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FOREWORD 

In 1950 the Division of Building Research initiated 
a program of permafrost investigations as part of its 
research on building problems in northern Canada. 
Fundamental and engineering studies are being conducted 
on a continuing basis to gain a better understanding of 
and provide solutions to permafrost problems confronting 
construction activities in northern Canada. 

Because of the long history of investigations and 
construction in the permafrost region of the U.S.S.R., 
particular interest is being given to the large body of 
Russian litera,ture now available in this field. The 
agency in the U.S.S.R. which is conducting research on 
permafrost and related phenomenon is the V.A. Obruchev 
Instltute of Permafrost Studies (~nstitut Merzloto- 
vedeniya). One of its publication series is entitled 
"~ata on the principles of the study of frozen zones in 
the earth's crust" and is issued about once a year. 
Each issue consists of a collection of papers by several 
research workers in the Institute covering a variety of 
fields including terminology, distribution, origin, 
association phenomenon, and engineering aspects of perma- 
frost. Issue I was a general introduction to the entire 
field of permafrost (geocryology). A brief outline of 
the contents of Issue I1 of which this is a translation, 
is contained in the Editor's Preface. Issue I11 has 
been translated and will be available for publication 
in the near future: it provides information on studies 
being conducted currently in the U.S.S.R. and should be 
of interest and value to those engaged in permafrost 
investigations. 

The Division Is grateful to Mr. D.A. Sinclair of 
the N.R.C. Translations Section for his cooperation and 
to Mr. V. Topchy of the same section who spent consider- 
able time in preparing the translation drafts for 
publication. 

Ottawa 

January 1962 

R.F. Legget 

Director 
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PREFACE 

The present collection of articles is the second 
issue of the data on the principles of the study of 
perennially frozen soil zones. 

In his article "The origin and development of massive 
fossil ice", A.I. Popov examlnes the conditions of forma- 
tion and produces evidence that ice deposits (wedges) of 
considerable thickness are contemporaneous (syngenetic) 
with flood plain soil deposits containing them. 

S.P. Kachurin in his article "Is the development of 
thermokarst always indicative of a recession of the perma- 
frost table" gives convincing examples of thermokarst 
features developing not only where the permafrost is un- 
stable, but also in such areas where the physical geo- 
graphical conditions are conducive to a most intensive 
cooling of soils. 

F. G. Bakulin in his article "Concerning M.N. 
Go1 fdshtein's hypothesis on the redistribution of mois- 
ture and ice segregation in frozen soil." analyzes 
critically the point of view according to which osmotic 
preasure is supposed to play an exclusive role in the 
process of redistribution of moisture in freezing soil. 

In other articles the authors criticize the short- 
comings of some of the current concepts and terms in the 
study of permafrost (geocryology) and suggest improvements 
of terminology. 

The ma-terials collected in this symposium deserve 
the attention of scientists and experts in the correspond- 
ing applied fields, and it is hoped that they will be 
widely discussed especially since they are intended for 
discussion and are published in connection with the 
planned conference on the questions of geocryology (the 
study of permafrost ) . 

Editor 



THE O R I G I N  AND DlXELOPMJ3NT OF MASSIVE FOSSIL ICE 

A . I .  Popov 

Over vas t  a reas  of the northern p l a in s  of  Asia. and America 

there  a r e  massive accumulations of i c e ,  covered only by a t h i n  

l aye r  of porous s i l - t y  and peaty depos i t s .  A s  we know, such i c e  

formations a r e  most evident  i n  northern S i b e r i a  - the  New Siber ian  

I s l ands ,  the Priniorle lowlands, Taimyr Peninsula and c e n t r a l  

Yakutia. 
For a long time the  o r i g i n  of f o s s i l  i c e  w a s  obscure. This 

quest ion always aroused i n t e r e s t  i n  the  Russian Academy of Sciences,  

and l a t e r  i n  the  Academy of Sciences of the  USSR. 

Russian i nves t i ga to r s  A.E. Figur in  (1823),  I . A .  Lopatin (1876) 

and A.A. Bunge (1887, 1902) a t  d i f f e r e n t  times came t o  the  conclu- 

s ion  t h a t  f o s s i l  i c e  o r ig ina ted  when water seeping i n  from the  

surface  f roze  i n  the  thermal f i s s u r e s  and formed i c e  wedges. 

Another i nves t i ga to r ,  E.V. T o l l 1  (1897), considered t h a t  the  massive- 

ness  of f o s s i l  i c e  con t rad ic t s  such an explanat ion of i t s  o r ig in .  
, I n  h i s  opinion, fossi l .  i c e  i s  a r e l i c  of t he  i c e  age, a remnant of 

former g l ac i e r s .  I .P .  Tolmachev (1903) and A.A. Grigor Iev (1932) 

considered t h a t  f o s s i l  i c e  on the  S iber ian  p l a i n s  formed during the  

g l a c i a l  period as a r e s u l t  of accumulation of snow which subsequent- 

l y  changed i n t o  f i r n .  This hypothesis proved t o  be popular and w a s  
dominant u n t i l  recent ly .  

Personal observat ions and an ana ly s i s  of the  mate r ia l s  

co l l e c t ed  by previous i nves t i ga to r s  have l ed  the  author  t o  the  

conclusion t h a t  the  f i r n  hypothesis is e n t i r e l y  unacceptable. It i s  
not  poss ib le  t o  prove t h i s  po in t  here ,  but  those who wish t o  
acquaint  themselves with the  arguments aga in s t  t h i s  hypothesis may 

a v a i l  themselves of the  a r t i c l e s  by P . I .  Koloskov (1946)~  
S.P. Kachurin (1346) and A . 1 ,  Popov (1953). 

A c r i t i c a l  ana ly s i s  of the  work of I . A .  Lopatin, A.A. Bunge, 

E.V. T o l l ' ,  G, Maydel1, K .  Leffingwell ,  K.A.  Vollosovich, 



P.K. Khnyznikov, P.F.  Shvetsov, A.N.  Tolstov, N.F. GrigorPev,  

N.A.  Grave and .o the r s ,  made on the  b a s i s  of personal  observat ions 

i n  1949 and l a t e r ,  prompted the  author  t o  agree with A . A .  Bunge t h a t  

the  f o s s i l  i c e  i n  nor thern  S i b e r i a  i s  mainly f i s s u r e  i c e .  

According t o  A . A .  Bunge, t he  widening of the  i c e  wedges takes  

p lace  owing t o  t he  cracking up of the  e n t i r e  polygonal system of 

depos i t s  i n  winter  and the  f r e ez ing  of water t h a t  f i l l s  the  
f i s s u r e s  i n  spr ing .  Every year  the  f i s s u r e s  occur i n  t he  same 
places ,  c leaving the  i c e ;  t he  i c e  i s  t he r e fo r e  v e r t i c a l l y  s t r i a t e d ,  

and t h e  wedges grow, accompanied by ro l le r -shaped heaving on t he  

surface .  This explanat ion appears t o  be co r r ec t ,  but  does not  
r , , ' Z ' ( , ' t . i r : t .  

account f o r  some izapm'tfeffteftt genet ic  f e a tu r e s  of f o s s i l  i c e  and, a s  

we s4al-I  see ,  needs t o  be developed f u r t h e r .  

That t he  p r i nc ipa l  masses of f o s s i l  i c e  a r e  of the  same o r i g i n  

i s  a t t e s t e d  f i r s t  of a l l  by t h e  f a c t  t h a t  i t  i s  i nva r i ab ly  assoc i -  

a t ed  with a l l u v i a l  p l a i n s  and always conta ins  s i l t y  pea t  r i v e r  o r  

lake  sediments, and by t he  v e r t i c a l  s t r e aks  i n  i t s  t ex tu r e .  These 

f ea tu r e s  a r e  known t o  be c h a r a c t e r i s t i c  of f i s s u r e  o r  wedge i c e ,  

o f t en  found on present-day f lood p l a i n s  and low-lying r i v e r  

te r races* ,  

Wedges of f i s s u r e  i c e ,  as a r u l e ,  join each o the r  a t  a r i g h t  

angle,  and form a  polygonal l a t t i ce - shaped  design over v a s t  a reas  

of r i v e r  va l l eys .  F i s su re  i c e  i s  o f t en  erroneously taken f o r  l a y e r  

i c e ,  s ince  l a rge  wedges l a i d  bare lengthwioe by a r i v e r  o r  the  s ea  

appear l i k e  l aye r s ,  

Thus according t o  A . A .  Bunge the  p r i n c i p a l  mass of f o s s i l  i c e  
found on the  N e w  S ibe r ian  I s l ands  and the  Pr imor te  lowlands i s  of 

f i s s u r e  o r i g in .  But how can one expla in  the f a c t  t h a t  it i s  s o  

t h i ck?  

* P.F. Shvetsov observed wedge i c e  i n  marine depos i t s  on t he  i s l a n d s  
i n  t h e  Chaun Bay. Ice  wedges were found i n  marine depos i t s  on t h e  
Ar t i c  i s l ands  by P.A. Shunskii .  This  proves t h a t  t h e  formation of 
i c e  wedges takes  p lace  not  only syngene t i ca l ly  i n  the  course of 
the  development of f lood p l a in s ,  but  a l s o  occurs ep igene t i c a l l y ,  
a s  a r e s u l t  of f r eez ing  up of s i l t  t h a t  i s  oversa tura ted  with 
rrioisture, ( ~ d . )  



According t o  A . A .  Bunge, t h e  f i s s u r e s  form i n  f rozen  depos i t s  

which were porous; the  i c e  wedges gradual ly  pene t ra te  from above 

downward, c u t t i n g  p rogress ive ly  through deeper l a y e r s  of f rozen  

s o i l .  
P.F. Shvetsov expressed a somewhat d i f f e r e n t  view on the  

formation of i c e  wedges. I n  h i s  opinion both the  f i s s u r e s  and the  

i c e  wedges o r i g i n a t e d  during t h e  i n i t i a l  per iod  of the  f r e e z i n g  of 

unconso!.idated beds t h a t  had formed under flooded condi t ions .  P.F. 

Shvetsov a r r i v e d  a t  t h i s  conclusion on t h e  b a s i s  of the  argument 

t h a t  the  v e r t i c a l  temperature g rad ien t  i n  the  l a y e r s  of s o i l s  i s  

g r e a t e s t  a t  t h e  time when they a r e  beginning t o  f r e e z e  up; as t h e  

th ickness  of the  f rozen  strata of s o i l  i nc reases  t h e  temperature 

g rad len t  decreases .  

Thus, the  most favourable condi t ions  f o r  the  formation of 

f i s s u r e s  and i c e  wedges occur during t h e  i n i t i a l  per iod  of f r e e z i n g  

of t h e  s o i l s ;  as the  depth of f r e e z i n g  inc reases ,  t h e  i c e  wedges 

grow i n  depth. P.F. Shvetsov t h e r e f o r e  t akes  the  p o i n t  of view of 

ep igene t i c  growth of wedge i c e .  

E.V. T o l l '  was of t h e  opinion t h a t  t h e  p e n e t r a t i o n  of i c e  

f i s s u r e s  i n t o  the l a y e r s  of f rozen s o i l  could ha rd ly  occur  on a  

considera-ble acal-e . Moreover, the  f a c t  t h a t  I c e  wedges p e n e t r a t e  

deep i n t o  the  s o i l  poses t h e  quest ion of where l i e s  t h e  s o i l  

d isp laccd  by the  cons tan t ly  growing i c e  wedges. 
S i l t y  p e a t  depos i t s ,  which A.A.  Bunge c a l l s  "ear th" depos i t s ,  

form v e r t i c a l  columns i s o l a t e d  from one another  and d i s t r i b u t e d  i n  

checkered o rde r  i n  the  i c e ,  owing t o  the  polygonal system of the  

i c e  depos i t s .  E.V. T o l l ' ,  observing such " s o i l  columns" i n  the  i c e  

of the  shore outcrops,  considered them as secondary mineral  f i l l i n g  
up of f i s s u r e s  t h a t  c u t  through a s o l i d  mass of g l a c i e r  i c e .  Now 

we know t h a t  these  columns a r e  blocks d iv ided  and i s o l a t e d  by I c e ,  

and t h e r e f o r e  the  i c e  cannot be of  l.ayer formation. 

I n  view of t h i s  i t  cannot be considered t h a t  the  i c e  i s  of 

primary formation and t h e  s o i l  of secondary formation, a s  E.V. T o l l '  

bel ieved,  bu t  n e i t h e r  can one agree wi th  A . A .  Bunge t h a t  t h e  s o i l  

i s  of primary formation and the  i c e  of secondary formation, which 



app l ies  t o  t h i n  f i s s u r e  i c e  but  cannot be advanced as an explana- 

t i o n  of the o r i g i n  of t h i ck  f i s s u r e  i c e .  A new po in t  of view, 

which w i l l  be explained belorr, breaks the  deadlock over t h e  cause 

of controversy between E.V. T o l l '  and A.A.  Bunge. 

The invar iab le  a s soc i a t i on  of the  i c e  with s i l t y  pea t  depos i t s  

can be explained as follows. According t o  our  observat ions i n  t he  
North, thermal f i s s u r e s  i n  s i l t y  and peaty s o i l s  pene t ra te  very 

deeply, down t o  and inc luding t h e  upper l a y e r s  of permafrost,  far  

beyond the  depth of seasonal  thawing i n  these  s o i l s .  I n  sandy s o i l  

the  f i s s u r e s  a r e  not  very deep; they do not  pene t ra te  i n t o  perma- 

f r o s t ,  and the  depth of the  seasonal  thaw i n  sand i s  g r e a t e r  than 

the  depth of f i s s u r e  pene t ra t ion .  I c e  wedges the re fo re  form and 

groh i n  s i l t y  and peaty s o i l s ,  and as a  r u l e  do not occur i n  sand. 

These s i l t y  and peaty  formations a r e  p r imar i ly  depos i t s  i n  
l a r g e r  and smal ler  depressions i n  hulnmocky pol.ygons of f lood p l a i n s ,  

usua l ly  saucer-shaped and boggy, and cons i s t  mostly of interbedded 

l ayers  of sandy c lay  s o i l  and a l l u v i a l  pea t ,  and a l s o  indigenous 

pea t  sometimes conta in ing  ma~nrnoth bones, occas ional ly  even with t h e  

remains of muscular t i s s u e s ,  sk in  and f u r .  

Our research  has e s t ab l i shed  t h a t  f i s s u r e  i c e  forms and 

develops during t he  per iod  when a t e r r a c e  i s  s t i l l  a f lood p l a i n  

pe r i od i ca l l y  inundated during thaws. l a e n  t he  f looding and t h e  

accumulation of depos i t s  cease,  the  accumulation of i c e  a loo  s tops .  

The e s t ab l i shed  connection between the  f lood regime and the  

development of f i s s u r e  i c e ,  and the  f a c t  t h a t  f lood depos i t s  always 

accompany f o s s i l  I c e  on a l l u v i a l  pl.ains, l ed  us  t o  t he  conclusion 

t h a t  f lood depos i t s  and f i s s u r e  i c e  accumulate simultaneously 

(A.I. Popov, 1953). 
Def in i t e  proof of the  cor rec tness  of t h i s  view i s  provided 

by the  following f a c t s :  ( a )  the phase content  of t h i c k  f lood 

depos i t s  i s  uniform; ( b )  the  curvature of t he  l aye r s  of s o i l  a t  

po in t  of c o ~ t a c t  with the  i c e  wedges changes unevenly with depth; 

( c )  depos i t s  between the  i c e  wedges of d i f f e r e n t  l e v e l s  show 

horizontal .  changes of phase. 



The r e q u i s i t e  condit ion f o r  a pa.ral.le1 accumulation b f  i c e  and 
s o i l  depos l t s  i s  provided by the  permafrost regime t h a t  accompanies 

t h i s  process .  Its r o l e  cons l a t s  i n  the  gradual r i s e  of t he  perma- 

f r o s t  t ab l e  as the su r face  of the  f lood p l a i n  r i s e s  with the  

accumulation of depos i t s .  This takes  p lace  as a r e s u l t  of deep 
winter  f r eez ing  of s o i l s  while the  depth of summer thawing remains 

the  same o r  changes only very s l i g h t l y .  

In  1949, 2.e.  a t  the  same time with but  e n t i r e l y  independently 

from our work, G. Ga l lv~ i t z ,  while s tudying pseudomorphosis of s o i l  
on wedge i c e  i n  f l uv io -g l ac i a l  depos i t s  i n  nor thern  Gernlany, came 

t o  h i s  conclusion about the  probable syngenet ic  accumulation i n  the  
p a s t  of i c e  wedges and s o i l  sediments. 

The growth of f i s s u r e  Ice  i s  the re fo re  p a r a l l e l  t o  and 

simultaneous with the accumulation of f lood sediments i n  a l l u v i a l  

p l a i n s  under severe cl~irnat ic  condi t ions  where the quan t i ty  of snow 
i n  winter  i s  smal.1. 

The connection between i c e  formation and the  regime of sedi -  

ment accumulation i n d i c a t e s  t h a t  i t  i s  poss ib le  f o r  the  f i s s u r e  i c e  

t o  be of any th ickness ,  depending on the th ickness  of f lood 
deposi t s ;  the re fo re  the  th ickness  of i c e  i s  i n d i c a t i v e  of t he  

d i r e c t i o n  and charac te r  of epeirogenic movements, of the  subsidence 

o r  r l s e  of a l l u v i a l  p l a i n s .  Thus, the  th ickness  of f o s s i l  i c e  i s  

an important d iagnost ic  geotectonic f e a tu r e .  

Considering massive f o s s i l  i c e  i n  the  p l a i n s  of northern 
S i b e r i a  a s  f i s s u r e  i c e  and not  f l r n  o r  g l a c i e r  i c e ,  we agree with 

A.A.  Bunge (2902) t h a t  t h i s  e l imina tes  t he  most concrete  argument 
i n  favor  of an e a r l y  cover g l a c i a t i o n  of t he  S ibe r ian  p l a i n s .  This  

conclusion i s  a l s o  i n  complete accord with the  opinions of I .P .  

Gerasimov and K.K. Pkrkov (1939) about the  l ack  of evidence of p a s t  
cover g l a c i a t i o n  on the  p l a i n s  of nor thern  S i b e r i a .  

111e do not  in tend t o  deny the  exis tence  of f o s s i l  g l a c i e r s ,  
f i r n  i c e  and various o the r  types of f o s s i l  i c e ,  bu t  we a r e  
convinced t h a t  f i s s u r e  i c e  i n  t he  a l l u v i a l  p l a i n s  of the  North 

c o n s t i t u t e s  the  l a r g e s t  acculnulations both i n  a r e a  and i n  th ickness .  



I n  r e c e n t  yea r s  t h e  worlcs of B.N. Dostovalov have been ve ry  

f r u i t f u l  i n  r e v e a l i n g  t h e  p h y s i c a l  n a t u r e  of  t h e  o r i g i n  of  t h e  

t e t r a g o n a l  system of  low-teinperature thermal  f i s s u r e s ;  he gave t h e  

f i r s t  s a t i s f a c t o r y  exp lana t ion ,  frorn a p h y s i c i s t ' s  p o i n t  of  view, 

of  t h e  n a t u r e  of a simulta,neous accwnulat ion of i c e  and sediments .  

P.A. Shunski l  and B. I .  Vtyurin  c o l l a b o r a t e d  f o r  t h e  p a s t  few 

yea r s  i n  t h e  s tudy  of pe t rography  of c o n t i n e n t a l  f o s s i l  i c e ,  

p r i m a r i l y  f i s s u r e  i c e  i n  t h e  n o r t h  o f  S i b e r i a .  The d e t a i l e d  and 

o r i g i n a l  pe t rog raph ic  s tudy  by P.A. Shwnskii has  confirmed from a 
new angle  t h a t  t h e  principal. mass of  f o s s i l  i c e  i s  of  f i s s u r e  

o r i g i n .  These i n v e s t i g a t i o n s  have f u r t h e r  confirmed o u r  view by 

p rov id ing  a d d i t i o n a l  evidence and have expanded ou r  concept on t h e  

development o f  f i s s u r e  i c e .  A f t e r  a cer ta . in  p e r i o d  of  doubt ing 

t h e  c o r r e c t n e s s  of o u r  b a s i c  concepts  r ega rd ing  t h c  p a r a l l e l  

accumulation o f  i c e  and sediments,  and t h e  p r e v a l e n t  format ion  of  

i c e  under f l o o d  p l a i n  cond i t ions ,  P . A .  Shumskii l a t e r  accepted  t h i s  

stanclpoint (P .A.  Shumskii, 1954) .  

Thus t h e  main o b s t a c l e  which h indered  E.V. T o l l t ,  A.A.  Bunge 

and o t h e r  i n v e s t i g a t o r s  i n  t h e i r  a t t empt  t o  e x p l a i n  t h e  n a t u r e  o f  

i c e  accunlulation was t h e  f a c t  t h a t  t hey  cons idered  s e p a r a t e l y  t h e  

process  of i c e  forlniation and t h e  p rocess  o f  sediment accumulation.  

This  d i f f i c u l t y  \!:as o n l y  overcome a f t e r  t h e s e  two p rocesses  were 

examined i n  t h e i r  i n t e r r e l a t i o n ,  as a s i n g l e  p r o c e s s .  

However, t h e  r e c o g n i t i o n  of t h e  s in lu l t ane i ty  of  t h e  accumula- 

t i o n  of  i c e  and f l o o d  sediments,  which exp la ined  t h e  n a t u r e  of t h i s  

p rocess  i n  p r i n c i p l e ,  d i d  n o t  p rovide  a convincing excl .anation o f  

i t s  nlechanisni i n  r e s p e c t  t o  t h e  g e o l o g i c a l  and morphological  

f e a t u r e s .  Unfor tunately ,  t h e  v:orlcs of P.A. Shwnskii g i v e  no answer 

t o  t h i s  problem. 

E a r l l e r ,  and l a t e l y  even more so ,  we made obse rva t ions  of 

morphological f e a t u r e s  of i c e  wedges and t h e  a s s o c i a t e d  s o i l s  t h a t  

malce t h e  i n t e r r e l a t i o n  between t h e  accumulation of  d e p o s i t s  and 

t h e  format ion of  i c e  c l e a r e r  and m k e  p o s s l b l e  a b e t t e r  under-  

s t a n d i n g  of t h e  s i~ l lu l taneous  course  of  t h e s e  two r e l a t e d  phenomena. 

Let us enumerate t hese  f e a t u r e s  and p o i n t  ou t  t h e i r  s i g n i f i c a n c e .  



I .  The c h a r a c t e r i s t i c  v e r t i c a l  s t r e aks  occurr ing  i n  i c e  wedges 

cannot always be observed, but  one can o f t en  see  small v e r t i c a l  

"elementary wedges" (according t d  the  ternllnology of B. N. 

~ o s t o v a l o v )  t h a t  cu t  ac ross  t r ansparen t  o r  v h l t e  non-transparent  

i c e .  Therefore the i c e  cannot be s a i d  t o  c o n s i s t  e n t i r e l y  of 

small elementary veins.  

2. Sorne times mineral and organic admixtures, i n s t e ad  of 
occurr ing  i n  v e r t i c a l  f i s s u r e  s t r e aks ,  a r e  d ispersed  throughout 

the i c e .  Consequently these  mate r i a l s  d id  not  pene t r a t e  I n t o  i c e  

through the narrow f r o s t  f i s s u r e s  only.  

3 .  On the  upper sur face  of i c e  wedges one can sometimes 
observe a convex l ens  of "pure" i c e  only s l i g h t l y  touched o r  

e n t l r e l y  untouched by v e r t i c a l  f i s s u r e  s t r e aks .  I n  such cases the  
l ens  of "pure" Ice  is  sandwiched between the  i c e  wedge and the  

s i l t y  pea t  covering i t  (Fig.  1). The impression i s  t h a t  t he  

acc re t ion  of i c e  on the  upper sur face  of a wedge occurred over Its 

e n t i r e  a r e a  a t  the  same time. The hypothesis sugges ts  i t s e l f  t h a t ,  
f o r  some physical  reason o r  o thc r ,  the  upper l a y e r  of soi1.s had a t  
a c e r t a i n  time separa ted  f ro~n  the underlying surface  of the  i c e  

wedge with the  resulting formation of a hollow t h a t  w a s  then f i l l e d  

with snow and water v:hlch subsequently f roze  up. The hollow spa.ce 
was thus f i l l e d  with i c e  and an i c e  ].ens was formed. 

4. I n  most cases  one can observe a smooth curvature  of t h e  

l aye r s  i n s ide  polygons, from t h e i r  cen t re  towards t h e i r  per iphery  

(Fig .  2a).  This smooth curve i s  d is turbed usual-ly only nea r  t he  
po in t  of contac t  with the  i c e  wedges, where a sudden sharp curvature  

of the l aye rs  i n  an upward d i r e c t i o n  i s  observed; t he  folded contor-  

t i o n  of the  l aye r s  t he r e  o f t en  resembles accordion p l e a t s  ( ~ i . g .  2b) .  
The gen t ly  s lop ing  curve i n s ide  the  polygons cannot be explained 
merely by the  squeezing-out process  s ince  by i t s e l f  the  l a t t e r  would 
never r e s u l t  i n  such smooth curves of the  l a y e r s  from the  cen t r e  t o  

t he  periphery of the  polygons over t h e i r  e n t i r e  mass. On t he  o the r  
hand, the  charac te r  of the  curvature of l aye r s  near  t he  con tac t  
poin t  with t h e  i c e  wedges i s  d e f i n i t e l y  a r e s u l t  of squeezing-out 
of t he  s o i l  by t he  widening i c e  wedzes owing t o  t h e  progress ive  
form. t ion  of small  elementary wedges. 



This  morphological  p i c t u r e  of  t h e  cu rva tu re  o f  l a y e r s  i n d i c a t e s  

t h a t  i n s i d e  t h e  polygons t h e  cu rva tu re  was caused by a pr imary 

f a c t o r ,  while a t  t h e  p o i n t  o f  c o n t a c t  wi th  t h e  i c e  wedges i t  was 
caused by a secondary f a c t o r .  

5. The hummocks bounding t h e  polygons a r e  mostly s i t u a t e d  

above t h e  i c e  wedges ( ~ i ~ .  3 ) .  The s u r f a c e  of t h e  hummocks, 

e s p e c i a l l y  i f  r e c e n t  f i s s u r e  format ion i s  p r e s e n t ,  g r a d u a l l y  s l o p e s  

towards t h e  c e n t r e  of t h e  polygon. Th i s  s i t u a t i o n  of  t h e  hummocks 
i n  r e s p e c t  t o  t h e  i c e  wedges cannot be exp la ined  s o l e l y  by t h e  

widening of  t h e  i c e  wedges and consequent displacement  of  t h e  s o i l .  

A connect ion between t h i s  morphological  f e a t u r e  of t h e  s u r f a c e  of 

t h e  hwnrnocks and t h e  srnooth cu rva tu re  of  t h e  l a y e r s  i n s i d e  t h e  
polygons would n a t u r a l l y  sugges t  i t s e l f  h e r e .  

6. I n  an e a r l i e r  a r t i c l e  ( A . P .  Popov, 1953) I mentioned t h e  

presence of  p e a t  l e n t i c u l e s  i n s i d e  t h e  s o - c a l l e d  " s o i l  columns", 

which c o n s i s t  o f  t h e  d e p o s i t s  i n  swampy depres s ions  on t h e  polygons 

and which are g r a d u a l l y  d i s p l a c e d  toward t h e  i c e  wedges. Such 

l e n s e s  r e g u l a r l y  occur  i n  s e v e r a l  l a y e r s ,  one above t h e  o t h e r ,  

in te rbedded  wi th  mineral  l a y e r s  cons ide rab ly  l e s s  r i c h  i n  vege tab le  

m a t t e r .  Each p e a t  l e n t i c u l e  marks t h e  one-time p o s i t i o n  o f  a small 
bog w i t h i n  t h e  polygon on t h e  s u r f a c e  o f  a f l o o d  p l a i n  t e r r a c e ,  

which g r a d u a l l y  became f i l l e d  as t h e  d e p o s i t s  accumulated.  

Prev ious ly  w e  thought  t h a t  p e a t  l e n t i c u l e s  corresponded t o  
t h e  p e r i o d s  when f l o o d  waters  d i d  n o t  r each  t h e  polygons,  o r  
reached them only  seldom, and when t h e  r a t e  of  sed imenta t ion  was 
low b u t  t h e  growth o f  v e g e t a t i o n  i n  swamps was most i n t e n s e ;  t h e  

mineral. l a y e r s  between t h e  l e n s e s  were cons idered  as c h a r a c t e r i s t i c  

of t h e  p e r i o d s  of  f r e q u e n t  f l oods ,  which depos i t ed  p ro fuse  minera l  
m a t e r i a l .  

Now, i n  t h e  l i gh t  of new f a c t s ,  we t a k e  a d i f f e r e n t  view, 

advancing a d i f f e r e n t  exp lana t ion  of t h e  a l t e r n a t i o n  of  p e a t y  

l e n t i c u l e s  wi th  mineral  l a y e r s ,  a s c r i b i n g  i t  n o t  t o  t h e  p e r i o d i c a l  
occurrences  of  h i g h e r  and lower f loods ,  b u t  t o  t h e  n a t u r e  of  
developnlent of  t h e  e n t i r e  complex of  i c e ,  o rgan ic  m a t t e r  and 

minera l  s o i l  d e p o s i t s  i n  t h e  p rocess  of a cont inuous  accumulation 



of sediments. More w i l l  be s a i d  l a t e r .  
7.  The contac t  su r face  between i c e  wedges and the  s o i l  i s  

usua l ly  uneven, jagged. This i s  due t o  the  small  narrow wedges 

which protrude from the  wedge i n t o  the  ad jacen t  l a y e r s  of s o i l  

( I .  4 )  These l i t t l e  wedges occur a long the  con tac t  l i n e  a t  
more o r  l e s s  even i n t e r v a l s .  Careful  observa t ion  shows t h a t  the  

occurrence and the  spacing of these  l i t t l e  wedges a r e  a s  r e g u l a r  

as the  a l t e r n a t i o n  of the  pea t  and mineral  l a y e r s  i n  the  ad jacen t  

s o i l  mass and, furthermore,  a r e  i n  connection with it. These 

La te ra l  wedges pene t ra te  i n t o  t h e  mineral  s o i l  and separa te  i t s  
l aye r s ,  usua l ly  immediately above the  p e a t  l e n t i c u l e .  These s m a l l  

l .a tera1 wedges a r e  nothing e l s e  but  t h e  sharp  ends of t h e  "pure" 

i c e  lenses  mentioned before ,  cu t  o f f  by small  elementary i c e  wedges 

wi th in  the  v e r t i c a l  wedge. The remaining p a r t  of the  l e n s  of 
o r i g i n a l l y  "pure" i c e  i s  incorpora ted  i n  the  main body of t h e  i c e  

wedge; i t  i s  t r ave r sed  by the  i n t e r n a l  elementary wedges and 

appears t o  be v e r t i c a l l y  s t r i a t e d .  

The bas ic  mechanism of p a r a l l e l  accumulation of alluvium and 

f i s s u r e  i c e  w a s  p revious ly  descr ibed ( A . I .  Povov, 1953) as a  

successive annual upward s h i f t  of r e l a t i v e l y  shallow f r o s t  f i s s u r e s  

t h a t  a r e  subsequently f i l l e d  with i c e ;  and t h e  top  p a r t  of  the  

f i s s u r e  w a s  thought t o  be i n  a l a y e r  of s o i l  s o l i d l y  f rozen  dur ing  

the  preceding winter  and not  thawed ou t  i n  summer owing t o  an  

a d d i t i o n  of depos i t s  on the  sur face  of t h e  f lood p l a i n .  However, 

i n  such a  case the  wedge i c e  would i n e v i t a b l y  conta in  i n c l u s i o n s  of 
mineral  s o i l  from the  h o r i z o n t a l  l a y e r s  which previous ly  covered 

the  wedge, f o r  it i s  doubtful  t h a t  each success ive  f i s s u r e  would 

c u t  p r e c i s e l y  i n t o  last  y e a r ' s  wedge, which ha rd ly  r i s e s  above t h e  

sur face  of t h e  t o t a l  wedge; it Is more probable t h a t  the  f i s s u r e s  
would form i n  d i f f e r e n t  p laces  above t h e  i c e  wedge and c u t  o f f  

l a y e r s  of mineral  s o i l  covering t h e  wedge. However, wedge i c e  

conta ins  no such inc lus ions  of mineral  s o i l .  Consequently, t h e  

mechanism of the  v e r t i c a l  development of  i c e  wedges must be 
explained i n  some o t h e r  way. 



It appears t h a t  toge the r  a l l  these  f e a t u r e s  d i s c l o s e  the  

general  na ture  of t h e  development of t h e  e n t i r e  complex of i c e ,  

organic mat ter  and mineral  s o i l .  In  the  a n a l y s i s  of these  morpho- 

l o g i c a l  f e a t u r e s  the  most important c lue  t o  the  na tu re  of the  whole 
phenomenon i s  provided by the  smooth curvature  of the  l a y e r  of 

s i l t y  p e a t  s o i l  covering the  whole wedge and separa ted  by a  l e n s  

of "pure" i c e  from the  su r face  of the  wedge i c e  with c h a r a c t e r i s t i c  

v e r t i c a l  s t r e a k s .  

In  our  opinion, t h e  most c o r r e c t  i n t e r p r e t a t i o n  of t h i s  f a c t  
can be made by t ak ing  advantage of B.N. D o s t o v a l o v ~ s  idea  t h a t  

v e r t i c a l  f i s s u r i n g  i n  a s o l i d  mass i s  i n v a r i a b l y  accompanied by 

h o r i z o n t a l  f i s s u r e s .  B.N. Dostovalov no tes  t h a t  i n  such cases  t h e  

uppQr su r faces  tend t o  become concave, while the  lower s u r f a c e s  

tend t o  become convex. That t h i s  i s  so,  a t  l e a s t  i n  dry ing  c layey 

s o i l s ,  i s  known from observat ions.  T.Ya. Gorazdovakii (1950) g ives  

r e s u l t s  of experiments showing t h a t  the  s t r e s s e s  of d i s t e n s i o n  
o f t e n  considerably exceed the f o r c e  of cohesion. This  f a c t  a l s o  

p o i n t s  t o  a very high proba.bi l i ty  of h o r i z o n t a l  f i s s u r e s  forming I f  

not  before then,  i n  any case ,  concurrent ly  with v e r t i c a l  f i s s u r e s .  

S t r e s s e s  o r i g i n a t i n g  and then gradual ly  mounting as t h e  f rozen  

s o i l s  conta in ing  wedge i c e  become co lde r ,  f i n a l l y  d i s so lve  no t  only 

i n  v e r t i c a l  f i s s u r e s  i n  t h e  s o i l  and the  i c e  but  apparen t ly  a l s o  i n  

silnul taneoualy forming h o r i z o n t a l  f i s s u r e s  . The l a t t e r  a r e  most 
1ilcel.y t o  occur a t  t h e  con tac t  between the  upper su r face  of i c e  
wedges and the  over ly ing  s t ra tum of s o i l  - which i s  wel l  founded 

physical-ly.  Thus a hollow apace, a f i s s u r e ,  i s  formed above the  
i c e  wedges. But apparent ly  the  breaking away of t h e  s o i l  from t h e  

sur face  of an i c e  tredgt' i s  not  a l l .  The upper s t ra tum of the  s o i l  
between the  wedges behaves as a s i n g l e  system and thus probably 

developes the curvature  over  i t s  e n t i r e  a r e a .  This  curvature  must 
be a l l  the  g r e a t e r  the  t h i c k e r  i s  the  s t ra tum undergoing deforma- 

t i o n  and the  g r e a t e r  i t s  expanse. In our  case,  huge concave 

polygons o r ig ina ted ,  the  s i d e s  of which sometimes r i s e  s e v e r a l  
dozen metres.  The s c a l e  of t h i s  phenomenon i s  apparen t ly  g r e a t e s t  



i n  s i l t y ,  c layey  and p e a t y  s o i l s ,  t o  a h igh  degree capable  of such 

deformation of  t h e  l a y e r s  i n  f rozen  cond i t ion ;  i t  cannot be as 

g r e a t  i n  sandy s o j l s ,  which preswnanly a r e  l e s s  capable  of such 

deformation.  

How, then ,  should we p i c t u r e  t h e  development of  powerful  

f i s s u r e  i c e  i n  connect ion with  sediment accumulation,  on t h e  b a s i s  

of t h e  afore-mentioned f a c t s  and t h e i r  i n t e r p r e t a t i o n ?  

When a s i l t y  p e a t  l a y e r  of s u f f i c i e n t  t h i ckness  accumulates on 

a f lood  p l a i n  o r  any land s u r f a c e  p e r i o d i c a l l y  sub jec t ed  t o  mois ture  

and subsequent d ry ing ,  f r o s t  f i s s u r e s  w i l l  occur  and t h e  f i r s t  small 

i c e  wedges w i l l  be formed. Subsequent f i s s u r i n g  w i t h i n  t h e  i c e  

wedges, due t o  s p e c i f i c  p h y s i c a l  cond i t ions ,  i n e v i t a b l y  produces n o t  

on ly  r e l a t i v e l y  deep v e r t i c a l  f i s o u r e s  bu t  a l s o  h o r i z o n t a l  f i s s u r e s  

a t  r i g h t  ang le s  t o  t h e  v e r t i c a l  ones, n e a r  t h e  upper sur face  of  t h e  

wedge, where t h e  i c e  and t h e  o v e r l y i n g  stratum of  s o i l  cor'le i n  

c o n t a c t .  A t  t h e  same time t h e r e  occurs  a n a t u r a l  r i s e  of  t h e  o u t e r  

edges of t h e  polygons,  formed as a r e s u l t  of  t h e  t e t r a g o n a l  network 

of f r o s t  f i s s u r e s .  The defornintion of t he  s i l t y  i n n e r  l a y e r  o f  a 

polygon r e s u l t s  i n  a gradua l ,  smooth curve,  t h e  s l o p e  of which 

i n c r e a s e s  froni t h e  c e n t r e  t o  t h e  pe r iphe ry  of  t h e  polygon. The 

l a y e r s  a r e  t h e r e f o r e  bent  most a t  t h e  edges of t h e  polygon. Owing 

t o  t h i s  p rocess ,  bu t  i n  p a r t  a l s o  as a consequence o f  t h e  i n e v i t a b l e  

f o r c l n g  ou t  o f  t h e  s o i l  du r ing  t h e  format ion of  a n  i c e  wedge, t h e  

s l o p i n g  e l e v a t i o n s  come i n t o  be ing  t h a t  subsequent ly  becorne t h e  

hummocky w a l l s  a t  t h e  o u t s i d e  edges of  a pol.ygon. 

A s  t h e  h o r i z o n t a l  f i s s u r e s ,  branching o f f  from t h e  v e r t i c a l  

ones,  a r e  forming, t h e  cover ing  s o i l  b reaks  away from t h e  s u r f a c e  

of t h e  i c e  wedge. I n  win te r ,  snow with  mineral  and vege tab le  

p a r t i c l e s  d r i f t s  i n t o  t h e  hollow, and i n  t h e  beginning of  s p r i n g  i t  
i s  f i l l e d  wi th  water ,  which has  a temperature  of  about  O°C. The 

water t h a t  f i l l s  t h i s  holl-ow, s t i l l  f rozen  on a l l  s i d e s  and o f t e n  

con ta in ing  snow, f r e e z e s  and forms a h o r i z o n t a l  l e n s  above t h e  o l d  

i c e  wedge. The r a i s e d  "w~ngs"  of t h e  t o r n  stratum above t h e  i c e  

wedge consequcntl  y rennin  f a s t  i n  t h i s  p o s i t i o n .  



Apparently the  process  of formation of h o r i z o n t a l  f i s s u r e s  
between the  i c e  and the  over ly ing  s o i l ,  t he  growth of an i c e  l e n s  

and the  consequent upward growth of the  e n t i r e  wedge goes on f o r  a  

c e r t a i n  number of yea r s ,  till the  curving of t h e  l a y e r s  of s o i l  i n  

polygons has reached the  l i m i t  of deformation, and the  r i s i n g  of 

the  o u t e r  edges, the  i n i t i a l .  hummocks, s t o p s .  A s  a  r e s u l t  t h e r e  

w i l l  be a  sharply-defined curved system ( i c e  wedges r i s i n g  high, 

hummocks sharp1.y s loping ,  and concave polygons enclosed w i t h i n ) ,  
which w i l l  exclude a f u r t h e r  formation of h o r i z o n t a l  f i s s u r e s  during 

subsequent v e r t i c a l  f i s s u r i n g  and w i l l  no longer  permit t h e  

breaking away of the  s o i l  from t h e  i c e  su r face .  
9t Thus the  upper p a r t  of the  wedge c o n s i s t s  of pure" i c e  b u t  

with an admixture of mineral  and organic  p a r t i c l e s  and has the  

shape of a  convex l e n s .  This  new p a r t  of t h e  wedge can be subse- 

quent ly s p l i t  by v e r t i c a l  f r o s t  f i s s u r e s ,  and elementary small  i c e  

wedges w i l l  then form i n  i t ,  s t r e a k i n g  the  previous ly  "pure" i c e .  

Owing t o  t h i s  the  i c e  wedge widens and grows, squeezing o u t  t h e  

l a y e r s  of s o i l  and, consequently, t h e  i n n e r  depression i n  the  poly- 
gon inc reases .  When the  elementary small i c e  wedges continue t o  

form f o r  a  length of time, t h e  arched su r face  of the  i c e  l e n s  

gradual ly  becomes almost f l a t .  

Thus, t h e  i n i t i a l  curvature  of the  l a y e r s  i n  the  v i c i n i t y  of 

i c e  i s  condi t ioned not  so  much by the  squeezing-out process  as by 

t h e  curving dur ing  h o r i z o n t a l  f i s s u r i n g  and, secondl-y, by t h e  

n a t u r a l  d i s t r i b u t i o n  of depos i t s  accumulating along the  i n i t i a l  
su r face .  This is a t t e s t e d  t o  by the  c h a r a c t e r  of t h e  curve, i t s  

smooth climb from the  c e n t r e  of the  polygon towards the  per iphery.  

The secondary contors ion  of l a y e r s  a t  the  con tac t  po in t  with 
the  i c e  wedges i s  caused by the  widening of the  i c e  wedges owing t o  

the  cont inuing growth of elementary small i c e  wedges. These 
secondary curves a r e  sharper ;  they a r e  superi.mposed on the  primary 

ones and increase  the  curvature .  Therefore,  the  curvature  of l a y e r s  
i n  inne r  polygons, caused by the  i n i t i a l  f i s s u r e  formation, has a 
more genera l  s ign i f i cance  than the  curves due t o  t h e  squeezing o u t  

of the  s o i l .  



The l i m i t  of  d e f o r n ~ a t i o n  of t h e  l a y e r s  of  s o i l  p rede te rmines  

t h e  maximum h e i g h t  of  t h e  wedge, which cannot  develop upwards when 

no more hollow spaces  form between t h e  i c e  and t h e  s o i l .  For  t h i s  

reason  t h e  s u r f a c e  of  t h e  i c e  wedge ~:iii remain on t h e  same l eve l  

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

I n t e r n a l  polygonal  dep re s s ions ,  forming as d e s c r i b e d  above, 

become bogs i n  which vigorous  bog v e g e t a t i o n  w i l l  develop.  Th i s  

a lone  is  enough f o r  d e p o s i t s  i n s i d e  t h e  polygons t o  accumulate 

f a s t e r  than  on t h e  hummocks ove r  t h e  i c e .  The r a p i d  accwnula t ion  of  

p e a t  h e r e  i s  accompanied by a r e l a t i v e l y  r a p i d  accumulat ion o f  s i l t .  

Owing t o  c e r t a i n  hydro log ica l  f a c t o r s ,  f l o o d  d e p o s i t s  on t h e  

hummocks w i l l  be fewer t han  i n s i d e  t h e  polygonal  dep re s s ions ,  which 

a c t  l i k e  sed imenta t ion  c o l l e c t o r s  f o r  mud and p a r t i c l e s  o f  vege t ab l e  

waste c a r r i e d  by f l o o d  wa te r s .  The humrnocks, e s p e c i a l l y  i f  t hey  

a r e  h igh ,  w i l l  become f r e e  of  f l o o d  wate r  whi le  t h e  polygons a r e  

s t i l l  inundated and t h e  wate r  i s  running r a p i d l y  enough f o r  t h e  mud 

t o  remain i n  suspension.  

Thus t h e  polygonal  dep re s s ions  c o l l e c t  mud and vege tab l e  s e d i -  

ments i n  t h e  p o o l s  t h a t  remain a f t e r  t h e  l e v e l  of  f l o o d  wate r  drops ,  

and a l s o  accumulate p e a t  d e p o s i t s ,  as a l r e a d y  mentioned. Th i s  

accumulat ion of  d e p o s i t s  and sediments ,  more r a p i d  i n  deep polygonal  

dep re s s ions  than  on t h e  hummocks, soon f i l l s  t h e s e  dep res s ions ;  

t h e r e f o r e  t h e  d i f f e r e n c e  between t h e  l e v e l  of  t h e  polygonal  bogs 

and t h e  hurrunocks i s  p r o g r e s s i v e l y  reduced and t h e  s u r f a c e  u l - t ima te ly  

f l a t t e n s  o u t .  

While t h e  l i m i t  h e i g h t  of a n  i c e  wedge i s  determined by t h e  

l i m i t  cu rva tu re  of s o i l  on one hand and t h e  l a g  o f  d e p o s i t  accumula- 

t i o n  behind t h e  i n c r e a s i n g  s l o p e  on t h e  o t h e r ,  t h e  u l t i m a t e  width  of  

an  i c e  wedge, acco rd ing  t o  B.N. Dostovalov,  depends on t h e  e x t e n t  t o  

which t h e  s o i l  can be compressed and squeezed o u t .  

I f  no f u r t h e r  accumulat ion of  d e p o s i t s  t a k e s  p l a c e  a f t e r  t h e  

dep res s ions  have been f i l l e d  w i th  p e a t  and o t h e r  m a t t e r ,  as is 

u s u a l l y  t h e  c a s e  i n  bogs above t h e  f l o o d  p l a i n s ,  some l a k e s  t h a t  

a r e  d r y i n g  o u t ,  e t c . ,  then  bo th  t h e  l a t e r a l  and t h e  v e r t i c a l  growth 

of  i c e  wedges w i l l  s t o p  a l t o g e t h e r .  Therefore  t h e  c r o s s - s e c t i o n  of 



a norma.1 s ing le -cyc le  s o l 1  accumul-ation between two i c e  wedges 

i n v a r i a b l y  shows p e a t  on top .  

I f  t he  accumulation of  d e p o s i t s  cont inues ,  t hen  t h e  trhole a r e a ,  
i n c l u d i n g  the  hummocks, which a r e  now l e v e l  wi th  the  s u r f a c e  o f  t h e  

pol.ygons owing t o  the  accumulation of  p e a t  and sediments ,  w i l l  be 

covered with  f lood-p la in  s i l t ,  poor i n  vege tab le  m a t t e r .  A horno- 
geneous l a y e r  of  s i l t  w i l l  form because t h e  e a r l i e r  c o n d i t i o n s  

favourable  f o r  t h e  accuniulation of  p e a t  and uneven d i s t r i b u t i o n  of  

s i l t  on the  f lood  pl .a in  ha.ve now disappea.red. 

Subsequent f r o s t  f i s s u r i n g  i n  t h i s  s t ra turn o f  s i l t  w i l l  r e s u l t  

i n  cu rva tu re ,  t h e  newly accumulated s o i l  wil l .  b reak  away from t h e  

o l d  s u r f a c e  of  t h e  i c e  wedge, and i n  p a r t  perhaps a l s o  from t h e  

under ly ing  s i l t y  p e a t  s o i l  permeated with  i c i n g .  Snow wi th  sand,  

d u s t  and p a r t i c l e s  of  vege tab le  m a t t e r  w i l l  a g a i n  p e n e t r a t e  i n t o  

t h i s  hollow i n  win te r ,  and i n  s p r i n g  t h e  water, which then  f r e e z e s  

i n  i t ,  caus ing  a new a c c r e t i o n  of  t h e  i c e  wedge a t  t h e  top  and t h u s  

c r e a t i n g  a new medium f o r  f u r t h e r  f r o s t  f i s s u r i n g  and t h e  pene t r a -  

t i o n  of new elementary i n n e r  i c e  wedges. 

Thus, t h e  e n t i r e  upper s u r f a c e  of  an i c e  wedge grows upward 

owing t o  t h e  r epea ted  a c c r e t i o n  of  an  i c e  l e n s  a t  t h e  top  of t h e  

wedge. 

This  way i t  becomes unders tandable  P J I I ~  it i s  t h a t  a t  t h e  con- 

t a c t  p o i n t  wi th  i c e , s o i l .  l a y e r s  under t h e  p e a t  l e n t i c u l e  a r e  curved 

most of a l l ,  t h e  l e n t i c u l e  i t s e l f  i s  curved l e s s  and t h e  cover ing  

mineral  s o i l  l e a s t  of  a l l ;  i t  i s  h e r e  t h a t  t h e  small l a t e r a l .  i c e  

wedges, p r o t r u d i n g  from t h e  v e r t i c a l  wedge, p e n e t r a t e  i n t o  t h e  s o i l .  

Higher up t h e  s o i l  i s  a g a i n  s h a r p l y  curved,  t h e  p e a t  l e n t i c u l e  l e s s  

curved,  and s o  on upward. Thus a r i s e s  t h e  c h a r a c t e r i s t i c  p r o f i l e  
of t h e  wedge, t h e  uneven v e r t i c a l  l i n e  of i t s  s i d e s .  

Th i s  p a t t e r n  i s  observed throughout t h i s  f a c i e s  type ,  a l t hough  
some r e a d i l y  e x p l i c a b l e  d e p a r t u r e s  do occur .  P r o f i l e s  u s u a l l y  show 

auch i n t e r r e l a t i o n  between organic-mineral  d e p o s i t s  and i c e ;  

except ions  a r e  due t o  e ros ion ,  thermokars t ,  s l i d i n g  and o t h e r  

n a t u r a l  p rocesses ,  t h e  occurrence of  which normal1.y compl ica tes  t h e  

i n t e r r l e l a t i o n s h i p  between t h e  i c e  and t h e  o rgan ic  and minera l  s o i l .  



However, where such processes t h a t  might complicate i c e  accumulation 

a r e  l imi ted ,  the  general  p a t t e r n  i s  c l e a r l y  recognizable i n  the  

e n t i r e  i c e  and organic-mineral complex, which shows the  normal cycle  

and the c h a r a c t e r i s t i c  interdependence of e f f e c t s  i n  i t s  formation. 

We see  t h a t  the accumulation of depos i t s  is  lagging behind the 

growth of i c e  wedges upward; t h i s  circumstance u l t ima t e ly  h inders  
the  upward growth of wedge i c e .  In  order  t h a t  i c e  wedges could 

resume growing upward, accumulation of depos i t s  must again "over- 
take" the  i c e  wedges. Whenever t h i s  happens, i . e .  when the  l e v e l  

of depos i t s  i n  the  polygons evens out  with the  l e v e l  of the  s o i l  

above the i c e  wedges and a new layer  of depos i t s  reaches a c e r t a i n  
thickness,  the  process  of i c e  accumulation w i l l  resume. The 

l e n t i c u l e s  of pea t  and mineral s o i l ,  which a l t e r n a t e  r egu l a r l y  i n  

p r o f i l e s  between i c e  wedges, a r e  a r e s u l t  of such a " d i a l e c t i c a l "  

development of the  e n t i r e  system under s u i t a b l e  condi t ions  and an 

expression of spontanei ty i n  the  course of progress ive  depos i t  

accumulation. This i s  why t h i c k  f i s s u r e  i c e  can only develop on 

f lood p l a i n s  while an abundant depos i t  acculnulation i s  i n  progress .  

It i s  a180 c l e a r  why some of the  i c e  i n  wedges may be t r an s -  

parent ,  without v e r t i c a l  s t r e aks :  i t  i s  the  i c e  of a l ens  not  

a s s imi la ted  by f r o s t  f i s s u r i n g .  Sometimes it i s  no t  only without 

v e r t i c a l  s t r e a k s  but a l s o  white; t h i s  happens when i n i t i a l l y  t r an s -  
parent  i c e  becomes white due t o  repeated cont rac t ion;  and snow 

converted t o  i c e  w i l l  a l s o  remain white. 

P . A .  Shwnskii has  recourse t o  sublimation of i c e  i n  o rde r  t o  

expla in  the  chaot ic  d i s t r i b u t i o n  of i c e  c r y s t a l s  i n  wedges, probably 

assuming, a f t e r  A . A .  Bunge and o the r  i nves t i ga to r s ,  t h a t  i c e  only 

forms i n  small f r o s t  f i s s u r e s .  However, on the  b a s i s  of what has 
been s a i d  i t  follows t h a t  a d i f f e r e n t  explanat ion i s  pos s ib l e  f o r  
the  chao t i c  d i s t r i b u t i o n  of i c e  c r y s t a l s ,  a l r eady  expressed before 
by B.N. Dostovalov i n  unpublished s tatements .  Natural ly,  i n  i c e  

t h a t  has been only p a r t i a l l y  assirnil-ated by elementary in ternal .  
wedges the  d i s t r i b u t i o n  of c r y s t a l s  w i l l  be i n  p a r t  r egu l a r  and i n  

p a r t  chaot ic .  



From t h i s  angle  i t  becorr~es c l e a r  why i t  i s  t h a t  the  p a r t i c l e s  

of vegetable  mat ter ,  small  lumps of p e a t  and mineral  s o i l  and 

p a r t i c l e s  of  sand, sometimes contained i n  u n s t r a t i f i e d  i c e  of t h e  

wedge, a r e  s c a t t e r e d ,  not  assembled i n  v e r t i c a l  s t r e a k s :  they  a r e  

brought i n  with snow and water o r  f a l l  down from the  v a u l t  of the  

hollow t h a t  forms between the  upper su r face  of the  wedge and t h e  

o v e r l - y i n ~  s o i l .  This  t i e s  i n  with the  view t h a t  wedge i c e  i s  of 

mixed water and snow o r i g i n .  

The accumulation of depos i t s  t h e r e f o r e  promotes f i s s u r e  i c e  

formation by providing the  very medium i n  which f i s s u r e s  s p r i n g  up, 

but  holds it  back when i t  l a g s  behind t h e  development of i c e  wedges, 

owing t o  excessive curvature of the  o u t e r  edges of polygons. 

Deposits predetermine the  p o s s i b i l i t y  of the  development of  i c e  

wedges; and then t h e  wedges check t h e i r  own development as they 

tend t o  grow out  of the  depos i t s .  The p e a t  i n  the  polygons i s  a 

consequence of the  development of f r o s t  f i s s u r e s  and wedge i c e  

accumulation and i n  t u r n  the  growth of i c e  i s  an i n d i r e c t  r e s u l t  of 

the  accumulation of depos i t s  i n s i d e  polygons. 

Thus the  accumulation of depos i t s  l i t e r a l l y  dominates t h e  

regime of f i s s u r e  i c e  accumulation, cieterrnining t h e  condi t ions  of 

i t s  f o r m t i o n  and i t s  v e r t i c a l  th ickness .  The developnlent of i c e  

wedges i s  more r a p i d  than the  accumulation of depos i t s ,  and the  

depos i t s  t h e r e f o r e  a r e  c o l l e c t e d  i n  polygonal depress ions ,  Only 

the  l a y e r  t h a t  "overtakes" the  wedge provides ground f o r  i t s  

f u r t h e r  v e r t i c a l  development. This c o n s t i t u t e s  t h e  essence of 

paral-1-el and simultaneous accurrulation of i c e  and d e p o s i t s .  It is 

f o r  t h i s  reason t h a t  any subs tant ia l -  accumulation of  f i s s u r e  i c e  

can always be considered a forma.tion synchronous with t h e  upper 

s t r a t a  of depos i t s  conta in ing  i t .  

We a r e  i n  no way i n c l i n e d  t o  cons ider  the  problem of the  o r i g i n  

and development of massive f i s s u r e  i c e  as f i n a l l y  c l a r i f i e d .  The 

s o l u t i o n  pu t  forward should be viewed as an endeavour t o  draw n e a r e r  

t o  a clarification of t h i s  ques t ion  by e s t a b l i s h i n g  c l o s e r  gene t i c  

i n t e r r e l - a t i o n s  betvreen separa te  corliponents of t h i s  complicated 

n a t u r a l  phenomenon on the  b a s i s  of previous ly  known f a c t s  i n t e r -  

p r e t e d  i n  a n e w  way. 
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Fig. 1 

A l e n s  of "pure" i c e ,  enclosed between an I c e  wedge 
and the  s o i l  conta in ing  It 

1 - wedge i c e ;  2 - l e n s  i c e ;  3 - sandy-clay s o i l  

zm 3m 

Pig.  2 

Smooth curvature  of t h e  l a y e r s  of s o i l  between two i c e  wedges 
The con to r t ion  of t h e  l a y e r s  of s o i l  near  the  con tac t  p o i n t  
with an i c e  wedge 

1 - wedge i ce ;  2 - s o i l  l a y e r s  between i c e  wedges; 
3 - covering l a y e r  of sandy c l a y  



Fig. 3 

Growing i c e  wedge on a f lood p l a i n .  Layers of 
s i l t y - p e a t  soil .  s lope gradual ly  i n t o  the  polygons 

Fig. 4 

Contact po in t  between i c e  wedge and s o i l ,  showing t he  v e r t i c a l  
d i s t r i b u t i o n  of pea t  l en t i cu l e s ,  t he  c h a r a c t e r i s t i c  change 

i n  the  s lope of s o i l  l aye r s  and the r egu l a r  occurrence 
of miniature wedges prot ruding ho r i zon t a l l y  

i n t o  t he  s o i l  
1 - wedge i ce ;  2 - l aye r s  of mineral s o i l ;  3 - pea t  l e n t i c u l e s  



IS THE DEVELOPMENT OF THEFDIOKARST ALWAYS INDICATIVE 

OF A RECESSION OF THE PERMAFROST TABLE 

S . P . Kachurin 

It is generally assumed that thermokarst, i.e. settling or 

caving of the ground due to melting of ice contained in frozen sub- 

soils, is an unquestionable sign of permafrost recession in the 

regions where thermokarst occurs. This is almost invariably asser- 

ted in general descriptions of areas with thermokarst activity. 

This is generally correct, the development of thermokarsts 

usually is an outcome of permafrost recession. 

But whether thermokarst is necessarily a sign of permafrost re- 
cession is a different question. Can the existence of therrnokarst 
in itself be sufficient evidence of permafrost recession? 

The question raised is a very important one, especially since 

it is only the positive answer that keeps recurring in literature. 

While it is correct in a number of permafrost areas, there are never- 

theless many instances when other facts contradict this assumption. 

It is therefore important to shed some light on this problem. 

We must bear in mind that "permafrost recession" in a general 
sense means a decrease in the "cold reserves" of the perennially 

frozen subsoil (M.I. Sumgin, 1937) . This decrease in the "cold 

reserves" is understood as a warming of a stratum of subsoil over 

a considerable territory as a result of a change in the physical 
geographical conditions that leads to a rise in the temperature of 
the subsoil and to its complete thawing. This rise in temperature 
and the resulting recession of permafrost is accompanied by other 

effects, for instance the thawing-out of ice lenses and layers of 

ground ice and the consequent caving of the ground, i.e. to the de- 

velopment of therrnokarsts . 
Thus, permafrost recession due to natural conditions is usually 

connected with a change in the heat regime in the perennially frozen 

layer, over a large area. A change in the thermal conditions over 



small areas will only lead to changes in the local thermal reglme 

of the subsoil and will have no effect on the adjacent areas. 

Let us examine three different areas of the permafrost zone 

situated approximately on the same meridian but in three different 

geographic zones with different climatic and permafrost conditions, 

in which thermokarst features have developed. The following regions 

are quite suitable for this purpose: the region of Selemdzhinsk, 
situated near the southern boundary of the permafrost zone, at 5z0N; 

the Lena-Aldan region in the centre of the permafrost zone within 
the territory of Yakutia at 62ON; and the Yana-Indigirka region in 

the northern part of the permafrost zone, in the tundra, at 71°N. 

Each of these regions is located some ten geographic degrees away 

from each other, along the same meridian. Separated by thousands of 

kilornetres, these three areas are characterized by very different 

climatic and permafrost conditions, yet there are thcrmokarst fea- 

tures in all of them. 

Although the available data are scarce and insufficient for a 

comparative study, it is nevertheless possible to make an approximate 

estimate of the heat regime in the ground and the subsoil from the 

temperature of the air and the thickness of the snow cover (1932). 
To make such a comparison we shall use the average monthly tempera- 

ture of the air at sea level for January and July, the average an- 

nual air temperature and the average thickness of snow cover (BSAM, 

1937; Richter, 1945; Rubinshtein, 1932) (see Table I). 
This table sholl~s that while the average annual air temperatures 

differ widely, the height of the snow cover is more or less the same 

(20 - 40 cm) in all three locations. 
Climatic conditions account for the fact that in the extreme 

North (in this case the Yana-Indigirka region) low temperatures of 

rocks are maintained under present-day conditions (Kachurin, 1938; 

Shumskii, 1954). The presence of ground (fossil) ice in the peren- 

nially frozen soils is characteristic of this area. Across the 

whole Arctic part of the Lena-Yana-Indlgirka coast, formation of 

permafrost layers is taking place in newly forrncd sandbars and new 

islands situated in river valleys. 



In regions situated to the south, no formation of permafrost 

occurs; on the contrary, the perennially frozen soils are gradually 

thawing out and the permafrost table is receding under the influence 

of changes in the natural surroundings, for instance in the vegeta- 

tion cover, etc. The Selemdzhinsk region, where permanently frozen 

soils thaw at a minor change of natural conditions, such as burning 

over, can serve as an example here (~udryavtsev, 1946). It is easy 

to understand this development in the southern parts of the perma- 

frost zone if one takes into consideration that the depth of winter 
(seasonal) freezing in this region does not exceed the depth of the 

annual thaw in summer, or only exceeds this depth to a negligible 

degree. Thus the necessary conditions for the formation of perele- 

toks and permafrost are lacking there (sumgin, 1932). 

Areas between these two extreme regions occupy an intermediate 

position both in respect to the climatic data and the permafrost 

characteristics. This Is fully borne out by the Lena-Aldan region 

in central Yakutia (~fimov, 1946; Koloskov, 1946; Pchelintsev, 1946). 
When natural conditions are changed here, especially when the vege- 

tation cover is destroyed, the depth of the seasonal thawing increa- 

ses soon after, and depressions or lakes form where ground ice occurs 

near the surface, when it begins to thaw (~ig. 1). However, when 

these patches are no longer under water they begin to freeze up again, 

just as the newly formed islands and sandbanks in river beds. The 

temperature of the soils in newly formed or fomning secondary frozen 

strata at the site of former lakes and on river islands is higher 

than in primary permafrost. This is due to the higher temperature 

of the underlying soils, greater accumulation of snow in winter, and 

other causes. 

We see that despite a widespread development of themokarst in 
all of these regions the thermal regime of soils varies greatly from 

one region to another. In the northern regions of the permafrost 

zone, such as the Yana-Indigirka region, parallel with therrnokarst 

features, there is also a development of permanently frozen strata, 

indicating that air and soil temperatures are too low to permit a 



recess ion  of permafrost .  I n  t he  southern regions  of t he  permafrost 

zone, on t h e  o the r  hand, where thermokarst f e a t u r e s  a r e  a l s o  p resen t ,  

as a r u l e  t h e r e  i s  no new permafrost development except under spe- 

c i a l  condi t ions  ( i n  shaded spo t s ,  t e r r a c e s ,  e t c . ) .  
A s  more d e t a i l e d  explora t ions  i n  t h e  low c e n t r a l  p l a i n  of 

Yakutia have shown (Efi~nov, 1946; Pchel in tsev ,  1946; Shumskii, 1954),  

t he  cu r r en t l y  developing thennokarst  fea.tures make a  very i n s i g n i f i -  

cant  p a r t  (1.0%) of a l l  e x i s t i n g  depress ions ,  nea r ly  a l l  of which 
have r e su l t ed  from processes t h a t  took p lace  i n  e a r l i e r  epochs. It 

can be considered a s  e s tab l i shed  that t h e  development of present-day 

thermokarst f e a t u r e s  t h e r e  i s  l a rge ly  due t o  i n t ense  man-made changes 
of na tu r a l  condi t ions  i n  t h e  top  l aye r  of s o i l  ( e . g .  de fo r e s t a t i on ,  

plowing of v i r g i n  land,  e t c  . ) . 
A change i n  t h e  n a t u r a l  condi t ions  br ings  about a change i n  

t he  thennal  regime of t h e  s o i l s ,  inc reas ing  t h e  depth of seasonal  

thawing and f reez ing .  This  r e s u l t s  i n  t h e  thawing of permafrost 

and t h e  melt ing of ground i c e ,  causing se t t lement  and caving. 
I n  view of a l l  t h i s ,  one can conclude t h a t  t h e  cur ren t  develop- 

ment of thermokarst f e a t u r e s  i n  t h e  c e n t r a l  p a r t  of Yakutia i s  mainly 
due t o  man-made changes i n  environmental condi t ions .  The process  of 

permafrost r ecess ion  here  i s  of a decidedly l o c a l  and temporary char- 

a c t e r ,  confined t o  t h e  a r ea  of open-water r e s e r v o i r s  and l im i t ed  t o  

t h e  dura t ion  of t h e i r  ex i s t ence .  Beyond t h e  a r ea  of such r e s e r v o i r s  

t h e  ground se t t lement  s t ops  very soon, s i nce  t h e r e  i s  no reason f o r  
permafrost r ecess ion  over a wider a r ea .  

The thawing of permafrost under heated bui ld ings  i s  a usual  

and well-known occurrence which i s  due t o  a r t i f i c i a l  condit ions;  i t  
cannot t he r e fo r e  always serve  a s  proof of n a t u r a l  permafrost r eces -  

s i on .  
One must a l s o  bear  i n  mind t h a t  t h e  thawing of ground i c e  near  

t h e  surface  can occur owing t o  n a t u r a l  condi t ions  when t h e  continen- 

t a l i t y  of c l imate  i n t e n s i f i e s  ( ~ o l o s k o v ,  1946),  namely warrner summers. 
This  w i l l  b r ing  about an inc rease  i n  t he  depth  of summer thawing of 

s o i l s ,  and i c e  inc lus ions  w i l l  begin t o  melt when t h e  depth  of sea-  

sonal  thawing reaches them even while  t h e  t e~npera tu re  regime i n  t h e  



basic permafrost mass remains unchanged. 

On the basis of the preceding discussion we can now make a 

number of definite statements. 

1. Thermokarst features exist in all parts of the permafrost 

zone: south, north, and in between. 

2. One of the basic conditions for the development of thermo- 

karst features is the presence of ground ice layers, lenses or in- 

clusions in the upper permafrost strata, preserved under the influ- 

ence of the vegetation cover, the topography and other local condi- 

tions. Another vital initial condition for the development of ther- 

mokarst is a change in heat-exchange conditions toward higher temp- 

eratures at the surface and, consequently, in the subsoil. In the 

central and northern regions of the permafrost zone this occurs when 

water reservoirs form and do not freeze through, or when substantial 

changes in the natural turf and vegetation cover takes place. 

3. In all three regions in question there are currently develop- 
ing thennokarst features, besides those of much earlier origin, and 

this serves as evidence that thermokarst features can develop also 

In the absence of permafrost recession. 

4. While thermokarst features develop in the northern part of 
the perinafrost zone, permafrost is also forming there in soils that 

are no longer under water (for instance in newly formed sandbanks 

and islands), and in this case thermal conditions in subsoils do not 

contribute to the development of thermokarst features, which result 

from other causes, such as frost fissures, erosion, solifluction, 

etc. In the southern areas of the permafrost zone, In which thermo- 

karst features are widespread, there is no new development of perma- 

frost (with rare exceptions). The central areas of the permafrost 

zone occupy the medium position in thfs respect. 

5. In most instances the initial development of thermokarst 
features is due to the activities of man, both consciously directed 

(plowing, etc.) and contingent (fires, etc.). It is also possible 

for ground ice to melt in natural conditions, causing ground settle- 

ment without a recession of permafrost, for instance when the depth 

of [seasonal] thawing increases. This latter effect takes place 



when the continentality of climate becomes more marked. 

6. Consequently the fact that there are thermokarst features 
present in one or another area cannot in itself be considered posi- 

tive proof of a natural recession of permafrost in that area. 

Thus, the question that we raised in this paper, i.e. whether 

thermokarst features are positive evidence of permafrost recession 

in every case, should be answered in the negative. The fact that 

thermokarst features are present in a given topography cannot serve 

as a reliable and sufficient indication that permafrost recession is 
taking place in present-day climatic conditions. In addition to the 

presence of thermokarst features it is essential to have other data 

on hand in order to determine whether permafrost recession is in 

progress. Among the most important data required are those on the 

thermal regimein subsoils within and beyond the imnediate area of 

development of thennokarst features, information on the influence 

of man, etc. 

Only when several factors point to a change of thermal condi- 

tions in the subsoil towards a temperature increase is it possible 

to conclude that a natural permafrost recession is taking place, 

and that this phenomenon is not due to the interference of man, 

which often serves as the first jolt in the initial stage of the 

process. 
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Table I 

Average annual air temperature and thickness of snow cover 
at three different points of the permafrost zone 

* According to E.S. Rubinshteinls atlas (1932) 

Name of area 

Selemdzhinsk 
(Norskii ~klad) 

Lena-Aldan 
(city of ~akutsk) 

Yana-Indigirka 
(Settlement 
Kazachl e) 

** According to the Bollshol Sovetskii Atlas Mira  r re at Soviet 
Atlas of the world) 

Fig. 1 

The initial development of ground settlement (thermokarst) lakes 
near a settlement in central Yakutia after the vegetation cover was 

destroyed 

Thickness 
of snow 
cover 
in cm** 

20-30 

40 

30 -40 

Geographic 
location 

52ON. 

62'~. 

71°N. 

Air temperature 
(isotherm at sea level) I 

OC* 

January 

-29 

-43 

-39 

July 

21 

19 

11 

Annual 

-2 

-10 

-14 



CONCERNING M.N. GOL'DSHTEIN'S HYPOTHESIS ON THE REDISTRIBUTION 
OF MOISTURE AND ICE SEGREGATION IN FROZEN SOIL 

F.G. Bakulin 

A great many works have been devoted to the redistribution 

(migration) of moisture and to ice segregation in freezing soil, 

but so far there is no uniformity in the points of view, and several, 

hypotheses have been advanced to explain these phenomena. In the 

present paper we cannot analyze al.1 of them. Let us examine briefly 

M.N. Gol. 'dshtein's hypothesis (1948), which has met with consider- 

able success among research scientists and which was presented as 

the most advanced and comprehensive explanation of the process of 

moisture redistribution and ice segregation in freezing soil. 

M.N. Gol'dshtein considered the influence of what he called 
I t  buffer pressure1', which is the difference of osmotic pressures, to 

be the basic cause of moisture migration and accumulation of ice in 

freezing soils, explaining it as follows. 

"An interlager ... of a more concentrated solution (italics are 
mine - F.G.B.) containing ions of the diffusion layer, which does 

not freeze at a given temperature, remains between the small primary 

ice crystal, originating in a pore of the soil, and adjacent soil 

particles. This interlayer we shall call the buffer film. Owing to 

the freezing up of some of the water in the hydrofilm of soil parti- 

cles there wlll be an increase in the concentration of the buffer- 

film solution, leading to a difference in osmotic pressures, which 

in turn causes water to be drawn into this film from the less con- 

centrated sol.ution, i.e. from the hydrofilms of particles below the 

ones that are seized by frost." (~ol'dshtein, 1948, p.61). 

In this manner M.N. Gol'dshtein explained the entire process 

of moisture redistribution and accumulation of ice in freezing soil 

through increased concentration in the ground water solution, caused 

by the freezing-out of some of the water, as compared with its con- 

centration in the layers that are not yet frozen. On this principle 



he a l s o  developed a method f o r  c a l c u l a t i n g  t h e  e x t e n t  of heaving of 

t h e  s o i l ,  based on P. Fa.ge,errs formula f o r  d e f i n i n g  osmotic pres-  
su re  i n  t h e  s o i l  ( i b i d .  p.  69) .  

But can t h e  d i f f e r e n c e  of osmotic p ressu res  be t h e  only  ca-use 
of t h e  r e d i s t r i b u t i o n  of moisture and i c e  segrega t ion  i n  f rozen  
s o i l s ?  

I n  view of t h e  f a c t  t h a t  M.N. Gol rdshte in ,  when advancing h i s  
hypothesis ,  d i d  no t  confirm it e i t h e r  by t h e  d a t a  of l abora to ry  
t e s t s  o r  by f i e l d  observat ions,  it i s  d i f f i c u l t  t o  g ive  a d e t a i l e d  
c r i t i c a l  a n a l y s i s  of h i s  b a s i c  content ions .  However, from t h e  
context  of h i s  work one ca.n see  t h a t  t h e  au thor  of t h e  hypothesis  
i n  ques t ion  proceeded, without any c r i t i c a l  a n a l y s i s ,  from t h e  
w i d ~ l y  he ld  view (mostly among fo re ign  s c i e n t i s t s  such as Matson, 

1938; Fageler ,  1938; and o t h e r s )  t h a t  osmotic phenomena a r e  d e c i s i v e  
i n  t h e  binding and t h e  migration of s o i l  moisture.  This  p o i n t  of 
view hard ly  found any support  i n  Sovie t  l i t e r a t u r e  and was r i g h t l y  
subjec ted  t o  c r i t i c i s m  ma ode, 1949, 1952; Sharov, 1939; and o t h e r s ) ,  

T,~us,  f o r  ins t ance ,  A.A.  Rode i n  one of h i s  works (1-952), based 
on a g r e a t  amount of experimental  da ta ,  has  shown t h a t  t h e  r o l e  of 
osmotic phenomena w a s  of secondary importance i n  t h e  b inding  and 

migration of moisture i n  unfrozen non-sal ine s o i l s .  Let us  n o t e  
a l s o  t h a t  A . A .  Rode, i n  c r i t i c i z i n g  P ,  F a g e l e r l s  views, convincingly 
proved t h a t  t h e  l a t t e r ' s  formula f o r  determin5ng osmotic p ressu re  i s  
no t  borne out  by p r a c t i c a l  experiments, and i s  t h e r e f o r e  i n c o r r e c t ;  
it was t h i s  formula t h a t  M.N. Gol ldshte in  took as a b a s i s  f o r  
c a l c u l a t i o n s  of t h e  e x t e n t  of heaving i n  f rozen  s o i l .  

The view t h a t  osmotic p ressu res  a r e  n o t  t h e  exclus ive  o r  

d e c i s i v e  f a c t o r  governing t h e  b inding  and migrat ion of moisture  i n  
t h e  s o i l  has  been supported by t h e  works of M.M. Abramova (1953), 
A.F. Lebedev (1.9361, A.V. Lylcov (1950 and 1954),  E.M. Sergeev 
(1.952), M.M. F i l a t o v  (1936) and o t h e r s ,  I n  t h e s e  and o t h e r  works 

on s o i l  science,  t h e  physics  of heat-exchange and t r a n s p o r t a t i o n  
of mat ter  i n  porous substances,  co l lo ida l .  and phys ica l  chemlstry,  
and physics  of su r face  e f f e c t s ,  t h e  main r o l e  i n  t h e  b inding  and 

migration of moisture i n  d i spe r s ion  systems i s  i n  t h e  , f i n a l  account 



attributed to surface forces which arise at the interfaces: solid 

phase-liquid and solid phase-liquid-air. This does not tie in with 

the basic assumption in M.N. Golldshteinls hypothesis that the 

osmotic effect is the sole factor in moisture redistribution and 

ice segregation in freezing soils. 

M.N. Golldshtein himself virtually re,'ected this earlier 

hypothesis in one of his later works (1952); explaining the mecha- 

nism of feeding of the growing ice crystals, he assigns a subordi- 

nate role to osmotic pressure, vrhich can be clearly seen from this 
11 sta.tement: As a result of freezing of part of the bound water, 

the adsorptive capacity of the skeleton particles becomes partially 

unbalanced. Moreover, the concentration of the solution in the 

buffer film increases. A difference in adsorption pressures arises 

as a result of this, causing vrater to be dram into this film from 

other, thicker hydrofilms consisting of water particles at a lower 

level, not yet in the process of freezing." (~olldshtein, 1952, 

p.96). 

However, when making this more correct statement concerning 

the cause of the migration of water towards growing ice crystals, 

M.N. Golldshtein neglected to point out that his previous hypothesis 

was incorrect and that the method of calcula.ting the heaving of 

freezing soil, based on that hypothesis, cannot be used. 

In this article we wished to draw the attention of research 

workers and builders who deal with frozen soil to the lack of 

justification of the hydration hypothesis on ice segregation and 

the unsuitability of M.N. Golldshteinls method on calculating the 

extent of soil. heaving, owing to the exaggerated importance attri- 

buted to the role of osmotic pressure in the redistribution of 

moisture and ice segregation in frozen soils. 
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THE SOUTHERN BOUNDARY OF THE RANGE OF 
PERENNIALLY FROZEN SOILS 

1.Ya. Baranov 

The Meaning of the  Concept of the  Southern Boundary 

The t r a n s i t i o n  from the  zone of merely seasonal f reez ing  of 

s o i l s  t o  the  zone of perennia l ly  frozen s t r a t a  is  gradual,  determln- 
ed by the  progressive quant i t a t ive  change i n  the  absorption and l o s s  
of heat  t h a t  r e s u l t s  i n  a  lower energy l eve l  of the  heat  exchange 
between the  atmosphere and the  surface l aye r  of 1.ithosphere. The 
fo r r~~a t ion  of the  perennia l ly  frozen s t r a t a  depends on the  composi- 
t i o n  and proper t i es  of the  o r ig ina l  s o i l s  t h a t  undergo perennial  
freezing.  

Owing t o  the  f a c t  t h a t  t h i s  t r a n s i t i o n  from the  zone of merely 
seasonal f reez ing  t o  the  zone of perennia l ly  frozen s o i l s  is  
gradual, it cannot be represented gra.phically a s  a  l i n e .  A t r a n s i -  
t i on  could be expressed l i n e a l l y  only under absolute ly  homogeneous 
na tura l  conditions, which does not occur i n  nature .  

Let us consider the  d i s t ingu ish ing  f ea tu re s  of seasonal and 
perennial f reez ing  of s o i l s  and s t r a t a  t h a t  a r e  c h a r a c t e r i s t i c  f o r  
the  theoret ical .  southern boundary, 1.e.  l e t  us consider  t h i s  
boundary independently of the  ac tua l  condit ions of composition and 
proper t i es  of the  s t r a t a  t h a t  determine i t s  ac tua l  pos i t ion  ( a t  
f i r s t  i n  peat  bogs i n  areas  without a  snow cover and then i n  aqui- 
ferous gravels  with a heavy snow cover) .  

The depth of seasonal f reez ing  of s o i l s  and s t r a t a  increases  
progressively from south t o  the  nor th  with t he  increase of both 
durat ion and i n t e n s i t y  of hea t  r ad i a t i on  from the  s o i l  t o  the  
atmosphere, which r e s u l t s  i n  a  proport ional  increase of the  durat ion 
of the  period of low temperatures i n  the  s o i l .  The mean annual 
temperature of the  s o i l  i n  the  l aye r  t h a t  is  sub jec t  t o  seasonal 
f reez ing  i s  reduced and f i n a l l y  becomes nega-tive within the  whole 

layer .  



In this case, further cooling of the soil results in a pro- 

longation of the frozen state of the base of the seasonally freezing 

layer over a whole year or several (2 - 3) years, and a pereletok is 
thus formed. If this perel.etok persists for a longer time, a 

perennially frozen stratum will form, which is qualitatively differ- 

ent from the layers of seasonal. freezing. 
It is important for practical and theoretical purposes to 

distinguish the subzone in which the transformation of the seasonal 

into perennial freezing occurs sporadically, where the natural con- 

ditions are favourable for the formation of perennially frozen 

strata. This subzone has a considerable width on the plains, while 

in hilly terrain it forms a transitional belt. 

Apparently, the southern boundary must be drawn either where 

the formation of perennially frozen strata begins in the event of 

cooling (increase of heat radiation), or at the southernmost loca- 

tion of the remnants of perennially frozen strata in the event of 

warming (increase of heat absorption). 

Considering the question of the southern boundary, M.I. 
Sumgin (1933, 1937, 1-940) was faced with the dilemma of drawing the 

II boundary at the outlying islands" of perennially frozen soils or 
at the periphery of the zone of continuous and massive perennially 

frozen strata. 
In the first case the area of perennially frozen soils will 

include a zone of considerable width in which perennially frozen 
11 soils occur in is1.a.nds1', and the area of these islands and the 

frequency of their occurrence will increase from south to north and 

from west to east. In this case the boundary wi3.1 reflect a certain 

genetic pattern, although only as a rough indication. 
In the second case the boundary will follow the zone of tran- 

sition between islands of perennially frozen soils and the massive 

frozen strata, which will actually correspond to the broken isotherm 

of soil ten~perature approxiinately -lo C. This boundary will. be 

spatial and essential1.y arbitrary. 

It foll-om that in both cases the 3.ine of the southern boundary 

is arbitrary, but it has a certain theoretical and practical value. 



It does not ,  however, col-respond t o  t h e  n a t u r a l  s t a t e  of t h e  d i s t r i -  

but ion  of pe renn ia l ly  f rozen  s t r a t a .  To deny t h e  d e s i r a b i l . i t y  of 

drawing a  schematic l i n e a r  boundary would be p o i n t l e s s ,  s i n c e  i t  
s a t i s f i e s  a pra .ct ica1 need. 

A l i n e a r  boundary i s  expedient i n  compiling a smal l -sca le  

general  geocryological map, vrhich i s  i n h e r e n t l y  schematic. The 
ques t ion  of t h e  southern boundary becomes an e n t i r e l y  d i f f e r e n t  

mat ter  where 1-arge-scale geocryol-ogical maps a r e  concerned, maps 

t h a t  can show t h e  t r u e  d i s t r i b u t i o n  p a t t e r n  of p e r e n n i a l l y  f rozen  

s o i l s .  
On maps a t  t h e  s c a l e  of 1 : 1,000,000 i t  i s  s t i l l  p o s s i b l e  t o  

p l o t  t h e  contours of i s l a n d s  of perennial . ly f rozen s o i l s  s e v e r a l  

k i l c a e t r e s  i n  diameter; but  small i s l a n d s  a r e  ind ica ted  by a r b i t r a r y  

s igns ,  no t  t o  s c a l e .  If  t h e  map i s  a t  a small-er s c a l e ,  i s l a n d s  

s e v e r a l  k i lometres  i n  diameter a.re a l s o  ind ica ted  by a r b i t r a r y  s igns ,  

and it  i s  only the  l a r g e s t  i s l a n d s  and massive s t r a t a  t h a t  a r e  

mapped. The beginning of cons iderable  schematizat lon of t h e  bound- 

a r y  i s  somewhere between the  s c a l e s  of 1 : 1,000,000 and 

1  : 5,000,000. A l i n e a r  boundary on maps a t  t h e  s c a l e  1 : 1,000,000 

and l a r g e r  has  no p r a c t i c a l  o r  t h e o r e t i c a l  value. 
That holds when the  d i s t r i b u t i o n  of p e r e n n i a l l y  f rozen  scils 

i s  mapped on t h e  b a s i s  of a  ~ e o c r y o l o g i c a l  survey. P l o t t e d  on t h e  

b a s i s  of p r e s e n t l y  a v a i l a b l e  r e s u l t s  of explora t ion ,  t h e  boundary 

can only be schematic. 
The c u r r e n t l y  accepted southern boundary has more f a c t u a l  

j u s t i f i c a t i o n  . In  mountainous t e r r a i n  tha.n i t  has on t h e  p l a i n s ,  

p a r t i c u l a . r l y  i n  western S i b e r i a ,  where t h e  t r a n s i t i o n  from t h e  zone 

of merely seasona.1 f r e e z i n g  t o  t h a t  nf p e r e n n i a l l y  f rozen  s t r a t a  has  
the  g r e a t e s t  extension.  I n  the  southeas tern  p a r t  of western S i b e r i a ,  

I I small i s l ands"  of f rozen  pea t  bogs of the  perel .etok type and 

uns table  p e r e n n i a l l y  frozen s t r a t a  a r e  widespread beyond t h e  
southern boundary. 

The geocryological  map of t h e  U.S.S.R. a t  t h e  s c a l e  1 : 

1,000,000, which can r e f l e c t  t h e  most accura te  approximation t o  t h e  

a c t u a l  d i s t r i b u t i o n  of p e r e n n i a l l y  f rozen  s t r a t a ,  must show: 



(1) the zone of seasonal. freezing (sporadic in the south and regular 
in the north), (2) the transition subzone containing the northern 

part of the zone of seasonal freezing with pereletoks and the zone 

of islands of perennially frozen strata, pereletolcs and common 

seasonal freezing within taliks, and (3) the area of perennially 
frozen soils. A somewhat similar suggestion was advanced earlier 
by S. G. Parlchomenko (1937)~ but without proper substantiation. 

There is no need to draw a specific southern boundary on a map 
of this kind. 

The we1.l-known opinion of L. Yachevskii (188g), subsequently 

accepted by other investigators, to the effect that with further 

corrections the southern boundary krill resemble an irregular coast- 

line. has no basis, taking into account the fact that the region 

of perennially frozen soils is composed of strata occupying various 

[separate] areas. 
Let us consider the distinctive features of the schematic 

southern boundary on maps at a scale smaller than 1 : 1,000,000 in 

connection with the variations in the character and circulation of 

the heat exchange. 

Within the sphere of influence of the AtLantic Ocean and the 

Arctic (the north of the European part of the U.S.S,R,), with a,n 
intensified influence of the continent (western Siberia), the 

southernmost position is occupied by small islands of perennially 

frozen peat bogs on a substratum of unfrozen and frozen mineral 

soils. In these regions the southern boundary is traced along the 

relic and not contemporary frozen peat bogs. This is its distinc- 

tive feature characterizing the comterrporary direction of develop- 

ment of perennially frozen soils. 

The zone of scattered distribution of perennially frozen soils 

(or the northern part of the transition subzone) varies in width 
from a few dozen kilometres in the north of Europe to several hundred 

kilornetres in western Siberia. 

The subzone of deep seasonal freezing and j~ercletolcs should be 

viewed as a tramsition from the zone of strictly seasonal freezing 

to the subzone of scattered distribution of perennially frozen soils. 



The pereletoks, like the perennially frozen soils, also occur in the 

same sequence: they a.re few 3.n the south (in spec1al.ly favourable 

conditions) and frequent in the north of the tra,nsition subzone. 

In the soviet Far East the situation is similar to this, but 

the influence of the mountains there causes a narrowing of the 

transition subzone. 

In the ccntra,l part of the area of distribution of perennially 

frozen soils, owing to the increased continental influence in 

winter, the southern boundary acquires a meridianal direction, to 

which the orography of southern Siberia is also conducive. 

From a line tracing the 1.atitudinal zonal distribution of 

perennially frozen soils the southern boundary here becomes a line 

tracjng the vertical belt of perennially frozen soils. At the same 

time the width of the zone of scattered distribution decreases 

sharply, often to a few lcilometres. 

In Mongolia and the northeastern part of China the southern 
boundary traces frozen mineral strata, in the absence of peat bogs; 

there is a resemblance between the boundary here and in its more 

'northern position on the plains. 

In the Par East the southern boundary terminates in the sea, 

where it may be the boundary of the region of low temperature waters 

(from -1.5 to -l.B°C) of the Okhotsk and Bering Seas. On land it 

reappears only on the Kamchatka Peninsula, as a zonal altitudinal 

boundary. 

In the easternnlost part of the country the Influence of the 

Arctic and the.cont1nent predominates over the warming effect of the 

Pacific Ocean, causing the southern boundary to be displaced into 

the sea. 

It follows from the preceding discussion that the southern 

boundary (1) is an arbitrary delineation of the contours of distri- 

butlon of the perennially frozen soils which is acceptable for 

general geocryol.ogica1. maps at a scale 1 : 5,OOO,OOO and smaller; 

with larger scales the plotting of the boundary is pointless; 

(2) its position varies in height, and it Is either zonal (on 

plains) or al:tltudina.l (r:lo~untainous southern areas ); ( 3 )  it follows 



t h e  contours  of s c a t t e r e d  f rozen  r e l i c  p e a t  bogs (on t h e  p l a i n s )  o r  

s c a t t e r e d  frozen mineral s t r a t a  ( southern  mountainous a r e a s ) ;  ( 4 )  it 
occupies d i f f e r e n t  geographical p o s i t i o n s ,  according t o  t h e  charac- 

t e r  of the  h e a t  exchange. 

I n  t h e  sphere of in f luence  of the  Arc t i c ,  with a s t r o n g  oceanic 

counter  e f f e c t ,  i t  i s  t r aced  through t h e  southern tundra and f o r e s t  

tundra ( t h e  nor th  of the  European p a r t  of t h e  U.S.S.R.); approaching 

t h e  Ural Mountains, from a l a t i t u d i n a l  zonal boundary i t  i s  t r a n s -  

formed i n t o  an a l t i t u d i n a l -  b e l t  boundary, pass ing  from t h e  f o r e s t -  
tundra zone t o  t h e  f o r e s t  zone. With the  i n c r e a s i n g  e f f e c t  of t h e  

cont inent  and t h e  Arc t i c  i n  western S i b e r i a ,  t h e  southern boundary 

passes  i n t o  the  t a i g a  zone, running through t h e  subzones of nor thern  

and southern t a i g a .  Under f u r t h e r  increased  in f luence  of t h e  con t i -  

nent  and su r face  a l t i t u d e  it passes  i n t o  t h e  subzone ( s u b - b e l t )  of 

t h e  f o r e s t  s teppe  and then i n t o  t h e  a r i d  mountain s teppes ,  t h e  semi- 

d e s e r t  of central-  Asia. Fur the r  on ( i n  t h e  Far  ~ a s t )  i t  again  runs 

through t h e  zone of southern and then nor thern  t a i g a  (Kamchatka 

Peninsul.a), no longer  reaching  t h e  zone of f o r e s t  tundra and tundra.  

11. Aspects of t h e  Boundary 

Several  a spec t s  o r  types of the  southern boundary can be 

d i s t ingu i shed ,  depending on t h e  type of s o i l s  i t  i s  de l imi t ing .  

1. I f  i t  i s  drawn along t h e  ou t ly ing  s c a t t e r e d  southern l a y e r s  

of p e r e n n i a l l y  f rozen  s o i l s ,  independent]-y of t h e i r  composition 

( p e a t  bogs, mineral  s o i l s )  and d i r e c t i o n  of t h e i r  p resen t  develop- 
ment, the  boundary can be c a l l e d  phys ica l  geographical .  

2. If  i t  conforms t o  t h e  zero  isotherm i n  s o i l s ,  i t  should be 

c a l l e d  peophysical .  

3. I f  i t  i s  drawn with t h e  a i m  of showing t h e  a r e a  wi th in  which 
t h e  development of perennial l -y f rozen  strata i s  p o s s i b l e  under 

favourable  c o n d i t i o n s , i n  case the  balance of t h e  n a t u r a l  environment 

i s  d is turbed ,  t h i s  boundary should be c a l l e d  t h e  boundary of 

probab1.e development of p e r e n n i a l . 1 ~  f rozen  strata.  This  boundary 
must correspond t o  t h e  southern boundary of t h e  t r a n s i t i o n a l  subzone; 



it will show the southern confines of frequent pereletoks. 

The order of sequence of such boundaries will be the following: 

the most outlying position will be taken by the boundary of probable 

devel-opment, v~hich will be followed by the physical geographical 

and then the geophysical boundary. 

Of these boundaries, the physical geographical boundary carries 

the most weight and the others are secondary. On the plains this 

boundary should be called zonal and in mountainous areas belt 

boundary. Such a boundary can be both a southern and a northern 
boundary. 

The boundary in use at the present is a physical geographical 

zonal belt boundary. 
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ON THE IDEA OF AN "ACTIVE LAYER" I N  AREAS OF PERENNIALLY FROZEN SOILS 

L  .S . Khomichevskaya 

The current  idea  of t he  l ayer  thawing and f reez lng  seasonally 

as an "ac t ive  layer" ,  i n  r e l a t i o n  t o  t he  perennia l ly  frozen subso i l ,  

i s  not i n  accord with our present  knowledge of t h e  processes and 

e f f e c t s  i n  the s o i l s  during t h e i r  seasonal thawing and f reez ing .  

E a r l i e r  inves t iga to rs  (M. I .  Swngin and o the r s )  used t he  term 
I I a c t i v e  layer" t o  r e f e r  t o  ( a )  a l ayer  thawing i n  summer and then 

f reez ing  i n  winter  through t o  t he  upper surface  of perennia l ly  f r o -  

zen s o i l s ;  ( b )  a  l aye r  f reez ing  i n  winter ,  but separated from the  

underlying perennia l ly  f rozen s o i l  by a  thawed layer;  ( c )  t he  f reez-  

ing  l ayer  together  with t h e  separa t ing thawed layer ;  and f i n a l l y ,  

(d )  t he  whole stratum of s o i l s  experiencing seasonal temperature 

f l uc tua t i ons .  

It can be seen from t h i s  t h a t ,  a s  a  r e s u l t  of a  continual  

thermal i n t e r ac t i on  between the  upper s t r a t a  of t he  l i thosphere  and 

the  atmosphere, a s  well  a s  o ther  physical  geographical e f f e c t s ,  t he  

seasonal f reez ing  and thawing show c e r t a i n  pa t t e rn s  t h a t  a r e  charac- 

t e r i z e d  by a  d i f f e r e n t  s t a t e  ( f rozen o r  thawed) of underlying s o i l s  

over a  period of more than one year .  

Inves t iga to rs  f requent ly  noted t h a t  where the  permafrost t a b l e  

i s  low o r  absent the  seasonal f reez ing  and thawing of t o p s o i l  and 

subsoi l  i s  d i f f e r e n t  from what i t  i s  i n  a r ea s  where t he  permafrost 
t ab l e  i s  near the  surface .  I n  t h i s  connection M . I .  Sungin wrote: 
I I I n  permafrost regions where t he  annual seasonal f reez ing  reaches 

down t o  the  permafrost t a b l e  the  question of t h e  a c t i v e  l aye r  i s  

more o r  l e s s  c l e a r .  It i s  a  d i f f e r e n t  matter  i f  one asks what i s  

t o  be considered an a c t i v e  l ayer  i n  p laces  where a  thawed layer  of 

a  c e r t a i n  thickness remains interbedded between seasonally f rozen 

so l1  and perlnafrost" (1937, p . 3) . 
Thus the  quest ion of difference of form of t he  l aye r  of s o i l  

undergoing seasonal changes was r a i s ed  during t he  i n i t i a l  period of 



research on the processes of seasonal freezing and thawing. At 

present, as we know, this question has been studied in greater de- 

tail. 
In view of the recent studies on the heat exchange between 

the soil and the atmosphere and the soil and the subsoil (Shvetsov, 

1955) and the temperature range in the heat exchange of rocks 
I I (v.A. Kydryavtsev, I .Ya. ~aranov) the meaning of the concept active 

layern should now be more accurately defined. 

The multiplicity of form exhibited by the seasonally freezing 

and thawing stratum of soil, especially that underlain by perennially 
frozen soils, is sufficiently accurately classified by investigators 

of both pure and applied science into two basic groups, character- 

ized by certain features (Kachurin, 1946; Sumgin et al., 1940; 

Khomichevskaya, 1940; Tumel' , 1939) . The main characteristics of 

each type are reflected best in the following terms: 

(a) seasonally thawing layer (P.F. ~hvetsov), for which the 
synonyms are: layer of seasonal thawing, seasonally-thawed layer 

(l?ig. 1, I); and 

(b) seasonally freezing layer, for which the synonyms are: 

layer of seasonal freezing (~oloskov, 1946, 1948), seasonally frozen 

layer (~aranov, 1933)(~ig. 1, 11). 

The first type is a result of summer heat; the thickness of 

this layer will depend on the depth of the summer thawing by the end 

of the warrn season every year. Its morphological characteristics 

will not be in evidence in winter since at that time it will merge 

with the perennially frozen stratum to form a monolithic system. 

The second type is due to heat losses in winter; the thickness 

of this layer is determined by the depth of freezing by the end of 

winter. In summer this layer will thaw and its characteristics will 

not be evident. 

In our opinion, it would be better to use P.F. Shvetsov's (1955) 
term "seasonally thawing layer" when referring to what M.I. Sumgin 
undoubtedly rneant by "active layer1'. This stratum is found where 



perennially frozen soils lie near the surface, and upon freezing 

in winter it is part of a monolithic mass of frozen soils. 

We shall not dwell on the particular quantitative character- 

istic~ of each of these types of layers but will only give their 

brief definitions, pointing out the features on the basis of which 

these forms have been classified into two separate groups. 

Thus, the "seasonally freezing layer" (sezonnopromerzayushchi~ 

sloi) should mean the layer of otherwise thawed soil that freezes 

in winter. 

The "seasonally thawing layer" (sezonnoprotaivayushchii sloi) 

should mean the layer of soil which thaws in swnmer. 

The difference between these two layers is largely due to the 

thermal regime in underlying subsoils and depends on the heat ex- 

change on the atmosphere-ground interface. Each has a characteristic 
heat exchange and, as a result of it, the mean annual temperatures 

have a different sign in each case. 

The seasonally freezing layer is connected with a thermal ex- 

change that is mostly within the range of positive temperatures, when 

8 positive mean annual temperature prevails, the absolute value of 

which depends on a variety of physical geographical conditions exist- 

ing in one or the other location (pig. 2, 11). One should note that 

this layer in the regions under discussion is in no way different 

in its characteristics and properties from any "seasonally freezing" 

layer situated outside the area of perennially frozen soil. Its 

definition is therefore justified on physical grounds. 

The seasonally thawing layer is connected with a heat circula- 

tion mostly within the range of negative temperatures. As a result 

of this the mean annual temperature is negative, varying in its ab- 

solute value from section to section with varying physical geographi- 

cal conditions (~ig. 2, I). 
It has been ascertained that, in some areas with perennially 

frozen soils, sections with seasonally freezing layers make up in 

excess of 407; of the entire territory. Therefore the laowledge of 
conditions under which either type of layers of soil subject to sea- 

sonal changes can form will make it possible to adopt a rational 
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approach to the utilization of various areas and permit direct 

seasonal freezing and thawing processes of soil and subsoil in ac- 

cordance with practical requirements. 

In the initial stage of ito development a seasonally freezing 

layer cannot be easily distinguished from a seasonally thawing layer 

on the basis of the average annual temperature, even with the aid of 

stationary observations. However, any of its forms can be easily 

identified as typical from its morphological features. At the pres- 

ent time various forms are finding extensive practical application, 

in the first place in choosing the construction principle for regions 

with perennially frozen soils, in thermal melioration, etc. 

Despite the widespread practical utilization of the various 

qualities of seasonal freezing and thawing and despite the physical 

grounds for separating these phenomena into two different groups, 
I I one can still encounter the diffuse term active layer" in litera- 

ture dealing with permafrost. The uncritical use of this term leads 

to serious inaccuracies in estimating, for instance, the thickness 

of the layer of seasonal thawing and sometimes even in determining 

the type of the layer during seasonal freezing and thawing. 

A 3  an example we are giving a schematized cross-section of 

permafrost soil (~ig. 3 ) ,  based on an actual observation. The pres- 

ence of both types of layer in the same area can lead to wrong ob- 

servations, unless the possibillty of parallel existence of seasonal- 

ly freezlng and seasonally thawing layers in the same section is 

kept in mind. The cross-sections were compiled on the basis of ob- 

servations carried out in June - July. 
The thawing had just started, and the remnants of a seasonally 

freezing layer, separated from the perennially frozen laycr by un- 
frozen soil, were discovered during work on the north side of a hill- 

ock (Fig. 3, I). An incomplete seasonally thawing layer was found 

on the southern slope of the hillock (Fig. 3, 11). By the end of 

August the seasonally frcezing stratum will thaw completely, and 

during that period an observer might erroneously assure that the 

entire depth to the upper surface of the perennially frozen soils 



in this part is the depth of the seasonally thawing layer. Actually 

the latter could only be determined on the southern slope of the hill 

where at the beginning of the thaw the frozen soils were a mono- 

lithic mass. 
For practical purposes one must always keep in mind the possi- 

bility of the existence of areas with different stages of develop- 

ment of both seasonally freezing and seasonally thawing layers. 

The depth of these layers should be determined at the proper time, 

otherwise one could easily commit gross errors in the interpretation 

of natural conditions. 

From all this it follows, in our opinion, that the vague term 
I1 active layer" should henceforth be discarded and the current terms 
I1 seasonally thawing" and "seasonally freezing" layers should be used 

instead, as reflecting the essence of the physical process of forma- 

tion of these layers. 

Further studies of typical forms of the seasonally freezing and 

seasonally thawing layer will permit a more exact classification and 

will make it possible to set up principles of surveying these layero 

for practical purposes, 
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Fig. 1 

Cross-section of a layer of soil subJect to seasonal changes 

I - cross-section of a seasonally thawing layer 
I1 - cross-section of a seasonally freezing layer 

a - on underlying unfrozen soil; b - on unfrozen soil underlain by 
perennially frozen soil 

1 - seasonally freezing layer 2 - seasonally thawing layer 
3 - unfrozen subsoils 4 - frozen subsoils 

Fig. 2 

Types of temperature balance of the heat exchange in soils 

I - type of heat exchange causing a seasonally thawing layer 
I1 - type of heat exchange causing a seasonally freezing layer 
1 - seasonally thawing layer 2 - seasonally freezing layer 

N.B. The axis of temperatures t (abscissa) coincides with the sur- 
face of the soil; the depth axis K (ordinate) is vertical 



Cross-sections of a h i l l o c k  showing s o i l  and permafrost  
I - nor th  s i d e  I1 - south  s i d e  

1 - seasona l ly  thawing la e r  2 - seasona l ly  f r e e z i n g  l a y e r  
3 - unfrozen so i l - s  $ - p e r e n n i a l l y  f rozen  s o i l s  



DEFINITION OF THE TERMS "MOISTURE CONTENT" AND 
"ICE CONTENT" OF FROZEN GROUND 

P.G. Bakulin 

In solving a number of practical and theoretical problems in 

the field of geocryology it is necessary to know the H20 content of 

frozen ground, both the total content and the content of its liquid 

and solid phases - water and ice. The quantity of these phases in 
II soil is expressed as moisture content" (vlazhnost ) and "ice 

content" (1 'distost ) . However, these terms are still defined in 

various inconsistent ways by the investigators, and this results in 

an impermissible confusion. 

The term "moisture content'' was formerly defined as the amount 

of H,O in both unfrozen and frozen ground, and many still adhere to 

this definition. The use of the term "moisture content" to specify 

the amount of H20 in unfrozen ground is quite correct because the 

word "vlaga" (moisture) designates the liquid phase of H20, the 

state of H20 in which water is found in unfrozen ground. To apply 

this term to frozen ground, a characteristic feature of which is 

ice, the solid phase of H20, is no longer correct. 

Taking into account this circumstance, M. I. Sumgin (1937, 1940) 
suggested that the quantity of ice in frozen ground be referred to 

1 I as "ice content", which by analogy with moisture content" in 

unfrozen ground would mean the percent weight ratio of ice to dry 

soil. 
The same considerations prompted N.A. Tsytovich (1937) to 

suggest for the quantitative characteristic of ice in frozen ground, 

the term "coefficient of ice saturation", meaning by this the per- 
cent weight ratio of ice to the total weight of frozen ground. In 

the opinion of N.A. Tsytovich, such a definition is more convenient, 
because this coefficient can have values only from 0 to 10& and 

thus makes it possible to avoid the high figures frequently required 

to express the ice content as suggested by M.I. Sumgin. 
In spite of these suggestions, however, the term "moisture 

content1' continued to be applied to frozen ground, and was used to 



mean t h e  q u a n t i t y  of i c e  i n  t h e  s o i l ,  s i n c e  t h e  presence of t h e  
l i q u i d  phase of H20 bes ides  i c e  i n  f rozen  s o i l ,  e s p e c i a l l y  perenni-  
a l l y  frozen s o i l ,  was n o t  d e f i n i t e l y  e s t a b l i s h e d  till ca .  1940 
(sumgin, 1937, 1940; Tsytovich and Sumgin, 1937). 

The terminology s i t u a t i o n  w a s  brought t o  a head when t h e  
presence of t h e  l i q u i d  phase of H,O, t h e  "unfrozen water", was 
e s t a b l i s h e d  i n  f rozen  s o i l  ( ~ o l l d s h t e i n ,  1948; Nersesova, 1950, 

1951, 1953; Fedosov, 1942; Tsytovich, 1945; and o t h e r s ) .  I n  view 
of t h e  presence of H,O i n  f rozen  ground i n  both l i q u i d  and s o l i d  
s t a t e s ,  the  term "moisture content1' can no longer  be used a s  a 

11 synonym f o r  i c e  content" .  It i s  now e s p e c i a l . 1 ~  important ,  there-  
f o r e ,  t o  give these  terms t h e i r  proper  meaning. 

Severa l  d e f i n i t i o n s  of moisture content  and i c e  content  of 
f rozen s o i l s  a r e  c u r r e n t .  Thus, N.A.  Tsytovich de f ines  t h e  terms 
(1 11 r e l a t i v e  i c e  content"  o r  i c e  content"  of f rozen  s o i l  as " the  r a t i o  
of t h e  weight of i c e  t o  the  t o t a l  weight of water  i n  t h e  s o i l "  

(1951, p.60). 
M.N. Gol ldshte in  sugges ts  t h a t  "moisture content"  should be 

defined as "the t o t a l  vol.ume of water and i c e  i n  the  pores  of t h e  
s o i l ,  expressed i n  percent  of t h e  weight of a b s o l u t e l y  d ry  so i l1 ' ,  
and " i ce  content' '  as " the  r a t i o  of t h e  weight of i c e  i n  t h e  pores  
of t h e  s o i l  t o  t h e  weight of a b s o l u t e l y  d ry  s o i l ,  expressed i n  
percent1' (1948, p. 27).  

A.M. Pchel in tsev  (1954) a l s o  cons iders  i t  necessary t o  de f ine  
more accura te ly  t h e  meaning of "moisture content"  and " i c e  content"  
of f rozen  s o i l .  He bases h i s  d e f i n i t i o n  not  on the  aggregate s t a t e  
of H,O i n  f rozen  ground bu t  on t h e  p o i n t  of view from which i t  is  
being considered. I f ,  f o r  example, i t  i s  requ i red  t o  know only t h e  
t o t a l  content  of H20 i n  t h e  f rozen  soi l .  without a d i s t i n c t i o n  
between i c e  and water, he uses  t h e  term "moisture content";  on t h e  
o t h e r  hand, when only t h e  genera l  c h a r a c t e r i s t i c  of f rozen  s o i l s  i s  

considered and no comparison with unfrozen s o i l  i n  r e s p e c t  t o  
moisture is  implied,  he a p p l i e s  t h e  term " i c e  content".  

Keeping i n  mind t h a t  f rozen  s o i l  o f t e n  c o n s i s t s  of l a y e r s  of 

mineral  p a r t i c l e s  bonded by i c e  cement, with l a y e r s  of i c e ,  and 



(1 moreover, t h a t  t h e  mineral l a y e r s  con ta in  some unfrozen" water,  he 

d i s t i n g u i s h e s  t h r e e  types of "moisture contentn  (moisture  content  

of f rozen  mineral l aye r s ,  moisture content  of t h e  f rozen  s o i l  owing 

t o  t h e  unfrozen water,  and t h e  t o t a l  moisture content  of t h e  f rozen  

s o i l )  and t h r e e  types of " i c e  content" ( i c e  content  i n  t h e  form of 

i c e  cement, i c e  content  i n  t h e  form of i c e  l a y e r s ,  and t h e  o v e r a l l  

i c e  content  of t h e  f rozen  s o i l ) .  

The above d e f i n i t i o n s  f o r  "moisture contentt1 and " i c e  content"  

of f rozen  s o i l s  c a l l  f o r  some comment. The p r i n c i p a l  disadvantages 

of N.A.  Tsy tov ich t s  d e f i n i t i o n  f o r  the  r e l a t i v e  i c e  content  i s  t h a t  

t h e  magnitude of t h i s  c h a r a c t e r i s t i c ,  i f  i t  i s  given without addi-  

t i o n a l  da ta ,  cannot r e f l e c t  the  a c t u a l  H,O content  i n  t h e  frozen 

ground, which can be seen from t h e  fo l lowing examples: 

1. Let us  assume t h a t  t h e r e  a r e  two samples of f rozen  s o i l  
having i d e n t i c a l  weights: f rozen  c l a y  loam and f rozen  sand. The 

f i r s t  conta ins  20 g of i c e  and 20 g of water, and t h e  second 5 g 
of i c e  and 5 g of water.  In  t h i s  a r b i t r a r y  example, i n  s p i t e  of 

t h e  l a r g e  d i f fe rence  i n  volume of H20, the  r e l a t i v e  i c e  content  of 
t h e  specimens i s  t h e  sa.me, 0.5 ( o r  5%). 

2. Now l e t  us  assume t h a t  t h e r e  a r e  two o t h e r  c l a y  loam 

samples of i d e n t i c a l  weight, one conta in ing  100 g of H20 and t h e  

o the r  1 0 g , a n d  while i n  t h e  first sample t h e r e  a r e  50 g each of i c e  
and water, i n  the second the  p o r t i o n  of i c e  i s  7.5 g. Then t h e  

r e l a t i v e  i c e  content  of t h e  f i r s t  sample i s  0.5 (5%), and the  

second 0.75 (75$), 1 . e .  1.5 t imes g r e a t e r  than f o r  the  f i r s t  sample. 
These examples c l e a r l y  show t h e  inadequacy of t h e  d e f i n i t i o n  

of the  " i c e  content"  which w a s  proposed by N.A.  Tsytovich, and which 

may lead  bu i lde r s  t o  e r r o r s  i n  so lv ing  p r a c t i c a l  problems. 

The d e f i n i t i o n  by M.N. Golldshte ln  f o r  t h e  " i c e  content" of 
f rozen ground i s  c o r r e c t .  H i s  d e f i n i t i o n  of "moisture content",  on 

the  o t h e r  hand, has the  same shortcomings as before ,  when i t  was 
used a s  a synonym f o r  " i c e  content" .  

As regards  the  d e f i n i t i o n  given by A . M .  Pchel in tsev  f o r  
t I moisture content" and " i c e  content"  of f rozen  s o i l ,  depending on 

the  purpose of t h e  c h a r a c t e r i s t i c  given, i t  i s  obvious t h a t  t h i s  

approach i s  e n t i r e l y  wrong. 



In view of this, keeping in mind the desirability of showing 
that frozen ground contains H20 both in the liquid and solid phases, 
and in order to abolish the existing confusion in the definitions 

of the terms "moisture content" and "ice content" of frozen soil, 

we propose to use these very terms but endowed with proper meaning. 

We propose to define "moisture content of frozen soil" as the 

ratio of the quantity in units of weight (or volume) of the liquid 

phase of H20 to the total weight (or volume) of the sample of 

frozen soil, expressed in fractions or in percent. 

"Ice content of frozen soil" we propose to define (partly 
following M.N. Gol'dshtein) as the ratio of the quantity in units 

of weight (or volume) of the solid phase of H,O to the total weight 

(or volume) of the soil, expressed in fractions or in percent. 

For the total content of H20, the liquid and solid phases 
combined, we propose (and this is in accordance with unpublished 

statements of a number of staff members of the Institute for the 

Study of Permafrost) to use the term "total moisture and ice content 

of the frozen soil", 1.e. the ratio of the quantity in units of 

'weight (or volume) of the total content of H20 to the total weight 

(or volume) of the sample of frozen soil, expressed in fra.ct1ons or 
in percent. 

These definitions of the terms "moisture content" and "ice 

content" of frozen soil reflect the inherent meaning of these terms, 

indicating exactly which physical state of H,O is being dealt with. 
In view of the importance of differentiating the solid phase 

of H,O into ice cement and ice inclusions, as proposed by A.M. 
Pchelintsev, whenever applicable, references to the ice content of 

frozen soils should also indicate whether the ice is ice cement or 
ice inclusions. 
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CERTAIN CONCEPTS IN THE SCIENCE OF PERMAFROST 

P.D. Sidenko 

The term "frost" (merzlota) continues to be used in permafrost 

literature in the sense in which it was defined by M.I. Sumgin. As 

is well known, M.I. Sumgin used the name of permafrost (vechnaya 

merzlota) to refer to any stratum at a certain depth from the surface 

that retained a negative temperature during a prolonged period of 

time, from two years to several thousands and tens of thousands of 

years. 

Such a meaning of the term permafrost contradicts a number of 

basic features characterizing the frozen state of soils. As early 

as 1937 this was noted by N.A. Tsytovich and M.I. Sumgin himself, 

who pointed odt that in addition to the temperature characteristic 

the presence of ice cement should be taken as the distinguishing 
feature of frozen soils. However, in their subsequent work, as also 

in the book referred to, both authors retained the previous defini- 

tion of permafrost. 

In our opinion, the criterion for distinction between frozen 

and unfrozen strata should be the aggregate state of free (unbound) 

water contained in that soil, since a change in the aggregate state 

of this water causes radical changes in the physical mechanical, 

electric, thermal and other properties of the soil. One cannot, for 
example, consider frozen a soil which even at a low negative tempera- 
ture contains water in liquid phase (highly mineralized, bound, under 

pressure, etc . ) . 
In connection with this, it also becomes necessary to re-examine 

the concept of the thickness of frozen strata. It is obvious that 

the thickness of the frozen strata does not correspond exactly to 
the zone of negative temperatures within the earth's crust but is 

always less than the latter, since the temperature of freezing of 
soils, which depends on the dispersion factor, mineralization of 

water, ground pressure, etc., is usually below O°C. The determina- 



tion of the lower surface of the frozen strata continues to be based 

on the depth of the zero isotherm, although it is important for 

practical purposes (geological exploration work, mining, drilling 

for water, oil, etc .) to know not so much the depth of the zero 
isotherm as the lower boundary of soils cemented by ice. 

For the sake of clarity we consider it expedient to distinguish 
in the regions of frozen soils, according to N.I. Tolstikhin (1941), 
two belts in depth: (1) the belt of negative temperature of the 
lithosphere and (2) the belt of positive temperature; within the 

first belt we propose to distinguish (a) the zone of annual trans- 

formation of soils from unfrozen state into frozen and back (the 

active layer), (b) perennially frozen zone of the lithosphere, soils 
cemented by ice for many years, and (c) the zone of soils cooled to 

different temperatures below O°C but containing ground water in 
liquid phase. 
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ON THE SHORTCOMINGS IN THE CLASSIFICATION OF GROUND 

WATER IN REGIONS OF PERENNIALLY FROZEN SOIL 

L.A. Meister 

As long as geocryology has existed as a separate branch of 

science, the ground water classification proposed by N.I. Tolstikhin 
has been in use. This classification is based on the spatial inter- 

relation of water-bearing layers and the strata of perennially fro- 

zen soil in the vertical profile of the earth's crust, i.e. position 

of water-bearing layers. According to this, ground waters are clas- 

sified as suprapermafrost, intrapermafrost and subpermafrost. 

Let us first consider this problem in respect to terminology. 

The widely used basic term "permafrost" (merzlota), has recently 

come under severe criticism as vague and insufficiently indicative 

of the subJect of study. As we know, the word "permafrost" means 

the frozen state of soils and subsoils, but various investigators 

use it to refer also to the soils in the frozen state, the pheno- 

menon and the process. It follows from this that the derivative 

terms, supra-, intra- and subpermafrost are not very precise 

either. 

The decidedly negative side of the classification under discus- 

sion is that it does not reflect the genetic side of the question 

and the geological aspect in the formation and circulation of ground 

water. Based exclusively on the spatial interrelation of water-bear- 

ing soil and frozen rock layemBs, this classification is one-sided 

and does not disclose the basic conditions of ground water accwnula- 

tion. 

While it is obvious that in hydrogeological research the spa- 

tial distribution of water-bearing soils in relation to the frozen 

soils must needs be taken into consideration, since it is the speci- 

fic element in the ground water phenomenon in the zone of perennially 

frozen soils, the geological basis must nevertheless remain paramount 
in the study of ground water In all cases. N.I. Tolstikhinls first 



principle can be accepted only under equal geological conditions. 

N.I. Tolstilchin himself points out that in this classification 

it is not always possible,to establish clearly the type to which one 

or the other water-bearing soil layer belongs. 

The second fault in the existing classification of ground water 

is the wholesale inclusion of ground Ice of all types, a point of 

view that has established itself in the principal works on geocry- 

ology . 
Thus Chapter IX, "On the regime of ground and surface water in 

the permafrost zone", of the "General study of permafrost" (sumgin 

et al., 1940) has it that the class of intrapermafrost water' '... 
should include both the liquid phase of water, circulating within 

the permafrost mass, and the solid phase of water, i.e. fossil ice 

and water-bearing soils temporarily solidified in permafrost" (p.254). 
Under "fossil ice" the authors include all types of ice found in 

perennially frozen soils, from massive blocks of ground ice until 

recently thought to be buried glaciers or snow ice, lake ice, etc., 

to such small ice inclusions as crystals, interlayers and sublima- 

tion ice. 

In his work  he water of the frozen zone of the lithosphere" 
(1941), N.I. Tolstilchin again confirmed his point of view on this 
subject, discussing the solid and the liquid phases of ground water 

in separate parts of the book. Concluding his work, N.I. Tolstikhin 

states: "The intensive construction programme in the permafrost 

zone of the USSR demands from us that we pay a great deal of atten- 

tion to the study of hydrogeological conditions in this interesting 

region. It becomes necessary to establish the study of ground water 

in the frozen zone of the lithosphere (permafrost zone) as an inde- 
pendent branch of hydrogeology. The author's present work is the 
first attempt to achieve this" (p. 195). Thus N.I. Tolstikhin in- 
cluded ground ice into the subject matter of an independent branch 

of hydrogeology . 
The textbook of general hydrogeology by A.M. Ovchinnikov (1955)~ 

prescribed as textbook of hydrogeology for colleges, contains a sim- 
ple reiteration of the same opinions on ground ice. 



As a proof of the necessity to combine ground water and ice 

in one class, it is often stated that ground ice transforms into 

ground water upon thawing; that it is of the same basic chemical 

composition (~~0); that ice is a source of ground water, and in arid 

areas ground ice can be regarded as a reserve of water supply, etc. 

However, if one studies this question more carefully, it will 

not be difficult to detect the formalism in this approach to ground 

water classification. 

Hydrogeology as a science dealing with the origin, motion, accu- 

mulation and distribution of ground water in the earth's crust 

(A.M. ~vchinnikov) began and developed because of persistent practi- 
cal necessity, its great importance for the national economy. A 

study of ground water in order to solve practical problems such as 

water supply, irrigation, mining, smner resort sanitation, etc., 

was the main reason for the development of hydrogeology. The same 

problems are confronting hydrogeology today. It is obvious that 

ground ice is outside the scope of the practical tasks enumerated 

above and from this point of view cannot be included in the subject 

matter of hydrogeology. 

The contention that in some (very limited) cases ground ice can 

be regarded as a source of water supply does not carry any weight 

either, since ice whlch changes to water no longer exists and there 

is no point in discussing it. In arid districts, snow and river or 

lake ice often are a source of water supply, but this is no reason 

to regard them as surface water in solid phase. Snow as a material 

system is studied by meteorologists and not hydrologists; river and 

lake ice as such is not considered by the science of hydrology, but 

only insofar as it influences the flow and accumulation of water. 

It should be noted that ground ice as potential ground water reserves 

hardly is of any practical significance. The therrnolcarst lakes that 

form from melted ice must be regarded as surface water, according to 

their position; these lakes draw their subsequent water supply from 

atmospheric precipitation, i.e. rain and snow. 

Ice bodies of various size occuring in the crust of the earth 

are rnaterial systelns with properties quite different from those of 



water. Such ice can also be considered as rock. GPound ice, for- 

ming in various ways as a result of freezing of the lithosphere and 

the formation of a long-period cryolithic zone, takes no part in 

water exchange, chemical reaction with roclcs, etc. 
From the geological mineralogical point of view the fluid phase 

of H20, water, is a melted mineral, which can be compared to magma, 

whereas ice is the mineral. 

The only valid reason for considering ground ice and pound 

water together, as a single element, is the same basic chemical com- 
position (~~0). This is the point of view taken by V.I. Vernadskii 

(1933) in his well-known work,  h he history of minerals of the 
earth's crust", where natural water is considered as a binary com- 

11 pound of hydrogen with oxygen and thus ... a new, uniform classifica- 
tion of water is introduced, suitable for all natural waters, which 

are expressed in terms of positive formulae rather than mere hypo- 

theses" (p. 3). 
Within the framework of this classification he then discusses 

natural water in its varlous fonns, from meteoric solid water forming 

the clouds to water vapours deep in the earth's crust; ground ice 

and ground water are discussed separately under different sub-groups 

and t~ypes of natural water. 

The chemical composition is a generic feature common to H20 in 

all three physical states, and therefore provides a unifying concept. 

Any division within this concept in respect to physical form results 

in separate concepts for ice and water, bearing fundamental distinc- 

tions. To fuse these concepts together would mean a disregard for 
logic and the order of things in nature. The same applies also to 

water vapour in subsoil. 

The subject of hydrogeological studies, as already mentioned, 

is ground water, characterized specifically by its liquid physical 

state. In keeping with this, beside the origin and accumulation of 
ground water, included in this field of study are the conditions of 

ground water circulation, its chemical reaction with rocks, and in 

fact ways of utilization or methods of combatting it. 



To solve its problem, hydrogeology enlists the help of related 

sciences - meteorology, hydrology, sol1 science, etc. Hydrogeology 

is also incumbent on geocryology, which for some unknown reason was 

allotted no place in the structural scheme of that science in A.M. 
Ovchinnikovts course on general hydrogeology. 

The practical importance of ground Ice - whether it is a com- 
ponent part of frozen soils or constitutes large mono-mineral depos- 

its - is entirely different. Ground ice largely determines the 

physical mechanical qualities of frozen soils and the surface topo- 

graphy; and ice in soil develops in an entirely different way, In 

respect to their physical qualities, both structure and properties, 

ground ice and ground water differ radically frorn one another. This 

clearly shows that ground ice constitutes a group of natural forma- 

tions fundamentally different from ground prater, formations that are 
the characteristic feature of the entire cryollthic zone and require 

their own, separate classiflcation. Practice has shown that despite 

the formal inclusion of ground ice under the heading of ground water, 

the subJect-matter of hydrogeology, ice research has progressed on 
its own and the leading role in it belonged certainly not to hydro- 

geologists . 
There is no doubt that there Is a very close relation between 

ground ice and ground water, but this is an entirely different ques- 

tion: the reciprocal phase transformations and identical chemical 

composition of ground water and ground ice do not malce a sufficient 
reason for lumping them together in the basic hydrogeological classi- 

fication scheme. 

We have therefore come to the conclusion that the current clas- 

sification of ground water in perennially frozen soils is unsatisfac- 

tory for both scientizic and practical purposes. 

A new ground water classification on a geocryological basis, 

giving due consideration for the basic conditions of the formation, 

circulation, chemical Interaction, and other features of ground water 
found under any given conditions, is presently requlred of liydrogeo- 

logy. 
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THE USE OF TILE "REDUCED COEFFICIENT OF TlERbIAL CAPACITY" 

IN COMPUTING THE DEPTH OF TlIE FREEZING AND THAWING OF SOILS 

K.F. Voitkovskii 

The freezing and thawing of the soil is a highly complicated 

physical process, which is dependent upon a large number of various 
factors; therefore, the analytical determination of the depth of the 
freezing and thawing of the soil presents many difficulties. In 

making these calculations it is inevitable that several simplifica- 

tions and assunptions will be introduced which will, to a certain 

extent, distort the actual picture of the process. This being the 

case, it Is very important to distinguish the basic factors which 

determine the processes of freezing and thawing of soils and to take 

them into account correctly. It is essential to adopt a method of 

calculation which would not be too complicated and which, at the 

same time, would keep as close to reality as possible and reflect 

the true facts accurately. In view of the multiplicity and complex- 

ity of the processes involved in the freezing and thawing of soils, 

the choice of a system of calculation presents many difficulties. 

At the present time there are a considerable number of formulae 

for computing the depth of the freezing and thawing of the soil 

offered by various authors (.Stefan, 14 .:\I. Krylov, S .L. Leibenzon, 
V.S. Luktyanov and others) - formulae based on different assumptions 
and pretnises . 

The majority of the formulae offered are based on the assumption 
that all the latent heat of water which freezes in the soil is given 

off at the surface of freezing. Quite different in principle from 

this are the propositions of V.D. Machinskii in his calculations of 

"defrosting" (artificial thawing) of soils for winter operations 

(1949) 
V.D. blachinsl~ii proposed to reduce the complicated process of 

thawing soils to a thermal process, without taking into considera- 

tion any changes in the aggregate state, by expressing latent heat 

in the form of a certain additional thermal capacity of the soil. 



For t h i s  purpose t h e  l a t e n t  hea t  of f rozen  s o i l  i s  c a l c u l a t e d  and, 

a f t e r  d iv id ing  it over t h e  e n t i r e  ranee of temperatures wi th in  which 

t h e  s o i l  i s  heated,  one o b t a i n s  t h e  d e s i r e d  supplementary thermal 

capac i ty .  The sum of  t h e  r e a l  and supp1e:nentary thermal capac i ty  
g ives  t h e  "reduced thermal capaci ty" ,  with t h e  a i d  of which f u r t h e r  

c a l c u l a t i o n s  a r e  made. Then t h e  temperatures of t h e  s o i l  a r e  d e t e r -  

mined. It i s  poss ib le  t o  determine t h e  su r face  of thawing by t h e  

l o c a t i o n  of t h e  zero isotherm, 
Such a computing method is  p h y s i c a l l y  unfounded and f a r  from 

t r u e ,  bu t ,  i n  some ins tances ,  i t  w i l l  produce r e s u l t s  which w i l l  be 

c l o s e  t o  r e a l i t y .  V.D. PIachinskii pointed out  t h a t  t h e  proposals  

which he submitted f o r  c a l c u l a t i n g  t h e  thawing of s o i l s  were e a r -  
marked f o r  engineering p r a c t i c e  and were t h e  "s imples t ,  approximate 

c a l c u l a t i o n s " .  Bearing t h i s  po in t  of depar tu re  i n  view, one can 
agree  with t h e s e  c a l c u l a t i o n s ,  a l though they a r e  not as r e l i a b l e  as 

o t h e r  approximate formulae e i t h e r  i n  t h e i r  accuracy, o r  i n  t h e i r  
complexity. 

Recently c e r t a i n  r e sea rch  workers have sholm a tendency t o  use 
V.D. h lachinski i l s  method, c o n s i s t i n g  of t h e  expression of l a t e n t  

hea t  i n  t h e  form of a c e r t a i n  a d d i t i o n a l  thermal capac i ty  of t h e  

s o i l ,  f o r  c e r t a i n  ins tances  of f r e e z i n g  o r  thawing of s o i l s .  I n  so  

doing i t  has been completely overlooked t o  what degree,  g e n e r a l l y  

speaking, t h i s  method i s  s u i t a b l e  and t o  what ex ten t  t h e  obtained 

r e s u l t s  a r e  p r e c i s e .  
With a view t o  a s c e r t a i n i n g  t h e  s u i t a b i l i t y  and degree of ac-  

curacy of computing t h e  f r e e z i n g  and thawing of s o i l s  wi th  t h e  a i d  

of a "reduced c o e f f i c i e n t  of thermal capaci ty"  l e t  us  ana lyse  t h i s  
method and compare i t  wi th  o t h e r  computing methods. 

Let us  examine t h e  process  of s o i l  thawing. 

To inc rease  t h e  temperature and thaw f rozen  s o i l  i t  i s  neces- 

sary t o  consume a d e f i n i t e  q u a n t i t y  of hea t ,  which w i l l  be used 

f o r  r a i s i n g  t h e  temperature of t h e  f rozen  ground, f o r  thawing t h e  
i c e  i n  t h e  ground and f o r  r a i s i n g  t h e  temperature of t h e  l a y e r  of 
s o i l  which has thawed. 

The amount of hea t  needed t o  r a i s e  t h e  temperature of one u n i t  
of volune of t h e  s o i l  by lo, Is  c a l l e d  t h e  volumetric thermal capa- 

c i t y .  The volwnc.tric thermal capac i ty  of f rozen  s o i l  i s  composed 
. = "- -".-"-- -....---- " .---a ---- - 



of the  thermal capaci ty  of t he  ground "skeleton" and of t h e  water 

and i c e ,  contained i n  one u n i t  of volume. I n  view of t h e  f a c t  t h a t  
when changes occur i n  t he  s o i l  temperature,  t he  quan t i t y  of unfrozen 

water changes (moreover, t h e  thermal capaci ty  i t s e l f  of t h e  component 

p a r t s  of t h e  s o i l  i s  not exac t ly  t h e  same a t  var ious  temperatures) ,  

the  volumetric heat  capaci ty  of f rozen s o i l  w i l l  a l s o  undergo some 
s m a l l  changes wi th  changes i n  temperature (with a r i s e  i n  tempera- 

t u r e ,  t h e  thermal capaci ty  i n c r e a s e s ) .  However, these  changes a r e  

usua l ly  overlooked when ca l cu l a t i ons  a r e  made. Thc volumetric t h e r -  

mal capaci ty  of thawed s o i l  i s  usua l ly  g r e a t e r  than  t h e  thermal ca- 
pac i t y  of f rozen s o i l ,  owing t o  t h e  d i f f e r ence  i n  t h e  thermal capaci-  

t y  of i c e  and water.  

The thawing of i c e  i n  t h e  s o i l  t akes  p lace  mainly a t  t h e  surface  

of thawing and, p a r t i a l l y ,  wi th in  t he  f rozen  s o i l ,  when i t s  tempera- 

t u r e  r i s e s  from t h e  inc rease  i n  t he  quan t i t y  of unfrozen water .  

The amount of hea t  which has t o  be expended i n  order  t h a t  a s o i l  

having an i n i t i a l  below-freezing temperature Tinitial can be melted 

and warmed up t o  t h e  temperature Tfinal i s  g raph ica l ly  shown i n  
Fig .  l a .  A t  f i rs t  t he  heat  i s  consumed t o  r a i s e  t h e  f rozen  s o i l  

temperature t o  i t o  thawing point :  [Cfrozen(To - T i n i t i a l  ) ]  and f o r  

p a r t i a l  thawing of t h e  i c e  i n  t h e  s o i l  (LIJ ) Then t h e  heat  i s  supp . 
consumed on thawing t h e  main lnaas of i c e  i n  t he  s o i l ;  here t he  s o i l  
temperature remains almost unchanged. Af te r  t h e  i c e  melts ,  t h e  heat  

i s  consumed t o  r a i s e  f u r t h e r  t h e  temperature of t h e  s o i l  

[ C t h ( T f i n a l  - To)] 
When t h e  s o i l s  which a r e  being thawed have a l a r g e  quan t i ty  of 

i c e  t h e  g r e a t e r  p a r t  of t he  heat  i s  consumed i n  melt ing t h e  i c e ,  

mainly a t  t h e  thawing temperature To (more p r ec i s e ly  - with in  a ce r -  

t a i n  s m a l l  range of teinperatures, determined by t h e  composition of 

t h e  s o i l ,  i t s  s a l t  content and by o the r  f a c t o r s ) .  Therefore,  a t  

t h i s  temperature a c h a r a c t e r i s t i c  temporary de lay  talces p lace  i n  

t h e  r i s e  of t h e  temperature, a temporary set-baclc. Temperature f l u c -  
t u a t i o n s  above t h e  surface  of thawing do not spread below t h i s  l i n e .  

Thic has been given t h e  name of "zero cur ta in"  and i s  c h a r a c t e r i s t i c  

of t h e  thawing and f r eez ing  of moist s o i l s .  



I1 When calculations are made according to the method of reduced 

thermal capacity" the latter is completely ignored. The computing 
method of heat consumption necessary for heating and thawing of the 

ground, in this instance, is shown in Fig. lb. Here, the latent 

heat for ice thawing is replaced by additional thermal capacity of 

the soil. If one analyses such a method from the physical point of 

view one sees that the thawing of ice in the soil takes place pro- 

portionately to the change of its temperature, both in below-freez- 

ing and in above-freezing temperatures, which is a drastic distor- 

tion of reality.  h he temperature of the soil can only raise above 
O0 after the ice which it contains has thawed.) Consequently, such 

a method cannot serve as a reliable basis for computing. 
In order to determine the degree of accuracy when computing 

It with the aid of the reduced coefficient of therrnal capacity" approx- 

imate calculations of planar thawing and freezing of the soil have 

been carried out, both according to V.D. Machinskiifs formula as 
well as by using a precise analytical formula. 

We assume, when making these calculations (as assumed by V.D. 
~achinskii) that the soil is homogeneous and that its initial tem- 

perature Tsoil is constant in the entire depth; while the calculated 

temperature on the surface Ts is established instantaneously, and 

that it remains constant during the calculation period. 

We accept the following designations: 

h - depth of thawing (freezing) of the ground, m, 

Bt - initial temperature of the soil, OC (according to the 
modulus) esoil = LTsoill, 

8, - temperature on the surface of the soil, OC (according to 
the modulus) €Js = [Ts], 

8, - thawing temperature of the soil, OC (according to the 
modulus) 8 = [To], 

hth - heat conductivity of thawed soil, kcal/m hour degrees, 

hf - heat conductivity of frozen soil, lccal/m hour degrees, 

Cth - thermal capacity of thawed soil, kcal/m3 degrees, 



Cf  - thermal c a p a c i t y  of f r o z e n  s o i l ,  kcal/m3 degrees ,  

H - q u a n t i t y  of water  f r e e z i n g  i n  1 1n3 of s o i l ,  kg/m3, 

L - l a t e n t  hea t  of i c e  mel t ing  ( L Z  80 kcal/kg) 

t - t ime, i n  hours .  

With t h e  accepted boundary c o n d i t i o n s  t h e  dep th  of thawing 

( f r e e z i n g )  of t h e  s o i l  i s  p r o p o r t i o n a l  t o  t h e  squa re  r o o t  of time: 

where A i s  a cons t an t  va lue  f o r  every p a r t i c u l a r  c a s e .  Therefore ,  

we w i l l  compare t h e  va lues  of c o e f f i c i e n t  A ,  c h a r a c t e r i z i n g  t h e  depth  

of f r e e z i n g  p e r  u n i t  of t ime .  

The p r e c i s e  va lue  of c o e f f i c i e n t  A can be de f ined  from t h e  

t r anscenden ta l  equa t ion  ( ~ r e b e r ,  Erk, 1936); 
2 

From t h i s  equa t ion  t h e  va lues  A were determined,  w i th  d i f f e r e n t  

T s O i l '  Ts' hf and U i n  most c h a r a c t e r i s t i c  combinations  a able 

I). I n  doing t h i s  i t  was accepted t h a t  C t h  = Cf  = C and t h a t  Go = 0.  

According t o  V.D .  Machinsk i i l s  method t h e  dep th  of s o i l  thawing 

can be de f ined  a s  fol lows:  

( a )  The "reduced thermal  capac i ty"  of t h e  s o i l  i s  determined.  

We assume t h a t  t h e  mean temperature  of t h e  mass of thawing s o i l  i s  

one - th i rd  of t h e  tempera ture  on t h e  s u r f a c e  and, consequent ly ,  t h e  

range of I ts  warming up, on a n  average,  equa l s  Osoil 
OS + -  
3 

. The 



"reduced thermal capacity" i n  t h i s  case w i l l  equal: 

and the  "reduced coef f ic ien t  of thermal conductivity" w i l l  be - 

(b)  Computing temperatures a t  any depth Z ,  i n  any given time, 
i s  done according t o  t h e  formula: 

where 

e dx, x =  Z 
* (x)  = - i 2dz7 J 

Aefinal  and " i n i t i a l  a r e  the  f i n a l  and i n i t i a l  d i f fe rences  of 

temperature, between the  temperature on the  surface  and t h e  tempera- 

t u r e  of the  s o i l .  
( c )  A t  t he  surface  of thawing (z  = h)  the  s o i l  temperature i s  

equal t o  O0 and, consequently: 

Therefore : 

From t h e  value $ ( x ) , = ~  ( e i t h e r  by t a b l e  o r  by diagram) one can 

determine the  following value, xh = h 
2 q t  * 

Hence h = AC, 

where 



The freezing of the soil Is determined analogously, only in- 

stead of hth one uses hf. 

Values of A, which have been determined in this manner, are 
listed in Table I. By comparing them with the precise solution one 

can see that the method advocated by V.D. Machinskii gives satis- 

factory results in separate instances; however, in the majority of 

cases it results in considerable errors, reaching up to 37%> there- 
I1 by becoming unsuitable even for approximate calculations". 

Analysing the data obtained one can see that the V.D. Machinskii 

method gives satisfactory results for approximate calculations (with 

an error within the limits of + - lo$) only when the relation 

OS is within the range of 0.4 to 0 . 8 .  In other words this 
esoil -t O s  

applies to those instances, when the zero temperature is located in 

the middle of the temperature range between the temperzture of the 

soil and the temperature on the surface. The closer the initial 

ground temperature is to zero, the greater the error. In the limit- 

ing case where the temperature of the ground 13 equal to 0°, com- 

puting the depth of thawing with the aid of a "reduced coefficient 

of thermal capacity1' is altogether unsuitable. In cases when the 

temperature on the surface is low, in coinparison with the soil tem- 

perature (Os <Bsoil ), the errors also become considerable, all the 
more, as the moisture of the soil increases. 

At first glance it may seem that the advantage of the V.D. Ma- 

chinskii method may consist in the possibility of determining the 

temperature of the soil at any depth, at any given tirae; however, 

only fictitious temperatures are determined according to this formu- 

la, which do not correspond to reality (~ig. 2). These discrepancies 

can be substantial, so that the aforementioned advantage will rnostly 

disappear. 

As can be seen, the degree of accuracy of V.D. FIachinsklils 

method is very small and its applicability very limited. Moreover, 

in comparison with other approximate formulae, such as those advoca- 

ted by V.S. Luklyanov (~ol'dshtein, Luklyanov et al., 1946), its 

shortcoming is that it is very difficult to take various additional 



factors into consideration, such as the presence of a heat-insulating 

layer on the surface of the soil, the presence of several layers of 

soil having different moisture content and various thermo-physical 

properties, etc. 
It follows from the aforementl-oned that the method of computing 

with the aid of a "reduced coeffici.ent of thermal capacity", based 

on an expression of latent heat in the form of added thermal capacity 

of the soil, does not have a precise physical significance and dis- 
torts reality. It leads to considerable errors and other existing 

computing methods. Instead of bringing one as close as possible to 

reality, it tends to mislead one in the direction of empiricism. 

Therefore, it is a conservative method which has no prospect for 

future development. It cannot be recommended for wide utilization 

in calculating the thawing and freezing of soils, even for rough 

calculations. 

This, however, does not exclude the,possibility of using the 

outlined method ouccessfully in separate, individual cases of engi- 

neering practice; but in each case it is essential to substantiate 

the suitability of this method. 
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Table I 

Verification of V.D. Machinskiits computing formula for determining 
the depth of thawing and freezing of soils 

- - - -  - - - - 
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Fig. 1 

Computing methods of thermal capacity and latent heat 

(a) - in nature; (b) - by method of "reduced thermal capacity"; 
wsuPP. - quantity of ice in 1 cubic metre of soil, 

thawing on increasing temperature from Tinitial to To; 

Wo - quantity of ice in 1 cubic metre of soil, 
thawing at temperature To: 



Pig.  2 

Dis t r ibut ion of temperature i n  t he  s o i l  by depth 

r e a l ,  ---- according t o  t he  V.D. Machinskii formula 

1 - a f t e r  10 hours; 2 - a f t e r  100 hours; 3 - a f t e r  1000 hours 

(a)  w-len TsOi1 = 0.5"; Ts = 20°; hth = 1.0 kcal/m hour degrees; 
hf = 1.0 kcal/m hour degrees; Y = 400 kg/m3; 

(b )  Whc?n TSoi1 = - 8 O ;  Ts = 20"; hth = 1.0 kcal/m hour degrees; 
hf = 2.0 kcal/m hour degrees; W = 400 kg/m3; 

(4  when Tsoil = Go;  T s = -2'; hth = 1 . 0  kcal/m hour degrees; 
3 

hf = 2.0 kcal/m hour degrees; W = 400 kg/m . 


