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PREFACE 

This t r ans la t ion  i s  the t h i r d  arranged by the Permafrost 
Subcommittee of the Associate Committee on S o i l  and Snow Mechanics 
of the National Research Council of the Russian permafrost publl-  
cation, "Principles  of ~eocryology".  The f i r s t  t r ans la t ion  i n  
t h i s  group was of Chapter V I  e n t i t l e d   eat and Moisture Transfer  
i n  Freezing and Thawing Soi ls"  by G.A. Martynov (TT-1065). The 
second i n  the group was Chapter N, " ~ e n e r a l  Mechanisms of the  
Formation and Developrr~ent of ~ e r ~ n a f r o s t "  by P .F. Shvetsov (TT-1117). 

The first sect ion of t h i s  translation of Chapter VII by 
I.Ya. Baranov discusses the globa 1 d i s  t r ibu t ion ,  with emphasis on 
the U.S.S.R., of seasonally frozen ground. The l a r g e s t  port ion of 
the  t e x t  deals  with the d i s t r i b u t i o n  of permafrost throughout the  
world. It includes Information on the  a r e a l  extent ,  thickness and 
temperature of permafrost, and var ia t ions  i n  these c h a r a c t e r i s t i c s  
from one physical region t o  another. 

The Division of Building Research i s  gra te fu l  t o  M r .  A.  Nurkllk, 
Research and Training Division, Meteorological Branch, Department of 
Transport, Toronto, f o r  t r a n s l a t i n g  t h i s  chapter i n  response t o  the  
request of the Permafrost Subcommittee. 

Ottawa R.F. Legget 

April  1964 Direc t o r  
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GEOGRAPHICAL DISTRIBUTION O F  SEASONALLY FROZEN GROUND AND PERMAFROST 

Introduction 

The phenomenon of the f reez ing of the e a r t h ' s  c rus t  occurs not only in 

two circumpolar regions of the ea r th  but a l s o  i n  i t s  temperate and t r o p i c a l  

zones near and above the "permanent" snow-line . 
I n  the northern hemisphere the areas  of seasonally frozen ground and 

permafrost encompass p a r t s  of the Eurasian and North American continents ,  the 

Arct ic  Ocean is lands,  Greenland and Iceland. In the southern hemisphere the  

area comprises the Antarct ic  continent and the a n t a r c t i c  i s lands  i n  the 

Pacif ic ,  Indian and Atlant ic  Ocean . 
The depth of the freezing of the e a r t h ' s  c r u s t  depends, i n  the f i r s t  

place, on the duration of f r o s t  period (seasonal o r  perennial)  and the severity 

of f r o s t .  It a l s o  depends on the composition, proper t ies  and condition 

(moisture) of s o i l  and bedrock, some physical and o ther  processes taking place 

i n  the ground and the heat flow from ins ide  the earth,  e t c .  Consequently, the 

formation, duration and depth of frozen ground depend on the  l a t i t u d e  and 

a l t i t u d e  of a  loca l i ty ,  1 .e .  on the p e c u l i a r i t i e s  of zonal and v e r t i c a l  ex- 

change of heat between the ground and the atmosphere and the in te rac t ions  of 

heat and moisture between the continents,  seas and oceans. The p e c u l i a r i t i e s  

of the v e r t i c a l  exchange of heat  and the in te rac t ions  of heat  between the 

continents and oceans destroy the s o l a r  zonal heat regime of the ground and 

produce an i r r egu la r  form t o  the boundaries of areas of seasonally and per- 

manently frozen ground i n  the  circumpolar regions (Fig. 21) of the ear th .  

Periods of f reez ing and thawing of the e a r t h ' s  c r u s t  and the  existence of 

frozen layers  and depths vary from severa l  hours i n  low l a t i t u d e s  t o  many 

years t o  thousands of years In high l a t i tudes .  I n  the near equator ia l  zone 

the f reez ing of s o i l  as  a regular  seasonal phenomenon i s  possible only I n  high 

mountains. Over i t s  continental  deser ts ,  the seasonal f reez ing of :toil i s  

replaced by short- l ived rad ia t iona l  cooling of s o i l  below the f reez ing point .  

However, no typ ica l  freezing of s o i l  with the  development of ice texture  occurs 

here s ince the s o i l  moisture does not exceed the hygroscopic l eve l .  

Purely seasonal f reez ing of ground (not r e l a t ed  t o  permafrost) occurs i n  

ce r t a in  regions surrounding the circunipolar permafrost area and under d i f ferent  

cl imatic  conditions. In mountainous t e r r a i n s  of these regions frozen ground 

i s  dis t r ibuted  i n  a v e r t i c a l  zonal pa t t e rn .  

Between the main areas of seasonal ly frozen ground and permafrost, 

t r a n s i t i o n a l  l a t i t u d e  and a l t i t u d e  sub-zones e x i s t  where the depth of seasonally 



f rozen ground may equal t he  depth during a complete thawing season. North of 

t h i s  sub-zone, o r  above t h i s  v e r t i c a l  zone i n  mountains, t he  pernlafrost begins 

l o c a l l y  a t  first ,  i n  pJ.?ces where condi t ions a r e  most favourable f o r  Its 

development and then becomes continuous a t  some higher  l a t i t u d e  and e l eva t ion .  

In the  northern hemisphere t h i s  zonal ly  or ien ted  t r a n s i t i o n a l  sub-zone separ-  

a t e s  the  a r e a s  of purely seasonal ly  f rozen and pe renn ia l ly  f rozen ground. 

D i s t r ibu t ion  of Seasonal ly  Frozen S o i l s  

A s  a r e s u l t  of the  heterogeneous physical  geographical condi t ions  of t h e  

hea t  exchange between the  ground and the  atmosphere, t he  boundary between t h e  

a reas  of seasonal ly  f rozen ground and the  pernlafrost a r e  no t  d e f i n i t e  l i n e s  

but ,  a s  was s t a t e d  above, t r a n s i t i o n a l  sub-zones o r  b e l t s  which l i m i t  season- 

a l l y  f rozen ground o r  where it  and the  pernlafrost occur only sporadica l ly .  

Line-boundaries de f in ing  a r e a s  of d i f f e r e n t  f rozen ground types discussed 

above may be used only on small-scale c h a r t s .  Transfer  of these  line-boundar- 

i e s  on a la rge-sca le  cha r t  has not  meaning a t  a l l  s ince  t h e  boundaries on 

these  c h a r t s  must a l ready  o u t l i n e  the  i s l ands  of seasonal ly  frozen grounds and 

permafrost  i n  t r a n s i t i o n a l  sub-zones. Line-boundaries on c h a r t s  with a s c a l e  

smal le r  than 1 : 5,000,000 Ind ica t e  only t h e  genera l  d i r e c t i o n s  of t he  t r a n s i -  

t i o n a l  sub-zones and the  mountain b e l t s  and give an idea  of  t h e  bas i c  d i s t r i -  

bu t ion  of f rozen ground. 

The l ine-boundaries of  seasonal ly  f rozen ground have no t  been e s t ab l i shed  

a s  ye t .  Even the  method of determining these  boundaries on la rge-sca le  c h a r t s  

has not ye t  been worked out .  It Is evident  t h a t  a method based on a c t u a l  

observa t iona l  da t a  would be most appropr ia te  f o r  t h e  purpose. However, it  i s  

p r a c t i c a l l y  impossible t o  have such a dense observa t iona l  network a s  t o  be 

guided only by a c t u a l  da t a  In p l o t t i n g  the  boundaries of seasonal ly  f rozen 

ground even on small-scale c h a r t s .  

Nevertheless,  the a c t u a l  observed da ta  niust be t h e  b a s i s  of a combined 

method which takes  i n t o  account laws governing the  seasonal  f r e e z i n g  of s o i l  

i n  various physical-geographical regions of t he  e a r t h .  Unfortunately s u f f l c -  

l e n t  observa t iona l  da ta  a r e  not  y e t  ava i l ab le  f o r  working ou t  such a method. 

Owing t o  a lirnited number of observa t iona l  da t a  a v a i l a b l e  i n  many fore ign  

count r ies  on t h e  d i s t r i b u t i o n  of seasonal ly  f rozen ground i t  was necessary t o  

use some i n d i r e c t  ind ices  which would permit one t o  o u t l i n e ,  although approxi- 

mately, t he  a reas  of seasonal ly  f rozen ground. Two c l ln la to logica l  i nd ices  

were used t o  determine the p o s s i b i l i t y  of s o i l  f r e e z i n g  and t h e  depth of t he  

freezing.  The first of these  ind ices  was the  January mean a i r  temperature in 

t he  northern hemisphere and the  Ju ly  mean a i r  temperature i n  the  southern 

hemisphere. The second index used was the  du ra t ion  of f r o s t  per iod (period of 



below f reez ing  temperatures) i n  p a r t i c u l a r  and the  p r o b a b i l i t y  of below 

f reez ing  temperatures i n  general .  

These indices ,  p a r t i c u l a r l y  t h e  dura t ion  of f r o s t  period a l s o  r e f l e c t  t he  

e f f e c t  of t he  e leva t ion  of  a  l o c a l i t y .  

The use of these ind ices  i s  j u s t i f i e d  by the  f a c t  t h a t  t h e r e  i s  an  

es tab l i shed  r e l a t ionsh ip  between the a i r  and s o i l  temperatures. Furthermore, 

considerably more long-term data  a r e  ava i l ab le  on t h e  a i r  temperature and the  

dura t ion  of f r o s t  per iods than on the  s o i l  temperature and the  depth of f rozen 

ground. The disadvantage of us ing  a i r  ten~peratures  ins tead  of s o i l  tempera- 

t u r e s  i s  t h a t  t he  former cannot r e f l e c t  t he  p e c u l i a r i t i e s  i n  t h e  f r e e z i n g  

depth caused by the  conlposition of s o i l  and o the r  phy3lcal-geographical 

f a c t o r s  (snow cover, sur face  water, p l a n t  cover, e t c .  ) . 
Analysis of these  two indices  ind ica t e s  t h a t  they form a uniform although 

i n d i r e c t  b a s i s  f o r  o u t l i n i n g  the  a reas  of seasonal ly  f rozen ground on the  

e a r t h ' s  surface.  Mean a i r  temperature c h a r t s  cannot be used f o r  t h i s  purpose 

s ince  they do not  r e f l e c t  the  t r u e  p i c t u r e  of t he  temperature d i s t r i b u t i o n  

which depends on the  e leva t ion  of t h e  t e r r a i n  and o the r  physical-geographical 

f a c t o r s .  

The zone of seasonal ly  f rozen ground and the  sub-zone of t r a n s i t o r y  

frozen ground a r e  shown i n  Fig. 22. The dashed l i n e  i s o l a t e s  t he  a rea  of 

seasonal ly  f rozen ground (heavy shading),  1 .e .  t h e  a rea  where the  seasonal  

f r eez ing  of s o i l  f o r  varying lengths  of time is an annual ly  r ecu r r ing  phenom- 

enon and where the  seasonal ly  f rozen ground i n  patchy, o r  i n  a  more continu- 

ous form, p reva i l s  over a reas  where s o i l  does not  f r eeze  each year .  The dot ted 

l i n e  i n  Fig .  22 o u t l i n e s  the  sub-zone of t r a n s i t o r y  frozen ground ( l i g h t  

shading), 1 . e .  the  area where the  seasonal  f r eez ing  (cool ing)  of dry  s o i l  i s  

shor t - l ived  (from some hours t o  some days)  and does not  occur each year.  I n  

t h i s  sub-zone, i s l ands  of seasonal ly  f rozen ground a r e  widely d i s t r i b u t e d  and 

a r e  located i n  regions where the  physical-geographical condi t ions  a r e  most 

favourable f o r  the f reez lng  of ground. 

South of t h e  sub-zone of t r a n s i t o r y  frozen ground i n  t h e  nor thern  hemi- 

sphere and nor th  of t h i s  sub-zone i n  the  southern hemisphere, seasonal  f r eez -  

ing  of s o i l  may occur only i n  high mountain ranges a s  the  r e s u l t  of t h e  

p e c u l i a r i t i e s  of the  hea t  exchange between the  su r face  and t h e  atmosphere. 

A considerable  po r t ion  of t he  a rea  of seasonal ly  f rozen  ground i n  the  

northern hemisphere is s i t u a t e d  on the  Eurasian cont inent .  Here seasonal  

f r eez ing  of ground occurs over almost t he  e n t i r e  t e r r i t o r y  of the  USSR, t h e  

Scandinavian count r ies ,  cen t r a l ,  western, southern and southeas te rn  Europe, 

Asia Minor, middle and c e n t r a l  Asia and t h e  fo re ign  p a r t  of t he  Far  East .  



In orestern and southern Europe the  seasonal  f r eez ing  of ground occurs 

only I n  l imited a reas  on the Iber ian,  Apennine and Balkan peninsulas .  On the 

Iber ian  Peninsula s o i l  seldom f reezes  i n  the  southwcstcrn c o a s t a l  lowlands of 

Portugal  and southern Spain because of t he  warming inf luence of the  At l an t i c  

and the  b a r r l e r  e f f e c t  of t he  S i e r r a  Morena and Andaluslan ranges which 

obstruct  t he  southward penet ra t ion  of northern cold waves. 

There i s  a l s o  no s o i l  f r eez ing  on the  c o a s t a l  lowlands of the 

Mediterranean i s l ands  ( ~ a l e a r i c  Is lands,  Corisca, Sard in ia ,  S i c i l y ,  Nalta,  

Crete, Cyprus, e t c .  ) .  

Owing t o  the  f a c t  of warm sea cur ren ts ,  the s o i l  almost never f r eezes  In  

the  southern p a r t  of t he  Apennine Peninsula a long the  coas t s  of the  Adr i a t i c  

and Ionian Seas. The same can a l s o  be sa id  f o r  the  southern p a r t  of t h e  

Grecian Archipelaeo, e a s t  coas t  of t h e  Mediterranean Sea, Arabian Peninsula 

(with the  exception of some mountain ranges) ,  c o a s t a l  a r eas  of t he  Pers ian  

Gulf and the  Arabian Sea. 

On t h e  Indian Peninsula, t he  boundary of seasonal ly  f rozen ground coin- 

c ides  with the southernmost r idges  of t he  Kinlalayas. From t h e r e  it swings 

eastward under the  inf luence of t he  near ly  meridional ly  a l igned Szechwan Alps 

t h e  upper reaches of the  Merkong and Yangtse r i v e r s  south t o  t h e  l a t i t u d e  of 

the  Tropic of Cancer. In the  c o a s t a l  a r eas  of t he  South China Sea, separated 

from t h e  main cont inent  by mountains, t h e  ground does not  apparent ly  f r eeze .  

North of t h i s  boundary the  sub-zone of t r a n s i t o r y  frozen s o i l  has a very 

va r i ab le  width and a  complex configurat ion.  

Owing t o  the  warming Inf luence of t he  Gulf Stream the  f r e e z i n g  of s o i l  

i n  England, even a t  l a t i t u d e s  50 - 52ON, and on t h e  west coas t  of France, is 

r a t h e r  short- l ived and not  an annual ly  r ecu r r ing  event .  The sub-zone of 

t r a n s i t o r y  f reez ing  of ground a t t a i n s  a  considerable  width i n  the  lowlands of  

t he  Apennine Peninsula under the  warming inf luence  of surrounding seas  and 

the  b a r r i e r  e f f e c t  of the  Alps t o  t h e  nor th  and t h e  Dinaric  (Balkan) Alps t o  

the  east. In  mountainous regions of I t a l y  and t h e  Mediterranean i s l a n d s  

seasonal  f r eez ing  of s o i l  is a r egu la r  phenomenon. 

Fur ther  e a s t  in Asia Minor the a rea  of seasonal ly  f rozen ground increases  

because of the  mountainous cha rac t e r  of t he  t e r r a i n .  Owing t o  the  deep south- 

ward penet ra t ion  of po la r  a i r  ever  t h i s  region, t he  seasonal ly  f rozen ground 

a t t a i n s  i t s  southernmost pos i t i on  (namely i n  the  Zagros Mountains i n  western 

Iran,  i n  Asia Minor). S t i l l  f u r t h e r  e a s t  i n  southern and southeas te rn  China 

and southern Japan the  width of t h e  sub-zone of t r a n s i t o r y  f r e e z i n g  i s  

considerable.  

The southern boundary of t he  a rea  of r egu la r  seasonal  f r e e z i n g  of ground 

on the  Eurasian cont inent  has a  r a t h e r  odd form. Its pos i t i on  depends on t h e  



influences of the Arctic and the continent .  In regions (western Europe, 

southeastern China) where these e f f e c t s  a re  modified by warm seas,  it recedes 

northward and advances south where the continental  and a r c t i c  inf luences 

prevai l .  The s h i f t i n g  of t h i s  boundary is a l s o  ass i s t ed  by the e levat ion  of 

the t e r r a i n .  

Comparison of freezing depths i n  western Europe and i n  the European 

U.S.S.R. i l l u s t r a t e s  the diminishing e f f e c t  on the seasonal f reez lng of 

ground, of warm seas and l a t i tude ,  and the increasing e f f e c t  of the  cooling 

of the continent by outbreaks of a r c t i c  a i r .  

In western Europe the thickness of seasonal ly frozen pound is r a t h e r  

small (10 - 20 cm). From there it increases s lov~ ly  northward and eastward. 

In the European U.S.S.R. it a l s o  increases from south and soutvrest to  north - 
and northeast .  For instance, the depth of seasonal ly frozen ground is 10 - 20 

cm on the south coast  of Crimea, 2 - 2 .5  m a t  the Arctic Circ le  and l o c a l l y  

3 - 3.5 m i n  the low snowfall regions of the Ural Mountains. 

In  mountainous regions of Europe and Asia, the thicknesa of t h i s  l aye r  

increases independently of the l a t i t u d e .  On the Central  Asian p la teaus  where 

the s o i l  i s  r e l a t i v e l y  dry, the depth of seasonal ly frozen ground even In 

middle l a t i t u d e s  (45 - 4 7 ' ~ )  i s  4 - 5 m. 

The area of seasonally frozen ground a t t a i n s  its g r e a t e s t  north-south 

extent  (nearly 4000 km) i n  the  European p a r t  of the U.S.S.R. Further  e a s t ,  

it  shrinks considerably (2000 - 2100 km along the g0'E meridian).  

On the North American continent seasonal ly frozen pound is widespread. 

Only a  narrow zone along the  coast  of the Gulf of Mexico ( including Flor ida)  

and along the Paci f ic  coast  up t o  the l a t i t u d e  of San Francisco escape the 

regular  seasonal f reez ing of ground. In the Cordi l le ras  t h e  boundary of 

seasonally frozen ground must be located a t  a  c e r t a i n  a l t i t u d e  and must extend 

southward t o  the l a t i t u d e  of the Tropic of Cancer. A wide sub-zone of t r a n s i -  

tory  frozen ground l i e s  north of the dotted l i n e  boundary shown i n  Fig. 22. 

Eastward from the Rockies t o  the At lant ic  coast  the seasonal f r eez ing  of 

ground occurs under conditions of f l a t  t e r r a i n .  In the western p a r t  of the  

- North American continent the extent  and the thickness of seasonal ly frozen 

ground a r e  influenced by the Rockies and the plateaus.  The b a r r i e r  e f f e c t  of 

the Cordi l leras  and Rockies increases the  con t inen ta l i ty  of climate.  I n  t h i s  

connection the area of seasonal ly frozen ground along the Rockies extends t o  

3000 km. In the eas tern  p a r t  of the continent it a l s o  widens meridionally, 

although t o  a  l e s s e r  extent,  under the Influences of the  cold Labrador current  

and the Appalachian range. 

Judging from the  climate of the North American continent,  the depth of 

the frozen layer  n u s t  increase from south t o  north and from southeast  t o  



northwest. I f  one conlpares the c l l m a t o l o ~ l c a l  p e c u l i a r i t i e s  of t h i s  continent 

with those of western Europe and the European U.S.S.R. one may assume t h a t  the  

maximum depth of seasonal ly frozen ground, pecul iar  t o  steppe regions, must 

occur I n  the Rockies i n  the northwest p a r t  of the continent (Canada), where it  

may be 2 t o  3 m. 

I n  the southern and southwestern p la ins  a s  f a r  north a s  t o  the southern 

shores of the Great Lakes, seasonal ly frozen pound has a  r a t h e r  l imited 

thickness ( l e s s  than 0.5 111) and patchy distribution p a r t i c u l a r l y  I n  the 

Mississippi  val ley.  

In Greenland and Iceland seasonally frozen ground I s  a regular  phenomenon. 

I n  more southerly c l imat ic  zones individual  i s lands  of seasonal ly frozen 

ground a r e  located i n  the Atlas range (northwestern ~ f r i c a )  and on elevated 

t e r r a i n s  of Indonesia and blexico. 

Such i s  the general p ic tu re  of the d i s t r i b u t i o n  of seasonal ly frozen 

ground and bedrock i n  the northern hemisphere. 

The extent  of seasonally frozen ground In  the southern hemisphere i s  

d i f f e r e n t  from t h a t  i n  the northern hemisphere owing t o  d i f ferences  i n  t h e  

s i ze ,  locat ion and ou t l ines  of t h e i r  continents.  In the southern hemisphere 

the area of seasonal ly frozen ground i s  very limited and ins ign i f i can t  a s  

compared t o  the northern hemisphere. 

Seasonal f reez ing of s o i l  a s  an annual phenomenon on the African continent 

is only possible  i n  i t s  southermnost extremit ies ,  namely i n  the Drakensberg 

range where i t  may extend t o  the l a t i t u d e  of the Tropic of Capricorn. A s  a 

t r a n s i t o r y  phenomenon i t  may occur on the elevated t e r r a i n  along the  south- 

western coast  of the continent and In  the southex-n p a r t  of the Kalahari Desert. 

Seasonal f reez ing of s o i l  i n  a  b e l t  is possible i n  mountains i n  the eas te rn  

p a r t  of the  equator ia l - t ropica l  zone: in the  region of Victoria  Lake and 

Tanganyika Lake and a l s o  probably i n  the Ethiopian highland. I n  these regions 

the f reez ing of s o i l  may only be caused by the a l t i t u d e  of a  l o c a l i t y ,  i . e .  by 

the p e c u l l a r i t i e s  of heat  exchange between the atmosphere and the upper pa r t a  

of mountains extending t o  an a l t i t u d e  of 4000 - 6000 m. For the n:i;:ie reason 

even the existence of permafrost on KilimanJaro (6010 rn) is l i k e l y .  

On the Australian continent,  which i s  mainly south of the  Tropic of 

Capricorn, the regular  seasonal f reez ing of s o i l  Is possible only in the south- 

e rn  and southeastern sec t ions  where the Austral ian Alps reach an e levat ion  of 

2200 m and the  g rea te r  Dividing Range 1800 m. For the  c e n t r a l  por t ion  of the  

continent only i r r e g u l a r  t r a n s i t o r y  seasonal f reez ing of ground o r  Its radia-  

t i o n a l  coo l i n g  be low O0C seems probable. 

Seasonal f reez ing of ground i s  a l s o  possible  on the Tasmanian and New 

Zealand i s lands .  khi le  only the regular  seasonal f reez ing of ground is 



possible  on New Zealandss North Island where t h e  t e r r a i n  r i s e s  t o  an e l eva t ion  

of 2737 m (~aukumara ~ a n g e ) ,  t he  ex is tence  of permafrost ln add i t ion  t o  sea- 

sonal ly  frozen ground i s  probable on Mount Cook (2797 m) on South Is land .  

Glaclers  on Coolc Mountain wl~ich descend t o  an a l t i t u d e  of 115 - 215 rn a r e  

evidence of t h i s .  Seasonal and perennial  f r eez ing  of mountain bedrock i n  t h i s  

region depends d i r e c t l y  on the e leva t ion  of the  t e r r a i n .  The warming influence 

of the ocean is suppressed by the  dominance of cold sea cur rents .  

On the  So~uth American cont inent  seasonal ly  frozen ground is more wide- 

spread than on any o ther  cont inent  i n  the southern hemisphere. Judging from 

c l imat ic  data ,  seasonal ly frozen ground on p l a i n s  and p la teaus  may extend t o  

the l a t i t u d e  of the Tropic of Capricorn and in t he  system of t h e  Andes even t o  

the  equator.  The f r eez ing  of s o i l  on the South American cont inent  i s  due t o  

the e leva t ion  of the  t e r r a i n  and the  in t rus ion  of cold a n t a r c t i c  a i r  masses 

Wto  i t s  southern p a r t .  

Seasonal f r eez ing  of ground a l s o  occurs i n  T ie r ra  d e l  Fuego and the  entLre 

t e r r i t o r y  of Pa tagonia.  

Numerous i s l ands  of seasonal ly  frozen ground probably occur a t  an eleva- 

t i o n  of 2800 m within the boundaries of t h e  Braz i l i an  p la teau .  

Near the  lower reaches of the Parana River I n  the  lowlands between the  

Andes and the  Braz i l i an  p la teau  and i n  the i n t e r i o r  of t h i s  p la teau ,  seasonal  

s o i l  f r eez ing  is probably short- l ived and does not occur each year .  

The e l eva t ion  of the Andes provides s u i t a b l e  condi t ions no t  only f o r  t h e  

seasonal  f r eez ing  of .pound but a l s o  f o r  the  perennial  f r eez ing  of bedrock. 

The depth of the  frozen ground on the South American cont inent  may be var iab le ,  

p a r t i c u l a r l y  I n  the Andes. Seasonal f r eez ing  of ground a l s o  occurs on t h e  

Falkland Is lands . 

Dis t r ibu t ion  of Permafrost 

A l l  t h a t  was sa id  about the  l ine-boundaries of seasonal ly  frozen ground 

a l s o  appl ies  t o  the line-boundaries of pernlafrost. 

Many e f f o r t s  have been made i n  the  p a s t  t o  p l o t  the pos i t ion  of the  

permafrost boundary. Works of A.F. Middendorf (1848, 1862) and K.M. Baer 

(1855) of the  Russian Acadeniy of Sciences undoubtedly gave the f i r s t  impetus 

t o  these e f f o r t s .  These authors  were first t o  ind ica te  on the b a s i s  of scanty 

oboervational da ta  the  boundaries of the  a reas  of "permanently frozen ground". 

F r i t z  (up t o  1879) attempted t o  p l o t  the permafrost boundary i n  the  northern 

hemisphere. H i s  boundary i s  weakly founded however and has only h i s t o r i c a l  

s igni f icance .  The same i s  a l s o  t r u e  of t h e  permafrost boundary presented i n  

the  3erghauoen Atlas  (1892). The l a t t e r  boundary is a modified version of 



F r i t z s s  boundary. The perrnafrost  boundary i n  Andree1s A t l a s  a ga i n  c l o s e l y  

approx i~na tes  t h e  Berghausen boundary. 

Following A.F. Middendorf, K.M. Baer and L. Yachevskii  (1889),  a u t h o r s  

M . I .  Sunigin (1937) ,  Sutngin e t  a l .  (1940),  L.A. B r a t t s e v  (13'10) and V.F .  Twnelf 

(1911.6) had more bu t  s t i l l  i n s u f f i c i e n t  obs e rva t i ona l  d a t a  a t  t h e i r  d i s p o s a l .  

T he i r  suggested sou thern  boundary o f  t h e  permafros t  a r e a  i s  c l o s e  t o  i t s  

a c t u a l  p o s i t i o n .  However, i n  many a r e a s  t h e  deternl inat ion o f  t h i s  boundary 

was s t i l l  guided by g ene ra l  c ons i de r a t i ons  based on t h e  p e c u l i a r i t i e s  o f  t h e  

topography and c l i n ~ a t i c  d a t a  (Tumel # ,  19146). 

Many r e sea r ch  workers have deterniincd t h e  s ou t he rn  boundary of permafros t  

u s ing  c o r r e l a t i o n s  between q u a n t i t a t i v e  c1imatoloe;ical  i n d i c e s  and t h e  temper- 

a t u r e  regimes of s o i l  and t h e  l i t h o s p h e r e .  To t h i s  group belong G . I .  Wild 

(1882))  V.B. Shostakovich (1928),  A . A .  Gr i go r t e v  (1930) and o t h e r s .  

A group of a u t h o r s  has  emer1ged i n  r e c e n t  ye a r s  who advocate  t h e  p l o t t i n g  

o f  t h e  permafros t  boundary on t h e  b a s i s  o f  a c t u a l  obs e rva t i ona l  da t a  and some 

t h e o r e t i c a l  c a l c u l a t i o n s  based on s t u d i e s  o f  t h e  i n t e r a c t i o n  of a  number o f  

phys ica l -geograph ica l  f a c t o r s  which determine b a s i c a l l y  t h e  development o f  

f rozen  bodies .  Th is  p r i n c i p l e  has  been used by V.A. Kudryavtsev (1954)  and 

I.Ya . Baranov ( 1952 ) . 
The permafros t  boundar ies  o f  va r i ous  a u t h o r s  a r e  p resen ted  i n  F ig .  23. 

The permafros t  a r e a s  o f  t h e  globe based on contemporary o b s e r v a t i o n a l  

d a t a  and t h e  theory  o f  t h e  format ion o f  permafros t  a r e  p resen ted  i n  F i g .  22. 

The permafros t  boundary w i t h i n  t h e  U.S.S.R. has  been determined by V.A. 

Kudryavtsev (1954) i n  1949 and I.Ya. Baranov (1952) i n  1950. The permafros t  

boundary and t he  o u t l i n e s  of  permafros t  i s l a n d s  on t h e  North American c o n t i -  

n en t  and Greenland i n  F ig .  22 a r e  based on s p e c i a l  c a l c u l a t i o n s  c a r r i e d  o u t  by 

I.Ya. Baranov. 

The permafros t  boundary on c o n t i n e n t s  i n  t he  s ou t he rn  hemisphere is n o t  

shown i n  F ig .  22 because cont inuous  permafros t  t h e r e  is confined t o  t h e  

A n ta r c t i c  co n t i n en t .  The p o s i t i o n  o f  p e r n ~ a f r o s t  i s l a n d s  and l a r g e r  a r e a s  

shown i n  F ig .  22 a r e  based mainly on c a l c u l a t l o n s  s i n c e  a c t u a l  o b s e r v a t i o n a l  

d a t a  a r e  ve ry  s c a r c e .  

A s  can be seen from F i g .  24, t h e  sou thern  boundary of t h e  pe rmaf ros t  

a r e a  i n  t h e  no r th e rn  hemisphere has  a r a t h e r  odd form. On the Euras ian  con- 

t i n e n t ,  i n  n o r th e rn  Fenno-Scandia and t h e  European U.S.S.R. it o u t l i n e s  a  

narrow zone of land which widens cons iderab ly  when approaching t h e  Ural  range 

where i t  swings s h a r p l y  t o  t h e  sou th .  In western  S i b e r i a  t h e  pe rmaf ros t  

boundary encompassing a  wide a r e a  of land fo l lows  a n e a r l y  l a t i t u d i n a l  course  

t o  t h e  Yenise i  River .  Because of t h e  i n c r e a s i n g  c o n t i n e n t a l i t y  o f  t h e  c l im a t e  

and t he  g ene ra l  rise of t h e  t e r r a i n  e a s t  o f  t h e  Ye n i s e i  which favour  t h e  



cool ing of the  l i thosphere  i n  win te r  i t  then swings sharp ly  southward a long  

the  Yenisei  River.  Af te r  rounding t h e  A l t a i  range it leaves  the  U.S.S.R. 

t e r r i t o r y  and continucs eastward through Mongolia and China. Curving around 

the  Mongolian Al t a i ,  Hangay and Hentey r idges  and t h e  Great and L i t t l e  Khingan 

Mountains i t  r e tu rns  t o  t h e  U.S.S.R. near  Khabarovsk. Here t h e  permafrost  

boundary follows t h e  l e f t  bank of t h e  Aniur River t o  the  Gulf of  Ta ta ry  where 

i t  terminates .  It appears again only i n  the  extreme north  of  Sakhal in  Is land 

(cape Yel izave ta )  and on Kanchatka Peninsula where a f t e r  rounding t h e  souther-  

l y  extremes of the  middle and eas t e rn  mountain ranges it runs t o  t he  Sivuch 

Cape i n  t h e  Bering Sea. 

The basic  condi t ion f o r  t h e  development and ex is tence  of permafrost  i n  

Kamchatka a s  wel l  a s  i n  o the r  mountainous regions (Ural ,  A l t a i ,  Sayan, e t c .  ) 
- 

is t he  presence of high mountain r i dges .  Numerous permafrost  i s l a n d s  i n  the  

Karnchatka mountain ranges and on sumn~its of volcanoes form a permafrost  a r ea  

l a rge  enough t o  be considered a s  an extension of t h e  con t inen ta l  permafrost  

area  . 
On t h e  North American cont inent  t he  southern boundary of permafrost  f o l -  

lows the  southern s lope of t he  Alaska range and then swings southward along 

t h e  western s lope  of t h e  Rockies t o  53ON then tu rns  back northward along t h e  

ea s t e rn  s lope  of t he  Rockies t o  57ON. From,there i t  swings t o  t h e  southeas t ,  

i n t e r s e c t s  Lake Churchi l l  and t h e  nor thern  p a r t  of Lake Winnipeg, passes  

through southern ex t r emi t i e s  of Hudson Bay (James ~ a y ) ,  rounds t h e  south s i d e  

of the  Labrador highland and then swings no r th  t o  l a t i t u d e  53ON where It 

disappears  a t  t he  coas t .  It appears aga in  i n  the  southern p a r t  of Greenland 

where it follows t h e  southern and southeas te rn  coas t  (F ig .  2 5 ) .  

Thus t h e  pe rn~a f ros t  a rea  i n  t he  nor thern  hemisphere covers considerable  

po r t i ons  of the  Eurasian and North American cont inents ,  t h e  l a r g e  i s l a n d s  

Greenland and Iceland, and the  i s l a n d s  i n  t h e  Arc t ic  Ocean. 

Outside of t h i s  a r e a  only sporadic  permafrost  ( l a r g e  o r  smal l  i s l a n d s  of 

permafrost)  is encountered i n  high inountain systems. These permafrost  i s l a n d s  

owe t h e i r  ex is tence  t o  t he  e l eva t ion  and t h e  p e c u l i a r i t i e s  of hea t  exchange i n  

t h e  f r e e  atmosphere. On the Eurasian cont inent  such permafrost  i s l a n d s  a r e  

located i n  t he  Alps and Pyrenees i n  western Europe, i n  t h e  Scandinavian 

mountains between the  l a t i t u d e  60°N and t h e  Arc t ic  C i r c l e  in nor thern  Europe, 

i n  e a s t e r n  Europew i n  the  Urals (on Iremel '  peak) i n  t h e  Great and L i t t l e  

Caucasus; on Great Ararat  i n  Asia Minor and on Elburz i n  I r an .  

* The p o s s i b i l i t y  of t h e  ex is tence  of permafrost  i n  t h e  Carpathian Mountains 
and on peaks of t h e  Balkan Mountains i s  no t  excluded. 



In Sovie t  cen t r a l*  Asla considerable  permafrost  a r eas  a r e  located on the  

Tarbagatay Mountains, i n  western Tlcn-Shan i n  the  Parnir and i n  the  Hindu Kuoh 

range i n  Af ghanis t a n .  

In Central  Asia wide a rcas  of pe rn~a f ros t  a r e  s i t u a t e d  i n  t he  e a s t e r n  

p a r t s  of Tangshan i n  the  Altyn Tagh, Nan-Shan and Kunlun ranges,  i n  t he  

Himalayasj Szechwan Alps and a l s o  on the  T ibe t i an  p l a t eau .  

I n  the  Far  East, permafrost  i s l a n d s  can be found i n  t he  Sikhote  Alin 

range, on high peaks of t he  North Korean mountains, on Fujiama i n  Japan, i n  

mountains and i n  swamps on Sakhalin Is land and on ind iv idua l  i s l a n d s  of t h e  

Kur i l  Is land chaln.  

I n  t h e  western hemisphere, the  occurrence of  sporad ic  permafrost  is 

poss ib le  in some mountain ranges i n  Mexico ( ~ o p o c a t e p e t l ,  Orizaba)  and i n  t h e  

North American Cord i l l e r a s  and the  Rockies. 

Large permafrost  i s l a n d s  a r e  located i n  mountaln ranges i n  southern 

S ibe r i a  and i n  the  northern p a r t s  of Cent ra l  Asia ( ~ o n g o l i a ) .  

Although the  perrnafrost a r eas  i n  t he  mountain ranges of southern S i b e r i a  

and i n  the  nor thern  p a r t  of Cent ra l  Asia ( ~ o n g o l i a )  were included i n  t h e  

continuous permafrost  a rea  of Eurasia  they  s tand a p a r t  from i t  because of 

topographic p e c u l i a r i t i e s  and the  condi t ions  of  formation.  In the  above- 

n~entioned mountains t he  a l t i t u d e  of t he  lower boundary of  permafrost  is ex- 

tremely va r i ab l e .  Judging from calculations and from a v a i l a b l e  observa t iona l  

da ta  t h e  lower boundary of permafrost  i n  middle l a t i t u d e  mountains under t h e  

in f luence  of moist ocean a i r  masses must be a t  a  r a t h e r  low a l t i t u d e ,  poss ib ly  

between the  1800 and 2100 m (scandinavian r ange ) .  Under con t inen ta l  conditions 

t h e  e l eva t ion  of t h i s  boundary i s  va r i ab l e :  i n  the  Tien-Shan range (China) a t  

an a l t i t u d e  of about 2500 m, i n  the  Turkestan and Pamir ranges a t  about 4200 - 
4300 m and i n  T ibe t  a t  e l eva t ions  ranging from 3700 t o  5400 m. 

Thus, t he  a l t i t u d e  of t h e  lower permafrost  boundary i n  mountains depends 

on the  p e c u l i a r i t i e s  of  t he  hea t  exchange i n  var ious  regions of t he  Eurasian 

cont inent .  I n  n~ountain ranges influenced by moist oceanic a i r  masses it 

increases  from nor th  t o  south  and i n  t he  d i r e c t i o n  of i nc reas ing  c o n t i n e n t a l i t y  

of  c l imate .  In mountain ranges under con t inen ta l  c l imate  t h i s  incr12ase occurs  

b a s i c a l l y  from nor th  t o  south .  

It must be pointed ou t  t h a t  t he  widespread b e l i e f  i n  t h e  coincidence of 

the  lower l i r n i t s  of permafrost  and t h e  permanent snow-line is erroneous 

( ~ u m e  1 I ,  191~6). Inves t iga t ions  i n  t he  A l t a i  and Pamir Mountains have shown 

t h a t  t h e  lower boundary of perriiafrost i n  mountains Is a t  a  lower a l t i t u d e  than 

* Trans l a to r  I s  note:  Southwest p ro j ec t ion  of  Sovie t  Asia. 



the  permanent snow-line. For ins tance ,  i n  the  A l t a i  mountain range the  lower 

boundary of permafrost i s  located a t  an a l t i t u d e  of 1000 - 1100 m a s  compared 

t o  an a l t i t u d e  of 2300 - 3200 m f o r  the  permanent snow-line. 

It has been es tab l i shed  t h a t  the  mean a i r  temperature a t  t he  permanent 

snow-line i s  1 . 5 O C  a t  t he  equator,  +0.5OC on t h e  southern s lopes  of the  

IIin-ialayas and about -2.O0C on the northern s lopes;  -3.g°C i n  the  Karakorom 

range, -b°C i n  the Alps, -6OC i n  the  Turkestan range (and Pamir p l a t e a u )  and 

- l l°C on h i l l s  of Novaya Zemlya. 

Thus it can be concluded t h a t  the  mean annual temperature and the  a l t i -  

tude of t he  permanent snow-line a r e  n o t  r e l a t ed  d i r e c t l y  and t h a t  t h e  pernman- 

e n t  snow-line is  not  a r e l i a b l e  c l ima t i c  index. 

One may assur~je t h a t  t he  permafrost  boundary i n  n~ountains i n  the  t r o p i c a l -  

e q u a t o r i a l  zone i s  located above the  snow-line. Depending on t h e  change of 

c l imato logica l  condi t ions  with l a t i t u d e ,  t h e  e l eva t ion  of the permafrost  

boundary decreases with i nc reas ing  l a t i t u d e  with r e spec t  t o  t h e  e l eva t ion  of 

the  snow-line. The permafrost  boundary and zero isotherm i n t e r s e c t  t he  snow- 

l i n e  between the equator  and the  po les .  

The a l t i t u d e  of the  lower boundary of permafrost  i n  mountains on the  

North American c o n t h e n t  has been determined by rneans of c l i ~ n a t i c  da t a .  It 

r i s e s  along the  P a c i f i c  coas t  from 75 rn a t  the  Gulf of Alaska t o  2400 m a t  

l a t i t u d e  50°N. Fa r the r  south it r i s e s  s t e a d i l y  t o  5400 m i n  t he  Mexican 

mountains a t  the  l a t i t u d e  of the  Tropic of  Cancer. Along the  e a s t e r n  s lope  of 

the  Rockies the  e l eva t ion  of t he  lower boundary of permafrost  r i s e s  from 80 m 

i n  the  region of Great Bear Lake t o  4600 m i n  t h e  region of Mount E l b e r t  

(39ON 

In t he  northern hemisphere t he  p l o t t i n g  of the  southern boundary of 

permafrost  i s  based, t o  a g r e a t  ex t en t ,  on known laws governing its formation.  

Actual survey da ta  of s u f f i c i e n t  quan t i t y  t o  permit  one t o  determine i t s  exac t  

p o s i t i o n  a r e  no t  y e t  ava i l ab l e ,  even f o r  t he  U.S.S.R. 

Several  Russian c ryo log i s t s  have p l o t t e d  the permafrost  boundary a s  a 

zonal b e l t  south of v!hich, without s i g n i f i c a n t  changes i n  n a t u r a l  condi t ions ,  

the  fornlation of  permafrost is not  poss ib l e .  

Let us consider  sonme theo r i e s  concerning the na ture  of t he  cond i t i ona l  

boundary of the  permafrost  a r e a .  M.I. Sumgin (1937, 1940) considered t h a t  

t h i s  boundary could only be determined on the  b a s i s  of a c t u a l  observa t iona l  

d a t a .  He was faced with a dilemma: whether t o  include numerous border ing 

permafrost  i s l ands  i n  the  permafrost  a r ea ,  t o  leave them out  and o u t l i n e  them 

separa te ly ,  o r  t o  o u t l i n e  t he  thawed a r e a s  wi th in  t he  permafrost  a r e a .  M.I. 

Sumgin used the  f i r s t  choice,  1 . e .  he drew the  permafrost  boundary along the  

geographical  p o s i t i o n  of the  southernmost permafrost  i s l a n d s .  



Pl. I. Sunlgin (1933) present ing  the  1;heory of t he  degradation and aggrada- 

t i o n  of the depth of permafrost was f i r s t  t o  po in t  out t he  dynamics of t he  

permafrost boundary. Later on (1937) he at tached g r e a t  importance t o  t h i s  

problem. 

V.A. Kudryavtsev (1954) considered the  permafrost boundary a s  an average 

l i n e  coincident  w i t h  the  geographical p o s i t i o n  of the  zero amplitude of long- 

term annual bedrock temperature. According t o  h i s  concept the  permafrost  

boundary is t he  a x i s  of a zone of continuous and per iodic  s h i f t i n g  of perma- 

f r o s t  from north t o  south and vice versa .  In o the r  words, accordMg t o  

Kudryavtsev the southern boundary of permafrost i s  a t r a n s i t i o n  zone from 

seasonal ly  frozen ground t o  pe rna f ros t .  Such a boundary may be considered 

va l id  only f o r  a c c r t a l n  time i n t e r v a l .  This permits one t o  p l o t  i t  on a 

cha r t  a s  a mean boundary of the  t r a n s i t i o n  zone. To d e t a i l  the  pos i t i on  of 

t h i s  boundary he used the  long-term mean ground temperature. This permafrost 

boundary does not  coincide with the  pos i t i on  of t he  zero isotherm of ground 

temperature. 

I.Ya. Baranov (1952) analysing the  problem of  t h e  southern boundary of 

permafrost a r r i v e s  a t  the  conclusion t h a t  the  concept "southern boundary" has 

not  y e t  been s a t i s f a c t o r i l y  e s t ab l i shed .  According t o  our view, p l o t t i n g  of 

the  permafrost line-boundary has p r a c t i c a l  meaning only on small-scale  review 

cha r t s .  The s c a l e  of such c h a r t s  must no t  exceed 1 : 5,OOO,OOO. On la rge-  

s c a l e  cha r t s  l a r g e r  pernaf ros t  i s l ands  may be out l ined o r  ind ica ted  by conven- 

t i o n a l  symbols. This would elirnlnate the  necess i ty  of drawing the  conventional 

line-boundary. 

There a r e  three  p o s s i b i l i t i e s  of p l o t t i n g  a line-boundary depending on 

how we def ine  it. 

1. One may draw a line-boundary along the  zero isotherm of long-term 

annual s o i l  temperature i n  t y p i c a l  physical-geographical regions.  A s  a mat ter  

of f a c t ,  the  formation of permafrost begins a t  t h i s  p o i n t .  It i s  obvious t h a t  

such a boundary may be ca l l ed  condi t iona l ly  the geophysical boundary of t he  

permafrost  a r e a .  This boundary r e f l e c t s  t he  r e l a t i o n s h i p  between the  perrna- 

f r o s t  temperature and the contcmporary heat  exchange between the  e a r t h ' s  c r u s t  

and the  atmosphere. I n  the  northern p a r t  of the European U.S.S.R. t h i s  

boundary coincides  with the  t r a n s i t i o n  zone from southern tundra t o  northern 

tundra, i n  Western S ibe r i a  from f o r e s t  tundra t o  southern tundra,  i n  Mid- 

Sibe r i a  from southern t a i g a  t o  northern t a iga ,  i n  t h e  Trans-Baikal reg ion  and 

i n  the  Far East  of the U.S.S.R. from f o r e s t  s teppes t o  vas t  S ibe r i an  f o r e s t s .  

The geophysical boundary of permafrost a l s o  encompasses the a reas  of 

sporadic permafrost inasmuch a s  the  l a t t e r  a r e  d i s t r i b u t e d  among s o i l s  with a 

p o s i t i v e  mean annual temperature and owe t h e i r  formation t o  some l o c a l  

phys ical-geographical condi t ions.  



2. The permafrost boundary may be drawn along the  most sou the r ly  l i m i t  

of permafrost i s l ands  which, independently of t h e i r  l i t h o l o g i c a l  composition, 

remain s t a b l e  during s h o r t  period warmings of c l imate .  This boundary, 

considerably south of the  geophysical boundary, may be ca l l ed  the  l a t i t u d e  

zone and v e r t i c a l  zone o r  simply the  physical-geographical boundary of 

permafrost. 

Unlike the  geophysical boundary, t he  physical-geographical boundary of 

t he  permafrost a rea  i n  the  western p a r t  of t he  U.S.S.R. (west of t he  Yenisei  

River)  includes permafrost i s l a n d s  i n  pea t  s o i l s  which a r e  i n  t h e  s t age  of 

degradation. The same Is a l s o  va l id  f o r  t he  permafrost  boundary i n  the sphere 

of maritime inf luence e a s t  of Great Khingan range region.  In t he  c e n t r a l  p a r t  

of the permafrost a rea  ( i n  Mongolia and ch ina)  t h i s  boundary inc ludes  the  

permafrost i s l ands  i n  mountains. Since the  l a t t e r  a r e  s i t u a t e d  i n  the  region 

character ized by the con t inen ta l  regime of t he  heat  exchange between the  e a r t h  

and the  atmosphere, t h i s  physical-geographical boundary i s  l e s s  dynamic with 

time, thus,  t he  physical-  geographical boundary d i f f  e r s  from the  geophysical 

boundary i n  t h a t  i t  includes i n  the  continuous permafrost  a r ea  the  zone of 

permafrost i s l ands .  On review c h a r t s  with a s c a l e  of 1 : 5,000,000 and l e s s  

both boundaries may be indicated sinlultaneously . 
3 .  For p r a c t i c a l  considerat ions the  permafrost  boundary may be p l o t t e d  t o  

include a reas  where the  for~na t i o n  of permafrost is probable but  non-exis t e n t  

a t  t he  present  time because of c e r t a i n  f a c t o r s  (ground water, snow cover)  

h inder ing  i t s  forrnations. This boundary v ~ i l l  l i e  s t i l l  f a r t h e r  south than 

the  physical-geographical boundary, p a r t i c u l a r l y  i n  the  region west of  t he  

Yenisei  River. In the  cen t r a l - con t inen ta l  p a r t  of t he  permafrost  a rea  t h i s  

boundary coincides  with the  physical-geographical boundary but  takes  a more 

souther ly  p o s i t i o n  i n  the  e a s t  (Sakhalin Is land,  Sikhote Alin range, Amur 

lowland). This boundary may be ca l l ed  the  poss ib l e  o r  p o t e n t i a l  permafrost  

boundary. 

It can be seen from the  above cons idera t ions  t h a t  p l o t t i n g  t h e  southern 

boundary of the  permafrost  a r ea  i s  no t  only cond i t iona l  with r e spec t  t o  i t s  

nature  but a l s o  t o  i t s  form and depends on the s o l u t i o n  of a number of 

asso ica ted  problems of prime importance. 

Taking i n t o  account t he  e f f e c t  of human a c t i v i t i e s  on the  hea t  exchange 

between the  s o i l  and the  atmosphere, t he  physical-geographical boundary of t he  

perrnafrost i s  most important from the  p r a c t i c a l  po in t  of view. There i s  no 

doubt about t he  dynamics of t h i s  boundary, however i t s  movement i s  r e l a t i v e l y  

slow. F luc tua t ions  i n  the  p o s i t i o n  of  t h i s  boundary a r e  caused by considerahle 

changes in t he  cha rac t e r  and condi t ions  of t he  heat  exchange between t h e  s o i l  

and the  atmosphere i n  ind iv idua l  s e c t o r s  and f requent ly  simultaneously i n  the  



e n t i r e  perrnafrost a rca  . During r i s i n g  o r  dec l in ing  levc lo  of hea t  exchange, 

considerable va r i a t ions  take place In  the permafrost a rea  and i t s  depth. 

However, short- l ived va r i a t ions  i n  the cha rac t e r  an6 condi t ions of the  hea t  

exchange a r e  incapable of s h i f t i n g  t h i s  boundary. 

Several  papers have d e a l t  with the  p l o t t i n g  of t h e  southern permafrost  

boundary on the North American cont inent .  The boundaries known t o  us a r e  

presented In  Pig.  25. 

Let us now b r i e f l y  revicv~ the  p e c u l i a r i t i e s  of the  d i s t r i b u t i o n  and t h e  

depth of the  permafrost i n  the  northern hemisphere. We s h a l l  f i rs t  consider  

the Eurasian continent. 

According t o  A. Cajander (1902-1303), K. Rathjens and H .  b!eisslnann (1929)~  

Lapland l a  p a r t l y  s i t u a t e d  i n  the  permafrost  a r ea .  W .  Bodmannrs (1901-1903), 

B. ~ 6 ~ b o r n ' s  (1927) and W. Ule I s  (1922) observat ions show t h a t  permafrost  

i s lands  a r e  encountered I n  northern Norway and northern Sweden, p a r t i c u l a r l y  

on the  eas t e rn  slope of t h e  Scandinavian r idge nor th  of the  Arct ic  C i rc l e .  

However, a  number of' pernmfrost I s l ands  a r e  a l s o  located on s lopes  south of 

t he  Arc t ic  Ci rc le .  For instance,  a t  Lynger (750 m above sea l e v e l )  f rozen 

nloralne layers  up t o  20 m t h i c k  have been encountered Fn mines. According t o  

P. Smith ( ~ r a t t s e v ,  1940) h i l l y  swamps a t  an a l t i t u d e  of 800 - 900 m have been 

discovered i n  northern Sweden. 

S i m i l a r i t y  of physical-geographical condi t ions i n  Fenno-Scandia and the  

Kola Peninsula suggests the  exis tence of perrnafrost i n  northern Finland 

( ~ a r a n o v ,  1953). 

I n  t h e  U.S.S.R. permafrost a r eas  a r e  located i n  the tundra zone, i n  forest 

tundra and p a r t l y  I n  t he  sub-zones of t he  northern S ibe r i an  f o r e s t .  The d i s -  

t r i b u t i o n  of t he  permafrost changes from west t o  e a s t  and from southwest t o  

nor theas t .  

Permafrost is encountered Fn l imited a r e a s  on the Kola Peninsula.  In 

the western p a r t  of the  peninsula it is l imi ted  t o  pea t  s o i l s ,  i n  t he  e a s t e r n  

p a r t  t o  g l a c i a l  and a l l u v i a l  c l ay  and sandy c lay  s o i l s ,  l e s s  f r equen t ly  t o  

sandy s o i l s .  The depth of permafrost is about 20 - 25 m. Crys ta l l i ne  and 

metalnorphic s o i l  s t r u c t u r e s  favour permafrost developnlent Ln the  Lovozersk 

highlands and i n  some o t h e r  "tundras" a s  wel l  a s  i n  the  southeas te rn  p a r t  of 

t he  Kiev highlands. 

I n  the  tundra and coniferous f o r e s t  zone between the  White Sea and the 

Ural range, permafrost has a l s o  a  patchy d i s t r i b u t i o n .  Only i n  t h e  northern 

po r t ion  of t h e  Bol~shezemells l r  tundra do the  permafrost  i s l ands  for111 a  Inore o r  

l e s s  c o n t i n ~ ~ o u s  a rea  separated by t a l i k s  i n  r i v e r  va l leys ,  lake bas ins  and i n  

water-rich t ec ton ic  depressions.  1;lthin the  nor thern  p a r t  of t he  tundra zone, 

the  thickness  of perrnafrost increases  sharply.  In the  v i c i n i t y  of t h e  v i l l a g e  



of Amderm i t  evidently reaches a thickness of 285 rn i n  con t ras t  t o  25 t o  30 m 

i n  areas of Infrequent permafrost i s lands .  A ternperatme drop ancl Increasing 

thickness of permafrost a r e  observed In  crossing from the southern h i l lock  

tundra t o  the northern spotted tundra. 

I n  the Ural region the boundary of the area containing permafrost i s lands  

s h i f t s  considerably southward. 

In the northern fo res t  zone of liestern Siber ia  where the snow cover is 

r e l a t i v e l y  deep (60 - 90 cm and more), the zone of permafrost i s l ands  i s  very 

wide, The t r a n s i t i o n  zone from sporadic t o  almost continuous permafrost 

coincides with the northern boundary of the coniferous f o r e s t  and is accom- 

panied by a sharp Increase i n  the thickness of permafrost ( ~ o p o v ,  1953). For 

Instance, the  thickneso of sporadic permafrost within the coniferous f o r e s t  

zone i s  a t  most 25 - 30 m a s  compared l o c a l l y  t o  a thickness of 300 m i n  the  

f o r e s t  tundra and 1400 m i n  the tundra. 

The thickness of sporadic permafrost i n  the western Cis-Baikal region 

( i n  the southern p a r t  of Mld-Siberia) loca l ly  reaches 35 - 40 m and exceeds 

t h i s  depth i n  the eas tern  Cis-Baikal. 

In the cen t ra l  p a r t  of the Mid-Siberian p la teau  the permafrost i s  sporadic 

in the southern port ion and continuous i n  the north.  Tal lks under r i v e r  

channels, lakes and a t  springs of subterranean water a r e  c h a r a c t e r i s t i c  of th i s  

region. In the zonal sec t ion  of the  Nlzhnaya Tunguska River va l ley  the  

thickness of permafrost exceeds 100 m. 

In the Taymyr depression, t a l l k s  a r e  possible  under large r i v e r  channels 

and lakes.  The thickness of permafrost reaches 400 m on the Taymyr peninsula 

and 450 - 500 m i n  the lov~land of the Khatanga River. 

In the most continental  pa r t  of S iber ia ,  namely i n  the steppes e a s t  of 

Lake Baikal, permafrost Is encountered only i n  c e r t a i n  places.  I n  contras t  t o  

the c e n t r a l  p a r t  of kIestern Siber ia  the permafrost i s l ands  a r e  confined t o  

valleys,  basins and northern slopes of mountains usual ly overgrown with f o r e s t .  

The southern slopes of mountains a r e  characterized by t a l l k s  owing t o  higher 

s o l a r  insola t ion  on these slopes, springs of ground water o r  by shallow bed- 

rock. Here the thickness of permafrost var les  from 10 t o  25 - 30 m. 

The g rea tes t  thicltness and the lowest temperatures of permafrost occur In 

r i v e r  valleys,  old lava beds and on the  northern s lopes of mountains. The 

e f f e c t  of a l t i t u d e  on permafrost development i s  apparent above the temperature 

inversion layer .  I n  the v i c i n i t y  of the c l t y  of Chita the Lnversion extends 

t o  an a l t i t u d e  of 1000 m .  Above t h i s  l eve l  t o  approximately 2500 ni the e f f e c t  

of a l t i t u d e  decreases gradually.  

Frequent t a l i k s  separa t ing  frozen areas a r e  confined t o  southern slopes 

of mountains, va l ley  and basin sec t ions  characterized by surface run-off, 



lalces, water-rich t ec ton ic  depressions and spr ings  of subterranean water. A 

sharp increase i n  the  thickness  of permafrost is noted i n  the  m a t e r n  par t  of 

the  t r a n s i t i o n  zone from steppe zone t o  coniferous f o r e s t  zone. 

The g r e a t e s t  thickncss of permafrost  (up t o  200 m )  may be encountered i n  

the  area between the V i t i n i  and Olelcma Rivers.  Th<, p o s s i b i l i t y  of t he  exietence 

of a g r e a t e r  thickness  of r e s idua l  permafrost  i n  anc ien t  va l l cys  is not  

excluded. 

The d i s t r i b u t i o n  of permafrost on the  c e n t r a l  Yakutsk p l a i n s  d i f f e r s  i n  

t h a t  the southern mountain type permafrost  changes t o  a type c h a r a c t e r i s t i c  t o  

p l a i n s  and low p la teaus .  I n  the  south the  permafrost  l a y e r  i s  i n t e r spe r sed  by 

t a l i k s  under channels of la rge  and medium r i v e r s ,  under lakes  and a t  spr ings  

of subterranean water. The thickness  of permafrost  var ieo from 200 t o  500 m. 

I n  northern Yakutia permafrost i s  considerably t h i c k e r  and the  t e m p e r a m  

lower than i n  c e n t r a l  Yakutsk. The number of t a l i k s  is small.er and they a r e  

only found under channels of l a r g e r  r i v e r s  o r  under deep and l a rge  lakes  and 

a t  l a r g e r  wel ls  of subterranean water. 

The permafrost acquires  i t s  g r e a t e s t  thickness  of  500 - 600 m near  the  

coas t  of the  Arct ic  Ocean. 

In Far  East  and i n  Northeastern S i b e r i a  t he  d i s t r i b u t i o n  of permafrost  is 

a s  follows: 

South, In the  region west of the  Arnur River  and i n  the  Sikhote  Alin 

mountain range the  perrnafrost is sporadic  and over l a rge  a reas  i n  the  foo t -  

h i l l s  of the  Stanova range and i n  the  Burelnsk range in t e r sec t ed  by numerous 

t a l i k s  . Up t o  the  l a t i t u d e  of t he  junction of the  Maya and Aldan Rivers  t he  

d i s t r i b u t i o n  of permafrost is s i m i l a r  t o  t h a t  of t he  middle and nor thern  

d i s t r i c t s  of t he  region e a s t  of Lake Baikal,  1 . e .  t he  permafrost  occurs in 

separated a reas  and t a l i k s  a r e  observed i n  va l l eys  and i n  low watershed 

d iv ides .  

The hea t  exchange between the  s o i l  and the  atmosphere near  the  r idge  l i n e  

of  Oydan range, p a r t i c u l a r l y  on its southeastern s lope  is determined, t o  a 

considerable  ex ten t ,  by t h e  inf luences of t he  P a c i f i c  and the  Okhotsk Sea 

which give a r e l a t i v e l y  high a i r  temperature and a deep snow cover. The 

thickness  of permafrost reaches the  100 t o  200 m mark. 

In t he  Verkhoyanks-Kolyma region the  thickness  and a r e a l  e x t e n t  of  perma- 

f r o s t  increases  consider.ably and its temperature decreases  a s  t he  r e s u l t  o f  

the  diminishing s o l a r  r a d i a t i o n  and the  general  lncreaoe i n  the  c o n t i n e n t a l i t y  

of the cl imate .  Ta l iks  a r e  confined t o  l a rge  r i v e r s  and t o  a q u i f e r  zones of 

t e c t o n i c  depressions which i n  conjunction with the  geotectonic  age of t he  

a rea ,  p l ay  an Important p a r t .  The thickness  of permafrost  i n  the  mountains of 

t he  Oylilyakonsk bas in  inc reases  t o  300 - 400 m. 



Far the r  nor th  i n  the  Kolynla-Indigirka p l a ins ,  the  permafrost  a r ea  i n  

broken up by nuriierous lakes  and la rge  r i v e r s  ( ~ a n a ,  Indigirka,  Kolyma, e t c .  ). 

The rnaximuln thickness  of pernlafrost i n  t h i s  region i s  probably 300 - I100 m. 

Only sporadic perrnafrost occurs on the  ICamchatka Peninsula.  The th ick-  

ness of permafrost i a lands  i s  small:  25 - 30 m. The thicknaas of permafrost 

i s l ands  exceeds t h i s  value only on sunlmits of volcanic mounds and on mountain6 

having a small  seasonal snow depth.  

I n  t h e  Korynk niountainous country and i n  the  Anadyr p l a i n s  permafrost  

100 - 150 m t h i ck  is i n t e r sec t ed  by numerous ta l i lcs .  On thc  Chukhotsk 

Peninsula the  number of t a l i k s  decreases somewhat and the  thickness  of perma- 

f r o s t  increases  t o  200 - 500 rn.  

I n  t he  lnountainous regions of southern S ibe r i a  t he  d i s t r i b u t i o n  of 

permafrost i s  determined by the  e leva t ion  and p e c u l i a r i t i e s  of t he  hea t  ex- 

change c h a r a c t e r i s t i c  f o r  t he  cont inenta l  regions of middle l a t i t u d e s .  Here, 

i n  con t r a s t  t o  adJoining p l a ins ,  the  permafrost  i s  widecpread, deep and 

d i s t r i b u t e d  non-zonally. 

Geocryological b e l t s  with an evident asymmetry r e s u l t i n g  from the  non- 

uniform amounts of s o l a r  r a d i a t i o n  received by s lopes  a r e  c h a r a c t e r i s t i c  f o r  

t h e  A l t a i  and Sayan r idges .  On t h e  h ighes t  peaks of these  nlountains having 

t h i n  snow cover the  thickness  of permafrost may reach some 200 t o  300 metres 

under winter  an t icyc lonic  condi t ions.  The n~easured thickness  of permafrost i n  

eas t e rn  Sayan ( a t  an e leva t ion  of 1700 - 1800 r n )  i s  170 - 180 m and I n  t h e  

A l t a i  range 170 m ( a t  an e l eva t ion  of 3300 m). 

Data on the  d i s t r i b u t i o n  of permafrost in low l a t i t u d e  niountains a r e  very 

scarce.  I n  a vas t  l i t e r a t u r e  on the  polygonal s o i l s  i n  the  Alps of France and 

Switzerland reference is made t o  the ex is tence  of f rozen sublayers  ( ~ e n k e l ,  

1911; Al l ix ,  1923; Gigrow, 1931; Kintzl ,  1928). Other re ferences  i n d i c a t e  

the presence of i c e  c r y s t a l s  i n  ash and lava l a y e r s  on t h e  s lopes  of volcanoes 

i n  S i c i l y  ( ~ t n a ,  e leva t ion  3274 m i ) ,  ICamchatka, Andes and T ie r r a  d e l  Fuego. 

In t he  Caucasus where the  mountain r idges  f r equen t ly  reach 3500 m and 

indiv idua l  peaks 5000 m (El 'b rus  5633 rn, Kasbek 5 ~ 4 7  m )  and where the  snow- 

l i n e  occurs a t  3700 - 3900 m, permafrost  i s  not  l imi ted  only t o  the  El 'brus  

and ICazbek peaks. Judging from the  i c e  cover t h e  t o t a l  a r ea  of pernlafrost i n  

the  Caucasus Elountains may be a s  g rea t  a s  2000 km2. While the  occurence of 

sporadic  permafrost in t h e  L i t t l e  Caucasus range (Alagez, L i t t l e  Ara ra t )  and 

Zangezursk range is only  poss ib le  its exis tence  on t h e  Great Ararat  ( a l t i t u d e  

5156 m) Is beyond any doubt. 

Otring t o  the  cont inenta l  c l imate  the  a l t i t u d e  of t h c  permanent snow-line 

i n  Central  Asia (on Gissar,  Turkestan, Talas ,  Kirgiz ,  Kungee, Zai lysk mountaln 

peaks) i s  r a t h e r  hi@, 3000 - 3600 m. In the region of Kara-kull Lake it Is 



located a t  4500 - 4800 m and i n  the  southern chain of t h e  Pamir Mountains a t  

an a l t i t u d e  of 5000 - 5200 m. 

Calculat ions loca t e  the  lower boundary of permafrost  on the  Turkestan 

r idge  and the Pamir p l a t eau  a t  an e l eva t ion  of 4000 - 4300 rn. From t h i s  i t  i s  

evident  t h a t  permafrost i s  r a t h e r  widespread i n  the Soviet  c e n t r a l  Asian 

mountalno, p a r t i c u l a r l y  i n  the  Pamlrs. This i s  a l s o  v e r i f i e d  by inves t iga t ions  

and road construct ion i n  those regions.  

I n  the  western Kunlun Mountains near  longi tude 8 2 O ~  the  snow-line on the  

northern s lope i s  a t  11900 m, on the  southern s lope a t  5200 m, In t he  middle 

p a r t  of t he  Kunlun Mountains from 82 t o  106OE t h e  snow-line is s i t u a t e d  a t  

5100 - 5250 m, whereas its a l t i t u d e  on the  Tanglha range i s  6000 rn. 

The snow-line on the  northern s lopes  of t h e  Hirnalayao i s  a t  5300 m and on 

the  southern s lopes  a t  'I000 m. The mean a l t i t u d e  of the  Great Himalayas is 

about 6000 rn. Between the  h000 m and 6000 m l e v e l s  the  mean a i r  temperature 

va r i e s  i n  summer months from +4 t o  -6OC. This i nd ica t e s  t h a t  t h e  ex i s t ence  of 

permafrost is poss ib le  i n  t h i s  mountain system. 

The Tibetan p l a t eau  has a  mean e l eva t ion  of 4000 - 5000 m. One must 

assume t h a t  t h e  pernlafrost i s  r a t h e r  widespread IP t he  surrounding mountain 

ranges t o  the  north,  south and west. I n  t he  northern regions permafrost  o c c m  

because of t he  high e l eva t ion  of t he  t e r r a i n  and the  genera l  s e v e r i t y  of t he  

cl imate  i n  Central  Asia; t o  the  south i n  the  Himalayas and t o  the  west i n  t h e  

Karakoram Mountains owing t o  t h e i r  high e l eva t ion .  In the  western h a l f  of the  

Tibetan p l a t eau  permafrost  i s  ev iden t ly  w i d e  spread i n  r idges  vrhere the  eleva- 

t i o n  exceeds 4000 - 5000 rn. One would expect perrr~afrost  i n  t h e  form of nea r ly  

p a r a l l e l  bands uni f ied  i n t o  a  continuous a rea  only i n  t h e  west. 

According t o  Sven Heddin (1899),  s o l i f l u c t i o n  i s  widespread i n  many p a r t s  

of t h e  Tibetan plateau.  This  i s  an i n d i r e c t  i n d i c a t i o n  of t he  presence of 

permafrost t he re .  Nunerous polygonal formations were observed i n  moraine 

r idges  near  the Roebuck Glacier  a t  an a l t l t u d e  of 5182 m. Thei r  presence must 

be explained by the ex is tence  of a  r e l a t i v e l y  shallow l a y e r  of f rozen  subso i l .  

Data showing the  d l s t r l b u t i o n  of permafrost  on the  North American con t i -  

nent a r e  not  u?lform over the  a rea  involved. They a r e  most numerous f o r  

southern Canada and Alaska but  nea r ly  absent  f o r  northern Canada. 

According t o  S. Taber ( 1 9 3 0 ) ~  of t h c  t o t a l  a r ea  of Alaska of 1,519,000 

km2, t he  northern zone of almost continuous permafrost  occupies 800,000 km2 

( 5 2 . 7 $ ) ,  t he  middle zone with numerous t a l i k s  190,000 km2 (12.5$), and the  

southern zone of sporadic permafrost 210,000 km" (215%). It must be noted t h a t  

the above da ta  a r e  approximate. 

The sporadic  pcrnaf ros t  i s  l imi ted  t o  c o a s t a l  a r e a s  of the  Bering Sea 

( f m n  Norton Bay southward), the  southern s lopes  of the  Alaslca range and t h e  

Nutzotin Mountains (near  t he  Canadian border ) .  



The boundary of the  northern,  almost continuous, permafrost zone runs 

from the middle of Kotzebue Bay t o  the  Mackenzie River mouth. A l a rge  p a r t  

of Alaska is covered by the middle perniafrost zone which encompasses t h e  

c e n t r a l  and lower Yukon River bas in .  The boundary of  t h i s  zone presented by 

P.  Smith (1930) and R .  Black (1954) does not  d i f f e r  s i g n i f i c a n t l y  from t h a t  of 

Taber (1930). 

The permafrost depth i n  Alaska increases  from south t o  nor th  and from 

southwest t o  nor theas t .  I n  the v i c i n i t y  of Keno H i l l  (Canada) permafrost  i s  

encountered In the  mining p i t s  a l l  the  way down t o  110 - 122 m. According t o  

d r i l l  holes  the  thickness  of permafrost on Point Simpson (about 100 km e a s t  of 

Point   arrow) i s  314 m  lack, 1954). 

According t o  S.  Taber the  thickness  of permafrost i n  the  Kennecott copper 

mines exceeds 150 m and is l o c a l l y  180 and even 270 m. 

From the  temperature measurements a t  a l oca t ion  40 km aouthwest of Point  

Barrow ( ~ a c c a r t h y ,  1914) i t  is estimated t h a t  the thickness  of permafrost  i n  

nor theas te rn  Alaska may reach 450 m ( the  temperature of f rozen ground a t  a 

depth of 3 0  m, -g°C; the  v e r t i c a l  temperature gradient ,  2.1°C/100 m). 

According t o  R.  Black the permafrost  temperature a t  Point  Barrow a t  a depth of 

30 m i s  -5.5OC. With the  v e r t i c a l  temperature grad ien t  equal  t o  2 . 8 ° ~ / 1 ~ ~  m 

t h i s  gives  a permafrost thickneos of 396 m. 

R .  Black, using permafrost temperatures a t  t h e  30  m depth, es t imates  t h e  

thickness  of permafrost i n  Alaska t o  be 240 - 360 m I n  the northern zone 

(temperature from -5 t o  -lo°C), 60 - 120 m i n  the  nilddle permafrost with t a l i k  

zones (temperature from -1 t o  - 5 ' ~ )  and l e s s  than  30  m i n  the  southern sporadic 

permafrost zone (temperature above -l°C).  According t o  Black and MacCarthy 

the  v e r t i c a l  temperature grad ien t  i n  permafrost i n  the  l a t t e r  zone i s  24 - 66 

ny'deg. I n  the  f a r  nor th  of Alaska i n  the  polygonial  tundra zone it is 15 IT( 

deg. Our view l a  t h a t  t h e  l a t t e r  temperature grad ien t  requi res  f u r t h e r  

v e r i f i c a t i o n .  

Permafrost is a l s o  widespread i n  Canada. According t o  an  approximate 

ca l cu la t ion  it covers 5.7 mil l ion  km2. The i s l ands  of t h e  Arct ic  Archipelago 

with a t o t a l  a r ea  of 1.7 mil l ion  km2 a r e  included i n  t h i s  a rea .  Data on the  

permafrost d i s t r i b u t i o n  In Canada being based on random sampling a r e  not  very 

r e l i a b l e .  It s u f f i c e s  t o  say t h a t  a paper by L. Jenness (1949) lists only  45 

l o c a l i t i e s  where the  permafrost  depth has been measured. 

The southern boundary of permafrost  i n  Canada was p lo t t ed  f o r  the f i rs t  

time by the  Russian academician K.E. Baer (1855). More r ecen t  boundaries by 

L.A. Bra t t sev  and Jenness a r e  shown i n  Fig.  25. The boundary presented by 

Jenness is extremely approximate. It i n c o r r e c t l y  o u t l i n e s  the  zone of l a rge  

permafrost a r eas  and excludes p a r t  of the  sporadic  permafrost  zone. The 

boundary of L.A. Bra t t sev  (1940) is  more r e l i a b l e .  



The permafrost boundary i n  Fig.  26 has been based on observa t iona l  da ta .  

It has a l s o  been ve r i f i ed  by our ca l cu la t ions  which were based on methods 

used t o  determine the  permafrost boundary on the  t e r r i t o r y  of the  U.S.S.R. 

Judging from the physical-geographical condi t ions of Canada, the  permafrost  

boundary encompasses southern sec t ions  of f rozen pea t  s o i l s  i n  the  c e n t r a l  and 

eas t e rn  p a r t s  and sec t ions  of f rozen mineral  s o i l s  i n  the  northwestern p a r t .  

These da ta  on permafrost thickness  r e f e r  b a s i c a l l y  t o  the  southern 

borderland of the  permafrost a r ea .  The g r e a t e s t  depth of permafrost  should 

occur i n  northwestern Canada. According t o  Varnick ( ~ r a t t s e v ,  1940), the  

f rozen ground on Fero-Gulch Mountain* ( e l eva t ion  about 1600 m )  near  Dawson 

continued down t o  a depth of 120 m without reaching the  thawed s t r a t a .  The 

same thickness  of permafrost has a l s o  been encountered in o t h e r  mine p i t s .  

According t o  our ca l cu la t ions ,  on the  North American cont inent  the 

boundary of the  zone of la rge  permafrost  a r eas  in t e r sec t ed  by few tal . iks  

extends from the  Brooks range i n  northern Alaska, through the  Mackenzie River 

d e l t a  t o  the  southern coas t  of Amundsen Gulf where it  t u rns  south t o  reach 

Hudson Bay a t  Eskimo Point.  On the  e a s t  coast  of Hudson Bay i t  follows the  

60°C p a r a l l e l  t o  Nachvak Fjord (58 - 59"N) on the coas t  of Labrador. This 

boundary coincides  l o c a l l y  with the southern boundary of the  tundra,  and i n  

cont inenta l  regions,  with the  southern boundary of t he  f o r e s t  tundra.  

The permafrost  may be t h i c k e s t  on Baff in  Is land,  Ellesmere Is land and 

Boothia Peninsula, 1 .e .  north and no r theas t  of Hudson Bay (nor th  of l a t i t u d e  

70" 1. 
There is the  p o s s i b i l i t y  t h a t  permafrost  e x i s t s  under shallow and narrow 

bays and s t r a i t s .  W. Parry (1821) has observed i c e  formations growing out  of 

the sea bottom i n  many p laces  i n  t h i s  p a r t  of t he  archipelago which bears  h i s  

name. In Fig.  26 the  o u t l i n e s  of permafrost  i s l a n d s  in t he  Roclcies and 

Cord i l l e r a s  i nd ica t e  the  lowest a l t i t u d e  of t h e  permafrost  boundary a s  de te r -  

mined by our  ca l cu la t ions .  On high peaks of the  S i e r r a  Navada range (Dana, 

R i t t e r ,  ~ o n g l e y )  t h i s  boundary Is a t  3900 m i n  t he  southern p a r t  and a t  3300 m 

i n  the  north.  

On peaks of the southern Rockies i s o l a t e d  a reas  of permanent snow a r e  

observed. Computations i n d i c a t e  t h a t  i n  these  a reas  the  lower permafrost  

boundary i s  4000 m, while the  h ighes t  peaks reach an a l t i t u d e  of 4396 m 

( ~ l b e r t  Mountain peak).  S. Weiser (1875) has  discovered permafrost  i s l a n d s  i n  

the  v i c i n i t y  of t h i s  peak. Our computations agree with the  a c t u a l  observat ions 

here  . 

* Trans la to r ' s  note:  Cannot i d e n t i f y .  



In Canada the absolute a l t i t u d e  of the lower boundary of permafrost i n  

the Rockies increases from 300 m i n  the  north t o  2400 m i n  the  south a t  the 

Canada-U.S.A. border. The a l t i t u d e  of the pernianent snow-line increases from 

660 m i n  the north t o  2300 - 3000 m i n  the south. 

Greenland occupies a spec ia l  place among the permafrost a reas  In the  

northern henilsphere. Taking i n t o  account t h a t  the average thickness of 

Greenland g lac ie r s  i s  2100 m and the maxlmum Inore than 3000 rn, and t h a t  they 

a re  i n  a mobile s t a t e ,  one can assume t h a t  the e a r t h  c rus t  under the g l a c i e r  

w i l l  be unfrozen. However, i f  the f reez ing of the  l i thosphere preceded the 

g lac ia t ion  the temperature of the frozen depth must have reached equilibrium 

with the new temperature regime of the bottom of the g lac ier .  

Considering t h a t  the annual mlnirnum temperature of the a i r  a t  the highest  

point  of the  glacier* is -32'C ( ~ e g e n e r )  and t h a t  the i c e  temperature a t  the 

l eve l  of zero annual amplitude i s  -30°C, the depth of the "colder" p a r t  of the 

g lac ie r  (when a v e r t i c a l  temperature gradient  of 2.5 - 3.3. O C  f o r  i c e  i s  

appl ied) ,  without correct ions f o r  the s t a t i c  and dynamic pressures of the i c e  

mass, may be estimated a t  900 - 1200 m. Below these depths, i n  the "warm" 

p a r t  of the g lac ier ,  a uniform temperature of o'C 'must p reva i l .  

From t h i s  it must be admitted t h a t  favourable conditions e x i s t  f o r  the  

formation of permafrost i n  the ice-free coas ta l  zone of Greenland. The area 

of t h i s  zone i s  approximately 340,000 k m  a s  compared t o  the  t o t a l  a rea  of 

Greenland of 1,670,000 km2. 

Apart from the coas ta l  zone, permafrost seems t o  exist  where the  depth of 

stagnant i c e  cover is l e s s  than 900 m. R. Black (1954) and o thers  suggest 

t h a t  the  thickness of permafrost under g l a c i e r s  i n  Greenland, Iceland, 

Antarctica and o ther  places is severa l  hundred metres. I n  our opinion t h i s  

suggestion can hardly be proven from the  geophysical considerations. 

One may assume from cl imatic  data t h a t  southwestern Greenland, where the 

mean annual temperature i s  around o O C  o r  somewhat higher (set t lements  of 

Iv ig tu t ,  Godthaab and Angmagssalik), i s  f r e e  of permafrost. 

The high l a t i t u d e  of Iceland (73 - 66ON) c rea tes  favourable conditions 

not only f o r  the  g lac ia t ion  but a l s o  f o r  the f reez ing of the l i thosphere.  

According t o  G. Poser (1932), seasonal thawing of s o i l  t o  a depth of 0.4 m i s  

observed In  August a t  Djungfell ( i n  northeastern Iceland).  In the eas te rn  

p a r t  of the  i s land and i n  the  v i c i n i t y  of Akureyri (northern Iceland) and 

Reykjavik, polygonal s o i l s  and s o l i f l u c t i o n  a re  encountered. According t o  

Spethniann (1912) i c e  mounds and subterranean i c e  a t  d i f f e r e n t  depths a r e  noted 

* A t  an a l t i t u d e  of 3300 m i n  cen t ra l  Greenland i n  1930 - 1931 (Kalesnik, 
1939 1 



in many par t s  of Iceland. I n  the northernmost regions the permafrost may be 

found a t  a depth of 1 - 1.5 m. It must be assumed t h a t  i t  i s  widespread on 

t h i s  is land p a r t i c u l a r l y  i n  the h i l l y  sec t ions .  

Numerous observational data indica te  t h a t  permafroat is present  everywhere 

i n  Spitzbergen. Its depth a t  Barentsburg* is 300 m o r  more with the  lowest 

temperature of -5OC (~enkov ,  1937). One must assume t h a t  permafrost i s  

Incomparably deeper and i t s  temperature lower i n  the northern p a r t  of West 

Spitzbergen Island and i n  the  "Northeast  and" i s l and .  This of course r e f e r s  

t o  areas f r e e  of i c e  cover. 

Judging from t h e i r  na tu ra l  conditions the  remaining a r c t i c  i s l ands  a r e  

characterized by th lnner  permafrost than the nearby sec t ions  of continents .  

This i s  due t o  the warmlng influence of the  ocean. 

The region of the  continental  she l f  bordering the northern shore of 

Siber ia  Is of p a r t i c u l a r  i n t e r e s t .  Seasonal f reez ing of bottom sedimentations 

is noted in its shallow sec t ions .  In recent ly  submerged sec t ions  permafrost 

with year  round temperatures below O°C Is observed under the  water. 

From the geocryological poin t  of view polar  regions of the  southern 

hemisphere have hardly been explored. The cl imatic  conditions i n  southern 

polar  regions a re  more severe, with colder  winters and cooler  summers than i n  

the  Arctic lands. The mean annual a i r  temperature i n  c e n t r a l  Antarctica i s  

below -50°C. Although the coas ta l  a reas  of the continent a re  considerably 

warmer than the cen t ra l  pa r t s ,  conditions even a t  sea l eve l  (annual mean a i r  

temperature of -8 t o  -loOc) favour the  existence of "permanent" snow and i ce .  

I n  the Antarctic,  permafrost i s  l imited t o  areaa where the  e a r t h ' s  

surface Is covered by seasonal ( ~ u n g e r  oas i s  and o the r s )  o r  perennial  snow 

cover and by a "cold" i c e  sheet  having a temperature below O°C a t  the  base. 

The oases are'known a s  "nunataks". The thickness of the  i c e  sheet  i n  the  

Antarctic exceeds 2000 m i n  aome places.  Where the i c e  sheet  of t h i s  thick-  

ness i s  i n  motion permafrost may be absent under it. 

One of the  p e c u l i a r i t i e s  of the  Antarct ic  i c e  sheet  is t h a t  i ts  upper 

p a r t  cons i s t s  of snow and f i r n  (n&g) whereas pure Ice  occurs a t  a considerable 

depth. For t h i s  reason the geothermic conditions i n  the Antarct ic  i c e  sheet  

a re  somewhat d i f f e r e n t  from the  Greenland i c e  sheet .  In the  Antarct ic  the 

"cold1' p a r t  of the i c e  sheet must be th icker  than i n  Greenland. A mobile i c e  

sheet with a depth of l e s s  than 900 m cannot prevent deep f reez ing  of the 

l i thosphere.  

* Transla tor ' s  note: Russian coal-mining set t lement .  



According t o  a t e n t a t i v e  repor t  by P.A. S h m s k i i  on the  s c i e n t i f i c  

r e s u l t s  of the In tercont inenta l  Team of the  Soviet Antarctic Expedition from 

February 7 t o  March 7, 1957, the i c e  sheet  i n  the eas tern  Antarct ic  cons i s t  of 

i s lands  of very th ick  i ce .  The mean annual temperature of i c e  a t  the l eve l  of 

zero annual amplitude reaches - 1 5 O C  a t  a  point  (e levat ion  857 m )  55 km from 

Mirnyi (base of the  expedit ion)  and -27.6OC a t  a point  (e levat ion  1714 m )  

150 lun from ~ l l r n y i .  F.leasurements i n  bore-holes indica te  t h a t  the  temperature 

decreases with depth. P.A. Shumskii explains t h i s  by the  inflow of "cold" i c e  

from the  c e n t r a l  g l ac ie r s .  

Outside of the Antarctic permafrost may e x i s t  i n  the southern hemisphere 

i n  the  following regions: i n  South America, i n  Tier ra  d e l  Fuego, on t h e  

Falkland Islands, on Kerguelen and Heard Is lands ( i n  the Indian ocean) and on 

South Island of New Zealand. 

According t o  C. Darwin (1871) descr ib ing  a  round-the-world voyage, 

permafrost seems t o  e x i s t  on the  Sandwich and Shetland Is lands.  According t o  

F. Cooke Sandwich Island was covered by a  l aye r  of  permanent snow and i c e  

severa l  sazhent* deep. On the South Shetland Is lands the  e a r t h ' s  c r u s t  con- 

sists of in te rmi t t en t  layers  of i c e  and volcanic ash. 

In  Tier ra  d e l  Fuego layers  of cold lava and volcanic ash a l t e r n a t e  with 

l aye r s  of i c e  ( ~ r a t t s e v ,  1940). This permafrost s t r u c t u r e  extends t o  a con- 

s iderable  depth and is the r e s u l t  of numerous burkals of accumulated snow by 

volcanic dus t  e jected during volcano erupt ions.  S imi lar  conditions a r e  a l s o  

observed on the Karnchatka Peninsula. 

Previous remarks on the r e l a t ionsh ip  between a l t i t u d e s  of the  permanent 

snow-line and the lower boundary of permafrost i n  mountains a r e  the  b a s i s  f o r  

inves t iga t ions  of permafrost in the  mountains of South America. 

In t he  S ie r ra  Nevada de Santa Marta mountain range of Colombia where 

peaks r i s e  t o  5100 m and where the permanent snow-line i s  a t  4600 - 4700 m, 

permafrost should not occur because of the  p o s i t i v e  mean annual a i r  and s o i l  

temperature regime. 

In Chile, Argentine and i n  the Peruvian Andes (from 17 - 2T0S) the  

permanent snow-llne i s  located a t  an a l t i t u d e  of 5000 - 6100 m. The lower 

boundary of permafrost seems t o  be a t  t h i s  a l t i t u d e  a s  well .  

In t he  Chilean Andes the permanent snow-line, a t  an a l t i t u d e  of 1700 m, 

is below the  lower boundary of the  permafrost because of t h e  l a rge  amounts of 

p r e c i p i t a t i o n  (up t o  3000 mm per  year ) .  

In the  Magellan S t r a i t  region the permanent snow-line drops t o  an 

a l t i t u d e  of 1200 m and i n  T ie r ra  d e l  Fuego t o  500 m .  

- 
* Trans la to r l s  note: An old Russian u n i t  of length = 7 f e e t .  



Taking i n t o  account the considerable a l t i t u d e  of mountain peaks which i n  

many cases exceed the calculated a l t i t u d e s  of the  lower boundary of permafrost, 

there  i s  no doubt t h a t  the l a t t e r  e x i s t s  on a number of peaks. This is a l s o  

ver i f ied  by Hunlboldt and Boltza (Brat tsev,  19110). 

In the region of Chimborozo peak ( i n  northern South ~ rner ica )  it has been 

establ ished t h a t  huge i ce  masses e x i s t  under the  mellow sandy s o i l s  below the 

permanent snow-line . 
Our calculat ions on the a l t i t u d e s  of the  lower boundary of permafrost on 

the South American continent a re  given i n  Table X I I .  

Since many peaks a re  higher than the computed a l t i t u d e s  of the  lower 

boundary of permafrost, the existence of permafrost on o the r  low l a t i t u d e  

mountain peaks is beyond any doubt. 

Outside the South American continent pernlafrost can occur on the  South 

Island of New Zealand. In par t i cu la r ,  small permafrost i s l ands  may be located 

i n  Cooke Mountain ( a l t i t u d e  3768 m ) .  The permanent snow-line on its north- 

western slope is a t  an a l t i t u d e  of 1850 - 2100 m, on i t s  southeastern s lope 

2300 - 2400 m. A t  the l a t i t u d e  of Cooke peak (43OS) it rimy be assumed t h a t  

the lower boundal-y of permafrost would be a t  an a ' l t i tude  of 3000 m .  

Permafrost i s  a l s o  possible  on 6010 m ICilimanjaro Mountain ( c e n t r a l  

~ f r i c a ) .  According t o  our ca lcula t ions  conditions a r e  favourable f o r  the  

existence of permafrost above 5200 m. Ice formations have been observed on 

the peak of t h i s  mountain  lute, 1920). 

The Surface Area of Permafrost i n  the  U.S.S.R. and on the  Globe 

The surface area of permafrost i n  the U.S.S.R. has been calculated by 

severa l  authors.  The accuracy of these ca lcula t ions  i s  r e l a t i v e  s ince  i t  

depends on the r e l i a b i l i t y  of l a t i t u d i n a l  and a l t i t u d i n a l  boundaries of perma- 

f r o s t .  

The f i r s t  estimate of the surface area of permafrost i n  t h e  U.S.S.R. was 

made by N.S. Bogdanov (1912). He arr ived a t  an approximate f igure  of 7,000,000 

square versts* . 
M.I. Sumgin (1927) estimated the  surface extent  of permafrost a t  7,000,000 

km2. 

I n  1930 N.N. Lebedev under the d i r e c t i o n  of M.I. Sungin, recalculated the 

surface area of permafrost within M.I. Sumgin's permafrost boundary (p lo t t ed  

on a cha r t  with a s c a l e  of 1 : 4,000,000). He ar r ived a t  a value of 

* Transla tor ' s  note: A vers t  was an old Russian u n i t  of length equal  t o  
1.609 k m  o r  1 s t a t u t e  mile.  



9,657,960 k m  , which a l s o  Included the permafrost a rea  on Novaya-Zemlya. 

M . I .  Sumgin (1937) talcing i n t o  account the  frozen ground i n  the  Pamir 

est imates  the t o t a l  surface area of permafrost i n  the  U.S.S.R. t o  be approxi- 

mately 10 mil l ion k m 2 ,  1.e .  about 43s of the t o t a l  area of the U.S.S.R. 

(23.2 mil l ion k m 2 ) .  

In 1949 N . I .  Egorov (1952) calculated the permafrost area from V.F. 

Tunlel (1945) pernufrost  rnap and obtained a value of 10,767,000 km2 (48.1% 

of the area of the U.S.S.R. ) .  This area included the a r c t i c  i s lands .  

According t o  V.A. Kudryavtsev's (1954) permafrost map, the perlnafrost area In  

the U.S.S.R. i s  10,609,900 km2. 

Tumelts and Kudryavtsevts permafrost maps have a l s o  been used t o  est imate 

temperature zones of the permafrost. The r e s u l t s  a r e  presented i n  Table X I I I .  

In 1954, N . I .  Oul'nev using the  permafrost boundary of I.Ya. Baranov 

(1950, 1952) calculated the permafrost area i n  the  U.S.S.R. He obtained a 

value of 11,115,000 km2, which cons t i tu t e s  49.7% of the t o t a l  a rea  of the 

U.S.S.R. Simultaneously he a l s o  calculated the  areas  of permafrost i n  varloua 

physical-geographical zones. The r e s u l t s  of these ca lcu la t ions  a r e  presented 

in Table X N .  

Table X N  Indica tes  c l e a r l y  t h a t  the d i s t r i b u t i o n  of permafrost is non- 

zonal and t h a t  it depends on a number of physical-geographical and geological 

conditions.  Most of the  permafrost area l i e s  i n  the boreal  zone mainly e a s t  

of the Yenlsei River. In regions of oceanic Influence the  permafrost a rea  is 

r a t h e r  l imited.  Our computations emphasize the e f f e c t  of the  con t lnen ta l i ty  

of cl imate and the  a l t i t u d e  of the  t e r r a i n  on the heat  exchange between the 

atmosphere and the  l i thosphere.  

A t  the  same time the extent  of permafrost i n  the  t e r r i t o r i e s  of the  

Mongolian and'chinese People's Republics adjoining Siber ia  was ca lcula ted .  

I n  the Mongolian People's Republic the  permafrost a rea  amounts t o  846,000 km2, 

i n  northeastern China t o  427,000 km2. 

A rough est imate of permafrost d i s t r i b u t i o n  on the  globe gives the 

following values*. 

* It must be pointed out  t h a t  a reas  with sporadic permafrost and a reas  under 
i c e  shee ts  have been included i n  these values.  The permafrost area under 
i c e  shee ts  i s  not ye t  known exact ly  and cannot therefore  be taken i n t o  
account separa te ly .  



1. Northern Henlisphere 2. Southern Hemisphere 

..... U.S.S.R. .......... 11 n i l l i o n  km2 Antarctica 13.5(?) mil l ion km2 

Mongolian People I s  

Republic ....... 0.8 ~t o 
Total  f o r  both 

hemispheres 34.5 mill ion krn2 
China (without 

~ i b e t )  ......... 0.4 11 11 

North American 
fajont inent:  Alaska 

1.5 II II ....... 
b Canada 5.7 II 

11 ....... 
Greenland ......... 1 .6 (? )  11 

21.0 mil l ion km2 

It follows from the above data  t h a t  permafrost occupies up t o  238 of the 

t o a l  land area of both hemispheres (149.0 mil l ion km2). 

These da ta  may change s i g n i f i c a n t l y  i f  i t  is shown t h a t  permafrost does 

not  e x i s t  under the i c e  sheets  of Greenland and the Antarctic,  o r  is of 

limited extent .  

Permafrost a reas  i n  Tibet ,  t h e  Himalayas, Hindu Kush, Iceland, northern 

Scandinavia, the  Alps and the  1nd)vidual permafrost i s l ands  in the  Cordi l le ras  

on the  North and South American continents  were excluded s ince  they a r e  

d i f f i c u l t  t o  estimate.  Nevertheless t h i s  t o t a l  area of permafrost must be 

considered a s  the  possible  maximum area .  

R. Black's data  on the d i s t r i b u t i o n  of permafrost a r e  presented Fn 

Table XV. 

According t o  Black permafrost occupies about 22% of the land a rea  i n  the  

northern hemisphere (99.33 mil l ion k n 2 )  and up t o  27$ of the  land area i n  the  

southern hemisphere (47.9 mil l ion k m 2 ) .  Permafrost occupies about 24% of t h e  

t o t a l  land area of the  ea r th .  The permafrost area i n  mountains c o n s t i t u t e s  

about 2% of the t o t a l .  

In view of Black's ideas on permafrost formation i n  Greenland and Alaska 

h i s  data must a l s o  be considered condit ional .  It i s  probable t h a t  in the  

fu ture  when permafrost boundaries a re  more exact ly determined these values of 

permafrost areas,  p a r t i c u l a r l y  i n  the southern hemisphere, may be reduced 

considerably. 
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Table XI1 

Con~puted a l t i t u d e s  of the  lower boundary of permafrost  
on the  South American cont inent  

Table XI11 

Areas of var ious  temperature zones of permafrost  In t he  U . S . S . R .  

Lati tude (deg)  

Alt i tude  (metres)  

0 

5800 

20 

5400 - 5500 

Permafrost temperature a t  
t he  depth of 5 - 10 m (OC) 

............ From 0 t o  -1 
From -1 t o  -3 ............ 

............ From -3 t o  -5 
.......... Frorn -5 t o  -10.. 

Below -10 ................ 
Tota l  permafrost a rea  In 
the U.S.S.R. ............ 

Percent of t h e  t o t a l  a rea  
......... o f  t he  U.S.S.R. 

43 

2700 

35 

3900 

According t o  
V.A. Kudryavtsev 

5 4 

900 - 1000 

According t o  
V.F. Tumel1 

Area, km2 

2,066, 100 
1,6112,950 
2,477, 550 
3,275,100 
1,148,200 

l0,60g,g00 

47.4 

' 

Area, km2 

3,428,500 
1,603,500 
1,406,100 
3 , 9 1 3 , L ~ ~ ~  

rc~9,  500 

10,767,000 

48.1 

$ of t o t a l  
a r ea  

19.5 
15 . 5 
23.3 
30.9 
10.8 

100 

- 

$ 
area  

31.6 
14.9 
13.1 
36.4 
3.6 

100 

- 



Table XTV 

The a r e a s  o f  perifiafr0s.l; i n  var ious  
physical -geographical  reg ions  

* Of the  h i l l y  tundra p e r c ~ a f r o s t  a r ea ,  
1,340,000 km12 ( i nc lud ing  a r c  t i c  i s l a n d s  
wi th  an a rea  of 73,000 krn2) l i e s  no r th  of 
l a t i t u d e  60°N and 146,000 km2 sou th  o f  i t .  

Zone 

H i l l y  tundra 
Tundra 
Fo re s t  tundra 
Fo re s t  zone 
Porcs t  s t eppe  
Steppe 
Desert  

Table XV 

Area of perl-nafrost on t h e  globe ( i n  m i l l i o n  km2) 
according t o  R .  Black (1954) 

Area, lun2 

1,406,00@ 
1,570,000 

261, 000 
7,308,000 

153,000 
276, 000 

40,000 

Percent  of t he  
t o t a l  permafrost 

a rea  

13.4 
14 .1  
2.4 

65.8 
1.4 
2  . 11 
4 . 0  

* Including 0.23 in the  U.S.A. 

T o t a l  

20.53 

7  -32 
7.32 

35.05 

hemisphere 'Orthern 

7.56 

7.32 
'7.22 

22.09 

Xorth 
America 

3.89 

5 . G  
3.46" 

11.01 

Zones 

Continuous permafrost  ... 
Continuous permafrost  
wi th  t a l i k  i s l a n d s  . . . . . 

Permafrost i s l a n d s  ...... 
Tota l  . . . . . . . . 

Antarc t ica  

12.98 

- 
- 

12.98 

3 .66 

3.66 
3.76 

11.08 
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Distribution of permafrost (shaded areas) 
on the North American continent 
according to 1.Ya. Baranov (1954) 


