e   n o t   c o n f i n e d   o n l y  t o  t h e  
v a l l e y s .  

CONCLUSION 

T h i s   k i n d   o f   m a p p i n g   h a s   a l l o w e d   t o   s p e c i f y   t h e  
m a i n   f a c t o r s   r e l a t e d   t o   t h e   d i s t r i b u t i o n   a n d  
t h e   t h i c k n e s s   o f   r e g i o n a l   p e r m a f r o s t ,   T h e   d e p t h  
of  snow p l a y s  a v e r y   i m p o r t a n t   r o l e ;   h o w e v e r ,  
t h i s   r o l e   d e p e n d s   l a r g e l y  on t h e   p a r t i c u l a r   c o n -  
d i t i o n s   c r e a t e d   b y   t h e   p r o x i m i t y   o f   H u d s o n  Bay 
and  o n  t h e   d i s t r i b u t i o n   o f   t h e   s u r f i c i a l   d e p o -  
s i t s .  

The a p p l i c a t i o n  o f  s u c h  a c a r t o g r a p h i c a l   m e t h o d ,  
t o   l a r g e r  areas  i n   d i s c o n t i n u o u s   p e r m a f r o s t  z o -  
n e s   ( w i d e s p r e a d   a n d   s c a t t e r e d )   i n   Q u Q b e c   c a n  
b e   e a s i l y   r e a l i z e d   w i t h   o n l y   m i n o r   m e t h o d o l o g i -  
c a l   a d j u s t m e n t s .   F o r   i n s t a n c e ,   t h e   m e a s u r e m e n t  
o f  t h e   t h i c k n e s s  o f  p e r m a f r o s t   c o u l d   b e   i m p r o -  
ved  i f  we w o u l d   t a k e   i n t o   a c c o u n t   t h e   h e i g h t   o f  
c r y o g e n i c   m o u n d s   i n   t h e   c o r r e l a t i o n   c o e f f i c i e n t s  
However, a new a p p r o a c h ,   w i t h   c r i t i c a l   p l a n n i n g  
o f  g e o p h y s i c a l   s u r v e y s ,  will h a v e   t o   b e  consi- 
d e r e d   f o r   s o i l s   t y p e s   w h i c h   d o   n o t   h a v e  a p a r -  
t i c u l a r   m o r p h o l o g y   r e l a t e d  t o  t h e   p r e s e n c e  o f  
p e r m a f r o s t   s u c h   a s   d r u m l i n s ,   m o r a i n e s ,  t i l l  
s h e e t s ,   d e l t a s   a n d   e s k e r s ,  
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PINUS HINGGANENSIS AND PERMAFROST ENVIRONMENT 
IN THE MT.DA-HINGANLING, NORTHEAST CHINA 

Lu, Guowei 

Yakeshi Institute of Forestry Survey and Design, Inner Mongolia, China 

SYNOPSIS P i n u s  hingganensis,a new species of  pine in the permafrost region of  Mt. Da- 
Hinganling, Northeast China,  grows in relatively high, shady  and damp districts. This  species  is 
morphologically similar t o  the P.siberica and P.pumila. 
The regional climate  has been warming since Late Pleistocene, especially during the recent century, 
resulting in  the northward retreat of the southern limits o f  permafrost and forest zones.  The  effects 
of climate and deforestation make jtnecessary to protect, and regenerate  the forest and  the ecosystem, 
P.hingganensis may  be a good species in accomplishing this. 

DEITY TREE:  PINUS  HINGGANENSIS 

Mt. Da-Hinganling is now covered by Da-uli flora, 
which commonly includes Larix gmelini,Picea 
Koraiensis, Chosenia macrolepis. Another species, 
however,  is worthy o f  notice.Pinus hingganensis, 
once esteemed as "deity tree" by the Owenk peo- 
ple  and recently distinguished as  a new  species 
of pine (Zhang, 1 9 8 5 ) ,  also  occurs there. 
P-hingganensis  occurs  in  the predominantly con- 

in  shade, in a relatively high, cold and damp 
tinuous permafrost zone and i s  able to grow well 

environment, and even  in  an  inferitile soil or 
the exposed weathered bed rock. The oldest liv- 
ing P.hingganen3is is about 1 8 0  years old. 
P.hingganensis is morphologically similar to the 
p.pumila and P.siberica (Table I). They may 
have some successional  relationship to each 
other. 

RELATIONSKIP BETWEEN P.HINGGANENSJS A N D  PERMA- 
FROST 

In Northeast China, permafrost occurs mainly  in 

regions;  besides, and i n  the  Changbaishan  and. 
the Mt.Da-Hinganling and Mt.Xiao-Hinganling 

Huanygongliang  Mountains (Lu  and Guo, 1983).The 
distribution of permafrost in the Da-Hinganling 
and Xiao-Hinganling Mountains  shows  latitudinal 
zonation,  Three  zones  are distinguished from 
north to south: predominantly continuous perma- 
frost zone,  discontinuous permafrost zone with 
talik islands, and the island permafrost zone 
(Fig.l),(Zhou  et al., 1983) .  Similarly the mean 
annual ground temperature of permafrost in- 
creases while it  decreases in thickness and con- 

o f  the Da-Hinganling forest region is located in 
tinuity from north t o  south. The northern part 

the predominantly continuous permafrost zone, 

TABLE I 

Morphological  Characteristics of P . h i n g g a n e n s i a , P . s i b c r i c a  and  P.pumila 

Species P.siberica  P.hingganensis P. pumila 
Character 

diameter 1.5-1.7  1.0-1.2 ( 1 . 4 )  0.6-1.0 
- 

(mm) 
leaf 

edge sparse  sawtooth- 
Like 

sparse  sawtooth- 
like 

smooth  or  unclear 
sawtooth-like 

I esin 3 in numbrr, 2 or  3 in number, mostly 2 i n  number- 
passage internal  at most  internal, seldom 1, lateral 

corners seldom  lateral 

size  length:5-8  length:5-8 
(cm) diameter:3-3.5 diameter:3-4,5  diameter:Z.5-3.5 

scale 
shield  wltf: d k e  fine 

pur  le brown 
wltf: siarse Ahort 
pur le  brown  chestnut-brown, 

long down  down 
without down 

leny~h:3-6 

cone 
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where  permafrost is well-developed  at  the  shady 
s l o p c s  a n d  vallcy  bottom  rathcr  than  on  sunny 
s l o p e s  or  hill  tops  (Table 11). 

TABLE  I1 

Distribution of Permafrost  in  Baimakan,  Manqui,Inner  Mongolia 

PosiLkon  east-west  valley  north-south  vallcy 

Character  south-facing  valley  north-facing  east-facing  valley  west-facing 
SlODe bottom  slope  slope  bottom slow 

mean annual ground 0 t o  -1.0 -2 to -1.0 t o  -2.0 0 to -0.5 -2.0 to 0 t o  -1.0 
temperature ( "C )  -4.0 -4.2 

thickness o f  0 to 20 50 to 20 t o  50 0 to 20 50 to 10 to 30 
permafrost (m) 150 >IO0 

depth of seasonal 
thawing (m) 2,o to 4.0 0 . 5  to 1.0 to 1.5 1.0 to 3.0 0.5 to 1.0 to 2.0 

1 .o 1 .o 

Fig, 1 
, "i. 

Dislribution  of  P.hingganensis  and  chanRes 
in  permafrost  southern  limit-since the Last Gla- 
ciaLion 

tinuous  permafrost;  2.present  southern l i m i t  of 
1. present  southern  limit of predominantly con- 

discontinuous  permafrost z o n e  with  talik  islands; 
3. p r e s e n t  southern  limit o f  island  permafrost 
z o n e ;  4 .  presenL  alpine  permafrost  regions; 5, 
sout-hern  permafrost  1imiL  during  Late  Pleistocene; 
6. 1)reserlt P. hingganensis  vegetation; 7. present 
P i c e a  koraicnsis  vegetation; 8 .  fossil  sites of  
mammoth; 9. fossil s i t e s  o f  Coelodonta  antiqui- 
t a t i s ;  10.  ice-wedge  casts;  11.  arid  steppe; 
12. c i L y  ur town 

Today  P.hingganensis grows mainly  within  the  pre- 
dominantly  permafrost zone and  sporadically on 
the  hill  tops  of Mt.Huanrzannliane. Generally,  it y y  ., 
grows in restricted  areas  above 900 m a.s.1. 
(Table 111). 

TABLE  I11 

Growing  Sites  of  P.hingganensis 

site  latitude  elevation (m) 

Qiqian 52'30'N - 
Angelin 51'22'N 1300 
Alongshan 51'35'N 900,950 
Mangui 52'13'N 9 0 0  
Tuqiang 5 2 " 2 5 ' N  8 4 0  
Mordaoga 51"lO'N 1300 

P.hingganensis  is  seldom f o , u n d  in vallcy  hottoms, 
w h e r e  the  temperature  is  too  low, t h c  a c t i v e  
layer  is  too  thin,  and  the  permafrost, !,-it11 1,ell- 
developed  ground,  ice  is t o o  thick.In  such a ~ ' e ~ s  
roots  of  P.hingganensis  have  difficult! y r . ~ ? h  i 11s 
and  absorbing  moisture  and  nutrient  from the  
ground.  In  addition  young  sccdliny w o u l d  prob- 
ably  be  killed by the  frost  heavc 1 1 1  the soi I .  
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forest.-types,  the  P.hingganensis  also  grows  very 
well  with its twisted  roots  surviving  in  the 
active  layer  above  permafrost.  For  example,  in 
the  Alongshan  Porcstry-Service,  P.hi.ngganensis 
g r o w s  in groups  within  the  Larix  gmeline-R. 
dahuricum  forest  at 1200 m a.s.Z., and  in  Angel- 
i 11, ~'.hingganensi s grows  within  the  Larix 81"- 
linj-P.pumila  forest  on  hill  tops.  The  forest 
understory is mainly c.omposed o f  the  Vaccinium 
v i  tis-idaes,  Ledum  palustre  and moss. These 
forest-types  are  thought  to  be  closely  linked  to 
t h c  periglacial  environment.  P.hingganensis 
may  be  an  indicator  of  permafrost. 

FOKEST A N D  ENVIRONMENT 

The  forest  region of  northern  Hinganling  is  Cur- 
r-c-ntly located  in  the  predominantly  continuous 
permafrost z o n e ,  where  the  mean  annual  air  tem- 

tati,on is  about 500 mm,  and  the  water  content  of 
perature i .s as  low a s  -5 " C ,  the  annual  precipi- 

s o i l  above  permafrost  table  is  relatively  high. 
These  conditions  favour  forest  development. 

During  the  last  glaciation of the  Late  Pleisto- 
cene,  the  southern  forest  1imit.advanced  down  to 
42'N, and  the  predominantly  continuous  permafrost 
zone,  to 47"N (Guo, et  al., 1981). The  southern 
limit of  forest  also  advanced  down  to  the  hills 
of  southern  Liaoning.  During a Holocene  warming 
the  southern  limit of permafrost  retreated  tFig. 
1 ) .  As the  southern  limit  of  permafrost  moved 
northwards,  the  forest  requiring a periglacial 
environment  retreated  northwards  also.  Such 
forests n o w  develop  only  in  periglacial  environ- 
ments;  the  existence of forest,  protects  the 
frozen  ground  from  thawing. 

In  the 20th century,  changes  in  the  distribution 
of  natural  forest  and  permafrost  are  closely 
related to the  warming  climate  and  human  activity. 
Under  the  influence o f  these  two  factors,  the 
permafrost  degrades,  and  has  disappear  in  some 
places  (for  example,  the  Yakeshi,  Jiagedaqi). 
As a result  of  such  changes  the  southern  limit o f  
natural  forest  is  moving  northwards  or  there  are 
changes  in  vegetation  associations.  During  the 
pasc 200 years,  from 1 7 3 2  t o  1945, the primeval. 
forest  in  Da-Binganling  and  Xiao-Hinganling 
Mountains  was  destroyed to a large  extent,  This 
had a deep  effect  on  plant-composition,  soil, 
climate and hydrology.  In 1840, deforestation 
occur r t ld  o n l y  from  Qiqihar  to  Nenjiang.  However, 
up to 1945, the  forest  line  had retreated- by2degrees 
o f  1 a t i t u d e . A ~  are  result of  major  forest  fires 
and  deforestation  there  has  been  an  invasion o f  
wind b l o w  sand  eastwards  from  the  Inner  Mongolian 
Plateau, a decrease o f  precipitation  in  the 
Hulunheir  Grassland, a n d  grealter  aridity  of  the 
regional  climate. Thi.s resulted  in  the  enlarge- 
ment of a xeruphytir  flora,  and  the  substitution 
of  secondary  forest  composed of  Rctuta  ptalyphylla, 
Quercus  mongolica  and  bush fallow of  Populus 
davidiana  for  the  destroqed  coniferous  trees, 

It  is  necessary to take  effective  measures  to 
rencw,  regenerate  and t o  protect  the  forest  and 
environment. 'I'hc P.hinggancnsis, a cold-resis- 
tant  species  that  is,ablc  to  grow  in  the  inferi- 
tile  soil,  is a species  suitable  for pl.anting in 
such a perigl.acia1  envirol1ment,  even  though  its 
current  distribution i s  sporadic.  Such  planting, 
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together  with  other  measures,  such  as  controled- 

may  enable  P.hinggancnsis  to  become a dominant 
cutting,rodent  control and seeding  prugrarms 

species  in  this  region. 
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NATURAL GEOSYSTEMS OF THE PLAIN CRYOLITHOZONE 
E.S. Melnikov 

All-Union Research Institute of Hydrogeology and Engineering Geology, Moscow, USSR 

SYNOFSIS  The object  of regional  geocryological  studies f o r  the  purposes of mapping, 
forecasting  and  nature-preaerve  zoning  is  the  geocryological  eubsyetem of natural or natural 
technogenic  geoayetem.  Such an  approach  gives an integral  picture Of an interaction  between  na- 
tural bodies in cryolithozone,  their  structure in apace and time,  functioning  and  matter- and 
energy  exchange.  Hierarchy of natural  geosystems  in pla in  cryolithozone  is  developed. A brief 
description is given f o r  each o f  eight  rank6 of geosystema.  Functioning  and  homeostasis of natu- 
r a l  ana  natural-technical  geoayatema  are  studied in etationary  geocryologtcal  observafiona;  and 
their  spatial-mor  hologlcal  structure - in  regional  investigations.  Georjystem  approach Ls the 
basis for geocryofogical  prediction and nature-preserve  zoning of the  cryolithozone  geoenviron- 
msnt . 
En the  recent  decade0  a  great economic, ecolo- 
gical and social  importance  was  gained by re- 
gional  geocryological  inveotigations  due  to 
carrying  out a number of l a  e rojecte on 
development of oil- and gas !ie!ds and on 
construction  of  long-dietance  line  structures 
(e .g .  pipelines,  railroads,  electric  power 
transmiasion  lines).  Basing on these  inveati- 
gations,  a  prediction is being  made of chang- 
es in en~ineering-geo~,ryological conditions 
(EGC) due t o  economic  activities,  and  mape o f  
nature-preservation  zoning  are  being  compiled. 

A subject for geocryological  atudy  and predlc- 
tion a r e  rocka and ground water of cryolitho- 
zone,  their  compoeition,  properties  and pro- 
cesse~ occurring  within  them.  What  ehould  be 
an object of inquiry,  what  natural matexid 
bOdi8El  should be examined?  This  queetion is 
a debatable  one. It ie obvioua  that in choos- 
ing  the  main  study  object,  variouo  criteria 
can  be  used:  geological,  geocryological,  en- 
gineering-geological  and  landscape  ones. Geo- 
30 ical  criteria - establishment of g801OgiCal 
bo%ies and  their  natural  parageneees  (atrata 
and layers of rocks,  lithologic-facies and 

Pormations and subformatione) - cannot satisfy atratigraphic-genetic  Complexes,  geological 

cal  investigations,  because  they do not  take 
the  aims  and  purposes o f  regional geocryologi- 

into  account a change 09 rock  states and thejr 
r o l e  in mass-energy  exchange  being  the  baais 
for  dynamica of exogenous  geological  processea. 

Geocryological  criteria proper (types of per- 
mafrost  strata (PFS),  typea of seasonally 
thawing  layer-seaaonally f reezing layer (STL- 
SFL), temperature  fields, etc,) do not involm 
geological  differentiation  and  eummary  effect 
of an  interaction  between  external  media 
(hydro-, bio- and atmoaphere) and lithosphere. 

Engineering-geological (geologic-engineering) 
criteria  in  assessment of rocka as being ap- 

plied for ground  bases and foundattons,  en 
assessment of a  possibility and peculiarities 
of construction and exploitation of structuma 
are short-term  and  momentary. Thhia i s  explain- 
ed by a rapid-changing  level. o f  technical. de- 
velopment  of  eociety and a level of civil-en- 
gineering. 

Therefore,  most  preferable i s  the geoegsfam 
approach  to  regional.  geocryological  inveeti- 
gations  and  predictions,  which  proceeds from 
the  theory of the  Xarthls  natural  complexes 

lodies  (after  Vernadaky), within which an 
hkuchaev, Berg,  Polynov, et a1.) a8 natural 

interaction of lithosphere  with hydro-, atmo-, 
bioapberee  takes  place.  Natural  complexes or 
natural  geosystema are considered as a product 
of an interaction of Lithosphere (j..e, geolo- 
gical bodlee in a r a n k  of formations,  atrati- 
graphic-genetic  and  lithologic-facies  camp- 
lema of rocks)  with  other  Earth’s  spheres 
(atmo- and hydrosphere,  biota) $or the up-to- 
date afage of territory  development. 

Natural  boundaries of natural complexeg, their 
materiality,  full-complexity,  hierarchy in 

establishment  and  uae of aystem  analysis al- 
epace  and  time  enable  objectification of their 

lowing  for  an  influence of any  natural  phsno- 
mena on state  of  rocka and processes  withLn 
them.  Natural  complexes  repreeent  complicated 
open self-managed  and  self-restored material 

ground and surface watexrj, biota) and compo- 
syateme of interconnected elements (rocks, 
nenta  (natural  complexes o f  lower rankls) bet- 
ween  which  rnaaa-energy  exchange OCCWB under 
influence of one6 o r  other  leading  factortr. 
A depth of active  maaa-energy  exchange i a  d i f -  
ferent f o r  different ranks of complexes (Tab- 
le I). Natural  complexes  are  characterized 
by  integrity  and  ernergencibility. Geocryologi- 
cal  conditions - structural  element of such a 
system - are  considered aa a subsystem.  Such 
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TABLE I 

Predominant s izes  of natural  geoeysteme of the   p la in   c ryol i thozone  and poaeible   car to-  
graphic   aca les  

Rank of geosyetem SieeEf Scales  o f  cartography 

Linear ,  Icm Areal, km2 Depth  of a c t i v e  
mass-energy ex- 

changes, m 

1: 1,000,000 and  smaller 
- I! - 
c 11 c 

1:2,500,000-1:500,000 
1 : 1,000,000-L : 200,QOO 

1 : 100,000-1. : 10,000 
1:10,000-1:l,OOO 

l:500,000-1:25,000 

an approach gives a n   i n t e g r a l  idea of an in t e r -  
a c t i o n  between  elemente and componenta of  na- 
tural bodies, an idea of t h e i r   s t r u c t u r e  i n  

exchange.  Landscape p r inc ip l e  of mapping has  
space and time, func t ioning  and mass-energy 

been  applied in geocryology  from  the  beginning 
of the   ex is tence  of th is  science (Yacheveky, 
Abolin, Sumgin, Tumel), k i n g  recent   yeare  
the   p r inc ip l e  has rece ived  i ts  f u r t h e r  advanos 
due to   increased   reg iona l   geocxyologica l  in- 
ves t iga t ions  f ox  predicting  purpoaea.  IIierar- 
c h i c a l   s t r u c t u r e  o f  p l a i n   n a t u r a l   t e r r i t o r i a l  
complexes ( N f C )  i B  es tab l i shed   for   the   purpoe-  
e8  of engfneering-geocryological sfudiers; si- 
5 e ~  of  NTC o f  d i f f e r e n t  rmks and t h e i r   d i a -  
gnoa t i c   f ea tu re s  are determined  (Lanashafty... , 
1983). -Below, succese ive   descr ip t ions  are g i -  
ven f o r  eight ranke o f  natural geosysteme and 
the i r   geocryologica l   cona t t ione .  

Geosystem o f  rank I (landscape  land)  i s  a 
p a r t  of cont inent  that ia cha rac t e r i zed  by an 
uniform geological .   s t ructure   (e ,g .  shields,  
p l a t e s  o f  platforme;   orogens) ,  common t o  o- 
g r a p h i c   f e a t u r e s ,   p e c u l i a r   l a t i t u d e  or a f l i -  
tude zonalitiee, The ‘Eleef-Siberian Landacape 
l and  i e  dis t inguished  as being  belonged  to the 
g r e a t e s t  geological e t ruc tu re  - Weat-Siberian 

%ions and cha rac t e r i zed  by a p l a i n  r e l i e f ,  
p l a t e  - compoaed of rocks of p l a f f o m  forma- 
genera l  low d r a i n a b i l i t y ,   d l s f i n c t   n a t u r e -  
c l ima t i c   zona l i ty  sad by Btrongly pronounces 
cont inenta l   c l imate .  

Geoaystem of r a n k  I1 ( l andscape   p rodnce )  ie 
a p a r t  of landscape  land  that  i s  i s o l a t e d  b 
boundaries of  nature-climatic  zone8  and geo f O- 
gic-geomorphological  areas. A c e r t a i n  combina- 
t i o n  of genetlc topographic types and t h e i r  
composing  Quarternary  sediment8  being  in a 

i s  t y p i c a l  f o r  geosyetams of this rank. The 
c e r t a i n  ata te  (frozen,  overmoistened,  etc.)  

examples for landscape  provinces  can be a 
tundra province of sea ( i n i t i a l )   p l a i n s ,  a 
taiga province o f  g l a c i a l   p l a i n s  and a0 on. 

The i r   s i ze s   a r e   g iven  i n  Table 1, 

Geoaystems o f  rank  I1 m e   s u b d i v i d e d   i n t o  
landscape  subprovincea (geosystema of rank 
111) according t o  t h e i r   p o s i t i o n   i n   n a t u r e -  
c l ima t i c  subzone and hence, t o   h e a t  and mois- 
ture  content.  Boundaries of landscape sub- 
provinces agree with thoae of geocryological  
eubzonea within  geologic-geomorphological 
areas (Landshaftg..., 1983). ExampLee for 
subprovincea  can be southern  tundra  subpro- 
vinces o f  m a  pla ine ,  northern taiga  subpro- 
vinoea of alluvial plain8 and so on. 

Geoeystems of  rank SV - landacape  regions - 
8x0 dist inguished  within  landscape provincee 
accord ing   to   topographic   charac te r  correaporab- 
iny to   neotec tonic  structures (movements) of 
ranks 11-111 o r  t o  geomorphological areaa. 
Examplee for such  regions  can be: ( i )   p l a i n a -  
law f l a t   h i g h l y  bogged and  lake-studded Or (is! p l a i n s  - high, gent ly  r idge  and h i l lock -  
r idge.   Landscape  reglons  repreeent   natural  
complexes with p e c u l i a r   r e l i e f  and  genesis o l  
surface  sediments ,   pecul iar   heat-  and moistu- 
re condi t ions  and  character  of soil-, vegeta- 
t ion-  and m o w  covers. A d i f f e r e n c e   i n  8 
thicknesa of surface sedimente   in   d i f fe ren t  
regions  can res& tena, rarely  hundreds of 
meters. General  character of r e l i e f   t o g e t h e r  
with  heat-  and  moisture  regime  determine a 
combination o f  PFS-types for each  region. 
Zandacape regions  and ell NTCe of lower ranks 
a r e   i n d i v i s i b l e  i n  zonal concern. 

A depth of  i n t r a l a n d s c a p e   r e l a t i o n s   i n  a land- 
scape  region its determined by in tens iv i ty   and  
na ture  of n e o t e c f o d c  movements manifest ing,  
Siret of all, I n  thicknews and charac te r  o f  
Quarternary  eedimenta,  Thm, i n  a r e w  of i n -  
t ens ive   l a t e s t   up l i f t s   Guar t e rna ry   s ed imen t s  
ahow a considerable   decrease i n  thickness ,  

All the  above-mentioned taxons belong t o  geo- 
syetems o f  regional   general izat ion  level   and 
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a r e  represented  i n  small-scaled maps and  ache- 
mes. Their boundaries   are  used mainly f o r  
extrapolating  conetructions  and  general   zoning. 

Geosystems of r a n k  V-VTII r e f e r   t o   l o c a l   l e v e l  
of gene ra l i za t ion  and a re   a tud ied  in na t iona l  
engineering-geocryological mapping and engi- 
neer ing   explora t ions .  

Geoaystems of rank V a r e  landmapee aB B. p a r t  
of landecape  regions,  which are charac te r ized  

forming  sediments  (genetic  complex). 
by common age, r e l i e f   g e n e s i s  and r e l i e f -  

Under an age of  accumulative  landscape a time 
is meant f o r  water removal from  aurface and 
vege ta t ion   o r ig ina t ion  I n  aqueoue (marine, 
a l luv ia l ,   Lacus t r ine -a l luv ia l )   l andscapes  and 
E time of mesore l ie f   format ion   ( r idges ,  hills) 
and ve e t a t i o n   o r i g i n a t i o n  i n  t e r r a 1   ( g l a c i a l ,  
eolian? Landscapes. Under an age of erosion 
a c t i v i t y  of denudating  agents is  atopped, The 
(abrasion) landscapes a time is meant when 

o lde r  is landacepe, more complicated and di -  
verger  is i t s  morphological s t r u c t u r e  (1.e.  
compoeition and  r e l a t i o n s h i p  09 i ts  BTCe o f  
the  lower rmanka). 

Except   the  geological   a t ructure ,  a l l  o ther  
geoenvironmental components (geocryological  
and  hydrogeological conditions, exogenous geo- 
Logical  ocesses,  aqueophysical  propertieB 
of  s o i l s y h a v o  no i n d i v i d u a l   f e a t u r e s  f o r  ea& 
landform. P e c u l i a r   t o  them is a great s c a t t e r -  
ing i n  cha rac t s r i e t i c   va lues .  And t he  more 
complicated i s  rnorphologica~ compoeition o f  
l andscapes ,   the   g rea te r  i a  t h i s  soattering. 
Among the  most landscapes two o r  t h r e e  FFS- 
types are dis t inguished   having   sharp ly   d i f -  
f e r e n t   f e a t u r e s .  

Geoayeteme of r ank  VT ( t r a c t s )  axe t he   l a rges t  
morphological  section o f  landscape  being ex- 
c e p t i o n a l   i n  a r a t e  and  cha rac t e r  of rugged 
topography,  and in predetermined  local  neotec- 
t o n i c  movements. Main c h a r a c t e r i s t i c  features 
of geocryological   condi t iqns of t r a c t s   l i e  i n  
a geo log ica l   p ro f i l e   t ype ,   d i a t r ibu t ion   cha -  
r a c t e r  and v a r i a b i l i t y   d e g r e e  o f  PFS tempera- 
t u r e   f i e l d ,  i n  a r a t e  of a u r f a c e   d r a i n a b i l i t y  

ea. ES-type  with i t s  p e c u l i a r   d i s t r i b u t i o n ,  
and parageneaia of  current   geological   process-  

cryogenesis ha6 an obvious agreement with geo- 
temperature range and predominant  nature o f  

system  type  of t h i s  rank. Thus, i n  the Pur- 
Xadym @ea the  eouthern  foreat- tundra land- 
scape of  middle  PleiEttocene i n i t i a l   p l a i n  
c o n s i s t s  of  tracts of two types :   l acusr ine-  
boggy ( A )  and entle-ridgy  planohallow  near- 
-river ones (By. The former a re   cha rac t e r i zed  
by a cont imoue   (wi th   on ly   in te r rupt ing   under  
lakes)   occur rence  o f  perennial f rozen  grounds 
('PFG) with t = -I+ - 5 O C  and a broad develop- 
ment of peat bogs and  marches,  Typical of 
t h e   l a t t e r s  are abundant t n l i k s  i n  r i v e r  val- 
l e y e  and r av ines ,  PM: with t 3 20C, broad de- 
velopment of hycl ro laccol i tha ,   l a te ra l  erosion 
and s o l i f l u c t i o n .  

Geoaystems of  rank VI1 (stown) repreaent  a 
corn ound natural.  geosyetem  consisting o f  wit- 
e6  !facies) and covering completely o r  par- 
t i a l l y   t o p o g r a p h i c  mesaform with t y p i c a l  mic-  
r o r e l i e f  and a Certain  combination of biOCOe- 
nosee and soil combination.  Different stowe 

within a s i n g l e   t r a c t  o f  t he  aame landacape 
d i f f e r  
phological s t r u c t u r e  and i n  componente (one 

in mor- 

o r  s eve ra l )  of geocryolozical   condi t ions,  i.e. 
l i t h o l o g i c - f a c i e s  complex and soil composi- 
t i o n ;  PFG-temperature o r  i t 0  peculiar distri- 
bution; B type of STESFL; a cha rac t e r  o f  
manifest ing an exogenous  geological procescr. 
A depth  of rnaes-energy exchange I s  determined 
by a l a y e r  of annual   heat   t ransfere .  Thus, i n  
n e a r - r i v e r   t r a c t s  B (see  above)  co-dominant 
stowe are wpotted tundras ( 1 1 ,  small-hummocky 
deciduoua sporad ic   t r ee s  ( 2 1 ,  flat birch- 
dec iduous   l i gh t   fo re s t s  on r i d g e  s lopea  ( 3 ) .  
Stowa of types 1 and 2 are charac te r ized  by 
WG of mixed compoeition  (sand,  sandy loam, I 

peat) with  t 8 - - l*C  and by seasonal  ground 
heaving. StowB of type 3 a re  composed  of 
sand0 t o  5 m thick  with loama under la in ;  
I P G  top   here  i s  lowered t o  over 5-10 m. Stows 
o f  r idgee  and f r o s t  mounds o c c u  of ten  i n  
t h e e e   t r a c t s ,  which a r e  composed of highly 
i c y  loams wi th   i ce   i n t e rbeda  and t a -2eC. 

Geoeyetema of rank VI11 ( s i t e s )  represent  
t h e   a m a l l e s f   n a t u r a l - t e r r i t o r i a l  complex. 
!key differ i n  t h e i r   p o s i t i o n  i n  topographic 
meeoform, a Character  of micro- and nannore- 
l i e f ,  vegetat ion  associat ion,   moistening re- 
gime and aoi l .   Within a t r a c t   t h e  sites dlf- 
f e r  i n  s t r u c t u r e  of STL-SPL and I n  t h e i r  
thickneaa  ground-water  level, morphological 
f ea tu rea   [ s t age )  of an exogenous geologtcal 
praceae (EGP). A depth of masa-energy  exchan- 
ge l a  determined by a depth o f  Beasonax  thaw- 
ing o r  ground-water  level. Examplee f o r   a i t e s  
i n  forea t - tundra  may be peat mounds of 5-10 m 
in height  and 50400 m i n   d i ame te r ,   cons i s t ed  
of h igh ly   i cy   pea t   t o  a depth of 1-2 m and 
having  seasonal  thawing  to 0.5 m deep o r  
interridge s inks  i n  f l o o d  plain  covered by 
meadow vegeta t ion  and composed of s i l t y  
sandy Loams which, due t o  a aeaaonal  thawing 
leve l ,   can  be water-saturated t o  1 m deep. 

Also, natural   geosyateme  wlth  aquatic  aurface 
a re   d ia t inguished  - natural-aquatic  complexes,  
e.g. lakes, r ivers ,   lagoons.  

TypoloeicaL classifications are   sugges ted  f o r  

w ~ c g  t ake   i n to   accoun t   t he i r   pecu l i a r  exter- 
geos stems of l o c a l   l e v e l  o f  gene ra l i za t ion  

na l   ou t look  and hence,  their  aerophotoimagee. 
Such. c l a s s i f i c a t i o n s  a r e  developed  for  Bolshe- 
zemelskaya  tundra (Uetetody. . , 1986), nor th  o f  
Weat Siberia  (Landshafty.  .., 19831, Central  
Yakutia and f o r  some a r e a s  of near-sea low- 
lands in North Yakut ia  (Metody.. . , 1986). 
Cepending on s tudy purp0860, natural   geoays- 
ferns can be considered as combtnations o f :  

(1) elemente o f  i n t e rac t ed  B heres   ( l i t ho - ,  

(2) elements of space   s t ruc ture   (na tura l  com- 

( 3 )  elements of t imer  a t ruc tu re   ( success ive  

hydro-, b i o - ,  atmosphereP; 

plexes o f  lower ranks) ;  

chan e of s t a t e  o f  n a t u r a l  complexes i n  
time$. 

I n  t h e   f i r s t  c m e  a basic a t t e n t i o n  is paid 
t o  analysis of d i r e c t  and reverse  v e r t i c a l  
relations - determination o f  condi t ions  f o r  
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mas-energy exchange, i.e. examination of 
functional relatione (Landehafty..., 1983). 
The second caae concerns the studying of ho- 
rizontal relations: morphological efructuxe 
of natural. complexes, features of their com- 

exchange between complexes. Changes in pro- 
posing complexes of a lower rank, mass-energy 

perties of natural complerxea are studied in 
the turd caae, which w e  cauaed both in the 
course o f  natural development (genetic series 
o f  natural complexes) and under iniluenoe of 
man’s activity (Ceokriologicheaky ragnos..., 
1983; Grechishchev.  Melnikov,lg86 P . 
All the above three approaches m e  u8efuX in 
geocryologicel investigations. In all cases 
geological environment (“geocrgological condi- 
tions”) l e  considered ae a subsyetem of the 
system “natural complex”. 

lexes have a different character of inter- 
Components of EEC in different natural comp- 

relations with other elements and differ in 
values of  elements. Them relations (direct 

vations. Their space variability i s  closely 
and reveree) are studied in stationary obeer- 
connected with variations in morphological 
structure of natural complexes. Qualitetive 
analysis of thia structure enables to eoLve 
problems of space VaPtability of EGC. Such 
an analyais lies in establiehing 8. compoaitl- 
on of morphological elements of.lower-rank 
natural complexes, calculating their quanti- 
tative (areal, linear) proportiwe and neigh- 
bou~ehip contrast, determining tygea of topo- 
graphic pattern, studying o f  quantitative 
characteristics o f  EGC-conponenta of lower- 
rank natural complexee and their space varia- 
tions and, finally, in constructing, on thiB 
basis, model# o f  Variability of EGC-componenttr 
for natural complexes being mapped on a given 
scale (Landshafty. * e ,  1983; Illetody ..., 
1986). 

Starting po in t  in dynamic aspect is a certain 
time - current geocryological conaitiona o f  
the given natural geosyetem. Bistoric-geologi- 
cal analysis, pale0 eogra cal reconstruct% 
o m  allow to eatabl f F  ah re rospectipns of geo- 
cryologlcal conditions in the given territory 
and the i r  dynamic potential. &ediction of dy- 
namics and rhythm syatern of spheres external 
to EGC (atmo-, bio-, hydrosphere 1 and taking 
into ECCOUD~ for dynamic potential enable t o  
forecaet a natural course of EGC-changes in 
time. 3omeostasis of natural geosystema (a 
threshold of resistance t o  external impacts) 
is determined by a rank of geoagstem.  The 
smaller is a natural geosgetem, the Lower is 
its reeiatance. Most eensitive t o  external 
loads a r e  geosyateme o f  rank VIII-site9  (Geo- 
kriologicheekii prognoz.. . , 1983). Studies on 
consequences o f  man’s impact on the geoenvi- 
roment aa a lithogenic basla of natural comp- 
Xexes and  use o f  the method of natural analo- 
gues enable to forecast ECC-change@ due to 
economic development of the territory (Braun, 
Gxave, 1981; Tremennoe rukovodstvo..., 1980; 

Nelnikov, Lloakalenko, 1986) and to examine 
Geokriologicheskii propoz.. . ,  1983; Kritsuk, 

natural-technogenic systems. Geoayetem prin- 

cal investigations, engineer ing-geocryolo~cal  
ciple l a  widely used in regional geocryologi- 

explorationa, in arrangement and organization 

of stationary geocryoloeical observations, 
prediction o f  changes in geocryological condi- 
t iona  under an influence of economic activity, 
in nature-preserve zoning of the geoenviron- 

ment . 
Regional. geocryological studies (and aurveys) 
for the purpoaes o f  preliminary  dividing of a 
study territory i n t o  homogeneous typea Ere 
carried out using complex and inaividual l and -  
scape indicators - external outlook o f  nntu- 
ral geosystems and their  aerocosmophotoimagea. 
According to this dividing,  key area8 axe  Be- 
lected where a complex of &ne-drilling and 
geophyaical works is accomplished. The atudi- 
ea natural geosyatema (with asrveying  on a 
scale of 1:100,000 for ranke V I - V I 1  and 
1:25,000 - f o r  ranke VrI-VIII) are grouped 
then according to  uniformity in quantitative 
characteristics of individual components o f  
geocryological conditions (aoil. composition, 
ice content,  temperature, a depth of seaaonal 
thawing, exogeneoua geological processes, 
e t c . ) .  Such a grou ing allows compilation of 
both by-component ?analyticel) and general- 
purpoae (synthetical] engineerinmgeocryolo- 
gical mape (Netodg ..., 19867, On the 
basin o f  mapa for geosystems of rank VI 
(traete), the mape f o r  types of PFS are com- 
piled (Geokriologicheskie usloviya..., 1983; 
Kriteuk, Melnikov, Moskalenko, 1986). A pro- 
cedure of computer-based compilation of one-, 
two- and thee-component engineering-geocrgo- 
logical mape on  the geosystem basis ia deve- 
loped. 

Geoeystem principle is used also in arranging 
points of stationary observations over PFG- 
temperatures, ssaeonal thawing and-freezing, 
BOP. Theae points  are located in repreaentati- 
ve typical natural complexee of rank V f T I  and lm. 
The results of stationary observations to- 
gether with data of analogue method for study- 
i n8  natural geoeystems in natural and disturb- 
ed  etatee and of calculating methods are used 

tions of natural geosyefems of rankH V I 1 1  and 
to forecaat changes in eocryological conai- 

VI1 due to an impact of econodc development 
(Geokriologicheskii prognoz..., 1983; Grechi- 
shchev, Melnikov,lg86 ; Metody..., 1986). 

And, finally, geosyatem principle i s  widely 

gical conditions to technogenic impacts on 
ueed in aasesement of resistance of geocryolo- 

natural complsxea, in assessment of restora- 
bility o f  disturbed geoeystemw (Braun Grave, 
l.981; Vremennoye rukovodatvo.. , l g 8 O j  and in 
nature-preservation zoning of geological en- 
vironment in cryollthozone, 

By today a great  experience is gained in com- 

geoenvironment in cryolifhozone on different 
piling mapa bf nature-preservation zoning of 

scales (from 1:5,000 to 1:1,000,000) f o r  dif- 
ferent regions o f  the USSR. All  those maps 
are constructed on geosystem basie.  
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PREDICTING THE  OCCURRENCE OF PERMAFROST IN THE ALASKAN 
DISCONTINUOUS  ZONE WITH SATELLITE DATA 

L.A. Morrissey 

TGS Technology, Xnc., Ames  Research Center, Moffett Field, California, USA 

SmoPSIs A predictive permfrost &l develOpea for the Caribou-mer Creeks Research  Watershed w a s  extended 

data from the trans Alaska  pipeline.  The  logistic regression  model incorporated a Thematic 
to a portion of the surrounding  Yukon-Tanana  Upland and evaluated by comparison with  borehole 

Mapper satellite-derived  vegetation  classification and a thermal  band used as a surrogate for 
potential  incoming  solar  radiation.  The  satellite-derived-environmental  variables  predicted the 
spatial  distribution of three  permafrost  mapping categories (frozen,  discontinuously  frozen,  and 
unfrozen)  with 15 percent  accuracy. 

INTRODUCTION 

The  presence of permafrost, or perennially 

that determines the suitability or capability 
frozen  ground, is one  of  the major factors 

of the  terrain for development.  However, 
existing maps of permafrost  distribution  are 
general,  given  the lack of more extensive  and 
detailed  information (Pdwd, 1966). Mapping 
permafrost  directly from ground temperature 
measurement and borehole logs  can  be  expensive 
and time-consuming. For these  reasons  such 
mapping is frequently  limited to small areas. 
For inventories of larger areas,  indirect 
methods of analysis must  be  used which  rely  on 
the  interpretation of various environtnental 
variables that are  correlated with permafrost 
(Kreig and Reger, 1982: Ferrians and Hobson, 
1973: Brown and Pdwwb, 1973). 

Environmental  variables  derived  from  Thematic 
Mapper (TM)  satellite  data were used to 
develop and evaluate  logistic  discriminant 
functions for predicting the distribution of 
near-surface  permafrost in a  boreal  forest 
watershed in the interior of Alaska. The 
combination of TM  thermal data (used as a 

TM-derived vegetation map provided an overall 
surrogate for a solar irradiance index) and a 

permafrost  classification  accuracy  of 7 8  
percent for the  Caribou-Poker  Creeks  Research 
Watershed (106square kilometers). A number of 
environmental  variables  were  initially 
examiner:  for :ncrlrrpL*t1on i n t o  the CPCRW 
model. "he -mnhi nat10r1 of veqetatinn and 
solar i r r a d i a n r c  index provided the strcmgest 
rsl.ationship ,wi th  perma€rnsr and w e r ~ ,  thus,  
subsequently  selected for the CPCRW model. A 
complete  description of this  research  can  be 
found in Morrissey. et  al. (1986). To further 
test this technique,  the  logistic  coefficients 
developed at  the initial test site  were 
extended to classify  permafrost in the 
s!.lrr,>*.~m?: ' 'f ! k o ~ - T . 7 - - - 3  r lp la r~d  Province, m e  

permafrost ?I~ssif~cation for the extended 
regisn MAS evaluated  with  Alyeska  Pipeline 
Service  company  (APSC)  inhouse  data  that  were 
originally  acquired for the design of the 
trans Alaska pipeline. These  data  consisted 
primarily of geotechnical  borehole logs for 95 
sites  along  the  pipeline  route  segments  which 
generally  parallels the Elliot  Highway  between 
Fairbanks and Livengood, Alaska. 

STUDY AREA 

The study  area is in  the  Yukon-Tanana Upland 
of  central Alaska which is an  east-trending 
upland located  between  the  Yukon and Tanana 
rivera in central Alaska. It is characterized 
by schists,  typically  Precambrian,  with 
shallow to thick eolian  silts  (loess)  over 
bedrock on rounded ridges. Topographic 
elevations  range from 500 to 2,000 meters. 
Boreal forests,  alpine  tundra, and bogs grow 
on  a  discontinuously  frozen terrain. Because 
the  Caribou-Poker  Creeks  Reeearch  Watershed 
study  area  has  only  a  thin  cover of loess, 
this  study area was also  restricted for the 
most part, to an area  that also has a thin 
loess cover. Factors that  control  the 

Uplands with thick loess cover are 
distribution of permafrost in the  Yukon-Tanana 

significantly  different  than  terrain covered 
with thin loess. The  section of Yukon-Tanana 
uplands from Murphy Dome Road to Lost Creek 
utilized in  this study  has  predominantly  thin 
loess cover. 

The vegetation of the study  area is 
characteristic of the taiga or boreal  forest 
and generally  corresponds to variations in 
topography,  drainage, fire history, and 
successional stage. Paper birch and aspen 
forests tend to occur on south-facing slopes, 
while  stunted  black  spruce forests tend to 
OCCUPY cold and wet north-facing  slopes. 
Mixed coniferous and deciduous  forests occur 
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on older sites which tend to have intermediate 
soil temperature and  moisture.  Birch (Betula 

b s  and  tall shrubs (Alnus and Salix 
landulosa)  shrub communities are found along 

ssp.) grow along the creeks. 

The boundary between slopes underlain by 
permafrost and slopes that are permafrost-free 
is usually marked by a noticeable change in 
vegetation (Pdwd, 1982). Stunted black spruce 
forests usually grow on poorly drained, gentle 
slopes underlain by shallow permafrost, while 
white sprucer birch, aspen and alder are found 
on better drained slopes where permafrost is 
absent or present only at greater depths. The 
boundary between black spruce and birch-aspen 
forest , is distinct ana often readily 
recognizable on remotely sensed imagery. 

ENVIRONMENTAL DATA BASE AND ANALYSIS 

The environmental data base consists of a TM- 
derived vegetation classification and a TM 
thermal band  used as a  surrogate for 

potential direct beam solar radiation). These 
equivalent latitude (an index of long-term 

data sets provided the basis for an 
extrapolation of the logistic regression model 
to the Yukon-Fanana Uplands. The model,was 
then assessed using Alyeska Pipeline Service 
C0mpan.y borehole data.  Each of these  data 
sets will  be described in sequence. 

A TM-derived classification of vegetative 
cover was developed using supervised 
clustering and maximum likelihood 
classification techniques for  an  area covering 
approximately 30,000 square kilometers. 
Training sites. delineated from ground surveys 
and aerial photographs, were located. and the 
multispectral data were extracted for  six TM 
bands (excluding the thermal band) of a 
September 22, 1984 scenc. For each training 
site, a mean  vector  and covariance matrix was 
calculated. Following image classification, 
indiviaual spectral classes were verified 
through photointerpretation of aerial 
photography. The spectral classes were 
grouped into cover classes: closed conifer 

closed deciduous forest, mixed conifer and 
forest, open conifer forest, conifer woodland, 

deciduous forest, tall alder shrubland, low 
birch ahrubland, barren land, water, snow, 
clouds. and shadow. 

The thermal band  (10.4 to 12.6 pm) was 
selected due to its correlation (r =.e31 with 
equivalent latitude (Morrissey and Card, 
1985). Equivalent Latitude is an index of 
long-term potential direct beam solar 
radiation incident on a surface and has been 

of permafrost (Koutz and Slaughter,  1973; 
found to correspond to the presence or absence 

Dingman and Koutzl 1974). Like the Caribou- 
Poker Creeks study, TM thermal data was  used 
as a surrogate for equivalent latitude for the 
Yukon-Tanana Upland. Figure 1  shows  a 
comparison of the thermal data with equivalent 
latitude (generated from elevation and slope 
information derived from digital terrain 
data). Topographic features, especially 

aspect, are emphasized on TM thermal imagery 
acquired during daylight hours as a result of 
differential solar slope heating, and appear 
very similar to the image of equivalent 
latitude. This is significant because 
equivalent latitude calculations from contour 
maps are laborious and dependent on the 
contour interval for accuracy. image or 
satellite-based method to measure solar 
potential radiation differences over . a 
landscape would greatly assist in the study of 
frozen ground distribution. Therefore, the 
availability and large area coverage of  TM 
satellite data make the use of thermal data a 
potentially viable tool for regional 
assessments of equivalent latitude. 

A logistic discriminant function, developed 
for the Caribou-Poker Creeks site, was used to 
predict the probability of frozen ground and 
classify, the Yukon-Tanana Uplands study area 
into three classes: frozen (95 to 100 percent 
frozen), unfrozen (0 to 5 percent frozen), and 
discontinuous (6 to  98 percent frozen). 
Logistic discrimination is based on expressing 
the probability of class membership for a 
pixel as multivariate logistic functions. 
Logistic discriminant functions predicting the 
distribution of permafrost as a function of 
environmental variables were developed 
following the method of Anderson (1972). 
Logistic discrimination is based on expressing 
the probability of class membership for a 
pixel as multivariate logistic functions. 
P(Ci/x) is the probability of the pixel whose 
independent variables are x=(xl.x2, ...r~p) 
being a member of Class Ci, for  i=l,.. .,k. One 
advantage of this formulation ie that the 
independent variables can be either continuous 
or discrete, thereby allowing the  use of 
ancillary data such as soils and vegetation in 
the discrimlnation process. Another advantage 
is  that the procedure is nonparametric in the 
sense that coefficient estimates do not deoend 
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xi = independent variable j ,  j = 1,. . . ,p;  

k = number of classes (Permafrost classes in the present context); and 

p $1 . = regression coefficient for class s, independent variable j. 
on the assumption of multivariate normality of for unfrozen class, respectively (Table 1). 
the underlying distributions for each class. Although classification accuracy is referred 

to throuahout this section. a more accurate 
APSC borehole logs provided the basis for an 
assessment of the permafrost classification 
accuracy. Borehole data logs for 129 drill 

analyzed and synthesized to determine 
sites along the trans Alaska pipeline were 

permafrost status. Each drill hole was edited 
according to selection criteria to eliminate 
holes where soil frozen state was questionable 
because of disturbance from drilling, cover 
type homogeneity, %acre minimum mapping unit, 
or inability to determine permafrost status. 
In addition, each hole was located on 1:24,000 
aerial photographs, and identified by terrain 
unit, vegetation type and density, active 
layer depth,  and permafrost status.  All 
frozen and unfrozen soils were logged by depth 
in the soil. Questionably frozen intervals 
were also indicated. The holes varied in 
depth from 7 to 70 feet. Of the 129 sites, 95 
sites were located within the area encompassed 
by the TM scene, and these sites were utilized 
in the subsequent evaluation of the predictive 
permafrost map. of the 95 sitel, 66 were 
frozen throughout the entire borehole and 29 
were unfrozen to terminal depth. 

RESULTS 

overall classification accuracy for all 
classes combined was 75 percent, while 
individual class (omission) accuracy was 74 
percent €or the frozen class and 76 percent 

description is the aseesam&t of the degree of 

permafrost classification. 
association between the borehole data and  the 

Errors in the prediction of permafrost status 
using the satellite data occurred in two main 
areas: thick loess covered slopes and fire 
scars. Thick deposits of ice-rich, 
retransported silts, supporting deciduous 
forests (which are more commonly associated 
with unfrozen substrates) were not present in 
the Caribou-Poker Creeks Watershed where the 
predictive model was initially developed. 
Thus, a number of deciduous forest sites on 
south-facing slopes were misclassified hs 
unfrozen (even though an attempt was made to 
eliminate most  of these sites from the 
borehole data). Therefore, to more accurately 
predict permafrost status in the Tanana-Yukon 
Upland, logistic coefficients derived from a 
supplementary data layer indicating the 
distribution and thickness of loess-covered 
hills may well improve cLassificaCion 
accuracy. Similarly, areas in the early 
phases o f  succession due to fire were also 
misclassified because generalized 
relationships among permafrost, vegetation, 
and topography are altered by secondary 
successional processes. A fire can 
dramatically alter substrate conditions 
destroying the insulating ground mat of 

of the underlying permafrost (Dyrness, 1982). 
organic material resulting in increased thaw 

Therefore, many burned areas on north-facing 
slopes, which would typically be frozen in a 

Table 1 

Classification Accuracy for Permafrost Model 

Classified Satellite Data 

Frozen Discontinuous Unfrozen Class Accuracy 

Alyeska Frozen 49 10 1 74% 
Borehole 

Data Unfrozen 3 4 22 16% 

Overall classification accuracy is 75% 
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fire-free environment, were misclassified as 
unfrozen. The claasified permafrost map and 
probability of frozen ground for a subsection 
of the Yukon-Tanana Upland is shown in Figure 
2. 

The ability to predict permafrost distribution 
through the analysis of environmental 
variables derived from satellite data requires 
an understanding of the relationships among 
permafrost, terrain, and vegetation unique to 
each region. Successful extrapolation of a 
predictive model developed from information of 
one watershed to the eurrounding region is 
dependent upon the aimilarity of the watershed 
to the region. I f  the axea used to develop 
the model coefficients is representative of 
the larger region, then the chances for 
succesa of the extrapolation of the model to 
the region is greater. Application of this 
technique to other regions requires the 
development of logistic coefficients based on 
the incorporation of appropriate environmental 
data. 

CONCLUSIONS 

The use of satellite-derived environmental 
factors for predicting and mapping permafrost: 
status,over large regions has been documented. 
The use of logistic regresoion for predicting 
the occurrence of near-surface frozen ground 
in hilly or mountainous terrain is a reliable 
and  an effective technique when the 
relationships between permafrost and other 
environmental variables are known. The 
success of the technique is based on the 
degree of knowledge concerning those 
relationships. 

Figure 2. Logistic regression classification 
map and associated probabilities for the 
frozen class for  an area within the Yukon- 
Tanana Uplands. For the classified map 
(left), black is frozen, white is unfrozen, 
and grey is discontinuous permafrost. For the 
probability image (right), the grey scale 
ranges from zero probability of being frozen 
(shown in white) up to 1.0 probability (shown 
in black) . 
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MODERN METHODS OF STATIONARY ENGINEERING - GEOLOGIC 
INVESTIGATIONS OF CRYOLITIC ZONE 

A.V. Pavlovl and V.R. l$ibulsky2 

lAll-Union Institute of Hydrogeology and Engineering Geology, Moscow, USSR 
ZIndustrial Institute,  Tyumen, USSR 

S Y N O B  IS The pxinciples of  locating  the  experimental  objects of o ryo l i t i c  zone s t a t io -  
nary study are given in the paper. Recommendations on obsellration C Q n d i t i 0 K l . S  and automation o f  
stationary  investigations  are proposed. 

T h e  founder o f  the Soviet geocryology 
M.I.Sumgin paid  great  attention t o  s t a t io -  
nary methods o f  investigations of Cxyolitic 
Zone and promoted their developing. By the 

di t ions o f  the eoil-solid complexes and 
1950-s original information  about  heat con- 

dynamics of cryogenic  physicogeological 
processes have been  obtained a t  the  stations 
c rea ted   a t   the   in i t ia t ive  o f  khe elder  geo- 
cryologists (V.P.Bakakin,  I.Ya.Baranov, 
N.A.Grave, P.I*Akelnikov, P.P.Shvetsov, 
N.I.Bykov,  P.N.Kapterov, S.GhimanovsQ). 
These stat ions were s e t  up in a number of 
main places o f  the region o f  seasonal and 
perennial rock freezing (Igarka, Yakutsk, 
Skovorodino, Zagorsk, Vorkuta). The essen- 
t i a l   d i f f e rence  between cryogenic  processes 
proceeding and normal engineering-geocryolo- 
gicaL processes was discovered a8 ear ly  as  
the   in i t ia l   s tage  o f  the  stationary work 
development. It consists in close dependence 
o f  the cryo@;enic processes on the tempera- 
ture factor  o r ,  broadly speaking, on heat- 

zons of  the lithoaphere and b h e  surface 
t ransfer  processes between the upper hori- 

layer o f  the atmosphere, Radiation and tern- 
peratuxe  conditions  in  the North a l so  cha- 
racterize  the  existence o f  biogeocenosises 
and their   s tabi l i ty   to   technogenlc   loads.  
This f a c t  predetermined p r i o r i t y  in organi- 
zing  thermal  balance  kwest;igationa at the 
geocryological  stations.  Stationary  inves- 
t igat ions o f  Cryolit io Zone were vridely 
developed i n  the 50'~ and especial ly   in   the 
60's when organiziag thermal  balance s t a t i -  

o u t  mainly by the  Znsfitute o f  Geocryology 
ons, A t  first. stationary work was carried 

named a f t e r  V.P.Obruohav of  the UE38B Academy 
o f  Gciences and then  continued by the Insti- 
tute  of Geocryology o f  the Siberian branch 
o f  the USSR Academy o f  Sciences,  the All- 
Union Inat i tute  o f  Hydrogeology and Enginee- 
ring Geology, the Design Sc ien t i f i c  Research 
Ins t i t u t e  o i  Engineering Investigations Fn 
Construction,  the  Industrial  Geological 
Union of the Ministry of Geology of the Rus- 

sian  Soviet  
(RSPSR) 

Federative Social int  Republic 

The r e ~ l u l t s  o f  thermal  balance  investigations 
wexe used f o r  solution both o f  s c i e n t i f i c  
problems o f  geocryology, physical geography 
micrometeorology and glaciology (Freezin 09 
the Earth  surface ...,lq64;Pavlov,1965,79~5, 
1979,1984;Gavrilova,'1973,1978;Are,1974;Moska- 
lenko e t  al.,l978;Geocryologlcal forecast., . ,  
1983) and o f  applied ones, i.e. aptirnization 
of the sun thawing methods of soils in the 
a l l u v i a l  mineral deposits  (khkakin,1954; 

t e u  1978), revealing changes of geocryolo- 
icai   conditions on the  developed t e r r i t o r y  

?Kbxustalev,l971;  Pavlov,  Pcokopfev,1982; 
ChernyaP1ev e t  a1.,1984), effectiveness eva- 
luat ion of  engineering and biological  recul- 
t ivat ion methode o f  aoils, destructed  a5 a 
result o f  the North gae pipelines  construc- 
t ion (Pavlov e t  al.,1979; Temporary manual..., 
1984i Geocryological  forecast...,l983) impro- 
ving methods of  irrigating agricul tural  areas 
(Pavlov, 1980; Gavril '@VI Mandarov , U$arov, 

In  the couxse o f  c a r r y h g  o u t  Btatioaary 
work principles o f  locat  experimental ob- 
j e c t a  o f  atationary s t d a s i t e s ,  prof i les ,  
separate  observation  borenoles o r  fixed 
points) were Poxaea and r a t iona l  methode 
(mainly i n  non-automatic var iant)  o f  condition 
obsemationa of cryogenic  procesees and m a t  
conditions of ~ i o i l s  i n  the hyer of annual 
heat circulat ion and factors  defining it, 
temperature of perennially frozen thick layer 
(Golubev,l~~;Pavlov,1964,1975;BaLobaev e t  
al.,l977~~thodologioal recommendations..,, 
1981) were developed and tested Fn f i e l d  
conditiona. 

Places o f  s ta t lorn and proving grounds are 
chosen on the basifs o f  t4e materiala or 
average-scale  engineering-geological o r  com- 
plex suxvey, rout ox air-visual  study o f  the 

Balobaev 1961;PaVlOv, OloVi~,1982; Wl 'ah-  

1984) 
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territory  taking  into  consideration dimemione 
and aoceasibil i ty o f  the ama  studiea,  lorn- 
ting meteorological  stations, nearness of PO- 
pulated areas,  power supply. On the chosen 
stable  sections it i s  necessary  to make 
large-scale  survey  fox locating experimental 
objects. These objects must r e f l e Q t  the most 
characteriatio  types o f  the natural  complex 
including the main (dornbant) one, a d  m a x i -  
mum d i sp lay  of cryogenic processes. Several 
n a b  experimental  altes  with  natural (nan-dest- 
ructed) landscape conditions and with  diffe- 
rent  technogenic influence imitating  landsca- 
pe development ' (a kind o f  general teohnogenic 
influence, i.8. destruction or removal of 
surface and snow oovers) am usually placed 
a t  one station.  Stable (standard o r  back- 
ground) site charaoter izbg a dominant type 
of natural complex should be expediently lo- 
cated  a t  the flat section and removed s u f f i -  
c ient ly  ( Ih) from a lopea ,  terrace Ledges, 
large r e s e m o i r  shores. When choosing the 
placea f o r  technogenic si tes location i t  i e  
necessary  to,take  into  consideration  that their 
i n i t i a l   ( L e .  before destructing) geocxyolo- 
g ica l  conditiona should be most ident ica l   to  
one of the natural  sit;es. 

Oa tke sectiom chosen for the experimental 
obJects during large-BcaXe survey o r  in the 
preparatory period of their equipping the 
complex o f  geobotanical, thxmophysical, 
.phyaicomechanical and geophyeical test8  are 
CQMUCMU to  study Fp d e t a i l  the o o v e r ~  and 
geocryological  cut (up t o  the lower border 
o f  the  layer o r  annual Mat  circulation).  
C arming  g u t  the  principle o f  maximum combina- 
tion o f  observations of  different  elements o f  
geocryological procesiees makes i t  poeeible t o  
decrease labour expenditures f o r  their per- 
forming nnd makes measuring equipment commu- 
t a t ion  easier. The determinbg dimension of  
the  sites  with  natural  (non-destructed) con- ' 

dit ions is not; less than some dozens of  meters. 
(rhs dimension o f  the t90hnog8nic s i t e s  is  
usually 20x20 (lOxl0)m , auch  dimensions 
permit getting r i d  of errors beyond the poe- 
sible  limits i n  meaaurFng actinometric  para- 
meters o f  freezing-thawing layer because OP 
the environmental influence . 
T h e  characterist ic  feature of  stationary invea- 
t igations i s  duration of the conbinuous ex- 
periment (mora than 3 years),   this  often 
causes increasing o f  measmment emora .  That 
is  w h y  the equipment used, including  the 
primary (sensors) one, must be charactesized 
by increased  s tabi l i ty  of  time readings, i.B. ' 

It must have good metrological  charactexistias. 
Wide application o f  the electronic mnaor8 aB 
sensit ive elements made it  possible  to create 
portable primary apparatus, which is eimply 
manufactured. Application o f  the developed 
constructions o$ the primary instruments In 
combination  with  application of  serial hydro- 
meteorological,  themopbysicaJ. and other mea- 
suring methods allowed t o  carry o u t  in time 
the emote  observations of the components Of 
the external heat-transfer o f  soil (inflow 
and ref lect ion of  radiation,  radiation ba- 
lance, evaporation, e t c . ) ;  of the smface and 
m o w  covers (heat conductivity, mass transfer,  
a l t i tude,   densi ty)  ; o f  t-lydrothermal conditions 
of acril  in  the layex o f  annual heat  circula- 

tions (temperature, moisture, thexmophysical 
characterist ica and heat f l o w s ) ;  of heat con- 
dit ione  of reservoirs and bottom sedlsaents; of 
the development o f  cryogenio processea (seaso- 
nal  and perennial heaving, therm1 set l ings,  
rock dislocation on the slopes, therrnaL denu- 
dation, themnoabrasion destruction oi the 
shorea, oryogenio 61olid cracking,  ice forma- 
tion). Both separate compovents o f  the natural  
complexea (snow, s o i l ,  v e a t a b i l i t y ,   e t c , )  
and natural  complexes on the 'whole are s t u -  
aided a t  the staciolzs  (fig.1). 

AL1 the stationary observations or the m o s t '  
par t  o f  t h e m  are carried out  all year round. 
Buch study o f  geocryological conditions ia 
necessary because of the  fact   that  a Long 
winter period Fn the North regions is  the 
determining  factor  in the formation o f  hydro- 
thermal conditions of high hor izom o f  rock 
and development of a number o f  main cryogenic 
procealsee (cxyogerzia cracking, iaa formation, 
heaving). Daily observations o f  the eXementB 
of  heat-moisture t ransfer  of rock and atmoe- 
phere (temperature of  rock surface and up t o  
O,5m depth, heat flows, eta.)   am caxxied o u t  
n o t  more than 4 times a day. O t h e r  conditions 
obsematiom degending on t h e  changing (in- 
constancy) of geocryological  parameters axe 
usually conducted once a day, 5 days, I O  days 
o r  a month. The spectral  analysis of  time 
ser ies  o f  the rnab geocryological  parameters 
(IsibultslSy,'1985) allowed t o  make s t a t i s t i c a l  
foundation of  rational  conditions of their 
stationary measurhge (table 

TAB= I 
Recommended Rrequsncy o f  Sensor 

Inquiry (on observation materials 
Jn. the North of Tyumen region4 

l_L_I Parameters I )  

is- t w q h c l  

1)t-temperature; w-moisture; q-heat flow in 
the surface  layer of  rock (O-O,2m); h -height 
of snow cover; 1-width of  crack open&. 

The depth increasing, high-frequent  fluctua- 
t i o n s  of geoocryological parameters in xock 
sharply  deoraase in amplitude and it is  mce- 
saaxy t 3  reduce the Preguency bf seasor h q u i r y  
The calculation on Fuxier theory made it p06- 
e ib le   to  determine heat i n e r t i a  t o  surgaoe 
confusion and thereby maximum frequency and 
periodicity of temperature Ben6or inquirg Ln 
the boreholes (fig.2) . 
The developed constructions of  .primary devices 
(calorimeters and -meters, the.rmarnetxic 
instal la t ions based on thermOCOUpleg,thermO- 
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surface layer o f  the atnosphere 

suxface cover6 o r  
technogenic origin 

I \- TI JI...-p.e) layer 

associatiom 

Pig.1 Component6 o f  Natural Complexes 
(natural  and technogeenic) 
Studied a t  Heat-Balance Stations 

Fig.2 Frequency ( e )  of  Depth Inquiry of 
Temperature Sensors 

resistor6 and resistance thmometere for 
temperature measurhge of l i t t e r  surfaces 
and so l ids ,  surface and anow covers) proved 
to be mliable and convenient when used in 
any cryological-climatic  conditions (Golubev, 
1964; Pavlov, 1975; Balobaev a t  al., 1977; 
Chernyadiev e t  aL.,IS)84). 

When lowering ths thermometric installation 
i n t o  the shallow borehoke noticeable distor-  

ae of convection,  aaaitional  heat-transfer 
t ion  of the 61ensor readinga m a y  happen beoau- 

along -casing tube and. o t h e r s ,  So a t  tihe 

Yakutsk s ta t ion  temperature d is tor t ion  in  the 
air-drg 5Omm diameter borehole, l i n e d  with a 
metal pipe, reached 5,3OC a t  lm depth; W the 
whole ICnn thickness of Bol id  it exceeded ne- 
ceasary measuring accuracy 0,1% (Cable2). So 
during thermometric measuriuga arrangemeats 
excluding convection influence were taken 

The problems of rational apparatus locating 
a t  the objects o f  seationary s t u d y  (Pavlov 
197s; MethDdological t commendations ..., 1981J 
have been solved. The example of locating 
experimental sites  ad equipment a t  the 
Sirdakh etat ion of  Geoxyological Inst i tute  of 
the Siberian Branch o f  the ' I1SS.R Academy of 
Sciences is given in fig.3. 

(PavlOV,1975). 

4 3 4  P F I  \ 
5 A i 2  

' 7  Ai4 - a -%-  1s 

A 6  A F 3  

8 4 .  

Fig.3 Schematic Plan o f  Syrdakh Heat- 
Balance Stationaxy and Instal la t ion 

220 



of Waswing Equipment. Si tes t   I -natural  non- 

centre of the lake; 3b-in the  shoal m a r  
shores; 4-heat-balance pavilions  5-soil eve- 
porators and raFn rneaswhg devices;  6-actino- 
metric  devices; 7-temperature ins ta l la t ion  in 
water and soil; &heat measur- devicee; 9- 
temperature  gradient measuring device Fn the 
lake; l e t h e  device f o r  measuring frozen s o i l ;  

ent   ins ta l la t ion ;  15-the evaporator on the 
11-psychrometric box(cabU); 12-tbe a b  gxadi- 

floating frame; 14-heat-balance  tower in the 
forest ;  15-the l i n e a  o f  connection. 

f o r e s t ;  2-in the Larch f o r e s t ;  3 a - h  tbe 

TABm 2 

Extreme and. Average Annual Values 
of  Temperatwe Differences t 
between the  Natural golid 
Temperature and the Temperature 
masma in tlae 50mm Borehole 

The analusis of automation trends was made a t  
the end of tbe 70-8 and the beginning o f  the 
80-s (Tsibulslry,l982).;  the  leading geocryo- 
log ica l   ins t i tu t ions  of  the country were 

paramount significance of creating n e w  highly 
invitea  as experts; the analysis showed the 

product ive  faci l i t ies  for geocryologfcal ex- 
periment, first of a l l   f i e l d  semi-automatic and 
automatic  off-line  imtruments (45%) and mea- 
suring-calculating complexes for  automation 
of stationary and laboratory work6 34%). The 
experts  determined  the  parameters t temperature, 
moiature,  thermopbysical  properties, s a l t  
content,  heat flow and others which are most 
important fox automation d d e f i m d  necessary 
ranges o f  their measwings more precisely  (ta- 
Kle 3).  
In the 80's a t  the Tyumen Industr ia l   Inst i tute  
together  wlth the All-Union Ins t i tu te  o f  ma- 
roGoology and EngFneerFng Geology elcperiments 
were made and expert  avwluatione were taken 
Fnto consideration8  these  experiments resu l -  
ted in creating  the complex of  modern remote 
apparatus o f  equipphg geocxyological  stations 
(IPfl ib~l~ky 1,983) 

Conducting stationary  geocxyological obeemra- 
t ions is connected  with a p a t  number o f  pa- 

nal ly  and annually3), that is w h y  their carry- 
rameters meaauring which change dai ly ,  maBo- 

in$ out is extremely difficult   without automa- 
t ion  Fntrodpct ion  into  a l l  pxoceseee o f  collec- 
t ion,  s t o r a e  and processing  data. In the 70-s 
general  introduction 09 e lec t r i c   mea5urN me- 
thods into  geocqological  inveatigatioag and 
appearance o f  compact and re l iable  computing 
f a c i l i t i e s  caused automation of stationaxy GO- 
cryological work. Aut;omation makes it posaible 
t o  intensify eseentially  Fnvestigationa (,to 
hcrease  volume, regularity and xel iab i l i ty  of 
information), t o  make the  analysis o f  obsema- 
t ions msults q u i c k 4  and accelerates adopt* 
scientifically-based  decisions when developlag 
the  terri tory,  which is  most important in ext- 
reme s i tua t low.  

A t  the Geocryological Institute of Siberian 
Branch o f  the US8R Academy o f  Sciences h i g w  
productive automated ins ta l la t ion  for thsrmis- 

needs of sc ien t i f ic  and industrial organiza- 
tors cal ibrat ion was developd  to  meet the 

Scient i f io  Reseamh Ins t i tu te  o f  Engineering 
tiona in temperature s e n ~ o r ~ .  At the Design 

Investigatioae in Constructibn their hemti- 

xes f o r  s t a t iona ry   a l l   yea r  r o d  observations 
zation methods w e r e  improved, automatic comple- 

for  aolid  temperature, snow and vegetable co- 
vers permitt% t o  carry  out computer data 
output were worked out;  a number of secondary 
instruments were improved, i.e. measuring be- 
cam more simple andxequirements f o r  maintai- 
nance conditions became l eas   e t r i c t .  

Providls@; maximum l eve l  of  automation neces- 
saxy accuracy and dynamic meaauring range of 
geocryological  parameter@,  reliability and 

a number of "Wnguidt  devicea. 
convenience in maWtalsance were achieved ia 

'lFbngui.n !J!-02n device i s  a portable tempera- 
ture regieter ,  whioh includeet a commutatort 
an analog-digital  converter, a numerical prm- 

element  performing best  measuring method and 
t e r ,  a  microprocessor-based arithmetic-logic 

plug-h (removable) proghamm assembly (block) 
which makes it possible t o  use m u s t r i a l  
platinum and copper  xesist'ance thermoconver- 
ters.  Inquiry of  19 sensors mounted into a 
themnochah i s  performed automatically ; the 
range of measured temperatures i n  from - 30 
up t o  +30% ; acousacy is O,l°C* 

method of measuring  allowed t o  exclude influ- 
~ o u r - w ~ r e  conueQtiulg of given current and t e s t  

mce  of current  instabil i ty,  zero d r i f t  and 
a l l  manual operatione. Ucroproeessor opera- 
t ion  program Fncorporatee  temperature  calcu- 
la t ion  of  each sensor FncludFng charaoteria- 
t i c   l w a r i e a t i o o ,  result normalization,  cor- 
rect ion of additive e r r o r  and control of mea- 
s u r i n g  cycle. The device is introduced  into 
product ion. 

By analogy the ''EsnguJn T-O.Y temperature de- 
vice wae designed for multicharulel  temperature 
measwings  with the given  periodicity and for 
i t e  s t o r a e  for a  long time. ,The aevice works 
automatically  without  operator servicing du- 
ring all off-d.ine period (3 months when having 
2 hours for inquiry  periodicity) which i s  de- 

2) General number of measured values of y o c r y -  

reaches some hundsed thousand a year; during 
ological  logical  paraneters  at  the s t a t  ons 

manual data  collecting  each  value COnSiBtB of 
several  intermeillat6 OZLBB. Bulk information 
r e q u i r e s  tha t  6ome average or general parame- 
t e m  and their s ta t i s t ica l   eva lua t ion  should 
be chosen f o r  solving  concrete problems. 

22 1 



TABU3 3 
The L i s t  of: Geocxyological Parametere Which Need Immediate 
Automation of Msaaurings, the R a n g e  o f  T h e i r  Change6 and Xrrors 

Parameter Error o f  measuring 

devices means 
checking 

Temperature , OC -60 - +50 
Soil moisture in frozen 
and thawed s t a t e ,  0 - I O  
Tbermophyysical properties t 

-10 - 0 

thermal conduotivity, W / ( q  0 -  5 '  
tem?erature conductivity m / B  *I& 
thermal  capacity, volumetric, j/(q3,> [ g , ~  - 41.106 

Salt   content,  5 
m a t  flow W/m 
Mechanical s t r a b  i n  the mass 
00 9rozen Boil., Pa (2 - 100)~104 
Preesing-cracking, m 

Resiatance t o  dis locat ion a t  
the surface of frees- (0 2 - 15)*10: 
Normal forces of hsavlng, (6 - 100).10 
T h i c h e s s  o f  snow sover, m 
Snow density, kg/m 

0,Ol - 40' 
(0 - ~o).Io~ 

depth 
width 

0 - I O  
0 - 1 .  

or05 - 3 
0 - 600 

0905 
I 

5 
10 
I O  
;95 

I O  

1 
I 

I 
I 
g95 

termined with the supply capacitance. After 
lapse of  calculated time accumulator  batte- 
r i e s  and energy independable memory .with sto- 
red data are replaced.  Storage  content prin- 
ting is performed by electronic  computing 
maahine OF s p c i a l  data output  deviae. 

Moreover, "Wnguin T%fXtl heat measuring dw- 
vice  (calorimeter combined wi th  the aecol?dary 
device), ttPbnguin C-?Otv snow measwine; auto- 
matic device, the device for measuring crack 
o p e n h g s  were designed.. To investigate %ewil 
cracks increase dynamic8 the eapaaitor Beasor 
with cross-section tranafer compefisat+p waB 
suggested; itls seasitivity is 8,5010" F/m, 
inertia'  is not l eoa  than 2s and. exror is Leas 
than 1% For long diatance transfer (f50m) a 
transfer sensor combined with a temperatwe 
seaeor was designed; it simplifies secondary 
circui t   mahtaining  given te a t m  errox. 
Transfer sens i t i v i ty  is zi.1V5/rn, tempera- 
tu re   seae i t iv i ty  is 4.10 om/$. It was sug- 
gonted t o  use al ternat ing cuxmnt danaity 
change property depending an the crack width 
fox large dynamic ranges and closed creclts. 
Under c e r t a h  conditiolzs and using commutation- 
modulation meaeuring this  method gives sensi- 
t i v i t y  of 50 mV/mm and poss ib i l i t y  of meaau- 
2ing crack depth. 

T h e  axperimente carried out; a t  the mryOlOgi- 
c a l  stations are considexed t o  be rapid enough 
and can 'oe equipped (provided) with  etandard 
model complex based on the standard CAMAC o f  
'%era 60/45t1 type. Using this standard a n e w  
"ASNI -@ocryoJ.ogy" se r i e s  was developed; i t  
includ#s  temperature measuring (500 points), 
heat-flux meaeurhg (50 sensors), heat- and 
electrophysical  maearchee. To cover large 
t e r r i t o r i e s  four-wire main line with mnfiox 

removal for up t o  T k  and off-aine automatic 
measuring devices, loggers for 5 thousaad 
meaaurings f o r  any distance (*tWnguin-05t1) 
wexe developed. A8NI software  includes  numeral 
experiment;. 

Application o f  n e w  methods and technical fa- 
c i l i t i w  a t  the   s ta t ioae o f  eriginesrinpgeo- 
cryological work gives more re l iable  and com- 
plete ocryological M o m a t i o n ,  makes i t  
poesi& t o  carry out its processhg rapidly 
to  evaluate  the effectiveness o f  rock mass 
control methods. It; is extremely necessary 
t o  proceed from stationary  observations t o  ca- 
xrying out controlled gwocryological real- 
epace-time range experiment. 
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PETROGRAPHIC  CHARACTERISTICS OF MASSIVE GROUND ICE, 
YUKON COASTAL PLAIN, CANADA 

WM. Pollard' and S.R. Dallimod 

1Memorial University of Newfoundland 
ZGeological Survey of Canada 

SYNOPSIS Massive ground ice and icy soils are widely reported in the surficial sediments 
beneath the Yukon Coastal Plain. At King Point and Kay Point three forms of massive ice are 
distinguished on the basis of their cryastratigraphic setting and petrographic characteristics. 
Massive foliated ground ice is composed of irregular bands of clear and sediment-rich ice. The 
large crystal size, blocky to puzzle-like nature of sediment bands, and fabrics with c-axes normal 
to foliation suggest that this ice is deformed, horizontally-bedded, segregated ice. Buried snow- 
bank ice is milky white to light brown, with horizontal foliation. Its structure and texture 

white to light brown but displays vertical foliation. Its fabric and texture reflect the repeated 
reflect compaction and transformation of snow grains to massive ice. Ice-wedge ice is also milky 

infilling and freezing of thermal. contraction cracks. These petrographic signatures, together with 
others described in the literature, could form the basis of a petrographic classification. 

INTRODUCTION and adjacent to the ice margin during the 

Occurrences o f  massive ground ice are widely 
reported in the Yukon Coastal Plain and Massive ground ice is a major constituent of 
Mackenzie Delta areas of the western Canadian near surface materials in this area, occurring 
Arctic (e.g. Harry et al., 1988; Mackay 1966, 
1971; Rampton, 1982). Massive ice is a highly ?:e which are variable in both ice content and 

ice-wedge ice and thick bodies of massive 

variable material which often show gradations configuration. In some cases the larger bodies 
from nearly pure ice to dirty sediment-rich of massive ice are foliated with flat or gently 
ice. In this paper, massive ground ice is undulating upper contacts and extend over many 
considered to have a minimum ice content a€ hundreds of metres. 
250% by dry weight (Mackay, 1971) and exceed 
one meter in thickness. Massive ground ice is 
frequently variable in thickness and extent, 
reflecting the complex events and environments 
involved in its origin and evolution. 

The aim  of this pager is to demonstrate that 
various forms of massive ground ice found on 
the Yukon Coastal Plain have characteristic 
petrographic and stratigraphic relationships 
that can be used as the basis €or interpreting 
their origin and evolution. The reqults o f  this 
study will contribute to the development of a 
petrographic classification of ground ice 
types, and an improved understanding of the 
different forms of ground ice common along the 
Yukon Coastal Plain. 

Sabine Phase of the Buckland glaciation. 

STUDY AREA 

During 1986-1987, several ice-rich permafrost 
sections were investigated along the Yukon 
coastal Plain between Shingle Paint and 
Herschel Island. This paper focuses on three 
sections in the vicinity o f  Kay Paint and King 
Point (Figure 1). Glacial featurea in this 
area originated during the Buckland advance Figure 1: Location map of the Yukon Coastal 
thought to be of Early Wisconsinan age Plain, showing the King Point and Kay Point 
(Rampton, 1982). The three sites are near a study sites and the limits of Buckland 
moraine-outwash complex which originated along, Glaciation ( Source ; Rampton 1982). 
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CRYOSTRATIGRAPHY 

Kav Point: 
The  Kay  Point  site  is  located 3.5 km southeast 
of the  tip  of Kay Point  (Figure 1 )  within a 
retrogressive  thaw  slump  at  an  elevation  of 
approximately 30 m  as1  (Figure  2a).  Four 
stratigraphie  units  are  exposed  at  this  site. 
The lowest  unit  (unit A ) ,  found in the floor of 
the  thaw  salump,  consists  of  clear,  sediment- 
free massive!  ice.  Unit A is  at  least 1 m 
thick,  however,  its  lower  contact  could  not  be 
determinbd.  Unit A is  overlain  by 2.5-3.5 m  of 
foliated,  ice-rich,  silty-clay  diamicton  (Unit 
B). The  foliated  appearance  is  the  result  of 
alternating  layers of ice-rich  eilty-clay  and 
pure  to  dirty  ice  which  dip 50-70' toward  the 
southeast.  The  diamicton  is overlain by 3.0- 
4.0 m of  folliated  massive  ice  (Unit C ) .  The 
contact  between  Unit B and  Unit C is  abrupt  and 
dips at 10-25' toward  the  southeast.  Foliation 
in  Unit C results  from  thin,  undulating, 
discontinuous  silty-clay  layers  within  the  ice 
which  dip 55-80" toward  the  southeast.  Unit C 
is unconforrnably  overlain  by 2.0-2.5 m of 
organic-rich  diamicton  (Unit D). The  contact 
between  Unit C and  Unit D is  flat-lying  and 
abxupt,  representing  a  thaw  unconformity 
associated  with  previous  thaw  slump  activity. 
The lower part  of  Unit D contains  horizontally- 
bedded  layers  and  lenses o f  segregated  ice. 

Kinu  Point  East: 

The King  Point  East  site  is  situated  within  a 
1.25 km long  retrogressive  thaw  slump  (Figure 
2b)  located  approximately 2.5 km southeast of 
King  point.  The  stratigraphic  sequence  at  this 
site  has  a 3.0-6.0 m basal  unit of foliated 
massive  ice  (Unit A ) .  The  foliated  appearance 
rhsults from alternating  bands of pure  and 
sediment-riah  (silty-clay)  ice  which dip 40-60' 
toward  the  northeast.  Sediment-rich  layers  are 
made  up of a silty-clay  diamicton  with  numerous 
pebble  and  cobble-sized  clasts.  The  massive  ice 
is  unconformably  overlain  by 5.0-7.0 m  of  ide- 
rich  diamicton  (Unit B) of similar  composition 
tb the. sediment-rich  layers.  The  contact 
between  Units A and B is  abrupt  and can be 
traced  acrols  the  entire  slump  face  (Figure 
2b). The  lower 1.0-1.2 m  of Unit B is 
characterized  by a laminated  to  reticulated 
structure o f  ice  veins 2 - 5  mm thick.  Unit B is 
overlain  by 20-50 cm of ice-rich clay and a 
thih  cover of organic  silt  and  clay  (Unit C). 
These  sediments  contain  thin,  evenly  spaced 
segregated  ice  lenses  up  to 2 mm thidk. Ice 
wedges  penetrate  the  upper two units to depths 
of 5-6 m. An oriented  block sample of ice-wedge 
ice  was  taken  from  a  depth of 2 .5  m. 

King  Pbint  West: 

The  King  Point West site is located  at  the  west 
end of the  King  Point  lagoon.  The 
stratigraphic  sequence  exposed  in  the  eastern 
face of this retrogressive  thaw  slump  contains 
three  units  (Fiaure 2 c ) .  The lowest (Unit A ) .  
con 
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sists of 2.7-4.1 m 
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of steeply-dippinq, 
composed  of  deformed 
30 cm  thick  and  layers 
to 40 cm thick.  The 
the  Southeast. Unit A 
in  by  up  to 2 m of ice- 

rich  diamicton  (Unit B) composed o f  organic- 
rich  silt  with  pebble  and  cobble-sized  clasts. 
The irregular, undulating  nature o f  the  contact 
between  the  massive  ice  and  the  diamicton 
reflects  a  thaw  unconformity  associated with 
a  previous  slump  event. The diamicton  is  highly 
variable  in  thickness,  and  in  places  two  or 
three  diamicton  layers  can be identified. At 
the  east end of the  exposure  a  milky  white 
massive  ice  layer  (Unit  C)  up to 1.4 m  thick 
and 10 m  long,  occurs  between two diamicton 
units.  The  white  colour  is  produced  by  high 
concentrations  of  gas  inclusions  which  form 

225 



faint  near-horizontal  layers. The  presence  of 
leaf  fragments  and  fine  sediment in the m e ,  
together  with  its  stratigraphic  position  and 
morphology,  suggest  that  the  white  massive  ice 
layer  is  part o f  a  buried  snowbank. 

PETROGRAPHY OF MASSIVE  GROUND I C E  

Petrographic  analyses  (following  Langway, 
1958) were  carried  out on thin  sections  from 
eight  oriented  block  samples.  Horizontal  and 
vertical  thin  sections  were  prepared  from  each 
black  sample  and  examined  under  cross-polarized 
light to determine  crystal size, shape,  c-axis 
orientation  and  inclusion  characteristics. 

Foliated  Massive  Ice: 

Kay  Point:  Unit A and  Unit  C 

The  massive  ice  exposed  in  the  floor  of  the 
thaw  slump  at  Kay  Point (Unit A )  has  a  milky, 
translucent  appearance  resulting  from  a  high 
gas  inclusion  content. The absence of included 
sediment,  the  random  distribution of gas 
bubbles  and  lack  of  structure  creates  a  massive 
texture.  Gas  inclusions  display  a  variety  of 
size and  shapes,  ranging  from  small  spherical 
bubbles  less  than 1 mm in  diameter  to 
irregularly  shaped  bubbles 7-8 nun in length. 

The  massive  ice  from  Unit C is clear  and 
transparent  containing  small  amounts  of 
sediment.  Gas  inclusions  have  three  distinct 
shapes: 1) irregular  shapes  up  to 27mm long 
and  elongated in  a  near-vertical  direction; 2 )  
disks  up  to 6 mm in  diameter  and less than 1 mm 
thick,  flattened  parallel to the  plane  of 
foliation;  and 3 )  thread-like  stringers  that 
occur  randomly  throughout  the  sample. 
Sediment  inclusions  occur as small (1-3 mm 
diameter)  clumps  of  silty  clay  forming 
discontinuous  steeply  dipping (55-80" to  the 
southeast)  bands. In some  places,  sediment 
fragments can be  matched  across  ice  layers. 

The  Kay  Point  ice is composed of medium  to 
small  subhedral to euhedral  crystals  (Figure 
3a) .  Crystal  size  varies  from 0.25 to 2 cm2 , 
with  fine-grained  textures  occurring  adjacent 

Unit A is 1 cm2 , and 1-2 cm2 for  unit C. 
to  sediment  bands. Average  crystal  size in 

Unit A displays  a more  regular  crystal  shape 

and equigranular  size  distribution.  In both 
units  the  crystals  are  characterized  by 
straight  boundaries  and  triple  point  junctions. 

Gas  and  sediment  inclusions  are  predominantly 

marked  by  planes  of  small  flat  bubbles (strain 
intergranular.  Fine  discontinuous  fractures 

shadows) are  mostly  intergranular,  but  where 
they do pass  through  larger  ice  grains  there  is 
a  slight  dislocation  of  the  grain  boundary. 
Variable  extinction  angles  within  large  grains 
indicate  internal  dislocation. The fabric of 
both  samples  is  marked  by a preferred 
orientation of c-axes  dipping 5-20" , roughly 
normal to the  foliation  (Figure 4). 

King Point East:  Unit A 

The  massive  foliated  ice  at  King  Point  East 
contains  steeply  dipping  layers  of  clear  ice 
15-20 cm  thick  that  grade into  bands of dirty 
ice. The clear  ice  contains  randomly 
distributed  blocks  of  silty  clay. In same 
cases,  Larger  sediment  fragments can be 
connected  across  ice-rich  bands.  Gas 
inclusions  are  concentrated  near  sediment  bands 
as  small  spherical  to  oval  bubbles  up  to 3 mm 
in diameter. A vertical  fracture  striking 
approximately 270°, and  a series of  strain 
shadows  also  occur.  Sediment  and  small  gas 
inclusions  are  concentrated  near  the  fracture. 

This ice contains medium to  large,  anhedral 
crystals  averaging 8-9 cm2 with  an  average 
length  of  about 5 cm (Figure 3b). Crystal  size 
and  shape are  variable  with  a  tendency  for 
small  ice  crystals to occur  near  sediment 
contacts  and  inclusions.  Grain  boundaries  range 
from  irregular  and  jagged to long  and  curving. 
Gas  inclusions  are  both  intercrystalline  and 
intracrystalline,  but  sediment  inclusions  tend 
to  occur  along  grain  boundaries.  Ice  fabrics 
are  characterized  by  a  preferred  pattern  of c- 
axis  orientations  inclined 20-45" to  the 
horizontal  and  roughly  normal  to  the  foliation 
within  the  block,  a  secondary  maximum  has  a 
near-vertical  orientation. 

King  Point  West:  Unit A 

Block  samples  taken  from  massive  foliated  ice 
at  King  Point  West  consist  mainly  of  clear 
ice in  which  thin ( 3 - 5  cm) discontinuous 
silty-clay  bands  dip 55-65" toward  the 



southeast. 
clumos  of s 

Sediment  bands 
ilty  clay  ranging from  small  rounded 

are  composed of 

balls  to  large  elongated  angular  blocks.  Gas 
inclusions  are  associated  with  the  sediment 
bands  and  contribute  to  the  foliated 
appearance.  They  range  from  small  spherical  and 
flattened  shapes  to  large (6-8mm) oval  and  tear 
drop  shapes  elongated  vertically.  Disk-shaped 
gas  inclusions  occur in groups  with  long  axes 
oriented  parallel  to  the  sediment  banding. In 
some  places  gas  inclusions  surround  sediment 
grains. 

This  ice  is  composed  of  medium  to  very  large 
anhedral ice  cr  stals  from 2 to > 25 cm2 , 
averaging 5-7 .my . Grains  are  variable  in 
size  and  shape  with  crystal  lengths  from 1 to 
> 14 cm.  Grain  boundaries  are  irregular 
ranging  from  jagged  and  uneven  to  long and 
curved. The  ice  contained  in  thin  layers  and 
adjacent  to  sediment  bands is characterized  by 
smaller  more  regularly-shaped  ice  crystals. In 
addition,  ice  grains  tend to be  elongated 
with  their  long  axes  parallel to the  plane 
of  foliation. The  sediment  and  gas  inclusions 
in  the  clear  ice  are  intracrystalline,  but 
toward  the  sediment  layers  the  inclusions  are 

* intercrystalline.  Variable  extinction  angles 
within  a  single  crystal  reflect  internal 
dislocation  produced  by  either  the  annealing  of 
several  crystals or stress.  Fabric  diagrams 
(Figure  4d)  are  characterized  by  a  dispersed 
primary  fabric  upon  which  secondary  maxima  are 
superimposed. The  dispersed  pattern  forms  a 

normal to the  foliation. 
loose  girdle  of  c-axis  orientations  roughly 

Wedge  Ice: 

Ice-wedge  ice  from  King  Point  East  is 
characterized  by  a  white  to  brownish  colour 
with  vertical  to  steeply  inclined  layers of 
clear,  bubble-rich  and  sediment-rich  ice.  Gas 
inclusions  range  from  small  spherical  bubbles 
less  than 1 nun in  diameter  to  tabular  bubbles 
8-10 mm long.  Sediment  inclusions  consist  of 
fine  mineral  grains  and  organic  fragments. 
Larger  clumps  of  organic  material  and  sediment 

gas and  sediment  inclusions  form  vertically 
are  also  found  incorporated  in  the  ice.  The 

orlented  bands. 

The  petrographic  characteristics of wedge  ice 
are  well  documented  in  the  literature  (e.g. 

n- 100 w 

Black,  1951;  Corte,  1962;  Gel1 1978a, 197813) 
and  will  be  described  only briefly  for 
comparison  with  the  other ice types.  The 

with  average  lengths of 5-6 mm. The middle  of 
average  crystal  size varies from 7-15 nun2 , 

the  wedge  is  characterized  by  crystals  oriented 
with  their  long  axes  roughly  perpendicular to 
the  wedge  axis.  Crystals  are  generally  euhedral 
to  subhedral  with  short  straight  boundaries 
commonly  forming  triple  point  junctions.  Gas 
inclusions  are  both  intercrystalline  and 
intracrystalline  depending  on  their  size  and 
orientation.  The c-axis  directions  have a 
strong  preferred  horizontal  to  subhorizontal 
orientation  normal  to  the  plane of  wedge 
cracking  (Figure 4a). 

Buried  Snowbank Ice: 
Buried  snowbank  ice  exposed  at  King  Point  West 
is  translucent  and  milky  white  to  pale  brown  in 

dipping  foliation. The foliated  appearance  is 
colour  with  a  faint  horizontal  to  gently 

the  result  of  alternating  bands of vertically- 
oriented  gas  inclusions  and  clear ice. The 
brown  colour  results  from  fine  (clay  sized) 
sediment  inclusions  that  are  suspended 
throughout  the  sample  and in places  are 
concentrated  into  thin  discontinuous  horizontal 
layers. Twig and  leaf  fragments  are  also 
present.  Gas  inclusions  range  from  small 
spherical  and  flat  bubbles ( (1 mm in  diameter) 

long. The long  axes of the  tubular  bubbles 
, to thin  elongated  tubular  bubbles  up  to 25 mm 

are  aligned  normal  to  the  layering  and 
terminate  at  layer  boundaries. 

The snowbank  ice  is  fine  grained,  with 
crystals  averaging 1-3 mm2 in  size, and 
maximum  lengths  of 3-5 mm (Figure 3c). 
Crystals  tend  to  be  slightly  elongated  with 
preferred  vertical  to  steeply  dipping  long- 

direction of heat  flow).  Crystals  are  euhedral 
axis  orientations  (corresponding  to  the 

to  subhedral  with  short  straight  boundaries. 
Grain  size  and  shape  are  constant  through t h e  
sample  with  no  marked  change  at  sediment 
contacts.  Gas  and  sediment  inclusions  are 
predominantly  intercrystalline.  The  primary 
ice  fabric  is  characterized  by  a  random  pattern 
of c-axes  with  weak  secondary  maxima (6-7%) 
oriented  roughly  normal  to  the  plane  of 
foliation  (Figure 4b). 

Figure 4. Fabric  diagrams  of  crystal  c-axis  distributions  for: ( A )  ice-wedge  ice ( vertical  plane 
normal  to  wedge  axis), (B) buried  snowbank  ice ( vertical  plane ) ( c )  massive  ice  from  Kay  Point 

plotted as lower  hemisphere  projections  on  a  Schmidt  equal  area  net  with  a  contour  interval of 2 % .  
(horizontal  plane), (D) massive  ice  from  King  Point  (horizontal  plane). ( Fabric  diagrams  are 

(ap - axial  plane, fp - foliation  plane) 
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DISCUSSION  AND  CONCLUSIONS 

Massive  Foliated  Ice 

The  massive  foliated  ice  units  found  at  each 
site  display  many  similar  petrographic  and 
cryostratigraphic  characteristics,  including: 
a  well  developed  foliation  resulting  from 
inclined  ice-rich  and  sediment-rich  bands, 
c-axis maxima  clustered  normal  to  folia, 
matching  of  fractured  sediment  fragments  across 
ice-rich  zones,  and  the  development o f  fine 
grained  ice  textures  in  sediment-rich  zones. 
In  addition,  the  sediment  contained  within  the 
ice, and  in  adjacent  sediment-rich  zones,  is 
composed  mainly  of  a  silty clay  with  occasional 
pebbles. 

In the  opinion of the  authors,  these 
characteristics  are  best  explained  by  ice 
segregation  resulting  from  penetration  of  a 
freezing  plane  into  unfrozen,  saturated,  silty- 
clay  diamicton.  Fractured  sediment  fragments 
displaced  across  ice  bands  indicate  ice  growth 
possibly  during  a  temporary  stabilization of 
the  freezing  front.  Alternating  sediment-rich 
and  ice-rich  layers  may  represent  subtle 
variations in  the  rate of penetration  of  the 
freezing  front  and/or  water supply. Zones of 
small  crystals  mixed  or  interlayered  with  fine 
sediment  develop  during  periods  of  rapid 
freezing. The layers of pure ice  composed 
primarily  of  large  crystals  are  charactexistic 
of  slow  freezing  with a constant  water  supply 
t.0 the  freezing  front.  Since  the  diamicton 
associated  with  the  massive  ice  is  most  likely 
derived  from  glacial  till  and  since  the  sites 
are  within  a  major  moraine  system,  then  an 
association  with  glacier  ice  must  also  be 
considered.  Although  some  of  the  petrographic 
characteristics  documented  could  be  attributed 
to  glacier ice, the  geometry of displaced soil 
fragments  strongly  suggest  ice  growth  normal  to 
the  foliation  rather  than  shearing,  which is 
more  likely  in  the  basal  area  of  a  glacier. 
However,  the  possiblility  of  ice  segregation  in 
unfrozen  sediments  beneath  a  glacier or at  the 
base  of  a  glacier  cannot  be  ruled  out on the 
basis  of  the  existing  data. 

It  is  difficult to infer  the  original 
orientation  of  the  folia  in  the  massive  ice. 
However,  there i s  strong  evidence  that  post- 
depositional  modifications  have  taken  place. 
vertically-oriented  gas  inclusions,  fractures, 
internal  dislocation  of  ice  crystals  and 
vertical  secondary  c-axis  maxima  are  probably 
related  to  thermal  and  mechanical  stresses 
resulting  from  local  thaw  or  secondary  crystal 
growth  parallel to the  present  heat  flow 
direction  and  not  permafrost  aggradation.  The 
stratigraphic  evidence also suggests  that 
several  of  the  massive  ice  bodies  have  been 
truncated by a  deep  thaw  event. 

Wedge  Ice 

The  ice  wedge  origin of some  ice  sampled  at 
King  Point  East  was  recognized  implicitly  by 
the  wedge  structure  and  cryostratiyraphic 
relationships.  However,  it  is  useful  to 
document  the  ice-wedge  ice  petrography as 
a  function  of  its  growth  mechanisms.  The  small 
crystal  size  and  the  crystal  fabric  orientation 

normal  to  the  wedge  axis,  are  characteristic of 
rapid  freezing of thin  water-filled  veins. 
Alternating  bubble  bands  and  thin  layers of 
sediment  rich  ice  produce  a  vertically  foliated 
appearance  which  indicates  the  incremental 
growth  pattern o f  the  wedge.  Occasional 
inclusion  of  organic  material  originating  from 
the  ground  surface  confirms  the  surface  origin 
of the  water.  These  observations  arc 
consistent  with  the  growth  mechanisms of most 
ice  wedges  described  in  the  literature  (e.g. 
Mackay, 1986). 

Snowbank  Ice 

The texture  of  the  snowbank  ice  observed  at 
King  Point  West  reflects  the  crystalline 
characteristics  of  the  original  snowbank  with 
small  crystal  size  and  a  random  c-axis 
orientation. 
suspended  sediment  and  occasional  twigs  and 

The horizontal  layering, 

leaf  fragments  show  the  depositional  character 
of  the  snowbank  and  the  accumulation  of  wind 
blown  detritus.  The  vertically  oriented 
bubbles  and  secondary c-axis maxima  suggest 
post  depositional  modification  probably 
resulting  from  compaction  and  recrystallization 
of  the  snowbank, 

In  conclusion,  three  distinct  types  of  massive 
ground  ice  have  been  recognized in surficial 
sediments o f  the  Kay  Point  and  King  Point 
areas.  Each  type  is  characterized by a  series 
of diagnostic  petrographic  and  cryostratigraph- 
ic  relationships  which  can  be  used  to  aid  in 
the  interpretation of the  origin of the  massive 
ice.  Petrographic  data  are  also  useful  in 
examining  possible  post-depositional  processes 
and  deformation. 

Based on  these  analyses,  ice  segregation  is 
concluded  to  be  the  dominant  process 
responsible  for  the  formation of large  foliated 
massive  ground  ice  bodies  at  the  sites  studied. 
Bovever,  the  identification  of  buried  snowbank 
ice  at  the  King  Point  west  study  site  and  its 
recognition  in  several  other  permafrost 
sections  along  the  Yukon  Coast  suggest  that 
more  consideration  should  be  given to buried 
surface  ice as  a  source  of  massive  ground  ice. 
At  this  point in our  research  we  feel  that 
additional  work  is  required t o  document  the 

different buried  forms  of ground  ice. 
range  of petrographic characteristics of 
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CONTENT OF NORTH AMERICAN CRYOLITHOLOGICAL MAP 
A.I. Popov and G.E. Rosenbaum 

Faculty of Geography, Moscow State University, Moscow 
. .  

~ys tema t i c ,   i , e .   b rocken   i ce - fo rma t ion   r e su l -  
t i n g  i n  e s s e n t i a l  change o f  aisperaion.  Tbere 
e x i s t s  t w o  intercomplimentary  and  interconnec- 
t e d  mechanism8 of  crvoszenic  rock  deatruction: 

The e l a b o r a t i o n  o f  t h e   t h e o r e t i c a l   b a s e s  of 
c ryo l i tho logy ,   t he   c ryogen ic   rock   c l a s s i f i ca t i -  
on, da t a   s ccuwla t ion   on   t he   o t ruc tu re   and  
spreading of t h e s e   r o c k s   i n   t h e   E a r t h ' s  nor- 
thern hemisphere enables t o  compile  cryolitbo- 
l o g i c a l  mape t h e  first ( t h e  USSR cryol i tho lo-  
g i c a l  map on the s c a l e  o f  1:4 000 000) being 
published i n  1985. A f t e r  that  t h e   B c i e n t i s t s  o f  
the  Moscow S t a t e  University Department of Cryo- 
l i tho logy   ana   Glac io logy  o f  t h e  Geography Fa- 
culty compi led   the   c ryol i tho logicn l  map o f  Nor- 
t h  America a t  t h e   s c a l e  o f  1:6 000 000. Such 
map o f  North  American  continent was drawn for 
the f i r a t   t i m e ,   t h e r e   b e i n g  no analoguee i n   t h e  
world p r a c t i c e  

The account o f  the cryol i thoLogica1 map making 
p r inc ip l e s   a r e   cons ide red   t o   be   necessa ry  t o  
be preceded by o e r t a i n  initial etatements  from 
the S i e l d  of cryolithology, representing the 
baSiQ o f  t h e s e   v e r y   p r i n c i p l e s .  

Cryol i thogenesis  is t h e  generation o f  s p e c i f i c  

zonea, the  most fully developed dur ing  Plei- 
zonal   condi t ions   enherent   in   the   Xar th 'o   co ld  

s tocene - Holocene. I t  r e p r e s e n t s  a complex o f  
grocesaea in t h e   c r y o l i t h o s p h e r e   s t i p u l a t i n g  
the  formation  of   cryogenic  rocks.  Cryolitho- 
genosie OCCUFEL dur ing   the  upper l a y e r  freezing 
o f  the   l i thQ6phere  whioh may spread a t  d i f f e -  
rent  depth  and be o f  d i f f e r e n t  duration;  from 
seve ra l   houre   t o  many m i l l e n i a .  

Cryol i thogenesis  as a s p e c i f i c   p r o c e s a  o f  li- 
thogenoaie  manifaste i n   n a t u r e  i n  two q u a l i t i -  

dfaReneais - is the process o f  dUrablf3 ixrever- 
esr  cryodiagenesia  and  cryohyporgenesie. w- 
slb le   i ce - fo rna t ion  aB wel l  as t h e   t r a n e f o m a -  
t i o n  o f  the   very   minera l   oubs t ra tum  ( th icke- .  
ning,   dehydrat ion,   aggregat ion,   cementat ion)  
wi thout   essent ia l   changing  o f  d i s p e r s i o n   i n  
f resh   depos i ta  a8 w e l l  a0 i n   s ed imen t s   hav in8  
undergone  different   degree o f  l i t h i f i c e t i o n  
e a r l i e r .  Ice i s  an au th igenic   minera l ,  a com- 
ponent o f  cryo@nic rock o f  Long ex is tence .  
Cryohgpergenesis is a procesa o f  cryogenic WB- 
a t h e r i n g  o f  d i f f e r e n t  rocks .  Cryohypargenesie 

manifeeta   during freeaizg (with t r a n s i t i o n  in- 
to   permafros t )  o f  dense  rocks and semirocks  pro- 
mot ing   t he i r   des t ruc t ion .   Mul t ip l e   (ma in ly  ee- 
a s o n a l )   f r e e z i n g  - thawing o f  any rock,  inc lu-  
d ing   d i spe r s ive ,  i s  always  cryogegic weathe- 
r ing   p rocess .  Thia is a prOC8aQ o f  reversible, 

o f  t h i n  f ibs  o f  unfrozen w a t e r   i n  microcra- 
cks  connected  with  the  change o f  p h a s e   s t a t e  
of w a t e r   i n  lasger cracks   and   pore8 ,dur ing   the  
formation - thawing o f  i c e .  I n  t h i s  caae i c e  
i e  3. t emporary ,   ac t ive   au th igenic   minera l .  

As a procesa of oryogenic diageneeie, cxyoli- 
tbogenee is   occuw  only   in   the   permafroe t  ret&- 
on and ae a proceas o f  cryohypergenesis - both 
i n   t h e  pQrmafrOBt  region  and in the reg ion  o f  
oeasonal  frozen grounds. The product8 o f  c ryo-  
diageneeis are  .two tyges o f  cryogenic  rocks: 
c r y o l i t e s  and cryolititas. C r y o l i t e s   a r e  I c e  
monomineral   rocks  proper;   cryol i t i tee  - poly- 
minera l   i cy   rocks ,   i ce   be ing   one  of the   mineml  
components. The product o f  csyohypergeneeia 
is cryogenic eluvium, formed an a r e s u l t  of  
cryogenic rock woathering. The following two 
types of cryogenic  eluvium are d i s t i n g u i s -  
hed: rocka o f  , c ryogenic   p redee t ruc t ion   (per -  
mafrost  roCks and semirocks  containing  cra-  
cked i c e ) ,  c r y o c l a s t i t e s ,   c r y o c l a o t o p e l i t e s ,  

rocks,  loesses,  n i v a l  silts, rege le tod  moraine). 
c r y o p e l i t e a ,  their varieties being  loess- l ike 

Different types o f  c r y o g e n i c   e l u v i m  may oocur 
both   in   permafros t ,   seasonal ly   f rozen   and   even  
i n  a m e l t e d   s t a t e .  Thus i t  is not only  rocks 
o f  cryogenic   predeetruct ion  khat  are i n  a por- 
mafroat a ta to ,   bu t  a l s o  d i a loca ted   c ryoc la s t i -  
t e a ,   c r y o c l a s t o p o l i t e e  and c r y o p e l i t e a ,   t h e i r  
t h i ckneae   e s sen t i a l ly   exceed ing  t h e  depth of  
seaeonal thawing.  Permafrost   cryogenic elUVi- 

diageneeis   containing i c e  a8 a component of a 
polymineral i c y  rock.  There a re   p roduc t s  of 
cryogenic  weathering o f  Ple is tocene  severe epo- 
c h s   i n   t h e   r e g i o n  o f  seasonal f rozen  rocke, 
t he i r   t h i ckness   o f t en   exceed0   t he   dep th   o f  con- 
temporary  aeaeonal freezing, wherefore   the con- 
s i d e r a b l e   p a r t  o f  t h e i r   s e c t i o n  is sometimes i n  
a p e r e n n i a l l y   m e l t i n g   s t a t e .  This i s  eepec ia l -  
l y   t y p i c a l  o f  l oeeses   o f t en   a t t a in ing   cone ide -  
rab le   th ickness   ana   repreaent ing   the   p roducts  
of season ayngenet ic   p rocess   inherent   in  t h Q  
s e c t i o n  o f  accumula t ion   in   anc ien t   c ryol i tho-  
sons. 

is a c r y o l i t i t e  as well ae products  of cryo- 

230 



According to   t he  a bovementioned,  the map l e -  
gend cons is t s   o f ' two  par t s :   the  first p a r t  is 
devoted to  permafrost   (perennially  frozen) 
cryogenic  rocks - productrr  of  cryodiagenosis 
and  cryohypergenasie,  the  second - t o  eeaeo- 
nal  frozen  products of cryohypergenesis. 

The complexity  and  multistagineasaf  cryogenic 
s t ruc tu re  of permafrost compel the  authors  t o  
l i m i t  by mapping its upper  relief-forming part, 
their   th ickness   not   exceeding 20 metree. 

The main p r inc ip l e s  o f  the  construct ion o f  t he  
first pa r t  o f  the  map legend is t h e   i s o l a t i o n  
o f  cryogenic  rock  types and their   combinations 
a8 occur r ing   i n   na tu re  and cryol i thogenesis  
typee   inherent   in  them, Based on  tha t ,   the  map 
legend  dist inguishes  the  following  groupe i n  
the  graph  "cryogenic rook types":   oryol i t i tee ,  
c ryo l i t e s   w i th   enc los ing   c ryo l i t i t ee  and  cryo- 
l i t e s .  The second  group  includes  icy  rocks 
with  Cryolites  represented by d i f f e ren t   gene t i c  
types o f  underground  ice:  polygonalveined  (re- 
l i c t  and  growing)  forming w i t h  c r y o l i t i t e s  en- 
c los ing  i t  r egu la r ly   bu i l t  compexes, layered 
i c e  of di f fe ren t   genee ie   and   in jec t ion  ice,  
composing the  nuclei   of   hpdrolaccol i ths .  The 
t h i r d  group  (cryol i tes)   includes  only  eurfaoi-  
al glacier i c e s .  Icings are  not  accounted o f  
i n   t h e  map legand due t o  the  abeence o f  t h e i r  
d i s t r ibu t ion   da ta   wi th in   the  mapped t e r r i t o r y .  

Ice of two genetic types: segregation and ioe 
cement, p a r t i c i p a t e s   i n  the s t r u c t u r e  o f  cryo- 
l i t i t e e .  It is the  combination o f  two genet ic  
types o f  underground i c e   t h a t  is widerapread, 
t h i s  being  ref lected in the  legend. The pre- 
senceof on ly  ice-cement o f  frozen  rocks is cha- 
r a c t e r i a t i c ,  its physical  eta te  excludes  the 
presence  of. looeely  connected  water  and its 
migra t ion ,   a s   we l l   a s   coa r se ly   c l a s t i c  and Ban- 
dy sediments and pea t .  

The i ce   d ie t r ibu t ion- in   the   rock   de te rmines  
the  formation o f  various  cryogenic  textures.  
The legend uaes a s imple  c laseif i ,cat ion of 
cryogenio  textures. There are diet inguished 
schl ieren  cryotexturea formed by segregat ion 
i c e  - s t r a t i f i e d ,   l a t t i c e d ,  and t h e i r   d i f f e r -  
ent modificationa  ana  cryotexturea formed by 
ice-cement: maaGive, baeal,  c r u s t a l  - in   looae  
 rock^, f rac tured  - i n   r o c k s  and ~emirocke. Csy- 
ogenic   texture   character  i s  i n   d i r e c t  dependen- 
ce  on the   l i tho logy  of i ce   enc los ing  rocks.  
T h i s  is accounted of i n  the  map legend by in- 
t roduct ion o f  the  corresponding  graph,  charac- 
ter iz ing  encloeing  rock  l i thology.  The g rea t e r  
l l tho logica l   chaneeabi l i ty  along t he   s ec t ion  
and the  Btr ike,   observed  in   nature ,  88 a r u l e ,  
forms d e f i n i t e   d i f f f c u l t i e e   i n   c r y o g e n i c  tex- 
t u re  mapping.  These  circumstances are  taken  in- 
t o  account by the   i n t roduc t ion   o f   d i f f e ren t  
cryogenic  texture  combinations.   Cryotextural  
and l i tho logica l   changeabi l i ty  along t h e   e t r i -  
ke i s&own by t h e   f r a c t i o n   i n  which the  upper 
horlson  cryotexturea are shown above the frac- 
t iona l   l ine ,   under ly ing   hor izon   c ryotex tures  
are  under i t ,  the graph o f  "enclosing rock li- 
thology" shows t h e  upper  horizon  l i thology ab- 
ove the   f rac t iona l   l ine ,   the   under ly ing  hori- 
zon lithology is under i t .  

The cryogenic   texture   character   the  dietr ibu-  
t i o n   p e c u l i a r i t i e s  a long the   sec t ion ,   the  per- 
t i c i p a t i o n  o f  d i f seren t   gene t ic   types  o f  under- 

ground i c e   t o  a considerable   extent   are  deter- 
mined by the   f reezing  type - the  type o f  cry+ 
l i thogenes is .  The charac te r  o f  cryolithogene- 
Si8 manifestatior,  may be different  depending 
on the  conditions  under which t h i s  roceSB oc- 
curs:  physical-geographical,  thema?, fascies- 
genet ic ,   e tc .  But a l l  the  var ie ty   of   cryol i -  
thogenesis   In   the Earth's c rus t  comes down t o  
two typea .. epigenet ic  and syngenetic.  

Under epigenetic  type  cryolit l iogenesis  occurs 
i n  rocks  having  undergone  l i thificatioa  previo- 
us ly  t o  a cer ta in   extent .   Therefore  ell rocke 
and Bemirocka, a8 well as Prepleietocene  loose 
rocke  f roze  epigenet ical ly .  Under syngenetic 
type, cryol i thogenes ie   ac t s  as the  main process 
of   l i t hogenes i s ,   i , e .   f r eez ing  is the  main li- 
t h i f i c a t i o n   f a c t o r  accompanying sedimentation. 

Pleistocene  ana Holocene  subaqueous deposi te  
acoumulating i n  comparatively dea aect ione o f  
water  bodiee (6888, l akes ,  rivers7 f reeze  epi-  
gene t ica l ly .  The secondary  freezing of any ro- 
cks   r e su l t s  a l s o  in   the  formation  of   epicryo-  
genic  permafrost. As Been from the  map the  
syngenetic  type of cryol i thogenesis  is develo- 
ped i n  the northern  lowest-terminal  regions o f  
permafrost development,  predominantly i n  the  
region of its uninterrupted.spreading. Epiga- 
n a t i o  type of cryolithogenseis i s  aoleLy deve- 
loped in the i d a n d  permefroet region. There 
permafroat  formation began only   in   the   very  
end o f  Upper Pleis tocene  af ter   Vieconsin man- 
t l e   g l a c i e r   d e g r a d a t i o n .  But during Holocene 
maximurn permafrost  degraded and i t  we6 only i n  
Holocene  end t h a t   t h e  development of new for-  
mations of contemporary island permafrost be- 
gan. 

Both cryolithogeneeis  types  influence  cryogenic 
rack s t ruc tu re ,   i ce   d i s t r ibu t ion ,   c ryogen ic  
texture   character   dif ferent ly .   kpigenet ic   per-  
mafrost is  character ized by the  ice-content 
decrees8  a long  the  sect ion,   syngenet ic  perma- 
f r o s t  is characrer ized,  on the  contrary,  by 
the   p ropor t iona l   i ce   d i s t r ibu t ion   a long   the  ae- 
c t i o n  and of ten  by polygonal-veined  Eyngenetic 
ice  preeence  piercing  eyncryogenic ser ies  thr- 
ough all i t s th i ckness .  They are   charac te r ized  
by specific combination of thick  layered  cryo- 
tex ture  with f i n e   n e t - l i k e ,   l e n t i c u l a r  and high 
ice   ea tura t ion   bo th  with segregat ion and poly- 
gonal-veined  ice. The combinations o f  two ty- 
pes  ofcryol i thogeneaia ,  when a t h i n  ayncryoge- 
nic   horizon  overl ies   epicryogenic   (polygenet ic  
permafrost) ,   are  very f r equen t   i n   t he   aec t ion  
o f  ma ped  subsurface  aermafroat, 
The datures   of   cryol i thogenesis   zonal   manife-  
s ta t ion,   subjugated to thermal  permafroet zo- 
n a l i t y  t o  a cons ide rab le   ex t en t   d i s t i nc t ly  ap- 
pear  on t h e  map. It wae already mentioned tha-1; 
eyncryogenic  series  are  predominantly  dsvalo- 
ped in   the   norkbern  low thermal  regions i n  the  
uninterrupted  pamafrost   region.   There is most 
d i e t inc t ly   t r aced  *he connection  between cryo- 
l i thogeneais   type and facies-genet ic   appertai-  
ning of   deposi ts .  

Cryol i thogenesis   cynpnct ic   type is repreeen- 
tea  by glac ia l ,   f luv io-g lac ia l   ana   eo l ian  de- 
p o s i t s .  The l a t t e r  are developed i n   n o r t h e r n  
Alaska ana repreeent   the Edomian antllOgUe O f  
the USSR North-leet which was i n  t e rp re t ed  i n  
a d i f f e ren t   gene t i c  way i n   t h e   S o v i e t   l i t e r a -  
tu re .   In   the  North o f  the  COntinmIt cryol i tho-  
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genesis   epigenet ic   type  inohdae  Pleis tocene 
marine  depoaits, composing  Alaska offshore 
Arc t ic   p la in  and Neogene-Pleistocene a l l u v i a l  
l acus t r ine   depos i ta ,  as well as rooks  of   lar-  
ge great ly   diseected  mountain  s t ructures .  Po- 
lycryogenic  eeries  are  widely  developed  there. 
They a re  developed i n  mountainoue  Alaska, Cor- 
d i l l e r a ,  Canadian s h i e l d  where the t h i n  per- 
mafrost  loose  cover ovel iee  permafrost  rocks. 
Besides -&at  the  combination i n   t h e  m o t i o n  of  
ayncryogenic  (upper) and epicryogenic  eerie0 
(lower) i e  t yp ica l  o f  coastal-marine  depoaits 
composing low marine  terraces,  alluvium  and 
lacuatr ine-palustr ine  depoai ts .  Here the  upper 
ayncryogenic  stage o f  polygenet ic   aer ies  con- 
t a ins  growing  polygonal-veined  ices.  Layered 
i c e  and in j ec t ion   i ce   nuc le i  o f  hydrolaccoli-  
t e a  are  widely  developed  in  the  uninterrupted 
permafrost  region. Thus it is in  the   nor thern  
regions t ha t   t he   g rea t e s t   va r i e ty  of cryol i tho-  
geneeia  types,   h igh  ice   saturat ion  and  the  gre-  
a t e a t   v a r i a t y  o f  the   underpound  ice   gene t ic  
type0  are  obeerved. 

In   ep ic ryogenic   se r iea   s t ruc ture ,  szonality aleo 
manifeeta  distinctly  connected  1)with  the de- 
cream o f  the  thermal  gradient  value from no- 
r t h  t o  wuth, taking p l a w  at preeent having 
occured  in   the Upper Pleis tocene  during  these 
aeries  formation and 2)with  the 'xounger (poot 
maxhum)  permafroat age the   southern region 
o f  i t a  apreadlng. Thus 4aatlleregior-m of the un- 
interrupted  epigenet ic   permafrost   axe charac- 
tezed by the  Change along  the  sect ion o f  f i n e  
ne t - l i ke ,   f i ne   e t r a t i f i ed   c ryo tex tu rea  by cod 
arae s t r a t i f i ed ,   coa r se   ne t - l i ke  and then by 
massive. The intexrzlptea  permafroat  region  with 
hi@r  temperatures ana lower gradient  value 
i s  characterioed by the ohange along the  Bec- 
t i o n  o f  epigenetic  permafrost o f  ooarse  net- 
l i ke ,   coa r se   s t r a t i f i ed   o ryo tex tu re  by maaai- 
ve one, Thin epicryogenic  frozen  groundein the 
island  permafrost  region  aesigned t o  lacustrine 

-g lac ia l  depos i ta  bear the  s u e  cryogenic atru- 
c tura l   charac te r .  Holocene peats   overlying them 
have  massive or baeal  cryotexture.  

The re la t ive   dehydra t ion  and due t o  thie t h e i r  
l i t t l e  ice sa tu ra t ion  is  connected  with  the 
eecondary  freezing o f  g l a c i a l  depos i t s  i n   t h e  
ialand  permafrost   region,  Lenticular  and mas- 
sive  crybtextures   are   develoved  in  them. The 
small sca le  o f  t he  map does not allow to Con- 
tour   aeparate   permafroat   is lande  in  its ie land  
spreading  area on the  plains.   Therefore C ~ Y O -  
t ex tures   inherent  in permafrost ielends, deve- 
loped  within  large  l i thogenetic  countoure,   are 
p lo t t ed  on t he  map. For example i n  the  south 
o f  the Canadian sh ie ld   t he   g l ac i a l  Upper Plei- 
stocene complex occupies   large  area,  but with-  
i n  i t  emall  lake  depreaeions  are  widely deve- 
loped, filled by laous t r ino-g lac ia l   depos i t s  
over la in  by Holocene  peate. It; i s  impossible 

t o  p l o t  them on the  map scale, but i t  is t o  
them t h a t  m a l l  permarrout i s l a n d s   a r e  assig-  
nea. Besides tha t   parmafroe t   i s lands   a re  deve- 
Lopad on the   r iver   va l ley   s lopes   o f   the   nor th-  
ern  exposit ion.   Therefore  the map d is t inguis -  
hes large contours ind ica ted  by the  index  of  
t h e   g l a c i a l  complex, including  lacustr ine-gla-  
cia1 deposit   index; t h i s  contour i s  rendered by 
the   co lour   re f lec t ing   the   a r ray   o f   c ryotex tu-  
r e s   i n h e r e n t   i n  fTOZen grounds cornposing per- 
mafrost  ielands  developed  within t h i s  contour. 

The elaborat ion o f  the   p r inc ip les  o f  decorat i -  
ve aspec ts  and choice o f  presentation  methods 
is e s s e n t i a l   i n  mapping. The main depict ion me- 
thod - colour background i s  adopted f o r  t he  
p l o t t i n g  o f  oryogenic  rocks  (permafrost) and 

lithogenesis types are  out l ined  by sharp t i n t  
i n h e r e n t   i n  the  cryol i thogeneeis  types.  Cryo- 

d i f f e r e n c e s ,   d i f f e r e n t   t i n t  gamut is rendered 
t o  varioue  cryogenic  rock group8 o u t l i n e d   i n  
the  legend. 

The second group (cryolite  combination  with en- 
tent and  therefore ie del inea ted  w i t h  colder  
c los ing   c ryol i t i t es )   poeseseea   h igher   i ce  con- 

t i n t  gamut. Cryol i tes   represented by Layered 
ices , ice   hydro laccol i te   nuc le i  and g l a c i e r  
i c e s  are presented on t h e  map by symbols of 
dark b l u e t i n t s .  The guarantee o f  the map ex- 
preseiveness,  i ts g r a p h i c   v i s i b i l i t y  and rea- 
d i b i l i t y  from the   d i s tance  is achieved by the  
u m  o f  i n t e n s e   t i n t s .   T i n t  shade preeenta d i f -  
ferences  in   cryogenic  ~ W U C ~ U P B  caused by cryo- 
genic   texture .  The rock  geneeia and ahe a r e  de- 
noted by indecee.  Permafrost  area  southern bou- 
ndary,   p lot ted on the  map bears a schematic 

permafroet map compiled by Roger Brown on the 
charac te r  and wa8 Sent from t he  1967 Canada 

scale of 1:7 603 200. The necessary  cartogra- 
phic   data  f o r  i ts  d e t a i l i z a t i o n  on plain t e r -  
r i t o r i e s  were not   avai lable .  Seasonal frozen 

are   de l inea ted  on the  map  by black and white 
cryogenic rocks - cryohypergenesis producte 

shading. 

Seasonal  frozen  rocks  represented by d i f f e ren t  
types of  cryogenic  eluvium  (cryoclasti tee,  
cryoclaatopeli tes,   cryopelites,   undeveloped 
cryoeluvium and loes ses  as one o f  t he  varie- 
t i e s  o f  c ryopel i tee)   a re  shown both i n  the  re-  
gions  of  permafrost and seasonal frozen  grounde. 
Here if in   the   permafroe t  region these are on- 
l y  rocks of t h e   a c t i v e   l a y e r ,   i n  the seasonal 
freezing. area0 they  include  not  only  active 
layer rocks  (seasonal   f reezing  layera) ,  but a1,- 
80 underlying thawing rocks,   representing re- 
l i c t  producte o f  cryogenic  weathering,  manifes- 
t i ng   du r ing  the Pleis tocene  cold ages i n   a n c i -  
en t   g l ac i a t ion   pe r ig l ac i a l  zone&. I n  connecti- 
on with t h i s   t h e   p o r t r a y a l   o f   t h e  boundary o f  
Visconsin  glaciat ion and southern boundary of 
permafrost  expansion  during Upper Vi8COnSin ie 
e s s e n t i a l  f o r  the  map content .   In   o rder   to  sub- 
s t a n t i a t e   t h i s  boundary  delineation OL t he  map, 
special. symbols denote  sectlone o f  masa develo- 
pment o f  pseudomorphs along  icy veins in Vis- 
consin depos i ta  as the  most re l iab le   ind ica . tors  
o f  the  former  permafrost development I 

These are the  most important  principle6 o f  corn- 
p l i o s t i o n  and main content o f  North American 
c ryol i tho logica l  map. This work i s  .the first 
attempt t o  represent  on the  map North American 
cryogenic rocks as a unified complex o f  hetero- 
genetic  formations o f  t h i s  Kind. The map pre- 
sen ts   on ly   such   charac te r i s t icB  re f lec t ing   f i -  
rst of   a l l   causa t ive   connec t ions  between  cryo- 
gonia st ructure ,   l i thology,   facies-genet lc   as-  
signment  and  enclosing  formation  age, The map 
i l l u e t r a t e s   s p a t i a l   d i s t r i b u t i o n  o f  cryol i tho-  
genesis   types and cryogenic  rocks;  zonal and 
r eg iona l   r egu la r i t i e s  o f  cryol i thogenesis  ma- 
n i f e s t a t i o n   w i t h i n   c r y o l i t i c  zones o f  North 
America are   apparent .  
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NEW DATA ON PERMAFROST OF KODAR-CHARA-UDOKAN REGION 
N.N. Bomanovsky, V,N, Zaitsev, S.Yu. Volchenkoc,  V.E  Volkova  and O.M. Lisitsina 

Faculty of Geology, Moscow State  University, Moscow, USSR 

SYNOPSIG The region under consideration  belongs t o  the  northern  Transbaikal  area and 
is characterized by diverse and contrast  geocryologic  conditions. The m a x i m u m  permafrost  thick- 
ness (1000-1200 m) a n d  the  lowest  rock  temperatures (-8, -104C) are typical  OP high mountains. 
9emperaturea r i s e  and premafrost th ichess   decreases  in t he  medium- and low-mountain b e l t s ,  An 
acisive air exchange in strongly  fissured  solid mck massifs as well as t he i r   spec i f i c  cryo$enic 
texture have  been established. The geocryologic  conditions o f  the Verkhnyaya Chara depression 
of the  Baikal  type  with its numeroua open taliks,   shallow modem (50-100 m) and thick(450-500 m) 
frozen mck s t r a t a   a t  -2 -5OC are  considered, The dependence of geocryologic  conditions on cli- 
mate, topography,  geological-structural and hydrogeologic  conditions and paleogeographic  events 
i s  aimlyied . 
The Kodar-Chars-Udokan region is pa r t  o f  t he  
BeWal rift zone. This is t he  first order 
morphooatructure the second order morphostruc- 
tures are the rkt zone8 proper:  the Chara 
depression and the  rift-adjacent zone o f  up- 
lifts - the  Kodar  and Udokan RangesOVoveishaya 
tektopika... 195) which represent minor up- 
lands  with complex s t ructure  formed by a cambi- 
nation of alpinotype ridges and plateau-like 
massifs  divided by intermontane  depressions 

of the hi heat   upl i f ts  (over 2006-2500 m above 
(Lopatin 1972). Within  uplands axial s t r i p s  
sea level? with  extremely  broken r e l i e f  are 
disthguiohed as well as peripheral   a t r ips  

rn t ha t  grade into ~ow-mounttain 

nation  planes of the Cretaceous-Paleogene and 
Neogene age  have remained locally in t h e  
ranges with  relevant  areal a n d  l i n e a r  weather- 
In crusts  elevated by block movements t o  
different  levels up t o  2000 m. Minor depress- 
ions mizhng-Ingamakit , Varkhny-Kalar, e tc , )  
are closed by mountain chains  steeply s l  in 
t o  the wide f l a t  bottoms o f  depressions 3 880- 
1400 m. Narrow deep  upstream valleys in the 
medium-high pa r t s  o f  ranges are  confined  to 
grabens a n d  are  located  at   the  heights of 13000- 
Is00 m and more, The Chara depression,located 
Lower a t  600-700 m ,  served  as a col lector  of 
unconsolidated  material which resulted in the 
formation of accumulative p S a h  r e l i e f  i n  its 
bottom. 

The Precambrian  basement 09 the  rift zone is 
composed of highly metamorphosed sedimentary 
rocks of the Archaean, and Early Proterozoic 
saturated  with magmatic intrusions, Since the  
Late Neogene this  region  has undergone an in- 
tensive  restructuring:  the  atage o f  tectonic 
quiescence was replaced by a multi-stage rift 
formation  that proceeded during  the  entire 
Pleistocene. It was accompanied by intensive 
vulcanicity,  elevation of ranges  with an ampli- 
tude of up t o  2000 m ,  and by slmultaneous deep 
downwarping o f  depressions. The Chara depres- 
sion - an asymmeteical graben-syncline with 
steep  north-westcrn a n d  more gently s lopjsg  
South-eastern f l a n k s  and a blocky structure of 
the basement surface - has been formed s ince 

- .~ - - 

m 3 epurs In the Udokan Range. Pla- 

the  Lata Neogene, It is f i l l e d  with looae mom 
than 1000 m-thick 'Cenozoic deposits, The t h e  
of minor btermontmme depressions formation i s  
estimated as t he  Middle Plelstocene.  Coarser 
unconsolidated, up t o  200-5GO m-thick sediments 
were accumulated in them. The Baikal rlft 
s t ructure  was actively  developing in the  Hobo- 
cenes cer ta ln   par t s  of depressions subs ided,  
sp l i ta  and displacements occurred in t h e  ranges. 

Permafrost (PP) in the northern  part  of the 
Transbaikaral region ronned In extremely  variable 
paleogeographic  conditions As regards the 
time when rocks s tar ted freezing, it still re- 
mains disputable. However, it can be  claimed 
that  perennially  frozen  rocks were existing 
here ,   a t  least ,  s h c e   t h e  Middle Pleistocene, 
even  though it I s  l ikely  that  f r e e z b g  of some 
s l t e e  began due to  the  global  cl imatic coo- 
l i ng   a s  fa r  back 8 s  the  Lower Pleistocene. 
Substantial   influence on permafrost formation 
was exexted by mountain-valley glaciations 
beinng t he  powel-rul Xactors that either  protec- 
ted  rocks from freezing or promoted degrada- 
t i o n  o f  the   f rozen   s t ra ta  k the  bottoms o f  
glaciated  valleys  that  had formed by the mo- 
ment of glaciation. The number o f  glaciations 
in t h i s  region has  not g e t  been determined, 
The authors assume that there were three  gla- 
c ia t ions whose t races   a re   d i s t inc t ly  observed 
Fn t he   r e l i e f s  one of them occurred In the 
Middle and the   other  two - .in the  Upper Pleis- 
tocene. Dur ing  the first (maximum) glaciation, 
the  glaciers ,   or iginat ing in the  highest   parts 
of the  ranges,   f i l led  the  t rough  val leys  a n d  
mhor  htexmontane  depressions and reached the  
Chara depression. The other kwo glaciations 
were less intensive:  during  the Zyryansk time 
glaciers  occupied valleys h t he  medium-high 
pa r t s  o f  ranges and  some minor intermontane 
depressions whereas during  the Sartnn time 
they  covered  only cirques and upper parts  of 
valleys in the medium and high  mountains, It 
is unlikely  that cornplate  thawing o f  frozen 
rocks in t h o  region  occurred during the Middle 
ana Upper Pleistocene  climatic warming. During 
t h i s  time  only a l i g h t  a l leviat ion o f  freezing 
conditions,  probably, tooK place (Noveishaya 
tektonika. ..,lW5). The same i s  val id   for - the  
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Holocene cLimatic optimum which i a  evidenced 
by buried wedge i ce  found by the  authors in 
the  northern  foothiLls o f  the Udokan Range at 
the  height o f  NO-1000 m ,  whose age is dated 
back a t   l e a s t  t o  the Upper Pleistocene. 

On the background o f  paleographical setthing 
a n d  the  history of permafrost development du- 
ring  tho Antkropogene CNekrasm e t  al., 1967) 
six regions can be dis t inguished  differrhg by 
the duration of freezing: 

Watersheds a t  more than 2000 In t ha t  
have never been covered by glaciers.  
The f m e e n  s t r a t a   t h e r e  have been p e r  
s i s t i n g  from the  Middle a n d ,  probably , 
Lower Pleistocene which resulted in 
the formation o f  the  thickest  (up t o  
1200 m nnd more) PF. 
The lower pa r t  of medium high moun- 
t a i n s  a t  l 2OO-15OO m. GlaciGrs wepe 

hypsometric posit ion,  Upper hc t a tocene  
absent  here e i ther .  However the Lower 

history of r e l i e f  development, and t he  
f ac t   t ha t  maximum climatic cool jng 
occurred Fn the Upper Pleistocene p e r  
m i t  t o  suggest  that PF here forme4 du- 
r int   that   per iod.  Its thickness (I-$) 

Trough valleys of the   f i r s t   g lac ia t ion .  
does not exceed 300-400 m. 

The beginning of steady  rock freezing 
was likely  here  after  degradation of 
glacier,   i .e.   at   the end o f  the M i d d l e  
Pleistocene. 
Trough valley8 of the second glaciat ion 
and small intermontane  depressions 
which had completely been. f i l l ed   w i th  
i c e  h the  Middle Pleistocene and Zy- 
ryansk time. Continuoue freezing of 
rock6 started,  probably, in t he  second 
half of the Upper Pleistocane 
t o  I o o - ~ o  m). (Kp up 
Cirques a n d  trough  valleys of the  Sar- 
tan glaciation. Continuous freezing 
s t a r t ed   a t  the end of the Upper Pleia- 
tocene (H,,=300-500 a). 
The Cham depression of the Baikal. type. 
Major portion of the depression was 
ice-free  both in the Upper and, proba- 
b l y ,  much of the hliddle Pleistocene. 
On the background of downwarpbtng and 
sediment  accumulation  during the   en t i re  
Anthropogene and severe  climatic condi- 
t ions,  the Etrata with H up t o  500 m 
and  mora f o r m a  here as a re su l t  of 
lone;-terrn frkez3ng (probably, f rom the 
I i i d d l e  Pleistocene). Such thick PB 
s t r a t a  in the  center of the  depression 
disprove  the ex is tence  n-P a Inr .n~&=rFne  
water body within  the limits of the 
depression in the Upper, a n d ,  probably, 
Fn the Middle Pleistocene, 

P 

The above t h e  intervals  of rock  freezing i n  

a re  based  mainly on the  history of glaciations 
different  regions am not  indisputable, they 

whose duration has not  yet boen finalized. Ho- 
wever,  they a re  in good agreement with  the Hp 
dist r ibut ion as the most inertial   charocte- 
r i s t i c  of f rozen   s t ra ta ,  and,  consequently,can 
be  accepted a8 the first approximation. 

The permafrost Fn the Chara depression is con- 
tinuous. Tho datcl on Hp Were extremely L i m i -  
ted ti11 the  present time. In  19W-85, a bo- 
rehole more than 1000 IO deep was d r i l l ed  jn the  

center o f  the  depression which remained jn the  
s t r a t a  of unconsolidated  deposits. As has 
been shown  by the geothermal  observations in 
t h i s  borehole, H reaches 470 m, while f, a t  a 
depth o f  20 m is -3.OOC. Down t o  a depth of 
140-1.50 m the  temperature  curve has a negative 
vertical gradient, and o n l y  Prom a depth of 
180 m there  is a rise Fn temperature. A sophi- 
a t icated  pat tern of the curve is sug.gested t o  
r e f l ec t  modern climatic  f luctuations.  Hence, 
extrapolations aimea at  deterrninbg IIp by t, 
o f  perennially  frozen ro&c at a depth of zero 
annual  amplitudes  arenot always valid for the 
region  described. Such a great Kp gives evi- 
dence of the Ibng-term freezing in rather se- 
vere  climatic  conditions  correspondipg t o  mo- 

r i s t i c  of the lower  blocks of the ,basement i n  
dern  ones, The maximum permafrost is characte- 

the  axial part o f  the depression  f i l led by 
th ick   hose   depos i t s ;   the  upper part  o f  t h e i r  
section bajnng composed of fFne-grained, highly 
saturated grounds. I$, decr@ases Fn t he  zone 
where 'che depression is conjugated wlth moun- 
ta in   s t ruc tures  and the thickness o f  loose de- 
posits  decreases t o  50-100 m. f t   v a r i e s  from 
90 t o  I80 m in that part  of the  depression 
which adjoins  the Udokan  Range  on the Nbungna- 
kan and Namingnakan interfluve as shown by 
geophysical investigations, d r i l l fng  and ther- 
mal loggtning of ten boreholes 35 t o  56 m deep, 
a t  predominant t, values of -3 t o  -5.5OC. As 
compared t o  the cenGral par t  of the depresalon, 
t he  geothermal  gradient that has been calcula- 
ted for the   in te rva ls  oP 20-40 and 20-50 m bas 
an increased  value from 2.1° t o  4,8°/100 m. On 

neases, sites  havhg  considerably  ahallower 
permafrost were encountered. On a small gra- 
nike o u t l i e r  I-$ was a b o u t  60 m a t  t, -2,I"C. 
Dvo boreholes  with  lower Kp values (32.6 and 
16.5 m) tapped the confined  aquifers that con- 
tacted  frozen  strata.  Continental  deltas h 
t he   foo th i l l s  o f  t he  Udokan Range evidently 
Berve as the transit sites of groundwater d i s -  
charging v i a  open ta l iks   wi th  head-water circu- 

variations of within s h o r t  distances at; 
l a t  ion Sn the Chara depression,  Considerable 

s imilar   levels  Hs f heat exchange on the  surface 

highiy  differentiated  abyssal heat flows  value 
give in the  authors'  opinion,  evidence of 

increnaes wi%h the  diatance from the  center to 
the  peripheral   parts of the depressions a8 well 
as of the non-uniformity o f  heating  action o f  
$roundwater  confined to   d i f fe ren t   l i tho logic  
horizons of loose  deposits. A decrease Jn the 
particle-size of the  loose  cover  deposits  to- 
wards the  center o f  t h o  depression,  that causes 
worsening of the  seepage  properties 00 rocks, 
as well as greater  depth of the basement, lead 
to a greater  cross-section of groundwater  flow 
and reduced veloci t ies  of discharge. Accor- 
djningly, resistance of groundwater t o  long-term 
f r e e z h g  is decreasFng,md H, values, a8 shown 
above, tend t o  Fncrease  towards the  Central  
parts of the  depression. 
Within the limits o f  the  depression there a re  
t a l i k s  whose existence is conditioned by a pe- 
culiar heat exchange between rocks and the  a t -  
mosphere, nnd those formed under t he   bpac t  o f  
groundwater. The largest  tulik is t he  massif 
of deflated sand i n  the  depression's  center. 
Its existence is conditioned by t he  heating ac- 

P 

the background of t he  above-indicated  thick- 
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%If i l t r a t i o n  and dls- 
flow within  the boun- 

t ion.  of summer rainfal l  
charge o f  subpermafro& : 
daries of the massif, Open t a l i k s  have  been 
identified in a forested sand massif on the  Fn- 
terfluve,  of the Narningnakan and Unkur Rivera. 
Thgy are forncd within  the  ternha1  morahe 
l i p e s  under certain  lakes where ice  subsidence 
is observed ?n winter which is indicative of 
lacustrine  water  percolation Via t he  open t a l i k  
zones. On some st retches  of the Chara River 
valley,  and its la rges t   t r ibu tar ies   there   a re  
subriver bed t a l i k s   a i t h  ground,, a n d  head-water 
cireulatlon. 

In the north-eastern  part of the  depression in 
t h e  f o o t h i l l s  o f  the  Kodar Range there  i s  an 
open t a l i k  whoee existnnca is associated  with 
the  discharge of thermal (50°C) wafer of deep 
circulation. The LnTluence of this water 
source on permafrost i a  ra ther  loca l  and  the 
t a l i k ' s   a r ea  does  not exceed 0.5 sq km (Geo- 
kriologlcheskie uslov iya Zabailcal' skogo Severa, 
'1966). It is confined t o  a l a rge   f au l t  exten- 
ding along the  north-eastern flank of t h o  de- 
pression with which the  existence of open ta- 
l i l c s  beneath  the  lakes d u r b g  the 
whole winter (Geokriologicheskie usloviya Za- 
baikal'ya i Pribaikal'ya, 1967) i s  also asso- 
ciated,  Themal sprhngs are also encountered 
Fn that   par t  of the dopression which addoinins 
the Udokan Range, as, for ins.t;ance the Luktur 
thermal spring on the  righk bank 08 the  Unkur 
River. The occurrence of  an open tal*' in t he  
downstream part  of the Verkhny-Sakukaa River 
valley where i c h g   w i t h  an area o f  about 6 sq 
kn is Pormed in winter, i s  associated with sub- 
perm8frost  water  discharge'. 

The peculiar  features o f  permafrost  diatribu- 
tion  within  the boundaries o f  younger in te r -  

Nizhny-lngamakit basin, Even though the t 
montane depressions will be exemplified by t h e  

values here are  practically  the same as Fnm 
the Charn depression and vary f rom -1.2 t o  
-4.g0, does not exceed 50-100 m ,  ThZa re- 
duction$ 5n thickness can be explained by a 
shorter  period of freezing, an active  reais- 
t ance  o f  vigorous  groundwater f lows t o  peren-, 
n i a l  freezing o r ,  probably, by a higher  abyssal 

permafrost from the axial part towards the ba- 
heat flux. In general 8. regular increase of 

sin's slopes is obsemed. In the Nlahny-lnga- 
makit River  valley  (right in the depression 
center upstream with  respect t o  i c b g )   t h e r e  
is an open, about 90 m-wide flood-plan t a l ik  
whose existence is conditioned by B strong 
heating  action of ErOUndWuter f l o w  in t h e , t h i c k  
loose deposits and by the  discharge of deep- 
aquifer groundwater. The l a t t e r  is confined 
b y  t he  hydrochemical analysis of t h e   t a l i k  wa- 
t e r  a n d  ice  comprising the icine. The moma- 

q8 t o  7.3"/100 m in the basin's  bottom down t o  
l o u s l y  high  geothermal gradient values ( f r o m  
a depth of 3 -60  m are  explained  by,Nekrasov 
and Sernenov t o  occur due t o  an active  efflux 
o f  heat to   the  surface  with deep groundwater 

bottom, Kp is Leas than 50 m. On the water- 
logged sites  with  lower  teiuperatures  the  per- 
mafrost thickness increases t o  80 m reaching 
100 m on the t h i r d  above-floodplain  terrace 
glnder the l e f t  slope o f  the bas-in. Within the  

In  the  northern low f o o t h i l l s '  of the Udokan, 
Range continuous  permafrost has been ostabli-  
shed to  occur  within the  liinits of wide i n t e r  
f luves.with  ra ther   gent le   s lopes  a t  IOOO-125O 
m and in the bottotns of wide trough valleys of 
t h e   f i r s t   g l a c i a t i o n  wi th  elevations of 800- 
I000 m. Narrow, subriver bed9closed falike 
with groundwater circulation  occur only Fn some 
s i t e s  o f  the Nirungnakan, megachi,  Sangiyakh 
and other River valleys. Maximum F$ values 
(up t o  150-200 m) have been established by geo- 
physical methods in the  slopes of northern ex- 
posure a t  t, ranging from -2.60 t o  -3.2Oc. 
Within  wide  watersheds v a r i e s  from 120 t o  
160 m a t  a wide range of t, (from -1.3 t o  
-4.5°~). 0x1 the slopes 0% soutklern exposure 
H values  reach '100-150 m, decreasing  to 30- 
50 m on some s i t e s   a t  t, -0.7 t o  -3.6Oc. O f  
special  importance is the f o l l o v r b g  regularity 
ascertained i n  the   foo th i l l s  of the Udokan 
Range: irrespective o f  the exposure there   are  
ra ther  low Values of t, (-4 t o  -5,5"C) on the 
hillsideR covered by coarse blocky deposits 
having no iU1 a n d  characterized by complex 
conditions of heat exchange. A,drast ic  reduc- 
tion 'Yl Hp ( t o  50-70 m) waa revealed in the 
zones of ancient  crusts of weathering  occurring 
on s l ight ly  WaterLoEged saddles, f l a t  water- 

the  bottoms o f  trough  valleys of t h e   f i r s t  &a- 
sheds, and hi l l s ides  of southern  exposure. In 

ciation, where frozen strata are continuously 
bteract ing  thermally with subpermafrost  wafer, 
the Hp thickness,  determined  geophysically, 
does not exceed I2O-150 m. 

In the central medium t o  high mountains o f  t he  
Udokan and Kodar Ranges, PE' is continuous  both 
in area and  section r eaohhg ,  a t  t, from -8 t o  
- l O ° C ,  800-900 m on the   s i tes   loca ted  2000: 
2200 m above sea  level.  According t o  Yu.G.Shas- 
tkevich in the  highest nassifs of these r q e s  
(2500-$00 m) 5 reaches 1200 rn and more,while 
the tm values decrease  to -10 - -12OC and less .  
Among natural.  factors  responsible f o r  the f o r  
mation of such a great PF thickness are: t h e  
longest  duration o f  freezing of the ax ia l   par t s  
of ranges and three-dimensional pattern of 

high  thermal  conductivity and low heat capacity 
their  cooling;  high  degree of rock  drainage: 

of solid rocks; pbor  h e u t b g  action of Snow on 
stoep, top-ndjacent s i t e s  of hi l l s ides  and 
crest-like  watersheds; a n d  a i r  temperature 
lowering with  hight.  Certain  role is played 
by a i r  f l o w s  freely  penetrating  through shallow 
coarse  deposits  into the fractures  of the  sol id  
rock masses whose tectonic  disturbance i n  the 
rift zone i s  very great. The  mechanism o f  bhis 
process  has  not  yet been clartfiod  but even 
now a number of possible  reasons oP a i r  flows 
orie;inat;Fon i n  f ractures  of h a r d  rock massif98 
can be indlcaked, v i z .  a permanently ex is t ing  
gradient of atmospheric a n d  air pressures 3n 
fractures,   gradient of a i r  temperature a n d ,  
linked Go it, gradient of  a i r   dens i t i e s .  Some 
influence is, probably,  exerted by a permanent 
change in the volumes o f  f ractures  in t h e  up- 

Hp 

P 
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p e r   p a r t  of a ~ O C K  mass a6 a result o f  tempera- 

flows not only in t h e   n e a r s u m a c e  part of a 
ture  f luctuaCions.  The a v a i l a b i l i t y  of a i r  

sol id   rack m 3 ~ s ,  but also at the depths of 300 
t o  500 m can  be  proved by ablimntion  ice for- 
mation in the  ad i t s   cu t  In t h e   a x i a l  p a d s  o f  
the  Udokan Range. Ablimation  ice i S  ex t r eme ly  
unevenly d is t r ibu ted  in the  sha f t :   t he re   a r e  
s i t e s  where i c e  is absent and those   wi th   l a rge  
amounts of ice .  The l a t t e r  are confined t o  
highly  fractured zones. It ia cha rac t e r i s t i c  
t h a t   f r a c t u r e s  in such  zones remab open while 
walls of  the a d i t  around them are coverad by a 
continuous layer of ablimation i ce  c rys ta l s .  
Measurement of temperatures in t h e   a d i t s  showed 
that  rocks of t h e   s i t e s   w i t h   l a r g e  amounts of  
i c e  were by 0,8-0.9'C colder  than those of i c e  
-f ree s i t e s  

The cryogenic  structure o f  solid  rocks 5n 
mountain rang05 is i nhe r i t ed ,   t he re fo re ,   t he i r  
total i ce   s a tu ra t ion  is determined by f rac tur -  
i n g  and moisture  content prior t o  f r e Q Z i n i n g .  
P rac tures  in a rock mass have different or1gi.n 
and areal extent:   weathering  joints  fractu- 
re8 3n valley 610pefd, t ec tonic  and littlogene- 
t i c  f r a c t u r e s ,  and f r a c t u r e s  ln t he  zones of' 
cryogenic  dislntegxation. For sol id   rocks in 
the cryomassirs of ranges  the  following  regula- 
rities of the  cryogenic texture were revealed: 
the  presence of 8. horizon  with  inherited and 
expanded cryos t ruc tures   tha t  is f i l l e d  with 
ove r f low-hf   i l t r a t iona l  a n d  ablimation  ice and 
confined t o  the c rus t  o f  weathering; comple- 
tely  or  incompletely  developed f ruc tured  cryo- 
s t ruc tu res  and open f r a c t u r h g  in t h e  main 
part of a mass= with  congelation and ablima- 
t i o n  i ce ,  correspondin t o  the former  zones of 
aera t ion  a n d  periodic  h o o d i n g $  and  horizons 
wi th  f u l l y  developed expanded f i s s u s e d  cryo- 
s t ruc tures   cont ro l led  by gmundwater  tablea in 
the   val ley  ta l iks .   Dependhg on the  depth o f  
erosional  ruggedness, l$ and its evolution, 
neotectonics and  hydrogeological  conditions 
some p a r t s  of mountain ranges are character i -  
zed by the presence and extensive development 
of c e r t a b  ice-accumulation  horizons o r  poor 
development o r  even absence of others .  

In   t he   cen t r a l ,  medium t o  high-mountain pa r t  

n i c  regime and Intensive  denudation,  the  upper 
o f  ranges, characterized by an active  neoteoto- 

relatively  shallow  horizon o$ ice  accumulation 
is confkned t o  the c rus t  ox weathering. The 
major part  of the solid  rock  massif is highly 
dissected  with  zones o f  v e r t i c a l  and subvert i -  

with expanded fissum-vein  cryostructure6. The 
cal   or ientat ion  1lepresent ing  glacial   breccias  

width of such  zones  reaches 3-5 m while some 
monomheral  ice lenses a r e  0.2-0,!5 m wide and 
volumetric i ce  content  of  rocks is up t o  30%. 
They are  encountered  inside  solid  rock maesiis, 

of  300-500 m. There exis ts  a t h i r d  zone  of i c e  
jn the  near-surface  horizons,  a n d  a t  a depth 

accumulation associated  with  cryogenic d i s i n t e -  
g ra t ion  of rocks Fn the course o f  secu la r  va- 
r i a t i o n s  o f  the PF base. 

within t h e  limits o f  vast  poorly  dissected in- 
In t h e  low-mountain per ipheral  p a r t  of ranges 

terf'luver, with a relatively  quiescent  neotec- 
ton ic  regime, the zone o f  ice  accumulation in 
weathering  crusts has been  developed, Apart 
from the  modern c rus t  of weathering  which is 
several   meters   thick,  more anc ien t   c rus t s   a re  
widespread that are  represented by f e l d   s p a r  

and quartz-feld 
bedrock  texture 

spar sandstones which  have a 
when f rosen  and bocome sand 

when thawed. Kaol ini te  may be also encounte- 
red .  The thickness o f  these crusts  is not less 
than 20 in according t o  the data  obtained in 
shallow small boreholes; according t o  geophysi- 
ca l   da ta ,  it is 80-90 m. The C ~ Y O E Q ~ ~ C  s t ruc-  
t u r e  is massive; and  up to  5 nun-thick i c e  
lenses  occur less f requent ly .  The ice  content 
of these  deposits  roaches 30-35%. FracturFng 
of t h e  majoT pa r t  of tha  massif is less   in ten-  
sive than in t h e   a x i a l  part  of the range. In- 
completely  developed  fissure  cryostructures 
with ablimation i c e  are widespread. 

The PF d i s t r ibu t ion  in t he  bottoms of deep 
trough  valleys o f  t h e  Zyryansk g l a c i a t i o n -  si- 
tuated above 1200-1400 m is rather  complica- 
ted;  $ var i e s  f r o m  '100 t o  300 u1 in the   a reas  
unaffected by t a l i k  =ones. A decrease in per- 
mafrost  thickness, along with  higher t,, is 
supposed t o  be  associated  with tho d i s to r t ion  
of  thermal f i e l d  due t o  topography. 

Open t a l i k s  fonn on the s i t e s  of valleys  conxi- 
ned t o  small grabens (Namingjn, e tc . )   wi th  
highly ermeable a l l u v i a l  and glacial   deposi ta  
up t o  'l80 m thick.  Theae t d i K E 3  sexve as 
co l l ec to r s  of considerable  gmundwoter  reaenes. 
F issure  and fissure-vein  water of subpermafrost 
c i rcu la t ion   p lay   cer ta in  role in the exis- 
tence  of t h e s e   t a l i k s ,  which i s  confirmed by a 
higher helium content in low-water period 
(March-April) in the  spr ing c o n t r i b u t h g  t o  the 
formatlon of an ic ing  in t hc  Namintn@;a River  val- 
Ley as compared wi th  summer period.  Such  gra- 
bens are   character ized by an ac t ive   res i s tance  
of groundwater f lows  t o  long-term freezing a n d ,  
probably, by higher values o f  abyssal  heat 
flux. In the cirques und trough  valleys o f  the 
Sa r t an   g l ac i a t ion  more homogeneous f reez ing  
conditione  are  observed. The t, are higher 
due to snow acculaulation a n d  Kp I s  reduced by 
1.5-2 times as compared with  interfluven. Si -  
milar   s i tua t ion  is observed in t h e  bottoms of 

T h u s ,  at  a height of 2160 m beneath t h e  Nina 
trough  valleys  covered by modern g lac ie rs .  

Azarova g l a c i e r  amomt;s t o  580 m a t  
t, = 6,Y0C (Geok 3 ologichoskie  usloviya.. .* 
1966). However, open wa te rabso rb ing   t a l ik  
zones  can  occur on the  s i t e s  of val leys   with - -  
thick  unconsolidated  deposits i n  t h e  zones of j 

a t  the a l t i t u d e s  o f  1800-2000 a. 
dis loca t ions   wi th  a break in CQnthUity even 
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MEAN ANNUAL TEMPERATURE OF GROUNDS IN EAST SIBERIA 
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SYNOPSIS The paper  presents a bxief character is t ic  o f  %he mean annual  temperature of 
grounds in East  Siberia and quantitative assessment of natural  f ac to r s  affectinng it. The ressons 
of  the mean annual  temperature  hversion o f  gmunds i n  eastern USSR a re  a lso revealed. Ground 
temperature  inversion is caused by (I) heat exchange on the  soil surface  (parameters of the  ra- 
diation-heat  balance and temperature on t h e  soil surface)   that  depends on natural  factors ;  and 
(2) a pat tern of rodietribution of heat generated an t he  earth surface by the  air  masses migrating 
Fn the   ver t ica l  and other  directions,  EXamples of inversion  variation of gmund temperature with 
a l t i tude   a re  given and the Teaaons of t h i s  phenomenon are discussed. 

 he mean annual tempemture of grounds (t,) ~n ~ X ~ ~ ~ L ' ~ ~ s e ~ ~ ~ ~ ~ y l o ~ ~ ~ ~ t , i ~ ~ ~ ~ ~ , e ~  ~ ~ a ~ ~ e m -  
the  region under considerat i&  var ies   a t  a Pacific  increases  the  temperature of: air (tal 
depth of annual zero amplitudes (5-7 t o  20-30 
m) from + 7 O  t o  -15'C with the maximum values and grounde.  Within a wide coas ta l   be l t   the  
recorded Fn the  south of the Prhorye  T e r r i t o r y  Increased Of effect O f t  snow 
and the  m i n i m u m  ones - on the  Cherskiy Range ( A t,) , i n f i l t r a t i o n  of precipi ta t ion ( Atp)  , 
summits. This region  displays zonal and high- 
a l t i tude  var ia t ions of tm. The temperature 

e to   are  observed. A t  the same time  the warming 
effect  o f  the   Pacif ic  is somewhat slackened by 

here i s  greatly  affected by the  Pacific and the  which is  pm- 
Arctic Oceans as well a8 regional  specifics of $uy&2 tt: :::z: ~ ( $ ~ ~ * s ~ ~ s w ~ & . a B  
natural  conditions, tends  to  Jncreaas  northwards,  Intrusion of 
Zonal var ia t ion of ,qrouad temwrature cold a i r  massea from the  Arctic  regions causes 

Distinct zonal variations of t are  associated 
the  aecl ine of ta and tm, and brings precippi- 

mainly with a decrease o f  the qadiation balance ~ ~ ~ ~ ~ t t ~  ~ , " i ~ " , ' f t ~ ~ ~ ~ ~ t ~ 8 e l l ~ e ~ ~ ~ " l ~  li 
(R) the  south  to  the north, from 188*5 to   tudes  of temperature  fluctuation on the  mi! - 
20.9 kJ/cm2 a year. They a r e  mostly pronoun- 
ced on plains  a n d  low plateaus in the  conti- 

surface (A,),  typical  o f  maritime regions, 

nental  regions where t, diminishes by 0.3 t o  moderate the  effect  o f  many natural   factors.  

1.5"C per every grade o f  the   north  la t i tude.  The imDact of na tura l   fac tors  on around tempe- 
Thus, the t pica1  temperature on the Khankai 
Plain ( 4 5 ~ 5  ranges f r o m  + 3 e c  t o  +5oc, while 
on t he  Zeya Plateau(51ON) f r o m  + l ° C  t o  -2OC. The mean annual  temperature of grounds is affec- 
On the Kolyma Pla in ,  the mean annual tempera- t ea  b y  a spectfic radiation reglme determining 
ture  tends t o  decrease  northwards f r o m  -3 to t, and temperature o f  the s o i l  surface  (t,) 
-5OC (67ON) t o  -5, -7'C (6g0N) and -9 t o  - 1 1 O C  and by a numbes of natural   Pactors,  auch as 
(7I0N). In the mountains of the continental 
area (at an a l t i t ude  o f  I km), the 8ame ten- 

snow, vegetation g r o u n d  composition etc.  The 
effect  of these  hactors was evaluate4  through 

dency as on t he  plains is observed: tm de- calculations by the methods developed a t  the 
creases from the  south t o  the  north per I O N  

Department o f  Geocryology, Moscow S t a t e  Univer- 
l a t i t ude ,  f rom the B a i d z h a l  t o  Stanovoy Ranges sFty (Osnovy merzlotnogo  prognoza.. . , 1974). 

Ranges (68ONj by O,j0C, and in the  northern 
pa r t  of t h i s  range (from 68O t o  70"N) b y  l.5- the formula tR = ts-ta = 
2.OoC. Farther t o  the east  in the mountain 

"""II 

by 0.3-O*60C from the StanovoY to Verkhoyansk correction for rad ia t ion  (a t R )  made by 
- LE , where, K 

R is the  radiation balance of the earth  surface; 



LE is the loss o f  heat on evaporation; B de- 
notes  heat  rotations  through  the  soil  surface, 
and K is the  coefficient of turbulent exchange 
of heat. The correction f o r  radiation i s  great 
in contbental   areas,   especially in  the  south- 
west of the  region whore in open spaces it may 
reach +1.7OC, while in forested areas it may 
vary from +0.2 t o  +1,2"C. A tendency of A tR 
t o  decrease t o  0.2-l°C is obaemed in maritime 
regions and in mountaina where it decreases 
with  a l t i tude,  a n d  in the  North a t  an a l t i tude  
of mountain snow CBDS it mas sometimes acquire 
a negative  value (4.5 t o  - 7 . 5 O C )  (Garaguiya e t  
al . ,  1970). 

Snow in the  region  produces a warming effect  on 
t,. By the  value of Atsnr it is possible t o  
d i s thgu iah   t h ree  zonea. .The f i r s t  zone rms 
as a narxow strip along  coasts of seas and 
oceana. In open spaces, Atsn does not exceed 
4OC, while i n  forested  areas and Fn lowlands it 
sometimes r i s e s   t o  6OC and  more. In the  second 
zone, extending as a wide coastal s t r i p  along 
the  Pacif ic ,  At ,  reaches 10°C. Mlnimum 
values of At, up t o  3*C are typical of %he 
mountah  tops and steep slopes from where snow 
is blown away b y  wind whereas i t s  maxtmum 
values, ranging f r o m  5 t o  IOOC, are  observed on 
the   lee   s lopes of mountains, in depressions, 
particularly in the head of valleys,  and 1Ln t h e  
areas covered with   fores t s  and shrubs. The 
t h b d  zone covem the  inner  continental regionB 
where Atan does not exceed 8OC. 

The effect  of vegetation ( h tv? , The cooling 
effect  of vegetation  prevails in the  south, 
where fo rea t a ,  meadow vegetation and moss cover 
decrease tm by 0.1-1,5°C, 0.1-0.8°C and 2OC 
and more respectively . In forests  with well- 
develope4 undergrowth the  mow cover becomes 
thicker and its d e n s i t y  decreaBes.  Thus, tm in 
such forests is often  higher than in the  open 
spaces. In maritime  regions A t ,  dblminishes 
t o  some extent. For instance, in coastal  
regions of Kamchatka A t v  Tarely r i s e s  above 
I O C .  Tn the  north In forest-tundra and tundra 
the  effect o f  vegetation i s  insignificant (Q- 
1°C) evea  though its warming effect prevails. 
On the mountain tops  nearly devoid of  vegeta- 
t ion  on steep slopes, in some par t s  of plains 
and  h alasees A t y  does not often exceed 
0 . 5 O C .  

The effect  of gmund composition was determined 
by taking h t o  account the  warming effect  assa- 
ciated  with  Fnfil tration of precipitation 
moisture  condensation and the  Eo-called "tempe- 
ra ture  shift". The l a t t e r   r e su l t8  from perio- 
aic  f luctuations of t, due t o  t h e  change of 
heat  conductivity  coefficient of grounds when 
they t ransfer  from the  thawed t o  f rozen   s ta te  
during  seasonal freezing (thawing). Slnce 

.frozen ground has higher  heat  conductivtty  than 
t h e  thawed one, ts usually  exceeds the tempera- 
tu re   a t   the   base  of seasonally thawlng (Pree- 
zing) layer. 

A temperature shift ( A t A  ) in the  south of 

tFe region rangee  from 1 t o  3OC in peat,  f m m  
0.3 t o  2 . 1 O C  In moist clays and at low 
rnnistum. content  equals 0,5dC, Values from 
0.3 t o  1.2OC are  verg tgpiaal. In fhe  north of 
the  region in AtA does not exceed 2*C bi 
peat,  it varies from 0;Y t o  1.2OC in aands and 
clays and in grounds with a low moisture con- 
t e n t  drops to O.5OC. In mountains on w i d e  f l a t  
inteiluves and gentle slopes a t ~  often 
amounts t o  O . 5 l 0 C ,  and  on ateep  slopes it is 
less   than 0.5"C. 

The warming effect o f  precipitation  percolation 
, i n t o  well permeable grounds on plains,  in de- 
pressions, and an f l a t  h f l u v e s  i n  the  region 
under consideration varies from 0 to 2 . 5 O C .  The 
maximum values o f  A t p  (up t o  1-2.5*C) are 
typical  of the  southern prt of the  region,but 
they  are seldom obsemted here d u e  t o  a wide 
occurrence of clays. In the south-east of Kam- 
chatka  the  values of A t P  are  somewhat lower 
(0 .3-1OC) and on the  Kolgma upland they do not 
exceed 0.6°C. B t i l l  f a r ther   nor th  i n  the Ymo-  
Indigixka ana Kolyma lowlands and on Chukot 
Paninsula as well as on highlands A t p  seldom 

gulya e t  a l , ,  19'70) have observed the  warming 
exceeds 0 . 3 - 0 ; 5 O C .  Some researchers (Gara- 

effect  (up t o  I 4 O C )  af moisture  condenaatioa 
on t h e  mountain s l o  ea devoid  of vegetation and 
composed of coarse-!ragment;al rocks. 

In the  southern  continental  areas of the region 
t, on the slopes of southern exposure i s  hfgher 
than on the  slopes of northern exposure by 
1.3*Cr while In the   nor th  (the Adycha River) - 
by 1.2OC. In the southern  part of maritime 
regions it equal8 l-i!.5OC1 and 0 .5-1.5*C on 
Chukot Peninsula. In the  conditions of maximum 
snow i3ccumulation on the   s lo  es of northern 
exposure, t, on t h e  slopes 0% Bouthem exposure 
may be even Lmer  than on those of northern 
exposure 

Sudace  and ground waters  pmduce, aa a rule a 
warming effeot. Tn tallka below a r iver  bed or 
a lake, tm is higher than on t h e  above flood- 
plajn terraces  amounting t o  55'C in the  south 
and 743°C in the   north o f  the  region,although 
V.A.Kudryavtzev has shown tha t  under small sur- 
face streams in the  south o f  the region t, may 
be lower than fn t h e  surrounding parts of' the  
valleys. The e f f e c t  of  groundwater on t, is 
frequently observed in f a u l t s  b which uprfning 
highdmperature  watem  circulate,  their warm- 
ef fec t ,  f o r  example, on Kamchatga Peninsula 
may be verg great. B u t  even values from 1 40 
bute much to  the  formation o f  t a l ika  and t o  the 
IOOC,  observed in some l o c a l i t i e s ,  may contri- 

r i s e  of t,. 

AltitucjinaL-zonal, variation of  round - temperature 
Altitudinal-zonal  variations o f  tm are obaemted 
in mountains. In the southernmost par t  of the 
region (Prlmorye Territory,  southern  Sakhalin 
and Kamchatka) where unfrozen grounds a m  wide- 
spread on plains,  in depressions and valleys,  
and on mountain slopes, t h e  t, values range 
from *I t o  floc. Permafrost occurs on the  tops 
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of medium-high mountains (t, up t o  - 1 O C )  and in 
high mountain6 where tm tends t o  decrease  with 
height  to -3°C on the Sikhote-Alin Range and t o  
-5°C and lower on the  tops of the Kamchatka vol- 
canoes. The zone o f  insular  and discontinuous ' 

permafrost, s o u t h  of the Stanovoy Bange, in the  
northern Sikhofe-Alin Range, Bgkhalin and K m -  
chatka is characterized by the  occurrence o f  
frozen grounds on waterlogged plains in depres- 

the  mountah t o p s  wheye t diminishes  wlfh a l t i -  
sions and valleys (t from +3 to -3") and on 

t u d e  t o  -7°C and  more  selflorn to -9°C (at an al- 
t i tude  of 2,000 m). Unfrozen grounds (tm from 
-1 t o  + 3 O C )  dominate on low plateaus,  ouvals, 
low mountain slopes and floodplains. 

In   the  zone of continuous  permafrost,  covering 
considerable  part of the  region  (north of the 
Stanovay Range), in depressions, valleys and on 
the slopes o f  southern  exposure t, variea f r o m  
+I t o  -3°C while Fn the  northernmost  areas it 
amps t o  -41, " 1 3 9 ~ .  ~n the  mountainous re- 
gions, the  decrease of ground temperature with 
a l t i t ude   t o  -7, -11OC on the fops of medium- 
high mountabns and t o  45°C an the tops of high 
mountains is quite  typical. 

THE CAUSE3 OF GROUND TEMPERATURE ~7sERSIoN 

In  continental regions in the  south o f  *he Par 
East and Central  Siberia many researchers (Lu- 
govoi,  1970; Vtyurha, 1970; and others) have 
observed the  inversion of a i r  and ground tempe- 
rature when t, and t, b the  bottoma of depres- 
sions and valleys  are lower than on the  adja- 
cent  plateaus and low-mountain slopes,  while on 
the  tops of medium and high mountains the tam- 
peratures  tend t o  decrease  with  altitude. 

1% ha8 been assumed f o r  a long t h e  tha t  t, in- 
version was caused by the flow of cold air fin 
winter down i n t o  closed  depressions. B u t  the 
actual causes of ta and tm uversion still  re- 
maFn obscure  (Nekrasov, 1976). The round tem- 
perature  inversion  results fmm: (lf s p e c e i c  
nature of warming and cooling o f  air, ear th 
surface a n d  grounds  with an Lncrease in altitude, 
depending on the complex of  natural  conditions; 
and ( 2 )  redistribution of heat generated on the  
earth  surface by t h e   a i r  masses moving in vert i -  
cal  and  other  directions. Thus,  the  causes of 
inversional change of the mean ground tempera- 
tu re  are, actual ly   s imilar   to   those responsible 
for the  t, variation  in  other  conditions whose 
favorable combination gives   r ise  to ti, inversion, 

know the t, value  variation  with  altitude on 
To assess the  causes o f  inversion one should 

various  features of topography and determine  the 
effect  of natural   factors  (ground composition, 
etc.) on t,. 

The causes o f  ternperaure  inversion Fn t h e  cog- - tFnentaZ area of East  Siberia 
In the  continental  area o f  East  Siberia  the t, 
inversion i s  suff ic ient ly  pronounced. T t  re- 
sults primarily from the  variation of the radia- 
tion  heat  balance, ta and t,. Let u s  consider 
the  dtffferences in the elementa of the radiation- 

239 

heat balance 
low plateaus 

Ln the  valley bottoms 
south o f  fhe  Stanovos 

and an the 
Range. It 

has been established that the  a m o k t  of  in- 
coming shortwave radiation t o  the shadowed 
bottoms of narrow and deep valleys ie smaller 
(Nesmelova, 1970) than on the  plateaus which 
is one of the main  and sometjmes the  only  cause 
of e, hversion. For instance, in the  valleys 
and  on the  plateau (400-450 m above sea level)  
Q f  the Lena-Amgin watershed, tm ranges fmm -2 
t o  -4°C a n d  -1 t o  -2OC, respectively. It has 
been estimated that there was no difference 
betwReen the t o t a l  warming effect  on natural   fac- 
t o r s  (mow vegetation,  etc.) in one of the  
valleys and on the interfluve. The difference 
I n  t, aaa be expla3ned  only by b e t t e r  i l l u m i -  
nation of the viatershed as compared t o  the 
valley where the mean annual  value of" t, is 
1 - 2 O C  lower  than on the  plateau. In the  wide  
va l ley ,   the   to ta l   rad ia t ion  and albedo  turned 
out t o  'be close t o  their   values  on the  plateau 
(Nesmelova, 1970). However, the  radiat ion ba- 
lance In the  valley wa8 lower s i n c e  the  values 
of effect ive  radiat ion were higher  than on the  
plateau. In addition he&  expendfkure on eva- 
poration i s  usually  higher 3n valleys, The 
above conditions  are  responsible  for  lower 
mean annual  temperaturea of the soil surface 
in the  bottoms of wide waterlogged valleys  a8 
compared t o  the  surface of d r y  low plateaus. 

In continental regions, formation o r  FntenSJfi- 
cation of tm and t, jllversion may also  resul t  
from the heat  redistribution in the  course of 
a i r  masses migration. In Bummer  when there  i s  
no w i n d  o r  when it is very weak the   ver t ica l  
air migratton prevails. Wambng of t h e  earth 
surface in summer is accompanied by the  uprise 
of warm a i r  masses whFch contribute  additionaw, 
t o  an increase o f  ta and t, primarily on low 
plateaus,  ouvals, and low-mountain slopes8  thks 
effect  i a  less   fe l t   a t   h igher   e levat ions.  
Besides,  cold a i r  in w b t e r  Flows down and re- 
mains in re l ie f  depressFons. In medium - and 
high mountains, fhe  radiation  balance  decreases . 
(Promerzanie, . . . 'I974) and the effect  of natu- 
ral  conditions  diminishes  with  altitude. For  
example, aa a resul t  o f  the  above-men-tioned 
conditions, in Borne areas  north of the Stanovoy 
Range permafrost fcms in valleys and on mom- 
ta in   tops and is frequently  lackin on plateaus 
and  low-mountain slopes.  Vital  dlzferences jll 
natural  conditions (show, vegetation, ground 
composition  etc.) may give  r ise  to  the  Pornat-  
ion,   in tenskicat ion ox disappearance o f  the t, 

red  with a thick larch forest  without under- 
inversion, Thus,  when a plateau becomes cove- 

growth decreasing  the  radiation  balance by % 
t o  4 0 %  (Neeemelova, 1970) and when it i s  affec- 
ted by waterlogging a n d  a valley  has a thick,  
t a l l  shrub vegetation, increasing Ats,,thsre 
mag be no soil  temperature  inversion. The com- 
parison of t, a n d  t, in a valley and on a low- 
mountain slope of lowlands o f  northern exposure 
has ahown that  inversion is usually  nonexistent, 
while the  comparison of t, in a valley bottom 
and on a slope of southern exposum has  indica- 
ted that the tm inversion is observed nearly 
always. The cause of tm inverston is, as a 



rule! a favorable combination of  natural  
condltions. Thus ,  in the  Turan Range area 
frozen s o i l s  with t down t o  -PC are deveioped 
in the  valleys. Onmthe slo es, t has often 
positive  values (up t o  +PCP,  whife on the 
mountain tops  it has negative  valuea (down t o  
-5°C). Low t values in valleys  result  from 
t h e i r  shading: low At,, and considerable 
A t ,  , whereas i t s  positive  values on slopes 
resul t  from large  values of ~ t ,  and insigni- 
f ican t  Pt A . Apart from this ,   the   s lopes 
of western and eepecially  southern exposure 
have greater  radiation  balance  than  the  valley 
bottoms. 

xhe  causes of temDerature hversion ln the  - maritime  area 
The causes o f  inversion of the mean annual tam- 
perature o f  ground6 Fn the  maritime mea tha t  
is jnfluenced by the ocean d i f f e r  f r o m  those in 
the  conthenkal  regions mostly by t h e i r  intan- 
sity. The radiation  balance in the  oceanic 
sector  is lower than  that Fn *he continental 
one due to   greater   c loudfness ,  eapscia1Y.y in 
mummer. As a result ,   fhe  values o f  ti, for Va- 

rious features o f  topography differ b u t  sligh- 
t l y .  Strong w b d s  Level the a i r  temperature 
off  and almost no inversion is observed. The 
effect  of natural   factors  (snow, etc.) jn ma- 
ritime  regions is weaker due t o  smaller annual 
amplitude of t h e  s o i l  surface temperature  varia- 
t ion.  In s p i t e  of unfavorable  conditions,  the 
t, inversion in the lower part  of t h e  Amur 
River  area, in the Okhotsk region,' on Bakhalin, 
Kamchatka, a n d  Chukotka is not observed evey- 
where, but  only in some local i t   ies .  The t, 
inversion i s  caused by the  difference in the 
values of the  radiation-heat  balance parame- 
ters   control l ing ta and t, and the e f f e c t  o f  
natural   factors  on them. For example, In 
northen Sakha1i.n perennially frosen grounds 
(t varies  from 0 t o  -0.7OC) form la t h e  w a t e r  
lofged  areas of masi tbe  plains  where strong 
w i n d s  are common and no ta inversion is o b m r  
ved. Permafrost forms here  as a resul t  o f  mow 
removal by w i n d ,  and great atn in the  sikee 
composed o f  peat. On the  e levated  s i tes  compo- 
sed o f  Loamy sand and aand t is posit ive (up 
t o  *3"C and more) due t o  high%alues o f  A t, 

ghest t valuee are observed  here on  we11 

Chukot Peninsula, within the above-floodplain 
illumFn?itea slopes of southern exposure. on 

terrace o f  the  Ponneurgen stream, em equals 
-5 o r  -6Oc, while on the low-mounlxin alope o f  
northern exposuse it  is 4 o r  -5'C. On the  
mountain top tm ranges f r o m  -6 t o  -8OC. An 

buted t o  a sparse forest   with shrubs whose 
fncrease b-~ t on the slope may only be a t t r i -  

wamnhg effect  is greater  here  than in t h e  
valley and on the watershed. 

Goldman  and Sezonenko (I 961) , Nekrasov ('l9%), 
and other  researchers  reported a gradual 
decrease of Tm with a l t i tude  in mountabous 
regions of the North Fn the zone of continuous 
permefrost. The causes of t, inversion there 

a d  A t g  a d  low values of A t  The hi- 

PativiveLy high t, valuers in the  valleys o f  - * - 
this zone are  conditioned by extensive  occurr- 
ence of coarae-Fragmental material and by tihe 
warning effect  of f as well BS surface and 
subsurface  water. Fhe At, values are often 
increased by the PorestGtundra  vegetation in 
the  valleya. The radiation  balance and the  
effect  of many natural  lackom  decrease  with 
the  hight of mounea.Lna t o  such a great extent 
that the  differences in t, due t o  ta inversion, 
moisture  condensation, slope exposure,  etc.are 
mainly character is t ic  of the  continental 
regione up t o   r e l a t ive   a l t i t udes  of 1 km and 
seldom more. The t, inversions on the  summits 
o f  medium-high and hlgh mountains become, evi- 
denelg , even amaller than, f o r  lnstance, in 
the aone o f  oceanic influence but. at  fhe  level  
of the bottoms of depressions. 

Hence, tm valuee Fn the  mountains decrease, 
increase or do not vary a t  all up t o  a re la t ive  
hight of 0.5-1 lan due  t o  a considerable  value 
of the  radiation  balance, more pronounced t, 
Inversion, and significant  influence o f  natural 
factors. On higher  elevatlons em, as a rule,  
aecxaeseB. 
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ALPINE PERMAFROST IN EASTERN NORTH AMERICA: A REVIEW 
T.W. Scpmidlin 

Geography Department, Kent State University, Kent, Ohio 44242 USA 

S Y N O P S I S  Review  of t h e   s c a n t   l i t e r a t u r e   o n   e a a t e r n  a l p i n e  p e r m a f r o s t   i n d i c a t e 8   t h a t  
p e r m a f r o s t   e x i s t s  o n  Mr. Washington,  Mont J a c q u e s - C a r t i e r ,   a n d  i s  probable   on   Sugar loaf   Mounta in .  
F i e l d   r e p o r t s   p r o v i d e  no e v i d e n c e  o f  p e r m a f r o s t   e l s e w h e r e .   C l i m a t i c   d a t a  were u s e d  t o   e s t i m a t e  
t h e   e l e v a t i o n  o f  a i r   t e m p e r a t u r e   i s o t h e r m s   w h i c h ,   a l o n g   w i t h   c o n s i d e r a t i o n   o f   v e g e t a t i o n   a n d  
snowcover ,   p rovide  a p r e l i m i n a r y   g u i d e  t o  t h e   e x t e n t  o f  a l p i n e   p e r m a f r o s t  in t h i s   r e g i o n ,  The 
lower l i m i t  o f   s p o r a d i c   p e r m a f r o s t  is e s t i m a t e d   t o   o c c u r   n e a r  l5pO m in New York  and New Hampshire ,  
1200 m in cen t r a l   Ma i rm,600  m in G a s p i ,  Quibec,  and 200-600 m i n  Newfoundland .   This   cor responds  
t o  t h e  O°C a i r   t e m p e r a t u r e   i s o t h e r m   a n d  i s  b e l o w   t h e   a l p i n e   t r e e l i n e .   A l p i n e   p e r m a f r o s t  may occu 
a t  least s p o r a d i c a l l y ,   o v e r  3780 km2 o f  ea s t e rn   Nor th   Amer ica   w i th   con t inuous   pe rmaf ros t   on  4 6  km 
of a l p i n e  s u m m i t  a r ea   where  mean a i r   t e m p e r a t u r e  i s  below - 2 O C .  

5. 

INTRODUCTION 

Much h a s   b e e n   s t u d i e d   a n d   w r i t t e n   c o n c e r n i n g  
a r a t i c   p e r m a f r o a t   u o r l d w i d e   b u t   t h e   s u b j e c t   o f  
a l p i n e   p e r m a f r o s t   h a s   r e c e i v e d   r e l a t i v e l y  l i t t l e  
a t t e n t i o n  (Harris and Brown, 1978;  Piwe ' ,  1983; 
King,   1986) .   Alp ine   e rmafroa t  is e s t i m a t e d  to 
e x i s t   o v e r   1 0 0 , 0 0 0  kmB i n  North  America,   most ly  
in t h e  Rock Mountains   f rom  Colorado  northward 
(Piwe',  19837. The p a t t e r n   o f   p e r m a f r o s t  i n  
a l p i n e   r e g i o n s  i s  a mosaic  phenomenon  due t o  
e x t r e m e   l o c a l   v a r i a b i l i t y   o f   c l i m a t e ,   v e g e -  
t a t i o n ,   r e l i e f ,   a n d   g e o l o g i c   f o r m a t i o n s  
(Gorbunov,  1978).  

A l p i n e   t u n d r a   a n d   t i m b e r l i n e   v e g e t a t i o n  e x i s t  
above  1450 m e l e v a t i o n  in t h e   A d i r o n d a o k  
Mountains  o f  New York and  above 1500 m i n  t h e  
P r e s i d e n t i a l  Range of  New Hampshire  and on M t .  
Katahdin,   Maine (Fig. 1). T i m b e r l i n e  Is n e a r  
1100 m i n   t h e  Chic-Choce  Mountains  of  Caspe',  
Pudbec,  and 300-600 m on t h e  Long  Range o f  
Newfoundland.  The  Torngat  Mountains o f  n o r t h e r n  
L a b r a d o r   a r e   a n   a r c t i c  r e g i o n  and will n o t  be 
c o n e i d e r e d  in t h i s   p a p e r .   A l p i n e   t u n d r a   d o e s  
n o t  e x i s t   s o u t h   o f  44' l a t i t u d e  i n  e a s t e r n  North 
America. The P r e a i d e n t i a l  Range,  with M t .  Wash- 

19.5 km* o f  a l p i n e   t u n d r a  (Bliss,  f963). 
i n g t o n  as t h e   h i g h e s t   p e a k ,   h a s  a c r e s t   w i t h  

The q u e s t i o n  o f  t h e   e x i s t e n c e  of p e r m a f r o a t   i n  
t h e   m o u n t a i n s  o f  e a s t e r n   N o r t h  America h a s  
r e c e i v e d   e v e n  less a t t e n t i o n   t h a n   p e r m a f r o s t   i n  
t h d   w e s t e r n   C o r d i l l e r a s ,   i n   s p i t e  o f  t h e   l o n g e r  
h i s t o r y  o f  m o u n t a i n e e r i n g ,   c l o s e r   p o p u l a t i o n  
c e n t e r s ,   e n d   l o w e r   e l e v a t i o n s  in t h e   e a s t .  T V ~ E  
(1974) s u g g e s t e d   t h a t   t h e   l a c k  of  p e r m a f r o s t  
mapping f o r   e a s t e r n  summi t s  i a  due t o  t h e  
r e l a t i v e l y   s m a l l   a r e a s   i n v o l v e d   a n d   l a c k  o f  a 
c o n t i n u o u s   a l p i n e   r e g i o n   t y p i c a l  of  t h e   w e s t e r n  
C o r d i l l e r a s .   S p e c u l a t i o n  on  t h e   e x i s t e n c e   o f  
e e 8 t e r n   a l p i n e   p e r m a f r o s t   h a s   o c c u r r e d   f o r   o v e r  
50 y e a r s .  The Ad Hoc Study  Croup on  p e r m a f r o s t  
and Committee on P s l a r  R e s e a r c h  o f  t h e   N a t i o n a l  

Research   Counci l  (1975)  recommended, " t h e r e  i s  
an u r g e n t   r e q u i r e m e n t  f o r  r a p i d   a n d   a c c u r a t e  
m a p p i n g   o f   t h e   d i s t r i b u t i o n   o f   p e r m a f r o s t  ... and 

e x t e n t   o f  p e r m a f r o s t .  'I They f u r t h e r   n o t e d   C h a t  
o f  f a c t o r s  t h a t   i n f l u e n c e  t h e  o c c u r r e n c e . . . a n d  

g r o u n d   t e n i p e r a t u r e   d a t a  is  e s p e c i a l l y   i m p o r t a n t  
i n   a l p i n e   r e g i o n s  o f  d i e c o n t i n u o u s   p e r m a f r o s t .  
The purpose  of t h i a   p a p e r  i s  t o  r e v i e w   t h e  know- 
l e d g e   o f   e a s t e r n   a l p i n e   p e r m a f r o s t  in North  
America  and  propose a c l i m a t e - b a s e d   d i s t r i b u t i o n  
of  p e r m a f r o s t   f o r   t h e   r e g i o n .  

1 

F i g u r e   1 .   S e l e c t e d  peaks I n  t h e   a l p i n e  r e g i s n  
o f  eas t e rn   Nor th   Amer ica .  
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REVIEW OF LITERATURE 

Antevs  (1932, p. 3 4 )   s t a t e d ,  

"The t e m p e r a t u r e   o f   t h e   g r o u n d   i n   t h e  
a l p i n e   z o n e   o f   t h e  New England  mountains  
i s  a s u b j e c t   o f   g r e a t   i n t e r e s t .  1 s  t h e  
ground now pe rmanen t ly   f rozen  or h a s  i t  
b e e n   p e r m a n e n t l y   f r o z e n   a t   a n y   t i m e   s l n c e  
t h e   r e l e a s e   f r o m   t h e   L a s t   i c e   s h e e t ? "  

Antevs  (1932) r e l a t e d   i n f o r m a t i o n   p r o v i d e d  by 
J o e  Dodge, of   the   Appalachian   Mounta in   Club ,  
a f t e r   c o n s t r u c t i o n   e x o a v a t i o n s   i n  New Hampshire. 
Dodge r e p o r t e d   t h e   g r o u n d  a t  1470 m e l e v a t i o n  
d u r i n g   J u l y  t o  b e   f r o z e n   a t  0.6 m depth   and  was 
f r o z e n   t o   b e l o w   1 . 2  m d e p t h .   E x c a v a t i o n s   d u r i n g  
August   showed  f rozen  ground a t  1525 m e l e v a t i o n  
from  0.9 m t o  a depth  below 1.8 m. F r o z e n  
ground was a l s o   f o u n d   n e a r   t h e   s u r f a c e  a t  1250 m 
e l e v a t i o n   i n   J u l y .   A n t e v s   ( 1 9 3 2 ,  p.  36) con- 
c l u d e d   t h a t ,   " p e r m a n e n t   g r o u n d   f r o s t   s e e m s  t o  
p e r s i s t   i n   t h e   W h i t e   M o u n t a i n s   o n   s h a d e d   s p o t s  
and   on   p l aces   w i th  a p o o r l y   c o n d u c t i v e   s u r f a c e  
1 aye r. If 

B e n t   ( 1 9 4 2 )   r e p o r t e d  on a w e l l   d r i l l e d   a t   t h e  
summit o f  A t .  Washington.  Water  was  found 333 m 
below t h e   s u r f a c e   a n d  , i%-roae, t o  73 m be low  the  
s u r f a c e .   A f t e r   s i t $ Y n g   f o r   s o h e  time, i c e  was 
e n c o u n t e r e d   i n   t h e   ' w e l l   b e l o w  80 m d e p t h   i n  
October   1941.  St#& was u s e d  t o  m e l t  18 m o f  
i c e   a n d   w a t e r   f l d w e d   a g a i n .   T h i s   o b s e r v a t i o n  
l e d   B e n t  t o  t h e   c o n c l u s i o n   t h a t   p e r m a f r o s t  
e x i s t e d   b e n e a t h   t h e   s u m m i t .  

Thompson ( 1 9 6 1 a )   w r o t e   t h a t   p e r m a f r o s t   e x i s t e d  
t h r o u g h o u t   t h e   a l p i n e   z o n e   a n d  much o f   t h e  
s u b a l p i n e   z o n e   i n  New Eng land ,   w i th   con t inuous  
p e r m a f r o s t  on t h e   h i g h e r   p e a k s .   W e l l   r e c o r d s  

Thompson (1961b)  a l s o  observed  t h a t  Balch  
showed  permafros t  90 m seep on A t .  Washington. 

v e n t i l a t i o n   t h r o u g h   t h e   f e l s e n m e e r   a n d   t h e  
v i o l e n t   w i n t e r   w i n d s   c o n t r i b u t e d   t o   p e r m a f r o s t  
on  exposed s i t e s  o f  t h e   P r e s i d e n t i a l  Range  and 
t h a t   p e r m a f r o s t   e x i s t e d   i n   f a v o r a b l e   s i t e s   e v e n  
f a r  down i n   t h e   s u b a l p i n e   z o n e .  

H a r r i e s   ( 1 9 6 5 )   r e v i e w e d   t h i s   l i t e r a t u r e   u p  t o  

b e f o r e   d e f i n i t e   c o n c l u s i o n s   c o u l d   b e   d r a w n   a b o u t  
1 9 6 5   a n d   c o n c l u d e d   t h a t   m o r e   r e s e a r c h  was needed 

p e r m a f r o s t   i n   t h e   P r e s i d e n t i a l  Range. He con- 
c l u d e d   t h a t  if p e r m a f r o s t   e x i s t s ,   t h e n   t h e  
a c t i v e   l a y e r  is  a t  l e a s t  1.5 m t h i c k   a n d   t h e  
p e r m a f r o s t   h a s  l i t t l e  i n f l u e n c e  on t h e   d e v e l o p -  
ment  of s o i l s  ' a n d   v e g e t a t i o n   i n   t h e   r e g i o n .  
The 60iI.s of   Whi te face   Mounta in ,  New York,  were 
s t u d i e d  by W i t t y  (1968) .  He f o u n d   i c e   i n   a l p i n e  
h i s t o s o l s   n e a r  1460 m e l e v a t i o n   i n   J u l y   b u t  
b e l i e v e d   t h a t   t h e   g r o u n d   d i d   n o t   r e m a i n   f r o z e n  
t h r o u g h   t h e   y e a r   o n   t h e   m o u n t a i n .  Brown (1969)  
wrote, " p e r m a f r o s t   s h o u l d   o c c u r   i n   t h e   h i g h  
mounta ins   o f   Gasp4   and  New England,  which r i s e  
above the  t r e e   l i n e   s o u t h  of  the   S t .   Lawrence  
River .  Howe ( 1 9 7 1 )   r e p o r t e d  on one s e a s o n   o f  
t empera tu re   measu remen t   i n   an  8 . 2  m d e e p   h o l e   a t  
t h e  summit  of A t .  Washington.   Frozen  ground 
e x i s t e d   b e l o w  6 m dep th   on  23 October.  The 
g r o u n d   h a d   r e f r o z e n   t o  2 m d e p t h  on 19 J a n u a r y  
a n d   t h e   e n t i r e   p r o f i l e  was f r o z e n  on 1 2   A p r i l .  
T e m p e r a t u r e   a t  8 m dep th   conve rged   nea r  -1'C on 
a l l  t h r e e   d a t e s .  

I v e s   ( 1 9 7 4 )   s u g g e s t e d   t h a t   a l p i n e   p e r m a f r o s t  
e x i s t e d  on M t ,  Ka tahdin   and  the o t h e r  New 
England s u m m i t s  t h a t   r i s e   a b o v e   t r e e l i n e .  
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G o l d t h w a i t   ( 1 9 7 6 )   s t u d i e d  well r eco rds   f rom H t .  
U e s h i n g t o n   a n d   c o n c l u d e d   t h a t   p e r m a f r o s t   e x i s t e d  
above  1800 m e l e v a t i o n ,   i n   s p i t e   o f   t h e   f a c t  
t h a t  he found   no   f rozen   g round   i n   excava t ions  
be low  pa t te rned   ground  near   the   summit .  

Moyer (1978)   p rav ided  da ta  from Wayne T o b i a s s o n  
of t h e  U.S. Army C o l d   R e g i o n s   R e s e a r c h   t a b   t h a t  
showed  ground  tempera ture   near   the   summit  of  M t .  
W a s h i n g t o n   t o  a d e p t h   o f   1 0  m over   one   year .  
The thawed  per iod  was f r o m   e a r l y   J u l y   t o   l a t e  
December a t  2 m depth ,   f rom  October  t o  March a t  
5 m ,  from  December t o  March a t  8 m ,  a n d   t h e  
g r o u n d   w a s   f r o z e n   t h r o u g h   t h e   y e a r   a t   1 0  m. 
T h u s ,   t h e   a c t i v e   l a y e r   a t   t h a t   s i t e  was  about  10 
m deep.  

Gray  and Brown ( 1 9 7 9 )   r e p o r t e d  on t e m p e r a t u r e  i n  
a 30 m h o l e   a t   t h e  summit  of Mont J a c q u e s  
C a r t i e r   ( 1 2 6 8  m) .   They   e s t ima ted   t he   l eve l  o f  
z e r o   a m p l i t u d e   f o r   g r o u n d   t e m p e r a t u r z   t o   b e   a t  
11 m ,  t h e   g e o t h e r m a l   g r a d i e n t  was 26 C/km, t h e  
mean a n n u a l   g r o u n d   s u r f a c e   t e m p e r a t u r e  was 
-1.2*C, t h e   a c t i v e   l a y e r  was about  6 m deep,  
p e r m a f r o s t   t h i c k n e s s   w a s  60 m, a n d   t h e  perma- 
f r o s t  was  contemporary.   Gray  and Brown acknow- 
l e d g e d   p e r m a f r o s t   e x i s t e n c e  on M t .  Washington 
b u t   d o u b t e d   w h e t h e r   p e r m a f r o s t   e x l s t e d  on  M t .  
K a t a h d i n  or t h e   o t h e r   p e a k s  of  t h e   A p p a l a c h i a n s .  

Pe*wJ (19831, i n  a r e v i e w   o f   a l p i n e   p e r m a f r o s t   i n  
t h e   o o n t i g u o u s   U n i t e d   S t a t e s ,   w r o t e   t h a t   p e r m a -  
f r o s t   e x i s t e d  on M t .  Washington  and,   "also 
p r o b a b l y   o c c u r a   n e a r b y   i n  Mount Katahdin ,   Maine ,  
a n d   b e n e a t h   t h e   o t h e r  New England summits  t h a t  
r i s e   a b o v e   t r e e l i n e .  'I The U.S. Army Cold 
Regions   Resea rch   and   Eng inee r ing   Labora to ry  
r e p o r t s   t h a t   f r o z e n   g r o u n d  was e n c o u n t e r e d   i n  
August i n   h o l e s   d r i l l e d   a t   t h e  summit  (1291 m )  
o f  Sugarloaf   Mountain,   Maine,   and  water   remained 
f rozen   yea r -a round  i n  p i t s   a t   t h e  summit  (Merry, 
1985). 

Thus, a c o n s e n s u s   e x i s t s   i n   t h e   l i t e r a t u r e   t h a t  
p e r m a f r o s t   e x i s t s  on M t .  Washington ,   p robably  t o  
a dep th   o f   abou t  100 m i n  bed rock ,   w i th   an  
a c t i v e   l a y e r   o f   8 - 1 0  m ,  and a mean s u r f a c e  
t e m p e r a t u r e   n e a r  -2.5Oc. P e r m a f r o s t  i s  a l s o  
v s r i f i e d   o n  Mont J a c q u e s - C a r t i e r .  The e x i s t e n c e  
e l s e w h e r e  on t h e   s u m m i t s   o f   e a s t e r n   N o r t h  
America i s  u n c e r t a i n   b u t  will b e   c o n s i d e r e d   i n  
t h e  r e s t   o f   t h i s   p a p e r .  

MAPPING A L P I N E  PERMAFROST 

Harris (1986)  mapped t h e   d i s t r i b u t i o n  o f   a l p i n e  
p e r m a f r o s t   f o r   t h e   e a s t e r n   r a n g e s  o f  North  
A m e r i c f a ' s   w e s t e r n   C o r d i l l e r a s   a n d   p r o v i d e s  
g u i d e l i n e s   f o r   t h i s   t y p e   o f   m a p p i n g .  In 
g e n e r a l ,   d a t a   f r o m   p r e v i o u s   f i e l d   s t u d i e s   a r e  
rev iewed and i q c o r p o r a t e d   i n t o   t h e  new map, w i t h  
. e x t r a p o l a t i o n   h o r i z o n t a l l y   a n d   v e r t i c a l l y   t o  
e s t i m a t e   t h e   e x t e n t   a n d  the lower  limit o f  
permaf ros t .   Da ta  on t h e   o c c u r r e n c e   o f   p e r m a -  
f r o s t  a r e  g e n e r a l l y   a p a r s e   i n   a l p i n e   r e g i o n s  80 
ground   t empera tu re   mus t   be   e s t ima ted   f rom 
c l i m a t i c  and g e o p h y s i c a l   d a t a .  

H a r r i a  (1986) showed t h a t   l a p s e   r a t e s  o f  ground 
t e m p e r a t u r e   w i t h   e l e v a t i o n   v a r y  among d i f f e r e n t  
m o u n t a i n   r a n g e s   a n d   e v e n   l o c a l l y   w i t h i n   t h e  same 
range .  I n  t h e   a l p i n e   r e g i o n   o f   e a s t e r n   N o r t h  
America, a i r  a n d   g r o u n d   t e m p e r a t u r e   d a t a   a r e  



rare so t h e   b e s t   a p p r o a c h   a v a i l a b l e .  i s  t h r o u g h  
c l i m a t i c  e s t ima t ion .  F i g u r e  2 ahowa t h e  
p r o p o s e d   d i s t r i b u t i o n  of a l p i n e   p e r m a f r o s t   i n  
eas t e fn   Nor th   Amer ica ,   based  on t h e   c l i m a t i c  
v a r i a b l e s   d i s c u a s e d   b e l o w .   T h i s  i s  t h e   f i r s t  
e s t i m a t e   o f  i t s  k i n d   f o r   t h e   r e g i o n   a n d   s h o u l d  
be conridered p r e l i m i n a r y ,  t o  b e   m o d i f i e d   a s  
a d d i t i o n a l   d a t a  become a v a i l a b l e .  
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F i g u r e  2.  Summita   o f   eas te rn   Nor th   Amer ica   and  
mean a n n u a l   t e m p e r a t u r e   i s o t h e r m s .   S p o r a d i c  
p e r m a f r o a t  may e x i s t   a b o v e   t h e  O ° C  i s o t h e r m .  
Con t inuous   pe rmaf roa t  i s  l i k e l y   a b o v e   t h e  
-2'C i s o t h e r m .   S e v e r a l   o t h e r  unnamed  peaks 
i n  Newfoundland  are  not  shown. 

C L I M A T I C  DESCRIPTION A N D  ESTIMATION 

C l i m a t e  is t h e   p r i m a r y   E a , c t p r   i n   p e r m a f r o s t  

America  has  a h a r s h   C o n t i n e n t a l   c l i m a t e .  
f o r m a t i o n .  The a l p i n e   r e g i o n   o f   e a s t e r n   N o r t h  

W i n t e r s   a r e   c o l d   a n d  snowy. Summer8 a r e   s h o r t ,  
cool, and  wet. Fog and   s t rong   w inds   a r e  common 

a l l   y e a r .  The o n l y   w e a t h e r   r e c o r d i n g   s t a t i o n   i n  
t h e   a l p i n e   z o n e  i s  a t  t h e  summit o f  H t .  Waaping- 
t o n ,   t h e   h i g h e s t   p e a k   i n   t h e   r e g i o n ,  so moat 
s t a t e m e n t s   o n   t h e   a l p i n e   c l i m a t e , a r s   i n f e r e n c e s  
from M t .  Washington. A summary o f  t h e   c l i m a t e  
o f  a t .  Washington i s  g i v e n   i n   T a b l e  I. P r e v a i l -  
i n g   w i n d s   a r e   f r o m   t h e   w e s t   t h o u g h   t h e y   a r e  
v a r i a b l e   d e p e n d i n g  on t h e   d a i l y   w e a t h e t  s i t u a -  
t i g n .   C l o u d s   e n v e l o p e   t h e   s u m m i t   a p p r o x i m a t e l y  
55% of   t he   t ime   and   w ind   gus t s   exceed  120 km/hr 
on o n e r t h l r d   o f   t h e   d a y e .  The  mean d a i l y  tem- 
p e r a t u r e   r a n g e  i s  7 . 4 O C .  Fog w i t h   v i s i b i l i t y  
l e s a   t h a n  0 . 4  km occul*s   on   313   days   per   year   and  
t e m p e r a t u r e   f a l l s   b e l o w  O°C 243 d a y s   p e r   y e a r  
(NOAA, 1983) .  

The c l i m a t e  of t h e   a l p i n e   z o n e   b e c o m e s  more 
mar i t ime   no r thward   i n   Nor th   Amer ica   due  t o  t h e  
p r o x i m i t y   t o   A t l a n t i c   O a e a n   w a t e r s .   C a s p i   a n d  
the   Long  Range   of   Newfoundland   a re   bordered   on  
t w o   s i d e s  by water. T h e s e   w a t e r a   a r e   f r o z e n   i n  
w i n t e r ,   t h a w   d u r i n g   A p r i l  or May and   remain   co ld  
t h r o u g h  summer, f r e e z i n g   a g a i n   i n   l a t e  autumn. - 
T h u a ,   w h i l e   t h e   c l i m a t e  of  t h e  N e w  York and Ne14 
England  summits is c o n t i n e n t a l   w i t h  a l a r g e  
aeaaona l   r ange   o f   t empera tu re ,   t he   summi t s   o f  
C a n a d a   e x p e r i e n c e   s m a l l e r   s e a s o n a l   v a r i a t i o n s ,  
m i l d e r   w i n t e r s   a n d   c o o l e r   s u m m e r s ,   t h a n   e x p e o t e d  
f o r   t h e i r   l a t i t u d e  a n d   e l e v a t i o n .  Of t h e   L o n g  
Range,  Hare  (1952)  wrote.  "Nowhere e lse  on E a r t h  

t h e   m i d d l e   L a t i t u d e s . "  Compared tu t h e  c l ima te  
d o e s   t h e   a r c t i c   v e r g e   d r i v e  so f a r   s o u t h  I n t d  

o f   a l p i n e   a r e a s  03750 m) i n   t h e  Rooky  Mountains 
o f   Co lo rado   (Bar ry ,   19731 ,   t he   c l ima te  of It. 
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Washington is much w i n d i e r   a n d   w e t t e r   w i t h  
c o l d e r   w i n t e r s   a n d  s l i g h t l y  warmer  summer%. 

L e f f l e r   ( 1 9 E l )   p r o p o s e d   e q u a t i o n s   f o r   e a t i m a t  
mean mon th ly   and   annua l   a i r   t empera tu res   o f  
AppalaDhians  summits ,   based  on known l a p s e  
r a t e s .   L e f f l e r   e s t i m a t e d   t h a t  mean a n n u a l  a i  

i 

r 
t e m p e r a t u r e   d e c r e a s e s  1 .OEOC/'lati tude  northwazd 
and 5.8"C/km i n c r e a s e   i n   e l e v a t i o n .   T h e e e   w e r e  
l a t e r   v e r i f i e d   f o r  a l a r g e r   r e g i o n  by S c h m i d l i n  
(1982) .  The mean annual  a i r  t e m p e r a t u r e  of 
A p p a l a c h i a n   s u m m i t s ,   b a s e d   o n + L e f f l e r ' s   e q u a -  
t i o n s ,   a r e  shown i n   F i g u r e  2. The mean annual  
t e m p e r a t u r e  i s  l i k e l y   t o   h e   w e l l - e s t i m a t e d  by' j 

t h e   e q u a t i o n s   b u t   t h e  maritime moun ta ins   no r th  
o f  47O a r e   l i k e l y  to have a sma l l e r   annua l   , t e rn -  
p e r a t u r e   r a n g e   t h a n   p r e d i c t e d   h e r e .   T h e   t e m p e r -  

t o   t h e  g r a d i e n t  of  6 . I0C/km  from  southern Norway 
a t u r e  g r a d i e n t  w i t h  e l e v a t i o n   u s e d   h e r e  itr c l o s e  

(Green  and  Harding,   1980)  b u t  s m a l l e r   t h a n   t h e ,  
7.B°C/km r e p o r t e d   f o r   t h e   F r o n t  Range o f  , the  
Rocky  Mountains i n   C o l o r a d o   ( I v e s   a n d   F a h e y ,  
1971., F i g .  2 ) .  

Mean a n n u a l   a i r   t e m p e r a t u r e   p r o v i d e s  B widely  " ' 
used  f i r s t  a p p r o x i m a t f o n   t o  limits o f  ,permafrui%t 
o c c u r r e n c e .  The  ,lower a l t i t u d i n a l  limit for  
a l p i n e   p e r m a f r o a t   c o i n c i d e s   r o u g h l y   w i t h   t h e  o',C 
t o  - I 0 c  mean annual  a i r  t e m p e r a t u r e   ( P i w i ,  
1983) .  Brown (1969) n o t e d   t h a t   p e r m a f r o s t ,  
e x i s t s   i n   f a v o r a b l e   a r e a s  a €  e a s t e r n   C a n a d a  , 

where   t he  mean a n n u a l  a i r  t e m p e r a t u r e  i a  n e a r  
O'C due, i n   p a r t ,  t o  t h e  law v a l u e s  ,of summer 
s o l a r  r a d i a t i o n   i n   t h e   m a r i t i m e   c l i m a t e ,  The .,. 

S u g a r l o a f   M o u n t a i n   ( M e r r y ,   1 9 8 5 )   i n d i c a t e s   t h a t  
e v i d e n c e  o f  p e r m a n e n t l y   f r o z e n   w a t e r   i n   p i t a  o'n 

some a l p i n e   p e r m a f r o s t  is l i k e l y   t o   o c c u r .   w i t h  .a 
mean a n n u a l  air t e m p e r a t u r e   n e a r  O'C. L e f f l e r ' s  
( 1 9 8 1 )   e q u a t i o n s   i n d i c a t e d   t h a t   t h e   e k e v a t i o n  of 
t h e   l o w e r  limit o f  p e r m a f r o s t   d e c r e a s e d  by 8 b a u t  
l a 5   m / * l a t i t u d e .   T h i s  i s  more t h a n ,   e a t i m a t s a   o f  
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T a b l e  I. C l i m a t i c   s u m m a r y   f o r  M t .  W a s h i n g t o n  (1909 m )  f o r   t h e   p e r i o d  1951-80 (NOAA. 1 9 8 3 )  

J a n   F e b  Mar  Apr May J u n   J u l  Aug S e p  Oct Nov  Dec Year 

Mean  Temp -14.9  -15.1 -11.1 - 5 . 3  1.3 7.0 9 . 3  8.4 4.0 -0.8 - 6 . 5  -12.7 -3.0 

P r e l ; j p  ( r u m )  1 8 6  203 208  179 1 6 4  179  175 197 182  171  217 227 2284 

Snow (cm) 9 6   1 0 1   1 0 4   7 3  26 3 0 0 4 29 78  107 62 1 

( "  C) 

Wind (km/h)  74  71 6 7   5 9  48 4 4  41 40 46 5 4  63 71 57 

Days  o v e r  19 18  19  18 17 16 17 16   15  15  I 9  20 209 
0.25 m m  
p r e c i p  

80 m / ' l a t i t u d e   f o r   t h e   w e s t e r n   U n i . t e d   S t a t e s  
(P;wi, 1983)  and  90-100 r n / O l a t i t u d e   i n  Asia 
( F u j i i   a n d   H i g u c h i ,  1978) .  T h e   " f r o s t   n u m b e r "  
d e s c r i b e d   b y   N e l s o n   a n d   O u t c a u l t  ( 1 9 8 7 )  i n c o r -  
p o r a t e d   s n o w   p h y s i c a l   p r o p e r t i e s   v t i t h  c l i m a t i c  
d a t a   b u t  i s  u s e f u l   o n l y   o v e r   l a r g e  r e g i o n s  w i t h  
many w e a t h e r   s t a t i o n s .   T h e s e   r e q u i r e m e n t s   a r e  
n o t  met in t h e   a l p i n e   z o n e   u n d e r   s t u d y .  

R a d i a t i o n  i s  o f t e n   c i t e d  as a n   i m p o r t a n t   f a c t o r  
i n   d e t e r m i n i n g   t h e   e x i s t e n c e  of a l p i n e   p e r m a -  
f r o s t .   T h e   a l p i n e   r e g i o n   o f   e a s t e r n   N o r t h  
A m e r i c a  i s  so c l o u d y ,  wet, e n d   w i n d y   t h a t   h e a t  
t r a n s f e r r e d   t o   t h e   g r o u n d  is l i k e l y   t o   b e   n e a r l y  
t h e  same f o r  a l l  a s p e c t s ,   e x c e p t   p e r h a p s  f o r  t h e  
s t e e p e s t   s l o p e s .  

S n o w f a l l   a n d   v e g e t a t i o n   h a v e  a l a r g e   i m p a c t  on  
g r o u n d   t e m p e r a t u r e ,   i n s u l a t i n g   t h e   g r o u n d   f r o m  
t e m p e r a t u r e   c h a n g e s  in t h e  a i r .  A d e e p   e a r l y  
s e a s o n  s n o w f a l l  p r e v e n t s   h e a t  loss f r o m   t h e  

c o v e r  l a t e  i n t o   s p r i n g  br  s u m m e r   p r e s e n t s  a h i g h  
g r o u n d  and  r e d u c e s   f r o s t  p e n e t r a t i o n .  A snow- 

a l b e d o   s u r f a c e ,   i n s u l a t e s   t h e   g r o u n d   f r o m   w a r m e r  
a i r ,  a n d   c o n s u m e s   e n e r g y   i n   m e l t i n g   ( I v e s   a n d  
Fahey ,  1971 ; Achuff   and   Coen.  1 9 8 0 ) .  T h e s e  
f a c t o r s   p r e v e n t   t h e   g r o u n d   f r o m   w a r m i n g   a n d  
m a i n t a i n   f r o s t  i n  t h e   g r o u n d   u n t i l   t h e   s n o w  
melts. T h e   n e t   e f f e c t   o f   s n o w c o v e r  on mean 
a n n u a l   g r o u n d   t e m p e r a t u r e  i s  n o t  wel l  documen ted  
in a l p i n e   r e g i o n s .   T h e   n u m e r i c a l   m o d e l s   o f  
s n o w c o v e r   a n d   g r o u n d   t e m p e r a t u r e   u s e d   b y  Good- 
r i c h  ( 1 9 8 2 )  a r e  i n s t r u c t i v e ,   t h o u g h   s n o w c o v e r  i s  
a s s u m e d   t o   b e g i n   a c c u m u l a t i n g  in e a r l y   S e p t e m b e r  
and t o  melt i n  e a r l y  May, b o t h   o f   w h i c h  a r e  
e a r l i e r  t h a n   r e a l i t y  in m u c h   o f   t h e   a l p i n e   a n d  
s u b a l p i n e   z o n e -   T h e  l a t e r  s t a r t  t o   t h e  snow- 
c o v e r   a n d   l a t e r   m e l t  will l e a d   t o   l o w e r   g r o u n d  
t e m p e r a t u r e s   t h a n   p r e d i c t e d  i n  t h e   G o o d r i c h  
(1982)  m o d e l s .  

T h e   h e a v y   s n o w f a l l   o f   t h e   a l p i n e   z o n e   i n   e a s t t e r n  
N o r t h  America is r e d i s t r i b u t e d   b y   v i o l e n t   w i n t v r  
w i n d s  so t h a t   a c c c u m u l a t i o n  i s  g e n e r a l l y  l e s P  
t h a n  1 m a b o v e   t r e e l i n e   a n d   o f t e n   o v e r  2 m be low 
t r e e l i n e  o r  i n   e a s t - f a c i n g   d e p r e s s i o n s .   I n  
a d d i t i o n   t o   h o l d i n g   s n o w   c o v e r ,   v e g e t a t i o n  
s h a d e s   t h e   s u r f a c e   f r o m  s o l a r  r a d i a t i o n ,   r e d u c e s  
e v a p o r a t i o n ,   a n d   i n s u l a t e s   t h e   g r o u n d   t h r o u g h  
c o n t r i b u t i o n   o f   s u r f a c e   o r g a n i c   m a t e r i a l .   G r a y  
and  Brown (1979)  p r o p o s e d   t h a t   t h e   l o w e r  limit 
o f   p e r m a f r o s t  on Mont J a c q u e s - C a r t i e r  i s  a t  
t r e e l i n e   d u e   t o   t h e   w i n t e r   i n s u l a t i v e   e f f e c t s   o f  
t h e   d e e p e r  snow a c c u m u l a t i o n   b e l o w   t r e e l i n e .  
W h i l e   f r o s t   p e n e t r a t i o n  i s  l e s s  u n d e r   d e e p   s n o w ,  
f i e l d  work on Mont J a c q u e s - C a r t i e r  i n  J u n e  1983 
a n d   1 9 8 6   s h o w e d   t h e   e x t e n t  o f  d e l a y  i n  t haw 
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c a u s e d   b y   l a t e - l y i n g   s n o w   b e l o w   t r e e l i n e .  
F r o z e n   g r o u n d   r e m a i n e d   w i t h i n  0 .1  m o f  t h e  
s u r f a c e  under s u b a l p i n e  t r e e s ,  w h i l e  0.1 m 
g r o u n d   t e m p e r a t u r e   w a s  4°C o n   t h e   s u m m i t   t u n d r a .  
I n   g e n e r a l ,  a s u r f a c e   w i t h   s u b s t a n t i a l   v e g a t a -  
t i o n   a n d   m o i s t  soil w i l l  t h a w   s l o w l y ,   w h i l e  a 
b a r e ,  drier s u r f a c e  warms q u i c k l y  in s p r i n g  and 
summer ( P r i c e ,  1971; B a l l a r d ,  1972) .  Z o l t a i   a n d  
T a r n o c a i  ( 1 9 7 1 )  f o u n d   t h a t   s n o w   c o v e r   w a s   l e s s  
u n d e r  a d e n s e   s p r u c e   f o r e s t   t h a n  in c l e a r i n g s  
b u t   t h e   t h a w e d   a c t i v e   l a y e r  was t h i n n e r   u n d e r  
t h e  t r e e s .  S p o r a d i c   p e r m a f r o s t   o c c u r s   t h r o u g h -  
o u t   t h e   b o r e a l   f o r e s t  o f  t h e   n o r t h e r n   h e m i s p h e r e  
so m i g h t  a l s o  b e   e x p e c t e d   i n   t h e   s u b a l p i n e  
f o r e s t s   w h e r e  a i r  t e m p e r a t u r e  i s  s u f f i c i e n t l y  
low.  Deep  snow may p r e s e r v e   p e r m a f r o s t   i f  i t  
e x i s t s  in t h e   s u b a l p i n e   z o n e .   P e r e n n i a l   s n o w  
d o e s   n o t   e x i s t   i n   t h e s e   m o u n t a i n s ,   e x c e p t   f o r  
s m a l l   s n o w   p a t c h e s   f o l l o w i n g   w i n t e r s   w i t h   h e a v y  
snow or d u r i n g   c o o l   s u m m e r s .   T h e   n e t   e f f e c t   o f  
s n o w c o v e r   o n   g r o u n d   t e m p e r a t u r e  i s  d i f f i c u l t   t o  
assess i n   t h e s e   a l p i n e   r e g i o n s   a n d   n e e d s   f u r t h e r  
s t u d y ,   b u t   t h e   d e e p e r   a c c u m u l a t i o n  o f  snow i n  
t h e   s u b a l p i n e   f o r e s t   d o e s  not seem t o  e l l m l n a t e  
t h e   p o s s i b i l i t y  o f  p e r m a f r o s t   b e l o w   t r e e l i n e .  

CONCLUSIONS 

P r e v i o u a l y   p u b l i s h e d   f i e l d   w o r k   s h o w s   t h a t  

J a c q u e s - C a r t i e r .   E x t r a p o l a t i o n  o f  c l i m a t i c   d a t a  
p e r m a f r o s t   e x i s t s   o n  M t .  W a s h i n g t o n   a n d   M o n t  

a n d   e u p p o r t i v e   e v i d e n c e   f r o m   S u g a r l o a f   M o u n t a i n  
i n d i c a t e   t h a t   p e r m a f r o s t  i s  l i k e l y   t h r o u g h o u t  
t h e   a l p i n e   z o n e   o f   e a s t e r n   N o r t h   A m e r i c a   a n d  
o c c u r s   s p o r a d i c a l l y  down into t h e   s u b a l p i n e  
f o r e s t s   w h e r e v e r   t h e  m e a n   a n n u a l   a i r   t e m p e r a t u r e  
i s  be low O'C.  

T h e   l o w e r  limit o f  s p o r a d i c   a l p i n e   p e r m a f r o s t  i s  
n e a r  1500  m i n  New Y o r k   a n d  New Hampsh i re .  1200 
m i n   c e n t r a l   M a i n e ,  700 m in G a s p i ,   Q u & b e c ,   a n d  
b e t w e e n  200 and  600 m i n   t h e   L o n g   R a n g e  o f  New- 
f o u n d l a n d .   A l D i n e   p e r m a f r o a t  i s  f o r e c a s t   t o  

W h i t e f a c e   i n  New York ,  M t .  L a f a y e t t e   a n d  
o c c u r   s p o r a d i c a l l y   o n  Mt. M a r c y ,   A l g o n q u i n ,   a n d  

t h r o u g h o u t   t h e   P r e s i d e n t i a l   R a n g e   o f  New Hamp- 
s h i r e ,  M t .  K a t a h d i n ,   M a i n e ,   M o n t   J a c g a e s   C a r t i e r  
a n d   a d j a c e n t   p e a k s   i n  Gasp;, Q u b b e c ,   a n d   t h r o u g h  
much o f   t h e   L o n g   R a n g e  o f  Newfoundland.   The 

e s t i m a t e d  a t  1.1 km i n  New York, 20 k m 2  i n  N e w  
t o t a l   a r e a   w i t h   a t  \ e a s t  s p o r a d i c  p e r m a f r o a t  is 

H a m p s h i r e ,  8.6 km' i n   M a i n e ,  1050  krn'in Gaspe', 
and  2700 km' o n   t h e  Long  Range   of  Newfoundland .  



Cont 
summ 

i n u o u s   p e r m a f r o s t  i s  l i k e l y  
i t s  w h e r e   t h e   m e a n   a n n u a l  t 

only 
emper  

o n   a l p i n e  

b e l o w  -2'C. T h i s  i s  e s t i m a t e d   t o   o c c u r   a b o v e  
1770  m on M t .  W a s h i n g t o n .   a b o v e   1 4 7 0  m o n  A t .  
K a t a h d i n ,   a b o v e   8 9 0  m o n  Gaspe ' ,   above  760 m i n  
t h e   s o u t h e r n   p o r t i o n  of t h e  Long Range   o f  New- 
f o u n d l a n d ,   a n d   a b o v e   5 4 0  m i n   t h e   n o r t h e r n  
p o r t i o n  o f  t h e   L o n g   R a n g e .   T h e   a r e a   c o v e r e d   b y  
c o n t i n u o u s   a l p i n e   p e r m a f r o s t  i s  e s t i m a t e d   a t  
1 . 2  km' on  M t .  W a s h i n g t o n ,  0 .8  k m Z  on M t .  K a t a h -  
d i n ,  3 4  kmz on Gasp6, a n d   1 0  km2 o n   t h e  Long 
R a n g e   o f   N e w f o u n d l a n d .   T h i s   p r o p o s e d   p e r m a f r o s t  
d i s t r i b u t i o n  w i l l  b e   m o d i f i e d  as  new d a t a  on 
a l p i n e   c l i m a t e   a n d   g r o u n d   t e m p e r a t u r e   b e c o m e  
a v a i l a b l e   f o r   t h e   r e g i o n .  
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SEASONAL FREEZING OF SOILS IN CENTRAL ASIA MOUNTAINS 
I.V. Seversky' and E.V. Seversky2 

IInstltute of Geography, Kazakh SSR Academy of Sciences 
zpermafrost Institute, Siberian Branch of the U.S.S.R. Academy of Sciences, Yakutsk, U.S.S.R. 

As development of mountainous  areas is being 
carried on, it  becomes  increasingly  important 
to  study the seasonal  variations o f  natural 
processes occurring in mountains,  including 
the  regime  of  freezing  and  thawing of earth 
material a. 

Since 88 early as the  beginning of the 70s 
inveatigations o f  regular  variationa of the 
seasonal.  freezing  in  the  mountains of the BO- 
uth-eastern  part of Kazakhstan  have  been car- 
ried on by  researchers from tho  Permafrost  Tn- 
otitute o f  the  Siberian  Branch of the U.S.S.R. 
Academy of Sciences and the  Institute of Ceo- 
gxaphy o f  the Kazakh SSR Academy of Sciences. 
The  main scope of experimental. work was done 
on the  northward slope of the Zai l i i ak  Llatau 
which - a~l regaxds  its  natural and climatic 
conditions - i s  typical of the North  Tien 
Shan, on the  whole. As far 8 8  other  mountainous 
area8 of the region  (Dzhungar  Alatau,  AZtai, 
the &miss, GSssaro-A$Bi, and  Central  and West 
Tien Shan) axe  concerned,  many years' field 
inveatigationa have been  under  way  almed at 
the study of the  characteristic  properties o f  
the  occurpence o f  cryogenesis  manifestations, 
in conjuhction  with  mapping  and  description of 
cryogenic forms of the  terrain, and incidental 
determinations of the  depth o f  seasonal free- 
zing and  thawing of motley  sediments,  with 
proper account o f  the  height  difference,  expo- 
sure of the  slopes and the  character o f  surfa- 
ce  activity.  The  results  obtained  allow US to 
quantify  the  main  features o f  the  area-time 
variations  in  seasonal  freezing of motley sedi- 
ments in  the  mountains of Central Asia and Ka- 
zakhafan. 

Two  sones are identifiable  in  the  structure of 
geocryological  zonal  cornposition of the  xe- 
gion,  namely  one of  seasonal  freezing  and ano- 
ther o f  perennial  freezing. AB an example, 
B1+g. 1 illustrates  the  structure of geocryolo- 
glcal  zonal composition  typical  of  the North 
Tien Shan, in comparison with the  vertical dis- 
tribution o f  the  types of slope  aurfaces.  The 
lower  boundary of the  permafrost  zone which i s  
traceable along the  occurrence  limit o f  small 
(hundreds or a few  thousands o f  square meterel) 
permafroat islands  lies  at  the  altitude of 

of aeasonally frozen soils (SFY) extends  there, 
1800 111. Below, as down as 1400 m, a sublayer 

wi-th a stable  freezing o f  s o i l s  and earth mate- 
rials  as deep as 1 m on  the  meadow  slope^, a# 
deep BB 2 rn along theedge of wood  stand,  and 
as deep as 4 m on  the acrees. Below 1400 m, a8 
low a8 a nearwnountain  plain,  there irs a sub- 

I.;- 1 4 ' 1 7  

Pig.1 Geocryological  Zonation  and  Types 
of Surface of Zailiisk  ALatau  (North  Tion 
Shan). 1 - Rocka; 2 - Glaciers; 3 - Screes; 
4 - Meadows  and  Steppes; 5 - Juniper  Shrubs; 
6 - Spruce  Forest;  and 7 - Deciduous Po- 
rests and Shrubs. 

layer of unstable, shallowly occurring  seasonal 
freezing notable f o r  the  smallest  depth or 
freezing  (norntally less than 50 crn on  the mea- 
dow slopes)  as  well as f o r  the  unstable  charac- 
ter of soil  freezing on the  southward slopes. 

A very  common typical feature i s  the i-ncrsaee 
in  depth of SeaSOnQX  freezing of soils and  of 
the degree o f  theis  ice  cementation  with an in- 
crease  in  abeolute  altitude.  Under  the  Iiorth 
Tien Shan  conditione and with a usual anowme- 
teorological  regime,  the  depth of seasonal free- 
zing o f  soils ,on  the  turf-covered meadow 3x0- 
pea a8 high as 2600 to 2700 rn increases l i n c a r -  
ly with  a  mean  vertical  gmdj,ent o r  about 
6 cm/100 m (Plg. 2). A stable  snow  covey here 

ovez,l ies a  comparatively  warm s o i l .  The substan- 
tially  greater  snow  accumulation, colrlbined with 
a  negligible  wind  redistribution o f  snow and. 
the  evolution  of the snow thickneaa  according 
to the type of  loosening  (Seversky and Blugove- 
ahchensky, 1983) are responsible  for the persia-  
tence oi high heat inaulatlon  properties of the 
mow cover. Ae a result, on snow-covered meadow 
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Fig.2 Snow Cover Height (h) ,  Sums o f  Sub- 
zero A i s  Temperaturee ( I  - to )  and Depth o f  
Seasonal Thawing o f  S o i l s  (5) as a Function 
of Absolute  Altitude (H) and Terx*aSn con- 
d i t i o n s  on the  Northward Slope of Zailiisk 
AlAlatsu. 
1 - Meadow-Steppes on Southward Slopes; 
2 - Meadow8 on  Northward Slopes; 
3 - Meadows on East- and Westward Slopae; 
4 - Juniper  Shrubs; 
5 - Areas below Crowns of a Spruce  Forest; 
6 - Exposed Large-Sized  Debris  Sediments. 

alopea as high as t h e   a l t i t u d e s  of 2500 to 

ly l e  omall (30 - 100 cm) and the  s o l l s  a r e  
2600 m ,  the  depth o f  f reez lng  of soils general- 

a b l e , t o  thaw out during warm, snow-abundant 
winters by the  end of a cold  period. 

.Above 2700 In the  above-mentioned ve r t i ca l   g ra -  
dient   inareasea ,abruptly (more than twice) 
(Fig. 21, with an at tendat ,   substant ia l   incseo-  

ground. Such  changes a r e   a t t r i b u t a b l e ,  SFrrrt, 
se of the  degree o f  ice  cementation of frozen 

t o  t h e   f a c t   t h a t ,  as the   high-al t i tude zone is 
approached, the mechanical  composition o f  mot- 
ley sediments   aharply  increases   in  i ts  con- 
t e n t  of coarse componanta (Fig. 1)  and there  
ia ,   therefare ,an   increase  o f  the  degree of 
t h e i r  auturun-wintertime cooling. Moreover,  due 

winter ,  high a l t i t u d e s  - as l a t e  as the   spr ing  
t o  the decrease of the condensation l e v e l  i n  

nc t lva t ion  of the  cyclouea - experience a aub- 
s t a n t i a l l y  smaller amount of downfall al COII- 
pared  with  mid-alt i tudes;  at the  same time, 
there  is a sharp increaae i n  a c t i v i t y  of the  
wind-induced r e d i s t r i b u t i o n  a f  snow, which gi- 
ves s i s e  t o  an increase  in   spat ia l   inhomogenei ty  
of the *pow cover and its evolut ion  according 
to   the  type of so l id i f i ca t ion ,   w i th  an approp- 
r l a t e  decrease i n  the   hea t   insu la t ion  psoper- 
t i e s  o f  the  snow. Taken together  this r e s u l t s  

the  depth of seasonal f reezing  af  so118.at 
in an  abrupt  increase o f  ver t i ca l   g rad ien t s  of 

high a l t l t u d e s ,   w i t h  a simultaneous  increase 
of the  degree o f  i c e  crmontation of ProZen 

soils. 

The di f fe rences   in   the   degree  of grout ing of 
aeasonally  frozen, soils are s o  s ign i f i can t   t ha t  
t he   a t ruc tu re  o f  the high-al t i tude goocryologi- 
ca l   zona t ion   in  the Central  Asia and Knzakhs- 
tan  mountains  clearly shows a sublayer of deep, 
in tense  seasonal freezine;,  with  permafrost is- 
lands  occurr ing  there  (Pig.  1) .  Depending on 
the   o r i en ta t ion  of the  slopes,   the  mechanical 
composition of motley  cover  formations, and. on 
the charac te r  of the vegetat ion,   the   depth of 
seasonal   f reez ing   here   var ies  from 0.1-1.5 m 
t o  3-4 m and  merges within  coarse-debris lay- 
ers   toge ther   wi th  the  permafroat  roof. The de- 
gree o f  grautinlg of frozen soils here i s  so 
high tha t  t h e y   p e r s i a t   i n  a f rozen,  water-im- 
permeable s t a t e  as l a t e  aa the  thawing-away of 
the  seasonal m o w  coyer,   thus  giving rise t o  
the  formation of water-snow flows and spring- 
t tme  f lash  f l o o d s  cloeely  associated with the 
temperature  regime  and  the  well-defined diurnal 
run-off  corresponding  to the var l a t ions  of air 
temperature and cloudinaaa (Sosedov, 196'7, and 
others).  Determining  the  boundary above which 
&oils during  an  intensive snow thawing  remain 
i n   t h e  f rozen ,  water-impermeable statg, has 
impor tan t   p rac t ica l   impl ica t ions ,   in   par t icu lar  
when s c i e n t i f i c  and applied problems of hydro- 
logy and glaciology  are  being  addressed. 

The overwhelming m a o r i t y  of mountain  basins 
lacks observat ional   data ,  I n  order t o  determi- 
ne t h i s  boundary. Nevertheless,  i t  has become 
poss ib le   to  do t h i s  on the   bas i s  o f  conjugate 
analyais of 8. run-off hydrograph for mountaino- 
ua r i v e r s  and curves f o ~  t h e   d i s t r i b u t i o n  of 
f a i l u r e   p e r i o d s  of  a s t a b l e  snow cover as R 
func t ion  o f  a b a o l u t e   a l t i t u d e  (T.V.Sevarsky and 
E.V.Seversky, 1986) - the   abmpf   increase   in  
water  flow o f  t h e   r i v e r s  at  the  beginning of 
the springtime flash f lood and the  appearance 
of typ ica l   cont ras t s   on   the   d iurna l  run-off 
hydrograph  coincide i n  time  with  the onrret of 
an  intenaiva snow thawing i n   t h e   p a r t  of the 
baein where the s a l l s  ape water-impermeable a8 
a r e a u l t  of  a deep, in tens ive   f reez ing  and, tho- 
xafore, most of melt snow water and atmospheric 
p rec ip i t a t ion  of tha t   per iod  run off  over a 
frozen  surface and en te r s   i n to   t he  mouth net-  
work with minimum regulation.  Appropriate de- 
t e rmina t iom were made f o r  t yp ica l , r i ve r   bas ina  
o f  Central  Asia and Kazakhntan. The r e s u l t s  ob- 
tained formed the  basis f o r  construct ing a sche- 
matic map f o r  t h e   a r e a   d i s t r i b u t i o n  of deep sea- 
sonal f reez ing  of soils (Pig. 3 ) .  

According.to  these remits, areas of deep aeGs0- 
nal freezing most commonly occur on the  Pamirtl 
and Ccntral  Tian Shan. The a l t i t u d e   p o s i t i o n  o f  
the  lower  boundary of the  subzone of deep se8- 
aonal freezing c l e a s l y  shows the   d i f fe rences  i n  
snow content far d i f f e r e n t   a r e a s  - with other 
conditione  being equal ,(geogTaphic l a t i t u d e ,  
re la t ive  constancy of the  geological subs-hate), 
in regions with smaller amounts of anow t h i s  
boundary l i e s   u t  a lower hypsomEtric leveL. 

Tho foregoing  features  of the ves-t;ical d i s t r i b u -  
t i o n  of the depth and degree o f  seaaonnL f ree-  
z i n g  o f  soils charac te r ize   the  main regular  VR- 
r i a t i o n  of t h e   s p a t i a l   d i s t r i b u t i o r i  of SF5 i.n 
the  mountains of Central Asia and Kazakhstan, 
as i s  the   case  with  other   intracont inentnl  nlouh- 
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Pig.3 Scheme Showing t he  Occurrence o f  Axeas of Deep 
Seasonal Freezing of Soils i n  the Mountains o f  Central 
Aeia and the  south-Eaaat of Kazakhstan. 
1 - Areas o f  Deep Seasonal lkeezing of  Soi l s ;  
2 - Major Ridges and Watersheds; 3 .. Hydraulic Network 
4 - Boundam of t he  Subaone of Deer, Seasonal-Weezing; 

: 

tanous  regions o f  Eurasia. In   each   par t icu lar  
r e g i o n   t h i s   r e g u l a r i t y  is overlapped by the  in- 
fluence of regional and zonal  factors.  The most 
s ign i f i can t  of them ase the   o r ien ta t ion  of mao- 
roslopes of the  r idges  with  respect  t o  the win- 
ter-dominating  directien o f  atmoqheric  moistu- 
r e  t ranspor t  and the  region 's   posi t ion  with 
respect   to   the  per iphery of a mountainous coun- 
try. The f ac to r s  are both  manifested  in  ( typi-  
cal of  mountainsj   contrasts of anow abundance 
which ult imately  determine the inter-regional  
d i f fe rences  i n  the  depth of seaaonal  freezing. 

A moat common featuxe of t he   a r ea   va r i a t ions  
i n  snow abundance i s  the   increase of t o t a l  
snow accumulation i n  going from intra-mountain- 
o w  regions  to  the  periphery.  On the  perlphery 
of  rnountainoua regions, however, maximum mow 
abundance i e  cha rac t e r i s t i c  for r ive r   bas ins  
s i t ua t ed  on macro-dopas of weatward and  south- 
westward exposure, namely the   southw~rd   s lope  
o f  the G;lesarsky ridge, the  b a i n s  of the 
Pskem, Akhangaran and Boldybxek rivers (West 
Tien Shan), liiaillsu, Kugart  and Yaasy (Fergans- 
ky r i d  e ) ,  Chizhe, Kora and ICoksu (Dzhungar 
Alatauy and Uba and U1 'ba ( k l t a i )  As a r e s u l t  
of the  increased snow abundance, the soils be- ~ 

r e  f reeze  t o  a smaller depth and general ly   get  
unfrozen  reaching  the  water-pameable state 
before the  beginning of the  springtime B ~ O W  
thawing. Lacro-slopes o f  northward  ridges on 
thc  periphery o f  tnountainbus countr ies ,  how- 
ever, present a s igni f icant ly   smal le r  amount of 
snow as compared with  the above-mentioned re- 
gions on the  western  periphery of  the  mountains, 
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though  they  differ  from intra-mountainous xe- 
gione by a aubatan t ia l ly  'Larger snow accumula- 
tion. The emallest amounts of snow w e  encoun- 
te red  in intra-mountainous areas (Central Tien 
Shan  and the   Emtern  Pamirs) as well as basins 
of rivers on macro-slopes of peripheral   r idges 
o f  eastward  expoaure (Rgaity i n  Dzhungax Ala- 
tau,   and  Chilik,  Khasan and Sunlbe i n  *he North 
Tien Shan,hllountaina). It is theae regions 
which are notable fo r  the maximum depth of a&- 
eonal  freezing and for   the   l a rges t   d ivers i ty  
o f  cryogenesis (Gorbunov, 1974; 1978; Gorbunov 
ana Yeversky, 1979). 

The foregoing main regular   fea tures  of th6 spa- 
t i a l  d i s t r ibu t ion  o f  the  depth and degree of 
seasonal  freezing  in  the  mountains i n  each pnr- 
t i c u l a r  baljin are  complicated by tho  well-defi- 
ned con t r a s t s  caused by the  influence of l o c s l  
factoxs,   the  main of which a re  the exposure of 
the  s lopes ,  the  compoaition and water-physical 
p roper t ies  of s o i l s ,  the  character of the vege- 
tation and the a s soc ia t ed   d i f f e rences   i n  alt-i- 
tude and thermal  properties o f  the  enow cover. 

With other  conditions being equal,   the c o a r s e r  
the  mechanical  compoaition o f  motley formutions,  
the deeper and stronger  cooling  they are sub- 
jected  to .  Thus, in the  mid-altitude zone of 
Zailiiek hla tau  on snow-covered meadow slopes 
with a well-devaloped so i l   cover ,  the mnxjmum 
depth of seasonal penetrat ion o f  the zerw i s o -  
therm does normally  not  exceed 1.0 I n .  Even wi- 
t h in  the turf   horizon tt r e l a t i v e l y  high tempe- 
r a tu re  (from -1 t o  - 3 O )  i s  maintained  through- 



ou t  the  ent i re   win ter   per iod ,   whi le   abrupt ,  
i n t e r d i u r n a l  air t e m p e r a t u r e   f l u c t u a t i o n s ,   i n  
the  absence o f  snow cover ,   have  effect  on t h e  
thermal  regime of the   upper   l ayer  of s o i l   , o n l y  
(40 t o  50 cm). Under t h e  same condi t ions   wi th in  
la rge-s ized   debr ia  scree and c o l l a p s e   l a y e r s ,  
i n t e r d i u r n a l  air  tempera ture   f luc tua t ions   pene t -  
r a t e  as deep as 2.0 ni. Due t o  low  heat  cnpaci- 
t y  o f  crushed-stone  sediments ,   the   surface tem- 
p e r a t u r e  of a scree,  even  below a snow cover 
88 t h i c k  as 20 t o  30 cm, is a b l e   t o  drop as low 
as minus 15 t o  20° and, throughout   the  winter ,  
remains  several   t imes as low as compared with 
the  temperature  on a turf-covered s lope .  A s  n 
r e s u l t   o f  this, the   depth   o f   f reez ing  of coar- 
se-debris  layers here  reaches 5 m or more,  whi- 
Is above 1800 m these  sediments  produce  short-  
term  permafroat  and  permafrost   islanda. 

Exposure  contraeta  o f  mow abundance  depend on 
t h e   t o t a l  snow accumulated,and  on  the  average 
fpr the  mountains o f  C e n t r a l  Asia and  Kazakhs- 
t un   a r e   cha rac t e r i zed  by r e l a t ionsh ips   p reeen-  
t Q d  in Table I. 

The vegeta t ion   has  its e f f e c t  on the  regime 
a n d   d i s t r i b u t i o n  of t h e  anow c o v e r   i n   ( t y p i c a l  
of mountains) sharp c w n t m s t s  o f  the   depth  of  
f rozen  eoils on s lopes  with a d i f f e ren t   cha rac -  
t e r  of the  vegetation.  According t o  r e s u l t a  o f  
many years of spec ia l -purpose   inves t iga t ions  
i n  the  North T i e r 1  Shan Kountains,   the influence 
of the  kind  of   vegetat ion upon t h e   d i s t r i b u -  
t i o n  of accumulated snow is c h a r a c t e r i z e d  by 
r e l a t ionsh ips   p re sen ted   i n   Tab le  2. 

Such a nonuni form  d is t r ibu t ion  of snow coves 
r e e u l t s  i n  s h a r p   c o n t r a s t s  of the   depth   and .&-  
gree  of freezing o f  s o i l s  on t h e  slopes with  tt 
d i f f e r e n t   c h a r a c t e r  o f  t h e   v e g e t a t i o n  (Fig. 2 ,  
Table 3 ) .  

Aa is apparent  i n  Pig. 2 ,  with a general incre- 
a s e   w i t h   a l t i t u d e  of the   depth  of f r e e z i n g ,   t h e  
i n t e n s i t y  of t h i s   p r o c e s s   i e   s u b s t a n t i a l y   d i f -  
f e r e n t  on the slopea  with 8 d i f f e r e n t   c h a r a c t e r  
of the   vege ta t ion   and  is a maximum within  coar-  
s e -debr i s   l ayem o f  scree and co l l apse   s ed i -  
ment s . 

TABLE I 
Coordinates of t h e  Dependence5 of t h e  Exposure C o e f f i c i e n t  of 
Snow Abundance ( K  ) on t h e  Amount of  Water  Accumulated i n  t h e  

Snow Cover on Noxthwwd  Slopes (Wc) 

Or i en ta t ion   va lue  o f  K f o r  anow accumulation (ifc, mm) 
o f  

slopes 100 200 300 400 500 550 600 650 

Southward 0.10 0.26 0.43 0.60 0.75 0.92 0.90 0.98 
East- and 
westward 0.55 0.63 0.71 0.80 0.87 0.91 0.95 0.99 

According t o   t h e s e   r e s u l t s   ( T a b l e  I) ,  wlth an 

ned c o n t r t l a t s   g e t   r a p i d l y  smoothed ou t  and 
i n c r e a s e  i n  snow abundance,  the  above-mentio- 

when Vic a 600 t o  650 mm t he   i n f luence  of t h e  
o r i e n t a t i o n  becomes sma l l e r   t han   t he   e r ro r s  i n  
measuring  the snow accumulated. 

It is t h e   d i f f e r e n c e 8   i n  snow abundance  which 
determine  the  exposure  contrasts  of t he   dep th  
and  degree of seasonal   f reez ing  of s o i l s .  Under 
the   cond i t ione  of the  medium-altitude  zone  of 
North Tien Shan, with a ernall d i f f e r e n c e   i n   t h e  
h e i g h t  o f  t h e  snow cover, t h e   d i f f e r e n c e s   i n  
the  depth  and  degree of f r e e z i n a  o f  s o i l s  on 
t h e  meadow s l o p e s  and sotls s i m i l w  ill steep- 
ness  and  mechanical  composition  but  diametri- 
ca l ly  o p p o s i t e   i n   o r i e n t a t i o n ,   a r e   n o t   s i g n i -  
f i c a n t .  

Under  normal condi t ians ,   however ,   the   he ight  
and   the   dura t ion  of p e r s i s t e n c e  of the  snow 
cover on northward  s lopes  ,are   a ignif icantLy 
Iaxgcx' QB cotnpared wl.th southwasd  slopes (Tnb- 
IC 1.); t h e  tstoperature  regime of thej.1. s o i l 0  
and the   depth  of freezing a x e   a u b s t n n t i a l l y  
dj .ffc:wnt.  
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Let   us   summarize  the  foregoing  discussion.  

While r e f l e c t i n g   t h e   ( t y p l c n l  o f  mwuntninsj 
a l t i tude-exposure  zonat ion o f  n a t u r a l   f a c t o r s ,  
the  depth  and  degree o f  seasonal  f reez ing  of 
soils i n   t h e  mountailla  of  Central Asia and Ka- 
zakhstan undergo  regulaf   var ia t ions over t h e  
arm. A gradual   incroase  i n  the   dep th  of f ree-  
z ing ,   w i th   an   i nc reaso  of t he   abso lu t e  altitu- 
de under   condi t ions of a medium-altitude  zone, 
is rep laced  by an ab rup t   i nc rease  i n  the   i n t en -  
s i t y  of the   p rocees  as well  as t h e  decree o f  
g r o u t i n g  of f r o z e n   s o i l s  w i t h  i c e  as the   high-  
a l t i t u d e  zone $8 approached. The s t r u c t u r e  of 
geocryological a l t i t u d e   z o n a t i o n   c l e a r l y  shows 
a subeone of deep seasonal f r e e z i n g   i n  which 
t h e  soils are water-impermeable as l a t e  ae t h e  
thawing-away of the  seasonal   cover  as B conse- 
quence of s t r o n g  i c e  grout ing .  This predeternli-  
nes   the   format ion  of d e s t r u c t i v e  water-and-snow 
flows ae wel l  as hlgh f loods  In s p r i n g ,  with 
ab rup t   d i f f e rences   du r ing  24 hours. 

The a l t i t u d e   z o n a t i o n  of t he   dep th  urd churac- 
ter'of seasonal   fxeezing i.s everywhere c0nlpI.i- 
ca ted  by e f f e c t s  of reg iona l ,   zona l   and   loca l  



TABLE 2 ' 

Coordinates  o f  t h e  Dependence o f  .the Coeff ic ien t  of Snow Abunduacc K 
on  the Amount of Water  Accumulated in t h e  Snow Cover 011 a Itlendow 

s lope  (w, mm) 

Closeness Water abundance o f  snow cover (id, mm) 
O f  

&owns 50 100 '150 200 250 300 350 400 450 500 

0.16 0.33 
0.0'( 0.20 
0.00 0.08 

0.10 0.52 
0.00 0.3s 
0.00 0.18 

0.55 0.78 
0.28 0.50 
0.12 0.26 

c o  

0.45 
0.2-f 
0.15 

D C  

0*'77 
0.51 
0.37 

B X  

0.92 
0.63 
0.37 

n l f e x o u s  
0.53 0.60 0.65 
0.35 0.40 0.45 
0.20 0.24 0.27 
c i d o u a  S o  

0.6'7 0.78 0.88 
0.93 1.00  1.00 

0.51 0.61 O.'lO 
W S ~ W O O ~  

1.00 1.00 1.00 
0.69 0.78 0.85 
0.43 0.50 0.54 

f o r e s t  

r e s t  
1.00 1.00 1,oo 1.00 
0.98 1.00 1,OO 1.00 
0.'7'1 0.83 0.90 0.96 

0.90 0.95 0.98 1-00 
1.00 1.00 1,oo 1.00 

0.60 0.63 0.6'7 0.72 

Kote: K s e p r e s e n t s  the r a t i o  o f  the  water  accuniulated i n   t h e  snow 
coves on a s lope  with  a given type of v e g e t a t i o n   t o  that in 
the anow cover  on a meadow s l o p e ,  with t h e  absolute a l t i t u d e  
an8 s lopes '  exposure beS.np; t h e  same. 

P 

TMLE 3 

C h a r a c t e r i s t i c s  of Seasonal   Freezing of S o i l s  on Slopes with a D i f f e r e n t  
Character  of the  Veget$t ion (as DBducbd Prom Observations of the  SLopeu 
Sloae i n  O r i e n t a t i o n  and Abso lu te   A l t i t ude   i n   t he  B. Almtltinka River 

Basin i n  1974-1975) 

Type of vegetatiori  ClosBnese Wean in- Depth of L a w t h  Nurnber of days 
of crown# t ens i ty   pene txa -  of wi th   f rozen  

of f ree-  t i o n  of f r o s t  ground a f t e r  
zing, the zero  period,thawing: o f  soil 
cm/dny isotherm  days  on a meadow 

s lope  

Subalaine meadow 0.9-0.8 110 190 
High-hl lness   coni -  

f e r o u s   f o r e s t  1 .o 1.8-1 e 9  300 220 45 
Archevnlks 1.0 1.5-1 e 6  240 240 60 

f a c t o r s ,  whose inf luence  upon t h e  processes 
considered is, ult imately,   manifested  through 
c o n t r a s t s -  i n  the  amounts o f  enow accumulated. 
These alIlQUIItS &re de termined   la rge ly  by t h e  
o r i e n t a t i o n  of macro-slopes, t h e   p o s i t i o n  o f  
a' region with   reapec t  t o  the  pexi.pheay o f  II 
mountainous country, exposure of tWe s l o p e s ,  
and by t h e  type o f  vegetat ion.  The c o e f f l c i e n t s  
of snaw abundance  determined here permit   these 
d i f f e r e n c e s  t o  be taken i n t o  accouilt with high 
confidence.  

The foregoing t e r r i t o r i a l   d i f f e r e n t i a t i o n  o f  
snow abundance, i n   con junc t ion  with the' ( t y p i -  

c n l  o f  mountains) cont ras t  of the th ickness  
and rnachanical  composition of soils, fyugmen- 
t a r y   d i s t r i b u t i o n  o f  the  typoa o f  vege ta t ion  
and terrains, on the  whole,  are respons ib le  
f o r  the extremely  nonun~form  charucter  of the  
depth and degree of seasonal l ' rsezing OS rnot- 
Ley cover  formations.  

The re la t ionships   de te rmined  here hare  been _., 
used t o  estirnatc t he  t e r r l t o l ) i a : l  d i f f e l . en t i a -  
tion of the   degree  and depth of neasonal f r c c -  
zing i n  nxeus not  s tud ied   prev ious ly  us well 
as f o r  cornpiling  geocxyologicnl maps of  d j f ' f c -  
r e n t  s c a l e s  and  purposes. 
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SYNOPSIS A u t h o r s   r e p o r t   t h e   e x i s t e n c e   o f   a l p i n e   p e r m a f r o s t  a t  M t .  T a i s e t s u ,   c e n t r a l  
Hokkaido i n  n o r t h e r n   J a p a n .  The l o c a t i o n s  of p e r m a f r o s t   o c c u r r e n c e  are f l a t  summits above   t imber  
l i n e  (1500m  above sea l e v e l ) .  C o n t i n u o u s   m o n i t o r i n g   o f   g r o u n d   t e m p e r a t u r e   p r o f i l e s   g i v e s   t h e  mean 
a n n u a l   t e m p e r a t u r e   g r a d i e n t s   i n   s o i l   l a y e r s .   T h e   e x t r a - p o l a t i o n   o f   t e m p e r a t u r e   g r a d i e n t  t o  t h e  
f . r o z e n   l a y e r s   i n d i c a t e s   t h a t   t h e   p e r m a f r o s t   t a b l e  i s  l o c a t e d  a t  550cm d e p t h .  Active f r o s t   c r a c k s  
o n   t h e   q r o u n d   s u r f a c e  were o b s e r v e d   o n   t h e   f l a t   s u m m i t s .   T h e   i n c r e a s e   o f   t h e   w i d t h   o f   f r o s t   c r a c k s  
were r e c o r d e d  a s  I c m  i n  one w i n t e r .  No ice r e m a i n e d   i n   t h e   c r a c k s .   T h e   p a l s a s  were formed a t   t h e  
area w h e r e   c o n s i d e r a b l e   d e p t h  o f  p e a t  was d e p o s i t e d .   F r e e z e - t h a w   c y c l e s   i n   a c t i v e   L a y e r s   r e s u l t e d  
i n   f o r m a t i o n s  of s o r t e d  circles a n d   o t h e r   s o r t e d   f e a t u r e s   o n   t h e   g r o u n d   s u r f a c e .  

INTRODUCTION  LOCATION AND PHYSICAL  ENVIRONMENT OF 

Many r e s e a r c h e r s   s t u d i e d   t h e   p e r i g l a c i a l  
phenomena  on M t .  T a i s e t s u ,   t h e   h i g h e s t   p e a k   i n  
H o k k a i d o   n o r t h e r n   J a p a n .   E s p e c i a l l y   o c c u r r e n c e  
o f   s o r t e d  c i rc les  w i t h   d i a m e t e r   o f  2m or l a r g e r  
were r e p o r t e d  a t  many l o c a t i o n s   w i t h   o t h e r  
s o r t e d   f e a t u r e s   a n d   e a r t h  hummocks.  Koaze 
( 1 9 6 5 )   r e p o r t e d  some n e t w o r k   p a t t e r n s  on t h e  
g r o u n d   s u r f a c e  oi' t h e   f l a t  summit area. These 
p a t t e r n s  are similar i n   s h a p e   a n d   s i z e  t o  t h e  
tundra   po lygon   wh ich  i s  g e n e r a l l y   o b s e r v e d   i n  
c o n t i n u o u s   P e r m a f r o s t   r e g i o n s   w i t h   f o r m a t i o n s  
of   ice-wedges.   Suzuki   and  Fukuda  (1   968)  
i n v e s t i g a t e d   t h e   s o r t e d  circles a n d   n o t e d   t h e s e  
p e r i g l a c i a l   f e a t u r e s   i n d i c a t e d   t h e   e x i s t e n c e   o f  
p e r m a f r o s t   o n  M t .  Taisetsu.  Fukuda  and 
K i n o s i t a ( l 9 7 4 )   f i r s t   r e p o r t e d   t h e   e x i s t e n c e  o f  
p e r m a f r o s t   a t t h e   f l a t  summit area. They  found 
t h e   p e r m a f r o s t   b y   b o r i n g  test  a n d   o t h e r  
g e o p h y s i c a l   i n v e s t i g a t i o n s .  The a n n u a l  mean 
t e m p e r a t u r e  was e s t i m a t e d  a s  -3.2'C a t  t h e  
a l t i t u d e   o f  2000m. They a l so  e s t i m a t e d   t h e  
p e r m a f r o s t   t a b l e  a s  a b o u t  6m d e e p  or  more. 
However, b o r e   h o r e   d i d   n o t   r e a c h   t h e   b o t t o m   o f  
p e r m a f r o s t   l a y e r s .   F u k u d a ( 1 9 7 6 )   r e p o r t e d   t h e  
c r o s s - s e c t i o n a l   s t r u c t u r e   o f   c r a c k s   w i t h  
p o l y g o n a l   p a t t e r n s   w h i c h   p r e v i o u s l y  were 
r e p o r t e d  by K o a z e ( 1 9 6 5 ) .  He s u g g e s t e d   t h a t  
t h e s e   c r a c k s  were f o s s i l   i c e - w e d g e  o r  ice- 
wedge ca s t .  

P r e v i o u s   r e p o r t s   o n   p e r m a f r o s t  o n  M t .  T a i s e t s u  
were m o s t l y   d e s c r i p t i v e   a n d   n o   c o n t i n u o u s  
o b s e r v a t i o n s  of t e m p e r a t u r e   p r o f i l e s  of 
p e r m a f r o s t  were a t t e m p t e d   b e c a u s e   o f   s e v e r e  
c l imat ic  c o n d i t i o n s   i n   w i n t e r .   P r e s e n t  
a u t h o r s   h a v e   c a r r i e d   o u t   t h e   f i e l d   i n v e s t i g a -  
t i o n s   i n t e n s i v e l y   e v e n   i n   m i d - w i n t e r   a n d  
m o n i t o r e d   c o n t i n u o u s l y   t h e  a i r  and   ground 
t e m p e r a t u r e s   s i n c e   1 9 8 4 .   N e c e s s a r y   a t t e m p t s  
were made t o   e s t i m a t e   t h e  c l imat ic  c o n d i t i o n s  
o f  p e r m a f r o s t  by  means  of new1.y d e v e l o p e d  
d e v i c e s   w h i c h   w a s   e n a b l e  t o  o b t a i n   d a t a   u n d e r  
s e v e r e  c l imat ic  c o n d i t i o n s   f o r  a l o n g   d u r a t i o n .   F i g .  1 .  1 , o c a t i o n  Map of M t .  T a i s e t s u ,  

MT. TAISETSU 

Nor the rn   J apan  
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M t .  T a i s e t s u   l o c a t e d   i n   t h e   c e n t r a l   p a r t  o f  
Hokkaido (Fiq.1). M t .  T a i s e t s u  is composed of 
var ious   vo lcanos  w i t h  d i f f e r e n t   g e o l o g i c a l  age 
of a c t i v i t i e s .  T h e  hiqhest   peak i s  M t .  
Asahidakc w i t h  e leva t . ion  of 2290111 above sea 
l e v e l .  The o v e r a l l   s h a p e  of composed volcanos 

which bedrocks   a re  p r o p i l i t e   a n d  s h a l e  of 
i s  a l a v a  pl.ateau w i t h  s c a t t e r e d  cones ,  of 

u p p e r   T e r t i a r y   d e p o s i t s .  These bedrocks   a re  
covered w i t h  lava  and tYelded t u f f   i n   a g e   o f  
P l e i s t o c e n e  And Holocene.  These  volcanic  f low 
d e p o s i t s  formed f l a t  t a b l e   s h a p e  of c e n t r a l  
mountain  abat t ing  the  bedrocks  and the a l t i t u d e  
i s  ranging  from  1700 t o  2100m. Rivers   e roded  
l ava   p l s t eau , and   deve loped   deep   va l l eys   and  
s t e e p  c l i f f s  wi th   he igh t  of 300m o r  more. On 
t h e s e   s t e e p   c l i f f s ,   c o o l i n g  joints of Andes i te  
were'well developed. The l a r g e   s c a l e   l a n d  
s l i d e s  and  rock f a l l s   f r e q u e n t l y   o c c u r r e d   a n d  
formed c h a r a c t e r i s t i c   l a n d   f o r m s   o f   t e l u s  
d e p o s i t s .  

The p r e s e n t   t i m b e r   l i n e  is located  below 1500m. 
The most of f l a t  summits a r e  above t h e  timber 
l i n e   a n d   a r e   p a r t i a l l y   c o v e r e d   w i t h   c r e e p i n g  
pine  and meadow p l a n t s .  Widely d i s t r i b u t e d  
f l a t  summits a r e a s  are s u b j e c t e d   t o   s e v e r e  
p r e v a i l i n g   w i n t e r  w e s t e r l y  wind  and no 
v e g e t a t i o n s  are covered there. F l a t  summits 
a re   mos t ly  snow free dur ing   win ter   wind .  Under 
t h e s e   p h y s i c a l   c o n d i t i o n s ,   v a r i o u s   p e r i g l a c i a l  
phenomena are well deve loped   ove ra l l  on the 
f l a t  summit a r e a s .  The  ave rage   he igh t  of f l a t  
summits i s  about 2000m. The f l a t  summits 

M t .  Hakuundake  (2230m) have a d i r e c t i o n  of 
laying  between M t ,  Chubetudake  (1963m) and 

s o u t h   t o   n o r t h .  A t y p i c a l   c r a c k   p a t t e r n  on 

Hakuundake  and M t .  Kufodake there l a y   f l a t  
the  ground  surface  was  reported  between M t .  

summits and  marked as  p o i n t  A i n  Fig.1. Many 
p a l s a s  are observed i n  mires on t h e  f l a t  
summits  (point B i n   F i g .  1 ) .  

A s  no   wea the r   s t a t ion  was i n s t a l l e d  on M t .  
T a i s e t s u ,   c l i m a t i c   c o n d i t i o n s   s u c h   a s  mean a i r  
temperature   and  ground  temperature  were n o t  
a v a i l a b l e .  Fukuda ( 1  9 7 6 )  e s t ima ted  the mean 
a n n u a l   a i r   t e m p e r a t u r e   a t   t h e   e l e v a t i o n  of 
2000m as -3.2'C by l i m i t e d  number o f   ob ta ined  
d a t a   d u r i n g  summer and f a l l   b a s e d   o n   e x t r a -  
p o l a t i o n  from the  n e a r e s t   w e a t h e r   s t a t i o n .  The 
a u t h o r s   i n s t a l l e d  newly  developed  devices   for  
d a t a   c o l l e c t i o n  w i t h  b a t t e r y  power supply .  By 
these   measu r ing   i n s t rumen t s .   a i r   t empera tu re  
d a t a  were c o l l e c t e d  all t h rough   yea r   a t   eve ry  
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one hour  interval on 1984  and  1985.  Using 
these data, mean  daily  air  temperatures  were 
obtained (Fig.2). The calculated  mean  annual 
air temperature is -3 .8 "C  and  slightly  lower 
than  previously  estimated  value. 

According to these data, August  is  the  warmest 
month with mean  monthly  temperature  of + 1 3 . 9 " C  

monthly  temperature  of -21.3'C. The  calculated 
and  January  is the coldest  month  with  mean 

freezing  index is 2508 degree-days  and  the 
thawing  index is 1191  degree-days. According 
to Harris(1982) , no active  ice-wedge  might not 
exist  under  these  climatic  conditions.  However 
frost cracks and palsas  might be  active. 

Another  important  factor  for  occurrence of 
permafrost  is  snow  accumulation on the  ground 
surface. In  the  central  part of Hokkaido,  the 
maximum  snow  accumulation  depth in low  land  is 
about  90cm deep or more.. At higher  regions 
more  amount of snow  accumulation is expected. 
According  to  Yamada(1982), the maximum  snow 
depth  at Mt. Asahidake was 200cm at the 
altitude  of 1070m. However at lower  than  this 
altitude, snow accumulation  became less.  Above 
timber  Line,  the  maximum  snow  depth  on  the 
windward  slope of  Mt. Asahidake  is 120cm  deep. 
On the  flat  summit,  the  ground  surface is 
subjected  to  prevailing  winter  westerly  wind 
and each snow fall  is  swept  away  to  the  leeward 
side  slope. The snow accumulated  along the 
cliffs  located  under  flat  summits  forming snow 

Kurodake and Mt. Chuubetudake run from  north 
cornice. As flat summit  area between Mt. 

to south, snow is swept to the  leeward  east 
slope which is  ansymmetrically  steep.  Most of 
snow  accumulates  along  these  steep  slopes 
during winter, The accumulated snow.develops 
perennial  snow  patches at various  places on the 
slopes. A s  the  estimated  snow  line is above 
3000m at this area, no  glacier  were  formed 
under  present  climatic  condition. 

Authors  observed  no snow accumulation on the 
flat  summit in  most of winter season.  It 
means  that  the  ground  surface is subjected to 
a  severe  cold  temperature  during  in  winter  and 
favors  to  develop  permafrost  underneath. 

GROUND  TEMPERATURE  PROFILE  AND  PERMAFROST 
TABLE ESTIMATION 

As previous  studies  did  not  investigate  the 
depth of permafrost  table,  present  authors 
attempted to estimate  the  depth  of  permafrost 
by  field observations.  Temperature  sensors 
(Pt100n)  were  installed  on  the flat summit 
area  near Mt, Hakuundake. The location at the 
elevation of 2020m is indicated as A in  Fig.1. 
No  vegetations  covered  on the ground surface. 

Before 
starting  measurement at the site, each  sensor 
was calibrated  with  an  accuracy o f  0.05'C in 
the  laboratory.  Once  data  were  collected at 
every onehour interval, then these  data  were 
stored  in  battery  powered  memory  IC. At the 
end of  measurement,  collected and  stored  data 
were  transferred  into  a  portable  computer. 
The data logging  system  was  fabricated  with 
special  intergrated IC (so called  C-MOS  IC) 
so that  it i s  enable to operate  under  a very low 
temperature. In cold  chamber of the  Institute, 
the  performance  of  the  instruments were tested 

at the  temperature of -30°C or  below. 

Using  every one hour  read-out  data  for  a  whole 
year long,  mean  daily  temperatures  were 
calculated at each  point,  then  mean  daily 

* profiles f o r  whole year except 20 days in July 
temperature profiles were obtained.  Every 5  day 

were  shown  in Fig.3. Temperature  ranges and 
mean  values  at  each  position  wexe  indicated in 
Fig.4. The annual  mean  surface  temperature 
stands  at -7.8'C. The annual  mean  ground 
temperatures  are -7.O'C at 40cm  deep, -6.5'C at 
80cm  and -5.7'C at 135cm.  Using  these values, 
the  annual  mean  temperature  gradient i s  
calculated  between  two  different  depth. A 
gradient (01) between  40cm  and  80cm  is 
calculated as 0.01325°C/cm.  Another  gradient 
( 0 2 )  between 80 and  135cm is obtained  as  0.0143 
OC/cm, The permafrost  table  is  estimated by 
extra-polation of the  gradient  Line  down  below 
135cm,  then  this  gradient  line  crosses O°C line 
at  certain  depth.  This  crossing  depth of two 
lines  indicates  the  permafrost  table.  Applying 
two  gradient  values,  the  permafrost  table is 
estimated as 535cm or 550cm  deep.  The  lower 
depth o f  active  layer is  indicated a5 120cm  by 
the far  right  temperature  profile  in Fig.3 and 
Fig. 4 .  

COMPARISON  BETWEEN  MEASURED  AND COMPUTED 
TEMPERATURE  PROFILES 

As there is no field  station  for  measuring 
temperatures of ground  and  weather  conditions, 
present  authors  developed  the  computer  simula- 
tion method  in order to estimate  time  variable 
temperature  profiles  based  upon  available 
weather  data  from  adjacent  meteorological 
weather  station.  The  algorithm of numerical 
analysis i s  developed  using  the  concept o f  
equilibrium  surface  temperature  (Oultcult 1972). 
The basic  equation of energy-transfer 
c.limatology is energy  conservation  low  written 
as follows; 

This equation  expresses  that  the sum  of  net 
radiation,  evaporation-condensation,  heat  flux 
to  air  and  heat flux to soil is zero.  Each 
component of equation is  given by obtained  data 
from  adjacent  weather  stations.  The  main 
structural  elements of the  simulation  model are 
follows. 

STEP 1 )  Necessary  input  data of weather. 
Solar  radiation,  cloud  cover and type of cloud 
which  are  adopted  from  weather  station of 
Obihiro 80km away from Mt.  Tafsetsu.  Daily air 
temperature  read-outs  are  obtained at  Mt. 
Xauundake by present  authors.  Wind  velocity and 
atmospheric  pressure are calculated  fram  data  of 
Obihiro  based  upon  the  difference of the 
altitudes  betwoen two points. 

STEP 2)  Necessary  input  of  ground  surface  and 

Albedo (0.6) and  aerodynamic  roughness (2mm) 
are given  according  to  type  of  sediments  and 
moisture  condition  of  the  ground. The sediments 

Thermal  conductivities of sediments in bath 
at Mt. Taisetsu  were  collected  in  advance. 

frozen and  unfrozen conditions  are  obtained by 
the  Line  heat  methods in the  laboratory.  The 

equations of thermal  conductivity far frozen and 
results  are  summarized  that  two  empirical 

R+LE+H+S=O """""_ ( 1  1 

thermal  properties. 



uhfrozen   sed iments   a re   expressed  a8 t h 8   f u n c t i o n  
o f  water c o n t e n t s .  

S T E P   3 )  The i t e r a t i v e   s o l u t i o n  o f  energy 

Ail d a t a   a r e   i n p u t   a n d  each component  of 
equa t ion  [ I )  i s  Set accord ing  t o  the ed t ima t ion  
method.  Then i t e r a t i v e   s P l u t i o n  is completed 
r e s u l t i n g   t h e  sum of va lues  sets ze ro .  

STEP 4) The su r face   equ i l ib r ium  t empera tu re  
a s  upper  boundary  condition. 

The ground  surface  temperatuye i s  e s t ima ted  as 
t h e   r e s u l t  o f  i t e r a t i v e   s o l u t i o n   o f  ( 1 ) .  Then 
the   ob ta ined   su r f ace   t empera tu re   g ives  as t h e  
upper   boundary  condi t ion of t h e   h e a t   c o n d u c t i o n  
equat ion   wi th   the   phase   change .  A d i f f e r e n t i a l  
equa t ion  of heat   conduct ion of the ground is 
accomplished by t h e   n u m e r i c a l   a n a l y s i s .  Lower 
boundary i s  assumed t h a t   t h e   t e m p e r a t u r e  a t  t h e  
depth  of  10m i s  e q u a l   t o   a n   a n n u a l  mean 
tempera ture .  The s o l u t i o n s  are ob ta ined  as 
s e t t i n g   e a c h  2cm i n t e r v a l  of ground  matrix  and 
10  minute  increments   of  time for a whole  year 
pe r iod .  
The r e s u l t s  of the   s i rnu la t ion  are summarized 
i n   F i g . 5   i n d i c a t e d   a s  time v a r i a b l e   t e m p e r a t u r e  
p r o f i l e s .  If one  compared it w i t h  Fig.3, it is 
rather clear t h a t   t h e s e  two time v a r i a b l e  
t e m p e r a t u r e   p r o f i l e s   a r e   i d e n t i c a l .  The 
p r e s e n t   a u t h o r s   p o i n t e d  out t h a t   t h e   s i m u l a t i o n  
method  mentioned  above  has  the  advantage for 
the s tudy  of   permafrost   area  where  no weather 
s t a t i o n  i s  e s t a b l i s h e d .  The r easonab le   ag ree -  
ments  of estimated with  measurement are 
accompl ished   upon  the   appropr ia te   input   da ta   o f  
weather and   t he rma l   p rope r t i e s   o f   s ed imen t s .  
The m o s t   r i g h t   t e m p e r a t u r e   p r o f i l e s   i n  F ig .5  
i n d i c a t e s   t h a t   t h e   a c t i v e   l a y e r  may s t a n d   a t  
I l O c m  deep   i n   t he   g round .   Th i s   va lue  CQhSideS  
wi th   the   measured   one   in  Fig.3. 

ba lance   equa t ion .  
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FROST CRACK FOkMATIONS ON THE GROUND SURFACE 

One of t h e   c h a r a c t e r i s t i c   f e a t u r e s   r e l a t e d   w i t h  
pe rmaf ros t   occu r rence   i n  M t .  T a i s e t s u  i s  frost 
cracks on t h e  ground  and t h e i r  s u r f a c e   p a t t e r n s .  
The area is c h a r a c t e r i z e d  by a very  f l a t  summit 
r u n n i n g   n o r t h   t o s o u t h b e t w e e n  M t ,  Kauundake  and 
M t .  Kokkaidlke,  The ave rage   he igh t  of t h i s  f l a t  
summit i s  2100m, On t h e   s u r f a c e  of f l a t  summit 
area, cracks, of   the   g round  sur face  were formed. 
The wid th  of c rack   gaps  is about  1 o r  2cm wide, 
and   the   depth  of c r a c k s  i s  about 40cm deep, 
The crcks f o r m   r e c t a n g u l a r   p a t t e r n s .  The 
geomorphological map o f  t h a t   a r e a  i s  shown i n  
F ig .6   w i th   c r ack   pa t t e rns   and  20cm i n t e r v a l  
c o n t o u r   l i n e s .  The t y p i c a l   r e c t a n g u l a r   p a t t e r n  
h a s  a s i z e  of 10m long each .  The edges  of 
c r a c k s  were covered  with some k ind  of l i c h e n  
i n d i c a t i n g   r a t h e r   h i g h   m o i s t u r e   c o n t e n t  of 
sediment.  

The on - the - spo t   i nves t iga t ions  were conducted 
to   mon i to r   t he   s easona l   changes  o f  crack  w i d t h ,  
The method of o b s e r v a t i o n s  were p rev ious ly  
reported  byMackay(l974)   and  Fukuda(l981) .  

d e t e c t e d  by a f i n e  w i r e  s t r e t c h e d  between  two 
occur rences  of cracking  in   ice-wedge were 

p o l e s   i n s t a l l e d   a c r o s s  a t rough  of  a polygon, 
i f  it was   b roken   of f   a f te r   the   l apsed   of   t ime.  
The numbers  appeared i n   F i g . 6   i n d i c a t e  t h e  
p o s i t i o n s  of c rack  width obse rva t ion .   Cross ing  
t h e  crack, two i r o n   s t r u c t u s a l   a n g l e s  were 
i n s e r t e d   i n t o  the  ground  with  the  depth  of  85cm. 
Inserted depth  of ang le  i s  expected  to   be  enough 
f o r   t h e   p r e s e r v a t i o n   t o   j a c k i n g - u p   f o r c e   d u e   t o  
f r o s t   h e a v i n g   a c t i n g   t o   t h e   a n g l e .  TWO ang les  
were set about  20cm a p a r t   t o g e t h e r   i n   e a r l y   f a l l .  
A t  s i x   p o i n t s ,   l l p a i r s  of obse rva t ion   ang le s  
were i n s t a l l e d .  The ground  surface  temperatures  
were a l s o   m o n i t o r e d   a t  the  same s p o t s   u s i n g  
thermistor sensQrs .  

I n  mid win ter   (on   18 th  of February   in   1984) ,  the  
a u t h o r s   v i s i t e d   t h e   o b s e r v a t i o n   p o i n t s ,   a n d  
measured t h e  d is tances   be tween a pair  o f   i r o n  
a n g l e s ,  The sur face   o f   the   g round was covered 
w i t h  c r u s t e d   h a r d  snow packs of a few c m  t h i c k -  
nese .  The c r a c k s  were formed on t h a t   h a r d  snow 
packs  under  which the s o i l   c r a c k s  were 
preViouS,ly  formed. N e w  c racks   on  snow packs 
+ 

F i g .  6 D e t a i l  Geomorphologic Map and P a t t e r n  
of Soil-Wedge Polygons 
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cover ing   on  the ground  surface  developed  with 
the   w id th   o f  I c m .  The one  of new cracks   on  
snow packs  was traced 4m long. By t h e   f r e q u e n t  
v i s i t s  and  measurements  of  crack  width, the 
seasonal   changes  of   crack  gaps were ob ta ined .  

The r e s u l t s  were summarized i n  Table 1.   During 
f a l l  a n d   s u c c e e d i n g w i n t e r   i n d i c a t e d   a s   d u r a t i o n  
A ,  a l l  wid ths   o f   c r acks   i nc reased   w i th   t he  
va lues   ranging   f rom 0.55cm t o  2.15cm.  The mean 
va lue   o f   increased   wid th  is 1 .I 4cm. During 
s p r i n g   i n d i c a t e d  as d u r a t i o n  B, a l l  wid th  of 
c r a c k s   d e c r e a s e d   w i t h   t h e   v a l u e s   r a n g i n g  from 
0.18 t o  1.95cm. The mean dec reased   w id th  is 
0.55cm. Fukuda(l981)   measured  the  Increase of 
d is tancep   c ross ing   over   i ce-wedge   po lygons  a t  
Tuktoyaktuk, N.W.T., Canada by t h e  similar 
method. The mean inc reased   w id th  was Icm. 
S i m i l a r   v a l u e s  were a l s o   r e p o r t e d  by Mackay 
(1974).  I n  e a r l y   s p r i n g ,   a u t h o r s  made cross- 
s e c t i o n a l   o b s e r v a t i o n s   o f   c r a c k s ,  and fwund  no 
ice f i l l e d  i n  t he   gaps   o f   c r acks .  The s u r f a c e  

g rave l   p roduced  by the   wea the r ing   o f  a n d e s i t e  
sed iments  consis t  of coa r se   g ra ined  sand  and 

bedrocks.  The s e d i m e n t s   a r e ,   t h e r e f o r e   v e r y  
permeable. Once ice f i l l e d   i n   w i n t e r  melts i n  
s p r i n g ,  m e l t  water e a s i l y   p e r c o l a t e d   i n t o  
sed iments .  As the   bo t tom  depth   o f   c racks  i s  
with in   an   ac t ive   l ayer ,   no   i ce-wedge  w a s  formed. 
T h e s e   c r o s s - s e c t i o n a l   f e a t u r e s  of c r a c k s  
i n d i c a t e   t h a t   p a t t e r n s   a n d   c r a c k s  at t h a t   f l a t  
summit area might be d e f i n e d  as a c t i v e   s o l l -  
wedge  polygons (Karte, 1 9 8 3 ) .  

PALSAS FORM+TIONS AND CHARACTERISTICS 

P a l s a s   a x e   t y p i c a l   f e a t u r e s   d e v e l o p e d  $I 
discont inuous   permafros t   reg ions   (Seppala  1 9 8 1 ) .  
I n  M t .  T a i s e t s u ,   t h e   a u t h o r s   f o u n d  them i n  t h e  
p e a t  bog area o n   t h e  f la t  summit area. The 
g e n e r a l   l o c a t i o n  of t h e ' f o r m a t i o n   o f   p a l s a s  i s  
i n d i c a t e d  as p o i n t  B i n   F ig .1 .  The f l a t  summit 

Duration A B 

Si te  1 tO.99cm -0.18cm 
t O . 8 0 ~ ~  - 0 . 3 0 ~ ~  

2 t0.97cr -0.20cr 
3 + 2 . 1 5 ~ ~  -1.9SCM 

t1.42cr - 1 . 2 8 ~ ~  
4 +0.56cm - 0 . 3 0 ~ ~  

+O. 62cn - 0 . 2 2 ~ ~  
5 tl.  08cr -0.18cn 

+ I .  1 7 ~ ~ .  - 0 . 3 1 ~ ~  
6 +1.05cm - 

+1.77Cl - 
Hean * l . l 4 ~ ~  -0.55cm 
S.D. 0.46 0.59 

A :  Bep.21,1984-Peb.18,1985 
B : Feb.l8,19t"Apr.  12,1985 

Table.  1 Changes of Di s t ances  Between Two I ron  
Angles   Crossing  Act ive  Cracks  on 
Frozen  Ground  Surface 
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between M t .  Chubetudake ( 1  963m) and M t .  Hakuun- 
dake (2230m)   has   an   ave rage   a l t i t ude   r ang ing   f rom 
1710m t o  1800m, where  peat   bags  and small ponds 
develop. The micro r e l i e f  of p e a t  bogs is 
c h a r a c t e r i z e d  by "kermis hummocks'' and 
"schlenkes  hol lows".  

The format ions  of the p e a t   b o g s   o n   t h e   f l a t  
summits axe o r i g i n a t e d  by low e v a p o r a t i o n   i n  
summer due t o   p r e v a i l i n g   e s t e r l y  wind  which 
causes   dense   c loud  covers o v e r   t h e r e .  In  w i n t e r  
preva i l ing   wes te r ly   wind   sweeps  away snow 
d e p o s i t s  from the   g round.  The au thors   surveyed  
t h e   p e a t   b o g s  area and  found more than  20 
p a l s a s   t h e r e .  The shape   of   pa lsas   var ies   f rom 
round ox oval-shaped  ones t o   p e a t   p l a t e a u .  The 
s i z e  of p a l s a s   a l s o   v a r i e s   f r o m   e l o g n a t e d  
p l a t e a u  w i t h  mayjor   ax is  of 50m and   t he   he igh t  
of lm t o  the   cone   wi th   d iameter   o f  a few meters 
and less than  I m  h igh .  

A t  the   end  of September ,   the   c ross -sec t iona l  
s t r u c t u r e   o f   p a l s a s  was  examined  by bo r ing  core 
sampl ing .   The   resu l t s  are summarized i n   F i g . 7  
as t h e   c r o s s - s e c t i o n   o f  t h e  p a l s a s .  The 
uppermost   layer  i s  c o n s i s t e d   o f   p e a t   w i t h   t h e  
th i ckness   o f  4Ocm t o  90cm. Lower Layer o f  p e a t  
i s  sandy   g rave l  and gradual ly   changes  t o  s i l t y  
sand   layer .  The c e n t r a l   p a r t  of pa l sa s   fo rms  

l e n s e s  i n d i c a t e  t h a t   t h e  s i l t  l a y e r   i n  t h e  
f rozen  core wi th  i c e - r i c h  s i l t y   l a y e r .  The lce- 

f r o z e n  core was v e r y   f r o s t   s u s c e p t i b l e .  The 
dep th   o f   t he   boundary   o f   t he   uppe r   pea t   l aye r  
and  f rozen core i s  about  60cm deep  f rom  the 
s u r f a c e .  AS a l r eady   men t ioned   be fo re ,   t he  
a c t i v e   l a y e r   i n   t h e s e  area is 120cm t h i c k .  Thus 
t h e  maximum dep th   o f   t haw  l aye r   i n   pa l sa s  I s  
less t h a n   h a l f  of a c t i v e   l a y e r   w i t h   g r a v e l   a n d  
sand   sed iments   ad jacent  t o  p e a t  bogs. This  
d i f f e r e n c e  of a c t i v e   l a y e r   t h i c k n e s s  i s  mainly 
due  t o  low t he rma l   conduc t iv i ty  of p e a t   l a y e r .  
The lowest boundary of f rozen  core was n o t  
enable t o  determine i n   t h i s   s t u d y .  

The a i r -pho tos  covering t h e  area where  authors  
s t u d i e d   p a l s a s  were t a k e n   f o r  a couple  times on 
d i f f e ren t   da t e s .   I f   one   examines   and   compares  
w i t h   t h e s e   d i f f e r e n t  a i r  p h o t o s ,   t h e  time series 
changes   pa l sa   fo rms   axe   de t ec t ab le .   Ca re fu l  
examinat ions  by t h e   a u t h o r s   i m p l y   t h a t   t h e  

em 

0 6 10 16 

Fig .  7 C r o s s - S e c t i o n a l   S t r u c t u r e  of P a l s a s  
( a :pea t   2 :g rave l   and   s and   3 : s i l t y  
sediment 4 : f rozen   co re )  



p a l s a s   a r e   v e r y   a c t i v e   i n   t h e s e  30 yea r s   and  
thermokars t   depress ions   a re   expanding .  The 
a n a l y s i s  i s  under way and w i l l  be  expected t o  
o b t a i n  more d e t a i l   t e n d e n c y   o f   p a l s a s   f o r m a t i o n s .  

CONCLUSIONS 

The p r e s e n t   a u t h o r s   c o n d u c t e d   t h e   i n t e n s i v e  
f i e l d   s t u d i e s  on  permafrost   occurrence in 
M t .  T a i s e t s u  where the  t y p i c a l   a l p i n e   p e r m a f r o s t  
d i s t r i b u t e s   u n d e r   t h e   p r e s e n t  climatic c o n d i t i o n .  
p e r m a f r o s t   a s s o c i a t e s  w i t h  t h e  characteristic 
f e a t u r e s   s u c h  as soi l  wedge polygons  and  palsas .  
The phys ica l   env i ronmen t s   fo r   t he   occu r rence  Of 
a l p i n e   p e r m a f r o s t   a r e   d i s c u s s e d   b a s e d  upon t h e  
c l i m a t i c   d a t a   s u c h   a s   t e m p e r a t u r e   i n   b o t h  a i r  
and  ground, snow accumulation  and sa on. The 
key f o r   s u c c e s s   o f   t h e   c o l l e c t i o n   o f   d a t a  i s  
newly  developed  devices which are enab le  t o  
o b t a i n   c o n t i n u o u s   d a t a   f o r   l o n g   d u r a t i o n   e v e n  
under   severe   co ld   weather .   These   devices  were 
i n s t a l l e d  a t  v a r i o u s   l o c a t i o n s   i n  M t .  T a i s e t s u .  
Thus p r e s e n t   a u t h o r s  made the first r e p o r t  Of 
the occur rence   o f   a lp ine   pe rmaf ros t   i n   no r the rn  
J a p a n   w i t h   q u a n t i t a t i v e  data .  The a l p i n e  
p e r m a f r o s t   i n  M t .  T a i s e t s u  is termed as 
d i scon t inuous   acco rd ing  i t s  d i s t r i b u t i o n   a n d  i s  
c h a r a c t e r i z e d   a s   f o l l o w i n g s :  

( 1 )  The p e r m a f r o s t   d i s t r i b u t e s   o n   t h e   f l a t  
summit area above timber l i n e   w i t h   t h e   a l t i t u d e  
ranging  from 1800m to 2100m. 

( 2 )  The mean annual  a i r  t empera tu re   s t ands  
-3.8'C and  no snow accumulates  on the ground 
s u r f a c e   d u e   t o   p r e v a i l i n g   w e s t e r l y  wind i n  
win te r   s eason .  

( 3 )  The p e r m a f r o s t   t a b l e  is  es t ima ted  as 550cm 
deep   and   an   ac t ive   l aye r  has a t h i c k n e s s  o f  
1 20cm. 

( 4 )  The r e l a t e d   m o r p h o l o g i c a l   f e a t u r e s  of 
d i scon t inuous   Pe rmaf ros t  were examined  such as 
so i l -wedge   po lygons   on   the   f la t  summits and 
p a l s a s   i n   t h e   p e a t   b o g s   a r e a .  

( 5 )  The a c t i v e   c r a c k i n g   o f   t h e   g r o u n d   s u r f a c e  
i n   w i n t e r  was observed .  The frozen  ground csack 
opens  due t o  the the rma l   con t r ac t ion   unde r   t he  
p re sen t   s eve re   w in te r   env i ronmen t .   Pa t t e rns   o f  
c r ack ing  are s i m i l a r  t o  tundra-polygons   in   shape  
and   s i ze .  N o  ice was f i l l e d   t h e   c r a c k s ,  

( 6 )  C r o s s - s e c t i o n a l   s t r u c t u r e  of p a l s a s  
i n d i c a t e s   t h a t   p a l s a s   h a v e   d i s t i n c t   f r o z e n   c o r e s  
wi th  ice-rich s i l t y   l a y e r s .  The uppermost 
p a l s a s   a r e   m a n t l e d  by p e a t   l a y e r s  w i t h  
cons ide rab le   t h i ckness .  The comparison of t h e  
s u c c e s s i v e   a i r   p h o t o s   t a k e n   i n   d i f f e r e n t   y e a r s  
f o r  these 30 y e a r s   i m p l i e s   t h e   p a l s a s   a r e  
a c t i v e   i n   p r e s e n t   c a n d i t i o n .  
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SYNOPSIS In  the  Bystem '00 the'  North  Pian Shan r idges,   explorat ions  revealed  the  exis-  
tence o f  871 rock  glaciers  o f  a t o t a l  a r ea  of 90.28 sq. km as well as 183 inac t ive  rock  g l a c i e r s  
o f  a t o t a l  area of  28 6'15 sq. m. No.ck glaciera  evolve  asynchronouely with the  development o f  
mountainous g lac ia t ion ,   dur ing   dry  and cold  period8 following t he   g l ac i a l   r e t r ea t .  Most advanta- 
geous  conditions for the   exis tence p f  rock  glaciers  axe  observed  in  regions where the  degree o f  
glac ia t ion   l eads  t o  suppreaaion o f  a c t i v i t y  o f  rock  glaciers .  The o r ig in  o f  the  majority of rock 
g l a c i e r s   d a t e s  back t o   t h e  Holocene  epoch. The age of the   anc ien t   ac t ive   genera t ion  is about 
3000 years and t h a t  of t he   ac t ive   gene ra t ion  1s 1500 years. 

Formation  and  development of rock  glaciers  
I s  proaeeding in   the   p resence  of the   overa l l  
evolut ion of t he   na tu ra l  environment i n   a l p i -  
ne a r e a ,   i n c l u d i n g   t h e   g l a c i a t i o n  eVQlUti0n. 
In t e rac t ion  between g l a c i e r s  and rock g l a c i e r s  
leads t o  the  formation of a var i e ty  of , f ,orms,  
whFch, i n  addi t ion  t o  provide  discrepant phy- 
s i c a l   d a t a  on the   i n t e rna l   s t ruc tu re ,   r e su l t s  
i n   d i s t i n c t l y   d i f f e r e n t   i n t e r p r e t a t i o n s  o f  the  
geneaie o f  these  formations. 

Genesia of rock  glaciers  is t r ea t ed  i n  terms 
o f  t he   o r ig in  o f  its main  components, via .  
debris  material and ice  enclosed  beneath i ts  
cover .   Current ly   there   exlet   three main ideas  
of their  formation.  Advocates of glacial theo- 
r y  contend  that  rock  glaciers  axe  brought  abaut 
by @;Lacia1 ice conservation below a moraine 
cover  (Ivexonova, 1950; Suslov, 1967;  Krasno- 
slobodtsav, 1971 ;, Gobedzhishvili, 1978; FIlLe- 
wizex,  1957; C8xmxa, 1973;  Lliboutxy, 19'77; 
Gxiffey and  Whalley, 1979) o r  by burying of 
g l a c i e r s  and snowfields by landsl ide$ (Ageev 
and Ditmar, 1964; Benedict, 1973). The perma- 
f r o s t   r o l e   i n  this case is  merely t o  preserve 
the  buried  ice  (Whalley, 1974; 1983). 

Another  group of invest igators   ' regard  rock 
glaciers  a8  purely  permafrost   formations which 
are composed of t a lu s   ma te r i a l  and m e  grouted 
by t h e   i c e  of a non-glacier  origin,   primarily 
by f low- in f i l t r a t ion   i ce  (Kozhevnikov e t  al., 
1980; B a r ~ c h ,  1977; Haeberli ,  1985). 

The t h i r d  group  considers  the two forms  descri- 
bed above t o  be the  extreme members o f  a uni- 
f ied  seFies   with  t ransi t ional   formations which 
r e f l e c t   c e r t a i n  conditions f o r  prec ip i t a t ion  

bunov, 1970;  1978; 1979; Corte, 1976; Madole, 
s torage (Nlatveev, 1938; Groavald, 1959; GOT- 

1972; Po t t e r ,  1972;  White, 1976). This point  
o f  view is also shared by the   author  of the 
pre#ent  paper. In t h e   s e r i e s  of glacial-cryo- 
genic formations, including  rock  glaciers ,  one 
of t he  extreme members is represented by a .@a- 
ciex buried below t he  c r e e ~ ,  and the o ther  ex- 
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trenle member is represented by large-sized ma- 
teTialS of l ands l ip s  and screes  grouted by ice .  
Upon s impl i fy ing   t h i s  scheme, one may d i s t i n -  
guish two main types of  rock  glaclers  which 
d i f f e r   i n   t h e   c h a r a c t e r  of feed and loca t ion  
on the   t e r ra in :  (a)  those  or iginat ing from f i -  
nal  moraines and covering  the  valley beds; and 
(b)  those which are unassocinted  with  glacia-  
t i o n  and aide  with  ta lus   #lopes.  The f i r s t  t - 
pe,  according t o  I.S. Krasnoslobodtsev (19713, 
is  ca l led   the   near -g lac ie r   type ,  and the  se-  
cond  one is r e fe r r ed   t o  as the  near-slope  type. 
In   addi t ion ,  i t  is customary to   ident i fy   rock  
g l ac i e re  of mixed feed which a r e  produced  due 
tQ sharp  bendings of the   subs t ra te   sur face  
when a rock   g lac ie r   t ransforms  in to  a scree  and 
vice  veraa.  These  formations have l lmi ted  oc- 
currence. 

I n  order   to   determine  the  overal l   regular i t ies  
of  the geographical   d is t r ibut lon o f  rock gla- 
c i e r s   i n   r e g i o n s   w i t h   d i f f e r e n t   n a t u r a l  and 
cl imat ic   condi t ions,   reveal   the  complex o f  na- 
tural fac to re  that are   reaponaible  for the  de- 
velopment o f  rock g l a c i e r s ,  and to  understand 
the  way i n  which changes i n  the natural   envi- 
ronment inf luence   the i r   s ta te ,   an   inventory  o f  
rock g l a c i e r s  was drawn up, followed by a t a t i s -  
t i c a l . t r a a t m e n t  of the results obtained. The 
r e s u l t s  have been used  for  compiling a schema- 
t i c  map fo r   ac t ive   rock   g l ac i e r s  i n  the North 
f i e n  Shan (Pig. 1). 

The system o f  the  North Tie? S b n  includes the 
Zailiisk Alatm and Kyungei-Ala-loo r idges  
which extend i n  the   sub la t i t ude   d i r ec t ion   i n  
the  form of two giant  arches  connected  in their 
central ,   protuberant  p a r t  by the Chiliko-Re- 
minsky mountainous  'knot'. The  mean absolute  
a l t i t u d e s   i n   c e n t r a l   p a r t s  o f  the  ridgea  exceed 
4000 m reaching 49'73 m i n   t h e  TalgBrsky ~nassif. 
In  the  west- and eastward  dixectlon  there i s  a 
decreaee i n  abso lu t e   a l t i t udes ,  with a stage- 
l i k e   d i s p o s i t i o n  o f  t h e  l e v e l l i n g  surfaces 
which i n  sone places   a re  RB high as 3500 m. The 
twp r idges  show up powerful  glaciation, w i th  
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Fig.1  Schematic Map f o r  Active  Rock  Glaciers  in  the North Tien Shan 

open  parts o f  the  glaciers  totaling 759 rea- 
ching 781.6 sq. km in area  (Katalog lednikov 
SSSR, 1967; 1968; 1969; 1976). 

871 rock  glaciers  totaling 90.28 sq, krn in 
the  area  were  found  to  exist in the North Tien 
Shan system  (Table 1 ) .  

The  ratio of the  number of near-glacier  to 
near-slope  forms is 36.9%:63.1$, and that of 
their  areas  is 60.1%:39.9%, respectively.  The 
point  here ia that near-glacier rock glaciers 
are far largex in size RB compared  with  aear- 
s lope  rock  glaciers - the  area o f  a mean-sized 
rock glacier o f  the first type is 0.171 sq. m, 
while  that of the  second one i s  0.066 sq* m. 
In  addition  to  detecting  this  number of gla- 
ciex8, I83 inactive  rock  glaciers  totaling 
28 675 sq. m in  their area were  found  to exist 

se are fragments o f  old forms partially  buried 
in the North Tien Shan. On  most  occasiwna,  the- 

by advancing active rock  glaciers;  however, 
Large-sized  formations a m  also encountered, 
indicating  the  favourable  conditions  for  the 
formation of rock  glaciers  that  had  exiated 
in the  early  Holocene. 

Many years of observations in Zailiiak  Alatau 
have  established  that the movement o f  Borne 
rock ELaciers is  pulsating in character,  which 
i s  associated  with  accumulation and off-loa- 
ding of stresses throughout t h e i r  thicknesa. 

TABLX 1 

Active Hock Glaciers o f  the  North  Tien Shan 
(According t o  this  author  and  A.P.Gurbunov's 

(1979) data 

Ridge 

Zailiisk 
Alatau 
Kyungei-Ala- 
Too 
TOTAL 
TOTAL for 
North  Tien 
ShW 

Number Area, sq. krn 

noax- near- near- near- 
glacier slope glacier slope 

172  257  32.63  17.14 

87 1 90.28 

Thus, the mean advance  velocity o f  rock gla- 
c i e r  Morenny f o r  the per iod  1973-197'( is 64 
cm per year, for 1977-19'18 - 52 cm p e r  year ,  
and dur ing  1978-1982 - 78 cm  per year. The 
velocity varies not only from year t o  year 
but a l s o  undergoes a seasonal variation. F o r  
the  period from June  to  September and fsorn 
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I n   o r d e r   t o   e s t a b l i s h   t h e   q u a n t i t a t i v e   i n d i c e s  
of   in te r re la t ion   be tween  rock   g lac ie rs   and  con- 
temporary  glaciat ion,   use  was made of   the cri- 
t e r i o n  f o r  s p e c i f i c   d e n s i t y  o f  rock glaciers 
as introduced by A.P.Gorbunov (1979), i . e . ,  
t h e   r a t i o  of t h e   t o t a l   a r e a  of r o c k   g l a c i e r s  
i n   t he   i na iv idua l .   bas in  (sq. m) t o   t h e   a r e a  o f  
t h e  basin above  the  isohypse o f  the   lower li- 
m i t  o f  occurrence of r o c k   g l a c i e r s  (sq. km). 
The s p e c i f i c   d e n s i t y  of r o c k   g l a c i e r s  was com- 
pared  with  the  degree of g l a c i a t i o n   r e d u c e d   t o  
the same a r e a  of the   bas in .  Tt has been  found 
that t h e   g r e a t e s t   s p e c i f i c   d e n s i t y  of a t i v e  
rock glac ie rs ,   vary ing   f rom 20 t o  40x10 3 m2*kmi2 
is abaerved  where  the  degree of g l a c i a t i o n  
is i n  the  range  from 10 t o  2056. A decrease o f  
the   degree   o f   g lac ia t ion  means the   decsease  
i n   a b s o l u t e   a l t i t u d e s  of t h e   r i d g e  o r  the   in -  
c r e a m   i n   a r i d i t y  09 cl imate   and,   hence,   the  
decrease of t h e  number o f  a c t i v e   r o c k   g l a c i e r s .  
An i n c r e a s e  o f  the   degree  o f  g l a c i a t i o n   t o  
25-30%, as i s  observable in t he   r eg ion  o f  t h e  
Chiliko-Kerninsky  mountain  knot, has a l s o   a n  
unfavourable   e f fec t  on the   ex i s t ence  aS: rock 
g l a c i e r s  - they become devoid o f  Bourcee of 
ta lus   mater ia l   and   axe   bur ied   o r   des t royed   by  
advancing   g lac ie rs .  

October   to  May t h e   f r o n t a l  bench of rock gla-  
c i e r  Gorodctskogo  advances 51 cm and 18 cm, 
r e s p e c t i v e l y  ( o x  about 65% o f  t he   d i a t ance  co- 
vexed dur ing   one   year ) .   These   var ia t ions   a re .  
caused  by a change i n  p l a s t i c   p r o p e r t i e s  o f  
i c e   i n c l u s i o n s   i n   t h e   l a y e r  of  annual  amplitu- 
des  o f  the   permafrost  of a rock   g l ac i e r .  

The lowes t   poa i t ion  o f  r o c k   g l a c i e r s  is obses- 
ved on the  northward  slopes  of the r idges .  
Thus, on t h e  nwrthward  macroslope of Kyungei- 
Ala-Too the  lower limit o f  occurrence of rock 
g l a c i e r s  lies a t  t h e   a b s o l u t e   a l t i t u d e  of 
3300 m (some forms descending a8 l o w  as 2700 
m), and  that   on the southward  macroslope i s  a t  
3500 m. A s i g n i f i c a n t   i n f l u e n c e  upon the   occur -  
rence of rock g l a c i e r s  i s  also exer ted  by chan- 
ges   of   the   indices   of   cont inental i ty   of   c l ima- .  
t e ,   v iz .   the   annual   ampl i tudes   o f  a i r  tempera- 
t u r e s  and t h e  amount of p rec ip i t a t ion .   Wi th in  
two basins of t h e   c e n t r a l   p a r t  of ZaiLiisk Ala- 
t au   no tab le  f o r  minimum c o n t i n e n t a l i t y  of c l i -  
mate (the  Bolshaya  and  Malaya  Almatinka  -rivers) 
the lower t e rmina t ions  of t h e   r o c k   g l a c i e r s  
a r e   lwca ted  by 200 h igher  a8 compared wi th   t he  
r i d g e ,  on the  average.  
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Such t y p i c a l   f e a t u r e s   a r e  also obse rved   i n  

For example, i n  t h e  Ak-Shiyrak massif ( Inner  
other   mountainous  countr ies  of Cent ra l  Aaia. 

rock   g l ac i e ra  ( 2 3 . 2 8 ~ 1 0 ~  ms*km-2) is observed 
Tien  Shan) ,   the   gxeatea s e c i f i c   d e n s i t y  o f  

i n  the   sou the rn  framing where the   degree  of 
g l a c i a t i o n  is 13%, w h i l e   i n   t h e   n o r t h e r n   f r a -  
ming of  the  maasif  where  the  degree of g l a c i a -  
t ion   exceeds  507, no rock g l a c i e r s   a r e   p r e s e n t  
(Ti tkov,  1985). 

The g r e a t e s t   c o n t r a s t s   i n   t h e   d i s t r i b u t i o n  of 
rock  g l a c i e r o  are observed  in   the  Pamirs .  The 
West Pamirs, i n   t h e   r e g i o n  of r i d g e  Akadernii 
nauk, is notable  f o x  a ve ry   d ive r s i fo rm  t e r -  
ra in ,   acvere   c l imat ic   condi t ions   and  a l a r g e  
( -2000 mm) annual amount of p r e c i p i t a t i o n ,  
which leads t o   t h e  development  of  powerful gla- 
c i a t i o n  extending over S i g n i f i c a n t  areas of t h e  
slopes. Debr is   mater ia l s  that formed on open 

rock s l o p e s ,   p e n e t r a t e s   t o   t h e   s u r f a c e  o f  the  
g l a c i e r s  which  t ransport  them away from  the 
confine@ of the pexrnafrost  zone, as high as 
3200-3300 m, where  moraine  sediments  are wash- 
ed   ou t   rap id ly  by t h e  Knelt water. 

Thus, t h i s   r eg ion   p re sen t s   un favourab le  condi- 
t i o n s  for the   formation of r o c k   g l a c i e r s ,   w i t h  
only separate  rudimentary  forms  which  receive 
no further  development.  

The na tura l   condi t ions   descr ibed   above   d i f fe r  
g r e a t l y  Prom those  provided by the  mountalno- 
ua framing of Lake  Karakul - t h i s   r e g i o n  i s  
only 120-150 km eastward o f  t h e  Akademii Nauk 
Ridge.  Here, on a very much elevated p l a t e a u ,  
t h e   c h a r a c t e r  o f  t h e   r e l i e f   d i v e r a l t y  i a  more 
reminiscent  of mid-lands,  with  the  annual amo- 
unt  of p rec ip i t a t ion   be ing   abou t  70 rnm. Such 
except iona l  a r i d i t y ,  d e s p i t e   t h e   e x i e t e n c e   i n  
the  Karakul   depression o f  a permafroat at t h e  
annual mean air temperature of -3.8W, pre- 
vents   the   format ion   of   rock   g lac ie rs .  Optimum 
condi t ions  f o r  the  existence  and  development 
o f  rock   g lac ie rs   axe   observed   in  a naxrow 
t r a n s i e n t  zone  between  the  abpve-mentioned  re- 
g ions ,  i n  r i d g e s  Kaindy  and  Zulumat, on t h e  
southward  slope of the   Zaa la i sky   r idge .  A d i s -  
t i n c t i v e   f e a t u r e  of the  occurrence o f  rock 
g l a c i e m   i n   t h e   r i d g e s   m e n t i o n e d   a b o v e  is t h e  
absolute  predominance of near -g lac ie r  forms 
which  occur   within  the  a l t i tude  range  f rom 
4200 t o  3700 m. The la rge  number of  near-slo- 
pe  formations is accounted f o r  by t h e   f a c t  
t ha t   va l l eys   wh ich   r ecen t ly   go t  r i d  of the gla- 
ciera ,   have  not   yet   accumulated a s u f f i c i e n t  
amount of   debr i s   mater ia l s   f rom  the  slopea aa 
that t h e  anly source of f e e d   f o r   a c t i v e   r o c k  
glaciers i a   p r o v i d e d  by moraine accumulations.  

The development o f  rock   g l ac i e ra  i s  i n t i m a t e l y  
coup led   t o   su r f ace   and   subsu r face   g l ac i a t ion  
o f  the  mountains. For t h e   f i r s t   t i m e ,  condi- 
t i o n s  fox  the   or iginat ion  and  development  of  
r o c k   g l a c i e r s  i n  the  region  under   considera-  
t i o n  emerged at t h e  end o f  the  Pliocene  and 
p e r i o d i c a l l y  recurred dur ing  the  P le i s tocene .  

n o t   p e r s i s t e d  till t h e   p r e s e n t ,  with few  ex- 
However, pre-holoceneous  rack g l ac i e r s   have  

cept ions.   This  is accounted f o r  by p e r i o d i c a l  
advances 05 g l a c i e r s ,   e r o a i n g  and seismic phe- 
nomena, and   the   dura t ion  of mudflows. One of 
t h e  few forms o f  Pleiatocens  age is encounte- 
red  on  the  westward  slope o f  the   Sarykolsky  
r idge   i n   t he   Eas t   Pami r s   ana  has per s i s t ed   t he -  
re i n   t h e   i n a c t i v e   s t a t e ,  owing t o  the   except io-  
n a l   a r i d i t y  of climate  which  suppresses  denu- 
da t ion   processes .  

Because of l ack  of abso lu t e   da t ings ,  one  has 
t o  determine  the  age of rock  glt lciers  from 
t h e i r  spatial c o r r e l a t i o n  with s t a d i a 1  morai- 
nes.  The preBeht-day  act ive  near-glacier   sock 
g l ac i e r s   had   evo lved   i n to  a r e g r e s s i v e   s t a g e  
of  g lac ia t ion   which   preceded   the  s o  c a l l e d  
'minor  glacial   epoch'  o f  t h e  XVII-XIX c e n t u r i -  
e s   ( t he   Pe rnau   s t age   acco rd ing   t o  h.V.Shnit- 
ni.kov).  Then, g l a c i e r s   s t a r t e d  t o  Advance i n  
t h e  wake of rock glaciexs  and,   while   having 
higher   advance  veloci t ies ,   began t o  weigh upon 
them o r  overlap them. Most of t he   ac t ive   rock  
g l a c i e r s   r e t a i n   t r a c e s  of such movements i n  
the  form of large  depressions  which  remained 
a f t e r   t h e   g l a c i e r   r e t r e a t .  



A different  scheme fox the  evolution  appXiea 
t o  near-slope r o c k  glaciers  which had formed 
at  rock  slope  footings in upper-Pleistocene 
troughs.  In  the  lower  parts of the  troughs, 
these  rock  glaciera  started  to  form  already 
during  the  early  Holocene,  with  their  activity 
remaining  unchanged  throughout  that  period. 
In  the upper parts o f  the  troughs,  Holocenic 
glaciers,  while  advancing,  introduced'racur- 
ring  disturbances  into  the  development o f  rock 
glaciers,  thereby  deforming ox destroying  them. 
And each time  the  glaciers  were  retreating, 
new  generationa  were  originating. 

Transition o f  rock glaciers  to the inactive 
state  results  from  the  warming o f  climate, OF 
from  their  displacing  into  a  Lower  hypsometric 
level.  This is accompanied by partial or total 
failure  of  permafrost,  the  production ob B ri- 
gid frame within  the  rock  glacier atxuctuxe, 
and by cessation of the  advance  movement. A 
loss o f  activity  may  also be caused by a dec- 
rease of the thicknese of the  permafrost,  which 
accompaniea  the 'spreading' of the  rock gla- 
cier as it  exits  into  broader areas of the  val- 
ley. T h i s  results in the  decrease  in  deforma- 
t l o n  stressea of the rock glacier eo that  ita 
movement slowa down. 

The beginning  of  the  formation of the  ancient, 
currently  inactive,  generation of rock  glaci- 
ers  dates  back to the  clown-egeaen interatadid 
(about 3000 y e a h  ago)  when  glaciers under- 
went a significant  reduction,  with  large 
number o f  them  having  had  disappeared.  All of 

mingly,  less significant in their s i z e s  a8 
the  preceding Holocenic regressions  were,  Bee- 

compared  with  the  last  two  or  were  equal to 
the las t  two,  which  is  evidenced by the  abrren- 
ce of older  generations  of  near-glacier  rock 
glac ie rs .  
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GEOCRYOGENIC GEOMORPHOLOGY, EAST FLANK OF 
THE ANDES OF MENDOZA, AT 330 S.L. 

D. 'hmbotto 

Department of Geography, Heidelberg University, Federal Republic of Germany 

SYNOPSIS  Micro  and  meso  geocr o enic  forms  and  processes  are  reported  above 4.000 m. The 
mean  annual  air  temperature  is  about - 3 C. Discontinuos  mountain  permafrost  has  been  determined 
based  on  thermal  measurements  and  considerations.  Sorted  circles  up  to 6 m  diameter,  solifluction 

cracks and rock glaciers occur. The  degree of activity  of  such  forms  is  analysed. It is  observed 
lobes and steps, boulder fields and  detritic slopes, cryoplanation  surfaces,  thermal contraction 

that  most  geocryogenic forms are  polygenetic  and  that  the  effect  of  rock  type  on  the  development of 
either  micro  and meso-  forms is extremely  important.  Several  kilometers  of  detritic  slopes  are 
underlain  by  ground  ice on  south  facing slopes. Talus  production  is  at  present  very high, it  seems 
G,JL it  was  still  more  important  in  the past,  which  is  demonstrated by debris  filled  valleys.  One 
of these  is  filled  with  gelifluction  debris  of two rock  types  (granite  and  metamorphites),  which 
are  in a remarkable  white  and  black  contact  at  the  valley floor. 
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INTRODUCTION 

This  is a brief  report  which  precedes  my  thesis 
at  the  University  of  Heidelberg  under  the 
supervision  of  Prof.  Dr.  Dietrich  Barsch. The 
topic " Andean  Geocryology 'I was initiated  when 
the  autor  enjoyed a scholarship  granted  by  the 
" Consejo  Nacional  de  Investigaciones  Cientifi- 
cas y Tkcnicas " (CONICET = Argentine  Investi- 
gation  Council)  and  under  the  supervision of Dr. 
Arturo  Corte  (Instituto  Argentino de NivologIa 
y Glaciologla,  Mendoza).  Geocryology  (periglacial 
geomorphology) i s  at  present  underdeveloped  in 
Argentina,  despite  the  fact,  that  cryogenic 
(periglacial)  processes  are  linked  with  man's 
present  activities  in  the  Andean  and  Patagonian 
area. Also in  the past,  over  one  third of the 
country  was  subject  to  cryogenic  conditions 
during  the  Pleistocene. 

LOCATION AND CLIMATIC  FEATURES OF THE  STUDIED 
AREA 

The studied  area  surrounds  an  Andean lake, 
" Lagunita  del  Plata 'I, Cordbn  del  Plata,  Cor- 
dillera  Frontal,  Mendoza,  Argentina  (photo  nr.1, 
photo n r . 2 :  aerial  photograph: 6 9 0 4 / 5  - 112-59, 
1: 50.000, IGM, 1963). The  studies  have  been 
carried  out in an  altitude  between 4.000 m and 
4.500 m, the  alreadg  mentioned  lake is situated 
approximately  at 3 3  S. and 69O E. The research 
area  has  been selected,  since  it  revealed  many 
periqlacial  forms  which  even  can  be  observed 
in satellite and  aerial  photographs  (Corte  and 
Trombotto,l982).  Thus a clear  solifluidal 
contact  between 2 different  rock  types  (grey- 
wacke, formation "El Plata" of dark  colour  and 
a  white  sranite  which  rexlresents  the  "Batolito 
Compuesto"o€  "Cuchilla  de 1 
a prominent  line  in  every a 
contact  is  generated by sol 
dawn from the  valley  sides. 
There  have  been no previous 

as  Minas") forms 
ir  photograph.  This 
ifluction  moving 

regiqn,  except some investiqations  on  Regi,onal 
Geology,  which  exclude  periglacial 
geomorpholoqy.  At  the  same  time  Wayne (1984  a, 
Wayne  et al, 1983)  atarted  his  work on the 
Quaternary of the  Cordbn  del  Plata  applyinq 
different  methods  in  order  to  display  his 
complex  and  disputable  theory  on  glaciation  in 
the  studied  area.  The  same  author(1983, 1984 bl 
presented a report  at  meetings  of  the  "Grupo 
Periglacial  Argentino  (attached  to  the  "Sub- 
comisih Latinoamericana  sobre  la  Importancia 
de 10s Estudios  Periglaciales),  which  works  on 
periglacial forms as  paleoclimatic  indicators. 
There  exists no meteorologic  record  from  the 
research  area.  Therefore  data of nearby 
meteorologic  stations  have  to  be  extragolated. 
Awepting a temperature  gradient of 0,6 C/ 100 m, 

del Plata" is  estimated  Pt - 2  to -3OC. 
the hiean annual  temperature gf the  "Lagunita 



The precipitation  is  around 600 nun. Precipitation 
occursmainl~ during  winter  in  solid  form,  but 

The belt of maximum  precipitation  lies  at 
in  summer  there  are  frenquently  sleet  storms. 

approximately 4.000 m (Minetti, 1 9 8 6 ,  oral com.) 
The  region  belongs  therefore to level "B" of 
Minetti ( 1 9 8 4 )  , i.e.  permafrost ocurra .Ac-wrdw 
to  empiric  models  the  regionohas  approx. 250 

very strong  and  owing to the geomorphology it, 
days of temperature  below 0 C. The wind is 

blows  in  direction  NE/SW,  which  prevents a large 
quantity of snow from accumulating on the  slopes. 
As far as altitude  and  vegetation are concerned, 
the  region  can  be  classified  into  the  level 
"altoandino  (Garleff,1977,  Ambrosetti  et al, 

THE CRYOGENIC PROCESSES OP AN ANDEAN PERIGLACIAL 
ENVIRONMENT 

The geomorphological  analysis  of  the  LagUnita 
del  Plata  was  started  with  the  study  of geo- 
cryogenic  processes,  which  created  the  peri- 

The followinq  cryocjenic  processes can be rgistrated 
glacial forms. 

in the  Lagunita  del  Plata: 1)  Congelifraction 
(frost  shattering or frost  splitting), 2 )  
Vertical  and/or  horizontal  sorting, 3 )  Cryo- 
turbation, 4 )  Solifluction, 5 )  Nivation, 6 )  
Cryoplanation, 7 )  Creep of permafrost  forminq 
embryonal  and  large  rock  glaciers, In addition 
different  transports  exists (e.g. rock fall, 



Frost  shattering  is  an  elementary  phenomenon  in 

Lagunita  del  Plata.  In  the  Lagunita  del  Plata 
a cryogenic  environment,  it  is  essential  in  the 

all  rock  types  are  subject  to  heavy  frost 
weathering,  though  owing  to  metamorphism  the 
greywacke i s  more  resistant  and  leaves  more 

Vertical  sorting is a very  active  process in  this 
relicts  or  tors. 

region,  it  can  be  observed  in  cuts of patterned 
grounds,  in  lobes or solifluction  terraces  as 
well  as  in  detritic  slopes. 
Cryoturbation  is of frequent  occurrence  on a l l  
slopes  or  on  the  cryoplanation  surfaces. 

THE  CRYOGENIC FORMS OF  LAGUNITA  DEL  PLATA 

slopes  are  steeper  and  it  is  there  where  there 
i s  a large  snow  patch of longitudinal  type 
(Lewis,1939),  surrounded by  detritic  sbopes 
with  an  inclination  varying  between 28 and 29O. 
Asymmetric  valleys  can  also  be observed(cf.."A- 
rroyo  Casas") . Nivation  is  active  and  is 
manifested  through  the  mentioned  snow  patch, 
also  named  "Gran  Malvina"  owing  to  its form, and 
through  seasonally  snow  patches  in  the  North- 
West  exposed  section.  These  snow  patches  are 
transversal  and  Last  more  than a year  leaving 
interesting  samples  of  nivation  hollows. 
Hints  of  glaciation  have  been  found  neither  in 
the  Lagunita  nor  in  the  "Quebrada de las  Mulas". 
Upon  the  Arroyo Casas, the  glacier  situated in 

The forms that  have  been  registered  in  Lagunita 
the  Southern  front  of El Plata , which  has 

del Plata and  surroundings  are  the  following: 
left  moraines  down  to 3.400 m  altitude,  blocked 

1 )  Patterned  ground:  nets, circles,  polygons, 
the  South-Western  section  of  the  Lagunita. 

stripes  and  steps  (generally  sorted,  terminology Rock 'lacier' are in the region'They 
accordina  to Washburn, 1 9 7 9 ) .  2 )  Mud  boils or are  found  at  the  foot o f  talus  slopes  as  well  as 
Tundra  cEaters  (extrusion forms, pxoduct of 
cryoturbation,  which  are  linked  with  the  already  development  or  juxtaposed.  Some  examples canbe 
mentioned  forms) , 3 )  Tors, 4) Solifluction  lobes seen in  the  valley of l ~ C a s a s t ~ ~  xn the Same valley 
and  terraces, 5) Nivation  hollows  and  terraces, 
6) Detritic  slopes  and  boulder  fields, 7 )  Richter  glaciers,  it  ends as covered  glacier  with 

that  begins  with  uncovered  glaciers,  the  Strelkov 

denudation slopes, 8) Cryoplanation  surfaces,  thennocarst  features (see  "secondary  rock glaciers", 
9) Embryonal  rock  glaciers  and  rock  glaciers, 
10)  Asymmetric  valleys. 

Corte , 1980)  

In  photo  nr. 2, the  number  correspondsto  the 
above  numbered forms. 

PERMAFROST  AND  SEASONALLY FROST 

There  are  various  sorted  forms of patterned 
ground. It is possible to observe  ners?wifh 

In accordance  with  Karte's  classification (1981)  

diameters  varying  between  centimeters  and  6"m. 
the  mentioned  forms  are  geomorphological 

rflhe..Amundsen  circles  vary  between 1,6 m and 
indicators  (type  11) for a vary  important 

4,4  m in  diameter,  while  the most frequent 
seasonal  freezing  and  possible  sporadic  permafrost. 

polygons  register ca, 20 cm  diameter.  At  some 
kcofling to  other  classifications  (Gorbunov, 

places  large  polygons of thermal  contraction 
1978) , the  studied  area  belongs  to  the permafrost 

seem  to  exist,  which  form  today  large  stripes 
type o f  the  Central  Andes  and  is  characterized 
by a region  free  of  ice  and  by  other 3 regions 

(photo  nr.3). A large  range of transitionalforms  where f r o s t  occurs  daily,  seasonally OX 
between  stripes,  nets  and  circles  exists. Almost permanently. on the  other  hand,  the  presence 
by micro Or  macrosolifluction  accordin9 to Troll to  Barsch (1977)  discontinuous  alpine permafrost. 
the  whole surface  at  the  region  Seems to bemoved of  active rock  glaciers  suggests,  in accordance 

( 1 9 4 4 )  At a  number Of localities (4a) terracettes Applying  the  formula  that  has  been  corrected  by 
exist.  They  Qave  digferent  sizes  and  surface Barsch ( 1 9 7 7 ) .  the  presence of permafrost  can 
slopes  of 12 and 30 , their  steps  are  blocky, also  be  assumed  theoretically (see tables) on 
even  steeper.  In  other  parts (4b)  there  are the  basis of data  provided  by  meteorologic 

decameter to  over 100  m  long, their relative 
very  large terraces. They  are partly several  stations. 

height i s  8p to 1 0  m. They  display  slopes of 
apgrox. 20 on the  surfaces  and  of  more  than 
30 at  the  front  slope,  they  are  best  developed 1111) J F M A M J J A S 0 N D 0 Id(mn) ((JI 

in  the  dark  rocks  of  the  formation El Plata. 

mid  slopes,  often  they  are  small  or  well 

a- Data provldod by t h e  meteOrOlOqlC s ta t lon  'La. A,guaditas" ~e rh o Penet l  
and extrap la ted   da ta  ('C) ProstfThw I 

'F 'T 'F 

They are difficult to explain. Partly, they are 
influenced  by nivat-on, partly they  seem to be 

2.215 11,4 12.4  10.7 6.4 6.2 3 . 3  2 , J  3.2 4.3 7,1  9.4 1 2 A  ' J V ~  " " -_ 
3.m 7.6 6,6 4,9 2,b 0.4 -2.5  -3.5 -2 ,6 -1 ,5 1,3 3.6 6.6 l . 9  1'3 -I9 

separated  from  each  other  by  linear  collapse 4.- 2.8  1.8  0.1 -2,Z -4 .2 -7.3 -8.3 -7.4 -6 .1 -3.4 -1 .1 1.8 -2.9 219 115 + 7 

structure,  which  form  long  rills  parallel  to 
the  contour  lines  and  in  which  during  winter 
snow  accumulates. 
As relicts  of  frost  shattering  the  tors  have M (Tmparatursn In 
be named. They  form  mainly  towers on the 
arrete, i.e.  they  belong  to  the  slope-type  of 

the  formation El Plata  on  the  south facingsl-s. 
The  slopes  surrounding  the  Laggnita  display 
slope  angles  between 20' and 30 . The slopes Tables"a"and"b" : Calculation of the  depth  of 

are  intensively  controlled  by  the  prevailing 
penetration of frost  and  thaw  fox  two  stations 

cryogenic  forms. The cryogenic  slopes  differ a 
in  the  Cordillera  at  Mendoza 

with  debris (debrp slopes)  and  on  the  other 
great deal- On the  one side they  Can  be  wvered  parallely  to that, temperature  measurgments  at 

without  (above 30 ) .  To the  North-East  slopes more  than 4.400 m altitude  revealed 0 C at 

with  not  much  debris,  richter  denudation  slopes The  temperature  carried al low 
approx. 90 cm  depth  in  the  South-exposed  slope. 

(Elatthxnge)  occur. The slopes  surrounding  the  the  conclusion  that  the  nermafrost  table  mav 

b -  Data provlded by the  nateoroloqlc etat ion  'cr l s to  Rcdentor" oepth of penatr 
Pr 

(m) J F M A M J J A S  0 N D 0 ( 0 n n ) l 0 n l l o l  
Z Y e Y  

~~~~~h ( 1  976) . They ase primarily  situated  in 3.8J2 3,Y 3.6 2,O - o i l  -1,3 -6.6  -6.6 -6.5 -5 .0 -3a3  a .1  2,s - 1 . 1  199  190 + 



Diagram nr. 1.: Patterns of collapse,situmetric 
analysis 
The well developed  stripes  are ofteninterpreted 
as permafrost  indicators. By situmetric 
analysis  they  display  patterns  of  collapse 
(photo nr. 3 ,  diagram  nr. 1 ) .  Probably  these 
patterns  suggest  a  strong  thermal  contraction 
due  to  a  strong  cryogenic  activity  during 
winter. 

CONCLUSIONS AND DISCUSSION 

Lagunita del Plata forms  a good example of an 
Andine  cryogenic  environment. As cryogenic 
mesoforms the talus  slopes  with an enormous 
quantity  of  cryoregolith  and  active  rock glaciers 
have to be  named. It is  assumed  that  these 
forms  have  already  been  formed  during the 
older and middle  Holocene.  At  the  moment  their 
activity is very  reduced.Thus  today  these 
periglacial  forms  are  conserved, and the 
cryogenic  activity  is  concentrated on Erost 
shattering,  sorting,  cryoturbation,  micro- 
solifluction,  etc. The present day cryoqenic 

relation to  former  periods of the Holocene.This 
activity is  therefore,  accepted as small  in 

is proven by the  fact  that  according toBars& 
and King (oral.com,) the  lower  unit of the 
neighbouring  r6ck  glacier "EL Salto"  is  nearly 
inactive  today. 
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I  would  like  to  thank  for  many  suggestions 
Prof. Dr. D. Barsch  (Heidelberg)  and  Dr. A. 
Corte  (Mendoza) . I  would  further l i k e  to thank 
Karin  Lundberg for helping to translate the 
original  text. 

REFERENCES 

Ambrosetti, J. D e l  Vito, L. y Roig, F. (1986)  . 
La  vegetacibn  del Paso de Uspallata, 
Provincia de Mendoza,  Argentina.  Geobot. 
Inst. ETH, Stiftung Rtibel, Zurich, 91 
141-180 

Barsch, D .  ( 1 9 7 7 ) .  Alpiner  Permafrost-  ein 
Beitrag  zur  Verbreitung, zun.Charakter 

Photo nr. 3. : Stripe  with  the  structure pf 
collapse 

und zux tlkologie am Beispiel  der  Schweizer 
Alpen. Formen, Formengesellschaften urd 
Untergrenzen  in den heutigen  periglaaialen 

Afrikas  zwischen  Arktis und  #quator, 
Hdhenstufen der Hochgebirge  Europas  una 

Gbttingen, 118-141 

Corte, A, ( 1 9 8 0 ) .  Glaciers and Glaciolithic 
systems  of  the  Central  Andes.  World Glacier 
Inventory, IAHS-AISH, nr, 126, 11-24 

Corte, A .  & Trombotto, D. ( 1 9 8 2 ) .  Andean 
geocryogenic  features  in  satellite  imagery 
and accidents  warning.  Sixteenth 
International  Symposium on Remote  Sensing 
Environment.  Buenos  Aires. 

French, H.M. ( 1 9 7 6 ) .  The Periglacial Envirommt 
Longman  London and New York. 309 pp. 

Garleff , K. ( 1  977)  . Hahenstufen  der argentinischen 
Anden  in Cuyo, Patagonien und  Feuerland. 
Gottinger  Geographische  Abhandlungen.  Heft 
nr. 68, GBttingen. 

Gorbunov, A. ( 1 9 7 8 ) .  Permafrost  investigations 
in  high  mountain  regions,  Arctic and 
Alpine  Research. Vol. 1 0  ( 2 1 ,  283-294, 

Xarte, J. & Liedtke, H .  (1   981 )  . The theoretical 
and practical  definition  of  the  term 
"Periqlacial"  in  its  geographical and 
geoloSica1  meaning.  Biul;  Peryglacjalny 
nr. 28,  123-135. 

Lewis,W . ( 1  9 3 9 )  . Snow-Patch  Erosion in  Iceland 
Geog. Jour. Vol. 94, 153-161. 

Minetti, J. y Corte, A. ( 1 9 8 4 ) .  Zonificacibn 
altitudinal del clima  en  la  zona  andina 
y su relacibn  con  el  limite  inferior  del 
hielo perenne (LfHP)  y  del limite inferior 
geocriog&nico  (LIG).  Segunda  Reunibn Grup 
Periglacial  Argentino, San Juan. Acta 
Geocrioqkica nr. 2, 129-143, Mendoza. 

266 



Troll, C. ( 1 9 4 4 ) ,  Strukturbdden,  Solifluktion 
und Frostklimate  der Erde.  Geol.  Rdsch. I 

3 4 ,   5 4 5 - 6 9 4 .  Stuttqart. 

Washburn, A.L. ( 1 9 7 9 ) .  Geocryoloqy.  A  Survey  of 
Periqlacial  Processes and  Environments. 
406 pp.,London. 

Wayne, W. (1983)  Geoloqic  settins and patterned 

”- 

”- 

”- 

jround, Laqunita d e l  Plata, kendoza. 

Mendoza. Acta  Geocrioq6nica nr. 1, 1 5 7 - 1 5 8 ,  
Primera  Reunibn  Grupo  Periqlacial ArrJentino, 

Mendoza. 

( 1 9 8 4  a ) -  The Quaternary  Sucession 
in the  Rio  Blanco Basin, Cordbn del Plata, 
Mendoza Province, Argentina : an application 
of multiple  relative  dating  techniques. 
Quaternary  Dating  Methods.  Elsevier, 389- 
406, Amsterdam. 

(1984 b ) .  Geologic  controls  on 
distribution of patterned  ground,  Cordbn 
del Plata, Mendozs - Pleistocene  paleo- 
temperatures,  headwater  slapes of Arroyo 
Negro and Rio Blanco, Cordbn del P l a t a ,  
Mendoza,  Argentina.  Segunda  Reunibn  Grupo 
Periqlacial  Argentino, San Juan.  Acta 
Geocriog6nica nr. 2,  246-249. Mendoza. 

Glaciations of the  Cordbn del Plata, 
Mendoza,  Argentina.  Palaeogeography, 
Palaeoclimatology,  Palaeoecology, ( 4 2 ) ,  

& Corte, A .  ( 1 9 8 3 ) .  Multiple 

185-209. 

267 



OUTER LIMIT OF PERMAFROST DURING THE LAST 
GLACIATION IN EAST CHINA 
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SYNOPSIS  Up  to  now  there  is  no  agreement in the  location  of  the  southern  limit  of  perma- 
frost and  the  lower  limit  of  alpine  permafrost  during  the  Last  Glaciation  in  east  China.  Through a 
comprehensive  analysis  for  the  remnants of  periglacial  phenomena  (pingo, i c e  wedge  and  block fields), 
boreal  forest  zones  (latitudinal  and  altitudinal  zones)  and  periglacial  fauna  (Mammuthus  prjmiRenius 
and  Coelodonta  antiquitatis),  the  authors  propose  new  boundaries. 

INTRODUCTION 

The  last  glaciation  of  Late  Pleistocene,  an 
extremely  cold  period  in  the  Quaternary, had an 
important  bearing  on  the  changes of  the  sea 
level,  the  movement of  climatic zones, the ex- 
pansion of loess and  the  development  of  the 
fauna  and  flora  in  the  northern  part o f  China. 
With  the  accumulation  of  new  information,  it  is 
clear  that  the  southern  limit o f  permafrost  had 
moved  southwards  during  the  last  glaciation, 
however,  the  location  and  altitude of  these 
limits  are  still  under  discussion  (Guo  Dongxin 
et  al.,  1981;  Cui  Zhijiu  et al., 1985;  Pu  Qing- 
y u ,  1985; Yang  Huairen  et  al.,  1980) (Fig.1). 
Opinions  also vary  concerning  the  lower  limit 
of  the  permdfrost  zone  in  the  mountains  south 
o f  the  southern  limit of the  main  permafrost 
area  (Zhu  Jinghu  and  Cui  Zhijiu,  1984;  Yang 
Huairen  et  al.,  1958;  Pu  Qingyu, 1984). 

The  various  opinions  concerning  the  location  of 
the  southern  limit  and  the  lower  limit of p e r -  
mafrost  during  the  last  glaciation  were  sug- 
gested  based on the  periglacial  traces,  the  com- 
posite  of  Abies  and  Picea  pollen, or the  fossils 
of  Mammuthus  primigenius  and  Coelodonta  antiqui- 
tatis,  indicating a cold  climate.  It  is  our 
contention  that,  though  the  cold  climate  during 
the  last  glaciation  did  find  its  expression  in 
these  phenomena,  their  individual of  distribu- 
tion,  each  with  its  own  particular  way of deve- 
lopment,  does  not  show  the  true  outer  limit of  
the  permafrost  belt. As regards  this  evidence 
of  a co1.d climate,  the  present  authors  are  in 
favour o i  the  prinLiplc o f  a comprehensivc  anal- 
ysi.s wi.th cross-reference,  that  is,  to  find  out 
the  pattern of  the  relationship  between  these 

mcnt,  thcir  limits of  distribution  and  their 
phenomen  through  an  analysis of  their  develop- 

relations  to  the  permafrost b e l . t ,  s o  as  to  de- 
termine  the  limit w i t h  improved  accuracy. 

PERIGLACIAL CONSTRIJCTTONS 

Thc  pcriglacial  processes  may  take  place  in  both 
t.he perennially  and  srusonally  frozen z o n e s .  
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Fig.1  Comparison  Among  the  Several  Opin- 
ions  about  the  Southern  Limit of Permafrost 
Belt  During  the  Last  Glaciation  in  East 
China 
1. Southern  limit o f  modcrn  pcrmafrost; 
2. Southern  limit o f  ansient. permairost 

3 .  Southern  limit  of  ancient  permafrost 

4. Southern  limit of  ancient  permafl-ost 

5 .  Southern  limit o f  anc.ient permafrost 

6 .  Southern  limit of ancient  permafrost 

(Guo  Dongxin  et a1 . ,  1981); 

(Cui  Zhijiu et al.,  1985); 

(Pu  Qiniyu,  1085) ; 

(Yang  Huairen  et a l . ,  1980); 

o f  this  paper. 

Kspec.ia1ly i.n thc  monsoon c l i l n o t e  zones o f  East 
China, a high  amplitudc  in a i . t  temper8t.ure : ~ n d  
a cold  and d r y  w in t . e r  favcor frost actio11 a 1 1 d  

thc  production o f  cer t -a i11  periglacial phellultlen;1 
such  as f r o s t  weat-hering  and s o l i f l u c t i u n  i n  ,311 



area  with  deep  seasonal  freezing.  French  (1976) 
sugges~ed that  thc  pcriglacial  zone  might  in- 
clude  parts  of  the  area  with  a  mean  annual  air 
tempera~urc of  3"C, s o  that  the  limit of  peri- 
glacial  zone  might  differ  from  that  of  perma- 
frost  region.  The  reconstruction o f  the  border 
o f  past  permafrost  should  be on the  basis  of 
the  features  which  can  indicate  the  permafrost 
cnvironment,  such  as  pingo  scarsand  ice-widye 
casts,  block  fields,  flat-bottom  valleys,cryop- 

whereas the  frost weatherings, frost crackings, 
lanation terraces, thcrmokarst depressions; 

soliflucti.ons,  nivaLion  depressions  might  not 
be  the  excl.usive  indicator  of  permafrost.  The 
distribution  of  flat-bottom  valleys,  cryoplana- 
tion  terraces  and  thermokarst  depressions  is 
too  limmited, s o  it  is  hard  to  use  these  fea- 
tures  to  reconstruct  the  boundary o f  ancient 
permafrost.  The  present  authors  suggest  that 
the  pingo  scars,  ice-wedge  casts  and  block  fields 
should be the  key  features  to b e  used (Fig.2)- 

Fig.2  The  Distribution  of  Periglacial 
Remnants  Indicating  Permafrost  During 
the  Last  Glaciation  in  East  China 
1. pingo  scars; 2 .  ice-wedge  casts; 
3 ,  block  fields; 4. flat-bottom  valleys; 
5. thermokarst  depressions. 

1 .  Pingo  scars.  Some  traces o f  ancient  pingo 
lakes  were  found in the  upper  Guxiangtuen  series 
(30.000 to 23,000 years  in I4C age)  in  the 
Qianan, N3ngan,  et^. of  the S o n g n e n  Plai.n,  abo-lt 
45"N i n  latitude ( P u  Qingyu, 1 9 8 5 ) .  

The  occurrence  of  pingo  scars  was  first  regarded 
as  showing  that  the  Songhua-Liao  watershed  was 
in  the  central  part o f  permafrost  zone  during 
I;he !,ast Claciation  (Study  group  on  frozen 
ground  in  the  Northeast  China, 1 9 8 3 ) .  However, 
as  widely  recognixed,  the  disrribution o f  pingo 
remnants i s  n o t  confined in the  central  zone  of 
permafrost  region.  Open-system  pinyocs  develop 
in  the  discontinuous  permafrost  zone  with  a  mean 
annual  air  t-empcrature o f  -1 to -6 °C  (Washburn, 
1 Y 7 3 ) .  P o l l c n  analysis  showed  that  the  mean 

annual  air  temperature  in tiarbin was  -3.6"C, 
30,000 years  ago  (Zhou  Kunshu,  1984),indicating 
that  the  Songhua-Liao  watershed  might be in  a 
peripheral  area of the  permafrost  zone  at  that 
time,  and  the  pingos  were  probably  formed  in  an 
open-system, 

Apart  from  those  small wedges  that  may  have 
2 .  Ice-wedge  casts  and inactive s a n d  wedges. 

developed  in  the  seasonal  frost  zone,  most  ice- 
wedges  (especially  ice-wedge  nets)  are  marks  of 
the  existence o f  a  permafrost  zone.  The  size of 
an ice  wedge  shows  the  degree  of  coldness,  and 
s o  the  nearer  to  the  southern  and  lower  limit, 
the  smaller  the  ice-wedges  will be. It  is  re- 
ported  that  the  ice-wedge  casts  in  east  China 
are  mainly  distributed  in  the  areas  north  to 
45'N, where  the  wedges  are  approximately 1 me- 
tre  in  width  at  the  top and  over 2.5 metre  in 
depth.  The  wedges  south  to 40"N tend t o  become 
progressively  smaller  with  decreasing  latitude. 
Sand  wedges  in  Dehui  penetrated  down  to  the 
permafrost  layer,  while  those in Aohanqi,  Dstong 
(Yang  Jingchun  et  al., 1983) and  Salawusu ( D o n g  
Guangrong  et  al.,  1985)  penetrated  no  more  than 
the  active  layer.  This  suggests  the  possibility 
that  the  above  three  areas  are  located  near  the 
southern  limit of the  ancient  permafrost  belt. 

3 .  Block  fields.  The  stratigraphic  and  geomor- 
phic  correlations  show  that  the b l o c k  fields  in 
the  mountains  to  the  south of  the  southern  limit 
may  all  have  appeared  during  the  Last  Glaciation. 
It  seems  that  regardless of  the  climate  in  the 
mountains,  the  block  fields  are 200-500 m  below 
the  snow  line,  whereas  the  height  difference 
between  the  block  fields  and  the  frost  line 
varies  considerably  from  place  to  place  accord- 
ing  to  the  arj.dity,  e.g.  it  may be 600 to 700 m 
lower in some  areas  with  a  dry  climate, but  only 
about  a  hundred  metres  lower  in  a  humid  area. 

The  present  limit of permafrost  in  the  alpine 
regions  in  West  China  can  be  used  for  the  esti- 
mation  of  the  Late  Pleistocene  permafrost  limit 
in  the  mountains o f  East  China  where  the  inac- 
tive  block  fields  are  found,  Generally  speaking, 
the  mountainous  areas  in  the  east  have  a  humid 
climate  in  modern  times,  but  were  cold  and  dry 

altitude  between the  block fields and  the  perma- 
during  the  last glaciation. The differencc  in 

frost  lower  limit  in  these  area  is  estimated  to 
be 700 m, a s  occurrs  today  in  the  dry  mountainous 
areas  in  the  west  (Table I). 

It  is  clear  from  Table I that  tho  lower  limit 
of  the  ancient  permafrost  belt on Mt. Changbai 
Shan  was  below 1,000 m a.s.l., so  it  was  within 
the  latitudinal  permafrost  helt.  Howcver,  the 
Mt. Wutai  Shan  and  mountains  to  its  south,  where 
thc  permafrost  lower  limit was above 1 , 5 0 0  I n ,  

were  outside Lhc latitudinal  SLlt  duri,Ig t.hc 
last  glaciation. 

VEGETATION OF COLD  ENVIRONMENT 

1. The  horeal  forest  zone  and  the  southern  limit 
o f  the  ancient  permafrost  belt. 

There  have  been  a  variety o f  o p i n i o n s  concerning 
the  location u f  the  coniferous  forest i n  easL 
C h i n a  during  the  last  glaciation ( F i g . 3 ) .  Husrd 
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TABLF, I 

Thc Lower  Limit  of  the  Ancient  Alpine  Perma- 
frost  Belt  Estimated o n  the  Basks  of 
Heights o f  the  Inactivc  Block  Fields' , Mountains 

Changbaj  Shan 
Wutai  Shan 
Taibai  Shan 
Mahan  Shap 
Wu  Shan 

The  height  of 

f icld 
inactive  block 

( m  a.s.1.) 

1500-1800 
2500-2700 
3000-31 00 
3 5 0 0 - 3 6 0 0  
2300-3100 

lhe  lower  limit 
of  ancient 
permafrost  belt 

(m a.s.1.) 

700-1000 
1700-2200 
2300-2800 
2700-2800 
2100-2300 

Fig.3  The  Southern  Limit of  Boreal  Forest 
Belt  and  Sites o f  Sporo-pollen  Assemblage 
o f  Spruce a n d  Fir  During  the  Last  Glacia- 
tion  in  East  China 
1.  Modern  boreal  forest  belt; 
2 .  Southern  limit  of  ancient  burealqforest 

belt  (Cui  Zhijiu  et  al., 1985); 
3 .  Southern  limit o f  ancient  boreal  forest 

belt  (Yang  Huairen  et  al., 1980); 
4 .  Southern  limit  of  ancient b o r e a l  forest 

belt o f  this  paper: 
5. Sites  of  the  sporo-pollen  assemblage o f  

spruce  and  fir,  modern mcan annual  air 
temperaturelancient  mean  annual  air 
temperature 

on  the  distribution o f  Abies  and  Picea  pollen 

extended  from  the  plains  to  the n o r ~ h  of t h e  
of that  period,  the  authors  suggest  that  it  is 

Huai River to  the  central  Shaanxi  Plains,  i.e. 
about 34-35'N. Southwards,  he plains  at t,he 
lower  reaches  of  thc  Yangtze  River  were i.n a 
forest-steppe  environment  or  steppe  environment 
of  thc  temperate  zone  during  the I,ast. Glacia- 
tion. 

The  Ahies and  Picea  pollen  in  the s e d i m e n ~ ,  

23,000+850 years  in 14C age, of  Weinan  CounLy 
(34'31'N) indicates a mean  annual  air  tempera- 
ture  of  4.7"C, whi.1e in  the  Salawusu  layer 
(27,940*600  years  in 146 age  and  37" to 38"N), 
i.t indicates -0.2'C. If the  mean  annual  air 
temperature was 4-5°C  at.  the  southern  limit o f  
the  coniferous  forest  belt  and -1 to -2°C at 
the  southern  limit  of  permafrost  belt,  then  it 
could  be  estimated  that  the  distance  between 
these  two,limits  should be 6 "  to 7 "  in  laticude 
during  the  Last  Glaciation, 

'The coniferous  forest  belt  in  the  boreal  tem- 
perate  zone  in  the  eastern  part Qf the  modern 
Eurasian  continent.is  wide,  covering 20' in 
latitude  (70-5OoN)..  Based  on  the  discussion 
above,  it  is  believed  that,  if  the  southern 
limit o $  the  coniferous  forest  during  the  last 
glaciation  had  moved 15' in  latitude,  all  or 
most o f  th,e latitudinal  permafrost  belt  in  east 
China  would  still  have  been  within  the  conifer- 
ous f'orest, and  west  China  possibly  had  become 
a forest-steppe o r  dry  steppe  environment  be- 
cause of the  dry  climate, In general, f r o m  a 
macrogeographic  view,  the  eastern  part o f  China 
has  never  been a tundra  area,  even  during  the 
Last  Glaciation, 

2 .  The  coniferous  forest  belt  and  the  ancient 
lower  Limit  of  alpine  permafrost. 

The  lower  limit of  alpine  permafrost  is  usually 
lies  300-800 m above  the  tree  line  in  West  China, 
However i n  East  China,  they  within  500 m of  each 
other, o r  even  reversed.  This  is  due  to  the 
dry climate  and  the  strong  thermal  effect o f  the 
mountain  body  resulting  in  raising o f  the  snow- 
line  and  widening o f  distance  between  the  snow- 
line  and  tree  line. I n  the  east,  it  was  much 
more  humid  and  the  thermal  -effect of  the  smal- 
ldr  mountain  bodies  was  small. As a result  the 
tree  line  was  ligher  and  the  lower  limit of 
permafrost  was  lower. 

The  lowering  of  the  tree l i h e  during  the  Last 
Glaciation  was  1,000 m in  Hokkaido  in  Japan, 
1,100 m in  the  Alps,  1,100-1,300 m in  the moun- 
tains  in  North  America, 1 , 5 0 0  m in  Mt.  Daxing- 
anling  and  1,200-1,300 m in  the  mountains  at 
the  lower  reaches  of  the  Yangtze  River  in  China, 
Assuming a 300 m difference  in  height  between 
the  lower  limit of modern  alpine  permafrost  and 
the  tree  line,  -the  lower  limit  of  the  .ancient 
permafrost  belt  during.  the  Last  Glaciation  can 
be calculated  with  reference  to  the  ancient 
tree  line a s  shown  in  Table I f ,  

PEKIGLACIAL  FAUNA 

With  the  movement  of  the  climatic  ione  towards 
the  south  in  the  Last  Glaciation,  such  cold 
climate  species a s  Mammuthus  ~ri.migenius  and 
Coelodonta  antiquitatis  were  once  widely  dis- 
tributed  over  the  middle-latitudes ( C h o w  Benshun, 
1978), their  fossils  having been f o u n d  in a s  
many as  217 pl.aces i n  the  northeastern  part of 
China.  The  di.stribution o f  Mammuthus  primi- 
genids was concentrated  north t.o 42"N,  though i n  
north,  northenst,  and  even  central  and c a s t  C h i n a  
Lhe  discovery is not  rare (Fig.4). J u d g e d  b y  I 4 C  
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TABLE II 

The  Height of  the  Former  Tree  Line and the 
Lower  Limit of  the  Ancient  Permafrost 

Belt  During  the  Last  Glaciation 
in  East  China (m a.s.1.) 

I I I 1 I The  modern  The Cree tree  line I line  during 
lourrains 1 I the  glaciation  last 
ChangbaiShan 1800 

Taibai  Shan 
Wu Shan 
Lu  Shan 3000" 
Tianmu Shan 2700" 
Yu  Shan 3600 

300-800 
1100-1600 
2000-2500 
1600-2100 
1500-2000 
1 200- 1700 

* Exceeding  the  height  of  Mountains. 

The lower  limit 
of  ancient perma 
frost  belt  cal- 
culated  on  the 
basis o f  ancient 
tree  line 

600-1100 
1400-1700 
2300-2800 
1900-2400 
'1800-2300 
,1500-2000 
2400-2700 

I 
I10 120 

= I  1 . 1 2  ~3 n4 
Fig.4 Fossil  Sites of Mammuthus  Primi- 

penius and  Coelodonta  Antiquitatis  During 

Chow  Minchen et al, 1 9 5 9 )  
the  Last  Glaciation  in  East  China  (After 

1. Mam'nuthus Primigenius; 
2. Coelodonta  Antiquitatis; 
3 ,  Southern  Limit of  Mammuthus  Primigenius; 
4 .  Southern  Limit of Coelpdonta  Antiquitatis. 

dates,  most of  these  animals  lived 35000-20000 
years  ago,  The  fact  that  the  fossils of m- 
muthus  premigenius and Coelodonta  antiquitatis 
were  found in lower  latitudes o f  East  China i n -  
dicates a colder  climate  during  the L a s t  Gla-  
ci.ation. However,  the  southern  limit o f  these 

fossils  cannot  represent  the  southern  limit of 
the  ancient  permafrost belt. Reference  can be 
made  to  other  areas  outside  China c.g. the  dis- 
tribution of  Mammuthus  gremigenius  near 40'N in 
Europe  and  North  America;  that of  Coelodonta 
antiquitatis  as  far  south  as 36"N in  Europe. 
The  southern  limit o f  the  ancient  permafrost 
belt  in  Europe  during  the  Last  Glaciation is 
43-44'N, which is 3-4' and 6-7"  in  latitude 
further  north  than  the  southern  limit of =- 
muthus  primigenius  and  Coelodonta  antiquitatis 
respectively.  The  western  section o f  the  south- 
ern  limit o f  the  ancient  permafrost belt i n  the 
Late Wisconsinan  Glaciation  was at 4 2 ' N ,  and 
was 2 '  in  latitude  further  north  than  the  south- 
ern  limit of Mammuthus  primi~enius. 

Mammuthus  primigenius  and  Coelodonta  antiqui- 
tatis  are  both  species  characteristic o f  a cold 
~limate environment  of  tundra,  loess  steppe, 
plateau  meadow,  etc.  Different  environments 
produce  different  population  associated  with 
different  species of  animals.  According  to 
Chow  Minchen ( 1 9 5 9 ) ,  there  were no Rangifer 
tanrandus or Vulpes  Arctos,  which  are  typical 
periglacial  animals  in  the  Mammuthus-Coelodonta 
fauna i n  the  northeastern  part of China, b u t  
there  were  Bubalus,  and  Struthios  that  flourish- 
ed in  the dry environment,  with  other  temperate 
zone animals.  He  observes  that, i n  view of the 
fossils of  Mammuthus-Coelodonda  fauna  found  in 
Guxiangtun  in  Harbin,  the  climate  there  during 
the  Last  Glaciation  was very much  like  the 
modern  climate  in  the  northern  part of northeast 
China  and in the  southern  part o f  Siberia,  and 
the  same  is  true of the  associated  vegetation 
cover.  This  also  reflect  the  southward  migra- 
tion of the  southern  permafrost  limit  through 
n o  more  than 10' in  latitude. 

Coelodonta  antiquitatis  were  more  adaptable to 
t h e  natural  environment  than  Mammuthus Erimi- 
genius. The  fact  that no Mammuthus  primigenius, 
were  found  with  Coelodonta  antiquitatis,Bubalus, 
and  Struthios  in  Salawusu  in  the  Great  Bend  of 
the  Yellow  River  indicates  a  dry, c o o l  loess 
steppe  environment. I n  Late  Pleistocene  deposits 
as  well  as  in  earlier ones in China's north,etc., 
there  have  been  discoveries of Coelodonta anti- 
quitatis  and  associated  animals  that  were  adap- 
t a b l e  to the  warmer  climate.  This  phenomenon 
was  close  related  to  the  geographical  position 
of  east  China  and  its  climate  during  that per-  
iod.  The  eastern  part of China,  strongly hit 
by the  cold  current  from  the  north  polar  region 
during  the  Last  Glaciation, had a low tempcra- 

still influenc'ed by the m o n s o u n ,  t h o u g i i  r r l a -  
ture at  that time. Nevertheless, the  arPa WRS 

tively weak,  from  the  Pacific in summer.  This 
resulted  in  frequent  seasonal  movements of the 
animals,  even  down t o  lower  latitudes.  The  deve- 
lopment of permafrost  requires a consist-ently 
cool  climatic regirle with  low  temperatures.  The 
southern  limit o f  its  distribution  lies 3-4"  
further  north  than  the  southern  limits o f  w- 
muthus  primigenius,  and 6-7'  furtlrcr north 
than  the  Coelodonta  antiquitatis b a s e d  on cv i -  
dencc  from  other  continants.  This  suggests T h d t  
Lhc location o f  thc' southcrn p r ~ r m , ~ f r o s t .  l i m i t  
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TABLE I11 

The  Lower  Limit of Alpine  Permafrost  Belt t o  the  South of the  Southern 
Limit of  Ancient  PermaErost  Belt  During the  Last  Glaciation 

- 
C 
W 
T 
W 
T 
L 
Y 
L 

I Geographic  position 

Mountains I Latitude 

I 
hangbai  Shan 
utai  Shan 
aibai  Shan 
u Shan 
ianmu  Shan 
u Shan 
u Shan 

38"33'-39"6' 
41'-44' 

34" 
31'20'-31'30' 

30°20' 
29'30'  
22'30' 

Longitude 

( E )  

13"28'-113'40' 
126'-130" 

107'-108° 
110"10'-110"20' 

119'30' 
115 '50 '  
121" 

The  height 
of  the 
highest 
peak 
( m  a . s , l . )  

2029 
3058 
3767 
3105 
1 5 0 7  
1426 
3997 

* Exceeding  the  height o f  mountains. 

probable  lay  around 37-40'N. 

THE  LOCATION OF THE SOUTHERN LIMIT OF THE 
ANCIENT PERMAFROST  BELT  AND ITS SIGNIFICANCE 

The above  discussion  leads  to  a  tentative  con- 
clusion  that  the  southern  limit of permafrost 
belt  during  the  last  glaciation  in  China ex- 
tended  from  the  southern  part of Songhua-Liao 
Watershed (42"N), along  the  southern  slope o f  
the  hills  of  western  Liaoning  and Mt. Yan  Shan 
(800 m a.s.l.), to  the  northern  Hebei (40°N), 

Shaanxi (37'N), and  westwards  through  the  south- 
then  turned  southwestwards  to  the  northern 

e r n  edge of Inner  Monggolian  Plateau  (about 
1000 m a.s.1.) to enter  west  China (Fig.5). 

The  southern  limit of  the  ancient  permafrost 
belt  has  a  very  similar  boundary  to  that o f  the 
modern  permafrost  belt but lay  about 6' i n  
latitude  to  the  south  in  the  eastern  sector, i. 
e .  42'N in  the  last  glaciation  compared  with 48'N 
in  the  modern  times;  and 9" in  latitude  in  the 
western  sector, i.e. 37'N compared to 46'N. 

The  change  in  the,southern  permafrost  limit  is 
relatively  small  in  east  China, i n  terms  of  the 
changes  experienced  in  Europe and in  North  Amer- 
ica.  The  limit  in  Europe  was  at 43-44'N during 
the  Last  Glaciation  compered  with 66-68'N today 
for a  difference o f  23-24' in  latitude.  The 
Limit in North  America  lay  at 37-42'N during 
the  Last  Glaciation  compered  with 52-60'N at 
modern  times.  This  is a difference o f  15-18' 
in  latitudeewhile in China,  the  difference  is 
7-10" in latitude.  The  reason  for  this  lies  in 
the  fact  that  the  eastern  part of China to the 
north of the  Yangtze  River  has  been  controlled 
by a strong  continental  mansoon  climate  ever 
since  the  Last  Glaciation.  Thus  the  small- 
scale  change in the  southern  limit  shows  the 
relative  stabilities o f  the  climate  there. 

The  lower The  lower 
limit of limit o f  
permafrost permafrost 
belt belt 
calculated calculated 
on  the  basis on the b a s i s  
o f  heights o f  ancient 
of inactive tree  line 
block  fields (rn a.s.1.) 
(m a.s.1.) 

700-1000 600-1100 
1700-2200 1400-1700 
2300-2800 2300-2800 
2100-2300 1900-2400 - 1800-2300 

- 1800-2300 
- 2400-2700 

The  lower limit 
of permafrost 
belt determined 
through  a 
comprehensive- 
comparative 
study 
(m a.s.1.) 

1700 
800  

2500 
2200 
1800" 
2000* 
2600 

Fig.5  The  Southern  Limit  and  Lower  Limit 
of Permafrost  During  the  Last  Glaciation 
in East C!l,ina 
1. Southern  limit of modern  permafrost belt: 
2 .  Southern  limit of tlncient permafrost belt: 
3 .  Lower  limit of ancient  permafrost  belt; 
4. Southern  limit of  ancient  boreal f o r e s t  

5. Southern  limit of mammuthus  primigenius 

6 .  Southern  limit of coclodonta  antiquitatis 

belt; 

distribution; 

distribution. 
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The  lower  limits of permafrost  on  the  high  moun- 
tains to the  south of  the  southern  limit,wheth- 
e r  based on  the  inactive  block  fields o r  the 
ancient  tree  line,  are  all  similar in height, 
as  is  shown  in  Table 3 .  It is  clear  from  the 
table  that  the  lower  limit of permafrost  in  the 
mountains  near  the  southern  limit of the  ancient 
permafrost belt was  about 800-1000 m a.s.l., 
while  the  ancient  lower  limit  in  the  mountains 
in  north  China  was about 1500-2000 m a.s.1. In 
the  mountains  in  central  China  it  was  about 
2000-2500 m a.s,l.,  while  in  the  mountains  in 
east  China  it d d s  about 1800-25OC Q a . s . l b .  
Among  the  mountains  in  the  south  China,  only 
the  Yushan had an  altitudinal  permafrost  belt 
with a lower  limit  about 2600 m a.s.1. 

o f  Nanjing  University, No.1, 1 2 1 - 1 4 2  (in 
Chinese). 

Yang  Jingchuh  et al., ( 1 9 8 3 ) .  Fossil ice wedges 
and Late  Pleistocene  environment in Datong 
basin,  Shanxi  Province.  Scientia geo-  
graphica  sinica, J ( 4 ) ,  339-344 (in Chinese). 

distributed  from 20.000 to 30,000 years 
ago in  river  valleys,  plain  regions of  
North  China  and  their  implications.  Sporo- 
pollen  analysis of the  Quaternary and 
?aleocnvironmsntd,  Science P r p ~ s ,  1 5 - 2 4  
(in Chinese). 

Zhou  Kunshu, ( 1 9 8 4 ) .  Spruce,  Fir  vegetations 
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tain.  Journal o f  glaciology  and  geocryo- 
logy, 6 ( 1 ) ,  71-77 (in Chinese). 

REFERENCES 

Chow  Benshun, ( 1 9 7 8 ) .  The  distribution o f  the 
Woolly  Rhinoceros  and  Woolly  Mammoth. 
Vertebrata  Palasiaica, 16(1), 47-59 (in 
Chinese). 

Chow  Minchen, ( 1 9 5 9 ) .  Pleistocehe  mammalian 
fossils  frOh  the  Nbrtheastern  Provinces. 
Science  Press, 9-12 (in Chinese). 

Cui  Zhijiu et al., ( 1 9 8 5 ) .  On  Late  Pleistocence 
environment  in  the  northern  part o f  China. 
Quaternaria  Sinica, 6 ( 2 ) ,  115-119 (in 
Chinese), 

Dong Guangrong et al., ( 1 9 8 5 ) .  Ancient  peri- 
glacial  phenomena  since  the  Late  Pleis- 
tocenp on the  Eerduosi  Plateau.  Symposium 
of national  conference on  Quaternary  gla- 
cier  and  periglacial.  Science  Press, 2 2 5 -  
230 (in Chinese), 

Longman,  London, 3 0 9 ,  

proach to the  history a n d  age o f  permafrost 

and geocryology, 3 ( 4 ) ,  1-6 (in Chinese). 
in  Northeast  China.  Journal o f  glaciology 

Pu Qingyu, (1984) .  The  phenomena  of  the  Quater- 
nary  periglaciation  in  West  Hunan  and  East 
Guichou.  Marine  geology  and  Quaternary 
geology, 4(1). 117-122 (in  Chinese). 

Pu  Qingyu, ( 1 9 8 5 ) .  South  boundary o f  permafrost 

French, H. ( 1 9 7 6 ) .  The  periglacial  environment. 

Guo  Dongxin  et  al., (1981) .  Preliminary  ap- 

in  China  in  Late  Pleistocene.  Symposium 
of national  conference on Quaternary  gla- 
cier  and  periglacial,  Science Press, 216- 
220 (in Chinese). 

Study  group o n  frozen  ground  in  the  Northeast 
China, ( 1 9 8 3 ) .  Distribution  characteristics 
of  permafrost  in  the  Northeast  China. 
Proceedings of second  national  conference 
on permafrost, Gansu people's publishing 
house, 36-42 (in Chinese) + 

Washburn, A . L . ,  ( 1 9 7 3 ) .  Periglacial  processes 
and environments.  Edward  nrrold  and  sons, 
London, 244-257. 

Yang  Huairen et al., ( 1 9 5 8 ) .  The  phenomena of  
the  Quaternary  periglaciation  in  the lower 
reaches o f  the  Yangtze  River.  Quaternaria 
Sinica, 1(2 ) ,   141 -154  (in Chinese). 

Yang tIuai.ren e t  al., ( 1 9 8 0 ) .  Quaternary  envi- 
ronmunLal  changes in eastern  China.  Journal 

273 



THE GEOCRYOLOGICAL MAP OF THE USSR OF 1:2,500,000 SCALE 
E.D. Yershov, K.A. Kondratyeva, S.A. Zamolotchikova, N.I. Trush and Ye.N, Dunaeva 

Faculty of Geology,  Moscow State University, Moscow, USSR 

SYNOPSIS The Geocryological map o f  the USSR gives f o r  each  feature and group of 
f ea tu res  of: topography, d i s t k g u i s h e d  In the map of this scale, a comprehensive cha rac t e r i s t i c  of 
geocryological  conditions  accordhng to   the  fol lowing  parameters :   d is t r ibukion of f rozen and 
unfrozen  grounds and their mean annual tern matures; thickness of frozen (with/without  ice), 
relict  (beneath  overlying  unfrozen  groundsy and chilladbelow ODC saline-water  containing ground 
strata; composition and cryogenic texture of  epicryogenic  formations o f  Pre-Quaternarg  rocks and 
genet ic  complexes of  epi- and syncryogenic loose Neogene-Quatemasy  deposits  with the character i -  
zat ion of cryogenic structures, macroinclusions of Ice  and ice  (moisture)  content3  depth o f  sea- 
sonal f reezing;   under   r iver  bed and l ake ,  open and closed  taliks;   cryogenic and postcryogenic 
phenomena, etc. The volume o f  ininfomation ava i lab le  In t he  map f o x  each s i t e  allows t o  make en- 
gineering-geocryological assessment of t h e   t e r r i t o r y  being developed, t o  pred ic t  tts clangee and 
elaborate  measures aimed a t  protecting  the  geocryological  environment. The map is b e b g  printed 
in t h r e e  variantst general   integrated map,  map of the  permafrost zone thiclmess, and map of mean 
annual  temperatures of grounds. 

In recent  years much higher  requirements a r e  
spec i f ied  f o r  showing on the maps t h e  geocryo- 
logical   condi t ions of t h e   t e r r i t o r i e s   b e i n g  
developed  with a view t o   p r o s p e c t i n g   f o r  and 
explo i ta t ion  of oil-and-gas i i e l d s ,  mineral 
deposi ts ,  and intensive  construct ion o f  
dwelling  houses  hndustflol and hydraulic 
s t ruc tures ,   roads ,  power transmission- and 
p ipe l ines .  Accumulation C I ~  vast f ac tua l   da t a  
and information on $he USSR permafrost zone 
especial1 on t h e   s i t e s  covered bg IntegraJed 
small-sca!k geocryological and e n g h e e r h g -  

with the present-day  theoretical  concepts on 
geocryological  surveys, made h accordance 

the  general  a n d  spec i f i c  laws of permafrost 
(ET) formation and development , has  enabled 
the Depa?Ament o f  Geocaology,  Faculty o f  Geo- 
loey, Moscow State   Universi ty   together   with 
o t h e r  oraantzations. t o  comniie  the  Geocrvolo- 
g i c a l  map OP t h e  USBR a t  a s c a l e  of 
1 :2,500,000. 

The geocryological map of such  scale,   covering 
t h e   e n t i r e   t e r r i t o r y  o f  the Soviet  Union, has 
been  compiled f o r  the first tLme and has no 
analogs Fn t he  world prac t ice .  

As regards  the  content and methods o f  compila- 
t i o n ,  this map is a complex one, It was cornpi- 
Led on the  geologic-genetic and formation ba- 
sis and ref lects  the relationship between R? 
a n d  climatic , geobotanical , hydrogeologic,  
neotectonic ,  and abyssal geothermal  conditions 
and topography by mapping the  main permafrost 
cha rac t e r i s t i c s  classified by the  types and 
forms of r e l i e f   w i th   t he i r  landscape-micro- 
climatic as well  as  ground-moisture  saturation 
conditions so tha t   the   geocryologica l   se t t ing  
would comprehensively  be shown in the  map. 

The given map has  been compiled in confamlty 
with  the  procedure of  d ive r s i f i ed  small-scale 
surveys  with a comprehensive frozen ground 
invetiltigation at key B i t e s  and extrapolation of 
the  data  obtained over  the   t e r r i to ry   us ing  *he 
method of landscape analysis. The llkey" i.e. 
reference a i t e s  used were those  covered by 
small-, medium-, and large-scale geocryological 
surveys that  resulted h compiljllg a number of 
geocryological mapB. The data  of deep d r i l l i n g  
and regional  geophyslcal. h v e s t l g a t i o n s  were 
a l so  used. 

This map represents: 

(1 1 distfibUtiOa Of gFOWidS a d  t he i r  
mean annual temperatures (t,) a t  the 
bottom level  of t he i r  annual 
f luc tua t ion ;  

PF thickness  and geocryological 
texture of f rozen  s t r a t a  in the 
permafrost zone down Its p r o f i l e ,  and 
sta@;es of this zone; 

(31 geologic and genet ic  complexes of 

Quaternarg solid and semi-solid be&ock 
loose depos i t s  a n d  formations of Pse- 

formations and t a l i k s .  

The d i s t r ibu t ton  of f rozen and unfrozen 
grounds i s  shown in t h e  map through  their   ten-  
perat ure (t,) regime 8s followsr 

(4) cryogenic and postcryogenic  geologic 
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areal extent of tliawed’and unfrozen 
rocks with  positive tm; 

southern limit of  the present-day 
distribution o f  PF; 

the area of noncontinuous PT d i s t r i L  
but ion,  i.e. the soutthern geocryolo- 
gical  zone WhGre subzones of fare 
i s l a n d s ,  i a l a n d s ,  massive islands and 
nonpersistent PF with massif8 and 
islands of thawed grounds (radiation+ 
thermal ta l ike)  in different fea-kurea 
of topography are dLsttinguiahed; 

the area o f  continuous P2 diatribu- 
t ion .  i . e .  the  northern eocryolo$ica.l 
a w e  with open ma close8 hyarogeoge- 
now  ta l iks  beneath large rivers and 
lakes and  a t  the   s i tes  of groundwater 
dischaqe. 

Mean temperatures (t,) of grounda are shown In 
detai l ;  they reflect   the  level of heat exchange 
on the  surface, L e .  resistance of PF, basi- 
cally, t o  man-induced lmpacts. Thifiy t w o  gra- 
datiom of t, were distinguished  within a w i d e  
range from +21 t o  -1 5°C and lower. The 
main tempera%ure grade a t  mapphg is 2OC b u t  
on plains with a gradual change o f  n a t u r d  con- 
ditions, it is I O C .  Thus it was posalble t o  
represent comprehensively the temperakuxe re- 
gime over the  area  taking i n t o  consideration 
ground composition, moisture and ice content, 
macroinclusions of ice, and cryogenic texture. 

As shown Fn the  attached  map-bset o f  
1:25,OOO,ooO scale  (Fig.l),<that  reflect  the 

the USSR terr i tory,  t he  lowest tm values  are 
generalized  temperature regme o f  grounds over 

observed in the Bnabar Bhield and Taimyr panin- 
sula,  on the Severnaya Zemlga Islands, and 
coasts o f  the Laptev and Eaet Siberian  Seas 

Pleistocene  plains)  as  well as on the summits 
(in ice-sawrated deposita o f  polygenetic 

Siberia, Chukot Peninsula and, highly elevated 
of mountainous areas in southern and eastern 

ranges of the Pairs  and Tien-Shan. A11 varia- 
tions of f o f  grounds are distinctly shown in 
the map from t he i r  highest  positive  values 
beyond the permafrost zone to the lowest ones 
within its most severe  regions. 

The permafrost zone thiclmess and atructure 
were mapped based on the  analysis o f  geologic- 
structural  and landscape-climatic  conditions 
of the  Earth  evolution in the Heogene-Quater- 
nary period , 
The permafrost sone structure has been charac- 
terized by representing  the followi.nag horizons: 

(a) frozen ground s t r a t a  (both subaerial 
and submarine) that  contaFn ice  and 
are frozen; 

(b) r e l i c t  froze’n s t r a t a  separated from 
the Neo-Holocene permafrost layer o r  
overlain by a thick la er of unfrozen 
ground (100-200 m m o m $  ; 

subaertal, submarine and subpemdrost 
negattve-temperature grounds contai- 
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n h g  sa l ine  water and brines 
(cry opegs) . 

The permafrost zone thickness is shown separa- 
tely  within each horizon by hatching of diffe- 
rent color. Thus, the f r o z e n  ground thiclmess 
of the upper horizon of the permafrost zone fn 
the southern  geocryological zone is  shown in 
the map in 0-15, 0-25, 0-W and 0-100 m grada- 

matic  fluctuations and  intensity o f  variation 
due t o  man-induced impacts. In the  northern 
geocryological zone, the permafrost thickness 
on plains and mountainous regions is shown 
with a spachg o f  100 m and 200 m, respectLve3.y. 
The thickness o f  frozen rocks is shown by red- 
color  hatching. 

The r e l i c t  permafrost strata  thickness is gi- 
ven a t  100 m spacing by black-color  hatching. 

The t h i c k e m  of grounds with  aubaerial, subper- 
mafroat, and submarine cryopegs is shown by 
green-color  hatching. The thickneas  values of 

100 m t o  200, 300 and 500 m. The t o t a l  
grounds with crgopegs range’ from 25, 9 and 
thiclmeas o f  the permafrost zone in the map I 

can be  obtained by summing up a11 nsga-tive 
temperature horizona of the  section. Tt is 
shown additionally, ia the map-inset of 
1:25,000,000 scale. 

It appears from the  analysis of factual  data 
that; in the southern  geocryological zone the 
thickness of frozen grounds is associafed with 
their mean annual temperatures,  while in the 
northern one, a t   t h e i r  continuoua distribution, 
such dependence is observed only in mountah 
regions, though slmilar t, occur at differant 
absolute  elevations in  various mountain sys- 
tems h the south and  north-east o f  the W R .  
The reatest  thickness o f  the permafrost zone 
is wfth5n the limits of the most, ancient geo- 
tectonic  structure of the Ear th  - the  Siberian 
platform where it reachea 10001500 a, and in 
the  highest ranges of southern  Sibefia, Par 
East a d  Cantral Asia, The same s t r a t a  are 
most ancient  with  respect t o  t he i r  cryogenic 
?$e, i ,e. the time when ground fresziang began 
over one million  years ago. 

The smalleet thickness o f  perennially  frozen 
grounds, naturally, occurs at the  southern 
boundary of their  present-day diatribut ion. 

Within the limits of the permafrost zone with 
continuous frozen ground s t r a t a ,   t a l i k s   me  
shown beneath r iver  beds and big lakes subdi- 
vided Fnto open and closed ones, with and 
without groundwater discharge. Within the 
boundaries of the  entire  terri tory  the follow- 
ing  cryogenic phenomena are shown in the map 
for genetic  types of grounds: wedge i c e ,  sub- 
surface  sheet  ice  deposits, groundwater icings, 

hillocky  peatlands thsrmokaxst basins  ,hillocky 
ground veFns, f r o s t  mounds, convex a n d  f l a t  

(residual-polygonal) terrain,  and glaciers, 

Beyond the permafrost zone, in the region of 
thawed a n d  unfrozen ground occurrence,  depths 
of seasonal  freezing have been mappad together 
with tm. The values  presented reflect   the va- 

tions which 1s associated  with short-term Cli- 



Fig.1 The map of the  permafrost zone occurrence and mean annual temperatures 
of grounds over the UGSR t e r r i t o ry .  

Distribution of seasonally and perennially f romn  grounds:' 1-15 - seasonally 
frozen grounds with posit ive mean a m u a l  temperatures (OC); 16-19 - southern 
geocryological zone o f  non-continuous dis t r ibut ion OF frozen grounds with 
negative and posi t ive mean annual  temperature@; 20-3'1 - northern ge0cryologica.l 
zone of continuous dLstyibuUtion of pesmdxost with negative mean annual tempera- 
tures; 32-34 - frozen a n d  chilled below O°C grounds with cryopegs in the   shelf ;  
35 - southern l i n i t  o f  the permafrost zone; 36-37 - boundariea of temperature 
zones: within  the ZSnits Of the subberial ermafrost zone (36), with in  the 
limits o f  the submarine permafrost zone (377. 

lues presented  reflect   the  variabil i ty of this  
geocryological  characteristic depending on, t, 
of grounds, amplitude of temperature varia- 
t i ons   a t  the surface,  composition and moisture 
content of seasonally Preeshng ground. 

In the denudation  areas the  geologic  base of 
the map was constructed Fn accordance  with the 
formation  principle o f  I.V.Popov which makes 
it possible t o  fake b t o  account the dependence 
of ground properties,  composition and fractu- 
r ing  pa t te rn  on conditrons of sed&nentation, 
history of tectonic development and c l i a a t i c  
zonal t ty .  The USSR Geological map o f  
l:2,500,000 scale  published in 1983 under the 
editorship of  D.V.Nalivkin was used aa t he  
geologic base. The occurrence o f  geologic-ge- 
netLc  types o f  loose Neogeneauaternary depo- 
sits in t he  accumulation areas i s  shown with 
the description in the legend of the  composi- 
tion, ice  content,  ice  mncrolnclusions,  types 
of cryogenic  structures and type o f  cryogenesis 

prof i le) .  The greatest ice content; is typical  
(syn- o r  epigenetic  over the .area and down the  

of polygenetic depoeite i n -  the  accumulative 
northern  plains (up t o  0,6-0.8), erosional- 
accumulat ive  thermoka~~~-lacustr ine  plains  
(0.4-0.7), rock  streams of the bald mountain 
b e l t  (0.3-0.6) of the  northern  geocryological 
zone that are  characterized mahinly by syncryo- 
genic type of freezing. The epicryogenic 
frozen strata of s o l i d  and semi-solid types arb 
characterized by higher (up t o  0.3 ice  content,  
largely in rejuvenated neotectonic f r ac tu re  
zones Q$ f au l t s .  

The dist r ibut ion o f  gene.t;ic types o f  loose  
deposits a n d  formations o f  he-Quaternary rocka 
is shown in t he  map by small grey symbols. 

The information  contained in the map o f  
1:2,500,000 scale i s  supplemented and generali- 
zed in SSC theaat ic  mapinsets of 1:2~,000,000 
sca le ,  namely: (I) map of zoning by tho  con- 
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d i t ions  o r  f rozen and unfrozen ground  occur- 
rence; (2) 
o f  grounds; i"7 map of the  permafrost zone 

of mean annual temperatures 

thickness. (47 map of zoning by the cryoge- 
n i c  age oh grounds  a n d  type of cryogenesis; 

map o f  hyddrogeocryological zoning; m d  

of the USSR t e r r i t o r y .  

Such is the s t r u c t u r e  of the USSR Geocryologi- 
ca l  map t ha t  has r e f l ec t ed  graphically t h e  
l a t e s t  concept of the -permafroet zone of t he  
country. The above-described system of pre- 
sen t ing   a l l   the   geocryologica l   charac te r i s t ics  
helps  perceive a n d  determine in any area the 
laws of s p a t i a l   v a r i a b i l i t y  of mean annual 
temperatures  frozen ground thickness,   depths 
of seasonal Preezlng ana thawing of grounds, 
t h e  development of a complex o f  cryogenic 
phenomena and the entire permafrost zone o f  
t h e  USSR. 

A detai led  presentat ion (by relief f ea tu res )  
of the geocryological   character is t ics ,  espe- ' 

c i a l l y ,  within the l i m i t s  of the southern geo- 
cryological  zone, makes it posakbble t o  use 
t h i s  map not only f o r  obtaining Wormation on 
the  geocryological  conditions of the site 
being invest igated,  but  also for making regio- 
n a l  geocryoLogica1  prediction o f  t h e  changes 
fn freezing conditions under  the impact of t h e  
t e r r iko ry  development,  mainly, of construction 
work (deforestation,  removal of moss-sod layer, 
partial or complete removal of anow, plowing, 
e tc ) .  For this purpose, one can r e s o r t  t o  the 
analog method, simple caLculations by t h e  
express-method,  etc. 

The given map, owing to its comprehensiveness 

t h e  place of the  am8 being s t u d i e d  o f  any 
and information  content, allows t o  comprehend 

scale in the general  system of geocryological 
s e t t i n g s ,   t o   d i s c e r n  a n d  es tab l i sh   the   ex ten t  
of v a r i a b i l i t y  (or  extent o f  perais tence)  o f  
i ts geocxyological  conditions. 

The Geocryological map OF the USSR of 
1 :2,500,000 scale serves   as  a regional geocryo- 
logical background enabling to discern and  t o  
e s t a b l i s h  regional laws o f  freezing characte- 
r i s t i c s  va r in t ion  having only a small body of 
ac tua l  data, 

An integrated  analysis  o f  the  geocryological 
conditions o f  a territory that are   charac te r i -  
zed by the mapl h e l p  Fn making an engineer- 
ing-geocryological asnesEment o f  the   regions 
for d i f f e ren t  types  of developmenllt and t o  
de t rmfna  measures aimed a t  controllinng the 
fseezbng  process and optimizing f reez ing  con- 
d it ions. 

Our knowledge of the USSR geocryological con- 
d i t i o n s  is generalized by t h e  map which serves 
as a s c r a n t j f i c  basis for   general   evaluat ion 
o f  v a s t   t e r r i t o r i e s   t o   b e  developed. 

The Geocryological map of the USSR can  serve 
as t h e  base for compiling a sesies of thematic 
geocryological mapa, auch as: cryolithoologi- 
c81, eng.ineerFng-$eocryological, hydxogeocryo- 
log ica l  ones and a number of  predict ion-sstf -  
mation maps f o r  d i f fe ren t   types  of  constxuc- 
t i o n  (roads, pipe- and transmission Zhnes , 
hydraulic and i ndus t r i a l   s t ruc tu res ,  etc.) .  

A t  present   the map, i s  being  published and a5 
planned by the Chief  Adminiatration o f  Geodesy 
a n d  Cartography a t  the  USSR Council o f  ML- 
nisters ,  ita prfnlt ing will be completed  during 
the  X I 1  five-year plan per iod (1986-1990). 
With a v i e w  09 making 8. puqmse-oriented and 
more specific u6e o f  t h i s  map f o r  the  under -  
ground construct ion,   addi t ional ly  two maps 
will be produced a t  a sca l e  of l:2,5OO,OOO, 
namely: the nap of mean annual temperatures o f  
grounds a n d  map of the USSR permafrost zone 
thickness which w i l l  be more readable and 
c l e a r  8s they will not contain excessive 
ini"ormation. 
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THE PERMAFROST ZONE EVOLUTION INDUCED BY DESTRUCTION 
OF SOIL OVERLYING COVER IN THE AMUR NORTH 

S.1. Zabolotnik 

Permafrost Institute, Siberian Branch of the U.S.S.R. Academy of Sciences, Yakutsk, U.S.S.R. 

SYlWPSIS The permafrost  zone o f  the   reg ion   under   s tudy  has, as a r u l e ,  a sinall t h i c k -  
ness  and  occur'^ i n  'olari' which  dominate  the  terrain,  The c l ima t i c   cond i t ions   t he re  m e ,  on  the 
one hand,  unfavourable for the   forrnat ion  of   ernlafrost   due  to  a s i g n i f i c a n t  (up t o  3-7OC) w a x -  
ming e f f e c t  of t h e   r a t h e r   t h i c k  (0.4 - 0.6 m p  anow cover  and, on t h e   o t h e r ,   c o n t r i b u t e ,  on t h e  
c o n t r a r y ,   t o  i ts  formation  due  to  a c o o l i n g   e f f e c t  (by 2OC or  morej o f  the  wide-spread nos8 cover 
0.1 t o  0 . 3  111 th ick .  A quantitative  assesrrment  has  been made of t he   i n f luence  of t h i s  kinda of 
covex on t h e  basis of fou r   yea r s  of s t a t i o n a r y ,  daily observa t ions  on maxi wi th in   t he  Upper-Zeya 
p l a i n  (300 rn abs.) and  the  Turan  r idge (600 r11 abs . ) .  A n a t u r a l  and a ' technogeneous1  ( i .e . ,   wi th-  
out  aome or   o the r   k ind  o f  cover )   observaf ion   a rea  was e s t a b l i s h e d  at e a c h   s t a t i o n .  Arr a r e s u l t ,  
t he   i nvea t iga t ions   have   r evea led   t yp ica l   f ea tu re s  of the  formation  and  dynamics of the   seasonal  
thawing-f reez ing   layex   in   each  of t he   a r eas ;   cond i t ions   r equ i r ed  by the  permafrost   zone  to  per- 
sist or   degrade   a re   de te rmined;   and   apec l f ic   fea ture8  of t h e  permafrost zone evolu t ion  at t h e  
beginning of a degrada t ion   process   a re   demonst ra ted   and   re levant ,   t en ta t ive   dura t ion8   de te rmined .  
k conlpariaon is made o f  t h e   o b s e r v a t i o n   r e s u i t s  f o r  t h e   p l a i n   a n d  an intermountain  depression.  

IIJTBODUCTION 

Econorrlic a c t i v i t y  of man almost always e n t a i l s  
some or o the r   k inds  of dis turbances  o f  t h e  na- 
t u r a l   s i t u a t i o n  and   f requent ly  lends t o  a dra- 
n u t i c  change i n  perrnafrost   conditions of areaa 
being  developed.   Hence,   fa i lure  or e i t h e r  psx-  
t i a l  o r  t o t a l   d e s t r u c t i o n  of the  Boil-overly- 
ing moss-peat and snow COWS a p e   t h e   e a e i l y  
accomplished  and,  therefore,  most commonly oc- 
curing kinda of d i s turbances .  But it is this 
cover that determines  the main forumtion o r  
deg rada t ion   f ea tu re s  of t h e   r e g i o n ' s  pexn~a- 
frost. The t r end   and   t he   du ra t ion   l eng th  of 
a t t endan t   pe rmaf ros t   p rocesses   l a rge ly  depend 
upon t ime, the character   and  the  magni tude of 
technogeneous  effects and can  be  Oetermlned, 
t o  a reasonable   accuracy,  by apecial-purpoae, 
s t a t i o n a r y   i n v e s t i g a t i o n s .  

ire have   i n i t i a t ed   such   i nves t iga t ions  i n  the 
eas te rn  s e c t i o n  of t h e  Baikal-&nux Hailway at  
two s t a t i o n s :  one being l o c a t e d   i n   t h e  Turan 
ridge, ana t h e   o t h e r  on t h e  Upper-Zeya p l a i n .  
The s t a t i o n s  were both Bet up on mari, viz. 
neur ly  f o r e s t - f r e e ,  swampy nloss-peat  areas. 
The stations' d i s p o s i t i o n  was motivated by the 
f a c t  that maxi, on t h e  one hand, c o n s t i t u t e  a' 
p r e v a i l i n g   t e r r a i n   i n   t h e   r e g i o n   a n d ,  on t h e  
o t h e r ,  it is  these  area@ which o f f e x  - owing 
t o  t he   coo l ing   e f f ec t  o f  t h e  moss-peat  cover - 
t h e  most favourable   condi t ions for permafrost  
ex is tence  so t h a t  disturbances of the  cover  
l e a d   t o   t h e  most  pronounced  changes i n   t h e i r  
condi t ions.  

CHAUCTERISTICS OF THE snvcrow 
S t a t i o n  Eterk'kan was e s t a b l i s h e d  i n  1977, i n  an  
intermountain depreseion along the axis o f  t h e  
Furan  r idge,  a t  a n   a l t i t u d e  o f  about 600 m abs. 
on a r e l a t i v e l y  uniform s u r f a c e  of t h e   f i r s t  
t e r r a c e  over the   f l ood- r ive r s ide  of t h e  Nga- 
kan ,   the  area t yp ica l   o f  mari. The arboreous 
vege ta t ion   wi th in  ita conf ines  is oppressed 
g r e a t l y  and   exhib i t s   on ly  single specimens of 
Daurian larch. Shrubs are 0.5 t o  1.2 m h igh  
c o n s i s t i n g  of Middendorf birch, leduni  and 
swamp-bilberries. The s u r f a c e   p r e s e n t s  a cont i -  
nuous  cover  composed  primarily of bog-moss 0.2 
t o  0.3 m thick. Peat  occurs  everywhere  beneath 
ths moss cover   overlying at  1 t o  3 m depths  
aug l inoks   con ta in ing   dua t   pa r t i c l e s  which are 
rep laced  within the range 8-14 m by s t r e a k s   o f  
c l ay ,   pa r t i c l e -con ta in ing   aupee  and medium- 
g r a i n  @and. A t  the   depth   o f   the  depression bot- 
tom, when exposed,   the  mari a r e a s  show every- 
where the permafrost  as t h i c k  as 50 t o  60 n~, 
with  the  annual   temperature  at  the   l aye r   bo t -  
tom varying from -1 t o  -1 .S0C (ZsboXotnik and 
Sorokina,  1981). 

S t a t i o n  Zeiek was e s t n b l i s h e d   i n  1977-1978, at  
10 km south-eastward o f  the   Ze isk   se t t lement  
near  the  Doeninsky  bay of t h e  Zeya River ,  nx- 
porimental   areas  were  arranged  on a g e n t l e  
(2 ox 3'1, northward  slope  covered by h i l l o c k y  
mari, at a n   a l t i t u d e  of  about 300 m abs. The 
arboreous  vegetat ion  and  shrubs are similar t o  
those   deec r ibed   i n   t he  case of the   Eterknn sta- 
tion. The s u r f a c e  i s  a11 covered  by a moQs co- 
v e r  0.07 t o  0.15 III t h ick .  A d i s t i n c t i v e   f e a t u r e  
of t h i s  area is that beneath  the  moss-turf  lay- 
y e r   t h e r e  Occur predonliuantly sandy ground w i t h  



underlying  highly  aecuyed  seat   bedrock  consis- 

deep as 5.6 t o  8.5 m. D r i l l i n g   o p e r a t i o w  at 
t i n g  o f  g r a n o d i o r i t e s   a n a   c r y s t a l   s h a l e e ,  as 

t h e   s t a t i o n   h a v e  shown that ea r th   n l a t e r i a l s  
a r e   f rozen  as deep as 22 III. Bowevex, the   per -  
mafrost   temperature is r a t h e r  high. Under  na- 
t uxu l   cond i t ions   t he   yea r ly  mean temperature 

4 . 5 %  (Zabolotnik and Shender, 1982). 
th roughout   tho   en t i re  th ickness  i s  above 

ding  t o  a common progrunl providing f o r  an, at  
vlork at  b o t h   s t a t i o n s  was accorilplished accor- 

l ea s t ,   t h ree -yea r   Be r i ea  of geocryological in-  
v e s t i g a t i o n s  on maxi in one n a t u r a l  area (NO. 
1 )  and three  technogeneous areas. In September 
1977  (Eterkanj  and 1978 ( Z e i s k ) ,   p r i o r   t o   t h e  

ved a l t o g e t h e r  from a r e a s  Nos. 2 and 4. I n  ad- 
experiment  shrubs  and  the ~ O B B  cover wexo remo- 

d i t i on ,   du r ing   t he   w in te r   t ime  when making t h e  
observa t ions   under   na tura l   condi t ions   the  m o w  
cover o f  a th ickness   vary ing  from 0.35 t o  0.55 
n~ was r e g u l a r l y  removed  from a r e a s  Nos 3 ana 4. 

The a r e a s  at  e a c h   s t a t i o n  were all arranged 
on experimental   grouade o f  the Bize 60x60 5q. 
m w i t h i n  which t h e  surface condi t ions  were more 
os l e s s  homogeneous. The areas were 15x15 sq. 
m (Zeiskj and 20x20 sq. rn i n  s i z e  and  were  spa- 
ced by 10 111. Because  the  space  between  the 
areas waa main ta ined   i n   na tu ra l   cond i t ions ,  
area No. 1 was a c t u a l l y  35x35 sq. m i n  s i z e .  

5.5 t o  8.5 m (Ze i sk)  and t o  18 m (Eterkanj  i n  
In each a r e a  well   were  perforated as deep as 

which ear th   temperatuses   were  measured  dai ly:  
fous t imes a day (1, I ,  13, and 19 hr (mean 
so la r   t ime)  as deep as 1 m. (maximum penetra-  
t i o n  of d iu rna l   va r i a t ione )   and   once  a day 
(19  h r j  at  grea te r   depths .   Pour   t imes  a day 
at t h e  same moments measurements  were also made 
of a i r  temperatures as well as surface  and  bot-  
toln temperatures  of t h e  snow and moss cover 
and  surface  temperatures  of t h e  naked ground.' 
Apart from t h i e ,   o b s e r v a t i o n s  were made of the  
snow cover thickness   and  densi ty ,   the  amounta 
of p r e c i p i t a t i o n  and evapora t ion   dur ing   the  
summer period,  moisture  and  thermo-physical 
c h a r a c t e r i s t i c s  o f  e a r t h   m a t e r i a l s  m d  soil. 
over ly ing   cove r ,   hea t   f l ow  in to   t he   so i l ,   and  
of the  thermal  balance  components. The depth 
of seasonal  thaw  and f r e e z i n g  of s o i l s  was de- 
termined  each  day  through  temperature  measure- 
ments   within  the  wel ls  and, dur ing   t he  summer 
per iod ,  was also monitored  every  ten days 
through  measurements i n   d i f f e r e n t   p a r t s  of  t h e  
areas using a metalic  probe. 

THE IfiAIN RESULTS 

The inves t iga t ions   have   revea led  a t o t a l   a n a l o -  
gy o f  t h e   a l t e r a t i o n s   o c c u r r i n g   i n   t h e  perma- 
f r o s t  zone  due t o   d e s t r u c t i o n  of t h e  soil over- 
lying  cover.   Neverthelens,   the  dynamice of  t h e  
accompanying  processes also  have t h e i r  own spe- 
c i f i c   f e a t u r e s  due t o   t h e   d i f f e r e n t   l o c a t i o n ,  
c l imat ic   parameters ,   composi t ion and propor- 
t i e s  of e a r t h   m a t e r i a l s .  

no tab le  101. r a the r   s eve re   c l ima t i c   cond i t ions .  
From 1978 t o  1980 t h e   y e a r l y  mean air tempera- 
t u re   va r i ed   w i th in  a amall ranp around -6.5OC 
(Zabolotnik  and  SorokLna, 19881. A t  t h e  same 
t ime,  owing to   t he   cons ide rab le   t h i ckness  of 
t h e  snow cover (as t h i c k  as 0.48 t o  0.53 m) 
with i t a   r e l a t i v e l y  low d e n s i t y  ( 0 . 1 8  t o  0.20 
t. m-3), t h e   y e a r l y  mean tompemture on t h e  
moss cover   surface i n  t h e   n a t u r a l   a r e a  was po- 

l e s s ,  i t  would be premature t o  conclude that 
s i t i v e  and var ied  from 2.1 t o  3.2"C. Nonethe- 

no permafrost  is present   there   because   benea th  
t h e   t h i c k  moss-peat l a y e r   t h e   y e a r l y  inean tem- 
p e r a t u r e  of e a r t h   m a t e r i a l s   a g a i n  beconlcs ne- 
g a t i v e   a l r e a d y  at depths  of  0.4 t o  0.6 m rea- 
ching -(O.'{ - I . l j ° C  betweon 4 and 11 m. 

Such a tempera ture   d i s t - ibu t ion  is favourable  

l i t y  of  permafrost is due t o t a l l y   t o   t h e   p e r -  
for permafrost   formation;   however ,   the   s tabi-  

s i s t e n c e  of t h e  moas-peat layer   having  a high 
(Prorn 200 t o  800%) moisture  and  possessing a 
l a rge   s luggishness   and  good hea t   insu la t ion   ca-  
p a c i t y ,  especially i n  t h e  summer time. The h e a t  
conduc t ion   coe f f i c i en t  of t h i s   l a y e r  i n  t h e  un- 
f rozen  s t a t e   v a r i e s  from 0.29 t o  0.55 and in-  
creaseB i n  t h o   f r o z e n   s t a t e  t u  1.2 i l / ( m . K j .  The 
hea t   capac i ty   pe r   un i t  volunle, on t h e   c o n t r a r y ,  
whi le   vary ing   wi th in   unf l#ozen   ear t   n la te r ia l s  
over broad ranges (1.76 - 3.7Ej.102 J/(rn3*x), 
is estinlated at about 1. ' /6*10 J / ( m 3 . K )  f o r   fxo -  
z e n   e a r t h   m a t e r i a l s   ( G a v r i l y e v   e t  al. ,  1 9 8 l ) .  

The seasonal  thaw of such   ea r th   ma te r i a l s  pro-  
ceeds very  slowly,  with  almost no changes i n  
its behuviour  during some years ,  d e s p i t e   t h e  

As a r e s u l t ,   t h e  maximum th icknees  of the   sea-  
r a the r   app rec l ab le  a i r  tempera ture   f luc tua t ions .  

s o n a l l y  thawing l a y e r   i n   t h e   n a t u r a l  area va- 
r i o d  only fro111 0.75 t o  0.8 m (Pig.  1 ,  No. 1) .  

Area No. 3 (mow was removed, with t h e  mom re- 
rnainingj  has shown a significant cool ing of t h e  
s o i l   a l r e a d y   d u r i n g   t h e   f i r s t  year of the obser- 
vat ion.  rlith no snow coves p r e s e n t ,   t h e  ground 
being  unfrozen a8 deep as 0.7 rn f r o z e  up com- 
p l e t e l y  as e a s l y  as the   beginning of December 
(Fig. 1 ,  No. 3j  or two months e a r l i e r  as compa- 
r ed   w i th   a r ea  No. 1. P rogres s ive ,   i n t ense   hea t  
losaes by t h e   e a r t h   m a t e r i a l a   d u r i n g   t h e   w i n t e r  
t ime had l e d  t o  t h e   f a c t   t h a t ,   d e s p i t e   t h e  mom 
cover r ema in ing   i n   na tu ra l   cond i t iona ,  this 
area  underwent a g r a d u a l   d e c r e a s e   i n   t h e   r a t e  
of seasonal thaw of ea r th   ma te r i a l s   and  a de- 
c r e a s e   i n  i t s  mmimum depth  which, by the  end 
of   the  observing  per iod,   reduced by 0.08 m o r  
by n e a r l y  11.5%. 

Another   feature  of  t h e  dynalnics o f  t h e   a c t i v e  
l a y e r   i n   a r e a  Bo. 3 is  the   annual   reduct ion  
(of  up t o  1 month i n  Igsoj i n   t h e   t o t u i   p e r i o d  
of its freezing  which,  i n  t h e   n a t u r a l   a r e a ,  
is 3.5 t o  4 months (Pig.   1 ,  Nos 1 and 3) .  

A s  f o r  a r e a  No. 4 ,  rerlloval o f  t h e  moss cover 
was accompanied by annual Yerr1ova.L of t h e  mow. 
Therefore ,  th i s  a r e a   h a s  always showed an in- 

namely a more in tense   cool ing  of t h e  naked 
t e r a c t i o n  of two oppos i t e ly   d i r ec t ed  processes ,  
ground in   w in te r   and ,  on the   con t r a ry ,  a more 
considerable  w a r m i n g  i n  sumrner. Ba a r e s u l t ,  
the   seasonal ly   thawing   layer  w a ~  of  almost the  
same th ickness  a n  that i n   a r e a  Eo. I ;  however, 
its r a t e  of' f r e e z i n g  was us hfgh as that i n  
area flo, 3 (11i.g. I ,  !GO. 4 3 .  
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Fig. 1 The Variation of  Seasonal Thawing-Freezing of Earth 
Materiale and of Permafrost Thawing at Station  Eterkan. 
hoe 1 t o  4 - area numbers; - unfrozen  ground; 

- seasonally- and perennially-frozen ground. 

Cryogenic  processes  evolved i n  a t o t a l l y  d i f f e -  
ren t  fashion i n   a r e a  So. 2 where only the  moss 
cover was removed, with  the anow cover remai- 
ning i n  Its natural ly   occurr ing  s ta te .  Only 
during t h e   i n i t i a l   p e r i o d  (the year 19771 did 
the  permafrost zone there  undergo no subatan- 
f i a l  chsngea becauee the snow cover had  been 
removed l a t e r  in the summer. Only the  seasonal- 
l y  thawing  layer o f  the same thickness (0.75 m) 
as that i n   a r e a  No. 1 froze up 10 days  ear l ier .  

I n  1978 the ground  devoid of t he   s ign i f i can t  
heat   insulator   such as the  mow, got  warmed t o  
euch an extent  that   the  seasonally  thawi  lay- 
er increased in thickness  by more than 3% The 
heat  accumulated  during 1978 was, thua,   quite 
suff ic ient   to   pxevent ,   dur ing the next  winter, 
a t o t a l   f r e e z i n g  aP the  thus  produced one-meter 
thick unfrozen ground. As a result ,   an  unfrozen 
interulediate  layer 0.35 m thick remained bet- 
ween the seasonally f rozen layer  and permafrost 
in   the   win ter  o f  1978-1979 (Pig. 1,  No. 2).  

I n  the sununer of 1979 a t o t a l  thawing  of the 
seasonal ly   f rozen  layer   in   area No. 2 ocowred 
as early 8.8 mid-July.  During that   per iod the 
upper  permafrost boundary reniained almost at 
the Barne l e v e l  and only at  the  beginning of 
August when i t  w a ~  rsached by R thermal wave 
the permafrost thicknees began t o   f u r t h e r  t h a w  
up t o  December when i t  again  stopped at a depth 
of  1.25 111. As a remalt,  the  depth of thaw, $or 
muny years i n   t h i s  case, i n   a r e a  No. 2 became 

by near ly  0.5 m grea te r   t han   t ha t   i n  area No.1. 

During the two summer seasons, upon removal o f  
the  ~ I O Q S  Cover, the  80iLs accumulated  an amount 
of heat  such that i n   t h e  most mvere  winter of 
1979-1980 the  depth of t h e i r  seasonal f reez ing  
again  decreased t o  0.55 m, while  the  thickness 
of the  unfrozen  layer  increaaed to 0.7 m. Du- 
ring the next aummer such a t h in ,   aeasond ly  
frozen  layer  thawed t o t a l l y  as early as 25 Ju- 
ne end i n  Auguelf-October there  occurred  the 
f u r t h e r  thawing o f  the  permafrost   layer,  as 
deep a~ 1.4 m. I n  the winter of 1980-1981 the 
thickness  of the  seasonally f rozen layer  WaQ 
estimated by us t o  be 0.6 nl a8 a maximum. The- 
re fore ,   the   th ickness  o f  the  unfrozen  layer 
below i t  increaaed t o  0.8 m. 

abrupt   increase   in   the  thickness of  the 
seasonally thawed l aye r ,  combined with an at- 
tendant  proceas of permafrost  degradation  in 
axe& No. 2, were due Largely t o  t he   f ac t  that 
the  naked, dark peat  surface  favours the in-  
crease i n   t he   abso rb ing   ab i l i t y  of  the  ground 
as well as heat  accumulation  thesein. According 
t o  meaeurements obtained by Z.G. Sorokim (za- 
bolotnik and Sorokina, l9&8), the  amount o f  
absorbed  radiation f o r  a waxm period i n  urea 
Ro. 2 reached 2500 mJ/m2, ox 7% greater than 
i n  the   na tura l  arotl. Besides,  values o f  heat 
fluxes increaeed sharply, espec ia l ly  i n  Iday- 
June  (by factors o f  3 t o  11) .  For the warm pe- 
riod (May-September) the  heat  input t o  earth 
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Sta t ion  Zeisk f ea tu re# ,   i n  many xerspects, simi- 
l a r  conditions, ~ C ~ O U R ~  it is Located on a 
p l a i n  300 ID beiow i n  &so lu te   a l t i t ude  and 300 
km t o   t h e  north-west o f  Etcrkan. The c l imat ic  
conditions  there are  a l s o  rather severe. From 
1978 t o  1981 the   annual   mea a i r  temperature 
varied from -5.5 to -6.7OC; however, on the  
moss cover surface (beneath a snow cover of a 
thickliess between 0.35 and 0.55 mi the tempera- 
tuxes were above zero (from 1 to 3 O C j .  Nonethe- 
l e s s ,  from as deep as 0.3 - 1.0 m (depending 
on climatic  conditione of the year), the  annual 
mean ternperature.again becomes negative and 
reaches,  within 4 t o  6 m, -(0.4 - 0 . 5 ) O C .  

The increased permafrost  temperatures at sta- 
t l o n  Zeiak axe a t t r ibu tab le   to   the   to td i l ly  d i f -  
ferenO  composition and proper t ies  of the soil 
cover and underlying  earth  materiale as well 
as, pr imar i ly ,   the i r  much smaller degree of 
moistening. The moisture o f  the  moae-turf l aye r  

of a thickness  2 o r  3 timee as small was only 
71 t o  76% there.  lCithin  the  seasonally  thawing 
l aye r  composed l a rge ly  of sandy inatorials, and 
within the permafrost i t  varied from 14- to 29%. 

The combination o f  s o i l  p roper t ies  was also 
reeponsible f o r  specific dynamlcal f ea tu re s  of  
the permafroet zone i n  the  s ta t ion  Zeisk axeal~ .  
Primarily, a seasonally  thawing  layer nearly 
twice as th ick  was formed t he re ,  which norn~al ly  
f reezes  up l a t e r  as well. I n  addi t ion ,   there  
is a dis t inct ly   seen  tendency for t h i s  layerla 
thickness fo inoreaae i n  the natural area for 
t he  obeexvjng in t e rva l .  The xeason for t ha t  was 
revealed by an ana lys i s  of mahy ye&xs' obaerva- 
t iona from weather   s ta t ions  located  in  fhe 
region, which show as1 abrupt  (nearly by 2OC)  
increaee i n  the  annual mean air temperaturea 
from the year 1972 t o  1975 which recovered 
t h e i r  previous values by the  beginning of the 

sluggishness of the  moss-turf covered soils, 
observations a t  the s t a t ion .  Owing t o  g rea t  

this temperature jump at stat ion  Zeisk waa 
observed to have a delay of 3 t o  5 years, while 
at  stat ion  Bterkan it remained hardly recogni- 
zable (aee Pig8 1 and 2, No. 1). 

-*- 
111 

Pig.2 The Variatlon of Seasonal Thawillg- 
Breezing of Jiarth  iviaterials and o f  
Permafrost Thawing at s ta t ion  Zeisk.  
Legend S a w  as Fig. 1. 
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idan-induced  disturbances  at  the  station led to 
an ubrupt disturbance of the  permafrost  condi- 
tions, especially in areas No. 2 and No. 4. 
Iilemoval of the  snow  cover only in area No. 3 
had  little e f f e c t  on dynamics and thickness of 
the  seasonally  thawing l aye r  but  merely  speed- 
ed up its fxeezing rate,  thus  enhancing  the 
permafrost  zone  stability.  Therefore,  observa- 
tion  results for area No. 3 axe  not  considered. 

lu;ost dramatic  changes, REI in  the  case OS sta- 
tion  Eterkan,  occurred in area No. 2 which  in 
September 19'70 was  subjected to removal OP the 
moss cover,  while the snow cover remained in 
natural  conditions  throughout  the  entire  expe- 
rlment. 

The absence  of  the moss CQVeP caused the tha- 
wing layer to  increase  significantly  in thick- 
rims, namely  by 0.85 m within  one  year  and  by 
1.15 r n  (or nearly  twice)  within  two  years. 
In virtue o f  accumulation o f  heat reserves  in 
the soil, there a l s o  wa8 a simultaneous  reduc- 
tion  in  thickness of the  seasonally  freezing 
layer,  from 1.75 m in  the year 1980 to 1.65 m 
in 1981. A s  a xeeult,  in  between seasonally 
freezing  and  permafrost  earth  materials  there 
formed in 1980 a melted  intermediate  layer of  
a thickness of 0.3 m which  increased  to 0.7 m 
the next year (Pig. 2 ,  No. 2). 

The permafrost  conditions were varying in u 
totally  different manner in area No. 4 where 
removing  the m o m  cover  was  accompanied  by re- 
moval of the  snow  every  year.  The  permafrost 
degradation  proceaa  that set i n  within  area No. 
2 was stopped  at  once  here  by  a  significantly 
more intense  cooling of earth  materials during 
t h e  wintertime.  Therefore,  the  substantial  in- 
cream in  thickness OS the  seaaonally  thawing 
layer (by 0.4 m in the year 1979 and by 0.7 m 
in 1980) in t h i s  area  aid  not lead to  any un- 
desirable  consequences.  Moreover,  the  active 
layer  that  had  increased  nearly by 1.5 times 
froze  up 1.5 t o  2 months  more  rapidly than 
that  in  the  natural area. 

COBCLUSLONS 

Upon  considering in general the geocxyologicd 
situation at both  statlons,  one  is  led  to draw 
the  following  conclusions. 

A syatematic  increase in thickness o f  the  sea- 
sonally  thawing  layer waa occurring in natural 
areas, with  slight  fluctuations o f  the  times of 

of the s o i l s  (Fig. 3,  !SO. 11. h d  at station 
the beginning of seasonal thawing and freezing 
Zeisk,  during  the  observing  interval,  it  in- 
creased so that became close to a critical  one, 
i.e.,  became  such  which,  when  exceeded,  will 
lead t o  the  begfnning of perennial  thawing 
(degradation; of the  permafront. In our opi- 
nion,  however, this will  not  happen in the 
foreseeable  future.  Such a supponition  relies 
on  the  fact  that during the period from 1975 t o  
I981 the air tcrnperature  in  that  region was ge- 
nerally  decreaaing and was l a r g e l y  below  the 
many years'  temperaturc. Nith a  certain  delay, 
a similar  variation  will  also  concern  the sot1 
temperature,  which  inevitably w i l l  lead t o  a 
decrease in thickness o f  the  seasonally tha- 

7 1978 1979 I980 1981r 
I I I I 

Pig.3 The Thicknem Variation of" the 
Annually Thawing Layer at Stations 
Eterkcul  (dots) and Zeiak ( s o l i d  
line). 1-4 - area  numbers. 

wing  layer. This is  completely  confirmed  by 
the  results of the  investigations.  Only on the 
surface  did  the  annual  mean soil temperature 
decrease at both s t a t i o n s  during  the  third 
year  of the observations, while the  next year  
at  atation Zeisk when the observations  at  Xter- 
kan were  already  stopped,  the  temperature de- 
creased a@ deep a8 l .2 m. 

At the  same  time,  the data obtained  indlcate 
unstable  conditions o f  the  region's  permafrost 
zone. During  more  significant  climate  fluctua- 
tions, especial ly  t oward  a r i se  in  temperature, 
it seems quite poasible  that some axeas may 
display  the  beginning of the  permafrost degra- 
dation  process  without  whatsoever  external ac- 
t  ions. 

Removal of the snow cover  in  the  area,  with  the 
moss cover remaining intact, cauaea the  soils 
t o  cool  down  significantly,  which  results  in 
a more rapid freezing and a reduction In thick- 
nese  of  the  seasonally  thawing  layer (Pig.3, 
No.3;. Therefore,  such a disturbance o f  the 
naturally occurring situation shouXd be recom- 
mendable  when  building - using a method of 
t301l conservation - foundations  in  permafrost 
conditione  as  well as when  there  is a need  to 
strengthen  the  freezing  regime of soils of some 
or other  area. 

Even a destruction of the rr.088 cover accompa- 
nied  by  complete  removal of the snow does not 
crucially  alter  the  geocryological  situation. 
And  during the fixst  two  years  there  occurs  a 
noticeable  Lncrease in thickness of the aeaso- 
nally  thawing layer, although  thore is a decrea- 
se in the  annual  mean  temperature of soila and 
a reduction  in  the time taken  by  this l ayer  t o  
fX8eZe  up.  However,  as  early  as  the  third  year 
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upon removal of the  covers,  the soil  cooling 
that  dominates  the  annual  cycle manifests it- 
self and the  seasonally  thawing layer  again 
begins to  decreaee  in  thickness (Pig. 3 ,  No. 4). 
The  most  unfavourable  consequences  occur  only 
whenever d u r i n g  the  summertime the moss-peat 
Layer i s  disturbed,  while  the  snow  cover  in 
the  winter  period  remains irl its  natural  con- 
ditions. It is such  disturbances o f  the  natu- 
ral  environment  that have the  moat mass charac- 
ter.  This JEJ attributable t o  the f a c t  that  most 
of the  organizations  are  carrying  out  their 
activities in newly  developed regiona largely 
during  a  warm  period of the  year,  with  the  use 
OS powerful,  crawler-type  cross-country  vehic- 
les. During  the  wintertime,  however,  almost 
all  activities are stopped  altogether. 

In such a situation  there  occurs  an  anhual  ia- 
crease in thickness of the  seasonally  thawing 
layer (Fig. 3, KO. 2 )  and long beeore the 
building  activities  there  sets In an irrever- 
sible process of permafrost  degradation  which, 
as a  rule,  escapes  stoppage  by  economically 
justified  methods.  The  calculatlons  show  that 
the  permafrost of. n thickness of 30 m, with 
such a kind of disturbance&, would thaw during 
250 years,  and 14% o f  thawing would be from 
below. A l s o ,  soi.lB with  the  higheet  Ice  con- 
tent and greatest  ground  subsidence of the up- 
per layer, of a thickness o f  3 to 5 m, will 
be thawin$ during 8 to 25 years (BaLobaev  et 
al., 19791. Throughout  that  time  interval  there 
inevitably w i l l  be occurring  nonuniform subsi- 
dences  and  deformatlons of the soils. As a re- 
sult, in such areas one has to  control.  their 
conservation in stable  conditions  alsekdy i n  
the  phase of building  some o r  other  projects  ox 
struotures as well aa aubeequently in the pro- 
cess of their  prolonged  utilization. 
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DISTRIBUTION OF SHALLOW PERMAFROST ON MARS 
A.P. Zent, F.P. Fanale, J.R. Salvail and S.E. Postawko 

University of Hawaii, Honolulu, Hawaii, USA 

SYNOPSIS A quantitative  model of the  distribution and miqration of water  in  the  shallow,  high- 
latitude  regolith of Mars is presented.  All  volatile  miqration  is in the  vapor  phase. At latitudes 

4 5 " ,  ground  ice  is s t a b l e  near  the  surface.  We  describe  the  principles  that  govern  its  distri- 
b. l t i .on at  polar  latitudes, and present  results based upon the application of our model. 

TNTROIIUCTION 

The  mean  surface  temperature of Mars is approximately 
200 K and  the  mean  atmospheric Hz0 pressure is only 
about 3 X 10"' Pa. These  conditions  are well outside 
the  stability field of liquid H20, and liquid watcr is 
believed to  be  absent  on  the  surface  and  throughout at 
least  the  uppermost  kilometer of the  martian  crust. To 
the best of our knowledge, all Hz0 migration on Mars 
today  occurs  either in the  vapor or solid phase,  both 
extremely inefficient relative  to 1120  migration  rates  on 
Earth.  The  distribution of H 2 0  throughout  the  martian 
environment  therefore rcflects the average  conditions 
over a protracted period of martian  history,  since it 
requires millions or billions of years  to  redistribute 
geologically significant  amounts of ice. Ground ice is 
stable  with  respect  to  the  meagre  atmospheric  inventory 
only at latitudes >45 ; at lower latitudes,  the  vapor 
pressure of ground ice exceeds the  atmospheric  partial 
pressure of 1120 and  there is diffusion of Hz0 vapor  out 
of the regolith.  At  latitudes >45', ,the  atmospheric 
partial  pressure of H20  exceeds thc  average  vapor 
pressure of ground ice, and €120 molecules accumulate 
there. A process which  continues  throughout  the 
history of Mars is the  withdrawalof  ground ice from low 
latitudes  and  its  transfer  to high latitudes.  The  general 
result of this  process,  according to  Fanale  et al., (1986), 
is a ground ice configuration  that is similar  to  that 
shown  in  Fig. 1. Ground ice in  the  top 100 t o  150 m of 
the low latitude  regolith  has  probably been cold-trapped 
to  the poles, but  should  exist  very close to  thc  surface at 
latitudes >40 ' .  At thcse  latitudes,  there is no seasonal 
thawing, as there is one  Earth.  What  then  determines 
the  depth of the  high-latitude  ground ice on Mars?  The 
upper  limit of ground ice should  occur at that  depth 
where,  over the  long-term,  the  vapor  pressure  over ice is 
equal  to  the  long-term  average  vapor pressure in the 
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local atmosphere.  That  calculation  must be donc 
numerically,  because the time-averaged H z 0  vapor 
pressure  over a piece of ground ice at depth Z is not 
equal  to  the  vapor  pressure  that  corresponds  to  the 
time-averaged  temperature at Z.  (See Fig. 2) .  
Therefore, for example,  the  annual  average  vapor 
pressure  over ice decreases  with  increasing  depth,  until 
the  seasonal  thermal  wave is completely  damped. 
Below, we  will describe  our  numerical  calculation of the 
vapor  pressure  over ice in the  martian  subsurface,  the 
variations of P B ~ O  in  the  martian  atmosphere,  and how 
the kinetics of diffusion  affect the  equilibration  between 
the  two.  We  conclude  with a discussion of our 
estimated  ground ice  profile for the  martian  mid-  and 
high-latitudes,  and  some  implications  for  the 
exploitation of this  resource  and  its  potential effects on 
the evolution of the  martian  climate.  Hereafter,  the 
upper  surface of ground ice will be referred to  as the 
"permafrost  table"  even  through  that  usage is not 
strictly  correct. 

UNSTABLE ICE(?) 

\MELTING ISOTHERM 

GROUNDWATER (7) 

90' 80. 70' 60' 50' 40. 30' 2U 1 0 '  0' 

LATITUDE 

FIG. 1 I Possible  configuration of ground ice on 
Mars.  After  Fanalc  et  al., 1986. 



See the list of symbols for an  explanation. We calculate 
%as 

T b  - T p  
- 210 a s = K  A2 (4) 

-205 - Knowledge of the  atmospheric pressure, as a function of 
X 

W 
- obliquity, is required to describe the  boundary of the 

seasonal co2 cap in time  and  latitude. Moreover, the 
flux of H20 through Cop,  both in the atmosphere  and 
in regolith  pores,  depends  upon the density of the co2 
gas.  Calculation of the atmospheric  pressure is per- 
formed for each modeling run  via  the  method described 
in Fanale  et al., (1982). 

The albedo and  latent  heat effects due to the growth 
and  shrinkage of the seasonal COZ polar  caps  may be 
taken  into  account once the atmospheric pressure is 
known. For atmospheric  pressure P,, COz will con- 
dense out  any  time  the surface temperature falls below 
the condensation temperature 

TIME 

FIG. 2 - Temperature history and associated  vapor 
pressure  over Hz0 ice. The average temperature 
is 200 K, corresponding to  a pressure of 0.5 Pa. 
The  annual average  vapor  pressure,  however, is - 
1.0 Pa. 

METHOD 

The analysis of the  state  and  distribution of water in 
the  martian regolith is subdivided into numerical models 
of three conceptually separate processes. A thermal 
model, which treats  the  transport of heat  through  the 
martian regolith; an atmospheric  model, which treats 
the  transport of water  through  the  atmosphere, and a 
regolith model, which treats  the  transport  and  phase 
partitioning of water  through  the regolith. 

Once  condensation  occurs, the surface temperature is 
buffered at T,  by latent  heat effects. Thus,  equation 
(2) may be simplified in one of two  ways, according to 
the presence or absence of solid C02 at the surface. In 
the case of no C02 ice, the  temperature is assumed to 
be above T,, and  the value of - in (2) may  be  set 

equal to zero. Should the surface temperature fall below 
Tc, it is assumed that GO2 is condensing, the  tempera- 
ture is fixed at T,, and Eq. (2) is solved for - am The 
actual mws of COz on the ground is tracked by incre- 
menting  the mass already  present by the integral of 

If C02 is present on the ground, the albedo is 
0.65. If no COz is present, the albedo is 0.214, in agree- 
ment  with Kieffer et al., (1977). 

am 
at 

at * 

a m  
at * 

- 

Thermal Model Atmospheric Model 

Calculations of the  thermal history of the Mars  regolith The atmospheric model calculates the vapor  density of 
are based on a simple energy balance model. The Hz0 at the surface as a function of latitude.  It is 
regolith temperatures  are found from the following assumed that Hz0 transport 'Is diffusive and can  be 

approximated  with  simple mixing times,  and that tran- 
(1) sport occurs  between the summer  and  winter poles. 

This  method can reproduce observed transport reason- 
ably well (Jakosky, 1983). 

Calculation of accurate  atmospheric  boundary condi- 

a2T 1 aT 
" " - a 2  Q d t  

= 6 cr - I(1.0 - A) - H - a m  
at (2) 

z=o 

Q + %  tions at the poles turns  out to  be complex. The polar 
dz K (3) caps  subtend nearly 20 O of arc on the surface of the 

z=z 
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planet.  Due to  their position at the spin  axis, they  are 
nevtr more than 20' from the  terminator,  and are fre- 
quently bisccted by it. Insolation varies quite  strongly 
across the polar  caps,  and the effective temperature at 
which polar  atmospheric  water  vapor  abundances  are 
buffered is seldom clear. It is tempting to  say that 
water  vapor  abundances  are buffered by the coldest 
temperature,  but  this may not necessarily be so. Trial 
and  error  methods suggest that employing the tempera- 
ture at latitude 85 O as the effective buffering tempera- 
ture provides a reasonably good fit to  the observed 
behavior of polar water vapor  abundances. 

proceeds as described  above. It is then assumed that 
water  vapor in the atmosphere  just above the poles is in 
equilibrium  with the caps, and  an equilibrium water 
vapor  density  may be calculated from 

- Bw 
T 

The calculation of surface temperatures at f 8 5  

mw A, e 
- 

Pw= kT (6) 

manner based  upon the  thermal  and  vapor  density 
boundary  conditions previously calculated. 

The calculation of the mass redistribution  and  phase 
partitioning  proceeds  through  time  and  space along  one 
of two possible algorithms,depending  upon the presence 
or absence of ice in the regolith pores. If no ice  is 
present in the regolith poxes, then equation (7) becomes 

a2 P g  Pa 

at d Z 2  dt f -=Dgf- -  

The porosity, f, is assumed to be 50% and uniform  with 
depth  and  latitude.  The diffusion coefficient, D, is cal- 
culated  via  one of two mechanisms. If the mean  free 
path, X of an Hz0 molecule is less than  the pore size, 
d,, then collisions with  other molecules will dominate 
and 

(10) 

A simple transport model is employed to calculate the Where q is the  tortuosity.  For soils off  = SO%, q has a 

assumes that  the COz pressure is everywhere  equal and 1970). If X is greater than d,, collisions between 
time  invariant. It also assume that H 2 0  transport is molecules and  the pore walls will dominate, a 
horizontal  and parallel to lines of ongitude. The scale phenomenon  known as Knudson  diffusion. The diffu- 
height is assumed to be 8 krn and k20 is assumed to be sion constant in this case is found  via the method of 
evenly distributed  throughout  the lowest scale height. Clifford and Hillel, (1983). 

Hz0 vapor  density  as a function of latitude.  The model value Of " (Smoluchowski~ lgG8; Satterfield) 

The predicted  temporal  and  spatial  variations of H20 in 
the  atmosphere over a seasonal cycle match Viking 
observations  reasonably well for current  orbital confi- 
gurations. Our  understanding of atmospheric  circula- 
tion  and H z 0  transport  at  other obliquities is too poor 
to  warrant  assumption of significantly  different Hz0 
transport  patterns.  Therefore,  it is assumed that  tran- 
sport is quasi-diffusiveat  all  orbital  configurations. 

Regolith Model 

Applying  conservation of mass to  a finite  element of 
regolith yields 

The  total  water  density is defined as 

Pt = Pg + Pa Pa + (8) 

and is a measure of the  total mass of water  per cubic 
centimeter,  summed over all  phases. 

The model allows the initial specification of pt,  and 
calculates the equilibrium phave partitioning based on 
the long term  temperature profile found in the  thermal 
model and modifies both  the mass distribution  and 
phase  partitioning coefficients in a time  marching 

The new vapor  density  may  be  calculated  directly from 
equation (7). Because it is assumed that  transport  takes 
place exclusively in the vapor  phase, a small  change in 
the  total mass pt results  from diffusion of vapor into or 
out of the finite  element The mass remaining in the 
adsorbed  phase is calculated  from  conservation of mass 
criteria 

Pt - Pg 

P S  
Pa = - (11) 

Partitioning  into  the lowest energy phase present, 
whether  adsorbed  water  or ice, is always dictated by 
conservation of mass. 

In cases where ice'is  present  within  the  finite  elements, 
it is assumed to  be in equilibrium  with  pore vapor. The 
mass of adsorbed  water is also assumed to be in equili- 
brium  with  the  same  vapor pressure. The mass of ice is 
likewise found  from  conservation of mass, and  the incre- 
mental  change in pt. It is assumed that equilibrium is 
established  between ice in the pores and adsorbed water 
instantly relative to  the integration  time (" 2.0 X lo6 
seconds ). 

The  upper  boundary condition in pg is the atmos- 
pheric vapor density  found in section B. The lower 
boundary condition in pp is found from EQ(6). The 
requirement that  the ground ice contribute mass ip 
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order to  maintain  saturation at its interface is responsi- 
ble for the vertical  migration of the  table  with  time.  The 
change in depth of the permafrost  during  one  time step 
is 

Where 9. is whatever  mass flux is necessary to  maintain 
saturation at depth Zi. 

The Mars'  year is divided into 25 equal  units,  each 
2.372 X lo6 seconds in duration.  For  the  first full day 
beginning  each of the 25 increments, the calculation 
above is carried out rigorously. The results  from that 
day  are used to represent  each of the remaining days in 
the increment.  For each time  step,  the following calcu- 
lations are performed in the order given: 1) The position 
of Mars in it's orbit  and  the mean diurnal insolation as 
a function of latitude  are calculated. 2) The  temperature 
gradient  between the surface and  the permafrost table 
are  calculated. 3) The vapor  density of H20 at the poles 
is calculated. 4) The global Hz0 vapor  distribution is 
calculated. 5) The vapor  density at the permafrost table 
is calculated. 6) The mass distribution  and  phase  parti- 
tioning of water  throughout  the regolith is calculated, 
and 7) the incremental  change in the  depth of the per- 
mafrost table is calculated. The program  iterates for 20 
Mars' years in order to remove the effects of arbitrary 
initial  conditions. 

In order to  calculate pt effectively,as well as predict 
the position of the permafrost table,  the  above calcula- 
tion  must  be performed  over  all  obliquities. In such a 
case, the program  iterates for five Mars  years, and  the 
predicted  trends in pt and Z are  extrapolated  through 
10' Mars  years in order to yield new values. The obli- 
quity is re-calculated  according to  the expression given 
in Ward (1974). 

RESULTS 

At  latitudes where the  annual average  atmospheric 
vapor  density is higher than  the vapor  density  over ice 
at  the  annual average  hempexature, the equilibrium 
position of the permafrost table is expected to occur 
within the  annual  thermal  penetration  depth. Based on 
earlier  work, (e.g. Toon et al., 1980; Fanale et al., 1986), 
that condition holds for  all altitudes >45 O . Because the 
atmospheric Hz0 content is buffered at polar  tempera- 
tures,  the  transport  capacity of the atmosphere is 
extremely  limited. We calculate that mass exchange is 
limited to <10 g cmm2 over each  obliquity cycle 
(1.2 X lo5 yr).  Interesting  amounts of water cannot 
migrate  through  the  martian regolith in response to 
shorter cycles. At high latitudes  however,  where the 

permafrost  table  may be expected to occur within the 
uppermost  meter of the regolith, it is necessary to  com- 
bine  detailed modeling of seasonal thermal  drivers,  finite 
kinetics of seasonal  mass transport,  adsorptive equilibria, 
and long term boundary  conditions in order to  predict 
the state and  boundary conditions of HzO. The ques- 
tions to  be  considered are: What is the mean  position of 
the permafrost  table over an obliquity cycle, and  do  the 
mass  fluxes which obtain in the top meter of the regol- 
ith  due to  seasonal thermal  maxima  permit  the per- 
mafrost table  to equilibrate  with  boundary  conditions 
which are changing on the timescale of obliquity cycles? 

The permafrost table will always occur at its equilibrium 
position  provided, 1) that an equilibrium  position  exists 
at all  times,  and 2) that sufficient mass exchanges 
between the permafrost and  the regolith to  maintain the 
permafrost at its equilibrium  position. For all latitudes 
less than 70 ' , criteria 1 is violated at low obliquity. 
Ground ice  is not stable  against  the very strong polar 
cold trap at any  depth.  At  latitudes  greater  than 7 0 ° ,  
the equilibrium depth of the permafrost table varies 
over at least l m  from high to low obliquity. The max- 
imum  mass of Hz0 which could exchange  between the 
regolith and  the permafrost  may be considered equal to 
the  total mam exchanged  between the atmosphere  and 
regolith,  approximately 10 g  cm-2. With a nominal 
porosity of SO%, the exchange of log suffices to 
effect only 20cm of migration in the position of the per- 
mafrost table.  Therefore,  the position of the permafrost 
table is not  determined  by  its  equilibrium position with 
respect to  annual average  conditions in P and T. 
Kinetics  require that  the average  position of the per- 
mafrost table  be fixed by  conditions  averaged  over obli- 
quity cycles. 

At each latitude,  the average depth  to  the permafrost 
calculated  above can be checked by the following 
method, which is repeated at each latitude.  At several 
obliquities the  annual average  atmospheric Hz0 vapor 
density is calculated. The resulting curve of annual 
average  atmospheric  vapor  density vs. obliquity is 
integrated  over 6 to yield the "astronomical"  average 
atmospheric  vapor  density.  In  this  use, the  term "astro- 
nomical" is intended to  imply that  the average is taken 
over the timescale of an obliquity oscillation 
( 1 . 2 ~  1 0 ~ ~ ~ ) .  

At every depth,  the instantaneous  equilibrium vapor 
density over ice is calculated for each season and obli- 
quity,  and averaged  over season and obliquity. over sea- 
son is a profile of astronomicalaverage,equilibrium vapor 
densities for all depths. All that remains is t o  choose 
the  depth where the astronomical  average of the equili- 
brium vapor density  over ice  is equal to the astronomi- 
cal  average  atmospheric  vapor  density. That is the 
equilibrium depth of the permafrost table.  The result- 
ing profile closely matches that of the more rigorous cal- 
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FIG. 3 - Possible ground ice configuration for  top 
meter of regolith at latitudes >40 . 

culation  and is shown  in  Figure 3 and  Table I. Oscilla- 
tions  about  this position are expected to  occur as up  to 
10 g of ice cm-2 moves into  the regolith at higher obli- 
quities, and  out of the regolith at lower obliquities. 

DISCUSSION 

The  depths  to hard-frozen permafrost  presented  here 
must  be considered only an estimate of the expected 
distribution of ice in the  martian high latitude  subsur- 
face. It is possible that the  actual  depth  to ground ice 
differs  from these  estimates for a number sf reasons. 
While the composition of martian surface  materials 
remains  unknown,  it is possible that those  materials are 
excellent adsorbere with a. large  capacity for storage of 
HzO. Little mention of Hz0 adsorption  has been made 
previously, in  part because we do not  understand the 
coadsorption that would occur with  both Ca and Hz0 
present in the atmosphere.  Although Hz0 has a higher 
heat of adsorption, C@ is present at a pressure  approx- 
imately 104 times  greater thFtn HaO. A very preliminary 
calculation of adsorptive  competition in the first mono- 
layer  suggests that GO, will occupy a majority of the 
adsorption  sites. However, if smectites axe present in 
the  martian soils, their high internal surface area, which 
can  be  visited  by the strongly  polar Hz0 molecule, but 
not by C02, may provide for huge  adsorptive reservoirs, 
and  may cause  changes in the estimated position of the 
permafrost  table.  Srnectites swell at, high relative pres- 
sures due  to inclusion of interlayer Hz0 molecules, and 
in some instances  it is conceivable that all 'available 
volume in the regolith will be filled before all  available 
adsorption  sites in the particulate  material. It is\ possi- 
ble that once ice withdraws from a smectite-rich region 
of the regolith, it will not reoccur there. 

In  addition ta the consideration of irreversible withdraw 
of ground ice, it is important  to be aware that  the mar- 
tian  ~urface may  undergo periodic cycles of erosion and 
deposition at high latitudes. The permafrost table  can 
migrate  only  over a range of 10 to  20cm over the course 
of an obliquity cycle, It may well be  that  the surface of 
the planet  sporadically varies by a fa r  greater value. It 

TABLE I 

I Latitude I DeDth to ice I 

60.0 
50.0 
40.0 62000 

has been argued that  the craters of substantial size have 
been filled and re-excavated (Arvidson, 1974) at high 
latitudes,  and  that a fairly  deep  debris mantle exists at 
latitudes  greater  than  about 30 O , Therefore,  it is possi- 
ble that  the configuration of martian ground ice is more 
strongly controlled by the erosional/depositional regime 
than  by H z 0  migration. 

The possibility that  the  depth of ground ice is depen- 
dent on regolith the adsorptive  capacity of the regolith 
material does not  alter  the conclusion that significant 
amounts of Hz0 are likely to be  stored in the high- 
latitude regolith,  whether as adsorbate or as ground ice. 
The high latitude regolith of Mars will eventually  prove 
to  be a resource rich'in HzO. 

The presence of extensive amounts of Q20 in the regol- 
ith as ground ice may  have an effect on the global 
atmospheric COz cycle. As described by Toon et al., 
(1980), the high-latitude regolith stores the majority of 
the adsorbed C02 by  virtue of its lower temperature, As 
the obliquity of the planet increases, the high latitude 
regolith warms qomewhat and  the regolith desorbs 
enough C& to  raise the atmospheric  pressure of Mars 
by several millibars. If enough ground ice is present to 
interfere  with that cycle, by occupying the volume oth- 
erwise occupied by CO,, or by inhibiting diffusive 
exchange  between the atmosphere  and regolith, there 
may be no high atmospheric  pressure regime at high 
obliquities. 

It should also be cautioned that  the  thermal model 
presented  here is necessarily a "point-design", and  that 
deviation of the  thermal properties of the regolith from 
those  assumed  here will result in displacement of the 
permafrost table from it's  calculated position. 

CONCLUSIONS 

1. The seasonal thermal wave reaches ground ice at lati- 
tudes >45 '. The maximum annual  temperature of the 
graund ice strongly affects the  annual average  vapor 
pressure because of the non-linearity of the vapor pres- 

288 



sure relation. 

2. Ground  temperatures do not allow melting, and all 
transport of Hz0 is in the vapor phase.  Maximum 
annual fluxes are on the order of g cm-2 yr". 

3. The ground ice interface should' O C C U ~  within the 
uppermost  meter of the regolith at all latitudes >50 e , 

4. Erosion or deposition at the surface may dominate 
H20 diffusion as a determinant of ground ice depth. 
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ON THE METHOD OF CRYOHYDROGEOCHEMICAL INVESTIGATIONS 
N.P. Anisimova 

Permafrost  Institute,  Siberian  Branch of the USSR Academy of Sciences, Yakutsk, USSR 

SYNOPSIS Methodical features w e  examixled o f  hydrogeoohemioal tes t ing  of  permafroat, 
i c e  and underground water i n  c a r r y i  out complex gsocryOlogic  investigatione. mey account 
f o r  specific  conditions of t h e   p & f r o s f  zone i n  which migration of the  pore  solution  talres 
place during disturbances o f  the rook natural  negative  temperature and i s  accompanied by physico- 
crhemical processea  leading t o  re-dietxibution of salts between  molid and l iqu id  pbasea and 
conaequently to  changes i n  chemical  composition of the rocks and ice .  

Lately the hydrogeochemical methods have  been 
enliated more often during aarying out 
compl..ex geocryological  inveetigations. The 
hydrogeochemical data obtained are used as 
addition&  diagnostic  indicatione i n  studying 
the  formation and genesis  conditions of frosen 
looee  deposita, ground i c e  , ic ings,   ra ter-  
bearing  taliks,  b o a e e  o f  l iqu id  saline water 
below OC, In atudglng  mipation of  pore 
eolutione,  rtc. Fxperienae of l o  -term 
reconnoitring m a  routine p m o 3  - 
hydrogeolo&ied  investigations showed that  

materials  obtained i n  so!ving the mentioned 
truetworfhfneee of the h drogeoaheniad 

problems depende to  a great extent on correct 
eampling of water, i c e  and permafroet for  

However ineufficient  elucidation of thifl problem 
chemiod analyein ( a a i m o v a ,  1983a, 1983b). 
i n  methodical  eooryological  literature and 
absence o f  u n i f i e d  concrete  instructions  for 
the personnel on carrying out the work in the 

lead  to   resul t ing materials 
of infer ior  ~ualL&.  

conditione of  the permzboet zone occasionall 

In some cases  incorrect data a s  o b t d n e  10 
the samples w e  taken from dieturbed natural 
environment (outcrops, p i t s ,  
others  they axe determined 
prooedure. In  t h i s  case 
chemioef. composition of Prozen rocks 

physico-chemical processes taking place during 
(permafmst),   iee or water  occur due t o  

phase frausit ione o f  water,  connected with 
environment temperature ohage  that   define 
Inteneity of the  processea m a y  di f fe r  depending 
either  ice  melting  or  water  cxyetdlization. 

on ini t ia l .  salinity, compo~ftion of e a l t e ,  rate 
o f  thawing o r  freezing,  l i tho10  ical  
compoeition o f  the  rocka,  ioe  sfructure,  etc. 
(Anieimova, 1981). Unfortunately,  possibility 
of the  influence o f  such chan ea on the 
chemical. cornposition of permagoat and Ace i s  
not alwaye considered i n  carrying out 
invest igat ions  in   natural  permafroat zone 
conditione which leadm t o  erroneous  reaultrs. 
Below afe  examined the  possible errore and 
specific methodical procedures which musf be 
followed i n  carrying out hydrogeochemiod. 
tea t tag  of permafroof and icea and also during 

routine studies of  underground waters. 
In  studying the hiefory of  formation and 
structure of permafrost and geneeis of the 
icee  contained i n  i t ,  numeroue information i s  
carried by their natural  outcrops i n  the 
valleye of the lower reaches of Yenieel, Lena, 
Yaa,  Indigixka and othex rivers. These 
outcro B a t t rac t   a t ten t ion  of wide c i r c l e s  o f  
acientfate and w e  being studied i n  detail... 
Hydxogeochemfcal teat ing l e  carried  out 
occaaionall . But it should be remembered in 
t h i s   c a m   t t a t   d a t a  close to   the  natural  
chemical  composition o f  permaf’roat can be 
obtained  only on a condition  that semples for 
the chemical analysis are taken from a Xayer 
not  affected by the  migration  processes. To 
some extent t h i s  m be obtdned on the 
condition  that samaee -e taken  only  after 
deep elsering away the outcxop debris  including 
removal of not only the thawed X O C ~ B  but ale0 
of the  uppsr (comlderably warmed) layer o f  
permafrost or ice. This i s  a very labour 
consuming and dangeroua woxk a8 during the 
Sunrmer period  inteneive  cmi  takes  place of  
thawed rocks which are i n  a Zoating state a t  
the  atripped ouhrop. 
!The moat re l iab le  h drogeochemical data may be 
obtained during ana I yeis mmplin in 8 procsaa 
of dxg hole  sinking i n  permefroef, i .e.,  
without UHB of 8. drilling fluid. I n  th i s  
c a m  the eample taken from the  central 
undisturbed and unfhawed part  of the core i s  
placed  into B clean,  water impermeable vessel 
in whioh the thawed sample is hied. 
lPhe frequency of samplia for analysia is 
significant i n  employmen! o f  hydro e o c h d o d  
data f o r  etudybg the  freezing  contitione of 
the  rocks. I n  a v e r t i o d  section of 
ayngenetically  freezing  depoaits ( i n  the 
process of the i r  accumulation) alternation i s  
typic& of layers with increased (ox high) and 
lower rock sa l in i ty  connected aith seasonal 
mlgration and cryo enic  concentration 02 
readily eoluble  aafte.  Requent ssmp15ng of 
the  rock samples during borehole einking 

establ ish th i s  feature.  In  caae of epigenetic 
(usually after every 0.5 m) ia required to 

Areezing of  loose depoeits  ealinity 



dfetrlbution along their   ver t ical   sect ion ie 
quite un5form whloh permite less *equant 
aampling2 for analyeis (usually a f t e r  every 
3-5 m). 
One of the oent ra l  points in modern perm&roet 
Btudiee ie devoted to  the  formation problem of 
the  deposit forming foes  widely  diatpibuted i n  

Azlalysis of the materiale of detailed 
the  northern regions of the permafroat zone. 
hydrochemical studiee of underground i c e s  - 
from fkoet mmda,  sheet deposits and from 
ice-soil  layers (Wsimova, 1963, 1981; M e i -  
mova, KBTPOV, 1985; Wsimva, Rriteuk, 1983) 
showed the  possibil i ty of employing thie   data  
as an additional  indication i n  studying i ce  
genasls. Ground ice8 of different genesis 
m e  characterised by tbeir   d la t inct lve changes 
i n  chemical oompoBitlon along t he   ve r t iod   cu t  
and by their deposit s e a  connected with 
various formation cronUtiqns.  Therefom ioe  
teeting must be detailed a8 posalble an& 
includs sampling along the vertioal cut of the 
i c e  body and also o f  the  rooka conteining i t .  
Often  the studies of the deposit-forming i c e s  
ere carried out i n   t he i r   na tu ra l  outcropdl 
along river valleya where they are represented 
by Zayere and lenses of coneiderable  length 
and thickness o r  by wedgee. 
Chemioal compoeition of ices i n  outcxopa 
stripped  naturally o r  by art i f ic ia l  mema and 
of frosen rocks incorporated in them i e   a l t e r e d  
aa was already &own, due to  migration o f  the 
readily soluble salts with melt water. 
Differencee In the chemical oompOSit.iozl data 
of Ice aamplee taken from na tu rd ly   s t r i pped  
outcrops and during sinking a borehole i n   . t h e  
a a e  bori~on are ehown I n  Table X.' 

Th 
re 
ea 
it 

.e example c i ted  proves t h a t  t h  
' l iable  resulh may be  obtained 
lmpling of i c e  and permafrost t 

i n  the  process o f  borehole si 
important in th ia  ca8e that   the 
i s  eampled, including i ts  botton 
strimed by the  outcroa and alea 

Le most 
1 only during 
;hat  include6 
.nking. It is 
whole deposit 
I p a r t  not 
t of its 

undei.iying- rocks. 
Reliabi l i ty  of the 'ice hydrogeochemical t e a t  
data also depends on corxect  collection o f  the 
sample i t e e l f  fop the  analysis.  It is  very 
important  to  collect i t  witbout thawi the 
i ce  a d  a~ far 88 poaaible  without e s h  
inclueions which may have marked fnfluenoe on 
the ohemlcd analgais  results.  Thia i e  

vein i c e s  and ground i c e  layera. 
epecial ly  important in the o a m  of fissure - 
&I ~XTODBOUL~ resu l t  m a g  be obtained i f  melt 
water formed before  the end of complete  thawing 
of the erample is poured off for the analyeis. 
'Pbia i& explained by considerable dLBifPerences 
in the mineralization magnitude and i n  the 
ionia aompoeitioxr of different   ice  melt 
f i sa t ione  (Table XI). The largeet  quantity 

by the first fract ioae of melt  water and their 
of the readily  soluble e a l t s  is carried may 
content dimlnishee i n  the  following ones. 
Sometimes mineralization magnitude of i c e  
water depender direct ly  on the  quantity of 
minefal suspensions  contained i n  h e .  
Therefore  their  quantity met be taken  into 

weight i n  the f i l t e r  for one 1iLr of melt 
account by recalculating the ilr residue 

water. 
Contante in  the i oe  of wastable eornpoaentfl 
(mi, NO;, NO;, Fe2+, m 3 + ,  p m  l e  included 

-~ 

I 

TABLE I1 
Chemical composltion of water formed i n  the proceaa o f  

an i c e  s w l e  melt 

Ion composition, mpeq Total 

First 0.87 5.09 26.52 5.94 0.57 10.23 15175 1-99 
Second 0,40 3.18 15,"66 3.05 0.64 6.22 9.72 1.15 
Third 0.33 1.80 7.15 2.39 0.22 2.47 4.22 0.64 

Fourth 0.37 1.09 4.24 1.71 none 1.71 2.27 0.37 
L a s t  0.52 0.56 2.47 1.24 nane 1.92 0.40 0.18 
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in the  interpretatloa Of the chemical andyere Of water  for  chemicd  aalyeig from a l l  of its 
data provided i t  i s  known that  they were 
determined  immediately d t e r  complete meltin m c t i o n i a g  (permanent o r  temporary)  heads, 

of ice from a given SmPle. HOwWer, men ~ I I  the  level. of miner&izlafion a d  in i ts  i o d c  
eince  water i n  them m a y  differ  considerably i n  

mate since  they  are somewhat a l tered by 
caBe the P&Wa obtained 83.e only approxi- compoeition. This m a y  be caused by mixing 

disturbance. o f  the  natural  redox  conditions. with  melt watwr, a6 indicated above or with 
Requirements s ta ted  above should be also 

water bei  discharged from water-bearing 
followed i n  etudglng ohemiad composition of 

horizons 3 different eneais. %e de ee 
the  icing. If theee  investigatione w e  and nature of these  influemerr m a y  be cymified 
carried out for   the purpose  of  determining an i n  cwrying  out  planned  routine  observations 
approximate  chemical  composltion of  water 

at the  sources. Planned routine hydrochemical 
feeding  the  ioing,  then  ice samples for the studies in Central  Yakutia showed that  the 
chemical andgsie  m e t  be  taken  before 

chemical  composition of the aouxces acting the 
beginning of the  icing  melting.  Since  ice whole year round becomes most s table  during 
chemical  composition and mineralization vary 

late Aut-  When atmospheric precipitations 
considerably  over i ts  mea atla the   ver t ical  IW snow and the thawing process o f  the pounde 
eectlofl,  the  resulte of the chemical anslysee 

containin  ice  near  the  water  disaharge  point 
of s ingle   i ce  samples taken from +be -face i s  stoppea and m n g - o f f  t d e e  placre of the 
o r  over the whole eection at Borne single point 

suprapermdroet  water  horizon. But even 

of the hi m ~ f a o e  e m a t  be used f o r  jukiw compoeition s tabi l iaat ion,  a miet&e 1s 
during thle,   the most favourable time for  the 

the  chemic3  composition Of t h e   i c i  farming 
water.  Comparattvelg c lose   vdue  3 i ts  possible  due t o  incorrect sampling  prooedure 
Uneral ieat ion is given by an averaged vdua 

of Water. This rnw be eaa$ly oaueed by 
of  chemical andgsee of the  ice  Hamplea taken entrance  into a sampler o f  fraziZ ioe formed 

layer-by-lager of the whole icing  thickness  at  during night-freezing of water a t  shallow 
leas t  at three  points of i ts  area (upper, 

locations, o r  of the  melt  water formed during 
tbaffing Of t h i s   i c e  at the d time. All 

middle, lower) from one source of water 
discharge. To obtaln a cloeer   resul t ,   the  

this  reduces  water  mlneraliz%on,  Therefore 
the s ring head m e t  be oleaned *om ice  before 

weight of preoipltated carbonaterr remani in 
t h e   f i l t e r  must be added to  the minerali~%on 

san&ng and several volumes of water mu& be 

Vdue Of each sample. Data on i c e   t e s t e  from ob t aid. diechar ed until complete c las i f iaat ion is  

melting are diatosted due to  migration of the 
the samplee taken after  beginning of the  ic ing In carrying  out the planned  routine  observation 

of the chemical  composition o f  waters from 

The complex of permafrost-hydra  eological work 
eoluble components with  melt  water. underground suprapemafrost and i n t r a p e m f r o s t  

includes  both  single and plannet  routine 
f d i k s  and aleo of subpermafrost horizons 
opened up by the  boreholes, i t  le necewary  to 

waters  required far c L f i e a t i o n  of % Z d  
hydrochemicrel investi atione of  under 

changes i n  water  chemical composition taking 
account f o r  possible  errors due to  cryogenic 

formation and feeding  condltioas,  water 
exchan e intensi ty  i n  the water-bearing lager, 

place duxing ice  fornation  in  the  bareholu 
(formation of i ce  plugs). Thue i t  i s  not 

the  nature of interaction between  underground 
waters and perennially frozen rooks, 

poaaible to  judge the r e d  water  compoaition 
i n  a water-beafing  earth by 8 sample taken 

Rel iabi l i ty  of the  hybochemlcal data obtdned  breaking of the  ice   plug o r  a f t e r  i t#  thawing. 
direction of the ergo enio ProceeBeB, eec. from the  borehole  Lmediately after mechanled 

with this SB d e t e m n e d   t o  a coneiderable 
extent by cerrying out  the  investigations under i t  18 neeesswy  not  only t o  clean i f  from i c e  

In taking a water semple from such a borehole 

epecifio conditione of a permafrost sone that  
influence  both  the  nature and the  time of 

but t o  pump away water  according  to  the 

carrying out hydrochemical t e s t s  o f  m d W p u n 8  I n  the p i t s  that  have opened-up underground 
instructions.  

watw t3ouroeB and on correctneae of smpl ng waters  the  water chemical  composition Qeo 
the  water f o r  c h d o a l  andys ia .  
Single hydfochemlcal  samplings of  the sources 

changes considerably  during  formation or 
thawin of  an ice   cover .   in   these,  8~1 i n  the 

usually  taken i n  Summer or Autumn m a y  give 
incorrect chemical  cornpoaition charactar is t ic  

case o? borebolee.  replacement is required o f  

of the underground water flowing out on the 
eevesd  volumes of water by pum ing i t  out 

surface  since Its mfxing is  poesible  with 
before sampling f o r  the cbmlca! ana1ysis. 
In carrying  out  the  engineering  geological. 

other  kinda of  under ound waters formed 
directly  near  the oug'let o f  main water. The 

eurveye i n  the permafrost ~ B E B  study of the 

mat  notable  influence on the .source chemical m a t  not  be  llmited by a single eample for 
chemical  composition o f  rocks and ground waters 

composition character is t ic  m a y  be made by the  analysie  only  at  the moment of  boring  the  hole 
waters forming during  thawing o f  ice   saturated or cut t ing  the p i t  rsince the chemical analysie 
eeaaoqdly frozen 1ock8, during thawing of undergoes notable  cryogenic and other chan eB 
mdefground ic ing  or  of  i n j ec t ed   i ce   i n  frost in   the  courad of an annual cycle,  eepecialfy 
mounds and also of water draining off during in the  areaa  with  high  rock  salinity and 
thawing of permae"ost that   ~ep8rateE 8 thick development o f  bodies of  highly  mineralized 
water-bewing  layer. The share Of the Water unaergxound liquid  aaline  waters  wtth 
var ie t ies  l i s t e d  above i n  a mixture with  water  temperatme below 0 O C ,  located  near  the 
from a water-bearing horizon that ie drdned 
at different  draln e locatione Varies and is 

surface. 
Thus, the above description .&owe that 

not  constant  with %e. This depends a lot   successful use o f  the hydrogeochemical data 
on the  specific permafroet-hydrogeologic~ during complex geocryological HtUdieB depends 
conditions.  Therefore  during Primmy survey not only on correct choice of the  location, 
of the  sources  acting  the whole Yew round i t  the method and frequency of SamPll. 
i s  required  to c a r r y  out  obligatory S-PliW permafrost, underground icee and wa Y e m  for 
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t h  .e chemi ring cal andgs.e, but d e o  on follov 

taking the   amp lee themeelvee that will 
FI number o f  obligatory conditione during 

excluae cryogenic cbangee in the  ample 
chemical composition. Only unified approach 
by aZ1 inveetigatora m a y  produce comparable 
mat e r i d a  . 
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HYDROCHEMISTRY OF RIVERS IN MOUNTAIN PERMAFROST 
AT 330 L.S., MENDOZA - ARGENTINA 

E.M. Buk 

CONICET CRICYT Mendoza, Argentina 

SYNOPSIS Theprincipalcheaical characteristics of water issuing from permafrost basins 
with rock glaciers and debris covered glaciers, is not well  known. Such characteri,stics are relat- 
ed  to temperature, variations and Elow levels accordine to precipitations in different times of the 
year. Two basins are compared: one with metamorphic rocks (debris covered glacier) and other with 
volcanic rocks (r.ock  glacier). The temperatures and conductivity of  an entire year are analyzed 
together with discharge and precipitation. 

INTRODUCTION 

The permafrost limit is at approximately 3 2 0 0  
m as1 in the Cord6nS del Plata, Cordillera 
Frontal of Mendoza (Corte et al, 1984) and 
the line of glacier equilibrium i s  at 4750 m 
asl. The area o f  uncovered ice is o n l y  3 %  of 
the total basin area, the 97% left is a de- 
tritic cover material and rock outcrops. 
There are big rock glaciers which have  been 
classified as of  cryogenic, E l  Salto (Corte, 
1987) and glacigenic origin,  Vallecitos-More- 
nas Coloradas (Fig. 1) (Corte, 1987). 

There is a series of geoforms of distinct cha- 
racteristics coexisting i n  both basins, More- 
nas Coloradas and Rincdn de 10s Vallecitos. 
They" correspond to different stages of glacial 
activity (Fig. 1 )  and their range i s  from 'Wis- 
consinean moraines in the lowest. nart, to 
,the large ablation Holocene moraines, limited 
by uncovered,ice (glacier)  in  the hiphest part 
(Corte et a l .  1981; Wayne et a1 1983) 

In this type of basin the discharge water is 
a variable mix from different sources: melt 
ice (glacial, interstitial),melt snow accumu- 
lated during the winter and summer precipita- 
tions in its different k i n d s  (hail, graupel, 
rain, etc.). The discharge water always merges 
clean, without yielding sediments in susnen- 
sion. The amount contributed by each one i s  
related to  the climatic situation and reflects 

vided by snow patches and -glaciers is not 
in the chemical composition. The water pro- 

significative because of their areal extension. 

The purpose of this research is  to know the 
chemical characteristics of the water issuing 
from such basins and to find the hydrochemicnl- 
climatic-geological relations in order to have 
a first approach to the hydrogeological model. 

STUDY AREA: 1,OCATION AND METEOROLOGIC-CLIEIA- 
TIC-ENVIRONMENTAL CONDITIONS. THE PERVAFROST. 

The area under study is located 
vince of Mendoza, between 32"55 
S latitude, 69'21' and 69'25' W 
ranges from 2100 m to.more than 

' and 3 2 " 5 9 '  
NW of the pro- 

. Its height 
6000 m (Fig.1). 

According to data registered during three 
years (JuI,y'7S/J~ne'8~f) in the meteorological 
station located at 2550 m, the general clima- 
tic characteristics can be summarized as f o l -  
lows : 

-Summer: the monthly mean summer temperature 
varies between 8 . 2 " C  .and 11.fC; -while the 
relative' humidity varies between 6 5 . 8 %  and 
76.7%. 

-Winter: the monthly mean winter temperature 

ve humidity is between 30% and 52%. 
varies between -1.5'C and 4.0°C; the relati- 

Approximately half  of the mean annual preci- 
nitation,  which is 523 mm, falls in December, 
January, February and March as rain.  The other 
half is winter snow precipitation. The mean 
annual air temperature is of 5.6 'C and the 
lapsc rate for this zonc is 0.6°C/100 meters. 

The considered basin is mainly composed of 
volcanic rocks of the Variscican association 
(Permian) represented by riolites, and sedimen 
tary,rocks from the Upper Paleozoic (Carbonife- 
rous) (Cam'inos  1965). The behavior of  these 
formations varies greatly with the same 
weathering processes. The vegetation is very 
scarce and it is confined to the lower part 
of  the basin. The environmental and climatic 
conditions with temperatures below O'C, f a v o r  
the existencc of the andine type of permafrost. 
This is indicated hy  the activc rock glacier 
(Corte, 1976;  Barsch, 19781, by temperaturc 
nrofiles (Corte et nl ,  1984)  and by geophysical 
nrospecting (Fournier et n l . ,  1984). F c r ~ ~ ~ n f r o s t  
presence is implyins particular chemicnl 3nd 
hydrological conditions, a s  demonstrated i n  
the Caribou-Poker Creeks, Alaska (SJ,nughtrr 
et al., 1 9 8 3 ) .  At 2.550 m. it was recorded a n  
ave,rapc. o f  1 .400 hours freezinp tempcrature 
per year.(Ro~airnz,l984). 
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NETHODS 

The s a m p l e   s i t e  i s  a b o u t  1300 m downstream 
from t h e   m e t e o r o l o g i c a l   s t n t i o n . ' T h e r e  were 
t a k e n  59 s a m p l e s   w e e k l y   o n   t h e   c o v e r e d   g l a -  
c i e r .  P l a s t i c   c o n t a i n e r s ,   p r e v i o u s l y   w a s h e d  
w i t h   t h e   w a t e r   t o   b e   s a m p l e d , w e r e   u s e d .   F i v e  
samples  were t a k e n  f o r  t h e   r o c k   g l a c i e r ,  The 
r i v e r   w a t e r   l e v e l   v a r i a t i o n s  were r e c o r d e d  
w i t h   l i m n i g r a p h s .  The o n l y   d a t a   u t i l i z e d  were 
t h e   t e m p e r a t u r e   a n d   r i v e r   l e v e l   v a r i a t i o n s  co -  
r r e s p o n d i n g   t o   t h e   d a y s  when t h e   s a m p l i n g  was 
per formed.  The c h e m i c a l   a n a l y s i s   w e r e   d o n e   a t  
t h e  CRAS, San   Juan .  

DATA,  ANALYSIS AND INTERPRETATION 

The c o n d u c t i v i t y   v a r i e s   a l o n g   t h e   y e a r   b e t -  
ween 308 and 2 4 0  micromhos/cm.   wi th   the   h igh-  
e s t  a n d   m o r e   s t a b l e   v a l u e s   d u r i n g   t h e   w i n t e r  
s e a s o n   f o r   t h e   c o v e r e d   g l a c i e r   ( F i g .  2 ) .  
A n a l y z i n g   t h e   c o n d u c t i v i t y   c u r v e   i n   r e l a t i o n  

p r e c i p i t a t i o n s   ( F i g .  2 ) ,  t h e   f o l l o w i n g   c o u l d  
t o   t h e  water l e v e l   v a r i a t i o n s ,   t e m p e r a t u r e   a n d  

be   obse rved :  
a -  from J u l y  till September  2 1 / 7 8 ,  t h e   c o n -  

d u c t i v i t y   v a l u e s  do not   show  brusque   va-  
r i a t i o n s .  From h e r e   a n d  t i l l  mid  December 
t h e   v a r i a t i o n s   r e l a t e d   t o   w a t e r   l e v e l   a n d  

P r e c i p i t a t i o n s   d o  n o t   a f f e c t  i t  s t i l l .  
t e m p e r a t u r e   b e g i n  t o   b e   s i g n i f i c a t i v e .  

The s p r i n g   f l o w   r e s u l t i n g   f r o m   s n o w  melt 
a n d   s u r f a c e  i ce  a d d s  i t s e l f  t o   t h e   w i n t e r  
f l o w   ( b a s e   f l o w ) ,   d i l u t i n g   t h e r e f o r e   t h e  
f i r s t   f l o w   s o l u t e s .  

b -  From  mid  December t i l l  mid A p r i l   t h i s   l a s t  
r e l a t i o n  i s  m o d i f i e d ,  Now t h e   h i g h e s t   c o n -  
d u c t i v i t y   v a l u e s   c o r r e s p o n d   t o  water l e v e l  
h i g h e s t   v a l u e s   a n d   v i c e v e r s a .   T e m p e r a t u -  
r e s   c a n n o t   b e   c l e a r l y   r e l a t e d   t o   t h e  f o r -  
mer d a t a   b e c a u s e   p r e c i p i t a t i o n s ,   w h i c h  
b e g i n   t o   b e   i m p o r t a n t ,   i n t e r f e r e   w i t h   t h e m .  
P r e c i p i t a t i o n s   a l s o   m o d i f y   t h e   c o n d u c t i v i -  
t y   a d d i n g  a c h a r g e  o f  s e d i m e n t s .  The d i s -  
c h a r g e   c u r v e  goes b r u s q u e l y  up d u r i n g   t h e  
summer ( J a n u a r y / F e b r u a r y ) .   T h i s   c o r r e s -  
ponds t o   t h e   h e a v y  summer p r e c i p i t a t i o n s  
which are  a c l i m a t i c a l   c h a r a c t e r i s t i c  o f  
t h e   l o c a t i o n .  

c -  From mid A p r i l   t h e   r a i n   p r e c i p i t a t i o n s   b e -  
come v e r y s f g n i f i c a t i v e ,   t h e  snow a n d   i c e  
f u s i o n   d w i n d l e s   a n d   t h e r e  is a g r a d u a l  
r e t u r n  t o  t h e   i n i t i a l   c o n d i t i o n s .  

I t  c a n   b e   s t a t e d   t h a n   i n   t h e   t e r m   o f  a y e a r  
t h e  t o t a l  water   amount  i s  composed  by  the f o -  
l l o w i n g  f lows:  
1 )  Winter  f l o w ,  end o f  J u n e  t i l l  mid  Septem- 

b e r .   I t  is c h a r a c t e r i z e d   b y  a maximum of  
s a l i n i t y   a n d  a minimum d i s c h a r g e ,   b o t h  
b e i n g   r e l a t i v e l y   c o n s t a n t .   T h i s   f l o w  i s  
t h e   w a t e r   r u n n i n g   o f f   t h e   d e t r i t u s ,   w h i c h  
d o e s   n o t   r e c e i v e   a n   i m p o r t a n t  melt s u p p l y  
from t h t  s u r f a c e .  

2 )  S p r i n g   f l o w ,  from mid  September t o  mid 
December .   This   f low  adds   to   the   former  
w i n t e r   o n e   d u e   t o  snow and ice  f u s i o n ,   d e -  
c r e a s i n g   t h e   c o n d u c t i v i t y   v a l u e s  as t h e  
t e m p e r a t u r e  r i ses .  

3)  Summer flow,  from  mid  december  to mid Apr i l .  
I t   a g r e g a t e s  t o  a l l   t h e   f o r m e r s   a n d   o r i p i -  
n a t e s   i n   t h e   d i f f e r e n t   t y p e s   o f   p r e c i p i t a -  
t i o n .  The s w e l l i n g   c u r v e s   a r e   c h a r a c t e r i s -  

- . t i c ,  
4 )  Autumm f l o w ,   b e g i n s   i n  mid Apr i l   and   ends  

i n  mid J u n e ,  I t  is t h e   F r a d u a l   r e t u r n   t o  
t h e   b e g i n n i n g   s i t u a t i o n  due t o   t h e   t o t a l  
f r e e z i n g   o f   t h e   b a s i n .  The   heavy   p rec ip i -  

a p p e a r   i n   t h e   d i s c h a r g e ,   t h u s   i n d i c a t i n g  
t a t i o n s  o f  l a t e  summer and autumm do  no t  

t h a t   t h e y   j o i n   t h e   r o c k   p l a c i e r   d e t r i t u s  
a l r e a d y   f r o z e n   ( F i g ,  2 )  

T h e   c h e m i c a l   c h a r a c t e r i s t i c s   c h a n g e   m a r k e d l y  
a l o n g   t h e   y e a r   ( F i g .  3)  a c c o r d i n p   t o   t h e  
c l i m a t i c   s i t u a t i o n ,   w h i l e   t h e   r e l a t i v e  p r o -  
p o r t i o n s   o f  waters f r o m   d i f f e r e n t   s o u r c e s   a l s o  
v a r y .   T h e r e  was n e i t h e r  a c o r r e l a t i o n   b e t w e e n  
t h e   d i f f e r e n t   i o n s ,   n o r   b e t w e e n  them  and  the 
t o t a l   m i n e r a l i z a t i o n .  The  hydrochemical   cha-  
r ac t e r i s t i c s  o f  t h e s e   w a t e r s ,   w h i c h   a r e   i n   c o n -  

g i v e n   b y   t h e   r e l a t i o n  i s :  Ca> Na+K > M g  f o r  t h e  
t a c t   w i t h   s e d i m e n t a r y   a n d   i g n e o u s   r o c k s ,  a re  

c a t i o n s   , a n d  SO4> HC03> C 1  f o r   t h e   a n i o n s .  

For t h e   n e i g h b o u r i n g   b a s i n ,  E l  S a l t o   ( F i g ,  1 )  
which is c o m p o s e d   e x c l u s i v e l y  by   igneous   rocks  

Ca, Ha> hfg> K f o r   t h e   ' c a t i o n s  and  K O 3 >  S O 4 >  C 1  
( a n d e s i t e s   a n d   r i o l i t e s ) ,   t h e  r e l a t i o n  is: 

f o r   t h e   a n i o n s .  The h i g h   s u l p h a t e   p r o p o r t i o n   i n  
t h e  f i r s t  c a s e  is m a i n l y   r e l a t e d   t o   t h e   s e d i -  
men ta ry   rocks .  I n  T a b l e  I i t  is shown t h e  
mean p e r c e n t a p e   o f   t h e   p r i n c i p a l   i o n s   i n  re -  
l a t i o n   t o   t h e   t o t a l   a m o u n t  o €  i o n s  f o r  e a c h  
s a m p l e ,   o f   t h e   V a l l e c i t o s  (V)  and  E l  S a l t o  (S) 
b a s   i n s  : 

% Ca %ME %Na+K % K O 3  %SO4 % C 1  Vean % 
t o t a l   i o n s  

mg/l ""-- 
(V) 18.2 2.7 5.2 30.3 3 7 . 2  1 . 5  2 0 3 . 0  
(S) 18.6 2.5 6.1 41.5 26.3 4.9 7 1  . 3  

TABLE I :  (V) 59 s a m p l e s ;  (S) 5 samples  

E l  S a l t o   b a s i n ,   b e s i d e s   h a v i n g   v u l c a n i t e s   i n  
i t s  c o m p o s i t i o n ,  does n o t   h a v e   p l a c i a l   i c e   a n d  
i s  f i l l e d   w i t h   o u t c r o p s   a n d   a b u n d a n t   t a l u s   d e -  
t r i t i c  m a t e r i a l ,  plus t h e   r o c k   g l a c i e r   i n  i t s  
l o w e s t   p a r t .  The d i s c h a r g e  of t h i s  r o c k  g l a -  
c i e r ,  same a s   i n   c o v e r e d   g l a c i e r s ,  i s  a lways  
c l e a r ,   w i t h o u t   s u s p e n s i o n   m a t e r i a l .  The w a t e r  
t e m p e r a t u r e ,  1 . 5 ' C ,  w o u l d   i n d i c a t e   t h a t   t h e  
d i s c h a r g e   o r i g i n a t e s   i n   t h e   f r o z e n   c o r e  
(Michel   .Evin ,  1984). 

For t h e   m e t a m o r p h i t e s   z o n e ,   t h e  res t  o f   t h e  
i o n s   a r e  shown i n   t h e   f o l l o w i n g   t a b l e ,   w i t h  
less s i g n i f i c a n t   a m o u n t s ,   I t   c a n   b e   s e e n   t h a t  
n o t   a l l   t h e   i o n s   a p p e a r   c o n t i n u o u s l y   t h r o u p h -  
o u t   t h e   y e a r .  
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m n / 3  REFERENCES 
Ion  Minimum Maximum 

B"" 0 . 0 2  0.39 
F** 0 . 8 0  ' 1 . 5 0  
NO3 * 2.00 

" 

Fe*  4.40 
Mn* 0 . 0 6  
**  A p p e a r s   t h r o u g h o u t   a l l   y e a r  
* A p p e a r s   i n t t e r m i t e n t l y  

S i O z   a p p e a r s   a l o n g   t h e   e n t i r e   y e a r   w i t h   v a l u e s  
o s c l l a t i n g  among 2 .3   and   11 .0   mg / l .  The  hard-, 
ness i n  C03Ca var ies  between 92  and   139   mpl l .  
Ph f l u c t u a t e s  among 6.7  and 8 . 0 .  On t h e   o t h e r  
hand ,   wa te r   s amples  were a n a l i z e d  i n  t h e  r e -  
c h a r g e   a r e a ,  a t  3.100m.  (samples a and a-) and 
i n   t h e   d i s c h a r g e   a r e a   a t   2 . 7 5 0  m .  (b samples)  
a s  wel l ,  i n  the   Morenas   Co lo radas   bas in .  The 
mean c o n d u c t i v i t y   v a l u e s   c o r r e c t e d   a t   s t a n d a r d  
t e m p e r a t u r e s   a r e :  

TABLE I1 

a - snow pa tch :   2 .6   micromho/ca .  
a'- water f rom  snow  parch   fus ion:  

b - i s s u i n g  water: 243.0  micromho/cm. 
7.0  micromho/cm. 

O b v i o u s l y ,   t h e   s u d d e n   i n c r e a s e   i n   t h e   a m o u n t  
o f  s o l u t e s   r e c o r d e d   i n   t h e   d i s c h a r g e   z o n e   ( b )  
o c c u r s   w i t h i n   t h e   d e t r i t i c  mass th rough   wh ich  
t h e  water f l o w s .   T h i s   e x p e r i e n c e  was p e r f o r -  
med i n  two days ,   du r ing   wh ich   s amples  were re- 
g u l a r l y   t a k e n  i n  p o i n t  (b)  o n l y  a t  d a y l i g h t .  
The f l o w   w a s   a l m o s t   c o n s t a n t   ( L 9 0 / 2 0 0   l / s e c . )  
owing t o   t h e   c o l d   a n d   c l o u d y   d a y   w h i c h   d i d   n o t  
f a v o r   a b l a t i o n ,   a n d   c o n s e q u e n t l y   t h e   c o n d u c t i -  
v i t y   v a r i a t i o n s   w e r e   n o t   s i g n i f i c a n t .  The water 
t e m p e r a t u r e   o s c i l a t e d   b e t y e e n  4.9'C and  5.8"C. 

CONCLUSIONS 

1. The c h e m i c a l   q u a l i t y  i s  i n d i c a t e d   i n   t h e  
c o m p o s i n g   s e a s o n a l   f l o w s :   w i n t e r  i s  t h e  
sc.8son w i t h   g r e a t e r   a m o u n t   a n d  smaller v a -  
r i a t i o n s  o f  s o l u t e s   w i t h   r e s p e c t   t o   t h e  sum- 
mer s e a s o n .  

n a t u r e  o f  t h e   d e t r i t u s   i n   w h i c h   t h e  water 
f lows   and   by  i t s  f r e e z i n g .  

3 ,  Rock g l a c i e r s   a n d   c o v e r e d   g l a c i e r s   p r o d u c e  
w a t e r   w i t h o u t   s u s p e n s i o n   m a t e r i a l .  

4 .  The t o t a l   a v e r a g e  o f  i o n s  i s  h i g h e r   f o r   t h e  
metamorphic   zones   than  f o r  t h e   v u l c a n i t e s  
r o c k s   ( o n l y  5 samples  o f  t h i s  l a s t  z o n e ) .  
We need  more  data  f o r  t h i s   l a s t   r o c k   t y p e ,  
f o r  t h a t   r e a s o n   t h i s  i s  a p r o g r e s s   r e p o r t ,  

2 .  The q u a l i t y  i s  d e f i n e d  by t h e   l i t h o l o g i c a l  

B a r s c h ,  D .  ( 1978) .   Ac t ive  rock g l a c i e r s   a s   i n -  
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Figure 1 .  Studied  area (N-W corner) 
shows debris  covered gla- 
ciers  ana rock glaciers. 
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FROST  LINE BEHAVIOUR AROUND A COOLED CAVITY 
A.M. Cames-Pintaux and J. Aguirre-Puente 

C.N.R.S. France 
5 '  

, ,  

ABSTRACT The Stefan  Problem  and  two  numerical  methods for its  resolution  are  discussed. The two-dimensional 
problem was solved using a  finite  element  method  based  on  an  enthalpy  formulation and, on the  other hand, the 
axisymmetrical  problem  was  solved  using  the  Coodrich  method.  Aualications of these  two  models to geotechnical  problems 
of  cryogenic  underground  storage  and  urban  gas  pipelines a l so  allowed  the  determination of the  domain of validity  of 
the  axisymmetrical  scheme.  In  this  paper  we  propose a simple  practical  and  very  rapid  method of estimating  freezipg/ 
thawing  behaviour  around  buried  pipelines  and  underground  cavitiee,. 

., . , " ,  

INTRODUCTION 

Geotechnical  problems  such  as  underground  storage of II  II at R 
liquefied gas, urban pipelines  transporting  chilled gas, 
pipelines  in  Permafrost areas, etc, involve  heat  transfer A t  the  interface 0 = E),, ahd the  energy  balance  gives : 
with  phase  change  (Stefan  Problem). 

To study  the  thermal  behaviour of soils around  an  under- 

in  the solid, PsCs - div  (ksgrad8) 5 0 ; 

in the liquid, p c - div (k grade) = 0 

(k -) ae - (k 9) c L " 1  + n , sur S 
s + s  an a: a. dt E ' 

ground  chilled  cylindrical cavity, we  first  have  proposed 
a finite-element  enthalpy  method to solve a two-dimen-  ds/dtlE  represents  the  velocity of the  interface  and n 
sional  problem of heat  transfer with phase  change  consi-  the  unit normal, positive  outward  from  the  frozen zone, 
dering  the  phase change front  to  be ab a fixed,tempera- at a point of this  interface  and L is  the  latent  heat 
ture /l/. This method  was  used to study  the  thermal  released or absorbed at the  boundary  per  unit  volume. 
behaviour of a cryogenic  storage  pilot  station  and to 
evaluate  the  limit of validity  of  an  axiaymmetrical In the  case of buried cavities, the  boundary of $2 is 
two-dimensional  scheme for a realistic  range .of thermal 
conditions  and  burial  depths  of  either  similar  possible 

divided i n  segments (the ground  surface), r2 (ver- 
tical  and  horizontal  llmits  of  the domain) and r (the 

cryogenic  storage  cavities /2/ or a  cooled  urban  pipe-  symmetry  surface of the system) suajected  to  diflerent 
lines 131. boundary  conditions : 

In  this paper, we  propose an easy  method for the  practi- on r 0 = Gt ; on r2 ,  0 = 0 : ' ;  on I* - - 
cal  exploitation of the  results  obtained  from  our  diffe- 
rent  studies. The following  problem  is aclressed : The initial  temperature  distribution in 9 i s  written : 

We consider  an  underground  cryogenic  cylindrical  cavity. For t = 0, 0 (x, y, 0 )  = Bo 
We  suppose  that  the  thermal  conditions are defined for '. 
the  cav,ity,  the  surface  and  the  initial  state  of  the The speci.fic heat c , the  density p , p and  the 
ground  and  that  the  thermo-physical  characteristics of thermal  conductivit; kc!'k are  continugus !'unctions of 
the  soil  are  known.  We  would  like  to  determine  quickly 
and  easily 

0 except at the  freezifig ihterface  where  discontinuities 
may  exist. 

+ 

ao - 0 
1' 1 3 '  a: 

- the  time  necessary  to  obtain  the  steady-state 
- the  progress of the  freezing  front  particularly  on  the 
upward  vertical  axis of the  cavity. 

MODEL CONSIDERATIONS 

Stefan  Problem  general  equations 
The  very,  classic  statement  of  the  problen; I s  the  following 
/4/ : in a  two-dimensional  homogeneous  domain 9, one 
considers  a  solid  phase or a  liquid  phase of a  pure  subs- 
tance.  The  isothermal  surface S which  separates  these 
two  regions i s  at  the  liquid-solid  transformation  tempe- 
rature Of. Tfe problem  is  studied  in  the  interval 
[ O ,  tMl. 

In the  ab8ence  of  sources and sinks  and  neglecting 
convection, the  energy  conservation  conditions  are 
written : 

Two-dimensional  enthalpy  method for discrete  phase  change 
Numerical  techniques for phase  change  problems can be 
separated  into  two  distinct  groups  based on the  formula- 
tion  of  the  problem.  The  first group deals with  the 
energy  equations  written  in  terms of temperature as the 
dependent  variable  and  includes an interface  between 
the  solid  and  the  liquid  region.  The  interface is a 
surface whose position and shape  varie with time  and 
special  equations  need to be written  using  finite 
difference /5/ or finite  element  techniques 1 6 ,  7 /  t o  
account  for  the  Interfacial  energy  balance. 

In the seconp group, the  interface I s  eliminbted  from 
consideration but enthalpy  is  used  as  the  dependent 
variable. The enthalpy i s  related to'temperature ahd 
includes  the  effects of both  specific  and  latent  heat. 

conduction  problem  without  change o f  phase.  The  method 7s 
The  problem  is  made  equivalent. to the no11 linear  heat 
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well  adapted f o r  disperse  substances  that  change  phase 
over  a  range of temperatures /8, 9 /  ; but  when  the  phase 
change  occurs at a  fixed  temperature  the  discontinuity 
of  apparent  specific  heat  leads to significant  numerical 
difficulties /IO/. 

We have presented  in an other  paper / I / .  the  principle 
of an  finite  element  enthalpy  method for the  two-dimen- 
sional problerd o f  heat  transfer which,performs well whe- 
ther  phase  change  occurs at fixed  temperature or is ' 

distributed  over a temperature  range. This mathematical 
formulation gives a  regular  solution  for  the  temperature 
distribution at each  time  step  and is obtained  with  the 
help of a  Kirchhoff  transformation (thermal potential) 
/ 4 /  and  the  Heaviside  function / l l / .  

One-dimensional  axisymmetrical  model 
When  the  cavity is buried at a  relatively  areat  depth. 

" 

one  can  assume  that  the  horizontal  ground  surface 
influence  is  not  significant so that  the  Stefan  Problem 
can  be  studied by  an axisymmetrical  cylindrical 
formulation. 

We  solved  the axisymetrical Stefan  Problem fo r  discrete 
phase  change by an  axisymmetrical  one-dimensional  model 
developed  from  Goodrich's  method / 1 2 ,  13/. This model 
calculates  the  front  position by solving  the  moving 
Interface  equation  along  with  the  equation  for  the 
temperature  distribution. 

- .  

Previous  applications to practical  ground  freezing 
problems 
1) Underground  cryogenic  pilot  station 

The  two-dimensional  mathematical  model for Stefan 
Problems  was  used  to  study  the  thermal  behaviour of soil 
around  a  cryogenic  storage /2/. This pilot station, built 
at  Schelle (Belgium) by  Geostock  (Paris)  and  Distrigaz 
(Brussels)  consisted of a horizontal, 30 m long, 3 m 
diameter  section  located at the  end  of  a 100 m concrete 
lined  cylindrical tunnel, hollowed  out of a clay soil 
at  a  depth of 23 m below  the  surface. 

For calculation  purposes  we  adopted  the  physical  and 
thermal  properties of clay  estimated  from  Kerstern's 
empirical  formulae  based on measured  values of dry 
density (1.7.103 kg.m-3) and  moisture  content (35%). 

The comparison of the  calculated  values  with  the expe- 
rimental  measurements  showed  that  the  model  performed 
satisfactorily. 

The  two-dimensional model. also provided  the  means of 
evaluating  the  range of validity of the  axisymmetrical 
one-dimensional  scheme. 

2 )  Cooled  urban  gas  pipe 
The  one-dimensional  axisymmetrical  model was used to 
study  the  freezing  front  progression  in  the soil SUF- 
rounding  an  urban  chilled  gas  pipeline. The schematic 
model of a  transverse  vertical  section of the  pipe 
is  indicated  in  Fig. 1. The radius R* delimitating  the 
axisymmetrical  field  was  judiciously  chosen  to  represent 

built at Mitry-Mory by "Gaz  de  France". 
the  actual  physical characteristics of a  pilot  station 

Measurements  obtained in situ  giving  the  freezing  front 
position  on  the  upward  vertical axis for  the  steady- 
state  were  in  good  agreement  with  that  calculated  using 
the  axisymmetrical  scheme  when  the  freezing  front  attain- 
ted  equilibrium. 

Fig. 1 Axisymmetrical  buried  pipe 

Moreover, we  have  examined  the  influence  of  burial  depth 
and of temperatures in the  cavity or at the  ground 
surface  on  the  freezing  front  position. 

The  axi-symmetrical  scheme  was  also  used / 3 /  for the EYE- 
tematic  study  of  the  interface  position  when  the 
steady-state  is  practically  obtained.  This  study  showed 
the  influence  of two hportant thermo-physical  parame- 
ters : the  frozen soil diffusivity "a" and  the  latent 
heat of the  phase  change "L". 

NEW  DEVELOPMENTS 

In  order  to  study  the  limit of validity  of  the  axisym- 
metrical  scheme  we  used as reference  the  numerical 
results of the  two-dimensional  model  applied to the 
liquefied  underground  cryogenic  storage  problem.  The 
results of the  two  models f o r  different  thermal  condi- 
tions  including  the  temperature  program  of  the  pilot  sta- 
tion and different  burial depths of the  cavity  were com- 
pared, and  the  domain  of  validity  of  the  axisymmetrical 
model was defined. 

To generalize  the  results  of  the  first approach, we 
defined  two  dimensionless  parametePe,  the  first ( P )  
characterizes  the  geometric  properties  (burial  depth  and 
diameter  of cavity) and  the  constant  thermal  conditions 
imposed  on  the  system  (temperature  at  the soil surface 
and  in  the  cavity) ; the  second  parameter ( K 1 )  characte- 
rizes the  geometric  properties  and  the  freezing  front 
location : 

[Tp/s' R - R  
p x-- 

h 

2Ro [Tsurfl 
and K1 = h - ( R   R o )  

' - 
2R0 

Tn  these equations, h  is  the  burial  depth of the  cavity 
and 2 . R  its diameter, [T ] 
absolute  values of the t e ~ b ~ r a ~ ~ ~ e ~ T ~ ~ 6 f i t i o n  from  the 
freezing  point  at  the  cavity/soil  interface  and  at the 
soil  surface  respectively. ( R  - R ) represents  the 
freezing  zone  thickness on the  upgard  vertical axis of 
the  cavity. 

In the  parameter P, the  coefficients T and  T  can 
be used  only  when  the  temperatures  in #gfcavityPhd on 
the  soil  surface  are  constant.  In  the  case of variable 
temperature,  we  should  consider  new  parameters  taking 
into  account  the  thermal  history of the  system. 

Instead  of  temperature 'I' at  the  interface cavi ty/soil, 
we  propose  to  consider tRe'square root  of the f'reezing 
index fpIs  defined by : 

are  the 
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Indeed  the  integral  in  time of the  surface  temperature of 
a structure  is  an  important  technical  parameter  and 
even  more  generally  useful  results can be described  in 
terms o f  indexes  of  temperature  defined  everywhere /14/. 

For the  case of the  Mitry-Mory  pipeline  pilot station, 
Fig. 2 shows  the  evolution  of  the  freezing  front 
according  to  the  square root of  the  freezing  index.  We 
see  that  during  the  early  freezing period, before  the 
surface  boundary  influence  becomes important, (R - R 
is  proportional  to G. In  this  case  the  pipe  teg- 
perature  was  constant. 

soil  surface 
1 

Fig. 2 ( R  - R )vs F f o r  
gas  pipe  of0Mitry-Mg& 

But  even  when T depends  on  time as in  the  case of the 
underground  crygkgnic storage, this  linearity  exists. 
Figure 3 illustrates  this  conclusion for different  burial 
depths  and f o r  the  temperature  history  corresponding to 
a  temperature in  the cavity  decreasing  linearly  from O'C 
to -196°C over  a  period of 300 days.  Moreover  a similar 
presentation  (not  illustrated) of  results for the  same 
system  subjected  to  a -1OO'C constant  temperature  lead 
to identical  slopes of the  straight  line  representing 
the  freezing  front (R - R ) as a function  of  the  square 
root of the  freezing  indeg. 

Fig. 3 ( R  - R ) vs r f o r  different 
depths of t,he  cr&gcnic pi367  statlon  cavity 

In  view of this, we  can  define  a  new  parameter 
representing 'the slopes, 

and  in  order t o  also consider  the  influence  of  variable 
surface temperature, we define, in addition, the 
thermal  index, 

t 

Tsurf (t )at 

These  three  parameters  and S a , l d )  make  it 
possible  to do an easy an rap1 8 udy of the  soil f'or 
any  kind of thermal  history in the cavity, pipes, or 
ground  surface. 

APPLICATION  AND  REMARKS 

Sawada  and Ohno /14/ give  thermal  characteristic5 f o r  
many soils found  in  geotechnical  practice. In order to 
study  sensitiveness of the  Stefan  Problem to the  thermal 
soil properties / 3 / ,  we  selected  practically  the  two 
extreme  values fo r  diffusivity  a  and  latent  heat L. 
With  the  help of these  values  we  defined  four  fictiticus 
so i l s ,  characterized by the  four  possible  ratios  a/L, 
to make  the  calculations : 

The couple  a2, L1 corresponds t o  the  case for which  the 
time  necessary to obtain  the  steady-state is the shortest. 
The other  extreme  case  appears  for a l ,  L2. 

In this paper, for the  four  different cases defined by 
a/L,  we  exploit  the results obtained by  the  axisymmetri- 
cal one-dimensional model for a buried  pipe. 

The following  values  were  chosen f o r  the  calculation : 

R = 0,lO m R* = 1.15 m 

pipe/soil  temperature (constant) T p/s = - 1 5 ° C  

boundary  temperature (constant) Tsurf = 6.2'C 

The figure 4 shows  the  freezing  front  evolution vs the 
square root of the  freezing  index  for  the  different 
values of  a/L. Using  these curves, we  can  accurately 
determine  the  time  when  the  steady-state is reached. 
This is show in figure 5. 

In figure 4, the  first  part of ( R  - R ) vs shows 
that  the  freezing  front  progression  ig  similarP&  that 
in  a  semi-infinite  region. The second  part  of  the  curves 
corresponds  to a progression in an axisymmetrical 
region  where  the  influence of the  boundary i s  manifested. 
We  can  compare  this  part  to  an  elliptical  function.  In 
the  final  part of the  curves  the  value of R - R is  that 
of t h e  steady-state  regime. 

The above  remarks  suggest  a  rapid  and  simple  method to 
obtain  useful  information  about  the  progression of the 
freezing  front  for  the  range of a/l, values  occuring  in 
practice and for  constant or variable  boundary  tempera- 



s o i l   s u r f a c e  

F ig .  4 ( R  - R,) and  the Neumann f rozen   t h i ckness  
5 vB r f o r  d i f f e r e n t   v a l u e s   o f  a/L 

P I S  

Fig.  5 Time t o   e s t a b l i s h m e n t  of 
t he   s t eady- s t a t e   v s   a /L  

PRACTICAL METHOD TO DETERMINE THE FREEZING  FRONT 
EVOLUTION 

The s l o p e  fo r  t h e   e a r l y   p a r t  of t h e   f r e e z i n g   f r o n t   e V O h -  
t ion   can   be   de te rmined   f rom  f igure  4 us ing   the   appropr ia -  
t e   v a l u e  of a/L  corresponding to t h e   e s t i m a t e d   s o i l   t h e r -  
mal p r o p e r t i e s .  To d e t e r m i n e   t h e   f i n a l   f r e e z i n g   f r o n t  

t i c a l  methods  such as t h a t  of Lunardini  /16/ a r e   a v a i l a -  
l oca t ion   co r re spond ing   t o   s t eady- s t a t e   cond i t ions   ana ly -  

b l e ,  o r  a sample   ove ra l l   t he rma l   ba l ance   ca l cu la t ion   can  
be made. We recommend taking  an  overange  of  the  two. 

To r ep resen t   t he   f r eez ing   cu rve   evo lu t ion   fo r   i n t e rmed ia -  
t e   va lues   o f   f r eez ing   i ndex   and   f r eez ing   d i s t ance ,  when 
the   in f luence   o f   the   g round  sur face   boundary   begins   to  
m a n i f e s t   i t s e l f ,  we p ropose   u s ing   an   e l l i p t i ca l  law with 
parameters  chosen t o  match  both  the  short   and  long time 
behaviour   as   de te rmined  by the  above  methods. 

The e l l i p s e  must be  have i t s  f o c i   a l o n g  a l i n e   p a r a l l e l  
t o   t h e   m a x i s  and  be t a n g e n t i a l   t o   t h e   s t r a i g h t   l i n e  
( R  - R 1 = ( R  - R ) a t   t h e   p o i n t  RP where  the  s teady 
s t a t e  ?s reacf;&d ana t o   t h e   s t r a i g h t   l i n e  
(R - R ) = S F a t  t h e   p o i n t  D where   the   in f lu-  
ence 09 t h e   & k f a c e P k k m d a r y   c o n d i t i o n   b e g i n s   t o  
m a n i f e s t   i t s e l f .  Knowing the   coord ina te s   o f   t he   po in t s  
RP and D ,  it is e a s y   t o   c a l c u l a t e   t h e   e q u a t i o n  of t h e  
e l l i p t i c a l   c u r v e ,  Using  f igure 5 we can f ' i n d  the  t ime 

necessa ry   fo r   t he   e s t ab l i shmen t   o f   t he   s t eady- s t a t e  
and consequent ly   the   va lue  of I co r re spond ing   t o   po in t  
R .  r p  

The remaining  problem is t o   f i n d   t h e   p o s i t i o n  of t h e  
p o i n t  D w i th   su f f i c i en t   accu rancy .  A s  s u g g e s t e d   i n  
f i g u r e  6 ,  t h e   d i f f e r e n c e   i n   f r o s t   p e n e t r a t i o n   r a t e   c a l -  
c u l a t e d   f o r   t h e   a x i s y m m e t r i c   e a r l y  time case   and   t ha t  
c a l c u l a t e d  for a f i c t iona l   one -d imens iona l  Neumann pro- 
blem w i t h   o t h e r w i s e   i d e n t i c a l   p a r a m e t e r s   c a n   b e   u s e d   t o  
provide   an   empir ica l   formula   for   the   approximate  
de te rmina t ion   of   the   po in t  D : 

ID = 0,09 
( SN - sa/L ) . (Sa/& ) 

where s XN/ and SalL as   has   been  def ined N 
p r e v i o u s l y .  

F ig .  6 Drawing o f   t h e   e l l i p t i c a l   c u r v e  

VERIFICATION 

To v e r i f y   t h i s  method,   the   fo l lowing   tab le  shows v a l u e s  
of (R - R ) e v a l u a t e d   w i t h   t h e   h e l p   o f   e l l i p t i c a l  
r e l a t i o n s g i p s  and  values  of f i t t e d   c a l c u l a t e d   c u r v e s .  

Table 1 Comparison  between ( R  - Ro) obta ined  
by t h e   e l l i p t i c a l   r e l a t i o n s h i p  and ( 5  - R ) c  

c a l c u l a t e d  by the axisymmetr ica lmodel  POP 
d i f f e r e n t   v a l u e s  of I 
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CONCLUSION 

TThis  paper  proposes a rapid  and  simple  method  estimate 
the  upward  progression of the  frost  line in  the  case of 
an  pipeline  transporting  chilled gas or an underground 
cryogenic  storage  cavity. 

The  method is based 011 the  linearity of the  frost  line 
progression  as  a  function of the  square  root of the 
freezing  index in  the cavity  during  the  early  freezing 
period  and on the  elliptical  shape of the  frost  line 
progression  during  the  period  when  the  influence of the 
ground  surface  thermal  conditions  manifestes  itself.  At 
the end, this  elliptic  curve  joints  the  horizontal  line 
representing  the  frost  line at  the  thermal  steady-state 
of the  system. 

These  bases are supported by  the  examination of many  cal- 
culations  done  with  the  help of an  axisymmetrical  model 
as  well as with a two-dimensional  finite  element  numerical 
model  describing  the  Stefan  Problem  around  underground 
cavities. 

For a  range  of  practical  thermal  conditions,  the  results 
of these  calculations  give  values of the  frost  line 
propagation  rates as a  function of the  ratio  thermal  dif- 
fusivity/latent  heat  characterizing  the  soil  and  the  time 
of  establishment of  the  steady-state. 

In  order to be able to apply  this  method to a wider range 
o f  problems, supplementary  calculations  are  being  carried 
out  which  will  allow  the  determination of the  time to 
reach  the  steady-state for more  complicated  boundary 
conditions. 
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NOTATIONS 

0 
0 

a 
k 

tr 

C 

P 
L 
h 
d 

R* 
R 
T 

Isurf 

R, 

TP/S 

P/S 

frost  line  temperature 
temperature 

time 
thermal  diffusivity 
thermal  conductivity 
specific  heat 
density 
latent  heat  per  unit  volume 
buried  depth of the  cavity 
diameter of the  cavity 
Radius of cavity 
external  radius of the  cylindrical  domain 
frost  line radius 
temperature at interface  cavity/soil 
temperature  at  the  soil  surface 
freezing  index in  the  cavity 

I REFERENCES 

Cames-Pintaux. A.M., Nguyen-Lamba, M. (1986). Finite- 
element  enthalpy  method for discrete  phase  change. 
Numerical  Heat Transfer, 9, 403-417. 

Cames-Pintaux, A.M., Nguyen-Lamba, M., Aguirre-Puente, J. 
(1986).  Numerical  two  dimensional  study of thermal 
behavlour  around a cylindrical  cooled  underground 
cavity.  Domain of validity of an  axisymmetrical  scheme. 
Cold  Regions  Sciences  and Technology, 12, 105-1111. 

Cames-Pintaux, A.M., Aguirre-Puente, J.  (1987). Pro- 
blPme de Stefan  applique 5 1'Btude  des  cavites sou- 
terraines  et  conduites  enterrCes.  C.R.  XVIIBme Congrds 
Int. du Froid, Vienne, B 241-248. 

in solids, 2d ed., Oxford  Univer. Press, London, 11. 

rical  solution of moving  boundary  problems  by  boundary 
immobilization  and  a  control-volume-based  finite 
difference  scheme.  Int. J. Heat  Mass Transfer, 24, 
1335-1343. 

finite  elements  for  the  solution of parabolic  problems 
with  and  without  phase  change.  Int. Y. Numerical  Eng., 
17, 81-96. 

Yoo, J . ,  Rubinski, 13. (1983). Numerical  computation 
using  finite  elements f o r  the  moving  interface  in 
heat  transfer  problems with phase  transformation. 
Num. Heat Transfer, 6, 209-222. 

moving  boundary  problems  using  the  enthalpy  method. 
Int. Y. Heat  Mass Transfer, 24, 545-555. 

cation of an alterning-direction  finite-element 
method to heat  transfer  problems  involving a change 
of phase.  Numerical Heat Transfer, 7, 471-482. 

Rolph, W.D., Bathe, K.J. (1982). An efficient  algorithm 
for analysis of non linear  heat  transfer  with  phase 
changes. Int. J. Num.  Meth. Eng., 18, 119-134. 

Damlamian, A.  (1977). Some results on the multiphase 
Stefan  Problem . Commun: Partial  Differential  Equa- 
tions, 2, n'10, 1017-1044. 

Goodrich, L.E. (1978). Efficient  numerical  technique 
for one  dimensional  thermal  problems  with  phase 
change.  Int. J .  Heat  Mass Transfer, 21, 615-621. 

Cames-Pintaux,  A.M., Ciat, M., Aguirre-Puente, J. (1983). 
Introduction  de  nouuelles  g6omktries et conditions 
aux  limites  dans la m6thode  de  Goodrich  pour le 

Froid,  Paris, t. 11, 595-602. 
changement  de phase. C.R;  XVIBme Congrds Int.  du 

Aguirre-Puente, J . ,  Frembnd, M. (1976). Frost  and 
water  propagation  in  porous  media.  2dme  Conf.  on  Soil. 
Water  Problems in Cold Regions, Edmonton, Proc. 

Sawada, S., Ohno, T. (1985).  Laboratory  studies of 

Carslaw, H.S., Jaeger, J.C. (1959). Conduction of heat 

Hsu, C.F., Sparrow, E.M.,  Patankar,  S.V. (1981). Nume- 

Lynch, D.R.,  O'Neil, K. (1981). Continuous deforming 

Voller, V., Cross, M. (1981).  Accurate  solutions of 

Lewis, R . W . ,  Morgan, K., Roberts, P.M. (1984). Appli- 

137-154. 

thermal  conductivity of clay  silt and sand  in  frozen 
and  unProzen states.' IV Int. Symp.  on  Ground Freezing, 
Sapporo, t. 11, 53-58/ 

Lunardini,  V.J.  (1985).  Analytical  methods for ground 
thermal  regime  calculations.  Thermal  design  consi- 
derations  in  frozen  ground  engineering.  Technical 
Council on Cold  Regions  Engineering  Monograph ASME, 
204-257. 

303 



A FROST HEAVE MODEL OF SANDY GRAVEL IN OPEN SYSTEM 
Chen, X.B., Wang, Y.Q. and He, P. 

Lanzhou htitute of Glaciology & ~ r y o i o g y ,  Academia Sinica 

SYNOPSIS Experimental  results  show  that  the  frost  heave of sandy  gravel  in  an  open  system 
can  occur  and  depends on not  only  the  content o f  fine  grained soil but also  the  frost  penetration 
rate.  Based on Miller's secondary  frost  heave  theory  and  the  theory  of  soil  moisture  energy,  a 
frost  heave  model of  gravel  has  been  suggested  in  this  paper.  According to the  model,  ice  segrega- 
tion  will  appear  while  the  frost  penetration  rate  is  low  enough  under  which  the  suction  gradient o f  
soil  moisture  occurs  in  frozen  fringe.  Conversely,  under  relatively  higher  penetration  rates,  the 
extra  water  produced by water  crystallization  to form ice  will be expelled  from  frozen  fringe. F o r  
a step  temperature  boundary  condition,  the  frost  heave  ratio, q ,  o f  gravel is related  to  both  the 
penetration  rate,  Vf,  and  the  content of fine  grained  soil , C ,  and  can be expressed by r) = Bo V:1CB2 
which  miaht be used to evaluate  the  frost  susceptibility of sandy  gravel  in  an  open  system  satls- 
factorily. 

ICE SEGREGATION OF SANDY GRAVEL DURING FREEZING 

The  classical  work of Tsytovich (1973) has con- 
cluded  that  ice  segregation  and  frost  heave  can 
not  occur  in  sand in an  open system. The  suthors 
arrived  at  the  same  conclusion  while  the  frost 
penetration  rate  was  relative  fast (1979). How- 

Mts in 1965, Chen (1981) found  gravel that con-  
ever, while working on permafrost  in the  Qinlian 

tained 6.7 X -  by weight of less  than 0.05 mm par- 
ticles,  surrounded  with  lots  of  ice  crystals 
which  gave  rise to a thaw  settlement  coefficient 
of 12.8 I&. Wang's results (1983) show  that  the 

60 to 100 mm in seasonal frost  area with a 
frost heave o f  a  coarse sand  bedding cushion  was 

groundwater  table of less  than 50 cm  from  the 
ground  surface,  in  Lianin  province.  In  other 
words,  the  frost  heave  ratio i s  about 10 %. The 
above  phenomenon  gives  an  idea  that  ice  segrega- 
tion  might  taken  place  in  a  sand or gravel  in  an 
open  system  subject to certain  favorable  con- 
ditions. 
In order  to  explore  the  above  phenomenon,  we 
have  conducted  frost  susceptibility  tests  on 
sandy gravel  containing  different  percetages of 
fine  grained  soil  (see Table I) in open  sysem 
under  a  step  boundary  temperature  condition of 
- 2  and - 4  'C, with  an  accuracy of fO.l ' C .  The 

TABLE I 

Distribution o f  particle  Size 
(mm) o f  Samples 

sample  temperature along' its  depth  and  the  heave 
amount  were  measured by a HP-3054 S Automatic 
Data  Acqusition/Control  system  with  a  resolution 
of f l U V ,  and a displacement  gauge  with  an  ac- 
curacy o f  kO.01 mm. 
Figure I and  Figure 2 show  the  curves o f  heave 
ratio vs penetration  rate of sample No.1, having 
no  fine  grained soil, and  sample No.2, which 
contained 17.74 Z of less than 0.05 rnm fines 

Figure 1 Frost  heave  ratio vs penetra- 
tion  rate o f  sandy  gravel  with  zero  con- 
tent o f  0.05 mm particle 

respectively.  It is  obvious  that  the  relation 
between  frost  heave  ratio  and  penetration  rate 
of sandy  gravel is quite  similar  in  form to a 
clayey  soil.  and  can be expressed by a power 
function  (Chen, 1983): 

1 100 70 40 25 0 
2 100 70  40 25 4 3.55  1.19 0.86 0.65 
3 100 70 40 25 12 10.65 2 .41  3.60 1.96 
4 70 40 25 20 17.74 6.00 4.34  3.27 where, rl--frost heave  ratio, %; 
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Vf--€rost  penetration  rate,  cm/day; 
A,B--characteristic  constants  that vary 

with  soil type. 
After  regression,  the  characteristic  constants 
A , B  and correlation  coefficient  r of formula 
(1) for  sample N0.1 t o  No.4 are  listed  in  Table 
11. 

Penelration rate VI (crn d )  

Figure 2 Frost heave  ratio  vs  pen- 
etration  rate of sandy  gravel  with  zero 
content of C O . 0 5  mm particle 

TABLE I1 

Characteristic  constante & correlation 
coefficient of T ~ = A  V B o f  samples 

c" 0% 3 . 5 5 %  10.65% 17.74% 

f 

A 0 .888  3 . 4 6 0  4 . 4 7 0  6.257 

r 0.860 0.898 0,919 0.973 
N** 2 2  20 1 9  18 

B - 0 . 9 4 3  -1 .073 - 1 . 0 5 4  - 0 . 9 3 8  

* C--content of c0.05 mm particles; ** N--sta- 
tistic  groups. 

As a  result,  ice  segregation  and  frost  heave  can 
occur in sandy  gravel  (including  a  pure  gravel) 
in  an  open  system  during  freezing,  while  the 
frost  penetration  rate is low  enough. W e  sug- 
gest  that Vf o  is a critical  frost  penetration 
rate  under  which  frost  heave  ratio  will  be  more 
than 4 X so that significsnt  ice  segregation 
occurs.  Figure 3 shows  the Vfo will  increase 

Figure 3 V f o  vs the 0 . 0 5  mm particle  size 

305 

with  the  content of <0.05 mm particle  nearby 
linearly. 

FROST HEAVE MODEL 

With  the  help of  Miller's  secondary  frost  heave 
model ( 1 9 7 9 )  and the  theory of soil  moisture 

model  appropriate  for  sandy  gravel  during  freez 
energy,  the  authors  would  like to propose  a 

ing  in  an  open  system (see Fig.4), that  would 
explain  the  above  phenomenon. It is  assumed 
that  only  a  part of the pore water  surrounding 
each  particle  surface  is  held by absorption,and 

Purllcle ICC 

Soil  moisture 
pnenti8.l 7L 

0 

Direction of i a te r  migration 

Figure 4 A model of ice  segregation 
of sandy gravel i n  open  system 

most  of  it is free  water  influenced by gravity 
(especially for pure  sandy  gravel,  e.g.sample 
No.1) .  As soon  as  the  temperature at a  given 
level  is down to its  freezing  point,  the  free 
water  will  freeze  and  become  ice  crystals  sur- 
rounding  sandy  gravel  particles  forming  an "ice 
lens-like" zone. This  is  the  zone  from  the b o t -  
tom surface of  the lens to the frost  front  where 
the  temperature  is  equal  to  its  freezing  point, 
and is  called a frozen  fringe.  The  ice  vein 
will  absorb  pore  water  forming  film  water.  Thus, 
compared  with  unfrozen  zone,  there  is  much  more 
film  water  developed  in  the  frozen  fringe. At 
the  warm  side of the  "ice  lens-like",  the  ma- 
trix  (including  sandy  gravel  particle  and  ice 
crystals)  potential  is  the  smallest  because of 
the  lowest  temperature.  This  is  also  the  most 
developed  ice  crystal  with  the  least  thickness 
of  film  water  in  the  frozen  fringe.  Meanwhile, 
there  is  a  zero  matrix  potential at the  frost 
front  saturated  with  water.  Consequently,  a 
matrix  potential  gradient  is  present in the 
fringe  and  induces  water  migration  from  the uw-  
frozen  zone  toward  the  bottom  (warm  side) o f  the 
"ice  lens-like",  forming  ice  segregation. 
In  addition, t h e  early work of Chen(1980) shows 
that  pore  water  pressure of saturated  sandy 
gravel  rill  increase  during  freezing in closed 
system  because of  volume  expansion,  resulting from 
water-ice  phase  transformation, and is propor- 
tional  to  penetration  rate, ie. 

Pw Vf ( 2 )  

Therefore,  the total. soil  moisture  potential at 
the  warm  side of "ice  lens-like" is 

I = Pw + Y m  ( 3 )  



where, Pw-aditional pore  Water  ptessure pro- 
duced b y  growing  ice  crystals  at  the 
warm  side of the  "ice  lens-like"; 

tllm-atrix potential  at  the  warm  side o f  
the 'lice lens-like". 

Obviously.  under  the  condition of higher pen- 
etration  rate,  when P, is grearer  than -@,,,, a 
positive  pressure  gradient  will  result  in  the 
fringe.  The  extra  water  produced b y  the  volume 
expansion o f  water  into  ice  at  the  bottom o f  
ice  lens-like  will  be  expelled, s o ,  the  soil 
vi11  not  appear  to be frost  susceptible. Con- 
veraely,  in  the  condition of  lower  penetration 
rate,  as Pw is  less  than -JI , ie. Q<O. ice  seg- 
regation  will  occur  under tke action  of  the 
negative  pressure  (suction)  gradient  in  frozen 
fringe.  causing  frost  heave. 

where, Bo,  B1 and B 2  are the  characteristic cons- 

distribution,  and  are  listed  in  Table 111. 
tants  that  vary  with  different  particle size 

TABLE 111 

Characteristic  constants  and  correlation 
coefficient  r o f  ~ = B , V ; ~ C ~ Z  as c is 

the  content of less  than  given 
diameter  d 

FROST SUSCEPTIBILITY  CRITERION 
<0.005 3.64432 -0.99670 0 . 3 I 5 9 3  0.96155 

. ~ . . ~ -  

The  frost  heave  ratio.is  used as an  index of 
frost  susceptibility o f  sandy  gravel  in  China 
and many countries  (Chamberlin. 1981). However, 
in  current  criteria  for  coarse  granular  soil. 

(0.02 2.91197 -1.00015 0.27034 0.96124 
(0.002 3 .94850  -0,99612 0.33250 0.96158 

the  fine  grained  soil  fraction  ffor  instance; 
C0.02 mm or ( 0 . 0 5  mn) is  generally  the  only 
factor  considered.  The  effect of penetration As C is  the  content of (0.02 mm diameter  par- 
rate  on  frost  heave  has  not  been  taken  into  ticle by weight,  the  function of formula (4) 
account  because o f  practical  difficultes.  can be plotted  in  Fiqure 5 €or engineering  use. 

Regression  analyses  were  carried  out  for 79 
groups o f  data  for  frost  heave  ratio  and  pene- CONCLUSIONS 
tration  rate  in  the  four  samples  with  different 
particle  aize  distribution (see Table I). The For sandy  gravel  freezing  in  an  open  system  as 
relationship  between  heave  ratio, n ,  penetration  a  result  of  a  step  boundary  temperature  condi- 
::t:6nvii expressed by an experial  formula: 

and  the  fine-grained  soil  fraction. tion,  the  following  preliminary  conclusions 
might be obtained: 

Figure 5 Frost  heave  ratio vs penetration  rate  and  less  than 
0.02 mm particle  content of  sandy  gravel  in  open  system 
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(i 1 I c e  segregation and frost  heave of sandy 
gravel  (including  a  pure  gravel  with no 
fines)  will  occur  when  the  penetration 
rate  is  low  enough, so  that  the  suction 
gradient of soil  moisture  appears  in 
frozen  fringe; 

(ii) The,frost  heave.ratio,,q, when used as 
a  frost  susceptibi,lity index, is rela- 
ted to the  penetration  rate, V s ,  a n d  
the  content of fine  grained  sol1  less 
than  a  gjven  diameter C. This  can be 
expressed by I'I=B VB1C82 to a  reasonble 
level of 'accuracy. 

O f  
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OBSERVATIONS OF MOISTURE MIGRATION IN FROZEN 
SOILS DURING THAWING 
Cheng, Guodongl and E.J. Chamberlain2 

1Lanzhou Institute of Glaciology and Geocryology, Academia Sinica, Lanzhou, China 
2U.S. Army Cold Regions Research and Engineering Laboratory, Wanover NH 03755, USA 

SYNOPSIS O p e n   a n d   c l o s e d  system t e s t s  o n   p r e f r o z e n  s i l t  a n d   c l a y  were c o n d u c t e d   t o   i n v e s -  
t i g a t e   m o i s t u r e   m i g r a t i o n   i n   f r o z e n   s o i l s   d u r i n g   t h a w i . n g .  I n  a l l  t e s t s ,  a n   i n c r e a s e  i n  water c o n -  
t e n t   j u s t   b e l o w   t h e   t h a w i n g   f r o n t  was o b s e r v e d .  I n  s o m e  c a s e s ,  a t h a w i n g   f r i n g e ,  i c e  l e n s e s   a n d  
f r o s t   h e a v e  were r e c o r d e d .  Water m i g r a t i o n   i n t o   t h e   f r o z e n   p a r t   o f   t h a w i n g   s o i l  was g r e a t l y   r e Q u c e d  
a f t e r  a c o n t i n u o u s   i c e  lens h a d   f o r m e d   a c r o s s  a s a m p l e ,  A r e g e l a t i o n   m e c h a n i s m   f o r  i c e  f o r m a t i o n '   i n  
f r o z e n   s o i l   d u r i n g   t h a w i n g  i s  s u g g e s t e d .  

INTRODUCT 

I t  i s  we1 
d i e n t s   i n  
d i e n t s   o f  
e x p e c t e d  
t u r e .  As 

i 

'I 

1 

O N  

e s t a b l i s h e d   t h a t   t e m p e r a t u r e   g r a -  
f r o z e n   s o i l  a r e  a s s o c i a t e d   w i t h   g r a -  
f r e e   e n e r g y .  Water m o v e m e n t  is t o   b e  
n t h e   d i r e c t i o n   o f   d e c r e a s i n g   t e m p e r a -  
u n f r o z e n  water  a c c u m u l a t e s  a t  s o m e  

p l a c e   i n   t h e   f r o z e n   s o i l ,  i t s  G i b b s   f r e e   e n e r g y  
r i s e s  so t h a t   t h c  i c e  a n d   u n f r o z e n  water  a r e  n o  
l o n g e r   i n   e q u i l i b r i u m .  As a r e s u l t  i c e  f o r m a t i o n  
a n d   f r o s t   h e a v e   o c c u r .  I t   i s  r e a s o n a b l e   t o  ex- 
p e c r , t h e r e f o r e ,   t h a t   w a t e r   m i g r a t i o n ,  i c e  f o r m a -  
t i o n   a n d   f r o s t   h e a v e  w i l l  o c c u r   i n   t h e   f r o z e n  
p o r t i o n   o f   t h a w i n g  s o i l .  

A f t e r   E r s h o v   ( 1 9 7 6 )   d o c u m e n t e d  water  m i g r a t i o n  
a n d   i c e   f o r m a t i o n   i n   t h e   f r o z e n   p o r t i o n   o f   t h a w -  
i n g   s o i l s ,   d o w n w a r d   w a t e r   m i g r a t i o n   i n t o   f r o z e n  
g r o u n d   i n   s u m m e r   h a s   b e e n   c o n f i r m e d   b y   o t h e r  
f i e l d   i n v e s t i g a t i o n s .   P a r m u z i n a   a n d   L a g o v   o b -  
s e r v e d  t h a t  t h e   m a s s i v e   c r y o g e n i c   t e x t u r e   i n  
t h e   l o w e r   z o n e   o f   t h e   a c t i v e  l a y e r  was r e p l a c e d  
b y  a s t r e a k y   c r y o g e n i c   t e x t u r e ,   i . e . s e g r e g a t e d  
i c e   l e n s e s   f o r m e d   i n   t h e   s t i l l - f r o z e n   p a r t   o f  
t h e   a c t i v e  l a y e r ,  w h i l e   t h a w i n g   p r o c e e d e d   f r o m  
t h e   s u r f a c e   ( P a r m u z i n a ,   1 9 7 8 ;   L a g o v   a n d   P a r m u -  
z i n a ,   1 9 7 8 ) .  In 1 9 7 6 ,   m e a s u r e m e n t s   w i t h  a n e u t -  
r o n   p r o b e   c a r r i e d   o u t   b y   t h e   D e p a r t m e n t   o f   M o d e r n  
P h y s i c s ,   L a n z h o u   U n i v e r s i t y   a n d   t h e   N o r t h w e s t e r n  
I n s t i t u t e ,   C h i n e s e   A c a d e m y   o f   R a i l w a y   R e s e a r c h  
r e v e a l e d   t h a t  a s  t h e   a c t i v e   l a y e r  was t h a w i n g  
t h e  water  c o n t e n t   o f   t h e   f r o z e n   a c t i v e   l a y e r   a n d  
s u b j a c e n t   p e r m a f r o s t   i n c r e a s e d   a f t e r   d o w n w a r d  
w a t e r   m i g r a t i o n   f r o m   t h e   t h a w e d   a c t i v e   l a y e r  
( C h e n g ,   1 9 8 2 ,  1983) .  M a c k a y   ( 1 9 8 3 )   a l s o   s h o w e d  
a n   i n c r e a s e   i n   n e a r - s u r f a c c  i c e  v o l u m e   a n d   h e a v e  
o c . c u r r i n g   i n   t h e   f r o z e n   a c t i v e  l a y e r  d u r i n g   t h e  
summer. C h i z h o v  e t  a 1 . ( 1 9 8 5 )   s h o w e d   t h a t  a s  
a r e s u l t  o f  d i f f u s i o n  o f  m o i s t u r e   f r o m   t h e   a c t i v e  
l a y e r  i n t o   t h e   u p p e r   p a r t  o f  p e r m a f r o s t ,   t r i t i u m  
e x t e n d s   o v e r   p r a c t i c . a l l y  t h t  e n t i r c   d e p t h   o f  
z e r o   a n n u a l   a m p l i t u d e .   T h e   c o n c e p t   o f   t h e   d o w n -  
w a r d   m o v e m e n t   o f  water  i n  summer f r o m   u n f r o z e n  
t o   f r o z e n   g r o u n d   h a s   b e e n   c o n n e c t e d   w i t h   s e v e r a l  
g e o c r y o l o g i c   p h e n o m e n a ,   s u c h   a s   t h e   f o r m a t i o n  
o f  m a s s i v e   n c a r - s u r f a c e   g r o u n d  i c e ,  g e n e r a t i o n  
o f  p a t t e r r ~ c d   g r o u n d ,   d o w n s l o p e   f r o s t   c r e e p ,   a n d  

t h e  water  b u d g e t  o f  c o l d   r e g i o n s   ( E r s h o v , 1 9 7 6 ,  

1 9 8 3 ) .  
1979 ;  C h e n g ,  1 9 8 2 ,  1 9 8 3 ;  O u t c a l t ,   1 9 8 2 ;   M a c k a y ,  

U n t i l  r e c e n t l y ,  most l a b o r a t o r y   i n v e s t i g a t i o n s  
o f   m o i s t u r e   m i g r a t i o n   h a v e   d e a l t   w i t h   f r e e z i n g  
a n d   f r o z e n   s o i l s .   L a b o r a t o r y   i n v e s t i g a t i o n s  o f  
m o i s t u r e   m i g r a t i o n  i n  f r o z e n   s o i l s   d u r i n g   t h a w -  
i n g  a r e  s u r p r i s i n g l y   f e w ,   a n d   i n   n o n e   o f   t h e s e  
d o e s   t h e   m o v e m e n t  o f  t h e   p h a s e   b o u n d a r y   e n t e r  
i n t o   t h e   t h e o r y   o f   m o i s t u r e   m i g r a t i o n .  

T h e   o b j e c t i v e  o f  t h e   s t u d y   r e p o r t e d   h e r e   w a s   t o  
r e p r o d u c e   m o i s t u r e   m i g r a t i o n ,  i c e  f o r m a t i o n   a n d  
f r o s t   h e a v e   i n   t h e   s t i l l - f r o z e n   p o r t i o n   o f   t h a w -  
i n g   s o i l s   u n d e r   c o n t r o l l e d   l a b o r a t o r y   c o n d i t i o n s ,  
a n d   t o   i n v e s t i g a t e  some d e t a i l s   o f   t h e   p r o c e s s .  

TEST PROCEDURE 

T h e  m a t e r i a l s  u s e d   i n   t h i s   s t u d y  were F a i r b a n k s  
s i l t  a n d   M o r i n   c l a y .   F o r   p r e f r o z e n   F a i r b a n k s  
s i l t ,  t h e   a v e r a g e  water c o n t e n t  was 2 4 . 3 %  a n d  
t h e   a v e r a g e   d r y   d e n s i t y   w a s  1 . G  g / c m ' .  F o r  p r e -  

4 6 . 4 %  a n d   t h e  a v e r a g e  d r y   d e n s i t y  was 1 . 1 7   g / c m ' .  
f r o z e n  M o r i n  c l a y ,   t h e  a v e r a g e  water  c o n t e n t  was 

T h e   s a m p l e ,   7 0  m m  i n   d i a m e t e r   a n d   1 5 2  m m  i n  
h e i g h t  was c o n f i n e d   b y  a l a t e x   r u b b e r   m e m b r a n e  
a n d   b y   a n   a r r a n g e m e n t  o f  a c r y l i c   ~ l e x i g l a s s  
r i n g s .  A s u r c h a r g e   o f  0 . 1 3  k g / c m  was p l a c e d  
o n  t o p  o f  t h e   t o p   c o l d   p l a t e  i n  o r d e r   t o   k e e p  
g o o d   t h e r m a l   c o n t a c t .  A d i r e c t   c u r r e n t   d i f f e r e n -  
t i a l  t r a n s f o r m e r  (DCDT) was a r r a n g e d  u n  t o p   t o  
f o l l o w   t h e   d e f o r m a t i o n   o f   t h e   s a m p l e ,  h t h e r -  
m i s t o r s  were p l a c e d   a l o n g   t h e   s a m p l e   a n d  5 
t h e r m o c o u p l e s  o n  e i t . h e r   t h e   t o p  O F  t h e  b o t t o m  
t o   m o n i t o r   t h a w i n g .   F o u r   s a m p l e s  were t e s t e d  a t  
t h e   s a m e  t i m e  i n  a m o d i f i e d   f r c c z e r   c h e s t .   T h e  
t o p   a n d   b a s e   p l a t e s  were c o n n e c t e d   i n  s e r i c s  i n  
t w o   s e p a r a t e   c i r c u i t s .   E t h y l e n e   g l y c o l - w a t e r  
s o l u t i o n s  were c i r c u l a t e d   t h r o u g h   t h e  c o l d  
p l a t e s   f r o m   t w o   r e f r i g e r u t c d   c i r c u l a t i n g   b a t h s  
t o   c o n t r o l   t h e   e n d   t e m p e r a t u r e s .  'I 'hc f r e e z e r  
c h e s t   p r o v i d e d  a n  a m b i e n t   t e m p c r a t u r e  jus t  a b o v e  
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t h e   m e l t i n g   p o i n t   o f   i c e ,  s o  t h a t   r a d i a l   h e a t .  
f l o w  was m i n i m i z e d .   T h e   t h a w i n g   p r o c e s s   d a t a  
c o l l e c t i o n ,   e x c e p t .   f o r  water  i n t a k e ,  was a c c o m p -  
l i s h e d   a u t o m a t i c a l l y   w i t h  a d a t a   a c q u i s i t i o n  
a n d   c o n t r o l  s y s t c m .  

D o w n w a r d - t h a w i n g  t e s t s  o f   f r o z e n   F a i r b a n k s  s i l t  
a n d   M o r i n   c l a y  were c o n d u c t e d  i n  e i t h e r   c l o s e d  
o r   o p e n   s y s t e m s   w j t h   v a r i o u s   t e m p e r a t u r e   g r a d -  
i c n t s  a n d   L h a w i n g  r a t e s .  S l i g h t l y   d i f f e r e n t  tem- 
p e r a t u r e   r e g i m e s  were o b s e r v e d   f o r   t h e  4 s a m p l e s  
t e s t e d  a t  t h e  same t i m e .  T h e r e f o r e   t h e   d a t a  
o b t a i n e d  were u s e d   i n   q u a l i t a t i v e   a n a l y s e s   o n l y .  

RESULTS 

A t o t a l   o f  20 t h a w i n g  t e s t s ,  16 o n  f r o z e n  silt, 
4 o n   f r o z e n   c l a y  were c o n d u c t e d .  An i n c r e a s e d  
w a t e r  c o n t e n t   j u s t   b e l o w   t h e   t h a w i n g   f r o n t  was 
o b s e r v e d   i n  a l l  t e s t s .  

C l o s e d  system 

F i . g u r e  1 p r e s e n t s   t h e   r e s u l t s   f r o m  a t y p i c a l  
c l o s e d   s y s t e m  t e s t  on a p r e f r o z e n  s i l t  s a m p l e .  

Temperature ( 'C ) 

15 

I O20 - 3b I I 

40 
Water  Content ( % f  

F i g . t  K e s u l t s   f r o m   T e s t  B 4 ;  C l o s e d   S y s t e m  

A d e f i n i t e   c h a n g e   i n  water  c o n t e n t  was o b s e r v e d  
w i t h i n   t h e   u p p e r   p o r t i o n   o f   t h e   f r o z e n   p a r t   o f  
t h e   s a m p l e .  A f e w   d i s c r e t e  smal l  i c e  l e n s e s  were 
o b s e r v e d   j u s t   b e l o w   t h e   t h a w i n g   f r o n t .  A d a r k  
c o l o r  z o n e  b e l o w   t h e   t h a w i n g   f r o n t  was a l s o  o b -  
s e r v e d .   T h e   d a r k   c o l o r  was c a u s e d   b y   t h e   m e l t i n g  
u f   i n v i s i b l e   m i c r o  i c e  l e n s e s .   M o i s t u r e   f r o m  
t h e   r h a w c d   p a r t  o f  s a m p l e   a p p a r e n t l y   m i g r a t e d  
i n t o   t h e   f r o z e n   p a r t  o f  t h e   s a m p l e  a s  a r e s u l t  
o f  a t e m p e r a t u r e - i n d u c e d   p o t e n t i a l   g r a d i e n t .  
N o t e  t h a t   t h e   t e m p e r a t u r e  a t  w h i c h   m o i s t u r e  
m i g r a t i - o n   a p p e a r s  t o  b e   n e g l i g i b l e  i s  a b o u t  - 1 ' C .  
A s l i g h t   r e d u c t i o n   o f  water  c o n t e n t   n e a r   t h e  
L h a w i n g   f r o n t  was r e c o r d e d .  

As t h e   t . h a w i n g   f r o n t  was a d v a n c i n g ,   t h e   t e m p e r a -  
t u r e   g r a d i e n t  a n d  t h a w i n g  r a t e  g r a d u a l l y   d e c -  

r e a s c d   ( T a b l e  I ) ,  a n d   t h e  water  c u n t . e n t   j u s t  

Some  smal l  d i s c r e t e  i c e  l e n s e s   h a d   g r o w n  at 
b e l o w   t h e   t h a w i n g   l r o n t   c o n t i n u o u s l y   i n c r e a s e d .  

a b o u t  3 2  h o u r s   a f t e r   t h e  s t a r t  o f   t h a w i n g .  B y  
t h e   e n d  u l  t h e   t e s t ,  a f  ~ e r  9 5 . 3  h o u r s ,  n o  c u ~ i -  
t j . n u o u s   i c e   l c n s e s   h a d   f o r m e d   a c r o s s   t h e   s a m p l e .  

O p e n  s y s t e m  

I n  o p e n   s y s t e m  tests, w a t e r  a c c e s s  was t h r o u g h  
a p o r o u s   p l a s t i c   d r a i n a g e   d i s k  i n  t h e  t o p  o f  
t h e   s a m p l e .   T h e  water h e a d  was k e p t  a t  t h e  same 
l e v e l  a s  t h e   t o p   o f   s a m p l e .  An i n c r e a s e   i n  
water c o n t e n t   i n   t h e   f r o z e n   p a r t   j u s t   b e l o w   t h e  
t h a w i n g   f r o n t  was a l s o  d e t e c t e d .   T h e   t e m p e r a -  

n e g l i g i b l e  was n e a r  -l.O"C, 
L u r e  a t  w h i c h  m o i s t u r e   m i g r a t i o n   a p p e a r e d  t o  b e  

As t h e   t h a w i n g   f r o n t  a d v a n c e d ,   t h e  water  c o n t e n t  
j u s t   b e l o w   t h e   f r o n t  i n c r e a s e d   c o n t i n u o u s l y  
( F i g . 2 ) .   A f t e r  4 8 . 4  h o u r s ,  a 0 . 2  m m  t h i c k  i c e  

Fig.2 M o i s t u r e   M i g r a t i o n   f o r  
F a i r b a n k s   S i l t , O p e n   S y s t e m  

l e n s   h a d   f o r m e d  0 . 8  m m  b e l o w   t h e   t h a w i n g   f r o n t .  
A f t e r  163 .5  h o u r s ,  a 0 . 3  m m  t h i c k  i c e  l e n s  was 
o b s e r v e d ,   a g a i n  0 . 8  m m  b e l o w   t h e   t h a w i n g   f r o n t  
( F i g . 3 ) .  It a p p e a r s   t h a t  a f t e r  a c o n t i n o u s   i c e  

309 



TABLE I 

Conditions for Test B (Closed  System) 

Grad t 
Test  "C/cm 

Thawing Elapsed Thaw Water  content 
rate time depth just  below  Ice  lens 
m/hr hr cm thawing  front 

x 
D l  0.9 3 .64  1.6 1,6 24.18  Invisible 
B2 0.9 1.20 8.1 2.1  26.40 1nvisi.ble 
B3 0.7 0.51 32.0 4.3  29.42 Discrete 
B4 0.6 0,02 9 5 . 3  6.6 35.23 Discrete 

lens had grown  across  the  sample,  moisture  migra- 
tion  into  frozen  soil  was  greatly  reduced,  The 
temperature at whick  moisture  migration  was  neg- 
ligible  increased to -2°C as a result of the 
longer  testing  time. 

A prefrozen  Morin  clay  was  tested  in  an  open 
system  mode  under  nearly  the  same  conditions as 
t h e  Fairbanks silt(Tab1e 11). However,  a 2 m m  

TABLE I1 

Comparison  of  Testing  Conditions  between 
Clay  and  Silt 

Grad t Thawing  rate  Elapsed  time  Thickness 
Material 'C/cm mm/hr  hr o f  ice 

lens 
mm 

Fairbanks 
silt 1 .o 0.02 163.5 0.3 

Morin  clay  1.2 0.02 155.0 2,o  

ice lens  furmed,  an  order-of-magnitude  thicker 
than  that  in  the  Fairbanks  silt.  Also,  the 
width of the  visible  ice  forming  zone  extended ' 
to 4 . 5  c m  (Fig.4). Its end coincided  with  the 
-3°C isotherm.  These  differences  are  due to the 
higher  unfrozen  water  content of Clay  at  lower 

temperatures,  indicating  that  frozen  clay  may 
have a  relatively  high  hydraulic  conductivity 
compared  with  frozen  granular  soils  (Burt and 
Williams, 1976) .  

Frost  heave 
The  deformation of frozen s o i l  during  thawing 
may b e  expressed  (Ershov, 1980) :  

H = h + hsw - h,h - S 

where H-Total deformation of thawing s o i l ;  
h-Frost heave: 
hs,--Swell caused by increase-of  water 

hsh--Shrinkage of thawed  soil  due to 

s-Thaw settlement. 

content: 

water  migrating  into  the frozen zone; 

dry density of  1.6 g/cm was  used. For high 
In this  study, saturate: Fairbanks silt with 

density  granular  soils s will be small.  For 
saturated  soil  hsw  and hsh are  also  small.  Thus 
most deformation  during  thawing  will be caused 
by frost  heave. 

Frost  heave  measured  during  thawing f o r  a closed 
system  is  presented  in Fig.5. After  thawing  was 
slower  than  a  certain  rate, a steady  heave  was 

e.@ 1 0  
i Elapsed Time (hr l  

Fig.5  Frost  Heave  during  Thawing, 
Fairbanks  Silt,  Test  Rq,Closed System 
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observed. As shown  in  Fig.6,  frost  heave  during 
thaw in an  open  system  was  somewhat  different. 
After  thawing  was  slower  than  certain  rate,heave 

had grown  across the  sample, no more  heave was 
took place, and as soon a s  a continuous  ice lens 

detected.  In  Ishizaki  and  Nishio’s ( 1 9 8 5 )  ex- 
periment,  the  same  phenomenum  was  recorded by 
x-ray photos and a  dial  gauge, 

DISCUSSION 

In thawing soils, four  zones  can  distinguished 
(Fig.7):the thawed zone;  the  thawing  fringe;the 
zone o f  intensive  ice  formation;  and  the  zone 
of weak  ice  formation. 

In  the  thawed  zone,  amll  ice has  melted. The 
boundary  between t h e  thawed zone  and  the  thawing 
fringe is the  melting  point isotherm,  In  satura- 
ted soil,  the  melting  point is very close  to O’C 

In the  thawing  fringe,  pore  ice melts due to the 
rising  temperature,  The  maximum  thickness o f  
the  thawing  fringe  recorded in this  study  was 
0.8 mm. It  was  impossible to measure  the  thaw- 
ing  fringe  precisely  in  this  study,  but  the 
thawing  fringe  is  likely  thinner  than  the fro- 
zen  fringe. A thin  thawing  fringe  was  also re- 
corded  on  the  x-ray  photos  presented by Ishizaki 
and  Nishio ( 1 9 8 5 ) .  

The  boundary  between  the  intensive  and  weak  ice- 
forming  zones  coincides  with  the - 1 ” t o  - 2 ’ C  
isotherm  in  Fairbanks silt, and  with  the -3°C 
isotherm  in  Morin  clay. 

It  is not clear  what happened on the  warm  side 
of the  ice  lens.  If ice  was  melting o n  the 
warm  side of the  ice lens,  it  is  hard to explain 

Fig.7 Cross  Section  of a Thawing  Soil 

how  the  first ice lens could  form.  We  suggest 
that  ice  grows o n  the  warm  side o f  the  ice  lens. 
The  liberated  latent  heat  is  conducted  through 
the  ice  to  cause  the  cold  side of, the  ice lens 
t o  melt.  The  pressure  induced by the  ice  growth 
o n  the warm  side  forces  the  first  ice  lens to 
move  toward  cooler  soil.  Concurrent  melting  and 
freezing o n  opposite  sides of the  ice lens,  cau- 
ses the  ice  to be in  motion  although  it  appears 
to be stationary  (Miller, 1972; Ohrai, 1985). 
Under  the  influence o f  the  temperature-induced 

2 1.0 
E - 0 .5 -  

1 I\ I 

20 40 60 80 100 120 140 160 
~ - 0 - o ~ - o - Q - O - 0 ~ 4  

Elapsed Time Ihr); 

Fig.6  Frost Heave during  Thawing,  Fai.rbanks Silt,  Test Cg, c4, %C.l1 System 
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potential  gradient,  the  melted  water  at  the 
bottom of  the  ice  lens  migrates  through  the 
frozen  soil  and  refreezes  on  the  warm  side of 
second  ice  lens. As a result,the  dimensions 
o f  the  first  ice  lens d o  not  change  greatly, 
but the  second  ice  lens  appears ta grow,  There 
is  a net  apparent  water  migration  through  the 
first ice lens. 

SUMMARY 

(i) Water  migration,  ice  formation  and  frost 
heave  in  frozen  soils  during  thawing 
have been observed: 

(ii) The  observed  maximum  thickness o f  the 
thawing  fringe  was 0.8 mm, considerably 
smaller  than  Chat  in  freezing  soils: 

greatly  on  the  hydraulic  conductivity 
o f  frozen  soil;  it  is  larger  in  clay 
than in granular  soil: 

reduced  total  moisture  migration.  After 
a  continuous  ice  lens had grown  across 
the  sample,  the  principal  mechanism of 
moisture  migration  was  regelation. 

(iii) The  rate of water  migration  depends 

(iv) The  presence of an  ice  lens  greatly 
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GEOCRYOLOGIC STUDIES AIMED AT NATURE CONSERVATION 
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SYNOFSIS The problems asaociated  with  nature-consemation activities kn the  permafrost 

necessi ta tes  comprehensive s t u d i e s  based on integrated  geocryological  survey with maximum employ- 
zone are discussed and an integrated  approach t o  environmental  protection i s  substantiated. This 

ment of aerial-space,  geophysical and other methods. The data are given on the aerial-space pho- 
tographs used t o  evaluate the changes in the  geologic environment. Zonbg of an area by the 
types of natural  and natural-man-made systems i s  shown t o  be the basis  f o r  pmdictbng  the changes 
in the  geolo@;ic  environment,  identifyfng  areas by the  degreo o f  t h e i r   f e a s i b i l i t y  f o x  economic 
development, distfLnguLshing hazardous areala and those  areas that need special  protection. Ma- 
t e r i a l s  of these  studies  are used t o  s e l ec t  the most ra t ional   var lants  of locating var ious  pro- 

ronment m we11 as the  basic  trends in nature-protective  measures, a n d  t o  plan the control. 
j ec t s  and f a c i l i t i e s  of national economy, t o  determine an admbsible man-made load on the anv i -  

(monitoring) system o f  t h e   s t a t e  of the environment. 

m!rBODUCTPION 

A t  p e s e n t ,  about 15% of the  permafrost zone, 
i.e. more than 9 regions,  each of them up t o  
several   tens of thousands of square  kilometers, 
experience man-induced impacts. Aa compared 
t o  1926, the  population in t he  North has  incre- 
ased by a f a c t o r  of 5, the urban population 
mounting t o  aO%. An intensive development of 
i n d u s t r y  ( f i r s t  and foremost of mining indu- 
st ry ) ,  geological  prospecting  surveys,  civil, 
transport  a n d  hydrotechnical engineering pre- 
determine a rapid growth o f  areals  of mamindu- 
ced impacts. The environmental protection 
under these  conditions Fncludes: (a) an eco- 
logically  optimal  location o f  engineerlng 
s t ructures  and complexes; (I?) ra t ional  use of 
national  resources;-   (c)  uti l ization of techno- 
logies and machinary designed t o  reduce the 
level  of man-induced impacts; (d l  measures 
aimed a t  eliminating  the  adverse consequences 
of technological development; and (e) iden- 
tY' icat ion o f  areas that have t o  be protected. 
The substantiation a n d  planning of nature- 

taktnng h t o  account specif ic   features  o f  the 
protective measures require special. studies  

permafrost zone. 

TI3E SUBJXCT AND OBJJ3CTIVES OF KBEABCH 

The nabural environment of the North l a  a 
cornplex hlersrchical  dynwic system consisting 
of i ce  as a specif ic  system-forrnhg  element 
(cryosystem). The lithosphere (the geologic 
environment) lis a pa r t  of th i s   na tura l  system 
comprishng frozen seasonally thawed grounds, 
t a l i k s ,  and groundwater. By interacting, they 
T o m  crgosysterns  which consti tute  the  subject 
of o u r  studies. They a r e  open systems whosa 
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dynamics is determined b y  heat and  mass trans- 
fer processes, and axe rather sensi t ive t o  
thermal, mechanical and chemical  impacts  re- 
su l t i ng  Fn water-ice tramitions tha t  Lead t o  
the development of cryogenlc processes, a n d  t o  
the change in geocryological,  hydrogeological, 
engineeplng-geological and geochemical cmarac- 
t e r i s t i c s ,   Th i s  in t u r n ,  exerbs an influence 
on t he   s t a t e  of landscapes, Surface waters and 
engbeering structures.  

Investigation of the  geologic environment 
should be integrated and based on the s t u d y  o f  
frozen grounds and cryogenic bonds. It should 
concentrate on the  cryosysteas both under na- 
tural   conditions and w ifhin the  natural-techno- 
logical  systems, In the   l a t t e r   ca se ,   t he  
fo l lowbg  deep man-made changes Fn the  struc- 
t u r e  and properties of the  l i thospheric cryo- 
systems are observed: 

('1 1 Formation, due t o  human ac t iv i t i e s ,o f  
frozen rounds and i c e  which is espe- 
c ia l ly   fntenstve in m b b g  i n d u s t r y  
regions where the volumes of freezing 
dumps range from 0.5 t o  1 bi l l ion  m3 
and t he  rates of t h e i r  accumulation 
reach several tens of millions m 3  a 
year. The underground ice,  formed in 
exploratory  wells and mine workings, 
i s  widespread. 

change in the heat and hydrodynamic 
interaction betwean perennially fro- 
zen grounds a n d  groundwater tha t   a re  
the most typical  of t he  s i t e s  o f  ci-  
vil,industrial,and  hydrotechnical en- 
gFneering,open-cant placer developme&, 
the Bone of influence of drainage ny- 
stems of deep mines and  quarries 
whose r n d l u s  can reach several   tens 
of  kilolueters. 

(2) Formation of man-made t a l i k s  and 



( 3 )  Formation of highly sa l ine  (up t o  100 (2 1 -150 g/L-I) supra- and intraperma- 
f r o s t  waters accompanied by i ce  mel- 
t i n g  in frozen ground usually  occurs 
with a c t i v e  participance o f  cryogenic 
concentration  processes and r e s u l t s  
in a drastic  increase in the conten% 
of organic matter, ferrum a n d  other 
metals.  This is observed W the  area 
of some settlements, industrial s i t e s  
and  during  freezing of t a i l b g  dumps. 

( 3 )  

(4) Developmen% of the man-induced and 
intenslf icat ion of natural  geologic 
processes and formation o f  technoge- 
n i c  relie$ features  which i s  aasacia- 
t e d  largely  with  the growth of road 
construction and mining b d u s t r y  . 

Geocryological  efudles are di rec ted   to   the  
prevention o r  elimination of the adwesse 
e f fec t s  of hum- a c t i v i t i e s ,  and t o  the  use of 
favorable p ro  erties of cryosystems. They are 
aimed a%: (a? studying the st ructure ,  dynamics 
and properties of concrete  cryosystems of the 
lithosphere; (b) determinSng the methods f o r  
controlling t he   s t a t e  of cryosystems;  (c) pre- 
d i c t h g  and evaluating the changes occurring in 
the  latter; and (d) substantiating  nature 
protection measures and ra t ional  use of the 
geologic environment, 

High information content o f  m u l t i -  
mnal materials i s  fu l ly   rea l ized  
using optic and numerical methods for 
their processing. For color synthe- 
sis and work with init ial  imagest it 
is necessary to use photographs ~tl 
near  Infra-red and red aonea, 

The information  content o f  ASP In the 
permafrost zone i s ,  to a considerable 
degree,  determined by the season o f  
photography, The opthmurn t ime for 
m u l t  i-sonal , spectrazonal and infra- 
chromatic  photographing  under  candi- 
tions of middle and southern taiga I s  
the beginning of summer (the  greenhg 
phenophaee of the  larch)  m a  the pe- 
riod correapondisp, t o  a phase when the 
Larch t r e e s  have acquired autunm  co- 
loring.  Multi-zonal and, t o  a lesser 
extent,  spectxozonal a n d  infrackroma- 
t i c  photogr- obtained d u r b a g  these 
periods  pernit   identification of  UT- 
face  deposits different in composl- 
Gion. The second period is more pre- 
ferable  for black and white  pbotogra- 
phg . The wbnter AS9 make it poasible 
t o  i d e n t i f y  openbgs Sn ice  and non- 
freesjng springs, the sites of dust 
pollution and those of mine, Fndust-, 
r t a l  and h e s t i c  waste  water  discher- 
$ e  along with the  associated phenome- 
na . 

C O M P U X  GEOCRYOI&ICAL SURVEY 

Ecological  investigation of t he  perrndmst zone 
i s  based on the comprehensive geocryological 
survey which involves s t u d y h n g  geocryologic, 
topographic,  hydrogeologic , .geochemical and 

ced impacts upon the l a t t e r .  A wide spectrum 
engineering-geologic conditions and  m a n - h d u -  

of f i e l d  and laboratory  research is used t o  
t h i s  exld. A tendency I s  noted to  increasing 
the share o f  geophysical and aertal-space 
methods, and using new procedures,  such aa tri- 

w i n g  t o  obtain information on the current pro- 
tium analysis of natural  water and ice ,  allo- 

ceases of moisture  transfer in the cryosysteme. 
The t r i t i u m  analysis data are used t o  asaeas 
the   ac t iv i ty  of underground ice formation and 
moisture exchange, pollution propagation, the 
relationship between surface and  ground water, 
and t o  determine the moisture-conductive pro- 
pe r t i e s  o f  frozen grounds. 

An increase 5n the   e f f ic ien t  u m  o f  aer ial -  
space  photographs (ASP) is one o f  the most 
urgent tasks o f  geocyyoological surveys. An 
analysis of the  experience gained in using ASP 
allow0 UB t o  draw the  following conclusions: 

(1 1 The most informative  are  multi-zonal 

f rachrornat i c  and isopanchrornat i c  
photographs,  then  spectro-zonal, h- 

(black and white) A~P. Man-made  ob- 
j e c t s   d i s t b c t l y   d i f f e r  f rom the na- 
tural ones along the  ent i re  v i s i b l e  
zone of the spectrum. To i d e n t i f y  
them, it i s  reasonable t o  use the ma- 
terial of the  surveys made on black 
and white films with  high  geometric 
resolution. 

(4) An effect ive metkod f o r   e v a l u a t h g  
changes  caused by the economic act ivi-  
ty i s  interpretakion of the repeated 
A8P. It i s  reasonable t o  compare the 
photographs ob tabed t  (a) before the  
development of the area; (b) a t  t h e  
moment o f  t he   t e rmha t  ion of  englnea- 
r h g  works; and (c) in the course of 
exploitatZon. Thus, an analysis o f  
the  Large-scale,  threefold  aerial 
photographic survey materials gives 
evidence o f  a considerable impact of 
railway  construction on t h e   s t a t e  of 
water-logged s i t e s  where an intensive 
development of polygonal t h e m o h r a t  
topography i s  occurring. The age of 
t h e   l a t t e r  amounts t o  some tens o f  
years. A l s o  noted is the formation 
of icings, erosion scours, man-made 
resexvoirs, and water-logghg. 

The ASP anqlysie  permits zoning of the  area by 
the  types of natural  a n d  na%ural-technical sys- 
tems t o  predict man-made changes. Forecasting 
and evaluation of such changes is an inherant 
part; o f  the  integrated  geocryological s u n e y .  
The search forecasting i s  usually carried out 
along wkth small- and medium-scale surveys. It 
iis aimed a t  identifying  the main trends in the 
development of the  geologic environment and 
its possible  s t a t e s  for a period up  t o  and over 
20 years. The method "by analogy" calcula- 
t ions and expert estimates are use; t o   t h a t  end. 
The data on cryosystems obtained as a r e su l t  o f  
the  survey Serve a basis  f o r  the prediction. 

Surveys o f  1:~50,000 - 1:500,000-sca~es  permit 
zoning of the  area by the  degree of i t s  feasi-  
b i l i t y  f o r  economic development, faking i n t o  
account ecological consequences. Usually, 3-4 



categories o f  regions  (favorable,  relatively 
favorable,  unfavorable, a n d  extremely unfavo- 
rable) are singled out.  For each region a list 
of f ac to r s  which complicate its development i s  
compiled,  prediction of the evolution o f  m a n -  
induced processes i e  made, nature-protect  ive 
measures are determined,  groundwater resources 
are  assessed and recommendations on t h e i r  pm- 
tect ion and rat ional  use are given. 

In the  course of survey, the objects and areas 
subject   to   special  p ro tec t i an  are   ident i f ied.  
They include unique  cryogenic phenomena, such 
as: giant  icings and frost mounds, depoeits 
of ancient underground i ce  a n d  big  tbexmokarst 
lakes.  Specif-ic  hydrogeologic  eondit  ions of 
the  permafrost Eone predermine the  necessity 
of protecting  sources of thermal and mineral 
watera, big fresh water  sources and water- 
bearing t a l lk s .  O f  special  protective  value 
are  the  standard  landscapes  typical 09 a given 
region as well 8s their unique kinds (the 
l a t t e r  are often connected with t a l i k  zone8), 
and the  landscapes o r  par t icu lar   sens i t iv i ty  
t o  man-induced impacts. 

Great  attention i s  focused on the  analysis and 
prediction of hazardous s i tuat ions;  and mapping 
o f  t h e  man-induced impact areals.  Hazardous 
~ i t u a t i m s  usuallg result fxomr (a) develoy- 
ment of dangerous geological processes; 
deterioration of the  quali ty of landscapes 
(c) depletion of groundwater resources; (A) 
pollution of s o i l ,  surface and groundwater, and  
s o i l  sa l inizat ion;  (e) spreadbg of the i m ~  
pacts onto the  areas of special pmtection. 
The e89ence of a hazardous s i tuat ion and its 
acuteness depend on the type, intensity and 
duration of economic development and specif ic  
features  of natural  conditions Fn a given 
region. 

The materials of small- and medium-scale h t e -  
grated  geocryological  survey can be used t o  
choose the most ra t ional  and economicallg f ea-‘ 
s ible   var iant  of locating  industrial  complexes, 
settlements,  transport communications a n d  pro- 
tected  areas3 t o  determine an admisrsible m a n -  
made load  on the environment i t o  subatantiate 
the major trends in the  elaboration of nature- 
protective me&sures and requirements t o  t he  
engbineerbg s t ructures;  and t o  plan more de- 
ta i led  research and monitoring s y s t e m s  of the 
environment. They are  indispensible f o r  se- 
lecting  ecologically  opt h a 1   v a r i a n t s  of the 
economic development of  the area Fn the  course 
of regional  planning a n d  elaboration of t e r r i -  
t o r i a l  comprehensive schemes o f  mvironmental. 
protection. 

GEOEOSIC MONITORING OF ’PHE ENVIRONMEWT 

This  monitoring  envisages a combination of 
aerial-space and o d a n d  observations. The 
l a t t e r  include observations of the  development 
o f  cryogenic  processes, gmund temperature, 
hydrodynamic regime,  temperature and  compoai- 
t i o n  of groundwater, and geochemical s i tuat ion.  
Observations  are  carried  out  both under natu- 
m Z  a n d  disturbed  conditions,  taking info 
account t he   s t a t e  of a i r  basin a n d  surface 
wat e r  . 

Aerial-space  monitoring ia   effected on three 
levels:  regional, local a n d  detailed, The 
work on the  regional l eve l  covers areas compa- 
rable t o  territorial-”Lndustrial complexes. Mo- 
n i tor ing   a t  t h i s  l eve l  has t o r  (a) reveal re- 
gional man-made changes in natural  landscapes, 
permafrost and hydrogeologic conditions. a n d  
(b) delineate and characterize  the areah of 
the impact and regional  pollution, The first 
problem solution is based on comparable inter 
pretation of the space photographs made a t  
deferen t   t ime,  whereas tha t  o f  the second 
problem - on the  synthesis of the  aerial-space 
and on-land methods. The impact pollution 
a rea l  is identified by the contour of an 
e a r l i e r  snow disappearance on the t e l e v i s i o n  
apace  photographs  taken in the  pre-spring pe- 
riod,  the zone of the  regional pollution - by 
the   r e su l t s  of airborne  gama-ray surveying of 

t i on  of, pollutants are d e t e m b e d  from the  snow 
the snow covep. The composition and concentra- 

aamples, 

The local-level solution Fs appl icable   to   such” 
probl em6 t h a t  seguire medium-scale photographs, 
corresponding t o  the  character is t ics  of objeota 
and areas under s t u d y .  The par t icular   natural  
and man-made systems happen t o  be t he  monito- 
ring objects on the  detailed level .  This  type 
o f  monitoring is carried out  with  the  help O f  
the  materials  obtained from a repeated large- 
scale aerial  photographic  survey and accompa- 
nied b y  on-lad  investigations.  

The materials of integrated  geocryological sur- 
vey a r e  used t o  plan and implement monitoring 
Fn the  regions of intensive economic develop- 
me&. It play8 an impostant ro l e  in maintai- 
n h g  the environmental  quality. With its help, 
it is supposed t o  correct  the  forecasts of the  
changes In the  geologic environment and lands- 
capes, t o  ensure the control of mw-induced 
processes and prevention of t h e i r  harmful CM- 
sequences. 

coNcLmIoNs 
‘Pbe r e su l t s  o f  compsehensive geocryological 
s tudies  caa effectively  be used f o r  working ou t  
optFma1 varianta o f  economic and ecological 
decisions. The analysis has shown that (a) 
htegrated  geocryological  surveys m u s t  be con- 
ducted Fn the  regions of economic development 
and their results  should  ensure a ra t ional  ma- 
nagement of nature; (b) m a x i m u m  use of a e r i a l  
and  space photographs and employment o f  new 
methods of studies increase the efficiency 
o f  geocryological  surveys;  (c) comprehensive 
investigation of the  geologic enviromennt, as  
a part  o f  the  natural. and man-made systems of  
different  types is extremely  nignifificanti 
(d) it is expedient t o  monitor the  geologlc 
environment in the  regions of intensive develop- 
ment by combining aerial-apace ana on-land 
methods o f  investigations,  
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IRON AND CLAY MINERALS IN PERIGLACIAL  ENVIRONMENT 
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S YNDP5 IS 
I n  s a i l  and   weathered  rock s a m p l e s   t h e  contcnts of total i r o n   o x i d e s   ( F e d ) ,  a s  well & s  o x a l a t e -  
soluble  i r o n  (Fen) were d e t e r m i n e d .  I n  < 2 urn f r a c t i o n s  t h e  q u a n t i t . a t , i v e   c o m p o s i t i o n  of c l a y   m i n e -  
rals was d e t e r m i n d .  I t  was found t.hat the Fed and Fe c o n t e n t s   i n  the ac t ive  layer of permafros t .  
i n c r e a s e   w i t h   t h c   d e p t h  of t,he p r o f i l e .   T h e   c o n t e n t  of t h e  i n v e s t i g a t e d   f o r m s  o f  i r o n   w e a t h e r e d  
rocks depends   on  their  mineral   cmrnposi t ion.  I n  t h e  c o m p o s i t i o n  of < 2 I J m  f r a c t i o n s  micas have  an 
80-95 % s h a r e ,  the r e e k   b e i n g   a c c e s s o r y   m i n e r a l s ,   c h l o r i t e ,  smectite atid c o r r e n s i t e .  

r3 

I N T R O ~ C T I O N  

In   dependence   on  the c l i m a t o l o g i c a l   c o n d i t i o n s  
the r e g o l i t h s   a n d   i n i t i a l .  so i l s  o c c u r i n g  .in a 
g i v e n  area r e c e i v e   t h e i r   s p e c i f i c   c o l o u r i n g  
from w e a t h a r i n q   p r a d u c t s .  I n  t h e  p e r i q l a c i a l  
cl.imate t h e  p r e v a i l i n g   c o l o u r s   a x e   d i f f e r e n t  
shades of g r e y .  The p r i n c i p a l  factors accoun-  
t , i n g  fo r  t h e   c o l o u r   o f   t h e  xock m a n t l e  and t h e  

as w e l l  as t h e  q u a l i t y  o f  i r o n  compounds  and 
qenetiu h o r i z o n s  o f  the soil are the quant i t ,y  

a l so  the o r y a n i c  matter c o n t e n t .  The colours 
of d i f f e r e n t  rocks a n d   m i n e r a l s   w i t h   v a r y i n g  
i ron  c o n t e n t s   i n   d i v a l e n t   a n d   t r i v a l e n t   f o r m  
depend on t , h e   m u t u a l   r e l a p o n s h i p s  o f  t h o s e  
f o r m s .   M i n e r a l s   i n   w h i c h  Fe p r e d o m i n a t e s  are 
distingui.shed by the i r  b r i g h t  colours ( r e d   a n d  
ye l low) .  The p r e s e n c e  of d i v a l e n t   i r o n   b r i n g s  

Fu , o r q a n . i c  s u b s t a n c e s  of a d i f f e r e n t  humi- abyyt a b l u e  w l o u r i n g .  I n   t h e   p r e s e n c e  of 

f i c a t i o n   d e g r e e  cause the c o h u r  to change   i n - -  
,t.o grey.  I r o n   c o n t e n t  of d i f f e r e n t  forms may 
a l s o  be an i n d i c a t o r  o f  the p r e v a i l i n g   o x i d a -  
t . i o n - r e d u c t i o n   c o n d i t i o n s  in a g i v e n   e n v i r o n -  
ment. I t  i s  p a r t i c u l a r l y  the i n c r e a s e  of 
n u m e r i c a l   v a l u e s  i n  t h e  r e l a t i o n  Feo/Fed t h a t  
wi 11. i n d i c a t e  a predominance of r e d u c t i o n  
c o n d i t i o n s .  On account .  of t h e  h i g h   a c t i v i i t y  o f  
i r o n  i n  geochemica l  processes i t s  i m p o r t a n c e  
becomes a p p e a r e a t  in t h e  c o u r s e  of d i f f e r e n t  
soi1-focrning pr(3ces~es (Konecka-BetLey,  1968; 
Schwertmann, 1 9 8 2 ) .  According t.o Maruszczak 
( 1 8 6 0 ) ,  iron  compounds i n  pcriclacial c o v e r s  
h a v c   a c c u m u l a t e d   i n  t ,he  lower part  of thc 
thawi.nq layer  C J ~  active p e r m a f r o s t .  The course 
of the r e a t , h e r i n g   p r o c e s s e s  i n  the p e r m a f r o s t  
c o n d i t j i o n s  of Spiksberqon c o n f i r m s  the f a c t  
that i . ron performs and  . important  func t ion  i n  
t h r a  development: o f  c e r t a i ~ n  morphological tea- 
t .uren of .soil profiles ( S z e r s z c n ,  1974;  
Tedruw, 1 9 7 7 ) .  I t  i s  a l r e a d y   i n   t h e  f i r s t  
stage nf  w r a t h e s i n g   t h a t  most of t h e   m i n e r a l s  
containing i ron  remove 4 t from t h e i r  r;ryst;al 
.latt,ics t o  the out:iidr whose i t  o x i d i z e s   a n d  

forms o x i d e s   a n d  hydrated o x i d e s   ( h y d r o x i d e s )  
which g i v e   t h e   r e g o l i t h s  a brawn c o l o u r .   D a r k  
micas are p a r t i c u l a r l y  r ich .in i r o n .   S e c o n d a r y  
p r o d u c t s   o f   w e a t h e r i n g  are m o s t   o f t e n   e n r i c h e d  
wi th   i ron   compounds ,  

STUDIED AREA AND MEfHODS 

The nnils a n d   w e a t h e r i n g   r o c k s   a n a l y s e d  are to 
be f o u n d   i n   t h e   p s r i g l a c i a l   e n v i r o n m e n t  of t h e  
Hornnund area, i n  the s o u t h - w e s t  past of 
S p i t S b e r g e n ' ( F i g .  I), D e t a i l e d   i n v e s t i g a t i o n s  
were made into: 
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1 .  Accumulation s o i l  on a coastal terrace 
A scs.il. p i t  was l o c a t e d   o n  a coastal terrace 
c o v e r e d   w i t h  moss. The p i t   h a d   t - h e  
fo l lowiny   morphology of so.il p r o f i l e :  

0 - 2  cm - compact, layer of mosses 
2-3 cm .- black l a y e r  of m i n e r a l -  

o s g a n i c  matter 

n o n s t r u c t u r a l ,   l o o s e   s a n d  ' 

s t r e a k e d  sand 

d r y   n a n d   w i t h   i n t e r s t i t i a l .  
g r a v e l  s o i l  and b a g s   f i l l e d  
u p   w i t h  medium s a n d .  

A., A 3 q  3-5 cm "I l i g h t - g r e y ,   n o  more d r y ,  

A I B , C  5-l5cm - g r e y - b r o w n ,   l o o s e ,   d a r k -  

c 1 5 4 0 c m  - brown-grey,  loose, no more 

2 .  Brown s o i l  d e v e l o p e d   i n   s i t u   f r o m  marl 
s a n d s t o n e  and q u a r t z i t e - m i c r a  schists.  A 
test sample  w a s  t a k e n  from h o r i z o n  A a t  a 
d e p t h  of 5-10 cm. The grey-bKOWn sample had 
t h e   g r a n u l o m e t r i c   c o m p o s i t i o n  of s a n d y  
loam. 

3 .  R e g o l i t h  of m e t h a m o r p h i c   r o c k   o r i g i n   o n   t h e  
F u y l c b e r g e t  pass, w i t h  a g r a n u l o m e t r i c  com- 
p o s i t i o n  of v e r y   f i n e  sandy soil. 

4 .  ~ r o w n   w e a t h e r e d   r o c k  l . imes tone   (wea the red  
c a r b o n a t e   r o c k )   ' o n   t h e  F u g l e b e r g e t  slope, 
w i t h  a g r a n u l o m e t r i c  c o m p o s i t i o n  of sandy 

n e a r  

were 

loam. 

5 .  w e a t h e r e d  rock of p i n k   m a r b l e  
W e r e n s k i o l d   q l a c i e r ) .  

6 .  R e g o l i t h  of bio t i te  c r y s t a l l i n e   s c h i s t  

The above   men t ioned  soils a n d   r e g o l i t h s  
a n a l y s e d  for t h e i r  to ta l  iron content :  
by t h e  Mehr and  Jackson  method  1960 as well as 
for t h e i r   o x a l a t e - s o l u b l e   i r o n   c o n t e n t  (Fee) 
by t h e   m e t h o d   s u g g e s t e d  by Suhwertmann ( 1 9 6 4 ) ,  
by  means of t h e  atomic a b s o r p t i o n   s p e c t r o -  
pho tomete r   Pe rk in  Elmer 4 2 0 .  

After t h e  < 2un f r a c t i o n  had been separated 
from t h e   s a m p l e s ,  i t s  mine ra log ica l   compon i -  
t i o n  was determined  by  means of t h e   P h i l i p s  PW 

m e t h o d   a e s c r i b e d  by Niederbudde  and  Kussmaul  
I 0 4 0   X - r a y   d i t f r a c t o m e t e r ,   a c c o r d i n g  t o  t h e  

( 1 9 7 8 ) .  

RESULTS 

The a n a l y s e d  soils a n d   r e g o l i t h s   r e v e a l  
e s s e n t i a l   d i f f e r e n c e s  in the t o t a l  c o n t e n t  of 
i r o n   ( F e d )  x and t h e   o x a l a t e - s o l u b l e   i r o n  
c o n t e n t  (Fee) (Table 1 ) .  The largest  

q u a n t i t i e s  of both  of these forms of i r o n   c a n  
ba f o u n d   i n   t h e   a c c u m u l a t i o n  sail I > €  the 
t . e r r a c e .  I n  t , h i s  s o i l  t,he Fe and Feo c o n t e n t  
increases wit.h t h e   d e p t h  of t h e   p r o f i l e .   T h e r e  
+;he Fsd/Feo r a t i o  r e a c h e s  i t s  h i g h e s t   v a l u e  
a t  a d e p t h  of 25-30 cut. It. may be  assumed that 
Feo i r o n  has been disp laced  f r o m  t h e  s u r f a c e  

d 

i n t o  the deeper par t  
hent;uxalate-soluble 
weather ing   brown 
s a n d s t o n e  and q u a r t x  

s of t h e   p r o f i l e .   T h e  hig--  
i r o n  content was found in 
soil i n   s i t u  of m a r l y  

i t a - m i c r e  schist. In t h i s  
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soil t h e  Pno/Fed ra t io  amounts t o  0.W ( T a b l e  
1 ) .  I n   t h e   r a m a i n i n g   r e g o l i t h s   a n a l y s e d  t h e  
t o t a l  i r o n   c o n t e n t  is h i g h   a n d   v a r i e s   i n   t h e  
xanqe of 1 . 0  % i n  r e g o l i t h  of b i o t i t e   s c h i s t  
t o  3.0 P i n  b rown   wea the red   ca rbona te   rocks   on  
t h e   s l o p e  o f  F u g l e b e r g e t .   I n   t h o s e   w e a t . h e r e d  
rocks t h e  Feo c o n t e n t  is sma l l ,   and  thera- 
fore t he   Feo /Fed  ra t io  a l so  t a k e s   o n  small 
v a l u e s .  I t  is p r o b a b l y  due t o  t h e  chemical 
c o m p o s i t i o n  of b i o t i t e   s c h i s t   t h a t   t h i s  
r e l a t i o n  was n o t   f o u n d  i n  i t s  r e g o l i t h .  The 
X - r a y   d i f f r a c t i o n   p a t t e r n   o f   t h e   a c c u m u l a t i o n  
soil s a m p l e   t a k e n   f r o m   t h e  terrace d i d   n o t  
show a n y   c r y s t a l l i n e  forms of i r o n   ( F i g .  2 ) .  

0.333 nm 

Q281nm 

, ?B 
44 42 40 38 36 34 32 30 20 26 24 

P i g .  2 .  X - r a y   d i f f r a c t i o n   p a t t e r n  of < 2 um 
f r a c t i o n   f r o m   h o r i z o n s  A B C 
A B c ut a c c u m u l a t i o n  & o i l  Sf 
cLasta1 terrace 

28 
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F i g .  3 .  X-ray d i f f r a c t i o n   p a t . t e r n  of < 2 v m  
f r a c t i o n  from h o r i z o n s  A R c: 
A B r of a c w r n u l a t i o n  s o t 1  of1 coa- 
skai +terrace ( G l y c e r o l - s a t u r a t e d  
samp1.n). 



TABLE 1. 1 

lxon content and ininerala&ical aomposition o f  investigated soils and peathered rocks , : 

Within  the  boundaries o f  the  peak  diffraction 
of geothite  only a slight  rise  of t.he back- 

0 . 4 1 1  nm, 0.236 nm and 0 . 2 4 0  nm).  From  this it 
ground  level.  wan  found  (diffraction  Lines 

may  be  inferred  that  in  permafrost  conditions 
the  iron  released by weathering takes on  the 
form of mainly  amorphous  iron  hydroxide 
(Fig. 2 ) .  

An  analysis of  the  mineralogical  Composition 
o f  < 2 pm fractions of the  investigated s o i l s  
and  regoliths made it p o s s i b l e  to  state  x/ 
iron oxides and  hydrated  oxides  that the main 
component  of t h i s  fraction  is mica with  .its 
content  ranging  from 9 5  ?- in weathered casbo- 

mulation  soil o f  the terrace. The line of the 
nate-mica-quartzite rocks  to 80 % in  the accu- 

refl.ection p l a n e  (00 1 )  i s  characteristically 
split.  (branched)  into 0 . 1 0 1 7  nm  and 0.1037 nm 
(Fig. 3 )  . In  permafrost  conditions rock 
weathering  involves also  the  presence  of  mine- 
rals  in < 2 pm fractions,-which give EL dif- 
fraction  line  in  the  range o f  0 .10 - 0 . 1 4  nm. 
In  this  fraction  the  presence o f  chlorite was 
recorded  on  the  basis o f  the  occucxence of 
linc 0 . 1 4  nm. The weak diffraction  lines 0 . 1 8  
nm  in a pattern  obtained  from a glycerol,-satu- 
rated  sample  permit the assumption  thnt  smec- 
tite  may  also  occur in periglacial  weatherins 
conditions.  The  presence of line 0 . 1 6 5  nm In 
the  diffraction p a t t e r n  proves the  formatj.on 
of  kntcrstratified  c:hlorite-smectite  m.inexals 
called  corronsite (Table 1 ,  Fiq. 3 ) .  

The  first results  of investigations  into  the 

forms of iron  and  the  compositioq  of  clay 
minerals in the  permafrost  environment of S-W 
Spitsbwgen have  shown  essential  differences 
in the  Feo  and Fed contents. In permafrost 
conditions,  formations Cram which soil deva- 
lops, j. .e. those  in  which - among  other pro- 
cesses - organic  matter  accumulation takes 
place,  contain  increased  amounts o f  oxalate 
soluble  iron (Pea) in  comparison  with  weathe- 
red sock  formations  where  soil-forming pro- 
cesses do not occux. In  the soils and 
weathered  rocks  analysed the content of the 
investigated forms of iron  depends  on the ir  
mineralogical  composition. A quantitative 
analyses of the  colloidal  fraction has proved 
micas to be i t s  main  component.  Transitional 
minerals  providing  diffraction  lines  in the 
range  of 0.10 - 0 . 1 4  nm  occur  in  secondary 
amounts. In  the  above  mentioned  fraction  small 
amounts of chlorite,  smectite  and  corrsnsite 
have  been  found as  well. 
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FROZEN SOIL MACRO- AND MICROTEXTURE FORMATION 
Ye” Chuvilin and O.M. Yazynin 

Fachlty of Geology, Moscow State  University, Moscow, USSR 

SYNORSIS The results o f  experimental investigations of maOrQ- and mtcrotexture 
fornation and transformation 2n frosea s o i l s  of diverse chemieal and mineral composition, fine- 
ness textural and s t ruc tura l  peouliarities are discussed with regard t o  themnophysical, phgefco- 
chemical, aad  mechanical processes  ,occurring in them. The ewes of frozen 00il texture under 
the  effect  of compressional compaction and contraction, eator: injection  temperature  variations, 
and interaction with salt solutions a m  examined. Bigalficant changes in the macro- a d  micro- 
texture o f  soils d u r w  freaeFng and t h a w i n  and also Fa the frozen s t a t e  cawed by axternal lm- 
pacta, leading t o  the changes in the morpbo!o$y and s i re  oi textural  elements their correlation 
and orientatLon, kinds of contacts and strength of textural  bonds, have been identified.  

The cqogen ic  texture of fine-grained soils is 
formed due  t o  themnophysical, physlco-chemical, 
and mechanical processes  occurring during 
freeefag. Experimental b v e s t i g a t l m a ,  using 

tha t  transformation of st ructural  and textural 
opt ic  and electronic microscopy, h v s  shown 

character is t ics  o f  fine-grained aoils depends 
greatly on the  intensity o f  heat and maas 
exchange, ice  formation, and deformation of 
mineral skeleton in freezing 8011s. The dyna- 
mics o f  these prooesseB, in its t u r n  depends 
naturally on the f ineness ,  mineral ana ohemlcal 

of s o i l s  and i s  also determined by heat and 
compositiod density, and moisture satufat lon 

moisture exchange conditions in them, which IS 
evidenced bs frozen soil macro- and microtex- 
ture,  Aggregation and comminution o f  s t r u e k u -  
r a l  element;s, their   reor ientat ion,  pore space 
rearrangement, and changes in the  atrength of 
s t ruc tura l  bonds simultaneously occur. 

The pat tern of change in the cry0 enic texture 
of frozen s o i l  under deformation Tcompresslo- 
na l  compaction, shear) and  water injection 
show that macro- and  microtexture transforma- 
t ion  depends also on the a t e n s i t p  of external 
Impact. 

The  moet s ignif icant   role  In transforming iaiti- 
a l g  unfroraen so i l   t ex ture  is plaged by water- 
-to-ice phaae t ransi t ions,  mass exchange, and 
mineral skeleton defQFn#tion dusFng freesing. 
With a rapid frost penetration F n t o  water-satu- 
rated soils a t  low temperatures (from -3OOC 60 
-6OOC) and high cooPing rates   ( tens  of degree6 
per hour), when water is fixed in the  form  of 
ice-cement and molsture exchange is aon-sxirs- 
twt, desintegration o f  textural  elements, 
caused by thermal  deformations and destructive 
effect  o f  the ice  inclusions ‘.being formed, 
predominates.  Microaggregate  average size m- 
duction may reach 20 percent, m o s t l y  due  t o  
destruction of micro8 gregates and particlee 
of coarse  aleurite an$ sand fractions.  on the 
contrarg , under intensive moisture exchmge 
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conditions  (at  higher  freezing  temperatures), 
a significant dehydpation of mineral  ekeleton 
caums predomiaatFQg aggregation o f  t&ural 
elsmenes resul t ing in a goesible micmaggregate 
average size increase by more than one order 
of magnitude. A t  one-dbentional freeziag,the 
most thorough microtexture rearrangementi takes 
place within the  horizons  adjacent to the 
free&tng.boundarg where the groceseesl 09 moie- 
ture m i  ra t ion and mineral skeleton dehgdratlm 
m d  smfnkage deformation a r e  moat intensive. 
As 8. m a u l t  of microtexture Cranaformatlon 
during freesing, the plas t ic   s t rength  of eoils 
in ths thawed zone .may bcraase by one, and 
w%*hin the frocen sone, by two or  three opders 
of- ragnitude (Big. I, a), 

The reaearch f i n d i n g 8  show that transformation 
of iaitial miomtexture ar fine-grained SO115 

a l t i a n  t o  t h e   f r o m n   s t a t e  and irr the negative 
temperature x 
trans~almaf . lo~~’condit ioned primarily by the 

and the extent of auch 

i a t e n a i t p  o f  processsa associated with free- 
zing: moisture migmtion and i ce  fornation, 
mineral  ekeleton dehydration atrd deformation. 
This i a  groved bs the data on microtexture 
transformation of freesing soile o f  different  
flneness , mlneral and chemical. compos it ion, 
density and moisture saturation as reLated t o  
heat;- and mo.iature-exchange aonditions. 

An analysis of microaggragate size changes in 
clays o f  various mineral. composition subjected 
t o  f reezin in equal  conditions  (surface tem- 
perature -Q°C) has shown that the maximum inc- 
rease in the  average sXze of micmaggregates 
appeared to be 12 percent Tor montmorillonite 
and over 50 per cent l o r  polgmlneral  clay, 
whereaa for kaolinite  clay  there was a more 
than twofold  increase. The difference in 
ag regatfon  ra t io  is d u e  t o  a mQre Fntensive 
mofsture exchange and mineral  Bkeleton dehydra- 
t ion when passing from montmorillonite t o  kao- 
l i a i te   so i l s .   E lec t ronic  microscopy showed 

d u p b g  free9in OCCWB both  before  their t ra-  



a 

B i g ,  1 Changes With depth (h) in f r W 3 Z j s g  
k a o l h i t e  clay  (a) and loam (b) of plas t ic  

2-Wx4.e) and  moisture exchange condition8 '5' 4 ireesing boundary. 
open and 5, 6 - closed system). 

that  microaggregates of kaol ini te   par t ic les  in 
the   i ce  formation none are mostly deetroyed, 
whereas those of montmorillonite w e  compacted 
and pract ical ly   remah  intact  owing t o  the* 
greater   e las t ic i ty .  Wile freezing, the tex- 
t u r a l  elements in the unfrozen soil sone 
acquire  subvertical  orientation  along the di- 
rection of moiature migration - f low (more dis- 
tinct montmorillonite soils) resul t ing in a 
slit-shaped  porosity formation, whereas Fn %he 
ireezhB and frozen zones,  polygonal micro- 
texture is formed due t o  segregated  ice forma- 
t ion  in  oil pores and t h e i r  s i z e  increase. 

The microstructiure of rrozen soils of various 
mineral  composition i s  largely determined by 
the morphology of textural  elements. In coarm- 
textured soils (sands) of quartz and feldspar  
composition with  ieometric  particle shaps, ice- 
cement looks  l ike  irregular polygons, In the  
presence of b i o t i t e ,  muscovite, and other m i -  
neral part ic les  o f  platg shape , a wedge-shaped 

the  influence o f  mineral composition is evident 
ice-cement i s  formed. In fine-grajned so i l s ,  
not only fn the  morphdogy o f  particles and 
aggregates b u t  mainly in different  intensity of 
moisture exchange and ice  formation during 
freezing. Frozen kaol ini te   c lays   feature  
friable  mineral  skeleton  composition  repreaen- 
ted by Irregularly-oriented  platy microaggre- 

gates  with evenly distributed  isometric ica- 
cement inclusions In the  Fntermicroaggregate 
pores. Fohuation of ice interlayers  with a 
thickness of a few hundredths of millLmeter 
and more Sn kaolinite  clays  ensures  favorable 
conditions f o r  moisture  migration. A peculiar 
feature  of frozen montmorfllonite claya is the 
axiatance of ce l lu la r  macro- and microstructum 
characterized by a negligible ice-cement con- 
tent  inside  the compacted mineral  blocks which 
ia aaaociated with a local  pattern of mhera l  
skeleton  dehydration and shrinkage of such I 

soils when water  migrates to   the  cel l - l imit ing 
ice  microinterlay era . 
When investigating  the  effect  of chemical com- 
position on texture  formation in freezing 

mmed in the  presence of univalent  cation8 
clay8 a more prominent aggregation WaB obser- 

@a+) as compared t o  bivalent ( C d +  and Mg2+). 
'Phis isl because  unfrozen  fine-grabed  Boils 
Batura.t;ed with univalent  cations  contain 
significantly greater amount of fine- rained 
(clayey-colloidal)  material  capable 0 f aggre- 
gation when the mberal  skeleton is dehydrated 
during freesing. 

The fineneaa o f  soil par t ic les  i e  one o f  the  

miomtexture  formatton. On the one hand the 
determining factors  of frozen soil macro- and 

peculiar  texture of the soil and determines 
size o f  mberal sepacates  characterises h e  

the s i z e  of ice  crystalls be formed d u r N  
free%iag, W d  on the  Other h 3  it CQUdi t iOl lB 
t h e   b t e n s i t g  of moisture migraiion and ioe 
foxmation mineral skeleton ehrinkager when 
dehydrated, coagulation and aggregation at 
fine-textured  material. 

Inveetigation af the microtexture change of 

nenes8 T o l a y s ,  loams) haa demonetrated that 
freezin polymheral aafla of different  fi- 

mlorotexture tranafoxmatiioa is enhanced with 
an increase in the   f inmeas  Om s o i l  parbiclee 
which i s  evidenced by a more prominent aggre- 
gation and cpagulation o f  textural  elements 
gseater aefomatian of mineral skeleton, ana 
reorieat.atSoa 09 microaggre ates, The mineral 
skele*on portions adjacent -Eo ice  interlayers 
experience appreciable compaction. Withln 
these .portions, the  Teorientatfon of textural  
elements along  the I c e  interlayers is observed 
which i s  cause& by the growing pressure of" i c e  

mineral skeleton is different in the s o i l s  o f  
inc~luslom.  .The thiCkne38 o f  suoh portions of 
various fineness and increases in f b e r  s o i l s ,  
as measured by electronic microscopy, f o r  
example, in loama from I O  t o  1 0 0 ~ ~  m and more . 
The subvertical  orientation o f  textural  ele- 
ments within  mineral  interlayers  (before the 
i oil t r a n s i t i o n   t o  a frozen s ta te   during mine- 
ral skeleton  dehydration and shrinkage) and  
their  perpendicular  orientation at the boundaq 
with the aegregated ice interlayers frequentily 
determine the anisotropy of the  microtexture 
o f  frozen s o i l s  which were freezing under in- 
tensive  moisture exchange and debgdration con- 

were formed. It has been established that 
ditions when lamellar  cryogenic  structures 

freezing o f  coarser soi ls   br ings about an Fnc- 
rease in the homogeneity and averaae s i z e  o f  
ice-cement inclusions a n d  decrease: the aegree i,y 

o f  moxphological transformation of mineral ske- 
leton a gregates. An Fncreaae Fn soi l   f ineness  
intiens8ies moisture exchange and formation of 
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ice  macro-  and microinterlayers as well as 
porphyraceou8 ice  inclusions  thus  decreasing 
the share o f  moisture  mtgration  Ilow spme on 
ice-cement formation. 

The macro- and microtexture pattern of frozen 
s o i l s  depends, Fn a cer ta in  measures, on t he i r  
s t ructure  and moisture  saturation  prior  to 
freesing. Lower humidity and higher  density 
of soils  determbe  smaller  size o f  ice-cement; 
Fncluaions and t h e i r  less regular shape due t o  
res t r ic ted  growth conditions in dense soils. 
The strongest aggregation of the  textural  
elements at coneiderable  moisture exchange is 
observed i n  loose a n d  strongly  moist  soils. 
The difference in denaity and moisture content 
ham a significant bearing on soi l   consol idat im 
when PreeEing (Fig.1 ,a). Aggregation of tex- 
tu ra l  elements and change in the microte%ture 
morphology d u r i n g  freezing are lees prominent 
in the  soils o f  incomplete than complete mois- 
ture  saturation. Also poorly  varied are 
strength of s t ructural  bonds and water resia- 
tance of* microaggregates, 

Investigation of the   effect  of moiature exchange 
cgnditions showed that the presence of a Water- 
bearing horfson sharply  reduces the Fntensity 
of textura  formation  In ireezafng s o i l s  due t o  
lower dehydration QI? t h e  mineral skeleton ,and 
its compaction @ig.l,b). A t  the same t i m e , t b  
presence of 8 water-bearing horizon promotes 
an intensive  ice accumulation and a more pro- 
m,inent Increase in the  mfneral  skeleton  porosi- 
t y  b the  rrozen zone a8 contrasted to the ab- 
sence of migration  water  source. 

The  macro- and microtexture' of frozen soils 
formed d u r i n g  r r e e e h g  may change under the 
impact of external thermodynamic fields.  lem- 
perature  variation  affects.   practically a11 the  
textural  elements o f  frozen  soils.  The experi- 
ments showed tha t  a clayey s o i l  temperature 
decrease from -1OC t o  - lO°C results In the  en- 

the  mineral skeleton during its dehydration due 
largement a n d  compaction o f  the  separates of 

t o  freezing out of water and local  migration 
( j n t o  greater pores towards the growing ice 
crystals) of unfrazen  water. The mineral  ske- 
leton compaction is accompanied by reduction 
in the number and s i z e  of air inclusions  pre- 
sent in the soil prior to   the  change of tempe- 
rature.  Part of the  p o m e  are f i l l e d  with ice  
forming porphyracaous and  lens-lllre  microinch- 
8 iona . 
As shown by electronic microscopy, a polgmlse- 
r a l  clay  temperature  decrease from -1OC t o  -15°C 
reducqs  porosity from 37.2 t o  32. T h i s  Sa 
accompanied by di f fe ren t ia l  porositg change 
(Pig.2). The average s t a t i s t i c a l  pore a i m  ixl 
thls clay  decreases from 11.4 t o  9.%p m. 
Further c o o l h g  of frozen soil results  already 
i n  intraaggregate  water  crystallization cau- 
sing mineral  skeleton loosening and microa gre- 
ate  size  reduction. The pose  shape trans!orms 

from isometric  to  aILhhaped. 

External  pressure which cause8 not only defor- 
mation and destruction of t he   f romn   so i l  stru- 
ctural  elements, b u t  also the  mass-exchange 
proc 
grad 
s o i l  
Thus 

eases, triggered o f f  by the  emerging BtFaia 
lente,  plays an hiportant role in frozen 
textural and st ructural   t ransfomations.  , a slow displacement o f  frozen  clays is 

Fig.2 The change of dsfferential  porosity 
in f rozen  polymineral  clay  samples a t  a 
temperature  (t)  decrease:  (a) t = - I o C ,  
(b)** -15'C, and (c) t = -25OC. 

accompanied by moisture  migration  towards  the 
plane of shear. In the  region of displacement 
sail atruc.t;ure  changes significantly Mberai 
aggregate compacfion and defarmation, as well 
a8  f'omat.ton o f  segregated ice  macro- and micro- 
b t e r l a y e r s   a r e   a l s o  observedv The process of 
comprese I 1 ..paction i s  also accompanied by 
the transionnation of a13 f r o z e n  s o i l  compo- 
nenta, Thirs brhga about Sce melting,moiature 
redistribution and sqeezFng out,  interaggregate 
and intxaaggmgate porosity  reduction' and 
change in the morpho10 ana orientation M the 
textural 6Lements Q i g 3 )  . 
In case of mechanical b p a c t s  Prosen s o i l  mac- 
ro- and microtexture is greatig  affected by the  
rate of deformation.  Investigation into the 
f rozea  coil texture  transformation under uniaxi- 
a l .  compression has shown, tha t  a t  low rates of 
clay  deformation ( 6 - q O q  m/s and lower) there  
occurs differentiation of mheral and i c e  com- 
ponents, compaction of mineral aggregates, fo r -  
mation of certain  elongated  ice  microlnterlay- 
ers due t o  viscous-plastic  redistribution of 
ice   la to   large pores aad along tb) JL mdaries 
of mineral  separates. With a dl rm.l;ion rate - 
Fncrease to Bi10'5 m/8, the i c e  capa.m. - . i t y  t o  
viscous-plastic deformation i s  reduced. and  the 
process of ice  m a  mineral  akeleton differen- 
t i a t i o n  in practically  inhibited.   l icrofrac- 
tu res  ori inate and decrease In number but  grow 
in size   wfth a further  increase in the defonna- 
t ion  ra te .  

In case o f  water injection  into  rrozen  soils,  
*he macro- and microtexture  transfomatfon in- 
volves  the  formation o f  new ice  interlayers and 
change of the ehape and  s i s e  of mineral aggre- 
gates and i c e  inclusions and also of the  type 
of ice-cement. For example, water  injection at 
0.2 MPa i n t o  a sample of Loam, having  massive 
cryogenic structure  with porous ice-cement and  
dense  mineral  skeleton  texture,  resulted in a 
15 percent  moisture  content increase. The m i -  
crotextuval  studiea  revealed  three  apecktic 
zonea (Fig.4,b). Within the first $,,,o-3 m- 
thick zone, no v i s i b l e  changes in soil texture 
were detected  cloae t o  the  water  injection 
Bource as compared t o  initial state .   Far ther  
away form the source (in the second zone about 
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The research f i n d b g s  give evidence of signi- 
f ican t  chan es occurring in the texture of fins- 
grained coifs d u r  freesing and in the frozen 
s t a t e  uuder externa 9 lmpacte. The date obtai- 
aea show. that macm- and micxotexture t r a n s f o r  
maeims ehould  be taken Into  account when 
assessing the deformation and strength, thenno- 
phgaical and mass-exchange properties o f  such 
Isoila with due regard t o  complicated combina- 
t i o n s '  of the physico-chemical processes caus.lsg 
ckatlgea in so11 texture. 

3,10'3 m-thick), new lent icular  branching ice  
formations were detected. The thiclmees of 

to   the   d i rec t ion  of water  Injection, reached 
i ce  mfcrojaterlayers,  oriented  perpendicular 

5.10+ m. They often devided ground blocks 
into  small  aggregates of i r regular  ehape with 
uneven boundaries. Mineral separates had loom 

ten t ;  porphyraceous ice bclusiona and basal 
st ructure  due t o  an increased ice-cemenk  con- , 

zone (still f a r t h e r  from the water  aource),the 
ice-cement patches were detected. In tibe thin3 

thickness of ice   microbter layers  was reduoed 
t o  2.,o-5 and their sparser   dis t r ibut ion 
and i r regular  orienta+bion wepe obsened. The 
atructure of mineral  separates was not uniform: 
both  loose and dense  blocks aad aggregates 
occurred. 

An intensive  transformation o f  the  macro- and 
microtexture o f  rrozen s o i l s  is observed when 
the7 interact  with  salt   solutions (P ig .4 ,~) .  
Initially  microtexture  transformation  occur8 

l a t e r  (upon a u k i c i e n t  soil sal inieat ioa)  due  
due FO wa&r m i  ration and ice formation; 

which results i n  frosen soil *'soaking". When 
t o  malting of ice-cement and ice inclusions " 

investigating  the changes k t  a kaolinite '  clay 
with masBive cryogenic structure  interacting 
with 0.2 B aodium chloride  solution at -1.5 C ,  
the foLlowing phenomena were observed. After 
3 hours of experiment, the  ice  content in the 
frozen s o i l  increased a t  the  contact with the 

Then, ice-lens  inclusions were formed whose 
solution due t o  basal Ice-cement formation. 

thfclmess reached ,,& a f t e r  7 hours of 
experiment. Bhult&eously,  iadividuaL  blocks 

were Bwelfiag and acqui rhg  an indis t inct  
and aggre ates,  separated by ice b t e r l a y e r s ,  

flocculent shape. Upon the  formation of the 
ice-aaturated zone and deformatXon of the Lower 
part  of the sample contactiag wi%h the  solution, 
ice formation  process fa this  region terminated 
and ice formation was observed in the  middle 
and then, in the  upper pa& of the sample. With 
the advance of the  intensive  ice  generation 
zone ins ide  the sample pore ice  melting and 
fusion of the earlier formed ice  jnterlayers,  
acquiring  porpvracaoua shape, were enhanced 
in its lower portion due t o   s a l t   d i f fus ion .  
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ACOUSTICS AND UNFROZEN WATER CONTENT DETERMINATION 
M.W. Dewhatred, E Cohen-Tenoudjiz, J. Aguirre-Puentel and B. Khastoul 

1Laboratoire  d'Akrothermique  du C.N.B.S. (Meudon) 
W.F.R. de Physique,  Universitb de Paris VI1 

ABSTRACT  The  velocity  and  attenuation of ultrasonic  waves  were  measured in porous samples, soaked  with 
water, from -2O'C to  room  temperature. The considered  samples  were  made of glass spheres  and  kaolinite.  The  measurements 
were  performed i n  transmission  through  the  medium o f  compressional  ultrasonic  short  pulses  with  frequencies withf.n a 
band  from 0.2 MHz  to 1 MHz.  The  exploitation of results can be  done  by taking  into  account  the  velocity  obtained  from 
the  time  of  arrival  of  the  transmitted  pulses or the  velocity  as  a  function cpf frequency  obtained  from  the yilaEe law 
3f the  pulse Foc-i+r Transform  which  may  stow  the  dispersivity of the  medium at a given  temperature. The attenuat;m as 
a  function  of frequency, also presented in this paper, gives  complementary  information  abGut  the frozen mediTm  beha- 
viour.  The  results  may  lead  to  an  evaluation of the  proportion of unfrozen  water. 

INTRODUCTION  has  established  the  coupling  equations  between  the  dis- 
placements of the  solid  and  the  liquid  in  a  two consti- 

During  the  freezing  process of a finely  textured s o i l ,  
the  water-ice  transformation  front  evolves  In  the  pores , 

tuents  medium.  This model. hads to  a  dependance o f  ::;e 

of the  medium.  The  interface so created  develops  diffe- 
wave  velocity  and  attenuation on viscous characteristics 
of the  medium  as a function  of  frequency.  Experimental 

rently  in  each  pore in function of its  dimensions  and  verifications  has  been  done by Plona /8/ and  by  Bacri 
of particular  interface  thermodynamical  properties.  and Salin / 9 / .  The  later  authors  proposed  a  simplified 

In fact, the  shape  and  dimension of the  solid  matrix 
create  capillary  effects  in  the  ice-water-substrate  Earlier  work by Wyllie  et a1 /IO/ has  shown  the  correla- 
system  which  depend  on curvature, local  temperature  and  tion of measured  velocities  with  semi-empirical  relations 
pressures  on  different  phases. Particularly, the  mole- at constant  temperature for a  medium  with  two  components. 
cular  nature of water  leads  to  adsorption  on  the  solid  Frozen  media  have  been  studied by Tlmur /11/ who  proposed 
substrate as a  liquid layeqbetween t he  ice and the sub- a  generalization to three  components  of  a  relation 
strate,of which  thickness  depends  upon  the  local  given by Wyllie.  More recently, Pearson et a1 /12/ have 
temperature. This layer  thickens  continuously  as  made  experiments  to  measure  compressional waves in 
temperature  rises in  the  medium.  The  liquid water content  frozen  grounds  and  discussed  the Timur model. The former 
is then  variable  with  temperature  under O'C. The know- authors  and Rong et a1 /13/ have  presented  and  commented 
ledge of thie  unfrozen  water  content at negative  Celsius  acoustical  measurements. 
temperatbre  is  valuable in the  theoretital  study of 
soaked  soils  and  in  the  prediction of their  behaviour In this paper we present our experiments  and  the  compa- 

Moreover, this  knowledge  is  necessary  for  a  good  use of 
(cryogenic suction, ice segregation, frost heave, etc ... ) .  rison with the  existing  models. We use  the  approach of 

Wood /14/  and  the  developments of Wyllie / l o / .  We also 
coupled  Stefan  problem  mathematical  models  which can be  propose an extension of the  model  based  on  the  compres- 
very  performant.  sibility  characteristics of the  porous  system  components. 

Permeability  measuremenis of frozen so i l s  confirm  the 
existence of unfrozen  water /1, 2 ,  3/. Calorimetric 
measurements /4/ and  flux  measurements  of  slowly  varying  THEORETICAL  APPROACH 
thermal  systems /5/ have  allowed  the  determination of the 
unfrozen water content vs temperature  below O'C. 
Unfortunately,  these  methods are tedious  and  difficult 

Velocity of sound  waves 
a) Wyllie  et al /IO/ have  first  proposed a model glvin8 

of  use.  the  velocity  in a two constituents  compound  medium  based 
on  the  average  of  the  propagation  times  in  the  two 

Ultrasonic  wave  propagation  could  be a valuable  theore-  constituents : 
tical  and  practical  way of studying  the  unfrozen  water 
content. It presents  the  advantage of being  a  quick  and 
non  destructive  method. Our results and  those  reported 
in the  literature show, for  finely  textured soils and  Where V and V are  the  velocities  within the components 
even fo r  coarsed  porous media, important  velocity  varia-  and @ and 1 - their  volume  proportion. This formula 
tions  &tween -10°C and O'C due  to  a  substantial  presence has given  good  results in consolidated  media. I t  has 
of  unfrozen  water.  been  extended  to  the  case of three  constituents by 

An extensive  survey of theoretical  and  experimental 
results of elastic  wave  propagation in porous media  may  b) In 1941, Wood /14/ studied  the  case  of  the  absorption 
be found  in  the  book of  Bourbie  et a1 / 6 / .  The  first of sound  in  turbid  medl.a, i.e.4 R two-fluid  system 
theoretical  results  have  been  obtained by Blot / 7 / .  He  (small  air  bubbles in  water).  He  gave  the  relation 

theory of Blot  model. 

This approach  allows  a  consistent  determination of the 
unfrozen  water  content  from  the  experimental  data. 

(1) 1/v = @/VI * ( 1  - , $ I D 2  

1 

Timur /11/. 
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between  the  elasticity E of the  compound  and  the  elasti- 
city of each  component : 

( 2 )  1 / b  = ,$/E* + (1  - @)/E2 
In 1956, Wyllie  et a1 /IO/  in  the  second  part  of  their 
paper  gave  a  similar  formulation for the  propagation  in 
a e o l i d - f l u i d  o r  solid-solid system,in function of the 
bulk  moduli.  They  took  into  account  the  relationship 
between  the  bulk  modulus K, the  wave  velocity V and  the 
Poisson's  ratio to establish a formula  for  two  compo- 
nents. pk  being  the  density o f  the  component  k : 

(l+q")/V'  =[(l+ql)I$/V1  p1+(l+q2)(1-$)/V2  P21(I$P1+(1-$)P*) 2 2 2 

iiere the  asterix  references  the  system as a whole, and 
qk is relapd to  the  bulk  modulus Kk  by  the expression : 
Kk = p k  Vk / ( l + q k ) .  q reflects  the  contribution of the 
shear  moddlus. Its value is generally  between 0 et 1.2. 
These  authors  particularly  comment  the  values of q (for , 

example  q = 0 for  a liquid) and  suggest  empirically  the 
use  of  qy = 0.6 for a  rock  system  soaked  with  a  fluid. 

The  particular  case o f  freezing  medium  has  only  been 
studied  yet by  the  model  considering  the  average  time 
of propagation /11, 12/.  The  interpretation of our 
experimental  measurements  using thiE; approach  and with 
the  help of  a series-parallel  approach  as  in  the  thermal 
Mickley's  model  /15/  led to incompletely  satisfactory 
results  /16/. 

Wyllie /IO/  models  to the  case of freezing  media  could 
It  has appeared  that an extension of the Wood /14/  and 

lead  to  better  interpretation of our  experimental 
measurements. More particularly,  we  have  used  the 
relationship : 

l/v*2=(@s/vs PS+ai/vi Pi+$w/vw Pw)(@sPs+$iPi+$Pw) ( 4 )  
2 2 2 

where 8 ,  i  and  w  are  the  indices  corresponding  respecti- 
vely to the  solid particles, ice  and  unfrozen  water. 

This  is  an  extension  to  three  components of the  Wyllie's 

values of q :  As stated above, q is a quantity  which 
relation.  Nevertheless,  we  do not take  into  account  the 

reflects  the  influence o f  the  shear  modulus. This is the 
reason  why in a  liquid  media  q can be  considered as null. 
Because  the  unfrozen  water  in  the  thawing  medium  below 
O'C is  located  around  the  solid particles, we  believe 
that  the  propagation 1,: the  shear  stresses  in  negligible  as 
soon  as  unfrozen wate.7 appears, implying  that q* = 0. On 
the other hand, when 'r;w medium is completely frozen, all 
values of q  and  q*  are  in  the  same  order of magnitude 
and  the  factors (1 + q )  disappear. Moreover, q has notbe- 
en experimentally  measured  and by a  reason  of  continuity, 
we  propose  not  to  consider  the  values  of  q  and  q  during 
the  thawing  process. This simplification  ig  not too 
excessive  because  in  the  equation  giving p, the  terms 
containing  the  values (1 + q ) and ( 1  + q i )  become  very 
fast  small  in  comparison to ?he  terms  corresponding to 
the mfrozen water. 

Sound  wave  attenuation 
In  the  Biot  theory /7/, the  attenuation of waves is con- 
trolled by the  energy  transfer  between  the  solid  parti- 
cles in the  random  medium  and  the  fluid  in  the  pores. 
Particularly, it  depends on the  viscous sk n  depth 6 a8 
pointed by Bacri  and  Salin / 9 / ,  6 = ( 2 q / ~ w ) ~ ,  where n is 
the viscosity  and w the  angular  frequency. Two asymptotic 
regimes  may be met, depending  on  the  relative  size of 6 
and of a, the  size of the  pores.  At  low  frequencies, 
6 >> a, the  wave  attenuation (Y in  Neper/m  varies  a w , 
and a t  high  frequencies 6 << a  and CY varies as W1y2. 
Furthermore, when  the  porous  medium is composed of very 

i 

regular p"*'cles, it i& possible to observe  geometric 
resonance  phenomena  which will affect  the  amplitude of 
the  transmitted  wave  at  particular  frequencies. 

EXPERIMENTAL 

The  experimental set-up has  been  reported  in /16/.  The 
soaked  soil fills two  identical  cells  with  parallel 
plastics  walls.  The  ultrasonic  transmitt,?r and receiver 
are  pressed upon the walls of one of thr cells. This 
cell contains a thermocouple  located oc' of the 
ultrasonic  path. In order to have +a ther. ,: xference, 
6 thermocouples  fit  out  the  second  cell. n two  cells 
being  submitted to an  identical  thermal  treatment,  the 
overag< tc:qerature gradient  along  the d-;L*ec  jon of u1- 
trasonic  propagation varies between 0.5K.cm-' 'and 0.ZKcm-' 
The cells, filled  with  the compoulld, are  stocked at a 

put  in  a  closed container  filled of polystyrene *?am 
temperature o f  -2O'C. During  the experiment, they are 

beads such that  the  temperature increases sbowlhv turing 
the  experiment  (3K/hour in the  beginning). The ultra- 
sonic  probes  are  highly  damped and allow  the  generation 
of very  short  compressipnal  pulses with a broad  frequency 
content.  By  Fourier  analysis  of  the  digitized  transmit- 
ted signals, the  characteristics  of  propagation  are 
obtained  in  the  frequency  band  from 200 kHz to 1 MHz. 

For the  velocity  determination  as  a  function of tempera- 
ture, the  time  of  ppopagation  of  the  pulse  through  the 
cell is measured  with  accuracy  with  the  help of an 
oscilloscope  and  computer  recordings. This may  be  done 
either  in  the  time  domain by determining  the  beginning 
of the  pulse or, with a better accumcy, in  the  frequency 
domain, after the  division of the  phase by  the  angular 
frequency. 

The attenuation as a function of frequency for different 

transfer  function of the  measuring  equipment  being 
temperatures  is  evaluated in the  Fourier  domain.  The 

unknown, a normalization  has  been done a complemen- 
tary  experiment with the cell filled  only wil? distilled 
water where  the  attenuation 18 negligible wittlirl  tke 
frequency  range of the  transducer. 

Corrections  have  been done to take  into  account  the 
diffraction  beam  spreading in the  materials  alang  the 
acoustical path-and the  variation of  sound  velocity  and 
sound  attenuatlon  with  temperature  in  the  plastic 
walls. 

Description of constitutive  media 
One of the  samples was constitu'yd wit 0.57 mm diameter 
glass spheres of density 2.7.10 kg.m- 5 . After  addition 
o f  distilled  water  the cg pound  was  saturated  giving  a 
density of 2.07.113~  kg.m '. The porosity  was 0.37. 

The second  sample  was  kaolinite  incompletely  saturated 

was 80%. the  porosity 0.50 and  the  density  1.75.10 g m  . with  distilled  water. The degree of volumic satura Ion 

RESULTS 

51; -3  

Sound velccitl 
Using  the  time of arrival of the pulse, the  general 
variation  with  temperature of the  velocities in  the glass 
beads  and in the  kaolinite  is  shown in figure 1. One 
may  note  the  more  abrupt  transition,  around - 4 ° C .  of the 
velocity  in  the glass beads  sample  compared  to  that  in 
the  kaolinite  sample.  The  absence of  abrupt  transition 
for  the  kaolinite suggest the  presence of unProzen  water 
in  the whole  range of temperature in this  medium cons- 
tituated  with  very  fine  particles. 
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Fig. 1 Sound  velocities Vs temperature fo;. soacked  glass  beads  and  kaolinite 

a) glass beads 
The determination of phase  velocity VB frequency  for 
different  temperatures  has  been  performed  in  the  case of 
the  glass  beads  sample.  It  appears  that  the  dispersivity 
of  the  medium  is  small  for  temperatures under -8°C and 
is  important  above -0.5"C. In figure 2 are represented 
the  phase  velocities  vs  temperature for different  fre- 
quencies  as  well  as  the  velocity  determined by  the  time 
of arrival.  One  may no!e  the low  dispersion of experimen- 
tal points determined  from  the  phase  measurements. The 
relatively  important  variation  in  the  lower  temperature 

velocities (-3.2 m.s-l.aC-l), identical to that of the \ 

experimental  phase  velocity of the  compound  medium 
between -14'C and -8'C. This coefficient  is  in  good 
agreement with that  reported by Roethlisbergcr  /l7/ for 
ice. The velocity  in  the  unfrozen  water  be ow O'C was 
considered  constant  and  equal to 1410 m.s-*. The densi- 
ties'of the constitu-nts have  been  supposed  constant : 

Pi = 0.92.103kg.m-3, p, = 2.7.10~kg.m-~ and pw = 103kg.m-3 

' These  values  reported  in  relation ( 4 )  lead to an  estima- 

_I 
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I L transmitted  pulse  time  of  arrival I 
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Fig. 2 Phase velocity Vs temperature  for 
different  frequencies  (soaked glass beads) 

range seems to be created by the  experimental  conditions 
occuring  in  the  beginning of the  warming  process. 
Between -14'C and -8'C velocity  curves  present  a  rec- 
tilinear  aspect  and  a  dispersion  effect  manifested as 
an  increase of phase  velocity  with  frequency. The strong 
variation o f  velocity  above -8'C suggests a rapid  trans- 
formation  from  ice  to  water. 

With  the  help  of  the  relation ( 4 ) ,  we  have  evaluated  the 
unfrozen water content  as  a  function  of  temperature 
using  the 238 kHz phase  velocities  which  present a low 
spreading  and  are near of the  values determined by 
using  the  time of arrival  method.  Velocity  in  ice at O'C 
and  velocity  in  the glass matrix at 20'C arf taken  res- 
pectively  equal  to 3800 m.s- and 5900 m . 8 -  . One  uses 
the  same  coefficient  with  temperature for the  two 

tion of the  ratio of the  unfrozen  water  volume to the 
total  water  volume. Its variation with temperature  is 
shown  in  figure 3 in a linear-log graph. It appears  that 
above -8'C the  variation of the  water  content  is  the 
more  important.  The  right  scale  represents  the  corres- 
ponding  thickness  "a" of the  water  film on the. spherical 
beads  taking  into  acc  unt  the  specific  surface of the 
medium (4.10-3 m2. g-'). 
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Fig. 3 Volume  unfrozen  water (left) and unfrozen 
water  thickness (right) Vs,temperature (glass beads) 

b)  Kaolinite 
The  variation of velocity  vs  temperature  has  been  presen- 
ted  in  figure 1. It may  note a slow, quasi-linear  decrea- 
se of the vg$o;iEy between -19'C and -8°C with a slope 
of -50.8 ms . This value i s  sensibly  higher  than 
that  for  any of the  constituents. This is  interpreted 
by a  continuous  variatlon of the  unfrozen  water  content. 
Between -8°C and O'C, the  important  variation of velocity 
is related  to  a  fast  increase of unfrozen  water  when 
temperature  rises as confirmed by other  methods / 4 ,  5 / .  

Sound  attenuation 
The  normalized  amulitude VB freauencv of the  transmitted 
pulse,  theoretically  equal to one for a non  attenuating 
medium,  is  presented  in  figure 4 for the glass beads 
medium  at  different  temperatures. 

Pig. 4 Normalized  amplitude Vs frequency  for 
different  temperatures (glass beads) 

When  the  temperature increases the  water  content 
increases  and ,it is  expected  that  attenuation  should 
increase. Now, from -1O.g'C (curve 7 )  to -0.43'C (curve 
15) and  from -0,02'C (curve 2 1 )  to *O.O2'C (curve 30) 
the  pulse  amplitude  increases.  Resonance  effects can 
explain  this  fact. This reconance  could be caused by the 
regular size of beads  and  occurs  when  the  wavelengtil 

or of one of its multiples. 
is in the  order of  magnitude  of  the  sphere  circumference 

Far of  the  resonance  zone6  one  may  expect that the  atte- 
nuation  variation i s  dominated by the  viscous  process. 
This seems to  be  the case at -0.02'C where  the  attenua- 
tion  is  the  highest. Indeed, in figure 5 is represented 

upper  curve  cgrrespondg to -0. 02'C and  varies as l /w  , 
the ratio a/a  where a is the  wave number w/V. The 

as in  the  high  frequency  regime of viscous  attenuation. 
For -0.02-C the  unfrozen water thickness i s  14 (figure 

depth ( 1  pm at 0.5 MHz). 
3 ) ,  an order  of  magnitude  higher  than  the  viscous  skin 

Fig. 5 a / $  Vs frequency 

In  figure 5 the  curve 15 corresponds  to -0.43'C and 
seem8 to  be  dominated  by  the  resonance  nhenomenon.  At 
low  temperature, -10.9-C for sample, the  rstio  u/ap  is 

viscous attenuation, It is possible  that  this case  be  in 
constant ; the  amount of' water is too small  to involve 

the  transition  region  between  the two scattering regi- 
mes : the  Rayleigh regime where a/a is  proportional  to 
J a n d  the  high  frequency  regime  whepe  a/a  is  proportio- 
nal to l/w. Other causes  could  be  the theha1 losses or 
the  elastic  hysteresis  losses /18 /. 
For kaolinite  the  normalized  amplitude is shown  vs 
frequency for different  temperatures  in  figure 6. On may 
remark  that  for  the  lowest  temperatures  between -19.15 
and -14.4'C, when the  unfrozen  water  content  is  the 
smallest, the  curves  superimpose at the  Lowest  frequen- 
cies, between 0.238 and 0.714 MHz and  present  small 

temperatures  higher  than -8°C. the  amplitude  decreases 
when  the  temperature increases, the  amplitude  being  too 
small to be  measured at high  frequencies  near O'C.  The 
large  specific  surface in the  kaolinite  sample ( 4  m2.E-') 

i differences  for  frequencies  higher  than 0.714 MHz. For 
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implies  that  the  film  layer  thickness  is  always  smaller 
than  the  viscous  skin  depth (a = 0.1  pm  when  all  water is 
liquid).  This  implies  attenuation  in  the  low  frequency 
regime.  In  figure 5 ,  rr: also presents a/a vs  frequency 
for different  tglhperatures,  which  should" vby 8s in ' 

this  case.  This  behaviour is approklmately  obserted. 

lpo, 

F.i$+ 6 Normalized  amplitude Vs frequency 
for different  temperatures  (kaolinite) 

CONCLUSION 

This  paper  proposes  the  use  of  easy  and  non  destructive 
acoustic  measurements  in  order  to  attain a better 
knowledge  of the porous  media  freezing  phenomenon.  From 
a  quantitative  point of view,  the  sound  velocity i 8 . a  
strong  parameter  allowing  the  evaluation  of  the 
unfrozen  water  and  ice  contents. It was  necessary  to 
establish a model  teking  into  account  the  acoustic 
theories  and  the  texture  of  media  used  in  our  experiments 
under  slowly  variable  thermal  conditions.  The  obtained 
results  seem  very  satisfactory.  Correlations  of  these' 
results  with  those  obtained  by  thermal  methods are 
desirable.  From  a  qualitative  point  of  view  the  conside- 
ration  of  attenuation  curves  lead  to  very  interesting 
remarks  concerning  the  acoustic  behaviour  of  compound 
media  containing  ice  and  water.  Although  the  results 
are not  totally  understood  in  the  presence of resonance 
effects,  the  results  are  consistent  with  the  present 

of the  ar,buetic  technics  in  this  field.  Isothermal 
freezing  knowledge.  This  encourages  the  systematic  use 

experimental  set-up IP presently  being  conceived  and 
constructed In order ' 0  have  accurate  results. 
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THERMODYNAMICS THEORY FORECASTING FROZEN GROUND 
Ding, Dewen 

Lanzhou Institute of Glaciology and Geocryology,  Chinese Academy of Sciences 

SYNOPSIS In  this  paper,  the  basis o f  present  thermodynamic  theory  of frozen ground  and  the 
general  conception in geocryolodical  research  are  reviewed.  The  thermodynamic  theory  frame of fro- 
zen ground  system is presented for the  first  time  and  the  foundame"nta1  principle  of  thermodynamic 
parts of geocryology i s  a180  briefly  introduced. 

The  evolution  direction  and  limitation of  frozen  ground  system  in  the  isolated,  close-balanced  and 
far-balanced  state,  respectively.  are  discribed  emphatically,  and  the  thermodynamic  principle  used 
f o r  the  forecast is also  been  presented. 

THE BRIEF INTRODUCTION OF PRESENT  THERMODYNAMIC 
THEORY  OF  FROZEN  GROUND 

The  subject o f  frozen  ground  forecasting i s  in 
forward  position in present  geocryological  re- 
search  and  it  marks  the  beginning o €  a  new  stage 
i n  geocryological  research.  Meanwhile.  it  re- 

especially the  systematic theory or  concept as 
quirea  the corresponding concepts or  methods, 

its  developing  premise  and  guarantee.  Kudli- 
yavtzev  has  carried  out  the  pioneer  research 
work and  has  made  a  great  contribution  to  the 
research  field  of  frozen  ground  forecasting. 

Kudliyavtzev is  also the  first  scientist  who 
tries to apply  the  thermological  theory  of  fro- 
zen  ground  into  the  forecast  systematically. 
From  his  monographs  (Kudliyavtzev, 1974  and 
1979)  and  other  relative  publications,  we  can 
find  that  the  frame of thermological  theory  of 
frozen  ground  consists  of  three  parts  as  follows 

Theory o f  radiation  balance  on  nround  surfaceL 
heat  balance,  water-heat  balance,  their  spatial 
distribution  and  dynamics  theorv 
A t  present,  this  theory  is  regarded as  the 

existence  and  the  development of frozen  ground. 
thermodynamic  conditions  of  the  formation,  the 

Kudliyavtzev  not  only  made  a  study  on  the  ab- 
solute  values of radiation,  water  and  heat,  and 
on  their  time-space  distribution  features,  but 
also he  put  his  main  attention t o  the  explora- 

climate with the large scale  climate  the inten- 
tion of the following matters:  the  change of 

sity o f  climate  with the middle  and  small  scale 
climate  and  the  relations  between  the  micro- 
climate  factors  and  the  frozen  ground, i.e.. 
the  features o f  thermal  exchanging  between  the 
ground  and  the  atmosphere.  the  water-heat  back- 
ground of frozen  ground  changing,  and  the  reac- 

a n d  s o  on. Meanwhile, by using the  features o f  
t i o n s  o f  the frozen  ground  on  the  environment 

he  made  the inversion of the  ancient  climate 
temperature, and  structure  of  frozen  ground, 

evolution.  Besides,  the  effect  of  human  acti- 
vity,  such  as  the  local  production  development, 
the  regional ab:ormality and  the  whole  global 
change of  2XC02,  were thought  to be more  impor- 
tant. 

Theorv of enespv-matter  transportation  and 
transformation  in  the earth's surface  layer 
This  theory  is  the  heart part o f  thermodynamic 
study in geocryology. 

On the  one  hand,  he  tried  to  perfect,  the  equa- 
tions for describing  heat,  water (or solution), 
motion (or  momentum)  and  the  process  of  phase 
change,  revealing  the  dynamic  temperature,  mois- 
ture  field,  deformation,  motion  process  of  fro- 
zen  ground  and  other  things  formed  under  the 
g e o l o g i c a l  and  geomophologdcal  actions  and  the 
time-space  features of ice  formation.  On  the 

water), he discussed  the factors, such as com- 
other  hand, in  the  view point  of energy ( o r  

position,  quality  and  structure o f   rock^, geo- 
logical  conditions  (including  structure  and 
structural motion), sedimenery  environmeqf  and 
surface  water (or underground water), a s  well 
as  geochemical or geophysical  factors in rela- 
tion  to  the  freezing-thawing  actions. By the 
synthetical  studies  of  the  relations,  the  laws 
and  the  featurea  of  the  composition,  structure, 
evolution  and  regional  change  of  the  geological- 
geomorphic  products  may  be  revealed. 

Phvsico-chemical  theorv of system on the 
molecular-colloid  level  system  (including 
surface-solution-crystal) 
It i s  the  quasi-microcosmic  basis  of  the  irre- 
versible  course  in  frozen  ground. 

By adopting  the  theories o f  thermodynamiCs,quan- 
turn mechanics,  statistical  physics  and  elect- 

as,  unfrozen  water  content (or water-film  thick- 
rodynamica,  he  triad  to  solve  the  problems,  such 

ness), freezing  point  depression  and  thermo- 
rheological  feature, as well a s  the  power  and 
the  mechanism of diffuaion,  phase  change  and 
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dynamic  course,  and  to  establish  the  boundary 
conditions  or  binding  equtions  of  macroscopical 
phenomena  €or  the  multiple-transportation  equa- 
t : i o n s  

It  should be pointed  out  that  at  prehent,  cor- 
resportding tothe  development of above  thermod- 
ynamic  theory,  the  basically  applied  theory  and 
the  thermo-technique o f  frozen  ground  are  also 
advanced, such as the  following  branches or 
directions  concerning  the  engineering  thermod- 
ynamics,  agro-eco-thermodynamics  and  environ- 
mental  thermodynamics in frozen  ground  regions. 
These  problema  mentioned  above  are  not  neces- 
sary to go into  details  in  this psper. which 
have been discussed by the  author  in  other 
papers. 

THERMODYNAMIC THEORY FRAME OF FROZEN GROUND 
SYSTEM 

In  a  previous  paper  (Ding, 1985), the  author 
pointed  out  the  limitations  and  the  deficiency 
of Kudliyavtzev's  research  sense  and  methods. 
and  discribed  the  concepts  of  frozen  ground 
system  and  systematic  methods in details. 

The  present  thermodynamic  theory  of  frozen 
ground  mentioned  in  last  section,  is  not  perfect 
and  exists  serioue  shortcomings  which  is  far 
away to be a rigorous  system. We can  find 
easily  that  the  present  thermodynamic  theory  of 
frozen  ground is based  on  the  theory  of  clas- 
sical  equilibrium  with  microscopic  and  surface 
phase  state.  and  the  uncomplete,  nonlinear  and 
nonequilibrium  transportation. In  addition, 
for  some  random  problems.  the  statistics  can  be 
made  only  under  the  presuppose o f  normal  dis- 
tribution.  Therefore,  even  if it i s  under  the 

kinds o f  problems  which  can  not be  solved  per- 
requirment of present  concept, there  are  many 

fectly.  Since  the  limitations o f  the  concepts 
and  methods,  the  theoretical  development is 
restricted. 

Now  we  simply  analyse  the  basic  chracteristics 
of  frozen  ground  system.  First  of  all,  we  con- 
firm  the  shortcoming o f  the  present  concept  and 
the  theory,  and  then  we  try  to  explain  the 
necessity  of  establishing  a  new  theory  (includ- 
ing  the  systematic  concept)  and  the  global 
frame-model. 

1. Seeing  that  the  frozen  ground  system is a 
complicated  entirety,  the  use  of  simplicity- 
principle  and  restoration-method  will  need  some 
additional  conditions  and  will  be  strictly  re- 
stricted.  The  equilibrium  thermodynamics  and 
uncomplete  transportation  theory  can  not  dis- 
cribe  the  interactions of feedback-coherence, 
coupling  and  self-orgnizition  between  frozen 
ground  system  and  environment  and  inside  of  the 
system. The  main  factors  simply  piling up are 
not  the  real  object,  and  the  mechanical  com- 
bination of partial  regularities  is  also  not a 
universal law. 

2 .  The  nature of the  freezing (or thawing) 
action is the  nonequilibrium  phase  change, OF- 
dered  state  and  self-orgnization  in  frozen 
ground  system.  Therefore,  it is invalid t o  use 
the  Boltzmann's  equilibrium  phase  change  theory. 

The  structure o f  frozen  groun d structure  is  a 
new  kind  of'dissipation  structure,  namely,  the 
stable  and  ordered  structure  formed  under  the 
conditions of nonlinear  and  far  from  equilibrium 
state. In other  words,  non-equilibrium  state is 
the  source of frozen  ground,  and  the  possible 
appearance  and  stability of new  sequence  have 
to  be  solved  with  the  nonlinear  thermodynamic 
theory. 

3 .  The  non-equilibrium  state  phase  change  course 
of frozen ground system i s  the  evolution  course 
of the  system.  The  change  of  frozen  ground  sys- 
tem is irreversible,  and  its  corresponding  phase 
change  products, i.e., structure,  can  remember 
its  evolutionhistory.  Equilibrium  state  in  fro- 
zen  ground  is  not  existed,  and  the  linear  theory 
can  only be used to  solve  the  problem o f  evolu- 
tion  which  is  developing  towards  the  steady 
state.  Using  the  transportation  theory t o  solve 

determined  model  will  be  taken, so  that  it  can 
the  evolution (i.e. history  and forecast), the 

not  reflect  the  positive  actions  of  the  random 
process  and  the  fluctuations. 

4. On  otgnizatlon  level,  the  freezing  soil  layer 
is identical  to  all  kinds of geological-geomorp- 
hological  products  in  frozen  ground  system,  all 
of which  can  be  regarded a s  dissipation  struc- 
ture. There  are  commoq  functions  in  diagensis 
and  external  force  actipns,  which  change  the 
sequence  levels  in  different  frozen  ground  sys- 
tems. The  landforms in frozen  ground areas  are 
the  surface  configration o f  various  frozen 
ground  systems,  and  each  has  its  corresponding 
evolution  process. If we  choose a proper  frozen 
ground  system,  the  frozen  ground  layer  and  the 
regional  differentiation-features of geomorp- 
hology  are  a  kind  of  diasipation  structures, 
which  depends  on  the  regional  self-orgnizing 
process. The  statiatical  methods of  traditional 
geocryology,  the  mechanical  and  regional  exp- 
laination.  the  Quaternary  and  geomorphological 
methods  all  need  to  be  remoulded  on  the  basis 
of the  new concept. 

Now  we  can  propose  the  following  thermodynamic 
theory  frame  of  frozen  ground  system: 

1) Thermodynamics-dissipation  structure  theory 
(Shen, 1982). 

The  equilibrium  thermodynamic  theory  of  frozen 
ground  system. 

The  linear  non-equilibrium  thermodynamic  theory 
of frozen  ground. 

The  nonlinear  non-equilibrium  thermodynamic 
theory of frozen  ground  system. 

2 )  Transportation  theory  (Groot, 1981). 

The  linear  energy-matter  transportation  theory 
in frozen  ground  system. 

The  nonlinear  energy-matter  synthetical  Crans- 
portation  theory  in  frozen  ground  system. 

The  synthetical  and  irreversible  course  theory 
dealing  with  internal  diffusion  chemistry,phase 
change a n d  power in frozen  ground  system. 

3 )  Statistical  physics and coordination  theory 
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(Hao, 1981). 

The  equilibrium  statistical  theory  and  measure- 
geography  direction. 

The  Marlkov's  course  theory. 

The  coordination  theory. 

Concerning  thermodynamics  theory,  it  can be di- 
vided  into  the  following parts: 
a) Entropy  is  the  non-equilibrium  meassurement 
of frozen  ground  system  and  the  law of entropy- 
increasing  is  the  increasing  regularity of or- 
gnizing  non-sequence.  Equilibrium  state is, cor- 
responding to the  non-sequence  state,  and  the 
non-equilibrium  state  is  the  source  of  frozen 
ground  sequence. 
b) The  non-equilibrium of frozen  ground  system 
is caused by the  processes o f  the  diffusion 
(including  energy,  water  and  solution),  the 
chemistry  (including  phase  change.  adsorption 
and  hydration)  and  the  power  (including  stress 
and  long-length force). 
c) The  speed  and  intensity of processes  in  fro- 
zen  ground  system  will  make  the  system  satisfies 
the  principle oE local  entropy  conservation,and 
the process can  also be considered as a  con- 
tinuously  changing  course. 
d) The  dissipation  structure  formation  in  frozen 
ground  system is caused by its  internal  and  ex- 
ternal  random  fluctuations.  When  some  charac- 
teristic  values  reach  a  certain  threshold  value, 
the  fluctuation is being  enlarged,  and  gets  the 
guarantee o f  the  exchanging  between  environment 
a n d  matter-energy.  Therefore,  it  follows  the 
Einstein'd fluctuation  theory. 
e )  The  internal  description of frozen  ground 
system in non-equilibrium  state o r  the  descrip- 
tion  of  coordination  equation  can  be  sumed  up 
a s  the  nonlinear  partial  differential  equation 
set,  which may be having  random  terms.  There- 
fore,  its  stability  should  obey  the Liyafnov's 
stability  theory.  For  the  analysis of process, 

theory  and  the  random-mathematics  theory  are 
the  relative  parts of the  branch-mathematics 

completely  suitable.  The  concrete  content  and 
application  concerning  the  whole  theory  will be 
discussed,  in  details,  in  other  papers. I n  the 
following  section  we  will  discuss  the  applica- 
tion of thermodynamic  theory  to  the  forecast. 

THE THERMODYNAMICS NATURE OF THE EVOLUTION OF 
FROZEN GROUND SYSTEM 

In  fact, any  find o f  frozen  ground  system is a 
open  system  and  in  non-equilibrium  state.  Only 
in  the  very  specific  situation, it can be re- 
garded a s  a  isolated or closed  system.  Further- 
more,  the  equilibrium  state  is  approximately 
tenable  only  under  the  extreme  conditions, 
Therefore,  the  evolution of frozen  ground  system 
actually is the  phase  change  process  in  the  non- 
equilibrium  state.  Thus  the  following  discus- 
sion  is  started  from  the  non-equilibrium  state. 

For any system  with  non-equilibrium  state,  the 
change o f  the  state  quantity,  entropy s in  the 
interval d t  is  denoted a s  ds  which  consists  of 
two  parts,  des  and  dis,  where des is the  entropy 

flow  passing  through  the  system  boundary  and  dis 
denotestheentropy produced  in  the  system  inner 
in  the  irreversible  process  of  the  system. 

ds = des + dis ( 1 )  

and  diS >- 0 (7-1 

Thus,  for  the  isolated  system,  it  indicates a 
period o f  time. During this  time,  frozen  ground 
is formed or retreated  with  zero  gradiens  exis- 
ted at both  the  upper  and  lower  interfacee.or  in 
engineering.  it  indicates  the  earth  body  within 
the  strictly  insolated  and  water-proofed  struc- 
ture,  In  this  case,  d s=O so  that ds-d s>=O 
(ds=O  means  reversiblee. If rhe  system is orig- 
inally  in  non-equilibrium  state,  it  will be 
developed  towards  the  direction  of  entropy  in- 
creasing  until  reaching  equilibrium  state  where 
s has  the  maximum value. In  this  situation  the 
system  is  homogenuous  and the,  original  structure 
is disappeared. So long  aa  the  isolated  con- 
dition  exists,  the  equilibrium  state  is  keeping 
on. 

For the  open or closed  system,  as  long  as  d s> 
dis. ds<sO,  which  indicates  that  the  sufficfent 
environmental  negative-  entrop  current  will  make 

sequential  direction  (frozen  ground advancing). 
the  system  developing%&owards  lower-entropy  and 

Even if ds=O,  the  irreversible  course  can  also 
keep  going  on (at this  time  the  system is in a 

dissipation  structure. Xf ds>O.  which  means  that 
stable state), and  it i s  possible  to  form a new 

the  environment  supplies  the  positive-entropy 
current.or  the  negative-entropy currctit nf envi- 
ronment is not  large  enough  to  offset  the in- 
fluence of entropy  producing. Thus  the  frozen 
ground  system  will  develop  towards  high-entropy 
and  non-sequence  state  (frozen  ground retreated), 
and  the  original  frozen  ground  structure  tends 
to be disappeared. 

According  to  the  equilibrium  equation of frozen 
ground  system  (Ding, 1986). we  know  that ent- 
ropy-change  rate  ds/dt is equal  to  the  sum  of 
both  the  entropy  current  rate  des/dt  and  the 
entropy-producing  rate  dis/dt,  that  is 

where J, is  the  sum of  entropy  current  caused 
by energy  and  mass  exchange; Jk and Xk are  the 
generalized  current a n d  force  of  irreversible 
process (i.e. heat,  water,  phase  change  and 
power)  respectively. 

In  the  linear  and  non-equilibrium  area,  using 
thelinear  relations o f  current  and  force,  and 
Onsager's theory,  we  can  obtain 

(P=O is the  stable  state) 

The  above  equation  may be named as  inertia prin- 
ciple of Erozen  ground  system,  it  indicates  that 
frozen  ground  system  always  develops  towarde  the 
equilibrium  state  in  the  linear or close-equal- 
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ibrium  area. B u t  si.nce the  environmental  bind- 
ing,  the  system is in  the  stable  state  corres- 
ponding to the  minimum  value  dP/dt. Thus even 
though  there is a  little  disturbance (or fluc- 
tuation)  which  makes  the  system  being  far  from 
stable  state,  the  system  can a l s o  return  to  the 
normal  stable  state.  Therefore,  in  linear 
and non-equilibrium  area,  a  new  structure  can 
not be formed  and  its  original  structure  also 
will be disappeared.  In a certain  thyeshold 
value  along  with  the  continous  change  of  en- 
vironment,  the  system  develops  continuously 
towards  a  stable  state  with  corresponding  bind- 
ance, S O  that  ds/dt  can  be  used as a  stability 
standard,  and  dP/dt  as  a  variable  indicating 
the  sensitivity. 

In  the  nonlinear  area  far  from  the  equilibrium 
state,  frozen  ground  system is always  penetra- 
ted  with  energy  and  matter  currents,  and  also 
strongly  binded by the  environment.  This  sit- 
uation  is  usually  happened  in  the  annual  change 
layer  and  the  lower  limit of frozen  ground, 
especially  in  the  active-layer.  When  the  system 
crosses  the  equ,ilibyium  state  branche (the 
oritical  threshold value), it  will  lose  stabi- 
lity  and  dissipate  energy in the  interactions 
between  system  and  environment,  and  enlarge  the 
fluctuation.  Besides,  a  new  sequence.  dissipa- 
tion  atructure (e.g. ice  filling  and  some  other 
frozen  ground  phenomena)  will  appear  under  the 
action  of  self-orgnization. If,the bindance is 
removed,  or  reduced to a value  which i s  less 
than  the  threshold,  the  system  tntms  into  the 
close-equilibrium  stable  state  again  and  the 
new  structure  will be collapsed. 

According to the  entropy  calculation of the 
frozen  ground  system,  we  know  that  the  condi- 
tion of super-entropy  produced  is .-L 6's<-O, 

while  the  value  of 3 (6's) may  be  greater 
than  zero,  equal  to  zero  or  less  than  zero,  the 
corresponding  states o f  which  are  non-stable 
state.  critical  state  and  new  stable  state o f  
the  system  forming  dissipation  structure,  res- 
pectively.  Therefore, in a nonlinear  area,  the 

cussed  as the  stability o f  .structure forming. 
stability o f  frozen  ground system  may be  dis- 

Thus,  we  can  know  that in the  evolution of fro- 
zen  ground  system,  random  fluctuation  plays  a 
imporant  role,  the  evolution  process is obviou- 
sly  displayed In structure  change,  in  other 
words,  the  evolution  can  remember  the  history 
(Ding, 1986) .  

The  problems of the  structure  forming  are  not 
the  subject  discussed  in  this  paper,  but  we  may 
point  out  that  in  the  ice  formation  of  frozen 
ground,  the  situation  which  satisfies  the  sequ- 
ence  pr,inciple  of  Boltzmann, is very  special. 
Even  in  the  close-equilibrium  state,  it  may be' 
only a binary-pole  phase  change  with  binding 
force  field.  In  most  cases,  they  are  always  a 
non-equilibrium (or nonlinear)  phase  change. 
The  time  and  space  sequence  structures, as 
mentioned  above, (e.g. frozen  ground  phenomena, 
regional  differences  and  surface  landform)  are 
a l l  the  products of non-equilibrium  state  phase 
change.  These  problems  will be discqased in 
other  papers. 
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PORE SOLUTIONS OF FROZEN GROUND AND ITS PROPERTIES 
G.T. Dubikov, N.V. Ivanova and V.I. Aksenov 

Research Institute of Engineering Site Investigations, Moscow, USSR 

l i n i t y .  

A major pert of c q o l i t h o z o n e   i n  the, USSR i s  
occupied by ealine  permafroet  with  frequent 
lenaea of cryopegs - highly  mineral ieed  waters  
with a negat ive  temperature .   Latest   invest i -  
ga t ions  ehowed that   pore  waters 331 s a l i n e  cryo- 
g e n i c   e t r a t a  are heterogeneous by chemical com- 
poEtltlon a t   d i f f e r e n t   a r a a e .  This heterogene- 

e t i o n  condi t ione and f r eez ing  o f  sedimentary 
i t y  i s  a t a b l e   a t  b ig  a reas ;  i t  depend@ on form- 

rocks, which  predetermine two main types of 
sa l in i ty :   mar ine  and cont inenta l  (Fig.1). A 
mar ine   t ype   (o r ig ina l )   i e   cha rac t e r  of perma- 
frost i n   t h e  North  areas  along  the h c t i c  
coaa t l i n s  o f  t he  USSR and i s l ands ;  e continen- 

naja   Jakut ie  and Zebaikalje. It can be ale0  
t a l   type   ( secondary)  i e  cha rac t e r  of Taenfrel- 

encountered in  fxozen  diaperaed  deposita o f  
Alpine  lacuetr ine basinm of the   p la teau  of 
Thibet end intermountain areas of Mongolia. 

t y i n e i t . v y  of s a l i n i t y  i s  
character ized by 

Recent  occurrence of f rozen ground wi th  a 

wo ma n actors:  development of Pleis tocene 
mar ine   t ransgress ions   resu l t ing  i n  aacumula- 
tion o f  sediments  with  BiLty  aaline  eolutions 
o f  di f fe ren t   concent ra t ion(on   the   nor thern  
coastal   lowlands),   physico-chemical  aiagenic 
changes and desa l in i za t ion  of t he  t o p  l a y e r  of 
marine s t ra ta   under   condi t ion  of t h e i r  local 
o r  regional  thawing  during a period o f  warm 
weather. Procesa of thaw-freezing i n  marine 
e t r a t a  is accompanied by d i f f e r e n t i a t i o n  o f  
s a l t s   i n   l i q u i d  and so l id  phase as   we l l  as by 
r e l a t i v e  changea 1x1 concentrat ion of pore salu- 
t ions   under   condi t ion  of w a t e r   o r y a t s l l i z a t -  
i o n   o r   i c e  thawing. Under condi t ion of pore 
we te r   f r eez ing   t he   d i s so lved   s a l t s  are p a r t l y  
captuxed by i c e   c r y s t a l s ,   p a r t l y  fall out and 

*/Frozen ground sa tura ted   wi th   readi ly   ao luble  
e e l t e   i n  amount of 0.05% f o r  sand; 0.15% f o r  
sandy  loam, 0.20% f o r  loam and 0.25% f o r   c l a y s  
is r e l a t ed  t o  saline  permafrost .  

SYNOPSIS 'pwo typee o f  f rozen ground e e l l n i t y  are under  conaideretion:  marine and cont i -  
nental;   apread and oondl t ione o f  its formation are e luo ida ted tna tu ra l   d i s t r ibu t ion  o f  pore  aolu- 
t i ons   aonoen t ra t ion   i n  frozen growld i e  revealed.  Relationship o f  non- f r ee~ ing  weter content 
versu~ temperature f o r  marine  type  8al ini ty;ae  wel l  aB freezing point  of d i f f e r e n t  salt aolu- 
t iona  and saline ground wi th   d i f f e ren t  moiafuxe content  or eompbsitlon  depending on concentrat-  
ion of pore solutions  axe  under  consideration, It i s  shown tha t   s t r eng th   cha rac t ex ie t i ca  of sandy 
eoile under sa l ine   cond i t ione  are deoreacrln more r ap id ly   t han   t ha t  of clayey  aoile. For t he  
f i r a t  i t  waa proved tha t   s t r eng th   cha rac t e r f a t i ce  of f rozen ground depend  on composition of s a l t s  
i n  pore solut ions:   under   marine  chlor ide  sal ini ty  a dec rease   i n   s t r eng th   cha rac t e r l s tLca  is  re- 
su l ted  from increasing  plalinify and t h e   l e t t e r  ier more in tens ive   than  under cont inental   type m- 

partly squeeze t o   u n d e r l y i n g   s t r a t a  .II all thia 
l ead   to   an   increaee  I n  minera l iza t ion  of a re- 
eidual   eolut ion.  Thewing o f  f r o ~ e n  massives i s  
accompanied by ground desa l in i za t ion  due t o  
percolating surface .send ground waters and par- 
t i a l l y   d i e s o l v i n g   e a l t a   f e l l   o u t   i n   t h e  pro- 
cess of a maeeive f r eez ing ;  ae a r e a u l t   a e l i n s  
permafroet forme low marine plain$ and a l a ida  
a l o n g   t h e   l i t t o r a l   p l a i n   i n   t h e   n o r t h - e a s t  
of the European par t   of   the  USSR and st t he  
i e l ends ;  at the a re@ of developing Early  Plei-  
afocene  tranagreaaiona  the  boundary of which 
pasess fur ther   south   sa l ine   permafros t  l e  en- 
countered a t  places and,  aa a r u l e ,   a t  a depth 
exceeding 50 m, 

Aa for Zapadnaya Sibir, the   da ta   ava i lab le  
permit t o  compile a de ta i l ed  map with  repre-  
s en ta t ion  of not  only  arena of aa l ine  perma- 
froef but also o f  the   types  and degree of ea- 
l i n l t y  (Hg.2). Saline  permafrost  occura  here 
and the re  i n  t h e   n o r t h   l a t i t u d e  of Novyi Port  
on J a m 1  and Wst Port  on Ennfsei, A t  t h i s  area 
cryogenat ic   s t ra tum i s  s a l i n a   a l o n g   a l l   t h e  
crosa-sect ion and its upper  part  of  150-250 m 
th ick  i e  turned t o  be  f rozen;   i ta   lower   par t  
of 100-200 m t h i ck  is under  cool  condition 
(free;zing  point B ie lowex than its ne- 
gat ive  temperature  8 nat ) *  'Phis  conclueion 
is i l l u s t r a t e d  by B croasmm8ction of cfyogene- 
t i o   s t r a t a  of My8 Kharasavei (Pig.3). Weakly 
saline  or  non-saline  marine  Pusternary dapo- 
sits compoee R top l a y e r  epread fu r the r   aou th  
of t he  mentioned l a t i t ude ,   Th i s   f ac t   can  be 
explained by h igh   desa l in iza t ion  of eediments 
a t  the accumulator  baein and  by in tena ive  
a f f e c t  of percola t ion  end deea l in i za t ion  of 
thawing  deposits  during warm periods of Plei- 
stocene and Holocene. Frozen Paleogene highly 
d i spe reed   c l ays   a r e  elso s a l i n e  a t  t h i s   a r e a ,  
!The map represent6 areaa with  frozen s a l i n e  
Paleogene outcropping  &rata and areas where 
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vA cane tranagrealrion 
Area of maximum Pleiato- - Southern boundary of 
permafrost 

Fig.1. Spread of sal ine permafrost a t  t he  
t e r r i t o r y  o f  t he  USSR 

$0 (SO) * 
0,5 -2,5 

0,05 -0,l 

Salt-ion 
composition 

Main s tra ta  

CI '-Na * 

Saline marine 
Paleogenic 

eec t ionr   top  layer upto 3-10 m deep; 
Permafront with  di f f erent  aalinity by a crosa- 

bottom l a y e r  

r j  Area of esline Dover upto 50 m deep 

*/ mean (quantity o f  earnplea) 
min - max 

Fig.2. Map o f  sa l ine  permafrost i n  Zapadnays S i b i r  

t h e   s t r a t a  can be found with in  the in texvel   the  Anadyr nizmennost. The top   l aye r  50 m 
Prom 0 t o  50 m. t h i ck  is character ized by saline permafrost 
Saline  permafrost   occurs in t he  s tra ta  .of ma- occur a t   p l a c e s  or by a l t e r n a t i o n  of s a l i n e  
rine Pleis tocene and Holocene depos i t s   w i th in  ox non-saline ground. 
t he  limits of Severo-Sibirskaye  nizmennost,  Permafrost of marine type aalinity i s  charac- 
l i t t o r a l .   J a k u t i a  and Chukotsk a e  wel l  aa on texized by a pe r s i s t en t  i n  area and i n  section 
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Fig.3. Croaa-section of saline permafrost at 

homogene chloride-sodium oompoeitioa o f  pore 
eolutions remlting Prom the primary  Bedimen- 
tation salinity of marine 8iLty waters.  Sali- 
nity is character of the rstrata under a m a -  
aonal thawing layer or B stratum inclined to 
thawing desalinization and freseing anew. Sa- 
linity reachea 2.0-2.5$ ox 4*6$ at  place& 
Salt-ion compoeition of pore solutione in fro- 
zen marine Quaternary deposits ie characteri- 
zed by the following reLafiona:Cl.'>> SO!> HCOJ 
and Ma'S M g * * >  Cas*, that i e  the same ea for 
the recent marine ailts and EIO f o r  marine 
water, Compoeition of water solutione in ma- 
rine non-saline ailts changes to chlorida- 
aulphate-sodium ar eulphate~.hydrocarbanate- 
eodium; amount of salts in theee solutions 
doaa not  exceed 0,148. 

Paleogene frozen ground in Zapadnaya Sibir ia 
characterized by a sulphate type of pore solu- 
tiona conditioned by their repeated changes in 
the process of diagenetic tranaformations of 
marine claya, by active oxidisation of pyrite 

land by Pormation,oP sulphate8 before freeeing 

Distribution o f  salts in a permafrost depends 
on a number of factors the main of which are 
88 fOllOWE: eOj.1 compoeition; fecial condi- 
tione of soil accumulation; cryogene differen- 

Content of readily soluble aalta in the marine 
tiation of ealts under freezing conditione, 

Quaternary deposits depends in the firet  turn, 
on  amount of clay particles. Clayey frozen 
soile, capable to maintain sedimentational sa- 
linity, contain salts in greater amount then 
the sandy frozen eoila. Therefore changes in 
salt concentration in a crosa-section of cry- 

Mys Kharaeavey 

ogens strata  depend on lithological composi- 
tion o f  depoaite and do not conform to a law 
of equilibrium condition known for thawing 
ground  (vertical hydroohemioal zoning) when 
heavy brines migrate downward and the  liquid 
ones - upward, This i s  a typical feature of 
frozen ground f o r  which stria  movemept of solu- 
tions is  not character at all or to a v a ~ y  
small degree. 

Frozen ground of a continental type of eali- 
nity i a  widely eprrad  at the areaa where high 
summer temperature and negative balance of 
mo5sture promotea  salt accumulation at the top 
layer and underlying strata during long peri- 
ods of eedimentation and  freezing.  Arid cli- 
mate, gently sloping eurface end  erlow water 
exchange provide0 annual evaporation of flood 
waters end maturation of eoila with ealte in 
eloaed  cavities. 

In Teentralneya Yabutia a salt  content in the 
ground of different cornpoaition and geneela 
variee from hundredth ..I tenth percent to 1.5- 
2% ox even 54%.  Maximum  salinity o f  ground i s  
fixed at a depth o f  1-5 m but sometimes it can 
be traced down to 15 m sal ine ground  and  ha- 
lite interlayera in the deposits o f  lake ba- 
sina o f  Phibet are traced down to 40-60 rn. By 
chemical compoaition pore solutiona of frozen 
ground with a continental type of salinity  are 
characterieed by 8 great difference a8 in m e a  
BO in seotion depending on geologioal struc- 
ture OP an ablation area, conditiona of form- 
ation and freeaing of ground a8 well 88 deve- 
loping differentiation of salt  content in the 
process of dynamic freezing. Dominating aa l i -  
nity types are  both: ae eulphate-chloride and 
chloride-aulphate BO hydrocarbonate onea. 

Chemical composition and a concentration value 
o f  pore solutions produce a great influence on 
physico-mechanical characteristics of frozen 
ground.  The main characterietic of saline 
ground i s  salinity (81, which determines a salt 
content in B weight unity of dried soil. Sa- 
line ground i s  characterized by the following 
indices:  density,  dry  densify,  salt  density, 
total moisture content (W),  concentration of 
pore solutione (KpOs,) freezing point  and 
amount of unfronan water (Wunf). 

Concentration of pore solutions i s  chaxacteri- 
zed  by a degree of water mineralization in soil 
porma. Normal solution (N ) containrJ 1 gramma- 
equivalent of a diesolved substance in 1 litre 
solution.  At pxeaent we lack raeearch data to 
eatimate unfrozen water in mline ground. 
Therefore the relationship of Wunf and a tem- 
perature of saline ground  characterized by a 
marine type of ealinity  gives much information 
on  phaee compoeition of t h i s  ground (Fig.4). 
The curvea are similar to each other by their 
nature but  moved to the area of high tempexa- 
ture a8 compare to  the deaign ones. 

A freezing point of saline ground characterizea 
cryatallisation of pore water in the soil. Sa- 
line ground gets frozen at a temperature lower 
than that of a pure solution of the  aame aalt 
which the  ground ie saturated with. Pig.5 shows 

eq 
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Big.4. Content of unfrozen  water i n  loem (1-6) 
and c l a y  (7) with marine aelinity 
(by Ju.S.Petrukhin and C.I.Dubiksv) 

4. marine salt sdution 

Fig.5. Freezing  point of  loam sa-turated  with 
marine mlf eolutiun of dii ' fsrent  con- 
cent ra t ion  

a r e l a t i o n  of pore  solution  concentration for  
the  loem wi th   d i f fe ren t  moisture aontent 
(Curves 2-5) and a so lu t ion  of marine B a l t  

0' I 1 I 1 1  
* 

- 1  -2  -3 dp .p  
Fig.6. Free~ling point o f  e a l t  aolutione of 

different  compoeition 

marine malt and the  highest  one - of the  mag- 
nesium rjulphatst solution. As Raoult ts  law aays 
equimoLaculas  quantitiaa of d i f f e r e n t  601UfeS 
i n  equal q u a n t i t i w  of solvents  reduce a f res -  
sing point by t he  m m e  value. But o the r   aa l t  
eo lu t ions   a re   charaoter imd by a higher  free- 
zing point a8 oompare t o  the NaCl  so lu t ion  
(1 Neq.NaC1 eolut1,on  haa a cryoscopic  conetant 
-*1*86OC), 

Freezing  point of d i f f e ren t  salt solut ione 
and ealfne loam (with  the eame salts) (E-1%);  
W L 0-3) .obtained aa a reslult of experiments 
were cornpaxed to   the  deeign  values  reduced t o  
normal salt concentration NaC1 (Table). If 
followe from the  oompariaon t h a t  salinity ie 
t o  be taken from Raoultfa presentat ion,  it 
meane t h a t  s a l i n i t y  corresponde t o  equivalent 
quan t i t i e s  of different eal ts .  The Table shows 
t ha t  loam saturated with magneaium sulphate 
being  reduced t o  a normal ooncentration  towards 
NaCl is chsracter ized by E E 3.69% but not ? %  
a8 i t  WBB assumed i n   J a r k i n t s  experiment (1986). 
Value8 of freeeing  point f o r  weter eaturated 
Ioame, sa l in i eed   w i th   d i f f e ren t   s a l t s ,  and 
solutions  turned t o  be almost  identical.  (Shei- 
kin); i t  confirms law of so lu t ion  freezing, 

( l i n e  1)  with  concentration up t o  2 Neq 
(70 g/l). If moisture   content   in   sal ine loam are leaa atudied  than  those of non-aaline. Com- 
decrealres a f reezing  point  decrearsas aleo. parison of aenign veluse o f  preesure (R) and 

A f reez ing  point  of sa l ine  ground depends an design shea r   e t r eng th   a t   t he   l a t e ra l  eurface o f  
aalt   composition (Fig. 6 ) .  The lowest  freezing ' oongelation (Rf) rJhawed tha t   e t rength  indicea 
point i e  charecter  of the NaCl ao lu t ion  and 
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freezing temperature of 0 0 i l  a a l t  
hper imen ta l  and deeign  value8 of 

solutions  depending on their con- 
cen t r a t ion  

II Neq. Evaluat. 
ion  by 
NaCl 80- 
l u t i o n  

loem 

3.69 -0.95 
1.0 -0.3 -0.35 -0.54 
2.19 - 
1 .o * -0.95 -0.91 

1.05 -1.7 - 
1 . 0  -1.72 -1.0 -1.08 

0.87 -1.86 
1.0 -2.8 -2.3 -2.28 

3.12 - 
1 .o - -0.7 5 -0.68 

Note: * Salt compoaition 
1 - @SO4 7H20g 2 - C a C l a  6H20; 
3 - Marine s a l t  (77% NaCl and others); 4-NaC1; 
5 - .  42% NaCl, 30% MgClz 16% CeS04 (Jakutsk,  
o : l t i nen ta l   ea l in i ty ) ,  

R,MPa 4 

Fig.7. Ratio R=P(Z) f o r  f rozen  ground with  ma- 
r i n e  ( 1 , ~ )  and cont inenta l  ( 3 , 4 )  type 
of Etalinity, 8 -4OC 

of sal ine  eanda decrease r a p i d l y  (Fig.7). 
Strength  of @end sa tura ted  w i t h  marine s a l t  
a t  a temperature -4°C and I n c r e a s i n g   s a l i n i t y  
from 0 t o  0.5% decreases  by a dozen  timee  but 
a 8  f o r  loam it decreases  by 4 times only. The 
tempera ture   decreasas   the   s t rength   p roper tha  
o f  s a l i n e  ground increase  more in tens ive ly  
than  those of non-saline. For example, t he  
R value for loam with X = 0.5% and temperature 
from -2 t o  -4OC increaees  by 3.2 and f o r  non- 
sal ine loam - by 1.7. A s a l t   e f f e c t  is  more 
intensive  under  high negative  temperature. 1% 
r e s u l t s  from the  f a c t  ths t   under  a high tern- 
perafure and conaentrat ion of so lu t ione  the 
major par t  of water  remains l i q u i d  but when 
aonoentret ion is weak grea t  amount o f  water 
changes t o  i c e  and i t  leads t o  an increase  i n  
s t r eng th   cha rac t e r i s t i c s .  

Attention  ehould be paid t o  a chareoter  o f  
r e l a t ionsh ip  of s t r eng th  and e a l i n i f y  depend- 
ing on different granulometric  compoaition of 
permefrost. If sands have a tendency t o  a 
sharp  decrease i n  t h e i r   s t r e n g t h   c h a r a c t e r i s -  
t i c s  almoat when Z v a r i e s  from 0 t o  0.1% 
then  losms w e  character ized by a s l i g h t  de- 
crease i n   s t r e n g t h  up f o  e = 0.4%. 

An e f f e c t  of aaLte chemical  compoeition on 
permefroat a t rength  08n be Been from t h e   t e a t  
resu l t s   p resented  a t  Pige 8,9 and Table. 

R7MPa t 
I 
\ 
\ 
\ 

h \ 

Sal in i ty   increaass ,   the   dee ign   shear   a t rength  
at the   foundat ion  surface  decreaees ,  but t he  
decrease  intensi ty   depends on a sa l in i ty   t ype :  
marine  type  (curves 4,5 a t  Fig.9) is charac- 
t e r i zed  by a more intensive  decreaae  than a 
cont inenta l  one (curvea 1,2). S a l i n i t y  is l o w  

volvea h igher   e t rength  a8 compare t o  contlnen- 
(0.2% a t  1eaBt) a marine type   aa l in i ty   i n -  

337 



t a l  one. On t he  contrary i f  E >  0.2% B,, is 
higher  for sulphate e a l i n i t y   t h a n  that for 
loam with  NaCl sa l in i ty .  

I*" 

Interesting  experimental   reaults  were  obtained 
when comparing a r e l a t ionsh ip  of R versua e 
(Fig. 8) f o r  loam  aamplea taken in Amderma and 
Jakutek (Karpunina, 1974; Jerkin, 1986). The 
t e a t s  showed that t h e  aamplee  were sa tura ted  
with local s a l t s  and salter  from  other areas.  
Alluvia l  loam (Jakutak) eatuxated with marine 
s a l t  (curve 4 )  turned t o  poeaese the   h ighes t  
etrength. A cha rac t e r  of s t rength  decrease de- 
panding. an s a l i n i t y   f o r   t h e  loam o f  a l l u v i a l  
genesis (Jakutsk) and marine (Amdame) wi th  
local a a l i n i t y  (ourvee 2,3) ie s imi l a r  t o  
cumem 2,6 a t  Pig, 9. This f a c t   i n d i c a t e s  a 
predominant effect of B salt type on a oharac- 
ter o f  etrength  dameam  depending on ee l i -  
ni ty .  

4. rnarlne s a t t  

I I I I 1  I I I I 1 -  z,"/. 
0,2 9 4  0,6 0,8 1,0 
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maturated  with  solut ions of d i f f e r e n t  
s a l t e  (by A.N.Jarkin's de t a ,  1986) 

A l l  the foregoing data   he lp  to es fab l i eh  

t o r y  of t h e  USSR. Dominating chemical compoei- 
spread of aa l ine   f rozen  ground a t   t h e   t e r r i -  

t i o n  of salte r evea l s  two types  of s o i l   a a l i -  
n i t y  C. marine end cont inental .  The expexlmen- 
t a l  research shows t h a t  phyyaical and mecha- 
nical c h a r a c t e r i s t i c s  of aa l ina  ground  depend 
not only on concentration o f  pore eolutions 
(temperature and so i l  compoeition  being  iden- 
tical) but e l s o  on ahemical composition of 
d i sso lved   aa l ta .   Fur ther   research  works i n  
t h i e  field a r e  planned t o  compile   c lass i f ic-  
a t i o n  of s a l ine   f rozen  ground with  account of 
chetxicel  composition o f  pore solutions. 
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SYNOPSIS Potent ia l   poesibi l i t les  a r e  examined of arystall ine-pell iculax and vacuum- 
f i l t r a t i o n  mechanierms of moisture migration i n  a case of Foxmation o f  thick  (over 2-3 om) ice  
atreake in pemnaFroet. Experimental laboratory  results  are  presented on moisture  wgration 
for both  epigenetic and syngenetic  Freezing of earth. 
Here we investigate mam trans& processee 

We ace interested,  first o F a l l ,  in   po ten t ia l  
leading  to  formation o f  se  egation  ice  only. 

capabi l i t ies  o f  different mechanisms of  
aepegat ion  ice   formation  In  a sense of 
proviang  unlimited growth of  ice   s t reaks 
leading  towade  formation of not only i c e  
saturated horiaone but d ~ l o  o f  sheet   ice  
deposits, Laborakory experiments were carried 
out on earth ~ m p l e s  100 mm i n  diameter, 200- 
-250 mm high  a t   conatant   ini t ia l  humidity and 
volumetric  density of unfrozen  earth. 
Initid temperature of the  unfrosen  earth wa0 
near 0 and aide  thermal  ineulation  provided 
unidimenaional  process of freezing - thawing. 
A pllot inetallation  permitted aesigning the 
required, pract ical1  constant ,   ra te  of the 
earth freezing (thaw&); phase trraneition 
boundary Pluctuatione  at a given horizon$ 
ground water  level i n  modelling  epigenetic 
type o f  freezing or  a layer o f  water on a 

of freezing. I n  the  proceae o f  experiments 
sample =face i n  modelling syn enetic type 

entering  the sample were measured; texture 
the magnitude heaving and amount of water 

visually.  Experirnenfe have  been cafried out 
formation and freesin depth were observed 

on emplea of sandy,  euglinok and clayey soils 
with  disturbed  texture. 
A number o f  machaniams are known today that  
explain segregation  ice  fornation  in fxeeeing 
earth - formatlon of vacuum on mobile f’xeezing 
boundary; capillary  foroes;  vapour tranefer; 
ice  C r y E t d S ;  diFferenti8tion of the water and 
%ompression” preseure  caused by the growlug 

e a t h   p a r t i c l e s  in the Eone of thawing FroZen 
ice-saturated  earth;  “cryostaticn p s e ~ s m e  at 
permafrost  base causing forci out of water 
from underlying  thixotropic me Y ked earth; 
vacuum-filtrakion and crystall ine-pell icular.  
O f  all of  theaa mechauiems the moat recognized 
ones =e the  crystall ine-pell icular and 
vaouum-filtration, and we &all   therefore  
examine the i r   po ten t ia l   poss ib i l l t i es   in   the  
Beam of foming  thick  ice   s t reaks.  

Combined action o f  two  mechanieuntr - 
crystal l izat ion and pellioule  formation I s  
uaually examined i n  th i s  cme. 
BouyukO8, Tebm and Rukly have  propoeed R 
theoxy of ncrysfalli%&ion forceB1t explaining 
the  oapability of the growing ice   cxys ta l s   to  
a t t r a c t  water from underlying  unfrozen  earth 
i n  the procem of t he i r   c rys t a l   l a t t l ce  
formation.  Feeding of the growing i c e  
crystal  will be maintained due t o  high ruptuxe 
resistance of thin water  filaments of loosely 
bound water which connect the adrrorbed film 
on the  ice  crystal  faces with bound water of 
the underlying unfrozen earth.  But the main 
point, in our opinion, i s  that  the growing i c e  

pel l icule  tearing i t  off  the adjoining  earth 
crystals a t t r a c t  the loosely bound water 

particles,  while  the  mineral  akaleton  only 
create8  the 1ooee5y bound moisture. 

waB proposed by Beskov progbly  under the 
The pellicular  moisture mZ ation mechanism 

influenoe of the work by Lebedev. Free and 
pact  of loosely bound moisture  freezee in the 
phatre t ransi t ion zone leading  to  formation of 
a moieture  gradlent (alon l i q u i d  phase) , 
between the  freezing boungarg and the 
underlying  unfrozen earth. It 3.a surmiaed 
that  under  the  influence o f  this  moisture 

adlent   misat ion of moiatuxe takes  plaae 

particlee  with  thicker  pell ieulea of bound 
owaxds the  front of freezing:  from earth 

moieture towards the   par t ic les  with thin 
pel l icules .  Such pel l icular  mechanism of  
moisture  migration is atipulated by adeorption 
forces of  the earth mineral skeleton. The 
main point  here i~l that due to  the moisture 
gradient unfrozen earth  transfern  the bound 
moisture towards s o w i n g  ice  crytrtale and the 
f a c t  of the moiBture crystallization  appesrs 
only &e a caume of the moietuxe gradient 
f omnet ion. 
Subsequently  the  crystallization and pel l icule  
formation mechanisms were combined in to  one - 
mofecuLe t ravels  under joint action of 
03: stal l ine-pel l icular  where each water 

addsorption forces both of the miner$ skeleton 
and of the owin i o e  cr   &ala .   In   the 
opinion of f i e  rnafority 0% investigators,  
moisture  mipation t o  the  fkeezing front takes 
place mainly due to  the  adsorption  forces o f  
the  mineral  skeleton,  ire.*  the eaxth moves 
the moisture towrarde the growing ice   cryetala .  
The most surpriai and important property of  
ths  crystalline-p%icular mechanism i s  
considexed  the  possibility of an unlimited  ice 
streak growth during  very slow freezing o f  
thinly dispersed earth o r  an immovable 
frsezing  front  over a water-bearing horizon. 
Thicr property is of ten  c i ted as an explanation 
f o r  genesis o f  not only thick  streaka  (over 

According t o  Beekov, looeel bound moisture 
2-3 cm), but also of aheet ice  deposits.  

t ravel l ing over the pel l icules  towards the 
freezin  front can be replbnished from a free 
water s f oxage. Therefore, i n   t he  Ca8e of 

unlimited watar Eltorage) and practically 
presence of B water-bearing  horizon  (with 

immovable Freez ing boundary the thickness of 
&n i c e  streak bei formed in finely dlspeseed 
earth m a y  be very%ge and will be limited 
only by time. !Chis idea of huge potential  
poesibi l i t iea  o f  a pel l icular  mechaniam of 
migration ( i n  the sense of forming sheet  ice 
deposita) was ref lected and supported 
pract ical ly  i n  a l l  worka dedicated’  to  this 
problem. 
well known that  during the growth of crystals  
In our  opinion this idea i s  erroneous. It ia 

i n  supercooled  liquids tearing off  and 
scatteying of the crystal  nuclei takes place, 

higher i s  the de ee o f  supercooling. 
this  procese  being the more intensive the 

shubnikov notes %et often the crystals  grow 
i n  the shape of needles,  skeletons;  this 
confirms that   crystal  growth is stipulated 

F 
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not  only by subs tance   in f lux   in  a d i rec t ion  
perpendLculax t o   f t e  surface, but ala0 by 
molecule movement along the  face@.  This 
permite an assumption  that with auf f i c i en t  
supercool ing   in   the   f reez ing  zone the  needle 
c rys t a l8  of i c e  a r e  capable o f  a t t r a c t i n g  the 
bound moisture t o  t he  growing  streak. It l a  
eatabblfshed by the  experiments of Pousakov 
(1960) and Jeetkova (1982) that  the  boundary 
zone of an i c e  streak is repreeented by needle 
c r y s t a l s  of i c e  which "grow inton  the  unfrozen 
ear th  and attract tbe  looaely bound moleture 
p e l l i c u l e   t o   t h e  growing  streak. Therefore 
segregat ional   ice   accumulat ion  intenei ty  
depende both on t he   i n t ens i ty  of  growing i n t o  
the   ea r th  o f  the   needle   cryr j tds  and on 
presence o f  loosely bound moieture. It 
follow8 from th is   tha t   pe l l icu la r   moie tuxs  
m i s a t i o n  i s  poss ib le   on ly   in   the  caee o f  
epontaneoua f r eez in  of ea r th  when there  i a  
eufficient  supercoofing of t h e   e a r t h   m i a t w e ,  
while  eegregational  ice  accumulation  only 
accompanies th i s  process o f  earth  freezing. 
Continuity of the  looaely bound moietuxe 
pe l l i cu le   i n   f i ne ly   d i ape r sea   ea r th  i s  
supported only wi th in   de f in i t e  range of its 
moisture - i t  i a  absent  both i n  low moieture 
and d i lu t ed  earth. 
ZXperiments carr ied  out  by us have shown1 tha t  
moiature migration towards  the Freazin front 
(with  presence o f  a ground water   level7 doea 
not take place kn case of en immovable 
freezing  border o r  low r a t e  of  i t s  movement 

m a x i m u m  r a t e  of the ep i  ena t i c   ea r th   f r eez ing  
(approximately o ,002 mm$h) i s  one oraer lower, 
i t  may be assumed tha t   the  genesis of  th ick  
s t r eaks  and sheet i c e  deposi ts  maer na tu ra l  
conditione is not  connected  with  eegregational 
i c e  accumulation  atipulatad by c r y s t a l l i n e  - 
pellicular  mechani~me. 

- 1988 t h w  0.04 m / h .  considering  that   the 

VACW-FILTRATION hlIECHANISM OF MOISTURE 
MIGRATION 

Compaxatively  recently (Borosinete, Feldman 
1981 ; BTelnikov, ~e ldman and Aniaimova, 19841 
a new mechaniam of ice  accumulation i n   f r e e z f n g  
ea r th  ha~t been  proposed,  connected  with 
mul t ip l e   o sc i l l a t ions  of the   f reez ing   ear th  

beaxing horizon, vadoae r a t e r  shallow water 
boundary i n  presence of a water source (water 
r e se rvo i r ) .  Under euch oec i i l a t ione  i e  
meant thawing of a comparatively small layer 
of  f rozen  s o i l  followed by i t a  fieezing. In 

vacuum i s  fomea clue t o  reduced volume o f  i c e  
the  zone of i rozen s o i l ( o r  i c e )  %hawing 
during i t s  'thawing,. Under the   ac t ion  o f  
tbie vacuum w a t e r   f i l t r a t l o n  i s  e ta r t ed  in to  
the  thawing zone ( 9  $ of  the  thawing  ice 
volume ia f i l l e d )  and t he   fo l lowiw  f r eez ing  
fire8 the  introduced water. I n  case of 
is loca ted  below the   o sc i l l a t ing  boundary o f  
epigenetic  Freezing  the  Nater  bearing  horizon 

the  phase  divi8ion and i n  the  Case of 
syngenetic  freezing  the vater source (vadoae 

higher.  Sinee water flow is caused by 
water,  shallow  water  resemoir) i e  loca ted  

flow is  f i l t r a t i o n ,   t h e  mechaniem i s  termed 
appearance of vacuum and nature of the water 

by UEI as vacuum-filtration.  Multiple 
freezing  boundary  oscil lations i n  a d e f i n i t e  
layer  may lead  to  formation o f  thick 109 

streaks ( t h e  i c e  lene  thickness  bein 
de*erminea by the  number snd amplitu2e o f  

With gradue3. advance of the  phwe t r a n e i t i o n  
Ghese osc i l l a t iona ) ,  while similar oscillation8 

boundary  lead t o  formation of ice   aa tura ted  

horizon levels  a t  which such  multiple 
frozen deposita. Natural ly ,   the  number of 

osci l la t ione  took  place  determine  the number 
of th ick   i ce   a t reaka  o r  ice   saturated  horizons 
within permafrost. 
To prove  wide p o e s i b i l i t i e e  of  the vacuum - 
f i l t r a t i o n  mechaniem a series of 'leboratory 

ice s t r eake  i n  suglinoks, sande and comae 
experiment@ have been carried out on growing 
fragmentary ma%rials (durat ion o f  one 
experiment  being about 1.5 montha). Modelling 
r e e u l t s  of epigenet ic  type of  f reez ing  a r e  
ebowa on Plp8. 1, 2, 3, 4.  On F1g.l i e  ehown 
an Ice   l ena  80 wm th ick  in suglinok; on Fig.2 - th ree  i c e  lenses i n  f ine-grain eand; on 
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Big.3 - two ice lenees i n  a a v a l ;  on pLtg.4 - 
two ice saturated  horizons  in   c lag,   Model l ing 
r e s u l t s  o f  syngenetic  type of f reez ing  are 

l ens  1 cm thick i n  medium-grain sand; on Fig:6 - nn i c e  lene 2 cm t h i c k   i n  suglinok. 

rjhown OD Pig~. 5 a d  6 .  On Fig.5 - ice 

of an unrestfitted growth of an i c e  s t reak  - 
remain  without changes. 

Osc i l l a t ing   na tme  o f  boundary movement of 
perennial epigenetic  Freezing o f  earth  under 
natural   conditions is s t ipu la t ed  by V a P i a t i O n B  
of climate end the depth of  ahallow  water 
reservoi rs  ( l a  t he  case of sub-aqueous 

heat flow. 
permafrost) and also presence of a geothermal 

var i a t ions  of phase transit ion  boundaries at 
I n  the case o f  syngenetic  freezing the annual 

the  base of an ac t ive   l ayer  are oaused by 
a l te rna t ions  of seasonal proceasea o f  the ea r th  
thawing and freezing. It i e  obvioue that the 
rate of  o s c i l l a t i n g  movement of the   f reezing 
boundary in laboratory experiments i e  eeveral 
orders  higher  than  the similar rats In  na tura l  
conditione, but the physics of the phenomenon 
and the r eeu l t  - the p o s s i b i l i t y  in pr inc ip le  
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From the p o d t i a n  of vacuum-filtration 
mechanism i t  is poesible t o  explain  intenaivs 
roaabed heaving in the  seas of seasonal earth 
Freezing. If is known that the molst 

noted by frequenf lengthy periods of thawing 
intensive heavin i a  observed  after the wintere 

weather. I)urlng them periods o f  thawing 
waather  variationB in the f reez ing  boundary 
take place caueed by daily chan e~ i n  air 
temperature a d  with presence o !? a water- 
bearing horizon theee var i a t ions  cause growth 
of i c e  streaks and intensive ground heaves. 

COMCLUSION 

horizons within  permafrost and also in tens ive  
Formation o f  thick i ce   s t r eake ,  i c e  ea tma ted  

heavea on the roadbeds in   the   reg ions  o f  deep 
seasonal  freesing m a y  be explained by the 



action of a vacuum-filtration mechmim of" th 
moieture migration  fowarde a mobile freezing 
bounhxy in presence of a water-bearing 
horizon. 

e 
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FROST HEAVE 
K.S. Fgrlandl, T. F0rlandz and S.K. Ratkjez 

1Division of Inorganic Chemistry, University of Trondheim, NTH, Norway 
2Division of Physical  Chemistry, University of Trondheim,  NTH, Norway 

SYNOPSI s Frost  heave is a non-equilibrium  phenomenon  which can be  dealt  with by means of 
irreversible  thermodynamics.  In  frost  heave a  substantial  part of the  heat  transport  is  coupled 
to  the  water  transport. We shall  treat  frost  heave  as  a  case  of  thermal osmosis. Where  the 
temperature is O°C in  the  ground,  ice  and  liquid  water  are in equilibrium.  Under  influence  of  the 
temperature  difference  ice  melts  absorbing heat, and  liquid  water  migrates  through  the pores of  the 
soil to  the  colder zone,  where it refreezes  releasing  heat.  Thus  heat  corresponding  to  the 
enthalpy of melting  is  transported  with  the  water. The transport of  water  to  the  colder  zone 
leads to a pressure  increase,  which  counteracts  the  movement  of  water.  Maximum  frost  heave  pres- 
sure is the  pressure  difference  that  halts  the  flux of water.  Calculated  values  for  maximum frost 
heave  pressure  fit  very  well  with  experimental  values. 

INTRODUCTION 

When  a  soil  containing  water  freezes, its 
surface  heaves,  often  unevenly,  this  is  called 
frost  heave.  When  the  soil  thaws  again,  it 
becomes  soft  and  muddy.  These  phenomena  are 
serious  problems  in  construction  engineering. 
In  areas  where  frost  heave  occurs,  one  must 
take  extra  care  with  the  foundation  of  buildings 
and  roads. 

Frost  heave  can  be a large  effect  where  the 
average  temperature of the  coldest  month  is 
below O°C. The  geographic  region  where  frost 
heave occurs,  covers  large parts of  Asia, North 
America  and  Europe. The  extent  of  the  frost 
heave also depend6  on  the  soil.  There  is  very 
little  frost  heave  in  coarse  sandy  soils,  while 
fine  grain  soils  like clay, and  particularly 
silt, are  inclined  to  have  much  larger  effects. 

When a soil ha&  been  allowed  to settle, the 
so l id  particles  are  packed  together so that  they 
are  in  contact  with one another.  The  solid 
particles  in  contact  form a framework  which  is 
able  to  resist  pressure.  There  will  be a 
distribution of pore  sizes  between  the  particles. 
Thes,e pores may  be  more or less filled  with 
water. This  water is called bound w a t e r .  If 
there  is  more  water  in  the  soil  than  the  space 
between  the  particles  in  contact  permits,  the 
framework  must  expand.  Contact  between  partic- 
les is lost, and  the  Soil  loses  its  strength. 
The  excess o f  water  is  called free w a t e r .  

By frost  heave  the  soil  expands  more  than 
corresponding  to  the  fxeezing  of  the  bound 
water  in  the  unfrozen  soil. ~xcess of water 
forms  ice  lenses  under  the  surface.  when  the 
soil  thaws  from  the top,  the  excess or free 
water  makes it soft. This  excess of water  was 
t r a n c p o r t e d  to  the  ice  lens  during  freezing. 

TRANSPORTS DURING FROST HEAVE 

In  order  to  study  the  transports  more  closely, 
we  shall  look at the  frost  heave  in  more  detail. 
Figure  1  gives a schematic  picture o f  a vertical 
column of soil  where  frost  heave  takes  place. 

Surface 

of 
e a t  

Part ly  
Transport  frozen  soil 

of 

I Table of water 

1- - Level 3, T p 2 7 3  K 

- Level 2,T, = 2 7 3  K 
( ooc 1 

Level 1 ,T, ~ 2 7 3  K 

Fig.1  Schematic  picture  of  frost  heave 
in a section of freezing  soil. 

We  shall  consider  the  transports o f  water  and 
heat  in  two  steps.  The  capillary  rise of water 
from  the  table of water, level 1, through  the 
unfrozen  soil  at  temperatures  above  freezing up 
to  level 2 at the freezing  point is the  first 
step. The transport of heat  through  this  region 
will  also  be  considered, The second  step  is  the 
transport of water  and  heat from level 2 through 
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the  partly  frozen s o i l  to  the  ice  lens at level 
3 .  Here thevnal  oemoeia takes  place,  in  addi- 
tion  to  capillary  rise. 

First  Step 
The  pores o f  the  fine  grain  soil  act  as a set  of 
capillaries.  These  are  filled  by  capillary  rise 
from  the  table of water. As we  shall  see  when 
discussing  the  second  step,  water  is  transported 
away  from  level 2 .  If  there i s  no  access  to 
air, the  void  must  be  filled  with  water  flowing 
through  the  soil  from  the  table of water. The 
force  for  this  flux is given  by  a  pressure 
reduction  at  level 2 .  The temperature  diffe- 
rence  between  levels  1  and  2  will  cause a flux 
of heat. 

At  level 2 there  is  an  equilibrium  between  ice 
in  the  pores  and  liquid  water. One  can  change 
the  relative  amounts of  the  two  phases  without 
changing  the  Gibbs  energy. We shall  include  in 
the  first  step  freezing  of  all the transported 
water  at  level. 2 .  The  water  is  transported  in 
liquid  form  in  the  second step, and  this  means 
that  the  second  step  will  involve  the  remelting 
of  the  ice  at  level  2. 

Second  Step 
The  ice  melts  at  level 2.  Liquid  water  is 
transported  through  pores of the  partly  frozen 
soil  in  the  direction of decreasing  temperature. 
The  temperature i s  below  zero  degree  centigrade. 
Liquid  water  below O°C is  a  well  known  pheno- 
menon  in  capillaries.  In  the  smallest  poxes  the 
water  will  remain  liquid  at  temperatures  several 
degrees  below O°C, while  ice  can  form at O°C and 
atmospheric  pressure in the  largest  pores. At a 
sufficiently  low  temperature  even  the  water in 
the  smallest  pores  will  freeze.  Below  this 
temperature  there  is  a  solid crust of ice  which 
does  not  permit  any  transport of water. The 
transport  process  from  level 2 to  level 3 can 
be  treated as  thermal  osmosis. 

Thermal  osmosis  may  occur  over  a  membrane  when 
the  transfer of mass  across  the  phase  boundaries 
to  the  membrane  leads  to  absorption or  release 
of heat.  In  frost  heave  ice  melts  at  level 2 
absorbing  heat. The partly  frozen soil between 
levels 2 and 3 serves  as  a  membrane.  At  level 
3 the  water  freezes  and  heat is released.  Under 
a  solid  crust of ice  the  thermal  osmosis  leads 
to  an  increased  pressure  at  level 3 .  The termal 
osmosis  is  a slow process. 

The  increased  pressure  under  the  crust  acts on 
the so l id  framework of the  soil.  When  an  ice 
crystal  at  level 3 has  grown  to  fill the pore, 
it  will  be  subject  to  the  same  pressure. The 
wall  of  the  pore  breaks  at  a  weak  point,  and  the 
crystal  will  continue  to  grow.  In  the  end  a 
lens of ice  is  formed  below  the  frozen  crust. 
As  the  ice  lens  grows,  the  pressure  under  the 
frozen  crust  increases  until  the  transport of 
water  stops,  or  until  the  crust  breaks.  When 
the  surface  temperature  decreases,  the  frozen 
crust  grows  in  thickness. The border  between 
the  crust of frozen  soil  and  the  partly  frozen 
soil  (level 3 )  i s  pushed  further  down  in  the 
ground,  and a new lens  may  form  at  this  lower 
level. 

FLUX  EQUATIONS  FOR THE TRANSPORTS 

There is experimental  evidence  that  we  have 
little or no coupling  between the flux  of  water 
and  the  measurable  heat flux in  the  first  step 

molas  enthalpy  of  the  transported  water). This 
(the  measurable  heat  flux  does  not  include  the 

will  be  discussed  in  the  section  about  the 
experimental  studies. 

In  the  first step the  heat  flux i s  given by the 
thermal  conductivity, X, and  the  temperature 
di,fference,  AT, J = - AAT. Thefluxofwater,Jw, 
is given  by  a  transport  coefficient, l ,  and  the 
difference  in  chemical  potential  for  water. 
With  pure  water  (or no variation  in  concentra- 
tion of impurities)  the  difference  in  chemical 
potential  is  given  by OpH20 = VHZOApr where V 
is the  molar  volume of water  and Apt the  pres- 

created  at  level 2 by  the  thermal  osmosis  in  the 
sure  difference,  is  the  pressure  reduction 

second  step.  Thus we have  J = - TVHzoAp. 

Heat  is  released  when  water  freezes at level 2 .  

In  the  first  step  the  flux of heat  and  the  flux 
of water  are  independent o f  each  other.  Both 
are  linear  functions of  the forces acting  upon 
them. 

of  heat  and material  are both dependent on the 
In  thermal osmosis  (the second step)  the fluxes 

two  forces,  temperature  difference  and  pressure 
difference. For slow  processes  we  may  assume 
m i c r o s c o p i c   r e v e r s i b i l i t y ,  that  is l o c a l  e q u i l i -  
br ium,  and i r r e v e r s i b l e  thermodynamics may be 
applied.  According  to  the  theories of irrever- 
sible  thermodynamics  the  fluxes  are  linear 
homogeneous  functions of the  forces  in  the 
following way, 

rl - 

H20 

W 

J = - SllAln T - Tl2ViEeAp 
Jw = - ZZlAln T - 122ViceAp ( 2 )  

9 
(1) 

- 

The  direct  coefficients, ill and i,,, relate 
conjugate  fluxes  and  forces.  They  will  always 
be  positive.  According  to  the Onsager R e c i p r o -  
c a l  r e a t i o n s ,  the  crosa  coefficients  are  equal, 
z,, = z21. 

The  forces  are AlnT= ln(T3/T2)  and ViceApI 
which  is  equal to the  difference  in  chemical 
potential  when  we  ,have  pure  ice at both  levels. 
The Vice is  the  molar  volume of ice, and Ap is 
the  difference  between  the  pressure  acting  on 
the  ice  lense  at  level 3 and on an  ice  crystal. 

axe  in  equiLibTium  at  level 2 ,  and  the  pressure 
at  level 2 .  See  Fig.  1.  Ice  and  liquid  water 

water  in  the  pores. 
on the  ice  is  the  same as the  pressure  on  the 

pressure  that  completely  suppresses  the  flux o f  
The.maximum possible  frost  heave  pressure is the 

water , Jw = 0. We  obtain  from  eq ( 2 )  , 

A P ~  =o = - (l/vice) (T21/T22)Aln T ( 3 )  

The h e a t  of tranHfr:,x*, (7:, is  defined as the heat 
W 
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t r a n s f e r r e d   w i t h   t h e   w a t e r  when t h e r e  is no 
t e m p e r a t u r e   d i f f e r e n c e ,  w e  obtain  f rom eqs (1 ,2), 

I?: = (J /Jw)AT=O = 712/722 4 
( 4 )  

The t r a n s f e r   o f  l i q u i d  water be tween  leve ls  2 
and 3 g i v e s   b u t   n e g l i g i b l e   c o n t r i b u t i o n   t o  t he  
t r a n s f e r  of heat. This  is in   agreement  w i t h  t h e  
lack  of   coupl ing  between J and Jw i n   t h e   f i r s t  
s t e p .  The main c o n t r i b u t i o n  t o  t h e   h e a t  of 
t r a n s f e r  is given  by t h e   m e l t i n g  of ice a t  l e v e l  
2 wi th   abso rp t ion  of hea t ,   and  t h e  f r e e z i n g  of 
t h e  water a t   l e v e l  3 wi th  release of h e a t .  

I n   c o n t a c t   w i t h  a s o l i d   s u r f a c e   t h e r e  is always 
a l a y e r  o f  w a t e r   w i t h   p r o p e r t i e s   d i f f e r e n t  from 
those  of bu lk   wa te r .   Th i s   l aye r   s t ays   una l t e red ,  
however ,   dur ing   the   t ranspor t   p rocess .  The 

wi th   bu lk  water p r o p e r t i e s .  The h e a t  of t r a n s -  
phase  changes are between ice and mobiZe water 

f e r  is e q u a l  t o  the en tha lpy  of me l t ing ,  

4 

4,: = AH 

Remembering t h a t  T12 = i,,, w e  o b t a i n  from eqs 

(3-5) t h e  maximum f r o s t   h e a v e   p r e s s u r e ,  

m (5) 

APJ =o = -  (AHm/Vice) Aln X ( 6 )  
W 

The en tha lpy  o f  m e l t i n g  varies wi th   p re s su re   and  
tempera ture .  The v a r i a t i o n   w i t h   p r e s s u r e  i s  
n e g l i g i b l e   w i t h i n  the p r e s s u r e   r a n g e s  of frost 
heave, while  t h e   v a r i a t i o n   w i t h   t e m p e r a t u r e  may 
be of importance when t h e r e  i s  a large  tempera-  
t u r e   d i f f e r e n c e   b e t w e e n   l e v e l s  2 and 3 .  The 
v a r i a t i o n   o f  Vice w i th   p re s su re   and   t empera tu re  
is n e g l i g i b l e .  

When AT i s  much smaller than  T I  w e  have 
AlnT - A T / T .  Since  AHm/Tm = ASm, w e  o b t a i n ,  

'pJ =o E -  (ASm/Vice) A?' (7  1 
W 

A t  ze ro   degree   cen t igrade   and   one   a tmosphere  
p r e s s u r e  w e  have ASm = 22 . O  J/ (K m o l )  and Vice 

= 19.6-10-6 m3/mol .  When t h e  t empera tu re   o f   t he  
ice i s  not   too  low,  w e  thus  have,  

ApJ =o E -  1 1 . 2  AT bar ( 8 )  
W 

(or - 11.1 AT atm or  - 1 1 . 4  AT kg c m - 2 )  

If a soil p e r m i t s   t r a n s p o r t  of water  down t o  a 
tempera ture  o f  - ~ O C ,  an ice l e n s  w i l l  grow a t  
t h i s   t e m p e r a t u r e .  The f l u x  of water w i l l  no t   be  
s u p p r e s s e d   u n t i l  a p r e s s u r e  of more than  50 atm 
has   been   bu i l t   up .  

I n   e q  ( 2 )  w e  may s u b s t i t u t e  T22AHm f o r  z,,, see 

e q s  ( 4  , 5 )  , a n d   f u r t h e r  AS AT f o r  AIImAln T ,  and 
w e  o b t a i n ,  m 

- 
J w  = - ZZ2(ASmAT + ViceAp) ( 9 )  

The f l u x  of water, Jw, i s  e q u a l   t o   t h e   r a t e   o f  
growth €or t h e  ice l ens ,   and  t,, I s  t h e  nvcrugc! 

hydraulic  permeability €or  t h e - t o t a l   t r a n s p o r t  
pa th  €or water .  The va lue  of 1 2 2  may c h i e f l y  be 

determined by low l o c a l   v a l u e s  of 1 2 2  c l o s e   t o  
t h e  ice l e n s .  The va lue  may a l so  dec rease  w i t h  
t i m e  as  the r a t i o  of ice t o  l i q u i d   w a t e r  
i n c r e a s e s   i n  t h e  p a r t l y   f r o z e n   s o i l .  

EXPERIMENTAL STUDIES OF FROST HEAVE 

F r o s t   h e a v e   h a s   b e e n   i n v e s t i g a t e d   i n  labora- 
t o r i e s   u n d e r   c o n t r o l l e d   c o n d i t i o n s .  We s h a l l  
refer t o  measurements   car r ied   ou t  by Takashi ,  
Ohrai, Yamamoto and Okarnoto ( 1 9 7 9 ) .  T h e i r  
experimental   arrangement  i s  shown schemat i ca l ly  
i n  Fig.2. To emphasize  the  resemblance  to  frost 
heave i n   n a t u r e  (Fig.l), t h e  appa ra tus  was 
r o t a t e d  180° i n  Fig.2. I n  t h e  r ea l   expe r imen t  
t h e  c o o l i n g   p l a t e  was a t  the  bottom  and t h e  
p i s t o n  a t  t h e   t o p .  

Cool ing  p la te 
L 

Valve 

Partly 
frozen soi I 

" - - 

soi I 

- Level  2 ,  T, = 2 7 3  K 

- Cyl inder   wal l  
-Porous stone 
- Level 1 ,  TI =. 273  K 

PI 

water P2 

PI 

water P2 

F i q . 2  Schemat i c   p i c tu re  of exper imenta l  

Appara tus   ro t a t ed  180°. 
arrangement for measur ing   f ros t   heave .  

The soil sample i s  con ta ined   i n  a t r a n s p a r e n t ,  
t h e r m a l l y   i n s u l a t e d   c y l i n d e r .   I n   p r e p a r a t i o n  
f o r  the e x p e r h e n t   t h e   s a m p l e  i s  s u b j e c t e d   t o  a 
h i g h   p r e s s u r e   i n   o r d e r  t o  o b t a i n  a good packing 
of t h e  soil p a r t i c l e s ,   t o  form a s t rong  f ramc- 
work. The p r e s s u r e  is  r e l e a s e d ,  and t h e  pore 
water is d e - a i r e d .   T h e r e a f t e r   p a r t i a l   f r e e z i n g  
of t h e  sample i s  achieved by keepincj  the  tempc- 
r a t u r e  a t  b o t h   e n d s   c o n s t a n t ,   t h e   p i s t o n   a t  a 
temperature   above O°C and t h e  c o o l i n g   p l a t e   a t  a 
tempera ture  below O°C. During t h i s  f r e e z i n q  
t h e r e  is  free a c c e s s   t o  a r e s e r v o i r  of wa te r .  

When the sample has been p repa red   i n  this way, 
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the valve  €or  the  pore  water  supply is closed, 
and  the  sample i s  subjected to a  pressure  by 
means of the  piston. The pressure  is  taken  up 
by the  framework of the soil. The pore  water 
will  also  be  under  increased  pressure,  but  lower 
than  the  pressure on the  framework,  Pressure 
on  the  piston, p z ,  and  in the pore water, p l ,  
are  measured. 

When  the  difference  in  pressure, A p  = p 2  - p l ,  

is  less  than  the  maximum frost  heave  pressure 
obtainable for the  chosen  temperature on the 
cooling  plate,  there  will  be  a  flux of water 
towards  the  cooling  plate, J w  , >  0 ,  the  ice  lens 
will  grow, and the  pressure difference will 
increase  over  time.  When  the  difference  is 
larger  than  the  maximum  frost  heave  pressure, 
the flux of water  will be  in the opposite direc- 
tion, J w  < 0, the  ice  lens will be melting, and 
the  pressure  difference  will  decrease  over  time. 
Thus one can  approach  the  maximum  frost  heave 
pressure  from  both  sides. 

Takashi and coworkers  tested  two  types of soil, 
Manaita-bridge  clay  and  Negishi  silt. The time 
needed  to  obtain  maximum  frost  heave  pressure 
was long,  ranging  from 500 to 2000 hours.  They 
measured the upper  limit of frost  heave  pres- 
sure, uu kg cm , for  different  temperatures  on 
the cooling  plate, OcoC. The pressure uu corre- 
sponds  to ApJ -o .  Assuming that the  first  ice 
crystals in  pores  form  at 0 C, we have O c  = 

- 17 C for  the clay, and 0 to - 4OC €or the 
silt,  the  linear  relation was found, u = 

- 11.4 Bc. This agrees well with  the  theoreti- 
cal  value  given  in eq ( 8 ) .  The experimental 
results  are  given i n  Figs. 3 and 4. 

- 2  

W -  o 

T 3  -22 = A T *  
In the  temperature  range 0 to 

U 

pl 
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W 
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0 - Ice Lens growing 
0 - I c e  lens melfing 

Temperature o f  cooling p l a t e  
94 O c 

Fiq.3 Frost heave  in 
Manaita-bridge  clay 

0- I c e  lens growing 
0 - I ce  lens melt ing 

Temperature of cooling p l a t e  
Q C / " C  

Fig. 4 Frost  heave in 
Negishi silt 

We  can see from Figs. 3 ahd 4 that  when Bc 
approaches O°C, the u u  approache's,  zero  pressure 
difference  within the limits of experimental 
error.  AS we shall see below,  this  observation 
makes  possible a check  of eq (51, which is based 
on the  assumption  that  mobile  water  has  bulk 
water  properties. We can also deduce  that  there 

water in  the  first  step. 
is no coupling  between  transports of heat  and 

I n  most  experiments  carried  out by Takashi and 

+ 6OC. For 0 = 0 C, the  experimental  condi- 
coworkers, the tem erature of the  piston was 

conditions  can be described by the cell., 

, ( .  

8 

In this  case  there  is  no  pressure  difference, 
the temperature  difference  does not cause a 
transport of water. The ice  lens  is in eguili- 
brium  with  liquid  water at the  same  temperature. 
If the  ice  lens  were  replaced by  liquid dater, 
there would still be no transport of water. 
The arrangement, 

would  have  given  some  thermal  osmosis  effect and 
shown a pressure  increase od the  low  temperature 
side, if there  were  a  significant  heat of ad- 
sorption  for.  the  mobile  water in, the- soil. 
Since  there  is no pressure  increase,  the  enthal- 
py o f  mobile  water in the  soil  is  approximately 
equal  to  the  enthalpy of bulk water, and  eq (5) 
is  valid.  With  no Significant heat of  adsorp- 
tion,  there is no  heat of transfer in the first 
step and no coupling  between  measurable  hhdt 
flux  and  flux of water. 
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The  results  illustrated  in  Figs. 3 and 4 show 
deviations  from  straight l i nes  at  Lower  tempera- 
tures. The deviation is small fo r  the  clay. 
It may, at least  partly, be  explained by the 
change in AS with  temperature. At - 2OoC ASm 
is  about 13 % smaller than at O°C. Equation  (7) 
was derived  assuming a constant  value of AS 
over the  temperature  interval 49. 

The  deviation  for  the silt is too large  to  be 
explained  by a change in AS,. The  authors 
report  that  in  some  cases  an  ice  lens  was 
observed  about  midway  between  the  freezing  front 
and  the cooling plate. This means  that  the  ice 
lens is formed at a temperature  higher  than  the 
one at the cooling  plate,  corresponding  to  a 
lower  maximum  frost  heave  pressure.  We  can  also 
see  from Fig. 4 that measurements  have  only  been 
done  with  growing  ice  lens at the  lower ternpera- 
tures, no  measurements  with a melting  ice  lens 
are  reported. As the  rate  of  growth  is  very 
Low at the low temperatures,  there  is  a possi- 
bility  that  maximum  frost  heave  pressure  was 
not  obtained. 

n1. 

m 

CONCLUSIONS 

The important  parameters  for  evaluating  frost 
heave  are  given  in eg ( 9 1 ,  which  expresses the 
rate o f  growth  for  an  ice  lens. The parameter 
T,,, the average  hydraulic  permeability, 
depends  on  the  type of soil, the  distances 
between  table o f  water,  freezing  front  where 
the  first  crystals  of  ice  appear,  and  the  ice 
lens. As freezing  proceeds,  it's  value may 
decrease. 

The  entropy  of  melting, ASm, and the  molar 
volume,  Vice,  are  essentially  constant  para- 
meters. The variable  parameter AT is mainly 
given  by  the  temperature (OC) of the  lowest 
lying  ice  lens. The variable  parameter Ap 
increases  with  time. A s  the pressure  difference 
increases,  the  rate  of  growth  of  the  ice  lens 
decreases. If the  crust  of  frozen  soil is not 
able  to  withstand  the  increased  pressure,  and 
breaks,  the  flux of water  may  continue  indefi- 
nitely  as long as the  temperature i s  low 
enough  to  allow  ice  formation. 

Frost  heave can be prevented if the  continuity 
of  water  between the table of water  and  the 
freezing  front i s  broken. Empirically  it i s  
known  that a layer of coarse  sand or gravel 
deep in  the soil, and ditches to drain  the 
water,  reduce  frost  heave. 

f r o m   t h e  b o o k ,  I R R E V E R S l R L E  T H E R M O D Y N A M I C S  
l 'he  muin c o n t e n t  o f  t h i s  p a p e r  i s  t a k e n  

THEOHY A N D  A P P L I C A T I O N S  ~ I J  K. S .  F p r l a n d ,  
T .  FprZand and S . K .  Hu tkJc . ,  due  f o r  p u b l i -  
c a t i o n  i n  1 . 9 8 ~ .  IL  i s   r e p r i n t e d  b y  per'- 
m i s s i o n  o f  J o h n  WiZey & S o n s ,  L t d ,  who 
h o l d   t h e  c o p y r i g h t  s i n c e  % l s t  November 1 9 8 5 .  
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SYNOPSIS In previous  papers the  authors  developed  a  model  which  explains  the  origin  and  regularity  of a 
class of  patterned  ground  formed  in  recurrently  frozen soils. This  model is based on  Rayleigh  free  convection of water 
in  porous  media  induced  by  unstable  fluid  density  stratification  occurring  during the  melting of frozen soils. In  contrast 
t o  other  models  which  contend  that  weak  convection  currents  can  directly  affect  sorting  by  moving  clasts,  this  model 
recognizes that  f i l ter ing free  convection cells can  create a corrugated  underlying ice front.  Subsequent  frost  action then 
can  create  sorted  patterns on the ground surface which  mirror  the  patterns  in  the ice front.  The spacing of  the ice 
front corrugations is directly  related to  the  depth  of  thawing  which  implies  that  the  characteristic  width  of  the  patterned 
ground  is a predictable  function  of  the  thawing  depth.  This  paper explores the  effects  of  variable  fluid  properties  (viscosity 
and coefficient of volume  expansion)  and  variable  soil  properties  (permeability  and  thermal  conductivity)  on  patterned 
ground  characteristics. 

INTRODUCTION 

The term  "sorted-patterned  ground"  refers to   t he  more- 
or-less symmetrical  forms  such as circles,  polygons,  and 
stripes,occurring in areas of  ground  frost  (past or present) 
which are made  prominent  by  the  segregation  of  stones 
and  fines  (Washburn, 1956, 1980). It includes  patterns re- 
sulting  from  diurnal as well as annual  freeze/thaw cycles. 
These  patterns  can be found a t  the  bot tom  of  shallow 
ponds or on  nonsubmerged  plateaus,  above  timberline in 
the  high  mountains  of  the  temperate zone or a t  sea-level 
in  the  Arctic.  In areas where bo th  polygons  and  stripes 
exist,  there  tends to   be  a  progressive  transition  from  poly- 
gons on horizontal  ground  to  stripes  on  sloped  terrain. 
Among  the  many  distinctive  features  of  sorted-patterned 
ground  the  most  pronounced is the striking  regularity of 
the  patterns. Regardless of  their shape, location,  or size 
(ranging from < 15 cm t o  10 m in width)  the  patterns 
display a nearly  constant ratio of   pat tern  width  to sorting 
depth. 

Great  strides  have  been  made  recently  in  developing  a 
better  understanding  of the processes important  in  the 
formation  of  patterned  ground. Of particular  interest  is 
the  modeling  work  of  Ray  et  al. (1983a, 1983b)  and Glea- 
son e t  al. (1986).  They  have  developed a model based on 
Rayleigh free convection  of  water  in  porous  media  which 

explains  many  features  of  sorted  patterned  ground  includ- 
ing its  regularity  and  nearly  constant  ratio  of  pattern  width 
t o  sorting  depth.  Also  of  note is the  field  work of Hallet 
and  Prcstrud (1986) who  have  studied  the processes tak- 
ing place in existing  active  patterns.  Their  work  indicates 
tha t  there is a net  soil  circulation  within  the  fines  that 
leads t o  a  pattern  refinement. 

This paper  examines the deficiencies of the Rayleigh free 
convection  model  in  an  attempt t o  improve  our  under- 
standing  of  the processes occurring in frozen soils. The 
scope of  this  paper is as follows.  First  a  brief  review  of 
the Rayleigh  free  convection  model  for  patterned  ground 
formation is given.  Next  the  deficiencies  in  this  model are 
examined  and addressed. In  considering  the  deficiencies 
the effects  of  variable  fluid  and soil properties on the di- 
rection  of  fluid  circulation  for  polygonal  patterns and on 
the  characteristic size (W/D) of these  and  other  patterns 
are explored. 

THE  RAYLEIGH  FREE  CONVECTION MODEL 

Rayleigh free convection refers to  the  circulation of fluid 
driven  by  buoyancy  forces  arising as a  result of unstable 

density  stratification.  When  saturated  frozen soil melts 
during  the  thaw season, the  potential for free convection 
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exists on account  of  the  density  inversion  in  water  be- 
tween 0" and 4°C. That  is, more dense water  (at 4°C) is 
overlying less dense water  (at WC). Before  convection  can 
occur,  the  system  conditions  must  reach a critical  value 
(called  the  critical  Raylcigh  number).  That is, the buoy- 
ancy  forces  must  be  able t o  overcome  the  resistance to  
flow  caused  by  low soil permeability or high  fluid  viscosity. 

Once  the  critical  Rayleigh  number is reached  and  con- 
vection  begins. it will  imprint  a  pattern  on  the  ice  front, 
since in areas of  downflow,  the  warmer  water is being 
brought  down to  the ice front  thus  causing  preferential 
melting.  Conversely  in areas of upflow  the  colder  water 
is being  convected  away  from  the ice front  thus  retarding 
the  melting,  What  results is a pattern  in  the ice front 
consisting of periodically spaced peaks  and  troughs.  This 
pattern is then  transformed to  the  ground surface  through 
the process of  sorting.  Thus  the  repeated  cycle of freez- 
ing  and  thawing causes the stones t o  be  heaved  upwards 
relative t o  the ice peaks  and  troughs,  thereby  leading to  

the  pattern  which is observed. 

Subtleties of,M.o,dcl 

There are  several subtleties of  this  model  which need t o  
be  emphasized.  First it is a  filtering  convection  which  oc- 
curs  whereby the  fluid  filters  through  the  soil and stone 
mixture  impressing  the  pattern  on  the  ice  front.  The  con- 
vection  does not sort  the  stones. Also the  model  does 

require  the  soil  always t o  be  saturated  with  water,  but 
rather  only  during  convection.  Likewise  the  free  convec- 
t ion is not assumed t o  occur  throughout  the  entire  thaw 
period. The free  convection  only needs to  take place  long 
enough to  imprint  the  pattern  on  the ice  front.  Once  the 
pattern is imprinted,  subsequent  freeze-thaw cycles and 
frost  heaving  determine  further pattern development. It 
is the system  conditions  (permeability,thermaI  conductiv- 
ity,  etc.) at  the  onset sf convection  that  determine  the 
characteristic size of the  convection cells (and  by  exten- 
sion the ratio of pattern  width  to  sort ing  depth for the 
subsequent  patterned  ground). In fact  once  sorting has 
made  the  patterns  prominent  the  soil  properties are known 
to  be  qui te different than  those  at  the  onset  of  convec- 
tion. Finally  there is an  implicit  assumption  here  that  the 
thaw  depth  at  the  onset  of  convection  corresponds to  the 
sorting  depth  of  the  observed patterns. 

This  Rayleigh  free  convection  model is able to explain 
many of the  distinctive  features of patterned  ground  such 
as its  striking  regularity,  the  preference for hexagonal 
shapes on  horizontal surfaces, the  transition  from  poly- 
gons t o  stripes as one moves to sloped surfaces, and  the 
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TABLE I Comparison  between  the  RayleiRh  free  convection  model 
and  field  data  for  three  types of patterned  ground  (from Gleason 

" 

et al.. 1986). 

Patterned Ground 

Tvpe 

" I_.-. 

Nonsubrncrgcd 
Polygons 

Underwater 
Polygons 

Stripes 

~. 
I 

Model Predictions (W/D) Field  Studies 

flat-to-flat peak-tc-peak 
" 

" 

3.1 3.6 ' I 23 3.8 0.13 

4.1 4.8 1 8 4.8 0.34 

negligible dominant 
downslope  flow downslope flow 

2.7 4 21 3.6 0.27 

nearly  constant  ratio  of  pattern  width t o  sorting  depth 
(W/D). This W/D ratio is a quantitative  prediction  which 
has been  tested  with  field  measurements.  Table I is a sum- 
mary  of  the  comparison  between  the  Rayleigh  free  con- 
vection  model  predictions  and  the field data  for  nonsub- 
merged  polygons,  underwater  polygons,  and  stripes  (from 
Gleason e t  al. 1986). For the  polygonal  patterns  the  two 
predictions  represent  the  limits  of W/D corresponding t o  
the  maximum  (peak-to-peak)  and  minimum  (flat-to-flat) 
widths  of  the  hexagonal  pattern.  For  the  striped  patterns 
the  two  predictions  represent  the  limits  of W/D corre- 
sponding to   t he  effects  of  downslope  subsurface flow (neg- 
ligible versus dominant)  on  the  convective  pattern.  Figure 
1 is a  representative  plot  of  the  comparison  between the 
model  predictions  and field data  for  pattern  width versus 
sorting  depth  for  nonsubmerged  polygons  (from Gleason 
e t  ai. 1986). 

Depth, D (rn) 

Figure 1. Characteristic  width versus sorting  depth  for  non- 
submerged  polygons  (from  Gleason e t  al.. 1986). The   two  lines 
represent  theoretical  predictions of W/D for the  width  measured 
as indicated. 



Critique  of  Model 

The most  obvious  criticism of the  Rayleigh  free  convec- 
tion  model is that  many of the  field  data lie somewhat 
above the maximum  model  predictions. Also, although 
the model seems t o  explain  sorted  polygons  and  sorted 

stripes  quite  well,  there are other  sorted  features  that 
seem to  contradict  the  model  predictions.  One  example 
is that  of stone  pits  (Figure 2 ) .  One  possible  explanation 
for the underpredictions of the  model is the previously 
mentioned  assumption  that the thaw  depth  at the on- 
set of convection  corresponds to  the  sorting  depth of the 
patterns. In fact  the  sorting  depth is probably  a  con- 
servative  estimate  of t h e  true  thaw  depth  thus  causing 
the measured W/D rat io  to  be larger than  the  actual 
one. Another  possible  explanation  for  these  deficiencies 
is that  the  model was developed  for  constant  soil  proper- 
t ies (permeability,  thermal  conductivity,  etc.).  However, 
owing  to  freezing  and  thawing the soil is lofted  (gener- 
ally  unevenly),  thus  increasing the permeability  in  cer- 
tain regions. Also one  would  expect  the  horizontal  per- 
meability t o  be quite  different  from the vertical  perme- 
ability. This might have  an  added  effect on the  direc- 
tion  of  fluid  circulation  in the hexagonal  convection  cell, 
which  could  have  a  significant  influence on whether  sort- 
ing  produces  stone-bordered  polygons or stone-centered 
polygons  (stone  pits). 

DIRECTION OF FLUID  CIRCULATION 

Determining the direction  of  circulation  allows  one  to  infer 

the  pattern  geometry  of  the  underlying ice front  and as 
such  provides  insight  concerning the sorting process (i.e., 
whether  stones  concentrate  over  the  ice  troughs  or  over 
the peaks). 

It was first  believed  that the manner  in  which the kine- 
matic viscosity varies with  temperature  determined  the 
direction of fluid  circulation  in  hexagonal  convection cells. 
This was owing  to  the  observation  that  liquids  and gases 
have  opposite  directions of circulation as well as con- 
trasting  behavior  with  respect  to the temperature  depen- 
dence of  their  kinematic  viscosity.  The  analysis of Palm 
(1960) confirmed  this  correspondence.  However subse- 
quent analyses showed that,  from the mathematical  point 
of view, it is the existence o f  asymmetries  in  the sys- 
tem (e.g., temperature-dependent  properties,  nonuniform 
heating  from  below,  etc.)  which  induce  nonlinearities  in 
the system of  describing  equations  that  determine  the di- 
rection of circulation. It is no t  sufficient t o  include  only 
spatial  nonhomogeneities  (such as a  variation  of  perme- 
ability  with  depth), since they do not  add  any  nonlinear 
terms  to  the system  equations.  Thus  in  order to  determine 
the  direction  of  circulation it is necessary t o  retain  non- 
linear  terms  and hence consider  nonlinear  stability  theory. 

Weakly  nonlinear  stability  theory was employed  in  deter- 
mining the direction  of  circulation for a  water-saturated 
porous  media near 0°C (Gleason, 1984). In this analysis 
the  model  allowed  for  a  temperature-dependent  kinematic 
viscosity  and  a  temperature-dependent  coefficient of vol- 
ume  expansion (;.e., an  extremely  nonlinear  density pro- 
file). It was discovered tha t  there are competing  effects  on 
the  direction  of  fluid  circulation in hexagonal  convecton 
cells for  the  system  of  interest.  When the temperature 
dependent  kinematic  viscosity  dominates,  the  circulation 
is down  in  the  cell  center.  When the temperature  de- 
pendent  coefficient  of  volume  expansion  dominates,  the 
circulation is up in the cell  center. 

There is a  physical  interpretation  that  can  explain  both  di- 
rections  of  circulation.  Consider  a single idealized  hexag- 
onal  convection  cell  surrounded  by six other cells. The 
circulation is such tha t  the fluid  flows  one  direction in 
the  center  and  the  opposite  direction  at the borders. A t  
the  borders  there is less resistance since the flow is in 
the same direction  for  the  adjacent cells. Thus  there is 
more  resistance to   the  f low of fluid  through the centers 
than  through  the  collective  borders. One would  expect 
the system t o  min'imize i t s  dissipation  of  energy;  thus the 
flow  will  be  into  the  cell  center  from  the  boundary  where 
either  the  flow  resistance is a  minimum  or the density 
driving  force is a maximum. 

In  the case where  viscosity is the determining  factor, the 
least  resistance t o  flow is a t  the upper  surface  where the 
viscosity of water is less owing  to the warmer  temperature. 
Thus  there  should  be  flow  down the center.  However  in 
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the case where the  coefficient of volume expansion ( a )  is 
the  determining  factor, a larger magnitude  of p implies 
a larger density gradient. One would  then expect the 
larger gradient t o  drive  the  flow  through  the center thus 
countering  the  maximum resistance to  flow. Since the 
larger magnitude  of 3 is at  the lower surface (since a 
maximum  in density at  the upper surface requires that 
3 = O ) ,  there  should be flow  up  the center. 

I t  is quite clear that these are two  competing effects. 
However viscous effects are not believed to be important 
in homogeneous porous media, especially considering the 
small changes in  the viscosity of water  between Oo and 
-IT. Thus one would expect that  the  coefficient  of vol- 
ume expansion should determine the direction  of  circula- 
tion in most situations. This  would correspond to  an ice 
front  pattern  of isolated peaks and continuous  troughs 
which  would lead to  stone-bordered  polygons based on 
the  sorting scheme proposed by Gleason e t  ai. (1986). 

However there is the  potential for cooperative effects on 
the  determination  of  the  direction of fluid  circulation.  In 
the system of describing  equations the viscosity ( p )  and 
the'permeability (k) appear grouped as one term.  This 
term ( k / p )  represents the  mobility  of  the system. Thus 
although  the viscosity of  water changes l i t t le ctver the 
temperature range from 0" to 4OC, and spatial nonho- 
mogeneities (such as permeability),  in and of themselves, 
cannot determine the  direction of circulation,  a nonho- 
mogeneous permeability can act as a  multiplying  factor 
on the viscosity thus enhancing i ts  effect. 

Consider the  following.  Owing  to  the  continued freezing 
and thawing  of  the  ground,  the soil is lofted upwards such 
that one would  expect the  permeability t o  be  greater near 
the  ground surface than near the ice front.  Thus  there is 
less resistance to  flow (i,e,, a greater fluid  mobility) near 
the  ground surface owing to  a higher soil permeability 
and a lower viscosity of  the warmer water. Based on 
the above physical explanation for direction of circulation, 
this  form  of nonhomogeneous permeability enhances the 
viscosity  effect  and  there  should be flow  down  the cell 
center. In some  cases this may be enough to  counteract 
the  effect  of  the coefficient of volume expansion. This 
sort  of  flow  pattern  would lead to  a melt  pattern  in the 
ice front  consisting  of isolated troughs and a  continuous 

ridge which  in  turn would lead to  stone-centered  polygons 
or stone pits  (Figure 2). 

EFFECT OF SOIL  PROPERTIES ON PATTERNED- 
GROUND SIZE 

Seldom are natural soils completely homogeneous and 
isotropic.  When one considers the substantial  lofting 
of soil due to freezing and thawing and the subsequent 
uneven settling, it is not  difficult  to imagine soil whose 
permeability decreases with  depth  (i*e., nonhomogeneous 
permeability).  In contrast the soil may be homogeneous, 
but show anisotropic  behavior. That is, the soil may have 
different  (but  constant) physical  properties in  the  vertical 
direction  than  in  the  horizontal directions. This is particu- 
larly common  in sedimentary soils where the  permeability 
in the plane of  sedimentation is usually higher than  that 
in  the  direction perpendicular t o  it. Thus one might ex- 
pect variable soil properties to  have a  profound effect on 

the predictions of  the  patterned  ground  model, 

Nonhomogeneous Effects "". 

As discussed above, nonhomogeneous permeability can 
affect a change in  the  direction  of  fluid  circulation  (and 
thus  the  type of pattern  ground formed) when acting  in 
conjuntion  with a temperature dependent viscosity. In 
this section the  effect of nonhornogeneities in permeabil- 
ity (k) and thermal  conductivity ( A )  on the  characteristic 
aspect ratio (W/D) of  the  convection cells (and hence 
patterned  ground) is explored. 

Gheorghitza (1961) considered a porous layer with small, 
linear changes in  permeability and constant  thermal con- 
ductivity. Green and  Freehill (1969) considered large lin- 
ear variations of  both  the  thermal  conductivity and in- 
verse permeability  with  depth.  Their results for constant 

X indicate  that nonhomogeneous permeability alone has 
no effect  on  the convective cell width and has only a 
slight  effect  on  the  critical Rayleigh number. However 
the added effect of nonhomogeneous thermal  conductiv- 
ity causes  some interesting behavior. 

The  thermal  conductivity of  porous media is a weighted 
average of  that  of  the dry medium and of the saturat-  

ing  fluid (water in  this case). If  the  conductivity  of  the 
dry  porous medium is greater than  that  of  the  saturating 
fluid,  the  conductivity  of  the  saturated  medium will de- 
crease with an increase in  permeability. However if  the 
conductivity  of  the  dry  medium is less than  that of the 
saturating  fluid,  the  conductivity  of  the  saturated  medium 
will increase with an increase in  permeability. 

For the case of  thermal  conductivity (X) increasing as per- 
meability (k) increases Green and Freehill (1969) found 
little change from  the results for homogeneous porous me- 
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dia. However for the case of A increasing as k decreases 
(as one would expect with water saturated soils; i.e., the 
patterned  ground problem) they  found  the combined  vari- 
ations caused a substantial decrease in  the aspect ratio. 

The  implications for patterned  ground are as follows. For 
patterns  that develop in soil whose permeability a t  the 
inception  of  convection varied with  depth,  the  resulting 
ratio  of  pattern width to  sorting  depth  might be expected 
to fall  within  the  model predictions for homogeneous soils 
unless the  permeability  variations are substantial  and are 
accompanied by substantial variations in  thermal conduc- 
tivity  that increase as the  permeability decreases. In  that 
case the W/D ratio should be smaller than previously pre- 
dicted. 

Anisotropic  Effects 

The problem of free convection  in anisotropic  porous me- 
dia has been studied  by several investigators  with applica- 
tion to  problems ranging  from  heat transfer in insulations 
to  groundwater  movement  in  geothermal fields. Castincl 
and Combarnous (1975) derived the stability  criteria  (crit- 

ical Rayleigh number  and wave number) for  porous media 
whose permeability  in  the  horizontal plane was different 
than  that  in  the  vertical  direction. Epherre (1975) ex- 
tended this analysis to  include anisotropy in thermal con- 
ductivity as well. In  both these cases the  medium was 
assumed to  be horizontally  isotropic.  Kvernvold and Ty- 
vand (1979) generalized the analysis to  include anisotropy 
of permeability and thermal  diffusivity  in  both  horizontal 
directions. In  all these analyses the porous medium was 
bounded by isothermal and  impermeable surfaces. 

By inference it is possible to  apply the generalized results 
of  Kvernvold and Tyvand (1979) to  a system with  bound- 
ary conditions  appropriate to  free convection  in recur- 
rently frozen soils. This is summarized in Table II where 
q = A ~ f / A l r  is the  ratio of horizontal  thermal  conductivity 
t o  vertical  conductivity, ( = kH/kv- is the  ratio of hori- 
zontal  permeability t o  vertical permeability, and a, is the 
critical wavenumber. The  vertical  permeability  and  the 
vertical  thermal  conductivity arc used in  the  evaluation of 
the  critical Rayleigh number. 

Of  principal  interest to  the patterned  ground  model is the 
effect of the  property  variations  on  the  critical wave num- 
ber and hence the aspect ratio (W/D). In most cases the 
anisotropy in  permeability is more pronoynced than  that 

in  thermal  conductivity.  Thus, for the purpose of show- 
ing  the general effect on W / D  we will consider isotropic 
thermal  conductivity (~=1). The  effect of anisotropic 

TABLE I1 Effect of anisotropy on the  critical Rayleigh number 
and wavenumber for Rayleigh free convection in saturated porous 
media. 

Isothermal  and  impermeable boundaries 

isotropic  porous media anisotropic porous media 
(Lapwood. 1948) (Kvctnvold  and  Tyvand,  1979) 

Ra, = 419 

Isothermal,  impermeable  upper  boundary and 
a moving,  compliant, phase transition 

lower  boundary (Le., melting front) 

isotropic porous media anisotropic porous media 
(Ray et al., 1983a)  (This  work) 

Rae = 27.1 

a, = 2.33 = 2 . 3 3 ( < ~ ) - ' / ~  

permeability on the aspect ratio  predictions (W/D) of 
nonsubmerged  polygons is summarized in Table 1 1 1 .  We 
can  expect  similar effects for underwater  polygons  and 
sorted  stripes. 

As can be seen from Table Ill, it is only necessary for 
the horizontal  permeability t o  be twice  that  of the ver- 
tical  permeability  in order to  affect a substantial change 
in W/D, However if an increase in  the  permeability  ratio 
is accompanied by a proportional decrease in  the  thermal 
conductivity  ratio,  the  net result is the same as that  of 
isotropic porous  media. But seldom are the  permeability 
and  thermal  conductivity  that  intimately related. Thus 
it is quite apparent that anisotropic permeability can ac- 
count for the Rayleigh free' convection  model underpre- 
dictions of W/D. 

TABLE Ill Effect of anisotropy on the predicted aspect ratio of 
nonsubrnerged polygons. A value af 9 = 1 and < = 1 corresponds 
to isotropic porous media. 

conductivity permeability 1 critical wave- 1 Aspect Ratio (W/D) 7 
ratio ratio ( 0  numbcr (uc) 1 flat-to-flat 1 peak-to-perk 1 
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Another  interesting result obtained by Kvernvold and Ty- School  Fellowship  and  a  Graduate  School  Foundation  Fund  Award  from 

vand (1979) is that  if  the porous medium is more per- the  University  of Colorado. 

meable in one horizontal  direction  than  in the other  hori- 
zontal  direction,  there is a preference for two-dimensional 
roll cells oriented in  the  direction  of greater  permeability.  REFERENCES 
This  could  account for the appearance of sorted  stripes on 
shallower slopes (- 5" tilt angle) than  determined by the Beskow, G. (1930). Erdfliessen  und  Strukturboden der Hochgegirge 

laboratory experiments of Bories and Cornbarnous (1973) im Licht der Frosthebung. Geologiska Foreningens  Stockholm, 

for homogeneous isotropic porous media (- 1 5 O  tilt an- Forhandlingar, (52), 4, 622-638. 
- - .  

gle). It could also account for the seemingly anomolous 
behavior of sorted stripes oriented perpendicular t o  the 
direction  of steepest slope as observed by Hall (1983). 

CONCLUSIONS 

Variable  soil  properties  combined with variable fluid  prop- 
erties can explain  many seemingly anomolous  results 
for patterned  ground when  compared with  the  filtration 
Rayleigh free convection  model. 

0 Nonhomogeneous permeability  in  concert  with  the 
thermal effects on viscosity can reverse the  fluid  cir- 
culation and  thereby  explain  stone pits. 

0 Antisymmetric variations of  permeability and thermal 
conductivity  with  depth can explain anornolously low 
observed W / D  values. 

0 A greater horizontal  permeability  than  vertical  pcrme- 
ability can explain  anomolously high observed W/D 
values. 

0 Horizontal anisotropy in permeability can explain the 
occurrence of stripes at lower slope angles and their 
orientation perpendicular t o  the  fall line. 

When one considers this filtration free convection  model 
together  with  complementary models  for subsequent sort- 
ing and pattern refinement (Hallet and Prestrud, 1986) 
a more complete  picture emerges. The  model discussed 
here describes the  initiation,  regularity and characteristic 
size of the sorted patterns.  Models such a5 that of Hallet 
and Prcstrud describe the processes taking place once the 
stone  borders, and hence the  patterns have been initiated. 
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HEAT AND MOISTURE TRANSPORT DURING ANNUAL FREEZING AND THAWING 
J.P. Gosink, K. Kawasaki, T.E. Osterkamp and J. Holty 

University of Alaska, Fairbanks, Alaska, USA 

SYNOPSIS Measurements of soil temperature  and  water  content were obtained  repeatedly for an  annual cycle  on the 
University  ofAlaska  (UAF)  Agricultural  Stahon  Farm.  The  site of the UAF farm was cleared of trees  about forty years ago, and 
the permafrost is presently thawing slowly due to the  change  in surface  conditions and a local decade-long warmin  trend. These 
data were anal zed to obtain information on heat  and moisture transport  in  land cleared for agricultural use anfunderlain by 
permafrost. Tge  data were compared to  predictions of a  coupled heat  and  moisture,  finlte  element model, using local 
meteorological data for surface  boundary conditions. Soil temperature, moisture and position of the freeze front  are reasonably 
well predicted by the model. Discrepancies between measurements  and predictions are  related to inadequate  information on sod 
moisture  boundary conditions, and to the  sensitivity of the model to constants  in  the empirical soil moisture-tension  formulae. 

INTRODUCTION 

The  thermal  and  moisture regimes of freezing soils are of 
concern  to   scient is ts   and  engineers   interested  in  

problems. There is a need  to  be  able  to  predict  soil 
agricultural,  engineering,  environmental  and hydrological 

dessication and frost heave  in these soils. ensneerin 
temperature, freeze front positions,  ice se  egation, soil 

purposes,  this  information is essential  for  design an! 
planning of highways,  airfields  and  structures.  The 
Informahon  can also be used in  the design of strategies for 
enhancing  soil  moisture  content  and  soil  temperature 
regime  and for evaluating  the  impact of anthropogenic 
activities on the  environment. 

In areas subject to annual freezing and  in ertnafrost areas, 
the  analysis of the soil thermal  and hydroro ‘cal regimes is 
complicated by phase  change  effects  an? by moisture 
migration.  During freezing, mobile soil  moisture is  drawn 
toward  the freezing front,  increasing  the  available  latent 
heat;  therefore, i t  is critical  that moisture transport  and soil 
water  phase  change be correctly simulated,  particularly  in 
unsaturated soils. The moisture transport  is affected by soil 
moisture  tension  gradients  and  hydraulic conductivity, as 
well as by the soil thermal regime. Moisture transport  and 
soil temperatures  in freezing soils are  stron ly coupled due 
to the freezing of water which produces hi& soil moisture 
tension,  The  analysis of the  ground  thermal  regime is 
therefore  extremely complex, involving coupled heat  and 
moisture  transport,  changing surface  boundary conditions, 
and soil thermal  and hydrologic properties which vary both 
spatially  and temporally  with freezing. The most  feasible 
method of analysls for these  types of problems involves the 
use o f  computer modeling. 

This paper  presents  the  results of an  experiment involving 
measurements of soil temperature  and  moisture  and  the 
comparison of these data with a computer model for the 
ground  thermal  and  moisture regimes. The  data included 
are  temperature  and moisture measurements obtained over 

farm  site. The com uter mode?(Guymon and kromadka, 
a winter cycle at  the Universit of Alaska  ex erimental 

1977) was  identikcfin a preliminary  report  (Kawasaki, 
Osterkamp  and Gosink, 1982) as being hysically realistic 
and  appro  riate for freezing soil  con&tions in  interior 
Alaska. TRe application of the model to real soil conditions 
over a period of several  months should provide information 

on  the  sensitivity of the model over an extended period when 
driven by varying surface conditions. 

THE GUYMON/HROMADKA MODEL 

The GuymowHromadka model is a two-dimensional finite 
element  simulation of the  equations for heat  and moisture 
transport  in  an  unsaturated soil with  phase  change. It has 
been  discussed  in  numerous  reports  (Guymon  and 
Hromadka, 1977; Guymon and  Luthin, 1974; Guymon et  al., 
1980; and  Hromadka  et al., 1981), and so only  a  brief outline 
ofthe major characteristics of the model are reported  here. 

Heat  trans  ort  near  the  phase  front  is  calculated by an 
“isothermaf2hase  change approach which involves  special 
treatment o elements  undergoing  ghase  change  via a 
calorimetric balance. This  approac  assumes a unique 
unfrozen water content, Le., that  the  temperature of the 
element will remain at the freezing  point until  the unfrozen 
water  content  is reduced to a small prescribed value. 
Numerically,  this  feature  causes  an  abrupt  change  in slope 
in  the  temperature profiles since the moisture  content is  not 
smoothly  continuous,  and physical1 it  eliminates  the 
“freezing fringe” region in which su&.antial  fractions of 
unfrozen  water  may  be  found  in  certain  soils a t  
temperatures below the  freezing  oint  (Anderson  and 
Morgenstern, 1973; Anderson and &e, 1972; O’Neill and 
Miller, 1985). However, state-of-the-art models (O’Neill and 
Miller, 1985; 1983) which include the dynamics of ice lens 
formation  are  lengthy  and com lex,   and  are   more 
appropriately  consldered  researct  tools  rather  than 
engineering  techniques.  The  Guymon/Hromadka model 
should  be  considered  an  intermediate  level  model, 
containing empirical formulations which attempt to define 
the hysics of moisture migration  in unfrozen soils, and  ad 
hoc formulations to extrapolate  the theory for thawed  soils 
to frozen soils. When the model is calibrated for known soils 
samples, it should be possible  to  use  the  model  for 
engineering purposes. An objective of this  study was to test 
the Guymon/Hromadka model against field measurements 
of t e rn   e r a tu re   and   mo i s tu re   fo r   an   ex tended  
period.Tgerma1 conductivity and specific heat  are specified 
in  the model as  linear  functions of moisture, ice and soil 
content: 
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v = Bi Vi f 0,v, + esvs (1) 

where v is  either  thermal conductivity or specific heat, Vi, 
vw and v, are  the  same properties for ice. water  and  dr soil, 
respectively, and Bi, 0, and 0, represent  their  re I ative 
volume fractions. More recent  formulations of thermal 
conductivity (e. Farouki, 1981) provide a more accurate 
calculation megod for this  property  and  may  easdy be 
incorporated into  the model. This  improvement was not 
attempted  in  the  present  study since the  primary ob'ective 
was to compare  predictions of an  existing model wid field 
data. 

In the  general freezing case, total volumetric water  content 
may  vary  within  the calculation  domain, allowing ice in 
excess of soil porosity to form; the excess ice results in frost 
heave.  Moisture may  enter  the soil surface as precipitation, 
or may be drawn from the  water  table  or  wetter  soils at 
depth.  In  the model, the  availability of this  moisture  is 
limited by the  magnitude of the  hydraulic conductivity, the 
calculated  pressure  gradients,  and  the  assumed  relation 
between  pore  pressure  and  hydraulic  conductivity,  and 

by Gardner (1958). 
between pore pressure  and unfrozen water content as given 

VARIATION OF OTHER SOIL PARAMETERS 

The  Gardner  formulations for hydraulic conductivity, K(Y), 
and unfrozen water content, NY), as functions of sod water 
potential, W, are as follows: 

K( Y) = &,/(Ak (Ylnk + 1) (2) 

e(w) = ed(Ael~lne + 1.) (3) 

where J&, is  the  saturated  hydraulic conductivity, eo is  the 
saturated volumetric  moisture content (porosity) and Ak, 
nk, and A@, ng are  the empirical constants  appropriate for 
h draulic  conductivity  and  soil  moisture,  respectively. 
Tiese  formulae  are applicable  only when w < 0, i.e., when 
soil water  tension  exlsts  due to drying or freezing effects. 
For ry 2 0, K(Y) = KO and =eo. 
The  Gardner  expressions  simulate  the  reduction of 
hydraulic conducbvity and  moisture  content as soil water 
tension increases. Both expressions  predict  a  reduction in 
the  transport of moisture  and associated latent  heat to the 
freeze front as the empirical constants increase. For a given 
moisture  gradient,  any  increase  in  the  denominator  in 
equation (2) decreases the  available  latent  heat  transported 
to the  freeze  front,  and  conse  uently,  accelerates  the 
downward motion of the  freednglront. Gu 
communication) has compiled a table of va Y ues for the four 
empirical  constants: Ak, nk, Ae and ne. Hydraulic 
conductivity is  further reduced whenever we is present, 
through  an empirical attenuation factor E, such  that: 

and 

Kh (Ill,&) = K(Y) * 10-Eei (4) 

where Kh is  the  actual h draulic conductivit . Relatively 
little  information  is  avai Ji able  regarding E (losink, et al., 
1986); however,  typical values  are between about 8 for fine 
sands  and  silts to about 20-30 for coarse gravelly soils. The 

may be questioned (O'Neill, 1983; Miller. 1973)  since these 
use of the empirical  formulae  given by equations 2 and 3 

expressions do not allow  for  ex licit  temperature  or Ice 
pressure dependency. It is probag1 this inadequacy in  the 
soil moisture-tension  relation whicg necessitates the use of 
an  additional empirical  expression, given by equation 4. 
However, once the  appropriate  values of the five empirical 

coefficients are  determined for a given  soil, it  should be 
possible to predict the  thermal  and  moisture  regimes for 
arbitrary  surface conditions for engineering purposes. 

In a ty  ical calculation, the soil temperature  equation  is 
solved Erst using  initial  estimates of soil moisture and ice 
content  in  the calculation of the  thermal conductivity and 
specific heat.  Next,  the above expression for h draulic 
conductivity is used in Richard's equation (de Mars&, 1986) 
to  solve  for  the  pressure  field,  which  then  allows 
determination of the  unfrozen  water  content  through 
e uation (3). Calculations proceed with  alternating solution 09 the  heat conduction equation  and Richard's equation 
which are  strongly coupled because of moisture  migration. 

TEMPERATURE AND MOISTURE MJ3ASUREXFNl"E 

Five  sites at the  University of Alaska  Agricultural 
ex erimental  mea were selected in a study to determine  the 
efPects  of introducing a solar absorptive material  such as 
lampblack  on  the  snow  surface  to  accelerate  springtime 
thawing.  The sites were located on open tilled farmland. 
Further  details  regardin  the  sites  and  the  experimental 
methods  may be found  in%olty et al. (1987). Each site was 
instrumented to a depth of 50 cm with  strings of thermistors 

measurements  were  obtained  almost  monthly  getween 
that also  extended above the snow surface. Tem erature 

November  1981  and  May  1982,  although  the  present 
analysis  includes only measurements from November 1981 
to February 1982. 

Moisture measurements to depths of about 300 cm were 
obtained  using a neutron probe calibrated to a standard. 
The soil at the UAF farm located in interior  Alaska is quite 
dry,  due to the low annual precipitation rate,  and  it  is known 
that the top la er of soil becomes dessicated under  the snow 
cover during d e  long Alaskan  winter  (Trabant  and Benson, 
1972). The  water  table is generally  about 4 m below the 
ground surface at the  farm sites. 

Daily  air  temperature  maxima  and  minima were obtained 
from an  existmg  weather  station at the UAF experimental 
farm  about 300 m from the location of our measurements. 
At  the  time of preparation of this report no wind speed data 
were available; therefore, a complete surface heat  balance 
to  determine  surface  boundary  conditions  was  not 
attempted.  Instead,  an  empirical  relation based on air 
tem  eratures  and surface temperature was devised. This  is 
expiined  in  the  next section. 

TEMPERATURE AND MOISTURE  BOUNDARY AND 
INI'MAL CONDITIONS 

In its original form, the numerical model could accept three 
types of boundary  conditions for either  temperature  or 
pressure: a constant  value, a periodic  value,  or zero 
gradient.  The  latter condition implies zero heat flux when 
a plied to the  temperature  equation,  and zero moisture  flux 
wien  applied to the  pressure (Richard's) equation.  For the 
purpose of this  study,  the model was modified to provide the 
capability of including user-defined boundary temperatures 
and  pressures on a dally basis. In principle, the model may 
also  be modified to  utilize a prescribed  surface  heat  or 
moisture flux. The surface  boundary conditions drive the 
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model, and so it  is  essential  that reasonable estimates of 
surface  tem  erature  and pressure are prescribed. In  the 
present  stu CY y, neither  surface  temperature  nor  pressure 
measurements were available on a daily basis. However, 
meteorological data from the UAF farm were available, 
including  daily  maximum  and  minimum air temperatures, 
and  rainfall  or snow equivalent  and evaporation (NOAA, 
1981, 1982). These data were used to set ound  surface 

methods described below. 
temperature  and pressure  boundary  congions by the 

Since  wind velocity and cloud cover data were not  available 
at the  time of this  study, a complete heat balance could not 
be attempted  and  the surface temperature condition was 
defined in  terms of the  average dally air temperature.  In 
particular,  the boundary temperature  was assumed to equal 
19% of the  average  air  temperature  in "C for the previous 24 

of the  ratio of measured $08 temperature a t  1 cm depth to 
hour period. This percenta  e represents  the average  value 

measured  air  temperature on six  dates; the  measured soil 
temperature  distributions were obtained on November 24, 
December 9 and 12,  1981, and  January 4 and 19 and 
February 24, 1982. The use of these  temperatures as a 
surface  boundary condition is a site-specific empirical device 
which permits a reasonable  approximation of the  actual 
surface  temperatures  to be used  in  the  model, It is 
important to note that the goal of this  study  was to test the 
model rather  than to test a complete surface heat balance 
model. Daily maximum  and  minimum air temperatures at 
the  experimental  farm  starting from August 1, 1981 are 
displayed in  Fi  re 1. Zero heat flux  was  assumed at the 
bottom of the  carulation domain, 
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Fig. 1: Daily maximum  and  minimum  air  temperatures 
from  the  UAF  experimental  farm  commencing 
August 1,1981, 

At  first,  initial  temperature  and moisture distributions were 
assumed for September 1,1981 based on previous data from 
interior  Alaska. However, early  calculations  indicated 
consistent discrepancies between measured  and  the  first  set 
of predicted temperatures for November 24. For this reason, 
another  month of air  temperature  data was added, providing 
a longer initial  adjustment period. The  initial  temperature 
and  moisture conditions on August 1 consisted of uniform 
temperature  equal to 1°C and uniform moisture  equal to 
0.24. 

The  water  table was assumed to remain at a constant level of 
4 m throughout  the calculations, based on s oradic  data 
obtained  in previous ears Since we used a caiulation 
extending 5 m down &rn the surface, the pressure b o u n g g  
condition was Y = 100 cm at y = 500 cm. Several  other 
water  table  depths were used in  the  simulations ( f 50 cm) 
but  there  was  very  l i t t le  change  in  the  predicted 
temperature  and  moisture profiles. 

At  the  ound surface, a daily pressure  boundary condition 
was d e g e d  by the following procedure. On rainy  days  the 
moisture  was  assumed to infiltrate  the  surface  and  the 

head. It was assumed that  the soil at the surface would dry 
surface  pressure  was  set  equal to zero in units of hydraulic 

to a residual  water  content  in four days. Thus, following a 
rainfall,  the surface moisture would drop linearly from its 
saturated  value to its  residual  water  content  in four days; 
the surface pressure could then be calculated from equation 
3 since the soil water tension equals y. This  method of 
determining  surface  pressures  is  somewhat  arbitrary; 
however, since actual  surface  moisture is unknown,  and 
since the  time step for the model is one day,  the  method 
provides a rough  first  estimate of the  actual  surface 
moisture. 

Figure 2a displays precipitation and evaporation measured 

Note that  these  are referenced to the te f t  axis.  The  net 
at the  UAF  experimental  farm  durin  the  study period. 

accumulation of moisture  added to the soil in  the form of 
rainfall  minus evaporation is also depicted in  Figure  2a, 
referenced to the  right axis. The  net accumulation was 
neeative  throughout the study period indicating a net loss of 
molsture from the soil. Positive  precipitation on days with 
temperatures below 0°C represents snow and  is not added 
into  the  net accumulation. For example, the precipitation 
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Lure to the soil. The surface 
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Fig. 2a: Rainfall  and  snow  water e uivalent -5 
minus evaporation a t  the  UAFIarm from 
August 1, 1981 (left axis). Accumulated 
rainfall  minus  evaporation at the UAF 
farm from August 1,1981 (right axis). 

2 0 , 1 0 1  I , , , I , , 
0 00 

0 4 60 90 I Z A  I58 188 218 

Fig. 2b: Surface moisture condition (cm3/cm3) derived from 
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rainfall  minus evaporation (see text). 
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figure  caption.  Note  that  the  range of measured 
tem  eratures for these  adjacent sites is almost 2°C (see 
820f19 at 20 em). a large  variation for very  similar plots of 
dry,  tilled  agricultural soil. The calculated temperatures 
a p e e  quite well with  the  measured soil temperatures. 
Dwcrepancies between  calculated  and  measured  profiles 
occur on the  dates  when the im osed surface  boundary 
temperature, e ual to 0.19 times d e  daily air temperature. 
diverges from A e  actual soil tem erature at the 1 cm de th. 
temperature  condition, we altered  the  imposed  surface 
temperature for the  day of the calculation and the previous 

PREDICTIONS day to match the  measured  surface  temperature.  This 
corresponds to changing  12 of the  208 imposed surface 

Predicted  and  measured  temperatures for the six dates  and  temperatures  durin  the period from Au st 1, 1981 to 
at the five sites are displayed in Figure 3. The identification February 24,1982. %e results of this calcuttion  using  the 
of site  number  with its respective symbol is given in the "corrected" meteorological forcing are shown in  Figure 4. 

"0  - V."" A" -, -0 - ".."I. ~n an  effort to test the effect oPa more accurate surFace 
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Fig. 3: Temperature  measurements (0 site 2; 0 site 3; A site 4; + site 5; x site 6) and predicted temperatures (solid line) 
using uncorrected  surface temperature. 
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Fig. 4: Temperature  measurements (0 site 2; 0 site 3; A site 4; + site 5; X site 6) and predicted temperatures (solid line) 
using corrected surface temperature. 
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Fig. 6: soil  moisture  measurements (0 site 2; 0 site 3; A site 4; + site 5; X site 6) and predicted soil moisture (solid line). 

The  agreement   between  calculated  and  predicted 
temperatures is improved over those shown in  Figure 9, 
particularly  near  the  surface. It is expected that   the  
agreement would be excellent if daily measured soil surface 
temperatures   were  avai lable   to   dr ive  the  model .  
Alternatively, a rel iable   heat   balance  method  for  
determining surface heat flux or temperature with daily  air 
temperature,  wind  speed,  cloud  cover  and  radiation 
measurements could be used to improve the prediction. 
Calculated  and  measured  total moisture  contents (ice and 
water) for three  dates  are  displayed  in  Figure 5 .  The 
calculated  moisture profiles are  in  qualitative  agreement 
with  the  measured  values,  although  measured  moisture 
profiles show a eater  curvature.  The discrepancies are 
probably due to g e  assumed  pressure  boundary conditions, 
including  both  the  level of the  water  table  and  the soil 
tension at the surface, and to the  sensitivit of the empirical 
constants  in  equations 2 and 3. For exampre, the  sensltivity 
of  +e calculated  moisture  content to the  constants Ae and 
ne IS: 

dB = -0%~"~ (dAe + Ae In Y dne) /Bo ( 5 )  

Since  in very dry soils,  soil  tension  may be as large as 
several  thousand  centimeters,  small  changes  in Ag, in 
particular,  can  strongly  alter  the calculated soil moisture, 
Note that  the  term Ae In Y is  uite  small for this case (A0 = 
6.05. 10-31, showing  that  %e  calculated  moisture is 
relatively  insensitive to changes  in ne. Although  the 
method used to define  surface  moisture in this study was at 
best a reasonable  approximation, it is clear  that  the 
assumed  value of the  parameter Ae may  dominate  the 
calculations for 8. 

For all these  calculations,  the  hydraulic  conductivity 
attenuation factor, E, was  set  equal to 16. This  value, in  the 
mid-range of those recommended by Guymon et  al. (1980). 
was found to provide the  best  agreement between measured 
and  predicted  temperature  and  soil  moisture.  The 
predictions are relative1 sensitive to E; however, variations 
in E by as much as 25% 6 ~ 4 )  generate acceptable predictions 
of temperature  and soil moisture  from  an  engineering 
viewpomt. 

The  calculated  pressures are also sensitive to the  residual 
water content; a value of 0.2 was  used in  the calculations, 
slightly  less  than  the  minimum  water content measured  in 
the  study. Since the  residual  water  content  determines  the 
surface soil  tension  (see Figure 2b), this  parameter  strongly 
controls  moisture  migration  near  the  ground  surface. 
Furthermore,  there  is some question regarding  the 

reliability of soil moisture measurements  near  the ground 
surface. The  neutron probe effectively integrates moisture 
contents over a finite  re 'on approximately 25 cm of depth, 
and  therefore  the  actuafkinimurn  water content near  the 
soil surface  may be quite different from the  measured  value, 
Clearly improved estimates of soil moisture content  and 
water  table  levels  are  required  for  reliable  moisture 
prediction. 

CONCLUSIONS 

Measurements of shallow  soil temperature  and  moisture 
content  were  obtained at the UAF experimental  farm 
station  during  winter 1981-82. These data were compared 
with predictions from a coupled temperature  and moisture 
finite  element model of Cuymon and  Hromadka (1977). The 
agreement   between  measured  and  predicted  soi l  
temperatures  was excellent when realistic meteorological 
forclng was prescribed. This forcing was incorporated into 
the  model  through a modification  which  permits  the 
imposition of user-defined daily  temperatures  and pressures. 
The major area of discrepancy  was in the soil moisture 
calculahons,  and this probably reflects uncertainties  in  the 
prescription of both the  pressure boundary  conditions and 
the  empirical  constants  in  the  Gardner ex ressions. 
However, the  general  trend of the  data  is very we! redicted 
using  the  assumed  boundary contions. It is cgar   that  
reliable  temperature  and moisture  predictions in freezing 
soils depend strongly upon accurate knowledge of the forcin 
or  boundary conditions, primarily surface temperature  an K! 
moisture,  and  that  experimental programs  should  include 
frequent  measurements of these  parameters. 
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SUMMER THAWING OF DIFFERENT GROUNDS - AN EMPIRICAL 
MODEL FOR WESTERN  SPITSBERGEN 
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Poland Academy of Sdence, Institute of Geography Dept. of Geomorphology and hydrology, 
87-100 Torun, Kopernika 19, Poland 

.srmrsIs 
Studies o f  summer  thaw  in  various  kinds  of  ground  were  carried  out  in  Spitsbergen  during  five  sum- 
mer  seasons.  The results o f  950 measurements  made  on  the  coastal  plains  lying  at  an  altitude  of  up 
to 60 m  a.s.1.  were ~s~bjected to analysis, Seven different  environments  have  been  recognized.  They 
display  a  varying  rate  and  depth  of  thaw,  i.e.  a  varying  depth  of  the  active  layer.  Empirical 
curves  have  been  plotted  to  illustrate  the  scheme  of  the  operation o f  this  process.  They  have  been 
approximated by means of  simple  formulae.  The  proposed  model  represents  the  simplest  solution, 
i.e. the  operation  and  depth of summer  thaw  in the function of the  duration of this  process. 

INTRODUCTION 

One of the  basic  characteristics of permafrost 
regions i s  the  depth  of  seasonal  thaw  in  the 
ground  layer  immediately  below  the  surface. 
This  layer i s  refered  to  in  the  literature  as 
actice  the  layer.  It  is  necessary  in many 
branches  of  biological  and  geographical 
sciences to acquire  information  pertinent  to 

Note  should be made  of  the  fact  that  most 
the  depth, its spatial  and  time  variations. 

summer  expeditions  Come to the  study  area  when 

and  leave  before  it  ceases.  Depth of the  thawed 
the  thaw process has already  become  advanced 

layer are expressed  in  centimetres  in the 
geological-geographical  field. The research  is, 
however, of quantitative  character  and  provides 
a discription  of  the  influence o f  selected 
environmental  elements  on  the  course  of  the 
thaw  process.  This  paper  presents  a  tentative 
quantitative  assessment of the  seasonal  thaw 
process  from  the  geological-geographical  view- 
point. 

COURSE AND DEPTH OF W " € R  THAW: SCHEME INTER- 
PRETATION 

The  depth  of  summer  thaw  in  various  kinds of 
ground  has  been  presented as a scheme by Mackay 
(1970) who  explored  the  Atctic  portion o f  
Canada.  One of the subjective5  to  be  reached by 
the  present  author is to work  out  a  similar 

It ahould allow  for the  operation  of  the 
scheme  with reference to  Spitsbergen  (Fig. 1 ) .  

process  with  time.  From  the analysis o f  a set 
of estimates  available,  it  follows  that  at 
least  seven different environments  which di f fer  
in  the  course  and  depth o f  thaw,  i.e.  the 
thickness of the active  layer,  may be recog- 
nized: 

Ia, Ib.  grounds  varying  in  particle,  size 
distribution,  with a blanketing  con- 
tinuous  organic  layer,  more  than 20 
cm thick  (Ia)  and 10 to 20 cm thick 
(Ib). 

II. tills  With  high  moisture  contents 

tundra  vegetation, 
which are colonized by luxuriant 

111. gsave'lls, sands  and  silts  within  de- 
pressions  at  marine  terraces,  which 
are  occupied by luxuriant  tundra 
vegetation, 

IV. 

V .  

modelled  ground  (Jahn, 1970), the 
interior of which  is  built UP of 
predominant earth particles  and 
which A?-...c?lonized by_extrem@Jy 
luxuriant  tundra GqetaClon, 

Sands,  gravels of  which  marine  ter- 
races  covered with  sparse  tundra 
vegetation are built  up, 

VI * gravels  and  sands  forming  present- 
day outwash fans, 

VII.  mineral  mantle  (boulders,  silts) 
over ice-morainic  ridges. 

With  reference  to  (Ia)  and (Ib), it is commonly 
that an organic  layer  in  the  form  of  either 
turf or peat  serves  as  a  heat  insulator  in  the 
thawing of ground.  There  is 50-60 percent  fall 
in  the  annual ground temperature  amplitude  be- 
neath a peat  moss  layer  is  thick.  Czeppe (1969) 
and  Jahn (1970) have  provided  interesting  data 
from Spitsbeygen.  From  the  above,  it  can be in- 
ferred  that  a  layer  of  moss  and  grass  less  than 
10 cm thick  has  a  marked  effect  on  a  fall  in 
the  rate of thaw.  Jahn (1982)  carried  out  his 
observations  in  test field 1 m  in  surface 
axea.  An  organic-mineral  layer of varying 
thickness was removed  from  them.  The  results o f  

.well as 120 measurements performed  at  similar 
Jahna experikent  and authors  experiments as 

sites  permitted  determination of t.he average 
course  and  depth  of  summer  thaw  beneath  organic 
layers  more  than 20 cm thick  (Ia)  and 10-20 cm 
thick (Ib). In  the  former  cane  the  active  layer 



was about 40 cm in thickness in late September, 
whereas it approached 55 cm in the latter case. 
The diurnal rate of thawing beneath an over 1 0  
cm thick organic layer was 0:25 t o  0.35 cm. AS 
concerns (If), t.he environment consists of 

colonized by luxuriant tundsa vegetation occur- 
tills with  high moisture contents, which are 

ing as a continuous cover up to 1 0  cm thick at 
some places. It  is there that the ground thaws 
down to the depth of about 70 Cm. In the 
initial stage of thaw down to 50 cm the  rats o f  
thawing ranges from 1 . 7  to 1.3 cm throughout 
t.he 2 4  hour period  and next, drops off abruptly 
to 0.8 to 0 . 3  cm throughout the 2 4  hour  period 
within a layer 5 0 - 7 0  cm thick. The diurnal rate 
of thawing was slower than 0 . 1 1  to 0 . 1 2  cm be- 
low the depth of 7 0  cm. 

d 
h - depth of thaw 

d i 3 a  8 
H 
0 

ACTIVE LAYER 

FIGURE 1 

Fig. 1 .  Scheme o f  summer thaw. the W R ~  

With  regard to (III), shallow depressions with 
high moisture contents within marine terraces, 
which frequently lie along tracks of periodic 
surface runoff, are covered by well-developed 
tundra vegetation. They are usually filled with 
fine silty material up to several centimetres 
thick. Sheets of strongly recrystallized snow 
showing ilusive resemblance to icings (naled) 

t,he depth of 90 cm of the average. A 0-70 CUI 
lie till late summer. These sites thaw down to 

thick layer thaws at the diurnal rate of  2 . 5  to 
1 . 2  cm, whereas the rate of thawing of a 70-90 
cm deep Layer is merely 0.5 to 0.2 throughout 
the 24 hour period. Such sites occupy vast 
areas of the Spitsbergen tundra. 

As regards (IV), regular measurements of the 
depth of thaw were performed within a few forms 
near t,he Polish Polar Station. They are refered 
to by Jahn ( 1 9 7 0 ,  p .  1 1 6 - 1 1 8 )  as modelled 
grounds of type A .  The base of debris likes 
forming garlands i s  in contact with the top of 
permafrost. The  course of summer thaw was 

traced inside the garlands where till is the 
predominant constituent. Heat transfer into its 
interior within stone garlands alone i s  of con- 
siderably greater magnitude. The garlands serve 
as drains. Among others, this accounts for deep 
t.hawing of the ground within these forms (down 
to 1 4 0  cm). The permafrost surface is highly 
diversified. The average depth of summer thaw 
is 1 1 0  to 115 cm. It  is rather difficult to 
measure it precisely since there is coarse 
material with particles having sharpness around 
their edges at the contact plane with 
permafrost. A 0-50 cm deep ground layer thaws 
at a rate of up to 4 cm throughout the 2 4  hour 
period, whereas the diurnal rate of thawing of 
a 50-90 cm deep layer is merely 1 . 0 - 2 . 0  cm. Be- 
neath the depth of 90 cm the rate of thawing 
drops off  ta below 1 cm throughout the 24 hour 
period to become decreased in  a 105-115 cm deep 
layer by 0.2 cm throughout the 24 hour period. 

Refering to (V), terraces and early storm 
lridges are dissected by the multiplicity of 

down to the depth of 140 qm. In winter a thin 
large-size polygons. On the average, they thaw 

m o w  cover lles there; It melts away as early 
as in mid-June. These areas are well drained. 
As early as in mid-July a layer  of the thawed 
ground is 100 cm thick. Thaw proceeds then at a 
rate slower than 1 cm throughout the 24 hour 
period. 

As far as ( V I )  is concerned, the course and 
depth of thaw in outwash fans heaved up at a 
present time resemble those observed in en- 
vironment V.. -In the jnjt ia?. .stage the diurnal 
rate of thawing is up to 4.5 cm. There is a 
marked fall in the rate of thawing as deep down 
as 100 to 1 1 0  cm. Such operation of the process 
can be linked to numerous outwash streams in 
which discharge decreases markedly as late as 
at the beginning of August. The average depth 
o f  thaw is 1 4 5  cm. Deviations from this value 
may be f 40-50 cm. In late August in t.he Summer 
o f  1979 the maximum thickness of thawed sands 

outwash plain of the GBs Glacier. Generally, 
and gravels was even 230 cm on the outermost 

the grounds thaws about 50-55 cm deeper close 
to t.he streams compared with the surounding 
area. 

With reference (VTI), measurements of the depth 

ridges are extremely difficult. plotting of a 
o f  thaw in a mineral mantle over ice morainic 

curve was based on ground (a layer down to the 
depth of 120 cm) temperature values recorded 
sporadically on ice morainic ridges o f  the 
Werenskiold (at one point)  and Hans (at three 
points) glaciers. The measurements were par- 
formed using lifting thermometers. Information 
was also supplied by 24 holes bored by the use 
of a corer, by measurements carried out in 
natural exposures and by data quot,ed in the 
literature. ~ As mentioned above, the earliest 
thawing of the  qraund  begins along the creaks 
of the ice morainic ridges with no snow laying. 
The existing water-filled depressions are due 
to thermokarst activity, i.e. the melting of an 
ice core. The depth of summer thaw on the ice 
morainic ridges is closely related to their de- 
gradation. Szpnnax ( 1 9 8 2 )  has established that 
the t.hickness o f  an ablation moraine over the 

Szupryczynaki ( 1 9 6 3 )  has est,imated the same 
ice morainic ridges dues not exceed 1 . 7  m .  

values while Troicki (Troicki, Singer et al, 
1 9 7 5 )  has stat.ed that an ablat.ion moraine may 
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attain 2 m in  thickness in Spitsbergen.  The 
maximum  thickness  of a mineral  mantle  over  the 
ice  morainic  ridges of the  Hans,  Werenskiald 
and GAS Glaciers  was 2 . 2  m. Kozarski ( 1 9 7 4 ,  
1982)  has  discussed in detail  ablation  morainic 
covers 8 s  heat-insulators.  He  has  pointed  out 
that  they  protect  ice  against  progressive 
melting  out  after  they  have  attained  definite 
depths  and  under  certain  conditions  they 
initiate  the  formation of i c e  morainic  ridges 
refered  to by Kozarski as ablation  end 
moraines. It has  been  established  that a 175 cm 
thick  ablation  layer  protects  the  ice  core 
against  melting out under  the  existing  climatic 
conditions.  Ice  has  been  detected  beneath  a 
t,ill  layer of similar  thickness  in 17 cases, 
whereas  summer  thaw  has  not  reached  the  top of 
ice core. in 7 cases  (over  slopes).  There is a 
tendency  for  the  basal  portion  of  the  slope  to 
t.haw at shallow  depths,  i.e.  down to the  depth 
of 30-40  cm. It can be  linked  to a prolonged 
period  with  snow  lying,  on  the one  hand, and to 
a higher  percentage of finer  fractions o f  
particles,  on the other hand. 

~ "" . ." . 

CONCLUSIONS 

The  stablished  pattern of seasonal  thaw  in 
various  kinds o f  ground  at  an  altitude of up to 
60 m a . s . 1 .  provides  the  bases of plotting  of 
eight  empirical curves, the  approximations  of 
which are given by the  equation: 

h = a l g ( T + c ) - b  

where h is  the  depth of a thawed  layer, a and b 
are  constant  coefficients  defining  a  thawing 
layer,  T  is  the  duration o f  thaw  in days,  c  is 
allowance f o x  earlier, (+) or a Later ( - 1  disap- 
pearance  of  snow at h given  locality.  Index c 
is calculated  in  the  following  way:  the  actual 
number  of  the 24 hour  periods  of  delay  devided 
by 4 .  Definite  formulae  for  particular  environ- 
ments are given  below: 

Ia. h = 29 lg (T- 6 )  - 20 
rb. h = 39 lg (T- 6 )  - 20 
11. h = 5 3  lg (T- 5 )  - 28 
111. h = 62 lg (T- 3 )  - 25 
IV. h 3 84 Is (T -40 )  
V. h = 96 lg (T -37 )  
VI. h e 105 1s (T-41) 
VII. h = 116 lg (T+ 7 )  - 5 7  

If  the  duration of thawing in a selected  kind 
of  ground  environments  is known, the above 
formulae  permit  determination o f  the  thickness 
of  the  active  layer  with  high  precision.  Jahn 
( 1 9 8 2 )  also  constructed a model of summer  thaw 
in  Spitsbergcn.  It  implies  that  the  rate of 
*.hawing  decreases  with  depth  by  means of geo- 
metrical  progression.  This  is  illustrated by 
curves (Fig. 1 ) .  The  proposed  model  is  based  on 
time, a generally  well-known  factor, it takes 
for a ground  layer of t.he same  thickness to 
thaw.  The  time  increases by  mean3 o f  geometri- 
cal  progressian. 
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OBSERVATIONS ON THE REDISTRIBUTION OF MOISTURE 
IN THE ACTIVE LAYER AND PERMAFROST 

S.A. Harris 

The University of Calgary, Alberta, Canada 

SYNOPSIS Neutron  probe  measurements of moisture  in  the  ground  in  permafrost  areas of the 
Cordillera of Canada  indicate  that  there  is a characteristic  concentration of moisture  in  the  top 
layers  of  the  permafrost  table. It consists of both  segregated  and  pore  ice  and  distinctive 
movements of moisture  take  place  as  the  temperature  changes.  Moisture  moves  in  the  direction  of 

These  changes  can  be  demonstrated  as  thawed  profiles become  permafrost, and  they  also  take  in 
the  lowest  temperature, so that  the  moisture  maximum is  fed  by  moisture coming  from  above  and  below. 

palsas.  addition  from  above is dominant,  but  there is a specific  limit for  each  substrate. 
Theseafter.  additional  moisture can onlv  be  added  by moisture  injection, but  the  excess  moisture 
dissipates-quickly  when injection  ceases. 

INTRODUCTION 

Permafrost  is  defined  as  a  cryotic  temperature 
condition  in  the  ground for moxe  than  two  years, 
but  this  definition  disregards  moisture  status 
and  phase. In this  paper  "moisture"  refers  to 
total Hz0 content  regardless of the  proportions 
in solid, liquid  and  gaseous  phage. In 
practice,  the  phase  change  from  liquid  to  solid 
and  vice  versa is accompanied  by  volume 
changes  causing  heaving  and  settlement, 
respectively.  These  changes  play  a  major  role 
in  the  formation  of  most  zonal  permafrost  land- 
forms  (Harris,  1982a, 1982b), and  they  are of 
fundamental  importance in engineering  design 
and  the use of  permafrost  segions by Man 
(Andersland & Anderswn,  1978:  Johnston, 1981; 
Harris,  1986) . 
~t  is o n l y  in  the  last 12 years  that  the 
processes  involved  in  producing  typical  moisture 
regimes  in  permafrost  have  begun  to  be  studied 
in the  field.  This  paper  summarizes a series 
of observations on total  moisture  content  with 
depth  in  several  areas of the  Cordillera  of 
Canada by  the  author  since 1980. 

FIELD METHODS 

Figure 1 shows the sites  used  by  the  author  and 
his  students fox moisture  studies of alpine 
permafrost in the  Canadian  Cordillera.  Access 
tubes for neutron  moisture  probes  were  emplaced 
in  holes  drilled  in  the  ground  by  diamond 
drilling (at  Summit Lake A ) ,  by hot  water 
drilling  using  a  modification of the  method of 
Napoleoni  and  Clarke  (1978),  or  by  digging  a 
hole  in  the  ground  and  placing  access  tubes  in 
the  corner  of  the  pit  followed by  backfilling 
of  the  hole  (Plateau  Mountain  and  Slims  River 
rock  glacier). Of these  methods,  the  hot  water 
drilling in winter  produces  the  least  disturb- 
ance of the  pre-existing  moisture  regime  since 

the  hole  that  is  thawed  is  only  just  the  width 
of the  access  tube.  The  pit  method  causes  the 
greatest  disturbance. 

Fig. 1 Location of the  Neutron  Probe  Studies 
in  the  Canadian  Cordillera. 

Steel  access  tubes  may  become  unusable  after 
t w o  years  due  to  conduction of cold  into the 
ground  accompanied  by  severe  icing on their 
insides.  This  also  raises  the  possibility  of 
an  altered  moisture  regime  around  the  access 
tube. PVC plastic  tubes  proved  far  superior 
since  they  largely  overcome  the  icing  problem 
and  do  not  corrode.  They do, however,  absorb 
some of the  neutrons  and  each  batch  of  plastic 
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tubing  is  tested  in a standard  soil  plot  to 
check on the  degree  of  absorption.  Ground 
temperatures  were  measured  in  adjacent  access 
tubes  containing  thermistor  strings. 

The  neutron  probe  is  a  model  which  averages  the 
moisture  content  by  volume  in a sphere  approx- 
imately 30 cm  in  diameter.  The  standard 
deviation  of  the  count i s  under  I%.  When  the 
count  is  divided  by  the  standard  count  (mean 
of 10 measurements),  the  resulting  ratio  is 
corrected  for  variations  in  electrical  per- 
formance of the  circuitry. The ratio  can  be 
converted  to  percentage  by  weight  if  the  soil 
density  is  measured  and  the  resulting  values 
calibrated  against  soil  samples  whose  moisture 
content  is  determined  gravimetrically. 

TYPICAL WINTER  MOISTURE  PROFILE 

Figure 2 shows  a  diagram o f  the  typical 
moisture  profile  determined  in  winter  in  homo- 
geneous  materials  in  permafrost  ground  lacking 
ice  wedges  (from  Harris,  1986, Fig.  2.14).  This 
pattern  is  very  distinctive  and  is  quite 
different  from  that  found  in  non-permafrost 
areas.  In summer, the  maximum A is  missing  but 
is  replaced  by a maximum  Located  immediately 
above the base o f  the  thawed  zone. 

Mois ture   Content  (%I- 

Fig. 2 Typical  Winter  Moisture  Profile  in  the 
Upper  Layers of Permafrost  (from  Harris, 
1986, Fig.  2.14,  with  PerMission).  The 
origin  of  the  parts  marked by letters  is 
given  in  the  text. 

In  Figure 2 ,  maximum A i s  partly  due  to  snow- 
melt  infiltration  into  the  surface  of  the  soil 
prior  to  freezing of  the  ground,  and  is  aug- 
mented  by  water  moving  to  the  freezing  plane 
from  below.  Maximum C corresponds  to  the 
frozen  perched  water  table  at  the  base  of  the 
active  layer  from  the  previous  summer,  again 
augmented  by  water  moving  to  the  freezing  plane 
from above.  Both  maxima  are  characterized by 
the  presence of ice  lenses as well as  pore  ice 
(Mackay,  1971a;  French & Pollard,  1986). 
Minimum E corresponds  to  the zone  of maximum 
water  depletion  in  the  middle of the  active 
layer  during  freeze-up. 

As noted by many  authors  (Brown & Sellmann, 
1973;  Washburn,  1979;  Pollard & French,  1980), 
the  upper  part of the  permafrost (D) usually 
contains the  largest  quantities o f  ice  (Fig. 3 ) .  

R a t n o  (countlstandard count1 

" 

L 

Pig. 3 Range of 14  Measurements  of  Moisture 
Content  in  the  Surface  Layers of Permafrost 
at  NP4,  Push  Lobe  in  Front  of  a  Rock  Glacier, 
Slims  River  Valley  (from  Blumstengel, 1988, 
with  permission).. 

This  appears  to.be  true  regardless of the  form 
of the ice,  and  the  position of the  profile,  or 
the  landscape.  Ice  wedges  become  increasingly 
important  in  the  western  Arctic  coastal  plain 
(Harry et al., 1985)  but  produce  a  similar  ice 
distribution  with  depth.  There  is  usually a 
gradual  decrease  in  total  moisture  content  at 
depth  in  the  main  mass of the  permafrost  body. 
Actual  amounts  of  ice  vary  widely  but  may  range 
up to 2000% by dry weight  in  peat  (Konosita  et 
al., 1978), and  1000%  by  dry  weight in silts. 
The  thick  (up  to 48 m)  massive  icy  beds of the 
Arctic  coastal  plain of Yukon  and  Alaska 
(Mackay,  1956,  1959;  Mackay & Stager,  1966; 
Rampton,  1971;  Brqwn & Sellman, 1973) may  be  of 
similar origin,  but  they  are  much  thicker  than 
the  icy  beds  at  the  top of the  permafrost  in 
southern  Yukon.  This  may  represent a difference 
in  moisture  reaime,  temperature  reaime  and  time 
for  formation , -unles 
cause, e.g. buried g 
of moisture  into  the 
frost (e.g.  pingos), 

ACTUAL MOISTURE PROF 

it is  due to-a different 
acial  ice or the  injection 
upper  layers of the  perma- 

LES 

Figure 3 shows  the  range of soil  moisture 
present  in a push lobe in  front of the  rock 
glacier on the  Slims  River  valley  floor  (see 
Blumstengel & Harris, 1988).  It  is  in  well 
graded  coarse  silts  and  the  data  consist o f  
measurements  taken  at 20 cm  intervals  with the 
neutron  probe  at  different.seasons of the year, 
The  moisture  minimum  in  the  active  layer  and 
the  maximum  at  the  top of the  permafrost  table 
are  clearly  shown. 
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Fig. 4 Moisture  Contents  in 4 Drill-holes 
Along  the  Dempster  Lateral  Pipeline  Route 
(redrawn  from  Klohn  Leonoff,  1978). 

Similar  results  are  found  in  the  published 
data, although  the  minima  and  maxima  may  be 
distorted  considerably.  Figure 4 shows 

moisture contents for  drill-holes  along  the 
selected profiles of gravimetrically  detexmined 

Dempster  Lateral  Plpeline  route,  redrawn  from 
Klohn  Leanoff  (1978).  The  samples  used  were 
small  and  tended to represent  extremes  of 
moisture  content,  while  the  neutron  probe 

of  influence. 
averages  the  moisture  within  its 30 cm sphere 

Theeffects  of  different  textures, lithdogies, 
and  stratigraphy  are  obvious,  and  the  pattern 
of moisture  distribution may be grossly  dis- 
torted  with  certain  combinations of strati- 
graphy,  grain  size  and  history  of  the  profile 
as predicted by Harlan  (1974, p.  73). 
However,  all  four  profiles  demonstrate  the 
existence of a  moisture  maximum  at  the  base  of 
the  active  layer. 

DYNAMICS OF THE MOISTURE PROFILES 

Figure 5 shows  repeated  measurements of moist- 
ure  with  Season  fox  profile NP4 on the  push 
lobe  in  front of the  rock  glacier  (after 
BlumStengel,  1987).  Since it is a  well 
drained  site on a  slope,  there i a  negligible 
perched  water  table effect, and  the  changes 
with  season  can  be  clearly  discerned.  These 
occur mainly  in  spring  and  fall  when  the 
temperatuse  gradients  are  greatest.  The 
moisture  appears  to  move  to  the  coldest  part 
of the  ground,  and  this  has  the  effect  of 
moving  moisture  into  the  permafrost  from  the 
active  layer  at  the  end of the  summer  and  from 
the  permafrost  table  into  the  lower  part of 
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the  active  layer in spring  (c.f. Burn, 1987). 
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Fig. 5 Changes in Moisture  and  Temperature 
with  Season  for NP4 (from  Blumstengel, 1988, 
with  permission). 

The  latter  effect  is  probably  partly  compen- 
sated  for  in  summer as the  moisture  moves  back 
down  when  the  centre  of  the  cold  wave  descends. 

most critical  force in  redistributing the 
Thus the  temperature gradient  appeaxs to  be  the 

moisture  through  the  profile.  This is con- 
sistent  with  the  arguments  of  Harlan  (1974)  and 
Burn  and  Smith  (1985a)  and  would  also  explain 
the  decreasing  moisture  content  at  greater 
depths  within  the  permafrost  table.  Similar 
moisture  accumulation  in  the  frozen  active 
layer  is  implied  in  the  results of Mackay  et al. 
(1979),  and  was  demonstrated  in  Kane  and  Stein 
(1983) , Burn  and  Smith  (1985b)  and  Harris 
also  important  and  presumably  are  the  cause of 
(1986).  Particle  surface-layer  effects  are 

the  unusual  moisture  profiles  that  occur  where 
the  moisture supply, grain  size and stratigraphy 



produce  particularly  favorable  conditiona for  
their  operation  (see  Fig. 4 ) .  

Fig. 6 Build-up in  Moisture 2n the  Pexmafroat 
Table  Between 1981 and  1984 at Sununit Lake, 
B.C.  (modified  from Harris, 1986, Fig. 2.16, 
with  permission) . 

Figure 6 shows  the  effect of drilling  a  borehole 
through  shallow  permafrast with  a  diamand  dr$ll 
at  Summit  Lake A, British  Columbfa.  The  hale 
was  drilled  in  November 1981, and  resulted  in 
thawing of the  ground  around  the  hole so that 
the  water  drained  away.  The  ground  quickly 
refroze,  and in subsequent  years,  moisture  re- 
turned  to  the  drained  zone. As the thermal 
equilibrium  changed,  the  active  layer  became 
thinner  and  the  moisture  forming  the  perched 
water  table  in  the  active  Layer  became  frozen 
in  place  each  fall  and €owed the nucleus o f  
the  zone of high  moisture  content  at  the  top 
of the  permafrost  table.  Once again,  moisture 
redistribution  could  be  detected. 

Figure 6 also shows  the  effect of summer  rains 
on the  moisture  status of the  active  layer. 
Between  13th  and  24th July,  1984, 1.5 cm of  
rain  fell.  Thus,  the  moisture  not  only  comes 
from  thawing  of  ground  ice  and  from  through- 
flow over  the  underlying  frozen  layer,  but 
from  summer  precipitation. 

MOISTURE  PROFILES  IN  PALSAS 

Since 1984, a  study  has  been  carried out o f  the 
moisture  distribution  with  depth in a  sequence 
of  developmental  stages  in  wooded  palsas  at 
Fox Lake.  The  results (Pig, 7) indicate  that 
in the  early  stages o f  palsa  development,  the 
total  moisture  content  of  the  frozen  core i s  
greatest  at  depth  but  is  still  only  slightly 
greater  than  the  surrounding  unfrozen  material. 
However, as the palsas  become older,  a  zone  of 
markedly  increased  moisture  appears  at  the 
surface  of  the  core  and  gradually  extends 

dounwards  with  time.  The  maximum  moisture 
content 2s  fairly  constant f o r  a  given  material 
(66% by volume  €or  lacustrine  silt).  Extra 
water can be injected  in  artificially  under 
pressure and freezes  in  place,  but  rapidly 
ds'ffuses  away  when  the  injection  process 
ceqses (!?kg, 8 ) .  Thus, although  palsas  may  be 
tnnftfated by water  moving  to  the  freezing  front 
under the mound  from  the  adjacent  unfrozen 
fen (SeppLl;.i, 1986) , subsequent  growth  may  be 
due to suxface  water  added  to  the  permafrost 
core  from  above  over  time. 

M e a n   m o i s t u r e   c o n t e n t  [ %  b y  v o l . 1  

30 EO 
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- 1111 

PX). 7 Differences  in  Total  Moisture  Content 
of the  Icy  Interiors of Young  (Stage II), 
Adolescent  (Stage rlX) and  Mature  (Stage  IV) 
Palsas (mean of  8  measurements  at 2 0  cm 
intervaLs),  Note  the  build-up in ice  from 
the surface  down  in  the  later  stages of 
palsa  farmatfon. 

Fig. 8 Results of Injecting  Excess  Water  into 
the  Upper  Layers of  Permafrost  in a Palsa. 

CONCLUSIONS 

Mature  permafrost  profiles  usually  show a char- 
acteristic  concentration of total  moisture  in 
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t h e  form of segrega ted   and   pore  ice a t  t h e   t o p  
of t h e  p e r m a f r o s t   t a b l e .  T h i s  cor responds  t o  
t h e  zone  subjected t o  t h e  g r e a t e s t   t h e r m a l  
grad ien ts   and  it a p p e a r s   t h a t   t h e s e   g r a d i e n t s  

moi s tu re  i s  concen t r a t ed   t he re   f rom both t h e  
a r e   t h e  reason  for i t a  development. The 

a c t i v e   l a y e r  and  from Lower l a y e r s   i n  the perma- 
f r o s t ,   a p p a r e n t l y   u n d e r  the i n f l u e n c e   o f  
t h e r m a l   g r a d i e n t s  (as p r e d i c t e d  by Harlan (1974) 
and  Burn  and  Smith  (1985a & b) . The bulk of 
t h e  m o i s t u r e   a p p e a r s   t o  move  down from t h e  
a c t i v e   l a y e r .  However, there appears  t o  be a 
maximum ice c o n t e n t   t h a t   c a n   b e   p r o d u c e d   i n  
t h i s  way i n  any   g iven   subs t ra te .   Higher  
moi s tu re   con ten t s   can   on ly  be produced  by 
con t inuous   i n j ec t ion   o f  water; t h e   e x c e s s   w a t e r  
t e n d s   t o  be d i s s i p a t e d  when the i n j e c t i o n  
ceases, Thus ,   con t inuous   i n j ec t ion  of  mois tu re  
would be necessa ry  to  form  mass ive   i cy   beds .  
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A MATHEMATICAL MODEL OF FROST HEAVE IN GRANULAR MATERIALS 
D. Piperl, J.T. Holden2 and R.H. Jones2 

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

SYNQPSIS A one-dimensional  model  for  predicting  frost  heave  in a finite  column  of a 
saturated  granular  soil is nresented. The  model  is  based  on  the  theory of secondary  heave due  to 
Miller.  It  embodies a quasi-static  apnroximation  €or  the  temTerature  and  water  pressure  nrofiles 
and  imnroves  and  extends  earlier  work  by  the  authors.  This  imnroved  model  is  applicable  to  the 
full  range  of  overburden  pressures,  including  zero.  Although  at  low  overburden  pressures  a  change 
to a primary  heaving  model is necessary as the  frozen  fringe  disanpears.  The  results  agree  well 
with  observed  measurements  by a number o f  researchers. 

INTRODUCTION 

lly or 
is 

Whenever a s@il is  frozen,  whether  natura 
as  Dart of a construction  uroject,  there 
always  the  wossibility that heave  and  ice 
will-occur.  The  modellins  of  this  ohenomena 

lensing 

has  received a considerable  boost  since  1970 by 
the  increasing  develoument of Arctic  regions and 
the  use  of  artificial  ground  freezing  in  con- 

and  Yorgenstern, 1973, Loch,  1980, O'Neill,l983) 
struction. 4 number of review  papers  (Anderson 

have  set  out  the  various  ideas  and  theories 
seeking to describe  this  phenomena.  Classes 
of  model  which have aroved  most  successful  are 
those  theories  for  granular  materials  based  on 
a canillary  theory  of  ice  lens  growth  and  can  be 
traced  to  the  work of Everett  (1961).  Earlier 
models  have  been  termed  primary  heaving  models 
because  the  ice  lenses  were  assumed  to grow  at 
the  freezing  front  whereas,  in general,  ice 
lenses  form  just  behind  the  freezing  front.  In 
addition  some  models  do  not  have a proper 
mechanism  for  the  initiation of a new lens.  The 
nresent  work is based on the  work of Miller 
(1972,1977,1978),  whose  theory  includes  the 
existence  of a gartially  frozen  region  below a 
growinq  lens  in  which a  new lens  may  form  and a 
uroner  criterion  for  the  formation o f  a  new lens. 

The  model  has  been  quantified fo r  one-dimensional 
freezinq  by  O'Neill  and  Miller (1980,1985). 
Their  formulation  involved  the  solution  of  two 
non-linear,  couvled  partial  differential 
equations  and  required  considerable  comnutinq 
effort.  The aproach used in this  paper is 
based on quasi-static  annroximations  €or  the 
temnerature  and  pore  water  nressure  profiles 
and  leads  to  the  solution of two  ordinary 
differential  equations.  This  approach was 
develoned  by  Holden (1983) and  Holden  et a l (1985)  
and  is  similar  tn  that  used  by  Gilpin  (1989).  It 
is  much  simpler  in  annroach  and  does  successfully 
describe  all  the  phenomena  of  ice  lensing. 

In this  paper  the  method  is  Ipnlied  to  the 
freezing  of a soil  column  of  finite  length. 
Energy  and  mass  conservation  equations  are 

written  down  which  link  the  parameters  introduced 
by  the  temverature  and  water  pressure  profiles. 
Algebraic  elimination  between  these  equations 
gives  two  ordinary  differential  equations  to 
determine  the  total  heave  and  position of the 
freezing  front.  In  order  to  ensure  mass  conser- 
vation  across  the  frozen  fringe  the  profile  for 

calculated from  the solution by simple iteration. 
the  water nressure contains a parameter which  is 

An  important  develowment  of  the  model  is  that  it 
has  been  extended to include  overburden  pressures 
down  to  zero.  At  low  overburdens  the  Erozen 
fringe  eventually  disappears  and  then  the  process 
becomes a primary  heaving  model  until  heaving 
finally  ceases. 

Results  are  given  for  the  range  of  overburden 
pressures  from 0 to  200kPa  using  some  typical 
values  of  the  physical  parameters.  The  model  is 
sensitive  to  variations  in  the  hydraulic  conduct- 
ivity  and  also  in  the  freezing  characteristic 
curve 

THE RIGID- ICE MODEL OF FROST HEAVE 

Yhen a column of saturated  soil.  is  frozen  from 
one end  the  column  is  observed  to  heave  and 
there  are  three  distinct  regions  of s o i l  (see 
Figure 1) : 

1. a solid  frozen  region  of soil 

2. a partially  frozen  region o f  s o i l  
containing  distinct  ice  lenses; 

(known as the  frozen  fringe)  containing 
soil,  ice  and  water; 

and 
3 .  an unfrozen  region  of  wet  soil. 

During  freezing,  water  moves  up  through  the 
unfrozen  soil  and  enters  the  frozen  fringe  to 
feed  the  ice  lens  at  the  bottom of region 1, The 
water  is  sucked  towards  the lens  in  region 2 by 
the  larqe  suctions  which  accompany  decreasing 
temperatures  and  increasing  ice  content. The 
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T=T, top surface 

""""""_ initial.  position 
of  surface 

solid frozen  (contains  previous 
ice lenses 1 

$ = AUW t. BT , ( 2 )  

where 9 and B are constants.. The volumetric  ice 
content 8 .  is assumed  to  denend  only on JI 
(Koonmansland  Miller, 1966). 

Another  important  component of the  model  is  the 
criterion  for  the  formation of a new lens. The 

with a oartially  saturated soil(  Bishop , 1955) , 
stresses are assumed  to  be  isotropic. By analoqy 

the  neutral  stress  u  within  the  frozen  fringe  is 
calculated  by the  formula  (Miller,  1977) 

where x is a  stress  aartition  factor.  In general, 
u  has  a  maximum in the  frozen  fringe,  and it i s  
when  this  maximum  value  reaches  the  overburden 
pressure, P, that  a new lens  is  initiated. 

"""""- 
ice  lens 

T =T, 

frozen fringe 

T='i 

lensing front 

freezing  front 

unfrozen soil 

water  table / 
base of sample 

Figure 1 
Schematic  section  through  a  freezing s o i l  samnle 

model of this  process  develwned by  Miller (1972, 
1977,1978) i s  termed  a  rigid  ice-model,  because 
the  ice  present  in the frozen  fringe  is assumed 
to  be riqidly  connected  to  the  qrowing  ice lens. 
This nore  ice  moves  throuqh the soil  by a  nroceas 
of  microsconic  regelation as heave  takes  place. 

To describe  the  frost  heave  mechanism  within  the 

by the  equation 
frozen  frinqe,  a  suction  narameter @ isintroduced 

where ui is the  ice  pressure, uw is the water 
?ressure  and u i s  the ice/water  interfacial 
energy. + is lWconvenient  parameter to use in 
relating  ice  content  and  hydraulic  conductivity 
to suction in the  frozen  frinqe and can be 
internreted as a  mean  curvature of the icehater 
interface.  Using the Claneyron  equation,  which 
relates  the  equilibrium  values of ui and  uw 
and the  temnerature T, the  narameter J, may be 
written as 

APPRaXIMATE PROFILES 

We consider a finite  column  of  soil  that i s  
initially  at a uniform  temperature  of Ti > 0. 
The t o p  surface z = 0 is then  cooled at a given 
rate to a temperature  of  Tc c 0 and  then  held 
constant at this  temperature.  During  this 
initial  cooling  period, once the  surface 

moves down through the soil, ice lenses  form and 
temperature becomes negative, the freezing  front 

the soil heaves. The space  coordinate, z ,  is 
measured  downwards and the  cumulative  heave at 
time  t i s  denoted  by  H(t) so that  the  surface  is 
given  by z = -N(t) . We denote the position o f  
the  base  of  the  lowest  lens by z = z , the 
position of the freezing  front by z 2 z f  and  the 
level  of the water  table  (which is also  the 
bottom  of the samn1e)by z = z . The different 
levels  and  the  associated  temyeratures  are  shown 
in Figure 1. 

Because the freezing  front  moves  relatively 
slowly, the temperature  profiles  in  both the 
solid frozen  reqion and  in  the frozen  fringe are 
close  to  linear  and  may  be  written as follows: 

where T and T are the  temperatures at levels 
z and 2 respgctively. The temperature  ahead 
of the  fgeezing  front z = zf ,must be  computed 
directly  from  the one-dimensional heat  equation 

where is the  thermal  diffusivity. This 

during  the  cooling  down  neriod prior to  the  onset 
equation is also  used to compute  the  temperatures 

of freezing. 

Profiles are also  required  for  the water Fressure 
in reqions 2 -nd 3 .  The water pressur, !n 
region 3 ,  khe unfrozen  soil,  decrsases  linearly 
from zero at  the  water tabltl level z to  a wall 
negative  value uf "'.: the fr-ez3.ng frgnh ( z  = 2,). 
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In  the  frozen  fringe  the  water  pressure  decreases 
r a n i d l y  from uf to a very  much  larger  neqative 
value u at z = z , An  exponential  curve  is 
used  whTch  contaias a narameter c1 which  is 
calculated  from a consideration of the  mass  con- 

previous  saper  (Holden  et al, 1985)  a  quartic 
servation  across  the  frozen  fringe.  In  the 

orofile  was  used  but  it  was  found  subsequently 
that  this  aauroximation  was  not  adeuuate to 
ensure  the  overall  mass  balance  across t 
frozen  fringe. 

The nrofiles  are: 

( z s  4 z 4 Zf) 
u =  
W 

he 

CONSERVATION  EQUATIONS 

The  equations of the  model  axe  obtained by 
writing  down  equations of conservation  of  mass 
and  energy  at  the  lensing  front  and  at  the 
freezing  front. The  Clapeyron  equation  at  the 
lensing  front  and  Darcy's law complete  the  set 
of  equations. 

The energy  balance  equa>tion  at z = z is 
S 

and  at z = z f is 

where K , K and KU are  the  thermal  conductivities 
of  the fro& fringe,  solid  frozen  region  and 
unfrozen regionrespectively, p and p .  are  the 
densities o f  water  and  ice  reszectiveiy, L the 

ric  ice  content  at z = z - and voif latent  heat of fusion o f  water,  the  volumet- 
s the  water 

flux  at  the  top  of  the  ffozen  frfnge. 

S!?bstit.ltion of the  temperature  profiles ( 4 )  
into  equations ( 7 )  and ( 8 )  gives 

Tf - TS Ts - Tc - 
Kf - KS qT" - PWLVS (9) 

The  temuerature  gradient  aT/az  at z = zf+  comes 
directly  from  the  numerical  solution o f  the 
heat  equation ( 5 ) .  The  mass  balance  at z = z s  
is 

whilst  the  mass  balance  at z = zf  is  given  by 

where Bi i s  the  volumetric  ice  content  at 
z = z + 2nd vf and v  are  the  water  fluxes  at 
Levels z = zf-  and zw= z respectively.  Each  of 
the  water  fluxes v , vf ZAd v is  assumed  to 
satisfy  Darcy's la8 which  hasWthe  general  form 

where k is  the  approwriate  hydraulic  conductivity 
and  the  water  pressure  gradients,  duw/dz,  come 
from  equations (6). 

The  remaining  equation  is the  Clapeyron  equation 
apnlied to the  top of  the frozen  fringe,  namely 

where P is the  overburden  gressure. 
By  direct  algebraic  elimination  the  above  system 
of equations  can  be  reduced  to  two  non-linear, 
cou?led,ordinary  differential  equations of the 
form 

and 

The  riqht hand  sides  contain two parameters z 
and a . z , the  position  of  the  lensing  frone 
i s  constan?  during  the  growth  of  any one lens 
and a i s  determined by iteration  from  ths 
solution  itself.  These  ordinary  differential 

numerical  methogs. 
equations  for z and H are  solved  using  standard 

DETERMINATION OF c1 

If we consider  the  total mass, M, of  water  and 
ice  contained  in a control  volume  between z o  and 
z 1  (where z 0  i s  in  the  ice  lens  and 2 ,  below  the 
freezing  front)  the rate of  change oE M is  equal 
to  the  difference  between  the  rate  at  which  mass 
enters  and  leaves  the  control  region.  We 
obtain  the  exoression 

It  should be noted  that  this  equation  is  not  the 
sum  of  the mass balance  equations (11) and (12). 
This is because  the  frozen  fringe is growing, 
the  ice  content is increasing,  and  only  part of 
the  water  entering  the  frozen  fringe  at z = zf  
actually  feeds  the  growth of the  lens.  To  apply 
equation  (17)  in a straightforward  manner  to 
calculate  the  exnonent a it is necessary  to 
aonroximate  the  inteqral  term.  Figure 2 
illustrates  two  ice  content  profiles  separated  by 
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a  time  interval dt and if we assume  that  the 
curves are nearly  parallel  then we may  write 

Using  this  approximation  equation (17) may  be 
expressed as 

Written in this  form the value of a can be 
obtained  by simple  iteration. 

J 
2 

Figure 2 
Ice  content  profiles  in  frozen  fringe 

at  times t and t+dt ' 

LOW OVERBURDEN  PRESSURES \ 

The model as described  above  works  well  for  over- 
burden  pressures  greater than, say, 30kPa when 
the  self-weight  of  the s o i l  is negligible. The 
self-weight is easily  included  by  replacing the 
constant  overburden  pressure P by the total 
pressure P' at the  base of the l e n s  given by 

P' = P + P i g H  + psgZst (20) 
where p is  the  density of the  frozen s o i l  bet- 
ween  ths lenses. At the lower  overburden 
pressures  where  self-weight is significant the 
frozen  fringe  may  disappear. This occurs after 
the  formation of the final  ox  terminal  lens  when 
the  temperature  profile  below  the  freezing  front 
is close to  linear and, because  the  sample 3.6 
still  heaving, dz /dt becomes  negative.  Then 
it is possible fog zf to  become  equal  to 2 
before  the  growth of the  terminal  lens, and 
hence the heave, stops. 

In the absence of a  frozen  fringe, the base of 
the  lens i s  also the extent of freezinq and this 
level is referred  to  using the subscripts "ss". 
The freezing  column now contains  only  two 
distinct  regions,  the  solid  frozen and the un- 
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frozen, the  boundary  between  them  being  at  level 
z = z . Since  a  near  steady  state  exists  the 
energfsbalance at this  level  may be written 

(compare  equation (9)). Without  the  frozen 
fringe  there  is no  ice  just  below  the  lens  and 
the mass balance  equation  becomes 

The water  flux  towards  the  ice  lens  is  described 
by Darcy's law 

The Clapeyron  equation  has the same f o r m  as 
before  with P replaced  by P '  (Equation (14)). " 
The equations (21) , ( 2 2 ) ,  (23) and ( 1 4 )  form  a 
system of four  equations  in the four  unknowns 
T vss,  uss  and H, from  which by elimination  a 
sangle  ordinary  differential  equation of the  form 

is easily  found. 

NUMERICAL  RESULTS 

The computer  simulations  were  performed  for  a 
soil  column  of  height 15Omm and  initially  at  a 
temperature of  4OC. The top  surface was cooled 
at a  constant  rate down to -6OC and then  held 
constant. The freezing  temperature, Tf, was 
assumed  to  be  constant  and  freezing  begins  when 
the tor) surface  reaches  this  temperature. The 
two  ordinary  differential  equations  (15) and (16) 
were  solved  using the standard  Runge-Kutta 
formulae. The right hand  sides  of  equations (15) 

gradient ahead  of the  freezing front and this 
and (16) require a  knowledge o f  the temperature 

was calculated  using  a  Crank-Nicolson finite 
difference  method  based on a  convected  mesh 
(Murray  and Landis, 1959). A simple  search 
procedure was used  to  find the maximum of the 
neutral  stress  u  in  the  frozen fringe. During 
the formation of a lens, z remains  fixed and the 
Lens grows at this  level  uatil the maximum  value 
of u  reaches the overburden P when  a new lens 
forms. At this  time, zs is set  equal  to  the 
position  of the maximum  of  u  and  the  cycle  con- 
tinues  with  the  growth of  the new lens. At low 
overburden  pressures,  when  the  final  lens  has 

equation (24) is solved  until  the  heave  finally 
formed  and  the  frozen  fringe  has  disappeared, 

stops. The vhysical  data  used  in  the computatbns 
are given  in  the  Appendix. 

model the heave was calculated  for  a  range of 
To demonstrate the overall  capability of the 

overburden  pressures un to 200kPa and  these 
heave  curves are shown  in  Figure 3 .  The shape of 

high  heave  rate  which  decays  to  zero w i t h  time 
these  curves  is as expected  with  initially a 

and also a decrease of heave  with  overburden. 



/ /  50 

= I  r/ 100 

20 
200 

0 50 100 150 200 250 

Time I hours 

Figure 3 
Heave  versus  time  curves  for  different 
overburden  pressures  (values  in  kPa) 

One  aspect of the  heaving  mechanism  which is not 
apparent  in  Figure 3 is the  cyclic  variation  in 
heave rate and  frost  penetration  rate  with  the 
formation of each  lens,  This i s  shown in  Figure 
4 where  the  heave  rate is plotted  against  nene- 
tration rate for  the  last few  lenses  (at 
P = 100kPa). The o l o t  begins  at  point a ,  and 

Fiqure 4 
Heave rate  versus  penetration rate, 

for  the  closing  stage o f  a simulation  (P=lookPa) 

between a, and  b, a lens  is  growing  and  the 
frozen  fringe  extends  beneath  it.  At  b, a new 
lens  is  initiated  and z s  jumTs  to a  new value. 
As a result  there  is  a  sudden  change  in  the 
heave  rate  and  penetration  rate  to  point  a?. 
Between  a,  and b, this  new  lens  grows.  Thls 
cycle  repeats  until  the  final  lens is initiated 
at 6, and  the  penetration rate becomes  negative. 
Then  the  two  rates  eventually  dxop  down  to  zero. 
This  behaviour  is  reflected  in  Fiqure 5 where  the 
heave  curve  is  shown  on  an  enlarged  scale. 

I 

18 19 20 21 22 23 

Time I hours 1 

Figure 5 
Heave  versus  time  showing  initiation 

o f  four  ice  lenses  (P=100kFa) 

DISCUSSION 

The mathematical  model o f  frost  heave  described 
in  this  paper  has  been  found  to  be  numerically 

difficulties  with  this  model  were  due  to  poor 
stable  and  robust. Some of the  earlier 

modelling  of  the  soil  freezing  characteristic 
0 ($1 and  attention  is  drawn  to  the  importance o f  
aAeguate  modelling o f  this  function.  Subsequent 
parametric  studies  have  indicated  that  the  pre- 
dicted  heave  is  insensitive  to  variations  in 
thermal  conductivity.  In  contrast  the  influence 
of variations in  the  hydraulic  conductivity  just 
below  the  lens is considerable.  Unfortunately 
this  parameter  is  very  difficult  to  measure.  The 
main  features  of  the  results  agree  with  the  obser- 
vations of, for  example,  Konrad  and  Morgenstern 
(1930),  McCabe  and  Kettle  (1983)  and  Berg  et  a1 
(1980).  Several  other  researchers  have  traced 
only  the  linear  portion  of  the  heave  versus  time 

Penner and  Ueda,  1977,  Loch  and Kay, 1978). The 
curve before  terminating  their experiments (e.q. 

small  scale  variations in heave rate depicted on 
Figure 5 do not appear  to  have  been  reported  in 
the  literature  probably  because  measurements  are 
usually  taken  at  discrete  time  intervals  which  are 
too  large to show  these  variations. 

CONCLUSIONS 

A robust  quasi-static  model of frost  heave  has 
been  developed  which  simulates  the  frost  heave 
process  and is'numerically  efficient  ana  stable. 
The general  agreement  of  the  model  predictions 
with  observed  behaviour  provides  further  support 
for  Miller's  theory of secondary  heave. The model 
is sensitive  to  variations in certain  critical 
parameters,  particularly  the  variation  of  ice 
content  and  permeability  with  suction.  Unfortun- 
ately  these  characters  are  difficult  to  measure 
exwerimentally. 
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APPENDIX 

Following  O'Neill  and  Miller 
form  used  for  the  stress  part 

X = (1 - ei/e,)'e5 

where B o  is the porosity,  and 
hydraulic  conductivity k is 

1980,1985)  the 
tion  factor x is 

that  for  the 

k ko(l - O1/8,)' (26) 

wheze k, is the  hydraulic  conductivity  of 

that  O'NeilL  and  Miller  also  use a power of 9 in 
saturated  unfrozen  soil. It should be noted 

this  formula. The form of the  ice  content Bi as 
a function of I) i s  based on data  of  Thompson 
(1981)  for  Attenborough  silt. The data is 
shown in  Figure  6  together  with  straight  line 
fits  to  the  data. 

% Sqtutation 
100 

0 
2 3 4 5 6 

Suction (pF) 

Figure 6 
Soil  suction  data f o r  Attenborough silt, 

with  straight  line  fits 

375 



376 



ELECTRIC CONDUCTIVITY OF AN ICE CORE OBTAINED 
FROM MASSIVE GROUND ICE 

Horiguchi,  Kaoru 

Institute of Low Temperature Science, Hokkaido  University, Sapporo, Japan 

SYNOPSIS Various   k inds   o f   g round  fea tures   such   as   po lygon,   p ingo   and  massive ground ice 
body are commonly o b s e r v e d   i n   t h e   a r c t i c  area, especial ly   around  Mackenzie   Del ta ,  N . W . T , ,  Canada. 
As for  t h e  massive  ground ice body, t h e  o r i g i n   a n d   t h e  mechanism of   format ion  s t i l l  remain  arguable .  
We h a v e   o b s e r v e d   d i s t i n c t i v e   s p i k e l i k e   p r o j e c t i o n s   i n  a p r o f i l e  of electric c o n d u c t i v i t y  of an ice 
core a g a i n s t   d e p t h .   I n   t h i s   p a p e r ,  I w i l l  d i s c u s s   t h e   o r i g i n   o f   h i g h  electric c o n d u c t i v i t y ,   t h e  
spec i f i c   su r f ace   a r ea   and   morpho logy  of the   s ed imen t   w i th in  the massive  ground ice body. We 
sbgges t  t ha t  some sediments  come from t e f r a .  

INTRODUCTION 

Various  kinds of ground  fea tures   such  as 
polygon,  pingo  and  massive  ground ice body are 
commonly o b s e r v e d   i n   t h e   a r c t i c  area. A s  f o r  
the  massive  ground ice body(Mackay 1971 ,  French 
19761,  the or ig ins   and   the   mechanisms of 
format ion  s t i l l  remain  auguable.  

From d a t a   o f  a massive  ground ice body ob ta ined  
d u r i n g   t h e   r e s e a r c h   e x p e d i t i o n ( F u j f n o  e t  a l .  
1983) , w e  o b s e r v e d   d i s t i n c t i v e   s p i k e l i k e  
p r o j e c t i o n s   i n  a p r o f i l e   o f  electric 
conduc t iv i ty   o f   an  ice core a g a i n s t   d e p t h .  The 
electric c o n d u c t i v i t y  i s  mainly  determined by 
f r e e   i o n s   i n  a specimen. Some p r o j e c t i o n s  of 

of sediment,  and   o the r  p o r t i o n s  have a look o f  
t h e  massive qround ice body  have a sma l l  amount 

r e l a t i v e l y   p u r e  ice. Massive  gsound ice bod ies  
are commonly o b s e r v e d   i n   t h e   c o a s t a l   r e g i o n .  
Then i f   t h e   d i s t r i b u t i o n   o f   f r e e   i o n s   d o e s   n o t  
depend  upon t h e  e x i s t e n c e  of sed imen t ,   t he re  is 
a p o s s i b i l i t y   t h a t   t h e y   o r i g i n a t e d   i n  sea water 
and   depos i t ion   on   the   sur face  of the   g round ice 
body when it was formed. 

T h e r e f o r e ,   i n   o r d e r  t o  c l a r i f y   t h e   l o c a l   p o r t i o n  
where f r e e   i o n s   e x i s t ,   t h e  electric c o n d u c t i v i t y  
of a massive  ground ice body  was i n v e s t i g a t e d  

and  morphology o f  t h e  sediment were determined 
i n   d e t a i l .  And also t h e   s p e c i f i c   s u r f a c e   a r e a  

by a method u s i n g   t h e   d i f f e r e n t i a l   s c a n n i n g  
calorimeter (DSC) (Horiguchi 1985) and   the  
scann ing   e l ec t ron   mic roscope (SEM) ,   r e spec t ive ly ,  

SAMPLING 

body, t h e   l o c a t i o n  of which i s  shown by e i n  
Samplings were made from a massive  ground ice 

F ig .1 ,   a long  t h e  s e a c o a s t  about  4.5 km southwest 
of Tuktoyaktuk,  Mackenzie Delta, N.W.T., Canada. 
The d e t a i l e d   l o c a t i o n s  of sampling Sites axe  
shown by w - 1 ,  w-2 and w-3 i n   F i g . 2 .  Ice 

and   ea r ly  of March 1985, u s ing  a newly  designed 
samplings were co l l ec t ed   be tween  l a t e   F e b r u a r y  

dep th  was about  2 2  m i n c l u d i n g  a 40-cm-thick 
e lec t ro-mechanica l  core-drill.  A t  s i t e  w-3, t h e  
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Fig.1  Locat ion of massive  ground ice 
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Fig.2  Sampling s i t e s  



sand   l aye r  of the   bed .  A l l  of i c e   c o r e s  were 
ar ranged   and   labe led   in  ser ia l  o r d e r ,   p u t   i n  
r e f r i g e r a t e d   c o n t a i n e r s  and   t ranspor ted  t o  t h e  
co ld   l abo ra to ry   o f  t h e  I n s t i t u t e   o f  Low 
Temperature  Science , Hokkaido  University.  

Each p i e c e  was c u t   i n t o   h a l v e s   a l o n g   t h e  
v e r t i c a l   a x i s   o f   t h e   c o r e .  One h a l f  was c u t  
p e r p e n d i c u l a r   t o  t h e  a x i s   a t  a n   i n t e r v a l   o f  10 
cm, from  which  samples were p r e p a r e d   f o r  the 
de termina t ion   of  e lectr ic  conduc t iv i ty   and  so 
on. Sediment   in   an   i ce   sample  was c o l l e c t e d   t o  
p repa re  for t h e   d e t e r m i n a t i o n  of s p e c i f i c  
s u r f a c e  area and f o r  t h e  observation  morphology. 

MEASUREMENTS 

As f o r  t h e  measurements of e l e c t r i c   c o n d u c t i v i t y  
of the  massive  ground ice body,  an ice sample 
about  50 g was p u t   i n  a vinyl   bag  and melted. 
Then, t h e  melted water, t oqe the r   w i th   s ed imen t  
i n  it, was poured   i n to  a 50 m l  v i a l   w i t h  a cap. 
The electric c o n d u c t i v i t y  o f  t h e  melt water was 
measu red   a f t e r   t he   depos i t i on   o f   t he   s ed imen t .  
A p o r t a b l e   c o n d u c t i v i t y  meter (TOA Co. , L t d .  , 
Model CM-1K) w a s  used t o  measure t h e  electric 
c o n d u c t i v i t y   a t  room tempera ture .  

According t o  the conven t iona l  method t o  measure 
the s u r f a c e   a r e a ,  w e  need  several   grams of 
s e d i m e n t   i n   t h e   d r y   s t a t e .  However, each i c e  
sample  contains  a l i t t l e  sed imen t ,   u sua l ly  less 

w e  used a newly  developed DSC method t o  measure 
t h a n   s e v e r a l   t e n s  of mil l igrams.   Accordingly,  

t h e   s u r f a c e   a r e a   o f  t h e  sediment.  

This  method is based on the f o l l o w i n g   p r i n c i p l e :  
A s o i l   p a r t i c l e   c a r r i e s   a n  e lectr ic  charge  on 
I ts  s u r f a c e  as a r e s u l t   o f  t h e  breaking  up  of 
bonds a t  i t s  su r face ,   i somorphous   subs t i t u t ion  
and so o n ;   t h e r e f o r e ,  it a t t r a c t s   i o n s   t o   t h e  
s u r f a c e   i n   o r d e r   t o   a c h i e v e   o v e r a l l  e lectr ical  
n e u t r a l i t y .  The i o n s  which e x i s t   w i t h  water 
molecules  and a t t rac t  o t h e r   i o n s   t o   t h e   s u r f a c e  
are p a r t l y   l o c a t e d   i n  a l a y e r  more or less f i x e d  
i n   t h e   p r o x i m i t y   o f  the p a r t i c l e   s u r f a c e ,   a n d  
p a r t l y   d i f f u s e d   i n  t he i r  d i s t r i b u t i o n  some 
d i s t a n c e  away from t h e   p a r t i c l e   s u r f a c e .  Then, 
water n e a r   t h e   s u r f a c e  of t h e   S o i l   p a r t i c l e   d o e s  
n o t  freeze a t  O"C, b e c a u s e   t h e   p o t e n t i a l   e n e r g y  
of t h e  water i s  dec reased ,  wh i l e  water   forming 
t h e   d i f f u s e d   l a y e r   c a n   b e   f r o z e n  a t  tempera tures  
lower  than O'C.  On t h e  o ther   hand ,  water 
forming a mono-molecular l a y e r  on t h e   s u r f a c e  of 
t h e   s o i l   p a r t i c l e  does n o t   f r e e z e  a t  any low 
tempera ture .  

When a specimen is being  warmed a t  a c o n s t a n t  
rate,  w e  need t o  add a q u a n t i t y   o f   h e a t   t o  melt 
ice i n  t h e  frozen  sediment .  A t  t h a t  time, i f  w e  
can  measurg t h e  quan t i ty   o f   hea t   added ,  it is 
p o s s i b l e   t o   c a l c u a l t e  t h e  t o t a l  mass of ice,  
namely, the amount of f r e e z a b l e  water i n  t h e  
sediment.  Then, t h e  d i f f e rence   be tween  the 
t o t a l  amount of water  and  the  amount of 
f r e e z a b l e   w a t e r   c o r r e s p o n d i n g s   t o  the amount of 
t h e  water which c o n s t i t u t e s  a mono-molecular 
l a y e r   c o a t i n g   a l l  t h e  sur face   o f  t h e  sed iments -  
DSC Model SSC-580(Dainiseiko Co., L t d . )  w i t h  a 
cool ing   sys tem w a s  used t o  measu re   t he   quan t i ty  
of h e a t   a d d e d   t o  melt i c e ,  Using s e v e r a l   k i n d s  
of  specimens w i t h  a g i v e n   s p e c i f i c   s u r f a c e   a r e a ,  
w e  ob ta ined  t h e  f o l l o w i n g   r e l a t i o n s h i p :  

S = 3 . 1 3  x I O - '  W 

where S i s  t h e   s p e c i f i c   s u r f a c e   a r e a   i n  m2/q  and 
W i s  t h e  amount in   g rams   o f   t he   wa te r   cons t i t u t -  
i n g  a mono-molecular l a y e r   p e r  gram of the dry  
specimen. We used  the DSC method t o   e v a l u a t e  
the   va lue   o f  W for   each   sed iment ;   then ,   the  
s p e c i f i c   s u r f a c e   a r e a  S was es t ima ted .  

DISCUSSIONS 

I n   o r d e r  t o  examine the   e f f ec t   o f   s ed imen t   on  
e lectr ic  conduc t iv i ty ,   t he   d ry   we igh t   o f  the 
sediment was measured   a f t e r  it w a s  d r i e d   i n   a n  
e lectr ic  oven  for  one  day a t  110°C. According 
t o   t h e  amount i n  terms of the   d ry   we igh t  
ob ta ined ,   t he   spec imens  were c l a s s i f i e d   i n t o  
t h r e e   g r o u p s  A ,  B and C, The ' spec imens   in  
groups A ,  B and C c o n t a i n e d   t h e  amount  of 
sed iment   in  t h e  r anges  less than  13.4 mg, 
between 13.4 and 32.9 mg and  more  than 3 2 . 9  mg 
per   mel ted  water of 50 m l ,  r e s p e c t i v e l y .  

Total  numbers of specimens  in   groups A, I3 and C 
are 100, 56 and 4 7 ,  r e s p e c t i v e l y ,  as shown i n  
Table  1 .  The l as t  column o f  p e r c e n t a g e   i n   t h e  
t a b l e   r e p r e s e n t s   t h e   r a t i o  o f  t h e  number  of 
each g r o u p   t o  t h e  t o t a l  number per   every  10 us/  
cm of electric c o n d u c t i v i t y .  The r a t i o  i s  a l s o  
shown i n   F i y . 3   f o r   e a c h   g r o u p .  The a b s c i s s a  
shows t h e  e lectr ic  conduc t iv i ty (us / cm)  , and the 
o r d i n a t e  shows the   percentage   which  i s  occupied 
by each  group. Mark o , A and a r e p r e s e n t  
groups A, B and C, r e s p e c t i v e l y .   T h i s   r e v e a l s  
t h a t  the melt wa te r   con ta in ing  a compara t ive ly  
l a r g e  amount of sediment   has  a l a r g e   v a l u e  of 
e lectr ic  c o n d u c t i v i t y  of t h e  melt water mainly 
depends  upon  the  amount  of  sediment i n  it. 
Though t h e   a b s o l u t e  amount  of  sediment  in t h e  
m e l t  water is small, t h e   c o n d u c t i v i t y  i s  
r e l a t i v e l y   l a r g e  compared  with t h a t  of 
suspens ion   w i th   t he  same amount o f  c l a y ,   s u c h  as  
k a o l i n e .  The e lectr ic  c o n d u c t i v i t y  i s  dec ided  
by t h e  number of f ree  i o n s  which come from the 

Electric conductivity Percentage Of each group Nurnber in each group 

( ysfcm ) 

90 l o  0 0 5 49 11 - 20 

100 0 0 0 0 25 0 - 10 

A Q C  A B C  

21 - -30 

0 29 71 0 2 6  71 - 80 

0 0 100 0 0 6  61 - 70 

1 2  50 38 1 4 3  51 - 60 

17 3 3  50 3 6 9  41 - 50 

14 61 25 7 17 4 31 - 40 

32 68 0 0 19 16 

81 - 90 

0 25 75 0 1 3  101 - 120 

0 25 75 0 1 3  91 - 100 

0 0 100 0 0 5  

121 - 140 

0 0 100 0 0 1  161 - 180 

0 0 100 0 0 3  141 - 160 , 

33 0 67  1 0 2  

181 - 200 
0 25 75 0 1 3  ) 201 

100 0 0 0 0 , 1  

Total number 4 7  56 100 
I I 

Table  1 Numbers and  percentages of melted 
ice samples o f  groups ,  A ,  B and C 
a g a i n s t   e v e r y  10 us/cm of e l e c t r i c  
c o n d u c t i v i t y  
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Conductivity(ps/cm) 

F i g . 3   D i s t r i b u t i o n   o f   e l e c t r i c   c o n d u c t i v i t y  
0 : group A ,  4 : group E ,  : group C 

s u r f a c e  o f  sediment.   Then, i t . i s   s u g g e s t e d  
t h a t   e a c h   o f  the sediment   has  a l a r g e r   s p e c i f i c  
su r face   a r ea   t han   kao l ine ,   Then ,  the kinds  of  
sediment were collected from t h e  melted water 
t o  measure their  s u r f a c e   a r e a s .  Each  one i s  
l o c a t e d   a t  a r e spec t ive   dep th   f rom  the   g round  
s u r f a c e .  The d e p t h   a n g   s p e c i f i c   s u r f a c e  area 
a r e  shown i n   T a b l e  2 fop  each  sediment ,  The 
s p e c i f i c   s u r f a c e  area of   kaol ine  is about  

t h e   o b t a i n e d  va lue  of sediment i s  compared w i t h  
s e v e r a l   t e n s  of   square meters pe r  gram. When 

t h a t   o f   k a o l i n e ,  t h e  sediment i s  t e n  times t h a t  
o f   k a o l i n e ,   e x c e p t   f o r  t h e  sediment a t  t h e  dep th  
of 19 .90-20  . O O  m, which is near   the  -bot tom  of  
the  massive  ground ice body. 

Clay i s  de f ined  as a p a r t i c l e   w i t h  a diameter 
less than  2 pm, kao l ine   be ing  a t y p i c a l   c l a y  
minera l .  From the  v iewpoin t  of t h e   s p e c i f i c  
s u r f a c e   a r e a ,  it i s  cons ide red  t h a t  each of the  

t o   c o n f i r m  it the p i c t u r e s  of the   sed iment  were 
s e d i m e n t   c o n s i s t s  of very  f i n e  p a r t i c l e .  Then, 

Depth ( m ) 
0.90 - 1.00 
1.20 - 1.30 
2.00 - 2.10 
5.10 - 5.20 
5.60 - 5.70 
6.80 - 6.90 
8-70 - -8180 

8.80 - 8.90 
15.30 ~ 15.40 
19.90 + 20.00 

Specif ic surface area ( r n 4 g )  
209 
103 

, 195 

140 
256 
310 
216 
283 
1 98 
45 

Table 2 S p e c i f i c   s u r f a c e   a r e a  of sediment 

taken  by t h e  scanning  e lectron  microscope.  
Judging from t h e i r  p ic ture ,   however ,  the  
s e d i m e n t   c o n s i s t s   o f  s i l t  w i t h  a n   i r r e g u l a r  
s u r f a c e ,   a n d   t h e r e   a r e  some d i f f e r e n c e s   i n  
surface  morphology  depending  upon t h e  depth  
where each sediment i s  l o c a t e d .  Two t y p i c a l  
p i c t u r e s  among them a r e  shown i n   F i 9 . 4 .  
P i c t u r e s  A and B are taken  f rom  the  sediment  
c o l l e c t e d   a t   t h e   d e p t h   o f  1 .20-1 .30  m and 8.80 
-8.90 m ,  r e s p e c t i v e l y .  The sediment o f  i c t u r e  
A has  t h e  s p e c i f i c   s u r f a c e   a r e a  of 1 0 3  m t /g, 
which i s  a b o u t   o n e - t h i r d   t h a t  of the sediment 
o f  p i c t u r e  E. The two d i f f e r   i n   s u r f a c e  
morphology.  Namely, the sediment i n  p i c t u r e  
B has  many sma l l   ho le s  on the  s u r f a c e  of the 
p a r t i c l e s   a s  you  can see. A t  p r e s e n t ,  w e  
c a n n o t   s a y   f o r   s u r e  where such  sediment came 
from  and when it d e p o s i t e d   i n , t h e   m a s s i v e  
ground  ice  body. However, the  a c t u a l   f a c t  t h a t  
pumice   s tone   o r ig ina ted   f rom a vo lcan ic  
e rup t ion   ana   has  many sma l l   ho le s  on i t s  
su r face   sugges t s  t h a t  t h e   p a r t i c l e s   w i t h   s m a l l  
h o l e s  on t h e i r  s u r f a c e  may have come from t e f r a  
i n   t h e   v a s t 1 . y   r e m o t e   p a s t .  
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my t h a n k s   t o  PCSP a t  Tuktoyaktuk  and  Inuvik 
Research   Center ,   Canada ,   for   he lpfu l   Suppor t  
du r ing  t h e  exped i t ion .   Th i s   pape r  i s  a 
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Temperature  Science  and i s  publ i shed  w i t h  t h e  
a y p r o v a l   o f   t h e   D i r e c t o r   o f   t h e   I n s t i t u t e .  
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PHYSICAL-CHEMICAL TYPES OF CRYOGENESIS 
V.N. Konischev, V.V. Rogov and S.A. Poklonny 

Moscow State University, Petmafrost Institute  Academy of Science, USSR 

ABSEtACT . Cryogenic  weathering o f  principle  rock-forming  minerals in different  physical- 
chemiaal  environments is disscuesed in pXeserlt  report.Datum axe based  on  experiments  with 8iffe- 
rent  fractions of qua.rtz,albite and labra8orite.lhe  experiments  showed  that the lower  quarOa  sta- 
bility  compared to feldspw under  cryogenic  condition is preserved  in any pH values.But  cryogenic 
disintegration  is a lietle  bit  more  active  in  acidic  environment than in  alkaline. 

INTRODUCTIOI AND THEOBY 

Specificity  of  fine-grained  sediments  composi- 
tion  in  cryolithozone  is  determined by the pe- 
culiarity of cryogenic s t a b i l i t y  of rockfor- 
ming minerals compared to minerala  stabiLi* 
seria  in warm climatic  conaitions.The  princi- 
ple process o f  cryolitozone La desintegration 
o f  primary  minerals during phase wafer-Ice 

chanas tm find the  limits of exyogenic &isin- 
chmges.AWoad programme of experiments gave a 
tegr-afiom of major rock-forming  minerals.For 
qwfs,amphibde ana pyroxsn  it  appeexed  to be 
O,O5-0,OImm,fo~ feldspax unchanged by chemical 
influence - 0,1-0 ,05b. for  biotih - 0,25-0 I 
mm,for muscovite - 0,5-0,25mm f~oniachev,~gh) 
In contrast to the known mineral  stability  row 
in  warm  climatic  conditions  the  cryogenic row 
has its peculiaritiies.!The  fundamental  peculia- 
rity o f  this row  is the lowelt- quartz stability 
compared. 00 unchangable  feldspar and skistous. 
silicatea. 
The result o f  cryogenia  dj.sinfegrafiofilUOdel- 
Ling in labarahry appeared to have good cor- 
relation  with  mineralogiaal and abemical. com- 
position o f  sediments of various geneais,for- 
mad in different,  climatic  condition - Central 
and Northen  Ykikutia,  the BoZ&eemalslraya tun- 
dra,the  Bussian  plain,the MiWs Mia and the 
Spitabergen &chipelago.MflereWal stu,ddiee 
o f  mineralogical and chemical  aomposition  ac- 
cording to separate  granulometxic  fractions 
showed  cxyolitozone  sediment@ ma characterized 
by maximum  content o f  debria quartz a d  Si0 
(chemical  analysis)  in  fraction  0,05mn10n c%n- 
trast monotonous  aecreaeing o f  q w t e  and SiOz 
content  from coarse  to  fine  grmulornetric fra- 

ana ~e o content in cryolitozons  is foun5 3in 
ction is  observed.IPhe minimum  fraction A1 0 

coarse'  3aleurite (0,05-O,OImm).In warm and 
moderate  climatic  conditions the distribution 
of this  components  is  significally  different - 
their  content grows from sand to  clay  fraction. 
In order t o  find  cryogenic  phenornenom in the 
sediments  composition using recommended  appro- 
ach of natural strata  analysis  character of 
distribution  according t o  granulometric  spec- 
trum o f  minerals  or  chemical  components must 
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be considered not the  valuea  of  their  absolute 
content.The  mineralogical wsense of cryogenic 
disintegration  process  is  to  the  most  simple 
atkcibuke forms of hypergenezis.But  the  nature 
of  cryogenic  disintegration process is rather 
aomplieatsd and attribute to physical-chemical 
type.The  determining role in  fine-grain  cryoge- 
nic  mineral  diakn.nte atio~plays their  specific 
surface  energy ( SSEFThe form of SSE influenca 
on  the existence o f  protective  role of unfro- 

freezing and thawing of monomineral ?quarts, 
zen  water film.This waa proved  by ex erimental 

fe ldspar and ect.)  ,panulometric  fractions of 
different  size in various  temperature  and mo- 
ist  regimes 09 phase  transformation o f  water 
into i c e  (Konischev,Rogov, 1983). 
Natural  conditions of cryogenlc  mineral disb- 

ous.From this  point o f  view  it  is  enough t o  
tegcation prosesa axe significantly  heferoge- 

consider the greatest permafrost  zone of Eura- 
sia.TbR bsoad spectrum of natural  zones from 
p o l a r  deserts and tundra at the North t o  step- 
pea anddeoerta at the Sauth is  represented  at 
the  territory  with  cryogenic  diaintegration 
phenomenon.Ihe  magnibude of natural conditions 

tical  nature differentiation is also broad.The 
of  cryogenic mineral  disintegrationcoused  ver- 

modelling o f  criogenic  transformation oE aube- 
tancee enabke to find aifforent  mineral rem- 
t i o m -  thermic conditions of freezing.Thhe in- 
fluence of. grain siae,moisture content and di- 
na.mic o f  c r y 0  enlc disintegratiorrs  proceaa  were 
also studied  konirrcher,f981) .But t h e  signific- 
ance of phyeicsal-clismical environments ( pH-Val- 
ues) fox cryopnic  euolution, of mineral matter 
needs further  investigations. 

EXPERIIUN!2S AbD RESULTS 

The aim of the  report i s  the analysis of 
genic  disintegrationof  principle  rockbuilding 
minerals  (quart,z and feldspar)  in  physical-che- 
mica1  environment  characterized by different 
pH-va1ues.Formulating  the  task of the  investi- 
gaSion,ws conaiaered two premises.First,it is 
known,that W e  value o f  W e  surface  energy of 



minerals i s  determined  not only by their crys- 
tizllkne-chemical featwes,but b3p the  characte- 
ristics o f  the  physical-chemical  environment 
(for example  pH-va1ue)in  whiah  they  exist.Se- 
COnd,the  real  heterogenity of physical-chemic- 
al. environment at the  territory  of  the  cryoli- 
thosone  enables to detail  the  manifestation of 
cryogenic procse~ng of: minerals  in  different 
natural  regions. 
Seria  of  experiments  were  held  to  study  the 
influens  of  pH-value of ths  pore  solution on 
the  aourse of cryogenic  destmction.The pHbva- 
lue was set  by  preparing o f  alaaline ( H 9 - 
IO,S),neutraL (p€E 6,5-7,O) and acidic fpH 3,5- 
4,O) aolutione,,compoeed by the  mixture  of  phos 
phoxic,acetic and boric asids (uoncantration - 
0,04M) and 0,28 solution of NaOR.Th5.s mkxture 
was chozen  due to relative  stabiliiiy  of pH-va- 
lues during the exparimment.!l?h  modelling  of 
myogenic weathering w a ~  performed by oyoling 
conditions o f  freesing-thowing  aut (f=-20+20) 
fox aamples o f  artifical  fractione of q u a x t d ,  
albite and labradorite (0,5-0,25 and 0,25-0,I 
m) ana natural s m a  &om Zyubertey  (fraction 
0,5-0,25mm).In.order tt0 make comparison simi- 
lar experiments  were  feld eimultmeo~ly with 
the  oame  fractiona using d i s t i l l e d  water as 
pore solution.The  sample weight m e  30g;the 
number of cycle# of freezing-thowing  out - 50. 
2hm influence o f  cryogenio  processes  on  mlne- 
rala m a  estimated  according  to emulometric 
changs~l of samples and was manifested in incre 
asing of finer minerals fractions.Ws do not 
show the  tables o f  granulometric  composition 
for  shot.The  evaluation o f  dispersion changes 
is  based  on  diagram  analyaia.IChe vw8dcal Line 
ia the  content in percent o f  the  newformed 
(more disperse)  fractiona.Por  experiments  with 
samples of fr~ctions~,0,5-0,251tun  this  is  prac- 
tically /97-99,5) fraction  of 0,25-Otlmm,and 
for  samples of fractions 0,25-0,Imm - OtI-0,25 
m. 
Pore  solution  concentration at the  first  sxpe- 
riment  with mineral fraction 0,25-0,Imm was 
O,T-O,I4 g/l.Due  the  fact,that  the  solution 
was not  changed  during  the  experiment,pH-va- 
lues Changed  with  the  increasing of the  namber 
of cycles of freezing-thowing out turning pprog 
resaively  to  neutral. The analyeis of the @E+ 
nulometric  composition  of samples before and 
after the experiment ( l i g . U )  ohowea  that  in 
any pH-values  quart5  remains  to  have lower 
stability  than  feldepax; it deaintsgrate  neav- 
ly two  times  more  intensively  than  feldspar. 
Among  the  latter  labradorite  appears  to be a 
little but more  stable  than  albite.  If  there 
ia,need to consider  atability of each  mineral 
in connection  with pH-values then  quartx  has 
lower  stability  in  acidic  environment  than in 
neutral or alkaline and albite - on the C0n-l;- 
rary  is  more  stable.  Labradorite  appeared to 
be more  stable  in  neutral  environment than in 
acidic or alkaline. 
W e  difference of the  second  experiment  from 
the  first  one was that  the  pore  solution con- 
centration was greater - 0,5 d l  and the  frac- 
t ion of 0,5-0,25 mtn was  processed. It i s  Clea- 

became lower at the same correlation 
ly seen  (fig.IB)  that mineral disinte 

with  different pH-vaLues remained  the a m e .  
quartz and feldspar. The quartz correlation 

Disintegration  albite  appeared to be greater 
in acidic  environment as for  labradorite  it 

was grea-ter in  alkaline environment. 
The  difference  of  the  third  experiment was 
that  the  pH-value m e  preeexned awing the 
expertmen% by changing  the used solution after 
several  cycle@ by a fresh  one.  The  solution 
concentration w 8 8  similar to that of in the 
first  experiment.  This  experiment  showed that 

less stable mineral fhLm feldspax, though 
even in such conditions quartz appewa to a 

quartz  dieintegrstion  appeared to be signifi- 
cantly (newly 4 times) lower than in the 
first?- exyeriment; m d  even more low than in 
Samples, where distilled water has been used 
as pore s o l u t i o n .  The sqne I s  true for feld- 
S ~ W ,  thou& -the diFT'ereqce o l  d)s&tegration 
Of these  minerals  under  the Gondltions of  dis- 
tilled  water and solutions  mixture was only 
two times lower.  Correlation  within  the pH* 
values in this experiment waa  sirnilax for all 
minerals - they a r e  more  quickly  destroyed in 
acidic thaa in, alkaline  environmen%. Only 
quartz  reveale higher disintagrotioft+in  neu- 
fral enuironment aompaxed to other ( f L g . 1 C . ) .  
The fourth  experiment was similar t o  the th ird ,  
bwt fraction of 0,54,25mm was  processed as a 
sample and compared to natural aand o f  the 
# m e  fraction  from L bmtz . !the g r a n u l o m %  
Tic  analysis showea Gig.IaS the mimum for 
all  experiments  disintegration degree for mi- 
nerals, but the  structure o f  values o f  the 
newformed  fractions waa practically the SIPO 
aa in  the  third  experiment,  excluding  lrbrado- 
rite,  which  appeared to be  mora  stable in a 
alkaline  envixonment  compared  to  acidic.  It 
must be mentioned  that  the natural sand from 
Lyubertey  proved to have much  lower  stability 
than the utifically prepared fractions. The 
peoulirrity of this  experiment  ia also the 
following8 as la  the  third  experiment  the pro- 
G ~ O B  of  disintegration of sand a ~ ~ d  quartz w~ 
more  intensive  with distilled water  than soh- 
tion, but the difference was about several 

One of the authors con&uctered  similar  experi- 
percentm. 

ments  with  different  quartz and feldspar fra- 
+ions wing KOH and HCL as pore solution with 
a broad range of pH-values. It was founa. o u i ~  
that maximum destraction  of  quarta as well aa 
feldapar  is  observed in the  interval1 of pH- 
value 5,5 aad 8, the  minimum - at pH - 7, 
that $he influence of the  pH-value  on  the CO- 
urse of cryogenic dlsintesatlon i e  not  con- 
nected  with the pore  solution  compoeition. 

CONCLUSION. 

These  experiment  give  new data, supporting  the 
previously  received  fact  (Konishev,  Rogov, 
Seshurina,f977;  Honishev,I981) of the lower 
quartz  stability compamd to feldspax  in  cryo- 
genic proce~see. This  regularity  is presemed 
in any case ,of presence o f  ions in pore atolu- 
tion up to  the  ooncenfration 0,5 dl, 
Alongside  with  this  the experiments show  that 
the increme of the  ions  content  in  porc BO- 
Zution  due to concentration  increase  or 
change of the  used  solutions by freat Ones 
significantly  retard  the  process of cryogenic 
diaintegrati*on, 
The received  data support the  iaea of protec- 
tive role of unfrozen  water  in the c o u m e  of 
mineral  &isintegration during phase water - 
ice tramformations (Konishev,I981) , because 
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it  is known that  their  thickness  increases 
with the value grodh of the  electrolyte con- 
centration.  This i~ particulary  true  for  quartz 
and is explain by the f a c t  that it has  the 
lowest  thickness of the  urdrozen  water  film 
among the discussed minerals and that is rea- 
son why even small change of its size i s  ref- 
lected in the process of cryogenic  weathering 
more  than  in  other  minerals. 
As far asi regularities o f  minerals  destruction 
connected  with  pH-values  changes are conserned 
if must be mentioned  that  higer degree o f  d 5 ~ -  
integration for quartz occurp~ in  acidic  envi- 
ronment that  in alkaline.  Alongside with this 
disintegration  in  neutrrtl  environment  may  be 
lower aa well aa higher thean in  acidic or al- 
kaline. Due  to the fac t  that the intensity of 
mineral  disintegration  is in proportiolr  to the 
thickness o f  the  unfrozen  water f i l m  o f  the 
correspondihg  fraction. 1x1 acaord  data of the 
3 and 4 exparimente  it is t o  suggest that  with 
the increase of quartz disintegration the dif- 
ference  in  destruction  at various pH-values 
would approximate the  parabolic ralationahip 
of distribution of boundary water  films  thick- 
ness in fine quartz  fraction aacording to pH- 
values  as it has been described by Tchernobe- 
rev,sky Yu.N., eta. (I979), with the minimum  for 
neutral pH-vaLuea, But there is still. a problem 
with the limits of mineral disintepati.Onat 
different  pH-vaIue~.  Apparently further inves- 
tigation  of  more  fine  fractions  behaviour of 
t he  minerale mentioned axe  needed. 

- 1  ""2 -.-.3 --*--*-4 

Pig.1  Distribution of the newformed 
fractions  during  freezing-thowing  out  decor- 
ding to pH-values. 
A,C - for fraction of Ot25-O,1m. 
B,D - for fraction of O,5-O125mm. 
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TEMPERATURE OF ICE LENS FORMATION IN FREEZING SOILS 
J.-M. Konrad 

Department of Earth Sciences, University of Waterloo, Waterloo, Ontario N2L 3Gl 

SYNOPSIS The computer-controlled  "ramped  freezing"  mode  associated  with the X-ray 
photography  technique  developed at the National  Research  Council of Canada  by Penner waa  used to 
study the changes of the temperature at the face of a  growing  ice  lens  during  transient  freezing. 
The temperature at ice lens  initiation is not  a  constant  for a given soil, but i s  dependent  upon 
the rate  of  cooling o f  the current  frozen fringe.  For Devon silt, freezing  under an applied 
pressure o f  50 kPa, the  temperature at i c e  lens  formation  changed  from -0.28 to -0.20-C when  the 
rate  of  cooling  decreased  from 0 . 5 4  to 0.11'C/day. The experimental  data  also  suggest  that the 
difference  between the maximum  and  minimum  ice  lens  temperature  increased  from -0.022 to -0.064'C 
for the same  variation o f  the rate of cooling. 

INTRODUCTION 

Konrad  and  Morgenstern (1980, 8 1 ,  8 2 )  proposed 
a comprehensive  engineering  theory of frost 
heave  based on the concept of the segregation 
potential, SP. Excellent  agreement was found 
between the prediction of frost  heave of a 
buried  chilled  pipeline  and  that  observed  in 
long-term  full-scale  experiments at a tesit site 
in  Calgary,  Canada. The proposed  model is 
based on average  properties of the current 
frozen  fringe and cannot  therefore  predict the 
actual  ice  structure in the field,  although it 
can provide the average  ice  content  with  depth. 
It was established  that SP is dependent  upon 
applied  load,  rate o f  cooling  and  suction at 
the  frost front. Since SP is  directly  related 
to the temperature o f  the  growing  ice  lens, it 
is  expected  that  the  latter  should also be 
dependent  upon  these  factora. 

This paper  is  directed  towards  demonstrating 
that the temperature at the base of a growing 
ice  lens  is  not a constant  during  freezing 
associated  with  steady  frost  penetration  into 
unfrozen  soil. 

THE MECHANISM OF ICE LENS FORMATION 

Figure 1 represents  schematically the proceas 
of initiation  and growth of a single  ice  lens 
and the  formation of the subsequent  ice  lens 
durins  transient  freezins. Let us  consider  the 
ti.me < a 
a given 
segreyat: 
there is 

t  which  a  new  ice  lens is initiated at 
location  defined  by  its  particular 
ion-freezing  temperature T,. Because 
thermal  i,mbalance, the frost  front 

advances at some rate  dX/dt. This, in turn, 
produces  changes in the temperature  profile 
across the sample  and  more  specifically  across 
the frozen fringe.  During a time  interval t 
the base of the ice  lens cools below T,, and 
the extent  of the frozen  fringe  increases by 
X. Consequently, the overall  permeability o f  
the fringe  decreases,  the  flow  path  increases, 
and the suction  potential  developed at the  base 
of the ice  lens  becomes  greater.  For 
temperatures close to O'C,  the suction at the 
base of the ice  lens  varies  linearly  with 
temperature  below O'C. In contrast, the 
unfrozen  water  content  and  hence  the frozen 
soil  permeability  decay  more or less 
exponentially  with  decreasing  temperature 
(Yohansen, 1 9 7 7 ) .  As long as the relation 
between  suction  and  frozen  fringe  permeability 
is such that the  water  flow  entering  the  fringe 
i s  able to traverse it, water  will be drawn  to 
the base of  the ice  lens  and thus contribute to 
its  growth.  Therefore,  during  the  time 
interval t the ice  lens  grows to a thickness 
equal to 1.09~ t where-v is  the  average  water 
intake  flux.  Because the hydraulic 
conductivity  of the frozen  fringe  decreases 
more  rapidly  than the suction  increases  with 
decreasing  temperature, it follows  that the 
average  water  flux  decreases  continually  with 
time  during the growth of a single i c e  lens. 
Further  penetration of the  frost f r o n t  results 
in  further  coaling of the frozen  fringe. A f t - e r  
a  while, the temperature  at  the base o f  the 
growing  ice  lens  reaches  a  value T,, at  which 
the permeability  of the upper  part of the 
fringe i s  so small  that  water  flow  is 
essentially  stopped in the  zone o f  extremely 
low  permeability. Water now accumulates 
somewhere below the  base o f  t.he former irp 
lens. The new  level of accumulation is 
governed by the local prrmeability of t-he 
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current frozen fringe, which can be associated 
with a segregation-freezing temperature of ice 
lcns formation, T,-. Because T,, is warmer 
than T,,, the average permeability of the new 
current frozen  fringe is larger than the one 
associated with the farmer ice lens. The rate 
of ice lens growth is therefore higher at the 
initiation of a new ice lens but steadily 
decreases during its growth. Experimental data 

described mechanism. 
reported by Fermer (1986) support the above 

Recent experimental developments at the 
National Research Council of! Canada using X-ray 
photography have been used to locate the 
position of a growing ice lens in order to 
determine its temperature by means of its 
position in the thermal gradient field (Penner 
and Goodrich, 1981). If the temperature 
distribution is linear in the frozen soil near 
the frost front, which is often the case, the 
temperature of the actively growing face can be 
calculated as: 

T,(t) = d(t).grad T,(t) (1) 

where d(t) is the thickness of the frozen 
fringe and grad T,(t) is the temperature 
gradient in the frozen zone near O'C at time t. 

It should be noted that this estimated 
temperature lies between T,= and T". However, 
as shown in fig. 1, the spacing, s, between two 
consecutive Ice lenses provides additional 
information because: 

T,, - T,, = s.grad Tr ( 2 )  

It is assumed that the conditions controlling 
the initiation of a new ice lens are not 
significantly different for consecutive ice 
lenses unless there is a marked change in the 
rate of cooling and/or the suction at the frost 
front . 
The temperature of ice lens initiation, T,*, 
can also be estimated from the temperature of 
the active ice lens if it i s  possible to 
establish the time of its initiation which 
allows us then to obtain the relevant 
temperature distribution. The position of the 
ice lens, which i s  too small to be visible, Is 
back-calculated from the position of the fully 
grown ice lens by accounting for heave that 
occurred between its initiation and the X-ray 
photograph. 

EXPERIMENTAL PROCEDWRE 

Due to the  fact  that steg-freezing is 
characterized by drastic changes of rate of 
cooling of the current frozen fringe ( e . g .  
going from ?Ooc/day to almost OnC/day in less 
than a day), temperature changes at the growing 
Ice lens have been studied using the "ramped- 
freezinggg technique introduced by Myrick et al. 
(1982). In these tests a linear reduction with 
time of the top and bottom plate temperatures 
is used to impose a constant rate of  frost 
panetrafion. The rate of cooling of the frozen 
fringg,Tr,is related to the frost penetration 
rate,X,and the temperature gradient as:(Konrad 
and Morgenstern, 1982,1983) 

TEMPERATURE  PROFILE  SUCTION PROFILE ' PERMEABILITY  PROFILE 
ICE LENS 

0 DECREASING K, 4 

FIaURE 1. Changes in the frozen fringe during 
transient freezing 

'i!= = grad T,. ir (3) 

Thus, if the temperature gradient across the 
sample is maintained constant, ea. (3) 

tests with a constant rate of cooling of the 
indicates that this freezing mode results in 

fringe. However, as the frost  front advances 
into the unfrozen soil, the flow path decreases 
and it is expected that the suction at the 
frost front does not remain constant during 
f rcezing . Penner (1986) introduced 
improvements in temperature control as well as 
in computer-control in order to change the 
temperature at each end of the sample t o  within 
f0.004'C. The thermistors used in  the freezina 
cell were calibrated to within f0.005°C.The 
freezing cell used in this investigation has 
been fully described by Penner (Os. Cit.) 

Rather than conducting several freezing tests 
on different samples at different rates of 
ramping, it was decided to run only one 
freezing test in which the rate of cooling was 
changed in stages. The advantage of this 
procedure is to minimize sample variability. 
As shown by eq. ( 9 )  the rate of cooling is 
directly related to the rate o f  frost advance 

therefore controlled by the ramp rate. If the 
if the temperature gradient is given, and is 

temperature gradient is maintained constant 
during freezing, the observed spacing between 
'consecutive ice lenses is directly related to 
the difference between the minimum and maximum 
ice lens temperatures at a given rate of 
cooling a 

Xn order to minimize the effect of wall 
friction, the sample was frozen from bottom 
upwards. The temperature control was set at 

output of thehistor #10 located in the cell 
the bottom plate and at the warm side using the 

wall at a distance of 501.6 mm. 

The prapertiea of Devon silt are as follows: 
liquid limit=46.1%; plastic limit-19.8%; 

was consolidated in tha freezing cell from a 
passing #200=95%: % clay si%e=28%. The Samplet 

slurry to a pressure of 210 kPa and was frozen, 1, 

from bottom upwards after rebound under an 
applied pressure of 50 kPa. 
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EXPERIMENTAL RESULTS 

Fig. 2 gives the thermal conditions used during 
freezing leading to different frost penetration 
rates as shown In fig. 3. During the first 69 
hours the end temperatures were lowered at a 
constant rate of  0.67'C/day, followed by a rate 
of temperature decrease of 0.36'C/day for about 
30 hours, then €or a period of 100 hours the 
ramp rate was less than O.O5"C/day . Finally, 
the rata was increased to 0.22'C/day for 
approximately 40 hours. At the end of stage IV 
the temperature of tharmistor #10 was very 
close to 0°C and was maintained constant for 
the remaining freezing pariod while  the bottom 
plate temperature was lowered at  0.22'C/day. 
It i s  noted that the position of the frost line 
is given with respect to the fixed bottom plate 
and that the actual rate of frotat penetration 
into Unfrozen soil must account for total heave 
since the unfrozen soil is steadily pushed 
upwards as frost heaving occurs. Eq. (3) with 
the corrected frost penetration rate yield8 the 
rate of cooling of the current frozen fringe 
for stage I to V as illustrated in fig. 4. The 
actual values o f  f ,  are 0.53 (0.0224), 0 . 2 5  
(0.0102), 0, 0.11 (Q.00471, and O"C/day 
R/hour) for stage I,  11, 111, I V ,  and V 
respectively. In general, the rate of cooling 
of the  fringe stayed fairly constant during 
each  stage, but showed some variation in stage 
IV with respect to the average value. 
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FIGURE 2. Temperature boundary conditions 
during freezing 

Seven X-ray photographs were taken while 
freezing was in progress at different elapsed 
times as indicated on fig. 3 and 4. 
Temperature measurements were  taken at the same 
time as the X-ray pictures to determine the 
corresponding temperature distribution within 
the  sample as shown in fig. 5. A s  noted by 
Penner and Goodrich (1981), the thermietor 
points and wires show on  the X-rays which helps 
to locate the position of the growing face Qf 
the ice lens very accurately. NO 
discontinuities were noted in the temperature 
profiles and the ice lenses were essentially 
horizontal. As a result,linear interpolation 

use of grad T, is adequate for the present 
of temperatures between measured points, or the 

study I 
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FIGURE 3. Frost penetration during freezing. 
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Each X-ray photograph was  taken from the same 
distance from the freezing cell with EL film 
installed at the  same location behind the cell 
in order to keep the same scale. The X-ray 
beam was centered with respect to the actual 
position of the frost front to minimize 
distortion in the area of interest. Fig. 6 
presents the X-rays indicating the position of 
the growing ice lens with respect to the 
thermistors placed at ten different distances 
from the bottom plate: 0, 8.4, 16.8, 25.4, 
38.1, 50.8. 63.5, 16.2, 88.9,and 101.6 mm. 

The soil between ice lenses appears as a dark 
tone, Thin ice lenses are lighter whereas 
thicker ice lenses appear white. 

The results of the experiment are summarized on 

of ice lens formation, the inferred temperature 
table I. According to the proposed mechanism 

of the growing face of the active ice lens 
depends upon the time elapsed since the 
initiation but it will always be between Tlr 
and T-,,,. ft is gassible to estimate the 

using X-ray photographs obtained for longer 
relative stage of growth of a single ice lens 

freezing periods, T, i s  then closer to T,, i f  
the current ice lens is near i t6  beginning 
while it is closer to T,, near its termination. 

The interpretation of the first 4 X-rays in 
terms of T, ;indicates that the temperature of 
ice lens formation  depends upon the rate of 
cooling. The  temperature of the ice lens 

of cooling decreased from 0.54 to Q"C/day in 
increased from -0.283  to -0.204"C as the rate 

support of the proposed mechanism . 

about 0.54'C/day produced a regular ice-soil 
In stage x, the imposed rate of cooling of 

structure composed of thin ice lenses separated 
by soil lenses of about 0.6 mm. Using eq.2 , 
the difference between the temperature of the 
current ice lens at iter formation and at its 
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termination is of the order of -0.022'C. Sfnce 
X-ray 1 was obtained near the termination of 
the ice lens, it i s  argued that T,, is slightly 
below T, and that the temperature of ice lens 
initiation is slightly below - 0 . 2 6 - C .  

In stage 11, the Imposed rate of cooling of 
Q.2r°C/day also resulted in a regular ice 
structure but with increased spacing between 
ice lenses as shown in fig. 6. The temperature 
of the current ice lens was estimated as - 
Q.239"C and was near its beginning. The 
average spacing between ice lenses was about 
1.2 mm indicating that the difference between 
T.,,, and T,, was -0 .042"C.  

' t  b.' 
= 0.08 

" I 

TIME ( mio/100) 
." .. 

FIGURE 4. Rate of cooling of the frozen fringe 
during freezing 

which permitted a large Ice lens to grow. The 
In stage 111, the rate of cooling was zaro 

estimated TI after 11327 minutes of freezing 
was - 0 . 2 0 4 " C .  The time of formation was 
estimated from the measured thickness of the 
ice lens to be about 6622 minutes after the 
beginning of  freezing and the corresponding 
temperature profile indicated that the 
temperature of formation of the current ice 
lens was also -0.2Q48C. Freezing from the 
bottom Upwards gushes the unfrozen soil upwards 
as heaving progresses and the position of the 
Q'C isotherm is moving even if there i s  no 
additional frost penetration into the unfrozen 
soil. This is illustrated in fig. 7 which 

and downward freezing. If, for the case of 
compares the same freezing situation for upward 

upward freezing, the increment  in  frost 
penetration. A X ,  is equal to the increment of 
ice lens thickness, Ah,, then there i s  no net 
increase in  frost penetration. If AX is 
larger than Ah,, then there is cooling of the 

melting i s  obtained if AX is leas than ah,. 
frozen fringe while warming and subsequent 

For the ice lens under consideration, A X  was 
5.59 mm for elapsed times of 5622 and 13327 
minutes and Ah, was 5.64 mm indicating in turn 
that the net frost penetration in stage 111 was 
essentially zero. Thus, the temperature at the 
growing face of the ice lens did  not change 

since the temperature gradient remained 
constant during this stage. The fact  that the 
rate of cooling was also zero points out  that 
the actual frost penetration rate  was also 2er0 
according to eg. 3 .  The temperature of ice 
lens formation for an extremely small cooling 
rate was thus about -Q.2Q°C, 

X-ray 4 was taken during stage 1V where the 
frost front penetrated again into unfrozen soil 
and the estimated temperature at the face of 
the same ice lens was -0.25'C. Furthermore, 
the ice lens was near its maximum thickness 
indicating that the measured T, should be close 
to T,-. 
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FIGURE 5. Temperature profiles in sample for 
each X-ray 

X-ray 5, which corresponds to the end of stage 
IV, shows that the spacing between ice lenses 
increased to about 1.8 mm when the rate of 
cooling was Q.ll'C/day. This, in turn, means 
that the difference between T,, and T,, was 
about -0 .064 'C .  Furthermore, the temperature 
at the growing face of the warmest ice lens was 
-0.206"C. It should be noted that this ice 
lens was barely visible indicating that it had 
just formed. X-rays 6 and 7 show that the 
growing ice i s  the same as that detected in X- 
ray 5. Therefore, it should be expected that 
T, becomes colder with time provided the frost 
front steadily penetrates into the unfrozen 
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FIGURE 6 .  Location of growing ice lens using 
X-ray prints 

soil resulting in further cooling of the frozen 
fringe. However, as shown on fig. 4 #, the 
-calculated rats of cooling is zero and even 
negative (not plotted) which means that the 
currant frozen fringe was actually warming and 
thus thawing . The estimated temperatures at 
the growing ice lens are given in Table I and 
are consistent with the above diacussion. 

F R E E Z I N G  UPWARDS FREEZING DOWNWARDS 

" 

I 

-* *\ BASE OF 
ICE LENS 

1. TEMPERATURE 
PROFILE 

EQUIVALENT CONDITIONS 
FOR A X  'Ah% 

. " 

BIGWRE 7 Location ice lens in downward and' 
upward freezing tests 

Tabla XI summarizes the main results obtainad 
in the present  study. The suction at the frost 
front was different for each stage but to data 
no systematic study of its effect on  Tgr and 
T,, has been undertaken. Neverthele-,  it i e  
clearly shown that the temperature of Ice lens 
formation in Devon silt with steady frost 
penetration is dependent upon the rate of 
cooling . Tmr was respectively -0.26, -0.23 
and -0.20'C for cooling rates o f  about 
0.54, 0 . 2 4  and O.ll'C/day. The study also 

revealed that the difference between the 
maximum and mlnimum temperature of a growing 
ice lens is also dependent upon the rate of 
cooling and increases with decreasing rates of 
cooling. For Devon silt. T,,-T,= is 
eepectively -4 .022,  -0.042, and -0.064-C for h. o f  0 .54 .  0.24 and O.lloc/day. This.  in 
turn, indicates that the variation of T,, with 
rate of cooling is not as important as i t  is 
for T,*. 

S-Y 

The development of  computer-contrplled, ramped- 
temperature freezing and computer-aided 
measurements of moisture migration, frost 
heave, and thermistor output by Panner (1986). 
associated with the X-ray technique made it 
possible to study the-effect af  rate of cooling 
on the temperature of ice lens initiation and 
on the difference between the maximum and 
minimum temperature of the same ice  lens. 

The results o f  the prssent investigation . .  

indicated that the temperature of i c e  lens 
initiation was not  a constant for Devon silt, 
but increased when the rate o f  cooling 
decreased from 0.54 to O.llec/day. 
Furthermore, it was noted that the difference 
between the maximum and the minimum temperature 
of a given ice lens increased when the rats of 
cooling decreased from 0.54 to O.I1e~/day. 
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TABLE I: Bstinated Ice Lena Temperature Proa X-Ray Photoprapha  in  Devon 
Silt. 

I" 

Dlstance T. 

b i n )  (mm)  (mm) 'C/mm 'C 
X-ray Time of ice lens O'C grad TI (measured) Comments 

__I " 

1 2867  42.64  50.40 0.0365 -0.283 near termination 
of i c e  lens 

' 2  5588 72 .91  . 79.75 0.0350 -0.239 near beginning 
of ice lens 

3 11327 84 .20  89 .80  0.0364 -0.204 

4 12768 86.45 93.28 0.0386 -0 ,250  near  termination 
of ice lens 

5 14205  92.86  98.42 0.0358 -0.206 near beginning 
of ice lens 

6 15643 95.96 100.12  0.0393 -0.163 same ice lens as 

7 18084 
15 but warming 

98.71 100.98 0.0362  -0.154 of base of ice 
lens 

"" 

Rate of Cooling Suction Average Grad T, T.,-T., Measured Estimated Estimated 
"C/h ('C/day)  at O'C Spacing 'Chm 'C T. T., T.C. 

"C kPa mm 'C   "C  
__ "" 

0.0224 (0.54) -22 0 . 6  0.0365 -0,022  -0.283 slightly -0.26 
below T. 

0.0102  (0.24) -16 1 . 2  0,0350 -0.042 -0.239 

0.0047 (0.11) -8 1 .E 0,0358 -0.064 -0 .206 

-0 .27  -0 .23  

-0.26 - 0 . 2 0  
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MICROSTRUCTURE OF FROZEN SOILS EXAMINED BY SEM 
Kumai, Motov 

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

SYNOPSIS Physical properties of bentonite, dickite and sand samples for  freezing 
experiments were examined with a scanning electron microscope (SEM), and elemental compositions 
were measured with an energy dispersive x-ray (EDX) analyzer. Bentonite from Umiat, Alaska, is 
a typical cold-regions swelling clay with thin, crumpled and folded structures. The soil 
samples with relatively high water contents were frozen, and the frozen characteristics were 
examined with the SEM equipped with a cold stage. SEM images of frozen bentonite and dickite 
showed characteristic segregated ice and coagulated soil patterns formed during freezing 
processes and porous structures formed during the sublimation stage of  ice in frozen soils. 
However, frozen sand showed no typical ice segregation and sand grain coagulation because of the 
large grain size. The freeze sublimation process of frozen clay and silt increases the 
permeability to water  vapor because of  the porous structure formation. 

INTRODUCTION 

In a laboratory experiment of frozen soils, 
polygonal ice patterns were found in hori- 
zontal thin sections of frozen Morin and Ells- 
worth clays (Chamberlain and Gow, 1979). The 

worth clays was greater than that in CRREL 
development of ice lenses in Morin and Ells- 

clay and Hanover silt at low applied stress. 
The freezing and thawing caused an increase in 
vertical permeability due to the formation of 
polygonal shrinkage cracks, especially for the 
soil of high plasticity. 

The object of this work on frozen soils is to 
provide fundamental information on freeze- 
drying effects, morphology, size distribu- 
tions, and elemental compostion of soil 
grains. This paper presents the results of 
physical and chemical properties of bentonite 
from umiat, Alaska, dickite from San Juanito, 
Mexico, and sand from Hyannis, Massachusetts. 
Characteristics of the microstructure of Eroz- 
en soils and ice 6UblimatiOn in frozen soil 
samples during freeze-dry processes are 
described to assist in understanding the mech- 
anism of void formation leading to increased 
permeability. 

MATERIALS AND METHODS 

A swelling clay, a non-swelling clay and a 
sand were selected to examine the characteris- 
tic structure o f  soils during the freeze-dry- 
ing  processes. Bentonite from Alaska was used 
as  the swelling clay. The bentonite beds are 
25  to 30 cm thick and are conveniently acces- 
sible at Umiat Mountain, 6.5 km northeast,of 
the village of Umiat (Kietterman et al., 1963). 
Dickite, a non-swelling clay, from San 
Juanito, Mexico and a sand from Hyannis Beach, 
Massachusetts, were also used in these experi- 

ments. The bentonite, dickite and sand 
samples were coated with Au  and  Pd  (60:40) to 
a thickness of about look in a vacuum chamber 
for the determination of the elemental com- 
position and morphology. 

The processes of freezing these soil samples 
were examined under an optical microscope in a 
cold room at -10'12. Then, the details of the 
characteristic structure were examined with a 
scanning electron microscope (SEM) equipped 
with a cold stage. The morphology and size 
distribution of soil grains were examined with 
the SEM. Elemental compositions of these soil 
grains were determined by an energy dispersive 
x-ray (EDX) analysis. 

A schematic illustration of the SEM equipped 
with a cold stage is shown in  Fig. 1. A soil 
sample with a known water content was placed 

holder and rapidly frozen by immersing it  in 
in a hole 3 nrm in diameter on the specimen 

liquid nitrogen. The specimen holder and 
frozen sample were then fixed to the specimen 
exchange rod and inserted into a pre-evacua- 
tion chamber, which was quickly evacuated to a 
pressure of 1 x torr. The frozen speci- 
men was then immediately transferred onto the 
cold stage, Qhich had previously been cooled 
to around -1OO'C with liquid nitrogen. The 
temperature of the frozen soil sample in the 
SEW was thermostatically controlled with a 
built-in  heater. 

The ultimate vacuum f o r  the SEM observation of 
frozen soil samples is about 5 x torr. 
The ice temperature at a water vapor pressure 
of 5 x torr is about -92°C in the SEM. 
SEM images of frozen soils were taken at tem- 
peratures -92°C or lower. SEM images of ice 
sublimation from frozen s o i l  samples were ob- 
tained at temperatures higher than -92°C. The 
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Fig. 1. Schematic illustration of a scanning 

electron microscope (SEM) equipped 
with a cold stage €or frozen soil 
studies. 

temperature of the frozen soil samples was 
measured continuously using a built-in copper- 
constantan thermocouple. The temperature 
range of the soil samples was from -1OO'C to - 
40°C in thie experiment. The working distance 
of the frozen soil samples was 15 mm, the tilt 
angle 0", and the accelerating voltage 5, 10 
or 20 kV. 

RESULTS 

memica1 comDosition and  morpholocrv 

A typical SEM image of unfrozen Umiat benton- 
ite is shown in  Fig. Za, which shows that ben- 
tonite grains have crumpled and folded struc- 
tures. The elemental spectral image of the 
bentonite obtained by EDX analyzer is shown in 
Fig. 2b, which shows that the major elements 
are Si, All Fe, Mg, Ca, Na, K,  and  Ti. The 
major chemical composition of the bentonite as 
oxides is shown in Table 1 and compared with 

Table 1. Major element analysis (wt. %) of 
Umiat bentonite, San Juanito dickite, and 
Hyannis sand. 

san Juanito Hyannis 
Oxides Umiat bentonite dickite sand 

** * *** * 
SiO,  55.99  52.90  44.85  45.49  95.91 
A120 18.92  18.28  40.05  39.04 3.20 

Fe,O  3.38 3.56 

FeO 0.01 0.01 

CaO 1.61 1.63 0.51 0.55 
Na, 0 1.19  0.12 0,12 

m o  3.08 2.61 Trace Trace 0.89 

K2 0 0.08 1.26 0.15  0.16 

TiO, 0.16  0.65 0.02 0.02 

This paper. ** Anderson et  al. (1966). 
*** Kerr et al. (1950) * 

those of Anderson et  al. (1966). The molecu- 
lar ratio of silica (SiO,) to alumina (Al, c$ ) 

for the bentonite waa calculated to be 492:lOO 
for the terrestrial bulk sample and 503:lOO 
for the <2 pm fraction sample. 

The dickite grain from San Juanito (Fig. 3a) 
consisted of both well-developed and partly . 
developed hexagonal crystals. The elemental 
spectral image of the dickite is shown in  Fig. 
3b. which shows that the major elements are 
S i ,  All Fe, Ca, Na, K,  and  Ti. The major , 

Table 1 and compared with,those obtained by 
chemical composition of dickite is shown in 

Kerr et al. (1950) . 
The SEM image of Hyannis sand (Fig. 4a) shows 
that the grains are irregular in  shape. The 
main chemical composition of the sand is Si, 
Al, and Mg as shown in Fig, 4b and Table 1. 
The sand consists mainly of quartz grains. 



Mean diameters of about 500 soil grains were 
measured from SEM images o f  each soil sample. 
Grain size distributions of bentonite, dick- 
i t e ,  and sand samples are shown with a semi- 
logarithmic scale in Fig. 5. The size range 
of t,he bentonite sample was 0.2 to 6 pm in 
diameter, 90% of the grains were smaller than 
2 pm, and the number of grains exponentially 
decreased with size. The mean diameter of 
Umiat bentonite was calculated to be 1.9 pm. 
The thickneas of the grains was measured to be 
2 to 2 0 0  nm by electron microscopy (Kumai, 
1979). The d-spacings of the bentonite, 
measured from the electron diffraction pat- 
terns, were determined to be a - 5.18 A and h 

Fig. 5. Grain s i z e  d i s t r i b u t i o n s  of benton- 

= 8.97 A for ortho-hexagonal indexes. The 
particle size of dickite ranged from 0.5 to 25 
pm with a mean diameter 4.0  pm, and 50% of the 

ite, d i c k i t e ,  and sand samples. 



grains were smaller than 2 pm in diameter. 
The sand grains ranged from 8 to 260 pm in 
diameter with a mean diameter 53.3 pm, and 50% 
o f  the grains were larger than 20 p m  in 
diameter. 

Structure of the -Zen soils 

The maximum water content of bentonite, a 
swelling clay, is higher than that of non- 

with 900% water content by weight was frozen 
swelling clays. An Umiat bentonite sample 

with liquid nitrogen, and the structure was 
examined by SEM. A typical SEM image of the 
frozen bentonite at -1OO'C (Fig. sa) shows 
segregated ice (dark areas) and coagulated 
bentonite grains (light areas) formed  in the 
freezing process. The temperature of frozen 

bentonite was raised from -100" to -60°C using 
the built-in heater to allow the observation 
of the change in structure during the process 
of sublimation of ice. The ice in the frozen 
bentonite was observed to sublime slowly. 
Cavities were formed at locations where the 
ice sublimed (Fig. 6b). In  this freeze-drying 
process, micron-sized bentonite grains were 
cuagulated to form a sheet structure as seen 
in Fig. 6b. 

Bentonite samples with 230% water content by 
weight were also frozen. The SEM image of 
frozen bentonite at -8O'C is shown in  Fig. 6c ,  
in which the crumpled and folded structure of 
bentonite grains i s  shown. When the coagu- 
lated bentonite lost moisture during the 
freeze-drying process, the structure of the 



micron-sized bentonite grains changed to a 

6d. 
folded sheet-like structure as seen in Fig. 

A specimen o f  'the dickite with 100% water can- 
tent by weight was prepared and cooled by 
liquid nitrogen. A typical SEM image of the 
frozen dickite at -1OO'C is shown in  Fig. 7a, 
in which the segregated ice and the coagulated 
dickits grains formed during the freezing 
process are shown. The temperature of the 
frozen dickite was raised from -100' to -4O'C 
using the built-in heater to examine the 
change of texture  due to ice sublimation. The 
ice in the frozen dickite was observed to sub- 
lime gradually and  form a porous structure as 
shown in  Fig.  7b. During the ice sublimation 
process, the dickite grains moved slightly, 

but the morphology and size of the grains were 
not changed. 

A dickite sample with 19.5% water content by 
weight was prepared and frozen with liquid 
nitroqen. The  texture o f  the frozen dickite 
after ice sublimation at -40°C is shown in 
Fig. 7 c ,  where the dense structure of dickite 
grains is shown. Ice segregation during the 
rapid freezing process was not distinguished 
at this water content. 

A Hyannis sand sample with 20.9% water content 
by weight was frozen with liquid nitrogen. A 
typical SEM image of the frozen sand  at -85°C 
i s  shown in Figure E a .  in which sand grains 
with ice are shown. The temperature o€ the 
frozen sand sample was raised to - 5 5 ' C ,  and 



ice sublimation in the sample was observed. 
The frozen aggregated sand grains at -55'C are 
shown in Fig.  ab. Ice segregation and sand 
coagulation during the freezing process were 
not observed for the sand sample. 

DISCUSSION 

Clay minerals are hexagonal structures with 
lattice spacings about 10% greater than  those 
of hexagonal ice. Ice nucleation by clay 
minerals occurs at threshold temperatures from 
-5' to -15°C (Anderson 1974, Kumai 1976, 
1987). The freezing processes of clay samples 
with relatively high water contents are con- 
sidered as follows: 1) Water in clay samples 
is supercooled during cooling. When the tem- 
perature reaches the threshold temperature, 
ice nucleation occurs heterogeneously. 2) 
The ice grows from the supply of water and the 
ice segregates from soil grains. The soil 
grains coagulate by losing bound film water 
separating particles to the growing ice 
grains. 

The SEM images of bentonite or dickite 
samples, for given water contents, when frozen 
at -1O'C showed the same structure as frozen 
with liquid nitrogen (-190°C). However, the 
sizes of the segregated ice features increased 
with the freezing temperature and water con- 
tent. 

The frozen bentonite and dickite samples 
mounted on the cold stage were broken to 
examine the fractured surface. The SEM image 
of the fractured surfaces were similar to 
those of the unfractured surface structure. 

The amount of segregated ice in the frozen 
bentonite samples increased with the water 
content in the sample. Frozen bentonite 
samples with high water contents had three- 
dimensional honeycomb structures (Fig. 6b), 
which formed by coagulation of bentonite 
grains during ice segregation. However, the 
frozen bentonite at lower water contents 

cooled with liquid nitrogen (Fig.  6c). The 
(<230%) showed no honeycomb structure when 

honeycomb structure, however, did occur at the 
low rate of cooling in the -1O'C environment. 

The bentonite and dickite samples were frozen 
by liquid nitrogen and thawed at room tempera- 
ture. After 50 freeze-thaw cycles, the grain 
size distributions were examined. No change 
in the particle size distribution was 
observed. 

CONCLUSIONS 

Ice segregation and soil grain coagulation 
during freezing were observed directly on the 

bentonite and dickite samples with an SEM 
equipped with a cold stage. Cavity formation 
at segregated ice locations were observed 
during the sublimation process. Frozen ben- 
tonite and dickite with high water contents 
developed honeycomb structures due to  the 
three-dimensional structure o f  coagulated .' 

clays formed during freeze-drying processes. 
The freeze-drying processes of frozen clay and 
silts such as bentonite and dickite increase 
the permeability to water vapor due to the 
cavity formation. Ice segregation and soil 
grain coagulation were not observed in the 
frozen sand where the particle sizes were much 
larger in comparison with those of the clay 
and the silt. 
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CRYOGENIC DEFORMATIONS IN FINE-GRAINED SOILS 
YLP. Lebedenko and L.V. Shevchenko 

Faculty of Geology, Moscow State University, Moscow, USSR 

SYNOPSIS Results o f  investigations 5.nS;o the  nature,  mechanism, dynamics, specif ic  a n d  
general   patterns Q S ~  cryogenic deformation of freezing, thawlng, and  frozen moisture-saturated 
so i l s   a r e  diecuased. Comprehenstve methode of experimental  simulation o f  heat and mas6 exchange, 
physico-chemical  mechanical, texture- and atructure-forming  processes were used t o  s t u d y  heaving, 
shrhkage ,  swelljng, volumetric  heaving, and other procsh3aes responeible f o r  t h e  cryogenic defor- 
mation o f  1~0118. It has been established that heaving  deformations  occur  not only in.f.reezing, 
but also in thawing  moisture-saturated  flne-grained soila at  increasing  negative  temperatures,and 
also frozen s o i l s  under salini5atian.  Frozen 'soil experiences  heaving when salinized in a 
stationary  temperature field. QuantLtativLve data on w B t e r  migration flow, In%easity of segregated 
ice  formation, aoil heaving,  settlement, shrinkage, and swelling have been obtained. Deformation 
patterns have  been found f o r  freezing thawing and f r o z e n  sodls as  a function 0% *heir  fineneas, 
Chemico-mineral and chemical  composition o f  the  external  water  solution  moisture  content and 
densitg,  as well as regimes o r  rreee~ng, t h w b g ,  external pressure salinization. 

Deformation o f  freezing soils is caused by 
complex pbysico-chemical,  heat- and mass-ex- 
change processes  (water  migratim,  water-to- 
ice  phase transition ice  interlayer  formation, 
dewddration, coaguLaE ion and communit ion of mi- 
neral  part;icles and aggregates]. The resulting 
defonnatione mag have oppoaite  directions and 
varybg  vauee .  ~n the  f r o z e n  m a  p r ~ m a r l l y  
in freezing soil sones, deformations prevai l  
that are associated with volume increase (hea- 
v i n g  and volumetric  heaving) aad volume decre- 
ase (shrinkage) in thawed zones. Volume b c -  
crews  (posi t ive)  deformations in the  freezing 
s o i l  r e s u l t  f r o m  'the cryatal l lzat ion o f  water 
contained ha S t  p r i o r  t o  freesing (volumetric 
heaving) and of the water coming t o  the free- 
ziag front f r o m  the thawed zone (defomatlom 
cawed by migration fce foxmation). A thawed 
zone ahrinkage occurs as a resul t  o f  dehydra- 
tion of mineral  particlea and aggregates when 
moisture  migrates  into the f r o z e n  zone. 

It has been found experimentallg and supported 
by f ie ld   inves t iga t ions  tha% an lflcrease in 
a o i l  fineness booats the  share o f  posi t ive de- 
formations due  t o  segregated i ce  accumulation 
(b accordance with moisture  migration flow 
density  increase in the loamy sand - loam - 
clay  sepies) and reduces  the share of volumet- 
ric heaving  deformations. The share of volu- 
metric  heaving i n -  loamy s a n d s  may reach 70 t o  
80 percent, whUe it is not higher than 12 t o  
20 percent in clays (Fig.1). S o i l  finmeas in- 
meas8 brings about an Fncrease in negative 
deformatibn  (shrinkage) which may par t ia l ly  
and sometimes completely compensate f o r  posi- 
t i v e  deformation. 

The investigation o f  heat and mass t ransfer ,  
segregaEed ice  accumulation a n d  heaving pro- 
cesses in freezing  soi ls  of various  mineral 
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Big.1 Correlation of heaving (%I, 
caused by migration  ice accumulatlon 
(hIw) and volumetric heaving (tb) 
(shrinkage deformation (hsh) is taken 
i n t o  account) h freezing samples under 
open sys t em conditions : R - loamy s a n d ,  
,b - loam, c, d ,  e - kaolinite,  polgmine- 

t ively.  I 

ral ,  and montmorillonite  'clays, reapec- 

composition w i s  conducted on kaol in i te  (Wi=0.50; 
Pd = T.25 g/cm3), polymineral (W,=O.53; 

- 1.21 g/cm3), and  montmorillonite (W,=0.78; 
pa = 0.72 g/cm 3 1 clay samplgs. Freezing was 

modeled under the same boundaq temperature con- 

with soil  humidities  equal t o  complete water 
ditiona as in the above-mentioned experiments 

saturation. The resul ta  show t ha t  t h e  maximum 
value of moisture  migration  flow  density, 

g/cm2 . B, is found in kaol ini te  and 

Pa - 



the  mFnimum in montmorillonite  clay 
(Iw = 22 . I O 6  g/cm2 . 8 ) .  Moisture  ml@ation 
flow density in polymlneral clay was 28.10 
g/cm2-a. The curve of moisture  migration  flow 
density  as a function of time shows a smooth 
downward trend (Flg.2).  Whereas ih cl'aye o f  
kaolinite and hydromicaceous cdmposition, 

-6 

h 

0,4 -04 -2,4 - 
" - "  

0,3 -0,s -2.0 - 
" -  

0,2 -0.4-1,6 - 
" -  

0,4 -42-f.2 - 

0- 0-0s.. 
" *  

Fig.2 Dynamics of heaving (%I, shrinkage 
(hsh), and Begregated i c e  accumulation(% 1 
deformations;  freezing  rate (v~I; tempe-' 
rature  gradient in the   btaneive phase 
t rans i t ion  zone (grad t'l; and moisture 
migration flow density (L) in k a o l b i t e  
(a) and montmorillonite @) clays freezing 

lFni te  clay ( c )  freezing under closed 
under open system conditions and in kao- 

system conditions. 

the  external  migration flow (due t o  inflow 
f r o m  without)  plays  the  basic  role Fn moisture 
redistribution, in montmorillonite  clay  the 

dominant fac tor  is in montmorillonite  clay  the 
dominant fac tor  is internal.  migration flow 
( r e s u l t b g  fsom s o i l  moiature redistribution).  
The share of migration  ice  accumulation in the  
heaving of s o i l s  of different  mineral composi- 

pectively, 84, 86 and 80 percent (Fig.4). 
t ion ia practically the same and equal8  res- 

However, heaving 1s different Sn them. Such 
different  values of heaving in the soile OP 
different  mineral composition at   similar  values 
of moisture  migration flow density  are  attribu- 
ted  primarily  to  shrinkage. Thus, shrinkage 
deformation in freezing kaolinite  clay compen- 
sated f o r  about 16 percent o f  the t o t a l  posi- 
t i v e  def omat  ion, and  f o r  27 percent in polgmi- 
neral  clay. The m a x t m u m  effect  o f  shrinkage 
deformation in leveling off soil heaving is 
found In montmorillonite  clag where its value 
exceeds 80 percent. When the  external  condi- 
tions  vary,  the  correlation of posit ive and ne- 
gative deformation6  changes too. Thus, an fnc- 
reamed temperature  gradient results Fn an in- 
creased  moisture  migration flow d e n s i t y ;  ho- 
wever, the net  ioe accumulation mag decrease 
as  a resu l t  of a rapid advance o f  t he   f r eezbg  
front. Wi.t;h increasing  freezing  rate most of 
the water  crystall izes in s i t u  which enhances 
volumetric  heavbg defOfma.t;ion and decreases 
shrinkage. The correlation of posit ive and ne- 
gative  deformations i s  also inrluenced by the  
moiature  content,  aensitg, groundwater tabla ,  
ma other   factom. 

Studies of the  effect  o f  i n i t i a l  moisture con- 
tent of soil and i ta  skeleton  density on the 
extent of hsavIng,when freezing occuI?s under 
vlclosedll system  conditions,have shown tha t  an 
increase in the  aeeleton  density o l  Boil and  a 
aimultaneoue  decrease in the  moisture  content 
bring about a decrease b heaving defamation 

volumetric  heaving  deformation;  shrinkage i s  
owing t o  both migration ice accumulation and 

also reduced. With lower init ial  moisture 
content,  rapid and intepslve  dehydration of 
the thawed zone(beneath the phase boundarg) 
takes  place whose fur ther  freetzhng forms mass- 
cryogenic structum. In a wetter and less den- 
aer s o i l  sample, m a x i m u m  moisture  migration 
flow densitg waa found t o  be N0.,0-6 g,cm2, 
while i n  a dense soil sample. the  value was 
smaller by a fac tor  of 6 (fpig.3,~). 

In a freezing kaolinike clay of high l n i t i a l  
moisture content a smoother  decrease o f  mois- 
ture  migration  flow I s  obsbmed a8 compared t o  
its sharp drop in  a dense a 0 4  and heaving de- 
formation dynamics due t o  migration ice accu- 
mulation i s  completely controlled by t h e  pat- 
of moisture  migration flow density  distribution 
with time. A considerable  moisture  migration 
f l o w  in a wetter a n d  less   denser   soi l  caused 
an intensive thaw %one dehydratian, whe*as in 
a dense s o i l  s h p l e  no visible  shrinkage de- 
formation aensor displacement was detected. A 
higher   ini t ia l   soi l   skeleton  densi tg  combined 
with a lower b i t i a l  moisture  content  result in 
reduced  heaving due t o  volumetric  heavlng which 
is associated wi th  a decrease in the amount of 
.pore moisture at Lower porosity  (higher  density) 
of soil, 

A completely different  pattern of heaving de- 
formation in freezing  soila of varioua i n i t i a l  
humidity and density is observed when freezing 

8 ,  



occurs under "open11 sys t em conditions. 

It han been ~ h o w n  experimen%ally 
t h a t   a t   f r e e  m o i s t u r e  inflow from t h e  outside. 
a higher i n i t i a l  SOU deasitg result8 in a 

t e d  primarily  with increasing migration flow- 
stronger  heaving deformation.  This -5s aasocia- 

Big.3 Correlation of heaving (%) 
caused by migration  ice  accumulation 
(hh) and swelling (h,) (shrinkage (hsh) 

and settlement (hBe) are  taken in to  
account) in unilateral lg  t h a w % ,  under 
open system conditions. s o i l a  dEPe- 
rent composition: a, d - kaol ini te  
clay; b - loam; c - loamy sands e, f - 
polgmlneral and montmorllonite  clays, 
respectively. 

denaitg a$ a simultaneous shrinkage  decrease, 
Le .  with a leaaer compeasation f o r  the  poai- 
t i v e  deformation  caused by segregated i c e  f o r  
mation and volumetric  heaving,, Xa the  kaoli- 
n i t e  samples s t u d i e d  an i n i t i 4 1  d e n s i t y  Sac- 

1 .% g(cm9) caused a more than 15 pepgent re- 
r e a m  sk le ton d e n s h y  increased from 1.25 t o  
duction o f  shrbkage deformation. , , . 

In  the  process of frozen soil thawing and soil 
freesbg, the  following three ZioneB are  fomed:  
thawed,  thawing, and f mzen. In thwm zones, 
defoxmtiona of oppoeite  orien-bation,  suoh am 
thermal - settlement and shrinkage  (negat  ive de- 
f omation), and heavhg and swelling  (positive 
deformation) OCCUX. The laboratorg tests were 
conducted on unidirectional thawing of f r o z e n  
$amplee (4x4~12 cm of fine-grained s o i l  o f  
masaive ergogenic structure  with +2OC a t   t h e  
top and -4 C a t   t h e  bottom assigned aa boun- 
dary values. The t e s t s  envisaged free  water  
Mlow (open sgatem) a t  *2OC t o   t he   t op  o f  the 
samples, The external  migration  flow under 
open s y s t e m  conditions is spent  to produce se- 
gregated  ice in the  frozen zone and to   swel l  
the thawed s o i l .  Under these  conditione, 
shrbkage deformations in t h e  thaw-, zone a re  
negligible. In a thawing kaolinite  clay t h e r  
mal settlement was recorded caused by pore 
ice  melting.  equal  to 2 percent, and a swell- 
itlg deformation of 4 percent. The most in- 
terest ing  are   the processes occurring in the 
frosen zone of thawing grounds. The tempera- 
ture gradient cause6 water  migration from the 
thawing t o  the frozen  zone, which upon free- 
zing, forms new segregated  ice  interlayers, 

,Analysis of mass-exchange patterns showed that 
migration ice accumulation hcreases  in the 
Loamy sand  - loam - clay  eequence, and moistum 
migration  flow ($1 i s  close  to  the f low v a l u e s  
recorded during f r e e a h g .  Thus, o u r  t e s t a  
yielded 40.1 . IOc6 g/cm2 . s migration flow - I .25 g/cm 3 1 and four  ttmes smaller Plow la 

share o f  deformations, cauaed by segregated 
ice  formation amounted in t h a w i n g  clay, loam 
and loamy sans t o  73, 41.6 and 33.3 percent o f  
the t o t a l  poslt ive deformations,  respectively 
e i g . 3 ) -  Uvestigation o f  deformations of  
clayey s o i l s  has shown that  these  processes 
depend on their   mineral  composition.  Thawhg 
w a s  st-udied  (at  the same temperature  contiit om) 
in kaol ini te  (W, = 0.51 and pd = 1.25 g/cm 4 1, 
polgmfneral (Wi - 0.52 and p = 'I .28 g/cm3), 

and montmorillonite (Wi 0.68 and ~ d = O . f f l g / C ~  

flow density  as a function of t h e  showed  that 
clay  samples.  Analysis of moisture  migration 

moisture migration flow diplinfshes  with  increa- 
s b g  proportton of the montmorillonite gmup 
minerals. Thus, migration  flow in montmorillo- 
n i t e  clay is one order of magaitude smaller 
tban tha t  fn kaolinite and polymineral  clays. 
T h b  r e s u l t e d  ia leaser  segregated ice forma- 
t ion in them.  The maximum value o f  ddorma- 
t ion  due to  segregated i c e  formation was found 
in kaolinite  clay and  a eipgificantly lower 
one in polymtneral  clay. No vis ible  ice   inter-  
Layers formed in montmorillonite  clay under oux 
experimen-kal conditions. The clays  studied can 
be arranged,  according t o  their   thermal settle- 
ment, in the sequence: k a o l a t t e  polymlne- 
ral clay  montmorillonite.  Since the samplee 
were thawkg in free moisture  Wlow conditiorya, 
their   moisture conten* lncreased and carreapon- 
ding swelling  defomationn  iacreased either. 
The resulting  value of opposite deformations 
wae posit ive in OUT experiments, L e .  hLnatead 
of the  expected (in 8 hours)  subsidence of the  
ssmple top, i t a  rise wa8 obeemed. Similar 
result ing  posit ive deformation  values in kao- 
llslte aad  montmorillonite clay samples are 
determbed bx the  differences h swelling de- 
formations. SwelLhg  deformations in kaolini- 
te,   polymheral,  and  montmorillonite  clays ac- 
counted f o r  27, ?S, and 96 percent of the  to-  
tal  positive  deformations,  respectively. 

in kaolinite Clay = 0.51 and f d  

10- (wi a 00% and f a  1.70 g/Cm3) The 

The deformation  process in thawizlg frozen soiLs 
is greatly  affected by t h e i r   i n i t i a l  compact- 
nees, n k c e  t h i s   d e t e m h e s   t h e  dynamics of 
heat and maBB exchange, physico-chemical, and  
physico-mechanical ~TOCBBBOB. The Fncreasing 
density of thawing kaolinite aamples (from 
1.25 t o  1.36 t o  1.41 /em3) brings about a de- 
crease in mQration ffow from the thawed t o  
frozen zone by more than one order o f  magnit&. 
The largest  heaving  deformation  occurred h 
the sample of lesser  density (Fig.4). 

The change of thawing conditione  (temperature 
m a  absenae o f  water  inflow)  signfl~cantly  af-  
f ec t s   t he  deformation. The gxeeatest f a c t o r  o f  
thawhg ground deformation is the  advance r a t e  
o f  the  phase  boundaq. It was found that a t  a 
thawbg  ra te  exceeding 1.5 cm/h, i c e   i n t e r l a p  
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Fig.4 Correlation of heav htng (hh) caused 
by migration  ice  accumulation (h ) ead 

s w e l l h g  (h,) (shrinkage (hh) a n d  s e t t -  
lement (hse) were taken  into  accounf) in 
midirect ional ly  thawing kaolinite  clay 
sampleB, W i t i a l l y  compacted a t  0.1 MPa 
(a,d) and  0.4 w s  ( c )  in open sys t em 
conditions; and a t  0.4 Ddpa (b) in closed 
s y  st ea conditions . 

?w 

in our   t e s t s  were not formed. Irr this   case,  
deformation of the samples is determined by 
the  s u m  t o t a l  of swelling and shrinka e d e f o r  
nations. Slower  thawing races result an 

tion  eapecially, of heaving due t o  segsegaeed 
intensive developmept of .a l l  eypes of defoma- 

ice  iormstion. 

Comparison of thawing resul ts  f o r  ident ical  
samples (Wi = 0.51 and p d  = '1.25 g/cm3) with 
and without moisture ipflow enableat the follow- 
ing conclusiona t o  be drawn. In undirectio- 
nallg  thawhg samples, in both cases, Begrega- 
fed  ice accumulation  Fnvolves a c e & a b  amount 
of water which migrates  to  the frozen sone f o r  
ming ice interlayers.  Then, these  ice h k s r  
layers  a m  thawing with the approach of the  
thawFng f m n t ,  and the melt  water  again mlgra- 
t e s   t o   t h e  region of lower  negative tempexatu- 
xes. However, unEer cloaed system conditions, 
segregated i c e  accumulation ia based on inter- 
nal  water  redistribution. In thi8  case,  de- 
hydration and shrinkage b u t  not ~wwetlling o f  
the thawed zone were observed. 

In a closed  system shrinkage deformation com- 
pensated f o r  over 30 percent; of the t o t a l  
posit  ive  deformation . 
O f  special  Fntarest  am  expertmental observa- 
tions of deformation of frozen f he-grained 
s o i l s  interacting  with  cooled  solutions of  wa- 
ter-soluble   sal ts  of various  concentration at. 
different values  of external  pressure. A l l  
tes ts  d i d  not allow la tepa l  deformation of 
samples. Hence, the change in the hight o f  
samples carreaponas exactly t o  the change in 
t h e i r  volume. As shown by laboratory  test&, 
deformation o f  sample8 contacting  with cooled 
sal t   solut ions and experiencbg  constant ex- 
te rna l  load (P = 0.2 MPa) occum Jn. d i f f e r e n t  
ways. A t  a low concentration of lac1  solut ion,  

the volume of earnales increases UD t o  a cer ta in  
constant  value, i;e. deformation i t a b i l i z e e  
(Flg.5). 

& a 
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- P i  .5 Dynamic8 of re la t ive  heaving 
de&rmation o f  frozen kaol ini te  semples 
interacting  with N a C l  solutioni -2'C 
constant  temperature of the experiment; 
a and b - with and without 0,2 MPa 
external  pressure; 1, 2, 3, m a  4 - 
external  solution  concentrations of I .5, 
2.0, 3.0, m d  4.0 N, respectively. 

Af a more than  >fold  increase in NaCl so lu t im 
concentration,  positive  deformations  are  follo- 
wed by negative ones that reduce the volume of 
samples (Fig.5). T h h  pattern o f  deformatton 
shows that accumulaldon of moisture is replaced 
by Its squeezing. The experimental proof of 
t h i s  is moisture  distribution  along the height 
of samples. Wibhout external  load,  the  cume 
-5 E: f ( T ) i s  of more sharply  expreased ex- 

treme  character (Fig.GJ,. Thi6 proves that at 
higher  concentrations a f  an external water eolu- 
t ion,  interacting with a lffresh*l (aoa-saline) 

399 



421 

0.!5 

0.40 

0.0: 

0 

Ipig.6 Dynamics of relative heaving 
rnexirnum deformatton of frozen kaolinitic 
clay samples, at 0.2 MPa external pressure, 
as a function o f t  (a) temperature a$ 
different external solution concentratiions 
(I 2 3, and 4 N); a d  (a) external solution concentration at asferen* tempe- 
rature~: I, 2, 3, 4, m a  5 correspond to 
-2, -4,  -6, -8, and -12*C, respectlvelg. 

This shape of sample deformation curvea maul* 
primarily from the nature of unfrozen moisture 
migration' f r o m  external solutions t o  f mzen 

*/  A t  temperatures below the freeehg point o f  

with salinized ice. 
solutions, f m z m  nonsaline soils Interacted 
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PROPERTIES OF GEOCHEMICAL FIELDS IN  THE PERMAFROST ZONE 
V.N. Makarov 

Permafrost Institute, Siberian Branch of the U.S.S.R. Academy of Sciences, Yakutsk, U.S.S.R. 

SYNOPSIB This  paper  examines  some  properties  of  geochemical  fields  in  the  permafrost 
zone  in  relation to mineral  deposits  and  'techn0genesi8~.  Currently,  cryogeochemical  fields of 
mineral  deposits  form  in  both  residual  and  cover  formations.  Within  the  Low-temperature  pexma- 
frost overlying  buried  deposits,there  arise  supexposed  cryogenic  areas  having a significant  ver- 
tical range o f  migration.  During  the  cour8e of the  formation of tachnogenic  geochemical  fields 
there occur seasonal  variations  in  intenaity of geochemical  fields  cauesd  by  migration of chemical 
elements deep into a seasonally  thawed layer under  the  action of a freezing  front.  Most of conta- 
mination  products  axe  concentrated  in  suprapenmfxost  watera,  thus  forming  bodies o f  liquid  sali- 
ne  water  below O°C saturated  with  heavy  metals, and partly  penetrate  into the permafrost x o o f .  

Over the  past  several  years  the  study  of  speci- 
fic  features o f  geochemical  fields  in  the per- 
mafrost zone hao  increasingly  gained  in  signi- 
ficance,  owing  to  active  development  of  the 
northern  regions,  the  need t o  tackle tasks as- 
eociated  with  prospecting  and  exploitation of 
a mineral  deposit as well as questions  of  con- 
rstruction  and  environment  control  in  the  perma- 
frost  zone.  Thia  determines  the  need f o r  speci- 
al-purpose  investigations  aimed  at  the  study of 
characteristic  properties of physico-chemical 
proceasea,  migration  and  concentration  of  che- 
mical  elements  at  aubzero  temperatures. 

Let  ua  consider  geochemical fields arising  du- 
ring  the  course of diverslform  processes occur- 
ring  actively in the permafrost  zone  which  are 
associated,  first,  with  the  formation o f  cryo- 
geochemical  fields of mineral  deposits  and, Be- 
cond,  technogenic areas produced &e a  result o f  
man-induced  procesees. 

Most authors who have addreaised hypergenic pro- 
cesaes  in  the  permafrost  sone  that  determine 
the  formation  of  geochemical  fields,  limited 
the  thickness of physico-chemical changes of 
the  permafrost  to i t s  upper  part a8 deep as 
15 to 20 m, with  the  most  probable  depth  being 
thought of 3 to 6 m,  i.e.,  the  layer of annual 
temperatwe  fluctuations.  However,  recent  natu- 
ral-male and  experimental  investigations on 
rock  weathering and migration o f  chemical  ele- 
ments and their compounds  at  subzero  temperatu- 
res, have  revealed  the  existence  of  hypergenic 
processes  occurring in the  range of subzero 
temperatures. 

A possibility of formation o f  geochemical  fields 
in the permafroEit zone wa@ firat  pointed  out  by 
N . I .  Safronov (1957), who  noted  two  factors 
lending  support t o  the foxmation of saline 
areas  in  the  permafrost,  nunlely ( 1 )  develop- 
ment of fibroferrite  and  melaterite on plrro- 
tine in the  permafrost,  and (2) the  existence 
of natural  electric  fields in conjunction  with 
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sulphide  formations. 

Hypergenic changes in area of permafrost depo- 
sits  are  known  to  occur  at  conaiderab3.e  depths 
(Pitullko, 1977; Smirnov et al. 1941; Brown, 
1942; Saksela, 1953; and othemj. There  exists 
a hypothesis o f  contemporary  origin of sulpha- 
t e  oxidized ores developed  by  Iranor (1966; 
19671, Kravtsov (19701 and  Chaikovsky (1960). 
Ivsnov  explained the development  of  oxidiziilg 
processes by  migration of combined  water 
thxough the  permafrost.Criticiarn  of  this  view 
implied  the  impossibility of formation of deep' 
sulphate  areas of oxidation  in  auch  a  fashion 
because o f  the limitation  imposed  on  combined 
water  migration  by  the  layer of annual  tempera- 
ture  fluctuations, i . e . ,  by  the  temperature 
gradient. 

Pitullko (19771, who has given a most  thorough 
consideration  to  hypercryogenesis  questions, 
notes that  under  the  present-day  conditions 
the main  traneformations of ore material axe 
occurring  within a aeasondly  thawed layer and 
through  upper  horizons of frozen  ground, as 
high  as  the  layer of annual  temperature  fluctu- 
ations.  Incidental  influence  is  exerted  by pe- 

mineral-forming role pertains to  pellicular wa- 
netrating  surface  watera,  but the  principal 
ters  mi  rating  within  the  'upper  layer' (Yhvet- 
BOV, 19f1) o f  the  permafrost,  and to electro- 
chemical  processes. 

The  character o f  rock  weathering  in  the cryoge- 
nes is  zone  at subzero temperatures  is  poorly 
studied. It is  noted  that in this  case  elements 
which  under  normal  conditions are classified 
as sluggish - A I ,  Ti, V, and C r  - are  mobile 
(Tyutyunov, 1961). Pitullko (1961)  found that 
Ca, Mg, Fe, Nin, 'Pi, Si, K, and Na are carried 
away  from  the  cxyogeneais  zone.  Inhibited  Water 
exchange,  cambined  with  carrying-away of chemi- 
cal  elements  in  frozen  ground, lead t o  forma- 
tion of mineral  featurea r ich in  mobile  ele- 
ments,  including  mentmorillonite,  various  car- 



bonatea,  hydromicas, and, sometimes,  sulphates. 
Formation of salts  on  the  bedrock surface oc- 
curs during a cold period of time as well (Xo- 
kin, 1985; Shwartsev, 1979). Cryogenic salts 
were  observed  by  this  author  to  occur  in  the 
form of  leak-ins and thin  crusts on outcrops 
o f  sand-clay shales of Permian age in  the nor- 
thern  part o f  Ulakhan-Sis. Salts of white co- 
lour consisted o f  tenardite  with  admixture of 
astrakhanite (Na21\jlg SO4 24H20) and vanthoffite 
(Na6Mg SO4 4) and  contained  (in %): silicon 
( 1 .O) , aluminum (0 .7 ) ,  iron  and  cadmium (0.1 ) , 
titanium (0.03), lead (0.005), siXvgr (0.002), 

per (0.0002). 
vanadium  (O.O01),  manganese (O.0005), and cop- 

Investigations  made  by  Kokin in the  South  Ver- 
khoyanle  showed  evidence that this  proceso 
was occurring on a considerable  scale. Ihw, 
about 200 mg of iron  alum  were  released over 
the  area of 1 aq. m on the surface  of  fissured 
terrigenous ora8 f o r  two  winter  months (at the 
air  temperature of -4OOC) .  

Moat  dramatically, processes o f  8cattering  and 
concentration of chemical  elements  manifeet 
themaelves  in  the  hypercryogenesis zone of a 
mineral  deposit  that has been  compaxatfvely 
well studied by exploration  geochemists.  It 
has been found  that  contemporary,  secondaxy 
areas o f  scattering form in both  seasonally 
thawed and f rozen  covexs. In the  frozen  part 
of eluvial-deluvial  deposita  the  mechanical 
constituent of  the  areas i s  formed as a result 
of frost  cracking and the flillLng of cxacke 
thus produced.  The  salt  constituent  in  this 
case ia formed due t o  vertical  migration o f  
the  components  within  thin  pellicles o f  unfro- 
zen water.  Lateral  migration o f  material is 
usually.hindered,  but  with  considerable  amounts 
of  concentration,  it occurs as well (Pig. 1) .  

Fig.1 The  Secondary  Lithochemical  Area  of 
Scattering. 1 - Sampling Intervals; 2 - 
Ore Body; 3 - Upper  Boundary o f  Permafrost; 
4 - Isoconcentrations of Indicator-Elements, 96. 

The  permafrost is dominated by salt scattering, 
and below  buried  deposits  there arise superpo- 
sed cryogenic  areas.  Mechanical.  displacement 
of material  is poss ib le  only as a reeult o f  a 
manifestation of a number of cryogenic  phenome- 
na  such as the formation of ice veins.  With 
syngenetic freezing of the permafrost,  a prog- 
reseive  increase of the seaeonally thawed lay- 
ex boundaries  contributes t o  the  drift of the 
area  zone upwards along the overburden  section, 
with a gradual  increase  in  its  breadth. A gea- 
chemical  axea  formed  due  to  syngenetic  free- 
zing of sediments,  is  normally  mushroom-shaped 
and widely occurs  at  moderate  latitudes. 

During the  course of epigenetic  freezing of a 
friable uvsrbuxden, depending on the mechanism 
o f  formation  of  the  superposed  cryogenic  area, 
there  arise  fan-shaped or post-shaped areas. 

Fig. 2 shows an example o f  an epigenetic  (with 
respect t o  the  permafrost)  superposed  cryoge- 
nic  area.  The  geochemical f i e l d  above  the ore  

n 

Fig.2 The  Epigenetic,  Superposed,  Cryogenic 
Area o f  So in  ALlochtonic  Sediments above 
the  Ore Zoic. Content of  SO^, rng.equiv. : I - 
lese  than 0.1; 2 - 0.1-0.2; 3 - 0.2-0.3; 
4 - 0.3-0.4; 5 - more  than 0.4. 
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body has a complex  structure  and is divided 
into a pre-cryogenic  and  cryogenic  parts. The 
sulphate-ion  distribution  in  permafrost  sedi- 
menta  has a typlcal  form of a geochemical  area 
centered  on  the UppeT part  of  the  ore  body  and 
with a gradual  decrease  in  concentration.  The 
area had formed  due to oxidation of sulphides, 
whose  increased  concentrations  are  associated 
with  the  zone d f  ore mineralization occurring 
near  sand-clay  shales of Trias age and  at  over- 
lying  gravel-clay  rrediments.  Ihia  is  the  pre- 
cryogenic  part o f  the  geoohemical.  field  and had 
formed  under  conditions of warm, wet  climate. 
The  sulphate-ion  anomaly  occurring  in  overlying 
Pliocene-Pleistocene  sediments  could  have been 
produced  only  due  to  increased  sulphidization 
of  Paleogene~sedirnents  existing  within  the  con- 
t o w  o f  the  pre-cryogenic  area.  According to 
the  current  understanding,  the  beginning of 
formation of the  permafro&  zone  in  the North- 
East  of  the U.S.S.H. dates  back  to  the  first 
half of Pleistocene  and  has  been  persisted  con- 
tinuoualy  since  then. 

Thus, w e a s  occurring  in  Pleistocene  sediments 
could  have formed only under  conditione of cry- 
ogenesie. It is  beyond  all  shadow of doubt  that 
the  sulphate-ion  anomaly  is  formed  due to up- 
ward  migration  from  the  source  in  Triaa and 
Paleogene  sediments. In this  regard,  it  ie  fun- 
damentally  important  that  cryogenic & ~ e & 8  also 
occur within the permafrost occurring below 
the horizon  of  annual  temperature  Sluctuafione, 
whoBe  depth  in  the  region  invdlved  ie 10 to 12 
m (Makarov and Yinokurov, 1985). 

Another  example of migration of chemical ele- 
ments  thxough  perennially  frozen  sediments  may 
be hydrogeochemical  anomalies  occurring  in  Arc- 
tic  lowlands of the  North-Eaat of the U.S.S.R. 
The permafrost zone thickness vwiee, accor- 
ding to drilling data,  from 158 to 470 m and 
mom. Open  talike  are  rare and are poosible 
o n l y  below  large  rivers  and deep eroding lakes. 

Water  flows  are  notable f o r  lakes  and  rivere 
with  increased  mineralization.  Hydrogeochemi- 
cal fields  axe amociate (with xespect t o  mine- 
ralized  waters and anomalies o f  a number o f  
haavy  metals)  with  fearing  disturbancea  and 
ring  stxuctures  identified  on air- and  satelli- 
te photo  interpretation.  Although  the  chemical 
composition  of  aloohtonic  sediments  ie  uniform, 
it is  evident  that  sources  of  hydrogeochemical 
anomalies  associated  with  tectonic  elements, 
occur  in  bedrocks  and  axe  covered  by a thiok 
layer of Cainonoic  permafrost  sediments (Maka- 
rov  and  Kondratyev,l986) . 
In  the  absence o f  gravitational  moisture, geo- 
chemical  fields  are  produced as a result of 
ion diffusion  within  liquid  pellicles o f  an un- 
frozen  solution  under  the  action of the  concen- 
tration  gradient  and  electrochemical  fields. 
The  established  vertical range of occurrence 
of  geochemical  fields through the  permafrost 
sediments,  with  temperatures  of -6.6... -10.2OC 
at the  baee of the  yearly  fluctuation  horizon, 
constitutes  the  first  hundreds o f  meters fox 
anomaliee  aesociated  with  mineral  deposits. 

Geochemical  fields  in  the  permafrost  zone asso- 
ciated  with  manifestations of man-induced pro- 
cesses, show some  characteristic  properties. 

For technoganoua  landscapes o f  citiee and ur- 
banized  areaB,  the  epigenetic  component o f  
soils  is  formed  largely  due  to  pollutions pre- 
cipitating  from  the  atmosphere. It is  known 
that,  outside of the  permafrost  zone,  the 
greatest  soil  pollution by technogenesis  pro- 
ducts  occurs on the soil surface  (Nezhdanova 
et al., 1984). Primarily, it is due to aero- 
technogenous  flows of material  and OCCUTS as 
deep as 20 to 40 cm,  Under  cryogenesia  condi- 
tions  there  occurs  an  intense  transfer of tech- 
nogenous  pollution  products (mainly, the  mobile 
component composed of easily  aolvable  conati- 
tuents)  with  eubsoil  waters  and  soil  solutions 
deep into the seasonally thawed  layer (STL). 
As freezing  is  progressing,  soil and supraper- 
mafrost waters  saturated  with  technogenous  com- 
ponents,  are  pushed  down  into  lower  horizons of 
the STL where  there  occura  their  cryogenic con- 
centration as well as the  formation  of  bodies 
o f  liquid  saline  water  below O°C and  their lo- 
calization  in  the form of lenees at the bottom 
of the STL and  in  the  permafrost roof .  Cryoge- 
nic  transfer of technogenesis  producta  accumu- 
lated  in soils that  occurs  during  the  freezing 
and thawing of the  STL,  leads to seasonal. in- 
tensity  variations of the  geochemical  field. 
For  purposes of carrying  out  obaarvations of 
this  process in the  area of Yakutsk  aituated 
in  the  permafrost  zone (a continuous  permafrost 
zone of 250-350 m thickness  with  localized ta- 
liks below rivers), a study was made of the 
chemical  Composition of bank soils and s o i l  
extracto  from  them  prior  to the beginning and 
after  the  end of R cold  period (28-30 Septem- 
bsx  and 15-18 May,  respectively).  The  study 
revealed noticeable changes in composition of 
the  components  within  the  coatoura  of  techno- 
genous  anomalies  and  their  productivity  (the 
amount of material  and  chemical  element  over 
the city's area  with a a011 Layer 1 m thick), 
depending on the aeason. 

From the  difference  in  the  magnitudes  of  pro- 
ductivity of technogenous  geochemical  anomalierj 
in  territory of the  oity  during  different  sea- 
sons, an eatimate  was  made of the  absolute arn- 
ount o f  aubsfance displaced &a a result of 
cryogenesie  into  the  STL bottom, Geochemical 
fielde of SO4, C1, Na,  Ca, Mg, HC03, Cu, V, C r ,  
Pb, Mo, Ga, Sn, and Ag show  greatest  contrast 
prior to onset of a cold period  when  the  upper 
horizons  of  the  STL  accumulate  technogeneais 
products. During the  winter  period,  however, 
during  the  cryogenic  redistribution o f  dis~o- 
luted  substance8  and  their  migration deep into 
the  STL  under  the  action o f  the  freezing  front, 
there  occurs  depletion o f  the  upper  horizons of 
soils,  thus  giving rise to a decrease  in  the 
content of most  components  and i n  their  produc- 
tivity 'by the  beginning of EL warm  period. 1kIost 
of mobile  polaution  products,  however,  are con- 
centrated in gravitational  waters  forming bo- 
diea o f  saline  water  below OOC, while a certain 
amount of them are able 'Go penetrate  into  the 
permafro& roof. The  main  mechanism f o x  ion 
migration  is  the  concentration  gradient  in  this 
cam. 

Let us consider an example of a technogenous 
geochemical field that has formed  in  unfrozen 
and  frozen  ground in the area of a thermal po- 
wer  station  situated in the  aame  city.  Bartb 
materials at the  base of the atation  include 
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overcaat  sandy-aleurite  materials  subdividing 
i n t o  two:  perennially  frozen  ground  thatfkoze 
immediately  after  being  overcast and have  vir- 
tually  not been affected  by  technogenous pro- 
cesses, and unfrozen  ground  that has frozen  du- 
ring  the las t  two ox three  years  and  had  been 
eubjectad - before  freezing - t o  the  influence 
of many years (about 50) of technogenous  pollu- 
tion, 

The  main  source f o x  formation of a geochemical 
field ie provided by atmospheric discharges 
and escapes o f  the  thermaL  power  station so 
that  heavy  metals  should  be  concentrated  in 
the  subeurface  layer o f  soils. Indeed,  in  fro- 
zen  and  unfrozen  ground (or taliks  persisting 
beLow  the  thermal  power  station  buildingj, an 
accumulation  of  microelements i s  observed  in 
the upper layers  showing  maximum  concentra- 
tions of Mn, V, and  Cu;  other  metals  such as 
Cd, Zn, and Sn are a l a o  present.  Down  along  the 
section  the  composition o f  chemical  elements 
decreases. 

A most  dramatic  decrease in the  content of con- 
taminating  substances  in  the  unfrozen  and  new- 
ly frozen  ground i s  observed  within  the 5-8 m 
range of depths. How~ver, ale0 at a depth of 
10 or 1 1  m the  concentration o f  pollution  com- 
ponents  reaches  background va1ues, i.e., oompo- 
sitions in  the  permafrost. It i s  obvious  that 
migration of chemical  elements  within  soils of 
a technogenous  talik has reached a considerable 
depth, owing t o  an intense  washout  regime  aaeo- 
ciated  with  the  closeness of a drainage  system. 

to  accumulate in  the  permafrost as well (Figs 
Intereatingly, pollution  substances axe obser- 

3 and 4 ) .  In the  permafrost,  however,  anomalous 
concentrations of chlorine, zink, cadmium and 
chromium are markedly lower as compared with 
frozen ground and  occur  at  smaller  depths,  as 
small  as 5 to 9 rn. Since  the  greatest  depth o f  
seasonal  thaw at the  base of the  thermal power 
station is 2.4 m, therefore it should be aasu- 
med  that  migration  of  substance  does,  indeed, 
occur  into  the  permafrost  roof  at  subzero tem- 
peratures (-3.5...-5 at 5 m depth,  and 
-2.5...-4.SoC at 10 m depth). 

The results  preaented  in  this  paper may be sum- 
marized  as  follows. The knowledge of the  pxoper- 
tiee of geochemical  fields  arising in the per- 
mafrost zone  under  the  influence o f  natural and 
man-induced  factors is 00 major  importance  in 
connection with intense  development  of  northern 
regions. A study of cryogeochemical  fields pro- 
duced  below  concealed  mineral  deposits would be 
useful  for  easing  the  search for such  objects, 
especially in closed regions. The knowledge of 
geochemistry o f  technogenous  processes gains 
particular  importance  because,  according  to 
demographers' estimations,  over 80% of  the popu- 
l a t i o n  of Arctic  and  subArctic regions w i l l  be 
concentrated  in  towns and settlement8  by  the 
year 2000. 
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THE DYNAMICS OF SUMMER GROUND THAWING IN THE 
KAFFIOYRA PLAIN (NW SPITSBERGEN) 

K. Marciniak, R. Pnybylak, W. Szczepanik 
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SYNOPSIS The dynamics of ground  thawing on the  beach  ridge  situated  at  the coastal Kaffitl- 
yra  Plain is resented on the base investigations  carried  out  during  three  summer  seasons (1979, 
1980 and 19827. The  influence of meteorological factors upon the course, rate and maximum depth of 
summer ground thawing is analyzed. 

INTRODUCTION 

The research carried  out  by the authors of the 
present  paper was aimed a t  the study of the 
depth and rate o f  summer  ground  thawing in re- 
lation  to  meteorological  conditions.  Measure- 
ments of the thickness of the  active  layer  were 
made during  three Tar& Polar  Expeditions In 
1979, 1980 and 1982. The  seasons  differed  con- 
siderably  from  each  other in respect of weather 
conditions  in Spltsbergen, which made achiwe- 
Rent of set  research  objectives  possible.  The 
summer  season of 1979 was characterized by big- 
her  than  narmally  values o f  a i r  temperature, 
longer  sunshine  duratiqn  and less precipita- 
tion. However, in t h e  silmmer o f  1980 there was 
exceptionally  much  precipitation  and  very lit- 
tle sunshine  duration  at  the  temperature appro- 
ximating  normal.  The summer of 1982 was cliff@- 
rent from both  listed  above, first-of a l l ,  be- 
cause of air  temperature which was much lower. 

TEE AREA ANI1 FlETHOD OF RESEARCH 

Measurements o f  the depth of ground thawing  we- 
re made  every  day  at the same plot situated  at 
the  Scientific  Station o f  Nicholas  Copernicus 
University  (Toruti,  Poland) in the  northern part  
of Kaffieyra coastal  plain (Oscar 11 Land, NW 
Spitsbergen) , on a coastal bank (1.5 m above 
sea level) which was not covered  by  vegetation 
at  a  distance o f  about 150m from Forlandsundet 
coastline (Fig.1). In t h e  sumer seasons of 
1979 and 1980 the  duration of measurements was 
prac t i ca l ly  identical (6th July-5th September 
1979 and 6 t t  Ju1.y - 7th September 1980) while 
wes s l igh t ly  shorter (14th July-5th September 
the  measurement  period In the summer of 1982 

The depth of ground thawing was measured  by 
means of percussive  method  with  the  use  a hand 
operated  auger 1.5 m long and I O  mm in diameter 
Lade of hardened steel, In order f o r  the  measu- 
rements to be more representative sounding was 
mzde three times  and a mean value was calcula- 
ted from the obtained results, The  distance be- 
tween  tte p i n t s  of sounding forming  the  shape 
of a  triangle was ca 10 n! , In the profile o f  

1382) . 

Fig.1 Location sketch of the area with  syste- 
matic  measurements of the ground thawing  by  the 
Scientific  Station  Nicholas  Copernicus  Univer- 
sity,  KaffiByra  (morphological  features  by W. 
Niewiarowski map - 1982) 
a - mountain ridges, b - morainic  zones 
1 - Scientific  Station Nicholas Copmicus Uni- 
versity, 2 - measurement  field, 3 - end and la- 
teral  moraines, 4 - undulat  morainic plain, 5 - 
outwash  plains, 6 - outwash  canes, 7 - kames, 0 - eskers, 9 - beaches  and  beach  ridges, 10 - 
scarps , 11 - lakes and streams 

these  points there appears  gravel and sand ma- 
terial down toithe  floor of maximum thawing 
depth. 

Ground temperature was measured  four  times a 
day (00, 06, 12, 18 GMT) at  depths: 1 ern , 5 cm , 
IOcm, ZOcm, 50cm. The measurements were made 
at the sounding plot, i.e, at  the  same  litholo- 
gical  and moisture conditions.  Meteorological 
observations were carried out  at  the  station. 
about 30m away from  the  points of p o u n d  soun- 
ding. Obtained in this way measurement  results 
are suitable far  an  analysis o f  the dynamics o f  
ground  thawing  dependent on weather  conditions. 

406 



TABLE I 

Nean decade depths and ground thawing r a t e  as well as values of Some 
meteorological  elements i n  Summer sea6ons of 1979, 1980 and 1982 

Observation 
period 

""""""- 
1979 

16.07 - 25.07 
6.07 - 15.07 

26.07- 9.08 
6.08 - 15.08 

16.08 - 25.08 
26.08- 5.09 
26.07 - 5.09 
6.07- 5.09 

1980 
6.07 - 15.07 

16.07 - 25.07 
26.07- 5.08 
6.08 15.08 

16.08 - 25.08 
26.08- 5.09 
26007 1 5.09 
6.07- 5.09 

""""""d 

1982 
6.07"  15.07 

16.07 - 25.07 
26.07 - 5.08 
6.08 - 15.08 

16.08 - 25.00 
26.08 - 5.09 
26.07- 5.09 
6.07- 5.09 

3C"C""3"1 

l 
e""" """""e" """re. 

!laxima1 Thickness  in- Ground 
thawingT  crease o f  an 1 thawing 
depth  active  layer  rate 

57 27 
75 18 
87 12 
90 3 
92 2 
91 -1 
92 17 
92 62 

"""""""" 

66 12 
78  12 
88 I O  
91 3 
94 3 
96 2 
96 18 
96 42 

-"""" ""C" 

d - 
70  5 
75 5 
84 9 
88 4 
87 -1 

0.3 
1 .I 

2.2  0.2 

18.5 
-0.1 

67.4 1 .o 

;:: I 0.3 
OI3 

2 .,I 0.2 
18.8 0.4 

5.7 0.5 
5.7 0.5 

10.2 
4.5 

0.9 

* -0. I 
20.5 0.4 

0.4 

*THE INFLUENCE OF METEOROLOGICAL CONDITIONS ON 
THE COURSE AND RATE OF SUMMER GROUND THAWING 

wa-wa--a-  

Relative 
sunshine 
duration 

% 
C"""" 

19.0 
59.5 
16.8 
19.4 
22.7 
22.5 

26.4 
20.3 """"_ 
7.1 

11.9 
15.2 

3.8 
9.1 

12.0 
I"""" 

"""""""1 

Yean dai ly  a i r  
temperature 2 m 
above a ground 

OC 

4.h 
6.9 
3.0 
5.0 
5.3 
2.8 
4iO 
4.5 

3.4 
4.2 

4.1 
5.0 

3.8 

4.0 
2.9 

3.9 

"""""-"" 

... 

"""""N"l* 

Mean daily 
ground tempe- 
rature,  OC """_ 

-50 cm 
"""I 

2.7 
2.2 

2.6 
2.1 

I .4 
2.1 
2.1 

- 

"""C 

2.3 
1.9 

2.6 
200 
2.3 
1 e 5  
2.1 
2.1 """_ 
c 

1.4 
1.7 
2.3 
1.9 
002 
1 e 5  - 

"""m 

ICCI"HI. 

Ateosphe- 
ric  preci 
pi ta t ion 

mm 
I"""" 

- 
2.8 
7.1 

0.8 
7.8 

18.5 - 
""1"" 

0.2 
6,O 

45.9 
10.3 

42.7 
4.4 

103.3 
109.5 """"- 

- 
18.6 
12.1 
15.3 
5.4 
9.4 

42.2 
I 

11""". 

rage. Hence ground thawing on the western coast 

ge, which corresponds to  the  data obtained by 
of Spitsbergen begins i n  mid  Yune on the avera- 

GrzeB (1984, 1985). 
Our .measurements of the depth of ground thawing The 'calculation of the data of the beginning 
were made during each of the  three summer sea- of ground thawing in   par t icular  years encoun- 
sons bv means of the same methods and a t  the ters d i f f i cu l t i e s  caused bv fluctuations of t h e  
same p i o t ,  i .e. a t  the same topographic and ge- 
ological conditions.  Therefore  the  differences 
in   the course and depth of ground thawing be- 
tween the seasons were caused exclusively by 
meteorological conditions. 

rate of ground thawing against  the background 
of meteorological condi t i~ns.-Unfortunately,  
they do not  include  the beginning o f  the tha- 
wing period f o r  the reason of the duration o f  
the  expeditions. O f  a l l  Polish stations approp- 
r ia te   da ta  f o r  the whole thawing period  are  in 
the possession of the  s ta t ion Hornsund (SW Spi- 
tsbergen) . 

Ground thawing in Spitsbergen begixis several 
days after (the delay result ing from the time 
necessary for complete snow melting) mean daily 
temperatures O°C prevail  (the beginning of 
the warm season of the year). On the base o f  
the  meteorological  data f r o m  the  period 1946 - 
1965 for   I s f jord  Radio it has been ascertained 
tha t  the  season  begins on 5th June on the ave- 

Table I and figures 2 - 4  show the course and 

value of heat  balance around 0 W/cm2 on the top 
of permafrost.  Therefore,  short  periods  with 
thawed and frozen ground may directly  follow 
each other. 

the beginning o f  ground thawing i n  Kaffidyra i n  
each o f  the listed summer seasons on the  base 
of the data from the   s ta t ions  in  Barentsburg 
and Ny Alesund (si tuated  similarly t o  our rese- 
arch  area on the western  coast of Spitsber  en). 
It was t he   ea r l i e s t   i n  the summer of 198.2 f the 
second decade of June) and the   l a t e s t  i n  1979 
(the first pentade o f  July). I t  follows from 
this that  the beginning o f  ground thawing i n  
Kaffi8yra i n  the three analyzed summer seasons 
was delayed (5 -15 days) in comparison with ma- 
ny-years data  for the western coast of Spits-  
bergen. 

The rate of ground thawing i s  not  constant 
during t h e  summer season (Table I, Figures 2 -  
4). As follows from the diagrams showing t h i s  
process,  published arnonp, others by GrzeS (19811, 

The authors o f  the present  paper  calculated 
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Fig.2 A course of a ground thawing and values of some meteorological element8 in summer 1979 
A - relative sunshine duration; B - temperature changes: 1 - ground surface temperature, 2 - 
air temperature 2 m  above the ground, 3 - ground temperature at depth of 50cm; C - precipita- 

tion; D - ground thawing depth 

1985) J a b  (1982), Jahn and Walker ( 1983), Ma- 
ckay [1970), Marciniak and Szczepanik (1983), 
ground thawing is most  intense in the  initial 
period right after snow cover has melted. This 
is caused by the strongest influence of meteo- 
rological factors  on permafrost degradation in 
this time resulting from the srnall.est thickness 
of isolating  active layer. Moreover, due to the 
melting of  still  present snow patches and per- 
mafrost it i s  highly moisturized, which favours 
a quick flow of heat from the ground surface to 
the top of permafrost. 

Our research results in KnfPiByra f o r  the 
initial period of ground thawinl: are in acaor- 

d a m e  with  the  results obtained by Jahn (1982). 
For example  it was estimated that  in the begin- 
ning of July f979 the  thawing  rate of ground 
with no vegetation was 5 - 6 cm/day , and when 
the  thickness of the active layer exceeded 30 
cm, the rate dropped to below ?cm/day  to reach 
0.2-0,3cm/day in the end of the summer. 

As has already been rnent:olwi, the influence 
of rneteoro1,ogiczl conditions on the rate o f  
thawing is most apparent in the early ~a7-t .  cf 
the summer, i.e. apgrnximateiy to the end of 
July. For exarr.pl.e, the Eromd thawir,g rate in 
the decizde 16th - 25th July was 1.8 cm/day i n  
t.he warmest summer season a f  1979, I .2 cm/day 
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Fig.3 A Course a ground thawing and values of some meteorological. elements in summer 1980. 
Description as to Flg.2 

in the moderate one of I980 and 0.5 cm/day 3n 
the cooles t  one of 1982 (Table I). It should be 
added that on 16th July in a l l  the  years the 
depth of permafrost deposition was sirni3.sr, 
therefore  the intensity of thawing i n  the par- 
t icular  years depended exclusively an the mete- 
crological conditions existing In the analyzed 
decade. Ir! the 1.atter part o f  the summer (Au- 
gust and the beginning of September), .due t o  a 

ra te  o f  ground thawing w3s almost equal in each 
considerable thickness of the activc layer,  the 

te of differert w a n  temperatwe8 of the ground 
of the three summer seasc‘ns (0.4 cm/day) i n  spi- 

surface (from 5.2’C in 1979 to 4.4”C in .1W2 - 
Tab1.e I). A si r r i l~ar  scheme of summer ground. 

ris 1976). Tn tti:! time only conslderable and 
thawing ocwrs in RrtDern Alaska (Walker, Har- 

loruplast ing weather anonalies may cause cbm- 
ges in the rate of graund thawing. 

During the summer, especially in the l a t t e r  
part, not only s tapat ion  in the increase of 
thawed layer car! be observed but a l s o  a perio- 
dical decrease‘ in its thickness (Table I, Figs 
2 - 4 )  due to the renewed ground freezing above 
the top of permzfrost (freezing from the bot- 
tom). The process takes p lace  when the mean da- 

the end of July 1979, the middle of August, the 
ily temperature of air drops below Z0C (e.g. 

second decade of August 1982). Formation of 
snow cover i n  the end of August 1982 slowed 
down ground freezing from the bottom o f  the ac- 
t i ve  layer. The process of ground freezing be- 
Ran on 24th August when the mean daily tenpeera- 
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und freezing and thawing may occur in   Spi tsber-  
gen during the  whole year. I t  should be marked 
that spring and autumn temperature  fluctuation 

60 

20 

Fig.4 A course of z ground thawiw and values 
of some meteorological elements i n  summer 1982. 

Description as t o  Fig.2 

t u r e  of air  dropped below I'C. A further drop  
of air temperature below OaC lasting t o  the  end 
o f  the r*esearch period as well as intense night 
heat radiat ion from snow resu l ted  i n  the drop 
of %he ground temperature  under snow below O°C 
t o  the  depth of TOcrn Thus freezing o f  the  
ec t ive  layer from the surface began,  followed 
by freezi f r o m  the  bottom - since 4 t h  Septem- 
b e r   ( F i g - 3 .  

The end of surmer ground thawing I n  Kaf f i by -  
r a  takes place when the daily mean air tempera- 
t u r e  d.rops below 2OC. This  happens predominant- 

3 ir. the f irst  decade cf September (Figs 2 and , and exceptionally It happens earlier when 
the  3ummer i s  cooler than normal. The period of 
ground thawing in Kaffibyra  las ts  on the  avera- 
ge fror the   tu rn  of the second and third decade 
o f  June t o  the  f i rs t  decade of September. This 
not ion is  conceived as a period from the begin- 
ning 3f constant  presence of thawed. Layer t o  
end of it3 increase.  Before t k  beginning and 
a f t e r  the end o f  the  per iod conceived i n  th i s  
way there  occurs R phenomenon o f  repeated  tha- 
wing and freezing o f  the most subsurfacid lay- 
e r  of grGund without snow cover ( t h e  so-called 
nultigelational cycles) .  This is a r e s u l t  of 
frer;uerrt fluctunctian crf air temperature - cha- 
r a c t e r i s t l c  of t h e  oceanic vnr ian t  of a r c t i c  
climete. %or this t-exxn short periods of gro- 

on the  ground surface with frequent  passing O°C 

temperature  fluctuation a t  the  hei  h t  o f  2m a- 
are prolonged i n   c o w a r i s o n  t o  r e spec t ive   a i r  

bove ground l eve l  (Czeppe 1961 , 19z6). 

THE INFLUENCE OF M15TM)ROMGICL.L COK'DITIONS ON 
NAXI"4 DEPTH OF SUMlJiR GROUND THAWING 

GrzeS (1984, 1985) dis t inguishes  between seven 
,lenvironments" i n  Spi tsbergen  differ ing  in   the 
course and depth o f  thawing. H e  gives a simpli- 
f i e d  scheme of thawing t o  each of them, Our me- 
asurement plot  belongs t o  the f i f t h  ,,environ- 
ment" which he describes as follows: ,,smd, 

with s c ~ l t y  tundra vegetation.0 I t  should be 
grmel,  ......, bui ld ing   sea   t e r race   l eve ls  

added t h a t  a t  our  place  there  was no vegetation 
a t  all. According t o  GrzeS's scheme (1994,1985) 
in about mid J u l y  the depth of thawed gromd 
should be I00 cm and i ts  maximum depth  in  the 
beginning of September - 140 cm. The values 
should  be  greater a t  our measurement p l o t  as it 
is devoid o f  vegetation but, as i s  shown in Ta- 
bles  I and TI, Figures 2 - 4 ,  the values o f  gro- 
und thawing  obtained  in  our  study  are  smaller 
t han   i n  GrzeS's scheme. This is caused, among 
other   things,  by a considerable  moisturization 
o f  ground a t  our p l o t   s i t u a t e d   i n  the coas ta l  
zone. One should be careful  i n  extending rese- 
arch  results  concerning ground thawing because, 
as  Jahn and Walker showed (1983), the m a x i m u m  
depth of t he   ac t ive   l aye r   va r i e s   i n   r e l a t ion  t o  
the loca t ion  and climatic  conditions  both  in 
the  macro- and mesoclimatic scale. 

paper the highest m a x i m u m  thickness of the  ac- 
O f  the  three seasons  analyzed i n  the present  

t i v e  layer was measured in 1980  (99cm) i n  spi-  
te of lower ground and a i r  temperatures i n  t he  
period compared t o  1979. This was probably cau- 
sed by high atmospheric  precipitation which oc- 
cured i n   t h e  summer of 1980 (e.g. 78.8mm i n  
t he  second decade o f  August). The prec ip i ta t ion  
considerably  increased ground moisturization 
and contributed t o  an increase i n  heat conduc- 
t i v i t y .  Ryden and Kostov  (1980) also s t r e s s   t h e  

ground thawing i n  the nor thern   par t  o f  the 
importance o f  p rec ip i ta t ion  i n  the  process of 

Scandinavian Peninsula. 

wer m a x i m u m  value of the depth o f  ground tha- 
wing (96 cm) i n  spite of remarkably more favou- 

mic c o n d i t i o n s   b u t   l i t t l e  sum of prec ip i ta t ion  
rable, i n  comparison w i t h  1980, so la r  and ther- 

(Table 1, Figure 2) .  I n  the   cooles t  of the ana- 
lyzed summer seasons, 1982, the  maximum depth 
of the  thawed layer  was the smallest (A8 cm) 
although  the  beginning of thawing was the ear- 
l iest  i n  the  season. This is confirmed by Jahn 
and Walker (1983) who not iced   tha t  the length 
of the  summer is relatively  unimportant  in  the 
l i g h t  o f  t he  f a c t  t ha t  the thickness of the ac- 
t i ve   l aye r   beg ins   t o   s t ab i l i ze  in midsummer. 
For comparison,  the maximum de t h  of thawing i n  
the sumtuer o f  1985 was 106 cm ?Table 11). The 
period was .still warmer than I n  1979. 

ring i n  the summcr season as a f ac to r  affecting 
the  depth o f  ground thawing is  complex (Svccov, 
Zaporozceva, 1963). :\Thile exatnir,ing t h i s  prob- 

In   the  summer season of 1979 a s l i g h t l y  lo- 

The role o f  atmaspheric  precipitation occu- 
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lern one should take into  consideration  the  in- 
fluence Of precipitation on: I) ground moislx- 
rizing, infiltration of precipitation  water  and 
,heat transfer  into  frozen ground in the  process 
o f  ground thawing, 2) degree of ground  moiatu- 
rizatlon  directly before its  freezing In the 
autumn which determines  the amount of ice in 
the ground which, in turn, affects the rate and 
depth of ground thawing  in  the  following summer 
season. The present  paper  analyze the problem 
over four summer  seasons (1979, 1980, 1982, 
1985) for whiah we have  comparable  measurement 
results (Table 11). 

The thermic  conditions of the  compared sum- 
mer seasons are remarkably less  differentiated 
than the  quantity and distribution in time of 
atmospheric  precipitation. It can be concluded 
from  this  that  the  differences in m a x i m u m  tha- 
wing  depths  between  the  particular  years are to 
greater  degree a result o f  the  influence o f  
precipitation  rather  than  thermic conditions. 
It turns out that  the  highest maximum depths of 
ground  thawing  occured in the seasons following 
summer  seasons with little  precipitation in the 
end -of the summer. 

meteorological  conditions o f  the cool season of 

tions  that In the  first  place  they  influence 
the  year.  However, it follows from OUT observa- 

the  length o f  the  thawing  period,  especially 
its  beginning, but they do not remarkably  af- 
fect maximum  values of ground  thawing in the 
end of a $ m e r  season. 

We have negleated  here  a  closer analysis o f  

CONCLUSIONS 

1. On the  average, the beginning o f  ground 
thawing in Kaffibyra falls at  the  turn o f  the 
second and  third  decade of June. Thus-the mean 
time of its  duration  from  the beginning of un- 
interrupted occurence of the  active Layer to 
the end of its increase i s  about 2.5 months, 

.fn the  process of Kround thawing in XaffiEIyra: 
a - the per iod  o f  a q,uick  increase  in the tha- 
wed layer at c7 rate of about 3cm/day in the 
early p a r t  of t h e  su.mer (on the average to t h e  

2. One can distinguish  between  two periods 

end 0.f ;:ul.y), b - the perlad of 8 very slow in- 
crease in the thawed layer and even per:c:dicd 
stagnation or regression at a mean rate of 0.3- 
0.4 cm/day In t he  I at-ler p1.t of the summer ( Au- 
gust and the beginning of September). During the 
fl.rst two weeks from the beginning o f  the pro- 
CESS at least h a l f  the maxlmun thickness of the 
active layer tkaws in the  given summer season. 
In August the thawed  layer  increases  only by 20 
% of the whole ~ c t 5 v r  3 ayer. 

tions result in different dates of the begin- 
ning,  course-(rate) and duration of the thawing 
process in particular summer seasons. The  most 
sieniflcant infiuer!ce of thermic and precipita- 
tion  conditions take place in the early p a r t  of 
the polar  summer. In the latter  part o f  the sum- 
mer the lrfluence cf the condificns  occurs rnain- 
ly at considerable  weather. anomai.ies. 

b ,  'In the  process of summer  ground  thawing 
the increase in t he  thickness of the  thawed iay- 
er appears  sometimes side hy side with its de- 
crease. T t  occurs as a sequence o f  periodical 
coolness especin? ly in the ?.atter p a r t  of swmer. 

5 .  There are d.lfferences in the rnaxirr.urn thic- 
kness OS the thawed layer  between  particular 
summer  seasons  dependent aain7.v on varying mete- 
orolcgical  conditions in each year. 

3. Varying year to year meteorological  condi- 
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A METHOD FOR MEASURING THE RATE OF WATER TRANSPORT DUE 
TO TEMPERATURE GRADIENTS IN UNSATURATED FROZEN SOILS 
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SYNOPSIS A new exper imenta l  method i s  in t roduced   t o   de t e rmine   t he   r a t e  

When a l i n e a r   t e m p e r a t u r e   d i s t r i b u t i o n  is imposed  on a c losed  s o i l  column w i t h   i n i -  
o f  water  movement caused by tempera ture   g rad ien ts  i n  u n s a t u r a t e d   f r o z e n   s o i l s .  

t i a l l y  a uniform  water   content ,  a r e d i s t r i b u t i o n  of water   occurs  i n  t h e  column. As 
t ime   i nc reases ,   t he   p ro f i l e  of water i s  s t a b i l i z e d   t o   a p p r o a c h  a s t a t i o n a r y  pro-  
f i l e ,  which is u s e d   t o   c a l c u l a t e   t h e   r a t e  of water  movement due to   t empera ture  
g r a d i e n t s .  The t h e o r e t i c a l   j u s t i E i c a t i o n  of t h e  method i s  presented  and t h e   f e a s i -  
b i l i t y  of t h e  method i s  demonstrated by experiments   with a marine-deposi ted  c lay.  

INTRODUCTION 
"" 

Water in   unsa tu ra t ed   E rozen   so i l s   gene ra l ly  
ex is t s   in   th ree   phases :   vapor ,   unf rozen  
( l i qu id )   wa te r  and i ce .  An accura t e   desc r ip -  
t i o n  of phys i ca l  laws governing  the  water  
movement i n   f r o z e n   s o i l s  is needed f o r  va r ious  
eng inee r ing   p rac t i ces  i n  co ld   reg ions .  

We w i l l  cons ide r  a c losed   ho r i zon ta l  s o i l  
column wi th  a l eng th  x. [cm] . Assuming t h a t  
a l l   p h y s i c a l   v a r i a b l e s   u n d e r   c o n s i d e r a t i o n   a r e  
uniform a t  any   g iven   c ross   sec t ion  of t h e  
column, we w i l l  i n t roduce  a coord ina te   x (xo  
- > x 2 0) d i r e c t e d   h o r i z o n t a l l y .  We w i l l  then  
cons ider  a s p e c i a l   c a s e  i n  which  the  content  
of  water i n  three  phases  w & x ) , [ g / g  s o i l ]  and 
the   d ry   dens i ty  ~ ( x )  [g/cm ] I n  t h e  column a r e  
i n i t i a l l y   g i v e n   c o n s t a n t s .  I n  such a case  i t  
i s  known tha t   the   migra t ion   of   water   does  not 
occur as long as the   t empera ture  of t he  column 
T ( x )  is kep t   cons t an t ,  However, i f  a tempera- 
t u r e   g r a d i e n t  i s  imposed on the  column,  the 
movement o f  water may take   p lace .  

I n  a p a r t  of  the column  where  T(x) > 
O ' C ,  t h e  s o i l  i s  obviously  unfrozen.  The f l u x  
of wa te r   € [g / ( cm '*day) ]   i n   t h i s   un f rozen   pa r t  
may be   wr i t ten  i n  a gene ra l  form (Phi l ip   and  
deVries,  1957) : 

where  €unctions D l  [cro2/day]  and D, [cm2/ 
( " C - d a y ) ]   a r e   t h e   p r o p e r t i e s  of a g i v e n   s o i l  
and gene ra l ly  are cont inuous   func t ions  of w 
and T. Since  the  dependence of f on T and 
7T/4x i s  gene ra l ly   be l i eved  co be  not  a3 
s i g n i f i c a n t   a s   t h a t  on w and  awlax,  thermal 
e f f e c t s  on f a r e   o f t e n   t a c i t l y   i g n o r e d   i n  many 
s t u d i e s  o f  water movement in   un f rozen   so i l s .  

I n  a p a r t  of t h e  column  where  T(x) < 0 ,  
i c e  may appea r   i f  w ( x )  i s  grea te r   t han   t he  
equi l ibr ium  unfrozen  water   content  w*(x) a t  
T ( x ) .  Nakano and  Tice  (1987)  studied a 
s p e c i a l   c a s e  i n  which T(x) is constant.   IJsing 
a marine-deposited  clay,   they  have  found  that  
f is given as 

f = - C I D ~ ' ( W , T ) ~  i f  aT = 0 and T < 0 (2) 

I t  is e a s y   t o   s e e   t h a t  Eq. 1 i s  reduced  to  
E q .  2 when aTIax vanishes .  

Badley  and E i s e n s t a d t  (1955) s tud ied  
t h e r m a l   e f f e c t s  on f by us ing  a column of 
g ranu la r  media i n i t i a l l y   w i t h   u n i f o r m  p and 
w. The column,  which was the rma l ly   i n su la t ed  
around i t s  c i rcumference ,  was sub jec t ed  on  one 
end ( x  = 0) t o  a pos i t ive   t empera ture  Tw and 
on   t he   o the r  end  (x = xo) t o  a negat ive  tem- 
p e r a t u r e  Tc. Their  experiments  confirmed by 
means of r a d i o a c t i v e   t r a c e r s   t h a t   t h e r e  was a 
pronounced movement o f   w a t e r   i n   t h e   l i q u i d  
phase  toward  the  cold  end. 

and  Eisenstadt  (1955) were  cpnducted by 
Dirksen  and  Miller (1966) ,  and  Hoekstra  (1966) 
by using  columns of s o i l s .  I n  t h e  more recent  
exper iments   f rom  our   l abora tory   (Ol iphant   e t  
a l . ,  1983) a near ly   cons tan t   t empera ture  
g r a d i e n t  was imposed on a column of s o i l ,   a n d  
approximate   ra tes  of water   t ranspor t   due   to  a 
temperature  gradient  were  determined.  Accord- 
i ng   t o   t hese   r epor t ed   expe r imen ta l  data ,  i t  
a p p e a r s   c e r t a i n   t h a t  a tempera ture   g rad ien t  i s  
an impor t an t   d r iv ing   fo rce   fo r   t he   t r anspor t  
of water. 

The t r a n s p o r t   c o e f f i c i e n t  D, due t o  a 
tempera ture   g rad ien t  i s  be l ieved   to   be   the  
proper ty  of a g i v e n   s o i l   t h a t  must be  d e t e r -  
mined exper imenta l ly .  Assuming t h a t   g r a d i e n t s  
of w and T (and n o t h i n g   e l s e )   a r e   d r i v i n g  
fo rces   fo r   t he   wa te r  movelnctrlt i n  f rozen  and 
u n s a t u r a t e d   s o i l   w i t h  a uniform  dry  density,  
we w i l l  in t roduce  an  experimental  method f o r  
the  measurement of D,. The t h e o r e t i c a l   j u s t i -  
f i c a t i o n  of  the method w i l l  be  presented  under 
the   assumpt ion   tha t  E q .  1 ho lds   t rue  in f rozen  
and unsa tu ra t ed  s o i l  with a uni€orm d r y  dens- 
i t y .  Using a marine-deposited Morin  cLay, we 
w i l l  d e m o n s t r a t e   t h e   f e a s i b i l i t y  of t h e  
method . 

Simi lar   exper iments   to   those  of Handley 
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THEORY 

Assuming t h a t  E q .  1 ho lds   t rue   a l so  for T 5 0 ,  
we w i l l  write t h e   f l u x  of water f a s  

wh'ere f ,  and f, a r e   t h e   f l u x  of water due t o  a 
g r a d i e n t  of w and t h a t  OE T ,  r e spec t ive ly .  

We w i l l  consider  a problem i n  which a 
c l o s e d   s o i l  column i n i t i a l l y   w i t h   g i v e n   u n i -  
form p and w i s  sub jec t ed  on one end x = 0 t o  
a temperature Tw and on t h e   o t h e r  end x = 
x. to a temperature T, < Tw a t  time t > 
0 .  We assume t h a t   t h e   t e m p e r a t u r e   d i s t r i b u -  
t i o n  T(x)  is s t r i c t l y   l i n e a r ,  namely 

= - a = ( T ~  - T ~ ) / X ~  ax (5) 

where a is a p o s i t i v e  number. We w i l l  des- 
c r i b e   t h e  problem in  mathematical   terms as 
follows. 

given as 
The equat ion of mass balance  €or   water  i s  

a - w ( x , t )  = - a_ f f o r  xo>x>O , t > O  ( 6 )  a 
a t  ax 

The i n i t i a l   c o n d i t i o n  is given as 

0 
w(x, 0) = w 17) 

where wo i s  a p o s i t i v e  number.  The boundary 
cond i t ion  is given as 

f (0, r)  = f ( x o ,  t) - 0 ( 8 )  

I t  follows  from Eq: 5 t h a t   t h e r e  i s  a 
one-to-one  correspondence  between x and T. 
S u b s t i t u t i n g  T by x i n  Eqs. 4a  and 4b and 
using Eq. 5 ,  we r e w r i t e  E as 

We w i l l  in t roduce a new func t ion  m(w,x) de- 
f ined  as 

Q(w,x) = D,(w,x)dw - a D,{w.x)dx (10) 
W X 

0 * "- 

Using +, we reduce  the  problem of Eqs. 6 ,  7 
and 8 t o  a commonly used form given as 

w(x,O) = w 
0 

O l e i n i k   e t  a l .  (1958) have   s tud ied   the  
problem  of  Eqs. 1 1  , 12  and 13 .  They prove  the 
ex i s t ence  of a unique  solut ion  to   thia   problem 
if m s a t i s f i e s   c e r t a i n   c o n d i t i o n s  o f  r egu la r -  
i t y .  The problem of Eqs. 1 1  , 1 2  and 13 has a 
p a r t i c u l a r   s o l u t i o n  w+(x) t h a t  is independent 
of time t. I t  i s  easy   t o   s ee   t ha t   such  a s ta -  
t i o n a r y   s o l u t i o n  must s a t i s f y   t h e   f o l l o w i n g  
equation i€ it e x i s t s :  

Dl(w+,x) = a D,(w+,x) dw+ 
X ( 1  4 )  

It  
so 

follows from Eq. 14  tha t   the  
l u t i o n  w+(x) i s  a non-decreas 

s t a t i o n a r y  
ing funct ion i n  

a p a r t  where D l  is pos i t ive   because  D, and D 2  
are   be l ieved   to   be   nonnegat ive .  

a r y   s t a t e  of t he  s o i l  column i n  which f 
vanishes  everywhere  in  the column whi le   the  
d r y  dens i ty  i s  kept  a t  t h e   i n i t i a l   v a l u e .  
When t h e  s o i l  column i n i t i a l l y   w i t h   u n i f o r m  I, 
and w is subjected t o  t h e  temperature   gradient  
given by Eq. 5 ,  t h e   t r a n s p o r t  of water i s  
expec ted   t o   occu r   i n   t he   pos i t i ve   d i r ec t ion  of 
x because of Eq. 4b. As water moves toward 
t h e   c o l d   e n d ,   t h e   i n i t i a l   u n i f o r m i t y   o f  w 
breaks down and a d r i v i n g   f o r c e  of water 
toward  the warmer end s tar ts  t o   b u i l d  up 
because of Eq. 4a .   Sooner   o r   l a te r  two d r i v -  
ing  forces   of   water ,  one due t o  a temperature 
g rad ien t  and t h e   o t h e r   t o  a g rad ien t  of  water 
conten t ,   t end   to   ba lance   each   o ther   whi le   the  
p r o f i l e  oE water   content   w(x. t )   asymptot ical ly  
approaches   t he   s t a t iona ry   p ro f i l e  w'(x) with 
i nc reas ing   t ime .   I f  we a r e   a b l e   t o  measure 
w+(x) experimental ly ,   then D, can be   de te r -  
mined by  Eq. 14 f o r  a g iven   so i l   w i th  known 

I t  is n o t   c e r t a i n   t h a t   t h e   a n t i c i p a t e d  
event   descr ibed  above  actual ly   takes   place.  
For   ins tance ,   the   t ranspor t  o f  water may cause 
a s ign i f i can t   change   i n   t he   d ry   dens i ty  of t he  
column t h a t  is i n i t i a l l y  uniform. Also the  
t ime  required  for   the column to   r each  a 
s t a t i o n a r y   s t a t e  may turn   ou t  t o  be  too long 
f o r   t h e  method t o  be  pract ical .   These  prob-  
lems  must  be  examined by experimentat ions.  

The s o l u t i o n  wf cor responds   to  a s t a t i o n -  

D l  * 

EXPERIMENT 

In  o r d e r   t o  examine t h e   f e a s i b i l i t y  of our 
proposed  method, we conducted  experiments i n  
which  closed s o i l  columns i n i t i a l l y   w i t h  
uniform a and w were  subjected to a constant  
and l i nea r   t empera tu re   g rad ien t .  We designed 
the   appa ra tus  shown in   F igu re  1 f o r   t h i s  
purpos  e. 

The appa ra tus   cons i s t s  of fou r   pa r t s  made 
of aluminum:  an  upper p l a t e ,  a lower  plate  and 
two end p l a t e s .  The upper an'd lower  plates  
are   approximately 2 3  cm long by 20 cm wide by 
5 cm t h i c k .  Four  grooves  with a r ec t angu la r  
c r o s s   s e c t i o n ,  20.32 cm long by 1 .27 cm wide 
by 0.625 cm deep,  were  machined on the  upper 
su r face  of the  lower  plate .  The c e n t e r   l i n e s  
of these   g rooves ,   which   a re   para l le l  t o  t he  
longe r   s ide  of t he   p l a t e ,   a r e   spaced  3 . 8  cm 
a p a r t .  Grooves for   O-r ing   sea ls   were   a l so  
machined  around  each  rectangular  groove  in  the 
upper   p la te  so t h a t  when the  upper and lower 

Figure 1 ,  Apparatus. (1) Upper plate, ( 2 )  Lower plate, 
( 3 )  End plates, ( 4 )  Inlet  and outlet o f  an antifreeze 
mixture, ( 5 )  Groove, ( 6 )  O-ring. 

41 3 



p la t e s   a r e   bo l t ed   t oge the r ,   f ou r   c lo sed  empty 
spaces o f  r ec t angu la r  column shape  are formed 
to   be   used   as   conta iners  of soil. 

Each of the two end p la tes   has  a 2.54-cm 
h o l e   d r i l l e d   i n t o  i t ,  through  which  an  anti- 
f reeze  mixture  from a temperature-control led 
ba th  is c i r c u l a t e d .  The two end p l a t e s   a r e  
posi t ioned by four   bo l t s .  Two sides   of   the  
upper and lower  plates  bolted  together  have a 
small   taper   that   matches  the  taper  of t he  end 
p l a t e s  so that   the   bol ted  upper  and lower 
p l a t e s  smoothly s l i de   i n to   t he   spaces   c r ea t ed  
by the  two end plates   with  assured  c lose 

assembled toge the r ,  are   thermally in su la t ed  by 
con tac t .  The four aluminum p a r t s ,  when 

foam p l a s t i c .  A row of 10 copper-constantan 
thermocouples i s  placed  with  equal  spacing 
through  . the  upper   plate   a long  the  center   l ine 
of each  groove t o  measure  and  record 
temperatures   in  a s o i l  sample. 

The soil se lec ted   for   the   exper iment ,  
c a l l e d  Morin c l a y ,  was a marine-deposited  clay 
obtained from the Morin brickyard,  Auburn, 
Maine.  Morin clay is a non-swelling  clay  with 
a s p e c i f i c   s u r f a c e   a r e a  o f  60 m2/g and a 
s p e c i f i c   g r a v i t y  of 2.75 g/cm3.  This  clay was 
used  in   the  experiments   reported by Nakano and 
Tice (1987) . For  given  dry  density p and 
in i t iaL  water   conten t  wo, the   exact  amOUnK8 
of oven-dry Morin c l ay  and d i s t i l l e d   w a t e r  
were weighed t o  be  packed i n t o  a groove. 
Mixing  thoroughly  the  weighed s o i l  and water ,  
we allowed  the  mixture  to s e t  f o r  a few days 
t o   a t t a i n   m o i s t u r e   e q u i l i b r a t i o n .   A f t e r   a l l  
four  grooves  were  packed  with  soil   samples,  we 
bol ted  together   the  upper  and  lower p l a t e s   t o  
seal   each of f o u r   s o i l  columns with a r ec t an -  
g u l a r   c r o s s   s e c t i o n  and kept  i t  a t  a tempera- 
t u r e   t h a t  w a s  several   degrees  lower  than  the 
temperature of the  cold end T , 

upper and lower  plates   into  the  space  between 
t h e  two end p l a t e s .  A s t a b l e  and l i n e a r  tem- 
p e r a r u r e   f i e l d  was usua l ly   e s t ab l i shed   w i th in  
1 hour by adjust ing  the  temperatures   of  two 
baths .   After  a specif ied  t ime  passed,   the  
bolted  upper and lower  plates  were  brought 
i n t o  a coldroom  with i t s  temperature   being  set  
a t  -10°C. The two p l a t e s  were  separated and 
each  sample was quick ly   sec t ioned   in to  a t o t a l  
of 25 equal  segments.  Each  segment was placed 
i n  a g lass   weighing   bo t t le  and  oven-dried. 
The water  content and the  dry  densi ty  of each 
segment  were  determined  gravimetrically. 

An experiment  began by pfac ing   the   bo l ted  

RESULTS AND DISCUSSION 

The tes t  condi t ions of experiments  are p re -  
sented  in   Table  1 .  For a l l   t h e s e   e x p e r i m e n t s  
we aimed to   maintain  the  average  dry  densi ty  
of t h e   s o i l  columns a t  1.42 g/cm3, although 

q u i t e   d i f f i c u l t .  We examined the  uniformity 
the  uniform  packing of s o i l   i n  each column was 

of t h e   s o i l  columns by using  the measured d r y  
dens i ty  o f  a l l  segments a f t e r  each  experiment. 
The mean a ,  and the   s tandard   devia t ion  a of 
dry  densi ty  P are   given  in   Table  1 . Although 
these   va lues   a re   a f fec ted  by e r rors   involved  
in   r ap id ly   s ec t ion ing  a s o i l  column i n t o  25 
segments  with  ideally  equal  lengths,   they 
se rve  as an  indicator  of uniformity  in  packing 
and accuracy   in   sec t ion ing .  The  maximum water 
content  measured among a l l  exper iments   l i s ted  
in Table 1 was about 25%. which is less   than 
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Table 1. Experimental Conditions: 

1 15 1.42 
2 15 1.41 
3 15 1.43 
4 15 1.46 
5 20 1.43 
6 20 1.41 
7 20 1.40 
8 20 1.46 
9 5 1.40 
10 10 1.47 
1 1  5 1.38 
12 10 1.39 
13 15 1.41 
14 20 1.40 
15  5 1.38 
16 10 1.48 
17 15 1.51 
18 20 1.47 

0.1 3 
0.10 
0.14 
0.14 
0.13 
0.14 
0.10 
0.1 2 
0.1 3 
0.10 
0.14 
0.14 
0.1 1 
0.13 
0.12 
0.13 
0.12 
0.14 

1.40 -4.95 
1.40  -4.95 
1.40 -4.95 
1.40  -4.95 
1.40"  -4.95 
1.40  -4.95 
1.40  -4.95 
1.40  -4.95 
1.40 -4.95 
1.40  -4.95 
1.35 -8.06 
1.35 -8.06 
1.35 -8.06 
1.35 -8.06 
0.35 -8.83 
0.35  -8.83 
0.35 -8.83 
0.35 -8.83 

0.31 
0.31 
0.31 
0.31 
0.31 
0.31 
0.31 
0.31 
0.31 
0.31 
0.45 
0.45 
0 -45 
0.45 
0.45 
0 -45 
0.45 
0.45 

7 
14 
22 
34 
7 
14 
22 
34 
22 
22 
21 
21 
21 
21 
21 
21 
21 
21 

the   es t imated   sa tura ted   water   conten t   about  
31%. The v a r i a t i o n  of p in  each  sample was 
examined t o   f i n d  any p a r t i c u l a r   p a t t e r n .  The 
values of p were found to  vary more o r   l e s s   a t  
random and Khe r e d i s t r i b u t i o n  o f  water  does 
not   appear   to   have  caused  any  s ignif icant  
change i n  the  dry  densi ty .  

Experiments 1 through 8 were conducted t o  
find  the  change  of  the  water  content  profile 
w(x , t )   w i th  time under  the same thermal  condi- 
t i o n .  In  Exp. 1 through 4 t h e   i n i t i a l   w a t e r  
content  wo was k e p t   a t  15% whi le   in  Exp. 5 
through 8 wo was a t  20%. The measured w of 
Exp. 1 through 4 are   presented  in   Figure 2. 
It is c l e a r  from Figure 2 tha t   water  moves i n  
the  direct ion  of   negat ive  temperature   gradient  
and t h a t  w tends  to  converge t o  a s t a t i o n a r y  
prof i le   as   t ime  increases .  The p r o f i l e s   a t  t 
= 22 days and a t  t = 34 d a y s   d i f f e r   l i t t l e ,  
This   impl ies   tha t   the   f lux  of water   f (x)  
a lmost   diminishes   everwhere  af ter  t = 22 days. 
An i n t e r e s t i n g   f e a t u r e  of t h e   p r o f i l e s  w i s  

r I I I I 
zo t i 

- I lcml 

Figure 2 .  The Water content w [ X ]  vs. x[cm] for Exp. 1, 
2 ,  3 and h with wo = 15%. 
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Figure 3 .  'Ihe water content w[%] and the average f lux 
fa[g/(cm2*day)] vs. x[cm] for Exp. 5 and 8 w i t h  wo = 20%. 
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Figure 4. 'Ihe water content w[%] ,  the temperature T['C] 
and the unfrozen water content w*[g/g soil] vs. x[cm] for 
Exp. 3 ,  7 ,  9 and 10 with wo = 1 5 ,  20, 5 and 10%. respec- 
t ive ly  . 

the  appearance  of a maximum, A t  t he  Left of 
the  maximum, w is monotonical ly   increasing 
w h i l e   a t   t h e   r i g h t  w is monotonically 
decreasing. 

sen ted   in  Figure 3 .  The p r o f i l e  of Exp. 8 
with t = 34 days d i f f e r s   l i t t l e  from the  
p r o f i l e  of  Exp. 7 with t = 22 days  that  is 
presented i n  Figure 4 .  For   th i s   case  of wo 
= 20%, the  f lux  of  water  almost  vanishes 
everywhere a f t e r  t = 22 days. The gene ra l  
f e a t u r e s  of p rof i les   p resented   in   F igure  3 
resemble  those  in  Figure 2. In Figure 3 t h e  
l i nea r   t empera tu re   d i s t r ibu t ion  T(x)  imposed 
on soil.  columns i s  a l s o  drawn. I t  is e a s y   t o  
s e e  from Figure 3 t ha t   wa te r  was taken away 
from the   pa r t  where T(x) > 0 and was added t o  
t h e   p a r t  where T(x) < 0 as  t ime  increased. 

x during the  time  period to 2 t 2 0 a s  
c a l c u l a t e  the average  f lux of  water f,(x) a t  

The measured w of  Exp. 5 and 8 a re   p re -  

From a measured p ro f i l e   w(x , to )  we can 

f a (x )  = ( p / t o )  [w(x, to> - wo]dx (15) 
X 

I n  our  experiments  each  sample was sect ioned 
i n t o  25 equal  segments.   Start ing  with  the 

with numbers 1 through 25 and  denote  the  loca- 
coldest   segment,  we w i l l  assign  each  segment 

t ion   o f   the   cen ter  of t h e   i t h  segment by x i  
( i  = 1 ,2,. . . . ,25) * Then the  average  f lux  of 
w a t e r   f a ( x i )   a t   t h e   i t h  segment  during 
to 2 t 2 0 i s  given  as  

75 

The ca lcu la ted   va lues  o f  f a  by Eq.  16 
f o r  Exp. 5 and 8 a re   p lo t t ed   i n   F igu re  3 .  The 
average   f lux   fa   increases   wl th   increas ing  x ,  
a t t a i n  i t s  maximum near  the  point where T = 
O [ ' C ] ,  and then  decreases.  The vanish ing   fa  
i n   t h e   p a r t  where T i s  less than -4'C obvi- 
ously  implies   that   water   hardly moves i n  t h i s  
p a r t .  The behavior   of   fa   indicates   the 
strong  dependence  of  the  flux  of  water on the  
temperature.  

and 1 0  are   presented  in   Figure 4 .  These four 
experiments  were  conducted  under  the same 
thermal  conditions t o  f ind   t he   e f f ec t  of t h e  

contents  of Exp. 3 ,  7 ,  9 and  10 were 1 5 ,  20, 
i n i t i a l  water   content  wo. The i n i t i a l   w a t e r  

5 ,  and l o % ,  r e spec t ive ly .  The temperature 
d i s t r i b u t i o n  T(x) and the  equilibrium  unfrozen 
water  content w* were  determined by the 
nuclear  magnetic  resonance  technique on a 
separate  sample of Morin clay and a r e   a l s o  
shown in  Figure 4 .  The time durat ion  of   these 
four  experiments was 22 days and the  measured 
p r o f i l e s  w a re   cons idered   to   be   near ly   s ta -  

b r i m   h o l d s  t r u e  under such a s t a t i o n a r y  con- 
t i ona ry .  We may expect t h a t  the   phase   equi l i -  

di t ion.   Therefore ,   in   the  par t   of  measured 
p r o f i l e s  where w(x> i s  greater  than  w*(x),  
the  presence of i c e  is an t i c ipa t ed .  

Among the   four   p rof i les   in   F igure  4 ,  the  
measured p r o f i l e   f o r   t h e   c a s e  of wo = 5% 
(Exp. 9) i s  monotonically  increasing, and the 
maximum appears   in   the   p rof i les   for   o ther  
t h r e e   c a s e s   a t  a po in t  where i c e  is presumably 
present .  I n  the  cases  of wo = 15 and wo = 
201, t he   g rad ien t  of w i s  small   near  the 
warmer end,  but i t  increases  suddenly  near  the 
f reez ing   po in t  T = 0 and decreases   again  near  
the   po in t  where w = w*. In  three   cases  
(except  the  case  of wo = 5%), the   conten t  of 
l iquid  phase  water  increases  with x up t o   t h e  
po in t  where w = w*, but i t  decreases   sharply 
beyond t h i s   p o i n t .  

The values  of ave rage   f l ux   f a   ca l cu la t -  
ed from each  of   four   prof i les   in   Figure 4 a r e  
p lo t ted   in   F igure  5. Since  the  t ime  duration 
of  these  four  ekperiments was the  same, fa 
i s  obv ious ly   p ropor t iona l   t o   t he   t o t a l   f l ux  
during  the  time  period  of 22 days. From 
Figure 5 we f i n d   t h a t   f a  is g r e a t e r  when w 
is grea te r   nea r   t he  warmer end,   while   fa  i s  

This  behavior of f a   i n d i c a t e s  t h a t  the 
g r e a t e r  when w is smaller   near  t he  cold  end. 

mobil i ty   of   water   tends  to   increase  with 
increasing w i n  a p a r t  where  no i ce  is 
present ,   whi le   the   mobi l i ty  of water  tends  to 
decrease  with  increasing w i n  a p a r t  where i c e  

The measured p r o f i l e s  w of Exp. 3 ,  7, 9 
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Figure 5 .  The  
for Exp. 3 ,  7 ,  
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Figure 6 .  The water content w [ % ] ,  the temperature T['C] 
and the unfrozen water content &[g/g s o i l ]  VB. x[cm] for 
RXp. 11, 12, 13 and 14 with wo = 5 ,  10, 15 and 20%,  
respectively. 

i s  present . '   In   o ther  words the  presence of 
i c e  may decrease  the  mobility  of  water  caused 
by temperature   gradients .  

Exp. 1 1  through 14 were conducted t o   f i n d  
t h e   e f f e c t  of a temgerature   gradient  by lower- 
i ng  Tc by about 3.0 C. The measured 
p r o f i l e s  w of   these  experiments   are   presented 
in   Figure 6 .  The gene ra l   f ea tu re s  of t hese  
prof i les   resemble  those  in   Figure 4 except   for  
t he   no t i ceab le   i nc rease  of t h e   p a r t  where  the 
g rad ien t  o f  w is very  small ,   par t icular ly   for  

w . In   t he   ca ses  with w = 1 5  and 20%, 
the  cases  with a g r e a t e r  i n i t i a l   w a t e r   c o n t e n t  

tge g rad ien t  of w near  t i e  po in t  where T = 
O°C is g rea t e r   t han   t ha t  of the  corresponding 
cases   i n   F igu re  4 .  Such  behavior is expected 
because  the  gradient of w must i n c r e a s e   t o  
counteract   the   increased  dr iving  force  of  
water  due  to  the  greater  negative  temperature 
g rad ien t .  

water   in   the  warmer p a r t  was r e d i s t r i b u t e d   i n  
the   co lde r   pa r t .  I t  is apparent   that  water i n  
the  unfrozen  par t  ( T  > 0 ° C )  o f  the  column i s  a 
source of movable  water.  Hence,  the  ratio  of 
an unfrozen p a r t  t o  a f rozen   pa r t  i n  the 

In   a l l   the   exper iments   p resented   above ,  

column is expec ted   t o   a f f ec t   t he   s t a t iona ry  
p r o f i l e s .   I n   o r d e r   t o  examine  such  an e f f e c t  
we conducted Exp. 15  through 18 i n  which the 
unfrozen  par t  was reduced. The measured  pro- 
f i l e s  w of these  experiments   are   presented  in  
Figure 7 .  

It  i s  c l e a r  from Figure 7 t h a t   t h e  re- 

w - 20% by f l a t t e n i n g   t h e   p r o f i l e  as a 
duced  unfrozen  par t   affected  the  case  with 

wgole in comparison  with  those o f  correspond- 
ing  cases   in   Figures  4 and 6. However, the 

pronounced in   t he   o the r   t h ree   ca ses .  Maxima 
e f f e c t  of the  reduced  unfrozen  part i s  not 

appea r   i n   t he   p ro f i l e s  of t he   t h ree   ca ses  
except  the one with wo = 5 X ,  but   the  tem- 
p e r a t u r e  of  the  point where the  maximum ap- 
pears is lower tha t   those   in   F igures  4 and 6 .  

we have  found t h a t  the t r a n s p o r t  of water 
is subjected t o  a l inear   t empera ture  g r a d i e n t ,  

indeed  occurs   in   the  direct ion of nega t ive  
temperature   gradient   in   accordance  with Eq. 
4b. As water moves toward the   co ld  end, t he  
i n i t i a l   u n i f o r m i t y  o f  w breaks down and a 
d r iv ing   fo rce  of  water s tar ts  to   bu i ld  up 
toward  the warmer end . After   th ree  weeks o r  
so, two d r iv ing   fo rces  of  water,  one  due t o  a 
temperature   gradient  and the   o ther  due t o  a 
gradienc o f  water   content ,   tend  to   balance 
each  other  8 0  t h a t   t h e   f l u x  of water   t ends   to  
diminish. We have  found t h a t   t h e   p r o f i l e  o f  
water  content  w(x, t) indeed  asymptotically 
approaches   the   s ta t ionary   p rof i le  w+(x> with 
time. 

above, we have  found tha t   t he   s t a t iona ry   p ro -  
f i l e   w + ( ~ )   g e n e r a l l y   c o n s i s t s  of two p a r t s ,  
depending upon the  value of wx* dw+/dx. If 
we denote  the  point  where w+ a t t a i n s  i t s  maxi- 
mum by q,,, one p a r t  where wx + > 0 i s  located 
i n   t h e   r e   i o n  0 < x < x,,,. The o t h e r   p a r t  
where w < 0 i s  loca ted   in   the   reg ion  
x, < x 2 xoT Since   the   f lux  of water  must 

w+(x) s h o u l d   s a t i s f y  Eq. 14.  Using  the  part 
vanish   everywhere   in   the   s ta t ionary   p rof i le ,  

of w+(x) where wx+ > 0 ,  we can  determine 
D,(w+, T) as 

When a s o i l  column with  uniform p and w 

From t h e   r e s u l t s  of experiments  described 

Figure 7 .  The water content w [ % ] ,  the temperature T["C] 
and the  unfrozen water content uX[g/g s o i l ]  vs. t [ c m ]  for 
Exp. 1 5 ,  16, 17 and 18 with wo = 5 ,  10, 15 and 20%, 
respectively.  
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Figure 8.  The values of D2[cm2/'C*day)] vs. the water 
content w[%]  a t  temperatures T - -0.5 and -1.O"C. 

with  the  t ime  duration o f  more than 3 weeks 
are   approximately  s ta t ionary and using  the re- 
ported  values  of D l  (Nakano and Tice,  1987), 
we ca lcu la ted   the   va lues  of D, by Eq. 17. The 
calculated  values   of  D, a t  t = -0.5 and 
-1.O'C versus w are presented  in   Figure 8 .  
Prom Figure 8 we f i n d   t h a t  D, i nc reases   w i th  
inc reas ing  w, a t t a i n s  i t s  maximum, and then 
decreases .  Arrows in   F igure  8 i n d i c a t e   p o i n t s  
where w is equal   to   the   equi l ibr ium  unf rozen  
water  content w*. The appearance o f  the  maxi- 
mum near   the   po in t  w = w* imp l i e s  t ha t   t he  
presence of ice decreases   the  mobil i ty   of  
water due to   t empera ture   g rad ien ts .  The 
behavior o f  D, s i m i l a r  t o  t h i s  was reported by 
Nakano and Tice (1 987) . 

Assuming t h a t   t h e  measured p r o f i l e s  of w 

CONCLUSION 

A new experimental  method is  introduced t o  
de te rmine   the   ra te  o f  water movement caused by 
temperature   gradients   in   unsaturat ,ed  f rozen 
s o i l s .  .When a l i nea r   t empera tu re   d i s t r ibu t ion  

i s  imposed on a c l o s e d   s o i l  column w i t h   i n i t i -  
a l l y  a uniform  water  content,  a r e d i s t r i b u t i o n  
of  water  occurs. The p r o f i l e  of  water  content 
has  been  found t o  approach a s t a t iona ry   p ro -  
f i l e  a f t e t   t h r e e  weeks or so. 

t e n t  and temperature   were  dr iving  forces  for 
the   water  movement, we ca l cu la t ed   t he   t r ans -  

measured s t a t i o n a r y   p r o f i l e s  of  water and t h e  
po r t   coe f f i c i en t   func t ion  D, by using  the 

measured  values of t he   t r anspor t   coe f f i c i en t  
funct ion Dl. The funct ion D, was found t o  
depend not  only  the  temperature  but also  on 
the  water   content .  

Assuming t h a t   t h e   g r a d i e n t s  o f  water  con- 
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FILTRATION PROPERTIES OF FROZEN GROUND 
B.A. Olovin 

Permafrost Institute, Siberian  Branch of the U.S.S.R. Academy of Sciences, 
Yakutsk, U.S.S.R. 

SYNOPSIS Laxge-debris and fissured  permafrost  often  have  very  high  permeability,  the- 
refore  it  becomes  -possible  to  investigate  the  structure of a frozen mass by  gas-dynamic  methods. 
This  paper  pres'ents  some  results o f  an  investigation of permafrost gas pernlsability for a  mass 
excited  due  to  oscillatione of thexmodyncamical  parameters of the air (temperature  and pressure) 
within  the  ground  layer of the  atmosphere;  the  results  were  derived  through  stationary-scale 
inveatigations  at  the dam plugging  the  Vilyuy  river  and f i e l d  investigations  in a watershed 
area in  Western  Pakutia, 

INTRODUCTION 

The relatively high permeability  of  permafrost 
i s  evidenced by obaervations  of  gases  moving 
through  shallow  mine workings and bore  holes 
in the  Saviet Far East  and  Middle  and  Western 
Siberia (Sumgin, 192'1; Velmina  and  Uzenlblo, 
1959; Lazarenkov, 1959; Olovin, 1983; 1986; et 
al,) as well as results of laboratory-scale 
experiments  (Ananiun et al., 1972; Chamberlain 
and Gow, 1978). The air moving  through a ground 
mass  has a substantial  influence upon the fac- 
tors  that  largely  detertnine  the  atstic and f i L -  
tration  stability of engineering  structuxes, 
namely  the  annual mean values and  the  amplitu- 
de o f  yearly  temperature  fluctuations of @oil#, 
and  the  character and intensity  of  the  seconda- 
ry  intragxound ice formation  within a mass. 
The  knowledge o f  the  permafrost  filtration pro- 
perties is necessary  when  designing  underground 
reservoirs f o r  storage o f  liquids  and  gases, 
water-development  projects  and  when  prospec- 
ting for hydrocarbon  deposits. 

LABORATOHY EXPERIMENTS 

The  experiments  have  been  conducted  with  arti- 
ficial  earth  rrlaterials,  viz.  dolerite  gxuss, 
with  the  grain  size  averaging 1.5 to 5.5 mm in 
samples 100 m m  in  di.ameter  and 100 mm hfgh, 
at  negative  air  temperatures  and  with  diverse 
soil moisture. The samples  ware  llloistened 
through  the  upper  boundar,y  surface,  without 
disturbing  the  original  ground.  This  la  the 
most  commohly  occurring  moistening  of  frozen 
ooils under  natural  conditions,  in  particular 
the  formation o f  ice-cement  caused  by  the  in- 
fiitratian of atmospheric  precipitation  in ar- 
tificial  deposits. 

The investigations  have  been  carried  out  in  the 
region of viscous  flow and transitory t o  iner- 
tial flow which I s  deEcribed by the  equation: 

A P 2  p V 2  
" " 

(11  

where d P  is the pressure  difference  at  the 
sample's boundaries; is filtration  rate; 
L is  the  sample  length; ,w and p are the vis- 
cosity and density  of  the gas; and Ksl and Kg 
axe  permeabilities of the  ground  at  very low 
and  very  high  filtration  rates,  respectively, 
Under  experimental  conditions  the pressure 
gradient AP/L coincides to an accuracy of 
2% with the value o f  A P &  ; therefore,  it  was 
assumed  that A P = AP2.  

The  re#ults were handled  by  the  method o f  least 
squararr in  the  coordinates ( A P / L . V ,  71 ) , in 
order to  datermine  the  coefficients A and B of 
the  linear  equation 

L U  

and these  coefficients  were  used  to  deterornine, 
based on p and  inferred  experimentally, 
the  coefficients of  V~EICOUS, ky  , and  turbulent, 
K p  , permeability.  The  degree of aaturation 

o f  the porous space  with  ice, 3 ,  , was  deter- 
mined b y  a weighing  method. irlost o f  the  experi- 
ments  showed  very  high,  over 0 .90 ,  correlation 
coefficients  between  the parmeters A P / L . V  
and v' . 
Tho  character o f  variation o f  relative  ,viscous 
K y w /  HTO and relative  turbulent N s w /  Kpo 
permeability was  subntantiully  different, de- 
pending  upon t h e  i c e  content: s, o f  the  porous 
space of the f rozen  ground under investigation 
(Pigs 1 and 2 ) ,  in  which  case t h e  differences 
in  the  magnitude o f  the c o e f f i c i e n t s  K p w / H p s  
not  infrequently  reached two o r d e r s  of magnltu- 
des os more as observed i n  ezpeI'lments with 
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Pig.1 Relative Viscous Permeability 
KpW/Hp, of Grained  Ground in Experiments 

Nos 11-27, Depending on the Lb ree of Ice 
Saturation  of  the  Porous  Space f w  (Fxactione 
of Unity).  The  Particle  Size of the Ground 
Investigated  Averages 1.5 to 5.'5 mm 

different samples. For S d  0.2, two  laamp- 
lea showed  anomalously  high (in excess o f  uni- 
ty) values  of  relative  turbulent  permeability. 
With  the  degree of ice  saturation 3, = 0.6 
to 0.8, the gas permeability o f  the,frozen 
ground normally  decreases  by 100 to 1000 timea 
as compared with dry ground. A total  ceesation 
o f  the.air movement  through  the  samples was 
moat  frequently  observed  at 3, 0.90 to 0.95. 

FIELD EXPEXIMRIFS 

The  field  experiments  have  been  conducted in 
Western  Yakutia  in  a  watershed  area  near a 
small-size,  shallow l ake  about 300 m in  diame- 
ter. The geological  structure  of  the.  area is 
the  following:  at  the  base of a stripping  ope- 
ned  by means of bore holes Nos 308-318 (Big.3) 
there  occux dense, largely carbonate  g?ounds 
(chalky  clays,  limestones,  dolomitea,  and  aleu- 
rolites) of Cambrian e covered  by a,thick 
(up t o  100 m thioknesz layer of eandstonea of 
Permian  age  which,  in m m e  places, emerge on 
the  ground  surface.  Throughout  moat of the 
stripping  the  sandstones  are  covered by a lay- 
yer o f  doleritea of Trias  age, of a thickness 
o f  up  to 40 m. These are fine-grained,  very 
dense,  weakly  fisrsured  dolerites,  with veina 
o f  fine-crystalline  calcite. The sandstones 
are ilne- and  medium-grained,  quartz-feldspar 
formations,  with a well-defined  horizontal 
strat if ication,  and  axe, in some places, car- 
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Fig.2 Relative  Turbulent  Permeability 

Nos 11-27, Depending on the Mean Degree of 
Ice Saturation of the Porous Space 

K p / K p o  of Grained  Ground  in  Experiments 

bonised4  toward  the  layer bottom the size of 
sand particles  increases,  with  occurrence of 
gravel  interlayers. "he ground  at  the  strip- 
p i n g  base includes  chalky  clays,  with  inter- 
layers of highly  dense  dolomites;  stratifica- 
tion i s  horizontal.  In  the  area of contacts 
between  the  layers,  as  deep  as 1.5 to 2 m from 
the  boundary,  dolerites  axe  severely fissurad, 
while  sandstones  at  the  boundary  with  doleri- 
tea are very  dense as deep  a8 2 m and,  aa a 
result of metamorphism  processes, have turned 
into  cornei. The crust of weathering of chalky 
clays is about 1 to 1.2 rn thick.  The  ponderable 
moisture  content - within  the  layer o f  seasonal 
thawing - approaches 20 to 40% for the  grounds, 
1 to 5% f o r  dolerites, 10 to 20% for sandsto- 
nes,  with a tendency f o x  the  moisture  content 
t o  somewhat increase with  depth, and 14 t o  16% 
in the  vicinity o f  the  layer  top; at greater 
depths  it  decreases down to 8 t o  1%. 

The  temperature  of f rozen  ground at  depths o f  
up to 120 m from  the  surface  remains  almoat 
unchanged and is  minus 1.8 to 2.4OC. The zone 
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,.Pig.J The  Position of the  Gas-Permeable  Layer  Within  the 'Pe'rmafrost in the dxperimental Area: 
1 - Dolerites ( T, ); 2- Sandstones ( P  .t C); 3 - Limeatones ( e,ie ) ;  4 - laotherme, O C ;  

5 - Region o f  Ockxrence o f  Gas-Permeable Ground; 6 - Boundary  between Fxozen and  Unfrozen 
Grounds  (Calculated): 8 - Lake 

of the  thermal  influence of the  reservoir is 
traceable at a  distance of at  least 300 m  from 
the  boundaries o f  the talik below  the lake, 
whose  position i s  marked on the  basio of model- 
ling  reaults on a stationary  temperature f i e l d  
in terms o f  a  three-dimensional  electrical 
model.  The  thickness of the cryogenic layer 
i s  about 700 m and that of the  permafrost 
i s  about 250 m. 

The following items  were meamred in the  area: 
sir f lows through  bore holes  Nos 302-318 in 
the upper part of which  casin p i  es were  ins- 
talled  at  depths from 0 to &! m ?stage 1 ); 
air reaswe in the ground layer as v r e r l l  OP 
in a11 bore  holes  stopped  with pluga in the 
vicinity o f  the outlet; air flow in the  open 
bora  hole No. 311 that has been used as an 

ning  bore holes  which w r e  closed and wexe 
exciting one, and air pressure in the remai- 

used as piezometric ones (stage 3 ) ;  air pres- 
mrea .in all bore boles  following a fast stop- 
page of the-  exciting  bore  hole No, 311 (stage 
4); and  air  pressures and  flows in aome BBC- 
tione of the  bore  holes in depth  which  were 
isolated  from o-ther horizone  by  means  of inf- 
latable pluge (stage 5). 

'iihen conducting  the  stage iJo. 1 experiments, 
which  can be  called  'flow rate grammetry', 
the  bore holes had all a  free  communication 
with  the  atmosphere.  Air flows through  the 
bore  holee  were  measured on a continuous  basia 
at a frequency o f  6 to 8 times per  day awing 
several  months,  by  means of an impeller  flow- 
meter. At3 a result  of  the  experiments  it  has 
been  established that a i r  f l o w s  
the  mouth  of  any  bore hole  are airectly pro- 

through 

portional to the  magnitude of atmospheric 
pressure P, , i.e., 

4i = Q ~ ( ~ a - ~ o L )  ( 3 )  
and the  productivity  coefficients qi remained 
almost  unaltered f o r  each  bore hole during a 
very  long  period  of  time. The range of varia- 
tion of: ti= 10'3(7.3 - 47.53 m3/hr Pa. Very 

stable is also the  value of  Po; which  varies 
with  time  significantly less as compared  with 

dence Qi ( P a )  varied  within 0.92 to 0.98. 

Durin  the  stage No. 2 experiments (barogram- 
metry7  the  mouths of all the bore holes  were 
plugged and  air  pressure  measurements  were 
made at 3 hr  intervals  during  the oourse of 
two  days. It has  been  established  that  already 
within aevaral hours  after  plugging  the  pres- 
a w e  in the  bore  holes  atabilized,  the  subse- 
quent  variations o f  P;  in time  did  not  exceed 
10 to 20 Pa, and  the  difference of Pi-values 
in some  bore  holes  was  proportional to absolu- 
te marks of the  bore  hole  mouths.  This  indica- 
tes, on the one hand,  the  presence of a hydra- 
ulic  coupling  within  the  mass  between  indivi- 
dual  bore  holes and, on the  other,  either a 
total  absenae or presence of a very weak as- 
sociation of the  underground  atmosphere  with 
the  suxface  air layer. 

A treatment of the  results of  the  stage No. J 
experiments  have  revealed  that  the  intensity 
o f  air movement  through  the walls of the  exci- 
ting bore hole  corsesponds t o  the prcdic,ted 
intensity on ,Cba h a 1 3  o f  the  previous  solu- 
tion of the  equation for an axisymrnetric sta- 
tionary flow of an incompressible  fluid,  with 
a constant f low and with  the radius o f  the 
supply  circuit of 100 m and pressures  at  the 
boundaries of the region equal  to  the mean at- 
mospheric  and  mean  stratum  pressures. X very 
simple  empirical  formula has been  obtained for 
calculating  the  mean  permeability of ground 
within the  mass: 

P,. The  correlation  coefficient of the  depen- 

The  productivity coe f f i c i en t  can be deter- 
mined from  flowmeter investigations, and the 
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total  thicknsas h, of the  permeable layer is 
obtainable  from Log surveys. 

The  Btage No. 4 experiments  involved  studying 
the  intra-bore  pressures  during 60 days after 
plugging  the  exciting  bore  hole No. 311. The 
experimental msults are:  during  the  first 12 
hours the presmre in bore  hole No. 312 was  de- 
creasing similar  to  that  observed  in bore holes 
operated  with a constant  flow  rate, i.e., 1s 
directly  proportional  to . At 2 * 1 2  hr, 
the  rate of preesure  decreaee ap/a(eni) de- 
creased  substantially,  at Z =  400 hr the  pres- 
Bure in  the bore hole waa a minimum;  after- 
wasda, it  began  to  incxeaae  reaching a maximum 
value in z = 1 000 hr  and,  then, again began 
to decrease  to  values smaller than  those  obser- 
ved at ‘c m 400 hr.  Such a character of the  va- 
riation  may be accounted  for  by  periodic  vaxia- 
tiona of the  mean  values of atmospheric pressu- 
re during  the  period  preceding  the  plugging 09 
the  bore  hole as well a8 the  presence in the 
maas of weakly  permeable  soils. The stripping 
under study, a8 has already been  mentioned, 
includea  sandstones  containing  considerable 
arnounta of intraground  ice  which may well  be 
responsible f o r  such a  response of the mass. 
Rather high permeability  may be shown by ca- 
ternous  limeatones  as well a8 chalky  clays  and 
aleurites  within  the  crust o f  weathering. If 
it is assumed that  the  character o f  the  pres- 
sure recovery  curve has been influenced  by  the 
layer of weakly  permeable,  porous soils of a 
thickness of about 40 111 and 0.1 poroeity,  then 
the  phase  shift of the  pr8BElUre  wave  can  be 
used to  estimate  the  permeability of this la- 
yer a t t K y =  (2 - 5)*10-15 d ,  
An eatimate o f  the soil ermeability  at diffe- 
rent  depths (stage No. can  be  made on the 
basis  of  data  derived  from  a  atudy  of  the ver- 
tical  distribution o f  inputs ’zj into  the  bo- 
re  hole or reaundant  value@ o f  presaures APJ of 
air f o r  individual  horizons Adzj . Experimen- 
tally it has been  establiahed that meawre- 
rnent of inputs 9; or redundant preaaure8 Pj 
i s  o f  quite  equal  importance  in  connection  with 
the  presence  between  them of a relationehip of 
the form 

y j  = C a d  P.  
J ( 5 )  

The  coefficient C involved in formula ( 5 )  de- 
pends  only  on  additional  hydraulic  ceeistance 
produced  by  packers.  Unde  conditions of OUT 
experiments C P 1.67~10’5 m3/hr-Pa. 

On the  other hand, taking  into  consideration 
that, a t  a certain  distance Ixoln the  bore  hole, 
the  pressure,  to  an  accuracy o f  the  gravita- 
tional  component pgr , 18 a constant,  it 
may be concluded  that the amount  of  input for 
any  horizon  depends  mainly  on  permeability of 
s o i l s  at  this horizon;  therefore, i n  order  to 
make a rough  estimate of permeability at 
depth z , one can employ  the  relationshxp 

K = K y ’  r 7 
- A Pj 

s“ ,.i A Pj (6) 
where KF ia mean permeability of the rnage 
opened by means of a bore  hole;  and AP. ia  the 
mean redundant  air  pressure  in  the bod hole. 
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Calculations erformed using  the  formula ob- 
tained  (table?  Indicate -that the  greatest pex- 
meablllty  applies for soils occurring  at  depths 
of 20 t o  40 rn corresponding  to  the  zone of 
Contact of a  trap  intrusion  with  sandstones. 

The  investigations  discuaeed  above  provide  evi- 
dence  that  the  permafrost  can  include  quite 
large-aized area8 with non-water-saturated 
grounds  which are prptected  against  inflitra- 

TABLE 

Permeability Kp 1012,rn2, of Permafroat 
at  Different  Depths 3 , m, from the 
Surface i.n Bore Holes 308, 311,and 312 

My ,1012, .* 
2 ,m Bore hole Pia. 

308 31 I 31 2 
10 - 20 1.4 1.8 0.4 
21 - 30 1.1 2.8 0.9 
31 - 40 1.1 3.7 1.2 
41 - 50 0.6 1 * 4  0.6 
51 - 60 1 .o 1.1 0.4 
61 - 70 0.8 0. ‘7 0.2 
71 - 80 0.1 0.5 0.1 

tion of atmoepheric  precipitation by a layer 
of ice-saturated,  moisture-impermeable  soils 
occurring at  the  baae of the  layer of seaaonal 
thawing.  The  integrity of the  intermediate 
ice-saturated  layer  remains  unchanged  during 
very  aevere  variations of climate.  The  thick- 
ness of the  gas-permeable,  non-watsr-satura- 
ted  layer  decreases  near  lowerings of the 
water-containing layer surfaoe, as irr the case 
in the axe& o f  bore  hole No. 306 (Fig. 3) and 
near water  reservoirs.0f 15 bore hoLerj inves- 
tigated,  the  only  bore hole in  which no in te r -  

No. 318 situated near  the shore of the lake. 
layera permeable to gaa were  detected,  waa 

The thickneaa of the  ice-saturated  permafrost,, 
contiguous  with  the  taLik  below  the  lake ap- 
peaTB  to  be in the range 50-100 m. 

PERMEABILITY OF LARGE-DEBRIS MAN-WLADE DEPOSITS 

In regions  with sevexe climatic  conditions  it 
is customary  to  utilize,  for  building purpo- 
888,  fragmented  rocks  which are characterized 
by very high permeability  to gas and,  there- 
foxe,  high  intensity of mass exchange  proces- 
sea, accompanied  by  the  formation  within  the 
mass of  secondary  intra-ground  ice due to sub- 
limation of Wafer vapour from the  air  that 
moves  within  the porous space as well as in- 
filtration of atmospheric  precipitation i n t o  
the  cooled-down rnas8. For  practical  purposes, 

permeability of large-debris rocks within  the 
it  is  often important t o  know the magnitude o f  

mass,  in  order  to  have a possibility of esti- 
mating  the mean values and the  magnitude of 
the  temperature  fluctuations of rocks  within 
the mass or at  its  boundarieo  with  structure 

perties axe able t o  depend  substantially on 
elements  made of other  materials, whose pro- 

the atructure’a temperature  regime. 



We have  investigated  the  permeability of large- 
debrie  rocks  on  one o f  the  large  stone-fill 
dams o f  a hydroelectric  station,  The  dam i s  75 
m high and is made of dolomite  clods,  with an 
inclined  shield (a core  in  the  upper  part) of 
suglinok  serving as the  filtration-counter-ac- 
ting  element.  The  ermeability of suglinok ap- 
proaches 1.10-12 m s ,  and  that  of  overcast sto- 
nes  is  several  orders of magnitude w huh. 
A  continuoue  movement o f  the  air is observed 
within  the  body of the  stop  prism  which  is  cau- 
eed  by  the  difference  in  air  densities of the 
intxaporous  space  and  the  surface  layer.  Air, 
movement  at  depths  over 30 m from  the  dry  slo- 
pe surface  is  characterized  by  a  relative  sta- 
bility,  namely  in  winter the air  moves from 
below  upwards,  viz.  from  the base of the  bottom 
wedge.  to  the  crest, and in summer the  reverse 
is  the cam. At  depths less than 20 m  the  air 
movement is more complicated  in  character;  the 
direction of movement  is  often  reversed during 
24 hr, although,  on  the  average,  it  obeys a 
periodio  Law  with a period of 1 hr.  An  absolute 
maximum of air filtration  rates is observed  in 
December.  These  inferences  were  obtained  on 
the  baeis of flowmeter  observations of the air  
movement  through  the  eurface  of  the  dry  slope 
as well as the  behaviour of the  surface  tem- 
perature  variation  within  the  structure  as re- 
ported  in  previous  papers  (Olovin, 1981; 19861. 

The  rate of temperature  fluctuations of the 
earth  materials  at  any  point o f  the  maBa de- 
pends,  with  other  conditions  being  equal,  upon 
permeability of soils;  therefore,  geothermal 
obaervationa are useful for determining  the 
mean  values of filtration  rates  or  permeability 
of  the  medium.  In  particular, a suitable formu- 
la for  calculating  the  values of X? is desi- 
vable  in  terms of a piston  model of f l u i d  trans- 
fer  ineide  the  intraporous  space. The derlva- 
tion  of  this  formula IB presented  below, 

Let us conaider  the  heat  balance  of an element 
of a current  tube of a cross-section S and a 
length A t  having a temperature t , through 
which an air  flow i s  moving  whose  temperature 
at the element  inlet i e  $ + A t  and  at  the out- 
let is t, under  the  following  slmplifyihg as- 
sumptions:  conductive  transfer o f  heat  in  the 
gxain phase in  the  direction t' is absent, 
and heat  conductivity o f  the porous medium  in 
a direction  normal  to e is infinitely  large. 

Air  flow 9 inside a volume S.Ae corresponds 
to  the  amount o f  heat  released  in  time 42 

heat  capacity  and  temperature of  the  air, xe8- 
pectively)  which  will  be  absorbed  by  the  grain 
phase.  Its  heat  content  will  Increase  by an 
mount Cs ( 1  - 5 ) ~  A t , . S . A e  ( C, being  the 
heat  capacity of a mineral  skeleton, porosi- 
ty, and t, the  skeleton's  temperature).  Upon 
setting  the  expressions  obtained  equal,  taking 
into  consideration  that for any cross-section 

we  obtain: 

e -  C a . A t , . A Z  ( C, and t p  being  the 

t,= t, = d and,  therefore, at,= A $ ,  

~ . c , . a t . n . t . = c , ( l - 4 ) ~ ~ t . ~ . ~ @  ( 7 )  

Bearing in  mind  that  the  filtration  rate V = 
7 f / S  following a limiting  transition 

A E - ae , AT + az , and A t  - a t  , 

we  get a e  

ae 
c, - 

1J'= C,O-dT _. 3-G (8) 

We, then,  substitute  the  expression  obtained 
into  the  Darci  equation 

by  representing  preliminarily  the  air pressure 
in  terms o f  the  equation of state of &as as a 
function@  its  density yo at OOC and  tempera- 
ture t 

(91 
where R i s  a gas constant; ~3 is ficient  of volume  expansion of the air 

M is  the molecular  weight o f  the gas 

the  coef- 
; ana 

It followa  from (9) that 

(IO) 

Because t G 1 , the final  formula  to  be 
used  in thPB calculation may be  represented  as 

From the  plot k',(x,y) constructed (Fig. 4 )  on 
the  basis 09 geothermal  observations  in  the 
atop  prism of the  dam  obtained  in  different 
years, it is  possible t o  make  assessments of 
the main tendencies of the  variation in permea- 
bility o f  large-debris  soils  during  the  period 
o f  exploitation of the  dam.  These  are: a aub- 
atantial  decline of permeability of overcast 
stones at depths over 10 to I 5  m fxom the GUS- 
face  of  tbq  bottom  slope  at  the  stop  prism  con- 
tigUouB  to  the  lower  reach, and an  appreciable 
increase  in  permeability o f  the  central  part of 
the  dam.  These  resulta lead UEI to  Esuppose  that 
the  moisture  content  of  frozen  ground  along 
the  axis of the  dam's  creet  remains at the  ori- 
ginal level ox decreases  with  time,  especially 
at  depths o f  30 m and  more  from  the  suxface  and 
only  in  the  axea of the  dam  to  the  right  of 
the  vertical  axis  through  the 'I V 55 m" berm 
toward  the  lower reach does  the  moisture  con- 
tent o f  soils  increase  appreciably  with time. 

Indirect  evidence f o r  the conclusion about the 
predominant  influence of the  moisture  content 
increase  rather  than  density  increase  of  the 
minesal skeleton of soils which  was a l s o  obser- 
ved  under sewice conditions,  upon  the  amount 
of  permeability of noils i s  provided  by the 
following  factors: 

(i)  infiltration  moisture  flow through unit 
surface  of Q dry  slope pcr,year increa- 
ses  toward  the  Lower  reach (Otovin, 
1981). 

(ii) m i l  consolidation  caused by vertical 
subaidence i s  greatest  in  the  central 
part,  near  the  danh  crest  where no in- 
crease  in  permeability of  oils occured. 
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Fig.4 Permeability  to Gas of Soils of the  Shield and Stop &ism 
i n  1969 (a), 1977 (b) and 1981 ( 0 )  : 1 - Suglinok of Per- 
meabilityK,=  (1-10)~10-12 &'; 2 - Large-Debris  Ground 
(Clods, Detritue)  with  Permeabilit HJAU (0.01-0.1)*IO-9 m2; 
3 - the Same, H p =  (0.1-1.0)-10-9 m3; 4 - the Same, 

Kp= (1-3)*10-9m2; 5 - the Same, K p =  (3-10)*10-9 m2. 

The proposed method o f  analysis of the  atructu- t y p e  engineering  Btructurea, along with  the fos- 
re of a mass, which  can  be  called  'thexmogxam- mation of intraground i c e  due  to  atmospheric 
metry',  makes  it  possible t o  estimate  the  ice precipitation infiltration and  water  vapour con- 

with a mineral skeleton of high solidity,  which can emerge from below due to  convective  air 
content of a porous  space of the frozen ground, densation, in  eome areas intraground  moisture 

is impossible  when  coring a bore  hole - the PLOWS. In  order t o  study  the  structure of a 
procesn of drilling is accompanied  by  a  release permafrost maaa, it i s  possible to invoke gas 
of large  amounts of heat which  contributes to dynamicax  methods of invsstigationa,  including 
melting and evaporating  the  intraground ice. modifications of these  methods  auch as descri- 

bed in this paper. 

CONCLUSIONS 

The  experiments reported i n  this  paper  have  es- 
tablished a very high  permeability o f  frozen  Ananian, A.A. ,  Axutyunian, N . A .  Mazurov, V.A. 
grained  and  fissured a o i h  and  the  formation o f  and  Silverstov, L.K. (19723. 0 pronitsae- 
intraground  ice  there is due to  infiltration o f  mosti  meqlykh porod. - V kn.:  hlerzlotnye 
drop-ahaped  moisture  through  the upper boundary  issledovaniya, V. 12, 205-208, Izd. hiosk. 
surface. Unde natu a1 conditions,  during a 
very  long ( 102 - 10 5 years) period there  per- 
aist thick (up to 70-80 m) layers of non-water- 
saturated,  highly  permeable ( K = 10-15 - of freezing and thawing on the  pernleabili- 
m2) eoila covered by a comparatfwly thin  (not  ty  and  structure of soils. Ehgineering 
more than 2 or 3 m )  Layer of impermeable, ice- Geology, V. 13,  73-92, 
containing  soila  occurring at the bottom O f  the Lazuenkov, G.V, (1959). Dvukhotoronnyaya 
layer of seasonal  thawlng. Soil5 permeable  to  tsirkulyatsiya  vozdukha  cherez  burovuyu 
gas may be absent at G distance of less than skvazhinu. - Materialy PO obshchemu mex- 
50 m from  the  thaw  basin  limits  below water re- zlotovedeniyu. V I 1  Mezhduved.  soveshch. po 
servoirs;  the layer of permeable soila reduces  merzlotovedeniyu, 362-368, Izd. AN SSSN, 
in areas of waterflow roof decline. As Pox Pill- Rloscow. 
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THERMODJFFUSE ION TRANSFEk IN'GROUNDS 

Institute of Soil Science and Photosynthesis, Academy of ! h i e m  of the USSR, 
Pushchino,  USSR 

SYNOPSIS Ion transfer in the  grounds  under  conditions of heterogeneous  temperature field i s  
related with moisture migration and  is  described as a thermodiffuse process.  The thermodiffusion coeffecients 

of ians in the  frozen  and  thawed  grounds  vary from 0 to 10 m Is degree  and  be both positive  and  ne- 
gative. It has  been four,d that  the ion transfer in the  frozen  grounds  is  directed  towards  the  temperature 
decrease  whereas in the  thawed  ones it has  the  opposite  direction.  The model of the  three  layer  structure 
suggested for the mobile liquid in the  disperse  grounds  is in a good  agreement with the  experimental 
results. 

-8 2 

INTHODUCTICN i )  with gravltationrrl moisture  during filtration; 

'Thermodiffuse ion transfer in grounds  is  an impor- 
tant  and  insufficiently known component of m a s s  along  ground  capllari er; 
transfer.  Together with the  other  processes  of  the iii'l  with osmotic  moisture flow; 

ii) with capillary  moisture flow during  water  rising 

ion transport it participates in the liquid phase con- 
tent  changes, in creating  conditions  favourable for 
dissolving  and forming the  secondary  minerals  and 
determines  the  content  and  properties of frozen  and 
thawed  grounds. Thermodiffusion of ions  plays  an 
important role in the  proceases of salinization  (de- 
salinization) of soils  and  grounds. 

The main regularities of moisture transfer in 
grou.nds  affected by the  temperature  gradient5 are 
known from the  works of G.-J.Eouyoucos, AV.Lykoy 
D. de-Vries and J.-R.Ehilip, R.-DJackson, D.Rose 
and K.Fenman, K.\i.Chursev et  aL (Globus, 1983). 
Accordingly,  moisture migration in the  grounds un- 
der the temperature  gradient effect: 
i )  is  directed, 11s a rule,  towards  the  temperature 

decrease; 

ii) is  carried  out due to the  effect of some mechan- 
isms:thernlal vapour diffusion, change in the 
volume of jammed gas,  liquid  therrnocapillcuy and 
thermoosmotic transfer  (in  the  integral form all 
the flows corresponding to them are described 
as diffusional  ones  and are directed  towards 
the temperature  decrease,  except  thermocapillary 
ion-electrostatic  and thernroosmotic flows: 

iii) reaches  the  greatest  intensity  at a compara- 
tively low moisture  content, that is  accour.ted 

iy) with film moisture  that is of particular impor- 

y) with dlffusional flow. 

As It was  stated by A..F.Lebedw  in 1937, no  anion 
diffusion occurs in the  moisture film (undissolving 
moisture  volume) within the moisture content  range 
from zero to the maximal hygroscopy. 

The  experiments  carried  out  by  &hLGlobus with 
the  thawed  saline  soils (1983) showed  that  under 
the  temperature  gradient effect the  dissociated  salts 
are transferred  towards  the  temperature  increa6e. 
The  author  explaines  this  phenomenon by the  fact 
that  the moisture vapour  transfer 
creates an additional  gradient of moisture  content 
resulting in the  corresponding liquid flow together 
with a salt one. Thus,  the ion transfer in the 
grounds  under  the  effect of the  temperature  gradient 
was experimentally  found. I ts  nature is insufficiently 
studied. 

The  complexity of the  mechanisms of substance 
transfer in the grounds did not allow to describe 
t h e m  in detail, Therefore, in case with ion transport 
as well af3 during  investigations of moisture  transfer 
it i s  expedient t o ,  use  phenomenological  approach. 

tance  at  incomplete moisture saturation; 

for ky a slight  dependence of free  moisture mo- 
bility on temperature; THEORY 

is decreased with the  increase of pcre 501U- In evenly  moistured  frozen  and  unsaturated  thawed 
arounds with heterogeneous  distribution of low con- iy) tion concentration; 

y )  results ir. moisture  circulation in the  grounds. centrations  and  contents of salts there  appears a 
gradient of ion chemical  potential  under  the  effect  of 

rphe rnairl regularities of ion transfer in the grounds the  temperature  gradient.  Besides, in the  Ilorizontal 
have  been also studied  (Kr&ov,  Lebedev,  Polynov, samples due to the thermodiffuse  ion transfer ( I t d )  
Ershler, Bolt and Camper, Pakshina, 1980. et aL). there  appears  an  opposite diffusional (concentration 

the following flows: 
In the  disperse  grourlLs  the  ions  are  transferred by flow (Id). A re6Ultant flow of ions in the groUn6 
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i s  presented  by  the following equation: 

lo = Id .t I td 

Temperature  and  pressure  are U E U ~ U Y  taken as 
illdependable  variablas  for  thermodynamic  descrip- 
tion of the  upper  ground  layers.  The  external gas 
pressure  lor  similar  systems  is  slightly  changed 
a11d close to the  atmospheric one. Isobar-isothermic 
potential  (Gibb's  enersy)  plays the role of the 
characteristical function: G = f (T, F, c ~ ,  c2, ... c,) 
where G ,  Cribb's energy, J; T, temperature, OK; P, 
pressure, P; C., mole fraction of i-mobile compon- 
ent  (ion) in  th'e system. Gibb's  energypartial  values 
the  ions, Le. their  chemical  potential6 

(p= x , J/kg) , present  their  ability  of  chemical 
interactlon,  whereas  the  spatial  $radientJU(J/kg rn = 

= N/kg) is  the motive power of their migration flow. 

The  resultant flow is determined  by  the  chemical 
potential  gradient  and mobile conductivity of ground: 

dG 

(1) 

or taking into account diffusion and thermodiffusion 
components: 

where - coefficient of the  ground  conductivity 

vs. the ion flow, kg s / m  ;p - their  chemical po- 3 

PhysicaUy,  the diffusion coefficient is  the amount 
of  ions  penetrating  through  the  cross-section of 
the  unit area for  the time unit under  the  effect of 
the unit gradient of the  concentration.  Vnder  steady- 

state  conditions I 0 = 0, and Dt = \a(-)/(") 1. 
Hence,  the  thermodifussion  coefficient  is  the amount 
of ions which have to pas s  through  the  crossec- 
tion of the unit area for the time unit at  the unit 
gradient  of  temperature to balance  the  opposite 
diffusion flow  at  the unit gradient of the  concentra- 
tion under  steady-state  conditions. D sign  shows 

the flow direction:  at D < 0 and D > 0 the  ions 

are  transferred  towards  the  decrease  and  increase 
of temperature,  respectively. 

MATERIALS AND METHODS 

t 
t t 

D and D as phenomenological  coefficients a r e  ob- 

tained  on  the  basis of ion distributions  experiment- 
ally found in the  grounds. Man-made ground mix- 
tures  (pastes)  were  placed in hermetic  sample- 
holders with heat  bearing  lids  at  the  butt-ends. 
The  sample  holders  were of cyllindrical  shape 
with a 40 mm inner  diameter  and 110 mm long. The 
grounds  under  study  contained  the  fraction of 
quartz  sand with 0.25...0.5 mm diameter as well as 
medium loam sampled from A I  horizon of grey 
forest  soil.  The  initial  volumetric  moistures  were 
within the  range of 0 to 20% for the  sand  and  up 
to 30% for the loam (that  was  higher  than  the ca- 
pilary  moisture  capacity). 10% solution of potassium 
chloride  was  used for  moistening. 

t 

tential, Jlkg; y ,  - diffusion component of the  The  samples  evenly  moistened  and  kept  under  iso- 
chemical  potential,  J/kg; Ytd - thermodiffusion thermic  conditions  were  placed in the  device main- 

component of the  chemical,  potential, Jjkg. taining  constant (~0.3~) but different  temperatures 
at  the  opposite  ends, In aredetermined time periods 

The coefficient of ion conductivity in the  ground 
is  correlated with the coefficient of ion  diffusion as: 

A=DQ 
d C  

where Q= - isothermic  differential  ground 
" 

capasity vs. the  ions of the  given form, kg sz/rn3. 
Physically,  the  isothermic  differential  ground  capacity 
is the amount of the  ions of the  given farm which 
should  be  added to (extracted from) the  ground to 
change  the  chemical  potential  by unit. 

Placing ( 2 )  in (1) we can  get  the  intensity of ion 
flow, expressed  through  the diffusion coefficient: 

or 

the  sampies  were  taken &om the  device  and  each 
w a s  quickly  divided into three  parts.  Every  part 
was  analyzed for the  moisture  content  by  the 
weighing  technique, €or the  potassium  content  by 
the f l a m e  photometry and for the  chlorine  content 
by  the titrimetry with argentum in water  extracts. 

As a result,  the ion and  moisture  distributions 
along  the  samples  were  obtained for various time 
and  temperature  conditions in the  device as well 
a s  for the frozen and  thawed  samples of different 
mechanical  and  moisture  contents.  Balance  appro- 
ach  was  used for  determining  the  ditfusion  and 
thermodiffusion coefficients  accordingly: 

t d 
I (l cdx)T,- ( l c  d&4 

I, = A T  

where I I is  the  resultant ion flow (kg/rn - s )  
throughOthe cross-section  situated  at a distance 1 
( m )  from the  beginning of coordinates;  C  is  the 

ion content in the  grounds, k s / m  ; t is  time, s. 
Hence,  basing  on ( 3 )  

2 

3 

e e 

where D - diffusion coefficient, m 2 Is ;  C - ion (.pXx+ p & ,  =- p 2- Dt yK dt ( 4 )  

content in the  ground, kg/m3; - volumetric 

ground m a s s ,  k$m3; 8 - thermodiffusion ratio, 

degree-'; D - thermodiffusion coefficient, m / s  
degree. 

q " f  

2 Having a system of two equatic)ns of type ( 4 )  alld 

time, one  can  calculate D and 13 coefficiellts  beiug 
C = f ( x )  graphs  describillg  various  periods of t 

t 
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present in (4). The initial (without  gradient) Special  computer  programs  on  the  basis  of ( 5 )  
distribution of moisture  and ion should  be  present- and  the  experimental  data on the  distributions of 
ed by one  curve ( To = 0, C(1) = const). Two temperature, ion con  tent  and  moisture  were  used 
other  curves  belong to the  stages  when > 0. to calculate  these  coefficients.  The  obtained  data 
This  system  is  presented in the following way: are  well reproduced, 

where gcl, gc,, gtl,  gtz - gradients of ion content 

and  temperature of the  ground  for  the  first  and 
second  periods of observations ( T, and r a  ); 
1,  and I, - corresponding  ion flows. 

a 

RESULTS 

Fig.1 shows  the  dynamics of the  distributions of 
moisture  and  ions in the  samples  affected  by  the 
constant  temperature gradient., Stationary  distribu- 

A.M.Globus (1983) observed  the same periods  of 
tions of ions were carried  out for about 70 hours. 

establisment of the  moisture  stationary  distribu- 
tions. They  exceed  the  periods of observations 
used for determining  the m a s s  exchange  properties 

1983). 
of the  unsaline  grounds  (Vasiliev,  Chistotinov, 

8 
Fig.1. Dynamics of Distributions of Moisture,  Chlorine  and  Potassium  Ions in the 

Thawed (a )  and  Frozen ( b )  Sand 

Each  curve  shows  the  way  the  volumetric  moisture  or ion content i s  distributed  along  the  sample 
at  the time moment indicated  to  the  right of it. The middle point of each  curve  corresponds to the 
initial value of moisture  (about 7.5%) or to the  content of chlorine  (about 6 mg-equiv/IOO g )  and 
potassium  (about 6 mg-equiv/lOO 9). The  vertical scale for each  ser ies  of the  cuwes  is  given to 
the  left  of  the  graphs.  Quartz s and  fraction, 0.25...0.5 mm; initial moisture, 7.5% potassium  chloride 
moistening  solution  concentration, 10%; temperature  gradient,  approximately I degreelcm; mean  tempe- 
rature of the  frozen  ground  samples, -7*5Oc, of the  thawed  ones, +12,0°c. 

The  distributions of moisture  and  ions  (Fig.l)  are 

within the'  range of 48-57 and 22-77 hours  for  the 
generally of a monotonous  character,  however, 

frozen  and  thawed  grounds,  respectively,  their 
graphs  are of the  extreme form. 'The  intensity of 
the  extremums as well as the rate of their  appea- 
rance  (disapearance)  turn  out to be  higher in the 
frozen  than in the  thawed  samples.  The  analogous 
distributiuns of salts  - with the extremum in the 
columns-  were  obtained by AMG-lobus  (1983). 
According to his  data  the  extreme  contents of the 
salts  resulted from the  increased gas pressure 

which suppresied  the  gaseous  component of mois- 
ture  transfer,  thus  enhancing  the  intensity of the 
film migration. No extremums  were  observed  by  us 
during  the  balance  distributions of the  ions  and 
moisture. 

The  values of the  moisture  and ion  diffusion coef- 
ficient  obtained by the  technique  described  above 
agree with the  data  published  by  various  authors 

nitudes of the  coefficient of the ion thermodiffusion 
(Globus, 19R3; Pakshina,  1980 et  a L ) .  The mag-  

in the  grounds vary, 8s a rule, from 0 to 
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m'ls degree; and  sometimes tk lis range  can 
be greater  including both negative  and  positive 
values.  The  greatest module values D found for 

the  potassium ion are  57x10  and 0.56~10 rn 1s 
-7 -7 2 

degree i n  sand  and loam, respectively, at the 
moisture  content  somewhat  lower than,  the  capilary 
moisture  capacity  and at about 15% concentration 

for the  chlorine  ion are  7.2~10'9  and 0.7x10-9m2/s 
of the  solution. The corresponding  extreme  values 

degree.  The  values of the thermodiffusion coeffi- 
cient  are  determined by  the  content  and cornposi- 

- 
Ershov,  1986-et a L ) .  The direc;ion of the ion' 
transfer in the  thawed  ground  is  opposite to that 
of moisture, i.e. the  ions move towards  the  regions 
with the  increased  temperatures. So the  experi- 
mental data of AM.Globus  are  shown to be  repro- 
duced. Our observations of the ion transfer in the 
samples with various  moisture  saturation  indicate  that 
at very low moisture  content  (for  sands  about 2% 

of the  ground  volume)  the  ions  are  transferred to 
the  regions with the  decreased  temperature. 

tion of the  ground,  its  moisture  content,  state  (fro- 
zen-thawed),  by  the  type  and  concentration of the 
ions. They  depend  on  the  efficient  cross-section 
of the flow, ion mobility and  its  interaction with 

In the  frozen  ground  the ion transfer  is  directed 
in the s a m e  way as the  moisture  one, Le.  towards 
the  regions with the  decreased  temperature  (Fig.1). 

moisture  and  solid  phase. 

The  direction of the  resultant  moisture  transfer i s  
the s a m e  in the  thawed  and  frozen  grounds:  the 
moisture  moves  towards  the  regions with the  decre- 
ased  temperatures  (Fig. 1, 2). This  fact  is  stated 

b -10 
-11- C d 

* - m o i s t w e  o-ckPocine o -potassium 

Fig.2. Dependence of M a s s  Exchange  Parameters of the  Thawed  and Frozen Sand 
on  the Volumetric Moisture  Content 

a )  on  the diffusion coefficient of moisture  and ions in the  thawed  sand, b )  or1 the diffusion 
coefficient of moisture  and  ions in the  frozen  sand, c )  on  the thermodiffusion coefficient 
of moisture  and  ions in the  thawed  sand,  d)  on  the thermodiffusion coefficient of moisture 
and  ions in the  frozen  sand,  Quartz  sand  fraction, 0.25...0.5 rnm; initial volumetric  moisture, 
10% exposure  periods, 0 ,  72  and  120 h; temperature  gradient, c a  I degreelcm;  average 
temperature of the  thawed  and  frozen  sand  samples, +12.5OC and -7,5OC,- respectively. 

Fig.2 shows  the  moisture dependences of the 

ficients in the  frozen  and thawed  sand  ground.  The 
moisture  and ion  diffusion and thermodiffusion coef- 

moisture diffusion coefficients in the  thawed  ground 
at  about 6% moisture  have  their maximums found by 
E.D.Ershov (1983 et  aL). The s a m e  maximum, 
though less exhibited,  exists on the  corresponding 
curves for the  ions  (Fig.2a).  The  moisture  depen- 
dence D in the  frozen  grounds as well as the 
graphs Dt= f (w) (Fi9.2 b,c,d)  are of more compli- 
cated  character. 

Fig.3 presents  the  diagram  which  allows to eva- 
luate  the  values ot the  moisture  and ion  diffusion 
and thermodiffusion coefficients in the loam grounds 
and to observe  their  changes  during  transition 
from the  frozen  state intu the  thawed  one  at a 

city. Under  these conditions  the  values of the U 
moisture  content of about  capilary  moisture capa- 

and D coefficients of the  frozen  ground  are  higher 
than  those for the  thawed  one. t 

DISCUSSION 

The  obtained D and D values of the  ions i n  the 
frozen  and  thawed  grounds  can  be  used i n  the 
corresponding  models to predict  the  content of the 
ground liquid phase,  underground  water  and  ice, 
for  pilleogeographic  reconstructiuns  and fo17 deter- 
mining the  age of deposits. 

The complex  character of the following depelidctic- 
es D - f(w), C = f ( x , T ) ,  C = f ( w ) ,  D = f ( w )  

for the  ions proves the complcx form structure of 
the mobile liquid in the  frozen a11d thawed ~ I - o L I I ? ~ ~ .  

T o  explain  this  fact it is  suggested  that  the mobile 
liquid ion-containing  moisture in the gl'OlAl>d (cxpect 

t 

t 
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Fig.3. Diffusion and ‘Thermodiffusion Coefficients 

of the Medium Loam in the  Thawed  (white 
columns)  and  Frozen  (black  columns) 
State 

Initial volumetric  moisture, 28%; potassium 
chloride  moistening  solution  concentration, 
10%; exposure  periods, 0, 120 ,  288 h; tem- 
perature  gradient, c a  I degreelcm;  average 
tempekahre of the  thawed  and  frozen  ground 

samples, + 1 2  C and -7OC, respectively. 0 

undissolving  volume) has  a three  layer  structure. 
The  inner  layer  is in the field of strenghs of the 
solid  phase  active  surface,  the  intermediate  one 
interacts with it, the  external  one  is in the volu- 
metric state.  The  moisture  and  ions in these  layers 
are  transferred in various  directions: in the  inner 
layer - towards  the  temperature  decrease, in the 
intermediate  one - towards  the  temperature  increase, 
no moisture  and ion transfer  observed in the  outer 
one (Fig.4). 

Thermodynamically  this  suggestion  is valid. The  
chemical  potential  of  the ion interracting with the 
immobile surface of the liquid phase in the  inner 
layer  is  increased with the  increase in temperature. 
The  potential  gradient  induces  the ion transfer to- 
wards the  temperature  decrease, In the  intermediate 
hyer  the ion intet-acts mainly with the  moisture but 
not with the  surface. ’ The influence of the  chemic- 
al potential. increasing with the  temperature  increase 
is  due to the  thertnocapilary ion electrostatic  effect 
resulting in the  solution  transfer  towards  tne tempe- 
rature  increase  (Globus, 1983). No thermodiffuse 
ion and  moisture  transfer  occurs in the  outer 
layer  due to slight  dependence of the mobility of 
the  volumetric  moisture  on  temperature. 

Let us  consider  the  facts  given  above  using fie 
basis of the three-layer modeL 

Fig.4. Structural  scheme of the liquid phase flow appearing in the  disperse  ground  under  the 
the  temperature  gradient effect. 

Positive  and  negative  particles  designated  by  the  circles  are  ions,  dipoles  designated 
by  the  ellipses  are  water  molecules,  the  arrows show the  particle  transfer  direction. 
In the left part of the  schematic column the  temperature i s  negative, in the  right - 
positive. No effects  specific  for  the  frozen  and  thawed  ground  boundary  zone  are 
shown. 

The  direction of the  resultant ion transfer  can  be 
due to the  ratio of the  conductances of the inner 
and  intermediate  layers, At small  moisture  contents 
the  inner  layer  prevailiny in the  transfer  provides 
the movement towards  the  temperature  decrease. 
With the  increase o f  moisture  content  the intermedi- 
ate layer begins to prevail. It i s  likely to have hig- 
her  conductance.  The  resultant flow direction becom- 
es opposite. In the  thawed  ground  the  inner  layer 
has   very  low ion conductance.  Small  values of L) t 
at a moisture  content of  abrJUt 2% prove  this fact 
(Fig. 2c) .  In the frozcrr ground  obviously  due to 

the  solution  concentration in the  inner  and  inter- 
mediate layers  during  ice formation in the  volu- 
metric liquid the  conductance of these  layers for 
the ions is  increased  (Fig.  2d). 

The effect of the  transfer in the  intermediate  layer 
directed  towards  the flow in the irmer layer ac- 
counts for the  decrease of D within the range of 
moisture  content from 10 to 25% in the  thawed 
ground (fig. 2a ) .  As it was  shown  the  extreme 
character of this  curve in case with moisture 
transfer was emphasizttd by E.U.Ershov (I9t13, 
1886). Obviously,  the  effect of the  trallsfer in the 
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two layers with the  opposite  direction at various 
dynamics of the flows accounts for the  extremums 
on the  curves in  Fig.1. 

I t  is  also  probable  that  the  greatest  values  found 
concern the D cases when  the flow in one of the 
layers  is   supressed  and  these  values  characterize 
the  transfer in a particular  layer. Thus, the model 
of the  three-layer  structure of the mobile liquid in 
the ground  satisfactorily  describes  the  complex  cha- 
racter of the  direction  and  dynamics of the ion and 
moisture flows affected  by  the  temperature  gradient 
and  does not  contradict to the  ex.isting  assumptions 
on  nonisothermic  moisture  transfer in the  grounds. 
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ELECTROACOUSTIC  EFFECT IN FROZEN SOILS 
A.S. Pavlovl and A.D. Frolov2 
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SYNOPSIS An electroacoastic  effect (ED) which  is  an  onset of elaetic WBVBB exciting 
by an alternative  electric  field  ha8  been  examined. The authora  established  two EAE differ from 
each  other by a  dependence on intensity E and  frequency  of  the  exciting  electric fieldr 
a )  linoar A,(E)  arising  at an exciting  frequency and b)  non-linear +(E) - at a double  frequency, 
Experimentally  relations of the  both BAE t o  maisture,  ion  compoeition  and  ooncentration of pore 
Bolutions,  temperature  within  the  interval 0 - -4OQC obtained  on  model  earnplea  of frozen 
quartzy  sand  are under consideration, It is shown  that a non-linear  effect is highly  eenaitive 
to  ion  composition  and  concentration of pore  aolufians. 

INTRODUCTION 

Development of physics and chemistry of perma- 
frost  with  different  cornposition  end  structure 
is one of the  fundamental  scientific  problems 
of top  priority in the  field of geocryology. 
Studying of physical  and  chemioal  phenomena 
and  processes in froZen  eerth  materials re- 
veal of oheracter  featuraa of a mechanism of 
anergy  transformations in thlrj medium  aexve 
a base for creation of new  rather  aenaitive 
arAd reliable  method8 of obtaining  information 

its physical  propertiee,  kinetics o f  freezing 
on a nature  of  formation  and  interrelation of 

and  thawing,  composition,  state  and  content of 
B liquid  phase, etc. 
An important  problem in this  field  close  to 
dynamic  relaxation  spectroscopy (FTolov,1978) 
is an investigations end analysie of mechano- 
electrical proceases of an  energy fxanaform 

devoted  to a direct seismoelectric efr’eot in 
ation in frozen s o i l a .  There  are many papers 

moist  sandy-clayey soils  under  poaitive tem- 
peratures  (Parkhornenko, 1968; Chermak, 1975 e t  
ala). But B reverse  seismoelectric  effect  and 
other  alectromechanical  phenomena in moist 
soil  Lacka  information  even  at  poaitlve  tempe- 
rature  whereas  their UW f o r  examination  of 
i o n  composition  and  energetic  condition of 
pore solutiona is undoubtedly  preferable. Some 
ecientitsts displayed an interest t o  a e i ~ m -  
electric phenomena in ymafroat (Kligunov  et 
el., 1976; Frolov, 197 b, Kokarev et a1.,19?8, 
IjHl),but  it was  only  a  fragmental information. 
Last years the authors  carried  out for the 
first  time a detailed  laboratory  analysis of 
an electroucouatic  effect ( E M )  in  frozen 
sandy-clayey ~30ila.  The experimental  research 
was dovoted to estimating a number of charac- 
ter features o f  EAE depending on many Pactore. 
Main data of the  first  atage  investigations 
a r e  given below. 

43 1 

Samples  and  Methods 

A subject of our inquiry i~ a sandy-clayey 
soil  characterized  by a variable  composition, 
content,  space  distribution  and  state  (degree 
o f  bound  etate) of pore  moisture. FOT the 
firat  experiment  etage a model  samples o f  dis- 
perse soil were prepared Prom pure  quartzy 
sand, a i m  of fractions i s  about 0,l C. 0.05mm 
wei ht  moisture  was sssumjd from - 0% (air- 
dry? t o  - 20%. The  samples were saturated 
with distilled water ox with eolutions o f  
salts  widely  spread in natural  waters: HC1, 
NaCI, CaC12, K2C03, Na2C03 with a concentra- 

tion  of low3? lom2, IO-’, 10°N, which envi- 
sages a rather  wide interval far modelling of 
natural conditions. The  test  eamples  were  pre- 

40 mm in  diameter and 20 mm high,  where  sand 
pared in cylindrio forms made of dielectric 

approximately  adequate  porosity.  Then  the 
o i  any  moisture  content was compacted  to 

forms  were scaled and kept dozen hours t o  
reach an  uniform  dis,tribution of moisture in 
a sample  volume. A moisture  content  waa  con- 
trolled  before and after  each  experimental 

texture the samples were  frozen in the r e f r i -  
cycle. In order  to creation a massive cryo- 
gerator at a temperature of -6OoC, Before each 
of experimext the  sample6  wexe  kept at B pxe- 
ecxibed  temperature  during 2448 hours p r o -  
viding  a  quazistationaxy  condition of frozen 
soil. A11 the  experiments  were  performed at 
an inareasing  temperature f rom -(50+6O)OC by 
step  of 2 - 5OC. A cylindric form with a rjample 
(bottom  and  cap  of  the form were electrodes) 
represented a meaauring cell. One of electro- 
des of a  measuring c e l l  without an electric 
contact waa attached  to a calibrated  piezo- 
electric  transducer with a self-frequency of 
about 100 KHz, A sample we8 excited  through 
electrodes  by a harmonic  electric  signal from 
the  audio-generator with a power  amplifier, 
output  voltage-  up  to 500 V, A signal from 
piezotransducer  characterizing EAAE in the 



Hample under  examination was rneaeured wi th  an 
aid of a selective  microvoltmeter,   Frequency, 
amplitude and a form of exc i t i ng  and measuring 
signale were  controlled by apecial   devices  and 
v isua l ly   wi th   an   a id  o f  an e l e c t r o n i c   o s c i l l a -  
graph  (Pavlov, 1984). Measurements  were taken 
88 a rule with in  an i n t e r v a l  o f  frequencea 
3-12 KHz of t h e   e x c i t i n g   f i e l d  where the  high- 
e s t   i n t e n s i t y  and the  best reproduct ion of t he  
effect   under  exmination  were  observed, A n m  
ber  o f  E M  measurements  were  taken  within a 
r a t h e r  wide range of freguencee. A spec ia l  
a t t e n t i o n  was paid tQ el iminat ion o f  volume 
and phase   d ia tor t ions  and providing a good re- 
p roduc ib i l i t y  of measurement reaulta.  Values 
of two e igna l s  were  regiatered for each choeen 
temperature: A - a t  a frequency o f  t h e   e x c i t i n g  
f i e l d  and - a t  a double  frequency, Signala 
of other  multiple  harmonics  were measured some- 
times bu t   t he i r   va lues  were  usually BO mall 
that  could  be  hardly  reproduced.  Registration 
of signals Al and A2 waa accurate  and r e l i ab le .  

Resul t s  and Discussions 
The e x c i t i n g   f i e l d   i n t e n s i t y  change8  within 
a w i d e  range o f  vol tage   appl ied   to   the   samples  

e m i t  t o  d e t e d n e  two EAE (Fig.1): l i n e a r  
PA ) and non-linear ( ) ava i l ab le  in moiaf 
EcaAd and c lay  under t h  % wing and frozen  condi- 
t ion.  A non-l inear   effect  i s  elwayg obearvad 

" A2t Pa 

Pigel  I n t e n s i t y  o f  EAE VI applied 
voltage, 

a t  a double  frequency a 8  compare t o  the   f r e -  
quency of t h e   e x c i t i n g   e l e c t r i c  field. 
Unlike  the preview data  (Cherniak, 1975) a 
non-linear  electroacouatic  trenaformation in 
the  moist   diaperee soil cannot  be  conaidered 
'Lquadre t ic"   towards   to   the   e lec t r ic  f i e l d  in-  
t 8 n s i t y  and therefore   cannot  be i den t i fy  with 

A2(E) requires   an add i t iona l   p rec i s ion  but a l l  
e l e c t r o s t r i c t i o n ,  A law of non-linear r e l a t i o n  

the   ob ta ined   exger imentn l   da ta   t es t i fy   to   the  
f a c t   t h a t  i t  i s  f a r  from  parabolicr The estab- 
l i shed  two  EALE ahow8 the   d i f fe ren t   p rocesses  
of displacement o f  mobile c h a r g e   c a r r i e r s   i n  
t h e  pore so lu t ion  which can  be r e l a t e d  t o  two 
s t a t e 8  of a l i q u i d  phaee: quaair:-ac and quaai- 
bound. It is confirmed by experimentally ob- 
tained v a r i a b l e   r o l a t i o n s  of A, and % aJ?d 
parameters oi' t h e i r  dependence on i r l t ene i t  of 
the exc i t ing  f i e l d  (curve slopes a t  Fig.15 
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r i t h  account of  d i f fe ren t   degree  of filling up 
the  pore&,  concentrat ion and ion  composition 
o f  pore solutions,   frequency of an exc i t i ng  
e l e c t r i c  field, degree of f reez ing  of a soil, 
d i spe ra i ty  and mineral composition of gra ins ,  
In accord with the  methods  specified a re la -  
t i o n  between EAE and moisture  content of f i n e  
quartzy  sard wae found (Pig.2). As It f a  

* -  

a 2 4 Q s' 16 ti I4 I6 t i  pi W T U  

Flg.2 EAE I n t e m i t y  vs Moisture of 
Sandy  Samplea 

ahown at Pig. 2 t h e   r e l a t i o n  is of an extreme 
charac te r   wi th  maximum a t  12-147 moisture con- 
t e n t ,   b u t  as f o r  a linear e f feo t   t he  maximum 
area i s  w i d e r  and an amplih~ude slope of t he  
e f fec t   curve  i s  more d i s t i n c t l y  expremed. The 
s lope t o  milell moisture  content is  r a t h e r  slow 
f o r  a non-linear  effect. It ehould  be  mentioned 
that   ampli tude  values  of t h e   l i n e a r   e f f e c t  f o x  
thawing  sand are always higher than  thoae fox 
a non- l inea r   e f f ec t .   S t i l l ,  a d i f f e r e n c e   i n  
A, and A2 a t  high moisture  content  increasea 
by an  order  a8 compare t o   t h e  low moisture 
(1-3%) i.e. a epec i f ic   cont r ibu t ion  of t he  
e l ec t roacous t i c   t r ans fo rma t ion   i n  quaalbound 
wafer decreasee a t  increasing  moisture of sand 
and i n t e n e i t y  of elactroosmoais as well. 
When moist  non-saline sand pass t o  f rozen 
afete an  amplitude of l i n e a r   a f f e c t  A, de- 
creaseB sharply due t o   i c e   s e g r e g a t i o n ,  form- 
a t i o n  o f  a cxyotexture and fxeezin out of" 
"free  water".  In  this  caBe,  an  ampfitude of 
non-l inear   effect  A2 (unlike A.,) increasea 
highly and then   u ick ly   decreases   p rac t ica l ly  
t o  zero (Pig,  Jaj. For sands sa tura ted   wi th  
sa l t ;   so luf ione  (Fig, 3b,cf  f h i e   c h a r a c t e r  fea-  
t u r e  of two EAE: can be expressed r a t h e r  d i s -  
t i n c t  due t o  extended  phase  t ransi t ion  within 
the  domain of negative  tempersturea, !bvo areas 
with an i n c r e a s e   i n  A2 are r e g i s t e r e d   f o r  
concentrat ion of sa tu ra t ing  solutions I O"N 
(Pig.?c): a )  about O°C when segregat ion of 
pore ~ c e  begins;  b) a t  a temperature of inten-  
sive  formation o f  crys ta l lohydra tes  and fsee- 
zing out of associated  aolut ions o f  Balta. It 
i s  evident t h a t  t he  above mentioned processes 
a r e   r e l a t e d   t o   s h a r p   v a r i a t i o n  of d i s t r i b u t i o n  
of a l i qu id  phaae i n  frozen soil, when B con- 
t r i b u t i o n  of EAE t o  "qunsicohoaive water" in- 
cxeaees, If conce t r a t i o n  of a satmated  solu-  
t i o n   i e  about IO-% t he  second m e a  can be 
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hardly  observed  (Pig. 3 )  and i f   c o n c e n t r a t i o n  
is high i,e, 1 N (Irlig. 3 d )  t he re  i s  no first 
81108 of A2 increase  a t  a temperature  about 
O W .  A l i nea r   e f f ec t , .  A, i s  character ized by 
monotonous d iminu t ion   i n  EAE a t  a decreasing 
of temperature (Pig. 3b-d) with  a sharp drop 
a t  about  eutectic  tempexaturea tha t  can  be 
r a t h e r   d i s t i n c t l y  reGiatered a t  high aoncen- 
t m t i o n  of so lu t ions  (Fig. 3 d ) "  
Studying the e f f e c t  of concentrat ion of 0a- 
tureted  solut ions  permits  t o  e s t a b l i s h   r e l a -  
t i onsh ips   e spec ia l ly  of a non-l inear   effect ,  
the  example of which is shown a t  Fia.4. 

A 1 t 0.4 

0.3 

0.2 

NQCC 
to.. 

K C t  
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If concentrat ion of pore aolutionB  increases 
the  $ i s  alao increasea  and concentrat ion 
10"' is assumed a boundary t o  a ce r t a in   ex t en t .  
If concentrat ion iw high (Pig, 4) an  inversion 
temperature  influence i a  observed,  that  is t o  
say   tha t   h igh  values of + a r e  a t  lower tern- 
pBraturen Beaides t h a t  an increase i n  A2 be- 
comes more in tene ive  and reaohea an eu tec t i c  
temperature ,   These  pecul iar i t iee   character ize  
of t he   so lu t ions  of a 1 1  t he  salts used i n  ex- 
per iment~ .  
Electromechanical  traneformations of energy i n  
moist  sandy-clayey s o i l s   e r e   e s t i m a t e d ,  a s  a 
r u l e ,  by compasi t ion,   s ta te  and d i s t r i b u t i o n  
o f  pore  moisture. It wes ooneidered  for a long 
t ime  that  8 direct  aeismoacoustic affect is 
conditioned by dynamic ( i n  an   a l t e rna t ive  
f i e l d )   v a r i a n t  of f i l t r a t i o n   p o t e n t i a l e   o r i -  
ginated from charge#  displacement of d i f fus ion  
parte of doub le -e l ec t r i c   l aye r s   a t  B contac ts  
of a l i qu id  and aol id  phases of the mofature- 
carrying poroua media, And B rteverae e f f e c t  
is conditioned by an electroosmosis  (Parkho- 
menko, 1968). The f U F t h 8 X  experimenta showed 
t h a t  a reverse  seiemoel8ctrj .c  effect   can be 
related  to   f requency and amplitude of an ex- 
c i t i n g  f i e l d   i n   t h e  most complicated manner 
(chermak, 1975, 1976). But an  explanation o f  
the obta ined   pecul ia r i t i es  waB not   rea~lonable  
enough and arouee  valid  objectione (Miigunov 
e t   a l e ,  1976). Neverthelese ,it becomes c l e a r  
from the   p resent  paper t h a t  a reverse  seiemo- 
e l e c t r i c   e f f e c t  cop be  observed i n  a little 
moist soila and i t s  development i s  much var i -  
ab l e   ae  compare t o   t h e   d i r e c t   e f f e c t .  Thus the  
r eve r se   e f f ec t  i a  a good t o o l  for studying 
of a Liquid  pham a t a t e s  i n  porous media* 
Our observat ions of EAE i n  fpozen e o l l a  permit 
t o   e a t a b l i s h  new cha rac t e r i s t i c   f ee tuxaa  of 
t h i a  phenomenon and t o  give i t  an  uncontra- 
dictory  expl icat ion.  The experimental  data 
obtained on ava i l ab le  two EAE: a linear effect-  
a t  a frequency of t h e   e x c i t i n g   f i e l d  and a non 
- l inear   e f fec t  - 3t a double  frequency can be 
explained i n  the   fo l lowing  way. 
Apparently, the first one i s  a reverae seiemo- 

moaia i n  a relatively permeable medium. ThiE 
e lec t r i c   e f f ec t   cond i t ioned  by the  e lectrooe-  

ataternent i a  ve r i f i ed  by a temperature  rela- 
t i o n  A (Fig.3) a8 $he A value  decreases  mono- 
tonously  aa f a r  as segre4at ion of pore ice and 
dec reas ing   pe rmab i l i t y  of B f rozen soil t akes  
p l ace+  
A non-linear  effect   due  another mechanism. l t B  
c h a r a c t e r i s t i c   f e a t u r e s  can be explained by 
rnigrational  dieplacement of i o n s  wi th in  the 
limits of discontinL.ous c e l l s  o f  pore so lu-  
t i o n s   i n   t h e   e l e c t r i c  field. Avai lab i l i ty  o f  
such c e l l s  i s  r e l a t ed  t o  heterogenei ty  and gof- 
fer ing of abeorbed  layers of "bound water" 
which  formation and s p a c e   d i s t r i b u t i o n   i n  a 
disperse  moist soil depend  on c h a r a c t e r i s t i c s  
of gra ins '   sur face  of a eol id   phase   (d i s t r i -  
bution of non-compensated charges), cryotex- 
ture of s o i l  and compositionxof pore solut ions.  
R e l a t e   t o  a model of migra t ing   macrodipole  
po la r i za t ion  (Prolov,  1976, Fro lov ,  Fedjukin, 
1983) when e degree of discontinuous space  d i a l  
t r i b u t i o n  of a pore  so lu t ion   increases  R non- 
l i n e a r   e f f e c t   a t  a double  frequency must in- 
crease Loo, hut a l i n e a r   e f f e c t ,  on the  contrary, 



decreases. T h a t  was proved by t h e   r e s u l t s  o f  
our  experiments on f rozen   s a l ine  wand (Fig.3) 
and on frozen  c lay alsoc A non-linear  electxo- 
acoust ic   t ransformation - A i n   f r o a e n   c l a y  o f  
d i f f e ren t   d i apexs i ty  and 'mineral componi- 
t ion   (kaol in ,   bentoni te ,  Gahel) can be r eg i s t -  
ered a t  a temperature up t o  -50 - -7OOC; a t  
the  same time a l i n e a r   e f f e c t   d e c r a a s e e  prac- 
t i c a l l y  t o  zero at   ra ther   high  temperatures ,  
A non-l inear   effect  is character ized by an 
optimal  conditior, of the   f rozen  medium  when 8 
degree of discontenui ty  of a liquid  phase i s  
high  but a s i z e  of cells permite to   mig ra t ing  
ions  t o  acquire necessary  kinetic  energy and 
impulse t o  t r a n s f e r   t h e   l a t t e r   t o   t h e  wslls 
of cell and c rea t e  a tensi le   deformation,  Tn 
th i e   caae  a concentrat ion o f  pore eolu-kions 
should  not  be very high, S o ,  Pig. 3 c ,d ehow 
t h a t   i n  frozen sand eatura ed wl th  e a l t  solu- 
t i o n s  of concentrat ion 10- t - 1 0 ° N  the  men- 
t ioned s t a t e  of f rozen ground comes for example 
a t  a tempera ture   near   to   eu tec t ic ,  when a de- 
gree o f  diocont inui ty  of t he  liquid phaee in- 
crease@ sharply and concentratioK of ao lu t ions  
decreases  due t o  formation of s a l t  cryatalo-  
hydrates. Such a cond i t ion   r e l a t ed   t o  a muxi- 
mum of non-l inear   effect  i n  frozen  nor.-saline 
water   sa tura ted  clays is charac te r  of a s tage  

c reas ing  o f  discont inui ty  of a l i qu id  phase, 
of forming a massive  cryotexture and aharp in- 

A migrat ional  model permits t o  axp la in   a l so  
a double  frequency  character of a non-linear 
ef fec t ,   Pore   so lu t ion   ions  o f  d i f f e r e n t   s i g n s  
w i l l  d i s p l a c e   t o   t h e  wal la  o f  the c e l l   g i v i n g  
them 8 par t  o f  impulse  obtained during every 
half-period of an exc i t i ng  hamonlc c l u c t r i c  
f i e ld ,  If means t h a t  every half-pertod the 
c e l l  walls experience  impulses of increas ing  
of d i l a t a t i o n  and then   i t a   dec rease ,  I n  such 
t3 way a double  frequency is formed i n  an aooua- 
t i c  slgrlal o f  a non-l inear   effect  a8 well a s  
a a l igh t  dependence oE mechanic  deformations 
on changing of s ign  of a n   e l e c t r i c   f i e l d ,  But 
t h i s  i s  n o t   e l e c t r o s t r i c t i o n  due t o   t h e   f a c t  
t h a t   t h e  dependence on t h e   i n t e n s i t y  of t l ~ e  
e l e c t r i c   f i e l d   i e  f a r  from being  quadratic. 
Beeidea  that when ions migrate wi th i r  t he  
limits of ce l l s   t ho re   appea r   g rad ien t s  of  on 
concentrat ion of d i f fe ren t   s igna .  The highep 
i a  e temperature   the stronger theue  gradients  
"put on the  brakesrt t he  ion  migration, there-  
f o r e  value A2 i s  less   a t   pos i t ive   t e rnpera tureo  
end a t  high  concentrat ion* 
The obtained r e l a t i o n s  between A2 and concen- 
t r a t i o n  (Figs.3,4) permit t o   cons ide r   va lue  
10e2N t o  be 8 "boundary va lue"   wi th   d i f fe ren t  
development of a con-l inear   effect  when con- 
cent ra t ion  of t he   s a tu ra t ed   so lu t ion   i a   l e se  o r  
higher  than t he  boundary value, The aame con- 
cent ra t ion   tu rned   to  be s p a c i f i c  when atudying 
d ie lec t r ice l   permea 'b i l i ty  of s a l i n e  moiot fro- 
ZQn sand (&olov, Padjukin, 1983). It i a  r e l a -  
teci a180 t o  Ysoconduct ivi ty"  o f  s imi l a r  media 
i f  t h e i r   e l e c t r i c   c o n d u c t i v i t y   t u r n s  t o  ba 
pract ical ly   indepsndent  on volumetr ic   f ract ion 
of a so l id   d i sperse  soil phase, So, we proved 
egain a n   o p p o r t u n i t y   t o   g e t   i n f o m a t i o n   i n  
d e t a i l  on s p e c i f i c   f e a t u r m  and kinetics of 
freezing out  of a l iqu id  phase on the  basis of  
atudying electrodynamic and e l ec t rok ine t i c  
phenomena in   ear th   f rozen   rpa te r ia l   use  of EAE 
i n  these  purposes is enpecial ly   perspect ive 

f o r  c lay  and salina  sand+ A non-linear EAE 
highly  aeneitLve t o  ion composition and t o  
concentrat ion of pore  eolutione  that  makes i t a  
UQB r a the r   pa r spec t lve   i n   e l abora t ion  of a 
method t o  estimate condi t ion and development 
of k i n e t i c s  of freezing  ( thawing) of s a l i n e  
s o i l  a t  t he   coas t a l  areas of nor th  8689 a s  
well EIB a t  the   a rea8  of cryopegs  occurrence. 

Conclusions 
1 .  %o e ~ e c t r o e c o u s t i c   e f f e c t s  a r e  e a t a b l i -  

shed i n  moist   disperse  soils  under  thawing and 
f r e e e i n  conditions: a >  l i n e a r  end b) non- 
l i n e a r  $towarcla i n t e n s i t y  of an exc i t i ng  
e l e c t r i c   f i e l d ) .  The first one i s  a reverse 
se ismoelec t r ic   e f fec t  E o r ig ina t e s  on exc i t i ng  
frequency i a  conditioned by electroosmosis,  
The second one originates on R double f r e -  
quency; i t a  nature is d i f f e r e n t ,  i t  can  be 
expla ined  by a mechanism of migrat ional  d i s -  
placement o f  ions   in   d izsoxt inuoua  accumula- 
t i o n s   ( c e l l a )  of the   l iqu id  phase under  e f f ec t  
of an  external   e lectr ic  f i e l d .  

2. Non-linear  electromechanical  transform- 
a t ion  is f a r  from quadratic  dependence on in- 
t e n s i t y  of the  excitltng e l e c t r i c   f i e l d  and 
cannot be considered analog-oun t o  e l e o t r o -  
s t r i c t i o n ,  

3. The obtained r a t i o  of t he  bo th  e leotro-  
acoust ic   t ransformations VQXSUB soil moisture 
content  with B maximum r e l a t e d  t o  weight 
moisture of qua r t zy  sancl approximates 12-14%. 

4. For t he  first time en e lec t roacous t ic  
t ransformation of energy in f r o z e n   s o i l s  was 

r e l a t i o n s  of the   both e f f e c t s  t o  changes i n  
inves t iga ted  by experiment and temperature 

conten t ,   space   d ie t r ibu t ion  and a t a t e  of a 
l i q u i d  phase   (k ine t ics  o f  f r eez ing  of s o i l )  
were, es tabl ished.  

5. Chaxac ter i s t ica  of an  e lectroacoust ic  
e f f e c t   i n   f r o z e n   s a l i n e  aand a r e  examined s t  
d i f f e ren t   concen t r a t ion  and ion  composition 
( 5  s a l t s )  of pore aolutiona.  The establ ished 
r e l e t i o n a  ahow high s e n a i t i v i t y  of non-linear 
e lectroacoust ic   t ransformation  to   composi t ion 
and concentrat ion of pore  solutions, 
So, t he  first s t age   i nves t iga t ions  of new 
physical phenomenor. i n  perrnsfrost  has  been 
completed and the   perspect ives  of using the 
e lec t roacous t ic   e f fec t   in   geocryoloay  i n  elu- 
cidated, 
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SPATIAL VARIATION IN SEASONAL FROST HEAVE CYCLES 
E. Perfectt, R.D. Miller and B. Burton 

+Department of Land Resource Science, University of Guelph, Guelph, Ontario, Canada NXG 2W1 

SYEIOPSIS Our knowledge o f  frost heave is based  upon  laboratory  and  theoretical studies 
which give little  indication of  the spatial variability of soil displacements. We present  a 
preliminary geostatistical analysis of frost heaving in a cultivated silt loam soil near Ithaca, NY, 
USA. Weekly measurements were made over an area of -1500 m2 using conventional surveying  equipment. 
One hundred point locations, clustered within individual forage stands, -were monitored throughout 
the winters of 1982/83 and 1983/84. Maximum heave cycles of 23 f 1 m m  and 39 f 1 mm were recorded, 
respectively, Autocorrelation within each stand  showed  the soil displacements to be spatially de- 
pendent over relatively small distances up  to -3.5 m. Semivariograrns at the  whole-field scale were 

maximum heave. "Nugget effects" predominated  upon  thaw  consolidation. Further soils frost research 
unbounded; a "linear model"  appeared to best fit this structure during frost penetration and at a 

employing  a geostatistical approach is warranted, including "kriging" and spatial cross-correlation. 

INTRODUCTION 

The spatial variability of soil displacements 
caused by ice segregation and subsequent thaw 
consolidation is of  interest  to agronomists, 
geomorphologists and hydrologists. An under- 
standing of the effects of differential frost 
heaving is also important  for engineers working 
on foundations and pipelines in areas of 
seasonally frozen soil (Williams, 1986).  How- 
ever, most of our knowledge about this process 
comes from laboratory tests (Chamberlin, 1981) 
and theoretical models (O'Neill, 1983) which 
give little indication o f  the scale of 
variation. Comparatively €ew field data are 
available. For the most part, these come from 
early descriptive studies o f  cryopedoturbation 
(eg. Troll, 1944).  With  the development of 

Of field workers has shifted  from extensive, 
automated measurement techniques, the emphasis 

non-cont  inuous  observati'ons to intensive, 
continuous monitoring of heave at one or two 
locations (Matthews, 1967; Fahey, 1979). 
Notable exceptions include  a quantitative 
spatial analysis of frost heaving by Andrews 
(1963), and data used  by Guymon et al. (1981) 
in  the development o f  a probabilistic model for 
ice segregation. 

are likely to be similar, while those over 
greater distances are  not. Geostatistical 
techniques are now  used extensively in hydrol- 
ogy (Delhomme, 19791, soil science (Vieira e t  
al., 1983; Trangmar et al., 1985), and  by  the 
mining  industry (Journel and Huijbregts, 1978). 
Their application to soil frost phenomena is a 
logical, but unexplored  extension. 

We present measurements of soil  heaving assoc- 
iated  with seasonal frost penetration in  an 
agricultural field. The data were collected as 
part of  a  larger study investigating  the 
effects of freeze-thaw cycles on forage crops 
(Perfect, 1986). Soil displacements were 
monitored at numerous points, instead of one or 
two locations as reported in recent field 
studies. This permitted a preliminary 
geostatistical analysis of the  heaving  process. 
Our objectives were to  describe the spatial 
structure of soil displacements caused  by  ice 
segregation and thaw consolidation, introduce 
the methods o f  geostatistics into the soil 
freezing literature, and encourage further 
research in this  direction. 

Variation is often treated stochastically using MATERIALS AND METHODS 
classical statistical approaches such as samp- 
l i n g  theory and analysis of variance. These 
procedures assume independence of samples. 

Fieldwork was conducted  near Ithaca, NY, USA, 

However, a given set of observations may  be 
over the course of two  winters: 1982/83  and 

autocorrelated in space and/or  time. Spatial 
1983/84. The experimental plots  covered an area 

autocorrelation requires the  use of a relative- Classified as well drained,  Collamer 
of -1500 m2 on a  complex 2 - 3 %  slope. 

ly new methodology known as "geostatistics." 
This approach evolved out of empirical research Hapludalf) intergrading to somewhat poorly 

(fine-silty, mixed, mesic Glossoboric 
on the estimation of qold ore reserves (Krige, 1951). the theory was formalized drained  Niagara (fine-silty, mixed, mesic  Aeric 
by Matheron (1971). It is based upon the  idea Ochraqualf) bo th  soil types at t h i s  l oca t ion  

are described in detail by Cline and Bloom 
that values o f  a parameter Over small distances were  highly frost  susce~'ible* Their profiles 
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e s t a b l i s h e d  i n  a randomized block des ign   and  
( 1 9 6 5 ) .  The 2 x 7 m f o r a g e  s t a n d s  had  been 

were managed f o r   o t h e r   p u r p o s e s .  A l l  p l o t s  
were c u t  i n   O c t o b e r  to remove  -dead  growth,  
reduce snow capture   and   improve  access t o  t h e  
soil  s u r f a c e   i n   w i n t e r .   P l o t   s e l e c t i o n  was 
d e t e r m i n e d  by t h e  f o r a g e   v a r i e t i e s   m o n i t o r e d ,  
r e s u l t i n g   i n  a n o n - i d e a l   s a m p l i n g   s t r a t e g y  from 
a g e o s t a t i s t i c a l   p e r s p e c t i v e   ( F i g .  1). 

1982/83 

1983/84 

"""- El 

B 
""" 

""" 

"""- 

- "- -" 
M 

" 

i 
34m 

34m I 
F i g .  1 L o c a t i o n   o f   i n d i v i d u a l   f o r a g e   s t a n d s  
showing mean s o i l  d i s p l a c e m e n t s   i n  mm d u r i n g  
f r o s t   p e n e t r a t i o n   ( F P ) :  12-11-82 and  12-22-83, 
r e s p e c t i v e l y ,  Plot means  which are  s i g n i f i -  
c a n t l y   d i f f e r e n t   a t  p < 0.05 are s e p a r a t e d   b y  
two or  more d a s h e d   l i n e s .  

P o i n t   l o c a t i o n s   o n   t h e  soi l  s u r f a c e  were iden-  
t i f i e d  by s t a k e s   c l u s t e r e d   w i t h i n   i n d i v i d u a l  
s t a n d s .   A l t o g e t h e r ,  we moni tored  1 0 0  p o i n t s  
( i n  5 p l o t s )   t h r o u g h o u t  t h e  w i n t e r  o f  L982/83 
and 108  p o i n t s   ( i n  6 p l o t s )   d u r i n g   1 9 8 3 / 8 4 .  
The  soil  d i s p l a c e m e n t s  were measured w i t h  
r e f e r e n c e  to 3 s t ab le   benchmarks ,  i so la ted  from 
t h e  e f f e c t s  of f r o s t   a c t i o n ,   u s i n g   c o n v e n t i o n a l  
su rvey ing   equ ipmen t  (James, 1971). A l i g h t -  
w e i g h t   s t a d i a  r o d  was used, to p r e s e r v e   f r a g i l e  

n e x t  to each s t a k e   o n   t h e  s i d e  f a c i n g   t h e  
ice forms  such as n e e d l e  ice. T h i s  was p l a c e d  

l e v e l .   C o n s t a n t  use of t h i s   p l a c e m e n t   p r o c e d u r e  

ensu red   r epea ted   measu remen t  of e s s e n t i a l l y   t h e  

Readings  were a c c u r a t e  t o  t 1 . 6  mm. 
same p o i n t   o n   t h e  s o i l  s u r f a c e   o v e r  t ime. 

Measurements were made a t  approximate ly   weekly  
i n t e r v a l s   t h r o u g h o u t  b o t h  w i n t e r s ,   u n l e s s  snow 
c o v e r  was e x c e s s i v e ;  small a c c u m u l a t i o n s  ( ( 1 0  
c m )  were removed  from t h e  soil s u r f a c e   w i t h  a 
b r u s h .   I n  t h e  s p r i n g ,  t h e  X-P c o o r d i n a t e s   o f  
t h e   s t a k e s  were d e t e r m i n e d  for g e o s t a t i s t i c a l  
a n a l y s i s  of t h e   h e a v e   d a t a .  

S u p p l e m e n t a r y   d a t a   c o l l e c t i o n   i n c l u d e d  s o i l  
w a t e r   p r o f i l e   d e t e r m i n a t i o n s   u s i n g  the  n e u t r o n  
thermal iza t ion   method  (Dickey  e t  a l . ,  1964)  and 
d e p t h   o f   f r e e z i n g   ( i n   t h e   s e c o n d   w i n t e r   o n l y )  
a s  i n d i c a t e d  by f r o s t   g a u g e s   ( R i c k a r d   a n d  
Brown, 1 9 7 2 ) .   F o l l o w i n g   t h a w   c o n s o l i d a t i o n   i n  
t h e   s p r i n g  of 1984 ,  t h e  f o r a g e   s t a n d s  were 
sampled €OK s o i l  p h y s i c a l   p r o p e r t i e s .  
S a t u r a t e d   h y d r a u l i c   c o n d u c t i v i t y  was measured 
i n   t h e   f i e l d   ( K l u t e ,   1 9 8 6 ) -   U n d i s t u r b e d  s o i l  
cores were o b t a i n e d   f r o m   t h e   p l o u g h   l a y e r .   I n  
t h e   l a b o r a t o r y ,   s t a n d a r d   m e t h o d s  were used t o  
d e t e r m i n e   b u l k   d e n s i t y ,   p a r t i c l e   s i z e  
d i s t r i b u t i o n ,   a i r   i n t r u s i o n  and s o i l  m o i s t u r e  
r e t e n t i o n   ( K l u t e ,   1 9 8 6 ) .  The soil p h y s i c a l  
p r o p e r t i e s  a re  summarized  in Table I .  

TABLE I S o i l   P h y s i c a l   P r o p e r t i e s  of t h e  
Plough  Layert  

Measurement n Mean f S t a n d a r d  Error 

H y d r a u l i c  
c o n d u c t i v i t y  1 2  2 . 3 f 0 . 4 9  

Mechanical  Sand: 4 k 0 . 3 ,  S i l t :   7 6 t 0 . 7  
a n a l y s i s  ( % )  6 Clay:  20i0.6 
B u l k   d e n s i t y  
(Mg. ma3 ) 18   1 .420 .02  
Water c o n t e n t  0 . 3  bar: 3 7 k l . O  
(xl02,m3.m-3,%)  12 1 5  bar :   12k0.6 

A i r  e n t r y  
v a l u e  (kPa) 3 13.2 t1 .28  

'Ap h o r i z o n ,  0-15 cm d e p t h  

F r a c t i l e   d i a g r a m s  were c o n s t r u c t e d  for  e a c h  s e t  
of weekly  heave measurements. These  showed t h e  
s o i l  d i s p l a c e m e n t s  t o  be   no rma l ly  d i s t r i b u t e d ,  
and no t r a n s f o r m a t i o n s  were made b e f o r e   t a k i n g  
a g e o s t a t i s t i c a l   a p p r o a c h .   S i n c e   a l l   d a t a  
f o l l o w e d  a n o r m a l   f r e q u e n c y   d i s t r i b u t i o n ,  w e  
c a l c u l a t e d   t h e   n u m b e r   o f   s a m p l e s  (N) r e q u i r e d  
t o  estimate t h e  mean of each p o p u l a t i o n  a t  a 
s p e c i f i e d   l e v e l  o f  p r e c i s i o n   u s i n g   t h e  
f o l l o w i n g   e q u a t i o n  ( K l u t e ,  1986,  p . 8 ) :  

( x10-5 , m . s - l )  

N = t - 2  . S2/d2 [ l l  

where t_ is t h e  t w o - t a i l e d   s t u d e n t ' s  t v a l u e  a t  
r i s k  l e v e l  = ,  S is t h e   S t a n d a r d   d e v i a t i o n   o f  
the   sample ,   and  d is t h e   h a l f - w i d t h  of t h e  
c h o s e n   c o n f i d e n c e   i n t e r v a l .  

Autocorre lograms  and   semivar iograms  ( Journa l  
a n d   H u i j b r e g t s ,  1978)  were c o n s t r u c t e d   u s i n g   a n  
a l g o r i t h m   s u g g e s t e d  by Wagenet   (personal  
communicat ion,  1 9 8 3 ) .  Because   s ample   l oca t ions  
were i r r e g u l a r l y   s p a c e d   a n   a v e r a g i n g   t e c h n i q u e  
was e m p l o y e d .   S e p a r a t i o n   d i s t a n c e s  were de te r -  
mined   fo r  a l l  p o s s i b l e   p a i r s  of o b s e r v a t i o n s  
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i n c l u d i n g   z e r o   l a q .   T h e s e  were g r o u p e d   i n t o  
classes of h ?Ah/2; classes w i t h  f e w e r   t h a n   1 0  
p a i r s  were o m i t t e d .  A mean a u t o c o r r e l a t i o n  
c o e f f i c i e n t   a n d   s e m i v a r i a n c e ,  associated w i t h  
a n   a v e r a g e   l a g   d i s t a n c e ,  h were then   computed  

e t  a l . ,  1 9 8 5 )   p r o v e d   i m p r a c t i c a l   b e c a u s e  of t h e  
for  each class. D i r e c t i o n a l   s e a r c h i n g   ( T r a n g m a r  

T h e r e f o r e ,  a l l  r e s o l t s  reported are isotropic. 
c l u s t e r e d   e x p e r i m e n t a l   d e s i g n  (see Fig .  1) .  

A p p r o p r i a t e   f u n c t i o n s   ( M c B r a t n e y   a n d  Webster 
1 9 8 6 )  were f i t t e d  to  t h e   e x p e r i m e n t a l  semi- 
v a r i o g r a m s   u s i n g  l eas t  s q u a r e s   a p p r o x i m a t i o n  

h e a v e   p a t t e r n s  was e v a l u a t e d   b y   c o r r e l a t i n g  
p rocedures .   The  t e m p o r a l   p e r s i s t e n c e  of s p a t  

s u b s e q u e n t  s o i l  d i s p l a c e m e n t s   w i t h  those 
p r o d u c e d   d u r i n g  i n i t i a l   f r o s t   p e n e t r a t i o n .  

i a l  

RESULTS AND DISCUSSION 

F r o s t   g a u g e s   i n d i c a t e d   t h e  s o i l  was f r o z e n   f o r  
a t o t a l  of 58 d a y s   d u r i n g   t h e   s e c o n d   w i n t e r .  
The maximum ra te  o f   f r e e z i n g  was 2 . 2  cm.day-’ 
and maximum d e p t h  o f  f r o n t   p e n e t r a t i o n  was 3 1  
cm.  T h e   n e u t r o n   p r o b e   d a t a   s h o w e d   i n c r e a s e s   i n  
t h e   v o l u m e t r i c  s o i l  w a t e r / i c e   c o n t e n t  o f  
between 4 and 9% i n   1982 /83 ,   and   be tween  8 and 
1 5 %   i n   1 9 8 3 / 8 4 .   T h e s e   i n c r e a s e s   o c c u r r e d   i n  
t h e   u p p e r  35 cm ( i . e .  above  t h e  f r o s t   l i n e )  
d u r i n g   m i d w i n t e r   a n d  were accompanied  by 
c o n c o m m i t a n t   d e c r e a s e s   w i t h i n   t h e   s u b s o i l ,  
i n d i c a t i n g   f r e e z i n g - i n d u c e d   r e d i s t r i b u t i o q  of 
s o i l  water. 

The’ f r o s t   h e a v e   c y c l e s  for b o t h   w i n t e r s  a re  
p r e s e n t e d   i n   F i g .  2.  Maximum ra tes  of h e a v e  
were 1 . 0  f 0.07 mm.day-1 in   1982 /83 ,   and  2 . 1  f 
0.08 mm.day” i n   1 9 8 3 / 8 4 ;   t h e s e   o c c u r r e d  

P Y 

Lu > 
X 
2 
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8 

40[ 30 MH 

during  mid-December as f r o s t   f i r s t   e n t e r e d  t h e  
g round .   In   1982 /83 ,   t he   heave  cycle r e a c h e d  a 
maximum a m p l i t u d e  of 22.6 f 0.94 mm on  19  Feb.  
T h e   f o l l o w i n g   w i n t e r  the c y c l e  was bi-modal ,  
w i t h  two major p e a k s   o c c u r r i n g  on 4 Jan .   and  
16  Mar. Maximum heave  was 38.8 ? 0 . 6 1  mm: i n  
s i t u   f r e e z i n g  of soil water c o u l d  o n l y  a c c o u n t  
f o r   o n e   t h i r d  of t h i s   d i s p l a c e m e n t .  

C o e f f i c i e n t s  of v a r i a t i o n  ( C V )  f o r  soil d i s -  
p l a c e m e n t s   o v e r   t h e  whole-field ranged   f rom 
12.0% to 89.6% ( T a b l e  11). The CV v a l u e s   f o r  
MH were c o n s i d e r a b l y  lower t h a n   t h o s e   r e p o r t e d  
by Guymon e t  a1 . (1981) :   and   t hose   wh ich   can  be 
c a l c u l a t e d  from Andrews (1963) d a t a .  Vari- 
a b i l i t y  was more p r o n o u n c e d   d u r i n g   r a p i d  FP 
than  a t  MH. The m o d e r a t e l y   h i g h  CV v a l u e s  for 
TC i n   b o t h   w i n t e r s   i n d i c a t e   u n e v e n   t h a w i n g .  
Sample   numbers ,   ca l cu la t ed  t o  g i v e   a n  estimate 
of MH w i t h i n   1 0 %  of t h e   t r u e  mean a t  p < 0 . 0 5 ,  
were 27  and 6 in   1982/83   and  1983/84, res- 
p e c t i v e l y .   T h u s ,   r e l a t i v e l y   f e w   m e a s u r e m e n t s  
were needed t o  o b t a i n   a n   a c c u r a t e  estimate of 
mean d i s p l a c e m e n t   a t  MH i n   t h i s  case. 

A u t o c o r r e l o g r a m s  for  t h e  s o i l  d i s p l a c e m e n t s  
d u r i n g  FP are shown i n   F i g .  3 .  These are 
e n s e m b l e   a v e r a g e s  for t h e   i n d i v i d u a l   f o r a g e  
s t a n d s .   B o t h   f u n c t i o n s  decrease w i t h   i n c r e a s i n g  
l a g   d i s t a n c e . :   t h e   c u r v e s  are s i m i l a r   i n   s h a p e ,  
a l t h o u g h  ra d e c r e a s e s  more g r a d u a l l y   i n   t h e  
s e c o n d   w i n t e r .  The h e a v i n g   p r o c e s s   a p p e a r s  t o  
b e   s p a t i a l l y   d e p e n d e n t   o v e r   r e l a t i v e l y   s m a l l  
d i s t a n c e s ,   u p  to  -3.5 m. A n a l y s i s  of v a r i a n c e  

d i f f e r e n c e s  i n  mean d i s p l a c e m e n t s   b e t w e e n   t h e  
p r o c e d u r e s  (ANOVA) i n d i c a t e d   s i g n i f i c a n t  

f o r a g e   s t a n d s   d u r i n g  FP ( F i g .  1 ) .  C o n s e q u e n t l y ,  
n o n - s t a t i o n a r i t y  was e x p e c t e d  a t  t h e  whole- 
f i e l d  scale  and   s emiva r iog rams  were computed 
i n s t e a d  of t h e   a u t o c o r r e l a t i o n   f u n c t i o n .  

I I I I I I I I 

80 120 160 200 80 120 160 200 

1902 1983 1983 1984 

Fig .  2 Mean f ros t  heave  cycles, Upper bars i n d i c a t e  t h e  s t a n d a r d   d e v i a t i o n  for e a c h   d a t e .  FP, MH 
and TC d e n o t e   t h e  maximum ra t e  o€ h e a v e   d u r i n g   f r o s t   p e n e t r a t i o n .  maximum d i s p l a c e m e n t   a n d   c o m p l e t e  
t h a w   c o n s o l i d a t i o n ,   r e s p e c t i v e l y .  
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TABLE 11 Sample Number D e t e r m i n a t i o n s  for S o i l  Disp lacements   Dur ing  
Frost  P e n e t r a t i o n ,  Maximum Heave  and Thaw C o n s o l i d a t i o n t  

Frost P e n e t r a t i o n *  Maximum HeaveS Thaw C o n s o l i d a t i o n n  

W i n t e r  n cv N n CV N n cv N 

-%- 
1982/83 100 31.6 38 41 26.1  21 

-%- 
89.6 308 

1983/84  108 35.4 48 4 9  12.0 6 1 0 7  96 64.3 109 

-8- 

Sample  number (N) c a l c u l a t e d  to  g i v e   a n  estimate o f  t h e  sample mean which  
w i l l  be w i t h i n  10% of t h e   t r u e  mean a t  p < 0.05. * FP: 12-19-82  and  12-22-83, r e s p e c t i v e l y .  
MH: 2-19-83  and  1-4-84, r e s p e c t i v e l y .  

1I TC: 4-30-83 and  3-22-84, r e s p e c t i v e l y .  

E x a m p l e s   o f   t h e s e   d u r i n g  FP, MH a.nd TC are I t  is u s e f u l  t o  compare the  s p a t i a l   v a r i a b i l i t y  
shown i n   F i g .  4. The soi l  d i s p l a c e m e n t s   v a r i e d  of so i l  d i s p l a c e m e n t s   i n  t he  f o r a g e   s t a n d s  
i n c r e a s i n g l y   w i t h o u t  limit as  f r o s t   f i r s t  ( F i g .   3 )   w i t h  t h a t  o v e r   t h e   w h o l e d f i e l d   ( F i g .  
e n t e r e d   t h e   g r o u n d   a n d  a t  MB i n   e a c h   w i n t e r .  A 4). Differences are  probably   due  t o  the f a c t  
" l i nea r   mode l "   appea red  to b e s t  €it t h i s  t h a t  h e a v i n g   o p e r a t e s  a t  two or  mare n e s t e d  
structure, s i g n i f y i n g   t h e   p r e s e n c e   o f   t r e n d  or scales o f   v a r i a t i o n  or "domains."  The 
" d r i f t . "   I n   c o n t r a s t ,   l i n e a r   m o d e l s   f i t t e d  to  c o r r e l a t i o n   s t r u c t u r e   f o r   t h e   i n d i v i d u a l   s t a n d s  
the s e m i v a r i o g r a m s   f o r  TC approximated  a p u r e  is i n d i c a t i v e  of its r a n g e  of i n f l u e n c e   w i t h i n  
" n u g g e t   e f f e c t "  ( i .e .  random v a r i a t i o n ) .  a s i n g l e  soil t y p e  ( - 3 . 5  m). I n   c o n t r a s t ,   t h e  

It is u n l i k e l y   t h a t  t he  p e r i o d i c i t y   a p p a r e n t   i n   f i e l d   i n c o r p o r a t e s   d i f f e r e n t i a l   h e a v i n g   b e t w e e n  
t h e   s e c o n d  winter ( F i g .  4) is r e l a t e d  t o  any s o i l  types .   Thus ,  w e  are b e g i n i n g  t o  d e s c r i b e  
k ind  of p r e v i o u s   t i l l a g e  or t r a f f i c   p a t t e r n .   v a r i a t i o n  a t  t h e   l a n d f o r m   s c a l e .   S i n c e   t h e  
The " h o l e s "  i n  t h e   v a r i a n c e   s t r u c t u r e  are  e x p e r i m e n t a l  area o n l y   i n c l u d e d  two s o i l  t y p e s ,  
p robab ly   due  t o  our u s e   o f   a n   i s o t o p i c   t h i s   u n b o u n d e d   i n c r e a s e   i n   v a r i a n c e  may 
c a l c u l a t i o n   p r o c e d u r e   w i t h   t h e   n o n - i d e a l   r e p r e s e n t  t h e  i n i t i a l   n e a r - l i n e a r   p o r t i o n  of a 
s a m p l i n g   p a t t e r n .   T h e r e  was n o   r e l a t i o n s h i p   " s p h e r i c a l   m o d e l "   ( W e b s t e r   a n d   B u r g e s s ,   1 9 8 4 ) .  
be tween  semivar iances   and   number  o f  sample According to  t h i s  s c e n a r i o ,   h e a v e  will v a r y  
p a i r s   u s e d   i n  their e s t i m a t i o n .   H o w e v e r ,   t h e   i n c r e a s i n g l y ,  as  t h e  area and  number of s o i l  
w h o l e   q u e s t i o n  of how many samples  are needed   types   sampled  increase, u n t i l  it a s y m p t o t i c a l l y  
to  d e r i v e   a n   a c c e p t a b l e   s e m i v a r i o g r a m   d e s e r v e s   a p p r o a c h e s   t h e  s i l l  f o r  t h a t  p a r t i c u l a r   d o m a i n .  
more a t t en t ion   (McBra tney   and   Webs te r ,   1986) .  
C u r r e n t l y ,   t h e r e  is no t h e o r e t i c a l  basis f o r  
c a l c u l a t i n g   c o n f i d e n c e  limits. 

I t  is c lear  from  Fig.  4 t h a t   t h e  spa t i a l  de-  
pendence of s o i l  d i s p l a c e m e n t s   c a u s e d   b y   f r o s t  
heav ing   changes   ove r  time. No s p a t i a l  
s t r u c t u r e  was a p p a r e n t   u n t i l   t h e   o n s e t  of 
f r e e z i n g .  The s e m i v a r i o g r a m   f u n c t i o n s  are 
s t e e p e s t   d u r i n g  FP. T h i s   s t r u c t u r e  is pre-  
s e r v e d  a t  MH and  th roughout  t h e  major h e a v e  
cycle .   However ,  it c o l l a p s e s   u p o n  TC when t h e  
s e m i v a r i o g r a m s   c a n   b e   i n t e r p r e t e d  a s  m a i n l y  
" n u g g e t   e f f e c t . "  The p a t t e r n  of soi l  d i s -  
p l a c e m e n t s   p r o d u c e d   d u r i n g  FP e x p l a i n e d   u p  t o  
50% of the s u b s e q u e n t   s p a t i a l   v a r i a t i o n   i n  
heave  in   1982/83,   and up to  41% in   1983/84.  

The t e m p o r a l   p a t t e r n  of  c h a n g e   c a n   b e s t   b e  0 
u n d e r s t o o d   i n  terms of a c t i v e   a n d   p a s s i v e  0 0 
p r o c e s s e s .   F r o s t   h e a v i n g  is a n   a c t i v e  thermo- 3 
m e c h a n i c a l   p r o c e s s .   V a r i a b i l i t y  is p r o b a b l y  c 
due t o  d i f f e r e n c e s   i n  s o i l  p h y s i c a l   p r o p e r t i e s ,  
d r a i n a g e   a n d  microclimatic c o n d i t i o n s .  The LAG DISTANCE, (m) 

produced d u r i n g  a r e l a t i v e l y  short p e r i o d  of 
r e s u l t a n t  s p a t i a l  s t r u c t u r e  a p p e a r s  t o  be  

Ftg. 3 Autocor rc log rams   fo r   poo led  s o i l  
time, as  f r o s t   f i r s t   e n t e r s  t h e  g r o u n d   a n d   d l s p l a c e m e n t s   w i t h i n   t h e   f o r a g e  stands d u r i n g  
h e a v i n g  is most r ap id .   Andrews   (1963)   a r r ived  frost p e n e t r a t i o n  (FP). 
a t  a similar c o n c l u s i o n .   I n  contrast ,  

re la ted to  t h e   p a t t e r n  of snow melt. The 
s u b s i d e n c e  is a p a s s i v e   t h a w i n g   p r o c e s s ,  F u r t h e r  research   employing  a g e o s t a t i s t i c a l  

s p a t i a l   v a r i a t i o n   i n  soi l  d i s p l a c e m d n t s  
approach  is w a r r a n t e d .  T h i s  s h o u l d   i n c l u d e  

produced by f r o s t   a c t i o n  is t r a n s i e n t .  A t  t h i s  
a l t e r n a t i v e   s a m p l i n g   s t r a t e g i e s ,   d e s i g n e d  
s p e c i f i c a l l y  €or es t imat ion   and   mapping  of 

l o c a t i o n ,   n o  res idua l  s t r u c t u r e  was c a r r i e d   r e g i o n a l i z e d   v a r i a b l e s  (Webster and   Burgess ,  
over i n t o   t h e   g r o w i n g   s e a s o n .   1 9 8 4 ) .  Our sample   number   de te rmina t ions  (Table  

v a r i a n c e  structure o b t a i n e d   o v e r   t h e   e n t i r e  

z 

I- 0.00 -, I I I I 

0.0 1.0 2.0 3.0 4.0 5.0 
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Fig. 4 Semivariograms  at the whole-field scale for soil  displacements  during frost penetration 
(FP), maximum heave (MH)  and  thaw  consolidation (TC) in both winters.  Note: * and **  i n d i c a t e  
significance  at  the p < 0.05 and p < 0.01 levels, respectively. 
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measurements of f r o s t   h e a v e   i n   t h e   f i e l d .  With 
11) may be used as a guide  for f u t u r e  

improved  sampling, it should be p o s s i b l e  to  

semivariograms  calculated for a f i x e d   d i r e c -  
i n v e s t i g a t e   a n i s o t r o p i c   v a r i a t i o n   u s i n g  

t i on .   F i t t ed   func t ions   can   be   u sed  to  estimate 
v a l u e s   a t   l o c a t i o n s  €or which  measurements  are 
unava i l ab le .  The i n t e r p o l a t i v e  mapping 
p rocedure   fo r   do ing   t h i s  is known a s   " k r i g i n g "  
(Journal   and  Huijbregts ,   1978) .  The scope of 
fu ture   s tud ies   might   be   widened  t o  inc lude  

p r o p e r t i e s ,  f r o s t   p e n e t r a t i o n  and snOw depth .  
s imul taneous  a n a l y s e s   o f   s e l e c t e d  soi l  p h y s i c a l  

This   could   l ead  to  t h e   e s t i m a t i o n   o f   f r o s t  
heave  from  knowledge of t h e   s p a t i a l  structure 
of c ross -co r re l a t ed ,  and e a s i e r  t o  measure 
parameters  by "cokriging"  (Trangmar e t  a l , ,  
1986). 

CONCLUSXONS 

The purpose   o f   t h i s   r e sea rch  was t o   a n a l y z e   t h e  
s p a t i a l   v a r i a t i o n   i n  so i l  displacements   caused 
by s e a s o n a l   f r o s t   a c t i o n .  We have shown t h a t  
g e o s t a t i s t i c s  is a usefu l   approach   for   do ing  
t h i s .  A u t o c o r r e l a t i o n   i n d i c a t e d   t h a t  s o i l  
d isp lacements   wi th in  a pedon were s p a t i a l l y  
v a r i a b l e   o v e r   r e l a t i v e l y   s m a l l   d i s t a n c e s  up t o  
-3.5 m. A s  a d d i t i o n a l  so i l  types  were sampled 
a t   t he   who le - f i e ld   s ca l e ,   t he   s emiva r iog ram 
f u n c t i o n s  became unbounded; a " l i n e a r  model" 
appeared to  b e s t   f i t   t h i s   s t r u c t u r e .   T r e n d  was 
most  pronounced a s   f r o s t   f i r s t   e n t e r e d   t h e  

displacement   are   produced  over  a l i m i t e d   p e r i o d  
g r o u n d ,   s u g g e s t i n g   t h a t   d i f f e r e n c e s  i n  maximum 

of time when heave rates are h igh .  The 
r e s u l t a n t   s p a t i a l  structure co l l apsed  upon thaw 
c o n s o l i d a t i o n  and   "nugget   e f fec ts"  
predominated. F u t u r e  research   might   inc lude  
"kr ig ing"   o f  soi l  d isp lacements   and   c ross -  
c o r r e l a t i o n   w i t h   o t h e r   s p a t i a l l y   d e p e n d e n t  
parameters .   Such  techniques  should  prove 
i n v a l u a b l e   f o r   e n g i n e e r s  and s c i e n t i s t s  
s tudy ing  so i l  f r e e z i n g  phenomena i n   t h e   f i e l d .  
We hope t h i s   p r e l i m i n a r y   a n a l y s i s   s e r v e s  t o  
i n t r o d u c e   g e o s t a t i s t i c s  to  t h o s e   i n v e s t i g a t o r s  
and encourages   add i t iona l   r e sea rch .  
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DIRECTION OF ION MIGRATION DURING COOLING AND FREEZING PROCESSES 
Qiu, Guoqing, Sheng, Wenkun,  Huang, Cuilan and Zheng, Ksiwen 

Lanzhou Institute of Glaciology and Geocryology, Academia Sinica 

I .  

SYNOPSIS  Experiments  have  shown  that  in  freezing  pure  solution  and  moist  sand  the  solutes 
would  migrate  towards  the  unfrozen  zone.  In  cases o f  silt  and  clay,  however,  the  ions  would  migrate 
towards  the  freezing  zone  of  the  soil  column.  Direction of  i o n  migration  in  the  freezing  medium 
depends on the  combined  effect of four  factors,  namely  temperature  gradient;  Concentration  gradient; 
moisture  flow,  and  pressure  gradient. 

INTRODUCTION 

It is  important to understand  the  direction of 
ion  migration  during  freezing of aqueous  solu- 
tions  and  moist  soils.  If  the  solutes  migrate 
mainly  towards  the  unfrozen  zone  of  the  soil 
column,  then  the  freezing  zone  would  tend  to 
dilute, s o  that  the  freezing  technique  could be 
practically  applied to the  desalination o f  
water  and  soils.  However,  the  soils o r  water 
in  the  unfrozen  zone  nearby  should be concen- 
trated,  this  might lead to a  deterioration  in 
quality  of  ground  water  or  soil  under  the  active 
layer. On the  contrary,  if  ions  migrate  mainly 
towards  the  freezing  zone,  then  the  freezing 
zone  would  increase in salinity.  During  the 
repeated  freeze-thaw  cycles,  the  interlaced ef- 
fect of freezing  and  evaporation  would  lead  to 
a  salination of active  layer. 

Some  researches on this  problem  have  been  done. 
Osterkamp et al., (1970) conducted  a  freezing 
test  using  the  dilute KC1 solution  and  demon- 
strated  that  there  was  a  concentration  gradient 
and  solute  diffusion  from  the  surface o f  the 
growing  single  ice  crystal  to  the  rest  part of 
unfrozen  solution.  Hallet's ( 1 9 7 8 )  freezing 
tests  in  gravels  saturated  with  CaC03  solution 
showed a similar  result  that  solutes  concen- 
trated  in  the  unfrozen  zone.  Hanley  and RHO 
(1980) proposed  other  idea  that  salts  in  a 
soil  column  might  migrate  together  with  the 
moisture  towards  the  freezing  fringe.  Field 

ical  analysis by Kay and Groenevelt (1983)  led 
observation and laboratory  studies and  theoret- 

to the  conclusion  that  exclusion  of  solute by 
an  advancing  freezing  front may not be a par- 
ticularly  significant  mechanism  for  solute  re- 

was  found to occur due to convective  transport 
during  the  process of i c e  lens formation. 

Results of  experiments t o  study  the  effects of 
the  medium and the  freezing  conditions  on  the 
direction of  ion  migration  during  freezing 
process  are  presented and d j s c . u s s e d  in  this 
paper. 

I distribution, but substantial  redistribution 

I 
3 

EXPERIMENTAL  DATA 

Lanzhou  tap  water 
An unidirectional  downward  freezing  test was 

and Huang, 1983). Before  the  freezing  test,the 
conducted by using  the  Lanzhou  tap  water (Qiu 

concentration  of  Lanzhou  tap  water  was 0 . 7 1  g/l. 
After  the  freezing  test, the average  concen- 
tration of  ice layers at  the  upper part o f  the 
specimen  was 0 . 2 7  g/l, while  the  unfrozen  solu- 
tion  at  the  bottom  was  1.74 g / l  in  concentra- 
tion. 

The  ion  distribution  is  shown  in Fig.1. 

This  experimental  result  confirms  that  ions d o  
migrate  towards  the  unfrozen parr. of the  pure 
solution. 

WvominR  sand 
Before  freezing  test  the  Wyoming  sand  was  sat- 
urated  with  NaCl  solution, 39 .67  me./l in  con- 
centration,  the  average  water  content of  the 
column  was  23.07%.  After  freezing  test  carried 
out in a  close  system,  the  average  water  content 
of the  frozen  part  was 2 2 . 3 5 2 ,  about 3.14, lower 
than  the  initial  value, As the  frozen  sand  re- 
thawed,  the pore solution  was 3 6 . 0 3  me./l in 
average  concentration, by 9.18% lower than the 
initial  value.  The  average  water  content of the 
unfrozen  sand  was  26.04%  and had increased by 
12.8% a s  compared  with  that  before  freezing test. 
The  average  concentration of pore  water  in  the 
unfrozen  sand  was  53.59 me./l and was by  3 4 . 5 9 %  
higher  than  the  initial  value. It is obvious 
that  the  direction o f  ions and moisture  migra- 

unfrozen  part o f  the sand  column (Fig.2). The 
Lion during  freezing process  was toward  the 

fact  that  the  variation  in  ion  content  is  higher 
than  in  water  content  shows  that  the i o n s  not 
only  migrate  together  with  the  moisture, but 
also  move  independently. 

Althouth  the  general  direction o f  ion  migration 
during  freezing o f  sand is  similar to that i n  
solution  case,  there  are  some  differences.First, 
the  ratio of desalination in s a n d  case  is  lower; 
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Fig.1  Ion  Distribution  iq l a n z h o u  Tap 
Water  Before  and  After  Freezing  Test 
a. before  freezing  test; 
b. after  freezing  test; 
1. HCO?; 2. SOZ;  , 3 .  Cl-; 

4 .  Cat'; 5 .  Mg"; 6 .  Na++Kt. 

Fig.2 Distribution o €  C1- and  Water 
Content  in  Wyoming  Sand  Before  and 
After Freezing  Test 

second,  the  redistribution  curves o f  water  and 
ion  in  solution  case  are  much  smoother  (Fig.11, 
however  they  reveal  a  fluctuation  in  sand  case 
(Fig.2). The  uppermost part of  sand  column is 
19.6% in  water  content  and  83.28 me./l in  Cl- 
content.  This  could be due  to  the  formation of 
the  pure  ice  at  the  top of sand column,  which 
rejected  salts  to  the  first  sand  layer.  From 
the  second  to  sixth  layers, CI- content  fluctu- 
ates  around  the  mean  value of 39.29 me./l.This 
could be explained by the  fast  frost  penetra- 
tion,  under  which  ions  can  migrate  only to a 
short  distances, f o r  example, from the  third  to 
the  4th  and  from  the  fifth to the  sixth  layer. 
The  NaCl  can  migrate  more  thoroughly  when  frost 
penetration is slower. Thus,  the  ion  content 
becomes  lower  from  the  seventh t o  the  tenth 
layer. I n  particular.  the  freezing  front  stayed 
at  the  tenth  one  for 60 hours,  under  such Q con- 
dition o f  slow  freezing,  solutes  could  diffuse 
sufficiently  downwards  to  the unfrozen zone. 
Because of the  obvious  downward  migration of 
solutes,  the  layers  beneath  reveal  a  gradual 
increase  in C i -  content. 

Fairbanks  silt 
The  tested soil column  was  composed  of  two 
parts:  the 8 cm  Fairbanks  silt  at  the  upper, 
and the 2 cm  gravels  at the  bottom.  The  spec- 
imen,  presaturated by 0.04 mole  NaCl  solution, 
was  freezing  downward  with  a  temperature con- 
dition o f  -5'C at the top  and O ° C  at  the  bottom. 
The  concentration o f  ions and  moisture 
contents  before  and  after  freezing  test  are 
shown in Table X .  

The  experimental  results  showed  that  the  mois- 
ture,  CL-, Na" and Mg++ migrated  from  the  lower 

This  is  quite  different  from  what  happened  in 
gravel  Layer  towards  the  upper  freezing  silt. 

the  tests  with  Wyoming  sand  and  Lanzhou  tap 
water. 

Morin  clay 
It  was  reported  that  the  dominant  ions  and  mois- 
ture  were  migrating  towards  thqfreezing  zone 
of Morin  clay  in  an  open  freezing  system  (Qiu, 
et  al., 1986). Now,  two  cases  can be taken a S  
examples  for  further  discussion (Fig.3). 

When  the  sample was f e d  by 0.01 N NaCl  solution, 
the  water  content  in  frozen  part  of  the  clay 
column  increased by 7 0  to 140% (or 89.7% in 
average), and the  C1-  content  in  frozen  part 
increased by 88 to 194% (or 129.3% in average), 
as compared  with  the  initial  values  before  the 
freezing  test (Fig.3 a). 

When  the  sample  was fed by 0.01 N Na2S04  solu- 
tion,  the  water  content in the  frozen  clay was 
by 71 to  105% '(or 89.5% in  average)  higher  than 
the  initial  value,  and  the  increase  of  dominant 
anion so; was by 47 to 100.3% (or 79.0% in 
average), as compared  with  the  initial  values 
before  freezing  test  (Fig.3 b ) .  

This  also  shows a tendency  that  the  moisture 
and  dominant  anions  migrate  towards  the  freez- 
ing  zone of the  clay  column. 
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TABLE I 

Change i n  Ion and  Water  Content of the  Fairbanks 
Silt  Before  and  After  Freezing  Test 

Before 
freezing 41.10 0.819 1.94 0.032 0.07 0.28 1 . 4 9  0.065 0.19 0.02 
test 

After 
freezing 46.84 0 , 0 2 0  2 . 3 0  0.032 0.08 0.27 1.73 0 .064  0.27 0.02 
test 

Relative 
increase 1 4 . 0  - 4 .0  - - - '  1.7 - 24.7 - 

z 

Fig.3  Distribution  of  Water  and 
Dominant  Anion  in  Morin  Clay  Be- 
fore  and  After  Freezing  Test 

a. fed by NaCl  solution; 
b .  fed by Na2S04  solution. 

FenEhuo  Shan silty clay 
After  an  unidirectional  freezing  rest in a close 
system,  the  tested  column  composed of Fenghuo 
Shan  silty  clay  can  be  divided  into four zones 
downwards, i.e.: 1. the  solidified  frozen  zone 
a t  the  uppermost  part  with  obvious  segregated 
ice  layers and ice  veins,  where  the  Na+ and C1- 

2 .  the  dehydrated and contracted-cracked zone, 
ions  and  water  content increased  to some extent; 

where  the  water  content,  C1-  and  Nat  concentra- 
tions  revealed  some  decrease;  the  CR++, SO; 
concentrations,  however,  showed  some  increase; 
3 .  the  super-cooling  region,  where  the  tempera- 
ture  was  down t u  subzero, but the  salinity  and 

behavior of soil  was  not  significantly  different 
from  that  before  the  freezing  test; 4, the un- 
frozen  zone, in  which  the  ion  content  and  mois- 
ture  content  were  as  the  same  as  that  before 
the  test.  As  the  rate  of  penetration of freez- 
ing  front  tend to decrease,  the  migration of 
active ions and  water  tend to increase  also 
(Table 11). 

It could b e  concluded  that  the  active  ions and 
moisture  were  migrating  from  the  unfrozen  zone 
to  the  freezing  zone  as  observed  in  the  freez- 
ing  testa  with  the  Fairbanks  silt  and Morin 
clay * 

Dunhuana  saline  soils 
The  tested  saline  soils  were  obtained  from  the 
Sule  River  basin  north of the  Dunhuang  county 
and  were of  the  type  Cl-SO4-Na-Ca  with  salinity 
o f  15.78% (loam) and 7.57% (clay)  respectively. 
As  the  water  content  was 1 6 % ,  the  freezing  point 
of  loam  was -25.3"C; and, in  clay  case,  as  the 
water  content  was Z2%,  it did not  freeze  until 
the  temperature  fell  down  to  -16.7"C.  Field 
observation  showed  that  the  minimum  temperature 
in  natural  soil  profile  was n o  less than  -lO°C, 
which was much  higher  than  the  freezing  points, 
s o  that  these  soils i n  general  would  not be 
frozen  in  field  condition  during  winter  time, 
The  specimens  for  cooling  test  were  compacted 
in  layers  with  a  water  content o f  15.7X (loam) 
and 19.5X3(cLay), and  with  a dry density o f  
1.22 g/cm (loam) and 1.48 g/cm  (clay)  respec- 
tively.  Then.  the  unidirectional  downward  cool- 
ing  tests of specimens  were  conducted  under  a 
condition of lateral  insulation.  As  the  tem- 
perature  was  down to -15'C, the soils did not 
freeze,  however,  salt  redistribution  and v o l u -  
matic-expansion  did  occur (Fig.4,5). The  direc- 
tion o f  ion  migration  pointed to the  colder  end, 
with  the  solutes  NaCl and MgCIZ moved  rapidly. 

DISCUSSION 

It i s  believed  that  the  ion  migration  might b e  
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TABLE I1 

Distribution  of  Solutes  and  Moisture  in  Soil  Column  Made  of  the 
Fenghuo  Shan  Silty  Clay  Before  and  After  Freezing  Test 

Number  Freezing Water 

test  cm/hour time of rate  Region  content C1- soz Ca++ Mg++ Na 

w r l c n  c n  c r l c  n c r l  
L 25.6 +3.2  2.29 +4.1 11.72 -3.2 8.19 -3.9 0.94 -2.1 4.93 + O n 6  

4 24.9 +0.4 2.22 0 12.31 + 1 . 7  8.56 +1.5 0.96 0 4.87 -0.6 
a 1+3 22 .5  -9.3 1.99 -9.5 12.81 +5,9 9.16 +7.5 0.99 +3.1 4.86 -0.8 

IV 0.68 
b 24.8  - 2.20 - 12.11 - 8.52 - 0.96 - 4.90 

1 27.7 +7.a 2.38 +9.2 10.9 -0.5 7.58 +0.1 0.91 +5.a 4.79 +5.5 

4 25.1 -2.3 2.13  -2.3 11.02 +0.6 7.36 -2.8 0.78 -9.3 4.44 -2.2 
a 2+3 22.5 -12.5 1.81 -1.7 11.01 +0.5 7.77 +2.6 0.82 -4.7 4.12 -9.3 

111 0.31 
b ' 25.7 - 2.18 - 10.95 - 7.57 - 0.86 - 4.54 

Note: 1. W - value o f  water  content (X); C - value of ion  content  (me./100g s o i l ) ;  

a - after  freezing; b - before  freezing. 
TI - rn,a+i,,c inrrpaap = (Value  measured  after  freezing  test - Value  measured  before  freezing  test) x loox , -1-1 "_. -__I_ "" 

Value  measured  before  freezinR  test 
2 .  Date from  the  unpublished  manuscript  by  Qiu  Guoqing  and  Huang  Cuilan:  Test  on  ion  migration  and 
the  origin  of  chemical  profile of No.9 Bore  hole in Fenghuo  Shan,  Qinghai-Xizang  Plateau (1982). 

F i g . 4  Ion  Distribution  in  Dunhuan 
Saline  Loam  Before  and  After Cooli 
Test 
a. before  cooling  test; 
b. after cool in^ test: 
.I .I 

a 

"" -------o - ~~. 
1. nco; + C O T ;  2 .  so;; 3. c1-; F i g . 5  Ion  Distribution  in  Dunhuang  Saline 

Clav  Before  and  After  Cooling  Test 
4 .  Ca++; 5 .  Na' + K+; 6 .  Mg++. a.  before  cooling  test; 

b. after  cooling test; 

caused b y  diffusion,  filtration  and  their  com- I. HCO; t C O T ;  2 .  S O T ;  3. CI-; 
bined  effect  (Shen,  et al., 1985) .  During  cool- 
ing  and  freezing  the  processes of diffusion- 

4 .  Ca++; 5. Na+ + K + ;  6 .  Me"' 

filtration  do  occur  and  the  migration  flux  might 
include  four  parts, i.e., IT - ion  migration  ture  gradient  can be explained a s  follows. 
due  to  temperature  gradient; IC - that d u e  to  First,  the ions in  the warmer part  are  leaping 
concentration  gradient; Iw "that due  the  water  faster  than i n  the  colder  part o f  the soil 
mivement;  and, I p  - that  due  to  pressure  gra-  column.  According  to  the  Einstein-Brown  Move- 
dient.  ment  Equation,  the  square o f  mean disl' )lacement 

The  mechanism o f  ion  migration  due to tempera- 
of microparticles  in a certain  period of t i m e  
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is direrLly  proportional  to  the  absolute  tem- 
peraturc ( H u a n g ,  1 9 6 2 ) .  Therefore,  in a certain 
pcriod u t  time,  the  number  of  ions  leaping  from 
thc. w a ~ m e r  part  to  the  colder  part  will be lar- 
g ~ r  than  hat moving  in  an  opposite  direction, 
As <I rcsult,  the  salinity  in  the  colder  end 
k ’ u u l d  bccome  higher.  Second,  the  colder  part 
o €  soil  column  might  reach  the  crystallizing 
p o i n t  first.  The  crystallization  of  solutes 
might  lead  to  a  decrease  in  concentration  of 
soil  solution, or a  concentration  gradient 
develops  under  which  solutes  might  diffuse 
from  the  warmer  part  to  the  colder  part.  In  a 
unidimensional  case,  the  concentration  change 
due  to  temperature  gradient  can  be  expressed by 
the  following  temperature-diffusion  equation: 

where, n is  the  porosity  coefficient  of  the 

DT i s  coefficient  of  temperature-dif- 
medium: 

fusion; 
t i s  time:  and 

a T  is  temperature  gradient. 
77 

The  Dunhuang  saline  soils,for  example,  showed 
temperature-diffusion.  The  soils  were  premixed 

centration  before  cooling  tests.  During  cooling 
and  had  no  gradient in both  moisture  and  con- 

tests,  there  was  no  evaporation  occuring  on  the 
top  of  the  spiciments  since  they  were  covered. 
After  tests,  the  speciments  were  still  homo- 
geneous  in  moisture  content.  Thus,  the  salina- 
tion of  the  colder  endcould  only b e  caused by 
temperature-diffusion. 

The  mechanism of  ion  diffusion  due  to  concentra- 
tion  gradient  during  the  freezing  process  can  be 
explained  as  follows. I n  the  freezing zone, the 
solutes  were  rejected  from  the  growing  ice  crys- 

liquid interface to rise much  higher. Under 
tals, causing  the concentration  at  the i.ce- 

such  a  gradient,  material c.an diffuse  from  a 
region  of  high  concentration  to  the  unfrozen 
part of  the  freezing  zone,  and  from  the  unfrozen 
part  in  the  freezing  zone to the  unfrozen  zone 
of  the  soil  column.  This  can  be  expressed by 
the  concentration  diffusion  equation: 

where,  DC  is  coefficient  of  concentration  dif- 

s i s  the  concentration  gradient. 
fusion; 

at 

The  diffusion  flux,  for  a  certain  kind  of  ion 
and  under a certain  concentration  gradient, 
depens  on  the  porosity  of  medium.  The  flux i s  
largest  in  pure  solution,  then,  the  sand;  and, 
l c * a s t  in silt and  clay.  Besides,thc  growth o f  
ice  crystals  not  only result. in  a  concentration 
gradi.ent  but  also  impedes  ion  migration,  there 
b y  diminishing  thc  intensity O L  ion  diffusion 
will  become  weakened. I n  saline  soils,  under 
rapid  freezing,  the  highly  c.oncentrated  unfrozen 
solution i n  the  region  behind  Lhe  freezing  front 
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can  not  sufficiently  diffuse t o  the  unfrozen 
zone ahead  the  freezing  front. 

During  the  process  of  freezing,  moisture  moves 
to  the  freezing  zone,  there-by  taking  the  salu- 
tes  with it. 

where, V(!) is  the  filtration  velocity of  water 
flow  and 1 s  dependant  upon  the  permeabiliLy  of 
soil and  soil-water  potential. 

Under  a  condition  of  restricted  frost  heave,  the 
ice  crystallization  pressure  would  exclude  the 
unfrozen  solution  in  freezing  zone  to  the  un- 
frozen  zone. 

a c 4  = - E ‘ C  Dp ax) a a p  
_I a t  

where  Dp i s  the  coefficient o f  pressure  diffu- 
sion. 

I aP is  pressure  gradient. ax 
Ion  migration  is  the  result  of  the  combined  ef- 
fect  of  the  above  processes.  The  effect o f  each 
factor on ion  migration  varies  in  different 
media. 

In  the  Dunhuang  saline  soils  only  occurs  tem- 

towards  the  colder  end. 
perature-diffusion,  which  makes  solutes  migrate 

In  pure  solution  and  in  Wyoming  sand  with  a 
high  permeability,  the  amount of solutes  tran- 
sported  out by concentration  gradient  are  much 
more  than  that  brought by water  migration  to- 
wards  the  freezing  zone  and  that  moved  to  the 
colder  end by temperature-diffusion. As a fins1 
result,  one  can  see  the  phenomenon  that  the 
solutes  move to the  unfrozen  zone. 

I n  the  cases of clay or silt,  ion  migration  due 
to  temperature-diffusion  during  cooling,  the  ion 
migration  together  with  water  make  the  solutes 
migrate  towards  the  freezing  zone  much  suffi- 
ciently.  However,  the  concentration-diffusion 
that  makes  the  solutes  migrate  towards  the un- 
frozen  zone  will be more  and  more  weakened  be- 
cause  of  the  diffusion  path  being  blocked by 
the  growing  ice  crystals.,  Therefore,  the so- 
lutes  moved  to  the  freezing  zone  are  much  more 
than  that  moved to the  unfrozen  zone. As a 
result,  the  total  effect  reveals  an  ion  migra- 
tion  towards  the  freezing  zone. 
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DYNAMICS OF PERMAFROST  ACTIVE LAYER - SPITSBERGEN 
J. Repelewska-Pekalowa and A. Glum 

Institute of the Earth Sciences, Maria Curie-Sklodowska University, Akademicka 19,20-033 Lublin, Poland 

smapsIs 
The investigations carried out on Calypsostranda allowed to determine the size and the rat,e  Of 
summer thawing wit.hin the permafrost active layer. 

Assuming that-  t.he meteoralogical conditions over the whole area investigated were the same, the 
attempt was made to determine the influence of the factors differentiated locally such as: 
exposition, water conditions and vegetation. 

Especially remarkable is the role of water - a factor which may accelerate as well as xetart the 
pracess of ground thawing. 

The investigat,ions of the active layer of per- 
mafrost were carried out in the summer seasons 
o f  1 9 8 6  and 1987 during the geographical Expe- 
ditions of the Maria Curie-sklodowska Univer- 
sity in L u b l i n .  The subject of the investi- 
gations was the area i n  NW part of Wedel- 
Jarlsberg Land on the Calypsostranda coastal 
plain, being in western margin of the Rec- 
herche Fiord. The particular at.tantion was 
paid to the rate and s i z e  o f  the summer 
t.hawing of t.he ground within the area o f  t h e  

cording to the local conditions of the natural 
occurence of the many-year permafrost, ac- 

Calypsostranda is a coastal plain, on the 
forefield of the Scott &nd Renard Glaciers 
(Fig. 1). It is built of a syst ,em of uplifted 
marine terraces, from 4 m up to 150 m a . s . 1 .  
at height of 20-25 m a . s . 1 .  cut up by the ero- 
sion of glacier rivers, built by  t.he Quat,er- 
nary deposits of sands with gravels, sea silts 
and boulder clays. Within this form t,he invc- 
stigations of the active permafrost layer were 
carried out, a frcc movement of the air masses 
and a considerable differentiation of the geo- 
complexes, being a favousable circumst,ance. 

environment. Within the period of investigations (27.06 - 
20.08.1987) the cyclonal weather prevailed, 

and a conskderable cloudiness. Mean $4--hour 
i.e. very windy, with frequent recipitations 

air temperatures ranged from Q.8 to 8 . 7  C .  The 
precipitation sum reached 3 1 . 8  ~nm, where 23 
d a y s  had the precipitation more than 0 . 1  mm. 
The sum Of evaporation was 1 2 1 . 6  mm. Mean wind 
velocities ranged  from 0.5 to 1 4 . 2  m/s. Total 
cloudiness reached 8 3  %.  The decade occurences 

arc shown in Table I. 
of the most important meteorological elcaent,s 

The measurements of t.he thickness the perma- 
frost layer were carried out at more than ,300 
Points, located in different, gaocumplexes. The 
thickness of the active layer was det,crm,ined 
w i t h  the method o f  suunding and by const,ant, 
measurements with t,he Danilin's soil frost- 
meter. In t h e  summer season uf 1 9 8 7  five 
series of soundings were mada within thrt geo- 
complexes differing in wat.er conditions, vege-- 
t a t i on  and exposition. 

~ h c  characteristic o f  thr? act,ive  1.ayer of 
permafrust is based o f  the data taken from 
representative stands, in  which the  thermal 
cl->nditions of the ground wCre carricd out, , , I , o c i , ~  j.7.41 ion of the area investigated 
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Maximal temperature 
5 cm abov8 ground 
level, i n  C 

6.4 8.6 11.3 8.6 10.0 6.9 

I I 
Preoipitation, In nun 2.7 1 . 5  2.6 11.6 0.6 12.7 

Table I. The decade occurences of the most 
important meteorological elements. 
Calypsobyen, summer aeason o f  1987 

The geocomplexes are as follows: 

Point 1 - a flat sea terrace of 20-30 m 
a.s.1. (Fig. 2 )  built with sea 
sands and gravels, modelled by 
washing-out and also by niveo-eoloc 

dra 
processes, covered with scarce tun- 

vegetation (saxifrages, 
lichens 1 

Point 2 - patterned grounds periodically wet 
with moving water within the sandy- 
gravelly covers. Mosses on  the peat 
layer thick up to 20 cm (Fiq.3) 

Point 3 - active patterned grounds. Moving 
water in the covers built with 
sands and coarse gravels. Lack of 
compact vegetation 1 Fig. 3 

Point 3a - small stream flowing in 
vicinity of stations 2 and 
Gravelly sandy cover, l ack  
vegetation (Fig.3) 

Point 4 I - a 50 m2 peat ait within a shal 
lake 

the 
3 .  
Of 

low 

Point 5 - a plain at the  foot of a fossil 
cliff, in the vicinity of the 
beach. Height - 4 m a.s.1. Lack o f  

with active accumulation. Vari.able 
the compact vegetation connected 

level of the ground waters, fed 
with permafrost waters. sandy- 
gravelly cover 

Additionaly, four profiles were selected in 
the slopes with N , S , W  and E exposition. All 
slopes were built  with sandy-gravelly material 
and covered with scarce tundra yegetation. 
Their inclination reached 10-15 . As it was 
already mentioned, all measurements stat.ions 
were connected with the 20-30 m a.s.1. 
terrace. 

In each serics of measurements a few soundings 
were made at points 1 - 5 and on the slopes at 
every one meter along the profile line. The 
results of  the soundings allowed to determine 

of the active permafrost layer on Calypso- 
the mean thickness and  the rate o f  the thawing 

Strandd. 
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THE INFLUENCE OF VARIOUS FACTORS ON THE THICK- 
NESS OF THE ACTIVE LAYER OF THE PERMAFROST 

It  is commonly known that the thawing of 
ground begins with the vanishing t ~ f  the snow 
cover and lasts t,he whole period of the polar 
summer. Thus,  it is a function of time and may 
be presented a s  a linear dependance (Jahn 
1982 ,  Jahn and Walker 1 9 8 3 ) .  The intensity of 
that Process was distincly differentiated in 
the SUmmex time of 1 9 8 7 ,  which i s  presented on 
the figures 4 and 5 (points 1 - 5) and figures 
6 and I (slopes of differend exposition). 

The influence of t.he exposition on the inten- 
sity of thawing is presented by mean extreme 
values (Table 11). The slope of S exposition 
shows to be  privileged  with insulation. On the 
other slopes the thickness o f  the active layer 
Was smaller by ca. 30 cm on an  average. Within 
the whole observation period the differences 
oscillated between 20 to 40 cm. Such a 
distribution o f  t,he thickness of the active 
layer on  the slopes with W , N  and E exposition 
i s  influenced by  ,snow patches  last,ing up to 

the slopes with snow patches as well without 
the second decade of July. The exposition of  

them has a deciding influence on the thickness 
of the active layer, in 'spite of the fact that 
the snow patches reduce its thickness by 20 cm 
an the average. 
In order to observe the influence of water and 
vegetation on the development of the active 
layer o f  the permafrost, the measurements were 
taken in nix stations, situated in different 
geocomplexes. The thickness of the active 
permafrost layer shows table 111. The deepest 
thawing was started at, points 2 ,  3 and 3a, and 
it was, on the average, b y  4 0  - 80 cm larger 
that at the remaining points. The reason for 
it was the presence of moving water in  the 
covers, being a good heat conductor. Prior 
observation confirm that fact (Repelewska- 
PekalDwa et al. 1 9 8 7 ) .  The problem was dis- 
cussed mole widely (Gluza  et al. 1 9 8 8 ) .  
Stagnant water exerted  a different influence. 
rt fullfilled a function of an insulator, and 
the effect of insulation was intensified by 

of these facts, the thickness of t.he active 
the presence of peat and vegetation. Because 

layer in such an environment was relatively 
small. It was stated in point 4 (peatbog an 
the tundra pool) where the smallest value 
among all investigated geocomplexes was noted. 

The mean thickness of the active layer under 
the tundra pool was 70 cm, and Only 45 Chl 
under the watered peat. The distinct lowering 
of the roof of the permafrost was started in 
the zone of the contact of the water  and  the 

made in NW part of spitsbergcn (Pietrucien  and 
land, which corresponds to the observation 

Skowron, 1 9 8 7 ) .  Within the active layer  wet 
and dry parts of the ground were distinguished 
The wet part amounted to 12 - 9 1  % Of the 
whole active layer. It may be supposed tha t  it 
was fed with waters to different origin, 1.e. 
coming not only  from the permafrost  but also 
from waters occuring in the  ground  and infil- 
trating from the surface. In the case Of 
feeding exclusively by permafrost Water the 
thickness of the wet, layer am(JLlnt.ed t o  10 - 2 0  
% of t,he whale active  layer, While a t  the 
s u p p l y  of waters o f  different origin, even to 
60 - 9 1  % af  the active layer. 





O l  
-..-.. -. 

\ 

l o  1 \ 

*O 1 \ 

W -  

70 - 
- 80- 

- 90- 
3 

i 

5 too- 

% 110- 
L 8 120 - 

130 - 
1LO ~ 

150 

160 

170 

180 

- 
- 
- 
- 

Fig. 4 .  Permafrost  active  layer  thickness in 
the  summer  season o f  1987 in  Calypso- 
stranda  (points: 1 - 5 )  

The increase  in  thickness of the active layer 
occured  with a differentioned  velocity. TWO 
t,ypes of thawing  were  distinguished: 

1. Thawing with a velocity  gradually in- 
creasing and then  decreasing. 

2. Thawing with a velocity  changing  stepwise. 

Among the stations  investigated the first type 
of thawing  prevailed,  implied by the  vanishing 
nf the compact snow cover  and snow patches. It 
was  noted  that  the  violent  thawing of the  ice- 
and J ~ O W  cover  was  accompanied by a very  quick 
process (>E soil  thawing  (Table f V ,  point 5 ) .  
Thawing  occuring at t.he stepwise  changing  rate 
was  noted  on the stations  marked  with  the 
presence of t-he moving  watexs on the susface 
a s  well as in the  covexs  (station 2 and 3a, 
slope of W exposition).  such  a  situation  was 
due to the  quick  reaction  of  the  ground  to  the 
change of the meteorological  elements,  mainly 
air  temperature  (see  Table I). 

A 2  
0 1  

0 3  
+ 30  
0 4  
0 5  

Fig. 5 .  summer  thawing of the  ground in 
relation to the square xoot of time 
(calypsostranda,  points 1 - 5 )  

Taking  under  consideration the mean  values 
charactexizing  the  whole period o f  the inve- 
'stigations, it can be  stated  that the thawing 
occured  quickest  (with  a  velocity  more  than 2 
cm) 24 hour in the  grounds  remaining  within 
the reach of the  moving waters, both  super- 
ficial  and  inter-covers ones. The  process 
occured  twice as slow where  the  isolating In- 
fluence of st.agnaat  water as well as af 
vegetation  took  place  (Table Iv, point 4 ) .  

Dist,incly  marked is a  great  variability o f  the 
rate  of  the  development, of the permafrost 
active layer, which  is closely connected  with 
local conditions. Jahn (1982) and Stablein 
( 1 9 7 0 ,  1971)  also stressed the  very corre- 
lation. 

Recorded  thawing rates are similar t,o those 
reported by Herz  and  Andreas ( 1 9 6 6 )  for the 
Blomstranda  (Kongn  Fiord) and  much great,er 
than  published by Stahlein ( 1 9 7 0 )  for the 
Akscliiya (Bellsund  region). 
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Fig. 6. ,Permafrost  active layer  thickness  in 

stranda (slopes with  different 
the  summer season of 1987 in Calypso- 

exposition) 

Slop. 
of tha 
erpoeition minimal maximal t o t a l  period 

. " 

M * a n  valuau in om 

5 '  52.7 126.6 102.3 
N 30.6 93.6 68.7 
Y 26.8 106.5 72.2 

E 28.9 108.4 71 .o 
1 1 

Table 11. Thickness of the  active layer o€ 
the  permafrost on t h e  siopes with 
the inclination 10 - 15 and of the 
different  exposition. Calypso- 
stranda, summer season of 1987 
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Fig. 7. Summer t.hawing o f  t h e  ground in 
relation  to  the  square  root of time 
(calypnostranda, slopes with diffe- 
rent exposition) 

1  71 a 0  110.0 88.7 

2 62.5 172.0 129.9 

3 55.0 175.0 115.0 

. _. 

3a 50.0 175.0 126.8 

4 20.0 68.0 45.2 

5 0.0 124.0 67.0 

Table: 111. Thickness of t,he active  layer of 
the permafrost i n  t h e  <:hosen 
stations on Calypsostranda,  in t , he  
summer season of 1 9 8 7  
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Period 29.06- 12.07-  27.07-  7.08. total 

Plaes 
12.07 27.07 7.08 20.08 period 

me= valuee cm/24-hour 

Station 1 

2 

" 3  

" 3a 
" 4  

IS 5 

Slopes 
o f  the 
expoeitioa s 

N 

W 

B 

0.0 1 .3  

4.5 0.2 

0.1 4.6 

4.2 1 .7  

0.4 1.7 

0.0 5.9 

2.7 1.7 

0.8 2.7 

1.9 2 .6  

1.5 2.5 

1 . 1  0.7 0.7 
4.4 0.2 2.2 

4.5 0.9 2.1 

4.1 0.0 2.5 

1.2 0.4 0.9 

5.9 0.7 3.2 

1 . 1  0.1 1.5 

1 .3  0.4 1 a 3  

2.5 0.3 1 .3  

2.2 0.7 1.6 

Table IV. Rate of thawing of  the permafrost 
active layer. Calypsostranda, 
summer season of 1987 
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INVESTIGATION OF ELECTRIC POTENTIALS IN FREEZING DISPERSE SYSTEMS 
V.P. Romanov 

Permafrost Institute of the Siberian Branch of the USSR Academy of Sciences, Yakutsk, USSR 

8YNOPSIS mployment of geoph aioal  pro6 ecting by e lec t r ic  meas, studies of moisture 
mimation i n  freezing ear th requlse Lwledge 08 the nature of an electr ic   potent ia l  jump at, 
the boundary  between unfrosen rocka and pemafxoet. 
for  workman-Repolde potent ia ls  i n  the   f reed   d i sperse  systems w e  examined i n   t h i s  work on Poesibl l f t ies  and ini t ia t ion  condi t ions 
a b d s  o f  experimental investigations of the%eer;lng potentials of moisture-saturated S102 
powders and polystyrene of various  degree of dispersion.  Peculiari t ies o f  the   i ce  
cryetal l isat ion i n  the earth  pore  spaces, accounting for the  themphysical  charactexistice 
of  the heterogenous medium componente are reviewed t o  explain the  reaulta  obtained. 

It i S  esfabliBhed that   freezing of  diluted 

poteat is le  between the  ice  and the solution. 
aqueous solutions causea 8. jump o f  eleatxio 
The cause of the Freezlag po ten t i a l   i n i t i a t ion  
is preferential   inclueion of the ione of one 
sign in to  the growin ice   Lat t ice;  the Workman 
-Reynolds effect  (WRY. The WR potent ia l  
magnitude (7,) depends on the  composition of 
diseolved salts and m a y  reach  tens and hundrede 
o f  volts (Workman, Reynolds, 1950). 
In the  course of  free5ing of the soils and the 
earth appewance ie d r o  noted o f  a potent ie l  

hozea  and unfrozen par te  of  ti!, depoaite 
ump at the  interphase bound- between the 

(Julllbkia, 1958; Borovltsky, 1969; Yaxkin, 1973; 

Mzori ty  o f  the autho~s presume that  freezing 
L ov, 1978; Parameena~ap, Yacksy, 1983). 

potent ia ls  of the disperse systems are of the 
same n a t d e  aa WR po*entids. m e  r e s u l t s  of 
the experiment &I. inv&ttigations by Korklnna 
(1965) are c i f ed  a# B proof of t h i s  aesumption. 
She has obtained i n  the eaae. of freezlng 
suspeneione o f  claye minerals e lec ts ic  
potentiale over 6 vofts which undoubtedly ehows 

But in the uae of these result@ the sight i e  
heir close  connection  with 'IRR potentiale. 

l o s t   t ha t  the investi  ation  objeet  used by the 
author can be referref  with greater  rewons 
to  the aqueoua solutions than to  the  natural  
disperse deposits ( eo l id  phaee eontent in a 
11 t r e  of suepeneion did not exceed 1-2 ) 
m a t e d   r e s u l t s  of the  experimental ad f i e l d  
inveetigatioas (Paramemaran, lackey, 1983) 
show that potent ia ls  of the fYeesing eerth,  as 
8 rule, are below 0.2 V and rarely exceed t h i s  
magnitude.  Values of  the sane order axe noted 
for the  permafrost lower boundary In the s t a t e  
of i ts  s t a t i c  positlon, i . e .  during absence o f  
the ,A.eezing processes (Lagov,1978; Volod, ko, 
1981). Comparlson of them d a h  does  ne i 
d l o ~  a reliable  conclueion  to be made on any 
contribution of IML potent ia le   to   the magni:tude 
of a general  interphase jump o f  potent ia l s   a t  
the boundarybztmi\unfiosen and frozen rocks. 
A t  thrt 0-9 time knowledge of the   e lec t r ica l  

phenomenae pecul ia r i t i es   a t  this boundary m a y  
asEliat more succeaeful  application of the 
natural   elsatrlca ' l  f i e l d  method for 
determining  the  thickness and development 
dynamics of permaffoet and o f  the fxeezing 
deposits (~egov, 1978; Pltulko, seam and 
Muein, 1978). Knowledge of the  freezing 
potaat ia ls  nature i e  eilso neceseary f o r  
evaluation of the  existing  notions on the 

freezfng fxont (Borovitskg, 1969; Xorlrlna, 
e l e c t r o o m t i c  t rensfer  of moisture to   the  

1965; Yarkin, 1973; Parametmeran, Macke 1983). 
It w a s  of  in te res t  in cornaction  with t& to 
reveal the poss ib i l i t i es  and to  attempt 
determination of the  conditions f o r  i n i t i a t i o n  
of WR potent ia ls  in dhperee media. 
Waahed powders of SiOz and o f  different  
diepareion  grade  polystyrene were used as an 
investigation  object.  Samples o f  si02 &re 
glass b a l l s  4.5 t o  I nnn i n  diemeter and also 

m fiactione.  Dimensions of the polystyrene 
part ic les   sere   var ied i n  different samples 
from 3.5 t o  0.5 mm. Measurements of the 
freezing potentiale wexe carr ied  out   in  a glase 
cylindrical c e l l  of 21 m inner diameter and 
50 nrm high: The eample wam cooled Prom the 
c e l l  bottom  through a s ta in lees   s tee l  plate 
eerving  eimultaneously as one of the 
electrodes. The other  electrode - a platinum 
wire i n  a shape of a he l ix  we8 placed i n  the 
s o ~ u t l o n  above tha flample surface. An 9UtectlC 
mixtuxe o f  NaOl and anow waB w e d  for  cooling. 
The solution for saturat ion o f  the samplee waB 
'Cl Of 10-3 mol/l concentration. 
The potential   difference between  electrode^ 
WEN d e t e m n e d  with the a i d  of an electrometric 
amplifier with i n   u t   r e s i s t ance  o f  lOI4 obms. 
meezin potentta! readins were taken re la t ive  
t o  the f o p  electrode. Each experiment was 
repeated  a t   least  three times a d  the  deviation8 
from the mean value aid not  exceed 20 %. 
on Fig.1 ( e w e  1) an. example ie gloen of the 
records o f  potent iah   resu l t ing  durfng f r e e z i n g  

quartz s a d  o f  0.5 * 0.25 ~ r m  and 0.25 - 0.16 
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of the  solution being investigated i n  the 
abaence of a disperse phase. It l e  aeen Aom 
the drawing that  the initial ice   cryetal l izat ion 
moment is noted by ehsrp jumpy potential  change. 

Pig. 1 
with time? L ) fox a 

es In Preezi %ootentiala 

KC1 oolution (1)  and quarts Rand 
of 0.5 - 0.25 m 9ractlon_j2). 
Solution  concentration 10 mo2/1; 

pH e 6.0,  

Smooth potential   increase is  observed after 
minutes followed by i t a  reduction. 
th i s  until the m a x i m u m  i e  reached d t e r  2 - 3 
Nature of the  potential  change Prhown is  
typical Cor the expsrirnenta carried  out  with 
the use of  cooling  substrate (Grorra, 1967). 
As i n  the  clasaic work (Workman, Reynolds, 
19501, the value \P,WSS determined from a 

potential. and the value corresponding t o  the 
difference between the maximum value o f  the 

c rys ta l l iza t ion ,   The ,  one of  the  basic 
condition f o r  t e d n a t i o n  of the ioe 

appearance signs o f  tREl p o t e n t i d e   i n  a 

of  a maximum on the c m e  o f  the freezing 
fxeezing system m a y  be conaidered  the preflenoe 

potential   relation  with time. In the case o f  

the  recorded T o t e n t i d  o r  i ts  constant 
absence of e i ther  monotonous chenge in 
magnitude during the  whole experiment perlod 
i a  observed after the i n i t i a l  jump (big.1, 
curve 2). 
On Fig. 2 (curve 1 ) are  given  the  xeeulte o f  
WR potent ia l  measuremente depending on the 
particle s i z e  of S i 0 2  powders. It La men 
that  i n  a given  system a p p e a  only  with 
particle  sizes  exceedi IF-3 m. Fox the 
powders with  particle B ze equal  to or Zeee 

not observed. It can be noted  that  the 
than low3 m appearance of ViFt pOt9ntide W a S  

#epoaltB are  included  within  this  range. 
a r t i c l e s  which form majority of the 1 0 0 1 ~ 1  

Y 

-Kd 

I I 

5 4  3 2  I 0 d,mm 
- " " I  

concentration o f  KCI 10-3 mol/l; 
pH = 6.0 

For explanstion of  the  reaulta  obtained we 
w g e s t  that  the  discovered c w s e  o f  9 
dependence on the e ize  o f  Si02  par t ic le  " 

oi ice  cr s t a l l i s a t i o n  i n  the powder  Bystem 
dimensions l e  oonnected  with  the  pecullaxitiee 

pores. fn etuaying the crystal l faat ion 
process i n  8 micro sca le  i t  may be aesumsd 
that  wafer freezing i n  the  pore apace8 begina 
with  formation of  i c e  branahes o r  pel l ic lee  
that grow over th# mineral particle  eurfaee i n  
the  direction of unfxosen zone. Causes 09 
the advanced i ce  growth i n   t h e  shape of 
brancbee (pel l ic lee)  may be conditioned by the 
following elrcumetancest 
(I) It i s  well known that  surface 05 the 

pexticlee ahow8 defini te   act ivi ty  
relative  to  formation of  ice   nuclei  that 
faci l i ta tes   the  crystal l izat ion  procesa 
that follows. 

(11) Part ic les  of  the  earth  mineral  skeleton 
posaess higher value6 of thermal 
conductivity i n  cornpariaon with i ce .  
Therefore  temperature fall within  their  
body and over the auxface I s  faster   than 
within  tbe pore solution. 

(In) Due t o  th ia  difference i n  thermal 
conauctivit  the  particlee promote more 
effective  &traction of heat liberated 
during  ioe  cryataPlization. 

. (  

Then, i f  the  length of i c e  brancbee (pe l l ic les )  
Sa smal.Ler than the  effective pore size   the 
cryetal l izat ton  f ront  surface will y e t a h   fa 
&rected txavel   ( in  our  c a m  - from the bottom - upwwda). The posoibi l i ty  o f  WR potentla*ls 

pore size ox of the  relative  contente of the appearance i a  retained. With increase of the 
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l i q u i d  phaBe, t he   pa r t i c l e  walls introduce 
l ess  disturbance  into p l a n a r  d i s t r ibu t ion   of  
t he   c rys t a l l i za t ion   f ron t  which r e s u l t s ,  i n  
conformity  with  the well-known conceptions 
(Werer ,  19721, to growth of' vm. -om t h i o  
Point of view may a l a o  be explained  high values 
of freezing  poQentialEt dieoovered f o r  the  
d i lu t ed  alayeg suspensions  (Korkina, 1965). 
A s i t u a t i o n  arises wi th   reduct ion   in   the  
p a r t i c l e   s i z e  when the  pore surface is covered 
completely  with  ice  pellicle.  Unidimensional 
character  of t h e   e ~ y s t a l l i z a t i o n  auriace 
t r a v e l  i s  rep laced   in  a given  case by multi- 
dimensional,  directed from the  w d l 8  towards 

WR po ten t i a l e ,  even if poaeible, must be 
the  pore  centre.  Therefore  the origin of 

r eg i s t e red  by the  electrodeta  separated by a 
loca l ized   wi th in   the  pore limits and cannot be 

l a rge   d i s tance .  It follows born here   tha t  
with meJ.1 pore  dimensions  the hopes of 
detexmining '4 m a y  be  connected  with  the 
powders whose p k c l e s  have lower thermal 
conductivity  than  water. 
S tudies   o f   the   f ieea lng   po ten t ia l s   car r ied  out 
with  polystyrene posdem have confirnod  ths 
correctness  of  t h i s  aasumption. Aa seen from 
Fig.2 (cumre 2) 'pm r e l a t i o n  does not change 
sharply  over   the whole range of t h e   p m t i c l e  
dimensions  tested, which confirms  constant iee  
crys ta l l i   ea t ion   condi t ions .   S ta r t ing  from 
the known conceptions, the lower 'p values 
i n  comperiaon  with Si02 samples m a g  be 
exp ldnsd  by lower f reez ing  rate o f  the powders 
composed of  particles  with  themnoinsulating 
proper t ies .  For polystyrene  par t ic lee  l e ~ s  
than IOe3 m v m  value8 are 0.2-0.25 V. 
Thus, invest igat ions  Carr ied  out   indicate   c lose 
conneation between WR p o t e n t i a l e   i n  dieperee 
aystema with morphology changes i n   t h e  i o e  - 
s o l u t i o n   p a r t i t i o n  surface. Such a 
connection was also  a tudied a8 a c a s e  of v m  
reduct ion and d i m  pearance  for  the  Freezing 
aqueous solutions  ?JindaL,  Til ler,   1972).  A t  

of c r y s t a l l i z i n g  surface f o r  the  aoZutionB is 
the  aame .time, i f  the  change i n   t h e  morphology 

cauaed  by appearance o f  cons t i t u t iona l  
supercooling, then  the basic inf luence in the 
f2eazing diaperee nyetem I s  due to   the  
preaence of mine ra l   p tmlo le s  and the  
diffexenoe in t hem-phys ica l   cha rac t e r i s t i c s  
of the heterogenous medium components. It 
can  be  noted  that i n  a numberbf works the  
not ions of const i tut ional   superaool ing were 
w e d   i n  conformity  with  the  description  of  the 
i c e   c r y s t a l l i z a t i o n   p r o c e s s   i n   t h e  porous 
spaces of earth  (Hallet ,   1978; Kay, Groenevelt, 
1983). But i n   t h e   c a s e  of  d i lu t ea   so lu t ions  
sl ight  superoooling cannot l e a d   t o  a p ic tu re  
discussed by theee authom. 
For the   na tu ra l  d i s  erse   objectB  there  i s  also 
a number of: circumeeances  that  reduce  the 

18 well known tha t  maximum value8 of the  
occurence  probabili ty of WR po ten t i a l s .  It 

solutions  f 'reezing  potentiale  correspond t o  
concentrations of lod5 - lom4 mol/l .  With 
concentration  increase reduce r ap id ly  
and a t  salt content o f  lO"p1Rmol/l and higher 
a re   p rwt ica l lg   no t   observed  (Lodge, Baker 
and P ier ra rd ,  1956). The l iquid phase i n  
t h e   s o i l s  a d  e m t h  a l s o  Tepreeents a so lu t ion  

with  different  chemi C a l  
average  oontent f o r  permafroet may be  taken aa 
equal. t o  - 5-10a2  moll1  recalculated for 
unfrozen earth  conditions (Anlairnova, 1981). 
It fol lows  that   f reezing o f  rocks  containing 
a given quant i ty  of  s a l t s   canno t   cawe  

ice   formation i n  the  pores i#%ccompanied by 
appearance of not iceable  \p In  addi t ion,  

phase  dfstributed as t h i n   p e l l i c l e s  o f  
an i n c r e a e e   i n  s a l t  concentrations i n  a l i q u i d  

unfrozen  solution. Such p e l l i c l e s  m a y  be 
considered as electr ical   conductors   that  shunt 
the  transition  space  between  unfrozen and 
frozen rocks.  Possessing compaxatively low 
eXectrica1  reaistance  they promote fast   charge 
r e d i s t r i b u t i o n  i n  a c r  staY.lizing  syatem  which 
d S Q  reducee the  prob&lfty  of lowR i n f t i a t i o n .  

components. Their 

Thus, the   inves t iga t ions   car r ied  o u t  show t h a t  
WR po ten t ids   i n   t he   f r eez ing   na tu ra l   d i spe r se  
media occur,  apparently, only in exceptional 

There i s  no sense i n  expounding i n  t h i ~  work 
cases  

all the diveref t ies   o f  phenomenae ab le   to   l ead  
t o  a jump of po ten t i a l s  between unfrozen and 
frozen grounds. & one of the  causes  that  
have the  most common charaoter  i s  given an 
inequal i ty  i n  the  Etolution  concentrations  in 
unfrozen and frozen p a r t s  of the sample able  
t o  cauae  appearance  of a diffusion po ten t i a l  
(Lagov, 1978). Since  each  particle o f  the 
minerd   ske le ton  and i c e  is surrounded by a 
double   e lectr ical   layer ,  a r e l a t i o n  of  the ion  
concentrations  that  p08BeB8 the same o r  
o pos i t e  charge B i g n  r e l a t i v e  t o  t he   pa r t i c l e  
cgarge may be reviewed in add i t ion   t o   t h i s .  
As is  well-known, inequal i ty   in   concent ra t ions  
of  ions  o f  one type in adjacent  phasee 
a t ipu la t ee  coming in to   ex is tence  of Donnan'e 
po ten t i a l  \pd r 

where a+, a+; ad, a- a s e   i o n   a c t i v i t y   i n  
phaaea 1 a d  2. 
X t  follows from qual i ta t ive   repreaenta t ione  
f o r  Y d  (Fridr ichsberg,  1984) t h a t   i n   t h e  

pecul ia r  t o  t h e   p a r t i c l e s  of s o i l a ,   e a r t h  and 
cond i t iom o f  a negative  surface  charge, 

frozen  rocks must be  charged  negatively 
also i c e  (Romanov, Hechaev m d  Zvonarwa,  1976) 

r e l a t i v e l y   t o   t h e  unfroew onee. Given 
re la t ionehip  o f  the  charge signa agrees  well 
with the r e s u l t s  o f  the  experimental and f i e l d  
inves t lga t ions   o f   e lec t r ica l   po ten t ia la  
(Borovitsky,  1969; Yaxkin,  1973; Lagov, 1978). 
More complicated is  a qual i ta t ive  evaluat ion 
of an in te rphase   po ten t ia l  jump. Thus, 
appl ica t ion  of \p representa t ions   requi rea  
kriowle e of 'the  axchange volume (quant i ty  of 
aasorbe t ions)  which i s  yet  an insoluble  
problem for  permafrost. But by making 
def in i te   wsumpt ions ,vdue  of vPd on the 
boundar  between unfxozen and frozen rocks 
must no$ exceed 0.15 - 0.2 V, It i s  
important t o  note  bare  t ha t  '4 a does not 
depend much on whether  the  interphase  boundary 

The la t te r   condi t ion   a l lowa an assumption t o  
t rave la  or is i n  a s tab le   ba lanced   s ta te ,  

be mede that  presence of a po ten t i a l  jump 

1 2 1 2  
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migration towards the  f reea ing  f ron t .  
cannot be viewed as a cause o f  moieture 

Otherwise  moisture  transfer  to  the  interphase 
boundary  had t o  be recorded i n  the  conditione 
of i t s  s table  e t a t e .  

po ten t ia l s   the  work by fParamemaran, Ma&, 
O f  t he   ex i s t ing   i nves t i  a t i ons  of Freezin 

1983) merits a t fan t ion ,   the   reeul ta  of whiah 
can be  explained  at first s ight   only on the 
basis o f  representat ions on WR potent ia l s .  
I n  t h i s  work: potential   values  discovered f o r  

s tudying  this  da t a  i t  should be remembered 
the  fxeezing ea r th  reached 1 V and over .   In  

that measurement of the e l e c t r i c a l   p o t e n t i a l s  
(na tura l  o r  induced) In perrnafroet and 
ffeezing  rooks demand spec ia l   spec i f ica t ions  
for  measuring equipment and electrode 
construction. It I s  important that the  
instrument  input  reefstance was not below IO8- 
- 109 o b s  a d ,  generally  exceeded m a n y  times 
the  electrode  contact resistance. Non- 

r eg i s t r a t ion   o f   o t en t i a l s   t ha t  dif fer  from 
obeemranee o f  t h i s  condition m a y  lead to  

the   t rue   va lues  1, an order  or more. Authora 
of the work &mussed do not  give 
spec i f i ca t ions  of t he  equipment used, but 
fndica te   the   neceea i ty  of  i t a  improvement. 

potent ia l   oaluea  are  a r e s u l t  of methodical 
Therefore i t  m a y  be conjectured that anomalous 

emorm duxing meamrements. 

CONCLUSIONS 

Reeulte of the   invea t iga t ione   cs r r ied   ou t  
demonaCrate an e r r o r   i n   e x i s t i n g   n o t i o n s  on a 

na tura l   d i sperse   depos i t s  and the  Workman - connection  between  the freezing po ten t i a l s  o f  

Reynolds (m) po ten t i a l s  that OCCUT during 
f reez ing  of U lu ted   eo lu t ions .  Cause o f  WR 
potent ia le   absence   in   the   f reez ing   ear th  is 
explained by the  aomplicated nature of t he  i ce  
c x y e t d l i z a t i o n  rocesa in t h e  dieperss system 
pores.   PossIbi P ity is shown of employing 
nokion8 on membrane equi l ibr ium  potent ia ls  
(Donna's potent ia l@)  f o r  explaining the 
nature  of  an e l e c t r i c a l  jump on the  boundary 
between unfrozen and f rosen  xocke. llzl 
assumptjlon is  made t ha t  anomally  high  values 
of Freezing  potentiale  (over 0.15-0.2 V) 
o b t d n e d   i n  a number o f  works m a g  be connected' 
with  methodical errors o f  measurements. Thia 
circumatance must be taken  into  account   in  the 
following  experimental and f i e l d  inveet igat ione 
connected  with measurements o f   e l e c t r i c d  
potent ia ls   In   permafrost  and freezing  deposits.  
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PHYSICO-CHEMICAL NATURE OF CONGELATION STRENGTH 
B.A. Savelievl, V.V. Razumov and V.E. Gagarin 

Ilesearch Institute of Engineering Site Investigations, Moscow, USSR 

SYNOPSIS Probleme of congelation are of prime importance in an engineering practice. In 
some caaea it is neceseary to increaee the congelation strength or to decrease it in the other 
onee. To soundly and rationally control a congelation process one  should  evaluate  the  effect of 
different factore on formation of the congelation strength. In the  present  paper complex labora- 
tory analyses of the congelation strength of ice which crystallieee from dietilled or sea wafer 
and  salt oolutiona at the aurface of frozen ground or building materiale are examined. 

The present knowledge on the nature of the con? 
gelation strength of frozen ground or ice with 
different materialo relies on model proposed 
by  B.A.Saveliev. In aooord with the model at 
the boundary of congealing bodiee there deve- 
lopes a multilayer system consisting of mate- 
rial o f  a baae, a strongly bound layer of 
water, diffusion envelope, floating superfi- 
cial layer of ice,  contact layer of ice and 
volumetric phaae of ice. The congelation 
strength is governed by a particular kind of 
a structural bond due to a variety of intex- 
mediate layera. The modal of a multilayer sys- 
tem enablesl to soundly datemnine under which 
conditions adheeive bonds will be stronger 
than cohesive strength of ice and under which 
thermodynamic conditione they will be  weaker. 
A main factor governing congelation ie  ioe 
crystals which are formed near the congelation 
zone. Ice formed  on different eolid bodiea 
differs iq  ita  texture. Occurrence of mineral 
aalta in water cryatallizing near the surface 
of a solid  body affeote in a certain way the 
texture of the contaot ice a8 well. 
With a view to bringing to light  the nature of 
the congelation strength we have carried out 
complex laboratory analysee of ice crystalli- 
zing from distilled water or univalent biva- 
lent  and trivalent salt solutions at the ~ u r -  
face of frozen ground concrete or metal and 
field  study of contact ice which is formed of 

a result o f  the studies the following has been 
sea water at the surface of oooling pipea. As 

establiehed. 
The texture of contact ice due to a crystallo- 
chemical composition o f  the base d i f f a r e  from 
that of volumetric ice. Structural characte- 
ristics of contact  ice  produced of distilled 
water on bases  from different materials 8r8 
shown in Table 1. It i s  E(Bf3n from Table 1 that 
sizes of contact  ice cxyetels developing on 

I the freezing point. On matexiale differing in 
! identical bases decreaae with depreasion of 

their physioo-chemical properties the aryetal 
1' s izes  change differently depending on the  tem- ,'I perature of the base its heat conduction end 

- 9  concentration of the active centers of c r y s -  

tallization along it, the number of the active 
centsra per unit m$se apparently being a msjor 
governing factor o f  forming the contact ice on 
montmorillonite whereas temperature and  heat 
oonducfion being of determining importance for 
ofhsr materials. 

Table 1 
Stxuotural, Characteristics o f  Contact 
Ice Produced of Dimtilled Water on 
the Bases from Different Material8 

Mate- 
rial of 
the 
base 

" . - . . . -. 

-IO 0.00601 72.06 0.0832 1.87 
-20 0.0031 1 100.32 0.05989 1 98 

-10 0.00137 149.82 0.0398 1.65 
0*00103 175.72 0.03439  1.93 orillo- -.o 

b:ii- -10 0.01702  42,83 0.1401 1.69 

-10 ~.00510 78.44 0.0767 1.87 
-20 0.00391 89.47 0.06713 1.93 

-1 0 0.02824 33.22 0.1804 1 50 
-20 , 0,00561 74.70 0.08047 1 93 

Metal -10 0.00812  61.77 0.0970 1-81 
-20 0.00403 87.85  0,06815 1.90 

Occurrence o f  salts in a cryatallizing solu- 
tion leads to formation o f  the  contact  ice of 
tl finer texture than under foxmation of i ce  
of distilled water. Ice which is produced o f  
salt solutions et the surface of montmorillo- 
nite is an exception which confirms an sssump- 



tion that the ice texture on  it ie formed 
under an aotion of the active centers of its 
surfs c e . 
face of one and the m m e  baee  depend on the 
Sizes of the contact ice crystals-at the sur- 

valency of salt cationa of an initial eolution. 
A t  a freezing point, T a - iO°C at the surface 
of metal concrete and loem or at a freezing 
point, T = -2OOC at the eurface of aand an 
averaged volume of the ice clystala (Va) in- 
CXeaS88 in the following series: 

cation'+ < cation+ < cation2+ 
At the surface of aand  and montmarillonite at 
a freezing point, !I! = -lO°C,  and  et the BUF- 
face o f  metal concrete and loam at a freezing 
point, T s -20°C, with an increase in the 
oations'  valency of an initial solution an 
averaged volume of the crystals (V,) decreases. 
Wansition from contact  ice  to volumetric one 
is followed by an increase in the number of 
captured mineral e a l f s  which is verified by 
field  experimente. 
Ice o f  a peculiar texture formed at the Bur- 
faces of aolid bodieo has been obtained by us 
in the proaeae of full-scale experiments on 
volumetric freezing of m a  water maw. The 
main point o f  the experiments hae consisted in 
producing the artificial ice maseives of m a  
water uaing eourcea of  cold (coolin pipes) 
placed inaide water mam. Coolant fkerosene, 

removal from the front of freezing the ice has 
cold free a i r )  to eneuxe a continuous heat 

ciroulated along the pipes. In the given oaae 
formation of cryatale oocurs under conditione 
of an open thermodynamic aystem,  that ie, in 
a general case procesaes of mass transfer 
accompanying the crystallization follow wfth- 
out  difficulty. 
It gives a possibility f o r  free growth of a 
polycrystal ice containing a low amount of 
admixtures. 
Ice which  iB formed at the surface o f  the 
cooling pipes its clearly  differentiated into 
two aoneg. A first zone formed at a great  heat 
loss rate has been poor in salts (the salinity 
of an initial solution being 33$013alt content 
of ice hea ranged between 0.5-2.w. The i ce  
of this zone has been oompoaed of fine (up to 
3 mm in diameter) randomly oriented  cryatale. 
A second  zone has been formed at  a lesser rate 
of ice formation. The ealinity of this layer 
has gradually increased towards a periphery 
reaching %.A growth o f  large c r y a t a l  aggre- 
gates which radially branch off o f  the pipe 
and coneiat of polelike ice pletea between 
which there are salt or gaseoue incluaions la 
characteristic of the ice of the zone. The 
crystal orientation i s  beltwise. Theae crye- 
tals include admixtures in the form of  cepil- 
lary tubes or cells oriented in a certain way. 
Thus, f o r  conditione of volumetric freezing 
the admixture content of ice is not  only a 
function of its growth rate but of the crys- 
tals s i z e  and orientation as well and the more 
is the cxyatal the more admixtures it  includes, 
Moreover, a beltwise orientation o f  the crys- 
tals which branch off radially end their pre- 
dominant growth along basal planes produce 
favourable conditions for inclusion of admix- 
turee inside the crysteal. itself into intra- 
basal BQaces. 

Changea in the texture and compoBition of the 
contact i c e  affect the strength of ice con- 
gelation with different materiala. be a reault 
of the tests .perfomed (congelation teats of 
frozen ground metal or concrete with ice) a 
highly complex nature of the strength of their 
congelation hae been brought to light.  It is 
eeem from Table I1 that shearing congelation 
atrength is due to the following types of 

along .frozen ground) ; adhesive ahear ?along 
straine; namely, cohesive shear (alon ice, 

ice-baee interface) and adhesive-cohesive 
shear (along ice and along interface; along 
froaen ground and along interface; along 
froran ground, along ice and along interface). 
In c a m  of congelation o f  a particular base 
and ice produced of distilled water the  tem- 

gelation strength which LB due to gradual 
perature fall caumes an increase in the con- 

froat injury of a dift'usive  layer. Simulta- 
neourrZy an area of coheaive ehear along the 
contact ice increaaea. Occurrence of salts in 
an initial solution complicates a multilayer 
congelation bond. In certain c a m s  ae  the fem- 
perafure falls the congelation strength in- 
oreaeea since the brine from the diffusive 
layer is eightar absorbed by the base  or pre- 

deareases due to the fact  that the brine acts 
cipitatee a 8  aolidm, in the other ones it 

as 8 lubricant. Ifloreover when the contact i c e  
o f  a finer texture i s  produced of salt  solu- 
tions there oan also OCCUP a sharp change in 
cohesive strength along ice ae the congeletion 
temperature falls since aa a result o f  thia 
the ice loeea ita strength due to a larger 
ealt concentration in it. 
More detailed examination of Table I1 enablea 
to draw a conclusion that congelation forces 
of the multilayer syatem elements exhibit a 
specific character depending on quality and 
salt content of a oryatallizing fluid which 
determines in the long m the surfaces along 
which main strains will OOCUT. 

Table I1 
Ma itude of Inatantaneous Strength 
( '?!inst.) Along the Surface of Con- 
gelation Between Ice and Frozen Ground 
or Cooled Bases of Metal or Concrete 

Conge- Conge- Cryetal 
lation lation area 

surface 

I I I 

1 2 3 4 1 5 
Contact ice layer o f  distilled water 

-10 1.26 72.06 along loam 
Loam -20 1.33 100.32 along loam 

IVIon t - -10 1.77 149.82 66% along  ice, 
morillo- 2% along clay, 
nit e 32% along in- 

terface 
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Table II cont. 

1 2 3 4 5 

lont- 
morillo- 
n i t e  -20 1.79 174.72 71,7% along 

ice-ground  in- 
terface, 
28.31 along 
ice 

i c e  interface 

ice interface 

-10 1113 61.77 along metal- 

420 0.98 87.85 along metal- 

-10 1.01 33.22 95% along oon- 

Metal 

arete-ice in- 

5% along ice 

concrete-ice 
interface, 
1.5% along ice 

Concrete terface, 

-20 0.97 74.70 98* 5% along 

-1 0 
Loam -20 

-1 0 
Yont- 
morillo- 
nite -20 

-1 0 

-20 
Metal 

0.85 107.90 along loam 
1.40 96.04 72% along ice, 

28% along loam 
1.51 57.41 74% along ice, 

26% along in- 
terface 

31% along in- 
t erf ace 

over metal 

faae 

1.44  115.49 69% a l o w  i c e ,  

I 89.60 Liquid pherJe 

0,08 155.87 along  inter- 

-IO 0185 45.44 2-37 along ice, 
the rest along 

-20 1.02 77.02 38% along ioe, 
Concrete interface 

62% along in- 
terface 

Contact ice layer of pore eolution 
containing ndaS0, 

-1 0 
Mont- 
morillo- 
nite 

-20 

2.11 

1.78 

97.14 

09.24 

16% along clay, 
31% along ice, 
53% along in- 
terfaC8 
87 along clay, 
29% along ice, 

1 2 3 4 5 

63% along inter-  
-IO 1.13 78.10 fa% along in- 

-20 1.25 171.20 36% along ice, 
Metal terface 

64% along in- 
t erf ace 

Concrete terface 
-10 1.08 34.98 100% along in- 

-20 1.44 84.51 51% along ice, 
49% along 
interface 

Contaot ice layer of pore solution 
containinn FeC13 
-10 1.79 SSi85 92% along ice, 

Send a% along inter- 

-20 1.54 141.45 
face 

13% along inter- 
. ~ 87% along  ice, 

face 
-10 1.47 121.20 50% along loam, 
-20 1.12 152.07 69% along Loam, 

-10 2.03 125.42 23% along olay, 

Loam 10% along ice 

31% along ice 

Mont- 43% along ice, 
morillo- 34% along inter- 
nite 

-20 2.05 126.01 2% along clay, 
face 

23% along ice, 
75% along inter- 
f a c e  

-10 Oe02 156.21 liquid phase 
Metal above metal 

above metal 

above concrete 

above concrete 

-20 0.04 217*91 liquid phatse 

-10 0.27 64.14 liquid  phase 

-20 0.60 104.97 liquid  phase 
Concrete 

Thus, structural and crystallographic analysis 

Lysis of the shear surfaces enable to determine 
of the contact  ice layer and morphometric ana- 

a degree o f  the action o f  different factora 
upon the congelation strength. 
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HYDROGEOCHEMISTRY OF KRYOLITHOZONE OF SIBERIAN PLATFORM 
S.L. Schwartsev, LA. Zuev  and M.B. Bukaty 

Potitechnical Institute, Tomsk,  USSR 

SYNOP~SIS The ~ t u d s  of eochemical phenomena in the ennafrost d i s t r i c t s  has a 
considerable Bcientific and practfcal. significance. Undergrroung w~ters are the most Fnterest jng 
in  this aspect. Different geochemical processes are tied with  water as the most mobile and 
chemically active agent. Together w i t h  this  in the conditions o f  kryolifhozons water itself 
suffers deep structural and property transformatione under the influence of low tampratures 
and phase Fnversions 'lwater-icefl. In this report; the hydrogeochemical features of the S i b e r i a  
Platfom conaitioned by permafrost and the 8evexe modern climate  are considered. 

INTRODUCTION 

The Siberian Platform distinquishes among $he 
ather platform regions of the world by a 
range of peculiari t ies.  One of them is t h e  
exfstance o f  kryolithozone unique both fox  
its thickness and spreading area. As a 
result of various hydrogeological investigat- 
ions connected with the ore and petroleum 
deposit search, decision of t h e  problems of 
water supply and s i tes ,  mineral deposit 
exploitations and other problems o f  natural- 
economic mastering of tnia huge t e r r i to ry  it 
is more and more obvious that 0.5-1.5 mill ion 
years of the kryolithozone existanoe and 
evolution essent ia l ly  defined the modern 
geoohenistry of undergPound waters o f  
hypergenesis zone and to a oertain de@@ 
influenced on all studied waters of the  m a n y -  
kilometred rse-entary cover and even on the 
foundation. A t  the same time the  theoretical 
questions of the formation of h y d X Q g # O c h W i C d  
zonation, the water migration of chemical. 
elements, the  pbyaico-chemical interaction o f  
underground waters with rocks and alive 
substance in the districts of wide spreading 
of permafrost rocks have been s';ill very 
l i t t l e .  

I 
STKUCTW&L C;.' KHYGLITHOZUNE 

?ne most iupor tan t  2 e c u l i a x i t i e s  o f  the 
modern kryolithozone spreading an2 structjure 
are shown i n  Fig. 1. r-actically the whole 
northern and ceutral part of the Siberian 
i'latforn is occupied by the f i e l d  of m a i a y  
COntinUQUS spreadU*,g o f  the permafrost rocks. 
In  irestern Yakutia! on the slopes o f  the 
-bar inteclise, Ln the south of the 2lateau 
rfutoxwLa and near the coas%s of  the Arctic 
Ocean they axe underlied by the pov~erful 
thickness of the coll; rccks containir,g 
;,ryohaLine v;afers. ,The ,area of interrupted 
s?readj+rq of ,iur.LlafrQst rtic!:~ e x t ~ ~ d s  

along the 8auth-vJsst outlying districts of: 
the 'ilungus Artesian basin anu the south 
districts o f  the Yakut me as a zone o f  100- 
300 km wide. The rest of t h e  platform 
territory fncluciiing the aost past a f  the 
Angaro-Lena Arte6ia.c Basin can be seprded. as 
a diatrict o f  the  i s land,  sometimes rare- 
is land permafrost dcrahpment * 

The thickness of t h e  pemafros t  rocks 
increases from the north-east and Teaches 
700900 m under the  highest parts o f  the 
Ilataau Putorma and the Anabar Crystal 
Shield. iulaximm thfclcness 3f the cold rocks 
($0  lo00 m) in its upper par t  with a partial 
ice-educing and with full saturation by 
kqyohaline waters in its lower part i s  fixed 
i n  the west o f  the Y&ut Basin in the 
district of the  r i v e r  IJIarha. illinnimum rock 
temperatures in the zone o f  absence their  
season fluctuations a r e  (-7; +( -11) and in the 
upper p a r t  of the season thaw zone they f a l l  
t o  (-20) +(,YU) OC in  winter The clear  
straighli dependance of the thickness of the 
permafrost rocks on the absolute relief marks 
is obsemed i n  the a r e a  of the Plateau 
Putorana. To the south and east  of the 
region an oceaa type of a l t i t d ina l  zonation 
i s  replaced with the continental. one which 
has the widest develoaent in the Central 
and Western Yakutia. 

Northward of the ?lateau .ilutoraaa and the 
r iver  V i l u y - i  valley the continuous c o w l *  af 
the frozen rQCk.5 is very aaldom braken by 
the through thaw zones under the largest 
wafer r e se rvo i r s  and couxses. Southward of 
these d i s t r i c t s  there axe rather many sprint.s 
of unaergxounii waters whose highher 
mineralization (very often i t  i s  o f  brine one) 
and specific congosition sny about 
undeqemafrost feeding. 
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Fig.1 Schematic Geokryologic Sections of the Siberian Platform 

1 - plicated Sy6tem1 2 - platforn depositions and age boundaries, 3 - f o o t  of 
peramfrost rocks, 4 - f o o t  of kryol i thozone,  5 - permafrost r o c k s ,  6 - kryohaline 
waters and frost rocks,  7 - boundary of pZatform 

The rising unloading o f  underground watera rtln 
through the powerful thickness o f  *he 
permafrost rocks especially hlxnaivelg 
appears in the Tungus  Basin. contrast to 
the other districts of the Siberian Platform 
where nor discending tectonic movements 
dominate and the d i s t r a c t i o n  o f  the permafrost 
f o o t  is observed, for t h i s  territory, as a 
result of neotectonic rising and erosion o f  
the upper p a r t s  o f  geological aection, 
inculcation of per~naf ros t  f o r  new deepes 
ZithoSogo-strat i r ,xa~hic  icveh is t y p i c a l .  
AS a resu i t  o f  such geokryologic situation i s ,  
from m e  side, overhydrostatic character of 
the pressure of the underpermafrost waters 
and, f rom the u tiler s ide ,  t h e i r   i n t e n s i v e  
rising u l o a d i n g .  The xwst favourablc spots 
f o r  the  r c a l i z a t i o r l  o f  t h i s  r i s i n g  udoacling 

axe the numerous zones o f  intrusive and 
tectonic deformations o f  considerably 
lithificuted sedimentory cover laaiXlly i n  
u e p t i v e  the  least frozen l a d f o r m s .  In t h i s  
connection the presence of the through thaw 
zones under the  lake a i d  river valleys is c o t  
only the condi t ion  f o r  the risixig u l o a d i n g  
realization in kryolithozane, but; %he 
consequence of kryohyrlrodynluuic r e g h e  of 
e n t r a i l s  and endotherraic influence 0% the 
underpamafrost waters O P ~  the pema1ros t  rocks 
i n  the unloading hearths. The c a r r o w  thaw 
zones of mainly continuous permafrost 
spreading Fu the west of the Siber ian  P l a t f o m  

cui nark the  concentration of the thaw zones 
along the periphery o f  the  Plateau A~ltorann 
nnd the  sharp decrease of theu iu its inner  

are him17 streciled. - to 160 k~ and mor@. L%le 
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districts where the water-proof basalt cover6 
are developed everywhere and *he thickness o f  
the permafrost; rocks i s  t h e  most powerf%2. 

The main features of hycirogeochemical zonation 
of the upper ~nderperJM.frOEJt horizons of %he 
Siberian  Platform w e  shown in Pig. 2. The 

Fig.2 Sqherne of Hydrogeochemical Zonation of 
the  Upper Part of Underpermafrost Horizons 
and chlorlde-JlycCCocarbonate calclum-soUlw 
and sodium cornposition, 2 - fresh and sal-@ 
waters, sometimes brines of hydrocarbonate- 
sulfate and sulfate  calcium and hydrocarbon- 
ate-chloride and chloride sodium composition, 
3 - saline waters and brines of  chloride, 
sametines sulfate-chloride calcium-sodium 
and sodium-calciun  composition, 4 - br ines  

mapesiwn and calcium composition. Youth 
of chloride mzgnesiw-calcium, calcium- 

boundaries : 5 - broken and 6 - mainly 
continuous  spreading of permafrost rooks 

geochenical peculiarities of the underperma- 
f r o s t  m t e r s  arc mainly conditioned by such 
causes as the composition o f  t h e   i n i t i a l  
waters buried during sedimentogenesis, the 
ictensi-ty o f  water exchange Urec t ly  depended 
upon the geokryologicnl conditions, the rising 
migration of widerground waters out of the 
deeper horizons. To less degree the 
f;eochemLcnl poculinri$ies of the underperma- 
f r o s t  waeess axe depended on 'the lithology of 

water-bearing rocks. 

Wide spreading a f  the saline and brine waters 
bejng d i rec t ly  under the f o o t  o f  permdrost 
i s  very typicral for the S iber ian  Platform. 
This fact i s  considered by some investigators 
a8 a result of the kryogene metharaorphism of 
underground waters in the  course of t he i r  
many-yeaxed freezing. It has been confirmed 
by the experimental and individual natural  
obaervations. A t  the same time the absence 
o f  the straight connection between the  frozen 
zone thickness and the  concentration degree 
of the underpermafrost waters does not permit 
t o  exaggerate the importance o f  this factor. 
For example, on t h e  vast  areas of the Tungus 
Basin where the thickness of  permafrost I s  
n o t  the most powerful, the s a l i n i t y  of  the 
underpermafrost waters i e  especially grea t .  
Moreover, i-t: is known tha t  the  greatest 
mineralization  (up t o  the high-concentrated 
chloride calcium brines) is  observed not in 
the north deeply frozened d i s t r i c t s  of the 
basin and not in the periphery  terrigenous- 
carbonate and saliferous ones, but i n  the 
centxal districts Pomed with the coal and 
VoIcanogenic-seditnentory deposits. Such a 
situation can be well explaned by the rising 
unloading out of deep horizons of the 
sed-entory  cover. This unloading is one of 
the most typical features  o f  m e  Siberian 
Platform and it shovrs i t s e l f  the most 
intensively in favourable geologo-tectonical 
conditions o f  the Tungus Syneclise. The 
developmect of the kryogene screne favoured 
the  sbgle-directed (rising) f l u i d  nipation 
at the expense o f  increasing of energy of the 
~ i t i a l  hydros ta t ic  system and simultaneouely 
secured the effective isolation o f  the 
ont ra i l s  from r a i n f a l l  infiltration. 

Fresh and slightly lnineralieated underground 
waters  are mainly  developed: 1) in the west 
and south-west outlying districts of the 
platform kryolithozune where the pexmrffrost 
has a broken structure and a mall thickness 
and the intensi ty  o f  the underground water 
exchange i s  maximum, 2) i n  tho d i s t r i c t  o f  
-the Anabar KTystal :$!assif, 3 )  or the  
t e r r i t o r i e s  of the deep meso-Cenozoic 
depressions f o r  which the presence under the  
f o o t  of frozen rocks of "freahenFngl zone is 
typical. This zone reaches by its t h i c k l ~ ~ s  
a few hundred uetres  below which the 
mineralization of the undergound waters 
sharply increases. The formation of  the 
"freshening" zones can be we13 explaned by 
the  degradation of the permafrcst f o o t  at the  
expense of increasing o f  the endogeneous heat 

territoxy which i s  Fn accordance with the 
influence during neotectocicnl sinking of %he 

belonging o f  such kryolithozone area8 to the  
districts suffering absolute or relative 
bending in the newest epoch. 

In the contrast of the waters l y b g  undcr the 
foot of the permafroat general background 
appearance of the overpermafrost waters i s  
ra ther  common and does not show any contrast 
a l te ra t ions  in the regional  pian. They are 
fresh hydrocarbonate mainly cnlc im waters 
whose insignificant variations of the ionic 
composition are depended generally on the 
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composition of the water-bearing  deposits. 
A t  the 8-8 t h e  both the dinamics and the 
existance o f  the overpermafrost waters are 
wholly influenced on by kryogenesis and this 
also foxms their  geochemical pecul iar i t ios .  
The existaace o f  ehhe frozen ground screen in 
immediate proximity (up t o  0.5 m) t o  the day 
surface prevents f rom the deep penetration of 
the rainfall. the year sum o f  which i s  highly 

t e r r i t i r y  from 400 t o  1700 mu. Under these 
considerable and changes along the region 

loading falls t o  the share of the thin active 
conditions  practically a l l  the inf1ltrar;ion 

layer.  The reaul t s  o f  t h i s  axe: the high 
degree of the washing out of the well- 
dissolved salines, organic compounds and thin- 
dispersed  mineral  substance from the 
overpermafrost part of the section; Lack of 
colour and amell, unique transparency and 
ult rafresh rnineraliza*ion of the overperma- 
frost waters;  the close connection o f  the  
undergxound waters compoaition wieh the 
rainfall composition. 

The rahtfall of the  region i s  acid (pH z 4.8 - 6.4) , non-sulfate , with the low content of 
chlorine (0.8 - 1.4 rng/l), episodical meeting 
of calcium, pract ical ly  absoluke  lack of 
magnesium and total   mineralization 4-8 m&1. 
Nitrates, nitrites, twice and third-valenced 
i ron were not  discovered in *he rainfall. 
sometimes there 1s ammonium in L i t t l e  
quant i t ies  (0.1-0.4 mg/l) and there is a l w a y s  
organic substance (1-6 mg/l) . ICen within 
the first minutes the interaction of m e  
raiafall with the soil-grounds, which mainly 
consist of carbonate, sand-clay and m 
(basic)  rocks, the rough a l k a l i a a t i ~ % ~ %  
p~ = 6.8-7.8, in carbonate districts up t o  
8.2-8.4) , Uneven increasing o f  the total. 
mineral izat ion (up t o  30-60 mg/l) and the deep 
cooling (up t o  4-2 OC> of the s i l t r a t e  
rainfall take place. The iPcreasFng of the 
t o t a l  mineralization and aLkaLinLty mainly 
takes place a% the expense of the dissolution 
out of the oaxbonate minerals and hydrolysis 
of the s i l l c a t e  and aluminoailicate minerale 
together w i t h  the active  participation o f  COz 

containsin in %he atmosphere and forrping in 
soils. fhese processes are t h e  oause of the 
predom-ce of the ions EO-, ca2+, w2+ and 
Na* in the  chemical  composition of th8 
overpermafrost  water8;  the oontence of the 
ions C1-  and SO:- keeps the  l eve l  of the  
atmospheric  conaentrations. 

3 

The tbiclmeas of the seasonal thawbg zone 
which defines, from one side, the  degree of 
the infiltration loading on %he overpemdromk 
par t  o f  the  section and, fsom the other side, 
the nearness of the ground waters t o  t h e  mail- 
vegetable layer is the function of the 
radiaut-climatic condition#. La this 
oonnection the la t i tude and altitude hydrageo- 
chemical  zonatiun consisting in decreasing of 
t h e  total mineralization (from ZOO-3OO t o  
20-30 /1) and the quantity of pH (from 7.5- 
7.8 to?.5-6.8) with simultaneously increasing 
of the o r  anic substances and biophilouo 
elements ?Pia, IC) from the  south districts 

towards the  north one8 and from valleys towards 
the wakershelda is espeaidly typical  f o r  the 
kryolithozone . 
The moat important feature of the hydrogeo- 
chemistry o f  the Siberian Platform is t h e  
hi&-amp1itud.e obange of the mineralization 
and *he composition of the natural waters in 
a year cycle which is in mutual connection 
with the unique scale o f  the kryogene mixlefal 
formation and is closely connected with the 
processes of the season freezing-thawbg, 
underground chemical caxxying out and rising 
unloading of the underpermafroat  watera. 
Regime observation8 on the springs with mixed 
feeding show that during a yeear t h e i r  chemioal 
appearance changes from ultrafresh hydro- 
carbonate calcium in the time of spring f l o o d s  
and freshets t o  saline and salt-brine chloride 
calcium (natrium) in winter tima. Side by 
side with the Beason ohaage o f  the  mixture 
degree of genotypes of different  natural 
waters t h e  most important cause of this 
phenomenon is their straight kryogene 
mei$haaoqhism which reaches even the stage o f  
sedimentation of well-dissolved  salines. 

The quantatiw  calculations based on s t u d y i n g  
of the dimmics and regional chengeability of 
the underground chemical carryhng out a8 well 
as the natural mineralogical  observations 
show that kryogeae mineral  formation i s  highly 
considerable Fn iCs scale ,  various in spectrum 
o f  the second rainexale and regularly 
in tens i f ies  towards the  north as far a8 f rost-  
climatic  si tuation becomea more and more 
severe. So, the pa r t  o f  SO4, that goes i n t o  
the s o l i d  phase in the river N o r i l k a  Basin in 
winter time, reaches 80-120 t/day and 
evaluated in CaSO, 2H20 it reaches 140-210 
t/day. On an average during wwter about 
I 6 of gyps foxms on each square metre, 

The predominance o f  the calcium and magnesium 
carbonate precipitation is typical. f o r  the 
whole region. In the periphery o f  the 'pungus 
Bass especially Sa northern districts i s  
widely developed the sulfa+e precipitation 
including the natrium sulfates. In the spots 
of the out le t s  o f  the saline and salt-brine 
waters the   crystal l izat ion of the h a l i t e  is 
possible. There are unique f inds  such as 
aickebexahydrite - six-aqueous nickel 
sulfate .  The morphology of the kcyogene 
mineral formations is very diverse : from the 
t r i v i a l  veins, thin coatings and crusts t o  
exotic (gyps "roses") accumulations. 

iirith the buginning of snow and f r o s t  zone 
thawing and rain coning the mineral salines 
f o m t e d  during winter Fntensively d i s s o l v e  
in the superfresh and acid rainfalls. One 
park of them i s  included into the biological 
circle,   but  the main quantity i s  taken away 
by thawea and rain s t reas .  It  is quite 
probable that  modern kxyogene saline formatian 
plays n o t  t he   l a s t  r o l e  in such Lush animation 
of the northern vegetation in spring and t o t a l  
real izat ion *hero of  a l l  phenological phases 
during the short vegetative p r i o d .  

Another important side o f  the season 
kryogeneais on tho  Siberian iylat forn i s  tho 
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annual tying of huge moisture mass Fn t h e  

patches whose thawing during the whole warm 
frost zone, underground ices ,  i c ings and mow 

year period secures 8. considerable water 
abundance of the rocks,  ground-soils and a 
lake-river system even during dry periods. 

The cQmp@ative analysis o f  the waters of the 
frozen ground thawing and the i n f i l t r a t i o n  
waters which did not pass the &age of 
kryogene BethalROTphiSUl showed tha t  their 
differences wore not limited by the h o w n  and 
experimentaly grounded difference between 
the i r  total. ionic-saline  composition, It i s  
detemjned that *hawed waters together w i t h  
the low temperature and m i n j m m  content of 
well-dissolved  salines a r e  characterized by 
the essential differences ix the  content of 
the xnicrocoraponen,ts, water-soluble g ~ s e s  a d  
bacteria. In these waters the highher 
concentrations o f  such metals as Pb, Cu, Zn, 
Ag, Ni, Go, Sb, S n r  etc .  are SyS$QUatiCd.ly 
discovered. A s  compared with the ordinary 
ground-rain waters the background level of 
these microelements is hi&er 2-3 t imea as 
much in thawed waters. 

The higher content 3f the hydrocarbon gases 
and helium is typical for the thawed waters. 
Besides that  the higher t o t a l  gaseous 
satusation, the JQWW pH values ana the higher 
GO2 content a r e  noted. The importance of 
principle has the discovery of the active and 
the most various micsoflorn. Especially 
remarcable i s  the Ili@hsr development o f  the  
bacteria oxidizitl@; t h o  l iquid hydxocaxbons. 
o f  the methane rarlge. 

kryogene waters is confirtired by the r e s u l t s  
The discovered geochemical  spwciZLcity o f  
o f  comparison of the gas content mcl microbial 
inlabi tants  of the rocks sampled out of the 
frozen gxound and outside it: Fn frozen rooks 
the contenb of the  hydrocabon oxidizing 
bacter ia  is considerable hibher. 

To the  number o f  causes ileterml-nning the 
geochemical pecul l s r i t i es  o f  the  kryolithozone 
natural waters may be taken th.a s t ructural  
par t iculars  o f  t h e  i c e  and thawed waters, the 
higher gas so lubi l i ty  in the conditions of 
low temperatures, the fornation of the gas 
hydrates, the  accumulation of the migrating 
componands in the frozen grour;d during the 
Long winter period ( the  effect  of "molecular 
sieve"), the kryophillc chaxactex o f  the  
nicroorganisms adopted t o  the low teclperatures 
by *he corresponding frozen-clkmatic 
contemporary condi%ions and %hose of  the last 
hundreds of thousands years, high micropore 
pressures appearing iu the rocks in t-e of 
their  freezing, dii ferent  electrochemical 
reactions being initiated by the phenomenon 
of the i c e  crystal   polarization during phaoe 
converiscms "water-icefl and etc . 
The ability of  the frozen ground arid kryogene 
waters to accumulate the metals and 
hyciroaarbon gases ir, the  conditions of 
aSur&nce o f  the thawed waters on the Siberian 
Platform j_tl a warm t i n e  OS a y o a r  p e r n i t s  to 
colisider  these objects as highly alfQlr:rd$iVe 
for smplining &LLL%U~ ore axid oil-gm 

hydrogeochemical search. 

While touching t;h8 questions o f  the petroleum 
and gas geochemical searob in the districts 
of wide dovelopnent of kryolithozone we uust 
especially underline that   s ide by side with 
the rising s n i ~ a t i u r :  of the naphthidoeene 
components proved by practical results and 
sufficiently intensive development of the 
processes of their biological  oxidition the 
biochemical  synthesis a f  the whole range of 
a l iphat ic  saturated and unsaturated 
hydrocarbons takes place on the kryolithozoce 
territory. It i s  on principle importance 
t h a t  the q u u t i t a t i v a  correlation between 
individual v a r i e t i e s  o f  hydrocarbons o f  
hypergemlo-biochemical (modern) and lithogenno 
-epigenetic (migratory) wrigir- in the 
overpomafrost horizons and i n  the zone of 
intensive water exchange regulary  chnrlgcs i n  
the first ones favour as fax as hyclrocarbon 
molecular maas &,creases. Thus, i f  the 
l ightest  coinpounds - methane and ethano - 
have mainly mlgratoxy origFn even out of 
obvious t i e  with the unloading spo t s  then f o r  
t h e i r  heavier homologues the  domination of the  
hypar@;enno-bioche;aical. component i s  typical.. 
The biological synthesis o f  tbc hy&ocarbons 
in the kryolithozone, t h e  pecul iar i t ies  of 
t h e i r  migration and dist r ibut ion in v a l o u s  
types of na tu ra l  waters pemtt to see the  new 
decision of S o x  problew of geochenical 
petroleum and gas search .  

c ONGLUSIOI 

All these f a c t s  tiho;? khat the  kryolithozone 
essentially influences an the  &inmics  azd 
geochemistry o f  the natuxal waters of the 
Siberian Platform. In sp i te  o f  sevare 
fsozan-climatic  conditions many phenomena 
typical f o r  $he out-of-permufrost d i s t r i c t s  
are rea l ized  there. And there are  own 
especiaZZy specif ic  processes which secure 
an active migration of various elements and 
compounds. The determined regularities open 
new possibi l i t ies  f o r  tho  effect ive 
interpretation of  the  resul ts  o f  the 
geochemical search of mineral deposits and 
cw be regarded as a fourrdation for a wider 
practical application o f  these methods in 
tho kryolithoxone ccnditions. 
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THE FORMATION OF PEDOGENIC CARBONATES ON SVALBARD: 
THE INFLUENCE OF COLD TEMPERATURES AND FREEZING 

R.S. Sletten 

University of Washington, Seattle, WA 98195, USA 

SYNOPSIS Soils of   Kongsfjord,   Spi tsbergen t h a t  have  formed  on  dolomitic  l imestone 
c o n t a i n   c a l c i t e   a n d   a r a g o n i t e   a s   s e c o n d a r y   m i n e r a l s .   A r a g o n i t e  i s  uncommon i n   s o i l s   o f   t e m p e r a t e  
r e g i o n s ,   b u t  l i t t l e  i s  known about i t s  o c c u r r e n c e   i n   a r c t i c   r e g i o n s .   T h i s   s t u d y   r e p o r t s   t h e   r e s u l t s  
o f   s eve ra l   expe r imen t s   on  low tempera ture   carbonate   format ion   in   o rder  t o  develop a model o f   n a t u r a l  
c a r b o n a t e   d i a g e n e s i s   i n   S p i t s b e r g e n   s o i l s .   I n   e x p e r i m e n t s   d e s i g n e d   t o   p r e c i p i t a t e  CaC03 a t  O O C ,  i t  

was d e t e r m i n e d   t h a t  when Mg was p r e s e n t   i n  a Mg/Ca m o l a r   r a t i o   o f  8 ,  a r a g o n i t e   w o u l d   p r e c i p i t a t e .  
A t  a Mg/Ca r a t i o  of 1.7   on ly  calci te  formed.  Since Mg/Ca ratios i n   n a t u r a l   s o i l   s o l u t i o n s  were 0 .6  
t o  0 . 7 ,  I p r o p o s e   t h a t  th i s  m o l a r   r a t i o   i n c r e a s e s   a s  Ca i s  p r e f e r e n t i a l l y   r e m o v e d b y   c a l c i t e  
p r e c i p i t a t i o n ,   t h e r e b y   l e a d i n g   t o   a r a g o n i t e   f o r m a t i o n .  I n  e x p e r i m e n t s   t o   a s s e s s   t h e   i n f l u e n c e  of 
f r e e z i n g  on t h e  soi l  s o l u t i o n  Mg/Ca r a t i o ,  it was d e t e r m i n e d   t h a t   t h e   e q u i l i b r i u m   d i s t r i b u t i o n  
c o e f f i c i e n t s   ( c o n c e n t r a t i o n  i n  i c e / c o n c e n t r a t i o n   i n   w a t e r )   f o r  Ca and Mg a r e  10-3*3 and 
r e s p e c t i v e l y .  

INTRODUCTION 

Many o f   t h e   s o i l s  of Spi tsbergen  have  developed 
on  l imestone  and  dolomite ,  or r e c e i v e   e o l i a n  
i n p u t   o f   c a r b o n a t e s .   I n   t h e s e   s o i l s ,   s e c o n d a r y  
ca rbona te   mine ra l s  (also ca l led   pedogenic  
ca rbona te s   he re )  may have  formed  t,hrough 
d i s s o l u t i o n - p r e c i p i t a t i o n  of pr imary   carbonates .  
Pedogenic   carbonates  are common i n  soils o f   a r i d  
r eg ions   ex i s t ing   i n   t empera tu re   r eg imes   f rom hot  
t o   f r i g i d ,   a n d  t h e  terms hot   and   co ld  desert a r e  
used  (Claridge  and  Campbell  1982). The a r e a  of 
Svalbard  i s  a cold  semi-ar id   region  and it is  
of i n t r e s t   s i n c e   a r a g o n i t e  i s  common as a 
pedogenic   carbonate   (S le t ten   1987) .  

Ca lc ium  ca rbona te   occu r s   i n  three polymorphs a t  
n o r m a l   s u r f a c e   c o n d i t i o n s :   c a l c i t e ,   a r a g o n i t e ,  
a n d   v a t e r i t e  (Lippmann  1973). The G i b b ' s   f r e e  
ene rg ie s   o f   fo rma t ion  a t  O°C are -10.40, 
-10.27, and -9.68 k c a l  mol - '  f o r  calcite,  
a r a g o n i t e ,   a n d   v a t e r i t e ,   r e s p e c t i v e l y  (Plu,mmer 
and  Busenberg  1982) .   Vater i te  i s  t h e  most 
so lub le   and   has   no t   been   r epor t ed   i n  soils. 
Calcite i s  thermodynamically  more  stable  than 

t h i s   c e n t u r y   t h a t   a r a g o n i t e  could form when Mg 
aragoni te ,   however ,  it was e s t a b l i s h e d   e a r l y  

i s  p r e s e n t  i n  s o l u t i o n s   p r e c i p i t a t i n g  CaC03 

I n   e a c h   c a s e ,   t h e   a v a i l a b i l i t y   o f  magnesium  was 
documented. T h i s  i s  a l s o  t h e  c a s e   f o r  the 
Spi t sbe rgen  soils: most a r a g o n i t e   h e r e   o c c u r s   i n  
soi ls  formed on dolomi t ic   bedrock .   Despi te  
these   examples ,   a ragoni te  is r a r e   i n  soils. I n  
tempera te  climates, c a l c i t e   a p p e a r s  t o  b e   t h e  
usua l   s econda ry   ca rbona te   mine ra l   i n   so i l s ,  
a l though,   pedogenic   Mg-ca lc i tes   a re   widespread  
(Doner  and Lynn 1 9 7 7 ) .  In t h e   s o i l s   d i s c u s s e d  
h e r e ,   a r a g o n i t e   a n d   c a l c i t e  commonly o c c u r   a s  
secondary   minera ls   and   Mg-ca lc i tes   a re   ra re .  

The mos t   obv ious   d i f f e rences   be tween   t he   so i l s  
examined a t  Spi t sbergen   and   tempera te  soils a r e  
the   c ry ic   t empera ture   reg imes   and   the   psesence  
of p e r m a f r o s t .   I n   o r d e r   t o   a s s e s s  t h e  e f f e c t s  
of t h e s e   f a c t o r s   i n   t h e   f o x m a t i o n   o f   a r a g o n i t e ,  
two sets  o f   expe r imen t s  w e r e  performed. The 
f i rs t  set was  done t o  d e t e r m i n e   d i s t r i b u t i o n  
c o e f f i c i e n t s   f o r  Mg and Ca d u r i n g   f r e e z i n g   o f  
s a l t   s o l u t i o n s .  From these r e s u l t s ,   t h e   e f f e c t  
of f r e e z i n g  on t h e  s o i l   s o l u t i o n  Mg/Ca r a t i o  was 
a s ses sed .   In   t he   s econd  set of exper iments ,  
conducted  near O°C t o  reflect s o i l   t e m p e r a t u r e s ,  
CaC03 was p r e c i p i t a t e d   f r o m   s o l u t i o n s  w i t h  

v a r i o u s   c o n c e n t r a t i o n s   o f  Mg. Based  on  these 
r e s u l t s ,  a mechanism f o r   p r e c i p i t a t i o n  of 
pedogenic   aragqni te  i s  proposed. 

(Lettmeier 1910) .   Secondary  aragoni te   has   been 
found i n   s o i l s  on  dolomite  (Quigley  and 
Dreimanis 1966 ,  S t i c h e r   a n d  Bach  1971): i n  
a n t a r c t i c  soils t h a t  have s a l t   a c c u m u l a t i o n s  
(Ugol in i  1 9 6 4 ,  MacNamara and  Usselman 1 9 7 2 ) :  i n  

b a s a l t i c   b e d r o c k   o v e r l y i n g  a l i m e s t o n e   d e p o s i t  

and   s ta lagmi tes   in   caverns   (Cabro l  e t  aZ. 1978) ;  

STUDY SITE DESCRIPTION 

Svalbard  is an   a rch ipe lago   loca ted   approximate ly  

s i te  w a s  l oca t ed   i n   t he   Kongs f jo rd   r eg ion  of 

Dupuis 1972) and as subglacial deposits (Hallet a v a i l a b l e  from t h e  Ny-Alesund s t a t i o n .  The mean 
in littoral zone carbonate deposits (Callame and Sp i t sbe rgen ,   where   c l ima t i c   i n fo rma t ion  i s  

a n n u a l   p r e c i p i t a t i o n ,   p r i m a r i l y  snow, i s  385 nun 
and   the  mean annual  a i r  tempera ture  i s  -5.8"C, 

(Veen  and  Arndt 1973) ; i n   c a r b o n a t e   s t a l a c t i t e s  6oo  north Of Norway (Figure a The study 

personal  communication).  



wi th  a J u l y  mean a i r   t e m p e r a t u r e   o f   f 5 . 2 " C  
(S te f f ensen ,  1 9 8 2 ) .  

Two s o i l   p r o f i l e s   a t  t h e  Carr ington  s i te  on   t he  
Brdgger   peninsula  were s t u d i e d .  The s i t e  i s  
l o c a t e d   a t  35 t o  4 0  m above  sea  level   on a 
reworked   beach   depos i t   cons is t ing   p r imar i ly   o f  
do lomi te  w i t h  a minor  amount of q u a r t z  (Hjelle 
an8   Laur i tzen  1 9 8 2 )  e Vegeta t ion  is c l a s s i f i e d  
a s   B a r r e n  Zone (Bra t tbakk  1981)  w i th  less t h a n  
1 0 %  vascular   p lan t   cover ,   dominated   by  S a x i f r a g a  
opposit;folda ( P u r p l e   s a x i f r a g e )   a n d   s e v e r a l  
c r u s t o s e   l i c h e n s .  Detailed soil d e s c r i p t i o n s  
have  been  publ ished  for  a simi+ar ne ighbor ing  
s i t e  (Cannes s i t e ,  Mann e t  aZ. 1986)- A brief 
s o i l   d e s c r i p t i o n  i s  g i v e n   i n  Table I. The s o i l s  
here h a v e   d e v e l o p e d   i n   s t r a t i f i e d   l a y e r s  of 
beach   grave l   and   sand   and   a re   about  9 , 0 0 0  t o  
1 2 , 0 0 0  years   o ld .   Secondary   carbonates   occur   on  
t h e   u n d e r s i d e s  of c l a s t s   t h r o u g h o u t  t h e  e o i l ,  
e s p e c i a l l y  on  open  gravel i n  t h e  BC/C hor izon .  
The ca rbona te   coa t ings   r ange   f rom  wh i t e   t o  brown 
i n   c o l o r   a n 8   v a r y  from t h i n   s k i n s   t o   p e n d a n t s  
s e v e r a l  mm i n   t h i c k n e s s .  An example of a well 
deve loped   coa t ing  i s  shown i n   F i g u r e  2. 
S i l t   c a p s   a r e  common a n d   c o n s i s t   p r i m a r i l y  of 
s i l t  s i ze  d o l o m i t e   p a r t i c l e s .   I n   t h e  U.S. S o i l  
Taxonomy, t h e s e   s o i l s  wou ld   be   c l a s s i f i ed  as 
P e r g e l i c  Cryopsamments  (Reiger  1983). 

METHODS 

Procedures   and   equ ipmen t   a r e   p re sen ted   i n   de t a i l  
i n   S l e t t e n  (1987) and  only a br ief  summary is 
given   here .   Carbonate   coa t ings  were c a r e f u l l y  
chipped  f rom  the  host   rock  to   minimize 

M <PITSEE EN 

I 

I 

TABLE I Brdggerhalvdya s o i l  d e s c r i p t i o n s .  DP 
refers t o  d e s e r t  pavement. 

Horizon  Depth  Texture 

Car r ing ton  1 
DP 0-5 c m  v e r y   g r a v e l l y   s a n d  
A 5-8 
BW 

g r a v e l l y  Loamy sand 

BC/Ck 
8 - 2 4  g r a v e l l y  loam 
24-115 g rave l ly   s and  

Cf 115 (ice cemented 
pe rmaf ros t ,  26  Aug. 8 4 )  

Carr ington  2 

DP 0-4 c m  v e r y   g r a v e l l y   s a n d  
A 4-6 g r a v e l l y  loamy  sand 
BW 6-29 g r a v e l l y  loam 
BC/Ck  
Cf 

29-130 g rave l ly   s and  
130  (ice cemented 

permafros t ,  26 Aug. 84) 

contamination: when p o s s i b l e ,   c o a t i n g s  were 
i s o l a t e d  from  non-calcareous  host   rock. X-ray 
d i f f r a c t i o n   p a t t e r n s  were made o f  random  powder 
mounts  with a P icke r   un i t   x - r ay   d i f f r ac tomete r  
w i th  CuK, r a d i a t i o n   a n d  a N i  f i l t e r .  Samples of 
s o i l   s o l u t i o n s  were c o l l e c t e d  by   tens ion  
l y s i m e t e r s   p l a c e d   a t   d e p t h   i n t e r v a l s   a n d  main- 

were f i l t e r e d   i n   t h e  f i e l d  a t  0 . 2 2  um. 
t a i n e d  a t  1 0  kPa vacuum.  The s o i l   s o l u t i o n s  

A l k a l i n i t y   a n d  p H  were measured  in  t h e  f i e l d ,  
g e n e r a l l y   a f t e r  the sample  had warmed t o  1 0  t o  
15'C. Dissolved   inorganic   carbon ( D I C )  and 
d i s so lved   o rgan ic   ca rbon  (DOC) were determined 
wi th   an  01 700 carbon  ana lyzer  ( O f  Corp., 
C o l l e g e   S t a t i o n ,  TX). A subsample was a c i d i f i e d  
t o  pH 2 w i t h  n i t r i c  acid fo r  a n a l y s i s   o f   t h e  
c a t i o n s   w i t h  a Jarrel-Ash Model 96-955 induc- 
t ive ly   coupled   p lasma  spec t rophotometer  ( I C P ) .  
A second  sample  was  preserved w i t h  methyl 

a n i o n s   w i t h ,  a Dionex Model 2010 ion  chroma- 
cyan ide   fo r   subsequen t   ana lys i s  of ino rgan ic  

tograph .  

FIGURE 1 L o c a t i o n   o f   f i e l d  s i te  a t   S v a l b a r d  
a rch ipe lago .  

FIGURE 2 Pedogenic   carbonate   coat ing  on t h e  
unders ide  of a stone  from t h e  s tudy  s i te .  
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Freez ing   exper iments  were p e r f o r m e d   u t i l i z i n g   a n  
appa ra tus   s imi l a r   t o   one   u sed  by HalLet  (1976) 
c o n s i s t i n g  of a 9 cm diameter a c r y l i c   t u b e   w i t h  
an  aluminum p l a t e   f a s t e n e d   o n   t o p .  The bottom 
a c r y l i c   p l a t e  was   connec ted   v i a   t ub ing   t o  a 

measure  the  amount  of ice which  had  formed. The 
bu re t ,   t he reby   a l lowing   vo lumet r i c   changes   t o  

h i g h   p u r i t y  CaC12 o r  MgCIZ t o   d i s t i l l e d -  
s o l u t i o n s   t o  be f rozen  were prepared  by adding  

de ionized   water   which   had   been   bo i led   for  1/2 
hour t o  remove C 0 2  a n d   o t h e r   g a s e s ,   i n   o r d e r   t o  
minimize   gas   bubble   format ion   dur ing   f reez ing .  
The exper iments  were per formed  in  a l0C co ld  

p l ac ing   an  aluminum block,  through  which  an 
room and a f r e e z i n g   f r o n t  was developed by 

e t h y l e n e   g l y c o l / w a t e r   m i x t u r e   a t  -10 t o  - 2 O O C  
was  pumped,  on t o p   o f   t h e   c y l i n d e r .  The f r eez -  
i ng   p rog res sed  from the  t o p   o f   t h e   c y l i n d e r  
downward and the unfrozen  water  was kep t  well 
mixed w i t h  a T e f l o n   c o a t e d   s t i r r i n g   b a r   a c t u a t e d  
by a magnetic stirrer. A t  g iven  time i n t e r v a l s ,  
a sy r inge  was i n s e r t e d   i n t o   t h e   c y l i n d e r   t h r o u g h  

was removea  and analyzed on t h e  ICP f o r  Ca an8 
a s i l i con   s ep tum and a 3 t o  5 m l  sample of wa te r  

Mg. The experiment   was  terminated when t h e  
e n t i r e   c y l i n d e r   h a d   f r o z e n .  The ice c o r e  was 
removed by g e n t l e  warming; c u t   i n t o   s e c t i o n s ;  
r i n s e d  w i t h  d i s t i l l e d - d e i o n i z e d   w a t e r ;   a l l o w e d  
t o  thaw;  and  analyzed  on t h e  ICP f o r  Ca and Mg. 

L a b o r a t o r y   p r e c i p i t a t i o n   o f  CaC03 i n  the  

presence  of Mg was conduc ted   i n  a 1 L g l a s s  
j a c k e t e d   r e a c t i o n   v e s s e l .  The tempera ture  was 
main ta ined  a t  0.15 f 0.1OC. The pH was  main- 
t a i n e d   a t  a p r e s e t   v a l u e   w i t h  a Radiometer  Model 
PHM 6 2  pH meter f i t t e d   w i t h  a Radiometer Model 
A B U l l  a u t o b u r e t t e ,  TTA60 t i t r a t i o n   a s s e m b l y ,  and 
pH-S ta t   i n t e r f ace .  The pH was a d j u s t e d   w i t h l t h e  
a d d i t i o n  of 0.05 M NaOH/0.025 M C a C 1 2 .  The 

p a r t i a l   p r e s s u r e   o f  C 0 2  was m a i n t a i n e d   a t  the  

a tmosphe r i c   va lue   by   bubb l ing   excess   a i r   a t   1 .5  
L min . Ten rng of c a l c i t e   o r   a r a g o n i t e  were 
added   as  seeds f o r   c r y s t a l   g r o w t h .  A t  t h e  
completion of a pH-stat   run t h e  p r e c i p i t a t e  was 
i s o l a t e d  on a 0 .22  um Nucleopore f i l t e r  mounted 

done a t  Mg/Ca mola r   r a t io s   va ry ing   f rom 0 t o  8. 
i n  a Buchner f u n n e l .   P r e c i p i t a t i o n   r u n s  were 

-1. 

RESULTS AND D I S C U S S I O N  

Soi l   Secondary  Carbonates  
X-ray d i f f r a c t i o n   r e s u l t s  f rom  analyses  of 
ca rbona te   coa ted  c las ts  c o l l e c t e d  by d e p t h   a r e  

depths .  The s i l t  a n d   c l a y   s i z e   f r h c t i o n   i n   t h e  
g i v e n   i n   T a b l e  11. Aragoni te  i s  p r e s e n t  a t  all 

s o i l  was shown (Mann et 0 1 ,  1986)  t o   c o n s i s t  
a lmos t   exc lus ive ly   o f   do lomi te   and   qua r t z ,  
t h e r e f o r e   t h e   p r e s e n c e   o f   d o l o m i t e   a n d   q u a r t z   i n  
t h e  c o a t i n g s  i s  l i k e l y   d u e   t o   i n c o r p o r a t i o n   o f  
d e t r i t a l  s i l t  and   c lay .  T h i s  d e t r i t a l  m a t e r i a l  
may i m p a r t   t h e   l i g h t   t o   d a r k  brown c o l o r   s e e n   i n  
some samples. 

S o i l   S o l u t i o n  
The c h a r g e   b a l a n c e   f o r   t h e   s o i l   s o l u t i o n s  
c o l l e c t e d   a t   v a r i o u s   d e p t h s  i s  g i v e n   i n   F i g .  3.  
The s o l u t i o n s   a t  5 ,  2 0 ,  and 60 c m  dep ths  were 
c o l l e c t e d   o n  6-21-85,  while  the 1 2 0  cm sample i s  
from 8-17-85. Th i s  sampling  schedule  i s  imposed 

TABLE I1 Mineralogy o f  pedogenic   carbonates  by 
XRD. o = no  peak, + t o  ++++ i n d i c a t e   m i n o r   t o  
major  abundance. 

Depth a r a g o n i t e   c a l c i t e   d o l o m i t e   q u a r t z  

Car r ing ton  

20  c m  
20  
60 
100  

Carr ington  

20 c m  
20  
35 
35 
50 
50 
75 

P r o f i l e  1 

++ 
+++ 
+ 
+++ 
P r o f i l e  2 

+++ 
+ 
+ttt 
++"+ 
+++ 
+++ 
+ 

++++ 
t+++ 
+++ 
++++ 

++++ 
++++ 
++++ 
++++ 
++++ 
++++ 
+t++ 

++ 
++ 
+ 
f+ 

++ 
+ 
++ 
++ 
++t 
0 
0 

+ 
+ 
0 
"t+ 

++ 
+ 
++ 
++ 
+ 
+ 
f 

by t h e   f a c t   t h a t   t h i s   s o i l   d o e s   n o t  thaw a t  1 2 0  
c m  u n t i l   l a t e   i n   t h e  summer, wh i l e  a l l   t h e   u p p e r  
h o r i z o n s   a r e   t o o   d r y   t o   c o l l e c t  s o i l  s o l u t i o n s  
a t  t h i s  time. I n   t h e   s o i l   s o l u t i o n ,  Mg2' and 
Ca2+ a r e   t h e   m a j o r   c a t i o n s  w h i l e  HC03- i s  t h e  
major   anion.  The d e f i c i t   b e t w e e n   t h e  summation 
of c a t i o n s   a n d   a n i o n s   r e f l e c t s   e x c e s s  anlOnS 
and is b e l i e v e d  t o  represen:   organic   anions.  

cen t r a t ion   and   fo l lows  t h e  same t r e n d   a s   t h e  
DOC i s  c o r r e l a t e d  w i t h  organic  anion  con- 

c h a r g e   d e f i c i t  (DOC va lues   vary   f rom 15 t o  <1 
ppm C from t h e   u p p e r   t o  t h e  l o w e r   l y s i m e t e r ) .  
The Mg/Ca m o l a r   r a t i o s   o f   t h e   s o i l   s o l u t i o n s  
a r e   c o n s i s t e n t l y   a t  0 .6  t o  0 . 7  f o r   a l l   h o r i z o n s  
a t   a l l  times and  probably ref lect  t h e   d o l o m i t i c  
bedrock. A s  time p rogres ses   ove r  a few  days, 
t h e   c o n c e n t r a t i o n s  of t h e  an ions   and   ca t ions  
i n c r e a s e ,   b u t  t h e  Mg/Ca r a t i o   r e m a i n s   c o n s t a n t .  
The s o i l   s o l u t i o n s  may become s u p e r s a t u r a t e d  by 
2 t o  3 times w i t h   r e s p e c t   t o   c a l c i t e .   T h i s  i s  
s i m i l a r  t o  c a l c a r e o u s  soils i n   t e m p e r a t e   r e g i o n s  

5 

20 

60 

120 
2 1 0 1 2 

E- meq L" X+ 

FIGURE 3 Deta i l ed   cha rge   ba l ance  of s o i l  
s o l u t i o n  from t h e  Car r ing ton  s t u d y  s i te .  
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where s u p e r s a t u r a t i o n   w i t h   r e s p e c t  t o  c a l c i t e  is 
common (Suarez  and  Rhoades  1982). 

Freezing  Experiments  
To a s s e s s  how f r e e z i n g  affects t h e  Mg/Ca ratios 
i n   t h e   s o i l   s o l u t i o n ,   l a b o r a t o r y   e x p e r i m e n t s  
were performed t o   d e t e r m i n e   t h e   i o n i c   e x c l u s i o n  
of Mg and C a  s a l t s   i n   p u r e   s o l u t i o n s .   I n   t h e s e  
e x p e r i m e n t s ,   a n   e f f e c t i v e   d i s t r i b u t i o n  coeffi- 
c i e n t  w a s  de t e rmined   ( t he   concen t r a t ions   o f  Mg 
o r  Ca i n  ice d iv ided  by t h e  c o n c e n t r a t i o n   i n   t h e  
unf rozen  water). The i n i t i a l   s o l u t i o n   c o n c e n -  
t r a t i o n s  were 0 .079  mM CaCl  and 0.237 mM MgCIZ, 
va lues  similar t o   t h o s e   i n   t h e   s o i l   s o l u t i o n s .  
F igu re  4 shows t h e   c o n c e n t r a t i o n  of Mg and C a  i n  
t h e  ice a n d   w a t e r   p h a s e s   a s   t h e   c y l i n d e r   f r o z e .  
The e f f e c t i v e   d i s t r i b u t i o n   c o e f f i c i e n t  was 

~ c a l c u l a t e d  by  measuring  the Ca and Mg concen- 
t r a t i o n   i n   e a c h   o f  5 s e c t i o n s  of ice  and 
d i v i d i n g   t h i a  by t h e   c o n c e n t r a t i o n  i n  water  
subsamples   co l l ec t ed  when a g i v e n   s e c t i o n  o f  ice 
w a s  forming (Table 111). 

A t  t he   beg inn ing  of t h e  f r e e z i n g   r u n ,   t h e r e  w e r e  
no ice c r y s t a l s   i n   t h e   s o l u t i o n ,   a n d   s u p e r -  
cool ing  probably  occurred.  As a r e s u l t   o f  t h i s ,  
t h e  f irst  5% of the ice was cloudy  due t o  
p o l y c r y s t a l l i n e   g r o w t h .   A f t e r   t h i s ,   t h e  ice 
c r y s t a l   w a s  clear w i t h  a p l a n a r   f r o n t   u n t i l   t h e  
f i n a l  5 t o  1 0 %  of t h e  water was f r o z e n ,   a t   w h i c h  

gas bubble   formation.  The h i g h e r   d i s t r i b u t i o n  
time t h e   f r e e z i n g   f r o n t  became d i s t o r t e d   d u e  t o  

c o e f f i c i e n t s   a t   t h e   b e g i n n i n g   a n d   e n d   o f   t h e   r u n  
r e f l e c t  these i r r e g u l a r i t i e s .  

The d a t a   p r e s e n t e d   i n   T a b l e  I11 and  Figure 4 
i n d i c a t e   t h a t  Mg i s  excluded  from ice  t o  a 
g r e a t e r   d e g r e e   t h a n  Ca. A be t te r   compar ison   can  
be  made by compar ing   the   equi l ibr ium distri- 
b u t i o n   c o e f f i c i e n t  ( K ( o )  1 , determined by 
e x t r a p o l a t i n g   t o  a z e r o   f r e e z i n g  rate.  Using 
t h e  model of   Bur ton ,  P r i m ,  a n d   S l i c h e r   ( c i t e d   i n  
PEann 1966) '  it was de te rmined   t ha t  X 

4.52 x and K Mg = 5.02 X loq5 f o r   t h e s e  
exper iments .   These   va lues   revea l   tha t  Mg i s  
excluded more e f f e c t i v e l y  by  one  order   of  
magnitude. Data i n  the l i t e r a t u r e  for K C a  

and K (o)Mg a r e   s c a r c e .  Leung  and  Carmichael 
( 1 9 8 4 )  found K to be  0 .69,   and  Hal le t  
(1976) u s i n g  a s i m i l a r   a p p a r a t u s ,   b u t   w i t h o u t  
s t i r r i n g ,   o b t a i n e d  a K of 0 .01  t o  0.02. 

In  summary, Mg i s  excluded t o  a g r e a t e r   d e g r e e  
than   Ca t   a l t hough   bo th   i ons  a r e   e x c l u d e d   v e r y  

2 

Ca = 
(0) 

(0) 

(0) 

Ca 
(0 )  

(0) 

TABLE I11 E E f e c t i v e   d i s t r i b u t i o n   c o e f f i c i e n t s  
de te rmined  from t he   f r eez ing   expe r imen t .  

Ice S e c t i o n s  KCa X 1000  K X 1000 
Mq 

0 - 1.8 c m  100.6 108.9 
1.8 - 3.6 5.81, 0.779 
3.6 - 5.4 3.79 0.481 
5.4 - 7.2 2.29 0.296 
7.2 - 9.0 1.71 0.661 

0-0 Ca 
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FIGURE 4 .  Resul ts   of   experiments   on  ionic   ex-  
c l u s i o n   d u r i n g   f r e e z i n g  of Ca and Mg s a l t  
s o l u t i o n s .  

e f f i c i e n t l y .   T h e r e f o r e ,   i n   f r e e z i n g   s o l u t i o n s ,  
most o f   t h e  Mg and Ca remains i n  t h e  water and 
t h e  Mg/Ca r a t i o  i s  n o t   b e   s i g n i f i c a n t l y   a l t e r e d .  
F reez ing   does   concen t r a t e  the i o n s   a n d   t h i s  may 
be   impor t an t   i n   p roduc ing   supe r sa tu ra t ed   cond i -  
t i o n s .   D a t a  on s t u d i e s   o f   s t a b l e  (3 i s o t o p e s   i n  
t h e  ca rbona te   coa t ings   sugges t   bo th   f r eez ing   and  
e v a p o r a t i o n   t o   b e   i m p o r t a n t   i n   g e n e r a t i n g  
s u p e r s a t u r a t i o n   ( S l e t t e n   a n d   U g o l i n i  1987). 

Carbonates   Synthesized i n  t he   Labora to ry  
I n   t h e   e x p e r i m e n t s   d e s i g n e d   t o   p r e c i p i t a t e  CaC03 
a t  v a r i o u s  Mg/Ca r a t i o s ,   w i t h  Mg p r e s e n t ,  
a r a g o n i t e  was  used a s  the s e e d   c r y s t a l   s i n c e  
calcite and   a ragoni te  w i l l  nuc lea t e   on   a r agon i t e  
su r faces ,   whereas   a r agon i t e  w i l l  no t   nuc lea t e  
e a s i l y   o n   c a l c i t e   ( d e B o e r  1977, Berner 1975). To 
i n d u c e   p r e c i p i t a t i o n ,   t i t r a n t  was  added u n t i l  
t h e   s a t u r a t i o n   i n d e x   e x c e e d e d   u n i t y .  A s  
p r e c i p i t a t i o n   o c c u r r e d   a n d   t h e  pH dec reased ,  
a d d i t i o n a l   t i k x a n t  was au tomat ica l ly   added .  
When no Mg was p r e s e n t ,  the only  product  formed 
was c a l c i t e   ( T a b l e  IV) disp lay ing   typ ica l .  
rhombohedral  morphology  'as  viewed i n   t h e  SEM. 
A t  a s o l u t i o n  Mg/Ca m o l a r   r a t i o   o f  1.7, accor-  
d ing  to XRD d a t a ,   c a l c i t e   p r e c i p i t a t e d   a n d  SEM 
revea led  a rhombohedral  form  that  appeared 
d i s t o r t e d  due t o   p a r t i a l   i n h i b i t i o n  of c r y s t a l  
growth  a long  the  C-axis .  A t  a Mg/Ca molar r a t i o  
of  8 ,  b o t h   c a l c i t e   a n d   a r a g o n i t e  were d e t e c t e d .  
The c a l c i t e   d - s p a c i n g  was 3.025 t o  3.030 1 which 
cossesponded t o  a 0.9 f 0.02% Mg-calcite.  SEM 
micrographs  revealed a massive  growth w i t h  
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TABLE I V .  S t e a d y   s t a t e   p r e c i p i t a t i o n  rates and 
major   p roducts   f rom  prec ip i ta t ion   exper iments .  

Mg/Ca pH Sat .   Index  Rate   Product  
Cal.  Arag. mgCa h r  -1 

0 8.30 1.1 0 . 7  0.32 
0 8.70 1 0 . 1  7 . 0  0 .70 c a l c i t e  

c a l c i t e  

1.7 8.85 13.9 9 .6  0.23 c a l c i t e  
1.7  8.70 6.3 4.4 1.26 c a l c i t e  
8 8.70  4.8 2.3  0.26 1% Mg-calcite 

and   a ragoni te  

r h o m b o h e d r a l   c r y s t a l s   o c c u r r i n g   i n   p o c k e t s   ( F i g .  
5 ) .  In   o rder   to   de te rmine   which   morphology 
represented   the   a ragoni te   and   which  t h e  
Mg-calci te ,   the   chemical   composi t ion  of   the 
p r e c i p i t a t e s  was ana lyzed  by e n e r g y   d i s p e r s i v e  
x - r ay   ana lys i s  ( E D X R A ) .  According t o  t h e  EDXRA, 
l o w  l e v e l s  of Mg w e r e  p r e s e n t   i n   t h e  rhombo- 
h e d r a l   c r y s t a l s ,   b u t  no Mq w a s  d e t e c t e d   i n   t h e  
mass ive   mat r ix .   Therefore ,   the   mass ive   g rowth  
must   be   a ragoni te   and   the   rhombohedra l   c rys ta l s  
a re   the   Mg-ca lc i te .  I t  a p p e a r s   t h a t   a r a g o n i t e  
i n i t i a l l y   p r e c i p i t a t e d   a n d   l a t e r   p a r t i a l l y  
d i s so lved   fo rming   pocke t s   i n   wh ich  a 0.9% 
Mg-ca lc i t e   p rec ip i t a t ed .  

T h e s e   r e s u l t s   s u g g e s t   t h a t   a t  a Mg/Ca r a t i o   o f  
8 ,  a r a g o n i t e   f o r m a t i o n  i s  f a s t e r   t h a n   f o r m a t i o n  
of   Mg-ca lc i te ,   bu t   the   Mg-ca lc i te  i s  u l t i m a t e l y  
more s t ab le .   The re fo re   a r agon i t e   fo rma t ion  i s  
k i n e t i c a l l y   c o n t r o l l e d ,   w h e r e a s   M g - c a l c i t e  i s  

con t r a s t ,   G love r   and   S ippe l  (1967) and  Cabrol e t  
the  thermodynamically  more s t a b l e   p h a s e .   I n  

a l .  (1978) ,   repor ted  t h e  t r ans fo rma t ion  of h igh  
Mg-calcites t o   a r a g o n i t e   a t  room tempera ture .  
f n   c o l d  water sed iments ,  Dean (1981)   no ted   t ha t  
Mg-ca lc i tes   a re   the   p redominant  form, ove r  
a r a g o n i t e   a n d   c a l c i t e .  The - d a t a  of  Thorstenson 
and Plummer (1977) , Chave e t  u Z .  (1962) ,   and 
Walter  and  Morse (1984)  a t  25OC. i n d i c a t e   t h a t  
high  Mg-calci tes  (>7 - 10%) a r e  less s t a b l e   t h a n  
a r a g o n i t e ,   b u t   t h a t  low Mg-calci tes   (<7 - 10%) 
a r e  more s t ab le .   The re   has   been  little 
e x p e r i m e n t a l   w o r k   c o n s i d e r i n g   t h e   s t a b i l i t y  of 
Mg-calcites a t  l o w  t empera tu res ,   a l t hough  it has  
been shown t h a t  the  d i s t r i b u t i o n   c o e f f i c i e n t  of 
Mg i n   c a l c i t e   d e c r e a s e s   w i t h   d e c r e a s i n g  
temperature   (Katz ,  1973). The work p r e s e n t e e  
h e r e   s u g g e s t s   t h a t   a r a g o n i t e  i s  less s t a b l e   t h a n  
0 .9% Mg-calcite a t   n e a r  O°C, i n  a s o l u t i o n  w i t h  
Mg/Ca = 8.  Since t h e  s o i l  s o l u t i o n   h a d  a Mg/Ca 
r a t i o  of 0.6 t o  0.7, it i s  e x p e c t e d   t h a t   t h e  
r a t i o   m u s t   b e   i n c r e a s e d   t o   a b o v e   1 . 7   f o r  
a r a g o n i t e   t o  from. Furthermore,   s ince  no Mg- 
c a l c i t e  was detected i n  t h e  samples collected i n  
t h e   f i e l d ,   t h e  Mg/Ca was  probably  lower  than 8 ,  
poss ib ly   forming   very  low Mg-calci tes   which  are  
d i f f i c u l t   t o   d i f f e r e n t i a t e  from c a l c i t e  w i t h  
XRD . 

CONCLUSIONS 

I t  was de t e rmined   t ha t  t h e  equ i l ib r ium 
d i s t r i b u t i o n   c o e f f i c i e n t   o f  Mg i n   i c e / w a t e r  i s  
g r e a t e r   t h a n   t h a t  for Ca by a f ac to r   o f   10 .  
However, bo th  Mg and Ca a re   exc luded  ' so 

FIGURE 5 SEM Micrograph of p r e c i p i t a t e  formed 
i n   t h e   l a b o r a t o r y  from a s o l u t i o n   w i t h  Mg/Ca 
r a t i o   o f  8. The massive  growth i s  aragoni te   and  
t h e   r h o m b o h e d r a l   c r y s t a l s   a r e  0 . 9  8 Mg-calcite.  

e f f i c i e n t l y   d u r i n g   f r e e z i n g   t h a t   t h e   s o l u t i o n  
r a t i o s   o f  Mg and Ca do   no t   change   s ign i f i can t ly .  
The m a j o r   e f f e c t  of f r e e z i n g  may be t o  induce  
s u p e r s a t u r a t i o n ,   a s   h a s   b e e n   s u g g e s t e d   t o   o c c u r  
i n   o t h e r   n a t u r a l   s y s t e m s   ( C a i l l e u x   1 9 6 4 ,   H a l l e t  
1976). The d i s t r i b u t i o n   c o e f f i c i e n t s   d e t e r m i n e d  
here a r e   t h e   l o w e s t   f o u n d   i n   t h e   l i t e r a t u r e   f o r  
C a  and Mg and  they  approach t h e  e q u i l i b r i u m  
d i s t r i b u t i o n   c o e f f i c i e n t .  

A r a g o n i t e   f o r m a t i a n   i n   t h e   S p i t s b e r g e n   s o i l s  may 
be  explained  by t h e  presence  o f  Mg i f   t h e  Mg/Ca 
s o i l   s o l u t i o n   r a t i o  i s  i n c r e a s e d .   S i n c e   t h e  
secondary  carbonates   form  on t h e  unde r s ides  o f  
c l a s t s ,  I s u g g e s t   t h a t   s o i l   s o l u t i o n s  become 
s t r a n d e d   a n d   p r e c i p i t a t i o n   o c c u r s   h e r e .  As 
t heae  s o i l  s o l u t i o n s  become s u p e r s a t u r a t e d ,  
e i t h e r  by f r e e z i n g   o r  by evapora t ion ,  CaC03 
p r e c i p i t a t e s   a n d  Ca i s  p r e f e r e n t i a l l y  removed 
ove r  Mg from t h e  s o l u t i o n .  Doner  and Lynn 
( 1 9 7 7 )  have  suggested a s i m i l a r  mechanism f o r  
Mg-ca lc i t e   fo rma t ion   i n   so i l s .  Lower tempera- 
t u r e s  w i l l  enhance t h i s  e f f e c t ,   s i n c e  less Mg 
g o e s   i n t o   c a l c i t e   a t   l o w e r   t e m p e r a t u r e s .  A s  the  
Mg/Ca r a t i o s   i n c r e a s e ,   c a l c i t e   g r o w t h  w i l l  be 
i n h i b i t e d   a n d   a r a g o n i t e  may form.  Experiments 
p re sen ted  here sugges t  the  t h r e s h o l z  Mg/Ca r a t i o  

The a c t u a l   r a t i o  may be  mediated by the   deg ree  
f o r   a r a g o n i t e   f o r m a t i o n  l i es  between 1 . 7  and 8 .  

of supe r sa tu ra t ion   and  t h e  s i tes  o f   c r y s t a l  
growth.  Over time t h e   a r a g o n i t e  may d i s s o l v e  
and  form c a l c i t e ,   o r   v e r y  l o w  Mg-calcite 
v i r t u a l l y   i n d i s t i n g u i s h a b l e  from p u r e   c a l c i t e  by 
XRD. A l t e r n a t i v e l y ,   a r a g o n i t e  may remain a s  a 
metas tab le   phase  as t h e s e  soils become dry .  
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MEASUREMENT OF THE UNFROZEN WATER CONTENT OF SOILS: 
A COMPARISON OF NMR AND TDR METHODS 
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SYNOPSIS A laboratory testing program was carried out to compare two independent methods for 
determining the unfrozen water content of soils. With the TDR method, the unfrozen water content is inferred 
from a calibration curve o f  apparent dielectric constant versus volumetric water content, determined by 
experiment. Previously, precise calibration of the TOR technique was hindered by the lack of a reference 

wide range o f  soil types and temperature (unfrozen water content). The  results of the testing program yielded a 
comparison method, which NMR now  offers. This has provided a much greater scope for Calibration, including a 

relationship between dielectric constant and volumetric unfrozen water content that i s  larqely unaffected by 
soil type, although a subtle but apparent dependency on the texture o f  the soil was noted. It is suggested that 
this effect originates from the lower valued dielectric constant f o r  adsorbed soil  water.  In spite o f  this, the 
general equation pregenteg may be considered adequate for most practical purposes. The standard error of 
estimate is 0.015 cm  cm although, if desirable, this may  be reduced by calibrating f o r  individual soils. 
Brief guidelines on system and probe design are offered to help ensure that use o f  the TOR method will give 
results consistent with the relatlonship presented. 

INTRODWTION 

The two methods  which  are  the  subject  of  this 
paper - pulsed  Nuclear  Magnetic  Resonance ( N M R )  
and Time Domain  Reflectometry  (TDR) - offer 
complementary  attributes in the  measurement of 
soil water  content:  NMR  provides a fast and 
accurate  method  for  use  with  laboratory samples, 
whilst TDR can  be  used  for  this in addition  to 
in situ measurements in field  or  laboratory 
experiments. 

Time  domain  reflectometry  (TDR) is used to 
measure  the  travel  time of a MHz pulse  through 
the soil, .from  which  an  apparent  dielectric 
constant is determined.  The  unfrozen  water 
content is inferred  from  a  calibration  curve of 
the  apparent  dielectric  constant  versus 
volumetric  water content, determined  by 
experiment.  Previously,  precise  calibration of 
the  technique for determining  water  content was 

method, which NMR now offers.  The  calibration 
hindered by  the  lack of a reference  comparison 

procedure  involved  simultaneous  measurements of 
unfrozen  water  content ( N M R )  and  dielectric 
constant (TDR) for a  variety of  soil  specimens. 
Before  describing  the  experiment,  a  very  brief 
review of the  two  methods is provided. 

Nuclear  Maqnetic  Resonance (NMRl 

All  atomic  nuclei  have  magnetic  moments  and  the 
quantum  energy  levels  are  characteristic of the 
particular  nuclear  species.  When  radio 
frequencies are  applied, atoms'absorb a  certain 
amount of enerqy to realign  to  another  stable 
position within-the magneiic  field. If a 
soil-water  mixture is  placed  in a  pulsed  NMR 
analyser and a single  radio  frequency  pulse 
applied, a  voltage  (which  corresponds t o  the 
number of atoms  absorbing  energy) is induced 
a receiver  coil  that  surrounds the  specimen. 

is 

in 

This voltage is detected by  the  NMR  analyser; 
its  magnitude  (minus  the  background) is directly 
proportional to the  amount of water  (hydrogen) 
in  the mixture.  Therefore, the  NMR  can  be  used 
as a  soil  water  detector  (subject t o  certain 
considerations - e.g. see  Tice et al.  1984). 
A drop in signal  intensity i s  observed  as  soil 
water freezes, since  the NMR used  (Praxis  model 
PR-103) was tuned to the  hydrogen  proton 
associated  with  liquid  water (10.72 MHz). The 
signal  associated  with  the  protons  of the  solid 
ice  and soil constituents is  not  recorded. Tice 
et al. (1982) describe the NMR technique for 
determining the  unfrozen  water  content of soils, 
and  demonstrated  the  accuracy of the  technique 
by  the  agreement of NMR results  with  physical 
desorption  data. 

Time Domain  Reflectometry  (TDR) 

TDR is a common method for obtaining  frequency- 
dependent  permittivity  (dielectric  constant) 
values in the VBF through  microwave  frequency 
range, utilising  Fourier  transformations of 
picosecond  duration  pulses incident  and 
reflected from a test,material contained in a 
suitable  waveguide (e.g.  Delaney  and  Arcone 
1984). In  a  different  application,  Topp et aL. 
(1980) proposed  obtaining  single  (frequency- 
independent)  permittivity  values for soils using 
a  non-Fourier  approach, in  which  the  travel  time 
of an  electromagnetic pulse, launched  along a 
coaxial  line  of known length (L) containing a 
soil specimen, is  measure'd. (Alternatively, a 
pair of parallel  metallic  rods  may be  embedded 
in a soil  specimen.)  The  reflections 
originating at  the  front and back  (beginning  and 
end) of a sample (or in situ  sample  volume)  are 
recorded  and  the  time  delay (t) between  these 
reflections is  measured  (Figure 1 ) .  
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Figure 1. Typical  TDR  traces at a  variety  of 
freezing  temperatures. 

Electromagnetic  theory  shows that  the  velocity 
of propagation, v, can be  expressed in terms of 
an "apparent  dielectric constantll, Ka for  the 
test  medium  and  the  velocity  of  electromagnetic 
radiation in  free space, c ( 3x108 m s-'): 

v = c/JKa (1) 

since  v = L/t ( 2 )  

then Ka = (ct/L) ( 3 )  

However, since  wet  soils  are  generally 
dispersive at  frequencies in  the  low GHz range 
(Hoekstra and Delaney 1974, Delaney  and  Arcone 
1984),  the  value of Ka  determined  by  the  travel 
time  method  will  approach the  true  value  of K 
only if the TDR pulse  contains no such  high 
frequencies  by  the time it returns  from  the  end 

Wills 1986). Two features o f  the TDR 
of the  transmission line  (see also  Arcone  and 

measurement  system used  in  our  experiments 
contribute .to this condition: 

( i )  the TDR model  used  (Tektronix  1502) has a 

and  thus  the  incident  pulse  has  virtually 
relatively slow rise  time  (about  140 p s ) ,  

no  frequency  content  above  about 800 MHz. 

(ii) When  transmission  lines of  about 20 cm or 

2 

longer  are used, most o f  the  high  frequency 
content  of  the  signal is  dispersed  along 
the  line  and  the  reflection  at  the  end of 
the  line is dominated by the  lower 
frequencies in the  launched  signal. 

gXPWfl3EHTAL RATIOWALE 

Topp et  al. (1980) determined  an  empirical 
relationship  between Ka and  the  volumetric  water 
content (ev) which  is  nearly  independent of soil 
type, density, temperature  and  salinity. As the 
water  content  increases, t increases  (i.e. Ka 
increases); thus  a  relationship  exists  as 
f 01 lows : 

0u = f(Ka) 

Patterson and Smith (1981) argued  that Topp's 
relationship  could be  applied as a  first 
approximation to the determination of  the 
volumetric  unfrozen  water content, Bur of frozen 
soils, since  the  low  frequency  dielectric 
constant of ice  (3.2) is close to the  value  for 
soil  minerals ( 3  to 4). This hypothesis  was 
confirmed by combined TDR and  dilatometer 
measurements  (Patterson and  Smith 1981, Smith 
and  Patterson L984), although  resulds werS 
restricted to temperatures  above - 3  or - 4 C ,  
because  dilatometer  errors  are  cumulative  with 
cooling.  These  authors expected, however, that 
the  relationship for frozen  soils  would  depart 
from  the Topp curve at lower  temperatures  (lower 
unfrozen  water  contents  and  higher ice 
contents), as ice  is TTsubstituted" for air (K=l) 
in  the soil. In addition,  Topp et  al. (1980) 
passed  their  calibration  curve  through a value 
of 80 for bulk water, although  their  maximum 
soil water  contents were  below  about 50%.  Our 
measurment  system  yielded a value for the 
apparent  dielectric  constant of water  which was 
consistently  lower  than 80 (about 7 2 ) .  Thus a 
departure  from  the  Topp  curve is also  to  be 
expected at  high  soil  water  contents. 

These  considerations  pointed  to  the  need  for  a 
calibration  dedicated to frozen soils, and  the 
NMR technique  provides  a  suitable  reference 
method  for  this.  The  TDR/NMR  approach  offers 
considerable  scope for comparison,  accomodating 
a wide  range of soil types and  temperature 
(unfrozen  water  content). 

Further details concerning  the  NMR  and TDR 
methods can be  found in Tice et  al. (1978, 1982, 
1984), Topp et al.  (1980)  and  Patterson  and 
Smith (1981). 

E x P E R I m A L  HeTIIons 

Separate specimens, from  the  same  prepared  soil 
sample, were  subjected to NMR and  TDR 
measurements.  All  the  samples  were  saturated 
with  distilled  water  to  the  point of dilatancy, 
to facilitate  filling of the TDR  coaxial 
specimen  container.  The  containers  were from 12 
to 20 cm long, and 1.35 cm  in  diameter. The 
specimen  volume  was  from  16 to 25  cm , and  the 
specimen  mass was typically  25  to 40 g .  The NMR 
specimens  were  compacted in  test  tubes  to the 
same  density as in  the TDR tests; the  specimen 
was typically  12 to 15  g. 

The two sets of  specimens were  placed in 
precision  temperature  baths  containing  an 
ethylene  glycoJ-water  yixture.  They  were  cooled 
to between  -10 C to -15C and  progressively 
warmed to OOC. NMR  and TDR readings  were  taken 
at predetermined  temperatures on the  warming 
cycle.  Readings  were  also  taken for the 
completely  thawed  specimens.  The  TDR  traces  were 
recorded on a  Hewlett-Packard 7045B X-Y 
recorder;  this  allowed  the  travel  time to be 
determined to within t 1%. 

Anderson and  Tice (1972) demonstrated  that  the 
unfrozen  water  content of frozen  soils  depends 
not only on the  temperature  but  also  the 
specific surface  area (SSA, m2 g-l) of the  soil. 
Thus far the  present  experiments,  a variety of 

3 
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soils (16 in number)  was  selected  which  covered 
a representative  range in specific  surface area 
(Table 1). An  additional 8 soils  (Table l), 
which  were not part of the  calibration  set,  were 
also  tested  as  a  means of verifying  the 
relationship  determined  for  Ka  versus Bu. 

TABLE 1 

Soi 1 SSA 

West Lebanon gravel 
Castor sandy  loam 
Manchester silt 

Chena Hot Springs s i  
Kaolinite (KGa-1) 

Leda clay 
Vayo silty  clay 
Morin clay 
O'Brien clay 
Goodrich clay 
Tuto clay 
Sweden VFB 478 clay 
Suffield silty clay 

Ellsworth clay 
Frederick clay 

Regina clay 

15 . 2 4 0  ,375 1.563 
- .261 .385 1.475 

23 .396 . 500  1.262 
18 .303 .432 1.425 

It 40 .284 .414 1.456 
58 .333 .470 1.412 

60 .362 . 4 7 2  1.305 
,378 . 4 9 5  1.311 

61 .381 .515 1.352 
68 .362 .467 1.289 
70 .733 .674 0,920 
113 .491 .548 1.116 
148 .340 . 4 5 5  1.339 
159 .426 . 4 9 2  1.209 
184 .372 . 450  1.210 
291 .595 .572 0.961 

I 

Lanzhou silt 34 ,220 ,364 1.655 
Niagara silt 37 . 2 2 2  .365 1.645 
Norway  LE-1  clay 
Kaolinite #t 

52 .337 .477  1.415 
72 .570 .507  1.029 

Athena silt  loam 83 ,352 .456  1.296 
Sweden CTH 201 clay 106 . 5 0 8  ,573  1.128 
Hector i te 419 1.023 .722  0.706 
Volcanic ash 474 . 6 6 8  .602  0.901 

REGULTS 

With  the  dielectric  constant at each  temperature 
determined by the  pulse  reflection  method (TDR), 
and  the  unfrozen  water  content  determined by the 
NMR technique, a typical set of results is shown 
in Figure 2. Correlation of the  dielectric 

present was  achieved  by matching  the two  curves 
constant with  the  amount of  unfrozen. water 

on  the  basis of temperature.  Since  the NMR 
values  are  on  a  gravimetric  basis  (wu),  the 
volumetric  unfrozen  water  content in the TDR 
specimen at any  temperature  was  obtained by 
multiplying  the NMR value by the  dry  soil 
d e n s i t y , p d ,  of  the  TDR  specimen: 

eu = p a . w u /  Pw 
whererf 

w is the  density of water.  The 
gravi  etric  moisture  content  and  soil  density 
were  determined at the  completion o f  each  test. 

The  comparison  procedure  resulted in a  plot of 
Ka  versus  9u  (Figure  2c),  providing a 
calibration of the  TDR  technique for unfrozen 
water  content  determination. In this  case,  a 
cubic  polynomial  fits  the  data  with a standard 
error ( S . E . )  of  0.5% in Bu,  which is indicative 
of the  accuracy  possible  with  the  TDR  technique 
when it is calibrated  for  a  single  soil. 
However,  the  real  purpose of  the  experiment  was 

TDR technique on soil type. 
to  examine  the dependence  or  otherwise of the 

n l  
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Figure 2. Water  content, NMR and  TDR 
relationships  for  Leda  clay. 

To this  end,  the  comparison  procedure was 
repeated  for  all 16 test  soils,  yielding  over 
220 points for Ka  versus Ou (Figure 3). A 

gives  the  following  general  relationship: 
third-degree  polynomial  fitted to these data 
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+ 9.920E-6Ka' (4) 

with a standard  error of  estimate of * 1.55% 
in eu. 

Kn :O 

20 - 

n 1 2 .3 4 5 
WATCK CONTENT (by volume) 

6 

Figure 3 .  Water  content  versus Ka (data for  all 
soils). 

The main  reason  for the  scatter in Figure 3 is a 
subtle  but  apparent  dependency  on  the  texture 
(specific  surface  area7) of  the soil, This is 
demonstrated in Fiaure 4, where  data fo r  three 
soils are  illustrated; it is evident, that  for a 
given water content, the  apparent  dielectric 
constant is lower  the  finer  the  soil. It is 
suggested that, since the  dielectric  constant of 
adsorbed  water  must be (much) lower  than  bulk 

materials  with  high SSA lowers  the overall 
water, the  large  proportion of adsorbed  water in 

dielectric  constant  (travel  time) of the soil 
system at a  given  water  content. 

Kogina 

Ellsworth ~ 

0 0  

Figure 4 .  Water  content  versus  Ka  (data for 
three  soils). 

For  most  practical  purposes,  however,  equation 
( 4 ) ,  which does not  distinguish  between  soil 
types, may be used  to  determine  Bu  from  the 
measurement of Ka, to  within i 0,03 m m-3 (2 
S.E.'s) with a 95% level of confidence. As a 
verification of this  relationship,  a  further 8 
soils, which  did  not  form  part of the 
calibration set, were  tested.  These  results  form 
an  independent  assessment of equation (4) €or 
determining the  unfrozen  water  content  of  soils. 
The comparison, which is shown i n  Figure 5 :  
indicates  that  the  relationship  given by ( 4 )  is 
generally  satisfactory, and  that  the TDR method 
could be  used  without  regard to soil  type.  The 
slight  bias  noticeable in Figure 5 is  probably 
due to the  phenomenon  illustrated in Figure  4. 

3 

1 

r 

-_ 
0 1 .7 .J 4 .?I 

WATER CONTENT (NMR) 

Figure 5 .  Results of verification  tests of 
equation ( 4  ) e 

The  most  notable  departure  from the  general 
relationship  described in equation ( 4 )  was 
observed in the results for two  colloidal  soils 
- Hectorite (SSA = 419) and  volcanic  ash (SSA = 
4 7 4 ) .  In  both cases, the  unfrozen  water  contents 
determined via equation (4) were  consistentby 
lower  than  the NMR data, except  very  near O C  
(Figure 6). These soils presumably  represent  an 
extreme  case o f  the  phenomenon  discussed  above. 
Further  investigations of this  are  warranted 

calibration  would be  necessary  when  using  the 
since it appears at  present  that a  separate 

TDR with  such  materials. 

Errors 

In light o f  the comments in the  introductory 
section of the  paper  about  Ka  and K, it appears 

distinctly  different  from  that  used in the 
that use o f  a measurement  system  which i s  

calibration  experiments - such  as TDR equipment 
with  faster  rise times, or the  use  of  very  short 
transmission  lines - could  lead  to a larger 
error  than  suggested by equation (4). 

derives from observed  variations in the  time- 
Finally, one other  possible  source of error 

base  calibration  of  different  1502 TDR units. 
Using  different  machines, we  have  measured  Ka 
values for distilled  water  ranging  from 69 to 
7 7 .  The  unit  which  was  used i n  determining 
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eqyation (4) gave  a  value of 72 for water  at 
20C, in a 20 cm  coaxial line  (50R in air). If 
one were to obtain  a  value  of 75, say, on 
another unit, then  all  measurements using  that 
unit  should be  reduced  by 4% in order to use 
equation (4) without  additional  error. 

0 

e 

o N M R  
TDR 

I 

0 

. 9 1  

-to -S -6 -4 -2 0 
TEMPERATURE ('C) 

Figure 6. Comparison of NMR and  TDR data for 
Hectorite. 

aoNcLus1oNs 

It appears that  the  TDR  technique,  which is 
appropriate for use  in  undisturbed soil 
conditions  (in the  field  or  laboratory), does 
practical  purposes. Overall, the results 
obtained  from  the  combined NMR and TDR 
experiments,  based on 22 soils  covering  a  wide 
range of SSA's likely to be  normally  encountered 
in the field, yield  a  relationship  between 
apparent  dielectric  constant and  unfrozen  water 
content  that is only  very  slightly  dependent  on 
soil type. Use of this  relationship  implies a 
likely errot of about t 0.03 cm3  cm-3 in water 
content  with  the  TDR  method.  The  only  notable 
exceptions observed so far  are  the  results for 
two soils with very  high S S A ' s ,  for  which  the 
predicted  water  contents  were  markedly  lower 
than  the  corresponding NMR values. 

- not  require  special  calibration  for  most 
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GENESIS OF ARCTIC  BROWN SOILS (PERGELIC CRYOCHREPT) IN SVALBARD 
F.C. Ugolini and B.S. Sletten 

College of For& Resources, University of Washington, Seattle, WA 98195, USA 

CYNOPS I S  S o i l   s o l u t i o n   s t u d i e s  w e r e  u n d e r t a k e n   t o   u n d e r s t a n d   t h e  mechanism r e s p o n s i b l e  
fo r   fo rma t ion   o f   t he  Bw h o r i z o n   i n  Arctic Brown s o i l s   o f   S v a l b a r d .  I t  was assumed t h a t  the BW 
hor i zon   fo rms   e i the r  (1) by i l l u v i a t i o n  of Fe,  All and  organics  or, ( 2 )  by in s i t u  weather ing  o f  
i r o n   b e a r i n g   m i n e r a l s .   F i e l d   c o l l e c t i o n s  of s o i l   s o l u t i o n s  were made a t  Kongsfjord  and 
Wijdefjorr!, Sp i t sbe rqen   and   on   Norc l aus t l ande t .   Coa r se   t ex tu red   so i l s   gene ra l ly   younger   t han  
12,000  years  were i n v e s t i g a t e d   s i n c e  soi ls  w i t h   f i n e r   t e x t u r e   a r e   s u b j e c t e d   t o   c r y o t u r b a t i o n   a n d  
ho r i zona t ion  i s  pe r tu rbed .   So lu t ion   da t a  show o n l y   l o w   l e v e l s   o f   m e t a l   i l l u v i a t i o n ,   o c c u r r i n g  
p r i m a r i l y  as Al-organic   complexes .   I l luv ia t ion  does n o t   a c c o u n t   f o r   t h e  B hor izon   format ion ,  
t h e r e f o r e   w e a t h e r i n g  in t l i t u  appears  to be   t he   mos t   impor t an t   mechan i sm,   Fac to r s   such   a s   eo l i an  
i n p u t  o f  ca rbona te s ,  s o i l  pH, and p r e c i p i t a t i o n   m e d i a t e   t h e   f o r m a t i o n   o f   t h e s e   s o i l s .  

INTRODUCTION 

Pedogen ic   g rad ien t s   fo l lowing   an   i dea l i zed  
n o r t h e r n   t r a n s e c t   f r o m   t h e   t u n d r a   z o n e   i n t o   t h e  

a l .  (1958),  Tedrow (1977) , and  Ugolini (1986)- 
po la r   dese r t   have   been   desc r ibed   by  Tedrow e t  

The weakening of so i l - fo rming   p rocesses   i nvo lv -  
i n g   c h e m i c a l   r e a c t i o n s   p a r a l l e l s  t h e  d e c r e a s e   i n  
p r e c i p i t a t i o n ,   t e m p e r a t u r e ,   a n d   b i o l o g i c a l  
a c t i v i t y .   I n   c o n t r a s t ,   s o i l - f o r m i n g   p r o c e s s e s  
l ead ing   t o   an   accumula t ion  of s o l u b l e  sa l t s  and 
ca rbona te s   i nc rease .   Pedogen ic   d i f f e rences  
a l o n g   a n   i d e a l i z e d   n o r t h e r n   t r a n s e c t   a r e   b e t t e r  
expressed  i n  t h e   w e l l - d r a i n e d   s o i l s   t h a n   i n  
poor ly   ' d r a ined   ones  (Tedrow 1 9 7 7 ) .  O f  concern 
i n  t h i s  p r e s e n t a t i o n  i s  t h e  Arct ic  Brown (Per- 
g e l i c   C r y o c h r e p t )  , a w e l l - d r a i n e d   s o i l  of 
c i rcumpolar  ' d i s t r i b u t i o n   ( U g o l i n i  1965)  t h a t  

Arctic and   wi th   Polar  Desert s o i l s   ( E n t i s o l s )   i n  
c o e x i s t s  w i t h  Podzo l s   (Spodoso l s )   i n   t he  low 

t h e   h i g h  Arct ic .  

The prominent   fea ture  of Arctic Brown s o i l s  is  a 
brown Bw h o r i z o n ,   n o t   c o n t a i n i n g   i l l u v i a l   c l a y ,  
bu t   hypothes ized  t o  c o n t a i n   i l l u v i a l  Fe, AI, and 
o r g a n i c s  (Tedrow 1977).  An impor tan t   ques t ion  
i n   a r c t i c   p e d o l o g y   t o d a y  i s  whether   the  Bw 

mi lde r  c l i m a t e s   o r  a m a n i f e s t a t i o n  of t h e  
ho r i zon  i s  a v e s t i g i a l  remnant of p rev ious  

present   environment .   Furthermore , i f  it 
r e p r e s e n t s  a modern p rocess ,  i s  t h e  Bw ho r i zon  
formed by metals i l l u v i a t e d  from 
hor i zons  or  i s  i t  formed  by i n  situ weather lng .  the uppe: 
I l l u v i a t i o n   r e q u i r e s  a p e r c o l a t i v e   m o i s t u r e  
regimen  and e i ther  t h e  presence  of s o l u b l e  
o r g a n i c s   c a p a b l e  of c h e l a t i n g   a n d   m o b i l i z i n g  the 
i ron   and   a luminum,   o r   s t rong   ac id   condi t ions .  
C u r r e n t   r e s e a r c h   i n   S v a l b a r d   h a s  shown t h a t  
while p e r c o l a t i v e   e v e n t s  are r a re   because   o f  t h e  
low p r e c i p i t a t i o n ,   p e r c o l a t i o n  does occur   du r ing  
spr ing  thaw.   Product ion of proton  donors  
inc lud ing   o rgan ic   ac ids ,   however ,  i s  n o t  
s u f f i c i e n t   t o   a c i d i f y   t h e   s o i l   a n d   t o   c a u s e  
s o l u b i l i z a t i o n  of Fe and A l .  B u t  w h i l e   t h e   s o i l  

pH a p p r o a c h e s   n e u t r a l i t y ,   s i g n i f i c a n t   l e v e l s   o f  
d i s so lved   o rgan ic   ca rbon  (DOC) o c c u r   i n   t h e  
s o i l   s o l u t i o n .  These   so lub le   o rgan ic s   a r e   no t  
e v i d e n t l y   e f f e c t i v e   c h e l a t o r s   f o r  Fe and A 1  and 
i t  i s  b e l i e v e d   t h a t  i n  s i t u  weather ing   involv ing  
oxidat , ion  and  hydrolyt ic   react ions  dominate   the 
f o r m a t p n  of t h e  Bw hor izons .  

There '   have  been  re la t ively few s t u d i e s   o f   t h e  
soils of : SvaLbard,  and most of these have 

Fedokoff  1966, Forman and Miller 1984, Mann e t  
focused op d e s c r i p t i v e   a s p e c t s  (SzerszeTI 1965,  

a l .  1986) .   Other   s tudies   have  emphasized  cryo-  
genic   asp 'ects   of  s o i l  development  (Smith 1 9 5 6 ,  
van  Vliet-Lanoe 1983). I n  a d d i t i o n ,  most of 
these inved t iga t ions   have   been   l imi t ed   t o  more 
a c c e s s i b l e   a r e a s   a n d   t h e r e f o r e   r e p r e s e n t   o n l y  a 
smal l   por t ion   o f   Sva lbard .   In   v iew  of   these  
c o n s i d e r a t i o n s ,  w e  h a v e   e l e c t e d  t o  examine B 
hor i zon   fo rma t ion   on   no r thwes t   and   no r thcen t r a l  
Sp i t sbe rgen   and   Nordaus t l ande t .   I n   t h i s   i nqu i ry  
we have  used a d u a l   a p p r o a c h :   t h e   t r a d i t i o n a l  
ana lys i s   o f   so i l   s amples ,   and   t he   dynamic  
p e d o l o g i c a l   a p p r o a c h   w h e r e   s o i l   s o l u t i o n s   a r e  
c o l l e c t e d  i n  situ and  analyzed  (Ugolini  e t  aZ. 
1 9 8 2 ) .  

STUDY AREA DESCRIPTION 

Soils i n  three l o c a t i o n s  on the  Svalbard  
Archipelago were s t u d i e d   i n   d e t a i l   ( F i g .  1 ) .  
The Ar r ige t ch  s i t e  (79'01'N, 12°01'E) and t h e  
Ryper s i t e  (7g007'N, 16O15'E) a r e   l o c a t e d  on t h e  
i s l a n d  of Spi t sbergen   in   Kongsf jord   and  
Wi jde f jo rd ,   r e spec t ive ly .  The B r a n e v a t n e t   s i t e  
(79O48'NI 22"03'E) i s  l o c a t e d   o n   t h e   i s l a n d   o f  

Nordaust landet   near   Brdnevatnet  Lake. 

Soils a t   t h e   A r r i g e t c h  s i t e ,  1 4  m above sea 
l eve l   ( a s l ) ,   have   deve loped   i n   r eworked   beach  
d e p o s i t s   c o n s i s t i n g   p r i m a r i l y  of l imes tone ,  
marb le ,   mica   s ch i s t ,   and   qua r t z i t e  (Bjel le  and 
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F I G U R E  1 L o c a t i o n  of s t u d y  s i tes  on   Sva lba rd .  

L a u r i t z e n  1 9 8 2 ) .  P l a n t s   c o v e r  60-90% of t h e  
s u r f a c e   w i t h  25% Cassiope t e t r a g o n u  and 30% 
l i c h e n - C e t r a r i a  delisei, b e i n g  t h e  major 
s p e c i e s .   O t h e r  common p l a n t s   i n c l u d e  S a l i x  
p o l a r i ~ ,  polygonum v i v i p a r u m ,  Dryus octopetala, 
and C e t r a r i a  isZandica (Mann e t  al. 1986). 
P e r i g l a c i a l   f e a t u r e s   a r e   m a n i f e s t e d   a s   l a r g e  
scale polygons .  The s i t e  w a s   s e l e c t e d   i n s i d e  
t h e   p e r i m e t e r  of a n   a p p a r e n t l y   i n a c t i v e   p o l y g o n .  
Cl imat ic  i n f o r m a t i o n   f o r   t h e   K o n g s f j o r d  area i s  
a v a i l a b l e   f r o m   t h e   N y - h e s u n d   s t a t i o n  where t h e  
mean a n n u a l   a i r   t e m p e r a t u r e  i s  -5.  B0C, w i t h  a 
J u l y  mean a i r  t e m p e r a t u r e  of + 5 . 2 O C I  and t h e  
mean a n n u a l   p r e c i p i t a t i o n  i s  385 nun, p r i m a r i l y  
a s  snow ( S t e f f e n s e n  1982)  

The Ryper s i t e  i s  located on  a s tab le  bench a t  
7 5  m as1 w i t h   p r i m a r y   b e d r o c k   l i t h o l o g y   c o n s i s t -  
i n g  of g n e i s s   a n d   a m p h i b o l i t e  (Hjelle and 
L a u r i t z e n  1 9 8 2 ) .  P l a n t  cover i s  c o n t i n u o u s   w i t h  
5 0 %  r n o s s / l i c h e n ,  2 0 %  C a r e x  s p e c i e s ,  20% DryaR 
o c t o p e t a l a .   a n d   1 0 %  S a Z i x  p o Z u r i s  and S a x i f r a g n  
oppositifolia. L i t t l e  c l imat ic  i n f o r m a t i o n  i s  
a v a i l a b l e  for  t h i s  area,  b u t  l a t e  sp r ing   snow 
c o v e r ,   p r i o r  t o  t h e  1 9 7 9  t h a w ,   r e v e a l s   s n o w f a l l  
t o  b e   a b o u t  1 / 3  of  t h a t  i n   N y - h e s u n d ,  or a b o u t  
120 nun water equ iva len t   (Rhodakov  1985). F i e l d  
o b s e r v a t i o n   a n d   t e m p e r a t u r e   c o m p a r i s o n s   d u r i n g  
t h e  summers of 1984, 1985, and 1 9 8 6  s u g g e s t  
t e m p e r a t u r e s  similar t o  Ny-filesund. 

The B r a n e v a t n e t  s i t e  i s  located on a s t a b l e  
d e l t a  d e p o s i t   a b o v e   B r a n e v a t n e t  Lake a t  50 m 
ssl.  Granite and shale  c las ts  are the  major  
l i t h o l o g i e s   ( L a u r i t z e n   a n d  Ohta 1 9 8 4 )  and 
compr ise  t h e  p r e d o m i n a n t   p a r e n t   m a t e r i a l  for  t h e  

so i l s .  The p l a n t   c o v e r  is c o n t i n u o u s  an6 
c o n s i s t s  of SO% C a r e 2  s p e c i e s ,  4 0 %  whi t e   and  
b l a c k   c r u s t o s e   a n d   f o l i o s e   l i c h e n s ,  10% P o l y -  
gonum v i v i p a r u m ,  w i t h  less abundant  Salis 
p o l a r i s ,  S a z i f r a g a  nppoeitifolia, and Papaver  
dahlianum. C l i m a t i c   i n f o r m a t i o n  i s  a l s o   s c a n t  
f o r .  t h i s  a r ea .   Pub l i shed   i so the rms   (Vowincke l  
and   Orvig  1 9 7 0 )  s u g g e s t  a t e m p e r a t u r e   s e v e r a l  
d e g r e e s  cooler than   Ny-Alesund,   which   agrees  
w i t h  summer field! o b s e r v a t i o n   d u r i n g  1985 and 
1986. P r e c i p i t a t i o n  a t  B r a n e v a t n e t  i s  p r o b a b l y  
less t h a n  a t  N y - h e s u n d ,   b u t   h i g h e r   t h a n   R y p e r .  

METHODS 

S o i l   s o l u t i o n s  were c o l l e c t e d   d u r i n g   t h e   s p r i n g  
and  summers of 1983 t h r o u g h  1986. L y s i m e t e r s  
were e m p l a c e d   i n  t h e  s o i l  u n d e r   t h e   g e n e t i c  
h o r i z o n s ,   u s u a l l y  t h e  y e a r  before t h e   c o l l e c -  
t i o n s  o f  s o i l  s o l u t i o n s  were made. They c o n s i s t  
o f  m u l l i t e  d i scs ,  w i t h  12-15 u m  pores ,   mounted  

c o l l e c t i o n  b o t t l e s  w i t h   T e f l o n  t u b i n g .  The 
i n  a n y l o n  base   and  c o n n e c t e d   t o  p o l y e t h y l e n e  

p o r t a b l e  vacuum  system  (Ugolini  e t  aZ.  1 9 8 2 )  w a s  
m a i n t a i n e d  a t  10 kPa ( 0 . 1  a t m o s p h e r e s )  vacuum. 
The s o i l  s o l u t i o n s  were f i l t e r e d   i n   t h e  f i e l d  
w i t h  0.22 urn d i s p o s a b l e   f i l t e r s ,   a n d  pH and 
a l k a l i n i t y  were measuree.   Subsamples  were 
a c i d i f i e d  to pH 2 and l a t e r   a n a l y z e d  f o r  Fe ,  A l l  
a n d   t h e  major c a t i o n s  w i t h  a J a r r e l -Ash   mode l  
96-955 ( F i s h e r   S c i e n t i f i c  Co. , Waltham, MA) 

photometer  (ICP). Another  subsample was p r e -  
i n d u c t i v e l y  c o u p l e d   a r g o n  plasma s p e c t r w -  

s e r v e d  w i t h  CH3CN f o r   s u b s e q u e n t   a n a l y s i s  of t h e  
i n o r g a n i c   a n i o n s ,  C l - ,  NO3-, HPOq2-, and Sod2-, 
w i t h  a Dionex  model  2010  (Dionex  Corp., 
Sunnyvale ,  CA) i o n   c h r o m a t o g r a p h .   T o t a l  
i n o r g a n i c   c a r b o n  ( T I C )  a n d   d i s s o l v e d   o r g a n i c  
c a r b o n  (DOC) was   de t e rmined   w i th   an  01 7 0 0  (01 
C o r p . ,   C o l l e g e   S t a t i o n ,  TX) c a r b o n   a n a l y z e r .  

All s o i l  samples  were a i r   d r i e d   a n a   s i e v e d  a t  2 
nun. O r g a n i c   c a r b o n  was estimated. by t h e  mod- 
ified! Walkley-Black  procedure  (Al- l ison 1 9 6 5 ) .  
To ta l  N and P were e x t r a c t e d  by L i 2 S 0 4   d i g e s t  

e x t r a c t e d  w i t h  c i t r a t e - b u f f e l e d  d i t h i o n i t e  
( P a r k i n s o n  a n d   A l l e n  1 9 7 5 ) .  I r o n  and A 1  were 

(Jackson 1 9 6 9 )  and w i t h  0 . 1  N sbdiurn-pyro- 
p h o s p h a t e  (McKeague 1 9 7 8 ) ,  a n d   a s s a y e d   o n   t h e  
I C P .  S o i l  pH was  de te rmined   on  a 1 : 2 so i l :  H 0 

s u s p e n s i o n .  Par t ic le  s i z e  was   de te rmined  by 
s i e v i n g  of  t h e  sapd and s i l t  f r a c t i o n s .  The 
s i l t  a n d   c l a y   f r a c t i o n s   i n  t h e  c 5 0  u m  f r a c t i o n  
were d i s p e r s e d  i n  0 .5% sodium  hexametaphosphate  
and  measured w i t h  a SediGraph 5000D 
( M i c r o m e r i t i c s   I n s t r u m e n t  C o . ,  N o r c r o s s ,  GA) 
p a r t i c l e   s i z e   a n a l y z e s .  

2 

RESULTS AND DISCUSSION 

The three selected p r o f i l e s  a re  a p p r o x i m a t e l y  
a r r a n g e d   a l o n g  a c l i m a t i c   t r a n s e c t ,   A r r i g e t c h  
b e i n g  wet ter  and milder t h a n   R r d n e v a t n e t ,  
whereas  Ryper i s  t h e  dr ies t  w i t h  similar tern- 
p e r a t u r e s  t o  A r r i g c t c h .   D e s c r i p t i o n s  o f  a 
r e p r e s e n t a t i v e   p r o f i l e  from e a c h  of t h e   t h r e e  
s i tes  a re  g i v e n   i n   T a b l e  I. All of t h e s e  sails  
d i s p l a y  0, A ,  B ,  C h o r i z o n a t i o n   a n d  are  morpho- 
l o g i c a l l y   s i m i l a r .   A c c o r d i n g  t o  S o i l  Taxonomy 
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TABLE f S o i l   d e s c r i p t i o n   o f   A r r i g e t c h ,   R y p e r ,   a n d   B r i n e v a t n e t  

S i t e l  
Horizon  Depth  Color   Texture   Structure   Consis tencJ  

ARRIGETCH 

O i  /oe 2-0 c m  

BW 1 
Bw 2 
Ck 

s a  

RYPER 1 
O i  /Oe 
A 
Bw1 12-30 
Bw 2 30-57 
BC 

B R ~ N E V A T N E T  

O i  /oe 4-0 cm 
A 0-7 5YR3/2 
Bw 1 7-20 10YR4/2 
Bw2 20-38 10YR4/2V s a  

A 0-7 5YR3 / 1 l s a   2 t p l   f r , n p , n s  
7-27 10YR4/3 l s a  
27-44. 10YR4/3-4 

1 thp  1 fr nn "6 

44-60+  
l t h p l  

V sa 0 l o  ,np , ns 

5-0 cm 
0-12 7.5YR3/2 

10YR4/2-3V 
10YR5/2-3V g r  lsa 

si1 2Pl   Er , ss , sp  
g r   l s a  lcr  

lc r  
57-69+ V g r  sa 0 lo ,np ,ns  

, --r , -- 

si1 l t p l   l o , s s , s p  
g r  sa l t h p l  

C 38-70+ 10YR4 / 1 V  gr sa 0 l o , n p , n s  
0 

" I --r r "  

Key: Color:   V-variegated 
T e x t u r e :   s i - s i l t y , s a - s a n d  or sandy,   g r -grave l ly ,  1-10- or loamy 
C o n s i s t a n c e :   f r - f r i a b l e ,   l o - l o o s e ,   s - s l i g h t l y ,  n-non, p - p l a s t i c ,  s- -~ - - , -  
Structure:   0-none,  1-weak, 2-medium, t - t h i n ,   t h - t h i c k ,   p l - p l a t y ,   c r - c r u &  

(So i l   Su rvey   S t a f f  1975) , t h e s e  soi ls  would be 
c l a s s i f i e d  as P e r g e l i c   C r y o c h r e p t s .  The c o a r s e  
t e x t u r e   i n   t h e  B and C hor izon  o f  t h e s e   s o i l s  
a l l o w s   p e r i o d i c   p e r c o l a t i o n  t o  occur   and   the  Arrigetch ErBnevatnet 
development of s t a b l e   p r o f i l e s .  Each of these Ei "?  

1 9 8 6 ,   S l e t t e n   ( u n p u b l i s h e d   d a t a )  1 .  I n   o l d e r  
s o i l s ,   w i t h  a grea te r   accumula t ion  of f i n e  30 
p a r t i c l e s ,   c r y o t u r b a t i o n   t y p i c a l l y   o c c u r s   a n d  
t h e  ho r i zona t ion  is d i s r u p t e d .  Common t o   a l l  60 

t h r e e  si tes,  a l though less prominent a t  0 
30 Bwl 3 

;;[! a 5 2 2 s o i l s  i s  9 , 0 0 0  t o  12 ,000   years  o l d  (Mann e t  aZ. ' I Y I  

A 
.- 

0 

.! ! 
Arr ige tch  , ' 
accumula t io  n o f  

is  t h e  p 
f i n e s  

lresence o 
(c0.05mm. 

' f  
Fir Y .  2 ) .  These 

a s u r f i c i a l  
'" 60 

an Bw2 

f i n e s  a re  be l i eved  to b e   e o l i a n   d e p b s i t k  and t o  60 

Th i s   i npu t  i s  p r o b a b l y   c r u c i a l  t o  the o v e r a l l  
g e n e s i s   o f   t h e s e   s o i l s .  

be   an   impor tan t   source  o f  d e t r i t a l   c a r b o n a t e s .  30 C 
0 

R y w r  
S o i l   r e a c t i o n  i s  s l i g h t l y   a c i d   a t   t h e   s u r f a c e   t o  
m i l d l y   a l k a l i n e   i n   t h e  lower hor izons   (F ig .  3 )  

$0 A 

i n d i c a t i n g  a low l e a c h i n g   p o t e n t i a l   a n d  a l o w  
l e v e l   o f   a c i d i f i c a t i o n .   C a r b o n ,   n i t r o g e n   a n d  80 

p h o s p h o r u s   a r e   r e s t r i c t e d   t o   t h e  0 and A 
30 Rw 1 

ho r i zons  where most o f  t h e   b i o l o g i c a l   a c t i v i t y  
occurs   (Table  11) Weathering i s  mos t   i n t ense  
i n   s u r f i c i a l   m i n e r a l   h o r i z o n s   a n d  t h e  h i g h e s t  
l e v e l s  of e x t r a c t a b l e  Fed and A l d  o c c u r   i n  t h e  A 

+- - 
60 
SO 

hor izon  of 
The Arr ige t  

t h e  
:ch 1: 

and Branet 
d i s p l a y s  

ratr 
t h e  

let p r o f i l e s .  
h i g h e s t  Fed 

and A l ,  i n   t h e  R w l  h o r i z o n   s u g g e s t i n g   t h a t  
U 

.. 

i l l u v i a t i o n  may have  occurred.  The a c t u a l  three profile 
l e v e l s  of e x t r a c t a b l e  Fe and A l  a r e  low and  only 

FIGURE 2 Pd a r t i c l e  s i z  
S .  

a f r a c t i o n  of these me ta l s  i s  o r g a n i c a l l y  
complexefl as  determined by pyrophosphate 
e x t r a c t i o n   ( F i g .  3 ) .  Organ ica l ly  bound m e t a l s   i n c r e a s e   i n  the  B a t   A r r i g e t c h ,   e s p e c i a l l y  Fe 
t e n d   t o   p r e v a i l   a t  t h e  s u r f a c e .  The appa ren t  may the wetter - >  ,~... - a .  I 

dl 
- 3 An c 
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TARLE I1 Soil   Carbon,  Nitrogen,  and  Phosphorous.  

S i t e /  
Horizon %C %N % P  

ARRfGETCH 
0 
A 

0.87 0 . 1 3  
7 . 4  0.14 0 .04  

Bw 1 1 .0  0 .06  0 .04  

C 
Bw 2 0.5 0.03 0 . 0 4  

<o. 1 0.01 0.03 

RYPER 

- 

A 11.1 0.67 0.17 
Bw 1 1.1 0.07 0 .08  
BW2 0.3 0.02 0 . 1 1  
BC 0 .3  0 . 0 3  0.10 

B R ~ E V A T N E T  

A 2 8 . 4  0.70  0.14 
Bw 1 0.5 0 . 1 1  
Bw2 

0.02 
0.3 0.08 

C 
0.04 

0.1 0.05 0.04 

t h a n   a t   t h e   o t h e r  si tes.  Low e o l i a n   i n p u t   o f  

m i n e r a l s   i n   t h e  B hor izon .  
ca rbona te s  may a l so   f avor   wea the r ing   o f  the 

S o l u t i o n   c o m p o s i t i o n   f o r   a l l  three p r o f i l e s  
shows t h a t  Fe  and A l  a x e   o n l y   s l i g h t l y   s o l u b l e  
and   a r e   mig ra t ing   min ima l ly   t h rough   t he   p ro f i l e  
(Fig.  4 ) .  A f a c t o r   u n f a v o r a b l e  for s o l u b i l i -  
zat ion  of   Fe  and A1 i s  the  n e a r   n e u t r a l i t y  of pH 
a t   t h e   s u r f a c e   ( F i g .  4 ) .  Calcium is  t h e   p r e -  
v a i l i n g   c a t i o n   a n d  i s  expec ted  t o  s t a b i l i z e   t h e  
o r g a n i c s   d e c r e a s i n g   t h e i r   c h e l a t i n g   c a p a c i t y .  
The i n p u t  of ca l ca reous  loess w i l l  con t inue  t o  
ma in ta in   h igh  pH and Ca l e v e l s .   N e v e r t h e l e s s ,  
A 1  i n   s o l u t i o n   d o e s  show a h i g h   c o r r e l a t i o n   w i t h  
DOC i n   s p i t e   o f   t h e  low A l  c o n c e n t r a t i o n s  (r2 = 
0 .98  f o r   A r r i g e t c h ,  0 .87 fo r  Ryper,  and 0.92 f o r  
B r h e v a t n e t ) .  From t h e   s o l u t i o n  da ta ,  it 
a p p e a r s   t h a t   i l l u v i a t i o n  i s  minimal,   but some 
movement of A 1  and DOC i s  t ak ing   p lace ' .  

I 
I 
\ 

I: I \ 

/ 
Bw2 / 

/ 

\ li / 

C I 

p i 

aw21."" BC 

A 

Bw 1 

Bw2 

C 

BrBnevatnet 
(28.W 

IY Organlc Matter 
I -  - p H  

OH 

0 5 10 15 20 

PH 
b 
5 6 7 1 9  

FIGURE 3 S o i l   c h e m i s t r y .   D i s t r i b u t i o n  of pH, 

e x t r a c t a b l e  Fe  and A 1  f o r   e a c h   p r o f i l e .  
o r g a n i c  matter, and pyrophospha te   and   d i th ion i t e  

is no t   expec ted  t h a t   p a s t   c l i m a t e   v a r i a t i o n s  
could   account   for  these d i f f e r e n c e s .  

While t h e   n a t u r e  o f   t h e  DOC i s  no t  known, it 

t ion   10 ,000  BP a n d   a l s o  it i s  assumed t h a t   o n l y  
h a l f  of t h e   p r e c i p i t a t i o n   p e r c o l a t e s   t h r o u g h   t h e  
soil. T h i s   c a l c u l a t i o n   s u g g e s t s   t h a t  0 .025  K g  

o f  F e   h a s   b e e n   i l l u v i a t e d   i n t o  1 m2 of B 
hor i zon .   Ac tua l   va lues   o f  Fe  accumulated i n   t h e  
B w l  and Bw2 h o r i z o n s ,   e s t i m a t e d  from Fed  and 
c o r r e c t e d   f o r  C h o r i z o n   l e v e l s ,  is 1 . 4  Kg. 
While admi t t ed ly  t h i s  is  an  approximate  calcu-  
l a t i o n ,   t h e  50 t i m e s  d i f f e r e n c e   b e t w e e n   t h e s e  
v a l u e s   d o e s   s u g g e s t   t h a t  i n  ~ l i t 7 ~  weather ing  is 
p r i m a r i l y   r e s p o n s i b l e   f o r   t h e s e  Bw ho r i zons .  I t  

from t h e c a t i o n s ,   p r o v i d e s   a n   e s t i m a t e   i n  ueq L-' 
p e r  mg o f  DOC. The 0 h o r i z o n   a t   A r r i g e t c h  
c o n t r i b u t e s  4m.3 ueq L-' mgC-' of nega t ive  
charge,   whereas   the A hor i zon   p rov ides  1 0  ueq 
L mgC-l. These v a l u e s   c o r r e s p o n d   t o  1 9  atoms 
o f   ca rbon   fo r   each   d i s soc ia t ed   func t iona l   g roup  
i n   t h e  0 horizon,   and 8 C atoms i n   t h e  A 
horizon. The h igh   ca rbon   t o   func t iona l   g roup  
r a t i o   i n   t h e  0 h o r i z o n   i n d i c a t e s  low  charged 
compounds,  assumed t o  be  undecomposed p l a n t , u ,  
remains. On t h e  o t h e r   h a n d ,   t h e  same r a t i o  for 
t h e  A hor izon  i s  8 ,  i n d i c a t i n g  a s i m i l a r i t y  to 
high  molecular   weight  compounds  such a s   f u l v i c  
a c i d   t h a t   c o n t a i n   a p p r o x i m a t e l y  7 carbon  atoms 
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FIGURE 4 S o i l   s o l u t i o n   c h e m i s t r y .  Concen- 
t r a t i o n s   o f  A l l  Fe,  DOC, and pH v a l u e s   a r e  shown 
for s o i l  s o l u t i o n s   c o l l e c t e d   v i a   t e n s i o n  
l y s i m e t e r s z  

fo r   each   ca rboxy l i c   g roup  (Thurman 1986). The 
same c a l c u l a t i o n s   f o r   t h e  Ryper and  Brdnevatnet  
soils show t h a t  more h igh ly   cha rged  compounds i n  
t h e   l e a c h a t e s  from t h e  0 hor izon ,  similar t o  t h e  
Ar r ige t ch  A hor izon .  

With r e s p e c t  t o  o t h e r   i o n s   i n   s o l u t i o n   ( F i g .  5) , 
t h e   f o l l o w i n g   o r d e r   e x i s t s  for t h e  c a t i o n s   a t  
Ar r ige t ch  and Ryper: Ca > Mq = Na > K: a t  
B r h e v a t n e t   t h e   s e q u e n c e  shows: C a  = Mg = N a  > 
K. Among t h e   a n i o n s ,   d i s s o c i a t e d   o r g a n i c   a c i d s  
p r e v a i l   i n   t h e  A o f  B r d n e v a t n e t ,   a n d   i n   t h e  0 of 
Ryper .   Bicarbonate   dominates   the  anions of t h e  
Ryper  and  Arrigetch sites, w h i l e   c h l o r i d e  i s  t h e  
second most abundan t   i n  a l l  t h e   t h r e e   p r o f i l e s .  
Marine a i r  masses and loess i n p u t  are cons ide red  
r e s p o n s i b l e   f o r  C1- and HCO; i n p u t s ,  t h e  same 
exp lana t ion  i s  o f f e r e d   f o r   t h e  S042- .  N i t r a t e  
i s  p r e s e n t   o n l y  a t  l o w  l e v e l s .  

The c h a r g e   b a l a n c e s   i n   F i g .  5 appear  t o  be 
r e l a t e d   t o   e o l i a n   i n p u t .  A t  Ryper and 
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I 
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I+ 
1 .o 0 5  0 0.5 1 .o 

A 

Bw 1 

Bw2 

C 
1.0 0.1 0 0.5 1 .o 

X- rneq ~ - 1  1-1- meq ~ - 1  

FIGURE 5 Deta i l ed   cha rge   ba l ance   o f  sa i l  
so lu t ions .  

Branevatne t   the   accumula t ion  o f  s u r f i c i a l  fines 
is a souxce o f  salts a n d   d e t r i t a l   c a r b o n a t e s .  
Low l e a c h i n g   p r e v e n t s   t h e   d i s s o l u t i o n  of these 
components  through the  soil. A t  Arr ige tch  t h e  
i n f l u x  of e o l i a n   f i n e s  is  low (Fig.  2 )  and  no 
d e t r i t a l  C0:-  axe added.  Consequently t h e  s o i l  
s o l u t i o n  i s  less concen t r a t ed .  A milde r  and 
wetter climate a t  Ar r ige t ch   t han  a t  the  o t h e r  

w e a t h e r i n g   a n d   l e a c h i n g   a t  t h e  s u r f a c e .  
sites may a l s o   b e   r e s p o n s i b l e   f a r  more i n t e n s e  

T e x t u r a l   d i f f e r e n c e s   a n d  the presence  or absence 
o f  an   i ce -cemen ted   f ros t   t ab l e  may accoun t   fo r  
d i f f e r e n c e s   i n  t h e  s o l u t i o n   c o n c e n t r a t i o n   a t  t h e  
t h r e e  sites. A t  Branevatne t  t h e  g r a v e l l y  
t e x t u r e   o f   t h e  B and C ho r i zons   r educes  t h e  
r e s i d e n c e  time o f   t h e   s o l u t i o n s  and t h e r e f o r e  
d i s s o l u t i o n  of ca rbona te s  may be less. 



Consequ 'en t ly ,   the   concent ra t ions  of HCO; and 
ca2+ a r e  l o w  ( ~ i q .  5). 

CONCLUSIONS 

In  summary, t h e   s o l i d   a n d  s o i l  s o l u t i o n   a n a l y s e s  
o f   t h e   t h r e e  Arctic Brown s o i l s   ( P e r g e l i c  
Cryochrepts)   f rbm  Svalbard  tend t o  d e p i c t  a 
s i t ua t ion   domina ted .by  in rr'itu w e a t h e r i n g   r a t h e r  
t h a n   i l l u v i a t i o n  for t h e  formation of t h e  Bw 
hor izon .  The A r r i g e t c h   p r o f i l e  shows,  never- 
t h e l e s s ,  some evidence   o f  metal i l l u v i a t i o n   i n  
t h e  Bw. Evidence for i l l u v i a t i o n   i n   t h e   o t h e r  
p r o f i l e s  is less clear. The chemical   behavior  
o f  Fe  and A 1  provide  some i n s i g h t   i n t o   t h e  
i l l u v i a l   p r o c e s s .  While Fe on ly  shows a mono- 
tonous   dec rease   w i th   dep th   i n  a l l  the p r o , f i l e s ,  
A 1  a t  t h e  A r r i g e t c h  s i te  shows a weak e l u v i a l -  
i l l u v i a l   t r e n d .  The co inc idence   o f  t h e  cu rves  
d e p i c t i n g   t h e  A 1  and   t he   o rgan ic   ca rbon   i n  
s o l u t i o n   s u g g e s t s   t h a t   t h e  A 1  i s  o r g a n i c a l l y  

u s e f u l   f o r  i n d i c a t i n g  pedo log ica l   t r ends  a t  h igh  
complexed. Thus, i t  a p p e a r s   t h a t  A 1  may be  

l a t i t u d e s .   L e a c h i n g   p o t e n t i a l  i s  low but  
pe rco la t ion   does   occu r   du r ing   t he   sp r ing   t haw 
pe r iod .  

A f a c t o r  of g r e a t   i m p o r t a n c e   i n   t h e ,   g e n e s i s   o f  
t h e s e   s o i l s  i s  t h e  i n f l u e n c e  of c a l c a r e o u s  
l o e s s .   I n   a d d i t i o n  t o  p r o v i d i n g   f i n e s   a t   t h e  
s u x f a c e ,   t h e   i n t r o d u c t i o n  o f  d e t r i t a l   c a r b o n a t e s  
w i l l  m a i n t a i n   a n   a l k a l i n e  pH. A c i d i f i c a t i o n   o f  
t h e   s o i l  i s  t h u s   a f t e n u a t e d .   R e l a t i n g   t h e  
pedogenesis of t h e  Arctic Brown s o i l s  of 
S v a l b a r d   t o   t h e   s o i l s  o f  nor the rn   A laska ,   t he  
former  appear less developed  (Ugolini   1986) .  
Furthermore,   whereas i n   n o r t h e r n   A l a s k a   a t  69' 
l a t i t u d e  N, t h e  Arctic Browns c o e x i s t   w i t h  
Podzols (Brown and  Tedrow 1964) ,   such   assoc ia-  
t i o n  was not  found a t  79'N i n   S v a l b a r d .  
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SYNOPSIS  Massive  ground  ice  layers  are  widely  spread  in  the  north o f  West  Siberia,  in 
the  southeastern paxt of Chuckotka,  on  Alaska  and  in  Arctic  Canada.  Their  genesis is still  a 
disputable  question. In the  given  study  massive  ground  ice  was  investigated  using  the  oxygen- 
isotope  method. 6 0 variations  together  with  data on the  structure  of ice and  the  interbedded 
sediments  showed  that  some of the  studied  layers  may  have  burried  glacier  origin. 

18 

INTRODWCTIOB 

Formations  with  signs of burried  glacier  ice 
are o f  special  interest among the  massive 
ground  ice  widely  spread  in  the  north of West 
Siberia,  in  the  southeastern  part of Chuckdtka, 
on Alaska  and  in  Arctic  Canada  (Karpov, 1986; 
Kaplyanskaya,  Tarnogradskiy, 1976; Solomatin, 
1986; Mackay, 1 9 8 3 ) .  study of the 
conditions of their  formation  and  distribution 
may result  in  unique  information on the 
palaeoclimatic  and  palaeocryological 
conditions of the  investigated  area. 
However,  the  occurrence  of  burried  glacier  ice 
in the  permafrost  zone  was  not  commonly 
acknowledged  till  Lately. 
Attempts have  recently  been  made to apply 
isotopic  and  geochemical  methods  to  the  study 
of ice  and  interbedded  sediments  alongside 
with  complex  lithological-phacial, 
stratigramic, textural  and  structural 
approaches  (Mackay, 1983;  VaihBe, Karpov, 
1985; Lorrain,  Demeur, 1985; Kritsuk  et  al., 
1 9 8 6 ) .  It should  at  once  be  pointed out that 
conclusions  about  the  genesis  and  palaeo- 
climatic  foxmation  condition of ice  layers 

ed  merely  on  isotopic  data,  are  not  well 
unded in most cases  and  may  Lead  to 
oneous  interpretations. For this  reason 
topic  analysis  should be combined  with 
ditional  investigation  methods. 

LEDYANAYA GORA ( I C E  MOUNTAIN)  SECTION 

'F iVe first  attempted  to  use the oxygen-isotope 
method  in  the  study o f  massive ground  ice 
layers  in 1981.  One of the  most  well-known 
and  thoroughly  studied  ground  ice  layers - the 
bank of the  Yenisey river  near the Polar 
Ledyanaya  Gora  (Ice Mountain) on the  right 

Circle  served  as  the  study  object  (Fig. 1 ) .  
This  section  was  disclosed  in 1972 and  has 
constantly  been  examined  by  the  workers of the 
Igarka  Scientific  Research  Permafrost  Station 
since 1973.  As  thorough  descriptions  of  the 

Fig.1 Location  Map of the  Study  Area 

section  have  tepeatedly  been  published  (Karpov 
1986; hstakhov, 1986; Vtyurin,  Glazovskiy, 
1986; Solomatin, 1986)  we  will  here  only point 
out  its  most  characteristic  features. 
The  walls of the  huge  thermocarstic  cirque 
with  quickly  growing  area  comprise  sediments 
of d xidge-knob  morainic  plain  (Troitskiy, 
1 9 7 5 ) .  In  the  natural  sections of the 
thermocirque as well  as  in  drill-holes  (Karpov, 
1986)  the  thickness o f  massive  ice  reaches 
4 0  m. The  ice  massif i s  exposed  over a 
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distance of several  hundred  meters.  The  roof ( 3 )  Abundance  ip  ice o f  fragmental  material 
of t n e  massif  in  the  section is not  even,  up  to  great  boulders ( 1 . 5  m  in 
smooth  declines  and  rises  extend 10 to 1 5  diameter,),  shingles,  the  layered 
meters. The massive  ice  is  covered  by a layer  distribution of sandy  and  clayey 
of varied  composition  and  facial  structure. A elements  are  characteristic  of  morainic 
one meter  thick  laver of coarse  alluvial  sands  glacier  ice. 
and  shingle  beds  forms  lenses  in  the  immediate 
contact  zone of the  massif.  Higher up a  layer 
of clayey  silty  loams  with  high  but  variable 
contents of boulders  and  shinqle  is 

( 4 )  The  structure  of  ice  characterizes  its 
dynamic-metamorphistic  petrogenesis 
typical  of  glacier  ice. 

observable.  Stratification  can be noticed  in 
some  intervals.  Tne  loams  have,  in  general, 
an  inconstant  composition  and  a  complicated 

. structure  Characteristic of glacial  formations. 
Tne  layer of clayey  loams  contains  local 
lenses of lacustrine  loams  with  patches  of 
peat.  Underneath  there is a  sharp  decline o f  
the  roof  and  the  covering  deposits,  indicating 
thermocarstic  subsidences  under  tie  lakes  that 
had  formed  and  later  grown  over  again. 
Though  the  views of investigators  as  to  the 
genesis of the  massive  ice in the  Ledyanaya 
Gora  section  differed  greatly  at  the  initial 
stage  of  studies,  the  majosity of authors  has 
by  now  arrived  at  the  conclusion  about  its 
burried  glacier  origin  (Karpov, 1 9 8 6 :  Grosswald 
et  al., 1985; Solomatin, 1986; Vtyurin, 
Glazovskiy, 1 9 8 6 ) .  The  main  argument  in 
favour of the  glacial  genesis  of  tie  ice massif 
are  the  following  (Solomatin, 1 9 8 6 ) :  

( 1 )  The  ice of the  massif  is  intensely 
dislocated.  Folds,  shifts  varying  in 
extent  are  clearly  observable.  At  the 
same  time no corresponding 
disturbances  occur  in  the  covering 
deposits. This contradicts  the  theory 
of interground  development of the 
massive ice. 

(5) The  interground  origin of the  massif  is 
also  contradicted  by  the  absence of 
such  forms  in  the  relief  which  would 
correspond  to  the  growth o f  an  ice 
massif  in  permafrost. 

First samples for oxygen-isotope  analysia fxom 
this  layer  were  taken  from themcores of drill- 
holes 1 2  and 1 3 .  The  oxygen  isotopic 
composition  of  these  cores  varied  from - 1 7 , 9 % ,  

to - 2 2 , l t  with  the  mean 6 0 value  being 
- 2 1 1 2 %  (Vaikmaie,  Karpov, 1 9 8 5 ) .  Later  the 
scientists of the  Institute  of  Geography USSR 
Academy of Sciences  carried  out  isotopic 
analysis of separate  samples from the  massive 
ice  and  arrived at the  mean value 6 0 = 
= -20.4%. (Vtjurin,  Glazovskiy, 1 9 8 6 ) .  To get 
a  better  idea of the  limits  and  distribution of 
6 0 values  in  the  massive  iee  layer of 
Ledyanaya  Gora  we  determined  the  isotopic 
composition  of  ice -in the  cores  drilled  in the- 
last  years in various  parts of the  ice  massif. 
In some cases the drill-holes reached  the  basic 
icesaturated  layers  which  were  also.sampled. 
Table 1 gives  a  short  survey  of  the  obtained I 

results.  The  mean 6l80 of all  drill-holes is 
- 2 0 , 4 &  , at  which the means af separate 
drill-holes  varv  in  rather small limits (see 

1 8  

18  

1 8  

~~ 

( 2 )  changes in the covering  aeposits  profiles  display  comparatively  big  and 
Table 1 )  . At  the  same  time,  the  vertical 

axe  observable  directly  above  the ice 
roof,  dependinq  upon  the  relief  of  the  irregular 6I8O variations,  which  is  a  strong 
latter.  This-refers  to  the 
accumulation  of  sediments  on  an  already  segregational  formation  mechanism of Ledyanaya 
existing  surface of ice  body  and  Gora.  Laboratory  and  natural  experiments 
exqludes  the  possibility of interground  (Michel, 1 9 8 2 :  Youzel,  Souches, 1 9 8 2 ;  Lorrain, 
ice  genesis.  Demeur, 1 9 8 5 )  have  shown  that  segregational  ice 

" 

argument  against  the  hypothesis  about  the ~ 

TABLE 1 

Isotopic  Composition of the  Ledyanaya  Gora 
Massive  Ice Layer 

T 

No. of Depth of drill-  Range o f  6I8O Mean 6"O 6 0 in  ice of 
drill - hole  hole  in  ice  variations  value  underlying  ice - 

m $0 , saturated  soil 

1 8  

%e 

1 2   7 . 9   - 1 7 . 9  to - 2 2 . 1  
13  

- 2 0 . 8  
3 . 3  - 1 9 . 1  to - 2 1 . 9   - 2 1 . 1  - 

1 5  6 .9  - 1 2 . 4  to - 2 1 . 8  -18.7 
1 6   5 . 8   - 1 9 . 6  to - 2 1 . 3  - 2 0 . 4  - 
17 9.8 - 1 8 . 9  to - 2 2 . 5   - 2 0 . 7   - 1 8 . 6  
1 8  
24 
2 5  

- 
* 

5.3 - 1 5 . 2  to - 2 3 . 5   - 1 9 . 7   - 1 9 . 3  
1 2 . 0  -20.6 to -21 .8   -21  .o - 2 0 . 0  

9 . 5   - 2 0 . 1  to - 2 1 . 6  -20.7 - 2 0 . 1  

ZF 
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formation  under  equilibrium  conditions  is 
accompanied  by  isotopic  fractionation.  As  a 
result,  the  ice  formed  is  isotopically by about 
3% heavier  than  the  initial  water.  Isotopic 
section  profiles  of  segregated  ice  display 
gradual  changes in either  direction.  Sharp 
leaps  with  a  value  higher  than 3 % ,  
characteristic of the  isotopic  profiles of  the 
Ledyanaya  Gora  section,  are  absent  as  a  rule 
(Michel, 1982) . 
As known,  seasonal  isotopic  variations  in  ice 
are  smoothed  in  the  course  of  time due to 
diffusion  (Yohnson,  1977). In view of this 
the  limits  of 6l80 variations  indicated  in  the 
Table 1 may  at first  seem too big  even  for 
glacier  ice.  However,  it  should  be  born  in 

massif we here  deal with the  bottom  part of the 
mind  that judging  by the structure  of  the ice 

glacier  in  whicn  separate  layers  from  various 
parts  of  the  glacier  are  mixed. In addition 
to  this,  processes  of  melting-freezing  often 
take  place  in  bottom  ice,  influencing  the 
initial  isotopic  composition. So there  is  no 
reason  to  expect  any  strict  regularities in  the 
isotopic  profiles of such  ice  bodies. 
It  should  be  stressed,  that  the  character  and 
range  of 6I8O variations  in  the  massive  ice o f  
Ledyanaya  Gora  are  rather  similar  to  the 
analogous  parameters of massive  ice  detected  on 
the  Canadian  Arctic  Archipelago  by  Lorrain  and 
Demeur,  which  they  consider  having  glacier 
origin  (Lorrain,  Demeur, 1 9 8 5 ) .  

TAB-SALYA SECTION 

A section  with  low  20-25-rkter  surface  (the 
Tab-Salya  section)  covering  a  massive  layer of 
ground  ice  with  visible  thickness of about 5 m 
is  located  some  25 lan south  the Wrofeyevskiy 
cape  on  the  left  bank  of  the  Yenisey  bay. 
The  main  part of the  layer  goes  under  the  water 
boundary  and  drilling  data  indicate  that  the 
thickness  of  ice  at  places  exceeds 1 5  m 
(Karpov,  1986). A peculiarity of this  massive 
layer o f  ground  ice  is  its  paragenesis  with  the 
covering  lake-glacial  varved  clays  with  a 
thickness  of  up  to 10 rn. The  formation 
conditions of varved  clays  make  it  questionable 
whether  any  kind of burried  ice  may  have 
preserved  under  them.  However, in  some 
current  areas  of  glaciation  aufeis  lakes  occur 
in  fields of dead  ice.  Formation of small 
lake  basins  in the  course of deglaciation  and 
quick  freezing of accumulated  precipitations 
after  soil  drainage  is  possible  in  closed 
depressions  on  the  glacier  surface  under 
high-arctic  conditions.  Studies of 
interbedded  sediments  and  the  structure of the 
ice  massif  itself  led one of  the  authors of this 
article  to  the  conclusion  about  its  injectional 
origin  (Karpov, 1 9 3 6 ) .  We  carried out isotopic 
analysis of ice  samples  obtained  from two 
drill-holes  in  different  parts  of  the  studied 
layer. The  amplitude of 6l80 variations  in 
the  vertical  profiles  of  both  drill-holes  do 
not  exceed 2,4%, , the  mean A 1  8O value of the 
ice is -1  J , 7 %  . Though  the  range of 6l80 

variations i 
bit  smaller 

.n  the ma 
than in 

lssive  ice of Tab-Salya  is a 
the  ice  of  Ledyanaya  Gora, 

it i s  still  bigger  than  is  typical  of  injected 
ice  (Michel, 1982:  Mackay, 1983). Isotopic 
profiles o f  injected  ice  have a smoothed 
character, i.e. no  sharp  leaps  occur  in  the 
isotopic  composition.  Variations  in  the 

explained  by  the  segregational  mechanism  Of  ice 
isotopic  composition of Tab-Salya  may  be 

accompanied  by  fractionation,  the  isotopic 
formation.  As  the  segregation  process i s  

composition of segregated  ice, as a rule, 
differs  from  that  of  the  initial  water by 1-3s. 
depending on the  rate of freezing. So the 
massive  ice  of  Tab-Salya  may  be  assumed  to  have 
formed  Erom  water  with  an  isotopic  composition 
of about - 1 4 , 5  to -16,5%. . However,  neither 

nor the  structure of  the layer in Tab-Salya 
the peculiarities of the isotopic composition 

exclude the possibility of burried  glacier 
genesis. The somewhat  heavier  isotopic 
composition  with  a  smaller  range of fluctuation 
in  Tab-Salya as compared  to  the  Ledyanaya  Gora 
may  be  explained by more  intensive 
recristallization  processes  in  ice.  As a lake 
basin  was  forming  above  the  ice,  the  temperature 
of recristallization  must  have  increased up to 
valued  near 0%. Interground  growth  of  the 
layer is contradicted  by  the  absence  of 
corresponding  forms of ground  heave  in  the 
relief.  Deformations by  heaving  have  neither 
been  found in varved  clays.  Massive  ice 
streaks  wedging  from  the  sheet  into  the 
covering  deposits  have  a  different  nature  and 
most  Likely result  from  the  injection of  water 
from  the  melted  roof of the  ice  massif  into  the 
covering  lake  sediments,  followed by  freezing 
after the drying up of  the  basin. 

INNOKENTYEVSKOYE  SECTIONS 

In  the summer of  1986  the  authors  used  isotopic 
sampling  methods  in  the  study of numerous, 
though  relatively  small  fragments of massive 
ice  outlets  and  ice-soil  bodies  concealed  in 
the  thermocirques o f  the  Gyda  bank  of  the 
Yenisey  bay  near  the  village of 
Innokentyevsk.  Here  a  ridgelike  upland  with 
heights  of  more  than 100 meters  approaches  the 
bank. The bank  is  in  general  not  steep  and  is 
formed o f  numerous  thermoterraces, 

developing  and already  stable,  fresh and 
thermocirques of  various  generations, actively 

overgrown  mud  slides  and  taluses.  A  few 
ridgelike  remains of the  initial  surface  have 
preserved  in  the  almost  incessant  field  of 
intensive  thermodenudational  processes. The 
upper  part  contains  a  one-meter  horizon, 
clearly  reduced  in  thickness, o f  unsorted 
cobbleshingle  material  with  variegated  filler 
material,  under  which  lies  a  layer  almost 
totally  formed  by  well-preserved  shells.  Such 
layer  evidently  reflects  the  glacier-marine 
environment of sedimentation.  Some 
thermocirques  were  disclosed on  a 20 to 25  
kilometer  stretch  of  this  bank  and  studied by 
isotopic  methods. 
Ice  massifs  and  deformations  in  ice-soil  here 
were  first  described  by  V.I.Vtyurin (1966). 
In 1986 Y.G.Karpov  came  to the  conclusion  about 
the  burried  glacier  origin of the  massive  ice 
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studied  by  him  in  this  region. 
The  authors of this  article  obtained 
unexpected  results  in  the  study of the  south- 
most  outlet  of  massive  ice. The  wall of the 
thermocirque  is  in  this  case  situated  at  the 
height  of 15 meters  above  the  beach. The  ice 
massif i s  exposed  to  a  stretch  of 4 0  meters. 
Its  thickness  fluctuates  Erom 1 to 2 meters. 
The  ice is transparent,  containing 
subhorizontal  interlayers  ehriched  in  gaseous 
inclusions. The covering  deposits  represent 
lake-bog  loams  with  inclusions  of  organics. 
The  visible  tnickness of loams is 6 meters. 
The  contact  with  the  overlying  massif is uneven, 
with  pockets  and  tongues. The ice  massif  is 
cut  by  wedges of vein  ice  with  peaks  located  at 
the  height  of 2 meters  above  the  upper  contact 
of the  massif. The multitude  of  ice  wedges 
cutting  the  massif  leaves no  doubt  about  the 
burried  origin of the  latter. In this 
connection  the  unusual  isotopic  composition o f  & 
ice  is  of  special  interest:  it  appeared  to  vary 
from -0,8%. to -4,8Bo (-7,2%0 in  case of one 
sample).  Only  marine  ice  has  isotopic 
characteristics  similar to the  indicated  ones. 
Xowever,  the  chemical  composition of ice-was 
fresh,  with  insignificant  contents of C1 (from 
4,6 to 7,3 mg/l).  Such  association of the 
isotopic  and  chemical  compositions of ice is 
unique  in  the  whole  study  practice  known  to  the 
authors. Just  now  only  a  preliminary 
conclusion can be  drawn  that  we  here  deal  with 
a  preserved  ice  raft o f  freshed  marine  basin. 
Metamorphism  and  recristallization of burried 
ice  may  have  led to even  greater  dilution. 
The next of the  studied  thermocirques  is 
situated  some  kilometers  north  from  the 
described  one. Its  escarp  is  located at the 
height of 1 0  meters  above  the  beach. The 
massif  is  covered  by  multicoloured  boulder 
loams with  a  thickness of about 2 m. Ice-soil 
with  interlayers of pure  ice  exposed at the 
height o f  3 m  from  the  talus can be  observed 
lower. The ice-soil  has  a  schistose  structure 
and abounds  in  slightly  rounded  boulders  with 
maximum  diameter  of 40 cm.  Glacial  striation 
is  clearly  seen on  the  boulders.  The  isotopic 
composition  of t!le ice-soil as well as of the 
interlayers of pure  ice  varies  in  the  small 
interval  from -21,8 to -22,1%., i.e. it  is 
comparable  to  the  composition  of  ice  in 
Ledyanaya  Gora  and  even  slightly  Lighter  than 
the  latter. 
In  another  thermocirque  ice-soil of analogous 
structure  was  drilled  and  three  measurings  of 
the  isotopic  composition  were  carried out on 
the  core.  The  obtained  values  Erom  upwards 
down  run as follows: -20,1%0; -17,3%. ; -11,7t. 
Ice-soil  with  interlayers of pure  ice  pressed 
in  sloping  deformations  was  sampled 4 km north 
from  tne  village  of  Innokentyevsk. The 
ice-soil  abounds  in  unevenly  distributed 
boulders. The isotopic  composition  ranges 
Erom -20,1%" to -22,lb. 
Thus, all  the  sections  in  the  region of the 
Innokentyevsk  village,  with  the  exception Of 
the  first  described  one,  axe of similar 
structure  and  have  an  isotopic  composition of 
ice-soil  ranging  in  narrow  limits,  which in 
general  confirms  the  burried  glacier  origin. 
A s  to  the  conclusion  about  the  occurrence of 

freshed  marine  ice  in  burried  state  in one of 
the  sections,  this  one  and  only  discovery of 
the  authors  may  only be  confirmed  by  new 
examples  of  the  kind. 

CONCLUCIONS 

The performed  studies of the  oxygen  isotope 
contents  and  the  structure o f  massive  ground 
ice  layers, as well  as  the cornposition of 
interbedded  sediments  indicated  that  some  of 
the  layers  (the  Ledyanaya  Gwxa,  a  part  of  the 
Innokentyevsk  layers)  are  evidently of glacier 
origin. . At  the  same  time  the  isotopic  data on 
the  Tab-Salya  section  and on another  part of 
the  Innokentyevsk  layers  allow  to  make  no 
definite  conclusion  about  their  genesis as yet. 
More  detailed  investigations  are  needed  using a 
wide variety of isotope-geochemical  methods 
together  with  the  study  of  the  geological 
structure  of  the  entire  ice  complex. 
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SYNOPSIS Reeults of accurate mesauremente of content of a tab le  oxygen i s o t o p e s   i n  more 
than 600 samplen taken by t he  sluthore and i n  hundred8 of sample ken by other  explorers  from 
the  ice   depoei ta  of Western Siberia, Jakut ia  and Chukotka. The 8 tflOcontent i n  ayngenefio bepea- 
ted  ice-wedges  permits to  reconstruct  permafrost   temperatures  within e time period of its form- 
a t i o n  and i n  an marjaive i c e   t h e  mentioned value  aexvea, am a ru l e ,  a cryogenetio  indicator.  In 
Late  Pleistocene and Holocene I4 cold and warn cyclee  can be dis t inguished and p l o t t e d   a t  iso- 
tope diagrama by ayngenet ic   ice  wedges o f  different   regions.  

Oxygen ieotopa  composition was examined on re- 
peated  ica-wedgea,  texture-forming  ice and 
m s e i v e  ice  a t  a l l   t h e   t e r r i t o r y  of a cry+ 
l i thozone i n  Northern Asia. !he data  obtained 
a re   i n t e rp re t ed   i n   d i f f e ren t  manner for d i f f e r  
ent  types of ice.   Therefore  the  results and 
their anelye is   a re  given aeperately, 
Sampling of a11 the  ice-wedgee wa8 conducted 
i n  s imi la r  way-mainly v e r t i c a l l y  near the  vein 
apis. At the  first stage of inveat igat iona  the 
authors  compared the data  obtained  with  the 
resulta 'of  horizontal   sampling st a proper 
depth  within  the  veins  of different   age and ea- 
tabl ished a cloae  proximity of spread i n  vu- 
lues. This made i t  poes ib le   to  estimate repre- 

age  the  authors  concluded  that v e r t i c a l  Ham- 
eenta t ion  o f  v e r t i c a l  sampling. Based on i c e  

pl ing i e  muoh preferable  with  account of the  
f a c t   t h a t  aa a rule ,   an  ice   age inoreases from 
top t o  bottom. An a v a i l a b l e   t o t a l   s t a t i s t i c a l  
xepreeentafion o f  t he  reaults (over 600 ana- 
l y ses  by 35 cxose-sectiona)  aervee B baa s 
aaaume tha t   t he  main cha rac t e r i a t i ca  of \ 1% 
dis t r ibu t ion   wi th in   the   repea ted   i ce  wedgee 

l i thoaone have been already  eetabliahed. The 
of d i f f e ren t  age and d i f f e r e n t  area8 of cry- 

wedges by 6-10% l eae ,  ea a rule, than i n  the 
Holocene ox recent  veins. It i a  proved by the  
f a o t   t h a t  a moment comea quickly enough when 
the  authors  can  predict  an  expected epread i n  
6 "0 values f o r  a massif  atudied anew i n  the  

So, i n  Northern  Yakutia twb thiok  Late  Pleieto- 
process of i nve8 t iga t ione   i n   t he  new regionrj. 

Gene polygonal ayetema i n  Zelenyi w a  and out- 
croppinga of hvanny i   J a r  were examined by the  
authora  (Vaeilchuk, Eaikov e t   a l . ,  1985, 
Vasilchuk, Vaikmjae et al. ,1987). For t h e   i c e  
vein8 a t  Zelsnyi hlym formed as back a8 fram 
37 t o  16-18 Kyr (thousand  years) B.P. the  
8l80 content  varied from -34.1 t o  -25.2% 

and a t   t h e   s t r a t a  of Duva i a r  dated by a 
shor te r   t ime  in te rva l   the  9 160 varied from 
-32.7 t o  28.7%0, A range  narrow enough of 

6 l8O var ia t ion  which is character  of the  

6l80 var ia t ions   in   the   La te   P le i s tocene   ice-  
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eeoond example, r e s u l t s  from a more ooneew 
vat ive  facial   s t ructure   dominat ing  during a 
period of forming etrata i n  Duvannyi Jar. Tn 

ated  ice   veine e f d l a r   t o   t h e   e t r a t a  mentioned 
the procees o f  later inves t iga t ions  of repe- 

above the  BU hore of the  present  paper assume 
tha t   t he  6 80 var ia t ione  w i l l  be Primilar t o  
those eatablished before and the value9 vari-  
ation will be more i n t e n s i v e   i n  the messives 
with more var iegated  facial   character is t ics .  
This  suppoaition was corroborated by the  re- 

naya  Yakutia. A t  a cross-section of ma s ive  
search works on a number of regions of Sever- 

ve ins   i n   t he  Omolon B. mouth the  6 780 
var i e s  from -33.8 t o  -33.1%~; a t  the middle 
River - from -32.3 t o  -28.150; i n  heterogene- 
OUB masaives a t  Plakhinakyi Sax - from -34.7 
to -29.9% and a t   t h e  dome of Bykovekyi pe- 
ninaula - from -34.9 t o  -29.4% (Vasilchuk, 
1988). A narrow range fxom -34.0 t o  28.4% 
i a  aleo  charac te r  of repeated ice-wedges o f  
&on, wNch i s  near Chukotke but from the  

is *'a xe3ative" t o   t h e  edomas of Northern 
point of view of Paleocryogenic s t ruc tu re  i t  

Spread Ln 6 "0 values ~ Q X  the  ir:land complex 
of repeated ice-wed e8 a t  Kular ie estimated 
from -32.6 t o  -3O,&. Ae f o r  Auadyr, forma- 
tion o f  Late Pleistocene  veins i s  affected a s  
i t  was exp o d by the  Pacif ic   ocean:   a t  this 
area the  5 0 varies from -23.4 t o  -18.6% 
an Atlantic  "breatht1 i s  f e l t   i n  compoaition of 
i c e  of Weatern Siberia. Thick  Byngenetic  re- 

Western S iber ia  i s  characterized by 6 peated icewedges o f  Late Pleistocene i 

var ia t ion  from -24.8 t o  -21.4% in veins 27- 
20 Kyr B.P. old and from -22.6 t o  -1 9.9%~ i n  
veine formed 14-1 1 Qr B.P. (Vaeilchuk, Tro-  
fimov, 1984, 1985; Vaailchuk,  Eaikov, 1986). 
Thum, a regular  tendenoy o f  changes in isotope 
composition in the   d i rec t ion  from  west t o  e a s t :  
i t  beoomes Light i n   t h e   d i r e c t i o n  from poly- 
gonal  vein complexes of Western S ibe r i a   t o  

heavy from vein  massives o f  Northern  Yakutie 
those of Northern  Yakutis and then becomea 

t o  tho88 of Chukotka. Th?  aame tendency i s  
character of Holocene vein massives  the main 

1 
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permafrost   condi t ions  s imilar   to   the  recent  
ones and da ted   as  Holocene  confirmed by radio- 
carbone  dating - about 6.7 Kyr B.P. by peat 
hummocka of t he  upper vein  bear ing  deposl ts  
(VseiLchuk, 19sa). 
A r a t h e r   d i f f i c u l t  problem i s  to   es t imate   age  
and genes is  o f  veins  occurring  within  the 
Mfamontova Gore a croes-section of t he  upper 
60-metre t e r r a c e  of t h e  Aldan  River. A t  this 
area  ice   vaina  reaching 5 m high by v e r t i c a l  
occur in   t he   depoe i t e   w i th   cha rac t e r   f ea tu re s  

by the   au thors  by  wood a r e   r e l a t e d   t o  35-38 
o f  ayngenetic f reezing.  Datings  eatabliehed 

Kyr B.P. (Vasilchuk, 1988). But dating by pure 
autochthonic  peat of t he  ground vein  adjacent  
t o   t he   unde r ly ing  i c e  vain  probably  aynchro- 
n i c   t o   t h e  ground vein  eppToximates 4.8 Kyr 
B,P. 3 t h a t  makee i t  p o s e i b l e   t o  ~ ~ s w n e  an epi- 
gene t ic   o r ig in  o f  encountered  repeated i c e -  
wedgm. Oggen-isotope  composition of i c e  a t  
the   a rea   In   ques t ion  i s  highly  heterogeneoua. 
The 8 content  e t  t he  main pa r t  o f  t he  
i c e  wedge veriea  from -29.2 t o  -25.9%0. The 

8 j 8 o  aontent   var iea  from -22.7 to-16.510 

ga t iona l  and ice-wedges formed of mampy water 
inl%eil"  veine,  which are composed of segre- 

a t   t h e   f i x f l t   s t a g e s  of a rnaeaive cracking. 
The " t a i l "  i c e  is by 2-10%0 heavier   than  the 
recent  elementary r i b s  in   the   ayngenet ic   ve ine  
a f  the   f lood   p la in  of R, Aldan and overlying 
Holocene i c e  i s  i n   t h e  main by 1.5-310 l i g h t e r  
than  the  recen A problem of t h e   v e i n   i c e  
nature   with 180 content  below -28% is  not 
qu i te   c lear .  However the  only f a c t   t h a t   a n  

vokea a doubt i n   syngene t i c  vein aomplex  on 
analyaie  of  oxygen-ieotope cbmpoeition pro-  

a high t e r r aoe  of Mamontova Gora i a  considered 
t o  be  an  impreesivs  argument i n   f a v o u r  o f  
wide  use  of  oxygen-isotope  analyses when eol- 
ving  Paleocxyogenic  problems (however i so tope  
compoaition o f  t e x t u r a l  i c e  t eBf i f i eS  t o  Holo- 
cene  age of f reez ing   ve in   bear ing   rocka :   in  
t h i a  case t he  sl% v a r i e s  j T g m  -17.3 t o  
-15.a%o 1. Wide spread i n  0 values  of 
veins i n  Mamontova Gore makes t o  think of 
grea t   va r i a t ione  of isotope composition of 
Holocene sediments   just  on the  inland  areas.  
The Holocene veins  o f  the   coaa ta l  a a8 B X 8  
very often  character ized by the  6 values  
by 3-4%0 exceeding  the  recent ones and the  

8 ''0 values   tend  to   recent  minimum even in 
the   ve ine  of an  tfoptimal" age. The authors  

growing i n   t h e  Holocene  tfoptimum'l no t   on ly   in  
have  already  pointed  out  that   icewedgee  are 

the  extreme  north  regions  of  the Low tempera- 
ture   cryol i thozone  but  also i n   t h e   a e n t r a l  
p a r t s  of Yakutia. 
Not a l l   t h e  ex t reme  c l imat ic   oec i l la t ions   can  
be  expraaaad by an oxygen curve  apecially i t  
i a  related t o ' t h e   p e r i o d s  of r a t h e r  warm 
cl imate  and permafrost   conditions,  where t he  
repea ted   i ce   ve ine  do not grow a t  all OX they 
do grow i n   t h e  most favourable  facies.  But i t  
should  be  mentioned that   not   a11  the  vein 
eyystema a re   a f f ec t ed  by abnormally  cold we- 
a ther .  Under such  conditione a number of veins  
cannot be formed no% only because of reachiag 
t h e i r   c r i t i c a l  dimeneions  but also under con- 
d i t ione   a lmoat   unfavourable   for   fac ies  fis- 
nuring  ( for  exam l e ,  veins  can be covered w i t h  
a l aye r  of water? add i f  a th ick  snow cover 
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charac te r   fea ture   o f   which  is  much heavy Iso-  
tope  oompoeitfon  ae compare t o  the  Late   Pleie-  
tocene  veina.  Such a c h a r a c t e r i a t i c   c a n  be re- 
l a t ed  t o  the  cryol i thozone 88 a whole. The 
- veriea  from -20.1 t o  -14.1%~ i n  Holo- 
cene-  vetns o f  Zapadnaye Sib i r .  The Holocene 
ice-wedges-of  Northern  Yakutia  were Poxmed 
under na tu ra l   cond i t ions  o f  ra thgg  a teady 
climate. A t  t h i s   r e  ion  the  8 0 v a r i e s  
from -27.9 t o  -23.7#0 ( au tho r s '   da t a ) ;  in 
Central  Yakutia (Mamontova Gora) - from -29.2 
t o  -22.9% and i n  Chukotka - from  -17*0 t o  
-15.8%0. 'The same tendency and a range of 6"O 
v a r i a t i o n   s i m i l a r  t o  t h e  Holocene one are a l s o  
charac te r  o f  the  recent  elementary  Byngenetic 
ice-wedgee (not older 100 yeara)   forming  a t  
the iloodplaine and la idee  i n  No t EUraeia. 
I n   t h e   n o r t h  Western S i b i r   t h e  f 980 var i ee  
from -1 9.5 t o  -1 8.3560 ; i n  Severnaya  Yakutla - 
from -27.1 to-23,0%0 ; in   Central   Yakut ia  - 
from -26.3 t o  -25.1%and i n  Chukotke - from 
-16.7 t o  -15.8% . Pleiatacene ice-wedgera 
wi th in   the   a rea   under   inves t iga t ion  are differ- 
e n t   i n  size but t h e i r   ~ i r d l a r i f y  was a l s o  es- 
t ab l iahed:   ver t ica l   spread  of the biggeat 
veine makes up 10-15 m and more ( L e .  i t  ex- 
ceeds maximum'depfh o f  probable  percolation 
of water  along t h e   f r o s t   f i s s u r e s ) .   I d e n t i c a l  
i s  a s t r u c t u r e  of veins   beer ing rooke which 
a m  8 8  a ru le ,   p resented  by aandy  loam abound 
in   o rganic   mat te rs .   This   par t icu lar   fac t   g ive8  
a good chance t o   d a t e   a t r a t a  by rea idua l  de- 
t r i t u a ,   r o o t s ,  wood, bones and PIS a reeuZt t o  
compile  reliable  oxygen-isotope diagrams of 
s t r a t a   d a t e d  by syngenetic t c e  veina. 
J u s t   a t   p r e s e n t  flome peleocryogenic  problems 
are  solved  with  an  aid of an omgen-isotope 
aneY.ysi% For example,  separation of P l e i s to -  
cene and Holocene  repeated i c e   v e i n  complexes 
and r e s u l t i n g  from t h i e   s e p a r a t i o n   t h e  problema 
on ayngeneais of i c e   v e i n s  and depth o f  vein 
penetration  under  conditions of e p i g e n e t i c   i c e  
f o m t i o n .  Thick  ice-wedges  occurring a t   t h e  
upper  cross-section of the   th i rd   mar ine  ter-  
r ace  of Northern  Javai  turned  to  be  iaotopic- 
a l l y   v e r y  heavy (from -17.8 t o  -16.8%0 1, t h a t  
i s  charac te r  o f  Holocene  epigenetic  veine  only; 
t he   t h i ck  icemwedges  mentioned  above  ware re- 
f e r r ed  by the   authosa t o  ayngenetic by a number 
of d i r ec t   cxyo l i tho log ica l   cha rac t e r  featurea. 
A more complicated  s i tuat ion  othere  we faced 
wi th  waa etudying of i c e   v e i n s  of Aleehkin 
terrsae  (Northern  YakUtia) and Mamontove b r a  
(Central  Yakutia). Ice   veina  (over  5 m t h i ck )  
cha rac t e r  o f  t h e   f i r a t   c r o a s - e e c t i o n  axe con- 
s i d e r e d   t o  be syngenetic and a r e  dated  as back 
88 the end of Late Pleis tocene baaed  on the  
ages of vein  bear ing  deposi ts .  It follows  from 
the   p re sen t   r e sea rch   t ha t  it i a  n o t   q u i t e   t r u e  
(Vaailchuk, 1988). Iaotope  oompoaition of a 
number of veine in a cross-section of Aleahkin 
te r race   ver iea   f rom -27.5 to -23.9560 by 

8 0; i t  var iea   wi th in   the  same l i m i t e  a8 
t he  6 I8O value for recant  and Holocene veins  
i n   t h e   a f r a t a  of f loodpla ins  and alaflaies 
Kolyma River.regions (Vaailchuk,  Eaikov e t  a l . ,  
1985). Later  ' there  were  described  veins  with 

8"O content  below -31.0% . T h i s   f a c t  
i nd ice t ee   t ha t   ve in  paragenesis of Aleahkin 
t e r r a c e  is  a hetsrochronic  formation  comprising 
a a  Holocene BO Late eistocene  veins.  Ice- 
wedgee heavy by 6 were formed under 

l a  
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be  accumulated  above  the  veine in winter. 
The  authors  point  out  that a comparatively 
homogeneous  geocryological  eitustiorl  can  be 
cone'd  red  euch a situation  when  variation 
of 6 TsO in  ice-wedges  do  not  exceed 2% 
(Vasilchuk, 19137). It  relates  to a difference 
in winter  mean air temperatuxe  by 3'C at leaet 

isotope zones on  diagrams (F'g 1). The  most 
and  permits t o  distinguish accurately  oxygen- 
coneiderable  vsriatione of $ l 8 O  are re- 
gietered  at  the  boundary of Holocene and 
Pleistocene,  that i a  about 10 thousand yeara 
ago. ?$is period i s  characterized  by a range 

regions. The isotopically lightest ice haa 
of  6 0 variations  reach 10-12%0 at aome 
been  praotically  formed  in  all regions of' Sub- 
arotic 36-38 Kyr B.P. ; almost  the  eame  light 
ice - 36-40 Kyr B.P. Variable conditfane 
character of period  between  the  dates  men- 
tioned we have  already  said  (Vasilchuk, Tro- 
fimov, 1984; Vaailchuk, Esikov, 1986 ; Vasil- 
chuk, 1988), Besides two minimume mentioned, 

Hg.1 Oxygen-isotope  diagrams of repeated 
ice-wedges of large  regions of Pleisto- 
cene  acoumulations in Northern Asia: 

b-croes-section at Zelenyi 0 s ;  
a-craes-section at Sejakha; 

c-croes-section o f  Bykovekyi  Peninsula 
I -  '4~4atings of organic  matters 
from ice-wedgea  bearing  atrata  ayn- 
chronic  to ice; 
2-indexing o f  ozygen-legtope  Bones; 
YT-moderately  warm, 
Y - modemte (similar  to  modern), 
YX - moderately  cold, 
X .. cold, 
OX - very cold. 
h'ordinate axis shows an i c e  age ob- 
tained by interpolation of radiocar- 
bonic  dates; an absciesa  axis 
a difference  in  values of 8 7gwsin 
vein  samples  from  mean  recent  values 
of 8 I8O in elementary  ribs in synge- 
netic  ice-wedges  on  floodplains, l a i d a a  
and  peat  beds o f  the Bame regions, 
where a Pleistocene  vein is encoun- 
tered. 

dated  almost  for  sure  chronologically  there 
are @om more extremes, the age relation o f  
which  ie  rather  approximate BO far.  They are 
first of all, minimums of ogygen -18 content 
in  veins  semplea  approximately  dated 19 and 
35 Kyr B.P. are lees  distinctly expresaed. 
Relative  maximums are defined as relati've due 
to  the f a c t  that the  Pleistocene  ica-*edge,s is 
always  lighter  than  the  recent and Holocene 
ice,  they axe dated appr x'mately 13,21,31 
and 37 Kyr BOP, when f $80 Was by 2-4%0 
less the  recent  average.  Differentiated f o u r  
minimum and f o u r  maximums  serve a base  Juat 
at  present  to  distinguish 14 a t  leeet  isotopic 
pheees  (beside  the  mentioned  phases aa inde- 
pendent are considered zonw with  intermediate 
variances  between  the  extreme  valuae)  in  Late 
Pleistocene  within a period from .40 to 10 
fir B.P. 
The authors  consider  an  interpretation of also, 
content  to  be  presently a very  difficult  and 
unsynonymous problem in studying a a ogenetic, 
nature of vaat  massive i c e  (ice shee?i de- 
posits.  This is mainly  explained  by  different 
geneeirr of watera  which  freezing  reaults  in 
formation of deposit forming i o e .  Total  number 
of earnplea of maesive  ice  to  determine  the 
6l80 content  accounts for about 100 pcs. 

Oxygen - 18 in ice  sheet deposita of Western 
Siberia  varies from -34.3 to -4% ; in mas- 
eive i c e  of Severnaya  Yakutia - from -31.2 to 
-13.7 $0 and  those of Chukotka - from -22.7 to 
-13.2% . Cryogenetic  interpretation  comprieee 
am mean values of all the ieotope  measurements 

ice  sheet depoaits  are moet  isotopically he- 
BO all the varianoes. Segregationel  massive 

terogeneouar  under  segregation  conditions  an 
ieotope  fsaotioning may reach 20% ; buried  @ea 
ice is heaviest (from -13 t o  -4% ) and isoto-  
pically  homogsneoua  (variances  account  for 
10% at  least f o r  all the massive  ice and 2%0 
at l eas t  for 8 mawive taken separately).  The 
problem i a  to find a atandard  ice  sheet,  the 
genesis of which  ia  self-evident.  Beeides 
that  not all the  types of maeaive ice can be 
related to  recent  analogues  therefore a method 
of actualism can be hardly  used in practice. 
Isotopic data should be considered by differ- 
ent  types  of  ice  with  account of all the exis- 
ti% concepts of massive  ice  formation a e  well 
ae its  variety. The authors  mention  that  even 
heavy  (from the point  of  view o f  isotope corn- 
position) Bea blocks of i c e  can be hardly 
relsted t o  ice  deposits by a con'cent of heavy 
isotopes only. Thia  can  be  explained by the 
Fact  that a heavy isotope  composition  may also 
originate  from  active  evaporation of  small 
ponds  water which percolates  downward t o  the 
bottom of a season-thawing Layer and a8 a 
result  can f o rm segregated i c e  comparatively 
heavy by ieotope composition,  heavier  than 
synchronic  atmospheric  precipitation.  This cad 
be  proved  aleo  by  oxygen -18 content in mezo- 
texture-forming i elaf an.edoma of Duvennyi 
Jar:  here  the 3 0 averages -24.2 - 22.2s'o 
(in  the same horizons,  where 8 ' '0 in ice- 
wedgee  averagea -32 - 30%~ ) =  Enrichment  with 
heavy  ieotopes is character of a21 tha t pea 
of Begregated  ice  foxmation.  Thus,  an  in er- 
layer of segregated  ice  formed  in  the erosion 
cavity  by  means of congelation o f  wa er of the 
Kolyma  River is characterized by 6 $80 equal 
t o  -27.0%0, which is lighter  than  the  river 

I 
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water ( 8 l8O equale -20.4%~ in September) 
by over 7%0. Anomalously low content of o q -  
en  heavy  isotopes i a  character of an ice  lena 
probably  of inPiltration-8eBregaeion geneaie) 
of Late  Pleietocrne (13-14 Kyr B.P.) occurring 
in the  organic-mineral  strata of the fir t er- 
race  in  the  mouth of R,Gyda. Here the 8 14, 
in  three  eamples makee up -30.1; -34.3 and 
be  mentioned  that In the m m o  outcrop 80me 
more analogous  leneea (0.3-0.4 m high, l5-2Om 
long of a lentile-like form in a crom-eec- 
tionj were discovered near the lens in  quem- 
tion,  stratigraphically LIP and  down;  ieotope 
compoaition of the  lenees  turned t o  be rather 
heavy and highly  variable  from -24.3 to -16.2%. 
Syngenetic  repeated  ioe-wedges of the  croas- 

by the Y l f e  F inveatigation ere characterized 
in  the  interval -22.6 -+ -19.9% (ksilchuk, 

0 vaxiancee  in 16 eam Is0 be 2.7% 

Esikov, 1986). Consequently,  atmoapheric  pre- 
cipitation  during a period of strata formation 
were  etable  enough by the  aontent of oxygen 
heavy  ieotopea  (the  climata Wag rather  aevere 
aa compare t o  the  modern).  It  should be noted 
that a number o f  explorers end first o f  all 
the  Canadian colleagues axe quite  optimistic 

much) when  eatimating a role of maeeive ice 
from our point of view (sometimes even too 
and mezotaxture-forming ice 861 paleoindiaatoxe 
(Mackay, 1983; Michel, 1983). The authors 
suppose that an,approach to  the mawive ice 
e e ' a  paleoclimatic  indicator should be very 
oareful. 
Maasive ice O Q ~  be coneidsrsa an indicator o f  
climatic  aituation"within a time perioa of 
accumulation of' aater  feeding an ice &met 
only in C B B ~  if the latter d i f f e r s  from the 
recent i c e  by an isotope  compoaition  Seeping 
a rather  great dietanae as by vertical BO by 
horizontal. 
A t  present a problam of paleotemperature  recon- 
structions  to  estimate  ateble  isotopes  in  syn- 
genetic  repeated  ice-wedgea  can be solved in 
a unique and  positive  manner.  Cryogenic  re- 
eearch in depoait-forming  ice  requirea a whole 
complex of, analytical inveatigetions in pa- 
rallel  with  isotope'  eetirnafion but this  doee 
not eliminate an importance  of  revealing  the 
dietribution of ieotope  compoaition in the 
mentioned ice.  &paneion of raaearoh woxka in 
'the both directions  permit  to  Lnterpret in 
the  nearest  future a great  number of aryolitho- 
logical  problema  inaoluble in the  past. 

'i: 

-3017% (Vasilchuk,  Eeikov, 1986). It Bhould 
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THERMODYNAMIC AND MECHANICAL CONDITIONS 
WITHIN FROZEN SOILS AND THEIR EFFECTS 

PJ. Williams 

Ceotechnical Science Laboratories,  Carleton  University,  Ottawa, K1S 586, Canada 

SYNOPSIS Recent  theoretical and experimental  studies  of  the  stre66  states  and  movements of 
the  ice  and  water  in  soil pores help to  explain  the  microstructural  characteristics o f  Soil6 that 
have  been  frozen.  Such  studies a l s o  h e l p  explain  the  unique  cteep a n d  deformation  characteristics 
of  freezing  soils,  and  the  origin of certain  solifluction  phenomena. 

INTRODUCTION 

This paper analyses recent theoretical and experimental 
studies of frost heave and examines their significance 
in various natural situations. In addition to the heave 
effect. the thermodynamic and mechanical proceesea 
occurring in freezing soils are imuortant for the 
strength and long-term deformation behaviour (on slopee, 
for example) and to the undaratanding of mictomorph- 
0108iCal and uedological characteristics. 

In the simplest view, frost heave is the expansion of 
the soil due to ice which forms by accumulation of water 
drawn to the freezing zone from adjacent unfroeen 
material. Exactly where most of the accumulation occurs 
is debated (e.g. O'Neill and Miller 1985). but it is 
highly aigniflcant that water coexists with ice  in the 
frozen soil (fig. 1). Thus freezing and thawing occur 
within  frozen 8011. 

The dependence of the unfrozen water content on temper- 
ature and soil type is well-established. There is also 
general agreement (even though etill argument about 
detail) that the appropriate form of the Clausius- 
Clapevron relation accounts for the presence of the water 
at 'belmfreezing' temperatures. The relation impliea 
the existence of stresses which must influence the 
behaviour of the frozen soil. 

Clausius-Clapeyron relation 
The Clauslus-Clapeyron relation is fundamental and has 
many auplications in natural science. From it i8 
derived the  equation for the well-knwn change of 
freezing point of weter as  a function of pressure: 

- 

where T = t  'mrature. K. P = pressure. V , V  are the 
specific volumes of water and ice resaectyvely. and L the 
latent heat of  fusion. 

Equation 1 does not. however, explain the existence of 
the  unfrozen water in soils. But if we assume the ice in 
the soil has  a different. higher. pressure than the 
water. a different form of the Clausius-Clapeyron 

i 

3 

relation epplles (Edlefsen and Anderson 1943): 

The relevance of this equation haa been confirmed by 
experimental.and theoretical studies. Water is pulled 
toward8 the freezlng zone, while the accumulating ice 

50 

Fig. 1 Amount of water remaining unfrozen at 
temperatures below 0.C. various solls. 
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expands  the  soi l  and heaves i t ,  so that .   obviously,   the  
preesv te  of the  water  must be  lowered  while  that of t he  
i c e  is elevated. The magnitude  of  the  difference i n  
Pressure.  Pi - P , is grea te r   t he  lower the  te3nperature 
(Koopmans and Miller 1966. Williams 1967). As water is 

increases.becau,se of the  physical   circumetances of t he  
w a t e r ?   I n i t i a l l y   t h e   u n f r o z e n   w a t e r   p a r t i a l l y   f i l l s   t h e  
s o i l   c a p i l l a r i e s   b u t  when thL amount is less i t  is 
t ight ly   adsorbed  onto 6 O i l  p a r t i c l e s .   O a p i l l a r i t y  and 
adsorp t ion  are respons ib le   for   the   p resence  of t h e  un- 

t ra ter   moy.not   be  exact ly"simi1ar   to  'pressure' as 
f rozen  water. S t r i c t ly   speak ing ,   t he   ' p r e s su re '  of such 

ordinar i ly   understood.   but   the  water behaves a s  though it  
is .  

The dependence  of  the  difference Pi - P on  temperature 

wi th in   t he   f rozen  soil in assoc ia t lon   wi th  a temperature 
sugges ts   the   l ike l ihood of a   gradient  o? water   pressure 

gradient .   Equat ion 2 can a l s o  be s a t i s f i e d  by a gradien t  
( i n   t h e   o p p o s i t e   d i r e c t i o n )  i n  t he  ice pressure-  

Continuing  frost   heave 
For many years  i t  was t a c i t l y  assumed t h a t   t h e  ice l aye r s  
or l enses  formed as the  ground f r o z e   i n i t i a l l y .  One lens 
a t   t h e  boundary  between the   f rozen  and  unfrozen s o i l   ( t h e  
f r o s t  l ine)  would  form, to ,be  fol lowed by another as t h e  

But i f  t he re  ie a   con t inu i ty   i n   t he   wa te r   r i gh t   i n to   t he  
boundary moved down with   the   pene t ra t ion  of t he   f ros t .  

l enses   t akes   p lace   wi th in   the   f rozen   layer .  The heave 
f rozen   layer ,  i t  becopes  probable  that  mome formation of 

t h a t   r e s u l t s  is often  cal led  secondary  f rost   heave,  
a l t h o u ~ h  Smith  and  Patterson.  1988  have  proposed 
' i n i t l a l '  and  'contlrming'   (for  secondary)  frost   heave - 
and t h i s  terminOlO&y w i l l  be followed, 

There I s  di f fe rence  OE opinion  over   the  extent   of   this  
,heave. .Some authors,(Kontad and  Morganstern, 1980) 
be l i eve   an   i ce   l ens  form exc lus ive ly  In a, narrow  frozen 
f r inge .   be tween   t he   i ro s t   l i ne  and the  immediately 
previously formed lens .   Others   bel ieve COntinUing f rwt  
heave  occuta   even 'a t   temperatures   as  low as -4.C or -5.G 
wi th   s ign i f i can t   mig ra t ion  of  water  (Parmuzina  1980).' 
There is exper.imenta1  evidence of growth of ice   l enaes  
one  behind  another  (Ohrai  and Yamamoto 1985)  and f i e l d  
measurements by  Mackay (1983) show coat inuing  heave  to  
occur   over   qu i te   th ick   l ayers  of s o i l .  

The uncer ra ih ty   over   th i s   impor tan t  matter is l a rge ly  due 
t o   t h e   i n h e r e n t   d i f f i c u l t i e s  of measurement. MacltAy 
(1983)  developed a te lescopic   tube  device for f i e l d  
s tud ie s .  A development of th i s   p rocedure  (Mackay and 
Leslie 1987).  used by the  Geotechnical   Science 
Laborator ies ,   involves   magnet ic   r ings  buried  a t   specif ied 
in te rva ls   a round a v e r t i c a l  access tube i n  the  ground 

of  each  ring i s  prec i se ly   l oca t ed  with a spec ia l   p robe  
(Geotechnical Science  Laboratories 1986). The uoaition 

( f ig .  2).  An increas ing   d i s tance  between succesaive 
r ings  (e.g. between 2 and 3 ,  or 1 and 2 )  when f rozen  in 
r e p r e s e n t s   s t r a i n s  due to   cont inuing  f rost   heave.  

Obaervations of t h i s   k i n d ,  made i n  a controlled  environ- 
ment f a c i l i t y .  where conditione  resemble  those  in  nature 
(pa r t i cu la r ly   w l th   r ega rd   t o   r+mpera tu re   g rad ien t s ) .  show 
continuing  heave  occurring  over  ' layers  of more than 40 
cm. which i s  c l e a r l y  due to   mig ra t ion  of water i n t o  and 
wi th in   the   l ayers .   ( i i eo technics l   Sc ience   Labora tor ies .  
1988). 

Ice p reswnes  i n  f r o z e n   s o i l  
Usually some p a r t  OC t he   d i f f e rence  Pi - P i s  due t o   a n  
increase  in the ice pressure.   a5 must be t h  case if 
f r o s t  heave  occurs  and  overburden or o the r   r e s i s t ance  is 
overcome. 

, p rog res s ive ly  changed to i ce .   t he  preseyure d i f f e rence  

_I 1.2 u Access tuhe 1 . . 3  

Ring magnet ' 

Disc 

Device for   observa t ion  of displacement  of 
MSnetiC  rings ( ' r i a  magnets') i n   f r o z e n  
Soil  (from  Ge,otechniCal  Science  Laboratories, 
1988). 

I f  ice lenses   enlarge  within  f rozen  ground  they must 
develop  considerable   pressure  to   pry  apar t   the   f rozen 
s o i l .  There  are  a number of r e p o r t s   i n   t h e   l i t e r a t u r e  Of 
what appear t o  be such  pressures (Mackuy 1980,   Pissar t  
1972,  Tsytovich  1975).  although  experimental measurement 
is. a g a i n ,   d i f f i c u l t .  I n  t h e   v i c i n i t y  of the  
measurements of continuing  frost   heave  described  above, 
p re s su re   ce l l a  of two types have  been  uaed,  Glotel   cells  
roughly   the   s ize  of a hand,  and  modified  Petur cells 
abou t   t he   s i ee  of a f inger .  Both work on a hydraul ic  
pr inciple   with  an  internal   valve  ouening when a 
cont ro l led   p ressure   ba lances   the   p ressure  of the  
surroundings.  These  celys  have shown la rge .   sharp  
pressure   increases  t o  100 kPa or more. as t h e   f r o s t   l i n e  
passes (Geotechnical  Science  Laboratories  1986). The 
preasures  rise t o  a maximum f a i r l y  soon a f t e r   t h e   c e l l  
has .become frozen i n ,  and then   f a l l   s lowly   ( f ig .  3 ) .  

70 1 1 

20 - 
Y 

Glo1zl cell no. 3 [burled 48 cmi 
10 , .>, ,, , 

0 
- Glotzl cell no 2 (burled 86 cml 

60 1 50 200 250 
Durarmrr of Second F~PPIP , (D~WJ 

Fig. 3 Presaurea below a   ch i l led   p ipe l lne .   Freez ing  
of t h e  silt occur red   a f t e r  a few days a t   c e l l  4 and 
af ter   apuroximately  125 days a t   c e l l  3 .  The ground 
remained  unfrozen  around  the  deepest  cell ( 2 ) .  The 
overburden  pressures  acting on each c e l l  would be 1 kPa 
approx .   (ce l l  4 ) ,  1.6 kPa ( c e l l  3 )  and 2 . 4  kPa ( c e l l  
2) .  The high  ireasurea  observed must be due t o  f reez ing  
and t h e   r e s i s t a n c e  of the   f rozen ground. 

An experiment on a much smaller scale  has  been  developed 
which allows  measurement of pressures   wi th in  small 
samples. The p r inc ip l e  is shown i n   f i g .  4 and fu r the r  

and Williams (1985). Two pressure microtransducers,  each 
d e t a i l s   a r e  given in Williams and Wood (1985)  and Wood 

covered by a  small   bulb  of  grease  in a rubber  bladder,  
-a*e loca ted  a shor t   d i s tance   apar t   in   a   sample  whose 
temperature  conditions are cont ro l led  by thcrmo- e l e c t r i c  
cobling modules a t  each  end. An add i t iona l  
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Fig. 4 Cell fo r   f rozen  so i l  samule. with  provis ion 
for  access  of water and f o r  measurement  of preesures 
at: two points   in   the  sample  ( 'exploded '  
c r o ~ e " C t i 0 n )  - from Wood and Williams, 1985. 

f e a t u r e  is a r e se rvo i r  a t  each  end  separated  from  the 
sample by a   f ine-pored  dialysis  membrane. The r e se rvo i r s  
can be f i l led  with  an  osmotic   solut ion  or   supercooled 
water and give a source or sink fo r   wa te r   l eav ing   o r  
e n t e r i n g   t h e  sample. 

Somewhat compress ib l e   s i l t y  so i l s  conta in ing  some Clay 
and  sand, show l a rge   p re s su re   g rad ien t s   i n   a s soc ia t ion  
with  temperature  gradients.  A t y p i c a l   r e s u l t  is shown in 
f ig .  5 .  A uniform  temuerature  gradient was es tab l i shed  
i n   t h e   f i r s t  36 hours.  During th i s   pe r iod   t he re  was a 
sharp  rise in  pressure  asmociated  with  expansion as much 
of t he  water in the  sample  froze  rapidly,   Subsequently 
t h e   p r e s s u r e   a t   t h e   c o l d e r   p o s i t i o n   r e m a i n e d   f a i r l y  
cons tan t   whi le   tha t  a t  t h e  warmer s l o w l y   f e l l .  Water 
flowing  out of t he   s ample   ( a s ,   i n i t i a l ly ,  a t  the  warm 
end) ie represented by a   posi t ive  value,   chat   f lowing 
i n t o   t h e  sample by a negative  value. 
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The temperature   gradient   in   these tests i s  prec i se ly  

general ly   occurs  in the  ground. The Dressu tea   in   the   i ce  
controlled. end is an  order of magnitude  steeper  than 

a t  the  two measuring  points  in  these so i l s  become 
aPProximtelY  equal   to   those  predicted by the  Clauaiua- 
ClaWYron  equation (2)  fat  the   temperature   a t   each  point ,  
if it is assumed the  water  Dresaure i s  atmospheric. 
decauSe  the two r e se rvo i r s   con ta in  water. a t  atmospheric 
Pressure,  continuoua  with  that i n  contact   wi th  the ice. 

t he  importance of the re s i s t ance  of f rozen  s o i l   t o  the  
t h i s  is reasonable. The experiment draws a t t e n t i o n  t o  

growth of an  ice lens   wi th in  it. The pre8sure of the  
growing ice is d ic t a t ed  by the  mechanical  properties end 
eventua l   c reep  and stress re lnxa t ion  of the f r o z e n   s o i l  
around i t .  I f .  a s  a r e s u l t  of creep,   the   ice   pressure 

2). A hydraul ic   g rad ien t  is e s t a b l i s h e d   i n   t h e  water, 
f a l l s ,  80 muat the   water  p r e s s u r e   ( t o   s a t i s f y   e q u a t i o n  

and  the movement of water a long   t h i s   g rad ien t  w i l l  
nur ture   the   l ens .  Thus  one a r r i v e s   a t   t h e   c o n c l u e i o n  
t h a t   t h e  rate of cont inuing  f rost   heave  ( ice  lens growth) 
is cont ro l led  by rheologica l   p roper t ies .   tha t  is, t he  
y i e ld ing  of  surrounding material. 

The experiment  just   described is qui te   reproducib le  
a l though  the   pa t te rn  of preamre development  varies  with 
type of $011 and with  the  temperature  gradient.  Using 

a t  d i f f e r e n t  times i n  our   l abora tor ies  have  obtained 
similar s o i l s .   t h r e e  operators  working independently and 

similar resu l te .  More than  twenty  exueriments  using 
compressible   soi ls .  and extending  over  thousands of hours 
have been  carried  out.   If   the  temperature is changed 
the re  in an i n i t i a l  sharp Change of  pressure. If t he  
temperature  gradient is reversed.   the   pressure 
d i f f e r e n t i a l   e v e n t u a l l y   r e v e r s e s   t o  match the  new 
d i r e c t i o n   ( f i g .  6). 

An important  element i n  the  exueriment is t he  srease- 
f i l l ed   b ladder   assoc ia ted   wi th   the   t ransducer .  The metal 
diaphragm  of  the  microtransducer, if exposed t o   t h e  8011 
d i r e c t l y ,  might  respond t o  the  Stress of a s ingle   po in ted  
pa r t i c l e   p re s sed   aga ins t  it, or the   microtransducer 's  
r i g i d i t y  might a f fec t   the   readings .  The bladder 
be l ieved   to   p rovide  an e f f e c t i v e   s e n s o r   a c t i v a t e d  by the  
accumulation of minute  amounts of  ice ad jacent  t o  i t .  

Frozen   sands   g ive   d i f fe ren t   resu l t s  t o  a i l t o .  The 
maximum pressures observed are emaller (L-K. Lundin. 
personal  communication)  and th t   p re s su re   g rad ien t s  l e u l a  
There is some increase  in pressure  observed  as   the  f rost  
l i n e  moves through  the sample* But only a few hours 
a f t e r   t he   s t eady- s t a t e   t empera tu re   g rad ien t  is e s t a b  

Warmend temperature 
.-.-. 
I 1 250*0 

.-.-*- - \.-.-.-.-.-*.-. -._._. I 
ruiKd to t0.3 "C 

I -.., .-.+. -.- ._,_._.-.-.-. ""1 I ._.-.-. Bulk denzcy * 1 31 9 cmT3 .a- \ ;warrn.ent( 
\ ~- - 200.0 

Water mntcnt = 38.6% Idrv W.1 ~ temperature 
Tempersfure gradient * 0.17 "C c m ~ '  
Warmend temperature = + O . l O  "C 
Coldrnd  temwralure = -0.60 

'a lowered to 0.0 ' C  
'...-Ad 

C Net 'low " "' -1 50.0 

Warm end = 0.52 cm3 
Cold end * 0,l cm3 
Total- 0.82 cm _._.-.-. r.C.-.-.d -.. Warmend internml  pressure s 

! ..-. "., -1 00.0 

Fig. 5 Pressures  measured i n s i d e  frozen sample 
and flowa of water i n t o  and out  of sample 
(from Wood and Williams. 1985). 
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lntarnal Preuurer During Tammrature 

= : I  -050 Time, hours 
Warm end': formerly the cold and beforetamprsture gradient  ravarsad Coldend - 
Ccld end*. formerlv the vmrm snd before temwntule gfat1enl rmrsed * Warmend ---- l l 0 W  

prnrrure t - 5 0 0  
Fig. 6 In t e rna l   p re s su res  and water   f lows  (cf .   f ig .  5 )  and  the   e f fec t  of a 
r eve r sa l  of temperature  gradient.  

l i shed ,   t he   p re s su re  of the   co lder   t ransducer  may f a l l ,  Usually  however, we are concerned  with movement occurr ing  
even t o  below atmospheric. The warmer transducer,  under a thermal  gradient.  Miller (1980) bel ieved   tha t  a 
espec ia l ly   i f   ve ry   nea r   t o   t he   f ros t   l i ne .   t hen   o f t en  gradien t  in t h e  water pressure  fol lowing from equation 2. 
shows a higher   pressure  with  these soils. So i l a  which w i l l  cause   rege la t ion  and a n   e f f e c t i v e  movement of the  
have  been  packed t o  a ve ty .h igh   dens i ty ,  show somewhat ice i n   t h e  same di rec t ion   as   the   t empera ture   g rad ien t .  

s i g n i f i c a n t  amounts of fine-grained  meterial  (Wood, 
similar behaviour  even  though  they may i n   f a c t   c o n t a i n  However i f  t he re  is a subs t an t i a l   p re s su re   g rad ien t  in 

1985). Frozen   s lur r ies ,  which are necessar i ly   ice-r ich,  
t h e   i c e ,  as i n  our experiments.  the ice might  be  expected 

also show r e l a t i v e l y  small preeeure  gradients   ( f ig .7) .  
t o  undergo  creep - moving i n   t h e  0 o s i t e   d i r e c t i o n  t o  
the   temperature   gradient  (Wood l g h l l e r ,  Loch and 

The explanation of these  differences  in   behaviour   Bresler   11975)   a lso  ment ion  this   possibi l i ty .  I t  is not 
probably l ies i n   t h e   d i f f e r e n t   a b i l i t y  of water t o  move ye t   poss ib l e   t o   a s sees   t he   r e l a t ive   impor t ance  of these  
i n  each  case.  opposing  tendenciea. 

Movements o f  water and ice, and particle displacements 
The ex is tence  of the  unfrozen water aupgests   that   f roeen 
s o i l s  are permeable  and the re  is general   agreement  that  
t h e  movement o f  water i n  the  f rozen  mater ia l ,   a long 
freezing-induced  gradients of SuCtiOn (pre8Eure) i e  an 

s i t u a t i o n  is complicated b y , t h e  ice which Mlller (1970) 
e s s e n t i a l  element of t he  continuing f r o s t  heave. The 

f i r s t  showed could   a l so  be -bile because  of  regelation. 
This   occurs   under   isothermel   condi t ions  i f   the  water 
pressure  is higher on t he  one face  ( the  upstream  s ide)  o f  
t h e  ice,  and is easily  understood  from  equation 2. The 
h igher   p ressure  of the  water  rsises the   equi l ibr ium 
freezing  temperature and freezing  occurs  on t h i s   f ace .  
In due course ,   the  ice preesure rises a t   t h e  downstream 
face ,  and  thawing  occurs  there. The e f f e c t  was a l s o  
apparent   in  Williams and Burt 's  ( 1 9 7 6 )  permeabili ty 
experiment when Using a s o i l  sample  with an ice l e n s  
completely  occupying  the  transverse  section. The flow 
through  the  sample  continued. 

Bulk densl!y - 1,09 Q ~ 7 - n " ~  
Water content.' 48.3% idrv wt.l 

Warmnd temperature = +0.19 "C 
Cold-eld temperature = -0.50 'C 

TRmprEturE gradient 0.1 7 "c Cm"l 

2.00 1 

Romkens and Miller (1973) demonstrated how p a r t i c l e s   o f  
so i l   minera ls   a re   d i sp laced  in ice, in a   d i rec t ion  
counter   to   the  temDerature   gradient .   This   occurs  by 
r ege la t ion  in which ice on t he  warmer s i d e  of t he  
p a r t i c l e  melts, with  the  adsorbed water moving round the  
p a r t i c l e   t o   f r e e z e  where i t  is co lder .   I f   there  is a 
dependence  on p a r t i c l e  B i z t .  t h e   e f f e c t  may be a sorting 
of par t i c l e s .  

The condi t ions  of the  experiment,   f ig.  4, the  sourcea  of 
wa te r   ( i n   t he   r e se rvo i r s .  a t  atmospheric  pressure) and 
the  confinement of the  sample (in i ts  perspex  container) .  
are not   l ike ly   to   be   dupl ica ted   in   na ture .   Never the less  
the  experiment shows the  var ious  considerat ions  necessary 

i t s  e f f e c t s .  
i n   t h e  comprehensive  interpretat ion of f r o s t  heave  and 

The obse rva t ion   t ha t ,   i n   t he   coa r se -g ra ined   so i l s  and in 
highly  compacted f ine-grained  mater la l ,   there   are   only 

Warm  end = 0.37 cn3 
Nnt flow ut 190 hours 

Cold end -0.97 cm3 
Total = 0.10 cm3 

- 50.0 

F i g .  7 In te rna l   p ressures  and uater  flows.  sample of 
same mate r i a l  as i n  Pig. 5 ,  but  prepared as a s lu r ry .  
The temperature  gradient was a l s o   t h e  Same i n  t he  two 
tes te   (except   dur ing   f ina l   per iods) .  
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smell rises i n  ice ureseure which a r e   l i m i t e d   t o   t h e  
region of t he  boundary of the   f rozen   layer  may be 
explained as follows. As the  soil coo l s   fu r the r .   t he  
amount of unfrozen  water is so small  and the  permeabi l i ty  
to  the  water  correspondingly so small t h a t   t h e r e   i a  no 
water   f lux  for   cont inued growth of the  enclosed  lens.  On 
the   cont ra ry   there  w i l l  be stress relaxat ion.   wi th 
microscopic  deformation.  of  the  frozen  soil   around 
lenses.  and of the  lenses  themselves.  and  perhaus  flow o f  
t h e   i c e  i n  t he   d i r ec t ion   coun te r   t o   t he   t empera tu re  
grad ien t .  f n  cont ras t   to   the   f ine-gra ined   compress ib le  
s o i l ,   t h e  movement of water  along  the  temperature 
grad ien t  is i n s u f f i c i e n t   t o   m a i n t a i n  or r e s t o r e   t h e  
pressure  in t h e   i c e ,  which ie observed t o   f a l l .   T h i s  
impl ies   tha t   there  is no continuing  heave.  For  sands. 
where   t he   i ce   p re s su res   a r e   pa r t i cu la r ly  low. t h i s  is i n  
accordance  with  the well-known lack  of f r o s t  heave i n  
such  materials  generally.  The obse rva t ion   t ha t  ice 
pressure   rose  somewhat and then   f e l l   aga in .  i n  a narrow 
zone as i t  i n i t i a l l y   f r o z e  and then  cooled  further,   can 
be  compared t o   f i e l d   o b s e r v a t i o n s  by  Mackay (1983).  which 

ground. H e  ascr ibed  these  to   phase  changes  in   response 
a l s o  showed t r a n s i e n t   p r e s s u r e   r i s e s  of warm frozen 

t o  a temperature  change. 

The observations showing  only small p r e s s u r e   g r a d i e n t s   i n  
ex t remely   i ce- r ich   s lur r ies  may be   the   resu l t  of creep  of 
t h e   i c e   r e l a t i v e l y  unencumbered by s o i l   s t r u c t u r e   o r  
s t rength .  

S ign i f i cance   fo r  soil micromorphology, so l i f lue t ion   and  
pa t te rned  Rround 
In t h e   t r a d i t i o n a l  view t h e   c h a r a c t e r i s t i c   s o i l   f e a t u r e s  
associated  with  cold  c l imates   have  been  ascr ibed  to  
cond i t ions   a s soc ia t ed   w i th   t he   ab rup t   t r ans i t i on  from a 
frozen  to   unfrozen  condi t ion  (or   the  rcverse) .   Excess  
po re   p re s su res   a t  thaw (g iv ing   s lope   i n s t ab i l i t y )   and  
heaving on i n i t i a l   f r e e z i n g   ( f o r  example of boulders )   a re  
examules. However the  thermodynamic phenomena analysed 
above show that   f rozen  soi l .   undergoes  a   ser ies  of 
con t inu ing   e f f ec t s   t ha t  are l i k e l y   t o  promote,  and i n  
some cases  are e s s e n t i a l  t o  t h e  development of various 
t e r r a i n   f e a t u r e s .   F o r  example, t he   l a rge   f ros t   heave  
forces   necessary   to  move boulders   have  their   or igin 
w i t h i n   t h e   f r o z e n   s o i l  a t  temperatures  in  accordance  with 
eqn. 2. Freezing of the  contained water a t  O*C would not  
produce  the  forces  required.  

Freezing of a s o i l  produces  changes  observable a t   t h e  

e f f e c t ,   i n   s o i l s  which are cohesive,  is the  formation  of 
microscopic or near  microscopic  levels.  The most common 

aggregates.  This is eas i ly   unders tandable  as t h e   r e s u l t  
of t h e   a f f e c t i v e  stress ( i n   t h e   s o i l  mechanics  sense) 

and t h e  water predic ted  by eqn. 2. Each aggregate is 
following from the   d i f f e rence   i n   p reesu re  between t h e   i c e  

surrrounded by eegregated ice. even  though t h i s  might 
composed of consol idated  mater ia l  and was probably 

a l s o  have  been  very small. I n  some s o i l s ,  where i c e  
l enses  are l a r g e r  and more widely SDaCed. the  aggregates  
a l s o  m y  be cent imeters   across .  The aggregates persist 
from year t o  year. The dens i ty  of the  a$gregates  
tncreases   as   the  temperature  is  decreased  although  the 
e fPec t  i s  l imi ted  t o  with in  a degree   o r  so of 0.C. 

There are other,   cumulative  micromorphological  effects of 
f reez ing   cyc les .  The so r t ing  of p a r t i c l e s  and i n  
p a r t i c u l a r   t h e  development of cappings of silt over 
l a r g e r  particles or aggregates.  and the  development of 
c a v i t i e s  or vesicles  have been reported by seve ra l  
au thors   (Harr i s  1981. Van V l i e t  Lanoe 1985). Van V l i e t  
tanoe  has shown the   ex is tence  of numerous smal l   shear  
planes which she  believes  develop  during thaw. These 
e f f e c t s  may have  several   causes.  The t rans loca t ions  Of 
t h e   i c e  and water  and  displacements of p a r t i c l e s .   a r i s i n g  
because of the   s t resses   deve loped   in   the   i ce ,   water  and 

consequently. on t h e   p a r t i c l e s  and aggregates .   are  
important. The t r ans loca t ions   occu r   i n   f rozen   so i l  
(although a t  temperatures  near  to O-C), and a r e   t h u s  
IndeDendent  of the  completion o f  a  freeze-thaw  cycle. 

The s t r eng th  and deformation  propert ies  of f rozen   So i l s ,  
in   the   geotechnica l   sense .   a re  of course.   h ighly 
temperature  dependent. The thermodynamic conditions 
discussed  above,   associated  with  t ransi t ions O f  water and 
i c e ,  a re   r e spons ib l e   t o   a   l a rge   deg ree   fo r   t h i s  
temperature  deoendence.  Externally  applied PTeSSUreS 
enhance  the  effect  of these  t ransi t ions.   These effects. 
as charac te r i sed  by the  geotechnical   propert ies .  W i l l  
also f ind   express ion   in   na ture .  

There  are   cer ta in   forms of so l i f luc t ion .   apparent ly   s low 
creep movements of ml l l imet res  per year,  which g i v e   r i s e  
t o  widespread  terraces   or   lobes.  on slopes  of  very low 

covered.  there is no obv ious   i n s t ab i l i t y   i n   t he   sp r ing  
angle  - sometimes  only a few degrees.  Often  vegetation- 

su r face   l aye r  of 0 . 5  t o  1.5 m. may, 'however.  be  expected 
thaw ( f i g .  8). Such a creep movement, involving  a 

a s  a consequence of the   cumula t ive   e f fec ts  of t h e   i c e  and 
water displacements  occurring i n  t h e   f r o z e n   s o i l   i n  
connec t ion   wi th   t empera ture   g rad ien ts .   Soi l   par t ic les  
w i l l  be d is turbed  by fo rces   ac t ing   i n   va r ious   d i r ec t ions  
but  each of the  continuing,  multi tudinous  microscopic 
d i sp l acemen t s   l a   l i ke ly   t o   have ' a  component of movement 
downslope became of the  ubiqui tous stress in t h a t  
d i rec t ion .  

Fig. 8 Front of so l i t i uc t ton   t e r r ace . - tne  drvw 

advance a €  such  feature4 down very   a l igh t   s lopes  may 
be  exul.ained by a c r  e D  :resulting from the  
the rmodynamic - rheo lo~~   ' p roceqses   i n   f rozen  soil. 

'. 
Although  the  evidence  from  our  observations  supports  the 
view t h a t ,   a t   l e a s t   f o r  some s o i l s ,   t h e r e  is only a 
limited  temperature  range of a few t en ths  of a degree 

wi th   e f f ec t s  easily  measurable  over  periods of months, or 
n e a r   t o  0.C where the  continuing  heave  processes  occur 

perhaps  years .   natural   temperature   gradients   are  
themselves small and such  temperatures  wideepread. 
Furthermore in   the   near -sur face   l ayers  of the ground the  
gradients  change  with  the  passage o f  the  fieasons (and the  
upper   par t ,   even  diurnal ly) ,  and reverse  annually.   These 
changes  and  the  reversals of s t r e s s   g r a d i e n t s  
(c f .   f ig .  6)  and o l  d i rec t ions  of displacement w i l l  
augment the  downslope c r e e p   e f f e c t .  

Rela ted   e€fec ts   a re   involved  in the  development of 
pa t te rned  ground  featuresl.  particlarly  where  sorting o f  
f i n e   p a r t i c l e s  is impor tan t .   Dl f fe ren t ia l   f ros t   heave  



wi th in   f rozen   so i l s ,   e spec ia l ly   t hose  of varying 
t ex tu res .  will produce  narrow  zones  of  shear,  and 
P a r t i C U l a r l Y  where t h e   e f f e c t  is enhanced by i r r e g u l a r  
rates Of f ros t   pene t r a t ion  or the  presence of c racks   o r  
o t h e r   d i s c o n t i n u i t i e s ,  will r e s u l t  i n  nubs t an t i a l ly  
i r revers ible   displatements .   These may subsequently  be 
recognized as cryoturba tes  and f ind  expression on t h e  
ground  surEace as hummocks and o the r   su r f ace  
disturbances.  

CONCLUSION 

The thermodynamic condi t ions  +thin  f rozen  ground,  
p a r t i c u l a r l y  at  temperatures   just  below 0.C. are such 
tha t   there   a re   cont inuing   t rans l l rca t ions  of water and ice 
and  displacement of particles. The  dynamic na ture  of t he  
frozen  ground is expressed in micromorphological  changes 
and i n  l a r g e p s c a l e   e f f e c t s   a p p a r e n t   i n   c e r t a i n  soli- 
f l u c t i o n  end pa t te rned  ground features.   Research into 
such   fea tures   should   therefore   cons ider   condi t ions   whi le  
the  ground is frozen as much as those  applying  during 
freeze-up or thaw. 
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TIME AND SPATIAL  VARIATION OF TEMPERATURE OF. ACTIVE LAYER 
IN SUMMER ON THE KAFFIOYRA PLAIN (NW SPITSBERGEN) 

G. Wbjdk, K. Mardniak and R Pnybylak 

Department of Climatology, N. Copernicw University, Tor&, Poland 

SYNOPSIS Ground temperature  measurement  results In main ecotopea o f  the  Kaffillyra coastal 
plain  (Oscar II Land,  northwestern  Spitsbergen): sea beach,  tundra and morainic  plateau from six 
smmer seaaons (197s-1982) , are  presented and discussed in the paper. The change from year  to year 
and the spatial  distribution o f  the g~ound temperature i s  discussed  with  particular  regard to tem- 
perature of the  active  surface  and  vertical  gradients of temperature  dependent on daytime and wea- 
ther  conditions. 

INTRODUCTION 

This paper  is based upon fieldworks in 1975 - 
1982 during 6 polar  expeditions  to  Spitsbergen, 
organized  by  the  Institute of Geography, N. Co- 

were carried through on the Kaffibyra Plain in 
pernicus  University of Toruxi. Investigation8 

northwestern  Spitsbergen  (Oscar II Land). Their 
results  were  already  presented  in  successive 
post-expedition  reports and papers (Leszkie- 
wlcz, 1977; WQjcik, 1982; W63cik  Marciniak, 
1983; Marciniak,  Przybylak, 19833. 

are  carried  regularly  in  meteorologic  stations 
( e.g. at  Barentsburg , in Hornsund) . .Observa- 
tions are also collected  in  various  areas,  usu- 
ally in summer,  b  scientific  expeditions (Ba- 
ranowski 1963, I &; Czeppe 1961 ; Jahn 1961 ; 
GrzeS 1984; KamilSski 1982; W6Jcik,  Marciniak 
1987). Some  papers  deal  with  depth of' thawing, 
that  is  with  thickness of active layer. In a 

problem is presented  by Jahn and Walker (1983), 
broader, i.e. spatial-geographic approach, this 

and for  Kaffitlyra by Marciniak  and  Szczepanik 
(1983), The  first  Polish  paper on ground  tempe- 
ra ture  in a polar  zone  was  written by J a b  
(1948) and  based  on  studies of 1937, carried 
through i n  Greenland  during  the  Polish Pola r  
Expedition  supervised by A. Kosiba. 

Thermic  regime of a ground depends from ab- 
sorbed  heat  but also from  thermic  characteris- 
tics of a ground, i.e.  its  heat  capacity and 
conductivity  that  correlate  with  litholcigy and 
water  content. In Spitsbergen  these  factors  are 
so varying  that  result in distinct  spatial  tem- 
perature  variation o f  a ground.  Degree of such 
variation  remains  strictly  connected  with  cli- 
matic and weather  conditions. 

In this paper  the  collected  material allows 
to  present  spatial  (horizontal and vertical) 
variability of  ground temperature  in  a  diurnal 
cycle  and from year to year  during  a  regressive 
phase of the  summer  season and related t o  wea- 
ther  conditions.  Presented problems are  illus- 
trated by  chosen  temperatures  from several 
depths and by mean temperatures of the  whole 
Layer of 1-50 cm  (Tables I and 11, Figs. 2-3).  

In  Spitsbergen  stuct-jes of ground,temperature 

The, latter  are  arithmetic  means of temperatures 
from 5 standard  depths. 

MEXHODS AND MATERIAL 

with a use of mercury ground thermometers at 
Measurements of ground  temperatures  were  done 

depths I, 5, I O ,  20 and 50cm, and every day at 

not been always the same. This  presentation is 
01 , 07, 13 and 19 LMT. Measuring  periods have 

generally  baaed  on  comparable data for  the in- 

but  in case o f  need  the  data  beyond this period 
terval  starting from July 21 untill  August 31, 

have been also used. 

studied,  taking  three  characteristic for Kaf- 
fiflyra eco-topes  as  examples: sandy beach, ,mora- 

crlptions of measuring  sites  near the expedi- 
ine and  tundra. Location and morphologic des- 

t i o n  base ( Ips 7B041'N, h = I l o ~ I f E ; h  = 1.5 
m a.s.1.)  are  presented in figure 1. 

a). A beach (B) is composed of medium-grain- 
ed  sand  which is over I meter thick. 
Depth of summer thawing ia about a me- 
ter. The whole  layer is- quite  wet,  part- 

surface of permafrost  and  partly due to 
ly due  to  capillary  water  rising from a 

inflow of sea water  during  high  tide and 
precipitation. 

Spatial variation of ground  temperature,  was 

hring wet weather  with  ,precipita$lon the 
whole  layer  over  the  permafrost possesses a 
high  water  content. On the other hand during 
dry  weather,  particularly  during  high  insola- 

This layer with a  lower  heat capacity and con- 
tion, a thin  outer  layer 1-2 cm  thick  gets  dry. 

ductivity  influences  much  heit  clrculatior. in 
the  whole vertical secticn. Lhelmcll regiae of a 

pes,  in connectian with a shallow occcrence of 
bench is modelled similarly a3 of o t h r ~  ecoto- 

permafrost. 
b) . The sjte I,tun&-alt ('I?) OCCUTS. or' n flat 

outwash fan in foref ie ld  o f  erzd mrrrinc 
of the Aavatsmark GI-acier. The fan  i s  
composed of c o m s e  Erl-..ve:s w i t h  adnixtu- 
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re  of sands and s i l t s .  Ground surface is 
covered with tundra vegetation  with pre- 
domirating cup-moss (Cladonia  rangiferi- 
na).  Vegetation  cover  altkough  thin and 
discontinuous (70% of the  I.end), influ- 
ences t o  a certain  degree a modelling o f  
ground temperature, Water content i s  he- 
re lower than at a beach, 

c) .  The t h i r d  eco-twpe is cons t i tu ted  by end 
moraine ( 1 4 ) .  Measuring s i te  was located 
on f l a t  surface of outer  oldest morainic 
rampart comrosed of rock pieces of vary- 
ir4 diameter and shape, mixed with f i n e  
Eravels and loamy nater. ial .  A moraine 

i7ater content is the  Icwest   in  the ac t i -  
core i s  sti l l  composed o f  buried ice.  

ve layer here. 

O L . " 2  
100 200111 

Fig. 1 Mwrpholaeic sketch o f  the  aren of the  
Research Sta t ion  o f  the  N. Copernicus  Universi- 
ty, To&, and locat ion o f  measurement stands 
1 - moraine, 2 - tundra, 3 - area   per iodica l ly  
flooded  during tides, 4 - storm  ridges, 5 - a- 
r e a  of the  beach flooded durire t i d e s ,  6 - 
streams, 7 - lakes,  0 - outwash p la in ,  9 - Re- 

r ing  s t a n d  ,,Beach" (By, 11 - ground temperature 
search Sta t ion ,  I O  - round ternperzture measu- 

perature  n~easurlng  stand ,,Tundra" (TY 
measuring  stand ,,Moreine" ( M ) ,  12 - round tem- 

VARIATIOIJ GF CROUIX TEa4PERATURF~ FROM YEAR TO 
YEAR 

Thermic indices of  ground during summer develop 
under  irfluence of current  weather  conditions, 
but i n  connection with the preceding  winter 
( i t s  duration and severity). Mean values o f  so- 
me metearclogical  elements from s i x  analyzed 
surnrer seasons are pr,esen.ted in t ab l e  X. 

year t o  year are  presented on the basis  of in- 
Variations of mean ground temperature from 

ves t iga t ions   a t  a beach,  These  variations  are 
changed what  depends  on depth and diurnal cyc- 
le. Mean var ia t ion  I s  equal 0.6OC a t  ac t ive  
surface, increases with depth t o  0.8OC at depth 
of 10 cm and then gets lower,  reaching 0.4OC at 
depth of 50cm. In a diurnal cycle mean varia- 
t i ons  of ground temperature fFom year t o  year 
a re   the  lowest a t  night  (from 0.3OC to 0.5OC a t  
01 o'clock) and the greatest a t  noon ( t o  l,O°C 
a t  depth of IO cm) . 
e s t  year (1977) and the cooles t  one (1982) 

Difference between temperature of t he  warm- 

chenges also with  the  depth,  preserving a poor- 
l y   Ind ica t ed   d iu rna l  rhythm (Fig. 2). Greatest  
difference  oceured a t  depth of 10 cm where it 
varied from 1,5'C a t  01 and 07 t o  l ,B°C a t  19, 
with mean of I .6OC. Therefore, they  decrease 
(more weakly)  upwards t o  the act ive  surfgce 
where they changed from 1,3OC at 19 t o  1.7OC at 
07 and 13, with a diurnal  mean of 1.ToC, and 
(more d i s t i n c t l y )  downwards t o  larger  depths 
and varied a t  50 cm from 0,8'C a t  01 t o  1 .O°C 
at 07 and 19,  with a diurna l  mean of l.O°C. 

changed from year t o  year. A t  a beach i n   t h e  
layer  1-50 cm a t  01 they  var ied from -0.28'C/IO 
cm i n  I980 t o  -0.49°C/10 cm in 1978, with a me- 
an of aix years  equal -0.37°C/10 cm . A t  13 they 
varied from -1 ,.IZoC in 1980 t o  -1.39°C in 1979, 
with a mean of s i x  years  equal -I . ~ ~ O C / I O  cm 
Mean diurnal   gradients   var ied from -0.7I0C i n  
1975, 1980 and 1982 t o  -0.84OC i n  1979, with a 
mean Qf a11 the years  equal -0.78°C/10 Cm . 
Changes dus t o  weather  conditions seem t o  dis- 
appear  quickly towards a permafrost  surface. 

Change of ground temperature from yea r   t o  
year is well i l l u s t r a t e d  by mean temperature of 
t he  whole layer  1-50 cm (Table 11). 

Vert ical   gradients  OS temperature have also 

SPATIAL VARIATION OF GROUND TWPERATURE 

A problem  of spa t i a l   va r i a t ion   o f  ground tempe- 
r a tu re  is presented on the bas i s  of measure- 
mhts a t   t h r e e  chosen ecotopes (beach, tundra,  
moraine) i n  summer seasons o f  1978 and 1979 
(Table XI). I 

Ver t i ca l   d i s t r ibu t ion  of ground temperature 

the  three layers  ?Fig. 3) described i n  the 
enables t o  d i s t i n   u i s h  i n  a l l   t h r e e  ecotopes 

previous  paper on the b a d 8  o f  data  from 8 sin-  
gle  ear, i.e. from 1978 (W6jcik,  Marciniak 
1 987y. 

a).   Outer  layer o f  varying  thickness,  ther- 
mic d i f fe rences   in  which  between pa r t i cu la r  
ecotopes  are significant a t   the   sur face ,   bu t  
quickly  decrease wi th  depth and sometimes dis-  
agpear. Such  smoothed o r  almost smoothed tempe- 
r a tu re  at a horizon i s  named a rnonothermy, whe- 
reas  a depth a t  which it occurs - a monothermy 
horizon  or  depth.  Described  outer  layer is lo-  
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TABLE I 

Mean values of the chosen  meteorological  elements from the summer season 
21 st July - 31 st August  on the Kaffibyra Plain (NW Spitsbergen) 

P P t P P I P P r P l P l l I  

Precipitation 
m 

"""""""1. 

66.5 

44,2 
17,7 

108,O 
54,5 

55,9 

44,4 

""""""". 
PIDP95=Et5==*=: 

13 19 d 

- 
.I...* .....,......... 1977 - _ - _ _ + -  1982 rn 

Fig. 2 Mean ver t ica l   d i s t r ibu t ion  of the ground temperature in   t he  beach (B) from 
the period 21 st July - 31 st August, Prom the wormest year (1977), the  coolest  year 
(1982) and mean from the 1975 - 1982 for the particular  observation terms (01 , 07, 

13, 19) and dal ly  m e w  (a) 

cated between the  active  layer,  the  temperature 
of which is considerably  varying, and the mono- 
thermy horizon. Its thickness depends on depth 
o f  occurrence of the monothermy and depending 
on weather a8 well as part of the day,  changes 
from Ocm a t  cloudy day (e,g. 78.08.15 a t  01) 
t o  about 15-17cm a t  cloudless day  (e.g, 78.08. 
13 a t  19) and mean thickness is  equal about 5 
cm (Fig. 3) .  

part of the  studied  section has been almost ev- 
ery  time  the warmest a t  a beach and the coolest 
a t  a moraine; it occupied an intermediate posi- 
t i o n   a t  a tundra. Only in   the  diurnal  cycle a t  
night a tundra was the warmest; a beach was the 
coolest whereas a moraine occupied an interme- 
diate  position. 

The greatest  thermic  differences i n  the  out- 
e r  Layer between particular ecotopes  occurred 
a t  an active  surface,  correlating with weather 

Curves of figure 3 indicate that t h i s  upper 

conditions  as usual. A t  a cloudless sky a8 e,g. 
on 1978.07.24 the mean diurnal  value a t  a beach 
was equal 11.2OC, 9.6'C at a moraine and 8 .7OC 
at a tundra. During cloudy and rainy weather 
the thermic  differences  disappear and e.g. on 
1978.07.30 mean d iu rna l   va lues   fo r   pa~ icu la r  
ecotopes were qqual 6.6-6.7OC. 

Thermic spottiness of an active  surface 
change in a diurnal cycle and their   greatest  

at noon during  cloudless weather. Therefore e. 
intensity is noted a t  a largest   insolation  i .e,  

g. on 1978.07.24 a t  13 the temperature a t  a 
depth of 1 cm a t  a beach was equal. 17.OoC, a t  a 
moraine 14.0% and a t  a tundra 12.8OC. Spatial  
differentiation of temperature is then conside- 
rable over 4OC. Night cooling of the  active 
surface depends s l ight ly  on its characterist ics 
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TABLE I1 

Term (01 , 07, 13, 19) and daily (dl  means of ground temperature ( 1 , 5 IO, 20, 50 cm 
Prom the summer season 21st July - 3lst  August on the Kaffieyra Plain (NW Spitsbergen 

""""e 

Beach 

""""I 

Moraine 

Bcotope 

Beach 

"""I* 

Moraine 

t=rP=====P~I==E===FC====I 

5 cm 
""""""""""I"" 

01 07 13 19 d 

4,7 5 , O  6,9 6,3 5,7 
5,O 5,3 " $ 4  6,8 6,1 
4,5 4,6 6 , 3  6,O 514 
4 , 3  4,8 7,4  6,8 5 , O  
3,9 4,3 6,3 5,7 5,l 
3,6 3,8 6,O 5.3 4,7 

4 , 3  4,6 6,7 6,2 5,s 

4,9 5 , O  6,6 6,l 5,7 
4,5 4,9 7,4 6,5  5,8 
4,2 4,4 6,2 5,7 5,l 

5,O 5,O 6,6 6,3 5,7 

""""""_"""""" 
""3"""""""""" 

"""""""""""~" 

- -EF5PP=3=rhrRBI==== I~~~~~  

and for this  reason, thermic spottiness disap- 
pear a t  night, especially when clouds are  pre- 
sent. 

b). Lower layer that occurs beneath  the mo- 
nothermy. In it the increasing depth is accam- 
panied by thermic differentiation between par- 
ticular  ecotopes (curves in Fig. 3), therewith 
that a beach is always the coolesk and a morai- 
ne i a  the warmest ( thus otherwise than In the 
outer layer). At depth of 50cm means for the 

whole Summer season of 1978 were equal 2.0°C at 
a beach, 3.6OC at a tundra and 4.6Oc at a mora- 

temperature at depth of 50 crn between the eco- 
ine. It i s  remarkable  that differentiation of 

topes is quite s tabi le  and changes slightly if 
referred t o  weather and diurnal cycle. 

c ) .  Both described layers are separated by 
an intermediate one that comprises fragments of 
the lower part of Layer (a) and of the upper 
one (b) . k monothermy occurs there and SO, this 
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layer indicates the lowest  difference of tempe- Spa t i a l   d i f f e ren t i a t ion  of ground temperatu- 
rature a t  the horizon between the  pa r t i cu la r  re i s  noted i n   t h e  mean from the layer  I-TOcm 
ecoljopes. (Table IT). The lowest  values of this index oc- 

I D e p t h  
cur  a t  a beach,  intermediate a t  a tundra and 
the  highest a t  a moraine. Diurnal means from rr "I 

i L-;Iu 7 

I 
I 

I 
I 

I 

1978 are  equal 4.5'C, 5.I0C and 5.4'C respect i -  
vely. Such r e l a t ions  between the ecotopes are 
also  preserved from day t o  day,  therewith the 
same difference between them changes i n   r e l a -  
t i o n  to  the  weather. They are   l a rger  $t a clou- 
dless  weather e .g .  on 1978.07.24 diurnal  means 
were equal 6.qoC a t  a beach, 7.OoC a t  a tundra 
and 8,3OC a t  a moraine. A difference between 
the  warmest  moraine and the  coolest beach rea- 
ched 1 .hoc, whereas  during a cloudy weather , e. 
g. on 08.19 I t  was equal 0.3OC. . . 1 1 1 , 1 , , 1 1 1 1  - 

2 4 2 L 2 4 6 8 1 0  3 5.C Described s tudies  were carr ied  through  in  I 

1 1 three neighboring ecotopes. Inf lux  of heat  t o  them from the  outs ide was then  uniform. Due t o  
a similar  albedo,  radiation  absorbed by every 
ecotope is almost  the same, Therefore  heat pro- 

2 per t i e s  of ground, i.e.  heat  capacity and con- 
20 duct iv i ty ,  seem t o  be the main f a c t o r   t h a t  ma- 

8 r i  / ;  kes   spa t ia l   var ia t ion   (hor izonta l  and v e r t i c a l )  
30 I ;  1 ;  1 ;  o f  thermic  relations. s I ' i  

I :  
I :  I :  

VERTICAL UISTRIBUTIOIJ OF TE14PWATURE 

2 4 2 L 2 L  2 4  
- 
2 L*C Carried  invest igat ions  indicate   that   in  Spits- 

bergen  during p o l a r  summer, i.e. when a snow 
d cover is absent, there  are in   the   ou ter   par t  of  

the act ive  layer   three  types of v e r t i c a l  tempe- 
r a t u r e   s t r a t i f i c a t i o n   ( F i g .  3 ) .  

a). Summer - insolation  type  predominates 
(temperature  decreases with depth),  It is mar- 
ked by d iurna l  means for the whole period and 
occurs  during a day in   the  diurnal   cycle   (Fig.  
3 ) .  It i s  created  ear ly  i n  the morning and is  
already  noted  a t  07, is best expessed  at noon 
and disappears  towards  the  evening, being still 
i nd ica t ed   a t  19 a t  a beach and tundra, This  ty- 
pe occurs  essentially  during 31.1 the days from 

2 L 2 4 2  G 6 2 L 6 2  Lac ear ly  morning until1 afternoon, and i s  espe- 
c i a l l y  distinct at :I.cudless o r  slightly c?oudy 

b) , Radia t ion- ins~le t ic r ,  type <:I: upper p a r t  

e 
t- 

- , , , ,  . ," 

1 d weather ( F i g .  3 )  , 

of the sec t icn  terr.pe1-ature r5Ees !;i:erezr. droy;s 
i n  the I.ower one with depth) tb.a*,. O C C U ~ S  t r a t  
r.igl:tt' ir, a c5urnal. c>-cle due tc georzdiation. 
Generally it al:r>ears i~1thn116';h n t  a n o r a i m  on- 

at G I  (Fig. 3 )  The riiEl-l t  co32inl: is n o t  very 
deep as reaches 20-25 cm on'y. 

t u r e  divides ?Are 2nalyzFC: f;rcr*:nd section i r t o  
three  varying thern ic  layers ,  t w o  cocl cnes 

2 4 2 L 2 4 6 2 G  2 L . C  or i~.ig. 3 ) .  
(up wr end Icwer) are  seynt':.:t:eci by a warm lay- 

m l y ,  a l r eady  at 19 and is alre2d.y ~ e ? l  developed 

The rndiat icn- icsclat icr ; .  pa t te rn  of texpera- 

"I 1 1 , , , " 

""" 1 ...... _... 2 3 
Fig. 3 Vert ica l  ground temperature  distribu- 
tion for the  particular  observation  terms (01, 
07, 13, 19) and daily means (d) during a sunny 
weather  (August 13) , a t  a par t ia l   c loudiness  
(August 15) and a t  full. cloudiness  (August 14), 
and means for   the  per iod  21st  J u l y  - 31st AU- 
gust  1978 on the beach ( 3 )  , the  moraine (2) and 
the   tundra (3) 
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depth due to  obviously near occurrence of per- 
mafrost. 

Carried  investigations prove that in Spits -  
bergen the  outer ground layer is subjected to 
active  tefiperature  changes  in a diurnal.  cycle, 
modified by weather  conditions, and t he i r  quan- 
titative  characteristics are different  what  de- 
pends on ecotope. In a  vertical  section  tempe- 
ratures  at a beach are most varying;  they  are 
less varied  at  a  tundra and least at D moraine. 
Mean  verticzl  gredients from the  Interval o f  
197e.07.21 - 08.31 in the  layer 1-50 cm  were 
equal -0.82°C/10 cm at a beach, -0.47°C/10 cm 
at a tundra  and 0.3S°C/10 cm at  a  moraine. 

(Fig. 3 ) .  They  are  the  largest by noon at 13, 
equal -l.22°C/10 cm a t  a  beach, -0.73°C/10 cm 
et a tundra  and -0,5loC/10 cm  at a moraice. 
They  are the lowest a t  night, being at 01: 

-O.4g0C,  -0.22OC and, 0.01°C(30 crn respectively. 
Therefore, a radiation  type of vertical  tempe- 
rature  pattern  (although  at  very low gradient) 
occurred  at a moraine only. 

Vertical  gradients  depend  on  weather  condi- 
tions.  The  largest occur during  a day at  sunny 
weather  (Fig. 3) and e.g, on 08.13 at 13 at a 
beach in  the  layer I-50cm it was  equal -1.80 
OC/IO cm . Respective  values  at a tundra  were 
equal -1.22°C and -2.2OoC whereas -l.02°C and 
2.3OoC/10 cm at  a  moraine.  During  cloudy  and 
reiny  weather  the  temperature  in  a  vertical se- 
ction is smoothed and gradients in a l l  terms 
are small. Thus e.g. on 1978.08.14 at 13 (Fig. 
3) the  eradient  at a beach  was  equal -0.66OC, 
at a tundra -0.34OC and  at a moraine -0.06°C/10 
cm, while  in  the  evening  at I9 due to further 
smoothing of temperature,  vertical  gradients 
were  equal  respectively -0.44OC, -0.24'C and 
O.OI~C/IO cm. 

Vertical  gradients  change  in a diurnal  cycle 

FINAL RP'XRKS 

A theory o f  molecular  heat  conductivity of 3. 
B. B. Fourier  presents a model of annual and 
diurnal  thermic pattern of a ground. In  natural 
conditions  the  quantitative  indices o f  this  mo- 
del  are  disturbed  by clouds and  precipitation, 
and  in  Spitsbergen also due  to  presence o f  per- 
mafrost,  occurring  beneath the ective layer. 

A more  complete  discussion of thermic  regime 
of active  layer in polar  regions  against  weat- 
her  conditions  demands  further  investigations 
of ground clmsity and dynamics of water  content 
as well. as of heat  capacity  and  conductivity. 
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TEMPERATURE OF ACTIVE LAYER AT BUNGER OASIS 
IN ANTARCTICA IN SUMMER 1978-79 

G. W6jcik 

Department of Climatology, N. Copernicus  University,  Tarun, Poland 

SYNOPSIS The r e su l t s  of the ground temperature measurements i n   t he  Bunger Oasis from the 
summer season 1978-79 are presented and discussed il l  the  paper  with  particular  regards to tempera- 
ture of active  surface,   vertical   distribution and vertical  gradients of temperature dependent on 
daytime and weather conditions, 

INTRODUCTION 

A t  the beginning of regressive phase of Antarc- 
tic summer from 1979.01.23 to 1979.02.20 measu- 
rements o f  ground temperatures a t  depths: 0 (a- 
ctive  surface) , 5 ,  10, 20 and 50 cm were colle- 
cted i n  Bungcer Oasis a t  the Polish A, B. Dobro- 
wol sk i ' s  Station ('p 66'18' S , x .I 100°43' E, 
h = 28m a.s.1.) The data were collected a t  
climatologic  observatlon time of 07, 13 and 19 
L," with a use o f  mercury thermometers. Minimum 
and m a x i m u m  temperatures were also measured a t  
a ground aurface with a use of extrema1 mercury 
thermometers. Measurements were done a t  a mete- 
orologic station,  located i n  the  area composed 
of f ine   g lac ia l  debris. 

prevailling in  the Oasis during  the  obsewa- 
Figure 3 presents  general weather conditions 

t ions .  Table I compiles data on maximum and m i -  
nimum temperatures a t   act ive  surface and 2 m a- 
bove a ground, se t   in   o rder  of decadea. Table 
I1 indicates decade values of ground temperatu- 
re.  Figure 4 presents examples of ver t ical   pat-  
terns of temperature a t  some weather situationa. 

GENERAL DESCRIPTIONS OF BUNGER OASIS 

The Bunger Oasis is located i n  a marginal pa r t  
of West Antarctica between 65'58' and 66'20''p 
S, and between 10O028' and 10Io20'h E. It is 
surrounded from all the  sides by ice. It con- 
tacts w i t h  ice   sheet   in   the east. Dynamic gla- 
c ie r s  f low around it i n  the south (the Apfel 



Glacier), west (the Edisto Glacier) and north- 
east (the  Remenchus  Glacier). In the  north the 
Oasis is  closed by the  vast  shelf  Shackleton 
Glacier, that  separates the Oasis from the  Maw- 
son Sea. The area o f  the Oasis Is equal. 952km 2 , 
395 km2 of which  is  occupied by a land, 470 km2 
by epishelf  lagoons, 36km 2 by lakes of various 
sizes and at  last, 51 km2  is  occupied by snow 
fields and glaciers  (ICorotkieviE 1972; Simonov 
1971 ; Wihiewski 1903). 

The Oasis was deglaciated about 12-15 ka ago 
due to general Holocene warming, with a parti-  
cipation o f  glacioisostatic  rebound of its  mar- 
gins, suitable  bedrock-influenced  distribution 
of ice  masses flowing from a thinning i c e  sheet 

Simonov 1971; KorotkieviE  19721. The latter 
and local climatic  conditions Shumsk 1969; 

started to be modelled  when dark rocks appeared 
above the ice  surface, and increased  absorption 
of sun radiation. 

are al-most devoid 9f them and thoroughly 
hed. Roche  moutonnees ind ica te  distinct .&it% 
striae  that mark a direction of ice ma55 move- 
ment.  Deposits are composed of rock debris 
which is angular with only slight traces of ro- 
undness. A size of rock pieces is varying, the 
fraction of several to a dozen  or so centime- 
ters In d i m c t e r  predominates, with an admixtu- 
re of blocks over 1 m. Depressions are filled, 
with  fine  patches of glaciofluvial deposits  
composed of finer grave1.s. Such patches, fed 
with  water from higher-located  snow fields and 
glaciers,  are subJected to frost segregation of 
material. arid polygons with 1-2m in diameter 
are created (Flg.2) 

cular1.y considerable diurnal amplitudes of tem- 
perature  connected with a frequent pass over 
O°C (freezing point), favor development o f  phy- 
sical weathering and so, slopes and their f e e t  
are covered with mantles and heaps o f  blocks. 
Dryness of the climate and high  wind velocity 

Climatic conditions of the Oaels and par t i -  



TABLE I 

The lowest (L) , highest (H)  and mean (m) values of the  daily minimal (tmin) , m a x i -  
mal ("-) temperatures and of the  daily temperature amplitudes i n  A . B .  Dobrowol- 

ski Station (Bunger Oasis - Antarcticz) from the period 23.01 - 20.02.1979 

H 

Ground I 
surface I1 

x 
11 A i r  2m 

Decades as in   the  Table IT 

WEATHER CONDITICNS DURING STUDIES 

They are i l l u s t r a t ed  by curves in   f igure  3. A 
cloudiness was in  general  temperate,  the  lowest 
at the beginning of the measuring eriod, i .e .  
during  the l aa t  decade o f  January f4.9). In  Fe- 
bruary it was equal 5.2 during t h e   f i r s t  decade 
and 8.3 during  the second one. A me- for   the 
whole,period reached 6.1 i n  a scale  0-10. The 
whole period had 8 sunn days (with mean diur- 
nal cloudiness Ci < 2.Of, with 4 cloudleas days 
( Ci R 0) inclusive. There were 12 cloudy  days 
(Ci > 8.0) with 10  days with a complete  cloudi- 
nee6 (Ci - 10.0). 

Due t o  a temperate  cloudiness a sunshine du- 
ra t ion was quite  large,  greater  than could be 
expected from cloudheas, because o f  re lat ively 
considerable  participation of thin clouds of a 
high stage that: were s h o d  through, A t o t a l  
number of houra with sun was equal 249 what 
corresponds with & %  of possible ones. In  com- 
plianoe with cloudiness  distribution, the sun- 
shine  duration gradually decreased from decade 
t o  decade and  was equal 71 % , 52 % and 23% re- 
spectively,  ,during the successive decades. 

Mean dai ly   a i r  temperatures  varied Prom -5.3 
OC. (Febmary 20) t o  I .4OC (January 301, with a 
mean for  the whole period  equal -1.goC. During 
the whole period  there were only 4 days with 
mean daily  temperatures above O°C. Mean of the 
whale period f o r  each  observations  terms were 
also below freezing  point and equal: -2.9OC at 
07, -0.goC a t   1 3  and -1.g0C a t  19,  with a mean 
daily value equal as already presented,  also 
-1 ,g0C. Minimum diurnal  temperatures  varied 
from -8.7OC (February 7 )  t o  -1.6'C (February 21, 

m 

6.5 1 32.5 

li.4 7.5 
h.1 10.0 
2.6 10.0 

2.6 '10.0 

""" ""- 

:=*=z==". ! as$+z= 

""" 

m 

27.0 
24.8 
j9.9 

24.2 

""" 

.""" 
5.2 
6.2 
5.4 

5.9 

with a mean equal -5.2OC. M a x i m u m  diurnal tem- 
peratures changed from -3.f°C (February 20) t o  
5.6OC (February I), with a mean value equal 0.7 

During the  studies  temperate wind velocit ies 
predominated. Mean dai l  values  varied from 1.5 
m/s (February 20) b 8.5 m/s (February 2) , with 
a mean f o r  the whole period  equal 3.8 m/s. The 
largest   velocity was measured on February 2 at 
07 and equal  15.4m/s. Calms were absent during 
the observation  period. 

A i r  isr dry  i n  the Oasis. Mean diurnal  values 
of water vapour pressure  varied from 1.7hPa 
(February 15) t o  4.8  hPa (January 29) , with a 
mean for the whole period  equal 2.9hPa. During 
the studies 6 times trace  precipitation and 2 
time  larger ones were noted,  giving  in  total 
21.8m. 

the whole Antarctica, is considerably  transpa- 
The atmosphere i n  the Oasis, similarly  as i n  

rent  due t o  absence of pollution and small con- 
tent of water vapour. The transparency is close 
t o  the ideal one and according to the authorpa 
investigations, e.g. on February 4 ,  integral  
coefficient of transparency p, was equal p2 
0.841 a t  optical  thickness of atmosphere m = 2. 
Due to such great transparency,  there is Inten- 

diation a t  night, when the weather is cloudleas 
sive sun radiation during a day and earth ra- 

or  with some clouds  only. I n  consequence there 
are considerable  diurnal  temperature  amplitudes 
espeaially o f  the  active surface. 

OC. 

GROUND TWEXATURE 

Temperature at two extrema1 measurement levels 
will be described more broadly. They include 
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Station  (Bunger'Oasls' - Antarctica) in the pe- 
riod  23.01 - 20.02.1979 

a depth  of 0 cm  (active  surface)  and 50 cm All 
the other  depths  represented an intermediate 
distribution of temperature, 

Mean d a i l y  temperatures of the  active surfa- 
ce  (Fig.4)  varied  during  the  described  period 
from -1.5OC (February 7) to 9.9OC (January 251, 
with a mean  for  the whole interv& of 4.4OC. 
The active  surface got gradually and quickly 
cooler: means far  successive  decades  are  equal 
7.goC, 3.7OC and  l,gaC  (Table 11). Meam for 
the  whale pekiod at 07, 13 and I9 are equal 1 ,I 
0 C, 9.0°C and 3.I0C respectively. 

Diurnal  oscillations  of  temperature at the 
active  surface  are  fully  presented by extrema1 
temperatures  (Table I). Minimum  temperatures 
were always during  the  observation period below 
the freezing point and varied from  -12.7OC (Fe- 
bruary I I) to -7.5OC (February 2) , with a mean 
of -7.7OC (Fig.3). Decade means are respective- 
ly  equal -7.I0C, -8.4OC and -7.5OC. The last 
value is relatively high. It  refers to the ps- 
riod with predominant  advection  weathers and 
considerable  cloudiness (8.3) , that  stopped 
night drops o f  temperature and influenced a rl- 
s e ' o f  minimum temperatures. 

Maximum  temperatures at the active  surface 
during  the  observation  period were generally 
over O°C, the .only value  below  this point occu- 
red  on  the last day of measurements,  Daily ma- 
xima Varied from -0.5'C (February 20) to 29.5% 
(February 3) ,  with a mean for the whole  period 
equal 16.5OC (Fig.3). Decade means  gradually 
got Lower and were  respectively  equal: 20,7%, 
16.3'C and 12.4'C (Table 19. Daily  warming of a 
ground  surface in the Oasis is great and dark 
rock surfacbs inclined  towards the sun reach 
the temperatures considerably over 3OoC. 

Daily  temperature  amplitudes of active sur- 
face are very  high and varied from 6.5OC (Feb- 
ruary 20) to 38.5OC (January 28) , with a mean 
of 24.2OC (Table I) ; they  gradually  decreased 
and were  equal.  during  successive  decades 27.8%, 
24.8'C and Ig.g0C. Daily  temperature  amplitudes 
of rocky  walls  are  considerably larger and re- 
ach  about 5OoC. 
the temperature o f  active surface during the 

point,  resulting in freezi (in the  evening$ 
summer  seems to pasa twice a day  the  freezin 

and  thawing (in the mornig. This  frequently 
repeated  phenomenon i s ,  in connection  with  high 
temperature  amplitudes,  the reason of intensive 
physical weathering. It results in a common oc- 
currence of thick  covers of block rocks at the 

In the  light of the  above  mentioned  numbera, 

foot of slopes. 
The data enclosed in the tables and also 

curves  enable to see  mutual  relations  between a 
temperature of the  active  surface and of the 
air at 2 m  above the ground. As obvious from 
figure 4 ,  mean daily  temperatures (ti) o f  acti- 
ve surface (0.0 m) are higher than of air ones 
(2.0 m ) and mean diherance is equal 6.3'C. It 
changes in a diurnal cycle and i s  equal 4.4OC 
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at 07, 9.9OC at 13 and 5.OoC at 19 (suitable 
data  in  Table I and 11). A t  active  surface  the- 
re are also higher (I 5.8OC on  the  average) ma- 
ximum temperatures. On the  other  hand  minimum 
temperatures  are  lower,  generally  about 2.4OC. 
To compare I would like to add, that  according 
to the investigations of 1956-1958 the tempe- 
rature of active  surface in the Bunger Oasis  is 
higher in summer about 5-6'C and lower in wln- 

1961). 
ter  about 4-5'C than  the air temperature  (Rusin 

lowest temperatures, and in the same time  the 

from  day  to day, occurred  at  depth of 50 cm 
smallest  variation  either  in a diurnal cycle or 

Diurnal means gradually  got  lower f r o m  2.8OC on 
the first  day  (Januar 23) to -O.IoC on the 
last  observation  day fFFebruary 20) , with a mean 
f o r  the  whole  period  equal I .IoC. Means  for 
successive  decades  were  equal 2.1 OC, 1 .O°C and 
0.ToC. Diurnal.  amplitudes st this depth  are  in- 
significant and are  ap$roximately  Illustrated 
by  data from thfse  terme at 07, 13 and 19. Me- 
ans for the whole period  are  equal I .ZoC,  1 .IoC 
and 1 .O°C respectively  (Table 11) , A variation 
i s  therefore small and  even  disappears  on  some 
days, but e.g. on  February 1 reached 0.6OC. 

Slightly  deeper,  approximately a t  depth o f  
about 70cm, diurnal  amplitudes of temperature 
disappear in the  Oasis. 

As mentioned before, course of temperature 
at other  measurement  levels, i.e. at  depths of 
5, 10 and 20cm, indicated  intermediate  charac- 
teristics  if  referred to  the  above  mentioned 
ones. Daily means  for  the  whole  period  are equ- 
al 2,8OC, 2.4OC and 1.9OC respectively. 

whale layer 0-50 cm; it wBa calculated as ari- 
Table II presents mean temperatures o f  the 

thmetic  mean of all 5 depths.  This  simple  index, 
not precise  from a physical  point o f  view,  des- 

whole analyzed layer  quite well. Daily  means 
cribes however  changes of temperature of the 

vary from -0.4aC (February 20) to 5.6OC (Janua- 
ry 25), with a mean  for  the whole period  equal 

,2.5OC. Means of successive  decades  are  equal 
4.6'C,  2.I0C and l,O°C. 

fn the  active  layer of the  Oasis all types 
of vertical  stratification of temperature  are 
formed. Curves in figum 4 present examples of 
characteristic  vertical  distribution of tenrpe- 
rature in some weather  situations, i .e. durine; 
cloudless weather (February h ) ,  with partial 
cloudiness  (February 14), with full cloudiness 
(February 8 )  as well as with-full cloudiness 
and snow cover (February 29), compared  with me- 
an distributions  for  the  whole  period (m). In- 
dividual  curves  represent  observations  terms 
(at 07, 13 and 19) and daily  means (d). An ad- 
ditional  curve for 05 was  only  drawn  for  Febru- 

bruary 4 ,  all possible types of vertical temp- 
In summer during a sunny day, as e.g. on  Fe- 

rature  distribution are well  developed. Carried 
every-hour  observations  indicate,  that  insola- 
tion type  (temperature  drops  with  depth) occurs 
during a day  approximately  at I1 - 18; it i s  re- 

In the  whole  analyzed vertical section  the 

ary 4. 

TABLE X I  

Mean decade  ground  temperature in A . 8 .  Do- 
browolski Station  (Bunger  Oasis - Antarcti- 
ca) from the  period 23.01 - 20.02.1979 
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ftemperature rises with depth) is preserved  at 
resented  by curve f o r  the 13. Kadiation  type 

03-06 and represented by curve f o r  the 05. 
Transitional  radiation-insolation  type (in up- 
per  part of the  section  temperature rises with 
depth  but  then  drops)  occurs  at 19 -02, and the 
other  transitional  insolation-radiation  type 
(temperature at first drops but  then  rises with 
depth)  occurs  at 07-10. Both the last types 

07. 
are represented  by  suitable  curves  from 19 and 

During a cloudless weather or with a small 
cloudiness,  vertical  gradients o f  temperature 
reach their largest values. So e.g. on 'February 
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Fig.4  Vertical  ground  temperature  distribu- 
tions in the  diurnal  cycle (07, 13, 19 h and 
mean daily d)  at a cloudless  weather  (February 
41, at a p a r t i a l  cloudiness  (February 14) at a 
full cloudiness (February 8) , at  a  full cioudi- 
ness with  snow  cover  (February 20) and mean in 
the period 23.01 -20.02.1979 in A. B, Dobrowol- 
ski Station  (Bunger Oasis - Antarctica) 
4 at  sunshine  duration equal 94.396, a vertical 
gradient at 13 in the layer 0-50cm was equal 
-2.36OC/I 0 cm , and was -1 I .6OoC/10 cm in the 
outer  layer 0-5 em. On the other hand at 05 at 
radiation  type, mean gradient  was equal +I .2OoC 
/ I O  cm  in  the  layer 0 - 50 cm and +5.  2OoC/10 cm 
in the  layer 0-5 cm. 

The largest measured  gradients were noted  on 
January 28 at 13 and equal -2,82%/10 cm in the 
layer 0 - 50 cm and -1 5.4°C/10 cm In the outer 
layer 0 - 5 cm . 

During  weather with partial (e .g .  Februar 
14) or even full  cloudiness (e.g. February Sf 
in summer there are also all types of vertical 
stratification, an condition  that all gradients 
get considerably lower. 

t i c  autumn  comes  nearer.  Vertical  distributions 
of temperature  at this time and at  full  cloudi- 
nes5 are  illustrated by curve& from February 20. 
Snow  cover  that  developed the previous day and 
was 12em thick,  first  cooled the outer layer 
of ground, resulting in radiation  distributian 
o f  temperature with poorly marked gradients. So 
e.g, a t  07 it  was  equal +0,22°C/10 om in the 
layer 0-50 cm, whereas Waa larger in the  outer 
layer 0 - 10 am, +0.6OoC/10 cm, and +0,12°C/10 cm 
in the  remaining part of the  section,  during 
the same time. 

Vertical gradients decrease also as  antarc- 

CONCLUSIONS 

Presented  results o f  f ie ld  works prove  that in 
bedrock of antarctic  oases  there are temperatu- 
re oscillations with a very significant diurnal 
amplitudes  and frequent passing through  the 
freezing point.  They are of primary  importance 
for development o f  physical weathering and 
frost phenomena in wetter  locations. 
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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, Beijing, China 

SYNOPSIS  Although  it  is  cold  and dry in  permafrost  region of Antarctica,. chemical  weather- 
ing  and ionmigration  do  occur.  Some  elements  move  upwards,  and  some - downwards.  CaC03 is leached 
downwards  and  deposited  at a depth of about 1 m  in  Great  Wall  Station  area.  Chemical  weathering  is 
stonger  in  the  Great  Wall  Station of China  than  in  the  Casey  and  Divis  Stations. 

This paper  deals  with  the  chemical  weathering  process  of bed rock  in  some  regions of the  Antarctica. 
The  samples  were  collected  from  the  Great  Wall  Station o f  China by Xie  Youyu and Zhang Qingsong in 
1984 t o  1986 ,  Casey  Station by Xie  Zichu  in 1 9 8 4  and  the  Davis  Station by Zhang  Qingsong  in 1980. 

THE  BACKGROUND  OF  NATURE  ENVIRONMENT  FOR 
WEATHERING  ACTION 

Great  Wall  Station o f  China (62"12'5, 58O57'W) 
is  located in Feldes  penisula of King  George 
island.  The  Feldes  penisula,  a  hilly  area  lower 
than 200 m a.s.l., is :l.l°C in  mean  annual  air 
temperature, 656.3 mm/yr. i n  precipitation, and 
is  underlain by a 0 . 3 5  to 1.2 m  active  layer 
and a 30 to 50 m  thick  permafrost  (Zhang, 1985). 
This  is  available for weathering  process. 

Casey  Station (11Oo34'E, 6 6 ' 1 7 ' 5 )  is  situated 
in  the  margin of Low  Dome  ice  cap,  Wilkes  Land, 
East  Antarctica.  The  samples  were  collected 
from  some  bedrock  hilly  penisulas,  such  as 
Clark,  Bailey and Robunson  penisulas,  having 
emerged dur,ing the  retreat  period o f  the  ice 
sheet  in  Quaternary.  The  samples  include bed 
rocks,  young  and  old  moraines. 

The  Casey  Station  is -9.3'C in  mean  annual  air 
temperature. All months  but  January  are  in  a 
subzero  temperature.  The  warmest  mean  tempera- 
ture  is 0.02'C in  January, and the  coldest - 
-15.4'C in  August.  The  amplitude of daily  vars 
iation  is  less  than  5"C,  and  the  mean  amplitude 
of annual  variation  is 15.8"C. The  minimum 
temperature i s  -41'C and the  maximum - 8'C.The 
dalily  variation  amplitude  can be more  than 2 0 ° C  
on  the  surface o f  bedrock  under  or  without  the 
direct  sunshining.  The  annual  precipitation is 
388.1 mm/yr,  almost  all  in  solid  state.  This 
climateis  favorable for  physical  weathering, 
especially f o r  frost  weathering. 

The  Davis  Station of Australia  is  set up i n  the 
Vestfold  Hills  area (77'30'E, 68'22' t o  6 8 " 4 0 ' S )  
i n  the s0utheas.t of t h e  Princes  Elizabeth  Land 
o n  the  eastern  side o f  Prydz  Bay.  The  mean  an- 
nual  temperature of  the  area  is -10,2qC, with  a 
minimum  temperature of  -40°C in winter  and  the 
maximum  one of 13'C i n  summer.  The  daily  mean 
temperature  variation is 4°C i n  summer  and 2 ' C  
in  winter.  Thc  precipitation  is 70 to 130 rnmlyr 

(Zhang, 1985). The  intense  frost  action  in 
this  area  results  in  a  great  amount oE frost 
weathering  debris  and a specific  weathered 
crust.  Advance  and  retreat of  ice  sheets  in 
this  area  caused  the  bedrocks  sometimes to be 
under  weathering  condition  and  sometimes t o  be 
covered  with  ice  bodies,  thus  limiting  the  dur- 
ation o f  the  growth o f  the  weathering  crust  and 
making  it  become  weathered  along  the  fractures 
instead  of  forming  a  weathering belt. The  frac- 
tures  penetrate  only  about 2 m deep,  in  the bed- 
rocks of schistose  actinolite  hyperothenits. 

BEHAVIOR OF THE ELIMENTS IN CHEMICAL  WEATHERING 
PROCESS 

1. Correlation  analysis of  the  chemical  elements 
in "GW" and  "TW"  weathering  crusts  in  Great  Wall 
Station o f  China 

The  correlation  coefficient of elements  in c o l -  
loid (tO.001 mm) and  silt ( ( 0 . 0 7 6  mm) of the 

basaltic  volcanic  agglomerate  lava and tuff were 
two  weathering  crusts  developed o n  andesite- 

computed b y  means of the REM cluster  analysis 
(Table I). 

For petrogenic  element  series, in "GW"  weather- 
ing  crust  developed  on  volcanic  agglomerate 
lava, only  the  couples o f  A1 and K  is 0.940 in 
correlation  coefficient; but in  the  "TW"  weath- 
ering  crust  developed on volcanic  tuff,  there 
are  four  couples of elements;  Ca-Mg,  Ti-Na, A l -  
Fe and  Si-K,  have  close  correlativity  with  cor- 
relation  coefficients  ranging  from 0.938 t o  
0.904 (Table I) due  to  the  exogenic  geologic 
process.  These  phenomena  are  also  reflected on 
the  rare  and  dispersed  elements.  For  example, 
there  are 1 1  couples of el.ements with  correla- 
tion  coefficients  above 0 . 9  in "TW" weathering 
crust, and 8 couples i n  "GW" weathering  crust, 
and the  lowest  correlation.  coefficients a l s o  
appeared  in  the  "GW"  weathering  crust. It seems 
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TABLE I 

Correlation Coefficient o f  Elements in 
"TW" and "GW"  Weathering  Crusts 

"TW" weathering  crust 

(Tw 01-05) 

Ca - Mg 0.938 
Ti-  Na 0.931 
A l  - Fe 0.913 
Si - K 0.904 
A1 - Ti 0.653 
Si - Ca 0.626 
Si - A1 0.496 

Ti - Fe 0.982 

Mg - K 0.958 

A1 - Ti 0.847 

A 1  - Si 0.768 

Ca - Na 0.705 

AI. - Mg 0.534 

A 1  - Ca 0.515 

"GW"  weathering  crust 
(Gw 2-07) 

A 1  - K 0.940 
Ca - Mg 0.783 
Si - A1 0.698 
Si - Ti 0.678 
Si - Ca 0.630 
Fe - Na 0.580 
Si - Fe 0.533 

Se - Br 0.996 
Cu - Sb 0.986 
V - Sc 0.966 
Ba - Rb 0.951 
V - Co 0.943 

Mn - CO 0.987 Ta - Hf 0*988 Mn - Se 0,938 
Se - Br 0.986 
CU - Rb 0.977 
V -As 0.971 

Sc - Co 0.982 As - Cs 0.935 
V - Mn 0.911 

cs "* 0*980 Cu - As 0.895 
Mn - S b  0,967 As - Ca 0.964 V - Ba 

~~~ . 

0 .  a79 
V .- Se 0.958 
Mn - Sc. 0,955 U - Ta 0.951 E: 1 in o.844 
Zn - Ba 0.935 U - Ta 0.939 Cu - Cr 0.836 

0 .  a78 

V - Cr 0.934 
Zn - Mn 0.918 
CU - Cs 0.905 
V - Hf 0.890 
Cu - Zn 0.884 
Cu - Sr 0.751 
c u  - v 0.750 

(Particle  size (0.076 m) 

Mn - sc 0.911 CU - Hf 0.662 
Cu - Sr 0.595 

CS - Rb 0.900 

U - Tb 0.899 

Sb 0*889 Ce - La 0.991 

AS " 0'863 Ce - LU 0,982 
Lu - Sm 0.982 

- Ba 0m836 Th - Tb 0.942 
Th - Ce 0.952 

CU - Br 0.822 Th - Nd 0.927 

u - cs 0.878 Sm - Yb 0.984 

v - AS 0.862 Ce - Eu 0.953 

Mn - Cr 0.810 TTa - U - Th 0.914 

V - Sr  0.788 Ta - W 0.667 
0 .  a96 

v - Se 0 . 7 7 1  (Particle  size <0.076 mm) 
V - Mn 0.710 

(Particle  size <0.001 m) 

that  after a long-termed  exogenic  geologic  pro- 
cess,  some  couples of elements,  Ca-Mg, 'Ti-Na, 
A1-Fe, Si-K, Mn-Cu, S e - B r ,  C u - R b ,  V - A B ,  Mn-Sb, 
V-Se,  Mn-Sc,  Zn-Ba, V - C r ,  Zn-Mg  and C u - S c ,  all 
have  correlation  coefficient  above 0 . 9 .  The 
rare-earth elements(REE) in  weathering  crusts 
developed  on  volcanic  agglomerate  lava  and  tuff 
a l l  have  close  correlation  because o f  their 
congreicty  and  stability. 

Different  correla~iun  properties  exist  in  the 
elements in cdlloid and silt  are  different.  For 
cxample, T i  and Fe, Mg and K have  close  correla- 
tion  (correlation  cocfficien~ 0 . 9 8 2  t o  0 . 9 5 8 )  
in the c o l l o i d  fraction but only A I  and K has 
0 . 9 4  in silt  fraction. 

2 .  The  characteristics o f  enrichment and migra- 
tion o f  the  elements in chemical  weathering 
process 

I n  order to examine  chemical  weathering process 
under  cold  environment i n  Casey  Station  area t.he 
bedrocks  are  cut  in  slices  from  differcnt  depth 
far  chemical  analysis. T h e  surface of bedrock 
is the  one  on  which  lichen  grows.  Furthermore, 
the silt and clay  are  analysized b y  means of  t h e  
neutron  activation and plasma  spectrum. 

Rased o n  the  comparison  bctween  different s l i c c s ,  
the  characteristics of the  variation of ordin~~ry, 
micro-  and  rare  clement  contents i n  different 
layers of bedrock  in  Cnsey  SLation  area  is know11 
as follows. 
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Si02  content  decreases  from  interior  upwards, 
this  shows  that  Si02  was  depleted  in  weathering 
process.  But  the  amplitude of variation  is 
a b o u t  1 only. 

There  is n o  any significant  variation  in  A1203 
content  from  surface  downwards,  this  implies 
that  the  weathering  does  not  cause  A1  migration. 

Iron  content  varies  between 5.11 to 0 . 4 6 % ,  and 
tends t o  concentrate to the  surface o f  weath- 
ered layer,  The  ratio of Si02  to  A120  has  no 
an  obvious  variation in t e n  layers. T z i s  shows 
that  the  weathering  action is very weak. 

From  the  surface to interior,  the  CaO  content 
obviously  increases  with  an  increment of about 
1%. It shows  that  Ca  migration  has  happened  in 
weathering  process.  MgO  tends  to  concentrate 
toward  the  surface,  but  Ti02  content  remains 
constant.  The  behavior of Sr  and  Ba  tends  to 
be opposite,  Sr  content  decreases  towavd  the 
surface,  while Ba content  increases. K ,  Cs and 
R b  all  tend t o  concentrate to the  surface.  The 
contents of Th  and  other  rare  elements vary 
greatly  from  rock to rock, but  the  general  ten- 
dence of the  variation  from  surface  downwards 
are  similar  for  all  kinds of rock.  Based on 
the  analysis of Casey 1 and  Casey 3 samples,  it 
is  known  that  the  chemical  weathering  have  not 
yet  worked to the  full  extent, but element  mig- 
ration  does  reveal in different  size  particles. 

Chemical weathering  is  also  reflected  in  the 
migration  and  enrichment of elements  in  the 
"DTRW"  weathering  crust o f  Davis  Station  area. 
For  instance,  Si02  and  Al203,  Mn02  and  Ti02 

wards, M g O ,  K20 and  Na2O  migrate upwards, CaO 
generally  tend to decrease  from the  bottom up- 

becomes  enriched  in  the  middle  part,  usually 1 
m  from  the  ground  surface,  due  to  the  leaching 
and  accumulating of the  CaO  from  the  surface  to 
the  permafrost  table.  In  addition,  the  enrich- 
ment of the  active  elements  in  the  surface 
layer  is  probably  due to capillary - evapora- 
tion,  The  sublimation of snow  in  summer may 
also be o n e  of the  reasons €or the  soluble  salts 
concentrated  on  the  ground  surface. 

Cation  exchange  capacity of the  clay  fraction 
in  four  weathering  crusts of the  Great  Wall 
Station  area  are  obviously  reduced  from  the 
bottom  upward,  for  example,  in  "SWT"  section, 
the  cation  exchange  capacity  (CEC)  in 100 g soil 
reduces  from 38.13 at a  depth of 120  cm  to 26.85 
on  the  top of the  profile; in the  "We"  weather- 
ing  crust  it is from 6 9 . 0 4  to 51.91  in a  same 
direction.  This  indicates  a  stronger  weathering 
at  the  surface  layer.  In "GW" 
the  content of Fe  is  about 4% in  the  lower  part 

weathering  crust, 

of the  profile  and  increases  to 6 . 3 5 %  at the 
surface;  and  in  the  "TW"  weathering  crust,  it 
is 5.80% to 6.54%  in  a  same  direction.  The Mg 
content  obviously  increases  upwards  in  clay 
fractions.  The  toxicity  elements As and Br 
enriches  in both the  silt  and  clay  fraction  at 
surface  layer,  the As element  might  come  from 
the  other  place  because  its  content is very  low 
i n  the  bedrock. 

A t :  surface  layer of the  Great  Wall  Station,  the 
Br content is a s  high  as 70 ppm,  while  the  Se 
element  is only 1 4 . 8 8  ppm at  the  surface of 
"GW"  weathering  crust and 3 to 6 ppm in  sedi- 

ments of beach  terraces and fluvivylacial de- 
posits  in  contrast of its  Clark  value of  80 ppm. 

CaC03  content in weathering  crust  in  the  Great 
Wall  Station  is  considerably  high,  for  example, 
it  is 12.85% in  total  soil  profile of  Lhe "GW" 
weathering  crust, 1 0 . 6 0 2  in  "TW", 17.73% at The 
bottom  of "CW" weathering  crust, and 9.13% at 
the  bottom of "SWT". In  all thesr 4 weathering 
crusts,  the  CaC03  content is lower  at  the  sur- 
face  layer  and  is  higher at a  certain  depth  due 
to  the  leaching  process by the  plentiful  preci- 
pitation.  The  total  content of soluble  salts  is 
dispersed  at  the  surface,  while  the  humus  con- 

ample, in  the "SWT" weathering crust,  the  humus 
tent is enriched  at the  top o f  profile,  for c x -  

content  is 0 . 4 8 %  at  the  bottom, 1.08% in  the 
middle  part and 4 . 2 9 %  at  the  top of the  profile, 
this  might  result  from  the  biological  action. 

Also,  in  the  Davis  Station  area,  the  variation 
in  the  contents o f  Ca++, Mg++ and K +  and CaC03 
reflect  the  features of  the  migration of cations. 
The  content of CaC03  increases  from 25.5 to 
2 9 . 6 7 %  from  the  bottom  upwards,  and  the  total 
salt  content of the  soluble  salts  also  increases 
to  some  extent, A.D. Hoc  pointed o u t  that  in 
both  the  seasonally  and  perennially  frozen 
grounds,  the  movement  and  redistribution  of  wa- 
ter  and  easily  soluble  substances  are  the  com- 
mon and fundamental  phenomena.  They  are  tem- 
perature-dependent  and  have  many  practical  ef- 
fects. He  considered  that  in  the d r y  permafrost 
of Antarctics,  the  migration of ions  is very 
rapid  due  to  the  daily  and  seasonal  changes of 
heat  (Hoc, 1 9 7 5 ) .  The  leaching  is  one of the 
chemical  processes  in  active  layer o f  cold  re- 
gions. 

In  summer,  it  is  relatively  warm,  the  water  and 
oxygen  are  relatively  sufficient to the  chemical 
weathering. It seems  that  the  weathering  action 
in  Great  Wall  Station  area  is  stronger  than  in 
Davis  and  Casey  Station  areas. 

The  abundance of rare-earth  elements (REE) varies 
for  different  types o f  bedrock  in  Casey  Station 
area.  In  the  sample  Polar 1 ,  granodiorite  com- 
posed of quartz,  biotite,  andesine, brown mica, 
magnetite,  agustite  etc.,  the  contents of three 
light  rare-earth  elements,  Ce,  La  and  Nd,  are 
most  abundant  (Figel),  The  sample  Casey 1 is 
garnet-granite,  abundant in aluminium,  iron,with 

mica etc. Its REE are  mainly Y b ,  and then, Ca. 
some acanthconite, chlorite, feldspar, quartz, 

This  means  that  in  Casey 1 the  heavy REE are 
more  abundant  than  light  ones  completely dif- 
ferent  from  the  case  of  Polar 1. 

In  clay  soils, no matter  what  kind of parent 
rock  they  come  from,  the REE distribution  pat- 
terns  are  similar to each  other (Fig.2). Based 
on 11 diagrams'of REE distribution  patterns,  in 
all  sample of silt  and  clay, it can be seen  that 
the  main REE element  here  is  Ce,  the  second  one 
i s  Sm. Ce  content  is  about 60% in a71 REE, Ce 
and  the  other  elements,ia and Sm  after C e  form 
three  peaks  in  the  distribution  diagrams.  The 
lacking of N d  shows  that Nd is compl.etely migra- 
ted in weathering  process, n o  matter  what  kind 

Yb, Cu and Tb are stable in content i n  si1.t o r  
of  parent  rock is processed. O n  the contrary, 

in  clay and form a  triangle peak. 
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Fig.1  Relative  Abundance of REE in  Different  Weathering Bedrocks 

2 .  Polar 1-(3) lower  part  of  the  weathering  crust; 
1 .  Polar 1-(4) weratering  crust; 

3. Polar 1-(2) I I  the  let  weathering  layer; 
4. Polar 1-(1) 11 the  2nd  weathering  layer; 
5 .  Casey 1-(4) weathering  layer; 
6 .  Casey i - (3 )  the  2nd  weathering  layer; 
7 .  Casey L-(2) 1 cm from  aurface; 
8. Casey 1-(I) 2 cm  from  surface. 

n 

Fig.2 Relative  Abundance  of REE in  Samples  of (0.001 mm and (0.076 mm 
1. Casey 3 (clay); 7 .  Casey 4 (silt); 
2. Casey 4 (clay); 
3 .  Casey 2 (clay); 

8. Casey 13 (sily); 
9. Casey 7 (silt); 

4 .  Casey Station  (clay); 
5. Casey 11  (silt); 

10.  Casey 2 (silt); 
11. Casey 9 (silt). 

6. Casey 10 (silt); 
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It i s  hardly  found  any Tb in unweathered bed 
rock b u ~  Tb always  exists  in  all  kinds  of  weath- 
ering  products. So Tb  must be the  migration 
product from other  place. I n  short,  all  light 
R E E s  are  active  in  weathering  process o f  bed 
rock,  while  Ce  and  La  cuncentrates, Nd depletes. 

C e ,  La  and N b  concentrate  to  the  weathering 
curst.  Yet  on  the  whole  LREE  is  influenced 
more easity by the  weathering  process  than  HREE. 
This  phenomena may be caused by the  fact  that 
the  three-  valence  cations of REE  have  a  bigger 
radj.us and  lower  chemical  bonding. 

3 .  The  influence of grain  size o n  elements' 
migration 

Because  the  duration of chemical  weathering 
process  is  different,  almost  no  clay  particle 
has been formed  in  the  moraine o f  Neoglacial 
period ( 2 , 0 0 0  to 3 , 0 0 0  yr. B . P . ) .  Many  clay 
grains  exist  in  the  older  moraine;  for  example, 
Casey 4 contains 46 .5% o f  grains  smaller  than 
0 .102  mm, but the  young  moraine  Casey 14  con- 
tains 90% of  grains  larger  than 0.25 mm. The 
ratio of Si02/A1203,  the  most  distinct  index 

tion, 6 in  the silt  fraction and 6 to 7 in the 
for  weathering process,  is 4 to 5 in clay frac- 

bed rock. Similarly, the  Fe203+FeO  content  ob- 
viously  increases  in  moraine  rather  than  in bed 
rock.  Calcium  is  depleted  from  clay  fraction 
but is  enriched  in  silt  fraction.  The  behavior 
o f  Ca  here  is  similar to that  in loess. 

Ti02 and M g O  are  enriched  in  clay. Na is dep- 
leted  from  clay  fraction,  but K ,  C s  and  Rb  are 
enriched  in  clay  fraction. 

4 .  Clay  minerals  and  the  absorption of rare . 
elements 

X-ray diffraction  analysis  show  that  the  main 
component of clay  minerals  is  illite  hydromica 
and a  few  kaolinite  in  Casey  Station,  where  the 
weathering  action  appears  rather  weak.  Clay 
minerals  con  absorb  the  Ti, K ,  Cs, Sc,  Sb, As,  
etc. The  content o f  these  elements  is  lower 
in bed rock  and  debris,  but  increased  in  clay. 
Among  all  the  ordinary  elements,  only  Fe  in- 
creases  in  clay. 

There  are  all  complex  clay  minerals  in  weath- 
ering  crust  in  Great  Wall  Station  area,  and  the 
main  components  are  illite  hydromica,  chlorite, 
kaolinite  and  montmorillonite.  These  clay  min- 
erals  are  different in content, f o r  example, 
illite  content  is 69% in  "GW"  weathering  crust, 
the  montmorillonite  content  is  very  low, o f  
which  highest  value  is  only 5 . 3 4 % .  But i n  the 
"TW"  weathering  crust,  the  montmorillonite  con- 
tent  is  relatively  high, bf which  the  highest 
value  is  63.6%  and  the  lowest - 56.32. Contents 
of kaolinite and chlorite  are  higher  in  "TW" 
weathering  crust  than  in  the  "GW"  one,  the 
kaolinite  content  is  as  high  as 69X and does 
not  change  from  bottom to surface.  This  shows 
that  the  clay  mineral  composition  mainly  depends 
o n  thekind of bedrock but not  the  weathering 
degree. 

5. Types of weathering  crust i n  different 
region 

( 1 )  Great  Wall  Station  area 
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According to the  analysis of  aggregation and 
dissemination of elements, it is  known  that 
some  elements  change  from  bottom  upwards,  such 
as the  cation  exchange  capacity  content,  which 
is the  best  indicator  reflecting  weathering  in- 
tensity;  contents o f  K,Na,Ca andMg  all  had  dis- 
pe-rsed during  the  weathering  process, but con- 
tents o f  Co,  Ti,  Fe and Mn all  concentrated up- 
ward. The  content o f  CaC03  is  high  at a certain 
depth. As mentioned  above,  an  obvious  differ- 
entiation o f  element  occurred  in  the  weathering 
crust of volcanic  andesite-basaltic  agglomerate 
and  tuff  in  this  area. I t  appears  that  there 
is  a  stratified  weathering  crust  type  and  can 
be  named  the  carbonate-stratified  weathering 
crust. 

( 2 )  Davis  Station  area 

Based  on  the  distribution  and  migration of ele- 
ments,  it  is  evident  that  the  chemical  weather- 
ing  process  does  occur  in  such  a  polar  area, 
although  it  is  rather  weak  and  in  an  initial 
stage.  There  is  a  tendency  that  the  debris 
weathering  crust  is  changing  to  the  silica- 
alminium-chloride  type.  The  weathering  crust 
there  can  be  termed  the  debris-carbonate  type 
weakly  weathering  crust. 

(3)Casey Station  area 
There  is  no any secondary  CaC03 in sedimelrLs and 
the  weathering  crusts  in  Casey  Station  area.The 
content of  soluble  salt  is  also very low, 0 . 0 3  
to 0 . l l Z  in  salinity.  It  can be concluded  that 
this  area  is  still  in  an  initial  stage of weath- 
ering  with  a  debris  type of weathering  crust. 
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WATER MIGRATION IN SATURATED FREEZING SOIL 
Xu, Xiaozu, Deng, Youseng,  Wang, Jiacheng and Liu, Jiming 

Lanzhou Institute of Glaciology and Geocryology, Academia Sinica, Lanzhou 

SYNOPSIS Using  Lanzhou  loess  as  a  test  material,  tests of water  migration  in  saturated 
freezing  soil  in  a  open  system  under  low  overburden  pressure  (less  than 30 KPa) were  conducted  in 
the  laboratory.  It  was  found  that  the  intake  flux of water  in  the  saturated  freezing  soil  was  in 
relation to the  elapsed  time i n  power  form  and had a  maximum.  Based on Darcy's  law,  a  concept of 
the  permeable  capacity  is  proposed.  It  depends on the  water  content  and  the  dry  density of the  sail, 
and  the  overburden  pressure  at  the  cold end of the  soil  column.  Using  data for the  permeable  ca- 
pacity,  frost  depth  and  the  underground  water  table, a simple  method  for  predicting  the  intake  flux 
in the  field  conditions  is  proposed  and  compared  with  Konrad  and  Morgenstern's  method (1982) .  

INTRODUCTION 

A large  number  of  papers  has  been  published  on 
studies  of  water  migration  in  saturated  freeaing 
soils.  Among  them  the  following  points o f  view 
are of  great  significance:  Miller, B.D. (1972) 
pointed  out  that  there is a  frozen  fringe  bet- 
ween  the  freezing  front  and  the  bottom  of  the 
i c e  lens  when  fine-grained soil is freezing. 
Konrad. M.J. & Morgenstern, N.R. (1980) presen- 
ted  the  concept  of  the  segregation  potential 
which is the  ratio of  the  intake f l u x  o f  water 
migration to the  temperature  gradient  adjacent 
to  the  frozen  fringe  when  the  heat  regime in 
the  freezing soils has  become  stable.  Both of 
the  statements  mentioned  above  have been widely 

migration and  frost heaving  in  freezing  soils. 
noted by scientists and  engineers  studying  water 

But  studies of water  migration  under  different 
testing  conditions  and of the  methods  for  pre- 
dicting  the  intake  flux  in  the  field  conditions 
are  >still  undertaken  because  of  the  complexity 
of the  factors  influencing  the  intake  flux, 
especially  in  field  conditions. 

The  purpose o f  this  paper is to  describe  water 
migration in saturated  freezing  soils in an  open 
system  under  low  overburden  pressure  (less  than 
30 KPa) and to present  a  simple  method  for  pre- 
dicting  the  intake  flux  in  natural  conditions. 

EXPERIMENTATION 

The  test  material  is  the  Lanzhou  loess. Its 
physical  properties  are  shown  in  Table I. To 
obtain  uniform  samples  with  respect  to  the  water 
content,  the dry  density  and  the  temperature 
distribution,  the  procedure of sample  prepara- 
tion  is  as  follows:  First,  the  air  dried  Lanzhou 
loess is mixed  with  distilled  water to obtain  a 
slurry  with  initial  water  content  of 35% and 
placed  in  a  sealed  container  for  one  or  two  days 
to allow  moisture  equilibration.  Then,  it is 
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packed  into  the  soil box with  a  plastic  film 

wall of the  soil  bax,  and  consolidated  under 
surrounding  it  to  prevent  water  seepage  at  the 

the  same  overburden  pressure as used  during 
testing,  for  three  days.  Afterwards,  the  soil 
column  is  cut  down  to 12 cm  in  height.  The 
sample is placed in the  constant  temperature 
chamber. The  thermocouples  are  fixed  at  the 
wall of  the  soil  box  every 2 cm. Insulated 
material  with a thickness o f  10 cm  surrounds 
the  outside  of  the soil box. A gauge is set  up 
at  the  top plate. The  temperatures  in  both  the 
top  and  the  bottom  plates  and  in  the  chamber  are 
controlled  at + l 0 C  for  one or two  days to allow 
uniform  temperature  distribution  in  the  sample. 
Finally  the  test i s  started.  The  temperatures 
at both  plates  are  controlled  constantly  to  meet 

bottom  plate is suddenly  dropped  down  to -12'c 
the  needs  of the  tests  after  temperature at the 

for  a  few  minutes to allow  the  sample to freeze 
quickly  at  the  bottom.  The  soil  temperature, 
the  amount  of  the  soil  deformation  and  the 
amount  of  the  intake  flow  of  water  are  deter- 
mined  during  testing.  The  soil  column is cut 
into  two  sections  (unfrozen  and  frozen  section, 
respectively), and  the  water  content  and  the 
density  of soils are  determined  every  centimeter, 
after  testing. 

RESULTS AND ANKLYSIS 

Common  behavior  of  water  migration d u r i n q  
freezing 
When  a  negative  temperature  is  suddenly  applied 
to  the  bottom  of  the soil column,  the  freezing 
front  moves  up  gradually (Fig.1). F o r  the  given 
initial  and  boundary  conditions,  the  change of 
the  freezing  front  with  the  elapsed  time  could 
be divided  into  four  sections  as  follows:  the 
fast  freezing,  the  transitional,  the  quasi- 
stable  and  the  stable  section,  respectively.The 
moisture  characteristic in each  section  will b e  
described  later. 



TABLE I 

The  Physical  Properties o f  Lanzhou  Loess 

grained  size  composition ( X )  specific liquid plastic 
gravity limit limit 

0.1 0.1-0.05 0.05-0.005 (0.005 g/cm' % x 

0 . 3  11.0 5 9 . 5  2 9 . 2  2 . 7 3  28.6 20.1 

elapsed t lme.  hr. 

Fig.1 The  Curves of  the  Frost  Penetration. 
the  Frost  Heaving and  the  Water  Intake  Flow 

The  change  of  the  freezing  depth  with  the 
elapsed  time  could  be  expressed by 

Hf = A F +  B (1) 

Where Hf-the freezing  depth,  cm; T-the elapsed 
time,  hr; A and B-coefficients depending o n  the 
soil  properties  and  the  boundary  conditions. 

During  freezing,  the  frost  heaving  occurs be- 
cause  of  both  the  phase  change  of  the  pore  water 
and  the  ice  segregation.  From Fig.1 it  can be 
seen  that  the  amount o f  the  frost  heaving is 
different  in  the  different  sections. It is quite 
small  in  the  fast  freezing  section,  slightly 
increasing  in  the  transitional  section,  increas- 
ing  with a certain  rate  in  the  quasi-stable 
section  and  increasing  at a declining  rate in 
the  stable  sections. 

The  two  physical  processes  of  the  frost  penetra- 
tion  and  the  frost  heaving  result  in  the  change 
of the  length of the  unfrozen  portion  in  the 
soil  column.  The  length  of.the  unfrozen  portion 
in any  moment  could  be  calculated by the  follow- 
ing  equation: 

L,(T)uH - H f ( T )  +Hv(T) ( 2 )  

Where Lu-the length o f  the  unfrozen  portion, 
cm; €I-the initial  height of the  soil  column, 
cm, Hq-the amount  of  the  frost  heaving, cm. 

The  change o f  the  length of  the  unfrozen  portion 
with  the  elapsed  time  could  be  expressed  as fol- 
lows: 

A L U = - - - + B  
IT ( 3 )  

From  the  curve  of  the  intake  flow  in  Fig.1,  it 
can be seen  that  the  water  intake  does n o t  occur 
immediately at  the  beginning  of  the  test,  but 
occurs  at  the  start  moment o f  the  quasi-stable 
section,  depending  on  the  water  pressure  in  the 
pores. The  water  pressure  changes  from  zero to 
a  positive  value  in  the  fast  freezing  section 
and  drops  down  to  zero  again in the  transitions1 
section. 

Fig.2 shows  the  profiles of the  water  content 
and  the  dry  density in  the  soil  column  after 
testing. It  can  be  seen  that  the  water  content 
is  increased,  but  the  dry  density is decreased 
in  the  frozen  portion,  vice  versa  in  the un- 
frozen  portion, by the  actions  of  water  migra- 

6-2 a8 an  example, by calculation  we have  the 
tion. frost  heaving and  densifying. Taking NG. 

total  amount  of  water  in  the  unfrozen  portion 
before  and  after  testing  equal  to 515.1 and 
514.64 g ,  respectively.  It  shows  that  the  total 
amount of water is almost  the  same,  although  the 
water  content  and  the  dry  density  in  the  un- 
frozen  portion  are  changed  during  freezing. 

Therefore,  it  could  be  concluded  that  in  the 
freezing  test  within  the  open  system,  the  amount 
of water  migrating  to  the  freezing  front  is 
equal  to  the  amount  of  the  water  intake  during 
freezing.  Thus,  on  the  one  hand,  the  water  mig- 
ration  could  be  directly  evaluated by the  amount 
of the  water  intake.  There i s  no  water  migration 
caused by the  water  redistribution  in  the soil 
column. On  the  other  hand,  the  permeability  and 
the  soil-water  potential  could  be  influenced by 
the soil densifying  in  the  unfrozen  portion 
although  the  total  amount  of-  water  in  this  por- 
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TABLE I1 

The Values of Both the Maximal Intake Flux and the 
Maximal Permeable Capacity* 

b 

No wo pd OW 
% g/cma " C  O C  KPa OC cm/ s cm'/s 

8, pe ef vmax -106 .:pmaX.  105 

21-2 36.8 1.54 1.0 -3.0 8.86 -0.1 7.035 2.909 
10-1 28.3 1.39 0.8 -1.9 9.03 -0.13 4.557 2.563 
6-1 28.8 1.43 1.0 -1.8 13.79 -0.13 2.439 2.165 
9 28.4 1.44 1.1 -1.8 13.84 -0.13 3.796 2.287 
21-2 29.5  1.50  1.0  -3.5  18.59 -0.1 7.10 
11 

2.157 
29.8  1.42  1.0 -1.9 18.84 -0.1 3.627 2.108 

8-2  28.1  1.46  1.0 -1.6 18.89  -0.13  3.449 1.970 
10-2 29.1  1.45 0.8 -1.9 23.36  -0.1  3.322  1.829 

6-2 27.7  1.53 1.0  -1.5  28.57  -0.15  3.91  2.202 
24-2 30.0 1.57 1.0 -3.0 23.78 -0.13 5.113 1.974 

23-2 24.7 1.56 1.0 -3.5 29.71 - 0 . 2  4.908 1.87 

* W,-the initial water content;Pd-the initial dry density: 

at the .cold end; Pe-the overburden pressure; 
0w"the temperature at the warm end: 8c-the temperature 

ef-the freezing point depression; VmaX-the maximal intake 
f , lux , ;  KPmaX-the maximal permeable capacity. 

dry density. g l c m 3  

I 2 r "  

1.1 1.2 

0 20 
fl 

1.4 1.5 

s 

I 
40 60 

wuter  content, "/. 

Fig.2 The  Profiles of the Water 
Content and  the Dry Density 
before and after Testing 

tion is not changed. 

Changing behavior of the intake flux of water 
migration , 

Fig.3 shows the curves of the intake flux (V) 
vs. the elapsed time (T) for two samples. There 

always changing with the elapsed time and has a 
is the instable flow, i.e., the intake flux is 

maximum. The relationship between them could 
be expressed by 

8 I I 

$ 2t .- 
I 

0 u 20 do 1 b o l z o  

elapsed time, hr. 

Fig.3 The  Curves of the Intake Flux 
VS. the Elapsed Time 

1-No.21-2:  W0-29.51X, p 1.50g/cma. 
e,-1.0~c,ec--3.50c, P,=I~:, KPa 
2-No.11: Wo=29.78%. pd=1.42 g/cm', 
Ow=l.OoC, i9c=-1.90C. pe=18.8 KPa 

V(T)=A(T-D)(B-l)exp[-C(T-Dj] ( 4 )  

where A , B  and C are the empirical coefficients; 
+The elapsed time when water intake flow O C -  

curs. 

Table I1 shows the testing results f o r  the max- 
imum of the intake flux and the maximum of the 

51 8 



permeable  capacity  for  the  Lanzhou loess with 
the  different  initial  and  the  boundary  condi- 
tions. 

From  Table I1 it  can be seen  that  the  maximum 
of  the  intake  flux  is  increasing  with  the  de- 
crease  in  the  temperature  at  the  cold  end be- 
cause  the  length of the  unfrozen  portion  is 
shorter  and  the  suction  at  the  freezing  front 
is  higher,  and  decreasing  with  the  increase  in 

meability of the  unfrozen  soil  and  the  suction 
the  overburden  pressure  because  both  the  per- 

at  the  freezing  front  are  lower. 

Simple  method  for  predictin1  the  intake f l u x  
in  field 
One of the  essential  purposes  of  the  freezing 
tests  in  the  lab  is  to  find  out  the  method or 
the  dominant  factors for predicting or evalua- 
ting  the  intake  flux  during  freezing  in  the 
natural  conditions. 

Suppose  that  the  Darcy's  law is still  valid  for 
the  unstable  flow,  the  intake  €lux  through  the 
unfrozen  portion  of  the  soil  column  could  be 
expressed by  

V(T)-Ku(T) P(T)/Lu(T) ( 5 )  

where Ku-the permeability  of  unfrozen  soils; 
p-the pressure  difference  between  the  top of 
the  soil  column  and  the  freezing  front.  In  the 
tests  the  water  supply  is  at  the  top o f  the 
soil  column,  where  the  soil-water  poter- 
tial  equal  zero so  that P could  be  considered 
as  the  suction  at  the  freezing  front (Pula 

Here,  we  propose a concept  called  the  permeable 
capacity Kp, which  is "defined as  the product  of 
the  permeability  and  the  pressure  differences, 
namely,  the  product of the  intake  flux  and  the 
permeable  length, cm'/s. 

From  equation ( 5 )  it  can be seen  that  if  we  only 
consider  the  water  intake  flow  in  the  unfrozen 
portion o f  the  soil  column,  the  permeable  capac- 
ity  will  be  the  product of the  permeability  of 
the  unfrozen  soil  and  the  suction  at  the  freez- 
ing  front.  Numerically,  it  equals  the  product 
of  the  length of the  unfrozen  soil  and  the  in- 
take flux. 

To  evaluate or predict  the  intake  €lux by using 
the  parameter  of  the  permeable  capacity,  let  us 
first  look  at  the  relation of the  permeable 
capacity  to  its  influencing  factors . From  its 
definition  we  know  that  the  term  of  the  per- 
meability  contains  the  influences  of  the  initial 
conditions (for instance,  the  influences of the 
water  content  and  the  dry density). In  the 
following  we  lay  emphasis  on  discussing  the 
permeable  capacity  in  relation  to  the  boundary 
conditions  (the  temperature  at  the  cold  end  and 
the  overburden pressure). 

From  Table I1 it can be  seen  that  in  the  samples 
o f  No.21-2,11 and 8 - 2 ,  the  initial  water  conent, 
the  initial  dry  density  and  the  overburden  pres- 
sure  are  almost  the  same,  but  the  temperature  at 
the  cold end is  quite  different.  Although  the 
maximal  intake  flux  is  quite  different  among 
the  three  samples,  the  maximum of the  permeable 
capacity  is  close  to  each  other.  It  implies 

that  the  maximal  permeable  capacity  has  nothing 
to do with  the  temperature  at  the  cold end. To 
verify this  point of view,  here  we  cite  the 
data  published by Konrad  and  Morgenstern  (1980) 
and  calculate  the  parameter  of  the  permeable 
capacity  (Table 111). 

From  Table I11 it  can be seen  that  the  calcu- 
lated  permeable  capacities  are  very  close  to 
each  other  even  though  the  initial  height of 
the  soil  column  changes  from 7 . 6  to 28 cm  and 
tfie temperature  at  the  cold  end  changes  from -2.5 
to -6.2'C. Therefore,  that  the  maximal  perme- 
able  capacity  has  nothing  to  do  with  the  tem- 
perature  at  the  cold  end  has  beed  proved  again. 

By  using  the  data  shown  in  Table 11, the  fol- 

able  capacity  and  the  overburden  pressure  could 
lowing  relationship  between  the  maximal  perme- 

be  obtained by the  statistical  analysis: 

(gp)max-2.872~10-5exp(-0.01494Pe) - ( 6 )  

where Pe-the overburden  pressure. 

To predict  the  intake  flux i n  the  natural  con- 
ditions  the  following  procedures  are  suggested: 
1) taking  the  soil  samples  from  the  different 
layers i n  the  field; 2 )  preparing  samples  in 
the  lab  according  to  the  data  of  the  water  con- 
tent,  the  dry  density  and  the  overburden  pres- 
sure  before  freezing,taken  from  the  field; 3 )  
conducting  controLled  freezing  tests  in  the 

gradient a8 that in  the  field to  obtain  the 
lab,  preferably using  the  same temperature 

peameable  capacity; 4) predicting  the  intake 
flux in the  natural  conditions by the  following 
equation: 

V(T)pKPiPe)/[H-Hf(T)l ( 7 )  

where €I-the underground  water  table, cm. 

The  permeable  capacity i s  a  €unction  of  the 
elapsed  time  because of the  suction  at  the 
freezing  front  changing  with  time.  The  rela- 
tionship  between  them  could be expressed as 
fOllOW8: 

KR-AT exp( -CT) B ( 8 )  

For the  value of Kp, the  maximum or the  equa- 
tion (8) could be used  in  the  prediction.  It 
is more  accurate  to  use  equation ( E ) ,  but  it  is 
necessary  to  use  the  data  for  the  temperature 
gradient  and  the  underground  water  table  in  the 
test. 

Konrad  and  Morgenstern  have  proposed  a  method 
for  forecasting  the  intake  flux  in  field  con- 
ditions (1982) according  to  the  segregation 
potential  and  the  temperature  gradient  in  frozen 
soils as follows: 

V(T)=SpO grad e f(T) ( 9 )  

where SPb-the segregation  potential  at  the 
beginning  of  the  final  ice  lens  formed;  gradof 
"the  temperaturegradient o f  frozen  soils. 
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T A B  LE I11 
The Values of the  Maximal  Permeable  Capacity  Calculated by the 

Data  from  Konrad  and  Morgenstern (1980)" 

9w ec LO K*1O7 L, gradT V.1O7 K P * ~ O ~  
No 

O C  OC cm  cmls  cm  C/cm  mm/s cma/s 

NS-1 +1.1 -3.4 10.4  1.0 3 . 2 0  0.37  31.5 1.008 
NS-2 +1.1 -4.8 10.4 0.9 2.35 0.51 41.5 1.009 
NS-4 t1.1 - 2 . 5  7.6  1.1 3.00 0.40 40.0 1,200 
NS-5 tl.l -6.2  10.0 1.80 0.67 60 .0  1.08 
NS-6 +1.1 -3.4 6.4 0.95 1.80  0.67 59.0 1.06 
NS-7 tl.l  -3.5 12.0 3.25 0.37 36.0 1.17 
NS-8 +1,1 -4.2 8 . 3   2 . 8 0  0.43 40.7 1 .12  
NS-9 +1.0 -6.0 28.0  10.6 0.10 9.0 0.954 
NS-10 tl.0  -1.0  18.0  4.50  0.24  18.5 0,833 

* Lo+he  initial  height  of  the  sample;  K+he  permeability  of  the  unfrozen  soil: 
L t I h e  total  permeable  Length  equal  to  the  length of the  unfrozen  soil  plus  the 
thickness of the  frozen  fringe;  V--the  intake  flux;  i?+-the  permeable  capacity. 

Fig.4 shows  the  results of the  intake  flux pre- 
dicted by the  two methods. It  can  be  seen  that 
€or  the  method  proposed by Kbnrad and Morgens- 
tern,  the  predicted value i s  much  greater  than 
that  determined  before  the  intake  flux  reaches 
the  maximum, but very close  to  the  determined 
value  after  reaching to the maximum. For our 
method b y  using the  maximal  permeable  capacity, 
the  predicted  value i a  close  to  the  determined. 
Both of the  methods  result in higher  valuse of 
the predicted intake  flux,  which is safe for 
evaluating  the  frost  heaving In engineering 
construction. 

6 I * 3Y 1 

elapIlcd lime. hr. 

'Fig.4 A Comparison o f  Two  Methods  for 
Predicting  the  Intake  Flux  in  the 
Field  Conditions 
1 "determined; 
2-predicted by our method: 
3"predicted by Konrad's method. 

CONCLUSIONS 

(i) The water migration in the  saturated 
freezing soils in  the  open  system  could 
be directly  analyzed by the  data of the 
water  intake  flow  observed  in  the  tests 

because  the  total  amount of water  in 
the  unfrozen  portion i s  the  same  before 
and  after  freezing  although  the  unfrozen 
soil is densified  during  freezing by 
the  action o f  the frost heaving. 

(ii) The  advancing of the  freezing  front and 

result  in  the unstable water flow  during 
the  developing o f  the frozen fringe 

freezing. The  intake f l u x  is  changing 
with  the  elapsed  time  in  the power form 
and shows  a peak. 

the  permeable  capacity is proposed, 
which  is  the  parameter  depending  on  the 
soil  properties and the  overburden pres- 
sure and changing  with  the  elapsed time. 
Its maximum  has nothing to do with  the 
temperature  at  the  cold end o f  the  soil 
column. The  intake  flux in the  natural 
conditions  could be predicted by the 
permeable  capacity  taken  from  the  freez- 
ing  test  in  the l a b  and the  data  for 
the  freezing  depth,  the elapsed time and 
the  underground water table  taken  from 
the field. The predicted value is 
higher  than  the  determined  value s o  that 
It is  safe f o r  evaluating frost heaving 
in  the  engineering  construction.  The 
precision o f  the  proposed method should 
be  verified in practice. 

(iii) Based on Darcy's law, the  concept o f  
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EFFECT OF OVER CONSOLIDATION RATIO OF SATURATED 
SOIL ON FROST HEAVE AND THAW SUBSIDENCE 

Yamamoto, H., Ohrai, T. and Izuta, H. 

Seiken Co., Ltd., 2-U-16, Kawarayamachi,  Minamiku,  Osaka,  Japan 

SYNOPSIS  This  paper  describes  the  result of experiments  concerning frost heave  and  thaw 
subsidence  using  specimens of  consolidated  and  water-saturated  clay,  followed by a discussion. The 
specimens were  frozen  in  an  open  system  unidirectionally  under  various  confining stresses. The frost 
heave ratio, 5 , defined as the ratio of a volume  increment  to the  initial volume o f  a specimen, 
takes  its maximum for a given  value o f  the  over  consolidation  ratio OCR. Upon  thawing,  the volume of 
the  thawed  specimen  shrinks or expands  in comparison with the volume before freezing. The subsidence 
ratio, t S ,  defined as  the  ratio of a volume change to the  initial volume of the specimen ( i s  is 
taken as negative,  when  the  thawed  soil shrinks), decreases with decreasing OCR. This tendency of 

and is can be  explained  theoretically  by  resistance  to the movement of soil-water through  the 
unfrozen  part  of  the specimen and  by the  consolidation of unfrozen  soil  during  the  freezing. 

INTRODUCTION 

It  has  been  well  known  that  when  wet soil 
freezes,  frost  heaving  occurs and when the  soil 
thaws, subsidence occurs. Factors influencing 
the frost heaving  can be classified  into two 
groups:  external  and  internal  factors.  External 
factors  are  confining  stress,  penetration  rate 
and  pore  water  pressure  before  freezing.  Takashi 
et al. (1972;  1978)  have  shown a relation 
between  frost heaving and external factors. As 
for the internal  factors,  there are physical  and 
chemical properties of soil  particles and pore 
water;  fundamental physical  properties, e.g., 
water  content,  porosity  and  unit  weight  of  soil; 
texture  and  structure.  If  the soil is saturated 
with  water and its property is known,  then  the 
other  properties  can be  calculated  functionally. 
There is a logarithmic relation between void 
ratio and consolidation stress of soil; so, if 
the  history of consolidation stress is  sought, 
we can find out  the functional properties. 
Therefore,  when  we  investigate a relation 
between frost  heave and functional  physical 
properties,  it i s  good enough to conduct an 
experiment as to a property among them. 

Since subsidence  should  occur as a result 
of the  reaction  during  the  freezing of soil, it 
is considered  that  the  subsidence  is  affected by 
the  external and internal  factors  of  frost 
heaving. 

This paper shows  the  experimental results 
and discussions  concerning the frost  heaving  and 
thaw subsidence of  saturated  soil,  taking  notice 
o f  the  stress  history of the soil. 

Table 1 Physical  properties and 
constants concerning frost heave 

specific  gravity 2.656 
Liquid  limit 55.8 % 
Plastic  limit 28.1 % 
fraction  sand 2.3 B 

silt 57.6 % 
clay 40.1 % 

water  content w=29.2-4.211noc % 

coefficient mv=O.l 9 2 ~ ~ - ' * ~ '  MPa 

permeability k=2.5*1 O"'oC-' w25 cm/s 
of volume  change 

5 0  0.002 
00 
"0 

0.0028  MPa 
17.65 cm/h 

nf 0.255 

Table 1 shows  properties of the  soil  and 
specimens. 

The  specimens  were  made  as follows: water 
was added to the  soil, the particles of which 
could pass through the  sieve  (the openinq=420 
pm);  and  its state became slurry.  The  slurry was 
then  consolidated  under  the  objective 
consolidation  stress a, for two days. After 
consolidation,  the  shape of the  soil was 1 1  cm 
in diameter and 6 cm in height; and after  it was 
trimmed to 10  cm  in  diameter and 4 cm in  height 
it was used for a freeze-thaw test. A relation 
between  the  water content  of  the specimens and 
ec i s  shown'in  Table I. Saturation w a s  
approximately 100 %. The  permeability k and  the 
coefficient of volume change my were obtained by 
a consolidation  test as  shown In Table I. 

Apparatus  and  procedure 
EXPERIMENTAL  PROCEDURE The apparatus shown in Figure 1 was used i n  a 

Material and  preparation of specimens 
freeze-thaw  experiment  under  confining  stress in 
an  open  system  for  water  movement. 

The  soil used is Fujinomori  yellow  clay,  which The confining  stress u1 is applied by a 
is obtained in Kyoto, crushed and air-dried. spring and is  maintained at a constant value 

during  the  freeze-thaw  cycle.  The  access 
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material via the porous plate to the water 
supply container, which serves as a measuring 
system of water migration, is filled with  de- 
aired and distilled water. Since the water 
supply  container  is  open  to  the  atmosphere,  the 
pore  water  pressure  of  the  top end of the 
specimen i s  always equal to the atmospheric 
pressure. 

The specimen in the acrylite cylinder is 
frozen at the constant penetration rate U from 
the bottom to the top. From the following U can 
be obtained: The  specimen  is precooled at 0 C. 
The  temperature 91  of  the  cooling  plate  and  the 
temperature 0 2  of the piston are controlled, 
according to the  following  equations  (Takashi  et 
al., 1978): 

el - -Lv1u2t/al (1 ) 

02 = 0 ( 2 )  

Where I. is the quantity of latent heat, the 
unit  weight , 31 the  thermal  conductivity of the 
frozen soil  and t the  time. 

The  specimen  is thawed from both ends by 
keeping  both  temperatures 81 and 02 at  10 C. 

Freeze-thaw tests were carried out under 
various  values of  uc, u1 and U. 

1 ADJUSTING  SCREW 
2 POLE 
3 GUIDE 
4 SPRING 
5 SLIDE  BEARING 
6 PROVING  RING 
7 THERMISTER  CONDUIT 
8 THERM0 ELECTRIC 
MODULE 

9 PISTON 
10 RING  SEAL 
1 1  ACRYLITE 

CYLINDER 
12  SOIL  SAMPLE 
13  POROUS  PLATE 
14  COOLING PLATE 
15  POTENT10  METE 
16 DIFFERENTIAL 

TRANSFORMER 
17 FLOAT 
18 WATER  CUP 

Fig. 1 Apparatus 

EXPERIMENTAL  RESULT  CONCERNING  FROST  HEAVE  RATIO 

Frost  heave  ratio vs. consolidation  stress 
Frost heave occurs accompanied by intake or 
discharge of water  as  the  freezing  front 
penetrates into the unfrozen part. The frost 
heave ratio' 5 and  the  water  intake o r  
discharge  ratio 5, are defined as follows from 
the total heave amount h and the total water 
intake or discharge  amount w when the  specimen 
is  frozen  completely: 

5 = h/Ho ( 3 )  

523 

5w = WIAIHO 

Where  the  height  and  the  cross  sectional  area of  
the  specimen  before  freezing  are HO and 
A,respectively. In each figure, 5 and lw 
are  shown by percentage.  Figure 2 shows a 
relation  between 5 ,  iw and  consolidation  stress 
0,. Both 5 and 4, have a maximum value at a 
certain value occrit of a, under constant ~ 1 .  
The value of occrit increases with increasing 
U l .  Since  the  specimens  are  saturated,  physical 
properties  can  be  calculated,  if ac is 
determined.  Therefore, as the  relations  between 
5 ,   5 ,  and oc are obtained, the relations can be 
obtamed between 5 ,  <w and  physical  properties 
as shown  schematically  in  Figure 3.  

Figure 4 shows  the  relation  between  and 
over consolidation ratio OCR(=o,/al). The soil 
is normally consolidated when OCR=l and over 

~ ~ ~ 0 . 0 5  MPa I 

I 1 

5 - 0  0 I 
.am. a .  9 

a I 
OO 1 2 3 

Consolidation  Stress uc (MPa) 

Fig. 2 5 and lW VS. Qc 

7 u l ,  U: constant 

U C I  P t  
-w, e, n, k 

Fig. 3 5 and 5, as function 0.f fundamental 
properties. Arrows show the direction that the 
value  of  each  parameter  increases  when 0, 
increases. 



0 o1 =O. 05 MPa 

0 . 2  

Q 

I I I I I I 
0 2 4 6 

Over  Consolidation  Ratio OCR 

Fig. 4 J VS. OCR 

consolidated when  OCR>I. Figure 2 shows dccrit 
varies with 01. Figure 4 shows,  however,  that 
5 has a  maximum when OCB=2. 

l vs. q 
The relation between 5 and u1 as functions of 
OCR is shown  in  Figures 5. fie value of 
decreases  with  increasing dl. However, 5 
differs  when OCR differs  even  if Ul remains the 
same. Takashi et al.  (1 978) have obtained the 
following equation using hard clay and silt 
(maximum  past stress, is ca. 4 MPa)  in  the 
experiment. 

where {o, and  UO are conetants.  The  value of 
5 a8 a function o f  61 coincides with equation 
5. However, {Q, uo and Uo are determined for 
each  OCR  and  for a given  soil. From .the  analysis 
(See  Discussion),  it was ,revealed  that  equation 

- I 

; 20 
p: O t 8  
2 
al 

X 
(u 

10 

0 

5 can  be  adopted  for  the  soft  soil, i.e., normal 
consolidated  soil  (OCR=1 ), assuming  that (0, a0 
and  Uo  are  constants  for a given soil. 

EXPERIMENTAL  RESULT OF THAW  SUBSIDENCE  RATIO 

Thaw  subsidence  ratio vs. consolidation  stress 
Upon  thawing,  the  height o f  the  specimen 
decreases and at the final stage the volume of 
the thawed specimen shrinks or expands in 
comparison  with  the  volume  before  freezing.  The 
ratio of the displacement s to the initial 
height HO is defined as the subsidence ratio 
Is as follows: 

3, = s / H o  ( 6 )  

When the thawed soil shrinks <s is taken as 
negative: and when it expands is is taken as 
positive. In  each  figure, 3, i s  shown by 
percentage.  Figure 6 shows the  relation  between 
consolidation stress ac and subsidence ratio 

volume of thawed  soil changes  from  shrinking  to 
5 , .  The value  of 5, increases, i.e., the 

expanding,  with  increasing uc. This  tendency is 
the same when 61 i s  different. The value of !,s 
has a minimum value when the soil is normally 
consolidated. The consolidation stress, when 

The  following  explanation is given 
concerning  thaw  subsidence  (Nixon  and 
Morgenstern, 1973). The effective stress cf of 
the unfrozen part of the specimen during the 
freezing is given as follows: 

3,=0, increases-  with  increasing 61. 

u =  u1 - u  (7) 

where u is the pore water pressure. When the 
specimen  freezes  accompanied by  water  intake, u 
is negative and causes an increase in 0. When a 
becomes  larger  than  uc,  the  unfrozen  part  of  the 
specimen can consolidate during the freezing, 
even if confining stress is always constant. 
Upon thawing, the specimen subsides due to 
consolidation during the freezing. However, 
subsidence  occurs,  even  though  the  soil  freezes 
accompanied by water discharge on account of 
large u l ,  i.e., u>O, and  then 0 is always 
smaller  than uc (See  Figure 8 ) .  Therefore,  it  is 

- 2 41 

-0 1 I I I I I 
0 1 2 3 

Consolidation  Stress uc (MPa) 

Fig. 6 i s  VS. ac 
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considered  that  the  consolidation  in  the 
unfrozen part before freezing is a part of the 
origin of  the  thaw  subsidence. 

In  order  to  understand  the  thaw  expansion, 
the  following  explanation  may  be  considered:  The 
specimen is broken down into blocks by the ice 
lenses due to intake of  water. Upon thawing, if 
the blocks does not always turn back to the 
initial pos.ition, the degree of biting each 
other increases and then the volume of the 
thawed  specimen  can  increase  apparently. 

Only either a1 and aC cannot determine 
whether  the  specimen  subsides  or  not  upon 

a  function o f  the over consolidation ratio OCR 
thawing. We obtain  Figure 7 ,  readjusting i s  as 
in Figure 6 .  The value of JS increases with I 

rn 

-0  
o 1  I I I I I 

0 10 20 30 
Over  Consolidation  Ratio  OCR 

Fig. 7 5,  VS. OCR 

0 OCR=1 

a, # 

Y (e Water discharge  t y p e )  

f n o  0.2 0.4 0.6 
; -10 I I I I 1 I 

Confining  Stress 01 (MPa) 

Fig. 8 Js vs. o1 as function o f  OCR 

Conf 

Fig. 9 5, vs 
ining  Stress u1 (MPa) 

. 6, as function  of uc 
! 

increasing OCR. The tendency agrees with the 
relation  between 3, and 06, but OCR when (s=O 
is approximately the same, i.e., OCR=4, for the 
soil  used  in  this  experiment. It seems that  OCR 
is an important index to determine whether 
thawed  ground  subsides or not'  in  the  field. 

Is VS. 0 1  
The  curves of the relation between 3s  and u1 
are  different  depending  on  whether is is 
adjusted  as a function of ac=constant  or 
OCR=constant. 

The  relation  between is and 61 when 
OCRrconstant is shown in Figure 8 .  There is an 
inversely  proportional  relatLon  between lS and 
ai. On  the  other  hand, - 3s decreases  with 
increasing crl in case u,=constant as  shown in 
Figure 9. When mc is constant, OCR decreases 
with  increasing ul and  the  soil  becomes  normally 
consolidated soil. Therefore, in other words, 
the relation as  shown in Figure 9 is that is 
decreases with decreasing OCR and then agrees 
with  the  results as shown in  Figure 7. 

l e  vs. I 
It  is  considered  that  thaw  subsidence is 
relative  to  frost  heaving,  since  the  subsidence 
should occur due to any reactions during the 
freezing of soil. Figure 1 0  shows the relation 
between S s  and 5. The values of 3, scatter 
in this figure and there is not a correlation 
between !,s and 5 .  When all data are divided 
into two groups by OCR=4, the sign of (s is 
determined by OCR. 

* 4 
dp 0 0  
Y 0 0 0  

t 

a 

o m <  

I 1 I .  I 
0 5 10 15 20 

Heave  Ratio 5 ( % )  

Fig. 1 0  Correlation  between is and 5 

DISCUSSION 

Factors  affectinq  frost  heaving  and  thaw 
subsidence  concerning  OCR 
The  following are the factors of frost heaving 
when OCR differs. 
(a) Consolidation of unfrozen soil during the 
freezing: When the soil freezes accompanied by 
intake of water, pore water pressure decreases 
toward the freezing front in the unfrozen part 
and then effective stress increases. It is 
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possible for the soil to consolidate. Since we 
observe the amount of frost heave through the 
unfrozen part, the real amount of frost heave 
(in  the  frozen  part) is canceled  by 
consolidation and then the observed amount 
apparently  decreases  (Takashi  et al., 1977) .  
(b)  Resistance  of  water  movement:  The  effective 
stress changes at the freezing front because 
resistance in unfrozen soil i s  different, when 
permeability is different according to OCR. 
Frost heaving is governed by the effective 
stress at the freezing front and consequently 
affected by OCB (Takashi et al., 1 9 7 6 ) .  
(c) The  number of soil  particles  in a unit 
volume: If the  water  intake  pressure  is 
generated  in  the  frozen  part  consisting of  soil 
particles, ice and unfrozen water (Dirksen and 
Miller, 1 9 6 6 ;  Takashi, 1 9 8 2 ) ,  it is possiblp to 
change  the  number of water  intake pumps because 
of  an  increasing  the  number of soil  particles  in 
a unit  volume,. 
(d) Tensile and/or shear strength o f  unfrozen 
soil: When  the  soil  heaves  during  the  freezing, 
the  distance  between  soil  particles  must  expand. 
It is considered  that  with  an  increase  in 
strength, the resistan-ce to this expansion 
incteases. 

The  following  are  the  factors  of  thaw 
subsidence when OCR  differs: 
( e )  Consolidation during freezing (Logsdon et 
al., 1971; Nixon  and  Morgenstern, 1 9 7 3 ;  
Chamberlain  and  Blouin, 1978). 
( f )  Compression and/or consolidation in frozen 
soil: When  the  temperature  of  frozen  soil 
lowers, the soil can be compressed due to the 
expansion of freezing of unfrozen water. Since 
frost heaving occurs in the frozen part, it  is 
supposed that the pore water pressure is lower 
than  that  in the  unfrozen  part  and  then  the  soil 
can  consolidate . 
(9)  Changing of water  retention  capacity of soil 
due  to  the  freeze-thaw cycle. 
(h)  Changing of structure  of  soil  aggregates due 
to the  freeze-thaw  cycle. 

It i s  difficult to analyze all  factors 
mentioned  above.  In  this  section,  the  effect of 
OCR  on  frost  heaving  is  analyzed  as  to 
consolidation  and  resistance  of  water  movement 
in  the  unfrozen part.  Concerning  thaw 
subsidence, only the consolidation of unfrozen 
part  is  considered. 

Analytical  model  and  differential  equation 
Analysis  was  made  under  the  following 
assumptions: 
(a) The soil is uniform  and  saturated  by  water. 
Cb) The  soil  freezes  unidirectionally  and  under 
the  constant  penetration  rate U macroscopically 
(Holden  et  al., 1 9 8 5 ) .  
( c )  Terzaghi's consolidation equation can be 
applied to consolidation, when the effective 
stress of tbe  unfrozen  soil  exceeds  the maximum 
past  consolidation stress a,. 
(d) Water intake rate at the freezing front  is 
given by the experimental equation shown by 
Takashi et al.  (1978). 
(e) Thaw  subsidence  occurs  due to consolidation 
in  the  unfrozen  part  during  freezing. 

An  analytical  model  is shown in  Figure 11. 
The differential  equation  is as follows: 

mvvw $ = 2 2' a P a z  (8) 
where u i s  the  pore  water  pressure, z the 

Cool ing  
p l a t e  

1 u F 3  I 

Water 
intake 

z z=zf - 01 
2=1 

Fig. 1 1  Calculation  model 

distance  from  the  cooling  plate,  t  the  time, mv 
the  coefficient o f  volume  change, k the 
permeability,  and Yw the  unit  weight o f  water. 

Initial  condition: u=O ( 9 )  
Boundary  condition: u=O at z=1 (10) 

If the  pore  water  pressure u is uf at  the 
freezing front z=zf, the second boundary 
condition concernlng the water intake rate  vw 
from the unfrozen part into the frozen part is 
as  follows (Takashi  et al., 1978) :  

where a0, Uo and nf-are the  constants  concerning 
frost heaving and r is the freezing expansion 
ratio of water ( r=0.09). 

explicit difference calculus (Fujii et al., 
1976) .  The  amount  of  frost  heave was calculated 
as the sum of the total amount of water intake 
Erom  the  end  cup  into  the specimen, its  freezing 
expansion  and  freezing  expansion  of  soil  water. 
The  amount of subsidence is calculated as the 
sum  of  the  amount  of  consolidation  obtained  from 
the maximum effective  stress  Gmax(=q"f)  of  each 
element. 

Frost  heave  ratio 
The calculating results shown by pore water 
pressure  profiles  are  given in  Figure 12. When 

Then  calculation  was  made  using  the , 

- 0 

h 
ro 
E 

3 

v 

-0am 
0 2 4 

Distance  from  Cooling  Plate z  (cm) 
Fig. 12 Pore water presspre profile during 
freezing 
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OCR is large and then  consolidation does not 
occur,  the  profile  is linear and the  pressure 
has a minimum value at the coolingplate.On the 
other  hand,  when  the soil is riormally 
consolidated  soil,  consolidation occurs in the 
unfrozen part due  to an  increase in Q and the 
profile is nonlinear. The  minimum value  of u 
occurs when  the soil  freezes to  some extent. 
When  both  soils  are  compared,  pore  water 
pressure  depression is smaller in normally 
consolidated soil than in over consolidated 
soil. 

between  frost heave ratio 5 and  over 
Calculating results concerning a relation 

consolidation  ratio  OCR is shown by solid  lines 
in Figure 4 .  When OCR is  larger  than  that at 
which 5 takes  its maximum, 5 decreases mainly 
due to the  resistance in soil water movement 
through  the  unfrozen  part of specimen. 

when OCR is small,  which can be explained by the 
Meanwhile, 5 decreases with decreasing OCR, 

consolidation  of  unfrozen  part. As for k and mv 
measured  values  were used. However,  the 
constants of So, q, Uo and  nf were  determined 
so as to agree  with  the calculating results 
using  the  data  under aj=O.l MPa  and  OCR=2. 
Though  the agreement is a matter of course  at 
this  point, the result of calculation  agrees 
with the  result  of the  experiment  over a wide 
range-of OCR. The  same tendency  is  observed in 
calculation  that { has a maximum as a 

considered  that the  theory  can  describe well the 
function  of OCR in the experiment. Thus, it is 

actual  phenomenon.  In  this  analysis, 
calculation  is  carried  out  as  frost 
susceptibility does not change  even if OCR of 
the specimen differs. The  constants of bo, Uo 
and nf in equation 1 1  are related to  the  frost 

considered  that the d'egree of  effect  of other 
susceptibility and do not depend on OCR. It is 

factors is smaller than  resistance to  water 
migration and consolidation in the unfrozen 
part,  because  the  result  of  this  analysis  agrees 
with  the  result of the experiment. 

Subsidence  ratio 
Figure 7 shows  the  calculating  results 
concerning (s. The  tendency, in which the 
amount of subsidence  decreases  with  increasing 
OCR,  agrees  with the result of the experiment. 
However,  when OCR increases,  the result,  in 
which ( s > O ,  cannot  be  obtained  because 
calculation was  made under one condition, in 
which  subsidence  originates  in  consolidation of 
the  unfrozen part. Furthermore, the  result of 
calculation shows the  value  larger  than  that of 
the  experiment. The volume of  consolidated  soil 
cannot  come  back  to  the  volume  before 
consolidation,  even  if the overburden  pressure 
is  removed. Therefore,  consolidation  during  the 
freezing  should  appear as thaw subsidence. It is 
considered  that  the cause o f  differences in 
values  occurring  between  the  calculation and the 
experiment  is  that thaw subsidence  occurs due to 
other  factors (e.g., consolidation  and/or 
compression  in  frozen  soil)  added  to 
consolidation  of  unfrozen  soil. 

CONCLUSIONS 

The  experiment  was carried out  to investigate 
frost  heaving  and  thaw subsidence  for  different 
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value of the over consolidation  ratio OCR of 
soil. The following are the conclusions: 

function  of OCR. The  relations between 5 and 
( 1 )  Frost  heave ratio { has a maximum  as a 

physical  properties of unfrozen  soil, e.g., 
water  content,  porosity, unit weight,  are the 
same as the  relation  between { and  OCR. 
( 2 )  The equation  (Takashi  et a1.,1978) can be 
applied to  the relation between { and the 
confining  stress 01 , when OCR of  soil  differs. 
( 3 )  Upon thawing,  two cases are observed in 
volume change of soil; i.e., the  soil does not 
always shrink  but  expands  compared to the volume 
before  freezing. 
(4) Thaw subsidence ratio (s increases with 
increasing  consolidation  stress uc of the 
specimen,  where !,s'O shows expanding  and l S < O  
OCRr 4. 
shows shrinking. For a given  soil sS=O, when 

( 5 )  The  relation  between l S  and 61 i s  
approximately  hyperbolic, when OCR is  constant. 
On the  other  hand,  when  bc=constant, S s  
decreases  with  increasing GI. 
( 6 )  There is little  correlation between 5 and 

(7)  Theory is presented  concerning  the  relation 
between 5 and  OCR  and the  relation  between i s  
and OCR. 
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smoRS1s 
soils under the  effect  of different  driving  forcee  am  reported. The data  presented  explain  the 

The resu l t s  of investigation  into  the  processes of mass t ransfer  Fn frozen 

mechanism and relationshipa between moisture  transfer and  segregated ice formation in frozen 
soils In a gradient  temperature f i e l d  under the  effecf of salt solution  concentra%ion  gradient, 
mechanical Loads, compression, and lnjectian.  The data available today on moisture transfer in 
the f i e l d  of e lectr ic   a t resses  have allso bean generalized and presented, A quantitative  evaluat- 
ion of migration  flow  density  values and  other thermodynamic parameters was  made. Changes in 
the  texture and  st ructure  of f rozen  soi ls  due t o  unfrozen  moiature  migration are discussed. Based 
on the  experhental   data and other  materials, a comprehensive analysis has been carried  out  to 
identify common features  and differences h~ the  proceasea of mas8 t ransfer  Fn frozen soils under 
the impact o f  various drivFng forces. The results ohtained  are of great  significance  both f o r  
general and engbeering geocrgology . 
Moisture t ranafer  a n d  ice  accumulation in 
frozen soila const i tute  one of the most impor- 
tant probleme of general aad engineerkg geo- 
cryology , phgsico-chemistrg and mechanice of 
frozen s o i l s .  Successful  solution of both the 
sc ien t i s ic  problems  concerned with  the  trans- 
formation of t4e composition  cryogenic t e x t u e  
and properties.of  fmzen s o d s  and thoere of en- 
b i l i t y  o? buildinga and structures erected on 
gineerin geacryologg responsible f o r  the sta- 

them depends on the extent of cogni%ion of t h e  
above-outlined  processes.  This  aeceasitatea 
studying a great numbep of complicated .cham+ 
cal,  physical  ind pmsiico-mechanical .psocelslses 
occurring ' 5 n  frozen soils under the  impact of 
different thermodynamic fields. Insufficient 
lmowledge o f  the  problem, i ta  great  sclentwfic 
and pract ical  importance prede temh6 the 
actuali ty of the  present  studies. 

The authors have conducted  experimental s t u d i e s  
t o  identify  the mechaniam and laws of moisture 
t ransfer  and  ice  accumulation in frozen  soila 
under the  influence of different  driving 
forces. To aolve the  tasks,  the  procedures of 
experimental  studies of the processes of 
moisture  transfer and ice  formation in fro~en 
soils under the impact of mechanical &renees 
and osmotic foraes have been worked out. 

In the  course of the  experiments,frozen soils 
o f  disturbed  structure were used: monomineral 
clays of the Paleogene: kaolh ike  (eF2) and 
montmorillonite (ef,O gl) of eluvial  genesis; 
and polymfneral cLay (mF2kv) of marine genesis 
t o  Fnvestigake the  influence of mineral. com- 
position. The effect  of particle-size d i s -  
t r ibut ion was studied on loam (a1111  and loamy 
sand (@I) from the  Quaternary and glacial-  
marhe sediments of West Siberia,  and  t h e  
s a n d s  of marjne genesis (m13),  

It is h o r n  that unfrozen  water films in frozen 
s o i l s  are  located in the f i e l d  of action of the 
adsorption forces o f  the  surface of mineral  par- 

most,  mobility are  determined by  the surface 
t i c l e s .  Thelp properties and , first and fore- 

energy of these  parbicles  as  .well a8 chemical 
and mineral  composition, Pheness and tempera- 
t u r e  o f  8 o i L ~ .  Therefore  stuaies o f  the  pro- 
cesses o f  physico-chemicai interaction between 
mbera l   par t ic les  and s o i l  moisture ,  phase 
t ransfer  o f  water and conditions o f  i t s  thermo- 
dynamic equilibrium  are deemed t o  be  important. 
The perturbation of general thermodynamic equi- 
librium is possible when frozen  soils  are  affec- 
ted by temperature,  electric,  mgrretic and  gra- 
v i t a t iona l   f i e lds ,  mechanical forces and hydro-  
static pressure, and due t o  cbemioal h t e r -  
action between the s o i l  and chemlcally active 
environment.  Such ef fec ts  on frozen soils lead 
t o  the changes in tempera*ure, pressure, con- 
centration and mobility o f  wat;er fi lms and, t o  
the  formation of moisture  potential graaiante. 

The experimental  Studies (Yershov, ,1579) showed 
that the presence of temperature and e lec t r ic  
f i e l d s  in frozen so i l s   r e su l t s  in moisture mig- 
ra t ion and segregated  ice  formation. The migra- 
t ion o f  moisture in the  gradient  temperature 
field i s  conditioned  primarily by the  proceases 
of diffusion and thermodiffusion. The diffu- 
sional t ransfer  of water results f r o m  its non- 
uniform freezing in the  gradient  temperature 
f i e l d ,  and formation o f  unfrozen water-content 
gradients, A decrease in ground temperature 
d i s tu rbs  the  thermodynamic equilibrium between 
the unfrozen water f i l m s  and  ice. The freezing 
out; o f  a part of water and the attainment of a 
new equilibrium bring about thinning of water 
films and reduction of the unfrozen  water  ther- 
modynamic potential  in t he  region of lower ne- 
gative  temperatures. In the region of higher 
negative  temperatures, the water films are 
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more mobile, and ,  natural ly ,  
potential  values axe  higher. 

thicker. they are  
the thebnodghmic 
A difference Fn water  mobility  causes its mi-  
gration fmm the  regions o f  higher  mobility t o  
the ones of lesser mobili ty,   Le.  from high t o  
Low temperatures. 

When s tudybg   t he  laws of moisture  migration 

and properkies, it has been shown that t h e  
in the  soils o f  different composition, texture 

ved  in clays,  the first place among which be- 
greatest   redistribution of  moisture is o b s e r  

longs  to  the  clay of kaolinite composition. It 
is associated  with  great  values o f  mois8tuxe 
diffusion  coefficients in kaolinite  clays 
havhg  thicker unfrozen water films. In man+ 
moril loaite  clays,  the unfrosen water f i l m s  
axe less mobile. The clays of polgmheral 
hydromicaceous-montmorillonite compoeit ion 
take an intermediate  posit ion  betwea  the kao- 
l b i t e  and montmorillonite men. The daasikiee 
of moisture  migration  fluxes  decrease when 
tran8ferrring from clays t o  loam8 and loamy 
sands  because t h e  amount  of udmzen  water de- 
creases in coarser 80118. In addition,  the 
pore  apace structure in coarser  moisture-satu- 
rated  frozen 630118 i s  such  that  continuous 
water films are not formed in them on f a i r l y  
long wags of moisture  transfer, The moisture 
migration flux density in fmmn Loams decrea- 
ses by  two-three thmes, as compared t o  clays, 
that; reduces  segregated i c e  accumulation in 
the forroer. The region of segregated L C 8  5n- 
terlayer  formation in finer s o i l s  is sh i f t ed  

' t o   t h e  side of higher  negative  temperatures. 
With the temperature  gradient build-up there 

t u r e  migration flux, and  in the  lntensity of 
occurs an increase in the  dens&ty of the mois- 

moisture'  redistribution and segregated  ice 
format ion. 

The studies of the process o f  moisture migra- 
tion and segregated  ice  formation in frozen 
soils under the   effect  of temperature  gradient 

flow from the region of high fo the reg,ion of 
have  ahown thak its preaence causes  water films 

lower negative  temperatures; the  moisture 
migratton flux d e n s i t y  being of the order of 
10-7 gr/cm2 . s . 
Moiatuxe migration fn f rozen  soi ls  under the  
impact o f  the e l e c t r i c  f i e l d  gradient  has been 
studied  less thouroughly.  Contrary t o  moisture 
migration under the  effect  of the  temperature 
gradient, its transfer Fn the  f ie ld of e lec t r i -  
cal forces is conditioned by the   e l ec t r i c  ,PO- 
tential.  gradient changing the   t o t a l  themody- 
namic potent ia l  of s o i l  mojsture. The elect- 
r ic  tension  gradient in frozen  soi ls  cauBe8 
migration of the. unfrozen water films from the  
poaitively charged electrode - anode t o  the 
negative one - cathode, Creation 09 the  elec- 
t r i c   f i e l d  d i s t u r b s  the  equilibrium. The ex- 
t e rna l   e lec t r ic   f ie ld   a f fec t8  primarily the 
e lec t r ic  double layer in water films and 
changes the t o t a l  thermodynamic potential. of 
5ilm moisture and ions of the  dissolved  salts ,  
The formation 00 the  thermodynamic potential  
gradient of moisture between the anode and ca- 
thode  causes  moisture  migration in that d i -  
rection a d  inclreaees the  total   moisture 
content of soil in the  region of* the cathode. 
Moisture  migration fmm the anode resu l t s  h 
the  thinning of water films there and in ais- 

turbing  the thermodynamic equilibrium 
the unfrozen  water and ice. It leads 

between 
t o  melt- 

hiog o f  the  pore ice  and recuperation o f  the 
thickness of water films. Nearby the  cathode, 
on the  contrary,  the  inflowbg  moisture h- 
creases  the  thiclmess of water films and 
d i s t u r b s  the thermodynamic equilibrium, A s u r -  
plus moisture  freezes up while changing t o  pore 
and segregated  ice. 

It f a  obvious, that  water  migration i n  frozen 
s o i l s  in the  gradient   e lectr ic   f ie ld  depends 
on t h e i r  composition and properties.  Beaides, 
in coarser soils the  coefficient of moisture 
diffusion  dimhishes  thus  conditioning a decre- 

f luxes from the anode t o  the cathode. There- 
ase in density oi the moisture  migration 

f o r e  the  smallest  migration  fluxes  in  the 
field of e lectr ic   forces   are  in f r o z e n  sands 
and loamy sand@ wbicq pract ical ly ,  do not 
contain  the most mobile  loosely-bound water, 
whereas the biggest moisture  fluxes  are jn kao- 
l i n i t e   c l ays  wherein  unfrozen water f i l m  are  
very thick. In fmzen montmorillonite  clays 
characterized by small  values o f  moisture d i f -  
fusivn  coefficiants,  the  moisture  flux in the 
f i e l d  o f  electr ic   forces  B. also  insigniZlcant. 

The studiea of molsture  migration  in  frozen 
s o i l s  interacthe; with water solutions of s a l t  
have ahown that  simultaneously  with ion d i f f u -  
sion from the  water  solution  (orsalted  ice) 
a l i q u i d  phase is also transferred ,to a sample. 
The main reason of such a t ransfer  of s a l t s  
l i e s  3a the presence of ion  concentration gra- 

This gradient i s  directed from the  water so- 
d i m %  In the  w&er solution and nonsaline so i l .  

lut ion deep down the f rozen  soil causing 
t ransfer  of ions 3n the  same direction, The 
lfquid phase migration In the  same airection 

films hydrated by ions a n d ,  perhaps, by t h e  
is conditioned by both the t ransfer  of a a t e r  

difference in t h e  t o l d  themodynamic potential 
of moisture between the  water  solution and 
bound groundwater. Thue, when frozen  soi ls  in 
the process o f  sliniaation,  contact  water ao- 
l u t i o n s  or  salted  ice,  there  occurs an undi- 
rectional  transfer of t h e   s a l t  ions and un- 
frozen water Ptlma. 

moisture  migration in frozen soils under the  
Investigations  into specific features of: 

effect of osmotic forces have shown that maxi- 
mum densit ies of moisture  migration f l u e s  are 
obsemed on the  contac of saline s o i l s  with 
f r e sh   i ce  ( qo-7 gr/cm$. B) (or nomaline 
s o i l s  with water  solutions of s a l t s )  due t o  
the  presance of strong  driving  forces o f  
moisture  migration. A decrease jn the  moisture 
migration  flux  density  with  the  distance from 
the  contact  cross-section is conditroned by a 
corresponding decrease in the  gradients of the  
dissolvea ions concentration and driving 
forces. The interaction of frozen s o i l s  with 
water  solutions o f  sa l t a   r e su l t s  in a consi- 
derable  moisture  accumulation due t o  aa in- 
tensive  transfer of the l i q u i d  phase. The 
freezing of a portion of migrating  moisture 
gives   r ise   to   the  formation o f  segregated  ice 
interlayers and streaky  cryogenic  structure, 

f rozen  soi ls  in the process o f  t he i r   s a l in i -  
which causes strong volumetric  heaving of 

aation. 

In has been ahown that moisture transfer 
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process also occurs when the  l i q u i d  phaee is 
Wluenced by the  hydrostatic  pressure. The 
main parameters which M i u e n c e  the process of 
injected  ice  formation  are:  pressure in s o i l  
moisture,  ultimate  shear  strength o f .  the unfro- 
zen water films, y d  ultimately-long and ins- 
tantaneoua  strength of the  frozen  soi ls .  The 
injected  moisture fJow density?  the  seepage 
coefficient and the amount o f  Ice  accumulation 
Fncrease wi th  an increase in t h e   f b e n e s s  of 
soil par t i c l e s  and in the  content of the kaoli- 
n i t e  group m e ra l s t   t he  former reaches  the 
values 6 q0-P gr(crn2 9 s t o  3 104 gr/cm2 a. 
The value of ini t ia l   hydrostat ic   premure,  un- 
der which the  process o f  moisture injection 
beginns, decreases  with an increase in  the fi- 
nenesa of soil par t i c l e s  and the  growth o f  
content of the  kaol ini te  group minerals. S o i i  
temperature  decline  increases  the init ial ,  hyd- 
rostat ic   pressure naeded f o r  moisture  injectim 
and decreases the d e n s i t g  09 moisture  injectim 
flow and i c e  formation. 

As has been demonstrated  experimentally, soil 
deformation at   the   s tage o f  long-term creep 
causes  the flow of water films in to  the  region 
of: shear  thus  increasing  the  moisture and  i ce  
content  therein and foming  segregat;ion micro- 
and macroiqterlayers. It is bown t h a t  due t o  
the  shear of thawed rocks, a change ifl t h e  porn 
pressure and the moisture  migration t o  the 
shear zone occur in the  region o f  displacement. 
In contrast  t o  the Uafmzen solLs, tho  pore 
space o f  fmzen ones is f i l led  with  ice ,   there-  
f o r e ,  only thin  water films o f  bound moistuse 
can be found in t h e   f i e l d  o f  mineral   particle 
action. A decrease in  the  potential  of bound 
water when it is influenced by shearing forces 
is caused by the   t ens i l e   s t r e s ses  between  oil 
pa r t i c l e s  in  the plane of shear, The action 
of shearing  forces in frozen s o i s  r e su l t s  in 
the formation of the t o t a l  thermodynamic moia- 
tu re   po ten t ia l   g rad ien t   caushg   the   t ransfer  o f  
the  unfrozen  water  films  into  the  region of 
shear. Aa increase in the  water film thickness 

the  l iquid phase and ice  and l eads   to   the  
d i s t u r b s  the thermodynamic equilibrium between 

freezing b u t  of the excesa  unfrozen  water. As 
a r e s u l t ,  the t o f a l  m o a t u r n  and  ice contenk 
increases a n d  segregated  ice  interlayers  are 
formed i n   t h e  zone of shear. In the regions 
remote f r o m  the  shear zone, the  thinning o f  
unfrozevl water films also d i s t u r b s  the  thamo- 
dynamic equilibrium and causes pore  ice ueltjng. 
The t o t a l  moisture  content ia these  regions 
decreases. 

It has been shown tha t   the  development o f  the 
migration  process is significantly  detemimd 
by the a c t h g  load and veLocity o f  deformation, 
which is probably,  associated  with  different 
values 04 stress gradients. 

suezed  out f r o m  the  nucleus  being compacted. 
The experbents proved that  configuration of 
the zones of i c e  accumulation and dehydration 
depends on a press  tool  shape, 

The  maximum moisture accumulation Fn the  shear 
region is observed i n  clay as compared t o  loam 
a n d  loamy sand. The determina%ion of the den- 
s i t y  of moisture  migration  flows t o  the  shear 
zone i n  f rozen  soi ls  of different  f ineness of 
pa r t i c l e s  has shown that   their   values  conside- 
rably Fncrease on the   t rans i t ion  from s a n d s  t o  
clays and reach I 3 gr/cm2* s. This Fs 
conditioned primarily by  a high  content of the 
l i q u i d  phase in clays and their   high  water con- 
ductivitg in t he  frozen s t a t e .  The influence 
o f  mineral corn os i t i on  on the  processes of 
moisture transger ana ice  accumulation is espe- 
c ia l ly   great  fn clays, M a x i m u m  values of mois- 
t u r e  accumulation in the  shear zone a n d  dehyd- 
ra t ion of remote sections areobserved h kaoli-  
n i t e  claye and m i n i m u m  values - in montmorillo- 
n i t e  ones, the polymineral clay occupies an 
intermediate  position. 

The Fmpact of soi l   densi ty  on the  processes of 
moisture  transfer and i ce  accumulation has been 
studied on the Samples of kaolinite  clay. As a 
re su l t ,  it was established that an increase ' i n  
soil d e n s i t y ,  other  things  being  equal, entails 
8 decrease in the  density o f  moisture  migration 
flaws t o  t he  shear zone, and moisture accumu- 
lation therein  (Fig.l), which is associated 

A predombantly mised  migration-seepage mecha- Fig.1 Redistribution of moisture in the  
nism Fa h operation when f rozen   so i l s   a re  ac- Samples of frozen kaolinite  clay  with va- 
ted upon by press tools  of different  sine and r ioue   i n i t i a l  moisture content due t o  shear 
shape  because  alongside  with  the  formation o f  I - W~ = 2% p d  = 1-47 @;/m 3 
the  microshear  regions a t  831 angle t o  a press 
tool  plane,   the compaction regions  are a l so  
formed directly beneath the press t o o l .  As a 3 - W h  = 52.2% p = I e 0 8  g/cn3 
resul t ,   the   moisture   t ransfer  in the  shear 
zones occurs maFnly due t o  the above-described 4 -average  moisture  content 

transferred to the  regions of the compacted 
nucleua due to   pressure,  1.e. moisture i s  

2 - Wh = 3% p d  = 1 ~ 2 3  g/cm3 

mechanism* whereas the unfrozen water fiims are wi th  smaller velocities of deformation of corn- 
pacted c lays .  The intensity of moisture  trans- 



fer and ice  accumulation in the  shear zone was 
shown t o  decrease  with a negative  temperature 
decline.  This happans due t o  a decrease Fn t h e  
content of the unfrozen water  capable of micrat- 
ing, and owing t o  a simultaneous  decrease of 
the  moisture  transfer  coefficients, 

The main reason of moisture  -transfer under the 
effect  of f r o z e n  SOU compression l i e 8  in the 

water films. The pressure  difference i s  res- 
presence of pressure  gradients Jn t h e  unfxozen 

poneible  for  the  moisture movement t o   t h e  pe- 
riphery of samples under compression. At the 
Bame time  application of load t o  the  frozen 
soil rssui ts  in the thermodynamic equilibrium 

mum unfrozen water  seepage has been established 
disturbance and melting of pore  Ice. The m a x i -  

in *he clays  with a high  content o f  l iquid 
phase. . The intensity of seepage  aecrea8es  with 
an increase In the size of so i l   pa r t i c l e s  from 
c l ays   t o  Bands, and maximum values o f  dessica- 
t ion  o f  the frozen grounds  under  compresaion 
have been recorded in frosen clay samples. A 
decrease i n  the i n t e n ~ i t y  of the unfrozen water 
seepage h the  TOW fmm  clay t o  loamy sands is 
associated, in. considerable meaeure, with wor- 
sening of t h e i r  moksture-conduct ing properties 
Xn th i s   se r ies .  As has been established ear- 
l i e r ,  moisture  diffusion  coefficients  decrease 
with an increase in t he   s i ze  of so i l   par t ic les .  
It ,is due t o  this phenomenon that t h e  iatensitg 
o f  unfmzen water  seepage  dmps 3n coarae- 
gralned  soils. It has also been established 

%r seepa e dependa on the  load applied.WSth 
erlmentally thae the  U t e n s L t y  of unfrozen 

b c r e a s u g  !toad the  seepage b t e n s i t g   b c r e a a e s  
as well. Thus, an increase of the  load  applied 
t o  a frozen clay f rom 

caused a decrease in its moisture co&ent by 
20-25s on the average. 

The impact of temperature on moiature  seepa e 
under  compressional compaction is, a8 descrfbed 
above, analogous t o  that of tempera6uxe gra- 
dient in frozen  soils.  The intensity of wa.t;er 
seepage in frozen aoi l s  drops  with a decrease 
131 temperature . 
The . s t u d i e s  conducted and the data  available on 
the  moisture transiar fmzen  soil8  permitted 
a camparative  analysis of this  process occur- 

forces  with  the aFm of identifying its common 
ence under the  effect  of dtfferent driving 

and distbinguish'mg features.  The comparison 
showed that irrespeotive of differant character 
and nature o f  impact8 upon the  frozen s o i l ,  
common features  of moisture t ransfer  and ice  
formation  pmcese were revealed namely: d i s t u r -  
bance o f  thermodgnamic equilibrium between 11- 

of gradients o f  d r i v i n g  forces. The r e d i s t r i -  
q u i d  and s o l i d  phases of water and formation 

bution of moisture and ice ,  t a  dehydration of 
some of t h e   s o i l  zones and ice  accumulation in 
the other have been noted.  This  leads t o  the 
transformation of the cryogenic texture of soils 
(Fig.2). 

However, depending on the  k ind  o f  impact on 
frozen  Boils,  the  moisture  transfer and ice  
formation  are  characterfeed by their specfffc 
f eatures.  External effects,  depending on t h e  
mechanism caused by them can be s u b d i v i d e d  
into  three groups. The hrst group comprises 
such effects on Tmzen soils which lead main- 

cm 
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Big.2 The patterns of ice  formation in 
frozen soils under the impact of different 
driving  forces of moisture transfer:  a - 
or ig ina l   s t a t e  o f  soil; b,c, and d - under 
the  impact of gradients of hgdroeta.l;ic 
pressure,tempsrature and osmotic forces,  
respectively; I - ice;  2 - mineral 
skeleton . 

l y  t o  the  migration of  the unfrozen water 
films. The second group includes  external 
e f fec ts  on frozen so i l s   t ha t  cause  seepage of 
the unfrozen water films. And, f i n a l l y ,  the 
thi rd group 'sncludes external  effects  tr igger- 



o f  moisture transfer $Table 1). According t o  
ing 00f a combined m i  ration-seepage mecbaniam 

TABLE 1 

The MaFn Mechaniema and Drividg  Forcee of Moisture 
Transfer in Fmzen S o i l s  

- 
of moisture'bldah dr iv ing  forces 

of moisture transfer 

Gradient o f  osmotic 
forces 

.. 
Temperature gradient 

Seepage- Gradient of  hydro- 
5njection s ta t i c  pressure 

Combined migration- Gradient 
seepage mechanism (driving forces o f  
of mois$ure transf ex migration and 
and sagregated- seepage) 
injected i c e  
formation 

- 
Main klnds of external 
effects on f rozen  soils 

fnteractfan of soila 
wi%h water solutions of 
salts; and saline 
frozen s o i l e  with fresh 
ice 
Temperature field 

l l e c t r i c   f i e l d  

Different k b d s  of,, 
external mechanical 
impacts on rmzm soils 
(ehear compac$ion, 
extention, compresrsion) 

" 

the  different moisture transfer mechanisms, rnERFSTCEis 
the processes of I c e  formation can be grouped 
into segregated injected, and combined segre- Yershov, E.D. (1979). Vlagoperenos i krio- 
gated-fajected ~ce - foqhng  ones. A n  analysis gennye texturg v diepemnykh porodakh, 
of moisture accumulation, dependjng on the - 213 pp. MOEkVa: Izdat. Moakovskogo 
mechanism of moisture migration and ice  forma- 
t l on ,  has shown tha* m a x i m u m  moisture accumu- 

Univemiteta. 

lation i s  .a@s&ciated with the seepage-injectiol 
mechanism (avebage values of water flows 
T, reach IO-'+ - 10-5 gr/cm20 rs) , and the 
Smalleat - with the migpation-seepage mecha- 
nism ( I ~  = 10-7 - loc8 gr/cm'' a>. 
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STRESS-STRAIN PREDICTION OF FROZEN RETAINING STRUCTURES 
REGARDING THE FROZEN SOIL  CREEP  PRhDICTION DE L'ETAT 
CONTRAINTE-DEFORMATION DES OUVRAGES DE SOUTkMENT 
CONGBLES COMPTE TENUE DU GLISSEMENT DU SOL GLACE 

Yu.K. Zaretskyl, Z.G. Ter-Martimyan2 and A.G. Shchobolevz 

'Scientific Research Centre of the "Hydroproject" Institute, Moscow, USSR 
2Civil Engineering Institute, Moscow, USSR 

SYNOPSIS A procedure  is  suggested  for  the  stress-strain  state  prediction o f  frozen  re- 

provides  the  actual  structure  geometry  and  its 3D performance  in  the  computation  scheme. A rheo- 
taining  structures  at  great  depths,  which  accounts  for  basic  mechanisms  of  frozen  soil  creep  and 

logical  model  based  on  the  viscoplastic  flow  theory  was  applied in the  evaluation  of  the  frozen 

frozen  retaining  structures  stress-strain  state  for  two  technological  schemes. 
soil  strain  history  in  the  pre-limiting  and  limiting  states. An investigation  was  performed  of  the 

The  artificial  soil  freezing  method  being  appli- 
ed in  deep  rock  excavations ( 5 0 0 - 8 0 0  m) under 
difficult  engineering  and  geological  conditions 
creates  the  temporary  frozen  retaining  structu- 
re  (Vjalov, 1 9 8 1 ) .  This one  undergoes  the  press- 
ure  of  the  surrounding  soil  and pre.vents ground- 
water  from  entering  an  excavation  pit, 

The  efficiency o f  the  method  is  dependent,  to a 
great  extent, on the  proper  correlation  between 
the  depth of a  frozen  retaining  structure  and 
the  height  of  stope  With  the  specified  depth, 
the  value  of  the  radial  displacement  of  a  frozen 
retaining  structure i s  influenced by the  height 
of stopeand  the  time  of  the  shaft  gection  being 
unsupported  (from  driving to lining?,  The  deform- 
ation of a  frozen  retaining  structure  results in 
deflection  of  freezing  core  barrels  causing  them 
to  break,  which in turn  creates  an  emergency 
situation 7 the  defrosting  of  the  whole  system. 

The  design of frozen  retaining  structures  regard- 
ing  two  limiting  states  (strength  and  strain) 
and  rheological  properties  of  frozen  soil  is 
suggested  (Vjalov, 1 9 8 1 ) .  However  the  problem 
of  the  stress-strain  state  prediction  of  frozen 
retaining  structures  cannot  be  fully  solved b y  
the  analytical  methods,  This  is  the  reason  for 
developing  a  frozen  soil  creep  model  and  adopt- 
ing a procedure  for  the  stress-strain  state  hi- 
story  prediction of  the  said  structures  by  the 
finite  element  method (FEM), (Zaretsky, 1 9 8 6 ) .  

Frozen  soils  possess  the  definite  rheological 
properties  showing  a  nonlinear  relation  between 
stresses  and  strains  which  being  mainly  visco- 
plastic  are  developing  with  time. One cannot 
predict  the  performance of a  real  structure, if 
the  frozen  soil  creep  behaviour  is  not  consider- 
ed in  the  engineering  computations.  Frozen  re- 
taining  structures  serve  until  the  shaft  section 
is  supported.  For  this  reason  the  ultimate  stress 
is  assumed  at  some  points of a  structure, if 
only,  without  causing it to  break  or  to  undergo 
too  large  strains  by  the  time  of  lining.  In  this 
connection  the  stress-strain  prediction  of  fro- 
zen  retaining  structures  should  account  for  the 
frozen  soil  creep  both  in  the  pre-limiting and 

limiting  states. 

The  defining  relations,  a  modified  version of 
Zaretsky's  model  (Zaretsky, 1 9 8 0 ) ,  are  propos- 

haviour  (Zaretsky, 1 9 8 6 ) .  
ed  to  describe  the  basic  frozen  soil  creep  be- 

The  rheological  model  presented in the  visco- 
plastic  flow  theory  is  based on the  following 
assumptions: 

( 1 )  the  tensor  of  complete  strain  is  pre- 
sented  as  the  sum o f  elastic  and  vis- 
coplastic  components, 

E . .  = Ee + E.! 
IJ ij 1 3  

where Ee is  the  elastic  component  of 

the  strain  tensor, E.! the  vlscop'las- 

tic  component  of  the  strain  tensor. 
The  elastic  strains  are associated 
with  stresses  by  Hooke law. 

Ij 

1 J  

( 2 )  The  concept  of  the  instantaneous  load- 
ing  surface f o  is  introduced,  in 

which  the  material  shows  elastic  be- 
haviour. 

( 3 )  The  viscoplastic  strains  velocity  is 
-defined  by  the  associated  Elow  law  ex- 
pressed a s  

where  h  is  some  scalar  parameter. 

The  conditions o f  loading,  unloading  and  neut- 
theory 
case of 

ral  loading  are  formulated  within  the 
o f  viscopZastic  flow ( a s  it  is in the 
the  plastic  flow theory). 

A partially  smooth  instantaneous  load 
face  was  suggested  for  description  of 

tions  (Zaretsky, 1 9 8 3 ) .  The  analytica 
lovej  sand  loam  creep  in  the  isotherm 

ing  sur- 

.ic condi- 
1 express- 

the Kcl-  
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ion of  regular  sections of the  instantaneous 
surface  is 

where 4 ~ is  the  intensity of tangential  stress 

es,  the  average  stress, eii;t,= ct + 

d $ t  the  long-term  strength  of  soil, C and 
t byt are  introduced  into  the  computation  pro- 

perimental  data  in  relation to 4 , t, 9 ( e r p )  gram in the  tabulation  form  directly  by  the  ex- 

the  functions o f  strengthening, e* the  minimum 
intensity of the  strains  velocity, 

coplastic  coefficient,  and 6 * the  tensile 
strength of soil. 

The  parameters of the  frozen  soil  model  are  de- 
fined on a  stabilometer  in  triaxial  compression 
tests. 

The  developed  model of a  frozen s o i l  describes 
its  creep  both  in  the  pre-limiting  and  limiting 
states,  reflects  the  non-linear  relation  between 
stresses  and  strains,  considers  the  effect  of 
the  average  stress  upon  the  soil  deformability, 
and  predicts  dilatancy  (Zaretsky, 1 9 8 6 ) .  

The  developed  prediction  procedure  of  the  stress- 
strain state of frozen  retaining  structures  is 
based  on  the  most  common  FEM  version,  the  dis- 
placement  method  using  tetragonal  square  elements 
for  the  axially  symmetric  formulation of the 
problem  (Zaretsky, 1 9 8 6 ,  Shchobolev, 1 9 8 4 ) .  

The  system of the FEM defining  equations  is  nu- 
merically  implemented by the  method  of  direct 
integration  using  the  time  step  procedure (Zien- 
kiewicz, 1 ' 9 7 7 ) .  The  increment of viscoplastic 
strains  in  time s t e p  is  determined  using  the 
algorithm  suggested  by  Zaretsky  and  Lombard0 
(Zaretsky, 1 9 8 6 ) .  

For  better  accuracy  of  the  solution,  the  comput- 
ation  process  incorporates  a  correcting  operat- 
ion  proposed  by  Stricklin.  The  variable  time 
step i s  employed  in  the  solution o f  any  problem, 
and i t s  value i s  controlled  automatically  pro- 
vided  that  the  counting  is  accurate  and  perma- 
nent  (Zienkiewicz, 1 9 7 7 ,  Zaretsky, 1 9 8 6 ) .  

The  stress-strain  state  prediction  of  frozen  re- 
taining  structures  according t o  the  proposed 
procedure  was  initiated  using  a  computation 
scheme  with  an  axial  symmetry, Fig.1. The  bound- 
ary  conditions on displacements:  neither  verti- 
cal  displacements on the  faces o f  frozen  retain- 
ing  structures,  nor  horizontal  displacements  on 
the  bottom  in  the  axis o f  symmetry.  The  elastic 
yielding  of  the  supports  was  included  in  the 
computation.  The  design  load oE the  surrounding 
thawed  ground on the  frozen  retaining  structure 
was  assumed  to  be  distributed  according  to  the 
linear  law,  and  the  dead  load  of  the  frozen  soil 

9i the vis- 

was  taken  into  account.  The  design  studies  we- 
re  undertaken  with  the  average  integral  tempe- 
rature 10°C below  zero. 

ing  structure 

When  selecting  a  computation  scheme,  the  real 
working  conditions  of  frozen  retaining  struct- 
ures  dictated by the  construction  procedure 
were  considered,  Two  design  cases o f  small  and 
big  stopes  driving  were  analysed.  The  first 
case  is  h >> a, a = 5.0 m, b = 1 0 . 0  m,  h = 
20.0 m,  p = 2.0 MPa,  and  the  second  case  is 
h C a,  a = 5.0 m y  h = 2.5 m,  p = 5.0 MPa, 

The  analysis o f  the  sress-strain  state  with 
h >> a permits  selection of three  zones  with 
a  typical  distribution of stresses, i.e.  the 
zones of  the  support  and  bottom  effects  with  a 
high  concentration  of  stresses,  and  the  zone 
in  the  middle  of  the  section  exposed,  Fig.2a. 
From  the  character o f  the  stress  state o f  the 
middle  section  of  the  frozen  retaining  struct- 
ure  (the s t r e s s q R Z  is  closer  to  zero,  and 

the  isolines d ~, d z ,  d e  are  parallel to 

the  vertical axis) it  is  inferred  that  it 
works  under  a  plane  strain,  however  the  sizes 
of  the  plane  strain  region  diminish  with  time. 

With h < a the  distribution  of  stresses  is 
characterized  by a high  concentration on the 
edge  and  the  bottom  of  support,  Fig.Zb. 

The  results of the  stress-strain  prediction  of 
a frozen  retaining  structure,  obtained by the 
aforesaid  procedure,  make it possible  to  evalu- 
ate  the  performance  of  the  structure by the 
limiting  states. 

Fig.1  Computation  scheme  for  a  frozen  retain- 
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a1  displ.acements  of  the  interior  wall  of  the 
frozen  retaining  cylinder. 

0*20 

a16 

0.12 

0 4 8 12 16 20 24 
U) t, 4% 

~ , 2.5 

F 

? 8) R 
Fig.2  Stress  distribution, , for a frozen 

retaining  structure. a) with  h>>a,p = 2 . 0  MPa; 
b) with  h<a,p = 5.0 MPa, t=24.h 

The  computation  permits  of  constructing a line 
o f  radial  displacements  of  the  interior  wall o f  
a frozen  retaining  structure,  Fig.3a,b,  for  any 
given  moment  of  time,  and  consequently  the  per- 
formance  testing  with  the  admissible  strains. 

Fig.3  Radial  displacements o f  the  interior 
wall  of a frozen  retaining  structure. a) with 
h>>a,p = 2.0 MPa; b) with  h<a,p = 5.0 MPa,t=24h 

Since  the  calculated  model  of a frozen  soil  des- 
cribes t'he relation  between  stresses  and  strains 
both in the  pre-limiting  and  limiting  states, 
the  obtained  displacement  history  curve of the 
interior  wall  of a frozen  soil  cylinder,  Fig.4, 
enables  the  state  of  developing  displacements 
t o  be  followed  (damped,  steady  or undamped). 

The  destruction o f  a frozen  retaining  structur~ 
appears  as a progressive  time  increment of  radi- 

Fig.4  Time  variation  in  radial  displacement 
of  the  interior  wall  of a frozen  retaining  struct- 
re  in t h e  middle o f  an  exposed  section 
a) with  h>>a,p = 2 . 0  MPa; b) with  h<a,p = 5.0 MPa 

The  important  factor  effecting  the  safe  state 

of  freezing  core  barrels  which  work  under a 
of a frozen  retaining  structure  is  the  strength 

transverse-longitudinal  bending,  being  displaced 
jointly  with a frozen  soil  cylinder. In this 

of  frozen  retaining  structures  an  the  basis  of 
connection  control  is  suggested  over  the  growth 

strength of freezing  core  barrels  (Nasonov, 
1 9 7 6 ) .  

The  line  of  radial  displacements o f  the  freez- 
ing  core  barrel,  Fig.5,  is  constructed on the 
basis  of  the  numerical  solution,  which  adds a 
lot  to  verification  of  strength of freezing 
core  barrels  restricting  the  limiting  value of 
deflection, 

4 4 d" ( 4 )  

where d is  the  relative  deflection  of a core 
barrel,  equal  to  the  relation  of  the  difference 
between  its  maximum  and  minimum  radial  displace- 
ments  within  the  exposed  section, t o  the  height 
of  deflection; d * the  ultimate  tolerable 
value  of  the  relative  deflection, 0.01 ,  which 
is preset  depending on the  flexibility  of  the 
core  barrel,  and  the  specifications. 

A s  seen  from F i g . 5 a ,  the relative  bending  is 
d = 0 . 0 0 5 9  with h > >  a, p = 2.0 MPa,  and 
d. = 0.04 with h < a, p = 5 . 0  MPa,  Fig.5b. 

Consequently  for  the  second  case  the  condition 
of  freezing  ore barrels  strength  is  not  ful- 
filled  (although  considering  the  strength  the 
retaining  structure  is  in  the  pre-limiting 
state). 

The  strength  of  freezing  core  barrels  can be 
estimated f r u m  their  stress  state,  the  value 
of  which  should  not  exceed  the  bearing  capacity 
u t  the  core  barrels  material. 

The  stress i n  a freezing  core  barrel  is 
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Fig.5  Radial displacements o f  a  freezing  core 
barrel,  situated at  a  distance  of R = 8 . 2  m 
a )  with  h>>a,p = 2 . 0  MPa, b) with h<a,p = 5.0 MPa 
where d is  the  stress  from  the  transverse  bend- 

i n g  of the  core  barrel, 4 ten the  stress  from 
the  longitudinal  tension  (the  longitudinal  force 
also  results  in the  bending  moment,  which  has  no 
value  of  stress exceeding 5% from , and  is 
not  included  in the  computations); d t  the  tem- 
perature  stress; & a  the  assembly  stress. Con- 
sequently  the  stress o f  the  transverse  bending 8 and o f  the  longitudinal  tension 4 ten 
must  be  obtained for evaluation of the  stress 
state of a  core  barrel,  and  t, a can  be 
easily  found  (Nasonov, 1976). 

The  curves of the  bending  moment  M  and  of  the 
stresses  and 4 including  the  curve  of 
the  total  stress d =  4 'ten + db are  plott- 
ed on the  line o,f radial  displacements  of  the 
core  barrel  (Zaretsky, 1986). 

Fig,6  shows  the  results  of  the  analysis o f  the 
stressed  state  of  the  freezing  core  barrel  for 
the  second  case.  From  the  total  stress  curve o f  
bending  and  tension  it follows that  the  maximum 
stress  exceeds 500 MPa that  is  more  than  the 

capacity  of  the  core  barrel  material I bearing 
4 0 0  MPa 

The foL 

( 1 )  

lowing  conclusions  can  be  drawn: 

the  developed  procedure  and  the  model 
permit of predicting  the  stress-strain 
state o f  frozen  retaining  structures 
considering  basic  regularities of frozen 
soil  creep  and  incorporating  structural 
features  in  the  computation  scheme. 

Fig.6 The  analysis of the  stress  state of a 
freezing  core  barrel  with  h<a,p = 5.0 MPa 
a) the  bending  moment  curve; b) the  bending  stress 
curve;  c)  the  longitudinal  tensile  stress  curve; 
d) the  total  stress  of  bending  and  longitudinal 
tension 

( 2 )  The  developed  procedure  permits of evalu- 
ating  the  performance of frozen  retaining 
structures  in  the  two  limiting  states 
(strength  and  strain)  with  regard  to  the 
strength  of  freezing  core  barrels. 

( 3 )  The  studies  revealed  that  when  frozen 
soils  can  develop  considerable  viscoplas- 
tic  strains  without  destruction,  sacis- 
faction o f  the  strength  conditions of 
freezing  core  barrels  is  the  deciding 
factor i n  the  computation  of  frozen  re- 
taining  structures. 
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STUDY OF FROZEN SOILS BY GEOPHYSICAL METHODS 
Yu.D. Zykov, N.Yu. Rozhdestvensky  and O.P. Chervinskaya 
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Investigations in Construction, the USSR 

SYNOPSIS Complex of geophyeical methoda to   def ine   oomposi t ion ,   s t ruc ture  and proper- 
t i e s  of f r o z e n   s o i l s   i n   t h e  maaeif ie represented, The complex is  make of rad io iao topic ,  seiamo- 

used in   eng inee r ing   i nvee t iga t ions   i n   cons t ruc t ion .   !he   fo l lowing   Charac t e r i s t i cB  of f rozen   so i l  
acous t i ca l  methode and methods o f  geopbysioal  prospecting by e l e c t r i c a l  means. The complex i8 

are  determined:  compactlon,  contents of ice,  cryogene  texture,  physico-mechanical  properties. 
The example  of appl ica t ion  of t h i s  complex approach i s  given. 

Inves t iga t ions  of f r o z e n   s e r i e s  by meane o f  
geophysioal methode a r e  make t o   a o l v e  two 
problems : - d e f i n i t i o n  of masa i f   s t ruc ture ,  - eat imate  of oompoeition,  structure and 

phyaico-meohanical  propertiee of f rozen 

The first problem i~l q u i t e   t r a d i t i o n a l .  To 
diemember a eec t ion  a g rea t   dea l  of geophyyeti- 
os1 methods o f  necerseary physical  pre-oondi- 
t i o n e  are i n  UBB. Those a re   rocks   con txas t s  
due to   p rope r t i e s ,   t aken  by one o r  t h e   o t h e r  
method. As a r u l e ,   i n   o r d e r   t o   d e f i n e   t h e  
depth of boundaries  oacuxxence by means of 
geophysical  methods, knowledge o f  rocks pro- 
per t i ea  i s  necessary. !They are  estimated 
e i t h e r  way: a p r i o r i ,  or are   oa lcu la ted  6yn- 
chronoualy  with  the  depth i n  the   p rocess  o f  
i n t e r p r e t a t i o n  o f  mater ia l s .   Pecul ia r i ty  of 
t h e   f i r e t  problem l i e a   i n   t h e   f a c t ,   t h a t  me- 
aninge of prope r t i e s   a r e  ueed but  only  indi- 
r ec t ly .   In  a number o f  cases   quan t i t a t ive  pro- 
per t ies   a re   never   es t imated ,  This i s  t he  most 
t y p i c a l  way concerning  the  study of peculia- 
ritiee o f  aqusre  structure  of  areas.  Of l a t e  
t he  second  problem is  more and more recogni- 
zed owing t o   t h e  succeame at ta ined.  They a r e  
conditioned by information  accumulation on 
connections among the  above-mentioned parame- 
t e r s  on the  one hand and proper t ies ,  due t o  
r e a u l t a  of geophys ica l   inves t iga t ions  - on the  
o ther  hand. 
Radio-isotopic  methods,  geophysical  prospect- 
ing by e l e c t r i c  means by d i r e c t  o r  low-fre- 
quency a l te rna t ing   cur ren t ,   se iamoacous t iae l  
methods w e  basical  methods,  which  pennit to 
ob ta in   t he   quan t i t a t ive  meanings of geophysi- 
c a l   p r o p e r t i e s  of soils. 
The o the r  method@ in   t he   ma jo r i ty  o f  cases  do 
not  provide B U C ~  possibi l i t ies ,   Radio- isotopic  
measurements r e s u l t  i n  t h e   d e f i n i t i o n  of mol- 
stupe and dens i ty  of s o i h .  It is  rea l ized  by 
means o i  ca l ib ra t ion   cu rves   r ep resen t ing  by 
themaelves  the  functional  connections of coun- 
t i n g  speed of thermalized  neutrons  with moi- 
s t u r e  and counting apeed of gamma-quanta wi th  

rocks rn 

densi ty ,   being  entebl iehed by experimentary 
method and s u i t a b l e   f o r  j u s t  t h i s   appa ra tus  
i n   w e .  
While performing  the  works of geophysical  pro- 
spec t ing  by e l e c t r i c a l  means ana seiamoacoua- 

methodies  with  observations  both from sur face  
t i a a l   i n v e s t i g a t i o n e  by specially-elaborated 

s i c   r e s i s t i v i t y  (ER) and propagation  speeda 
and i n   t h e  inner epats  of surroundings,   e lact-  

of e l a s t i c  wave8 are correspondingly  defined. 
In both  methods  eimultaneously t o   t h e s e  para- 
meters   the   poa i t ion  of boundaries o f  rocka is 
defined,  whiah are   charac te r ized  by t h e i r  

x e s i e t i v i t y   l o g g i n g  of d r y  holes ,  which a re  
c lose  meanings. To obta in  the  ER meaninga 

unplanted, and v e r t i c a l   e l e c t r i c a l  aounding 
(VES) a r e  ueed. !Cypicsl p e a u l i a r i t i e s  of fro- 
zen   aer ies   axe   the   ava i lab i l i ty  o f  non-hori- 
zontal   boundariee of rocks ,   accord ing   to  ohan- 
g e a b i l i t y  of their composition, ice oontent 
and temperature,  end also anieotropy,  condi- 
t ioned by cryogene  textures.  To atudy  the  fn- 
clined  boundaries of rocka, VES I s  recommen- 
ded t o  be  used in   mod i f i ca t ion  of two compo- 
n e n t s ,   f u l f i l l e d  by  two-way three-electrode 
u n i t s  AMN- and -MNB. (Bogolyubov and o them,  
1984 b). In   hor izonta l ly   an ieof ropic   sec t ions  
Bl, defined by meane of VES, corresponds t o  

root-mean-square pm, and the  one,  defined 
under  logging - t o   l o n g i t u d i n a l  ~3%. They 83% 

interconnected by r a t i o  h P -, where /2 - 
aniaotropy  coeff ic ient .  Pt  i s  defined due 
to   the   da te ,   .ob ta ined  by means of po ten t i a l  - 
sonde M+- B + m  . Gradient-sonde AMNB+w 

o r  A+- MIW i s  used t o  spec i fy   the  po- 
s i t i o n  of boundarlee.  Transition  from  the ER 
meaninge t o  parameters o f  composition and 
s t r u c t u r e  of f rozen   so i l s   r ea l i zed  by means 
of nomogxammea (Figure I a  and Ib) .  The first 
nomogramme (Figure Ia) had been obtained em- 
pirioally and i t  showe the  connect ion of rock 
ER ( Pmp) t o  temperature and l i t h o l o g i c a l  

composition. The rest nomogrammea (Figure Ib), 

P m  
P t  
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Fig. 1 E l e c t r i c a l   p r o p e r t i e s  o f  fyozen  soil^: 
a )  dependency  of ER from I t t h o l o g i c a l  compoeition of the   minera l   par t  

b)  connection o f  EFt and an iso t ropy   coef f ic ien t  - h  w i t h   i c e   c o n t e n t s  Io 
and temperature, 

O f  frozen loamst k - r a t i o  of summary thickneas o f  sch l i e ren  of 
subordinate  wystem t o   t h e   b a e i c a l  one (due t o  Bogolyubov). 

connecting ER wi th   i ce   con ten t  - Io , a re   ca l -  
c u l a t e d   t h e o r e t i c a l l y  on t h e  baeis of model 
eonceptiona  concerning  rock, 8 8  bicomponent 
surroundings-grid,  compoeed of conductive  ele- 
mente .. mineral c e l l a  and non-conductive  ones 
-ice (Bogolyubov and others,  1984a). 
To define  the  paxamatara of composition, 
etructure and physioo-mechanical  properties 
of frmen eoila by meana o f  data  of aeismo- 
aaourrtical   inveetigafiona  the meaninga e r e  
used of speeda of longi tudina l  waves i n  two 
in te rperpendicular   d i rec t iane  $ = VA' and 

vP 
v , aniso t ropy   coef f ic ien t  X u vP' ' /  

P 
V:, speeds o f  ahear  (Val o r  Relay (VR)wavee. 
The most exact  meanings of these   va lues   a re  
defined a8 t h e   r e s u l t  of observa t ions   in   ho les .  
The foundation o f  t r a n s i t i o n  from speeds o f  
e l a s t i c  waves t o  parameters of composition and 
s t ruc tu re  of f r o z e n   s o i l a  makes the  theore-  
t i c a l   c o n c e p t i o n s  and q u a n t i t a t i v e   r a t i o s ,  
having  been  invest igated  in   laboratory condi- 
t ions .  By t h i s  time a e u f f i c i e n t l y   v e a t  mate- 
rial has bean accumulated on dependencies V P 
i n  frozen s o i l a  from  the  temperature  (Baulin 
and others,  1979; Votyakov, 1975; Djuxik and 
o them,  1972: Qkov and othere,  1975;  Prolov, 
1976; Khazin and others,  1974;  Kaplar,  1965; 
KurPurat,  1975; Nakano, Froula,  1973; E&ler, 
1962, and o the r s ) .   I n   ap i t e  o f  i t e  relation 
an t o  concre te  soils, d i f f e ren t   r eg ions  and 
discreet meanings of moisture (W), being 
d i f f e ren t  from  each  other, by way of ana lys i s ,  

ganera l i%at ion  and a t a t i a t i c a l   t r e a t m e n t  of 
information we had been  lucky t o  make m u n r  
mary dapendenciea V (WE,@ 1 f o r  continuous 
number of meaninge of argument fo r   con t inuous  
number o f  meanings of arguments i n   t h e  wide  
range of change of l i tha logica l   compoei t ion  
(from coarsely-grained washed-off sands t o  
highly-plast ical   c lays) ,  On t he  b a d a  o f  
these  dependenciea the dependencies had also 
been made o f  epeeds of longi tudina l  wavee from 
a number o f  so i l s  p l a s t i c i t y   t o  compose t he  
f i x e d  meanings of temperature   (picture  2 a ) .  
W8istake of obtained  moiefure meaninge f o r  
coherent eoils doem not  exceed lo%, i t  makes 
average 5-65. 
To es t imate   c ryogene   s t ruc ture ,   ra t ios   a re  
used,  found  out as a r e s u l t  of t h e o r e t i c a l  
considerat ion of model of quas ian iso t ropic  

f i l l e d  spec ia l ly  (Zykov,  1984). The expesi- 
surroundinga and laboratory  experimente,  fu'l- 

mente resu l ted   in   es tab l i shment  of bes ica l   re -  
gular i t ies ,   conneot ing  epeeds of longi tudina l  
wwes in d i f f e r e n t   d i r e c t i o n s  t o  p rope r t i e s  of 
l aye re  and t h e i r   r e l a t i v e  thicknerss. And i t  
had been  proved there ,   that .dependency of 
speeds of e l a s t i c  waves from i c e   c o n t e n t s   i n  
frozen rocks is submttted t o   t h e  law of t h e  
average  time, i f  rock is quasianisotropic  one 
or propagation of waves ooincides   with  direc-  
t ion,   perpendicular   to   the  surface  of   predo-  
minant  system o f  i c e   s c h l i e r e n ,  On t h e   b a s i s  
o f  exposed r e g u l a r i t i e e  and meaninga of epesda 
of' e l a s t i c  waves and an iso t ropy   coef f ic ien t  
( X ) ,  obtained  as a r e s u l t  of experimenfa, 
t he re  had been worked out grid nomogrammee, 
which permit to   es t imate   the   e lements  of i C 8  

P 
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Fig. 2 Acouatical propertien of frozen soilet 
a )  dependency of speede of longitudinal wavea - Vp from the number 

of plaeticlty -N under the temperature -1OC; Ws - aummsry 

moisture of soil, 
b) connection between anieotropy coefficient of apeeda of longitudinal 

waves - X  and elements of i C 8  contenta: Ig - general ioe contents; 
1" - ice of aehlieren, mainly orientated towarda one of the 

P 

I, - ice-cement, l e d  - ice,  evenly dietribufed; 
direotione, 

contents of frozen aoi la:  contenta of ice, 
evenly distributed at the volume ( Ied ) and 
ice aohliaren, orientated  mainly towarda one 
direction ( 1'' ) (pibture 2b). F'or that pur- 
pose meaninga of x end moisture are wed, 
found out either due to acouetiaal (ae it  had 
been abovementionad) or due t o  nome other data. 
We definition 09 dynamlcal moduli (Poisson's 
ratio, Young'e modulus, ehear, compression) 
etatical moduli o f  deformation and elaatioity, 

made .sither analytiaally aoCQrding to formu- 
atrsngth limit; to mi-axial compreaeion ie 

lae of 7elaatieity, theoretically-known, with 
applioation o f  the data concerning compaction, 
or due to correlational connectione among 
speeds of longitudinal waves ox dynamicel mo- 
duli and the parameters o f  definition, which 

completely eo f a r  (Baulin and othera, 1979; 
are  found out by now, but are not  investigated 

Goryainov and others, 1975; Khazin and othera, 
1979). Temperature muat be often known as to 
the laat oocasion (Baulin and othera, 1979). 
General scheme of usage of geophyyical inform- 
ation of electrometrical, acoustical, radio- 
isotopic and thermometric investigations of 
holes to define composition, structure and 
properties o f  rocks is given in the picture 3. 
In the occaaions, when reeults may have been 
obtained independently (for instance, due to 

meana and acoustical measuremente3, their com- 
d a t a  of gaophyaical proapecting b aleCtTiC81 

arieon m r v w  as a cxiterion of the truth of 
efinitions. t; 

and diemembering of all the section in the 
hole looation into intervalB, being characte- 
rized  by  them. Permanency of meaninge of pere- 
meters inaide the intervals aervea a 8  crite- 
r ion  of singling out the interval. Results may 
be  presented numerically ox in the form o f  
diagrammee of proper characteristice on  depth. 
Diatribution of information about physico- 
mechanical properties chaxaoterizing rocks 
a t  the location of drilling, on by-hole  area 
ir done due to the data of ground and  ground- 
hole geophysical investigations: seismopro- 
apecting by method of refracted wavea, ver- 
tical seimical profiling, vertical electri- 
cal soundings, made in diverse removal from 
the hole. Criterion of such a transfer is 
coincidence and relative permanency of - 
physical parametera of rocks, obtained !:'the 
hole and outside o f  it. AB an exampls,  the 
reaults of investigationa, which had been 
done during engineering investigations in the 
North of the West Siberia, may  be  considered. 
Geological section o f  the area ia represented 
by soil of eend loams and loams, frozen from 
0.5 m, cryogene structure along all  the eec- 
tion i s  stratifiaationally-gridded Cith  d i f -  
ferent by thickness ice schlieren: from 2-4m 
to 25 mm at the depth lower than 2,5 m. 
Soils temperature -0 - -lac. Reeults of field 
investigations are  represented in the form o f  
corresponding diagrammes (picture 4 1 ,  results 
of definition of compoeition, etructure and 
rocks propertiee due to geophyaical data - in  
the table ( table I). In B brief contribution 

At the final stage o f  joint interpretation of a l l  the auccession of operations on  interprs- 
geophysical data the mutual correlation is tation of geophysical data, peculiarities, 
done of obtained  phyaico-mechanical.  cheracte- hindrances could not  be given quite comple- 
ristics, singling out the most  true meanings tely a a  it ia. A whole number o f  moments in 
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demand of apec ie l   inves t iga t ions  i s  s t i l l  not 
t aken   in to   cons idera t ion ,  But i t  could  be s e t  
forth, t h a t   t h e   e f f i c i e n t  complex of geophy- 

s i c a l  methods,  directed upon increase of qua- 
l i t y  and economical i nd ica to r s  o f  invea t iga t -  
iona, prhc t ica l ly-s tab le ,  had been  cmated. 

Fig. 3 Scheme of spp l i ca t ion  of geophyeioal  parameters t o  define  composition, 

Mw - speed o f  counting o f  impulsee o f  thermalized  neutronic  radiation, 
N r  - speed o f  counting of impulses of attenuated  gamma-radiation; 
speeds of propagatLon o f  e l a e t i c  waves: VP"- of longi tudina l  one towards 
hor izonta l   d i rec t ion ,  V - o f  longi tudina l  one towards   ver t ica l   d i rec-  
t i o n ,  VRL- o f  Relay wave one towards   ver t ica l   d i rec t ion ,  VS"- ok sheer  
ane towards  horizontal .   direction; 
e l e c t r i c a l   r e s i s t i v i t y :  p - root-mean-square, Pt - l ong i tud ina l ,  
d - diameter of ho le ;  @ - temperature;  A - s p e c i f i c   g r a v i t y  o f  s o i l  
skeleton;  L.C. - l i thological   composi t ion;  Wo- volume moisture;  
1 - i c e   c o n t e n t s  and i ts  parametere, 21' - sail dens i ty ;  
fd -dry dens i ty ;  n - poros i ty  ; E d  - dynamical  modulus of e l a s t i c i t y ;  

Est  - s t a t i c a l   e l a s t i c i t y  modulus; E&f - deformation modulus; 
Cc - temporary r s s i d a n c e   t o   u n i - a x i a l  compression;'* - anisotropy  coef i i -  

c i en t  of a p e d  of propagation of longitudinal  waves; JA, - aniaofropy  cbef- 
f i c i en f  of e l e c t r i c a l   r e s i s t i v i t y ;  .. est imate  an co r re l a t iona l  connec- 
t ion.  

' e t ruc tu re  and p rope r t i e s  of f rozen aoila: 

P 
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TABLE I 
Reaulta of Deflning Composition and Properties o f  Frozen S o i l s  Due 
to the Data of Complex OP Geophysical Investigations of Prospecting holes 

t 1 t 1 1 1 I t 
Depth of p Ed I Est Edef 6 c  ' ~ c e  &tents, fractions 
interval 

n 
GPa GPa GPe MPa z of the unit 

, M  16 ' I C  ' I" 
1  ,o-1,2 
1 ,2-1,5 
1,5-1,8 
I ,a-2,2 
2,2-2,4 
2,4-2,6 
2,6-2,8 
2,a-3,0 
3,0-3,3 
3,3-3,5 
3,5-3,75 
3975-4905 
4,05-4,5 

- 
3 

0,13 
0,18 
0,26 
0,26 
0925 
0,24 
0.27 
0.21 

0,03 
0,20 
0,24 

f 

Fig. 4 

I 

" 

w, 
, 4 , 0; 

Resulta of complex geophysical investigations. 
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SYNOPSIS: 

The paper deals with the results of the investigations carried out within the forefield of the 
Renard  and Scott Glaciers by the members of the Geographical Expedition of the M . C .  sklodowska 
University. The research took place during the two hydrological seasons of the year 1 9 8 7  - spring 
and summer. The thawing of the snow cover on the coastal  plain was the source of the superficial 
runoff dominating in the springtime. The occurence of the thaw flood attests to a strong dynamics 
of both meteorological and hydrological processes. As the hydrological calculations showed  the 
inconsiderable extent o f  the outflow of permafrost origin results from a small retention ability 
o f  the active permafrost layer. 

INTROWCTION 

Waters coming from the thawing of the many 
years permafrost are the main source of  sup- 
plying the periglacial streams during the 

aut since 1986 by the Geographical Expedi- 
polar summer. The aim o f  the research carried 

tions of the UMCS in LubLin was the recogni- 
tion of the  process of the outflow and making 
an attempt at the quantitative estimation of 
the phenomenon within the chosen basins 
situated in the area of the southern frame of 
Fellsund. 

Fig. 1 .  Situation of the investigated area 
I-limnigraph, 2-watershed, 3-constant 
and  periodical streams, 4-place vf 
bifurcation, 5-reservoir of stagnant 
waters, 6-spring, 7-marqin, 8-mor- 
nine. 

THE AREA OF INVESTIGATIONS 

The spring as wall as the stream mouthing to 
the Recherche Fiord at Calypsobyen were the 
subject Of 
(Bartoszewski 1 9 8 6 ) .  The efflux is situated 

systematic observations 

at the c ru t , l u t  of a small valley, cutting R 

gravelly-sandy coastal terrace 20, - 25 m 
a.s.1. (Fig. 1 ) .  The floor o€ the terrace is 
built o f  sea silts and  boulder clays depo- 
sited on the Tertiary sandstones (Flood, 
Nagy, Winsnes 1 9 7 1 ) .  The yield measurements 
were carried out every day, within the period 
11 July - 17'August 1987 with the method of 
qatharing water into a container, held ben- 
eath  the effluence. The periglacial stream 
under study enters to the fiord in close 
vincinity to the base camp of the WMCS Expe- 
dition. Its catchment area includes a 
fragment of the Bohlinryggen massif, a system 
of uplifted coastal texxaces and a marginal 
part of the Renard Glacier outwash. The 
gorgelike valleys, cutting the 20 - 25 m 
a.s.1. terrace down to its bvttom witness the 
former direc tions of the outflow of 
fluvioglacial waters. The ravine, the nearst 
to Calypsobyen is exploited by t.he stream 
investigated. The hydrometric profile has 
been localized at the mouth of the ravine. 
The water levels observations were taken with 
t.he limnigraph B-2 recording weekly within 
the period 14 June - 17 August 1987.  Mean 
water levels over 24-hour periods were 
calculated on the basis  of the limnigxams. 
The conversion of the water levels into 
discharge flows was based on the discharge 
cuxve equation, taking under consideration 
periodical discharge measurements and 
adequate water levels. 

OUTFLOW 

The active hydrological seasons within the 
area Western Spitsbergen begins on average in 
June and lasts to October (Baranowski 1 9 7 7 ,  
Pulina 1 9 8 4 ) .  In  1987  the  field investiga- 
tions were inaugurated at the time when the 
tundra was still covered with a compact layer 
o f  Snow and t,he phenomen o f  t,he river outflow 
was about to begin. In  the  period of the hy- 
drological spring the superficial runoff 
dominat,ad on the frozen substratum, in the 
condit.ions of t.he underdeveloped outflow 
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system. In period 14 June - 1 July 1987  the 
waters flowing through the gauge profile did 
not come exclusively from the reserve of the 
catchment investigated. Owing to the bifur- 
cat,ion  the inflow of the waters from the 
stream draining the SE slope of Bohlinsyggen 
took place. The cause o f  the temporary bifur- 
cation was an enormous ice bank in the bed of 
that stream, preventing the outflowing of 
water directly to the fiord. periodical mea- 
surements of discharge performed up- and 
downstream o f  t.he bifurcation allowed to 
estimate the quantity of water coming ad- 
ditionally to t.he catchment area. Thg total 
volume of the inflow reached 5 8  320 m . The 
values set in the table I show the total out- 
flow " A "  in the gau?e profile, an outflow 
from the re3erve 8" and, additionaly, the 
outflow in the  period 1 1  July - 17 August 
1987. These numbers allow to compare directly 
the respective values for  both the peri- 
glacial river and spring. 

Tab. I. The Cutf low o f  the perighcial PIvLrr gnd ahe yield of the BPrinE i n  1987 

A B I 
total o u t f l o w  

mean f l o w  

max f lw 

mln f l o w  

0 mar : a fain 

mean unitary f l o w  

nax mitaw f l o w  

min unitw flow 
nvlOiI *Idex 

536b58 

95,5 

533 

6 

89,7 

- 

The outfpw from the reserve amounted to 
4 7 8 . 1 3 8  m , it means that the layer of the 
runof$ was 370,7 mm  and the unitary outflow 
66 dm /s km2. The values were much lower than 
those in the nearby Scott's glacial 
catchment. The curve of t.he daily discharges 
enables to differentiate the thaw flood on 14 
- 23 June 1967,  and some secondary floods of 
different origin (Fig. 2). During 10 days 
t.he runoff of the reserves in the catchment 
was 21  1.248 m3, which was 4 4 , 2  % of the water 
flowed out in the period discussed. The 
occurrence of the f lood  depended on a i r  
temperature distribution and especially on 
t.he maximum of t,he 24 - hour  t.emperature, 
measured at a height of 5 cm over the ground. 
The culmination pccurrcd on 16 June at the 
temperature of 7,1 C ,  the secondary maxi um 
on 19 June at the temperature of 8 , 1  C .  
Thawing waters had relatively low 
mineralization the  minimum 71 ms/dm3 on 18 
June 1987. 

Spring f lood ended at the moment of the dis- 
appearance of the compact m o w  cover on the 

P 

coastal plain. The periglacial streams, how- 
ever continued to have the ablation rhythm of 
the changeff of water levels, hwith a minimum 
at about 0 and maximum at 17 of the 
time. 

n n 
zonal 

A cm/dny 

10 

5 

0 

0,050 zr 1 
0 I .  

15 25 I 5 15 25 ' 5 15 
VI VI1 Vlll 

Fig. 2. Cuxves for total mineralization, mean 
at kayypsogyen In Y4s3d of the spring 2 4 -  o r fl ws and 
1-intensity of snow ablation A ,  2- 
maximum 24-hour a i r  temperature 5 cm 
over ground  t max, 3-24-hous total 
precipitation P, 4-total minerali- 
zation of periglacial river waters M, 
5-mean 24- hour flow of the peri- 
glacial river Q, 6-total minerali- 
zation of spring waters M, 7-24-hour 
yield o f  the spring Q 

The secondary floods in the last decade o f  
June and the first of July were connected 
with the increase of the ablation intensity 
of the snow patches within the  upper  part of  
the catchment basin, a s  well as in the 
depressions of the terrain. 
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Gradually,  with a raise  in  air  temperature, 
the  thickness of the  active  permafrost  layer 
was  growing. A subsurface  runoff  increased, 

total mineralization in the last  decade of 
taking plase on  its roof. The increase  in 

June, a t t e s t s  to  the  greater  share of perma- 
frost  waters  in  the  whole  of  the  runoff.  The 
2 4  - hour  rhythm of the outflow  was  becomming 
less  and  less  distinct, to cease  since 12 
JULY 1987.  

The  spring  in  Calypsobyen  started its acti- 

of the  outflow  proceeded  from  the  thawed  snow 
vity  on 1 1  July 1 9 0 7 .  A t  the  beginning,  most 

patch  filling  the  bottom  of  the  valley.  The 
diminution  tendency of the  yield  stopped an 
19 July, and on  turn,  the  increase  pegan to 
take  place,  up  to  the  value 0 , 0 8 5  dm / s  on 2 3  
July 1987 (Fig. 2 ) .  The  maximum in  the  yield 
showed a 4 - day delay in  relation to the 
maximum in air temperature.  At the next 
stage,  the  yield  of  the  spring  gxadyally  de- 
creased  down t o  the  minimum 0 , 0 3 1  dm /s on 17 
August 1 9 8 7 .  The decreasing  tendency  stopped 
temporarily at the end  of  July  when the air 
temperature  increased  and a small  precipi- 
tation took place. 

The  quantity of the water  retentioned  within 

on  the  basis of the  chosen  curves  of  falling 
the  active  layer of permafrost  was  determined 

with  the  Maillet  method (Debski 1 9 7 0 )  : 
and  drying  up. The  calculations  were  taken 

V = 8 6 4 0 0  * Q . u -' 
where : 
V = volume  of  the  ret,entioned  water is m', 
Q = yield  or  discharge  intensity  in m / s t  
u = regression  coefficient. 

The  highesg  states of retention  (after 
exchanging m into  the  water  layer  in mm) 
occurred  in  the river catchment  on 19 July : 
35,2 mm,  in the  spring  catchment 23 July : 
2 7 , 8  mm and  the lwwest ones  on 17 August 2,3 
mm and 1 1 , 2  mm  respectively. The much  lower 
final  state of retention  in  the  river  catch- 
ment  basin  indicates  some  better  conditions 
of  the  drainage of ground  waters  and  also  the 
faster  consumption  of  supplies. 

The  supplying  of  the  spring  exclusively  with 
permafrost  waters was the  cause of a total 
mineralization  index  higher  than  that  in 

river  waters.  In  the  period 1 1  July - 17 
August 1987 the  mean  value  of  the  total 
mineralizgtion  of  spring  waters  amounted  to 
164 mg/dm , while  that  of river waters to 1 3 6  
mg/am . 
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SYNOPSIS  Many  streams  in the  mountain  regions of central  Alaska  are  dominated by  glacier 
runoff.  The  presence  of  glaciers  results  in a highly  periodic  flow  which  is  caused by 
temperature  and  radiation  inputs  and  is  modified  by  total  precipitation  and  basin  elevation. A 
Fourier  and  regression  analysis  of 17 basins  revealed the deterministic  nature Of the  flow  and 
its  dependence  on  physiographic  and  climatic  characteristics.  The  resulting  equations  allow 
simulation of the  average  monthly  flow  hydrograph  with  good  results  on  Seven  Out Of 12 test 
basins,  however,  additional  calibration  and  data  analysis is necessary  to  provide  statistical 
confidence  in  the  simulation  results. 

INTRODUCTION 

Hydrographs  with  a  significant  melt  flow 
component  tend to be highly  periodic  for  many 
regions  in  Alaska.  This  periodic  nature is 
readily  observed  by  inspection of  mean  daily 
flow  hydrographs  from  glacierized  basins 
throughout  the  state  (Chapman, 1982). The 
periodicity  can  be  surmised to be  related to 
the  periodic  nature of the  solar  inputs,  which 
drive  the  melt  process  (Mayo  and  Pewe,  1963) as 
well  as  other  basin  variables  which  may 
influence  the  timing  of  streamflows,  such  as 
basin  elevation  and  precipitation. In basins 
where  rainfall  runoff  dominates  the  hydrograph, 
the local  storm  patterns  dominate the 
hydrograph  characteristics  such  as the timing 
and periodicity of  the  streamflows.  In  basins 
dominated  by  melt  flows,  the  hydrograph 
characteristics  are  dominated  by  the  thermal 
and  radiation  regime  and  the  amount  of  ice  and 
snow  available  for  melt,  Recent  studies  have 
shown  that  the  presence of glaciers  within  a 
basin  can  be  related to a general  delay of peak 
monthly  runoff as compared to less  glacierized 
and  nonglacierized  basins  in  southeast  Alaska 
and  Washington  State  (Fountain  and  Tangborn, 
1985). 

As many  streams  and  rivers  in  Alaska  emanate 
from  glacial  areas, a need  exists to understand 
and predict  hydrograph  characteristics  from 
glacierized  basins.  Also,  there  is  often  a 
lack of streamflow  and  other  hydrologic  data 
for  many of these  same  basins.  This  paper 
presents  a  method to estimate  the  mean  monthly 
flow  hydrographs  from  glacierized,basins  in 
Alaska  based  on  available  published  information 
using  Fourier  analysis  and  multiple  regression 
techniques.  The  moderating  effects o f  glaciers 
in  glacierized  basins  tends to reduce  monthly 
streamflow  variability  (Fountain  and  Tangborn, 
1985)  which  enabled  the  development  of  a 
Fourier  prediction  model of  mean  monthly 
streamflows.  The  intent of  this  paper i s  to 
illustrate  the  use of these  techniques  and to 

show  that  general  climatic  and  physiographic 
variables  can  potentially  be  used  to  predict 
average  monthly  streamflows  from  glacierized 
basins. A  previous  study  analyzed  mean  daily 
hydrographs  (Bjerklie  and  Carlson,  1986). 

METHODS 

Five  years of mean  monthly  streamflows  from  17 
glacierized  basins  were  analyzed. 
Streamflow  data  was  obtained  from  the USGS 
Water  Resources  Data  for  Alaska, 1973 to 1977. 
This  period  of  time  was  chosen  because 
physiographic  and  climatic  data  was  available 
for this period.  The  data  set  was  manageable 
for a small  computer,  and  the  data  sequence  was 
long  enough  to  develop  comparative  statistics 
over  more  than  one  year. The basins  studied 
were  chosen in  order  to  provide  representative 
data  from  regions  throughout the state. 

Basic  statistics,  multiple  regression  and 
Fourier  analysis  programs  were  available  and 
adapted  €or  use  with  an HP 9845 computer. 
Description of the  statistical  techniques  used 
can  be  found  in  Davis  (1985),  Climatic  and 
physiographic  data  were  obtained  from  Lamke 
(1979) and  Hartman  and  Johnson  (1978). 

FOURIER  ANALYSIS 

Fourier  analysis  was  used  to  investigate the 
periodic  nature  of  streamflow  from  the 
glacierized  basins  shown  in  Table 1. The 
results of the  analysis  produced  a  statistical 
best  fit  model  for  each  monthly  streamflow 
sequence  made of 30 (N/2)  distinct  harmonics 
(Davis,  1985),  where N is  the  total  length of 
the  time  series  (months, in  this  analysis). 
Each  harmonic  is  represented by  an  equation of  



TABLE 1 

Cl iuu t i c  and physiographic  data fo r   g lac ie r i zed  stream  basins  used to ca l i b ra te  and t e l l   t h e   s i u l a t i o n  
method. 

Stream Percent Average Average Annual Average Annual Freszirq Thawing Basin Average 

Cover Elevat ion 
Glac ier   Bas in  Predpi ta t ion Air T m r a t u r e  lndcx Index Area Annual 

( I )  (m) ( 4  (degrees C )  (degree- (degree- ( k r  ) (n / $ )  
Streamflow 

& Y 4  

Hlrdlnq  Rlver 9  732 3Ml 
Gold Creek 8 
kn&nha l l   R i ve r  66 994  305 

132 305 

tnnnw River 17 11114 94 
wolverine Creek 72 1138 406 
Bradley  River 36 854 305 
Eagle River 13 952 121 
Knik River 54  1220  254 
l i t t l e  Susitna 
River 5 1129 127 
Susitna  River 
near Ocnal I 25  1376  152 
k c l a r e n   R i v e r  19 1319 140 

.. 

Susitna  River 
near  Gold Creek 5 1043  74 
Talkeetna River 7 1107  178 

4.4 
4.4 
4.4 
-2.2 
2.2 

139 2222 175 20.6 
139 2222 25.3 3.1 
139 2222 221 32.6 

833 1667  24.7 2.6 
1944 1667  53397 1116 

-0.6 
-1.1 1111 1667 3059 192 

2.8 556 1667 140 13.1 
1111  1661 499 14.2 

0.6 1389 1661 164 5.6 

-3.9 2500 1661 2462 18,s 
-2.2 2222 1661 126 28.0 

-2.8 2222 1667 15467 246 
-2.2 
-3.3 2222 1389 80614 1064 

1944 1661  5200 IW 

Tanana River 
a t  Tanacross I I111  46 -4.4 
Phelan Creek 69 1769  203  -4.4 
Tanrna River 
a t  Nenana 6 . I196 43  -4.4  3055  I667  66368  651 

3333 I667 22162 219 
2718 1661 31.6 2.0 

Non-calibration  Basins Used t o  Test the Model 

Skwentna River 16 857 109 
t d i y d  Rlver 31 1037 203 
spruce  creek 8 607 203 

Nenrnd Rnver' 
Power L r w k  27 610 406 

4 lO6e  I02 
Tonsina River 11 1098 64 

-2.8 1500 1500 5832  183 
1.7 
3.3 

278 1661 464  31.4 
389 1661  24.0 2.3 

-5.0 
0.0 833 1661 53.1 7.1 

2118 1661  4951 #4,6 
-2.2 1444 1667 1089 22.6 

TABLE 2 

Comparative s t a t i s t i c s  o f  actual flow versus s i m l a t e d  flows. 

Stream  Average Annual Standard  Deviation  Standard  Error  Correlation 
Streamflow of streamflows of the Mean Coefficient 

Actual  Simlated  Actual  Sinulsted Actual  Simulated 
(m I S )  (m /J) (m / 5 )  Actual vs Simulated 

Harding River 20.0 21.0 14.7 14.3 
Copper Rlver 1064 1505 1168 1704 151 220 

1.9  1.9 0.77 

Yolverlne Creek 2.5 2.7 
0.76 

Kuskokwin River 1048 461 
3.7 3.3 0.5 0.4 0.74 

Knik River 188  187 
801 704 103 91 -0.04 
222 242 29 31 0.80 

Susitna  Rlver 
near  Denall 76.8  68.4 99.0 82.0 13 11 0.65 

Non-callbratlon Basins Used to  Test  the Model 

Skmntna  River 183 88.6 202 112 
Taiya River 31.4 28.4 36.9 35.2 4.8 4.5 0.  I? 
Spruce  Creek 2.3 1.5 2.6  1.4 0.3 0.2, 0.12 
Power Crwk 7.1 4.1  6.0 2.9 0.8 0.4 0.58 
Nenana River 
Tonslna RIver 22.6 23.1 28.3 27.0  3.7 3 . 5  

84.6 56.8 90.4 63.4  .12 8.2 -0.42 
0.69 

26 15 0.72 
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the form 

Yk = Ak(cos(kP)) + Bk(sin(kP)) (1) 

where 

k = the  harmonic  number  between 0 and N / 2  
Ak = the alpha  coefficient  associated  with 

Bk = the beta  coefficient  associated  with 

P = an  angle  between 0 and 360 degrees 

each  harmonic 

each  harmonic 

representing the  entire  time  series 

wtth  each  harmonic, k, and the  time  series  is 
Y represents  the  predicted flow  associated 

sequenced  according to P. Each  harmonic  series 
is a  sine/cosine  function  with  an  associated 
amplitude  and  phase  angle.  The  alpha  and  beta 
coefficients  represent  both  the  phase  angle 
shift  and  amplitude  of  each  harmonic  series. 
The  summation  of  all 30 harmonics  represents 
the best  fit  Fourier  model of the  entire  time 
series,  with  each  harmonic  series  accounting 
for a  percentage  of  the  total  time  series 
variance. 

For  the  glacierized  basins  studied  here, the 
5th,  10th  and  15th  harmonics  were  found to 
account for an  average of 81 percent of the 
total  variance of the  modeled hydrograph, with 
a  range  from 14 to 96 percent.  The 5th 
harmonic  represents  the  annual  periodic 
variability, the 10th  harmonic  represents  the 
semiannual  periodic  variability  and  the  15th 
harmonic  represents  the  1/3-annual  periodic 
variability. The Largest  contributor  to  the 
time  series  variance  in  all  the  glacial  streams 
was  the  annual  period,  indicating  that  the 
annual  melt  event  dominates  the  hydrograph 
shape.  The  semiannual  and 1/3 annual  harmonics 
may  represent  the  variance  associated  with  the 
period  from  September to May,  during  which 
streamflow is predictably  low  for  most o f  the 
basins  studied.  Because  most of the  variance 
could  be  explained  by  these  three  primary 
harmonics,  we  attempted  to  relate  the  values 
of the alpha and beta  coefficients to the 
climatic  and  physiwgraphic  variables  listed  in 
Table 1 fbr the  glacierized  basins. 

MULTIPLE REGRESSION ANALYSIS 

The  coefficients from the  Fourier  model 
described by the  5th,  10th  and  15th  harmonics, 
were  normalized  by  dividing  each by the 
watershed  area of the  associated  glacier  stream 
and  then  were  regressed  against  basin  variables 
using  stepwise  multiple  linear  regression 
(Davis,  1985).  The  stepwise  multiple 
regression  analysis  produce  an  optimum,  best- 
fit  regression  equation of the form 

where B , B1, B2 ..* B, are  regression 
coeffic?ents, y is  the  dependent  variable, X , 
XI, X2 . . . X, are  independent  (basin)  variabyes 

and e is the residual.  The  following 
regression  equations  resulted: ( e r )  

Ql = 0.00074  (PERCENT) - 0 .00002  (ELEV) 
+ 0 . 0 0 0 0 1  (FI )  t 0.00007 (TI) 
t O.O0009(IIAP) + 0.00634 (AAAT) 
- 0.089 ( 4 )  

where 

Q' = the average  annual  streamflow 
per  unit  area of  waters  ed 
(cubic  meters/second/km ) 

cover 

(meters) 

days) 

(cm) 

(degrees C) 

9 
PERCENT = the percent  area of  glacier 

ELEV = the average  basin  elevation 

FI = the  freezing  index  (degree- 

TI = the  thawing  index  (degree-  days 
AAP = average  annual  precipitation 

AAAT = average  annual  air  temperature 

and 

R2 = 0.98 
standard  error = 0.008 (cubic 

meters/second/km2) 

(As) 

where 

A5 = the alpha  Fourier  coefficient 
associated  with the annual  or  5t 
harmonic  (cubic  meters/second/km ) 9 

and 

R2 = 0.96 
standard  error = 0.017 (cubic 

meters/second/km 2 ) 

Bg = 0.00358 (PERCENT) - 0 . 0 0 0 0 3  (FI) 
- 0.0001 (TI) - 0.03047(AAAT) 
+ 0.125 ( 5 )  

where 

B5 = the  beta Fourier coeffic 
B5 = the beta Fourier coefficient 

associated  with the annual  or 5t 
harmonic  (cubic  meters/second/km 3 ) 

and 

R2 = 0.97 
standard  error = 0.0256 (cubic 

meters/second/km2) 

A1O -t 0.001 
- 0 .00202  (PERCENT) - 0 . 0 0 0 0 9  (AAP) 
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where  available  or  can  be  reasonably  approximated. 
The  model  is  represented  by the  following 

A10 - - the  alpha  Fourier  coefficient  equation associated  with the  semiannual 05 10th 
harmonic  (cubic  meters/second/krn ) Q = Q' + X A (cos(kP)) 

t Bk (Sin  (kP) 
and 

(10) 

k=5,10,15 
R2 = 0.86 
standard  error = 0.024  (cubic 

meters/second/km2) 

B10 = -0.00265  (PERCENT) + 0.00007 (ELEV) 
- 0 . 0 4 2  (7) 

where 

B1O -associated with the  semiannual or 
- the  beta Fourier  coefficient 
10th  harmonic (c  bic 
meters/second/km 9 ) 

and 

R2 = 0.85 
standard  error = 0.026 (cubic 

meters/second/km2) 

(A1 5 
A15 = 0.00135  (PERCENT) + 0,00006 (TI) 

- 0.08 (8) 

where 

*I5 = associated  with  the  1/3-annual or 
the  alpha  Fourier  coefficient 

15th  harmonic ( c  bic 
meters/secofid/km Y ) 

and 

R2 = 0.81 
standard  error = 0,018 (cubic 

meters/second/km2) 

(B15) 
B15 = 0.00006 (ELEV) - 0.00005  (TI) 

+ 0.00012 (AAP) + 0.005 ( 9 )  

where 

B15 = the  beta  Fourier  coefficient 
associated  with the  1/3-annual  or 
15th  harmonic  (c  bic 
meters/second/km Y ) 

and 

R2 = 0.77 
standard  error = 0.0135  (cubic 

meters/second/km2) 

The  above  regression  equations  can  be  used  to 
predict  the  Fourier  coefficients  necessary  to 
reconstruct a  Fourier  model of an  average 
monthly  flow  hydrograph.  The  predicted  Fourier 
model  will  incorporate  the  errors  inherent  in 
the  statistics as well  as the  error  associated 
with  using  only  three  harmonics (up to 26 
percent).  The  model  can  be  constructed  for  any 
glacierized  basin  where  the  appropriate 
climatic and physiographic  information  is 

The  hydrograph  prediction  method  was  tested by 
simulating  the  average  monthly  flow  hydrograph 
f o r  six basins  within the  calibration  data  set 
and six  basins  not  used  in the calibration. 
The  basins  were  chosen to represent  the  range 
of regions  used  in the original  calibration 
data  set.  The  results of the  simulated 
hydrographs  as  they  compare to the actual 
hydrographs  are  illustrated  in  Figures 1 and 2 
and  the  statistics af the  comparisons  are i n  
Table 2. Negative  flows  were  predicted  by the 
model  and  were  incorporated  into  the 
comparative  statistics,  however,  since  negative 
flows  do  not  exist  they  were  not  shown  on  the 

using  only three  harmonics to develop  the 
figures. The  negative  flows axe  a  result  of 

hydrographs,  and  errors  in  the  regression 
models.  The  poor  prediction of monthly 
streamflows for those  basins  with  less  than 5 
percent  glacier  cover  (Nenana  and  Kuskokwim 
rivers),  indicates  that  the  dominant  processes 
that  contribute  to  streamflow  in  these  basins 
is significantly  different  than the dominant 
processes  that  contribute to streamflow  in 
basins  with  greater  than 5 percent  glacier 
cover. 

CONCLUSIONS 

The  highly  periodic  nature  and  lower  monthly 
flow  variability  of  hydrographs  emanating  from 
glacierized  basins  allows  the  modeling 
procedures  presented  here  based  on  Fourier 
analysis to be  potentially  successful. 
However,  in  basins  where  the  percent  glacier 
cover  is  less  than  5  percent,  the  Fourier  model 
developed  from  the  regression  equations,  does 

very  much accuracy  (Kuskokwim  and  Nenana 
not  seem to simulate  the  actual  hydrograph  with 

rivers).  In  basins  with  percent  glacier  cover 
greater  than 5 percent the accuracy  was  much 
better,  although  considerable  error  was  still 
exhibited  in  some  cases.  The  modeling 
procedure  yields  results  that  would  be  valuable 
in  cases  where  streamflow  data  are  not 
available  and  possibly  in  studies to 
characterize  climatic  and  hydrographic  regions. 

The  calibration  data  set  can  be  enlarged  and 
regionalized  in  order  to  yield  more  accurate 

resulting  Fourier  model  useful  in  more 
prediction  eauations,  thus  rendering  the 

situations.  In  addition,  daily  flow 
hydrographs  may  also  lend  themselves  to  this 
type of mbdeling  procedure  and  should  be 
investigated  in  the  future. 
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PROTECTION OF THE ENVIRONMENT IN JAMESON LAND 
C. Bak-Madsen 

Danish Geotechnical Institute, Denmark 

SYNOPSIS The Danish  Geotechnical  Institute (DGI) has  conducted  a  number of geotechnicalinves- 
tigations  in  Jameson  Land  as  part  of  a  program  for  baseline  studies of the  physical  environment. 
Jameson  Land is situated on the  east  coast of Greenland  and  the  region  encompasses  a  potential 
oilfield.  Together  with  baseline  studies of geomorphology,  soil  temperatures  and  climate  the  geo- 
technical  investigations  are  used  by  Greenland  Technical  Organization (GTO) to  assess  the  impact 
of  exploration  and  construction  in  the  region.  Throughassesments  the  operations  are  regulated 
in  order to protect  environmentally  sensitive  permafrost  terrain.  This  article  summarizes  the 
main  investigations  undertaken  by DGI during the period  from 1980 to 1986 fo r  GTO. In  situ  sur- 
veys have  been  correlated for single  points  and  thereafter  integrated  on  air  photo map base. This 
has  allowed  the  subdivision of Jameson  Land  on  the  basis of degree of environmental  sensitivity as 
well as mapping of possible  low  impact  traffic  corridors  and  estimation of yeotechnical  parameters. 

INTRODUCTION 

Human a c t i v i t y   i n   r e g i o n s  of permafrost  ter- 
ra in  i e  known t o  have se r ious   nega t ive   env i -  

l e d   t o  a combined environmental  and geotech- 
tonmental   consequences.   This  knowledge  has 

n i c a l   i n v e s t i g a t i o n  on t h e  d e s o l a t e  Jameson 
Land p r io r   t o   po ten t i e l   o i l   exp lo ra t ion .  The 
task of conducting  gedtechnical  investigations 
wa8 given t o   t h e  Danish Geotechnical  Insti tute 
and was carried  out  over a period of s i x  years  
f o r  G r e e n l a n d   T e c h n i c a l   O r g a n i z a t i o n .  
Denmark, however ,   has   ne i ther   t rad i t ion   for  
nor experience i n  environmental  investigations 

Figure 1. Location and map for  Jameson Land on 
t h e  east   coast  of Greenland. 

related  to  permafrost .  With q u i t e  a d i f f e ren t  
landscape i n  Greenland  compared w i t h  t h o s e  
desc t ibed  i n  f o r e i g n   l i t e r a t u r e ,  GTO had de- 
cided t o  provide a basic  knowledge of f a c t o r s  
i n v o l v e d   i n   e v a l u a t i o n  o f  environmental con- 
t r o l s  and techniques t o  minimize nega t ive  i m -  
pacta. 

The t a sk  was p repa red   i n   1980-81   ana   f i e ld  
i n v e s t i g a t i o n s   w e r e   c a r r i e d   o u t   d u r i n g   t h e  
shor t  summers i n  1982-85 w i t h  a p r o v i s i o n a l  
f i n a l  working up i n  1986. 

Jameson ;and occupies  almost 8,000 k m a  on t h e  
e a s t e r n   c o a s t  of Greenland between l a t i t u d e s  
70.30' and 71035'N and long i tudes  22030' and 
24030'W. One of t h e   w o r l d ' s   l a r g e s t   i n l e t  

t h e   s o u t h  and t o  the   wes t ;   no r thwards   r i s e  
systems - Scoresby Sound - form6 the   barder   to  

h i g h e r   m o u n t a i n s   a n d   t o w a r d s   e a s t   l i e s   t h e  
ice- f i l l ed   Greenland   Sea ,  cf .  F igure  1. The 
area had been mapped a t  a s ca l e  of 1 : 2 5 0 , 0 0 0 .  
I n  1982 one of GTO's  other  contractors  covered 
the   a rea  w i t h  aer ia l   photographs  a t  a sca l e  of 
1:30,000.  

GEOLOGY 

Jameson  Land is  unde r l a in  by a maj0.r  struc- 
t u ra i   be l t ,   t he   Eas t  Greenland  Caledonian  fold 
b e l t ,  which  ;occurs on both sides of t he  North 
At lan t ic  Ocean (Henrikoen, e t   a l ,   1 9 7 6 )  . T h i s  
metamorphic c r y s t a l l i n e  complex is  overlain by 
m a i n l y   m a r i n e   s e d i m e n t s   o f   J u r a s s i c   a g e ,  
c o n s i s t i n g  of sands tones   and   sha les  w i t h  an 
a lmoet   hor izonta l   bedding   a t t i tude   (Funder ,  
1972) upon which t h e  present geomorphology has 
been  developed. 

To t h e  north,  and i n  a s t r e t c h   p a r a l l e l   t o   t h e  

e x t e n s i v e   p l a t e a u s   a t   a l t i t u d e s  up t o  500 m, 
eastern  border   the  jurassic   layers  form  gorged 

cf.  Figure 2 .  
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T h e s e   p l a t e a u s   a r e   i n   p l a c e s   o v e r l a i n   w i t h  
qua ternary   g round  mora ine  of p r e - W e i c h s e l i a n  
age. 

Towards  west and   sou th ,  a s m o o t h l y   s l o p i n g  
p l a i n   f o r m s   t h e   l a n d s c a p e  t o  Scoresby  Sound.  

s t e e p ,   c h a r a c t e r i z e d  by a branched  complex  of 
I n   c o m p a r i s o n ,   t h e   e a s t e r n   s l o p e  i s  more 

v a l l e y s .  The n e a r - s h o r e   a r e a s ,   w i t h   a l t i t u d e s  
up t o  100  m ,  a r e   c h a r a c t e r i z e d  by g l a c i a l  
d e p o s i t s   a n a  mar ine   sed iments   connec ted   wi th  

c i a t i o n .  The r ema inde r  of t h e   s l o p i n g   p l a i n  
i s o s t a t i c  r e s p o n s e   t o   t h e  W e i c h s e l i a n   d e g l a -  

is p r e d o m i n a n t l y   o v e r l a i n  by f l u v i a t i l e  ma- 
t e r i a l s  a n d   l o c a l   e o l i a n   d e p o s i t s  of s i l t  and 
s a n d .   L a n d s l i d e s   a n d  t a l u s  are common i n  
s t e e p e r   s l o p e   t e r r a i n s .  

Sameson Land i s  s i t u a t e d   n o r t h  o f  t h e  con t i -  
nuous  permafrost   border,   and  the  geomorphology 
i s  dominated  by l a n d f o r m s   r e l a t e d   t o   p e r m a -  
f r o s t   p r o c e s s e s .  The f r o s t   e x t e n d s  t o  an un- 
known d e p t h ,   w h e r e a s   t h e   s e a s o n a l l y   t h a w e d  
a c t i v e   l a y e r   c a n   b e   f i x e d   t o  0.5 t o  1 m. 

Air t r a n s p o r t  was p o s s i b l e   t o   M e s t e r s v i g   a p -  
prox. 1 0 0  km no r th  of Jameson Land u n t i l  1985, 
a f t e r w a r d s   t h e  new a i r f a c i l i t i e s  a t  C o n s t a b l e  
Fynt i n   H a r r y   I n l e t   a r e   u s e d ,   c f .   F i g u r e  1. 

INVESTIGATIONS 

D u r i n g   t h e   p e r i o d  1982-1985,  geotechnica1,’in- 
v e s t i g a t i o n s  were unde r t aken ,   i nvo1v in .g   s ev -  
e r a l   t y p e s  of f i e l d   i n v e s t i g a t i o n s  and’. t r a n s -  
p o r t   s t u d i e s ,  i n  o r d e r   t o   a s c e r t a i n   a p p r o p r i -  
a te  methods  and  equipment  suited t o  the   un ique  
t e r r a i n   c h a r a c t e r i s t i c s  of Jameson  Land.  Per- 
s o n n e l ,   m a t e r i a l s   a n a   e q u i p m e n t  were l a r g e l y  
c a r r i a g e d  by a i r  to   Mes te r sv ig ;   t r anspor t   f rom 
M e s t e r s v i g   t o   t h e  tes t  si tes shown  on F igu re  1 
was accompl i shed  by h e l i c o p t e r .   W i t h i n   t h e  
tes t  area,   walking was the   on ly   pe rmi t t ed  mode 

c y c l e   w i t h   t r a i l e r  and f i t t e d  wi th  low press -  
of t r a n s p o r t a t i o n   i n  1982.  A s p e c i a l  motor -  

ure   wheels  was provided by GTO i n  1 9 8 3  t o   8 5 ,  
a n d   a n   o f f - r o a d   v e h i c l e  was a d d e d   i n   1 9 8 5 .  
The p e r i o d   f r o m   1 9 8 0   t o   8 6   h a s   i n c l u d e d   t h e  
fo l lowing  ac t iv i t i e s :  

- 1980 t o  81: Air r e c o n n a i s s a n c e  by t h e  GTO 

,” 

” .  ~~ ~ 

f o l l o w e d  by p l ann ing   and   s tudy  of r e l e v a n t  

- 1 9 8 2 :   D i g g i n g  of t e s t  p i t s ,   d i a m o n d   c o r e  
l i t e r a tu re .  

d r i l l i n g   w i t h  a two  man p o r t a b l e   r i g .  
G e o p h y s i c a l   i n v e s t i g a t i o n s   c o n s i s t i n g  of 
e lectr ical  s o u n d i n g s ,   e l e c t r i c a l   r e s i s t i v i t y  
surveying,   seiamic  surveying  and  e lectromag- 
n e t i c   t e r r a i n   c o n d u c t i v i t y   m e a s u r e m e n t s .  
Assistance i n  f o u n d a t i o n  of a weather sta- 
t i o n  and  off-road  vehicle   experiment .  

- 1983 t o  8 4 :  Digging  of test p i t s  and  boring 
u s i n g  i c e  auge r   equ ipmen t ,  c f .  F i g u r e  3. 
E l e c t r i c a l   a n d   e l e c t r o m a g n e t i c   s u r v e y i n g .  
In Denmark ,   deve lopmen t ,   cons t ruc t ion   and  
t e s t i n g  of a m o b i l   d r i l l i n g   u n i t   c o n s i s t i n g  
of an o f f - r o a d   v e h i c l e   w i t h   h y d r a u l i c   b o r i n g  
equipment. - 1985: C o n t i n u a t i o n  of t h e   a b o v e - m e n t i o n e d  
r e s e a r c h ,   i n c l u d i n g   t e s t i n g   o f   t h e  new 
bor ing   r i g .  - 1 9 8 6 :   E v a l u a t i o n  of tes t  r e s u l t s ,   a i r   p h o t o  
s t u d i e s   a n d   p r e p a r a t i o n   o f   c o n c l u d i n g   r e -  
p o r t s .  

CLIMATE 

Jameson Land is s i t u a t e d   i n   t h e   e x t r e m e   a r c t i c  
a r ea .   Accord ing  t o  m e a s u r e m e n t   o f   c l i m a t i c  
condi t ions   conducted  by CTO i n   c e n t r a l  Jameson 
Land ,   t he  mean t e m p e r a t u r e   i n   t h e   w a r m e s t  
month i s  j u s t  below S Q C ;  t he   annua l  mean tem- 
p e r a t u r e  i s  approx .  -7OC (Th ingvad ,  e t  a l ,  
1985) .  The sun is above   the   hor izon   for   about  
95” consecuf ive   days   and   be low  the   ho r i zon   fo r  
a b o u t  70 c o n s e c u t i v e   d a y s   i n   m i d w i n t e r .  The 
l a n d  is n o r m a l l y   f r e e   f r o m   s n o w   f r o m   t h e  
middle o f  Ju ly  t o  t h e  end  of  August. 

It  may be s t a t e d   g e n e r a l l y   t h a t   t h e   e a s t e r n  
a n d   h i g h   a l t i t u d e s   a r e   h i g h l y   a f f e c t e d  by wind 
du r ing   w in te r ,   whereas   t he  lower l e v e l   w e s t e r n  
a r e a s   a r e  less a f f e c t e d  by wind. The dominant 
w i n t e r   w i n d   d i r e c t i o n  is n o r t h e r l y ,   i n   t h e  
summer wind d i r e c t i o n s   a r e  more v a r i a b l e .  

ACCESS 

Due t o  a v e r y   g r e a t   q u a n t i t y  of d r i f t i n g  ice, 
naviga t ion   th rouah   Scoresbv  sound is only  Pos- 



The accumulated  investigations on Jameson Land 
have included  approx. 130 test p i t s   i n   t h e  ac- 

by t h e   e q u a t i o n   r e l a t i n g   r e s i s t i v i t y   t o   t h e  

t ive  permafrost   layer ,  1 4 5  b o r i n g s   i n  perma- 
degree of s a tu ra t ion   (Ke l l e r ,   e t  a1 1 9 6 6 )  : 

f rozen   s t ra ta  and 40 kilomettes of geophysical 
p rof i l ing .  -"2 P?PIOO = a sw : sw < swc I 

L .  

",-.Test p i t s  and borings .- 

Test"pits  were dug down t o   t h e   f r o s t   l e v e l ,  
permit t - ing  detai led  examinat ion of mater ia ls  
i n  s i t u .  '"Temperature  per 0.1 m and  vane t es t  
per 0 .2  m wexe measured. ROtafy power d r i l l -  
i n g  was used to  obtain  boring6 in the  underly- 
i n g  f rozen   s t r a t a .   D i s tu rbed   s amples   were  
t aken  i n  t h e   t e s t  p i t s  whereas  augered  bore- 
holeB  provided  both  disturbed and undisturbed 
samples w i t h  nearly 1 0 0  % recovery i n  t h e  fro- 
zen mater ia ls .  

Geophysical  investigations 

A S  geophys ica l   su rveys   a r e   cons ide red   ve ry  
impor t an t   fo r   e s t ab l i sh ing   t he   t h i ckness  o f  
the   ac t ive   l ayer ,   i ce   inc lus ions  i n  t he  perma- 
f r o s t  and c h a r a c t e r i s t i c   c o m p o s i t i o n   p r o p -  
e r t i e s  of the  frozen  ground, such  methods  a8 
g e o e l e c t r i c a l ,   e l e c t r o m a g n e t i c   a n d   s e i s m i c  
surve  s have  been  used. Comparison of these 
methodts, c o r r e l a t e d   w i t h   r e s u l t s   g i v e n   f r o m  
t h e   t e s t   p i t s  ahd boringe,   shows  that   the  
electromagnetic  surveys  using a Geonics 31 and 
3 8   a n d   g e o e l e c t r i c a l   s u r v e y   w i t h  an ABEM 
equipment using  frequences below 1 0 0  kHz have 
been  found  most u s e f u l  under  the  actual con- 
ditions,  whereas t h e  seismik r e s u l t s  have  been 
ambiguous. 

(a  and n2 are   parameters   de te rmined   exper i -  
menta l ly ,  p and I p l o o  a r e   t h e   r e s i s t i v i t y  of a 
p a r t i a l l y  or completely  saturated  sediment, Sw 
i s  t h e  f r a c t i o n  of t h e   t o t a l   p o r e  volume 
f i l l e d  w i t h  e l ec t ro ly t e  and Swc i s  a c r i t i c a l  
v a l u e ) .  Due t o  t h i s  i t  has been possible  t o  
evaluate   depth  to  t h e  f r o s t   t a b l e  as w e l l   a s  
to   es t imate   the  general   condi t ions  as  shown by 
resul ts   g iven  in   Figure 4 .  

' Test survey line,EM 31 

t Y 

As the   geophysical   techniques  require  knowl- -10 1 0 
e d g e   o f   e l e c t r i c a l   p r o p e r t i e s   o f   f r o z e n  
ground, laboratory test$ have  been carr ied  out  
t o   d e t e r m i n e   t h e   s p e c i f i c   r e s i s t a n c e ,  p ,  for  Figure 4 .  Part  of t e s t   l i n e  w i t h  r e su l t s  
sediments under frozen and thawed cond i t ions .  from borings and electromagnetic  surveys 
The results,   given i n  Table I, show a s i g n i f i -  w i t h  Geonics EM 31 and EM 3 8 .  
cant  increase i n  r e s i s t i v i t y  w i t h  dec rease  i n  
t e m p e r a t u r e   a s   a l s o   r e p o r t e d  by Johnston 

0 50 lOOm 

( 1 9 8 1 ) .  Off-road  vehicle  experiments "- 

TABLE 1 

soil resistivity 

Soi l  type  Moisture Dry Den- Res i s t iv i ty  ohm m 
Content sity Thawed Frozen 

Sandstone 3 . 6  25.1 2,700-5,300 212,400 
Sandstone, 22.0  
s i l t y  300-2,000 >14,000 

Sandstone , , o. 
f i ssured  22.5 200-6,300 >16,000 

Clav 22.3 20.0 90- 250 > 400 
0.7 27 .Q 1 , 5OO-2,OOO > 3,000 miqascioua 

Due t o  a very h i g h  r e s i s t i v i ty   fo r   pu re   i ce ,  
k t  is often possible, to   r eg i s t e r   g rea t   d i f f e r -  
ences i n  r e s i s t i v i t y  between frozen and thawed 
n a t e r i a l s .  The r e l a t i o n s h i p   b e t w e e n   r e s i s -  
t i v i  t i e s  - f o r  f u l l y  and p a r t i a l l y   s a t u r a t e d  
s o i l   i n  a thawed cond i t ion   can   be   i l l u s t r a t ed  

DGI has a s a i s t e d  GTO wi th   t he   eva lua t ion  of 
the  impact of motor ized   vehic les  on typ ica l  
dameson Land s o i l s  and landform u n i t s .  I n i t i -  
a l l y ,  an a l l - t e r r a i n   v e h i c l e  from Geophysical 
Serv ice   Inc .  w i t h  a g r o u n d   p r e s s u r e  of 11 
kN/m2 was t e s t e d  w i t h  It 5 and 1 0  passes  i n  
s t r a i g h t   a s   w e l l   a s   i n   c u r v e d   l i n e s .  The 
degree of  impact was examined w i t h  photos and 
measurement and the   a reas   were   inspec ted   the  
following  year, cf. Figure 5. 

Judging   f rom  these   t es t s   the   d i s turbance  of 
t h e   a c t i v e   l a y e r  was limited i n  drained  areas 
and the  most e s s e n t i a l   p a r a m e t e r   f o r   t r a f f i c  
over  the  terrain  appeared to be degree of s o i l  
m o i s t u r e .   T r a f f i c  w i t h  no nega t ive   impac t  
wou ld   acco rd ing ly   be   poss ib l e   ove r   d ry  or  
s l ight ly   saturated  surfaces ,   or  i n  well  drain- 
ed areas.  The above tes ts   included  the motor- 
cycle and t h e   m o b i l e   d r i l l i n g   u n i t ;  a l l  D G I -  
t r a n s p o r t s  have consequently been car r ied  o u t  
through  non-sensitive  areas. 

The r i sk   for   se r ious  damage t o  t h e   t e r r a i n  has 
f u r t h e r  been  examined  through  execution of 
p la te   load   tes t s   d i rec t ly  on the  ground.  These 
tests have given  further  knowledge  about t h e  
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Weather s t a t ion  

An automatic  weather  station  supplemented w i t h  

l i s h e d  and  put   into  operat ion by GTO i n  July 
r eg i s t r a t ion  of ground temperatures was estab- 

1982. The s t a t ion ' s   pos i t i on  is  shown i n  Fig-  
ure 1 (Langager,  1982). Data fo r  wind, barom- 
e t r i c   p r e s a u r e ,   p r e c i p i t a t i o n ,  snow he igh t ,  
a i r  t empera ture ,   humidi ty ,   shor t  wave radi-  
ation  and.  temperatures 0 ,  1 / 2 ,  l, 1 1/2, ,  2 ,  3 ,  
4 , 5 , 6 ,  and 7 meter  below  ground l e v e l   a r e  
s tored on tape a t  3 hour in t e rva l s  in a da t a -  
logger .  The  tape  i s  replaced and brought to 
GTO, Copenhagen once a year .  I n  a d d i t i o n ,  a 
s a t e l l i t e   t r a n s m i s s i o n  system was ins t a l l ed ,  
a l l o w i n g   a c t u a l   v a l u e s   t o  be moni to red  i n '  
Copenhagen with a delay of 3 t o  1 0  hours. 

bea r ing   capac i ty  of t h e  t op   so i l .  Permanent 
deformations  derived  from  dynamic  loads  have 
been  determined  for  an i n c r e a s i n g  number of 
l o a d s   a s  shown i n  F igure  6 and t h e   r e s u l t s  
have  given  the  modulus E = 1 .5  x r x Au/s, 
where r i s  t h e   r a d i u s  of t h e   p l a t e ,  A v  t h e  
change i n  l oads  and s t he   r eve r s ib l e  deform- 
a t ion  on the  third  unloading  curve. 

1 2 3 G 5 6 7 0 9 1 0  n 
(Number of loads) 

1 

2 

3 -  

4-  

-) 

0 Load A U  = 27 kN/m2 n 
,E = 7600 kN/m* 

Permanent  deformation after 
the second lond and  unloading. 

6 -  

Figure 6. P la te   load   tes t ,  d-0.15 m. 
Measured permanent deformation  after  every 
load and unloading. 

p a r t s  of t h e  l andscape   i n   t he  summer per iod  
could damage the  vegetation and l and  surfacer  
a very lbw pressure wheeled vehic le  i s  d e s i r -  

Based on a t ransporter  (Seiga,  .manufactured by 
able  for   t ransport ing personnel and equipment. 
H a r v e s t e r  Co. ,  Ltd.) , t h e  D G I  has   been   as - .  
s i s t i n g  i n  manufacturing a a p e c i a l   c a b i n  al- 
lowing   s tays  of apptox. one week plus   special  
auger  equipment ,for boring. All funct ions   a re  
dr iven  hydraul ical ly   with power from a d iese l  
engine and t h e   t o t a l   p r e s s u r e  w i t h  f u l l   l o a d  
amount8 t o  less than 10 kN/m'. 

vehicle  was assembled and t e s t ed   i n  1985 Over 
After  transport  by s h i p   t o  Jameaon Land, t he  

a rou te  of approx. 6 0  km. T h e  v e h i c l e  was 
capable  of d r i v i n g  - with  detours  - over  the 
very rough and impassable  landscape:  only  very 
so f t   a r eas   o r   r egu la r   wa te r   were   s eve re  ob- 
structions.   Slopes w i t h  an inc l ina t ion  up t o  
13 % w e r e   p a s s a b l e   p a r a l l e l w i a e .  One day, 
routes of up t o  20  km seemed t o  be p o s s i b l e  
w i t h  previous  reconnaisance, and up t o  3 0  km 
i n  w e l l - k n o w n   t e r r a i n ,   c f .   F i g u r e  1 .The  
hydraul ic   bor ing  equipment has worked without 

vehicle  can  cross minor lakes  w i t h  propulsion 
d i f f i cu l t i e s .   Af t e r  mounting of pontoons,  the 

have  been  observed and no vegetation  has been 
from the  rotating  wheels.  pr no r u t t e d   t r a c k s  

torn  up, t h i s  vehicle  aeerns' t o  be su i tab le   for  
use unde r   con t ro l l ed   cond i t ions  and  respon- 
sible  treatment.  



CALCULATIONS 

Thermal proper t ies   a re   impor tan t   parameters ,  
indeed  fundamental t o   a l l  ground heat   t ransfer  
problems a s  i s  s t r eng th  of t he   coheg ive   so i l  
layers  fundamentally  related  to  mechanical i m -  
pacts.  Thu6,  l a b o r a t o r y   t e s t s   w e r e   c a r r i e d  
O u t  concerning  the  above-mentioned and com- 
puter  Calculationa  were made t o   e s t i m a t e   t h e  
t i m e   f o r   f r e e z i n g  of t h e  a c t i v e   l a y e r   a f t e r  
the summer season. 

The computer program TODIM - developed a t   t h e  
Technical   High  School  i n  Norway  by Thue, 

t a l   t o o l   u s e d   i n   e s t i m a t i n g   t h e   l a t e n t   h e a t  
(1971)  and mod.ified by X I  - was the  fundamen- 

n e c e s s a r y   t o   f r e e z e   & o i l   t o  a given  depth.  
The computer  system c a l c u l a t e s  a two-dimen- 
s i o n a l   t e m p e r a t u r e   f i e l d   d e p e n d e n t  on time, 
and t h e  c a l c u l a t i o n s   a r e   b a s e d  on a known 
i n i t i a l   d i s t r i b u t i o n  of temperatures and ther- 
mal parametets. Thermal conductivity and heat 
capac i ty  may b e   g i v e n   d i f f e r e n t   v a l u e s  over 
and under a temperature of 0 degree C e l s i u s  i n  
t h a t   p a r t  o f  t h e  computer program  where s o i l  
materials  are  involved. 

The program  in   this   instance was used t o  cal-  
culate temperature i n  t he  ground a s  a function 
of t ime   fo r  a g i v e n   f a l l  i n  temperature ,  i n  

were estimated from the  general  regional  geol- 
t h i s  c a s e   a i r   t e m p e r a t u r e .   S o i l   p r o p e r t i e s  

ogy, calculated w i t h  both no and 0.2 m mow- 
cover. 

The r e s u l t s  of the c a l c u l a t i o n s   f o r  a s i n g l e  

w i t h  the   t empera ture   measured  0 . 5  m under  
s t a t i o n   a r e  shown i n  F igure  8 ,  supplemented 

ground l eve l .  The idealized  temperature f ie ld  
and p ro f i l e   fo r   t he  soils may give some insta-  
b i l i t i e s  i n  t he   ca l cu la t ions .  However, they 
seem t o   g i v e  a f a i r l y  good i n d i c a t i o n  of 
f r e e z i n g  time of the  active  permafrost   layer.  
T h i s  was used t o   e v a l u a t e   t h e   t e q u i r e d   f r o s t  
t h i c k n e s s  of the   ac t ive   l ayer   to   suppor t  ve- 
h ic les  w i t h  a s t a t i c   p r e s s u r e  of 7 5  kN/ma.  

* 1  

oit 1 No”. t Date - Alr  temperature 1,2 m wer ground level 
A”--+ Temperature,meurured 0.5m under ground level 
W Temperature,talculnted 0,Sm under ground level 

Figure 8 .  Frost  penetration, measured and 
calculated.  Temperature-day  graph wi th  days 
a f t e r  jan.  1. 

TERRAIN ANALYSIS 

With the enormous area a scematic  presentation 
of t h e   r e s u l t s  would be necessary  to  complete 
the  task.  Thus,  w i t h  insp i ra t ion  from Walker, 
e t  a1  (1980) it was decided t o  present   the i n -  
formation on a e r i a l   p h o t o s .  W i t h  a t e r r a i n  
typing  modified t o  t h e  landscape i n  question a 
great  deal. of information  has  been  presented 
a s  shown i n  F igure  9 .  R e g i s t r a t i o n  of t he  
physical  parameters of the  overburden  soil has 
been essent ia l  a t  the  mapping s i t e  i n  order  to 
c rea te  a necessary background fo r   app ropr i a t e  
fur ther  work. 

Breakage and resulting  environmental damage i n  
f r o z e n   s o i l s   o c c u r   u n d e r   c o n d i t i o n s  of too 
Large  deformation i n  the  underlying  thawed 
zone .  The a b i l i t y  o f  f r o z e n   s o i l s   t o   b e a r  
loads i s  therefore  based on a deformation con- 
d i t i on   where   t he   conso l ida t ion  module, R, of 
t h e  soil   horizon under considerat ion i s  based 
on an  empirically  determined  relationship be- 

d e f o r m a t i o n s  w e r e   c a l c u l a t e d   f o r   v a r i o u s  
tween   geology a n d   w a t e r   c o n t e n t . l n i t i a 1  

t h i c k n e s s e s   o f   t h e   t h a w e d   p o r t i o n  o f  t h e  
ac t ive   zone .  I t  was e s t i m a t e d   t h a t  deform- 
a t i o n s   g r e a t e r   t h a n  2 cm would  be  unaccept- 
able,  where in  these  instances  there  should be 
a reasonable  frost  cover  to  support  vehicles. 
Depth of t h e   r e q u i r e d   f r o s t   l a y e r  was e s t i -  
mated  according  to  t h e  m e t h o d   o u t l i n e d  i n  
J o h n s t o n ,   ( 1 9 8 1 ) ,   t h i c k n e s s   c a l c u l a t i o n  i s  
based on ground  temperature of - 0 . 5 * C .  The 
amount  of time  necessary  to  freeze ground t o  a 
particular  depth was ca l cu la t ed   t o  be  approx. 
20 d a y s   l o n g e r   f o r   c l a y   p r o f i l e s   t h a n   f o r  
those composed of re la t ively  dry,   sandy  peat .  
A snowcover  o f  0.2 m will f u r t h e r   d e l a y  
freezing by approx. 1 0  days.Using t h i s  method 
o f   c a l c u l a t i o n ,   w h e r e   a l l  of the  input  vari-  
ables  can  be ad jus t ed   t o   pa r t i cu la r   s i t e   con -  
d i t i o n s ,   t h e   e s s e n t i a l   f r o s t  depth  necessary 
to   sus ta in   requi red   loads   can   be   es tab l i shed  
a t  any time using known parameters. By use of 
the sa te l l i t e   connec t ion   to   the   Jameson Land 
w e a t h e r   s t a t i o n  and four  small   stations meas- 
ur ing   so i l  and a i r  temperatures,  the  time  per- 
iods   dur ing  which veh icu la r   t r a f f i c  can  oper- 
a t e  w i t h  minimum environmental damage can  be 
monitored  from Copenhagen and used for  evalu- 
a t ion  of t he   ea r l i e s t   s t a r t -up  and l a t e s t   s t o p  
fo r  the  operations.  

USE 

on t h e   b a s i s  o f  f i e l d   s u r v e y   r e s u l t s ,   a i r  
pho to   eva lua t ion  and t h e   c o m p i l e d   w e a t h e r  
s t a t i o n   d a t a ,  a p o r t i o n  of  Jameson Land has 
b e e n   d i v i d e d   i n t o   d i f f e r e n t   t e r r a i n  u n i t s ,  
The purposes  ,of t h i s  subdivis ion were t o  de- 
l ineate  environmentally  sensit ive  regions and 
t o  d e t e r m i n e   o p t i m a l   t r a f f i c   c o r r i d o r s .  I n  
addition, computer c a l c u l a t i o n s  were  used t o  
es t imate   necessary   seasonal   f ros t   th icknesses  
for  minimal environmental   disturbance  result-  
i n g  f rom  vehicular  movement over   the perma- 
f ros t   t e r r a in . In t e rp re t a t ion  of the  air photos 
i n c o r p o r a t e d   t h e   d e t a i l e d   d a t a  from f i e l d  
t e s t - a r e a s ,  and l e d   t o  a d e t e r m i n a t i o n  of 
s e n s i t i v e   a r e a s  where   t ranspor t  by heavi ly  
loaded   vehic les   ( s ta t ic   loads  of 80-90 k N / m 2 )  
would be environmentally  destructive.  Effects 

556 



Figure   9 .   Del ta   wi th  test  l i n e s ,  tes t  p i t s  
a n d   t e r r a i n   c l a s s i f i c a t i o n .  

were p r e d i c t e d  for  t e r r a i n s  w i t h  no snowcover 
i n   c o n n e c t i o n  w i t h  win ter   se i smic   surveying .  
Damages could  include:  

- d e s t r u c t i o n  of v e g e t a t i o n   r o o t   s y s t e m s   a n d  

- e r o s i o n   a n d / o r   l a n d s l i d e s   a f f e c t i n g  areas of 

- d i s r u p t i o n  of d r a i n a g e   s y s t e m s   a f f e c t i n g  

- d e s t r u c t i o n  of v e g e t a t i o n   w i t h   c o n s e q u e n t  

format ion  of d e e p l y   r u t t e d  tracks 

a t  least  1 0 , 0 0 0  m a  

a r e a s  of a t  l eas t  50-100,000 m a  

eo l ian   and/or   water   e ros ion .  

For t he  a r e a s   i n   q u e s t i o n ,   s e n s i t i v e   r e g i o n s  
have  been  out l ined  on the  a i r  photos. 

dors   have  been  determined  f rom  Constable   Pynt  
I n  a s i m i l a r  manner, p o s s i b l e  t r a f f i c  C O r K i -  

t o w a r d s   n o r t h   a n d   t h e r e a f t e r  west and   south-  
w e s t .   P a s s a g e   d i r e c t l y  west f rom  Cons tab le  
W n t  i s  n o t   f e a s i b l e  d u e  t o   t h e   m o u n t a i n o u s  
t e r r a i n .   T r a f f i c   c o r r i d o r s   h a v e   b e e n  mapped 

t h e  c o r r i d o r s  by h e l i c o p t e t   s u r v e y  and f i e l d  
i n   d e t a i l  on a i r p h o t o s ,   a n d  GTO has v e r i f i e d  

check ,  C f .  F i g u r e  1. T h e  O w l  R i v e r   d e l t a  
( F i g u r e  No.9) i s  t h e  test-area f i r s t   c r o s s e d  
a f t e r   Cons tab le   Fyn t .  

CONCLUSIONS 
P re l imina ry   conc lus ions  from the   envi ronmenta l  

of e v a l u a t i n g   t h e   g r o u n d ' s   p h y a i c a l   p r o p e r t i e s  
s u r v e y i n g   o f  Jameson Land show t h e  importance 

so  t h a t   p e r m a n e n t   d e f o r m a t i o n   a n d   p o s s i b l e  
e ros ion   can  be asses sed .  

R e g a r d i n g   s p e c i a l i z e d   i n v e s t i g a t i o n s ,  it is  
f e l t  t h a t   p l a t e   l o a d   s t u d i e s   a r e  of p a r t i c u l a r  
i n t e r e s t .   I n  a sys temat ic   survey ,  plate load 
s tudies  can be c a r r i e d   o u t  i n  c o n n e c t i o n   w i t h  
t h e   m o b i l e   d r i l l i n g   u n i t ' s   o t h e r   a c t i v i t i e s .  

From i n f o r m a t i o n   p r e s e n t l y   a v a i l a b l e ,  i t  i s  
b e l i e v e d   t o  be p o s s i b l e   t o   b a s e  a l a rge   p to -  
p o r t i o n  of environmental   impact   s tudies  On a i r  
p h o t o   i n t e r p r e t a t i o n s   i n   c o n j u n c t i o n   w i t h  
m e a s u r e m e n t s   a n d   c a l c u l a t i o n s   d e r i v e d   f r o m  
f i e l d   i n s t r u m e n t s  and  surveying. 
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SYNOPSIS: Within the permafrost and seasonal freezing zones, hydrological studies face 
methodological problems which have counterparts in other environments. In particular, investigative 
design may mask the patterns of water quality and quantity that are the target o f  the  study both in 
spatial  terms  (as with specification  of  catchment  sediment  sources) and in a  temporal context ( a s  
in  lags and leads between peak discharge and peak sediment transfer). Published studies indicate 
the  complexity  and  the  spatial and temporal scale  dependence  of the interactions between snow and 
ice melt, ground thaw,  discharge and fluvial  sediment transport. These interactions are 
investigated further using field data  from a small instrumented upland catchment in  arctic Finland. 
Three subperiods exhibiting different relationships between suspended sediment concentration and 
discharge are identified from two-hourly observations over the snowmelt and ground thaw  period, and 
their process significance is discussed. 

INTRODUCTION 

Reviews of the development of arctic hydrology 
such as those included in  Williams and van 
Everdingen (1973),  Chaco and Bredthauer (1983) 
and Slaughter et al. (1983) agree that the 
serious  study of basin hydrology within the 
permafrost zone commenced around the beginning 
of the 1960s. Despite this relatively short 
history, it is apparent that description, 

data  quality which itself reflects standards of 
analysis  and modelling are all dependent upon 

sampling design and instrumentation. Problems 
relating to the adequacy of the sampling 
interval and of sample  timing  have  been 
manifest at many scales,  with  perhaps  the most 
extreme problem of sampling being the 
under-representation of winter conditions. 
Problematic in a  different sense  are studies 
which  give almost no information on these 
points. For example, corte (1978) states merely 
that in order to compare  discharge  from 
glacier-cove:ed and glacier-free parts  of  a 
river basin measurements of the run-off were 
made up  to 4 times day depending on the 
weather conditions. Detailed  comparisons 
between studies are impossible on  the basis of 
such ill-defined techniques. 

It seems likely that investigative design may 
mask the patterns of water quality and quantity 
that are the target of  a  study both in spatial 
terms (e.9. in  the  specification of catchment 
sediment  sources) and in a temporal context 
(e.9. in  lags and leads between discharge and 
sediment transfer). This paper focuses on the 
temporal implications,  and  explores  this  theme 
by reviewing the  sparse published record before 
presenting data from a  small upland catchment 
in  arctic Finnish Lapland. 

HYDROLOGICAL IMPLICATIONS OF  TEMPORAL SAMPLING 
DESIGN 

An early northern attempt to address  the 
problems of sampling design is represented by 
James and Vieira-Ribeiro (1975)  in  a  study of 
snowmelt discharge modelling near Pangnirtung, 
Baffin Island. They recognized the need to 
disaggregate the information both seasonally 
and spatially, but concluded that a daily 
timeframe and fourfold spatial  division of the 
basin was the highest resolution warranted by 
their data. Even so,  the significance of the 
sampling frame is apparent, and using serial 
cross correlation of hourly temperature and 
streamflow they demonstrated a steady growth in 
lag through the ablation period and showed that 
the temporal sampling design is o f  importance 
in  the context o f ,  firstly, sampling resolution 
and,  secondly,  the synchroneity between 
sampling frame and physical events, 

Sampling resolution influences the physical 
processes that can be determined. For example, 
Clark et al. (1988) show that a progressive 
degradation of a data set through 2-hourly, 
6-hourly, 12-hourly and 24-hourly intervals 
substantially  alters both the apparent nature 
and magnitude of the trends recorded. In 
particular, an increase in  sampling interval 
causes underestimation of both mean and total 
discharge and suspended sediment yield  in  a 
regime dominated by short-duration peaks. 

In addition to the  significance of sampling 

fixed to clock units rather than attempting 
resolution or interval, observations are often 

synchroneity with physical attributes. For 
example, if the sampling interval does not 
allow full representation of diurnal temporal 
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patterns, then the coarser timing of 
observations may fail to resonate with 
processes exhibiting a near-diurnal rhythm. For 
example, Rothlisberger and Lang (1987) 
demonstrate that the peak of the Alpine pro- 
glacial daily hydrograph shifts substantially 
through the ablation season  from  close to 18.00 
h in  May and June to around 14.00 or 15.00 in 
August and September. A fixed daily sampling 
time would thus exhibit a progressive shift in 
its timing relative to position on  the diurnal 
hydrograph and particularly to the hydrograph 
peak, and would thereby produce an entirely 
artificial trend in the data. 

STUDIES OF TEMPORAL PATTERNING IN ARCTIC 
HYDROLOGIC SYSTEMS 

The form and timing of  the stream hydrograph in 
response to snowmelt is dependent upon a series 
of components (snowpack energy balance: water 
movement through snowpack: water movement over 
or through the ground surface; transient 
storage in depressions at the  surface  or  in  the 
frost table; water movement within the channel 
network), each  of which is subject to complex 
variations through time. It follows that the 
interaction o f  these variables will also  change 
significantly through time and will provide 
complex patterns of both discharge and sediment 
transfer. Temporal patterning and its sampling 
implications can usefully be considered at the 
scale of both individual diurnal  thaw  cycles 
and storms and also at the scale of  the 
complete  thaw season. 

Detailed hydrologic studies  are less frequent 
for northern basins than for their temperate 
counterparts but they have become increasingly 
available and detailed over the past decade 
(for example,  Dingman  (1973) and Chaco and 
Bredthauer (1983) for Glenn  Creek,  Central 
Alaska: Cogley and McCann (1975) f o r  Mecham 
River,  Cornwallis Island), whereas detailed 
studies relating discharge to fluvial sediment 
transfer are far less common. 

One  of  the first quantitative  specifications of 
the diurnal variability of suspended sediment 
concentration was McCann et al. s (1972) study 
of  the River Mecham (Cornwallis Island). In 
addition,  several  studies  have investigated the 
changing relationship between suspended 
sediment concentration and discharge  through 
the thaw season. In proglacial streams, 
detailed observations of suspended sediment 
concentratio'n and discharge show that there is 
a general tendency for suspended sediment to 
reach a maximum concentration prior to peak 
discharge at a range of temporal scales 
(Gurnell, 1987), On the basis of the less 
detailed data  available for northern nonglacial 
rivers, relationships between suspended 
sediment concentration and discharge  appear to 
be more complex. Arnborg et al. (1967) 
recognised that 'accuracy depends partly on 
frequency and spacing of the  samples collected' 
and demonstrated that for the Colville River, 
Alaska, there were complex relationships 
between suspended sediment concentration and 
discharge at both the seasonal and event 
scales. Within each of the  first three floods 
recorded in 1962, suspended sediment 

concentration was higher on the rising limb of 
the discharge hydrograph and peaked in  advance 
of discharge,  thus providing a clockwise looped 
relationship between the two variables, which 
is the norm €or more temperate basins, 

The influence of ice and ground freezing 
conditions may explain some  of  the complexity 
of observed suspended sediment transfer. For 
example,  Forbes (1975) tabulated the results of 
periodic sediment  surveys for the Babbage River 
in  the early melt season and inferred that 
bottomfast ice inhibited bed scour in the pre- 
breakup period, although the extent to which 
scour may be inhibited by a  frozen channel 
perimeter,remains an important unanswered 
question. Scott (1978) noted considerable 
disagreement in the literature concerning the 
extent to which permafrost encouraged or 
inhibited lateral erosion rates in river 
channels. He found similar controversy 
concerning the timing of  erosion, with authors 
split between those according greatest 
significance to the breakup flood and those 
stressing summer storms. Scott's ( 1 9 7 8 )  study 
of  Streams  in the Brooks Range,  Alaska, 
recognized that general relationships may be 
elusive, due in particular to the varied nature 
of bank and bed material together with 
variations in catchment size. Bank erosion 
often proceeded more slowly than thaw, implying 
that  thaw is not a general constraint on 
erosion, though in all  the streams that were 

material in direct contact with channel flow. 
sampled there  were  occurrences of frozen 

However, the interaction between snow and i c e  
melt, discharge variations, bank thaw and 
erosion is probably related to catchment size. 
In large basins a lengthy delay between breakup 
and flood peak may allow bed/bank thaw  (and 
thus sediment  availability) to precede the 
flood peak over much  of the basin. In contrast, 
in smaller basins (and in the headwater areas 
of larger basins) the reverse may be true so 
that the potential for erosional activity may 
not be  significant until after the main breakup 
flood . 

thermal mechanisms linking the river to its 
In part, these relationships hinge on the 

perimeter materials (McDonald and Lewis, 1973). 
Miles (1976) elaborated on the timing of 
erosion in relation to discharge, and noted 
that whilst several factors inhibited erosion 
during breakup, sediment is contributed to the 
channel prior to breakup, and may also be 
significant several weeks later in relation to 
higher water temperatures. A number of studies 
of the thermal effect of  a river on the 
surrounding bed and bank materials are 
available (for example, Corbin and Benson, 
l983), but the temporal resolution of these 
thermal surveys is not ideally suited to 
examining the interaction between the discharge 
hydrograph of a  single thaw-period flood event 
(perhaps an individual diurnal cycle) and the 
bed or bank temperature changes that result, , 
and that possibly contribute to sediment 
release. 

Although the literature is sparse, it is clear 
that the relationship between sediment and 
discharge in arctic  rivers is complex and 
varied. It is also apparent that the thermal 
mechanisms linking the river to its perimeter 
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Figure 1: Two-hourly observation of discharge, suspended sediment concentration and electrical 
conductivity (corrected to 25°C) at the main gauging  site,  Skirhasjohka, Finland 1984. 1, 2 and 3 
refer to time periods used in  data  separation  in  Figure 2 .  

and the inter-relationships between snow and 
ice melt,  ground thaw, discharge variation and 
erosion are critical  in controlling sediment 
transfer patterns and can most easily be 
identified if  the variables are  sampled 
Sufficiently frequently. Detailed temporal 
observations of discharge, suspended sediment 
concentration and electrical conductivity of a 
river draining a small  catchment in northern 
Finland will  now be used to illustrate and 
discuss  some of these relationships further. 

FLUVIAL  SUSPENDED  SEDIMENT TRANSFER IN A SMALL 
UPLAND CATCHMENT IN FINNISH LAPLAND 

The value of a short and systematic temporal 
sampling  interval can be demonstrated with 
reference to data collected from  the 
Skirhasjohka catchment ne?r Kilpisjarvi in 
Finnish Lapland at 69" 04 N, 20' 4 6 '  E. The 
catchment,  which is fully described in Clark et 
al. (1985) and Threlfall  (19871,  has  an  area of 
8.9 km2, and is bounded by  fjells rising to a 
little over 1000 m. The heavily glaciated 
rolling till-covered topography is underlain by 
Palaeozoic  schists, and carries  subalpine birch 
forest up  to 550-600 m, above which lies tree- 
less  subarctic heath and bare fjell surfaces. 
Mean annual temperature is -2.OoC,  with  annual 
precipitation of  419 mm (representing 50-100 cm 
snow between mid-October and early-June). The 
catchment is thus one of seasonal ground 
freezing, and the Skirhasjohka represents the 
small  Subarctic nival regime of the 
classification, developed by Church (1974). 
Continuous  discharge  data  were derived from 
continuous stage records at a rated section 500 
m upstream from the Skirhasjohka's lake outlet 
for the periods 20 May to 11 July 1983 and 18 
May to 16 July 1984. These observation periods 

include the entire snowmelt period in both 
years  with  the exception of the  first five and 
two days of flow  in 1983 and 1984 respectively, 
when snow jamming prevented data  collection at 
the gauging site. For the purpose of 
illustrating the utility of high temporal 
frequency observations,  only the 1984  data  will 
be considered here. Two-hourly observations of 
suspended sediment concentration at the  same 
site and f o r  the same periods were derived from 
filtration of water samples obtained using an 
automatic pumping sampler with fixed intake 
nozzle located 1.2 m  from the bank and 0.15 m 
from the bed on a 4m wide section. Samples  were 
filtered through Whatman 42 papers with a 2.5pm 
pore size in 1983 and through Whatman  cellulose 
nitrate membrane papers with a  .45 pm pore size 
in 1984. 

Figure 1 illustrates the temporal pattern of 
discharge and suspended sediment concentration 
at the main gauging site during the 1984 
observation period. The high flows early in the 
period are accompanied by variable but often 
relatively high concentrations of suspended 
sediment,  whereas  the subsequent low flows are 
accompanied by extremely low suspended sediment 
concentrations. However,  close examination of 
these detailed,time series of suspended 
sediment concentration and discharge 
observations reveal that the relationship 
between them is far  from  a  simple positive one. 

A scatter p l o t  (Figure 2R) reveals  enormous 
variability rather than a simple positive 
relationship between the two variables. At 
least three  zones  with  some clustering are 
evident within the scatte 
these correspond to three 
within the full  data set. 
observations from the per 

r o f  data  points, and 
separate time periods 
Zone 1 contains 
iod 18 May to 2 6  May, 
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Figure 2 :  A: Electrical conductivity (EC) - discharge scatter plot. Areas of very dense data are 
shaded solid black). B: Total suspended sediment Concentration ( S S t )  - discharge scatter plot. 
Data plotted as  crosses for period 3 to distinguish then from  the dots used for periods 1 and 2 in 
areas  where  there is overlap in the data. C:  Inorganic suspended sediment concentration ( S S i  ) - 
discharge scatter plot for periods 1 and 2. 1: Data f o r  18-26 May 1984. 2 :  Data f o r  2 7  May - 
discharge scatter plot for periods 1 and 2 .  D: Organic suspended sediment concentration (,$So) - 
5 June 1 9 8 4 .  3 :  Data f o r  6 June - 9 July 1984. Linear separation o f  low suspended sediment 
concentrations  in B,C and D result from logarithmic scale, minimum concentration plotted, 4mg.l-1 e 

zone 2 represents the period 2 1  May to 5 June 
and zone 3 represents the period 6 June to 9 
July (after which flow  became too low for 
further observations at the main gauging site). 
From  Figure 1 it can  be  Seen that during period 
1  there are three major flood hydrographs, each 
extending over more than one  day, but only t h e  
first  of  these is accompanied by a major 
increase in suspended sediment concentration. 
During period 2 there  are clear diurnal 
discharge hydroyraphs, all  of which have 
relatively low peak discharges  in  comparison 
with the  hydrographs  of period 1, but suspended 

particularly during the first four days of the 
sediment  concentration is relatively very high, 

period. Period 3 is characterised by generally 
low discharge,  although  there is a period of 
higher flows from 27 to 3 0  June, and extremely 
low suspended sediment  concentration, A further 
interesting property of Figure 1 is that where 
it is possible to link a peak  in the discharge 
records to a peak in suspended sediment 
concentration,  the latter appears to lag behind 
the former, a clear contrast to results from 
studies in more temperate areas  where the 
reverse is usually observed, The identification 

of grouping, lags and leads within the data 
would be impossible without the high temporal 
resolution of the series. 

Although it is possible to speculate about the 
causes of the observed patterns in the 
discharge and suspended sediment time  series, 
such speculation can be greatly refined by a 
consideration of the electrical conductivity of 
the river water (which is related to its 
dissolved solids concentration). Electrical 
conductivity was continuously monitored at the 
main gauging site and was then corrected to a 
standard temperature of 25’C using continuous 
records of water temperature and bo th  field- 
and laboratory-derived temperature correction 
curves. Figure 1 shows that the electrical 
conductivity o f  the water fluctuated within the 
range 6 to 9 pS.cm-1 during period 1, exhibited 
diurnal  cycles around a sharply increasing 
trend during period 2, and experienced a less 
sharp increase followed by wide variation 
within the range 12 to 19 pS.cm-l during 
period 3 .  A scatter plot o f  the electrical 
conductivity and discharge data  (Figure 2 A )  
reveals a negative relationship between the two 
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variables but it is also possible to identify 
zones  within  the  data which relate to the same 
three time periods already identified from the 
suspended sediment concentration and  discharge 
scatter plot. 

The three time zones that have been identified 
in Figures 2 A  and 2 8  indicate that there  are 
changes in the relationships between the  three 
variables during the observation period. 
Spatial  surveys of electrical conductivity of 
water in  the Skirhasjohka catchment throughout 
the observation period showed that the lowest 
conductivity, 4 pS.cm-l, was f o r  pure melted 
snow  which had not been in contact with the 
soil and vegetation, whereas the highest 
conductivity, 3 7  ~ S . c m - ~  , was for groundwater 
seepage at the end of the observation period. 
The electrical conductivity o f  water monitored 
in the  spatial  surveys increased with the 
degree of contact of  the water with soil and 
underlying till. These results and a sub- 
division o f  the suspended sediment into its 
organic and inorganic components for periods  1 
and 2 (Figures 2 C  and 2D) permit interpretation 
of  the process  significance of Figure 1. 

The relatively low  electrical conductivity of 
the water throughout period 1 suggests that the 
flow is derived almost entirely from snowmelt 
draining rapidly into the river system whilst 
the catchment is still frozen. The relatively 
low suspended sediment transport and the 
greater importance of organic material in  the 
suspended sediment  in period 1 (in comparison 
with period 2) suggests limited exposure of the 
flow to the frozen suspended sediment source 
areas and the greater importance of vegetated 
areas ( e . g .  hillslopes and flood plain) than 
unvegetated areas (e.g.\ river banks and bed) as 
sediment sources. 

The increasing electrical conductivity of 
period 2 indicates the mixing of decreasing 
amounts of snowmelt water (released in diurnal 
floods) with increasing quantities o f  soil  and 
groundwater, which may themselves experience an 
increasing electrical conductivity during this 
period depending upon their residence time in 
their storage area. The increased routing of 
water through soil and groundwater storage is 
related to ground thawing, Thawing of sediment 
source  areas  (particularly  the  stream  banks) 
makes sediment available for transport by the 
stream and so explains the higher suspended 
sediment  concentrations during period 2 .  O f  
particular interest is the very high suspended 
sediment transport by the small diurnal 
discharge hydrograph during the first day of 
period 2 .  A possible explanation for this event 
i s  that the last and highest discharge 
hydrograph during period 1 provided a prolonged 
and high flood stage which warmed the banks of  
the river channel sufficiently for thawed 
sediment to become available for transport by 
the next (small) discharge event. 

Finally, the relatively high electrical 
conductivity and low discharge of period 3 
presumably results  from  drainage of the 
catchment after snowmelt and ground thawing  are 
complete. Thus  the  fluvial processes in period 
1 are dominated by snowmelt whilst the ground 
remains frozen, period 2 is dominated by ground 
thawing with small diurnal discharge cycles 

resulting from snowmelt, and period 3 
represents conditions once  the snow h a s  cleared 
and the ground has  thawed, when discharge 
hydrographs are  a direct response to 
precipitation. High suspended sediment 

available and this is strongly affected by 
transport can occur on.ly when sediment is 

ground thaw and particularly by the thawing o f  
the banks of the river channel network. 

This brief examination of the hydrological 
attributes of a small subarctic catchment 
demonstrates a number of ways  in which the 
short-interval regular sampling design  has 
aided analysis and interpretation. The near- 
continuous record makes it possible to identify 
the fine  detail  of patterning and reveals 
physi-cally-significant relationships between 
variables. In particular, within the short 
duration o f  the snowmelt period (which  accounts 
for about 95% of annual  sediment transport and 
65% of annual discharge), a short temporal 
sampling interval is essential. By adopting a 
design which gives  equal weight to night as 
well as  daytime conditions and avoids 
measurement related solely to high-flow events, 
the study provides a greatly enhanced ability 
to estimate both total  sediment  and  discharge 
yield and daily average  conditions 

rhythm). 
(particularly during periods of strong diurnal 

IMPLICATIONS 

The studies discussed above yield conclusions 
in two contexts: the substantive hydrology of 
the  arctic and subarctic  zones, and the 
methodology appropriate to the investigation of 
these attributes. There are substantial 
variations in the measurement standards applied 
in published studies which make comparison and 
identification of trends difficult. Data  from  a 
small instrumented upland catchment in arctic 
Finland demonstrate considerable variability in 
suspended sediment transport, and show how  the 
identification of trends within such data is 
dependent upon frequent sampling. 

It is increasingly obvious  that sediment 
transfer within the arctic is a complex and 
variable response to the interaction of a range 
of processes. There are many different arctic 
hydrological regimes as a result of differing 
snow depth conditions, ground freezing and the 
extent to which within-pack processes are 
significant,  There are also major differences 
between permafrost and seasonal  freezing, and 
the hydrological system of these  areas may be 
scale-dependent. Scale  dependence  in  this 
context may take several  forms. Basin spatial 
scale is significant, but so too is time 
(seasonal v. diurnal/event), Scott ( 1 9 7 8 )  
identified scale-dependent relationships 
between catchment size and erosion timing, and 
on  the basis of the present study  this link 
might be extended to suspended sediment 
transport also. Large rivers, particularly if 
there is a long period between breakup and 
flood peak, could well experience sediment 
exhaustion and  thus  a suspended sediment 
concentration peak ahead of the main seasonal 
flood peak. Smaller catchments, particularly 
with very rapid rise t o  f l o o d  peak,  are more 
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bed and banks until after flood peak, giving a 
likely to experience ice/freezing armouring of 

sediment transport lag. This would be 
exacerbated if water temperature did not rise 
to the point where it was thermally effective 
on the channel perimeter until after the flood 
peak. If such important aspects of regional 
variability are to be specified rigorously, 
then it will be necessary for a range o f  
studies to adopt the sampling levels here 
discussed in order to provide the robustness, 
detail and comparability necessary. 
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THE BUFFERING POTENTIAL OF CARBONATE SOILS IN DISCONTINUOUS 
PERMAFROST TERRAIN, AGAINST NATURAL AND 

MAN-INDUCED ACIDIFICATION 
L.A. Dredge 

Geological Survey of Canada, Ottawa, Canada, KIA OES 

SYNOPSIS In boreal Manitoba,  dispersal of fine-grained  carbonate  till weytwards beyond the  limit of carbonate bedrock 
increases  the buffering potential of soils underlain by Shield rocks. At non-permafrost sltes  these  soils  have been partially 
leached  pro  ressively from the  surface to a depth of about 2& m; lhrge quantities of carbonate  are  still  available for further 
buffering.  {arbonate  soils a t  permafrost sites have been  leached  less, and the depth of carbonate depletion  corresponds to the 
average  depth of the active layer. It appears  that  groundwater  circulation, hence leachin , is severely  restricted in icy frozen 
terrain.  In  these  areas,  the buffering potential is  probabl very low, even though  the  soiL  have  high  carbonate contents. In 
permafrost  areas with  mudboils, this  trend is counteracteBto some degree by the  upward  transport of fresh carbonate  into  the 
active  layer from greater depths. 

Figure1  Location of the  s tudy  area,   d is t r ibut ion of 
calcareous  soils in northern  Manitoba  (sti  ple), 
and  areag  underlain by carbonate bedrock, c i d l y  
dolomitic limestone (brick pattern). Dashed line 
delineates  areas of continuous  and  discontinuous 
permafrost 
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m thick  over  much of the region and  as  deep  as 30 m in some 
places. Overlying  the  carbonate  till  and  extending beyond the 
till  limit  are  related  silty  calcareous  glaciolacustrme deposits, 
also derived from the  Hudsonian ice sheet. 

The  carbonate  content of surficial  materials  is  relatively 
homogeneous across the  study  area,  being between 32 and 38% 
o f  the  total soil  weight. The presence of calcareous  till over 
Shield  terrain great1 increases  the  buffering  potential of the 
soil over what  woudotherwise be expected in  Shield  areas. 
The  glacial  crushing of carbonate rock into  siltcla sized till 
particles  has  further  enhanced  the  buffering  capabdty of soils 
overlying  areas of carbonate bedrock areas as well. The 
buffering  otential of fine  particles is  considerably higher  than 
uncrushef bedrock because of the  relatively  large  particle 
surface  areas exposed. 

Site Depth % % %  
NO. (cm) c%’ sand silt cla) 

Permafrost 
terrain 

1A 
IB  
1C 
2A 
2 8  
2 c  
3 
4 

6 
5 

8 
7 

9 
Mudboils 

20 
60 

120 
20 
50 
80 
30 
15 
15 
30 
15 

250 
200 

34 35 43 
9 31 40 

34 32 44 
10 34 43 
24 36 42 
34 35 45 
15 37 44 
10 35 41 
6 36 42 

24 38 43 

35 36 44 
9 28  40 

32 32  46 

29 
22 
24 
23 
22 
20 

24 
19 

22 
19 
32 
20 
22 - 

10 
1 1  

30 26 37 44 19 

12 
48 28 30 41 29 

13 
50 26 35 42 23 
70 25 33 45 22 

Uonpermafrost 
terrain 

I40  75 20 33 40 27 
l4A 50 17 29 45 26 

l4C 100 33 36 44 20 
14D 200 30 36 IrO 24 
15A 20  5 32 42 26 
15B 50 I5 38 47 I 5  
15C 500 32 32 41 27 
16 40 1 1  36 43 21 
17 20 8 35 41 24 
18 
19 

20 5 33 43  24 
25 6 37 42 21 

20 20 4  33 40 27 
21 
22  90 20 32  46 22 

40 I 1  34 46 20 

23 120 24 35 41 24 
24  200  29 34 40 26 
25  218 33 34 42 24 
26  250 36 38 45 17 
27 400 36 35 43 22 
28 900 35 

‘c  is carbonate content 
On the  basis of 96 samples, the  carbonate  content of 
the parent material is 35% (standard deviation 3.2). 

Table1  Carbonate  content  (by  percent  dry  weight)  and 
grain size of soil samples used in construction of 
the  leaching profiles. 

CARBONATE DEPLETION IN S O I L  PROFILES, 
RESULTING FROM NATURAL LEACHING 

Procedures 
Near-surface  and  subsurface  samples used to construct 

the  leaching profiles were collected at 28 sites.  The  sites 
chosen   each   have   s imi la r   geologica l ,   vege ta t iona l ,  
topographical,  and  drainage  characteristics.  Because 
sampling  was  conducted  primarily for surficial geological 
ma ping  purposes,  most samples were obtained from a variety 
of Lpths,  but at four sites soil Sam les were taken at regular 
intervals  throuvhout  vertical profi P es  (Table 1). Carbonate 
contents from  wldespread spot  samples  are  consistent  with  the 
pattern  determined from sites  where Sam les  were  taken  at a 
number of depths.  This  suggests  that  the 1 epths  and  degrees of 
carbonate depletion are  consistent over a broad area.  Flgure 3 
is a composite of the  results  and shows the typical relationship 
between carbonate  content  and  depth. 

In  areas of unfrozen terrain,  samples were taken from 
hand-dug soil its A Hoffer coring probe and  Stihl power corer 
were used  to ogtain  near-surface  samples  in frozen terrain  and 
all subsurface  samples to a depth of 3 m. Samples from greater 
depths (3-20 m)  were  obtained  by  excavating  in  from 
riverbanks. 

Carbonate  contents of the  < 2  mm  fraction  were 
determined by digesting  the  samples  in  hydrochloric  acid. 
Minor  amounts of other  minerals  may  also  have  been 
dissolved. 

Dearee and  depth of leaching  in a  boreal forest  environment at 
sites  without permafrost 

The profile (Fig. 3) shows  that  carbonates  have  been 

leaching  has occurred near  the  surface,  and  about haff of the 
removed from the soil  to  a depth of 2.5 to 3 rn. The  reatest 

carbonates  ori  inally  present  have  been  leached from the 
upper 0.5 m. Tfe  degree of leaching  decreases  gradually  with 
depth. Below about 3 m carbonate  values approach 35 per  cent 
(the  amount of carbonate  in  unweathered  parent  material)  and 
are  relatively  constant to depths of a t  least 20 m. 

Soil and climatic  conditions in  this  area  favour  relatively 
extensive leaching. The soil parent  material is carbonate-rich, 
and  its  silty  texture  enables a lar e surface  area to come into 
contact  with  meteoric  water  and  groundwater  despite  its 
relatively low permeability.  Because low soil temperatures 
(5°C in  summer) promote solution of carbonates,  solubility  may 
be 50 per cent  greater  at  the  temperatures  prevailing  in  this 
boreal  environment  than  in  warm  temperate  climates  (Arkley, 

dissolution of the  carbonate fraction. The  ubiquitous bogs and 
1963). The  acidity of the  environment  also  promotes 

fens, which are  the principal roundwater  reservoirs,  have pH 
values between 3 and 5,  a n f  consequently  a greater  rate of 
carbonate  solution  might be expected here  than  in  areas where 
the  roundwater is neutral  (Arkley, 1963). Depth of leaching 
in tks  region, therefore,  may be expected to exceed that  in 
warmer  climates, provided that sufficient time  has elapsed for 
the  weathering process to reach equilibrium conditions. 

Data  from  dated  sites below the  limit of postglacial 
marine  submergence  in  the  nearby  Hudson  Bay  Lowland 
indicate  that  the  leaching profile shown  here could have 
developed in  about 5500 years.  Since  this  area  has been 
exposed to  soil  development for 7700 to 8000 years,  Figure 3 
may  represent an equilibrium profile for the  northern boreal 
forest environment. 

In the  northern  environment,  the  depth of leaching  may 
be more closely controlled by depth  limitations  in  the flow of 
the meteoric component of groundwater  than by factors  related 
to chemical equilibrium. A zone of carbonate  accumulation, 
typically present  in  the lower part of leaching profiles at  sites 
from warmer  and  drier  climates,  is  not  present  in  the profile 



shown  here. Its absence sug esta that  groundwater may be CARBONATE SOILS AS BUFFERS OF ACID RAIN 
leaving  the soil system (an! entering  rivers)  before r t  is 
saturated with  bicarbonate ions. The  results of this  study  have  several  implications 

Dertaininp: to the effects of acid rain in areas of discontinuous 
Effect of permafrost 

A substantial difference exists  in both de th  and  amount 
of leaching between substrates  with  permaiost  and  those 
without.  Under  erennially frozen conditions,  carbonate 
depletion is  consiLrably less than for unfrozen terrain,  and 
the rate of depletion  declines sharply below a depth of about 60 
cm. This  depth corresponds closely to the  regional  thickness of 
the active layer. Because groundwaters a t  ermafrost  sites, 
which tend to have some peaty cover, are at P east as acidic as 
those  flowing through  non-permafrost  sites,  which  tend to 
have  less  peat,  the  difference  in  leaching  is  attributed  to 
restricted  groundwater  movement  in  permafrost  terrain. 
However, the  fact  that  even  small  amounts of carbonate 
depletion have occurred below that level suggests  either (1) 
that a minor degree of circulation of unfrozen water occurs 
through soil capdlaries  in  this  relative1  warm  permafrost 
environment (soil tem  eratures  reach -2.8 in summer), or (2) 
that  thaw  depths  may Rave been slightly deeper in  the past.. 

The  Effect of Frost Churning 
Mudboils are  prevalent in northern  Manitoba  both  in 

permafrost and  non-permafrost  terrain.  Near-surface  and 
surface  samples  taken from mudboils have  carbonate  values 
similar to those in frozen terrain or to those in unfrozen terrain 
a t  greater depths. The  higher  percentage of carbonate  in 
mudboils  than at  other   unfrozen  s i tes   suggests   the 
incorporation and  mixing of material from depths of 2 m or 
more. 

P e r m a f r o s t   t e r r a i n  

\ 

20 
0 IO 20 30 40 

Carbonafe content (%I 

Figure 3 The  leaching of calcareous  soils in discontinuous 
permafrost In northern  Manitoba  as  shown by 
systematic  changes in carbonate  content below the 
ground surface a t  permafrost sites,  sites  without 
permafrost, and mudboils. Carbonate  depletion 
has  resulted from the  infiltration of acidic meteoric 
and  shallow ground  water. 
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hermafros-t. 

1. Where  glaciers have dispersed a calcareous till westward 
beyond the  limit of carbonate rocks onto shield  terrain, 
the soils over granitic  shield rocks may  potentially serve 
as  buffers  against   natural  or man-induced  lake 
acidification. Materials capable of buffering are  spread 
more widely than bedrock maps would indicate. 

2. The glacial crushing of carbonate rock into  silt  and clay 
sized particles  increases  the  “short  term”  buffering 
potential over that of carbonate bedrock by roviding 
greater surface areas for chemical  reactions. #he “short 
term” effect operates  over a period of thousands  to 
millions of years: the  ultimate  buffering  capacity of 
carbonate bedrock and  its derived soil is the same. 

3. In areas  without  permafrost,  the  leachin process i s  
active.  Soils have been partially leached, inAcating  that 
carbonate ions have operated as buffers against acidic 
roundwaters. Partial  leaching to a depth of about 23 m 

!as already occurred but  lar e amounts of calcareous 
material  are  still  available for%uffering. 

4. The  leaching profiles for permafrost terrain, however, 
suggest that  groundwater circulation and  leaching  ma 
be restricted primarily to the  active  layer.  The  hi 
amount of carbonate in  the frozen subsod  appears to !e 
unavailable for buffering. If this  is  the  case,  then 
perhaps soils in permafrost  should not be considered as 
good potential buffers  even though  they  may  have  high 
carbonate  contents.  The  problem of restricted 
groundwater circulation  may be partially counteracted in 
areas  where  mudboils  are  prevalent  because  fresh 
carbonate  is  continually  brought u into  the active layer; 
this carbonate can  then  act  as a  buffering agent. 
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PHYSICAL AND CHEMICAL CHARACTERISTICS OF THE ACTIVE LAYER AND 

PICEA MARIANA STAND, FORT NORMAN, N.W.T., CANADA 
NEAR-SURFACE PERMAli'ROST IN A DISTURBED HOMOGENEOUS 

ICE. Evans, G.P. Kershaw and BJ. Gallinger 

Department of Geography, University of Alberta, Edmonton, Alberta, T6G 2H4 

SYNOPSIS  Characteristics  of  the soil and  near-surface  permafrost  included:  moisture 
content; pH: cation  exchange  capacity;  and  concentrations  of  calcium,  magnesium  and  potassium. 
Probing of the  active layer to  determine  the  depth  to  permafrost  indicated a mean  increase of  1i$ 
after  one  full  gro-ding  season  following  tree  canopy  removal.  Results  confirm  that  variability 
among  soil  and  near-surface  permafrost  characteristics is high  both  areally  and  with  depth. 

INTRODUCTION 

During  the  early 1970's a number of studies 
were  initiated  in  the  Mackenzie  Valley  in  res- 
ponse  to the proposed  Arctic  Gas  Pipeline. 
PerrnaErost  ana soil investigations  were  in- 
cluded  in  these  studies  (Tarnocai,  1973;  Reid, 
1974;  Reid  and  Janz,  1974;  Brewer and Pawluk, 

1975;  Zoltai, 1975; Tarnocai  and  Zoltai,  1978). 
1975:  Pawluk and  Brewer,  1975;  Pettapiece, 

In a relatively  short time a large  portion of 
the  western  Subarctic  and  Arctic  was  surveyed, 
with  the  result  that  few  detailed  sampling 
programmes  were  possible. In Alaska a number 
of swil/nutrient  cycling  studies  have  been  con- 
ducted on  a more  concentrated  basis  than  the 
Canadian  investigations  (Weber  and  Van  Cleve, 
1981;  Chapin,  1983; FOX and  Van Cleve,  1983; 
Van Cleve, et al., 1983; Van  Cleve  and Dryness; 
1983a;  Weber  and  Van  Cleve, 1984). Within the 
Mackenzie  Valley  there  remains  a  paucity 'of 
indepth,  process-oriented  information on the 
productivity  and  nutrient  cycling in Picea 
mariana  Subarctic  forest  ecosystems. 

OBJECTIVES 

The purpose  of  this  study was to  quantitatively 
describe  the  wide variations in  both  physical 
and  chemical  characteristics  of  the  soil, 
active  layer  and  near-surface  permafrost. 
These  large  scale  variations  among soil  charac- 
teristics  were  the  object of study  within a 
Subarctic  Picea  mariana  (Mill) B.S.P. stand 
near  Fort  Norman, N.W.T.  (Fig.  1).  The  study 
area  was a relatively  small  portion o f  the 
4.6  ha  SEEDS  (Studies of the  Environmental 
Effects of Disturbances  in  the  Subarctic)  study 
site.  These  data  form  the  basis  of  this  study 
and  provide a baseline  description  for  further 
studies of the  changes  that  may  occur  in  the 
soils,  active  layer  and  near-surface  permafrost 
as a result of a simulated  transport  corridor 
(Kershaw, 1987). 
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Fig. 1.  Location of the simulated  transport 
corridor  disturbance  installed  for  the  project 
- Studies of the  Environmental  Effects of Dis- 
turbances  in  $he Subarctic (SEEDS),  Fort 
Norman N . W . T . 

STUDY  AREA 

The  study  area  has  been  mapped  as a flat to 
s lop ing  Lacustrine  and  moraine  plain (Reid, 

1980).  The  study  site  is  within  the dis- 
1974:  Interprovincial  Pipaline (NW) Ltd,, 

continuous  permafrost zone (Brown, 1 9 7 8 )  with 
a permafrost-influenced  soil,  classified as 



Gleyso l i c   Turb ic  Cryosol (Canada So i l   Su rvey  
Committee,  1978;  Kershaw  and  Evans,  1987). 
Climatic records   f rom  the  t w o  nearest   meteoro-  
l o g i c a l   s t a t i o n s  a t  Fort Norman (10 km) and 
Norman Wells (80km) , h a v e   i d e n t i c a l  mean 
annual t empera tures   o f  - 6 . 3 ” C  (Crowe, 1970: 
Anon., 1982) .  

F i g .  2 .  Survey   and   sampl ing   loca t ions   on   the  
SEEDS s tudy  s i te ,  F o r t  Norman, N.W.T. 

METHODS 

F i e l d  Methods 

S o i l   p i t s   ( n = l 0 0 )  were dug t o  t h e  frost  table,  
a t  5m i n t e r v a l s   a l o n g  a hand-excavated  sfmu- 
l a t e d   p i p e l i n e   t r e n c h   ( F i g .  2 ) .  So i l   s ampl ing  
was conducted  over  2 seasons  - 1 9   J u l y  t o  5 
August  1985  (n=49)  and 1 7  June  t o  5 J u l y  1986 
(n=51) .   Horizon  thickness   and  sequence was 
d e s c r i b e d   f o r   e a c h   s o i l   p i t   p r i o r   t o   s a m p l i n g .  
F i e l d  p€i was determined  immediately  fol lowing 
sampling,   using the  s o i l   p a s t e  method 
(McKeague, 1978;   She ldr ick ,   1984) .  

Pe rmaf ros t   co r ing  was conducted a t  29 l o c a t i o n s  
a t   v a r i o u s  times in  1985  and  1986  (Fig.  2 ) .  
Cores  samples were e x t r a c t e d ,  a t  15 cm i n t e r -  
v a l s ,   t o   d e p t h s  of 225cm un les s   p reven ted  by a 
subsu r face   g rave l   l aye r .  Thaw dep th  was  moni- 
to red   weekly   dur ing   the   1986  thaw  season   a long  
f o u r   t r a n s e c t s   c o n s i s t i n g   o f  84 sample sites 
i n   e a c h   l i n e   ( F i g .  2 ) .  The f r o s t   p r o b e  method 
of Mackay (1977) w a s  used. 

Laboratory  Analyses  

Unfortunately,   due t o  l o g i s t i c a l   d e l a y s   i n  Cation  exchange c a p a c i t y  ( C . E . C . )  and macro- 
1985, many samples remained  moist  for an n u t r i e n t   L e v e l s  d e c l i n e d   w i t h   d e p t h   i n   t h e  
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ex tended   pe r iod   be fo re   r each ing   t he   l ab .  
Consequently it was n o t   p o s s i b l e  t o  de te rmine  
n u t r i e n t   c o n t e n t  for t h e s e   s a m p l e s ,  However, 
i n  1986 t h i s  problem was avoided by air dry ing  
s a m p l e s   p r i o r   t o   l e a v i n g   t h e   f i e l d .  

A i r - d r i e d   s o i l   s a m p l e s  were passed  through a 
No. 1 0  s i e v e  (2mm o p e n i n g )   i n   p r e p a r a t i o n   f o r  
so i l  n u t r i e n t   e x t r a c t i o n s .   C o n c e n t r a t i o n s  
of calcium,  magnesium,  potassium  and  sodium 
were then   de te rmined   us ing   an  ammonium a c e t a t e  
( N H 4 0 A c )  ex t r ac t ion   (A tk inson ,  e t  a l .  1958; 
Kalra,   1971; McKeague, 1978) .  Th i s  e x t r a c t i o n  
was passed  through  an  Induct ively  Coupled 
Argon  Plasma  Autoanalyzer  (Plad  Research Lab- 
r a t o r i e s ,  Model 3 4 0 0 0 ) .  Cation  exchange 
c a p a c i t y  was de termined   us ing   s tandard  
leaching  methods  (Atkinson,  e t  a l . ,  1958;  
Kalra,   1971; XcKeague,  1978)  with t h e  l e a c h a t e  

Model 1 0 3 0 ) .  
s u b j e c t e d  t o  a Kjeltec Auto  Analyzer  (Tecator,  

Mois ture   conten t   for   the   1985  and   1986  so i l  
p i t  samples was expressed  as a p e r   c e n t   o f  
t he   d ry   we igh t   (She ld r i ck ,  1984). Moisture 
c o n t e n t   o f  t h e  permafros t  core samples was 
expressed  on a s i m i l a r   b a s i s   a f t e r   o v e n  
d r y i n g   a t  105’C (Gardner,   1965).  

RESULTS AND DISCUSSION 

A t  t h e  t i m e  o f  so i l  sampl ing   in   1985,  t h e  thaw 
depth  averaged 47.5cm (n=49  S.D.=12.8)  and i n  

t y p i c a l  s o i l  o n   t h e  si te c o n s i s t e d  of 5 
1986 it was 46.lcm  (n=51  S.D.=9.0). The 

hor izons :  a f i b r i c  O f ,  a s l i g h t l y  decomposed 
Om, a d i scon t inuous  Bm, a a leyed-cryoturba ted  
Cgy and a p e r e n n i a l l y   f r o z e n  C z .  Soi l   mo i s -  
t u r e   c o n t e n t  from each   of  t h e  s o i l   h o r i z o n s  
was h i g h l y   v a r i a b l e   ( T a b l e  I ) .  S o i l   m o i s t u r e  
va lues ,   coupled   wi th   thaw  layer   th ickness  were 

rel ief .  Mois tu re   con ten t   dec reased   w i th   dep th  
assumed t o  be   in f luenced  by t h e  hummocky micro- 

The h i g h   m o i s t u r e   c o n t e n t   i n   t h e  Of and Om 
and   p rox imi ty   t o  the  p remaf ros t   t ab l e   (F ig .  3 ) .  

hor i zons  i s  p o s s i b l e   d u e   t o   t h e  low bulk  
d e n s i t y   o f   o r g a n i c   l a y e r s .  

The pH of each   ho r i zon   i nc reased   w i th   dep th  
(Table I )  a s   a n t i c i p a t e d   i n   t h i s   r e g i o n   o f   t h e  
Subarc t ic   where   the  l i t t e r  i s  a c i d i c  as a 
r e s u l t  o f  the vegeta t ion   which  i s  dominated by 
evergreen   and   e r icaceous  trees and  shxubs. 
Equal ly   important  is the   ca lcareous   bedrock  
(Yorath  and Cook, 1981)  from  which  Local 
g l a c i o l a c u s t r i n e   d e p o s i t s   h a v e   b e e n   d e r i v e d .  

t h e  e f f e c t s  of t h e  otherwise a c i d i c  Of and Om 
It is t h i s   p a r e n t   m a t e r i a l   t h a t   h a s   b u f f e r e d  

hor izons .  

Wi th in   the   permafros t ,   mois ture   conten t   in -  
c r e a s e d   t o  a maximum o f  120.4% i n   t h e  60-75cm 
sample  (Fig.  3 ) .  However,  upon passing  below 
the p e r m a f r o s t   t a b l e ,   m o i s t u r e   c o n t e n t  
decreased  t o  29.23% at t h e  195-210cm dep th .  
Mois ture   conten t  of t h e   a c t i v e   l a y e r  and  near- 
su r f ace   pe rmaf ros t  was h i g h l y   v a r i a b l e   w i t h  
d e p t h ,   a s   r e f l e c t e d  by t h e   s t a n d a r d   d e v i a t i o n  
v a l u e s   ( F i g .  3 ) .  



TABLE 1 

Soi l   ho r i zon   mo i s tu re   con ten t   and  pH va lues  w i t h  95% and 99% 
conf idence   l eve l   n - s i zes   de r ived   f rom s o i l  p i t  samples: 

SEEDS s i t e ,  F o r t  Norman, N.W,T. 

Horizon N Mean S t d ,  n Mean Std.   Confidence L i m i t  n - s i z e  
Dev . Dev . 95% 9 9 %  

O f  100 260.6  94.5 97  98 102 
Om 

6.5 0 . 5 5  
1 0 0  242.8 1 4 3 . 1  97  

Bm 
6 .8  0 . 3 1  

15  1 4 0 . 0  6 2 . 4  15 
9 4  52.0 

7 . 2  0 . 7 1  1 3  
56.6 95 CgY 7 . 1  0.31 96 1 0 0  "~"""""_""""""~"~ permafros t  Table ............................... 

c z  95 185.9  238.5 96  
Bm z 1 117.5 NA 7 . 2  NA 

7 . 1  0,28 
1 

98 102 
1 2  

95 101 

0 25 50 Y5 100 125 150 175 200 225 250 275 300 

Moisture  content (%) 

t he re fo re   con f i rm a r e d u c t i o n   i n   n u t r i e n t  
concen t r a t ions   w i th   dep th .  C . E . C .  and a 
m a j o r i t y  of the   mac ro -nu t r i en t   concen t r a t ions  
were h i g h e r   a t   t h e  SEEDS s i t e  than  nearby 
s i tes  surveyed by Reid (1974)  (Table 11). 
Potassium,  which i s  e s s e n t i a l   t o  many physio- 
l o g i c a l   f u n c t i o n s   o f   f o r e s t   p l a n t s ,  i s  r a r e l y  
d e f i c i e n t   i n   m o s t   f o r e s t   e c o s y s t e m s .  P r i t -  
c h e t t   ( 1 9 7 9 )   s u g g e s t e d   t h a t  20 t o  100 mg/kg 
of  potassium was s u f f i c i e n t   f o r   a d e q u a t e  
growth, The SEEDS s i t e  i s  r i c h   i n   t h i s  
nu t r ien t   ranging   f rom  37 .8  to 633.2 krn/kg. 
F i f t y   t o  1 0 0 0  mg/kg of calcium  can be found  in  
most f o r e s t  soils  (P r i t che t t ,  1 9 7 9 ) ,  a l though 
12230 mg/kg  was t h e   a v e r a g e   c o n c e n t r a t i o n   a t  
t h e   s t u d y  s i te .  Magnesium, t h e   o n l y   m i n e r a l  
c o n s t i t u e n t  of the chlorophyl l   molecule   and 
t h e r e f o r e ,   e s s e n t i a l   t o   p h o t o s y n t h e s i s  
( P r i t c h e t t ,  1 9 7 9 ;  T i s d a l e  e t  a l . ,   1 9 8 5 ) ,  was 
no t   found   t o  be d e f i c i e n t .  

The deg ree  of a l t e r a t i o n  t o  t h e   v e g e t a t i o n  
and s o i l   s u r f a c e  w i l l  de t e rmine   t he   i nc rease  
i n   a c t i v e   l a y e r   t h i c k n e s s .  A t  the   end  of the  
f i e ld   s eason   (28   Augus t ,  1986) t h e  mean thaw 
d e p t h   o f   t h e   c o n t r o l   ( u n d i s t u r b e d )  was 48.5cm 
(n=123  S.D.=10.67),  whereas i n   t h e   c l e a r e d  
rights-of-way it was 56.96cm (n=156  S.D.=12.09) 
(F ig .  4 ) .  The r ights-of-way  sustained  minimal  
su r face   d i s tu rbance   i nvo lv ing   r emova l ,  by hand, 
of t h e  tree canopy. The g r e a t e s t   i n c r e a s e  i n  
t haw  dep th   occu r red   i n  a s i m u l a t e d   p i p e l i n e  
t r e n c h  where it was  80.86cm (n-59 S.D,=14.46). 
Trench  thaw  depths were much r j r ea t e r   t han   t he  
ad jacen t   r i gh t s -o f -way   r e f l ec t ing   t he   h ighe r  
d c g e e  of s u r f a c e   d i s t u r b a n c e ,  Removal of t h e  
h s u l a t i v e   o r g a n i c   c o v e r   a n d  the complete 
mixing  of a l l   s o i l   h o r i z o n s   r e s u l t e d   i n  an 
e x p o s e d   m i n e r a l   s o i l   s u r f a c e ,   t h e r e b y   a l l o w i n g  
g r e a t e r  heat p e n e t r a t i o n .   V a r i a t i o n   i n  mean 
maximum thaw dep ths  was h i s h .   r e q a r d l e s s  o f  

Fig .  3 .  Act ive   l aye r   t h i ckness   (n=123)  and 
moi s tu re   con ten t  of the a c t i v e   l a y e r  and  near- 
s u r f a c e   p e r m a f r o s t   a t  t h e  SEEDS s i t e ,  F o r t  

whe the r   one   cons ide r s   t he   con t ro i ,   r i qh t -o f -  
way o r  t r e n c h   d a t a .   I n c r e a s e s   i n   t h e  thaw 
d e p t h   v a l u e s   a r e   e x p e c t e d   i n  t h e  f u t u r e ,  how- 

.. ~~~ ~ ~ .. .. - ever ,   based  on f i rs t  and   second  year   resu l t s  luorman , LY . w . 'L. s p a t i a l   v a r i a b i l i t y   s h o u l d   p e r s i s t .  

a c t i v e   l a y e r   ( T a b l e  I f ) .  C .E .C .  .is impor tan t  
i n   s o i l   n u t r i e n t   s t a t u s   s i n c e  it i s  an ind ica -  
t o r  of t h e  a b i l i t y  o f   t h e   s o i l   t o   h o l d   c a t i o n s ,  
such   a s   ca l c ium,  magnesium,  potassium  and  sod- 
ium ( P r i t c h e t t ,  1 9 7 9 ) .  Fu r the r   ana lyses   shou ld  

With d e t a i l e d   s o i l   s a m p l i n g  programmes it i s  
d e s i r a b l e  t o  have   an   ind ica t ion   of  the number 
of  s a m p l e s   r e q u i r e d   t o   m a i n t a i n   h i g h   l e v e l s  
o f   c o n f i d e n c e   i n   t h e   d a t a   c o l l e c t e d .  Under 
c o n d i t i o n s   s i m i l a r  t o  t h o s e   f o u n d   a t  t he  

I 
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TABLE 11 

s t a t u s   o f   s o i l s ,  w i t h  95% and 99%  conf idence   l eve l   n - s i zes*  
Cation  Exchange  capacity ( C . E . C . )  and  macro-nutr ient  

derived  from soil p i t  samples SEEDS s i te ,  F o r t  Norman, N.W.T. 

Of 
R e  i d  

Om Dm C 9 Y  C Z  1 9 7 4  

n 23 2 4  8 23 2 3  

C.E .C .  (meg/lOOg) 
mean 108.6 
S . D .  31.8 
n* 2 1 . 2 0  
C a  ( m g / m  
mean 14567.9 
S.D. 3713.2 
n* 21,20 
Mg (mg/kg) 
m e  an 2074 .7  

n*  21,20 
S . D .  505.0 

S . D .  145 I 7  

n*  21,20 
Na (mq/kg) 
me an 1 4 . 1  
S .D .  9 . 4  
n*  20,20 

123,9 

2 2 , 2 1  
2 4 . 6  

19488.5 
3935.3 

2 1 , 2 1  

2453.7 
521.8 
2 2  , 2 1  

115.9 
134.9 
22  , 2 1  

8.6 
7 , 4  

2 1 , 2 1  

9 7 . 1  
2 6 . 5  

5,4 

14856.6 
4280.7 

514 

1854.9 
541.9 

5 r4  

37.8 
34.6 

5,4 

7 . 5  
0.7 
5 1 4  

41.0 
3 0 . 1  

20  , 20 

6000,4 
2016.1 

20,ZO 

726.5 
236.1 
20,20 

7 . 8  

4 , a  

38.2 

20,20 

1 . 0  
18,18 

25.6 
50.2  36.7 

20,20 

8051.6 9160 * 0 
2994.0 

20,20 

897.6 1 2 1 9 . 0  
355.6 
20,20 

45.8 4 2 . 9  
37.4 

2 0 , 2 0  

6 . 7  l a .  4 
2 .3  

2 1 , 2 1  

* sample sizes r e q u i r e d   a t   t h e  95% and  99%  confidence  Level   respect ively.  

SEEDS s i t e ,  c o m p a r a b l e   r e s u l t s   f o r   s o i l   n u t r i -  
e n t   a n a l y s e s  would  be  expected  using a s i m i l a r  
s ample   s i ze .  When c a l c u l a t i n g   t h e   s a m p l e   s i z e  . 
r e q u i r e d   f o r   c e r t a i n   l e v e l s   o f   c o n f i d e n c e ,  t h e  
formula  (Khazanie, 1 9 7 9 )  i s  l imited i f  s t anda rd  
d e v i a t i o n s   a r e   h i g h .  Predicted sample s izes  
for pH a t  95% and 99%  conf idence   l eve ls  were 
s i m i l a r  t o  t h e   a c t u a l   s a m p l e   s i z e s   o f   t h i s  
s tudy  (Table  I ) .  However, t h e  h igh  number of 
s a m p l e s   r e q u i r e d   t o   o b t a i n   r e l i a b l e  results €or 
s o i l  pH i s  r e l a t e d   t o  t h e  v a r i a b i l i t y   w i t h i n  
t h i s   s o i l   c h a r a c t e r i s t i c .   F i n d i n g s   f o r  C .E .C .  
and   macro-nut r ien t   concent ra t ions  were s i m i l a r  
t o  pIi (Table 11). High s t a n d a r d   d e v i a t i o n s  
among C.E.C. and   macro -nu t r i en t s   r e su l t  i n  a 
smaller s a m p l e   s i z e   n e c e s s a r y   t o   o b t a i n   r e s u l t s  
w i th   h igh   conf idence   l eve l s .  However, i n   p r a c -  
t i ce ,  t h e  number of samples   required i s  such  
t h a t  d e t a i l e d   s a m p l i n g  may be restricted by t h e  
a v a i l a b i l i t y   o f   l a b o r a t o r y   r e s o u r c e s .  

was a l s o   e x p r e s s e d  i n  t h e   v a r i a t i o n   i n   m o i s t u r e  
i n  Of and Om s o i l   h o r i z o n s .   S t a n d a r d   d e v i a -  
t i o n s   f o r  these hor i zons   were ,   r e spec t ive ly ,  
94.5  and  143.1%. 

When a t t e m p t i n g   t o   r e e s t a b l i s h   p l a n t   c o v e r  on 
d i s t u r b e d   n o r t h e r n   s o i l s ,  knowledge  of  the 
n u t r i e n t   c h a r a c t e r i s t i c s   w i t h i n  t h e  s o i l  i s  
v i t a l .  Great v a r i a b i l i t y   i n   b a s i c   s o i l  and 
n e a r - s u r f a c e   p e r m a f r o s t   c h a r a c t e r i s t i c s   e x i s t  
w i th in   Suba rc t i c   P i cea   mar i ana  forests and i s  

confirmed by d e t a i l e d  and   Large-sca le   so i l  samp- 
l i n g -  A 1 1  f a c t o r s  of s o i l  n u t r i e n t   s t a t u s  must 
b e   c a r e f u l l y   a n a l y z e d   i n   o r d e r   t o   e n s u r e   t h a t  
d e c i s i o n s   r e g a r d i n q   f e r t i l i z e r   a p p l i c a t i o n ,  
s p e c i e s   s e l e c t i o n   f o r   r e v e g e t a t i o n ,   a n d   o t h e r  
recovery   methods   a re   appropr ia te   to  the s i t e  
c o n d i t i o n s .  

CONCLUSIONS 

The v a r i a b i l i t y   t h a t   e x i s t s   b o t h   a r e a l l y  and 
w i t h   d e p t h   n e c e s s i t a t e s   d e t a i l e d   a n d   l a r g e -  
s c a l e   s o i l   s a m p l i n g   i n   S u b a r c t i c   e c o s y s t e m s .  
Mois ture   conten t  of t h e  s o i l  and nea r - su r face  
permafrost   averaged 287.9% i n  t h e  s u r f a c e  
sample. The m o i s t u r e   c o n t e n t   d e c r e a s e d   t o  a 
low of 63.4% i n   t h e   a c t i v e   l a y e r  and then   i n -  
c r e a s e d   t o  1 2 0 . 4 %  immediately  below t h e  perma- 
f r o s t   t a b l e .  Below t h e  p e r m a f r o s t   t a b l e  t he  
moi s tu re   con ten t   d ropped   t o  2 9 . 2 %  a t  210cm 
below the  ground  surface.  The v a r i a b i l i t y  i n  
mo i s tu re   con ten t  w i t h  dep th   i n   t he   co re   s amples  
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S Y N O P S I S  I n  a 210  ha w a t e r t i g h t   d r a i n a g e   b a s i n ,   t y p i c a l   o f   t h e   u p l a n d   t u n d r a   o f   n o r t h -  
e r n   A l a s k a   t h e  m o s t  s i g n i f i c a n t   h y d r o l o g i c a l   a n d   g e o c h e m i c a l   e v e n t   i n  a y e a r  i s  s n o w - m e l t   r u n o f f .  
The 1 9 8 6  p e a k   d i s c h a r g e   w a s   5 1 5  l / s .  I n   t h e   e a r l y   p h a s e   o f   t h i s   e v e n t  pH was a t  i t s  s e a s o n a l  
minimum ( 5 . 0 )  w h i l e   m o s t   r e c o r d e d   i o n s   r e a c h e d   t h e i r  maximum a t   c o n c e n t t a t i o n s ,  3.5 * 9 x t h a t -  
t h e   s n o w   p a c k  i n  w h i c h   t h e y   r a n k e d   C l > > C a > F > K , N > N g .   T h e   o n l y   a n i o n  a t   m e a s u t a b l e   ( m g / l  ?: 
c o n c e n t r a t i o n   i n   m e l t - o f f   w a s  C 1 .  T h r e f   s i g n i f i c a n t   s t o r m   e v e n t s   o c c u r r e d   o v e r   t h e  summer   wi th  
d i s c h a r g e   p e a k s   b e t w e e n  8 5  and  312  11s- , t o   w h i c h   i n   c h a n n e l   p r e c i p i t a t i o n   c o n t r i b u t e d  C l X  and  
o v e r l a n d   f l o w  3 0 % .  T h e   r e m a i n i n g  7 0 %  was n e a r   s u r f a c e   i n t e r f l o w   a n d   w a t e r - t r a c k   d i s c h a r g e .  Ion 
c o n c e n t r a t i o n   i n  summer p r e c i p i t a t i o n  was N O  >SO4C1>K>Ca, Na>NH > F > M g   a n d   w a s   o f   c o n t i n e n t a l  
o r i g i n .   P o s t   m e l t - o f f   s t r e a m   c o n c e n t r a t i o n s  f 2 f  m o a t   e l e m e n t s   w e r e   l o w  ( C 2  m g / l - ' )  w i t h  Ca>>Mg 
> N a .   P o t a s s i u m   a n d   c h l o r i d e   w e r e   b e l o w   m g / t   l e v e l s   a f t e r   m e l t - o f f .   O t h e r   i o n s   d i s p l a y e d  a 
b r o a d ,   l o w   l e v e l   p e a k   d u r i n g   t h e   p r o t r a c t e d   m i d - s u m m e r  low f l o w .   P r e c i p i t a t i o n   c o n s t i t u t e s   t h e  
p r i n c i p a l   s o u r c e  o f  c h e m i c a l   i m p u t   t o   t h e   b a s i n .   M a g n e s i u m   w a s   t h e   o n l y   m e a s u r e d   i o n  l o s t  f rom 

4 

t h e   b a s i n  i n  1986 .  

I N T R O D U C T I O N  

H y d r o l o g i c a l   a n d   g e o c h e m i c a l   s t u d i e s   w e r e   b e -  
gun  a t   I m n a v a i t   C r e e k   i n  1 9 8 5  a n d   c o n t i n u e   t o  
t h e   p r e s e n t .   T h e y   a r e   c o n d u c t e d   o n   s c a l e s  
t a n g i n g   f r o m   t h e   e n t i r e   ( 2 1 0   h a )   b a s i n   t o   i n -  
d i v i d u a l   s l o p e   c o m p o n e n t s  ( < 5  h a )   a n d   a r e  
p a r t   o f  a l a r g e   m u l t i d i s c i p l i n a r y   s t u d y  
f o c u s e d  on a r c t i c   e c o s y s t e m   r e s p o n s e   t o  
d i s t u r b a n c e .  The d a t a ,   r e s u l t s   a n d   c o n c l u -  
s i o n s   t h a t   f o l l o w   r e f l e c t   p r i m a r i l y   t h e  
1 9 8 5 1 8 6   h y d r o l o g i c   y e a r .  

S i t e   C h a r a c t e r i s t i c s  

T h e   h e a d w a t e r   b a s i n  o €  I m n a v a i t   C r e e k  i s  a p -  
p r o x i m a t e l y   2 0 7  km s o u t h  o f  D e a d h o r s e   ( P r u d -  
h o e   B a y )   A l a s k a   ( F i g .  1 )  a t   a n   e l e v a t i o n  of 
900 m .  I t  i s  n e a r   t h e   s o u t h e r n  limit of t h e  
n o r t h e r n   f o o t h i l l s   o f   t h e  B r o o k s  Range .   The  
C o n t i n e n t a l   D i v i d e  i s  4 0  km s o u t h   a t   a p p r o x -  
i m a t e l y  1500 m e l e v a t i o n .  

- 

T h e   h e a d w a t e r   d r a i n a g e   b a s i n   o f   I m n a v a i t  
C r e e k   i n c l u d e s  2 1 0  h a   a n d  i s  w e l l   d e f i n e d  
e x c e p t   f o r  a s h o r t   s t r e t c h   i n   t h e   s t r a n g m o o t  
a r e a ,   w h e r e ,   d u r i n g   m e l t a f f ,  a s m a l l   a m o u n t  
o f   w a t e r  may e n t e r   f r o m   o u t s i d e   t h e   b a s i n .  
G r o u n d w a t e r  i s  n o t  a f a c t o r   s i n c e   t h e   u n d e r -  
l y i n g   a c i d i c ,   c l a y - r i c h  t i l l  i s  p e r e n n i a l l y  
f r o z e n ,   I m n a v a i t   C r e e k  i s  r e g a r d e d   a s  a 
p e r e n n i a l   s t r e a m   e v e n   t h o u g h   m e a s u r a b l e   f l o w  
may c e a s e   f o r   s h o r t   p e r i o d s   i n  some y e a r s .  
T h e   s t r e a m   b e g i n s   i n  a s e d g e - d o m i n a t e d  
s t r i n g - b o g   t h a t   c o m p r i s e s   f i v e   p e r c e n t   o f   t h e  
t o t a l   b a s i n ,  Beyond t h e   b o g   a n d  f o r  m o s t   o f  
i t s  l e n g t h   w i t h i n   t h e   b a s i n ,   t h e   s t r e a m  is 
n e a r l y   s t r a i g h t ,  I t  i s  c h a r a c t e r i z e d   a s  
b e a d e d   c o n s i s t i n g   o f   r e l a t i v e l y   s h o r t ,   n a r -  
r o w ,   c h a n n e l i z e d   s e g m e n t s   s e p a r a t e d  by r e l a -  
t i v e l y   d e e p ,   s u b r o u n d e d  pools. T h e   c h a n n e l  

a n d   f l o o d   p l a i n   c o m p r i s e   t h r e e   p e r c e n t   o f   t h e  
b a a i n .   I n  i t s  l o w e r   r e a c h e s   t h e   c r e e k   f l o w s  
t h r o u g h   b o t h   b e a d e d   r e a c h e s   a n d   t h o s e   i n  
w h i c h  i t  f l o w s   o v e r   a n d / o r   b e t w e e n   b o u l d e r s ,  
The a v e r a g e   g r a d i e n t  i s  0 . 0 1 5  m / m .  To s t u d y  
t h e   s t r e a m ,  a 1 - m e t e r  "W" f l u m e   w a s   p l a c e d  

. 100 m e t e r s   u p s t r e a m  of t h e   p o i n t   w h e r e   t h e  
s t r e a m   c h a n n e l   f l o w s   t h r o u , g h  a b e d r o c k  
r e s t r i c t i o n   ( F i g .  1 ) .  

The b a s i n  1s a s y m m e t r i c a l .   T h e   n o r t h -  
e a s t - f a c i n g  slope i s  s h o r t e r   a n d  l e s s  s t e e p  
t h a n  i t s  o p p o s i n g   s l o p e   a n d   h a s   m i n e r a l   s o i l  
e x p o s e d  i n  s l o p e   p a r a l l e l   s t r i p e s .  The oppo-  
s i n g  s l o p e  i s  d o m i n a t e d   b y   d w a r f   s h r u b - s e d g e  
t u s s o c k   t u n d r a  I n  w h i c h   a c t i v e   ( m i n e r a l  soil 
e x p o s e d )   a n d   i n a c t i v e   f r o s t   m e d a l l i o n s  may 
c o m p r i s e   2 5   p e r c e n t   o r   m o r e  o f  t h e   s u r f a c e ,  
N u m e r o u s   s u b p a r a l l e l   d r a i n a g e   l i n e s   ( w a t e r -  
t r a c k s )   t r a v e r s e   t h e   s l o p e s .  Some h a v e   w e l l -  
d e f i n e d ,   c o m d o n l y   m u l t i p l e   c h a n n e l s   a t   l e a s t  
t h r o u g h   t h e i r   m i d - s l o p e   r e a c h .   D i v i d e s   a r e  
s p a c e d   f r o m  a f e w   t e n s   t o   s e v e r a l   h u n d r e d  
meters a n d   c i r c u m s c r i b e   d r a i n a g e   b a s i n s   t h a t  
r a n g e   i n   s i z e   f r o m  2 t o  7 h a .  I n  m o s t   c a s e s  
t h e  wa t e t - t r a c k s   a n d   t h e i r   d r a i n a g e   b a s i n s  
l o o s e   d e f i n i t i o n   a s   t h e y   a p p r o a c h   t h e   r i d g e  
L i n e   a n d   l i k e w i s e   t h e   f l o o d   p l a i n   o r   c h a n n e l  
o f   l m n a v a i t   C r e e k .  I t  i s  common f o r  w i l l o w  
a n d   b i r c h   t o  make u p  a s u b s t a n t i a l   c o m p o n e n t  
o f   w a t e r - t r a c k   v e g e t a t i o n .   D i s c h a r g e   f r o m  
t h e s e   s m a l l   d r a i n a g e s  i s  m e a s u r e d   d a i l y  w i t h  
compound   we i r s .  

The  Snow Me1 t Regime 

I n   t h e   f o o t h i l l s   r e g i o n   p r o b a b l y   a l l   s t r e a m s  
have   wha t  W o o  ( i n   C a t t e r   e t   a l .  1 9 8 7 )  d e s -  
c r i b e s   a s  a n i v a l   r e g i m e  i n  w h i c h   t h e  s n o w -  
me1 t f l o o d   d o m i n a t e s   t h e   s e a s o n a l   r u n o f f .  
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P i g .  1 C a n   t o u r   m a p  o f  I m n a v a i  t C r e e k  
d r a i n a g e   b a s i n   w i t h   l o c a t i o n   ( i n s e t  a t  s t a r ) .  
N u m b e r e d  c i r c l e 9  a r e  wei r  a n d   w a t e r   s a m p l e  
s i t e s .  F i n d i c a t e s   f l u m e  s i t e .  S h a d e d   a r e a  
d e f i n e s   f l o o d   p l a i n ;   m a j o r   s t r e a m   b e a d s  a r e  
i n   b l a c k .  

I n   1 9 8 6 ,   w i t h   t h e   s n o w   p a c k   s a t u r a t e d ,  
o v e r l a n d   f l o w   ( m o s t l y   s u b n i v a l )   a n d   p r o b a b l y  
v e r y   s h a l l o w   i n t e r f l o w .   t o g e t h e r   w i t h   c h a n -  
n e l i z e d   ( w a t e r - t r a c k )   f l o w ,   b e g a n   o n   t h e  
s o u t h w e s t - f a c i n g   s l o p e   ( o n c e   t h e   d e t e n t i o n  
s t o r a g e   h a d   b e e n   f i l l e d )   s o m e  24 h o u r s   b e f o r e  
i t  b e g a n   ( a g a i n  a 9  s u b n i v a l   f l o w )  i n  I m n a v a i t  
C r e e k  ( 1  J u n e ) .   T h e   m e l t - o f f   d i s c h a r g e   c u r v e  
( F i g .  2 )  f o r   f m n a v a i t   C r e e k  w a g  d e v e l o p e d   b y  
K a n e   a n d   H i n z m a n ,   1 9 8 5 ) .  

T h e   s h a r p n e s s   a n d   s y m m e t r y  o f  t h e   d i s -  
c h a r g e   t r a c e   i n d i c a t e   t h a t  a l l  o r  n e a r l y   a l l  
s t o r a g e   i n   t h e   f o r m  o f  n e a r   s u r f a c e   v o i d s   w a s  
f i l l e d  a s  t h e   s n o w   p a c k   b e c a m e   s a t u r a t e d  (D. 
K a n e   a n d   H i n z m a n ,   1 9 8 8 ) .   T h e   e n t i r e   m e l t - o f f  
e v e n t   p r o b a b l y   r e p r e s e n t s   o v e r l a n d   f l o w .  

T h e   c o n t r a s t   i n   m e l t - o f f   b e t w e e n   t h e   t w a  
v a l l e y   s l o p e s  i s  a p p a r e n t   ( F i g .  3 )  w i t h   t h e  
a v e r a g e   p e a k   o c c u r r i n g  on  t h e   s o u t h w e s   t - f a -  
c i n g  s l o p e   o n  4 J u n e   ( a   d a y   t h a t   a l s o   s h o w s  
s i g n i f i c a n t   c h a n g e s  i n  s u c h   a s s o c i a t e d  c l i -  
m a t i c  p a r a m e t e r s   a s   r e f l e c t e d   s o l a r   r a d i a -  
t i o n ,   a l b e d o   a n d   n e t   r a d i a t i o n   f o r   t h a t  
s l o p e ) .   T h e   p e a k   f o r   t h e   o p p o s i n g   s l o p e  o c -  
c u r r e d  7 2  h o u r s   l a t e r .   T h e   v e r y   s t e e p   r i s i n g  
l i m b  i n  a l l   c a s e s   i n d i c a t e s   t h e   i n t e n s i t y  o f  
t h e  m e l t .  T h e   p r o t r a c t e d   r e s p o n s e  t ime f o r  
t h e   n o r t h e a s t - f a c i n g   s l o p e  i s  r e l a t e d   t o   t h e  
v e r y   m u c h   t h i c k e r   s n o w   c o v e r  i n  t h e   b a s i n  o f  
w a t e r -  t r a c k  1 

T h e   c u r v e   f o r   w a t e r -   t r a c k  2 o n   t h e  
s o u t h w e s t - f a c i n g   s l o p e  is r e p r e s e n t a t i v e   o f  
d i s c h a r g e   f r o m  a smal l  d r a i n a g e   b a s i n   w h e r e  
s n o w - m e l t  is t h e   o n l y   s i g n i f i c a n t   f l o w   e v e n t .  

Summer  Regime 

D u r i n g  t h e   p e r i o d  of  r e c o r d  2 May 1986  
t h r o u g h  2 S e p t e m b e r   1 9 8 6 ,  1 7 6  m m  o f  p r e c i p i -  
t a t i o n  was r e c o r d e d .   T h e   r a i n f a l l  was gyri- 
e r a l l y   o f  low i n t e n s i t y   ( 0 . 1  - 0 . 5  mm/hr  ) ,  
b u t   o n e  o r  t w o   h i g h   i n t e n s i t y  ( 3 7  m m  i n  1 J 2  
h r )   s t o r m s  a r e  common i n   m o s t   s u m m e r s .   T h e  
t o t a l   p r e c i p i t a t i o n   b e t w e e n   S e p t e m b e r  1 ,  1 9 8 5  
a n d   S e p t e m b e r  1 ,  1 9 8 6  i s  3 4 4  m m ;  5 1 %  a s  r a i n .  
4 9 %  a s  snow. 

r 

STREAM FLOW, 1986 
lmnavait Creek . 

E 

F i g .  2 S t r e a m f l o w   h y d r o g r a p h  
I m n a v a i t   C r e e k   ( 1 9 8 6 ) .  

f o r  

F i g .  3 S n o w - m e l t   d i s c h a r g e  (1986) 
c u r v e s  f o r  t h r e e   w a t e r - t r a c k s  i n  I m n a v a i t  
C r e e k   b a s i n .   W a t e r - t r a c k s  7 a n d  2 f a c e  
s o u t h w e s t ,   w a t e r - t r a c k  1 f a c e s   n o r t h e a s t .  

T h e   t h a w   p e r i o d   s t r e a m   f l o w  of 1 9 8 6  
c o n s i s t e d   o f   t h r e e   s i g n i f i c a n t   x a i n f a l l / s n o w  
e v e n t s   f o l l o w i n g   t h e   m e l t - o f f   p e a k   a f  t'f 
w h i c h   d i s c h a r g e   r e m a i n e d  Less t h a n  2 8  l / s  
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a n d   C e a s e d   a l t o g e t h e r   o n  9 J u l y .   F l o w   r e -  
t u r n e d  O n  10 J u l y   i n   t e s p o n s e   t o   t h e   s e c o n d  
r a i n _ f p l l   e v e n t   w i t h   d i s c h a r g e   l e s s   t h a n   1 4  
I / *  U n t i l  24 J u l y   w h e n   t h e   f i r s t   m a j o r  
r a i n f a l l   e v e n t   o c c u r r  d d u r i n g   w h i c h  d i s -  
c h a r g e   r e a c h e d   3 1 2  l / s  . T h i s   w a s   f o l l o w e d  
on 6 A u g u s t   b y   t h e   s e c o n d   e v e n t   o f   o n l y  
s l i g h t l y   l e s s   p e a k   d i s c h a r g e .   T h e   t h i r d   p e a k  

w i t h  a d i s c h a r g e  o f  153  11s ( F i g .  2 ) .  
Was anow  induced  a n d   t o o k  e \ a c e   o n  29 A u g u s t  

-9 

I t  i s  i n s t r u c t i v e   f r o m   t h e   s t a n d p o i n t  of 
u n d e r s t a n d i n g   t h e   h y d r o l o g i c a l   a n d   h y d r o g e o -  
c h e m i c a l   r e s p o n s e   w i t h i n   s m a l l   b a s i n s   t o  
e x a m i n e   i n   d e t a i l   o n e  or  m o r e   m o r p h o l o g i c a l l y  

To t h i s  e n d   t h e  e v e n t s  of 2 7  J u l y  - 2 A u g u s t  
s i m p l e  e v e n t s  a s   h y d r o g r a p h s  p o r t r a y  them, 

a n d  5 - 9  A u g u s t   h a v e   b e e n   s e l e c t e d .  I t  i s  
d e s i r a b l e   i n   t h e s e   a n a l y s e s   t o   c h o o s e   d i a -  
c h a r g e   e v e n t s   t h a t   a r e   f r e e  of a n t e c e d e n t  
f l o w .   I n   p r a c t i c e ,   h o w e v e r ,   t h i s  i s  s e l d o m  
p o s s i b l e .  

C o m p o s i t e   h y d r o g r a p h s   f o r   t h e   J u l y l A u g -  

a n d   t h r e e   w a t e r -   t r a c k   b a s i n s   e a c h   o f   d i f f e r -  
u s t  e v e n t   p a i r   a r e   s h o w n   f o r   I m n a v a l t   C r e e k  

e n t   a r e a 5   ( F i g .  4 ) .  P a r t  A o f  t h e   r u n o f f  
h y d r o g r a p h   s h o w n  in F i g u r e  4 r e p r e s e n t s  a 
p r o t r a c t e d   s t o r m   e v e n t   ( a c t u a l l y   c o m p o s e d   o f  
1 6 4   s e p a r a t e   p e r i o d s   o f   g e n e r a l l y   l o w   i n t e n -  
s i t y   p r e c i p i t a t i o n )  b e   t w e e n   2 4   J u l y   a n d   t h e  
5 t h   o f   A u g u s t ,   1 9 8 6 ,   a n d  a t o t a l   r a i n f a l l   o f  
31.0 m m .  A n t e c e d e n t   r u n o f f   c o n s t i t u t e s   l a s s  

l / s  . E v e n t  B ( F i g .  4 )  d i f f e r s   s i g n i f i -  
tha: 29: o f  t h e  p r i m a r y  peak  d i s c h a r g e  o f  314  

c a n t l y  f r o m  A i n  t w o   i m p o r t a n t   w a y a .   F i r s t ,  
t h e   r e s p o n s e   t i m e  i s  8 7 %  f a s t e r  (14 h r s   v s  
111 h r s ) .   S e c o n d ,   t h e   a n t e c e d e n t   r u n o f f  
c o n s t i t u t e s   1 5 %   o f   t h e   p e a k   d i s c h a r g e   b u t  
d o e s   n o t   d i r e c t l y   i n f l u e n c e   t h e   r e s p o n a e  time 
( D i n g m a n  1971). Two t h i n g s   a r e   i n v o l v e d  
h e r e :   t h e   a v a i l a b l e   s t o r a g e   c a p a c i t y  of t h e  
b a s i n  was s a t i s f i e d  b y  e v e n t  A a n d   t h e   p r e -  
c i p i t a t i o n  w a s   m o r e   i n t e n s e .   T h e '   c l o s e  
h y d r o l o g i c   r e l a t i o n s h i p  among t h e   w a t e r -  
t r a c k s   a n d   I m n a v a i t   C r e e k   s u g g e s t   t h a t   t h e  
l a r g e r   w a t e r - t r a c k s   a r e   g o o d   m o d e l s  € o r  
l a r g e r   b a s i n s .  

1 

JULY 
l Q E 6  

A U Q U I l  

f o r   I m n a v a i t   C r e e k   w a t e r s h e d  ( 2 1 0  h a )   a n d  
F i g .  4 Compar i son  o f  s t o r m   h y d r o g r a p h s  

t r i b u t o r y   w a t e r - t r a c k s  3 ( 6 . 5   h a )   a n d  1 (3.7 
h a ) .   H o u r l y   r a i n f a l l  i s  shown   above .  

S o u r c e   o f   S t r e a m   F l o w  

I n  t h e   I m n a v a i t   b a s i n ,   a s   w e l l   a s   t h e   i n d i -  
v i d u a l   w a t e r - t r a c k   b a s i n s ,   s t r e a m   f l o w  
r e s u l t s   f r o m  a c o m b i n a t i o n   o f   i n - c h a n n e l  
p r e c i p i t a t i o n ,   o v e r l a n d   f l o w ,   a n d   a c t i v e  

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

c o n s i d e r e d   t o   b e  a s o u r c e   i n   t h i s   s e a l e d  
b a s i n .   E a c h  o f  t h e s e   s o u r c e s  w i l l  b e   c o n -  
s i d e r e d   s e p a r a t e l y  w i t h  r e g a r d   t o  ( F i g .  4 ) .  

C h a n n e l   f l o w :  

T h e   f l o o d   p l a i n   o f   I m n a v a i t   C r e e k   c o n s i s t s  o f  
a b o u t   2 4   h e   o r  11% o f  t h e   b a s i n .   W i t h i n   t h i s  
a r e a   t h e   c h a n n e l  i s  d e f i n e d   a s   t h e   a r e a  
c o v e r e d   w i t h   w a t e r   a t   m e l t - o f f   a n d   d u r i n g  
s i g n i f i c a n t  s u m m e r   s t o r m s   a n d   i n c l u d e s   a b o u t  
0.8 ha ( o r  0 . 4 %  o f   t h e   b a s i n ) .   C a l c u l a t i o n s  
u s i n g   p a r a m e t e r 3  o f  b a s i n   g e o m e t r y   a n d   s t o r m  
c h a r a c t e r i s t i c s  s h o w   i n - c h a n n e l   p r e c i p i t a t i o n  
c o n t r i b u t e s   a b o u t  1% t o   p e a k   d i s c h a r g e .  

O v e r l a n d   f l o w :  

Dingman a f  a l .   ( 1 9 6 6 )   h a v e   d e m o n a t r a   r e d   t h a t  
r e s p o n s e  t i=  ( s t e e p n e s s  o f  t h e   r i s i n g   l i m b )  

a n d   t h i s  i s  a m p l y   d e m o n s t r a t e d   i n   F i g .  4 and  
i s  n o t   r e l a t e d   t o   a n t e c e d e n t   f l o w   c o n d i t i o n s  

r a t e r - t r a c k s  1 a n d  3 ,  a n d   e s p e c i a l l y  by a n  
e v e n t   o n   1 9   J u l y ,   w h i c h   h a d  a r i s e   t l m e   o f  
o n l y  8 h r s   f r o m  a d r y   c h a n n e l .   O v e r l a n d   f l o w  
may b e   e v o k e d   t o   e x p l a i n   t h e   s t r e a m   r e s p o n s e  
f r o m   d r y   b e d   c o n d i t i o n s  o r  z e r o   a n t e c e d e n t  
d i s c h a r g e .   O v e r l a n d   f l o w   o c c u r s   i n   t h e  
I m n a v a i t   b a s i n   o n l y   r a r e l y   a f t e r   s o i l   t h a w  
b e g i n s   a n d  i s  n o t   t h o u g h t   t o   c o n t r i b u t e   t o  
t h e   r i s i n g   l i m b   e s p e c i a l l y   i f   a n t e c e d e n t  
m o i s t u r e  i s  l o w   o n   t h e   s l o p a s .  

I f  t h e   t o t a l   v a l l e y   b o t t o m  is c o n s i d e r e d  
t o   c o n t r i b u t e   a s   o v e r l a n d   f l o w  - t h a t   c o n t r i -  
b u t i o n   p l u s   t h e   i n - c h a n n e l   p r e c i p i t a t i o n ,  
c o m p r i s e s  31% o f   t h e   h y d r o g r a p h   p e a k .   T h e  
r e m a i n d e r   o f   t h e   f l o w  is a t   t h i s   t i m e   c o n -  
s i d e r e d   t o   b e   d u e   t o   i n t e r f l o w   a n d   w a t e r -  
t r a c k   r u n o f f .  

I n t e r f l o w ;  

A d e q u a t e   d i r e c t   m e a s u r e m e n t   o f   i n t e r f   l o w  i s  
y e t   t o   b e  made f o r   t h e   a c t i v e   l a y e r .  I t  i s  
p r o b a b l e ,   h o w e v e r ,   t h a t   t h e   l o w e r   s l o p e s  
( l o w e r   b a c k   s l o p e   a n d   t o e   s l o p e )   a r e   t h e  
p r i n c i p a l   c o n t r i b u t i n g   a r e a s   t o   i n t e r f l o w  
s i n c e   t h e y   h a v e   t h e   t h i c k e s t   m o s s   a n d   o r g a n i c  
soil h o r i z o n s   w h e r e a s   o v e r l a n d   f l o w   a n d   s h a l -  

b a c k  s l o p e   a n d   n e a r   c r e s t   a r e a s .  S i n c e   t h e  
low i n t e r f l o w   a r e   m o r e   i m p o r t a n t  o n   t h e   u p p e r  

s t r e a m   h y d r o g r a p h s   r e q u i r e  a r a p i d   r e s p o n s e  
f o r   t h e   i n t e r f l o w   c o m p o n e n t ,  i t  i s  t h e   f i -  
b r o u s   o r g a n i c   h o r i z o n s   ( 0 - 1 0  t o  2 0  cm) w i t h  

0 . 0 2  - 0 . 1   c m / s e c  ) (Kane  and  Hinzman,  1 9 8 7 )  
t h e i r   h i $ h   h y d r a - y l i c   c o n d u c t i v i t y   ( a v e r a g e  

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

m i n e r a l  s o i l  ( h y d r a u l i c   c o n   u c t i v i t i e s   b e -  
a t   t h e   b o u n d a r y   w i t h   t h e   m i n e r a l   o r g a n i c   a n d  

tween  0 . 0 0 4  and 0 . 0 0 9  cm/sec - ' ) .  
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GEOCHEMISTRY 

When e s t i m a t i n g   t h e   n a t u t a l   s t a t e   o f   t h e  
w a t e r s h e d ( s )  o r  e v a l u a t i n g   r e s p o n s e   t o   d i s -  
t u r b a n c e  i t  i s  e s s e n t i a l   t o  know t h e   d e g r e e  
t o   w h i c h   t h e   b a s i n   a p p r o a c h e s   e q u i l i b r i u m  i n  

t h i s   e n d  t h e   c h e m i s t r y  o f  I m n a v a i t   C r e e k   f l o w  
t e r m s  o f  c h e m i c a l   i n p u t s  a n d   o u t p u t a .   T o  

a n d   t h a t  o f  t h r e e  o f  t h e  wa t e r - t r a c k s   h a s  
b e e n   m o n i t o r e d   o v e r   t h e   s u m m e r   s e a s o n s   1 9 8 5 ,  
1986  and 1987, t o g e t h e r   w i t h   w i n t e r   s n o w ,   a n d  
i n  1 9 8 6   a n d   1 9 8 7 ,   a t m o s p h e r i c   i n p u t s .   T h e  
d a t a   r e p o r t e d   i n   t h e   f o l l o w i n g   s e c t i o n  i s  f o r  
1 9 8 6 .  

Methods  

A p p r o x i m a t e l y  1 l i t e r  of w a t e r   w a s   t a k e n  
d a i l y   f r o m   I m n a v a i t   C r e e k   a t  a p o i n t  1 m e t e r  
u p a  t r e a m   f r o m   t h e   g a g i n g   s t a t i o n   a n d  a t t h e  
s p i l l  p o i n t   o f   e a c h   w a t e r - t r a c k   w e i r  s i t e .  A 
s a m p l e  o f  250 m l  w a s   p l a c e d   i n  a r i n s e d   p o l y -  
e t h y l e n e   b o t t l e   a n d   f r o z e n .  A s econd   250  m l  
a l i q u o t  w a s   p a s s e d   t h r o u g h  a 0 . 4 5  m f i l t e r  
u n d e r   v a c u u m ,   a c i d i f i e d   t o  pH 2 . 0  w i t h  6N 
H N O j ,  s t o r e d   a t  4OC a n d   s h i p p e d   a a  soon  a s  
p o s s i b l e   i n  a c o o l e r   a l o n g   w i t h   t h e   u n f i l -  
t e r e d   a l i q u o t   t o   O h i o   S t a t e .  Upon r e c e i p t ,  
o r  a s  s o o n  t h e r e   a f t e r   a s   p r a c t i c a l ,   t h e   u n -  
f i l t e r e d   s a m p l e   w a s   t h a w e d   a n d   p a s s e d   t h r o u g h  
a w a s h e d ,   d r i e d ,   d e s s i c a t e d   a n d   w e i g h e d   p r e -  
f i l t e r   f o r   d e t e r m i n a t i o n  of a u s p e n d e d   n o l i d s l .  
A 2 0  m l  a l i q u o t  o f  t h e   f i l t r a t e  w a s   a l l o w e d  
t o   e q u i l i b r a t e   f o r   o n e   h o u r   a t  2 2 O C ,  t h e n  
u s e d  € o r  d e t e r m i n a t i o n   o f  pH a n d   e l e c t r i c a l  
c o n d u c t i v i t y ,  A 2 m l  a l i q u o t   w a s   p a s s e d  
t h r o u g h  a D i o n e x  2 0 0 0 1  i o n   c h r o m o t o g r a p h   a n d  
a n a l y z e d  f o r  C 1 ,  F, PO4, NO3 a n d  S O 4 .  

A 2 5  m l  a l i q u o t  of t h e   a c i d i f i e d   s a m p l e  
w a s   a n a l y z e d  € o r  Ca, Hg, Na, K si t h  II V a r i a n  
AA6 A t o m i c   A b s o r p t i o n   S p e c t r o p h o t o m e t e r .  
E a c h   v a l u e   r e p r e s e n t s   t h e   a v e r a g e   o f   t h r e e  
r e a d i n g s .  

H y d r o l o g i c   e v e n t   t i m e d ,   a u t o m a t i c a l l y  
c o l l e c t e d   s a m p l e s   f r o m   I m n a v a i t   C r e e k   a n d   t h e  
w a t e r - t r a c k   w e i r   s i t e   w e r e   a n a l y z e d   a s   a b o v e .  
A l l  d a t a   a r e   r e p o r t e d  i n  m g / l *  . 
Snow 

I n   e a r l y  Play 1 9 8 6   p r i o r   t o   s n o w - m e l t   t h e   s n o w  
p a c k   w a s   s a m p l e d   a t  1 7  s i t e s  i n   t h e   l o w e r  
h a l f   o f   I m n a v a i t   C r e e k   w a t e r s h e d  ( F i g .  1 ) .  
C h a n n e l   s a m p l e s   f r o m   t w o   o r   t h r e e   s n o w   p i t a  
f r o m   e a c h   s i t e   w e r e   m e l t e d   a n d   t h e   w a t e r  
c o m b i n e d ,   f i l t e r e d   a n d   a n a l y s e d .  Th,e d a t a  
s u m m a r i z e d   i n   T a b l e  1 i n d i c a t e   s u b s t a n t i a l  
s i t e   t o   s i t e   v a r i a b i l i t y .   I o n i c   r a t i o n  
t a k e n  i n  t o t a l ,   s u p p o r t  a c o n t i n e n t a l   o r i g i n  
f o r   i o n s  in t h e   f r o z e n   p r e c i p i t a t i o n .  

- 

L i q u i d   P r e c i p i t a t i o n   ( W e t f a l l )  

W e t f a l l   w a s   c o l l e c t e d   w i t h  a s t a n d a r d   N a -  
t i o n a l   A t m o s p h e r i c   D e p o s i t i o n  Program (NADP) 
c o l l e c t o r   a t   s e v e n   d a y   i n t e r v a l s .  The sam- 
p l e s   w e r e   a n a l y z e d   b y   G l o b a l   G e o c h e m i s t r y ,  
I n c . ,   i n   a c c o r d a n c e   w i t h  EPA r e q u i r e m e n t s .  
T h e   d a t a   ( F i g .  5 )  s h o w   c o n s i d e r a b l e   t e m p o t a l  
v a r i a b i l i t y   w h i c h   c a n n o t   b e   a t t r i b u t e d   t o   a i r  
m a s s e s   o f   d i f f e r e n t   g e o g r a p h i c   o r i g i n   s i n c e  
a l l   , o r i g i n a t e  i n  t h e   s o u t h w e s t   q u a d r a n t ,   a n d  
p o s s e s s   b o t h   m a r i t i m e   a n d   c o n t i n e n t a l  compo- 
n e n   t e .  

S o l i d   P r e c i p i t a t i o n   ( D r y f a l l )  

D r y   d e p o s i t i o n   w a s   c o l l e c t e d  from a b u c k e t  
o p e n   o n l y   d u r i n g   n o - r a i n   p e r i o d s   o v e r   e i g h t  
weeks .   The   bucke t   was   washed   w i th  2 5 0  m l  of 

s- 

2- 

1- 

0- 

t 

Weeks June July August 

F i g .  5 T r e n d s   i n  some s e l e c t e d  i o n s  i n  
w e t f a l l   d u r i n g   t h e  summer  of  1986. 

d e i o n i z e d   w a t e r .   T h e   w a s h   w a s   a l l o w e d   t o  
e q u i l i b r a t e   i n   t h e   b u c k e t   a t  2 2 O C  f o r  24 
h o u r s ,   t r a n s f e r r e d   t o  a c l e a n ,   r i n s e d   p o l y -  
e t h y l e n e   b o t t l e   a n d   s e n t   t o   G l o b a l   G e o c h e m -  
i s t r y ,   I n c . ,  f o r  a n a l y s e s .   T h e r e  i s  n o t h i n g  
i n   t h e   d a t a   i n   T a b l e  2 t o   s u g g e s t   t h a t   s o l i d  
p r e c i p i t a t i o n  i s  i n   a n y  way m o r e   i m p o r t a n t  
t h a n   l i q u i d   p r e c i p i t a t i o n   i n   c o n t r i b u t i n g   t o  
a n i o n s   t o   t h e   v a l l e y .  I t  d o e s ,   h o w e v e r ,  
p o i n t   t o   t h e   i m p o r t a n c e   o f   w i n d - b l o w n  
p a r t i c u l a t e   m a t t e r   i n   t h e   a d d i t i o n   o f   t h e  
p r i n c i p a l   c a t i o n s   ( e x c e p t   s o d i u m )   t o   t h e  
I m n a v a i t   C r e e k   b a s i n .   T h e   N a / C 1   v a l u e  i s  
similar  t o   s e a   w a t e r .  

T a b l e  1 
A v e r a g e   a n a l y s i s   ( m g / l * ' )   w i t h   r a n g e s  of snow from 1 7  s i t e s  
in t h e   I m n a v a i t   C r e e k   d r a i n a g e   b a s i n .  (May 1 7 - 2 0 ,  1 9 8 6 )  

pH Ec Na K Ca Mg Pb c 1  F PO4 NOj SO4 
- 

X 5 . 4  6 5   0 . 1 5   0 . 1 5  0 . 3 3  0 . 0 6  ( 0 . 5  0 . 5 6  0.21 0.0 0.0 0.0 

Range   5 .1 -5 .5   45 -155  0 - . 4 6  0-.39 - 2 - . 5   0 - . 1  cO.5 .34-.83 0-.24 0-T 0 - T  0 - T  
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p r e c i p i t a t i o n   , t y p e  i n d i c a t e s   t h a t   n i t r a t e ,  
P a r t i t i o n i n g  o f   i o n s   w i t h   r e s p e c t  t o  

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

I m n a v a i t   C r e e k   W a t e r   A n a l y s e s  

I o n   c o n c e n t r a t i o n s   ( m g / l - l )   c o m m o n l y   f l u c t u -  
a t e ,   s o m e t i m e s   c o n s i d e r a b l y ,  from d a y   t o   d a y .  
T h e r e  i s  n o   r e l a t i o n s h i p   t o   d i s c h a r g e   a t   t h i s  
s c a l e ,   h o w e v e r ,  on  a n   e v e n t   b a s i s   s u c h  a 8  
t h a t   b e t w e e n  25 J u l y   a n d  5 A u g u s t   ( F i g .  4 1 ,  
s y n o p t i c   s a m p l i n g   s h o w e d  a minimum i n  pH and  
maximum o f   d i s s o l v e d   s o l i d s   c o r r e s p o n d i n g   t o  

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

S u b s e q u e n t   t o   m e l t - o f f   s o d i u m   c o n c e n t r a -  
t i o n s   l i k e   t h o s e   o f   c a l c i u m   d e c r e a s e   r a p i d l y  
t o  a s p o r a d i c   p r e s e n c e   u n t i l   m i d - i u l y   w i t h  a 
mean c o n c e n t r a t i o n  of 0.20 m g / l -   w h i c h  i s  
a p p r o x i m a t e l y   t h e   s e a s o n a l  mean c o n c e n t r a t i o n  
i n   p r e c i p i t a t i o n .   T h e r e a f t e r  i t  i s  b e l o w  
d e t e c t a b l e  l imits  e x c e p t   v e r y   i n f r e q u e n t l y .  
U n l i k e   p o t a s s i u m ,   s o d i u m  l a  n o t   c o n s i d e r e d   t o  
b e  a b i o l o g i c a l l y   i m p o r t a n t   e l e m e n t  in t u n d r a  
p l a n t s   b u t  i s  t a k e n - u p  by  many a n d   t h u s  r e -  
m o v e d   f r o m _ $ h e   s y s t e m .   T h e   a t m o s p h e r i c   i n p u t  
(0.31 m g / l   t h r o u g h   t h e   p e r i o d   o f  Na p r e s -  
e n c e   t o  1 5  J u l y )   c a n   a c c o u n t   f o r   a l l   f o u n d  in 
t h e   s t r e a m .   A f t e r   t h a t   d a t e   a t m o s p h e r i c  
s o d i u m   d e c r e a s e s   b y  a t h i r d .  

1986 
S a m p l i n g  

P e r i o d  Ca Mg 

6 / 3 - 9 / 1   2 . 7 6  0.54 4 

T a b l e  2 

S o l i d   P r e c i p i t a t i o n   ( m g / l - ' )  

K Na NH4  NO2 N O g  SO4 PO4 F Br C1 A / C  pH Ec 

.15  0 . 1 6  0 . 0 3  0 .00  0 . 0 7  0 .13  0 . 0 3  0 . 0 0 8  0.00 0.10 0.45 7.62 1 1 6 . 1  

p e a k   d i s c h a r g e .   D a t a   o f  Oswood  and   F lanagan  
( 1 9 8 7 )   i n d i c a t e  a p e a k   i n  D O C  and  POC a t  p e a k  
e v e n t   d i s c h a r g e .  

A t  m e l t - o f f   s t r e a m  pH b e g i n s   t o   i n c r e a s e  
r a p i d l y   e v e n   b e f o r e   t h e   d i s c h a r g e   p e a k  i s  
r e a c h e d   a n d   c o n t i n u e s  a g e n e r a l   u p w a r d   t r e n d  
t h r o u g h   J u n e .   S e a s o n a l  maximum v a l u e s   a r e  
r e a c h e d  in J u l y ,  A t  l e a s t  s o m e   o f   t h e   v a r i a -  
b i l i t y   i n   t h e  pH c u r v e   a p p e a r s   t o   b e   r e l a t e d  
t o   s t r e a m   f l o w   ( i . e . ,   t h e   s t o r m   e v e n t s   a l -  
r e a d y   d e s c r i b e d   ( F i g .  4 )  E o l L o w i n g   p e r i o d s  of 
l o w  f l o w .  

E l e c t r i c a l   c o n d u c t i v i t y   s h o w s  a peek  
v a l u e   w i t h   t h e   i n c e p t i o n   o f   s n o w m e l t   r u n o f f  
a n d   s u m m e r   e v e n t s ,   e s p e c i a l l y   t h o s e   n o t   p r e -  
c e d e d  by h i g h   a n t e c e d e n t   d r a i n a g e   c o n d i t i o n s .  
T h e   m e a n   m o n t h l y   v a l u e s   o f  100 or more a r e  
h i g h   c o m p a r e d   t o   m o r e   t e m p e r a t e   w a t e r s h e d s  
( g e n e r a l l y  C50 s )  p r o b a b l y   r e f l e c t i n g   t h e  
c o n c e n t r a t i o n   o f   o r g a n i c   a c i d s  a t  a p a r t i c u -  
l a r   t i m e   i n   I m n a v a i t   C r e e k .   S e a s o n a l l y   t h e  
c o n d u c t i v i t i e s   r e a c h  a mean h i g h   i n   J u l y .  

C a L c i u m   a n d   m a g n e s i u m   a r e   t h e   d o m i n a n t  
c a t i o n s   b u t   e v e n  s o  a r e   i n  low c o n c e n t r a t i o n s  
i n   t h e  s t  e a r n - w a t e r   ( s e a s o n a l   m e a n   o f   c a .  
1 . 2 2  r n g / l - € ) .  I t  i s  l i k e l y   t h a t   m o s t ,  i f  n o t  
a l l   o f   t h e s e  i o n s  i s  s u p p l i e d   b y   p r e c i p i t a -  
t i o n .  

T h e   p o t a s s i u m   i o n  i s  e a s i l y   l e a c h e d   f r o m  
p l a n t   t i s s u e   b u t   b e c a u s e  o f  i t s  h i g h   t u r n o v e r  
r a t e   d u r i n g   t h e   g r o w i n g   s e a s o n   i n   t u n d r a  
a r e a s  i s  s e l d o m   s e e n   i n   s t r e a m   w a t e r .  The 
r a p i d   d i s a p p e a r a n c e   o f   p o t a s s i u m   a f t e r   s n o w -  
m e l t   r e f l e c t s   t h e   a l m o s t   i m m e d i a t e   d e m a n d   f o r  
t h e   e l e m e n t   b y   v e g e t a t i o n .  I t  i s  p r o b a b l e  
t h a t   m o s t  o f  t h e  K t h a t   c y c l e s   t h r o u g h   t h e  

C h l o - r i d e  i s  t h e   o n l y   i m p o r t a n t   a n i o n  
f o u n d   i n   I m n a v a i t   C r e e k   w a t e r   a n d  i t s  s e a -  
s o n a l   d i s t r i b u t i o n   f o l l o w s   c l o s e l y   t h a t  o f  
p o t a a s f u m .   S u l f a t e   a p p e a r s   o n l y   i n   t r a c e  
a m o u n t s   d u r i n g   m e l t - o f f  b u t  a p p e a r s   a g a i n  
l a t e   i n   t h e  season p o s s i b l y   r e f l e c t i n g   t h e  
o x i d a t i o n  O f  s u l f u r   a s   t h e   a c t i v e   l a y e r  
r e a c h e s   i t s ' m a x i m u m   d e p t h   s o i l s  warm a n d   t h e  
p o t e n t i a l   f o r   b i o l o g i c a l   o x i d a t i o n  is h i g h .  

componen t s  of p r _ a c i p i t a t i o n   m o s t l y  a t   l e v e l s  
Both  ions t o g e t h e r   w i t h   f l u o r i d e   a r e  s p o r a d i c  

be low 0 . 0 2  m g / l  . T h e   s e a s o n a l   t r e n d s   i n  
c o n c e n t r a t i o n   i n   I m n a v a i t   C r e e k   a r e  summa- 
r i z e d   i n  ( F i g .  6 ) .  
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F i g .  6 s e a s o n a l   t r e n d s   i n   i o n i c   c o m p o s i t i o n  
o f   I m n a v a i t   C r e e k   w a t e r   i n  1 9 8 6 .  D a s h e d   l i n e  
i n d i c a t e s   t h e   i o n   r i s e s   f r o m   o r   d e c l i n e s  t o  0 
i n   t h e   f u n e - J u l y   i n t e r v a l .  

578 



s i d e r a b l e   i m b a l a n c e   e x i s t s   i n   c h a r g e ,   f a v o r -  
I t  i s  a p p a r e n t   i n  F i g .  6 ,  t h a t  a c o n -  

much  of t h i s   m i s s i n g   n e g a t i v e   c h a r g e  i s  a s s o -  
i n g   t h e   p o s i t i v e   c h a r g e .  I t  i s  p r o b a b l e   t h a t  

c i a   t e d   w i t h   o r g a n i c   a c i d s .  T h e   v e r y  i p w  
a l k a l i n i t y  o f  t h e   w a t e r   ( m e a n  o f  2 . 1  m g / l  , 
a s  CaC03, H. Oswood p e r s o n a l  c o m m u n i c a t i o n )  
p r e c l u d e s  i t  from c o n t r i b u t i n g  t o  a b a l a n c e .  

SUMMARY 

T h e   h y d r o l o g i c   y e a r  f o r  t h e   I m n a v a i t   C r e e k  
w a t e r s h e d   b e g i n s   s o m e t i m e   w i t h i n   t h e   i a s  t 
week of May or  t h e   f i r s t  week i n  J u n e .   T h e  
y e a r   e n d s ,   f o r   s u r f a c e   f l o w ,   i n   m i d - S e p t e m -  
b e r .   T o t a l   y e a r l y   p r e c i p i t a t i o n  i s  3 4 4  m m ;  
5 1 %  r a i n   a n d   4 9 %   s n o w .   D i s c h a r g e   o f   ' I m n a v a i t  

a i r  t e m p e r a t u r e s   r o s e   a b o v e  0 C.  P e a k  d i s -  
C r e e k   b e g a n   i n   J u n e  1 9 8 6 ,  4 . 5  e y s  a f t e r  mean 

c h a r g e  o f  5 1 5  l / e   o c c u r r e d  8 4  h o u r s   l a t e r  
w h e n   8 0 %   o f   t h e   s o u t h w e s t - f a c i n g   s l o p e   w a s  
s n o w - f r e e .   W a t e r - t r a c k   f l o w   f r o m   t h e   s o u t h -  
w e s t - f a c i n g   s l o p e   p r e c e d e d   f l o w  i n  t h e   m a i n  
c h a n n e l   b y   a b o u t  36 h o u r s ,   w i t h   p e a k   d i s -  
c h a r g e s   r a n g i n g   b e t w e e n  6 l / s  and  14  l / s  d e -  
p e n d i n g   o n   b a v i n   a r e a .   P e a k   d i s c h a r g e   f r o m  

h o u r a   a n d   m o s t   p r o b a b l y   d o e s   n o t  e x c e e d  9 
t h e   o p p o s i n g   s l o p e   w a t e r - t r a c k  l a g g e d  4 8  

l/s. H y d r o g r a p h   a n a l y s e s   i n d i c a t e   t h e   s n o w -  
m e l t   r u n o f f   c a n   b e   l i k e n e d   t o  a m a j o r   s t o r m  
e v e n t   o c c u r r i n g  when e l l  d e t e n t i o n   s t o r a g e  
f i l l e d .   S u r f a c e   f l o w   i n  a l l  d r a i n a g e s   c e a s e d  

a t   s e v e r a l  o t h e r  t i m e s   d u r i n g  t h e   y e a r .  
w i t h i n  two weeks   o f  t h e   d i s c h a r g e  maximum a n d  

T h r e e   a i g n i f   i c a n t   s t o r m   e v e n t s   o c c u r r e d ,   o n e  
o f  w h i c h   h a d  a p e a k   d i s c h a r g e   o f   3 2 0  l / s .  
I n - c h a n n e l   p r e c i p i t a t i o n   c o n t r i b u t e s  l e s s  
t h a n  1% t o  t h e   t o t a l   e v e n t   d i s c h a r g e .   O v e r -  
l a n d   f l o w   i n   m o s t   e v e n t s  i s  r e s t r i c t e d   t o   t h e  
t o t a l   v a l l e y   b o t t o m  , o f  I m n a v a i t   C r e e k   a n d  
c o n t r i b u t e s  3 0 % .  The r e m a i n i n g  7 0 %  o f   t h e  
f l o w  i s  c o n t r i b u t e d   b y   i n t e r f l o w   a n d   w a t e r -  
t r a c k   d i s c h a r g e .  

m u l a t i o n  o f   s p e c i f i c   i o n s   o v e r  t h e   w i n t e r ,  
Snow c h e m i s t r y   r e p r e s e n t s  a t o t a l   a c c u -  

e s s e n t i a l l y   m i d - S e p t e m b e r   t h r o u g h ,  May 1 9 8 6 .  
D a t a   i n d i c a t e   c o n s i d e r a b l e  s i t e  t o  s i t e  v a r i -  
a b i l i t y   a n d   s u g g e s t  a c o n t i n e n t a l   o r i g i n   f o r  
t h e   i o n s   e x c e p t  C l ,  Ne a n d  Hg. D u r i n g   t h e  
summer l i q u i d   p r e c i p i t a t i o n   ( r a i n )   w a s   a n a -  
l y z e d   w e e k l y .   T h e   d a t a   i n d i c a t e   s e a s o n a l  
p e a k s   f o r   m o s t   i o n s   o c c u r r e d   i n   t h e   e a r l y ,  

w e r e   t h e   p r i n c i p a l  c a t i o n s   s u p p o r t i n g   t h e  
p o s t   m e l t - o f f   r a i n s .  P o t a s s i u m   a n d   c a l c i u m  

d o m i n a n c e   o f  a c o n t i n e n t a l   s o u r c e   ( e . g . ,  
l o e a a ) .   D r y   p r e c i p i t a t i o n   ( e i g h t   w e e k   a c -  
c u m u l a t i o n )   a g a i n   i n d i c a t e s  a c o n t i n e n t a l  
s o u r c e   w i t h   a n i o n / c a   t i o n   r a t i o s   d o m i n a t e d   b y  
c a t i o n s .   U n d e r   n a t u r a l   c o n d i t i o n s   t h e   m o s t  
s i g n i f i c a n t   g e o c h e m i c a l   e v e n t  i n  t h e   I m n a v a i t  
C r e e k   w a t e r s h e d   ( i n c l u d i n g   i n d i v i d u a l   w a t e r -  
t r a c k s )  i s  t h e   m e l t - o f f   d i s c h a r g e .  A l l  mea- 
s u r e d   p a r a m e t e r s ,   e x c e p t  p H ,  s h o w   e l e v a t e d  
v a l u e s   d u r i n g   t h e   e a r l y   p h a s e  o f  t h i s   e v e n t ;  
pH i s  a t  a s e a s o n a l  minimum d u r i n g   t h e   e v e n t .  

. d e t e c t a b l e  l imi t s  ( m g / l  ) d u r i n g  m e l t - o f f  
P o t a s s i u m  i s  p r e s e n t   i ; l s u r f a c e  w a t e r s   a t  

a n d   f o r  a s h o r t   t i m e   a f t e r .   S o d i u m   f o l l o w s  a 
s i m i l a r   p a t t e r n   b u t   p e r s i s t s   u n t i l   m i d - J u l y .  
C a l c i u m ,   m a g n e s i u m ,   s u s p e n d e d   s o l i d s   a n d  
e l e c t r i c a l   c o n d u c t i v i t y   a l l   r e a c h   b r o a d ,  
p o o r l y   d e f i n e d   p e a k s  i n  J u l y .   h l o r t d e  i s  
the o n l y   m e a s u r a b l e   a n i o n   ( m g / l - f )   a n d   X o l -  

l ows  a t r e n d   s i m i l a r   t o  K and  N e .  P r e c i p i -  
t a t i o n   c o n s t i t u t e s   t h e   p r i n c i p a l   s o u r c e   f o r  
c h e m i c a l   i n p u t   t o   t h e   w a t e r s h e d .  The   sub-  
s t a n t i a l   i m b a l a n c e  i n  t h e   a n i o n /   c a t i o n   r a t i o  
c a n   p r o b a b l y   b e   a c c o u n t e d   f o r   b y   o r g a n i c  
a c i d s   t h a t   c o n s t i t u t e   t h e   b u l k   o f   t h e  D O C .  
H y d r o l o g i c a l l y   a n d   g e o c h e m i c a l l y   I m n a v a i t  
C r e e k   a p p e a r s   s i m i l a r   t o   o t h e r   n o r t h e r n   a n d  
m o u n t a i n   b a s i n s ,  
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SYNOPSIS General  state o f  the environment protection problem in the  permafrost aone  of  the 
USSR. Development of  the acientificr studies, their progrese and ahortaomirgs, Basic direations 
of further studies (permairosC zone moaitoring). 

Wide distribution of permafrost m a  increased 
senaitLvity of the  northern  laadecapee  to  the 
humaa iapeot im el to treat the problem of the 
environment profection and that of  the ratio- 
nal land use in the polar and circumpolar re- 
giom aB a epeaific part of the  global eoologi- 
oel problem. 

Gxeat attention i s  paid in the USSR t o  the 
environment protection  roblem a8 xefleoted in 
the  State document on tge basic  direotions of 
the eaonomio and social development in the 
USSR Pox the period up t o  the year 2000. The 
USSR Supreme Soviet in ooafoxmity with olause 
18 of the  Conatitution o f  the USSR ha8 rati- 
fied  the prirloiplss of the land, water  and 
forert legislation and the legialation on the 
rnimal resources. 

Standards on the envlronment protection that 
define the relatlonls between the man and the 
environment w?e being  woked out. 

!he G o v q m e n t  of  the USSR hae approved addi- 
tional meanurar on the improvement of the pro- 

the  natural resouroe# aa well aa hsa enacted 
taotion o f  the environment aad exploitation of 

of the tundra and the Baikal-dmur railway 
complex  legialation  on environment protection 

zone. The control  over the ntste of the envi- 
ronment in these  are88  and  implementation of 

USSR State Committee. on Hydrometeorology and 
the  protection meatawes i5 entrusted to the 

Wvfronment Control, the USSR Ministry of Land 
Reclamation and Water Economy and on the Com- 
mitte on Safe Conduot of Work in Indwtry and 
on the Mining Inspection under the USSR Coun- 
cil of Ministers. Environment protection depar- 
tment* have-been set up in the  Ministries con- 
cerned with implementation of the envlxonment 
protection IlteasureB in industry and traneport 
aad oonlzol their effectivenaaa. The environ- 
ment protection eocieties have been  founded 
In the republics, texrltories and regione, 
including the North o f  the country and i n  
Borne places  the envirohment protection unl- 
versities vhich popularize the  principle8 o f  
the  rational use o f  the  natural resources. 

However, the  meaauree.listed  above  turned out 
to be insufficient, Large capital investments 
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allocated i n  the ~ o w n t r y ~ a  budget for environ- 
ment proteotion mewurea a r e  not alwaya used 

ver8bI.g damaged both i n  the  already developed 
and in the areas under development in Siberia 
and in the lrar mat. ~ x a m  19s of this are 
frequently  publiehed in tge press and are  dis- 
cussed In the solentiflo conferences. 

!The nah Feaeon of euch aitwtion i~ a naxrow 
bureaucratic approach  to  the  solution of the 
environment proteotion problem. So far thers 
a r e  no united  requirements on environment ro- 
tectlon and uae of natural resources, equa E ly 
binding for all, All this ha8 affeoted to some 
extent the organization and efiectiveneas o f  
the  reeearch  work in thie f i e l d .  

%e sofentifio atudies Sn the environment pro- 
tection sphere a r e  coordinated  by  different 
soientlfic  oounaile of the USSR Academy of 
Soienaes and a r e  not unified by a oommon State 

reg%&l progrma do exiet. Permafroat area 
pro amme. It is true that several oomplex 

studies are  integrated  into a program of ItEoo- 
lorn, environment protection in Siberia" which 
ie 8 part o f  a oomplex program "Siberia11 coor- 
dinated by Scientific  Council on ths Siberia 
environment probleme, Siberian Branch o f  the 
USSB Academy of Salencee. 

The program structure  meets  the problema of 
the  bioaphere monitoring and  tncludes aectiona 
on the asaeasment of the state and prediotion 
o f  environment ohaagea, ratio- uae of natu- 
ral xesouxcw, working out the  methods and 
meane of environment protection a&ainet in- 
jurlous  technogenic impact. At the ~ a m e  time, 

by different inatitutee, m e  ineufficiently 
individual aeofione of the program, worked out 

Interaonnected. 

The geocryological  studiea a r e  Concentrated 
on defining the eoil and landscape  stability 
againat man-indueed impact upon the terrain 
under development. Such research is being con- 
ducted by the anstitUtes OP the Siberian  rano oh 
of the USSR Academy of Sciencerr, the USSR MI- 
nistry o f  Geology, the USSR Iiniqtry o f  Gas 
Industry, the USSR State Construction Committee 
*lGoeatroytt, the geologic and geographic de- 
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partmeats of the Moacow  State University and 
certala other organizations. The results of 
the geocryological studies made in the USSR 
over a period between 1979 and 19# have been 
summarized earlier (Grave, 1984). 

By the premnt time the information on geo- 
twological and physico-geographical coaditi- 
one has been collected in the USSR on large 
areas under development ana attemta have been 
made to predict the changee in these condi- 
tione due to different human activity for Be- 
parate regions. Var ious estimate and forecast 
maps  have  been compiled. me priaci l e  of 
allowance for the pexmafrost thermal inertis 
and cryogenic processes chaxacterietics bath 
under natural  and disturbed conditione in..khe 
courae of the  terrain development was taken 
for the basis o f  geooryologic evaluation 

For the purpoms of the industrial. and civil 
construction on permafrosf procedure harr been 
worked out for the eagineeri geocryologio 
auxve preaeeding the deeign?&e US3R Goa- 
stroyy. A methad of pweico-geocapuo armlo- 
guea merits an interest.  It conaista in oompa- 
riaan oS the territory Xandecapes allooated 
for development with a lanasoape o f  a terri- 
tory analogous in oonditiona that bas already 
been developed, altered by human activities 
(the USSR Ministry of Geology). Recommenda- 
tions m e  given on the ahoioe of the conat- 
ruotion siteta, the requirements for  their 
engineering preparation, recommendations on 

biologloal recultivation of the damaged sitee, 
the use o f  thermal hulation coatings, on 
on the use o f  thermal pile8 on gas Linea, erug- 
gestione on the aoastxuction aontrol and ope- 
ration. 

=PPin€s= 

Measures have been worked out on prevention 
of the daageroua cryogenio proceaaes in the 
courm o f  m i n i q  work, borehole drilling, 
agricultural woxk, hydraulio eagiaeeriag i n  

The reoommendationa liated above oan not be 
conaidered as sufficient: no sectiona refer 

vegetation. It is known that tnduatrial aix 
to wildlife, air and partially to waters and 

and water pollution, non-regulated animal 
grazing deatroy vegetatatloa  over and affect 
the thermal insulating propextiea of the snow 
cover oausing changes in pemafrost heat ba- 
lance. 

# 8 m f r O S t  a s a s .  

Insufficiently studied a r e  the problems of the. 
chemical. pollution of permafrost by minersli- 
rea waters fa the m i n i n g  noxkinger and by the 
h0ueehol.d effluenea of the settiemente end 
t o m a .  The technique and methods of the 
proteation against aaliniaation a r e  s t i E E a  
developed, 

For the present, fundamental. developrninta of 
a geocryologio ioreaaat are few. 

Long-term investigatione st the field stations 
permittea revealing the physical-mathematic&l 
dependence 'of the &round seaaonal f reezing 
and  thawing depths on the main factors of the 
natural environment, L e .  radiation balance, 
air temperature, thermal resistance of the 

soil awfaoe  covere. A methodical laanual sup- 
plied with an atlas of the geocryological fore- 
cast cartograms o f  Weat SiberLa  north has been 
compiled permitting defemination o i  the per- 
mafxoet temperature ohanges and depths of its 
summer thawing depending on a degree of vegeta- 
tion and mow cover disturbances (Beldman, 
1983, 1984). Simmilar stlaa has been compiled 
for Yakutia territory, and it will soon be 
publiehed. 

'Pbe given method is already employed for thex- 
mokaret forecaot in Central Yakutia and In  the 
eastern Baiksl-Amux railway zone. Forest stub- 
bing for T i c u l t u r a l  land uae Games therm- 
karst in Yakutia wlthout conaiderable pefma- 

on larch peatmaae bog forests (%aril1) in the 
froat degradation, but peat-moas cover removal 

BAM zone aausm not only themnokarst but also 
complete thawing of frozen Layer.  !Cherefore, 
environment protection measurea In Yakutia are 
direoted agaFn8t pemsfrost thawing and ther- 
mokarlt Oormatlon aloug the BAM routs - to- 
wards preliminary thawing o f  permafrost prior 
to terrain development. 

Geocryological data obtaiaed in Siberia, Euro- 
pean North and North America show that fax 
from all regioaa in permafrost area are being, 
tnteaeively deatroyed under the efieot of 
human activity. Certain landscapes, f o r  exampl'e 
themnokarst onee, beoome aonverted to new, 
more productive natural com lexee. Thle obeer- 
vation  requires t h o m a  verhcation. 

In the far north  of Siberia, in the Arctio 
deaert with underlying thick ground Ice, due 
to a very cold and short summer, the ground 
aeasoaal thawing is not deep and the ground 
i c e  raotiaally doea not thaw. Only thermal 
erosfan and t h e m 1  abrasion, beooming eape- 
oially aotive under the human activity, pro- 
mote in this oaae thaxmokaret and oauge des- 
truction  of  the ooaetal sections o f  water 
bodies. 

In the taiga %one of Central Yakutia, where 
pat-Pliocene gsowa ice is widely epread, 
foxest felling a d  soil laughing limit %her-, 
mokmst, as a rule, to h P ~ l o a k y  deformations 
of surface and, due to climate CzpYIze~s, it 

accumuhtion fn thennokarst depressions. A 
disappearr ra idly,  except for  c a m 8  o f  water 

large number of alasses in Yahtia are the 
reaults of periodic air temperatuke and pre- , ,  
cipitatioa fluotuations, the rimjority o f  alaa- 
sea being formed during the Holoaene w a r m i n g .  
A* present, alas development l a  limited  thefe 
and ia mainly aeaociated with human activity. 

In geocryological forecast for many years, the 
tendencies of natural cryolitbozone changes 
should be considered with  rapid ch-gee re- 
sulting from human activity on this background. 

The tendenay in the cryolithosone development 
may be marked by permafrost temperature gra- 
dient change that reflect#  the  value and ai- 
rectioa o f  therms1 flows in cryogenic etruc- 
tuxe. Meanwhile, today we have information on 
the thermal field OP the Earth's crust in the 
exmafroet zone of Siberia. 0x1 the basis of 
em erature measurements in deep boreholes 

ed f o r  industrial purposes In various 
P 
drip1 



geoatructures o f North Ada, a map o 
berlan  Dlstiorm and the  Verkhovanek- 

f t$e Si- 
Kolymek 

folded ihountain area has been bornpiled at a 
scale of 1 :,5 000 000. m e  map shows rsglona 
with dieaimilar intensity of thermal  flowg 'and 
deep freezing of the  Earthte o m s t .  A wide 

Yakutia and on Chukoda was disoovered  with 
zone of anomalous dee ireeoing of rocke In 

thie, being Pcslated to peculiarities of deep 
terrestrial proaesses. All t h i s  iadioates oou- 
siderable difiicrulty in using deep temperature 
profllee for foreoasting evaluattona of the 
cryollthozone  evolution (Touchkov, Lye&, Ba- 
lobasv, 1987 Balobaev,  VoLodjko,  fbloubbev 

UnOortmateLy, long-term ooatinuous pfeoiae 
inatrmmentaL obaervatioag axe a $ i U  not car- 
ried out on permairoat evolution oaueed by 
the  environmental .changes. 

An attempt t o  oompare the temperature mea- 
a w e d  by A.P.Middendorf almoat one hundred and 
f i f ty  yemra &go in the walls of a deep p i t  
exoavated in Yakutek, with the temperature 
measured in deep borehole# drilled aajocent to 
the  pit  almost 100 yeafa laCer, turned out  to 
be wsucoesefuLr the  pit wells dur- m e ~ t l y  
yeers of I t s  deepening were auprsrcooled by . 
very aold air flowing in from the eurfaoe that 
has dietoxted  the  natural  rook tempexatwe. 

In order to establimh evolutionary permafrost 
-ea a network o f  stations is required Sn 

f o r  oryolithoeone monitori.zq. Complex gaocryo- 

et al., 19esf. 

p e ~ i f O S t  ill the USSR a d  North kleri08 

logio studiee should be carried  out at these 
stations and in the adjoining regiona, employ- 
ing geophysical, geologicalr geomorphological 
and paleogeographic  methods, and the reeults 
of earlier investigations should be eummarired. 

The rewlta of such inveetlgations  will assist 
in more preeiere satablishment of oonueation 
between cryolithozone and other  environmsaf 
componente and in evaluation  the histofic 
parametera in the oryolithoaoae and envlron- 
ment ohangea in the past and future taking 
into account humao activity. 
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' CLASSIFICATION OF GROUND WATER IN PERMAFROST AREAS 
ON THE QINGHAI-XIZANG PLATEAU, CHINA 

QUO, Pengfei 

906 Hydrogeological and Engineering Geologic Brigade, Ministry of Geology and Minerals,  China 

SYNOPSIS The  Qinghai-Xizang  Plateau  is  an  area  in  which  permafrost  is  broadly  distributed 
in China,  occupying  a  total  area  of  about 1,591,000 square  kilometres.  According to a great  deal 
o f  hydrogeological  information  obtained  in  recent  years,  ground  water  in  the  permafrost  regions  over 
the  Qinghai-Xizang  Plateau  can be divided  into  three  basic  types  which  are  suprapermafrost  water, 
subpermafrost  water  and  ground  water  in  the  talik  in  terms of the  spatial  relation  between  the  bur- 
ied conditions of ground  water  and  permafrost  distribution.  If  the  storage  cond,itions o f  ground 
water,  the  lithological  character of the  aquifers, and the  hydrodynamic  properties  are  considered, ; 
the  ground  water  can  further be divided  into  eighteen  subtypes. 

INTRODUCTION 

The  Qinghai-,Xizang  Plateau  in  China,  well-known 
a s  "the  roof of the  world", is an  area  with 
widespread  permafrost . According to incomplete 
Statistics,  the  permafrost  covers  an  area o f  
more  than 1,591,000 square  kilometres.  The per- 
mafrost  in  the  Qinghai-Xizang  Plateau  belongs 
to the  type of middle  and  low  latitudes  and  high 
elevation,  usually  possessing  the  characteris- 
tics of widespread  discontinuous  permafrost. 
However,  during  their  historical  development, 
there  also  exists  open  taliks  (unfrozen  zones) 
in  belt  and  island  shapes  in  the  widespread per-  
mafrost  areas,  influenced by the  heat  surficial 
exchanges and terrestrial  heat  flow.  The  perma- 

resisting  layer can  divide  a single  aquifer  into 
frost  which  acts as  a  special regional  water- 

upper  and  lower  ones,  and  cut  the  hydrodynamic 
connection  between  the  upper and lower  parts, 
in  effect  both  supporting  the  upper parr and 
controlling  the  lower  one  during  the  process of 
the  formation  and  movement of ground  water. 
Therefore  the  distribution  and  thickness  as  well 
as  the  structural  features of the  permafrost 
form  the  basis  upon  which  we  have  classified 
the  ground  water  in  the  permafrost  areas  on  the 
Qinghai-Xizang  Plateau.  Various  open  taliks 
are  either  the  recharge  areas,  or  the  drainage 
areas of the  subpermafrost  water  in  some  sec- 
tions,  and  at  the  same  time they can be clas- 
sified as  containing a special  type of ground 
water. 

CLASSIFICATION OF GROUND WATER I N  PERMAFROST 
AREAS ON THE  QINGHAI-XIZANG  PLATEAU 

The  classification of  ground  water i n  the  per- 
mafrost  areas  was  first  proposed by a Soviet 
scholar, N,I. Tolstikhin i n  the  early 1940s. 
The  ground  water  in  the  permafrost  areas  was 
divided  into  throe  types,  suprapermafrost  water, 
intrapermafrost w a ~ e r  and subpermafrost  water, 

in h i s  paper  "Ground  Water  in  the  Frozen  Zones '' 
of the  Lithosphere".  The  Soviet  hydrogeologists 
have  universally paid attention  to and accepted 
his  classification  (Ovchinnikov, 1957,  1960; 
Klimentov, 1959; Shepeler; 1983). The  method 
of  classification of ground  water  in  the  perma- 
frost  areas put forward by, N.I. Tolstikhin  has, 
continued  to be used in  textbooks and related 
literature  (Wang, 1980;  Hydrologic  Bureau ..., 
1960; Xian ..., 1970)  published  in  China  since 
the  fifties of the  century.  There  is no doubt 
that  the  classification o f  N.I. Tolstikhin  is 
o f  certain  instructive  significance in promoting 
the  classification of ground  water in the  per- 
mafrost  areas  and  in  the  performance of hydro- 
geological  investigations. 

The  Qinghai-Xizang  Plateau  is  a  huge  geological 
massif  which  has been severely  uplifted  since 
early  Quarternary  time , and  its  geological 
structure  is  complex.  Permafrost o f  great  thick- 
ness ( > l o 0  m) plays  a role in  controlling  the 
hydrogeological  structures and the  types  of 
ground  water  on  the  Plateau (Fig.1). On the 
basis o f  the  hydrogeological  information ob- 
tained  in  the  last  ten  years or more and in  ac- 
cordance  with  the  spatial  relations  between  the 
occurrence o f  ground  water  and  the  distribution 
of  permafrost,  ground  water  in  the  permafrost 
areas  on  the  Qinghai-Xizang  Plateau may be di- 
vided  into  three  basic  types  that  arc  supraper- 
mafrost  water,  subpermafrost  water, and ground 
water  in  taliks. If we  take  inro accou~~t the  storage 
conditions o f  ground  water and the  lithological 
character  of  the,aquifers  as  will a s  their  hydro- 
dynamic  properties,  the  ground  water  can be f u r -  
ther  divided  into  eighteen  subtypes  (Table I). 

Suprapermafrost  water 

Suprapermafrost  water i s  a type of ground  water 
which is widely  distributed and commonly  seen i,n 
the permafrost  areas on the  Qinghai-Sizang  Pla- 
teau, usually  possessing  the  choroctrri.stics o f  
unconfined  ground  water  or  perched watrr .  A t  
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Classification of Ground  Water  in  the 

Supra- 
perma- 
frost 
water 

Sub- 
perma- 
frost 
water 

Ground  water  types 

Ground  water  in  the  pores of unconsolidated 
Quarternary  sediments  overlying  in  perma- 
frost  layer 

Semi-confined  water  and  instant  pressure 
water in unconsolidated  Quarternary  sid- 
iments  on the permafrost  layer 

Ground  water  in  fractures of the  weath- 
ering  crusts  of  bedrock  on  the  perma- 
frost  layer 

Ground  water 
in  the pores 
of Quarter- 
nary  System 
underlying 
in  perma- 
frost  layer 

Water  in 
the  pores 
and  frac- 
tures  of 
the  bed- 
rock  ben- 
eath  the 
permafrost 
layer 

Unconfined  water  (watertable 
aquifer)  in  the  pores  below 
the  permafrost 

Confined  water in the  pores 
underlying  the  permafrost 

Unconfined  water  in  the 
fractures  beneath  the 
permafrost 

Conffned  water  in  the  pores 
of  the  interlayer  below  the 
permafrost  layer 

Confined  water  in  the  veined 
cracks  of  fault zones under- 
lying  the  permafrost 

Confined  water  in  fractures 
belowthe permafrost 

Conditions  and  areas of 
occurrence 

I n  the  active  layer,  occurring  widely, 
lithological  character of the  aquifers 
is varied 

In  the  active  layer,  distributed a long  
the  piedmont  or  in  low  marshes 

In  the  active  layer o f  bedrock, 
occurring  widely 

Beneath  the  permafrost,  in  in- 
termontane  basins (or valleys) 

Below  the  permafrost,  in  various 
intermontane  basins 

Beneath  the  permafrost, i n  
high  mountains 

Below  the  permafrost,  distributed 
in  the  intermontane  valleys  and 
beneath  the  surface of the  Plateau 

Beneath  the  permafrost:  occurring 
locally  along  the  fault 

Below  the  permafrost, very 
common  occurrence 
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Main  hydrogeological  characteristics 

The  aquifer  is  discontinuous,  its  thickness  usually  being 1 to 2 m, the 
thickest is 3 to 7 m. The  lithological  character  is  complicated. The 
discharge o f  a spring  is  commonly 0.2-1.5 l/sec., the  maximum  being 2-74 
l/sec.,  and  the  salinity is 0.1-0.5 g/l.  Its  dynamic  state  changes 
greatly  with  the  seasons 

The  aquifer  is  discontinuous  and,  controlled by seasonal  freezing,  its 
thickness  varies  with  seasons.  The  rate  of  flow is 0.5-1 l/sec,.  (a  single 
spring),  the  salinity is less than 0.5 g/l,  its  dynamic  state  varies  greatly 
with  the  seasons 

The  aquifer is discontinuous  and  its  lithology  may  consist  of  various  pre- 
quarternary  consolidated  clastic  sedimentary rocks. The  thickness of the 
aquifer is 1 to 2 m, the  flow  of a spring is 0.5-3 l/sec.,  its  salinity 
being 0.2-0.5 g/l.  The  dynamic  state  usually  changes  considerably  with  the 
seasons 

The  aquifer is continuous.  The  lithological  character is loose  sand  and 
gravel  layers  of  the  Quarternary  system;  there  exisis  an  unsaturated  zone 
between  the  aquifer  and  the  permafrost,  The  discharge  per  unit is Less  than 
1 l/sec.,  and  the  salinity is less  than 1 g/l. The  dynamic  state  is com- 
paratively  stable 

The  aquifer  is  continuous  in loose sedimentary  deposits  of  the  Quarternary 
system:  the  apical  plate is 20-90 m thick,  the  watertable  is  within  minus 
2.3-0.82 m. The  discharge  per  unit  is 0.23-5.17 L/sec.m  and  salinity 0.2-0.5 
811 

Pre-quarternary  bedrock  forms  the  aquifer.  The  aquifer  belongs t o  the  type 
of watertable  aquifer  due  to  poor  recharge  conditions  and  rapid  discharge. 
The  discharge  per  unit is 0.1-1 l/sec.m  and  salinity is  less  than 0.5 g / l .  

Sandy  slates of the  Mesozoic and Cenozoic  groups  form  the  aquifer,  the  buried 
depth of apical  plate  is 40-129 m, watertable  is 0.64-60 m below  the  surface, 
the  discharge  per  unit is 0.01-0.2 l/sec.m,  its  salinity is usually 0.3-1 g/1. 
the  highest  being 3.4 g/1 

The  aquifer  consists of pre-Pleistocene  bedrock.  It  usually is confined 
owing to the  overlying  and  confining  permafrost:  the  discharge  per  unit 
is 0.1-1.0 l/sec.m  and  its  salinity is 0.5-1 g / l  

The  aquifer is composed of pre-Pleistocene  bedrock,  the  buried  depth of apical 
plate  is 70-170m, the  watertable  is 0.7-50 m beneath  the  surface,  the  dischare 
per unit is 0.01-1 l/sec.m,  its  salinity  is 0.5-3 g/l 
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Relation  between 

distribution  region 
Hydrodynamic  Properties  recharge  area  and 

Commonly unconfined  water: 
semi-confined  or  confined  identical 
locally 

Semi-confined  aquifer  identical 

Usually  unconfined;  may 
become  semi-confined i n  
early  winter 

identical 

Unconfined,  watertable 
aquifer  inconsistent 

Confined  and  artesian 
aquifer 11 

Watertable  aquifer 

Confined  aquifer 

I I t  



Table I (cwlinued) 

Ground  water  types 

Water in 
taliks 

Water  in  the 
pores of Quar- 
ternary  system 
in  taliks o f  
river  valleys 

Water  in  the 
pores  and 
fractures of 
isolated  taliks 

Water,  in  the 
pores  and 
fractures of 
structural 
thawed zones 

Ground  water  in  the 
pores of Quarternary 
system 

Confined  water  in  the  pores 
of  Quarternary  system 

~ ~~~ 

Ground  water  in  the  pores 
of Quarternary  system 

~~ 

Confined  water  in  the  pores 
of Quarternary  system 

Ground  water  in  the of 
bedrock  fracturcs 

Confined  water  in  the pores 
and I fractures of clastic 
rock 

Ground  water  in  the  pores o f  
the  Quarternary  system  in 
structural  valleys 

Water  in  the  veined  cracks 
of fault  zones 

Thermal  mineral  water in the 
veined  cracks of fault  zone 

Conditions  and  area 
of occurrence 

In  sand  and  gravel  layers  of  the 
talik.  distributed  in  the  talik 
of each  big  river  valley 

In each  big  river  valley,  and 
commonly  in  the  strata  of  the 
early  and  middle  Pleistocene 
lakes in the  basin 

~ ~~ . . -~ ~ 

In  the  back  edge of desert  zones 
along  the  margins of isolated  thaw 
areas,distributed  in  each  inter- 
montane  basin  (vallev) 
In  the  central  part of isolated 
taliks,  in  the  middle  of  each 
large  basin 

In  taliks  along  the  margin of each 
mountain  area  as  well  as  the  hilly 
country 

The  aquifer i s  
layers, 20-50 
discharge per 

The  aquifer 
layers;  the 
aquifer  is 5 
charge  per  unit 

The  aquifer 
thick,  watertable 
the  discharge  per 

The  aquifer  occurs 
watertable is 10 
to 1 l/sec.m, 

- 
The  aquifer  is 
the  storage  of 
components of 
conditions 

In isolated  taliks  in  the  hilly  land 
of bedrock  overlain by Quarternary 
system 

The  rock formation 
groups, beneath 
water  quality 

In  structural  valleys,  distributed 
in  the  areas of Qubu  and  Yanshiping 
etc 

In  the  mylonitic  zone of faults with 
relatively  high  pressure,  pressed- 
torsion  and  tension 

i The aquifer glacial  and 
watertable  is 
than 1 l/sec.m, 

-+ 
The  lithological 
flows  from  the 
spring i s  1 to 

In  the  loosened  zone of major  faults, 
distributed  widely 

The  lithological 
spring  water 
flow of water 
temperature of 
is usually less 
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. .  

Main  hydrogeological  characteristics 

continuous,  its  lithological  character  is  pebble-gravel 
m thick:  watertable is 1 to 10 m  below  the  surface.  The 
unit is 1 to 10 Vsecqm, its  salinity i s  0 .2  to 0.5 g/l 

is composed  of  lacustrine  sand  and  gravels as well as sandy ' 

buried  depth  of  apical  plate is 80-100 m. The  thickness of the 
to 10 m,  wetertable  is 7 t o  20 m beneath  the  surface  the  dis- 

is 0.1 to 0 . 5  l/sec.m,  its  salinity is less than 1 g/l 

' of  mud-gravel  and  sand  gravel  Layers,  it  is 5 to 50 m 
is 5 to 50 m  below  the  surface,  the  lowest  being 80-100 m, 
unit is more  than 1 l/sec.m,  the  salinity is less the 1 g/l 

in the  morainic  mud-gravel  layer  which  is 5 to 10 m thick, 
to 50 m  beneath  the  surface,  the  discharge  per  unit  is 0.1 

salinity is less  than 1 g/l. 

- formed  in  the  weathering  crust  of  the  pre-pleistocene  bedrock; 

salts  contained  in  the  rock, as well  as  recharge  and  discharge 
water in the  rock  formation i s  related  to  water  quality, 

- of  the  aquifer is sandy  alate of Mesozoic  and  Cenozoic 
. the  permafrost.  The  aquifer  has  usually  pressure  head,  its 

. 1s comparatively  bad,  the  storage  capacity  is  rather  small 

exists  in  morainic  and  glacio-fluvial  mud-gravel  as  well  as  in 
alluvial  sand and gravel  layers,  being  more  than 30 m  thick; 
.: 0 to 50 m  below  the  surface.  The  discharge  per  unit is more 
. the  salinity is less than 1 g/l 

Jpper  wall  in  the  fault zone,  the flow o f  water of a  single 
character of the  aquifers  is  complex.  Spring  water  usually 

, 3 l/sec.,  its  salinity is  less  than 0.5 g/L 

character  of  the  aquifers i s  complex.  The  thermal.  mineral 
gushes out from  the  top  wall  of  the  fault zone,  the rate of 
is 0.1 to 0.5 l/sec.,  the  maximum  being 1 to 3 l/sec.,  the 
. water is 10 to  50°C,  the  highest  being 94OC,  its salinity 

than 1 g/l,  the  highest  being 1 to 3 g/l 

- 

Hydrodynamic  properties 

Watertable  aquifer 

Confined  aquifer 

Watertable  aquifer 

Confined  aquifer 

Watertable  aquifer 

Confined  aquifer 

Watertable  aquifer 

Confined  aquifer 

Confined  aquifer 

Relation  between 

distribution  region 
recharge  area  and 

basically  identical 

inconsistent 

basically  identical 

inconsistent 

, . .  
I 
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Fig.1 A Comprehensive  hydrogeological  Cross  Section  in  the 
Permafrost  Areas  Over  the  Qinghai-Xizang  Plateau 

1 .  Pre-Quarternary  strata; 2. Quarternary  strata; 
3 .  Faults; 4. Permafrost  table: 5. Permafrost  base; 
6 .  Blocks of permafrost; 7 .  Suprapermafrost  water; 
8. Subpermafrost  water; 9 .  Water  in  the  talik; 
10. Numerator:  water  level (m); Denominator:  discharge 

per unit (l/sec.m); 11. Well or borehole No. 

times  the  suprapermafrost  water may be partly 
or truly  confined,  because o f  seasonal  freezing 
of the  soil  and  turf  layers  overlying  the  aqu- 
ifer.  The  Lithological  character  and  thickness 
o f  suprapermafrost  aquifers  very  with  different 
regions,  their  rock  formations  have  generally 
high  storage  capacity,  and  flow  systems  are 
short and unobstructed.  The  salinity o f  sup- 
rapermafrost  water is Low  and  the  quality of it 
is  quite  good.  The  dynamic  state of t h e  sup- 
rapermafrost  water  changes  greatly,  frozen  in 
winter,  flowing  freely in summer.  Generally 
speaking, i t  is not  easy  for  man to use  it  as 
a perennial  source of water  supply. 

In  light of the  storage  conditions  apd  hydro- 
dynamic  properties  suprapermafrost  water  can 
further be divided  into  the  following  types: 

1. Ground  water  in  the  pores of unconsolidated 
sediments of  the  Quarternary  system  overlying 
the permafrost; 
2 .  Semi-confined  water  and  confined  water  in 
the  unconsolidated  Quarternary  sediments  on  the 
permafrost; 
3 .  Ground  water  in  the  weathering  crust of  the 
bedrock  overlying  the  permafrost. 

Subpermafrost  water 
Subpermafrost  water  also  occurs  widely  on  the 
Plateau, being  one of the  most  important  types 

ply a s  well.  Verified by the  available  explora- 
of  ground  water and a good  source o f  water  sup- 

Renurally  found  everywhere  beneath  the  perma- 
tion  information,  the  subpermafrost  water  is 

divided  into as follows: 

1. Non-pressure  water  (watertable  aquifers) in 
the  pores of unconsolidated  Quarternary  sedi- 
ments  below  the  permafrost; 
2 .  Pressure  water  (confined  aquifers) i n  the 
Pores of  unconsolidated  Quarternarv  sedi-ments 
beneath  the  permafrost; . 

3 .  Non-pressure  water  in  the  fractures of 
bedrock  underlying  the  permafrost; 

r 4 .  Pressure  water i n  t h e  pores of the bed 
beneath  the  permafrost; 
5. Pressure  water  in the  veined  cracks of 
zones in  the  bedrock below the  permafrost 
6 .  Pressure water  in  the  frac.tures  of the bed 
underlying  the  permafrost. 

r 

the 

o c k  

falt 

o c k  

Ground  water  in  talik  zones 
Ground  water  in  talik  zones o n  the  Qinghal-Xi- 
zang  Plateau i s  discontinuously  distributed, 
often  occurring  in  isolation.  Besed o n  t.he t y p e  
o f  talik,  its  hydrogeological  texture,  storage 
conditions, and hydrodynamic  properties,  ground 
water  in  talik  zones  can be fundamentally d j -  
vided into  nine  different  types: 

1. Ground  water  in  the  pores of the  Quarternary 
system i n  the  talik zones of rivcr  valleys; 
2 .  Pressure  water  in  the p o r e s  of ~ h c  Q u ~ r t e r -  
nary system  in t h c  talik  zones of  river valleys; 
3 .  Ground w a t ~ r  stored i.11 the  pores u f  U I I C O I I -  
solidated  Quarternary  sediment.^ i n  i s o l a t - e d  

frost.  The  subpermafrost  water  might be further talik  areas; 
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4 .  Pressure  wnler i n  thc  pores  of  unconsolidated 
Quarternary  sedimcnts  in  isolated  talik  zone?; 
5 .  Ground  water i n  the  fractures  in  bedrock  in 
isolated  talik  arcas; 

6. Pressurc  water  in  the  pores and fractures  in 
the  interlayer  in  clastic  rocks of the  Mesozoic 
and Cenozoic  groups  in  isolated  talik  zones; 
7 .  Ground  water  in  the  pores of  Quarternary  sed- 
iments  in  the  talik  areas o f  structural  valleys; 
8 .  Pressure  water  in  the  veined  cracks of fault 
zones in  the  structural  thawed  areas; 

9. Thermal  mineral  water  in  the  fractures  of 
fault  zones i n  the  structural  thawed  zones. 

The basic characteristics of various  types o f  
ground  water  are  listed  in  Table I. 

CONCLUSION 

The  classification  of  ground  water  in  this  paper 
has  been  carried  out o n  the  basis of a  great 
deal of available  information.  Based on  the 
spatial  relations  between  the  occurrence  of 
ground  water and permafrost  distribution,  ground 
water  in  the  permafrost  regions o n  the  Qinghai- 
Xizang  Plateau,  can be divided  into  three  basic 
types  which  are  suprapermafrost  water,  subper- 
mafrost  water  and  ground  water  in  .talik  zones. 
Intrapermafrost  water  does  fundamentally  not 
exist on the  Plateau.  If  the  storage  conditions 
o f  ground  water  and  hydrodynamic  properties  are 
considered,  eighteen  subtypes  can  further be 
distinguished. 

It  should be pointed  out  that  our  classification 
is  preliminary  yet,  it  will b e  further  perfected 
with  the  passage of time  and  continuous  accumu- 
lation of exploration  data. 
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PERMAFROST HYDROLOGY OF A SMALL ARCTIC WATERSHED 
D.L. Kane and L.D. Hinzman 

Institute of Northern Engineering University of Alaska, Fairbanks, AK 997751760, USA. 

2 
ABSTRACT: A small 2 km  watershed  in  an  area  of  continuous  permafrost  has  been  monitored for three 
years.  Measurement  of  precipitation,  including  detailed  snow  surveys  prior  to  ablation,  runoff 
1eaving.the  basin,  and  the  soil  moisture  regime  in  the  active  layer permit  the determination of the 
basin  water  balance.  Similar  measurements  were  made for four  bounded  hillslope  plots. As 
expected,  spring  snowmelt  is  the  major  hydrologic  event  each  year,  with  this  water  being 
partitioned  into  soil  storage,  evaporation  and  runoff.  Runoff dom,inates this portion of the  annual 
hydrologic  cycle.  This is visually  evident  in  the  Watershed by the  large  number of water  tracts 
that  convey  water to the  main  stream  channel.  Moist soil conditions  in  the  fall  that  produce high 
ice  contents  when  frozen  severely  limit  infiltration  into  the  mineral  soil.  Summer  precipitation 
events,  although  never  near  the  volume of snowmelt,  can  produce  peaks  in  the  streamflow  hydrograph 
if  the  intensity  is  high.  How  fast  the  basin  responds  depends  upon  the  antecedent  soil  moisture 
conditions.  Downslope  movement of water  is  initiated  when  saturated  conditions  develop in the 
near-surface  organic  soils  since  the  less  permeable  underlying  mineral  soils  retard  infiltration. 

INTRODUCTION 

The hydrology  of an arctic  watershed 
conforms to the  accepted  principles  of 
watersheds  in  temperate  and  tropic  regions. 
However,  the  predicted  response  can  vary 
substantially  because of environmental  and 
physical  differences.  The  large  amount  of 
energy  lost  during  the  winter  months is 
responsible  for  maintaining  permafrost  quite 
near  the  ground  surface.  This  severely  limits 
the  role  of  the  subsurface  system  in  the 
hydrologic  cycle. 

In this paper, we examine  the  water 
balance  of an arctic  watershed  underlain  by 
continuous  permafrost.  The  hydrologic  roles  of 
the subsurface  active  layer,  surface or near- 
surface  runoff, and evaporation  are  discussed 
in  conjunction  with  snow  and  rainfall 
precipitation.  Water  balances  during  the 
spring  snowmelt  and  the  period of surface 
runoff  have  been  calculated  based  on  numerous 
field  measurements. 

watersheds from the  viewpoint  of hydrology, 
Snow plays a  very  important role  in  arctic 

climatology,  and  ecology (Woo, 1982). Snow  may 
accumulate fo r  as long  as 9 months  in  the 
Arctic  and  then  ablate  in  a  relatively  short 
time,  typically 10 days.  The  ability of the 
active  layer  soils  to  absorb  and  store  snowmelt 
runoff  is  limited  in  poorly  drained  organic 
(Roulet  and doo, 1986a)  and  mineral  (Kane  and 
Stein,  1983a)  soils  by  the  high  ice  contents. 
Evaporation  during  the  snowmelt  period  and 
evapotranspiration  during  the  summer  months  are 
difficult to quantify.  There  have  been  several 
attempts  at  measuring  evaporation  using  small 
lysimeters and evaporation  pans  (Brown  et al., 
1968; Dingman,  1971;  Addison, 1977; Marsh et 

al., 1981;  Ohmura, 1982; and  Kane  and  Stein, 
1983b). Alternatively,  it  is  possible to 
determihe  evaporation  from  the  residual  term o f  
an  energy  balance  (Wendler,  1971;  and  Weller 
and  Holmgran, 1974). Finally,  there  are 

the  Thornthwaite  method  (Brown  et all 1968: 
several  quasi-theoretical  approaches  such  as 

Dingman,  1971: and Kane  and  Carlson,  1973)  and 
Priestley  and  Taylor  (Rouse  and  Stewart,  1972; 
Rouse  et  al., 2977:  Wright,  1981:  and Woo et 
al., 1983). Ohmura (1982) also used  both an 
aerodynamic  profiling  method  and  the  Bowen 
ratio  method. 

The most  important  factor  controlling 
summer  evapotranspiration  in  the  Arctic  €or 
tussock  tundra  is  the  moisture  level  in  the 
active  layer. In very few studies has  this 
parameter  been  measured  continuously  throughout 
the  year;  yet  this  measurement  is  critical to 
understanding  the  response of the watershed to 
hydrologic  mass  and  energy  inputs. 

Precipitation  measurements  in  the  Arctic 
can  be  characterized as sparse, of short 
duration,  and of very  poor  quality.  This  is 
particularly  true for snowfall  precipitation, 
€or which  the  water  content is typically 
underestimated by a  factor of 2 to 3 when  windy 
conditions  prevail  (Benson,  1982). 

Prqbably,the most  reliable  hydrologic 
measurements  made  in  the  Arctic  are  those of 
runof€.  Again,  there i s  the  complaint  that 
there  are too few  streamflow  gaging  stations 
and  the  quality o f  the  data i s  questionable 
during  periods  of  ice  and  high  flows. 
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SITE DESCRIPTION 

Imnavait Creek is a small, 2 . 2 +  km2 
watershed located in the northern foothills of 
the Brooks Range of Alaska, U.S.A. (Figure 1). 
Permafrost underlies  the entire watershed and 
the  active layer thickness  ranges from 25  to 60 
cm. Soils  with organic surface horizons of 
varying thickness and bulk density mantle the 
mineral sub-soil and are classified as Histic 
Pergelic Cryaquepts. The primary vegetation 
are sedge tussocks, mosses and low shrubs. The 
stream drains northward between east and west- 
facing slopes that dominate the basin. The 
stream is a typical beaded stream and no 
significant bodies of free-standing water 
exist. Numerous water tracts, flowing directly 
down the slopes, carry water to the base o f  the 
slope. From the base of the slope, no well- 
defined channel exists from the water tracts to 
the stream, and water  takes a dispersed path 
across the valley bottom. Tussock  tundra 
dominates the slopes and the valley bottom, so 
water moving downslope alternates from surface 
to subsurface flow. Near-surface flow is 
prevalent during snowmelt, and may exist during 
prolonged periods of rainfall. 

WATER BALANCE 

Numerous techniques  can be used to 
determine the water balance of a watershed, 
hillslope or plot (Van der Beken and Herrmann, 
1985). Woo (1986) presents a water balance 
equation to define the various hydrologic 
relationships for a basin underlain by 
permafrost: 

where 
P = rainfall 
Q p 7 = quantity of snowmelt 
qi/pw~ = quantity of ice melt in active layer 
pw = density 
7 = latent heat of fusion 
:in = inflow 
Q = outflow 
 AS^ = change in depression storage 
 AS^ = change in detention storage 
 AS^ - change in active layer storage 

m/ w 

= evaporation or evapotranspiration 

Each term in Equation 1 represents a flux or a 
storage change with units of depth over time 
€or a unit area. 

take many forms depending on the physical 

paper, we will look at the water balance during 
system and the assumptions made. In this 

snowmelt, over the Summer period, and during 

will look at the water balance at the scales of 
individual rainfall events. In addition, we 

both the plot and watershed. 
For the snowmelt period, we simplified 

Equation 1 to the following form: 

This equation can be simplified and it can 
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Figure 1: Map of Alaska indicating research 
site. 

Rainfall was insignificant in our study during 
ablation. We also assumed that ice melt in the 
active layer ana inflow did not exist and that 
there was no change in storage terms, except 

measurements of soil properties and  field 
active layer storage. From laboratory 

measurements of moisture levels, we determined 
changes in storage of the active layer.  Daily 
snowmelt and runoff were measured in the field 
directly. Therefore, estimates of evaporation 
during the snowmelt period can be made. 

is quite similar to Equation 2: 
For the summer water balance the equation 

P = E + Q + A S A  ( 3 )  

From measurements of field soil moisture 
levels, it appears that prior to freeze-up each 
€all the amount of water in storage within the 
active layer is virtually the  same each year. 
This means, on an annual basia, that both 
changes in soil storage and melting of ice in 
the active layer can be ignored. Simply, 
inflow is equated with outflow. 

continuous permafrost have measured enough 

water balance. Brown et al. (1968) studied the 
elements of the hydrologic cycle to calculate a 

summer hydrology of a small drained lake basin' 
near Barrow, Alaska. They reported the 
response of the watershed to individual storms 
and concluded that summer rainfall was offset 
by evapotranspiration during a normal year. 
Marsh and Woo (1979) reported on data from four 
basins near Resolute, N.W.T., Canada. They 
showed that 67-81% of the annual precipitation 
left the basin as runoff and 13-23% as 
evaporation. Lewkowicz and French (1982) 
measured the mnoff from four plots on Banks 
Island in the Canadian archipelago during snow 
ablation. Three of the plots were located in 
areas of drifting anow. Woo (1983) completed 
an annual water balance for McMaster Basin near 
Resolute, N.W.T., Canada f o r  a numbei of years. 
Only small changes in storage occurred: 
evaporation was minimal, and runoff dominated. 
Roulet and Woo (1986a and 198633) determined th'e 
annual water balance for a peat wetland near 
Baker Lake, N.W.T. Water moving downslope from 
a lake was  the main hydrologic activity in this 
basin. 

Very few hydrologic studies in areas of 



For all of the above studies, it is 
difficult to make comparisons among the data. 
The soil types range from coarse grained 30ilS 
to peat, and some  have  no surface vegetation. 
During snowmelt some  soils in the active layer 
were  capable  of storing meltwater, while in 
other settings soil storage was nil. In almost 
all cases, the snowmelt event during breakup 
was  the major hydrologic event of the year in 
terms of runoff peaks and volumes. The 
compelling reason is that permafrost close to 
the ground surface severely limits storage 
regardless of the soil type. 

RESULTS 

Measurements of snowfall and rainfall were 
made continuously within the Imnavait Creek 
watershed. A Wyoming shielded precipitation 
gage operates throughout the year and two 
standard 8 inch ( 2 0  cm) shielded gages 
complement the Wyoming gage during the summer 
(Figure 2). In addition, at winter's end, 
detailed surveys of snow on the ground are made 
using an Adirondack snow corer. Liston (1986) 
has  shown  that the Wyoming gage  gives a good 
indication o f  the snow on the ground at the end 
of the winter. It is known that, throughout 
the  winter  moisture is lost from the snowpack 
due to sublimation. Sturges (1986) ha3 shown 
that Wyoming gages, although shielded, under- 
measure the total snowfall. Therefore, it 
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appears that the error of the Wyoming snow gage 
is comparable to the cumulative sublimation 
during the winter. For water balance 
computations, the water content of the snow on 
the ground just prior to ablation was used. 

The pattern of rainfall for 1986  and 1987 
(Figure 2 )  illustrates both low intensities and 
low quantities. There is a general trend of 
increasing,rainfall during the summer months. 

Four arrays of time domain reflectometry 

I 

(TDR) probes w k e  installed 'along the slope to 
measure the unfrozen water content of the 
act ive layer. TDR is an indirect method of 
measurement whereby the dielectric properties 
o f  the soil are measured(5tein and Kane, 1983). 
The annual variation in the unfrozen water 
content at selected depths for one of  the 
profiles (Figure 3) indicates that the unfrozen 
water content increases as the active layer 
thaws and as the rainfall shown in Figure 2 
occurs . 
are highly organic, with mineral soils at 
greater depths. Once the mineral soil thaws at 
a  given depth during the summer, the moisture 
content remains practically constant. This is 
also true when data from a number of years are 
compared. A plot of the unfrozen water content 
profile in lata summer (Figure 4) shows that 
there is very little variation from year to 
year for the mineral soil, but there is some 
variation at  the two upper depths in the 
organic soil. The agtual values depend upon 
the length of time since rainfall or late 
summer snowmelt. The water content in 
the organic layer becomes constant after 
freeze-up.  By spring this layer of organic 
soil is quite dry, except where it is highly 
decomposed and has  a density approaching that 
of the mineral soil. SO, we see virtually the 
same quantity of water in active layer storage 
each spring prior to ablation. A major 
assumption in our annual water balance 
calculation is that  there is nQ change in 
storage from year to year. 

constructed on the hillslope and  in the 

3i2e and bounded with heavy (40 mil) plastic to 
Imnavait Creek basin. The plots were 89 m2 in 

prevent overland and subsurface flow into the 
plots. Runoff above the mineral soil was 

to a holding tank equipped with a water level 
collected in a collection gutter and was routed 

The soils above 1s cm depth in Figure 3 

Runoff was measured both in four plots 

1986 
100 1 

25 I 8 I 5  22 19 6 I 3  20 27 3 I O  17 16 SI I 4  P I  1 
. .  

MAY JUNE JULY AVGUST SEPTEMBER 
1987 

4 

Figure 2: Pattern of summer rainfall at 
Imnavait Creek watershed. 
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Figure 3: Soil moisture variation at selected 
depths, 1986. 
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Figure 4: Typical soil moisture profiles just 

recorder. The plots are uniformly spaced from 
near the base to near the top of the west- 

during snowmelt. For the summer months, they 
facing slope and are continuously monitored 

have been monitored for some individual storms. 

continuously in 1986 and 1987 (Figure 5 ) ,  
The watershed outflow was measured 

allowing annual water balances to be 
determined. A stage-discharge curve was 
constructed for the stream in 1986, and a flume 
was installed in the channel in 1987. Spring 
snowmelt is usually the peak annual runoff 
event because of both the limited storage in 
the active layer and the significant quantities 
of snow that accumulate during the winter. 
Runoff during the summer months is minimal, 
except during substantial rainfall events that 
produce near-surface runoff. 

A comparison of pan evaporation with 
summer precipitation (Figure 6) shows that 
potential evaporative losses exceed 
precipitation. While  there is a gradual 
decline in pan evaporation over the summer, 
precipitation increases in late ~ u l y  and 
August. 

Water balances were computed for two 
periods, spring snowmelt and  annual. For the 
snowmelt period, computations were made for 

prior to seasonal freezing. 

E 

w 
0': ' s 
31 10 20 30 10 20 31 10 20 

JUNE JULY AUGUST 
1986 

1 

h n  h 

1 

0 . g -  1 
4 I I 

Figure 5: Snowmelt and rainfall generated 
runoff from Imnavait Creek. 

both the plots and the basin using three years 
of data (Figure 7). The annual water balance 
was calculated for the basin only in 1986 and 
1987 (Table 1). The runoff mea~urernents for 
the plots are not continuous over the summer, 
so annual balances cannot be performed for 
them. During 1985, a breakdown of the water 
level recorder during a major rainfall event 
prevented similar calculations. 

** J 

// PRECIPITATION 

0 

MAY JUNE JULY AUGUST 
I 987 

Figure 6: Cumulative pan evaporation and 
summer rainfall precipitation. 
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Year 
" 

1986 

1987 

CONCLUSIONS 

Considerable  variation  exists  among  the 
four  runoff  plots  in  regards  to  percentages  of 
runoff  and  evaporation losses during  snowmelt. 
Although  there  are  some  differences  between  the 
plots  in  terms of slope and  active  layer  soil 
structure,  the most important  factor  is  the 
distribution  of  snow  on  the  ground.  The  plots 
with  the  highest  snowpack  water  equivalent  also 
have  the  highest  percentage  of  runoff. 
Likewise,  those  plots  with  the  least  snow  have 
the  highest  percentage of evaporation.  Where 
snow is thin.  vegetation  extending  through  the 

absorption  and surface  heating.  This  provides 
snow  and  bare ground  enhances  radiation 

considerable  energy  to  drive  evaporation, 
whereas  the  surface  albedo  remains  quite  high 
€or the  thicker  snowpacks.  Comparison  of  the 
same  plots  over the three  years o f  study  shows 
that  there is much  less  variation  temporally 
than  spatially. 

1,985 1986 

Pmr I 
rmbr mntatrt 13.E cm wmr contont 11.7 un 

PLOT 2 

PLOT 3 
w a t w  cantmt 9.7 om w d m  conW 10.8 cm 

PLOT 4 

PLOT A W E  
wabr centant 11.4 cm w o k  oontent 10.2 om 

W N  AVERAGE 

In 1986, snowmelt  runoff  represented 4 0 %  
o f  the  annual  runoff,  while  the  snowpack  water 
content  represented 40% of the  annual  effective 
precipitation  (snow  on  ground just  prior  to 
ablation  plus  summer  precipitation).  Although 

was nearly equivalent to the 1906 spring 
the water content  of the 1987 spring  snowpack 

snowpack,  the  snowpack  water  content  was  only 
2 8 %  of  the  annual  effective  precipitation  and 
snowmelt  runoff  was  also only 2 8 %  of the  annual 
runoff.  Runoff  is  the  dominant  process  during 
the  snowmelt  period,  and  evapotranspiration 
dominates  during  the  dryer  summers. 

antecedent  moisture  conditions  of  the  organic 

the  mineral s o i l s  remain  near  saturation 
soils in the active  layer  because  once  thawed, 

throughout  the  summer  months.  Runoff  from  the 
plots  ceases  shortly  after  snowmelt or rainfall 
events.  During  summer  periods of little or no 
precipitation,  runoff i s  virtually  zero  in  the 
stream.  Water  from  the  thawing  active  layer 
which  could  provide  runoff  during  the  summer 
does  not  appear  to  be  an  important  process  in 
Imnavait  Creek  watershed. The water  that  is 
made  available  by  the  thawing  active  layer is 
probably  used by plants or lost  through 
evaporation. A comparison  of  the  pan 
evaporation  data  and  the  computed  evapotrans- 
piration  (Table 1) shows  that  insufficient 
water  is  available  for  evapotranspiration to 
proceed  at  its  potential  rate. 

Summer  runoff  events  are  controlled  by  the 

I 987 

PLOT 1 
watu OMltmt 14.7 cm wdmr cDntnt 12.4 em 

PLOT 2 

PLOT 3 
w a k  oontent 1.1 om watw cOntnt 10.2 om 

PLOT 4 

PLOT AKPACE 
watu w n h t  11.3 cm wrrtor oantmt 10.9 em 

=IN A W E  

PLOT 1 
water content 8.8 cm water content 10.6 cm 

PLOT 2 

not maosured 
PLOT 3 

water content 10.0 cm 
PLOT 4 

PLOT AVER~GE 
water content 10.1 cm water contsnt 10.8 cm 

W I N  AVERAGE 

Figure 7: Charts  illustrating  the  partitioning 
of  snowmelt  into  runoff, storage 
and  evaporation. 
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FLOWING WATER EFFECT ON TEMPERATURE IN OUTWASH DEPOSITS 
A. garnewski 

Quaternary  Research Institute, Adam Mickiewicz University,  Poznan, Poland 

SYNOPSIS Study was made of the  influence of  a i r  and water  temperature on the  thermal 
proper t ies  of  outwash depos i t s .   S t a t i s t i ca l   ana lys i s  of thermistor thermometer readings  indicates 
that  water  temperature has a de f in i t e ly   g rea t e r   e f f ec t  an thermal  properties of t he  ground, night  
temperatures reach much highep  values of determinants  than  afternoon  temperatures do, water   affects  
s ignif icant ly   thermal   propert ies  of the  ground a s   f a r   a s  the distance  of 1.5 m from the  channel. 
This i s  o f  principal  importance  in  thermoerosive  processes whereby proglacial   waters   act  on a 
presently  forming outwatsh plain.  

INTROWCTION 

The thermal  action of flowing water on channel 
banks i s  one of morphogenetic fac tors   a f fec t ing  
a reas  of permafrost  occurrence. This process is 
re fer red   to  in t he   l i t e r a tu re   a s   t he rma l  
erasion.  Publications by French,  Egglnton /1973/ 
and French /1974/ are concerned  with  the 
Canadian Arctic o r  those by Walker, Arnborg 
/1%3/, Mackay /1%3/ deal  with  the  Alaska  area.  
These authors   point   out   chief ly  the e f f e c t  of 
ice  veins  approaching  the  terrace edge on the 
sca le  of thermoerosion, as i s  t he  case for 
Siberia  /e.g. Soloviov 1973/. Throughout this 
process  there is heat exchange  between water 
and the  frozen bedrock  since water has greater 
thermal  capacity  than air. Therefore, wetter 
ground has  higher  thermal  conductivity. 

Studies concerning thermoerosion may fall 
under two groups. One is concerned  with the 
thermal  action of watem in rivers flowing from 
the south  northward, 1.e. i n  Siber ia ,  Canada o r  
Alaska.  In summer t h e i r  water is  much warmer 
than  the  ambient  temperature  since it flaws 
from areas  a t  lower l a t i t udes .  The other  group 
dea ls  with  areas belonging t o  the  Arct ic  zone, 
mostly those g lac i a t ed   a t   t he   p re sen t  time. 
Proglacial  runoff comprises most streams  there. 
Jahn /1975/ gave a t t en t ion   t o   t hese  problem6 in 
h i s  monograph on the geriglacial zone. For 
instanee,  he has s ta ted   tha t  nlimited thermal 
erosion may a l so  be linked t o  streams which 
or ig ina te   in   g lac ie ran .  

g l ac i e r s  becomes longer,  the  water  increases 
its temperature by flowing  through  either 

area i n  the  whole aystem of shallow channels. 
shallow proglac ia l   l akes   o r  a heated outwash 

Members of t h e  Pol i sh  expeditions t o  
Spitsbergen  conducted  research i n t o  the  
thermal  properties of tundra  mostly i n  respect  
of their  ver t ica l   var ia t ions .  Among othera,  
Baranowski /1968/, GrzeS, Babiiirski /1979/, 
Marciniak,  Szczepaniak and Przybylak /I907 / 
observed  deeperreaching  thawing o f  outwash 
surface /114 cm/ rather  than  tundra  surface 

As a distance between proglacial  waters and 

/99 cm/ i n   t h e  KaffiClyra coastal pla in  in 
summer. GrzcS /1984/ has  es tabl ished  that  the 
ground  thaws by 50-55 cm deeper inward near t he  
s t reams  than  in   the  adjoining  terrain  but  he 
attempts no general izat ions because of such 

outwash plains .  
complicated  hydrological conditions ex i s t ing   i n  

METHODS 

In view of  the above  remarks about  the effect 
o f  flowing  water on the   d i s t r ibu t ion  o f  ground 
temperaturea,  the  preaent author Carried out 
s tudies  of an  extramarginal outwash plain o f  
the Bbrbye Glacier closing the   area around the  
Petunia Bay /BiUefjorden/ t o  the   nor th  in the 
summer o f  1 9 8 6  Dig. I /. 

l-outer  belt o f  ice-cored moraines 
2-flqt ground moraine 

4,5,6,-gaps:W-western. "middle .  E-eastern 
3-outwash plain 

Fig.  1. Study  area. 
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Thus, f ive   thermis tor  thermometers were 

wide and 25 cm deep a t  the maximum, a t  the 
ins ta l led   near  one of outwa8h channels 3.25 m 

depth of 20 cm and at  a diatance of 0.5, 1.0, 
1.5, 2.0 and 2.5 from the bank. In addi t ion 
t o  ground /gravelly-stony and sandy aeries/ 
temperature  readings,  water and atr 
temperatures were a l so  measured twice 
throughout  the 24-hour period,  i .e.  during the 
afternoon and night  hours. The afternoon 
measurements  were made between 12.30 pm and 

from 6.00 pm t o  10.00 pm because o f  technical  
2.00 pm, while  the  night figures were read  off 

constraints .  

RESULTS 

Throughout the  period  of measurement, i.e, Prom 
6 July till 2 August, a i r  tempegatures 
f luctuated bgtween 5.8 and  14.4 C and  between 
4.8 and 12.0 C during  the afternoon, and night 
hours,  respectively. The temperature o f  watgr 
i n  an outwash streq ranged from 4.6 t o  6.4 C 
and from 4.0 t o  7.0 C during the afternoon and 
night  hours,  respectively /Fig. 2/, The 
temperature o f  water i n  a supr@.acial atream 
f luctuated between 0.3 and 0.4 C by comparison. 

When a comparison ha5 been made between 
var ia t ions  of air  and water  temperature and 
those of temperature  readings on themiator 
thermometers by the use of regression 
coef f ic ien t ,  it has been ea tab l i rhed   tha t  water 
temperature x ha8 a more marked a f f e c t  on 
t e a p e r a t w e   d s t r i b u t i o n  in outwash deposits 
than a i r  temperature x /Table I/. Values Of 
t h i s  coef f ic ien t  rangel from 0.13841 t o  0.2861 14 

Jtl ly 

6 7 8 10 12 13 I 1 4  16 18 20 21 211 2 L  25  26 27 28 29 1 2 
"L.. 4 , . "" 

I V 

/ 

and from 0.00135 t o  0.01212 for f ive  
thermometers  during the afternoon and night  
measurements, respectively.  

involved es tab l i sh ing  a pr inc ipa l   re la t ionship  
of water temperature  effect  to outwash deposi t  
temperature by ca lcu la t ing   the   coef f ic ien t  of 
determination. I t a  diurnal  values  vary in an 

meamred  during the afternoon hours, they  are  
in t e re s t ing  way, In case water  temperature is 

much higher  since they a re  59.00 t o  81.00 
/Table I/. 

par t icular   thermistors  Jig. 2/ reveals  a 
Analysis of  ground tern erature plot8 for 

marked hea t ing   e f fec t  on outwash deposits.  It 
attains i t n  maximum over a disltmce of  1.9 m 
from the  outwash channel bank during  both  the 
afternoon /A/ and night  /B/ measurements. The 

dis tance is characterized by high  coeff ic ients  
influkmae o f  water  observable  as far as t h i s  

of determination /Table I/. Thus, its thermal 

the  stream. Throughout the  period of 
act ion Occur8 over the   d i s tance  o f  1.5 m from 

observation, maximum ground temperatures were 
recorded f r o m  ea r ly  July till the  end of Its 
second ten-day  period. In la te  July and ea r ly  
August there  wa5 a decreasing  tendency, 
especially  duping the night measurement. This 
waa undoubtedly  due to a decreasing  angle of the 
Sun's ray incidence and to prolonged shade over 
the   proglacfal  runoff area. 

The above  remarks are per t inent  t o  merely one 

a marked e f f e c t  of water as a heat carrier on 
incomplete summer season. However, they suggest 

t he   po ten t i a l  o f  thermoerosive processes 
operating on the  surface of a forming  outwash 
plain.  

Thus, the  preliminary procedure o f  measurement 



TABLE I 

1 I 
t Regression coefficients 1 coefficients of determination 

Afternoon 
measurement 

air water 
x2 

1 

1 
0.89596 1 0.16977 

2 

0.88663 , 0.13841 
3 0.96657 0.15081 
4 0.807Jk 0.28614 
4 0.75454 ' 1  0.20629 

i 

i 
I 

Night 
measurement Afternoon 1 Night 

_* 

air 

0.93253 
0,60205 
0.75293 
0.33260 
0.62691 

measurement  measurement i 
water I 

x2 I 
I 

0.00483 I 18.40 1 78.00 
0.001 35 21 * 0 6  81 .oo 
0.00258 16.75 79.44 
0.01212 8.51 59.00 
0,01193  18.64 66.97 i 
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SALIX ARBUSCULOIDES ANDERSS. RESPONSE TO DENUDING 
AND IMPLICATIONS FOR NORTHERN RIGHTS-OF-WAY 

G.P. Kershawl, BJ. Gallinger1  and L.J. Kershawz 

IDepartment of Geography, University of Alberta, Edmonton, Alberta 
2Arctic and Alpine Environmental Consultants, Tofield,  Alberta 

SYNOPSIS The Subarct ic   zone is c h a r a c t e r i z e d  by a wide v a r i e t y   o f   n a t u r a l  and  husan- 
induced   per turba t ions   which  may d i s r u p t   o r   d e s t r o y  t h e  e x i s t i n g   v e g e t a t i o n .   D u r i n g  an  experimental  
s tudy  of t h e   e f f e c t s  of t e r r a i n   d i s t u r b a n c e s   o n  a decadent   b lack   spruce   (P icea   mar iana  (Mill.) 
B.S.P . )  s t a n d   ( F o r t  Norman, N . W . T . ) ,  Sa l ix   a rbusculo ides   the   dominant   unders tory   dec iduous   shrub ,  
was denuded t o   t h e   g r o u n d .   T h i s  was conducted  in   an eff& t o   s i m u l a t e   t h e   r e s u l t   o f   c o r r i d o r  
a c t i v i t i e s   i n   t h e   N o r t h .  The wil low  shrubs were a b l e  t o  compensa te   fo r   t he   l o s s  of above  ground 
b iomass   th rough  pro l i f ic   resprout ing   f rom  in tac t   roo t   c rowns   and  by inc reas ing   t he   annua l   p roduc -  
t i o n  and  growth  ra tes .  The r a p i d   a n d   p r o l i f i c   r e g r o w t h   h a s   i m p o r t a n t   i m p l i c a t i o n s  for no r the rn  
r i g h t s - o f - w a y   r e h a b i l i t a t i o n   f o l l o w i n g   d i s t u r b a n c e .  

INTRODUCTION 

Subarc t ic   ecosys tems  cover  7.6% of Canada 
( Z o l t a i  e t  a l . ,  1987)   and   in   the   Nor thwes t  
much of th i s  a rea   has   been   a f f ec t ed  by bo th  
n a t u r a l  and  human-induced d is turbances ,   which  
d i s r u p t   o r   d e s t r o y   t h e   e x i s t i n g   v e g e t a t i o n .  
N a t u r a l   d i s t u r b a n c e s   a r e   c o n s i d e r e d   a n  essen- 
t i a l  component  of the  sys t em.   Wi ld f i r e s   i n  
par t icu lar ,   have   an   p re-eminent  role i n   t h e  
e v o l u t i o n  and func t ion '>of   Subarc t ic   ecosys tems.  
EumCn induced   d i s turbances   such  a s  seismic  ex-  
p l o r a t i o n ,   w i n t e r   r o a d ,   p i p e l i n e ,   p o w e r l i n e ,  
and   communica t ion   l i ne   co r r ido r s ,   c r i s sc ross  
much o f  t he  l a n d s c a p e .   I n  many r e s p e c t s   t h e  
i m p a c t s   o f   c l e a r i n q   o p e r a t i o n s  are  similar 
t o  t h o s e   r e s u l t i n g  from w i l d f i r e s  since t h e  
s o i l  and root ing   zone  are u s u a l l y  l e f t  i n t a c t  
(Zasada,   1986) .   Buried  roots  may provide  an 
impor t an t   sou rce   fo r   r evege ta t ion   a s  many p l a n t  
s p e c i e s   c a n   r e g e n e r a t e  by r e s p r o u t i n g   f o l l o w i n g  
damage t o  t h e  above  ground  portion of t h e   p l a n t  
(Berg and Plumb, 1972;  Zasada,  1986).  Con- 
s i d e r a b l e   i n t e r e s t   h a s   b e e n  shown i n  those 
p l a n t   s p e c i e s   t h a t  show a s t r o n g   r e c o v e r y  fol-  
lowing   d i s tu rbances   a s  these s p e c i e s   h e l p   t o  
p r o d u c e   s t a b i l i t y   i n  t h e  ecosystem  (Hernandez, 
1973;  Younkin, 1 9 7 6 ) .  Resprout ing  after 
p a r t i a l  o r  complete   denudat ion by f i r e ,  chemi- 
cals or  mechanical means has  been t h e  s u b j e c t  
of many i n v e s t i g a t i o n s .  These s t u d i e s   h a v e  
had v a r i o u s   o b j e c t i v e s ;   t h e   r e g e n e r a t i o n   o f  
f o r e s t   s t a n d s   f o l l o w i n g   c l e a r - c u t t i n g   o p e r a -  
t i o n s  (Marks  and Bormann, 1972) .   i nc reas ing  
v e g e t a t i v e   r e p r o d u c t i o n  (TeW, 1 9 7 0 ) ,   i n c r e a s i n g  
browse  (Leege  and  Hickey,  1971;  Wolff,  19781, 
or reducing  the v i g o r  of regrowth or e l l m i n a t -  
ing  regrowth  (Jones  and  Laude,  1960).  Shrub 
s p e c i e s   s e r v e   a n   i m p o r t a n t   r o l e   i n   t h e   s t a -  
b i l i t y  of Borea l   and   Subarc t ic   fores t   eco-  

thermokars t  and f l u v i a l  t h e r m a l   e r o s i o n ,  
sys tems  as  t h e y  h e l p  t o :  minimize o r  prevent  

r e e s t a b l i s h   s o i l   t h e r m a l   r e g i m e s ,   p r o v i d e  
w i l d l i f e   h a b i t a t  and   forage ,   and   se rve   as  a 
r e s e r v o i r   f o r   n u t r i e n t s   ( Z a s a d a  and Epps, 1976; 

C a r g i l l  and  Chapin, 1 9 8 7 ) .  

Nembers of t h e  genus S a l k   o f t e n   d o m i n a t e  
d i s t u r b a n c e s .  T h i s  i s  due t o  a n   i n t e r r e l a t e d  
complex of eco log ica l ,   r ep roduc t ive  and 
e v o l u t i o n a r y   c h a r a c t e r i s t i c s   ( A r g u s ,  1973; 
Chmelar, 1 9 7 4 ) .  S a l i x   a r b u s c u l o i d e s  i s  perhaps 
t h e  most common e rec t   dec iduous   sh rub   i n   up land  
Borea l  and Subarct ic   ecosystems  throughout  
North America, west of Hudson Bay (Pors i ld   and  
Cody, 1980). A l t h o u g h   c u r r e n t l y   c o n s i d e r e d   t o  
be  endemic t o  North  America,  Argus (1973)  
m a i n t a i n s   t h a t   f u r t h e r   s t u d y  w i l l  l i k e l y   c o n -  
f i r m  it t o  be c o n s p e c i f i c   w i t h  t h e  S i b e r i a n  
S. boganidensis   Trautv.   This   combinat ion  of  
f ac to r s   p rov ided  t h e  impetus for d e t a i l e d ,  
pos t -d i s tu rbance   s tud ie s   on  t h e  recovery of 
t h i s  s p e c i e s ,  The o b j e c t i v e  of t h i s   s t u d y  i s  
t o   m o n i t o r  the  regrowth  of s. a rbuscu lo ides  
fo l lowing   t o t a l   above   g round   ha rves t ing  i n  
o r d e r  t o  q u a n t i t a t i v e l y   d e s c r i b e  the  response  
o f   s p e c i f i c   i n d i v i d u a l s   o v e r  a 5-year   per iod 
and t o   d e t e r m i n e  t h e  e f f e c t i v e n e s s  of regrowth 
from r o o t s t o c k   f o r   t h e   r e h a b i l i t a t i o n  of 
no r the rn   d i s tu rbances .   Resu l t s   f rom  the  f i rs t  
y e a r   a r e   p r e s e n t e d   i n   t h i s   p a p e r .  

STUDY S I T E  

The s tudy   a r ea  is 10 km n o r t h  of F o r t  Norman, 
N.W.T. which is a t  the   conf luence   o f  t h e  
Hackenzie  and'Great  Bear  Rivers  (Pig,  1) (Evans 
e t  a l . ,   t h i s   v o l u m e ) .   T h i s  s i t e  i s  w i t h i n  a 
200-year-old  Picea  mariana-dominated  Subarctic 
forest ,  unde r Ia in  by permafrost-affected  Glev-  
so l i c   Turb ic   CryosoLic  soil (Kershaw  and  Evans, 
1987) .   This  i s  a l s o  t h e  s i t e  of a broader ,  
ecosys temat ic   s tudy  of t h e   e c o l o g i c a l   e f f e c t s  
of human-induced d i s t u r b a n c e s  and t h e   r e s p o n s e  
t o   v a r i o u s  rehabilitation/reclamation t r e a t -  
ments. The n a t u r e  of t h e  s i t e  d i s t u r b a n c e  
involved t h e  c r e a t i o n  of a c leared   r igh t -of -way 
and a s imula t ed   bu r i ed   p ipe l ine .  
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Pig .  1 . S i t e   l o c a t i o n  map, w i t h   e x i s t i n g  pipe- 
l i n e   c o r r i d o r .  

METHODS 

corridor i n  May 1986, 149  randomly-selected 
P r i o r  t o  c l e a r i n g  of t h e   s i m u l a t e d   t r a n s p o r t  

This   denuding   occur red   pr ior   to   bud-break  t o  
sh rubs  were c l i p p e d  a t  the   g round   su r f ace .  

e n s u r e  t ha t  no new growth was p r e s e n t .  T h e  
following  measurements were made p r i o r  t o  de- 
nud ing   o f   t he  above ground  por t ion  of t h e  
p l a n t :   l i v e  crown  diameter (two measurements 
t a k e n   p e r p e n d i c u l a r l y  t o  e a c h   o t h e r ) ,  maximum 
l ive-crown  height   and  the number o f   b a s a l  
sprouts. Each  shrub was t h e n   s e p a r a t e d   i n t o  
its component p a r t s ;  pre-1985  production, 
1985  production,  and  dead  shoots.  Measurements 
of s h o o t   l e n g t h s ,  basal diameters, and  weights  
were recorded .  A t  t he   end  of t h e  first growing 
season  (80-85 d a y s   a f t e r   c l i p p i n g )  a randomly 
se lec ted   subsample  (n=30) o f  t h e   o r i g i n a l  1 4 9  

was measured  and  harvested a long  w i t h  t h e  root 
shrubs  was resampled. The r e sp rou ted  canopy 

crown. From t h e s e   c o l l e c t i o n s ,   c u r r e n t   g r o w i n g  
season  woody and  herbaceous  product ion,   leaf  
and shoot   dimensions,   and  green  and  dry  weights  
were measured  and  recorded. As sugges ted  by 
t h e   h i g h   s t a n d a r d   d e v i a t i o n s   ( T a b l e  X) these 
samples were n o t   n o r m a l l y   d i s t r i b u t e d ,  

t he re fo re   t he   non-pa rame t r i c  Spearman  rank 
c o r r e l a t i o n  t es t  was  used t o  describe t h e  
r e l a t ionsh ips   be tween  the  p re -   ve r sus   pos t -  
h a r v e s t   v a l u e s .  The s i g n i f i c a n c e   l e v e l  
s e l e c t e d  was 0.005 (one - t a i l ed  t e s t )  u n l e s s  
o t h e r w i s e   s t a t e d ,  

RESULTS 

I n   g e n e r a l ,   t h e   w i l l o w s   i n   t h i s   d i s t u r b a n c e -  
simulation  experiment  responded t a  the  removal  
of t h e i r   a e r i a l   p o r t i o n s  by i n c r e a s i n g  produc- 
t i o n .  The post-harvest   canopy  volumes were 
on ly  48% of the   p re-harves t   va lues .   Whi le  
t h e  mean canopy r a d i i   r e a c h e d   t h r e e - q u a r t e r s  
of t h e i r   o r i g i n a l  s i ze  i n   j u s t   o n e   g r o w i n g  
s e a s o n ,   t h e  mean post-harvest   canopy  height  
was reduced by 51%. The reduced   shrub   he ight  
is l a r g e l y   r e s p o n s i b l e  for  t h e  lower pos t -  
harvest   canopy  volumes, The pre-harvest   canopy 
volumes were s i g n i f i c a n t l y   c o r r e l a t e d  
(rs=0.82)   with the post-harvest   volumes.  

The denudat ion   of  the above  ground  port ions 
of t h e   s h r u b s   p r o m o t e d   p r o l i f i c   r e s p r o u t i n g  
and   gene ra l ly   s t imu la t ed   tw ig   p roduc t ion .  
The number o f   s h o o t s   r e s p r o u t i n g   f r o m   i n t a c t  
root   crowns  increased  f rom a mean of 7 p e r  
s h r u b   p r i o r   t o   c l i p p i n g ,   t o  47 shoo t s   pe r  
sh rub  a t  t h e   e n d  of t h e   f i r s t  growing  season: 
an   average   increase  o f  673%.  The  high  rank 
c o r r e l a t i o n   v a l u e   ( r s = 0 . 7 9 )   s u g g e s t s  t h a t  t h e  
g r e a t e r   t h e  number o f   b a s a l   s h o o t s  t h a t  a 
s h r u b   h a s ,   t h e   g r e a t e r   d e g r e e   o f   r e s p r o u t i n g  
from t h e   r o o t  crown  fol lowing  dis turbance.  
I n   a d d i t i o n  t o  t h e   p r o l i f i c   r e s p r o u t i n g ,  
t h e  mean cumula t ive   shoot   l engths   per   shrub  
increased  by 212% (pre- :post-harvest   r ,=0.68) .  
This i n c r e a s e   i n  annual   shoot   p roduct ion ,  
however, was no t  r e f l e c t e d   i n   t h e   b a s a l  
shoo t  diameters. Following  denuding,  the 
mean b a s a l   s h o o t  d i ame te r   dec reased  by 57% 
(from  an  average of 6 . 7  mm t o  2.9 mm), 

wi th   ve ry  l i t t l e  c o r r e l a t i o n   ( r s = 0 . 1 8 )  
between  the  pre- :   and  post-harvest   values .  
The i n c r e a s e   i n   s h o o t  diameter t e n d s   t o  be 
Secondary   p roduct ion ,   occur r ing   as   an   annual  
i n c r e a s e   t o   t h e  stem width   (Shaver ,   1986) .  
Pre-harves t  number of shoots   and  cumulat ive 
shoot   l ength   p roved  good i n d i c a t o r s  of t h e  
p roduc t ion ,   based   on   t hese   pa rame te r s ,   a f t e r  
d i s turbance   ( r s=0 .79   and   r s=0 .68   respec t ive ly) .  
Large,   densely  branched  shrubs  resprouted 
most v igo rous ly .  

P r i o r  t o  c l i p p i a g ,   t h e   s t a n d i n g  woody c rop  
averaged   93 . lg / shrub   represent ing   the   accu-  
mula t ion   of  woody t i s s u e   o v e r  a number of 
decades.   FolLowing  harvest ing,   these  shrubs 
produced  an  average o f  20% ( 1 8 . 4  q d ry   we igh t1  
sh rub)  o f  t h e   p r e - h a r v e s t   s t a n d i n g   c r o p  
i n   t h e  1986  growing  season.  Current  annual 
stem growth   (1905  product ion)   p r ior   to  
denuding  was, on average ,  1 . 6  g d ry   we igh t /  
shrub .  The harvested  shrubs  produced 11 .5  
times as much annual   g rowth   in   on ly   one  
season   fo l lowing   manipula t ion .  T h i s  va lue  
does   no t   i nc lude  the average   15 .9  CJ dry  weight 
f o l i a g e  per shrub. The post-harvest   produc-  
t i o n  was s t r o n g l y   c o r r e l a t e d   ( r s = 0 . 8 1 )  w i t h  
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TABLE 1 

Performance of Salix arbusculoides in  the  first  qxowina  season ( 1 9 E 6 )  following  total  above 
ground  harvesting  (values  rounded  off)  and  Spearman  rank  correlation  coefficients for 

pre-:gost-harvest  relationships 

PRE  HARVEST 
PRE: -POST- 

POST-HARVEST HARVEST 

CHARACTZRISTICS Total  Sample 
MEAN 

Subsample 
MEAN 

(n=149)  (n=30) 

Subsample 
MEAN 

Spearman 
rank 

', correlation 
(n=30)  rs  (n=30) 

Canopy  height  (cm) 96 2 43  9 6  f 37 47 f 47 0.60*  

Canopy  radius (cm) 33 5 19 34 f 2 6  25 f 16 0.82* 

Canopy  volume (cc)  4431 55622 5791 kg672 , 2 7 7 4  f3893 0.82* 

No. of  basal  shoots 5 5  5 7 f  9 47 f 72 0.79* 

Cumulative  length of 1193  f4186  4730 28574 10 , 043 0.68" 
shoots (mm) *18,055 

Basal  shoot  diameters 7 *  3 7 f  3 3 i  1 0.18 
(m) 

Standing  woody  crop  (9) 67 k 253  93 k 126 18 f 41 0.81* 

Current  annual growth 2 2  4 2 k  3 18 5 41 0.71* 
(4) 

* significant  correlation  p<O.OOS  level  (one-tailed  test). 

the  pre-harvest  standing  crop. 

A comparison of the mean  pre-:post-harvest 
ratios  (Fig. 2 )  demonstrates  the  higher  rates 
of production  in  terms o f  post-harvest cmu- 
lative  stem  length  and  the  number of basal 

characteristics  indicate  that the  pre-harvest 
shoots,  while  the  mean  ratios for  the  other 

values  were  greater.  Mean  ratios  greater  than 
L can probably  be  attributed  to  multiple yrow- 
ing  seasons.  High  standard  deviations  for  some 
of the  shrub  characteristics  (Table 1) suggests 
that  there is a  high  degree of variability 
in  the  age/size  class  distribution  within  the 
population.  Resprouting  from below ground root 
stock or crowns,  in  the  first  growing  season, 
resulted  in  generally  shorter,  denser  shrubs 
comprised of longer  but  smaller  diametek 
shoots. 

DISCUSSION 

It  is  apparent from the  ratios of pre-:post- 
harvest  values  (Fig. 2) that  resprouting  from 

root  stock is an  effective  mechanism  in  early 
revegetation of rights-of-way. The rapid 
response  of  these  shrubs to clipping  is 
demonstrated  in  the  mean  accumulation of 
20% of the  pre-harvest  phytomass  and 50% 
of the  pre-harvest  canopy  height  and  volume 

growth  is  essential  as  arctic/subarctic  plants 
in  just one growing  season. Rapid initial 

have  approximately 70-90 days  to  initiate 

translocate  nutrients  below  ground  prior to 
growth,  expand  and  develop,  reproduce  and 

dieback  (Archer  and  Tieszen,  1980).  Carbo- 
hydrate  reserves  in  below  ground  storage 
organs (e.g. roots, rhizomes and crowns), 
are  the  primary  souxce of energy  governing 
plant  regrowth  following  defoliation  (Trlica, 
1977;  Archer  and  Tieszen, 1986). Many  sub- 
arctic  species  have  a  high  ratio  of  below 
ground  to  above  ground  biomass (e.g. 5:1) 
(Dennis  and  Johnson, 1 9 7 0 )  and  therefore 

mobilized  to re-establish  foliage. In 
retain  'large storage  reserves  that can be 

response to a stimulus  such as thinning, 
defoliation  or  fire,  supressed  lateral  and/or 
adventitious  buds  are  activated,  giving rise 
to  new  sprouts  (Berg  and Plumb, 1972; Archer 
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and T i e z e n ,  19801, The hormonal  imbalance 
a c t i v a t i n g  bud development  (McNaughton, 
1983) , may be  caused by a change   i n   t he  
r o o t   t o   s h o o t   r a t i o  (Doorebos, 1953) 
or a suppress ion   of   ap ica l   dominance  
(Ferguson  and  Basile,  1 9 6 6 ;  Gar r i son ,  
1 9 7 2 ) .  Seve ra l   s tud ie s   have   r evea led  
a d i r e c t   r e l a t i o n s h i p  between  regrowth 
and   carbohydra te   conten t   o f  the  s t o r a g e  
r e s e r v e s  (Tew, 1970;  Donart  and Cook, 1970; 
Willard  and McKell, 1973 ;   T r l i ca ,  1 9 7 7 ) .  The 
s e a s o n a l   e f f e c t s  of c l i p p i n g  on the r e s p r o u t i n g  
a b i l i t y   o f  mos t   sh rubs   pa ra l l e l s   t he   ca rbo-  
h y d r a t e   f l u x   i n   t h e   s t o r a g e   r e s e r v o i r s  
(Miyanishi  and  Kellman,  1966).  The e x t e n t  
and vigor   of   regrowth  probably  depends  not  
only  on the c a r b o h y d r a t e   r e s e r v e s   b u t   a l s o  
on   t he   age   and   v igo r  of t h e   p l a n t  and t h e  
env i ronmen ta l   cond i t ions   p r io r   t o   and   fo l low-  
i n g   t h e   d i s t u r b a n c e .  

6 6 
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Fig .  2. A compar ison   of   the  mean ra t ios  of 
p r e -   v s   p o s t - h a r v e s t   c h a r a c t e r i s t i c s   o f   S a l i x  
a rbuscu lo ides  by t h e  end  of   the first growing 

than   pre-harves t ,   < l=pre-harves t  i s  q r e a t e r  
season   ( l=no   change ,   > l=pos t -harves t  i s  g r e a t e r  

t han  pos t -ha rves t .  

I n   t h e  two yea r s   s ince   d i s tu rbance   ( canopy  
r e m o v a l )   t h e   a c t i v e   l a y e r   h a s   i n c r e a s e d  by 
1 7 %  (Kershaw  and  Evans,  1987) , Inc reased  
Soil t empera tu res  and  thaw  depths  following 
d i s t u r b a n c e   g e n e r a l l y   r e s u l t   i n  a shor t - te rm 
i n c r e a s e   i n   n u t r i e n t   a v a i l a b i l i t y  (Eaag 
and Bliss, 1974;  Chapin  and  Shaver, 1981; 
Ca rg i l l   and   Chap in ,   1987) ,  a g r e a t e r   s o i l  
volume f o r   p l a n t   r o o t   a c t i v i t y   ( H e r n a n d e z ,  
1973;  Younkin, 1 9 7 6 ) ,  h i g h e r   o r g a n i c   m i n e r a l i -  
za t ion   r a t e s   (Chap in ,   1983) ,   i nc reased   bu lk  
d e n s i t y  and a h igher   vo lumetr ic   concent ra t ion  
of nu t r i en t s   (Ger spe r   and   Cha l l inos ,   1975) .  
Th i s   improved   nu t r i en t   s t a tus   a l so   p romotes  
h ighe r   p roduc t iv i ty   (Chap in  and  Shaver, 1981). 

The gene ra l   conc lus ions   f rom  va r ious   c l ipp ing ,  
browsing,  and  burning  experiments i s  t h a t  
man ipu la t ions  t o  t h e  above  ground  port ions o f  
shrubs   p romoted   pro l i f ic   resprout ing   and  

s t imulated  twig  product ion  (Ferguson  and 
Basile 1966;  Leege  and  Hickey, 1 9 7 1 ;  Wolff, 
1978).   Although  most  shrubs can s u r v i v e  a 
s i n g l e   t o p   k i l l / r e m o v a l   ( K r e f t i n g  e t  a l . ,  
1966;  Willard  and McKell, 1973)   repeated 
removal  can  exhaust the p l a n t s '   n u t r i e n t  
r e s e r v e s ,   r e s u l t i n g   i n   d e p r e s s e d   v i a o r   a n d  
p r o d u c t i v i t y  and  even  mortal i ty   (Miyanishi  
and  Kel lman,   1986) .   Further   s tudies  a t  t h i s  
s i t e  w i l l  d e t e r m i n e   t h e   e f f e c t s  of r epea ted  
h a r v e s t i n g  of S. a rbuscu lo ides .  

CONCLUSION 

Resprou t ing   f rom  in t ac t   roo t   s tock   fo l lowing  
t o t a l  above  ground  harvest ing i s  a n   e f f e c t i v e ,  
shor t - te rm means of r e v e g e t a t i n g   c l e a r e d  
r igh ts -of -way  where   roo t   s tocks   remain   in tac t .  
Within  one  growing  season S. a rbuscu lo ides  
achieved   canopy  product ion   tha t  was almost 
50% o f  t h e  volume  and he igh t  OS pre-harves t  
v a l u e s .  The number of shoots   and   the i r   cumula-  
t i v e   l e n g t h   e x c e e d   p r e - h a r v e s t   v a l u e s .   I f   t h i s  
r ap id   g rowth   con t inues ,   t he   sh rubs   cou ld   r each  
t h e i r   p r e - h a r v e s t  size i n   o n l y  a few y e a r s .  
From a management p o i n t  o f  view,   shrub 

e n h a n c e s   w i l d l i f e  h a b i t a t ,  and  helps  t o  sta- 
r e s p r o u t i n g  may be viewed as d e s i r a b l e .  It 

b i l i z e   s l o p e s  by r e t a r d i n g   r u n o f f  and  reducing 
soil h e a t  flux i n   i c e - r i c h  so i l s .  The p rese r -  
va t ion   o f   roo t s tocks   cou ld   p rove  t o  be an  impor- 
t a n t   p l a n n i n g   s t e p  in a r e a s   t h a t  may be sus-  
c e p t i b l e   t o   t h e r m a l   d e g r a d a t i o n  and  slumping 
such as ice-rich s l o p e s .  However, i n  other 
circumstances  where  shrub  cover  i s  undes i r ab le  
(e.g. when a v i s i b l e   s o i l   s u r f a c e  i s  necessa ry  
f o r   a e r i a l   s u r v e i l a n c e  of p ipe l ine ,   power l ine  
o r   t r a n s p o r t a t i o n   c o r r i d o r s ) ,   r a p i d   r e g r o w t h  
may prove to  be a cos t ly   p roblem.  

The s tudy  of n a t u r a l   r e c o l o n i z a t i o n   c a n   h e l p  
t o   d e t e r m i n e   t h e  rate and e f f e c t i v e n e s s  of t h i s  
process   and ,   consequent ly ,   the   impor tance  of 
a s s i s t a n c e   i n   e n s u r i n g  the s u c c e s s f u l   r e h a b i l i -  
t a t i o n  of n o r t h e r n   d i s t u r b a n c e s .   S a l i x  
a rbusculo ides   has  a h i g h l y   d e v e l o p e d   a b i l i t y  
fo r   r e sp rou t ing   and   appea r s  to be w e l l  adapted 
to   p roduc ing  and s u s t a i n i n g  a p l an t   cove r   on  
n a t u r a l   o r  human-induced s u r f a c e   d i s t u r b a n c e s ,  
e s p e c i a l l y   t h o s e   r e s u l t i n g   i n  t h e  denudat ion  of 
s u r f a c e   v e g e t a t i o n .  
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ABLATION OF MASSIVE GROUND ICE, MACKENZIE DELTA 
A.G. kwkowicz 

Department of Geography, University of Toronto,, Canada 

SYNOPSIS Short-term  rates  of  ablation and components  of  the  energy  fluxes  causing  melt 
are  described  for  massive  ground ice exposed  near  Tuktoyaktuk,  Northwest  Territories,  Canada. 
Ice  face  orientation  affects  both  the  timing and total  amount of ablation  recorded  under  clear 

A  trend in ablation  rates downslope is not  evident,  indicating  that  the ice face  undergoes 
skies. Little  variation is present when  the  incoming  short-wave  radiation is mainly diffuse. 

essentially  parallel retreat. A regression  equation  using  net  radiation and a  turbulent  energy 
term  as  independent  variables  successfully  explains 73% of the  variation in the  ablation flux. 
Net  radiation  provides  approximately  half of the  energy used for  ablation,  and is less  important 
here  than at sites on southern  Banks  Island. 

INTRODUCTION AND LOCATION 

Ground ice constitutes  a  significant  percentage 
of the upper  few  metres of  permafrost in many 
parts of  the  western  Canadian  Arctic (e.q. 
Pollard  and  French, 1980) .  When  erosional 
processes  expose  the  ice  to  summer  heat  inputs, 
the  permafrost  thaws and a  ground-ice  slump 
(Mackay, 1966; French and Egginton, 1973)  may 
be initiated. Headwall  retreat in a  ground-ice 
slump is determined by',the rate of ice ablation 
and the  slope  geometry  (Lewkowicz, 1987) .  
Ablation  rates in turn.  are  related  to  the 
energy  exchanged  between  the  atmosphere  and  the 
ice  surface. 

There is a  paucity  of  measurements in the 
literature  on  short-term  rates of  ablation  of 
ground ice. Values  have  been  obtained  only 
from  Mayo,  Yukon  Territory  (Burn,  unpublished), 
from Garry  Island in the  Mackenzie  Delta 
(Kerfoot,  unpublished), and from  south-west 
Banks  Island  (Lewkowicz, 1985:   1986) .  
Measurements  of  components  of  the  energy 
exchange  affecting  ablation  are  limited to 
results  from  Fort  Simpson, N.W.T. (Pufahl and 
MOKgenStern, 1980)  and Banks  Island  (Lewkowicz, 
1 9 8 6 ) .  Both  studies  showed  radiation  to be the 
most  important  source of energy for ablation 
but it is not  known if this  conclusioh is valid 
for  all ice face  locations and orientations. 

Th!.s paper  describes  short-term  rates of 

massive ice at: a  ground-ice  slump  near 
ablation and associated  energy  exchange in 

Peninsula  Point,  Mackenzie  Delta, N.W.T. (lat. 
6g024'N, long. 133'8'W). This  site is located 
5 km  south-west of Tuktoyaktuk and is well- 
known  because  an  extensive  section of mainly 
segregated  ice  (Mackay, 1971)  up to 10 m in 
in thickness is exposed. The ice has  been 
ablating for at least 50 years  resulting in a 
mean  rate  of  slump  headwall  retreat of 7 m/a 
(Mackay, 1 9 8 6 ) .  The  site  was  chosen  because 

the  exposure  permitted  experiments  to be 
carried  out  down  the  ice and across  the ice at 
orientations  varying  from  west  through  north  to 
east  (Figure 1 ) .  Field  measurements  of 
ablation and associated  meteorological  factors 
were  carried  out  over 16 days from  July 1 2 - 2 8 ,  
1985.  

METHODS 

Direct  measurements of the  rate of surface 
ablation  were  made  using up to 6 pairs  of 
ablatometers  simultaneously. A full 
description  of  the  instruments and their  use 
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i s  given  in Lewkowicz (1985) .  Ablatometer 
readings  were  recorded  at  30-minute  intervals 
on a  Campbell  Scientific  CR21X data-logger. 
Mounting  each  ablatometer  required  that  two 
cores of  ice  be  collected  uaing  an  ice screw 
and  these samples were  employed  together  with 
the  ablatometer  records ty  evaluate the 
ablation flux (Qm) in w/m using (Lewkowicz, 
1986):  

Q, = d'L.Mw/[(Mw/oii) + (Ms/~S)I ...(1) 

where d is  the  surface  ablation rate (m/s), L 
is  the  latent  heat of  fusion of ice ( 3 3 4  x l P 6  
J/Mg), M, is  the  mass  of  water  from a  sample 
of the  ice (Mg) , pi  is  the  density of ice 
(0.91  Mg/m3 1 ,  Ms is  the mass of  dried  soil 
from a sample  of  the  ice (Mg) , and p s  is the 
specific  gtavity of the  soil  solids  (assumed  to 
be the 2 . 6 5  Mg/m3 ). This methwd  may  over- 
estimate  volumetric  latent  heat and  hence Q, 
since it neglects  the  unfrozen  moisture  content 
of the  sediment  (Lewkowicz, 1985). However, 
the  sediment  content of the Peninsula Point ice 
face  was so low  that  this is  considered  to  be a 
minor  inaccuracy. 

Values of Q, from  equntion ( 1  were  compared 
with  half-hourly  meteorological  data  collected 
at  the  site  (Table I) on  a  Campbell  Scientific 
CR21  data-logger,  or  with  hourly  weather  infor- 
mation  from  the  Atmospheric  Environment Service 
weather  skation at  Tuktoyaktuk. Net short-wave 
fluxes (K ) were  derived  for  each  ablatometer 
position  (orientation and  ire angle) using the 
method  described in Lewkowicz (1986). However, 
the  average  albedo of  the  Peninsula P o i n t  ice 
face  was  higher  than  that  of  the  Banks  Island 
site (0.21  and 0.15  respectively) and  the 
proportion of diffuse radiation  reaching the 
ice was  greater (0 .75  and 0.65 respectively) 
due  to  differing  headwall  ggometries. The net 
long-wave  radiation  flux (L ) was obtained by 
subtracting K values  measured  parallel  to 
the ice from measured  net  all-wave  flux  values 

were  covered by debris, or  were  not  operating 
correctly. This was  done by subtracting Q 
from Qm to obtain  the  residual  flux. If the 
calculated  residual  fluxes  for  a  pair of  
ablatameters  differed by more  than 80 W/m2  then 
it was  assumed  that  a  problem  existed and  the 
data  were  excluded  from  further  analysis, 
Following  screening,  the  30-minute Qm fluxes 
for each  pair  of  ablatometers  were  averaged and 
this  value  could  then $e compared  with  the  mean 
o f  the  corresponding Q fluxes. 

RESULTS 

Spatial. variation in ablation 
Experiments  were  carried out to examine  the 
spatial  variability  of  ablation  within  the 
slump, In one set  of  experiments,  pairs of 
ablatometars were  set  up  around corners  within 
the  slump to monitor  various  orientations of 
the  ice  face (,Figure 2 ) .  On sunny  days , 
orientation  affected  the  diurnal  cycle o f  
ablation. For example,  peak  ablation  occurred 

( a x ) .  This L"  value  was  added  to K* 
calculated fgr each  ablatometer to obtain an 
individusl Q value.  After derivation of all 
Qm and Q f luxes,  the  ablation  data  were 
screened  to  eliminate  records whwe one or both 
o f  a  pair of ablatometers  were hit  by falls, 

TABLE I 

Meteorological  Equipment at Study Site 

Meteorological  Factor  Instrument 

Global radiation  (horizontal) 
Diffuse radiation  (horizontal) 
Global  radiation  (over slump face) 
Net all-wave radiation  (over 

Net short-wave  radiation (over 

Air  temperature (1.5 m level) 
Wind  speed ( 2  m  level) 
Wind  direction ( 2  m level) 
Precipitation 

slump  face 

slump  face) 

Pyranometer  (Kipp and zonen  CH-10) 
Pyranometer  (Kipp and Zonen CM-6  with shadow  band) 
Pyranometer  (Kipp and  Zqnen Cd-6) 
Net radiometer  (Middleton  CN-2 

Net  radiometer  (Middleton CN-2 

Shielded  thermistor  (Campbell  Scientific  101) 
Cup anemometer  (Met One Inc.) 
Wind  vane  (Met One Inc.) 
Tipping bucket  rain-gauqe  (weathermeasure  P501-I) 
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at 1 2 . 3 0  h  solar  time (15 .30  h local time) for 
ice with an orientation of 30°,  but  did not 
occur for  a  further 5.5 h  for  ice  facing 290' 
(Figure 3 ) .  This pattern resulted  from 
differences in the  timing of maximum direct 
beam radiation onto each face and illustrates 
the potential importance o f  this component of U Q1 

incoming  solar radiation became essentially 
isotropic. Consequently, variability in 
ablation across the  ice was low and rates were .- 0 
greatly reduced (Figure 4 ) .  It is interesting 
to note that  peak ablation occurred within a 
few hours of solar noon on all days despite the 
northerly orientation of the  ice face. 

mm/h 

the  energy  balance. On overcast days, however, m 

Weather conditions affected not  only  the timing 
of ablation cycles but also daily totals for 

mm/h 

i 

00 06 12 18 24 h 
Solar Time 

Fig. 3 Variation of ablation with orientation 
on clear days.  Note: Lines represent 
average readings from two ablatometers 
on July 15,  1985 (30' orientation at 
30' slope) and July 22, 1985  (290' 
orientation at 35' slope). 

0 
00 06 12 18 24 h 

Solar Time 

Fig. 4 Variation of ablation with orientation 
on overcast days.  NQte: lines 
represent average readings from two 
ablatometers on July 19,  1985 (275" 
orientation at 35' slope and 330' 
orientation at 33" slope). 

different orientations (Table 11). On clear 
days, the lowest amounts of ablation were 
recorded on ice  facing due north, with 
increasing amounts on ice oriented towards Che 
west and the east (e.9. July 22-23 and July 

partly the result of shading by the overburden 
15-16) .  Lower rates for north-facing  ice were 

degree of variability in ablation decreased on 
for several hours around  solar noon. The 

clear days with  higher  air temperatures 
although rates could double (e .g.  July 26-27) .  
This indicates  an  increase in the  importance of 
turbulent  heat transfer relative to direct beam 
radiation. As noted above, ablation was slow 
and  practically  uniform  around the slump on 
overcast days (e. 9 .  July 19-20 ) . 

TABLE I1 

Effec t  of Orientation on Ablation 

Date Sky Condition Air Temperature (OC) Orientation Beginning of Daily 

Minimum Maximum (Solar Time)a (mm) 
( 0 )  24 h  period Ablation 

July 22-23 Mainly clear, 1 .o 9.0 270 0030 66 
occasional 290 0030 71 
scattered clouds 340  0100 59 

360 0 1 0 0  4 1  

July 1 5 - 1 6  Clear -1  .o 9.0 355 
30  

0200 43 
0230 69 

55 0300 64 

July 26-27 Clear 3.5   16 .5  355 
45 
75 

0 0 3 0  
0030 
0230 

96 
103 
117 

July 19-20 Mainly overcast, 1 .o 3 .O 330 0430 4 3  
occasional broken 290  0430 4 1  
clouds 275  0430  39 

a taken from  time of rise in ablation rate. 
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The maximum  30-minute  ablation  rate  recorded 
was 10.0 mm/h,  Forresponding  to  an  ablation 
flux of 835 W/m . This was  about 10% less  than 
the  highest fate measured  at  a  site  on  Banks 
Island  (Lewkowicz, 1986). The maximum  24-hour 
ablation  was 117 nun on  east-facing  ice  over 
July 26-27, a  slightly  greater  value  than  that 
recorded on Banks  Island, but  less  than 
previous  measurements  made in  the Mackenzie 
Delta area ( 1 5 0  mm on Garry Island  (Kerfoot, 
unpublished) ) and  near Mayo, Y .T .  (1 5 5  mm 
(Burn, unpublished)). 

A second  set  of  experiments  examined  whether a 
trend  existed  in  ablation rates  down  the  ice 
face. The surface  temperatures of water  films 
on  thawing  ground  ice  can  be  above O'C,  and 
tend  to  increase downslope  as  a result-of 
greater  film  thickness and  the  incorporation of 
soil  particles  (Mackay, 1978). Air  to  surface 
temperature  gradients  might  therefore be 
reduced,  causing  diminishing  sensible heat 
inputs and  melt rates downslope. Greater  melt 
near  the  top of the ice  might also be  caused  by 
heat  derived from,the collapse of warm  headwall 
material onto the face. Conversely,  deepening 
water  films  downslope  might  convert  greater 
amounts of kinetic  energy  into  heat,  leading to 
increasing  ablation  rates  downslope. To 
examine  the net effect of these  influences, 
five  ablatometers, with  an orientation of 30' 
and a spacing of 2 m, were  positioned in a row 
down  the ice. The results of  three days of 
measurements  made under  both  clear  and cloudy 
conditions  are  shown in Figure 5 ,  

Although  some  differences in cumulative 
ablation  did  result  from  shading  effects and 
variations in  ice angle, no trend was  present 
either  towards increashg or decreasing 
ablation  downslope. A further  experiment on 
July 23-24, with  ablatometers  sited  within 
rills in the ice  and alongside  them, gave the 
same  result  for  the  latter group. The 
importance of flowing  water  within the rills 
could  not  be  assessed  because  ablatometers 
sited  in them  were hit  frequently by large 

mm 
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July 15 July 16 ' July17  July18 
Fig. 5 Cumulative  ablation in a downslope 

direction, July 15-18, 1985. Note: 
lines  represent  readings from single 
ablatometers  oriented at 30' on  Ice 
slopes of 29' ( 4  m), 33' ( 6  m), 24' 
(8 m), 22' ( 1 0  m)  and 18' (12 m). 

tussocks moving downslope  over  the ice. These 
data  suggest  that  while  flowing  water may 
affect  ablation rates within  drainage  channels 
on  the  ice (e.g. Kerfoot,  unpublished;  Mackay, 
19661, neither  water  films in general  nor 
heated debris  cause  a  significant  downslope 
trend  in  ablation rates  to  develop. 

Energy  balance of the ice face 
Ablation  flux  values  were  compared with a 
number of  meteorological  variables  representing 
components of the  energy  balance in  an  effort 
to  ddvelop a predictivg  equation. A scatter 
diagram of Qm  versus Q values  shows  the 
expected  strong  positive  relationship  between 
the  two  variables  but  with  more  than 70% of  the 
points  lyinq  above  the 1:l line  (Figure 6 ) .  
During  most  measurement  periods,  therefore, a 
substantial  part  of  the  energy  used for 
ablation  came  from  non-radiative  sources. The 

of 200 W/m to a gain of 450 W/m with a mean 
size of th residual fluxes varizd from a loss 

value of 87 W/m2.  The range is  similar to that 
recorded  previously  on  Banks  Island  (Lewkowicz, 
1986), but  both mean and  modal values are  about 
50 W/mZ  higher  at Peninsula  Point,  indicating 
that  turbulent  heat  inputs  are  greater  at  this 
location. 

f 
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Net Radiation Flux 
Fig. 6 Comparison of net radiation and 

ablation  flux  values.  Note: 6ata 
screened to remove  points  when 

differed by >80 W/m (see text). 
simultaneous  residupl  flux  values 

Figure 6 indicates  that  prediction of Qm 
using only Q would  result in a  fairly  high 
standard  error. In Order  to  reduce  this  error, 
the  bulk  transfer  approach (e.q. Male  and Grey, 
1981)  can  be  taken  and  factors  representing  air 
to surface  temperature  (Ta-TS) and  humidity 
gradients (eaye,) together  wlth  wind speed 
( I J Z ) ,  can  be  introduced  into a  multiple 
regression equation.  Multiple regression is 
used  rather  than  physically-based modelling, 
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because  of  the  importance oE horizontal 
advection of heat  which  results in an  absence 
of well-developed  vertical  temperature  and 
humidity  profiles  above  melting  ground  ice 
(Pufahl,  unpublished). 

The  results of a number of regression  analyses 
performed  on  the  complete  data set (n=1057) of 
30-minute  ablatign  flux  measurements  are  given 
in Table 111. Q alone (Eg. 1)  explains  less 
than  half of the  variance in the  ablation  flux 
and as a  single  variable is less  successful 
than Ta (Eg. 2). The  linkage of  0, to  Ta 

still  higher  value of 72% is achieved if Q 
(Eq. 3) improves  the  explanation  to  57%, agd a 

is  re-introduced (Eq. 4). However,  the  further 
inclusion of the  vapour  pressure  gradient 

was  the  oatur  tion  value at O O C )  did not  result 
(assuming  that  the  vapour  pressure  over  the ice 

in a higher r' value (Eq. 5). This  was 
surprising  because  field  experiments  with  small 
ice  lysimeters  (100 nun diameter)  produced  an 
excellent  correlation  between  their  hourly 
latent  heat  flux and (eg-es)  multiplied by 
U T  (n=42,  r2-0 .84). Thls  apparent  contra- 
diction  seems  related  to  the  small  size  of  the 
lysimeters,  which  permitted  only  thin  films  of 
water  to develop. Their  temperature  of inter- 
action  with  the  atmosphere  must  have  been at or 
very  close  to O°C. On  the  melting  ice  face  as 
a  whole,  however, 0% is the  minimum  boundary 
temperature and Mackay's (1978)  results  suggest 
that  generally it will be higher  than this. 
Thus  the  saturation  vapour  pressure  will  also 
be higher  than 6.11 mbar, changing  the 
calculated  gradient  between  the  air  and  the 
ice. It  appears,  therefore,  that  the  ice 
lysimeters  were  not  fully  representative  of  the 
face  and  that  this  technique  was  not  suitable 
for  assessing  the  latent  heat flux. 

Since  the  minimum ice face  temperature  was O°C, 
the  mean  temperature lay above  this value. 
Step-wise  multiple  regressions  were  run  with 
surface  temperatures up to 5OC and corres- 

optimum r' value of 0.728 was  achieved at a 
ponding 6 turation vapour pressures. The 

boundary  temperature of 1.2'C (Eq. 6,  Table 
111). An additional  analysis of the 1984 Banks 
Island  data  (Lewkowicz,  1986)  showed  that a 
slight ( ( 1 % )  improvement in statistical 
explanation  could be achieved by assuming an 
average  boundary  condition of 1.5OC. 
Regression Eq. 6  (Table 111) produces  a 
reltively even  scatter  about  the 1 :1 line of 
observed  versus  predicted  values of Qm,  with 
a slight  tendency  to  underpredict in the  high 
range  (Figure 7). Compared to a  similar 
equation  developed for a  site  on  Banks  Island 

of Q, achieved is about  7% less, the 8 
(Lewkowicz, 1 9 8 6 ) ,  the  statistical  explanation 

coefficient is lower and the  turbulent  energy 
C ansfer  coefficient is higher. The  lower 
r' value  may be the  result of making  ablation 
measurements at a  number of ice orientations 
and  distances doyln-ice  at Peninsula  Point, 
while  assuming L recorded at the  top  of  the 

W/m* 

I 1 1 1 iW/rnz 
0 200 400 600 800 

Measured Ablation Flux 
Fig. 7  Measured  ablation  flux  versus  predicted 

ablation flux. Note: predicted  values 
obtained  from  multiple-regression 
equation No. 6  (Table  111)  using a 
surface  boundary  temperature of 1 . 2 O C .  

TABLE I11 

Regression  Coefficients:  Ablation  Flux (Q,) vs. Meteorological  Factors 
. "" ~" 

Regression r2 Standard  Regression Coef f icientsa 
Equation Error of 
NO. Estimate Q* Ta U;T, U,(T,- T, + (ea- e,)/vjb Constant 

(w/m2 ) ( O C )  (mOc/s) ( m ° C / s )  

1 0 ,448  80.87 0.80 n.u.C n. u. 
2 o .MI 77 .a7 n.u. 23.96 n.u. 
3 0.573 71.15 n.  u. n.u. 6.71 
4 0.719 57.67 0.51 n.u. 5 . 1 1  
5 0.688 60.81 0.59 n.  u. n.u. 
6 0.728 56.75 0.57 n.u. n. U. 

n.  u. 102.63 
n.u.  72.96 
,n.u.  47.90 
n.u.  36.32 
3 .  30d 33.81 
3.57e 44.29 

Notex a all  coefficients  are  significant at the 0.001 lcvel  (n=lO57) ; ea  values  from 
Atmospheric  Environment  Service  Weather  Station,  Tuktoyaktuk; y is the  psychrometer 
constant  introduced  to  render  the  temperatu  e and vapour  pressure  gradients  dimensionally 
equivalent; c n.u. not used in regression; 5 surface  boundary  of 00c; e surface 
boundary of 1.2OC. 
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face at a single location to be representat ive REFERENCES 
of all of the ice. Locations with  warmer water 
films would  likely experience elevated  long- 
wave losses. In contrast, only minor variation 
was present in the orientation of the ice 
exposed in the slump studied on Banks Tsland 

4 m compared to >15 m at Peninsula Point. 
and the maximum length of ice slope was about 

The overall importance of net radiation as an 
energy source for ablation of the  ground  ice 
can b$ assessed by comparing  the values of Qm 
and Q used  in the  regression. Over the 
st:ldy petiod, net radiation on average contri- 
buted 47% of  the  energy necessary for  ice 
ablation. Although the fieldwork was of short 
duration, it included  a wide range of weather 
conditions, so that  this figure is probably 
representative of the  bulk of the  Summer thaw 
period. It can be compared  with the estimate 
of at least 60% of the energy for  melt  being 
derived  from  net radiation, obtained using  the 
same methodology in the Sand Hills moraine of 
Banks Island Ilewkowicz, 1 9 8 6 ) .  The difference 
in results from the two sites is attributed 
partly to higher  air temperatures and 
humidities at Peninsula Point which increase 
the magnitude of the turbulent heat inputs. In 
addition, the northward orientation of the ice 
combined with  a  higher albedo lead to a 
decrease in the magnitude of the  net  short-wave 
radiation. Overall, net radiation assumes 
lesser importance and turbulent energy transfer 
greater significance at Peninsula Point than on 
Banks,lsland. 

CONCLUSIONS 

Three main conclusions can be drawn from this 
study at Peninsula Point. First, orientation 
affected  both the timing and total amount O f  
ground ice ablation during periods with clear 
skies, but was not significant during overcast 
Conditions. Second, a short-term  trend in 
ablation rates downslope could  not be 
detected. Third, in contrast to results 
obtained previously from southern Banks Island, 
turbulent energy exchange with  the  ablating 
ground  ice was as important as radiative 
exchange. Consequently, both  energy sources 
must be considered  when developing methods to 
stabilise ground-ice slumps initiated in  road 
or railway cuts. 
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HYDROGEOLOGICAL FEATURES IN HUOLAHE BASIN OF 
NORTH DAXINGANLING, NORTHEAST CHINA 

Lin, Fengton and 'h, Guangthong 

The Forestry Design and Research Institute of Heilongjiang  Province, China 

SYNOPSIS Hydrogeologically,  the  Huolahe  basin  is  characterized by that  the  whole  basin is 
underlain by subpermafrost  water  while  the  water  rich  zone  is  just  concentrated  along  the  geologic- 
structurally  shattered  zone.  Geological  structure  controls  the  quantity of groundwater and perma- 
frost  functions  as  a  modifier  to  the  recharge,  runoff  and  discharge of  the  subpermafrost  water. 

Huolahe  basin  is  located  in  permafrost  region of the  northern  Daxi,nganling.  The  mean  annual air 

Cracks  in  clastic  tocks  spread  locally  due  'to.the  geological  structure. 
temperature i n  this  area  is -4.9"C, and  the  minimum  temperature  in  winter is  as  low as  -52.3'C. 

FORMATION AND FEATURES OF THE ARTESIAN  BASIN 

Groundwater  in  permafrost  region,  its  distribut- 
tion,  recharge,  runoff,  and  discharge,  differing 
from  that  in  non-permafrost  region, is strictly 
restricted hy permafrost.  The  anthors try to 
discuss  the  hydrogeological  characteristics of 
the  basin as follows. 

Talik-geolonical  struc,ture  recharge  system 
It has  been  well  known 'for several  decades  that 
the  higher  the  continuity, of permafrost,  the 
less  the  recharge of the  groundwater.  Subperma- 
frost  water  can  not  directly  get  vertical  re- 
charge  from  precipitation  because of the  wides- 
pread  cover of permafrost.  Within  this  basin, 
only  through  taliks  and geologic-structurally 
shattered  zone  surrounding  the  basin  qan  rain- 
fall and surface  water  soak  downwards  until1 it 
reaches  the  subpermafrost  water  table,  and  then 
the  penetrated  water  stores  in  pores  and  cracks 
i n  sedimentary  socks (Fig.1). 

Fig.1  Recharge  Mechanism  of  Subpermafrost 
Water in Huolahe  Basin 
1-Permafrost; 2- Fault: Hranite: 
4"~retaceous strata; ?-Quaternary sand; 
*Artesian  borehole. 

Store-runoff  system of Subpermafrost  water 

The  geological  structure,  pores  and cracks., 
especially  structure  cracks,  are  widespread  in 
coal-bearing  strata.  These  pores and cracks 

water. Quaternary ice  age  brought frost  cli- 
provide spaces  for the  distribution of ground- 

matic  environment  to  the  basin,  and  permafrost 
was  formed.  With  the  increase of permafrost 
thickness,  water-bearing  conditions  has  changed. 
As a  result,  the  aquifer  descented,  and  this 
gave  rise to the  artesian  characteristics to 
subpermafrost  water.  The  movement and runoff of 
groundwater  in  pores and cracks  under  permafrost 
base  form  the  pore-crack  store  and r u n o f f  system. 
As mentioned  above,  permafrost a s  a frost aqui- 
fuge,  is  an  important  factor  €or  the  changes of 
ground  water  movement  pattern,  while  geological 
structure  is  a  basic  factor  in  providing  the 
spaces  for  the  store and migration of ground- 
water. 

Structure-talik  discharge  system 

The  distribution of permafrost  not  only  controls 

also  hinders  the  discharge of subpermafrost 
the  recharge and movement of groundwater but 

water  within  the  basin.  The  isopiestic  lines of 
subpermafrost  water (Fig.2) show  that  subperma- 
frost  water  finally  accumulates  in  the  southern 
part o f  the  basin,  near  the  Luner  lake,  flows 

to  the talik  area outside  the basin. 
through geological structurally  shattered  zone 

HYDROGEOLOGICAL  FEATURES OF THE BASIN 

Huolahe  basin  has  its  own  particular  systems of 
recharge,  runoff  and  discharge,  compared  with 
non-permafrost  areas  (Lin, 1 9 8 5 ) .  

Effects o f  permafrost  on  the  depth of aquifer 
Groundwater  in  the  basin  exists  in  pores and 
cracks  in  conglomerate,  sandstone  and  shale of  
Cretaceous  system  under  permafrost  base,belong- 
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Fig.2  Isopiestic  Line of Subperma- 
frost  Water  in  Huolahe  Basin 

1. Isopiestic line  and  its  altitude; 

3 .  Subpermafrost  water; 
2. Suprapermafrost  water; 

4 .  Subpermafrost  water. 

j,ng t o  pore-crack  type.  In  other  words,  perma- 
frost  layer  increases  the  buried  depth  of  ground 
water.  Thus,  with  the  increase of permaErost 
thickness  from  the  fringe  to  the  center o f  the 
basin,  the  depth of subpermafrost  aquifer  in- 
creases  accordingly,  ranging  from 15 to 55 m in 
the  fringe  area,  and 70 to 130 m in  the  center. 

Artesian  characteristics  of  subpermafrost  water 
The  thickness o f  permafrost  within  the  basin 
ranges  from 7 0  to 130 m. So thick  an  impermeable 
layer  confines  the  spaces  for  the  ground  water, 
and  results  in  the  high  piezometric  head of 
groundwater  in  artesian  well.  The  highest  pie- 
zometric  head  is 10.58 m above  ground  surface. 
Large  artesian  flow and high  pressure  are  the 
main  hydrogeological  features of the  artesian 
basin  (Table I). 

Distribution and accumulation of  subpermafrost 
water 
That  the  subpermafrost  water  exists  everywhere 
and  accumulates  along  the  fault  shattered  zone 
is  one of the  obvious  features o f  the  basin. 
Generally,  subpermafrost  water  was  incountered 
in  every  borehole,  with  a  different  hydraulic 
discharge.  For  example,  the  artesian  discharge 
in  some  boreholes  reaches 2000-3000 tons per 
day,  while  pump  discharge  of  some  other  bore- 
ho1.e~ is  less  than 10 ton per day. Table II 
shows  bor2holes  with  abundant  discharge (1000- 
3000 ton per day), small  drawdown  (less  than 
10 m), a n d  large  specitic  capacity  (from 1.0 to 
10 l/s*m)  as well as  stable  water  level.  Bore- 
holes  in  Table I1 are  near or within  structural- 
ly shaLtcred  zone  with  linear  accumulation of 
subpermafrost  water.  This i s  a  special  kind of 

water-bearing  strata,  in  which  groundwater 
exists  in  the  cracks,  especially  in  tectonic 
cracks.  Boreholes  often  influence  on  each  other 
i n  some way hydraulically,  for  example,borehole 
HZ-I4 is about  one  kilometer  away  from  HZ-15, 
and  both of them  are  artesian  boreholes  with 
large  artesian  discharge.  When  the  water began 
to errupt  from  HZ-l4,the  piezometric  head of 
HZ-15 decreased  obviously,  and s o  did S g  and 
HZ-15. The  distribution of subpermafrost  water 
is controlled by the  geological  structures.  The 
boreholes  with  pump  discharge  ranging  from 100 
to 1000 tons per day,  generally  from 300 to 400 
tons per day  are  listed  in  Table 1x1. These 
boreholes  are  characterized by their  large  draw- 
down o f  from 20 to 50 m, and  small  specific 
capacity  with  not  too  large  pump  discharge  in- 
dicates  the  characteristic of pore-water  fill- 
ing  in  the  pore  spaces of sandstone and c o n -  
glomerate.  Table IV lists  boreholes  with  small 
pump discharge less than 10 tons per day,  large 
drawdown,  more  than 50 m ,  and small  specific 
capacity.  less  than 0.005 l/s*m.  This  might 

exist within the structurally  squeezed zone 
result from two reasons,  first,  these boreholes 

with  relatively  closed  cracks,  therefore  there 
i s  not  enough  crack  spaces  for  the  groundwate.r, 
secondly,  the  boreholes  are  in  thick  shale  with 
little  cracks  and pores. 

Zonation of subpermafrost  water  in  hydroaeo- 
chemistrL 
Water  within  the  basin  is of HCO Na type,  with 
minerlization of less  than 0.3 g?; and PW value 
from 7 to 9. It belongs to low  mineralized  fresh 
groundwater.  Around  the  fringe  of  the  basin, 

mineralization of from 0.1 to 0 . 2  g / l  and PH 
subpermafrost water  is HC03-Ca.Mg type,  with  a 

value of about  seven.  This  type of subpermafrost 
water is similar  to  suprapermafrost  water or 
surficial  water  chemically,  this  suggests  that 
the  subpermafrost  water  is  supplied by the  lat- 
ter. The trend  of  mineralization  increase f r o m  
the  fringe to the  center o f  the  basin  also  in- 
dicates  that  the  subpermafrost  water  gets  its 
recharge from the  talik  surrounding  the  basin 
and  accumulates  within  the  basin,  and  finally 
discharges  through  the  south  mouth of the  basin. 

The bicarb'onate types of subpermafrost  water 
reflect  the  hydrogeological  characteristics of 
abundant  rgcharge,  good  runoff  and  cycle  con- 
ditions  as  well  as good  water  quality  for  water 
supply. 

CONCLUSIONS 

The  Huolahe  basin  has  large  subpermafrost  re- 
sources. The  activity of groundwater  favors  the 
degradation o f ,  permafrost,  and  in  return , the 
degradation  provides  more  spaces  for  the  move- 
ment  and  store o f  subpermafrost  water. 

Subpermafrost  water  existing  throughout  the 
basin  and  accumulating  linearly  along  geological 
structurally  shattered  zone  are  the  main  hydro- 
geological  features of the  frost  basin. 

Geological  structure  controls  the  movement  and 
accumulation  of  subpermafrost  water,  meanwhile, 
permafrost  functions  as  a  modifier to the  pat- 
tern  of recharge,  runoff  and  discharge o f  s u b -  
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TABLE 1 

Hydrogeological  Features of Artesian Boreholes  in  the  Basin 
~~ ~~ 

Borehole No, HZ-15  HZ-27 HZ-14 HZ-8  HZ-13  HZ-16  HZ-12-1  HS7  HS1 
~~ ~~ 

I 

Groundwater 
level  above  10.85  2.45  3.25  1.34  5.77 0.19 8.67  4.51  7.84 
the surface 

(MI 
Potential  116.58  85.35  127.25 142.27 >70 75.34  167.31  117.26 
bead (M) 
Artesian  flow 

(T/D) 
Permafrost 

and  Contacted  Uncontacted  Contacted  Uncontacted 
groundwater 

2706 e 7 1651 .O 432.0 (10 1846 668.3  256.61 

Permafrost 106 77.9 110 72  122.6  L70  112 109 
base (M) 

TABLE 11 

Pump  Discharge of Some  Boreholes 

Borehole No. HZ-l  HZ-2  HZ-6  HZ-7  HZ-10  HZ-11  Hz-14  HZ-15  HZ-20  HZ-27  HZ-23 

Pmp discharge 
(T/D’, 1002.2  911.1  1229  1845  985.2  1627 1651 2706  1229 2768 1054 

Drwndown (m) 2.5 1.64 4.54  4.56  13.14  0.26  1.51  5.75  5.73 8.67 22.0 

Specific 
capacity 
( U s e m )  

4.64 6.43  3.13 4.68 0.87  72.5  12.66  5.15 2.48 3.7 0.56 

TABLE 111 

Boreholes  with Pump Discharge of 100-1000 T/D 

Borehole No. HZ-8 HZ-9 HZ-12 HZ-13 82-18 HZ-19 HZ-21 HZ-25 HZ-28 

Pump discharge  330.1  668.2 256.6 432.2 107.4 453 392.2 217.9 401.9 
(T/D) 

Drwndown (m)  45.56  24.84  48.97  4.67  50.04  44.51  41.3  46.35 46.96 

Specific 
capacity 0.084 0.311 0.061 1.07 0.025 0.118 0.110 0.054 0.099 
( U s a m )  
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TABLE IV 

Boreholes  with  Pump  Discharge of Less Than 10 T/D 

Borehole No. HZ-3  HZ-4 HZ-16 HZ-1 7 NZ-24 HZ-26 

Pump  discharge 5.36 19.87 6.99 (10 <10 6.91 

Drwndown (m) 50.57 >66 >52 >65 >65 41.37 

Specific 

(T/D) 

capacity 0,QO 12 0.0035 0.0016 0.0018 0.0018 0.0019 
(l/s*m) 

permafrost  water. 
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SHALLOW OCCURRENCE OF WEDGE ICE: IRRIGATION FEATURES 
A.A. Mandarovl  and I.S. Ugarov 

1Permafmt Institute,  Siberian  Branch  of the U.S.S.R. Academy of Sciences, Yakutsk, U.S.S.R. 

SmoPSIs Many  yeara of inveetigations  have  established  that sprinkler irrigation,  with 
judicious  irrigation  rate@,  does  not  lead to thawing  of wedge ice  residing  at a little  depth 
which occura, in  particular,  in  the  valley of the  Amga  River  in  Central  Yakutia,  the  area  that 
hae received  extensive  development over the  paet  several  years.  Increased  irrigation  rates  can 
caurde  deformation8  of  the arable land  surface  due  to  ground  subeidence  above  melted  ice  veins 
and wedgee. Irrigation  canals  present  the  greatest  hazards  in  this  regard  because  they  contribute 

given  to  closed  distributor8  (pipelines). 
to increasing  the  rate of thaw for  such  ice;  therefore,  in  such a situation,  preference  should  be 

The  need for development of new areas for  the 
arable l a n d  designed to eatiafy  the  demand of 
the  population ror agricultural  products is 
dictated  by  the  constantly-increaeing  develop- 
ment  of  newly-discovered depolsitrr of valuable 
minerals,  construction  of  lnduartxial and 
traneportation  projects,  and  by  the  associated 
intense  growth rate of the  population  in  north- 
ern and  eastern regions of the  owuntry. Yaku- 
fia is one  sueb region of  the  country,  with 
its central area8 being the main  granary. Be- 

here the arable land auffere droughte and i s  
cause of the  severe continentality o f  climate 

in  need of improvement  through  irrigation. In 
this  situation  attention is focused on deve- 
lopment of new  axeas in valleya of major and 
medium-sized  rivers  which  are  reliable  water 
sourcwa Pox irrigation  meliorations. In recent 
yeaxa  much  work  has  been  done  in  Central  Yaku- 
tia  on  developing  the Amga River  valley  where 
sown  parcels for haymaking,  pastures  and  axab- 
le  fields  for  cereal  and  forage cropa are  be- 
ing created. In the  yeara  to  oome, it is plan- 
ned  to  develop  here a~ many as 30 thousand  of 
hectare8 of the  virgin  lands. 

From  the  standpoint of geocryology  the  main 
feature  of  thia  territory  is  that wedge ice 
ocoura  oloae  to  the  sunlit  surface. 

Results of sngineering-geological  surveys oh- 
tained  by  "Yakutgiprovodkhoz"  for 20 districts 
totaling  more  than 5 thouaand  ha  in  area as 
well as the  aerial  photo  interpretation  for 
the  entire  valley  of  the  Amga  River  have  indi- 

the  area of vast  (both  existent  and  being de- 
veloped)  tracks of arable land (Gavrifev et 
aZ., 1984). In  the  area o f  Khospokh , fox ex- 
ha (50%yi 80 ha (80%) 
ample,  round ice  occumthroughout 200 to 220 

refer  to  the  Kenide-Terde 
locality, 280 to 300 ha (7m) refer  to  the  Ba- 
tyuntsy  locality, and 250 ha (80%) axe  occu- 
pied  by  ground  ice in the  Noyan  locality. 

cated  that  ground  iC8  OCCUpieS 20 to 9m Of  

wedge  ice  residing  at a depth o f  1.2 to 2 m, 
having a width o f  0.8 to 2 m on  the  top  and 
a thickness  between 2 .and 5 rn. The  density of 
the  ice  polygonal  lattice  is,  on  the  average, 
5 or 6 longitudinal  and 6 to 0 transver~e rows 
per ha. Such a kind  of  ice  ie  well  developed 
on  elevated  Plood-lands  and  on  terraces  above 
flood-landa  which  are  the  moat  valuable  arable 
tracts  for  State  farms. 

Whenever  the  thawing  depth, at the  time  melio- 
ration  activities are being  carried  out,  ex- 
ceeds  the  occurrence  depth of ground  ice,  for- 
mation  and  development of thermokarst  proces- 
ses  should be expected  to  take  place  in  the 
areas  being  meliorated; as a result,  within 
the  first 5 to 10 years o f  development  of  the 
locality  ground  surface  aubaidence  is  able  to 
occur,  in  the form oP ditches Over the po- 
lygonal  lattice  of  wedge ice. Tf,  then,  the 
amount  of  precipitation  does  not  exceed 0.2 o r  
0.3 m, this  will be not  hazardous,  provided 
that  the  ground  surface i e  ploughed  and  leve- 
led every year. As the  thawing  depth  increa- 
aea  by 0.5 m and  more,  deep  ditches  are  produ- 
ced  above  ground  ice as a result of melloro- 
tion so that  in  order  to  restore  the  field,  it 
is  necessary  to add soil  brought  from  other 

well  a8  plane  the  surface  smooth,  but  this 
localities  to  subsidence-produced  ditches aa  

may  turn  out  economically  unprofitable. 

In 1983, in an  effort  to  develop  irrigation 
regimee for applications  where  wedge  ice  occuxa 
at  amall  depthe,  the  Permafrost  Institute em- 
barked  upon  investigations o f  the  water-ther- 
mal  regime of soils in  the  valley of the Amga 
River,  in  areas  allottsd f o r  forage cropa. 

The  experimental  field  is  situated  on  the  ele- 
vated  flood-lands  along  the Amga River  that  is 
flooded  by high waters  of  the  river  once  every 
8 to 10 yeara. The  total area of the  field  is 
80 ha,  including 46 ha  occupied  by  experimen- 
tal dots of Land (of the  size  20x25 Bauare 



rigation  regimes o f  forage  crops,  which  occu- 
p i e d  an  area of about 10 ha.  The  irrigation 
regime for three forage crops  was  studied,  na- 
mely oats Yakutsky,  sunflower and colza  from 
the  Canadian  selection,  Candle  (rape).  The  in- 
fluence of irrigation  regimes  upon  crop  capa- 
city was studied for mineral  fertilizers 
(NPK)gO, and  comparisons  were  made  with  the 
variant  without  irrigation,  but  with  the  same 
amount of fertilizers  applied. 

A f i e l d  group  from  the  P,eP.ermafrost  Institute  of 
the  Siberian  Branch of the U.S.S.H. Academy  of 
Science8  made  observations of the  water-thermal 
regime o f  soils  in 7 lots: lot 1 - virgin-land 
area of a  miscellaneous-gram  meadow;  lot 2 - 
oats  without  irrigation;  lot 3 - oats  with  ir- 
rigation  in  the case where  the  soil  moisture 
has decreased  to 70$ of the  minimum  moisture 
capacity ("2);  lot 4 - rape  without  irrigation 
(for 1985, sunflower  without  irrigation);  lot 
5 - rape  with  irrigation  in  the  case  where  the 
aoil moisture has decreased  to 70% of MC (for 
1985, sunflower  with  irrigation  in  the  case 
where  the  aoil  moisture  has  decreased  to 70% 
o f  MC); Lot 5a - same a19 5 but for the  ice  wed- 
ge; and lot 6 - bare  fallow. 
The  soils of the  atationary,  experimental  field 
refer  to  permairoat  meadow-black-earth,  weakly 
saline (up t o  0.15$! eoils of the  aulphate-car- 
bonate  type,  with a weakly-alkaline  reaction 
of a lightly- and moderately-suglinok-like com- 
position,  and  with  the  predominance of coarse 
duat.  Such aoila provide high crop  yields, 
without  desalination and pH control,  and are 
favourable for growing forage crops,  provided 
that  mineral  fertilizern and irrigation are 
applied. 

The  eoils  throughout  the  area of the  atationary 
field  show a small  volumetric  mass,  which  is 
attributable to the  great  content of organic 
material  in  the  soil.  Only  in  the  virgin-land 
plot as deep  as 0.5 m does  the  volumetric mass 
reach 1160 to 1260 kg m-31 in all plots  of  the 
arable  land, how~vex, it does not  exceed 900 
to 1000 kg m-3, and below 0.5 m in  all o 
plots  it  variea  within 1000 - 1100 kg m' 4 . the 
Owing  to the diversity o f  the  mechanical  com- 
position,  combined  with  the  different  content 
of organic  material  in  the  soil,  the  value o f  
the  maximum  moisture  capacity  is  characterized 
by  broad  variations,  in  both  the  area  of  the 
stationary  field and depth. 

Below 2 m the  flood-lands  axe  composed of stra- 
tified  sands  and  suglinoks,  while  aleurites 
containing as much as 20 to 28% of  clay  partic- 
les  are  predominant aB deep as 5 m. Earth  mate- 
rials show a comparatively high ice  content, 
up t o  30-4W against  dry  weight, and a  lens- 
shaped structure,  but  a  massive  structure  in 
sands. Wedge ice  occurs  throu  hout  the axea 
at  depths  between 1.55 and 1 . f 5  m,  having a 
width of 0.8 to 1.2 m on  the  top  and a thick- 
n e s ~  a8 great as 2 to 4 m; the  size of poly- 
gons is 5 or 6 m in width  and 6 to 8 m in 
1 ewth 

With Low initial  moisture  of  the soil, irriga- 

ture o f  the  upper 0.2 to 0.4 m layer of the 
tion  causes a amall  reduction  in  the  tempera- 

soil and a temperature  increase  in  the  lower 
part of the  seasonally  thawing layex, and I s  
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even  capable o f  increasing  the  thawing  depth 
by 0.1 o r  0.2 m. With  initial  moisture  in ex- 
cess of the  minimum  moisture  capacity,  there, 
on  the  contrary, is a  slight  temperature  dec- 
rease  within the lower  part o f  the unfrozen 
Layer.  Besidea,  the  thermal  effect of irriga- 
tion also depends  on  ita  amount  (rate) - the 
larger  the  amount of water  aupplied  to  the 
soil,  the  greater is the  effect  because  during 
the  summer  time  water  temperature  generally  ie 
above the  aoiL  temperature  at  depthB  below 
0.3 or 0.4 m. 

Shadowing of the  soil  surface is o f  major  im- 
portance  for  the  temperature  regime of soils. 
Typically,  within  the  first 10 to 15 days af- 
ter  Bowing  forage  crops,  the eoil surface tem- 
perature  on  the  arable  land,  averaged aver 
many  days, i s  by 2 to 4OC higher as compared 
to a meadow.  As  the  crops  in  the  field  evolve 
into  the  bushing-out  phase,  the  degree of sha- 
dowing of the  surface  approaches  that of the 
meadow,  and  this  cauaes  their  temperatures  to 
equalise as well. AB the  forage  crops grow 
further,  the  field  surface  decreaeee  in  tempe- 
rature and becornea lower as compared  with  the 
meadow,  due  to  the  increasing  degree o f  aha- 
dowing. 

In the eecond half of vegetation  the  daily  mean 
surface  temperature  under  non-irrigated  crop8 
is  by 2 o x  30 lower  than  that for the  meadow 
and  ie 3 to 50 as low  under  irrigated  crops. 
On  fair daya at  noon  fhe  surface  temperature 
for forage crops  in  that  period  is 5 to 70 
lower as compared to  the  meadow,  while  follo- 
wing  irrigation  this  difference  reaches 12 t o  
150. 

Such a decrease  in surface temperature  due  to 
irrigation  contributes  to  slower  thawing o f  
the  eoil  in  the  second half o f  vegetation.  The- 
refore,  the  greatest  depth of thawing  on a 
field (1.65 to 1.75 m) doee not  exceed  its 
value on  a  virgin-land  plot (1.74 to 1.76 m). 
The  thawing  depth  beneath a wedge of ice does 
not  increase  either  (lot 5a). According  to ob- 
servationa-for  the  period 1984-1985 it  is  bet- 
ween 1.48 and 1.54 and does not  reach  the  up- 
per edge of  the  wedge  ice.  Such a small  amount 
of thawing is accounted  fox  by the Pact  that 
ice-rich  soils  (up  to 40-60% of fha  weight of 
dry soil) occur  above  the  ice  wedge  near  its 
upper  surface,  and  the  thawing  rate  decreases 
abruptly as early as mid-July - early  August. 
As a r u l e ,  throughout  the  entire  summer  period 
the s o l i  moisture  above  the  ice  wedge i s  high- 
ex as compared  with  the  center of the  polygon. 

Thus,  three  years of Investigations  have  shown 
that  sprinkler  irrigation,  with  judiciously 
applied  irrigation  rates, does not  lead  to 
thawing o f  the  ground  ice  under  condition8 o f  
the  valley of the Amga River. A most  approp- 
riate  irrigation  rate  implies  such  amounts  of 
water  which  are  necessary  to  achieve  the  mini- 
mum  moiature  capacity (MC) of a soil layer  of 
a  maximum  thickneas of 0.5 m where  roots o f  
annuals  moetly  occur.  Under  conditiona of the 
Amga  River  valley,  for  the  most  commonly  occur- 
ring  kinds of  Boil  during  sprinkler  irriga- 
tione  which  are  carried  out  when  the  soil  mois- 
ture  within  the upper 0.5 m layer has decrea- 
sed  to 7040% o f  MC, this  rate  vaxiea in the 
range  from 250 to 300 m3 per ha. 



Irrigations  with  smaller  rates f a i l  to  provide 
soil  moisture  optimum f o r  the  growth and deve- 
lopment of crops or more  frequent  watering8 - 
are  required,  in order that  the  soil  moisture 
should  not  decrease  below optimum moisture, 
equal  to  the  capillary  rupture  moiature (CRM), 
ox 70% ivG. Irrigations  with  far  greater  ratea, 
however,  lead to moistening  (and,  accordingly, 
to a temperature  increaae) of deeper  layers 
accompanied  by  an  increase  in  the  thawing 
depth. ?his, in  turn, may cause  the  near-lying 
wedge  ice  to  thaw  out. As the  infiltration 
water  reaches  the  surface of this i ce  and be- 
gins  to  filter  through  it,  the  thawing-out 
rate can be intenaified  because  ice  veins  over- 
lie  intensively  filtering,  humus-rich  veins 
of the soil. 

<\ 

The thawing-out of ground  ice  is  often,  to a 
great  measure,  accompaniod by deformations  of 
the  arable land surface  caused  by soil subei- " 

dence  over  the  thawed  ice  veins. Thus, high 
rates of irrigation a r e  fraught  with major ha- 
zardous  coneequencea  and  should be avoided. 

dedge  ice  preaents  particularly  serious ha- 
zarda, while  occurring  close t o  the  staxface, 
in  the  case  where  open  irrigation  canala  axe 
being  utilized.  Vfhen  such a canal has a  depth 
o f  0.8 to 1 m, there  remains only 0.5 to 0.7 m 
of soil from  the  surface of this ice to the 
bottom of the  canal. hioreover, this  soil  is 
often  compoeed o f  very  mellow  earth  materials, 
because  theee are formed  by  humus-rich aoilS 
washed  away f rom the  surface  layers which Pill 
frost  cracks  appeasing  every year. Aa the  wates 
fills the canal,  it  infiltrates  very  rapidly 
through  such  formations  upward to the  surface 
of ice  veine,  giving  rise  to  intense  filtra- 
tion  along  them  through  loose,  hualus-rich 
veins, which, in turn,  causes  fast  thawing o f  
the  upper  tarminationa of wedge  ice. This can 
entail  its  precipitous  thawing-out,  not  only 
under  the  canals  but a l ~ o  beneath  the  arable 
land,  ultimately  leading to deformatione of the 
cultivated  field  lsurface  ana, on some  occa- 

siona,  to  complete  deterioration o f  the-field 
due to  deformations  not.qmenable to subsequent 
improvement  by  levelling. 

In order t o  avoid  such  detrimental  proceaaes, 
it  is  necessary  to  apply  special-purpose  me- 
thods of building such canals  which  would  rule 
out the  poseibility of water lorrms in the  ca- 
nal aa well as its  penetration  to  the  surface 
of ground  ice. As far a B  this kind o f  arable 
land,  with  near  occurrence o f  ground ice,  ia 
concerned, the morrt advantageous  method  of wa- 
ter  supply t o  eprinkler  irrigation  facilitiea 
is to utilize  encloeed-type  aistrlbutore and 
main  conduits  compoeed of metal and plastic 
pipes. 

AB regards  the  arable  land  with  close  occur- 
rence o f  ground ice, a major hazard i s  aseocia- 
ted with  the  filling  and  prolougea  retention 
of water within enclorred, inclined  sections of 
the  pipeline,  which also  causefl this kind of 
ice  to  thaw out. This may be brought about  by 
water  leakage  from  pipelinea aa well as during 
surface  drainage from the f i e l d s  baing  irriga- 
ted due  to  great rates of aprfnkler  Irrigation. 
Therefore,  it is neceesary to  carry  out prel i -  
mlnary  levelling  operations in rsuch low areas 
by adding the 8 0 i l  brought from other  locali- 
ties;  moreover,  strict  attention i s  mandatow 
to avoid water leakage from conduits, spriak- 
lera  and sprinkling installat  ions. 

Thus, the  present  investigations have demonst- 
rated  that,  even with a very close oocurrence 
of wedge  ice,  epriakler I r r igat ion of forage 
crops,  provided  that optimum irrigation  rates 
are maintained, doe8 not create  conditione for 
such  ice t o  thaw out, which, othemiae, cawe 
detrimental  processes  to  evolve. 
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SOIL INFILTRATION AND SNOW-MELT RUN-OFF 
IN THE MACKENZIE DELTA, N.W.T. 

P. Marsh 

National Hydrology Research Institute, Canada 

SYNOPSIS A f i e ld   s tudy  of snow-melt run-off was car r ied   ou t   in  a lake  basin  in  the Mackenzie Delta,  N.W.T. 
The s t rong   nega t ive   so i l  heat flux  delayed  the  arrival of melt water a t   t h e  snowcover base by refreezing  water   as   ice  
l aye r s  and columns i n   t h e  snow.  Once melt water  reached  the snowcover base,  most i n f i l t r a t e d   t h e   s o i l .  However, even 
though  the  soil  was below O°C, only a small  portion of the melt water which in f i l t r a t ed   t he   ac t ive . l aye r   r e f roze ,  As 
a r e s u l t ,  the s o i l  warming, due t o   t h e  release of la ten t   hea t  of fusion,  was not as l a r g e   a s  would be expec ted   i f   a l l  
t he  melt water had refrozen. The l a rge  soil i n f i l t r a t i o n   a l s o  limits snow-melt run-off,  which has  important 
implications  to  the  hydrology of lakes-  in  the  Mackentie Delta. 

INTRODUCTION 

Run-off from  seasonal  snowcovers is an important  source 
of water i n  many a lp ine  and northern  environments 
(Church  1974, Marsh and Woo 1981, Woo et a1  1983). 
Studies  of  snow-melt m-of f   i n   t empera t e   r eg ions  have 
concentrated on warm snowcovers underlain by unfrozen 
so i l   (eg .  Anderson  1976, U.S. Army 1956, Colbeck  19761, 
where the influence o f  the  soil is minimal and s o i l  
heat f l u x  is small. Under these conditions,  snow-melt 
run-off  begins when the   i r reducib le   l iqu id  water 
content of t he  snowcover is f i l l e d ,  and t h e  snow is 
warmed t o  O°C. This is not the case f o r  snowcovers 
underlain by soils  with  temperatures below 0% 

Unt i l   recent ly ,   f rozen   so i l  was considered  to be an 
impermeable b a r r i e r  which had l i t t l e  influence  on the 
metamorphism of the  overlying snowcover. Recent 
s tud ie s ,  however, have  demonstrated  that   inf i l t ra t ion 
in to   seasonal ly   f rozen   so i l s  (Kane 1980, Gray e t   a l .  
1985. Gra er et a l .  1984),  and s o i l   h e a t   f l u x  may be 
important%arsh and W o o  1987).  Since  the  ground  in 
permafrost  environments is below O'C at   the   beginning 
o f  the  snow-melt per iod ,   so i l   hea t   f lux  removes  a 

throughout  the melt period (Marsh and Woo 1984,  1987). 
s ign i f i can t  amount o f  energy from the snowcover 

This increases   the   f reez ing  of melt water   into ice 
layers  and ice columns i n   t h e  snow, ensures that much 
of t h e   s o i l   i n f i l t r a t i o n   f r e e z e s ,  and may r e s u l t   i n  the 
formation of basal ice. As a r e s u l t  of these 
processes,  it is necessary  to   consider  the combined 
snow-soil  system in o r d e r   t o   p r e d i c t   t h e   i n i t i a t i o n  and 
volume of  snow-melt run-off. In permafrost  regions, 
snow-melt run-off may not   occur   un t i l   a f te r   the   l iqu id  
and thermal  capacity  of  the snow and s o i l  are f i l l e d  
(Marsh and Woo 1984). 

The purpose of t h i s  paper is t o  demonstrate  the 
importance of the  cold,   underlying  soil   in  delaying and 
l imit ing snow-melt run-off  in  permafrost  environments. 

Field work was ca r r i ed   ou t   a t  a small  (0.069 kmz) 
l ake   (unoff ic ia l  name NRC Lake) approximately 5 km 
southwest of Inuvik (Marsh 1986). NRC Lake is perched 
above the  surrounding Mackenzie River   d i s t r ibu tary  
channels. The basin  surrounding  this  lake i s  0 . 4 3  
km2 i n  area,  and is covered by an  open,  mature  spruce 
fo re s t .  The zone beneath  the  lake is  unfrozen,  while 
the permafrost is in   excess  of 80 m in   thickness  
beneath  the  land  areas  surrounding  the  lake  (Johnston 
and Brown 19641, and the   ac t ive   l ayer  i s  up t o  0.5 m 
deep by l a t e  summer, The s o i l s   a r e  s i l ts  with  an 
organic  content of between 1 5  and 30%. 

In the  Inuvik  area,  mean annual   precipi ta t ion is 266 
mm, of which 57% occurs  as snow. Snow-melt is 
i n i t i a t e d   i n  mid  May  when a i r  temperatures rise above 
0°C. Spring  flood  water from the blackenzie  River i s  
the  primary  source of water   for  NRC Lake. Higher- 
e levat ion  del ta   lakes  which  do not  flood  annually 
experience  declining  water  levels between flooding 
events (Marsh 1986). 

Daily  changes in   the   so i l   mois ture   p rof i le  were 
determined a t  3 sites a t  NRC Lake using a twin  probe 
gamma densi ty  meter. Individual measurements a t  5 cm 
increments  are  accurate  to +2 mm of water. In 
addi t ion,  snow and soil   temperatures were  measured a t  
each of these sites. Snow depth and densi ty  
measurements were taken  to  determine mean snowcover 
water  equivalent,  and changes in  snowcover propert ies  
were monitored d a i l y   a t  two snow-pits using the method 
described by Marsh and Woo (1987). Measurement of h'RC 
Lake stage  provided  estimates of melt run-off from the 
surrounding  basin. 

Micrometeorological  measurements were made a t  a height 
of 1 m above  the snow surface.  A Campbell. CR21 darn 
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logger  recorded a i r  temperature,  relative  humidity, 
wind, net   radiat ion,  and p rec ip i t a t ion .  Hourly 
averages of these  parameters were obtained  from 
measurements  taken a t  60-second in te rva ls .   Sur face  

approach  (Price and h e  1976, Heron and Woo 1978, 
snow-melt was calculated  using  the  bulk  t ransfer  

Moore 1983). 

SN0W"ELT RUN-OFF 

The snow-melt period may be divided  into two well- 
def ined  intervals .  The f i r s t  begins a t   t h e   s t a r t  of 
melt and cont inues   un t i l   the   en t i re  snowcover  has  been 
warmed t o  OeC, and has  been  wetted  (Figure 1). The 
second cont inues   un t i l   the  snowcover has  been  depleted. 
I t  is dur ing   th i s  second  period when snow-melt run-off 
may occur. In 1986, t h e   i n i t i a l  warming and wetting of 
the snow-pack covered  the  period May 28 t o  May 31,  and 
the snowcover was depleted by June 4 .  The remainder o f  
th i s   paper  will deal   pr imari ly   with  the 1987 melt 
season, when the two periods were May 22 t o  26 and 27 
t o  31 respectively.  

a s o i l   h e a t   f l u x  of 7.2 W / m 2  (Table   1)   during  this  
per iod.   This   soi l   heat   f lux was dr iven by the   f reez ing  
of 21 mm of water  within the snowcover and the  
conduction downward i n t o   t h e   s o i l  of the  released 
la tent   heat .  

6o 

40 
Snow surface Mav 22 . 

t 

-120 ' ! - , : G ' L : : : ' : : : ' l  
-8  -7 -6 -5 -4  -3 -2  -1 0 1 

Temperature (0.) 

Figure 2 .  Snow and soil tern e r a t u r e s  a t  the Start of 
snow-melt (May 227, when melt-water f i r s t  
reached the snow pack  base (May 261 ,  and a t  
the end of snow-melt (May 51) i n  1987. 

Date Snow-melt Snow cold   Soi l  heat Snow l iqu id   Tota l  
content flux water 

s torage 

h Y  

27-31 26.3 79 0 0 7.7 23 0 23 

Figure 1. Changes i n  snow and so i l  temperatures  during 
May 

the snow-melt period i n  1986. Note that the TOTAL 41.3  124 0.9 3 14.9 44 26 73 
melt period  can  be  divided  into two 

when the snowcover i s  warming t o  0°C and i s  
i n t e r v a l s ,   t h e   f i r s t  from May 2 8  t o  May 31 

being  wetted, and the second  continuing t o  
Table I. Surface snow-melt,  and the energy  required tb 

June 4 when the snowcover is depleted.  
account f o r  the  observed warming of the snow 
and s o i l   i n  1987. 

I n i t i a l  metamorphism of the snow cover 

During t h i s  phase of the snow-melt period, warming of 
the snow and soi l   p lays   an  important   role  in delaying 

May 2 2  and May 26 conduction  through  the  isothermal 
the   a r r iva l  of melt water a t   t h e  snow base. Between 

surface snow layer  (Figure 2 )  was negl igible ,  and 
therefore   the only source of energy  available  to warm 
the snowcover was from the   re lease  of la ten t   hea t  of 
fusion  due  to  the  freezing of water  as ice layers  and 
i ce  columns within  the snowcover. The freezing of 3 mm 
of water  supplied  the 0.9 MJ/m2 o f  energy  that  was 
requi red   to  warm the snowcover t o  0°C (Figure 2 and 
Table 1). 

Of much greater  importance  in  delaying  the snow 
metamorphism between May 2 2  and May 26,  however, was 
the   l a rge   so i l   hea t  f l u x .  Calculation of the  change  in 
heat  storage  in  the  top  metre of the  soi l   (Figure 21,  
and the  heat  conduction below 1 m ,  show tha t   there  was 

61 9 

In addi t ion t o  the  24 mm qf water which f roze   wi th in  
the  snowcover,  an  additional 2 6  m of melt water f i l l e d  
l i qu id   s to rages   i n  the snow-pack. The combination of 
refreezing and f i l l i n g  of l iquid  storages  delayed  the 
a r r i v a l  of melt water t o  the snowpack base by 4 days. 
Approximately  half of th i s   de l ay  was due t o   t h e   s o i l  
heat f l u  alone. 

Soi l  i n f i l t r a t i o n  

Once melt water reaches  the snow-pack base,  it may 
e i t h e r   r u n   o f f   l a t e r a l l y   o r   i n f i l t r a t e  the soi l .   F ie ld  
observat ions  in   both 1986 and 1987  suggest that the 
majority of t he  melt water a t  the  Mackentie Delta study 
sites i n f i l t r a t e s   i n t o   t h e   s o i l  and there i s  a minimal 
amount of surface  run-off. For example, l iquid  water  
was not  observed  draining from any l a t e   l y i n g  snow 
patches,  and ponded surface water occurred  only  in a 
few larger   depressions.  A small r i l l  d ra in ing   i n to  



NRC lake had no surface  f low  in  1986 and only  a  small 

observed i n  1986 and only  small   isolated  patches  in 
volume of  flow  in 1987. In  addition, no basal ice was 

1987.  These observations  suggest that t h e   i n f i l t r a t i o n  
capaci ty  of the soils was not  exceeded i n  1986 and was 
exceeded  only in   a  few loca t ions   in  1987. The  mean 
i n f i l t r a t i o n   c a p a c i t y  of these   f rozen   so i l s  is probably 
between the mean pre-melt snow-pack water  equivalent of 
51 mm i n  1986 and 139 mm i n  1987. The gamma s o i l  
densi ty  measurements, which were ca r r i ed   ou t   i n  1987, 
substant ia te   these  visual   observat ions.  A t  each 
measurement locat ion,   water   inf i l t ra ted  throughout   the 
to ta l   th ickness  of the  act ive  layer   (Figure 5) and 
t o t a l   i n f i l t r a t i o n  was 52, 61, and 111 mm with  a mean 
value  of 75 m. A t  the gamma measurement sites, the 
mean premelt snow water  equivalent  in 1987 was 92 mm. 
However, surface  energy  balance  calculat ions  indicate   a  
total   subl imat ion of 8 mm. Therefore,  only 84 mm of 
water was avai lable   for   inf i l t ra t ion.   Consider ing  the 
errors  involved with measuring soil water   s torage  for   a  
p r o f i l e  40 cm in  thickness ,   the  measured mean s o i l  
i n f i l t r a t i o n  of 75 2 16 m is es sen t i a l ly   equa l   t o   t he  
avai lable  snow water  equivalent of 84 mm. . Since  the 
s o i l  was always b l o w  O°C during  this   per iod  (Figure 
Z ) ,  l i t t l e  o f  t he  water was a v a i l a b l e   f o r   r u n - o f f   t o  
the  lake,  This is Supported by the  small  volume of 
v i s ib l e   run -o f f   t o   t he   l ake  and by the  near ly   constant  
lake  level   over  the melt period. 

-10" 

-20" 

-30 -- 

- 40 -- PF a"-* G3 " PF Permafrost 
-50 .Table 

-5 0 5 10 15 20 25 30 
Change in soil water storage May 20 to  29 (mrn) 

Figure 3. Changes i n  soi l   moisture  between May 20 and 
May 29, 1987. 

The so i l   in f i l t ra t ion   a l so   p layed   an   impor tan t  role i n  
the warming of the   ac t ive   l ayer  and underlying 
permafrost  during the May 26 t o  31 period.  Since  the 
snowcover was isothermal a t  0°C during  this   per iod 
(Figure 2) , heat conduction downward from t h e  snow 
s u r f a c e   t o  the underlying  soi l  was impossible. The 
only  source of energy was t he  movement of  water 
downward i n t o   t h e  soil,  and i ts  resu l tan t   re f reez ing  
and release of latent  heat.   Since  the  water 
i n f i l t r a t ed   deep ly   i n to   t he   so i l   (F igu re  3 ) .  i t  
provided  an  eff ic ient  mechanism for  energy  t ransfer .  
However, the change in   so i l   hea t   s to rage   i nd ica t e s  that 
not a l l   t h e   i n f i l t r a t e d  water refroze.  The calculated 
change in   hea t   s torage  of  7.7 MJ/m2 (Table I )  
required  the  freezing of only 23 mm of  water  within  the 
s o i l .  % remainder of the in f i l t r a t ing   wa te r  ( 5 2  mm 
of the  75 mm which i n f i l t r a t e d   t h e   s o i l )   d i d  not 
freeze.  As shown by other   s tudies   (eg.   Scot t  1969, 
Akimov e t  a l .  1984), silts with a temperature  between 
0 and - 2 O C  contain  unfrozen  water of between 5 and 30% 
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by d r y  s o i l  weight. Assuming t h a t  10% by dry   so i l  
weight of t h e   i n f i l t r a t e d   w a t e r   a t   t h e  s t u d y  s i t e s   d i d  
no t   f r eeze ,   t h i s  would represent  approximately 20 mm of 

As Tice et a l .  (1978)  suggested, t h i s  may be a  lower 
unfrozen  water i n   t he  40 cm thick  f rozen  act ive  layer ,  

limit. I n   f a c t  a  higher  percentage of unfrozen  water 
may occur  with inc reas ing   i ce   con ten t   i n   t he   so i l .  

DISCUSSION AND CONCLUSIONS 

These r e s u l t s  have general   implicat ions  for  snow-melt 
run-off and ac t ive   l ayer  warming, and spec i f i c  
implications  to  the  hydrology of lakes i n  the Mackenzie 
Delta. First, the  cold  substrate  i s  respons ib le   for  
removing considerable  energy from the snow-pack during 
the melt period. The primary  effect  i s  t o  extend  the 
snow-melt period.  Second, s o i l   i n f i l t r a t i o n  may 
consume a large  proport ion of t h e   i n i t i a l  snowcover 
water  equivalent and therefore  limit d i r e c t  snow-melt 
run-off. The freezing of t h i s   i n f i l t r a t i o n  is  an 
important  source of heat which  can warm the   ac t ive  
l a y e r   p r i o r   t o   t h e  removal o f  the  snowcover. However, 
in   Eine-grained  soi ls ,   a   s ignif icant   port ion of t h i s  

below 0°C. This   e f fec t ive ly  limits the  energy 
i n f i l t r a t i n g  water may not  refreeze,  even i f  t he   so i l  is 

ava i l ab le   t o  warm the   ac t ive   l ayer ,  and must be taken 
into  account when modelling ac t ive   l aye r   wap ing  and 
the increase i n  t he  thaw depth  once  the snowcover i s  
removed. 

Lakes  which a r e  perched a t  a suf f ic ien t ly   h igh  
elevation,  do  not  receive  flood  water from the 
Mackenzie  River a t  annual   intervals .  As a   resu l t ,   they  
a r e  dependent on run-off from the  surrounding  basin  to 
sustain  water   levels  between flooding  events.  However, 
snowmelt run-off to   these   l akes   in   negl ig ib le  and  Marsh 
(1966)  found tha t  summer run-off i s  also  near  zero.   In 
addi t ion,  Marsh and Bigras  (1988) showed t h a t  summer 
evaporation (230 mm) from the  lakes i s  greater   than 
summer p rec ip i t a t ion  (101 mm) onto  the  lake  surface.  
As a result, these  high  perched  lakes  experience  a 
negative  water  balance and declining  water  levels 
between flooding events (Marsh 1986). These lakes   a re  
therefore  very  sensit ive  to  reduced  spring  f lood  levels 
due t o  flow  regulation. Flow regulat ion  could  resul t  
in  decreased  flood  frequency and decl ining  lake  levels  
for   h igh  s i l l  e levat ion  lakes .  The number of lakes  and 
the   t o t a l   l ake   a r ea  would decline  with  serious 
consequences to   the  ecology of the  hlackentie  Delta. 
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LATE PLEISTOCENE DISCHARGE OF THE YUKON RIVER 
OK. Mason and J.E. Beget 

University of Alaska, Fairbanks 99775 

SYNOPSIS G e o l o g i c   a n d   p a l e o e c o l o g l c   e v i d e n c e   s u g g e s t s   t h a t   d u r i n g   t h e  l a t e  P l e i s t o c e n e  much 
o f   u n g l a c i a t e d   i n t e r i o r   a n d   n o r t h e r n   A l a s k a  was a r i d   t u n d r a  o r  p o l a r   d e s e r t .  We est imate  t h e  
e x t e n t   o f   a r i d i t y   d u r i n g   t h e  l a t e  P l e i s t o c e n e   i n   A l a s k a  by a p a l e o h y d r o l o g i c   r e c o n s t r u c t i o n  of  
d i s c h a r g e   i n   t h e  Y u k o n   R i v e r .   U s i n g   i n f r a r e d ,   r a d a r ,   a n d   l a n d s a t   i m a g e r y ,  we c o m p a r e   s t r e a m  
m o r p h o l o g y   i n   a b a n d o n e d   p o r t i o n s   o f   t h e   P l e i s t o c e n e   Y u k o n   R i v e r   d e l t a   w i t h   t h e   m o d e r n   Y u k o n   R i v e r  
c h a n n e l .   I f   v a r i a t i o n s   i n   s e d i m e n t   f l u x  a re  damped  by l arge  u p s t r e a m   b a s i n s   a n d   o t h e r   h y d r o -  
l o g i c  p a r a m e t e r s  were r e l a t i v e l y   i n v a r i a n t ,   t h e n   c h a n g e s   i n  stream m o r p h o l o g y   a c r o s s   t h e   Y u k o n  
Delta h a v e   b e e n   p r i m a r i l y  a f u n c t i o n   o f   d i s c h a r g e .   F i r s t   o r d e r   c h a n g e s   i n   r i v e r   m o r p h o l o g y   c a n  

T h e   d a t a   s u g g e s t   t h a t   d u r i n g   t h e  l a t e  P l e i s t o c e n e  t h e  Y u k o n   R i v e r   h a d   a p p r o x i m a t e l y  45% of t h e  
b e   e x a m i n e d  by e m p i r i c a l   h y d r o l o g i c   e q u a t i o n s   w h i c h   r e l a t e   r i v e r   d i s c h a r g e  t o  m e a n d e r   w a v e l e n g t h .  

m o d e r n   d i s c h a r g e ,   i m p l y i n g   t h a t   a v e r a g e   a n n u a l   p r e c i p i t a t i o n   i n t e g r a t e d   o v e r   t h e  e n t i r e  Yukon 
d r a i n a g e   b a s i n   w a s   a p p r o x i m a t e l y   h a l f   o f   m o d e r n   v a l u e s .  

INTRODUCTION 

During t h e  l a t e  P l e i s t o c e n e ,  lower sea L e v e l s  
e x p o s e d   a n   e n o r m o u s   a r e a   o f   c o n t i n e n t a l   s h e l f  
b e t w e e n   S i b e r i a   a n d  Alaska.  T h i s  a r e a ,  known 
as t h e   B e r i n g i a n   s u b c o n t i n e n t ,   h e l p e d   p r o d u c e  
h y p e r c o n t i n e n t a l   c o n d i t i o n s   i n   I n t e r i o r  
A l a s k a   a n d   t h e   Y u k o n ,   w h i c h   r e s u l t e d   i n  
i n c r e a s e d   a r i d i t y   a n d   f o s t e r e d  a u n i q u e   b i o t a  
( H o p k i n s  e t  . a l . ,  1982) .  I n   i s o l a t e d   p l a c e s ,  
t h e   l a n d s c a p e  may h a v e   r e s e m b l e d  a p o l a r  
d e s e r t   ( R i t c h i e   a n d   C w y n a r ,  1 9 8 2 ) .  E x t e n s i v e  
" s a n d   s e a s "   d o m i n a t e d   l o w l a n d   r e g i o n s   i n   t h e  
T a n a n a   v a l l e y   ( C o l l i n s ,  1985) ,  t h e   N o r t h  
S l o p e  ( C a r t e r ,  1981) a n d   n o r t h w e s t   A l a s k a  
( F e r n a l d ,  1 9 6 4 ) .  T h e   p r e v a l e n c e   o f   a r i d  
n o r t h e a s t e r l y   w i n d s ,   r e c o n s t r u c t e d   f r o m   d u n e  
o r i e n t a t i o n   ( H o p k i n s ,   1 9 8 2 ) ,   i m p l i e s   t h a t   t h e  
A l a s k a n   I n t e r i o r  was l a r g e l y   c u t   o f f  by t h e  
C o r d i l l e r a n   i c e   m a s s   f r o m   t h e   s t o r m -  
g e n e r a t i n g   a r e a  in t h e   G u l f  of A l a s k a .  

We c o m p a r e   m o r p h o m e t r i c   c h a r a c t e r i s t i c s   o f  
m o d e r n   a n d   l a t e   P l e i s t o c e n e   c h a n n e l s   o f   t h e  
Y u k o n   R i v e r   ( F i g u r e  l ) ,  t h e   d o m i n a n t   d r a i n a g e  
system of  e a s t e r n   B e r i n g i a   ( A l a s k a   a n d   t h e  
Y u k o n   T e r r . ) ,   i n   o r d e r   t o   g a i n  a q u a n t i t a t i v e  
s e n s e  o f  t h e   a v e r a g e   a r i d i t y  o f  t h e   l a t e  
P l e i s t o c e n e   B e r i n g i a n   l a n d m a s s ,   R i v e r  
m o r p h o l o g y   a n d   d e p o s i t s  may c o n t a i n   d i r e c t  
c l i m a t i c   r e c o r d s  ( K n o x ,  1 9 8 3 )   b e c a u s e   c h a n g e s  
i n   c l i m a t i c   c o n d i t i o n s   a n d   v e g e t a t i o n   c o v e r  
of t h e   l a n d s c a p e   s h o u l d   b e   r e f l e c t e d   i n   t h e  
a m o u n t  o f  water f l o w i n g   i n   t h e   c h a n n e l .  

C h a n n e l   m e a s u r e m e n t s   f r o m   f a l s e - c o l o r  
i n f r a r e d   i m a g e r y   w e r e   a n a l y z e d   u s i n g   m a t h e m a -  
t i c a l   r e l a t i o n s h i p s   e q u a t i n g   r i v e r   m o r p h o l o g y  
t o   d i s c h a r g q .   C o m p a r i s o n   o f   t h e   r e s u l t a n t  
p a l e o - d i s c h a r g e   e s t i m a t e s   w i t h   t h e   s h o r t  
h i s t o r i c a l   h y d r o l o g i c a l   r e c o r d   s u g g e s t s   t h a t  
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t h e  l a t e  P l e i s t o c e n e   d i s c h a r g e   o f   t h e   Y u k o n  
R i v e r  was s i g n i f i c a n t l y  lower than t h e  
p r e s e n t   d i s c h a r g e .  

LATE PLEISTOCENE  HISTORY OF THE Y U K O N  RIVER 

The  l a t e  Q u a t e r n a r y   h i s t o r y  of t h e  Yukon 
R i v e r   v a l l e y  i s  k n o w n   o n l y   i n   o u t l i n e   b e c a u s e  
access  t o  m u c h   o f   t h e   r e g i o n  i s  d i f f i c u l t .  
P a r t  of i t s  h i s t o r y  i s  r e c o r d e d   i n  a co re  
f r o m   b e n e a t h   t h e   B e r i n g  Sea c o l l e c t e d  
o f f s h o r e   f r o m   C a p e   R o m a n z o f   t o g e t h e r   w i t h  
s e i s m i c   p r o f i l i n g   d a t a   c o l l e c t e d  by K n e b e l  
a n d   C r e a g e r  (1973) .  a n d   f r o m  co res  f r o m  
b e n e a t h   N o r t o n   S o u n d   ( M a c D o u g a l ,  1982).  
P r i o r   t o  16,000 B . P .  t h e   p r i n c i p a l   d e l t a i c  
d i s t r i b u t a r i e s  o f  t h e   Y u k o n   R i v e r   l a y   t o   t h e  
e a s t  o f  N u n i v a k   I s l a n d   t h r o u g h   E t o l i n   S t r a i t ,  
a s  e v i d e n c e d   b y  ( 1 )  a b u r i e d   c h a n n e l  t h e  
w i d t h   o f   t h e   m o d e r n   r i v e r   a n d  ( 2 )  d i s c e r n i b l e  
s e d i m e n t   p r o g r a d a t i o n   o f f   t h e   n o r t h w e s t   s h o r e  
of N u n i v a k   I s l a n d .   A f t e r  16,000 B.P . ,  t h e  
Yukon s h i f t e d   c o u r s e   n o r t h w a r d  t o  d e b o u c h  
i n t o   t h e   e u s t a t i c a l l y   r i s i n g  waters of  t h e  
B e r i n g   S e a   a t  a p o i n t   s o u t h   o f   S t .   L a w r e n c e  
I s l a n d .   T h e   Y u k o n   c o n t i n u e d   t o  misrate 
n o r t h e a s t e r l y   t h r o u g h o u t   t h e  l a t e  P l e i s t o c e n e  
a n d   t h e   e a r l y   H o l o c e n e .  Cores i n   N o r t o n  
S o u n d   r e f l e c t   a n   i n f l u x  of  Yukon water a r o u n d  
2500 years ago b a s e d   o n   b i o f a c i e s   c h a n g e s  
( M a c D o u g a l ,  1 9 8 2 ) .  

On l a n d ,  a s i m i l a r   p a t t e r n  i s  a p p a r e n t .  Two 
s u b s t a n t i a l   s e d i m e n t a r y   a c c u m u l a t i o n s   o c c u r  
a t   t h e   M a n o k i n a k   a n d   K a s h u n u k   r i v e r   d e l t a s ,  
w h i c h   e n t e r   t h e   B e r i n g   S e a   j u s t   n o r t h  o f  
E t o l i n   S t r a i t   ( S h e p a r d   a n d   W a n l e s s ,  1971, 
D u p r e ,   1 9 7 7 ) .   I n   t h e   l a t e   P l e i s t o c e n e ,  
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F i g u r e  1 .  Map o f   c e n t r a l   A l a s k a .   S t u d y  a r ea  h i g h l i g h t e d .   Y u k o n   D e l t a   t r i b u t a r i e s   f o r m e r l y  
a c t i v e :   M k o k i n a k   f r o m  16-11,000 B . P . ,  K a s h u n u k  & B l a c k   u n t i l  2500 B.P. 

16 ,000-11 ,000  B . P . ,  t h e  Yukon c o n s t r u c t e d  a 
d e l t a   s u b l o b e   t h r o u g h   b o t h   t h e   s o u t h e r l y  
K a s h u n u k   a n d   t h e   n o r t h e r l y   B l a c k   R i v e r .  
A b o u t   2 4 5 0  y r .  B.P., t h e   Y u k o n   R i v e r  
a b a n d o n e d   t h e   B l a c k   R i v e r   s u b l o b e ,   b a s e d  on  
r a d i o c a r b o n   d a t e s   f r o m   c h e n i e r   d e p o s i t s  
d e v e l o p e d   s e a w a r d  as t h e   m o d e r n   d e l t a  
d i s c h a r g e d   s e d i m e n t   s o u t h w a r d   a n d   i n   c u t b a n k s  
( R o b i n s o n   a n d   T r i m b l e ,   1 9 8 3 ) .   T h e   Y u k o n  
o c c a s i o n a l l y   r e - o c c u p i e d   t h e   B l a c k   R i v e r  
l o b e ,   w i t h  i t s  l a s t   o u t f l o w   t h r o u g h   t h e  
r e g i o n   a t   a b o u t  i300 years  ago  (W.R.  D u p r e ,  
w r i t t e n  c o m m . ,   1 9 8 4 ) .   T h e   t r a n s i t i o n   f r o m  
L a t e   P l e i s t o c e n e  t o  t h e   p r e s e n t   f l u v i a l  
system i s  r e c o r d e d   i n  a s e r i e s  o f   a b a n d o n e d  
t e r r a c e s   a l o n g   t h e  now u n d e r f i t   c o u r s e  o f  t h e  
B l a c k   a n d   K a s h u n u k   R i v e r s ,   s o u t h e a s t   o f   t h e  
K u s i l v a k   M o u n t a i n s   a n d  west o f   t h e   p r e s e n t  
g r e a t   n o r t h e r l y   i n f l e c t i o n   i n   t h e  Y u k o n   R i v e r  
( F i g u r e  1 ) .  

F a r t h e r   u p s t r e a m ,   t h e   l a t e   P l e i s t o c e n e  
s t r a t i g r a p h i c   a n d   a l l u v i a l   h i s t o r y   o f   t h e  
Y u k o n   R i v e r  i s  k n o w n   o n l y   i n   o u t l i n e .  
I m p o r t a n t   g e o l o g i c a l   s t u d i e s   d e s c r i b e   t h e  
s e d i m e n t o l o g y  o f  c u t b a n k   e x p o s u r e s   ( E a r d l e y ,  
1 9 3 8 )   o r   i n t e r p r e t   a l l u v i a l   h i s t o r y  u s i n g  a 
r e l a t i v e   c h r o n o l o g y   i n   l i e u  of r a d i o m e t r i c  
d a t e s   ( W i l l i a m s ,   1 9 6 2 ) .   M o r e   r e c e n t   r e s e a r c h  
in t h e   G a l e n a   r e g i o n ,   i n   t h e   m i d d l e   c o u r s e  of 
t h e   Y u k o n ,   p r o v i d e s   s o m e   r a d i o c a r b o n   c o n t r o l  
on a l l u v i a l   h i s t o r y   ( W e b e r   a n d   P e w e ,  1 9 7 0 ) .  

Many Late n i n e t e e n t h   c e n t u r y   v i l l a g e  s i t e s  
h a v e   e r o d e d   i n   o n l y  50 t o  60 years  ( d e  
L a g u n a ,   1 9 4 7 ) .   S h i f t s   i n   p o s i t i o n  of t h e  
Yukon   channe l .  a r e  r a p i d  (Williams, 1 9 5 2 ) .  
M o s t  or a l l  of t h e   f l o o d p l a i n  i s  c o v e r e d  by 
v e r y   t h i c k   a l l u v i u m   b u t   p e r m a f r o s t  is v e r y  
r e s t r i c t e d   i n   t h e   a c t i v e   f l o o d p l a i n  (Pewe, 
1 9 7 5 ,  Williams, 1970). 

Our m o r p h o m e t r i c   a n a l y s i s  was r e s t r i c t e d  t o  
t h e  lower a n d   m i d d l e   r e a c h e s  of  t h e  Yukon 
R i v e r ,   w h e r e   b e d r o c k   c o n t r o l   o v e r   c h a n n e l  
m o r p h o l o g y   w a s   a b s e n t   ( F i g u r e  1 ) .  

THE MORPHOMETRY OF MEANDERING STREAMS 

M e a n d e r i n g   s t r e a m s   s h o w   r e g u l a r i t i e s   i n  
c h a n n e l   c o n f i g u r a t i o n   i n   r e s p o n s e  t o  t h e  
a m o u n t   o f  water f l o w i n g   w i t h i n   t h e i r   b a n k s .  
T h e   t e n d e n c y   t o   m e a n d e r   c a n   b e   e m p i r i c a l l y  
r e l a t e d   t o   t h e   c o m b i n e d   e f f e c t s  of s l o p e   a n d  

d i s c h a r g e   ( R i c h a r d s ,  1982) .  M e a n d e r i n g  
size o f  p a r t i c l e s  i n  t r a n s i t ,  a s  wel l  as  t o  

streams a r e   f a v o r e d   b y   g e n t l e r   g r a d i e n t s   a n d  
f i n e r ,   m o r e   c o h e s i v e   s e d i m e n t s ,   w h e r e a s  
b r a i d e d   s t r e a m s  a r e  more  common i n   s t e e p e r  
r e a c h e s   a n d   w i t h   c o a r s e r   m a t e r i a l s .  

T h e   m e a n d e r i n g   h a b i t  of r i v e r e   a p p e a r   t o   b e  a 
s t a b l e   p a r t  of a l l u v i a l   m o r p h o l o g y   a l t h o u g h  
r a p i d   s h i f t s   f r o m   m e a n d e r i n g   t o   b r a i d e d   f o r m  
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may result f r o m   s u d d e n   o v e r w h e l m i n g   f l u x e s   o f  
s e d i m e n t   ( C o l e m a n ,   1 9 6 9 ) .   T h e   s h a p e   o f  
m e a n d e r s  i s  d e f i n e d  by t h e   p a r a m e t e r s   o f  
a m p l i t u d e ,   w a v e l e n g t h ,  mean a n g l e  of 
c u r v a t u r e   a n d   p o i n t   o f   i n f l e c t i o n   ( L e o p o l d  
e t . a l . ,  1 9 6 4 ) .   T h e   m e a n d e r s  of a r i v e r   c a n  
b e   d e s c r i b e d  by a m a t h e m a t i c a l   f u n c t i o n  
r e l a t i n g   v a r i o u s  s t a t e s  o f   d i s c h a r g e  ( Q )  t o  , 
m e a n d e r   w a v e l e n g t h  (L,) f o l l o w i n g  an e x p o n e n -  

t i a l  of  t h e   f o l l o w i n g   g e n e r a l   f o r m  
( J e f f e r s o n ,  1902)  : 

L m  = c Qx (1) 
b 

where b a n d  c a r e   c o n s t a n t s .   V a r i o u s  
w o r k e r s ,   e s p e c i a l l y   C a r l s t o n  (1965) a n d   D u r y  
(1965) r e f i n e d   t h i s   g e n e r a l   e q u a t i o n .   T h e  
p r i n c i p a l   i n f l u e n c e  on m e a n d e r   w a v e l e n g t h  i s  
g e n e r a l l y   t h o u g h t  t o  b e  water l e v e l   d u r i n g  
f a l l i n g   s t a g e s   o f   f l o o d s   ( s u b - b a n k f u l l  
d i s c h a r g e )   b e c a u s e  so m u c h   e r o s i o n   h a y   o c c u r  
a t  t h i s  time ( C a r l s t o n .  1965). 

We u s e d   t h e   f o l l o w i n g   e m p i r i c a l   e q u a t i o n s  
r e l a t i n g   d i s c h a r g e  t o  m e a n d e r   w a v e l e n g t h   i n  

our c a l c u l a t i o n s   ( w h e r e  q, = mean d i s c h a r g e ,  

qma ,= m e a n   a n n u a l   d i s c h a r g e ,  q,, = mean 

m o n t h l y   d i s c h a r g e ,   q b  = b a n k f u l l   d i s c h a r g e  

a n d   q d  = d o m i n a n t   d i s c h a r g e ) :  
0.5 Lm - 46 9,  ( J e f f e r s o n ,  1902) ( 2 )  

Lm - 80  qmm ( C a r l s t o n ,  1965) ( 4 )  

Lm = 106.1 qma 0.46 ( C a r l s t o n ,  1965) ( 3 )  
0.46 

Lm = 166 q m o * 4 6   ( C a r l s t o n ,  1965)  ( 5 )  

( D u r y ,  1976) ( 6 )  

Lm = 62 q d 0 ' 4 7   ( D u r y  & C h a r l t o n ,  1970) (7) 

Lm = 32.86 q b  0.55 

Lm - 5 4 . 3   q b 0 ' 5   ( D u r y ,   1 9 6 5 )  (8) 

T h e   g r a i n   s i z e   o f   s e d i m e n t   a l o n g  a r i v e r ' s  
b a n k s   c a n  a l s o  a f f e c t   t h e   d e v e l o p m e n t  of 
m e a n d e r s   ( S c h u m m ,   1 9 6 3 ) .   B a n k s   c o m p o s e d  
m a i n l y  of  s a n d  a r e  more e r o d i b l e ,   f a r m i n g  
s h a l l o w   w i d e   c h a n n e l s .  as c o m p a r e d   t o  s i l t  
a n d  c l a y  b a n k s   w h i c h  a r e  more c o h e s i v e   a n d  
r e s i s t a n t   t o   f a i l u r e .   T h e   c o m p o s i t i o n  of 
t e r r a c e s  ( E a r d l e y ,  1938; Weber   and   Pewe ,  
1970; Williams, 1962) a l o n g   t h e   Y u k o n   a n d  
e v i d e n c e  from b o r e h o l e s  (Pewe, 1975) i n d i c a t e  
t h a t   t h e   P l e i s t o c e n e   l o a d  of  t h e   r i v e r  
i n c l u d e d   p r e d o m i n a n t l y  s i l t  a n d   v e r y   f i n e  
l a n d s ,   a n d   t h u s   w a s  similar t o   m o d e r n  Yukon 
a l l u v i u m ,  For  t h e   p u r p o s e s  of  t h i s   s t u d y ,  we 
a s s u m e   t h a t   s e d i m e n t  flux a n d   g r a i n   s i z e  were 
m o r e  or less c o n s t a n t   t h r o u g h  time i n   t h e  
l o w e r  Y u k o n   d r a i n a g e ,   t h o u g h   t e m p o r a l  
v a r i a t i o n s  in d e p o s i t i o n   c e r t a i n l y   d i d   o c c u r .  
T h u s ,  we u s e  t h e  g e n e r a l   f o r m  of t h e   m , e a n d e r  
w a v e l e n g t h  t o  d i s c h a r g e   e q u a t i o n s  a$ 
d i s c u s s e d   a b o v e .  

METHODOLOGY 

D e l t a   a n d   c h a n n e l s  o f  t h e   m o d e r n   a n d  
P l e i s t o c e n e  Y u k o n   R i v e r  a r e  e a s i l y   s e e n  on 
s m a l l   s c a l e   r a d a r   a n d   L a n d s a t   i m a g e s   o f  
c e n t r a l   A l a s k a .  To c o m p a r e   t h e   m o r p h o m e t r y  
of  t h e s e   f e a t u r e s ,  we e x a m i n e d  1978 a n d  1980 
f l i g h t l i n e s  of f a l s e   c o l o r   i n f r a r e d   p h o t o -  
g r a p h y  of  t h e  Yukon d r a i n a g e  system 
( a p p r o x i m a t e   s c a l e s   1 : 3 0 , 0 0 0   a n d   1 : 6 0 , 0 0 0 )  
a r c h i v e d  by t h e   G e o p h y s i c a l   I n s t i t u t e  in 
F a i r b a n k s .   F a l s e - c o l o r   i m a g e r y   a l l o w s   o n e  t o  
p e r c e i v e   s u b t l e   d i f f e r e n c e s   i n   v e g e t a t i o n  
c o v e r   a n d   p r e s u m a b l y   l i t h o l o g y   a n d   t h e r e b y   t o  
e a s i l y   i d e n t i f y   o l d   o x b o w   l a k e s   a n d   p a l e o -  
m e a n d e r s ,  

O u r   s t u d i e s   c o n c e n t r a t e d  o n  r e l i c t   c h a n n e l s  
i n   u n c o n f i n e d   a l l u v i a l   p l a i n s .  Two p o r t i o n s  
o f   t h e  Yukon d r a i n a g e   p o s s e s s   t e r r a c e s   w i t h  
w e l l - d e f i n e d   s e q u e n c e s   o f   r e l i c t   p o i n t b a r  
d e p o s i t s :   t h e   m i d d l e  Yukon r e a c h e s   a r o u n d  
G a l e n a ,  j u s t  u p r i v e r  from t h e   t r i b u t a r y  
j u n c t i o n   o f   t h e   K o y u k u k   R i v e r ,   a n d   a l o n g   t h e  
P l e i s t o c e n e  Yukon R i v e r   c h a n n e l  now f i l l e d  
w i t h   t h e   u n d e r f i t   K a s h u n u k   R i v e r  west o f  
M o u n t a i n   V i l l a g e .   W i t h i n   t h e  two a r e a s ,  
p o i n t  bar c o m p l e x e s  o f  d i f f e r i n g   a g e s   a r e  
r e c o g n i z a b l e ,   m a r k e d  b y  t h e   d e v e l o p m e n t   o f  
t h a w   l a k e s .   F o l l o w i n g   W e b e r   a n d   P e w e  (1970), 
t h e   o l d e r .   h i g h e r   t e r r a c e ,   c h a r a c t e r i z e d  b y  
p e r v a s i v e   t h a w   l a k e s  i s  t h o u g h t   t o   b e   l a t e  

P l e i s t o c e n e   i n   a g e ,   b a s e d  on a 8000 y r .  "C 
d a t e   f r o m  a p o i n t b a r   c o m p l e x   c l o s e r   t o   t h e  
m o d e r n   Y u k o n   R i v e r .  

W o r k i n g  s o l e l y  f r o m   a e r i a l   p h o t o s ,  we c a n  
o n l y  es t imate  t h e   a g e   o f   t h e   p o i n t b a r  
c o m p l e x e s   w i t h i n   b r o a d  limits. P o i n t b a r  
d e p o s i t s   i n   t h e   K a s h u n u k   R i v e r ,   w i t h i n   t h e  
B l a c k   R i v e r   s u b d e l t a   l o b e ,   a r e   o n l y   r o u g h l y  
d a t e d  t o  c a .  16-11,000 B.P. If t h i s   l a t e  
P l e i s t o c e n e   a g e   a s s i g n m e n t  is  c o r r e c t ,  i t  is 
p o s s i b l e   t h a t  a s i g n i f i c a n t   t i m e   s p a n   a n d  
s e v e r a l   d i f f e r i n g  c l ima t i c  r e g i m e s  may  b e  
r e p r e s e n t e d  by t h e s e   p o i n t b a r s .   M o d e r n  
m e a n d e r s  were s t u d i e d   a l o n g   r e a c h e s   o f  t h e  
Y u k o n   R i v e r  near P i l o t   S t a t i o n ,   G a l e n a   a n d  
S t e v e n s   V i l l a g e .  

A n c i e n t   p o i n t b a r   s e q u e n c e s   a r e   d i s t i n g u i s h e d  
by s e v e r a l   t o p o g r a p h i c a l   c r i t e r i a :  (1) a 
s e m i - c i r c u l a r   b o u n d a r y   o c c a s i o n a l l y   m a r k e d  by 
i n c i s i o n   o f   t h e   r i v e r   i n t o  a s c a r p   d i s t a n t  
from t h e   a c t i v e   c h a n n e l   o f   t h e  r i v e r  o r  t h e  
o u t l i n e  o f  a r e l i c t  o r  r e - o c c u p y i n g   s t r e a m ;  
(2) t h e   e x t e n t   o f   i r r e g u l a r   t h a w   l a k e s ,  
i n t e g r a t i n g  severa l  s w a l e   d e p o s i t s   w i t h i n   t h e  
s e d i m e n t   p a c k a g e ;  ( 3 )  t h e   d e v e l o p m e n t  of  
l o c a l   d r a i n a g e  systems w i t h i n   t h e   p o i n t b a r  
c o m p l e x ;   ( 4 )   p h o t o g r a p h i c   t e x t u r a l   d i f f e r -  
e n c e s   d u e  t o  v a r i a t i o n s   i n   s e d i m e n t   g r a i n  
s i z e ,  s u r f a c e   r e l i e f ,  or v e g e t a t i o n   b r e a k s  
e v i d e n t   i n   h u e   c h a n g e s ;  ( 5 )  c r o s s   c u t t i n g  
, r e l a t i o n s h i p s   w i t h   y o u n g e r   d e p o s i t s   a n d  ( 6 )  
r a r e  oxbow l a k e s .  

M e a s u r e m e n t 6   o f   m e a n d e r   w a v e l e n g t h  f o r  e a c h  
p o i n t b a r   c o m p l e x  were b a s e d   o n   t h e   g e o m e t r y  
o f   t h e   p o i n t b a r   c o m p l e x e s .   A f t e r   c h a n n e l  
a b a n d o n m e n t ,   p o i n t b a r   c o m p l e x e s   s h o u l d  
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r e f l e c t   f o r m e r   c h a n n e l   m o r p h o l o g y .   E f f o r t s  
were   made  t o  s e l e c t   p o i n t b a r   c o m p l e x e s   n o t  

M e a s u r e m e n t s  of t h e   p o i n t b a r   s e q u e n c e s   w e r e  
t r u n c a t e d  by s u b s e q u e n t   a l l u v i a l   a c t i v i t y .  

d e r i v e d   f r o m  1:63 ,360 ( 1  i n c h = l  mi le )  USGS 
t o p o g r a p h i c   s e r i e s   m a p s .  Due t o   t h e  

w a v e l e n g t h s   a l o n g   t h e   r i v e r ,   h a l f   m e a n d e r  
i n f r e q u e n t   p r e s e r v a t i o n   o f   e n t i r e   p o i n t b a r  

w a v e l e n g t h s   w e r e   m e a s u r e d   a n d   d o u b l e d  t o  
e s t i m a t e   t h e   o r i g i n a l   m e a n d e r   w a v e l e n g t h s .  

RESULTS 

T h e   p r e s u m e d   l a t e   P l e i s t o c e n e  ( N = l O )  i n c l u d e  
e i g h t   f r o m   t h e   a b a n d o n e d   Y u k o n   c h a n n e l s  
o c c u p i e d  by t h e   K a s h u n u k   R i v e r   i n   t h e  Delta 
r e g i o n   a n d  t w o  f r o m   t h e   m i d d l e   c o u r s e   G a l e n a  
v i c i n i t y   ( T a b l e  I ) .  The   mean  meander  
w a v e l e n g t h   v a l u e   o f   a l l   l a t e   P l e i s t o c e n e  

d e v i a t i o n  o f  1 4 9 4  m ( T a b l e  11. M e a n d e r  
s i t e s  i s  a b o u t   1 0 0 6 9  m ,  w i t h  a s t a n d a r d  

r e l a t i o n s h i p   t o   o n e   a n o t h e r :   1 1 , 2 5 9  m i n   t h e  
d o w n s t r e a m   m e a n d e r   a n d  16,106 m i n   t h e   o n e  
i m m e d i a t e l y   u p s t r e a m .   T h e   m e a n   v a l u e  for a l l  
m e a s u r e m e n t s   ( n = 5 )  o f  t h e   m o d e r n   m e a n d e r  
w a v . e l e n g t h  i s  1 4 5 8 6  m w i t h  a s t a n d a r d  
d e v i a t i o n  of 2203 m (Table I), U s i n g   t h i s  
v a l u e   a n d   e q u a t i o n s  ( 6 )  a n d  ( 8 ) ,  e s t i m a t e s   o f  
m o d e r n   b a n k f u l l   d i s c h a r g e  (q,) r a n g e   f r o m  

16170 m3/s t o   2 1 9 6 9  m3/s ( T a b l e  11). A g a i n ,  

u s i n g   e q u a t i o n s  ( 2 )  a n d  (5). e s t i m a t e s   o f  

m e a n   d i s c h a r g e   ( q m )  a r e  w i d e l y   d i s p a r a t e ,  

r a n g i n g   f r o m   6 2 9 8  t o  30611 m / s  ( T a b l e  IT). 
A g a i n ,   u s i n g   e q u a t i o n s  ( 2 )  a n d  ( 5 ) ,  e s t i m a t e s  

o f  mean d i s c h a r g e  (9,) a r e  w i d e l y   d i s p a r a t e ,  

r a n g i n g   f r o m   6 2 9 8  t o  3 0 6 1 1  m 3 / s  ( T a b l e  11). 
M e a n   m o n t h l y   d i s c h a r g e  (qm,.,) i s  e s t i m a t e d  by 

e q u a t i o n  ( 4 )  t o  b e   a b o u t  30788 m / s  ( T a b l e  
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11). 
w a v e l e n g t h   v a l u e s   j u s t .   f o r   t h e   a b a n d o n e d  
d e l t a  a r e  b e t w e e n  8850 a n d   1 2 6 7 5  m ( T a b l e  I). T a b l e  I1 a l s o  s h o w s   d i s c h a r g e  estimates using 

e q u a t i o n s   ( 2 ) - ( 8 )  for t h e  l a t e  P l e i s t o c e n e  
Y u k o n .   C a l c u l a t e d   v a l u e s   f o r  l a t e  P l e i s t o -  
c e n e   Y u k o n   R i v e r   d i s c h a r g e  a re  g e n e r a l l y  

11). E s t i m a t e s  o f  l a t e  P l e i s t o c e n e   b a n k f u l l  

Table I 
Meuwemwta d Pnkomcmdert m d   m d e r n  murders 

LccdlUlr - wmlnpul (HI llrlltlvr Apr lower t h a n   t h o s e   f o r   t h e   m o d e r n   Y u k o n   ( T a b l e  

Mum vra*1y 
Pllleo-meanders (n-lo) 
I )  brlmlCrwl: A 7590 
2) WmlW I MI3 

LDIW Yam-: 

K m t m A  Yum c h m l s  

3) W I V I I I ~  )Iw l a 7 4  L r t .  PYlSlOcnr 
L a b  Plmhlouw 

9455 L u s  Plslscscm 

7) NmM 11% 
tab P l r l S b c r n  

81 Y l h n r * A  
L a b  Phl¶tDcas 

1 ~ 1  L I h  P l m i a ~ r r  

IO) Kn)u**B 
L l t r  PI.htawn 

l w d d  L h  PIaI.kcn* 

L a b  P l . l a k m a  
L a b  Plslltonn 

4) IhIVl l l lg .  w l o a 1  

:; z$ BBsl 

9) KlpunpP* 1 1 2 6 s  

1.h PIdStoun I-hw wml.oPul 1N.IO): 
tbm: 1 m  
SLrrdrrl Watlm: 1 4 9 4  

Modern Yukon Memder Wavelenglha (N-5) 

1) Ollm 
2) Galoil0 

1 4 6 7  
I3943 

31 *IW 
4) PllOl sL.ua 

169% M Mndr W H l l ~ ( H . 5 )  

5) Pil0lSL.ua 
l lmP pkn: l 4 W  
16106 Stndrd DNLaUan: 2203 

T h e   s a m p l e  (N-5) of m o d e r n   Y u k o n   R i v e r  
m e a n d e r s   i n c l u d e s   L o c a t i o n s   n e a r   t h e   p a l e o -  
m e a n d e r s   e x a m i n e d ,   a s  a t  Galena ,  a n d   f r o m  
r e g i o n s   o u t s i d e   t h o s e   c o n s i d e r e d ,   a s  a t  P i l o t  
S t a t i o n   ( T a b l e  I ) .  T h e   t w o   m e a n d e r s   f r o m  
n e a r   P i l o t   S t a t i o n   s h o w   w i d e l y   d i f f e r i n g  
w a v e l e n g t h s   t h o u g h   t h e y  are i n  a s e r i a l  

d i s c h a r g e  (9,) r a n g e   b e t w e e n   8 2 3 6   t o  10470 

m 1 s .  T h e   v a r i o u s   e q u a t i o n s   y i e l d   d i v e r g e n t  

v a l u e s   f o r  mean d i s c h a r g e  (Q,), w i t h  a r a n g e  

b e t w e e n   2 8 1 4   t o   1 4 5 8 9  m 3 / 8 .  M e a n   m o n t h l y  

d i s c h a r g e  ( Q m m )  v a l u e s  l i e  a t  13756 m /E. 

T h i s   d i s c h a r g e   l e v e l ,   r e f l e c t i n g   t h e  
i n f l u e n c e  of f a l l i n g  water s tages ,  was 
t h o u g h t  by C a r l s t o n  (1965)  t o   b e   t h e   m o s t  
s i g n i f i c a n t   f a c t o r   i n   d e t e r m i n i n g   m e a n d e r  
w a v e l e n g t h .   A l t h o u g h  a l l  c a l c u l a t i o n s   u s i n g  
e q u a t i o n s  ( 2 ) - ( 8 )  a g r e e   t h a t  l a t e  P l e i s t o c e n e  

t h e   r a n g e  o f  d i s c h a r g e  estimates i n   T a b l e  11 
d i s c h a r g e  was l o w e r   t h a n   m o d e r n  d i s c h a r g e ,  

i s  l a r g e .  C l e a r l y ,  s o m e   o f   t h e   e q u a t i o n s  a r e  
m o r e  r e a l i s t i c  t h a n   o t h e r s - - a   p r o b l e m  
p o s s i b l y   r e s o l v a b l e  by c o n s i d e r i n g   e m p i r i c a l  
d a t a   f r o m   g a u g i n g   s t a t i o n   r e c o r d s   a l o n g   t h e  
Yukon ( see  b e l o w ) .  

3 
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DISCUSSION 

I t  is a p p a r e n t   t h a t  l a t e  P l e i s t o c e n e   m e a n d e r s  

course of t h e  Y u k o n   R i v e r   w i t h i n   t h e   B l a c k  
p r e s e r v e d   a l o n g   t h e   n o w - a b a n d o n e d   P l e i s t o c e n e  

R i v e r   s u b d e l t a  a r e  smaller t h a n   m o d e r n  
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m e a n d e r s ,   s u g g e s t i n g   t h a t   P l e i s t o c e n e  
d i s c h a r g e   w a s   l o w e r   t h a n   m o d e r n   d i s c h a r g e .  
A l l  d i s c h a r g e   c a l c u l a t i o n s   s u g g e s t   t h a t   t h e  
P l e i s t o c e n e   f l o w  i .n  t h e  Yukon  was s i g n i f i -  
c a n t l y  l e s s  t h a n  p r e s e n t ,  a s s u m i n g   t h a t   t h e  
e n t i r e  d i s c h a r g e  of t h e  Yukon R i v e r   f l o w e d  
t h r o u g h   t h e   K a s h u n u k   c h a n n e l .   W h i l e   t h e   t w o  
se t s  of m e a n d e r s   c a n   b e   s t a t i s t i c a l l y  
d i s t i n g u i s h e d   ( i . e , ,   l a t e   P l e i s t o c e n e  = 
10069+1494m  vs.   modern = 14586+2203m),   one  of  
t h e   a b a n d o n e d   m e a n d e r s   i n   t h e   B l a c k   s u b d e l t a  

t h e   s m a l l e s t  o f   t h e   m o d e r n  m e a n d e r s  a t   P i l o t  
is l a r g e r   a n d  t w o   a r e   a b o u t  t h e   s a m e  s i z e   a s  

S t a t i o n .   T h e   r a n g e  i n  s i z e   o f   p o i n t b a r  
c o m p l e x e s   p r o b a b l y   r e f l e c t s   n a t u r a l   h y d r o -  
l o g i c   v a r i a b i l i t y ,   b u t  may a l s o  be  due  t o  
o t h e r   c a u s e s   ( i d i o s y n c r a t i c   a v u l s i o n s ,   e t c . ) .  

The s e v e r a l   t h e o r e t i c a l   d i s c h a r g e   e s t i m a t e s  
p r e s e n t e d   h e r e  may b e   c a l i b r a t e d  by c o m p a r i n g  
t h e   e s t i m a t e s   w i t h   m o d e r n   d a t a  on d i s c h a r g e  
f r o m   g a u g i n g   s t a t i o n s   a t   w i d e l y   s c a t t e r e d  
l o c a t f o n s   a l o n g   t h e  Y u k o n   ( T a b l e   1 1 1 ) .   W a t e r  
r e c o r d s  a r e  r e l a t i v e l y   s c a n t y   f o r   t h e   Y u k o n ,  
w i t h  t h e  p e r i o d  o f  r e c o r d   g e n e r a l l y  l ess  t h a n  
t w e n t y  years f o r  most of t h e   r i v e r  (USGS 
1961, USGS 196C, Bige low e t . a l . ,  1 9 8 4 ) .  
R e c o r d s   g e n e r a l l y   d a t e   f r o m  1956 a t   t h e  
e a r l i e s t ,   w i t h   o c c a s i o n a l   r e c o r d a   f r o m  
1911-1913 a t  E a g l e ,   f a r   u p s t r e a m .   S i n c e   t h e  
m i d - 1 9 7 0 ' s   g a u g e s   h a v e   m o n i t o r e d   w a t e r  l e v e l s  
a t  P i l o t   S t a t i o n ,   R u b y ,   S t e v e n s   V i l l a g e ,  a n d  
E a g l e .   S p o r a d i c   r e c o r d s   f r o m   t h e   l a t e   1 9 5 0 ' s  
t o  ea r ly  1 9 6 0 ' s  a r e   a l s o   a v a i l a b l e   f r o m  
K a l t a g   a n d   R a m p a r t .  

Mean d i s c h a r g e   a v e r a g e d   o v e r   t h e   e n t i r e  
a v a i l a b l e   h i s t o r i c a l   r e c o r d   f o r   t h e  Yukon 

i n c r e a s e s   d o w n s t r e a m   a n d  is 2335 m3/s a t  

E a g l e ,  3350 m / s  a t  S t e v e n s   V i l l a g e ,  3650 
m / E  a t  Rampart, a t  4720  m / s  a t  Ruby,   5635 

m 3 / s  a t  K a l t a g ,   a n d  6250 m3/s a t   P i l o t  
S t a t i o n   ( T a b l e   1 1 1 ) .  

3 

3 3 

Table Ill 
Water Gauge  Data on Yukon Discharge ( m3/a) 

594-15678 
(rgsl) 

Q u i t e  c o n s i s t e n t   v a l u e s  o f  e x t r e m e   e v e n t s  
o c c u r   l o n g i t u d i n a l l y  down t h e   r i v e r .   T h e  
m a x i m a l   f l o o d   e v e n t  o f  J u n e ,  1 9 6 4 ,   r e g i s t e r e d  

1 5 4 2 0  m / s  u p s t r e a m   a t   E a g l e ,  w i t h  i n c r e a s e s  

i n  t h e   m i d d l e   r e a c h e s :   2 6 8 8 5  m3/s a t   t h e  

R a m p a r t   s t a t i o n ,  2 7 4 5 0  m / s  a t  R u b y  and   29150 

m / s  a t  K a l t a g .   S i m i l a r l y ,   t h e   1 9 5 7   f l o o d  

had a d i s c h a r g e  o f  28820 m / s  a t   K a l t a g   w h i l e  

u p r i v e r  at Ruby o n l y  a 21310 m / s  d i s c h a r g e  

w a s   r e c o r d e d .  

When t h e   e s t i m a t e s  of d i s c h a r g e   b a s e d   o n  
m e a n d e r   w a v e l e n g t h   a r e   c o m p a r e d   w i t h   m o d e r n  
g a u g e   d a t a ,  i t  i s  a p p a r e n t   t h a t   f o u r  
e q u a t i o n s   a r e   m o r e   r e a l i s t i c   t h a n   o t h e r s .  
T h e   b e s t   e s t i m a t e s  come   f rom  equa t ion  ( 4 )  f o r  

mean m o n t h l y   d i s c h a r g e :  L = 80 

g e n e r a t i n g  an e s t i m a t e   o f   a b o u t   3 0 7 8 8  m 1 s ;  
e q u a t i o n  ( 5 )  f o r  mean d i s c h a r g e :  Lm= 166 

Qm , g i v e s   a n   e s t i m a t e  o f  a b o u t   6 2 9 8  m 1 s .  

E q u a t i o n  ( 8 )  ( L m s   5 4 . 3  Qb  ) a n d   e q u a t i o n  

( 6 )  (Lm' 3 2 * 8 6  Q b  ) y i e l d   e s t i m a t e s   o f  

abou t   16170-21969  m / s  € o r  b a n k f u l l   d i s -  

c h a r g e ,  

I f   o n l y   t h e   m o s t   r e a l i s t i c   e q u a t i o n s   f r o m  
T a b l e  I1 a r e   u s e d ,  i t  i s  p o s s i b l e   t o   m a k e   a n  
e s t i m a t e   o f   l a t e   P l e i s t o c e n e   d i s c h a r g e  i n  
c o m p a r i s o n   t o   m o d e r n   d i s c h a r g e .   T h e s e   d a t a  

were o n l y  4 5 %  o f   m o d e r n   d i s c h a r g e   ( T a b l e  11). 
s u g g e s t  l a t e   P l e i s t o c e n e   d i s c h a r g e   l e v e l s  

We c a n n o t   r e s o l v e   p r e c i s e l y  how l a t e  
P l e i s t o c e n e   d i s c h a r g e   w a s   d i s t r i b u t e d   t h r o u g h  
t h e   h y d r o l o g i c   y e a r .   T h e   f i g u r e s   f o r  
b a n k f u l l   d i s c h a r g e  i m p l y  C h a t   t h e   m a g n i t u d e  
of- c h a n n e l - f o r m i n g   e v e n t s  was s u b s t a n t i a l l y  
l e s s ,  t r a n s l a t i n g   p e r h a p s   i n t o   s m a l l e r   w i n t e r  
snowpacks  a n d  s p r i n g  f l o o d s ,  o r   l e s s   f r e q u e n t  
a n d   s m a l l e r   r a i n s t o r m s   r e s u l t i n g  i n  s m a l l e r  
f l o o d s  o r  a l o w e r   a v e r a g e   d i s c h a r g e .  

I f  d i s c h a r g e  i s  a r e l i a b l e   r e f l e c t i o n  o f  
o v e r a l l   c l i m a t i c   c o n d i t i o n s ,   t h e n   l a t e  
P l e i s t o c e n e   A l a s k a   a n d   B e r i n g i a   w e r e  
p r o f o u n d l y   d i f f e r e n t   t h a n   a t   p r e s e n t .   R a i n -  
f a l l   i n   t h e   A l a s k a n   I n t e r i o r   a t   p r e s e n t  

r a r e l y   e x c e e d s   1 5 0 - 3 6 0  m m  yr-' ( S t r e t e n ,  
1 9 7 4 1 ,  w i t h   t h e   e x i s t e n c e  o f  p e r m a f r o s t   a n d  
r e l a t i v e l y  l o w  e v a p o r a t i o n   s u p p o r t i n g   t h e  
t a i g a   b i o m e .  

T h e   w a t e r   b a l a n c e  of  t h e  Yukon w a t e r s h e d   c a n  
b e  e x p r e s s e d  i n  t e r m s  o f  t h e  h y d r o l o g i c  
c o n t i n u i t y   e q u a t i o n   ( A l f o r d ,   1 9 8 5 ) :  

3 

3 

3 

3 

3 

0 . 4 6  

3 
Q m m  

0 . 4 6  3 

0 . 5  

0 . 5 5  

3 

. P - Q - E - S = O  ( 9 )  

w h e r e  P i s  p r e c i p i t a t i o n ,  E i s  n e t   e v a p o -  
t r a n s p i r a t i o n   a n d   c o n d e n s a t i o n ,  S i s  w a t e r  
s t o r a g e   a n d  Q i s  r i v e r  d r a i n a g e .  It c a n   b e  
g e n e r a l l y   a s s u m e d   t h a t ,   a v e r a g e d   o v e r   s e v e r a l  
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yea r s ,  S i s  z e r o .   D u r i n g   t h e   l a t e   P l e i s t o -  
c e n e ,   t h e   e x t e n t   o f   p e r m a f r o s t   s h o u l d   h a v e  
b e e n   g r e a t e r   a n d   s e a s o n a l   t h a w   l e s s   t h a n   a t  
p r e s e n t ,   r e d u c i n g   g r o u n d w a t e r   f l o w   a n d  
i n c r e a s i n g   o v e r l a n d  Elow  and r u n o f f .  A 
d e c r e a s e  i n  t h e   t o t a l   a m o u n t  of s u r f a c e  
v e g e t a t i o n ,  as s u g g e s t e d  by p a l e o e c o l o g i s t s ,  
s h o u l d   a l s o   h a v e   a c t e d   t o   i n c r e a s e   r u n o f f  by 
r e d u c i n g   e v a p o t r a n s p i r a t i o n .   S i m i l a r l y ,  
e v a p o r a t i o n   s h o u l d   h a v e   b e e n   m i n i m i z e d  by 
l o w e r   t e m p e r a t u r e s   d u r i n g   t h e   l a t e   P l e i s t o -  
c e n e .   B e c a u s e   t h i s   s u g g e s t s   t h a t   p r o c e s s e s  
w h i c h   o p e r a t e   t o   i n c r e a s e   r u n o f f   a n d  
d i s c h a r g e  ( Q )  s h o u l d   h a v e   b e e n   f a c i l i t a t e d  
d u r i n g   t h e   l a t e   P l e i s t o c e n e ,  i t  s e e m s   l i k e l y  
t h a t   a v e r a g e   a n n u a l   P l e i s t o c e n e   p r e c i p i t a t i o n  
( P )   m u s t   h a v e   b e e n   e v e n  l e s s  t h a n   h a l f  o f  
m o d e r n   v a l u e s .  as s u g g e s t e d  by t h e   p a l e o -  
d i s c h a r g e   c a l c u l a t i o n s   p r e s e n t e d   h e r e .  
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INFLUENCE OF WATER PHENOMENA ON DEPTH OF SOIL THAWING 
IN OSCAR I1 LAND, NORTHWESTERN SPITSBERGEN 

C. Pietrucien and R. Skowmn 

Institute of Geography, Dept. of Hydrology, University of Nicolas Copernicus, Torun, Poland 

INTRODUCTION 
During  successive Toruri Polar Expeditiom t o  Os- 

c a r  IS Land /northwestern  Spitsbergen/ i n  1982 and 
1985, tho  authors  carried through  obeemations on 
depth  and rate of s o i l  thawing under influenos of 
wator phenomena. Inverrtigationa were carried through 
e i t h e r  f o r  depressions of  ahallow tundra lakeu as 
well ad for  river beda and adjoining  tundra clustors 
or bank ridgea. Arrangorent o f  inVe8tigated  objctr  
i s  presented i n  Fig. 4. T h e i r   a l t i t u d e s  were 8iffe- 
ren t .  The observation site of  t h e  Yaldemar River 
occurred a t  about '1-3 m a.s.1. whereas measuring s i -  
te6 i n  lake ballins were lecatod a t  considerable a l t i -  
tudes. The lake defined by the  l e t te r  nAn /I700 m2/ 
occurs i n  northern part of Kuffilyra at 10,2 m a.s.1. 
whereas  the lake nBn /6700 m / i n  southern SarsUyra 
on a high   te r race  a t  about 40 8 a.a.1. Both  depre- 
$.ions form amall basim amidst ancient   s torm  r id-  
ges and ax4 permanently f i l l e d  with water coming 
from melting ice and  degradation o f  permafluat. Con- 

s iderable   changes   in   va te r   l eve ls  / I 0 4 5  c d  were 

noted in these lakes. They resu l ted  i n  a doareame 
of their volumes of  40-80 % a t  the end of suamer. 
Varying a l t i t u d e s  at which these lakeu occur are 
conneated w i t h  locat ion and r a t e  of u p l i f t i n g  of the 
western seashore of Spltsbergen  during  the Holoceno 
/Klimamewski, 1960/. 

2 

Investigations. some r e s u l t s  o f  vhich are te ba 
presented below, were auppofsed t o  find relationr 
betwen ra te  and depth o f  m i l  thawing and wetnoas 
of' t he   a r ea ,  exprelrsed i n  extreme case by oecurren- 
ce  o f  surface waters. Rate and degree of vegetat ion 
covering o i  the area  as well ar  l i tho logy  of subs- 
trate were also taken  into  account.  

A phenomenon of influence of soil.  water content 
on r a t e  of thawing does not create a new idea in 
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l i t e r a t u r e .  Tb4& ii a well known opinion that iaorr- 
anad water content results i n  greater thermic oondu- 
c t i v i t y  of soil and therefore ,   in   quicker   thawing ra- 
t e  h s a o w k i  and S i k w a ,  1978, Montelth, ?977/. 

Fig. I Location o f  observat ion  r i tes :  1 - end mra- 
ines ,  2 - mountain taaaaifs, 3 - obrervat ion 
seotion  Waldemar  River .. sea*, 4 - dead and 
a c t i v e  oliiis, 5 - lake basins under inves- 
t i g a t i o n ,  6 - base of To& Polar  Expeditions 

Closer information on development and thtaknass  of 
ac t ive   l aye r  and par%ioular ly ,  influenee o f  climlafe 
and a l t i t u d e  on depth of  Boil thawing am pXa60nted 

by Sflbloin /1970/ and Waehburn /1976/. Litholegic  
conditions  and influence o f  vegetat ion aevering on 
development of ac t ive   l aye r  are  alae underlined by 
J a b  and Walker /1983/. 

Polish inveat igat lons on s o i l  thawing have been 
mainly oarried  thraugh i n  the  llornmund Region /he- 



ppe, 1960, 1961 and 1966, Baranowski, '1968, Jaba, 
1961, 1992, OroeS and  Babibskl, 1979/. Since 1977 
members o f  Tord  Polar   Expedi t ion8 have been Studing 
degradatian of  permaimst in  Kaifillyra and Sars8yra 

A r a i n i a k  e t  al., 1981, Marcinirk  and Szozepanfk, 
1983/. An attempt of s p a t i a l   v a r i a t i r n  o f  a c t i v e  la- 
yer thtoknera alang the whole weatern seashore  of 
Spitsborgen i s  presented by Grraal /1985/. Ha premen- 
$& tho schema o f  thawing and  analyzed rate of gro- 
wing of t he   ac t ive   l aye r  as dependent on tho  type 
of Subs t ra te  /environment/. 

Obswvations  carried  through during f i e l d  WOrkE 

by T e d  Polar Expeditions  proved that thickness  00 

a c t i v e  layer reached marimurn v a l u e a   a t - t h o  end of 
August :  101,2 cm i n  tundra-covered am9 and  about 
116 cm in vegetation-leas  outwash fireiniak And 
Szcnopanik, 1983/. Inves t iga t ion8  of t h i a   s u b j e e t  
wera par t ieu lar ly   focused  on litholsgg  and  strUotU- 
re o f  a d 1  a6 well a8 on vegetat ion cover'. Neither 
water content  nor  ecturrenqe of sur face  water rems- 
voirs vera taken  into  account. 

Presmt authors  dsoided t o  discuss   thia psoblem 
a8 referred t o  areas of  varying  water   content ,   in  
s u b e t r a t e  of aovsral  Water reservoi rs  am well. 

ANALYSIS OF RESULTS OF IIVVBTIGATIONS 

Iavea t iga t icns  were oar r ied  througb'during two 

summer masenat i n  1982 and 1985, i n  the same mea- 
suring reat ions.   Obmemttons were done  every two 
weeks by hammer method with  aecuracy of 1 om.  Due 
t o  B. time o f  the  expedition /ueually July and August / ,  
observations of thawing were in i t ia ted   a l ready   dur ing  
I ccanniderable development of this  process.   Juny 1 
i 5  comnonlg accepted f o r  the  beginning o f  t h e  tha- 
wing period / i n i t i a t i o n  of ablat ion/   a l though in 
Borne cams   t he re  are possible   deviat ions f r o m  t h i s  
term f l ro i taky  e t  a l e ,  1975/. Last measurementr were 
dons a t  the  turn o f  August  and September. Collected 
data ind ica te  that i n  t h a t  tima a thawing was stop- 
ped. and  eveb a renewed growth of permafrost occur- 
red. Thus I t  seem possible t h a t  every time tho  ma- 

ximum thickness  o f  ac t ive   l aye r  was received for 
every 8eason. It forum therefore   the  basis t o r  eva- 
lua t ion  o f  r a t a  and  varying  depth of s o i l  thawing, 
dependet on water  content,   l i thology and  vegetation. 

This  subjeut  is p e r f e c t l y   i l l u s t r a t e d  by Fig. 2. 

It presents   thickness  of a c t i v e   l a y e r   a t   t h e  begin- 

Fig. 2 Depth o f   s o i l  thawing i n  observation  seetion 
'Waldemar River - sea": 1-2 - thickness  o f  

ac t ive   l aye r  a t  Borne terms, 3 - growth o f  

thickness  of active layer  /thaved  layer/ be- 

tween extreme  observation terms. 

nlng  and end of observation  period  in  the  section 
from the  bed of the  Waldemar River  through  tundra 
areas of varying  water  Contents,  sandy  storm  ridges 
t o  the mea. The upper l ine  corresponds with measure- 
manta en  July 1 and describes  the  beginning of tha- 
wing. A thickness  of  ac t ive   l aye r  wau ra thm  smal l  
i n   t h a t  time. A t  t h e  B i t e  15 it was equal 0 m and 
la rges t   depth  of thawed s o i l  was natad a t  storm rid- 
ge /60 em/ and in a d r y  tundra / s i tes  14 and 20/ .  

Maximum dapth of  a c t i v e  layer was noted on August 
24. Later measurements  noted growth of permafrost  and 
so, t he   f i na l   t e rm of August 24 was accepted for d i s -  

cussions  on  thawing rate. The grea tes t   th ickness  o f  
ac t ive   l ayer   occur red   In   tha t  time a t  mean sea   l eve l  
/ s i t e  2/, under   r iver  beds ) s i t e s  8 and 181 and in 
o the r   a r eas   / s i t e  12/. The Lowest thawing  occurred 
a t  storm ridge and in   dry  ra ised  tundra  /Si tes  5 .  12 

and 20/. It is expressed by t h e   l i n e  that presents  
d i f fe rence   in   th lcknsssea  of a c t i v e  layer between 
Ju ly  I and August 24, 1985. Its loaa t lon  is opposite 
to  the  both  previous ones and  indicated  values  enable 
to   def ine  a mean rate of s o i l  thawing  /Table I / "  

An analys is  of t h e   t a b l e  I proves t h a t  t h e  grea- 

t e s t  thawing  occurred a t  s i t e a  2, 8, 11 and 18, whe- 

re i t  was equal from 1.7 t o  2.5 om a day. A l l  these  
values  correspond  with  Water  objects ox areas  w i t h  

h i g h  water content. During s h o r t e r  time i n t e r v a l s  a 
thawing r a t e  reached  even 3.4 cm a day / n l t e  2/ and 
considerably  exceeded the values cited by Sahn and 

Walker /1983/ for Alaska,  Greenland and Spitsbergen. 
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1.07-17.57.1965 

1.07-29.07.1985 

30.07-24.06.1985 

1.07-24.08.1585 .r 

$ I t .  n u a b s r  

2 5 8  20 

2.8 1.6 1.5 2.4 1.4 

2.9 1.5 

The lowest  degradation rate of permafroat was nmted 
on randy s t o m  r idge  /site 5 / ,  equal 0.7 em a dry on- 
ly, and a t  d r y  tundra  c luster&-  /s i ter  14 and 20/.This 
fact made the   au thors   to  l i s t  t h e  r a t e  o f  growth  of 
a c t i v e  layer with mean air   temperatures  f o r  the  pe- 

r i o d s  betveen t h e  measurements h a b l e  IZ/. In t h i n  
way a d i s t i n c t   u o r r e l a t i o a  w8n received for manuring 

T4BLE I1 

H.." ,-.t. .r d i v .  I-YOF # r d h  i n  sic** 01 

ircrirn wald.mr R1v.r - .am''. 

-t""" 1 

sites uuder   r iver  bedm whereas It did  not  occurred 
for d r y ,  nandy areas. 

Inves t iga t ions  o f  s o i l  thawing under and  around 
two lake  basins wi th  var ious volumen o f  water were 
carried  aimultanaesly w i t h  observations i n  a seotion 
Bcr'OBB t h e  areas with  varying  water  contente, 

The lake *'An i s  a typica l ,   smal l  and shallow  tun- 
dra reservoir /Table IIX/. Basin of  the lake "Bn i s  

considerably  larger  and  deeper what is ,also r e f l e c t e d  
i n  Fig. 3. Daten t ha t   desc r ibe  s e c t l o n  Lines in both 
cases i n d i c a t e  a s o i l  thawing a t  t h e  beginning o f  ob- 

servation and  during  the maximum thickness   of   aot ive 
layrr .  We can rpaak In both camam about   s imilar  depen- 
deneier   but   their  degree is d i f fe ren t .  Around the  la- 
ke !'Af* a s o i l  thawing wan mare s ign i f i can t   du r ing   t he  
first of  July  /July 3 ,  1985/ than i n  i t n  subs t ra ta .  
The difference  reached 32 cm. With time and water 

r'"""""""- f"""-""- -l 

warming in the resevair, there  warn a quick g n w t h  o f  

aat ive  layer   under   the lake. Thus I C  the end e l  the 
summer, its t o t a l   t h i c k n e s s  aB vel1 aa d i f f a s e a e e  of 
values coming from t h e  first and last mmsuremeuts, 
wan the  greatest   hers.   This  problem i n  connected with 
rate o f  permfrosf degradation aLl i l l u a t r a t e d  'by t h e  
tabeleIVwhiah present8 a r a t e  of soil thawiag under 
and around the  described  lake.  The r a t e  i n  growth o f  

a c t i v e  layer i n  varying i n  t i n e  and in  space. It ra- 
ached grea tes t   va lues  i n  Ju ly ,   pa r t i cu la r ly   du r ing  
i t a  first h a l f ,  and considerably  smaller in August 
when it gradual ly   ceased.   Spat ia l   var ia t ion I S  bes t  
i l l u s t r a t e d  by mean v a l u e s   f o r . t h s  whole research 
period,  Highest  values o f  thawing rate are   noted t o  

ocour  within the l a k e   s h o r e l i n e .   S t i l l  more s t r i k i n g  
var ia t ion   in  s o i l  thawing was noted around the lake' 
nBlr. T h i s  r e s e r v o i r  is oonsiderably larger thmn tho 
lake "Atf In its area  as well as i t a  volume, This 
f a c t  is r e f l e c t e d  in r a t e  of development a8 well as 

thickness  of ac t ive   l aye r  /Fig, 3/. Difforence  in 
depth of s o i l  thawing between J u l y  4 and Awunt 17, 
1985, under t h i s  lake is  p a r t i c u l a r l y   s i g n i f i c a n t  
and reaches i n  extreme ease th ree  times a growth o f  
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Fig. 3 Depth o f   s o i l  thawing i n  basinm of   lake 
and during nom. terms. 

a c t i v e  layer  i n  adjacent  area.  Absolute  values of 
thawing  depth  are  also  found t o  be very  high, many 
a time over 150 om w h a t  ha8 not been noted  during  in- 
ves t iga t ions  of t h e  lake rrA't. 

Analysis of t he   f i gu re  3 enables t o  compnre EL 

thawing  prccers  around two reservoi rs  wi th  d i f f e r e n t  
paramaterr. Borides t h e  mentioned  diffsreacea, an in- 
flueneo of water pu6m on thawing proaeas i s  i l l u s t r s -  
t e d  by a list 00 rate of permfror t   degrada t loa  for 
these r e n e m o i r s  flabla V/. It is considerably  lar-  
ger for t h e  lake "B" but   a l ro  more diverrifled. Un- 
der the lake  it reachel the  highemt  valuea t o  3.59 
an a day wheroas only   s l igh t ly  over 1 cm a day aro- 
und tho  laka. Thm rate o f  s o i l  thawing  around around 

the nutaller reservoir i s  d i u t i n c t l y  lower and its 
mean  VelUO8 doen not oxoeed 2 cm a day. It  is also 
less d i f i e r e n t i u t o d  and equal iron 1.6 t o  2.0 cm a 

day. 

CONCLUSIONS 

Above remarka and  calculat ions  lead  to   the  fol lo-  
wing conclusionst 
- invest igat ions o f  I982 and 1985 in Katfilyra and 

Sarsllyra confirmed the   in f luence  o f  water  content 
of s o i l  on depth and r a t e  of  thawing, 

- it is p a r t i c u l a r l y   d i s t i n c t  around  surface water 
resarvoi rs ,  - extents  of surface water inf luence of degradation 
of permafrost depends on s iea  o f  reservoir and 
col lec ted  heat,  - a t  tho  beginning  of  thawing  /June,  beginning  of 
July /  cool surface waters  con5erve permafrost and 
decrease  ra te  of its degradation, 

- highest  thawing  rate occurs i n  July when water 
and air temperatures  reach  their  maxima, - mean r a t e  o f  permafrost degradation under water 

reservoi rs  and i n  areas with  highor  water  content 
is greater than   in tens i ty  sf t h i s  process i n  adja- 

cent  areas,  
- absolute  values o f  thickness o f  ac t ive   l aye r  under 

water   reservoi rs   a re   the   g rea tea t .  
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INFLUENCE OF AN ORGANIC MAT ON THE ACTIVE LAYER 
D.W. Riseborough and C.R. Burn1 

Ceotechnical Science Laboratories, Department of Geography, Carleton University, 
Ottawa, Canada KlS 5B6 

SYNOPS IS Field  investigations of the  thermal  and  hydrological  regime  of  the  active  layer 
were  carried  out in summer at sites in the  boreal  forest  near  Mayo,  Yukon  Territory,  Canada.  The 
ground  surface at these  sites  was  covered  by H m n w  spp. mosses.  Active  layer  recharge  occurred 
only  when  the  mosses  were  saturated.  The  surficial 5 cm  of  the  moss  did  not  retain  water  readily, 
but  precipitation  from  rainshowers  throughout  the  summer was stored in the  peat  below  the  surface. 
Little net evaporative  transfer  occurred  between  mineral  and  organic  horizons.  Instead,  the 
mineral soil in the  active  layer lost water  either by temperature-induced  downward  migration  or 
evapotranspiration  through  the root systems of vascular plants. The  apparent  thermal  diffusivity 
of the  surficial 5 cm of the  organic  layer  was  inversely  related to a  drying index. Below  the 
surface,  the  diffusivity  of  the  organic  material  remained  constant.  Hence  the  organic  horizon 
buffered  the  ground  thermal  regime  from  the  higher  surface  temperatures  commonly  associated  with 
dry  conditions. 

INTRODUCTION 

The  atmosphere's  influence  on  the  active-layer 
regime  may be moderated by the  buffering ef fect  
of processes in the  surface  vegetation  layer 
(Luthin  and  Guymon 1974) .  At many  sites In the 
northern  boreal  forest,  the  active  layer  may be 
divided  into  2 units: the  surface  organic 
horizon and the  underlying  mineral  soil.  There 
are  commonly  three  soil  interfaces  across  which 
exchanges of energy  and  moisture  occur: (1) at 
the ground  surface  between  the  atmosphere  and 
the  organic horizon: (2) between  the  organic 
horizon  and  the  mineral  soil;  and (3) between 
frozen  and  unfrozen  mineral layers. These 
exchanges  depend on many  site-specific 
variables,  such  as  local  forest  canopy  closure, 
and  soil  properties  such  as  thermal 
conductivity,  moisture  content  and  density. 
This  paper  reports  field  measurements  and 
subsequent  analyses  made  during  the  summers of 
1983-05 at sites  near  Mayo, central. Yukon 
Territory  (Figure 1), in order to isolate  the 
particular  influence of the  organic  horizon  on 

Fig, 1 The Study  Site 

the  active  layer  thermal and  hydrologic 
regimes . 

BACKGROUND 

Several  authors  have  noted  the  particular 

the  ground  thermal  regime,  which  leads  to  the 
influence of organic  soils  (especially  peat) on 

association  of  these soils with  permafrost  at 
the  southern  margin of the  discontinuous  perma- 
frost  zone (e.g. Nakano end  Brown 1972; Brown 
and  Pewe 3973). This  has  been  attributed to: 

(1) the  low  conductivity of organic  soils 

Brown  1972, FitzGibbon 1981); 
relative to mineral so i l  (Nakano  and 

(2) the-effect  of  seasonal  variations in the 
water  content o f  organic  soil  on its 
thermal  conductivity; 

surface as control  led  by  climatic  and 
surface  factors (Ng and  Miller,1977). 

(3) the  seasonal  evaporative  regime of the 

In  hydrologic  terms,  the  significance of the 
organic  layer is principally  due -ta the  effects 
of  its  moisture  retention  properties  on 
throughflow, stora$w and  evaporation. 
Santeford (1979, cited  by  Chacho  and 
Bredthauer, 1983) reported  that  drainage 
through  the  organic  horizon  only  occurs  after 
it i s  saturated. At other  times,  precipitation 
is absorbed  by  mosses  and  utilized  for  respira- 
tion. Furthermore, as will be demonstrated in 
this  paper,  evaporation  from  a  moss  surface is 
limited  after  initial  drying,  and  vapour  flow 
may  then be dominantly  downward  along  the  sat- 
Urat ion vapour  pressure  gradient. 



These  effects have been modelled descriptively 
by Luthin and  Guymon (1974) Atmospheric  mass 
and  energy flows and  the geothermal  heat flux 
are  boundary  conditions,  with the vegetation 
canopy, snow cover and  surface  organic  layer 
acting as buffers  between the  atmosphere  and 
mineral so i l .  In  the  present case,  the "veg- 

white and black spruce)  with associated  under- 
etation  canopy" is a forest ( predominantly 
storey. The  living  ground cover combined  with 
the  dead  organic  substrate i s  the organic 
layer. In this  paper  some of the  processes 
occurring  within  Luthin and  Guymon's (1974) 
"buffer  layer"  are  described for the Mayo 
sites. 

FIELDMEASUREMENTS 

Field studies  were  conducted  at  sites in a 
study area 3 kmsoutheastof Mayo (mean annual 
temperature - 4  C)(Figure 1). The  mineral  soil 
at the sites is ice-rich and predominantly of a 
silt loam  or silt clay loam  texture. The 
organichorizon  isgenerally10  to 20 cmthick, 
but may reach 4 0  cm. 

Several sites were  chosen in order to accom- 
modate the variety of thermal  and hydrologic 
regimes  which  may be  found  in a small area. 
The majority o f  these  are in mature  Picea 
alavca forest  (sites  2,4,5,6). All sltes but 3 
and 7 have  anorganichorizon as described in 
the following section.  Site L i s  situated  on a 
hummock  adjacent  to a Picea/Salix  thicket;  site 
3 i s  in  agrading  permafrost (in the  emergent 
sediments of a thermokarst  lake)  and is covered 
by grasses; site 7 is in a grove of Betula and 

, and has a  leaf  litter  ground  cover.  The P= nteraction  between  atmospheric  demand, 
evaporation, and  the thermal diffusivity of the 
the  surface  layer  was  studied at a  separate 
Picea qlauca forest site, having  an  organic 
layer  approximately  15  cm thick. 

The Orqanic  Laver 

At all sites, the organic  layer is predomi- 
nantly HyQnum spp.  bryophytes,  with  scattered 

The bryophytes cover the mineral soil complete- 

hydric", 1.e. they  function  on  water  stored 
ly. Hvpnpn spp. can be classified as "ecto- 

after  the  rhizomes  are  moistened by  rain or dew 
(Proctor 1982). These  species  absorb and  lose 
water over their  entire  surface  area  and  oper- 
ate in effective  hydrologic  isolation  from the 
mineral  soil.  Attachment  to  the  ground is to 
procure  stability  rather  than  moisture,  and 
often a 5 to 10 cm gap between  bryophytes  and 
mineral  soil can be found around the edges of  
soil hummocks. The  moisture  retention  Eapacity 
of this organic  material is 4 to 5 g g- : the 
bulk density of the organic soil varies  from 
0.04 g cm-' at the surface to 0.11 g cm-  15 cm 
below the  surface. 

_c Ledum, yaccinium and other  herbaceous  plants. 

From  June 20 to August 9 1983, soil and  air 
temperatures and  net  radiation  were  recorded  at 
five minute intervals, in order to investigate 
climate-surface interaction. soil temperatures 
were  measured  with  thermistors  at 1, 5, 10, 2 5 ,  
5 0 ,  100 cm  depths; air temperatures  were  moni- 
tored at land  15mabove  groundwith  naturally 

ventilated, shielded  thermistors;  and net 
radiation  was  measured  with  Swissteco  net 
pyradiometers.  Because of variations in canopy 

height  than  normal (60 cm) in order to tie the 
closure, net  radiation was  measured at a  lower 

measurement  as closely as  possible to  the  site 
where  evaporation  was  monitored. 

" Evauorative Demand 

Atmospheric evaporative demand  was evaluated 
using  the "Equilibrium"  evaporation  model 
(Priestley and Taylor 1972): 

LE = (Q* - G ) .  s/(S + y  ) (1) 
where : 

E = evaporated water 
L = latent  heat of  evaporation 

Q* * net  radiation 
G = ground  heat  flux 
s = slope of  saturation  vapour 

Y = psycrometric  constant. 
pressure  curve 

Notwithstanding  its  potential significance, the 
ground  heat flux was ignored  in  the  present 

within 1.5 m of the  lysimeter. 
study.  Radiation  measurements  were  taken 

Lysimeters 

Evaporation was  monitored  with  lysimeters 9.8 
cm  in diameter and 20 cm  deep.  Lysimeter  mass 
("800 g)  was measured  on  an  approximately 
daily basis with a portable balance to 2 0.1 

sealed at  the bottom, were  weighed as soon 36 
( =  0.02 mm water).  The lysimeters, which were 

possible after  rainshowers, and  were  drained 
manually when  water  accumulated at  the  bottom. 
Precipitation values obtained  by  the lysimeters 
are measurements of "net  precipitation",  since 
evaporation occurred  during  and  after rainfall, 
but before  measurement. Similarly, rainfall at 
night  and early morning  dew  were  compounded in 
some  measurements of  evaporation. 

Neutron  Probe 

soil moisture  content profiles were  measured 
with  a  Pacific Nuclear neutron  probe  (model 
CPN-503). Soil  specimens were recovered at  the 
time of access tube  instal  lation fo r  cal ibra- 
tion of propi  counts  against soil moisture 
content. 

Avvarent  Thermal Diffusixw 

The  apparent  thermal  diffusivity of  the soil 
was determined  from  the  amplitude of the daily 
temperature  wave  at  two  depths.  Assuming  that 
the daily wave is approximately sinusoidal, k 
can  be determined using: 

where w = angular  frequency 

A1 , A  - temperature  amplitude a t  depth z zl,z2 = depths  below the surface 

2 = apparent  thermal  diffusivity. 

Equation 2 was  used to determine  the  apparent 
diffusivity of two  layers  within the organic 
mat: between 1 and 5 cm, and between 5 and 10 
cm below the  surface. 
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RESULTS AND DISCUSSION 

" 1. The  atmosphere-oraanic  interface. 

The net radiation  and  temperature  data  were 
used to determine  the  evaporative  demand 
(Q* , s/(s +Y)) over  lysimeter  measurement 
intervalsof 4 to28 hoursduration.  The  rel- 
ationship  between  demand  and  evaporation is 
shown in Figure 2. The  symbols  show  the  number 
of intervals  which  have  elapsed  since  the  last 
rainfall  rewetted  the  moss  surface.  The  data 

exists  between  evaporation  and  demand  during 
show  that  a  fairly  consistent  relat-ionship 

ceeds,  the  evaporation  rate  declines. 
the  initial  period.  However,  as  drying pro- 
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To examine  the  effect of progressive  drying on 
the  surface  response  to  evaporative  demand,  the 
two  variables  were  accumulated:  Cumulative 
values  were  obtained by summing  values  from  the 
individual  measurement  intervals  between  rain- 

rain). Data for all of the individual cumula- 
fall  events (starting  from zero  after each 

tion  periods are plotted  together in Figure 3. 
The  curve  shown  was  generated by polynomial 
regression. Two  points  fall  significantly  below 
the line. These  represent  periods  when  the 
preceeding  rainfall  was  insufficient  to 
replenish  surface  water  completely. 

The  evaporation rate  becomes  limited  after  a 
loss of about 1 mm. This may be attributed to: 
(1) the  properties of  the  organic  layer;  and 
(2) the  presence  of  permafrost.  The  density of 

of water from  below: hence  the availability o f  
the moss surface is very  low, limiting  uptake 

water  for  evaporation is restricted. As the 
desiccated  surface  layer  becomes  thicker,  the 
level  from  which  water  evaporates  becomes  deep- 
er,  and  therefore  cooler.  The  lower  temp- 
erature  at  depth  implies  a  lower  saturation 
vapour pressure.  Evaporation is curtailed  when 
the  vapour  pressure  gradient is dominated by 
the  sol1  temperature  gradient,  forcing  vapour 
flow  toward  the frost  table. 

2. Recharae. 

Lysimeter  measurements  of  precipitation  and 
evaporation at seven sites in the  study  area 
are  summarized in Table I. The  lysimeters 
provide  an index of  the  relative  .amounts of 
precipitation  received at the  various sites. 
The "net evaporation" at each  site is also 
indicated in the  table.  The  results  suggest 
that  when  precipitation is inadequate  to  sat- 
urate  the  surface (e.g. . .  in July 1985 nQ water 

TABLE I 

Net  Lysimeter  Precipitation  and  Evaporation 
~ u l y  1984, and  June  and  July 1985. 

Net  precipitation (cm). 

MONTH 1  2  3  4 5 6 7 
Site 

~ 

7-84 1.47 2.24 2.29 0.69 1.16 2.76 2.19 
6-85 2.69 3.44 3.80 2.33 3.44 3.41 3.40 
7-85 2.40 1.19 1.72 - 2.95 0.78 1.42 

Net evaporation (cm). 

Site 
MONTH 1 2 3 4 5 6 7 

7-84 1.45 1.73 1.21 1.15 2.81 1.21 2.14 
6-85 2.05 1-60 1.64 2.23 2.03 1.31 1.62 
7-85 1.56 1.40 1.29 - 2.00 0.84 1.55 

Net change (cm). 

Site 
1 2 3 4 5 6 7 I 

7-84 +0.02 +0.51 +1.08 -0.46 -1.65 +1.55 + 0 . 0 5  
6-85 +0.65 +1.84 +2.16 4-0.09 +1.41 +2.10 +1.78 
7-85 +0.84 -0.21 +0.43 - + 0 . 9 5  -0.06 -0.13 

635 



was drained  from  the  lysimeters),  net evapora- 
tion is approximately equal to  net  precipita- 
tion. This implies that  recharge  is  not  aff- 
ected by rainfall events which do not  saturate 
the  organic layer, as suggested  by  Santeford 
(1979). 

Further  evidence  supporting  Santeford's  hypo- 
thesis  can be  obtained  from a comparison of net 
moisture  content  changes in  the  surface  layer 
(measured  by  lysimeters),  and soil moisture 
changes in mineral  soil  (detected by  the  neu- 
tron  probe)  (see Table 11). The  water  content 
of the  mineral soil did  not  increase over any 
of the  measurement  intervals  due  to  evapotrans- 
piration by trees,  shrubs and herbs (cf.  Wright 
1981: Rouse 1984). In contrast, the  water 
content of  the  surface  layer  either  increased, 
or declined by a relatively small amount. 

TABLE I 1  

Net  Change in Water  Content  (cm) of-Organic and 

July 1984 and June and July 1985. 
Mineral  Horizons, 

Site 1 Site 2 Site 3 
IMONTH La NPa L NP  L NP L Site NP I 
7-84 +0.02 -1.6 +0.51 -7,6 +1.08 -2.9 -0.46 - 4 .  
6-85 +0.65 -3.2 +1.84 -8.9 +2.16 -5.5 +0.09 -1. 
7-85 -0.84 -3.0 -0.21 -0.8 +0.43 -1.8 - - 

TABLE I 1 1  

Net  Lysimeter  Evaporation and Mineral Soil 
Desiccation (cm), 

July 1984 and June and  July 1985. 

I MONTH La NPa  L NP L NP L NP 
Site 1 Site 2 Site 3 

7-84 1.45 1.6 1.73 7.6 1.21 2.9 1.15 4.3 
6-85 2.05 3.2 1.60 8.9 1.64 5.5 2.23 1.5 
7-85 1.56 3.0 1.40 0.8 1.29 1.8 - - 

7-84 2.81 10.4 1.21 0.5 2.14 4.9 
6-85 2.03 0.7 1.31 4.2 1.62 4.0 
7-85 2.00 1.55 1.4 

a.: L = Lysimeter  measurement. 
NP = Neutron  probe  measurement 

These results imply  that  changes in the  moist- 
ure content of mineral soil during  the  summer 
at  these  sites  may be analysed  without  refer- 
ence to the  hydrodynamics o f  the  organic  layer. 

The decrease in  moisture  content of the active 
layer  implies that  discharge  continues  through- 
out the  summer.  Hence  the  importance of snow- 
melt  as  amajor recharge period in the soil 
hydrologic cycle, as determined by Kane and 
Stein (1983), for much of Alaska, should be 
recognised. 

"- 3 .  Thermal diffusivitv  ana  surface  drvinq. 

While the  apparent  thermal  diffusivity (k) of 
the organic  surface  layer could be estimated 
(from  the  record of temoerature  measurements), 

~ .~ 

Site 5 Site 6 Site 7 
MONTH L NP L NP L NP 

7-84 -1.65 -10.4 +1.55 -0.5 +0.05 -4.9 
6-85 +L.41 -0.7 +2.10 -4.2 +1.78 - 4 . 0  
7-85 +0.95 -2.0 -0.06 -2.2 -0.13 -1.4 

Several papers  reviewed by  Rutter (1975) indi- 
changes in the moisture-content of the  upper 
surface of the  organic  layer as drying  pro- 

cate  that  the  ground  surface  accounts for only ceeded could not.  In  order  to establish the 
10 to 12 percent of total  evaporation  from 
coniferous forests. The data  in Table I1 are 

relationship  bewteen  these variables, an  index 

not directly comparable with  these  figures, 
of soil dryness  was  extracted  from the 

since  they do not  account  for  the evaporation 
lysimeter data. 

of precipitation  intercepted by  vegetation.  In 
addition, it is difficult to isolate  inflow and 
outflow (evapotranspiration)  from  the  mineral 
soil, when  the  rate of infiltration is small as 
a result of low soil permeability.  Therefore, 

measured by the  neutron  probe  are  underesti- 
changes in  the  water  content of mineral  soil 

mates of evapotranspiration. However, Table I 1  
does indicate  that  the  two  layers  function 
independently. 

Neutron  probe  measurements of mineral  layer 
desiccation  may be  compared  with  the  net evapo- 
ration  determined  with the lysimeters  through 
inspection of  Tables I and 11. Given that  the 
neutron  probe  observations  under-estimate evap- 
otranspiration,  these  data  compare favourably 
with  those  presented  by Rutter (1975), 

The lysimeter  data  support  the  physiological 
concept of the  surface  moss  forming  a  unit 
hydrologically separated  from  the mineral  soil. 
Flow into mineral soil occurs only when  the 
organic  layer i s  saturated. Flow out of  min- 
eral soil continues  throughout the  summer 
through  transpiration via trees  and shrubs,. 

Surface  Water  Deficit 

From the  lysimeter  data, an  index  of  surface 
dryness ("Surface  Water  Deficit") was 
calculated as follows: 

- the  i'nitial  deficit was  assumed  to be 
- evaporation ( i.e. falling lysimeter 
zero. 

water  content ) increased  the deficit, 
while rain  (increasing  lysimeter  water 
content)  decreased  the  deficit  (to a 
minimum of zero). 

- changes in the  deficit  were  assumed  to 
occur at a  constant  rate  between 

- the  deficit  was  assumed to be zero 
measurements e 

during  periods of rain  for  which 
rainfall exceeded cumulative 
evaporation. 

Using these'rules, the  raw  lysimeter  data 
(Figure 4 . )  were  transformed  into  the  Surface 
Water  Deficit  (Figure 5.), and subsequently 
converted to daily average  values. 
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Fig. 4 Seasonal  Variation in Lysimeter  Mass 
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U 

Fig. 5 Seasonal  Variation in Surface  Water 
Deficit 

The  relationship  between  the  surface  water 
deficit  and  the  apparent  diffusivity at two 
depths is shown in Figures 6 and 7. The  results 
for  the  5-10  cm  layer  show a few  very  high 
values  for k over  the  range of water  deficits. 
These  may be due to the  influence of lower 
frequency  surface  temperature  variations  (such 
as  those  associated  with  synoptic  weather  pat- 
terns), which  become  relativly  more  important 
at depth. These  are  assumed  to be artifacts of 
the  method  of  analysis,  and  are not considered 
further. 

The  diffusivityofthe 1-5 cm layer  showsan 
approximately  inverse  relationship  with  the 
water  deficit.  When  the  deficit is near  zero, 
the  diffusivity is approximately  similar to 
that  for  mineral  soils,  falling to the  value 

reached  two mm, 
for  the  lower  layer  after  the  deficit  has 

The  high  diffusivity of  the 1-5 cm  layer  at 
water  deficits  below 2 nun indicates  that  cond- 
uction  and  thermally  driven  vapour  diffusion 
are  not  the only heat  transfer  procebses  func- 

noted  a similar effect in the validation of  
tioning in this layer. Nakano and  Brown (1972) 
their  model of the  ground  thermal  regime,  which 
they  ascribed  to  "intensive  evaporative  heat 
transfer".  The  effect  measured  here is much 
greater  than  that  observed by Nakano and  Brown 
(1972);  however,  their  results  apply  to  the 
entire  organic  layer, so that  an  effect  limited 
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to the  surface  would be averaged over the 
entire layer. 

When  the  deficit is higher  than 0.5 mm, the 
diffusivity of  the  deeper layes if consistently 
deficits, diffusivity  shows a slight  dependence 
in the  range 1.0 - 1.4 x 10- m s . At  lower 

on the  deficit,  which  may be  due to heat  trans- 
fer  by percolating  rain  water.  The stable diff- 
usivity value at  higher  deficits  indicate 
either  that the water content ofthis layer is 
not  affected  by  surface  drying,  or  that the 
diffusivity  of the organic  material is not 
significantly affected  by  such  variations. 

CONCLUSIONS 

We conclude : 

(1) The reduced  evaporation  rate  after  a loss 
of only 1 mm of water, and the consistently low 
apparent  thermal  diffusivity of  the  .lower  part 
of the  organic  layer  indicates  that  evaporative 
moisture loss does not  reach  this  layer. I f  it 
did, one would expect  the  apparent  diffusivity 
of  this  layer to increase as the drying Layer 
extended  into it. 

( 2 )  The moisture  regime of the  surface  organic 
layer is not  linked closely to  that  of  the 
mineral s o i l .  Evaporation  from the organic 
layer is retarded as drying  proceeds,  indic- 
ating  that little uptake from mineral soil 
occurs:  indeed, vapour flow may  be  downward 
along the soil temperature  gradient.  In  turn, 
the  mineral soil is not  recharged  during summer 
precipitation unless the organic  layer is 
saturated. 

( 3 )  The moisture-dependent  thermal  diffusivity 
of the  upper  part  of  the  organic  layer , com- 
bined  with  the  consistently low thermal  diff- 

ponsible for  the  maintenance of cool conditions 
usivity of the  lower  part, is primarily res- 
in  the mineral  horizon  of  the  active layer. 
When the organic material is moist and has 3 
high  k value, evaporation  lowers the  ground 
surface temperature. As the  organic  material 
dries and  the  surface  temperature rises,  k 
declines, inhibiting  propagation of the  surface 
temperature wave. Thus, the  mechanism  described 
by Brown and Pewe as operating at  a seasonal 
time scale also operates on a  synoptic  time 
scale 
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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 

SYNOPSIS The discharge of groundwater by perennial springs feeding Snag Creek and Mirror 
Creek in the Yukon indicates that subpermafrost water in alluvial and glacio-fluvial fans can 
provide high-quality water supplies  in the zone of widespread discontinuous permafrost. 

INTRODUCTION 

Snag Creek, originating in the Wellesley 
Mountaia - Carden  Hills area in Alaska, is a 
tributary of the White River in Canada; Mirror 
Creek, originating in Canada,  is a tributary of 
the Chisana River in Alaska. Both receive 
discharge of groundwater from  springs  in  an 
extensive area of peatland situated between the 
Alaska Highway and the Yukon - Alaska border. 
The Alaska Highway crosses Snag Creek near 
latitude 62'28'33"N and longitude 140'51'52"W, 
about 11 km north of the settlement of Beaver 
Creek, Yukon  (Fig. 1). 

Information on the spring area was obtained 
from a variety of sources, including airphotos 
taken in May 1964, August 1976, and April 1978; 
maps of the surficial geology of the area 
(Rampton, 1978a, 1978b): shallow testholes 
drilled between 1976 and 1980 along two routes 
selected f o r  the proposed Alaska Highway Gas 
Pipeline;  part-time discharge records from  a 
gauging station on Snag Creek for the period 
1978-1983; and chemical and isotope analyses on 
water samples from the two creeks and several 
springs, collected between September 1979 and 
October 1983. This paper presents an 
interpretation of the available information. 

TESTHOLE DATA 

Shallow (3.0 to 12.0 m)  test drilling was 
carried out in the study area along two routes 
selected f o r  the proposed Alaska Highway Gas 
Pipeline. Testhole d a t a  from several drilling 
projects completed during the period 1976-1980 
were made available by Foothills Pipe Lines 
Ltd., Calgary. Locations of t h e  testholes are 
indicated in Figure 1. 

The testhole logs indicated that the spring 
area is underlain by a  sequence consisting o f :  
gravelly glacio-fluvial deposits, ranging in 
thickness from 2 . 5  m to more than 11.4 m; 
sandy/silty alluvium, ranging in thickness from 
0 m to more than 10.0 m; and an extensive cover 
o f  peat up t o  1.1 m thick. 

Perennially frozen ground, ranging in thickness 

of the 43 testholes for which data are 
from 1.5 m to more than 10 m, was found in 24 

available (Fig.1). No frozen  ground was found 
in the testholes at Mirror Creek, Snag Creek 

sites.  Visible,  segregated-ice content in core 
and Beaver Creek, or in those near spring 

samples collected from  the  permafrost ranged 
from 0 to nearly 100 percent by volume. 
Moisture contents ranged from 2 to 2 2 0  percent 
of dry weight in the clastic sediments, and up 
to 670 percent in  the peat cover. 

Groundwater was encountered below permafrost in 
several o f  the testholes, at depths ranging 
from 2 , 5  to 7.0 m. Waterlevels in testholes 
equipped with standpipes ranged from I 

groundlevel to 6 . 5  m below ground, 

SPRING LOCATIONS 

A total of 34  springs and their discharge 
channels (Figure 1) were  identified, primarily 

August 1976 (National Air Photo Library No. 
on false-color infrared airphotos taken in 

A37365IRI7-91). Flow  directions in Beaver 
Creek, Snag Creek, and Mirror Creek are 
indicated by arrows near the borders of Figure 
1. 

The water discharged by the springs i s  clear 
and cold (see columns D, H, and I in  Table I), 
and the discharge  channels show little of the 
brown coloring common in peatland discharge 
elsewhere. The April 1978 airphotos revealed 
that the discharge from the springs maintains 
long reaches of open water in both Mirror Creek 
and Snag Creek during the winter. Icings up to 
1.3 m thick can extend several kilometres 
downstream from the open-water reaches. 

DISCHARGE DATA 

A gauging station was operated on Snag Creek 
just downstream from the highway crossing 

639 



-62’25’N 

\ \ 
\ 
0 \ 

\ i \ 

r 
L 
U 
3 
K \ 

3 . km 
I 

Creek 

L. 
“70 

- Alaska Highway 

- -  Pipel ine   route  

y 6 ~ ~ E l e V a t i O n  contour, 
(propoaedl  

elev. in  m 

o Testholes,  with and 
without  permafrost 

A Spring 

E17 Sample location 

Fig, 1 Location map o f  the Snag Creek - Mirror Creek spring a r e a ,  Yukon 

during the period from early-May ta mid-October 
in  each o f  the  years 1978 to 1983. Daily 
discharge  data for this station were made 

Department of Northern Affairs,  Whitehorse, 
available by the Water Resour-ces Division, 

Yukon (Anon., 1984). 

A p l o t  of the discharge data f o r  the p e r i o d  
1978 to 1983 is shown i n  Figure 2. The p l o t  

indicates a baseflow rate of about 4 m 3 / s  in 
Snag C r e e k .  M i n i m u m  measured d i s c h a l - g e  r a t e s  
fOK the y e a r s  1 9 7 8  t o  1983 ranged from 4.0 t o  
4 . 8  m 3 / s .  Unfortunately, streamflow data are 
not available f c r  a n y  yeal- for the period 
between mid-October and early-May to c o n f i r m  
that these a r e  indeed t h e  annual minima. The 
baseflow values rep1:esent p r ~ r n a r ~ l y  the flow 
from the 11 s p r i n g s  that. discharge into Snag 
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0 :  I 
1978 1979  1980 1981 1982  1983 

Periods: 7 May - 14 October 
Fig, 2 Daily  discharge  data  for  the  period  from 7 May  to 14 October in the  years 1978  1983 for 

the  Snag  Creek  gauging  station. 

Creek above the  gauging  station.  This  suggests 
that the total discharge  from  the  spring  area 
as  a  whole  could be as  high as 12 ms/s.  Seepage 
from  the  active  layer  in  the  area  surrounding 
the  springs  probably  makes  only  a  minor 
contribution  to  the  baseflow  in  Snag Creek, 
because  the  creek  water does not  show  the 
brownish  colour  characteristic € O K  seepage  from 
peatlands. 

The  only  discharge  measurement  available  for 
Mirror  Creek,  made at site G (Fig.l), 
representing  discharge  from 8 spring  sites, 
indicated a discharge  rate of 2.8 rnJ/s. 

WATER CHEMISTRY 

Water  samples were collected  from  a  number of 

between  late-September 1979 and  early-October 
locations  in the area on several  occasions 

1983, The  sample  locations  are  indicated  in 
Figure 1. Major-ion  analyses  were  performed by 
the  Water  Quality  Laboratory of Environment 
Canada  in  Calgary.  Table I lists  sampling 
dates,  results of field  measurements,  and 

analyses  are  illustrated by Figure 3, showing 
results of selected  chemical analyses. The 

graphs  representing  the  major-ion  composition 
of the  three  springs  sampled  in  the  area,  and 

TABLE I 

Physical  and  Chemical  Data Sum 

Location 
.. . . , " "  . ~ ..... , 

A B C D E .  F G H I 
Shallow  Snag  Channel  Spring  Mirror  Mirror  Mirror  Spring  Spring 

we1 1 Creek  from  D  Creek Creek Creek 

Sample F a t e  25-3-80 25-3-80 25-3-80 29-4-82 23-7-82 5-10-83 5-10-83 29-4-82 29-4-82 
Temp., C 0 . 5  0.0 0.5 1.0 12.9 0.8 1.1 1.0 1.0 
pH, units 7.9 8.0 7 . 5  7.6 7 . 4  7.5 7.8 7.6 7.5 
Cond. , pS/cm 305 3 60 2 95 283 310 305 335 315 311 

_. ., ." __ ~ ." r.-.".""l.""- 

CONC., ms/l (1) 
Calcium 47.7 5 4 . 9  
Magnesium 1 . 3  10.1 
Sodium 3.1 3.0 
Potassium 1.2 1.3 
Bicarbonate 158.6 183.0 
Sulfate 20 . o  39,O 
Chloride 2.0 0 . 7  
Fluoride 0.05 0 -06 
Silica 14 14 
SUM 2 5 4 . 0  306.1 

.. . . . .. . .. . . . . . . . . . . . . . . . .. . .. 
(1) Analyses:  Water 

47.2 
1 . 5  
3.9 
1.3 

146.0 
31 .O 
0.8 

0.06 
14 

251.8 

Quality 
.- . . . . . . , . 

46.1 
7.8 
4.4 

140.3 
1.4 

32.0 
0.8 

0.13 
15 

241.9 

Branch, 
. . .. -. . . " . - 

45.2 
8.1 
3.1 
1.0 

146.4 
26.0 
1.8 

0.06 
7 

239.3 
. . , . . . . . . . . 
Environment 

43.3 
6.9 
4.2 
1.5 

146.3 
28.0 
1.3 

0.06 
15 

246.6 

Canada. 
. . .~ ,~  , 

5 0 . 9  
1.4 
3.1 
1.3 

164.6 
34.0 

0 . 8  
0.07 

14 
276.2 
- .. .. , . , -. .. " . . 

50.7 
9.0 
2.8 

152.5 
1.2 

30.0 

0.09 
0.3 

12 
258.6 

" 

50. I 
9.5 
3.0 

170.7 
1.2 

26.0 

0.11 
0.4 

13 
214.6 

. ." " . . . . . . . 
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" TABLE I 1  

Isotope Data  (1) 

C'a  M'g Nd+K Ci+F S&., HCb3 
Fig. 3 Semilog plot of concentrations of 

major ions in water samples  from 3 
springs ( 0 -  D, V -  H, and X - I), 
compared with the maximum and minimum 
Concentrations for  the whole  sample sat 
from the spring area. 

graphs €or the maximum and minimum 
concentrations €or the whole sample set. 

The results of the analyses show relatively 
narrow concentration ranges both for total 
dissolved solids and for  individual ions, 
Concentrations o f  silica  were relatively high 
in all the samples, reflecting the high 
silicate content of both bedrock and 
unconsolidated sediments in the t w o  drainage 
basins. Seasonal variations for individual 
sample locations were small. 

The analytical results suggest that the spring 
area could provide a high-quality water supply 
with a relative constant chemical composition. 

ISOTOPE DATA 

Isotope analyses €or deuterium (2H), oxygen-18 
( * B O ) ,  and radioactive tritium ( 3 H )  were 
carried out on a number o f  the water samples by 
the Environmental Isotope Laboratory, 
Department of Earth  Sciences, University of 
Waterloo,  Waterloo,  Ontario.  The resulting S 2 H  
and & l e 0  values are expressed as per-mil 
deviations from the usual standard, Standard 
Mean Ocean Water (SMOW); the results o f  the 

Location Date 
(Fig. 1) 

A 
B 

25-3-80 

B 
27-9-79 

B 
25-3-80 
17-5-80 

B 
B 

1-5-82 
5-10-83 

c 27-9-79 
C 25-3-80 

.. ...... " 

. . . . . . . . .  

62 H 61 8 0  
' / O O  SMOkl o / o o  SNOW . "" . 

. . . . . .  

- 2 2 . 4  

-23.1 
-22.1 

- 2 2 . 2  
-22.5 

-173 -22,s 
-22.1 
-22.9 

c 
C 
C 
C 
D 
E 
F 
F 
F 
F 
G 
G 
G 
G 
G 
H 
I 
"".~ 
(1) 

17-5-80 
23-7-82 
16-7-83 
5-10-83 
29-4-82 

17-5-80 

16-7-83 
5-10-83 
27-9-79 

23-7-82 

23-7-82 

-181 
-176 

- 1 7 8  
-175 

- 2 2 . 5  

-22.3 
- 2 2 . 5  
- 2 2 . 8  

- 2 2 . 5  

-21.7 
-22.5 
-22.2 

. . . . . . .  

3 1 4  
T.U. 

200 
150 
2 0 0  
201 
2 4 6  
205 
100 
146 
108 
174 
183 
179 
157 
62 
47 

102 
100 
99 
63 

. . -. 

1-5-82  -22.6 134 
23-7-82  -22.8 
16-7-83 

131 
-177  -22.5  140 

5-10-83 -173 -22.3 
29-4-82 

134 
-22.6 183 

29-4-82 -22.5 72 

- .. 

.................. .......... . . . . . . . .  

Analyses: Environmental Isotope Lab., 
. ." . 

University of waterloo 

tritium analyses are expressed i n  tritium units 
(1 T.U.= 1 tritium atom per 1018 hydrogen 
atoms). They are listed in  Table TI and 
illustrated by Figures 4 and 5. 

S"0,  %o SMOW 

Fig. 4 Compar 
samples o f  
( 1 ,  wi 
and snow ( 
and other 
1983). 

ison of 62H and 6180 values for 
discharge from the s p r i n g  aLca 
th similar data for ra ln  ( v ) 

X ) a t  Whitehorse (1961-1965) 
places in the S.W. Yukon (1979- 
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In Figure 4, the V H  and 6180 values €or the 
samples from the study area are  compared with 
data for precipitation samples collected during 
the  period 1961-1965 at Whitehorse, Yukon, the 
nearest station for which such data are 
available (I.A.E.A., 1962-19691, and between 
1979 and 1984 at various other  places in the 
S.W. Yukon. The position of the points for the 
spring-water samples in Figure 4 suggests that 
the spring water represents recharge from 
precipitation, with a significant contribution 
from snowmelt. 

The tritium values for the samples from  the 
study area arm plotted  in Figure 5, which also 
shows the tritium values for precipitation 
collected at Whitehorse during the period 1961- 
1967 (I.A.E.A., 1962-1969), and  at other places 
in the S.W. Yukon during the study period. 
Back-extrapolation of the sample values, along 
lines  representing the tritium half-life of 
12.35 years, indicates that  the  water 
discharged from the springs represents 
precipitation that  fell some 15 to 20 years 
Earlier. The actual residence time of the water 
in  the aqbifer could be somewhat longer than 

depressed by dilution of the spring water with 
that, because the tritium values are likely 

more recent Precipitation draining from the 
peatlands in the spring area. 

The recharge area for the spring system is 
presumed to be  located in the hills and  low 
mountains just  west of the Yukon-Alaska border, 
from 5 to 8 km distant. The approximate 
distance between the recharge and discharge 
areas, in combination with the  derived 
residence time of 15 to 20 years suggests 
average flow velocities o f  about 1 mfday, not 
unreasonable f o r  the gravelly  glaciofluvial 
deposits. 

0 : : ; : :  . . . .  : : : : : : : : : . : : : : :  
4 0  '85 '70 '76 'BO 

Year 

Fig. 5 Comparison of 3H concentrations for 
samples of discharge from the spring 
area ( 0 ) with similar data for 
precipitation at Whitehorse (1961-1967, 
line  graph)  and at other locations  in 
the S.W. Yukon (1979-1983, X ) .  The 
slope of the  lines  labelled T l / 2  
represents the tritium half-life of 
12.35 years. 

CONCLUSIONS 

The baseflow  rates measured at the  Snag Creek 
gauging station indicate that  the 11 spring 

discharge rates of 360 I/s or about 31,000 
sites feeding the creek year-round have average 

mgfday, of water with total-dissolved-solids 
concentrations varying  form 2 3 5  to 310 mgfl. 
The available isotope data indicate that the 
water discharged by the springs represents 
snowmelt and  rainfall  that  entered the 
groundwater system as recharge some 15 to 20 
years earlier. 

The Snag  Creek - Mirror Creek spring area thus 
provides  an example of the significant water- 
supply potential o f  subpcrmafrost aquifers in 
alluvial  and glacio-fluvial fan deposits in the 
area of widespread discontinuous permafrost. 
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WETLAND RUNOFF REGIME IN NORTHERN CANADA 
Woo, M.K. 

McMaster University, Hamilton, Ontario, Canada 

. .  

SYNQPSIS Large  areas  in  northern  Canada are occupied  by  wetlands.  The  runoff regime of  these areas is 
governed by the  prolonged  seasonal  frost,  rapid and considerable  release of snowmelt water, limited  groundwater  storage 

and  the  other in subarctic  Canada were analysed  in  conjunction  with  hydrological  process  Studies.  Winter is a period 
capacity,  and  the  prevalence  of  surface flow on the  wetlands. The regimes of two wetland streams, one in the  arctic 

with  little  runoff  because  of  intense  coldness;  but  spring snowmelt, couple with frozen ground  conditions, generates . 

depression  storage  capacities  Increase.  Although  runoff  responds  readily  to  rainstorms,  the  recessian flow is  extended 
freshets that may be  intensified by snow dams  and ice jams in  the  channels. As the ground thaws, subsurface  and 

by water  released  from  storage.  The  seasonal flow pattern as described  above is typical of most wetlands rivers in the 
cold  region. 

INTRODUCTION 

Wetlands,  defined  ,as  areas  where  the  water 
t a b l e  is at  or  near  the  ground  surface for 
m u s t   p a r t s   a f   t h e   t h a w   s e a a o n ,  c0ve.r 
extensive  territorien in permafrost  regions. 
The  seasonal  runoff  pattern of those  rivers 
that  drain  the  wetlands o f  northern North 
America  has  been  designated a s  muskeg  regime 
by  Church ( 1 9 7 4 ) .  According  ta  Church, 
t l o a d  f L o w s  i n   w e t l a n d s   a r e   g r e a t l y  
a t t e n u a t e d   " b e c a u s e  o f  the  large  water- 
retaining  capacity o f  muskeg  vegetation,  as 
w e l l  a s  the  high  resistance  to  runoff 
pr'esented b y  i t  and  the  f.requently  irregular 
surface".  The  basin response " t o  individual 
input  events is also  affected by t.he presence 
o f  permafrost",  with  "the  recession  time 
(being) v - e r y  great in relation t o  comparative , 

d a t a  in temperate  regions". 

Church  quoted t.wo examples 
punker:  regime,  but  they  are 
t y p l c a l  o f  m u ~ t  northern  we 
Flow  data f o r  Kakisa R i v e r  in 
Territories o f  Canada  (area 1 4  
collected  below 4 large  lake 
s t o r a g e   e f f e c t   o v e r w h e l m s  

t 

t 

o illustrate 
probably  not 
land r i v e r s .  
the  Northwest 
9 0 0  k m 2 )  were 
and  the  lake 
any  wetland 

n e x t  t o -  the K a k l s a ,  but not immediately 
influence. In f a c t ,  the regime of a river 

affected by a l a r g e  l a k e ,  reveals a different 
r u n o f f  r e g i m e .  F i g u r e  I contrastn  the 
sea'sonal  flow,  patterns o f  K a k i s a  and  its 
neighbourlng  Little  Buffallo Ri'ver (area 
3,600 k m 2 ) ,  bath  located i n  the  subarctic. 
It is  evident  that in the  absence o f  a large 
lake,  the  wetland  influence i s  not  strong 
e n o u g h  t o  s m o o t h  o u t  t h e   f l a s h i n e s s  of 
snowmelt  and  rainstorm  generated  peak  flowm. 
This  negates Church's ( 1 9 7 4 )  claim  that t h e  
hydrological  effect of ext,enaive wetlands  "is 
s i m i l a r   t o   t h a t  o f  t'he p r e s e n c a  o f  a 
relatively  large lake". The  other  example 
quoted  by  Church,  the 0 otaruk  basin  in 
Arctic  Alaska  (area 9 8  k m  9 , 6 8 O  07'N, 1650 
4 5 ' W )  has a very  low  winter  precipitation 
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(A l l e n  and  Ueedfa11,1966) s o  that ths absence 
of a s p r i n g   f r e s h e t  i s  d u e  t o   w a t e r  
limitation.  instead of wetland  storage.  Thia 

basin; a1.o in  Arctic  Alaska,'with an area -Of 
example contracts sharply  with the  Barrow 

1+6 km2, a t  71°10'N, 156015'W, (Brown  ct a1.. 
1968). Church  mentioned t h e  Barrow basin  but 
did n o t  explain  why  it  has a ,pronounced 
spring  freshet (Fig. 1 ) .  

I n   t h e   d e c a d e   s i n c e  Ch'urch  ,prnpoaed  the 
m u s k e g  r e g l m e ,  n o r &   d a t a   h a v e   b e c o m e  

' available  and  further  research  has added t o  

.proce%ee~~  which  govern  wetland  runoff,  Thia 
a n   u n d e r s t a n , d i n g  o f  t h e  h y d r o l o g i c a l  

gaper proposem t o  relate  the  wetland  runoff 

Arctic a n d  the  subarctic  and  then  generalize 
regime  to  the  processes  occurring in the 

upon  the  flow  characteriatica  typical of the 
northern  wetland  regime. 

A R C T I C  WETLAND 

Arctic'  wetlands  are  often  limited in areal 
extent  and  may  exist  alongside  non-wetland 
zones  within  the n a m e  drainage basin. In 
many  instances,  their  presence i a  due  to  the 
abundant  water  Eupply f r o m  lakes,  late-lying 
snowbanks o r  r i v e r  discharge  .upslope of the 
wetlands  (Roulet  and  Woo 1 9 E 6 a ) ,  or they 
o c c u p y   n a r r o w   c o a s t a l   p l a i n s   w i t h  lo'w 
gradient  and p o o r  drainage  (Brown  et a l .  
1968). A small  basin  located in the  District 
o f  Keewatin  in  northern  Canada ( 6 4 0 2 1 ~ ~ ,  
97O47'W)  provides an example o f  EI stream 
inf1uence.d b y  arctic  wetland  runaff. 

Study  site 
The  studv  baain is located in a continuous 
p e r m a f r o e t  a r ' e a  w i t h   a n   a c t i v e   l a y e r  
thickness o f  0 . 5 - 1 . 3  m. The 1 2  k m 2  basin  ham 
a series of lakes  connected  by  wetiandu and 
streams.  (Fig. 2 ) .  Tundra  vegetation  covers 
moat o f  the  land  surface  and  the  wetlands  are 
v e s e t a t e d  b y   s e d g e s ,  g r ~ ~ s u e a   a n d  m o s s e s .  
Peat  devilo-pnent is limited,  rmaching  only 
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accumulation is limited. 

0.25 m in  the  wetlands.  The  peat  is  hifhly 
c o m p a c t e d ,   w i t h  a large  specific  retention, 
and a epecific  yield of only 6 t 3 X .  Thun,  the 
o r g a n i c   l a y e r   c a n   a b s o r b ,  a lot o f  moisture 
w i t h o u t   y i e l d i n g   m u c h   t o   r u n o f f .   T h e  
h y d r a u l i c   c o n d u c t i v i t y  l a  3 . 2 t 1 . 4 .  m/d.  The 
wetland  surface is uneven,  and  this  provides 
a d e p r e s s 1 , n n   s t o r a g e  of 0.024 m w h i c h  is 
t w i c e   t h a t  o f  t h e   n o n - w e t l a n d   s i t e s  ( U o o  
1986). 

R o u l e t   a n d  Woo (1986b) has  reported  on  the, 
h y d r a l o g i c a l   b e h a v i o u r   o f   t h e   w e t l a n d .   i n  
this  basin.  The  preaent  paper  will  compare 
t h e   s t r e a m f l o w   r e g l m e  of the  basin  With  the 
w e t l a n d   s t o r a g e   a n d   r u n o f f   p r o . c @ s a e S  B S  
described  by  Roulet  and  Woo 1 1 9 8 6 b ) .  

O w i n g  t o  intense  coldness  (mean  January  air 
SprinR  peripd 

t e ' m p e r a t u r e  -340 C )  a n d  e s h a l l o w   a c t i v e  

a c c u m u l a t e s   w i t h o u t   m e l t i n g   u n t i l   l a t e  flay 
layer,  winter  runoff  ceaaen  completely.  Snow 

w h i l e   t h e   l a k e s   a c q u i r e   a n   i c e  c o v e r  that 
e x c e e d s  2 m. A t  Baker  Lake, 8 0  k m  east  of 
t h e   s t u d y   b a a i n ,   o v e r  40% o f  t h e  2 3 5  m m  
annual  precipitation  comes a 8  anow,  but  this 
m a y  b e  a n  u n d e r e s t i m a t e   g i v e n   t h e   f r e q u e n t  
b l o w i n g   s n o w   c o n d i t i o n a   i n   t h e   t u n d r a  ( U P 0  
rnd  Marsh 1 9 7 8 ) .  

I n  t h e  kprlng  melt  period,  the a t r e a m  o f t e n . ,  

 unlikely t h a t   t h e   w e t l a n d   c a n   r e g u l a t e   t h e  
e x p e r i e n c e s  l ' t w  - a n n u a l   p e a k   f l o w .   I t   i s  

3 
0 

m a 
E 

.. m e l t w a t e r   r u n o f f   t h r a u g h   s t o r a g e   I n   i t s  
sodmate  becaune: (1) there 1. a large  amount 
o f  meltwater  released  rapidly;  with t h e  bulk 

* i n  1 9 8 2 - 8 3 )  m e l t i n g   w i t h l n  t w o  t o  t h r e e  
of the  ent1,re winter  snow  cover (about 2 0 0  mm 

w e e k s ;  ( 2 )  t h e   g r o u n d   r e m a i n s   f r o l e n   a n d  
d e s p i t e   t h e   p o v s i b i l i t y  o f  m @ l t w a t e r ,  
ittfiltrakion  into  froxcn  soil  (Kane  and  Stein 
1 9 8 3 ,  G r a n g e r   e t   a l .  1 P 8 4 ) ,  t h e r e  i s  
insufficient  storage  capacity to accommodate 
t h e   l a r g e   m e l t w a t e r   s u p p l y .   O n   t h e   o t h e r  
h a n d ,  8 t i m e   l a g   e x i s t .   b e t w e e n  t h e  m e l t  
event  and.  the  arrival  of  peak  wetland  runoff 
(Fig. 3). While the frozen  wetland  could  not 

a n d   t h e   . l a k e s   c o u l d   s t o r e  t h l s   w a t e r  
r e t a i n   t h e   m e l t w a t e r ,  th.e mnow cover itself 

temporarily  (cf. Uoo et  el., 1 9 8 3 ) .  Inde.ed, 
t h e   s m a l l   l a k e s   w e r e   o b s e r v e d   t o   e x p a n d   i n  
s i z e   a s   t h e   m e l t w a t e r   f l o o d e d   t h e   a h o r e l i n e  
u n t i l   t h e  lake ice  blockage  was  cleared ( F i g .  
2 ) .  

F u r t h e r   i n s i g h t   i n t o   ' t h e   s t r e a m f l o w  
g e n e r a t i n g   p r o c e s s e s   c a n  b e  g a i n e d   b y  
e x a m i n i n g   i n   d e t a i l  bhe u c q u a n c e  of melt., 

Ron-wetland s l o p e s  (Fig. 3 ) .  Surface  flow o n  
s t o r a g e   a n d  - f l o w  e v e n t s  o n  the  wetland and 

t h e   n o n - w e t l a n d   e l o p e s   s t a r t e d  s e v e r a l  d a y s  
a f t e r   t h e   c o m m e n c e m e n t  o f  s.nowrnelt,  but 
overland  flow  in  the  wetland  area  was  delayed 
f o r  a f e w   m o r e   d a y a .   T h e   d i f f e r e n c e   i n  
t i m l n g   c a n n o t  b e  d u e  t o  groundwater  storage 
because  the  ground  wa8  frozen  everywhere,  but 
may be attributed to the  deepmr  nnow  cover  on 
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Figure 2 .  Diatribution o f  wetlands  and  lakes 
in a study  baain  in  central  Keawatin,  Canada. 
Also  shown 16 the  areal  expansion  of A .mall 
l b k e  dut to spring flooding. 

t h e   w ~ t l a n d s  w h i c h   e n a b l e d   w a t e r  retentian 

r o e @  s h a r p l y  A 8  t h e   r e m a i n i n g  8 n o w   w a s  
f o r  a l o n g e r  d u r a t i o n .   S u r f a c e  f l o w   t h e n  

ablated.  Uhen  the  ground  began  to  thaw,  the 
aubnurface  atorage  capacity  increased  end  the 
s u p r a p s r m a f r o s t   w a t e r   t a b l e   d r o p p e d .  
S t r e a m f l o w   d e c l i n e d   b e c a u s e  i t  was  deprived 
o f   m u c h  o f  the  overland f l o w .  T h u o ,  it i n  
t h e   m e l t w ater  storage  in  thm  snow,  the  lake 
s t o r a g e ,   a n d   d e p r e s s i o n   s t o r a g e   s f   t h e  
w e t l a n d .   t h a t   r e g u l a t e   t h e   l a g   r e s p o n s e   o f  
streamflow  in  spring.  The  magnitude  of  the 
streamflow  freshet is controlled  by  overland 
flow  rather  than  by  eubsurface f l o w  f r o m   t h e  
wetlands. 

Summer  period 
Wetland  8trPalaflOw  declines  after  the  spring, 
p a r t l y   b e c a u s e   t h e   r e c e d i n g   f r o s t   t a b l e  
e n l a r g e s   t h e   s t o r a g e   c a p a c i t y  o f  the s o i l ,  
but  mainly  because of increased  evaporation. 
A c o m p a r i s o n  of  the  WRtland  and  non-wetland 
p l o t s   s h o w s   t h a t   t h e   w e t l a n d s   h a v e  a 
s h a l l o w e r   f r o s t   t a b l e   b e c a u s e  of ( 1 )  t h e  

p e a t :  ( 2 )  t h e   h i g h e r  i c e  c o n t e n t   i n   t h e  . 
i n e u l a t l n g   p r o p e r t i e s  o f  t h e   t h a w e d ,   w e t  

a s   i t   t h a w s ;   a n d  ( 3 )  t h e  l s a s e r   a m o u n t  of 
f r o z e n   p e a t   w h i c h   c o n 8 u m e e  more  ground  heat 

evaporation  from  the  non-wetland,  making  more 
energy  available to ground  heat  flux.  Uith a 
deeper  frost  table,  the  suprapermafrost  water 
t a b l e  i n  t h e   n o n - w e t l a n d  is c o n s i d e r a b l y  
l o w e r ,   a n d   c o n s a q u e n t l y  B l a r g e r   s t o r a g e  

capacity is available  for  any  rainfall  input. 

T h e  s t r s a m f  l o w  h y d r o g r a p h   s h o w s   l o w   f l o w  
c o n d i t i o n s   i n   n o n - r a i n y   p e r i o d s ,   s u g g e s t i n g  
t h a t   t h e r e   i s   l i t t l e  base flow^ f r o m   t h e  
groundwater  source.  This is expected  because 
o f   t h e   l o w   h y d r a u l i c   c o n d u c t i v i t y  of t h e  
soile.  After a prolonged  dry  spell, a small 
amaunt  of  ratn  will  not  raise  the  water  table 
a b o v e   t h e   g r o u n d   a n d   s t r e a m f l o w   r e s p o n s e  
remains  insignificant.  When  sufficient  rain 
c a u 8 e ~  t h e   w a t e r   t a b l e   t o  r i a e  a b o v e   t h e  
ground,  overland  flow f o l l o w s  and  streamflow 
r e a p o n s e   b e c o m e s   c o n s i d e r a b l e .   T h e s e  
f e a t u r e s   d e m o n s t r a t e   t h a t   s u m m e r   s t r e a m f l o w  
i a  s u s t a i n e d   b y   s u , r f a c e   r a t h e r   t h a n  
subsurface  flow  in  the  wetlands. 

SUBARCTIC  UETLAND 

I n   c o n t r a s t   t o   t h e   A r c t i c ,   w e t l a n d s   a r e  
continuous  over  vast  areas of the  subarctic, 
And  these  wetlands  are  clad  by  woodlands  in a 
d l s c o n t l n u o u s   p e r m a f r o s t   s e t t i n g .  A besin 
located  at  the  southern  border  of  subarctic 
C a n a d a ,  ( 5 1 0  08'N, 7 9 0 5 5 ' ~ )   i n   t h e   c o a s t a l  

subarctic  wetland  study  site. 
lowland  of  James  Bay,  offer8  an  example  of a 

S t u d y   s i te 
The  Washtugaw  basin,  draining  an a r e a  of 1 7 5  
k m 2 ,  has a regional  gradient o f  about 1 m/km. 
It  experiences  continental  subarctic  climate, 
with  mean  January  and  July  temperatures  of 
- 2 0 ° C  a n d  1 5 O C  r e a p a c t i v e l y .   A n n u a l  
p r e c i p i t a t i o n  is 7 2 7  mm, 30% of  which  comes 
a s   a n o w f a l l .   V e g e t a t i o n   c o v e r   i n c l u d e s  
a p r u c e   w o o d l a n d   w i t h   a l d e r ,  w i l l o w  a n d  
Labrador  tea  bushes  on  the  higher  ground,  and 
s e d g e e .   g r a s s e s ,   m o e e e s   a n d -   s t a n d s   o f  
tamarack  on  the  wetter  bogs  and  fens. 

t o  1.5 m a t   t h e   h e a d w a t e r  r e g i o n  o f  t h e  
P e a t  depth  ranges  from 0 at  the c o a s t ,  

baain.  Owing  to  compaction,  the p e a t  has a 
m u c h   l o w e r   p o r o s i t y   a t   d e p t h .   T y p i c a l l y ,  
within  the  hydrologically  more  active  surface 
z o n e   ( t h e   a c r o t e l m ,   a c c o r d i n g  t o  I n g r a m  
1983), the  hydraulic  conductivity  is 2-3 m / d ,  
i n   c o n t r a s t   t o   t h e   h y d r o l o g i c a l l y   i n e r t  
b o t t o m   p e a t   l a y e r   ( t h e   c a t o t e l m )   w h e r e   t h e  
value  drops  to 0.016 m/d.  Thus,  most of the 
subsurface  flow  and  water  storage  takes  place 
within  the  top 0.5-1.0 m o f  the  peat. 

W a s h k u g a w  R i v e r  w e e   g a u g e d   a t   i t s   l o w e r  
c o u r s e .   N e a r   t o   t h e   g a u g i n g   s i t e ,  
g r o u n d w a t e r   w e l l s   a n d   o v e r l a n d   f l o w  
m e a s u r e m e n t   s l t e e   w e r e   d e p l o y e d .   T i p p i n g -  
b u c k e t   g a u g e s   a n d  a p r e - m e l t   s n o w   s u r v e y  
p r o v i d e d   r a i n f a l l   a n d   s n o w   s t o r a g e  
information.  Evaporation  was  computed  using 
Priestley  and  Taylor  (1972)  approach  and  the 
r e q u i s i t e   i n s t r u m e n t a t i o n   i n c l u d e d   n e t  
r a d i o m e t e r s ,   t h e r m o m e t e r s   a n d   g r o u n d   h e a t  
f l u x  plates. 

Breakup  Period 
I n  w i n t e r ,   s e a s o n a l   f r o s t   u n d e r l i e s   t h e  
e n t i r e   b a s i n   b u t   g r o u n d w a t e r   s e e p a g e  
m a i n k a i n s  a m i n i m a l   a m o u n t  ot f l o w -   ( a b o u t  
O a o o l  m 3 / s  f o r  W a s h k u g a w   R i v e r ) .   S p r i n g  
breakup  comes  in  April.  This i s  preceded  by 
snowmelt  and  wetland  runoff.  The  rivers  then 
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F i g u r e  3. Snowmelt,  active  layer  thaw,  overland  flow  on  wetland 
and  non-wetland  alopes,  and  streamflow  during  the 1983 melt  sea8on 
at central  Keewatin  study  pite. 

r i s e   t o  a p c a k ,   w i t h  flood. accentuated b y  
snow  and  ice  in  the  channels.  At  the  study 
b a s i n ,   d a i l y   m e l t   b e g a n   f i r s t  i n  the  open 
wetland,  followed  by  the  ehrubs  and  then  the 
w o o d e d   a r e a s .   T h e   p r e v a l e n c e  o f  f r o z e n  
ground  inhibited  infiltration  and  most of the 
water  released  became  surface  flow. Woo and 
Heron ( 1 9 8 7 )  have  described  the  complex flow 
p a t t e r n   d u r i n g   t h e   b r e a k u p  of 1 9 8 4 .   T h m  
abundance  of  meltwater  released  over a short 
t i m e   e n s u r e s   t h a t   t h e   s p r i n g   p e r i o d  i s  the 
t i m e   o f   p e a k   f l o w   i n   ~ u b a r c t i c   w e t l a n d  
rivers. 

Summer  period 
The  ground  thaws  anon  after  the  disappearance 
o f  s n o w ,   b u t   t h a   l o w   g r a d i e n t   a n d   t h e  
r e s t r i c t e d   t h i c k n e s s  of the  acrotelm,  limit 
the  amount  of  groundwater  discharge. 

Fleld  observation  shows  that  surface  flow  in 
wetland  occurs  as  sheet  flow  during  the  wet 
p e r i o d ,   a n d   a s   m i n i a t u r e   r i l l s   t h a t   t h r e a d  
f r o m   p u d d l e s   t o   p u d d l e s   o n   t h e   d r i e r   d a y s .  
I n   t h e   s t u d y   a r e a ,   m a n y   d e p r e s s i o n s   a r e  
conatantly  saturated, i f  not overflowing,  and 
t h i s   w a t e r   m a i n t a i n s   s u r f a c e   f l o w   w h i c h  
discharges  into  the  streams.  Figure 4 s h o w s  
t h e  water  table  fluctuation  at  wetland  sites, 
a s   w e l l  a s  t h e   d a i l y   r a i n f a l l   a n d  
evaporation.  The  water  table  remained  at or 
near  the  surfce  most o f  the  time,  permitting 
s u r f a c e   f l o w  to continue  throughout  most of 
the  summer. 
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Figure 4. Rainfall,  evaporation,  weter  table 

River.  1985. 
i n   t h e   w e t l a n d ,   a n d   d i a c h a r g e  of U a m h k u g a w  
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When  rain  falls,  the  puddles  coalesce  rapidly 
a n d   s u r f a c e   , f l o w   r i s e s   q u i c k l y .   S i n c e  
s t r e a m f l o w  i~ m a i n l y   f e d   b y   s u r f a c e   r u n o f f ,  
t h e   h y d r o g r a p h   l a g   t i m e  is governed  only  by 
the  time  needed  to  satisfy  depression  Storage 
a n d   b y   t h e   t r a n s i t   t i m e  of s u r f a c e   f l o w .  
T h u s ,   h y d r o g r a p h   r i s e s   t e n d   t o   b e   s t e e p .  
A f t e r  a rain  event,  the  puddles  drain  SlOwlY 
a n d   s u r f a c e   f l o w  d o e s  n o t  cease abruptly. 
S t r e a m f l o w   t h e r e f o r e   t e n d s   t o   h a v e  a long 
r e c e s s i o n .   C o m p u t a t i o n  o f  g r o u n d w a t e r  
d i s c h a r g e   b a n ~ d   o n   D a r c i a n   f l o w   s h o w n   t h a t  
groundwater  alone  cannot  sustian b.ueflow at 
the  rate  measured at. Yashkugaw  River.  It is 
t h e   g r a d u a l   d r a i n a g e   o f   t h e   w e t l a n d  
d e p r e s s i o n s   b y   s u r f a c e   r u n o f f   w h i c h   s u p p o r t  
streamflow  long  after a ntorm  has  passed. 

DISCUSSION 

T h i s   p a p e r   h a s   r e l a t i a d  t h e  regimes  of  two 
wetland  rivers  to  the  hydrological  -activities 
observed  In  the  wetlands.  Although  there  are 
C l i m a t i c   a n d   s i t e   d i f f e r e n c e 8   b e t w e e n   t h e  
A r c t i c   a n d   t h e   s u b a r c t i c   b a n i n s ,   t h e y   b o t h  
e x h i b i t   c o m m o n   t r a i t s   t h a t   r e f l e c t   t h e  
c o n t r o l l i n g   i n f l u e n c e  of northern  wetlands. 
It is therefore  possible  to  distinguish  such 
s t r e a m f l o w   r e g i m e   a s   t h e   w e t l a n d   r e g i m e ,  
equivalent  to Church'. (1974)  muskeg  regime. 

Eased  on  this  study  and  the  reault  from  other 

d i s t i n g u i s h i n g   f e a t u r e s   o f   t h e   w e t l a n d  
r e s e a r c h   i n   n o r t h e r n   w e t l a n d n ,   n e v e r a 1  

s t r e a m f l o w   r e g i m e   c a n  b e  identified. 
(1)  The  annual  runoff  ratio, p / P ,  where 

P i s  r u n o f f   a n d  P i 8  p r e c i p i t a t i o n ,  is 
r e l a t i v e l y   a m a l l  f o r  w e t l a n d   b a s i n s .   F o r  

W m t e r s h e d ,  B w e t l a n d  h a s i n   , o f  0 . 1 2   k m 2  
c o m p a r i s o n ,  a n n u a l  P a n d  Q f r o m  I n t e n e i v e  

l o c a t e d   i n   D e v o n   I s l a n d ,   C a n a d a   ( 7 5 0  3 3 ' ~ ,  
84' 40") y i e l d e d  a r u n o f f   r a t i o  of 0 . 4 5  
( R y d e n   1 9 7 7 ) .   T h i e   c o n t r a e t s   a g a i n s t   s u c h  
nival  regime  basins  as  the  Hcnaster  baain  of 
C o r n w a l l i s   I s l a n d ,   C a n a d a   ( a r e a  3 3  km2, 7 4 0  
4 5 . N ~  9 4 O  5 O ' U )  where  the  ratio  was 0.83 ( W O O  
et al.  1983). 

( 2 )  A n o t h e r   f e a t u r e  i n  t h e   s m a l l  
q u a n t i t y  o r  a b s e n c e  of winter  flow because 
( a )  intense  cold freezes t h e  soil  and 
( b )   t h e r e  i s  l i t t l e   s u p r a p e r m a f r o s t  
groundwater  riaserve  In  the A r c t i c ,  and  the 
r a t e   o f   s e e p a g e  i s  q u i t e   s l o w   i n  t h e  
s u b a r c t i c .   T h i s   c o n t r a s t s   w i t h   t h e   s p r i n g -  
f e d  r i v e r s  f o u n d   i n   n o m e   d i s c o n t i n u o u s  
p e r m a f r o s t   a r e a s  o f  n o r t h e r n   A l a s k a   a n d  
Y u k o n ,   r e f e r r e d   t o  b y  C r a i g   a n d   H c C a r t  
(1975). 

( 3 )  During  the  snowmelt  period,  wetland 
b a s i n s   d i s c h a r g e   t h e   b u l k   o f   t h e i r   w i n t e r  
p r e c i p i t a t i o n   w i t h i n  a s h o r t   t i m e ,   o f t e n  
g e n e r a t i n g   h i g h   f l o w s   i n   s p r i n g .   T h e  
m a g n i t u d e  o f  t h e   p e a k s   d e p e n d s   u p o n   w i n t e r  
s n o w   a c c u m u l a t i o n   a n d   t h e   r a t e  o f  m e l t .  
U h e r e   t h e r e  Is l i t t l e   w i n t e r   s n o w f a l l ,   t h e  
s p r i n g   f r e s h e t  is a b s e n t .   A n   e x a m p l e   i s  
Ogotoruk  basin  where  winter  snowfall of under 
60 m m ,   r e p r e s e n t i n g   a b o u t  2 0 %  o f  a n n u a l  
precipitation,  yielded  insignificant  snowmelt 
r u n o f f   ( L i k e s   1 9 6 6 ) .   L o w   a n o w   m e l t   r a t e s  
during a cool  spring  also  prohibit  high f l o w ,  
as is demonetrated by t h e   1 9 7 3   h y d r o g r a p h   o f  

the  Intenaive  Uatershed  (Ryden 1 9 7 7 ) ,  In  the 
o t h e r   y e a r s   ( 1 9 7 2   a n d   1 9 7 4 ) ,   h o w e v e r ,   h i g h  
peaks  were  generated b y  anowmelt. 

( 4 )  Response to aummer  rainfall is often 
rapid  because  it  takes  little  rain  to  produce 
surface  flow  that  feedB  the  streams.  Barrow 
basin  in  Alaska,  for  instance,  showed a mean 
response  time  of 8+4.lh between  the  centroids 
o f   r a i n s t o r m s   a n d   t h e   t i m e   o f   r u n o f f   p e a k  
( B r o w n   e t  a l .  1 9 6 8 ) .  These  response  times 
a r e   a l s o   c o m p a r a b l e  t o  t h a t  of t h e   n i v a l  
r e g i m e  r i v e r s .  T h e  Elecharn R i v e r   i n  
C o r n w a l l i s   I s l a n d  ( 8 7  k m 2 ,  7 4 0  4 1 ' N ,  9 4 0  
4 7 ' W )   h a d   a n   a v e r a g e   r e s p o n s e   t i m e  of 9 h 
( C o g l e y  1975)  hut  there,  the  fast  response  ia 
due  to  the  shallow  active  layer  which  hinders 
Percolation  and  favours  rapid  runoff  from  the 
basin  slopes. 

It is proposed that a wetland  straamflow 
r e g i m e   i n   t h e   A r c t i c   a n d   s u b a r c t i c   r e g i o n s  
containts  of  negligible o r  low  flow  during  the 
l o n g ,   c o l d   w i n t e r s .   T h i s  is f o l l o w e d   b y  
spring  freshet  when  surface  flaw is produced 
b y   a b u n d a n t   s n o w m e l t   a n d   e n h a n c e d   b y   l o w  
i n f i l t r a t i o n   i n t o   t h e   f r o z e n   g r o u n d .   T h e  
exception i a  where  winter  snowfall is so l o w  
t h a t   t h e   s p r i n g   s n o w m e l t  i s  insufficient  to 
g e n e r a t e   o v e r l a n d   f l o w .   I n   s u m m e r ,   p o o r  
d r a i n a g e   l e a d s   t o   c o n s i d e r a b l e   w a t e r  
rmtention  in  ponds  and  the  organic soils and 
flow  attenuation  is  the  most  effective  during 
this  time.  Unlike  lakes  which  con  sustain a 
m o d e r a t e   level  of  baseflow,  wetlands  do  not 
yield  much  groundwater  discharge  because  the 
s h a l l o w   a c r o t e l m  o r  t h e   p r o x i m i t y   o f   t h e  
f r o s t   t a b l e   t o   t h e   g r o u n d   s u r f a c e   l i m i t s  
baueflow  in  the d r y  seasons. 
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STREAMFLOW CHARACTERISTICS OF THE  QINGHAI 
(NORTHERN TIBETAN) PLATEAU 

Yang, Zhengniang and Woo, Ming-ko 
Lanzhou Institute of Glaciology & Geocryology, Academia Sinica Lanzhou, 

Gansu 73oooO China 

SYNOPSIS The Qinghai (northern  Tibetan) Plateau is the  headwater  area  for  many  large  Asiatic  rivers. 
Permafrost occurs above 4200 m and  glaciers  occupy  the  summits  and  high  valleys of the  east-west  trending  mountain 
chains. Annual runoff  generally  increases with precipitation  which  is  augmented  southward by the  rise  in  topography. 
Rainfall, snowmelt, glacier  melt  and  groundwater are the  primary  runoff  responses t o  rainfall  and  snowmelt  events. 

Peak flows are concentrated  between  June and September  and  winter is the low flow season. Three types  of  runoff 
patterns may be  distinguished  according to their  primary  sources o f  water:  snowmelt  and  rainfall,  glacier  melt  and 
snowmelt,  and  groundwater. Large rivers  generally drain more than one environment  and  their  runoff  regime  reflects 
an integration  of  the  various flow patterns  found on the p1,ateau. 

IHTRODUCTIOW 

A s t u d y  o f  t h e   c h a r a c t e r i s t i c s   o f  
streamflow  In a region is uneful, i f  not 
e s s e n t i a l ,  t o   m o s t   h y d r o l o g i c a l  

purposes.  Church (1974) proposed  several 
investigations  for scientific or engineerins 

types  of  etreamflow  regimes for rivers in the 
permafrost  region of northern  North  America 
based  on  his  and  other  work8 ( e . g .  HcCann  and 
Cogley, 1 9 7 2 ) .  Craig and  McCart ( 1 9 7 5 )  have 
similerly  sumnariaed  the  runoff  patterns  for 
northern  Alaska  and  the  Yukon  coast.  These 
results w e r e  mynthesized b y  Woo ( 1 9 8 6 )  to 
i d e n t i f y   r e g i m e s   t h a t  a r e  influenced  by 

water  and the  presenco of  wetland in  the 
snowmelt, glacier  melt, rainfall, spring- 

arctic  and  subarctic  belts of North America, 
In  the  flacieri2od  mountainous  areas o f  
northwestern  China,  Yang ( 1 9 8 1 )  classified 
regimes  according  to  the  extent  that  runoff 
is controlled  by  snowmelt,  glacier  melt  and 
rainfall. 

The  Qinfhal-Xizang  (Tibetan)  Plateau 

which is underlain by permafroat. flany large 
covers  an  area o f   1 . 5  million  km2,  momt o f  

rivers  of  continsntal  Asia  originate  from 
t h i s  p l a t e a u ,   i n c l u d i n g  t h e  Chang  Jiang 
(Yangtne),  the  Hekong  and  the  Brahmaputra. 
The  scarcity of data  has  long  prsvented 8 

s y s t e m a t i c   s t u d y   o f   t h e   r u n o f f  
cberacteristics  of  the  rivers  that  are  either 
internally  drained o r  that  ultimately  unite 
with  other  eastward or southeastward  flowing 
r f v e r s .   T h e   C h i n e s e   P h y s i c a l   G e o g r a p h y  
E d i t o r i a l   C o m m i t t e e  ( 1 9 8 1 )  p r o v i d e d   a n  

c h a r a c t e r i s t i c s  of t h e  northern Tibeten 
i n c o m p l e t e   s u m m a r y  o f  t h e  r u n o f f  

r i v e r s .   R u n o f  f i s  c o n s i d e r e d   t o   b e  
maintained  largely  by  snow  and>  glacier  ice 
melt,  and is concentrated in the  summer  and 
autumn  periods.  Low  precipitation  often 
r e s u l t s   i n   l n t e r m i t t e n t   f l o w s +  T h i s  
monograph d i d  not  provide  any  illustrative 

examplea of the  typical  flow patterns and  no 
mention  was  made of  the  influences o f  other 
B O U ~ C I B  o f   r u n o f f  such  as  rainfall  or 
groundNater supplies. 

The  purpose of  this  paper  is  to  analyze 
hydrometric  data  for  the  Qinghai  (Northern 
Tibetan)  Pllteau  that  are  avaiabla from along 
t h e   Q i n g h a i - X i z a n p   H i g h w a y   b e t w e e n   t h e  
drainage  divide  of  Tanggula  Mountains  and  the 
n o r t h e r n   f l a n k   o f   t h e   T i b e t a n   P l a t a a u .  
R e s u l t s  f r o m  t h i s   s t u d y   s h o u l d   h a v e  
applicatiohs  beyond  the  Tibetan  Plateau 
becauae  these  permafrost  regions of Qinghai 
Province  are  the  source  area8 of lame of the 
largest  As-iatic  rivers. 

STUDY A R E A  

The  Qinghai  Plateau  lies  between 3 3 0  and 
360 N e  The  general  elevation of this  plateau 
is a b o v e  3500 m ,   b u t   s e v e r a l   e a s t - w e s t  
trending  mountain chain. rise  above 5 0 0 0  m ,  
attaining  heights  in  excess  of 7 0 0 0  m at 
their  summits.  This  low  latitude  but  high 
a l t i t u d e   r e g i o n  i s  u n d e r l a i n   b y   a l p i n e  
permafrost  extensively  (Fig. l a ) .  The  lower 
l i m i t  of permafrost  lies  at 4150-4200 m where 
the  mean  annual  temperature  is - 2  to - 3 0  c .  
A b o v e  4400 m the  air  temperature  remains 
below 00, for  over 8 months  in  each  year. 
Even  between  June  and  September,  temperatures 
as  low a s  - 3 O C  have  been  known  to  occur. 

Precipitation  increasea  southward.  In 
t h e  a r i d  northern zone, annual  precipitation 
averages  only 100 am, but  exceeding 600 mm in 
t h e   s o u t h   ( F i g .  l b ) .  The  bulk  of  the 
p r e c i p i t a t i o n   a r r i v e s   b e t w e e n   M a y  a n d  
September,  and  solid  precipitation  in  the 
forms of snow  and  hail  may  fall  at the higher 
alevations  throughout  the  year. A semi- 
permanent  snow  cover  exists on the  high 
mountains,  and  glaciers  are  found  on  the 
summits  and  high  valleys.  Annual  evapuration 
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i n c r e a s e s   f r o m   a b o u t  50 mm  in  the  north  to 

b e c o m e s   a v a i l a b l e   t o   e v a p o r a t e   t h e   h i g h e r  
350 mm  in  the  south, i l a  more  radiation  energy 

P r e c i p i t a t i o n   s u p p l y  (Fig. I C ) .  O n   t h e  
whole,  the  plateau  has  low  precipitation  but 

considered  as a c o l d   a rid  region,  Under  such 
h i g h   e v a p o r a t i o n ,   a n d   m a y   t h e r e f o r e   b e  

conditions,  the  plateau i a  devoid of trees. 

The  Qinghai  Plateau  has  numerous  lakes, 

w e e t e r n   a n d   n o r t h e r n   s i d e s   o f   t h e   p l a t e a u  
many o f  which  have  no  outlet.  Rivers  on  the 

flow  into  and  disappear  in  internally  drained 
depreawions.  Rivers  on  the  eastern  half arc 
tributaries of the  Chang  Jiang.  The  Qinghai- 
X i r a n g   H i g h w a y   t r a v e r s e s  t h a  p l e t a a u  
longitudinally  and  encounters  bath  8rOups o f  
rivers.  It  is  these r i v e r s  that  provide the 
hydrometric  data for the  presant  study. 

FACTORS A P P K C T f H C  STREAHPLOW 

precipitation 
The  spatial  distribution  of  mean  annual 

w a t e r   b a l a n c e  Q E P - E where P and E a r e  
r u n o f f  ( 9 )  is g o v r r n e d   b y   t h e   l o n g   t e r m  

m e a n   a n n u a l   p r e c i p i t a t i o n   a n d   e v a p o r a t i o n .  
T h e r e   a r e  v a r y  f e w   w e a t h e r   ~ t a t i o n a   i n   t h e  
h e a d w a t e r   r e g i o n s  of tho  basins  and  neithar 
p r e c i p i t a t i o n   n o r   e v a p o r a t i o n   c a n   b e  
determined  accurately,  although  their  general 

c o n f i d e n c e .  P r e c i p i t a t i o n  i n c r a a u e s  
t r e n d a   c a n  b e   ~ s t a b l i n h e d  w i t h  mornle 

~ o u t h w a r d ,   a s   d o a s   e v a p o r a t i o n .   I n   t h e  
northern  part o f  the  plateau,  much of t h e   l o w  
a n n u a l   p r e c i p i t a t i o n  i s  c o n s u m e d   b y  
evaporation  and  runoff i n  very  low,  particu- 
l a r l y   f o r   s u c h   r i v e r s   a s   t h e   C h u m a e r   w h i c h  
f l o w 8   a c r o m s   p r e d o m i n a n t l y   a r i d   l a n d s .  
Runoff  increases  sharply  towards  the  Tanglula 
M o u n t a i n #   a n d   t h e   a n n u a l   d i s c h a r g e   o f   s u c h  
rivers a s   t h e   B a i d u   r e a c h e s .  300 mm o r  more. 
H o w e v e r ,   8 i n c e   s x t r n s i v e   t r a c t s  O f  t h e  
p l a t e a u   a r e   a r i d ,   l a r g e  r i v e r s  l e a v i n g   t h e  
p l a t e a u   e a s t w a r d   t e n d   t o   h a v e   o n l y   m o d e r a t e  
r u n o f f  a F o r  e x a m p l e ,   t h e   T o n g t i m n   R i v e r  
w h i c h  I s  a t r i b u t a r y  of t h e   C h a n g   J i a n g ,  
r e c e i v e s   o n l y  88 am of  annual runoff f r o m   t h e  
plateau. 

P r e c i p i t a t i o n   e x h i b i t s   p r o n o u n c e d  
s e a s o n a l i t y .  The l o w   p e r i o d   i n  I n  winter 
w h e n   p r e c i p i t a t i o n   a r r i v e s   m a i n l y   a 8  
s n o w f a l l .   T h i s  i s  l i k e l y   t o   b e  
u n d e r e n t i m a t e d  b y  t h e   w e a t h e r   s t a t i o n s  

e x p o r e d  t e r r a i n  ( c . f .  G o o d i a o n  1 9 7 8 ) .  
b o c a u a e  of b l o w i n g  n n o w  c o n d i t i o n s  in  the 

B e c a u s e  o f  t h e  l i m i t e d   a m o u n t  o f  w i n t e r  
precipitation,  the  snowmelt  contribution  to 
runoff  can  be  mmall  cornparad  with  rainfall. 
A comparison  of  precipitation  with  tho  runoff 

precipitation i o  responsible f o r  the  seasonal 
r e g i m e  of r i v e r s   d s m o n s t r a t e a  t h a t   s u m m e r  

h i g h   f l o w s  (Fig. 2). The  greatest  monthly 
discharge f o r  many  river# I s  in  August  while 
m o n t h l y   p r e c i p i t a t i o n   p e a k s   i n   J u l y .   O n e  
e x c e p t i o n  i s  t h e   C h u m a e r   R i v a r   w h o s e   p e a k  

Fig, 1 D i s t r i b u t i o n   o f   ( a )   p e r m a f r o s t  
(b)  annual  precipitation  in mm and 
( e )  annual  runoff in mm. 
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NEIJIN RlVEB AT NACBITAl Pf514mm  P.143 u$n , 

A2137700 km' 
Q=407ma/a 9-12 ma/# 

A=5970, Lm' x 

P = 1 1 2  mm 
Q ~ 2 4  mS/x 
A=LBi35O km' 
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Q=26 ma/$ 
A = 4 5 4 0  km' A-15920 km' 

P.253 rnm 
Q=26 m3/a 9 ~ 7 . 5  m5/a 

A=939O km* 

"_". PRECIPITATION - RUNOFF 

Fig. 2 M o n t h l y   d i s t r i b u t i o n  of r u n o f f -  
( f u l l   l i n e )  a n d  p r e c i p i t a t i o n  
( d a s h e d   l i n e )   a s   r e c o r d e d  a t  
s e l a c t e d   h y d r o m e t r f c   ' a t a t l o n e .  
A l s o  g i v e n '   a r e   m e a n   a n n u a l  
p r o c i p i t a i t o n  (P in ma) runoff 

km2). 
( Q  i n  m m )  a n d   b a s i n   a r e a  (.A i n  

r o n - . t h l y   f l a w  i s  d e l a y e d   t o   S e p t e m b e r ,  
p o n s i b l y   b e c a u s e  b y  t h e n ,   e v a p a r a t i o n  h a *  
d e c l i n e d   s u f f i c i e n t l y   t h a t   m o r e   a f   t h e  
p r e c i p i t a t i o n   b e c o m e s   a v a i l a b l e  f o r  
strearflow. 

Glacier meiL 
Host moun'tains  on  tho  plateau a r e  c l a d  

b y   g l a c i e r s .  Y a n ~  ( 1 9 8 2 )  c o m p a r e d   t h e  
contribution  of  glacier  melt  to  runoff  from 
v a r i o u s   m o u n t a i n   c h a i n #  of n o r k h w e e t e r n  
C h i n a .   S h e   f o u n d   t h a t   g i v e n   s i m i l a r  
p e r c e n t a g e s  o f  g l a c i e r i z e d   a r e a ,  b a s i n s  of 
n o r t h e r n   T i b e t a n   p l a t e a u   y i e l d   t h e   l e a s t  

m e l t w a t e r  r u n o f f  e x c e e d m  0.1 m /s.kmf i n  
a m o u n t  o f  r u n o f f .  . F D F  i n a t a n c f ,   g l a   i e r  

B u t h a r n   T i b e t   w h i l e  i t  is o n l y  0.03-0.04 
m /s.km2  in  northern  Tibet.  .The  former  area 
ha. m a r i t i m e   g l a c i e r s   w i t h  a l o n g  melt  seaaon 
( A p r  . - O c t  . i  w h i l e   t h e   l a t . t e r   a r e a   h a s  
c o n t i n e n t - t y p e   g l a c i e r s .  w i t h  a m e l t   m e a s o n  
between  Hay  and  September.  Glacier  meltwater 
r u n o f f   p e a k s   i n   J u l y   a n d   A u g u s t ,   b u t   t h e  
effects o f  glacier melt  on  streamflow  cannot 
be  distinguished  readily  from  those  of  mummer 
p r e c i p i t a t i o n   b e c a u s e   b o t h  of them  peek  in 
s i m i l a r   m o n t h s .   B e t w e e n   J u l y   a n d   . A u g u s b ,  
t h e  m o r e  g l a c i e r i z e d   B a l d u   b a s i n  (5.2% 
g l a c i e r i r e d )   y i e l d s  25-303 of  i t a  a n n u a l  
flow, but  the  less  glacierized ( I . . # % )  Geermu 
R i v e r   p r o d u c e s  I O - l S % '  o f  i t s  a n n u a l  
discharge. 

Permafrost  effscta 
P e r m a f r o s t  i s  a b s e n t   a t   t h e   l o w e r  

e l e v a t i o n s   o n   t h e .   p l a t e a u   f r i n g e .   T h i a  

9 
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Fit. 3 Streamflow  response  to  rainfall i n  

b a s i n s   u n d e r l a i n   s p o r a d i c a l l y  
( N e i j i n .   R i v e r )   a n d   c o n t i n u o u s l y  
(Baidu  Rfvor)  by  permafrost. 

rapidly  changes  with  height,  giving  rise  to a 
t r a n s i t i o n a l   z o n e   w i t h   s p o r a d i c   p e r m a f r o s t  
a n d   f i n a l l y  t o  t h e   ~ ' ~ n t i n u o u s   a l p i n e  
p e r m a f r o s t   t h a t   u n d e r l i e #   m o s t  of the  high 
plateau.  Being  relatively  impermeable ( c . f .  
Nswbury 1 9 7 3 ) ,  permafrost  encaurages  flashy 
basin  runoff  reeponsea t o  rainfall  in s u m m a r  
(Slaughter  et  al. 1983) and s h e d s  much o f  the 
melt  water a s  s u r f a c e   f l o w  in. spring ( W o o  et 
al. 1 9 8 3 ) .  One  consequence i m  that  given a 
r a i n s t o r m   o f   s i m i l a r   m a g n i t u d e ,  a basin  in 
t h e   p e r m a f r o s t   a r e a   w i l l   g e n e r a t e  a higher 
runoff ratfa ( Q / P ) .  A n  e x a m p l e  is provided 
~n F i g u r e  3 t o   c o n t r a s t   t h e   a t r e a m f l o w  
' e s p o n s e s   t o   r a i n f e l l   e v e n t a  i n  a b a s i n  
~ n d e r l a i n  c o n t  ~ n u o u s l y  b y  p e r m a f r o s t  
Yanahiping)  and  one  where  the  occurrence o €  

~ e r m a f r o s t  is sporadic  (Nachital). 

Craundwater  discharre 
Basins  fed b y  s u b t e r r a n e a n   s p r i n g s  along 

m a j o r   f a u l t   z o n e s   o r   i n   c a r b o n a t e   t e r r a i n  
r e c e i v e   s i g n i f i c a n t   a r n o u n t a  o f  groundwater 
t h r o u g h o u t  th.e year.  Large  base  flows  are 
ma.intained  in t h e  winter lbw flow period  and 
t h e  s . e e s o n a 1   c o n t r a s t   i n   f l o w .  i s  r e d u c e d .  
F o r  m o r t  o f  t h e   w i n t e r , ,   s p r i n g - f e d   r i v e r s  
along  the norther'n fringe of the  plateau a r e  
k e p t   o p e n   b y   g r o u n d w a t e r   d i e c h a r g e  (e..g. 
Neijin  River  at  the  gauging  site)  rhile  most 
others  are  ice-covered f o r  about  six  months. 
On  the p l a t e a u ,  river  segments  fed b y  ground- 
w a t e r   f l o w   a r e   p . r o n e  t o  e x t e n s i v e   i c i n g  
formation  in t h e  c h a n n e l s  (c.f. some of the 
A l a s k a n   r i v e r s   d e s c r i b e d   b y   K a n e   a n d  
S l a u g h t e r ,  1972). 

552 

I 



a-  

7- 

6- 

5- 

4- 

A 

A 

A BAlDU R. 

A TOIIGTIEIS R. 
0 CIIUMAER It. 

A 0 TUDTUO R. 
A 

: A NEIJIY R. 
A &  o GEERMU R. 

A A  

h A A  
A 

A 

A A A  b A 

A A 

e 

- 
4 

A 

dJQ" 

PROBABILITY % 

Fig. 4 D i s t r i b u t i o n  of mBan  annual  flows 
o f   s e l e c t e d   r i v e r s   o n   t h e   Q i n g h a i  
P l a t e a u   p . l o t t e d  o n  p r o b a b i l i t y  
graph  paper. 

RUWOPP CHARACTERISTICS 

Hydrometric  data  fr,om  five  rivers  for 
b" t h e   p e r i o d  1 9 6 2 - 8 2  p r o v i d e  t.he b a s i n   u p a n  

w h i c h   r u n o f f   c h a r a c t e r i s t i c s  of thm  Qinghai 
Plateau  rivers  may  be  seneralized.  The  three 

m e a , n   a n n u a l   r u n o f f ,   a n n u k l  p e a k   f l o w   a n d  
artreamflow characteristic-s to be  examined  are 

annual  low  flow.  All  flow  values  are  reduced 
t o   ~ p e c i f i c   d i s c h a r g - e   ( m 3 / s . k m 2 )   t o .   p e r m i t  
 comparison^ without  the  interference  of  basin 
size. 

Hean  annual  runoff 
Hean  annual  flows of the  selected  rivers 

f o l l o w  a normal  distribution  (Fig. 4 ) .  T h e  
long  term  mean  for  Baidu  River  which l i e n  in 
f h e   T a n g g u l a   m o u n t a i n s   f a r   e x c e e d s   t h a t   f o r  
t h e   r i v e r s   i n   t h e   m o r e   a r i d   z o n e s  of t h e  
p l a t e a u .   I n   a d d i E i o n ,   i t s   y e a r -   t o   y e a r  
v a r i a t i o n   i n   l o w   a 8   s h o w e d   b y  a s m a l l  
Z o e f f i c i e n t  of v a r i a t i o n  ( C v  = 0 . 2 4 4 ) .  I n  
c o n t r a s t ,   t h e   C h u m a e r   R i v e r   e x p e r i e n c e s   t h e  
l o w e s t   a n n u a l   f l o w   ( m e a n  = 7.95 x 10-4 
m 3 / s . k m 2 )  but  Ita  year-to-year  variatlon  is 
high ( c v  = 0 . 7 2 8 ) .  T h i s  is attributed  to  the 
1-ow p r e c i p i t a t i o n   a n d   r e g u l a r l y   h i g h  
e v a p o r a t i o n   a t   t h e   n o r t h e r n   p o r t i o n   o f   t h e  
p l a t e a u .   T h e   r e m a i n i n g  I i v e r a   ( T u o t u o ,  
N e i j i n   a n d   G e e r m u )   r e v e a l   m e a n   a n n u a l  
d i s c h a r g e  v a l u e s  t.hat a r e   i n t e r m e d i a t e  
between thc,se o f  t h e  ~mouritairious  and t h e  very 
a r i d ' z o n e s .  

Annual  peak fw 
Annual  Peak  flow.  defined as maxlQ;l. 

i = 1 .  , .  365 daye  of  the  year, o f t e n   o c c u r s  

T h e   Q i n g h a i   P l a t e a u  (Fig. 5 ) .  These  peaks 
in  Bummer  (July  and A u g u s t )  for the  rivers  of 

are  usually  related  to  intense  storm  evente. 
The  pattern  of  annual  peak  flows is similar 
t o  t h a t   o f   m e a n ,   a n n u a l   f l o w s ,   w i t h   t h e  
h i g h e s t   f o r   s u c h   m o u n t a i n o u s   r i v e r s   a s   t h e  
Baidu,  the  least  for  Ghumaer  River,  and  with 
t h e   r e m a i n i n g   r i v e r s   t a k i n g   u p   i n t e r m e d i a t e  
p o s i t i o n s .   T h e   y e a r   t o   y e a r   v a r i a t i o n  is 
l a r g e s t  f a r  B a i d u   R i v e r ,   i n d i c a t i n g   t h a t  
rivers  in  the  mountains  are  prone  to a w i d e  
r a n g e  o f  f l o o d   c o n d i t f o n s .   O t h e r   r i v e r s  
r e a c h   l o w e r   a n n u a l   p e a k s   a n d   t h e y   g e n e r a l l y  
exhibit  lesser  year t a  y e a r  differences.' 

~ " .  

Annual l o k  f l o w  
N o v e n b e r  t a  M a r c h  a r e  t h e  l o w  f l o w  

monthe,  but  the  annual  low  flow,  defined as 
min[QiJ, i 7 1 ,  . . 365 days  of  the  year,  can 
occur  at  eny  time  between  October  and  April. 
T h e   o ~ c u r r e n c e  o f  a n n u a l   l o w   f l o w s   d u r i n g  
t h i n  p e r i o d  i~ d u e   t o   l o w   p r e c i p i t a t i o n   a s  
w e l l  as' l o w   t e m p e r a t u r e s   w h i c h   i n h i b i t  
melting  and  induce  ground  freezing  to  retard 
&roundwater  discharge.  Ri,vers  such  'as  the 

. O t h e r   r i v e r s   m a i n t a i n  a positive f l o w  (Fig. 
Chumaer  usually  have  2er0 flow  in the  winter. 

6 )  f e d   b y   g r o u n d w a t e r  F r o m  n o n - p e r m a f r o s t  
z o n e s   ( e . g .   G e e r m u   R i v e r )   o r   f r o m   t a l i k a  
(e.8.  Ba.idu  River). 

TYPES OF RIVER 

A l t h o u g h   h a n d i c a p p e d   b y   t h e   p a u c i t y   o f  
e t r e a n f  l o w  d a t a ,   a n   a t t e m p t   c a n   b e   m a d s   t o  
c l a s s i f y   t h e   r u n o f f   p a t t e r n  of ,medium-sized 
rivers  (basin  area 2000-20,000 km2)  brsed  on 
a k n o w l e d g e  O F  t h e   s t r e a m f l o w   g e n e r a t i n g  
proeeseen. 

( 1 )  Rivers  fed  bv  rainfall  and  snawmalt 
Winter is the  low  flow  season  for  these 

rivers  because  of  the  small  amount of w i n t e r  
p r e c i p i t a t i o n   w h i c h   a r r i v e s   a l m o s t   e n t i r e l y  
as  snowfall.  Spring  snowmelt  runoff i a  not 
as i m p o r t a n t   a s ' l n   t h e   r i v e r s   o f   o t h e r   a l p i n e  
or polar environments' (c.f. the  nival regime 
rivers  ..described  by  Church, 1 9 7 4 ) ,  p a r t l y  
becaus,e of the  low  winter  precipitation  and 
partly  because  of  delayed  melting  at  higher 
altitudes.  Summer  precipitation  can  occur as 
r a i n f a l l ,   h a i l   o r   s n o w f a l l ,   a n d   i t  i s  
r a i n s t o r m s   a t   t h e   l o w e r   e l e v a t i o n s   a n d  
snowmelt  at  the  higher  altitudes  that  produce 
l a r g e   ~ u m m e r   d i s c h a i b e s .   I n   t h e i r   s t u d y  of 
s e v e r a l   a r c t i c   A l a s k a n   r i v e r s ,   C a r l s o n   a n d  
K a n e  (1973) r a i s e d   t h e   p o s s i b i l i t y   t h a t   i n  
drainage  basins  with  large  elevation  ranges, 
snowmelt  is  spread  out  over  the  Bummer  rather 
t h e n   c o n c e n t r a t e d   w i t h i n   t h e   s p r i n g   B e a m o n .  
A similar  eituation  may exist on  the  Qinghai 
Plateau. 

The  presence  of  permafrost  prevents  deep 
p e r c o l a t i o n  o f  r a i n  o r  m e l t w a t e r ,   a n d  a 
sizable  portion  of  the  water  input i s  shed  a$ 

between summer h i g h   , f l o w   e n d  the  winter  lows 
r u n o f f .  T h i s  a c c e n t u a t e s  t h e   c o n t r a s t  

s o  t h a t   t h e  a n n u a l   v a r i a t i o n  o f  runoff  iu 
h i g h e r   f o r  t h e   r i v e r s   i n   t h e   p e r m a f r o s t  
region  (e.g. Tuotuo  River). Rivers a l o n g   t h e  
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5 Diutribution o f  a n n u a l   p e a k   f l o w   o f  

Plateau  plotted  on  Gumbel  paper. 
# e l e c t e d   r i v e r s   o n   t h e   Q i n g h a i  

n o n - p e r m a f r o s t   f r i n g e  o f  t h e   p l a t e a u   a l s o  
r e c e i v e   l e s s   p r e c i p i t a t i o n   b u t   m o r e   u n i f o r m  
r a i n  f r o m  M a y  t o   S e p t e m b e r  ( e . 8 .  G s e r m u  
River)  thus  reducing  the  eeasonal  variations 
in streamflow. 

( 2 )  Rivers  nourished by r l a c i e r s  
M a n y   b a s i n s   a r e   p a r t i a l l y   o c c u p i e d   b y  

g l a c i e r s .  
g l a c i e r i z a t i o n  is l a r g e ,   t h e   i n f l u e n c e  O F  

W h e r e   t h e   p e r c e n t a g e   o f  

g l a c i e r   m e l t w a t e r   u p o n   r u n o f f   b e c o m e s  
n o t i c e a b l e  (e.g. B a i d u   R i v e r   w h i c h  is 5.2% 
glacierized).  These  proglacial  rivers  have 
h e a d w a t e r s   i n   h i g h   m o u n t a i n s   w h i c h   u m u ~ l l y  
r e c e i v e  m o r s  p r e c i p i t a t i o n   a n d   t h e r e f o r e  
g e n c r a t a   h i g h e r   a n n u a l   r u n o f f .   A n n u a l   p e a k  
f l o w s   a r e   c o n c e n t r a t e d   i n   J u l y   a n d   A u g u s t  
when  both  glacier  melt  and  precipitation  are 
high.  Winter is a period  of  low  flow  because 
of  low  precipitation  and  low  temperatures. 

( 3 )  Rivers  maintained  by  groundwater 
Rivera  along  fault  zones or in  carbonate 

terrain  receive a significant  amount  of  water 
f r o m   g r o u n d w a t e r   s o u r c e s .   T h e s e   s p r i n g - f a d  
rivers  therefore  drain  acrosa  non-permafrost 
a r e a s  o r  t r a v e r s e   talik  zones.  The  effects 
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F i g ,  6 Distribution of annual l o w  flow Of 

s e l e c t e d   r i v e r s  o n  t h e   Q i n g h a i  
Plateau  plotted  on  Gumbel  paper. 

of groundwater  discharge  include a reduction 

uniform  seasonal  flow  distribution. 
i n   y e a r - t o - y e a r   f l o w   v a r i a t i o n ,   a n d  a m o r e  

L i k e   m o s t   o t h e r   r i v e r e  o n  the  plateau, 
groundwater-fed  streams  have  summer  as  their 
h i g h   f l o w   s e a s o n   b e c a u s e  of high  rainfall. 
Unlike  the  other  rivers,  winter l o w  flows  are 
i n c r e a s e d  b y  g r o u n d w a t e r   d i s c h a r g e s .   T h e  
augmented  low  flows  are  able to maintain  ice- 
f r e e   o p e n   c h a n n e l s   a t  l o w  e l e v a t i o n s   a n d  

altitudes. 
produce  thick  icings  along  channels  at  higher 

OISCUSSXON AMD C O N C L U S I O N  

d a t a ,   t h i s  s t u d y  h,;rs i d e n t i f i e d  t h e  
D e s p i t e  t h e   s c a r c i t y  o f  h y d r o m e t r i c  

s i g n i f i c a n c e  o f  s e v e r a l   r u n o f f   g e n e r a t i n g  
p r o c e s s e s  in  the Qinghri P l a t e a u ,  including 
r a i n f a l l ,   s n o w m e l t ,   g l a c i e r   m e l t   a n d  
g r o u n d w a t e r   d i s c h a r g e .   B o t h   a n n u a l   a n d  
seasonal  distributions of atreamflow  reflect 

pr$cipftatiqn, and  the  influence of rainfall 
t h e   g p a t i a l  a n d   t e m p o r a l   c h a n g e a   i n  

t h a n   h a s   b e e n  r e p o r t e d  in other  permafrost 
in  this  region a p p e a r s  to be  more  pronounced 
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areas.  The  presence of permafrost  amplifies 
the  runoff  responses  to  rainfall  and  snowmelt 
w h i l e   t h e   c o n t r i b u t i o n  o f  groundwater  flow 
t e n d s   t o   e v e n   o u t   t h e   a n n u a l   c h a n g e s   i n  
s t r e a m f l o w ,   M a n y   m e d i u m - s i z e d   b a s i n s   a r e  
partly  occupied  by  glaciers  and  the  extent  to 
w h i c h   g l a c i e r   m e l t w a t e r   i n f l u e n c a m   t h e  
s t r e a m f l o w   r e g i m e  i s  d e p e n d e n t   u p o n   t h e  
percentage  of  glacier  cover. 

M a n y   b a u i n s   o n   Q i n p h a i   P l a t e a u   r e c e i v a  
m o r e   t h a n   o n e   s o u r c e   o f   w a t e r  f o r  r u n o f f  
p r o d u c t i o n .  F o r  i n s t a n c e ,   t h e   B a i d u   R i v e r  
has a atrong  component  of  runoff  sustained  by 
glacier  melt,  but  is  fed  by  #pring-water  as 
w e l l   t o   m a i n t a i n  a m o d e r a t e   b a s r   f l o w  
t h r o u g h o u t  w i n t e r  ( F i g .  6). T h e   N e i J i n  
R i v e r   e x h i b i t s  a strong  spring-fed  runoff 
regime  but is located  in a basin  that i8 3% 
g l a c i e r i z e d .   T h u s   i t  i s  d i f f i c u l t   t o  
clatasify a river  as  one  with  solely,  say, a 
p r o g l a c i a l   r e g i m e   o r  a r a i n - n o u r i # h e d  
(pluvial)  regime.  This  in  analogou.  to  the 
f i n d i n g   o f   H a r s h   a n d  Woo (1981) i n   t h o  
p e r m a f r o s t   a r e a  of C a n a d a   t h a t   a n   a r c t i c  
nival r e g i m e  (snowmelt  dominant)  can at t i m e s  
be  indistinguirhable  from a proglacial  regime 
(mainly  glacier-fed). 

Large  rivers  of  the  plateau  always  rise 
in a set of tributary  basins w i t h  different 
hydrological  environments. The runoff  regime 
of  each  of  these  riverl  nRcessarily  FafleCtS 
an  integration of various  flow  patterns  found 
o n   t h e   p l a t e a u .   T h e   b a n i n  of the  Tonetefn 
R i v e r   ( a r e a   1 4 2 , 7 8 0  k m z ) ,  f o r   e x a m p l R ,  is 
10.5% g l a c i e r i z e d   a n d   i t   s p a n s  a l a r g e  
l a t i t u d i n a l   r a n g e .   B e i n g   f e d   b y   s n o w m e l t ,  
rainfall,  glacier  melt  and  groundwater  flow, 
t h e   r u n o f f   c h a r a c t e r i s t i c .   t a k e   o n   i n t e r m -  
dlate  positions  in  comparison  to  the  rivers 
e x a m i n e d   e a r l i e r   ( F i s a .  4-4). T h u s ,   t h e  
a n n u a l   p e a k   f l o w   a n d   a n n u a l   l o w   f l o w n   a r e  
l e s s   e x t r e m e   t h a n   t h o s e   r i v e r s   s u s t a i n e d  b y  
r a i n f a l l ,   s n o w   a n d   g l a c i e r  m e l t ,  b u t   m o r e  
v a r i a b l e   t h a n   t h o a e   r i v e r s   w i t h   a n   o v e r -  
w h e l m i n g   s p r i n g - f e d   c o m p o n e n t .   I t  is not 
p o 5 s i b l e   t o   a t t r i b u t e   s p e c i f i c   f e a t u r e s   o f  
runoff  for  the  Tongtien  River  to  individual 
f l o w - g e n e r a t i n g   p r o c e s s e s .   H o w e v e r ,   i t s  
discharge  characteristic8  are  genmratad  by an 
i n t e g r a t i o n   o f   t h e   f l o w   r t n g i m e s  o f  i t 8  
tributaries,  and  this  principle  can be uaed 
to  explain  the  general  flow  pattern  of  other 
large rivers  draining  the  Qinghai  Plateau. 
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RATIONAL EXPLOITATION AND UTILIZATION OF GROUND WATER 
IN PERMAFROST REGION OF THE MT-DA-XINGANLING AND 

MT.XIA0-XINGANLING, NORTHEAST CHINA 
Zheng, Qipu 

The Third Survey and Design Institute, Ministry of Railways, People's Republic of China 

SYNOPSIS Ground  water  in  permafrost  regions of the  Mt.Da-Xinganling and Mt.Xiao-Xinganling 
varies in buried  condition.  Based  on  exploration  data,  it i s  known  that  the  ground  water  in  taliks 
under  river bed or  lake  and  those  in  cracks  of  bedrocks  are o f  significance  in  water  supply.Because 
of the  seasonal  variation of ground water,  it  is  necessary to promote  and  maintain  the  yield  and 
regenerating  ability of ground wate-r resource by means o f  the  artificial  techniques.  Pollution 
abatement  is  also  necessary. 

NATURAL  CONDITION AND ITS  RELATION TO GROUND 
WATER 

The  permafrost  region  in  the  Mt.Da-Xinganling 
and  Mt.Xiao-Xinganling,  with  a  mean  altitude of 
600 to 800 m,  crosses 6 . 5  degrees  in  latitude 
(47'N to 53"30'N), ranging  from  Mohe by the 
Heilongjiang  River  in  the  north  to Mt. Alshan 
in  the  south.  The  climate  there  has  typical 
continental  characters  with  a  long  and  frigid 
winter  and  a  short  warm  summer.  Its  mean  an- 
nual  air  temperature  is  from -2'to - 6 . 2 " C ,  and 
the  minimum  temperature  can be as  low  as -5O'C. 
The  period  with  an  average  monthly  subzero  tem- 
perature  lasts 6 to 7 months.  The  annual  pre- 
cipitation  is  from  450  to 500 m m ,  with  rain  as 
the  main  form.  Such  a  condition  is  favorable 
to the  growth of forest. O n  the  other  hand,the 
dense  vegetation  on  hills  and  swampy  lowlands 
is  helpful to the  storage of ground  water. 

The  hydrogeologic  condition is complicated by 
frozen ground  and the cold  climate  (Zhanp,1959, 
1980) .  First,  the  existence of permafrost 
restricts  the  reservation  and  supply  of  ground 
water.  Second,  the  recharge  and  movement of 
ground  water  reveal  a  seasonal  behavior, f o r  
example,  an  aquifer,  which  would be continuous 
and  with  a  phreatic  water  table i n  warm  season, 
might be separated  into  several  parts  with  a 
confined  water  head by frozen  ground  during 
cold  winter:  the  quantity  of  available  and  exp- 
loitable ground water  varies  periodically  in 
accordance  with  seasonal  variation o f  water 
balance.  During a warm  period  the  ground  water 
may recharged by surface  water;  in  cold  period, 
however,  since  the  surface  water  is  frozen  and 
the  supply is blocked by frozen  ground  as  aqui- 
fuge,  the  water  intake  might  reduce  consider- 
ably.  Also,  ground  water  changes  in  quality 
because it is  protected by frozen  ground  during 
the  cold  season,  however,  in  warm  period,  with- 
out  the  protection of frozen  ground on the  sur- 
face,  it  would be polluted  in  some  extent. 

Finall.y, the  repeated  frost  weathering  creates 
and  increases  the  cracks i.n bed rock,  this  is 
favorahle t o  the  infiltratiun of rainfall and 

the  recharge o f  ground  water. 

TYPES AND  CHARACTERISTICS OF GROUND WATER 

Based on the  spatial  relationship  between  perma- 
frost  and  aquifer, N.I. Tolstikkin  suggested 
that  the  ground  water  in  permafrost  region i s  
categorized  into  three  main  classes:  the  sup- 

and  the  subpermafrost  water.  In  the Mt.Da- 
rapermafrost  water,  the  intrapermafrost  water 

Xinganling and Xiao-Xinganling  area,  all  these 
kinds  were  found and have  their  local  names 
' F u  Shui',  'Yao  Shui' and 'Di Shui'  correspond- 
ingly.  It  was  also  widely  found t h e  ground  water 
in  taliks. 

Based o n  survey  data, it is believed  that  the 

economical  value and widely  distributed in this 
following  two  kinds o f  ground  water  are of great 

area, i.e.the ground  water  in  talik  under or 
along  river or lake; ground  water in cracks of 
bedrocks. 

The gound water  being  stored i n  shallow-buried 
aquifer  in  taliks  under  or  along  river or lake 
and easy to exploitate i s  the  mayor  water  sup- 
ply in  this  area. Tens o f  the  water  supply 
stations  along  the  railroad  are  mainly 

and the talik,  the  thicker  the  effecti 
this  kind of ground  water.  The  larger 

will b e .  Commonly,  the yield of  a  well 
250 to 600 T/day.  Chemically  the  wate 
to HC03-Ca or S04-RC03-Ca-Mg  types. 

v 

r 

Ground  water in cracks of bedrocks, ma 
andesite,  granite,  basalt and  volcanic 

i 

utilizing 
the  river 
e aquifer 
can be 
belongs 

nly the 
agglom- 

erate, is another  major  water resource,  which 
is deposited at a  depth o f  30 to 100 m  beneath 
the  permafrost  base, Yield o f  a well c a n  be 150 

HC03-Ca  type.  In  most of  the  wells  with an in- 
to 300  T/day.  Usually  the  water  belongs to 

sufficient head to raise  water  above land s u r -  
face,  water  will be frozen , even c a u s e s  the 
well  abandoned. 
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F i g . 1   S k e t c h  Yap of Ground \dater i n   T a l i k   b e n e a t h  
a n d  a l o n g   t h e   N u j i g o n g   R i v e r   i n   t h e   C u i . f e n g  Water 
S t a t i o n  o f   S e n l i n  R a i l r o a d  

1 .  i c e ;  2. p e a t ;  3. s i l t y  clay w i t h   g r a v e l   a n d  
p e b b l e ;  4 .  a q u i f e r ;  5 .  p e r m a f r o s t ;  6 ,  perma- 
f r o s t   t a b l e .  

EXPLORATIOS OF G R O U N D  WATER RESOURCE 

S e a s o n s   f o r   e x p l o r a t i o n  

T h e   e x p l o r a t i o n  o f  g r o u n d   w a t e r  i n  d e e p   b e d r o c k  
f i s s u r e s   a n d   v o i d s  i s  g e n e r a l l y   n o t   a f f e c t e d   b y  
s e a s o n s ,   h o x e v e r ,  v a t e r  p u m p i n g  t e s t s  m u s t   b e  
m a d e   i n   d r y  season s o  a s  t o  f i n d  o u t   t h e   e x p -  
l o i t a b l e   q u a n t i t y   i n   t h e   d r i e s t   p e r i o d .   T h e  
g r o u n d  w a t e r  i n  s h a l l o w  l a y e r s  b e d   b e t t e r   b e  
e x p l o r e d   i n   b o t h   t h e  warm a n d   d r y   s e a s o n s .  I n  
t h e  warm s e a s o n   ( f r o m  May t o   S e p t e m b e r ) ,   h y d r o -  
g e o l o g i c a l   s u r v e y  i s  usually p e r f o r m e d   i n   a c -  
c o r d i n c e   w i t h   t h e   c h a r a c t e r i s t i c s  o f  t e r r a i n ,  
l a n d f o r m   a n d   v e g e t a t i o n   i n   t h e   s u r v e y   r e g i o n .  
I f  a smal l  a m o u n t   o f   d r i l l i n g   a n d   d u g g i n g  is 
a d d e d ,   t h e n   t h e  s e a s o n a l  t h a w i n g   d e p t h ,   t h e  
r a n g e   o f   t a l i k   c a n   b e   k n o w n .  A h y d r o g e o l o g i c a l  
s u r v e y   d u r i n g   t h e   d r y   s e a n o n  ( f r o m  F e b r u a r y  to 
A p r i l ) ,   w h e n  i t  i s  u n f a v o r a b l e   t o   t h e   r e c h a r g e  
o f  g r o u n d  w a t e r  b e c a u s e   t h e   s u r f a c e   e a r t h  i s  
c o m p l e t e l y   f r o z e n ,   c a n   p r o v i d e   t h e   r e l i a b l e   d a t a  
i n   t h e   e x t e n t   a n d   t h i c k n e s s  o f  a q u i f e r   a n d   t h e  
w a t e r  y i e l d ,   p e r m e a b i l i t y   f o r  a w a t e r  s u p p l y  
d e s i g n .  

E x p l o r a t i o n  o f  s h a l l o w   g r o u n d   w a t e r  

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

1 .  T h e   g r o w t h  fJf m a r s h - g r a s s   a n d   o t h e r   h y d r o p -  
h i l i c   p l a n t s  o n  s w a m p y   l o w l a n d   a n d   b o g   w i t h  
poor  d r a i n a g e   i n d i c a t e s   t h e   p e r m a f r o s t   t a b l e  i s  
n o t   f a r  f r o m  g r o u n d   s u r f a c e ;   w h i l e   t h e   g r o w t h  
oP w i l l o w s , p o p l a r s   a n d   o t h e r   h y d r o p h i l i c   p l a n t s  
o n   a l l u v i a l   d e p o s i t s   i n d i c a t e s   a n   e x i s t e n c e  o f  
r n l i b  

3 .  I f  a s c c t i o n   o f   r i v c r   o r  l a k c  d o e s n ' t   f r e e z e  
U T  f r e e z e s   r a t h c r   t h i n  o r  h a s  a t e m p e r a t u r e  
h i g h e r   t h a n   t h e   o t h e r   s e c t i o n ,   t h e n   t h e r e   m j g h t  
b e  a g r o u n d  w a t e r  s u p p l y i n g .  

4 .  I n  t h e   f r i g i d   w i n t e r   w h e n   t h e   s u r f a c e  water  

w h e r e   b i r d s   o r   b e a t s   h a u n t   f r e q u e n t l y ,  t r e e s  
h a s   b e e n   f r o z e n   c o m p l e t e l y ,   j f   t h e r e  i s  a p l a c e ,  

n e a r b y  a r e  a1,ways c o v e r e d   w i t h   t h i n   f r o s t ,   a n d ,  
i t  is o f t e n   f o g g y   i n   t h e   m o r n i n g ,   t h e n  i t  c . o u l e  
b e   a s s u m e d   t h a t   t h e   g r o u n d  water  i s  s t i l l  u n -  
f r o z e n   a n d   a c t i v e   t h e r e .  

5 .  ' D r u n k e n  t r e e s '  may i n d i c a t e  a f r o s t   h e a v i n g  
mound  o r  a n  i c i n g   f i e l d ;   ' T r e e s   u p r o o t e d   b y  
w i n d ' m a y   i n d i c a t e  a s h a l l o w - b u r i e d   p e r m a f r o s t  
t a b l e .  

E x p l o r a t i o n   o f   g r o u n d  water  i n   d e e p   b e d r o c k  
f i s s u r e s   a n d   v o i d s  

T h e   d i s t r i b u t i o n   o f   t h i s   k i n d  o f  g r o u n d  water  
i s  c l o s e - r e l a t e d  t o  t h e   g e o l o g i c a l ,   c o n d i t i o n ,  
t h e r e f o r e ,  a h y d r o g e o l o g i c a l   s u r v e y   m u s t   b e  
p r o c e e d e d  o n  t h e   b a s i s   o f   a n   u n d e r s t a n d i n g  i n  
g e o l o g y   a n d   g e o m o r p h o l o g y .  I t  was f o u n d  i n  
m a n y  w e l l s  t h a t   t h e  w a t e r  l e v e l  Was l o w e r i n g  
a n d   t h e  water  y i e l d  was r e d u c i n g   y e a r   b y  y e a r .  
T h u s ,   d u r i n g   e x p l o r a t i o n ,  one s h o u l d   p a y  a s p e -  
c i a l  a t t e n t i o n  t o  t h e   r e l i a b i l i t y   o f  water re-  
s o u r c e ,  A r e a s o n a b l e   p r o p o s a l   f o r   e x t r a c t i o n  
can o n l y  b y  p u t  f o r w a r d   a f t e r   a n   o b s e r v a t i o n   n o  
l e s s  t h a n   o n e - y e a r   p e r i o d .  

RATIONAL  EXTRACTION A N D  UTILIZATION OF G R O U N D  
WATER 

I n   t h e   p a s t  30 y e a r s ,   a b o u t  200 water s u p p l y  
s t a t i o n s  were e s t a b l i s h e d   a l o n g   t h e   r a i l r o a d  
a n d   i n   t h e   f o r e s t   r e g i o n s  o f  t h i s  a r e a ,  a n d  
s o m e   e x p e r i e n c e   a n d   l e s s o n s  were o b t a i n e d .  

1 .  T h e   g r o u n d  water  r e source  o f  e c o n o m i c   v a l u e  
a n d   b e i n g   a b l e  t o  e x t r a c t  a l l  y e a r   r o u n d  a r e  
t h o s e   i n   t a l i k s   u n d e r  o r  a r o u n d   t h e   r i v e r  o r  
l a k e   a n d   t h o s e   i n   f i s s u r e s ,   c r a c k s   a n d   v o i d s   o f  
b e d r o c k .   T h e   p e r c h e d  water  i n   a c t i v e   l a y e r   a n d  
t h e   i n t r a p e r m a f r o s t  water c a n   o n l y   b e   u s e d  tem- 
p o r a r i l y   b e c a u s e   t h e  former i s  u n s t a b l e   a n d   t h e  
l a t t e r  i s  l i m i t e d   i n   q u a n t i t y .  

2 . T h e   h y d r o g e o l o g i c a l   p a r a m e t e r s ,   s u c h  a s  t h e  
r a d i u s   o f   i n f l u e n c e   a n d   p e r m e a b i l i t y ,   s h o u l d  
b e   d e t e r m i n e d   i n   s i t u ,   b e c a u s e   t h o s e   i n   p e r m a -  
f r o s t   r e g i o n s  a r e  q u i t e   d i f f e r e n t   f r o m   t h a t  
s u g g e s t e d  i n  h a n d   b o o k  o r  c a l c u l a t e d   b y   e m p i r -  
i c a l  e q u a t i o n s   ( Z h e n g ,  1 9 5 9 ) .  

3 . T h e  water  y i e l d   w o u l d   r e d u c e   w i t h   e l a p s e d  
t ime d u e   t o   t h e   i n s u f f i c i e n t  s u p p l y  o f   a q u i f e r ,  

t a b l e  y i e l d  s h o u l d   b e   n o   m o r e   t h a n  201% of  t h a t  
t h u s   t h e   d e s i g n e d   a l l o w a b l e   l o n g - t e r m e d   e x t r a c -  

b v   p u m p i n E  t e s t  i n  d r y   s e a s o n .  Wells s h o u l d   b e  c u  A i .I. 

c i o s e   t o   t h e  i n t a k e  a r e a  a s  a o s s i b l e  t o  g u a r -  
- .~ 

2 .  G r o u n d  w a t e r  m i g h t  b e  m o r e   a c t i v e   i n   t h o s e  
p l a c e s ,   w h e r e ,  
- t h e  S r l O w  c o v o r   i n   w i n t e r  i s  r e l a t i v e l y   L h i n  
o r  c o m p a r a t i v c l y  e a s y  t c ~  m e l t ;  
- g r c r u n d  s u r f a c e  t l r j e s t l ' t   c r a c k   e v e n  i.n t h o  d r y  
a n d   c o l d   s c a s o n :  

a n t e e   t h e  water  y i e l d .  A w e i l  f a r   f r o m   ; h e  
i n t a k e  a r e a  o f  t h e   J i n l i n  Water S u p p l y   S t a t i o n  
p r o v i d e d  a g o o d  l e s s o n :  a t  c h e   b e g i n n i n g   t h e  
w e l l  y i e l d  was a s  h i g h  a s  3 2 5  T / d a y ,   s e v e r a l  
m o n t h s  l a t e r ,  i t  b e c a m e  93  ' T / d a y   o n l y ,   a n d  
[ i n a l l y ,  t h e  w e l l  b c c a m c   d r y   a n d   a b a n d o n e d .  

- i c i n g s   o r   f r o s t   h e a v i n g   m o u n d s   ( J s c u r ;  

- e a r t h   t h a w s  e a r l i e r  and f r o c z e s :  l a t e r .  
- s p r i n g s  O c t u r  ; 4 ,  T h e  w c l l  f o r   e x t r a c t i n g  w a t e r  f r o m  a s h a l l o w  
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a q u i f e r   s h o u l d   b e  4 . 0  t o  6 . 0  m i r ~  d i a m e t e r  a n d  
5 t o  10 m i n   d e p t h  L O  guarantee. t h e   w a t e r  y i e l d .  
1 t  i t  i s  by  a r j - v e r ,  a h o r i z o ~ n ~ a l  w a t e r - c u l l e c t -  
i n g   p i p e   c a n   b e  d e s i . g n e d  a t   t h e   b o t t o m  o f  r - i v e r  
t o   o b t a i n  more water  supply. I n  th is  w a y ,  t h e  
water s u p p l y  s t a t i o n s  i.n J i n t - a u  ar1d ill D e r b u r  
o b t a i . 1 1  a good r e s u l t .  

w o u l d  b e  f r o z e n  i f   t h e  water  h e a d  is  i n s u r f i -  
5 ,  T h e  w e l l  f o r  e x p l o i t a t i n g  s u b p o r m a f r o s t   w e t e r  

c i e n t   t o  r a i s e  t h e  w a t e r  t a b l e   a b o v e   g r o u n d  s u r -  
f a c e .   E x p e r i m e n t s   h a v e   p r o v e d   t h a t   t h e   e l e c t r i c  
h e a t i n g  i s  h e l p f u l   t o   p r e v e n t   t h e  w e l l  o r   p i p e  
f r o m   f r e e z i n g   ( H e   a n d   Z h e n g ,  1 9 8 2 ) .  

6 .  S o m e   a r t i f i c i a l   m e t h o d s  were p r o v e d   t o   b e  
s u c c e s s f u l  t o  j n c r e a s e   t h e  w a t e r  y i e l d .   D e e p e n -  
i n g  t h e  s e a s o n a l   t h a w i n g   d e p t h   a n d   r e d u c i g n   t h e  
f r e e z i n g   d e p t h   c a n   t h i c k e n   t h e   e f f e c t i v e   a q u i f e r  
a n d   i n c r e a s e   t h e   g r o u n d w a t . e r   r e s o u r c e .  F o r  e x -  
a m p l e ,   i n   t h e  C u i f e n g  WaLer S u p p l y   S t a t i o n   o f  t 
t h e   N e n l i n   R a i l r o a d ,   t h e  wel l  i n c r e a s e s   i n  water  
y i e l d   f r o m  350 T / d a y  to 600 T / d a y  b y  f i l l i n g  
t h e  s l a g  o n   t h e   s u r f a c e   a r o u n d   t h e  well  a n d  on  
t h e  t e r r a c e  o f  M u j i g o n g   R i v e r  t o  c o n t r o l   t h e  
t h a w i n g   a n d   f r e e z i n g   d e p t h s .   B e s i d e s ,  i t  i s  
p o s s i b l e   t o   r e c h a r g e   t h e   g r o u n d  water  d u r i n g  
t h e  warm s e a s o n   a r t i f i c i a l l y .  

7 .  T h e   p r o t e c t i o n   o f  water  r e s o u r c e   s h o u l d   b e  
t a k e n   i n t o   a c c o u t .   F o r   i n s t a n c e ,  a t  t h e  water  
s u p p l y   s t a t i o n s   i n   M a n g u i  a n d  D o r b u r ,  w e l l s  a n d  

a n d   n e a r  t h e  t o i l e l t s ,   t h e  g r o u n d  w a t e r  t h e r e  
i n t a k e  a r e a  were s u r r o u n d e d  by  r e s i d e n t i a l  a r e 8  

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

8 .  T h e   g r o u n d  water i s  l a c k i n g   j n   i o d i n e ,   t h u s ,  
i t  i s  a l s o  n e c e s s a r y  t o  d e v e l o p  a t e c h n i q u e   t o  
i m p r o v e   t h e  w a t e r  q u a l i t y .  
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GROUNDWATER PROTECTION IN THE PERMAFROST ZONE 
V.Ye. Afanasenko and V.P. Volkova 
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sYNopslB , An intensive development of  the permafrost zone makes it  imperative t o  pro- 
t e c t  gmundwater in hydrogeologic structures from depletion and pollution. A new approach t o  t h e  
Bolufion of t h i s  problem I s  baaed on two principles: (1) classif icat ion of hydrogeologic struc- 
tures by the  degree of their   protect ion by cryogenic water-impermeable beds;U(2) assessment of 
underground drainage  basins in cryogenic hydrogeologic structures.  As a resu l t ,  the analys is  of 
the  pollution  sources  location in an area allows t o  plan measures of groundwater protection f r o m  
depletion and pollution and to create  the  water-protection zones of different  categories and for 

recommendations on the creation o f  special 
water-protection zones wherein  measures aimed 
at   protect ing surface and ground waters from 
depletion and pollution must  purposefully be 
implemented. 

vaFylou~ geocrgologic zones. 

fain-folded  regions of the  permafrost zone in 
Intensive development of the  platform and mom- 

reomt years demands more  and more fresh water: 
t o  provide for reliable  sources o f  drinking, 
municipal and domestic water supply as well a0 
t o  satisfy the needs o f  i f ldustrg ,  power sta- 
tions and agriculture. Deve1opmen.t; is accom- 
panied by prospeoting exploration and const- 
ruction work leading 40 intensive man-made 
loadhg  involving an inevitable  pollution of 
groundwater and Interference in t h e  axisthg 
water exchange conditions. Water oonsumption 
i s  known f o  en ta i l  8 complete loss of a portion 
of water whlle most of it, already polluted 
r e t u r n s  40 t h e  environment. The polluted  waier 
is discbarged into rivers,and then t h m u g h  the 
s i t e s  o f  gmundwater recharge gets i n t o  ground- 
water,  thus endangering fur ther  use of t h e  
aquifer or a s e t  of aquifers. 

The water exchange conditions varg 3n perenni- 
al ly  frozen grounds of different  contjnuity 
and thickness. In the  hydrogeologic  structxrea 
of  the open type,  water exchange is Lntensive 
the pathways of groundwater flow are dfatinctiy 

have high permeability  resulting In a Past 
localized, as a rule they are well scoured and 

eqansion of  pollution areals. The groundwater 
pollution can vary in a considerable  degree 

natural  conditions.  Therefore,  the need o f  
the   self-purif icat ion  process   behg slow under 

groundwater protection  should  already  be 
emphisized at   the   ear ly   s tages  of the  permsfxd 
zone development and the  relevant mea6ures 
elaborated . 
The objects of development (settlements, b d u -  
s t r i a l   en t e rp r iws ,   cons t ruc t ion   s i t e s ,   e t c , )  
should be treated 8s probable  murcea of 
groundwater pollution, which can  occur a t  any 
place of groundwater  rechapge,  Hence,special 
evaluatlon should be carried out o f  the  suscep- 
t i b i l i t y  o f  hyarogeologic s t ruc tures   to  pro- 
bable man-induced impacts, i,e. determination 
of natural   protection of gmundwater in each 
type of hydrogeologic atructuses,   result ing in 

It is only upon evaluation of the  main peculia- 
r i t i e s  o f  the  recharge, flow and discharge of 
groundwater withb the  entire  region under s t u -  
dy,  one can foresee and forestall the consequ- 
ence o f  its psobable  pollution. Hence, the  
location and character of engineering and in- 
dustrial-economic f ac i l i t i e s ,   ba th   ex i s t ing  and 
planned have t o  be taken l n t o  account from the 
skandpoht of a potent ia l  hazard f o r  ground- 
water pollution. To so lve   th i s  problem, it is 
necessarg t o  adhere t o  two basic p r h c i p l e s  at 
the  early  stage of development: 

(1 ) To carny out  the s t u d y  a n d  classif ica-  
t ion of hydmgeolagic  structures, ac- 
cording t o   t h e  aegxee o f  the ir  protec- 
t ion by c ogenic and l i thological  
conrining%tyers  with  subsequent mapp- 
i ng  of  cryogenic  hgdrogeologic struc- 
tures and Indication of t he  extent of 
the i r   f reez ing ,  

(2) To i d e n t i f y  specific  featuree o f  hgd- 
rogeolagic  structuresl as several 
cryogenic  hydrogeologic structures 
belong frequently t o  a single drai- 
nage  basin where groundwater recharEe 
occurs  within one Structure, whereas 

- Fn the   th i rd  one. Other combi- 
its transit in another and discharge 

nations are possible, A 6  a r e ~ u l t ,  a 
map of underground drainage syatem,as 
complicated and modified by the  pre- 
sence of  perennially fmaen grounds 
is compiled for the hydrogeologic and 
cryogenic  hydrogeologic structures 
under consideration. 

The main condition In subs tan t ia thg   the  f iret  
principle i s  the  specific  nature of hydrogeo- 
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l og ic   s t ruc tu res  i n  the  permafrost zone,namelg 
the  fact   that   perennially  frozen  grounds  serve 
as the  upper  imperueable bed p ro tec t ing   t he  
deep  subpermfrost  water flow from a r e a l  pol lu-  
t i on ,  Recharge a n d  discharge o f  t h i s   wa te r  
occur  locally  through open t a l i k s  with head- 
water  circulation,  Therefore,  the  hydrogeolo- 
g i c   s t ruc tu res  of  the   pexmfros t  zone have to 
be  evaluated  according t o  t he  character o f  
their   t ransformation by perennial   f reezing,  
tak ing  into  account  general   patterns o f  ground- 
water flow formation in each  structure  separa- 
te ly  and j o h t l y  with neighboring  s t ructures ,  
Such an analysis should  result  in c lass i fy ing  
hydrogeologic  structures by the  degree o f  
t he i r   p ro t ec t ion  by cryogenic a n d  l i t h o l o g i c a l  
confining beds from possiblc   pol lut ion.  Usin$ 
th i s   c lass ' l f ioa t   ion ,  spec ia l  maps of  cryogenic 
hydrogeologic  structures have  been  compiled 
ind ica t ing  the degree of t he i r  freezlng and 
p o t e n t i a l   s u s c e p t i b i l i t y   t o  man-induced i m -  
pac ts .  Based on the  assessment o f  f a c t o r s  of 
na tura l   p ro tec t ion  o f  groundwater (Rogovskpya, 
1976) , it seems reasonable   to   dis t inguish  the 
following three  groups of  cryogenic hydrogeo- 
l og ic   s t ruc tu res  t 

(A) cryogenio hydrogeolo ic  struc-bures of 

p a r t i a l l y  open.  Groundwater recharge 
in these  occurs  only  through the aub- 

' r i v e r  bed and sublacus t r ine  open ta- 
l i k s .  Theg inc lude  cryogenic hydro-  
geologic  massifs, ar+esian and adarte- 
sian basins, and  cryogenic  head-water 
basks. The deep  recharge  within the 
l a s t   t h r e e   s t r u c t u r e s  is absant. It 
occurs  exclusively due t o   t h e  o v e e  ' 

flaw and inflow of groundwater f rm 
neighboring  structures  beneath the  
cryogenic impermeable  beds. 

~ continuous  freezing  ?shallow, deep 
. a n d  supesdeep) that are  closed and  

(B I cryogenic  hydrogeologic'  structures of  
in te rmi t ten t  a n d  insular f reez ing ,  
open a n d  p a r t i a l l y  open ones with 
gmundwater  recharge in va l leys  by 
surface  water  through open taliks,and 
Fn the  unfrozen ground in te r f luves ,  
due  t o  percolat ion o f  p rec ip i t a t ion  

t a l i k s .  These s t ruc tu res  Fnclude 
cryogenic  Hydrogeologic  massifs, a r b -  
sian and adar tesian  basins  a n d  naassifb, 
a n d  cry0 e n i c  basins  of head- and 
subhead f r a c t u r e  waters. 

WateP through Open p l u v i a b i n s o l a t i o n  

(C 1 A nunber o f  hydrogeologic  structures 
(hydrogeologic massifs, a r t e s i an  
adar tes ian ,  and  cryogenic basFnsj o f  ' 

noncontinuous  insular  freezing  that  
are  closed o r  p a r t i a l l y  open, a n d  a r e  
frequently  overlapped from t he  SUP 
f ace  by l i t h o l o g i c a l  impermeable  beds 
(c rus t s  of weathering)  preventing the 
percolat ion o f  atmospheric and s u r -  
f ace  waters. The deep-flowing ground- 
watep is "recharged in these structures 
due 50 overflow of water' from t h e  
neighboring hydrogeologic  structures. 

To c l a r i fy   spec i f i c   f ea tu re s  of hydrogeologic 
s t ruc tu res  from the  viewpoint QT t h e i r  hydrau- 
l i c  connection,  subordbinntion and openness,md 
t he  ro l e  o f  each  s t ructure  in the   water  exchan- 

ge a T.!ap of groundwater flown1 has been com- 
p i fed  represant ing the conditions of  gmund- 
water flow formation by a numbe? o f  impofiant 
f ac to r s :  , 

(I) Sources of the i n i r a s t ruc tu ra l  ground- 
water recharge through open,  subriver 
bed,  SublacustrFtle and pluvfal-insola- 
t i o n   i n f i l t r a t i o n  tal.Slts a r e   d i s t i n -  
guished. 

(21 s i t e s  are indicated of 'Fn te rs t rac tura l  
recharge d u e  t o  groundwater over f low 
from rocks of t he  c r y s t a l l b e  basemen% 
t o  the rocks of t h e  sedimatarg cover 
and v ice  versa. 

(3) SXtas of deep groundwater f low dischar- 
ge are indicated by opening8 in ice, 
icSngs,  thermal and  mineral springs. 

f l o w  a r e  shown by d i f f e reh t  symbols in 
Che zones of. a c t i v e  and slowed-down 
water exchange, and a l so  in those ~f 

roundwater flow in subr iver  bed and 
lood-plah t a l i k a  wnith' groundwater 

c i rcu la t ion ,  

(4) The di rec t ions  o f  d e 9  groundwater 

3 
This ma re f lec ts   d ia tmct ; ly  the spec i f i c   f ea -  
tures og and differences in groundwater flow, 
weakened and modified by  the  presence of  frozen 
grounds ~n varioua hydrogeologic ana cryohgdra- 
geologic  structurea.  In a number of structurere, 
the d i rec t ion  o f  groundwater flow in the ac t ive  
zone o f  wafer ex.cfiange does  not coincide wi-kh 
t h a t  in - t h e  deep p a r t  o f  the  hydrogeologic  sec- 
tion. It should be noted that  gmundwater re- 
charge  occura within the  Limits of an8 s t ruc-  
ture,  transit in another, and discharge - in 
the t h t r d ,  i.e,, a l l  three types of dlfferant 
hydrogeologic  structures  occur in a single 
drainage basin. More complicated  combination& 
are possible .  

On t h e  basts of- the analyais  o f  ex i s t ing  d r a l -  
nage basins, a ltMap of na tura l   p ro tec t ion  of 
groundwater h cryogenic,  hydrogeologic  structu- 
res" has been comptled containing  bformation 
on groundwater protection from pollut ion.  The 
ma is based on the   p r inc ipa l  assumpGionst 
(lB groundwater o l l u t ~ o n  can occur in any place  
of recharge (2P the  response o f  the identlflfied 
types o f  hy8mgeologic s t r u c t u r e s   t o  engbeerbg 
-economic a c t i v i t y  in the  course o f  t e r r i t o r i a l  
development is different.  In th i s   respec t  hyd- 
Togeo log ic  s t ruc tu res  of conthuous  as well a8 
non-contFnuous b s u l a r  freezing, overlapped by , 

l i t ho log ica l  impermeable beds where groundwater 
pol lu t ion  can occur  only  through  valley  draha- 
ge,   are  leaat susceptible t o  man-induced Fmpacts. 
More susceptxble   to  human economic a c t i v i t i e s  
are opechydrogeologic   s t ructures  of diaconti- 
nuous and insular f reez ing  because the places  
of concentration of pluviai- inaolat ion talus 
in t h e  5nter f luves 8 s  prac t i ca l  development 
shows, are  extremely  convenient f o r  e rec t ing  
var ious   fac i l i t i es ,   bu t   they   a re  most susoep- 
t i b l a  t o  a n y  pollut ion.  

The authors  have worked out recommendations on 
the establishment of special water-protection 
zones at ear ly   s tages  of development. Economic 
a c t i v i t y  within the   prospect ive  waterprotec-  
t i o n  zanes should be regulated 88 fo l lows :  



(I) c e r t a i n  k i n d s  of land use (removal of vege- 
ta t ion ,   cons t ruc t ion  of roads,  etc.)  are  prohi- 
b i t ed i  and (2) a system of lneaeures is in t ro-  
duced t o  exclude o r  reduce  natural.  water  pollu- 
t.ion t o  the maximum permissible  level.  The 
"Nap of na tura l   p ro tec t ion  of groundwater" 
shows the areas 05 water-protection  zones f o r  
each  type of cryogenic  hydrageologic  structures. 
These  zones are  subdivided  into  categories ac- 
cord ing   to   the   a rea  which  they  have t o  cover. 
The water-protection  zones of the first catego- 
r y  occupy from 30 t o  60% of t he  area of a hya- 
rogaologlc s t ructure   including areas of p luv ia l  
- insolat ion inf i l t ra t ion t a l F k s j  r iver valleys 
with  surSace runoff m d  n e a r s u d a c e   f l o w  

p la in  and sub lacue t r ine   t a l i k s  with gmundwates 
c i rcu la t ion .  Groluldwater pollution  occurs 
within a hydrogeologic  structure.  The w a t e e  
protec t ion  sones o f  t h e  secund  category  cover 
up t o  20-3096 of the area of  a hydrogeologic 
s t ructure .   These  are  valleys wtth Budace ru-  
n o f f  and nearsuxface  water  f low  throu$h  closed 
a n d  open subr iver  bed and  s u b l a c u s t r i m   t a l i k s  
with  groundwater  circulation. The pol lu t ion  
o f  groundwater  occurs also within a s t m c t u r e .  
The water+?otec t ion  zones o f  the   th i rd   ca te -  
gory cover only 10-159b of the'area of a hydro-  
geologic  structure.mey ,-Cx'ude v a w a  w h m a  a- 
face  runoff and sub-surPace  water Plow through 
closed and subr iver  bed and  sublacuatr ine ta- 
l iks   with  groundwater   c l rculat ion.  Groundwater 
pol lu t ion   wi th in  a hydrogeologic  structure Fs 
impossible, but it will quickly  affect  groynd- 
water flow i n  neighborbtng hydrogeologic strut,- 
tures. The water-protection zones of t h e  
third  category are, as a rule ,  ,recommended f o r  
hydrogeologic  structures in the first and 
third  groups (A and C) whereas  water-protec- 
t ion zones of the  firs4 and secand ca tegor ies  
should be created for hydrogeologic structures 
of the second group (E). 

The c'ornbinatian of maps o f  cryogenio. hydrogeo- 
log ic   s t ruc tu res  of drainage basins and natu- 
r a l   p r o t e c t i o n  o# groundwater  together  with a 
ttMap of loca t ion  of pol lut ion  sources"   that  
was being compiled simultaneously made it poe- 
s i b l e   t o  compile a "Map o f  pollution  spreading 
by groundwaterit f o r   t h e  invest1 ated hydrogeo- 
log ic   s t ruc tu res  (Volkova and Afanaaenko ,'1986). 

through CLoSed and open subriver  bed, flood- 

While  compiling  such a map, t h e  fol lowing fac- 
t o r s  should be taken  into  consideration:  spe- 
c i f i c   f e 4 t u r e s  of the   loca t ion  of groundwater 
recharEe  sources;  the  season when po l lu t an t s  
can get  i n to   t he   aqu i f e r ;  t he  area of a h y d -  
rogeologic a t ruc tu re   t ha t  f a l l s  in to   the   re -  
gion of undesirable  influence; and the  depth 
of hydrogeologic   sect ion  accessible   to   pol lu-  
t ion .  

The pollut ion  sources  on t h e  above-mentioned 
map o f  their location  should be c la s s i f i ed  
according t o  the kind of  t e r r i t o r i a l  develop- 
menta open-cast and  underground qlinjng; Indu-  
s t r i a l  and powerengineering rac i l i t i es ;  c i v i l  

settlernerbs Wdus'crial f o r e s t  u t i l i z a t i o n $  
engineering construct ion;  towns and c i t i e s ,  

sgr icu l turaf  work e tc .  In addi t ion,  the BOUT- 
ces o f  pol lu t ion   have   to   be  s u b d i v l d e d  accor- 
ding t o  the durat ion of operation  (pemanent, 
per iodic  and occasional) and b y  t he   cha rac t e r  
of t h e i r  impact on the  chemical  composition of 
na tu ra l  waters. With a s e t  o f  such maps one 

Be 8 first version,  the  proposed  approach  has 
can p lan  measures f o r  groundwater  protection. 

been described in t h e  book "Natural   protection 

tures" (ROmanOV6kY e t  a1 . , '1 9857. A t  present * 
of  groundwater in t h e  cryohydro eologic  struc- 

a l l  these  prinbtples a r e  being Zurther  develo- 
ped with  respect  to  hydrogeologic and cqohyd- 
rogeologic   s t ructures  of the   en t i re   South  of 
the  permafrost zone and the north-eastern USSR. 
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MINERO-CRYOGENIC PROCESSES 
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SYNOPSTS 
h e a v y   o r e s  a t  t h e   b o t t o m  of t h e   a c t i v e   l a y e r  o r  t o p  o f  t h e   p e r m a f r o s r .  This h e a v y   o r e   s c l u c t i o n  
o c c u r s   i n  t h e  f i n e   g r a n u l o m e t r y   ( s a n d s   a n d  s i l t )  :IS a c o n s e q u e n c e   o f   v c r t i c a l   s o r t i n g  or i n v c r t -  
ed g r a d a t i o n ,  a t y p i c a l   t e x t u r e  o f  g e o c r y o g e n i c   r e g i o n s   c a u s e d  hy f r e e z e - r h a w   p r o c e s s e s .  
S a m p l i n g ,   f u r t h e r   a n a l y s e s  and e v a l u a t i o n s  l e t  us know t h a r  i n  t h e  s t u d y  a r c a ,  C e n t r a l   C o r d i l l e -  
r a   o f   t h e  Andes i n  Mendoza,  hcavy o re s  c o n c e n t r a t i o n   i n c r e a s e s  i n  d e p t h  dohn t o  t h e   b o t t o m  of 
t h e   a c t i v e   l a y e r   o r   t o p  o f  t h e   p e r m a f r o s t .   ( I t  i s  i m p o s s i h l c .   t o   d i s t i n g u i s h   i n c r e a s e  r a t e s  a c -  
c o r d i n g  t o  m o r p h o l o g y ,   w h e r e   t h e   s a m p l e   p r o f i l e  i s  made) .   I lo rphagenes is  a n d  morphodynamic a r e  
r e f l e c t e d  i n  t h e   c o n c c n t r a t i o n   r e s u l t s .  

We u n d e r s t a n d   a s   m i n e r o - c r y o g c n i c   p r o c e s s e s   a n   i n c r e a s c   i n   C o n c e n t r a t i o n  O f  

INTRODUCTION 

The  Andes i s  u n d e r   t h e   e f f e c t s  of  v a r i o u s  g e o -  
c r y o g e n i c   p r o c e s s e s  (Cor t e ,  1 9 8 2 ) .  

In t h i s  case,  t h e   s t u d y   o f   w h a t  i s  c a l l e d   M i n e -  
c ryogeny i s  a c o n t r i b u t i o n   t o   t h e   k n o w l e d g e ,  
e v a l u a t i o n   a n d   i n t e r p r e t a t i o n  o f  e i t h e r   c o l l w  
v i a l   o r   h e a v y   m i n e r a l   d e p o s i t s ,   l o c a t e d  i n  
h igh   moun ta in   geoc ryogen ic   env i ronmcn t s .   Th i s  
r e s e a r c h   p r o j e c t   a i m s  a t  g e t t i n g   f u r t h e r   i n f o r -  
m a t i o n   t o   d e t e c t   d e p o s i t s   t h a t   c o u l d   b e   i n t e r -  
e s t ing   f rom  an   economica l  scope p o i n t  o f  v iew.  

F r e e z i n g   a n d   t h a w i n g   o f   r o c k   m a t e r i a l s   p r o d u c e s  
( a p a r t   f r o m   p h y s i c a l   c r y o w e a t h e r i n g ) ,  a s e l e c t -  
i o n  of p a r t i c l e s ,  i n  t h e   p r e s e n c e   o f   w a t e r ,   r e -  
a r r a n g i n g   t h e   l a y e r   u n d e r g o i n g  a c y c l i c  p r o c e s s .  
I n   t h i s  w a y ,   c o a r s e   m a t c r i a l   s t a n d s   i n   a n  u p -  
p e r   l a y e r   w h i l e   t h e   f i n e   o n e   m i g r a t e s   t o   t h e  
b o t t o m .   T h e   s t r u c t u r e   o b t a i n e d   b y   t h i s  method 
i s  c a l l e d   v e r t i c a l   s e l e c t i o n   ( C o r t . e ,  1 9 6 9 ) .  
When these   sys t ems   have   heavy   mine ra l s   (whc the r  
e c o n o m i c a l l y   i n t e r e s t i n g  o r  n o t )  f i n c  p a r t i c l e s  
become c o n c e n t r a t e d  a t  t h e   b o t t o m  of t h e   r t f f c c -  
t c d   l a y e r .  

The s t u d y   a r e a ,   N r l c i e n t e s   d c l  rEo Cuevas ,  i s  
a t  32" lO '  and 3 2 " 5 0 '  s o u t h   l a t i t u d e   a n d   a t  

1 a p r o x i m a t e l y  70 '2 '  t o  7 0 " l O '  west l a t i t u d e   i n  
Mendoza p rov ince ,   Cen t r a l   Andes ,   Argen t ina .  
T h i s   p a p e r  i s  p a r t  of a 1)h.L). d c g r e e  t h r s i s  Rt 
t h e   U n i v e r s i t y   o f  Tucum5n. 

BACKGROIINI) 

Prokopchuk ( 1 9 7 8 )  s y n t h c s i z e s   c r y o g e n i c  pro- 
cesses  c o n t . r i h u t i n g   t o  rhe  form;ltion 01 the  
Lena r iver .  dia111011cl p l a c e r s  (IUSSR). D ~ : I I I I C I I ~ [ ~  d i s -  
t r i b u t i o n  i s  c l r a r ' n c t c r i s t i c  in c i t h c r   c o l 1 u v i ; ~ l  
o r   r c s i d u n l  p l a c e r s :  t h c  uppc'r I:lycr i s  the 
most   cnr iched  due t o  f r o s t  he:~vint:. 

G r i g o r i e v  ( 1 9 7 8 )  a n a l y z e s   t h e   g e n e s i s  o f  Pia- 
c c r   d e p o s i t s  i n  t hc   Lap tcv   s en   r i he re  c o n t i n u o u s  
pe rmaf ros t ,   'whe the r   mar ine  o r  c o a s t a l  i s  fund-  
a m c n t a l .  

P i t u l ' k o   a n d  S h i l o  ( 1 Y h Y j  s t a t e   t h a t   g e o c h e m i -  
c a l  s t u d i e s   i n   t h e  IJSSR g e t  t o  t h e   c o n c l u s i o n  
t h a t   n e g a t i v e   t e m p e r a t u r e s   t c n d   t o   i n c r e a s e  
m i n e r a l   c o n c e n t r a t i o n   i n   s o i l s ,   u n d e r   c o n d i -  
t i o n s   o f   u n d e r g r o u n d   w a t e r   b e c a u s e  o f  p a r t i a l  
f r e e z i n g   p r o c c s s e s .  

H o r s n a i l  and Pox ( 1 9 7 3 )  in t h e i r   f i e  
Yukon f i n d  o u t  t h a t   t h e   g e o c r y o g e n i c  
tnent i n t r o d u c e s   o t h e r   c r i t e r i a  a s  1a  
c h e m i c a l   r e s e a r c h  i s  c o n c e r n e d :  samp 
b e  t a k c n  a t   t h e   p r o f o u n d e s t   d e p t h  a:: 
o f  t h r   a c t i v e   l a y e r .  

I d  ~ o r k  i n  
e n v i r o n -  

r a s  geo-  
l e s  s h o u l d  
p o s s i b l e  
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c y c l e s   i n  summer,  rsith an :Iveragc a c t i v e  lnycr  
f r o s t  s!-strln, ~ i t h  d a i l y   f r e e z i n g  : ~ n d  t h n u i n g  

d e p t h  o f  1 .O m e t e r .  

.4nnu:11 p r e c i p i t c ~ t i o n   v a l u e s  f o r  t h i s  3re;t 
[ l l i n e t t i ,  1985) a r e   s b o v e  5 0 0  IIIIII, tiith snow 
p r e c i p i t a t i o n  f rom Nay to   Septen tber  and some- 
t i m e s  t i i t 1 1  g r : l u p e l   p r e c i p i t a t i o n s   i n   t h e  sum- 
mer. .4 m o r e   t h o u r o u g h   a n n l y s i s   o f   t h e   c l i m a t e  
o f  t h i s   r e g i o n  i s  made b y  Ahuelndn (1956) .  

GEOCRYOGENIC ESYIRONIENT 

The s t u d y   a r e a  i s  s i t u a t e d   b e t w e e n  3500 and 
4 5 0 0  111 351. T h i s   a r e a  was d e f i n e d   a s   u p p e r  o r  
geocryogenic  zone  ( .4humada,  1985)  according 

a s s o c i a t i o n   o f   g e o f o r m s   a n d   p r o c e s s e s   a c t i n g  
t o   C o r t e ' s   c l a s s i f i c a t i o n   ( 1 9 8 3 )   d u e   t o   t h e  

a t   t h i s   a l t i t u d i n a l   l e v e l . ( F i g .   1 )  

A c t i v e   r o c k   g l a c i e r s   c a n   b e   o b s e r v e d  a t  3500 
m a s l .  The l a n d s c a p e   t u r n s   t o  an  envi ronment  
\ < i t h   g e n e r a l i z e d   c r y o f r a g m e n t a t i o n .   I n   t h e  
p r o f i l e s  o f  t h e   d i f f e r e n t   g e o f o r m s ,   t h e r e   c a n  
b e   n o t i c e d   c y c l i c   f r e e z i n g   a c t i v i t y   a t   t h e  
l e v e l   o f   t h e   a c t i v e   l a y e r   ( 1  m d e e p ,   a v e r a g e )  
\ < h e r e   v e r t i c a l   s e l e c t i o n ,   c r y o t u r b a t i o n   a n d  
t h e   t y p i c a l  "open  rsork"  can b e  s e e n   ( C o r t e ,  
1985a ;   l i a shburn ,   1980) .  

The s u p e r f i c i a l   c o v e r  i s  c o n s t i t u t e d  by angu-  

w i t h   d i s t i n c t   t r a i t s   p r o d u c e d   b y   c r y o f r a g m e n -  
l a r   b l o c k s .  All summi t s   have   an   ab rup t   a spec t ,  

t a t i o n ,   n i v a t i o n ,   a v a l a n c h e   c h a n n e l - l i k e  co-  
r r i d o r s ,  s n o ~  p a t c h e s ,   e t c .  

! l o r p h o l o g i c a l   a s s o c i a t i o n s  o f  t h e   g e o c r y o g e n i c  
t o n e   a r e  shown i n   t h e  map o f  F i g .  1 :  s o l i g e l i -  
f l u c t i o n ,   t a l u s ,   p a t t e r n e d   g r o u p s   a n d   p r i m a r y  
and   s econda ry   rock   g l ac i e r s  (Ahumada, 1985 ,  
1986 ;   Cor t e ,   1976) .  The l a t t e r   i n d i c a t e   t h e  

p e r m a f r o s t   ( B a r s c h ,   1 9 7 8 ;   H a e b e r l i ,   1 9 7 8 ,   1 9 7 6 ;  
lower limit o f  h igh   moun ta in   d i scon t inuous  

Cui   Lhi ju i ,   1982;   Cheng,   1983;   Cor te ,   1983)  
in   an   env i ronmen  

I v e s ,   1 9 7 3  
- 1°C ( I v e s  

1 9 8 4 ) .  

I.4LS AZD !IE 

t 

T 

o f   a n n u a l  mean t e m p e r a t u r e  
e t  a l . ,  1 9 7 1 ;   F u j i i  e t  a l . ,  

Trombot to ,   1983;  Ahumada e t  

HODS 

Once t h e   g e o c r y o g e n i c   i n v e n t o r y  was made,   the  
s a m p l i n g   s i t e s   w e r e   c h o s e n :  

There  were made t r i a l  p i t s  i n   geo fo rms   w i th  
smooth   s lopes  i n  t h e   s u r f a c e ,  6 t o  l h " g r a d i e n t ,  
b l o c k   c o v e r   a n d   v e r t i c a l   s c l c c t i o n .  The samples  
w e r e   c o n s t i t u t e d  by t h e   f i n e   m a t e r i a l  o f  t h e  
p t ' o f i l c .   T h r e e   s a m p l e s   w c r e   t a k c n   i n   c a c h   t r i a l  
p i t :  

a. sample 1  as t a k e n   a t   t h e   p o i n t  n f  c o n -  
t a c t   h e t u e e n   f i n e  and  cna r sc  m a t e r i a l s  
o f  t h e   v e r t i c a l   s e l e c t i o n   p r o f i l e .  

b.   Sample 2 was c x t r a c t e d   a t   a l m o s t   h a l f  
way f r o m   t h c   s i t e   f r o m   w h c r c   t h e   f i r s t  
sample was t a k e n  a n d  t h e  l e v c l  whcrc 
r j 5 / - r J r ' c  t cmpcrRturc  was r c c o r d c d .  

I'. S~lmplc 3 was  obt.ained n t  t h e  same d e p t h  
w h e r e   t h c  O o / - O o C  t e m p e r a t u r e s  were r e -  
corded  (hase o f  t h e   s e a s o n a l   a c t i v e  
l n y c r ) .  

T r i a l   p i t s   f o r   e x c a v a t i o n s   w e r c  made u s i n g  

measurements   recorded w i t h  Weston  thermometers.  
sp"de and m n n u a l l y ,   w i t h   f r e q u e n t   t c m p e r a t u r e  

F i e l d  samples w c r e   g r a n u l o m e t r i c a l l y   a n a l y z e d ,  
t h e n   f i n e   f r a c t i o n s   w e r e   s e p a r a t e d   f r o m   h e a v y  
mine ra l s   by  means o f   h e a v y   l i q u i d s .  

G r a n u l o m e t r i c   a n a l y s i s  was made by  means  of 
d r y   s i e v i n g   u p   t o   t h e   p a r t i c l e s   o f  0 . 0 7 4  mm 
d i a m e t e r .  The s i e v e s   u s e d  were ASTM sys tem.  
The f r a c t i o n  o f  l ess  than 0 , 0 7 4  mm d i a m e t e r  
was e v a l u a t e d   i n  i t s  w e i g h t   p e r c e n t a g e .  

S a m p l e s   w e r e   t a k e n   i n   t h e   s u r f a c e s   o f   r o c k  
g l a c i e r s   a n d   m o r a i n e s ,   w h i c h   r e c e i v e   d e b r i s  
and   minera ls   f rom a m i n e r a l i z e d   o u t c r o p  of  
a v u l c a n i t e   w i t h   t h e   f o l l o w i n g   m i n e r a l s :  mag- 
n e t i t e ,   h e m a t i t e ,   r u t i l o ,   p y r i t e ,   c h a l c o p y r i -  
t e ,   g o e t h i t e ,   i l m e n i t e ,  e t c .  

PROFILE DESCRIPTION 

P r o f i l e s   w e r e  made on the   mora ine   which   shows 
g e o c r y o g e n i c   a c t i v i t y  on t h e   s u r f a c e  as  t h e r e  
c a n   b e   o b s e r v e d   b o u l d e r   a r e a s   a n d   s o r t e d   n e t s  
as well a s   s t r i p e   p a t t e r n e d   g r o u n d .   E x c a v a -  
t i o n s   w e r e  made a t   t h e   e n d  o f  t h e  summer a f t e r  
f u l l   d e v e l o p m e n t  of  t h e   a c t i v e   l a y e r .  

P r o f i l e s  P and P were made i n   s e c t o r s  of t h e  
m o r a i n e   w i i h   b o u l a e r s  on i t s  s u r f a c e ,  Only 
two  samples   were  takcn  f rom PI, and   t h ree   s am-  
p l e s   c o u l d   b e   e x t r a c t e d   f r o m  P, a c c o r d i n g   t o  
the   above   ment ioned   methodology.   Depth   o f   ne-  

C )  and i n  P7 a t   1 , 0 2  m ( - 1 O C ) .  I n  P i ,   t h e   g e -  
ga,cive t e m p e r a t u r e   i n  P1 i s  a t  l m deep  ( - 0 , 5 '  

n e r a l   g r a d i e n t  i s  o f  l 0 " a n d   i n  P7 of 1 2 O .  Ver- 
t i c a l   s e l e c t i o n  o r  i n v e r t e d   g r a d a t i o n  i s  t h e  
most c h a r a c t e r i s t i c   t r a i t  o f  t h e s e   P r o f i l e s .  
There  was  observed  "open  work1f  which i s  an 
e x p r c s i o n  o f  s e g r e g a t i o n   o r   n e e d l e   i c e   a c t i v i -  
t y :  v e r y   f r e e z i n g   h o l e s   o r   v e s i c l e s  of  a q u i t e  
h e t e r o g e n e o u s   s , i z e .   I t  was a l s o   f o u n d   f i n e  ma- 
t e r i a l   a c c u m u l a t i o n  on t h c   t o p   o f   t h e   b o u l d e r s ,  
d i s p l a y i n g   t h e   s a m e   a l v e o l a r   s t r u c t u r e .  

A t  t h c   f r o n t  o f  t h e   s e c o n d a r y   r o c k   g l a c i e r ,  
t h e r e   w e r e  made t h r e e   p r o f i l e s :  P 2 ,  Pq and  p6. 
I n  a l l   t h c   c a s e s  we came a c r o s s  s u p e r f i c i a l  

were   done   has   f rom  14 ' to   17"gradien t .  I n  
e x t r u s i o n .  The g r o u n d   w h o r e   t h e   t r i a l   p i t s  

" f r o s t   s o i l s " ,   v e s i c l e s   f o r m a t i o n  i n  t h e   s u r -  

p i t s ,  i t  i s  e v i d c n t   t h e  f i n e  m a t e r i a l   m i g r a t -  
f a c c  i s  o u t s t a n d i n g  a t  f i r s t   s i g h t .  I n  t h e s e  

ion t o  t h c  surface, w i t h  p s e u d o   l i n e a m e n t   a t  
t h c   b o r d c r   i n d i c a t i n g ,   i n   t u r n ,   t h c   f a l l   o f  
c o a r s c   m a t e r i a l  in t.he l a t e r a l   s e c t o r s  of t h c  
p a t t e r n s .  I n  t h e s e  c a s e s ,   d c p t h  of  n e g a t i v e  
t cmpern tu rcs   docs  n o t  oxcced  Y O  cm w i t h  - 1 ° C  
: ~ v c r a g c .  

P r o f i  I c s  P g  a n d  P6 wcre madu i n  forms w i t h  
low g r a d i e n t s ,   t h e s e  a r c  ficlds o f  small b o y l d -  
crs. l hc   gcnc r : l l  gradicnt o f  t h e  r i c l d  i s  h . 
M a c r o s c o p i c a l l y ,   t h c   v c r t  i c n l  s c l c c t i o n  i s  t h c  
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s t r u c t u r e   m o s t   c l c a r l y   s e c n .  

P r o f i l e s  Ps and P9 were made i n   p r i m a r y   r o c k  
g l a c i e r s  o r  t a l u s .  In t h e s e  cascs, t h c   s u r -  
f s c e , g r a d i c n t  i s  of 6”  and v e r t i c a l   s e l e c t i o n  
is o b s e r v a b l e   a t   f i r s t   s i g h t  w i t h  some c r y o -  
t u r b a t i o n   m a n i f e s t a t i o n s .   D e p t h   o f   n e g a t i v c  
t e m p e r a t u r c s  i s  a t  1 , 2 0 .  

EVALUATION OF HEAVY NATERIAL CONCENTRATION 
IN FIELD SAMPLES 

P r o p o r t i o n a l   d i s t r i b u t i o n  of h e a v y   m a t e r i a l  
was a n a l y z e d   a c c o r d i n g  t o  form  and   processes  
i n v o l v e d .  

O b t a i n e d   c o n c e n t r a t i o n s   a r c   d i s p l a y e d  in Table  
I .  . . 

a .  Moraine: i n  PI, samples  o f  heavy  mine- 
r a l   c o n c e n t r a t i o n  i n  t h e   w h o l e  show an 
i n c r e a s e   o f  1 0 %  d e p t h .   C o n c e n t r a t i o n  i s  
permanent  i n  f i n e   s a n d   g r a n u l o m c t r y   a n d  
i n c r e a s e d   i n   v e r y   f i n e   s a n d   a n d  s i l t  
f r a c t i o n s .  

I n  Py, t o t a l   h e a v y   m a t e r i a l   c o n c e n t r a -  
t i o n  i n c r e a s e s  1 1 %  i n  t h e  two  lower  sam- 
p l i n g   l e v e l s .   S i l t   a n d   f i n e   s a n d   f r a c -  
t i o n s   c o r r e s p o n d   t o   t h e   i n c r e a s e   p r o d u -  
ced by v e r t i c a l   s e l e c t i o n .  

i n  P 3  d o e s   n o t  show h e a v y   m i n e r a l s   i n  
t o t a l   c o n c e n t r a t i o n   a t   d e p t h ,   n e v e r t h e -  
less, i t  d o e s   d i s p l a y   i n c r e a s e   i n   f l n e  
a n d   v e r y  fine s a n d   f r a c t i o n s   c o n c e n t r a -  
t i o n .  The s i l t  f r a c t i o n   d o e s   n o t  show 
an i n c r e a s e   w i t h   d e p t h   p r o b a b l y   d u e  t o  
a e o l i a n  and/or c r y o f r a g m e n t a t i o n   c o n -  
t r i b u t i o n   i n  the u p p e r   l a y e r s   ( B i r k e l a n d ,  
1973 ;  Mahaney, 1 9 8 1 ) .  

I n  P5, t o t a l   h e a v y   m i n e r a l   i n c r e a s e  i s  
of 5 0 %  i n   d e p t h .  Heavy m i n e r a l  migration 
i s  more n o t i c e a b l e  in f i n e  and  very 
f i n e   s a n d   f r a c t i o n s ,   a n d   n o t  so  c l e a r l y  
s e e n  i n  s i l t  f r a c t i o n s .  

c .   P r i m a r y   r o c k   g l a c i e r  o r  t a l u s  g l a c i e r :  
i n  P8, t o t a l   h e a v y   m i n e r a l s   c o n c e n t r a -  
t i o n  h a s   a n   i n c r e a s e  of  60% i n   d e p t h .  
In d i s t i n c t i v e   f r a c t i o n   a n a l y s i s  i t  
shows an i n c r e m e n t   i n   f i n e   a n d   v e r y  
f i n e   s a n d s   i n   t h e  s i l t  f r a c t i o n ;  m i g r a -  

of t h e  profile. 
t i o n   t a k e s   p l a c e  i n  t h e   f i r s t  t w o   l e v e l s  

s i o n   a r e a s  show a d i f f e r e n t   b c h n v i o l r r  
i n   r e l a t i o n  t o  h e a v y   m i n e r a l   s e l e c t i o n .  

In P2, i t  i s  o b s e r v e d   f i n e   h p a v y   m i n c r a l  
m i g r a t i o n s  t o  t h e   s u r f a c e  i n  t o t a l  p e r -  
c e n t a g e s ,  6 0 %  i n c r e a s e ,  ; is  well :IS in 
p e r c e n t a g e s   c o r r e s p o n d i n g  t o  f i n e r  Er:lc- 
t i o n s .  

I n  P 4 ,  heavy   ma tc r in l  migrntcs townrd 
t h e   h o t t o m  o f  the   s rn5onn  I t h : ~ w i n c  I n v c r  

b .  B o u l d e r   f i e l d :   h e a v y   m i n e r a l s   a n a l y s e s  

d .  E x t r u s i o n :   e a c h   p r o f i l e  made in e x t r u -  

a n d   t h c   i n c r e a  
Fino d i f f e r e n t  
t h i s   s i t u a t i o n  

n e o u s   i n  a l l  levels, e x c e p t   f o r   t h e  s i l t  
I n  1’6, h e a v y   m i n c r a l   p e r c e n t a g e s   a r e  homoge- 

f r a c t i o n   w h c r c   t h e r e  i s  an i n c r e a s e   t o w a r d s  
thc   bo t tom o f  t h e   p r o f i l c .  

Thcsc d i f f e r e n c e s   c o u l d   h e   r e l a t e d   t o   t h e  
e x i s t e n c e   o r   l a c k  o f  e x t r u s i o n   a c t i v i t y ,   w i t h  
t h e   q u a n t i t y  of  w a t e r ,   w i t h   t h e   s p e e d  o i  
f r e e z i n g   p e n c t r a t i o n   i n   t h c   r e s p e c t i v e   p l a c e s ,  
e t c .   T h i s   s t u d y  will n o t  bc  u n d e r g o n e   i n   t h i s  
p a p e r .  

C O N C I , U S T O ~ S  

? l o s t  o f  t h e   p r o f i l e s  show a n   i n c r e a s e  in heavy 
m i n e r a l   c o n c e n t r a t i o n   t o w a r d   t h e   b o t t o m  o f  
t h e   a c t i v e   l a y c r .  

I n   t h e   c a s e  o f  e x t r u s i o n ,   t h e r e  i s  no homo- 
g e n e o u s   r e s u l t s .   E v i d e n t l y ,  i t  i s  a more 
complex  formation  phenomenon t o  b e   s t u d i e d  
t h o r o u g h l y   i n   t h e   f u t u r e .  

E v e n   t h o u g h   t h e r e   h a v e   b e e n   o b t a i n e d   c l e a r  
e v i d e n c e s   t o   s t a t e  t h a t  t h e r e  i s  heavy  mine- 
ral c o n c e n t r a t i o n  a r  t h e   b o t t o m  o f  t h e   a c t i v e  

t h e s e  d a t a  as a r e s e a r c h  g u i d e  i n  t h e  f e a s i b i -  
l a y e r ,  i t  i s  c o n s i d e r e d  t h a t ,  i n  o r d e r  t o   u s e  

l i t y  o f  c o l l u v i a l   a n d   p l a c e r  deposjts i n   t h e  
h igh   moun ta in ,  i t  i s  n e c e s s a r y  t o  l n c r e a s e  
t h e  number of  s t u d i e d  zones and  t o  improve 
rhe   Feochemica l   a spec t  o f  t h e  s a m p l e   a n a l y s i s .  
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Geoform Sample Depth Heavy mlnerah  concentration Heavy minerals per frection 
(cm) Total ( 4 

sandstone  sandstone 

Moraine P I  M3 a0 10 8 

Moraine P,M16 20 9 8 

11 12 
P, M4 100  11 8 12  14 

10 Q 

12 

2  4 7 
3.5  2.5 6 

4 

1  2 6 
3 3 60 
3 4 

0 4.5 
. 7  7 8 80 

B 6 

10 

' PqM17 50 9 8 10 8 11 
P,M18 102 10 Q 9 

Boulder P3M7 70 4.6 
Field P, Ma 100 4 - 

P, M9 130 4 4 4 

Boulder P,MlO 60 2 
Field P,M11 QO 3 2 

Primary P,M37 30 5 5 
Rock Pa M38  70 7 
Glacier P, M39 120 8 9 

Extrusion P, MS 20 5 

P5M12  100 3  2 

3 4 7 Procegl 
P, M6 65 2 3 1 3 Inversion 

Extrusion P,M19 10 4 5 4 4 

g 6 

3 4 4 
4 4 

8 

P, M20 60 6 0 0 
P4M21 86 7 8 

5 75 

Extrusion P,M13 24 4 
Ps"l4 70 4 '3 
P6M16 90 4 3 4 

.." 

TABLE I 
Evaluation of heavy  mineral  concentration in the different granulornetric  fractions Of CWWniC Profila 

Fip. 1 - Sample locations. (1 "0- 
rame, 2- Extnision, 3- Boulder 
Field, 4- Fxtrusion, 5- Boulder 
Field, 6- Extrusion, 8- Primary 
Rock Glacier. ) , - 
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UPFREEZING IN SORTED CIRCLES, WESTERN SPJTSBERGEN 
s. Prestrud Anderson 

Quaternary Research Center, University of Washington, Seattle, Washington, 981% USA 

SYNOPSIS In sorted circles at Kvadehuksletta,  Spitsbergen,  the  rate of upfreezing of single  stones  predicted  from  measured frost heave  strain 
and  freeze/thaw  frequency in the  soil  decreases  exponentially with depth.  These predicted upfreezing rates are  insufficient to produce  the  deep  sorting 
observed in excavations of Kvadehuksletta sorted circles over time scales of IO3- IO4 years,  the  estimated  age of these patterns. The calculated  hori- 
zontal  component of clast  movement  caused by realistically  inclined freezing fronts is small compared to the radius of the  fine  domains.  Hence, up- 
freezing alone cannot  account for the observed depth .rn pattern of sorting in  Kvadehuksletta sorted circles.  However,  upfreezing  operating in con- 
junction with  buoyancy-driven  convection of the fine-pined soil in the active  layer  is  capable of producing  both  the  deep sorting and  other  aspects 
noted  in  the thrtedinensional morphology and structure of d circles. 

INTRODUCTION 
Sorted circles are impressive soil patterns defined by frost-induced 
segregation of stones from fine material in Arctic and alpine ar- 
eas (Fig. 1). Upfreezing is frequently cited &s a mechanism for 
development of the distinctive  sorting  within  these features  (Bux- 
ley and Odell, 1924; Paterson, 1940; Sharp, 1942; Washburn, 
1956; Czeppe, 1961; Corte, 1963; Goldthwait, 1976; Ballwltyne 
and Matthews, 1982; Muir, 1983; Ray  et al., 1983; Gleason et 
al., 1986). Despite this wide acceptance, the precise function of 
upfreezing in  the dynamics of sorted circles has not been docu- 
mented. %cent experiments  on upfreezing (Anderson, in press) 
provide the basis for a rigorous assessment of the role of upfreezing 
in  producing the  pattern  and sorting of sorted circles. 
Little field data exist  on the  rate  at which segregation of a ho- 
mogeneous mixture occurs. Estimates of a few years to  a few 

been put  forth by Jahn (1961) for sediments  in  Spitsbergen and by 
decades  for the development of ”significant” vertical  sorting have 

Corte (1962a) for deposits near Fairbanks, Alaska. Sorted circles 
1-4 m In diameter have been documented on surfaces ranging in 
age from 50 to 200 years (Sharp, 1942; Schmertmann and Taylor, 
1965; Ballantyne and  Matthews, 1982), implying relatively rapid 
segregation and  pattern development. 
The  rate of upfreezing of a single clast  depends  primarily  upon its 
length,  the  magnitude of the  strain in the soil caused by ice lensing 
during freezing, and  the number of freeze/thaw cycles it experi- 
ences per year. Non-horizontal freezing fronts  impart a horizontal 
component to clast dis lacements that depends on the inclination 
of the freezing front  &uir, 1983; Hallet, unpub. manuscript). 
Thus, upfreezing rates  can  be calculated if the frost-heaving strain 
in the soil and clast size are known; furthermore, thc direction 
of clast movement can be deduced from the freezing front georne- 
try. Such data exist for well-developed sorted circles at ICvadchuk- 
sletta, western Spitsbergen  (Fig. 2), the site of a comprehensive 
field study Hallet et al., 1988 aimed at  elucidating the processes 
wtive in we r 1-developed sorte d circles. Using d a h  from that  study 
and  the model of upfreezing developed in Anderson (in  press), I 
calculate the movement of clasts ex ectcd  due to upfreezing in 
the Kvadehuksletta  sorted circles. I tien  cvduate  t,hr influencr of 
upfreezing on the  rate and patt,ern of sorting. 

surface dated  at 60-160 ka (Formitn and Xliller, 1964). and have 
probably been active for millennia (Hallet and  Prestrud. 19S6). 
Three sortcd circles excavated at Kvadehuksletta revealed that the 
distinctive  sorting observed at the surface continues to at least a 
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depth of 0.9111 (Prestrud, 19S7). In each exravation,  the contact 
hettvren thc fine material of the circle center and  the gravel in the 
border  stcepened from about 20" near the surface to vert,ical at 
a depth of 0.2 to 0.3n1. The contact  remained sh,zrp over the en- 
tire  depth cxcavated (0 .5-0 .h) .  This sorting  probably continues 
throughout the 1.5-1.8m deep active  layer, as mctal probes easily 
penetrated to  these depths in the fiue centers. 

Number of freeze/thaw cycles 
In Spitsbcrgen,  fluctuations of the  air  temperature around the 
freezing point art: conunon at all times of year. Van Vliet-Lan6e 
(19S3) reports an avera P of 60 days per year when the tempera- 
turc crosses 0 "C in S y  flesund. Only Snlp is free of freezing days, 
and  the most frequent  fluctuations occur in June  and September. 
Czcppe (1961)  measured 120 thaw cycles at  the ground sur- 
face in Homsund, 250 km Kvadehuksletta, during 1957- 
5s. The number and  amplitude of t,he Auctuatiops, however, drop 
off considerably with depth in the soil. Czeppe's (1961, Fig. VI) 
measurements.  taken every 6  hours. show only three freeze thaw 
cycles before the fall freeze-up at a depth of 0:05 m,  and on I y one 
freeze/thaw cycle in  addition t o  the annual cycle at 0.2 m. 
Date gatharcd daily during the fall and winter of 1985 from 36 
thermistors buricd brtweerl 0.1 and 1.0 m in two instrumented 
sortcd circles at Kvadehuksletta show only the fall freeze-up, with- 
out oscillation ahout the freezing point, helow 0.2 m depth. Above 
0.2 rn depth, only one fall frerze/thaw cycle occurred,  despite three 
cpisodes of sub- freezing air ternperatures. 
Freezclthaw cycles occur  during thc spring as well as the fall. 
However, the  sortcd circles at Kvadehuksletta are covered by a 
blanket of snow ranging from 0.5-1.0 m  in depth for much of the 
year. The insulating effect of the snow damps  out  the spring- 
time  air  tenlperature oscillations, making numerous freeze/thaw 
episodes unlikely. In two years of observation at  'Kvadehuksletta, 
no refreezing of the ground was noted in the early  summer  after 
melting of the snow pack. 
In general, the number o f  freeze/thaw cycles decrcases with  depth. 
During the three years rcpresentcd in the Kvadehukslctta and 
Hornsund data, only thc annual freeze/t,haw cycle occurred hclow 
0.3 m  in the soil. A to t4  of thrcc  freeze/thaw episodes occurred 
i n  thc top decimeters of the soil. Both thc nunhcr'of aut,umn 
frcezing rpisodes at  the  surfact of the soil, and  the  depth of their 
pmctration vary from year to year. Hence, for this  analysis, I 
will  itssllmrj a maximum of seven frecze/thaw cycles occur at  the 
surface, darrlping t o  r d y  t h c  annual cycle at, 0.5 n~ depth (scc Eq. 
7). This range r:rlcr;'mpa.sses the observations f r o m  Kvatl(thukslet.t,a. 
and Hornsuntl. 

Geometry  of freeze and thaw fronts 
Thawing prorreds downward from  the surfacc  during the summer. 
The  ratc of thaw differs between the borders and finc domains of 
the  sorted circles at Iivadehukslett,a, giving rise to non-horizontal 
thaw  fronts.  Although the coarse horders emerge carliest from 
the snow, ;ud, hcnce, begin thawing beforr the fines, the t h w  
front lies deepest  within the fine dorrlains throughout most of the 
summer. Mcasurenlenta of thaw depth, made by probing  with a 

materials increases through  late July Fig. 3), forming deep thaw 
steel rod, show that  the difference in thaw penetration in  the two 

basins beneath  the fine domains. By t \ le  end of the summer,  thaw 
rat,es beneath  the  borders  appear to exceed those in  the fines, and 
the  thaw front flattens.  This  pattern is apparently common, as it 
was observed by Schmertmann  and Ta lor (1965) in sortcd circles 
near Thule, Greenland; frozen ridges xeneath  the coarse borders 
were observed by Sharp (1942) in  the  St. Qias Range, Alaska; 
and  thaw basins formed under  the centers of non-sorted circles in 
western Arctic Canada (Mackay, 1980). 

front progressing down from the surface  has convex upward georn- 
etry within the fine domains, and concave upward geomet,ry within 
the borders- the opposite of the  thaw basin developed during the 
summer.. Chambers (1966) found a similar pattern in a sorted 
circle at Si ny Island In the South Orkney Islands. He also noted 
that  the di%erence in freezing front penetration  rate between the 
fines and  the coarse border decreased below 0.2 m,  the vertical. 
extent of the  sorting  at  the  site. At Kvadehuksletta, the geometry 

not well documented, as only 3 of 36 thermistors were installed in 
of the freezing front  propagating downward €rom the suface was 

the eezing fmnt geometry observed by Schmertmmn and Taylor, 
the ravel borders. However, the available data is consistent with 

with freezing progressing most rapidly through  the borders, 
In an excavation of a Kvadehuksletta  sorted circle in late Septem- 
ber 1984, the visible 0.1 rn deep freezing front follawed the contour 
of the surface in  the fines. Beneath  the  border, it dipped away 
from the circle center about 15", reaching a depth of 0.3 rn below 
the surface. The dip of the freezing front beneath  the border  in 
Schmertmann and Taylor's (1965) study ranged up to 25", in good 
agreement with  the freezing front observed in this excavation. 
Relatively low moisture  content  in the gravel borders is probably 
the primary  reason'for  more  rapid freezing in the borders. Above 
the water table  the  coarse.borders are well-drained. In contrast, 
fine material  tends  to  retain water; hence release of latent  heat 
slows progression of the freezing front  in the circle centers. Wa- 
ter drawn  from the border to growing ice lenses in the fines, a 
phenornenon demonstrated experimentally by Taher (1929), both 
increases the difference in  moisture  content and advects heat  out 
of the borders. The borders may also have greater  exposure to 

bugancy-driven air  circulation through  the large pores. 
cold air temperatures  due  to lesser snow cover, and to  wind- or 

iE 

OROUHD IWFACE AND THAW FRONT, NYILEWD SITE 

Figure 3. The  evolution of the  surface  topography and  the  thaw front 
geometry  beneath  two  sorted  circles near Ny-Alesund,  Spitsbergen, in 
1984. Thaw  proceeds more quickly through  the fines than  through 
the coarse borders,  producing deep thaw basins in mid-summer. 
The  two  upper  profiles  show  the  topography of the surface  near  the 
beginning  and the end of the thaw  season. 
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meters over the fine domains were mFt, the freezing front was 0.2- 
0.3 m below the surface. As shown in the first two entries of Table 
I, these  measurements imply average vcrtical soil strains o f  0.45 
and 0,32 in the  top decinlcters of the active layer. Heave strain 
was also measured directly with heave meters modified to measure 
small changes in distance hctween two pvc (polyvinyl chloride) 
plates originally spacetl about 0.2 m apart.  The  data from the 
heave strain meters  (Table I) show a marked drop i n  heave strain 
with depth  to negligible values at 0.6-0.8 m depth. 
The decrcasc in heave and  strain (differential hcavr with depth in 
the fines implies a decrease in ice content i n  the soii! Another way 
to  estimate  the ice content of a soil, as out,lined by Hallet et al. 
(1987), is through analysis of temperature profiles. In the-absence 
of phase changes or heat  advection, the heat conduction  equation 
dcscribes the  rate of change of temperature, X, at a point in the 
soil. The one-dimensional diffusion equation is: 

f I 

E ]  I 
I 

I I 
I ! I 

Figure 4. Thaw settling of the surface of a sorted  circle  at  Kvadehuk- 
sletta during summer, 1985. 'Maximum  settling  occurred  in  the  fine 
domains, reflecting the  greater frost heave  strain there in the  winter. 
Two upper curves show surface topography on 2 July and 19 August. 

The line of reasoning outlined above for lapid freezing front  prop- 
agation in  the coar8e borders during  the winter does not explain 
their slower thaw during summer. Other factors, such.as an in- 
crease in  the effective thermal diffusivity due to a decrease in mois- 
ture content with  depth  in  the fine domains, or the free convection 
of pore water modeled by Ray et al., (1983) and Gleason et  al., 
(1986), may be  important during  thaw. However, it is the incli- 
nation of the freezing front that proves most important  in deter- 
mining the differential lateral movement of clasts by upfreezing 
Corte, 1963; Muir, 1983; Hallet, unpub. manuscript). In  the 
vadehuksletta  sorted circles, the freezing front appears to ad- 

vance downward parallel to  the contour of the surface of the fines, 
stee ening  to a dip of 15-25" away from the fines beneath  the 
borjers. 

Magnitude of frost heave 
If one assumes that  the surface of a sorted circle is not changing 
in height from yew  to year, then  the amount of surface settling 
during the  thaw is identical to  the frost heave during the winter. 
Field measurements from heave frames firmly anchored in  the per- 
mafrost, with dowels free to slide in the vertical direction, show 
80-120 mm of Bettling (e.g. Fig. 4) in-the fine domains during  the 
thaw season at  Kvadehukdetta.  Total thaw  settling  drops off con- 

k 

siderably-in  the coarse borders  (Fig. 4 , reaching a minimurn at 
the  outer edge of the border. Most sett ing within the border oc- 
curs close to  the finelcoarse contact, where the coarse material is 
limited to  a thin layer above the fines. The minimal settling at  the 
outer edges.of the border and in  the intercircle mea presumably 
reflects lesser amounts of segregation ice in gravelly material. 
Direct field measurements of frost heave at Kvadehuksletta were 

-daily by a microprocessor-based datalogger. During 1985-1986 fall 
made  with heave meters consisting of linear  potentiometers  read 

and winter, two transducers recorded 90 and 96 mm of frost heave 
&t  the surface of the fine center, and 50 rnm was measured by a 
third  transducer  at  the  top of the  border,of a sorted circle. These 
measurements represent minimum values, as the extension  limits 
of the  potentiometers were reached. 
The  magnitude of vertical  frost-induced strain in the soil and  its 
variation with  depth  are of particular interest  with  regard tp up- 
freezing. At the  time  the extension  limits of the. two surface heave 

Year e n t  Ex%%% Sbain 
heave . eters. 

m mm , 

0-20 1985-86 Surface Heave 90.0 .45 

0-.30 1985-86 SuFfaceHeave 96.0 .32 

.15-.35 1984-85 StrainMeter 34.0 .17 
1985-86 39.0 .19 

.30-.54 1984-85 Strain Meter 35.0 .15 
1985-86 45.0 .19 

.62-30. 1984-85 Strain  Meter 1.7  .01 
1985-86 1.8 '  .01 

where t is timc, z is depth,  and K is therrrlal diffusivity. A phase 
change causes an addition4 source nr sink of heat, which can  he 
expressed by the addition of a latent heat term, yielding: 

where W, is the yolurne fraction of ice, L is the mass specific latent 
heat of fusion for ice, pt is the ice density, p 4  is t,he soil density, 
and C, is the mass specific heat of the soil. Eq. 2 was rearranged 
to yield an expression for %. This  quantity,  and subsequently 
Wi,  the ice Content, was calculated for six different depths in a 
sorted circle at  Kvidehuksletta.  The  data set used in this calcula- 
tion consisted of temperatures measured daily at 0.1 m intervals 
to a depth of 1.1 rn in the soil over most of one year.  Finite differ- 
ence approximations allowed calculation of the derivatives. The 
heat  capacity, soil density and thermal diffusivity were treated gs 
constants,  but different values were assigned for frozen and un- 
frozen soil. Field measurements yielded an average bulk density 
of 2 . 2 ~ 1 0 ~  kg/m3 for thawed soil, Using reasonable values for 
dry soil density, moisture  content and mineral  content, C, and 
6 were estimated from  Johnston (1981) to be 1.7 kJ/kg"Zl: and 
0.8 mm'fs for unfrozcn soil, and 1.1 k J / k g " h '  and 1.2 m m 2 / s  for 
frozen soil, respectively. Over the course of the year of measure- 
ments, two estimates of Wi are possible. In the fall. 9 becomes 
positive, reflecting the growth of ice lenses in the soil. In t8he 
summer, becomes negative when thawing occurs. Summing 
9 over the fall heme-up  and over the  summer,thaw yielded two 
independant estimates of ice content, shown in Table 11. The ice 
content decreases markedly below the 0;4 m level in the soil. Pre- 
-sumably ice contents  in the soil above 0.4 rn were equivalent to 
or greater  than  at 0.4 m, though it was not possible to calculate 
ice content  from Eq, 2 for higher levels, a.s the noise arising from 
rapid tempera.ture fluctuations  and steep temperature gradients 
rendered the finite difference approximations inaccurate. 

. .  

Ice c w t  as a function of denth. 

Depth Ice Content*  Ice  Content'? 
Volumetric  Excess 

m % % 
a . .4 .33-.43 , .20 to -.02 

.5 .24-26 .03 to -. 1 I 

.6 .26-.17 .03 to -.18 

.7 .21-:17 -.02 to -.18 

.8 .21-.17 2.02 t0-.18 . 
.9 . 1 Y  -.06 to -.18 

1.0 ' .  .13-.15 -.OS to-.22 
1.1 .13- 74 .01 to - . I 1  

*Volumetric  ice  content  calculated  using eq.2. 
?Excess ice content  denotes the difference  between  the ranges 
of the voluqneuic  ice  content and the  soil  porosity. 
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.in icr contrnt i n  excess of the soil porosity can be  attributed  to 
segregation ice and  equated with frost heave. The porosity, p,  of 
a saturated soil can be estimated from 

P =  P a  f ) m  

P1V - Pm 
(3) 

where pB. prrl. and p.. arc the densities of the bulk soil, the min- 
eral constituents of the soil particles, and water, respect,ivcly. Bulk 
density of the fine material in Iivadehuksletta  sorted circles ranges 
from 2.1-2.3~10~ k g / 7 ~ 7 ~  (Hallet and Prest,rud, 19S6), and  the pri- 
mary  mineral  constituent is calcium carbonate, with a density of 
2 . 7 ~ 1 0 ~  k g / i n 3 .  Thus. the porosity of these soils ranges from 2 3  to 
,35. The difference between the ice content and  the porosity yields 
the excess icr contents shown in Table 11. The plausible range of 
positive excess ice content at 0.4 m depth overlaps with  the heave 
strain nwasured at  this  depth (Table I). The negative excess ice 
contents belolv 0.4 m suggest that  the soil  was unsaturated when 
freezing occurred. Ice segregation may occur in unsaturated soils, 
and this may be occurring at Iivadehuksletta, as very small heave 
strains were measured at 0,6-0.S m depth in the soil (Table I). 
Evidence from the surface heave meters. the heave strain meters, 
and  the ice content  calculations point to a decrease in frost heave 
strain with depth in the soil. ,411  of the positive strains calcu- 
lated from  these data  are shown in Fig. 5. The very low strains 
measured below about 0.6 m  are consistent with observations by 
others. In a cross-section dug in a frozen non-sorted circle, Mackay 
(19SO) found that no ice was visible between about 0.5 In and  the 
bottom of the active layer (roughly 1.0 m). Schmertmann and 
Ta>*lor (19F5, Fig. 2s) measured no heave in the  bottom half 
(lower 0.9 m) of the active layer in their study of sorted circles. 
Chambers (1967) concluded from his surface frost heave measure- 
ments that  there was no ice segregation between 0.4 m and  the 
base of the 1.2-1.5 rn deep  active layer in  sorted circles at Signy 
Island. South Orkney Islands. 

heave at the base of the active layer (Mackay, 1983). The results 
Upward freezing from the  top of the permafrost may cause frost 

of an upfreezing experiment  (Anderson,  in  press)  simulating con- 
ditions at  the base of the active layer were equivocal, but suggest 
that motion of clasts would be smaller than, and may be in the 
opposite  direction of, the downward freezing case. 

STRAIN 

1 .o J 
Figure 5. Frost heave  strain as a function of depth.  Compiled  data 
from 1 )  surface  heave and  depth  of frost penetration, 2) heave  strain 
meters, and 3) ice  content  calculations. HacKures delineate  the  range 
of strain  from  the ice content  calculations. 

ANALYSIS 
Rate of sorting 
A clast moves up  during freezing and  settles downward during 
thaw in a regime of downward propagating freeze and thaw  fronts. 
The upward &fit displacement expected due  to upfreezing at con-  
pletion of a freeze/thaw cycle is (Anderson,  in  press): 

where F is the vertical  frost heave strain  in  the soil caused by 
growth of ice lenses, H is the length of the clast  measured parallel 
to heat flow, f is the fraction of the clast  length  not adfrozen to 
the soil at  the onset of its heave during freezing, and O< a < 1 
gives the  portion of the upward heave that persists  after  thaw. 
Both  the  strain, E ,  and  the number of freeze/thaw cycles per  year, 
n, decrease with  depth in the soil, so the relative speed of a clast 
through  the soil is a function of its  depth, 2: 

It is convenient and reasonable to  appraximate  the available data 
on strain (Fig. 5) and number of freeze/thaw cycles in  the active 
layer from  Kvadehuksletta by simple  exponential functions: 

where a and b are empirical constants, €0 is the heave strain  at 
the soil surface, and no is the number of freeze/thaw cycles per 
year at  the surface, exclusive of the  annual freeze/thaw cycle. The 
exponential  approximation of n ( ~ )  is physically justified, since the 
amplitude of periodic temperature disturbances at  the soil surface 
decay exponentially with  depth  in  the soil (Gold and Lachenbruch, 
1973). Substitution of Eq. 6 and 7 into Eq. 5 now shows explicitly 
the exponential increase in the  rate of upfreezing of a clast as it 
nears the surface: 

Solving Eq. 8 for the  time required for a clast to reach the surface 
from some depth, 20, yields: 

1 0  t = - J  dz 
o l fHco  x g  e - a r  + n g e ( a + b ) x  (9) 

which can  be  integrated numerically. 
The range of empirical  constants  from the Kvadehuksletta data 
on strain  and number of freeze/thaw cycles.per year are: q, = 
0.7-1 .0 ,a=4.6-9 .2m-1,no=O-6yr- ' ,andb=O-2m-' .  
In the upfreezing experiments described in Anderson (in press) 
values of f ranged  from 0.5-0.6, and values of a ranged from 0.2- 
0.7. The times  required  for a representative 20 mm clast (Prestrud, 
1987) to reach the surface along with the clast velocity at a variety 
of depths, using these  ranges of constants  are shown in Table 111. 
The number of freeze/thaw cycles per  year, n(z ) ,  and  the fraction 
of the clast heave retained  after  thaw, a,  had  the largest effects 
on the range of calculated surfacing times  and velocities. This 
suggests that  the  mount of upfreezing occurring in any given year 
will strongly  depend  on the weather: alteration of the number and 

Depth, ZQ Time to Surface Velocity at q 
rn y mvr 

.1  4-90 

.3 26-810 
.8-1n 
. l -5 

.5 .1-5.4x1@ .02-2 
1 .o .02-5.4x1@ .02-.09 
1.5 003-ux107 9122-.006 
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penetration  depth of short  duration freeze/thaw cycle events will 
substarrtia.lly affect upfreezing rates. Howt:vcr, the  importance of 
short  freeze/thaw cycles may be modulated by the  magnitude of 
frost-heaving strain in the soil, which for this simple analysis wa.s 
assumed to  be identical during both tho short freezing episodes i n  
the fall, and  the annual winter frccze. 
The surfacing time for a reprcscntative clast increases dramatmi- 
cally with dcpth (Table 111), which clearly prcsents a dilemma. 
In excavations, the segregation of fines and stones  extended to 
at least 0.9 m depth, and probing  with steel rods suggest that 
segregation continues  throughout the 1.5-1.8 XI thick active layer 
at Kvadehuksletta. However, the vertical upfreezing velocities of 
clasts in  the lower portion of the active layer are  far  too slow to 
produce significant deep sorting in the few thousand years Hallet 
and  Prestrud 1986) estimate they have been active. The  data 
in Table 111 in 6 icate that upfreezing is important  and vigorous in 

invoked to produce the deep  sorting  in  these  features over time 
the  upper levels of the active layer, but  other processes must be 

scales of io3 years. 

Pattern of sorting 
Inclined freezing fronts impart a horizontal component to clast 
movement (Corte, 1962b, 1963; Muir, 1983; Hallet, unpub. manu- 
script)  that can be easily parametrized. Assuming that  the clast 
moves parallel to  the heat flow direction  during freezing, Equation 
4 can be modified to yield a vertical component (Hallet, unpub. 
manuscript) 

and a horizontal component 
D(r-nct) = O f H E  a i d  ( l o a )  

D ( ~ - ~ ~ ~ )  = pfHE case ( l o b )  

of clast movement, where 0 is the angle between the heat flow 

tal freezing displacement that persists  after thaw. The  fraction of 
vector and a horizontal plane, and /? is the fraction of horizon- 

the clast dis lacement that persists  after thaw is expected to  be 
greater for txe  horizontal component than for the vertical com- 
ponent since the restoring force during thaw i s  primarily due  to 
gravity. Hence, the value of /l is probably of order 1, while a 
ranged between 0.2 and 0.7 in  the downward freezing experiment 
of Anderson (in press). Assuming that a does not vary with incli- 
nation of the freezing front,  the clast velocity and  time required 
to surface from  a given depth differ  from the horizontal freezin 
front case by only a factor  in the  numerator of sin0 and l /s in% 
respectively. Rearranging Eq. 10a and 10b yields the  magnitude 
of lateral displacement expected for a clast  for  any given upward 
movement, 

Note that Eq. 11 implies that  the  net horizontal displacement is 
proportional to  the original depth  and is independent of clast size, 
number of freeze/thaw cycles, or heaving strain  in  the soil. The 
horizontal displacement of a 20 mm clast as it moves toward the 
surface is shown in Table IV for several depths  and values of 8. 
The  magnitude of lateral displacements possible from upfreezing 
(Table IV) are small  relative to  the size of the fine domains of 
sorted circles at Kvadehuksletta. The fine centers are typically 2- 
3 m in diameter, implying lateral displacements of up  to 1-1.5 m. 
Deeply buried  stones can move this lateral distance by upfreezing, 
but  they  can  do so only over unreasonably long periods. 
The freezing front was shown by Schmertmann and Taylor (1905) 
to  be broadly convex upward  in the fine domains of sorted circles. 
This geometry does yield a generally diverging radial pattern of 
clast displacement by upfreezing; however, in detail  it docs not 
produce the observed pattern of sorting in circles. In the center of 
the fine domains freezing fronts are nearly horizontal; hence, clasts 
there will tend  to move nearly vertically. Close to  the  bordrr,  thc 
freezing front is more likely to be inclined and  lateral movement 
of clasts should be greater. However, this effect should decrra.se 
with  depth  in  the soil, as  the freezing front  flattens  with depth. 
Hcnce, the overall radial divergence of clasts due  to upfreezing 
will bo grcatest near the surface. Wherras t,his does concentrate 

Table IV, Cumulative  lateral  displacement of a 20 mm clast, initially 
a depth m. due to unfreezinp with an inclined  freezinv front. 

Lateral movement, m 
q), m theta=XO' theta=70' theta=60" 

. I  .03-.07 .05-.15 .08-.23 

.3 .08-.21 .16-.44 .26-.69 

.5 .12-.44 .26-.91 .41-1.4 
1 .o 27.70 3 - 1 . 5  87-2.3 

clasts near the borders, it does not explain thc distinct and nearly 
vertical textural  boundary of the finex/coarse contact, nor does it 
provide a mechanism for moving clasts from the center of a circle 
to  the borders. Since upfreezing moves clasts primarily vertically, 
the gross fcatures of the  sorting requires other processes acting  in 
addition to upfreezing. 
Many authors (Poser, 1933; Taber, 1943; Goldthwait, 1976) as- 
sert that clasts move latcrally toward the border  through surface 
processes after upfreezing has brought them  to  the surface. Sig- 
nificant solifluction occurs only on slopes greater  than 3-4" (Jahn, 
1961), and hence, i s  unimportant in the center of the fine domains 
of sorted circles, which are usually flat  at Kvadchuksletta. So- 
lifluction may be important close to  the borders where the surface 
slope increases. I did not observe needle ice formation in the fine 
domains of the sorted circles at Kvadehuksletta  during fall of 1984, 
suggesting that frost crccp docs not occur on  these surfaces. Thus, 
surface processes are slow and ineffective in the central portion of 
these  sorted circles. Moreover, the  sharp contact between h e  do- 
mains and coarse  borders seen at the surface, and continuing into 
the subsurface, imply that horizontal segregation does not occur 
by surface processes. 
Hallet et al. (1988) presented an intriguing mechanism that ac- 
counts  for lateral motion of clasts, involving convective circula- 
tion of fine material, driven by unstable  density stratificatian of 
the soil. The pattern of soil motion expected is upwelling in the 
center of the fine domains and downwelling at  the fine/coarse con- 
tact. Assuming that clasts are entrained by and move with the 
soil, the motion of clasts would be  the resultant of net soil motion 
and net upfreezing-induced displacement.  Clasts in the center of 
a convecting cell, then, can be expected to rise to  the surface more 
rapidly than predicted by upfreezing alone. A s  they approach the 
surface, an increasing horizontal component arising from soil mo- 
tion will  move them toward the borders, adding to the horizontal 
component due  to upfreezing. Clasts near the  bottom of the con- 
vecting cell may actually move  away from t>he  border because of 
the  return circulation at  depth in the soil.  Downwelling of the soil 
near the border cornpct,cs with upfreezing, diminishing the  rate 
of vertical ascent of t,ke clast.  Together. the motion of clasts due 
to  both upfreezing and soil motion can account for the  depth of 
sortir-g (as  the  entire active layer presumably convects), and  the 
lateral segregation of fines and clasts. 

CONCLUSION 
The upfreezing process alone cannot rsplain the depth of sorting, 
the geometry of the fine/coarse contact, or the size of the sorted 
circles at  Iivadehuksletta.  The present day number of freeze/thaw 
cycles per year a.nd  soil frost,-hraving strain  are insufficient to moye 
an average size clast from deep in the active layer to  the surface 
within  reasonable t,iIne const,raint,s. The amount of lateral motion 
prcdicted, which is a function only of t,he freezing front inclination 
and  the  fraction of the movemcnt retained  after thaw (n and 8) 
for a giwn depth, is small compared to  thc radius of the fine 
domains. Furthrrmore,  the  patstern of cla.st migration arising from 
the convex-upward freezing front,s in the fine donmins does not 
concentrat$  clasts a.t, t,lic border  strongly mough to explain the 
sharp  and  nrarly vrrt8ical textural boundary nt, the border. 
The  depth  to which upfreezing is a significant process would in- 

year were greater deep in the  activr layrr.  During thr Holorrne cli- 
crrme if t,lw hcavr strain and the number of freeze/thaw cycles per 

ma.tic optimum, w-armw a~lrn~al  t~mperat,ltres'nlay have increased 
the occurrence of autumn freeze/thaw episodes. However. these 
cvrnts would need to  haw bern of grcatcr  duration or severity 
t,han  they are  at present to increase the upfreezing rates in the 
lowrr half of the active layer. In addition, lateral  displacrmrnts of 
clasts by upfreezing arr indcpcndcnt8 of the hraving strain in t>hr 
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.."".. Y." II."IL..IL.IY -4 \ I I Y Y Y D  "J u y r r c r u r r r g  ,,a b,,C r m g t . ,  wt.,,- 
dadoped sorted circles at I<vadt.huksletta appears to highlight 
the soil convection pattern. 
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TEPHRAS AND SEDIMENTOLOGY OF FROZEN ALASKAN LOESS 
J.E. Beget 

University of Alaska, Fairbanks, AK 99775 

SYNOPSIS  Tephras  are  preserved  as  thin,  discrete  layers in l o e s s  in  interior Alaska. 
Large  structures  in  the  loess,  such  as  faults,  slumps,  sand  wedges, and i c e  wedpe c a s t s ,  
which  are  difficult t o  discern  in  massive  loess,  are  quite  evident  where  tephras o r  paleosols 
are  incorporated  in  the  disrupted  section.  Tephras and paleosols  mark  multiple  former  ground 
surfaces  in  the  loess.  The  sedimentology of the  tephras and loess  suggests  that  much o f  t h e  
silt  in  low-lying  valleys  in  the  Fairbanks  area,  previously  attributed to reworking of loess 
from  adjacent  hillslopes,  records  eolian  deposition  subject  to  only  minor  local  retransport. 
The  mechanics  of  eolian  dust  entrainlent,  transportation, and deposition  are  consistent  with 
the  preferential  accumulation  of  thlch  airfall  loess  deposits  in " l o e s s  traps"  on  valley 
floors  at low elevations,  probably  in  areas  of  vegetation  cover. 

INTRODUCTION 

Although  long  and  continuous  geologic 
records  in  terrestrial  localities  are  rare 
(Kukla  and Aharon, 1984), several  types o f  
long  records o f  Pleistocene  sedimentation 
and  climate  change are now available. 
Isotopic  studies o f  precipitation  preserved 
in  long  ice  cores  from  high  latitude  ice 
sheets  provide  a  record of Pleistocene 
climate  change  which  is  remarkably  similar 
to  the  climatic  record  inferred  from 
isotopic  variations  in  foraminifera 
preserved  in  deep-sea  sediment  cores. 
Similar  patterns of climate  change  are 
inferred  from  some long pollen  records 

1984;  Woillard, 1978). Kukla (1975) first 
(Hooghiemstra, 1984;  Molfino and others, 

attempted  to  correlate  loess  records  in 
central  Europe  with  the  marine  isotope 
record.  Recently,  thick  sequences of loess 

which  appear to  closely resemble other 
and paleosols have  been described in  China 

climatic  records of the  Pleistocene,  with 
massive  loess  deposits  formed  during 
gl.aciations being  separated  by  paleosols 
formed  during  interglacial  and  interstadial 
times  (Tungsheng and others,  1985;  Kukla, 
1987). This  paper  re-examines  the  thick, 
frozen  valley-bottom  loess  deposits  in  the 
Fairbanks  area of central  Alaska  to 
determine  their  potential  for  depositional 
continuity  through  the  late  Quaternary (Fig. 
1) .  Thick  loess  deposits in Alaska  may 
potentially  contain  long  proxy  records o f  
high-latitude  climate  change  and  permafrost 
history  (Reget and others, 1987). 

160 1 4 4  
I 

I J 
160 1 4 4  

Figure 1. Limits of  late V!isconsin 
glaciation (stiplcr! pattern), location of 
thick, f r o z e n  loess deposits in un~laciated 
c e n t r a l  A l a s k a  (slash pattern). .FZotlified 
From Pewe ( 1 9 7 5 ) .  
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hfllch c o n t r o v F r s v   h a s   b e e n   a t t a c h r d  t o  t h e  
loess d e p o s i t s   i n   t h e   F a i r b a n k s   a r e a .   T h e  
e a r l i e s t   w o r k r r s ,   s r ~ r h   a s   S p u r r   ( 1 8 9 8 1 ,  
P r ind lc  ( 1 9 1 3 1 ,  Eak in   (19161 ,   and   F l a r r inRton  
( 1 ? 1 8 ) ,  m a i n t a i n e d  t h a t  t h e   w i d e s p r e a d  s i l t  
d e p o s i t s  were w a t e r l a i d ,   e i t h e r   i n   f l u v i a l ,  

S p r r  named t h e s e   d e p o s i t s   t h e  "Yukon 
l a c u s t r i n e ,  o r   e s t u a r i n e   e n v i r o n m e n t s .  

s i l t s " .  T a b e r  (1053) s r ~ g p e s t e d   t h e  s i l t s  
werc a r e s i d u a l   o r   w e a t h e r i n g   r o d u c t .   T u c k  
( 1 9 3 R ;  1 9 4 0 )  a n d   F a r d l e v  ( 1 9 3 8 7  F i r s t  
s u g g e s t e d   t h a t   t h e   l o e s s  was of e o l i a n  
o r i g i n .  

The work of  Pewe ( 1 9 5 5 )  f i n a l l y  
d e m o n s t r a t e d ,   i n  a s c i e n t i f i c  a n d   c o n v i n c i n g  
a p p r o a c h ,   t h a t   t h e   l o e s s   d e p o s i t s   o n   u p l a n d  
a r c a s  were w i n d - t r a n s p o r t e d .  Pewe a l s o  
d e v e l o p e d  a s t r a t i g r a p h y   a n d   n o m e n c l a t u r e  
w h i c h   c a n   b e   l o c a l l y   a p p l i e d   t o   l o e s s   i n  
l o w l a n d   b a s i n s ,  b u t  a r g u e d   t h a t   a l l   l o e s s   i n  
l o w   v a l l e y s   " r e p r e s e n t   d e p o s i t s   r e w o r k e d  
f r o m   a d j o i n i n g   s l o p e s "   ( P e w e ,   1 9 7 5 ,  p .  4 0 ) .  
Two v e r y   p r o m i n e n t   f o r e s t   b e d s ,   d e s i g n a t e d  
t h e  Dawson  Cut  and t h e   F v a ,   l o c a l l y   d i v i d e  
t h e  l o e s s  i n   v a l l e y s   i n t o   t w o   a s s e m b l a g e s   o f  
r o u g h l y   e q u a l   t h i c k n e s s   ( F i g .  2 ) .  Pewe 
( 1 0 7 5 )  s u g g e s t e d   t h e s e   f o r e s t   b e d s  may 
c o r r e s p o n d   t o   t h e   S a n g a m o n   a n d   Y a r m o u t h  
i n t e r g l a c i a l s   o f   t h e   m i d - c o n t i n e n t a l   U n i t e d  
S t a t e s ,  a n d  t h e   t w o   i n t e r c a l a t e d   l o e s s   b e d s ,  
e a c h   a p p r o x i m a t e l y  30 m t h i c k ,   t o   t h e  
W i s c o n s i n   a n d   I l l i n o i a n   g l a c i a t i o n s .  

Peve  also i d e n t i f i e d   n u m e r o u s   v o l c a n i c   a s h  
b e d s   w i t h i n  t h e  F a i r b a n k s  l o e s s .  His 
r e c o g n i t i o n   i n   t h e  1 9 5 0 s  o f  t h e   p o t e n t i a l  

c h r o n o l o g i c a l   m a r k e r s   w i t h i n   t h e   l o e s s   w a s  
s i g n i f i c a n c e  of t h e s e   t e p h r a s  a s  

f a r s i g h t e d .   F e c e n t   f i s s i o n   t r a c k   d a t i n g  of 

b a s a l   p a r t  o f  t h e   G o l d  H i l l .  l o e s s  i s  a t  
t h e  Ester A s h ,   f o r   i n s t a n c e ,   i n d i c a t e s   t h e  

l e a s t  4 5 0 , 0 0 0  y e a r s  o l d  ( W e s t g a t e ,   p e r s .  
comm., 1 9 8 7 ) .  T h i s   d a t e   a l o n e   s u g g e s t s   t h a t  
l oes s  a s   o l d   a s   m a r i n e   i s o t o p e   s t a g e  1 2  i s  
p r e s e n t  i n  c u t s   n e a r   F a i r b a n k s .  

SEDIMPKTOLOGICAL SIGNIFICANCE OF TEPHRA 
DFPOSITS: I S  A L L  VALLEY-FOTTOM LOESS 
REWORKED? 

T h e  t e p h r a   l a y e r s   f o u n d   i n   t h e   i n t e r i o r   o f  
A l a s k a   p r o v i d e   i m p o r t a n t   i n f o r m a t i o n   o n   t h e  
l o c a l   s e d i m e n t o l o g y   o f   t h e   l o e s s   d e p o s i t s .  
The l o e s s   i t s e l f  commonly c o n s i s t s  of  
m a s s i v e   b u f f   t o   y e l 1 . o ~  s i l t ,  a n d   c o n t a i n s  
r e l a t i v e l y   f e w   h o r i z o n s   w h i c h   c a n  h e  u s e d   t o  
i n f e r  i t s  s t r a t i p r a p h y  o r  s t r u c t u r e .   T e p h r a  
b e d s   a r e   a n   i m p o r t a n t   e x c e p t i o n ,  

I t   h a s   h e e n   p r o p o s e d   t h a t   t h e  l o e s s  d e p o s i t s  

c e n t r a l   A l a s k a   a c c u m u l a t e d   a s  a r e s u l t  of 

h i g h e r   e l e v a t i o n   ( P e w t ,  1 9 7 5 ) .  T h i s  i s  
t h e   r e t r a n s p o r t  of  l oes s  f r o m   h i l l s i d e s   a t  

s u g e e s t e d   b y   t h e  much p r c a t e r   t h i c k n e s s  05  
l o e s s  a t   l o w   e l e v a t i o n s   t h a n   o n   u p l a n d s  
I ~ e w e ,  1 9 5 5 ) .  Smal l   mudf lows ,   s lumps ,   and  

p l a c e s  i n  t h e   v a l l e y   b o t t o m   l o e s s   f a c i e s ,  
l a n d s l i d e s   c l e a r l y   a r e   p r e s e n t   i n  some 

l o c a l l y   c a l l e d  "muck" h y  minor s .   However ,  I 

- f o u n d   i n   v a l l e y   h o t t o m s   i n   u n g l a c i a t e d  

argue h e r e   t h a t   t h e   p r e s e n c e   o f   m u l t i p l e ,  
d i s c r e t e ,   c o n t i n u o u s   l a y e r s  of u n d i s r u p t e d  
a i r f a l l   t e p h r a s   w i t h i n   t h e   v a l l e y   b o t t o m  
l o e s s   i n d i c a t e s   t h a t  some of t h e s e   d e p o s i t s ,  
l o c a l l y  a s  mrlch a s  50  m t h i c k ,   a c t u a l l y  
c o n s i s t   l a r g e l y  of a i r f a l l   l o e s s   w h i c h   h a s  
h e e n   s u b j e c t   t o   o n l y   m i n i m a l   r e t r a n s p o r t ,  
p r i n c i p a l l y   b y   a d d i t i o n a l   w i n d   r e w o r k i n g  
a f t e r   d e p o s i t i o n .   S i m i l a r   c o n c l u s i o n s   a b o u t  
t h e   l o w l a n d   l o e s s   h a v e   b e e n   r e a c h e d  
i n d e p e n d e n t l y   b y   H a m i l t o n   a n d   o t h e r s   ( i n  
p r e s s )  * 

I n  many cases  t e p h r a s   c a n   b e   t r a c e d   a c r o s s  

c a s e s   s i n g l e   a i r f a l l   u n i t s   c a n   b e   f o l l o w e d  
s e v e r a l  meters o f   o u t c r o p ,   a n d   i n  a few 

f o r  t e n s  of meters. A t  l e a s t  1 0  s u c h  
t e p h r a s ,  some o n l y  a f e w   c e n t i m e t e r s   t h i c k  

w i t h i n   t h e   t h i c k e s t   l o e s s   s e c t i o n s   ( P e w e ,  
and  some  more  than 1 5  cm t h i c k ,   a r e   f o u n d  

1 9 7 5 ;   B e g e t ,   u n p u b l .   m a p p i n g ) .   T h e   t e p h r a s  
c o m m o n l y   h a v e   s h a r p   b a s e s   b u t   a r e   m i x e d   w i t h  
l o e s s  a t  t h e i r   t o p s ,  Some t e p h r a s   s h o w  
c r o s s b e d s ,   a n d  small d u n e - l i k e   r i p p l e s   c a n  
b e   i d e n t i f i e d  a t  t h e i r  t o p s .  The l a c k  of 
c h a n n e l l i n g   a n d   t h e   u b i q u i t o u s   a p p e a r a n c e   o f  
t h e s e   r i p p l e s   a c r o s s  many meters o f   o u t c r o p  
s u g g e s t   t h e y   r e f l e c t   w i n d   a c t i o n   o n   t h e   a s h  
b e d s ,   a n d   a r e   n o t   d u e   t o   f l o w i n g   w a t e r .  

EVA CREEK CRIPPLE CREEK 
Dapth  Aga/lnterpratrtlon  Intarprotation 

(m) 

THIS REPORT 

F i g u r e  2 .  S i m p l i f i e d   s t r a t i g r a p h y  of t h i c k  

P e w e   ( 1 9 7 5 ) .   a n d   t h i s   p a p e r .  
l o e s s   s e c t i o n s   n e a r   F a i r b a n k s ,   A l a s k a ,   f r o m  
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T h e   u n m i x e d   c h a r a c t e r   o f   t h e   f i n e - g r a i n e d  
a s h  b e d s   w i t h i n  t h e  l o e s s   d e p o s i t s  i s  good 
e v i d e n c e   f o r   a i r f a l l   d e p o s i t i o n  of t h a t  
a s h .   C l e a r l y  i t  w o u l d   b e   i m p o s s i b l e   t o  
p r o d u c e  a h o r i z o n t a l ,   c l e a n ,   s e g r e g a t e d   a s h  
l a y e r   a s  a r e s u l t  o f  c r e e p ,   s l o p e w a s h ,  
s o l i f l u c t i o n ,   o r  some   combina t ion  o f  
m a s s - w a s t i n g   p r o c e s s e s   m o v i n g  m i x e d  a s h   a n d  
l o e s s   d o w n s l o p e .   T h e   m u l t i p l e   t e p h r a s   c a n  
be f o u n d   a t  many p o i n t s   w i t h i n   t h e  
e x t e n s i v e ,   n e a r l y   h o r i z o n t a l   l o e s s i a l   v a l l e y  
f i l l s ,   a t   d i s t a n c e s   a s   f a r   a s   s e v e r a l  
k i l o m e t e r s   f r o m   a d j a c e n t   h i l l s .  The s h a r p  
b a s e s  o f  t h e   t e p h r a   l a y e r s   p r e s u m a b l y   m a r k  
f o r m e r   g r o u n d   s u r f a c e s   a t   t h e  times o f  a s h  
d e p o s i t i o n .   T h e  common o c c u r r e n c e  o f  
a p p a r e n t l y   w i n d - r e w o r k e d   a s h   m i x e d   w i t h  
loess  a t  t h e   t o p   o f   t h e   t h i c k e s t   a s h  b e d s  
must r e f l e c t  a c o n t i n u a t i o n  r r f  e o l i a n  
d e p o s i t i o n   o f  loess  f o l l o w i n g   t h e   t e p h r a  
f a l l ,   s u g g e s t i n g   t h a t   a t   l e a s t   t h e   i m m e d i a t e  
l o e s s   d e p o s i t s   i n   w h i c h   t e p h r a s   a r e  
i n t e r c a l a t e d   a r e  a150 e o l i a n   d e p o s . i t s .   T h i s  
h y p o t h e s i s  i s  s t r o n g l y   s u p p o r t e d   b y   t h e  
o b s e r v a t i o n   j n  some a r e a s   o f   l o c a l   a n d  
g r a d u a l   l a t e r a l   t h i n n i n g   b y   m i x i n g   o f   a s h  
b e d s   a n d   l o e s s .   C h a n g e s   i n   t h i c k n e s s   o f  
t e p h r a s   a p p e a r   t o   o c c u r   w h e r e   c l e a n   a s h  
g r a d e s   i n t o   a s h - l o e s s   m i x t u r e s   a n d   t h e n   i n t o  
l o e s s ,  a f e a t u r e   h e r e   i n t e r p r e t e d   a s  
r e f l e c t i n g   w i n d - r e w o r k i n g   o f   a s h   a n d   l o e s s .  
If a t e p h r a   d i s a p p e a r s   a l t o g e t h e r  when 
t r a c e d   a c r o s s   a n   e x p o s u r e ,  i t   i s  g e n e r a l l y  
p o s s i b l e   t o   e x c a v a t e   l a t e r a l l y   i n   t h e   l o e s s  
a n d   f i n d   a d d i t i o n a l   o c c u r r e n c e s ,   m o r e  o r  
less m i x e d   w i t h   l o e s s ,   a t   t h e   s a m e  
s t r a t i g r a p h i c   p o s i t i o n   a c r o s s   s e c t i o n .   T h i s  
i s  a l s o   c o n s i s t e n t   w i t h   t h e   t e p h r a s   m a r k i n g  
a f o r m e r   g r o u n d   s u r f a c e   a n d   b e i n g  
i n t e r m i t t e n t l y   r e w o r k e d   b y   w i n d .  

M u l t i p l e   m a s s i v e   l o e s s   d e p o s i t s   t h r o u g h   t h e  
t h i c k e s t   e x p o s u r e s  of t h e   v a l l e y   b o t t o m  
l o e s s   c l o s e l y   r e s e m b l e   t h e   a p p a r e n t   a i r f a l l  

l o e s s  b e d s ,  l i k e   t h e  u p p e r  p a r t s  of t h e   a s h  
l o e s s  f o u n d  o v e r l y i n g  t h e  t e p h r a s .  M a s s i v e  

b e d s ,   s o m e t i m e s   s h o w   v e r y   s u b t l e   a n d   f i n e  
p a r t i n g s   1 - 5  cm i n   l e n g t h   w i t h   g e n t l e   d i p s  
w h i c h   a r e   p r e s e n t   a c r o s s  many meters of 
o u t c r o p .   B e c a u s e   s e v e r a l   c e n t i m e t e r s   o f  
l o e s s   c a n   b e   d e p o s i t e d   i n   o n e   s t o r m   ( P y e ,  
3 9 8 7 ) ,  t h e s e   f e a t u r e s  may b e   p r i m a r y   e o l i a n  
d e p o s i t i o n a l   s t r u c t u r e s ,  o r  may r e f l e c t  
a e o l i a n   r e w o r k i n g   o f   t h i c k ,   f r e s h   l o e s s  
d e p o s i t s .  

T h e   h o r i z o n t a l i t y   o f   t h e   t e p h r a   d e p o s i t s  i s  
a l s o   c o n s i s t e n t   w i t h   a n   a i r f a l l   o r i g i n   f o r  
t h e   u n d e r l y i n g   l o e s s .   I f   t h e   m a s s i v e   l o e s s  
u n d e r l y i n g   t h e   t e p h r a s   h a s   b e e n   r e w o r k e d   a n d  
r e d e p o s i t e d   b y  streams o r  s o l i f l u c t i o n  
l o b e s ,   t h e r e   s h o u l d   b e   c o n s i d e r a b l e   r e l i e f  
o f  t h e   g r o u n d   s u r f a c e   b u r i e d   b y   t h e  
a s h f a l l .   I n s t e a d ,   t h e   s u b - h o r i z o n t a l  
s u r f a c e s   b u r i e d  by t e p h r a s   r e s e m b l e   t h e   f l a t  
t o p   o f   t h e   m o d e r n   l o e s s i a l   v a l l e y   f i l l ,  
w h e r e   d u s t  i s  d e p o s i t e d   t o d a y   d u r j n g  summer 
wind storms. 

If much  of t h e   v a l l e y   b o t t o m  l oes s  i n  
c e n t r a l   A l a s k a   a c t u a l l y   c o n s i s t s   o f  we l l  
s o r t e d ,   o c c a s i o n a l l y   l a m i n a t e d   m a s s i v e  
a i r f a l l   o r   m i n i m a l l y   r e t r a n s p o r t e d  l o e s s ,  

then t h t s c   l o e s s   d e p o s i t s   c o n t a i n  a r e c o r d  
of e o l . i a n   s e d i m e n t a t i o n   a n d   c l i m a t e .   T h i c k  
eoljan l o e s s  d e p o s i t s  i n  C h i n a   a n d   o t h e r  
a r e a s  of  t h e   w o r l d   a r e   i n t e r r u p t e d   b y  
p a l e o s o l s ,   i n t e r p r e t e d   a s   f o r m i n g   d u r i n g  
i n s o l a t i o n  p e a k s  c o r r e s p o n d i n g   t o  
i n t e r g l a c i a t i o n s   d u r i n g   t h e   P l e i s t o c e n e  

P y n ,   1 9 8 7 ) .  Pewe ( 1 9 7 5 )  i d e n t i f i e d  o n l y  a 
(TunRsheng and o t h e r s ,  1 9 8 5 ;  K u k l a ,  1 9 8 7 ;  

' s i n g l e   p r o m i n e n t   b u r i e d   f o r e s t   b e d   w i t h i n  
t h e   v a l l e y   h o t t o m   f a c i e s ,   b u t  I s u g g e s t   h e r e  
t h a t   t h e r e   a r e   a t   l e a s t  4 l a t e r a l l y  
c o n t i n u o u s   p a l e o s o l s   w i t h i n   t h e   u p p e r  2 0  m 
o f  s e v e r a l   6 0 - m - t h i c k   l o e s s   s e c t i o n s   ( F i g .  
2 ) .  k!hile t h e   c o r r e l a t i o n   b e t w e e n  t h e  
f o r e s t   b e d  of P e w e   ( 1 9 7 5 )   a n d   t h e   m u l t i p l e  
p a l e o s o l s  i s  n o t   y e t   c l e a r ,  i t  i s  c e r t a i n  
t h a t  wore o r g a n i c - r i c h  palcosols a r e   f o u n d  
w i t h i n   t h e   l o e s s   t h a n   w a s   p r e v i o u s l y   t h o u g h t .  

H o r i z o n s   o f   r e t r a n s p o r t e d   o r g a n i c - r i c h  s i l t s  
a r e   o f t e n   c l o s e l y   a s s o c i a t e d   w i t h   t h e  
o r g a n i c - r i c h   s o i l   z o n e s   i n   A l a s k a n  l o e s s ,  
a n d   p r o b a b l y   r e f l e c t   r e g i o n a l   t h a w i n g   d u r i n g  
times of s o i l   f o r m a t i o n .  I n  a f e w   p l a c e s  i t  
h a s   b e e n   p o s s i b l e   t o   i d e n t i f y  i c e  wedge 
c a s t s  i n  p a l e o s o l   z o n e s ,   b y   t r a c i n g   t h e  
c o l l a p s e   o f   t e p h r a s   a n d   o r g a n i c - r i c h   s o i l  
h o r i z o n s ,   s u p p o r t i n g   a n   i n t e r p r e t a t i o n  of  
i n c r e a s e d   t h a w i n g   o r   a c t i v e   l a y e r   t h i c k n e s s  
i n   t h e   f r o z e n  l o e s s  d u r i n g  times o f   s o i l  
f o r m a t i o n .  

The t e p h r a s   a s s o c i a t e d   w i t h   p a l e o s o l s   a r e  
s o m e t i m e s   a b r u p t l y   t r u n c a t e d  by e r o s i o n  o r  
i n c o r p o r a t e d   i n   s l o p e w a s h  o r  s o l i f l u c t i o n  
d e p o s i t s   i n   z o n e s   a s s o c i a t e d   w i t h   t h e  
p a l e O S O 1 5 .   T h e s e   d i s t u r b e d   h o r i z o n s ,   f r o m  
10-50  cm t h i c k ,   f o r m   l a t e r a l l y   c o n t i n u o u s  
m a r k e r   u n i t s   b e t w e e n   t h e   m a s s i v e   e o l i a n  
l o e s s   d e p o s i t s   a n d   c o n s t i t u t e   w i d e s p r e a d ,  
l a t e r a l l y   c o n t i n u o u s   b r e a k s  i n  d e p o s i t i o n a l  
s e q u e n c e s   o f   a i r f a l l  l o e s s  b e d s .   T h i s  
s u g g e s t s   t h a t   t h e   l o c a l i z e d   d i s r u p t i o n s ,  
d i s c o n t i n u i t i e s ,   u n c o n f o r r n i t i e s ,   a n d   s m a l l  
s l u m p s   f o u n d   i n  many a r e a s  of t h e  v a l l e y  
b o t t o m   l o e s s   n e e d   n o t   r e f l e c t   m a S S - t r a n S p O r t  
o f   l o e s s   f r o m   u p l a n d   a r e a s   i n t o   t h e   b a s i n s ,  
b u t  may i n s t e a d   r e c o r d   m u l t i p l e   e p i s o d e s  of  

f o l l o w e d   b y   m e l t i n g  and c o l l a p s e   o f   g r o u n d  
l o e s s   d e p o s i t i o n   a n d  i c e - w e d g e   g r o w t h  

i c e   w i t h i n   t h e   l o e s s   d u r i n g   c y c l e s   o f  l o e s s  
a c c r e t i o n   a n d   s o i l   d e v e l o p m e n t .   T h e  
i d e n t i f i c a t i o n   o f   s e v e r a l  new s u b - h o r i z o n t a l  
p a l e o s o l s   i n   t h e   u p p e r   p a r t s  of  t h i c k  l oes s  
s e c t i o n s  i s  c o n s i s t e n t   w i t h   t h e   m o d e l  
p r e s e n t e d   h e r e  o f  a c c u m u l a t i o n   o f   t h e  
F a i r b a n k s   l o e s s  due t o   e p i s o d i c   e o l i a n  
s e d i m e n t a t i o n .  

LOESS TRAPS ANI' EOLIAN LOFSS 
DEPOSITION IN CENTRAL ALASKA 

I f ,   a s  i s  p r o p o s e d   h e r e ,   t h e   t h i c k  
v a l l e y - f i l l i n g   l o e s s   i n   c e n t r a l   A l a s k a  
r e c o r d s  episodic e o l i a n   s e d i m e n t a t i o n ,   t h e n  
a new modPl  must b e   p r e s e n t e d   w h i c h   c a n  
e x p l a i n   p r e f e r e n t i a l   l o e s s   a c c u m u l a t i o n   i n  
t h e   v a l l e y   b o t t o m s ,  Iz'hy a r e   t h e   t h i c k e s t  
a i r f a l l   l o e s s   d e p o s i t s   r e s t r i c t ? ( !  t o  lowland  
b a s i n s   i n   i n t e r i o r  A l a s k a ,  w h i l e   l o e s s  i s  
t h i n  o r  a b s e n t  i n  a d j a c e n t   u p l a n d   a r e a s ?  

674 



S e v e r a l   f a c t o r s   a r e  p r o h a h l y  i n v o l v e d .  
F i r s t ,  l o e s s   i n  t h e  F a i r b a n k s   a r e a  i s  
r c l a t i v e l y   c o a r s e - p r a l n r d ,   w i t h  a s  much a s  

d i a m e t e r   ( P e w e ,   1 9 7 5 ) .  T s o a r  and Pye  ( 1 9 8 7 )  
2 0 %  o f   s a m p l e s  a s  c o a r s c  a s  5 0  p m  i n  

have  shown t h a t   t h e   d i s t a n c e  s u c h  p a r t i c l e s  
c a n   b e   t r a n s p o r t e d  i n  e o l i a n   s u s a e n s i o n  (L) 
i s  g i v e n  h y :  

L I IImt = 2 U m $ / K ~ r l 4  ( 1 )  

ime 

of 
t a k e n  

where  IJ, i s  mean v i n d   v e l o c i t v ,  t i s  t 
t h e   p a r t i c l e   r e m a i n s   i n   t u r b u l e n t  
s u s p e n s i o n ,  : i s  t h e   T a y l o r   c n e f F i c i e n t  
t u r b u l e n t   e x c h a n g e ,  K i s  a c o n s t a n t ,  
a s  8 . 1  x 1 0 s ~ , - T ~ - l  f o r  a i r ,  and TI i s  
g r a i n   d i a m e t e r .  Values of 5 ' 
1 0 5 c m 2 s - l ,   p r e s e n t   o n l y   d u r i n g   i n t e n s e  
c v c l o n i c   s t o r m s .   a r e  r e w i r e d  t o   c a r r y  
p a r t i c l e s  k . 2 0 .  m t o   h e i i h t s  of  X00 m ( T s o a r  
and   Pye ,  1 9 8 7 ) .  h'indstorms w i t h   w i n d   s h e a r  
v e l o c i t i e s  m o r e   t h a n   s i x  times g r e a t e r   a r e  
n e c e s s a r y   t o   t r a n s p o r t   p a r t i c l e s  5 0  p i n ,  
s u c h  a s  a r e   f o u n d   i n   t y p i c a l   A l a s k a n   l o e s s .  
F o r  r e a l i s t i c   v a l u e s   o f  U, = 15 m 5 - 1 ,  
and 7 .105cm-1s-1, e q u a t i o n   ( 1 )  
p r e d i c t s   t h a t   t r a n s p o r t   d i s t a n c e s  of less  
t h a n  5 km a r e   t o   b e   e x p e c t e d   f o r   l o e s s   a s  
c o a r s e  a s  t h a t   f o u n d   i n   t h e   F a i r b a n k s  
d e p o s i t s .  The t h i c k e s t   v a l l e y   f i l l s  of  
l o e s s ,   a t   G o l d h i l l   a n d  Ester i n   t h e  
F a i r b a n k s   a r e a ,   a r e   v e r y  c l o s e  t o   t h e   T a n a n a  
f l o o d p l a i n ,   w h i l e   s u r r o u n d i n g   h i l l s l o p e s   a r e  
t y p i c a l l y   s e v e r a l   k i l o m e t e r s   f a r t h e r   a w a y .  
T h i s   p r o b a h l y   a c c o u n t s   i n   p a r t   f o r   t h e  
o b s e r v e d   s t e e p   a l t i t u d i n a l   g r a d i e n t  i n  
t h i c k n e s s .  

W h i l e   t h i n   l o e s s   d e p o s i t s   a r e   f o u n d   a t  
e l e v a t i o n s   a s  much a s  s e v e r a l   h u n d r e d  meters 
a b o v e   t h e   T a n a n a   R i v e r ,   t h e   t o p   o f   t h e   t h i c k  
l o e s s i a l   f i l l s   f o u n d   i n   b a s i n s   a t  Ester  and 
G o l d h i l l  l i e s  a t  m o s t   o n l y   1 0 - 2 0  meters 
a b o v e   t h e   m o d e r n   f l o o d p l a i n  o f  t h e   T a n a n a  
R i v e r ,   T h e   r e l a t i v e   c o n c e n t r a t i o n   o f   l o e s s  
p a r t i c l e s  of a p a r t i c u l a r  s i z e  i n   e o l i a n  
s u s p e n s i o n   d u r i n g   t r a n s p o r t   ( C / C a )   a t   a n y  
e l e v a t i o n   f a )  is g i v e n   b y :  

C/Ca = e x p [ 2 . 5 ( K n 2 / u " ) l n ( a / y )  1 (2) 

where  u *  i s  t h e   t h r e s h o l d   s h e a r   v e l o c i t y ,  
a n d  y i s  t o t a l   h e i g h t  o f  t r a n s p o r t   ( T s o a r  
and   Pye ,  1 9 8 7 ) ,  From ( 2 )  i t  i s  a p p a r e n t  
t h a t   p a r t i c l e s   l a r g e r   t h a n  2 0 - 5 0  : . m  w i l l  be 
t r a n s p o r t e d   a l . m o s t   e x c l u s i v e l y   a t   h e i g h t s   n o  
more   than  a f e w   m e t e r s   a b o v e   t h e   g r o u n d ,  
e v e n   i n   t h e   m o s t   s e v e r e   w i n d s t o r m s .  From 
( 1 )   a n d  ( 2 )  i t  i s  a p p a r e n t   t h a t   t h e  
v a l l e y - f i l l i n g  l o e s s  d e p o s i t s   p r o b a b l y  were 
n o t   l a r g e l y   r e w o r k e d   f r o m   h i g h e r   e l e v a t i o n  
s l o p e   d e p o s i t s ,  a s  i s  g c n e r a l l y   t h o u g h t ,  
b e c a u s e   e o l i a n   t r a n s p o r t   w o u l d   i n e v i t a b l y  

d e p o s i t s   b e i n g   f o r m e d  on  a n d   n e a r   v a l l e y  
resu l t  i n   t h e   t h i c k e s t   a n d   c o a r s e s t   l o e s s  

b o t t o m s .  

R e l a t i v e l y  low v e l o c i t i e s  of 0 . 2 - 1 . 0  m s-1 
a r e   r e p o r t e d  a s  s u f f i c i e n t  t o  c n t r a i n  
l o e s s - s i z e d   d u s t  From s m o o t h ,  u n v e g e t a t t d  
s u r f a c e s   f I v c r s c n  and o t h e r s ,  1 9 7 6 ;  G i l l e t t e  
and o t h e r s ,  1 9 8 0 ;  I v t r s e n  and W h i t e ,  1 9 8 2 ) .  
T h i s  s ~ ~ g g ~ s t s  t ha t ,  l o e s s  w i l l  h e  r e a d i l y  

r e - m o b i l i z e d  from b a r e  rock a n d   s o i l  
s u r f a c e s ,   a n d   t h a t   l o e s s   c a n n o t   a c c u m u l a t e  
u n l e s s  some f a c t o r ,   s u c h  a s  s u r f a c e  
v e g e t a t i o n ,   i n h i b i t s   w i n d   s h e a r .  When d u s t  
i n   s u s p e n s i o n   e n c o u n t e r s  a s u r f a c e   r o u g h n e s s  
e l e m e n t ,   d e p o s i t i o n  o f  l oes s  w i l l  o c c u r   f r o m  
t h e   l o w e r   p o r t i o n  of t h e   d u s t   c l o u d ,   w h e r e  
w i n d   s h e a r   a n d   v e l o c i t y   a r e   r e d u c e d .  
T y p i c a l   r o u g h n e s s   h e i g h t s   f o r   f o r e s t s   a r e   a s  
much a s  30 m ,  w h i l e   f o r   g r a s s l a n d s  o r  t u n d r a  
t h e y  a r e  o n l y  0 . 5  m o r  l e s s .  Roughness,  
h e i g h t s   f o r   c l e a n  l oes s  o r  s a n d  a r e  0.0003 
m (Thorn, 1 9 7 6 ;  Oke ,   1978) ,  

T h i s   s u g g e s t s   t h a t   t h e   t h i c k   l o e s s   d e p o s i t s  
f o u n d   i n   l o w   b a s i n s   i n   c e n t r a l   A l a s k a ,   s u c h  
a s   G o l d s t r e a m   V a l . l e y   a n d   t h e  Ester area i n  
F a i r b a n k s ,   r e f l e c t   l o n g - t e r m   e o l . i a n  
d e p o s i t i o n   i n  a r e g i o n   w h e r e   s o m e   t y p e   o f  
v e g e t a t i o n   w a s   g e n e r a l l y   p r e s e n t .  
D i f f e r e n t i a l   v e g e t a t i o n   c o v e r   c o u l d   r e s u l t  
i n   s u b s t a n t i a l   d i f f e r e n c e s   i n   l o e s s  
a c c u m u l a t i o n   r a t e s .   G u t h r i e   ( 1 9 6 8 )   a n d   A g e r  
( 1 9 7 5 )  h a v e   s u g g e s t e d   t h a t   t r e e l i n e  was 
g r e a t l y   d e p r e s s e d  i n  c e n t r a l   A l a s k a   d u r i n g  
much o f  t h e   P l e i s t o c e n e ,   a n d   a l t i t u d i n a l  
v e g e t a t i o n   g r a d i e n t s  were s t e e p .  The mos t  
e f f e c t i v e   " l o e s s   t r a p s "  were t h e r e f o r e  
p r o b a b l y   a t   l o w   e l e v a t i o n s .  

I t  i s  i n t e r e s t i n g   t o   n o t e   t h a t   t h e   t e p h r a s  
f o u n d   i n   t h e   l o e s s   w h i c h   a r e   m o r e   t h a n  1 - 2  
cm t h i c k ,   s u c h   a s   t h e   w e l l - k n o w n   1 0 - 1 5  cm 
t h i c k   O l d  Crow a s h   ( W e s t g a t e   a n d   o t h e r s ,  
1 9 8 3 ;  1 9 8 5 ) ,  a re  c o m m o n l y   a s s o c i a t e d  w i t h  
o r g a n i c - r i c h  s i l t s  o r  p a l e o s o l s .  
F i n e - g r a i n e d   t e p h r a s ,   l i k e   l o e s s ,  a re  
r e a d i l y   r e - e n t r a i n e d   f r o m   v e g e t a t i o n - f r e e  
a r e a s   b y   m o d e r a t e   w i n d s ,  a s  has b e e n  
o b s e r v e d   f o l l o w i n g   m o d e r n   t e p h r a   e r u p t i o n s  
( S c h u s t e r ,   1 9 8 1 ) .   T h i s   s u g g e s t s   t h a t   t h i c k  
a s h   l a y e r s ,   l i k e   l o e s s ,  will b e  most r e a d i l y  
p r e s e r v e d   w h e r e   s u b s t a n t i v e   s u r f a c e  
v e g e t a t i o n   e x i s t s .   T h e   o b s e r v a t i o n s  of 
w i n d - r e w o r k e d   t e p h r a   l a y e r s   a n d   a p p a r e n t  
e o l i a n   m i x i n g  o f  l o e s s   a n d   t e p h r a   d i s c u s s e d  
a b o v e   a r e   e n t i r e l y   c o n s i s t e n t   w i t h  
p r e f e r e n t i a l   d e p o s i t i o n   a n d   p r e s e r v a t i o n   o f  
l o e s s   a n d   a s h   o n  a v e g e t a t e d   s u r f a c e .  
I n d e e d ,   s i n c e  i t  w o u l d   b e   d i f f i c u l t   t o  
p r e s e r v e  a d i s c r e t e   f i n e   a s h   l a y e r   o n   a n  
u n v e g e t a t e d   s u r f a c e ,  i t  seems l i k e l y   t h a t  
t h e  upper p o r t i o n s   o f   a s h   f a l l s   w h i c h  
c o m p l e t e l y   b u r y   v e g e t a t i o n   w o u l d   b e   r e a d i l y  
e r o d e d   b y   w i n d .   T h i s   s u g g e s t s   t h a t   t h e  
t e p h r a   t h i c k n e s s e s   o b s e r v e d   i n   t h e   l o e s s  
must   be   somewhat  l ess  t h a n   t h e   r o u g h n e s s  
h e i g h t   o f   p l a n t   c o v e r   a t   t h e  time of t h e   a s h  
f a l l .  T h e r e f o r e ,   e x t e n s i v e   t e p h r a s   i n  
v a l l e y   b o t t o m  l o e s s  i n   c e n t r a l   A l a s k a  
c o n s t i t u t e   e v i d e n c e   f o r   t h e   p r e s e n c e  o f  
v e g e t a t i o n   w h i c h   p r e s u m a b l y   a l s o   e n t r a p p e d  
e o l i a n   l o e s s   t h r o u g h   t h e   P l e i s t o c e n e .  

The t h i c k   l o e s s   f o u n d   i n   v a l l e y   b o t t o m s  i s  
t h e r e f o r e   a t t r i b u t e d   t o  (1 )  t he  low 
e l e v a t i o n   o f   t h e   v a l l e y s ,   s u b j e c t   t o  
d e p o s i t i o n   f r o m   t h e   l o w e r   p o r t i o n s   o f   d u s t  
c l o u d s ,   w h e r e  loess c o n c e n t r a t i o n   a n d   g r a i n  
s i z e  a r e   g r e a t e s t ;  ( 2 )  t h e   p r o x i m i t y   o f   t h e  

o f   l o e s s ;   a n d  ( 3 )  t h e   p r o b a b l e  e x i s t e n c e  o f  
v a l l e y   b o t t o m  t o   s t r e a m s   w h i c h  were s o u r c e s  

v e g e t a t i o n   i n  v a l l e y   b o t t o m s ,  w h i c h  
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constitute " I O ~ S S  traps." These  conditions 
a r e  also  conducivr  to  preservation of 
airfall  tephras.  The  thickest  valley  bottom 
l o ~ s s  deposits  presumably  reflect  areas  with 
the  highest  eolian  sedimentation  rates, and 
may contain  a  high  resolution,  nearly 
continuous record of m i d -  to late 
Pleistocene  Sedimentation,  climatic  change, 
and permafrost  history in central  Alaska. 

ACKNOKLEDGEhfFYTS 

Reviewed b y  Pr.  David !I. Hopkins and Dr. 
Yary  Keskinen of the  University of  Alaska. 
Discussion in the  field  with Dr. Troy  Pewe 
of Arizona  State  University were most 
enlightening. S u p p o r t  from  the  Archeometry 
Program o f  the  National  Science  Foundation 
and the  American  Chemical  Society is 
gratefully  acknowledged, 

REFERENCES 

Ager, T.A. (1975). Late  Quaternary 

Valley,  Alaska.  Ohio  State  University 
environmental  history of the Tanana 

Institute  of  Polar  Studies  Report 54. 

Reget, J., Stone, D., Fopkins, D. (1987). A 
continuous  record of the  influence of  
orbital  parameters  on  local  climate 
change in late  Pleistocene loess 
deposits  from  central  Alaska: Geol. SOC. 
America  Abst.  Prog. 19, 584. 

Eakin, H.V. (1916). The  Yukon-Koyukuk 

631, 8% p. 
region,  Alaska: U.S. Geol.  Survey  Bull. 

Eardley, A. (1938). Unconsolidated  sediments 
and topographic  features of the lower 
Yukon  valley (Alaska). Geol. SOC. 
America  Bull.  49,  303-341. 

Gillette, D., Adams,  J.,  Endo, A . ,  and 
Smith, D. (1980). Threshold  velocities 
f o r  input of soil  particles  into  the  air 
by desert s o i l s .  Journal  Geophysical 
Research 8 5 ,  5621-5630. 

Guthrit, R. (1968). Paleoecology o f  a  late 
Pleistocene  small mammal community  from 
interior  Alaska.  Arctic  21,  223-244. 

,Hamilton, T., Craig, J . ,  and Sellman, P. 
(1988). The  Fox  Permafrost  Tunnel: A 
Late  Quaternary  Geologic  Record in 
Central  Alaska.  Geol, SOC. America 
Bull. (in press). 

Harrington, G . L .  (1918). The  Anvik- 
Andreafski  region,  Alaska  (including the 
Marshall district). 1J.S. Geol.. Survey 
R1111. 683, 7 0  p .  

Iversen, J.D., Greeley, R. and Pollack, J . B .  
(1976), Windblown  dust  on  Earth,  Mars, 
and Venus:  Journal of Atmospheric 
Science ( 3 3 ) ,  2425-2429. 

Iversen, J.D., and White, R. (1982). 
Saltation  threshold  on  Earth, Mars, and 
Venus:  Sedimentology (29), 111-119. 

Kukla, G .  (1975). Loess  stratigraphy  of 
central  Europe,  in  After  the  Australo- 
pithecines, K.W.Tiutzer and G.L. Isaac, 
(ens.) 99-108, 911.  pp. Mouton,  Chicago. 

C h i n a .  Quaternary  Science  Reviews ( 6 ) .  
(1987). Loess  Stratigraphy  in  Central 

191-219. 

Kukla, G .  and Aharon, P. (1984). Plio- 
Pleistocene land records:  summary  and 

Milankovitch  and  Climate, Pt. 1 (A.L. 
conclusions  and  recommendations, 

Berger  and  others, eds.), 835-838, 
Dordrecht, Boston. 

Molfino, B . ,  Heusser, L . H . ,  and  Woillard, 
G.M. (1984). Frequency  components of a 
Grande  Pille pollen  record:  evidence of 
precessional orbital  forcing,  in 
Milankovitch and  Climate, Pt. T(A.L. 

Dordrecht, Boston. 
Berger  and others, eds. ) , 391-404, 

Oke, T.R. (1978). Boundary  Layer  Climates, 
372 pp.  Metheun,  London. 

Pewe, T. (1955). Origin of the  upland  silt 

America  Bull. ( 6 6 ) ,  699-724. 
near  Fairbanks,  Alaska.  Geol. SOC. 

(1975). Quaternary  Geology of Alaska. 
7 . S .  Geological  Survey  Professional 

Paper  835,  145 pp. 

Prindle, L . M .  (1913). A geological  recon- 
naissance of the  Fairbanks  quadrangle, 
Alaska;  with  a  detailed  description oE 
the  Fairbanks  district, by L.M. Prindle 
and F.J. Katz, and an  account of the 
lode  mining  near  Fairbanks,  by P.S. 
Smith. lJ.S. Geological  Survey  Bulletin 
5 2 5 ,  220 pp. 

Pye, K. (1987). Aeolian  Dust and Dust 
Deposits,  334 pp. Academic  Press,  London. 

Schuster, R.L. (1981). Effects of the 
eruptions  on  civil  works  and  operations 
in  the  Pacific  Northwest, U.S. 
Geological  Survey  Professional  Paper 
1250,  701-718. 

Spurr, J.E. (1898). Geology of the  Yukon 
gold district, Alaska. W.S.  Geol. 
Survey  18th Ann. Rept., pt. 3,  87-392. 

Taber, S .  (1953). Origin o f  Alaskan  silts. 
Am. Jour.  Sci. (2511, 3211-336, 

rcgist 
last  3 
and C1 
others 
Postorr 

Hooghiernstra, I f .  (19% 
ration of c 
. S  rillion 
imate, Pt. 
, t d s . ) ,  3 7  

4 ) .  A palynological 
limatir  change of the 
years, in Milankovitch 
1 (A.l,.'T;arger and 
1-378,  Dordrecht, 

Thom, A. (1976). Momentum,  mass  and  heat 
exchange of plant  communities, E 
Vegetation  and  the  Atmosphere--1: 
Principles (ed. by J. Monteith), 
57-109.  Academic  Press,  London. 

676 



T s o a r ,  H , ,  and Pye, K. ( 1 9 8 7 ) .   n u s t  
t r a n s p o r t   a n d   q u e s t i o n  of d e s e r t   l o e s s  
f o r m a t i o n .   S e d i m e n t o l o g y  ( 3 4 ) ,  1 3 9 - 1 5 3 .  

Tuck ,  R .  ( 1 9 3 8 ) .   T h e   l o e s s  of t h e   M a t a n u s k a  
V a l l e y ,   A l a s k a .   J o u r n a l  of Geo logy  ( 4 6 ) ,  
647-53 .  

( 1 9 4 0 ) .  O r i g i n  OF m u c k - s i l t   d e p o s i t s  
a t  F a i r b a n k s ,   A l a s k a ,   G e o l .   S o c .   A m e r i c a  
R u l l .  ( 4 6 ) ,  1295-1310 ,  

T u n g s h e n g ,  L . ,  Z h i s h e n g ,  A . ,  R a o y i n ,  Y .  and 
I t .  J i a m a o   ( 1 9 8 5 ) .   T h e   l o e s s - p a l e o s o l  
s e q u e n c e   i n   C h i n a   a n d   C l i m a t i c   H i s t o r y :  
E p i s o d e s  (S), 2 1 - 2 8 ,  

W e s t g a t e ,  J . ,  W a l t e r ,  R . ,  P e a r c e ,  G .  and 
Gordon ,  M. ( 1 9 8 3 ) .   O l d  Crow t e p h r a :  A 
new l a t e   P l e i s t o c e n e   s t r a t i g r a p h i c  
m a r k e r   a c r o s s   n o r t h - c e n t r a l   A l a s k a  a n d  
t h e  Yukon t e r r i t o r y .   Q u a t e r n a r y  
R e s e a r c h  ( 1 9 ) ,  p .  38-54.  

W e s t g a t e ,  J . ,  W a l t e r ,  R . ,  P e a r c e ,  G., and 
Gordon ,  M. ( 1 9 8 5 ) .   D i s t r i b u t i o n ,  
s t r a t i g r a p h y ,   p e t r o c h e m i s t r y   a n d  
p a l e o m a g n e t i s m  o f  t h e   l a t e   P l e i s t o c e n e  
Old Crow t e p h r a   i n   A l a s k a   a n d   t h e  Yukon. 
C a n a d i a n   J o u r n a l  of E a r t h   S c i e n c e s ,  v .  
( 2 2 ) ,  893-906,  

W i l k e r s o n ,  A . S .  ( 1 9 3 2 ) .  Some f r o z e n  
d e p o s i t s   i n   t h e   g o l d   f i e l d s  of i n t e r i o r  
A l a s k a .  Am. MUS.  N o v i t a t e s   ( 5 2 5 ) ,  2 2  p .  

W o i l l a r d ,  G . M .  (1978) .  G r a n d e   P i l e   P e a t  
Bog: a c o n t i n u o u s   p o l l e n   r e c o r d  for  t h e  
l a s t  1 4 0 , 0 0 0  y e a r s .   Q u a t e r n a r y   R e s e a r c h  
( 9 1 ,  p .  1 - 2 1 .  

677 



MORPHOLOGICAL FEATURES OF  THE ACTIVE ROCK GLACIERS 
IN THE ITALIAN ALPS AND CLIMATIC  CORRELATIONS 

S. Bellonil, M. Pelfinil  and C. Smiraglia2 

'Dipartimento  di Scienze della Terra,  Universith  di  Milano 
2Lstituto  di Geografia, Universith  Cattolicn  di Milrno 

SYNOPSIS  Rock  glaciers on the  Italian  side  of  the  Alps  have  been  mapped  through  the  use of 
aerial  photographs.  We  believe  that  many o f  these forms are  active  at  present  and  this  interpreta- 
tion  has  been  confirmed by field  observations  taken  in  the most important  mountain  groups  and  above 
all in the  Cevedale  Group.  Minimum  altitude  ranges  between 2050 and 3150 m,  depending upon the 
mountain  group (for example,  the  minimum  average  altitude  descends  to 2640 m  on  Monte  Rosa,  whereas 
the  minimum  altitude  is 2770 m on the  Cevedale  massif).  Maximum  altitudes  have  been  found  to  exceed 
3000 m. 

rock  glaciers  and the  characteristics  of  the "average" active  rock glacier  in  the  Italian Alps  were 
A  statistical analysis of morphological features was  performed for  approximately  one hundred 

deduced.  Climatic  parameters  were  also  examined.  Records  from  six  different  meteorological  sta- 
tions in the  Italian  Alps  were  analyzed,  covering a period  of 16 years.  The  stations  are  situated 
between 1236 and  2340 in. We  used  mean  annual  temperature  with  a  vertical  gradient  derived  from 
previous  authors  as  the  principal  criterion.  A  highly  significant  correlation wa# found  between  the 
altitude o f  the  annual  isotherm of -2OC  and  the  Lowest  altitude of the  active  rock  glaciers. 

INTRODUCTION blocks, in two  rock  glaciers, in the  Gran 
Paradiso  and  in  the  Cevedale  Group. 

The  distribution  of  rock  glaciers is for The rock glaciers  taken  into  consideration 
the  most  part  determined by morphology  and  cli-  number  slightly  over  one  hundred.  Proceeding 
matic  conditions  (Haeberli,  1985).  Active  rock  from  west  to  east,  the  rock  glaciers  are  dis- 
glaciers  may  in  fact  be  defined  as  patches of tributed  in  the  Gran  Paradiso  and  the  Monte 
discontinuous  permafrost.  The  study  presented Rosa Groups  (Piedmont - Val d'Aosta  sector), 
here is intended  as  a  preliminary  contribution  the  Bernina  Group,  the  Cevedale  Group,  the 
concerning  the  active  rock  glaciers  in  the  Adamello  Group,  and  the  Orobie  Group  (Lombard 
Italian  Alps.  The  recent  studies on this  side  sector),  in  the  Brenta  Group,  the  Venoste  Alps, 
of  the  Alpine  chain  promoted by the C N R  Group  and  the  Noric  Alps  (Venetian  sector).  As  far 
on Physical  Geography  and  Geomorphology  have  as  the  other  regions  situated  at  the  borders  of 
demonstrated  how  numerous  and  varied  these  the  Alpine  chain  are  concerned,  namely  the 
forms  are  from  a  typological  point of view  and  Maritime  Alps,  the  Dolomites,  and  the  Carnic 
probably  from  a  genetic  point  of  view  as  well.  Alps,  rock  glaciers  that  could  be  considered 
A special  research  unit  appointed  within  the  active  proved  to  be  quite  infrequent, 
group  mentioned  above  has  identified  and  mapped  It  was  possible to obtain  a  series of mor- 
numerous  rock  glaciers  situated  in  several  phological  data  for  each  rock  glacier  identi- 
mountain  groups  in  the  Italian  Alps  (Carton,  fied,  in  addition  to  a  series  of  observations 
Dramis,  Smiraglia,  in  press).  Many  of  these  on  morphology,  lithology  and  location. 
rock  glaciers  are  considered  to  be  active  on  The  data  from  the  six  meterological  sta- 
the  basis  of  various  criteria  such a s  the  ab-  tions (2 in  the  Piedmont - Val  d'Aosta  sector, 
sence o r  almost  complete  absence  of  vegetation, 2 in  the  Lombard  sector,  and 2 in  the  Venetian 
the  steepness  of  the  front  and  lateral  slopes,  sector)  were  corrected  with  suitable  vertical 
and  the  generally  convex  profile.  gradients  and  utilized  for  the  purpose  of  iden- 

Field  surveys  were a l s o  carried  out in al-  tifying  correlations  with  climatic  parameters 
most  all of the  mountain  5ectors  in  order  to  and  above  all,  to  verify  observations  recorded 
confirn;  hypotheses  made  after  the  study  of  the by numerous  authors  (among  others,  Barsch, 
aerial  photographs.  In  this  manner,  further  1978,  Evin  1983,  Cheng,  1983,  Haeberli 1985) on 
evidence  of  the  presumed  activity  of  the  rock  the  required  conditions  for  the  existence of 
glaciers  was  observed.  Such  evidence  includes  active  rock  glaciers. 
the  lack  or  limited  presence  of  lichen  and  the 
absence  of  particular  forms  (i.e.,  hollows, 
sinkholes)  deriving  from  collapse  phenomena. 
Moreover,  it  was  observed  that  the  above- THE CHARACTERlSTICS OF ACTIVE R O C K  GLACIERS 
mentioned  rock  glaciers  are  situated  in  altime- 
tric  zones  where  periglacial  forms  abound ( p a t -  One  hundred  thirty-one  rock  glaciers  held 
terned g r o u n d ,  solifluction  lobes, etc.). I c e  to  be  active  were  identified  in  the  mountain 
l e n ~ s s  and  frozen  sediments  were also identi-  groups  taken  into  consideration.  Their  distri- 
fied at a depth  of 2 - 3  m through  natural  sec-  bution is shown  below  in T a b l e  I. 
tions,  below  the  surficial  layer of large As may  be  observed in the  table  and  in 
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TABLE I 

The  Active  Rock  Glaciers  in  the  Italian  Alps 

Group  Number  of  forms 

Gran  Paradiso 24 
Monte  Rosa 16 
Stella-Bernina 20 
Piazzi-Cevedale 2 7  
Adamello 3 
Orobie 3 
Brenta 6 
Venoste  Alps 12 
Noric  Alps 20 
"""""""_"""""""""""""~" 

Fig. 1 Location of the  active  rock 
glaciers and  the  meteorological 
stations in  the  Italian A l p s  

in Figure 1 ,  the  greatest  concentrations o f  
active  rock  glaciers  are  found in the  central 
sector  of  the  chain.  The  great  crystalline 
massifs  of  the  Gran  Paradiso  Group,  the  Monte 
Rosa Group, the  Bernina  Group,  the  Cevedale 
Group, the  Venoste  and  the  Noric  Alps  are 
situated  in  the  central  sector.  In  the 
outermost  sectors, on the  other  hand,  where 
carbonate  rocks  prevail,  these  forms  are  quite 
infrequent. 

identified i s  approximately 10 km . These  are 
forms  that  are  mainly  located  inside  cirques 
and,  to a lesser  extent, on slopes.  Rock  gla- 
ciers  situated  in  narrow  valleys  and  parges  are 
less  common. 

ents a complex  lobe  morphology,  which  is  often 
very  distinct  and  developed. The frontal  mar- 
gin  is  sometimes  rendered  complex  and  multi- 
lobed by the  convergence  of  more  than  one  flow. 

Moreover,  the  relations  existing,  at  least 
from a topographical  point o f  view,  with  gla- 
cers  and  moraines  should  also  be  noted.  More 
than  half  of  the  rock  glaciers (55%) are  in 
fact  characterized by the  presence  of  semi- 
permanent  snow  above,  but  the  proximity  of g l a -  
ciers (27%) and  glacrerets (20%) has also been 

The  overall  surface of the  rqck  glaciers 

The  majority  of  the  forms  observed  pres- 

reported.  Forms  for  which  there  exist  con- 
nections  with  moraines  are  less  frequent. 

they  offer  interesting  data  on  the  genesis  and 
impurtant  to  discuss in murc  detail  because 

the  existence of rock  glaciers,  that  is,  the 
lithology  of  the  surrounding  rock  walls  and  as- 
pect. A s  far a s  the  former  is  concerned,  the 
obvious  predominance  6f rnetamorphlc rocks (87%) 
may be observed.  They  are  mainly  gneiss,  mica- 
schists,  phyllites,  calc-schists, a n d  green 
stones - all  of  which  are  rock  types  character- 
ized by intense  fracturing  and  schistosity in 

rocks  that  are extremely sensitive to  frost 
the  majority of cases. Therefore, they  are 

processes. I n  terms  of  frequency,  carbonate 
rocks,  such  as  the  dolomites in t h e  Brenta 
Group,  follow ( 8 % ) ,  then  plutonites ( 5 % ) ,  such 
as  the  granodiorites in the  Adamello  Group,  the 
cryoclastic  detrition  of  which  yields  fragments 
that  are  coarser  and  less  tabular. 

As regards  aspect,  there is a distinct 
prevalence  of  northern  directions,  as  may be 
seen  in  Figure 2 .  The  northern  aspect  alone in 
fact,  is  evident  in 2 8 %  of  the  rock  glaciers. 
When  the  north-west,  north,  and  north-east  sec- 
tors are  considered  together,  the  number o f  
rock  glaciers  exceeds 52%. The  percentage  of 
rock  glaciers  facing  other  direction5  falls 

of 14% facing west). 
sharply below the  previous  one  (with a maximum 

The  data  collected  on  the  various  morpho- 
metric  parameters  were  analyzed  statistically. 
The  results of the  analysis  are  shown in Table 
11 and  in  the  graphs  shown  in  Figure 2 .  

There  are  two  main  parameters  which  are 

T A B L E  11 

Morphometric  Features o f  the  Rock  Glaciers in 
the  Italian  Alps 

"""""""""""""~~""""""~~~""""""-~~""""----~---- 
A E C P E F c 

mBLln 2503 2736 3020 72815 221.6 341,3 32.3 

atandara  2 4 0 . 2  2 1 5 . 5  192 .3  123572.6 213.4 199.6 1 * 1 2  
deviation 

c o e r r .  o r  9.2 
Y.Cl.tiO" 

11111. 2 0 5 0  2100 2643  2500 40 50 8 

3150 3200 3433 12031~s I Y S O  1140 7 1  

7.9 6.4 169.71 96.3 5813 43.8 

I n t e r v a l  1100 I000 790 i 2 a a s z 5  1710 1090 63 
.S.le 

akeunese -0.1 -0.1 - 0 . 1  6 . 5  4 . 9  I * i  0.8 

IIuvtOeILI 2.8 2.6 1 . 1  ss.3 32.4 4 . 6  3.2 

(A = minimum  altitude o f  the  front in 
meters; B = maximum  altitude o f  the  rock 
glaciers in meters; C = maximum  altitude 
of the  basin  en-  closing t,he rock  gla- 
ciers; D = area  in  square  meters; E = 
maximum  width  in  meters; F = length  in 
meters; G = slope in percentages.) 
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Fig. 2 Histograms of the  Parameters 
Examined  for  the  Active  Rock 
Glaciers. A: aspect; 8 :  minimum 
altitude of the  front  (in  me- 
ters); C: maximum  altitude o f  

D: maximum  altitude  of the  basin 
the  rock  glaciers  (in meters); 

enclosing  the  rock  glaciers  (in 
meters): E: area  (in  square  ki- 
lometers); F :  maximum  width  (in 
meters); G :  length  (in  meters); 
H:  slope  (in  percentages). 

As may  be  noted  in  the  table,  the  altitude 
of  the  fronts of the  active  rock  glaciers  in 
the  Italian  Alps  ranges  between 2050 and 3150 
m,  with  a  mean  altitude  of 2603 m. The  related 
histogram  shows  that  rock  glaciers  with  fronts 
at  fairly  high  altitudes  prevail.  In  fact, 60% 
of  the  forms  'show  a  minimum  altitude  ranging 
between 2400 and 2800 m. 

somewhat  difficult  to  determine,  especially 
when  there  are  transitions  with  glacerets or 
moraines.  The  upper  limit  of  the  rock  gla- 
ciers,  however,  is  generally  situated  at  an 
altitude  slightly  higher  than 2700 m ,  with  a 
maximum  of 3200 m. The  modal  class  ranges be- 
tween 2600 and 2800 m. The  dispersion  of  the 
data  is  very  limited,  as is demonstrated by  the 
fairly  low  coefficient  of  variation ( 7 . 9 % ) .  

The  distribution of the  data  regarding  the 
highest  altitude of the  basin  enclosing  rock 
glaciers  also  appears  to  be  homogeneous  (coef- 
ficient  of  vsriation: 6.4%). The  height of the 
peaks  varies  from  a  minimum  of 2643 m  to a max- 
imum of 3433 m,  with  a  mean  of 3020 m. 

(72815 m ) appears  to  be  of  little  signifi- 
cance.  The  area  of  the  rock,glaciers  is,  in 
fact,  extremely  varied.  The  rock  glacers  vary 

0.5 kmB,  with  the maximum reaching 1.6 km , to 
from t 0 8 8  with a surface greater than 0 . 3  

- 

those  with  surfaces  less  than O.O& km (the 
minimum  surface  area  was 0.002 km ) .  The  sta- 
tistical  parameters  also  highlight  this  remark- 
able  dispersion  in  the  data  regarding  area.  In 
fact,  the  standard  deviation  is  very  high  and 
the  coefficient of variation  is  just  as  high. 
However,  it  may  be  observed  from  the  relative 
histogram  that  there  is  a  prevalence  of  forms 
with  limited  areas. In fact,  the2modal  class 
has  a  range  between 0 and 0.03 km  with 32% of 

0.03 to 0.06, the  result  is 62%). 
the  total  (if one  also  considers  the  class  from 

appear  rather  varied.  The  data  on  width  are 
extremely  variable  with  a  minimum o f  40 m and  a 
maximum  of 1750 m.  The  mean  value  is  slightly 
over 200 rn, whereas  the  coefficient of varia- 
tion  indicates  that  the  standard  deviation 
represents  more  than 96% of the  mathematical 
mean of the  seriation.  The  greatest  number of 
rock  glaciers  is  concentrated  within  the  modal 
class  from 100-300, which  includes  over 70% of 
all the  rock  glaciers.  On  the  other  hand,  rock 
glaciers  with  a  maximum  width  greater  than one 
kilometer  are  quite  infrequent, 

histogram  in  Figure 2 that  there is a preva- 
lence o f  rock  glaciers  in  which  this  parameter 
is  clearly  less  than o n e  kilometer ( 7 A %  o f  the 
forms i s  included in the  class  from 200 to 600 
m,  Dispersion  remains  quite  marked  (coeffi- 
cient of variation: 58%). 

The  analysis  of  the  last  parameter  taken 
into  consideration,  that  is,  slope,  yielded a 
mean  value of 32% with  values  ranging  between 
8% and 71%. 

noted  that  as  far  as  the  morphometric  features 
are  concerned,  there  is  great  heterogeneity i n  
the  data  within  some  of  the  parameters.  Exam- 
ples  of  such  parameters  include  area,  maximum 
width,  and  length,  which  all  stands  to  confirm 
the  existence  of  various  types  in s o  far a s  the 
general  form  of  the  active  rock  glaciers in the 
Italian  Alps i s  concerned.  Altitudinal  para- 
meters, on the  other  hand,  appear  to  be  more 

The  maximum  altitude  of  rock  glaciers i s  

The  mean of the  area o f  the  rock  glaciers 2 

The  data  regarding  length and width  also 

A6  for  length.  it  may  be  observed  from  the 

From  the  examination  of  Table I1 it may be 
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homogeneous.  Data  concerning  the  minimum  alti- 
tude  of  the  front,  the  maximum  altitude o f  the 
rock  glaciers,  and  the  highest  altitude  of  the 
basin  above  are  examples. 

The  following  characteristics  of  the 
"dverage"  active  rock  glacier  in  the  Italian 
Alps  emerge  from  the  considerations  and  the 
data  reported  above.  Its  surface i s  somewhat 
limited  (forms  with  surfaces  less  than 0.06 km 2 

prevail).  The  altimetric  zone  for  the  location 
of  rock  glaciers  lies  between 2400 and 2800 m 
for the  altitude  of  the  front  and 2800 -3000 
for  the  higher  altitudes.  The  basin  enclosing 
it,  on  the  other  hand,  reaches  heights  between 
2700 and 3200 m. Length  and  maximum  width  are 
limited  (with  a  prevalence  of  classes  from 200 
to 600 m and  from 2 0 0  to 300 m respectively), 
It  must  also  be  added  that  generally  speaking, 
the  forms  with  a  transversal  axis  greater  than 
the  longitudinal  axis  are  more  widespread. 
This  is also shown by the  correlation  coeffi- 
cient  between  area  and  width ( r  = 0.72). The 
predominant  aspect  is  northern.  It  is  inter- 
esting  to  note  that  the  rock  glaciers  with  the 
greatest  lengths  (over 500 m),  are,  for  the 
most  part,  characterized by a  northern  aspect 
(65%). The  same  holds  true,  though  to  an  even 
greater  extent (89%). for the  greatest  widths, 
that  is,  over 300 m, 

facing  south  are  generally  situated  at  higher 
altitudes  with  respect  to  those  facing  north. 
In  addi  Ion,  the  largest  forms  (with  areas  over 
0.09 km ) for  the  most  part (77%) have  a  north- 
ern  aspect. 

Moreover,  it  must be  noted  that  fronts 

$ '  

CLIMATIC  LIMITS 

As  Haeberli (1985) observes,  from  the 
point of view  of  climate,  the  required  condi- 
tions  for  the  existence of active  rock  glaciers 
consist  in  a  mean  annual  temperature  of  the  air 
between - l a c  to  -2OC.  This  temperature  should' 
represent  the  lower  limit of the  distribution 
of discontinuous  permafrost.  Another  condition 
is  annual  precipitation  lower  than 2 5 0 0  mm. 
Consequently,  our  objective  was also to  verify 
the  validity  of  these  param,eters  in  the  case o f  
the  active rock glaciers  on  the  southern  side 
of  the A l p s .  

The  difficulty  of  calculating  temperature 
at  high  altitudes  when  metereological  stations 
do  not  exist  at  particularly  high  altitudes,  is 
well  known. I n  this  case,  several  stations 
were  chosen  at  the  highest  possibile  altitudes 
and  as  close as possibile  to  the  mountain 
groups  in  which  the  rock  glaciers  are  situated. 
The  Alpine  sectors  considered  were  limited to 

and  that is,  from  the west (the meterological 
those  in which  these forms are more  numerous 

station is indicated  between  parentheses):  Gran 
Paradiso (Serrii), Monte  Rosa  (Gabiet),  Bernina 
(Alpe  Gera),  Cevedale ( S .  Caterina  Valfurva), 
Venoste  Alps ( S ,  Valentino  alla  Muta),  Noric 
Alps  (Anterselva).  The  altitude of these  sta- 
tions  varies  from 2340 m (Gabiet i n  the  Monte 
Rosa  Group)  to 1236 m (Anterselva  in  the  Noric 
Alps).  They  are  listed  below  in  Table 111. 
Records  from  each  station  were  used.  They 
covered  a  fifteen-year  period (1970-1984 f o r  
the  first  four, 1366-1980 for the  last two). 
The  mean  annual  temperature  for  each  one  was 
calculated  first.  It  varied  from 0' C at  the 
Gabiet  station  to 6.1' C at  the  Anterselva 
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TABLE TIT 

Meterological  Stations 

N a m e   A l t i t u d e  Maen A n n u a l  -2.C Isotherm 
T e m p e r a t u r s  Altitude 

Serrll 

C a b l a t  

Alps 
C e r a  

5 .  
C a t e r i n a  

5 .  
V a l e n t i n o  

Antareelva 

2 275 + 0 . 4 '  c 

2 340 0 . 0 .  c 

2 090 + 0.9 '  c 

2 720 

2 717 

2 637 

1 738 + 2 . 5 *  c 2 587 

1 500 + 3.5' c 2 538 

1 236 + 6.1' C 2 784 , 

m e a n  2 662 

station.  Then  the  altitude of the  isotherm  of 
-2'C was  calculated.  With  reference  to  the  re- 
search  that  has been done  on t h e  entire P o  
Valley  basin  (Belloni, 1982) or on more limited 
sectors  (Belloni  and  Pelfini, 1987), the  mean 
annual  thermal  gradient of 0.53'C was  used. As 
may be  observed  in  Table  111,  the  isotherm o f  
-2OC is located  at  an  altitude  that  varies  from 
2764 m  at  the  Anterselva  station  in  the N o r i c  
Alps  to 2538 m at S .  Valentino  in  the  Venoste 
Alps,  The  mean  is 2662 m. If  the  Anterselva 
station  is  excluded,  a  fairly  uniform  decrease 
in  values  may  be  observed  from  west  to  east. 

TABLE  IV 

Rock  Glaciers  and  Temperature 
"""""""""""""""""""""""~ 

Mountain  Group  Mean  Altitude  Mean 
Rock  Glacier  Annual 
Fronts  Temperature 

Gran 
Paradiso 2 7 6 0  - 2.2"C 

Monte  Rosa 2640 - 1.6'C 
Bernina 2414 - 0.8'C 
Cevedale 2770 - 2 . 9 " C  

Venoste 2 5 7 0  - 2.2oc 
Noric Alps 2 5 8 8  - 1 . 1 o c  

"" "" - " 
mean 2624 mean - 1 . E o  C 



Table  IV,  on  the  other  hand,  shows  the 
mean  values  for  the  altitude  of  the  fronts of 
the  rock  glaciers  for  each  mountain  group. 
These  values  are  sufficiently  indicative  when 
we  consider,  as  was  noted  previously,  the  re- 
duced  dispersion  in  the  data.  In  addition,  the 
table  shows  the  mean  annual  temperature  as  cal- 
culated  for  the  altitude  in  question  through 
the  vertical  gradient  mentioned  above. 

It  can  be  noted  that  the  mean  altitude  of 
the  fronts (2624 m)  is  slightly  lower  than  the 
mean  altitude  of  the  isotherm  of -2oC (2662 m). 
Moreover,  the  mean  annual  temperature  (-1.8OC) 
is  not  very  far  removed  from  that  value.  When 
the  individual  mountain  groups  are  examined  in 
detail,  somewhat  different  findings  emerge.  In 
fact,  from -2.9oC in  the  Cevedale  Group,  we 
find -0.8oC in  the  Bernina  Group,  with  varia- 
tions  that  remain  within  acceptable  limits  and 
that  place  the  rock  glacier  fronts  just  slight- 
ly  above or slightly  below  the  lower  thermal 
limit  of  the  distribution  of  the  discontinuous 
permafrost, 
The  same  methods  were  used  to  calculate  the  ap- 
proximate  altitude  at  which  the  annual  isotherm 
of - 6OC i s  located,  which,  in  turn,  should  de- 
termine  the  lower  limit  of  the  continous  perma- 
frost  (Evin, 1983). The  values  obtained v a r y  
from 3519 m  in  Anterselva  in  the  Noric  Alps  to 
3292 m  in S .  Valentino  in  the  Venoste  Alps. 
The  mean  is 3416 m. The  limit  indicated  lies 
above  the  highest  peaks  enclosing  the  basins 
where  the  rock  glaciers  examined  are  situated. 
Even  when  only  the  maximum  altitude  of  the 
highest  peaks  is  considered,  a  mean  value of 
3351 m  is  the  result. 

In  order  to  identify  more  precisely  the 
climatic  characteristics  of  this  periglacial 
zone,  some  data  on  the  presence  and  duration  of 
the  frost  should  be  supplied.  Using  the  mean 
annual  temperatures  calculated  previously  for 
the  altitude  of  the  fronts o f  the rock glaciers 
in  the  various  mountain  groups,  the  evaluation 
o f  the  number  of  days  without  thaw  (days  with 
maximum  temperature  equal  to or less  than O O C )  
and  days w i t h  frost  (in  which  the  minimum  tem- 
perature  is  equal to or less  than O°C  and  the 
maximum  temperature  is  greater  than O O C )  was 
carried  out  following  the  method  indicated by 
Belloni (1982). As for the  first  parameter, 
the  number  of  days  varies  from 187 for  the 
Cevedale  massif to 147  for  the N o r i c  Alps,  with 
a  mean  of 163. It  should  be  kept  in  mind  that 
these  findings  refer  to  the  altitude of the 
fronts  of  active  rock  glaciers.  The  number  of 
days  with  frost  varies  from 101 for  the  Bernina 
Group  to 73 for  the  Cevedale  Group,  with  a  mean 
of 88 days.  On  the  whole,  it  may be. noted  that 
the  effect  of  the  frost  (days  without  Chaw  and 
days  with  frost)  is  evident  for 250 days  on  the 
average.  Naturally,  the  duration  may  be  longer 
in  the  cases  in  which  the  fronts  of  the  rock 
glaciers  are  found  at  higher  altitudes (250 
days  in  the  Cevedale  Group, 254 days  in  the 
Gran  Paradiso  Group).  However,  it  is  necessary 
to  stress  that  the  effect of the  frost  is  two- 
fold  and  that  the  inter-relations  between  the 
two  resulting  conditions  vary  with  altitude.  In 
fact,  days  without  thaw,  which  permit  the  con- 
servation  (and  the  formation)  of  the  discontin- 
uous  permafrost  predominate  at  the  higher  ele- 
vations.  On  the  other  hand,  days  with  frost 
(in  the  sense  indicated  above)  are  much  less 
frequent.  In  the  Cevedale  Group,  for  example, 
the  days  without  thawing  represent 71% of  the 
total,  With  the  decrease  in  altitude,  days 

without  thawing  become  less  trequent  and  their 
number  tends  to  approach  that  of  the  days  with 
frost.  The  latter  favor  congelifraction  and  the 
supply  of  rocky  material  for  the  rock  glaciers 
through  the  alternation o f  the  temperature  a- 
bove  and  below  OOC.  In  the  Bernina  Group,  days 

less  than  OOC,  represent 58% of  the  total  num- 
in  which  the  maximum  temperature is equal  to or 

ber of  days  without  thaw  and  with  frost. 

is  well  known  that  the  application  of  vertical 
gradients  may  yield  unreliable  results.  There- 
fore,  we  will  limit  ourselves  to  several  data 
regarding  the  mean  annual  values  for  precipita- 
tion  in  the  fifteen-year  period  at  the  stations 
considered.  The  amount  of  precipitation  varies 
from  a  maximum of 1414 mm annually  for  the  sta- 
tion  located  in  the  Alpe  Gera  (Bernina) t o  a 
minimum o f  5 0 5  mm at S .  Valentino  (Venoste 
Alps). However,  it  was  not  possible  to  identi- 
fy  a  correlation  with  altitudinal  variations. 
The  average  for  the  six  stations  was  slightly 
below 1000 mm. 

As far  as  precipitation  is  concerned,  it 

CONCLUSIONS 

The  main  morphological  characteristics  of 
the  rock  glaciers  considered  to  be  active  in 

ported  in  the  above,  should be  sufficiently 
the  Italian  Alps  emerging  from  the  data r'e- 

reliable.  However,  it  should  be  kept  in  mind 
that  given  that  this  is  a  preliminary  study  of 
a  sample  type  some  caution  is  in  order.  These 
are  forms  that  are  very  widespread on the 
southern  side  of  the  Alps  too,  and  particularly 
in  the  central  sector.  In  fact,  it  could  be 
said  that  they  make  up  an  essential  part of the 
landscape  in  the  high  mountain  areas. 

ditions  are  concerned,  it  was  found  that  the 
rock  glaciers  studied  are  located  in an alti- 
tudinal  and  climatic  zone  below  the  permanent 
snow  line.  This  surely  permits  the  conserva- 
tion  (and  probably  the  formation  as  well)  of 
patches of discontinuous  permafrost.  Thus,  the 

within the  framework  of the set  of  environmen- 
forms examined  may  very well be  considerpd 

tal  conditions  outlined  previously by other 
authors (for example,  Barsch, 1969; Ha'eberli, 
1975; Hollerman, 1983; Haeberli, 1985), who 
consider  rock  glaciers  to  be  a  phenomenon  that 
is  typical  of  the  periglacial  morphology  of 
cold  and  relatively  dry  mountain  regions. 

As far  as  correlations  with  climatic  con- 
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SYNOPSIS Rates of near-surface  frozen  soil creep o f  between 0.03-0.05 cm/yr are  typical 
of four sites on a low angle ( 5 ' )  west-facing  slope  near  Rea Point, Melville  Island.  Highest 
movements are concentrated  in  a 0 . 5  m  thick  ice-rich  zone  lying  immediately  below the active layer. 
At  depths  greater  than 1.2 m, where  ground  temperatures  rarely  rise  above -3.0'C, no measureable 
defamation was noted. These  rates are of the  same  order of magnitude,  although  approximately two- 
thirds  less,  than  those  reported  from  relatively  warm  permafrost in the Mackenzie  Valley. 
variability  of  movement  between  sites  may  be  related  to  differences  in  snow  cover  and  resulting 
ground  thermal  conditions.  An  upslope  movement  component  observed  in  winter 1 s  probably  related to 
thermal  contraction. 

INTRODUCTION 

Perennially  cryotic  ground  is  subject to a 
variety of time dependent  stressea  and  strains 
(e.g., Vyalov, 1959; 1986; Ladanyi, 1981). 
According to Vyalov (1986,  147) the  stresses 
induce  deformation  which  leads to attenuating 
creep, steady  state  flow  and/or  progressive 
creep and  failure. a recent  study  in the 
Mackenzie  Valley,  Canada by  Savigny (1980; 
Savigny  and  Morgenstern, 1986a; 1986b; 1986~) 
represents one of the few attempts  to  measure 
the magnitude  of in situ  frozen soil creep. 

The deformation o f  frozen  ground  has  relevance 
not  only to geotechnical  engineering  design  and 
construction  in  permafrost  regions  today (e.g., 
Johnston, 1981, 80-101).  but also to the 
interpretation of certain  non-diastrophic 
Pleistocene  structures  observed  in  temperate 
regions (e.g., Hollingsworth et al, 1944; 
Kellaway, 1972). In this paper, we add to the 
understanding  of the data  of  Savigny  (19801 by 
presenting  observations  upon  near-surface 
situ frozen  soil  deformation  from  a  locality  on 
Eastern  Melville  Island,  Arctic  Canada. 

FROZEN SOIL CREEP 

In relatively  warm  permafrost,  Savigny (1980) 
found  the  rate of creep to vary  according to 
the scale  and  spacing  of  ground  ice  structures 
at depth (e.g., Savigny  and  Morgenstern, 1986b, 
512-513). Relatively  uniform  velocities  occur 
over  depth  intervals that are several  metres 
thick and which are ice-rich (e.g., borehole 
GBIA at depth  of 24-29 m; Savigny  and 
Morgenstern, 1986b). A  second  type  of 
deformation,  similar to shearing,  occurs  where 

the movements  measured by Savigny (1980) took 
large  ice  lenses are more  widely  spaced. A l l  

place  in  unconsolidated  sediments,  notably 
glaciolacustrine clays and silty  clays. 

If one  excludes  complex  Quaternary 
stratigraphies and masaive  bodies of ice 
occurring at depth  within  permafrost (e.g.,  see 
Mackay, 1973), ground i ce  volumes are generally 
highest  in the  top 1-5 m of permafrost, being 
concentrated at or  just  below  the base of the 
active layer  (e.g.,  Pollard  and French, 1980; 
Lawson, 1983). Such a concentration  reflects 
the seasonal  migration of water  within  frozen 
ground  in  response to a  temperature  gradient 

1983). Accordingly,  Some of the highest  rates 
(e.g., Parmuzina, 1978; Cheng, 1983; Mackay, 

of in situ  frozen soil creep  should  occur 
within  the  upper 1-2 rn of  permafrost. In a l l  
probability,  these  movements  should  represent a 

deep-seated  deformation described by Savigny 
more  widespread  process than  the relatively 

(1980).  On the other hand, the  deformations 
occurring in areas  underlain by  cold  permafrost 
might  reasonably  be  expected  to  occur  at a much 
slower  rate  than the 0.15-0.30 cm/yr-I reported 
by  Savigny (Savigny and Morgenstern,  1986b, 
513). Studies of polycrystalline ice  suggest 
that  ice  creeps  readily in response to applied 

values of -3'C (Hobbo, 2974, 3 2 6 ) .  Clearly, as 
stress  when  temperatures  exceed  the  threshold 

ice  temperatures decrease, creep strength is 
enhanced. 

The creep strength  of  frozen  soils is also 
strongly  dependent  on  temperature (e.g., 
Johnston, 1981, 92). Tsytovich ( 1 9 7 5 )  notes 
that as the temperature of a medium  sand 
changes from -1.0'C to -2.0'C, the compressive 
strength of this  material  increases by 15%. 
Under the same conditions, he  suggests  that  the 
compressive  strength o f  r l a y  would  increase by 
50%. AB the creep atrength of a mat-erial 

other  factors are  equal. It  is  expected that- 
-increases, the creep rate decreases  where all 

measureable  deformations be  virtually non- 
existent at depths  greater t-han 10.0 m or 
wherever  average  ground  temperatures  remain 
below - 5 ' C  throughout: the year. 
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Fig.1  Location Map of Rea  Point  Vicinity,  Eastern  Melville  Island,  Showing  Study  Location. 

STUDY AREA Permafrost  conditions 

The data presented  in this paper  were  measured 
on  a  west-facing,  dominantly  convex slope, seasonal  thaw  usually does not  exceed 0 . 6  m, 
approximately 1.5 km  west of  Rea Point, eastern and at many  localities  it extend8 only 0 .2  m 
Melville  Island (Figures 1, 2 ) ,  between  August 

The area is underlain by permafrost  over 500 m 
thick  (Taylor et al., 1982). Maximum  depth of 

r n n r  . ~ 

below the surface. The mean annual  around . " * A  

L Y O ~  ana August I Y ~ J I .  temperature (MAGTI i s  approximately 117'~ and 



the depth  of  zero  annual  amplitude  ranges 
between 15 to 18 m. Given the typical  ground 
temperature  envelope  that  is  implied (e.g., 
Stangl et al., 1982, Figure 2 ) .  any  seasonally- 
induced creep deformations  within  permafrost 
are probably  restricted to the upper 3.0 m  or 
so. 

cold, ice-rich  permafrost  soils are typical o f  
Soil  conditions 

Melville  Island. These are derived  from the 
cryogenic  weathering of weakly  litbified 

et  al., 1982; Hodgson  et al, 1984). This leads 
sandstones,  siltstones and shales (e.g.,  Stangl 

to the development of considerable  quantities 
of fine  sand  and  silt.  A  generalized  cross- 
section may be divided,  therefore,  into  three 
units to reflect  their  derivation  from the 
cryogenic  weathering  of  bedrock.  Normally, 
relatively  intact  bedrock is overlain by 
fractured  bedrock  which  then  grades  into  a 
residuum  or  surface  regolith  of  cobbles, 
gravels  and  fines. 

Ground  ice  conditions 
A detailed  description of the ground  ice 
conditions in the vicinity of Rea  Point  has 
already  been  given (French, Bennett  and  Hayley, 
1986). Consequently,  they are only  briefly 
summarised  here. During the winter  of 1981-82 
a  trench,  approximately 530  m long  and 2 .0  m 
deep, was excavated  adjacent to the study 
location as part of a field  ditching  trial 
(EBA, 1983; Hayley et al., 1984). The wall 
log, compiled from this trench, provides an 
excellent  approximation of ground ice 
conditione at the site (Figure 3 1 .  In general, 
the near-surface  soils  mUEt be regarded a8 ice- 
rich. 

% ICE CONTENT 

0 2 0  40 a0 a0 
I I I I I I I I  

N.32 

t 

20L 

Fig.3 Ground Ice Conditions  Associated  With 
Weatherall  Formation Sandstones and 
Siltstones  Near  Rea Point. (From 
French,  Bennett  and Hayley, 1986, 

Figure 3 . )  

Ground  ice  volumes  appear  to be influenced by 
the  di-stribution of colluvium, residuum  and t-he 
depth t.o weathered  bedrock. The latter 
consifits of thin  beds  of  Late  Devonian  age 
Weatherall  Formation  sandstones  and  siltstones 
with  occasional  shale and  coal seams 

to silt or gravelly ailt. The distribution of 
(Thorsteinsson and Tozer, 1976). These  weather 

i c e  content valuern with  depth (Figure 3 )  shows 
that the colluvium, consisting  primarily of 
silts  and  silty gravels, contains 6 0 - 7 5 %  ice by 
volume.  Maximum amounts  occur  between 0.4-0.9 
m  depth  (i.e.,  just  below the  active layer). 
Then, ice content  decreases  with  depth in the 

bedrock  contact. Temperature gradients  within 
residuum,  only  to rise  again at the residuum- 

the predominantly  silty  materials  induce  high 
negative  pore  pressures  which are thought 
responsible  for  this  concentration of ground 
ice  within the colluvium. The residuurn- 
colluvium  boundary,  ranging  from 0.6-1.8 m in 
depth, is also characterised by a concentration 
of excess ice. In the residuum, the 
concentration of ground  ice  decreases  with 
depth  from 50% by volume  at the surface  contact 
to 10% by  volume at the bedrock  contact. 

INSTRUMENTATION 

multiatring YSI thermistors,  4-tube  telescoping 
Four  sites  were each instrumented  with 

heavemeters, and 3 rn long  bottom-xealed 
inclinometer  caaing  designed to accommodate a 
Terra  Technology  MP-20  inclinometer  torpedo. 
Accuracy of the  inclinometer system, as 
measured  in  field tests, is  demonstrated  by a 
maximum  variability  of 0.0061 cm.  Drilling was 
undertaken in  May 1985 using  a  seismic  drill 
mounted  on  a  FN60  Nodwell. The plastic 
inclinometer  casing (O.D. 70.9 mm) was 
aurrounded by a  slurry  of  grout  mixed in situ 
and  damped  in  place  by a long thin metal  'rod. 
The grout was developed  by Haliburton  Services 
Ltd. of Edmonton  and  intended for  use in 
filling  all  void  space  between  casing  and  soils 

trade  name  "Permafrost Cement", it is  designed 
in a permafrost  environment.  sold under the 

to set rapidly at sub-zero  temperatures  with 
minimum  expansion. This Permafrost  Cement was 
used  successfully  by  Savigny  and  Morgenstern 
(1986b1  in  similar  circumstances. 

The grout was left to set  for 60 days  before 
readings  commenced. The thermistor  strings 
extend to 2 . 5  m depth, with  individual 
thermistors  spaced at 12.5 cm apart  between 
depths of 20-95 cm, in order to present  an 
accurate  picture of the ground  thermal reghe 
at the  critical  interface  between  perennially 
and  seasonally  cryotic  ground. At greater 
depths,  thermistors are 25 cm apart.  Two 5 m 
cables and one 15 m  cable  installed at the 
location  provide  additional  t.emperature  data. 

Reference  measurements  were  made  on August 1, 
1985, with  follow-up  measurements  taken  three 
'times  a  year  during  the  following  two  years. 
In  thia  paper,  space  limitations  allow  only a 
discussion of the  inclinometer  data. 
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RESULTS 
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C BE 07.03 
D 88.11. 20 

E 87.OR03 
F 87 07.16 
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Fig.4 Diagram  Showing  A-Direction  (Patallel-To-slope)  Inclinometer  Data 
for A l l  Four Sites 

The inclinometer tubes record  movement at all 
timea of the year and therefore  the  valueg 
recorded  include  not  only  frozen  soil creep, 
which  occurs in both  perennially  and  seasonally 
cryotic  ground, but also gelifluction, which 
occurs in seasonally  cryotic  ground  when it  is 
in i t s  thawed  (i.e., non-frozen)  state. 

Our  concern in thia  paper is with  frozen Boil 
creep rather  than  with  gelifluction.  Since the 
maximum  thickness of the active layer varies 
between  only 20-45 cm, any  net downelope 
movement  observed at depths  greater  than 45 cm 
muot  unequivocably be related to frozen soil 
creep. Figure 4 indicates that significant 
movement  does  occur in the upper 0.5 m  of 

686 



permafrost. This is  also  the  zone  of  highest 
ground  ice  volumes (see Figure 3 ) .  However, 
movements are not  continuous  and  seasonal 
reversals are recorded. The typical  pattern of 
deformation consists of  a  recognisable 
downslope  Component  during  summer  and  early , 
autumn,  followed by a  weaker  upslope  component 
during the winter  and  early  spring.  For 
example, at the 65  cm depth (i-e., at least 20- 
45 cm  below the permafrost table), downslope 
creep at  three of the four  sites  averages 0 .08  
cm/yr-l.  The  greatest  frozen  soil creep occurs 
at site 2 and also  is  clearly  associated  with 
the  zone of ice-rich  permafrost (see Figure 3 ) .  
Maximum  rates  of  approximately 0.10 cm/yr-l 
appear  typical of the 20 cm thick  ice-rich 
permafrost  layer  occurring  immediately  below 
the  active layer. 

A t  depths  greater  than 1 . 2  m below the surface, 
where  ground  temperatures  rarely  rise  above - 
3.0'C and  ice contents are lower, no 
measureable  net  downslope creep occurs. 

The amount o f  frozen  soil creep varies  not  only 
from site to site, but also seasonally. The 
greatest  downslope  movement  occurs in the 
Bummer  and  autumn when permafrost  temperatures 
are warmest.  During  the winter, up@lope 
movement  is  measured  at  most  sites ( s e e  Figure 
4). We hypothesize  that the predominantly 
downslope creep observed in  summer is related 
to the higher  rate  of  deformation  which  occurs 
when  the  temperature of ice-rich  frozen  soil 

Hobbs, 1974, 326). This would occur in 
riaes to the pressure  melting zone of ice (see 

combination  with the effects of  thermal 
expansion. The upslope creep observed  in 
winter  is  probably  related to ice segregation 
(frost heave) and  thermal  contraction  cracking. 

Occasionally,  these  trends are obscured by 
seemingly  random  movements  within the 
permafrost  which  defy  traditional creep theory. 
For example,  at  site 1, movement  at  the 6 5  cm 
depth  is  upsloped from time E to F while  points 
above it  and  below  it are  di,splaced  downslope 
(Figure 4). A model  accounting  for  such  random 
movements of  soil  particles is discussed  by 
Culling (1983a, b). Since  a  frozen  soil  will 
creep in response to the sum of all  applied 
stresses, it cannot  necessarily be assumed  that 
gravity  is  the  dominant stress, especially  over 
the  ehort  term.  In  the  case of permafrost 
regions,  thermal  contraction  and expansion, and 
ice segregation  processes are considerations. 

DISCUSSION  AND  CONCLUSIONS 

The data  presented  above  confirm  that  frozen 
soil creep does  occur in  permafrost  terrain. 
Total  annual  deformation at Rea  Point  is 
approximately  one-third of that at the 
Mackenzie  Valley  site.  We  believe the lower 
values  reflect  predominantly  the  colder  ambient 
air and  ground  temperatures at Rea Point  which 
limit  the  potential  for  frozen  soil creep to 
90 days per year and  to the  upper 1-3 m o f  
permafroat.  Collectively, the data  highlight 
the well known  relationship  which  exists 
between  frozen  soil  deformation,  ground  ice 
amounts and  ground  thermal  conditions. It may 
be that  deformations  at  greater  depths in 
frozen  strata  occur  only  when  ground 

temperatures are significantly  warmer, as in 
the lower Mackenzie  Valley,  or  during the 
degradation of permafrost, as happened on 
several  occasions  during  the  Pleistocene. The 
occurrence of certain non-diastrophic 
structures in  sedimentary  rocks in temperate 
areas  which  experienced  periglacial  conditions 
during the Pleistocene are probably  related to 
the in situ creep of frozen  ground. 
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OBSERVATIONS ON AN ACTIVE LOBATE ROCK GLACIER, 
SLIMS RIVER VALLEY, ST. ELIAS RANGE, CANADA 

W. Blumstengel & S.A. Harris 

Department of Geography, University of Calgary, Calgary, Alberta, Canada 

SYNOPSIS A f o r e s t e d ,   a c t i v e   l o b a t e   r o c k   g l a c i e r  1 . 7  km long   occur s  on t h e  e a s t   s i d e   o f   t h e  
Sl ims  River   Val ley,  7.3 km south  of  Kluane  Lake, Yukon T e r r i t o r y .  I t  is deve loped   i n  a d iamic ton  
w i t h  a Loess covex   over   the   lower   one- th i rd   o f  i t s  s u r f a c e .  The lower  two-thirds  is f o r e s t e d   a n d  
t h e  trees a t  the f r o n t  move w i t h  t h e   g r o u n d   a t   u p   t o  2 0  cm/a. S p l i t   t r u n k s  of trees, open 
c r e v a s s e s   a n d   p r e s s u r e   r i d g e a   a r e  common o n   t h e   r o c k   g l a c i e r ,   w h i l e   t i l t e d  trees occur  on the  push-  
Lobe d e v e l o p e d   i n  the s i l t s  i n   f r o n t - o f  it. The r a t e  o f  movement i s  c o n s i s t e n t   w i t h   c r e e p  of ice.  

Spr ings   a round   t he   f ron t  show no d i u r n a l   f l u c t u a t i o n s ,  but d i s c h a r g e   i n c r e a s e s  w i t h  i n c r e a s i n g  mean 
a i r  tempera ture .  180 composition of t h e  s p r i n g  water and i n t e r s t i t i a l  ice w i t h i n   t h e   r o c k   g l a c i e r  

s t i t ia l  ice i n d i c a t e s  a dec rease  of 15-20 c m  i n  t h e   t h i c k n e s s  of t h e   a c t i v e   l a y e r   o n   t h e   r o c k  
approximates   the   average  of the   p resent -day  snow a n d   r a i n .   T r i t i u m   d i s t r i b u t i o n   i n  t h e  i n t e r -  

g l ac i e r   s ince   1953 .   Ava i l ab le   measu remen t s   o f   mo i s tu re   d i s t r ibu t ion   i n to   and   w i th in  the pe rmaf ros t  
sugges t   p resent -day   mois ture  movement and  accumulation of ice unde r   t he   i n f luence  of nea r - su r face  
t empera tu re   g rad ien t s .  The i n t e r s t i t i a l  ice i s  probably  modern,  and when the ice c o n t e n t   r e a c h e s  a 
c r i t i c a l  va lue ,  movement commences. 

INTRODUCTION 

Active r o c k   g l a c i e r s  are accumulations of loose, 
unsor ted  material (d lamic tons)  with a n   i c y   c o r e  
t h a t   u s u a l l y  has a cove r ing  of coa rae  clasts. 
They move downslope t o  produce  an  oversteepened 
f ron t   (Wahrha f t ig  & Cox, 1959:  Vernon & Hughes, 
1966:  Washburn,  1979).  They  can even form i n  
p i l e s  of mine waste (Gorbunov, 1983). 

Desp i t e  numerous s t u d i e s  (see Benedict ,   1973: 
Washburn,  1979;  Hollerman,  1983:  Haebexli,  1985, 
e t c . ) ,  the n a t u r e   a n d   o r i g i n  of r o c k   g l a c i e r s  
is still in   d i spu te .   Sugges t ed   sou rces  of ice 
i n c l u d e   b u r i e d  anow avalanches  (Howe, 1909; 
O u t c a l t  & Benad ic t ,   1965) .   fo rmer   g l ac i a l  ice 
(Cross e t  a l . ,  1905; Capps,  1910; Kesseli, 
1 9 4 1 )  and  accumulations o f  ice i n   p e r m a f r o s t  
f rom  va r ious   (u sua l ly   unspec i f i ed )   nea r - su r face  
sources   such  as snow s i f t i n g   i n t o  cavit ies be- 
tween l a r g e   s t o n e s  on t h e   s u r f a c e ,   m e l t w a t e r  
from  snow, s p r i n g s ,  etc.  

Rock g l a c i e r s   a r e   n o r m a l l y   c l a s s i f i e d   i n t o  two 
main   g roups ,   v iz . :   loba te   rock   g lac ie rs   formed 
w i t h o u t   g l a c i a l  ice and  tongue-shaped  rock 
g l a c i e r s   t h a t   o r i g i n a t e   i n   f o r m e r   c i r q u e s   i n  
g l a c i a t e d   t e r r a i n   ( e . g .  Barsch, 1977; P. G .  
Johnson,  1978,  1980).  The lobate r o c k   g l a c i e r s  
are zonal   permafrost   Landforms,   whereas  t h e  
tongue-shaped  rock  glaciers  are n o t  (Harris, 
1981). I n   a c t i v e   r o c k   g l a c i e r s ,  t h e  main  body 
o f   t he   l and fo rm moves a t  a rate between  0.003 
and 5.000 m/a (Washburn,  1979, p.  230) ,  w i t h  0,2 
t o  0.7 m/a be ing   typ ica l .   Whal ley  (1985)  has  
sugges ted  t ha t  t h e  ra te  o f  movement o f   t h e  main 
body o f  t h e   r o c k   g l a c i e r  may be used t o  
d i f f e r e n t i a t e  movement by  downslope  creep of i c y  
permafros t   (Haeber l i ,   1985)   f rom  g lac ie r   f low.  

Giard ino   (1983)   has   a rgued   tha t   the  movement 
can  be  due t o   b a s a l   s l i d i n g   o v e r   a n   u n f r o z e n  
wa te r   body .   Unfo r tuna te ly ,   ve loc i ty   p ro f i l e s  
a x e   r a r e l y   a v a i l a b l e   t o   d i f f e r e n t i a t e   t h e  
v a r i o u s   d i f f e r e n t   p o t e n t i a l  modes  of movement 
(Wahrhaftig & C o x ,  1 9 5 4 ) .   I n a c t i v e   r o c k  
g l a c i e r s  w i t h o u t  an   i cy   co re  may s t i l l  e x h i b i t  
c o l l a p s e  of t h e   o v e r s t e e p e n e d   f r o n t  when t h e  
main mass i s  s t a t i o n a r y .  

The S t .  El ias  Ranger Yukon T e r r i t o r y ,  i s  an 
area wi th   abundant   rock   g lac ie rs .   In  1 9 8 4 ,  t h e  
a u t h o r s  commenced a long  term s tudy  of a 
forested, a c t i v e   l o b a t e  sock g l a c i e r   s i t u a t e d  
7.3 km sou th  of Kluane   Lake   on   the   eas t   s ide  of 
t h e  S l ims  R ive r   va l l ey .  The r o c k   g l a c i e r  l ies 
a c r o s s  the  proposed   rou te  of an   access   road   t o  
the KaskawuLsh g l a c i e r   i n   K l u a n e  World Her i t age  
pa rk   (F ig .  1) and  Parks  Canada  wanted t o  know 
i t s  cause and  speed  of  movement.  This  paper 
d i s c u s s e s   t h e   p r e l i m i n a r y   r e s u l t s   o f   t h i s  
s tudy .  

STUDY AREA 

The a c t i v e   l o b a t e   r o c k   g l a c i e r   o n  t h e  east s i d e  
of t h e  S l ims   R ive r   va l l ey  i n  F igu re  1 is  1 . 7  km 
long  and 0.6 km wide where it s p r e a d s   o u t   o n t o  
t h e   v a l l e y   f l o o r   ( F i g s .  2 & 3) , I t  i s  developeu 
i n  a d iamic ton  w i t h  g reens tone  clasts up to 20 
cm l o n g   t h a t   o r i g i n a t e  a t  about  1230 m e l e v a t i o n  
below a c l i f f  o n   t h e   v a l l e y   s i d e .  The v a l l e y  
was deglac ia ted   about   12 ,500  t 200 y e a r s  B.P .  
(Y-1386 - Denton & Stu iver ,  1 9 6 6 )  I 
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Fig .  1 Locat ion   of   the   Act ive  Rock G l a c i e r ,  
East Side,   Sl ims  River   Val ley,  Yukon 
T e r r i t o r y .  

The lower  two-thirds  of t h e   r o c k   g l a c i e r  i s  
f o r e s t e d  w i t h  a spruce- l ichen  woodland,   while  
t h e   l o w e r   t h i r d  i s  man t l ed   i n  a s i l t y   l o e s s  
c o v e r   t h a t   r e a c h e s  6 0  c m  i n   t h i c k n e s s  close to  
t h e   r i v e r .   T h i s  i s  probably  being  added t o  by 
s i l t  blown o f f  t he   S l ims   R ive r   de l t a  by 
nor ther ly   winds  i n  winter .   Nickl ing  (1978)  
d i s c u s s e s   t h i s   p r o c e s s   i n  more d e t a i l .  

A t  t h e   f r o n t  of t h e   r o c k   g l a c i e r ,   t h e   s t e e p  
f r o n t   h a s   p l o u g h e d   i n t o   s i l t y   a l l u v i u m ,   a n d  
t h e s e   d e p o s i t s  form a push-lobe  banked  against  
t h e   f r o n t  of the  r o c k   g l a c i e r   ( F i g .  3 ) .  
Permafros t  has deve loped   i n  t h i s  push  lobe.  
F o u r   s p r i n g s   o c c u r   a l o n g   t h e   f r o n t   o r   s i d e s  of 
t h e   r o c k   g l a c i e r   ( F i g .  2 ) .  while   small   ponds 
o c c u r   i n  some of the   dep res s ions   be tween   t he  
main r i d g e s  on i t s  s u r f a c e ,  

o f  l i v e  trees (F ig .  4 ) ,  the presence  of f r e s h  
Evidence of movement c o n s i s t s  of s p l i t  t r u n k s  

c o l l a p s e   s t r u c t u r e s   a l o n g  the f r o n t  o f  t h e  
r o c k   g l a c i e r ,   t h e   s t e e p  rock g l a c i e r   f r o n t ,   a n d  
trees being  pushed  over   (Fig.  3 ) .  The area 
exper iences   an   es t imated  mean annual   f reez ing  
index   of   about  2 2 0 0  degree  days  and a mean 
annual  thawing  index  of  about  1300  degree  days.  

METHODS USED 

A series of   g round  tempera ture   cab les ,   us ing  
YSI 44033 thermistors, were emplaced i n   a c c e s s  
tubes  d r i l l e d  or d u g   i n t o  t h e  push lobes and 
r o c k   g l a c i e r   ( F i g .  2 ) .  S i m i l a r   a c c e s s  t u b e s  
were used f o r   m o i s t u r e   d e t e r m i n a t i o n s   w i t h  a 
neut ron   probe .  The t u b e s  i n   t he   push - lobe  were 
up t o  2 . 9  m deep ,  wh i l e  t h o s e   i n  t h e  rock 
g l a c i e r  were dug  0.60-2.10 m i n t o   t h e   g r o u n d  
u s i n g   p i t s .  The t h i c k n e s s   o f  the thawed l a y e r  
was noted  and  samples of t h e  i n t e r s t i t i a l  ice 
a t   v a r i o u s   d e p t h s  were o b t a i n e d   € o r   t r i t i u m   a n d  
''0 a n a l y s i s .  Samples of bo th   r a in   and  snow 

were collected a t  d i f f e r e n t  times dur ing  the 
yea r  fox comparison  with these ice samplea. 

.# 1 

Regular water sampling of t h e   s p r i n g s  was 
c a r r i e d  out t h roughou t   t he  summer, wh i l e  
d e t a i l e d   s a m p l i n g   s t u d i e s  were made o f  
i n d i v i d u a l   s p r i n g s   f o r  24 hours.  V-notch weirs 
were used   fo r   de t e rmin ing  the rate of flow both 
d i u r n a l l y   a n d   s e a s o n a l l y .   S t a n d a r d   p r e c i p i -  
t a t ion   gauges   permi t ted   the   measurement  of r a in -  
f a l l ,  wh i l e  a hygrothermograph was i n s t a l l e d   i n  
a Stevenson  screen  on si te t o  d e t e r m i n e   t h e  air 
temperature  between May and   Augus t   ( inc lus ive) .  

F i n a l l y ,  a d e t a i l e d   s u r v e y   g r i d  was l a i d  o u t  
a round  the  f r o n t  o f  the rock g l a c i e r   a n d  i n  a 
band  up the   middle  of t h e   l o b e ,   a n d   t i e d  i n  t o  
bench   marks   l oca t ed   ou t s ide   t he  rock g l a c i e r .  
This  was resurveyed  a t  y e a r l y   i n t e r v a l s .   I n  
a d d i t i o n ,  a l e v e l l i n g   s u r v e y  was Pun up t h e  
l e n g t h   o f   t h e   r o c k   g l a c i e r  to e s t a b l i s h   t h e  
e l e v a t i o n   o f   c o n t r o l   p o i n t s   t h a t   c o u l d   b e  
i d e n t i f i e d   o n  the aer ia l  photographs.  The 
l a t t e r  were then  used  with a Wild AC-1 
A n a l y t i c a l  P lo t te r  (1 p r e c i s i o n )  t o  produce 
t h e  r e q u i s i t e   g r i d   m a t r i x  of e l e v a t i o n   d a t a .  
The contour  map of t h e   r o c k   g l a c i e r   w i t h  
c o n t o u r s   a t  2 m i n t e r v a l s   ( F i g .  2 )  was then  
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generated u s i n g  the c o ~ p ~ t c r  graphics  software 
ava i lab le  on DTSSPLA V.10. 

h e  ~ ~ p ~ e s ~ i o ~ s  a& riayes show  up c l ea r ly  on 
i t s  sur face ,   as  does t h e  fan-shaped form of t h e  
rock  glacier  as it spreads across the  val ley 
f loo r .   he appearance of the rock  glacier from 
i ts  source is shown in Figure 5. 

peints from 1984  t o  1986. ~ o v e m ~ ~ t  of the 
f ront   var ies  from almost 2 0  cmja to  almost 0 
crnja and c lear ly  it moves i n  a se r i e s  of lobes.  
Far   greater   ra tes  of ~ o v ~ m e n t  are  found i n  the 
cent ra l   por t ion  of t he  lower  rock g l ac i e r  w i t h  
m a ~ ~ ~ u m  r a t e s  exceeding 2063 cm/a, T h i s  
~ i f f e r ~ n c e   ~ 3 r e s u ~ a ~ ~ y  explains the fQrmation of 
the  ~ v e r s t e ~ ~ ~ n e ~  front, of the   rock  glacier ,  

The vectors of movcment show t h a t  overa.bl 
moye~~nt i s  much more c o ~ ~ l ~ c a t ~ d  than would be 
predicted nn the bas is  of a few i so la ted  
~ ~ s ~ r y a ~ ~ o n s ~  The survival of the  loess as a 
d i s c r e t e  layer on the surface of the  rock 



I 3 .  Thermal Regime 
I n  f r o n t   o f   t h e   r o c k   g l a c i e r ,   t h e   p u s h - l o b e  
exhib i t s   permafros t   be low 1 . 2 5  m w i th  the a c t i v e  
l a y e r   r e a c h i n g   e q u i l i b r i u m   w i t h  its environment 
w i t h i n  a y e a r   a f t e r   d r i l l i n g .  The snow t ends  
t o  blow o f f   t he   push - lobe  i n  w in te r ,   hence   t he  
development of permafros t .  On t h e   s u r f a c e  o f  
the r o c k   g l a c i e r ,  ice was e n c o u n t e r e d   a t  0 . 6  - 
2.0m i n   A u g u s t   d u r i n g   t h e   o r i g i n a l   p i t - d i g g i n g .  
Although t h e  access   t ubes  were dug into s l o t s   i n  
t h e   s i d e  o f  t h e   p i t s  and care was t a k e n   t o  
r e p l a c e  t h e  moss cove r ,  the  permafros t  was on ly  
r e t u r n i n g   s l o w l y   i n t o   t h e   l o w e r   l a y e r s   o f  the 
p i t s  three y e a r s   l a t e r .  

F ig .  6 Rates   of  Movement of D i f f e r e n t   P a r t s   o f  
the Lower P o r t i o n  of t h e  Rock Glac ie r  
( length   o f   a r rows   be ing   propor t iona l  t o  
d is tance   moved) .  

4 .  Moisture Regime 
Ice was e n c o u n t e r e d   i n   a l l  the  pits dug i n   t h e  
rock   g l ac i e r ,   and  was o f   s u f f i c i e n t   q u a n t i t y   t o  
h o l d   t h e   i n d i v i d u a l   c l a s t s   a p a r t .  The g r a i n  
s i z e  of the i c e   c r y s t a l s  was up t o  5 mm 
d i ame te r ,   and   t he   s i ze   o f   t he   mine ra l  c las ts  
decreased  with  depth.   Although  ponds  occasion- 
a l l y   o c c u r r e d   i n   t h e   c l o s e d   d e p r e s s i o n s  on t h e  
r o c k   g l a c i e r   s u r f a c e ,   p e r c h e d  water t a b l e s   o v e r  
ice were n o t   u s u a l l y   e n c o u n t e r e d  in t h e  p i t s ,  
which were always  located  on t h e  r i d g e s .  

D e t a i l e d   s t u d i e s  show t h a t  there i s  a movement 
of moisture w i t h i n  the pe rmaf ros t   o f   t he   push -  
lobe (Blumstengel,  1988: H a r r i s ,  1988), and 
t h e r e   a r e   s i g n s   t h a t   m o i s t u r e  is r e t u r n i n g   t o  
t h e  lower l e v e l s   o f  the  r e f i l l e d   p i t s   i n   t h e  
s u r f a c e  of the rock g l a c i e r ,   a n d  is being  added 
t o  as r e f r eez ing   and   s easona l   t empera tu re  
changes   occur .   However ,   the   ev idence   for   th i s  
i s  st i l l  being  accumulated.  

5.  Hydrology of t h e  Sp r ings  
F igu re  2 shows t h e   l o c a t i o n  of swrinss  1-3.  
F igu re  7 shows t h e   d i s c h a r g e   f o r ' s p r i n g s  1 and 2 ,  
which i s  a l s o   r e p r e s e n t a t i v e  of s p r i n g  3 .  The 
tempera ture  of the  sp r ing   wa te r  was c o n s i s t e n t l y  
below 1'C and t h e  d i scha rge  showed no d i u r n a l  
f l u c t u a t i o n s .  

F ig .  7 Discharge o f  Spr ings  1 and 2 i n  
Summer 1984, as Rela ted  t o  A i r  Temperature 
a n d   P r e c i p i t a t i o n .  

T r i t i u m  u n i t s  

0 40 80 120 160 
0 1 " " " "  

20 
I L 

100 

Fig .  8 T r i t i u m   D i s t r i b u t i o n   i n  the Upper 
Layer of t h e   P e r m a f r o s t   i n  1985:' 
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Springs 1 and 2 at  the  front of the  rock 
glacier  also  exhibited  increased  discharge 
about 10 days  after a major  precipitation  event. 
This  suggests  that  the  water  comes  from  ice 
melting  in  the  active  layer,  augmented  by 
precipitation,  i.e.  it i s  coming  from  above  the 
permafrost  table,  not  underneath  (cf.  Haeberli, 
1985)  The  delay  represents  the  through-flow 
velocity. 

6, Tritium  Distribution 
Figure 8 shows  the  changes  in  tritium  content 
within  the  ice  in  the  permafrost  within  the 
upper  layers  of  the  rock  glacier. A pronounced 
peak OCCUKS about 15-20 cm  below  the  thawing 
front  in  August,  which  approximates  the  base  of 
the  active  layer.  This  suggests  that  the  perm- 
afrost  table  has  moved  upwards 15-20 cm  since 
1953, i.e.,  there  has  been a cooling o f  the 
area  since  then.  There  is no reason  to  think 
that  this  is  due  either  to  loess  accumulation 
or to  growth of moss. 
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'*O in  Precipitation  and  in  Spring 
Water  in  Summer  and  Winter.  Compared  With 
Interstitial  Ice  from  the  Rock  Glacier. 
N.B.: The  interstitial  ice  value  was  the 
average of  7 samples  from 4 sites. 

7.  l80  Distribution 
Fiaure 9 shows  the l80 distribution  in 
precipitation,  in  interstitial  ice  at  the  base 
of 4 pits  in  the  permafrost on the  rock  glacier, 
and  in  spring # 2 .  The  ice  from  the  rock 
glacier  gave  an  average 6 value  of -21.9 O/OO 
and  the  isotopic  composition  of  spring 2 tends 
to change  to  this  value  as  the  summer 
progresses.  Similar  trend8  were  seen  in 
springs  1  and 3 .  This  suggests  that  the 
interstitial  ice  is  modern. 

~~ . ~~ 

DISCUSSION  AND  CONCLUSIONS 

The  front of the  rock  glacier  is  advancing  at 
different  rates  ranging  up  to 20 cm/a.  On  the 
rock  glacier  surface,  the  direction  and  amount 
of movement vary considerably  but may be >200 
cm/ a . 
The  tritium  composition of the  ice  suggests 
15-20 cm  upward  movement o f  the  permafrost 
table  into  the  active  layer  since 1953, result- 
ing  in a tritium peak preserved in the  inter- 
stitial  ice.  The I80 results  for  the  inter- 
stitial  ice  appxoximate  the  mean o f  the 180 
values  for  winter  snow  and  summer  rains, i.e., 
the  ice  appears  to be modern.  The  spring  water 
i s  consistently  cold  and  appears  to  result 
from  thawing of the ice  in  the  active  Layer 
during  the summer, augmented  by sumer rains. 
I t  comes  from  the  surface o f  the  rock  glacier 
and  shows  no  signs  of 180 depletion  that  would 
indicate  colder  conditions,  i.e.  old  glacial 
ice. 

The  modern  composition of the  interstitial  ice 
suggests  continued  input  into  the  permafrost 
from  present-day  precipitation  via  the  active 
layer  under  the  influence of temperature 
gradients  (Harlan, 1974; Burn, 1986: Harris, 
1986, p. 2 8 ) ,  as is occurring  today  in  the 
push-lobe  (Harris, 1988). When  the  build-up is 
sufficient  to  prevent  contact of individual 

creep of the  interstitial ice. 
clastic grains, the  mass commences to flow by 
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INTENSITY OF CRYOGENIC PROCESSES 

N.P. Bosikov 
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SYNOPSTS Based on an  integrated  approach  to tho s tudy of alas landscapes the dependence 
of t h e   i n t e n s i t y  o f  cryogenic procesoes on general  moistening of the area i s  demonstratod. It i s  
found t h a t  an i n t e n s i f i c a t i o n  o f  thermal  abrasion on the   shores  of ai.an Lakes as wel l  &a thermo- 
karst processes   wi th in   in te r -a las  area# occurs i n  the  yearo  with -I.ncreased mointerling. ir, dry 
years  Cryogenic processes decrease i n  in t ens i ty .  

One of t he  challenging problems of dynamical 
geography is that o f  studying  present-day I'e- 
lief-forming  exogenic proceeaee. When inves t l -  
gating these  pToaeaaea, i t  is important  to  es- 
f a b l i a h   t h e   c y c l i c i t y  of t he i r   man i fe s t a t ions .  
Data of th l s   k ind   provide  the basis f o r  develo- 
ping  pratect ion  measurea  against   destruct ion 
phenomena and f o r  t he i r   p rod ic t ion .  

The expanses  between  r ivers of Central  Yakutia 
are notabSe for wide-acde  Occurrence of alas 
depressions,  whom bottoms show drying ox t o t a l -  
l y   d r i e d  lakes. Thase  depressiana  evolve  thro- 
ugh a number of Rtages, from the elementary 
form of a dyuyodyato a mature alas degresnion 
with a drying  lake.  The development of alas 
depressions is n o t   r e s t r i c t e d   t o  e s i m p k  tran- 
s i t i o n  from one form to   another   bu t  is of a 
more complicated  cyclic  character.  

Natural  field observations  have shorn t h a t   t h e  
development of some ox other  cryogenic  proces- 
B e 8  on alae t e r r a i n s   i e  determined by the  wa- 
t e r   c o n t e n t  o f  an alas deprenaion (Bosikov, 
1976) which can be represented as t h e  r a t i o  of 
the  water volume t o   t h e  voLunle of   the   en t i re  
alas depression. Alas lakes with decaying sho- 
rea over the  area under s tudy generally has a 
water  content of 0.6 and higher.  It Is auch 
water-rich alaeses t h a t  merge together  forming 
huge a l aases  o f  8. composite  shape &B a - r e a u l t  

ala# lakes are drying out ,  t h e   t a l l k  below the  
o f  t he  washing-out  of dams separa t ing  them. AB 

alas is freezing.  ThLs procese i e  not in f re -  
quent ly  accompanied by a growth of: pingo, and 
other  cryogenic  processes (Soiovyev, 1 9 5 2 ) .  

Following A.V. Shni tnikov 's  (1957) views o f  
t he  r o l e  of t he   f l uc tua t ion  of c l imate  i n  the 
v a r i a b i l i t y  o f  the s t a t e  of a l ake ,   the   p resent  
author examines  evidence  concerning  tho  pre- 
s e n t   s t a t e  of alas lakes and the i r   t ime  var ia -  
t ions. 

In   an  a t tempt   to  gain i n s i g h t s   i n t o   t h e   i n t c n -  
s t t y  of development of cryogenic  processes  in 
d i s turbed  and undisturbed  areas  o f  the  terratn 
between alassea, we have  carried  out  aemi-per- 
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manent obsemat ions  of the development Of ther- 
mokarst l akes  on t h e   t e r r a i n  between  the Lena 
and the  Amga i n  t h e   v i c i n i t y  of t he  Yukechi 
alae 

As far as geomorphology is concerned, BCCOX- 
d ing   t o  a schematic map compiled by ii1.S. lvu- 
nov (1984), the  reg ion  of i n t e r e s t  i s  s i t u a t e d  
within  the  confinee of  the  erosive-accumulative 
AbaLakhskaya plain. Areas between a lasses   have  
srnall inc l ina t ion  anglea toward the  Lower-ly- 
ing geomorphological level. 

The upper horizon 02 a thickneso of up t o  40- 
-60 m preaents  brownish-grey  loessial  sugli- 
noks involving  cryogenic   s t ructureo  in   the form 
OS ice lenses and small ice l a y e r s  2.9 w e l l  as 
very o l d  syngenetic wedge ice.   kccordikg t o  
the  depth of  the  alaa depression ( 1  1 m), the  
thickness  o f  wedge i c e  i a  about 12 t o  15 n: and, 
according t o  ca l cu la t ions  from the  volume o f  
t he  alas depresaion,  about 2.6 1x3 of  i ce  cor- 
responds  to 1 d o f  t h e   a r e a  ( T o l s t i k o v  ana 
Bosikov, 19'76). The occurrence  depth of the  
i c e  vain surface var i e s  in tile range 1.5 t o  
2.0 in. On abandoned arable lana the  upper cnd 
of  wedge ice   f sequent ly   co inc ides   wi th  the 
depth of seasonal thawing. 

As regards  the  degree of surface ouscep t ib i l i t y  
to   t echnogenic   e f fec ts ,   the  Yukechi tosting 
a r e a   p e r t a i n s  t o  hi .gh-suscept ibi i i ty  regions 
(Bosikov et al., 1985). Such  complexes are nc- 
t a b l e  f o r  quiet   substar l t ia i   changes i n  t h e i r  
s t ructure ,   including  the  for toat ion of' new na- 
t u m l - t e x r l  t o r i a l  complexes.  Pxacessex caused 
by the  thawing-out o f  ice-containlng soi ls ,  
once d is turbed ,  are dis t inguished  by a c t i v i t y ,  
and are psogrcssing and sometimes  dieastroua 
i n  t h e i r  charac te r  of development. On tho t c r -  
r a i n  between  the ahsses ,  t he re  is a continuous 
coves of l a r c h   f o r e s t   w i t h  motley grass  and 
cowberries dis t ingui&hed by good growth and 
dense  stand, Thc height  of the  upper l ayer  is 
about 20 m; however, t r e e s  a re  also encountered 
as t a l l  as 25 t o  27 111. A t  2 nl height mature 
trees are a$ thick as 30 t o  40 cm i n  d j a m e t e r .  
The closeness o f  t he  crowns fluctuates between 
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Fig.2 P l o t  of General I;4018tenfng Var ia t ion   o f   the  Area f o r  t h e  
Yakutslc S t a t i o n .  Yhe P l o t  is Constructed  Bollowing  A.V.Sbnitni- 
kov's (195 '1 )  technique. 

formation and growth of  themnokarst  Lakes. On 
many occasions,   the   lukes  undergo a reduct ion  
i n  size. During the  years   indicated,   there ,   pro-  
bably, occurred a reduct ion  in the  s i z e  o f  dyu- 
yo rdya   s i t ua t ed   i n   t he   fo re s t .  

&arlies and l a t o r   i n   t h e  19601s, t h e r e  were 
years   with  increased  moistening,   while  in t h e  
year  196'1 the  alas Lakes  of  the area between 
the Lena and kmga r ivers  showed an abrupt   in-  
c r ease  o f  t h e  water. level  (Bosikov, 1977). Ihe- 
se years  witnessed an j-ncuense i n  s i z e  of t h e  
dydyordye. ind ica ted  above on t h e  Yukechi  tes- 
t ing  gzound, 

kocording t o  i n f o r m t i o n  r ece ived  fro111 l o c a l  
i n h a b i t a n t s ,  dyuyodya on ploughed f i e l d s  I l K "  

and x I' o r i g i n a t e d   i n   t h e  608, which a l so  
co inc ides   wi th   the   years  o f  incyeased  moiste- 
ning of t h e  area. 

I n  1975, plt lces o f  o r i g i n a t i o n  of  dyuyodya 
; 'A I ! ,  "Ti', I' $' and I' were complicated by 
a h i l l o c k y  terrain, with the  subsidence of t h e  
a r e a  by about 0.5 t o  O.'( m f rom the   su r f ace  of 
the terrain between t he   a l a s ses .  During the 
f i rs t  years  o f  the  oboervation,  vlelt   water on 
these   depress ions   remained   s tagnmt  a8 late as 
mid-July. Prom 1981 o n ,  t h e  me.lt water accumu- 
l a t e d  on undrained-off areas was leading  t o  
the  appearance o f  small lakes. 

It is known tha t   the   appearance  of water on 
low- ly ing   te r ra ins   l eads  to an i n c r e a s e   i n  
temperature o f  t h e   s o i l   s u r f a c e  of the   water  
reservoir   bot tom. Below amall. polygonal   lakes  
and small t renches  filled with wateT,  the 
depth of seasond thuwirlg increases  abrupt ly .  
In t h i s  case, RB t h e  vruter Layer i n   such  s h d -  
l v w  r e s e r v o i r s  i r lcreusus,  thez'e u lno  is an in- 
cl'ctise of the d e p t h  of  seasonal  thawing  below 
i t .  The thaviing below sha:llow water r e s e r v o i r s  
i s  one and a half t o  two t h c s  that i n  dry  po- 
l ygona l   f ea tu re s  (Vasilyev, 1982). 

The increase in   gencra l   mois ten ing  of t h e  area 
i n  1981 l e 6  to   the  formation 01 smu.Ll inter- 
polygonal l a k e s  on ploughed f i e l d s  as wel l  BY 
an increase o f  t h e  water l eve l   i n   p re -ex in l ing  
dguyordya on ,the Yukechi tes t ing  ground.  As 
has already  been mentioned p rev ious ly ,  on pl.ou- 
ghed f i e l d s  the  dep th  of  seasonal thawing 81- 
most coincides wi-th the depth of  ground i c c  
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( 1 .-/ m) . Theref o r e ,   i n   t h e   c a s e  of an abrupt 
increase  of the   depth  of seasonal thawing  the 
thawing-out of ground i c e  leads t o  an i n c r e a s e  
i n  depth o f  t h e  sma11 lake .  This a l l  i s  respon- 
a i b l e  f o r  the  progressive  development of ther-  
nlokarst (Obshchee  rnerzlotovedenie, 19783. 

The f u r t h e r   e v o l u t i o n  of thermokarst  lakes de- 
pends on t h e  lake's depth. If be fo re   t he  win- 
t e r   f r eez ing -ove r   t he  depth o f  water in the 
lake is more than 1 m ,  then the progress ive  
development of theTmokarst goes on. In the 
case  where  ioe  f reezea t o  the   bo t tom,   the   fur -  
ther  development o f  thermokarat  depends  on  the 
weather   condi t ions of the next  year, i .e.? on 
moistening. Under condi t ions  of Centra l  Yaku- 
t i a ,  with an increase  i n  the   depth  o f  seasonal 
thawing  due t o  t h e  rige i n  air  temperature,  no 
thermokarst   lakea  axe  produced  because  the wa- 
t e r  produced owing t o  t h e  thawing-out of upper 
p a r t s  o f  ground i c e   d r i e s  up due t o  t h e  rnoistu- 
xe d e f i c i t .  An increaae  I n  th ickness  o f  unfro- 
zen d e p o s i t s  l eads  t o  an i n c r e a s e  o f  t h e  pro- 
t e c t i n g   l a y e r  below ground ice .  Hence, It is 
evident  that the   i nc rease  i n  moistening o f  t h e  
area i s  the most important   condi t ion f o r  the 
development o f  thermokarst .  

The r e s u l t s  of na tura l - sca le   observa t ions   o f  
the development of thermokarot p r o c a a m s  on t h e  
Yukechin t e s t i n g  ground B r 6  p r e a e n t e d   i n   t h e  
t a b l e .  From the table it is spparen-b that o r i -  
gination  and  development of small thermokarst  
lakes on ploughed f i e l d s  are proceeding much 
more i n t e n s i v e  an compared with  undis turbed 
t e r r a i n s  between  the alasses. Thus, no new 
small. tbarrnokarst lakes o r i g i n a t e d  on undis tur -  
bed t e r r a i n s   d u r i n g  the  observing  per iod,  wha- 
r e m   s e v e n  small lakes appeared on  ploughed 
f i e l d s  (see  Figs 1 and 3 ) .  The na tura l - sca le  
observa t ions  have shown tha t   t he   dep res s ion  
c u t s  i n  t he   fo re s t   and  on the  ploughed f i e l d a  
exhibit an  almost  the same growth. The deepest  
c u t  o f  lakes l'd1Iand "X" is accounted f o r  by 
t h e i r  long l i f e t i m e s .  The mean amount of expun- 
sion which c h a r a c t e r i z e s   t h e  increase o f  tho 
amall l aken  in plan ,  is s e v e r a l  t imes g r e a t e r  
as cornpnred with undis turbed  areas   betwsen  the 
alasses. Tho r e l a t i v e l y  tlrnall expansion of  dyu- 
yodyu " K 1 I  (9.6 mj is a t t r i b u t a b l e   t o   t h e  l i m i -  
t ed  size of tho   p loughed  f ie ld  itself. Where 
t h e  size of  the  ploughed f i e l d  and the   d ra ina-  
ge Conditions a r e  f a v o u r n b l e ,   t h e   r a t e  of ex- 



0.5  und 0.0 and  sometimea  seaches 0.9. The 
soil c o v e r   c o n s i s t s  o f  cowberries.  The a s soc ia -  
t i o n  i n v o l v e s   b i r c h - t r e e s ,  w i t h  p i n e - t r e e s  g ro -  
w i n g  a long  t h e  alas edge. On t h e   a r e a  under 
i n v e s t i g a t i o n  110 t r a c e s  of f i r e s  arc obnerved. 
Cleared  spaces  are encountered whi.ch a r e  pro- 
duced  by f e l l i n g  of some groups of t r e e s -  

Ragular obeervat ionn o f  the  development  and 
growth of thernlokarak subsidencen  were made 
du r ing  the per iod  1975-1985 u s i n c  as w e l l  ver- 
bal communicatione of local i n h a b i t u n t s  ttnd an 
a e r i a l   p h o t o g r a p h   t d m n  in 1952. 

Pig. 1 is a schematic map of tho  Yukechi t e s -  

Fig. 1 Schematic Map f o r  t h e   R e l a t i v e  
P o s i t i o n  o f  Arable Lands  and  Permafrost 
Terrain Forms on the Yukechi Tos t ing  
Ground i n  1952. 
1 - Waterless Valley-hleadowa; 2 - Motley 
Grass - Cowberr ies   Larch  Forest ;  3 - Hil- 
locky Te r ra in ;  4 - Arable Lands; 5 - Water 
Reservoirs .  

graph. The schemattc map shows that  t h e   a r a b l e  
t i n g  ground as compiled using an aerial photo- 

lands a r e  a l l  n o t   a f f e c t e d  by thermokurst .  Ac- 

habi tan ta ,   the   g rubbing-out  of the   qores t  f o r  
cording t o  in format ion   rece ived  from local in- 

e s t a t e  "A" was accomplinhod during about 18'10- 
1880. I n  1935, the undrained a r e a  of the esta- 
t e  produced a small lake of  t h e  size about 

20x30 m. kccording t o  t h e  ucr, ial   photograph o f  
the  yco.r 1952, the f o r e s t  a x h i l i . t s  two  cave-in 
Lakcs, which ind ic t l t e s  a progrcssivs gr.oeth o f  
smal.1 thermokarst  Lakes on t h e   t e r r a i n  between 
tho a.lnnsen. 

According t o  i n f o r m a t i o n  r cce ived  lrorn Local 
i n h a b i t t m t s ,  t h e  l a k c  denotcd or1 t h e  map by 
. t o t t e r  "X" formed by abou t  1922 as a "dyuyodya" 
( t h e  l o c a l  name of t h c  o a r l y  stage of devclop- 
ment of a thorwokarst  lake with 8 s t a .b l e  water 
regime, below which gz'ound ice s t i l l .   p e r s i s t s ) .  
In 1975, t h e  l a k e  a l r eady  was in a stage o f  
I'tyynipa+' (a tharmokurs t  l a k e  below which exbound 
i c e  has thawed out completely,  with the  forma- 
t i o n  o f  a s t a b l e  t a l i k  below t h e  l ake .  The de- 
pression's water   conten t  i s  0 . 6 ) .  Small lakes 
I 1 l P  and r I '  s j t u a t e d   i n   t h e   f o r e s t  near t he  
northern arable l and ,   evo lvcd   i n to  a "dyuyodya" 
i n  1933. 

I n  1939, thc  a r a b l e  lands dep ic t ed  on t h e  sche- 
matic map c o n s i s t e d  of s epa rh te ,  smdl ploughed 

ween. I n  o r d e r  t o   o b t a i n  two large ploughed 
f i e l d s ,  with f o r e s t   s t r i p e s   r e m a i n i n g   i n   b e t -  

f i e l d s ,   t h e s e   s t r i p e s  were  grubbed  out i n  195C. 
The ploughed f i e l d s  mere sown wi th   g ra in-crops  
as Late as 1960. As a r e s u l t  of amulgalnation 
of c o l l e c t i v e  farms i n t o   b i g g e r  units, t h e  
ploughed f i e l d s  were  abandoned. The f i e l d s  m e  
slowly  overgrown w i t h  f o r e a t  - over  the past 
30 yea r s  on ly  s e p a r a t e  specirceno o f  t reco  have 
appeared. 

According t o  in format ion   rece ived  from Local i n -  
h a b i t a n t s ,   i n t e n s e  surface f a i l u r e  began on t h e  
ploughed f i e l d s   i n  1960. During the  seconu year 
efter t h e  f i e l d s  had  been  abandoned, e. well-de- 
f i n e d   h i l l o c k y   t e r r a i n   d r e a d y  made appeorcncc. 
Approximately i n  t h e   L a t e   s i x t i e e ,  a thcroio- 
karst lulce was pyoduced i n  an undraineti arec 
on ploughed f i e l d  + +  6 l'. By the beginnj.ng of re-  
gular obaervat ionn ( t h e  year  I w ~ ) ,  t h e  l a k s  3.n- 
creased t o  20x40 m i n   s i z e ,  and  the  water d e p t h  
was betwoen 0.6 and 1,2 m. I n  1975, t he  size of  

thoee  obtained frorc  t h e  aorial photogrlzph of  
1952. I n  1975,  the m a x i . m u m  depth o f  t he  depres-  
sion c u t  wes about 6.0 m ( s e e  Pig. 1 1. Dyuyodye. 

poriod 1352-1975. 
I' and l t E f l  d E 0  remained   una l te red   aur ing  t h e  

l ' t y y m p a I l  I l ~ ~ ' '  d i d  not  d i f f e r  substantially f r o : >  

During 1952 t o  1957, the  area between t h e  Lena 
and the Amga rivors underwent LZ decrease i n  
i t s  genera l  moistening (Fig. 2 ) ,  while   the  pre-  
ceding p o r i o d  inc luded   years  with increased 
rnoistcning. Bocause t h e  original s i z e  and 
growth of' Lhermokarnt l a k e s  aye most c l o s e l y  
asaoc ia tad  with genara l   mois ten ing  o f  t h e   a r e a  
(Boal.kov, 1986), i t  might be supposed t h a t   t h e  
l a k e s  observed   or ig ina ted  and. d i g h t l y  expanded 
in the  years w i t h  increased  moistening.  Subse- 
quen t ly ,  i n  t h e   y e a r s  o f  decreased r c o i s t m i n g  
of t h e   a r e a  (1952-195'1) t h e m  seema t o  have  oc- 
cu r red  a rcduction i n  s i z e  of t h e  dyuyodya be- 
cause a t  this s t a g e  o f  developnient t h e  t h e r m -  
k a r s t  had not y e t  reached  the degrce of self- 
evo lu t ion  due t o  an  intense thawing of ground 
i c e .  In t h e  years with decreased moistening, i .  
e . ,  i n  dry yenf'B, t he  amount o f  water cvupore- 
t e d  frorrl Colltral Yakut ia   l akes  i s  two t o   f o u r  
t imes the  m o u n t  ol' p r cc ip i t a t ion   (Gnv~ . , i l ova ,  
1973). ThercIore ,  during d r y  y e w e  lneLt watez7 
evaporuten r.api.dly, wjth t h e  cesna t jon  of t he  
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sed  moistening of the a r o a .  

Based on the   s ta tement  that f l u c t u a t i o n s  of the  
l e v e l  o f  alas lakes depend  on the   degree  of 
moistening, we attempted - though Q reconst-  
ruc t ion   o f   t hese   f l uc tua t ions  - t o  o b t a i n  t h e  
C O U X B ~  of development o f  moistening of the urea.  
The analyEiis of a r c h i v e s ,   l l t e r a t a x e  and ver- 
bal evidence has permitted us t o   i d e n t i f y  - 
from t h e  end of  the 17th  century on - saveral 
per iods  i n  the l e v e l   f l u c t u a t i o n  of the lakes 
with in  Contrnl Yakutia: the  end of the  17th 
century  - low Wat8I"leVel;  rnid-lath  century - 
hi&  water- level ;   beginning o f  t h e  19th centu- 
xy - low water-level;  mid-19th and beginnlng of 
the   20 th   cen tury  - high  water-level;   and mid- 
20th  century - low  wator-level (Bosikov, 1377). 

Using dendrological  deterrninatiwnn we have m a -  
mined t y p i c a l  features o f  the  water-content 

f o r  a p e r i o d  o f  '160 years  (from 1813 t o  19'13) 
f l u c t u a t i o n s  o f  alas lakes I n  Central   Yakutia 

(Bosikov and L o v c l i u ~ ( ,  19'IY). The analysis of 
data obtained showed t h a t  the f l u c t u a t i o n s  o f  
the  level o f  aLaa lakes obey secular   tenden-  
c i e s  and   i n t r a secu la r   cyc le s .  We iden t i f i ed  
cycles of an increwe o f  t h e   l e v e l  o f  l a k e s ,  of 
a dura t ion  o f  10 t o  12 years, on the  average.  

A comprehensive study o f  bottom d e p o s i t s  o f  
alas l a k e s ,  inc luding   rad iocarbon  ds t ings ,  per-  
m i t t e d   u s   t o   c o n s t r u c t  plots of moistening va- 
s i a t i o n  o f  t h e  area between t h e  Lena and the  
hnga r i v e r s   f o r  the last t b e e  mi1leni.a (Bosi- 
kov, 1986) (Fig. 4). 

The r e s u l t s  of continuous and one-time obselva- 
t i o n s  o f  the formation of the   beds  o f  thermo- 
k w s t  lakes  and a lw water  reservoixe have in- 
d i c a t e d  tha t   bo t tom  sed in~en t s   a r e  composed by 
products o f  shore f a i l u r e  (Houikov,  1983). I n  
high-water depressions thc  shores are baing 
des t royed   very   in tens ive ly .  It has a l ~ o  been 
cs tab l inhed  t h a t  t h e  r a t e  of i n t e n s i t y  o f  se- 
diment  accumulation dependG on the  composi.tion 
and ice content of' t h e  soils forming t h e  shore 
us well as the wa te r   l eve l  i n  the  depression,  
i..e., or1 the  n twta  of gonortzl moistening of 
t h e  urea. 

Y'hus, t h e   c h a r a c t e r  o f  moistening OS t h e  &sea 
j, respormible f o r  t h e  decay or the  developlnent 
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Period, thous years 

Pig.4 The General Moi.ster.ing Variation 
of the Area between the Lena and t he  
Amglt Rivera dur ing  the  Last Throe 
P i l l e n i a .  

of the thaxmokarst process in Central Yakutia. 

HhPERENCES 

Bosikov, N.P. (1976). Primer morfometricheskoi 
k h a r s k t e x i s t i k l  alasnykh obr'azovaniy I'sen- 
tr 'alnoi Yakut l i .  - Y kn,: Voprosy geogra- 
fii v t rudakh molodykh uchenykh i s p e t s i a -  
l i s t o v ,  44-49) Yakutsk: In-t merzlotove- 
aen iya  SO AN SSSR. 

Bosikov, N.P. (1977). Dinamika urovnei i raz- 
v i t i e  alaanykh oeyor Tssntralnoi Yakuti i ,  
t. 109, VYP. 4, 357-362, IZV. VGO. 

Bo~liltov, I.P. and  Lovelius,  N.V. (1979). 0 de- 
n d r o i n d i k a t s i i  kolebaniy urovnya alasnykh 
ozyor  Taen t r a lno i  Yakutii. Izv.  VGO, t .  
III, vyp. I ,  64-66. 

Bosikov, N.P. (1983). S t r a t i f i k a t s i y a  donnykh 

k u t i i ,  3-12, Yakutak: YaB YO AN SSSR. 
otlozheniy alasnykh ozyar Taen t r a lno i  Ya- 

699 



THERMOKARST LAKES AT MAYO, YUKON TERRITORY, CANADA 
C.R. Burn and M.W. Smith 

Ceotechnical Science Laboratories, Carleton  University,  Ottawa, KIS 5B6, Canada 

SYNOPSIS The  evolution of thermokarst  lakes in  ice-rich glaciolacustrine  sediments 
near Mayo, Yukon  Territory, has been  documented  through  examination of aerial  photographs, 

the  thermal  regime of a  typical  lake  has  been studied, and a geothermal  simulation 
field surveys and  analysis  of  the  annual  growth  rings of submerged  trees.  In addition, 

analysis of lake  development  carried o u t .  The  tree-ring  analysis  indicates  that  the 
lakes  were  initiated  around  1880.  The  geothermal  simulation  analysis of talik  development 

were  initiated by forest  fire. The growth of three  lakes has been  relatively  constant 
also  indicates  that  the  lakes  are  about 100 years old. It is suggested  that  the  lakes 

of lake development  over the  next 10 to 20 years coula yield  information on growth 
since 1949, and shows  little  correlation  with  climatic  variations.  Careful  observation 

patterns as a function of climatic changes. 

IN MEMORIAM 

17  May  1960 - 16 January 1988 Michael J. Hare 

Field companion, colleague  and  friend. 

INTRODUCTION 

Investigations  have  been  made o f  the  evolution 
of thermokarst  lakes in the  Stewart  River 

Mayo (63" 35'N, 135' 35'W), wbich  has a mean 
valley, near Mayo, Yukon  Territory  (Figure 1). 

annual  air  temperature  of -4C, lies in  the 
northern  boreal  forest and  the  zone of 
widespread  permafrost.  Within the  study  area 
there  are  28  thermokarst  lakes  and  two  major 
thaw slumps, These  features  are  confined to 

beneath a  proglacial lake which filled Stewart 
ice-rich gladiolacustrine silty clay, deposited 

Valley  eastwards for 40 km from an ice dam just 
west of Meyo (Green, 1971).  Throughout  the 
valley, much of this  material  has  been  eroded  to 
depth and  replaced  with  river  alluvium. 

Exposures in  the headwalls o f  the  thaw slides 
reveal  large  bodies of segregated  and  reticulate 
vein i c e ,  which extend to a depth of at  least 12 
metres. In addition, truncated, inactive  ice 
wedges  are  exposed  along  a  thaw  unconformity 
(see  Burn  et al., 1986)* Numerous  boreholes, 
5 m deep, have  been  drilled  around  the  thaw 
lakes, and have all  revealed  ice-rich  material 
(Burn, 1982a) 

Thermokarst and  climatic  chanqe 
Thermokarst  develops where  an  increase  in  the 
depth of thaw  results in the  melting  of shallow 
ground ice  and  the  formation of a depression. 
Once created, the  depression  establishes  a  new 
thermal  regime  which  further  promotes its 

F i g .  1. Location of study s i t e s .  
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development (Mackay, 1970).  Either a change in 
climate or of surface conditions  (microclimate) 

Regional  climatic  change  includes  amelioration, 
is responsible  for  thermokarst  initiation. 

resulting in a rise in mean  annual  surface 
temperature, or  an  increase  in  the  seasonal 
amplitude of  temperature.  The  northern 
hemisphere  experienced  a  warming in 1850-1950, 
which has been  suggested as the  principal cause 

Thie, 1974; Mackay, 1975; Chatwin 1981). 
of permafrost  degradation in some areas  (e.g. 

Throughout much of the 100,000 km’of 
northernmost Alaska, the  temperature in  the 
upper  two  metrgs of permafrost  has  generally 

decades to  a  century  (Lachenbruch  and  Marshall, 
increased  by 2 C  or  more  during  the  last  several 

1986). 

Carson (1968) and  Rampton (1973) have 
hypothesised  that  thaw  lakes in  the  western 
North  American  Arctic  have  expanded  during 
periods o f  warmer  climate.  However,  the 
short-term  sensitivity of  thaw  lakes ta climate 
change is not  well  understood.  Careful 
observations of lakes  over a 10 t o  20-year 
period  could  yield  important  information on 
growth  patterns  as  a  function of  climatic 
variation. 

While  the  effects  of  climatic  variations  evolve 
over  many years, changes in microclimate  can be 
sudden and dramatic.  Forest fires, for instance, 
are  frequent  and  widespread in  the north, and 
lead to fundamental  alterations in  the surface 
energy  regime.  As a result, Rouse (1976), for 
example, Jound that  soil  temperatures  were as 
much as 5 C  warmer in recently  burned-over 
areas. 

THERMOKARST  LAKE  DEVELOPMENT 

The  evolution of  three  particular  thermokarst 
lakes  near  Mayo has been  studied in detail  from 
the  aerial  photographic  record  (1949-1976)  and 
by  field surveys (1982-1987). These  lakes  are 
of similar size, and  were of approximately  100  m 
diameter in  1987. No  surface  channels  connect 
with  these  lakes. As is  typical of thermokarst 
lakes in  the  boreal forest, the  collapsing 
shorelines  support  “drunken” trees, and  the 
lakes  contain  many  submerged  trees  which  are 
well  preserved.  The  annual  growth  rings of a 
number of these  trees  were  analysed for dates of 
submergence. 

The surface  area of each  lake  at various  times 

photographs.  The  development of  individual  lakes 
since  1949 was obtained from the  aerial 

is somewhat  idiosyncratic  (Figure 2),  due  to 
ground ice distribution in  the  surrounding 
sediments, for  instance. Therefore, index  radii 
(I“) were  computed t o  describe the  development of 
each lake, assuming  the  lake  surface  to be 
circular  (Table 1). The rate  of  change  in  mean 
radius (Ar/t) varies  between 0.9 m yr” and 0.2 

m yr“ between  successive dates, with a mean 
value of 0.41 m yr”.  The mean  rates of  radial 
expansion for lakes 1, 2 and 3 between  1949  and 
1987  are 0.36, 0.47  and 0.41 m  yr-’ 
respectively. 

Fig. 2. Thermokarst lake expansion, 1949-1987. 

During  the  period  since 1949, mean  annual  and 

declined  until the  early 1970s, which  were  the 
summer  air  temperatures in central  Yukon 

coolest  years  this  century.  Subsequently,  a 
sharp recovery  from  these  low  temperatures  has 
occurred, at a rate  similar to the pre-1940s 
warming  (see Burn, 1982b). The  relatively  rapid 
growth of the  lakes in  the 1960s, when  climatic 
conditions were deteriorating,  indicates  that no 
simple  relationship  between lake  development  an? 
climate exists. Apparently, the  thermal 
buffering  effect of  the  lake mitigates the 
influence o f  annual  climatic  variation. 
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TABLE 1 

Index radii (m) 1949-1987 o f  three  thermakarst 
lakes  near Mayo. 

Lake 1 2 3 Mean Rate o f  
radlus  growsh 
(m) (m yr 1 

1949  36.4 30,7 36.8 34.6 1 1950 38.1 30.7 36.8 ~ 35.2 0:60"-] 
1961  40.0 35.7 41.6 39.1 0.35 

~~~ 

1965 45.0 36.8 46.2 42.7 0.90 
1970 46.1 39.9 51.2 45.7 0.60 
1976 46.8 42.5 51.2 46.8 0.20 
1982 48.4 47.2 51.2 48.9 0.35 
1987 49.9 48.6 52.4 50.3 0.30 

Mean rate of raqial  increment 
1949-1987 (m yr ): 

I 0.36  0.47 0.41 0.41 I 

Simple  backward  extrapolation of the  mean  growth 
rate for each  lake on the  radius in 1949  gives 
dates of initiation for lakes 1, 2 and 3 of 
1848, 1884 and  1859  respectively, To examine 
this further, the  annual  growth  ring  patterns of 
submerged  trees were  analysed. 

Tree-ring  analysis 
In order to reconstruct  lake  development  from 
the  annnual ring  records of submerged trees, it 
is assumed  that  the  trees  stopped  growing  when 
their  roots  became  immersed, and  that  the  last 
annual ring  represents  the  date  at  which  the 
lake  expanded  past  that  location. Trees whose 
roots  were  submerged  during the  summers  between 
1982 and  1986  did  not  bear  green  leaves  the 
following  year.  Additionally,  the roots provide 
an anchor, and  no  trees  appear  to  have  been 
displaced  during and  after  submergence. 

unknown  tree-ring  chronologies had to be  matched 
In order to  fix  the  date of submergence, the 

to a chronology  with  known  fixed  dates. Cross 

sections of trees  were  sawn off underwater  and 
the  locations  of  stumps  were  surveyed onto a 
base  map. Six sections  were  obtained  from Lake 
2 and  three  each  from  lakes  1  and 3 (Figure 3 ) ,  
The  sections were  each  mounted on a travelling 
stage and  the  ring widths  measured by 
microscope.  Index  series  were  developed  using 
standardised  methods (see Fritts, 1976). 

Initially,  samples were  taken from some  living 
trees  on  land, with  which  the  submerged series 
could be  cross-correlated  and  hence  dated. 
However, suitably  old  trees  contained too much 

unstable ground conditions due to shallow, 
reaction wood to be useful, as a result of 

ice-rich  permafrost. Thus, instead,  the 
ring-width  series  were  cross-correlated  with  two 
trees  which were known  from  aerial  photographs 
to have  been  immersed  between  1970  and 1976. 
This introduces a minor  uncertainty  of 6 years 
into  the  dating.  The  ring  records of these 
trees  date from 1824 and  1846. 

In  the  cross-correlation  procedure,  the  index 
series of each  submerged  tree was repeatedly 
lagged  with  respect to the  stationary 

correlation coefficients (r)  obtained  by this (reference) series.  The Pearson product-moment 

method may increase  after  several lags, since 
the  number of values being  correlated  decreases 
as the  lag  increases.  Three  criteria  were  used 
to assess  the  significance of the  coefficients: 

( i )  only  the  highest  four  values of any 
series were  considered; 

(ii) i f  any  of  these  were  less  than 0 . 5 ,  they 
were  rejected; 

( i i i )  any  correlation involving  less  than  ten 
pairs of observations  was ignored. 

The highest r values  from  cross-correlations 
w i t h  lag, and the  inferred  date of tree 
submergence  are  presented in Table 2. Of  the 
trees  dated by this  procedure,  there is only  one 
clear anomaly, L1C. This tree  may  have  fallen 
into the  lake  from  a  small  thaw  slide  on  the 
south  side  of the  lake. The  other  results in 
Table  1  point to a date  of  initiation of shortly 
before  1880 for lakes  2  and 3 and  1900 for lake 
1, since  the  trees  were not  taken  precisely  from 

Lake 3 Lake 2 Lake 1 

120. 'L2E '"2 

Fig. 3. Location of submerged trees collected 
for cross-dating. 
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TEMPERATURE ( % I  TABLE 2 

Submergence dates  of trees i n  Mayo thermokarst 
lakes 

Tree ' Date r* I 
. 

L1A 1902 
L1B 1918 
L1C 1967 

L2F 1894 
L2H 1908 
L2K 1933 
L2L 1880 

L3A 
L3B 
L3C 

1889 
1902 
1888 

.71 

.81 

.84 

.53 

.75 

.70 

.86 

.90 

.74 

.77 

* Correlation  coefficient with reference series. 

the  centre of each lake. This is in reasonable 
agreement  with  the  results  from  the  previous 
section. 

GEOTHERMAL ANALYSIS 

Lake  thermal  reqime 
Temperatures in the  thermokarst  ponds  were 
obtained  using  calibrated  thermistor  cables of 
various  lengths  at  a  number of locations.  The 
cables  were  anchored  to  the  bottom  and  suspended 
from  floats. In addition,  we  were  able to drive 
a thermistor  cable 2m into  the  bottom of lake 2. 

The  monitoring of lake  temperatures  indicates 
that  the  ponds  have  similar  thermal  regimes  and 
that  they  display  some  features  that  are  Common 
to  many lakes.  The  lakes  freeze  over in 
mid-October  and  the ice melts  again  by mid-May. 
The ice thickness  reaches  about 1.25 m by 
late-March. As surface  temperatures  increase 
during  the  spring  and  summer  months,  a 
stratification  develops  between  the  colder, 
denser  water at depth  and  warmer,  lighter  water 
near  the  surface.  The  thermocline is found  near 
the  lake  bottom in spring,  but  rises  to  about 2 
m  below  the  surface or so by mid-summer.  Below 
the  thermocline,  the  bottom of the  profile is 
characterised  by  a  relatively  steady  decline of 
temperature  with  depth.  This  part of  the l a k e  
is not  directly  affected by daily  weather 
conditions. 

The  thermal  regime of lake 2 was  monitored  on  a 
monthly  basis  over  the  12-month  period  beginning 
i.n April  1984,  with  bi-weekly  observations in 
summer.  The  annual  temperature  envelope is 
shown in Figure 4. While  the  near-surface 
temperature  varied  between -1.4 and 20C, the. 

only about 2 and 5 C ,  with a mean value of 3 . X .  
lake bottom (4.25 g )  temperature varied  between 

Heat  conduction  model 
A  simple  heat  conduction  model  was  used  to 
obtain  a  first  approximation of talik 
development  beneath  an  expanding  circular  pond 
assumed  to  have  been  initiated in 1880. M i n g  
lake  2 as a model!  a  constant  rate of radial 

growth  of 0.5 m yr-' was  assumed  for  the  period 
1880  to  1985, by which  time  the l a k e  was 
actually  just under  100  m in diameter.. 

0 -  
-5  

I -  

i -  

I -  

O 5 10 15 20 

1 

""_ I 
-1- 

Fig. 4. Annual temperature  envelope of lake 2 .  

With  reference  to  mean  annual  conditions,  the 
temperature  profile in the  vicinity of a lake is 
modified as follows: 

T(x,Ytz) am (TO+Gg.Z) + (TW-TO). f ( x , y , ~ )  (1) 

where  the  first  term  on  the  right-hand  side 
represents  the  undisturbed  temperature  profile 

disturbance  due  to  the  water  body.  To is the 
for the  area, and  the  second  term is the  thermal 

mean  annual  ground  surface  temperature,  Tw  the 
mean  annual  lake-bottom  temperature,  and z is 
depth.  The  geothermal  gradient  was  taken  as 

effect is negligible €or the  small  values  of z 
0.02 K m in the  present  case,  although its 

in question  here  (see  below). 

The  magnitude of the  second  term in (1)  depends 
on  the  time,  t,  since  the  lake  was  initiated. 
In  the  case of a  circular  lake, of radius R, the 

calculated  from  (Lachenbruch, 1 9 5 7 ) :  
thermal  disturbance  beneath  the  centre  can be 

f(z,t) (Tw - To) { (l/J(l+(R/z)')) 
erfc(J(z'+ R1)/2JKt) ] (2) 

where  K is the  thermal  .diffusivfty of the 
ground.. In order  ta  account  for  the  predominant 
effects of latent  heat  on  the  penetration of the 
thawing  front,  an  apparent  thermal  diffusivity 
value. (8.8 x 10"' m' s?)  was  used  (see  Smith 
and  Riseborough, 1985). The  mepn  annual 
lake-bottom  temperature of 3.3C recorded in 
lake  2  was used. The  mean annuaLsurface 
temperature of the land surrounding  the  lakes 
was estigated  from  shallow  borehole data to be 
about - l C  (Burn, 1986). 

In geothermal  terms,  the  qrowth of a lake  can be 
represented by a sequence of annular-shaped 
disturbances,  whose  age  decreases  with,distance 
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from the  centre. By summing  the  contribution 
from  all  the  annular  rings,  the  evolving  thermal 
effect of an  expanding  lake can be simulated 
(Lachenbruch, 1957: Smith,  1976).  No  allowance 
was  made in the  analysis for ground  settlement. 

Figure 5 shows  the  temperature  profile  predicted 
from  the  simulation;  the  depth o f  the  talik is 
estimated at about 9 m. The  extremely  close 
agreement  with  the  measured  lake-bottom 
temperatures  supports  the  interpretation of lake 
evolution  represented by the  simulation.  The 
conclusion  of  the  simplified  thermal  analysis 
is that  the  thermokarst  ponds at Mayo  were 
initiated  sometime in the  late-13th  century. 

TEMPERATURE ('Cl 
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Fig. 5. Results o f  geothermal simulation. 

DISCUSSION 

The  results of this  study,  specifically  the 
tree-ring  analysis  and  the  geothermal 
simulation, indicate  that  the  thermokarst  ponds 
near  Mayo  were  initiated  around 1880, and  are in 
a relatively  early  stage o f  development. It is 
tempting  to  relate  the  initiation of the  lakes 
to  the  post-Little Ice Age  climatic  warming 
since  1850, but we suggest  a  more  probable  cause 
is forest fire. Historically,  fires  have  been 
common in Stewart  Valley,  and  charred  remnants 
are  present in the  vicinity of the  thermokarst 
lakes. In addition,  observations of thermokarst 
ponds in the  Takhini  Valley  near  Whitehorse, 
Y . T . ,  indicate  that  recent  expansion is related 
to a forest  fire in 1958 (Burn, L982a). 

The  pattern of lake growth  since  1949  shows  no 
obvious  relationship  to  climatic  conditions: it 
is suggested  that  the  thermal  buffering of the 
lake  modulates  the  effect of annual  climatic 
variations.  Moreover, a borehole  transect 
drilled  across  a  recently-drained  pond  revealed 
aggrading  permafrost;  the  presence of both 
aggrading  and  degrading  permafrost in the  study 
area  under  the  same  climatic  conditions,  further 
implies  that  the  thermokarst  development  near 
Mayo is not simply  climatically-driven. 
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LOESS AND DEEP THERMOKARST BASINS IN ARCTIC ALASKA 
L.D. Carter 

US. Geological Survey, 4200 University  Drive, Anchorage, AK 99508-4667 U.S.A. 

SYNOPSIS Silt, l o c a l l y  more t h a n  30 m t h i c k ,  forms a d i s c o n t i n u o u s  east-west t r e n d i n g  belt  5 to  
7 0  km wlde  across n o r t h e r n  Alaska. I n   t h e   c e n t r a l  p a r t  of t h i s  b e l t ,   s t r a t i g r a p h i c   d e t a i l s   a n d  
g e o l o g l c   r e l a t i o n s   i n d i c a t e  t h a t  much of t h e  s i l t  was d e p o s i t e d  as loess d u r i n g   t h e  l as t  g l a c i a l  
c y c l e .   S y n g e n e t i c  ice  wedges  $ s  much as  26 m d e e p   a n d  3 m wide o c c u r   w i t h i n  t h e  loess a n d   i n  places 
p e n e t r a t e  t h e  e n t i r e   d e p o s l t .   B e c a u s e   g r o u n d  ice formed as t h e  loess a c c u m u l a t e d ,  ice c o n t e n t  does 
not decrease w i t h  d e p t h  as it does i n   s e d i m e n t s   t h a t   p r i m a r i l y   c o n t a i n   e p i g e n e t i c  ice. T h i s  ice 
d i s t r l b u t l o n   w i t h i n  t he  loess  h a s  allowed thermokarst b a s i n s  as  d e e p  as 20 m to f o r m   d u r i n g   t h e  
H o l o c e n e ,  whereas ou t s ide  t h e  area of Loess, t h e r m o k a r s t   b a s i n s   c o m m o n l y  are o n l y  a f e w  meters 
d e e p .  Ice-rich loess may c h a r a c t e r i z e  much of t h e   n o r t h e r n   A l a s k a  silt  b e l t ,   w h i c h   i n   t h e  eas t  
e x t e n d s  across t h e  coas ta l  p l a i n  of t h e  Arctic N a t i o n a l   W i l d l i f e   R e f u g e  (ANWR). R e s e a r c h   s h o u l d  be 
u n d e r t a k e n  t o  d e t e r m s n e   t h e   e x t e n t  of ice-rich loess i n  ANWR, b e c a u s e  it i s  a possible f u t u r e  s i t e  
of o i l  e x p l o r a t i o n   a c t i v i t y ,   a n d   s u c h   s e d i m e n t s  a re  e s p e c i a l l y   s e n s i t i v e  to  m o d e r n   a n t h r o p o g e n i c  
d l s t u r b a n c e  of t h e  g r o u n d  s u r f a c e .  

INTRODUCTION 

S i l t ,   l o c a l l y  more t h a n  3 0  m t h i c k ,  f o r m s  a 
d i s c o n t i n u o u s ,  east-west t r e n d i n g   b e l t  5 t o  70  
km wlde  across n o r t h e r n   A l a s k a   ( F i g . 1 ) .   T h e  
s l l t  has b e e n   s t u d i e d   o n l y  i n  r e c o n n a i s s a n c e ,  
e x c e p t   i n  t h e  c e n t r a l   p a r t  of t h e  be l t  t h a t  is 
t h e  f o c u s  o f  t h i s   r e p o r t   ( F i g . 2 ) .   I n   t h i s  a rea ,  

f l u v i a l - m a r i n e   o r i g i n  ( O ' S u l l i v a n ,  1 9 6 1 ) ,   b u t  
t h e  s i l t  was l n i t i a l l y  i n t e r p r e t e d  t o  h a v e  a 

p a r t s  of i t  h a v e   b e e n   r e c e n t l y   i n t e r p r e t e d  as 
loess (williams a n d   o t h e r s ,   1 9 7 8 ;   L a w s o n ,  
1 9 8 6 ) .  T h e r m o k a r s t  baslns as much as  20 m d e e p  
t h a t   c o n t a i n   w e a k l y   o r i e n t e d  t o  u n o r i e n t e d   l a k e s  

PACIFIC OCEAN 

F l g . 1 .  D i s t r i b u t l o n  o€ t h l c k  sllt d e p a s i t s  
n o r t h  of t h e  Brooks R a n g e .   G e n e r a l i z e d  from 
U.S .  Geological S u r v e y   e n g i n e e r i n g   g e o l o g i c   m a p s  
of n o r t h e r n  Alaska ( e . g . ,  Carter  and o t h e r s ,  
lY86 ,   and  maps c i t e d  t h e r e i n ) .   R e c t a n g l e   s h o w s  
l o c a t l o n  o f  F i g . 2 .  

are  common i n  t h e  s i l t  (Williams and  Yeend,  
1 9 7 9 ) ,  i n   s h a r p   c o n t r a s t  to t h e   t h e r m o k a r a t  
b a s i n s   o n l y  a few meters d e e p  t h a t  c o n t a i n  
o r i e n t e d  lakes a n d   c h a r a c t e r i z e  much o f   t h e  
coastal p l a i n   n o r t h  of the silt b e l t   ( C a r s o n  and 

Williams and  Y e e n d   ( 1 9 7 9 )   p o i n t e d  o u t  t h a t  t h e  
H u s s e y ,  1962; S e l L m a n n   a n d   o t h e r s ,  1 9 7 5 ) .  

f o r m a t i o n  of s u c h   d e e p   t h e r m o k a r s t  b a s i n s  

F l g . 2 .  D i s t r i b u t i o n  of s i l t ,  d u n e s ,   a n d   s a n d  
w e d g e s ,   a n d   l o c a t i o n  o f  sites m e n t i o n e d   i n  
t e x t .  "A" s h o w s   l o c a t i o n  of Fig.6.  
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r e y u l r e s   t h a t   e x c e s s  ice  ( t h e   v o l u m e  of ice i n  
e x c e s s  of t h e  v o l u m e   o f   n a t u r a l   v o i d s   i n  t h e  
s e d i m e n t )   b e   p r e s e n t  to  much g r e a t e r   d e p t h s   t h a n  
1s common n o r t h   o f   t h e  s i l t  b e l t ,  w h e r e  e x c e s s  

o thers ,  1 9 7 5 ) .  T h i s   g r e a t e r  v e r t i c a l  e x t e n t  of 
ice may be a b s e n t  below 6 m ( S e l l m a n n  and 

e x c e s s  ice  was c o n f i r m e d   b y   d r i l l i n g   ( L a w s o n ,  
1982, 1 9 8 3 1 ,   b u t  t h e  c h a r a c t e r  o f  t h e  e x c e s s  ice 
has n o t   b e e n  well d e f i n e d .  

S e v e r a l   e x p o s u r e s   d e s c r i b e d   h e r e   p r o v i d e  
e v i d e n c e   t h a t  s i l t  i n   t h e  areas c o n t a i n i n g   d e e p  
t h e r m o k a r s t   b a s i n s   i n i t i a l l y  was d e p o s i t e d  a s  
Loess, and show t h a t  much of t h e  exce f i s  ice 
occurs a s  d e e p ,   s y n g e n e t i c  ice wedges.  
T h e r m o l u m i n e s c e n c e   ( T L )   d a t i n g   o f  t h e  loess  and 
r a d L o c a r b o n   d a t i n g   o f   o r g a n i c  materials 
c o l l e c t e d  from it d e m o n s t r a t e  t h a t  a t  t h e   d a t e d  
l o c a l i t i e s  t h e  loess was d e p o s i t e d   d u r i n g   t h e  
l a s t  g l a c i a l   c y c l e .  

DESCRIPTION OF THE SILT 

The s i l t  was c a l l e d  t h e  f o o t h i l l  s i l t  by 
O I S u l l i v a n  ( 1 9 6 1 )  and  was i n   p a r t   i n c l u d e d  in 
t h e  Meade R i v e r   u n i t   o f   t h e   G u b i k   F o r m a t i o n   b y  
B l a c k  ( 1 9 6 4 ) .  More r e c e n t l y ,  i t  was i n c l u d e d  
w i t h i n  map u n i t s   c a l l e d   " u p l a n d  s i l t"  b y   s e v e r a l  
a u t h o r s  (e,g., Williams a n d   o t h e r s ,  1978; Carter 
and  o thers ,  1 9 8 6 ,  and  maps ci ted t h e r e i n ) .  The 
s i l t  m a n t l e s   f l u v i a l   s e d i m e n t s   a n d   i r r e g u l a r  
b e d r o c k   s u r f a c e s  of s a n d s t o n e ,   s i l t s t o n e ,   a n d  
c o n g l o m e r a t e   a l o n g   t h e   n o r t h e r n   e d g e  of t h e  
Arct ic  F o o t h i l l s ,  e x t e n d s   u p   v a l l e y s   i n t o   t h e  

The s i l t  u n d e r l i e s  a s u r f a c e   o f  low rel ief  t h a t  
f o o t h i l l s ,  a n d   o c c u p i e s   l o w l a n d s  w i t h i n   t h e m .  

i s  dissected by   modern  streams a n d   t h e r m o k a r s t  
b a s i n s ,   a n d  it o c c u r s   s o u t h  of a n   e x t e n s i v e  area 
o f   s t a b i l i z e d   P l e i s t o c e n e   d u n e s   a n d   i n a c t i v e  
s a n d   w e d g e s   ( F i g . 2 ;  Carter, 1981, 1 9 8 3 ) .  

N a t u r a l   e x p o s u r e s   t h a t   e x h i b i t   s t r a t i g r a p h i c  
d e t a i l s  o f  t h e  s i l t  are  r a re ,  b u t   t h e  f e w  t h a t  
o c c u r   h a v e  similar charac te r i s t ics .  T h r e e  
e x p o s u r e s  €or which  r a d i o c a r b o n   a n d  TL a g e  
c o n t r o l  a re  a v a i l a b l e  are d e s c r i b e d   b e l o w .  

S i t e  1 ( F i g . 2 )  1s a r i v e r   c u t b a n k  51 m h i g h   t h a t  
e x p o s e s  , f r o m   t h e   b a s e   u p w a r d s ,  2 4  m of s a n d   a n d  
s z l t y   s a n d ,  24 m of silt ,  2 to  3 m o f   s a n d   a n d  
s i l t y   s a n d  , and 0.3 t o  1 . 0  rn of peat  , p e a t y  
s i l t ,  s a n d ,   a n d   t u r f   ( F i g s . 3 ,   4 ) .  The c o n t a c t s  
b e t w e e n   t h e  s i l t  a n d   s a n d  are  s h a r p ,   a n d  where 
a c t l v e  t h a w L n g   a n d   e r o s i o n  are o c c u r r i n g   t h e  
lower c o n t a c t  i s  marked   by  a 1 t o  2 m o v e r h a n g ,  
a b o v e  wh icn  i c e - r i c h  s i l t  forms a v e r t i c a l  

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

d e t r i t a l  o r g a n i c   d e b r i s  common i n   t h e  lower 1 0  m 
b u t   a b s e n t   a b o v e .  A fossi l  t u n d r a  mat w i t h  ice 
wedges  i s  l o c a l l y   p r e s e n t  9 m a b o v e  t h e  b a s e  o f  
t h e  b l u E f ,   A b o v e   t h e   z o n e   c o n t a i n i n g  common 
o r g a n i c  debr i s ,  t h r e e   b e d s  of e o l i a n   s a n d   o c c u r ,  
and  a t  l e a s t  one   s and   wedge  is a t  t h e  base of 
t h e  s e c o n d  of these e o l i a n   u n i t s .  

50 

2,510 

6,060 

0- 

turf 

!"Jl peat 

covered \ 
Tltaluk River 

loess 

0 eolian sand 

@ peaty silt fluvial  sand  and  silt 

The s i l t ,  i n   c o n t a s t  t o  t h e  u n d e r l y i n g  sand, fluvial or lacustrine sand and silt 
c o n t a i n s   n o   c u r r e n t  bedforms, b u t   r a t h e r  i s  
h o r i z o n t a l l y   s t r a t i f i e d  a s  e v i d e n c e d  by 

d l f f e r e n t i a l   e r o s i o n  t h a t  a p p e a r s  t o  b e  
h o r i z o n t a l   p a r t i n g s   i n   t h a w i n g  s i l t ,  and  by 

c o n t r o l l e d   b y   v e r t i c a l   v a r i a t i o n s   i n  t h e  p o s i t i o n  af r a d i o c a r b o n   ( C - 1 4 )   a n d  
c o n c e n t r a t i o n  of rootlets.  V i s i b l e  o r g a n i c   t h e r m o l u m i n e s c e n c e  (TL) dates. 

-. +-, 

F i g . 4 .   S t r a t i g r a p h i c   s e c t i o n  a t  s i t e  1 showing  
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matter.  is sparse, but is present throughout the 
unit as rootlets and  in  the lower 6 m as rare 
woody stems and roots Less  than 1 cm  in diameter 
that are in growth position.  Ground  ice in  the 
silt consists primarily of pore ice  and ice 
wedges, which are described in detail below. 

Current bedforms, principally climbing ripples, 
are present in  the  sand that overlies the silt, 
and this deposit is interpreted as having  formed 
in  a small stream or pond.  The  sand  could  have 
been supplied by  eo1,ian bluff-top accretion, 
which is occurring today at this locality. 

Tt ages on silt separated  from  the lower fluvial 
sand shows that deposition began at or before 85 
ka (Table I). Sometime after 60 ka, organic 
debris became rare and eolian sand became a 
significant part of  the accumulating sediment. 

grained organic matter near the  base of the silt 
Radiocarbon analysis of rootlets and fine- 

suggests that silt deposition began about 35.3 
ka, and  wood in growth position 4 m above the 
base is dated as 29 .5  ka. Three TL.ages on silt 
in  this  interval are consistent with the 
radiocarbon results. Radiocarbon ages that 
would date the end'of silt deposition are not 
available, but deposition ceased well before  6 
ka, which is  the age of the paleosol that 
truncates the sand  that overlies the  silt. 

Site 2 ,  (Fig.2) is a large, active thermokarst 
amphitheater (Fig.5). The face of  the 
amphitheater is formed by the longitudinal 
section of an enormaus ice wedge, transverse 
sections of truncated  intersecting wedges, and 
silt pinnacles or baydjarakhs (Czudek and Demek, 
1970) that were enclosed by  the ice  wedges. The 
face of the amphitheater was estimated as about 
15 m high, and  the  ice wedges extend to some 
unknown depth. Horizontal stratification is 
visible in  the silt pinnacles, which are 
permeated by rootlets. Two radiocarbon analyses 
of rootlets collected  near  the  base of the  face 
are 32.3 and 28.6 ka (Table I), showing that 
silt deposition here was contemporaneous with 
silt deposition at site 1. 

Site 3 (Fig.2) is dn inactive thermokarst area 
in which the baydjarakhs are well preserved and 
silt is exposed  to  a depth of 20 m. The silt i s  
very thinly  bedded Lb laminated and contains 
abundant rootlets. Sparse herbaceous plants are 
preserved  in growth~position, and a radiocarbon 
date on one of these collected 17.2 m  below  the 
top of the loess is 21.6 ka (Table I). Three TL 
ages on the silt are 12.6 ka at a depth of 7 . 4  
m, 21.8 ka at a depth o f  17.4 m, and 34.'7 ka at 
a depth of 20 m. Although  they are considered 
minimum limiting ages because of anomalous 
fading , the concordance of the TL and 
radiocarbon ages for samples at about the same 
depth. suggests that the TL ages may closely 
approximate the  time of loess deposition. 

valleys within the foothills, differ from those 
Some exposures of  the silt, especially in 

at the sites described above in that current 
bedforms, principally,  climbing ripples, are 
present. The percentage of current bedforms 
relative to thinly bedded  to laminated 
Stratification is highest near  valley  axes. 
Where exposures begin at or near modern stream 
levels, a common stratigraphic sequence is 
trough  cross-stratified  sand and pebbly sand, 

grading  upwards  into  ripple-bedded silt, which 
is overlain by thinly  bedded  to  laminated 
silt.  Ice wedges generally are present only in 
the thinly  bedded  to  laminated  silt. 

ENVIRONMENT OF DEPOSITION AND REGIONAL RELATIONS 

The silt has a  grain-size distribution like that 
of loess (O'Sullivan, 1961: Black, 1964), and 
its occurrence as a mantle over bedrock and 
unconsolidated deposits of  a  variety o f  
lithologic types and across a surface of 
irregular  relief supports an interpretation of 
the silt as loess.  Although  an absence of 
clearly discernable stratification is somet 
cited as a characteristic of loess, and has 
used as  a criterion €or its identification 
and Yournaux, 1983), the deposits o f  
horizontally stratified, thinly  bedded to 
laminated silt with common rootlets and 
terrestrial herbaceous and waody plants in 
growth position described  here  are clearly 

" 

C 

mes 
been 
PbWb 

If 
eolian origin.  In  places  within the foothills 
and near modern  stream courses, however, part of 
the  silt is waterlaid, as shown by current- 
formed sedimentary structures, such as climbing 
ripples. The most likely depositional model is 
eolian deposition o f  the..silt, with local 
redeposition by fluvial and possibly lacustrine 
processes within the foothills arid on 
floodplains beyond  them.  The  flat  to gently 
rolling surfaces between  the floodplains and  in 
lowlands within the Eoothille  are areas where 
loess accumulated and was preserved. 

This model is supported by  the relation of the 
silt to Pleistocene sand wedges and dunes to the 
north (Fig.2). The radiocarbon and TL ages 
presented  here show that silt was accumulating 
during  middle and late Wisconsin time, whlch was 
coincident with dune activity and  the growth o f  
sand wedges (Carter, 1 9 8 3 ) .  The sand was moved 
by northeasterly winds (Carter, 1981, 1983), an? 
the loess evidently was the  downwind part of 
this system of eolian sediment transport, and 
marks the  zone  in which  waning winds were  no 
longer able to move sand. TL analyses o f  the 
sediments beneath  the  loess at site 1 (Table 1, 
Fig.4)  and other field evidence and TL analyses 

708 



T a b l e  I.  Radiocarbon ( 1 4 C )  and  thermoluminescence  (TL)l a g e s .   S i t e   l o c a t i o n s  shown  on  Fig.  2 .  

Type Age (yr B.P.) 

O c c u r r e n c e   A n a l y s i s  Number S i g n i f i c a n c e  Material 
o f   and   Labora to ry  

S i t e  1 ( 6 9 O  51.25'N, 154O 51.5'W) 

P e a t  

P e a t  

F i n e - g r a i n e d  
o r g a n i c s  

wood 

Loess 

Loess 

Loess 

F i n e - g r a i n e d  
o r g a n i c s  

F l u v i a l  
silt  

Wood 

F l u v i a l  
s i l t  

F l u v i a l  
a i l t  

See F i g .  4 f o r  14c 
s t r a t i g r a p h i c  d e t a i l s  

1 4 c  

1 4 c  

14c 

TL 

TL 

T t  

1 4 c  

TL 

1 4 c  

TL 

TL 

2510 f 80 Dates i n c e p t i o n  of p a l e o s o l  
( 1  - 1 4 , 8 6 1 )  

6060 f 110 Minimum l i m i t i n g   a g e  for s a n d  
( I  - 1 4 , 8 6 0 )  o v e r l y i n g  loess 

31,250 f 900 Dates loess d e p o s i t i o n 2  
(Beta - 23458) 

29,550 f 240 Dates loess d e p o s i t  
(USGS - 2441)  

27,900 f 2100 Dates loess d e p o s i t  
(Alpha - 3097)  

27,400 f 2500 Dates loess deposit 
(Alpha - 3150)  

o n  

o n  

o n  

27,300 f 1900 
(Alpha - 30961 

35,300 f 1100  
(USGS - 2529)  

<60,200 * 6200 
(Alpha - 3093)  

>54,600 
(USGS - 1 0 3 1 )  

63,000 & 5400 
(Alpha  - 3297)  

Dates loess d e p o s i t i o n  

Dates loess d e p o s i t i o n  

Maximum l i m i t i n g   a g e   f o r   t h i s  
h o r i z o n  

Minimum l i m i t i n g   a g e   f o r  
p a l e o s o l  

Dates f l u v i a l   s e d i m e n t s   a n d  
g i v e s  maximum l i m i t i n g   a g e  
for o v e r l y i n g  paleosol 

- >85,000 f 6700 
(Alpha - 3092) Minimurn l i m i t i n g   a g e  €or 

s e d i m e n t s  
lowest e x p o s e d   f l u v i a l  

Site  2 (69O 34.4f 'N,  150° 5 4 . 6 ' W )  

F i n e - g r a i n e d  15 m below top of  loess 1 4  c 28,610 f 270 Dates loess d e p o s i t i o n  
o r g a n i c s  (USGS - 1 1 5 1 )  

F i n e - g r a i n e d   1 5  m below top of loess 14c  32,300 f 1500 Dates loesa d e p o s i t i o n  
o r g a n i c s   ( I - l l r 5 3 0 )  

S i t e  3 (69O  35.2'N,  150°  56.4'W) 

Loess 7.4 m below t o p  o f  loess. TL - >12#600 f 700 Minimum l i m i t i n g   a g e  For t h i s  

Herbaceous  17.2 m below t o p  of loess 14c   21 ,580  * 310 Dates loess d e p o s i t i o n  

(Alpha  - 3292)   ho r i zon  

p l a n t  (AA - 2361)  

Loess 17.4 m below top o f  loess TL - >21,800 t 1200 Minimum l i m i t i n g  age for t h i s  
(Alpha - 3291)   ho r i zon  

Loess 20.0 m below tap of loess TL 
I >34,700 f 2200 Minimum l i m i t i n g   a g e  for t h i s  
(Alpha - 3290) 

' T L  a g e s  are p r e s e n t e d   w i t h o u t   d e t a i l s  o f  t h e   a n a l y s e s   b e c a u s e   t h e   r e s u l t s  are s u p p o r t e d  by 

' F i n e - g r a i n e d   o r g a n i c  material i n   t h i s   r e g i o n  sometimes i n c l u d e s   r e d e p o s i t e d   o r g a n i c   c a r b o n  
r a d i o c a r b o n   a g e s .  A d i s c u s s i o n  of t h e  TL a n a l y s e s  w i l l  be   pub l i shed   e l sewhere .  

( N e l s o n   a n d   o t h e r s ,   l 9 8 8 ) ,   a n d   t h u s  may y i e l d  a r a d i o c a r b o n  age t h a t  is o l d e r   t h a n   t h e   t r u e   a g e  of 
d e p o s i t i o n .  
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(L.D. Carter, u n p u b l i s h e d  da ta )  s u g g e s t   t h a t  
e o l i a n   s a n d  movement o c c u r r e d   e i t h e r  
e p i s o d i c a l l y  or c o n t i n u o u s l y   t h r o u g h o u t  much o f  
t h e  l a s t  g l a c i a l   c y c l e ,  S t  seems L i k e l y   t h a t  
each e p i s o d e  of e o l i a n   s a n d  movement was 
accompanied by loess d e p o s i t i o n ,   a n d   t h a t   t h e  
a g e  of t h e  base of t h e  loess a t  site 1 i n d i c a t e s  
o n l y   t h e  time a t  which local c o n d i t i o n s   b e c a m e  
s u i t a b l e  for loess a c c u m u l a t i o n .  

THERMOKARST AND GROUND I C E  

The loess p l a i n s  are  c h a r a c t e r i z e d  by 
t h e r m o k a r s t   b a s i n s  15  to  20 m d e e p   ( F i g . 6 ) .  
R a d i o c a r b o n   a n a l y s e s   o f   o r g a n i c  materials from 
basal l a k e   b e d s   i n   t h r e e  basin f i l l s  show t h a t  
t h e  b a s i n s   d e v e l o p e d   d u r i n g   t h e   H o l o c e n e  
(Williams and  Yeend,  1979;  Nelson, 1982; L.D. 
Carter, u n p u b l i s h e d   d a t a ) .  Williams and  Yeend 
( 1 9 7 9 )   p o i n t e d   o u t  t h a t  t h e s e   b a s i n s  are 
a n a l o g o u s  to t h o s e   i n   t h e  loess d e p o s i t s   s o u t h  
and east o f   t h e  Yukon f l a t s  (Williams, 1 9 6 2 ) ,  
and to t h e  alass t h e r m o k a r s t   r e l i e f   o f   c e n t r a l  
Y a k u t i a ,  USSR, which  forms when e x t r e m e l y  ice- 
r i ch   pe rmaf ros t   t haws   (Czudek   and  Demek, 1970: 
Are, 1973: Tomirdiaro, 1982) .   Dur ing   t he   t haw 
process, i n d i v i d u a l   b a s i n s   d e v e l o p   t h a t   e x p a n d  
a n d   e v e n t u a l l y  coalesce t o  p r o d u c e   l a r g e ,   f l a t -  
f l o o r e d   d e p r e s s i o n s   c o n t a i n i n g   r e s i d u a l   k n o l l s  
of i c e - r i c h   s e d i m e n t .   T h e  silt c o n t a i n i n g   t h e  
a lass  b a s i n s   h a s   b e e n   i n t e r p r e t e d   i n   r e c e n t  
studies as loess (Tomi rd ia ro ,   1982 ;  Pdwe and 
J o u r n a u x ,   1 9 & 3 ) ,   a l t h o u g h   v i r t u a l l y   e v e r y  
e n v i r o n m e n t  of d e p o s i t i o n  also has   been   p roposed  
( e , g  . , see Pew4 and   Journaux , 1 9 8 3 ) .  

Large  volumes of e x c e s s  ice t o  d e p t h s  of a t  
leas t  20 m are c l e a r l y   n e c e s s a r y  to  f o r m   t h e  
A l a s k a n   t h e r m o k a r s t   b a s i n s .  Williams and Yeend 
( 1 9 7 9 )   c a l c u l a t e d  a t o t a l  ice volume of a b o u t  
78% for one l o c a l i t y  ( s i te  4 ,  F i g . 2 ) ,  based  upon 
c o n s i d e r a t i o n  of t h e   d e p t h  of t h e   l a k e   b a s i n   a n d  
t h e   t h i c k n e s s  of t h a w   l a k e   d e p o s i t s .   T h e y   n o t e d  

estimate by Liv ings tone   and  others (1958) of 6 8  
t h a t  t h i s  i s  i n   g e n e r a l   a g r e e m e n t  w i t h  an 

% by volume €or a n e a r b y  area based on similar 
r e a s o n i n g .  Lawson (1982)   measured  similar ice 
v o l u m e s   i n   s a m p l e s   o b t a i n e d  by d r i l l i n g  a t  Eaet 
Oumalik ( s i t e  5,  Fig .  2 ) ,  a n d   h e   d e s c r i b e d   t h e  

ground ice t h e r e  as i n c l u d i n g   L a r g e  ice wedges 
( 5  to 10  m wide  and 7 t o  14 m d e e p )  , a n  ice  sill 
up to  1 0  m t h i c k  of p r o b a b l e   s e g r e g a t i o n   o r i g i n ,  
a n d   o t h e r   f o r m s  of a e g r e g a t e d  ice (Lawson ( 1 9 8 3  , 
1 9 8 6 ) .  

Ground ice i n   t h e  loess is well exposed a t  s i t e  
1 ( F i g s . 3 ,  71, and is r e p r e s e n t a t i v e  of t h e  
c o n d i t i o n s   o b s e r v e d  a t  o t h e r   e x p o s u r e s  of t h i c k ,  
u n c o n s o l i d a t e d   d e p o s i t s .   T h e   g r o u n d  ice 
c o n s i s t s  of p o r e  ice and v e r t i c a l l y   f o l i a t e d  
wedge ice. Ice wedges   have   e s t ima ted  maximum 
w i d t h s   o f  2 to 3 m ,  and are spaced  up to  10  m 
apart. T h e y   h a v e   d i v e r s e   t r e n d s  ( s t r ikes) ,  and 
a f ew  i ce -wedge   i n t e r sec t ions  are exposed , 
s h o w i n g   t h a t   t h e   w e d g e s   f o r m  a t h r e e - d i m e n s i o n a l  

wedge m a r g i n s .  Some ice wedges s t a r t  a t  t h e   t o p  
network.  Bedding is commonly upturned  a t  ice- 

of t h e  loess a n d   p e n e t r a t e   t h e   e n t i r e   u n i t ,  
e x t e n d i n g  1 to  2 m i n t o   t h e   u n d e r l y i n g   s a n d .  
O t h e r  ice wedges t h a t  s tar t  a t  t h e   t o p   o f   t h e  
loess t e r m i n a t e   w i t h i n  i t ,  and still o t h e r s   h a v e  
their bases   and  tops e n t i r e l y   w i t h i n   t h e  
loess. Ice-wedge tops w i t h i n   t h e  loess are a t  
v a r i o u s  levels,  b u t   m u l t i p l e   t o p s  were not 
o b s e r v e d  a t  a n y   h o r i z o n .  The t i p s  of a few ice 
wedges   curve   and   become  hor izonta l  to  
s u b h o r i z o n t a l ,   i n  some cases j o i n i n g  the top o f  
a lower ice wedge a few meters away.  These 
h o r i z o n t a l  t o  s u b h o r i z o n t a l  ice b o d i e s  were t h e  
o n l y   l a r g e  ice masses o b s e r v e d   t h a t  are  p o s s i b l y  
s e g r e g a t i o n  ice ,  b u t  it seem most l i k e l y   t h a t  
t h e y  are r e l a t e d  to ice wedge  growth. Many ice 
wedges   have   shou lde r s  or f l a r i n g $  a t  m u l t i p l e  
ho r i zons ,   wh ich  is characterist ic of ice wedges 
t h a t  grow  upwards as d e p o s i t i o n  occurs, and are  
t h u s  s y n g e n e t i c   ( J a h n ,   1 9 7 5 ) .   T h e s e  
c h a r a c t e r i s t i c s  show t h a t  ice wedge  growth was 
o c c u r r i n g   t h r o u g h o u t   t h e   p e r i o d   o f  loess 
d e p o s i t i o n .  Some ice wedges became i n a c t i v e  
d u r i n g  loess d e p o s i t i o n ,  some were i n i t i a t e d  
d u r i n g  t h i s  i n t e r v a l ,  and some grew  upward as 
the  p e r m a f r o s t   t a b l e  rose concommi t t an t   w i th  
loess d e p o s i t i o n .  

T h e s e   c o n d i t i o n s   d i f f e r   f r o m  those d e s c r i b e d   b y  
Lawson f o r  East Oumal ik   (1983 ,   l 986) ,   pe rhaps  
because   bedrock  is a t  or n e a r   t h e  level  of 
modern streams t h e r e ,  and   hydro log ic  or other  
c o n d i t i o n s   d u r i n g  silt d e p o s i t i o n   a n d   g r o u n d - i c e  
g e n e s i s  may have  been much d i f f e r e n t ,  O t h e r  



l oca l l t l e s  may c o n t a i n   b o t h   s y n g e n e t i c  Ice 
w e d g e s   a n d   l a r g e  i ce  masses of other  forms s u c h  
as t h o s e   d e t i c r l b e d   b y   L a w s o n .  

REGIONAL SIGNIFICANCE 

The loess and  ground ice  described a b o v e  may be 
r e p r e s e n t a t i v e   o f   t h e   c o n d i t i o n s   o v e r  a l a r g e  
p a r t  of t h e  n o r t h e r n   A l a s k a  s i l t  b e l t .  I c e - r i c h  
loess is e s p e c i a l l y   s e n s i t i v e  t o  modern 
a n t h r o p o g e n i c   d l s t u r b a n c e  o f  t h e   g r o u n d   s u r f a c e  
( F c r r l a n s   a n d  o thers ,  1 9 6 9 ;  Lawson,   1986;  Walker 
and o t h e r s ,  1987), and t h e  s l l t  t h u s   d e s e r v e s  
more t h a n  t he  r e c o n n a i s s a n c e   s t u d y  i t  has so f a r  
r e c e i v e d .  Research s h o u l d   e s p e c i a l l y   b e  
c o n c e n t r a t e d   i n   t h e   e a s t e r n   p a r t  of t h e  belt i n  
a n d   a d j a c e n t  to t h e  Arct ic  N a t i o n a l   W i l d l i f e  
R e f u g e  because t h i s  area may b e   t h e  s i t e  o f  
f u t u r e  011 e x p l o r a t l o n   a c t i v l t i e s .  
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SYNOPSIS  This  article  is a preliminary  review  of  the  existence,  distribution,  and  number  of 
rock  glaciers  in  the  Italian A l p s .  The  data  analyzed,  refer  to  several  mountain  groups  chosen  over 
the  entire  Alpine  chain,  and  were  obtained  from  the  analysis  of  large-scale  aerial  photographs  and 
field  surveys.  The  rock  glaciers  are  clearly  very  numerous  in  the  areas  with  large  crystalline  mas- 
sifs  and  appear  to  face  prevalently  northern  directions.  The  consistent  decrease  in  altitude  in 
several  parameters W to E seems  to  indicate  a  link  between  rock  glaciers and  general  climatic  char- 
acteristics  of  the  southern  flank  of  the A l p s .  The  consistently  different  altimetric  distribution 
of  some of the  parameters  relating  to  active  and  inactive  rock  glaciers  can  be  explained by the  rise 
in  altitude of the  average  annual  isotherm of -2°C  from  the  past  to  the  present. 

INTRODUCTION  also  provide  the  most  significant  data  collect- 

According  to  the  now  classic  definition by 
e d  on  the  morphological  parameters  which  char- 

Wahrhaftig  and  Cox (19591, rock  glaciers  are 
acterize  rock  glaciers, by distinguishing  be- 
tween  the  most  frequent  types  and  pointing  out 

angular  debris  lying  at  the  base o f  cliffs or 
tongue-shaped o r  lobate  masses  of  poorly  sorted  the  principal  differentiations  appearing  in'the 

various  mountain  groups  of  the  southern  side  of 
talus  slopes or extending  down-valley  from  the  the  Alps.  This  collection  of  data  could  thus 
lower  end of small  glaciers.  They  are  a  char-  represent a preliminary  body  of  indispensable 
acteristic  form  of  permafrost  and  represent  one 
of the  most  widespread  and  characteristic  phe- 
nomena  of  the  periglacial  morphology  found  in 
mountainous  regions  where  the  climate  tends  to 
take  on  continental  aspects.  According  to  many 
researchers  (Barsch, 1978; Evin, 1983; 
Haeberli, 1985; Belloni,  Pelfini,  and 
Smiraglia,  in  press)  in  the case o f  active  rock 
glaciers,  the  mean  annual  isotherm  of -2oC 
should  represent  the  climatic  requirement  for 
their  formation  and  maintenance a s  it  repre- 
resents  the  lower  limit of discontinuous  perma- 
frost. It follows then  that  rock  glaciers  have 

' been  observed  and  described  in  all  of  the  moun- 
tain  chains  on  the  Earth  with  climatic  features 
suited  to  their  formation,  and  that  the  scien- 
tific  literature  dedicated  to  them  is  extremely 
vast,  as  may  be  seen  from  several  ample  bibli- 
ographies  (Barsch, 1983; Evin, 1983; Dramis  and 
Smiraglia, 1986), 

several  reports  and  descriptions  regarding 
these  forms  were  published i n  the 1950's and 
1960's (Hermann, 1929; Nangeroni, 1929; 
Capella, 1947, 1959). They  did  not,  however, 
approach  complete  detailed  studies  on  their 
distribution  and/or  their  morphological  fea- 
tures. 

Only  recently  have  more  systematic  studies 
been  planned  within  the  "Glaciology"  section of 
the  CNR  National Group on Physical  Geography 
and  Geomorphology.  The  preliminary  results  of 
these  studies  have  already  been  published 
(Smiraglia, 1985; Dramis.and  Smiraglia, 1986; 
GNGFG, 1987). This  paper  has  been  written  as 
part  of  this  research  program  and  is  intended 
as a preliminary  factual  investigation  into  the 
existence,  the  distribution,  and  diffusion o f  
rock  glaciers  in  the  Italian Alps, We  shall 

As concerns  the  Italian  side  of  the  Alps, 

knowledge for future  studies  in  the  field o f  
dynamic  geomorphology,  which  investigates  cor- 
relations  between  rock  glaciers  and  climatic 
and  litho-structural  parameters. 

Alps  are  given  below  in  a  preliminary  summary. 
They  were  collected by numerous  researchers 
participating  in  the  National  GPoup  on  Physical 
Geography  and  Geomorphology,  who  strove  for  as 
much  homogeneity  as  possible  in  terms of the 
methodologies  utilized,  In  the  first  stage of 
this  study,  the  researchers  carried  out a se- 
lection  of  the  mountain  groups  and  sectors o f  
the  Italian  Alps  (listed  below).  The  criteria 
adopted  focused  on  selecting  groups  and  sectors 
that w o u l d  be  as  widely  representative  as p o s -  
sible  of  the  different  climatic,  lithologic, 
and  morphological  situations  characterizing  the 
southern  slope  of  the  chain.  Large-scale  aeri- 
al  photographs  were  then  examined  in  order to 
identify  forms  that  could  be  classified as rock 
glaciers.  The  rock  glaciers  were  then  repro- 
duced on official  large-scale  maps (1:lO.OOO to 
1:25.000), which  made  it  possible  to  obtain  nu- 
merous  morphological  and  topographical  parame- 
ters  with  good  approximation.  In  the  cases  of 
areas of particular  interest,  field  surveys 
were  carried  out  with  the  purpose  of  identify- 
ing  in  a  more  detailed  manner  the  moat  charac- 
teristic  and  widespread  types  of  rack  glaciers. 
A data  sheet  was  compiled  for  each  form  and  all 
the  numerical  and  non-numerical  elements  were 
supplied,  permitting  a  complete  description, 

The  data on rock glaciers  in  the  Italian 

CHARACTERISTICS OF THE  ROCK  GLACIERS I N  THE 
ITALIAN  ALPS 

An  area o f  approximately 20,000 square kni 
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was  examined  using  the  methodology  mentioned 

OUY mountain  sectors. W to 9 as  follows  (fig. 
above.  The  area  was  subdivided  into  the  vari-, 

1 ) j  Maritime  Alps  (1000km A ,  Cottian  Alps (800 
km ) ,  Gran  Paradiso ( 3 0 0  km 4, Monte  Rosa  (1400 
km'), M sino-Bernina ( 5 8 0  k m  ) ,  Fiaezi-Cevedale 
( 7 g O  km') , Brenta (180 km;), Venoste  Alps ( 1 6 8 0  
km ) ,  Noric  Alps  (1300 km 2 ,  Dolomites  (8100 
km2), Carnic  Alps (3680 km ) .  A total  of  ap- 

Fig. 1 Location  of  the  mountain  sectors. 
(Names of researchers  and  their  respective 
Institutes  between  parentheses). 
1) MARITIME  ALPS  (Tellini C. - Istituto di 
Geologia e Geografia,  Universitl  di 
Parrna); 2 )  COTTIAN  ALPS  (Onorati M. - 
Dipartirnento  di Scienze  della  Terra, 
Universith  di  Camerino); 3) GRAN 
PARADISO  (Smiraglia C. - fstituto  di 
Geografia,  Universitl  Cattolica  di 
Milano); 4) MONTE  ROSA  (Ottone C. - 
Dipartimento  di  Sbienze  della  Terra, 
UniversitB  di  Pavia); 5) MASINO-BERNINA 

della  Terra, Universitg  di Milano); 6 )  
(Catasta C. - Dipartimento di Scienze 
PIAZZI-CEVEDALE  (Catasta C., Pelfini M. - 
Dipartimento  di  Scienze  della  Terra, 
Universith  di  Milano); 7) BRENTA  Group 

Universit; Cattolica di  Milano); 8 )  
(Parisi G. - Istituto di  Geografia, 
VENOSTE  ALPS  (Palmentola G., Petruzzelli 
M. - Dipartimento  di  Geologia e 
Geofisica,  Universiti  di  Bari); 9 )  NORIC 
ALPS  (Castiglioni G . B . ,  Mattana U ,  - 
Dipartimento  di  Geografia "G. Morandini", 
Univeraiti  di  Padova); 10) CARNIC  ALPS 

" G .  Morandini", UniversitA di  Padova); 
(Meneghel M. - Dipartimento di  Geografia 
11)  DOLOMITES  (Carton, A., Voltolini c .  - 
Istituto  di  Geologia,  UniversitP  di 
Modena;  Castiglioni G.B., Pellegrini 

Morandini", Universitfi di  Padova). 
G.B. - Dipartimento d i  Geografia  "G. 

proximately  one  thousand forms ( 9 8 7 )  was  iden- 
tified, A preliminary  typological  classifica- 

active  and  inactive  rock  glaciers,  those  with 
tion  was  carried  out,  distinguishing  between 

uncertain  activity,  questionable  forms  and  com- 
plex f o r m s  (that i s ,  characterized by both  ac- 

carried  out on the  basis of some  indirect  signs 
tive and inactive p a r t s ) .  This subdivision  was 

of activity o r  inactivity  which  could  be  veri- 
fied  on  the  aerial  photographs  and  compared 
with  field  observations  recorded  above  all in 
the  cases o f  the  Gran  Paradiso  Group,  the 

Cevedale  Group,  and  the  Dolomites. Forms held 
to be  active  are  .those  with  an  absence o f  o r  
almost  completely  lacking  vegetation  and  which 
on  the  whole  present a convex  morphology  with 
well-defined  and  steep  margins,  especially o n  
the  terminal  area. 

tified (13%). 4 4 9  inactive  forms ( 4 5 % ) ,  215 
with  uncertain  activity (21%). The  remaining 
21% is made u p  of complex  forms,  which  clearly 
represent a minority,  and  questionable  forms. 
Although  the  latter  cannot  be  defined  as  rock 
glaciers  in  the  usual  sense  of  the  term,  they 

them. Distribution  is  very differentiated  in 
do  show some  morphological affinities  with 

the  various  mountain  sectors  and  groups.  The 
greatest  number  of  forms  was  observed  in  the 
Noric  Alps (218, that is 22%, taking  all  types 
into  account),  followed by the  Cevedale  massif 
(183) and  the  Venoste  Alps (172). In contrast, 
the  number of forms  identified  in  the  Carnic 
Alps (15) and  in  the  Brenta  Group ( 8 )  was  very 
limited  (fig 2 ) -  The  highest  density o f  forms 

Oh the  whole, 131 active  forms  were  iden- 

1 ...e. 

I.*.' 

.:.:* 
:.:.: 
:.:.: .:.:. 
:I:;: 
:.::: 
i:;:; 
::::: 

.:... 

F i g ,  2 Distribution o f  the  rock  glaciers 

Italian  Alps. 1 )  all  of  the  rock  glaciers; 
in  the  various  mountain  groups  in  the 

2) active  rock  glaciers; 3 )  inactive  rock 
glaciers.  (The  percentages  refer  to  each 
individual  category.) 

may  be  noted  ig  the  Piazzi-Cevedale G.roup 
(0.234  R.G./km2),  followed by the  Noric  Alps 
(0.167 R.G./kmZ), and  the  Masino-Eernina  Massif 
(0.106 R.G./km ) .  The  lowest  density  may  be 
noted  at  the  outermost  borders o f  the  chain in 
the  Maritime  Alps  and in the  Carnic  Alps r e -  
spectively.  The  majority of active  rock  gla- 

Group  (21%  approximately),  followed by the Grail 
ciers can  be  observed  in  the  Piazzi-Cevedale 

Paradiso  and  Monte  Rosa  Groups  (approximately 
17% for both)  (fig. 2). 

At  any  rate, a greater  number  of  active 
forms  is  observable  in  the  mid-western  sector 
(70% of  the  total  number  of  active,  rock  gla- 
ciers). As far  as  the  vertical  distribution of 
the  rock  glaciers in the  Italian  Alps  is c o n -  

713 



cerned, t,aking into  account a l l  the  forms  exam- 
ined  and  all  the  data  collected, it, was  found 
that  the  altitude of the  fronts  varies  from a 
maximum  of 3150 m ( i n  the  Gran  Paradiso  Group) 
to  1550 m (in  the  Carnic A l p s )  (fig. 3 ) .  The 
mean  altitude  of  the  fronts  evidently  tends  to 
decrease  from  the  westernmost  groups  to  the 
eastern  ones  (fig. 3 ) .  Another  interesting 
finding  concerns  the  altitudes o f  the  fronts  of 

those  of  the  active  forms.  The  last  two  param- 
eters  taken  into  consideration  were  length  and 
longitudinal  slope. As was  observed  in  the 
case of area,  there is considerable  variability 
in the  data  concerning  length.  The  greater 
lengths  were  identified  in  the  Cottian A l p s  
(2200 m)  and  in  the  Dolomites ( 2 1 2 5 ) ,  whereas 
minimum  lengths  (50m)  were  reported  in  the  Gran 
Paradiso  and  Monte Rosa  Groups.  This  variabil- 
ity seems  to be  less  marked  in  forms  of  the 

2000 

a)- same  typology  from a dynamic  point of view:  in- 
.:**-.. .. .... b) - active  rock  glaciers  prove to be  longer  than 
i . .  .. c ) ~ ~ ~  active  ones  in  most  of  the  mountain  groups. . .  . .  . L... d) ............. Longitudinal  slope,  ranging  between 10 and p 

110 %, also appears  to  be  extremely  variable, 
although no particular  correlations  with  dif- 

I ferent  types  of  rock  glaciers  were  revealed. 
The  findings  on  aspect  supplied  some  pre- 

cise  indications.  Forms  facing  northern  quad- 
rants  predominate. A s  may  be  observed  in  fig. 
4, 46% o f  all  the  forms  is  concentrated in the 
NW-NE sector.  The  remaining 54% is distributed 
in  the  other  sectors  with a maximum  of 15% fac- 
ing S .  The  same  distribution is rigorously 
maintained  in  the  analysis  of  both  active  and 

./ '. 
/"' 

/ 
i \.- -.#. inactive  forms. 

1500 ' ; I I I I I I I I I I 
" 

Fig, 3 Patterns of the  mean  maximum  and 
minimum  altitudes  of  the  rock  glacier 
fronts in the  various  mountain  $roups. 
a )  mean  altitudes:  active  forms; b )  mean 
altitudes:  inactive  forms;  c)  mean  alti- 
tudes  of  the  active  forms,  inactive  forms 
and  forms  with  uncertain  activity  in  the 
western ( 1 ) ;  central (2): and  eastern ( 3 )  
sectors;  d)  maximum  altitudes  amongst 
all  the  rock  glaciers;  e)  minimum  alti- 
tudes  amongst  all  the  rock  glaciers. 

the  active  rock  glaciers,  which  range  from 3150 
m in  the  Gran  Paradiso  Group  to 2150 m in  the 
Brenta  Group.  They  are  consistently  higher 
than  those  of  the  inactive  rock  glaciers  (which 
range  from  2900 rn in  the  Eran  Paradiso Group t o  
1550 m in  the  Carnic  Alps)  (fig. 3 ) .  The forms 
identified  are  situated  in  basins  circumscribed 
by ridges,  the  altitudes  of  which  range  between 
3600 m (Monte  Rosa)  and 1750  m (Maritime  Alps). 
In  the  case  of  this  parameter a s  well,  it  may 
be  noted  that  both  the  maximum  and  minimum  al- 
titudes of the  highest  peaks of the  basin  are 
almost  always  higher  in  correspondence  with  the 
active  forms  with  respect to the  inactive 
forms.  With  regard  to  the  area  of  the  rock 
glaciers, a marked  variability  was  observed  in 
the  data  collected.  Taking  into  account a l l  of 
the  forms  identified,  one  finds  rock  glaciers, 

size  (2500 m p  iz  the G an  Paradiso  Group)  to 
in  fact,  ran  in  from  those  of  very  limited 

843000 m5 in the  Co  tlan  Alps, 690000 mh in the 
those  ov r one-half km' in  area  (for  ex  mple, 

Dolomites, 600000 m5  in  the  Masino-Bernina 
Group).  In  this  case  as  well, it is  possible 
tc  point  out a considerable  difference  between 
active  and  inactive  forms.  The  areas  of  the 
inactive  forms  are  on  the  average,  greater  than 

S Sw W NW N NE E SE 

Fig. 4 Distribution  of  the  aspect  of  the 
rock glaciers. 1 )  all  of  the  rock  glac- 
ciers; 2) active  forms; 3 )  inactive  forms. 
(Percentages  refer  to  each  individual 
category). 

in  cirques (43%) and  on  slopes (42%). The  per- 
centages  are  markedly  lower  for  those  located 
in  the  bottoms  of  valleys  and  in  gorges.  When 
the  forms  were  analyzed  separately  according  to 
the different  types of activity,  it  was  found 
that  the  active  forms  are  prevalently  located 
in  cirques ( 5 0 % )  and  only  to a lesser  extent  on 
slopes (30%). The  percentageL  for  forms  with 
uncertain  activity (49% in  cirques  and 36% on 
slopes)  approach  the  same  levels  as  those f o r  
the  above-mentioned  active  forms.  There  is a 
clear  difference,  however,  with  respect  to  the 
inactive  forms  (which  yield  percentages  of  41% 
and 44% reapectively)  (fig. 5). 

The  rock  type  from  which  almost  all  rock 
glaciers  originate i s  represented by metamor- 
phites (82%) ( f i g .  6). They  are  principally 
calc-schists,  micaschists,  green  stones,  phyl- 
lites,  and  gneiss  which  make  up  some of the 
most  impressive  crystalline  massifs  in  the 

The rock glaciers  are  located  prevalently 

714 



B 

valley clrqus g o w e  slope Other 
oottorn 

Fig. 5. Location  of  the  rock  glaciers 
(in  percentages). A )  all o f  the  rock 
glaclers; B )  active  forms; C )  inactive 
forms; D) forms  whose  activity  is  un- 
certain. 

Alps,  such a s  the  Gran  Paradiso,  Monte  Rosa, 
the  Bernina,  the  Cevedale, and the  Venoste  and 
Noric  Groups.  Forms  originating  from  other 
rock  types  are  clearly  less  common  (such  as  the 
carbonate  rocks i n  the  Dolomites  and  the  plu- 
tonites  in  the  Masino  Group). 

lineaments,  some of  the  more  evident  features 
are  the  presence o f  a steep  front,  curved fur- 
r o w s ,  and a well developed  tongue.  The  latter 
is  more  frequent in the  inactive  forms. 

The  proximity  of  rock  glaciers  to  various 
types of glacial  forms  and  moraines  appears  to 
be  significant.  Taking  into  account  all  the 
various  forms  observed, it: may i n  fact  be  noted 
that  almost  half  are  situated  near  end  moraines 
(46%) and  another  large  percentage (38%) pre- 
sent  semi-permanent  snow  banks  in  the  upper 
part (fig.7). Considering  the  forms by activi- 
ty,  the  percentages  change  remarkably.  Active 
forms  art  connected  vith  semi-permanent  snow 
banks (53%). glacierets (2OX), and  moraines 
(19%). Inactive forms, on the  other  hand, 
prove t o  be  linked  prevalently  to  moraines 
( 8 2 % ) .  

tion of the  front  and  local  vegetation  limits, 

are  above  the  vegetation (85%). In contrast, 
~t was  observed  that  the  active  rock  glaciers 

the  inactive  forms  descend  within  the  zones  of 
grassy  vegetation (51%) and  tree-growth  also 
(21%)(fig. 7 ) .  In  those  types  of  rock  glaciers 
with  uncertain  activity,  the  front 1s located 
above  and  below  the  upper limit of the  grassy 
vegetation w l t h  the  same  percentagc. 

From the  point  of  view  of  geomorphological 

As  regards  relationships  between  the  posi- 

50 

30 

10 

81.6 % 

5.3 % 

5.0 % 

6.0 % 

1.9 % 

Fig. 6 Distribution o f  the  rock  glaciers 
according t o  rock  type. 1) metamorphites; 
2 )  plutonites; 3 )  vulcanites; 4) carbonate 
rocks; 5 )  other  sedimentary  rocks. 
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Fig. 7 A :  Relation  between  active  rock 
glaciers,  inactive  rock  glaciers,  glacial 
forms  and  moraines  located  above  them. 
R . 1 2 . a . )  active  rock  glaciers; R.G.i.) in- 
active  rock  glaciers; 1 )  glaciers; 2 )  gla- 
cierets; 3 )  semi-permanent  snow  banks; 4 )  
morainic  deposits;  (the  number  of  forms i- 
dentified is indicated  on  the  y-ordinate 
axis). 
B :  Relations  between  the  position  of  the 
rock  glacier  fronts  and  the  local  vegeta- 
tion  limits;  (The  percentages  refer  to 
each  category). a )  active  forms;  b)  inac- 
tive  forms; c )  forms whose  activity i s  un- 
certain;  I)  front  below  upper  limit  of  the 

below  the upper  limit  of  tree-growth; 
continuous grassy  vegetation;  II)  front 

111)  front above all. vegetation  zones. 

R E G I O N A L  DIFFERENTIATIONS 

The  principal  typological  differences  be- 
tween  rock  glaciers  in  the  various  mountain 
sectors  examined,  can  be  generally  summarized 
in the  following  manner,  The  first  significant 
finding  is  the  limited  number  of  forms a n d  a- 
bove  all,  their  limited  density  in  the  outer- 
most z o n e s  of the  Alpine  chain. For example, 
i n  the  Maritime  Alps,  where,  from  the  litholog- 
ical  point  of  view,  the  gneiss  of  the Arperrtera 
alternate  with  permocarboniferous  porphyrites 
and  Triassic  and  Jurassic  lamestones  of  the 
Marguareis,  over  the  area  examined  which is o- 
ver 1000 sq. km,  only  fifty  forms  (approximate- 
ly)  were  identified.  Of  those  forms,  at  least 
eighteen  can  be  included  amongst  rock  glaciers 
only  with  some  reservations.  Thc  remaining arc 
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almost  all  covered  with  discontinuous  vegeta- 
tiowand  present  a  morphology  with  curved  fur-. 
rowed  tongues  and  di'stinct  collapse  phenomena 
( funnel-shaped  hollows) : the  fronts  descend  e- 
ven  below 2000 m with a minimum  of 1575 m. On 
the  other  extremity  of  the  chain  to  the  east, 
in  the  Carnic  Alps,  rock  glaciers  are  an  even 
rarer  phenomenon  (in  over 3500 sq. km  in  fact, 
approximately  fifteen  forms  were  identified  and 
they  are  of  limited  size,  usually  situated o n  
the  bottom of the  cirques).  This  is  a  ragion 
that  is  characterized by abundant  precipitation 
(iLgL, the  highest  rate  of  rainfall  in  all  of 
Italy),  with  a  snow  line  that  is  rather  low, 
and  where  even  the  lithological  and  morphologi- 
cal  elements  are  not  favorable for the  diffu- 
sion  of  rock  glaciers.  The  limited  height of 
the  reliefs  (the  peaks,  which  are  prevalently 
made  up  of  carbonate  rocks,  do  not  exceed 2800 
m )  is  accompanied by sharp  crests  and  very 
steep  slopes,  which  reduce  still  further  the 
areas  suited  to  rock  glaciers. 

massifs  is  quite  different.  Their  qummits  ex- 
ceed 4000 m in  altitude  in  the  western  and 
central  sectors  (Monte  Rosa,  Eran  Paradiso, 
Bernina). In the  eastern  sector, on the  other 
hand,  the  main  peaks  rarely  descend  below 3700 
m  (Cevedale) end 3500 (Venoste  and  Noric  Alps). 
In these  areas,  the  rock  glaciers  truly  become 
an  essential  element  of  the  mountain  landscape, 
situated  immediately  between  the  zone  occupied 
by  the  glaciers  and  that  occupied by the  tree- 
growth. In the  Gran  Paradiso  Group,  for  exam- 
ple,  where  from a lithological  point of view, 
gneiss,  calc-schists,  and  green stones domi- 
nate,  about  thirty  rock  glacier6  have  been i- 
dentified  in  an  area o f  over 300 sq. km. Medi- 
um- t o  large-sized  forms  prevail  and  they  have 
very  regular  tongues.  Their  surfaces  are  char- 
acterized by dozens o f  large  concentric  arches 
with  a  distinct  scarp  border.  Metamorphic 
schistose rocks, such  as  gneiss,  micaschists, 
and  prasinites,  feed  the  numerous  rock  glaciers 
in  the  Monte  Rosa  Group  as  well  and  are  preva- 
lently  situated  somewhat  distant  from  the  amply 
glaciated  nucleus  of  the  massif,  especially  in 
the  case of the  inactive  forms, 

In the  regions  of  the B e r n i n a  and  the 
Cevedale  Groups,  where 62 and 183 rock  glaciers 
were  identified  respectively,  (in  the  case  of 
the  Cevedale  Group,  the  second  largest  number 
of  rock  glaciers  after  the  Noric  Alps  was  iden- 
tified,  but  their  density is highest  there), 
further  confirmations  of  the  influence  that 
lithology  has on the  distribution of these 
forms  are  provided.  These  forms  are in fact 
quite  rare in the  Masino  area,  slightly  west  of 
Bernina  Group,  where  intrusive  rocks  (granodio- 
rites)  prevail.  On  the  contrary,  they  are 
quite  numerous  in  those  areas  (Antognasco 
Valley,  Grosina  Valley,  Rezzalo  Valley)  where 
schistose  rocks  (gneiss  and  micaschists)  out- 
crop. In addition,  the  complex  typology o f  the 
rock  glaciers  in  this  sector  should  be  empha- 
sized.  Along  with  the  classic  tongue o r  lobe 
forms  with  steep  fronts  and  curved  or  folded 
surface  furrows,  other  types  may be  observed. 
F o r  example,  there  are  very  extensive  forms  in 
a  transversal  direction,  located  in  terminal 
cirques  at  the  base of steep  rocky  walls,  with 
only  slightly  inclined  surfaces  covered  with 
large  boulders  and  funnel-shaped  hollows  and 
inactive  forms  with  steep  fronts  and  internal 
depressed  areas,  but  abundant  in  isolated 
blocks. Tn addition,  rock  glaciers  with  over- 

The  situation  in  the  great  crystalline 

lying  lobes o f  different  ages  may  be  observed 
and also forms  consisting  in  rejuvenated  lobes 
with  regular  curved  furrows  at  the  base of the 
moraines  dating  from  the  Little  Ice  Age. 

the  Cevedale  Group  has  been  done on the  part  'of 
the  National  Group  of  Physical  Geography  and 
Geomorphology  (GNGFG,  1987).  This  research  has 
dealt  with  the  examination  of  the  dynamics, 
genesis,  and  structure  of  these  forms.  The 
eastern  rock  glacier  in  the  Val  Pisella  has 
been  studied  in  detail,  It  presents  a  classic 
tongue  form  with  a  Length of 400 m approximate- 
ly.  The  front,  the  inclination  of  which  reaches 
37 degrees,  stops  at  2830 m and  is  made u p  for 
the  most  part  of  fine  material  (small  stones 
a n d  sand).  Above  the  front  the  visible  part of 
the  rock  glacier is completely  made u p  of  large 
blocks  that  are  distributed  chaotically.  Howev- 
er,  regular  longitudinal  and  transversal  struc- 
tures  may  be  distinguished  on  the  surface.  The 
transversal  structures  are  principally  made  up 
of  arches  with  the  hollow  facing up  valley, 
which  demonstrates  the  compressive  flow  of  that 
part  and  the  differential  velocity.  The  longi- 
tudinal  structures  are  visible o n  the  borders, 
in the  form of elongated  narrow  ridges,  and  in 
the  central  part, in the  form  of  fractures  and 
trenches,  which  extend  for  dozens of meters. 
The  arrangement  of  the  clasts  on  the  surface o f  
the  accumulation  seems  to  suggest  the  existence 
of  processes o f  solifluction  in  the  distal  por- 
tion o f  the  rock  glacier  and of a block  stream 
that  is  rather  rapid in the  proximity of the 
lateral  margins  and in the  more  elevated  part. 
The  presence  of  fractures  and  steps on the sur- 
face  may  be  retraced t o  the  overall  movement  of 
the  mass  and  to  Local  collapse  phenomena  due  to 
melting  of  the  buried  ice. 

with  steep  fronts  was  observed  in  the  Noric 
Alps  and  in  the  Venoste  Alps  where  the  highest 
number  of  forms  identified  is  concentrated ( 2 2 %  
in  the  Noric  Alps,  and,  together  with  the  rock 
glaciers  in  the  Venoste  Alps,  approximately 40% 
of  the  total  in  the  Italian  Alps).  Both  regions 
are  made  up  of  metamorphic  rocks  (principally 
gneiss,  micaschists,  phyllites,  calc-schists). 
The  forms  considered  to  be  active  are  clearly  a 
minority ( 6 %  o f  the  total  in  the  Venoste Alps 
and 10% in  the  Noric  Alps). In this  second  are- 
a,  they  are  located in places  where  glaciers 
are  also  present.  Sometimes,  however,  the  rock 
glacier3  are  found in marginal  positions  or  in 
locations  little  suited to glaciers;  the  high- 
est  altitude of the  surrounding  peaks  often  ex- 
ceeds 3000 m,  whereas  the  lowest  altitude of 
the  frontal  margins r a n g e s  between 2 8 0 0  m and 
2400 m .  The  inactive  rock  glaciers, o n  the  oth- 
er  hand,  are  found  in  very  extensive  areas 
where  mountain  peak3  rarely  exceed 2800 m and 
usually  reach 2 5 0 0  m  (approximately).  One  of 
t h e  factors  favoring  the  notable  diffusion  of 
rock  glaciers  in  this  area  seems  to  be  the  ex- 
istence,  within  limited  distances  from  the 
crests  which  supply  deposits,  of  surfaces  that 
are  not  too  inclined  and  which  are  capable  of 
receiving  such  deposits,  which  could  have  re- 
settled  with  the  typically  slow  movement  of 
these  forms. 

The  Dolomite  sector  is  characterized by  
the  almost  complete  absence  of  active  forms 
( o n l y  2 out  of  the 55 definite  forms  identi- 
fied)  and b y  an  equally  low  density  of  forms 
per sq. km.  The  altitudes  of  the frontal mar- 
gins  of  the  active  rock  glaciers  descend to 

Research  on  some  of  the r o c k  glaciers in 
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2225 m, whereas  the  inactive  ones  reach 1750 m. 
Forms  deriving f r o m  sedimentary  rocks  are  quite 
rare. In fact,  although  the  latter  outcrop a- 
bundantly  in  the  Dolomite  sector, of all  the 
forms  identifi.ed,  only 12 are  related to those 
rock  types.  Porphyries, on the  other  hand,  ap- 
pear to be quite  suited  to  the  formation of 
rock  glaciers,  as  is  observable  in  the  Lagorai 
Group.  The  rock  glaciers  in  the  Dolomite  sec- 
tor  prove to be prevalently  located on slopes 
and, to a  lesser  degree,  in  cirques  and  in  val- 
leys  respectively.  They  present  tongues  that 
are  fairly  developed  but  not  very  long,  preva- 
lently  lowered,  and  with  the  presence  of  curved 
furrows  and  frontal  margins  that  are  almost  al- 
ways  distinct.  The  presence o f  an inactive 
form  in  this  sector  should  also be noted.  It is 
one of the  largest  in  the  entire  Italian  Alpine 
chain  and  is  just  slightly  smaller  than  the 
largest  rock  glacier of uncertain  activity in 
the  Cottian  Alps,  The  tongue  is 5250 m long, 
with  several  funnel-shaped  hollows  and  numerous 
curved  and  irregularly  bending  furrows  which 
are  separated by ridges 10-12 meters  high. 
Three  different  phases  of  activity  are  evident, 
one inside  the  other.  The  oldest  part  of  the 
rock  glacier  appears to be almost  entirely  cov- 
ered  with  tree-growth  and  presents  several  hol- 
lows  that  are  dozens o f  meters  in  diameter. 
However,  the  general  morphology  of  the  three 
overlapping  forms  appears to be very  much  low- 
ered. 

CONCLUSIONS 

analysis of the  morphological  features  of  the 
rock  glaciers in the  Italian  Alps  permits  the 
identification of the  regions  in  which  active 
forms  are  clearly  prevalent.  They are the  great 
crystalline  massifs,  in  which  the  lithological 
factor  must  evidently play a  fundamental  role. 
Another  determining  factor  in  the  distribution 
of  the  active  rock  glaciers may undoubtedly be 
seen  in  their  aspect.  The  northern  sectors,  in 
fact,  appear to be markedly  privileged  when  the 
number  and  size  of  the  rock  glaciers  are  con- 
sidered.  The  uniform  lowering  of  the  altitude 
of  the  frontal  margins  from  the  west to the 
east may be  an  indication o f  a  link  between  the 
distribution of the  rock  glaciers  and  the $en- 
era1  climatic  characteristics  of  the  southern 
side  of  the  Alps,  where  there is a  parallel  de- 
crease in the  climatic  snow line. The  influ- 
ence  of  climate  and  particularly  of  its  varia- 
tions  in  time, may find  further  confirmation  in 
the  different  altitudinal  distribution of sev-  
eral  parameters,  such  as  the  altitude  of  fron- 
tal  margins  and  the  maximum  altitude  ,of  the ba- 
sins  that  contain  both  active  and  inactive  rock 
glaciers. In {act, besides  being  characterized 
by frontal  altitudes  that  are  higher  than  those 
of  inactive  rock  glaciers,  active  rock  glaciers 
are  situated  in  basins  that  are  enclosed by 
peaks  that  are  higher  than  those  which  enclose 
basins  where  inactive  rock  glaciers  are found. 
More  specifically,  the  rise  in  altitude  of  the 
mean  annual  isotherm of - 2 C  C ,  caused by the 
changes in climatic  conditions,  no  longer  per- 
mitted  the  formation  and  conservation  of  dis- 
continuous  permafrost in areas  below  this  alti- 
-tude  limit.  This  determined  the  fossilization 
of the  rock  glaciers  existing  there  and  caused 
the  rise  of  the  vegetation  line,  as is amply 
dempnstrated by the  greater  part of the  inac- 

Above  all,  this  preliminary  and  general 

tive  forms.  The  latter, in fact, very  often 
prove  to be located  below  the u'pper limit  of 
the  continuous  grassy  vegetation a n d  sometimes 
below  that  of  the  tree-growth  line,  and  are  in 
most  cases  connected  with  morainic  deposits. 
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GEOCRYOLOGY OF THE CENTRAL ANDES AND ROCK GLACIERS 
A.E. Cork 

CONICET,  CRICYT, Mendoza, Argentina 

SYNOPSIS The cryogmic characteristics of the Central Andes between 2 2 - 2 5 "  SI. and at 
33'SL are indicated. The internal structure of a debris covered glacier is presented. Geocryogcnic 
marks between the Pacific slopes and the Atlantic are observed. The permafrost lower limit for the 
Andes is compared with northern hemisphere. The applied aspects arc dealing with hydrology, concen- 
tration of heavyminerals and road  constructions. 

INTRODUCTION 

The Andes extending from lO'NL till 5S0SL, of- 
fer a unique laboratorium f o r  the study of cold 
geosphere and biosphere processes, in which 
altitude and latitude are the main static va- 
riables affecting permafrost conditions, 
freeze-thaw and vegetation distribution. 

1 .  GENERAL GEOCRYOEENIC CONDITIONS OF THE 
ANDES 

Permafrost lower appearance along the c o r d i -  
llera from lO'NL till 55"SL, is indicated (Fig. 
1 a - b )  ,.according t o  Table 1 data. The per- 
mairost along the Andes is below the average 
for the northern hemisphere (Chen Guodong, 
1 9 8 3 ) .  The lowest distributions f o r  permafrost 
along the Andes as compared to  the northern 
hemisphere (Cheng Guodong 1983) is adscribed 
to the large land masses of the northern hemis- 
phere, shifting the thermal equator 5 degrees 
to the north o f  the geographical equator. I n  
the case of the central and southern Andes 
moisture is supplied from cold Antarctic waters 
flowing north along western South America and 
also  in the south eastern coast. 

In the east-west section of the Andes at lat. 
33"using 1 8  cryogenic elements (Corte e t  al., 
1985) are indicating that permafrost lower 
limit is dipping from the Pacific slopes t o  
the Atlantic side. 

Permafrost lower limit in Chile at 33'Sl  is a t  
3500-3700 m (Lliboutry, 1986; Marangunic, 1976) 
In the eastern Atlantic side of  Mendozn is at 
3 2 0 0  meters (Cortc et al., 1 9 8 5 ) .  The greater 
elevation of the permafrost lower limit i n  
Pacific side i s  considered a consequence of 
heavier snow precipitations which are  insulnt- 
ing the ground from freezing and a l s o  as result 
o f  greater cloudiness. In the Argentinian e a s t -  
ern side on the contrary, the l e s s  precipitn- 
tion a r e  permiting n deeper ground f r e e z i n g  
and permafrost development. 

2 .  PERMAFROST CONDITIONS IN THE DRY PUNA 
(22'-25"SL) 

Under the dry conditions of the Puna (Fig. 2 )  
permafrost i s  observed in: a )  in salt lakes, 
above 3670 m, as b i g  domes of ice 1,s km long 
and up to 7 m high (Hurlbert et a l . ,  1 9 8 4 ) ,  
such ice segregation o f  the palsa or pingo 
types are considered a product of the Little 
Ice Age (1490-1880) (Thomgson et a l . ,  1986). 
They are observed from 7 2  till ? S 0 S L .  b)Rock 
glaciers o f  glacigenous origin above 4 5 0 0  m 
(Corte, 1 9 6 7 ) .  c )  Segregated ice in peat 
bogs at 4 5 0 0  m (Igarzabal, 1983). I f  such per- 
mafrost was generated during the Holocene cold 
s t a g e s ,  needs further evaluation. 

3 .  PEMIAFROST GEOCRYOGESIC CONDITIOSS - 
EASTERN SECTOR OF THE AXDES AT 33"SL 

According to figure 3 the following geocryo- 
genic regions can be differenciated: Y- the 
geocryogenic or permafrost region: its 1ou-  
est 1imit.is indicated by the lowest terminus 
o f  rock glaciers at 3 2 0 0  m \\-it11 n mean annual 
temperature of about O'C(Fig.3)  .This region i s  
separated into two subregions: the I< sub-  
region is the permafrost \<it11 active layer 
region which in rock glllciers  is decreasing 
continuously upwards till -1500 m h-here it 
tends to become smnll under B mean year  tempe- 
rature o f  -1O'C. The S sub-region of intense 
freezing. This is the least k n o ~ n  geocryogenic 
region. The t o p s  of thc mountnins at ,000 111 
a re  at about - 2 0 ° C .  I- t he  psrngeocryogenic 
or pnraperiglacinl region: this  is  the season- 
al ground freeling r e g i o n .  Its lowest terminus 
cannot bc determined with precision bur it can 
be set a t  the  level where needle-ice cen5es r o  
up-root vegetation. For the b1cndo:a region it 
is a t  850  m o r  the I j 0 o r  IJ'C lnean year  tempe- 
ra ture 

The geomorphic illlylicntions of c ryoven ic  belts . 
The I\' sub-region. It i s  c11arnctcri;ed hy  the 
following gcocryogcnic fentures: 
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b e n z h e s ,  
i - e r t i c a l   s o r t i n g  on t h e   d e b r i s  

ed  in l a y e r s   u p   t o   t w o   m e t e r s  
rock g l a c i e r s ,   t a l u s e s  a r e  wcl 

Lnrge s o r t e d   f e a t u r e s  o f  1-5 m 
T h e r m a l   c o n t r a c t i o n   c r a c k i n g .  

1. 
t 

P l a n a t i o n   s u r f a c e s .   I t  i s  n o t  

c o v e r  o f  
duvelop-  

h i c k n e s s .  
d i a m e t e r .  

p o s s i b l e  
t o   s a y   i f   t h i s   p l a n a t i o n   f i g u r e s ,   w i t h  
t h i s   s u b - r e g i o n ,   a r e   a c t i v e   a t   t h e   p r e  
s e n t   t i m e  o r  t h e y   a r e   p r o d u c t  o f  a p a s  
c o l d e r   c l i m a t e .  
.\symmetry. 
S t r a t i f i e d   d e b r i s   i n   s l o p e s .  
T h e r m o k a r s t   f e a t u r e s .  

i n  

t 

The S s u b - r e g i o n .   T h i s   t h e   i n t e n s e   f r e e z i n g  
reg ion:   permafros t   widespread .   Because   o f  i t s  
e l e v a t i o n   t h i s   r e g i o n  i s  l i t t l e  known.  Values 
o f  t h e   a c t i v e   l a y e r   a b o v e  4 8 0 0  m a r e   n o t   a v a i l -  
a b l e .  The f o l l o r i i n g   g e o c r y o m o r p h i c   f e a t u r e s  
c h a r a c t e r i z e   t h i s   s u b - r e g i o n :  
1 .  L a r g e   c r y o p l a n a t i o n   s u r f a c e s :   t h e s e   p l a -  

n a t i o n   s u r f a c e s   a r e   p r e s e n t   o v e r   t h e  
r ange   o f  5 0 0 0  m .  

2 .  D e b r i s   s l o p e s   " a c a r r e o s " :   t h e   l a r g e s t  
a r e  i n d i c a t e d   f o r   t h e   A c o n c a g u a   r e g i o n .  

The I r e g i o n .   T h i s  i s  t h e   m i l d   c r y o g e n i c   o r  
p a r a g c o c r y o g e n i c   r e g i o n   w i t h  a mean a n n u a l   a i r  
t e m p e r a t u r e   h i g h e r   t h a n  O'C. In t h i s   s e c t o r  o f  
t h e  Andes i t  i s  l o c a t e d  below t h e   l o w e s t   t e r -  
m i n u s   o f   t h e   a c t i v e   r o c k   g l a c i e r s   a t  3 2 0 0  m .  
T h i s  i s  a l s o  t h e   s d a s o n a l   g r o u n d   f r e e z i n g  

a s  a n  e q u i v a l e n t  o f  Kowalkowsk i ' s   pa rape r ig l a -  
( F i g .  3 J .  T h i s   t e r m ,   p a r a g e o c r y o g e n i c  i s  used 

c i a l .  The f o l l o w i n g   f e a t u r e s   o f   p r o c e s s e s   c h a -  
r a c t e r i z e   t h i s   r e g i o n :  
1 .  G e l i f l u c t i o n   a n d   s o l i f l u c t i o n .  
2 .  Need le -   i ce   g rowth .  
3 .  Cryoh-ea the r ing   i n   rocks   fo rming   p i t s   and  

4 .  S t r a t i f i e d   d e b f f s   i n   s l o p e s .  
5 .  U p - r o o t e d   v c g e t a t i o n   b y   n e e d l e - i c e   ( m a i n -  

6 .  Small s o r t e d   f e a t u r e s ,  1 0 - 2 0  cm i n  d iame- 

h o l l o w s   w i t h   v e r t i c a l   s o r t i n g .  

l y   g r a s s e s ) .  

t e r ,  b y  f r e e z e - t h a w   a c t i o n   a n d   a l s o   h y  
d e s s i c a t i o n .  

4 .  ROCK GLACIERS YIND DEBRIS Cnl'Kl{EU GLACIERS 

C e n t r a l  Andes   rock   g l ac i e r s  wcre s y s t c m a t i z c d  
i n t o  two  broad  groups:  [Cor te  1376 a - h ;  C o r t c  
e t   a 1 . , 1 9 8 1 J   1 . t h o s c   p r o d u c e d  b y  c r y o g e n i c  L I C -  
t i v i t y :  c r y o f r a c t i o n ,   g c l i f l u c t i o n ,  snow  and 
d c b r i s   a c t i v i t y   a n d   a v a l a n C h c s   a r c   c a 1 I c d " c r y o -  
g e n i c   r o c k   g l a c i e r s "   ( C o r t e ,  1 9 H h J  [Photo 1 ) .  
2 .  T h o s c   d c b r i s   h o d i c s   r c l a t c d  t o  g l n c i c r s   i c c  

1'  
i 

st.il  I 
d he 
g e n i c  

u r e  r e -  
h e   t h e r  
rema r k  - 

' h e   i n t e r n a l   s t r u c t u r e  of a d e b r i s   c o v e r e d  
g !ac i e r  (Photo  2 )  i s  known from t h e r m a l   i n t e r -  
p r e t a t i o n s   ( F i g .  4 )  u p p o r   r i g h t  co rne r ,  i n d i -  

p e r m a f r o s t  d e p t h  o f  6 8  m e t e r s .  G e o e l e c t r i c  
c a t i n g   a n  a c t i v e  l a y e r  o f  2 . 5 0  merers   and  a 

and   aud iomagne to te lu r i c   sound ings  by F o u r n i e r  
e t  a t .  ( 1 9 8 6 )   a r e   i n d i c a t i n g   a n   a c t i v e   l a y e r  
2 . 0  meters   and  a p e r m a f r o s t   d e p t h  o f  7 0  m e t e r s ,  
There i s  a s u b p e r m a f r o s t   a q u i f e r  o f  6 3  meters 
( F i g .  4 t r a n s v e r s a l   a n d   l o n g i t u d i n a l   p r o f i l e ) .  
The d e b r i s   c o v e r  was s u b j e c t e d  t o  r e l a t i v e  
d a t i n g  by Wayne e t  a l .  ( 1 9 8 3 ) .  I n   t h e   l o w e r  
p a r t s  of  t h i s   d e b r i s  C O V C ~ F J  g l a c i e r   t h e r e  was 
W i s c o n s i n   a c t i v i t y ,   w h i l e  ne w h o l e   d e b r i s  
c o v e r  i s  Holocene.  T t  i s  I i i n t e r e s t  ro  n o t e  

a p e r m a f r o s t  core o f   i c e   a n d   d e b r i s   a n d   n o t  
t h a t   t h e   f i r s t   g e o p h y s i c a l   s o u n d i n g   r e v e a l e d  

g l a c i e r   m a s s i v e   i c e .   T h i s  would i n d i c a t e   t h a t  
a f t e r   t h e   W i s c o n s i n   a d v a n c e s   t h e   g l a c i e r s   m e l t -  
e d   c o m p l e t e l y   a n d   d u r i n g   t h e   H o l o c e n e   c o l d  
f a s e s   m i x t u r e   o f  i c e  a n d   d e h r i s  was i n c o r p o r a t -  
ed .   Fu tu re   sound ings   a r e   unde rway .  

B e s i d e s  The t w o  r o c k   g l a c i e r s   d e s c r i b e d ,   t h e r e  
a r e   r o c k   g l a c i e r s - l i k e   f e a t u r e s   w h i c h   a r e  p r o -  
d u c e d   u n d e r   s p e c i a l   c o n d i t i o n s  o f  p r e c i p i t a -  
t i o n s ,   r o c k   t y p e s   a n d   d e b r i s   a c c u m u l a t i o n  
( C o r t e  1976a; L l i b o u t r y , l 9 8 6 ) .  

5 .  APPLIED ASPECTS 

H y d r o l o g y :   i n   t h e   C e n t r a l  Andes a t  l a t i t u d e  
3 3 " t h e   i n v e n t o r y  o f  d e b r i s   c o v e r e d   g l a c i e r s ,  

a r e a s   o f :  5 . 0 %  and 5 . 5 %  r e s p e c t i v e l y   ( C o r t e  
r o c k   g l a c i e r s   a n d   u n c o v e r e d   g l a c i e r s  i s  g i v e n  

e t  a l . ,  1 9 8 1 ) .  G e o p h y s i c a l   s o u n d i n g s  a r e  i n -  
d i c a t i n g  a s u b p e r m a f r o s t   a q u i f e r   b e l o w   d e b r i s  
c o v e r e d   g l a c i e r s  i n  t h e i r   l o w e r   t o n g u e s  
( F o u r n i e r  e t  a]., 198h) ,  

The h y d r o l o g i c a l   s i g n i f i c a n c e  of d c b r i s   c o v e r -  
e d   g l a c i e r s ,   r o c k   g l a c i e r s   a n d   a l l   c r y o g e n i c  
d e b r i s   c o v e r s ,  i s  o b s e r v e d  when compar ing   t he  
r u n - o f f  from snow s u r v e y s :   t h e   l a r g e r   t h e   a r e a  
o f  r o c k   g l n c i c r s   a n d   d e b r i s   c o v e r e d   g l a c i e r s  
t h e   g r e a t e r  t.he c r r o r   ( C o r t e ,  1 9 8 6 ) .  T h i s  i s  

f a l l   a n d   w i n t e r  p r e c i p i t a t i o n s  i s  mel ted  and 
i n d i c a t i n g   t h a t  a s u b s t a n t i a l  amount o f  t h e  

r e f r o z e n   i n  t he  h o u l d c r l y   c o v e r s .   T h i s   w a t e r  
may a p p e a r   y e a r s   l a t e r   i n   t i m e s   w i t h   p o o r e r  
p r e c i p i t a t i o n s   g i v i n g   u n e x p e c t e d   d i s c h a r g e s .  
C o n s e q u e n t l y   f u t u r e   g l a c i e r s   i n v e n t o r y   f o r   d r y  
c r y o g e n i c   r c g i n n s ,   s h o u l d   n o t   o n l y   c o n t a i n   i n -  

v e r c d   g l a c i e r s ,   r o c k   g l a c i e r s  b u t  a l s o  on t h e  
f p r m a t i o n  on t h e  c:lcnn g l a c i e r s ,   t h e   d e b r i s  c o -  

t l c h r i s   c o v c r s   i n c l u d i n g  t a l u s .  ' I ' hc i r   hydro ln -  
g i c a l  c h a r a c t e r i s t i c s   s h o u l d   h c   d e t e r m i n e d .  

llcrrvy r t i i n c r a l s   c o n c e n r r n t i o n :   t h e   c r y o f r a c t i o n  
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of  r o c k s ,   t h e   e j e c t i o n  of  c o a r s e   p a r t i c l e s   t o  
t h e   s u r f a c e   a n d   f i n e s   m i g r a t i n g  down t o   r h e  
bot tom o f  t h c   f r e e z e - t h a w   l a y c r   ( a c t i v e  l a -  
y e r ) p r o d u c e s   t h e   w e l l  known c r y 0 g c n j . c   t e x t u r e  
of v e r t i c a l   s o r t i n g .  With t h e   f i n e s   m i g r a t i n g  
down a r e  also c o n c e n t r a t c d   t h e   h e a v y   m i n e r a l s  
(Cor t e ,   1987 ;  Ahumada'r: a r t i c l e   i n   t h i s  volr l -  

m e ) .  Under   l abo ra to ry   expe r imen t s   megne t i t e  
r n l x e d   u n i f o r m l y   w i t h   s a t u r a t e d   s a n d s  m i -  
grated down t o  t h e  bot tom of  t h e  probe  a f t e r  
35 cycles of f r e e z e - t h a w .  

whole p a t a g o n i a n  r e g i o n  i s  s u b j e c t e d  t o  s e a  
Road c o n s t r u c t i o n  i n  c r y o g e n i c   r e g i o n s :  t.he 

sonal f r e e z i n g   a n d   r o a d   c o n s t r u c t o r s   a r e  
u s i n g  c r y o g e n i c   c r i t e r i a   f o r   r o a d s   d e s i g n  
( A n g e l i n i ,  1 9 8 6 ) .  

In  t h e   C e n t r a l  Andes ( a t   l a t i t u d e  33')  road  
c o n s t r u c t o r s  a re  u s i n g   c r y o g e n i c   c r i t e r i a   f o r  
p r o j e c t s  above 2 5 0 0  mete r s   (depend ing  on e x -  
posure). For  l a t i t u d e  22"and a c c o r d i n g   t o  
i n f o r m a t i o n  here i n d i c a t e d ,   b e s i d e s   . s e a s o n a l  
f r e e z i n g   t h e r e  i s  s p o r a d i c   p e r m a f r o s t ,  above 
4500 meters. 

CONCI.USIONS 

1 .  A t  33"SL. i n   t h e   P a c i f i c  s l o p e s  o f  the   Andes ,  
p e r m a f r o s t  is a t  a h i g h e r   e l e v a t i o n   t h a n  in 
t h e   A t l a n t i c  s i d e .  This  i s  due  t o  g r e a t e r  
snow p r e c i p i t a t i o n s   a n d   c l o u d i n e s s   i n   t h e  
P a c i f i c   o r   C h i l e a n   s i d e .  

2 .  Lower p e r m a f r o s t  along t h e  Andes i s  a b o u t  
1000  meters   below  thc a v e r a g e  f o r   t h e   n o r -  
t h e r n   h e m i s p h c r e .   T h i s  i s  a d s c r i b e d   t o   t h e  
l a r g e   l a n d   m a s s e s   i n   t h e   n o r t h e r n   h e m i s p h e -  
re s h i f t i n g   t h e   t h e r m a l   e q u a t o r  5 d e g r e e s  

Andcs a r e  u n d e r   t h e   i n f l u e n c e   o f   c o l d  An- 
t o   t h e   n o r t h .  f i e s i d e s ,  C e n t r a l   a n d   s o u t h e r n  

t a r c t i c   w a t e r s .  

Andcs a r e :   r o c k   g l a c i e r s ,   d e b r i s   c o v e r e d  
g l a c i e r s ,   s e g r e g a t e d   i c e   b o d i e s   ( p i n g o   o r  
p a l s a  t y p e s ) ,   c r y o p l a n a t i o n s   a n d   e x t r u s i o n .  

g e o c r y o g e n i c   r e g i o n s   a r c   s u b d i v i d e d :   a -   t h e  
r e g i o n   o f   s e a s o n a l   f r e e z i n g   b c l o w   t h e  low-  
e r  p e r m a f r o s t  limit a t  3200 m; b -  t h e   r e -  
g i o n  of  p e r m a f r o s t   w i t h   a c t i v e  l a y e r  b e t -  
ween  3200-5000 m; c -   t h e  r e g i o n  o f  perma- 
f r o s t   w i t h n e g l i g e a b l e   o r  unknown thawing 
above SO00 m; 5 -  p a s t   H o l o c e n e  c o l d  s t a g e s  
a r e  r e s p o n s i b l e  f o r  some o f   t h e s e   p r o c e s s e s .  
C r y o p l a n a t i o n   h a s  been  w o r k i n g   f o r  a much 
l o n g e r   t i m e .  

3 .   L a r g e   g e o c r y o y e n i c   f e a t u r e s  o f  t h e   C e n t r a l  

4 .  A t  l a t i t u d e   3 3 ' ,   e a s t   s i d e  of  the  Andes 

TABLE I 

PERMAFROST LOWEST APPEARANCE A L O N G  THE ANDES 

P l a c e  La t .  A l t i t u d e   F e a t u r e  
Act.  P a s t  Dif. 

Source  
-" 

Venezuela  1 O ' N  4765 2600 2065   Tempera tu re   da t a   Schuber t  1 9 7 9  . 
Ecuador  1 ' s  
Ecuador  2OS 
B o l i v i a  2 2 %  
A r g e n t i n a  23'5 

5 0 0 0  
5 0 0 0  

4 5 0 0  
4500  3000 

C h i l e .  
A r g e n t i n a  
A r g e n t i n a  
A r g e n t i n a  
Chile 
C h i l e  
A r g e n t i n a  
A r g e n t i n a  

2s0s 
27's 
31's 
33's 
33's 
J3OS 

35OS 
52's ~ 

3670 
3750  2600 
3 1  50 

3200 1 2 0 0  
3 5 0 0  
3700 
2800 
1000 

~ Temp.,  v e g e t a t i o n  
- Temp. ,   vege ta t ion  
- S e g r e g a t e d   i c e  

1 5 0 0  P e r m a f r o s t ,   p e a t  

- S e g r e g a t e d   i c e  
1150 Rock g l .   f o s s i l  

- Rock g l a c i e r  
2000 Rock g l a c i e r  

Rock g l a c i e r  
- Rock g l a c i e r  
- Rock g l a c i e r  
- A c t i v e   l a y c r  

b o t  tom 

bogs  

Lauer 1 9 7 9  

Lauer 1 9 7 9  
H u r l b e r t   e t  a l .  1 9 8 4  

I g a r z a b a l  1 3 8 3  

H u r l b e r t   e t  31. 1984 
C z a j k a  1 9 5 5  
Simon l9Sl 
C o r t e  1 9 7 h a  

L l i b o u t r y  1 9 6 1 ,  1 9 8 6  

>Iarangunic  1 9 7 6  

G r o s s o ,   o r a l  com.19S7 
Roig,  01.31 com. 1 9 S 7  
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F i : J . 2 .  P e r m a f r o s t   a s s o c i a t e d   r r o c e s s e s   C e n t r a l  
A n d c s : l - S e p r e p a t i o n   i c e l P a l s a s - p i n p o s ~ :  2 - S o u r e -  
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ROCK GLACIERS IN THE SOURCE REGION OF URUMQI RIVER, 
MIDDLE TIAN SHAN, CHINA 

Cui, Zhijiul and Zhu, Chengz 

1Department of Geography, Beijing University 
ZLanxhou Institute of Glaciology and Geocryology, Academia Sinica 

SYNOPSIS  More  than 15 rock  glaciers  of  talus L y p e  or C o l o r a d o  type  occur  in  groups or 
apart  from  each  other  above  the  lower  limit of alpine  permafrost (3,200 rn a.s.l.), within  the  area 
o f  the  Tian'Shan  Glaciological  Station.  They  might h e  formed  during  the  Little  Ice Age. 

Based  on  geoelectrical  prospectings,  it  became  known  that  the  rock  glaciers  are  composed of 3 lay- 
ers, i.e., the  active  layer  with a resisti,vity  of I O ' R m ,  the  perennially  frozen  body  with a r o s i s -  
tivity  ranging  from l o 4  t o  105fim, and  the  perennially  frozen bed rock. 

Observations  show  that  the  middle  part  of  the  front  moves  much  faster  than  the  other  parts  of t h e  
rock  glacier,  and  its  main  body  undergoes  the  partial  shear  stress, 

INTRODUCTION 

The  source  region  of  Urumqi  River,  lying o n  the 
Northern  slope o f  Mt. Kelaucheng, a branch  of 
Middle  Tian  Shan,  is  in a typical  glacial  and 
periglacial  environment,  where  most o f  the 

m ,  the  snowline - at 4,000 to 4 , 1 0 0  m,  while 
crests  are  at  an elevation  ranging from 4,1.00 to 4,3.00 

the  lower  limit o f  apline  permafrost  is  at 
3 , 2 0 0  to 3 , 3 0 0  m a.s.1. The  mean  annual  air 

Meteorological  Station ( 3 , 5 3 9  m) to  about -8' 
temperature  ranges  from - 5 . 4 " C  at  the  Daxigou 

to -12'C on hilltops.  The  Urumqi  River  is 
mainly  fed  be  seven  modern  glaciers, of which 

about 3,700 m .  Bed  rocks  in  this  region  are o f  
the  ice  tongues  terminate  at  an  elevation o f  

granite  and  gneiss. 

Many  kinds of periglacial  phenomena,  including 
frost  weatherings,  mass  wastings  and  frost  sor- 

ti et  al., 1981; Q i u  et  al,, 1981;  Qiu  et  al., 
tings,  were  reported  from  this  region  (Ji, 1980;  

1 9 8 3 ) .  However,  reports  of  rock  glacier  are 
very  few, 

In  this  paper,  the  authors  intend t o  describe 
the  basic  characteristics o f  rock  glaciers  in 
their  morphology,  constitution  and  movement 
based on the  field  observations  during  the  per- 
iod o f  1985 to 1986. 

~ 

CLASSIFICATION,  MORPHOLOGY  AND  DISTRIBUTION 
OF ROCK  GLACIERS 

the  Kunlunshan  type.  Since  the  rock  glaciers  in 
this  working  area,  more  than 15 in  number,  are 
developed  from  talus  and  protalus  rampart,  they 
should  be  of  colt~rado  type. 

Most of them  are  lobate-shaped  with a proportion 
of  width  to  length  greater  than 1, except the 
tongue-shaped RG 1.  

Haeberli (1985) pointed  out  that  rock  glacier 
generally  occurs  between  the  equilibrium  line 
and  the  lower  limit o f  alpine  permafrost.  In 
the  Middle  Tianshan,  it  was  found  that  the 
higher  limit  of  rock  glacier  is  at  about 3,900 
m a.s.l.,  and is about 150 rn lover  than  the 
equilibrium  line.  They  occur in g r o u p s  o r  apart 
from  each  other  at  hill  feet.  For  example, a 
group of rock  glaciers  occurs  within a restrict, 
300 to 400 m in  width  and 30 to 50 m in  length, 
at  the f o o t  o f  the  southeast  headwall  of  an  emp- 
ty cirque.  The  separate  ones  are  commonly 30 
to 60 m in  length  and 100 to 150 m in  width  with 
a front  ridge 30 to 40 m in  height and 30' to 
60" in  slope.  The  tongue-shaped R G  1 is  about 
100 m in  length  and 60 m in  width  Kith a front 
40 m in height. 

From the  top  down  to  the  front,  the  rock g l a -  
cier  changes  in  slope,  and  ahead a n  o b v i . o u s  
turning  point  the  slope  becomes  antidip.  Some 
rock  glacier  reveals a platform  (Photo 1 )  or 
troughs  and  ridges  on its surface  (Photo 2), 
caused by comprcssion. 

'There are  different  ideas  in  rock  glacier  clas-  CONSTITUTION OF R O C K  GLACIER 
sification  (Wahrhafting  and C o x ,  1959; Barsch, 
1971 ; @strem, 1971;  White, 1 9 7 6 ,  1 9 8 1 ) .  Based By gooelectrical  prospectings  it  becomes  known 
on  the  position,  material  source,  morphology,  that  rock  glaciers  in  this  region a r e  composed 
ground icc  and  regional  charactcristics,  Cui 
(1982 ,   1985)  suggested  that  the  rock  glaciers 

of  three  layers, i.c. t h e  act-i.vc l a y e r  at t h e  
uppermost wjt.h a resistivity n f  2,500 S l m ,  com- 

can  be  classified int.0 4 types,  namely  the  monly l c s s  than 2 m in  thickness:  the  perennial- 
Alaska-Yukon  type,  Alps  type,  Colorado  type  and l y  frozen scdirneltt h o d y ,  3 . 7 1 1 0 4  Q m ,  in resis- 
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t i v i t y ,   a b o u t  110 m i . n  t h i c k n e s s :   a n d   t h e   f r o z e n  
b e d   r o c k   w i t h  a r e s i s t i v i t y   o f   3 . 2 ~ 1 0 4  Qm ( F i g .  
l a ) .   H a e b e r l i   ( 1 9 8 5 )   s u g g e s t e d  a 4-layer m o d e l  

p o s e d  n f  p e r e n n i a l l y   f r o z e n   g r a v e l   a n d   s a n d  i s  
f o r  r o c k   g l a c i e r   i n   A l p s   t h a t   t h e   m a i n   b o d y   c o m -  

s e p a r a t e   f r o m   t h e   b e d   r o c k   b y   a n   u n f r o z e n   s e d -  
i m e n t   l a y e r   ( F i g . l b ) .  

T h e   a b s e n c e  o f  u n f r o z e n   s u b p e r m a f r o s t   S e d i m e n t  
m i g h t   b e  a c h a r a c t c r  o f  t h e  r o c k  g l a c i e r   i n  a 
c o n t i n e n t a l   p e r i g l a c i a l   r e g i n n   l i k e   t h e   M i d d l e  
T i a n s h a n .  

B y  p i t   o h s c r v a t i o n s  i t  i s  know11 t h a t   t h e   r o c k  
g l a c i e r s  a r e  i c e - c e m o n l e r l .  I c e  lenses o f  
2 0 x 1 5 ~ 5  c m '   a n d  2 0 x 1 4 ~ 6  cm'  i n  s i z e  wcre f o u n d  
a t  a d e p t h  o f  1 . 3  to 1 . 4 3  m o f  R G  3 d u r i n g   J u n e  
2 6  a n d   J u l y  2 6 ,  1 9 8 6 .  

F i g . 1   C o n s t i t u t i o n  o f  R o c k  G l a c i e r s  i n  
T i a n s h a n   a n d   i n  A l p s  

a .  i n   T i a n s h a n ;  
b .  i n  AI,ps ( a f t e r   W . H a e b e r l i ,  1 9 8 5 ) .  
A .  a c t i v e   l a y e r :  
B .  p e r e n n i a l l y   f r o z e n   b o d y :  
C,  u n f r o z e n   s e d i m e n t :  
D .  b e d   r o c k .  
1 .  m o d e r n   t a l u s ;  
2 .  p e r e n n i a l   s n o w   p a t c h  o r  s m a l l  g l a c i e r .  

It i s  t h e  l o w e s t  r o c k   g l a c i e r   i n  this 
r e g i o n ,  a t  a n   e l e v a t i o n  of 3 ,350  m ,  n e a r   t h e  
l o w e r  limit o f   a l p i n e   p e r m a f r o s t .   F o u r t e e n  
b l o c k s   o n   t h e   s u r f a c e  o f  t h i s  r o c k  g l a c i e r   h a d  
a d o w n w a r d   m o v e m e n t  o f  o n l y  1 cln per y e a r  i n  
a v e r a g e ,   w h i l e  2 2  b l o c k s  d i d  n o t  m o v e  a t  a l l .  

- R G  2 T h i s   r o c k   g l a c i e r  i s  l o c a t e d   o n  a n o r t h -  
f a c i n g   s l o p e  a t  3 , 6 0 0  m a.s.L., a n d  i s  7 0  m i n  
l e n g t h ,  119 .5  m i n   w i d t h   ( P h o t o  3 ) .  On t h e  to! 
o f  t h e  f r o n t   r e g i o n  w i t h  a n  a n t i d i p  s l o p e   o f  8 , 
a m o n g   t h e  3 7  m e a s u r e d   b l o c k s ,  13 h a d   m o v e d   f o r -  
w a r d s   f o r  1 1 . 2  m p e r   y e a r  i n  a v e r a g e ,  a n d  2 had 
b a c k w a r d   m o v e d   f o r  4 . 5  cm a n d  1 cm, r e s p e c t i v e l y .  
On t h e   f r o n t   s l o p e ,   t h e   r e s u l t s  o f  m e a s u r e m e n t  

w i t h  a s l o p e  o f  60"  ( P h o t o  4 ) ,  20 b l o c k s  were 
o f  100 b l o c k s  a r e  a s  f o l l o w s .  On t h e   u p p e r   p a r t  
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P h o t o  4 Front S l o p e  o f  R G  2 

a .  u p p e r  part; 
b ,  m i d d l e  part; 
c .  lowest p a r t  

observed  no  movement  at  all: o n  the  middle  part 
Gith  a 43' slope,  among  the 50 blocks, 28 had 
moved 2-4 m vertically  and 1.5 m horizontally 
i n  average; and on the  Lowest  part  with  a 34' 
slope,  only 2 o f  the 30 blocks  moved  in  a  short 
distance.  Therefore,  the RG 2 is  much  active 
than  the R G  1. 

It  is  believed  that  a  rock  glacier is i n  initia- 
tive and passive  movement  (Haeberli,  1985;White, 
1971). The  initiative  movement of the  peren- 
nially  frozen body along  the  shearing  plane 
would  cause  the  pebbles  and  blocks o n  the  sur- 
face  moving  passivelly.  The  faster  movement of 
the  middle  part of  the  front  slope,  the OCCUTL. 
fence of finer  debris on the  middle  and  lower 
part of the  front  slope  indicates  an  initiative 
movement of  the  main body of the  rock  glacier, 
while  the  generally  forwards,  downwards move- 
ment  and  local  reverse  movement of the  pebbles 
and  blocks on the  surface  indicates a passive 
movement.  This  is  clearly  shown  in RG 1 ,  RG 2 ,  
etc, 

- RG 3 It  is  located at an  elevation o f  3 , 5 0 0  m 
and is 60 m i n  length, 150 m i n  width  with a 
front 30 m in height.  Thirty-two  targets  and 
20 blocks  were  measured  during  the  period of 
1985-1986 (Fig.2). The  mean  value o f  moving 
velocity was known a s  7 5  crn/year horizontally 
and 14 cm/year  vertically, 

RG 4 It is  located o n  a  north-facing  slope by 
an abandoned  highway, 3 , 5 5 0  m a.s.l.,  and is 100 
m in width, 35 m i n  length  with  a  front  slope of 
35".  Observations o f  5 targets  during 1985 t o  
1986 showed  that 9 targets had a forward  move- 
ment, 3 targets had a backward  movement, 11 
targets had a downward  movement,  and 2 - upwards. 
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Fig.2 Target Movements  Within  the  Depth 
o f  0 to 1 . 4  m of RG 3 and  the Rose 
Diagram o f  AB Face of  R G  3 

1. boundary  of  rock  glacier; 
2 .  targets; 

4. number of target (upper) end moving 
3 .  moving  direction; 

speed, in m/year (lower). 

The  distance of forward  movement  was 49 cm per 
year  in  average,  and  the  mean  value of down- 
ward  movement vas 38 cm/year.  The  abandoned 
highway  was 5.5 m in  width i n  1969, however, up 
to 1985, 1.5 m of this rod road had been  covered 
by the RG 4 .  In other  words,  the RG 4 advanced 
6 cm per year  in  average.  Based  on  the  follow- 
ing  formula,  the  discharge V from  the  rock gla- 
cier to the  road  could be calculated. 

V = L.a*b*sina 

where, L - width of the RG 4 ,  100 m: 
a - length of the  front  slope o f  RC 

b - horizontal1  advance of  the  rock 

a - slope of  the  front, 35'. 

4 ,  2 5  m ;  

glacier, 1 . 5  m ;  

Thus,  the  total  amaunt of discharge of RG 4 on 
the  road  was 1760  m' during  the  past 25 years 
o r  70.6 "/year in  average,  It  was  reported 

other  two  rock  glaciers  were  215 t o  7 7 1  m'/year 
from Colorado  that  the  discharge  of  Arapho  and 

i n  average  during  1961 to 1966  and t h e  mean  an- 
nual  advancing  velocity  were 5 to 9 . 7  cm  (White, 

speed  were  higher in Colorado  than in the  Middle 
1976). Therefore  the  discharge  and  advancing 

Tianshan.  Also,  the  mean  creeping  velocity o f  
rock  glacier  in  Alps  (Haeberli,  1985)  and  Cen- 
tral  Alaska  (White, 1971) can be as high as 
0.5-1 m/year,  which  in  the  working  area of  Mid- 
dle  Tianshan  it  was 0.3 m/year  in  average.  This 
might be due tq the  drought  climate,  high  eleva- 
tion,  low  temperature, l e s s  ice  content and ab- 
sence o f  bace-slide of rock  glaciers  in  Tian- 
shan. 



CONCLUSION 

Rock  glaciers  in  the  Middle  Tianshan  are of  
Colorado  type  developing  from  talus or protalus 
ramparts.  Most of them  are o f  lobate-shaped. 
They  are  of  cold-based  rock  glaciers. It seems 
that  the  rock  glaciers  are less possible to 
slide at the base. There  occurs  an  initiative 
movement  with  the  perennially  frozen body and  a 
passive  movement on the  surface. In  comparison 
with  the  results  from  Colorado,  it  could be con- 
cluded  that  rock  glaciers  in  Middle  Tianshan 
are  much  stable. 
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SEASONAL FROST MOUNDS IN AN EOLIAN SAND  SHEET 
NEAR SaNDRE  STRaMFJORD, W. GREENLAND 

J.W.A. Dijkmans 

Department of Geography,  University of Utrecht, 
Heidelberglaan 2,3584 CS Utrecht, The Netherland3 

SYblOPSI s An e o l i a n   s a n d   s h e e t  of  about 1 km' l i e s   a l o n g  a b r o a d   f l u v i o g l a c i a l   v a l l e y  
t h a t   c o n n e c t s  t h e  i n l a n d   i c e  w i t h  t h e   f j o r d   i n   t h e  SGndre S t r 4 m f j o r d   a r e a ,   i n  W. Greenland. 
Permafros t  is found i n  the sand   shee t .   Severa l  small i ce -co red  hummocks have  been  encountered i n  
a relatively low, w e t  p a r t  of t h e  sand  sheet nea r  a sp r ing .  They developea i n  less than  one  year  
and were i n  a d e c a y i n g   s t a g e   d u r i n g   t h e  summer o f  1987. They a r e   i n t e r p r e t e d   a s   s e a s o n a l   f r o s t  
mounds, most l i k e l y   o f   t h e   f r o s t   b l i s t e r   t y p e .  They o c c u r   i n   a n   a r i d   c l i m a t e   a n d   a r e   n o t  
dependent   on   perennia l   g roundwater   d i scharge  f o r  t he i r  formation. Decay may l e a d  t o  s p e c i f i c  
s e d i m e n t o l o g i c a l   s t r u c t u r e s   i n   t h e   e o l i a n   s t r a t i f i c a t i o n .  

INTRODUCTION THE STUDY AREA 

desc r ibed   f rom  eo l i an  sand s h e e t s ,  a l t hough  
Ice-cored  hummocks have no t  ye t   been  

these envi ronments   have   been   s tud ied   . in  
s e v e r a l   p a r t s   o f  t h e  a r c t i c   r e g i o n .   I n  the  
summer of 1907 i c e - c o r e d  hummocks have  been 
encountered  on a s a n d   s h e e t   d u r i n g  a 
geomorphological  study of p e r i g l a c i a l   e o l i a n  
sand d e p o s i t s  in t h e  S6ndre  Strqjmfjord  area. 
Becauae of i t s  u n u s u a l   o c c u r r e n c e   i n   a n   e o l i a n  
e n v i r o n m e n t   a n d   t h e   p o s s i b l e   r o l e   t h a t  
remnants   of   these  forms  could  play  in   case of 
p r e s e r v a t i o n   i n  the e o l i a n   s t r a t a ,  the  
hummocks axe described  and  compared  with 
s i m i l a r   f e a t u r e s  known from the l i t e r a t u r e .  

-mental s e t t i n s  
The S$ndre  Strqjmfjord a i r  f o r c e  base is 

l o c a t e d   a t  6 7 ' N  - 50'40'W a t   t h e   h e a d  o f  an 
approximate ly  150km l o n g  WSW-ENE t r e n d i n g  
f j o r d  of t h e  same name i n  W. Greenland 
( f i g .  1A). The edge of t h e   i n l a n d   i c e   s h e e t ,  
approximate ly  25km Eas t  o f  t h e  base,  i s  
connected t o   t h e   f j o r d  by two Eas t  - West 
o r i e n t e d   v a l l e y s ,   S a n d f l u g t d a l e n   ( D r i f t s a n d  
V a l l e y )  and  prkendalen  (Deser t   Val ley)  
( f i g .  1B). The va l l eys   a r e   bo rde red  by mountain 
r i d g e s ,   m a i n l y   c o n s i s t i n g  o f  gne i s s  of 
Precambrian  age  (Escher,  19711, l o c a l l y  
covered by morainic  r idges  (Ten  Brink, 1 9 7 5 ) .  

. . . . . . . . Margin of Greenland Inland Ice Sheet 

Eolian sand Inland ice =Flood plain 0 lOkm 

Airstrip 

F i g .  1 A  L o c a t i o n  o f  S d n d r e   S t r d m f j o r d ,  W .  f l u v i o g l a c i a l   r i v e r  v a l l e y s  t h a t   d r a i n  o u t l e t  
G r e e n l a n d  a n d  B. M a p  o f  t h e  S d n d r e   S t r d m f j o r d   g l a c i e r s   o f  t h e  i n l a n d  i c e  c a p  i s  i n d i c a c e d .  
a r e a .  T h e  o c c u r r e n c e  o f  e o l i a n  s a n d  a l o n g  
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F i g .  2 O v e r v i e w  o f  t h e   s a n d   s h e e t   i n   t h e  
c e n t r a l   p a r t   o f   S a n d f l u g t d a l e n   l o o k i n g  t o  t h e  
southeast. A :  b r o a d  f l o o d  p l a i n ,  8 :  s a n d  
s h e e t   w i t h   p a r t l y   s t a b i l i z e d   e d g e s ,  c :  
b e d r o c k ,   c o m p l e t e l y   s t a b i l i z e d   e o l i a n  s a n d ,  
m o r a i n i c   r i d g e s ,  D: s e e p a g e   z o n e  i n  t h e  

o f   t h e  i c e - c o r e d  h u m m o c k s  i s   i n d i c a r e d  b y  a n  
c e n t r a l  p a r t   o f  t h e  s a n d  a h e e t .   T h e   l o c a t i o n  

a r r o w ,   T h e   d i s t a n c e   f r o m   t h e   m i d d l e  O f  t h e  
f l o o d   p l a i n   t o   t h e   m o u n t a i n   r i d g e   w h e r e   t h e  
p h o r o g r a p h   h a s   b e e n   t a k e n   i s   a b o u t   2 k m .   O n e  
o f   t h e   o u t l e t   g l a c i e r s   t h a t   d r a i n s   i n t o  
S a n d f l u g t d a l e n  c a n  b e  s e e n   t o   t h e   l e f t .  

I n  summer b r a i d e d   r i v e r s   c a r r y   m e l t w a t e r  
from t h e   g l a c i e r s   t h r o u g h   t h e   b r o a d   v a l l e y s  
t o  t h e  f j o r d .   P a r t   o f   t h e   s e d i m e n t   l o a d  i s  
r e d e p o s i t e d  by  wind,  hence t h e  names of t h e  
v a l l e y s .   E o l i a n   s a n d  l i e s  o n   t h e   n o r t h e r n  
f r i n g e s  o f  t h e   v a l l e y s   ( f i g .  1B). The 
morphology  and  sediments of Sandf lug tda len  
have f i r s t  been   descr ibed  by  Hansen ( 1 9 7 0 ) .  

The a r e a   h a s   a n   a r i d ,   c o n t i n e n t a l   p o l a r  
t u n d r a   c l i m a t e .   Y e a r l y   p r e c i p i t a t i o n  i s  l e s s  
t h a n  200mm. About h a l f  of t h i s  f a l l s   a s  snow 
from  September t o  May. Temperatures   are  
r e l a t i v e l y   m i l d   d u r i n g   t h e   s h o r t   s u b a r c t i c  
summer. The mean J u l y  t e m p e r a t u r e   i s   a b o u t  
l l ' C ,  whereas mean January   t empera ture  i s  
about  -18'C (Hasho l t  & S@gaard, 1 9 7 8 ) .  

)en s a  s h e e t  

has   an   approximate ly  lkm wide flood p l a i n .   I n  
Only t h e   e a s t e r n   p a r t  of Sandf lug tda len  

t h e  w e s t e r n   p a r t  t h e  r i v e r   h a s   c u t   i t s e l f  
th rough a narrow  val ley.   North of t h i s   l i e s  a 
f o r m e r   v a l l e y   a t  a h i g h e r   l e v e l ,   s e p a r a t e d  

r i d g e .  The e n t r a n c e   t o   t h e   n o r t h e r n   v a l l e y  
from t h e   p r e s e n t   r i v e r   v a l l e y  by a bedrock 

sand   shee t   o f   abou t  Ikm' has  developed a t  an 
forms a wide  area  where a p a r t l y   v e g e t a t e d  

e l e v a t i o n  of e200-250m a.  s .  1. ( f i g .  1B). The 
shape  of t h e  s a n d   s h e e t  as wel l   as  t h e  small 
dune forms on i t  sugges t  a main d i r e c t i o n  of 
e o l i a n   t r a n s p o r t a t i o n  t o  the   nor thwes t .  

A c t i v e   e o l i a n   s a n d  was found t o  a h e i g h t  
of about  65m a n d   s t a b i l i z e d   e o l i a n   s a n d ,  on 
t h e   f o o t s l o p e   o f  a bedrock  r idge,  t o  a he igh t  
of 85m above   t he   f l ood   p l a in .  The sand   shee t  

a r e a  d ipp ing  2 - 3 '  towards t h e  flood p l a i n ,  
forms a bowl shape  ( f i g .  2 )  w i t h  a low c e n t r a l  

where  groundwater  seepage  occurs  during t h e  
summer months. An i n t e r m i t t e n t   c r e e k ,   t h a t  
c a r r i e d   v e r y   l i t t l e   w a t e r   d u r i n g   f i e l d  
o b s e r v a t i o n s   i n  t h e  summers of 1986 and 1987,  
d r a i n s  the  sand   shee t   and   r edepos i t s  some 
sand.  Downslope the  water i n f i l t r a t e s   i n t o  
t h e  sandy soil. 

e n t s  o f  t h e   S a n d f l u a t d a l e n  @ s h e e t  
The sed iments  of t h e   s a n d   s h e e t   c o n s i s t  

c h a r a c t e r i s t i c a l l y  O f  ( s u b ) h o r i z o n t a l l y  
p a r a l l e l  bedded, f i n e   t o  medium g ra ined ,  
modera t e ly   we l l - so r t ed   s and   ( f ig .  3 )  
a l t e r n a t i n g   w i t h  a minor   occurrence of 1-2cm 
t h i c k  medium t o   c o a r s e - g r a i n e d ,  poorly s o r t e d  
s a n d   l a y e r s   ( f i g .  4). A t h i ckness  of a t   l e a s t  
250cm of sand   has '   l oca l ly   been   e s t ab l i shed .  
F l u v i a l   s a n d  and g r a v e l   u n d e r l i e s   t h e   e o l i a n  
s a n d   c l o s e  t o  the  f l o o d   p l a i n ;   l o c a l l y -  
mQra in ic   ma te r i a l   unde r l i e s   t he   s and  o r  even 
l i e s  a t   t h e   s u r f a c e .  

/o 

100 

2000 1000 500 250 125 63 32 p m  
- 1 o i i i 4 5 p  

F i g .  3 
s t a n d a r d   d e v i a t i o n   ( d o t t e d   l i n e s )  o f  2 0  

M e a n   c u m u l a t i v e   f r e q u e n c y  c u r v e  * 
e o l i a n   s a n d   s a m p l e s   f r o m   S a n d f l u g t d a l e n .  
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F i g . 4   S k e t c h  o f  small  trench i n  vegetation- 

Groundwater  defined  the  maximum  depth of the 
f r e e  part of the  Sandflugtdalen  sand  sheet, 

o f  175cm. 
trench.  Permafrost  was  established a t  a depth 

P e r m a f r o s t  

The   S6ndre   S t r6mf jo rd   a r ea  lies a t  t h e  
boundary  of con t i r luous   and   d i scon t inuous  
p e r m a f r o s t   ( W e i d i c k ,  1 9 6 8 ) .  P e r m a f r o s t  i s  
f o u n d   t h r o u g h o u t   t h e   s a n d   s h e e t .  I t  i s  
u n c e r t a i n   w h e t h e r   p e r m a f r o s t   o c c u r s  in t h e  
f l o o d   p l a i n  i n  f r o n t  o f  t h e   s a n d   s h e e t .   I n  
o t h e r   p a r t s  o f  t h e   v a l l e y  an  a c t i v e   l a y e r   o f  
less  t h a n  50cm was found i n  p e a t y  s o i l .  The 
p e r m a f r o s t   d e p t h   i n c r e a s e s   i r r e g u l a r l y   f r o m  
125cm n e a r   t h e   f l o o d   p l a i n  t o  170cm i n   t h e  
h i g h e r   p a r t   o f   t h e   s a n d   s h e e t .   I n   t h e  w e t  
c e n t r a l  zone it  i s  l o c a l l y   f o u n d   t o   b e   a b o u t  
50cm. The p e r m a f r o s t   t a b l e  rises somewhat 
u n d e r   i s o l a t e d   d u n e s ,  as i s o t h e r m s   f o l l o w   t h e  
t o p o g r a p h y   ( f i g .  5 ) .  The dunes on t h e   s a n d  
shee t  a p p a r e n t l y   h a v e  only l i t t l e  i n f l u e n c e  
o n   t h e   d e p t h  oE t h e   p e r m a f r o s t   t a b l e .  

SW ' NE 
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0- 

1-  
I I u -- permafrost 
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Fig. 5 Soil  temperature  profile  through a 
relatively  high,  isolated  dune o n  t h e  sand 
sheet  covered b y  Salix  glauca.  Temperatures 
i n  'C a s  measured  around  noon, 2 6  J u l y  1 ' 3 8 7 .  

D E S C R I P T I O N  OF THE  ICE-CORED HUMMOCKS 

D u r i n g   t h e  summer o f  1 9 8 7  s e v e r a l   i c e -  
c o r e d  hummocks were o b s e r v e d  i n  t h e  w e t  
c e n t r a l   p a r t  of t h e  sand s h e e t  ( f i g .  2 )  t h a t  
were n o t   p r e s e n t  one y e a r   b e f o r e .  

The l a r g e s t   i c e - c o r e d  hummock i s  shown i n  
f i g .  6 .  I t  i s  12m l o n g   a n d  4 m  wide.  The t o p  i s  
50cm h i g h e r   t h a n   t h e   r e l a t i v e l y   f l a t  
s u r r o u n d i n g s .  More o r  less p a r a l l e l   o p e n  
c r a c k s  a re  c o n s p i c u o u s .  They t e n d  t o  he 
p e r p e n d i c u l a r  t o  t h e   s l o p e   o f   t h e  hummock. A t  
t h e   s u r f a c e   t h e y   h a v e  a w i d t h  o f  1-3cm. On t h e  

F i g . 6  O v e r v i e w  o f  large  ice-cored  hummock. 
Intermittent c r e e k  is visible  in r h e  
background.  Note a second s m a l l  hummock ~n the 

of f i g . 7 .  Poles,  with marklngs o f  2 0 c m ,  
foreground  that i s  a l s o  shown  in  the s k e t c h  

i.ndicate  the  position  of the  trench. 

w e s t e r n   s i d e   c r a c k s  c a n  be   as   wide  a s  lOcm due 
t o  s lumping .   Smal l   b locks   o f   wet   sand  a r e  
r e d e p o s i t e d  by t h e   c r e e k .   T h i s   u n d e r c u t t i n g  
i n d i c a t e s   t h a t   t h e  hummock has p r o b a b l y   b e e n  
l a r g e r .  Compared   w i th   t he   d ry  p a r t  of  t h e   s a n d  
s h e e t   t h e  surface is c o v e r e d  by a r e l a t i v e l y  
d e n s e   v e g e t a t i o n  of Carex   b iae lowlL 
a r c t i c u s  and -x ql 

, Juncus 
auca  w i t h  a d e g r e e   o f  

c o v e r   o f  less  t h a n   5 % .  The s m a l l   i c e - c o r e d  
hummock [ f i g .  6 ,  f o r e g r o u n d )  i s  more o r  l ess  
c i r c u l a r   i n   s h a p e   a n d  has a d i a m e t e r  o f  a b o u t  
1. 5m. A t  t h e   s u r f a c e  i t  shows r a d i a l   c r a c k s .  

A s e c t i o n   t h r o u g h   t h e   a b o v e   d e s c r i b e d  
hummocks ( f i g .  7 )  shows  an   unf rozen  sand l a y e r  
o f  35-50cm t h i c k n e s s .   S e v e r a l   c r a c k s   p e n e t r a t e  
t h e   w h o l e  unfrozen sand l a y e r .   E x c e p t  for a 
t h i n   s u r f i c i a l   l a y e r  on t o p   o f   t h e   l a r g e  
hummock t h e   u n f r o z e n   s a n d  1 s  w e t ,   o b s c u r i n g  
t h e   s e d i m e n t a r y   s t r u c t u r e s .  Wavy parallel ( t o  
t h e   s u r f a c e  of  t h e   i c e )   b e d d e d   s a n d   w i t h  a 
g r a i n   s i z e  of 150-300bm could   be  
d i s t i n g u i s h e d ,   a l t e r n a t i n g   w i t h   t h i n   l a y e r s   o f  

wsw I 2 

1 
3 ENE 4 

n LlllcrUlen 
f w z w  sand [\;+'l v ~ g e l ~ t ~ o ~ l  

Fig. 7 Sketch of trench  through  ice-cored 
hummocks  shown  1n  fig.6.  Note  che  absence of 
air  or  water-filled  chamber  underneath  the 
i c e .   H i g h   m o i s t u r e   c o n t ~ n t   i n   t h e   u n f r o z e n  
s a n d  prevented  obvervation n f  s t r a t i f ~ c a c i o n  
o f  these  ncdiments.  The  nature  of t n e  
p e r a ~ a f r o s ~   b o u n d a r y   n c a r  t h e  creek  could  not 
h e  established  for  the  same  reaeon.  Pull  llne 
means  hnlrndary  is  proven,  broken  line i f  
boundary i s  assumed.  Numbers  indlcate 
m e a s u r i n g  locations  of  soil  temperature a s  
shown i n  f i g . 1 0 .  
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c o a r s e r   s a n d  ( 1 5 0 - 4 2 0 u m )  c h a r a c t e r i s t i c   f o r  
t h e   s a n d   s h e e t   ( f i g s .  3 and 4 ) .  I n d i v i d u a l  
l a m i n a e   c o u l d   v a g u e l y  be f o l l o w e d   f o r  1 - 2 m .  

S o l i d   i c e   u n d e r l i e s  t h e  u n f r o z e n   s a n d   i n  
t h e  hummocks. I t  f o r m s   l e n s e s  w i t h  a maximum 
t h i c k n e s s   o f  50cm c o r r e s p o n d i n g   i n   s h a p e  w i t h  
t h e   s u r f a c e '   e x p r e s s i o n   o f   t h e  hummocks ( f i g .  I 
and 8 ) .  The i c e  is c l e a n .  Long v e r t i c a l  
c r y s t a l s  ( f i g .  91 and a i r   b u b b l e s  ( I m m  i n  
diameter)  a r e ,   r e c o g n i z e d .  The lower   boundary  
of t h e  i c e  i s  h o r i z o n t a l   a n d  as s h a r p   a s  t h e  
upper   boundary .  The  hummocks a r e   u n d e r l a i n  by 
f r o z e n  sand which i s  s i m i l a r   t o   t h e   s a n d  
o v e r l y i n g  t h e  i c e  w i t h  r e g a r d  t o  g r a i n  . s i z e  
a n d   s e d i m e n t a r y   s t r u c t u m s .  

S o i l   t e m p e r a t u r e s  of  t h e  u n f r o z e n   s a n d  
h a v e   b e e n   m e a s u r e d   a t  4 l o c a l i t i e s   a l o n g   t h e  

~ 

F i g . 1 0  S o i l  t e m p e r a t u r e   p r o f i l e s  in u n f r o z e n  
s a n d  o v e r l y i n g   t h e   i c e  c o r e  i n  t r e n c h   s h o w n  i n  
f i g . 7  ( 2  A u g u s t  1987, a r o u n d   n o o n ) .  

"" 

~ i ~ .  1 1  S o m e  o f  t h e  s m a l l  n u m m o c ~ s  ( ' Y ' Y ~ ~ C = / '  

o n  t h e  s a n d  s h e e t   o u t s i d e  t h e  w e t   z o n e   s h o w  
c r a c k s  a t  t h e  s u r f a c e .   T h e s e   m u s t  not b e  

w i t h  d i l a t i o n  c r a c k s   d u e  t o  u p l i f t i n g  
o f  i c e   c o r e s .  

s e c t i o n   ( f i g .  10 ) .  There is no major  
d i f f e r e n c e   i n   t e m p e r a t u r e   c u r v e s   i n  these 
l o c a l i t i e s ,   a l t h o u g h   l o c a t i o n  1 has a g r e a t e r  
t e m p e r a t u r e   g r a d i e n t   i n   t h e   u p p e r   p a r t .  Due 

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

t e m p e r a t u r e  a t  t h e  t o p  o f  t h e  hummock. 
S u r f a c e   t e m p e r a t u r e s  on t h e  s a n d  sheet  d u r i n g  
midday  range  from 1 3  t o  30'C ( !  ) depending   on  
w e a t h e r   a n d   m o i s t u r e   c o n d i t i o n s   a n d   d e g r e e  o f  
v e g e t a t i o n   c o v e r .   T h e   s t e e p   t e m p e r a t u r e  
g r a d i e n t   a n d  the o c c u r r e n c e   o f   d e e p   o p e n  

w i t h  t h e  u n d e r c u t t i n g   b y  t h e  c r e e k  w i l l  c a u s e  
c r a c k s   i n  t h e  i c e - c o r e d  hummocks combined 

a r a p i d  decay o f  these f e a t u r e s .  
S e v e r a l  more  15-30cm h i g h   i c e - c o r e d  

hummocks o c c u x   n e a r  t h e  c r e e k .  
M o r p h o l o g i c a l l y   t h e y   r e s e m b l e   s m a l l   d u n e s  
f o u n d   b o t h   i n  t h e  same a r e a  and i n   d r y e r  
p a r t s   o f  t h e  s a n d   s h e e t .   T h e s e   d u n e s   o f t e n  
have a c r a c k e d   s u r f a c e ,   p r o b a b l y   c a u s e d  by 
s m a l l   f r o s t   c r a c k s ,  t h a t  a re  more randomly 
d i s t r i b u t e d   h o w e v e r   ( f i g .  1 1 ) .  The p e r m a f r o s t  
t a b l e  i n  these dunes  w a s  about  l m  d e e p   d u r i n g  
t h e  f i e l d w o r k   p e r i o d   a n d   a p p e a r e d   t o  be 
a l m o s t   h o r i z o n t a l ,   c o m p a r a b l e  w i t h  t h e  
p e r m a f r o s t   t a b l e   s h o w n   i n   f i g .  5 .  
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b u r i e d   b y   e o l i a n   d e p o s i t i o n  or by 
r e d e p o s i t i o n  of s a n d   b y   t h e   c r e e k   f l o w i n g  
o v e r  t h e  i c e .   S u b s e q u e n t   p a r t i a l   m e l t i n g   o f  
t h e   i c i n g  w i l l  l ead  t o  t h e  morphology  of 

S e a s o n a l   f r o s t  mounds as d e f i n e d   b y  
s e p a r a t e  mounds w i t h  t e n s i o n   c r a c k s .  T h i s  

P o l l a r d  & French  (1983,  1984, 1 9 8 5 )  a r e  a 
s e q u e n c e  of e v e n t s  i s  comparable  w i t h  
e p h e m e r a l   d e n i v a t i o n   f o r m s   i n  similar a c t i v e  

s u p r a p e r m a f r o s t   g s o u n d w a t e r   d i s c h a r g e   e o l i a n   s a n d  where t h e   m e l t i n g   o f   s n o w   c a u s e s  
phenomenon.  They form when t h e  h y d r a u l i c  a s i m i l a r   r e l i e f   ( K o s t e r  & Dijkmans,   1988) .  
p o t e n t i a l   i n c r e a s e s   i n  t h e  a c t i v e   l a y e r  However f i e l d   o b s e r v a t i o n s   i n d i c a t e   t h a t  
d u r i n g   w i n t e r   f r e e z e b a c k   a n d   u p l i f t i n g  of 
s u r f a c e   l a y e r s   t a k e s .   p l a c e .   T h e y   d i f f e r   f r o m   m i n i m a l   a n d  it i s  h a r d  t o  e n v i s a g e   t h a t  t h e  

e o l i a n   t r a n s p o r t a t i o n   d u r i n g   o n e   y e a r  i s  

o t h e r   t y p e s   o f  f ro s t  mounds ( s u c h  as s m a l l   c r e e k  i s  ab le  t o  d e p o s i t  a c o n s i d e r a b l e  
m o r p h o l o g i c a l l y  .similar p a l s a s )  by t h e i r  l a y e r  of 35-50cm on t h e  i c i n g   d u r i n g   o n e  
e p h e m e r a l   n a t u r e ,  a r e l a t i v e l y   s h o r t   p e r i o d   s p r i n g   s e a s o n ,   e v e n  i f  i t s  d i s c h a r g e  i s  
of rapid growth, the i r  g e n e s i s   i .  e. i n j e c t i o n   l a r g e r   t h a n   i n  summer. The  d r a i n a g e  o f  t h e  
of g r o u n d w a t e r   u n d e r   p r e s s u r e   a n d  t h e i r  c r e e k  w i l l  be l imi ted  d u e   t o  t h e  d r y   c l i m a t e  
a s s o c i a t i o n  w i t h  s p r i n g s ,   r i v e r s   e t c .  A and t h e  small d r a i n a g e   a r e a .  
v a r i e t y  of s e a s o n a l   f r o s t  mounds have  been I t  i s  more l i k e l y   t h a t  t h e  f ro s t  mounds i n  
g e s c r i b e d   i n  many c o l d   c l i m a t e   r e g i o n s   ( e .   g .   S a n d f l u g t d a l e n  a re  of t h e  f r o s t  b l i s t e r  t y p e  
Akerman,  1987;  Akerman & Malmstrbm,  1986; of which t he  c r a c k s   a r e   i n t e r p r e t e d  as  a 
F r o e h l i c h  & S l u p i k ,  1978; Malmstrbm,  1987; d i l a t i o n  phenomenon.  The  requirements for t h e  
Pol la rd  & French,   1903,  1984, 1985 ;   van   fo rma t ion  of t h i s  t y p e  o f  s e a s o n a l   f r o s t  
Everd ingen ,  1978,  1982  and   van   Everd ingen  & mounds (van   Eve rd ingen ,  1 9 7 8 ,  1 9 8 2 )  a r e  
Banner ,  19,791. The p r o c e s s  of d e v e l o p m e n t   a n d   m a i n l y   f u l f i l l e d :  A. there  i s  a groundwater  
d e c a y   o f   t h e s e   e p h e m e r a l   f o r m s  has been  well- d i s c h a r g e  w i t h  low t e m p e r a t u r e ,   a l t h o u g h  i t  
documented i n  t h e  pape r s   by   van   Eve rd ingen ,  i s  d o u b t f u l   w h e t h e r  it i s  p e r e n n i a l .  E. 
wliereas Pollard & F r e n c h   f o c u s s e d   o n  t h e  p e r m a f r o s t   o c c u r s   i h   t h e   s h a l l o w   s u b s u r f a c e  
g r o u n d w a t e r   h y d r a u l i c s   a n d   i c e   c r y s t a l   t o   s e r v e  as a v e r y   l o w   p e r m e a b i l i t y   l a y e r   a n d  
s t r u c t u r e  t o  d i f f e r e n t i a t e   b e t w e e n   t h e s e   a n d  C. there  i s  a l o n g   p e r i o d   w i t h   d a i l y   s u b z e r o  
o t h e r  f r o s t  mound t y p e s .   T h e   o r i g i n  of t e m p e r a t u r e s   t o   e n s u r e   s e a s o n a l   f r e e z i n g   o f  
s e a s o n a l  frost mounds has not y e t   b e e n  t h e  ground.   Moreover   van  Everdingen  argues 
r.elated t o  a p u r e l y   s a n d y  eo l ian  envi ronment .  

Three t y p e s   o f   s e a s o n a l   f r o s t  mounds a r e  
t h a t   g r a i n   s i z e  has no l i m i t i n g   i n f l u e n c e   o n  
t h e  o c c u r r e n c e   o f   f r o s t   b l i s t e r s .  The  mounds 

d i s t i n g u i s h e d  hy van   Eve rd ingen  ( 1 9 7 8 ,  1 9 8 2 ) .  d i f f e r  f r o m   t h e   s t r a t i g r a p h y  of f r o s t  
I n  a a ~ s t  b l w  a s u r f i c i a l   i c i n g  i s  b l i s t e r s   d e s c r i b e d   a b o v e .  Any s u r f a c e   i c e  
o v e r l a i n  by f r o z e n   g r o u n d ,   i c e ,  a water- would be melted i n   J u l y .   P o s s l b l y  t h e  mounds 
f i l l e d  o r  e m p t y   c a v i t y   a n d   f r o z e n   g r o u n d  a re  i n  t h e  d e c a y   s t a g e  where t h e   c a v i t y   h a s  
r e s p e c t i v e l y .  An i c i n a  ( b l i s t e r  c o n s i s t s  of a n   d i s a p p e a r e d   b y   s u b s i d e n c e   a n d / o r   c o l l a p s e   o f  
i c i n g   o v e r l y i n g  a w a t e r - f i l l e d  or empty t h e  mound (compare  van  Everdingen,  1982, 
c a v i t y .   T h e   s u b s t r a t u m   c a n  be e i ther  r i v e r   f i g .  18, s t a g e   6 a ) ,   b u t   s e d i m e n t a r y   s t r u c t u r e s  
i c e ,   i c i n g  o r  f rozen   g round .  An i c i n a  m a  i n  t h e  u n f r o z e n   s a n d  show n o   e v i a e n c e  of 
l a c k s   t h e   c a v i t y .  ., t h i s .  

Small  solid f r o s t  b l i s t e r s  less t h a n  Im 
h i g h   t h a t  a r e  s i m i l a r   t o   t h e  mounds i n  
S a n d f l u g t d a l e n   h a v e   a l s o   b e e n   d e s c r i b e d   b y  
P o l l a r d  & French   (1983) .  These a l s o   h a v e  

The i c e - c o r e d  hummocks i n  
v e r t i c a l l y   o r i e n t e d   e l o n g a t e   b u b b l e s   a n d  

t h e  
S a n d f l u g t d a l e n   s a n d  sheet  have   been   deve loped  

c o n s i s t  of a s i n g l e  c lear  i c0  core. Only 

i n  less t h a n  1 y e a r ,   i n d i c a t i n g  a r e l a t i v e l y  
l a rge r   fo rms   showed  a w a t e r - f i l l e d   c h a m b e r  
a n d   i n d i c a t e   r e p e a t e d   g r o w t h   b y  a s e q u e n c e  of 

p e r m a f r o s t   a n d  t h e  m o r p h o l o g i c a l   p o s i t i o n   o f  
rapid growth.  The groundwater   on  t o p  of the  s e d i m e n t - r i c h   a n d   c l e a r   i c e .  The o c c u r r e n c e  

t h e  hummocks i n  a l o w   p a r t  of the  s a n d  sheet  
of a s i n g l e   c l e a r   i c e   c o r e  i n  t h e  

i n  a s e e p a g e   z o n e   i n d i c a t e   t h a t  t h e  hummocks 
S a n d f l u g t d a l e n  mounds c o r r e s p o n d s   w i t h   t h e  

a x e  a groundwater   phenomenon w i t h  i n j e c t i o n  
o b s e r v a t i o n   t h a t   t h e y   a r e  l e s s  t h a n   o n e   y e a r  

i c e ,   T h i s .  i s  i n  ag reemen t   w i th  t h e  v e r t i c a l  
o l d .  

e l o n g a t i o n   o f   a i r   b u b b l e s   a n d   i c e   c r y s t a l s  
i n d i c a t i n g  a v e r t i c a l .   f r e e z i n g   d i E e c t i o n .  DISCUSSION 
M o r e o v e r   s u b s u r f a c e   s e g r e g a t i o n   i c e  i s  n o t  
e n v i s a g e d   i n   m o d e r a t e l y   w e l l - s o r t e d  medium I t  i s  u n c e r t a i n  whether t h e  f ro s t  mounds 
g r a i n e d   s a n d .   T h e r e f o r e  i t  i s  a s s u m e d   t h a t   i n   S a n d f l u g t d a 1 , e n   d i s a p p e a r   c o m p l e t e l y   d u r i n g  
these i c e - c o r e d  hummocks a r e   s e a s o n a l   f r o s t   o n e  summer.  Open c r a c k s   i n   s a n d   o v e r l y i n g   t h e  
mounds. i c e   c o r e ,  a s t e e p   t e m p e r a t u r e   g r a d i e n t   i n  

A t  f irst  g l a n c e  it seems t h a t  t h e  mounds 
u n d e r   d i s c u s s i o n   d o   n o t   c o r r e s p o n d  w i t h  one 

t h i s  s a n d   a n d   e r o s i o n   b y  t h e  s m a l l   c r e e k  

of t he  t y p e s  of s e a s o n a l   f r o s t  mounds 
cause rapid m e l t i n g  OE t h e   i c e .  Decay   of   the  

d i s t i n g u i s h e d   b y   v a n   E v e r d i n y e n   ( 1 9 8 7 ,   1 9 8 2 ) .  
mound i s  o b v i o u s   i n   J u l y   a n d   A u g u s t .  On t h e  

This migh t   be   caused  by l o c a l   p r o c e s s e s  
o t h e r   h a n d   t e m p e r a t u r e s  drop  r a p i d l y   a f t e r  

d u r i n g   t h e   d e c a y .  As ment ioned  by van  
t h a t  time ( H a s h o l t  & Sdgaard ,   1978) ,  s o  t h a t  

Eve rd ingen   (1978 ,  p,  2 7 3 )  d i f f e r e n c e s  i n  t h e  
t h e s e   f o r m s   p o s s i b l y   s u r v i v e   t h e   s u b a r c t i c  

o b s e r v e d  charac te r  of  mounds a t  d i f f e r e n t  
summer. S e a s o n a l   f r o s t  mounds c a n  be 

times of t he  y e a r  may l e a d   t o   c o n f u s i o n   i n  
d e s t r o y e d   o n l y   p a r t l y   d u r i n g   t h e  summer 

t e r m i n o l o g y .  
following t h e i r  f o r m a t i o n  (van Everdingen ,  
1978 ,  1 9 8 2 ) .  No t e r m i n o l o g i c a l   d i s t i n c t i o n  i s  

One c a n   a r g u e  t h a t  t h e  S a n d f l u g t d a l e n  
f rost  mounds are of t h e   i c i n g  t y p e  b e i n g  

made b e t w e e n   a n n u a l   a n d   s h o r t - l i v i n g  
perennial f r o s t  mounds; o n l y  more  permanent 
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forms w i t h  a d i f f e r e n t   g e n e s i s   s u c h  as p a l s a s  
a n d   p i n g o s   a r e   d i f f e r e n t i a t e d   f r o m   t h e m .  

S a n d f l u g t d a l e n   l e a d   t o  a l i m i t e d  snow  cover  
L i t t l e  p r e c i p i t a t i o n   a n d   s n o w  d r i f t  i n  

i n   w i n t e r ,   c a u s i n g  a h i g h   f r o s t   p e n e t r a t i o n  
on t h e  s a n d   s h e e t .  I t  seems l i k e l y   t h a t  a 
w a t e r - f i l l e d   c h a m b e r ,   c a u s e d  by a h i g h  
h y d r a u l i c   p o t e n t i a l ,  f reezes  c o m p l e t e l y  
s o m e t i m e   d u r i n g   w i n t e r   i n   t h e s e   r e l a t i v e l y  
small mounds  and  groundwater   discharge 
c e a s e s ,   l e a v i n g   a u t u m n   a n d   e a r l y   w i n t e r   f o r  
t h e  f o r m a t i o n  of t h e  f r o s t  mounds. 

The  mounds a re  small compared t o  most of 
t h e  f o r m s   d e s c r i b e d   f r o m   t h e   C a n a d i a n   A r c t i c .  
Moreover   they  do no t   fo rm  eve ry   yea r .  The 
s m a l l   d r a i n a g e   a r e a   a n d   t h e   a r i d   c l i m a t e   i n  
t h e  s a n d  sheet  o b v i o u s l y   f o r m   r e l a t i v e l y  
s m a l l   h y d r a u l i c   p o t e n t i a l s ,   i n d i c a t i n g  a 
l i m i t i n g   f a c t o r  for t h e   g r o w t h   o f   s e a s o n a l  
f r o s t  mounds. T h i s   a r i d   e n v i r o n m e n t  i s  
m a r g i n a l l y   s u i t a b l e   f o r  t h e  development   of  
s e a s o n a l   f r o s t  mounds.  Only small mounds c a n  
deve lop   depend ing   on  t h e  h y d r o l o g i c a l  
c o n d i t i o n s   d u r i n g  a s p e c i f i c   y e a r .   C o n t r a r y  
t o  l a r g e  frost b l i s t e r s  (van   Eve rd ingen ,  
1978, 1982) these s m a l l  mounds do n o t   r e q u i r e  
a p e r e n n i a l   g r o u n d w a t e r   d i s c h a r g e .  

D e g r a d a t i o n   o f   f r o s t  mounds c o u l d   l e a d  t o  
r e l i c t  forms gf d e p r e s s i o n s ,   p o s s i b l y  w i t h  
r a m p a r t s ,   a l t h o u g h  i t  must   be   ment ioned   tha t  
n o   s u c h   f e a t u r e s  were r e c o g n i z e d   o n  t h e  s a n d  
s h e e t .   A l t h o u g h  these f o r m s   a r e   n o t  s t a b l e  i n  
a n   e o l i a n   e n v i r o n m e n t ,  a ( r a p i d )   b u r i a l ,  

t h e o r e t i c a l l y   p r e s e r v e  these s c a r s  i f  the 
e i t h e r  by e o l i a n   o r   a n y  o t h e r  material ,  c a n  

c o n d i t i o n s   a r e   r i g h t .  The f r o s t  mound s c a r s  
desc r ibed   by   de   Groo t  e t  aL. ( 1 9 8 7 )  f rom  La te  
Dryas time a r e   c o m p a r a b l e  i n  s i z e   a n d  
m o r p h o l o g i c a l   p o s i t i o n   t o  t h e  mounds i n  
S a n d f l u q t d a l e n .   T h e y   w e r e   d e v e l o p e d   i n   e o l i a n  
sands   and   cove red   by   gy t t j a .   A l though  f r o s t  
mound s c a r s  a r e  u s u a l l y   i n t e r p r e t e d   a s   p i n g o  
remnants ,  these  L a t e   D r y a s   s c a r s  were 
i n t e r p r e t e d   a s   s e a s o n a l   f o r m s .  The 
o b s e r v a t i o n   o f   p r e s e n t   d a y   s e a s o n a l   f r o s t  
mounds i n  a p e r i g l a c i a l   e o l i a n   s a n d  sheet  
s u p p o r t s   t h e   p o s s i b l e   o c c u r r e n c e   o f  f r o s t  
mound s c a r s   i n   P l e i s t o c e n e   s e d i m e n t s .  
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SYNOPSIS More t h a n  1 , 0 0 0  p i n g o s  and p i n g o - l i k e  mounds   have   been   i den t i f i ed   on  the  Arctic C o a s t a l  
P l a i n   i n   t h e   c o n t i n u o u s   p e r m a f r o s t   z o n e   i n   n o r t h e r n m o s t  Alaska: a b o u t  70 p i n g o s   h a v e   b e e n   l o c a t e d  
w i t h i n   v a l l e y s   o f   t h e   c e n t r a l   B r o o k s   R a n g e   i n   n o r t h e r n   A l a s k a ;   a n d   n e a r l y  300 p i n g o s   a n d   p i n g o - l i k e  
mounds   have   been   found  in  the f o r e s t e d   d i s c o n t i n u o u s   p e r m a f r o s t   z o n e   i n   c e n t r a l   A l a s k a .   A d d i t l o n a l  
p ingos   have   been   r epor t ed   on   Seward   Pen insu la .   However ,  many areas i n  Alaska h a v e   n o t   y e t   b e e n  
s e a r c h e d   f o r   p i n g o s .  Almost all of  t h e  p i n g o s   o n   t h e  Arctic C o a s t a l   P l a i n   a n d   t h e   n o r t h e r n   p a r t  of 
Seward   Pen insu la  are c l o s e d - s y s t e m   p i n g o s .   T h o s e   i n   t h e   c e n t r a l   B r o o k s   R a n g e ,  t h e  s o u t h e r n   p a r t   o f  
S e w a r d   P e n i n s u l a ,   a n d   c e n t r a l  Alaska are predominant ly   open-sys tem  p ingos .   The  c l imat ic  c o n d i t i o n s ,  
a l o n g   w i t h   t h e   g e o l o g i c   a n d   t o p o g r a p h i c   s e t t i n g ,   d e t e r m i n e   t h e   t y p e  of p i n g o   t h a t   f o r m s .  

INTRODUCTION 

P i n g o s  are l a r g e  ice-cored m o u n d s ,   t y p i c a l l y  
c o n i c a l   i n   s h a p e ,   w h i c h   c a n  Eorm and p e r s i s t  
o n l y   i n  areas of p e r m a f r o s t   ( F i g s . 1 ,   a n d  2 ) .  
T h e y   g e n e r a l l y   r a n g e   f r o m  3 t o  70 m i n   h e i g h t  
and  f rom 30 to  1 , 0 0 0  m i n   b a s a l   d i a m e t e r .  
P i n g o s  are formed  by  heaving or  doming  from 
be low  caused  by h y d r o s t a t i c   a n d   c r y o s t a t i c  
p r e s s u r e .  A c l o s e d - s y s t e m   p i n g o   d e r i v e 6  i t s  
h y d r o s t a t i c  o r  a r t e s i a n   p r e s s u r e  from p o r e - w a t e r  
e x p u l s i o n   c a u s e d   b y   a g g r a d i n g   p e r m f r o s t ,  
whereas, a n   o p e n - s y s t e m   p i n g o   d e r i v e s  i ts  
h y d r o s t a t i c  or a r t e s i a n   p r e s s u r e  from a d i s t a n t  
h y d r a u l i c   h e a d .   R e v i e w   p a p e r s   t h a t   d e s c r i b e  
p i n g o s   a n d ,   i n  some cases, a d d i t i o n a l   f o r m s   o f  
f rost  mounds ,   have   been   prepared   by   Maar leve ld  
( 1 9 6 5 ) ,  MUller (19681,   Washburn  (1973,   p .   153-  
162; 1980,  p.  180-191) ,   J ahn  (1975, p.  90-103), 
F l e m a l   ( 1 9 7 6 ) ,   F r e n c h   ( 1 9 7 7 ,  p.  93-1041,  Mackay 
( 1 9 7 8 ) ,   a n d   P i a s a r t   ( 1 9 8 5 ) .  

EARLY STUDIES 

w a s  b y   d o n e   L e f f i n g w e l l   ( 1 9 1 9 , ' ~ .   l 5 0 - 1 5 5 ) ,  who 
The f i r s t   s l g n i f i c a n t  work   on   p ingos   i n   A laska  

d e s c r i b e d   t h e m  as  " g r a v e l   m o u n d s "   ( p i n g o s )  
( F i g . 3 )  of P l e i s t o c e n e   a n d   H o l o c e n e   a g e   o n  t h e  
e x t e n s i v e ,   r e l a t i v e l y   f l a t - l y i n g ,  Arctic Coastal 
P l a i n  of n o r t h e r n  Alaska. One of  t h e s e  mounds 
( F i g . 4 ) ,  about 40 km sou theas t   o f   Brudhoe   Bay ,  
was measu red   by   Le f f ingwe l l  , who u s e d   a n   a n e r o i d  
altimeter, a? b e i n g  230 f t   ( 7 0  m )  above  t h e  
s u r r o u n d i n g   p l a i n .   A c c o r d i n g  t o  r e c e n t  
1 :63 ,360-sca le   topographic   maps ,  t h e  mound is 
a p p r o x i m a t e l y  6 0  m h igh   and   1 ,000  m i n  
d i a m e t e r .   E v e n   i f   o n e   a s s u m e s  t h a t  t h e  smaller 
f i g u r e  is correct, t h i s   p i n g o  is still o n e  o f  
the l a r g e s t ,  if n o t   t h e   l a r g e s t ,   f e a t u r e  of i ts  
k i n d   i n   t h e   w o r l d .   L e f f i n g w e l l  a l so  made a 

c o n c e r n i n g  similar mounds. ne r e p o r t e d  t h a t  i n  
t h o r o u g h   r e v i e w  of the e x i s t i n g  l i t e r a t u r e  

Alaska, S c h r a d e r   ( 1 9 0 4 1  p.  9 4 )   o b s e r v e d  
o c c a s i o n a l  low m o u n d s   o n   t h e   f l a t s  east  o f  t h e  
C o l v i l l e   R i v e r  on t h e  Arctic Coastal P l a i n   a n d  
above  the d e l t a ;  Smi th   (1913,   p .   28)   descr i 'bed  

mounds  on t h e  M i s s i o n   l o w l a n d   ( F i g . 2 ,   l o c a l i t y  
1) o f  the N o a t a k   R i v e r   i n   n o r t h w e s t e r n  Alaska ,  
and   Mendenhal l   (1901,   p .   207)   repor ted   numerous  
s a n d   a n d   g r a v e l   m o u n d s   r i s i n g   1 0  to 1 3  m above  
the g e n e r a l   l e v e l   o f  t he  F i s h   R i v e r   l o w l a n d  
( F i g . 2 ,   l o c a l i t y  2 )  i n   t h e   s o u t h e a s t e r n   p a r t  of 
Seward Pen insu la .   George  L. H a r r i n g t o n   o f  t h e  
U.S. G e o l o g i c a l   S u r v e y   i n v e s t i g a t e d   s e v e r a l  
mounds i n   t h e  Ruby mining d is t r ic t  i n  west- 
c e n t r a l  Alaska .  He p r o v i d e d   L e f f i n g w e l l  w i t h  
d e s c r i p t i o n s  o f  mounds  and a p h o t o g r a p h  of one  
i n   t h e   v a l l e y  of Main Creek n e a r  Ruby 
( L e f f i n g w e l l ,  1919 ,  p.  153,  P l a t e  XVII,B). 
S e v e r a l   y e a r s  l a t e r ,  Mertie and   Har r ing ton  
(1924,   p .   8-9,  P la te  V I A )  d e s c r i b e d  these mounds 
i n  more d e t a i l  and s u g g e s t e d   s e v e r a l   w a y s   i n  
w h i c h   t h e y   m i g h t   h a v e   o r i g i n a t e d ,  

RECENT STUDIES 

During t h e  p a s t  25 y e a r s ,  most s t u d i e s  of p i n g o s  
i n   A l a s k a   h a v e   b e e n   l i m i t e d  t o  i n v e n t o r y i n g   a n d  
d e s c r i b i n g  them and t o  s t u d y i n g  their  g e o l o g i c  
a n d   t o p o g r a p h i c   s e t t i n g .   W a h r h a f t i g   ( 1 9 6 5 )  
m e n t i o n e d   t h e   p r e s e n c e  of p i n g o s   i n   s e v e r a l  
d i f f e r e n t   p h y s i o g r a p h i c   p r o v i n c e s   i n   t h e  
i n t e r i o r  a n d   n o r t h e r n   p a r t  of t he  s t a t e .  P&w& 
( 1 9 7 5 ,  p.  56-59)   descr ibed   what  was known a b o u t  
p i n g o s  I n  Alaska  a t  t h a t  time and  rev iewed  the  
l i t e r a t u r e .  Brown and PCwb ( 1 9 7 3 ,  p.  80-81). 
r e v i e w e d   t h e   s t a t u s   o f   p i n g o   r e q e a r c h   i n  North 
America. 

Nor the rn   A laska  

G a l l o w a y   a n d   C a r t e r ( 1 9 7 8 )  and Carter and 
Gal loway  (1979)  mapped 1 3 2  c l o s e d - s y s t e m   p i n g o s  
a n d   p i n g o - l i k e   f e a t u r e s   o n  t h e  Arctic Coastal 

which g e n e r a l l y   f o r m  i n ,   d r a i n e d  or  p a r t i a l l y  
P l a i n  i n   n o r t h w e s t e r n  Alaska. T h e s e   p i n g o s ,  

d r a i n e d   s h a l l o w   l a k e   b a s i n s ,  were located by 
u s i n g  ae r i a l  p h o t o g r a p h s .  A few were v i s i t e d  t o  
corroborate t h e   i n t e r p r e t a t i o n s  made from the.  
a e r i a l  p h o t o g r a p h s .  Most o f  t h e  p i n g o s  are 
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c o n i c a l   i n   s h a p e   a n d   r a n g e   f r o m  6 . t o  1 0  m i n  
h e i g h t :  a few are low broad  mounds as  wide a s  
200 m and as  l o n g  as 600 m. The h i g h e s t   p i n g o  
measured is 2 1  m. More t h a n  97 p e r c e n t  of t h e  
mapped p i n g o s   o c c u r   i n  areas unde r l a in   by   s andy  
u n c o n s o l i d a t e d   d e p o s i t s .  

More t h a n  300 a d d i t i o n a l   c l o s e d - s y s t e m   p i n g o s  
h a v e   b e e n   i d e n t i f i e d   o n   t h e  Arctic Coastal P l a i n  
between t h e  C o l v i l l e  River   and   the   Canadian  
b o r d e r   ( F e r r i a n s ,   1 9 8 3 ) .   T h e   t y p i c a l   p i n g o   i n  
t h i s   r e g i o n   ( F i g . 3 )  is 10-15 m high  and  65-100 m 
i n  diameter a t  i ts  b a s e ,   a n d   v i r t u a l l y  all o c c u r  
on t h e  f l o o r s  of d r a i n e d  or p a r t i a l l y   d r a i n e d  
s h a l l o w   l a k e   b a s i n s .  The r e g i o n  is g e n e r a l l y  
u n d e r l a i n  by sandy   g rave l   and  h a s  a t h i n   m a n t l e  
of f i n e - g r a i n e d   s e d i m e n t s .  

Walker and otners ( 1 9 8 5 )  described two d i s t i n c t  
t y p e s  of p i n g o s  i n  t h e  Prudhoe Bay r e g i o n   i n   t h e  

c e n t r a l   p a r t  of t h e  Arctic Coastal P l a i n ,  One 
is t h e   t y p i c a l   c l o s e d - s y s t e m   p i n g o   w i t h  a 
r e l a t i v e l y  small b a s a l   d i a m e t e r   a n d   s t e e p  side 
s l o p e s :   t h e s e   p i n g o s   o c c u r   p r i m a r i l y   i n   d r a i n e d  
thaw- lake   bas ins .  The o t h e r   t y p e   c o n s i s t s  o f  
r e l a t i v e l y  low mounds w i t h   l a r g e   d i a m e t e r s .  
These   so -ca l l ed   b road-based   p ingos  commonly 
o c c u r   o u t s i d e   t h e   d r a i n e d   t h a w - l a k e   b a s i n s   o n  
Older s u r f a c e s   a n d ,   t h e r e f o r e ,  are  c o n s i d e r e d  to  
b e   o l d e r   t h a n   t h e   t y p i c a l   p i n g o s .   T h e   o r i g i n  of 
t hese   b road-based  mounds is unknown. One of t h e  
mounds, d r i l l e d  and  logged  by  the U . S .  Army Cold 
Regions   Research   and   Engineer ing   Labora tory  
( B r o c k e t t ,  1982), w a s  found to have   an  ice 
core. A d e s c r i p t i o n  of t h e  materials 
e n c o u n t e r e d   i n  t h e  d r i l l i n g   t 0 g e t P e . r   w i t h  t he  
s t r a t i g r a p h y  was r e p o r t e d  by Rawlinson (1983 , Ij?'"' 
1 3 8 ,   1 3 9 ) ,  Walker and. o t h e r s  (1985,  p. 3 2 4 ) ,  as 
w e l l  as by B r o c k e t t   ( 1 9 8 2 ) .  
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F i g . 2  Index map s h o w i n g   A l a s k a n   p l a c e   n a m e s  used  i n  t e x t  a n d   t h e  location of: M i s s i o n  Lowland,  1; 
Fish Creek Lowland,  2; Johnson  River  a r e a ,  3:  and the area of frost mounds i n  t h e  Yukon-Kuskokwirn 
Delta area,  4. 



Burned  bone from a h e a r t h  a t  a p r e h i s t o r i c  
h u n t i n g  s i t e  on  t o p  o f  a small p i n g o   n e a r  the 

of 5 , 9 1 5 + % 9 5  y r  B.P. (Lobde l l ,  1 9 8 6 ) .   R e c a u s e  
coast  a i  n o r t h e r n  Alaska g a v e  a r a d i o c a r b o n   a g e  

t h e  p i n g o  was p r o b a b l y  the h i g h e s t   p o l n t   w i t h i n  
a n  area of some 30 km and was u s e d  a s  a n  
o b s e r v a t i o n  s l t e ,  Lobdell  ( 1 9 8 6 )  c o n c l u d e d  t h a t  
t h e  p i n g o  is p r o b a b l y  more t h a n  6 , 0 0 0  y r   o l d .  
T h e   p l n y o   c u r r e n t l y  is b e i n g   d e g r a d e d   r a p i d l y   b y  
wave a c t l o n   a n d  thermal e r o s i o n  from a n   a d j a c e n t  
l ake .  

Brooks Range 

A b o u t  7 U  p l n g o s   w i t h l n   a n d   n e a r   t h e   c e n t r a l  
Rrooks R a n g e   i n   n o r t h e r n  Alaska were i d e n t i f i e d  
by   Hami l ton   and  O b i  ( 1 9 8 2 )  , a n d   a d d i t i o n a l  
p i n g o s  f a r t h e r  west i n  t h e  Brooks   Range   have  
s u b s e q u e n t l y   b e e n   m a p p e d   b y   H a m i l t o n   J 1 9 8 4 a ) .  
T h e s e   p i n g o s ,   w h i c h  a r e  m o s t l y   t h e   o p e n - s y s t e m  
t y p e ,  occur i n   m o u n t a i n   v a l l e y s  a t  a l t i t u d e s  as 
n i y h  as 7 2 5  m a n d   i n   t e r r a i n   g l a c i a t e d  as  
r e c e n t l y  a s  l a t e  h i s c o n s i n .   d a n y  of t h e   p i n g o s  
a p p e a r  t o  be l o c a l i z e d   i n  a reas  where  begrock is 
n e a r   t h e   s u r f a c e   a n d   p o s s i b l y  are  re la ted  to  
f r a c t u r e   s y s t e m s   i n   t h e   b e d r o c k .   T h e  water for 
t h e  g r o w t h  of t h e  p i n g o s   p r o b a b l y  is g r o u n d  
water e m a n a t i n g   f r o m   t h e   f r a c t u r e   s y s t e m s .  

b y   H a m l l t o n   ( 1 9 8 4 b )   a l o n g  t h e  Kobuk f a u l t   z o n e  
E l l i p t l c a l  pingo-like m o u n d s   h a v e   b e e n   r e p o r t e d  

p a r a l l e l  to  the  s o u t h e r n   f l a n k  of t h e  Brooks 
Hang e.  

C e n t r a l  Alaska 

N e a r l y  300 o p e n - s y s t e m   p i n g o s  or p i n g o - l i k e  
mounds were f o u n d   i n   t h e   f o r e s t e d   d i s c o n t i n u o u s  
p e r m a f r o s t   z o n e   I n   c e n t r a l  Alaska b e t w e e n   t h e  
Brooks   Range  t o  t h e   n o r t h   a n d   t h e  Alaska Range 
t o  t h e   s o u t h  (Holmes, F o s t e r ,   a n d   H o p k i n s ,   1 9 6 6 ;  
Holmes, H o p k i n s ,   a n d   F o s t e r ,  1 9 6 8 ) .  T h e s e  
p i n g o s   t e n d  t o  form o n   s o u t h -   a n d   s o u t h e a s t -  
f a c i n g   s l o p e s ,   n e a r  t h e  base of s l o p e s ,   a n d   n e a r  
t h e  t r a n s i t l o n   b e t w e e n   v a l l e y   f i l l   a n d   t h e   s l o p e  
m a n t l e .   T h e y  are commonly c l u s t e r e d   a l o n g  a 
c o n t o u r   a n d  a re  p r i m a r i l y  composed of c o l l u v i u m  
a n d   v a l l e y - f l l l  mater ia l .  T h e  p i n g o s  a re  
g e n e r a l l y   c l r c u l a r  or e l l i p t i c a l ,  b u t  a few are 
i r r e g u l a r   i n   p l a n   a n d   p r o b a b l y  were formed  by  
s e v e r a l   c o a l e s c i n y   m o u n d s .   T h e y   r a n g e   i n  basal  
diameter from 1 5  t o  4 4 2  m a n d   i n   h e i g h t  from 3 
t o  3 0  m. Commonly the i r  summi t s  are  c r a t e r e d  
a n d   o c c u p i e d   b y   s p r i n g s  or p o n d s   ( F i g . 5 ) .  
S l m i l a r   o p e n - s y s t e m   p l n g o s  a re  f o u n d   i n   C a n a d a ,  
and  Hughes ( 1 9 6 9 )  h a s  s t u d i e d  them i n  t h e  
c e n t r a l  Yukon T e r r i t o r y .  

K r i n s l e y  ( 1 9 6 5 )  made a d e t a i l e d  s t u d y  of t h e  
fllrch Creek o p e n - s y s t e m   p i n g o ,  wh ich  IS n e a r  
Cl rc le  I n  i n t e r i o r  Alaska.  The p i n g o  i s  
forested and elliptical. I t  1s a p p r o x i m a t e l y  
4 0 0  rn i n  diameter a t  i t s  b a s e   a n d  1 5  m i n  
h e i g h t .  The t o p  of t h e   p i n g o  is c r a t e r e d   a n d  i s  

d e t e r m i n a t i o n   i n d i c a t e s  t h a t  t h e  p i n g o   s t a r t e d  
o c c u p i e d   b y  a shallow pond.  A r a d i o c a r b o n   a g e  

t o  yrow a f t e r  5 , 7 2 0 ~ 6 5  y r  U.P. T h i s  maximum a g e  

d e t e r m l n e d  f o r  a p i n y o   y n   T h e l o n   V a l l e y ,  N.W.T., 
is similar t o  t h e  5,500+250 y r  h.P.  maximum a g e  

C a n a d a   ( C r a i y ,  1 9 5 9 ,  p. 5 0 9 )  ; and to  t h e  6 , 8 0 0 ~  
2 0 0  y r  B.P. maxlmum a y e   d e t e r m i n e d  f o r  t h e  
S i t l y a k   p i n g o   i n  the Llackenzle  Delta area 
(Mbller ,  1 9 6 2 ,  p. %84). T h e s e  a g e  
d e t e r m l n a t i o n s  suggest t h a t  t h e   p i n g o s  s t a r t e d  
t o  y r o w  a f t e r   t h e  c.limatic optlmurn. 
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Fig .5   Open- sys t em  p ingo   i n   Yukon-Tanana  
U p l a n d ,   e a s t - c e n t r a l  Alaska. L i g h t   b i r c h  
t rees  o n   p i n g o   c o n t r a s t  w i t h  d a r k . s p r u c e  trees 
a n d   s h r u b s   s u r r o u n d i n g  it. P i n g o  is a b o u t   1 5  
m h i g h   a n d  90 m i n   d i a m e t e r  a t  i ts b a s e ;  
w a t e r - f i l l e d  c ra te r  o n  i t s  summit  makes i t  

Augus t  1 9 6 0 .  
" d o n u t   s h a p e d . "   P h o t o g r a p h   b y  H. L. F o s t e r ,  

A s  p a r t   o f   t h e   s t u d y  of t h e  g e o l o g y  of t h e  
J o h n s o n   R i v e r  area ( F i g . 2 ,   l o c a l i t y  3 )  i n  
c e n t r a l  Alaska, Holmes and ,Foster ( 1 9 6 8 ,  p.  40- 
4 3 )  i d e n t i f i e d  two o p e n - s y s t e m   p i n g o s   a n d  two 
p i n g o - l i k e   m o u n d s .  The l a r g e r  of t h e  two p i n g o s  

l o e s s - c o v e r e d   b e d r o c k   v a l l e y  s ide  a n d   t h e  silt- 
i s  located n e a r   t h e   b r e a k   i n  slope b e t w e e n  t h e  

f i l l e d   v a l l e y  floor. T h e   p i n g o  is a b o u t  46 ft 
(14 m )  h i g h   a n d  310 f t  ( 9 4 . 5  m )  i n   d i a m e t e r  a t  

crater h o l d s  a c i r c u l a r   p o n d .  A Eraymen t  of a 
i t s  b a s e   a n d  is n e a r l y  symmetrical i n   p l a n .  I ts  

s p r u c e  tree from a d e p t h   o f   2 . 5  f t  (0 .8  m )  o n  
t h e   n o r t h  rim of t h e  crater y i e l d e d  a 
r a d i o c a r b o n   a g e  of 7,010+150 y r  R.P.; however, 
a c c o r d i n g  to  t h e  Holmes a n d   F o s t e r ,  t he  p r e s e n c e  
of a w e a k l y  developed Brown fores t  s o i l  p r o f i l e  
i n d i c a t e s  t h a t  t h e   a g e  of t h e  p i n g o  is p r o b a b l y  
n o  more t h a n  a f e w   t h o u s a n d   y e a r s .   T h e  smaller 
p i n g o  is on t h e   e d g e  of a s i l t - f i l l e d ,  
u n g l a c i a t e d   v a l l e y  a t  t h e  Eoot o f  a loess- 

m) h i g h  and 1 0 0  f t  (30 .5  m )  i n  diameter a t  i t s  
c o v e r e d  b e d r o c k  slope. I t  is a b o u t  25 f t  ( 7 . 6  

b a s e .   I n  a c o l l a p s e d   d e p r e s s i o n  a t  t h e   s u m m i t  
of t h e  p i n g o ,  a s u b a r c t i c  Brown f o r e s t  s o i l  is 
e x p o s e d ;  i ts  d e v e l o p m e n t   s u g g e s t s   t h a t   t h i s  
p i n g o  is o l d e r   t h a n  t h e  o t h e r   o n e .   T h e  two 
p i n g o - l i k e   m o u n d s ,   w h i c h  were n o t   v i s i t e d   o n   t h e  
g r o u n d ,  a re  a b o u t  30 f t  ( 9  m )  h i g h   a n d  300 f t  
( 9 0  m )  i n  basal  diameter. 

were reported i n  t he  Yukon-Kuskokwim Delta area 
S e v e r a l   h u n d r e d  so-called c l o s e d - s y s t e m   p i n g o s  

( F i g . 2 ,   l o c a l i t y  4) b y   B u r n s   ( 1 9 6 4 ) :   h o w e v e r ,  
t h e   d e s c r i p t i o n s   a n d   p h o t o g r a p h s  o f  e x a m p l e s  of 

b u t  are p a l s a s .  pew& (1975, p.  5 7 )  also  came to  
these m o u n d s   s u g g e s t   . t h a t   t h e y  are  n o t   p i n g o s ,  

t h i s  c o n c l u s i o n .  
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REGULARITIES IN FORMING  THE  DISCONTINUITY 
OF A CRYOGENIC SERIES 

S.M. Fotiev 

Research Institute of Engineering Site Investigations, Moscow, USSR 

SYMOPSIS A foundation of contemporary  zonat ion  differences  in  a degree of the   d i scont inui ty  
of a Cryogenic  Seriea (CS) i s  ehown t o  be l a id   a t   t he   beg inn ing  o f  t he  Holocene. It W 8 8  de te r -  
mined by a l a t i t u d e  - zonat ion  inf luence of exogenet ic   fac tors  end condi t ions on both  thawing  the 
Pleis tocene  f rozen ground i n   t h e  Lower Holooene and f reez ing   the  thawed ground i n   t h e  Upper Holo- 
cene. By aondi t ions of developing  the CS and t a l i k s   i n   t h e   P l e i s t o c e n e  and Holocene zones of t h e  

degree of t he  CS diacont inui ty  is shown t o  be  determined by condi t ions of developing  the open, 
continuous and discontinuous C3 a r e   r a t h e r  c lear ly   dis t inguished.   Zonat ion non-uniformity o f  a 

i n f i l t r a t i o n  and rad logenic   t a l iks .  Due t o   t h e   c o n d i t i o n e  o f  forming the  above t a l i k a  on the  
t e r r i t o r y  of t he  USSR regions and provinces  are  diatinguiahed where these  o r  t h o s e   t a l i k s  play  
main role i n  forming t he  CS discont inui ty .  

Soi l   t empera ture ,   th icknesa  and d iscont inui ty  
of a CS have  often end ma te r i a l ly  changed dur- 
ing tha   Pleis tocene and Holocene  Periods. A 
contemporary geocryological s i t u a t i o n   i n  any 
area of a cryogenic  region (CR) ie a malt of 
a aomplex and h i g h l y   d i f f e r e n t i a l   e v o l u t i o n  
hiataxy of the CS dur ing   th ree   l aa t   geocryo-  
l o g i c a l  perioda, namely: 1. a period of maxi- 
mum extent  of the  Pleimtocens  lw-temperature 
CS (from 37-35 t o  10 thowend  yeara  ago),  
2. a period of maximum thawing o f  t he   P l e i s to -  
cene Pemfrost  (from 10 t o  4 + 5  thouaand  years 
ago) and 3. a period o f  a new formation of t he  
Noloeane  high-temperature CS (from 4,5 thoue- 
and years) up t o  now. 
AB i t  i s  known dur ing   the  first per iod   in   the  
conditione  of a time-indepmded and moat ri- 
goroue sharp ly   cont inenta l   a l imate   the  most 
low-temperature and th i ckes t  CS has been for- 
ned a t  a vaet  circumpolar area. According t o  
V+!J!. Balobaevps  opinion (1978) a ground tem- 
pera ture   has  been by 8-10° below a contem- 
porary one. The CS area haa  reaohed i t e  maxi- 
mum a t  the expenee of a perennial  and deep 
ground f r e e z i n  both i n  South l a t i t u d e s ( r i g h t  
up t o  48ON) an8 i n  North one8 - a t  a dr ied  
pa r t  o f  t h e   S h e l f   ( u p   t o  82°1V). Climatic  and 
geooryologioel   condi t ions of the  period  has 
been  extremely  unfavourable for conservation 
or evolut ion of  open t a l i k s .  A t  vas t   a r eas  a 
continuoua CS has  been formed which  discon- 
t i n u i t y  has been  insignifioantly  amall   since 
only local ground areas  near  water-absorbing 
o r  water-withdrawing  tectonic  fraeturee  with 
a oonstant and s i  i f i o a n t   h e a t  and water  
t ranBier   could  wigetand a perennial freezing. 
During  the  second  pesiod  due t o  a eharp  uneven 
hea t  and moisture  increment  there  have  occured 
r ise i n  a rock temperature,  degradation o f  t h e  
Pleiefocene CS th ickness  and dec reaee   i n  nn 
area o f f i t s  BXfentc Climatic   condi t ions of t h e  
period hmve been  highly  Pavourable  for  forming 
the   rad lagenic  and g idrogenic   t a l iks   (Pot iev ,  
1978). Abaence of f o r e s t   t s a c k a  and thick  peat-  

I -I r n  

moss covers   (eepecial ly   a t   the   baginning of 
t he   pe r iod ) -has   con t r ibu ted   t o  an ac t ive  thaw- 
ing  of the  upper  horizons o f  f rozen ground 
under  the  influence of a s o l a r  radiation and 
rain  waters.  Depth of thawing  obeying  the law 
of a l a t i t ud ina l   zona t ion   has   dec reased   t o  e 
nor th   d i rec t lon .  An increase  i n  the   th ickness  
o f  a seasonally  thawing layer has  caused a 
rapid  progress of a thermokarst  proces8. A t  
acoumuletion  plains  there  have formed numerous 
large thermokeret  lakea. As a r e s u l t  of higher  
accumulation o f  t he  sun heat by l a k e  waters  
numeFous t a l i k e  below a lake have  been formed 
under  their   bottoms: open - i n   sou th   a r ees  of 
t he  CS and cloaed  onee - i n   no r th   a r eas .  By 
t he  end ~f t he   pe r iod   i n   no r th  areas of   the CR 
a rock  temperature  of  the  Pleistocene CS has 
reaohed  posit ive  values  within  the whole  pro- 
f i l e  and a t  t he  whole  area a t  the  expense of 
an   i n t e rna l  and ex terna l   hea t  exchange. 
Further  northward a rock  temperature  has  re- 

horizons  of  the CS a t   t h e  expense  of a heat  
ached posi t ive  values   only  in   lower and upper 

f l o w  from a n   i n t e r i o r   p e r t  of t h e   s a r t h  and 

whereas i n  m i d d l e  horizons of t he  CS t he re  
accumulation of t he  6un hea t   reapec t ive ly  

remained rocks with  a negative  temperature, A t  
l a a t ,   i n   n o r t h   e u b a e r i a l   a r e a s  of t he  CS aver- 
age  annual  rock  temperatures  have  remained ne- 
ga t ive   desp i te   the   sof fenning  o f  the   c l imat ic  
condi t ions and increaae in t he  rock and air 
temperature:  the CS diacont inui ty   has  remain- 
ed neg l ig ib l e  even i n   t h i s  warmest period* 
During  the  third  period a perennial   f reezing 
of t he  ground thawed i n   t h e  Lower Rolocene has 
begun again:  high-temperature  cryogenic  beds 
small i n   t h i c k n e s s  and discontinuous  have been 
formed, The CS boundary  has again moved  down 
t o  t he  South. 
By condi t ione of t he  CS evo lu t ion   i n   t he  Pleis- 
tocene and Holocene sf t h e   t e r r i t o r y  of  t he  
USSR a e  well  BS a t   t h e  whole  area o f  a North 
hemisphere two geocryological  zones  can be 
r a t h e r   c l e a r l y   d i s t i n g u i s h e d ,  namely nor th  and 



eouth onea, werioda auch  low-temperature (from -2 t o  -1l0) 
A nor th  zone t e r r i t o r i a l l y   c o i n c i d e s   w i t h  a 

-2 t o  - I O o )  thick  (from 150 t o  1500 m) CS of 
zone of the  continuous  low-temperature (from 

the  Pleis tocene Age cont inuously  occurr ing  a t  
a l l   t h e  relief fea turea   dur ing   tena  and hund- 
rede of thowands years, In  such B aevere time- 

th ick  (300-1000 and more metres)   cont inuow CS 
of the  Pleis tocene Age, The CS discont inui ty  
i n  mountain s t r u c t u r e s  i s  r a t h e r  small s ince  
the   a rea  of t he  open watar  abaorbing and water  
withdrawing  ta l ika  aseociated with fractu;-ea 
i s  negligibly  small ,  

independent  geocryological  situation  condi-  Within  the USSR a zone of the  cont inuous cs 
t ion8  f o r  the  formation and coneervation of the  occupies   the most perf (61%) of t he  area of a 

Owing t o   t he   f ac t   on ly   l oca l   a r ea8  of t he  
open t a l i k s  have been  extremely  unfavourable,  contemporsry  subaerial CR. 
ground wi th   an   ac t ive   hea t  and moisture  trans- A BoUth Zone c o i n c i d e s   t e r r i t o r i a l l y  with tha t  
f e r  have  remained  from a perennial   f reezing of t h e   h i  h-temperature  (between 0 and -2’) 
with in   the  limits of t he  open t a l i k s  of an and t h i n  ?from 0 t o  100-150 m) CS of the Late 
underwater Class. An a rea  of t he  open t a l i k s  Holocene Age. The CS discont inui ty  i s  em-  
aheped a s  a pipe ox s l o t  is incommensurably  aiderable  thore  but irregular. It i s  governed 
small (between 0 snd 54%) as compared t o   t h a t  by the condi t ione 09 forming  the open t a l i k s  
occupied by t he  CS, A t  platforma  they are aeso- Of hidrogenie* radiegenic, and 
c i a t ed   w i th   e ig the r   l a rge   t r ans i t   r i ve r   va l -   vo lcanogen ic  clasaea. The author   has   amer-  
l e y s   a t   t h e   a r e a s  of 8 non-mi ra t ing . r iver -bed   ta ined   tha t   the   rad iogenic  and 
OX w i t h  the  bottoms of large  diameter   being  ta l ike are primary in the cs 
i n   t h e   o r d e r  of 1000 m) deep lakes. In mount- t i n u i t y   ( F o t i s v ,  1978). The condi t iona of 
a i n  - folded  area8  the open t s l i k s  have remain- their formation are in the in- 
ed only i n   t h e   v i c i n i t y  of large water  abeorb-  stance by the law of la t i tud ina l   zona t ion ,  
i ng  and water  withdrawing  fractures. A aouth  s ince a magnitude o f  an  accumulated B o h r  Fa- 
boundarv of a nor th  zone i n  a l l  t he   r ep ions   d i e t ion  (Qp) and amount of heat  carried i n t o  
co inc id i s -wi th  B conjugation  boundary  ( in 
sec t ion )  of t he  Holocene and Pleiatocene CS. 
A t  t h e   t e r r i t o r y  o f  t he  USSR t h e  boundary when 
running  weat t o   e a s t  movea  down to   t he   aou th  
owing to   con t inen ta l i za t ion  of the  climate.  It 
paeees a t  67ON, 660N and 60-6I0N xeapeotively 
a t  t h e   t e r r i t o r y  of a Timan-Ural r e g i o n ,   i n  
Weat S ibe r i a  and i n  Middle and East Siberia,  
Similar   r lgoroua and extremely  rigoroue geo- 
cryologica l   condi t ions  are a l s o   o h a r a c t e r i s t i c  
of highland   s t ruc tures  of the  South of Siber ia  

fur ther   south   than   the  nor th  zone wi th in  which 
and Zabaikalie. These e t ruc tu res  a re   loca ted  

L i m i t s  r i g o r  of c l ima t i c  and geocryalogical  
conditiona  ha@  been  mainly governed by l a t i -  
tude-zonat ion   pecul ia r i t i es  of heat  exchenge 
between the  rocks and atmosphere. In  highland 
a t r u c t u r e a   s t a b i l i t y  of r igoroua   c l imat ic  and 
aeocryological   condi t ions  durina  tens  and hun- 

” .  . . - 
the ground-wi th   i n f i l t r a t ing  sa in  water8 i n  a 
warm period of a year  (Qinf+ are regular ly  
decreased i n  a d i r e c t i o n  from t he  South t o  thm 
North. Values of Qr and Qinf axe   knmn  to  be 
em11 by an absolute  value  but  squidimeneional 
for a oons iderable   axear   Jus t   therefore   bo th  
the   rad iogenic  and i n f i l t r a t i o n   f a l i k s  are 
moat widely extended i n  aouth  aseaa of t he  CR 
and j u s t   t h e y  govern t he   cha rac t e r  of t he  CS 
discont inui ty   wi th in  the whole south zone. An 
area of t h e  mentioned  tallike m y  be coneider- 
ably l e s e   t h a n   t h a t  of t he  CS i n  a zone o f  the 
al ight ly   dieeont inuoua CS (5-25%), oormnenmux” 
ab le   wi th  i t  i n  zonea of the   disoont inuoua 
(25-5m) and maaive ly   spo rad ic  (5O-75%) OS 

r a d i c  (75-951) and aooaaionally sporadio (95- 
or  coneiderably exoeed it i n  sonem of thm s p o l  

100%) CS Table No. 1. 
areda- of Xhouaanda year8  has  been  exception- 
a l l y  governed by a l t i t u d e - b e l t   p e c u l i a r i t i e s  

On t h e   t e r r i t o r y  of the  accumulation plainFI 
O f  hea t  exchange. Only due t o  a sSgnif icent  

t he  faliks below a lake which aream i n   p a r t i -  
(1500-3000 m )  absolute a l t i t u d e  of alpine-type 

cular   provincee are comenaurable   with OF con- 
mountain  s t ructures   in   euch lower l a t i t u d e s  eiderably exceed t h a t  of the CS a m  primary in 
(up t o  53-54O) could be  formed and never c m n e  

forming t he  CS diacont inui ty .  It i s  socounted 
for by an  abundance of thermokarat   lakea  their  

t o  Occur du r ing   t h ree   l a s t   geoc ryo log ica l   l a rge   wa te r   a r ea  and emall depth  contr ibut ing 

TABLE 1 
Degree of Cryogenic  Series  Disuontinulty 

Degree of CS die- &ea of frozen Area of open e p e  of cs by Subtype of cs by 
oontinuify , ground, % t a l i k s ,  % exten t   ex ten t  

Ra the r   i n s ign i f i can t  95-1 00 

Ins ign i f i can t  

S ign i f i can t  

75-95 

50-75 

25-50 

5-2 5 
0- 5 

Highly  eignificant 

0- 5 
5-25 

25-50 

continuous continuous 
e l igh t ly   d i scont inuoua  

highly  discontinuoua 
discontinuous 

50-75 maarjively  aporadic 
sporadic  

75-95 aporadic 

95-1 00 occasional ly   sporadic  
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t o  a conaiderable warming up of t he  bottom 
sediments  during 8 warm period.  Formation of 
t he  t a l i k B  below a lake  depends upon a con- 
eiderable  degree on the  conditionrj of forming 
of the  thermokarat  lakee end t o  a l e s s e r  degree 
on a magnitude of B solar radiat ion.  
An area of  hemogenic and volcanogenic   ta l ike 
ae wel l   a8  of the rset 13 types  of  the  gidra- 
genic  talike is usual ly  emall: they  govern a 
degree of t h e  CS discont inui ty  only on a l e v e l  
of geocryologicel  provinces  (Potiev,1978). For 
example, t a l i k s  below a l ake ,  hemogenic and 
volcanogenic  ones a r e  primary  respectively 
wi th in   a l luv ia l - lacus t r ine  pla ina ,  a t   t h e  
a reas  of sulphur  and c o a l   f i e l d s  and a t  t he  
areaa of a contemporary  volcanicity. 
By the   l ength  o f  an  exists,nca period the   in -  
f i l t r a t i o n   t a l i k s ,   t h e   r a d i a g e n i c   t a l i k a  and 
t h a t  below 8 lake  can be eubdiv idrd ' in to  2 
typre: primary and aecondary onee. Primary 
t a l i k s  were  formed in t he  Low Holocene ae f a r  
beck Re a period of R maximum thawing of t h e ,  
frozen ground of the  Pleietocene  age owing t o  
a waxmin e f f e c t  o f  a eolar r ad ia t ion  and xain,  
r iver   anf   lacuetr ine  watera .  They have  never 
ceased t o  occur  during  the  whole  period o f  
forming t he  Upper Holocene CS ereae 00 t he  
primary t a l i k s   a r e  most considerable  and their  
role  i n  forming  the  diecont inui ty  of t he  Upper 
Xolocene CS is reat.  Secondary t a l i k e  have 
been a l a o  forme$  under a heat ac t ion  of a 
s o l a r   r a d i a t i o n  and natural   waters .  But they 
have  been  iormed  only i n  the  Upper Holocene as 
a r e s u l t  00 thawing the  frozen ground of t he  
Upper Bolocene Age. The secondary  te l ika 

i n  f o d n g  the  CS d i scon t inu i ty  i e  l e a s  algni- 
occupy evident ly  l e s s e r   a r e a a  and the ir  r o l e  
f i c a n t   p a r t i c u l e r l y   i n   t h e   n o r t h   a r e a s  of t he  
south zona where  the Js thickneas  reaches 100 
and more metree. 
A t  t h e   t e r r i t o r y  o f  the   south zone both pre- 
sen t ly  and during  the  Pleietocene Age R zonal 
and intrazonal  non-uniformity of forming t he  
varying  types and eubtypes O f  t he  CS by ex ten t  
wa8 governed by e i t h e r  a conaiderebl8  non-mi- 
formity of condi t ion8 of  B r a i n   w a t e r   i n f i l -  
t r e t i o n  or  by a anow cover  depth and condi- 
t ions  of ita t r a n s f e r   w i t h  a snow a t o m  
along  the  area. 
Optimal oondi t iona f o r   f o r m i n g   t h e   i n i i l t r a -  
t i o n   t a l i k s  are conaidered  to  be a s  followa: 

t o  e ground su r face   w i th   r e in  w u t d q f 2 .  wide 
1. a conaiderable amount o f  heat (Q 1 car r ied  

and f l a t   i n t e r f l u v i a l  apeees whioh abaolute  
s l sva t iona  do not exceed t h e   c e i l i n g  of an a i r  
temperature  invaraion; 3. a considerable  poro- 
s i t y   o r   f r a c t u r i n g  o f  a rock mess and its good 
dra inab i l i t y .  Such n a t u r a l   s i t u a t i o n  18 most 
e h a r a c t e r i a t i c  t Q  the  eouth  regione of Middle 
S ibe r i a  end Zabaikalie.  Juat i n  these  very  re- 
giona a s l igh t ly   d i scont inuous ,   h ighly   d i scon-  
tinuoua,  masaively-sporadic,  sporadic or oc- 
cas iona l ly   sporadic  CS hea  been  formed  depend- 
ing  on aondi t iona o f  e r a i n  water i n f i l t r a t i o n .  
A t  t h e   p h i n u  of We& Siber ia  and European 
North-Eaat a wide  extent of clayey d e p o s i t a  
and peat bogs coupled  with a small   depth of an 
e roa iona l   d i sseo t ion  of t h e   t e r r i t o r y   l i m i t a  
the p o s s i b i l i t y  of fo rming   t he   i n f i l t r a t ion  
falike notwithetending a conaidsrebls   value of 
Qinf and a great width o f  f l a t   i n t e r f l u v i a l  
specerr. Unfavourabla  are  the  conditions of 

f o r m i n g   t h e   i n f i l t r a t i o n  taliks i n  mountain- 
fo lded   s t ruc tures   as   wel l .   In   up land  atructu- 
rem they  can  not be formed  due t o  the rigor o f  
geocryologlcal  conditions.  I n  middle-mountaSn 
end loner-mountain  StrUCtur8a  located below 

quota of ra in  water6 i n f i l t r a t i n g  ina ide  a 
t h e   c e i l i n g  of an a i r  temperature invers ion  a 
massif i s  smal l   e ince   the i r  moet par t   quickly 
atreams down along the alopas  surface.   Ihere- 
fore ,  e t  the  accumulation  pleina and i n  mount- 
ain-folded  regions a r o l e  of t h e   i n f i l t r a t i o n  
t a l i k s   i n  forming t he  CS d i scont inui ty  is 
am8 11 . 
Optimal  conditions f o r  forming the   rad iagenic  
t e l i k s   e r e  conaidexed t o  be as follows: 1. an 
abundanoa of heat  due t o  a e o l a r   r a d i a t i o n  
under i t e  small   loesea by a tu rbulen t   hea t  ex- 
change, evaporation,  etc.  and 2. a conoider- 
able   depth o f  a m o w  cover  being small Fn den- 
e i ty .  Conditions o f  formation of the   rad ia-  
g e n i c   t a l i k a  of en i neo la t ion  type forming 
under a n a t u r a l  anow cover  depth and that 09 
an  iaolat ion  type  forming as a r e s u l t  of a 
higher  snow accumulation owing t o  a anqw storm 
t r a n s f e r   d i f f e r .  
The radiagenic  t a l i k e  o f  an  insola*ion  type 
13x8 moat t y p i c a l   f o r   s o u t h  areaa of the  CR 
eince an amount of a Bohr r a d i a t i o n  i s  known 
t o  increaee  i n  a south   d i reo t ion  and rigor of 

nor th  one. I n  south areaa of t h e  CR a t  the 
a geocryologlca l   s i tua t ion  increaaes  i n  R 

a reas  composed of olayey mild OF p i t  bogs con- 
d i t i o n s  of forming the sporedio and occasion- 
ally sporadic  US a r e  governed by a degree o f  
a surface  shadowing ( thiok f o r e s t s ,  bottoms 
and s i a e e  00 narrow  deeply  ineieed  valleya, 
ravine  etc.).  Should a depth of aroaional  d i e -  
section  be  coneiderable (50-150 and more met- 
res) which i s  c h a s a c t e r i a t i c  of plateaux and 
high plateaux o f  U d d l e   S i b e r i a  and Zabaikalie 
a maximum amount of a s o l a r   r a d i a t i o n ,   a 8  it 
ia known, is car r ied  t o  t h e  Eturface of Etouthly 
arranged slopee. Owing t o  t h i a  only i n  these 
very e r e a s   a x e   t h e   t a l i k e  of an  inaolat lon 

CS and equally with  the i n f i l t r a t i o n   t a l X k s  
type formed far from a south boundary of t h e  

take   par t  i n  forming the discontinuous and 
masaively-sporadic CS. 
The r ad iagen ic   t a l i ke  o f  a n   i a o l a t i o n  type are 
most o h a r a c t e r i s t i c  of p l a i n s  i n  Weet S ibe r i a  
and European North-&&. Wing t o  heavy winter  
p rec ip i t a t ions  (100-150 mm) and a coneiderable 
anow s torm  t ranefer  a snow cover   depth  of ten 
reaohes 1-2 m in   depress ions .   This   cont r ibu tes  
t o  a wide  development  of t he  open radiagenic  
t a l i k e  of an  isolat ion  type.   That  is  why, a r e a s  
of the maaeively  sporadic and aporadie CS in 
Weet S ibe r i a  are located  near   the  Polar  Circlet 
A r o l e  of them t a l l k s   i n  forming  the  aporadic 
and occasional ly   sporadic  CS in areas   of  a si- 
berian  ant icyclone i s  l imited.  
Depending on condi t ions  o f  developing  the  in- 
f i l t r a t i o n  and r a d i o g e n i c   t a l i k s  at t h e   t e r r i -  
tory of a aouth zone there  can  be  diatinguieh- 
ad a reas  of extension of 5 subtypes of t he  CS 
(see t a b l e ) ,  namely, s l i gh t ly   d imonf inuous ,  
h i  ly  discontinuous  masaively a oradio,  spo- 
ra P ic and oecesionaliy  sporadic.  &ending on 
geologo-geomorphological and climatic  eondi- 
t i o n s   i n   v a r i o u s   r e g i o n s  of t he  USSR they can 
be c l a s s i f i e d   i n   t h e  form of subzones or change 
each   o the r   i n  moeaic.  Subzones o r  provincee 
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dis t inguished   accord ing   to   ex ten t  of these  o r  
thoee subtypes o f  t he  CS d i f f e r   n o t   o n l y   i n  
oompoaition and eizea o f  t he  open t a l i k s   a r e a  
but i n  a rock temperature ,   the  CS th ickness  
and length  of i t s  exis t ing  per iod as well. 

i ng  t o  an exten t   ( see   t ab le )  can and must be 
The proposed c l a a s i f i c a t i o n  of t he  CS accord- 

used in   geoc ryo log ica l  mapping on any scale.  
An in t roduct ion  of t he  above c l a s s i f i c a t i o n  of 
t he  CS in geocryological   inveat igat iona w i l l  
save the  reaeerchers  from  unnecessary  confu- 
d o n  i n  e x i s t e n c e   a t  prosent. 
I n  conclueion l e t   u s  touch upon the  problem o f  
a contemporary  eouth boundary of the  CB. The 
boundary  ae It is known rune through a terri- 
to ry   wi th   pos i t ive  average annual  rock tem- 
peratures.  In  f a c t  i t  separa tes  an m e a  of tho 
open t a l i k s  a t  t h e   t e r r i t o r y  o f  t he  CR from 
t h a t  composed by non-frozen rocks outeide the 

at ion of the  CS under disturbance of na tu ra l  
CR, In our  opinion a p o s s i b i l i t y  o f  a new Porm- 

conditions of heat  exchange  betwe,?n  the rbcke 
and the atmosphere  (disturbance of r a in   wa te r  
I n f i l t r a t i o n   c o n d i t i o n e ,  removal o r  compatltion 

t e r i o n   f o r  drawing a boundary l ine .  A t  t he  
of a anow cover, etc.)  should a e w e  as a cri- 

t e r r i t o r y  of t h e  CR t h a t   l e   w i t h i n   t h e  l i m i t e  
of t he  open t a l i k s  a technogenic OF na tu ra l  
disturbance o r  change i n   h e a t  exchange condi- 
t i o n s  w i l l  inevi tab ly   l ead  t o  a rock  tempera- 
t u r e  f a l l  below a zero and a new formation of 

formation o f  t h e  CS does not fake place  under 
the  CS. Southward of  t he  CR boundary a new 

any change8 i n  a na tu ra l  hea t  exchange. 
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SYNOPSIS Explaining the development of rock glaciers requires knowledge of the movement of e n  
ice-rock  mixture.  Without  detailed  internal  evidence of stresses  and  strain  rates,  temperatures,  ice- 
rock mixtures, and bedrock characteristics, discussion of the  process or processes  that form rock 
glaciers is premature.  Improved  collection of internal evidence  and  the  development  of a mathematical 
model to describe dynamics will generate the  most acceptable explanation  of  the  process or processes 
of formation. 

Surficial  movement rates derived from  both  strain  nets  and  dendrogeomorphology must  be correlated with 
internal characteristics (i.e.,to reveal the process(es)). Evidence of surficial movement  only 
provides  initial  data fo r  the development  and assessment of a rheological  model.  Interrelationships 
among variables  indicate  that  movement  may  be  attributed to plastic  flow  or  stratified flow in which 
viscosity changes with depth. This paper summarizes previous work on rheology from glaciology  that 
may be applicable to rock glaciers. Data from internal characteristics and surficial measurements 
will contribute to a simplistic mathematical model to describe the movement mechanics of a rock 
glacier. 

INTRODUCTION  BACKGROUND TO ROCK GLACIER MODEL DEVELOPMENT 

The past one hundred years  have seen a large The  movement of a rock glacier involves the 
amount o f  rock glacier research being  undertaken interaction between the stress field  within the 
since the work by Steenstrup (1883). Although rock glacier and  the  changing  stress-strain 
Wahrhaftig and Cox's (1959) landmark  paper relationships O f  the  upper surface  (active 
stated that knowledge of rock glacier formation layer), which changes seasonally from unfrozen, 
and movement was related to movement mechanics, supersaturated sediments to a frozen sediment 
few  researchers  followed  their  suggestion. mixture. The active layer responds to the 
Because rock glacier  data (both internal and yearly  climatic  Cycle,  including  energy and 
external) are difficult to obtain, explanation, moisture inputs. Climatic input into the upper 
for  the  most  part,  has  been  based upon surface will extend into the rock  glacier as far 
speculation. Fortunately, some researchers have as  the interface of  the  Permanently frozen 
followed  Wahrhaftig and cox's  suggestion  and subsurface. At Present little information 
have  attempted  to  develop movement models exists with regard to the active layer or t h e  
(Whalley 1914; Barsch et al. 1979; Thompson frozen  subsurface  layer  because  Stresses 
1981; Giardino 1983;  Qlyphant 1983; Johnson occurring within a rock glacier are difficult 
(1984); Haeberli 1985; Giardino et al. 1985). and complex to assess and study. Determination 

of the unfrozen-frozen interface is problematic 
at best, and whereas Nickling  and  Bennett ( 1 9 0 4 )  

Our is to an overview of the have carried out laboratory experiments on ice- 
status  of  rheological work on rock glaciers. sediment mixtures, their work provide, o n l y  
Because of the scarcity of basic information short-term O f  stress-stl:ain 
necessary to establish  the  rheology of rock relationships for limited mixtures of ice/rock 
glaciers this paper should be viewed as a first- Percentages. A complete Of the 
order  approximation.  In  developing  our evolution and  flow of rock glaciers will be 
rheological perspective we have relied upon the Possible only with  improved knowledge of the 
works of Wahrhaftig and cox (1959) , Anderson and vext.ica1 and  horizontal movement mechanics. 
Morgenstern (1973), Barsch et al. (1979), Raeberli (1985) provides a very compelling case 
Thompson (1981), olyphant (1983), naeberli f o r  the necessity Of improved of  rock 
(1985), and Ranalli (1986).  In addition we have glacier 
borrowed from the research and techniques used 

specifically by the works of Paterson 1981 and Essentially rock glacier models  have  ranged  from 
in glacial  studies, and we have been guided 

Kamb and Echelmeyer (1986) . a generalized flow model t h r o u g h  specific models 
that consider rock glaciers from a materials- 
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p s e u d o p l a s t i c ,  e t c . )  t o  mode l s   t ha t  sugges t  
f l o w   p o i n t  o f  v i e w  ( e . g . ,  v i s c o u s ,  

s p e c i f i c   p r o c e s s - r e s p o n s e   r e l a t i o n s h i p s .  
Apparently much of t h e  work done on rock   g lac ie r  
f low  modeling  has  been  carried  out  ' independently 
of  work t h a t  was r e l a t e d   t o   g l a c i e r   f l o w .  
L i m i t e d   c r o s s - f e r t i l i z a t i o n  of i d e a s   h a s  
o c c u r r e d   f r o m   e i t h e r   f i e l d  o f  s t u d y .  Although 
r o c k   g l a c i e r   r e s e a r c h e r s   a c k n o w l e d g e  t h e  
e x i s t e n c e  of i ce-cored   rock   g lac ie rs ,   they   v iew 
r o c k   g l a c i e r  movement a s  an  inhomogeneous  mass 
rather  than  f low  and  deformation of  an i c e  mass. 
Another   po in t  o f  view is e x p r e s s e d  by bo th  
Rarsch ( 1 9 7 7 )  and  Haeberl i  (1985) who cons ide r  
movement of t h e   r o c k   g l a c i e r s   t o  be a func t ion  
of  c r e e p   a n d   s l i d i n g  of masses of p e r e n n i a l l y  
f rozen   s ed imen t s .  They a t t r i b u t e  movement t o  
permafrost   creep.  

Olyphant ( 1 9 8 3 )  summarized  Wahrhaftig  and  Cox's 
(1959)   and   Barsch ' s  ( 1 9 7 7 )  c o n s i d e r a t i o n s   o f  
r o c k   g l a c i e r  Elow. Wahrhaftig  and Cox (1959) 
i n d i c a t e d   t h a t  a one-parameter  viscous  model 
could  be u s e d  t o  represent   rock  glacier   f low a s :  

2dE/dt = dV/dz = %/q (1) 

where d&/dt i s  t h e  r a t e  of s h e a r   s t r a i n  and  dvidz 
i s  t h e   v e r t i c a l   v e l o c i t y   g r a d i e n t   o f   f l o w i n g  
ma te r i a l ,  7 i s  t h e   g r a v i t a t i o n a l   s h e a r i n g   s t r e s s ,  
a n d   r e p r e s e n t s   t h e  rock  g l a c i e r   f l o w  
v i s c o s i t y .  

Barsch e t   a l .  ( 1 9 7 9 )  c o n s i d e r e d   r o c k   g l a c i e r  
f low t o  be s i m i l a r   t o  normal g l a c i e r   f l o w  which 
can  be expressed   as :  

deidt = dV/dz = ( (pg (H s i n  a )  / B ) n  ( 2 )  

where p i s  t h e  d e n s i t y  of t he   rock   g l ac i e r  mass, 
g i s  t h e   a c c e l e r a t i o n   r e s u l t i n g .  from g r a v i t y ,  H 
i s  t h e   t o t a l   f l o w   t h i c k n e s s ,  cz i s  t h e   s l o p e   o f  
t h e   r o c k   g l a c i e r   s u r f a c e ,  B i s  t h e   r e s i s t a n c e  
term  and n i s  the  exponent   of   the   power  f low 
law. 

Non-l inear   ice   f low i s  compl ica ted  b y  s e v e r a l  
f a c t o r s :  the form of the   f low law and t h e  ra te  
OE defo rma t ion   a r e   t empera tu re   dependen t ;   i ce  
c r y s t a l   s i z e   a n d   o r i e n t a t i o n   a n d / o r   t h e  
occurrence  of i m p u r i t i e s   c h a n g e   t h e   p r o p e r t i e s  
of t he   i ce   body .   Pa t e r son  ( 1 9 8 1 )  d i scussed  how 
exper iments   conducted   to   de te rmine   s t ra in   ra tes ,  
u s i n g   t h e   a p p l i c a t i o n  of cons t an t  stress (50-200 
kPa), usual ly   p roduced  a creep  curve  showing 
i n i t i a l   e l a s t i c   d e f o r m a t i o n   f o l l o w e d  b y  
dec reas ing   s t r a in   wh ich  i s  then  fol lowed by a 
pe r iod  of c o n s t a n t   s t r a i n .  From t h e   l a s t   p o i n t ,  
s t r a i n   r a t e s   b e g i n   t o   i n c r e a s e .  From t h i s  curve 
g l a c i o l o g i s t s  i d e n t i f y  t h r e e   t y p e s  of c r e e p :  
pr imary,   secondary  and  ter t iary.  O f  t h e s e   t h r e e  
typos of c reep ,   secondary   and   te r t ia ry   c reep   a re  
t h e  most   important  i n  r o c k   g l a c i e r   s t u d i e s .  
Haeber l i  (1985)  r e p o r t e d   t h a t   t e r t i a r y   c r e e p   h a s  
occur red  when f low  induced   t h i cken ing   o f   t he  
Tass occurs .  The flow  law  can  be  expressed  as: 

E =  ATm (3) 

where E i s  t he  shea r  s t r a i n  r a t e ,  Z i s  t h e   s h e a r  
s t r e s s ,  m i s  a cons tan t ,   and  A i s  t h e  f l o w  law 
c o e f f i c i e n t .  The f low  law  coeff ic ient  ( A )  i s  a 
f u n c t i o n  of t h e  v a r i a b l e s  i ce  t e m p e r a t u r e ,  
c r y s t a l   s i z e   a n d   o r i e n t a t i o n ,   a n d   i m p u r i t y  type 
and  volume. I n  t h i s  form t h e   r a t e  of secondary 
c r e e p  i s  r e l a t e d   t o   t h e  amount of a p p l i e d  
s t r e s s .  Whereas s i z e   a n d   o r i e n t a t i o n   o f  ice  
c r y s t a l s  are i m p o r t a n t   i n   g l a c i e r s ,   t h e   i n t e r n a l  
c h a r a c t e r i s t i c s  of r o c k   g l a c i e r s   s u g g e s t s   t h a t  
t h e   v a r i a b l e s  of i ce   t empera tu re   and   impur i t i e s  
may be more c r i t i c a l  i n  movement mechanics.  
Research on g l a c i a l  ice has   demonst ra ted   tha t  a 
temperature  value  can be obta ined .  

The f l o w  law c o e f f i c i e n t  ( A )  i s  a f u n c t i o n  o f  
s e v e r a l   f a c t o r s ,   m o s t  o f  w h i c h  canno t  be 
q u a n t i t a t i v e l y   a s s e s s e d .  However, t h e   i n f l u e n c e  
of   temperature  (T) va lues  on A can   be   i so l a t ed  
and  can be a s s e s s e d   q u a n t i t a t i v e l y  as: 

where A. is t h e  component  of A t h a t  is  not  
temperature   dependent ;  Q, i s  the   ene rgy   r equ i r ed  
f o r   t h e   i n i t i a t i o n   o f   c r e e p  a n d  R i s  t h e  gas  
c o n s t a n t .   E q u a t i o n  4 p r o d u c e s   s a t i s f a c t o r y  
r e s u l t s  f o r  c a l c u l a t i n g  ice d e f o r m a t i o n  
(Paterson  1981) . 

ROCK GLACIER MODELS 

The complexity of r o c k   g l a c i e r  movement can  be 
r e l a t e d  to var i a t ion   i n   t opograph ic ,   L i tho log ic ,  
a n d   c l i m a t i c   v a r i a b l e s .   G e n e r a l   c h a r a c t e r i s t i c s  
h a v e   n o t   b e e n   e s t a b l i s h e d   a s   r e p r e s e n t a t i v e  of 
a l l  rock g l a c i e r s .   O b v i o u s   d i f f e r e n c e s  i n  
s u r f i c i a l   c h a r a c t e r i s t i c s   h a v e   c o n t r i b u t e d   t o  
s e v e r a l   h y p o t h e s e s  o f  movement. Movement 
p r o c e s s e s   r a n g e   f r o m   s h o r t - t e r m   c a t a s t r o p h i c  
even t s   t o   l ong- t e rm,  slow c r e e p .  We view r o c k  
g l a c i e r  movement from a r h e o l o g i c a l   p o i n t  of 
view a s  two processes :   deformat ion   and   s l id ing .  
Whereas these two   p rocesses  may o p e r a t e  i n  
c o n c e r t ,  w e  w i l l  d i s c u s s  e a c h   p r o c e s s  
independently.  

Deformation Model 

H o c k  g l a c i e r  movement b y  deformation i s  t h e  most 
w i d e l y   d e s c r i b e d  movement p r o c e s s .   B a r s c h  
( 1 9 7 7 )  and  Haeberli   (1985)  view  deformation of 
t h e   i c e  i n  t h e  r o c k   g l a c i e r   a s  t he  primary means 
o f  rock g l a c i e r  movement. Haeberli ( 1 9 8 5 )  
s p e c i f i c a l l y   c o n s i d e r s   r o c k   g l a c i e r s   a s   l o n g -  
term creep  phenomena. If one   cons ide r s  the  
frozen  mass  of t h e  r o c k   g l a c i e r   t o   f l o w  by 
deformat ion  as expres sed  w i t h  equa t ion  2,  then  
one m u s t  b e   a b l e  t o  d e t e r m i n e   t h e   i n t e r n a l  
deformation. 
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J a c i o l o g i c a l   r e s e a r c h   ( P a t e r s o n   1 9 8 1 )   h a s  shown 
t h a t   s u r f a c e   v e l o c i t y  (V,) can  be  used t o  

through the  u s e  o f :  
i n t e r p r e t  t h e  i n t e r n a l   d e f o r m a t i o n  component 

where Vs i s  s u r f a c e   v e l o c i t y ,  V i  i s  the i n t e r n a l  
de fo rma t ion   ve loc i ty   and  vb i s  the  v e l o c i t y   a t  
t h e   b a s e .   B e c a u s e  rock g l a c i e r s   o c c u c   i n  
va l l eys ,   t he i r   w id th   and   dep th   a r e   con t ro l l ed  by 
t h e  shape  of t he  v a l l e y .   P a t e r s o n  (1981)  has 
shown t h a t   t h e   b a s e  stress equat ion   can  be 
modified i n  o r d e r   t o   c o n s i d e r  the  i n f l u e n c e  o f  
val ley   shape  as:  

where  %xy i s  t h e  basal shear stress; F is t h e  

shape   f ac to r  for the  v a l l e y ;  p i s  the  d e n s i t y ;  g 
is t he  acce le ra t ion   r e su l t i ng   f rom  g rav i ty ;  y i s  
the  t h i c k n e s s  of the body;  and M i s  t h e   s u r f a c e  
s l o p e .   U s i n g   d i g i t a l .   e l e v a t i o n   d a t a ,  
topographic  models of r eg ions   w i th  rock g l a c i e r s  
c o u l d   b e   c o n s t r u c t e d   i n   a n   e f f o r t   t o   e x t r a c t  
e s t i m a t e s  of t h e  t h i c k n e s s  of t h e  rock g l a c i e r s .  
Moreover,  such a model  could be used t o  d e r i v e  
o the r   e s t ima tes  of t h e   p h y s i c a l   c h a r a c t e r i s t i c s .  

With the  except ion  of t h e  Camp Byrd  rock  glacier 
i n   t h e  San Yuan Mountains of Colorado, U.S.A. 
( G r i f f i t h s ,  1977, personal   communicat ion) ,  no 
a c t i v e  rock g lac ie rs   have   been   tunneled .  Whereas 
many a u t h o r s  c i t e  S ieben tha l  (1907) as a source 
for a rock g l a c i e r  t h a t  has   been   t unne led  
Haeberli ( 1 9 8 7 ,  personal   communicat ion)   points  
o u t   t h a t  careful r e a d i n g  of t h e   d e s c r i p t i o n  
shows t h a t  S i e b e n t h a l  was d i s c u s s i n g  a g l a c i e r  
and  not a r o c k   g l a c i e r .  With t h e   e x c e p t i o n  o f  
i n i t i a l  i n v e s t i g a t i o n s   c a r r i e d  ou t  by Haebe r l i  
and   o the r   r e sea rche r s  i n  Swi tzer land   (Haeber l i ,  
1987,   personal   communicat ion) ,  we do  not  have 
d a t a  e i the r  on the  r e l a t ionsh ip   be tween   su r f ace  
v e l o c i t y  (Vs) a n d   b a s a l   v e l o c i t y  (Vb) nor   da t a  
i n  order t o  adequate ly  assess i n t e r n a l  and b a s a l  
s h e a r  stresses. Because i n t e r n a l   r o c k   g l a c i e r  
stresses are almost imposs ib le  t o  measure  over a 
s h o r t - t i m e   i n t e r v a l ,  a model  must be   u sed   t ha t  
p e r m i t s  them t o  be c a l c u l a t e d .  B u t  a rock 
g l a c i e r  is n o t  a homogeneous  body, which 
complicates  mathematical  modelling. 

S l i d i n g  Model 

nega t ive   t empera tu re ;  ( 2 )  between t h e  f rozen  
mass  and  bedrock w i t h  a p o s i t i v e   t e m p e r a t u r e ,  
and ( 3 )  between  frozen  and  non-frozen  sediments 
w i t h i n  t h e   r o c k   g l a c i e r .   T h u s ,   s l i d i n g  i s  not 
r e s t r i c t e d   t o   t h e   d i s c o n t i n u i t y   i n t e r f a c e   a t   t h e  
base of t h e   r o c k   g l a c i e r .   S l i d i n g   c a n   o c c u r  
a long   shea r   p l anes   deve loped  w i t h i n  t he   rock  
glacier  mass.   White ( 1 9 7 6 ,  1 9 8 7 )  suggested t h i s  
mechanism of movement. from work on rock g l a c i e r s  
i n  the  Colorado  Front  Range.  These  zones  can bc 
a s s o c i a t e d  w i t h  t e m p e r a t u r e   d i f f e r e n t i a l s  
developed  between  frozen  and  unfrozen  material .  
G i a r d i n o  and V i t e k  ( i n   p r e s s )   o b s e r v e d   a n d  
measured t h e   i n t e r n a l   f a b r i c  of a r o c k   g l a c i e r .  
An  e x c a v a t i o n   t o  a dep th  of 1 5  m i n  a rock 
g l a c i e r  i n  the   Sangre   de   Cr i s to   Mounta ins  of 
s o u t h e r n   C o l o r a d o ,  U ,  S . A .  p r o v i d e d   t h e  
oppor tuni ty  t o  i d e n t i f y   t h e   e x i s t e n c e  of s e v e r a l  
shea r   p l anes  w i t h i n  t h e   r o c k   g l a c i e r .  The p l a t y  
f e l s i t e   c l a s t s   a n d   l a c k  of f i n e s   c o n t r i b u t e  t o  
t h e  well d e f i n e d   f a b r i c   a n d   r e c o g n i t i o n  of 
p l a n e s .  An o b s e r v e d   c y c l i c   p a t t e r n  i n  t h e  
f a b r i c   a p p e a r s   r e l a t e d  t o  movement of  the  rock 
d e b r i s .  The i d e a   o f   d i f f e r e n t i a l   s l i d i n g  or  
de fo rma t ion   occu r r ing  w i t h i n  t h e   r o c k   g l a c i e r  
complicates t h e  problem o f  modeling the  rheology 
of a r o c k   g l a c i e r .  

Although  Haeberli  (1985)  c i t e s   t he   occu r rence   o f  
t a l u s   a p r o n s   a d j a c e n t   t o   t h e   f r o n t a l   s l o p e s  of 
rock q l a c i e r s   a s   s u q q e s t i n q   t h a t  movement bv 
s l i d i n g   p l a y s  a minor   ro l e ,   G ia rd ino  ( 1 9 8 3 )  
descr ibes   "push  lobes" presen t  i n  f r o n t  of m a n y  
rock   g l ac i e r s   a s   ev idence  of the   impor tan t  role 
b a s a l   s l i d i n g   p l a y s  i n  rock g l a c i e r  movement. 
The p r e s e n c e  of push  lobes r e f l e c t s   t n a t  
movement h a s   n o t   c e a s e d ,   a l t h o u g h   t h e   a c t u a l  
r a t e  of movement may be  minor. 

S l i d i n g   a l o n g   e i t h e r   t h e   b a s a l   c o n t a c t   a n d / o r  
a l o n g   i n t e r n a l   s h e a r   p l a n e s   c r e a t e d  b y  
t e m p e r a t u r e   d i f f e r e n t i a l s   o c c u r r i n g   b e t w e e n  
f r o z e n / u n f r o z e n   m a t e r i a l  w i l l  produce  notable  
changes  i n  material  p r o p e r t i e s .  The  above 
s i t u a t i o n  i s  f u r t h e r   c o m p l i c a t e d  b y  t h e  
d i f f e r e n t i a l  movement w i t h i n  a r o c k   g l a c i e r .  I f  
we as sume   t ha t   t he   amoun t   o f   de fo rma t ion  
increases   wi th   depth   because  of inc reas ing   shea r  
s t r e s ses ,   and   ve loc i ty   dec reases  w i t h  depth ,  we 
a c c e p t  a "power- type"   c reep   law.  Movement 
c o n t r i b u t e s   t o   f r i c t i o n a l   h e a t ,   t h e  amount being 
a func t ion  of depth .   Pa te rson  ( 1 9 8 1 )  d i s c u s s e s  
t h e   a p p l i c a t i o n  of heat   f low i n  i c e  g l a c i e r s .  
However, none  of h i s  assumpt ions   a re   appropr ia te  
f o r  r o c k   g l a c i e r s .   H a e b e r l i  (1985) has  shown 
t h a t   t h e   f r i c t i o n a l   h e a t  ( c f )  i n  a rock   g lac ie r  
can   be   ca lcu la ted   as :  

= 7Vs (Jk)-' (';) 

W a h r h a f t i g  a n d  C o x  ( 1 9 5 9 )   t h e o r e t i c a l l y  
cons ide red  the movement of a r o c k   g l a c i e r  b y  
b a s a l   s l i d i n g ,   b u t  l i t t l e  a t t e n t i o n   h a s   b e e n  
directed toward t h i s  movement mechanism. T h e  
movement of a r o c k   g l a c i e r  by s l i d i n g  can occur 
a long  a d i s c o n t i n u i t y   i n t e r f a c e   b e t w e e n   t h e  
d y n a m i c   r o c k   g l a c i e r  mass and  t h e  s t a t i c  
bedrock.   Haeberl i   (1985)   suggests  three a r e a s  
where s l i d i n g   c a n   o c c u r  i n  t h e  rock g lac ier :  
(1) between t h e  f rozen  mass and  bedrock wi th  a 

746 

where 't i s  t h e   b a s a l   s h e a r   s t r e s s ;  Vs i s  t h e  
s u r f a c e   v e l o c i t y ;  k i s  t h e  thermal   conduct iv i ty  
of t h e  r o c k   g l a c i e r   m a s s ,   a n d  J i s  t.he 
mechanica l   equiva len t   o f   hea t .  The f r i c t i o n a l  
h e a t  i n  r o c k   g l a c i e r s   h a s   t h e   p o t e n t i a l  for 
producing  unfrozen  water a t   b a s a l   c o n t a c t   a n d / o r  
a long   i n t e rna l   shea r   zones .   Unf rozen   wa te r  i s  
an   impor t an t   va r i ab le  i n  hypotheses  of movement 
proposed b y  Giardino (1983)  and  Haeberli (1985). 



B oulton  and  Jones ( 1 9 7 9 )  dem o n s t r a t e d  t h a t   t h e  
s h e a r   s t r e n g t h  (0) of beds   o f   g l ac i a l   i ce   can  be 
o b t a i n e d   a s :  

where C is cohes ion ;  pp i s  d e n s i t y   o f   t h e  
th i ckness  of t h e   i c e ;  ps i s  pore  water   pressure,  
and 9 i s  t h e   a n g l e  o f  i n t e r n a l -   f r i c t i o n .  T h i s  
e q u a t i o n   c a n   b e   m o d i f i e d   t o   c a l c u l a t e   s h e a r  
s t r e n g t h s  i n  rock g l a c i e r s  b y  e s t a b l i s h i n g  pp a s  
t h e   d e n s i t y  o f  the  m a t e r i a l  t h d t  composes t h e  
r o c k   g l a c i e r   a n d  hp a s   t h e   t h i c k n e s s   o f   t h e  
f rozen   ma te r i a l .  

e S l l d i n a  Model 

G i a r d i n o  ( 1 9 7 9 , 1 9 8 3 )  s u g g e s t e d  a model t o  
explain  the  development  of h y d r o s t a t i c   p r e s s u r e  
w i t h i n  a r o c k   g l a c i e r .  He assumed t h a t  a s  
s u r f a c e   a n d   f r o n t a l   f r e e z i n g   o c c u r s ,   f l u i d   w a t e r  
i s  t rapped   be tween  the   upper   f reez ing   p lane   and  
a lower   f reez ing   p lane   which   marks   the   upper  
limit of t h e   p e r m a f r o s t .  AS t he   f r eez ing   p l anes  
approach   each   o the r ,   con f in ing   wa te r   p re s su re  
i n c r e a s e s .  When f o r c e  ( f )  , which i s  t h e  mass of 
t h e   t a l u s ,  i s  a p p l i e d   t o   a n   a r e a  ( A ) ,  t h e  
r e s u l t i n g   p r e s s u r e  is E / A  which i s  e x e r t e d  
upward on an   a rea  (B) . Thus, t h e   t o t a l  upward 
fo rce  on t h e  a r e a  ( B )  is:  

Concurrent w i t h  compact ion   of   the   t a lus   which  
r e s u l t s  from s e t t l i n g   a n d   l o a d  from a d d i t i o n a l  
t a l u s  on t h e   s u r f a c e ,  t he  a r e a  o f  t a l u s  moves 
downslope a d i s t a n c e  x .  Because i n  t heo ry  the  
volume  of t h e  f l u i d  r ema ins   cons t an t ,   t he   a r ea  
(3) m u s t  t h e n  move upward a g iven   d i s tance  ( y ) .  
Therefore,   one  can  demonstrate  that:  

By = Ax (10) 

Fur the r ,  i f  one  assumes no loss from f r i c t i o n ,  
t h e n   t h e  work done by f m u s t  equa l   t ha t   done  
aga ins t  F .  Therefore :  ~ 

Fy = f x  

and i t  f o l l o w s   t h a t :  

I n  a d d i t i o n   t o  t h e  upward fo rce   gene ra t ed  b y  t h e  
c o n f i n e d   f l u i d ,  there  i s  an a d d i t i o n a l  movement 
f o r c e   p r e s e n t   a t   t h e   f a c e  of a lobe  which 
r e s u l t s   f r o m   h y d r o s t a t i c   p r e s s u r e .  I f  one 
c o n s i d e r s   t h e   f a c e  of a l o b e   a s  (AB) , and  the  
wid th   o f   the   face  i s  ( w )  , and  the   he ight  of t h e  
mel twater   t rapped   behind   the   toe   as  (H) then  t h e  
Tverage  pressure Qa i s :  

ea = 1/2Hdw ( 1 3 )  

where dw i s  the dens i ty   o f   water   as  t h e  p re s su re  
i n c r e a s e s   f r o m   z e r o   a t  t h e  t o p  of t h e  l i q u i d  
w a t e r   s u r f a c e   t o  H d w  a t  t h e  base of t h e  l iqu id  
water .  The t o t a l   f o r c e  (f) a g a i n s t   t h e   i n t e r i o r  
o f  t h e  Lobe of given  width ( w )  i s :  

E = Qa wh = WH2 dw/2 (14) 

where h i s  t h e  a r e a .  

Bui lding  upon t h i s  model, we s u g g e s t  t .h; i t  
maximum movement a l o n g   t h e   d i s c o n t i n u i t y  
i n t e r f a c e  w i l l  occur  i n  t h e  l a t e   F a l l  when t h e  
f r e e z i n g   p l a n e s  are  a t  minimum d i s t a n c e  a n d  
h y d r o s t a t i c   p r e s s u r e  i s  a t  maximum. Development 
of a r h e o l o g i c a l   e x p l a n a t i o n  of r o c k   g l a c i e r  
movement tha t   employs  t he  h y d r o s t a t i c   p r e s s u r e  
concep t   r equ i r e s   documen ta t ion   o f   hydros t a t i c  
p re s su re  i n  t h e  f i e l d .  One of the   ma jo r   a spec t s  
t h a t  must  be  examined is t h e   r e l a t i o n s h i p  among 
h y d r o s t a t i c   p r e s s u r e ,   i n t e r n a l  movement, and 
su r face  movement. 

The r e l a t ionsh ip   o f   su r f ace  movement t o   i n t e r n a l  
movement i s  be ing   i nves t iga t ed   w i th   geophys ica l  
t e c h n i q u e s   t o  document the   l oca t ion   o f   f r eez inq  
p l anes   and   subsequen t   e s t ima tes   o f   hydros t a t i c  
p r e s s u r e .  To d a t e  t w o  yea r s  of monitoring  have 
been   comple ted .   Whereas   p re l iminary   resu l t s  
a p p e a r   t o   i n d i c a t e  t h a t  movement o f   t he   f r eez ing  
p lane   can   be   documented ,   any   conclus ions   a re  
p r e m a t u r e .  Once s u f f i c i e n t   d a t a   h a v e   b e e n  
c o l l e c t e d ,  we w i l l  add a temporal  framework  for 
s u r f a c e  movement.   Giardino e t  al. ( 1 9 8 4 )  
d e m o n s t r a t e d   t h a t   s u r f a c e  movement on a rock 
g l a c i e r   c o u l d  be i n t e r p r e t e d   t e m p o r a l l y   d u r i n g  
5 0 0  y e a r s   u s i n g   d e n d r o g e o m o r p h o l o g i c a l  
t e c h n i q u e s .   T h e i r   s t u d y  l i n k e d  i n c r e a s e d  
movement o f  t h e  r o c k   g l a c i e r  w i t h  c l i m a t i c  
f l u c t u a t i o n s .  With i n t e r n a l   a n d   s u r f i c i a l   d a t a ,  
a model can be formulated.  

Giardino e t  a l .  (1985)  developed two pre l iminary  
models t o  e x p l a i n  t he  i n t e r r e l a t i o n s h i p s  among 
v a r i a b l e s  i n  the  development of a r o c k   g l a c i e r .  
Model one was based  upon per fec t   p1as t i . c   f low 
and  model  two  on s t r a t i f i e d  f l u i d  movement w i t h  
v i scos i ty   changing   wi th   depth .   Bui l t  upon t h l s  
i n i t i a l  model and based  on o u r   f i e l d  W O L ~  we 
b e l i e v e   t h a t   r o c k   g l a c i e r  movement j .s a 
combina t ion  of d e f o r m a t i o n   o f   t h e   f r o z e n  
m a t e r i a l   a n d   s l i d i n g   a l o n g   b o t h  t h e  ha:;e and 
i n t e r n a l   s h e a r   p l a n e s .  To meet dat-a l~et:ds, w e  
have e s t a b l i s h e d  a s e r i e s  of s t r a i n  netwc,rks on  
t h r e e   r o c k   g l a c i e r s .  T o  a i d  i n  the   form~il i l t - ion 
of  a complex r h e o l o g i c a l   m o d e l ,  w e  h a v e  
developed  a shear   box   appara tus   tha t   a l low: j  
s imula t ion  of d i f f e r e n t i a l   s t r e s s e s .  From these  
a c t i v i t i e s  w e  w i l l  fo rmula te  a rheologica l  m o d e l  
t h a t   c o n s i d e r s   r o c k   g l a c i e r  movement a s   t h e  sum 
of i n t e r n a l   d e f o r m a t i o n   o f   t h e   f r o z e n   m a t e r i a l  
( i  . e .  , t h e  p e r m a f r o s t )  , b a s a l   s l i d i n g ,  u r ~ d  
i n t e r n a l  movement a long   shear   p lanes .  
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SUMMARY 

The foregoing  discussion  demonstrates  that rock 
glacier  movement is complex. Researchers  have 
literally spent a hundred  years  climbing, 
mapping,  measuring,  and  digging  into rock 
glaciers,  producing,  quite frankly, more 
questions about rock glaciers ‘than answers. 
That  rock glaciers move  by  deformation  of the 
frozen mass is apparent. The important  role 
that  sliding  and  water  pressure  play  in  movement 

Unfortunately, only  limited  field  and laboratory 
i s  slowly gaining  research interest. 

data exist today. Where, then, should o u r  
energies be directed in the future? Rock 
glacier research  in the future  should  involve: 
rheology  and  numerical  modeling. The importance 
of different temperatures, stresses  and  strain 
rates on the ice-rock matrix are some of the 
problems that require  evaluation. The manner 
in which deformation occurs is  critical to the 
development and movement  of  rock  glaciers.  The 
ability to develop  mathematical  models to 
explain the multitude of differences  reflected 
in rock glaciers  represents  the  major  challenge 
in the future. 
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THE USE OF MICROBIOLOGICAL CHARACTERISTICS 
OF ROCKS IN GEOCRYOLOGY 

D.A. Cilichinskyl, G.M. Khlebnikoval, D.C.  Zvyagintsev2, 
D.C. Fedorov-Dwydovz and N.N. Kudryavtsevaz 

hstitute of Soil Science and Photosynthesis, USSR Academy of Sciences, Puschino 
2Mwcow State University,  Moscow,  USSR 

SY'NOPSIS The  reliable amount (10 - I O 8  cells  per 1 g of soil) of viable  organisms of the  Pliocene- 
-Pleistocene  age  has  been  isolated from. frozen rock sequences by  sowing them on  thick  nutrient medis. 
These  microorganisms found in 87% of 220 samples  are  the  only  living  ones  that  can  remain in anabiosis or 
in a similar state for such a long time, The  analysis of both morphological  and  functional  characteristics of 
these  organisms allows to establish  paleoecologic  environmental  differences of ancient  epochs.  Using micro- 
biological  investigations  (undoubtedly,  their  resolving  capacity  and  application  are limited together with the 
traditional  methods, a number of important geological  problems  can  be  solved for the  regions  where  perma- 
frost rocks are lvilody spread. In particular,  this  approach  allows to characterize  syncryogenic  and  epiclyo- 
genic  rocks,  sedimentary  facies  accumulated  during  syngenetic  freezing  and  their  diagenetic  changes  during 
epigenetic  process. It also  permits to determine  the  stratigraphic  layers of thawing  during  Cargin,  Kazan  and 

3 

. _  
other  Pleistocene  thermochrones. 

Unlike sedimentary  coner of any  other  regions,  the 
geological  potentiality of that of the  cryolithozone i s  
difficult to evaluate  because  cryometamorphosed 
rocks differ from the  original  ones in granulometria, 

tion of their  genetic  and  stratigraphic  origin  by 
mineralogic  and  geochemical  parameters.  Investiga- 

means of conventional  geological  methods  do not 
al\vays  yield  inambignous  results  particularly so for 
"covered"  plains. It i s  also difficult to do paleocli- 
matic and paleolandscape  reconstructions  after  the 
buried  soils lvhich are  broken  and deformed as a 
result of cryogenic  processes.  Finally,  except for 
palynologic  diagnostics,  these  are  practically no 
data  that would alloxv to model the  paleofrost  dina- . 

cups of melting, frozen  talic  zones, ets.) and  con- 
mics in a vertical  cross-section  (ancient  levels  and 

sider  the  ape of the  frozen  rock  sequences. 

Therefore,  new  criteria  are  necessary to distinguish 
between  paleoecological  regimes of different geologi- 
cal   epochs within areas  of development of perma- 
frost  rocks. XCicrobiological investigations of frozen 
sediments  based or1 the  established  fact of the  pre- 
sence of numerous  and  various  viable microflora in 
the Pleistocene - Pliocene  frozen  rock  sequences 

the  sought  for criteria  That microflora had been 
might be highly prowising in that  they can yeield 

reported from the  frozen  sediments of the North- 
-Eestern  Eurasia  (Zvyngintsev  et a L ,  1985) and 
the  Antarctic  Continent  (Cameron, Morelly, 1974).  
The  microflora  precervation s e e m  to occur  together 
the sediments  freezing.  Therefore, it can  characte- 
rize both the with dcpusitional  environment  under 
the  regime of syngenetic  freezing of the  Cenozoic 
sediments  and  those  curresponding to the  beginning 
of crynlithngeneais  under  the  regime of epigenetic 
freezing r > f  older rock  sequences  that  had  under- 
gone  thc  stage of diagenesis. It should  be  noted 
here  that  hard  surfaces of rocks  and  buried  soils 
are more favournhle media for  the  preservation of 

from where  only  sirlgle  cells  werf reported. 
microorgarlisms as compared with ice,  snow, Eirn 

I n  the  cryolithnzone,  cspecially in the a reas  of con- 

tinuous  horizontal  and  vertical  development of low- 
temperature  frozen  rocks  laching in waterbearing 
horizons, the effect of outer  environmental  factors 
is  greatly limited by  the  depth of seasonal melting, 
while matter migration due to  infiltration and thermo- 
diffusion is hampered.  Therefore,  there  is  practically 
no inflow of the  outside microflora. The main factor 
controlling  the  natural  selection of microorganisms 
i s  the formation and  presence of permafrost which 
accounk for the  peculiarity of a microbial complex 
of a frozen  rock as compared with Eresh sediments, 
melted and  unfrozen  deposits.  The s a m e  is  valid 
for the  Quarternary time when  natural  selection im- 
plies  preservation of a viability of microorganisms 
under  negative  temperatures. In the  permafrost  rocks 
that  selection  had  undoubtedly  been  stimulated  by 
regular melding under  the  effect of climatic changes 
and  geological  events:  the  revived  microorganisms 
became  active  and  reproduced  themselves anow, It 
appesrsfrom  the above said  that  the  permafrost 
rocks provide a unique  possibility to solve a num- 
ber of geological  and  microbiological problems. It 
especially  concerns  those of anabiosis  and  duration 
of microorganisms  preservation  which  can't  be  tach- 
led  under  the  laboratory  conditions. 

A great  quantity  and  murphological  variaty of sepa- 
rated  autochthonous microflora that  had formed to- 
gether with sediments  accumulation  and  preserved 
during  their  freezing s e e m  to give  and  opportunity 
to reconstruct  paleoenvironments  using microbiologi- 
cal  characteristics of permafrost  deposits  and bu- 
ried  soils. It should  be  noted  here  that while all the 
known methods of bioindication use  fainal  remains, 
microbiological irlterpretatiorl is   based on livin$ or- 
ganisms  using nut only  their morpholrjgical features 
but physiological  ones as well. 

Microl-siological samples  had  been  collected  during 
the  period from 1982 to 1 9 R 5  in the Kolyma tundra 
region.  Core drilling was  applied without washing 
and  adding  any cherrlical reagcnts.  Sampling  tech- 
nique as well as samples  storage  and  transportation 
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technique  excludes  any  possibility of meltin and 
contamination  by  any  alien  microorganisms YZvya- 
gintsev  et al., 1985). Registration of the microflora 
number  and  its  separation from a rock sample  was 
done  using  various  nutrient media: wort-agar, 
storch-and-ammonia  agar,  soil  agar,  starvation  agar, 
the  Arystovskaya medium, ets  (Xvya  yntsev, 1980). 
Sandydoarn deposits of different age $from Middle 
Plyocene to Holocene)  and of different genesis 
lying  at  the  depths  up to 70 m from the  surface  at 
average  annual  temperatures from ( - 7 )  to (-120~) 
and  buried  soils  were  studied. 

Maximum number of viable  microorganisms  have  be- 
en  reported from organogenic  horizons  endependent 
of the  burial  depth  and age of deposits. I O 8  cells 
per 1 g of soil  were  revealed in buried  peats  that 
mark the bottrJm of the  Oloer  Suite ( N23-G+ ) at  the 

depth of 60-65 m from the  surface  (Fig.l.1). L e s s  
number of viable  cells (105-106) have  been  report- 
ed from buried  soils of the  cover from the middle 
part of a glacial  complex (Q32-4)  (Fig.1.2) as well 
as from the  near-surface  Holocene peats (Fig.l.6, 
1.8) and from modern tundra  soils (Fig. 1.3 ). In the 
absence of peak  and  paleosoils,  the  quantity of 
microorganisms in sediments  is  independent of a bu- 
rial  depth of rocks but decreases  with their  age 
(Fig. 1.10) 
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FfG.l. Quantity  and  morphological  variety of microorganisms in the  Late  Cenozoic  permafrost  deposits 
of the  Noth-Eastern  Eurasia. 

Sedimenta corn lex: I - sand, 2 - loamy sand, 3 - loam, 4 - clay, 5 - ice, 6 - peat (-7, b -'modern) , 7 - modern and  buried  soils.  Boundaries: 8 - lithological  boundary. 
9 - age boundary.  Cryogenic  textures: 10 - massive, 11 - horizontally  layered thin schlieren, 
1 2  - single  vertical  ice  schlieren, 13 - tilted, 14 - reticular or wettled. Cantent in %, 15 - Cor$, 
16-22 - microoraanisms of various  morphologic  content, 16 - yeast,   17 - corine  bacteria, 18 - gram- 
-positive  nonsporogenous bacilli, 19  - actinomyces, 20 - sporogenous  bacteria, 2 1  - cocci, 22 - 
gram-negative  bacilli,  Quantity of microorganisms: 23a- microflora in reliable  amounts  was  not  obsew- 
ed, 23b- number of the  revealed  cells, 24C- percentage of the  sterile  samples. 
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Microorganic  content in the  Holocene  sediments 
that  reflect climatic and landscape  environments of 
the  last 7-10 thousand years  w a s  evaluated by 

means of the  technique  and  varied from 6-103 to 

5.10' (Fig. l . l O ) ,  the majority being  registered in 

marine silts of lagoons  (2-9-10  cellslg; Fig. 1.7). 

A considerable amount of cells (G.103-2-10 ) was 
reported from loamy deposits of different facies 
confined to floodlands alluvium  which i s  characte- 
rized  by a great  range of values  (Fig. L 9 ) ,  Sands  
of alluvial  delta  and  coastal  lacustri  sands  contain 
less microorganisms: 7.103- 2*105  cells/g  and 

1*104- 4.105 cells/g,  respectively  (Fig. 1.7; 1.10). 

Late  Pleistocene  sediments of the Edom Suite  ($la- 
cia1 complex),  the  established  radiocarbon age of 
which i s  15-40  thousand  years  (Lozgkin,  1977), 
are  characterized  by  the  samples  collected  at  five 
bore  holes  (Fig, 1.1-1.3; 1.G; l.&). This  singeneti-. 
cally  frozen  rook  sequence of dusty loamy sands  
and loams  includes thick polygonal  veins of ice 
and  had formed in more seve re  environments  than 
the  modern ones  (Scher  et  a L ,  1979).  Microorgan- 
isms  are  less abunda;T.*. here  than in the  Holocene 
sediments, i.e. a sample of a suite 30-40 m thick 
contains 5.103 - 8.104 cellslg  regardless  depth of 
burial 

The Oloer  loams 0.6-1.8 mln years  age  (Vyryna 
et a L ,  1984; Mynyuk, 1986) that  had  accumulated 
under  the  forest-tundra  and  contained from 

9 1 0 2  to b I O 4  viable  cells  per gramme  (Fig. 1.1- 
-1.3). 

Peatted  Plyocene  sands  are  the most ancient  stu- 
died  sediments 3-9 M a  'They have formed under 
the  conditions of northern  taiga  landscape  and  are 
recognized as the  Tomus-Jar  Suite.  These  s-di- 
ments  countain less viable  cells  compared with the 
Oloer  deposits  by  an  order of 1 (Fig. 1.2). 'l'oge- 
ther with the  Plyocene  sediments of the  Antarctic 
Continent  (Cameron, Morelly, 1974), the  Tomus-Jar 
sands  are  the most ancient known rocks  that con- 
tain preserved  viable  microflora 

It has  been  established flat the  quantity of the se- 
parated  microorganisms  depends  on  the  lithological 

organisms  than  sands  by  an  order of 1-2 which 
composition  of a rock. Loams  contains more micro- 

i s  well exemplified by  the  Holocene  deposits.  The 
s a m e  pattern  has  been  observed while comparing 
the  microorganic  composition of the  Khalarcha 

tundra  sands ( I O 3 -  l o 4  cells/& Fig. 1.4; 1.5) 
with that of glacial loam5 of the  same  age  (Fig. 
1.1-1.3;  1.6; 1.8). 

It has  been  shown  that  average, maximum and mi- 
nimum number of the  separated  viable  cells would 
decrease with the  deposits age (Fig. 1.10 ). The 
percent  variations of the  samples  lacking  viable 

whereas  all  the  studied  Holocene  samples  contain 
microflora showed  the s a m e  tendency  (Fig.  1-10) 

microorganisms,  19% of the h t e  Pleistocene  sampl- 
es, 33% of the Late Plyocene-Early  Pleistocene 
samples  and 50% of the  Plyocene  samples  are 
sterile. 

5 

6 

The  quantity of microorganisms  can be served as 

sequences.  Seasonal melting depth  depends o n  
an  indicater of levels of melting of frozen  rock 

the landscape  and climatic environments . It nas  
been  established  that  microorganisms  are  carried 
out of soil with thawed  snow , accumulated in a 
horizon  overlying  the  frozen one and  increase 
in number as compared with the  overlying  layers 
( Lysak , Dobrovolskyay,  1982). I t ' s  possible  that 

ting  down of microorganisms  accumulated  at  the 
regular melting of frozen rocks  brings  about  get- 

base of a layer of seasonal  melting together with 
lowering of the melting depth  being  carried  out 
thawed  snow. The lower  the  quantitative  peak  is 
in the  cross-section,  the  older  is  the melting 
depth and  the  lower  is  the  temperature maximum 
of the  considered climatic cycle. 

T o  reveal  the  Holocene melting levels,  boreholes 
were  bored in the  Holocene  alas (Fig, 1.6; 1.8), in  
the cover  horizons of the Edom  Suite  and in the 
Khalarcha  sands.  'There  are  four  quantitative  peaks 

amounting to 10 -10 cells/g  and  one minimum esti- 

mated as 1 0  -10 cells/g  (Fig. 2.1). The  first  peak 

4 5  

2 3  

1 0 2  103 I G ~  :?.,I$ :c7 

2.r 
Pia.2 

2.2 2.3 

Fig. 2. Quantitative peaks marking  levels  (depths) 
of melting for the  last 7-8 thousand  years 
(frbm  the  Holocene optimum to the  present 
day). Fig. 2.1 and 2.2 - in the  loams  of 
the  cover  and  loamy  sands of the  glacial 

complex (Q3 ); F i g  2.3 - in the  eolian 

Holocenic  sands.  Symbols 1, 2, 3 are  
the s a m e  as in Fig. 1. 

2-4 
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corrcspoltds to the bottom of a Iayev of moderl> 
seasona l  nleltil>g nt tlle depth o! 0.55 m wllich llas 

bcen evidencrci by vis~lal  obscrvatiolIs.  The s c ( - o ~ > c i  
peak corrospol>ds to LIle dcpth o f  0.75 m ~ I I I ~  marks 
maxim~rm melting dLIrrillg secular rise i l l  temc)eraturc 
registered in the  Arctic ill 1$1.30-1940. The third 
peak  corresponds to  ttle depth of 1.1 m mld i s  li- 
kely to reflact  the  sLtbatlantic  rist? i l l  temperature. 
The  fourth  peak corresponds 10 ttw tleplll of 1.:35m 
and characterizes  the  Holocene  rise ill temperaturr. 
as confirmed by the  cryolittmlogical  data. Sirrlilar 
results have beet1 obtairlect from  allother bore holr:. 
in the  cover  horison  (Fig. 2 . 2 ) .  The corresp(>lcnd- 
ing peaks  for sands Iverc  registered lowcr in t l le  
cross-section by 30-40 c r l l  due to a great(-.r m c J I t -  
ing  depth  (Fig. 2.3). 

The  microbial  colltent i t r  sy>geneticaIly  frozen cle- 
posits  that in the  horizons  that had meltcd during 
interglacial  periods or during  other climdtic optima 
and ref rozen.  hlicroorga~>is?ms  distribution patter11 
along the  profiles of the  bore-holes G alnd H (Fig* 
1.6; 1.8) is in evideilce of this  differelice. The 
upper 4-5 m of tile cross-sc'ction are represented 
by  the  alas  deposits melted during the I-1olocer.c 
optimum and  refrozen up to the  present.  Micronrga- 
nisms i n  these  deposi ts   var ies  i n  member from 2 to 

@IO6 cello/g,  the peak beills  registered  at  the  bnun- 
dary  between  the  taber  epigenetic  frozerl alas clepo- 
sits  and  the  underlying urrmelted Edom sediments 

of 2. The  authenticity of the said boundary io also 
containing  only 2-4.104 cells/g,  or less by an  order  

supported by field obsewations.  

Difference in the  background  quantity of microorga- 
nisms  and  its  peak  corresponding to the  top of 
both  modern  and  ancient  permafrost  water impermi- 
sible  horizons  allow to  registed  depths of maximum 
welting  during  comparatively short periods of the 
Holocene  climatic optima (T  = n . 1 ~ 2 - 1 ~ ) 3  y e a r s )  and 
to establish a boundary  between  the alas and the 
underlying  unmelted Late  Pleistocene  deposits.  New 
data  being  available, it will be possible  to  establish 
the  boundary of regional  melting  during the FIoloce- 
ne optimum and i n  the  future,  during  other  Pleisto- 
cene  thermochrones  microbial  content in a rock can  
serve as a means t o  ectnhlish  the  thickness, of thc 
refrozen  preudotalics in dried out hnsirrl o f  migrat- 
ing  lakes.  Hence, it is  Justifiable to use  this  appro- 
ach  to recognize paleotulic z c ) r ~ e s  under  meandering 
paleoriver b e d s  and  IevcIs of cleforrnation frost 
rocks during the per lods of marine  transgrcssion. 

The  growth of microorganisms  under dicfererll temp<;- 
rature  regimes i s  an irrformative- featurc! of frozyr-1 
rocks.   The microorgarhisms separated f r o m  the Eclom 
and  Oloer  samples  are  characterized by a narrow 
range of growth temperaturer, from -4°C to 20°C 
auld from -4OC to 30(2C,  respectively  (Pig. 3.1). 

A higher  Oloer limit i s  most likely duct to higher 
average  annual arid s u m m e r  accumuliztion  tempera- 
tures.  That  conclusion i s  supported hy  palynr>loglc 
da ta   (Scher   e t  al., 1979).  T h e  micr.ohia1 c o m l ~ l r ~ x  
of the Edom and Oloer sultes rrlay VJ~: chara(;terized 
as psychrophilic and psychrotrr,r)hir: (Lytlkh, 1976;  
Zhiznl  mikrobov ..., Heickimd, Morita,  1YN2). At Chs 
temperatures  higher  than +30°C:,, microorgnrliiims 
from the  ahove said sui1r:k w ( ? r e  ur>itl-,le (!ither to 
grow or exhihit vinhility. The  tal-jer alas dr-?r~osits 
formed  during lkre IIulocene optirnlAm cl~~rnonstrate n 
wide range of possible growtkl tempsraturuh (Irorn 
- QoC to +6HOC). Irl this (.:as(:, the Sr'eatt-?.sl v l U m l , ( ~ r  
of microorganisms tcrjrlc to  k.>e rc.vealcrl at hiqkler 

I 

Fig.3. T h e  effect of the  growth  temperatures  on 
the  yuantirlg of microorganisms  separated 
from the Late Pliocene-Pleistocene  sediments. 
1 - quantity of microorganisms; 2 - reliable 
amount of microflora  was riot observed; 

:3 - vital  activity  temperature  spectra of the 
microflora of different  age. 

temperatures  (Fig. 3.1). 
Morphological  variety at the  separated  microorgan- 
isms  can  be  used to characterize  sedimentary  facies 
and  conscquently,  to serve as auxiliary  criterion 
for  stratigraphic  differentiation of rocks.   For exampls  
the  IIolocene  sediments  contain  both  fuzariotes 
and  procarinics,  whereas older Plyoccne and Pleis- 
tocene deposiis arc poorer in microorganisms.  They 
contain  vnly  procariotos  whose  variety  decreases 
with the  age of a rock until1 cocci arid cnrine  bac- 
teria  prevail. 

It f o l l o w s  from the iibnve said that it is   quite  reaso- 
nable to distinGuiah  between  Holocene and Pleisto- 
cene  on  the hasis o f  c-ertain  mic:roliological  chnrac- 
tr~ristics.  That  approa(:h i s  most  effective as a p  - 
plied tn rnoderrl shelf and continental  envirvrlment 
where the  boundary  is  lower  than  the  upper  level 
of t!w mudern drairlage s y s t e m  It also  seem to be 
useful  while  erjtablishing  older  stratigraphic boun- 
dwies  withirl r:ryolilhoztzne, o r  age intervals.  The 
decrease  in tkre nurnher <->I cells, iricrease of a 
rrwrphrjlr>gica1 spectrurrl  due tn the  Irozen rock se- 
yuorl(:es o q r ?  incrvase implies lal.ling out of sopara- 
te  groups of r r l i ( ~ r ( - > ( ~ r g ~ r - l i s r r l ~ .  FIaving revcaled these  
$I'I>UP and estatjlished  their  iihsencc: from the sarrlp- 
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les under  study it i s  possible to suggest a t ime 
scale for the  rocks  that  are  or  had been  [rozen. 

Taking into account  the  already  established facts 
that  microbial communities form together with sedi- 
mentation and  therc  is no inflow of the outside mic- 
roflora into the  frozen  rock  sequences, it is  reaso  
nable to consider  these  microbial c;ommunites as in- 
dicative of the  enclosing  sediments. F e w  facial  spe- 
cifications of microorganisms  has  been  recognized 
as yet. However, it has  been  convincingly  estobli- 
shed  that  gram-negative  bacily  are  confined to m a -  
rine  deposits, while yeast, fungi and  actynomyccs 

belong to the  alas  ones,  Therefore it i s  necessary 
to reveal  prevailing  microbiological  spectra in sedi- 

the  future, to obtain  indicative strains. 
ments of different  composition and  genesis  and, in 

Other  microbiological  characteristics  are  being  stu- 
died  at  present  that  can  be  used to solve  geologi- 
cal  problems within areas  of development of perma- 
frost  rocks. It has  been  established  that  the  enzyme 
activity  data  available for all  the  deposits  under 
study  are  indicative of climatic, geh tan ica l   and  
other  environment  controlling  the  present-day or 
ancient  biogeocenosis. Up to now, cataAase, ami -  
lase,  urease,  invertase  and  protease, but not  de- 
hydrogenase,  activity has been  observed.  The s a m e  
problem can  be  solved while recognizing  the type 
of soilforming processes  by  microbial spectra  pre- 
served in destroyed  buried  soils  horizons. 

Cryolithozone  up to 1000 m thick  provides  an op- 
portunity to study  the  evolution of the  groups in 
sediments of different  age.  Microflora  preserved in 
epigenetically  frozen  sediments  that  had formed  un- 
der the  conditions of warm climate are of most in- 
terest as unusual  or  new form can  be m e t  with. 
The  latter  suggests  the  possibility to create  paleo- 
microflora data  bank to develop  ideas  on  the  prob- 
l e m  of microbial  cenosis of the  past. 

CONCLUSION 

The  available  data allow  to distinguish  between  the 
Holocene  sediments  and  older  rocks.  They  are al- 
so promising in that  they might used to establish 
age differentiation of the  latter  by  means of micro- 
biological scale  for the  permafrost  rocks. 

The  above mentioned problems  require  further  ex- 
perimental  talking  treatment  Together with the  ap- 
proved  criteria  and on the  basis of the  available 
geological information,  microbiolo$ical methods of 
study of frozen  rocks  can  appear to be  an effec- 
tive  approach to the  study of temporal  and  spacial 
boundaries of the  biosphere. 
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THERMIC OF PERMAFROST ACTIVE LAYER - SPITSBERGEN 
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SYNOPSIS 

The temperature o f  t.he active layer o f  permafrost wjthin tho area of the coastal plain of the 
southern margin of Bellsund (Western Spitsbergen) was investigated. T h e  measurements were taken i 
5 points representing main geocomp1,exes of the polar envlronment of Calypsost.randa. The geacom- 
plexcs were characterized by different water conditions, vegetation and the dynamics o f  contem- 
poraneous morphogenetic processes.. The analysis was made of the  distribut-ion  and occurence of the 
ground temperature in connection with meteoroluyical conditions and the features of the tundra 
environment (vegetation, water conditions, contemporaneous geomorphological processes). The influ- 
ence of the individual featuxes of the particular geocomplexes on the development and distribution 
o f  the ground temperature was vhown. 

rNrRawTroN 
The distribution o f  the ground temperature in 
the  vertical profile as well as its occurence 
in time depends on the featuses of the natural 
environment. Uppermost are climatic factors, 
soil- and vegetation conditions along with hy- 
drulvgical and morphological ones. The result 
i s  the regional differentiation of the thermic 
of ground. This problem  was  the chief aim o f  
investigations in the area of spitsbergen 
carried out by Czeppe ( 1 9 6 1  1 ,  Jahn ( 1 9 6 1 ) ,  
Baranowski ( 1 9 6 8 ) ,  Jahn and Walker (19833, 
Glowicki ( 1985)  , Grzes ( 1 9 8 5 ) ,  Kam.inski 
( 1 9 8 5 ) .  Repclewska-Pekalowa et al. ( 1 9 8 7 ) ,  
Wbjcik and  Marcinia-k ( 1 9 8 7 ) .  

The investigations of the thermic conditions 
of the permafrost active layer  in the Western 
Spitsbergen were started in 1986 within the 
proqramme of the Geographical Expedition of 
Maria Curie-Sklodawska University (Repe-l.c-- 
wska-Pekalowa et al. 1 9 8 7 ) .  The investigated 
were localized in NW part of Wedel-Jarlsberg 
Land, on the Calypsostranda coastal pla.in 
(Fig. 1 ) .  

iakinq under con.siderstiun the climatic condi- 
t.ions, the  area belongs to the transitional 
zvne between a warmer part of spitsberyen in 
*.he region of Isfiord and a colder one around 
Hornsund (Percyma 1983,  Rodzik et a l . 1 9 8 5 ) .  In 
t h i s  paper the materials gathered in the s a m -  
mer season of 1987 were exploited. During the 
investisations ( 1 4 . 0 6 .  - 2 0 . 0 8 . 1 9 8 7 )  the C Y -  

.- - 

mean maximal  temperature at a heiqht o f  5 cm: 8 . 4 a ~  

mean  minimal  temperature a t  a h e i y h t  of 2 m :  2 , 3 O C  

mean minimal temperature at. a hciphl: of 5 cm: 2 ,1°1 :  
precipitation sum: 31.8  mm 

number o f  days with precipitation: 2 0.1  m m :  2 3  
evaporation sum: 1 2 1 . 6  mm 
mean wind velocity: 4 . 8  m/s 
oscillations of the mean daily wind vel.: 0 . 5 - 1 4 . 2  m/s 
general cloudiness (scale  7-10) ; 8 3  % 

cloudiness by low clouds: 6 2  k 

I n  comparison with the simil ar pfriod of 1986,  
the summer vf  1987 WAJ about 1 coo le r  and 
more windy. 

The thermic of the active 3 . a y ~ r  of permafrost 
was investigated at five points on Calypso- 
st,randa (Fig. I - C ) ,  They represented the f o l -  
lowing main geocomplexes of  the tundra en- 
vironment: 

Point. 1 :  Dry tundra covering the maritime 
terrace of t.he height 20-30 m a.8.l. 
wl.th a brown, arctic- so i .1 ,  The vege-  
tation C D V ~ ~  consists of species of 
saxifrages, lirhnes and mosses The 
S U K ~ ~ C ~  of this  geocomploxcs is Clat, 
modell ed to.-day by ni.veo--onI ic pro- 
cesses and  washing out. 

clonal -weather-prevniled i.e. windy  with fr;- 
quent precipitations and great cloudiness. The P o i n t .  2 : Pat.terned groundn I pari odicril ly wet, 
elements of the weather at that; time were as 

w i t , h  water  flowing in covers, fed 

follows : with waters from I hc shallow Inke. 
The vegetation cover consists r:f 

mean daily  air  temperature at a height of 2 tu: 3.8OC 
rnopscs d e v e l o p i n g  on H peat. l a y e r  u p  
t o  20 cm thick. The vertical move- 

oscillations of the mean daily air temp. : 0 . 8 ° C - 8 ,  7'C ment.s of t.he ground caused by the 
mean maximal  temperature at a tleight of 2 m: 5 . ~ O C  

action of f r o s t  prevail among morphu- 
genetic processes. 
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A common f c a t . u r e  o f  a1 I g e o c o m p l c x e s   i n v e s t i -  
g a t e d  .is A s imi lar  f o r m a t i o n  of the covers 
( s a n d   w i t . h   g r a v e l s ) ,  rel.ief ( f l a t  t e r r a i n s )  

d i f f e r e n t i a t i o n  of t ,he  t h e r m i c  of t .he  ground 
and general c l imat i c  condiLionu. Thus,  the 

i s  c o n n e c t e d  wi.t.11 water c o n d i t i o n s   a n d  vcgc- 
t . a t i n n ,  

METHOmLOGY OF INVESTIGATIONS 

Ground  tumperut.ure  measuremant:v  within t,he 
chosen  geocomplexss were i n i t , i a t c d  j.n diffe- 
S e n t  periods ( 1 4 . 0 6 ,  1 7 . 0 6 ,  2 2 . 0 6 ,  1 0 . 0 1 . 1 9 8 7 )  

t h e  compact  snow  and i c e - c o v e r .  
according to t h e  moment o f  the van. i .shing of  

t.o 200 cm, f o u r  timcs d a i l y   ( 0 0 , 0 6 , 1 2 , 1 8  GMT), 
The t e m p e r s k u r e  was observed a t  a d e p t h  of 2 

d u r i n g  the standard m e t a a r o l n p i c a l  observn- 
t i a n s ,  b y  moans of b o t h   m e r c u r i c   a n d  elect.ric 
t h e r m o m e t e r s .  

Table I .  D i s t r i b u t i o n  o f  mean ground tempera- 
tures .i.n t h e  summer ~ e a s u n  of 1387 
( i n  the p e r i o d   i n v e s t i g a t , e d )  . 

1 2 3 L 5 6 7 8 9 1 0 1 1  

F i g .  1 .  L o c a l i z a t i o n  of the i n v e s t i g a t i o n  area 
( A ,  B) And d geomorphological o u t l i n e  
(C) 1,2,3 -I m a r i n e  terrace$,  4 ~ zones  
o f  t:he occurence of  p a t t e r n e d   y r o u n d s ,  
ti - g l a r i s ,  6 - bench,  7 - st.ormbank, 
R - foss i l  c l . i f € ,  9 I" ero :s ive   form5,  
10 '- t.undra pool, 11 - measurements  
plJint:: ( 1 - 5 )  

On t h e  basis of  the o b t a i n e d   d a t a  the mean 
d a i l y  t e m p e r a t u r e  at t ,hc particular d e p t h  were 
c a l c u l a t e d  (Tab1.e I )  , I t  a l l o w e d  t o  p r e s e n t  
t . h e   v e r t i c a l   a n d   s p a t i a l   d i s t r i b u t i o n  of t h e  
g r o u n d   t e m p e r a t u r e ,   d a y  by day as well as i n  
t .hs  24-hour cycle ( F i g .  2 - 5 ) .  

ANALYSIS OF RESUL TS 

Vertical. dlstrlbut, 
t&D!.es- 

I n  all. g e o c o m p l e x e s   i n v e s t i g a t e d   t h e   u n e v e n  

along w i t h  c1cpt.h was o b s e r v e d  ( F i g .  2 ) .  I n  the 
r a t e  of t h e  l o w e r i n g  o f  the g r o u n d   t e m p e r a t u r e  

layer  to 50 cg a fast decrease t.ook p l a c e ,  on 
t h e   a v e r a g e   1   c 6 1 0  cm, t ,hen the t e m p e r a t u r e  
lowesed by 0.3 C/10 cm to a dept ,h  of 100 cm. 
Within  the layer below 100 cm t:hc decrease i n  
t,em cra t .u re   amounted  on t h e   a v e r a g e   t o  
0 . 1  C /  10 cm. The warmest were the  s t . r u c t u x a l  
grounds ( p o i n t  3) and a d r y   p e n t b o y  w i t h  
moving  wat.er i n  t.he covers ' ( p o i n t  2 ) .  The 
i n s u l a t i o n   r u l e  of the peat was marked here, 
w h i c h  WAS rcflected by t e m p e r a t u r e s   h i g h e r  a t  
a d e p t h  of 10 cm, t h a n  at a d e p t h  of 5 cm. On 
t h o  o t h e r  hand,  *,he l o r  t .ompera tures  were 

water ( p o i n t .  4 ) .  A s i m i l a r   v e r t i c u l a r  d i s t r i -  
no ted   on  the p e a t b o y   s a t u r a t e d  w i t h  s t a g n a n t  

t.he summer s e a s o n  of 1986  (Rcpelewska-Pekalowa 
b u t i o n  in t h e s e  geocumplexas WAS registered i n  

et 4 1 . 1 9 8 7 ) .  

The daily c o u r s e  of t h s  mound temperat- 

The d a i l y   a m p l i t u d e s   g r e w  smaller t n g e t " h e r  

n o t e d  t o  a d e p t h  of 2 0  c m .  A t  a d e p t h  of  50-80 
w i t h  an i n c r e a s e  .in d e p t h ,  t h e  b igyes t  b e i n g  

. *  iL4Ld.L- 

g 
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cm the i s o t h e r m i c  of temperature dominatnd 
(Fig. 3 ) .  The e s s e n t i a l  d a l l y  changes  o f  tem 
peratures a p p e a r e d   i n  t h e  geocomplexss d e v o i d  
o f  compact. mossy v e g e t a t i a n  ( p o i n t s  1 and 3 ) .  
The d a i l y  ampl . i t u t l e  of t e m p e r a t u r e s  .in t h e s e  
po in t , s ,  .in t h e   l a y e r , n c a r  t h c  surface, oscil- 
lated between 2 and 3 C ,  w h i l e  in t h e  geocom- 

cm 
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F i g .  2 .  Course  of t h e  g r o u n d   t e m p e r a t u r e  ac- 
cording to depth ( t a u t o c h r o n s )  

plexea with compact v s g e t a t i g n  (point8 2 and 
4 ) ,  t h e   v a l u e s   r a n g e d  from 1 .o c 1.5 c .  

whi.ch t h e  daily c o u x s e  of t h e  temperat.uxe of 
Two groups of geocomplexes may be isolated i n  

the  ground is d i f f e r e n t  (Fig. 3 ) :  

1 .  I n  t h e  qsocomplexes  w. i thout  a compact. 
v e g e t a t i o n   t h e  increase i n   t e m p e r a t u r e  was 
marked from the morning  hours   up t o  noon 
( 1 2  CMT),  w i t h  a q u i c k  decrease i n  t h r ?  
a f t e r n o o n   h o u r s   ( p o i n t s  1 and 3 ) .  

2 .  The   geuwmplexes   w i th  a v e g e t a t i o n  ( p o i n t s  
2 and 4 )  were c h a r a c k r i z e d  by a period o f  
warming of t h e   g r o u n d  longer by ca. 6 hrs, 
Maximum t e m p e s a t u r c s   o c c u r e d  ketwccrr 18 
and 0 6  h o u r s  GMT. A t  n i g h t  (00 GMT) peat: 

1 2 1 
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F i g .  4 .  Thoxmoisopleths o f  t.he ground a t  t h e  
p a r t i c u l a r   p o i n t s   a n d   d a i l y   c o u r s e  of 
c h o s e n   m e t e u r o l o g i c a l   e l e m e n t s :  
prr:cipit ,at ion 0 .  1 mm, c l u u d i n e u s  (a - 
c l o u d i n e s s ,  !o - 1.ower c l o u d s ,   i n   t h e  
scale  1 - 1 0 ) ,  wind velocity, r a d i a t i o n  
i n t . e n n i t y ,  a i r  t e m p e r a t u r e  ( a  ,maximum 
a t  a h e i g h t  of 5 c m ,  b .I mean 
t e m p e r a t u r c   n t ,  the  h e i g h t ,  of 2 m). 
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F i g .  5 .  F u n c t i o n a l   d e p e n d e n c e   o f   t h o  maximum 
a i r  t e m p e r a t u r e s  a t  a h e i g h t  of 5 cm 

a t  a h e i g h t  o f  5 cm ( x )  d u r i n g  the 
( Y )  and mean d a i l y   g r o u n d   t e m p e r a t u r e s  

summer s e a s o n  of 1987 

p e r a t u r c s  were r e l a t i v e l y   h i g h  as a r e s u l t  o f  
warming. on the other hand,  i ts  i n f l u e n c e  was 
s t r o n g e r  in d e e p e r   l a y e r s ,   a n d  thesefore t h e  
i s o p l e t h s  were d r a w n   v e r t i c a l l y .   W i t h i n   t h e  
p e a t b o g   w i t h   t h e   s t a g n a n t  water ( s t a t i o n  4 )  o f  
the same t e m p p r a t u r e  as in s t a t i o n  2 and 
s t a t , i o n  3 ( 6 . 7  C), w a t e r   d i d   n a t   p l a y   t h e  role  
o f  a heat carrier b u t  vi? a n   i n s u l a t a r .   T h e  
paral le l  scheme o f  t h e   i s o p l e t . h s   ( F i g .  4 )  
shows t h a t   t h e   h e a t   d i d   n o t   r e a c h   t h e   d e e p e r  
l a y e r s .   A n o t , h e r  cause of s u c h  a scheme was 
a l s o  a waste of t h e  warmth for e v a p o r a t i o n  of 
t h e  water i n f i l t r a t i n g  upward i n   t h e   p e a t  
(mosses) . 

~ 1 1  mant ivned  above e l e m e n t s   a n d   f a c t o r s   i n -  
f l u e n c e   t h e   v a r i a b i l i t y  o f  the ground t empera-  
t .u re   and  i t s  occurence.   However ,   t .hey gene- 
r a l l y  do not e x p l a i n   t h e  local d i f f e r e n c e s   i n  
t e m p e r a t u r e s .   I n  order t.o r e c o g n i z e   t h e m  ana 

d i f f e r e n t i a t i o n ;  a d e c i s i o n  was made t o  
to chouse t h e  fac tor  d e c i d i n g  a b o u t  t h e  vary 

a n a l y s e  the d i s t r i b u t i o n  of t h e  t e m p e r a t u r e  vf 
t.he ground at. H d e p t h  of 5 cm on a chosen  day 
( F i g .  6 ) .  G e n e r a l   m e t e o r o l o g i c a l   c o n d i t i o n s  

d i s t a n c e   b e t w e e n   t h e   e x t r e m e   s t a t i o n s   b e i n g  
on the t e r r a i n   i n v e s t i t J a t e d  were t h e  same ( t h e  

t .he   g rwund  tempera ture  at a d e p t h  o f  5 em, 
q u i t e  small) and the m a i n   e l e m e n t ,   i n f l u e n c i n g  

i . e .  the maximum a i r  t e m p e r a t u r e  a t  a h e i g h t  
of 5 m above t he  s u r f a c e  .̂  was almost i d e n t i -  
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SOIL FORMATION PALEOGEOGRAPHIC ASPECTS IN YAKUTIYA 
S.V. Gubin 

Institute of Soil Science and Photosynthesis USSR Academy of Sciences, Puschino, USSR 

sy~opsls The formation of modern soils in the  tundra  zone of the  Primorskaya  lowland of the  Northern 
Yakutiya  during  Holocene  and manifestation of some  properties of the  Pleistocenic  singenetic  soil formation 
i n  then, are discussed in the  present  paper. 

The  Kolymskaya 1owlar;d occupies  the  eastern  part 
of the vast Primorskaya  lowland  and is  characte- 
rized  by  the most se,vere  and  continental climatic 
conditions  on  the  territory of all  the  Europe-Asia 
tundra. Air average  yearly  temperatures  are 

-14.2 I- -15.2 C, the amount of annual  precipitation 
- 147 mm. The  thickness of the  frozen  rocks  is 
300-600 m and  their  average  yearly  temperature - 
-10 I- -12OC. The  depth of the  seasonal thawing 
does not exceed 40-55 c m  on  elevated flat sites. 

The formation of the modern landscape  environment 
on the territorg. of the  Primorskaya lowland began 
from the  late  Pleistocene  -early H3.locene. In the 
upper  Pleistocene  the  processes of active  sediment 

yearly  temperatures. It results in the formation of 
accumulation  took  place  under conddions of low 

a great  thickness of coldgenic  dusty  deposits with 
thick  veins of polygonal  syngenetic  ice, Le. edomic 
sediments.  The width of the veins  is 1-3.5 meters, 
ice  can make up 30-40% of the  rock volume. 

The  sediment  accumulation was accompanied  by 
the soil-forming process, as a result  the  deposit 
material  had a number of properties  characteristic 
of soils, namely,  high content of plant  residues,  the 
presence of humus  forms of organic matter, bio- 

0 

- eenic  elements,  etc. 

Hitherto no cammon conception of the  orisin of the- 

of them the  deposits of the  loessial  glacial  complex 
se deposits  has  been  recognized.  According to one 

were  accumulated  under  conditions of laks-flood- 
plain bogged  tundra  landscape  periodically  flooded 
with spring  waters  (Popov, 1953; Sher  et aL,1979). 
The  subaerial  hypothesis  (Tamirdiaro, 1980) sug- 
- Rests  that  these  thicknesses  are formed under  con- 
ditions of dry  periglacial  arctic  tundra-steppe  or 
steppe with active  eolian  processes.  The  differenc- 
es found in the  properties  and  structure of the up- 
per  Pleistocene  deposits  on  the  territory of the 
Primorskaya lowland and  rather profound concep- 
tions  ohtairled on the  effect of physical  and chemi- 
cal  weathering  agents or1 the  material  being for a 
lorlg time within the limits of the  seasonal thawlng 
layer allow to consider  edomic  deposits as gene- 
tically  heterogenuus formations. T h e  thicknesses 
similar in many properties  were formed ky different 
ways  o f  accumulationAccording to T.N.Zhestkova 
et al. (1986) they lose their  properties  obtained 

during  sediment  accumulation  and  become  similar 
due to the s a m e  development  during  diagenesis. 
The way of sediment  freezing i s  of particular im- 
portance. 

netic  soil formatian occurred  during  the  Pleistocene 
It should  be  noted  that  the  processes of singe- 

period mainly under  similar bioclimatic conditions 
contributed, to a certain  extent, to the formation of 
the  thicknesses with similar  final  properties, 

Thus,  the  Holocenic  soil  was  formed  on  the  rocks 
having a number of properties  characteristic of soil 
material. The  detailed  analysis of the  upper parts 
of the  walls of the two base  Pleistocenic  cuts on 
the  Kolymskaya lowland - Duvannyi  yar  outrops 
on the Malyi Chukochii  cape  showed  that  there  was 
no indication of material  differentiation  according to 
genetic  horizons. The  profile organization of the 
matkrial of separate  layers  was  weakly  manifested 

4-6 m The  thickness of these  profiles did not  ex- 
only  on  the  Duvanvi  yar  outcrops  at a depth of 

ceed 0.2-0.25 rn (Gubin, 1984). 

In the  upper  parts of the  Pleistocenic  thickness 
there are no indications of aggregation  and rnicroag- 
$regation of the  materlal but there are a lot of s m a l l  
fresh  and  semidecomposed  crop  residues.  The  pre- 
sence of dark  humus  coagulates  and  evolution of one 

les  was  observed  on  the  surfaces of mineral  grains 
and a half oxides in the form of small brown scal- 

in the  rock  sections.  Relatively high content  of 
C is  characteristic of the upper  Pleistocene  de- 

posits. It varies from 0.6 to 2.596, moreover the 
humic substance  contains  the  greatest amount of it. 
Humus i s  of fulvatic  composition with high content 
of nonhydrolizable  residue. The  deposits  are  inrich- 
ed  with nitrogen,  phosphorus,  potassium Ca domi- 
nates in the  composition of the bases  adsorbed. 
The  values of pH, carbonate  content,  absorption ca- 
pacity  and a number of some  other  lndexes are 
different in the  deposits of various regions of the 
Kolymskaya  lowland 

These  thicknesses with a s e t  of features  and pro- 
perties of the  Pleistocenic soil formation gave origin 
to modern soils of watersheds. 

As it was known there  was a temperature  increase 
in the  Arctic  during  the  period  of late PleiatoC@ne- 
-early  Ho.locene  (Khaotinsky, 1977). Basing  on  the 

ora 
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m a s s  paleobotanic  data  and  the  results c > f  the ra- 
diocarbon  datirlgs T.N.Kaplina and P4V.Lrjzhkin 
(1982) give  the following temporal  boundaries of 
the main IIczlocenic periods. 

Pre-bureal  period ( ~ O . ~ O O - Y . ~ O O  years  ago). It  
has  rather  significant  temperature  dcc;reasa.  Pollen 
spectra  characterize  the  vegetation o f  tundra-steppe 
type. Wood and dwarf shrub  vegetation  practically 
disappears even in those  regions  where  there are 
thin larch  forests. 

Boreal  period (9.500-8.000 years  ago). I t  is  cha- 
racterized  by  considerable  temperature  increase 
and  shift of vegetation  zones to the north. In the 
spectra  of  the modern arctic  tundra  territory  the 
shrub pollen dominates. The  peak of alder  shrub 
pollen is  observed. In the northern  outlying  dist- 
ricts of the  Primorskaya  lowland  and  the  arctic  is- 
lands  there  are a lot of microresidues of alder 
shrubs and  big birch. It results from a considerable 
increase in temperatures  of  the  vegetation period. 

Atlantic  period (8.000-5.000 years  ago),  The  ana- 
lysis of the  sporepollen  diagrams  indicated  that  the 
beginning of the Atlantic period  was  considerably 
warmer  than  the modern one.  During its second 
part the Wood vegetation steps  back  towards  the 
south  and  the  landscape  zonality  on  the  territory of 
the Northern  Yakutiya is similar to a modern  one. 
The  authors  assume  that  about 6.000 years  ago  the 
vegetation of the  arctic  tundra  was  already of modern 
*e. 

Subboreal  period (5.000-2500 years  ago) . The 
tundra  vegetation  cover  corresponded to a modern 
one  and  there  were no considerable  differences in 
the landscape if this  period  was  compared with  now- 
days.  There  is a number of data  indicating  that du- 
ring hat time the  conditions of the  vegetation  period 
were  probably  improved  and  the  thickness  of  the 
snow  cover  in  the mountain s y s t e m s  adjacent to the 
lowland was  increased.  Subatlantic  period  (the I d s t  
2.500 years),  The  vegetation  cover  and  the  lands- 
cape  zonality are analogous to  modern ones. 

The  data  given  above allow to attribute  the  Boreal 
and  the  first half of the  Atlantic  period to the Holo- 
cene climatic optimum. The  last  3.200 years   a re  
considered  by N.A.Khaotinsky (1982) as more or 
less single  stage in the  development of the  natural 
conditions of the Northern  Europe-Asia with a ge- 
neral.  tendency of the climate towards  temperature 
fall and, in particular, with temperature  decrease 

glacial  epoch (the second half of the XVI-XIX cen- 
about 2.200 years  ago as well as during  the Small 

turies). 

The  Hnlocenic  temperature  rise  accompanied  by  the 
humidity increase  led to the  reconstruction of the 
landscape  environment  on  the  Primorskaya lowland 
(Kaplina et d, 1980;  Romanovsky,  1961).  During 
this  process  thermokarst  lakes  were formed and 
downthrown  and  alas  depressions  appeared.  The 
hermokarst  processes  resulted in active  destructiol) 
of edomic  elevations,  flattening of their  slopes  and 
formation of lake-thermokarst  plains. 

The  process of bogging  and  peat  accumulation  was 
the main one  during  the  Holocene in the alas ket- 
tles. Peatbogs of a 3-4 m thickness  wore formed 
in the  alas  kettles,  the majority o f  which should  be 
attributed to the  Holocene  (Tormidiaro, 1980). They 
lay  on  the  taberal  sediments which as well as the 

edomic deposits are inriched with organic  substan- 
ce  and nutrients.  Sometimes  the wood residues of 
the  Ilolocerric optimum epoch  are found i n  the alas 
deposits of the typical  and  arctic  tundra.  The wood 
trunks  and  hrarlches  are  slightly  decomposed. In 
the peatbog  thickness no changes in the peat  accu- 
mulation rate  during  the  Holocene or in the  degree 
of its decvmposition  have r t o t  been  observed yet. 

The  development of soils in the  floodplain  -bog 
landscapes on  the territory of the lowland is  deter- 
mined both hy  the regime o f  the flowing rivers  and 
by  the  regional bioclimatic environment  The  dyna- 
mics of the  development of the  floodplain  landsca- 
pes as well as the  degree of their  structural  diffe- 
rentiation  also  affect  these soils. ‘The modern flood- 
plains  probably  appeared  at  the  beginning of the 
subboreal  period when the modern landscape  was 
formed. Their  deposits  consist of alternating  layers 
of slightly-decomposed  peat  and thin river  sediments 
Low heat  provision of the  zone  leads 

result  its  thickness  seldom  exceeds 30-50 c m  in 
modern peat-bog  soils. 

On the  above floodplain terraces  and high flood- 
plains  the  thickness of the peat  horizon  can  reach 
one meter or more. The  radiocarbon  datin$s of the 
beginning of the  horizon formation are sti l l  absen t  

In the  lake-thermokarst  kettles the general  tendency 
of the  Holocene soil. formation is preserved for the 
landscapes  additionally  moistened  or  slightly  drained 
and  the  process of bog formation with accumula- 
tion of slightly  decomposed  peat  absolute1 y pre- 
vails.  The  thickness of the  peat  layer  can  be com- 
pared with its  thickness on the  above floodplain 
terraces. 

Modern tundra  soil formation i s  different  under  auto- 
morphic or  similar  conditions. The  soils with a thin 
organogenic  horizon  and a mineral  part  slightly dif- 
ferentiated  by  genetic  horizons  are formed here. 

differentiation, On the surfaces of flat   slopes - The  processes  of gleying  play a key  role in this 

tundra  gley  (according to S.AKaravaeva  (1969).  
edoms, in the  typical  tundra  zone  there  are  frozen 

frozen  tundra  gley  humus)  soils,  and in the  arctic 
tundra  zone - frozen  arctic  tundra  slightly  gley 
humus  soils. 

The  tundra  soils of the U S S R  North-East  are  cha- 
racterized by the  presence of loose  organogenic 
horizons well aerated  and  slight  indications of pro- 
file gleying. The  above  frozen  horizons  are the 
most gleyed  due to small amount of preci pitation 
and  specific  cot?ditions of the  soil profile thawing 
at the  beginnin$ of the  summer  period  when  there 
are  favourable  conditiolls for moisture  evaporation 
(Karaeva, 1989). Specific  properties  and  structure 
of the  organogenic  horizon  consisting of well- 
decomposed  organnmineral m a s s  are  related with 
the peculiarities of the  thermal  regime  alld  moisten- 
ing of these  soils.  The  depth of the  soil  seasonal 
thawing is 40-45 cm. 

A change in the  climatic crwironment  during  the Ho- 
locene  led,  first of all, to a change in the  depths 
of seasonal thawing of the froze11 thicknesses. 111 
the  upper  parts of the  Pleistocene  deposits  there 
i s  a layer of a 1-1.5 m thicktwss, it is  called a 
cover  one.  Generally, it i s  similar to the  edomic de- 
posits  (grallulometric  compositioll, colour, presence 
of small  rtlots and .organic  residues) but there 

to a slow  increase of the  peat  horizon as a 
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Allalitically,  the gleyil-19 i s  very  poorly  observed 
but the stL1dy  of the  material in the  rock  sections 
shows  that in tho  irltercalation  the  amount of the 
brown scales  cvolved  by  the  one  and a half oxid- 
os 011 the  surface of the  mineral grains i s  consi- 
derably decreased. At the s a m e  t ime the  amount of 
small dark coagulations of the  humic  substances 
remains  unchanged. 

The  lower parts of the  cover layer are  similar to 
the  edomic  deposits by their  chemical  properties. 
Only the  upper layers (Fig. 1) were  affected by 
the  soil  forming  process  but  these  changes were 
not great and  clearly  manifested. 

I 

2 

k-ig. 1. Properties of the  edomic  deposits,  cover  layer  and  modern  soils of the  Kolymskaya  lowland. 
I - Outcrop  Duvanyi ya r  
2 - Outcrop Malyi Chukochii  cape. 
A - lower  bnuridnry of modern  soils 
B - lnwer  boundary of the  cover  layer 

The  thicknecs of the  cover layer o n  the  territory  increased in the s a m e  direction. It should be rloted 
of the Kolymxkaya lowlarid i s  increased  .towards  that no other  layers  and  intercolations  having  si- 
the  south frmrn 1 m or, the  ocean CrJabt tu 2-2.5 m milar prupcrties  were  found in the  thickness of the 
in the rhorth of the  forest  turldra.  The  thickness v f  
the ir1terr:olation rJf the ;Ih,ve frr3zen gleying a r i d  
rrmrphological marlifesttAtir->n of the prcrr:ess arc alst.~ 

seasonal thawing layer r , f  the  Holocenic optimum 
inspite of the fact that n great  number  of  pits  anti 
outcrops orb the  Kolymskaya  lowland  had  been 
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studied. 
As it !~ , - \s  h ! r 1 1  slmtvn ahn-e the LLppc-1- p a l k  o f  
the co\-el' I ~ > - c ! I *  b e i ~ ~ g  no\v ill a constalltll-  frozen 
atatc a re  more silnilar to modcrl1 soils b \ r  a t l L 1 m -  

ber o f  piuperties t h a 1 3  to the (?durnic deposits.  The 
presence of clranges ill the  plI-\.ahtes, co1Ite)lt of 
tlle bases abaofL~ed, ol.g_mlic substaticc ancl ;i n ~ ~ m -  
ber of some  other  irldezes at tile depths of 30-5t) 
cnl IoTr-er the boLuidar>- of the  moden> seasonal tha- 
xv i t i_c  lal-er can be 1vgarded, on the  one  hand, as 
911 indication of more actixre soil  furmation  petlet- 
rating deepel' clL:ring the period of the  Holocene op- 
tinxinl. 0 1 1  the  othcr hnI>cl, as a fact of frcquellt in- 
\-oh-ement o f  tliese  depths r > f  the cover layer in 
the  soil fot-mnt;otI process  during  the  epoches of 
less significant temperature r i s e s  or during  extre- 
ami?- Tvarm years. Hoxvcver, no  relict  features indi- 
cating  more  active charticter of the  soil forniing 
p rocesses  foulid either in the stntcture of the 
material of the coT-er layer Llpper parts or ill the 
profiles of the modern soils. The  existing  processes 
\\-ore characterizod b>- lozv activity of chemical wea- 
thering,  mobilizatiun  and  redistribution of soil  forma- 
tion  productE. The humic compounds due to  regular 
ar,d deep  freezing of  tl;e profiles  coagulated  and 
\\-ere  sedimented on tlhe surface of the  mineral  par- 
t icks.  It  prevel-lted  their  migration to the  lower  parts 
of the  profiles and above  frozen  retinization of hu- 
11IUR. 

It i s  important to consider  the  problem of the  inten- 
sity of soil  profile  gleying  processes  during  the Holo- 
cene. l'!?is process  results in the  uptake of the ion 
cornpounclc from the gley  horizons  ana  destroying 
of the iol-,-contair-~ir?g minerals  (Yarilova  et al.,l985). 
The manifestation of the  gley  processes  in the 
tundra  soils  is  poorly  registered  by  the  analytical 
methods. It  car-< be  accounted  for  not  only  by low 
activity of tl-As process but also by poor  withdrawal 
of substnr-.ces due to a close depusit of a frozen 
aquiclude as well as by the  cqv'turbation  pheno- 
mena wtlich cn-tributing tc materiel mixing  in the 
profile give much  informatioi~al  voise in the svalua- 
tion of this  process.  Ivlicromorphologically  the pro- 
cess of gleyil-g in the  soils of the  region  under 
study  ia  dctcrmined  by a considerable   decrease in 
the amount o f  t ! ~  brown sca l e  forms of iron  hydro- 
xides  on  the surfaces of the  mineral  grains. As it 
h a s  been already .;hewn, a similar  picture  is  ob- 
served  by U3 in the  lower  part of the  c-ver l;.%?~er. 
T h e  above frozer-,  horizon of the  moder.,  soils  and 
the 10-25 c m  laq'cr of the  upper  part cf the cover 
thickness have a microstr.dcture  similar tc. thal o f  
the cover  layer. ~ V E  are  lr,clir.ed to ccnsider  this 
S1eyin.g zone to he aff,=f.kd both by the modern 
above  frozen  gleying  proce.sses  and by those  cc- 
curred  during  moderate terr,perc,k:rE, r ise in the Ho- 
1ocer:e. A. fcr  the mai r ,  part of t t"  thickvesscs of 
the  cover  layer it hac rleitl-ic.1. r. c.rphuIngic:ul nor 
micromorphological,  nor (.her:.ical features of this 
process. I t  alsf, LIE.!? ro ir,ciicutivr,.+ of oluviatia,, , o l  
the one and a half oxides from the  material  lyins 
abovct. ha:ir,g or, these  results  therc i s  much cer- 
tainb  ahout  the fnct  that the g1eyir.g p rocesses  
rlurir)g tL!e t ; o lo~ene  w v r e  r . o t  considerably  tleve- 
loped ir. thc  soil  profiles o f  the  territory urlder wtu- 
dY. 

It i s  alsu irnpvrtartt that  r,eithor  modern  soil forrna- 
tion nor t k e  Holocer,ic r,ptirrlurrl p r u c e s s r s  havct cur,- 
ciderable  effect u r l  the  organic  nlatcrial o f  the  Fleis- 
Locene deposits,  namely, cm.all orgarlic rr:!xiriues and 
coagulated humuk forrn.5. It allows t r ,  corlsicler  that 
t h c  part of the  orgarlic  xubr-tance o f  thc  rnoclern 
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Lurislra soils and  thoso of larch thin forests  formed 
011 the edonlir: deposits  i s  of relict origin. The  
glcying  procc& has a little effect on this  organic 
material atld -50 the  latter  masks  its  exhibition in 
the soil  profiles, 

Since  there a r e  r m  (:hronolngical  series o I  the 1-10- 
locenic  fossils or buried  soil,  the  data  on  paleo- 
climatic,  paleobotanic  reconstructions,  properties 
and compositicp of thc  cover  layer and modern 
soils  allow us  to present  the  following ways arid 
s taycs  of the  lowland s o i l  evolution  during  the Ho- 
locene. 

1. Soil  formatiou  under  automorphic  conditions and 
on the drairlecl si tes  cunsiderably differs from that 
occurring  on the areas having  additional  moistening 
or without  drainage  and  stagnation of atmospheric 

bogging,  progressive  peat  accumulation with the  for- 
moisture. Durine, the  Holocene  the  arocesses of 

matior) (If tundra  peat  bog  gley  scjils and p e a k  took 
place on these  areas .  

2. Gn the  drained  territories  the  soil  formation was 
characterized by  low intensity,  poor  mobilization 
and migration of the  products in the  profiles. T h e  
biomass  increase  during  various  stages of the Ho- 
locene  was  in  such a dynamic  equilibrium with the 
p rocesses  of its  transformation  that  prevented  the 
the  accumulation of considerably  thick  nrganogenic: 
horizons.  The  above  frozen  but  not  the  innerprofile 
gleying  was  mainly  developed. 

3. In the  Kolymskaya  lowland irl  the  zone of the 
modern  typical  tundra  during  the  Holocene  the soil 
formation was  within the limits of the  tundra  slightly 
gleying  and  frozen  taiga  slightly  gleying  (conti- 
nental)  processes  during  temperature falls and 
rizes,   respectively.   The  soils of these   subzones  
have  similar  morphological  and  chemical  properties. 
The  frozen  taiga  soils  considerably differ  from the 
tundra  ones  by  slight  surface  glcying. 

4, Weak  intensity of soil  forming  processes  during 
the  Holocene  contributed to the  preservation in the 
profiles of the  modcrn  soils a number of relict  pro- 
perties and features of the  Pleistocenic  formation 
inherited from the soil forming rocks  having  passed 
the  stages of the  syngenetic  soil formation. They  
include  qualitative  composition of humus  and  morpho- 
Ir,gical f o r m s  of its  accumulation,  granulornetric corn;; 
position,  content  and  distribution of the  majority of 
the  elements  and  compounds  and  even of such mo- 
bile ones  as carbonates. 
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SYNOPSIS:  In  order  to  aerophotogrammetrically  monitor  the behaviour of permafrost within active 
rock glaciers, an observational network  has  been  established  in  the  Swiss Alps. Five rock glaciers 
were  selected  which  all  exist  in a periglacial  environment  of  discontinous  permafrost and  a moder- 
ately  continental  climate.  Results  from  measurements  on  the  rock  glacier  Gruben are presented to il- 
lustrate  the  observational  programme.  Altitudes  and  displacement  vectors  at  the  rock  glacier  surface 
were determined within a regular 50m-grid by  comparison  of  aerial  photographs  taken  in 1970, 1 9 7 5  
and  1979.  Information  on  surface  topography,  flowline  patterns,  velocity  distributions  and  principal 
strain  rates is deduced, as well as changes  in  these  parameters  with  time.  The  geometry  and  creep  of 
the  roughly  100m-thick  permafrost  change slowly. Melting of thin  dead  ice  buried  on  top of the  rock 
glacier  permafrost  seems  to  occur  in  the  marginal  zone of former  contact  with  glacier  ice. 

INTRODUCTION 

Creep of rock glaciers i s  mainly  influenced  by 
the temperature, ice content and geometry of 
their saturated to supersaturated permafrost. 
Due  to the thermal inertia of ice-rich perma- 
frost, these boundary conditions  change  little 
with  time. In contrast to the drastic changes 
which have affected mountain glaciers  all  over 
the  world  during  the  past century, significant 
thinning or thickening  of  rock  glaciers  has  been 
hardly  detectable so far  (Messerli  and  Zurbuchen 
1968, Barsch and  Hell 1976, Haeberli 1985 a,b). 
In  order  to  monitor  long-term developments, and 
especially  possible  reactions to recent  warming, 
an  observational  network  has  been  established  in 
the Swiss Alps. It includes five active rock 
glaciers  which  exhibit  either  predominantly  com- 
pressing flow (Muragl and Murtal in the  upper 
Engadin, R&hy  in the  Wallis)  or  mainly extend- 
ing  flow  (Gufer/Aletsch and Gruben in the 
Wallis).  All these rock glaciers axe found in 
the altitudinal belt  of  discontinous  permafrost 
and  within  the  relatively  dry  interior parts of 
the  Alps  (Haeberli  1978,  1983).  The  first  survey 

was installed at GRUBEN ROCK GLACIER. This  rock 
net  for  analysing large-scale aerial  photographs 

glacier is known to have  been  in direct contact 
with GRUBEN GLACIER, a partially  cold  glacier, 
in the past. Results of a 9-year observation 
period are now available for  this  complex  rock 
glacier. They are presented to illustrate the 
chosen  procedure  and  its  potential  applications. 

SITE DESCRIPTION 

lake 3 in  1968 and  1970  (Fig.l),  an  access  road 
was constructed to help flood-protection work 
(Rzthlisberger  1979);  the  presence  of  the  access 
road encouraged a number of measurements and 
soundings to be  carried  out  (cf.  Haeberli  1985a 
and King et al. 1987, for references 1 .  1 Om- 
temperatures of the Gruben glacier tongue  are 
-0.5 to -2.5'C and  the  ice  is known to be fro- 
zen to its bed  at  the  margins.  Non-frozen  sands 
and silts with a thickness of up to 100m and 
more exist beneath the glacier.  Permafrost of 
the  adjacent  rock  glacier  contains  super- 
saturated sands and silts with  ice  lenses,  and 
carries  remains of buried  glacier  ice on the  top 
in the area of former  contact  with  the  glacier. 
It is more than  100m  thick  in places. Mean 
annual  surface  temperature is about -1'C and  may 
have  been 1 or 2OC colder  during the Little Ice 
Age. Pronounced seasonal variations of flow 
velocity and of water levels  in  surrounding 
lakes  indicate  that the rock glacier's flow 
probably  includes  some  sliding on wet  and  defor- 
mable subpermafrost sediments.  Drastic  glacier 
shrinkage in the early 20th century must have 
considerably changed the stress  and  flow  field 
in  the  former  contact zone between the glacier 
and the rock glacier. In fact, this zone can 
possibly be considered to be a push moraine 
a .  str . ( "Stauchmorsne" = glacitectonically 
deformed perennially frozen sediments) formed 
upslope during past  glacier advances and which 
is  now  slowly  creeping  back  into the depression 
left by the vanished glacier ice  (cf.  Evin  and 
Assier 1982). Unpublished results of seismic 
refraction  soundings  point t o  the  existence  of a 
marked  transverse  bedrock  riegel underlying the 
tongue of  Gruben  rock  glacier  immediately  above 
its  steepest  and narrowest  part. A thermokarst 
lake has-been continously  growing  in  massive  ice 
near  the  rock  glacier head since the mid 6 0 ' s .  

The region under  study  is a cirque  in  which  the Recently,  two  large  and  often water-filled 
tongues o f  GRUBEN GLACIER and GRUBEN R O C K  crevasses formed in buried glacier ice in the 
GLACIER lie side by side  (Haeberli et al. 1 9 7 9 ) .  former contact zone  between  the  glacier  and  the 
Following two outburst  floods of the ice-dammed rock  glacier. 
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Fig.1: Orthophoto of Gruben rock glacier with 5m-contour lines. 1, 3 = lakes 1 and 3 (lake 2 between 
them recently  disappeared  because of the  continuing  advance of the  glacier margin), C = 
water-filled crevasse in buried glacier ice, F = fixed point  (ground-survey  station)  where 
the  orographic  right lateral 19th-century moraine of Gruben glacier  and  the orographic left 
margin of the active Gruben rock glacier converge, G = marginal  part of partially cold  and 
debris-covered  Gruben  glacier, T = thermokarst Lake on rock glacier surface.  Aerial  photo 
taken by the Eidgenijssische Vermessungsdirektion, Bern, on 2 September 1985. Preparation of 
Orthophoto by Swissair Foto- und Vermessungs AG; Ziirich. 

APPLIED METHOD 

Surface  altitudes  and  displacement  vectors 
(Figures 1 and 2 )  were  photogrammetrically 
determined  within a fixed,  regular  5Om-grid 

vA using aerial  photographs taken on 2 4  September - p - 4 d 7  m n p ""+ % 1970, 2 October 1975 and 5 September 1 9 7 9 .  The 
SEale of the model was about 1 : 6,000 and ref- 
erence  points on the  ground could be matched 
within less than a decimeter in horizontal and 
slightly  more  than a decimeter in  vertical  posi- 

comparing  two  photographs  taken  at  different 
times  (cf. Flotron 1979, Haeberli et  al. 1 9 7 9 )  

ter. Data  processing  and  the  plotting of the 

desk-top  computer.  Annual  velocity values are 
estimated to be correct within a few centimeters 
per  year. Altitudes, however, are  strongly in- 
fluenced by the extreme roughness of the  slowly 
moving  surface. Altitudinal changes within the 
average boulder  size of about I m  can be due  to 
the shift of the surface  with  respect  to  the 

Fig. 2:  Measurement  grid  and  displacement fixed grid  points  and are thought to be signifi- 
vectors 1970 to 1975. cant only if averaged over large areas. 

., 4 ;--"-"-., x// ""."_ 

0, 0 0 tion,  Movement patterns were mapped by directly 

F using a computer-based first-order analog p l o t -  
-O",L"-.-& ..., . ..... 

4m 0 
c_ various  derived  quantities  were  done  with a 
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Fig. 3 :  Changes in surface altitude  between Fig. 5: Changes in surface altitude  between 
1970  and  1975  (m).  1970  and  1979 (m). 

DISCUSSION OF RESULTS 

Surface topography of the rock  glacier is dis- 
played  on  the  orthophoto of Fig. 1 .  Figures 3, 4 
and 5 show the  changes  in  its  surface  altitude. 
Between  1970  and  1975,  surface  lowering  general- 
ly  predominated  with  an  average  total  value  of a 
few  decimeters. From 1975 to 1979, surface low- 
ering of about  lm  continued  in  the  formerly  ice- 
covered zone, whereas  the  remaining  surface  rose 
slightly. It is interesting to  note  that (ice) 
glaciers  of  the  Swiss  Alps  suffered  predominant- 
ly negative  mass  balances  during the first 
period, whereas mass gain occurred during the 
second period  mainly due to extremely  positive 
mass balances in 1977  and  1978  (cumulative 
balances o f  Gries glacier: -1.62m and +1 .Om, 
Miller 1977, Haeberli 1985b). The periglacial 
part of the rock glacier seems to follow the 
same, if  somewhat attenuated  pattern. This may 
indicate that freezing  and  thawing  processes  at 
the permafrost table have played  an important 

oc- 

role here in contrast to the situation in the 
zone of buried glacier ice which  is obviously 
far  out of equilibrium. Over the whole 9-year 
period  (1970  to  1979) , changes  of surface alti- 
tude clearly remained within the uncertainty 
range  due  to  surface  roughness,  with the excep- 
tion of the former glacier-contact zone  where 
buried ice appears to melt at a rate o f  a few 
decimeters  per  year. 

Based  on  the  interpolation of measured vectors 
(Fig. 2 ) ,  flow trajectories were constructed 
(Fig. 6 )  and  isolines  of  surface  velocities  were 
drawn  (Fig.  7).  Movement  was  away  from  the  scree 
slopes  at  the  foot of the  cirque wall and velo- 
city generally increased towards the margins 
(extending  flow).  Exceptions to this  picture can 
be recognised along  the  now-readvancing  glacier 
margin and where the lateral  moraine o f  the 
19th-century glacier forms the  orographic  left 
margin  of  the  rock  glacier;  compressing  flow  and 
near stagnation occurred  in  both  cases.  Surface 
velocities  were  in  the order of decimeters per 

Fig. 4 :  Changes in surface altitude  between Fig. 6: Selected  flowlines  (average  for 1970 to 
1 9 7 5  and 1979 (m),. 1979)  interpolated from measured 
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Fig. 7: Distribution  of  surface  velocities Fig. 9: Chan es in vector  azimuths 1970/75 to 
(average for 1970 to 1979)"interpolated 1975779 (degrees). 
from measured  vectors. Note nonlinear 
sequence of isolines (cmjyear). 

year,  but  reached  extreme  values of several 
meters per year in the buried glacier ice close 
to the border of lake 3. Annual velocity changes 
(Fig. 8 )  between 1970175 and 1975/79 amounted to 
a few  centimeters per year and,  hence, remained 
cloae to the estimated uncertainty range.  It is, 
however, noteworthy that a consistent pattern of 
decreasing velocities seems to exist in the zone 
of farmer contact with the glacier. Vector azi- 
muths (Fig. 9) changed by far less than one deg- 
fee, confirming the pronounced stability of the 
flow process. The slight tendency of deflection 
towaqds the orographic left could possibly indi- 
cate that the  rock  glacier is still  adjusting 
its  flow  to  the stress changes  caused by the 
disappearance of glacier ice at its left side. 

Fig. 10  shows the horizontal deformation repre- 
sented by the principal strain rates  which  were 
calculated  from  the measured displacement vec- 
tors. The zone of minimum horizontal deformation 

around  and south of the thermokarst lake repre- 
sents the flow  divide  between (a) the part of 
the rock glacier which moves under strong longi- 

of lake 3 and (b) the part which advances more 
tudinal extension into the now glacier-free area 

ox less  parallel to the  glacier  towards the 
south-west.  The  frontal  section of the latter 
part shows a complex  pattern of compression 

right), both patterns showing a strikingly  pre- 
(orographic left) and  extension  (orographic 

dominant east-west direction which is oblique to 
the main flow direction. The  huge  19th-century 
lateral  moraine of Gruben glacier as well a8 an 
older topographic ridge emerging from it at the 
orographic  left  end of the  rock-glacier front 
both lie in the same direction and may therefore 
have some influence. The general pattern of hwr- 
izontal strain rates was reproducible' in 1975 to 
1979, but for details the differences were con- 

the  rock glacier. These differences are assumed 
siderable, especially in the  marginal  parts of 

s 
5 

. 

Fig. 8: Chanues in surface velocity 1970175 to Fig.10: Horizontal principal strain rates 1970 
1975/79 (cm/year*). to 1975.  Unit  length: 1 0-3 per year. 
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Fiq.11: Vertical principal  strain  rate  1970  to Fig.12: Difference between changes in  surface 
altitude and  total  vertical  strain  1970 
to  1979 (m). 

1979, (positive values = extension, 
negative values c compression, 10-3 per 
year). 

CONCLUSIONS 

to  be  mainly due to errors in vector determina- 
tion. Vertical strain  rates  (Fig. 1 1 )  were cal- 
culated from horizontal  strain-rates  averaged 
for 1970  to 1979  assuming  rock-glacier perma- 
frost  to be incompressible;  mean  absolute  values 
are between 1 O m 3  and 10'' per year. The  corre- 
sponding  change  in permafrost thickness  due to 
deformaticn  alone  is  within  the centimeter 
range. This is the same order of magnitude as 
the  estimated  rate  of  freezing  or  thawing at the 
permafrost base (Osterkamp 1984). In areas of 
strong shear, strain-induced  annual thickness 
changes may even be in the  decimeter  range. 
Vertical  strain  therefore has  to  be  subtracted 
from  measured  changes in surface altitude  to 
enable  investigation of geothermal effects 
(formation or  melt of underground  ice). Fig. 12 
shows the. corresponding  differences  based  on  an 
assumed  uniform  permafrost  thickness (100m) and 
a pure sliding  condition (vertical  strain  rate 
remains  constant with depth). Because of the 
possible  cumulation o f  surface  roughness  effects 
and errors  in strain estimation, only spatial 
means  exceeding T0.5m may  be  assumed  to be 
significant.  Positive values  indicating  perma- 
frost aggradation mainly appear  where  the  sur- 
face is  highest  or  exposed  to  the west, i.e. in 
climatically  favoured  places.  Strong  melting ob- 
viously takes  place  at  lower  altitudes,  in 
slopes exposed to the south and  in  the zone of 
buried  glacier ice; the  average over a total of 
165 grid  points  is -0.55111 or -6crnlyear. When 
considering  the  western  part  only - this was not 
in direct  contact with the glacier  in  the  last 
century - the  average value is -0.28111 or -3cm/ 
year ( 9 2  grid points). The rock-glacier  perma- 
frost as a whole  seems  to he  out of equilibrium 
and slowly  melting, as one would expect  with  the 
20th-century warming  (Haeberli  1985a, UNEP 
1987) . In the formerly  glacier-covered  part (73 
grid  points),  melting of buried  ice  is  estimated 
to be -0.89m or 10cm/year with local maxima 
reaching  50cmfyear. 

Aerophotogrammetrical  monitoring of Gruben rock 
glacier  from  1970 to 1979  confirmed that 

- the  flow  pattern  of creeping rock glacier 
permafrost  changes very slowly  with  time, 

- permafrost deformation  can  contribute as 
much or even  more than thermal  effects to 

nially  frozen  sediments, 
changes in  thickness a€ the  creeping peren; 

- growth and degradation of permafrost  can 
take  place  simultaneously  at different 
places  within  the  same  rock  glacier, 

- an  overall  tendency  exists  for  rock  glacier 
permafrost  to  thin  at a rate of a few 
centimeters per year, probably as a conse- 
quence of  20th-century  warming. 

As a next  step in  analysing  the data, the  appli- 
cation of overlay  and  correlation techniques is 
planned; extrapolation of long-term  trends  will 
be tried on  the  basis of special large-scale 
aerial photography repeated  after  suitable  time 
intervals (5 - 10 years). 
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SURFACE SOIL DISPLACEMENTS IN SORTED CIRCLES, 
WESTERN SPITSBERGEN 

B. Halletl, S. Prestrud Anderson, C.W. Stubbs and E. Carrington Gregory 

1Quaternary  Research  Center and Department of Geological Sciences, 
University of Washington, Seattle, U.S.A. 

SYNOPSIS Considerable  data  ,have been gathered in several  well-developed  sorted  circles  to  elucidate  processes  active  in  these 
enigmatic  features,  which  comprise  domains.  of  fine-grained  soil  encircled by gravel  ridges. A three  year  record  of  horizontal  soil 
displacements  at  the  ground  surface  reveals a coherent  pattern  strongly  suggcstive of intermittent  soil  convection in the  active 
layer,  with  maximum  long-term  displacement  rates  of  about  10 mm 8-l and a  characteristic  cycling  time  on  the  order  of 500 a. 
Several  driving  mechanisms  for  this  convection  appear  plausible,  including  buoyancy  forces  resulting  from a vertical  gradient  in 
soil  moisture  that  arises  naturally  in  thawing  ice-rich  soil.  Alternatively a "border  forcing"  mechanism  may  operate,  in  which  the 
summer  settling of gravel  ridges  previously  elevated by frost-heaving  induces  convectian. 

INTRODUCTION 

Distinct  patterns  in  periglacial  soils  have  been  recognized 
for well  over  a  century, and despite  the  obvious  curiosity  and 
interest  they  have  instilled,  little  is  known  definitively  about 
how  they  form and function.  A  number of scenarios,  many 
rather  ingenious,  have  been  developed  to  explain  the 
development of such  features;  for  example,  an  extensive 
review  by  Washburn (1956) includes  nineteen  dominant 
processes.  None  has  been  clearly  verified,  however,  through 
direct  field  measurement  and  observation.  Furthermore, 
with  the  possible  exception of ice-wedge  polygons,  no 
consensus  currently  exists  about  the  genesis of any  type  of 
patterned  ground  (Washburn, 1980). 

The lack  of  systematic  measurements  of  principal  physical 
parameters,  and of their  year-round  variation  in  space  and 
time  has  hampered  precise  understanding of the  phenomena. 
To improve  this  situation,  we  initiated a long-tern  study  of 
active  and  exceptionally  well  developed  sorted  circles  in 
Kvadehuksletta, a plain  in  western  Spitsbergen  that  consists 
of  a  series  of  elevated  beach  ridges.  The  study  focuses  on  the 
underlying  processes;  it  involves  tightly  coordinated  field, 
laboratory  and  .theoretical  work.  Much of our  effort  has 
been  directed  at  the  development  and  installation  of 
automated  data  acquisition  systems.  They  arc  capable of 
periodically  monitoring  throughout  the  seasons  numerous 
sensors  imbedded  in  sorted  circles to define  the  spatial  and 
temporal  variation  of  temperature,  moisture  content,  soil 
displacement  and  tilt, pore pressure  and  total  soil  pressure  in 
the  active  layer. In addition  to  this  instrumentation  effort, 
we  have  established  extensive  marker  arrays  that  permit 
precise  definition  of  complex  displacement  patterns  at  the 
soil surface. 

Results  of  our  initial  field  work,  together  with  detailed 
descriptiuns of the  sorted  circles  in our study  area  and 
preliminary  interpretations  have  been  presented  (Hallet  and 
Prestrud,  1986; Wallet, 1987;  Prestrud, 1987). A related 
laboratory  study  of  the  sorting  process  and  its  implications 
are  described by Prestrud  (1987)  and  Anderson  (in  press). In 
this  paper,  we  focus  attention on a  three  year  record of 
surface  soil  displacements,  and  discuss  plausible  driving 
mechanisms  for  the  observed soil motion.  Our  results  further 
strengthen  the  soil  convection  hypothesis  developed by 
Wallct and  Prestrud (1986). a paper  that  we  will refer to  as HP. 
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DESCRmTION 

As  described  in HP, the  most  distinctive  soil  patterns  in  our 
study  area  generally  comprise  equidimensional  and  slightly 
domed  domains o f  essentially  unvegetated,  fine-grained  soil 
bordered  by  broad  curvilinear  ridges  of  gravel.  Although 
they  only  rarely  approach  a  true  circular  form,  we  follow 
existing  usage  and  refer  to  these  as  sorted  circles.  Whereas 

of  adjoining stone  circles  that  share common  borders, 
certain  areas are  completely  covered with  polygonal  arrays 

adjacent  circles in our  study  sites  are  generally  separated by 
lower  areas  lacking  the  textwal  contrasts  characteristic  of 
sorted  circles  (Figure 1). In extreme  cases  individual  sorted 
circles  may  be  isblated  from all others. The  size of stone 
circles  varies  considerably  from  one  area  to  another.  Within 
a singie  network,  however,  they  tend  to  be  rather  uniform  in 
size  with  diameters  between 3 and 5 m. 



HORIZONTAL SURFACE SOIL DISPLACEMENTS 

To srudy surface  displacements of soil in several sorted 
circles, we have installed and monitored extensive  arrays  of 
markers,  consisting of both marked stones and pegs 
vertically  implanted within the  upper  decimeter of soil 
(Figure 2). The measurement technique and analysis of 
errors,  which  largely  reflect  the  instability of reference 
points,  are discussed by HP: relative displacements can be 
defined within about 2 mm. At a  site of coalescing circles, K7, 
we observed systematic horizontal displacements up to 20 mm 
over week-long intervals in 1985 (Figure 3). The 
displacements  formed  coherent  patterns  generally  showing  a 
reversal in direction  at the center of both fine domains and 
coarse  borders.  Moreover,  most  displacements  switched 
direction in mid-July 1985. Similar  surface  displacement 
patterns and temporal variations in soil motion in 1985 were 
observed at an isolated  circle, K1, for which displacement 
data are  available  starting  in 1984. Displacement rates range 
up to millimeters  per  day  during the early  phase of the thaw 
period, and vary considerably in magnitude and direction 
through  time.  Remarkably  coherent  patterns of 

vertical  displacements  measured during the 1985 thaw season 
displacements  have  emerged by combining horizontal and 

(HP, Figure 6) .  A marked reduction in  the settling rate of the 
fines and a  pervasive reversal in the  direction of horizontal 
displacements  in  the  coarse  material  are  evident  in mid-July. 

The  reversal  in  displacement patterns in mid-July 1985 was 
also evident in high resolution measurements of 
horizontal  surface  strains  using  linear  motion  transducers, 
and in automated readings from a tilt  sensor 0.4 m below the 
ground surface.  These  reversals 3re most intriguing  because 
they  appear  widespread  and  reflect  coherent  subsurface 
motion extending to  a depth of at least 0.4 m. They occur 
while  thawing is proceeding  monotonically with time  (thaw 
depth on July 1s was about 0.5 m). Furlhermore, they do not 
seem  to  correspond  to  significant  metercological  events  that 
could,  for  example,  have changed the soil moisture. 

Multiple year  data from K7 (Figure 4) illustrate the 
cumulative  nature of the  horizontal  displacements  in  a 
network of adjoining  sorted  figures.  Two  surface  markers on 
either  side of H fine-coarse  contact, which were initially 0.75 
m apart. moved somewhat  erratically  through  time  but  after 

LEGEND Dlsplaeernenl markers 

Fig. 2 Map of site K7, showing array of displacemcnt 
markers and the  rather  irregular form typical of most  sorted 
"circles". Data from markers to the right of reference rod 
are shown in Figures 3, 4 and 5.  
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Lhree years had converged by 0.1 m. Relative motions of 
comparable  magnitude were also observed in other  pans of 
these  sorted  figures;  distinct  net  divergence  was measured 
across both the fine domain and coarse borders. More 
spatially  complete  net  displacements  are  presented  in  Figure 
5. This  yearlong record is representative of three full 
seasonal  freeze-thaw  cycles  starting  in 1984, and hence 

displaccrnenr pattern.  The  lateral  variations in displacement 
appears  to  be  a reliable indicator of the net annual 

markers at the surface  already  illustrated in Figure 4. Net 
reflect  the  pronounced  convcrgence and divergence of 

yearly displactments  are  on the order of 10 mm and tend to 
peak in border  areas. 

INTERPRETATION 

Considerable  residual  motion  is  apparent  after  three  full- 
year  cycles. Most notable are the  systematic  divergence  of 
surface  markers  across  borders, as well as  across  fine- 
grained  domains, and the  net  convergence  across  fine-coarse 

8 

-,a , I I I 
I ,  I, ! I .  

1 2 a 4 6 (I 

HOR~ZONTU m m w  

Fig. 3 Horizontal  surface  soil  displacements  during 
summer 1985 at site K7. Topography and texture are shown at 
the top. Sequential  displacements of labeled rocks (x) and 
vertical  pegs ( 0 , ~ )  are measured relative to  the  vertical 
reference rod hammered  into  permafrost in the  intercircle 
area during  the 1985 thaw season. Note systematic anti- 
symmetric displacements across fine domain (from 2 to 4 m) 
and coarse border (from 4 to 6 m). which reach 15 mm in 
several days.  Line  segments with a positive slope reflect 
radial divergence of soil, and those with a negative slope 
reflect  radial  convergence. 



horizontal  displacements  can only be sustained by 
considerable  subsurface  soil motion. For cxamplc, in areas 
where the upper 0.25 m of soil is extending at a high average 
rate of 4% per year, the soil must be rising about 10 mm  a", 
otherwise  these areas would subside at that rate. Such rapid 
changes  in  microrelief  are  inconsistent  with  observations 
that the  microrelief of several circles in our study area has 
not  changed  appreciably  during  the  four  year  duration of 
our  study. That little if any geometric difference  exists 
among circles  developed on different beach terraces  at 
Kvadehuksletta that vary in age by thousands or tens of 
thousands of years (HP) also suggests  that  the  circles  are 
essentially in a  steady state. 

Assuming  the  microrelief is effectively  steady,  measure- 
ments of horizontal  displacements can be used to  calculate 
rates of vertical soil displacement. If subsurface soil move- 
ments  are  largely  restricted  to  vertical  planes  cross-cutting 
pattern centers, the rate of upward soil motion required to 

horizontal tensile  strain rate and the depth of soil 
maintain the  microrelief is simply the product of the  average 

undergoing that motion. The depth can be inferred to be a 
fraction of the active  layer thickness; notably if  the motion 
resembles fluid convection, as we have proposed (HP), the 
horizontal  velocity at the top of a  convecting roll diminishes 
to  zero  near  the  center of the  convecting  layer and reverses 
sign below that. Using a characteristic depth of 0.25 m, the 
measured  relative  horizontal  displacements  spanning  a  full 
year  yield  a  clear  pattern of widespread upwelling and 
divergence  in both the  fine  domains and coarse  borders 
(Figure 5 ) .  Marked subsidence and convergence  'are  localized 
close to the periphery of the fine domains. Deep-seated 
return flows arc  required  to  maintain  the  observed  long- 
term surface  displaccments. The simplest  overall  pattern of 
soil  motion  compatible with the  net  surface  displacements  is 
illustrated in Figure 6. We stress that actual soil motions arc 
likcly  to be much more complicated  as they reflect large 
fluctuating  displacements  associated with freezing and 
thawing,  separated by long  periods  of  quicscencc 
particularly when the  active  layer is frozen. Nevenheless, 
the pattern of net motion over  a number of years is  expected 
to resemble the circulation in both fine and coarse  domains 
shown in Figure 6. The  characteristic  cycling  time is about 
500 years, which corresponds to maximum displacement  rates 

boundaries. If maintained in the  long-term,  these  relative 
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Fig. 4 Three  year record of relative  horizontal soil 
surface  d~splacements  in  a radial direction at K7 using three 
pairs of markers. L is the initial scparation between 
markers. The  total convergence of about 0.1 m across the 
fine-coarse  contact  amounts  to  more than 4% convergence 

Figure 5D; it was centered at 4.1 m. Distinct divergence is 
annually. Position of this pair of markers can be seen in 

evident  between  markers  placed  both  across  the  fine-grained 
soil domain and across the border, the latter bcing 
interrupted by extended  periods of convergence. 

of 10 mm  a", a I m-thick active layer, and a sorted circle 
radius of 1.5 m. 

These  results are supported by work of other researchers. 
Mackay (1980) obtained a  similar  cycling time for soil in 
earth hummocks. Radial motion and tilt of dowels initially 

also been measured by other workers. notably by Jahn (1967) 
inserted vertically in the  fine domain of sorted circles have 

in the Womsund area of Spitsbergen, and by Washburn 
(personal communication, 1988) at  Resolute, N.W.T., Canada: 
That  markers move and tilt outward is generally in accord 
with the  inferred  convective motion of the  fine-grained  soil. 
Maximal rates of long-term  lateral motion in the fine- 
grained soil are on the order of 10 mm a-l. The data from 
Resolute  do, however, suggest  that  outward motion is largely 
confined to  the upper decimeter of soil. No previous 
measurements  have pointed to the  circle  border  as the locus 
of maximal  displacement  activity. 

EVIDENCE F333ECTING LONG-TERM MOTION 

Dvnamic m c e  of the  Microrelief 

The bulbous ridges of coarse  material, and the sharp  troughs 
that  separate them from  the  subtly domed fine domains,  are 
prominent  sorted  circle  characteristics (HP). This  micro- 
relief is striking in view of the  numerous  processes  that tend 
to  reduce relief. These  include  gelifluction.  pluvial  erosion, 
and biotic  surface  disturbances, all of which result  in down- 
slope  transfer of material. Because relatively steep  slopes 
converge  to form a  trough  at  the  fine-coarse  contact,  the 
troughs would tend to fill  particularly  quickly;  yet they 
persist (Hallet, 1987, Figure 3). A simple diffusional model of 
overall  relief  relaxation,  using  the range of  plausible 
effective  topographic  diffusivities to m2 a-1 
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Fig. 5 Annual net near-surface motion at  site K7. A) 

between 8/20/85 and 8/3/86; solid line is drawn manually to 
Measured horizontal  displacements  relative  to  reference rod 

delineate  the trend: 1984-1985 data, shown as triangles, are 
compatible with 1985-1986 trend: B) measured horizontal 
strains  at the ground surface, and corresponding  vertical 
displacements  assuming  the  microrelief  is  essentially  steady 

displacemcnts and infcrred  vertical  displacements  clearly 
(see text); C) combination of measured horizontal soil 

delineate  near-surface  soil motion; and D) microrelief and 
texture of soncd  circles. 
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Fig.  6  Convection  of both the  fine-grained  soil and the  gravel-rich  border  material  is  the  simplest pattern of soil  motion  that is 
compatible  with  the  measured  surface  displacements,  persistence  of  microrelief,  subduction of surface  organics,  and  indications of. 
occasional  diapirism  under  circle  borders.  Geometry of sorted  circles  and of soil motion  in  the  lower  part of the  active  layer  are 
poorly  constrained.  Fine-grained  soil  extends  under  the  borders in some  circles. 

(Kenyon  and  Turcotte,  1985)  that  includes  conservative variations  in 14C, as  recommended  by  Stuiver  and  Pcarson 
values  representing  low  gelifluction  rates  (Jahn,  1967). (1986).  The  systematic  increase in age  with  depth  provides 
suggests  that  troughs  at  fine-coarse  contacts  would strong  support for the  inferred  subduction  and  associated  soil 
essentially  disappear in decades or. at  most,  centuries.  Thus convection.  The  ages  suggest  that  the  long-term  subduction 
for  this  conspicuous  microrelief  to  persist  for  periods  on  the rate for this  circle  is only about 0.3 mm aml, nearly  thirty 
order  of lo3 to  I@  years,  degrading  processes  must  be times  slower  than  our  measurements  suggest.  That  our 
compensated  by  subsurface  motions;  in  other  words,  the measurements  overestimate  long-term  rates  receives  support 
microrelief  must  be  dynamically  maintained. from  our  observations of sofled  circles  near our study  sites 

that  were  thoroughly  disrupted  by  bulldozers  before  1970; 
Both  the  domed  fine  center  and  the  high  coarse  border 

long-term  rates  are  likely  to be considerably  higher  than  the 
their  reestablishment  has  been  minimal.  However,  actual 

versely  the  trough  at  fine-coarse  contacts  reflects  relative 
reflect  long-term  upwelling  of  soil in thesc  areas.  Con- 

0.3 mm a-l value  based  on I4C dates  because  old  carbon  is 
downward  soil  motion  there.  The  simplest  overall  pattern  of  likely  to  be  recycled  either  chemically  through  the 
motion  compatible  with  these  constraints is identical to that  vegetation, or mechanically  through  overturn of the  bordcr 
deduced  from  surface  displacements  (Figure 6). material.  More  extensive I4C studies  of  organic  material. 

including  the  existing  vegetation,  are  needed  to  define  long- 

considerably  in  concert  with  climatic  variations. 
e V v  term  rates,  particularly  because  past  rates  may  have  varied 

A  sparse  cover of mosses  is  generally  found  at  the  periphery 
of the  fine-grained  soil  domains  along  with  occasional  bunch  Dther  Ga40eic E v k l ~ ~ u  
grasses  and  clusters  of  dicotyledonous  plants  (family:  Saxi- 
fragaceae).  This  thin  vegetation  mat  and  the  underlying  soil  Additional  geologic  data  gathered by a  number  of 

coarse  contact  (Huxley and  Odell, 192.4: Jahn, 1967). - The  folds 
commonly  form  small folds  with axes  paralleling the  fine-  researchers  further  support  elements of long-term 

convective  soil  motion  in  other  types of patterned  ground 
indicate  that  at  least  a  portion of the  convergence  recorded 
near  fine-coarse  contacts  (Figures 4 and 5 )  persists  in  the 

(e.g.  Nicholson,  1976;  Mackay,  1980).  Upward  flow of material 

long-term (HP). compatible  with  the  recognized  upward  migration of stones 
and  vanishing  radial  displacement  rates  in  circle  centers  are 

A diversity  of  related  observations  all  support  the  inferred 
and  fossils  to  the  surface (e.g., Gripp.  1926,  1927).  in  places 

pattcrn  of soil motion.  Distinct  wedges of dark  organic-rich 
forming  islands  of  coarse  material  near  the  centers  of  fine 
domains as can be seen  in  Figure 1. Furthermore.  the  radial 

soil  generally  dip  beneath  the  coarser  border  material 
(Prestrud,  1987);  these  are  suggestive of the  subduction  of 

flow  pattern  characteristic  of  hexagonal  convection  cells  is 
in  accord  with  the  preferred  alignment  in  a  radial  direction 

organic  material.  Throughout  the  active  layer,  the  organic  of  elongated  rock  fragments  in  sorted  patterns  reported by 
carbon  content  of  the  soil  at  the  periphery  of  fine  domains is 
considerably  higher  than  in  the  center (HP). The  vegetation 

Schmertmann  and  Taylor  (1965). 

cover is often  discontinuous or absent  in  the  center  of  the 
fines,  whereas  it  is  thickest  at  the  periphery  of  the  fines; 
although  this  may  reflect  micro-environmental  differences, 
it  may  also  reflect  the  expected  radial  increase  in  time 

DISCUSSION 

available  for  plant  colonization  and  growth.  Along  the  axis Similaritv Bet W cen  Sorted Sircles and CO nvectlon  Cells 
of coarse  borders,  progressive  upwelling  and  lateral 
divergence  may  help  explain  the  occurrence  of  plant  roots 
UP to 150 mm long  fully  exposed  on  the  gravel Surface, where  undergoes  a  circulatory  motion  intermittently.  This  notion is 

A  wealth of evidence  suggests  that  soil  in  active sorted circles 

“frost-jacking’’ is  likely  to  be  minimal.  not  new;  comparisons  have  long  been  made  between 

I4C dates  of  organic  material below a gravel  border  provide known  to form in layers  of  fluid heated from below. It is 
5 independent  constraints  on  rates  of  long-term  soil  motion. primarily  the r c y l a r  geometry of sorted  patterns  that has 

Three  samples  were  collected  along  the  subsurface  extension invited  comparison  with  convection  cells,  starting  with 
of a  fine-coarse  contact  where  “subductcd”  organic  material Nordenskjold  (1907)  shortly  after  Benard’s (1901) original 
forms a distinct  wedge of organic-rich  soil.  Samples  centered free-convection  experiments.  Other  geometric  aspects  of 
at  distances  of 0.05, 0.15 and 0.25 m  along  this  “subduction“ sorted  circles  are  strikingly  similar  to  convection  cells.  In 
zone yielded  dates  of 315210. 505~30 and 8 6 0 ~ 7 0  years  before plan  view,  sorted  circles  closely  resemble  the  cell  form  found 
present,  respectively.  These  dates  were  corrected  for  past in  numerical  simulations  of  buoyancy-driven  free 

patterned  ground  and  Benard  cells,  the  convection  cells 
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convection  (Hallet.  1987). as well  as in experiments. In our 
study  area,  diameters  of  sorted  circles range from 3 to 5 m, 
and  active  layer  depths  range from 1 to 1.5 m. Assuming  that 
the  entire  active  layer  convects,  the  diameter-to-depth  ratio 
of sorted  circles is in  agreement  with  the  theoretical  aspect 
ratio  of  about 3 for  convection  cells in a  flpid  layer  heated 
uniformly  from  within  and  cooled  from  above  along  a  free 
surface  (e.g.  Turcotte  and  Schubert, 1982). The  central 
domain of sorted  circles is invariably  convex  upward,  in 
accord  with  theoretical  analysis (Yeffreys. 1951)  and 
experimental  study  (Cerisier  et al.. 1984) of  the  form of the 
free  surface  deflected by buoyancy-driven  convection. 
Stones  accumulate  at  the  periphery  of  circles  much  like 

convecting  fluids (Benard, 1901;  Romanovsky,  1939). Stones 
various  inclusions gather to  form  distinct  patterns in 

remain  at  the  surface  to  form  borders  because  the  rate  of 
stone  upfreezing  near  the  ground  surface  is  likely  to  exceed 
the  rate  of  downward  soil  motion  thcre  (Prestrud.  1987).  Thus 
the  upfreezing  process "may be  considered  as  a  substitute  for 
buoyancy,  and  the  stones  behave  as if floating  on  the  mud" 
(Wasiutynski, 1946). 

for  Soil C o n v a  

In  sorted  circles  long-term  convection  is  interrupted by 
periods  during  which  the  soil  is  frozen,  or  unable  to  convect 
for  other  reasons.  Our  reference to this  motion as  soil 
convection  may  be  questioned  because  the  term  "convection" 
generally  refers  to  motion  that  is  maintained  through  time. 
As inertial  forces  are  not  important  for  this  slow  motion of 
very  viscous  soil,  imposed  interruptions  would  cause  hiatuses 
in  soil  motion but are  not  likely  to  alter  the  physics  of  soil 
convection  in  other  ways.  Hence,  the  soil  motion we discern 
(Figure 6) can  be  conveniently  referred  to  as  soil  convection. 

In  view  of  the  initial work on  free  convection,  which  dealt 
with  thermally-driven  fluid  motion,  it  is  natural  that  early 
considerations  of  soil  convection  focused  on  temperature 
gradients  for  a  mechanism  to  drive  such  motion  (e.g. 
Romanovsky,  1939). It was  recognized  early  that  the  density 
of water  could  be  expected to decrease  with  depth  during  the 
thaw  season.  Simple  calculations  showed,  however,  that  the 
maximum  variation  in  bulk  density  of  the  soil  that  could 
result  from  variations  in  the  density  of  pore  water  between 
O°C and 4oC is  insufficient  to  induce  soil  convection  (Gtipp, 
1926; Wasiutynski,  1946).  Moreover,  such  small  bulk  density 
differences,  less  than one part  in lo4, are likely to  be 
completely  overshadowed by differences  in  bulk  density 
arising  from  realistic  variations  in  soil  moisture or texture 
(Mortensen, 1932, Dzulynski, 1966). The  fact  that 
temperature-induced  buoyancy  forces  are  incapable  of 
driving  soil  convection,  and  that  other  driving  mechanisms 
are  not  widely  accepted,  appears  largely  responsible  for  the 
current  general  skepticism  about  soil  convection  in  sorted 
circles.  Soil  convection is commonly  dismissed  outright,  as 
echoed in recent work by Ray  et  al. (1983) and  Glcason  et al. 
(1986).  The  difficulty  with  thermally-induced  free 

convect in sorted  circles:  rather  it  highlights  the  need to 
convection  does  not,  however,  indicate  that soil cannot 

identify  the  actual  mechanism  driving  the  well-documented 
circulatory  motion. 

It  has  long  been  recognized  that  differences  in  soil  moisture 
may  provide  the  required  driving  mechanism  (Mortensen, 
1932; Gripp and Simon, 1934; and  Sorensen, 1935). A 
compelling  case for soil  convection  caused by a  vertical 
gradient in water  content  was  presented by Wasiutynski 
(1946. p. 202) who  clearly  recognized  that "...if we  substitute 

the  mud  layer will be the  same  as  those  of  the problem of 
water  content  for  temperature,  the  equations  of  motion in 

thermally  maintained  instability."  Such  convection,  which 
is also  supported by Palm  and  Tveitercid's (1977) theoretical 

produced  by  melting  icc that is in excess of the  pore  space in 
considerations,  could be maintained by a supply  of  water 

the  thawed  soil. 

The  well  known  settling  of  thawing  soil,  which  can  exceed 
10% of the  active  layer  depth,  reflects  considerable 
compaction.  Starting  near  the  surface,  whcre  soil  thaws 
first.  compaction  progresses  downward  at  a  rale  determined 
by chc upward  water  percolation  above  the  thaw  front.  Near- 
surface  consolidation  may  naturally  give  rise  to  denser 
material  near  the  surface  than  at  depth  because  the  time 

the  duration  of  the  thaw  period.  This  density  distribution  is 
available  for  consolidation  decreases  with  depth  along  with 

conducive  to  convection  as  denser  soil  tends  to  sink  while 
lighter  soil  tends  to  rise.  The  few  measurements  of  soil  bulk 
density  in  sorted  circles  that  are  available  show  that  density 
does  decrease  with  depth  under  parts of a  sorted  circlc (HP). 
Moreover, our calculations  of  the  evolution  of  bulk  density 
profiles in thawing  soils show that  density  can be expected to 
decrease  with  depth  through  much  of  the  active  layer. 

The  viability  of  the  postulated  convective  motion  of 
periglacial  soils  can  be  assessed by calculating  the  effective 
Rayleigh  number,  which  defines  a  threshold  for  the  onset of 
convection.  Although  it  can  only  be  estimated  roughly 
because of the  wide  range  of  soil  physical  properties  and  the 
highly  idealized  treatment  of  soil  reheology,  fine-grained 
soils  appear  capable  of  convecting  because  of  their  relatively 
low  effective  viscosity  and  hydraulic  diffusivity  (Hallet, 
1987). Convection  would be  strongly  favored  in  fine-grained 
materials  with  low  viscosity  and  hydraulic  diffusivity. 
Moreover,  moist  fine-grained  soils  are  likely  to  contain 
considerable  ice,  leading to large  initial  gradients  in  bulk 
density  during  the  thaw  period. This may  account for  the 
observed  abundance  of  sorted  circles  in ollr study  areas  in 
wet  swales  rich  in  fine  material  and  their  absence  from 
adjacent  gravelly  beach  ridges. 

Although  buoyancy  forces  arising  from  vertical  gradients  in 
moisture  content  in  thawing  soils  appear  capable of inducing 
soil  convection,  they  do  not  necessarily  constitute  the 
primary  driving  mechanism.  Significant  buoyancy  forces 
are  most  likely  to  develop  in  the  fine-grained  soil  domains 
because  the  potential  for  heaving  and  subsequent  settling  is 
greatest  there.  It  follows  that  rates  of  soil  displacements 
ought  to  be  relatively  high  in  the  fine  domains.  This is not, 
howeves,  supported  by  the  lateral  motion  and  surface  heave 
data  nor  by  related  field  observations  and  measurements  that 
point to a focus of activity  along  the  coarse-grained  ridges. 
It  is  becoming  evident  from  considerable  data,  ,yhich  will  bc 
presented  in  a  subsequent  publication, chat a border 
forcing"  mechanism  could  provide  an  alternative  means  of 
driving  long-term  convection in stone  circles.  Convection  of 
the  fine-grained  material  could  be  "forced" by the  settling  of 
borders  previously  elevated  by  frost  heaving,  and  would 
contrast  with  the  "free  convection"  that  arises  strictly  from 
buoyancy  forces. 

Eree C- nf Water in the  Active L a v d  

Although  the  expected  thermally-induced  decrease  in  water 
density  with  depth  in  the  active  layer is incapable  of  causing 
soil  convection, Ray et al. (1983) and  Gleason  et  al.  (1986) 
recognized  that  it  could  induce  percolative  convection of 
water  through  soil.  Moreover,  they  proposed  that  such  water 
convection  could  affect  the  thaw  pattern  at  the  base  of  the 
active  layer,  and  that  the  resulting  scalloped  geometry of the 
thaw  front  dictates  the  development  of  certain  patterned 
ground.  Much  as  is thc case  for  soil  convection,  pore  water 
convection  appears  to  be  an  attractive  mechanism  because it 
is in  accord  with  thc  regularity,  shape and size of stone 

could  influence  only  the  geometry  of the  incipient  patterns; 
circles.  However.  at  best.  this  water convection  mechanism 

observed  surface  displacements of the soil  cannot  be 
the  conspicuous  size  sorting,  distinct microrelief,  and 

accounted  for  directly. Moreover,  whether  percolative 
convection  of  watcr  can occur.  or  can  bc  sufficiently 
vigorous  to  affect  heat transport  significantly  in  fine- 
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grained  soil typical of sorted circles is questionable. For 
example. Palm and Tveitereid (1977) have suggestcd that free 
convection of water in the active layer would not be possible 
through  material  finer  than  gravel. 

CONCLUSIONS 

Our three  year record of surface soil displacements is 
interpreted  to  reflect  systematic soil circulation with net 
annual displacements reaching 10 mm. These  data  provide  a 
measure of  the temporal and spatial pattern of long-term soil 
convection we have inferred previously on the  basis of the 
size,  geometry,  microrelief.  vegetation  cover, and subsurface 
distribution of organic  carbon  of sorted circles.  Theoretical 
considerations  suggest  that  intermittent  free  convection  is 
plausible in thawed fine-grained  soil, and (hat  the  requisite 
bulk  density  decrease with depth  arises  naturally  during the 
thawing and consolidation of ice-rich soil. However, the 
actual  driving mechanism remains to -be Established. Our 

yield  considerable additional data about their  dynamics, and 
ongoing  automated monitoring of sorted circles  promises to 

about  more general active  layer processes. This  should 
permit us to assess  further the ideas discussed here, and to 
improve our understanding of these and similar  patterns. 
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S Y N O P S I S  Two a c t i v e   s o r r e d  c i r c l e s  were e x c a v a t e d   a n d   t h e i r   f i n e   g r a i n e d   c e n t r e s   s y s t e m a t i c a l l y  
s a m p l e d   f o r   g r a n u l o m e t r i c .   m i c r o m o r p h o l o g i c a l   a n d   m i c r o f a b r i c   a n a l y s e s .   S t e e p l y   i n c l i n e d   z o n e s  o f  
s i l t l c l a y - r i c h   a n d   g r a v e l - r i c h   s e d i m e n t   e x c e n d i n p   u p w a r d s  f r o m  c l o s e   t o   t h e  base  of t h e   a c t i v e  
l a y e r  a r e  d e s c r i b e d .   W i c r o m o r p h o l o g i c a l   p h e n o m e n a   c o n s i s t e n t   w i t h  i c e  s e g r e g a t i o n   d u r i n g   f r e e z i n g  
a n d   t h i x o t r o p i c   c o n d i t i o n s   d u r i n g   t h a w - c o n s o l i d a t i o n  a r e  i l l u s t r a t e d ,   t o g e t h e r   w i t h   m i c r o f a b r i c s  
i n d i c a t i n g   u p w a r d   o r   d o w n w a r d  mass d i s p l a c e m e n t  o f  s e d i m e n t .  I t  is c o n c l u d e d   t h a t  sma l l - sca l e  
u p w a r d   i n j e c t i o n   o f   o v e r - s a t u r a t e d   s e d i m e n t   o c c u r s  in c i r c l e  c e n t r e s   d u r i n g   t h a w ,   p r o d u c i n g   t h e  
c o m p l e x   g r a n u l o m e t r i c   p a t t e r n s   o b s e r v e d .  

I N T R O D U C T I O N  

S o r t e d   p a t t e r n e d   g r o u n d  i n  J o t u n h e i m e n   i n c l u d e s  
c i r c l e s  a n d   n e t s ,   w h i c h   g i v e  way t o   s t r i p e s  a s  
g r a d i e n t s   i n c r e a s e .   T h i s   r e p o r t   r e l a t e s  E O  
s o r t e d  c i r c l e s  a t  G l i t t e r r i n d  (1810 m a . s . 1 . )  
a n d   b e l o w   r h e   t e r m i n a l   m o r a i n e  o f  t h e   g l a c i e r  
G r b s u b r e e n   ( 1 8 9 0  m a . s . 1 . )  i n  V e o d a l e n ,   e a s t e r n  
J o t u n h e i m e n   ( F i g .  1 ) .  A t  t h e s e  s i r e s  c i r c l e s  
c o n s i s t   o f   f i n e   g r a i n e d   c e n t r e s ,   g e n e r a l l y  
a r o u n d  2 m i n  d i a m e t e r ,   s u r r o u n d e d   b y   b o r d e r s  
a p p r o x i m a t e l y  1 m w i d e   c o m p r i s i n g   p e b b l e s   a n d  
b o u l d e r s .   T h e   b o r d e r s  a r e  c o m m o n l y   i n t e g r a t e d  
t o   f o r m   n e t w o r k s  (Fig. 2 ) .  A t  t h e s e   h i g h  
a l t i t u d e  s i t e s  c i r c l e  c e n t r e s  a r e  l a r g e l y   f r e e  
o f  v e g e t a t i o n   o t h e r   t h a n   m o s s e s   a n d   l i c h e n s ,  
a n d   a r e   a p p a r e n t l y   a c r i v e ,   b u r   b e l o w   a b o u t   1 7 0 0  
m s o r t e d  c i r c l e s  a n d   s t r i p e s   b e c o m e  
i n c r e a s i n g l y   v e g e t a t e d   a n d   a p p e a r  t o  b e  l e s s  
a c t i v e .  

T h e o r i e s   r e l a t i n g   t o  c h e  f o r m a t i o n  o f  s o r t e d  
p a t t e r n e d   g r o u n d  were r e v i e w e d   b y   W a s h b u r n  
( 1 9 5 6 ,   1 9 7 0 ) .   F r o s t :   s o r t i n g   h a s   b e e n  
a d e q u a t e l y   e x p l a i n e d  ( e . g .  C o r t e ,   1 9 6 2 ,   K a p l a r  
1965, B o w l e y   a n d   B u r g h a r d r   1 9 7 1 ) ,   b u t  t h e  
p r o b l e m  o €  t h e   d e v e l o p m e n t  oE r e l a t i v e l y  
r e g u l a r l y   s p a c e d .   r e p e a t e d   p a t t e r n s   h a s  
r e m a i n e d   c h e   s u b j e c t  o f  d e b a t e .   R e c e n t l y  
H a l l e t   a n d   P r e s t r u d  (1986) r e - e m p h a s i z e d   t h e  
r o l e  of c o n v e c t i o n a l   c i r c u l a t i o n  o f  f i n e s ,  by 
mass d i s p l a c e m e n t   u p w a r d s   b e n e a t h  c i r c l e  
c e n t r e s   a n d   d o w n w a r d s   c l o s e   t o   t h e   m a r g i n s .  
S i m i l a r   c i r c u l a t o r y   s e d i m e n t   m o v e m e n t s   w i t h i n  
s o r t e d   n e t s   a n d   c i r c l e s   h a v e   b e e n   s u g g e s t e d   b y  
a n u m b e r   o f  e a r l i e r  w o r k e r s  (e.g. R o m a n o v s k y  
1 9 3 9 ,  T r B l l  1 9 4 4 ,   D i u Z y d s k i   1 9 6 3 ,   C h a m b e r s  
1967, N i c h o l s o n   1 9 6 9 ,   1 9 7 6 ,   P a l m   a n d   T v e i t e r e i d  
1 9 7 7 ) .  

A c c o r d i n g   t o   t h e   c o n v e c t i o n   t h e o r y ,   f r e e  
R a y l e i g h   c o n v e c t i o n   w i t h i n  a t h a w i n g   a c t i v e  
l a y e r  may b e   d r i v e n   b y   m o i s t u r e   i n d u c e d   d e n s i t y  
d i f f e r e n c e s .  A p o t e n t l a l l y   u n s t a b l e   d e n s i t y  
g r a d i e n t   r e s u l t s   f r o m   t h a w i n g  a t  d e p t h  
r e l e a s i n g   l o w   d e n s i t y   o v e r - s a t u r a t e d   s e d i m e n t  

b e n e a t h   h i g h e r   d e n s i t y   n e a r - s u r f a c e   s e d i m e n t s  
w h i c h   h a v e   a l r e a d y   u n d e r g o n e   t h a w   c o n s o l i d a t i o n  
( P a l m   a n d   T v e i t e r e i d   1 9 7 7 ,  H a l l e t  a n d   P r e s t r u d  
1 9 8 6 ) .   T h e   s i z e   o f   c o n v e c t i o n  c e l l s  a n d   h e n c e  
of a s s o c i a t e d   s o r t e d  c i r c l e s  i s  r e l a t e d   t o   t h e  
t h i c k n e s s  o f  t h e   a c t i v e   l a y e r   w h e r e b y  c e l l  
w i d t h  is a p p r o x i m a t e l y  3 . 3  times c e l l  d e p t h  
( H a l l e t   a n d   P r e s r r u d   1 9 8 6 ) .   T h e   i n i t i a t i o n  o f  
r e g u l a r  c e l l s  h a s   a l s o   b e e n   a t t r i b u t e d  t o  
t h e r m a l l y   i n d u c e d   R a y l e i g h   c o n v e c t i o n  of soil 
water  ( R a y  e t  a l .  1 9 8 3 a ,  b), c r e a t i n g  an 
u n d u l a t o r y   p e r m a f r o s t   t a b l e ,   w h i c h   i n   t u r n  
c o n t r o l s   s o r t e d  c i r c l e  s i z e .  

F i g u r e  1 L o c a t i o n   M a p ,   V e o d a l e n .  GL 
G l i c c e r r i n d ;  G R  C r g s u b r e e n .  
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I n   c h i s   s t u d y   t w o   s o r t e d   c i r c l e s ,   o n e   a t  
G l i t t e r t i n d   a n d  one a t   E r z s u b r e e n ,   w e r e  
t r e n c h e d   a n d   s a m p l e d  f o r  g r a n u l o m e t r i c   a n d  
m i c r o m o r p h o l o g i c a l   a n a l y s e s .  T h e  r e s u l t s   s h o w  
c o m p l e x   m i c r o f a b r i c s   a n d   g r a n u l o m e t r i c   p a t t e r n s  
w i t h i n   f i n e - g r a i n e d   c i r c l e   c e n t r e s ,   a n d  
i n d i c a t e   t h a t   u p w a r d   a n d   d o w n w a r d   m o v e m e n t s  of 
s e d i m e n t   p r o b a b l y   t a k e   p l a c e   d u r i n g   t h a w i n g  of 
t h e   a c t i v e   l a y e r .  

SITE DESCRIPTION 

A t  b o t h   s t u d y  s i t e s  g r a d i e n t s  a r e  l e s s  t h a n  4 "  
a n d   t h e   s u b s t r a t e   c o m p r i s e s   p o o r l y   s o r t e d  
d i a m i c t o n ,   p r o b a b l y   r e p r e s e n t i n g  t i l l  d e p o s i t e d  
d u r i n g   t h e  l a s t  r e g i o n a l   g l a c i a t i o n   o f   t h e  
J o t u n h e i m .   B e d r o c k   c o n s i s t s   o f   p y r o x e n e - g n e i s s  
( B a t t e y   a n d   M c R i t c h i e  1975). 

Mean J a n u a r y   a n d   J u l y   t e m p e r a t u r e s   a t   t h e  
n e a r e s t   N o r w e g i a n   m e t e o r o l o g i c a l   s t a t i o n  a t  

+ 2 . 6 ' C  r e s p e c t i v e l y  (1931-1960, B r u u n  1967). 
F a n n a r a k e n  (2062 m a.s.1.)  a r e  - 1 2 . 3 ' C  a n d  

G r a n t  a u t o m a t i c   r e m p e r a t u r e   r e c o r d e r s   i n s t a l l e d  
w i t h i n   c i r c l e   c e n t r e s   a t   b o t h   s t u d y  s i t e s  h a v e  
p r o v i d e d  six h o u r l y   r e c o r d s  of 1-50 cm g r o u n d  
t e m p e r a t u r e s   f o r   u p   t o  3 y e a r s  (Cook i n  
p r e p . ) .  Mean g r o u n d   s u r f a c e   t e m p e r a r u r e s  ( 1  cm 
b e l o w   s u r f a c e )  a r e  g i v e n   i n   T a b l e  1. U n u s u a l l y  
warm s u r f a c e   t e m p e r a t u r e s   a t   b o t h  s i t e s  in 
1984-5 a re  a t t r i b u t e d  t o  a b o v e   a v e r a g e   s n o w f a l l  
d u r i n g   t h a t   w i n t e r .  

S e i s m i c   s u r v e y s  (Harr is  a n d  Cook 1 9 8 6 )   h a v e  
p r o v e d   t h e   p r e s e n c e  o f  p e r m a f r o s t   a t   b o t h  
s i t e s .  A t  t h e   e n d   o f   A u g u s t  1 9 8 4 ,  t h e   a c t i v e  
l a y e r  a t  G r i i s u b r e e n  was 0 . 7 9  t o  1 . 0 6  m d e e p   a n d  
a t  G l i t t e r t i n d ,   1 . 1 3   t o  1.62 m d e e p .  
E x c a v a t i o n   t o   t h e   p e r m a f r o s t   t a b l e  was n o t  
h o w e v e r   p o s s i b l e ,   d u e   t o   t r e n c h   w a l l   c o l l a p s e  
b e l o w   a p p r o x i m a t e l y  0.75 m ,  c a u s e d  by e x c e s s i v e  
i n f l o w  of g r o u n d  water. On t h e   b a s i s  of soil 

e s t i m a t e d   r h e  lower a l t i t u d i n a l  l i m i t s  of 
t e m p e r a t u r e   r e c o r d s ,  Cook (in p r e p . )   h a s  

a r   a p p r o x i m a t e l y  1640 m a n d  1840 m 
d i s c o n t i n u o u s   a n d   c o n t i n u o u s   p e r m a f r o s t  t o  l i e  

r e s p e c t i v e l y .  

I f   R a l e i g h   c o n v e c t i o n ,   e i t h e r  o f  s a t u r a t e d  
s e d i m e n t   o r  of g r o u n d w a t e r ,  is i m p o r t a n t  in 
c i r c l e   i n i t i a t i o n   a n d   d e v e l o p m e n t ,   c i r c l e  

d e p t h  of s o r t i n g  ( H a l l e t  & P r e s r r u d  1986, Ray 
d i a m e t e r s  s h o u l d  b e   a p p r o x i m a t e l y  3 . 3  times t h e  

e t  a l .  1 9 8 3 a ,   b ) .  A t  G l i r t e r t i n d   t h e   a v e r a g e  
c i r c l e   d i a m e t e r  was 3.8 m ,  w i t h  maximum a n d  
m i n i m u m   d i m e n s i o n s  5 .0  m a n d  3.1 m 
r e s p e c t i v e l y ,   a n d   a t   G r g s u b r e e n   t h e   a v e r a g e  
d i a m e t e r  was 4 . 7  m ,  w i t h  maximum and  minimum 
v a l u e s  of 7.8 m a n d  2.7 m .  B a s e d  on a v e r a g e  
c i r c l e   d i a m e t e r s ,   d e p t h s  of s o r t i n g   ( e q u i v a l e n t  

G l i t t e r t i n d   a n d  1 . 4  m a t  G r i s u b r e e n  a r e  
E O  a c t i v e   l a y e r  t h i c k n e s s )  o f  1 . 1 5  m a t  

a n t i c i p a t e d .   A l t h o u g h   t h e   e r a s u b r e e n   v a l u e  is 
g r e a t e r   t h a n   t h e   a c t i v e   l a y e r   d e p t h   m e a s u r e d   a t  
t h e   e n d   o f   A u g u s t  1 9 8 4 ,  t h e   p r e d i c t e d   d e p t h   o f  
s o r t i n g  a t  G l i t t e r t i n d  is c o n s i s t e n t   w i t h   t h e  
m e a s u r e d   d e p t h   o f   t h e   a c t i v e   l a y e r  at t h 8 t  
s i t e .  E x c a v a t i o n   o f   c i r c l a s   a t   e a c h   s i t e  
f a i l e d   t o   r e a c h   t h e   b a s e   o f   t h e   c o a r s e   m a r g i n s ,  
b u t   b o r d e r s   a p p e a r e d  t o  n a r r o w   w i t h   d e p t h  
( F i g .  3 ) .  E x c a v a t i o n   o f   t h e   m a r g i n s  o f  
s m a l l e r - s c a l e   c i r c l e s   a p p r o x i m a t e l y   1 . 8  m i n  
d i a m e r e r   a t   G l i t t e r t i n d ,   c l e a r l y   i n d i c a t e d  
w e d g e - s h a p e d   m a r g i n s   e x t e n d i n g   t o  a d e p t h  of 
a r o u n d  0 . 6 5  m .  

FIELD A N D  L A B O R A T O R Y  TECHNIQUES 

A t r e n c h   w a s   d u g   a c r o s s  a r y p i c a l   s o r t e d   c i r c l e  
a t   e a c h  o f  t h e   s t u d y  s i t e s .  A 2 5  cm s q u a r e  
s a m p l i n g   g r i d   w a s   u t i l i z e d  (Fig. 3 )   f o r   b o t h  
u n d i s t u r b e d   a n d   s u b s e q u e n t   d i s t u r b e d   s e d i m e n t  
s a m p l i n g .   U n d i s t u r b e d   s a m p l e s   w e r e   o b t a i n e d   b y  
c a r e f u l l y   p u s h i n g  6 cm s q u a r e ,  4 cm d e e p ,   o p e n  
p l a s t i c   b o x e s   w i t h   c h a m f e r e d   l e a d i n g   e d g e s   i n t o  
a c l e a n e d   v e r t i c a l   s e c t i o n   o f   t h e   t r e n c h   f a c e .  
S a m p l e s   w e r e   r e t a i n e d   i n   t h e i r   b o x e s ,   a i r  
d r i e d ,   t h e n   p l a c e d  in an o v e n   a t  5 0 - C  f o r   4 8  
h o u r s   p r i o r   t o   i m p r e g n a t i o n   w i t h   l o w   v i s c o s i t y  
r e s i n .   O r i e n t e d   t h i n   s e c t i o n s   w e r e   t h e n   c u t  in 
t h e   v e r t i c a l   p l a n e .  

D i B t u r b e d   b u l k   s a m p l e s   w e r e   a n a l y s e d   f o r  
g r a n u l o m e t r y   u s i n g   s t a n d a r d  wet s i e v i n g  
p r o c e d u r e s .  To f a c i l i t a t e   d i s c u s s i o n   o f   t h e  
T W O  e x c a v a t e d   s e c t i o n s ,   t h e   c o o r d i n a t e   e y s t e m  
e m p l o y e d  in t h e   s a m p l i n g   d e s i g n  (Fig. 3 )  is 
a d o p t e d  t o  l o c a t e   s a m p l e s .  

G R A N U L O M E T R Y  

G r a i n   s i z e   d i s t r i b u t i o n s   f o r   t h e  fine g r a i n e d  
c i r c l e  c e n t r e s   a r e   s h o w n   i n   F i g u r e  4. Due t o  
t h e   p r o b l e m   o f   o b t a i n i n g   r e p r e s e n t a r i v e   s a m p l e s  
f r o m   s e d i m e n t s   c o n t a i n i n g   l a r g e   c l a s t s   ( H e a d  
1980). t h e   l a r g e s t   m a t e r i a l   i n c l u d e d  i n  
g r a n u l o m e t r i c   d e t e r m i n a t i o n s  was 2 0  m m ,  
c o r r e e p o n d i n g   t o   t h e   u p p e r  l i m i t  of   medium 
g r a v e l .  Ar b o t h   t h e   G r d s u b r e e n   a n d   t h e  
G l i t r e r t i n d  sites c i r c l e   c e n t r e s   c o m p r i s e   s i l t y  
a n d   g r a v e l l y   s a n d ,   a n d   a r e   f r o s t   s u s c e p t i b l e .  

Isolines o f  X s i l t  a n d   c l a y  ( %  f i n e r   t h a n  63 
pm) a n d   t h e  % f i n e   a n d   m e d i u m   g r a v e l  (9: c o a r s e r  
t h a n  2 mm) a r e   p l o t t e d  i n  Figure 3 .  B o t h  
c i r c l e s   c o n t a i n   z o n e s   r i c h  i n  f i n e s   w h i c h ,  a t  
d e p t h ,   r e s e m b l e   d i a p i r i c   u p w a r d   i n t r u s i o n s .  A t  

e x t e n d s   v e r t i c a l l y   u p w a r d s   t h r o u g h   p a r t   o f   t h e  
t h e   G l i t t e r t i n d  s i t e  a g r a v e l - r i c h   t o n s u e  

c i r c l e   c e n t r e ,   w h i l e  a t  G r g s u b r c e n  a h o r i z o n t a l  
t o n g u e   o f   g r a v e l - r i c h   s e d i m e n t   e x t e n d s   f r o m   o n e  
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F i g u r e  3 G r a n u l o m e t r y   a n d   m i c r o f a b r i c s   o f  
e x c a v a t e d   c i r c l e s ,   G l i t t e r r i n d   a n d  
6 r & a u b r r e n .  Dots show areas  w i t h  
g r e a t e r   t h a n  30% s i l t  p l u s   c l a y .  
circles show ' a r e a s   w i t h   g r e a t e r   t h a n  
4 0 %  g r a v e l .  

c o a r s e   m a r g i n   i n t o   t h e   a d j a c e n t   f i n e r   s e d i r n e n t a  
a t  a d e p t h  of 50 cm. T h e s e   c o m p l e x  
g r a n u l o m e t r i c   p a t t e r n s  p o i n t  t o   b o t h  l a t e r a l  
a n d   v e r t i c a l   m o v e m e n t s  o f  f i n e s   a n d   g r a v e l  
w i t h i n   t h e   c i r c l e   c e n t r e s ,   a n d   i l l u s t r a t e  t h e  
n e c e s s i t y   f o r   c a u t i o n  in i n t e r p r e t i n g  
g r a n u l o m e t r i c   d a t a   d e r i v e d   f r o m   s i n g l e   v e r t i c a l  
p r o l i l e s   w i t h i n   s o r t e d   p a t t e r n e d   g r o u n d .  

c o n t e n t .   G r a v e l   s i z e d   & r a i n s  ( > 5  m m )  g e n e r a l l y  

a l t h o u g h   i n   o n e   s a m p l e  (230/3) t h e   t h r e e   g r a i n s  
e x h i b i t  a r a n g e   o f   d i p s   c l o s e   t o  Che s u r f a c e ,  

o b s e r v e d  were a l l  o r i e n t e d   c l o s e   t o   v e r t i c a l .  
A strong v e r t i c a l   c o m p o n e n t  is e v i d e n t  i n  a l l  
s a m p l e s   f r o m  25 cm d e p t h ,   b u t   a t  50 cm 
c o n s i d e r a b l e   s c a t t e r   o c c u r s .  

M I C R O F A B R I C S  

T h e   a p p a r e n t   d i p s   ( H a r r i s  & El l i s  1980)  o f  
e l o n g a t e   s a n d   g r a i n s   o f   l o n g   a x i s   l e n g t h  
b e t w e e n   a p p r o x i m a t e l y  200  p m  a n d  1500 p m  w e r e  
d e t e r m i n e d   f r o m  t h i n  s e c t i o n s   c u t   i n   t h e  
v e r t i c a l   p l a n e .   T h e   s a n d   g r a i n   f a b r i c s  
p r e s e n t e d  in F l g u r e  3 r e p r e s e n t  200 r e a d i n g s  
w h e r e   l a r g e   t h i n   s e c t i o n s   w e r e   a v a i l a b l e ,   a n d  
100 r e a d i n g s   w h e r e   l e s s   m a t e r i a l  was a v a i l a b l e  
in t h i n   s e c t i o n .  I n  a d d i t i o n ,   t h e   a p p a r e n t  
d i p s  o f  e l o n g a t e   g r a i n s   w i t h   l o n g   a x e s   g r e a t e r  
t h a n  5 m m  were   measu red  by t r a c i n g   t h e   g r a i n  
o u t l i n e   o v e r  a l i g h t   t a b l e  (Fig. 5 ) .  

A t  t h e   G l i t t e r t i n d   s i t e   s t e e p l y - d i p p i n g   f a b r i c s  
a r e   a p p a r e n t   a t   d e p t h .   N e a r - s u r f a c e   s a m p l e s  
a d j a c e n t   t o   t h e   c i r c l e   m a r g i n   a l s o   d i p   s t e e p l y ,  
b u t  o c h e r w i s e   d i s p l a y   s u b - h o r i z o n t a l   d i p s .  
S a n d   g r a i n   d i p s   t e n d   t o  be o r i e n t e d   p a r a l l e l  t o  
t h e   a d j a c e n t   i s o l i n e s   o f   p e r c e n t   s i l t i c l a y  

A t  G r i s u b r e a n   r e l a f i v e l y   g r a v e l - r i c h   s e d i m e n t s  
p r e v e n t e d   u n d i s t u r b e d   s a m p l i n g   o v e r   p a r t s  of 

w e r e   o b t a i n e d   t o   i n d i c a t e   f a b r i c s   p a r a l l e l  to 
t h e   t r e n c h   f a c e .   R o u e v e r .   s u f f i c i e n t   s a m p l e s  

t h e   i s o l i n e s  o f  p e r c e n t   s i l t / c l  
g r a i n s  i n  t h e   c e n c r a l   z o n e   d i s p  
a n g l e d   p r e f e r r e d   d i p s   ( F i g .  3 ) .  
c l a s t s  ('5 mm) d i p   s t e e p l y   i n  a 
(Fig. 5 ) .  

d y   C o n t e n t ,   w i t h  
l a y i n g   l o w  

11 s a m p l e s  
G r a v e l - s i z e d  

MICROMOBPHOLOEY 

( a )   G r a n u l o m e t r y   o f   t h e   m a t r i x  

The  s a m p l i n g   f r a m e w o r k  f o r  g r a n u l o m e t r L c  
a n a l y s i s   a l l o w e d   o n l y   t h e   b r o a d   p a c t e r n  of 
g r a i n  size v a r i a t i o n   t o   b e   d e t e r m i n e d .   S m a l l e r  
s c a l e   v a r i a t i o n s  i n  t e x t u r e   w e r e   h o w e v e r  
o b s e r v e d  i n  c e r t a i n   o f   t h e  6 cm x 6 cm t h i n  
s e c t i o n s .  A t  b o t h   G l i t c e r t i n d   a n d   G r l s u b r e e n  
t h e   s i l t / c l a y   c o n t e n t  oE t h e   m a t r i x  was h i g h l y  
v a r i a b l e   b o t h   b e t w e e n   a n d  w i t h i n  Chin  

778 



s e c t i o n s .   A b r u p t   s t e e p l y - d i p p i n g   g r a n u l o m e t r i c  
b o u n d a r i e s   s e p a r a t i n g   s i l t - r i c h   s e d i s e n t s   f r o m  
s a n d y   s e d i m e n t s  were f r e q u e n t l y   o b s e r v e d   ( F i g .  
6 a .   b ,  c ) .  F o r   e x a m p l e ,  a s i l t - r i c h   z o n e  6-9 
mm w i d e  was d e t e c t e d   e x t e n d i n g   v e r t i c a l l y   u p  
t h r o u g h   s a m p l e  8 0 / 4 0  f r o m   G r i s u b r e e n .  I n  
a d d i t i o n .   n e a r - s u r f a c e   s a m p l e  2 3 0 / 3  f r o m  
G l i t t e r t i n d   r e v e a l e d   d i a p i r - l i k e  a r e a s  o f  fines 
a p p a r e n t l y   i n t r u d e d   u p w a r d s   i n t o  a w e d g e  o f  
r e l a t i v e l y   c l e a n   s a n d   w h i c h   d i s p l a y u e d  a 
s e v e r e l y   c o n t o r t e d   u p p e r   b o u n d a r y   ( F i g .   6 b ) .  
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S I L T  S A N D  7 
F i g u r e  4 E x a m p l e s  of  g r a n u l o r n e t r i c   c u r v e s .  

( b )  Ves ic les  

R o u n d e d   b u b b l e - l i k e   v o i d s  were w i d e s p r e a d  in 
t h i n  s e c t i o n s   f r o m   b o t h   s o r t e d  c i r c l e s .  
A l t h o u g h   n o t   p r e s e n t   i n  a l l  s a m p l e s ,   v e s i c l e s  
u p  t o  1800 p m  d l a m e t e r  were n o t e d  i n  m o s t   t h i n  
s e c t i o n s   f r o m  10 cm,  2 5  crn a n d  50 cm d e p t h s  a t  
b o t h   G r l s u b r e e n   a n d   G l i t t e r t i n d   ( F i g .  6i, j ) .  

230/3, 200/5) b u b b l y   v o i d s   l i n k e d   i n t o   l i n e a r  
I n   n e a r   s u r f a c e   s a m p l e s   ( e . g .   G l i t t e r t i n d  

c h a n n e l s ,   e x t e n d i n g   u p w a r d s   t o   t h e   s u r f a c e  
(Fig. 6 d ) .   T h e s e  a r e  i n t e r p r e t e d  a s  r o u t e s   o f  

V l i e t - L a n a e   1 9 8 5 )  
air e s c a p e   d u r i n g   t h a w   c o n s o l i d a t i o n   ( V a n  

( c )   L e n r i c u l a r   a n d   b a n d e d   s t r u c r u r e s  

A t  b o t h  sites l e n s - s h a p e d  s i l t  r i c h   a g g r e g a t e s  
u p   t o  5000 p m  i n   l e n g t h   a n d  350 urn I n  t h i c k n e s s  
o f t e n   w i t h   s m b o c h   u p p e r   s u r f a c e s ,   f r e q u e n t l y  
o c c u r r e d   i n  t h e  u p p e r  2 5  cm s a m p l e s .   T h e y  were 
o f t e n   r o u g h l y   p a r a l l e l   t o   t h e   s u r f a c e ,   a n d  
a p p e a r e d   t o   b e   d r a p e d   o v e r   c l e a n   c o m p a c t   l e n s e s  
o f   s a n d  ( F i g .  b f ,  8 ) .  T h e y   r e s e m b l e d   c l o s e l y  
t h e  ' s i l t  d r o p l e t '   s t r u c t u r e s   d e s c r i b e d   b y  
Har r i s  a n d  Ellis ( 1 9 8 0 )   a n d  Har r i s  ( 1 9 8 1 ,  
1 9 8 5 ) .   a n d  t h e  f r e e z e - t h a w   s t r u c t u r e s   d e s c r i b e d  
b y  Van v l i e t - L a n B e   ( 1 9 3 2 ,   1 9 8 5 )   a n d  Van 
V l i e t - L a n 8 e  e t  a l .  ( 1 9 8 4 ) .  T h e r e  was h o w e v e r  a 
m a r k e d   a b s e n c e  o f  c h e s e   s t r u c t u r e s   w i t h i n   z o n e s  
o f   a p p a r e n t   s e d i m e n t   d i s p l a c e m e n t ,   s u c h   a s  
d i a p i r - l i k e  z o n e s ,  a n d   w h e r e   a b r u p t  
g r a n u l o m e t r i c   b o u n d a r i e s   b r o u g h t   s a n d y  m a t e r i a l  
into c o n t a c t   w i t h   s i l t y   s e d i m e n t  (Fig. 7 b ,   c ) .  

( d )  S k e l e t a l   g r a i n   c o a t i n g s  

C o a t i n g s  o f  s i l t  a n d   c l a y  were o b s e r v e d  o n  c h e  
u p p e r   s u r f a c e s  of  s k e l e t a l   g r a i n s .   C o a t i n g s  
s h o w e d  a f l e c k e d   e x t i n c t i o n   p a t t e r n   p a r a l l e l   t o  
t h e   g r a i n   s u r f a c e ,   a n d   g e n e r a l l y   s m o o t h  
s t r e a m l i n e d   s u r f a c e s  ( F i g .  6 g .  h ) .  f n   m a n y  
t h i n   s e c t i o n s   c o a t i n g s  were o b s e r v e d  o n  t h e  
s i d e s .   u n d e r n e a t h   a n d   o c c a s i o n a l l y   c o m p l e t e l y  
s u r r o u n d i n g   s o m e   s a n d   g r a i n s ,   s u g g e s t i n g   t h a t  
g r a i n   r o t a t i o n   h a d   o c c u r r e d   ( F i g .  6 h ) .  

B o t h   b a n d e d   s t r u c t u r e s   a n d  s i l t  c o a t l n g s  o n  

g r a n u l o m e t r y   c o n s i s t e d   o f   m i x e d  s i l t  a n d   s a n d .  
s k e l e t a l   g r a i n s  were b e s t   d e v e l o p e d   w h e r e   t h e  

T h e y  were l a r g e l y   a b s e n r   w h e r e   t h e   m a t r i x   w a s  
e i t h e r . p r e d o m i n a n t l y   s a n d   ( G l i t t e r t i n d  230/3, 
G r i s u b r e e n  50/50, 1 5 0 / 2 5 )   o r   p r e d o m i n a n t l y  s i l t  
( G l i t t e r t i n d  175/10, 1 7 5 / 2 5 ,  1 5 0 / 2 5 ,  G r L s u b r e e n  
1 5 0 / 2 5 ) .  

( e )  F l o w   s t r u c t u r e s  

I n  t w o   s a m p l e s   f r o m   G l i t t e r t i n d  ( 2 0 0 / 2 0 ,  
200/50), s t r e a k s  o f  s i l t  u p  t o  30 m m  i n   l e n g t h  
a n d  1 . 5  mu t h i c k  were o b s e r v e d   f o r m i n g  a 

d i p p e d  a t  a b o u t   5 0 "   t o   t h e   h o r i z o n t a l ,   t o w a r d s  
f i b r o u s   w a v y   f a b r i c   ( F i g .   6 k ) .   T h e   s t r e a k s  

t h e   a d j a c e n r   b o r d e r   a n d   p a r a l l e l   t o   t h e  

m a t r i x  of s i l t  a n d   f i n e   t o   m e d i u m   s a n d   h a d  
p r e f e r r e d   d i p s   o f   e l o n g a t e   s a n d   g r a i n s .   T h e  

a p p a r e n t l y   b e e n   s u b j e c t e d   t o   s h e a r i n g  O K  
f l o w a g e ,   c r e a t i n g   f l o w   s t r u c t u r e s .  

DISCUSSION 

T h e   s e c r e g a t i o n   o f   o p e n w o r k   m a r g i n a l   c l a s t s  
f r o m   f i n e - g r a i n e d  c i r c l e  c e n t r e s  i s  c l e a r l y  
d e f i n e d .   H o w e v e r ,   w i t h i n   t h e   f i n e   c e n t r e s  
g r a n u l o m e t r i c   v a r i a b i l i t y  i s  c o n s i d e r a b l e .  
T h i n   s e c t i o n s   s h o w   a b r u p t   c h a n g e s   f r o m  
r e l a t i v e l y   c l e a n   s a n d   t o   s i l t - d o m i n a t e d   m a t r i x ,  
w i t h   b o u n d a r i e s   o r t e n   v e r t i c a l  or s t e e p l y  

d e t e r m i n a t i o n s  a c r o s s  t h e   t w o  e x c a v a t e d  c i r c l e  
d i p p i n g .  On a l a r g e r  s c a l e ,  g r a n u l o m e t r i c  

c e n t r e s   r e v e a l e d  s i m i l a r  v a r i a b i l i t y .   U p w a r d  
a n d   d o w n w a r d   m o v e m e n t   o f   s e d i m e n t   w i t h i n  
c i r c l e s  is s t r o n g l y   s u g g e s t e d .  
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F i g u r e  5 D i p e   o f   e l o n g a t e   g r a i n s  > 5  mm in 
l e n g t h .  

I n   l a b o r a t o r y   f r e e z i n g   e x p e r i m e n t s  o n  l a y e r e d  
f i n e   a e d i m e n t s .   C o r t e  ( 1 9 7 1 )  d e s c r i b e d   u p w a r d  
d i a p i r - l i k e   i n t r u s i o n s   a n d   t h e   E o r m a t i o n   o f  

Cor te  e m p h a s i z e d  t h e   s i g n i f i c a n c e  o f   h i g h  
i r r e g u l a r   m o u n d s  o n  t h e   h o r i z o n t a l  s u r f a c e .  

s e g r e g a t e d   i c e   c o n t e n t   i n   t h e   f r o z e n   s e d i m e n t s  
a n d   t h e   s u b s e q u e n t   r e l e a s e  of e x c e s s   w a t e r  
d u r i n g   r a p i d   t h a w i n g ,   a l t h o u g h   h e   o f f e r e d   n o  
e x p l i c i t   e x p l a n a t i o n  of t h e   p r o c e s s   o f   s e d i m e n t  
d e f o r m a t i o n .  

U p w a r d   i n t r u s i o n   o f   s e m i - f l u i d   s e d i m e n t   i n t o  
t h e   c e n t r e s  of u n s o r t e d   h u m m o c k s  has b e e n  
r e p o r t e d   t o   o c c u r   d u r i n g   c h a w   c o n s o l i d a t i o n  of 
t h e   a c t i v e   l a y e r   ( M r c k a y  1 9 7 9 ,  1980). C h a m b e r s  
( 1 9 6 6 )  a l s o   d e s c r i b e d   d i a p i r - l i k e   i n j e c t i o n  

B u n t i n g   a n d   J a c k s o n  ( 1 9 7 0 )  h a v e   p r o p o s e d   t h a t  
b e n e a r h   l a r g e   s o r t e d   c i r c l e s   a n   S i g n y   I s l a n d .  

p o l y g o n   b o r d e r s  i n  A r c t i c   C a n a d a  i s  r e s p o n s i b l e  
t h e   d o w n w a r d s   m o v e m e n t  o f  c o a r s e   m a t e r i a l   i n  

f o r   t h e  formation of s l i p   p l a n e s  in t h e  fine 
g r a i n e d   s o i l   c l o s e   t o   t h e   s c e e p   j u n c t i o n   w i t h  

P r e s t r u d  ( 1 9 8 6 )  r e p o r t e d   u p w a r d   i n j e c t i o n  o f  
t h e   c o a r s e   m a r g i n s .  In S p i t s b e r g e n ,   H a l l e t   a n d  

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

I n  t h e   s o r t e d   c i r c l e s   d i s c u s s e d   h e r e ,   t h e  
p r e r r e n c e   o f  s i l t  b a n d i n g   a n d  silt d r o p l e t  
s t r u c t u r e s   i n d i c a t e s   s i g n i f i c a n t   i c e  
s e g r e g a t i o n   d u r i n g   f r e e z i n g .   a n d  c h i s  is 
c o n f i r m e d  by f r o s t   h e a v e   m e a s u r e m e n t   a t   n e a r b y  
s o r t e d  c i r c l e s  (Cook i n   p r e p . )   w h e r e  maximum 

w i n t e r   h e a v e   e q u i v a l e n t   t o  6 . 6 %  o f   t h e   a c t i v e  
l a y e r   t h i c k n a e s  and 7 . 5 %  of  t h e   a c t i v e   l a y e r  
t h i c k n e s e   w a s   r e c o r d e d  a t  E l i t t e r t i n d   a n d  
G r A a u b r e e n   r e s p e c t i v e l y .   M i c r o m o r p h o l o g i c a l  
e v i d e n c e   i n   t h e   f o r m  o f  v e s i c u l a r   v o i d s  
i n d i c a t e d   t h a t  on t h a w i n g   t h e   f i n e   g r a i n e d  
c i r c l e   c e n t r e s  became t h i x o t r o p i c .   f t  i s  
a u g g e s t e d   t h a c   t h a w   c o n s o l i d e t i o n   r e s u l t e d  i n  
t h e   l i q u e f a c t i o n  o f  f o r m e r l y  Ice r i c h  
s e d i m e n t s ,   a l l o w i n g   t r a p p e d  a i r  t o  f o r m   b u b b l e s  
( H a r r i s  1 9 8 3 ,  V a n   V l i e t - L a a U e  1 9 8 5 ) .  R o t a t i o n  
o f  s k e l e t a l   g r a i n s   a n d   t h e   p r e s e n c e  of 
f l o w - i n d u c e d   f a b r i c s ,  in a d d i t i o n   t o  t he  
j u x t a p o s i t i o n   o f   s e d i m e n t s   o f   c o n t r a s t i n g  grain 

d i s p l a c e m e n t  o f  l i q u i d i z e d   s e d i m e n t   w i t h i n  
s i z e ,  p r o v i d e   f u r t h e r   e v i d e n c e  for t h e  m e a  

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

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

C l e a t   e v i d e n c e  for n e a r   s u r f a c e   u p w a r d  
d i s p l a c e m e n t   o f   f i n e   g r a i n e d   s e d i m e n t  was 
p r o v i d e d   b y   t h e   o b s e r v e d   e x t r u s i o n   o f   s m a l l  
m o u n d s   o f   f i n e s  ac t h e   s u r f a c e  of s o r t e d  c i r c l e  
c e n t r e s   d u r i n g   t h e  summer t h a w  p e r i o d  (Fig. 
7 ) .  T h e a e   f i n e s  were a p p a r e n t l y   f o r c e d   u p w a r d s  
i n  a f l u i d i z e d  s t a t e  t h r o u g h   t h e   p a t i n a  o f  
s m a l l  stones c o v e r i n g   c h e   c i r c l e   c e n t r e s .  

A l t h o u g h   W a r b u r t o n  ( 1 9 8 5 )  r e p o r c e d   m a i n l y  
h o r i z o n t a l   m i c r o f a b r i c s  In s o r t e d  c i r c l e s  i n  
t h e   C o l o r a d o   F r o n t   R a n g e .   F a h e y  ( 1 9 7 5 )  n o t e d  
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Figure 6 
a) Glittertind  sample 2 0 0 / 2 5 ,  showing  boundary 

between  silty  sediment on right and  sandy 
sediment o n  left.  Scale  bar 10 mm. 

b) Glittertind  sample 2 3 0 / 3 ,  showing  irregular 
wedge of well  sorted  sand,  centre  left, 
thinning  to  right.  Note  air  escape 
channel,  top  right,  Scale  bar 10 m u .  

c) Glittertind  sample 2 0 0 / 2 5 ,  showing  sharp, 
steeply  dipping  boundary  between  silty  sand 
with  abundant  silt  droplet  structures 
(left)  and  medium  to  fine  sand  with no silt 
droplets (right). Scale  bar 1 mm. 

d) Glittertind  sample  230/3.  Air  escape 
channel  which  extends  up to the  soil 
surface.  Scale  bar 1 mm. 

e )  Silt  droplet  structures.  Glittertind 
sample 200/25. Scale  bar 1 mm. 

f) Silt  banding  draped  over  dense  sand  layers 
and  forming  cappings  over  larger  skeletal 
grains.  Glittettind  sample 100/5. Scale 
bar 1 mm. 

g) Silt  capping o n  skeletal  graln,  Grisubreen 
sample 8 0 / 4 0 .  Scale  bar 1 mm. 

h) Silt  coating  on  upper  surface  and  sides o f  
skeletal  grains,  suggesting  grain 
rotation.  Grisubreen  sample 8 0 / l o .  Scale 
bar 1 m m *  

I) Vesicles,  Glirtertind  sample 150/10. Scale 
bar 1 mm. 

j) Vesicles,  Glittertind  sample 1 5 0 / 4 5 .  Scale 
bar 1 mm. 

k) Glittertind  sample 5 0 / 5 0 ,  showing  silt 
streaks a n d  oriented  sand  grains  aligned 
f r o m  top  left  to  bottom  right,  due t o  
shearing  during  flow.  Scale  bar 10 mm. 

vertical  preferred  orientations of sand  grains 
produced by freezing  and  thawing  in  nonsorted 
circles.  Likewise,  in  the  Colorado F r o n r  
Range,  Benedlct (1969) observed  strong  vertical 
orientation  amongst  sand  grains  close T O  the 
surface of a degraded  hummock,  where  frost 
action  was  intense.  Sand  grain  orientations 
approximately  parallel to sedlmentary and 
pedological  boundaries  beneath  other  earth 
hummocks  were  attributed to soil  movement  which 
deformed  these  boundaries, d o m i n g  them  upward5 
beneath  the  hummocks. 

Reference t o  Figure 3 shows  sand  grain 
orientations  apparently  related to  the  pattern 
of grain  size  variation  within  both  the 
Glittettlnd  and  Grisubreen  circles.  It  may be 
argued,  therefore,  that  sediment  displacement 
within  the  circle  centtes,  which  was  largely 
rerponslble €OK rhe  observed  pattern of 
granulometric  variation,  also  orientated 
elongate  sand grains, by shearing  within  the 
mobile  fluidized  sediments.  However, 
micromorphological  investigations  revealed 
sharp  sedimentary  boundaries  within  individual 
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t h i n   s e c t i o n s   a n d   b i m o d a l   o r   m u l t i m o d a l   f a b r i c s  
may i n d i c a t e   a t   l e a s t  two   dominan t  s t r e s s  
f i e l d s  i n  c l o s e   p r o x i m i t y .   W h e r e   s e d i m e n t  
d i s p l a c e m e n t   h a s   n o t   o c c u r r e d   r e c e n t l y ,  
c o m p r e s s i o n   d u e   t o   i c e   s e g r e g a t i o n  may g e n e r a t e  
s u b - h o r i z o n t a l   s a n d   g r a i n   o r i e n c a t i o n s   t o g e t h e r  
w i t h  s i l t  b a n d i n g   a n d   l e n s e s .   I n   c o n t r a s t   a n  
a d j a c e n t  zone of r e c e n t   s a t u r a t e d   f l o w  may 
e x h i b i t  a s t e e p l y   d i p p i n g   f a b r i c   r e l a c e d   t o   t h e  
d i r e c t i o n  o f  s ed imen t   movemen t .  

The g e n e r a l l y   s t e e p   d i p s   o f > 5  mm g r a i n s   ( F i g .  
5) i n d i c a t e   t h a t   f r o s t   s o r t i n g  o f   s u c h   c l a s t s  
( a n d   p r e s u m a b l y   l a r g e r   c l a s t s )   t o w a r d s   t h e  
s u r f a c e  i s  a l s o   a c t i v e  a t  h o t h  s i t e s .  T h e s e  
l a r g e r   c l a s t s   a r e   f r e q u e n t l y   a l i g n e d   a l m o s t  
p e r p e n d i c u l a r   t o   t h e   p r e f e r r e d   o r i e n t a t i o n  of  
medium t o  f i n e  s a n d  g r a i n s ,   e s p e c i a l l y  i n  n e a r  
s u r f a c e   s a m p l e s .  

CONCLUSION 

T h i s  s t u d y   h a s   s h o w n   t h a t   t h e   g r a n u l o m e t r y   o f  
t h e   f i n e   g r a i n e d   c e n t r e s  o f  t w o   s o r t e d  c i r c l e s  
i n   J o t u n h e i m e n ,  Norway is c o m p l e x   a n d   o f t e a  
i n c l u d e s   s t e e p l y   d i p p i n g   s i l t - r i c h   a n d  
s a n d - r i c h   z o n e s .   M i c r o m o r p h o l o g i c a l   e v i d e n c e  
is p r e s e n t e d   w h i c h   i n d i c a t e s  i c e  s e g r e g a t i o n  
d u r i n g   a c t i v e   l a y e r   f r e e z i n g ,   a n d   t h i x o t r o p i c  
b e h a v i o u r  o f  t h e   S o i l   d u r i n g   t h a w  
c o n s o l i d a t i o n .  I t  is c o n c l u d e d   t h a t   s e d i m e n t  
w i t h i n   t h e   c e n t r a l   z o n e s  of s o r t e d   c i r c l e s  is 
i n j e c t e d   u p w a r d s  as t h a w i n g   p r o c e e d s  
downwards.  A compensa to ry   downward  
d i s p l a c e m e n t  of f i n e s   c l o s e   t o   t h e   m a r g i n a  i s  
a l s o   c o n s i d e r e d   t o   b e   l i k e l y .   H o w e v e r ,   t h e  
p r e s e n t   s t u d y   i n d i c a t e s   t h a t   s u c h   s e d i m e n t  
d i s p l a c e m e n t s  a r e  c o m p l e x ,   a n d   i n d i v i d u a l l y  
much s m a l l e r   i n   s c a l e   t h a n   s u g g e s t e d  by t h e  
model o f  H a l l e t   a n d   P r e s t r u d   ( 1 9 8 6 ) .   T h e  
c u m u l a t i v e   e f f e c t   o f   s m a l l  ( m m  t o  cm s c a l e )  
s e d i m e n t   d i s p l a c e m e n t s   a s   t h a w   p r o g r e s s e s  
d o w n w a r d s   t h r o u g h   t h e   f i n e   c i r c l e   c e n t r e s ,  
p r o b a b l y   g e n e r a t e s   t h e   c o m p l e x   p a t t e r n   o f  

domina ted   by  s t e e p l y   i n c l i n e d  z o n e s  o f   f i n e r  
g r a n u l o m e t r i c  v a r i a t i o n   d e s c r i b e d   h e r e ,  

a n d   c o a r s e r   s e d i m e n t  a t  d e p t h ,   a n d  
s u b - h o r i z o n t a l   z o n e s   l a m e d i a t e l y   b e l o w   t h e  
s u r f a c e .  
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SYNOPSIS The cryostratigraphic approach to permafrost geology emphasizes ground ice, 
and the dynamics of its aggradation and degradation, as an integral component of the 
geological record. Tn particular, stratigraphic evidence of paleothermal and paleohydrological 
conditions may be used to infer both local and regional permafrost history. Cycles of 
environmental change may be marked by the presence of thaw unconformities, These frequently 
form sharp boundaries between stratigraphic zones posessing contrasting cryotextures and may 
also truncate pre-existing ice structures providing evidence of partial permafrost degradation 
followed by the regrowth of frozen ground. Studies undertaken at four sites in northwestern 
Canada illustrate the principles of cryostratigraphy in relation to specific problems in 
permafrost geology. 

INTRODUCTION 

Cryostratigraphy is  the science o f  perennially 
frozen sequences of earth  materials. The 
cryostratigraphic approach  emphasizes  ground 
ice, and  the  dynamics of  its aggradation  and 
degradation, as an  integral  component of the 
geological record.  In  the Soviet  Union, 
cryostratigraphy is a well-established  branch 
of permafrost science (e.g. Katasonov, 1978; 
Kudryavtsev, 1978,  pp. 300-316: Popov et al,, 
1985, pp. 90-103) and  is especially  relevant  to 
the extensive permafrost  record of unglaciated 
central and  eastern  Siberia (e.g. Katasonov, 
1975; Katasonov and Ivanov, 1973: Sher  and 
Kaplina. 1979). Ir. arctic  North America, 
relatively  few  stratigraphic  studies of 
permafrost have  been  undertaken, for example in 
Alaska ( e . g .  Sellman and Brown, 1973) and  the 
Western Canadian  Arctic (e .g  French et dl., 
1982; Mackay, 1975, 1976; Mackay  and Matthewsl 
1983). 

This paper adds to  the  North American 
literature by decribing  the  principles of 
cryostratigraphy and, with reference to four  
case studies, demonstrates  its applica'ion to 
permafrost investigation in northwestern 
Canada. By characterizing  ground ice 

hydrologic factcrs, the cryostratigraphic 
occurrence with res.;lect to lithologic and 

approach facilitates the reconstruction of 
Quaternary environaental  history. It provides 
a framework  within which detailed  studies of 
ice crystallography, water  chemistry  and stable 
isotcpes may be interpreted in GrdeK to 
determine ground  ice  origin. 

CRYOSTRATIGRAPH.: 

Cryostratigraphic analysis focuses upon t h e  
identification cf discontinuities  within  frozen 
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ground. These are often marked by the 
development of distinctive  cryogenic  textures, 
reflecting changes in the quantity or  form o€ 
occurrence of ground  ice.  Cryotexture  is 
determined by the  thermal,  hydrological  and 
depositional history of permafrost, In  many 
cases, therefore, the  existence of distinct 

may be  used a s  a framework  for 
vertical or laterai  sequences of cryotextures 

paleoenvironmental reconstruction. 

Soviet researchers  generally  distinguish 
between cryotextures formed  within  epigenetic 
and syngenetic freezing systems (e.9. 
Kudryavtsev, 1978; Popov et al., 1985), 
During epigenetic f'reezing,  most  ground  ice 
forms within  existing  earth  materials  either in 
situ, by the freezing of  pore water, or  as a 
result of upward  moisture  migration to the 
freezing front.  Depending  upon  the  balance 
between pore water  pressure  and  overburden 
pressure, a range  of  ice  types may  be developed 
from pore ice  through  segregation ice  to 
intrusion ice. Mackay (1973a) has  demonstrated 

associated with pingo growth  during  epigenetic 
the existence o f  this  sequence of cryotextures, 

freezing of a sub-lake talik.  In  syngenetic 
systems, ground  ice forms more or less 
simultaneously with the  deposition of earth 
materials in which it: occurs. Most  moisture 
originates near the  ground  surface and migrates 
downwards to the  freezing  front. A range  of 

classified according  to  the  depositional 
cryotextures may  develop,  which  can be 

environment and moisture  content of initial 
sediments, and the morphology of aggradational 
ice bodies (Melnikov and Tolstikhin, 1974). 

Thermokarst events may also be  recorded within 
the cryostratigraphic sequence, in  the form of 
thaw  unconformities. These are horizons  within 
permafrost  which  mark  the  level  to  which 
thawing  temperatures  once  extended.  They 
frequently separate two  zones  of  contrasting 
ctyotextures, and may truncate  ground  ice 



structures. In cases where  the  thawing  front 
passed downwards through  permafrost, materials 
above the  unconformity  were  thawed  and  then 

textures may  predate  the  thaw  event. Thaw 
refrozen, while  underlying  cryostructures  and 

unconformities may  represent  the  effects  of 
local thaw caused, for example, by  the 
development of tundra  ponds. They  may also 
indicate cycles of climatic change, resulting 
in regional permafrost degradation, followed by 
the regrowth of frozen ground. For example, a 
well-developed  thaw  unconformity  occurs at 
depths o f  1.5-1.7 m below  surface in  the 
Mackenzie Delta area of the  Northwest 
Territories (e.g. Mackay, 1975), and at about 
2.0  m below surface in  central  Yukon (Burn e t  
al.,  1985). This is  believed to represent  the 
maximum depth  of  thaw  attained  during  the 
Holocene climatic optimum. 

CASE STUDIES, NORTHWESTERN  CANADA 

and arctic Canada (Fig. 1) illustrate  the 
Four case studies, selected  from  northwestern 

problems in  permafrost  geology. The origin of 
application of  cryostratigraphy to three 

massive ice, the  occurrence of ground  ice in 
bedrock, and  the  paleoenvironmental 
significance of  multiple  ice-wedge systems are 
recurrent  themes  in  the  North  American 
permafrost literature. The four  study locations 
illustrate ground ice development in a  range of 
Quaternary environments  from  the  unglaciated 
interior Yukon, through  the  marginal zone of 

affected by thin, local ice caps. They also 
Laurentide glaciation, to an area possibly 
provide a transect across the  permafrost zone 
of northwestern Canada, from  the  discontinuous 
fringe to areas of thick continuous  permafrost. 

1 n a r b o u t ~  VICTORIA 1 

@ n u n k u  Croak 

Case Study 1: The origin  of  massive  ice, Sabine 
Point, Yukon Coastal Plain 

The occurrence of large  layers G f  massive 
ground  ice in the Pleistocene  Mackenzie  Delta 
and on the  Yukon  Coastal  Plain  is  well  known 
(e.g. Mackay, 1966: Rampton, 1982; Rampton  and 
Mackay, 1971): however, the  origin of this ice 

has suggested that  massive  ice may originate by 
remains problematical.  Mackay (1971, 1973b)  

processes of  segregation or segregation- 
intrusion during  cLosed  system  freezing. At 
the Same time, the possibility exists that some 
massive ice may represent  buried  surface ice, 
preserved by permafrost  aggradation (e.g. 
Lorrain and Demeur, 1985). 

Cryostratigraphic analysis provides one method 
of resolving  the  problem of massive  ice origin, 
since it links ice characteriscics to the 
nature and depcsitima? history of enclosing 

press) describe the  cryostratigraphy associated 
sediments. For example, Harry  et al, (in 

with massive ice occurrence  at  a site 
approximately two  kilometres  northwest of 
Sabine Point, on  the  Yukon Coastal Plain. At 
this locality, massive ice i s  exposed  within 
the headwall of a  retrogressive  thaw-flow slide 

area o f  rolling moraine, related to a  major 
(ground ice  slump),  developed in an isolated 

Wisconsinan Buckland  Glaciation (Rampton, 
stillstand or readvance of  the  pre-Late 

1 9 8 2 ) .  

Several distinct  cryotextural  zones may  be 
recognized within  this  section  (Fig. 2 ) .  
Materials beneath Khe massive  ice  consist o f  

inclined  and  undulating  ice  lenses  and layers, 
ice-rich silty-clay diamicton,  containing  thin 

together  with  harizontal ice lenses up  to 10 cm 
in thickness.  Immediately  below t h e  contact 
with massive ice, the  diamicton is 
characterized by a  well-developed  network of 

vertically  in  the  exposure. The lower  part of 
reticulate ice veins, aligned  horizontally  and 

of dirty ice, possessing  a  sediment  content of 
the massive ice  body  comprises  a  tabular  unit 

13-15% by volume.  Alternating  bands of dirty 
ice and cleaner, bubble-rich ice, give  the  unit 
a layered  appearance. This sediment-rich  ice 
grades into an upper  unit  of clear, 

body  is  truncated by at least  two  thaw 
structureless ice. The upper  surface  of  the  ice 

overlying mudflow deposits and organic 
unconformities, which separate it from 

material. 

This cryostratigraphic sequence suggests that 

aggraded epigenetically  at some time following' 
the massive ice  originated as permafrost 

Buckland  deglaciation. The transition  from 
clear ice, through  sediment-rich ice, to 
reticulate ice veins, is indicative of a 
progressive change in  freezing  rate  and  water 
supply experienced as a  freezing  front  moved 
downwards through  unfrozen  sediments. The thaw 

multiple episodes of thermokarst,  which 
unconformities above the  massive  ice  mnrk 

Buckland  and  post-Buckland  sediments  into 
resulted  in  thaw  settlement  and  slumping of 

adjacent lacustrine basins. 
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Fig. 2 Cryostratigraphic section near Sabine 
Point, Yukon  Coastal Plain 

Case Study 2: The origin o f  massive  ice,  Hunker 
Creek, Klondike District, central  Yukon 

A different  interpretation of massive  ice 
origin i s  provided by cryostratigraphic studies 
in  the  Klondike  District of central Yukon. 
This area remained  unglaciated  throughout  the 
Quaternary, and  therefore a buried  glacier 
origin for  massive  ice  may  be  eliminated. 
During the  Late Pleistocene, many  Klondike 
valleys were partially  infilled by paraglacial 
clastic sediments, and by muck deposits 
representing a melange o f  windblown  silt  and 
mass-wasted, organic-rich  colluvium (French et 
al., 1983, p. 3 8 ) .  Within  this  stratigraphic 
context, French  and  Pollard (1986) describe 
permafrost and  ground  ice  exposed on the  west 
side of Hunker  Creek  approximately 15 km east 
of Dawson City* At  this site, hydraulic  mining 
of auriferous gravels has  exposed  both  ice 
wedges and  bodies of massive  ice in overlying 
organic 'muck'  deposits (Figure 3 ) .  

As at Sabine Point, the massive  ice  body 
comprises a lower sediment-rich unit  and an 

are provided by the  small  crystal size and 
upper  clear  ice unit. However, major  contrasts 

presence of large  organic  inclusions  within  the 
ice at Hunker Creek. The lower  unit is 
characterized by bands of almost pure ice, (10- 
27 cm thick) and  organic  silt (10-20 cm thick), 

peat. The ice content of the  unit as a whole 
together with discontinuous  layers and pods of 

varies between 60% and 80% by volume. The 
contact with  underlying  gravels is irregular 
and  transitional.  The  upper,  clear ice  unit is 
translucent and grey or pale  brown in colour, 
as  a result of t h e  large  number o f  gas and fine 
sediment inciusions  which in places  form 
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foliations within  the  ice. The ice also 
contains a number o f  larger  inclusions  of 
organic material  and  angular  cobbles. The 

muck deposits is abrupt. Large, inactive  ice 
contact between the  massive  ice and  overlying 

wedges within the  muck deposits are truncated 
by a thaw unconformity at a depth of 2.0-2 .5  m 
below surface. 
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Fig. 3 Cryostratigraphic secrion, Hunker 
Creek, central  Yukon 

Two possible hypotheses may  be considered  for 
the origin of the  massive  ice  at Hunker Creek. 
First, the  ice may  be of  segregational  origin. 
According to this model, as permafrost 
aggraded, possibly syngenetically, into the 
Late Pleistocene valley fill, pore  water  moved 
upwards through  the  permeable  gravel to form 
bodies o f  segregated massive ice. HOWeV@r, 
certain characteristics of the  massive  ice, 
particularly  the  inclined  orientation o f  gas 
inclusions, wide  dissemination  and organic 
nature of enclosed  sediment  particles  and 
uniform small crystal size, argue against t h e  
slow growth of a large segregated  ice  layer. 
Instead, a buried  ice  origin  must be 
considered. Given the  ice  characteristics  and 
the  nonglacial  environmental  history of the 
area, the most  likely  origin  of  the ice appears 
to be as a snowbank.  Rapid  muck  sedimentation 
under cold, periglacial conditions could  have 
resulted  in  the  burial  of a valley-side 
perennial snowbank, which  would  then  be 
preserved within  aggrading  permafrost. 

Case Study 3 :  Ground  ice  in  bedrock, Sabine 
Peninsula, eastern  Melville  Island 

Where clearly recognizable  ground  ice 



structures and  ice  bodies are absent from the 
stratigraphic sequence, subtle differences in 
ground ice conditions, revealed  in  the  form of 
contrasting cryotextures, may  offer  the only 
means to reconstruct permafrost  history.  For 

Melville Island lies beyond the limits of 
example, the Sabine Peninsula o f  eastern 

materials generally comprise shattered and/or 
Laurentide glaciation and near-surface 

poorly lithified bedrock, overlain by colluvium 
on slopes (Hodgson et  al., 1984). Since 
natural permafrost exposures are rare, 
relatively few data are available regarding 
ground ice conditions. French et  al. (1986 ) 
describe permafrost conditions exposed  during 
sump excavation at the Panarctic Oils Limited 
Sherard Bay F-34 wellsite in the winter of 
1982-83. 
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Fig. 4 Cryostratigraphic section, Sherard 
Bay wellsite, eastern Melville Island 

The site is located  in an area underlain by 
poorly lithified, deeply weathered  and 
frequently ice-rich sediments of Mesozoic age. 
Several cryostratigraphic units may  be 
identified in  this section (Fig. 4 ) :  The basal 
material seen in the sump wall consists of 
lithified shale bedrock, containing pore ice 
and occasional ice lenses. Overlying this 
material is 3.0-4.0 m of  ice-rich  weathered 
bedrock  and/or  colluvium. A clear cryogenic 
discontinuity occurs at a depth of 1.7 m. 
Below the discontinuity, visible ice  is  limited 
to voids along bedding planes, and  to  bedrock 
joints and fractures. Horizontal and  near- 
horizontal ice lenses up to 2.5  cm i n  thickness 
occur, particularly within zones of fractured 
bedrock. Above the 1.7 m level  ice contents 
are higher, typically 3 0 4 0 %  by  volume. In 
addition to lenses, ice also occurs at two 

displaced and reoriented shale fragments. 
levels as a matrix, enclosing angular, 

Within the  upper level, the  ice content is 
greater than 70% by volume, and  the shale 
fragments display a distinctive cryoturbaticn 
texture. 

The cryogenic discontinuity 1.7 m below surface 

marking the greatest depth of seasonal thaw 
probably represents a thaw unconformity, 

possible to date t h i s  event, however the depth 
experienced in  these  materials. It is  not 

of the unconformity ig a region of extremely 
cold Contemporary climate suggests that it may 

climate, rather  than  the more recent Holocene 
represent a period  of interglacial warm 

climatic optimum, The cryoturbation structures 
observed above the discontinuity support  the 
interpretation t h a t  this zone was  at one time 
subject to seasonal freezing  and  thawing. The 
concentration of  segregated. ground  Ice lenses 
and layers above the  thaw  unconformity  may  in 
part reflect the  growth of aggradational ice 
(Mackay, 1972; Cheng, 1983). This forms at  or 
near  the  base of the active layer, and  is 
incorporated into  permafrost if the  permafrost 
table rises. 

Case Study 4: Multiple ice wedge systems, 
southwestern Banks Island 

A final example of  the usefulness of the 

application to  the study of ice  wedges. The 
cryostratigraphic approach is  provided by its 

identification of ice wedge structures provides 
an important indicator  of environmental 
conditions in regions of both contemporary and 
former permafrost occurrence (e.g. Black, 
1976). Moreover, the recognition of multiple 
systems of wedges, sometimes including  both 

different ages, may provide evidence of 
epigenetic and syngenetic structures of 

sequential environmental change (e.g. Black, 
1983: Harry et  al., 1985). This is the case on 
southwest Banks Island, where French et al. 

developed in  the aggrading deltaic and alluvial 
(1982) describe several ice wedge systems, 

permafrost environment of the Sachs River 
Lowlands outwash plain (Vincent, 1983). 

Four systems of ice wedges of  different ages 
may be recognized in a section located 
approximately 2 , 5  km southeast of Sachs Harbour 
( F i g .  5). They are developed in a sequence of 
grey silty sand and yellow-brown medium sand, 
overlain by a discontinuous organic unit and a 
surface layer  of eolian sand. The oldest set 
of wedges, 3-5 m high and 0.5-1.0 rn wide, occur 
only within t h e  grey silty sand and are 

detrital willow roots and stems, which marks 
truncated at or near a horizon containing 

Since they contain inclusions of grey silt with 
the contact with overlying yellow-brown sand. 

partially syngenetic in  origin. A second 
in the well-developed foliations, they  may  be 

system of wedges consists of small multiple 
syngenetic ice veins, 1-2 m in length  and  of 

within the yellow-brown sand, The third system 
variable width, which occur  at various levels 

comprises epigenetic wedges, 1-3 m high  and up 
to 0.5 m wide. They occur  primarily within the 
yellow-brown sand and are  probably  related  to a 
former surface, now  buried by the  overlying 
organic deposit. The fourth system consists of 
large epigenetic wedges, 4-5  m high  and up to 
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2 m wide, which  relate  to  the  present  ground 
surface. 

Cryostretlgtaphy 

, 2m I 

slllv sand 

Fig. 5 Cryostratigraphic section, Sachs 
River Lowlands, southwest Banks 
Island 

The recognition of  four distinct  ice  wedge 
systems, and  their  relationship to enclosing 
sediments, forms  the  basis for a 
cryostratigraphic interpretation of Late 
Quaternary history in this  area. The earliest 
set of  wedges  appear to have  developed  in 
relation to a ground  surface  marked 
approximately by the  detrital  organic  horizon. 
Radiocarbon dating  provides a minimum age of 
10,600 + 130 years B.P. (GSC-3229) for this 
surface.  Subsequent  rapid  deposition  of the$ 
overlying sand unit  resulted in  the erosion 
and/or burial of these  ice  wedges. At the same 
time, small syngenetic veins  developed  within 
the sand as permafrost  aggraded. The third set  
of wedges grew epigenetically, in relation  to 
an Early  Holocene surface, a  minimum age for 
which is  provided by a 14C date of 6490 1 60 
'years B.P. (GSC-3216) on  overlying peat. 
During the Holocene climatic optimum, these 
wedges were truncated by deeper  seasonal  thaw 
and are now  inactive. The fourth  set af wedges 
have also grown epigenetically and are 
currently active, reflecting  current co 
climate conditions. 

CONCLUSION 

Several problems remain  in  the applicat 
the cryostratigraphic approach to perma 
studies in northwestern  Canada. First, 

d 

on of 
ros t 
the 

region has  experienced a complex  and somethes 
poorly  understood  sequence of Quaternary 

environmental change. In some areas, 
therefore, permafrost conditions may be 

of glacial history. Second, a lack of natural 
interpreted  with  respect  to  two or more models 

exposures in some areas, particularly  the 
Arctic Islands, limits  cryostratigraphic 
analysis to the  study  of  borehole  records. 
More generally, the  absence of a  method  €or 
directly dating  ground  ice  bodies  restricts  the 
precision o f  age control  in  the  reconstruction 
of permafrost  history. However, as the 
examples presented above demonstrate, 
cryostratigraphy provides a useful  framework 

Stratigraphic analysis has  traditionally  formed 
€or studies of permafrost  history. 

a basic research  methodology in investigations 
o f  Quaternary geolcgy  and  geomorphology in 
nonpermafrost  regions.  Within  the  permafrost 
zone, cryostratigraphic analysis of ground  ice 
and cryotextures provides  supplemental 
information regarding  the  thermal  and 
hydrological history  of  frozen  ground. 
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THAW LAKE SEDIMENTS AND SEDIMENTARY ENVIRONMENTS 
DM. Hopkins and J.G. Kidd 

Alaska Quaternary Center,  University of Alaska,  Fairbanks, AK 99775 

SYNOPSIS The  thaw-lake  sediment  sequence,  seen  in  cross  section,  consists of (1) a 
basal,  coarse,  time-transgressive  sequence  consisting  largely  of  sand  and  organic  detritus, 
often  cross-bedded,  which  accumulates  near  the  migrating  basin  margin,  and ( 2 )  an  overlying 
sequence of thin- and flat-bedded  silt,  peaty  silt, or detrital  peat  which  accumulates  in  the 
quiet  water of  the  central  basin.  Thick  accumulations of detrital  peat,  representing 
lee-shore  accumulations of  organic  detritus,  appear at the margins of some  thaw-lake  sediment 
sequences.  Analyses of organic  remains  preserved in thaw-lake  sediment  suites  can  contribute 
to reconstruction o f  ancient  vegetation  mosaics. 

IETRODUCTION 

Thaw  lakes--lakes  that  result  from  surface 
collapse  caused by the  thawing of  ice-rich 
permafrost  (Hopkins,  1949)--are  important 
and conspicuous  features of Arctic  and 
subarctic  lowland  landscapes in both  tundra 
and taiga  regions.  Organic  remains  from 
diverse  parts of  the  modern  landscape  become 
incorporated  in  the  bottom  sediments of thaw 

derived  from  the  substrate in which  the  lake 
lakes  along  with  older  organic  detritus 

develops.  Although  account  must  be  taken of 
the  potential  presence of redeposited 
material, the organic  remains  preserved  in 
sediments o f  ancient  thaw  lakes  can  provide 
a  valuable  record of ancient  vegetation 
mosiacs. 

The  major  purpose of this  paper is to 
facilitate  recognition of thaw-lake 
sediments in the  field.  Cross-sectional 
exposures of thaw-lake  sediment  sequences 
are  widespread in subarctic  and  low-arctic 
regions  hut  are  commonly  misinterpreted or 
go unrecognized  in  spite of the  useful 
descriptions of Livingstone  and  others 
f1958), McCulloch and others (1965), 
McCulloch and Hopkins ( 1 9 6 6 1 ,  Carson ( 1 9 6 8 ) ,  
Tedrow f1969), and Nelson f1982). Our 
discussion is based  mostly  upon  unpublished 
geochronological,  sedimentological,  and 
paleontological  studies and observations of 
Pliocene,  Pleistocene,  and  Holocene  thaw 
lake  sediments in Alaska,  Canada, and 
Siheria  hy  Hopkins (1961-1987)  and upon  a 
study of sediments and sedimentary 
environments in two  active  thaw  lakes  near 
Cape  Espenhcrg,  Seward  Peninsula,  Alaska 
[ f i g .  'I) by  Kidd jn 1987,  We h a w  also 
examined  sediments and sedimentary 
environments in two thaw lakes in Goldstream 
Valley  near  Fairbanks,  Alaska. 

Figure 1 .  Map showing  location of places 
named  in text. 

ORIGIN AND EVOLUTION OF THAW LAKES 

Ponding of surface water  to  some  critical 
depth  is  required t o  initiate  the  thawing of 
ice-rich  permafrost  that  produces  a  thaw 
lake. We have  seen  two  incipient  thaw  lakes 
developing  over  ice-wedge  intersections  on 
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hilltops  near  Cape  Espenberg. In lowland  Potential  thaw-subsidence  is  limited  to  a 
landscapes,  disruption of drainage  by  growth  few  meters. At the  other  extreme, 
of  palsas  may  be  a  common  cause  of  initial  syngenetic  ice  wedges  in  loess  can  extend 
ponding.  Harry  and  French ( 1 9 8 3 ,  p. 4 5 6 )  from  the  surface to depths  as  great  as 60 m 
suggest  that  thaw  lakes  originate  in  lowland  (Kaplina and Lozhkin,  19841, and se  regation 
landscapes "by basin  coalescence  following  ice i s  distributed  to  equal  depths  $Are, 
breaching  of  [low-center  ice  wedge]  polygon 1 9 7 3 ) .  Thaw-lake  basins  as  deep  as 2 5  m  are 
ramparts",  and  a  similar  suggestion  is  made  known  in  areas  of  syngenetic  wedges 
by Rex  (1961, p.  1022). Surface  disturbance  (Williams  and  Yeend,  1979;  Carter,  1987; 
by  heavy  equipment  and  drainage  obstruction J.G. Kidd,  unpublished  field  notes, 1987). 
by  construction  activities  are  also 
well-known  causes of thaw  lake  development  Climatic  change  can  affect  the  presence  or 
(e.g. Walker  and  others, 1987). absence,  abundance,  depth, and hydrology  of 

Once  formed,  a  tundra  pool  tends  to  warm  and  establish  that  thaw  lakes  were  present  on 
thaw  the  ground  beneath  its bed and beyond  the  coastal  lowlands  around  Kotzebue  Sound 
i t s  banks,  because  water  has  a low albedo  throughout  the  past 3 5  kybp  (thousand  years 
(especially  if,  as is common, it is darkened  before  present) and probably  throughout  the 
by  dissolved  organics)  and  a  high  heat  past 100 kybp  (McCulloch and others,  1965; 
capacity  compared  to  surrounding  vegetation  Kaufman and Hopkins, 1985). In  northern 
and  to  most  soil  materials. As ground-ice  Alaska,  on  the  other  hand,  thaw  lakes  seem 
melts,  the pond deepens.  Meanwhile, 

Duvanny  Yar  interval ( 3 0  to 1 4  kybp), of 
to have  been  lacking  during  the  cold,  dry 

banks to slump  and  collapse.  When  and if 
undercutting  by  wind-generated  waves  causes 

Hopkins (1982), although  numerous  thaw-lake 
the  basin  deepens  sufficiently  to  allow  sediment  sequences  older and younger  than 
liquid  water  to  persist  below  winter  pond  the  Duvanny  Yar  interval  are  known  (Hopkins 
ice,  the  heat  anomaly  intensifies,  and  a  and  Robinson,  1979; L.D. Carter,  written 
basin of thawed  ground  develops  beneath  the  comm. , 1988). 
lake  bottom1.  Thus  the  lake  continues  to 
enlarge,  often  radially,  until  growth is Historical  records  show  that  water  levels 
terminated by a  drainage  event.  have  .diminished  and  that  many  lakes 

The  essential  requirement  for  thaw  lake  alassy  (themokarst  basins  with or without 
development is the  presence of substantial  thaw  lakes) of central  Yakutia ( A r e ,  1973). 
quantities  of  ground ice. Ice  wedges  and  Carson (1960) argues  that  concentric 
segregation  ice  generally  comprises 4 0 %  to  shorelines  around  thaw  lakes  on  the  Alaskan 
80% of the  volume of perennially  frozen  silt  Arctic  coastal  plain  also  record  generally 
and  peat  (Sellman  and  others,  1975;  Williams  higher  lake  levels  several  thousand  years 
and  Yeend,  1979;  Harry  and  French, 1985). ago,  but  all  three of the  lakes  that  he 
Ground  ice  in  the  form  of ice wedges  and  illustrates  have  well-defined  outlets  that 
buried  snow  can  also  form a considerable  seem  likely  to  be  responsible  for  the 
part of the  volume  of  frozen  eolian  sand.  episodic  lowerings of lake  level  indicated 
Ice  wedges  may  also  be  present i n  gravel. by  the  shorelines.  Nevertheless, 
Melting of buried  glacial  ice  is  responsible  appreciable  but  unmeasured  year-to-year 
for  development of thaw  lakes  in  ancient  fluctuations in lake  levels  have  been  noted 
drift  near  Salmon  Lake on the  Seward  on  the  Arctic  coastal  plain (D.?!. Hopkins 
Peninsula ( D . M .  Hopkins,  field  notes,  1973)  and L.D. Carter,  field n o t e s ,  1976-1982). 
and  in  valleys  in  the  Brooks  Range 
(Hamilton,  19861,  but  these  are  more  Thaw  lakes  drain,  generally  catastroph- 
properly  regarded  as  a  special  type of ically,  when  some  part of the  perimeter 
glacial  kettle and are  not  discussed  further  expands  into  a  nearby  stream  valley o r  lower 
here. 

The  depth to which  a  thaw-lake  basin  will  Thaw-back  along  an ice wedge is prohably  the 
subside  depends  upon  the  amount and most frequent  proximal  cause o f  thaw-lake 
distribution of ground  ice  in  the  substrate,  drainage.  Partial  drainage  events  are 
and this, in turn,  depends  upon  local  common,  leaving  one  or  more  small  lakes 
depositional and thermal  history.  In  areas  persisting  in  the  central  basin, or,  not 
subjected  to  repeated  cycles  of  thaw-lake  uncommonly, at the  basin  margin. 
development,  epigenetic  wedges  extend  no 
deeper  than  six  or  eight  meters,  and  only  The  life  span of a  thaw  lake  istrelarively 
minimal  segregation  ice  is  present  (Sellman. 
and  others,  1975;  French  and  Harry,  1983; 
D . M .  Hopkins,  field  notes, 1978-1987). 

thaw  lakes.  Numerous  radiocarbon  dates 

disappeared  during  the  past  century in the 

coastline intersects the lake  basin. 
lying  lake basin  or when a  retreating 

short.  Radiocarbon  dates  on  samples  from 
cores and exposed  sediment  sequences 
indicate that thaw  lakes  typically  persist 
2 . 5  to 3.0 ky, hut  several  large  lakes  on 
the  flat  terrain  near  Point  Barrow  appear  to 

l1n  northern  Alaska,  hqwever,  some  have  been in existence  for 4.0 to 5.0 ky 
moderately  large  thaw  lakes  never  deepen  (Carson, 1 9 6 8 ;  n.N. Hopkins,  unpuhlished 
enough  to  permit  unfrozen  water  to  persist data). L o c a l  relief and spacing of incised 
beneath  winter ice. Ice  wedges  in  streams  appear  to  govern  the  potential  size 
perennially  frozen  ground  may  then  persist and life  span of thaw  lakes in a  particular 
heneath  the  lake  bottom,  covered  by l ess .  
than  half  a  meter o f  lake  sediment  (Billings 
and  Peterson,  1980; D.M. Hopkins and L . D .  
Carter,  field  notes, 1978). 

region, 
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Figure 2 .  Diagrarnatic cross  section  through  a  thaw  lake 
developed in silt  with  epigenetic  ice  wedges  showing 
sediment  suites,  including ( A )  basal  transgressive  sequence 
and ( R )  central-basin  sequence. 

Over a  long  period,  thaw  lakes  can  form 
repeatedly  on  the  same  site.  Superposed 
sets of a s  many as  three  thaw-lake  sediment 
sequences  resting  on  Pelukian  (last 
interglacial)  marine  deposits  are  exposed  in 
some  places  on  the  north  coast of  the Seward 
Peninsula ( D . M .  Hopkins,  unpublished  field 
notes, 1 9 7 0 ) .  

SEDIMENTARY ENVIRONMENTS 

The  floor o f  a typical  thaw  lake is 
divisible  into a nearshore  zone  shallow 
enough to be  affected  by  waves  and  strong 
currents  and  a  central  basin at least 
slightly  below  wave  base.  Evidence of 
acti.ve wave  erosion o r  thaw-collapse  can  be 
seen  throughout  the  perimeter  of  some  thaw 
lakes,  but  others  have  stable  shores  in 

winds  affect the  distribution of stable  and 
places, In treeless  regions of low  relief, 

actively  eroding  shore,  as  well  as  lake 
orientation  (Rex,  1961;  Carson  and  Hussey, 
1962). Downwind  shores  are  subject  to  rapid 
erosion,  while  protected  shores  are  more  or 
less  stable and may  even  prograde. 

Thaw  lake  basins  formed in peat  or  silt 
mantled by turf-forming  tundra  vegetation 
and  containing  epigenetic  ice  wedges 
generally  are  saucer-shaped:  a  nearshore 
zone  several  tens  of  meters  wide  slopes 
gently  to a central  basin  lying  about  a 
meter  lower, In these  lakes,  shoreline 
retreat i s  chiefly  a  consequence of 
undercutting by wave  erosion2.  Actively 
eroding  or  collapsing  shorelines  retreat so 
rapidly  that  aquatic  plants  are  unable to 
establish.  Instead,  the  lake is likely to 
be  expanding  into  sedge  marsh or mesic 
low-shrub  tundra. 

Beaches are lacking at the actively  caving 
banks of shallow  thaw-lake basins  developing 

undercut chunks o f  root-bound  turf, commonly 
in  areas of  epigenetic  ice  wedges. Large, 

with  woody  shrubs  attached,  tumble  into  the 
water,  and  abrade  by  rubbing  against  the 
bank or one another.  The  peat  chunks  are 
somewhat  buoyant  and  may  drift  some  distance 
along  the  nearshore  hottom and aggregate in 
protected  down-wind  waters  before  burial  in 
sandy  or s i l t y  nearshore  sediment.  Twigs, 
stems,  leaves,  seeds,  sclerotized  insect 
remains,  bones  of  small-mammals, and 
comminuted  detritus  derived  from  abrasion  of 
the  turf  and  peat  balls  form a finer 
component  of  ultimately  water-logged  organic 
sediment,  Thawing  ice  wedges  persist 
beneath  the  nearshore  area (fig. 2 ) ,  causing 
the  bottom  to  subside.  Organic  detritus 
trapped in  the  subsiding  trenches  forms  dark 
bands,  visible  from  the  air,  which  extend 
normal t o  the  shore. 

Much  of  the  coarse  and  fine  organic  detritus 
drifts to small  embayments  and  protected 
shores,  where it may  form  beach-like 
accumulations  more  than a meter  thick. 
Protected  shorelines  prograde,  and  in-situ 
peat  forms  when  aquatic  plants  colonize  the 
silty or peaty  substrate. 

Wave- and  current-winnowing  in  the  nearshore 
zone  separates  sand,  which  moves  by  traction 
and  becomes  concentrated  in  the  nearshore 
zone,  from  silt,  which  moves  in  suspension 
and  becomes  concentrated  in  the  central 
basin. If sand  is  abundant  and  currents 
strong,  current  ripples  form  on  the  shallow 
nearshore  bottom.  The  central  basin  of  a 
newly  drained  saucer-shaped  thaw  lake on the 
Seward  Peninsula was a  featureless,  nearly 
flat  surface  floored  by  organic mud ( D . M .  
Hopkins,  unpublished  field  notes, 1 9 4 7 ) .  

2Not by  passive  subsidence  of  the  banks, 
as  Carson (1968) suggests,  except  in  the 
case of small,  incipient  thaw  ponds  and in 
some  thaw  lakes in spruce  forest,  discussed 
below. 
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Figure 3 .  Detailed  sketch  extending  obliquely  from  shore  toward  central  basin  through 
sediments  in  a  thaw-lake  basin  that  was  drained  about 7 kybp.  Basal  transgressive  sequence 
consists  of  wood  and  chunks of peat  embedded in a  mixture o f  redeposited  eolian  sand and 
tephra,  in  places  including  a  basal  layer of basalt  pebbles  and  silt  or  clay  pellets. 
Central  basin  sequence  onlaps on basal  transgressive  sequence  and  consists of planar-bedded 
silt. 
Shallow  thaw  lakes  in  the  forest  zone, 
appear  to  develop  more  passively.  The  root 
mat  beneath  mature  spruce  forest  is  too 
coherent and strongly  bound  to fra.gment when 
deep  thawing  causes  surface  subsidence. 
Instead,  the  subsiding,  root-bound,  forest 
floor  tilts  into  the  lake,  protecting 
underlying  silt  from  wave  erosion. A belt 
of drowned,  more-or-less  upright  trees  may 
then  extend  several  tens  of  meters  from  the 
shore. 

Thaw lake  basins  deveIoped  in  eolian  sand 
consist of a  broad  lacustrine  shelf 
subjected  to  waves  and  strong  currents  and  a 
quiet  central  basin  that  may  be  only 
decimeters  deeper  and  that  may  occupy  less 
than  half  the  area  of  the lake. Excellent 
examples  are  illustrated  by  Black  (1951, 
figs. 5 and 4 )  and Se-llman and others  (1975, 
fig. 4 ) .  In  detail,  the  1acustrine.shelf is 
floored  by  prograded.sand.  Fine  organic 
detritus  accumulates i n  ripple  troughs and 
on  prograded  slopes, and the  central  basin 
is floored  by  loose  plant  detritus  with 
little or no  admixed  inorganic  sediment 
(D.M. Hopkins and L . I l .  Carter,  unpublished 
field  notes, 1978). 
Thaw  lake  basins  formed  in  silt or  sand 
containing  syngenetic  ice  wedges  aye 
characterized  by  steeply  sloping,  actively 
slumping  banks  as  much  as  10 m high and a 
steep  sublacustrine  slope  that  may  descend 
to  depths of 10 m. The  lakes  that  we 
investigated  near  Cape  Espenberg had steep 
subaerial  banks  that  were  a  mosaic af  bare 
mudflows  and  patches o f  early  successional 
vegetation  including  such  pioneers  as 
Calamagrostis s p . ,  Artemisia  tilesii, 

Aconitum  delphinifolium, and Senecio 
con  estus  interspersed  with  slumping  blocks z-h" that  bore  mesic  uuland  tundra  and 
large  Salix  alaxensis shrilbs. Strand lines 
c o n s i s t e d f  an  alternation of short, narrow 
sandy  beaches  interspersed  with  semi- 
submerged  blocks of turf  with  half-drowned 
willow  shrubs.  On  the  steep  sublacustrine 
slope,  block-sliding  and  gliding  processes 
probably  predominate  over  wave and current 
effects.  Turbidity  currents  generated  on 
the  steep  marginal  sublacustrine  slopes, 
though as  pet  undetected,  may  dominate 
sediment depositih processes  in  the  central 
basin. 

THAW LAKE SEDIMENTS 

Thaw  lakes  are  host  to  distinctive  suites of 
sediments,  readily  distinguishable from 
other  lacustrine  sediment  suites  as  well  as 
from  sediment  suites  deposited  in  other 
arctic and subarctic  environments.  Seen in 
cross-section,  thaw-lake  sediment  suites  may 
range  in  total  thickness  from  as  little  as 
one to as  much  as  ten  meters  and  consists  of 

(1) a sandy,  organic-rich  basal 
detrital  unit  between 0.1 and 1.0 m 
thick  which  thickens at lateral 
intervals  of  a  few  meters  to  fill 
ice-wedge  pseudomorphs  extending 
several  meters  downward  into  older 
sediments,  and 
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( 2 )  an  overlying  unit of  fine-grained, 
thin-bedded  central-hasin  deposits 
between  one and ten m thick  (Fig. 
2 ) .  

The  row  of  ice-wedge  pseudomorphs  at  the 
base of  a  thaw-lake  suite,  the  sandy, 
organic-rich  character of the  basal  detrital 
unit with its  mixture of  remains of  
terrestrial  upland  and  freshwater  aquatic 
organisms,  and  the  thin-  and  even-bedded 
character of the  overlying  central-basin 
unit  collectively  distinguish  the  thaw-lake 
sediment  suite  from  any  other  lacustrine or 
non-lacustrine  sediment  suite. 

The  basal  detrital  unit  consists  of  material 
deposited  at  or  near  the  shore  of an 
actively  enlarging  thaw  lake.  Consequently, 

oldest  at the  site  where  the  lake originated 
this  unit is time-transgressive; i t  is 

and youngest  at  sites  which  were  at  the 
basin  margin  when  sedimentation  was 
terminated  by  a  drainage  event  (Carson, 
1968). In most  Holocene  thaw-lake  sediment 
sequences,  this  unit  consists of well-bedded 
fine  sand,  silt,  organic  silt,  and  detrital 
peat  interspersed  with  flattened  masses o f  
peat  in  which  wocdy  shrubs  may  be  rooted 
(fig. 3 ) .  Current and trough  cross-bedding 
are  common  sedimentary  structures in this 
unit.  The  peat  masses  are  the  compacted 
remains of turf  blocks; if abundant,  they 
may be mistaken  for  a  continuous  layer  of 
buried  turf  (vide Carson, 1968). This 
unit is generally  rich  in  twigs,  bark, 
berries,  graminoid  stems, moss shreds, and 
sclerotized  remains of both  aquatic  and 
upland  insects.  Well  preserved  leaves  are 
common,  as  are  rodent  teeth and bones,  fish 
scales,  bones, and otoliths, and  fresh-water 
ostracode  tests,  The  basal  detrital 
sequences of thaw-lake  sediment  suites 
dating  from  colder  intervals of the 
Pleistocene  differ  in  having  much  less 
detrital  organic  material and much  sparser 
mollusk  shells  and  aquatic  microfossils. 

Redeposited  eolian  sand  and  tephra  are 
prominent  constitutents of the  basal 
transgressive  unit in areas  where  these  are 
present  in  the  sediments  in  which  the 
thaw-lake  basin  formed.  Holocene  thaw  lake 
basins  developed  entirely in eolian  sand 
have a  basal  transgressive  sequence  that 
consists of a thin,  organic-rich  layer 
overlain  by  a  zone  generally  less  than 1.5 m 
thick of foreset-bedded  sand  with  organic 
laminae,  representing  material  deposited  on 
the  sub-lacustrine  shelf, 

Compact,  thick-bedded or unbedded 
accumulations up to  five m thick o f  
graminoid  stems  and  moss  fibers,  through 
which  are  scattered  many  twigs  and  sticks, 
evidently  represent  lee-shore  peat 
accumulations.  The  twigs and sticks  are 
typically  short  and  blunt  and  lack  attached 
roots and are  generally in strong  alignment, 
imparting  a  pronounced  inclined  fabric o r  
parting to the  peat  matrix.  Fresh-water 
mollusk  shells  and  sclerotized  insect  parts 

because  diluted  in the  enormous  volume of 
are  scarce  in  these deposits,  perhaps 

detrital  plant  material  that  drifts  into 
protected  embayments.  Lee-shore  peat 
deposits  rarely  extend for more  than  a few 
tens  of  meters  in  cross-sectional 
exposures.  One  might  easily  mistake  these 
bodies  for  in-situ  peat  filling  ancient 
swales, but  the  broken  condition  of  the  wood 
fragments  clearly  indicates  that  these  are 
detrital  deposits, 

Central-basin  sequences  generally  consist  of 
thin- and flat-bedded  silt or organic' silt 
which  in  some  exposures  can  be  seen  to 
on-lap  the  underlying  basal  transgressive 
sequences ( f i g .  3 ) .  Central  basin  sequences 
of  Holocene  thaw  lakes  developed  in 
fine-grained  sediments  typically  consist  of 
organic  silt  layers  separated by laminae of 
detrital  organics.  Holocene  central-basin 
deposits  in  eolian  sand  consist  of  detrital 
organics  with  little or no admixture  of  silt 
or sand. Central-basin  deposits  developed 
in  loess  during  the  colder  parts of the 
Pleistocene  consist  of  well-bedded  inorganic 
silt.  Fresh-water  mollusk  shells  are  rare 
in central-basin  sequences,  but  ostracodes 
and  other  microfossils  have  been  recovered 
( L . D .  Carter,  written comm., 1988). 

In a  series of measured  sections  from 
northern  Seward  Peninsula,  thaw-Sake 
sediment  suites of latest  Pleistocene  and 
Holocene a e  are 1.3 to 4 . 0  m  thick  (median 
2.0 rn, n-sf , while  older  thaw-lake  sediment 
suites  are 2 . 3  to 5.0 m  thick  (median 3.5 m, 
n.8). The  thicker  thaw-lake  sediment 
sequences  were  probably  deposited  in  basins 
developed  in  loess  with  syngenetic  ice 
wedges. Most of the  generally  thinner 
Holocene  thaw-lake  sediment  sequences  were 
deposited in second-  orthird-cycle  thaw 
lakes  in  which  only  epigenetic  wedges  had 
developed.  The  latest  Pleistocene  and 
Holocene  sediment  suites  have  thicker  basal 

m) and  thinner basinal sequences (median 2 . 0  
transgressive sequences (median 1.0 vs 0.3 

vs. 3.5 m) than do  older  Pleistocene 
sediment  suites.  The  greater  abundance  of 
organic  remains  in  the  latest  Pleistocene 
and Holocene  thaw  lakes  accounts  for  their 
generally  thicker  basal  transgressive 
sequences. 

CONCLUSIONS 

A distinctive  sediment  suite is deposited  in 
thaw  lakes,  and  ancient  thaw-lake  sediment 
suites  are  easily  recognized  on  the  basis  of 
the  underlying  series  of  ice-wedge 
pseudomorphs  and  the  presence  of  mixtures of  
fossils of terrestrial  upland  and 
fresh-water  aquatic  organisms.  Study of the 
taphonomy of organic  remains  in  modern  thaw 
lakes  and of the  character of organic 
remains  in  ancient  thaw-lake  deposits 
provides  an  opportunity  for  detailed 
reconstructions  of  the  vegetation  at 
different  times  during  the  Pleistocene. 
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PERIGLACIAL SOIL STRUCTURES IN SPITSBERGEN 
AND IN CENTRAL EUROPA 

A. Jahn 

Institute of Geography, University of Wmlac, Poland 

SYNOPSIS 

The  contemporaneous  climate of Spitsbergen  changes  from  humid-maritime on the  coast to dry- 
Continental  in  the  interior.  These  differences in periglacial  environments  manifest  themselves in 
contrasting  structures of the  active  layer  of  permafrost. The  climate of the periglacial zone of 
the  last  glaciatioh in Europe i s  also  differentiated - that is, more  oceanic In the we8t and  more 
continental in t.he easf. of  Europe,  there are  different  fossil  periglacial  structures  in t.he both 
parts.  The  transitional  section  of  this  zone  lay  in i t s  narrowest  part,  between  the  Scandinavian 
ice border and the  northern  timber lint:  of the Alps and  Carpathians  Mountains.  The  mixed 
Dsrislacial  soil  structures  of  this  area  resemble  in  some  degree  the  contemporaneous  structures of 
Spitsbergen. 

INTROWCTION 

The  climate  of  svalbard  archipelago  with  the 

t.rolled  by  the  influences,  from  the  Atlantic 
Spitsbergen  island as its main area,  is  con- 

and  Arctic  Ocean (Fig. 1 ) .  It  represents  the 
t,ransitional  axea  between  two  variants of 
periglacial  climates.  The  Arctic  Ocean  is co- 
vexed  with sea ice - its  effect  on  the  cli- 
mate  does  not  differ from that of cold  land 
areas.  The  cold  air mass, the  arctic  anti- 
cyclon,  affects  the  Svalbard  climate  from  the 
north  and east, the  south  and  west  part  is 
affected by the  warm  water OF the  Atlantic 
and  Icelandic  flow.  Stablein ( 1 9 8 2 )  - while 
investigating  the  aridity  of  the  Arctic in- 
cluded  Svalbard in the  "cryo-arid  geomorpho- 

annual  air  temperature  varies  around - 6 C, 
dynamic  system" of semiarid  areas.  The  mgan 

which  makes  Spitsbergen an area  of  perma- 
frost.  The  summer  lasts  for  three  months, 

o f  3'C to 5 C .  The  summer  thawing .of soil 
June, July, Auyust,  with a mean  temperature 

extends  to a depth of 0,5 to 2 , 0  m. 

The climat.ic  continentality  of  Spitsbergen 

above  and  on t h i s  kind of factors  like 
depends  on  the  general  situation  mentioned 

island. In the  interior of the  fiords  the 
glacier  covering  the  whole  interior of the 

half  that on +.he coast (over 400 mm). The 
total  annual  precipitation, about 200 mm, is 

climate  of  the  interior  shows  continental 
features, whereas at t.he outlet o f  the  fiords 
facing the Atlantic  Ocean  the  climatic con- 
dition are maritime,  which means more  pre- 
cipitation,  cloudiness, fog and  stronger 
winds. 

PERIGLACfAL SOIL STRUCTURES IN SPITSBERGEN 
There  exist  two  dependences o f  soil  thawing 
and  soil  structures-local  and  regional.  The 
dependence  on  the  local  environmental  factors 

have  provided the  following moael indicating 
that  sandy-gravelly  raised  beaches  without 
vegetation  thaw  three  times  faster  than  silty 
sail o f  the  tundra area.  Thus, local  fac- 
tors are the  dominant  control  of  active  layer 
depths, as previously  recognized  (Washburn 
1 9 7 9 ) .  These  findings  may bo of  great  signi- 
ficance to the  interpretation  of  Pleistocene 
structures of the perighcial environment. 

According to the  regional  climatic  condition 
we  can  distinguish two groups  of  periglacial 
features  containing  more  maritime or conti- 
nental  elements  (see  fig. 1 ) .  

In  the  category  of  maritime  forms  and 
structures I include  sorted  circles  and 
polygonal nets, which  result  from  very 
intensive  frost  sorting. i.e. frost  heave  and 
size  segregation  (Jahn 1 9 6 1 ) .  The  processes 
tend to be most active  in  water-saturated 
soil in  the  areas of  more  frequent  precipi- 
tation  and  limited  evaporation. The  classic 
Spitsbergen  soil  polygons,  very  known  in  the 
literature,  are  on  coastal  terraces at the 
outlets of the f iords ,  such as Kohgsfiord. 
Isfiord, Bellsund  and  Hornsund. There exist 
here  ice  wedges "in statu  nascendi",  i.e. 
thin,  fresh  ice  veins.  There are  here  also 
t.he traces of oldes  ice wedges  greater in 
size, developed  probably in  the  colder post- 
glacial  climatic  phase. 

Gelifluction is a  dominant  process  in  the 

about. 25 . The  movement  is very fast, reached 
coastal &one,  everywhere on the  slopes up to 

on  selected  slopes 12 cm (1957-1960) ,  and 
even to 27 cm (1979-1984)  yearly.  The move- 
ment  involved  the  entire  active  layer. A 
variety of structures  can  be  found  in  the 
more arid, continental  part  of  the  archipe- 
lago, in the  interior of the  fiords, and 
closer  to  the  central  ice  caps. 
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I regarded as most significant features the 
soil wedges on alluvial fans in  Van Mijen- 
fiord (Jahn 1 9 8 3 ) .  The area is a typical 
"polar desert", almost devoid o f  vegetation. 
The same in Tempelfiord. The most striking 
surface features are the regular polygons. 
The soil wedges contain Eine-grained debris. 
There resemble "sand wedges" .in Antarctica. 

Another phenomenon  related to the continental 

mically  bedded slope deposits in t,he Van 
climate of the Spitsbergen interior axe rhyt- 

Mijenfiord, in Tempelfiord, in Grondalen. On 
the steep slopes, close to the angle of re- 
pose, the process of sorting takes place with 
in the active layer. Its lower  part is moist 
and stable, the moisture being derived from 
permafrost. The upper, a 10 - 1 5  cm  layer i s  
well desiccated and loose. When gravitational 
stress exceeds the internal friction, the 
desiccated layer  begins to slip. As motion 
occurs vertical grading develops giving rise 
t,o rhythmically bedded sedimentary structures 
resembling "grezes litees" . 

Another common features related to Spits- 
bergen, in both areas, maritime and continen- 
tal, are sheets with etosion on slopes. It 
has been measured  near t.he Palish Research 
Station at Hornsund  in  the coastal area (Jahn 
1961)  and  observed in t,he interior, in the 
van Mijen and Tempelfiord. It seems to be, 
that slopewash is.more effective on bare sur- 
faces of dry continental region t.han on t,he 
prvtected by vegetation wet maritime area. 

Surface chemical and physical  weathering 
phenomena, as they are often regarded as 
indicators of t.he climate, are observed in 
both climatic regions of Spitsbergen. They 
are desiccation an frost oracks, they are 
brown to rusty-brown crusts and coatings 
simk1.a~ to desert varnish an the rocks near 
Hornsund  and in Tempelfiord. 

Erosion by winds is also widespread in Spits- 
bergen. Deflation occurs both in maritime 
zone where winds are strong but the soil is 
protected by vegetation, and in the continen- 
t a l  part where the winds are weaker  but the 
soil and rocks unprotected. The easterly an 
north- easterly winds prevalent in winter 
erode loose rocks and  polish  solid rocks 
mainly with snow and ice particles. 

SOME PERIGLACIAL FORMS AND STRUCTURES OF THE 
CENTRAL  EUROPE&  AREA. 

The periglacial zone of the last Wiism -Vistu- 
lian qlaciation extends from Western Europe 
over Prance,  Germany, Poland and the 5oviet 
Union to easternmost Asia. H .  Pvser ( 1 9 4 8 )  
was the first. researcher who distinguished 
the maritime from the continental part of 
former climate of t . h i s  area. Starting with 
Budel's ( 1 9 5 1 )  map of vegetat.ion during t,he 
last qlaciation and adding B. Fsenzel's 
(19671, L. Eissmann's ( 1 9 8 1 ) ,  H. Maruszczak's 
( 1 9 8 7 )  and  my own observations, I recon- 
structed t.he perkglacial provinces of Europe, 
as is shown in Fig. 2 ,  The most important 
periglacial zone, containing contihuaus 
permafrost, is  limit,ed  in the Central Europe, 
t.o a 500 km wide strip extending from t,hc 
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Fig. 1 .  svalbard Islands situated  in t.he 

annual Arctic sea-ice cover in,summer 
transitional climatic zone. Limit of 

/ I /  and of floating pack ~ c e  in 
winter / 2 / .  Arctic / 3 /  and Atlantic 
/ 4 /  sed currents. Direction o f  c1.i- 
matic influence of Arctic / 5 /  and 

periglascial mar-itimc / 7 /  and inland- 
Atlantic / & / ,  Investigated areas w i t , h  

continental /8/ features. 

front of Scandinavian ice-sheet to the nor- 
t.hern boundary of Carpathians and  sudety Mts. 

of Biidel, 1 9 4 8 )  resembling a "polar desert". 
Tt was frost debris zone ("Frostschuttzunr" 

This province is  wider to the east and west, 
its south boundary is controlled by the 
Central European Mountains, from  the 
mrpathians to the Alps. These mountains 
defining the northern timber line, there were 
not only "forest islands" (Peug, from Nilson 
1983) but,, due to their altitude, they  formed 
i n  the Pleistocene an important climatic bar- 
rier ta air  ASS circulation. The west-east 
exchange of thcse masses created t,he base of 
t,he climatic variations. Therefore 1 concidrr 
t h e  central European "corridor" as the 
transitional periglacial zone (TZ) . 



Fig. 2 .  Periglacial  zona  during  maximum  xange 
of  last  glaciation  /vistulian/  in 
Europe.  Maritime  part /MRT/, COD- 
tinental  part /CTN/ and  transitional 
part /T Z/. Dotted  stripe  frost 
debris  zone. 

This  province  grades  to  the  east  into  areas 
of  continuous  permafrost  containing  plant 
elements of a warmer summer and  different 
periglacial soil structures, According  t,o 
Velitchko (19731, east o f  Dnapr  thermocarstic 
structures  prevail. 

There  is  glacial-continental (CTN) province. 
To the weat  the  periglacial  zone  passes, 
without  distinct  border to glacial-maritime 
(MRT) province  with  the  rich  periglacial 
structures,  mostly  in  loess.  According  to 
Maruszczak~(l987) it  was a  region o f  d i s -  
continuous  permafrost.  The  three  main  peri- 
glacial  provinces  of  Europe  was  bordered to 
the  south  by a dry  cold  tundra s teppe ,  known 
in Czechoslovakia  and  particularly  in  Middle 
Danubian  Lowland  in  Hungary. I distinguish  as 
a  separat  region "RdCan-HlaCk sea province" 
the  Pleistocene  cold  steppe,  loess  covered 
but  lacking  typical  periglacial  structures. 
According  to  Maruszczak ( 1 9 8 7 )  it  was  the 
area of sporadic  permafrost,  very dry, with 
annual  precipitation  lower  than 200 mm. 

The classic  periglacial  polar  area  of  the 
last  glaciation  in  Europe  was  the  above  men- 
t.ioned  transitional  area o f  Poland, east  and 
west  Germany  containing on the  continuous 
permafrost  t,he  full  range of periglacial 
structuxes,  similar to recent  periglarial 
features  of  Spitsbergen.  It  was  extensively 
studied (Dylik 1 9 5 6 ,  Kaiser 1960,  Jahn 1975 1 . 
The  active  layer  in this zone  ranged  from 1 m 
i n  the north to 3 m in  the  south  (Jahn 1 9 7 7 ) .  

Gelifluction  structures  are  very  common  in 
the  deposits o f  the  last  glaciation  in 
Poland. Some of them like  the  classic  psofile 
of St. Malgorzata Hill  near Lbdz (Dylik 1 9 6 3 )  
may  be  compared to gelifluction  tongues  in 
Spitsbergen.  They  are  soilrubble mass, with 
earth  flow rcrther than  frost  creep  struc- 
t.ures. 

Ice  wedges,  frost  fissuxes  and  soil  (ground) 

of the  former  perislacial  permafrost  climate 
wedges  have  thus  far  been  the  best  indicators 

in  Europe. The Central  European  transitional 
sector o f  the  periglacial zone (TZ) possesses 
all  types of wedge  Structures.  Primary  ice 
wedge  casts,  particular  eolian  sand  wedges, 
are  known  mainly  in  Central  Poland  (Gozdzik 
1973). Similar  examples  from  the  continental 
part o f  Spitsbergen  (Van  Mijenfiord)  suggest 
that  fossils  European  wedges  reflect a rela- 

annual air temperature Less than -6  C .  The 
tively arid Pleistocene  climate  with tge mean 

other types of wedge  structures,  with  the se- 
condary  infilling,  (ice  wedges)  which  are 
very  common,  on  the  Central  European  area 
(Kaiser 19601 ,  suggest  rather  wet  climate 
condition  with  vegetation  cover on the SUI- 

The exiatence of the both types of wedges  can 
face like  the coastal zone o f  Spitsbergen. 

be  interpxetea at the  proof of the  changing 
climatic  condition in the  transitional  peri- 
glacial  zone  of  Central  Europe. 

Another  problem  emerges  when we take  into ac- 
count  the  rich  varieties of periglacial  struc 
tures in  specific  study  area,  even  in  the 
same  section o f  quaternary  deposits in  Cen- 
tral  Europe.  The  numerous  cross-sections  in 
Roland  and  Germany  show  the  alternation  of 
the gelifluction ana  wedge  structures  (Jahn 
1 9 6 9 ,  Jersak 1 9 7 5 ,  Rohdenburq  1967,  Brunacker 
1982) ,  what  confirmed  the  thesis of the 
temporal  oscilations  between  Wet  and  dry  cli- 
mate,  in  the  area o f  the  above  mentioned 
corridor" (TZ). From  the  beginning o f  the 
last  glaciation to Bolling  there  occurred at 
least  four or five  warmer  more  humid  phases 
(gslifluction)  followed by colder  and  drier 
periods. 

And now  the  problem  of  rhytmically  stratified 
slope  deposits.  According  to  Dylik ( 1 9 6 0 )  
they are common  in  the  periglacial  environ- 
ment o f  Central  Poland.  Rhytmically  bedded 
slope  deposits  are  known in Sudetes  and 
Carpathkans  Mts.  According  to  Guillien ( 1 9 5 1 )  
the  classic  "grezes litdes", known  in  France, 
are controlled  rather  by  bedrock i.e. when 
the bedrock  is  readily  desintergrated  by 
frost  action  such  as  shale or limestone. 
There  are  not  clear  relations  between  the 
rhytmically  bedded  slops  deposits  and  the 
climate-continental  (Spitsbergen's  interior, 
Poland)  or  masitime  (France). 

What  concerns  the  wind  action  in  both  envi- 
ronments,  contempovanoues  in  Spitsbergcn  and 
Pleistocene of Central Europe, we  can  note 
the  following  facts.  The  most  common  eroslo- 
nal  wind  products in  5pitsbexgen  are  "surface 
Facets", which  are "large  facets  developed 
upon  rounded blocks normally of glaciofluvial 
origin"  (Akerman 1 9 8 0 ) ,  polished  mainly, as I 
mentioned above, with snow and ice particles. 
They  contrast  with  the  smaller but more 
sharply  defined "edge  facetes", typical  ven- 
tifacts  (germ. "Dreikanter") which are more 
common  in  Pleist.ocene  sediments  from  Central 
Europe.  In  Europe  the  abrasive  material was 
sand  which  was  naturally  abundant in 
"pradolinas"  ("Urstromthaler") i.e. broad 
valley  trenches  Parallel  to  continental  ice 
sheet  margins,  with i t s  abundace of fluvial 



and  fluvioglacial  sediments.  The  differences 
substance of material  transported  by  winds 
and  not  climatic remons would  then  account 
for the  distinct  forms of stones  in  the 
Pleistocene  area. 

CONCLUSIONS 

This  brief  comparison  between the Central- 

glaciation  and  the  contampraneous  Spitsbergen 
European  periglacial  sructures of the  last 

structures  leads to the  following  conclu- 
sions. 

1.  a rich  variety  of  pexiqlacial  structures 
can be  found  in  both areas, reflecting the 
great  spatial  and  temporal  variability  of 
the  climate  in  periglacial  environments. 

2 .  The variety  of  periglacial  structures in 
Spitsbergen  results  from  the  following 
factors: 

a/  The  archipelago  ia  situated in tran- 
sitinal zone between  the  interior  of 
the Arctic  and  Atlantic zone influenced 
by the Icelandic f l o w .  

b/ The  climatic  parameters o f  the  dry 
interriar  differ  from  those of the 
humid  coastal  areas  of  the  archipelago. 

c /  The  local  (azonal)  environmental fac- 
tors (soil, vegetation,  moisture)  are 
as important: as regional  (zonal)  cli- 
matic  characteristics in controlling 
structures  of  the  active  layer. 

d/ The  forms  and  structures  vary both 
horizontaly  and  verticaly.  Only  the 
periglacial  structures of the low  coa- 
atal  terraces  bear  comparison  with one 
another. The permafrost  structures of 
mountain  areas are different. 

e l  Not all  Spitsbergen  periglacial struc- 

prevailing  climatic  conditions. Part of 
tures  visible at present  reflect  the 

them can be swarded as fossilized 
structures from different  past  cli- 
mates. Thus  there  are  decayed  stXUC- 
tuxes, a5 well as stxuctures  in  diffe- 

has hitherto  received  very  little 
reht  stages of development.  This  facts 

attention. 

3 .   he varity  of  periglacial  forms  -and strut- 

flect temporal  variations  in  local  and 
tures of the  last  glaciation  in  Europe  re- 

regional  climatic  conditions: 

a/ In  the  transitional  zone  of  Central 
Europe ("corridor" TZ) there  is a full 
variety  of  periglacial  structures  with 
their  geriglaciel  maritime  and  conti- 
nental  facies  chanqing  spatially  and 
temporally.  They are  comparable  with 
the  periglacial  structures of 
Spitsbergen. 

b/ It is difficult to descern  precisely 
the dependence  of  these  structures on 
the local,  environmental  factors. 

cj The thickness  of  active  layer  grows 
from  north  to south, from  west t,o e a s t ,  
and  reaches  up  to 3 m. The summer  of 
the  Pleistocene  periglacial  zone  is 
likely to have  been  warmer  than  the 
present  Spitsbergen summer. 

d/  Periglacial  structures  provide  numerous 
data  useful  to  the  understanding  the 
glaciation  period,  and  specifically  the 
changes o f  the  degree of  continentality 
of  the climate.  This  result  is  impor- 
tant  in  the  assesment of the  strati- 
graphy o f  the  Pleistocene deposits. 
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CONTINUOUS PERSISTENCE OF THE PERMAFROST ZONE 
DURING THE QUATERNARY PERIOD 

E.M. Katasonov 

Permafrost Institute, Siberian Branch of the U.S.S.R. Academy of Sciences, 
Yakutsk, U.S.S.R. 

SYNOPSIS !Phis paper provide# B rationale to the  conception of a continuous  persistenee 
of the  frozen  Earth's oxust, the oxyolithosone. Cryogenio-geological  evidenoe i s  glven in favour 
of the  abaenoe in the  Pleistooene of waxm interglaaial  epoohs. It is shown  that  Quateraary depo- 
sits of the  permafroat zone had been forming under  dissimilar phyaioo-geogxaphicd. COnditiOIlS. 
However,  at one time  they a l l  underwent  the  Lnfluenoe of a perenuSaLLy frozen BUbSt~ate occurring 
at little depth, whioh is indicated by ice veins,peeudomorphoue  structures on them and, primarily, 
by leading  cryogenic structwee, viz.  tracee  of  freesing of the eeaeoneilly thawi layer and 
talika. The conolusion  about a continuous  persiatenca of the pexmafroaB BOW w o a  be of intereat 
to  specialists  doing researoh on maay Earth  scienoeer. 

Y.I .  3 w I n  (1937) wae  the first to s est 
that  the permafroat origin dates back% re- 
mota thee and baa persiated  until  the  present. 
This  suggestion  which, in general  terma, was 
also x e  orted by other knvestigatoxs, ie in 
contradfction  with  the commonly acoepfed view 
that  cold and w s m  interglacial  epochs were 
a1ternatLn.g  during  the  Pleistocene.  Therefore, 
it has  long  not been taken  asriouely and wan 
not refleoted in paleoolimatic and stratigxa- 
phic  schemee. A large number of researchers 
continue to claaeify frozen depoaits into mi- 
tes and horirons corresponding, in their opi- 
nion,  to w a r m  and iaterglaoisl epooha. The ba- 
sis for thie ia provided mainly by palinologi- 
cal  data  (spore-pollen  diagrama) ae well as 
bundles of layere encountered in motions, 
with  thawed-out ioe veins  (pseudomorpboses), 
and other features of thawing and re-freezing 
of these layers in the past. Formation of 
themakarst forms of the relief has not inire- 
quently  been  attributed  to  the  general,  globax 
warning of olimate as well. 

The  prst  hiatory of formation of the  frozen 
EEarth's  crust (the permafroat zoae) oannot  be 
reprodueed  through usual reoomtmctions of 
paleoolimatea  on  the baais o f  remaina o f  
plants and animals. In oxder to aoaompll~h thia 
it i s  neceaeary  to have data ou perennially 
frozen dspoaits and cryogenic phenomena oha- 
ractexietio of them.  Unfortunately, these lat- 
ter a r e  m o m  frequently regarded as superposed 
'permafrost tracee' which  are  genetically un- 
assooiated with host ground and, therefore, 
their  interpretation ia misleading. For exm- 
pLe, Ice veins a r e  asflociated  with  cold  epochs 
or glaciation  stages,  although at the  present 
tFme  they a r e  forming  everywhere in the pre- 
sence of moist laadecapes  with a fxozen sub- 
strate  occurring  at  little  depth  (less than 
1 m). Ice  veins a r e  virtually lacking Fn by 
regions, even with  very  low ( m i n u s  10 to l 2 O )  
mean annual air  temperaturea. 

Pseudomorphoaea a r e  also interpreted mislea- 
dingly when  thrlr  formation is aaaoaiated with 
an overall warming  of  climate, Itsdeed, auah 
wedge-like  earthen  bodies m e  formed in €dl 
climatic 50nes of tho  permafroat  region in 
limited  areae aa a result o f  a o w e  in 00- 
ditioaa for aooumulation o f  selUneats and, 
most frequently, incornreofion with an ezpan- 
aion and  dieplaaement  of ~ ~ U l o n  nater reser- 
voira of water ilowe. This acoowte i g r  the 
fa&  that  eeotions  lying OB the ~ m o  horitPon 
with  pseudomoxphoeres  exhibit also primordial 
ground and ice veina (Kataaouova, 1963; Kata- 
Bonov, 1973). 

An important signifiamoe for  the undefetandirrg 
of the stmature, origlastion and evolution of 
the  frozen Earth's crust h8w the  study  of thin 
(a fer om) ice lenma and inCerLaysra wbioh 
roduos  ty  leal, lead orgogenic atmoturea 

a1 teposits and la&lced  oblique and vertical 
for subaqueous  deposita f Katae~no~, 1968; 1 975 1. 
Them atrucfureB, while f o e  as depoeits m e  
accumulated,  pattern after the utlgvepneas o f  
the lower limit of the seae~nallg thaw 
per and the  oontour  of  tallke. They prov 9 de la- 
oruclal diagaostic  feafufes of o r  olithogbnic 

de  osita, By studying  them Is seotioaa  dated, 
(i.e., form- under pemafroat CLndltLow) 

*le to gain Snslghta  into the, past 
evolution of the pennafroet zone and ewkabliah 
the age o f  the  oldest (for a given region) syn- 
genetically frozen  rock^. 

Leading  cryogenic  struoturea are also ueed as 
additional,  cryogenic-facial featurea whiah 
help  distinguish  aqueous deporrits deposit0 
from aurfaoe (aubaerial) ones, and elope dspo- 
sits  from  flood land ones,  even  if  theas depo- 
sita ahow the same granularnetrlc  aompoeitlon 
and a r e  devoid of remains o f  fauna and flora. 
Cryogenic structure provide a m e a m  to recog- 
aim and  estimate  the  scale of oocumefLce of 
taberal, i.e., thawed and re-frozeu,  rock6 

SFi . 1): Eelt -aha += and layered for ~ U b a e ~ i -  

lRaCaeonov, 
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lilts and  the   th ickness  o f  t he   s easona l ly  thawing 
1982)) determine  the s i z e  of pre-ex is t ing  ta- 

l a y e r  and I t s  moistuxe  content as wel l  8s un- 
d e r s t a n d   t h e   p e c u l i a r i t i e s  of pernlafrost land- 
scapes of  t h e  p a s t  epochs. 

A comparative oryogenio-facial analysis of  con- 
temporary  and  Pleistocene  permafroat  deposits 
of Siberia h a s   l e d  us  to   conclude  that   cryoge-  
n i c   s t r u c t u r e s ,  together  wi th   i ce   and  various 
e a r t h e n   v e i n s   a r e   d i s t r i b u t e d   i n   t h e   f r o z e n  
E a r t h ' s   c r u s t  showing a genera l  rule. Their 
presence ox absence in sonm o r  other   Layers  i s  
associated  with  enesis   accumulat ion  and free-  
z ing o f  d e p o s i t s k ' t h s r n  wi th   cool inas  o r  
warrniws of climate.   Direct  evidence  bascd  on 

re   ob ta ined   for   the   cont inuous   format ion  o f  t h e  
t h e   s t u d y  OS cryogenic phenomena themselves WB- 

pesmafxost zone during the   course  of t h e  Qua- 
ternary  period,  namely 
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A 

C 

E'ig.l Leading  Cryogenic   Structures  of Cryo- 
l i t h o g e n i c  Deposi ts .  
A - L a t t i c e d   ( a r e  Formed as T a l i k s  a re   be ing  
Frozen on t h e  Sides and f r o m  below, on t h e  
Side of a Perennia l ly  Frozen Subet ra te ) :  
1 - oblique,2 - v e r t i c a l ;  B - belt-shaped, 
C - l a y e r e d   ( a r e  formed ELB t he   s easona l ly  
f rozen   l aye r  f r eems  from  below): 1 - hor i -  
zonta l ,  2 - concave, 3 - gentle-wavy. 

1. For all s e c t i o n s  of the  Siberian  perrhafroet 
- i n   t h e   b a s i n s  of t h e  Kolyma, Omoloi, Yana, 
Yenisei ,  Vilyuy and Aldan r i v e r s  - none of t h e  
l e v e l s  &owed s igna tu res   o f   ove ra l l ,  r e g i o n a l  
degradat ion of the  permafrost  zone;  and no ho- 
rizon of ground wan encountered ,   the   f reez ing  
of  which was unasaociated  with a d i r e c t  o r  in -  
d i r e c t   i n f l u e n c e  o f  the   perennia l ly   f rozen   sub-  
s t r a t e  that p e r s i s t e d  as t h a t  ground had  been 
freezing.  Deposits  which are regarded as i n t e r -  
g l a c i a l  do not   provide  evidence  for  warm clima- 
t e   e i t h e r  - they inc lude  i c e   v e i n s  and have 
layered  o r  obl ique  cryogenic   a t ructuxes,  F.B., 

layer and  ta l iksYKatasonov,  1963; 1965; 1975; 
t r a c e a   o f   f r e e z i  o f  the   seasonal ly   thawing 

1983; Trofimov and Vasi l 'chuk,  1983). 

2. T a b e s a l   s o i l s  w i th  obvious  signatuxen of 
thawing and re-freosing  encountered  in   the  sec-  
t i o n s  have a l oca l i zed   occu r rence ,   i n   t he  form 
of r e l a t i v e l y  mal l ,  spatially confined bodl.es 
(Pig. 2) .  Their  thermal  treatment  has  been and 
1s occurring a t  t h e  p r e s e n t   t i n e  i n  ta1i.h ba- 
low wa te r   r e se rvo i r s ,  whose sediments normully 
o v e r l i e  them. I f  i n t e rg l ac i a l   epochs  werc asso- 

c i a t e d   w i t h   s u b s t a n t i a l  warrnings of  c l imate ,  
then the  thermally t r ea t ed  ground i n  t h e  form 
o f  horizons  maintai.ned in e x t e n t  would every- 
where be observed  over a vast area,  but  t h i n  
is not   the  c a s e ,  however. Iiumcroun t r a c e s  of 
l o c u l j  zed thawing below water. r e s e r v o i r s   i n d i -  
c a t e  only t h e i r  mu>os r o l e  for   the   format ion  of 
the  pe rmaf ros t  zone  and i t n  s t h b i l i t y  through- 
out   the   Quaternary   per iod .  

3. The conclusion about the  continuous persis- 
tence o f  the  permafrost   zone i s  confirmed by 
pa leopermafros t   inves t iga t ions  as well as re- 
sults of a s tudy  of  the  accumulation  and f ree-  
zj .ng  conditione f o r  Gediments i n   t h e  P l e i s t o -  
cene  and  Holocene. F o r  low-lying,  elevated  and 
s lopy near-mountain p l a i n a  o f  Yakutiu, th15 
s i t u a t i o n  was charac te r ized  by the  replacement 
i n  time of lacustrine, continuous f l o o d  land ,  
marshland  and re la t ive ly   d ry   permafros t   l and-  
scapes  due t o  g l a c i a t i o n  and t h e  o v e r a l l  ex- 
pansion,   contract ion  and  disappaarcnce o f  gla- 
c i e r s  and  snowfields  (Katasonov, 1963; 1975; 
1983; 1986). The past evolu t ion  of t h e  perma- 
f r o s t  zone  can be ca t egor i zed   i n to   t h ree   r e l e -  
vant  &ages,  namely  epochs d i s t i n g u i s h a d  by 
d i s s imi l a r   fo rma t ion   cond i t ions  fo? s u b a e r i a l ,  
subaqueoun  deposits and t a b e r a l  s o i l n .  I n  each 
s t a g e   t h e   r o l e  o f  t h e  rrruin components o f  perma- 
f r o s t   l a n d s c a p e s ,  v i z .  the  perennially f rozen 
s u b s t r a t e ,   t h e   a s e o c i a t e d   t a l i k s  and of t h e  
seasonally thawing l aye r ,  has  m m i f e s t e d  i t -  
self d i f f e r e n t l y .  

I. A t  the  epoch of maximum occurrence o f  gla- 
c i e r s  and snowfields  (U, + u t )  on low-lying  and 
near-mountain  pexiglacial   plains,   running-water 
and  stagnant reservoirs recurred with d i f f a -  
r e n t   s i z e s  and   l i f e t imes .  Below thorn, t h e r e  

3 

occurred a consedimentational  (simultaneous 
with  aediment  accumulation)  thawing o f  depo- 
sits which  had r e c e n t l y  gone i n t o  a perennia l -  
l y  f r o z e n   s t a t e ;  t a l iks  were formed and,  upon 
t h e i r   f r e e z i n g ,   t h e r e  formed masse8 o f  conta- 
bera l  rocks which  not   infrequent ly  i n v o l v e  
syngenet ic  pseudornorphosen along i c e  ve ins  
(Fig.  2 ,  11, 111, legend 6j. 

T I .  The s t age   o f   g l ac i e r   r eces s ion  and co t- 
r a c t i o n  and l o c a l i e a t i o n  of snowfields  (G 9 j 
WRB marked by the  predominance - on a l l  e?e- 
menta o f  t h e   r e l i e f  - of  cont inuous  f lood  lands 
and marshlands. Cryol i thogenes is   pxocemes  
were  occurring mainly within the seasonal ly  
thawing layer. Zlaliks played t h e  smalle~t r o l e .  
Svcrywhere, even on watershed s lopee ,  t h e r e  
formed depos i t s   i nvo lv ing  i c e  veins ,   bel t -sha-  
ped and layered cryogenic structures (Katusonov, 
1983). 

111. The contemporasy  stage o f  formation o f  t h e  
f rozen  Earth's crust: ( t h e  p a s t  10 t o  15 thou- 
sands  of years) i n  charac te r ized  by an almost 
t o t a l   a b s e n c e  of g l a c i e r s  and  snowfields, ari- 
d i z a t i o n  end by some warming o f  c l imate  as well 
as the  appearance of  contemporary humid and 
semi-arid  permafrost   landscapes.  The dioappea- 
rance of  t h e  pe r ig l ac i a l  s i t u a t i o n  l e d  t o  a 
c e s s a t i o n  o f  f lood- land  sediment  accumulation 
ansoc ia ted  with the  thawing o f  glnci .crs  and 
snowfields ,  and t o  permafrost   degradat ion t o -  
ward the  edges o f  the  permnfsost  region.  In 
Yttkutia, on prc-ex is t ing  p e r i g l a c i n l  p l a i n s  
which have become denudation p l a i n s ,  EL deep 
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Fig. 2 Thermally Treated (Taberal) Grounds in  Shore Sections: T - KoLyma  River,  below 
the Idouth o f  the Omolon River;  I1 - Alazeya River,  below  the  AndryuShkinO 
Settlement; I11 - Aldm Xiver, Ivlamontova Gora (Mountain). 
1 - sands  with  remnants of heat-loving f l o r a ;  2 - aande with  primordially 
earthen  veins of folding; 3 - subaerial deposits with ice voina and layered 
and b e l t - l i k e  cryogenic  structures; 4 - subaqueous  depesits  with  oblique 
and vertical  cryogenic  structures; 5 - deposits of alas depressiona: boggy 
( t o p )  and lacustrine  (bottom); 6 - conttzberal rocka with pseudomorphoass 
along ice  veins; 7 - posttabern1  formations  with  pasudornorphoses; and 8 - ther- 
mo-luminescence and radiocarbon  dating. 

ostsedimentation  thawing o f  ice-containing 
fayers  began. Themokasst  depressions (alas) 
were prodked, with characteristic  alas  depo- 
sits  supporOted  by  osttaberal formations (Pig. 
2, I, legend 5 s n d ' m l a t t e x ,  while be- 
ing  bounded by t a l i k s  below  an  alas,  underwent 
substantial changes. Brownish-grey  supes and 
sands  that gave rise t o  t h e i r  formation,  ac- 
quired a different  cryogenic  structure  and 
turned darker ,  bluish  in c o l o u r  - the compoai- 
tion of their  clayey  cement  changed an well as 
the content o f  organo-mineral  compounds, Pili- 
form r o o t l e t s  of grass disappeared Etnd a re- 
duction of ferric oxides occurred (Katasonov, 
1982i.  

Thus, the r o l e  of the  perennially  frozen sub- 
s t r a t e  as the nnln factor of cryolithogenesis 
was manifest  during a l l  stageo of formation of 
the permaf ros t  zone. During the past 10 to 15 
thousands of y e a ~ s  i t s  uppe r  horizons have 
been  subjectud  to an intense traatment by ta- 
lib. A t  t h e  sun,e  time new layers  of perma- 
froat have been  formed and continue so today 
in a l l  climstic  zones  of  the  permafrost xc- 
gion. Thin p r o v i d e s  firm evidence f o r  the  con- 
tinuous pessfstencs of the permaSrost zone in 
t h e  p n s t  as wel l  as f avour s  the  predictability 
of its  existence in u forcseeablo geological 
S u t u r e .  

"ne conclusi .on about the cont inuous peraisten- 
c e  01 t h e  cryolithozone d u r i n g  .the  Cduuterna- 

ry period is, we  believe,  important f o r  scien- 
tific and practical purposes, It should be 
taken k n t o  account  when  interpreting  geother- 
mal  data RB well as constTucting  stratigraphic 
and paLeogeographic  schemee and thermal and 
other models o f  freezing of  the Earth's crust. 
This  conclusion is of major importance fox the 
understanding of the  structure of permafrost 
and f o r  its classification into  complexes o f  
rocks distinguished by the  composition,  the 
content of the e o w r d  ice,  the  cryoganic  struc- 
ture  and,  hence, by engineering-geological pro- 
perties .  The identification and mapping o f  
such  oryogsnic-formation complexes (Katasonov, 
1983) i s  noeded f o r  economic development of the 
permafroat  region. 

Ratasonav, E.Id. (1963 j .  r~~;ierzlotno-fatsialny 
a n n l i z  chetvertichnykh  otlozheniy nizhnei 
chasti basaeina r.Turnary. - V kn.5 Uslo- 
viya  i  osobennosti  raavitiya morzlykh 
tolshch v Sibiri i na Severo-Vostoke. 
5-21, MOSCOW: Izd. AN SSSR. 

Katasonov, E.ld. (1965). ~~er~lotno-fatsialnye 
issledovaniyti mnogaletnemerzlylch  tolshch 
i voprosy paleogeografii  chetvertichnogo 
p e r i o d a  Sibiri. - V kn.: Osnovnye proble-  
my  izucheniya  chetvertichnogo periodn. 

803 



286-294, MOSCOW: Nauka. 
Kataaonov, E.111. (1968). Features o f  deponits 

formed under  permafrost  conditions. - 
A r c t i c  and  Alpine LXvironments, 237-240, 
Indiana University Press. 

Katasonov, E.M. (1973). Pxesent-day ground- 
and i c e  veins in the region of the  middle 
Lena. - g i y l e t y n  Peryglncialny, No. 23, 
81-89, Loa%. 

KataBOnOv, 8.M. (1975). Frozen-ground and fa- 
cial analysis o f  p l e l s t o c e n e  depos i t s   and  
paleogeographyc of central Yakutia. - 
BJu3,etyn Peryglacialny, No. 24, 34-41, 
Lodz. 

i taberalnye obrazovaniya  Yakutii.  - V 
kn.: Gealogiya kainozoya  Pakutii .  110-121, 
Yakutsk:  Izdan  Yakut. f i l ialom SO AN 
SSSR. 

Katasonov, E". (1983). Kriolitogennye otlo- 
zheniya, ikh merz~otno-formataionnye kom- 
plekey. - V kn.: Problemy geokriologii. 
162-169, Mosww: Nauka. 

Katasonov, E.M. (1982).  lamy ye otloxheniya 

Katnconov, E.L. (1986j. Ozera o b l a s t i  vechnoi 
merzloty v pleistotaene i golotsene (na 
primere Yakutii). - V kn.: I s t o r i y a  sov- 
remennykh mer  (tezisy). Leningrad-Tallinn. 

ncrnerslye otlozhcniya i. i k h  bolee drevnie 
analogi v severo-vostochnoi chasti Leno- 
Vilyuyskogo mezhdurechya. - V kn.; U s l o v i -  
ya i osohennosti razvitiya merzlykh 
tolshch v Sibir! i na Severo-Vostoke, 41- 
60, Ir'aacow: Izd. AI! SSSR. 

Sumgin, M.1. (1937). Vechnaya merzlota pochvy 
v predelakh SSSR. 18oscow. 

Trofimov, V.T. and Vasil'chuk, Yu.K. (1983). 
Sinkriogennye povtorno-zhilnye i plasto- 
vye l'dy v pleistotsenovykh otlozheniyakh 
sever& Zapadnoi Sibiri. - ByuLl.. Mosk. 
0-va i s p y t a t e l e i  p r i rody ,  otdel geologich., 

Kataaonova, E,G. (1963). Sovremennye mnogolet- 

t.58, vyp.4, 113"l21, IZd. KGU. 

804 



PROBLEM OF INTEGRAL INDEX STABILITY OF 
GROUND COMPLEX OF PERMAFROST 

V.P. Kovalkovl and P.F. Shvetsov2 

1Theoretical  problems  department of the USSR Academy of Sciences 
2Institute of lithosphere of the USSR Academy of Sciences 

SYNOPSIS The problem of choice o f  integral  indeces of s t a b i l i t y  of the permafrost 
ground complex was investigated from the stand of general theory of physical systems'   stabil i ty.  
It is  shown, tha t  h e r e  are two such  indecos, one of which points ou t ,  i f  the  average annual 
temperature of ground under the  season  thawing stratum is lower  then the temperature o f  phase 
transformation o f  the ground moisture. The second index is the annual increase 09 thiclmess 
of the season  thawing stratum. The expressions for the calculation of these indeces B;ce given. 

The determination of the  conditionn of the 

complex of the permafrost region* is one of 
s t a b i l i t y  and cer tain mobility of the ground 

the fundamental problems o f  geocryology and 
i t s  theoretical  nucleus - physical geocryo- 

geological  essence of the change o f  the s t a t e ,  
mechanical so l id i ty ,  deformation and mobility, 
the  structure and texture,   the form o f  the 
ground comalex surface u s i w  the thermodyna- 

I L W .  The l a t t e r  opens the physical- 

Kovalkov (15d6, 1987). 
mica1 methid  Shvetsov (l983), Shvetsov Ad 
This method allows t o  consider  the GCPR as 
unequilibrum, unsteady and generally open and 
non-linear thermodynamical  system, which con- 
sists mainly of the substance i n  condenced 
s t a t e .  

A t  the s m e  time the phenornenological method 

the xdxture of mineral and organic  fractions, 
of approach is used which permits t o  present 

ice  inclusion, water films and air pores as a 
continuous medium, xarking out some elemen- 

mean quantity 0% a l l  parameters o f  i t s  ther- 
tary meso-volume V of tbe system with the 

modynanical s t a t e :  the extarnal  pressure P, 
temperature T and the  concentration Ci of all 
components, including  the humidity and i ce  
content. 

*The ground complex of the  permafrost  region 
(GCPR) - the  upper  strabum of the  earth  crust ,  
including the ooil and sub-soil down t o  the 
depth, where the annual. temperature  oscilla- 
t ions  pract ical ly  fade. 

Such a thermodynamic system may be considered 
a complex one, because it has, besides  ther- 
mal and u s u a l  mechanical  degrees o f  freedom 
(owing t o  the  exbernal  pressure P) other 
mochanical  degree of freedom - a g a h s t   t h e  
forces of s o  called  internal  pressure,  which 
r e f l ec t s   t he  mutua l  a t t r ac t ion  of molecules, 
&en the ground o r  wafer  freezes through and 
the   in te rna l  energy u o f  the system decreas- 
ea and the volume grows, this   pressure is 
negative. Its gxadient i n  the f i l m  of unfro- 
zen water, which ~ U J T O U ~ E  the s o l i d  frac- 
tions, is the well-known "force of absorption" 
of moisture by the  freezing ground maw. 

Heally,  the  internal  energy u o f  the elemen- 

with the  parameters o f  s t a t e  - V, P,T and Ci. 
tary meso-volume of the ground mass changes 

And i f  P and Ci in   the  easiest   case  are  con- 
stant, then U = U (V T). ~ a e n  placing  the 
expression o f  f u l l  d i f f e r e n t i a l  

t o  the expression of the first l a w  of thermo- 
dynamics, we get 

If t o  i p o r e  the work o f  t he   e l ec t r i ca l  and 
surface  forces, and the gravity, then 

z p d V. hnd the  expression f o r  the f i r s t  
law of thermodyntunics (2) looks: 
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Here ('u/, v),,. i s  the  pointed ou t  in ternal  
pressure. Part of the  heat,  absorbed by the 
freezing  water because o f  its isothermal 
expansion when becoming ice ,  i s  the Source 
of increase of free energy of the GCPH in 
this  process.  It i s  owing t o  $ne f r e e  energy, 
that   there  are mechanical works o f  cryogenic 
ground heaving and the  condensation of mine- 
ral. stratum, also the  formation of new sur- 
faces as the   resu l t  o f  cracking o f  GCPR. The 
decreasing o f  the  internal energy of WPR 
excels  the flow of beat  into environment. Gn 
the  contrary, when thawing, the  internal  
energy of GCPR Fncreases t o  the  larger  value,  
which excels  the flow of heat from the  envi- 
ronment. Though the quantity of heat  received 
by the ground in summer and the l o s s  of heat 
in winter   a t  the stable  conditions are equal. 

Such a pecul iar i ty  o f  t h i s  complex thermody- 
namic system - GCPR - must be taken i n t o  coa- 
s iderat ion when resolvFng the problem of its 

ence of i t  is the f a c t  that the most unsteady 
stability in permafrost  region. As a consequ- 

a re   f rozen   s i l ty  and clay  formations of gee- 
crgological system8 o f  Under-Arctic, where 

the  region. 
there  are often  the  lowest  temperatures of 

Such geocryological  systems 
are  characterized by the m i n i m a l  value of 
entropy of any meso-volume of the frozen 
ground and the loca l  maximum of i ts  f r e e  

accumulation of i ce  at; the  foot of the season 
energy, They have a tendency to   the   fur ther  

thawing stratum (STS) during  the  short peri- 
ods (5-6 years) of the  natural  cold snap. 

Let us have a look into  the  notion o f  the 
GCPR s t a b i l i t y .  From the general  methotodo- 
log ica l  point of view t h e   s t a b i l i t y  may be 
considered as the   d ia lec t ic  anti ode o f  
unsteadiness, Mdacheryakova (19817. 

In this sense, the l o s t  o f  GCPR s t a b i l i t y  can 
be  connected  both  with  the  transition o f  the 
very i c y  s o i l  from the   f rozen   s ta te   in to   tbe  
thawing m e ,  with the following precipi ta t ion 
and the l o s t  of its mechanical so l id i ty ,  and 
wi th   t he   t r ans i t i on ,o f   t he   so i l  from the  tha- 
wing state t o  fbe frozen one, with  the mani- 
f e s t a t ion  of the uneven ground heavin and 
the  cryogenic  migration of moisture.  there- 
fore, t h e   s t a b i l i t y  of the GCER doesn't al- 
w a y s  correspond t o   t h e  Fncrease o f  its mecha- 
nica l   so l id i ty ,   s ince  during the  freezing and 
falling of the  temperature  the  mechanical 
s o l i d i t y   i a  growhng, but  the  cryogenic migra- 
t i o n  of moisture and the ground heaving show 
the  unsteadiness. So, Fn such a wide sense, 
t h e   s t a b i l i t y  of GCFX must be considered as 
the  preservation of the f o rm of GCFR surface 
and the absence o f  any significant macrosco- 
pic   t ransi t ions o f  itn stratum under the 
Fnfluence of the  external mechanical loads 
changing$ and the  variations of the internal 
thermodynamic parameters, as a r e su l t  of the 
heat and moisture exchange of the gxo~l ld  
complex with  the environment  (atmosphere, 
hydrosphere,  space). 

But  at  present time a narrower meaning of the 
notion of the GCPH s t a b i l i t y  is adopted among 
the  geocryologists and builders: the absence 
of non-elastic  defomations nnd mobility of 
macroscopic  stratum of GCPR while keeping i t 5  
mechanical so l id i ty  under the  conditions Of 
change of external influence,  %hich  leads t o  
the thawing, increase of tenperature, humidi- 
t y  ( o r  salt content) o f  the s o i l  as well  as 
external  pressure on the GCPR. Further  the 
t e rn   ' s t ab i l i t y '  of the O R  will be used in 
this very  sense. The 1 0 s ~  of the s t a b i l i t y  of 
GCPR w i l l  be connected  with  the  presence of 
the STS, i t s  growing, the  increase o f  the 
frozen s o i l  temperature, thawing of ice  frac- 
t ions,  which further  lead t o  the  thermokarst 
s e t l i ngs  and slope  processes - thermoerosion, 
sol i f luct ion.  

The mechanical s o l i d i t y  o f  g r o m d  can be de- 
termined by the moanings of the changing 
parameters of s t a t e  - temperature,  humidity, 
ice  content,  pressure. 1.e. the  local stabi- 
l i t y  in the meso-volume is  connected  with 
temperature as the  function of state ,   wi th  
the external pressure and nezative i n t a r n a l  
pressure (owing t o  the rnolecuie contract 
forces), as well as wi th  t h e  composition of 
the mixture,  consisting o f  s o i l  f ract ions,  
i c e  and water, On Cho i n t eg ra l  levo1 to con- 
firm t h e   s t a b i l i t y  of GCPR GS t h o  s t a t e  
counter-acting  the  gravity and pressure f o r -  
ces,  without  displaying  the  macroscopic non- 
elastic  deformations and nobi l i ty  (Sliding, 
slipping down), it is necessary t o  consider 
a l l  the  non-stationary  temperature  field of 
the upper stratum of GCPR with the   def in i te  
kinetiks o f  the STS. 

3ith  the  connection of this f a c t ,   a t   t h e  
present  time,  there  arc two main engineering- 
geocryological  characteristics of GCPR a t   t h e  
moment of prospecting, vhicil  axe  often wrong 
understood as tile  index o f  s t a b i l i t y :  they 
are - the  average  anrunl temperatuxe t of 
the ground lower than STS which is  equal ( i f  
t o  ignore the geotacrmal gradient) to the 
ground temperature a t   t h e  depth of  t h e  stra- 
tum of the annual heat  storage ($:LEG) , and - 
the  thiclmess of the STS hSta. But these 
two character is t ics   can ' t  be 'guaranteed' 
indeces of the GCPR s t a b i l i t y ,  because they 
are  mainly the   resu l t  o f  the  heat oxchange 
of  GCPR with  the atmosphere and space  and, 
consequently, they strongly depend on t h e  
thexmophysical character is t ics  of the top- 
s o i l s  (snow, plants) ,  terqerature ts of 
the  conventional  surface o f  the radiational 
heat exchanp;e  and its amplitudes of various 
mode for a Sear and long-term chcles. That is 
why the computer modelling o f  the temperature 
f i e l d  of GCPR f o r  12-15 or more years of ten 
gives a perver ted  picture ,   i f  the low borde- 
Xing condition o f  t h e   f i r s t  gender is taken 
as n constant neZative tenlpcrature a t  the 
depth o f  t h o  stratum o f  annual  temperature 

$ 
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storage, wnich was a t  the moment o f  prospec- 
t ing.  

Thus,  the problem o f  a J ? R  s t a b i l i t y  in the 
phjs ical  geocrjrology a l so  supposes t o  over- 
come its ov:n s c i e n t i f i c  methodological dif-  
f i c a l t i e s ,  mhich rnust be solved us ing  the 
basis of tile  Fnteneivly  developing modem 
theory of the  physical systems s t a b i l l t y .  

Presently, on17 the system of s t a b i l i t y  i n  
c l a s s i c  mechanics and oquilibrium themociy- 
namics i s  the nost  developed, But t h e i r  me- 
thods  can't be used solving the problem of 
GCPX s t a b i l i t y ,  as it is the. most unequilib- 
rim and non-stationary system ox the system 
far from balance. In this branches o f  physics 
t he   s t ab i l i t y  i s  connected v i th  the notion of 
the equilZbrium s t a t e  ( o r  motion) ,  and the 

variations of the  parameters  near  the  balance 
inflhence o f  small iniLial  purtubations o r  

are  investigatad. 

There i s  Lbe a m e  si tuat ion in the problem of 

for the goal aimed, where the variations o f  
using  the  Linear unbalanced thermodynamics 

parameters near tile stationary  (partly balan- 
ced)   s ta tes  arc investigated,Ebelhng (1979). 
Ln tne whole tne h o v m  methods of tne stabi-  
l i t 7  theory can be c l a s s i f i ed  in the follo- 
?ling way : 

- the  kinetic methods in mechanics 
(Lyapunovts theory); - entropy methods,  based on the  theory 
of GLensdorf-Prigozhin, using  the 
Lyapunovt,~ functicinals; 

a l s  ; 

the   ra tes  or  t r ans i t i ons ) ;  

tne  kine-Lic  energy of the  purtuberunces 
( i n  the &ydrodynamics) and the poten- 
t i a l  energy o f  sioall osci l la t ions (J11 

- nethods of action, based on the varia- 
the trlcory of plasma); 

t i ona l  principle of the  smallest  action. 

- t h e  me'Lbo& of thcrmodynmnical potenti- 

- f luc tua t i cnak  ( on the  variations o f  

- the  energetic methods, i nves t fga thg  

It i s  precisely  triese methods, which b u i l d  up 
the basis  of tne nodern theory of t h e  stabi-  
l i t y  o f  physical as well as mechanical sys- 
teipsl.,LL'he main tack o f  th i s  theory is t o  es- 
tablish the  indeces o f  stabi l i ty: the  local  
and momentary as t h e  analyt ical  incleces and 
the  integral  indnces, as tne most important 
in the applied  cense. Tho howledge of the 
indeces of s t a b i l i t y  allows t o  avoid the 30- 
l g t i o n  of tae tack b f u l l  volume, which 
can ' t  be always made precisely and r e l i ab ly  
o r  is rather  labour- consuming even using the 
comguter. 

The analysis of the methods of t h e   s t a b i l i t y  
theory showed that they  could be used only as 
particular  analytical   indeces  ( local,  momenta- 
ry)  i n  the  geocryological  investigations and 
engineer practice.  That is why in this paper 
there were investigated  the integral indeces 
of the GCPH s t a b i l i t y  from the point of view 
of choosing the poss ib le  declinations o f  the 
external  conditions o f  the ECPR heat exchange 
f o r  a long term period, which don't lead. to . 

the thawing of the  frozen  thickness. 

In this case,  the  notion of the GCPR s t a b i l i t y  
was associated  with  the idea of the  presence 
of the  def ini te  summary effect  of the external 
actions. The l a t t exs ,  more often m a n  induced, 
can be of various  types:  the  breach of the ve- 
getable cover, the change of albedo of the 
surface, o r  the nature of the snow accumula- 
t i on ,  the irrigation, etc.  But there axe only 
two indeces of the   resu l t ing   e f fec t :  

1) The first  index ( G )  must show i f   t he  
average annual temperature o f  the 
ground t (under STS) is lower than 
the  tenpsrature of the phase transfor- 
mation of the ground moisture tp , 
while the time is increasing unlimi- 
tedly,  OT t w i l l  be higher than 
t 0 

e ;  
2) The annual increase of the STS thick- 

ness - hSTS , which is important 
f o r  the  evaluation of the WPR stabi- 
l i t y  in. case of the slope processes 
development. 

This pair  of indeces i n  the sought f o r  Fnteg- 
ral index o f  the frozen ground s t a b i l i t y  for 
the long-term period of the changs of t h e i r  
external conditions of heat exchange with the 

pulse Q ~ J ( t S - t P ) d ~  , 'C * hrs, a d  the 
various integral  complexes: the thermal im- 

thermal  realstance of the ground covers gs 
m2 ws OC/kcal. It should be noted, 
that the  conception of resistance is develo- 
ping i n  the modern theory of s t a b i l i t y .  

The annual increase of STS i s  determined as 
the  difference of the two meanings hsrs 
calculated  before and after  the  breach  with 
the  proper  value of the  ositive  (during warm 
season) thermal j ~ ~ p . ~ l s e  flt and the  thermal 
resistance of the vegetable  cover accor- 
ding to the formula 

A 

I 2 s2+ 

n 
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where c* , 'x, and c,  , 'x, - the  volume 
thermal  heat  capacity a d  the  coefficient o f  
the  heat  conductivity of the ground in the  
frozen  thickness and STZ; Q, - t h o  volume 
heat of the  phase transformation o f  the gro- 
und moisture; t, = O°C; T = 8760 hrs - the 
annual  period; t+ - fhc avcrage temperature 
of surface o f  GCh-during the waxm season; 
tY - the  ground temperature a t   the   depth of 
.SLUE a t   t h e  moment of prospecting. 

The solution (4) was got by the integral me- 
thod OS heat noments or thermal impulse, 
Kovalkov (1974). The conclu  ion o f  the  in- 
t eg ra l  index o f  s t a b i l i t y  6 w i t h  respect t o  
the change o f  the  exfexnal  conditions of the 

thod, Kovalkov ($986) . GCFR heat axchan e was given by the same me- 

The main Idea While dctermbjng the index $ 
i s  t ha t  when trr = t, in  t he  one-phase 
Stephan's problem it turns ou t  the  annual 
equality of the  depths o f  season thawing ht 
and freeeing bj . If, for example, Fn this 
problem hf is higher than h, , then tp 
w i l l  be always lower than tp during the long 
term period, and the frozen thickness i s  
thermally s t ab le  under these  external.  condi- 
tione. If, on the  contrary, ht i s  higher 
than hS , then t9 w i l l  become higher than 
tp during the long-term period, and, conseq- 
uently, the frozen thickness of GCPR is tber- 
mally. unstable under these  changes of exter- 
nal  conditions, and the Long-term progressive 
thawing w i l l  occur. 

Thus, ^a appears t o  be some f ic t i tuous   resu l -  
t i ng  po r t ion  of heat In GCPR d u r i n g  the  gear, 
which is compensated by the heat crossing  the 
front of freezing-thawing in the  ceverse 
direction. 

The expression f o r  the index 6, calculated 
f o r  the new conditions, 
monthly means of  t,; anyti , looks l i k e :  

g the  average 

where "s; and - the  average &nthly tem- 
perature o f  the conditional  surface o f  the 
radiational heat exchange and the thermal re- 
sistance o f  the surface  cover (snow, and/or 
plants);  i = 1,2.,.11...12 - the number of 
y e a r  months; i = 1 - t h e   f i r s t  month of w i n -  
t e r  season; n - t he  number of winter months 
(when tsi 4 t, ); hi - the  average month- 
ly f i c t i t u o u s  depths of freezing and thawing 
of  ground, go t  f r o m  the s o l u t i o n  of the one- 
phase Stephan's problem: 

I- .I."_ . 
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Q= ap 2 c Its;\/L (here ' p l u s '  i s  put  
during t h e  months of the  beginning of freezing 
o r  thawing t o  the  reaching o f  the extxemal 
t,, , which i s ,  as a rule, on January and 
July  accordingly, and then 'minus i s  puth 
C = Cf and. 1 = yf a t  the freezing; 

the state of tile freezing or  thawing f ron t  lyl 
the previous month; AT = 730 hrs - the avera- 
ge duration of a month. 

If, accordhg  t o  formulas (5) and (6) ,  $ > 0, 
then it i s  the  very condition ahen LLe frozen 
thickness of GCPE s t a y   a t  t, 4 t, . The 
additional  condition of  tne GCPA s t a b i l i t y  
w i l l  be non-exceeding of some possible value 
by t h e  fluc-Luation A hSTs , which is chosen 
with t he  aim n o t  t o  permit the slipping dovm 
of STS under the  influence o f  the   per t inent  
e f f o r t s  on the slopes. 

c = Ct a d  ?I =x, at  tho thawing; hi-,- 

?pEyty suggested h d e c e s  o f  tile GCER stabi- and Abris allow, u=i.rlg some simple Cal- 
culations, t o  evaluate the  poss ib le  rnm in- 
duced breaches o f  t he  Northern t e r r i t o r i e s .  
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ICE WEDGE GROWTH IN NEWLY  AGGRADING  PERMAFROST, 
WESTERN ARCTIC COAST, CANADA 

J. Ross Mackay 

University of British Columbia, Dept. Gmgfaphy, Vancouver, B.C., V611W5 Canada 

SYNOPSIS The w e s t e r n   A r c t i c   c o a s t  of Canada i s  i n   a n  area o f  con t inuous   pe rmaf ros t   where  
many l a k e s   d r a i n   r a p i d l y  by e r o s i o n  o f  i c e  wedges a t  t h e i r  o u t l e t s .   D r a i n a g e   i n i t i a t e s   p e r m a f r o s t  
a g g r a d a t l q n   i n   t h e  f i r s t  w i n t e r   o n   t h e   e x p o s e d   l a k e   b o t t o m s .   F r e q u e n t l y ,   t h e r m a l   c o n t r a c t i o n  
c r a c k s   o p e n   i n   t h e   f i r s t   w i n r e r   e v e n   w h e r e   f r o z e n   g r o u n d  i s  o n l y  3 or 4 m d e e p .   D u r i n g   t h e  summer 
thaw p e r i o d ,  some thermal c o n t r a c t i o n   c r a c k s  b e c o m e   p l u g g e d   n e a r   t h e   s u r f a c e  w i t h  i c e   v e i n s   a n d  
f r o z e n  mud s o  t h a t  summer re -expans ion  of t h e   g r o u n d  seals t h e   c r a c k s   b e f o p e   a p p r e c i a b l e  water c a n  
p e r c o l a t e  downward t o  f o r m   i c e   v e i n l e t s .  Some o t h e r   c r a c k s   i n f i l l   q u i c k l y   w i t h  water t o  grow i c e  
v e i n l e t s .   T h e r e f o r e ,  t h e  annua l   g rowth  r a t e  f o r  i c e  wedges i s  h i g h l y   v a r i a b l e   b e i n g  s i t e  s p e c i f i c  
and   t ime  dependent .  The i c e  wedge  growth r a t e  f o r  t h e  f i r s t  few y e a r s   c a n   r a n g e   f r o m   n e a r   z e r o   t o  
a t  l ea s t  2.5  cm/yr. 

INTRODUCTION 

P e r m a f r o s t   a l o n g   t h e   w e s t e r n   A r c t i c   c o a s t  o f  
Canada i s  300 m t o  700 m t h i c k .  The mean 
a n n u a l  a i r  t e m p e r a t u r e   r a n g e s  rrom - 1 O O C  t o  
- 1 2 O C ,  t h e  mean a n n u a l   g r o u n d   t e m p e r a t u r e  from 
- 6 0 C  t o  - 9 O C .  I ce -wedge   po lyaons -a re   w ide -  
s p r e a d .   A p p r o x i m a t e l y   2 0 %   t o  50% of t h e   t o t a l  70 

a r e a  is c o v e r e d   b y   l a k e s .   N e a r l y   e v e r y  summer, 
a t  l eas t  o n e   l a k e   d r a i n s   r a p i d l y .  When t h i s  
h a p p e n s ,   p e r m a f r o s t   b e g i n s   t o   a g g r a d e   t h e  f irst  
w i n t e r   o n  t h e  exposed   Lake   bo t tom.   Such   lake  
b o t t o m s   p r o v i d e  i d e a l  s i t e s  f o r  t h e   s t u d y   o f  
t h e  i n i t i a t i o n   a n d   g r o w t h   o f   i c e   w e d g e s .  The 
purpose  o f  t h i s   p a p e r  is t o   d i s c u s s   i c e - w e d g e  
g r o w t h   i n  t h e  bot toms o f  t w o   r e c e n t l y   d r a i n e d  
l a k e s   ( F i g .  1) r e f e r r e d   t o  as  Lake 1 (Mackay, 
1 9 8 5 )  a n d   I l l i s a r v i k   ( M a c k a y ,  1981). 

LAKE 1 

Lake 1, p r i o r   t o   d r a i n a g e ,  was 700 m . l o n g ,  
600  m wide,  w i t h  a maximum d e p t h  o f  3 m ,  On 
t h e   b a s i s  of  a i r  p h o t o   e v i d e n c e ,   d r a i n a g e  was 
between t h e  l a t e  summer of 1 9 7 1  a n d   t h e   e a r l y  
summer o f   1 9 7 2 .  The l a k e   b o t t o m  was f i r s t  
s t u d i e d   i n  t h e  summer o f  1973 by  which time 
w i d e   t h e r m a l   c o n t r a c t i o n   c r a c k s  had a l r e a d y  

w i n t e r  f o l l o w i n g  d r a i n a g e .  I n  J u n e  1974, a 
opened,  t h a t  i s ,  i n   e i t h e r  t h e  f i r s t  o r  second 

30 m l o n g  thermal c o n t r a c t i o n   c r a c k   s y s t e m ,  
w h i c h   h a d   d e v e l o p e d   i n   a n   o r g a n i c  s i l t y  lake 
c l a y ,  was surveyed  and  marked w i t h  11 wooden 

was 130 m f r o m   t h e   f o r m e r  l ake  shore where   t he  
s t a k e s   a l o n g  i t s  l e n g t h  (Fig. 2 ) .  The s i t e  

water d e p t h   o f   a b o u t  2 m would  have  exceeded 

would   have   under la in  t h e  s i t e .  
t h e   a v e r a g e   w i n t e r   i c e   t h i c k n e s s ,  s o  a t a l i k  

Trouah  development  
From 1 9 7 4  t o  1 9 7 9 ,  t h e  w i d t h   a n d   d e p t h  of  t h e  

68 

136' 1340 132O 130' 
1 1 

B E A U F O R T  SEA 

P i g .  1 L o c a t i o n  map. 

t r o u @ ; h  a t  t h e  11 stakes were m e a s u r e d ;   w i n t e r  
c r a c k i n g  was l o c a t e d   w i t h   b r e a k i n g   c a b l e s  
(Mackay 1974) ;   and  a l l  s e c o n d a r y   c r a c k s  were  
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i n   1 9 7 7 ,  32 cm and 211 ern. I n  1 9 7 7 ,  when t h e  
a v e r a g e  w i d t h  a n d   d e p t h   o f  t h e  t rough   peaked ,  
some c r o s s  s e c t i o n a l  areas  exceeded 500 cm2. 
As c r a c k   a c t l v i t y   d e c r e a s e d   a f t e r   1 9 7 7  so d i d  
t h e  mean s i z e  o f  t h e  t r o u g h .  By 1979,  when 
a l l   c r a c k i n g  had c e a s e d ,  the  mean t r o u g h  
d lmens ions  were r e d u c e d   t o   t h a t   i n   1 9 7 5 ,  a 
30% dec rease   f rom  the   peak   1977   va lue .  

p lf 
Mnrn 

Il 
Fig .  2 A 30 m l o n g   t h e r m a l   c o n t r a c t i o n   c r a c k  

s y s t e m   o n   t h e   e x p o s e d   b o t t o m  of Lake 1 
as mapped  from  1974 t o  1979.  The 

maximum, f o l l o w i n g  lake d r a i n a g e .  
c r a c k   o p e n e d   w i t h i n  th ree  y e a r s ,  a t  

m a p p e d .   A c t i v e   c r a c k i n g   t o o k   p l a c e   a l o n g   t h e  
e n t i r e   t r o u g h   s y s t e m  from 1974 t o   1 9 7 7 .  How- 
e v e r ,  as v e g e t a t i o n   c o v e r   b e g a n   t o   t r a p   s n o w ,  
c r a c k   a c t i v i t y   d i m i n i s h e d   r a p i d l y .  No c r a c k i n g  
has b e e n   o b s e r v e d   s i n c e   1 9 7 9 .   W i n t e r   c r a c k i n g  
from  1974 t o   1 9 7 7   r e s u l t e d   i n  a p r o g r e s s i v e  
en largement  o f  t h e  t r o u g h .  F o r  e x a m p l e ,   i n  
1 9 7 4 ,   t h e   t r o u g h  was b o x - l i k e   i n   v e r t i c a l   c r o s s  
s e c t i o n  (F ig .  3 )  w i t h  a mean w i d t h  a t  t h e  11 
stakes o f  1 4  cm a n d   d e p t h  of 1 3  em; i n  1975, 
26 cm and 16 cm; in 1976,  27 cm and 2 1  cm; and 

Ridges  
Ridges paralleling t h e   t r o u g h   d e v e l o p e d  
gradual ly   f rom  1974  to   1970  by   which   t ime t h e  
r i d g e s   r o s e   a n   a v e r a g e   o f  2 t o  4 em a b o v e   t h e  
a d j a c e n t   t e r r a i n .   P r e s u m a b l y ,  summer 
r e -expans ion   o f  t h e  ground c a u s e d   b o t h   r i d g e  
d e v e l o p m e n t   d u r i n g   t h e  n e r i o d  o f  a c t i v e  
c r a c k i n g   a n d  a d e c r e a s e   i n   t h e   s i z e  o f  t h e  
t r o u g h  by i n f i l l i n g  a s  c r a c k i n g   s t o p p e d .  

S e c o n d a r y   c r a c k s  
According t o  t h e r m a l   c o n t r a c t i o n   t h e o r y ,  a 
p r i m a r y   c r a c k   r e l i e v e s   t h e   t h e r m a l   t e n s i o n  i n  
a d i r e c t i o n   p e r p e n d i c u l a r  t o  t h e   c r a c k ,   b u t  
n o t   p a r a l l e l  to t h e   c r a c k .   T h e r e f o r e ,  a 
random  crack w i l l  t e n d   t o   p r o p a g a t e   t o w a r d s  
t h e   p r i m a r y   c r a c k ,  w i t h  a n e a r   o r t h o g o n a l  
i n t e r s e c t i o n   b e i n g   t h e   r e s u l t   ( L a c h e n b r u c h ,  
1962). I n  g e n e r a l ,  t h e  p r e c e d i n g   s e q u e n c e  
p r o b a b l y   h o l d s  t r u e  f o r  t h e   o l d e r   c r a c k  
sys t ems .   However ,   obse rva t ions  a t  s e v e r a l  
s i t e s  show t h a t   i n   e m b r y o n i c   c r a c k   s y s t e m s ,  
s e c o n d a r y   c r a c k s   o f t e n   p r o p a g a t e   o u t w a r d   f r o m  
t h e  m a i n   c r a c k s   ( F i g .  3 ) .  

I c e  wedge  growth 
I n  t h e   f i r s t   s e v e r a l   y e a r s   a f t e r   1 9 7 4 ,  
e x c e p t i o n a l l y  w i d e  i c e   v e i n s   w e r e   e n c o u n t e r e d  
i n  summer e x c a v a t i o n s   t o   t h e   f r o s t   t a b l e .  
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Many i c e   v e i n s   e x c e e d e d  1 0  cm i n  w i d t h .  A 
t y p i c a l   J u n e   1 9 7 5   h o r i z o n t a l   e x p o s u r e  of one 
i c e   v e i n   s e c t i o n  a t  t h e   f r o s t   t a b l e  was: 
1 to 5 ern i c e ;  2 t o  4 ern f r o z e n   c l a y ;  1 t o  5 
ern i c e .  In o r d e r   t o   i n v e s t i g a t e  t h e  s i z e s   o f  
Ice   wedges  a t  d e p t h ,   i n   1 9 8 4   a n d  1985 
o v e r - l a p p i n g   h o l e s   w e r e  d r i l l e d  a c r o s s   t h e  
t r o u g h s   o p p o s i t e   t o   s t a k e s  2 ,  3, and 5 
( F i g s .  2 ,  3 ) .  The o v e r - l a p p i n g   d r i l l   h o l e s  
spanned a h o r i z o n t a l   w i d t h   g r e a t e r   t h a n  0 . 5  rn 
and   ex tended  down to a t  l e a s t  0 .5  t o  1 . 0  rn 
b e l o w   t h e   t o p   o f   p e r m a f r o s t .  No wedge I c e  was 
e n c o u n t e r e d   i n   a n y   c r o s s   s e c t i o n .   T h e r e f o r e ,  
i f  i c e - w e d g e   i c e   w e r e   p r e s e n t ,  i t  was a t  l eas t  
0 . 5  m t o  1 . 0  m b e l o w   t h e   t o p   o f   p e r m a f r o s t .  
N e v e r t h e l e s s ,   b e c a u s e   r e p e t i t i v e   c r a c k i n g  

w i n t e r s  (1973-1977) e i t h e r  upward c r a c k i n g  
o c c u r r e d  a l o n g   t h e  same l i n e   f o r  a t  l e a s t   f o u r  

f rom  an   i ce   wedge  o r  a weak s o i l  zone a t  d e p t h  
i s  i n d i c a t e d ,   f o r   o t h e r w i s e ,  a c r a c k   c o u l d  
h a r d l y   r e d o p e n   a l o n g   t h e  same l i n e   f o r   t o u r  
s u c c e s s i v e   w i n t e r s   ( L a c h e n b r u c h ,   1 9 6 2 ;   F a c k a y ,  
1 9 8 4 ) .  

C o e f f i c i e n t   o f  thermal c o n t r a c t i o n  o f  f r o z e n  
ground 
The c o e f f i c i e n t  o f  t h e r m a l   c o n t r a c t i o n   o f  

to be less  t h a n   t h a t   o f   i c e  (50 x 1 0 - 6 / o C ) ,  
f r o z e n  ground h a s ,   i n   g e n e r a l ,   b e e n   c o n s i d e r e d  

b e c a u s e   t h e   c o e f f i c i e n t  of  t h e   m i n e r a l  
c o n s t i t u e n t s  i s  much l e s s   t h a n   t h a t   o f   i c e  
( B l a c k ,   1 9 7 4 ) -   H o w e v e r ,   l a b o r a t o r y   s t u d i e s   i n  
t h e  Sov ie t   Un ion   ( e .p . ,   Grech i shchev ,  1973) 
have shown t h a t  t h e   C o e f f i c i e n t   o f   t h e r m a l  
c o n t r a c t i o n   o f   f r o z e n   g r o u n d  may be as  much as 
t e n  times t h a t  o f  i c e ,  t h e  amount   varying w i t h  
t h e   m o i s t u r e   c o n t e n t   a n d  soil t y p e ,  The 
c o e f f i c i e n t  of'  thermal c o n t r a c t i o n   o f   f r o z e n  
g r o u n d   u n d e r   f i e l d   c o n d i t i o n s   c a n   b e   e s t i m a t e d  
from measuremen t s   o f   c r ack  wid ths ,  d e p t h s ,  
s p a c i n g s ,   a n d   g r o u n d   t e m p e r a t u r e s   ( B l a c k ,   1 9 7 4 ;  
Mackay, 1986). A t  Lake 1, e s t i m a t e s   b a s e d  
upon t h e  p r e c e d i n g  show t h a t  the  a p p a r e n t  
c o e f f i c i e n t  o f  t h e r m a l   c o n t r a c t i o n   o f   t h e  
f r o z e n  s o i l  g r e a t l y   e x c e e d e d  t h a t  o f   i c e .  

ILLISARVIK 

I l l i s a r v i k ,  a l a k e   m e a s u r i n g  600  m l o n g ,  300 rn 

a r t i f i c i a l l y   d r a i n e d  on 1 3  August, 1978 (Plackay, 
1'981). A t  t h e   t i m e   o f   d r a i n a g e ,   t h e   t a l I k  was 

' wide,  w i t h  a maximbm d e p t h  o f  5 m was 

aaba.ut  3 2  m deep  below t h e  l a k e   c e n t r e   ( J u d g e  

commenced  on t h e   e x p o s e d   l a k e   b o t t o m   i n   t h e  
f i r s t   w i n t e r .   O b s e r v a t i o n s   o n   t h e  f i r s t  7 
pears   (1978-1985)  o f  ice-wedge  growth  have 
been   publ i shed   (Mackay,   1986) .  The 1986  and 
1 9 8 7   o b s e r v a t i o n s  a re  added here  to p r o v i d e  a 
more  complete 9 yea r   (1978-1987)   r eco rd   o f  
ice-wedge  growth. 

C r a c k   i n i t i a t i o n  
L a r g e   t h e r m a l   c o n t r a c t i o n   c r a c k s  ( F i g .  1 4 )  w i t h  
s u r f a c e   w i d t h s   t o  1 0  em, d e p t h s   t o  2 . 5  m, and 
b o x - l i k e   v e r t i c a l   p r o f i l e s   o p e n e d   i n   t h e   f i r s t  
w i n t e r .  The b o t t o m s   o f   t h e   c r a c k s   e x t e n d e d  
downwards t o   w i t h i n  1 . 0  m o f  t h e   u n f r o z e n  
ground  below.  One ma. jor   crack  system  opened 
i n   t h e   s e c o n d   w i n t e r  b u t  none  have  been 
o b s e r v e d   s i n c e   t h e n .  The l a r , q o s t  f i r s t  w i n t e r  

" e t  a l . ,  1 9 8 1 ) .   P e r m a f r o s t   a g g r a d a t i o n  
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c r a c k  system is shown i n  FiR. 5a. D u r i n g   t h o  
f i r s t  summer f o l l o w i n g   d r a i n a g e   ( 1 9 7 9 1 ,  small 
r i d g e s   d e v e l o p e d   p a r a l l e l   t o   t h e  major c r a c k  
sys t em  because   o f  summer r e - e x p a n s i o n   o f   t h e  
ground similar t o   t h a t   o b s e r v e d  a t  Lake 1. The 
inward  movement o f  t h e   a c t i v e   l a y e r   t o w a r d s  t h e  
t r o u g h   i n  summer has been  measured by t h e  
s e p a r a t i o n   a n d   s u b s e q u e n t   t i l t i n g  o f  v e r t i c a l  
r o d s  i n s e r t e d   t o   v a r y i n g   d e p t h s   i n   t h e   g r o u n d .  
As t h e   y e a r l y   i n c r e a s e  o f  t h e   v e g e t a t i o n   c o v e r  
t rapped   more  snow t o   i n s u l a t e  t h e  ground,  t h e  
b r a n c h i n g  Lateral  c r a c k s   b e c a m e   i n a c t i v e   u n t i l ,  
by t h e  9 t h  w i n t e r  o f  1986/1987, o n l y   t h e   m a i n  
t r u n k   s y s t e m   r e m a i n e d   a c t i v e  as shown i n  Fig. 
5b.  The d e c r e a s e   i n   c r a c k   a c t i v i t y   b e c a u s e  
o f  snow has   been  s imilar  t o   t h a t   o f  Lake 1. 

I n   t h e   s e c o r t d w i n t c r ,   t h e   m a i n   c r a c k   s y s t e m   o f  
F i g .   5 a   r e - o p e n e d   w f t h I n  a f e w   c c n t i m e t r e s  
o f   t h a t   o f  t h e  f l r s t  w i n t e r .   I n   a d d l t i o n ,  
t h e  c r a c k   p r o p a g a t e d  15 m i n t o   t h e   i c e   o f   t h e  
f r o z e n   r e s i d u a l   p o n d .   I n   e a c h   s u c c e e d i n g  
w i n t e r ,  t h e  c r a c k   i n   t h e   r e s i d u a l  pond 
r e - o p e n e d   a l o n g   t h e  same l i n e .   F u r t h e r m o r e ,  
t h e  c r a c k   h a s   p r o p a g a t e d   e a c h   y e a r   f a r t h e r  
i n t o   t h e  pond u n t i l  i t  has now r e a c h e d  d r y  
l a n d   o n  t h e  f a r  s i d e  ( F i g .  5 b ) .  S ince   pond 
w a t e r   c a n   r e t a i n  no memory o f  the p r e v i o u s  
w i n t e r ' s   c r a c k   i n  pond i c e ,   r e p e t i t i v e   c r a c k -  
i n g   a l o n g   t h e  same l i n e   i n  pond i c e   p r o v e s  
t h a t  t h e   c r a c k s   o r i g i n a t e  i n  wedge I c e   i n  
pe rmaf ros t   be low  the   pond   and   t hen   p ropaga te  
both  upward  and  downward  (Mackay,  1984). 
T h i s   f i e l d   o b s e r v a t i o n   c o n r i r m s  t h e  1962 
p r e d i c t i o n  o f  upward   c racking  made by  
Lachenbruch ( 1 9 6 2 ) .  

C o e f f i c i e n t   o f   t h e r m a l   c o n t r a c t i o n  
I n   t h e  f i r s t  few w i n t e r s ,  many o f   t h e   t h e r m a l  
c o n t r a c t i o n   c r a c k s   w e r e  10 cm wide a t  t h e  
g r o u n d   s u r f a c e .  The cracks  narrowed  downwards 
t o  about  h a l f  t h e   s u r f a c e  w i d t h  a t  a d e p t h  
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'Ig. 5 ( a )  A m a j o r   c r a c k   s y s t e m  a t  I l l i s a r v i k  
as  mapped i n  March 1979 .  ( b )  The 
a c t i v e   c r a c k   s y s t e m   o f   ( a )  as  mapped 
i n  March 1987.  

a p p r o x i m a t i n g   t h a t   o f   t h e  l a t e  summer a c t i v e  
l a y e r .  The a p p a r e n t   c o e f f i c i e n t  of thermal 
c o n t r a c t i o n ,  estlmated from t h e  w i d t h s  o f  a 

t e m p e r a t u r e s ,   r a n g e d   f r o m   a b o u t  50 x 10-6/OC 
Series of  p a r a l l e l   c r a c k s   a n d   g r o u n d  

( l . e . ,   t h a t  of i c e )   t o  400  x 10m6/OC o r  e i g h t  
times tha t  of i c e  (Mackay, 1986;  c f .   G r e c h i s h -  
c h e v ,   1 9 7 3 ) .   I n   c o n t r a s t ,   c r a c k   w i d t h s  o f  o l d  
i c e  w e d g e s   a l o n g   t h e   w e s t e r n   A r c t i c   c o a s t   o f  
Canada  and Alaska (Black ,  1974; Mackay, 1 9 7 4 )  
t y p l c a l l y   r a n g e   f r o m   a b o u t  0 . 5  cm t o  1 . 5  cm. 
T h u s ,   t h e   e x c e p t i o n a l l y  large c r a c k s  or t h e  
f i r s t . f e w  w i n t e r s  a t  I l l i s a r v i k   a n d   a l s o  a t  
Lake L c a n  be a t t r i b u t e d   t o   t h e   u n u s u a l l y   h i g h  
a p p a r e n t   c o e f f i c i e n t   o f  thermal c o n t r a c t i o n  of 
t h e   f r o z e n   g r o u n d .   A l t h o u g h  it has no t   been  
p r o v e n ,   t h e   f i e l d   e v i d e n c e   s u g g e s t s  t ha t  t h e  
c o e f f i c i e n t  o f  thermal c o n t r a c t i o n  may d e c r e a s e  
w i t h  time as a r e s u l t   o f  thermal c y c l i n g  a t  
n e a r   z e r o   n e g a t i v e   t e m p e r a t u r e s .  

Change8 i n   c r a c k  w i d t h  

The w i d t h  o f  a t h e r m a l   c o n t r a c t l o n   c r a c k   t e n d s  
t o   i n c r e a s e   t h r o u g h   t h e   w i n t e r   u n t i l  t h e  
p e n e t r a t i o n  o f  the  warming   t empera tu re   wave   i n  
s p r i n g   a n d  summer c a u s e s  a nar rowing  o r  even  
c o m p l e t e   c l o s i n g   o f  a c rack   (Mackay,   1975) .  
However, t h e   w a c k   d e p t h s   t e n d   t o   r e m a i n  
r e l a t i v e l y   c o n s t a n t .   C h a n g e s   i n   c r a c k   w i d t h  
h a v e   b e e n   m e a s u r e d   f r o m   t h e   s e p a r a t i o n  o f  a 
v a r i e t y   o f   v e r t i c a l   r o d s   i n s t a l l e d   i n   b o t h  t h e  
a c t i v e   l a y e r   a n d   i n t o   p e r m a f r o s t .  For example,  

between 2 F e b r u a r y  1987 and 22  March 1987 ,  t h e  
mean i n c r e a s e   i n   w i d t h   a c r o s s  1 2  c r a c k  
s e c t i o n s  a t  two d i f f e r e n t   s l t e s  was 1.1 cm. 
S u b s e q u e n t l y ,   t h e  w i d t h s  d e c r e a s e d   d u r i n g   t h e  
spr ing   warming.  

E n t r y  o f  w a t e r   i n t o   c r a c k s  
Numerous o b s e r v a t i o n s  a t  T l l i s a r v l k  show t h a t  
a wide g r o u n d   s u r f a c e   c r a c k   i n  March o r  A p r i l  
may g r e a t l y   e x c e e d   t h e   w i d t h   o f   t h e   r e s u l t i n g  
i c e   v e i n l e t  t h a t  i n f i l l s   t h e   c r a c k  a t  t h e  t o p  
o f   p e r m a f r o s t   i n  t h e  summer months.   Reasons 
f o l l o w .   F i r s t ,   b e c a u s e  of i n s u f f i c i e n t   s u r -  
f a c e   w a t e r  t o  l n f i l l  a wide   c r ack ,  meltwater 
o f t e n   t r i c k l e s  down t h e  t w o   s i d e s  t o  form  two 
p a r a l l e l   s h e e t s   o f   i c e   s e p a r a t e d  by  a n  a i r  
space.   Then a mud slurry may f l o w  down 
b e t w e e n   t h e   t w o   v e r t i c a l   i c e   s h e e t s   t o   f r e e z e  
and  form a t empora ry   p lug  t h a t  p r e v e n t s  
f u r t h e r   e n t r y   o f  water ( F i g .  6 ) .  As t h e  
a c t i v e   l a y e r   d e e p e n s   i n  summer, t h e   p l u g g i n g  
p r o c e s s  may b e   r e p e a t e d  a t  s u c c e s s i v e l y   l o w e r  
depths .   Meanwhi le ,  summer re -expans ion   con-  
t i n u e s   t o   n a r r o w  t h e  c r a c k   w i t h i n   p e r m a f r o s t .  
D r i l l i n g ,  as a t  Lake 1, shows t h a t  no i c e  
v e i n l e t s  may b e  p r e s e n t   t o  a d e p t h   o f  a t  l ea s t  
1 m below t h e  t o p  o f  p e r m a f r o s t  where 5 t o  
1 0  cm w i d e   c r a c k s   h a d   o p e n e d   i n   p r e v i o u s  
w i n t e r s .   I n   o t h e r   w o r d s ,   I c e - w e d g e   g r o w t h  
ra tes  may show l i t t l e  c o r r e l a t i o n   w i t h   w l n t e r  
c r a c k  wid ths  a t  l ea s t  i n  t h e  e a r l y   s t a g e s  o f  
ice-wedge  growth. 
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F i g .  6 A t y p i c a l  summer v e r t i c a l  c ros s  s e c t i o n  
o f  a l a r g e  thermal c o n t r a c t i o n   c , r a c k  i n  
mid summer. 

Snow e f f e c t s  
With t h e   g r a d u a l   e s t a b l i s h m e n t   o f   v e g e t a t i o n ,  
w h i c h   s p r e a d   n o t i c e a b l y   i n   t h e   s e c o n d  summer 
o f  1980,  snow began t o  b e   t r a p p e d   i n   w i n t e r .  
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In   consequence ,   g round   t empera tu res   were  much 
w a r m e r   b e n e a t h   s i t e s  w i t h  a t h i c k  snow c o v e r  
as  compared t o   s i t e s   w i t h  a t h i n  snow c o v e r .  
By t h e   f o u r t h   w i n t e r   ( 1 9 8 1 / 1 9 8 2 )  some  snow- - 
d r i f t s  at t h e   s i t e  shown i n   F i g .  5b were 6 0  cm 
o r  more i n   d e p t h ,   a n d   a t   s u c h  s i t e s  c r a c k i n g  
v i r t u a l l y   c e a s e d .  As vege ta t ion   cove r   con -  

w i n t e r  (1986/1987)  were f a i r l y  uni form a t  20 
t i n u e d  t o   s p r e a d ,  snow d e p t h s  b y  t h e   n i n t h  

t o  40 cm w i t h  o n l y  a few d e e p e r  d r i f t s .  The 
n e t   e f f e c t  has b e e n   t o   r e d u c e  t h e  areal  e x t e n t  
of' w i n t e r   c r a c k i n g   r a t h e r   t h a n  t o  i n h i b i t  i t .  

Growth r a t e s  

Ice-wedge   growth   ra tes  t o r  t h e   f i r s t   n i n e   y e a r s  
(1978-198'7) a t  I l l i s a r v i k   h a v e   b e e n   h i g h l y  
v a r i a b l e ,  s i t e  s p e c i f i c ,   a n d   t i m e   d e p e n d e n t  so  
t h a t  no ave rage   g rowth  r a t e  can   be   g iven .  If 
y e a r   t o   y e a r   c h a n g e s   i n  a i r  t e m p e r a t u r e s  a re  
omi t t ed   and  t h e  c o e f f i c i e n t   o f   t h e r m a l   c o n -  
t r a c t i o n  i s  assumed t o  be c o n s t a n t ,  t h e  main 
r e a s o n s   f o r   v a r i a t i o n s   i n   t h e   g r o w t h  ra tes  
a p p e a r   t o   b e :   c h a n g e s   i n  snow c o v e r ;   w i n t e r  
a n d   s p r i n g   w i d e n i n g   a n d   n a r r o w i n g   o f   c r a c k  
w i d t h s ;   a n d   t h e   p l u g g i n g   o f  t h e  u p p e r   p a r t s   o f  
c r a c k s  w i t h  i c e  and mud t o   r e s t r i c t   t h e  
i n f i l l i n g   o f   o p e n   c r a c k s   b e l o w   t h e   p l u g s .  A t  
p r e s e n t ,   s t a t i s t i c a l  da ta  a r e   i n s u f f i c i e n t   t o  
s u g g e s t  a maximum ra t e .  However, a t  one s i t e  
where   t he  f i r s t  c r a c k s   o p e n e d   i n   t h e   s e c o n d  
w i n t e r  (1979/1980), t h e   i c e  wedge was a b o u t  
2 0  ern wide   In   1986 /1987   (F ig .  7 ) .  The growth 
r a t e   f o r   t h e  f i r s t  8 y e a r s  was t h e n   a b o u t  
2 . 5  cm/yr o r  2 5  t i m e s  t h a t  widely  assumed for 
o l d   i c e   w e d g e s   i n   n o r t h w e s t e r n   N o r t h   A m e r i c a  
(e .g . ,   Washburn ,   1980,   p .  111). In   v i ew  o f  
t h e  small sample  number, 2 . 5  cm/yr   should   no t  
b e   t a k e n  as a maximum growth r a t e  e i t h e r   f o r  
I l l i s a r v i k   o r   e l s e w h e r e .  

COI.lCLUSIOI~S 

The r e s u l t s  f rom Lake 1, n a t u r a l l y   d r a i n e d   i n  
1971 o r  1972, a n d   f r o m   I l l i s a r v i k ,   a r t i f i c i a l l y  

d r a i n e d   i n  1978,  and   f rom  obse rva t ions  a t  
many o t h e r   r e c e n t l y   d r a i n e d   l a k e   s i t e s   p e r m i t  
t h e   f o l l o w i n g   g e n e r a l   c o n c l u s i o n s   t o  b e  made 
for   i ce-wedge   growth   in   newly   aggrading   perma-  
f r o s t .   T h e r m a l   c o n t r a c t i o n   c r a c k s   e x c e e d i n g  
30 m i n   l e n g t h   c a n   d e v e l o p   i n  t h e  f irst  w i n t e r  
a f t e r  d r a i n a g e .  The c r a c k s  a t  t h e   g r o u n d  
s u r f a c e   c a n   e x c e e d  1 0  cm i n   w i d t h ,  2 .5  m I n  
d e p t h ,   a n d   t h e   c r a c k s   c a n   p e n e t r a t e  down 
n e a r l y   t o  t h e  bot tom o f  t h e  f i r s t  w l n t e r ' s  
f r o z e n   g r o u n d .   T h e r e f o r e ,   v e r y   l a r g e   t h e r m a l '  
c o n t r a c t i o n   c r a c k s   c a n   o p e n   w i t h o u t  t h e  
p r e - e x i s t e n c e  o r  f r o z e n   g r o u n d  o r  p e r m a f r o s t .  
The a p p a r e n t   c o e f f i c i e n t   o f  thermal c o n t r a c -  
t i o n  o f  newly   f rozen   ground  can  be many times 
t h a t  of' i c e .   C r a c k s   c a n   w i d e n   i n   w i n t e r   a n d  
n a r r o w   i n   t h e   s p r i n g .  The ra te  of   ice-wedge 
g r o w t h   d e p e n d s ,   t o  a c o n s i d e r a b l e   d e g r e e ,  
upon water a v a i l a b i l i t y   a n d   t h e   p r e s e n c e  or 
absence   o f   soupy mud t h a t   c a n   p l u g  a c r a c k   i n  
e a r l y  summer. The growth o f  v e g e t a t i o n   a n d .  
r e s u l t i n g  snow e n t r a p m e n t   r e d u c e s   c r a c k i n g .  
A l o n g   t h e   w e s t e r n   A r c t i c   c o a s t   o f   C a n a d a ,  
where   snow  depths   exceed   about  60 cm, v e r y  
l i t t l e  c r a c k i n g   t a k e s   p l a c e .  Summer 
r e - e x p a n s i o n   o f  t h e  ground  can  s t a r t  t o  
d e v e l o p   r i d g e s  I n  t h e  f i r s t  summer a f t e r  
c r a c k i n g .  Ir i ce -wedge   g rowth   ceases ,   r i dges  
a l r eady   fo rmed  may d i s a p p e a r .  No mean growth 
r a t e  f o r  young i c e  Wedges c a n  be g i v e n ,  
b e c a u s e   t h e   g r o w t h  r a t e s  are  h i g h l y   v a r i a b l e ,  
beinR s i t e  s p e c i f i c   a n d  time d e p e n d e n t .  
Maximum growth ra tes  c a n   r e a c h ,  o r  e x c e e d ,  
2 . 5  cm/yr f o r  t h e  f i r s t  8 y e a r s   o f   g r o w t h .  
The i m p l i c a t i o n   f o r   p a l e o c l i m a t l c  
r e c o n s t r u c t i o n   b a s e d   u p o n   t h e  s i z e s  o f  I c e  
wedge c a s t s  is c l e a r ,   b e c a u s e  t h e  c a s t  or a 
1 0  y e a r   o l d   y o u n g   i c e  wedge may b e  o f  t h e  
same s i z e  as that o f  a s lowly   growing  1 0 0 0  
year  o l d  wedge. 
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HEAT FLOW AND PECULIARITIES OF CRYOLITHOZONE 
IN WESTERN SIBERIA 

V.P. Melnikov, V.N. Devyatkin  and Y.P. Bevzenko 

Institute of Northern  Development,  Sibirian  Branch of the USSR Academy of Sciences, 
Tyumen, USSR 

SrnOPSIS Permafrost as a apeclfic  geological target Ethalzld be taken j a t o  eoneidera- 
t i on  in reaource development in Siberia. Thermal aa8 physical-mechanical oharactesietics of 
frozen rocks differ great ly  from those of thawed raoks, thus produaing deviations in thermal 
and physical fields, which is  a great hiadmnae fox geophysical explorationl Altogether, 
therre beviatiow, conaidered in terms of geophyelasl methoda, auoh as geothermy, mitmia anzr- 
oey andtao on, offer a good poss ib i l i ty  for s.tu8;pi.ng permafrost. 

WTRODUCTIOH 

The analysis of geothermic data obtained by 
vaxioua remarohera nitbin the last 25 yearrr 
on the- territory of Wwtefn Siberia, extend- 
ing from longtitude 60 t o  8 8 O  at  54-72 lat- 
t i tude ,  xeveale a wide range o f  temperature ' 

vasiationd in roaka - from -1O*C t o  +SoC at 
a depth o f  20m and up t o  lOO*C and over 
2OO0C a t  a depth o f  5000 m. 
"he top o f  permafroat, occurring on the 
surraae Fn polar regions, lowwxe down t o  
230 m Fxr the  south, and it# barse reaches 
somethee 500-600 m. Beneath the base of 

asea with de th with a variable gradient 
permafrost the temperature in rocks incre- 

2-5OC per 108 rn. Within frozen  formtltionr ia 
lithosphere the temperatwe variea greatly 
with depth, and the thermal. gfadient ohanger 
both in direction and magnitude, redwing 
aometimes t o  0. Bocks with the positive 
temperature are  not mrely met 5n the re- 
iooe of the growth o f  the cryolithozone 
Balobayev et.all ,1963; Baulin, 1985; 
Ginsburg e t  al . ,  1981 ; Kurtchikov e t  al. , t 
1987; S p O l ~ a k a ~  e t  8l..)* 

DISCTJSSIOI? 

Heat flow is considered t o  be the main 
energy cr i te r ion  of the  intenaitg and t ine  
variability o f  thermal processes in rocks. 
Great at tent ion was l a t e l y  paid i n  Weetern 
Siberia 'to deteminatioa of the heat f low qT, 
mainly in rocks with poeitive  temperatures 
or in mbfroaen rocks a t  deptha o f  up t o  3 km 
(Dutchkov e t  al., 1974; KurtcUkov e t  a l l ,  
1978). !he  results of q deteminatione are 
summarieed in ncatalogu8. . ", 1985; "Heat 
(Teplovoge 1 . , " 1987. 
The obrrened qT value of heat iZow variee 
from 40 t o  80 mw/m and on average amoual0 
t o  55 mWt/m2. Heat flow is observed t o  vary 
with depth under the Faflueme of climate 
(which appears t o  indicate a non-equilibrium 
thermal regime i n  rocks) and throughout the 

2 

on the barrim of f'ield geothemio obaemationa 
revealed the following. 
The correlation of heat flows witbin g e m -  
f r o s t  aad subfro5sn thawed EOPB ahanges within 
the litnits of 0-1, L e .  the value Q o f  heat 
f l o w  within permsixoat deareases by loosS a$ 

The oondition q, 4 qT irr eatisfisd, thus 
giving possible eoidenoe of overalL rum-egai- 
librium thermal rwglme o f  permfrost. 
A t  the rock temperature below 0% (at a depth 

compared t o  qp* 
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Pig.1 k e m a f r o s t  configdration and 
distribution of heat f lows  in 
frozen and thawed zones 

tempexatwe re&be,  dr i l l ad  through an over- 
all thickness of  emafrmgt, 
However, a local pfcture of the tom mature 
dietXibUtiQ~~ over a limited s e t  o f  tolea  m a  
were dr i l led  hinder a more detailed  geother- 
a long-tern *hemal recovery after the boles 

rnio etudy of frosen rocks in induetry-rrtn 
-Baa. In t h k s  oonnection, the seimmic method 
baaed on the aaomaloue velocitg of elastic 
waoea'"propagation within the frozen forma- 
tion %E o i  intrinsic intereat for detscting 
frozen rosks or t a l i k  20-6 within t h e  inter- 
hole.  ~ipaae. 
S e i m i c  m v e ~  propagation in frozen rocks 
ha8 been the abjec t  o f  numerous.paperB 
(Agafonov, 1973; Vorankov e t  ax., 1973; 
Fralav et al . ,  1971, 1972). 
According t o  the data available, the moat 

ificant change i n  lougtitudiaal waves 
%city (by a factor o f  2-31 normally oacurs 

atand#,. The general change in wave velocity 
Le characterized by a factor o f  1,7-2,5 fox 

Velocity  eherge i n  rocks dux- their   f reez-  
Lome and ~ a n d y  loams, by 1 ,2-1,3 %or clays. 

ing ie quite  sensit ive t o  the  poroBity and 
rnoieia~re content. In naturally flooded un- 
coneolidated rockB of sand-olay compoeltion 
the   l ong t ihd ina l  wave velocity chaagea from 
1200-1700 t o  2000-3500 m/~. Such values of 
longtitvdinal wave velocity are typical  POT 
rocks in Western Siberia. 
Provided the change h~ the rock dens i ty  with 

" with pore water  PreeEing in Glean quartz 



freesixrg is neglected, the coeffioient of ref- 
lection f r o m  the frozen boundary can be cal- 
culated f r o m  the velocity oorrelationr 

Po - v, 
L I 

K m  (2).  
v2 + v1 

~ - .  

where V, and V2 - velocity o f  elsatic wave8 
propagation in  thawed and frosen structures 
re eotively. 
Wi&n the oeloaity range mentioned above 
the ooefffaient oS reflection will change 
f r o m  0,08 to 0,5 - rather favourable m- 
luee for a p e w c e  o f  refleoted wavem. The 
max- vefaes of coefficient a m  okracte- 
rlstio or &B1pdB, the m i n i m u m  of c h y ~ .  
The removal interval for ssoording pre-criti- 
oal mfle t i o w  f r o m  the parmairodi aurfaae 
can be o a h . a t e d  by the formula: 

X2 = 2 htgi (91, 

w h e r e  1 II a r o  S i n  '7 ; b - the ocalrmnoe 

depth of the upper permairnet sncriaae. 
If h L 100 m, then Xl = 150-ZOO 111. 
!be removal of the outlet point at Uti81 
refrrrction arrivals for one horisostal re- 

lna la t  
fraoting boundary i s  determiaed by the for- 

V1 
2 

If Vl m 1700 41 end V2 = 2900 d e ,  then 
X2 t 392 m at h = 100 rn and X2 = 1178 m 
at h = 300 m. 
By now the CDP-methad (common-de th-pout- 
shooting) with waves recording dthin the 
limits f r o m  0 to 3200 m and within the 
50-60 m Taage of input ohaapels, has recieved 
the most recognition in deteation of reiraot- 
ed waves aseooiated with the aryolithoeom. 

blooks structure i s  justified by the atlomalies 
The necearity of a special etudy of froeen 

created in seiamic rofi le& 
The remnants of re1 P ct permafrost from 
30-40 up to 100-200 m in thickPess apd from 
some hundred meters to several kilometers in 
size  are quite common for central and aouth- 

Talike of the Bame size are poaeible Ln con- 
ern geocsyologic zones of Weatem Siberia. 

At the velocity of 2900 m/s  the double tra- 
tinUOU6 permaixose zones. 
veltime through .a permafrost xenmant Le from 
0,020 to 0,140 a; at the velocity of 
1700 m/e the corresponding traveltlme varies 
from 0,032 to 0,235 s. The presence of fro- 
zen Isclumione provide time deviationar f rom 
0,012 t o  0,095 m. If the reaeon of these 
time deviatlone i s  upknown, they are treated 
aa anticlinal ( in  cam of frozen remnant 
inelusioas) OP aa synclinal (in oaae of ta- 
like) bend8 of deep-1- structures. 
At an average velocity of 2500 d e ,  which i s  
tspical f o r  oil-beafing h o ~ i z o ~ l s ,  amplitudes 

0.0. I 
0 2 4 e 6 

A 

DISTNVCE,Km. 

B 
Fig.2 Time-section: 

A - permafrost region w i t h  
tal ik ; 
B - permafrost island; 
a - a - refraction wavw Prom 
lltholOglct3l boundary below 
permafrost. 
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MICROTOPOGRAPHIC THERMAL CONTRASTS, 
NORTHERN ALASKA 

F.E. Nelson', $.I. Outcalt, K.M. Hinkel, D.F. Murray and B.M. Murray 

Xutgers University, New Brunswick, NJ, USA 08903 

SYNOPSIS Temperature  data  acquired  from  the  summits of frost  moundr;  and  from surrounding 
marshland  near  Toolik Lake, Alaska  during  the  winter o f  1984-85 display  marked  differences 
attributable to  microtopography.  An  automatic recording  system  was used  to  monitor soil 
temperatures at 10-cm  vertical  intervals  in  the  upper 50 cm of the soil at four  locations  in  close 
proximity to one another, The  instrumentation  was  configured  to  yield  comparative  data  fox 
relatively  dry  mound  summits  and  wetter  marshland  in  surrounding  flat  terrain.  Temperatures  below 
the  summits  were  much  colder  than  in  the  marsh, a situation  probably  attributable  to  thinner  and 
denser  snow  atop  the  mounds  than  in  surrounding  terrain.  The thermal. record  also  reveals 
contrasting  patterns  in  the  refreezing  active  layer,  probably  reflecting  variations in coupled  heat 
and water  transfer  processes. 

INTRODUCTION 

Isolated  bodies  of  ice-rich  permafrost  with  a 
distinct  topographic  expression  are  common  in 
organic  terrain, and  have  been  used  to  map  the 
southern  limit o f  discontinuous  permafrost  in 
central  Canada  (Zoltai 1971).  The ,thermal 
properties  of  peat  are  in  part  responsible  for 
this  interesting  distribution:  peat can 
provide efficient insulation  in  summer  when 
elevated  and dry, but  can  also be a good  heat 
conductor  when  saturated  and  frozen  (Brown 
1966). In winter,  exposed  elevated  portions of 
peatlands  experience  less  accumulation of snow 
and  hence  greater  frost  penetration  than do 
surrounding  Low  areas.  These  relationships 
have  been  used  to explain  the  preservation  of 
palsas  in  areas with  mean  annual  air 
temperatures  near OOC. 

Several  investigators  have  performed 
temperature  measurements  in  palsa-scale  frost 
1dounds,  but  such studies  usually  entailed 
long-term,  low-frequency  intermittent 
measurement  programs  (Forsgren 1 9 6 4 ,  Lindgvist 
and  Msttsson 1965, Seppala  1976, 1982, 1983). 
Other  workers  have  conducted  detailed 
temperature  measurement  programs  in  peatlands 
without  permafrost  or  frost  mounds  (e.g., 
Brown  and  Williams  1972,  Kingsbury  and  Moore 
1987). This  paper  reports  a  preliminary 
attempt to  monitor temperatures  on  a  long- 
term,  high-frequency  basis  in  and  around  a 
typical frost mound  in north-central  Alaska. 

An earlier  study  (Nelson  et al. 1985) 
attempted to provide  insight  into  physical 
processes  involved  in  heat  transfer  in  and 
around  peat-covered  palsas  in  northern  Alaska 
by analyzing  high-frequency (10 min)  thermal 
measurements  taken  over  a  single  diurnal 
cycle. Employiny  the "effective diffusivity" 
concept,  the  existence of nonconductive 

influences on thermal  evolution  within  the  peat 
was  demonstrated.  Modeling of the coupled-flow 
regime  (Outcalt and  Nelson 1985) indicated  that 
the mechanisms by which  the  peat  maintained a 
low  effective  thermal  diffusivity in summer 
were  internal  evaporation and advection of 
water  from  the  water/ice  interface at the  base 
of  the  active  layer.  During  clear  and  calm 
summer  weather  the  temperature at the  surface 
of dry peat  approached 4OoC. Under  these 
conditions  water  moved  from the base of the 
active  layer and  evaporated  near the peat 
surface,  yielding  an  extremely steep and 
temporally  stable  temperature  gradient  in  the 
upper 5 cm of the peat.  Advection of water  and 

gradient at depth  because  both processes 
internal evaporation  maintained a  weak thermal. 

counter  conductive warming, Because  the  ratio 
of the  latent  heat of evaporation  to  the  latent 
heat  of  fusion is approximately  seven,  ablation 
of  ice  beneath  a  peat  cover  can  be  an 
extremely  eneryy-consumptive  process. 

STUDY AREA AND INSTRUMENTATION 

The work on the  summer  heat-transfer  regime 
described  above  suggested  that  similar  coupled- 
flow  effects  might  be  discernible  during  the 
autumn  freezeup  through  comparison  of  the 
thermal  regimes  in  elevated  mounds  and  in 
surrounding wet marshland. To test  this 

marsh  near  Toolik  Lake, (68038'N, 149'37'W) at 
proposition,  measurements  were made in  a  small 

Mile 285.6 on the  Dalton  Highway  in  northern 
Alaska.  The  site is located  in  the  continuous 
permafrost  region,  and  has  an  estimated  mean 
annual  temperature of - 1 O O C .  The mounds are 
illustrated  in  Figure 1; more  complete 
descriptions  of  the  site  are  given  in  Nelson 
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The landscape at Toolik  Lake is typical for 
the  region,  consisting  of  an  essentially 
continuous  cover of vegetation  overlying  the 
late-glacial till. The vegetation of the 
mounds  is of a  low  scrub  type  consisting of 
shrub  birch, willow, and  ericaceous  prostate 
and  mat-forming  shrubs  such as Betula nana. 
Salix pulchra,  Vaccinium uligin-V- 
vitls-idaea,  Ledum  palustre,  Arctous zpina, 
and  Empetrum  hermaphrodltum. Bryophytes 
i n c l ~ ~ i ~ A u L a c o m n i m  
turgidurn, Dlcranum spp., Hylocomium  splendens, 
Polytrichum  strlctum,  Racomitrium  lanuglnosum, 
and  Knvtldium  ruqosum. among the lichens are 
several  members 6t the famil; Cladoniaceae 
as well as Cetraria  cucullata, C. nivalis, 
Dactylina a m a s o n h a l e a  rzhardsonii, 
and  Thamnolla  vermicularis.  The  marsh is a 
wet sedse  meadow ( r i c h  ten) in  which 
Erionho;um\ anoustifolium.  Trichovhorum 

as well as Cetraria  cucullata, C. nivalis, 
Dactylina a m a s o n h a l e a  rzhardsonii, 
and  Thamnolla  vermicularis.  The  marsh is a 
wet sedge  meadow ( r i c h  ten) in  which 
Eriophorum.angustifolium, Trichophorum 

prominent.  Taxa s u c h a s x c h a r d o r r h i z a  , 
caespitosum, and  Carex  membranacea  were 

Pedicularis  sudetica  and t h e o s s e s  
Drepanocladus  badius, D. revolvens,  Qncophorus 
wahlenbergii, a n d o r s d i u m  scorpioides 
occurred  in  areas of standins  water. Small 

~- ~- . - .." ~~~~~ . - ~ ~~~~ . .~ "". 
caespltosum, and  Carex  membranacea  were 
nrominent.  Taxa suchasxchardorrhiza. 
Sedicuiaris  sudetica  and t h e o s s e s  
Drepanocladus  badius, D. revolvens,  Qncophorus 
wahlenbergii, a n d o r s d i u m  scorpioides 
occurred  in  areas of standins  water. Small 
hummocks of peat  supported  Tofieldia usilla, 
Andromeda  polifalia,  Carex  rariflora % and t  e 
mosses  Dicranum  groenlandicum,  anqustum, 
elongatum,  Sphagnum  subsecundum, S. teres, 
and S, warnstorfii. 

A data  acquisition  system  similar in design  to 
that  described by  Nelson et al. (1985)  was 
used  to obtain  temperature  measurements at 

and adjacent  to  frost  mounds  within  the  marsh. 
four  closely  spaced ( 4 - 5  m) locations on top 

The system  employed  four  probe  lines,  each 

consistinq  of  six  thermistors  mounted at 10-cm 

cylindical  rod.  The  absolute  accuracy of the 
intervals or a 1.5-cm outer  diameter  rooden 

thermistors  was  estimated  to  be 0.2"C,  The  data 
logger is capable of scanning  the  thermistor 

values are digitized  and  stored on digital cas- 
array at several  temporal  intervals.  Sensor 

settes, and  data are extracted  and  processed  on 
a microcomputer  after  removal frofa the  field. 

holes,  which  were  carefully  backfilled  with  a 
Rods were  placed  in  small-diameter  augered 

soil/water  slurry. Because  surficial  deposits 
in  this  locality  are  dominated by stony  tiil, 
a coring  device  could  not be employed at the 
site.  Holes  were  auqered  with  a 1.0" ( 2 . 5 4  cm) 
diameter  drill,  allowing  only  crude  inferences 
to be drawn  about  the  nature of the  substrate. 
Cuttings  brought  to  the  surface  on  the  drill 
helix  indicated  that  the  mounds  were  overlain 
by 20-30 cm o f  peat  and  contained a higher 
proportion  of  clear  ice  than  did  surrounding 
terrain.  Cuttings  consisting of mixtures o f  
ice  and  mineral soil indicated  that  permafrost 
underlying  the  low  areas  contained  mostly  pore 
ice  and that it was overlain  by  a  thickness  of 
peat  similar  to  that  atop  the  mounds.  Two 
probe  lines  (hereafter  referred to as  Core 1 
and Core 2) were  placed  in wet, flat  portions 
of the  marsh,  while  two  (Core 3 and  Core 4) 
extended  downward  from  the  summits of small 
(0.5 m relief)  frost  mounds.  Each  supporting 
rod was  connected to a 0 . 2 5  m2 rectangle of 
open  mesh  wire at the  ground  surface  level  to 
ensure  that  the  rod  would  heave  with  the sur- 
face  and  maintain  standard  reference  depths. 
The  recorder  was  set to a  data  collection 
interval of 8 hours, and  started  on 2 2  August 
1984. 

DATA AND ANALYSIS 

Temperature  data  from  the  four  thermistor 
strings  over  a  164-day  period  are  displayed  in 
Figure 2. The  arrays  extend  through  the 
freezeup  period  into  midwinter, and represent 
the  only  published  long-term,  high-frequency 
temperature  series  from  palsa-scale  frost 
mounds  known  to  the  authors. The system 
failed  from  power  depletion  on  the  165th  day 
o f  operation.  During  the  period of data 
acquisition,  the  cassette  drive locked on 
several  occasions,  apparently due to low 
temperatures,  although  the  clock and other 
electronic  components  continued  to  function. 
There are, therefore,  similar gaps in the 
temperature  series at all  four  locations.  The 
cable  connecting  Core 4 with  the  data  logger 
was  found  to  be  sevesed  upon  return  to  the  site 
in 1985, apparently by animal  activity;  the 
record from this  thermistor  string  extends over 
a  period of only 107 days. 

Following  freezeup,  temperatures  at  the  mound 
summits  experienced  much  lower  snow/soil 
interface  temperatures  than the surrounding 
marsh.  Although  the  site was not  visited 
during  the  recording  period,  this  relationship 
apparently  stems  from  microtopographic 
controls  over snow.redistribution patterns,  as 
suggested by other workers  such a s  Allard et 
al. (1987) and Seppala (1982, 1986).  After  the 
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Figure 2 .  Temperature  records by core  over  observation  period.  Thermistor  positions (0,  10, 20 ,  

day 40. After  end of zero  curtain  effect  temperature  increases  with  depth.  Surface  temperature 
30, 4 0 ,  50 cm) are easily  identified  because  temperature  decreases  downward  from  surface  untll 

is  shown as solid line  without  symbols. 

onset of consistently  negative  temperatures, 
thermal  gradients  were  more  pronounced,  surface 
temperatures  were  generally  lower,  and  thermal 
amplitudes  were  greater  in  Cores 3 and 4 than 
in  Cores 1 and 2 .  During  the  first  two  months 
of record,  temperature  differences  between 
mounds  and  marsh  were  negligible.  Divergences 
became  pronounced  during  late  October,  and  by 
January  temperatures  within  the  mounds were 

several  degrees  colder  than at corresponding 
depths  in  the  surrounding  marsh.  These  rela- 
tionships  all  provide  support forthe contention 
that  snow  accumulation  was  less on mound 
summits (see Allard  and  Seguin 1987, Fig. 4 ) .  

Figure 3 displays  the  dafa as a  thermal  surface 
over  the  first 107 days of record (97 and 73 
days for Cores 3 and 4 ,  respectively). The 

82 1 



Figire 3 .  Temperature series by core, plotted 

records  were smoothed to approximate mean daily 
temperatures. During the initial three weeks, 
a large contrast existed between temperatures 
at the surface and those at depth during warn 
and cold weather events. Core 2 experienced 
upfreezing from the bottom of the unfrozen 
layer during cold periods and no deep penetra- 
tion OF positive isotherms during the second 
low-frequency (multiple day) period of  surface 
warmth. The  thermal  response at the aummits 
(Cores 3 and 4) was  quite similar; these loca- 
tions experienced only a  minor  degree of up- 
freezing,-Core 1 is unique i n  its absence of 
upfreezing at the 50-cm level and in deep pene- 
tration  of the second and third low-frequency 
surface waxmth events. 

Figure 2 shows  a  remarkable consistency in the 
time at which  the entire 50-cm section reached 
subfreezing temperatures. A very prominent zero 
curtain (Brewer 1958) i s  apparent in all four 
cores. Isolated peaks and depressions in the 
thermal  surfaces shown in Figure 3 at about 
this  time and in the vicinity of OOC are prob- 
.ably produced by vapor transport and heat of 
evaporation effects. These events occurred in 
Core 2 before freezeup and in a11 four cores 
during the period between freezeup and penetra- 
tion of the -1oC isotherm to the level at which 
the events occurred. These  events may represent 
heating or cooling xesulting from internal 

as thermal surfaces. See text for details. 

evaporation/disti l lation effects (Nelson et al. 
1985: Outcalt and Nelson 1985), since they do 
not persist at lower temperatures. Unfortunately 
the xelatively coarse  temporal interval atwhich 
the data were collected precludes high-resolu- 
tion calculation of effective thermal diffu- 
sivity as performed by Nelson et al. (1985). 
Core 4 cooled rapidly after penetration of the 
-1OC isotherm to the 50-cm  level. This rapid 
cooling may be the product of a  shallow or 
.dense snow cover at this location. 

CONCLUSIONS 

The data suggest that  temperature  contrasts in 
peat terrain underlain by permafrost are rela- 
ted to topographically induced differences in 
soil moisture, snow  depth and/or snow density. 
Contrasts between adjacent instrumented loca- 
tions are apparent in isothermal mappings on a 
time-depth grid, and demonstrate that such 
effects can be pronounced. The data provide 
support for the hypothesis that relationships 
between microtopography and snow cover psoduce 
important feedback effects that lead to stabil- 
ity of  of frost mounds in this vicinity (Outcalt 
et  al. 1986). They also suggest that ice-rich 
permafrost in peatlands can exhibit a noncon- 
ductive heat-transfer response to surface 
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temperature  variations  over long  periods.  This 
response  is  similar  to  that recorded  at  shorter 

1985).  These  observations confirm  conclusions 
(e .g . ,  diurnal)  time  scales (Nelson  et  al. 

reached  earlier ( e . g . ,  OutcaLt  and  Nelson  1984) 
about  interactions  between  mound  morphology, 
snow  distribution,  and  ground  temperature. 
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FROST MOUNDS IN KAFFIOYRA AND HERMANSENOYA, 
NW SPITSBERGEN, AND THEIR ORIGIN 

W. Niewiarowski  and M. Sinkiewin 

Nicholas Copernicus University,  Fredry 8,87-100 Torun, Poland 

ABSTRACT 
During  Tor&  Polar  Expeditions  in 1978 and 1905 the  authors  noted  that 4 types  of frost mounds 
occured in  KaffiQyra  and  HermansenGya:  peat  mounds with mineral core, peat  mounds  with  ice Core, 
vegetation  mounds  and  earth  mounds.  Their  morphology,  inner  structure  and  discussion  on  origin  and 
terminology  are  presenixd. 

INTROWCTXDN 

Inland  Svalbard  which  is  not  occupied  by HER"sENDyA 
glacier ice, occurs  within a  zone  with con- 
tinuous  permafrost,  a  thickness  of  which  varies Kaffioyra  forms  a  relatively f l a t  plain, 13 km 
from 75 to 4 5 0  m /Salvigsen 1 9 8 4 1 .  

long and 1-4 km wide, which  is  surrounded from 
Frost or permafrost mounds have been already t.he east by  mountain  massifs  and  in Other areas 

found in the fifties of the present century by Forlandsundet  and its bays.  Main  geomorpho- 
amongst  periglacial  features,  developed  on  flat logic  elements  of t , h i s  plain  consist of iS0- 
raised  beaches  and  broad  valley  floors.  During staticly  raised  strandflat  and  beaches  with 
polish  polar  expeditions frost mounds  with  ice  well  Preserved  beach r i d g e s  And  Old  lagoons. It 
core  were  noted  on sorkapp Land  and  named  by  gets  lover from about 6 5  m a.s.1. at  foot of 
Jahn  and  Szczepankiewicz / 1 9 5 0 / ,  and  their  €01-  mountain  massifs  toward  Forlandsundet,  creating 
lowers,  the  hydrolaccoliths.  In  other  parts of several  terrace steps. Locally  minor  end 
Spitsbergen  frost  mounds  were  also  found  and  moraines  are  preserved  from a glacial  advance 
considered f a r  .pingos. Among  others  Ahman of 2 5 0 0 - 3 0 0 0  BP /Niewiasowski 1902/  as well as 
/1973/ distinguished  Open  and  closed  types of well  developed  moraines  and  other  glaci¶enic 
pingos in Adventdalen  and  Reindalcn.  Such  features o f  Aavatsmarkbreen,  Elisebreen, 
mounds  are  distinguished  among  others  on  the  Andreasbreen  and  Dahlbreen.  They  axe  connected 
rap of Liest61 / 1 g 7 7 /  and on the  Norwegian  with  glascial  advances  during  the  Little  Ice 
geomorphologic map e€ Svalbard  in  scale of Age  and  the  following  retreat.  Outwash  fans  and 
1 : 1 . 0 Q O . 0 0 0 ,  prepared  by  Kristiansen and Sollid plains,  meltwater  valleys  and  niveofluvial 
in 1986 .  These  map8 do not  present  any  such valleys axe  also  important  geomorphalogic 
mounds in Kaffitiyxa  and  Hermansenoya. ~esides elements. 
these  features,  Salvigsen / 1 9 7 7 /  described  peat Kaffioyra  is  composed of rocks of the  Hecla 
mounds. named  palsa-like forms, from  Nordaust- Hoek  Succession  to  the  east of the  fault  run- 
landed,  and  Akerman / 1982 /  distinguished  on ning  from a f o o t  of Heinrichfjalla to Snippen- 
stxandflat  area  south of Kapp Linn.4 in western odden.  To  the  west o f  this  fault  there  are 

turf mounds,  active  layer  turf  mounds  and  vege-  and  sandstones  predominate.  Only  between  Byrnes 
tative  turf  mounds.  It  is worth mentioning  that  and  Snippenodden  there are  outcropss of  plei- 
the area  south of Kapp  Linn6,  indidates  similar  stocene  sediments  in  a sea cliff, composed of 
physiographic  and  climatic  conditions as Kaffi-  marinoqlacial  stratified  clays  and  silts  with 
tiysa and  Hermansenoya.  pebbles  and  boulders  coming  from  melted  ice- 
Presented  chosen  examples  suggest  that  origin bergs. Locally  there are till  and  quite  COmmOn 

o f  frost  mounds o f  Svalbard  is  not  understood  boulders from the  older  glaciation.  The  latter 
in full  and  demands  further  investigations  is  supposed to have  covered  the  whole  Kaffioyra 
whereas  applied  terminology  is  cantroversial / shortly  Prior to 4 0 . 0 0 0 - 4 5 . 0 0 0  years BP 
e . g .  Jahn 1986 / .  The  authors  had a good oppor- /Boulton 1 9 7 9 ,  Salvigsen 1977 b/. These  older 
tunity to study some f r o s t  mounds  during  the rocks and  sediments  are  discordantly  overlain 
~oxud polar  Expeditions  in 1918 alld 1985 on by beach  sands  and  gravels a  thickness of 
Kaffioyra  and  Hermansenoya.  Oscar I1 Land in  which,  noted  in  sea  cliffs,  varies  from 0,s to 
northwestern  Spitsbergsn.  The  analysis of these about 2-3 as for by a 
mounds  is  the  subject of this  paper.  One should terminal-lateral  moraine o f  Aavatsmarkbxeen, a 
however add that investigations of  frost mounds  t,hickness of sands  and  gravels  reaches 6.3 m a t  
formed  only a  fragment of carsied  broad geomor- about 6 0  111 a.s.1. But  in  general, a thickness 
phologic  studies  and  therefore are the  preli- Of beach  Sediment8 is usually  small on higher 
minary ones,  without a approach to t,he raised  strandflats  and  large  areas are occupied 
subject . by outcrapping rocks of Hecla  Hoek  Succession and o f  Palaeoqene.  Raised  beach  ridges as well 

I GENERAL DESCRIPTION OF K A f F I W R A  AND 

Spitsbergen  Htrue" paisa and also injection  FalaeOgene  rocks,  amongst  which  conglomerates 
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as flat plains are mainly  composed of beach 
sands and gravels but  locally  there are also 
t.ills  and boulders.  In  ancient  lagoons  there 
are also  fine sands, silts  and  clayey  silts, 
and in local  small  depressions  peats.  Knowledge 
o f  lithology is needed for understanding  the 
possibilities  for  frost  mound  development. 
Hermansenoya  is  composed of rocks of the 

Hecla  Hoek  Succession. It rises  to 39 m a.s.1. 
It is covered  by several flat raised  strand- 
flats  with  absence o r  very  thin  mantle of beach' 
sediments.  Only  t,he  low  terraces  have  older 
Pleistocene  sediments and a  cover of beach 
sands and gravels is thicker.  Ancient  lagoons 
possess  locally  marine  sands  and silts, and 
peats. 
Kaffioyra and Hermansenoya  have  a  polar cli- 

cording to the data from  Isfjorden  Radio 
mate with  intensive  oceanic  influence.  Ac- 

station, some 70 km to  the south-east, in 1946-  

-4.4 C ,  a mean  tempfrature  of  the  coldest  month 
196S0 a  mean  annual  air  temperature  was  equal 

(March) w p  - 1 2 . 1  C and of the  warmest  month 
(July) (4.5 C .  Mean  monthly  air  temperatures 
below 0 C are noted  since  October  until  May  and 
only  four  summer  months  (June-September)  haye 
mean  monthly  air  temperatures  over 0 C 
/Steffehsen 1 9 6 9 / .  The analyzed  area is located 
within  a zone of annual  total  preckpitation  of 

by snow  IMoiqn 1 9 7 3 / .  
345-422 mm, about 80 % of which  is  constituted 

Such climatic  conditions  result  in a common 
continuous  permafrost in Kaffioyra  and  Herman- 
senoya. During  a  polar  summer the upper  layel 
of  permafrost  (aktive  layer)  thaws  and  a 
t.hickness of it, dependent on lithology  and 
water  content of sediments as well as summer 
temperature,  was  equal on Kaffioyra in 1980 
from 25 to 1 4 2  cm /Marciniak,  Szczepanik 1 9 8 3 / .  
During some seasons  local  maximum  thickness of 
active  layer  up to 1 . 6  m were also noted on 
present  beach  ridges and on  Eliaebreen  outwash 
plain.  In  places  this  layer can be thicker as 
e.g. in 1 9 7 8  a  permafrost  was  not  found  in  the 
esker to a  depth  of 4 m /Niewiarowski 1 9 8 2 / .  
Put it can  be  generally  accepted  that on Kaffi- 
oyra  a  maximum  thickness  of  the  active  layer is 
usually  up  to 1.5 m. It seems to  be a 
significant  question if a seasonal, permafrost 

permafrost. Are there  any  milder  winters  with a 
contacts  every year  in  winter  with  a  perennial 

thick snow cover, preceded  by  warm summers, 
when a growing  downwards  permafrost  and  a 
perennial  permafrost are separated  by an un- 
frozen soil i.e. the so-called "perezimok" in 
Russian  literature  jVtiurina 1 9 8 1 / 7  In the be- 
ginning of July 1985 the  authors  noted in the 
undercut of WaLdemar  river  that  under  thawed 
deposits (to 0 . 6  m depth)  was a winter  perma- 
frost (0.2 ' m  thick). This  seasonal  permafrost 
was  separated  from a perennial  permafrost  by  an 
unfrozen  soil (0.2 m thick). Similarly  in  a  sea 
cliff  near  Snippenodden a seasonal  permafrost, 
still  frozen  partly  in  the  mid-July  was  under- 
lain by a  layer  of  unfrozen  gravels  (about 0 . 4  
m  thick).  Probably  a  phenomenon of survival o f  
unfrozen  soil is not an exeptional  case as in 
July 1978 on a  moraine  slope of Aavatsmarkbreen 
covered  by a snow patch, about 10 cm thick  un- 

frost. Basing on these facts one can  find that 
frozen soil was noted under a seasonal perma- 

such  phenomena  can be mole common  in  this  part 
of  Spitsberqen. If it is true  then it can be of 
significance  for  understanding  the  conditions 
in which  frost  mounds  develop. 
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plains are not covered  with  tundra  vegetation. 
The  present beach  and just developed  outwash 

The latter  is  also  very  scarce  on  moraines  from 
the end of  19th  and  from  20th centuries. On the 
other hand  raised  beaches  have  different 
variants of arctic  tundra  vegetation  /Gugnacka- 
Fiedor,  Noryskiewicz 1 9 8 2 / .  

periglacial  features as patterned  grounds, 
In the analyzed  area  there are quite  common 

stone circles, polygons, stripes, solofluction 
tonques,  etc.  Shallow  tundra  lakes are common. 

FROST nDuNDs AND TMEIR STRUCTURE 

Peat mounds wi-a1 or i c e  core 

f r o s t  mounds  with  their  heights  over 1 m. 
Kaffioyra  and  Hermansenoya show xare  large 

Detailed  investigations  prove that  they  occour 
only  in  areas o f  some  previous lagoons or sea 
bays, intensively wet and  with peat. 

in Kaffioyra in its southern  part at 14-15 m 
Three  larger mounds of  this  kind were  noted 

a.s.1. /Fig. I / .  Their  location  seems  very 
characteristic.  They  occur  in  a  prevlous  sea 
lagoon,  located  near  ancient  beach  ridges.  At 
present its lenght is equal  about 0 . 5  km  and 
width  reaches 80  m. Within  this  area  there are 
three  small  peat-bogs, 6 0 - 1 8 0  m  long  and 30-70 
m wide. with small and  shallow (to 0 . 4  m) 
pools.  Unlike a dry  terrace  surface  and  beach 
ridges, a  depression  floor is permanently  wet 

Eigure 1 .  Geomorphological  map of southern 
KaffioyKFi  and  its surroundings 
1 - raised  beaches  with scarps, 2 - marine 
cliffs, 3 - beach  ridges: a - old, b  present, 
4 - raised  lagoons 5 - terminal and  lateral 
moraines, 6 -morainic  plain, 7 - outwashes, 8 - 
alluvial and talus fans, 9 - valleys, 1 0  - 
peatbogs, 1 1  - frost  peat  mounds, 12 ; lakes 
and pools, 13 - streams, 14 - contour  llnes  and 
altitude  points. 



and fed by waters of periodical streams coming 
from slopes of Humpryggen ana higher  inclined 
beaches, covered by weathexlng waste and talus- 
alluvial fans. Datings of shells of marine 
molluscus from the same terrace at 1 3 . 5  
m.a.s.1. by radiocarbon method  indicated the 
age of 10.730+230 BP in the outer layer  and 
9.720+110 BP in the inner layer /Goslar et n l .  
1 9 8 5 / .  These mounds are located within peaf- 
bogs in the vicinity of pools. One of them 1 s  
of elongated shape ( 2 5  m long, about 2 m wide 
and 0.7 m  high)  and two others are oval. The 
highest one was studied in detail /Fig. 2/. 

s 

Figure 2. Structure of a frost peat mound with 
mineral cole 

with maxine shells, 3 - peat, 4 - interbedded 
1 - marine clayey silt, 2 - sand  and gravel, 
solifluction layer, 5 - vegetation mat, 6 - 
segregation ice, 7 - water, 8 - top surface of 
permafrost, 9 - slope angle. 

It  is 13 m long, 10 m wide and about 2 m 
wide and about 1 m high. Northern slope is 
inclined at angle of 17' and is overgrown 
ma'nl by mosses whereas the southern one, of 
12', r s  mainly covered by lichens. 

A structure of this mound is presented 
/Pig.2/. fn  the bottom there are bluish clayey 
silts, raised due to frost upheaving. They 
contain layers and lenses of segregated ice, 
0.5-3.0 m thick, parallel to the top of silts. 
Resides *hem there are also ice veins, almost 
vertical and 2-7 cm thick. Silt surface in the 
northern part contains fine cracks (to 7 cm 
deep) that are filled with sand. 511ts are 
covered with gravels and sands with shells of 
sea molluscs that prove a marine orgin of 
sediments. They are mantled with peat, to 0 . 5  m 
thick, and a vegetation mat. Within a  peat 
there is a layer ( 5 - 7  cm thick) of fine sands 
and sharp-edged gravels. Their mutual relation 
is an univocal evidence for their solifluction 
origin. 

as it mantles completely a mound  from its 
An occurrence of peat is very characteristic 

southern side and submerges under  a pool water. 
On the other hand it is absent on the northern 
side. In a bottom of the peat there are also 
layers of segregation ice, parallel to a silt 
top and ice veins of 5 - 7  cm in diameter and 
noted length to 7 0  cm, running almost verti- 
cally. During investigations in August 1985 a 
top of permafrost occurred at various depths 
from 8 to 4 0  cm,  i.e. much more shallow than in 
the neighbouring area. 
Presented structure enables the following 

conclusions: 

- previous lagoon depression between beach 
ridges was  filled at the beginning of the 
Holocene by clayey silts, sands and gravels, 

- during a growth of peat  ita top has  been 
mantled with solifluction tonques, a 

- depth of depression with peat was varying 
and so, thinning out of peat northwards 
reflects a local varying  peat, thickness 
instead of its destruction as the latter i s  
not proved by any evidence, 

- a development of frost mound follows a peat 
deposition, 

- a development of this mound was undoubtedly 
caused by frost upheaving of clayey silts 
and formation of segregation ice, either in 

mound growth, 
silts or in peat, from  water around during a 

- although a  mound surface shows narrow cracks 
there no distinct symtoms of its 
degradation, similary as  in two neighbouring 
mounds. They are therefore stabile features 
with neither aggradation nor degradation 
signs. The fact that they are easily 
recognizable at Norwegian air photos  of 1966 ,  
can be another evidence for this statement. 
In their appearance and topographic location 

ones described by Akerman / 1 9 8 2 /  as "true" 
the analyzed features are similar to the 

palsas to the south of Kapp Linne. But they 
axe significantly different from them as 
t.hey have a mineral core whereas Akerman 
noted  only  peat inside his palsas. No 
collapsed forms are noted here as well. 
Peat mounds with ice cvre are found only on a 

floor o f  ancient sea bay in southeastern part 
of HeraansenBya but with a remark, that above 3 
m a.s.1. only  a thin cover of beach sands and 
gravels occurs on rocks of the Hecla Hoek 
Succession. Below, there is a  peatbog of 200 x 
120 m large, with  a  noted thickness of peat 
equal 20-50 cm. In the western part of a 
peat-bog, at foot of a beach edge of 12 m 
a.s.l., there is a pool of 40 x 30 m large. A 
peat-bog surface is dissected by a polygon 
pattern. An excess of water in the pool is 
drained towards Farmsundet by shallow (0.6 m )  
channel, to 3 m wide, t h a t  cuts peat to a 
mineral substrate. Channel edges are irregular 
what i s  caused among others by thermic erosion, 

of the channel. The lattes collects also side 
falling of peat blocks  and irregular extension 

troughs to 1 m wide, developed mainly on a 
pattern of frost pvlygons what results in  a 
dissection of  the peat-bog into numerous 
patches near the outflow channel. 

Near the pool a peat covers directly sands 
and gravels o f  marine origin whereas close to 
the outflow channel a peat surface rises a bit 
and has several distinct,peat mounds, 0 . 5 - 1 . 0  m 
hlgh. The hlghest one which 13 1.1 m hlgh and 5 
x 7 m lasge, was analyzed in detail. I t s  inner 
structure is presented / ~ i g . 3 / .  

A peat layer, 0.4-0.5 m thick occurs at the 
surface. The peat is dry  ad overgrown, mainly 
by lichens. On steeper slopes the peat is 
strongly fissured; at, contacts with troughs and 
outflow channel there are traces o f  fallen peat 
blocks. Mound core is composed of massive 
(injection) ice with air bubbles. The ice was 
noted to be over 0 . 6  m t,hick. In its upper part 
it. conkains a large admixt,ure of organic matter 
(and for this Season has  a darker calour),  a 
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content of which decreases downwards and so,  a 
clean ice appears there. Massive ice but  of 
considerably smaller thickness, was also noted 
in the mentioned before raised peat patches. 
Although analyzed monund are, if compared with 
t.he ones from Kaffioyra, less stabile there are 
no sumptoms here as well  for  their degradation. 
No colapsed forms were also noted. 

2 ,  Sf 
- 1  1-2- z I 

Figure 3 .  Internal structure of the frost peat 
mound with ice core 
1 - peat, 2 - marine sand  and gravel, 3 - 
massive ice in upper part with organic matter, 
4 - water, 5 - top surface of permafrost. 

structure, dimensions and location by an out- 
The described peat mound with ice core is in 

flow channel, completely cirnilar to injection 
ice turf mounds distinguished by Akerman 
/ 1 9 8 2 / .  It is also similar to  a  peat  mound with 
ice coce from Noraustlandst, described by 
Salvigsen / 1977 /  and  named the palsa-like form, 
as well as to some peat mounds from sorkapp 
Land, described by Czeppe / 1 9 6 6 /  and  named the 
hydrolaccoliths. It 3eems undoubtful that such 
features developed due to aggradation o f  
massive (injection) ice, although no ice injec- 
tion into a peat cover was noted within the 
analyzed peat  mound from Hermansenoya. Water 

water content of sands and gravels, but  mainly 
for a formation of this ice comes probably from 

Prom  water that filtrates through a beat-bog 
from a pool  and outflow channel. 

two types of peat mounds, a  problem of their 
Ih spite of explanation of origin of these 

They indicate however  many common features with 
genetic name (terminology) remains unsolved. 

aggradation palsas. They are located within 
peat-bogs and  a small number o f  them in any 
assemblage can be  easily  explained by small 
dimensions of peat-bogs. They  have  a  peat cover 
and aggradation of segregation ice was the main 

mineral care on Kaffioyra. 
reason for a development of peat  mound with a 

A peat mound with ice core on Hermansenoya is 
indentical with injection ice turf mounds that 
were distinguished by Akerman / 1 9 8 2 / .  ne did 
not consider them for palsas neither named  them 
pingos. This mound shows however some similas 
features to palsas, among others the main 
source of water for massive ice seems to come 
from a gravitation free water, and also to 
small open system type pingos. It seems true as 
well that groWihcJ of described frost mounds can 
also xesult, at least in their initial phase, 

from a use of water content of unfrozen 

sonal and  perennial permafrost ( "pierezimok" 1 , 
sediments, o.ccuxring sporadicly between a sea- 

The analyzed peat  mound are principally 
different from classical Scandinavian palsas as 
they occux in a zone with a continuous perma- 
frost. Palsas are typical €or areas with a dis- 

Lundquist 1969,  Jahn 1975 ,  1 9 7 6 ,  1986, Ahman 
continuous, sporadic permafrost /among others 

1 9 7 6 ,  seppala 1 9 7 9 ,  Pissart 1 9 8 3 / .  According to 
Jahn / 1 9 8 6 /  the term palsa should n o t  be  used 
for t,he features in spitsbergeh. The preli- 
minary character of authors' investigations 
makes wider discussion impossible if termino- 
logy is concerned but they are  sure that data, 
presented in this paper can be useful in such 
discussion. 

tion mounds that i s  mounds wich r13e above 
In Kaffioyra there are two types Of vegeta- 

their surroundings not only due to a 

ana accumulated organic matter, but a height of 
considerably more abundant tundra vegetation 

which is also to some extant a result of 
existing frozen mineral core (rising slightly 
above  its vicinity),  and vegetation mounds 
which rise above their surroundings only due to 
moxe abundant vegetation and have no mineral 
cores. 
The  first type of mounds is most frequently 

noted on ancient beach ridges. They are usualy 
several metres wide and 0.7 m (maximum to 1.Qm) 
high /Fig. 4 / .  They are overgrown with mosses, 
lichens and vascular plants (among others Poa 
alpina, Luzula confusa) and by nitrophilous 

Excavations proved that under 20-30 ern thick 
specles /Gugnacka-Fiedor, NoryskiewiCZ 1 9 8 2 / .  

vegetation mat (turf) there is a mineral, 
sandy-gravel (with admixture of coarse gravels 
and pebbles) core, curved concordantly with a 
top of permafrast. Sporadicly it has streaks 
and lenses of segregated ice. The latter i s  
most common in frost fissures to 30 cm deep 
that form a system o€ polygons. 

vegetative frost mounds as but accumulation of 
Such mounds should be, in our opinion, named 

Plant. remains, their growth i s  also to some 

protective vegetation cover. 
extent influeced by frost upheave1 under a 

The other, exclusively vegetation type of 
mounds, contains smaller features that were 
also noted in flat, partly wet areas where 
organic material contained also reindeer 

not the only type of such Vegetation mounds in 
antlers and remains o f  whale bones. They are 

Spitsbergen as  e.g. Jersak / 1 9 6 8 /  described 
moss rings and Serebryannyi et  al. / 1 9 8 4 /  noted 

accumulation and creep of peat into polygonal 
small p e a t  ridges and mounds, formed due to 

fissures. Akerman / 1982 /  found similar mounds 
t.o the described ones and  named them the 
vegetative turf mounds, in the area to the 
south of Kapp Linnd. They occurred there only 

which under R turf there were driftwood, whale 
in drier zones, mainly on beach ridges, in 

bones  and reindeer skeletons. Their decomposi- 
t.ion was found t , ~  supply with nutrients the 
poor tundra soils and thus, a richer develop- 
ment of vegetation. This author accepts also an 

t.hickncss of about 3 0  cm) what anables a 
isolating role o f  organic cover (already at its 

development of a frozen core inside a mound, 
formation of segregation ice and consequently, 
and increase o f  its height. These mounds COX- 
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Figure 4 .  vegetative frost mound 
respond therefore with the first type of forms 
on Kaffioyra. Numerous other papers an such 
vegetation mounds from Spitsbergen prove that a 
s.imilar role in fertilization of Sundra soil is 
constituted by excrements of sea birds, flack- 
ing on drier mounds with a sicher vegetation. 
It, can  be the reason for a selective occurence 
of driftwood as well as whale, reindeer bones 
in some vegetation mounds on Kaffioyra. - 
Earth mounds are single or form small groups 

in wet, quite flat, tundra areas, within  poly- 
gons of frost fissures. They are usually oval, 
1 . 5  x 1.0 m larye and 0 . 2  - 0 . 4  m high. They 
are composed in the upper part of sandy-silty 
sediment with admixture of organic matter  and 
deeper, of vary-grained sands and gravels. 
These sediments indicate a frost upheave1 what 
is expressed by layer bends  parallel to a topo- 
graphy o f  mounds. On the surface the mounds are 
usually covered with massy-lichen vegetation 
mat, 7 - 1 5  cm thick. Lower  part o f  mounds 1s 
overgrown also by grass beside mosses an lich- 

upheaval, were described by Fedoroff / I 9 6 6 1  
ens. Similar mounds, named mounds of frost 

from Adventdalen in Spitsbergen. Basing on 
investigations on the Ranks Island, the arigin 
of such features was  presented by Pissart 
/ 1 9 7 6 /  and  named the earth hummocks after other 
authors. According to him these features deve- 
lop due t,o seasonal upheaval of wet earthy core 
during its freezing. It should be underlined 
that on Kaffioyra in mid-August 1985 no segra- 
gatinn ice was noted inside the earth mounds 
whereas permafrost occurred about 2 0 - 3 0  Cm 
beneath them. 

CONCLUSIONS 

A poor development 'o f  larger frost maunds on 
Kaffioyra and Hermansenoya, and first of all a 

other pasts o f  Spitsbergen) are not due to 
lack of typical  pingos (while they occur in 

climatic reasons but lithologic-hydrologic con- 
ditions. A shallow occurrence of rocks of t.he 
Hecla Hoek Succession and Palaevgene rocks, 
relatively thin sandy-gravel beach sediments 

well a s  sloping of the plain towards Forland- 
and small content of silty-clayey components as 

sundet do p o t  favour, with a probable consider- 
able t.hickness o f  perennial permafrost, out- 
flows of sub- or mid-permafrost waters onto 
surface. Existence of larger taliks and 
development o f  vast peat-bogs seem also improb- 
able. These conditions decidedly influeced a 
development o f  only small frost mounds that are 
connected with active layer of permafrost 
(earth mounds), with specific features of 
development of tundra vegetat.ion (vegetative 
mounds) and with local hydrologic-lithologic 
conditions (ancient sea bays  and lagoons) in 
which silty-clayey sediments could  be deposited 
and peat accumulated (peat mounds with mineral 
or i c e  cores). 

peat frost mounds are formed  in  present clima- 
Without dstings of peat, one cannot find if 

t,ic conditions or they reflect some climatic 

Their stability and absence of collapsed forms 
variation duriny the last few hundred years. 

seem to suggest that they  developed in slightly 
more severe climatic conditions (e.9. during 
the Little Ice Age) and that: present climatic 
conditions favour their conservation. 
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CONTEMPORARY FROST ACTION ON DIFFERENT ORIENTED ROCK 
WALLS:  AN EXAMPLE FROM THE SWISS JURA MOUNTAINS 

A. Panaal and J.-CI. OmuF 

1Department of Geography,  University of NeucUtel, Switzerland 
2Centre  de  Geomorphologie  du  CNRS, Caen, France 

SYNOPSIS  "chateau  Cugny"  rockfaces  in  the  Swiss  Jura  mountains  axe  formed  of  limestones 
particularly  subject  to  frost  shattering.  Measurements  made  since 1 9 7 3  show  that  the  rock 
face has receeded  at a  rate  greater  than 1 mm/year.  Significant  differences  of  frost  action 
have  been  measured  on  faces  with  different  orientations. This study  in  the field, based  on 
continous  measurements  and  accompanied  by tests mad  by a laboratory-simulated  frost  shattering 
give US a quantitative  approach  to  the  effect  of  frost. 

INTRODUCTION 

Geomorphologists  encounter  certain  difficulties 
in  understanding  precisely  the  process  of  frost 
shattering. Too many  factors  work  simultane- 
ously:they  sometimes  complement  each  other  but 
they  also  neutralise  each  other  in  other  situ- 
ations.  The  interpenetration  of  these  factors 
as  well  as  their  interdependence  makes  their 
analysis  very  difficult. A detailed  study  in 
the field, based  on  weekly  measurements  and 
completed  by  experiments  in  cold xooms lead  to 
a quantitative  approach  to  frost  action. 

order  to  analyse  the  role  played by  the  ori- 
entation of rock  walls.  More  recent  research 
by  Gardner ( 1 9 7 1 1 ,  Luckman (13761,  Douglas 
( 1 9 7 9 )  and  Thorn ( 1 9 7 9 )  in  regions as far  apart 
as the Canadian  Rocky  Mountains  and  Northern 
Ireland  focus  especially  on  the  study  of  the 
frequency  of rock falls, but  they do not  point 
out the  specific  influence  of  the  different 
factors  causing  the  falls.  Work  has  been  done 
in this  field'by  Francou too, but his measure- 
ments  only  permit  a  more  global  analysis of the 



variations  betveen  north  and  south-facing b. During  the  winter months, the  north  face 
walls.  However,  Francou's  observations (1982  rarely  thaws. So the  rockfalls  are  infrequent, 
and 1987)  point out the  specific  timing  of  but  heavy;  when  thawing, a huge  amount of 
rockfalls  in  the  Alps;  he  notices  that  the  falling  fragments  are  detached  from  the  cliff. 
north  facing  intense  rockfalls  happen  one , 

month  later  than  the  south  facing  ones. 
c.  The  fragments  detached  from  the  north  face 

are  generally  larger  than  the  ones  collec- 
ted in  the  rocktraps  placed  under  the  south 

LOCATION OF OUR  MEASUREMENTS 

"Chdteau  Cugny"  rock  cliff  (coordinates:  564,9/ 
236,9)  [National  map  of  Switzerland,  1:25'000. 
Sheet no  1104, Saignelegier.] has an  average 
height  of 15 m and  is  oriented  toward  the  South - South  West.  Contrary  to  the  other  steep  areas 
of the  Swiss  Jura  mountains,  "Chdteau  Cugny" 
does  not  present  only a single  face,  but  many 
rocks  oriented  in  different  ways.  Indeed  this 
site  is  formed by several  peaks  oriented  in 
different  ways.  (Pancza  1985a). 

and  west  faces.  All these  fragments  belonged 
however to the  same limestone  strata! 

This  last  observation is fundamental  and  it 
gave  the  starting  point  to  all  our  measurements, 
whose  first  results  will  be  presanted  here.  The 
measurements  were  carried  out  at  "ChBteau  Cugny" 
and  in  the  CNRS  laboratories in Caen.  We  wanted 
to check  if  the  rock  whose  evolution  was  dissi- 
milar  at  Chateau  Cugny  (North  and  South  orienta- 
tion)  would  keep  this  differential  evolution  in 
cold  rooms  under  the  influence  of  an  identical 
experimental  winter  climate. 

The  limestone  (Rauracien), is strongly  suscep- 
tible  to  frost  action  and  the  average  erosion 
wer  vear  exceeds 1 mm. lFrom 1973  to 1975, the EXPERIMENTS  IN  LABORATORY 

>etriat  was 1,7 mm/year] . The four  areas I -whose 
evolution is regularly  observed,  cover a 65 m2 
total  surface  area  and  axe  oriented  toward  the 
southl west  and  north.  (Figure 1 )  
Some  instruments  (temperature,  rain  and  wind 
recorders as well  as  rocktraps)  allow US to 
establish  the  number of freeze-thaw cycles -at 
the  surface  and  at  various depthsin the  rock- 
and  to  measure  the  frequency  of  rockfalls.  We 
have  already  mentioned some of our  results  in 
previous  papers  (Pancza 1 9 7 9 ,  1985a, 198513 and 
1987)  . 

INITIAL  HYPOTHESIS AND METHOD  USED 

Having  observed  several  facts  in  the field, 
we  may  advance  the  theory  that  rock  walls  aspect 
plays a very  important  part  in  their  evolution. 
We  observed  that: 
a. The  number of freeze-thaw  cycles is different 

on north  and  south  facing  slopes.  At a depth 
-of 12 cm, we  measured  30%  more  freezing  cycles 
on the  south  than  in  the  areas  oriented  toward 
the  north. 

Samples  were  taken  to  the  North  and  South of 
the  same  rock  peak.  Most  of  them  belonged to a 
facies  of  fine-grained  limestone,  whose  porosity 
varies  betwen 3 and 7 % .  Figure 2 represents  the 
diagram  of  the  poxes  measured with the  help  of 
a mercury  porosimeter.  In  these  limestones 

Figure 2 :  Chateau Cugny fine grained  limestone: pore 
size distribution curve (6 samples) 



microporosity  is  predominant:  about 90% of the 
pores  are  smaller  than 0,5 p. 
ChSteau  Cugny's  limestone  contains  microfis- 
sues too, partially  expeaining  its  sensitivity 
to frost  action. On the  whole,  the  preliminary 
measurements  (capillarity,  porosity  and  permea- 
bility)  revealed  only few  differences  betwen 
the  samples  coming  from  the  north  and  the  south 
part  of  the  rock  face. As for  the  experimental 
frost,'it was  rather  moderate: (-12'/+15' C) 
and  consisted  in  daily  cycles.  This  type o f  
frost  is  frequent  in  the  Swiss  Jura  mountains 
during  the  winter  months. 

RESULT OF THE EXPERIMENTS 

a. 

b. 

C. 

No noticable  difference  either  in  the  size 
ax in the  shape of the  fragments  coming  from 
the  samples  has  been  observed, as  can be seen 
in-the photos  of  fig. 3 .  

All  samples  gave  fragments,  and on the 
whole  the  most  porous  ones  fragmented  them- 
selves  sooner  than  the  others. 
The  fragmentation o f  the  samples  occurred 
progressively:  the  number of detached  frag- 
ments  increased in the  same  way as the  num- 
bel: of  freezing-thaw  cycles.  (fig. 3 )  

In the  laboratory, the samples  collected  to 
the  north  of  the  rock  faces  behave  in  the  same 
way as the  ones  collected  to  the  south. 

MEASUREMENTS ON THE FIELD 

For two yeass, the  detached  fragments  -collec- 
ted  in  the  rocktraps-  have  been  not  only  assem- 
bled  and  weighed as before  but  also  counted. We 
aim at comparing  their  sizes: the quotient of 
the  samples  weight  divided by their  number 

TABLE I 

Size  distribution  of  the  fallen  fragments 
according  to  the  rock  faces  orientation. 
MONTHS AVERAGE SIZE OF TIIE FRAGMENTS IN 

GRAMMES (results  over 2 years) 
south west  north 

November 34,l 22,l 2a,7 
December 37,6 2 3 , 8  71 ,O 
January ' - 4 6 . 4  20 1 130,3 2 

48,l 3 4 , 2  145,3 
March 5 2 , 3  25,5 114,8 
April 31,6 17,O 48,2 

February 
_I - 
- 

MayOctober 40 , 1 22,4 26,3 
(These  numbers  are  based on 3667 fallen  frag- 
ments  in  the  rocktraps.) 
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allows  this  comparison. 
Table 1 illustrates  the  results  we  obtained 
and  shows  that: 
a.  On  the whole,  the  fragments  detached  during 

the  winter  months are  not  only  more  numerous 
-as we already  knew-  but  they  are  larger as 
well. 

b. The  size  of  the  fragments  fallen  from  the 
north  part  of  the  rock  face  is  larger  than 
that  of  the  fragments  fallen  from  the  south 
and  west  parts  of  the  same  peak.(see  Table 1 )  

This  last  observation is important  since  these 
same  rock  all  give  similar  fragments  in  the 
laboratory. 
Can we  attributethis  difference  to  the  part 
played  by  the  rock  face's  orientation? We 
think so. However, to be  quite  certain,  it i s  
necessary  to  continue  the  measurements for Be- 
vera1  more  years.  Moreover, it is  essential to 
extend  the  experiments  in  the  laboratory  to a 
larger  number o f  samples as well  as  to  other 
facies  of  Limestones. 
At  the  level o f  the  Swiss  Jura  mountains as 
a  whole,  this  difference  -due  to  the  rock 
faces'  orientation-  repreeents  one  of  the  cha- 
racteristlc  features  of  the  landscape.  Indeed, 
several  examples  prove  that  rock  faces  facing 
south  are  more  eroded  than  those  facing  north; 
this  is  revealed  by  a  general  dissymmetry  in 
the  evolution  of  several  anticlines. 

CONCLUSION 

In  order  to  understand  better  the  influence o f  
the  orientation o f  the  rock  walls  on frost ac- 
tion,  we  have  started  new  measurements  at  the 
foot  of  the  "Chdteau  Cugny"  rock  faces  in  the 
Swiss Jura.  At  the  same  time we began  an  expe- 
rimental  study at the  CNRS  laboratory  in Caen, 
in  order  to  follow the evolution of rock 
samples  taken  from  Chateau  Cugny  rock  walls. 
Chateau  Cugny  is  an  exceptionally  frost-riven 
rock  cliff. Its  average  retreat is larger  than 
1 mm per  year.  These  rock walls are  equiped 
with a temperature  recorder. The  measurements 
are  observed  in  the  north,  south  and  west 
faces of the  cliff. 
Rocktraps  have  been  placed at the f oo t  o f  the 
cliffs  in  order  to  collect  the  failing  frag- 
ments.  The  place is also  equipped  with  a  rain 
and  a  wind  recorder.  Weekly  measurements  allow 
us to  observe  the  evolution o f  four  areas 

....................... 
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oriented  toward  the South,  West  an d  Nort :h 
and  covering  a  total  surface  area  of 6 5  m2. 
Both  field  and  laboratory  measurements  show 
us the  influence  of  the  rock  wall  orienta- 
tion.  on : 

1. the  average  size of the  falling  fragments 
2 .  the  regime of the  falling  fragments 
3. and  the  rapidity of the  retreat.(develope, 

in  previous  papers:  Pancza 1985a and  b).> 
The rock  faces'  orientation  reads to difference 
in  their  evolution.  In  the  Jura  mountains,  the 
rock  walls  facing  south  are  generally  more 
eroded  than  opposite  slopes  that  face  north. 

itude  frequency  of 
, N. Ireland.  Earth 
123-1  29. 
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GEOCRYOGENIC SLOPE CAVES IN THE SOUTHERN CASCADES 
EL. Perez 

Department of Geography,  University of Texas, Austin, Texas 78712 USA 

SYNOPSIS Small caves in andesite were studied  in northern California.  They  formed by frost shat- 
tering  near  persistent snowbanks sapping the base of a NE-facing cliff, are elongated, have irregu- 
lar walls, vaulted ceilings, debris-littered floors, and slope outwards onto a  talus. Talus parti- 
cles showed a pronounced size sorting--larger fragments downslopg--, suggesting gravitational depo- 
sition: cave clasts did  not  fit  this  pattern. Debris piles  in the caves had steep fronts and a  finer 
matrix  with  depth.  Cave  particles  were flatter and more elongated than talus ones due to slab frag- 
mentation during transport. Cave clasts were parallel to the slope, indicating that frost creep and 
gelifluction transport them out of the caves. These appear to be inactive and probably formed in 
the  late Pleistocene, when the regional snowline was at about 2200 m  elevation. 

INTRODUCTION 

Frost shattering is an important agent of cave 
formation in periglacial areas (Wolfe, 1967; 
White & White, 1969; Schroeder, 1979; Roberge et 
all 1985). Geocryogenic  processes are usually 
effective only near cave entrances, thus cavities 
solely formed by  them  tend to  be  small. Geocryo- 
genic caves, commonly found at the  bases of 
cliffs, have  been  called frost pockets (Schroe- 
der, 1 9 7 9 ) .  slope caves (Mittes, 1983), and cave 
niches (Vitek, 1 9 8 3 ) .  Small pseudokarstic caves 
in volcanic materials have  been reported for the 
western USA (Kosack, 1952: 1 8 ;  Halliday, 1960), 
but few studies have dealt with speleogenesis 
(Parker et all 1964). This report discusses the 
characteristics and  processes  of formation of 
small slope caves in andesite in.the southern 
Cascades. Special attention i s  given to clastic 
cave sediments, which are compared to those on a 
t a l u s  below, genetically  related  to  the  caves. 

THE PHYSICAL SETTING 

The study area, Lassen Volcanic National Park, 
is in northern California  (Fig. IA). Lassen is 
the southernmost volcano of the Cascade range, 
at 40° 29' N  and 1 21° 30' W. Precipitation is 
concentrated in  the October-April period, thus 
snowfall represents 2 9 5 %  of the annual total 
(Major, 19771, estimated a t  1700 mm at 2225 m, 
the elevation of the  study site (Baker, 1944). 
Snow i s  redistributed by the  prevailing wester- 
lies; large snowbanks persist year-round on N 
and  NE slopes. Temperatures remain below freez- 
ing  through  winter (Major, 1977).  From late 
spring  to early fall, there is a strong diurnal 
fluctuation--maxima: 1 8-26OC, minima: +6 to 
-3OC--; freezing occurs then in 4 0 %  of  the 
nights (Pgrez, ur.publ.  data). Temperatures of E 
slopes are  lower  than those of opposing aspects. 

........e,* ............ + 
L 

....... q 
" i  

i 

Fig. 1 A: Location of Latisen Volcanic National 
Park. B: Location of the study site. 

The study site is near upper King's Creek mead- 
ow, 5 km SE of Lassen Peak and 1.7  km S o f  
White  Mtn  (Fig. IB). The caves have a subalpine 
location, at 2225 m elevation at the base of a 
20 m-tall cliff facing N 51OE; a steep, 50 m- 
long talus extends below  (Fig. 2). The talus is 
largely bare, with some herbs and shrubs at its 
base  and  a few mountain hemlock (Tsuga merten- 
siana) and lodgepole pine (Pinus contorta) sap- 
lings and trees providing a cover (3%. The area 
is underlain by Juniper and Flatiron andesites 
(Williams, 1932: 220, map). The caves are sole- 
ly developed in the Flatiron lavas, pale gray 
andesites which produce remarkably platy slabs, 
usually 51" thick, which lie parallel to f low 
planes. Outcrops at the base of the ridge show 
older dark bluish-gray Juniper andesites, which 
are distinctively banded  and produce thicker 
slabs. These rocks dip at steep angles due  to 
postglacial faulting and folding; two prominent 
faults are found  only 600 m SW of the caves 
(Williams, 1932: map). The plates in the cave 
ceilings dip 55O NW, 
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FIELD METHODS 

The  caves  were  measured  with  tape,  compass  and 
clinometer;  a  talus  profile  was  similarly ob- 
tained  along  stations  at 5 m intervals.  Clast 
size was  studied  with a photographic  technique 
(Pgrez, 1 9 8 6 ) ;  a 100x70 cm grid  was  placed  on 
the  ground  as  scale.  Photographs  were  taken  in 6 
cave  locations  and  at 1 0  stations  along  the  ta- 
lus  in  front  of  cave 5. The  length  of  the a axis 
was  determined  for 40 particles  in  each  plot. 
Particle  shape  and  fabric  were  analyzed i n  cave 
5 by  determining  in  the  field  the  axial  lengths 

axis  for 100 particles  in  the  upper 50 cm  of  the 
(a, b, c )  and  orientation  and  plunge  of  the a 

depositd;'100  clasts  were  likewise  sampled  in 
the  talus  surface. 

CAVE MORPHOLOGY 

Eleven  small  cavities  were  found at-the base  of 
the  cliff  (Fig. 3 ) .  They  are  similar  to  slope 
caves  elsewhere (Mitter, 1 9 8 3 ) .  The  caves  are 
elongated,  with  their  axis  perpendicular  to  the 
cliff  face  and  parallel  to  the  andesite  strike; 
the  ceilings  approximate a vaulted  shape, an 
equilibrium  form  for  collapse  caves  (Schroeder, 
1979;  Roberge  et all 1 9 8 5 ) .  Walls  and  ceilings 
are  irregular  and rough; debris  piles  Aittering 
the  floors  have  steep  fronts ( 3 5  to 4 5  ) at  the 
cave  mouths  (Fig. 4 ) .  The  clastic  deposits  lack 

terned ground (Mitter, 1983). The surfaces  of 
sorted polygons,  stripes, or any other  pat- 

the  debris,  and  presumably of the  cave  floors 
underneath,  slope  towards  the  entrance.  The  out- 
wards  inclination  of  the  floors  is  essential  to 
cave  development,  since  debris  can  then  be 
transported  to  the  talus  (cf.  Kunsk?, 1957;  
Mitter,  1983;  Roberge  et al, 1 9 8 5 ) .  Cave 2 ,  the 
only  one  which does not  slope  outwards, 

Fig .  2 General  view a f  t h e  study site,  The en- 
tlrances to s e v e r a l .   c a v e s   a r e   v i s i b l e  a t  the 
c l i f f  base; t h e  bare t a l u s   e x t e n d s  i n  t h e  fore- 
g r o u ~ d ~  Trees abQve t h e  cliff ST& 2 0 - 2 5  m tall. 

communicates  with  cave 3, through  which  debris 
exit (see Fig. 3). Judging from,the surficial 
angles  of  the  debris,  cave  floors  slope  at 8 to 
1 Io; this i s  consonant  with  the  gradient (7 -1  0') 
of a 2.5 to 3  m-wide  platform  found  in  front  of 
the  caves  (Fig. S A ) .  Below  this  bench,  the  talus 
i s  steep (33-35') and  has a rectilinear  profile; 
slope  angles  decrease  to 12O in the  concave 



basal  section. A nearly f l a t  meadow,  with  an 
angle of 3-4.5O, extends  beyond  the  talus  base. 

CAVE AND TALUS SEDIMENTOLOGY 

Particle  size  data for the  plot  populations 
were  tested for normality (Sones, 1969); data 
were not normally-distributed,  thus  were  con- 
verted  to loglo (Piirez, 1 9 8 6 ) .  Transformed  data 
were  normal at the 0.05 level;  geometric  means 
are  reported.  The  mean a axis o f  cave  clasts 
ranged  from 29.3 to 20.4  cm.  When  compared  to 
upper-talus  clasts,  it  is  evident  that  cave  de- 
bris  are  significantly  larger  (Fig. 5B). This 
was  unexpected,  since at least  part  of  the 
slope  particles  have  been  contributed  by  cave 
weathering.  Stones  along  the  talus  were  sharply 
sorted by size,  with  larger  clasts  at  the  base 
(Figs. 5B and 6 ) .  A regression  between  particle 
size  and  relative  slope  position  gave an r= 
.895--significant  at  the 0.001 level--which  ac- 
counts  for 80.1 % of  the  observed  variability. 
When  the  regression  includes  two  plots  in  cave 
5, r drops to .805, explaining  only 64.8 % of 
the  size  variation. 
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B: Particle distribution by size classes ( a  axis) along profile A; N size  pes plot= 40. 
Fig. 5 A: Longitudinal profile of cave 5 and  the talus below; arrows indicate sampling  stations. 



Particle  shape  was  studied with  three  numerical 
indexes:  elongation  (a/b), flatness  (a+b/Pc), 12 7' 

and  sphericity (c / (axb) ) * 3 3 .  Overall  shape 
variation  was  assessed  with  contoured  diagrams 
(Pirez, 1 9 8 7 ) .  Index  data  were not normally- w 30- ... ..... 
distributed,  thus  were  compared  with  the non- 

7 ...#... 

parametric  Kolmogorov-Smirnov  test.  Both  cave 

flecting  lithological  structure.  Cave  fragments 
were,  however,  significantly  more  elongated 3 

"0.001 level--and  flatter"0.05  level--than  ta- r 
lus  ones  (Table I). The  shape  diagrams  also  show CAVE TALUS TOP TALUS BASE 
these  differences (Fig. 7 ) .  The  center  of  maxi- RELATIVE SLOPE POSITION 
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and  talus  particles  were  extremely  platy, re- .............. 
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The  fabric of cave  clasts  has  seldom  been  stud- m l n 7  l- ., 
ied (White & White, 1969). The macrofabrics of 
the  talus  and  the  cave  were  very  similar,  with a talus particles; 
sharp  subhorizontal  girdle  coincident  with  the 
local  slope  (Fig. 8 ) .  The  dominant  mode,  super- 
imposed on  this  sirdle. is oarallel  to  the  slowe I 

LtiDLIi?. L 
particle  shape inAnvne Ir E n \ C r r r  - 5 .  

are given. 
nificance  levels  of  a  Kolmogorov-Smiknov  test 

diktion in  the-cave and  siightly  oblique  in 
the  talus.  Most  particles dip downwards  but 

ducing  a  strong  upslope  imbrication ( 6 4 %  for  the 
Cave, 67% for  the  talus). Few  axes  project  into 
the  diagram  centers,  indicating  the  scarcity of 
particles  perpendicular  to  the  slope  surface. 
Overall,  particles  lie  with  their  a  axis  paral- 
le1  both  to  the  slope  plane  and  direction.  Fab- 
ric  strength  appeared  higher  in  cave  debris.  fracture  because  water  percolating  through  the 

lava  travels  primarily  along  them,  thus  the  ex- 
treme  platiness  of  the  resultant  clasts.  Frost 
frequency  and  intensity  are  affected  by  cliff 

DISCUSSION AND CONCLUSIONS orientation (NE); this  aspect is also  conducive 

Cave  morphology  indicates  that  frost  shattering 
to  the  accumulation of snow onto  .the  talus be- 

at the  cliff  base  is  the  dominant  process of 
low  the  rockwall.  Even  where  caves  were  lacking, 

cave  formation.  Weathering of Flatiron  andesite 
there  was  a  distinctive  notch  at  the  cliff  base, 
Similar  basal  notches  have  been  previously  found I 

slabs i s  concentrated  along  planes  of  flow  and  by  McCabe ( 1 9 3 9 )  and  Gardner ( 1 9 6 9 ) ,  who 

Elongationa  Sphericityb  Flatness' 

plunge  less than the surfacel pro-  Cave 5 1 .923+0.60 0 .427+0 ,10   4 .75751 .43  

Talus 1 .58020 .44   0 .455+0 .10  3.61921.31 

a: 0.001, b: no  difference, c :  0.05 

,= Y . u . ,  and 
N= 100 for  each  sample. Sig- 

B 

0 .33 .66 i o  .33 
(a-b)/(a-c) '6' 

I 

Fig. 7 Contoured  particle-shape  diagrams  for  cave 5 ( A )  and  talus (B) clasts.  Each  diagram  based on 
100 clasts.  Shading  Indicates  the  density of particles a8  a  percentage of the + n + a l -  A w i a l  in,=i=ype 

used for shape  classification  are  indicated  (see  Sneed & Folk, 1958 for  details). I 
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Fig. 8 Contoured  fabric  diagrams  (Schmidt 
stereonets  projected  on  the  horizontal  plane) 
for  cave 5 ( A )  and  talus (B) clasts.  Each dia- 
gram  based on 100  particles.  Shading  indicates 
the density  of axis projections.  The  intercept 
of the  slope  plane  is  shown by the  great  cir- 
cles. Slope direction  is  towards  bottom. 

ascribed  them to intense  headwall  sapping at 
the  margins  of  persistent  snowbanks, due pri- 
marily  to  increased  freeze-thaw  activity 
(Wolfe, 1967;  Thorn, 1 9 7 6 ) .  However,  recent 
studies  (Thorn, 1 9 7 9 )  have  not  found  evidence 
to  substantiate  this  hypothesis.  Others  (Hall, 
1 9 8 5 )  stress  the  importance  of  snowpatches as 
water  reservoirs.  The  slow  release of snowmelt 
water  during  spring,  when  temperatures  fluctua- 
te  about  the  freezing  point  in  Lassen,  would 
intensify'frost  activity  at  the  rockwall base. 

Once  a  cave  starts  forming,  there  must be some 
self-reinforcing  mechanism  that  helps  lengthen 
it;  this  could  be  associated  with  cave  micro- 
climate  (Schroeder, 1 9 7 9 ) .  In  summer,  warm  air 
would  flow  into  the  ascending  cave,  and as it 
cools  down,  it  would  condense  and  sublimate, 
depositing  water  and  ice  crystals  on  the  cave 
ceiling  and  walls  (cf.  Schroeder, 1 9 7 7 ) .  

The scarcity  of  vegetation  suggests  that  both 
caves  and  talus  are  still  Eorming.  However, 
close  examination of  the  caves  and  their  clasts 
provides  little  evidence  for  recent  gelifract 
production  or  transport.  Although some slabs 
are  becoming  detached  from  walls  and  ceilings, 
most cave and  debris  surfaces are considerably 
weathered,  lack a fresh  look,  and  are  partially 
covered by algae,  lichens,  and  mosses,  particu- 
larly  near  the  entrance. The platform  outside 
the  caves  also  lacks  sizable  clasts  trailing 
away  from  the  hypogean  debris  piles  (Fig. 4 ) .  
The  altitude of the  caves  suggests  that  they 
originated,  under  considerably  colder  condi- 
tions,  during  the  Late  Pleistocene  (middle 
Tioga  advance,  prior  to 11,000 B.P.) when  the 
regional  snowline  was  at 2200-2300 m elevation 
(Crandell, 1972 ) . 
Clast  detachment is only'the first  step in cave 
formation;  after  this,  clasts  are  transported 
to  the  talus. Thus,  the  caves  are  part  of  a 
system  in  which  debris  cascades  downslope. The 
logarithmic  increase in particle  size in the 
talus  indicates  rockfall  may be a  primary  mech- 
anism  of  deposition  there  (Gardner, 1970;  Pi- 
rez , 1986 ). Since  cave  clasts do not fit  this 
pattern,  it  seems  that  rockfall  is  not an effi- 
cient  process  in  their  removal  from the  caves; 
the  low  gradient of the  cave  floors  and  upper 
talus  bench  also  precludes  rockfall as a  sig- 
nificant  transport  agent, This suggests  that 
most  taLus  fragments are  derived  from  weather- 
ing o f  the  cliff  face. 

The fabric  of  cave  debris,  along  with  the gen- 
tle  gradients  of  cave  floors  and  talus  bench, 
indicate  that  slow  geocryogenic  processes,  such 
as  frost  creep  and  galifluction,  are  responsi- 
ble for  clast  movement  across  them  (cf.  Mitter, 
1 9 8 3 :   8 6 1 ) .  Creep,  caused  by  freezing  and  thaw- 
ing of interstitial  ice  and  by  particle  set- 
tling  after  removal of  fines by  meltwater (Em- 
bleton & King, 1975:   109 )  appears  the  most 
likely  mechanism.  The  similar  fabric  in  the ta- 
lus  suggests  that  creep,  or  perhaps  block 
gliding  over  the  snowbank  (Hall, 1985;  Pgrez, 
unpubl.  data),  are  also  significant  in it. A 
strictly  rockfall-produced  talus  would  have a 
more  random  fabric  (Pirez, 1 9 8 6 ) .  Runoff  has 
been  identified  (Roberge  et al, 1985;  Parker  et 
al, 1 9 6 4 )  as  an agent of debris  removal  from 
similar  caves,  but  this  seems  unlikely  in  the 
small  cavities  at  Lassen. The large  clastic 

838 



accumulations  inside  the  caves  clearly  indicate 

ged  behind  that  of  weathering  and  detachment. 
that  the  process  of  particle  transport  has  Lag- 

When  excavated,  cave  sediments  showed  an  in- 
cxease in smaller  particles  with  depth,  probably 
produced  by  in  situ  disintegration o f  the  larger 
clasts.  Both  characteristics  suggest  that  the 
process  of  debris  removal  has  been  largely  inac- 
tive in the  recent past. 

Particle  shape  indexes  .show  significant  differ- 
ences  between  talus  and  caves.  One  possible  ex- 
planation is that  cave  slabs,  being  large  and 
elongate  (maximum  elongation: 3 .812)  break  eas- 
ily  during  their  descent,  thus  attaining  lower 
elongation  and  flatness  values due  to  a  reduc- 
tion of their  a  axis  (Table I). This  hypothesis 
was  tested  by  pushing 20 large  cave slabs down 
the  talus;  moat  particles--13  or 14- were  sev- 
ered  along  their  longest  axis  into  two  or  more 
pieces.  When  the  shape o f  the  resulting  frag- 
ments  is  plotted on  a  ternary  diagram,  the  bro- 
ken particles  arriving  at  the  talus  lie  to  the 
upper  left of those  originally  found  in  the 
cave,  fitting  the  patterns  of  Figs. 7A and 7B. 
At  the  same  time,  shape  indexes  are  changed  in 
a  manner  consonant  with  the  trends  evident  in 
Table I. 

on frost  action  first  weathering  the  andesite 
The  formation  of  the  Lassen  caves is dependent 

and  then  transporting  the  fragments  out of the 
caves;  thus,  the  term  "geocryogenic  slope-caves" 

extension  of  the  talus  below,  they  should 
seems  appropriate  for  them.  Because  they are  an 

strictly  be  called  talus-caves,  but  since  this 
name is already  used  for  cavities  found  between 
boulders  and  debris on talua  slopes  (Vltek, 
19831, it  should  be  avoided to minimize 
confusion. 

ACKNOWLEDGMENTS 

Financial  aid  was  received  from  the  Research 
Institute of the  University of Texas,  Austin, 
during  the  summers  of 1986 and 1987.  Alan E. 
Denniston  and  Richard L. Vance,  at  the  National 
Park  Service  in  Mineral, CAI provided  the  nec- 
essary  permits.  In&  L.  Bergquist  helped  with 
the  Eield  work  and  read  this  manuscript. 

REFERENCES 

Baker, F S ( 1   9 4 4 ) .  Mountain  climates  of  the 
western  United  States.  Ecol  Monogr ( 1 4 ) ,  
223-254. 

Crandell,  D R ( 1 9 7 2 ) .  Glaciation  near  Laasen 
Peak, northern  California.  USGS  Prof  Paper 
(800-C) I 179-1 8 8 .  

Embleton,  C & King, C A M ( 1 9 7 5 ) .  Periglacial 
Geomorphology, 203 pp. Wiley,  New  York. 

Gardner,  J ( 1 9 6 9 ) .  Snowpatches:  their  influence 
on mountain  wall  temperatures  and  the  geomor- 
phic  implications.  Geogr  Ann (51A) , 11 4-1 20.  

Gardner, J ( 1 9 7 0 ) .  Rockfall:  a  geomorphic  pro- 
cess  in  high  mountain  terrain.  Albertan 
Geogr ( 6 ) ,  15-20. 

Hall, K J ( 1 9 8 5 ) .  Some  observations on ground 
temperatures  and  transport  processes at a 
nivation  site in northern  Norway.  Norsk 
Geogr  Tidsskr (391,   27-37 .  

Halliday, W R (1960). Pseudokaxst  in  the  United 

Jones,  T A ( 1 9 6 9 ) .  Skewness  and  kurtosis  as 
States. NSS Bull (22), 109-113.  

criteria of normality  in  observed  frequency 
distributions. Y Sedim  Petrol ( 3 9 ) ,   1 6 2 2 -  
1627.  

Rosack,  H P ( 1 9 5 2 ) .  Die  verbreiting  der  Karst- 
und pseudokarsterscheinungen uber die erde. 

Kunsk:, J ( 1 9 5 7 ) .  Typy  pseudokrasovGch  tvaru  v 
Peterm  Geogr  Mitt ( 9 6 )  , 16-21 . 
Ceskoslovensku (Types of  pseudokarst  phe- 
nomena  in  Czechoslovakia).  Ceskoslosvensk? 
Kras ( l o ) ,   1 0 8 - 1 2 5 .  

McCabe, L H ( 1 9 3 9 ) .  Nivation  and  corrie  erosion 
in  west  Spitsbergen.  Geogr J ( 9 4 ) ,   4 4 7 - 4 6 5 .  

Major, J ( 1 9 7 7 ) .  California  climate  in  relation 
to  vegetation. & Barbour, M R Major, J 
(eds), Terrestrial  Vegetation  of  California, 
Wiley,  New  York,  pp. 11-74. 

regions  of  the  West  Carpathians.  Proc  4th 
I n t  Conf  Permafrost, 861  -865. 

Parker, G C, Shown, L M & Ratzlaff, K W (1964). 
Officer's  Cave,  a  pseudokarst  feature  in al- 
tered  tuff  and  volcanic  ash of the  John  Day 
Formation  in  eastern  Oregon.  Geol SOC Am 

Pgrez,  F L ( 1 9 8 6 ) .  Talus  texture  and  particle 

Mitter, P ( 1 9 8 3 ) .  Frost  features  in  the  karst 

Bull ( 7 5 ) ,  393-402. 

morphology  in  a  north Andean  paramo. 
Zeitschr  Geomorph  N F (30), 15-34.  

Pbrez , F L ( 1   9 8 7 ) .  A method  for  contouring 
triangular  particle  shape  diagrams. J Sedim 
Petrol ( 5 7 ) ,   7 6 3 - 7 6 5 .  

Roberge, J, Lauriol,  B & Saint-Pierre,  L ( 1 9 8 5 ) .  
La  morphoginise de la  caverne 2 La  Patate, 
fle  d'Anticosti,  Quebec.  Ggogr  Phys  et 
Quatern ( 3 9 ) ,   6 7 - 7 5 .  

Schroeder, J ( 1 9 7 7 ) .  Les  formes  de  glaces  des 
grottes de la  Nahanni,  Territoires du Nord- 
Oueat,  Canada.  Can J Earth  Sci ( 1 4 ) ,   1 1 7 9 -  
1185.  

Schroeder, J ( 1 9 7 9 ) .  Dgveloppement  de  cavitis 

, (Nahanni, T.N.O. Canada).  Ann  SOC  Giol 

Sneed, E D & Folk, R L ( 1 9 5 8 ) .  Pebbles  in  the 
Belgique ( 1 0 2 ) ,   5 9 - 6 7 .  

lower  Colorado  River,  Texas:  a  study  in  par- 
ticle  morphogenesis. J Geol (661 ,   114 -150 .  

Thorn, C E ( 1 9 7 6 ) .  Quantitative  evaluation  of 
nivation  in  the  Colorado  Front  Range.  Geol 

Thorn,  C E ( 1 9 7 9 ) .  Bedrock  freeze-thaw  weath- 
ering  regime in an  alpine  environment,  Col- 
orado  Front  Range.  Earth  Surface  Processes 

. d'origine  mecanique  dans  un  karst  froid 

SOC Am Bull ( 8 7 ) ,   1 1 6 7 - 1 1 7 8 .  

( 4 ) ,   4 1 - 5 2 .  
Vltek, J ( 1 9 8 3 ) .  Classification of pseudokarst 

forms  in  Czechoslovakia.  Int J Speleol ( 1 3 ) ,  
1-18. 

White,  E L & White,  W B ( 1 9 6 9 ) .  Processes of 
cavern  breakdown,  NSS  Bull ( 3 1 ) ,   8 3 - 9 6 .  

Williams, H ( 1 9 3 2 ) ,  Geology of the  Lassen  Vol- 
canic  National  Park,  California.  Univ of 
California  Pub1  Geol ( 2 1 ) ,   1 9 5 - 3 8 5 .  

Wolfe, T E ( 1 9 6 7 ) .  The Jordbruen  area  of 
northern  Norway. An example  of  high  latitude 
karst.  NSS  Bull ( 2 9 ) ,  13-22.  

839 



TRACES OF ICE IN CAVES: EVIDENCE OF FORMER  PERMAFROST 
A. Pissartl, B. Van Vl ie t -Lad,  C. Ekl and E. Juvigne' 

1Ghmorphologie et GWogie du Quaternaire,  Universitb de Libge, Belgique 
Wentre de Ghmorphologle du C.N.R.S., Caen, France 

SYNOPSIS - Unconsolidated  deposits i n  t he  Remouchamps Cave (Belgium) re ta in   ind ispu , tab le   t races  of 
segregation ice, confirming  the  presence of deep  permafrost i n  the  course of the l a t e   g l a c i a t i o n .  
When the  ground warmed up once more, the  permafrost   considerably  altered  sedimentation  conditions 
by blocking  passages w i t h  ice.  There i s  no doubt   that   the   fusion of t h i s   i c e  caused  significant 
mass movements in   the  sediments   la id  down. The study of segregat ion  ice  which may be detected in 
c a v i t i e s  w i l l  assist in the  mapping of permafrost limits during  the  cold  per iods of the  Quaternary 
and w i l l  without  doubt  provide  fresh  evidence on the  depth it reached. 

INTRODUCTION 

Conditions  necessary for t h e  appearance o f  
segregat ion  ice   are  well es tabl ished.  T t  occurs 
i n  damp f ine   sed iments   subjec ted   to   s low 
freezing.  Further, it i s  essen t i a l   t ha t   p re s su re  

which implies   that  segregation ice  cannot occur 
from the  overlying land-mass i s  not  too great ,  

below a depth of some ten  metres.  I n  caves, 
however, sediments  are  not  subjected to   p re s su re  
from t h e  ground  within which the cav i ty  has 
developed, so that   segregat ion  ice   can  occur  
i r respect ive of the  depth of the cavi ty .  

The occurrence of segregation  ice i n  a sediment 
has   the  effect  of s t ructur ing  the  ear th  between 
the   pa r t i c l e s  of ice ,   the   ear th  i s  progressively 
d i s t o r t e d  and d r i ed ;  and s i n c e   a i r   c a n n o t  
penetrate   through,   aggregates   l imited by the 
p a r t i c l e s  of ice are  extremely  compressed. I n  
cross-sections  through s i l t ,  the s t ruc tur ing  of 
the ea r th  which occurred  in the course of the 
l a s t   g l a c i a t i o n  i s  of ten  c lear ly   observable ,   a t  
l e a s t  when t h i s  s t ruc tu re  was not  destroyed by 
b io logica l   ac t ion  or complete  drying-out  with 
subsequent  rehydration.  Indeed when this  l a t t e r  
process occurs, it r e s u l t s  i n  the  aggregates  
exploding when the   a i r   ins ide   the   sed iment  i s  
compressed by subsequent  water  penetration. 

LONGITUDINAL SECTION 

In  caves where biological   act ion i s  limited and 
where, par t icu lar ly   in   the   case  of the  climate of 
Western  Europe,  complete  drying-out i s  almost 
impossible,  the  former  presence  of  segregation 
i ce   can   consequen t ly   be   a sce r t a ined . I t  i s  
especially  apparent i n  the layout of res idua l  
spaces l e f t  open af ter   fusion o f  t h e  ice lenses. 

I f   t h e   l a y o u t  of the cave  does  not  allow 
c i rcu la t ion  of the a i r  to bring  cold down from 
the   surface,  and i f  the   cav i ty  i s  located more 
than 20  m deep  ( the limit a t  which annual 
temperature  variations  occur),   the  presence of 
t r aces  o f  i ce ,   in   o ther  words of a temperature 
below OOC, implies of necessity  the  presence of 
permafrost. I n  t he   p re sen t   a r t i c l e ,  w e  show how 
the method can be app l i ed   i n   t he   s tudy  of a 
Belgian  cave. 

I f .  TRACES OF SEGREGATION I C E  OBSERVED IN THE 
REMOUCHAMPS CAVE 

Remouchamps cave i s  20 km t o  the south  east  of 
Libge i n -  Paleozoic   rocks.  I t  comprises two 
hor i zon ta l   co r r ido r s ,   t he  Lower one  being 
occupied by a subterranean stream ( f i g .  1 ) .  One 
of the  authors ( C .  Ek, 1961) showed t h a t  these 
passages  are  connected w i t h  t e r races  of the  river 
Ambleve which flows in   t he   va l l ey  on the slope of 
which this cave  has i t s  entrance. 

DOWNSTREAM  DEPOSIT 2 

VERTICAL MMENSWS NON EXAQOERATED 
lOOm 

~EPOSITI 

Fig. 1 Longitudinal  section of the  Remouchamps cave  with  locations 
of t he  two deposi ts  s tudied.  Only passages  accessible   to  
potholers   (speleologis ts)   are  shown (C.  Ek, 1 9 7 2 ) .  

840 



%. 

Two distinct  accumulations  of  sediments were NW 
studied i n  this cave.  Their  location is  shown i n  - SE 
f igure  1 : t h e  f irst  is found i n  t he  "Grande - 
Galerie"  (Large  Gallery); t h e  second nearer the  
entrance 50 m upstream of the  "Embarcadire" 
(p ie r )  . 

a )  The "Grande Galerie" 

S i tua t ed  some 500 m from the   en t rance ,  the 
"Grande Galer ie"   appears   as  a corridor  with a 
height i n  excess o f  20  m. The highest   point of 
the  roof i s  above 30 m below surface  level .  

Figure 2 indicates   schematical ly   the  locat ion 
wi th in   t he   cave  of t h e  d e p o s i t s   u n d e r  
Invest igat ion.  Our examination was r e s t r i c t e d   t o  
the upper par t  of sandy-silty  sedimentation t o  be 
found a t   t h e  SE end  of t h i s   ga l l e ry ;   f i gu re  3 

UPSTREAM. 

shows in   g rea t e r   de t a i l  the presentation of these 
sediments. 

The excavations which we have carr ied  out  did not 
reach  the.   base of the sediments. They revealed 
f i n e l y   s t r a t i f i e d   f i n e   a l l u v i a l   s a n d s ,  Occa- 
s i o n a l l y   v e r y  t h i n  clayey  edgings  provide 
evidence o f  brief   per iods of sedimentation i n  P"" 
stagnant  water. r n , ~ , , ,  k / /dJd  

Two d i s t inc t  u n i t s  are  separated by a discordance 
i n   s t r a t i f i c a t i o n   t e s t i f y i n g   t o   e r o s i v e   a c t i o n  
before  the  sedimentation of t h e  upper  layers of 
sediment The southeas te rn   par t  of the lower Fig,2 ~i~~~~~ r~-..! --  -L - 7 - --- J - -  - =  3. .- - - .. - 
deposi ts   d isplays a sharp ly   s lop ing   s t ra t i f ica-  
t ion  which is doubtlessly t h e  r e s u l t  of sedimen- 
t a t i o n  by a cu r ren t  of water i n  a drowned 
passage. The absence  of  cracks which could have 
pxavided  evidence tha t   . these   l ayers   a re  a r e su l t  
of collapse,  and also  the  presence of dis tors ions 
which appear t o  be  due t o  syngenetic  landslip of 
the d e p o s i t ,  prompt us t o   d e f e n d  t h i s  
inteFpretation. I n ,  2 1  out  of t h e  2 2  aect.inn.4. +races n f  

Within the hear t  of the  cross-sect ion  s tudied,  
t races  O f  Rocourt tephra  (enstatitel  jagged  green (1) t h e  aPPangPmnnt nf t h n  n m n t w  e n a r n o  

clinopyroxene and brown amphibole; E. Juvign6, 
1977)  were detected.  Since  such  tephra f e l l  on 

(hollows) p 

our  country a t  an undeterminate  time somewhere 
formation, t l L  _ _ _ _ _ _  

between 61.000 and 106.000 BP ( E .  Juvigne  et". 
t he   d i s t r ibu t r -  nf 

Gewelt, 1987), these  minerals   prove  that   the  
4 provides a 

Eemian sensu stricto. 
laying down of t h i s  deposi t   occurred  af ter   the  (2,) t he  nature of the  w311 e -6 +I.* hAllA...m 

e lements  o f  --L:-' 

There was nothing t o  enable us t o  t e l l  apar t   the  
together  if 

depos i t s  on e i t h e r  side of the discordance.  
lack of  concuLupllLc 

Concretion  debris  found  at  the  point of contact 
can  be  expla; 

gave a Uranium-Thorium age o f  195,067  (+28714, 
growth of sf 

-21452) years  (1) , confirming that t hese  were 
l a r l y  appareI1L LII LI 

very  ancient  concretions  which  had  undergone 
hollows  as sb-- 4 -  

displacement, and therefore   provided no usefu l  ( 3 )  the  existence in h a s r t  +hn ddnnn;tm 

data. of micro-thrv-• Q - . .  

Twenty  two thin-s l iced  sect ions were prepared  for 
examinat ion,of   the  microstructures   exis t ing i n  
these  formations.   Certain  parts of t h e  deposi ts  
already showed not iceable   s t ructur ing which was Q;> 

DOWNSTREAM . .. 

investig,,,, A I  

"Grande Galerie" 
probable  hydrolo 
the  lower  stream 

. segregation  ice a 

were cont in  
movement whi 
fusion of t h e  

s r ~ u w ~ r ~ y  r r ~ e  LocaLzon VI ueposlcs 
:? t h e  S . E .  p a r t  of t he  
, and indicat ing the very 
Ngical relatianship  with 
I occupied by the r ive r .  

"" " 

Ire apparent,  comprising : 
- -  "" " 

.+..."" " "" -"'r..J 'r"-,' 
rresent i n  t h e   h e a r t ,  of   the  
h e  nnnfiguration of which evokes 
c. -vAL segregation  ice.  Figure 
f ine  example. 

L. wrrrLh cou ld   no t   dove ta i l  
t h e   f i s s u r e  were closed.  T h i s  

"*A"" + between the  two faces  
.-..." -1 pressure- thrust  due t o  
sgregation  ice.  I t  i s  par t icu-  

J -  "le  presence o f  t r iangular  

Pll.2 "C c,,= I I v . L * " w a ,  L.15 

-.. f igure 6 .  

" -I" """ I-"" " "b . T h i s  may resu l t  from : 
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(1) the  granulometry of the  site  material of 
each  section  studied. 

(21 the  amount of water  present  in  the  material 
at  the  time of freezing. 

(3)  refrigeration conditions which may have 
varied  from  place  to  place. 

( 4 )  the  degree of compactness of the  material 
before  freezing. 

The  traces of segregation  ice  shown  in  figure 4 
are very  similar to those  obtained  when a muddy 
mass  freezes  shortly  after  being  laid  down 
(compare  with  photo 2 in Pissart, 1974). The 
like-  lihood  is  that  quasi  syngenetic  freezing  of 
the  deposit  is  involved  here (B. van  Vliet-Lanoe, 
J.-P. Coutard  et A. Pissart, 1984) 

Only  one  slide,  the  sample  location o f  which  is 
indicated  in  figure 3 ,  does  not  show  any  other 
freezing  activity.  It  may  be  testimony  of  the 
last  deposits  laid  down  at  this  location  when  the 
underlying  formations  were  completely  thawed. 

The observations carried out lead to the 
following  interpretation : 

tT18 

(1) underlying  formations ( that  is to say  those 
below the  discordance  in  fig. 3 )  were placed 
on  position  at the  time of disappearance of 
a  permafrost.  Indeed,  it  was  necessary for 
the  permafrost to disappear  at the surface 
so that  water  and  sediments  might  get  down 
into  the  cavity. As they  were  laid  down at a 
time when the cavity  was  still in 
permafrost,  that i s  to say  in a  temperature 
below O'C, syngenetic  segregation  icing of 
the  deposit  occurred. 

(2) a period  free of permafrost  permitted the 
development of erosion  wich  truncated  the 
formations laid down (discordance D in 
fig.3) * 

(3)  the permafrost  returned;  at  the  time  of  its 
disappearance,  sedimentation of fresh  layers 
of  alluvium/silt  occurred  while the ground 
was  still  below O°C. The  temperature  of  the 
substratum  was  still  negative. 

We surmise,  without  proof  however,  that  these 
phases  followed on in  succession  during  the  late 
ice-age  and/or  the  Weichselien  interpleniglacial. 

SURFACE OF THE SE = 

VERTICAL  DIMENSIONS NON EXAGGERATED + : 1 & 3 0 : 5 

Fig.3 A cleared  cross-section in the SE part o f  the  "Grande 
Galerie"  showing  the  lines  of  stratification. 
1. Location of samples  studied in respeqt of 
microstructures. 
2. Idem in  respect  of  dense  minerals. 
3. Blocks. 
The letter D marks  the  position  of the discordance in 
stratification. 
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b) Near the "Embarcad6re" (p ie r )  

A second, new accumulation o f  sediment was 
s t u d i e d   i n   t h e  Remouchamps cave.   Figure 6 
pinpoints  i t s  location.  For a descr ipt ion o f  a l l  
the  features  the  reader i s  re fer red  t o  P issar t  et 
al., 1987. 

Two d is t inc t   format ions   a re   p resent .  The lower 
formation i s  composed of sediments  with  very 
i r r e g u l a r   o u t l i n e s  and a very  heterogeneoas 
natulre. Along f a l l s  of large  limestone  blocks  are 
found schis t  debris, the  whole being  enclosed in 
an extremely  clayey  matrix. The contact   s lope 
between  these  different   mater ia ls  is, a t   t h e  
r igh t  hand extremity of the  cross-section, c,lose 
t o  35'. Up above, it opens in to  t h e  "Salle  des 
Ruines"  (Hall of Ruins)  previously  referred t o .  
Consequently it is  clear   that   these  mater ia ls   are  

t h i s  "Hall of Ruins"  s i tua ted  on t h e   l e f t  bank o f  
deposits which have s l ipped down the  s lope from 

the  stream. 

The upper  formation i s  made up of f i n e l y  
s t ra t i f ied   f luv ia l   depos i t s   compr is ing  s i l t  and 
f ine  sand w i t h ,  on rare  occasions., some  more 
clayey  layers .  These s t r a t i f i e d   d e p o s i t s  were 
l a i d  down by the  stream which presently  flows a 
few metres below. 

The associat ions  of   dense  minerals  show the  
presence  throughout t h e  deposits  (except  in  the 
lower  clayey  layers) of Rocourt   tephra  (see 
above)  which s e t t l e d   t h e r e   d u r i n g   t h e   l a s t  
glaciat ion.  

Traces of segregation ice a re  i n  evidence i n  the 
upper pa r t  of t he   f l uv ia l   depos i t .  The i ce  was 
there  i n  abundance  and subsidence due to   fus ion  
of t h i s   i c e  i s  very  clear.  However a t  a depth of 
one  metre,  one  sample showed  no s i g n  of 
disturbance due to   f reez ing .  I n  the  hear t  o f  the  
underlying  formations laid down subsequent t o  
maas t ranspor ta t ions  from the  "Hall of Ruins" ,  

t h e   e f f e c t s  o f  f r o s t   a r e   a l s o   e v i d e n t .  The 
arrangement of f i s su res  i n  the   hear t  of blocks 
d isp laced  b y  these   agents  of mass movement 
provides  evidence of f r e e z i n g   p r i o r   t o   t h e i r  
s l i d e  down the  slope.  

Consequently we think we have discovered  evidence 
supporting the following sequence of events : 

(1) Unconsolidated  sediments  accumulated on 

the  present  deposit. 
steep  slopes i n  the  gallery  extending above 

( 2 )  These sediments were Erozen and an abundance 
of Segregation  ice  occurred  here. 

( 3 )  Fusion of t h i s  i ce ,   dur ing  a per iod of 

ments which created  the  lower  part  of t he  
c l imat ic  improvement, t r iggered  mass move- 

accumulat ion.  A t  t h e   t i m e  when t h i s  

doubt owing t o  blocking of passage  upstream. 
occurred,   the   r iver  was not  flowing, no 

( 4 )  The r i v e r  which resumed i t s  flow  found the  
passages downstream par t ia l ly   obs t ruc ted  and 
accumula ted   f luv ia l   depos i t s  of a more 
loessl ike  character  up t o   t h e   l e v e l  of t he  
upper  opening  through which the  water flowed 
out.  

(5)  A re turn  of the  f rost ,   probably  roughly 
contemporary w i t h  sedimentation of the  upper 
layer  occurred. 

( 6 )  The stream,  rediscovering i t s  lower Outlet ,  
rapidly  incised  the  sediments  laid down. 

We surmise  that  these  various  stages a l l  occurred 
a t   t h e  end of the   l as t   g lac ia t ion ,  a t  the  time of 
c l imat ic   f luc tua t ions  of the  Weichselien  late 
ice-age  ( tardiglacial)  . 



-20% -16.C 

Fig,6 Diagram  showing the location of the Fig.7 Relationship  between temperature and 
deposit accumulated upstream o f  the ice-caves  according to Harris (1982) e 

"Embarcadbre"  at  the  foot  of  the  "Hall o f  
Ruins". 

CONCLUSIONS 

Furthermore  it  seems  clear  that  at the  time  of 
thaw,  the  unfrozen  masses  of  sediment  became 
unstable and could slide on slopes while 
previously  they  were  in  equilibrium. This is  how 
we  explain  the  deposits  we  have  described  near 

Th@  discovery Of traces of  segregation ice In was  formed  at  a  time  when the stream was no 
the  "Embarcad&re'l.- This  accumulation,  moreover, 

caves is Of interest in very different longer  flowing;  otherwise  one  would  detect in the 
fields,  namely : middle of it masses of layered sediments 

(1) SedimentologY of deposits  occupying karst thaws probably also caused the fall and 
testifying to the  action of a water  course.  Such 

cavities . simultaneous  fracturing  of  a  certain  number  of 
stalagmites  standing  on  unconsolidated  forma- 
t ions. (2 )  Paleoclimatology. 

The  presence  of  ice  in  Belgian  caves  during  the 

time.  This  observation  confirms  that  the  blocking 
cold  periods  is  thus  demonstrated  for  the  first 

of swallowholes  was  not  solely  the  result  of  the 

unconsolidated  sediments.  The  discovery of traces 
input  into the  thalweg o f  large  quantities of 

of  syngenetic  ice in the  deposit,  that  is  ice 
appearing  immediately  after  sedimentation,  can  be 
explained  by the fact  that  rewarming  occurred 

ducts  could  be  flooded  while  the  lower  ducts  were 
from  the  surface  downwards.  In  this  way the upper 

still frozen. During what was probably a 

possible  in  the  lower  ducts  which  were  blocked  by 
relatively  brief  period,  sedimentation  was  not 

ice,  whereas  it  was  occurring  in  ducts  found 
nearer  the  surface  that  were  already  unfrozen. If 
this is in fact the case, it  is somewhat 
hazardous,  in  regions  where  permafrost  existed, 
to try to explain  subterranean  sedimentation  by 

tive  abandonment  of upper  ducts when  lower  ducts 
running  water  while taking  into account  defini- 

- +  * . 

The study of traces of ice in caves in 
present-day  temperate  regions  may  well  provide 
valuable  evidence  on  the  spread o f  permafrost 
during  the  cold  periods  of the  Quaternary.  The 
application is immediate  if it is  accepted  that 
the  temperature of the  cavity  corresponds to the 
annual  mean  temperature  of  the  place  where  the 
cave  is  situated.  It  is  however a well  known  fact 
that  if  movement  of  air is prevalent  in  the 
cavity, the temperature  may  deviate  from  the 
annual  mean  temperature. As shown  in  the  figure 
provided by Harris (1982), ice  caves  may  exist 
when the  annual  mean  temperature  reaches t 3 O C .  
However, by limiting our investigation to 
deposits a Long  way  from  cave  entrances  and  well 
away  from  vertical  shafts  which  might  induce 
significant  local  freezing,  the  study o f  traces 

tool in  mapping the limits reached  by the 
of segregation.  ice  in caves constitutes  a  new 

permafrost  during the cold periods of the 
Quaternary.  By  studying deep cavities,  one  can were  well  aevelopea.  thus  hope to obtain direct-evidence for  depth 
attained  by  the  permafrost,  data  that  are  totally 
lacking  today in fossil  periglacial  regions. 
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THE THEORY OF CRYOLITHOGENESIS 
AS. Popov 

Moscow State University, Moscow 

SYNOPSIS The methodological  principles which are the   theore t ica l   foundat ions  o f  cryo- 
l i thology,   the  science of  cryolithogeneeia,  i.e. a special   type o f  l i thogenes is  i n  the  cold re- 
gions o f  t he   Ea r th   a r e   s t a t ed   he re .  These p r inc ip l e s  are the   fol lowing - the   gene t ic   na ture  o f  
cryol i thogenesie ,   the   eonal i ty  o f  i ts occurence and t he   h i s to r i ca l   cha rac t e r  of cryol l thogenesis .  

The cold  zones o f  the   Earth are the  physico- 
geographical  areas  within  vhich  cryolithogene- 
sie, t h a t  is a spec ia l   type  of  l i thogenee is  at 
negative and Low posit ive  temperatures  occurs.  
The  phenomena n a t u r a l   f o r   t h i e   k i n d  o f  l i thoge-  
nea ia   a re  due t o  ice  formation i n  t h e   e a r t h ' s  
c rue t  accompanied by typical   l i thogene  and r8- 
l i e f f o r m i n g  e f f e c t s .  The problems o f  cryol i tho-  
genesis  are a p a r t  o f  an  independent  subject - 
cryol i thology.  Thus, cryol i thology  e tudiea  the 
processes of l i thogenee is  i n  the   Ea r th ' s   e t ab le  
cooling  zones, i.6. where these proceases  are 
predetermined by permafrost development  and 
doep winter   f reezing.  

The methodological  principles  enabling judge- 
ment on the   gene t ic .and   spa t ia l - t ime  regula t i -  
ons o f  the  cryol i thogeneeis  development a re   t he  
theore t ica l   foundat ions  of cryolithology. These 
pr inc ip lee   a re   1 ) the   gene t ic ,  i . e .  the  physi- 
co-geographical and geological   nature  o f  cryo- 
l i thogenes is  as a na tu ra l  phenomenon; 2)the 
zonal i ty  o f  cryol i thogenesis   manifeatat ion;  
3 )h i s to r i ca l   cha rac t e r  o f  cryol i thogenesis .  The 
u8e o f  these  methodologioal  principlee  in  cryo- 
l i t b o l o g i c a l   s t u d i e s  allows us t o  a e e a r t   t h a t  
cryol i thogenesis   aa   wel l  BB other   types  of li- 
thogeneeis is  predetermined by physico-geogra- 
ph ica l  and zonal  factors  without  losing its 
t i e s  with the  geological  eubstratum. 

The m o s t  important   pr inciple  is the  genetic  one,  
that i s  the  physico-geographical and geological  
nature  o f  cryol i thogenesis .  To i n t e r p r e t   t h i s  
p r inc ip l e  i t  is necessary  to  deternine the po- 
e i t i o n  o f  c ryo l i thogenes i s   i n   t he   gene ra l  eye- 
tern o f  l i thogenes is .  

The attempt t o  determine  the  position of  cryo- 
l i thogemaia   in   the   l i thogenes is   sys tem allowed 
u s  t o  come to   the   conclus ion   tha t  cryol i thoge-  
n'esis should be Considered a8 two kinde o f  pro- 
cesses  o f  the  eane range 1)cryogenic  diogene- 
s i s ;  2)frost weathering or cryohypergenesiu. 
R o t h  o f  t h e s e  proceases  r e n d +  i n  d i f f e ren t  li- 
thogenic  efrecto  allowing t o  c l a s s i f y  the  ,fro- 
zen  ground  features. 

It should be noted   tha t   l i thogenes is  i s  not 
only B procesa o f  sedimentation  but also  a re- 
eiduum forming process.  'fleathering is known t o  
be considered by l i t h O l O g i 8 t 6  not  only as a 
preparatory  otage  for  subsequent  tranagorhati-  
on and depoeition o f  ma te r i a l   i n   t e rmina l  in- 
completely impounded bodies  but e8 a f a c t o r  
o f  transformation o f  the   or iginal   rocke  reaul-  
t i n g   i n   t h e   f o r m a t i o n  o f  widerrprera r a the r  
th ick   s tab le   res idua .  Thus, lithology i e  B eci-  
ence  both of sedimentation and the  formation 
of res idua.  In Pact a l l  processes o f  exogene- 
t i c  rock  formation by wsathering, medimento- 
genesie and aiagenesis   are   l i thogeneous pxo- 
ceasee. The i n t e n s i t y  and  character o f  the  li- . 
thogenesis  proceesea  are  determined by t he  ghy- 
aico-  geographical  conditions,  i i rd of a l l  by 
the  climatic ones which  change with  every  c l i -  
matic  sone thus stupulat ing  the  zonal  chsrac- 
t e r  o f  l i thogenes is  

The above cor rec t ion  of tho   def in i t ion  o f  the  
concept o f  l i tho logy  - l i thogenee is  is eaaen- 
t i a l  and, aa w i l l  be s e e n   l a t e r ,  i t  permits t o  
i n t e rp re t   t he  ooncept of cryol i thogeneais  much 
wider. 

Thus cryogenic  proceeaee may be considered as 
specif ic   procesaea  of   diagsnesie  and weathering 
developing i n  near-surface  conditions. Are the- 
r e  any reasons t o  in te rpre t   the   p rocesses  o f  
cryol i thogenesis  88 those of diageneeis and 
weathering? 

Diagenesis  should  not  only be i n t e rp re t ed  a8 
physico-chemical  balancing  of  eediment i n  a 
subaqueoue medium, but ala0 as its ghysico-me- 
chanical  balancing i n  subaqueous and subaer ia l  
media, i . 8 .  i t a  oompaction, r e l a t i v e  aehydra- 
t i o n  and squebeing  out o f  unbound and migrat i -  
on of l 0 ~ 8 ~ l g  bound, water. Therefore,  cryoge- 
n i c  p r o c e s ~ e s ,  which are  mainly known t o  re- 
eult i n  phpico-mechanical  modificatione  in 
t h e  eediment and rock Nhen they bring about 
t h e i r  permanent  ( long-laating)  consolidation 
due to   the  formation of ice,   should be regar- 
ded as diageneeis   (cryodiagenesis) .  
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The most general   cam of  cryodiagenesis is the  
long i r r eve re ib l e  freezing o f  moist esdiments 
and dlepereed  rocks, with i c e  forming i n  them 
as an authigenic  mineral. The f rees ing  .of ale-  
uropel i te  and fine-arenaceoua  sedimente and 
rocks is accompanied by re lat ive  dehydrat ion 
of  the  mineral  aggxegatgs  during  the migration 
o f  both unbound and loosely bound water, by 
Intravoluma  contraction and a0 a r u l e  by the  
formation o f  i o e  inclusions which produoe the  
layered  and  reticulate  cryogenic  etructuree of 
the  permanently frozen rock  subjected  to  diage- 
nea is  Oryodiageneaie o f  the  coareely-dieper- 
sed rooka (sands and o t h e r e )   i e  8 eimpler pro- 
cess of unbound water   f reezing  without   i ta  m i -  
g ra t ion  o r  detachment from the  freezing  .front.  

turb the   s tnroture  o f  ooarse maimento or 
rock8 are formed. The i cy  g~1-c formations 
( i c e  i e  an authigenic  mineral) ,   being  the pro- 
duct  of  cryodiageneeie, are termed  frozen  ear- 
t h   m a t e r i a l .  

The jroxmation o f  maesive v e i n   i c e   l a t t i c e s  i n  
aisgereed rocks during suceeaaive frost f r a o -  
t u r i n g  as well aa the formation o f  ice   cores  
i n  mounde - hydrolaccol i tes  - are a l so  wide-  
epread c a m e .  Large monomineral i c e  formati- 
ona are known as pure i c e   i n   t h e  ground. 

Cryodiageneais  occura  both as primary diagene- 
s i e ,  if the  sedimlnts  that  have  not  muifsred 
diagenesis o f  the  general tgpc, freeze and as 
secondary  auperimpoeed diagenesis, if the rockss 
Chat have already experienced  general diagene- 
*ate  do freeze<, though they are not very compa- 
cted and have re ta ined  eome l ooa i ly  bound water 
capable o f  cryogenic migration. 

Another  modification of cryodiageneeie is the  
longi- i r r eve r s ib l e   f r eez ing  of unoonaolidafed 
r e t  clayey and more coarse  dibpsrsed  residia . 
with an analogousl to   the  descr ibed cryostruc- 
t u r a l   e f f e o t .  This kind  o f  cryodiageqesie ma- 
n i f s s t a   i t s e l f  as posteluvial   diagenesis.  

Clas t ic   depos i t s  formed as a r e s u l t  o f  physioal 
desintegrat ion  of   crgetal l ine,  metamorphic  and 
compact sedimentary  rocks &e well as dust-like 
deposi t@,  the final desintegration  proauct of 
the Bandy and larger  fxaotions,  and  the  aggre- 
gat ions o f  the  c layey  f ract ion  reaching  dwt-  
l ike  dimeneional i ty  too,  axe t h e  rrsult of cry- 
olithogeneaie ar a procees of froet  weathering. 

Frost weathering  manifeate  i teell :   to the f u l l  
during  eyatematio  eeaaonal and daily  freezing- 
thawing of rocks. Besides, two mechaoiems o f  
oryogenic  deeintegratfon  are  observed  1)froat 
weathering  under  the  influence OP f r o s t  wed- 
ging i n  rather  large  crack8  and  pores.   This 
proceee is reeponaible f o r  the  formation o f  
coaree  frapents  cr   OClasti te8:  blocks,   rock 
debr i s ,  coarBe  %and; 2Tcrphyarat   ional  weathe- 
ring caused by the   var ia t ion  of the wedging 
action o f  t h i n  water films in microfractures  
owing t o  phase  changee r e s u l t i n g   i n   t h e  forma- 
t i o n  o f  the mll f r a c t i o n  - the dust-like and 

l i t e .  It is the end product o f  frost   weathering 
fine-dispersion dimensionality,  termed cryope- 

Frost weathesing resu l t ing   in   the   format ion  of 

iea idee ,  a massive  cryogenic  structure-or cen- 
ters o f  icefornation which do not  notably die-"-so, t he   Do lmio t i c  aimeraion ice  rocks - the 
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c r y o c h s t i t e s  and  cryopelitee is confined  to 
the  eeasonal  freezing-thawing  horizon. But the  
epigenet ic   f reeaing of t he   c rys t a l l i ne ,  meta- 
morphic end compact eedimentary rocks (eand- 
Btonee, a l e u r o l i t e a ,   a r g i l l i t e s  and  limestonee) 
leading  to   the  formation of permafrost is aleo 
a diaintegration  prooees.  It is mainly B pro- 
ceee o f  f reez ing  of unbound water i n  fractureB, 
aubeequent  thawing o f  the  frozen  rock mass aho- 
we t h a t  thie massif  has become lees strong  and 
tend8 t o  d ie in tegra te .  fhue the f reezing ojr so- 
l i d  bedrocks  ahoula be considered aa t h e   i n i t i -  
al iroot weathering  procees,  preparing much 
rocks for disintegration,  Therefore  such per- 
mafrost roclre should be termed  massifs o f  oryo- 
genic   prodis integrat ion.  

&then rock-material and the monoaineralic  ice 
rocks (veined, i n j e c t i b l e ,   e t c )  - the  pure i c e  
i n  the  ground are  the  crgodiagenesis  products. 
But the rooke o f  cryogenic  prediaintegration, 
t h a t  ie the permafroat  oryrtall ine  and other 
compaot rocks,   are  the  products o f  f r o s t  wea- 
ther ing,  i .e cryohypergenesis:  bloclr8,rock 
debris, sand are c ryoc la s t i t s s ,  i . e .  t he   i n i -  
t i a l  producte o f  oryogenic  disintegration; 
duet-  and Loeaa-like lilt are cryogel i tee ,   the  
end products of oryohypergenesis. 

Thus the   cor rec t ly   chosen   d i rec t ion  o f  aearch 
f o r   t h e   p o s i t i o n  of crgolithogenesls i n  the 

t i o n  and on the whale a sce r t a in  the  genet ic  
nature  o f  cryolithogeneeie as a natura l  pheno- 
menon. 

The aeoond methodological  principle of cxyoli- 
thology, a8 it hae  been stated above, i s  the  
f ind ing   ou t  o f  t he  regularities o f  cryol i tho-  
genesis zonal  manifsetation. 

Iheae r e g u l a r i t i e s  may te found  out i f  one re- 
c a l l s  some o f   t h e   g e m f r o a t   s t r u c t u r e   p e c u l i a -  
rities - the  epicryogenic (frozen a f t e r   t h e  
rock masn forna t ion)  and Bynoryogenic (frozen 
In the  sedimentation procclaa). 

To determine the  p e c u l i a r i t i e s  of the  epicryo- 
genic and syncryogenic  procasses and t h e i r   e t a -  
ges it proved  necessary t o  d i s t inguish  the ge- 
net ic   horizons in the  aequencee o f  d iapera im 
epi- and  syncryogenic  rock massee. The singling 
o u t   o f  these  horizons is mainly baaed on the  
laking i n t o  aocoiult the  temperature  conditione 
of fxeeeing and the extent o f  cryogenic  proceea 
a c t i v i t y .  The horisons for   the  epic   ogenic  
rock maesee are a8 follows (downwar8  1)the 
horizon o f  discontinuous  cryohypergenesis (sea- 
sonal  freezing-thawing, f r o s t  weathering); 
2)active  cryodiagenesis, where the  formation 
o f  permafroat l e  coanected with  annual  winter 
heat loss impulses; 3)paesive cryodiagenesis, 
where the formation o f  p8mRfrOsit is connected 
with  the  general   perennial   heat exchange l eve l .  
For the  syncr  ogenic rook massea the  horizons 
a re  (downwardj 1 )discontinuoue  cryodiagenesis, 
where the basement o f  the eeasonal freezing- 
thawing layer on sequential  sedimentation  on 
the  surface is r e l a t i v e l y  Boon rsplaced by 
sequent ia l   t rans i t ion   in to   permbfroa t ;  
2)active  cryogenesis,  as, i n   t h e  previous type 
of rock masees; 3)relative  conservation,  in- 

l i thogenode  BySta  enabled t o  f ind  the  post-  



h&riting the  cryostructural   featuree,   acquired 
by the  sediment  (rock) when i t  wae first i n  
seasonal  freezing  Conditions and then   i n   ac t i -  
ve cryodiagenesis. 

As a r e s u l t  of cryogenic  proceeses  in one o r  
the  other  horizone when the  development I s  of 
the  epi-  o r  eyncryogenic  type, a qui te   def in i -  
t e   a e t  o f  cryogenic  rocks  arises - pure   i ce   i n  
the  ground, f rozen  ear th   mater ia l  o r  cryogenic 
eluvium  with i t s  spec i f ic   c ryos txuc tura l  and 
t ex tu ra l   f ea tu re s .  

For lack  of   place  the  descr ipt ion of the  atruc- 
t u r a l ,   t e x t u r a l  and o ther   fea turee  o f  t he  ge- 
ne t ic   hor izons   in   ep i -  and  eyncryogenic rock 
maems is not  given  here.   Suffice i t  t o  my 
that taking the  pei-msfros-: region of Suraeia 
ae an example one may judge of the  character  
o f  a l l   t h e  change o f  the  horizon  s t ructure  
pecul ia  rities of  theae  rock masses f r o m  north 
to  south from t h e   a r c t i c  zone to   the   subarc t ic  

Within  each o f  these  natural  zone8 the  Chick- 
and fu r the r  t o   t he  boreal and eubboreal ones. 
ness of e l l  the horizons and t h e i r  main s t ruc-  
t u r a l   f e a t u r e s  change  regularly. For example, 
the  thickneae o f  the  seasonal  freezing-thawing 
horizon i n  epioryogenic rock masses and  conae- 
quently the thickness  o f  the  cryogenic  eluvi- 
um from north to  south  inareaeea  gradually and 
finally  completely  replaces  tho  permafroat by 
a mantle  cryoeluvial horizon of loess- l ike de- 
pos i t s .  A 1 1  the   o ther   gene t ic  horizons undergo 
appropriate  changes  both i n  thickness  and i n  
the   spec ia l   fea turea  o f  cryogenio  structure 
from one natural   lone t o  another. 

Thue, the knowledge of the  nature  of  the  cryo- 
l i thogenes ie  phenomenon which should be canei- 
d e r e d   t h e   i n i t i a l  methodologic feature,   impli-  
es proper use of the  second  methcdological 
pr inc ip le  o f  cryolithologg,  that  is the aacer- 
t a in ing  o f  preeent-day  regularlt iea of  t he  zo- 
nal  cryolithogenesis  manifeatation. 

On the b a s i s  o f   t h e   f i r e t  two methodological 
p r inc ip l e s  we ge t   t he   e s sen t i a l   da t a   fo r   t he  
understanding of  the   p r inc ipa l   s tuges  o f  the  
hietorical   cqfoli thogenesis  developrrent,  i.e. 

need from the  point  o f  view of methodology  of 
g i ca l   p r inc ip l e s .  There i s  nei ther  place nor 

our science t o  descr ibe  the  cryol i thogenesis  
formation and  development s tages  on t h i s  pls-  
net  from Proterozoic  to  Pleistocene and Holo- 
cene. As an example o f  the  use o f  t he   t h i rd  o f  
the  main  methodological  principles o f  cryol i -  
thology it would be b a t t e r  t o  dwell on i ts  
s ignif icance for paleogeographical  reconstruc- 
t i ons .  

WB come t o  t h e   t h i r d  o f  the  basic nethodolo- 

The working out o f  a gene t i c   c l a s s i f i ca t ion  of 
frozen $round features,  baaed on the  nnder- 
standing of theis very  physico-geographical 
end geo1o::ical nature  enablee v e  t o  make a 
more r a t iona l  t h m  irrevfouely paleogeogra- 
phical  reconntlu-bion o f  ~ a s t  natural  condi- 
t i ons  from recent  frozen ground featurea  and 
the i r   impr in ts .  

When dealing  with  recent frozen ground  featu- 
res   the   e ingl ing   ou t  o f  a l l  the  aforementio- 
ned elements ie a task  of paramount  importan- 
08 as it enables  us,   in many casea, t o  j u d p  

.. . . 
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by the   regular   ver t ica l   d i s t r ibu t ion  of i c e  in 
the  rock massee o f  the  paleoclfmatie conditions 
prevaiJing a t   the   t ime of permafroet  formation. 
Besides,  eyncryogenic  rock  maases are p r t i c u -  
l a r l y   s i g n i f i o a n t  as any o f  the i r   hor izoae  aho- 
wing the  near-surface  freezing  conditione, 
allows as t o  judge o f  the   o l imate   a t   the  time 
o f  t h e  depoeition o f  %very  sediment  Layer tho- 
ugh there  are oer ta in   d i fBcul t ies   in   such  an 
inves t iga t ion .  

The f o m i l  frozen ground featuree a re  of great 
paleogeographical  interest  bu t  there   a r i se   g re-  
a t   d i f f i c u l t i e s   i n   t h e   g e n e t i c   i n t e r p r e t a t i o n  
of the  cryogenic phenomena. The genetic  system 
of  frozen ground featurea  has  been worked out 
a t  preeent but not a31 of i ts  elements are o f  
the same i n t e r e s t  from the point  of view o f  
paleocryogenic   anal ie is ,   par t icular ly  f o r  the  
f o m i l .  cryol i thogenesis  imprints. Thus a l l  in- 
jection  deposita  remain  practically  unrecorded 
i n   t h e   f o s s i l   s t a t e .  The fosei l   imprints  of  
frozen earth mater ia l  i . e .  o f  t e i c e  po 
t i c  rocka  are   discern6d  with  &icdty.  4Gic- 
horizon o f  seasonal freesing-thawing is charac- 
t e r i zed  by s tages  o f  the  process o f  eubatratum 
tranefoxmation  into  the  eecondary  duet-like 
produot - the   c ryopel i te .  The completion o f  
this procesm io t h s  acquie i t ion  o f  loese ia l  
appearance with all the   inherent  symptoms. 

O f  par t icular   importance are the deformations 
due to   t he   f ros t   f r ac tu r ing  of t he   ac t ive  l a -  
yer .  It is cowlected  with  the  formation o f  po- 
lygonal ground vein8 which often  extend  into 
the permafrost. Tbe ground  veins  axe  particu- 
lar ly   important   indicators  of the   r igour  and 
cont inenta l i ty  o f  climate only when the  sea- 
plonal freezing is extremely deep. 

The horizon of the  active  cryodiageneais in 
epicryogenic rock mames i s  rather  important 
f o r  tho  Paleacryogenic ELndyBBB, ae w i t h i n   i t a  
limits unaer  favourable  conditione epicryoge- 
nio polygonal wedge i o e  is formed. Their de- 
gradat ion may result i n  the formation o f  grou- 
nd pseudomorphs  on i ce  wedges. 

The thiak  syncryogenic  permafrost  does not re- 
t a i n  as  a rule any traces of its former atruc- 
t u r e   a f t e r  thawing. ha for  syncryogeneeis i n  
conditions of deep seaaonal freezing the   th ick  
series o f  deposi ts  of d i f fe ren t  genesis beaidea 
bearing evidence of  cryogenic  acquisit ion o f  
loessial   appearance natural f o r  them are a8 
well  characterized by ground veins which a r e  
the   resu l t   o f  froet f r aa tu r ing  - a process 
accompaning  cxyohypergenesia. The importance o f  
the  cryogenic  eluvium complex wi th  such  pecu- 
L i a r   t o  it f ea tu res  of cryohypergeneeis as  ac- 
qu i s i t i on  of  loessial  appearance  and  polygonal 
l a t t i c e s  o f  ground vein8 is evident when d8a- 
l ing  with  paleogeographinsl   -?soonstructians.  

Such is the  incompletely shown here  importance 
of the genetic  system o f  cryogenic phenomena 
f o r  paleogeographical  reconstruction and  hsnce 
f o r   t h e  knowleage o f  the h i s t o r i c a l  aevelopment 
of cryolithogenesis  processee both i n   t h e  Ceno- 
zoic and i n  more remote  geologic  time. The ge- 
ne t io  system o f  cryogenic phenomena must help 
ue to  diecover  zonal  patterns o f  t h e i r  distri- 
bution a8 well as spec i f i c   f ea tu re s   s t i gu la t ed  
by regional   factoro,  first o f  a l l  by such onee 



as the manifestation o f  cryolithogeneeis in 
conditione of areas of predominant tectonic up- 
warping, subsidence or  tectonic stabflity, i. 
e. in conditions of predominating denudation 
or accumulation o f  sediments or long stability 
of the axea without noticeable removal and 8c- 
cumulation of material. 

The three main methodological  principle8 of 
c r y o u t h o l o g y  haV8 been oonaiaerea ana the in 

Lnce of each o f  them and th 
Ir-~interrela~ionship have been stressed. It hae 

e- 

been shown that only taking into aocounf the 
epecif ic  character of diagenesis and weathering 
(hypergenesia) stipulated by climate can help 
one t o  determine th% lithogeneeis type, in t h i s  
c w e  the cryolithogeneeis one, which includea 
both cryodla enesis ana f r o s t  weathering (cryo- 
hypergenecis7. Ther 3 are the founzationk of the 
cryolithogsnesis theory. 

849 



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 

SYNOPSIS Massive tabular ice and icy sediments, underlie hills and ridges within and 
proximal to the glacial limit on the Tuktoyaktuk Peninsula. Sediments in depressions and 
radiocarbon dates obtained from these sediments indicate tha,t massive ice and icy sediments were 
more continuous before the hypsithermal in that they underlaid most landscape now occupied by 
basins until the ice melted during the hypsithermal. Oxygen isotope values from the massive ice 
as reported by Nackay (1983) suggest that it has a glacial or meltwater origin. The distribution 
of icy sediments and massive ice proximal to the limit o f  glaciation, the lack of massive ice 
within till, massive ice interlayered to depth with fluvial sands, the transition from massive ice 
to reticulate ice veins at some localities, vertically oriented strings o f  gas bubbles and matched 
broken soil fragments across ice lenses (Mackay  1971) indicate an epigenetic segregation origin 
for the ice. This ice likely formed from subglacial meltwater hydrostatically driven toward an 
aggrading permafrost table near the glacier margin. 

INTRODUCTION 

The Tuktoyaktuk Coastlands, which includes the 
Tuktoyaktuk Peninsula, of northwestern Canada 
(Fig. 1) are underlain by a thick sequence o f  
unconsolidated Quaternary sediments, 
Generally, till of variable thickness overlies 
interbedded sands and c lays  (Rampton, in 
press). 

Massive ground ice and icy sediments can be 

Tuktoyaktuk Coastlands (Figs. 2 and 3). Their 
examined in shoreline exposures throughout the 

presence has also been confirmed by the 

numerous 1 0  to 60 metre holes drilled 
recording of massive ice and icy sediments in 

throughout the area for seismic surveys 
(Flackay, 1971; Rampton and Mackay, 1 9 7 1 ;  
Rampton, in  press); and by gravity surveys 
(Rampton and Il'alcott, 1974) that indicate 
many hills and ridges are cored with ground 
ice (Fig. 4 ) .  

Massive ground ice and icy sediments were 
much more extensive throughout the Tuktoyaktuk 
Coastlands at the beginning of the 
hypsithermal. The strata underlying 
depressions, which cover much of the 
Tuktoyaktuk Peninsula, presently contain few 
massive ground ice bodies and are  deficient 
in ice content relative to the strata 
underlying uplands. Numerous basins 
examined throughout the region show a 
consistent sequence of lacustrine sediments 
over colluvium over preglacial sediments. 
Depressions showing this sequence have 
developed through thermokarst expansion of 
lacustrine basins via retrogressive thaw f low 

beginning of the hypsithermal. This involves 
slides (Rampton, in  press), mainly at the 

removal of  massive ice underlying till and 
other sediment through continuous retreat o f  
icy scarps ( c f .  F i g s .  2 and 3 )  and the flow 

o f  thawed debris downslope into a lacustrine 
basin where the debris (colluvium) is 
partially reworked and covered by lacustrine 
sediments as the basin continues t o  expand 
(Rampton, 19731. Thus, massive ice was 
formerly much more extensive and any origin 
o f  massive ground ice and i c y  sediments on the 
Tuktoyaktuk Peninsula must account for the 
formation o f  large volumes o f  ice under a 
landscape virtually devoid o f  lacustrine 
basins. 

Fig.1 Location map. A-massive  ice, Fig. 2 ;  
B-involuted  hills, F i g .  4; C-Richards 
Island, Fig. 4 

GROUND ICE STRATTCRAPHY 

Drilling data throughout the Tuktoyaktuk 
Coastlands indicate that massive tabular 
ground ice and very icy sediments commonly 
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lie at the base of till and till-derived 
sedimcnts [cf. Figs. 2 ,  3 and 4). Generally 
the larger bodies of tabular ground ice are 
underlain by sand or gravel (Mackay, 1971; 
Rampton, in press). An analysis  of drilling 
results by Rampton and Mackay (1971, p. 5 )  
confirms this: “ O f  the 176 bodies o f  massive 
ice that were drilled completely through, 4 per 
cent were overlain by peat, 19 per cent by 
gravel, sand and gravel, o r  sand, 3 per cent by 
sandy clay, 2 6  per cent by clay and 4 8  per cent 
by clay and rocks,  which is interpreted as till 
or material derived from the reworking o f  till. 
The material lying below the massive ice was 
9 2  per cent gravel, sand  and gravel, and sand, 
2 per cent sandy clay and 6 per cent sandy 
clay. Where sandy clay or clay lay under the 
ice, the latter was found to he thin”. The 
remarkably sharp contact between till and 
massive ground ice can be  observed in 
numerous exposures throughout the area (Figs. 
2 and 3 ) .  

provided o f  course that the latter strata is 
being continuously recharged with  water. 
Segregated ice may also form within sand and 
gravels if the pore water pressures are high 
enough (Mackay, 1971, 1973, 1979). Ice lenses 
(segregated ice) have been observed in the 
core o f  a pingo at Tuktoyaktuk that are 
virtually indentical to ice lenses within 

F i g .  2 Massive ground ice  exposed a t  head 
of  r ~ ~ ~ o ~ ~ ~ s s ~ v e  thaw flow slide 
s#~t~lwest of  ~ ~ k ~ o ~ ~ ~ ~ ~ ~ .  

Drill ho le  data (Rampton, in press; Fig. 5) 

within sand underlying till, but that the ’ 

indicate that ground ice can also be present 

thickness o f  the ice bodies is less than 
those bodies located directly under till. I n  
detail, icy sand probablyconstitutes ice lenses 
separated by thin layers of  sand as can be seen 
in ice cellars at Tuktoyaktuk (Fig. 6). 

The prevalence o f  large massive ice bodies 
directly under fine-textured clayey till, t h e  
presence o f  multiple ice lenses within sand 
sequences, and the presence o f  sand and gravel 
below most bodies o f  massive ice are all 
factors consistent with an epigenetic 
segregation origin for the ice. Williams 
(1967) indicated that the formation o f  large 
ice lenses is favoured by an abundance of 
water, low overburden  pressures, slow freezing 
rates, high permeability and small pore 
openlngs. Mackay (1971, p. 420) has also 
noted that ”for a thick ice lens to form, 
there must be a constant replenishment of  pore 
water from below’?. The prevalence of icy 
sediments where ample water is available at the 
Ereezing plane has been noted in other 
regional studies (Rampton et al, 1983). Thus 
large ice lenses (or massive ground ice) 
develop at the clayey till - sand and gravel 
contact because the high permeability o f  the 
underlying sand and gravel allow water to 
migrate t o  the small pore openings o f  the till, 

INVOLUTED HILL 

Fro2 

N 

‘2 x-3 3”- 
RICHARDS ISLAND 

Fig. 4 Profiles an Tuktoyaktuk Coastlands 
showing ground ice as located 
t.hrough gravity profiling and 
drilling (from Rampton and Walcott, 
1974). 
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Fig. 5 Drill hole logs near  Toker Point Stade (Wisconsinan) glacial 
limit along Tuktoyaktuk Peninsula. Till within glacial limit 
is usually logged as clay. 

sands in ice cellars in the same village 
(Rampton and Mackay, 1971). Mackay (1973, 
1979) has demonstrated that  the formation of 
ice lenses (segregated ice) within a pingo is 
related t o  water at  the freezing plane. 

A glacier origin for most of the massive ice 
described above docs not  seem tangible as 
entrainment of glacial debris occurs at the 
base of a glacier (Sugden and John, 1976). 
Such entrainment commonly results in alternat- 
ing layers of till, debris-rich ice (icy  till) 
and glacier ice at the base of the glacier. To 
date, interlayered till or icy till has only 
been reported in this region from under glacio- 
fluvial sediments near the base o f  massive ice 
on Richards Island (Dallimore and Wolf, 1988). 

outwash at the south end of the Eskimo Lakes 
Buried glacier ice may also be present under 

in buried ice there (Fig. 3 in Rampton and 
(Fig. 1) where  a possible shear plane was noted 

Walcott 1 9 7 4 ) .  Harry and French (personal 
communication 1987) have  also noted ground ice 
in this area that they suspect to be glacial in 
origin. 

OXYGEN ISOTOPES OF GROUND ICE 

Mackay (1983) has compiled the &18j3 values for 
ice from a number o f  sites in the Tukto aktuk 
Coastlands and adjacent areas as the "6180 
values for ice in permafrost help to give an 
indication o f  the cohditions when precipitation 
occurred" (Mackay 1983, p. 67). He found that 
values for modern  waters and for ice formed 
during the Holocene were more positive than 
valueg8for massive ground ice. Values (-29 to 
-35 6 0 in O / o o  obtained from the massive ice 
were similar to those reported for Wisconsinan 
ice  in the Devon ice cap (Paterson et al, 1977). 



This suggests that precipitation o f  the water 
forming the massive ice occurred under a high 
latitude Wisconsinan environment. Thus values 
obtained from  massive ice, most o f  which is 
believed  to  have an epigenetic segregation 
origin, on the Tuktoyaktuk Coastlands suggest a 
glacier source of water (Mackay  1983)  as 
previously proposed  by Rampton (1974). 

ICE PETROGRAPHY, BUBBLES AND SOIL INCLUSIONS 

Where  ice crystals have been studied  in  detail 
within ice lenses, the crystals are oriented 
normal to  lensing  (Mackay  and Stager, 1966). 
Such an alignment occurs parallel to the 
thermal gradient, It  indicates downward move- 
ment of the freezing plane  and little deforma- 
tion of the  ice since its  formation. 

Bubbles  in clean ice  between  bands o f  debris- 
rich ice in examined  massive ice exposures are 
oriented normal to banding  (Rampton and Mackay 
1971). Also "soil fragments may have bubbles 
trailing upwards from them, normal t o  layering" 
(Mackay, 1971, p.  411). These characteristics 
also indicate downward movement of the freezing 
plane and  little  subsequent deformation. 

Mackay (1971) has also noted  that stones will 
have icy coatings on one side consistent with a 
downward moving freezing plane, and that broken 
soil fragments can be  matched vertically acxoss 
ice  lenses. The latter is consistent with 
epigenetic segregation formation of the  ice  and 
is inconsistent with a lacier origin requiring 
some lateral movement o f  Ice. 

CONTACTS OF MASSIVE ICE BODIES 

Commonly massive ice  grades upward into  clayey 
till with reticulate ice (Figs. 2 and 3 ) ;  in 
some cases a continuum from ice  lenses through 
reticulate ice through massive ice may occur 
(Fig. 3). Mackay (1971) has also reported on 
the common gradational contact o f  massive ice 
bodies, Exceptions are where melting from the 
surface or fluvial erosion at  the surface has 
resulted in a sharp upper contact, The 
gradational  ice contacts would suggest a common 
origin to all ice types. Reticulate ice and 
ice lenses are known to  be primarily  formed by 

downward moving frost  line  (Mackay, 19741, and 
ground shrinkage and  ice segregation under a 

a similar origin f o r  the associated massive ice 
is thus indicated. 

FORMATION OF MASSIVE GROUND ICE 

Most evidence points to the extensive massive 
ground  ice on the Tuktoyaktuk Peninsula as 
having been formed as epigenetic segregation 
ice  (Mackay, 1971; Rampton, 1987); yet it has 

These factors can be reconciled if the primary 
6180 values typical of Wisconsinan glacier  ice. 

source of water forming the  ground  ice  is 
glacial  meltwater. The only other probable 
source of water  is from lakes in intervening 
depressions. However, as previously stated, 
most of these lakes did  not  form  until the 
hypsithermal. If the massive  ground  ice  formed 

high 6lHO values similar to  ice  from under 
from th's water, the  ice would have relatitrely 

refrozen taliks, which has values similar to 
those of today's lakes (Michel  and Fritq1982, 
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Mackay,1983). A model o f  ground  ice formation 
ha5 been previously proposed f o r  the 
Tuktoyaktuk Coastlands (Rampton, 1974)  that 
has  ground  ice within and immediately proximal 
t o  the  glacial  limit  forming from the freezing 
of subglacial meltwater (Fig. 7 ) ,  This 
requires that  the sediments immediately under- 
lying  the glacier be in a thawed  state.  Beget 

EARLY WISCONSINAN krmatmlt awrding 
4gIac4atlon 

MIDDLE WIBCONSINAN Rrmatmtt to 300 m 
J.km rmm 

Eorpolpwmalnrst. .W 
osc 

Fig. 7 Model showing development of ground 
ice through time on the Tuktoyaktuk 
Peninsula (from Rampton, in press) .  
Note folding o f  ice  and sediments 
can occur near margin o f  glacier 
(Early  Wisconsinan) . 



(1987) has concluded that  the  base of the 
glacipr was not frozen t o  its base in the 
vicinity of the Tuktoyaktuk Coastlands during 
glaciations affecting them because  the i c e  
sheets had low topographic  profiles indicative 
of low basal shear stress and  high subglacial 
pore pressure. The glaciers must  have been 
thick  enough to cause temperature to rise to 
the pressure melting  point  at o r  near their 
base during the  last  glaciation. 

Subglacial meltwater moving  towards  the 
periphery of the i ce  sheet under hydrostatic 
pressure (created by glacier  ice overburden 
pressures) would then supply the large volumes 
o f  water reqbired to  form  the extensive beds 
o f  massive ice (as previously indicated the 
massive ice underlaid most of the landscape 
following it5 formation, see also Fig.  7 - 
Middle Wisconsinan). This pressurized wqter 
would form ice  lenses and massive ice at the 
aggrading permafrost table.  Recent studies by 
Gustavson and  Boothroyd (1987) have shown that 
most meltwater under the Malaspina Glacier in 
Alaska moves along the base of the glacier and 
is expelled near its terminus under pressure. 
The origin of eskers and  tunnel valleys in 
temperate North America has also been 
attributed t o  similar subglacial flow (Wright, 
1971). The large, deep trenches forming 
finger-like projections of land in  the Eskimo 
Lakes (Fig. 1) have bases that lie well below 
sea level and were likely  formed  by subglacial 
meltwater eroding thawed sands under hydro- 

north part o f  the TuEtoyaktuk Peninsula is 
static pressure (Ram ton, in press). The 
formed o f  sand and  gravel  (Rampton  1979)  that 
appears to have been deposited by sediment- 
laden waters emerging from these trenches at 
the margin o f  the  glaciers. 

Ground i c e  is present well beyond  the  glacial 
limit along the Tuktoyaktuk Peninsula (Fig. 5)  
where it was probably formed prior to 
glaciation during regional  cooling. However as 
evidenced by  drill  hole data (Fig. 5) and  the 
depth of thernokarst depressions it is not  as 
thick as  the  ground  ice within the  glacial 
limit * 
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ANDES SLOPE ASYMMETRY DUE TO GELIIiZUCTION 

M.C. Regairaz 

IANIGLA-CONICET, C.C.330,5500 Mendoza,  Argentina 

SYNOPSIS: There are soils affected by differential gelifluc 
Pleistocene age, on the remnants hills o f  the Andes piedmont at 2 2 0 0  m 
gelifluction on  north- and south-facing slopes was determined based on 

tion, rzhich points to a 

: 1 )  s l o p e  measurements; 
as1  and 33O.51.. Differential 

2 )  clast orientation by means of Situmetry. 

INTRODUCTION 

Solifluction is a slow downslope waste  move- 
ment under saturated conditions. Solifluction 
, so defined, has a broad sense since it can 
occur  in any climate. Gelifluction means soli- 
fluction associated with frozen ground, either 
seasonally f rozen  ground or permafrost. Geli- 
fluction has a more restricted sense because i t  
is confined t o  cold climates, 

BACKGROUND 

Previous studies in the area (Schneider et al., 
1 9 7 6 ;  Nijensohn et a l . ,  1 9 7 9 ;  Moyano de Imazjo 
et a l , ,  1 9 8 2 ;  Gaviola de Heras 6 Nijensohn, 
1984) are not focussed on frost action effects 
on  soils, This is the first paper dealing with 
such aspects. 

Slope asymmetry has been widely studied all 
over the world and many explanations have 
been developed: tilted strata, lateral stream 
erosion (Smith, 1 9 4 9 ;  Melton, 1 9 6 0 ;  Kennedy, 
1 9 7 5 ) ,  gelifluction (Currey, 1 9 6 4 ;  Wayne, 1 9 6 7 ;  
Kowalkoski et al.; 1 9 8 0 ,  GrimbErieux, 1 9 8 2 1 ,  
etc. Sometimes two o r  more processes are work- 
ing together i.e.: gelifluction material ac-  
cumulated at the foot of the slopes causes 
lateral river migration which, in turn,  pro- 
duces basal undercutting of the opposite 
nearest slope. 

Solifluction produces predoninantly long axis 
clast orientation parallel t o  the slope. This 
preferential downslope orientation has been 
observed (Lundquist, 1949; Poser F, Hovcrmann, 
1 9 5 1 ;  Rapp, 1 9 6 6 ;  Benedict, 1 9 6 6 , 1 9 7 0 ;  
Furrer F, Bachmann, 1 9 6 8 ;  Rrochu, 1 9 7 2 ,  197s; 
Mottlershead, 1 9 7 6 ,   1 9 8 2 ;  Reanier F, Ilgolini, 
1 9 8 3 ,  among many others). Although it hap been 
pointed o u t  that  this preferential orirntntiorl 
can also be produced by gravity, such ; i s  i n  
colluvial slopes, certain studics (Poser fg 
Havermnnn, 1 9 5 1 ;  Furrer & Bachmann, 1 9 6 5 ;  
Lesser, 1 9 7 7 ;  Brochu, 1 9 7 8 )  havc s h o ~ n  th;lt 
solifluction determines ;I stronjzrr downslope 
orientation. 

'The Situmetry method has been applied (Poser 
E Hovermann, 1 9 5 1 ;  Furrer & Bachrnann, 1 9 6 8 ;  
Stablein, 1 9 7 0 ;  Leser, 1 9 7 7 ,  etc.)  to eva-  
luated clast orientation Lnvarious deposits, 
i.e.: solifluction,  moraines, etc. This me- 

de Vazquet  & Garleff, 1 9 8 1 ;  Ahumada 4 Trombo- 
thod is almost u n k n o m  in Argentina (.Abraham 

tto, 1984). 

STUDY AREA 

Field studies were centered on the piedmont 
area of the Corddn del Plata [ F i g . l ) ,  Yendoza, 
Argentina. The area is at 3 3 ' 5 '  SL and 69 '18 '  
WL, the average alt.itude  is 2 2 0 0  m asl. The 

MENDOZA 0 

LUJAN 0 

TUNJYAN 0 
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o r i g i n  o f  t h i s   p i e d m o n t  
t o  n t e c t o n i c   u p l i f t  o f  
t e c t o n i c   s e d i m e n t n t i o n  

\ - e g e t a t i o n  i s  a d i v e r s e   m o u n t a i n   f o r m a t i o n  

(Gome: Alolinn 6 J . i t t l e ,  1 9 5 1 ) .  The t r e e s  (Pophi1  
(Roig,  1 9 6 9 )  o r  a m o u n t a i n   g r a s s l a n d   b e l t  

,y., ;zd:z 3-7. 1 a r e  I-ery s c a r c e ,   t h e   m a i n  
v e g e t a t i o n   a r e   g r a s s e s  ( S t t p u  q., Fog sp . ,  e tc . )  

e t c . ) .  The a r e a  i s  no\$ u s e d   f o r   p o t a t o e   c u l t i -  
ind s h r u b s  (.kzmS: q., Vgrbenct sp. ,  Plassauvia sp., 

v a t i o n  and c a t t l e   g r a z i n g .  

- - .  

YETHODS 

S l o p e  o r i e n t a t i o n   a n d   a n g l e s   l i e r e   m e a s u r e d  
by t r a d i t i o n a l   m e a n s ,  a compass  and a c l i n o -  
m e t e r   r e s p e c t i v e l y .   S l o p e   e x p o s i t i o n   w a s   o b -  
t a i n e d   s u b t r a c t i n g   9 0 " f r o m   t h e   s o u t h e r n  slope 
o r i e n t a t i o n  and adding  up 9 0 " t o  t h e  o r i e n t a -  
t i o n  o f  n o r t h e r n   s l o p e s .   S u p p o s i n g   t h a t   t h e  

p a s s e s  360: t h i s   l a t t e r  v a l u e  must he s u b t r a c -  
s o - c a l c u l a t e d   n o r t h e r n  s l o p e  e x p o s i t i o n   s u r -  

t e d   t o   f i n d   t h e   f i n a l   r e s u l t .  The s l o p e  i n -  
c l i n a t i o n  \%-as  measured on  t h e   c o n s t a n t   s e c t o r  
o f   t h e   s l o p e s .   S l o p e   d i f f e r e n c e  is t h e   a n g l e  
o f  t h e   s o u t h e r n   s l o p e s   m i n u s   t h e  a n g l e  of t h e  
n o r t h e r n   o n e ,  t h u s  p o s i t i v e   v a l u e s  mean t h a t  
t h e   s o u t h - f a c i n g   p r o f i l e s   a r e   t h c   s t e e p e s t .  

Sample s i t e  1 i s  p l a c e d   i n   h i l l  N z 2 0 ,  s i t e  2 
i n  SSZZ,  s i t e  3 in NE6 and s i t e  4 i n   h i l l  N n l .  
C l a s t   o r i e n t a t i o n  tZas a n a l y z e d   i n , f o u r  p ro -  
f i l e s ,  two on n o r t h - f a c i n g   s l o p e s  (warm)  and 
trio on s o t h - f a c i n g  s l o p e s  ( c o l d ) .  The sample 
s i t e s   a r e   n o t   l o c a t e d   i n   o p p o s i t c   s l o p e s   i n  
t h e  same  remnant h i l l s ,   i n   f a c t ,   t h e y   w e r e  
a n a l y z e d   w h e r e   d e e p   e x p o s u r e s   m r e   f o u n d   ( i . e .  ; 
d e e p   g u l l i e s ,   r o a d   t r e n c h e s )   b e c a u s e   t h e   s t o n i -  
n e s s   o f   p r o f i l e s   m a k e s   d e e p   e x c a v a t i o n  a d i f f i -  
c u l t   t a s k .  The o u t e r m o s t   p a r t  o f  each  s o i l  
p r o f i l e  was c a r e f u l l y  removed  and long a x i s  
o r i e n t a t i o n   m e a s u r e m e n t s   l i e r e   t a k e n   i n   f r e s h  
e x p o s u r e s .  The l o n g - a x i s   o r i e n t a t i o n   o f   a p -  
p r o x i m a t e l y  SO e l o n g a t e   c l a s t s  was e v a l u a t e d  
i n   e a c h   s o i l   h o r i z o n .  

C l a s t   o r i e n t a t i o n  was e v a l u a t e d   b y  mcans of  
S i tume t ry .   Th i s   me thod  was chosen   because  i t  
i s  q u i c k e r   a n d   c n s i e r   t h a n   o t h e r   t r a d i t i o n a l  
m e t h o d s   ( i . e . :  r o se  d i ag rams)   and  as u s c f u l  
a s   t h e   o t h e r s   a r e .   R e s i d e s ,   t h i s   m e t h o d   p r o -  
v i d e s   d e f i n i t e  v a l u e s ,  c i t e d   i n   I < e s u l . t s   a n d  
D i s c u s s i o n ,  t o  d i f f e r e n t i a t e   g r a v i t y  from so-  
l i f l u c t i o n   d e p o s i t s ,   b e i n g   b o t h   p r o c c s s e s  t h e  
cause o f  p r e f e r e n t i a l   d o w n s l o p e   c l a s t   o r i c n t a -  

, .  

t i o n .   I n   t h i s   m c t h o d   c l a s t   u r - i e n t a t i o n  i s  e 
l u a t c d t h r o u g h   s e v e n   s c m i c i r c u n f e r c n c c  a r e a s  
Those  numbered I ( 0 - 3 0 * w j t h  s l o p c  d i r c c t i o n  
I 1  ( 3 0 - 6 0 " )  and I 1 1  ( 6 0 - 9 0 " ) ,  t h r c c  on t h e  

l e f t  ;1nd t h r c e  on 
s l o p e  d i r e c t i o n ,  
l l e l   t o   t l l c   s l o p e  
c l a s t s .  

RESULTS ANn DISCU S l O N  

i o n  o f  rcm 
r t h - f a c i n g  
- f a c  i n g  

In  t h e   s t u d y  ;+re;* d i f f c r e n t i a l   g e l i f l u c t i o n  
was de t e rmined   hased   >main ly   on   s lope   mcasu r -  
ements  and c l a s t '  o r i e n t a t i o n .  

S l o p e  measurements" 
The s l o p e   a z i m u t h   a n d   i n c l i n a t i o n   o f   t h i r t y  
remnant h i l l s   ( F i g .  2 )  were surveyed  on t h e  
f i e l d   a n d   t h e   r e s u l t s   a r c   p r e s e n t e d   i n   T a b l e  I .  
and   F ig .3 .  

In m o s t   c a s e s ,   s o u t h e r n   s l o p e s   a r e   s t e e p e r  
( p o s i t i v e   v a l u e s  of  s l o p e   d i f f e r e n c e ) ,   t h e  
o n l y   e x c e p t i o n   f o u n d   o n   h i l l  N23, can   be  
a t t r i b u t e d   t o   a n   a n o m a l o u s  s l o p e  e x p o s i t i o n :  
i n   P a c t ,   m o s t  slopes f a c e  NE-SW and  few h i l l s  
a r e   f a c i n g  NW-SE, s i t e  3 i s  t h e   o n l y   o n e '   w i t h  
NE-SE e x p o s i t i o n .  An e x t r e m e   s l o p e   d i f f e r e n c e  
( h i l l  N O 3 0 1  seems t o   b e   t h e   r e s u l t   n o t   o n l y  
of g e l i f l u c t i o n  on t h e   n o r t h e r n   s l o p e s   b u t  
a l s o   l a t e r a l   s t r e a m   e r o s i o n   b y   A r r o y o   N e g r o  
a t   t h e  f o o t  o f   t h e   s o u t h - f a c i n g   p r o f i l e s .  
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4 

9 

3 

4 

5 

I) 

5 

5 

6 

5 

2 

7 

6 

6 

8 

3 

x 

x 

1 2  

5 

8 

3 
." 
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h - f a c i n g   ( C o l d )  
i c  c l a s s  

IV 
cm % c l a s t s  cm 

0- 1 5  

1 9  4 2  1 2  2 7  h s - ~ n r )  48  31 2 19 4 0 - + 9 0  
1 2  4 6  2 5  1 7  4 0 -  6 5  S i t e  3 4 6  3 4  2 1 8  1 5 -  4 0  S i t e  1 
1 8  58 3 2 1  0- 1 4  4 9  2 4  4 23 

0 -  4 0  1 9  5 0  4 2 7  
- 

0 -  2 0  4 3  4 8  - 9 
- 

S i t e  2 

1 7  1 5  19 Slcan v a l u e s  0 34 2 1 7  Mean v a l u e s  

8 58 2 2  1 2  4 0 -  h0 Si t .e  4 4 2  4 1  ~ 1 7  2 0 -  5 0  
5 0 - + 8 0  2 5  3 8  2 6  1 1  h O - + l Z I I  55  29 2 1 4  

TABLE N e  I 1  : Si tumet r i c   measu remenzs  

n o r t h e r n   p r o f i l e s   e x t e n d s   d o \ \ m i a r d   t o  a t  l e a s t  

much o f  t h e   u p p e r   s o i l   p r o f i l e  has  been  remo- 
v e d ,  i t  i s  e v i d e n t   t h a t   g e l i f l u c t i o n   m u s t   h a v e  
a f f e c t e d   m o r e   t h a n  8 0 - 9 0  cm d e p t h .  I t  has   been  
po in ted   ou t   (Gamper ,  1983)  t h a t   d e e p   s o i l   f r e -  
e z i n g   p r o m o t e s   g e l i f l u c t i o n   b e c a u s e   t h a w i n g  
o c c u r s  from t h e  s u r f a c e   d o w n w a r d s   t h u s   t h e  
upper  s o i l  becomes   s a tu ra t ed   and   f l o”s   ove r  
t h e   f r o z e n   s u b s o i l .   S h a l l o w  s o i l  f r e e z i n g  o n l y  
f a v o u r s   f r o s t - c r e e p   b e c a u s e   t h e   s o i l   t h a x s  
qu ick ly   f rom  the   t op   and   f rom’be low.  

t h e  s t u d y  a r e a  i s  main ly  a f o s s i l   f e a t u r e ,  
I t .  seems t .hat  d i f f e r e n t i a l  g e l i f l u c t i o n  i n  

p r o b a b l y  of  P l e i s t o c e n e  a g e .  I n  f a c t ,   p r e s e n t  
seasonal f r e e z i n g   d o e s   n o t   a c c o u n t   f o r   t h e  
o b s e r v e d   g e l i f l u c t i o n   h u t   t h e   o u t e r m o s t   m o r a i n -  

c o l d e r   p e r i o d .  

SWTH-FACING SLOPES 80-90 cm d e p t h  a n d ,  s i n c e  LZC do not  know how 

4 c 
D0WNSu)PE DRECTW ’ DOWNSLOPE DIEEctWm es (!:11-M2 i n  F i g .  2 )  e i v c   e v i d e n c e  o f  a former  

F i g .  4 :  S i t u m e t r i c   v a l u e s  o f  c l a s t  o r i e n t a t i o n  

d o w n s l o p e   o r i e n t a t i o n .  The s i t u m e t r i c   v a l u e s   o f  
c lass  I on n o r t h - f a c i n g   s l o p e s   a r e   n o t  s o  CONCLUSION 
s t r o n g   ( i . e . :  6 0 - 7 0 % )  is thbse   ment ioned   by  
o t h e r   a u t h o r s ,   c i t e d   i n   t h e   p r e c e e d i n g   p a r a -  
g r a p h .  The v a l u e s  found on t h e   s t u d y   a r e a ,   o f ‘  
a b o u t  5 0 8 ,  seem t o   i s d i c a t e   t h a t   c o n d i t i o n s   f a -  
v o r a b l e  t o  g e l i f l u c t i o n   w e r e   m o d e r a t e   a n d / o r  
t h a t   g e l i f l u c t i o n  was o p e r a t i n g   d u r i n g  a s h o r t :  
e r   p e r i o d  of time t h a n  necessary t o  produce  a 
s t r o n g e r   d o w n s l o p e   o r i e n t a t i o n .  

S o u t h - f a c i n g   p r o f i l e s   e x h i b i t  a c o m p l e t e l y   d i f -  
f e r e n t   s i t u a t i o n .  The  low  value of  c lass  I 
means a r e d u c e d   i n f l u e n c e  of  g r a v i t y   a n d / o r  
s o l i f l u c t i o n   p r o c e s s e s ,   t h e  maximum v a l u e  of  
a b o u t  50% i n   c l a s s  I 1  coulil.  be a f a b r i c   a r r a n g e  
m e n t   i n h e r i t e d   f r o m   t h e   p a r e n t a l   s o i l   m a t e r i a l  
( fanglomerades)  o r  a n   i n c i p i e n t   g e l i f l u c t i o n   d e -  
v e l o p m e n t ,   t h e   l a t t e r   m i g h t   h a v e   p r o d u c e d  an 
i n c r e a s e  i n  c l a s s  I1 a t  the expense  o f  c l a s s  
111. 

Envi ronmenra l   cond i r - ions  

The s t u d y   a r e a  i s  a f f e c t e d  by s e v e r e   l a m i n a r  
e r o s i o n ,   w h i c h   h a s   c a u s e d  n o t  o n l y   t h e   e x p o s i -  
t i o n   o f   s u b s u r f a c e   h o r i z o n s ,  i . e . i  B t  h o r i z o n ,  
K ( B i r k e l a n d ,   1 9 8 4 )   l a m i n a t e d   ( s t n g e  I V ,  G i l e  
e t  a l . ,  1966)  h o r i z o n ,  b u t  a l s o   d i f f e r e n t  levcls 
o f  b a r e - v e g e t a t e d   s o i l   s u r f a c e s ,   m e a n i n e   t h a t  
v e g e t a t i o n   r o o t s   h a v e   p r e v e n t e d   s o i l   r e m o t i o n   t o  
a c e r t a i n   d e g r e e .  

The p r e i e r c n t i a l   d o w n s l o p c   c l a s t   o r i e n t a t i o n  in 

The   ma in   p rocess   r e spons ib l e   fo r   a symmet r i c  
s l o p e s  i n  t h e   s t u d y  a r e a  i s  t h e   d i f f e r e n t i a l  
t h e r m a l  balance on s o u t h  and n o r t h - f n c i n g   p r o -  
f i l e s .  D u r i n g  P l e i s t o c e n e   c o l d   s t a g e s   n o r t h e r n  
slopes underwent  a g r e a t  nunlher o f  f r e e z i n g -  
t h a w i n g   c y c l e s   w h i c h   p r o m o t e d   p r e f e r e n t i a l  ge-  
l i f l u c t i o n   o n  that s i d e .  ‘I‘he secondary   p rocess  

h i g h e s t   s o u t h - n o r t h   s l o p e  d i f f e r e n c e s ,   N h e t h e r  
i s  l a t e r a l   r i v e r   e r o s i o n ,  \chic11 h a s   c a u s e d   t h e  

t h i s   d i f f e r e n t i a l   g e l i f l u c t i o n   \ < a s   d e v e l o p e d  
on a s e a s o n a l   f r c > e z i n g   l a y e r  o r  on a n   a c t i k e  
l a v e r  of  p e r m a f r o s t  i s  a f a c t  t h a t   c a n n o t  be 
d e c i d e d  a t  t h i s  s t n g e  o f  t h e   r e s e a r c h .  
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E x p o s i t i o n  
X=nor thern  

[l,-;lrm) S l o p e  
S = s o u t h e r n  o r i c l l t a t i o n  

Slope 
d i f f e r e n c e  

S l o p e   e x n o s i t i o n  S lope  ~incl inat io_on (S-N) 
S i t e  ( c o l d )  d e g r e e s  degrees  q u a d r a n t   d e g r e e s  % d e g r e e s  

2 s  S 395  205 s w 23 4 2  
N -795 2 5  NE 15  26 
S 3 2 0 z 30 s w 23 4 2  
N 3 2 0  5 0  N E  1 9  35 
S 31 II 2 2 0  sw 30 58 
N 280 1 0  NE 1 0  1 8  

2 0  

,\lean S 2 0 2  S V! 2 2  41 
Values  N 30 NE 1 6  2 9  

8 

39 4 

30 

6 

TABLE N ~ I  : S l o p e   m e a s u r e m e n t s   ( * ) s i t u m e t r i c  sample s i t e s  

I n  most cases s o u t h e r n  slopes a r e  steeper (po- 
s i t i v e   v a l u e s  o f  slope d i f f e r c n c e ) ,   t h e   o n l y  
e x c e p t i o n ,   f o u n d  on h i l l  N 0 3 ,  can b e   a t t r i -  
b u t e d  t o  a n   a n o m a l o u s   s l o p e   e x p o s i t i o n :   i n  
f a c t ,   m o s t   s l o p e s   f a c e  NE-SW and few h i l l s   a r c  
f a c i n g  NW-SE, s i t e  3 i s  t h e   o n l y   o n e   w i t h  NE- 
SE e x p o s i t i o n .  An e x t r e m e   s l o p e   d j f f e r e n c c  
( h i l l  N O 3 0 1  seems t o   b e   t h e   r e s u l t   n o t   o n l y  
o f  g c l i f l u c t i o n  on t h e   n o r t h e r n   s l o p e s  b u t  
a l s o  l a t e r a l   s t r e a m  e r o s i o n  b y  Arroyo  Negro 
a t   t h e  f o o t  o f   t h e   s o u t h - f a c i n g   p r o f i l e s .  

C l a s t   o r i e n t a t i o n  
F o u r   s i t u m e t r i c  l a b r i c  moasurcments   a re  pre- 
sen ted   i n   'Tab le  N O T I  and F i g .  N ' 4 .  The d i f -  
f e r e n c e s   a r e   s t r i k i n g  i n  n o r t h - € a c i n g  s lopes  
a l m o s t  5 0 %  o f  c l a s t s   a r e   p l a c e d  in c l a s s  I hut  
s o u t h - f a c i n g  p r o f i l e s  a l m o s t  SO?, belong: t o  

c l a s s  11. 

I n   n o r t h - f a c i n g  slopes t h e   f a c t   o f   d e c r e a s i n g  
v a l u e s   f r o m   c l a s s  I to c l a s s   I I I m e a n s   t h a t  t h e  
number of c l a s t s   i n c r e a s e s  markedly i n   t h e  
s l o p e  d i r e c t i o n .  Situmetric measurements   g ive  
3 5 3 9 %  ( P o s e r  & Hovermann, 1 9 5 1 )  o r  3 0 - 4 0 %  

and  45-538 (Poser E Hovermann,  1951),  5 1 - 6 2 %  
( L e s e r ,  1 9 7 7 )  i n  c l a s s  I fo r  g r a v i t y  s lopes 

[Furrcr  E Bachmann, 1 9 6 8 )  or 50 t o  75%  (Lese r ,  
1 9 7 7 )   i n   c l a s s  I f o r  s o l i f l u c t i o n   d e p o s k t s .  
The s i t u m c t r i c  v a l u e s  f o u n d   o n   n o r t h - f a c i n g  
s l o p e s  p o i n t   t o  a g e l i f l u c t i o n   o r i g i n   b e c a u s e  
c l a s s  I compr i se s   a lmos t  5 0 %  o f   c l a s t s .  The 
weak o r i e n t a t i o n  i n  t h e   u p p e r  5 0  cm o f  sample 
s i t e  2 c o u l d  h c  a l o c a l   e f f e c t   d u e  t o  t h c  rcs- 
t r a i n i n g   c € f e c t  o f  f o r m e r   v e g e t a t i o n   s i n c e   t h e  
d c e n e s t   h o r i z o n ,  be low 5 0  cm, shows a s t r o n g  
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THE DEVELOPMENT OF DEPRESSED-CENTRE ICE-WEDGE 
POLYGONS IN THE NORTHERNMOST UNGAVA PENINSULA, 

QUEBEC, CANADA 
M. Seppiiliil, J. Gray2 and J. Richard2 

1Departrnent of Geography,  University of Helsinki,  Finland 
2Dkpartement  de  GCographie,  Universitb  de Montreal, Qukbec, Canada 

SYNOPSIS. A 60 by 2.54 m polygon field  situated on the  flood-plain  of  the  Rivitre  Dbception in the  northernmost Unpva 
Peninsula was studied by detailed morpholo@al and  vegetation rnapp% drilling and coring of the stratigraphy, 
analyses,  meaurements  of the water and i c e  content, b ology, actwe layer measurements, macrorest mag: &? 
radiocarbon  dates. The following development  stages couldgidentified On the  flood-plain, charcterkd by flood and  wind 
transported  sand  layers, frost nadrs opened.  Ice-wedges  developed  and  caused the formation  of low banks. River floods 
deposited alluvial sand on the field on several occasions. Important  phases  of  flood-plain sand deposition prior 1900 BP and 
subsequent  to 1100 BP have been noted.  Further growth of ice-we e created lateral ressures on the banks which caused 

suggests  that  several  generations of banks have formed and disaap ured and that  their pwition has changed. Initial  icc- 
deformation of the  peat  and  sand layers. More water is collected in% depressions anftheir peat is degraded. The evidence 

wedge  formation  may  have  started on the flood-plain prior to 1833 E. Radiocarbon  dates indicate that  deformation  caused 
by continued  ice-wedge growth bas been i n s i i c u n t  since 1Mlo BP. The unique local terrain conditions of impeded 
drainage, thin snow cover, rapid  sedimentation  of  flood-plain  sands  alternating  with  peat  layers,  and high volumetric ice 
contents,  have  combined with low winter air temperatures, to create the only depressed-centre  polygon  field  located so far in 
Arctic Quebec. 

Active  fissure  polygons are the  most  conspicuous  periglacial featu- 
res of the arctic coastal  plain of northern Alaska (e& Black  1952; 
1982; Lachenbruch  1962),  in the Northwest Territories of Canada 
north of the tree line (Mackay  1974;  French  1983) and in northern 
Siberia  (Washburn 1979,  fig. 5.20). They are developed on coastal 
plains, on the floor of  drained  lakes, on delta surfaces,  on aban- 
doned, or infrequently  covered  flood-plains, and on alluvial terra- 
ces (French 1983,  fig.  5.3;  Rawlinson  1983,  p.  133). If the fissures 
are demonstrably underlain by ice wedges or by structures indica- 
tive of thawed  ice  wedges  then the term  ice  wedge  fissure  polygons 
may be applied to such features (Bird 1967). 

Fissure polygons  have been classified  according to their 
topography as depressed centre polygons or as high centred 
polygons  (Leffingwell  1919,  Pkw6  1966). An intermediate type of 
fissure  polygon appears to occur  more  co&only in high arctic re- 
gions than either the depressed or raised centre polygons. These 
polygons  have been noted by Bird  (1967, p. 193) as occurring on 
sand  and  gravel terraces and on raised  beaches. The polygon cent- 
res are relatively flat and sparsely  vegetated.  They are separated 
from each other by narrow fissures, often exhibiting  luxuriant  vege- 
tation growth. 

In the Ungava  Peninsula in Arctic  Canada,  fissure polygons are 
noted  to be very  common features wherever  thick spreads of 
unconsolidated  gravel,  sands  and  silts are found.  Most of these 
fissure polygons are of the intermediate type or the raised centre 
type described  above  (Gray  and  Seppalti,  in  press).  Depressed 
centre polygons were  not  observed  during  many  field  expeditions 
by Gray et alia to the Ungava  Peninsula  until  1984  when a small 
field was noted  for the first time in the Rivitre.DBception valley at 
the northeastern extremities of the peninsula (fig. 1). The aim of 
this paper is to discuss the development of this  depressed centre 
polygon  field  within a framework of regional  climatic,  and  local 
topographic  and  sedimentological  conditions. 

An emphasis will be placed upon the presentation of 
stratigraphic data, as well as data on ice  and  water content of the 
various  mineral  and  organic  layers in the polygon field.  Such data 
are frequently  lacking on fissure  polygon  studies. The studies  of 
temporal change in vegetation- patterns, and hence in hydro- 
morphic  conditions  associated with  polygon development, are also 
considered to be an original  aspect of the study. 

SITE DESCRIPTlON 

The study  region  is located about 500 km north of the treeline and 
belongs to a  zone of continuous  permafrost, estimated to exwed 
500 m in thickness  (Taylor & Judge, 1979). A mean annual air 
temperature of -7OC and a January temperature of - 2 4 O C  are 
estimated from short term  records  available for the Deception Bay 
air strip, 20 km to the west at sea level  (Gray,  1983). 

The depressed centre polygon  field is located at 62°W'30"N; 
74°17'00"W, at an approximate  elevation of 50 m above mean sea 
level, on a  small  flood-plain terrace at the junction of the Rivikre 
Deception and a  small northern tributary which the authors have 
unofficially  named  Polygon  River (fig. 2). The terrace on which the 
polygons are situated is estimated, from a detailed local emergence 
curve,  to  have  become  sub-aerial at about 6000 BP (Riwd et al, 
1987). 

The sediments in the terrace (composed of at least 5 m of 
sandy,  silty sand  and peat layers)  have been built up since post- 
glacial  emergence by alternately occurring aeolian processes,  over- 
bank  flooding  and peat formation. 

The polygon  field occurs on  a very flat part of the flood-plain, 
characterised by impeded drainage and  a  permafrost table close to 
the surface. The following  topographic  units  were  recognised  within 
the polygon  field: depressed polygon centres, high marginal  banks 
and ice-wedge  fissures  (fig. 3). The fissures intersect to give a 
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F4w X. Location of the study site. 

generally tetragonal pattern of  polygons  averaging 20 m in 
diameter. variations in vegetation  cover, and in the degree of 
ponding  by water,  led to a further differentiation of polygon centres 
into h u m o c Q  centres,  wet mossy centres, wet centres with  sedge 
grasses and water  ponds (fig. 4). Active  layer depths showed  a total 
range  of 11 cm up to 92 cm on the flood-plain terrace. Distinct 
contrasts occurred  for the different  topographic and vegetation 
units. An increase in thickness of the active  layer, from average 
values of 24 cm in the ice wedge  fissures, through 31 cra in the 
banks, 28 cm in the hummocky centres, 38 cm in the wet mossy 
centres, 54 cm in wet centres with  Carex  dominated  sedges, to 58 
cm in the water  ponds,  was  noted.  Average  values for the topo- 
graphically  elevated  and well drained  levke  and  sand dune which 
border the polygon  field are 39 cm and 31 cm, respectively. 

STRATIGRAPHY AND CHRONOLOGY 

Figure 5 shows the stratigraphic composition of the polygon terrace 
for a series of drill  cores, 1,2,3 and 4. These core sites and six pits 
are located on figure 4. In general,  organic peat and  silty  sand,  sand 
and minor  ice  layers  can be found in alternation down to depths of 
3.19 m. Grain size analyses of the sand  layers  reveal rather well 
sorted fine sands with a median  grain  size of 0.1 to 0.2 mm. 

The stratigraphic studies in core 3 indicate that polygon 
finsures are underlain by wedge ice characterised by vertical 
layering  associated  with  periodic growth. Pore ice, rather than se- 
gregated ice, was observed in the sandy,  silty  sand and organic 
layers of the polygon banks and centres represented by cores 1, 2 
and 4. Pore ice  comprised 60% on average  of the sediment  volume 
(fig. 6). This high ice content, in conjunction with  low winter  tem- 
peratures, and a probably thin snow  cover, generated suitable 
thermal  conditions  for frost cracking to occur. 

Ice-wedge  growth  has been responsible for the deformation 
shown by steeply  inclined  sand  and  organic  layers in the lowest 
sections of cores 1, 2 and 4. However, the uppermost 1 m of peat 
and sand  deposits at core sites 1 and 2, located  respectively on a 
low bank and in a hummocky polygon centre, and the uppermost 
0.5 m at core site 4, on  a high bank,  have  not  undergone  deforma- 
tion. Radiocarbon dating on the lowest undeformed and the highest 
deformed  sediments in the three cores (table 1) suggests the follo- 
wing time  intervals for cessation of deformation by ice wedge 
growth: for core 1: 1680-1190 BP; for core 2 1090-1170 BP; for 
core 4: 17W1780 BP. Allowing for  normal  dating errors, one can 

conclude that ice-wedge  growth  was  insignificant  after  approxima- 
tely 1200 BP on the low bank  and hummocky  polygon site,  and  af- 
ter 1800 BP on the high  bank. Subsequently the ice  wedges  in the 
vicinity  of the three core  sites may either have  grown  very  slowly or 
may  have  merely  survived beneath the  thick  surficial peat cover 
which  was present at all  pit  and  core  sites. 

The radiocarbon dates also  indicate that peat and  sand 
accumulation  for the last 1200 years at core sites 1 and 2 has been 
at a rate of about 1 m/1000 yr, whereas at core site 4, situated on a 
high  bank, accumulation has only been about 0.4 - 0.6 m for 1800 
years,  giving a rate of only about 0.3 m / l W  yr. In  core 2, in a 
hummocky centre with a  water  table  close to the surface, most of 
this  accumulation  consists of peat. In core 1, in  a low bank, and in 
core 4, in a high bank, the corresponding  uppermost  layer is  com- 
posed  mainly  of sands,  but with frequent thin  organic  layers. 

No age  can be assigned  for the start of polygon formation and 
ice-wedge  growth at the field  site. But the lower part of all three 
cores show inclined  bedding  all the way to the base of the holes. 
Fore core 4 these beds are steeply  inclined to quasi  vertical from a 
depth of 1.2 m down to the base of the hole at 3.2 m. Core 3, 
located  in an ice-wedge,  shows the presence of pure, vertically 
layered  ice to a depth of at least 1.5 m in  the  flood-plain  sediments. 
The vertical  succession  upwards  of  clear  ice,  followed by ice  with 
vertical bands'of organic  material,  then by dirty  ice  with  vertical 
sand  layers, and, finally, by horizontally  bedded  sands,  indicates 
incremental  ice-wedge  growth  upwards,  initially  under  a  thick peat 
cover, and then under  a  sand  cover.  The  transitions  in the nature of 
the enclosed  organic  and  mineral  material  in the ice-wedge reflect 
the alternating peat and  sand  cover on the surrounding polygon 
field. 

Bank 
Bank 
Wltll 

cracks  crack  crdck 

pond I 
polygon 

center  center 

Polygon 

'r 
Sand dune 

hurnmocks 

Fig. 3. Principal surface features in a schematic cross scction across the polygon 
field. 
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Fig. 4. Detailed  map of the  polygon field. 1 open fEsure (crack), 2: bank (upthrust 
rim), 3: hummocky polygon centre, 4 wet polygon ccntrc with mosses and grasses, 
5 open water  with Carex aquatilis (sedges), 6 open water  with Can* chordorrhiza, 
7: willow (Sulk) bushes, 8 levee  surface with thin moss and  lichen cover. 

Chrono-stratigraphic  evidence  from a nearby site on the bank 
of the Rivibre  D6ception  reveals  a  lower  zone of flood-plain  sands, 
deposited prior to 1900 BP. This  zone is thought to be correlative 
with the lowermost  deformed  sands  in cores 1, 2 and 4. An 
intermediate, 30 cm thick, peat layer,  deposited  between 1900 and 
1100 BP, correlates well  with a 20 cm thick peat layer in core 4, 
dated at 1780 BP,  with a 20 cm thick peat layer  in core 2, deposited 
prior to 1090 BP, and with a  sequence of thin peat layers  from 80- 
100 cm depth in core 1, deposited  between 1190 and 1680 BP. 
Phases of  flood disturbance  during  this  time  interval of 1900-1100 
BP were obviously  less important than stable  phases of peat accu- 
mulation. The uppermost 3 m of the river-bank  exposure is charac- 
terised by flood-plain  sands,  interspersed  with  thin  organic  layers. 
These sands  reflect  a  renewal of frequent flood events subsequent 
to 1100 BP. Such episodes are also  reflected  in the cores 1,2 and 4, 

_ _ _ _  Frost table 

._. .........,. Orpanlc  layer 

DIuvng  organic and sand  layers 

n Sand layer 

Pmat with sand 

Sandy ica with vertical  layers 

Ice wlth verttcal  organlc  layers 

Vertical ice layers with a1r bubbles 

Compact Ice with vertical  layers 

Ice with vertical  layers 

lrEs Shrub branches  and  roots 

x r i i i  Oxtdation & manganese layer 

y Wedge cast 

Fig. 5. Stratigraphy of cores 1,2,3 and 4. 

and,  interestingly, in the 11 crn  thick  sand and sandy ice layer  found 
above the ice-wedge in core 3. The peat layer, which  caps all 4 co- 
res  in the polygon field, is apparently  absent  from the summit of 
the river-bank  exposure.  Such  a peat layer  suggests that the latest 
phase  on the polygon field has been one of stability, free from  flood 
disturbance. 

In addition to such  temporal  variations  in  sediment ac- 
cumulations  and in ice-wedge  development,  morpho-stratigraphic 
evidence has been found  for spatial shifting of  low  polygon centres 
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TABLE 1. Radiocarbon dates for the polygon field and nearby  peat  layers in flood 
&posits in the RiviCre hption dlcy .  

CORE 1 
Hel-2367  84-91 cm peat with sand 1190+/-210 
Hel-2368 97-105 peat with sand 1680+/-140 

CORE 2 
Hel-2369 83-91 cm peaty sand, 
Hel-2370 91-98 

1170+/-220 
inclining peat logo+/-120 

I c e  , " l " r n *  

I, r. m 

I C *  Y U l U m s  

- 4 0  

$0 

layer 

CORE 4 
Hal-2371 42-59  cm undecomposed 1780+/-100 

peat with thin 
sand layers: wet 
environment moss 

ice-wedge cast 

steeply dipping 

many roots 
organic layers: 

Hel-2372 64-68 peat and sand in 1550+/-110 

Hel-2373 94-116 gray sand with 1700+/-140 

Fig. 6. Volumetric content of ice 
in cores 1,2 and 4. 

3. During the following  winters the crack opens at the same 
P-T LAYER BURIED BY B W D  DEPOBITB 
Hel-2363  360-362 cm upper peat logo+/-110 
Hel-2364  368-370 middle part of 1960+/-120 

Hal-2365 388-390 bottom part o f  1900+/-130 
peat layer 

Hel-2366  423-426 dark organic 
peat layer 

1900+/-120 
layer in the 
upper part of 
ice-wedge cast 

and high  marginal  banks.  Severely  deformed  layers at a depth of 
>0.9 m in core 2, in a low centre beneath horizontal  layers,  indi- 
cate former cracking  and  ice  wedge formation in close proximity. 
Mamerest studies on peat mosses also reveal  former  successions 
from drier to wetter  conditions at the core sites. On high 
banks, secondary cracks have been found  filled with ice  veins. If 
these veins grow laterally,  they  will  become  ice-wedges and will 
initiate a new series of deformation  structures, as sediment CON- 
tinues to accumulate  upwards on the polygon  field. A second  situ- 
ation favorable to new icewedge formation could be the infilling of 
low centres through  time  with  flood-plain  sediments,  and, or peat 
growing in from the banks.  Isolated  frost  cracking in new locations 
could then occur,  particularly in flood-plain  sands, which  would 
permit penetration of the early  winter cold  wave. 

place  and  more  vertical  ice  layers are formed  in the ice  vein  which 
now  grows laterally and downwards to form an ice-wedge. The sur- 
face  expression of such an ice-wedge  is  a  furrow, as can be seen on 
the sand dune on the study area. 

4. When  growing, the ice  wedge  presses  sediments to the sides 
and forms a small  ridge on both  sides.  Intersecting  furrows  and 
ridges  form the polygon field with characteristic tetragonal patterns 

5. The ridges dam the polygon centers and  vegetation starts to 
become differentiated. The ridges  favour  more  xerophilic plants 
which tolerate cold conditions  and wind induced  d@ng  associated 
with a thin snow  cover. In the polygon centres conditions are more 
humid  and  hygrophilic  plants  dominate, A peat cover  develops 
progressively in these wet centres. 

6. Occasionally, in the spring,  melting  river  ice  forms an ice 
dam at the con€luence  of the Riviere Dtception and the Polygon 
River.  Overbank  flooding then deposits  sands  and  silty  sands on the 
levee.  on the banks and in the centres of the polygons. 

7. Repeated floods  form  sand  layers  among the organic 
sediments and plant remains  buried by sand and silt. 

8. Ice  wedges  contiune to grow  causing the ridges to grow 
upwards further, and  causing  deformation of the peat and the sand 
layers. 

9, On large  banks  secondary cra.cks,  furrows and  ice-wedges 
form by frost  action. 

10. Drainage  becomes so impeded  that  water  ponding  becomes 
continuous.  This  causes peat accumulation to cease in the lowest 
polygon centres. 

11. Peat degradation then commences in the water  filled 
polygon centres. There are no  longer any plants to produce new 

DEVELOPMENT PHASES OF THE ICE-WEDGE kat:  and some algae start to cause  decomposition of the peat by 
oxidation  (Sj6rs 1961; p. 222). Because the bottom  layer of water 
ponds is dark they absorb more solar radiation and the permafrost 

POLYGONS 

;able  becomes deeper in  them than in the surroundings. Thus the 
The following phases of development are suggested by the initial depressionsget deeper. 
preceding  discussion of the morphology,  stratigraphy and surface 12. As the ice  wedges start to thaw some  banks  collapse from 
terrain: their  sides.  Wide  furrows  filled by water are indicative  of  this 

cover in thin and the air temperature drops fast in  early  winter. The 13. The bank then returns to what' may  have been its initial 
water saturated surface layers  crack  when  freezing.  This type of state: - a hummocky surface. The ice-wedge  fissure  is now filled.  In 
crack can be seen on the levbe, for example. fact the whole  bank-crack  section  could  disappear. The inclined 

2, In spring the frost  cracks become filled with  snow and water  sediment  layer under the polygon centre in core 2 (fig. 5 )  is 
which freezes to form a thin vertical  ice  vein.  evidence of the farmer position of a bank and fissure. 

1. On the flood-plain host cracking occurs when the snow  process. 
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Fig. 7. Hypothetical latcral migration of  polygons as a  result of secondary cracking 
in the polygon bank. For simplification this is shown as  a two stage model. 

14. In some  instances as the primary  crack  thaws  secondary 
cracks  in the bank may  develop. This process may lead to slow 
migration of the bank  and  furrow at the polygon  margin. Figure 7 
illustrates two stages  in  this  shifting of  polygon  margins. 

IS. When  environmental  conditions at the surface  changed, 
ponds  in some polygon centres may  fill  with flood-plain  sediments, 
or with peat growing  inwards from the pond margins. This gave an 
opportunity  for new frost  cracking to occur  leading to new  polygon 
formation in  completely new locations.  Figure 7 is a hypothetical 
stratigraphic cross section  within the polygon field, showing former 
and present ice  wedges and polygon  banks,  primary and  secondary 
cracking,  and deformed and  non-deformed  sediment  layers. 

CONCLUSIONS 

The main  hypothesis  advanced  in  this paper is that there is a 
significant  relationship  between  thermal  contraction  cracking and 
the specific  flood-plain  conditions that prevail at the junction  of the 
Rivi&e Deception  and the Polygon  River. In the first place, 
impeded drainage on a very flat  surface  has  allowed: 1) rapid peat 
development  close to a high water table; 2) complete saturation of 
flood-plain  sands  and  silty  sands with pore ice.  Where drainage 
improves  on the levee at the northern margin,  on the sand dune at 
the  south-east  margin  and  towards  a low  swale at the western 
margin, the polygon  network  disappears.  In the second  place, the 
high  void rations of the flood-plain  sands,  silty  sands  and  organic 
peats have permitted the volumetric  ice content to attain average 
values of about 60%. Such  ice  rich sediments have  suitably  high 
coefficients of thermal  expansion  and  contraction to allow fissure 
development if the winter  cold  wave penetrates rapidly  enough. In 
the third  place the exposed terrace, surface is  likely to be 
characterised by a low  early winter snow  cover,  reducing the ther- 
mal  insulation of the ground  surface,  and  permitting  rapid  enough 
cooling  of the surface  layers  for  seasonal  cracking to occur fre- 
quently. In the fourth  place, the periodic  spreading of sands  over 

a 

the  surface,  through  overbank  flooding  and, perhaps through 
aeolian activity,  resulted  in the periodic loss of a  vegetation  cover 
at the surface.  This in turn would  have favoured the rapid penetra- 
tion of the winter cold  wave into the ground,  enhancing the cont- 
raction  cracking,  usually in previously  developed  fissures,  but  oc- 
casionally in new locations. 

The regional  climate,  characterised by extremely  cold winters, 
with average  January temperatures of  approximately -24OC and low 
snow depths of only 20-40 cm,  is  of course  a  back-ground  factor of 
overriding  importance, but it is the local terrain conditions which 
explain the extremely  localised nature, and continued  survival  of 
this  depressed centre ice-wedge  polygon  field  in  Ungava. 
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THE UPPER HORIZON OF PERMAFROST SOILS 
Yu.L. Shur 

All-Union  Research Institute of Nydrogeology and Engineering Geulogy, 
Moscow, USSR 

SYNOPSIS The upper  horizon of permafrost   consists of two independent  layers - t rans ien t  
ana intermediate.  The t r a n s i e n t  layer presents   the   very  upper bed of permafrost   which  in  certain 
years   under   par t icular ly   favourable   c l imat ic   condi t ions  joins   the  seasonal ly   thawing  s t ra tum. 
I ts  thickneas  amomta on t h e  average 0.1-0.15 of   the mean multi-annual  thickness of t h e  season- 
ally thawed layer .  The intermediate  layer i n  formed due t o  a decrease in seasonal ly  thawed lager  
because of weathering of a o i l a ,  soi l - formation and vegetat ion  evolut ion.  The intermediate   layer  
occurs  practically  throughout  the  permafrost  region  not  depending on f a c i e s   o r i g i n  of s o i l s ,  
t h e i r   l i t h o l o g y  and cryogenic  geneeisc Its  thickness  is about I m on the  average. The l aye r  is 
h igh ly   i ce   s a tu ra t ed  and has   typ ica l ly  an a t a x i t e  and band-shaped cryogenic   s t ructufe .  The in t e r -  
mediate  layer i s  the  most va r i ab le   pa r t  of permafrost. I t s  thickness  ana  properties  predetermine 
8. p o s s i b i l i t y  and i n t e n s i v i t y  o f  development of  a number of cryogenic  processes and thermokarst 
above a l l .  

According t o  the   genera l  scheme t h e  upper ho- 
r izon  of permafrost   region  consists o f  a sea- 
aonal ly  thawed layer  and underlying mass of 
frozen so i l s .  Such a scheme i s  s u f f i c i e n t l y  
e f f ec t ive  i n  solving  the  major i ty  of thermo- 
physical  problems. But it turns   to   be   inade-  
quate when studying  formation of strucGure and 
p rope r t i e s  of f r o z e n   s o i l s  a8 well  aa  develop- 
ment of cryogenic  procesaea  beaause it  does 
not take  into  account  for impor tan t   s t ruc tura l  
f ea tu re s  of the  upper  horizon of permafrost 
strata. 

So, t h e   t r a d i t i o n a l  scheme - seasonal ly  thaw- 
ing   l ager  - permafrost strata and i t s  par t icu-  
lar  and the  most important  variant - seasonal- 
l y  thawed layer  - underground i c e  - does  not 
meet t h e  condi t ion of S t a b i l i t y  o f  the  system 
a8 a whole. But this  s t a b i l i t y  i s  a real Yact 
t h a t  i s  confirmed by the  thousanda-gear exist- 
ence of wedge i ce   nea r   t he   ea r th ' a   su r f ace .  

Such a system  can  be s tab le   on ly  when it  has 
a ce r t a in   r egu la to r   p re t ec f ing  underground i c e  
against   mel t ing  during  increasing of a depth 
o f  seasonal  thawing of s o i l s .  As analysis  has 
shown, such a regulator  can  be a l aye r   t ha t  is 
mostly m a f r o z e n   s t a t e  and o n l y   i n   c e r t a i n  
years  becomesa"part of  seasonally  thawing stra- 
tum. The exis tence of t h i s  l ayer  was found by 
Yaaovsky (1933) while  studying  soil-formation 
above  permafrost   strata who to ld :  "By a t ran-  
s i e n t   l a y e r  of permafrost  region we c a l l  i t s  
very  upper bed  which under favourable   condi t i -  
ons thaws, j o i n i n g   t h e   a c t i v e   s o i l - l a y e r  , and 
under  unfavourable  conditions  remains  frozen, 
repreeenting  the  upper  layer of permafrost." 

By thickness  o f  t he   t r ans i en t   l aye r  it i s  rea- 
sonable   to   t ake ,   in  OUT opinion, a d i f f e rence  
between maximum seasonal  thawing  over 20-30- 
year  period and i-6s average  multi-annual  value. 

Basing on ana lya is  of  s tud ie s  on time  variabi- 
l i t y   i n   d e p t h  of seasonal  thawing,  the  thick- 
ness  of t r ans i en t   l aye r  was found t o   b e ,  on 
the  average, 0.1-0.15, reaching i n  some cases 
0.3 of mean multi-annual  depth o f  seasonal 
thaw. irje have made an ana ly t ica l   eva lua t ion  
of  thickness o f  a t r a n s i e n t   l a y e r .  To t h i s  
end,  the  factors  influencing  seasonal  thawing 
were  varied. The calculated  value8 Of 0.4-0.5 
of average  depth  in   seasonal  thaw were  essen- 
t i a l ly   h ighe r   t han   r ea l   ones -  It points  t o  va- 
r i a b i l i t y  o f   t he   f ac to r s ,  f o x  an example, such 
as coe f f i c i en t  o f  thermal  conductivity and 
moisture  content ana sum o f  mmmer a i r  tempe- 
ra tures ,   e tc .   Rela t ive   in te rannual   changes  i n  
depth o f  seasonal  thawing  axe  higher f o r  peat 
than for mineral soi ls  due t o  a grea t  depend- 
ence o f  peat  thermal  Conductivity on moisture 
content  highly  varying  within  the  seasonally 
t havied l aye r  

The t r ans i en t   l aye r  i s  o f  exclusive  importance 
f o r  a number o f  processes  in  upper  permafrost 
s t r a t a .  Thus,  due t o   t h e   e x i s t e n c e  of a tran- 
s i e n t   l a y e r ,  t h e  wedge-ice tab le   does   no t  
coincide,   even a t  the  forming  stage,  w i t h  t h e  
lower  boundary o f  seasonal  thawing and l i e s  
somewhat below it.  The t r ans i en t   l ayex   i t s e l f  
i s  penetrated  only by t h i n   s p r o u t s  of  wedge 
i c e  which p e r i o d i c a l l y   f i r s t   a r i s e ,   t h e n  d i s -  
appear,  and hence do  not  get  a great   evolut i -  
on. 

ProtecGive  role  o f  t h e   t r a n s i e n t   l a y e r  becomes 
eapecial ly   obvious  in   invest igat ing a possibi-  
l i t y  o f  thermokarst   generation  at   short-term 
c l ima t i c   f l uc tua t ions .  

The t r a n s i e n t   l a y e r  i s  a r a t h e r   e f f e c t i v e  re- 
gula tor  o f  processes   taking  place a t  t h e  con- 
t a c t  between seasonal ly  $hawed layer and t h e  
very  upper  part of permafrost.  Thickness and 
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properties of the  transient  layer  determine, 
to a greet  degree,  structural  features of 
syngenetic  frozen  8011s. 

Contact  areas  between  different  components 
of natural  systems  to  the  greatest  extent  must 
reflect  and indeed do reflect  the  results 
of interaction  of  components,  their  connec- 
tion and system  Cormation though a mechanical 
combination of natural  bodies, I n  these  areas 
emergency  properties of the  system  are  formed, 
which themelves are  not  peculiar t o  its 
isolated  components,  Baeic  system-forming 
proceseea  of a natural  complex ( e.g. lend- 
scape-forming  procesees  after  Muraveisky - 
1948) are weathering,  soil-formation  and  ve- 
getation  evolution,  These  processes  play an 
exclusively  important  role  in  development 

thickness of seasonally  thawed layer  and  in 
of permafroat solle,  determine changes  in a 

soil  climate,  spatial  position  of  upper 
boundary  and  properties of upper  horizon o f  
permafrost. 

Due  to  the  system-forming  procesaee occux- 
ring  both on the earth'a  surface  and  in  upper 
layers of  llthouphere and being a form of 
interaction  between  a  natural  complex and 
external.  medium a8 well as between  the com- 
ponents  themeelvee, a constant  deoxease in 
seasonally  thawed  layer and transformation 
in  the  upper  part of permafrost  take  place. 
fhia  regular  process  can be interrupted o r  
directed  backwards,  first of all, due  to 
feohnogenic destmction of vegetation  cover. 
However,  it  begins  again 88 preventing  factors 
stop  influencing it. This proceeer  resulta 
in forming at  the  contact  between  permafrost 
etrata  and  transient  layer  another  specific 
layer called by  the  author  an  intermediate 
one . 
Unusual  process o f  forming  the intomediate 
layer i s  suggested  to  call  quasi-syngenesis 
because  it  has  many  features  common  with 
syngenesis but proceeds  without  sedimenta- 
tion. 

Reduction of seaeonally  thawed  layer and 

Prost  state  are  folloaredby  accumulation of 
changing of a certain  part of it  into  perma- 

texture-forming i c e  in the  intermediate 
layer.  The  letter,  in  the  courae of its  evo- 

ent  layer which, in turn,  take8  place  of  a re- 
lution,  continuously  subetitutee  the  tranei- 

gularly  thawing  part of the  seaeonally  thawed 
layer. Thus,  the  structural  transformation 
of the  upper  horizon  comes  finally  into  agree- 
ment  with  the  echeme  given  in  Fig.1.  The  left 
-hand part  repreeents  a sfage of active for- 
mation OP syngenetically  freezing  strata. 
An intermediate  layer  is  absent  at  thia  stage, 
but a t  the  contact  between  seasonally  thawed 
layer  and  permafrost  there is a  traneient 
layer. And formation of an  intermediate  layer 
starts  only  when  sedimentation  process i s  
very SLOW or stop at a l l .  

Pig.1 Structure of the  upper  horizon of 
permafrost  strata 
a - stage of syngenetic  freezing; 
b c coneemration  stage. 
1 - seasonally  thawed  layer; 2 -tran- 
sient  layer  with a not  full-gridded 
cryogenic  mtructure; 3 intermediate 
layer  with  ataxitic  and  lenficulaxly 

with  ice bands; 4 - undexlying pePua- 
stratified  cryogenic  structure  and 

Prost  etrata  with  wedge  ice. 

With  time  the  structure of upper  horizon be- 
comee complicated and, at  last, get8  a pat- 
tern as shown  in the right-hand  side of Fig.1 

Temporary intemptions in  growth of syngene- 
tically  freezing  afrata are marked  by  buried 
intermediate  layers. 

AB analyeis of  available  publications  and  the 
author's  own  observations  have  shown,  an  in- 
termediate  layer  occur^ practically  through- 
out  the  permafxost  regions,  whatever  facies, 
lithology  an6  cryogenic genesin of soila the 
latter had. Thickness of the layer is on the 
average 1 m,  reaching  in  certain cams 2-2*5 
m. The  layer aa e whole is, generally,  ice 
saturated.  Volumetric ice content  is  mostly 
over 0.5. Rather  typical  is  its  sharp rnoia- 
ture  boundary  with  the  underlying  Strata. 
Specific  structural  elements of the  intemne- 
dht8 layer  are  ataxitic  and  band-like  cryo- 
genic  structuxee. 

Intermediate  layer  is  the  moat  important  in 
areas  with an ice  complex  consisting of loee- 
sial  and  aandy  loams with thick  wedge  ices.In 
these  area8  the  intermediate  layer  highly dif- 
fers  from  inderlying  soils in structure and 
properties,  Thus, ice within  this  layer i e  
only of a texture-forming  type,while  in  under- 
lying  strata soil blocks  with  texture-forming 
ice  are surrounded by a grating of deposit- 
forming i ce .  The  intermediate  layer is hori- 
zontally  relatively  homogeneous  and  underly- 
ing  eoils are greatly  inhomogeneous in sfxuc- 
ture  and  properties. 
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The major  inveetigations on an intermediate   lensing ou t  upwards ana r e f e r r i n g  
l aye r  were  carried out in the  North of Yakutia.   organically to cryos t ruc ture  o f  
Moxa than 50 cross-sectiona o f  t h e  layer  in underlying horizon. 
exposures and some hundreds  cross-sections 
of d r i l l  corem were studied. Here a r e  deacrip- 0.42-0.48 Loam-gxey w i t h  b l u i s h   t i n t ,  f r o -  
t i o n  and photo  of one section of a representa-  
t i ve   t h i ckneas  (Pig. 2) .  

zen.  Cryogenic  structure i s  grid- 
shaped.  Mineral  aggregates  are of 

Fig. 2 Cryogenic a t ruc tu re  of a xepresenta- 
t ive   in te rmedia te   l ayer .  
a - st ructure   diagram; 
b - croea-aection at  a depth of 0.45- 

-0.8 m. 

Depth, m 

0.0-0.05 Vegetation layer. 

0005-0.27  Loam-light  brown,  ochreous  spots of 
f e r rug ina t ion ,   p l an t   roo t s ,  thawed. 

tint in a lower par t ,   f rozen .  Cryo- 
genic structure i s  massive. A t  t h e  
f o o t   t h e r e  are subve r t i ca l  micro- 
streaks 1.5-4.0 cm th i ck  which are 

0.27-0.42 Loam-heavy, brown w i t h  b l u e g r e y  
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0.2-0.25 x 0.4-0.6 cm s i z e .  I c e  
streaks a r e  up t o  0.1 cm thick. 

0.48-0050 Small  layer of l i t t l e - impure   i ce .  

0-50-0.60 Loam-grey w i t h  bluish t i n t .  Cryo- 
s t r u c t u r e  i s  complex,  lens- and 
grid-shaped. Mineral aggregates 
axe o f  0.3 x 1.5 cm, 0.4 x 2.0 cm 

and o f  I x 3 cm i n  t h e  middle. 
s i z e s  i n  upper and lower par t s  

0.3-0.4 cm thick.  
I c e   s t r e a k s  m e  on the  average 

0.61-0071  Small ice-layer w i t h  so i l   enc los -  
ing.   Ice  has many a i r  bubbles 
e longated   in   ver t ica l  d i rec t ion .  

0071-0.82 Loam-grey with b lu i sh   t i nc .  Cryo- 
genic structure complex,  lens- 



shaped and e t r a t i f i e d  w i t h  sepa- 
ra te  ver t ical   microatreapa.  Mine- 
ra l  aggregates a r e  from  0-2-0.3 
cm t o  005-0.6 t h i ck ,  1-2 cm long 
w i t h  separate  aggregatea 0-3-0.5 
cm long. Thickness o f  i c e  inter- 
beds i a  0.2-0.3 cm w i t h  maximum 
value of 0.4-0.6  cm. 

0.82-0.84 Li t t le - impure   i ce   in te rbed  w i t h  
a i r  bubbles  elongated in v e r t i c a l  
d i rec t ion .  

0.84-1.10 Loam-grey w i t h   b l u i s h   t i n t .  Cryo- 
genic   s t ruc tufe  f a  lens- and grid- 
shaped.  MFneral aggregates axe 
0.2-0.4 cm t h i c k  and up t o  3 cm 
long. I c e   s t r e a k s   a r e  002-0.25 cm 
t h i c k .  

1.10-1.60 Formation of  an i c e  complex. V i -  
s i b l e   t h i ckness  o f  aec t ion  is 1.6 
m. 

range of depth  changes in aeaaonal thawing 
and by a r e l a t i v e  a o i l  set t lement   with thawing  
and can  be de r ived  from the  formula: 

where I$,,= - maximum depth of seasonal  thaw* 
before  or after  thawing  out o f  t he  h t  ermedia- 
t e  l aye r ;  %in - minimum depth of aeaaonal 
thawing above the  developed intermediate lay- 
er ;  6 - r e l a t i v e   s o i l   s e t t l e m e n t  o f  t h e  in- 
termediate  layer  with  thawing. 

So, t y p i c a l  of nort   hern Yakut ia  a r e  Hma, = 1 
m, = 0.4 m, 6 = 0.7 m: re l ie f   ampl i tude  
due t o  dynmrmica of intermediate   layer   can  re-  
ach 1.4 m. A t  a lager thickness  of I m relief 
amplitude amounts t o  0.5-0-7 m. 

The most remarkable  feature i n  t h e   s t r u c t u r e  
One of t h e  i n t e re s t ing   na tu ra l   fo rma t ions  i n  

of intermediate  layer a r e  small ice beds w i t h  
t he  North are ridged  polygons. E a r l i e r  i t  was 

a thickneea of 1 t o  10 cm and on the average - suppoaed more than  once t h a t  polygon-ridged 
3-4 cm- Aa a whole, they   axe   pers i s ten t   a long  

r e l i e f  was of a thermokazet  origin. But t h i s  
t h e  s t r ike   bu t   here  ana t h e r e  combined a l l  

o i n t  of  view  doea  not  stand up t o   c r i t i a i s m  
toge t  her b h u . ,  1977) 

Cryogenic   s t ructure  of t h e  Upp3X p a r t  O f  the. 
Analysie of  ice-forming  proceaaea  occuxrhg on 

layer  i s  p r a c t i c a l l y  i n  a l l  s ec t iona   e i the r  
the  auxface of permafroat  allowed t o  au  pose 

gr id-shaped   wi th   re la t ive ly   l a rge   mlnera l  ag- 
t h a t  ice ogives  preaent  heaving r i d  es ' i G r e -  

gregatea or presented by separa te   aubver t ica l  
ch iehchev ,   Cbia to t inov ,  Shur - 1988). Later  

i ce   s t r eaks .   F rac tu re  tracee of v e r t i c a l   a t r i -   t a i n e d  by Zaikaov (1987). it waa proved  by many f a c t u a l  materials ob- 

ke i s  observed  often  throughout  the layer- 

The intermediate   layer  shows again f'roat frac- 
t u r i n g  and wedge ice-formation.  St i s  dissect;- 
ed by Bmall i c e  wedges,  lower parts' Of which 
en te r   t he   i ce  complex. The averaged stllpmary 
moieture  content  throughout  the layer varies 
wi th in  60-16%, reaching,  on the  average,  100- 
105%. It i s  detemnined f o r  each   pa r t i cu la r  
section  mainly by a quant i ty  and th ickness  of 
small i c e  beds. Moisture  content of mineral  
aggregates i a ,  on the  average, 3540% and it 
exceeds  the  l iquid  l imit .  

S tudies  of an intermediate  layer in   p resent -  
d a y  a l l u v i a l  (high f lood p l a h )  t a l u s  and 
e luv ia l   depos i t s  have shown t h d  i ts s t r u c t u r e  
and P rope r t i e s   gene ra l ly   s l i gh t ly  depend on 
genesis  of deposits.  

The f a c t  of occurr ing of  an intermediaee layer 
everywhere  not  depending On fac iea   condi t ions  
of deposit  accumulation and on cryogenic gene- 
a a l i t y  of  i t s  formation-mode. Just   such  an 
sis  of underlying, soils predetermines  univer- 

un iversa l  mode i a  a decrease in thickness  of 
seasonal ly  thawed layer due t o  such procesaes 
as weathering,  aoil-  and vegetation  formation. 

Depth of seasonal  thawing i e  equal t o  25-30 om 
on t h e  sur face  of ridged  polygons and t o  I m - 
inside them. During landscape  development, 
formation of an intermediate  layer s t a t e  abo- 
v e   i c e  wedgee earlier t h a n  i n a i d e  polygons. 
Ice   og ives  change into  quasi-ateady s ta te ,  
escaping a long  s tage o f  a polygonal  bog, 
which is passed by t h e  oen t r a l   pa r t a  o f  poly- 
gons. Select ive  formation of an icy interne-  
d i a t e  layer above i c e  wedges i a   j u e t  a reason 
o f  ogive  formation. It changes f l a t  r e l i e f  
into  r idged-lake one. Lakes inside  polygons 
axe being bogged wi th  time and r e l i e f  through- 
out t h e  permafroet  surface i a  being   f la t tened  
under  influence of forming an intermediate 
layer .  

Thickness and features of the intermediate 
layer determine a p o s s i b i l i t y  and i n t e n s i v i t y  
o f  thermokarst i n  t h e  areas w i t h  .an i c e  comp- 
lex ,  Thawing o f  accumulating i c e   i a   p o a a i b l e  
only when po ten t i a l   dep th  of  seasonal  thawing 

ing under na tu ra l   cond i t ions  (Hnat p lus  a 
thickness  of intermediate   layer   conaol idated 
a f t e r  thawing: 

i s  higher  than t h a t  of seasonal  tbaw- 

An intermediate   layer  i s  the  most va r i ab le  
pa r t  of permafrost. A conaidexable  ice satura- 'p.th. Hn&. + - ) (2)  
t i o n  of t h e  layer uredetexminea a number of 
geomorphological  processes  both  at  the  stagea  where Hint. - th ickness  of intermediate  layer 
of i t s  formation and r e s to ra t ion  and the   a t a -  
ge of  i t s  degradation. M a x i m u m  amplitude (A) before  thawing. Minimum depth  of,wedge  ice 
of re l ief   e lement8  due  to   formation or thawina (€lice), a t  which no thawing  happens, i e   equa l  
of an  intermediate   layer  i s  determined by a t o $  " 
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Correapondingly, m i n i m u m  thickness  of i n t e r -  
mediate  layer enough to protect '   the  underly- 
ing  ground ice   agalnst   thawing  out  i s  equal to: 

I n  the   nor th  of Yakutia a thickness  of inter- 
mediate  layer i s  i n  moat cases  lower  than 
minimum neceesary one t o   p r o t e c t  ground i c e  
againsP thawin  Therefore, the removal of 
surface cover fiads t o  thermokarst  progress 
and hence, t o   fo rma t ion  of mound-degreaeional 
r e l i e f -  

The least  r e s i s t a n t  i a  t he  intermediate layer 
t o  slmSorming proceseeaa Whereas thawing of 
in te rmedia te   l ayer  and i t a  consol idat ion un- 
der oonditions of a flat re l ie f  are completely 
ox t o  a grea ter   ex ten t   revers ib le  processes, 
the  $lope-forming process causes a decrease in 
i n t e rmed ia t e   l aye r   i n  t h e  ar eas of removing 
ground materials and i t a  r i s e  - in axeaa o f  
accumulation. Therefore, a zone of permisaible  
changea in a depth of aeaeonal  thawing  within 
permafros t   s tab i l i ty  shrinks in  the formex 
axean and expands in t h e   l a t t e r   o n e s -  

An engineering-geological importance o f  an 
intermediate  layer is  often prac t ica l ly   equi -  
va len t  t o  an engineering-geological importance 
of permafrost ,  because interrnediaCe layer is  
alwaye involved  in  a sphere of technogenio 
impaat whi le  Wderlying permafrost soi ls  are 
far from being in all aaaea. 

mgineering-geoloeical   e tudiea  require   the 
compoaifion, s t r u c t u r e  ana Paiturea of upper 
horizon of permafrost s t ra ta  and hence of an 
i n t e r m e d i a t e   l a y e r   t o  be atudied i n  t h e   f i x s t  
p l a g e  and i n  t h e   g r e a t e s t   d e t a i l s .  Unsuffici- 
en t ly   ca re fu l   app roach   t o   s t ruc tu ra l   f ea tu re s  
of   the  upper   par t  of  permafrost   serves a rea- 
son f o r  exrors  in many geocryological  predic- 
t i o n 8  e 
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FROST  SHATTERING OF ROCKS IN THE LIGHT OF POROSITY 
R. Uusinokal and P. Nieminenz 
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SYNOPS IS Of all the factors influencing the effectiveness of frost weathering special attention 
is herewith paid to the  porosity  of the rocks and to the role of unfrozen adsorption water. Mercury 
porosimetry is used  to test the  pore  size distribution of the rocks studied. Cumulative pore area 
and  pore volume have  proved to be higher in rocks prone to.mechanica1 comminution than in resistant 
rocks. Especially, the amount of pores less than 1 um in diameter, i.e. the adsorption water pores 
is higher  in weatherable than in resistant rocks. This fact favors the presence of adsorption water 
which is  forced to be detached from the surface of minerals like micas and to flow towards the 
freezing centers in larger  pores  and fissures to promote frost shattering. 

FROST WEATHERING:  GENERAL CONCEPTS 

Frost weathering is defined by Brunsden (1979) 
as "mechanical breakdown of rock by the growth 
of ice within the  poxes  and discontinuities of 
a rock  subjected to repeated cycles of freezing 
and thawing". This freeze-thaw action is also 
termed f r o s t  cracking, riving, shattering, 
splitting, or wedging. A l l  these expressions 
are used  more or less indiscriminately 
(Fairbridge 1968). Terms congelifraction and 
gelifraction have also been proposed; 
macrogelifraction occurs when large  particles 
are separated, and, correspondingly, 
microgelifraction crushes the  rock  producing 
sand ox silt when water freezes in  rock  pores 
(Wilson 1968). 

The effectiveness of freeze-thaw conditions 
depends on numerous factors and it cannot be 
universally defined (Brunsden 1979). The process 
depends on e . g .  (see Ernbleton and  King 1975, 
Erunsden 1979, Hall 1986): 

- temperatures of the air and  ground or rock 
(air temperatures - as mentioned by Embleton 
and  King 1975 - "provide no  more than a 
rough guide to ground temperatures") 

- intensity, duration,.  and rate of freezing 
- thermal conductivity of rocks 
- water content of rocks, particularly  the 

actual amount of water available and  its 
distribution within the rock 

- dissolved ions 

Other factors influencing the effectiveness of 
frost weathering include  the soundness (Falconer 
1969) of the  rock. It comprises the amount of 
microfractures, porosity, pore size distribution 
and amount of secondary minerals produced by 
chemical weathering or hydrothermal alteration. 
A l l  these items affect the  water adsorption 
capacit-y o f  the rock. Capillary and adsorption 
water  are  able to be unfrozen below 0 OC. This 
enables these types of water to flow along the 
microfractures towards the frozen water in 
larger  pores  and  fractures (Ohlson 1964, 

Walder and HalLet 1985, 1986). Freezing a€ this 
water starts after reaching these larger 
cavities with frozen water. This process may 
then result in microgelifraction and even 
macrogelifraction. 

POROSITY I N  ROCKS 

According to Walder and Hallet (1985, 1986) 
substantial crack growth can be  produced in 
rocks at temperatures well below 0 OC by 
uninterrupted water supply and maintenance of 
temperature gradient. Microscopic cleavage 
and pores occur in rocks between mineral 
grains and within minerals like feldspars and 
micas. The sizes of the pores  vary. According 
to the classification adopted by the 
International Union of Pure and  Applied 
Chemistry (see Gregg and Sing 1982) poxes with 
more than 0,05 pm in diameter (if spheroidal 
or cylindral, or in distance between the sides 
of slit-shaped pore)are called macropores, 
and those with 0,05 - 0,002 um, respectively, 
mesopores, and those with diameters less than 
0,002 w are thus called micropores. 

The pores where free water may occur are called 
gravity water pores, their diameters are over 
10 pm. The poses with 10 - 1 pm in diameter 
are capillary water pores. Adsorption water 
means ordered ox oriented water in which the 
individual water molecules are oriented and 
form dipoles with positively charged hydrogen 
atoms at one extremity and negatively charged 
oxygen atom at the other. In the larger, gravity 
and capillary water pores  these dipoles have 
practically no effect on the non-oriented 

, water in the pore space.  In the smaller pores 
adsorption water totally fills the pore space. 
The thickness of the adsorption water layer is 
0.5 urn (H6lek and Svek  1979). Thus pores with 
1 um or less  in Siarneter are totally filled 
with adsorption water and axe thus called 
adsorption water pores. 
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FROST SHATTERING I N  ENGINEERING GEOLOGY, 
AND METHODS OF THE PRESENT STUDY 

Main concerns of frost weathering in eng 
geology  include: 

- stability of open cutting walls and 
and roofs of road  and railroad tunne 
aqainst frost wedsins 

MATER I AL 

ineering 

the walls 
IS 

- cGushing (togethe; with traffic burden) of 

- damage to stone veneering slabs  in the outer 
road  base  and  pavement aggregate 

walls of buildings 

In the engineering-geological laboratory of 
Tampere University of Technology studies on the 
durability of  rock aggregates and  stone veneering 
slabs are carried out. The most useful tool in 
predicting the durability of rock material to 
frost damages has proved to be the determination 
of pore  size distribution of rocks by mercury 
porosimeter test. In the test (see Nieminen et 
a1 1985, Uusinoka  and Nieminen 1986)-mercury is 
forced by pressure into the  pores of the vacuated 
sample. A computer program  based on the so- 
called Washburn equation (see Uusinoka and Nie- 
minen 1986) has been written to calculate the 
cumulative pore area and  pose  volume. These 
pore properties are studied by using 
Micromeritics Intrusion Porosimeter. Surface 
area and volume of pores between 300 and 0,001 
p in diameter, i.e. all  the macropores and the 
largest mesopores can be measured. 

The purpose of the present  paper is to give  some 
preliminary results of the experiments made to 
study the correlation between pore size 
distribution of rocks and their resistance 
against frost weathering. The study material 
consists of certain medium-grained granites 
from different parts of Finland. Also some 
marbles from stone veneers have been tested.  The 
samples have been studied  both as gravel-size 
fractions and fine fractions (d < 0,074 mm), the 
latter  collected from the by-products of the 
crushing of aggregate material. 

Especially, the pore size distribution of fine 
fractions has proved to form an important 
criterion when selecting bedrock deposits for 
road aggregates (Nieminen and  Uusinoka 1986, 
Uusinoka  and Nieminen 1986). In addition to 
traffic burden, frost damage is one of the most 
obvious causes for crumbling of road aggregate 
,(Nieminen and Uusinoka  1986). Thus, weathering 
properties control the suitability of rock 
material as road aggregate. Fresh and  unused 
samples of rocks which, when used as road 
aggregate, proved to crumble, were submitted to 
freeze-thaw tests together with those proved to 
be resistant. The rocks less suitable as road 
aggregate mostly a lso  proved to be less resistant 
against freeze-thaw cycles. Mercury porosimetry 
were used to determine the pore size distribution 
of the samples. 

DISCUSSION ON THE RESULTS 

Examples of  the  pore size distributions of 
resistant and  less resistant rocks are given in 
Table 1. The increase of the cumulative values 
of pore volume and pore area are different 
between the samples of resistant (1, 3 )  and 
unresistant ( 2 ,  4 )  rocks. Furthermore, these 

differences are more distinctive in fine 
fractions ( 3 ,  4 )  than in fractions of gravel 
size (1, 2 ) .  The increase of cumulative values 
is most distinctive in  pore sizes less than 1 
pm in diameter, i.e. in the adsorption water 
pores. This means a stronger water adsorption 
capacity among these rocks . (2 ,  4 )  as compared 
to those represented by (1) and ( 3 ) .  

The increase of cumulative pore area in  pores 
with d less than 10 urn is shown in  Fig.  1 
(Uusinoka and Nieminen 1986). In the curves ( b )  
and  (dl representing fine fractions from less 
resistant rocks the cumulative pore area formed 
by pores less than 1 pn in diameter shows a 
strong rise as compared to the curves (a) and 
(c) from resistant rocks. The portion of the 
pore area of these d < 1 um -pores is smaller in 
(a) and (c) than in (b) and (a). 

A s  mentioned above, the adsorption water does 
not yet freeze just  below 0 OC. Unfrozen 
adsorption water occurs in temperatures as low 
as -40 OC (Falconer 1969). Gravitation water 
tends to freeze below 0 OC in joints  and larger 
fissures and pores. Within the rock the pressure 
gradient tends to turn towards those centers of 
freezing. This phenomenon is analogous with that 
occurring in  loose surficial deposits during 
frost heaving (Nieminen 1 9 8 5 ) :  the unfrozen 
capillary and adsorption water tends to flow 
upwards and freeze in oontact with the ice 
lenses, whose formation is initiated by the 
freezing of the gravity water. 

Frost weathering of rocks is thus initiated by 
the formation of ice in  larger pores and 
fractures whose water content is nourished by the 
increasing suction tending to detach t h e  oriented 
water molecules held in contact with the walls 
of the smaller pores. If this sufstion force 
becomes stronger than the pF numkr in the 
wilting point (Brady 1974) the detachment of 
the adsorption water starts. The amount of 
adsorption water depends on the amount of the 
pores with d < L pm as well as on the amount of 
minerals with a great water-holding capacity like 
clay minerals formed as products  of chemical 
weathering or hydrothermal alteration. 

The intensity of frost shattering of rocks i s  
thus greatly affected by the pore size 
distribution in the texture. The greater is the 
amount of adsorption water pores the moxe 
adsorption water is able to be stored in the 
rock. Migration of the adsorption water by the 
suction caused by the freezing of the gravity 
water is, however, possible only together with 
an adequate amount of fissures and capillary 
pores both of which lead the detached adsorption 
water to the centers of freezing. These 
conditions are fulfilled in medium- to coarse- 
grained igneous or metamorphic rocks and in many 
sedimentary rocks, too. In crystalline rocks 
the texture may be disrupted by the differences 
in the dilation behavior  of the different 
minerals together with temperature changes. This 
creates fissures along which unfrozen water is 
able to flow from the small pores'mostly within 
the feldspars and  micas. 

From the point of view of the durability of road 
aggregates, a program to study the weatherability 
of different rocks by mercury porosirneter test 
has been initiated  in our laboratory. On the 
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TABLE I 

Pore size distributions as results of mercury  porosimeter tests from resistant (1, 3 )  and 
weatherable ( 2 ,  4 )  granites. Samples 1 and 2 represent gravel sizes and samples 3 and 4 are from 
fine fractions of granites (different from the former). D = pore diameter urn, V = cumulative pore 
volume (dm3/kg) ,  A = cumulative pore area (m2/kg). Note the higher values of pore volume  and  pore 
area, notably the  higher cumulative rises below 1 um, i n  the samples of  l.ess resistant rocks. 
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Pig. 1. Cumulative pore areas ( A )  in the 
different pore sizes (D) of the fine 
fractions of four crushed aggregates(d 

c 0.074 mm).  The portion of the pore areas 
formed by pores with 0 C 1 is greater 
in the samples (b) and ( d )  from friable 
rocks than in (a) and (c) from resistant 
rocks (Uusinoka and Nieminen 1986). 
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60.162 0.0523 
44.021 0.074 
35.389 0.098 
29.588 0.109 
25.067 0.125 
20.510 0.1439 
18.048 0.157 
15.040 0.165 
13.369 0.184 
11.874 0.194 
9.449 0.214 
9.483 0.214 
7.512 0.218 
5.324 0.282 
4.150 0.492 
3.152 0.617 
2.537 0.682 
1.543 0.784 
1.263 0.808 
0.987 0.836 
0.596 0.874 
0.352 0.900 
0.224 0.914 
0.174 0.919 
0.120 0.925 
0.090 0.929 
0.060 0.932 
0.036 0.935 
0.018 0.938 
0.009 0.939 
0.006 0.940 
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686 
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1917 
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2280 
2788 
3223 
3949 

basis of the results of mercury porosimetry, 
freeze-thaw tests and the experience from the 
behavior of the rock material as road aggregate 
we have thus far obtained an empirical 
classification of rocks into resistant and less 
resistant types. 
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FLUVIO-AEOLIAN  INTERACTION  IN A REGION 
OF CONTINUOUS PERMAFROST 

J. Vandenberghe and J. Van Buissteden 

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

SYNOPSIS The  interrelations  between  fluvial  and  aeolian  processes  under  conditions of 
continuous  permafrost  (Dinkel  valley,  eastern  Netherlands and adjacent  Germany)  have  resulted  in 
three  main  sedimentary  facies: I/ an  aeolian  facies  comprising  fine,  parallel  laminated  sands  (al) 
and sandy  loess ( a 2 ) ;  21 a fluvial  facies  represented  by  trough  and  tabular  crossbedded  coarse 
sands;  and 3 1  a  fluvlo-aeolian  facies  consisting  of  laminated  sands  and  sandy  silts  and  occasional 
sand-filled SCOUTS. The  latter  facies  is  the  dominating  one  and  is  the  result of alternating 
sheetflood  and  wind  activity.  Conditions  of  continuous  permafrost  are  expressed  by the frequent 
occurrence  of  both  epigenetic  and  syngenetic  ice-wedge  casts  and  large  cryoturbations. 

INTRODUCTION 

The small Dutch  river  basins  have a predomi- 
nantly  periglacial  genesis  (e.g. De Gans,  1981; 
Van  Huissteden  et  al.,  1986a;  Vandenberghe  et 
al., 1987). The fluvial  sedimentary  record  con- 
tains  the  information  to  reconstruct  the  pa- 
laeo-environmental  conditions as well  as  the 
type  and  intensity  of  the  geomorphological  pro- 
cesses.  It  appears  that  the  development  of  the 
lowland  valleys  is  characterized  by  tlme-vary- 
ing  hydrologic  regimes  and  is  influenced by 
striking  changes  of  aeolian  sediment  supply 
(Vandenberghe,  1985).  During  the  Weichselian, 
from  which  period  the  most  complete  information 
is  preserved,  climate  in  the  Netherlands  has . 

varied  between  cool-temperate  and  very  cold. 
Processes  have  changed  accordingly.  Therefore, 
the  relations  between  climate  and  sedimentary 
environment  have to be  studied  €or  small, c i i -  
matologically  homogeneous  time-intervals. 

The  present  study is concerned  with  the  impact 
of climate  on  the  river  dynamics  and  geomorpho- 
logical  valley  development  during  the  last  gla- 
cial maximum (ca.  23  to 15000 BPI.  This  period 

permafrost  (Vandenberghe,  1983). The Dinkel 
i s  characterized  by  conditions of  continuous 

valley in the  eastern  Netherlands  and  adjacent 
Germany  offers good possibilities  for  this 
study  because  relatively  thick  deposits  from 
that  period  have  been  preserved  and their stra- 
tigraphy  is  well-established  (Van  der Wamen & 
Wijmstra,  1971;  Van  Huissteden  et  al., 198613; 
Vandenberghe & Van  Huissteden,  1987).  Deposits 
from  the  concerned  timespan  are  found  in an 
exposure  at  Holt  on  the  higher  of  two 
Weichselian  Pleniglacial  terraces,  slightly 
above  the  actual  alluvial  plain  (fig. 1). They 
provide  the  basic  information  for  the  recon- 
struction of  the  Sedimentary  processes  and  the 
periglacial  environment.  Stratigraphically  they 
overlie  a peat layer  which  has  been  dated  at 
27500 BP +/-250  (GrN-11523).  The  deposits  are 
covered  by  aeolian  deposits  which  are  typical 

~~ 

Fig. 1. Location  map of  the  Twente  area. 

glacial  (Beuningen  desert  pavement  and  plane- 
for the  final  part  of the Weichselian  Pleni- 

bedded  coversands). 

PERIGLACIAL SEDIMEHTARY  FACIES 

a/ aeolian  facies 

Pure  aeolian  deposits  are  not  readily  expected 
within  the  valleys.  However.  traces of  aeolian 
activity  are  not  uncommon  during  certain 
times. 

A first  facies  of  aeolian  deposits  (al)  con- 
s i s t s  of pale  yellow,  parallel  laminated, 
slightly  silty  sands.  The modal grain size 
from  120 to 165 urn, The sedimentary struc- 
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Fig, 2. Laquer  peel  showing  the  aeolian  facies  al,  the  fluvial  facies (b) and  the  fluvio-aeolian 
facies (c). Column I: lithology;  column XI: sedimentary  structures  and  grain-size  estimates (phi 
units). 

tures  and  the  granulometric  properties  point to ratio  is  ca. 5). This  fine  fraction  shows  the 
an  aeolian  mode of deposition”in the  form of characteristics  of a real  loess  although  the 
sand  sheets  (Schwan, 1987). The  aeolian  sedi-  mean  grain  size  is  relatively  coarse.  This 
mentation  ranges  from  dry  aeolian,  characteri-  coarseness,  as  well  as the admixture  with  sal- 
zed  by  subparallel  planar  cross-bedding, to wet  tation  sediment  may  be  explained by the  posi- 
aeolian,  characterize4 by wavy  lamination  (Fig.  tion of the  study  region  which  is  considerably 
2 ) .  Aeolian  erosion  has  resulted  in  the  forma-  northward of the  large  northwestern  European 
tion  of residual layers  consisting of a  coarse loess belt (Vandenberghe & Krook, 1981). The 
rolling  subpopulation.  Consequently the gene-  nearly  absence o f  clay  excludes  deposition  as 
rally  moderate  sorting of the  aeolian  sediments  an  alluvial  Layer. 
decreases  likewise  when  affected by erosional 
hiatuses.  In  some  areas  aeolian  deflation  domi- b/ fluvial  facies 
nated such that no aeolian  sediments  have  been 
deposited  but  desert  pavements could develop. A t  various  positions  within  the  sediment  se- 

quence  a  system  of  multiple  gullies  with  large 
A second  facies  of  aeolian  deposit (a2) is corn- width-depth  ratio  is  present.  Channel  incision 
posed of a  compact  sandy  loess.  The  sediment is 
typically  bimodal.  The  coarse  fraction  is  re- 

and  accumulation  succeed quickly. The  sedimen- 

presented  by  the  fine  sands of facies al,  while 
tary structures  are  characterised by trough- 
and  tabular  crossbedding  (facies St, sp:  

the  fine  fraction  is  a  silt  (modal  grain  size 
40-50 prn) with  low  clay  content  (silt/clay 

Miall, 1977) and ripple cross-lamination 
+facies Sr).‘ A cammon sequence  is (St)-->Sp-- 



>Sr.  This  fluvial  facies  consists of medium  to aggradation  point  to  a  river of the  braided 
coarse  sand  (modal  value  between 180 and 275 type.  The  periodical  high  discharges  are  pro- m), which  contains  gravel  at  the  base of the bably  caused  by  snow  break-up.  These  points 
very  good  (Fig. 2 ) .  
gullies.  The  sorting  varies  between  medium  and  typify  the  arctic  nival  character of the  river 

(Bryant, 1982). 
The  described  lithologic  properties and sedi- 
mentary  structures  point  to a temporarely  high- 
energetic  rives  with  quickly  migrating  chan- 
nels.  Within  the  single  units of this  facies, 
features  indicating  reactivation  surfaces of  
lower  stage  flow (Collinson,  1970) are  rare. 
This  indicates  an  ephemeral  nature of the  chan- 
nels, as with  more  continuous  flow low stage 
reworking of high  stage  bedforms  might  be  ex- 
pected.  The  intermittent  character of the  ri- 
ver,  the  multiple  channel  system  and  the  quick 

c/ fluvio-aeolian  facies 

A sedimentary  facies  showing  characteristics 
of both  above  described  types  forms  the  major 
part of the  Upper  Pleniglacial  deposits. ~t 
consists of  sand,  dominated by indistinct, 
wavy  parallel  bedding  and  lamination.  Beds 
show varying  silt  content  and  are  usually 
thin,  ranging  from 1 to 10 cm  thickness  (Fig. 
2-3). Deposits of this type have been 



attributed  to  a  wet  aeolian  environment  (Ruegg, 
1975; Schwan, 1987). Several beds show  an  irre- 
gular  scoured  base  or  current  ripple  lamina- 
tion,  which  attest  of  periodic  reworking  by 
running  water.  Shallow  scours,  filled  with 
silty  sand  occur  frequently.  Some  scours  show  a 
cross-laminated  fill  and  grade  laterally  into 
vast  sandy  silt  sheets  with  many  tiny 
convolutions.  Discontinuous  gravel  strings  are 
attributed  to  deflation  processes.  Local,  badly 

be  derived  from  the  melting of snow  dunes 
sorted,  coarse-grained,  homogeneous  lenses  may 

(Schwan,  pers. corn.). 

modal character.  At  the  base  of  the  sets  typi- 
The  grain  size  distribution  shows  a  clear  bi- 

cal  aeolian  fine  sands  -described as al-are 
mixed  with  coarser  fluvial  sands  -described  in 
b-, while  the  top  of  the  sets  consists of a 
mixture of aeolian  sandy  loess (a2)  and  fine 
sand  (al).  The  basal  sediments  are  mainly  aeo- 
lian salbds which  are  reworked  by  running  water. 
The  upper  sediments  are of aeolian  origin  as 
well  but  are  deposited  in  stagnant  water. 

The  described  environment  is  situated  outside 
the  channels  which  functioned  only  during 
floods.  During  inundations  sheetflood-like 
conditions  prevailed  (Friend,  1983).  Convolute 
lamination  is  also  known  from  the  waning  stage 
of  ephemeral flood deposits  (McKee  et  al., 
1967). It suggests  rapid  deposition  and  water- 
saturated  conditions of the  sediment.  The 
thicker  sheets of silty  sand  represent  the 
typical  overbank  deposits of the  environment. 
During  the  periods  of  low  fluvial  activity  the 
concerned  areas  were  subjected  to  aeolian  acti- 
vity  (Bryant,1983).  This  resulted  especially  in 
the  deposition of ''wavy  laminated  sands"  (wet 
aeolian  environment)  and  the  creation of defla- 
tion  surfaces. 

PERLGLACIAL  STRUCTURES 

A series of wedge  casts  occurs  from  the  base  to 
the  top of the  sediment  sequence.  The  wedge 
forms  show  the  typical  structure of the  ice- 
wedge  casts  in  the  loose  aeolian  and  fluvial 
fine  sands  described  earlier  (Vandenberghe, 
1983a):  a  core of several  cm  width  characte- 
rized  by  vertical  lamination  surrounded  by a 
zone  with  numerous  normal  faults. It  has  been 
shown  that  this  bipartite  structure  is  caused 
by  the  presence of ice  in  the  wedge,  its  sub- 
sequent  melting,  the  progressive  infilling by 
liquefied  sediment  in  the  central  part  and  gra- 
vitational  downfaulting  in  the  boundary  zone. 
Thus,  also  the  wedge  forms at Holt  have  to  be 
interpreted  as  ice-wedge casts. However,  in 
comparison  with  the  generally  observed  wedge 
forms,  the  total  width of the  wedges  observed 
at  Holt  is  significantly  smaller,  while  their 
length,  in  contrast  to  the ca. 1.5m  commonly 
measured,  amounts  in  ideal  cases to ca. 4.5m. 
The  relatively  small width indicates  that  the 
wedge  growth  did  not  last  as  long  as  the  ge- 
nerally  occurring  wedges  which  are  of  the  epi- 
genetic  type.  The  wedges at Holt  have  been 
covered  several  times  with  fluvio-aeolian 
sediments  of  different  thickness  (facies  type 
c).  As  a  result  the  depth  range of ice-core 
growth  shifted  equally  in  an  upward  direction. 
A new  wedge  developed  while  the  lowest  part of 
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E:'] I .....*. :::. silty, 
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medium 

Fig. 4 .  Syngenetic  ice-wedge  cast  developed 
in  fluvio-aeolian  deposits. 

the  previous  ice-wedge  became  at  least in- 
active.  This  process  has  given  way  to  the  de- 

This  genesis  indicates  the  syngenetic  nature 
velopment of a  cone-in-cone  structure  (fig.4). 

of  the  forms  at  Wolt. 

Complete  interruption in the  vertical  exten- 

activity.  Of  course gully erosion  can  stop  the 
sion of some  wedges  is  caused by renewed  river 

development of a wedge,  but  (partial)  melting 
of the  permafrost  may also be  achieved  by  the 
simple  presence of river  water  at  the  surface. 

The  rate of sedimentation  is  thus  the  main 
factor  determining  the  grade of development of 
the  wedge  forms.  Therefore,  a  variety of forms 
is  present  ranging from fully  developed,  wide 
wedges  (Fig. 5) to  narrow  fissures.  The  Latter 

tion wa6  short (maybe only  one season).  Such 
forms developed when the  time of non-deposi- 

frost cracks,  which  have  been  almost  or  com- 
pletely  free of ice,  have  preserved  upturning 
structures  at  their  sides  since  gravitational 
collapse did not  occur. 

Large  cryoturbations ( o f  ca. 1.2~1 amplitude) 
are  only  present  at  the  top  of  the  sequence. 
They  represent  the  degradation of the  perma- 
frost  (Vandenberghe L Van de Broek, 1982; 
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Vandenberghe,l983b).  Small  involutions,  at  cm 
scale,  are  found  throughout  the  sediment 
series.  They  are  caused  by  water  expulsion  as a 
consequence  of  compaction of the  quickly  depo- 
sited,  water  rich  sediments. A frozen  subsoil 
might  have  enhanced  the  process, 

The  fluvio-aeolian  environment in  conditions  of 
continuous  permafrost  and  in lowland  valleys 
formed  in  a  sandy  subsoil,  is characterized  by 

! deposits  which  can be grouped  in  three  main 
facies 2 

a/  aeolian  facies:  slightly  silty,  fine  sands 
(al)  with  patchy  distribution  in  the  river 
plain  but  more  widespread  elsewhere  and  perio- 
dically  subjected to deflation;  relatively ex- 
tensive  sheets  of  sandy  loess (a2) especially 
towards  the  end of the cold phase. 
b/  fluvial  facies (b): filling  deposits  of  an 
intermittent,  braided-river  system  consisting 
of crossbedded  medium to coarse  sands. 
c /  fluvio-aeolian  facies  (c):  sequence of aeo- 
lian (al-2.) and  fluvial  deposits (b) as a  re- 
sult of periodical  inundations  alternating  with 
wind  activity  at low water  stage. 

The  maximum  of  the  cold  cycle i s  characterized 
by  the  typical  fluvio-aeolian  facies (c), - 

local ly  interrupted  by  small  shallow  gully  in- 
fillings (b) and  aeolian  sands (al). At  the 
end of the coldest phase  river  activity  slowed 
dawn, so that  the  former  river  plain  was 
transformed  into  a  terrace  (fig. 1) which  has 
been  covered  by  aeolian  loam (a2). This  silt 
and  the  underlying  sands  have  been  heavily 
cryoturbated  during  the  permafrost  degrada- 
tion.  Afterwards  aeolian  deflation  has  been  a 
general  process  leading  to  the  formation of a 
widespread  desert  pavement.  The  decline of the 
cold  period  is  terminated  by  deposition of ty- 
pical  aeolian  coversands  (facies  a1 as well). 
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REGULARITIES OF FORMING SEASONALLY CRYOGENIC GROUND 
E.A. Vtyurina 

Research Institute of Engineering Site Investigations, Moscow, USSR 

shown i n   t h e   r e p o r t .  

A t op   l aye r  of the  l i thosphere  with  seaaonal  
cycles  of thaw-freezing i s  of great  import- 
ance i n  development of na ture  and its exploi-  
t a t ion .  Changea i n   t h e  ground of t h i s   l a y e r  
provoke  transformatione of geocryological  con- 
d i t i o n s  and a number of cryogenic  processee 
developing  in  the  layer.   Subsoil   transforma- 
t i o n s ,  swamping, probable  pollution of ground 
waters and changes i n  a vegetat ion  caver  de- 
pend on na tura l   charac te r  of t h i s   l aye r .  The 
top   l aye r  i s  a na tu ra l   r egu la to r  of a surface 
runoff,  measure8 t o  be taken on the  environ- 
ment p ro tec t ion ,   r ecu l t iva t ion  and reclamat- 
ion  require   detai led  e tudy o f  t he  main quali-  
t a t i v e  and q u a n t t t a t i v s   i n d i c e e  of t h e   l a y e r  
i n  question. But BO f a r  we lack  information 
on t h i s   l a y e r .  Up t o  now the  problem so lu t ion  
remaina aB i t  was brought up i n  1955-56, when 
the  terms "aeasonelly thawin la eF" (STL) and 
' leeasonally  freezing  layer" $WLY were  intro- 
duced  instead of "an a c t i v e   l a y e r "  and"a  eea- 
sonal ly  freezing groundtt by M.I.Sumgin  (Sum- 
g i n   e t  ax,, 1940;  Kudriavtaev ed, 1978; Ner- 

1959). But i t  was a change i n  terms  only.  Pre- 
eeaeova, ed., 1956; Shvetsov, Dostovalov,eaa., 
v i o u s   d i r e c t o r y   c r i t e r i a  of t he  layera  remain- 
ed unchangeable and morphometric  trend of 
the i r   s tudy  was not  informative enough new 
terms d i d  not   reveal   the   point  of t h e   l a y e r s  
(Vtyurin,  Vtyurins , 1981 ; Vfyurina , 1974,1984 ; 
Kot lyakov , ed . , 1 984 ; Popov,  1967 ). 
The author  put  forwerd a new method to etudy 
e top   l ayer  o f  l i thoephere  with  developing 
seasonal   cycles  of thew-freezing  (Vtyurin, 
Vtyurina, 1981; Vtyurina, 1904). The l a y e r   i n  
queation exposea to  seasonal  thaw-freezing 8s 
in   the  permafrost   region eo outside of it. 
Both Qf these  proceaaes  ape  considered t o  be 
cryogenic,   therefore  the  ground corn oeing t he  
l a y e r  i s  ca l led  seasonal cryogenic f S C 0 )  in- 
depend on t h e m e 1   s t a t e  o f  under ly ing   e t ra ta ,  
The on ly   ob jec t ive   c r i t e r ion   t o   aepa ra t e  SCG 
from permafrost and perennial  thawing  under- 
l y i n g   s t r a t a ,  a s  the   au thor  says, i s  a charec- 
t e r  of 8 thaw-freezing  cycle,   but  neither 
their  annual  thaw-freezing  nor  thermal  condi- 

gu ish  STL and SFL (Nereesaova, ed. , 1956; 
t i o n ,  which  were considered c r i t e r i a  t o   d i s t i n -  

SYNOPSIS Term L'maaonally  cryogenic  ground" (SCG) i s  int roduced;  its c r i t e r i o n   i e   e s t a b -  
l i s h e d ;   r e g u l a r i t i e s  o f  forming SCG i n  two phases of development are under  consideration;  cryo- 
g e n e t i c   c l a s s i f i c a t i o n  of S C G  is  worked out ;  SCG z o n a l i t i e s  and methods t o  pred ic t  SCG oryogenic 
changes  a8  well a8 theoret ical   importance o f  t he  problem i n  economic  development of an  area  are  
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S h v e t ~ o v ,  Dosfowlov, eds., 1959; Popov,l967; 
Kudriavtsev, 1948). A t o p   l a y e r  i a  ca l led  w a - .  
sonal ly   cryogenic   due  to   the  fact   that  i t  i s  
character ized by a seaaonal  thaw-freezing 
cycle  ( L e .  f reez ing  i n  winter and thawing- 
next summer o r  thawing - in mmmer and f ree-  
zing C. next win ter )   which   occurs   owe  a t   l eas t  
f o r  a representat ive  per iod of 30 yeam. A 30 
year  period i s  accepted 6s Q representa t ive  
one due t o   t h e   f a c t   t h a t  on the one hand this 
period i a  chareoter ieed by a l l   t h e   l l v e r s i t y  
of weather   condi t iona  effect ing  the  seasonal  
f reez ing  ana thawing (Sumgin e t  a l . ,  1940) and 
on the   o ther  hand natural   denudat ion and eadi- 
mentation  doas  not lead t o   s i g n i f i c a n t  changes 
i n  pos i t ion  of SCG top  and bottom  except  local 
disastrous  effectr j .  A new tendency  proposed by 
the   author  is morphocryogeaetic,  the main point  
o f  which i e  cryogenesis ,   Le.   formation of SCG 
am a l i thocryogenic   uni ty .  The new approach 
p e r m i t s   t o   d q i n e  more exactly  morphometric 
c h a r a c t e r i s t i c s  o f  SCG aa compare t o  the pre- 
vioua  studying of STL and CPL. 
An ana lye i s  of ,Long-term inves t iga t ion   da t a  on 
seasonal  thaw-freezing and observat ions made ; 
by the author  permit  to  Conclude  that  SCG i s  
more d i f f e r e n t  by cryogenesis am compare t o  
perennial   f reezing ground and t h a t   t h e  SCG 

d i f f e rences  i n  a number of i t s  ind ices  and pro- 
cryogenet ic  heterogenei ty  is a main reason of 

aesses  developing i n  SCG, i ts d i f f e r e n t  X ~ Q C -  
t i o n   t o  changes i n  na tura l   condi t ions  and a 
d i f f e r e n t   a f f e c t  on economic  development of 
an  area.  
SCG in   the  permafroat   region and outs ide of i t  
has neceaaari ly  two phases i n  development: 
aggradation - when a ground is f reez ing  o r  i n  
a f r o z e n   s t a t e  and ca l led   "masonal ly   f reez ing  
ground" (SFG) and degradation - when a ground 
is thawing o r   me l t in  and called masonal ly  
thawing  ground" (STDT. "heir   cryogenic  hetero- 
genei ty  is a r e s u l t  of q u a l i t a t i v e  changea i n  
the  both  procesaes  forming SCG: seaeonal thaw- 
ing and f r eez ing  and time dynamica of t h e  
depth of t h e i r  development.  Both  proceeaes  are 
zonal   bu t   regular i t iee  of ground  changes a r e  
diametrically  oppoatte.   Seesonal  freezing  to- 
ge ther   wi th  SFG formation  (aggradation  phase) 



becomes more complicated  from'eouth l o  north- 
ward of t he  USSR. The south  zone  the  boundary 
of which i a  e geoisothermic  l ine of + l 0 C  ( a  
ground tern oreturo i n  the  zone o f  aero  annual 
va r i a t ions7  is cheracter ized by only one modi- 
f i c a t i o n  of thie proceea: d i r e c t   f r e e z i n g  from 
the  ground Burface. T U B  modil icat ion is ob- 

o r  i r r e g u l a r l y  (non-systernatical3.y) i n  the  ex- 
aerved  regularly,   systematically  (every  year) 

treme  south. Aa a reaul t   ayetematic  or non- 
rJyetemstic monogenetic d i r e c t  SFG is formed, 
t h a t  is t o  e,ey t h a t  SFG i e  formed i n   t h e  pro- 
cess of direct  f reezing  only,   In   the  north 
zone  limited from the   south by a geoiso themic  
line of -lot two na tura l   modi f ica t ions  of 888- 
zonal freezing can be observed:  direct  and 
reverae freeeing  developing away from the  
permafrost   strata.  I f  l eade   to   format ion  of 
polygenelio SFG, Direct  and revexae  freezing 
can be Bynchronic or metachronic. Grounde i n  
t h i s  case are  called  eynchronic  or  metachronic 

charecfer  o f  the  middle aubzone of. t h e   n o r t h  
polygenetic respectively.  Synchronic SPG ie 

zone l i m i t e d  by geoisothermic  l ines  -4OC and 
- 5 O C a  Metachronic  polygenetic SFG can be sub- 
d i v i d e d   t o  two typea-d i rec t  and reverse depend- 
i n g  on what f reezing  begins  first* Metachronic 
SPG of the  first type is formed under condi- 
t i o n  of earlier d i r e c t   f r e e z i n g  i n  the  south 
subzone of the nor th  zone and the aecond one- 
unde r  e a r l i e r   r e v e r s e   f r e e z i n g   i n   t h e   n o r t h  

duce a d i f f e r e n t   e f f e c t  on SFG fo rma t ion   i n   t he  
aubaone. Variations i n  thaw-freezing depth pro- 

zonm mentioned. In t he  south sone a11 t he  
etrata which  got  froaen i n  winter thaws i n  awn- 
mer d e e p i t e   p e a t  variationrJ i n  time o f  the 

seaeonal   f reezing depth (by 1 - 5 5  and even by 
10-20 times).  Therefore SFG a t  this zone is 
monochronic due t o  the f a c t  t h a t   t h i s  ground 

north zone SFG thawe p a r t i a l l y   d u r i n g  a year 
as a whole i s  formed f o r  one winter,  I n  the  

(with  the  except ion o f  B year with a maximum 
depth of eeasonal  thawing  within a repreaen- 
ta t ive  per iod) .   There remains a residual f ro -  
zen  horizon. Nhen i t  j o i n s  a f rozen ground 
farmed laet winter,  polychronic SFG is  formed, 
I t e  upper part  wea formed lest  winter  and a 
residual   horizon  can be a r e e u l t  of one o r  
severa l  previoua wintere. The reeidual   horizon 
can be under  frosen  condition for years but 88 
i t  ie e par t  o f  SPG i t  necessar i ly  tbawa i n  

for B 30 year period, 
summer and got  frozen nex t   w in te r   once   e t   l ea s t  

A middle Zone Can be separated limited by a 
geoisometr ic   l ine  of +l°C. I n  cold  winter a 
polychronic SPG i s  formed i n  this  zone and 
monochronic - i n  warm winter. Such changes 
occur more f r e q u e n t l y   i n   t h e   n o r t h  aubzone 
northward Prom t he  OOC geoisothermic  l ine 
where  formation of monogenetic SFG a l t e r n a t e s  
i n  t ime  with  polygenetic SBG, In  the  north 
subzone  monogenetic S P G  only i a  formed. 
Such are p r i n c i p a l   r e g u l a r i t i e s  of SCG forma- 
t i o n  a t  an  aggradation phase. But to   determine 
SCG cryogenet ic   grsdat ion i s  nacessaxy t o  know 
and t o   t a k e   i n t o  eccount r a g u l a r i f i e a  o f  SCG 
formation a t  another phase degradation i.e. 
spec i f i c   f ea tu re s  of STG formation. Seasonal 
thawing i s  BO heterogeneous a 8  f reezing  but  
t h e   l a t t e r  i s  complicated by the  reverse  di- 
r e c t i o n  aa compare t o  freezing- from north t o  

Seanonsl cryogenic aoils 
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aouth.  Therefore  cryogenetic  zonality of S I G  
differa from that of SFG. Only  the  boundariee 
of the  zonee  are  the  same.  But  the  northern 
zone is not  divided  to  subzonee  by STG forma- 
tion.  Syetematic  only  direct  seasonal  thawing 
(when a residual  horizon  melts  completely) 
provide0  formation o f  only  monochronic  mono- 
genetic STG in ’the  mentioned  one. The  middle 
zone is characterized by alternation  of  mono- 
chronic and polychronic STG within a represen- 
tative  period  but  in  contrast to SFG the  firet 
grounds dominate in the  north  subzone  and  the 
second  ones - in  the  south,  where  they  can be 
sometimes  monogenetic  and  sometimes  polygene- 
tic.  The south zone i a  characterized  by  direct 
and  reverse  thawing  where a residual  thaw 
layer is formed  any year except a year with a 
meximum  freezing  depth  within a repreeentative 
period, So, polychronic  polygenetic STC domi- 
nates  in  this  zone.  STG are subdivided by name 
to  the  same  gradations aa  SPG of the  noxth 
zone  depending on relation  of  the  direct and 
revexee thawing  beginning  but  with  account of 
thaw  regularities,  they are: metaohronic of 
the  first  type in the  north  eubzona up to geo- 
isothermic  line o f  +4W, where  direct  thawing 
begins  firet;  synchronic  in  the  middle sub- 
zone  up  to  the + 5 O C  geoiaofh~rmlc line and 
metachronic o f  the  aacond  type  in  the  south 

the  eouth  subzone  with a freezing depth of up 
subzone  where  reverse thawing  begins first. In 

to 5.0 cm  reverse  thawing  only  can  be  often  ob- 
served  end  polychronic  monogsnetic  reverse STC 
be  formed. 
So, an  aaaumed  long  ago  division o f  perennially 
frozen  ground  to mono- and polychronic, mono- 
end  polygenetic turned t o  be auitable  to SFG 
and STG  that  means  to SCG as a whole.  But a 
number of low-class  gradations of SPG and STG 
aen be also  diatinguished  with  account  of  de- 
veloping  modifications of aeaaonal  thaw-free- 
zing  end  time  reletion of the beginning of 
these modificationa. 
A conju  ate  analysie  with  account of princip- 
lee of 8CC formation at the  both  phases o f  de- 
velopment,  that i s  t o  say SPG and STG at any 
area,  helps  to  reveal  qualitative  heterogene- 
ity of them grounds  and  to  compile  the  first 
cryogenetic  claeaification of SCG (Fig.1). 
Names of SCG  gradations are aesumed  by  the 
most coaplicated  phase of their  development, 
In case a thaw  residual  horizon is available 
the.SCG  is  called  aggradation - heterogeneous, 
a fl’ozen  residual  horizon ia available  the  SCG 
is called  degradation - heterogeneoua, in c a m  
the  both  horizons  are  available - heterogane- 
OUEI, without  those  two  horizons - homogeneous- 
direct  thawing  only  the SCG ie  called  aggreda- 
In cam of direct  and reveme freezing  and 

tion - polygenetic,  the  both  modifications of 
thawing  and  direct  freezing  only - degradation 
north  zone  (thawing  horizon  in  the  south zone) 
-polygenetic. A residual  frozen  horizon  in  the 

can be a result of  only  direct or only  reverae 
freezing  (thawing). In this  case SCG is  celled 

o r  direct - et  the  top  and  reverae - at the aynchronic C. reverse or metachronic -. reverae 

bottom (SCG oomplex  eynchxonic and complex 
metachronic). In c a m  of changae  in  cryogene- 
tic  gradations of SPG and STG  rather  complex 
polygenetic SCG is formed due to  different 
principle8 of formation of the t o p  l a y e r  last 
winter (summer) and a r e s i d u a l  horizon 3 for 
the  previous  ones.  Regularitiee of SCG form- 

ation  are  reflected  in  its  name,  the first 
part of which  ahows B principle o f  SCG forplat- 
ion during a year of observation  and  the sew 

horizon, The SCG zonaXiOy  reflects cxyoganetic 
cond - during a year 09 forming a rerjidud 

zonality  of the both  phase& of SCG development 
and  differs  from  aach  other  by  zonal discre- 
pancy o f  SPG and STG, 

Different  clyogenetic  gradatione of SCG are 
characterized  by  different  thicknesa,  moisture 
ana ice  content,  oryogenic  cornpoaition, gene- 
tic  typee of gxound  ice,  properties,  d‘ifferent 
complex of cryogenic proceaaea, different ef- 
fecta on the  other  natural  proceesers  and on 
economio  development of an area. Dynamioe oP 
quantitative  indicers of SCO is moxe  intensive 
than  that of qualitative  ones. To avoid arrows 
estimation of quantitative  indices  it is ne- 
cesaary to  determine: 1 )  guantitativs  indices 

rately, 2) with  aocount  of  dynamics o f  their 
for every cryogenetio  grsdation of SCG erepa- 

changes  wtthin a representative period ox a 
required long-term period,  but not on the 
baeis of a year period o r  ahort-term  obasrva- 
tiona, Time dynamica of quantitative  indices 
o f  SCG can  be  determined  by  means of long- 
term  obaervationa o r  approximate  indirect 
methods  by  ahort-term and even a year  obser- 
vation,  it on the are8 under  investigation ob 
near  et  there i s  a station  where  obeervetion 
data on seasonal  thaw-freezing  are  available 
for a period of 30 and  more YBEIFB. 

So, cryogenetic  gradations of SCG aerve  a  aom- 
plex  indicator  of a number of natural  procer- 
sea character of SCG and so ite  principal ape- 
ciPic  featurea  especially  it  granulometric  com- 
position of SCG ia known, It irs proved  that 
the more complicated  formation  of SCG is in 
the  pexmafrost  region at an  aggradation  phase 
the leas i t s  thickness is, molaturs and ice 
content is higher, cryogenic oomposition is 
more  complicated,  ground  ice ia of different 
composition, complex o f  cryoaggradation and 
cryodegradetion proceases i e  more complicated, 
affect of SCG  on other natural  procesaea  and 
economic  development o f  an area ie more inten- 
aive. Therefore t o  know  cryogenefic  gradation 
OP SCG aa well aEi to  be  apt  to  pxognoze i t a  
natural  and  technogenic  change  ia a matter of 
great  importance. Et le known  that seasonal 
thaw-freezing  and  formation of SCG is effected 
by a number of factom.  It i s  important  to 
eeteblieh which of them  could sum up  all  the 
others end finally  predetermine  cryogenetic 
gradation of SCG. It turned  to  be that sueh 
a factor  can be aeeumed a ground  temperature 
in the  zone of annual  zexo  variationB (Vtyu- 
rine, 1974, 1984). Its  extreme values for SCG 
formation are shown above aa geoisothermic 

fexent cryogenetic  gradations of SPG end STG, 
lines  separating  zones  and  subzonae  with  dif- 

i f  means  that  it i e  character of SCG. 
finally,  prediction of ground  temperatures  in 
the  zone of annual  zero  rariationa can be con- 
Bidared a prognosie of cryogenetic  changeB  in 
SCQ and proceaaea developing  in  it, 
So, a problem of SCG is one of the  moat im- 
portant  new  problems o f  geocryology  differ 
from a problem of STL and SPL a8 by a subject 
eo by a trend of‘ investigation.  Study o f  SGG 
is  importent f o r  correct  estimation of ita 
affect  on  economic  development of an  area,  for 
determination of complexity of geocryological 



conditioner and prognosis of t h e i r  changeet f o r  
elabosation of nature   protect ion meeaurea, re- 

blem i s  of greet  importance  in a matter of 
cultivation and reclamation inclading. The pro- 

etudying  natural processes i n  SCG for paleo- 
geographic  reconstruotione, 
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OBSERVATIONS OF SORTED CIRCLE ACTIVITY, CENTRAL ALASKA 
J.C. Walters 

University of Northern Iowa, Cedar Falls, Iowa 

SYNOPSIS Well-developed sorted circles occur in the High Valley area of central Alaska. These 
features are best developed in poorly drained depressions in silty tills of Wisconsinan age. From 
1982 to 1987 the activity o f  sorted circles at six sites was studied using repeat photography and 
surveys of  wooden dowels. metal spikes, and marked stones. Vertical and horizontal displacement of 
stones and markers showed considerable variability over the study period, apparently reflecting 
differences in amount o f  moisture and textural properties of the soil material at different sites. 
Overall, markers moved upward and radially outward from the fine-grained centers toward the coarse 
borders. Vertical motion  was greatest in circle centers, with maximum surface heaves of 5 cm per 
year. Horizontal movenent was also generally greatest in circle centers, with stones and markers 
moving toward bordering troughs at maximum  rates of 4 cn per  year. The greatest degree of activity 
was observed in sorted circles developed in depressions containing abundant fine-grained material 
with  high moisture content. 

INTRODUCTION 

Patrerned round features are characteristic 
periglaciaf phenomena, and over  the years much 
has been learned about the different types of 
features and their formation (see Jahn, 1975; 
French,  1976; o r  Washburn, 1980 for a compre- 
hensive review). In spite of these studies, 
the processes responsible for the formatioa of 
many types o f  patterned ground still remain 
mostly unproven (French; 1976;  Washburn, 1900), 
and there exists a clear need for continued 
field studies in periglacial reGions around the 
world involving careful quantitative observa- 
t ions. 

This paper presents observations on the cbarac- 
terictics and the degree of acitvity of sorted 
stone circles in the Hi h Valley region  of 
central  Alaska from 198E to 1987. Infornation 
ained from this study contributes to our know- 
edge of the specific character of the peri- 

gla.cia1 environment of this region. It also 
contributes to our understanding of sorted 

be made with similar features studied in other 
circles in general by allowing a comparison to 

geriglacial  regions (e.g., Jahn,  1966; Washburn, 
1969; Dionne. 1974, 1978; Nicholson. 1976; 
Thorn, 1976; Ballantyne and Macthews, 1982, 
1983; Vitek, 1983; Rissing and Thorn,  1985; 
llallet and Prestrud, 1986). 

f 

STUDY AREA 

The High Valley area is located within the 
Amphitheater Mountains on the south side o f  the 

of glacial activity are recorded in the High 
central Alaska  Range (Fig. 1). Several periods 

Valley/Tangle  Lakes  region (PBw6, 1961, 19'75; 
P6w6 and Reger, 19C3). The ice advanced into 

the area from the Alaska  Range to the north, 
each advance  being lesa extensive than the pre- 
vious one. The earliest glacial advance occur- 
red during early to middle Quaternary time. 
Thia ice overrode the 1.800 rn peaks o f  the 
Amphitheater Mountains, as indicated by the 
presence o f  erratics on some of the mountain 
tops. A second glacial advance, thought to be 
middle to Late Quaternary in age, did not aover 
the tops of the Amphitheater  Mountains but left 
an extensive silty till in the valleys and on 
the lower slopes of the mountains. This till 
blankets most: o f  High Valley, for, although 

the Amphitheater Mountains and fFlled major 
later glacial advances pushed through gaps in 

valleys and lowlands, they penetrated only short 
distances into High Valley. 

The sorted circles examined in this study are 
along the southwest edge o f  High Valley near 
Maclaren Summit (Fig. l), where  thick ice in 
the  Maclaren River valley s illed over into the 
lower elevations a f  High Vailey during Wlscon- 
sinan time (Denali I Glaciation of Pbwk, 1965, 
1975; Pew& and Reger, 1983). Depressions in 
the hummocky till contain excellent examples of 
eorted patterned ground features, including 
stone circles, stone polygons, stone pits, 
stone stripes, and irregular forms. 

The study area is located within the  zone  of 
discontinuous permafrost. and although frozen 
ground is often absent in well drained till 
ridges and hills, flne-grained sediments in 
shallow depressions are typically frozen below 
depths of 0.5 to 1 rn. The thickness o f  the 
frozen layer is unknown, but it  is probably on 
the order of several meters,  Elevation o f  the 
study area ranges from 1,067 to 1,189 m. and a 
shrub tundra environment characterizes  the 
region. 
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Fig. 1 Map of the  High Valley/Tangle Lakes region showing  the  location  of the  study  area. 

The climate  of  the  area is transitional  between 
the  maritime  climate o f  coastal  Alaska  and the 
continental  climate of the  interior. Sunrmers 
are  short  and  cloudy and winters  are  long  and 
cold. The nearest  climatic  data  comes from 
Paxson,  approximately 47 km east o f  the  study 
area at an elevation of 833 m. A diacontinuoue 

of about -4.5OC, a mean summer  temperature of 
climatic  record shows a mean annual  temperature 

about 10°C. and mean annual preci itaeion of 
about 50 cm (PbwO and  Reger , 1983p. 

DESCRIPTION OF PATTERNS 

Sorted  patterned  ground  features  are common 
throughout  the  High  ValleyjTangle Lakes region, 
but they  are  especially  well  developed  in  poorly 
drained  depressions  in  Wisconsinan-age  silty 
tills.  In spring and  early s-er many low 
spots  and  kettles in  the hurrrmocky till  fill  with 
water  from  snowmelt,  rain,  and  thawing  of  the 
active  layer. The appearance of the  underwater 
patterns is quite  striking (Fig. 2). PrevLous 
work suggests  that  the  patterns do not  actually 
form underwater  (Walters, 1983).  but the  temp- 
orary  ponding is important  to  their  formation. 
By late  swmmer the ponds  normally disappear, 
permitting  close  examination  and  study o f  the 
patterns (Fig. 3). Of the different  types o f  
patterns  typically  present in the shallow de- 
pressions,  stone  circles and polygons  are  the 
most  common.  They  vary in diameter  from about 

gently  sloping  surfaces (~20). Stone p i t s  are 
0.25 to 2 m and are found on level  to  very 

less  common  and  occur in similar  situations. 
Stone  stripes  are  found on slopes of 3 to 10'. 
and  irregular forms exist on level  surfaces to 
slopes  as  great as about  loo. 

The sorted  stone  circles  examined  in  this  study 
consist of coarse  stones  enclosing a circular 
area  having a concentration o f  fine-grained 

sediment with scattered  stones. The surfaces 
of the  central areas are usually  convex  upward 
(Fig. 3 ) ,  with as much as 30 crn o f  relief be- 

the  coarse  border.  The  contact  between the 
tween  the  center  and  the  edges o f  the fines, at 

usually  quite sharp. Trenches  excavated  through 
fine-grained  centers  and  the  coarse  borders is 

sorted  circles show that stones in the border 
areas  have a preferred  vertical  orientation o f  

grained  centers  also show this  tendency. 
their  long  axes.  Scattered  stones in the fine- 

mostly  subangular to subrounded ( 8 5 - 9 0 % ) ,  with 
The  stones  making  up  the  pattern  borders  are 

only a few  being  angular  or  rounded (10-15%). 
They range in Size,  but long  axes  between 1 5  and 



several  trenches  were  excavated  through  nearby 
sorted  circles  and  portions  of  circles,  and  data 
were  Rathered on soil  temperature,  moisture, 
texture.  and  consistency. 

Steel  rods  approximately  13 mm wide  and 1.5 m 
long  were  driven  into  the  centers of the  coarse 
borders  to  serve a s  reference  points.  It  was 
assumed  that  these  rods  would  not  move  laterally 
over  the  study  period.  Subsequent  measurements 
and  comparison of photographs  show  this  to  be  a 
valid  assumption.  Wooden  dowels  approximately 
0.5 cm wide  and 15 cm  long  and  metal  spikes 
(aluminum  gutter  spikes) 0 . 5  cm wide  and 20 cm 
long PWCB used  to  measure  vertical  and  lateral 
motions.  Dowels  and  spikes  were  inserted  into 

depths  of 5 or 10 cm  with an  original  spacing 
the  fine-grained centers of sorted  circles  to 

interval of 10 or 20 cm.  These  pegs  were  reset 
vertically  each  year  after  measuring  the  amount 
of heave  relative  to  the  soil  surface.  Painted 
or  marked  stones  were  used  to  measure  lateral 
motions  and  were  all  at  least 3 cm  in  length. 
Lateral.  displacements  were  measured  each  year, 
with  markers  not  being  reset  to  the  original 
horizontal  grid. The total  movement of a marker 
over  the  five-year  period  was  calculated  as  the 
sum of its  annual  displacements  rather  than  che 
straight-l'ine  distance from i t s  initial  position 
to its end  poeitlon. 

Vertical  and  horizontal  displacement of stones 
and markers showed  considerable  variability  over 
the  study  period.  Tables I and I1 present 
swmnaries o f  pattern  activity  for  ten  sorted 
circles  from  five  different  sites.  Although  a 
total of 29 circles  from  six  sites  have  been 
studied  over  the  five-year  period,  several  have 
been  disturbed,  either  naturally or by  trenching 
and  sampling  activities.  The  tables  show  some 
of the  variability  which  exists  among  patterns 
at  different  sites  and  even  for  the same pattern. 
The  average  vertical.  displacement of markers was 
approximately  1  to 4 cm  per  year,  and  maximum 
uplift  was  about 5 cm er year. It should be 
noted,  however,  that  tgere  was  a  great  deal o f  
variability,  and  sometimes  some  markers  showed 
no vertical  mavement:  or  even  negative  movement 
over a one or two year  period.  Over  the  five- 
year  study  period,  however,  all  markers  showed  a 
total  positive (i.e*, upward)  vertical  motion. 
Comparison of movements  between  wooden  dowels 
and  metal  spikes  shows no clear  trend  other  than 
the  metal  spikes  showing a greater  range in 
vertical  displacements. A study  comparing  move- 
ments of different types of  markers  is  currently 
underway.  IIorizontal  displacement  of  markers 
averaged  approximately 0 . 5  to 2.4 cm  per  year, 
with  maximum  movement of about 4 cm  per year. 
Again.  not  all  markers  showed  lateral  movement 
each  year,  and  the  direction of movement  was  not 
always  consistent  from  year to year.  With  few 
exceptions,  the  stones  showed  less  horizontal 
movement  than  the  dowels or spikes  (Table I). 
It appears  that,  other  €actors  being  equal,  the 
larger the object,  the  greater  its  resistance to 
movement , 

Patterns  at  sites MS1, MS3, and IN8 show  the 
most activity.  These  sites  have  also  been  con- 
sistently  the  wettest,  being  subject to seasonal 
ponding every  spring.  Measured in late summer. 
field  moisture  content  of  sediment  in  the  fine- 
grained  centers  averages  about 27% (weight % dry 
sediment) at a depth of 10  cm.  Patterns at 



TAP.1.E I .  summary of Ilorieontal Movcmrnts, 1982-1987 

Wqrnden dowels and/or metal spikes ". __ " ?larked or painted StOnrL 
" 

movement pcr 
M r , w  total  Mean total  

Mcan rate uT muvcment pcr Mean rate of 
Circle N markcr (Cm)' Range (sm) movement (cmlyr) N markcr ( ~ r n ) ~  Range (cm) movement (r.m/Yr) 

MSlb-Z 1 8   9 . 6 1  2 . 2 - 1 7 . 8  1 . 9 2  10 6 . 5 3  1 . 3 - 1 2 . 6  1 . 3 1  

MSZC-l 27  s. 11 1 . 8 - 1 7 . 3  1 . 0 3  8 3 . 5 8  0 . 9 - 1 1 . 3  0 .72  
0.51 

0 . 6 2  

mab-l 25 8.60 1 . 9 - 1 8 . 2   1 . 7 2  9 6.10 1 . 5 - 1 5 . 6   1 . 2 2  

YSZ-2 15 4 . 4 2   1 . 5 - 1 2 . 4  O.HR 6 2 . 5 3   1 1 . 8 - 1 1 . 0  

MS2-3 3 0   2 . 1 5   0 . 9 - 1 5 . 1   0 . 4 3  1 0 3 .10  1 . 2 - 1 3 . 4  

MS3-2 23  12 .05  3 . 4 - 2 0 . 5  2 . L 1  10 9 . 6 0  1 . 9 - 1 8 . 3  1 .92  

MS3-3 2 0   1 1 . 5 0  3 . 1 - 1 7 . 9  2 . 3 0  1 0   6 . 7 5  0 . 8 - 1 6 . 5  1.35 

MShC-2 12 2 .62  0 . 7 - 8 . 3  0 . 5 2  8 4 - 8 5   1 . 3 - 1 5 . 0   0 . 9 7  

HVBb-I 2 0   1 0 . 5 5   1 . 8 - 1 5 . 8  2 .11  8 9.00 2 . 1 - 1 4 . 7  1 .80  

HV8-2 32 7 . 3 0  I 1 . 3 - 1 6 . 2   1 . b 6   1 6   5 . 6 5  1 .8-15 .5  1 . 1 3  

~~~ 

aDetermined by averaging e m s  of annual movcmcnta. 
bSifea MS1, -3, and HV8 subject to  seasonal pondinp. 
' S i t e s  MS2 and MS4 subject to seawnal  wetting but no ponding. 

" 

TABLE 11. summary of vertical  Movements, 1YR2-1987 ,__ 

Wooden dowela andlor metal spike6 

Mean total  
movement pe: Mean rete of 

Circle N marker (cm) Range (cm)  movement (cmlyr) 

MSlb-2 1 8   1 9 . 3 0   1 . 7 - 2 6 . 3   3 . 8 6  
n s z C - 1   2 7   5 . 3 0   1 . 5 - 1 6 . 2  1.06 

HS2-2 15 7 . 7 2   1 . 7 - 1 7 . 8   1 . 5 4  
MS2-3 30 7 . 1 5  2 . 0 - 1 5 . 9   1 . 4 3  
MS3b-I 25 11.62 1 . 9 - 2 1 . 5  2 .36  

MS3-2 2 3   1 6 .  a5 2.8-19.7 3 .37  
MS3-3 20 16.25 2 . 1 - 2 0 . 6   3 . 2 5  

HS4'-2 1 2   9 . 3 5  1.0-12.5 1 . 8 7  

HVab-l 20  20 .10  3 . 6 - 2 8 . 5   4 . 0 2  

HV8-2 32 1 5 . 6 5   3 . 0 - 2 4 . 4   3 . 1 3  

rkers reset  vertically each year. 
%tes MS1, Ms3, and Hv8 subject to seasonal panding. 
'sites Mq2 and MS6 subject to eeasonal  wetting but no ponding. 

these sites ate unvegetated, althou  h  ocassional 
scattered sedges andlor  mosses are found in the 
fines of some circles. Pattern centers show 
prominent upward convexity, and  coarse borders 
are relatively high (Fig. 4 ) .  Sites MS2 and 
MS4, although quite wet in spring, have  not  been 
.inundated at any time from 1982 to 1987. In 

' late Emmer, soil moisture at a depth of 10 cm 
in circle centers averages about 17X, signffi- 
cantly lower than at sites subject to temporary 
ponding. Patterns support some vegetation, 
mostly mosses. scattered clumps of sedges. and 
ocaesional willows to heights of 35 om. Pattern 
centers are moderately convex upward, and coarse 
borders are relatively Low (Fig. 5). 

The summaries (Tables I and 11) provide general 
information on sorted circle dynamics over the 
study period, but  they do not show how movement 
varies depending on position within the circle. 
Figure 6 shows total vertical movement of 
markers for circle MS3-3 from I982 to 1987. 
This  circle is representative of the activity 
observed among the sorted circles in the study 
area.  It can  be  seen that vertical dhplacement 
is greatest in the center of the fines, w i t h  the 
amount of surface heave decreasing in roughly 

Figure 7 shows the horizontal displdcernent of 
concentric zones toward the coarse border. 

markers observed at circle MS3-3. The arrows 
show only the starting point and the end point 
€or  the  markers over the five-year period and 
do not include year to year variations in either 

a 

DISCUSSION 

The rates and directions of movement displayed 
by the markers in the fine-gralned centers of 
the sorted circles show a general trend. 
Markers moved upward and radially outward f r o m  
the pattern centers toward the coarse borders. 
Efaximum uplifts were observed in pattern centers, 
and maximum lateral movements also tended to 
occur in pattern centers or at least near the 
centers. Most circles displayed no  measurable 
activity within the coarse border areas. How- 

period, showed uplefts of 0.5 to 3 cm f O K  metal 
ever, a few patterns over the five-year study 

rods driven into the centers o f  the coarse 
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1982-1987 

Contourr in cm 

9 , , pCM 

Fig. 6 Plan  view of sorted  circle ElS3-3 
showing  cwntours  of  total  heave o f  metal  spikes 
from 1982 to 1987. Markers  were  reset  each  year 
after  measuring  the  amount  of  vertical  displace- 
ment  relative to the  soil  surface,  In  general, 
the  greatest  surface  heaves  occur  in  the  central 
portion of the circle and decrease  toward  the 
coarse  border. 

borders.  In  addition,  repeat  photography 
reveals  that  some  stones  moved  laterally 1 to 2 
cm as  their  orientation  in  the  borders  became 
more  directly  vertical. 

Nicholson (1976) has  suggested  from h i s  field 
observations  of  patterned  ground  forms  that a 
combination of circulatory  movement of fines  and 
radial  movement of stones  occurs  in  the  forma- 
tion  of  sorted  stone  circles.  Recent  studies 
of  sorted  circles  in  Spitsbergen  by  Nallet  and 
Prestrud (1986) seem to bear  this  out.  They 
stress  the  importance of  soil  convection  in  tho 
active  layer and present  field  evidence  and 

Fig. 7 Plan  view of sorted  circle MS3-3 show- 
in  total  horizontal  movement  of  markers  from 

and  end point-for the  markers  aver  the  five-year 
period. A radial  pattern of movement  is  seen. 

19!2 t o 1987; Arrows  show  the  starting  point 

mittent  convection of thawed  soils.  Although 
theoretical  considerations  which  suggest  inter- 

the  High  Valley  sorted  circles  have  not  been 
studied  during  periods  of  spring  thaw  and  fall 
freeze-up,  the  data on rates  and  directions of 
movement of markers,  the  thixotropic  nature of 
the  fine-grained  sediment,  and  pattern  size, 
geometry.  and  microrelief  all  support  the pos- 
sibility of soil  convection in the  active  layer. 

It is  interesting  to  note  that  the  wetter  sites, 
MS1, MS3, and Nv8, are  more  active  than  sites 
MS2 and MS4, The  determining  factor  appears  to 
be the  temporary  ponding  which  occurs  in  the 
former sites,in the  spring.  Although the ponds 
disappear by late summer, the  depressions  still 
contain  abundant soil moisture,  which  allows  for 
considerable  ice  lens  growth and frost  heaving 
during  seasonal  freezing.  In  addltion,  the 
temporary  cover of water at these  sites  prevents 
growth of vegetation on the  patterns. A vegeta- 
tive  cover  would  inhibit, or perhaps  even  pre- 
vent, the  formation  and  growth  of  the  patterns 

1985). 
(Jahn, 1966; Thorn, 1976; Kissing  and  Thorn, 

Patterns  at  sLtes MS2 and MS4 have  not  been 
flooded  in  the  spring  during  the  study period. 
Inundation  has  probably  occurred  in  the  past, 
however, as indicated by the  presence of benches, 
apparently  representinp  former  water  levels, 
along  the  perimeters o# the  depressions.  Because 
of the  lack of temporary  ponding,  less  moisture 
is  available  at  these  sites  by  late  summer  and 
frost  heaving i s  limited. Also, some  vegetation 
has  become  established on the  patterns.  thus 
inhibiting  pattern  activity  even  further.  Vege- 
tation  consists  predominantly of mosses, scat- 
tered  clumps  of  sedges,  and  occasional  willows 
and i s  located  mostly  at or near  the  contact 
between  the  fines  and  the  coarse  border  material 
(Fig. 5). One  would  expect  vegetation to become 
first  established here, since  pattern  activity 
is at a minimum  and  sufficient  fine-grained 
sediment  exists  for  vegetative  growth. If these 
sites  were to again be subject  to  seasonal 
flooding on a regular b a s i s ,  as  sites MS1, MS3, 
and IN8 are, the  vegetation  would  be  destroyed 
and  pattern  activity  would  increase. 
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CONCLUSIONS 

Sorted stone circles are common features of the 
periglacial environment in the High Valley 
region  of central Alaska. They are best devel- 
oped in depressions in Wisconsin-age silty tills. 
In spring many of these depressions fill with 
water or at least become very wet. The high 
moisture content along with the thixotropic 
nature  of the fine-grained sediment promotes 
frost action processes in the active layer. 
From 1982 t o  1987 sorted circles at six sites 
were monitored to determine their activity. 
Repeat photography and surveys of wooden dowels, 
metal spikes, and marked stones reveals that 
markers  moved upward and radially outward from 
the fine-grained centers toward the coarse 
borders. Vertical and horizontal displacements 
were generally greatest in the central part of 
the circles and usually decreased toward the 
coarse borders. These observations, the low 
liquid limits and low plasticity indexes dis- 
played by the fine-grained sediment., and infor- 
mation on pattern size, geometry, and micro- 
relief suggest that so i l  convection is an 
important process in the  formation and growth 
of these features. 

Patterns at sites subject to seasonal ponding 
were  more  active  than  those at sites subject to 

ponds disappear by late summer, but these sites 
seasonal wetting but no ponding. The temporary 

still contain  more abundant soil moisture than 
depressions not subject to ponding. The abun- 
dant moisture permits considerable ice lens 
growth and frost heaving during seasonal freez- 
ing. Because of the temporary ponding, these 
sites are also unvegetated, another advantage 
over sites not subject t o  ponding. The presence 
of even a partial cover of vegetation  has an 
inhibiting effect on pattern activity. 
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PATTERNED GROUND GEOLOGIC CONTROLS,  MENDOZA, 
ARGENTINA 

WJ.Wayne 

University of Nebraska, Lincoln, Nebraska, 68588-0340 

SYNOPSIS The  Corddn  del  Plata  (Cordillera  Frontal)  in  the  Province  of rzendoza,  with  peaks 
from 5000 to 6000 rn, extends  well  into  the  alpine  periglacial zone; the  mean  annual O°C isotherm, 
calculated  from a lapse  rate of 6.OuC/km, is  about  3500 m. Precipitation  is  low  and  winds  are 
strong, so that  some  parts of the  range  remain  virtually  free o f  snow  throughout  the  year.  Where 
granites  and  massive  greywackes  are  exposed,  rockfalls  and  landslid-es  dominate  the  periglacial 
landforms.  Gelifluction  lobes,  sorted  circles, nets, and  stripes  have  formed on phyllitic  diamic- 
tons  but  are  rare  on  debris  from  the  more  massive  rocks.  Active  rock  glaciers  are  common  above 
3500 m on shaded  south-facing slopes but  rare  below 4000 m on  those  receiving  greater  sun  exposure. 

Strongly  developed  lan6forms  above 4010 m  arounG  the  Lagunita del PLata  are  relict,  but  patterned 
ground  on  the  former  lake  floor  from 4010 m to 3995 m probably  is in  equilibrium  withaErJlAT  of - 3 T .  

INTRODUCTIOM 

Efforts  to  determine  paleotemperatures  above 
Pleistocene  ice  cover  in  alpine  regions  depend 
primarily on the  recognition  of  geomorphic  fea- 
tures  produced  in  specific  temperature  ranqes 
(Harris, 1 9 E 2 ;  Wayne, 1983: Karte  and Liedke, 
19E1)  under  conditions of perennially  frozen 
ground., or  permafrost. In order  to  evaluate 
relict  permafrost  indicators,  though,  it  is 
necessary  to  d-eternine  the  conditions, bothcli- 
matic  and  geologic,  under  which  similar  features 
form  today.  Although  many  mountain  ranges  ex- 
tend  well  above  the  level  of  the  free  air O°C 
isotherm,  patterned  ground is not  particularly 
conmon  in  alpine  regions. Its presence  or 
absence  in a particular  area  depends  on a com- 
bination  of  conditions  of  macroclimate,  micro- 
climate, slope  inclination  and  orientation, 
soil  moisture,  and  geology. 

Few observational  data  axe  available  for  the 
Andean chain, so the  average  Lapse rate, about 
6. O°C/km,  is  used. ss  a proxy  in  order  to  esti- 
mate a probable  altitude  for  the O°C meanannual 
isotherm.  Kicroclimatic  conditions,  Farticulal- 
ly  wind  eddys,  radiation,  and  slope  orientation, 
are  likely  to  cause  significant  variations in 
the  altifud.inal  temperature  yraeient (Harrisand, 
Brown, 1982; Barry,  19E1,  p.39-51).  In  addition 
to temperature,  winter snow cover i s  a most 
important  factor  in  determining  whether  ar  not 
permafrost  and  associated  periylacial  landforms 
may  develop. A thick  blanket of snaw  insulates 
the  ground  surface  from  the  effects of cold 
winter  temperatures, so that  permafrost  may  not 
exist  at  all  even  though  the  mean  annual a.ir 
temperature of a particular  site  is  considerably 
below  freezing.  In  many  alpine  areas  the  snow 
cover is thick  and!  the  only  places  permafrost 
can  develop  are  those  where  strong  winds  keep 
the  surface  blown  free of snow  (Cranbery, 1 9 7 3 ;  
Ives ,  1 9 7 3 ;  t;icholson  and  Granberg, 1973) - 

The Card& del  Plata,  part of the Cordillera 
Frontal  in  the  Province of Mendoza,  is  a  moun- 
tainous  area  with  peaks  between 5000 and 6000111. 
On theeast slopes ofCerro El  Plata  and  adjacent 
peaks,  in  the  headwaters  of  the  drainage  basins 
of Rfo Blanco  and  Arroyo  de  las Casas,  the pres- 
ent  mean  annual O°C isotherm,  calculated from 
d-ata  from two meterological  stations  near the 
mountain  front,  is  about 3500 m. Although  gel- 
ifluction  streams  and  lobes,  and  sorted  stripes, 
circles,  and  nets do not  require  permafrost  to 
form,  their  presence  in a  suite  of  landforms 
that  includes  active rock glaciers  suggests  the 
presence of at least  sporadic  permafrost  (Wayne, 
1983a;  Trombotto, 1983; Ahumada  and  Trombotto, 
1984). Nearly  all of these  features  are  above 
3500 m, although a  few  rock  glaciers  extend 
lower. In late  January of both 1983 and 1985, 
frozen  ground  was  encountered at depths  between 
4000 and 4100 m in  altitude.  Shallow  troughs 
that  make a polygonal  pattern cross some  of  the 
bouldery  d.ebris  in  one  area  near 4 0 2 5  m, and 
thermal  contraction  polygons may exist ,  but  it 
has  not been  possible  to  confirm  the  presence 
of  ice  wedges. 

Even  though  much  of  the  range  is  in  the  peri- 
glacial  zone  and itisa regionof  relatively  low 
precipitation,  most  of  the  geomorphic  features 
indicative  of  permafrost  are  common only where 
1) strong  winds  regularly keep  areas  nearlyfree 
of snow, 2) the  rock  types  disintegrate  to  dia- 
mictons  that  have  a  high  percentage o f  fine- 
grained  materials,  and, 3 )  near  the  lower  alti- 
tudinal  limit  of  discontinuous  permafrost, on 
shaded  slopes. 

GEOLOGIC  SETTING OF CERRO EL PLATA AREA 

The  crest  an8upper  slopes o f  the  central  part  of 
the Corddn  del  Plata i s  composed  of  graywackes 
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and  phyl l i tes ,   low-grade  metamorphic   rocks o f  
t h e  Lower Carboni ferous  E l  P la ta   Format ion  
(Caminos, 1965; Polanski ,   1972) .   These   rocks  
were in t ruded  by g r a n i t e   a n d   g r a n o d i o r i t e   o f t h e  
Cuch i l l a   de  Las Erinas Stock  (Caminos,  1965) , 
which unde r l i e s   s lopes   be tween  4300 m and 3000m 
a long  A o .  d e l a s   C a s a s   a n d   a t   L a g u n i t a   d e l   P l a t a .  
Northward the  i n t r u s i v e   c o n t a c t   d r o p s   i n   a l t i t u d e .  

where it i s  bur i ed  b e n e a t h   g l a c i a l  s e d i n e n t s a n d  
I t  i s a b o u t  3300min  Quebrada de 10s V a l l e c i t o s ,  

r o c k   g l a c i e r d e b r i s .   V o l c a n i c r o c k s ,   p r i n c i p a l l y ,  
r h y o l i t e s   a n d   q u a r t z   p o r p h y r i e s ,   a l s o  Late Pale- 
o z o i c   i n   a g e   ( P o l a n s k i ,  1 9 7 2 ) ,  u n d e r l i e  t h e  
n o r t h e r n   p a r t   o f  the Rfo Blanco   bas in ,   pa r t i cu -  

G lac i a l ly   depos i t ed   s ed imen t s  are p r e s e n t   a l o n g  
l a r l y   t h e   Q d a .   d e l a s   F o r e n a s   C o l o r a d a s   ( F i g . 1 ) .  

t h e   v a l l e y   f a r t h e r  downstream.  Morainaldebris 

and Qda. d e l o s   V a l l e c i t o s   t o   a s  low as 2600 m 
cove r s  t h e  v a l l e y   f l o o r s  of Qda. d e l a A n g o s t u r a  

(v:ayne and   Cor te ,   1983) ;   d iamic tons tha t resemble  
t i l l s  b u t  were depos i t ed   by   deb r i s  flows extend  
well o u t   i n t o   t h e   p i e d m o n t   s l o p e   a l o n g  Rfo 
Blanco  (Polanski ,  1 9 6 6 ;  Wayne, 1988).  Dust l a y  
ers i n  snowbanks are ev  
f i n e - g r a i n e d   m a t e r i a l  i 
l a t i o n s  i s  l o e s s .  

FEATURES I N D I C A T I V E  OF 

Rock Glaciers - 

i d e n c e   t h a t   s o n e  of t h e  
n t h e   s u r f i c i a l  accumu- 

PERNAFXOST 

The d r y   c e n t r a l  Andes i s a r e y i o n   c h a r a c t e r i z e d  
by small g l a c i e r s , t h e   d i s t a l   p a r t s   o f  wh'ich are 
mantled  with debris and commonly d i s p l a y  therm- 
o k a r s t   p i t s   ( C o r t e ,  1976). Rock g l a c i e r s   i n c l u d e  
l a r g e ,   t o n g u e - s h a p e d   f e a t u r e s   t h a t   d e v e l o p   a t  
the  t e r m i n i  o f  d e b r i s - c o v e r e d   g l a c i e r s ,   i c e -  
cored  moraines   that   f low  downslope  a l though iso- 
la ted  from t h e  glacier f r o n t ,   a n d   t h e  smaller 
tongue-shaped   and   loba te   fea tures   tha t   form 
f rom  mobi l iza t ion  of ice-cemented  talus  and 
r o c k f a l l  debris. Only these small r o c k   g l a c i e r s  
are t r u e   p e r m a f r o s t   f e a t u r e s .  

All a c t i v e   r o c k   g l a c i e r s  in the  a r e a   n o t   a s s o c -  
ia ted w i t h   g l a c i e r  ice are moving o u t  from t h e  
b a s e s   o f   s l o p e s   t h a t  were g l a c i a l l y   s t e e p e n e d  
d u r i n g   t h e   m o s t - r e c e n t  (Vallecitos-Wisconsinan) 
P l e i s t o c e n e   g l a c i a t i o n  (Corte,1957;Wayne,1981b; 
Wayne and  Corte,   1983).   Both small tongue-shaped 
and t a lus   rock   g l ac i e r s   have   deve loped   above  
3 5 0 0 m i n   a l t i t u d e   a l o n g   s t e e p   v a l l e y   w a l l s ,  
p a r t i c u l a r l y  on the   shaded   ( sou th - fac ing )   s ides  
of t h e  W-E and NW-SE v a l l e y s .  A t  t h e  same a l t i -  
tudes ,   mos t   no r thward - fac ing   va l l ey   s ides   a r e  
b u r i e d   i n  scree; a c t i v e   r o c k   g l a c i e r s   o b s e r v e d  
a long   the   nor thward- fac ing   s lopes   a re   above  
4000m i n   a l t i t u d e   ( F i g *  1).  Corte   (1953,  p.36; 
1955)  noted similar r e l a t i o n s h i p s   n e a r  Laguna 
Diamante,  125 km to t h e   s o u t h ;  EspizCla (1983)  
has  q u a n t i f i e d t h e o r i e n t a t i o n  o f  139  rock  glac- 
iers i n  the  CordlZns d e l   P l a t a   a n d   P o r t i l l o .  

Large   tongue-shaped   rock   g lac ie rs   a l so   ex tend  
downvalley  from t h e  d i s t a l   e n d  of many small 
d e b r i s - c o v e r e d   g l a c i e r s .  O f  t h e  r o c k   g l a c i e r s  
t h a t   h a v e   a c t i v e   f r o n t a l   s l o p e s ,   t h e  most exten- 
s i v e  i n  the  p a r t  of t h e  Cord6n d e l   P l a t a  exam- 
ined  reaches 3300 m .  I t  is a narrow  (100-150 m 
a c r o s s ) t o n g u e   t h a t   e m e r g e s   f r o m   t a l u s   a l o n g  a 
S W f a c i n g   v a l l e y   w a l l   a t   t h e  base of a debris- 
c o v e r e d   g l a c i e r   a n d   a t   a n   a l t i t u d e  of about  
3 7 0 0  m (F ig .  2 ) .  I n  i t s  d i s t a l  1 0 0  m it has a 

." ." -- "" 

Fig .  1 Map of t h e   p a r t   o f t h e  Cord6n d e l   P l a t a  
s t u d i e a .  
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surface  s lope of 1 1 O .  Although i t  is c l ea r ly  
below and beyond the modern debris-covered 
g l ac i e r  i n  the  val ley above i t ,  r e l i c t   g l a c i e r  
i ce  may be  present i n  the  embankment beneath th 
rock g l ac i e r .  Other' a c t ive  tongue-shaped  rcck 
g l ac i e r s  i n  the Corddn del Plata a r e a   a r e   a t  
higher  elevations.  The l a rge r  ones  evidently 
have  developed from ice-COXed l a t e r a l   o r  term- 
i n a l  moraines a f t e r   t h e  main g l ac i e r  had rneltec 
back from that  posit ion,   al though a few, pa r t i c  
ularly  small  ones  along shad.ed val ley  wal ls ,  
have  extended downslope from masses  of  frozen 
t a lus  above 3500 m ( P i s .  3) .  Nearly a l l  rock 
g l ac i e r s  exarcined are  covered w i t h  large  blocks 
of  rock,  but  the  matrix of even the  ones  that  
have  developed below c l i f f s  of thick-bedded 
graywacke contains a s ign i f i can t  amount of f ine]  
grained  mater ia l .  These  small  ice-cemented 
rock g l ac i e r s   a r e   l oca l  zones of sporadic/dis- 
continuous  permafrost. Inasmuch a s   a l l   t h e  
active  ones  are on s i t e s  above t h e   a l t i t u z e  of 
the MAAT O°C isotherm and a r e  on shaded  slopes, 
it is reasonable   to  assume a microclimatic 
regime of about - 3 O C  or  lower for them now. 

Gel i f luct ion Landforms 
Flowage of sur face   mater ia l s  i n  regions o f  per- 
mafrost  can  take  place on slopes  with  very low 
gradients  (Washburn, 19E0, p.204).  The process 
tend.$ t o  produce dis t inct ive  landforms,   par t i -  
cularly  gelifluction  lobes,   benches,   andstreams, 
(Washburn, 19e0, p.219). 

In   the  central   par t  of t he  Corddn d e l p l a t a ,  
most o f the   s lopes   unde r l a inbygran i t e s   a r e s t eep  
between 4 0 °  and 20°1and pre covered  with  frost- 
riven  boulders and boulder-banked t e r r ace t t e s .  
Rockfall  debris  has  accumulated a t   t h e   b a s e s  of 
s teeper   s lopes and c l i f f s .  where micaceous o r  
phy l l i t i c   qua r t z i t e s   unde r l i e   t he   su r f ace ,  
c1,osely-spaced qe l i f luc t ion  benches a re   t he  
dominant  form.  These low grade metamorphic 
rocks  dis jntegrate  i n  t he   f ros t   c l ima te   t oy ie ld  
much la rger  amounts of sand-and s i l t -s ized  par-  
t i c l e s   t h a n d o g r a n i t i c  rocks,as well as coarse 
rubble  The long  sLoFing  ri*.ge that   extends  east-  
ward f r o m t h e c r e s t o f C e r r o   P l a t i t a t o t h e n e a r l y  
f l a t   t r o u g h o f t h e   L a g u n i t a d e l p l a t a  ( 4 0 0 0 m )  i s  
covered  with  qelifluction  benches. Near the  
base where the  slope becomes more gen t l e ,   s tone  
banked lobes becone the  common form. 

On the  s lopes of 20' t o  1 0 ' .  ge l i f l uc t ion  forms 
pass   throughatransi t ion  inwhich  t read  areas  of 
fine  grained  material  become la rger   behinds ieve  
l i k e  banks of quar t z i t i c   bou lde r s  At lower 
s lope  angles ,   the   areas  of fine-grained  debris 
dominate and appear more as a s e r i e s  of sorted 
c i r c l e s   t han   a s   t he   ge l i f luc t ion lobes tha t   t hey  
a re .  The slope i s  also  markedbya  shallow 
trough,  through which both  melting  water  runoff 
from snow and ge l i f luc t ion  have moved rock  de- 
b r i s   t o   b u i l d  a fan a t   t h e  base of the  slope 
(Fig. 1, 4) 

Between C o .  F l a t i t a  anC Qda d e l a  Angostura l ies  
a s m a l l   v a l l e y   t h a t   i s   f i l l e d ,  from the  broad 
cirque Clown, w i t h  a greenish  gray  diamicton 
composed mostly of micaceous qua r t z i t e   deb r i s  
containing  re la t ively few coarse   c las t s .  From 
the  c i rque  f loor  down t o  38001q the  slope of the 
surface  decreases from 15' t o  e o ,  andthe   debr i s  
moves i n  gel i f luct ion  s t reams.  
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Patterned Ground 
I n  the p a r t s  of t h e  Corddn d e l   P l a t a   s t u d i e d ,  
patterned  ground is  r a re   excep t  where the under- 
l y i n g   m a t e r i a l s   c o n s i s t  o f  broken  rock t h a t   i n -  
cludes a wide range  of   c las t   s izes .   According 
to   Gold thwai t  (19761 ,  f ros t - sor ted   pa t te rned  
ground  develops  only  on  diamictons  that   have a 
s i l t - c l a y   c o n t e n t  of a t   l e a s t  1 0 %  and a t   l e a s t  
1 5 %   l a r g e   c l a s t s .  H e  a l s o   i n d i c a t e d   t h a t   t h e  
ce l l  s i z e   o r   p a t t e r n   w i d t h  i s  governed by t h e  
s i z e s   o f  the l a r g e s t  common c l a s t s i n t h e  diamic- 
ton  and  suggested L i m i t s  of between 1:5 and 1:lO 
€or c1ast :pat tern  dimensions.  

Nost  of  the  surface o f  the   broaa crest  of t h e  
g r a n i t e   r i d g e   t h a t  rises above 4300 m a long   the  
s o u t h e a s t   s i d e  of the Laguni ta   de l   P la ta  i s  a 
blockfield  covered  with  sub-angular  boulders,  
none  of  which a re   a r ranged  i n  recognizable cir- 
cles or n e t s .  A few circles 6 t o  7 m i n  diam- 
eter have  formed  on t h e  su r face  of an  old  rock- 
sl ide a t  the   base   o f   the   s teep   s lope   (F ig .  5 ) ,  
where the   rock   ev ident lywas   c rushedsomuch  in  
t h e   s l i d e   t h a t  a l a r g e  amount of  silt-to-granule- 
s i z e d   c l a s t s  was formed. The so r t ed  circles 
a r e   a t   a n   a l t i t u d e   o f   a b o u t  4 0 5 0  m and a r e   n o t  
a c t i v e  now. The debr i s   p roducedonthe  metamos- 
phosed  arenaceous  and  lutaceous  rocks,  however, 
seems t o b e  much more susceptab le to the   deve lop-  
ment of s o r t e d  circles,  n e t s ,  and s t r i p e s .  A 
few s o r t e d  circles a r e p x e s e n t o n t h e   s u r f a c e s  of 
moraines,   but  they  are  not  abundant.  

A c t i v e   s o r t e d   s t r i p e s  on s lopes  of 15' t o  1 8 O  
with in   the   p resent   permafros t   zone  were not  
observed   in   the   a rea   s tud ied .  One p a r t l y  veqe- 

with well developed  stxipes t h a t   a r e   h e a v i l y  
ta ted   s lope   about   3500min  a l t i t u d e   i s c o v e r e d  

l ichen   covered   and-sure ly   no t  now a c t i v e .  The 
s t r ipe-covered  s lope  isunderlainbymetamorphic  
rocks  and was above the  edge  of  the ice tongue 
t h a t   f i l l e d   t h e  Cda. de l a  Angostura  during t h e  
las t  g l a c i a t i o n .  

A p a t t e r n   t h a t  resembles s o r t e d   s t r i p e s   s t a n d s  
o u t o n t h e  lower  debris   s lopes of Co. P l a t i t a   a t  
the  northwest  end of   the   t rough of Lagunita d e l  
P l a t a   (F ig .  5 ) .  The s t r i p e s   a x e  on r e l a t i v e l y  
gen t l e   s lopes   o f  2s" t o  6 O  and the   t roughs   a re  
f i l l e d   w i t h   p r o g r e s s i v e l y   s m a l l e r   c l a s t s  dwwn- 
d o p e ,   a l t h o u g h t h e   s p a c i n g  seems t o v a r y   l i t t l e .  
Although  fromabove  and  from  airphoto  study  these 
p a t t e r n s  look l i k e   s o r t e d   s t r i p e s ,   t h e y   a r e   i n  
r e a l i t y  a long series of   sor ted  circles,  each 

banked lobe ,  each series bordered by and  separ- 
of  which is slowly moving sownslope  as a stone- 

a t ed  from the   ad jacen t   ones  by a g u t t e r   f i l l e d  
w i t h   c o a r s e   c l a s t s .  A t  the  lower end of t h e  

dominant s i ze   o f   c l a s t s   bo rde r ing  t h e  circles/  
series, where t h e   s l o p e  i s  only 2 O ,  t o  3 O ,  t h e  

lobes is 10-15 cm; t h e   c i r c u l a r   c e n t e r s   a r e  
about   4macross   bu t   have   asor ted   in te r ior   ne t  
pat tern  about   1 .5macross .   Trenches  through 
t h e  circles show tha t   t he   c l a s t s   a long the ,down-  
slope  margin  are  being  overridden by t h e  migra* 
ing   c i r c l e / lobe .  The o v e r r i d d e n   c l a s t s   a r e  10- 
15cmin  diameter   and  provide a sou rceo fcobb le -  
s ized  f ragments   to   be  re-sor ted  ver t ical ly  t o  
produce   the   in te r ior   ne ts ,  whose c1as t :pa t t e rn  
diamensions come c lose  t o  t h e  1:lO value 
suggested by Goldthwait ( 1 9 7 6 ) .  

The l a r g e s t  circles,  t h o s e   t h a t   a r e  4 t o  6 m 
a c r o s s ,   a s  well a s   l a r g e  boulder-banked  lobes 

and a po lygona l   t r ench   pa t t e rn   t ha t   c ros ses  
them are  above a s h o r e l i n e   t h a t  formed a t  4 0 1 0 m  
when g l a c i a l  ice blocked  the  lower  end  of  the 
broad  trough  and i t  f i l led  with  water .   These 
l a rge   s ca l e   f ea tu re s   p robab ly  formed  under con- 
d i t i o n s  more severe  than  those  today,   perhaps 
continuous  permafrost ,  and  today a r e  re l ic t .  
Between t h i s   l e v e l  and a weak s t r a n d l i n e   a t 3 9 9 8  
m,  so r t ed  c i rc les  3 t o  5 m i n  diameter a r e w e l l  
developed. Prom 399E m t o   l a k e   l e v e l   ( a b o u t  
3995) sor ted   ne ts   a re   smal l  ( l m )  and  weakly 
developed  on  massive  sandy  clayey s i l ts  o f  t h e  
old  lake  bed.  The f ine-gra ined   par t  of t h e  
m a t e r i a l s  on the  lower  s lopes,   where  pat terned 
ground is most ev iden t ,  was der ived from disen-  
t e g r a t i o n  o f  t h e   p h y l l i t i c   r o c k s   o f  C o .  P l a t i t a  
and  from loess   car r ied   on to   the   mounta in   s lopes  
by strong  winds  from the  a r i a   p l a i n s   e a s t   o f t h e  
c o r d i l l e r a .  Bands o f   dus t   a r e  common i n   t h e  
snowbanks above t h e  l a k e ,  and m o s t o f t h e   p o l l e n  
i n  the sediments of Laguni ta   de l   P la tahascome 
from p lan t s   l i v ing   t oday   a t   l ower   a l t i . t udes  (Vera 
!:arkgraft l e t t e r ,  Jan.  6 ,  1984)  

The differences  in   pat terned  ground  below  the 
h igh   s t randl ine   could  be t h e   r e s u l t  of e i t h e r o f  
two condi t ions : 
1. The  l a r g e r   p a t t e r n s  between  3998mand 4 0 1 0 m  
could  have  formed a t   a n   e a r l i e r t i m e u n d e r  more 
severe   condi t ions   and   be   inac t ive   today ,   bu t the  
sma l l   pa t t e rns   j u s t  above l a k e   l e v e l   a r e   i n  
equi l ibr ium 
2 .  A l l  f e a t u r e s  below the   4010mlevel   a re  i n  
equi l ibr ium  with  the  present   c l imate   and  the 
geo log ica l   ma te r i a l s   ava i l ab le .  The lower 
circles,  though,  have  formed  where  the  largest 
c l a s t s   a v a i l a b l e a r e   t o o   s m a l l   t o   p e r m i t   l a r g e r  
p a t t e r n s   t o  form.  Because  the  lake  today is 
shallow  (+l.Omdeep)  andthe  bottom  sediments  are 
sandy and s i l t y   c l a y   w i t h   f e w l a r g e r   c l a s t s ,   t h e  
second  of  these  hypotheses  seemsthernorelikely.  

Sorted c i rc les ,  s i n g l y o r i n   s m a l l   g r o u p s ,  were 
observed  on  the  near ly   level   upper   surfaces   of  
two r o c k   g l a c i e r s   i n t h e  P.fo Blanc0  basin,  both 
above  4000min  alt i tude.   Sorted circles andne t s  
on  moraines  andonoutwash  plain  below  that  al t i-  
tude are   par t ly   covered  with  vegetat ion  and 
probably  are   not  now a c t i v e ,  

CONCLUSIONS 

I n   t h e   p e r i q l a c i a l  zone  of t h e   e a s t   s l o p e   o f  
Cerro E l  P la ta   on ly  a few landscape  forms  char- 
a c t e r i s t i c  o f  permafrost  have  formed. They are 
abundant  and w e l l  developed  primarily  where  the 
s u r f i c i a l   m a t e r i a l s   c o n t a i n  a wide r a n g e o f c l a s t  
s i z e s ,  t h e  mat r ixofwhich   inc ludes   bo th   d i s in-  
t e g r a t e d   p h y l l i t e s  and l o e s s .  Rock g l a c i e r s  
r eco rd   t he lower   l i rn i t so f sporad ic   pe rmaf ros t .  
Many o f t h e   t e r r a c e t t e s  and  stonebanked g e l i f l u -  
c t i o n  lobes would Lose t h e i r   d i s t i n c t i v e   s h a p e s ,  
and ,   oncol laps ing ,  may look l i k e   s o r t e d  circles 
on s lopes  of IOo to 20°--surfaces   too  s teep  for  
the  formation  of  sorted circles (Goldthwait, 
1976) .  s t r i p e s   t h a t   t e r m i n a t e  downslope i n   g a r -  
lands  probably would be   co r rec t ly   i n t e rp re t ed ,  
bu t   s t r ipe- l ike   pa t te rns   p roduced  by downslope 
movement ofcirculars tone-banked  lobes  that   have 
a s e c o n d a r y   i n t e r i o r   n e t   p a t t e r n  may not  be. 
Altogether ,   s lope  and  geologic   mater ia ls ,   as  
well a s  macro  and microcl imate ,   control  the 
ex i s t ance  and type o f  per ig lac ia l   l andforms  tha t  
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develop,  a  few of which,  on collapse,mayresem- 
bLe  a  different  feature and, thus  be  subject  to 
misinterpretation by geologists  trying to eval- 
uate  paleoclimatic  conditions. 

ACKPTOT~LEDGEPEIJTS 

Field  observations  that are the  basis for this 
report  were  made  in 19&0,19&3,and 1985 while I: 
was  visiting  researcher  with  the  Instituto  Argen- 
tino de Nivologfa  y  Glaciologfa  (IAMIGLA)  in 
Mendoza.  Naomi  Wayne woskedasfield assistant. 
The field  work  was  supported  byriational Science 
Foundation  Projects  IMT-79-2079E  andINT-e2-2349. 
Comments of3 unidentified  reviewers  have  aided 
in the revision of  the  manuscript. 

NFEREfi?CES CITED 

Ahumada, A.L., and Trombotto, D. (1984). Estudios 
periglaciales en la Lagunita del Plata, Pro- 
VimiadeMendoza. IX Cong,Geol.ArgentinoI(4), 
2-34 e 

Barry, R.G.(1981). Mountain  weather  andclimate. 
31 3pp. Yethuen , London. 

Caminos, R.(1965). Geologfa  de la vertiente 
oriental  del  Corddn  del Plata, Cordillera 
Frontal de Mend-oza, Rev.Asoc.Geol.Argefitina, 

Corte, A.E.(1953). Contribucidnala morfologfa 
p e r i g l a c i a l d e l a a l t a c o r d i l l e r a c o n e s F e c i a 1  
mencidn delaspecto crioped.ol8gico.  I)ept.de 
Inv.Cient., Univ,Nac.de Cuyo, males (1) , 54pp. 

Corte, A.E.(1955). Contribucidnala morfologfa 
periglacial  especialmente  criopedoldgica de 
la  F-epdblica  Argentina.  Soc.Geog.Fenniae, 
Acta  Geogr.  (14) , E3-102. 

351-392. 

Corte, A.E.(1957).  Sobre  geologla glacial 
PleistocenicadeMendoza. Deptp.de  1nv.Cient. 
Univ.lTac.Be Cuyo, Anales (2) , 1-27. 

Corte, A.E. (1976).  Rock  Glaciers.  Biul.  Periglac. 

Espizrla,  L.E.(1983).  Diferencla altitudinaldel 
(26) I 175-197. 

lfmite inferiordelos glacieres deescombros 
activos  entre  laderas norteysurdelos cor- 
dones  del  Plata yPortillo, Provincia det4endoza. 
Inst.Argent.Nivol.Glaciol.,An.(S), 79-E7. 

Eoldthwait, R.P.(1976). Frost  sorted  pattexned 
qround:  a  review. Quat-Res. (61, 27-36. 

Granberq, H.B.(l.973). Indirect  mapping of the 
snowcover  for  permafrost  prediction  at 
Schefferville,  Quebec & Permafrost, 2nd 
Internat.Conf.,P!.Amer.Contri.,E:at.Acad.of Sci 
113-120, klashicqton, D . C .  

frcst  zones  using  selected  permafrost  land- 
forms, fi French, H.P:.,ed., Proc. 4th 
Canadian  Permafrost  Conf.,Nat.Res.Council of 
Candad , 4 9- 5 8 .  

Harris, S.A.(1982). Identification  of perrna- 

Yarris, S.A. and Brown,  R.J.C.(19E2).  PermafrGst 
distribution  along  the  Rocky  Yountains  in 
Alberta, & French, H.M.,ed.,  Proc.  4th 
Cana.dian Permafrost Con€., Nat.Res.Councilof 
CanaC'a, 59-80. 

Ives, J,C.(1973). Permafrost and  its relation- 
ship to other  environmental  parameters  in  a 
midlatitude,  high-altitude  setting,  Front 
Range,  Colorado  Rocky  Mountains,  &Permafrost 
2nd Internat.Conf.,N.Amer.Contrib.,Nat.Acad. 
of Sci.,121-125,  Iiashington,  D.C. 

Karte, J. and Liedke, H.(1981) Thetheoretical 
and practical  definition ofthe term  "peri- 
glacial" inits geographical  and  geological 
meaning.  Biul.Peryglac. ( 2 8 1 ,  123-135. 

Nicholson, F.H.  and Gsanberg, H.B.(1973). 
Permafrost and  snowcover  relationships  near 
S c h e f f e r v i l l e , ~ P e r m a f r o s t ,  2nd  fnternat. 
Conf.,N.&ner,Contribq,Nat.Acad.of Sci., 
121-125,  Washington, D.C. 

Polanski, J.(1966). Flujos  rdpidos deescombros 
rocosos.  Ed.Univ.de Buenos  Aires,Manuales, 
67PP. 

Polanski, J.(1972). Descripcidn  geoldgica de la 
Hoja 24 a-b, Cerro  Tupungato,  Provincia de 
Hendoza.  Dir.Mac,de  Geo1.y  Min.,  Bo1.128, 
114pp. 

Trombotto, D(19e3). Geocriologla dela Lagunita 
del  Plata.  1nst.de Niv.yGlac.,An(5),149-156. 

Washburn, A.L.(1980), Geocryology,  406 pp. 
Wiley, New York. 

Wayne, W.J.(L981a).  Ice segregation a6 an 
origin  for  lenses of nonglacial ice  in  "ice- 
cemented" rock glaciers.  Jour.of  Glaciol., 
(27) , 506-510. 

Wayne, W.J. (1981b). La evolucidn  de  glaciares 
de escombros y morrenas en la  cuenca  del rlo 
Blanco, MenGoza. VI11  Conq.Geol,Argentino, 
(4) , 153-166, 

Wayne, W.J. (1983a) . PaLeoclimatic  inferences 
from  fossil  cryogenic  features  in  alpine 
regions. . Permafrost,  4th  Internat.Gonf., 
Proc.Nat.Acad.Press,  1378-1383,  Washington, 
D.C. 

Wayne, W.J. (19E3b)  Geologic  setting and 
patterned  ground, LagunitadelPlata, 14endoza. 
Inst.Argent.Nivol.Glacio1, , An ( 5 )  ,157-158, 

wayne, W.2. ( 1 9 8 E ) .  The diamictons  of  the Rfo 
Blanco  basin,  Corddn  del Plata, Wendoza. 
Quaternary  of  S.Amer,  and  the  Antarctic 
Penninsula, ( 6 )  I (in press). 

Wayne, W.J. , and Corte, A.E. (1983). Multiple 
glaciations  of  the  Cord6n del Plata, Irlendoza, 
Argentina. Palaeog.Palaeocl.Paleoecol., ( 4 2 ) ,  
185-209. 

896 



LANDSLIDE MOTION IN DISCONTINUOUS PERMAFROST 
S.C. Wilbur and J.E. Beget 

University of Alaska, Fairbanks 

SYNOPSIS An u n u s u a l l y   l a r g e   n u m b e r  of  l a n d s l i d e s   o c c u r  i n  t h e   s u b - a r c t i c   d i s c o n t i n u o u s   p e r m a -  

f r o s t  a r ea  o f   H o s e a n n a   C r e e k   b a s i n   i n   c e n t r a l   A l a s k a .   T h e   s l i d e s  (0.002 t o  0 .6km ) ,  f o r m  i n  
w e a k l y   c o n s o l i d a t e d   c l a y e y   s e d i m e n t a r y   f o r m a t i o n s ,   a n d   m o v e   p r e d o m i n a n t l y   a s   r e m o b i l i z e d  
e a r t h f l o w s   a n d   d i s r u p t e d   t r a n s l a t i o n a l   s l i d e   b l o c k s .  

A v e r a g e  r a t e s  o f  m o t i o n   b e t w e e n   A u g u s t  1985 t o  S e p t e m b e r   1 9 8 7   r a n g e d   f r o m  0.5 t o  31.0 m/a 
( h o r i z o n t a l )   a n d  -.02 t o  -1 .7  m/a ( v e r t i c a l ) .   I n  a l l  c a s e s  mos t  of t h e   o b s e r v e d   m o t i o n  ( 5 3 - 9 6 X )  
o c c u r r e d   d u r i n g  1985-86, a n d   p e r i o d s   o f  n o  m o v e m e n t   o c c u r r e d  on some s l i d e s ,   i n d i c a t i n g  
n o n - s t e a d y   m o t i o n .  

L i t h o s t a t i c   l o a d i n g  of s l i d e s   d u e   t o   h e a d w a l l   r e t r e a t   o c c u r s   p r i m a r i l y   d u r i n g   t h e   l a t e   w i n t e r   a n d  
s p r i n g   a n d   r e f l e c t s   t h e r m a l   d e g r a d a t i o n  o f  p e r m a f r o s t .   M a j o r   s l i d e   m o t i o n   . a p p a r e n t l y   o c c u r s  
d u r i n g   s p r i n g   a n d  e a r l y  summer  when l a r g e   a m o u n t s  of  l i q u i d  water b e c o m e   a v a i l a b l k ;   h o w e v e r ,  warm 
w i n t e r s   a p p e a r  t o  r e d u c e  t h e  m a g n i t u d e  of  s p r i n g   m o t i o n .   L a r g e   s u m m e r   r a i n s t o r m s  were o b s e r v e d  
t o  have  r e l a t i v e l y   m i n o r  e f f e c t s  on m o t i o n .  
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INTRODUCTION 

H o s e a n n a   C r e e k   b a s i n  ( 1 2 4  km ) i s  l o c a t e d  on  
t h e   n o r t h   f l a n k  of t h e   A l a s k a   R a n g e   b e t w e e n  
F a i r b a n k s   a n d   A n c h o r a g e .   T h e   b a s i n   t r e n d s  
east-west p a r a l l e l   t o   t h e   m a i n   s t r u c t u r a l  
g r a i n  of t h e   r e g i o n ,   a n d  is d r a i n e d  by a 
small t r i b u t a r y  of t h e   n o r t h w a r d   f l o w i n g  
N e n a n a   R i v e r .   T h e   m o u t h  of H o s e a n n a   C r e e k  
meets t h e   N e n a n a   R i v e r   a b o u t  8 km n o r t h  of 
t h e   o l d   H e a l y   t o w n s i t e   ( F i g ,  1 ) .  

P h o t o   g e o l o g i c   a n a l y s e s   a n d   f i e l d   s t u d i e s  
s u g g e s t   t h a t  many p a t c h e s   o f   d i s c o n t i n u o u s  
p e r m a f r o s t   c o v e r   a b o u t  33X of  t h e   b a s i n  a r ea  
( F i g .  2 ) .  R o a d   c n t s   a n d   d r i l l   h o l e s   i n d i c a t e  
t h a t   i n   m o s t   p l a c e s   t h e   p e r m a f r o s t  i s  
r e l a t i v e l y   t h i n  ( <  20 m ) ,  b u t   i n  a f e w   p l a c e s  
i t  may  be as g r e a t  as 40 m .  From t h e  few 
a v a i l a b l e   t e m p e r a t u r e   p r o f i l e s   ( G o l d e r   1 9 8 5 ;  
f i e l d   s t u d i e s ,   1 9 8 7 ) .  most o f   t h e   p e r m a f r o s t  
a p p e a r s  t o  b e   i s o t h e r m a l .  or n e a r l y   i s o t h e r m a l  
a t  a r o u n d  -1.0 t o  0.0'C. As a c o n s e q u e n c e  
t h e  warm p e r m a f r o s t  i s  r e a d i l y   s u s c e p t i b l e  t o  
t h e r m a l   d e g r a d a t i o n   i f   d i s t u r b e d .  

O v e r  5% of t h e  b a s i n  i s  c o v e r e d  by l a n d s l i d e  
d e p o s i t s  w h i c h  r a n g e  i n   s i z e   f r o m  0 .002  t o  

0 . 6  km2 ( F i g ,  3 ) ;  we e s t i m a t e   t h a t   a b o u t  90% 
o f   t h i s   s i z e   r a n g e   a r e   a c t i v e .  Much  more o f  
t h e   b a s i n  i s  c o v e r e d  by smaller s i z e d  
d e p o s i t s   r e s u l t i n g   f r o m  mass w a s t i n g  
p r o c e s s e s .  L a n d s l i d i n g   o c c u r s  as  f o u r  
d i f f e r e n t   t y p e s   ( a f t e r   V a r n e s ,  1978) :  a )  
t r a n s l a t i o n a l   s l i d e s   ( f r o m   b l o c k   t o  
d i s r u p t e d )   w h i c h   c r e e p   p a r a l l e l  t o  
s e d i m e n t a r y   b e d d i n g   p l a n e s   n o r m a l l y  on c l a y  
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F i g u r e  1. L o c a t i o n   m a p .   B o s e a n n a  Creek 
b a s i n  i s  a s m a l l   w e s t w a r d   t r e n d i n g   t r i b u t a r y  
o f   t h e   N e n a n a   R i v e r .  

h o r i z o n s ,   b )   e a r t h f l o w s  as  much as 1.1 km 
long, w h i c h   t y p i c a l l y  begin f l o w i n g  down d i p  
b u t   w h o s e   t o n g u e s   o f t e n   f l o w   d i r e c t l y  
d o w n h i l l   a c r o s s   b e d d i n g ,  c )  r o t a t i o n a l   s l u m p  
b l o c k s   o c c u r r i n g   w h e r e   s e d i m e n t a r y   b e d d i n g  
p l a n e s   d o   n o t   f a v o r   t r a n s l a t i o n a l   s l i d e  
d e v e l o p m e n t ,   a n d  d )  c o m p l e x   s l i d e s   e x h i b i t i n g  
m o r e   t h a n   o n e  o f  t h e   a b o v e .  

The p u r p o s e  o f  t h i s   p a p e r  i s  t o   p r e s e n t  
r e s u l t s  o f  a n   o n - g o i n g   s t u d y   o f   l a n d s l i d e  
m o t i o n   a n d   e v o l u t i o n   w h i c h  i s  p a r t  o f  a 
b r o a d e r   s t u d y  o f  s h o r t   a n d   l o n g - t e r m   e r o s i o n  
r a t e s .  We w o u l d   l i k e   t o   a c k n o w l e d g e   t h e  
l o g i s t i c a l   a n d   f i n a n c i a l   s u p p o r t   a n d   t h e   u s e  
o f   f i e l d   e q u i p m e n t   a n d   e n g i n e e r i n g   f a c i l i t i e s  
p r o v i d e d   b y  t h e  U s i b e l l i  C o a l  M i n e ,   I n c .  We 
a r e   i n d e b t e d   t o   T e d   C l a r k e   f o r   h i s   v a l u a b l e  
t i m e  s p e n t  a s  a f i e l d   c o - w o r k e r .  
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F i g u r e  2 .  P e r m a f r o s t   m a p .  Areas of  
p e r m a f r o s t   a s   i n t e r p r e t e d   f r o m   a e r i a l  
p h o t o g r a p h y   a n d   b a s e d   o n   v e g e t a t i o n   t y p e   a n d  
f i e l d   e v i d e n c e .   D a s h e d   l i n e s   i n d i c a t e  a r e a s  
o f   q u e s t i o n a b l e   p e r m a f r o s t .  

C1 ima t e 

T h e   m e a n   a n n u a l   t e m p e r a t u r e  f o r  t h i s   r e g i o n  
is -3.1'C, w i t h   a n   a v e r a g e   J a n u a r y  
t e m p e r a t u r e  of -18.3'C. Much of t h e   y e a r  
( e a r l y   S e p t e m b e r   t o   l a t e  May) i s  s u s c e p t i b l e  
to f r o s t   a c t i v i t y ,   w i t h   a b o u t  165 d a y s  of  
b e l o w   f r e e z i n g   t e m p e r a t u r e s ,   a n d   a b o u t  80 
d a y s   o f   f r e e z i n g   a n d   t h a w i n g .   S o i l  
t e m p e r a t u r e   c o n d i t i o n s   h a v e   n o t   b e e n  
m o n i c o r e d ,  so o n l y   i n f e r e n c e s   c a n   b e   m a d e  
f r o m   t h e   a i r   t e m p e r a t u r e   d a t a ;   i n   g e n e r a l ,  
o n l y   t h e   a n n u a l   a i r   a n d   s o i l   t e m p e r a t u r e   d a t a  
c a n   b e   r e l a t e d   w i t h   a n y  success  ( W a s h b u r n ,  
1980, p.  7 0 - 7 3 ) .  M o s t   o f   t h e   p r e c i p i t a t i o n  
( 4 0  cm a n n u a l   a v e r a g e )   a r r i v e s   d u r i n g  summer 
storms w h i c h   c o m m o n l y   r e l e a s e  3-6 cm i n   o n e  
e v e n t .  I n  a d d i t i o n ,  a s i g n i f i c a n t   a m o u n t  of  
l i q u i d  water is a v a i l a b l e   d u r i n g   s p r i n g  thaw 
a n d   b r e a k - u p ,   w h i c h   n o r m a l l y   o c c u r s   i n  l a t e  
May ( U s i b e l l i  Coa l  M i n e   w e a t h e r   r e c o r d s ) .  

F i g u r e  3 .  L a n d s l i d e  map s h o w i n g   a r e a s  
c o v e r e d  by l a n d s l i d e  d e p o s i t s   g r e a t e r   t h a n  
-002  km , a n d   t h e   l o c a t i o n s  of  s u r v e y e d  
s l i d e s  A-G. L a n d s l i d i n g   p r e d o m i n a n t l y   o c c u r s  
i n   t h e   T e r t i a r y   U s i b e l l i   c o a l - b e a r i n g   G r o u p  
( W a h r h a f t i g ;   1 9 7 0 ) .   T h e   r o s e   d i a g r a m   i n   t h e  
u p p e r   l e f t   c o r n e r   s h o w s   t h e   p r e f e r r e d  
o r i e n t a t i o n   o f   s l i d i n g  o r  f l o w i n g   m o t i o n .  
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G e o l o R y  

T h e   U s i b e l l i   c o a l - b e a r i n g   G r o u p   ( W a h r h a f t i g ,  
1 9 8 7 )   c o n s i s t s   o f   p o o r l y   c o n s o l i d a t e d   s a n d ,  
s i l t ,  c l a y   a n d   c o a l   s e q u e n c e s   t h a t   r a p i d l y  
w e a t h e r   a n d   d i s a g g r e g a t e   i n  t h e  c o l d   c l i m a t e ,  

T h e   s e d i m e n t a r y   f o r m a t i o n s   a r e   m o d e r a t e l y  
d e f o r m e d   i n t o   b r o a d   f o l d s   a n d   m o s t   o f  
H o s e a n n a   C r e e k   b a s i n  l i e s  o n  t h e  n o r t h   l i m b  
o f  a l a r g e   f a u l t e d   a n t i c l i n e .   T y p i c a l l y ,  
b e d d i n g   p l a n e s   d i p  5-25 d e g r e e s  t o  t h e   n o r t h  
so t h a t   t h e r e   a r e  many n o r t h - f a c i n g   s l o p e s  
u n d e r l a i n  by p e r m a f r o s t .   M o s t  of t h e  
l a n d s l i d e s  m o v e   d o w n h i l l   o n   n o r t h - t r e n d i n g  
s l o p e s   p a r a l l e l   t o   b e d d i n g   p l a n e s   a n d  
commonly  on c l ay  h o r i z o n s   ( F i g .  3 ) .  

METHODS 

A s u r v e y   p r o g r a m  was i n i t i a t e d   i n   t h e  summer 
o f  1985 t o  m o n i t o r   t h e   a n n u a l   m o t i o n  of  
l a n d s l i d e s .   S e v e n   d i f f e r e n t   l a n d s l i d e s  of  
v a r y i n g   t y p e   a n d   a g e  were c h o s e n   ( F i g .  3 ) .  
On e a c h   s l i d e   s e v e r a l   1 . 2  m w o o d e n   l a t h s  were 
l o c a t e d   i n   r e p r e s e n t a t i v e   p o r t i o n s  of t h e  
s l i d e   a n d   t h e n   s u r v e y e d   i n   w i t h  a p r e c i s i o n  
o f  20.03 m u s i n g   a n   i n f r a r e d  edm t h e o d o l i t e .  
A l l  t h e   s u r v e y   p o i n t s  were r e - o c c u p i e d   d u r i n g  
summers o f  1986 a n d   1 9 8 7 .  I n  some cases ,  
s l i d e s  were v i s i t e d   s e v e r a l  t imes t h r o u g h o u t  
t h e  year t o   d e t e r m i n e   t h e  time o f   y e a r   w h e n  
most of  t h e   m o v e m e n t   o c c u r r e d .   T h e   f r e q u e n c y  
of s u r v e y   m e a s u r e m e n t s  i s  l o w   b e c a u s e   t h i s  
s t u d y  is o n l y   p a r t   o f  a m u c h   b r o a d e r   s t u d y  
w h i c h   f o c u s e s  on  l o n g - t e r m   e r o s i o n  r a t e s .  

I n   a d d i t i o n   t o   t h e   m o t i o n   s t u d i e s  a b r i e f  
o n - s i t e   g e o l o g i c   d e s c r i p t i o n  of  e a c h   s l i d e ' s  
t e r r a i n   w a s   m a d e .   T h e   f i e l d   s t u d i e s  
d e s c r i b e d   p r i n c i p l e   l i t h o l o g i e s .   a t t i t u d e s  of  
s e d i m e n t a r y   b e d d i n g   p l a n e s ,   s u r f a c e   f e a t u r e s  
s u c h  as s h e a r   z o n e s ,   c r e v a s s e s ,   c o m p r e s s i o n a l  
r i d g e s   a n d   f u r r o w s ,   s c a r p   h e i g h t s ,   a n d  
p e r m a f r o s t ,  if p r e s e n t .  

RESULTS 

P a t t e r n  o f  s h o r t - p e r i o d   m o t i o n  

D i s p l a c e m e n t   v e c t o r s   a n d   r e l a t i o n   t o  
t o p o g r a p h y   a n d   g e o l o g y   f o r   s e v e n   m o n i t o r e d  
s l i d e s   a r e   s h o w n   I n   F i g u r e  4 ,  a n d  a 
d e s c r i p t i o n  of t h e i r   b a s i c   c h a r a c t e r i s t i c s  i s  
g i v e n   i n   T a b l e  I .  H o s e a n n a   C r e e k  i s  
p r e s e n t l y   c u t t i n g   a c r o s s  t h e  t o e s  of  s l i d e s  
A ,  C ,  D a n d  E ,  w h i l e   s l i d e s  B ,  F a n d  G 
t e r m i n a t e   i n   t r i b u t a r i e s  of H o s e a n n a   C r e e k .  

I n  m o s t  cases  v e l o c i t i e s   w i t h i n   i n d i v i d u a l  
s l i d e s   w e r e   f a i r l y   u n i f o r m .   s u g g e s t i n g  a 
c o m p o n e n t  o f  t r a n s l a t i o n a l - s l i d e   m o t i o n  
o c c u r s   i n  most s l i d e s .  
t r a n s l a t i o n a l   s l i d i n g   ( V a r n e s .   1 9 7 8 )  may b e  

D i s r u p t e d  

e s p e c i a l l y   i m p o r t a n t   i n   s l i d e s  C ,  D a n d  E ,  
w h e r e   f i e l d   o b s e r v a t i o n s   i n d i c a t e   l a r g e  
c o h e r e n t   b l o c k s   h a v e   f r a g m e n t e d   i n t o  many 
d i s r u p t e d   i n d e p e n d e n t   b l o c k s   d u r i n g   d o w n s l o p e  
t r a n s i t .  

E a r t h f l o w   p r o c e s s e s   ( K e e f e r   a n d   J o h n s o n ,  
1 9 8 3 )   p r e d o m i n a t e   i n   s l i d e s  A a n d  F ,  w h e r e  
r a t e s  o f  m o t i o n  a r e  h i g h l y   v a r i a b l e  
t h r o u g h o u t   t h e   s l i d e   a n d   m u c h   f i e l d   e v i d e n c e  
p r e c l u d e s   t h e   p o s s i b i l i t y  o f  t r a n s l a t i o n a l  
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'A 

Figure 4. Plan  views  and  longitudinal 
cross sections o f  the  seven  monitored 
slides A - G .  No  vertical  exaggeration. 
Note  scale f o r  A - D  is  larger  than for 
E-G. See  Figure 3 €or location of the 
slides.  Average  horizontal  displace- 
ments  shown b y  vector  on  plan  views. 
Average  vertical  displacements (m/a) 
shown b y  numbers  on longitudinal cross  
sections. 
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s l i d i n g   b e i n g   w i d e s p r e a d .   F o r   e x a m p l e ,   i n  
s l i d e  F u p p e r   b a s i n   m o t i o n  was m u c h   g r e a t e r  
t h a n   b o t h   t h e   m i d - s l i d e  a r e a  a n d   t h e   l o w e r  
s l i d e   a r e a ;  l a t e r a l  s p r e a d i n g   h a s   o c c u r r e d  a t  
t h e   t o e s   o f   s l i d e s  A a n d  F a s   i n d i c a t e d  by 
t h e   d i v e r g e n t   h o r i z o n t a l   d i s p l a c e m e n t   v e c t o r s  
( F i g .  4 ) ,  I n   a d d i t i o n ,  l a t e r a l  s h e a r   z o n e s  
a n d  l a t e r a l  r i d g e s   e x t e n d   u p   t o   o n e - h a l f   t h e  
s l i d e   l e n g t h .  On t h r e e   s e p a r a t e   o c c a s i o n s  
( J u n e   1 9 8 5 ,  May 1 9 8 6   a n d   S e p t e m b e r   1 9 8 7 ) ,   t h e  
u p p e r   b a s i n  of s l i d e  F was c o v e r e d   b y  a l a r g e  
r e g i o n   o f  o p e n  c r a c k s   o r   c r e v a s s e s   w h i c h  were 
p e r p e n d i c u l a r  t o  m o v e m e n t   i n   t h e   c e n t e r   o f  
t h e   s l i d e   b u t   b e c a m e   c u r v e d   a n d   c o n c a v e  
d o w n h i l l ,   f i n a l l y   i n t e r g e c t i n g   t h e  l a t e r a l  
s h e a r  z o n e s  a t  a n g l e s  as  h i g h  a s  45 d e g r e e s .  
T h e s e   c r a c k s   i n d i c a t e   t h a t   t h e   u p p e r   p a r t   o f  
t h e   e a r t h f l o w s  a r e  s u b j e c t   t o   e x t e n s i o n a l  
s t resses  i n   w h i c h   t h e y  a r e  d e f o r m i n g   b y  
f l d w i n g   r a t h e r   t h a n   m o v i n g  as  a c o h e r e n t  
b l q c k .  In t h e   l o w e r   s l i d e  a r e a ,  f u r r o w s   a n d  
r i d g e s  as  much as  5 m i n   r e l i e f   s t a n d  
p e r p e n d i c u l a r   t o   s l o p e   m o v e m e n t   a n d  
c o r r e s p o n d   t o  a z o n e  o f  c o m p r e s s i o n   a n d  
d e c e l e r a t i o n ,  

I TYPE OOmITION DIP P3 ERR7 SURFICIL mNDITIONS 

A Earthflw fitit ea&, 15N 16 a t  scarp young trees at toe only, 
d l t S ,  clsy  nostly vegetationless 
coal f r w e k s  

B block L l l c k ,  rplnds, a i l ta  2N 23 none fllxed fw@st ,  diatwbed 

- 
muuflars -1 fraeprenla 

C disrupted clay, silt 13N 15 a t  amrp old atand nixed w i t h  
Wendat ions1  zaplinps, moatly vegetated 

D block a l l &  Osn(LI1, clw 15N 21 a t  scarp e l l  exposcd except young 

" "" ". . " - " " 

trees at toe 

E disrupted clay, a l l t  13N  14 a t  &WP old stand mixed with 

"- 
trandutioml M p l i n p ,  noatly Vegetated 

F t a r t h f l w  Lilts, clay 6N 12 poaaibly aimat a l l  txpossd, trcept 

__"."" 
" 

fins =nut., along east g r ~ w  a t  tw 
m a l  frewents 

" 

G earthflaf, rplnut., clay, 6N 16 none m t t s r M  Old and yorng 
disrupted coal  f r a e n t s  stands. w e  exposed 
block slide 

T a b l e  I .  L a n d s l i d e   c h a r a c t e r i s t i c s :  TYPE - 
a f t e r   V a r n e s  (19781 ,  DIP - s l o p e  of 
s e d i m e n t a r y   b e d d i n g   p l a n e ,  PS - p r e - s l i d e  
t o p o g r a p h i c   s l o p e ,  PERMA? - l o c a t i o n  of 
p e r m a f r o s t   i f   p r e s e n t .  

"""ll_ll"---_l- 

A c o m b i n a t i o n  o f  e a r t h f l o w   a n d   t r a n s l a t i o n a l -  
s l i d e   p r o c e s s e s  was f o u n d   f o r   s l i d e s  B a n d  G .  
I n   t h e s e  c a s e s ,  t h e   u p p e r   p a r t s   o f   t h e   s l i d e s  
s h o w  z o n e s  o f   b l o c k - s l i d e   m o t i o n ,   w h i l e   t h e  
l o w e r   p a r t s  a r e  e a r t h f l o w s .  

A s u m m a r y  of  l a n d s l i d e   m o t i o n s   f o r   t h e   s e v e n  
s l i d e s  is  g i v e n   i n   T a b l e  11, A v e r a g e  
h o r i z o n t a l   d i s p l a c e m e n t s   r a n g e d   f r o m  0 .5  m/a 
o n   t h e   l o w e r   p o r t i o n s   o f   s l i d e  C t o  31.0 m/a 
o n   t h e   u p p e r   b a s i n  o f  s l i d e   F .   T h e   l a r g e s t  
a v e r a g e   h o r i z o n t a l   d i s p l a c e m e n t s  ( 4 4 . 8  m / a )  - 
were f o u n d  o n  1 

A u g u s t  1985 t o  , 
s t a k e s  were d i s p  
A v e r a g e  v e r t i c a l  

u p p e r  F d u r i n g   t h e   p e r i o d  
J u l y  1986,  w h e r e   i n d i v i d u a l  
l a c e d   f r o m  3 3 . 3  t o  59.1 m. 

d i s p l a c e m e n t s   r a n g e d   f r o m  

- .Q2 m/a t o   - 1 . 7  m/a f r o m   t h e  same s l i d e s .  
I n  a f e w  cases  v e r t i c a l   d i s p l a c e m e n t s  
i n d i c a t e d   t h i c k e n i n g   o c c u r r e d  a t  v a r i o u s  
times on t h e   l o w e r   r e a c h e s   o f   s o m e   s l i d e s .  

- "" 

m l d b )  B 1 8/28/85 - 1 . 1  81 -0.60 75 t 0.13 
(1IIIR7 

mld(b) B 4 
rnidcc) B 1 

I, .I -, 
0.3 58 4 . 1 1  26 f 0.13 
0.0 NA -0.06 0 f 0.13 

lwer C 8 8/19/85 - 0.5 57 -0.02 55 t 0.05 
6 / 2 / 8 7  

- 

mid and 5 8/21/85 - 0.7 
lwer D 

84 -0.35 64 t 0.05 
5/1Y67 

h e r  E 6 8/19/85 - 0.9 7 -0.27 7 2 0 . 0 5  
1WlUsr 

lower F 7 8/m& - 4.6 96 -0.95 100 2 0.10 

mid F 4 8/20/85 - 10.3 53 -0.52 41 t 0.06 

31 .O 71 -1.70 68 2 0.04 u p w  F 9 
9 / p  

h e r  G 5 6/26/a5 - 2.0 75 -1.20 72 50.13 
9/1/67 

T a b l e  11. S u m m a r y   o f   l a n d s l i d e   m o t i o n   f o r  
s e v e n   s l i d e s .   T h e   p e r c e n t a g e   o f   m o t i o n  
o b s e r v e d   d u r i n g   t h e   f i r s t   y e a r   ( % 8 5 - 8 6 )  i s  
g i v e n .  

" . ""_ "" 

A n a l y s i s  of m o v e m e n t   h i s t o r i e s  

T h e   l i m i t e d   d a t a  s e t  w e  h a v e   a v a i l a b l e  
i n d i c a t e s   t h a t   s u b s t a n t i a l   d i f f e r e n c e s  i n  t h e  
r a t e  o f   s l i d e   d i s p l a c e m e n t  OCCUFS i n  
d i f f e r e n t   s e a s o n s ,   a n d   b e t w e e n   d i f f e r e n t  
y e a r s .   F o r  a l l  t h e   s u r v e y e d   s l i d e s ,  
d i s p l a c e m e n t s   t h a t   o c c u r r e d   f r o m   s u m m e r  1985 
t o  summer  1986 were s i g n i f i c a n t l y   g r e a t e r  
t h a n   t h e   a m o u n t   o f   m o v e m e n t   w h i c h   o c c u r r e d  
f r o m   s u m m e r  1986 t o  s u m m e r   1 9 8 7   ( F i g .  5 ) .  
T h e   p e r c e n t a g e   o f   t o t a l   h o r i z o n t a l  
d i s p l a c e m e n t   m e a s u r e d   d u r i n g   t h e   f i r s t   p e r i o d  
(1985-86) r a n g e d   f r o m  53% t o  96%,  w h i l e  as  
much a s  100% of t h e   v e r t i c a l   d i s p l a c e m e n t s  
o c c u r r e d   d u r i n g   t h e  1985-86 s e a s o n .  I n  
a d d i t i o n   t o   t h e   l a r g e   y e a r - t o - y e a r   v a r i a t i o n s  
i n   d i s p l a c e m e n t ,  we h a v e   o b s e r v e d   l e n g t h y  
p e r i o d s  o f  t o t a l   i n a c t i v i t y .  No m o v e m e n t  
t o o k   p l a c e  on t h e   s l i d e  A from J u l y  18, 1986 
t o   A p r i l  5 ,  1 9 8 7   a n d  on  s l i d e  F f r o m  May 15, 
1 9 8 7   t o   J u l y  1 0 ,  1 9 8 7 .   T h e   o t h e r   s l i d e s  were 
n o t   s u r v e y e d   f r e q u e n t l y   e n o u g h   t o   d i s c e r n  
p e r i o d s  o f  n o n - m o t i o n .  

Water a v a i l a b i l i t y  

P r e c i p i t a t i o n   a n d  t e m p e r a t u r e   r e c o r d s  
( U s i b e l l i   C o a l   M i n e  w e a t h e r   r e c o r d s )  were 
r e v i e w e d   t o   i d e n t i f y  p o s s i b l e   r e l a t i o n s h i p s  

c o n n e c t i o n   r e a d i l y   m a d e  f o r  e a r t h f l o w s   i n  
b e t w e e n   r a i . n s t o r m s   a n d   s l i d e   m o v e m e n t ,  a 

t e m p e r a t e  a r e a s  ( K e e f e r   a n d   J o h n s o n ,  1983).  
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F i g u r e  5 .  P a t t e r n   o f   h o r i z o n t a l   m o t i o n  
b e t w e e n  8/85 - 9 / 8 7 .   A v e r a g e   m o v e m e n t  (m/a) 
f o r  a s e c t i o n  (U. - u p p e r ,  M = m i d ,   a n d  L = 
lower)  o f   s l i d e s  A - G i s  s h o w n  f o r  e a c h  time 
i n t e r v a l   b e t w e e n   s u r v e y s .  

F i g u r e  6 s h o w s   v a r i a t i o n s  i n  m o n t h l y  

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

w i n t e r   a n d   s p r i n g   d u r i n g   1 9 8 6 - 8 7 .   D u r i n g  
s u g g e s t s  t h a t  t h e r e  was a n   u n u s u a l l y  warm 

F e b r u a r y  - May 1 9 8 7 ,   m a n y   d a y s  of a b o v e  
f r e e z i n g   t e m p e r a t u r e s  as w e l l  a s  f r e e z e - t h a w  
d a y s   o c c u r r e d .   W i n t e r   f i e l d   o b s e r v a t i o n s  
i n d i c a t e d   t h a t   i n  m a n y   p l a c e s   t h e   s n o w p a c k  
h a d   t o t a l l y   m e l t e d   b e f o r e   m o r e  snow o c c u r r e d .  
C o n v e r s e l y ,  t h e  w i n t e r  of  1985-86 was n o r m a l ,  
a n d  t h e  s n o w p a c k   r e m a i n e d   l a r g e l y   i n t a c t  
u n t i l  M a y ,   w h e n   m o s t   o f  i t  m e l t e d .  

May 1985-86 was a n   e x c e p t i o n a l l y  wet m o n t h  
( 4 . 6  cm c o m p a r e d   t o  May a v e r a g e   o f   o n l y  0 . 6  

r e c o r d s  a r e  s imilar  f o r  1985-86 a n d   1 9 8 6 - 8 7 .  
cm), b u t  o the rwise  m o n t h l y   p r e c i p i t a t i o n  

Two l a r g e   r a i n f a l l   e v e n t s   o c c u r r e d  in l a t e  
J u l y  ( 6 . 6  cm i n  24 h r s )   a n d  l a t e  A u g u s t   ( 7 . 3  
cm i n  7 2  h r s )  1986. T h e s e   e v e n t s   d i d   n o t  
c a u s e   a n y   m o t i o n   i n   s l i d e  A ,  o n e   t h a t  
n o r m a l l y   m o v e s   f a i r l y   r a p i d l y .   I n   a d d i t i o n ,  
s l i d e s  B ,  D, E a n d  G were a l l  s u r v e y e d   p r i o r  

were r e c o r d e d  by t h e  n e x t  s u r v e y .  S l i d e  F 
t o  t h e   A u g u s t  s t o r m .  O n l y  m i n o r  m o v e m e n t s  

was s u r v e y e d  a f t e r  a m i n o r   s t o r m   J u l y  30, 
1987 ( 3 . 5  cm i n  24 h r s ) ,   b u t  o n l y  m i n o r  
m o v e m e n t s  were d e t e c t e d   a f t e r   t h e   s t o r m .  

When s l i d e  F was v i s i t e d   i n   e a r l y   J u n e  1985 
a n d  l a t e  May 1 9 8 6 ,  i t s  u p p e r   b a s i n  was 
c r o s s e d  by l a r g e   e x t e n s i o n a l   c r a c k s ;  a 
" b e r g s c h r u n d "   h a d   d e v e l o p e d  a s  t h e   u p p e r  
s l i d e  ma te r i a l  m o v e d  away f r o m   s c a r p   t a l u s ,  
T h e s e   f e a t u r e s   i n d i c a t e d   v e r y   r e c e n t  
m o v e m e n t .  By m i d - s u m m e r ,   i n  spite of s e v e r a l  

d i s a p p e a r e d .   I n d e e d ,   t h e   s u m m e r   r a i n s t o r m s  
l a r g e   r a i n s t o r m s ,   t h e s e   f e a t u r e s   h a d   m o s t l y  

g e n e r a l l y   e r o d e d   t h e   f r e s h   f l o w   f e a t u r e s  
d e v e l o p e d   i n   t h e   s p r i n g .   I n  May 1 9 8 7 ,   t h e  
s l i d e   s u r f a c e   a g a i n   s h o w e d   e v i d e n c e  o f  v e r y  
r e c e n t   m o v e m e n t .   T h e   s u b s t r a t e  was p r o b e d   b y  
a metal r o d   a n d  i t  was f o u n d   t h a t   t h e  
s e d i m e n t  was e n t i r e l y   f r o z e n   a b o u t  30-60 cm 
b e l o w   t h e   s u r f a c e   e v e n   t h o u g h  a l a r g e  
c r e v a s s e   f i e l d   c o v e r e d   t h e   e n t i r e   u p p e r  
b a s i n ,  

I n   s u m m a r y ,   m a j o r   d i f f e r e n c e s   i n   w e a t h e r  
c o n d i t i o n s   b e t w e e n   t h e   F e b - M a y  1986 a n d  
F e b - M a y   1 9 8 7  a r e  r e l a t e d   t o  major  d i f f e r e n c e s  
i n   s p r i n g t i m e   s l i d e   m o t i o n .   I n   a d d i t i o n ,  
f r o m   A u g u s t  1985 t o   S e p t e m b e r   1 9 8 7   t h e  
m a j o r i t y   o f   m o v e m e n t   o c c u r r e d   d u r i n g  l a t e  
s p r i n g s   a n d   e a r l y   s u m m e r s ,   w h i l e   o n l y   m i n o r  
m o v e m e n t s   o c c u r r e d  l a t e r  i n   t h e   s u m m e r s  
d e s p i t e   l a r g e   r a i n s t o r m s .  

1 ' 8 6  1'87 

Days of freezethaw M a 4  2; I j7 
Days above freezhg Fe 

Preclpitation May (Cm) 4.6 0 6  

.. . 
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F i g u r e  6 .  M o n t h l y   p r e c i p i t a t i o n   a n d  

F i g u r e  1 f o r  l o c a t i o n ) .  
t e m p e r a t u r e   r e c o r d s   f o r   P o k e r   F l a t s  ( s e e  

DISCUSSION 

T h e   r e a s o n s   f o r   t h e   a n n u a l   a n d   s e a s o n a l  
d i f f e r e n c e s   i n   e a r t h f l o w / s l i d e   m o t i o n ,   a n d  
t h e   a p p a r e n t   i n s e n s i t i v i t y  of t h e   e a r t h f l o w s  
t o  m a y o r   s u m m e r   r a i n s t o r m s  a r e  n o t   o b v i o u s .  
M o s t   m o d e l s   o f   e a r t h f l o w s   e n v i s i o n  a d i r e c t  
c o n n e c t i o n   b e t w e e n   p r e c i p i t a t i o n   a n d   m o t i o n  
( K e e f e r   a n d   J o h n s o n ,  1983) .  H o w e v e r ,  

c l i m a t e  may r e f l e c t   a d d i t i o n a l  p r o c e s s e s .  
s e a s o n a l  e a r t h f l o w   m o t i o n   i n  a s u b - a r c t i c  

F i r s t ,   t h e   s l i d e s   r e q u i r e  a c o n t i n u a l   s u p p l y  
o f   s e d i m e n t   f r o m   h e a d s c a r p  r e t r e a t .  
H e a d s c a r p   e r o s i o n   a p p e a r s   t o   b e   a c c e l e r a t e d  
d u r i n g   t h e   w i n t e r   a n d   s p r i n g   w h e n   f r e e z e - t h a w  
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l i t h o s r a t i c   l o a d i n g  of t h e  u p p e r   s l i d e  w i l l  
p r o c e s s e s   a r e  most e f f  i c i e n t .   T h u s  

most of t h e  s l i d e ' s   s k i n   ( p r e s u m a b l y  t h e  t o p  
o c c u r   t h r o u g h  t h e  w i n t e r   a n d   s p r i n g ,   w h e n  

2-3 m )  i s  f r o z e n   ( H u t c h i n s o n   a n d   B h a n d a r i ,  
1971). S e c o n d ,  stream e r o s i o n   a n d  
d e b u t t r e s s i n g   o f  t h e  t o e s  o f   l a n d s l i d e s  i s  
v e r y   a c t i v e  in s p r i n g .   S t r e a m s   c a r r y i n g   a w a y  
s n o w m e l t   c a n   p e r i o d i c a l l y   f l o w  on t h e  a u f i e s  
1 - 2  m a b o v e  t h e  s u m m e r   c h a n n e l ,   r e s u l t i n g   i n  
a n   e s p e c i a l l y   e f f i c i e n t   m e a n s   o f   l a t e r a l  
e r o s i o n .   I n   a d d i t i o n ,  t h e  t h i c k   a u f i e s  may 
s e rve  a s  a n   e f f e c t i v e   b u t t r e s s   d u r i n g  t h e  
w i n t e r ,   b u t  as i t  melts a w a y   i n  t h e  s p r i n g  
much of  t h e   l a n d s l i d e ' s  t o e  s u p p o r t  i s  
r e m o v e d .   F u r t h e r m o r e .  a s  i n d i c a t e d  by t h e  
Local c l i m a t e   d a t a ,   m o v e m e n t   a p p e a r s   t o  b e  
i n f l u e n c e d  by s p r i n g  water a v a i l a b i l i t y   a n d  
w i n t e r   t e m p e r a t u r e .  

A l t h o u g h  t h e  s o i l   c o n d i t i o n s   ( e . g . ,  
t e m p e r a t u r e ,   i c e   c o n t e n t ,  water p o r e  
p r e s s u r e )  were n o t   m e a s u r e d ,  t h e  t i m i n g  of 
m o t i o n   a n d  c l ima te  d a r e   a l l o w s   u s  t o  s u g g e s t  
t h a t  t h e   o b s e r v e d   s e a s o n a l   v a r i a t i o n  in 
m o t i o n  a l s o  r e f l e c t s   s e a s o n a l   v a r i a t i o n s   i n  
t h e   r h e o l o g y   o f   t h e  e a r t h f l o w s .  T h r o u g h o u t  
w i n t e r   t h e   s l i d e  mass f r e e z e s   d o w n w a r d .  In 
t h e   s p r i n g   t h e   s l i d e  mass b e g i n s  t o  t h a w   a n d  
p r o d u c e s  an o p e n   s o i l   f a b r i c   w i t h   l o w  
m e c h a n i c a l   s t r e n g t h .  A t  t h i s  time l a r g e  
a m o u n t s   o f  water a r e  i n t r o d u c e d   f r o m   r a i n  
a n d / o r   s n o w m e l t .   T h e   e a r t h f l o w s  a re  e a s i l y  
m o b i l i z e d   w h e n  t h e  water h a s   i n f i l t r a t e d  t h e  
o p e n   f a b r i c   p r o d u c i n g   h i g h   p o r e   p r e s s u r e s .  
L a t e r   i n  t h e  y e a r ,   m o t i o n   a n d  thaw 
c o n s o l i d a t i o n   h a s   r e m o l d e d   t h e   c l a y e y  
ma te r i a l  g i v i n g  i t  g r e a t e r   m e c h a n i c a l  
s t r e n g t h ,  80 t h a t  l a t e  s e a s o n   r a i n s t o r m s   h a v e  
o n l y   m i n o r   e f f e c t s   o n   m o t i o n .  

SUMMARY OF MOTION AND DEVELOPMENT 

S e v e r a l   p r o c e s s e s   o p e r a t e   i n   m o s t  of  t h e  
s l i d e s   i n   t h e   H o s e a n n a  Creek b a s i n ,   i n c l u d i n g  
a l l  t he  s u r v e y e d  s l i d e s .  T h e s e   i n c l u d e :  

1) L a t e r a l   c o r r a s i o n  or h e a d w a r d   i n c i s i o n  by 
streams c u t   t h e   v e g e t a t i v e   p r o t e c t i o n  o f  t h e  
f r o z e n   s e d i m e n t a r y   s u b s t r a t e   t h a t  i s  d i p p i n g  
d o w n s l o p e ,   a n d   o v e r s t e e p e n s  t h e  s l o p e .   T h e  
o v e r s t e e p e n i n g  i n i t i a t e s  d o w n s l o p e   c r e e p ;  
e x t e n s i o n a l   c r a c k i n g   d e v e l o p s   u p s l o p e   a n d  
e x p o s e s  t h e  f r o z e n   s e d i m e n t a r y   s u b s t r a t e  t o  
t h e r m a l   d e g r a d a t i o n .  

2 )  W e a k l y   c o n s o l i d a t e d   s a n d s t o n e   a n d  s i l t  
f r a c t u r e   p a r a l l e l  t o  s c a r p  wal ls .  W i n t e r  and 
s p r i n g   f r e e z e - t h a w   p r o c e s s e s   o p e r a t e   i n  t h e  
c r a c k s   a n d . c a u s e   L a r g e   f r o z e n   s e d i m e n t   b l o c k s  
t o   f a l l  t o  t h e   u p p e r   b a s i n ,   w h e r e  t h e y  
d i s a g g r e g a t e   q u i c k l y   i n t o  a c h a o t i c  j u m b l e .  
I n  some cases ,  t h e  s e d i m e n t   b l o c k 8   r e m a i n  
c o h e r e n t  f o r  s h o r t   d i s t a n c e s   w h i l e  t h e y  s l i d e  
a w a y   f r o m   t h e   h e a d s c a r p .  

3) D u r i n g   s p r i n g ,   s l i d e  ma te r i a l  t h a w s  t o  
c r e a t e   s t r u c t u r a l l y  weak s o i l  f a b r i c s .  
L i q u i d   w a t e r   r e a d i l y   s a t u r a t e s   t h e   l o o s e  
m a t e r i a l .  In a d d i t i o n ,   t h i c k   a u f i e s  is 
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q u i c k l y   r e m o v e d   e f f e c t i v e l y   d e b u t t r e s s i n g   t h e  
s l i d e   t o e .  

4) L o c a l   p o r e   p r e s s u r e s  r ise  in t h e   c l a y e y  
m a t e r i a l ,   r e d u c i n g  shear s t r e n g t h   a n d  
i n i t i a t i n g   m o v e m e n t .   I n  some p l a c e s ,  coa l  
b e d s  a c t  88 a q u i f e r s   a n d  may i n t r o d u c e  
g r o u n d w a t e r   i n t o  t h e  s l i d e .  

5 )  D u r i n g   s p r i n g   a n d   e a r l y   s u m m e r  t h e  
e a r t h f l o w s  a r e  e s p e c i a l l y   p r o n e   t o   f l o w ,   a n d  
u n d e r g o   r a p i d   b a s a l   a n d  l a t e r a l  s h e a r ,  
f o r m i n g   e x t e n s i o n a l   c r e v a s s e s   p e r p e n d i c u l a r  
t o  movement  i n  t h e  u p p e r   b a s i n   a n d  
c o m p r e s s i n g   o l d e r   s l i d e  ma te r i a l  i n t o   l a r g e  
hummocky f u r r o w s   a n d   r i d g e s  a t  t h e  t o e  of t h e  
s l i d e .  

6 )  L a t e r   i n   t h e   s u m m e r   h i g h   p o r e   p r e s s u r e s  
a r e  d i s s i p a t e d .   T h e   c l a y e y  ma te r i a l s  d e v e l o p  
h i g h e r   s h e a r   s t r e n g t h s   a n d   s h o w   o n l y  small 
d t s p l a c e m e n t s   d u r i n g   l a r g e   r a i n s t o r m s .  

REFERENCES 

G o l d e r  (1985). S t a b i l i t y   a n a l y s i s  of n o r t h  
f a c i n g   s p o i l   s l o p e s  a t  P o k e r   F l a t s ,   p r e p a r e d  
f o r  U s i b e l l i   C o a l   M i n e  b y   G o l d e r  Associates.  
I n c . ,  A n c h o r a g e .  AK, R e p o r t  853-5016, 22 p p .  
p l u s   f i g u r e s   a n d   a p p e n d i c e s .  

H u t c h i n s o n ,  J. N. a n d   B h a n d a r i ,  R. I(. (1971). 
U n d r a i n e d   l o a d i n g ,  B f u n d a m e n t a l  mechanism of 
m u d f l o w s   a n d   o t h e r  mass m o v e m e n t s .  
G e o t e c h n i q u e  (21), 4, p .  353-358. 

Reefer,  D .  K .  a n d   J o h n s o n ,  A. M. (1983). 
E a r t h   f l o w s :   m o r p h o l o g y ,   m o b i l i z a t i o n ,   a n d  
m o v e m e n t .   U n i t e d   S t a t e s   G e o l o g i c a l   S u r v e y  
P r o f e s s i o n a l   P a p e r  (1264) 56 p p .  

U s i b e l l i  Coal M i n e  weather r e c o r d s .   D a i l y  

P o k e r   F l a t s ,   U a i b e l l i   C o a l   M i n e ,   B e a l y .  A l l .  
t e m p e r a t u r e   a n d   p r e c i p i t a t i o n  1979 - 1987 for 

V a r n e s ,  D. J. (1978). S l o p e   m o v e m e n t   t y p e s  
a n d   p r o c e s s e s ,   C h a p t e r   o f   S c h u s t e r ,  R .  L.. 
a n d   K r i z e k ,  R .  S., e d s .  : L a n d s l i d e s :  
A n a l y s i s   a n d   C o n t r o l ,   U n i t e d   S t a t e s   N a t i o n a l  
Academy of S c i e n c e s ,   T r a n s p o r t a t i o n   R e s e a r c h  
B o a r d   S p e c i a l   R e p o r t  (176), p. 11-33. 

W a h r h a f t i g ,  C .  (1970). G e o l o g i c  map of t h e  
H e a l y  D-4 q u a d r a n g l e ,   U n i t e d   S t a t e s  
G e o l o g i c a l   S u r v e y  Map, s e r i e s  69-806 .  

W a h r h a f t i g ,  C .  ( 1 9 8 7 - i n   p r e s s ) .   T h e   C e n o z o i c  
s e c t i o n  a t  S u n t r a n a ,   A l a s k a :   C o n t r i b u t i o n  
f o r  t h e  G e o l o g i c a l   S o c i e t y  of America, D e c a d e  
o f  N o r t h   A m e r i c a n   G e o l o g y ,   C e n t e n n i a l   G u i d e ,  
C o r d i l l e r a n   S e c t i o n ,  Vol.  1. 

W a s h b u r n ,  A .  L. (1980). G e o c r y o l o g y ,  406 p p .  
Wiley,  N e w  Y o r k .  



THE CHARACTERISTIC OF CRYOPLANATION LANDFORM IN 
THE INTERIOR AREA OF QINGHAI-XIZANG PLATEAU 

Zhang, Weixin, Shi, Shengren,  Chen, Fahd and Xu, Shuyingz 

1LanzLou University, China 
2Suzhou Railway Teachers College, China 

SYNOPSIS This  paper  discusses  the  characteristics,  origin,  and  evolution of the  cryoplana- 
tion  landform of the  Qinghai-Xizang  Plateau, based o n  field  investigations.  There  are  two  belts 
geomorphologically,  namely  the  cryoplanation  belt  at  high  position and the  depositional  belt at the 
lower part of slope of the  Tanggula  Mountain.  Based on the  evidences o f  periglacial  landforms,  it 
could be concluded  that  there was-a more  rig,orous  climate  in  late  Pleistocene,  and  the  cryoplanation 
terraces  might be formed  at  that  time. 

HISTORICAL  REVIEW 

The  cryoplanation  landform  is  a  degradation 
feature  developing  in  high  mountains 
under  cold  climate  condition. It is  a  special 
bedrock  feature,  step-like  or  terrace-like,  in 
slope  development  process,  but  it  is  not  formed 
by ,river. 

As early as 1890, the  cryoplanation  features 
have  been  studied  in  some  detail by Russian 
scholars  and  the  term 'goletz' terrace  has b e e n  
commonly  used.  One of  the  earliest  references 
to  cryoplanation  terraces is by N . M .  Kozmin; 
and  their  occurrence  was  noted  in  such  areas  as 
the  northern Urals and  Siberia. At the  begin- 
ning  of  the  20th  century,  the  differential 
erosion  at  high  mountains  in  Yukon  territory, 
Alaska  has  been  discussed by D.D. Cairnes. 
Afterwards, i n  1916, the  term  'altiplanation' 
was  devised by H.M. Eakin to signify  a  range of 
cold-climate  processes  and  their  effect  in  pro- 
ducing  a  distinctive  assemblage of landforms. 
In 1946, K. Bryan  introduced  the  term  'cryop- 
lanation' to describe  the  combined  effect of 
degradation by frost  action and t h e  subsequent 
removal of waste by downslope  movement.  During 
the  past 80 years,  there  are  many  reports  on 
cryoplanation  landforms  from  Alaska,  Europe and 
Asia  (Embleton  and  King, 1975;  Reger  and  P&w&, 
1976). 

A great  deal of work of the  origin,  characteris- 
tics  and  distribution of periglacial  landforms 
have  been  made by Chinese  geologists  and  geo- 
morphologists,  few of them  were  related to 

et  al., 1983). In  this paper, the  authors would 
cryoplanation terraces (Deng et al., 1983; Qiu 

like  to  discuss  the  characteristics,  origin of 
the  cryoplanation  landforms  in  the  Tanggula 
Mountain  of  Qinghai-Xizang  Plateau,  based  on 
field  observations. 

THE  PRINCIPAL  CHARACTERISTICS OF CRYOPLANATION 

PLATEAU 
LANDFORM IN TANEGULA MOUNTAIN OF QINGHAI-XIZANG 

The  Kunlun  Mountain,  Tanggula  Mountain  and  the 
Nyainqentanglha  Mountain  are  the  three  major 
ranges on the  Qinghai-Xizang  Plateau,  They  are 
westwards  extending,  generally 5,700 m t o  6,000 
m  in  altitude  with  a  difference  in  height  rang- 
ing  from 1,200 m  to  1,500 m. The  plateau  bet- 
ween  mountains  is  about 4 , 5 0 0  to 5,000 m a.s.l., 
wi'ch a  difference  in  height o f  about 300 to 5 0 0  
m. These  areas  have  undergone  several  warm  and 
cold  cycles  from  Tertiary  to  Quaternary.  Since 
late  Pleistocene,  the  plateau  was  mainly  in  a 
periglacial  environment.  The  recent  glaciation 
is confined  to  high  mountains. 

The  continuous  plateau-permafrost  extensively 
distributes  in  the  area  from  the  Kunlun  Mountain 
at  the  north  to t h e  Tanggula  Mountain  in  the 
middle.  The  extensive  (Qiangtang)  plateau  bet- 
ween  the Mt,  Tanggula and Mt. Nyainqentanglha 
is underlain by island  permafrost  and  taliks. 
Bedrocks  expose  at  uplands,  where  the  ground 
surface  is  rather  gentle,  and  the  lowlands  are 
generally  covered by debris  material.  The  re- 
cent  periglacial  processes  are  dominat  all  over 
this  region.  Geomorphological  processes on the 

ment,  frost  heave, frost  sorting and thermokarst 
plateau  include  the cryoplanation,  mass  move- 

process,  Each of them  can be subdivided  into 
some  microforms.  Most  of  these  periglacial 
landforms  have  been  reported,  and  this  paper  is 
concentrated to the  cryoplanation  forms  at  the 
Liangdaohe  area  in  the  southern  slope o f  Tang- 
gula  Mountain,  taking  the  observed  cross  section 
near  the  Station 1 2 2  of the  Qinghai-Xizang  High- 
way as an  example (Fig.1). 

As shown i n  Fig.1,  two  geomorphological  belts 
can be recognized: 

A. erosion-denudation belt. This may  be divided 
into  four  sections  from  hilltop  down t o  the 
piedment. A1. cryoplanation  hilltop at about 
5,000 to 5,200 m a.s.1. with  a  rounded  summit, 
bedrock  exposure, a slightly  relief  terrain  and 
a  thin  weathered block mantle.  It is the f i r s t  
class  (the  highest)  deplanation  surface, and 
has  undergone  the  erosion-denudation  process 
since  Tertiary  period  and  the  periglacial  pro- 
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Fig.1 Cross Section,  Actually  Measured,  Near  the  Station 122 of the  Qinghai-Xizang  Highway 
1. granite: 2 .  block  deposits; 3 .  debris  deposits; 4 .  scarp  formed  by 
frost  action; 5. crack-polygons; 6 .  eolian  sand  dunes: 7.  ice-cored 
mounds; 8. ground  ice; 9. slope  gradient; 10. artificial  cutting. 
A .  erosion-denudation  belt: A I ;  cryoplanation  hilltop; A2. frost  weathered 
bedrock  cliff;  a.  surface o f  bedrock; b. gelifluction  slope;  c.  debris- 
block slope; A3. cryoplanation  terrace: A4: gravitational  depositional  slope: 
B. depositional  belt: B1. slope-wash  and  pluvlal  piedment; B2. pluvial-alluvial 
plain; B3. alluvial  plain: a. ponded  depression; b. ice-cored  frost  heaving 
mounds;  c.  ponded  depression;  B4.  pluvial  fan  upland:  a.  wale; b. ice- 
cored  frost  heaving  mounds; c .  wale. 

cess  since  late  Pleistocene. A2. bedrock  cliff. 
The  unper part is  subject  to  frost  weathering 
and  the  lower-the  deposition o f  debris.  Both 
these  two  processes  promote  the  parallel  retreat 
of  the  slope.  The  rock  cliff  is  sawtooth-like 

with a  slope of 2 8 "  to 30'. It becomes gentle 
and distributes at about 4 , 7 5 0  to 4,880 m a.s.1. 

downslope  with  solifluction  lobes. Ag. cryop- 
lanation  terrace.  This  is  a  step-like  terrace 
at  about  4,720 to 4,740  m a.s.1. about 8' in 
slope, 400 m in length,  with  a  bedrock  headwall 
and a thin  debris  mantle. A4. gravitational 
depositional  section.  It is 16"  in  slope.  Many 
weathered blocks, 2 5  to 30ecm  in  diameter,  were 
deposited on this  section  ahead o f  the  terrace. 
Solifluction  occur  in  the  lower part. 

B. depositional belt. I t  can be diveded  into 
four  sections  morphologically: B1. slope-wash 
and  pluvial  piedment.  This  is  a  detrital  dep- 
ositional  belt 8' in  slope  and 800 m in  length, 
composed of blocks  and  debris  material,  and  is 
cut in  shallow  ditches by melt  water. B2. the 
pluvial-alluvial  incline  plain at the  margin o f  
the  section B1. It is gentle in slope  with  a 
slight  relief.  Some  eolian  sand  dunes  and  hum- 
mocks  develop o n  ground  surface. B3. the  al- 
luvial  plain  section.  The  melt  water  comes 
together  into  depressions; frost heaving,  ice- 
cored mounds,and  thermokarst  depressions  are 
well-develop. B 4 .  upland o f  pluvial  fan. It 
consists of bedrock  and  coarse  materials.  Ice- 
cored m o u n d s  are  well-developed  in  depressions. 

ORIGIN AND CHRONOLOGY  OF  CRYOPLANATION  LANDFORMS 

O n  the  basis o f  fieldworks  in  the  interior  and 
western  Alaska,  Pew&  and Reger strongly  sup- 
ported a  terrace-forming  model  in  which  scarp 

retreat  cuts  the  stepped  profiles  in  bedrock 
and  demonstrated  that  it  is  (was)  products of 
periglacial  environment  and  can be an  indicator 
o f  permafrost.  Several  mechanisms  working 

moval  of the  products  of  nivation,  including 
together and  in  succession  accomplish  the  re- 

mass  movement,  frost  action  and  gelifluction 
etc. A shallow  permafrost  table  is  buried  in 
debris  as  the  base  level  plane o f  nivation,thus, 
the  scarps  becames  retreat  gradually,  the  hi17 
ltop  and  slope  becomes  gentle,  and a step-like 

Pkw&  and  Reger  that  the  cryoplanation  landforms 
landform  can be developed.  It  was  estimated b y  

were  formed  in  cold  environment  with a mean  an- 
nual  air  temperature o f  -12'C and  a  mean  air 

which  it  is  cold  enough  and  the  frequence o f  
temperature  in  summer o f  +2"C to +6'C,  under 

freeze  thaw  cycle  is  high  on  the  surface  and 
the  snow  patch  existing  a l o n  time  is  avail- 
able f o r  the  planation.1n  PQwt's  opinion,  most 
of  the  cryoplanation  terraces  are  inactive today 
because  the  bedrock  exposure o n  the  scarps  and 
blocks on the  terrace  are  not  fresh.  They  sug- 
gested  that  the  cryoplanation  terraces  in moun- 
tains  in  interior  and  southern Alaska were 
formed  during  the  period  from 1 0 , 0 0 0  t o  3 5 , 0 0 0  
yr. B.P. (Reger  and PCwC, 1976; Pew&  and  Reger, 
1981). 

According t o  the  bases o f  paleo-cirques  at  Tang- 
gula  Mountain,  it  is  estimated  that  the  snow- 
line  during  late  Pleistocene  was  at  about 5,100 

sent  one ( 5 , 4 0 0  m )  ( X u  et al., 1981). Thus,the 
to 5,200 m a.s.l., by 200 m  lower  than the pre- 

mountains  at  Liangdaohe  area  at  about 5,000 to 
5,200 m a.s.1. were  around  the  snowline  during 
Last  Glaciation.  Hence  the  nivation  depres- 
sions  developed  widely.  The  typical  one  dis- 
tribute  at  north-facing  slope  at  this  area.  The 
greatest  nivation  deprossion  is  about  several 
hundred  meters  in  diameter  near  the  Station 120 
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of the  Qinghai-Xizang  Highway.  The  external 
part of  the depressi.on has  bedrock  exposure, 
similar to a  rock  dam.  Another  well-preserved 
nivation  depression  occurs  at  about 5,100 m  a.s. 
1. o f  the  Totodunzai  mount,  southern  part  of 
the  Fenghuoshan. 

The  giant  polygonal  patterns  were  well-developed 
at  both  the  southern  and  northern  slopes of  
Tanggula  Mountain, 50 to 100 m in diameter (Xu 
et  al., 1981; Zhang et al., 1983). This  indica- 
tes  that  the  mean  annual  air  temperature  at 
late  Pleistocene  was  about  -6"to -8'C at  the 
slope, and it must be much  colder at higher 
position. 

Nowadays,  the  Tanggula  Mountain and its  south- 

ment. It is reported  that  in  the  Anduo  County, 
ern  slope  are  still  in  a  periglacial  environ- 

the  mean  annual  air  temperature  is  -3"C,  the 
mean  summer  air  temperature is 7"  to 8'C and 
the  precipitation  is  about 300 mm a  year.  The 
snow  patches  are  much  smaller  than..before.There 
are  some  active  periglacial  landforms,  such  as 
the  small  rock  cicles,  polygons,  solifluctions 
and  frost  heaving .mounds. Island  permafrost 
is  still  developing.  However,  since  it  is  not 
cold e n o u g h  in winter  time,  those  cryoplanation 
terraces  lormed  in  late  Pleistocene  are  no  more 
active. 

In  the  Fenghroshan  area,  north  of Mt. Tanggula, 
the  mean  annual  air  temperature  is  -6.7"C,  and, 
the  mean  summer  air  temperature i s  about 8°C.  
There  is  continuous  permafrost.  Nivatlon  dep- 
ressions  with a narrow  scarp  develop on north- 

weathering of bedrock on hilltops  is  still 
facing  slope  along  the  counter  line.  The  frost 

about 8°C. There  is  continuous  permafrost. 
strong,  and  the  mean  summer  air  temperature  is 

Nivation  depressions  with  a  narrow  scarp  develop 
on north-facing slope along  the  counter  line. 
The  frost  weathering of bedrock  on  hilltops  is 
still  strong,  and  the  bedrock  surface  is  rather 
fresh.  It seems  that  the  cryoplanation  process 
is  still  slightly  active  there. 

The  present  geomorphological  framework of the 
Qinghai-Xizang  Plateau  were  formed  during  late 
Tertiary  to  Quaternary  period.  The  lowest  class 
of planation  plane  on  the  plateau  is  now up to 
an  elevation of 4 , 5 0 0  to  5,200 m. It was s u b -  
ject  to  four  cold  stages a n d  three  warm  stages 
alternatively.  The  combined  effect of  cryop- 
lanation  and  stream  erosion  has  deeply  reformed 
the  landforms.  Based on the  evidence of  peri- 
glacial  landforms  mentioned  above,  it  could be 
concluded  that  there  was  a  rigorous  climate  in 
late  Pleistocene,  and  probably  the  rryoplana- 
tion  terraces  might be formed  at  that  time. 
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THE PREDICTION OF PERMAFROST ENERGY STABILITY 
L.A. Zbigarew and 0.Yu Pannuzina 

Faculty of Gmgraphy, Maacow State University, Moscow, USSR 

Evaluation and prediction  principles o f  permafrost  energy s t a b i l i t y  of  the  
northern  natural complexes on t h e  example o f  West Siberian  tundra a d  wooded tundra are substan- 
t ia ted.  The methods o f  energy s tabi l i ty   es t imate  and determination  under  natural  conditions ana 
technonogene action  are proposed,  changes for the year 2000-2009 are  predicted. 

Permafrost and the  enclosing underground i ces  
form northern geosystern l i thogenl  basis,   the 
e t a t e  of which is deterinined by enepgy s t ab i l i -  *x. The equilibrium  index of the earth's cruet 
under modern climatic  conditions i s  the  stabi-  
l i t y  of rock annual temperature a t  the extinc- 
t ion  layer   base of  i ts annual osci l la t ions.  

The energy s t a b i l i t y  of the  northern nakural 
complexes ia   the  es tabl ished  equi l ibr ium  s ta te  
between summef heat  supply  into ground  and sum- 
mer beat  discharge from it, I n  this case, if 
such equilibriun is upset  then one o f  the t w o  
variants  of the   enera   rock   uns tab i l i ty  gene- 
r a t ion  is possible: pexmafrost heating and 
thawing o r  cooling and freezing of unfrozen 
rocks, i.e. i n   t he  first variant  unstable ap- 
pears t o  be first of all, seasonally thawing 
layer  (ST.1; and upper  horizons of perhafrost 
rocks (PFRj, and in   t he  second - seasonally 
frozen  layer (SFL) and upper  horizons of un- 
frozen grounds. AB follows from the  above, to 
increase  permafrost enerw s t a b i l i t y  is pos- 
s ib l e  by reducing  possibil i ty of depth  thawing 
increase and then by reducing the poss ib i l i t y  
of freezing  depth  increase of unfrozen gxounds, 

To judge the permafrost  energy s t a b i l i t y  of 
northern  natural complexes, the formula o f  the  
estimate of heat f l o w  forma in the  generation 
o f  i n f i l t r a t i o n  melt was used. (Principles of 
permafrost  forecast..., 1974). The heat f l o w  
necessary f o r  the  increase of mean annual 
ground temperature  at t h e  base o f  STL t o  O°C 
and expended a t  WR upper  horizon  thawing is 
t a t e n  as a measure of energy s t a b i l i t y :  

Q i s  summary heat f l o w ,  kcal/m' a y e a r i  has- 
the assumed heat conductivity  coefficient, 
kcal/m an hour  grad; t - mgan annual tempera- 
ture  at  the lase - of  8TL, C; T - period o f  
time hour; 5 - seasonal thawing  depth; s p  - 
potential   freezing  depth, ,m 
transformation  heat,  kcal/rnj aph 

- phase 

The cited  heat  concluctivit)  coefficient, phase 
transfornation  heat,  seasonal thawing  depth 
and potential freezing were determined a f t e r  

V*A.KuT avtzev's  formulae and nomogrammes 
(Princlp ea of permafrost  forecast.. , 1974). 
The value of t p  was determined a f t e r  V,P. 
Cherqyadjev's nomogramme (Chernyadjev and 
others,  1984). It should  be  noted tha t  V.P. 
Chernyadjev  determined the  value t o ,  and not , but  in  the  eouthern  regions o f  the  north i8 West Biberia  they  practical1 do not differ 
from each other and i n  the  nort?krn regions 
the  difference i s  equal to the tenth frac- 
t i ons  o f  a degree,  having to practical   signi-  
ficance f o r  the subsequent calculations,  

The calculations on the determination of heat 
flow Q value were performed f o r  25 regions f o r  
different  geological  genetic deposits  of a l l  
eomorphological l eve l s  o f  the north of Weet 

&beria  taken from the  scheme of cryolitolo- 
gical   regional   divis ion,  Tu.Badu and V*T,Tro- 
phimov (frophimov and others,  1980). Daqa on 
the background o f  heat  flow  value  under  the 
natural conditions were obtained based on the 
calculated  value,  according t o  which the cox- 
responding map was compiled (Fig.l.a). 

The values o f  natural   heat flow decrease 
in. this region from north t o  south. !he  s o d  
chaxacter o f  the change is connected almost 
exclusive1  with  that part which r e s u l t s  in 
mean annud  temperature increase a t   the   base  
of STL to O'C. Prom north  to   south  this   par t  
of the heat  flow  decreases from hundreds to 
tens  and even units' of hundreds o f  kilocalo- 
ries per a square  metre a year. Another par t  
of  Qe,  expended on the thawing of  PER upper 
horizon t o  the  layer base o f  potential  freez- 
ing is nainly  connected w i t h  the  icy  deposits, 
is not subject t o  l a t i t u d i n a l  zonali-t;y. ,me 
chsngea on t h e   t e r r i t o r y  of t h i s  region of the 
par t  o f  heat f l o w  a r e  within  tens o f  thousands 
par one square  metre a year. 

The % value  changes  here from 270-300 t o  30- 
60 kcal/m2 a year depending on the   loca l i ty ,  
geomorphological conditions,  geological-gene- 
t i c  types of aepoaits. The greatest   values 
are recorded i n  ( Q ::27 Q :I I a 1 1 : ~ ~  1, 
of different  ages,   but  l i thologically mono- 
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t i c a l  ( -8 ,5 +-9,2OC) ana small  seasonal 
&ing depth  In North ramal and Central Gydan 
r B g i O l l B o  As mean annual temperatures of the 
deposits  increase  continental  climate becomes 
more extreme, the growth of the  thickness of 
the  seasonal thawing layer,  the  value of the 

ba1/m8 a year i n  the wooded tundra of Fa- 
hea decreases, t o  30-60 thousands of 

and Polui-Nadym regions. The optinlal value. 
aver 300 thousands of kcal/m2 are typi % d of  
peatlands and connected  with  very small freez- 
ing depth and extreme Iciness of these depo- 
sits. 
The par t  of t he   t e r r i t o ry  of the  north o f  West 
Siberia under aiacussion is in the  tundra 
Bone - arct ic ,   typical  (moss and lichen) and 
southern (bushy) ana i n  the wooded tundra zone. 
The heat flow value  decreases from a r c t i c  
tundra subzone % o the wooded tundra zone, i , e .  
regularly lowers from north  to  south. It is 
especially well traced along the  mean heat 
flow value f o r  each sone and subzone. The heat 
Plow values of the  arct ic  and typical  tundra 

tundra on the  other - di f fe r   essent ia l ly  from 
on one hand and southern  tundra and wooded 

each other, undoubtedly being ref lected b the 

r i s t i c s  composing the above mentioned equation. 
change at the boundary o f  %he  main characte- 

The break of the  established  equilibrium  bet- 
ween heat supply into  the ground and heat 
diecharge from it under the  natural  conditions 
develop very  slowly i n  accordance  with  the 
rwhms of climatic  oscil lations.  Such x 
thmtc per ioaict tg  is known to be 2-3 para,%; 
35-40, 80-90 and more years. Under such condi- 
t ione the energy s t a b i l i t y  m a y  be aetermFnaa 
on the  basis  of heat  flow correlation of ahorb 
aad long rhy-khma.'The longer the  rhytbm the 
m o m  re l iably i s  deteminea  the value of  p e r  
mafrost enerw s tab i l i ty .  The rhythmic oscil-  
laeibna enable t o  determine  the  energy  stabi- 
U t y  during the  past period and predict it f o r  
the future. The a i r  temperature, i n a t m e n t a l  
mgadmments of which have been  conducted i n  

than  a 100 years, is used as the indicator of  
a'number o f  points of c ryol i t ic  zones f o r  more 

raturea the  range o f  the i r   osc i l la t ions  is 
rhythmic oscil latiops.  Based on the air  tempe- 

calculated. The ranges o f  such  le&h enable 
to determine the air temperature and the am- 
gli-de o f  it8 osci l la t ions of the  11, 3- 
and 80-90 year rhyt;hms coinciding  with  the 
solar   act ivi ty   cycl ic i ty .  

Based on the  analysis of the changes of the  
ai r   temperawe  within contemporary secular 
c  cle,  R.A.Bhpolyanskaya (1981)  found out   that  
t3fe thermal character is t ic  of the wave time 
completion o f  80-90 yearly rhythm (2000-2009 
year) are rather  close t o  the same characteris- 
ticrj' of t h i s  rhythm wave beginning (1910-1919 
years). The calculat ions  es tabl ished  that   in  
the tundra zone o f  the  north of West Siber ia  

f p e  will lower re la t ive  the modern one by 2- 
the mean annual temperatures on the   so i l  sur-  

3 C an8 their osc i l la t ion  range w i l l  increase 
by 7-8 C, In the wooded t&a zone the cool- 

s o i l  surface tempera9re w i l l .  lower re la t ive  
in$ w i l l  be l e s s  markedly pronounded, Thus 

the moaern by l,O-l,5 C and the i r   osc i l la t ion  
range w i l l  be practical1 unchanged, Tempera- 
ture  lowering on the s o i l  surface was found 
t o  occur,  in  general, as a resu l t  o f  winter 

temperature  lowering, t h i s  being  accounted 
at   the  temperature  calculation a t  the base 
seasonal thawing layer. 

of 
Of 

Based on the  obtained  values o f  temperature of 
the  a i r ,  soil surface and STL base,  the  values 
of heat ~ L O W B ,  necessary for mean p u a l  tem- 
perature  increase at STL base t o  0 C and PER 
upper horizon thawing f o r  the  period of 2000- 
2009 year were determined. In   the  tundra zone 
€$ value increases by  18-22 thousand kcal/m2 
y w l y  relative the modern at   shortening of 
seasonal thawing depth  b  0,15-0,2 m, Thus the 
natural e n m u  permafro& s t a b i l i t y  of natural 
complexes of the  north of West S iber ia   in   the  
gears 2000-2009 increases. This tendency is 
a l a 0  noticeable i n  the. wooded tundra zone, 
though t o  a Lesser  degree. 

In heat flow cdculationa  the changes o f  tbe 
precipitetion amount a r e  not  considered. Ac- 
cording t o  fl.A.Shpolyanskayats da ta   in   the  
years 2OOO-2OO9 the  precipitation  quantity 
decreases,  climatic  dryness w i l l  grows, m o w  

the  north o f  West Siberia the value is t o  
cover  khickness w i l l  lower, In this case in 

grow t o  a greater degree. But n % vertheless  the 

during 80-90 yearly rhythm i s  l ikely  not to 
general  increase o f  the  necessary  leak flow 

exceed 3.045% of the modern  by years 2000- 
2009. 

Human activity  greatly  influences permafrost 
energy s t a b i l i t y  of the  northern  natural com- 
plexes. Human ac t iv i ty  of any kind is usually 
accompanied by the  destruction of the  plant 
and snowy covers and underlying grounds. The 
supersoil p l m t  cover  removal,  considered o n l y  
as a heat  insulation  layer, may resu l t  both 
in the Lowering and growing o f  the mean annual 
ground temper@ture and layer  thickness o f  the 
seasonal  freezing-thawing. Thus i n  most cases 
in p l a n t  cover removal, surface  albedo  decrea- 
ses causing  the meaa annual temperature growth 
af the ground and the S!CL thickness  increase. 

V.V.Baulin and V.P.Chernyadjev (1979) records 
tha t  ill Urengoi region on the  section with 
removed moss-peat cover 0,2-0,3 m thick,   the 
STL thickness  increased by O,25"0,3 m during 

Here t he   s e t t l i ng  due t o  the  icy ground thaw- 
one summer and durlng 2 seasons - by 0,5 m. 

jag and its subsequent  thickening by O , l - O , l 5  
m occurred. A t  the same time as  n resu l t  o f  
moss-peat cover removal the day surface  level 
decreased  causing snow accumulation. Its 
thickness  increased by 0,6-0,7 m ,  heat cycles 
decreaaed  sh rply during  winter  mounting t o  
17400 and t 8ir certain  increase,  as 
high as 35500 kcal/m3 during aUmmer occurred. 
The increase o r  decrease of ground moisture 
essentially  influences  heatconductivity,  heat 
capacity and phase t rans i t ion  heat and the 
freezing-thawing , depth BE well. All the consi- 
dered  characterist ics of the grounds predeter- 
mine permafrost  energy s t a b i l i t y  o f  the natu- 
ral complexes of the North. Under the  influ- 
ence of human activity  the  disturbmce o f  the 
established  balaace between the summer heat 
Supply into  the ground and winter  heat  dis- 
charge from it occurs very quickly,  rather 
simlifying  the  determination of  permafrost 
energy s tab i l i ty   aga ins t   the  background i n  
natural  conditions. 
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To judge the   energy  s tabi l i ty  there is the 
considered  formula of Q heat Plow estimate, 
necessary for meat annu@ temperature  increase 
a t   t h e  STL base up t o  0 C and expended f o r  the 
PFR upper horizon thawin . I n  t h i s   r e l a t i o n  
V.P. Chernyad ev' 6 works fChemyad jev and 
others,  19843 are useful, who 011 the   basis  o f  
hydraulic  modelling  determined mean anrlual 
depoait  temperatures and STL t h i c h e s s  under 
the following combinations of different  super- 
soil covers: 1) completely  destroyed  plant and 
snow cover; 2) plant  cover is destroyed and 
natural. snow cover i s  presemed; 3) a t  diffe-  
rent thermal insulated capacity of plant 
(R=0,5-2,0) and snow (Rs,=0,5-3,0) covers. 
Thermal insulated  capacity o f  covers is inter-  
preted 88 t h e i r  thermal resistance,  definity 
i n  r e l a t ion  o f  cover  thickness t o  i ts thermal 
conductivity 

The great warning role  of snow cover depending 
on climatic  conditions of the  region and vege- 
ta t ion  character  should be noted.  Evaluating 
permafrost ene r   s t ab i l i t y  both i n  natural 
conditions and x o s e  changed by economic deve- 
lopment it is necessary t o  have some ideas ,: 
concerning cr i t i ca l   th ickness  of snow cover, ,; 

becomes equal t o  O°C. During Borne years, heavy 
i.e. such a t  which the mean annual ternperatuxe 

wintep precipi ta t ion o r  mean m u d  air tempe- 
rature  increase due t o  short  term  thermal OS- 
c i l l a t iona  in the regions with snow thickness 

temperature  through 0 C and separation of PFR 
close t o  c r i t i c a l ,   t r p s i t i o n  of meaa annual 

roof and STL base is possible. It appears  that 
the more snow i s  on the  sect ions  the  lesa  are 
the differences i n  natural  and c r i t i c a l  snow 
thickness,  the more l i ke ly  i n  such  regions is 

through 0 C and permafrost  thawing of many 
the transAtion of mean annual temgerature 

years*  standing.  Correlating  cri t ical  snow 
thiclmess in the North of  Weat Siberia  i n  the 
Arctic tundra comprising  about 1 , 6  (Paramuah, 
Shamanova, 1985) with the natural, equal t o  
0,3-0,6 rn, that f o r  mean annual  temperatme 
increase  a t  t h e  surface t o  0 C with subsequent 
permafrost thawing, it 1s necessary t o  increase 
m o w  thickness to more than l,O-l,3 m. Under 
the natural a r c t i c  tundra conditions such snow 
cover  thickness may occur o n l y  i n  deep r e l i e f  

wooded tundra o f  the considered region the 
depressions (sink holes, ravines). I n  the 

difference between the c r i t i c a l  and n a t w a l  
thickness o f  snow cover  essentially shortens 
and it is only O,l-O,3 m i n  t h e  northern  taiga 
subzone. 

Such r e l a t ive ly  mal l  iilcreasft o f  the snow 
cover thickness rna;r be achieved as a result 
o r  t he  amual osci l la t ionc of' t h e  winter pxe- 
c i2 l t a t ion  aqount. a 

f 
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Fig.T. Permafrost  energy s t a b i l i t y  o f  the  
north of! West Siberia  in  n a b a l  conditions 
(a) and during man-made influence with super- 
s o i l  cover removal (b) and with removed ve e- 
takion, but  with  the  preservation o f  snow fc )  

1. 300-2701 2, 240-2105 3. 210-180; 4.180-150; 
50 150-120; 6. 120-901 7.90-60; 9. 30-0 
kcal/m2 per  year. 

Based on the  calculated  values of %he C& heat 
f l o w ,  maps (Fig. l b ,   c )  of permafrost  energy 
s t a b i l i t y  of natural colnplexes O f  the noxth o f  
\Test Siber ia  were complled for both  cases of 
human act ivi ty:  1) a t  the complete removal of 
supersoil  covers  (vegetation and snow)i 2) a t  
the removal o f  vegetation,  but snow cover  pre- 
eemed. Permafrost energy s t a b i l i t y  d u r i q  the 
t e r r i t o r y  economic development is determined 
a t  the background of its comparison with na- 
tural energy s t a b i l i t y ,  i . e .  it may be charac- 
terized by some coefficien-b K=$ - The 
value o f  the  coefficient m a y  be posit ive o r  
negative,  displaying  decrease o r  increaee of 
heat flows necessary for the  increase o f  the 
mean annual temperature o f  STL t o  O°C and 
expended a t  the upper  horizon thawing of PFR. 



A* the  supersoil  cover removal Q increase8 
compared with $. 
It occura clue t o . t b e  ground sharp  cooling i n  
summer dac rep ing  its mean annual temperatwe 
to 2,5 - 3,5 C simultaneously  increasing  the 
range of temperature  oscillations. The 1aye.r 
bound- of  potent ia l  freezing decreases and 
despiee more intense thawing of the  base BUT- 
face in summer and STL khicknese  increase, 
heat  waste,  necessary f o r  the mean annual tern- 
peratuxe  increase a t  the STL base and wasted 
at FPR upper horizon  thawing grow from 270-300 
in  the2north o f  the region t o  65-70 thousand 
kcal/m a year i n   t h e  south. 

The valea of naeural of heat  flow and diffe- 
rence  between it and heat flow under conaiti- 
o m  of man-made influences for different  natu- 
ra l  zones and West Siberia aubaones are shown 
in  the  Table ,  

Table 

Heat flows Fn natural condition and a t  human 

zones of tho  north o f  West Siber3a. The values 
influence (means af te r   na tura l  zones and sub- 

are given in thousands o f  kcal/m per  year) 

Natural. zones Without Without vegeta- 
and aubzones covers t ion  with snow 

Qe Qe-% Qe Qe - Qt 
Arctic tundra 1.58 232 -74 104 +54 
Typical  tundra 138 198 -60 91 +47 
Southern 
tundra 93 147 -54 58 +35 
Wooded tundra 50 86 -36 32 +18 

The t ab le  shows that coefficient K is subordi- 
nate to latitudinal.  zonality and the  diffe-  
rence between and % decreases from north 
t o  south,  i.e, wooded tundra zone becoming the 
least stable. A t  the  complete remova3 o f  super- 
soil covera  the  probability o f  postcryogene 
process  generation and act ivizut ion (thermo- 
ka r s t ,  thermoerosion, etc . )   increases   in  the 
southern  direction,  but  the change o f  sign of  
mean annual temperature from negative t o  posi- 
t ive  did  not  occur. 

At the  removal of  thermal'  insulating  plant 
cover  with  the  preservation o f  natural  mow 
accumulation,  thg  annual ground temperAture 
increases by 2-3 C on the average, freezing 
increaaes. a, values change from 270-300 in 
the north to 13-14 thousand kcal/m per year 
in the  south of  the  region, Thus in the sand- 
stones of southern Naagm and Polui-Nadym re- 
g3ons, % values e r e  only 13-14 thousand  kcal/ 
m per y ar. The difference g - % (the 
table) decreases f rom a r c t i c  undr subzone t o  
the wooded tundra zone,  i.e. i n  this direct ion 
t o  the wooded tundra zone, i .e.  in this   di rec-  
tion  seazonnl thawing  boundary is  drawn nearer 
t o  the boundary o f  potential  freezing. Insig- 
nif icant  ( f o r  this case) snow cover  thickness 
increase m a y  result i n  mean annual tempexatwe 
growth of the ground a t  the STL basement t o  

2 

O°C and FTL thawing. 

The most universal method o f  the  increase Of 
permafrost enerw s t a b i l i t y  and protection of 
t he   t e r r i t o ry  from the generation of dawe- 
rous natural  phenomena is the control Over 
mow cover  acculnulation and snow thawing pe- 
riod.  Neasures,  preventing snow accu?nulakion 

rock c o x i n g  and their   potent ia l   f reezing in- 
and del  ing snow thawing i n  summer r e s u l t   i n  

crease,  preventing t h e i r  subsequent  thawing 
and the development of such  undesirable pro- 
cessee  as   themal   kars t .  At the Same time it 
r e s u l t s   i n  the decrease of water  supply i n  
B ~ O W  and  consequen%ly to   t he  Kenera1 decrease 
of melt  water  discharge  causing  the  retarda- 
t i o n  of development and o f h e r  dangerous pro- 
cese-thermal  errorion. 
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