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PROBLEMS OF ICE-WEDGE STRUCTURES 
AND FROST-FISSURE POLYGONS 

Sommaire 

Les progres considerable des etudes concernant le pergelisol offre la possibilite d'adaptation de nouvelles 
i dees a l'interpretation des phenomenes periglaciaires fossiles. 

Il faut reserver la notion des fentes en coin exclusivement pour les fragments des systemes polygonaux 
des fentes dues au gel. Les fentes en coin fossiles ont pu se developper par le moulage de !'espace laisse 
apres la fonte de la glace, ou bien elles presentent des fragments des polygones dus au gel a remplissage minerał 
primitif des fentes. 

En se fondant sur la theorie de ćontraction on a pu expliquer des systemes polygonaux des fentes, 
ainsi que des causes de la repetition observee du developpement des fentes dans les memes endroits. 

L'inadvertance du probleme du karst thermique presente une grande lacune dans l'etude du Pleistocene. 
La notion du karst thermique doit etre atribuee aux phenomenes accompagnant la formation des fentes de ge,l 
fossiles. On observe tout un rang d'alternatives de l'evo~ution de degradation des polygones a glace de fente, 
parmi lesquelles il n'y a que tres peu qui aboutissent a un moulage des fentes par le materie! minerał ou 
organique; ce moulage, a son tour, signaie le debut de la formation des fentes de gel fossiles. 

La premiere tache dans l'interpretation des fentes en coin fossiles consiste a eliminer des structures 
qui n'ont rien de commun aveć le milieu periglaciaire. L'analyse dy plan horizontal y joue le role principal. 
L'examen des contacts lateraux et de la structure du remplissage fournit d'importants criteres de distinction 
entre les fentes en coin <lont l'origine est liee avec les polygones a glace de fente et les structures a remplissage 
minerał primitif des fenteś <lues au gel. 

Ces deux categories des polygones fossiles presentent le temoignage du climat continental, rude avec 
pergelisol dans le cas du moulage seconciaire des fentes et avec le pergelisol suppose dans le cas des polygones 
a remplissage primitif. 

INTRODUCTION 

The present state of knowledge concerning iee-wedges and their deri­
vates produced as a result of the infilling with minerał or organie materiał 
of the space formerly occupied by ice - offer certain new possibilities to 
determine their character. At the same time, new problems have arisen 
in connection with the latest results of investigations of Pleistoeene fossil 
structures and still more of the recent and present-day wedges and polygons 
m arctic America, Siberia · and AD,tarctica. 

N ot only do the fresh data now available faeilitate i better understand­
ing of wedges and fissure-polygons; there seems to be a rather urgent 
need to review all the questions concerning the major problems involved, 
whether new or already well-known but susceptible of new solutions. 

The basie problem is, logically, that ofa definition of ice- and sand-
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-wedges, of their fossil derivates and of wedge-like structures, which should 
consequently lead to genetic problems and provide the criteria to be applied 
in distinguishing true wedges from wedge-like structures. 

Also the methods of approach in every attempt to identify th~. dif­
ferences between sand-wedges and forms due to infilling of voids left after 
the melting of fissure-ice, require discussion. In this connection, the quest­
ion of upturned · layers at their lateral contacts with wedges gains a particular 
importance. 

Considerations on upturning of layers along the wedge sides must 
necessarily include the problem of the syngenetic and epigenetic origin 
with which it is usually connected. Rec6gnition of syngenetic and epigenetic 
fissure polygons is of importance not only with regard · to these structures, 
but still more. for a better knowledge of fossil forms. Interpretation of 
these structures with reference to their essential, initial forms - whether 
sańd-wedges, ice~wedges, syngenetic or epigenetic - may lead to valuable 
conclusions regarding paieociimates and paleogeography. 

Fossil fissure-polygons ~re almost unanimously believed to have arisen 
merely as a result of inf illing of the voids left on the melting of ice. Although, 
particularly in the Soviet and the U: S.A. literature, other modes of develop­
ment of polygons after the melting of ice have been suggested, no attempt 
has been made until now to visualize all the possible types of their develop­
ment and to correlate these alternative explanations with the problem of 
fossil icę-wedge structures. 

Fossil fissure-polygons if correctly identified and genetically well­
-defined constitute valuable indicators of the stratigraphy and chronology 
of Pleistocene sediments. Their significance merits, therefore, to be empha­
sized. 

Finally, any attempt to revise certain preconceived ideas regarding 
problems of temperature-controlled fissure polygons, especially of their 
fos sil manif estation~, will have to entail a discussion of the current termi­
nology. 

DEFINITION OF FOSSIL ICE-WEDGES 

From the very beginning of studies relating to fossil ice-wedges it was 
realized that they are nothing but frigments of the polygonal patterns 
appearing in the walls of exposures. But the difficulty of conducting three­
""dimensional investigations has frequently led to serious errors. 

It is thought appropriate to draw attention to the common usage of 
a different nomenclature with reference to identical facts, depending on 
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w hether they are present-day phenomena occurring in the Arctic and the 
Antarctic, or fossil features of the same type. In the former case, the main 
idea is that of a polygon with the addition of various qualifying adjectives 
such aś: tundra-, Taimyr- or fissure-polygons. In the latter case, the es­
sential notion is that of vein or wedge with such qualifications as ice or 
frost. Such names as would tend to stress the secondary character of such 
features, are rare. Among them are ice-wedge casts and pseudomorphoses. 
left by ice-wedges. 

This divergence in notions as well as in corresponding terms is by no 
means due to any essential difference between the recent and present-day 
polygons and those which gave rise to Pleistocene fossil forms. It rather 
results from certain differences between the particular fields of observation. 
Recent polygons in the Arctic and the Antarctic are readily recognisable 
in the plan, whether at close inspection or from the air. In contrast, cor­
rect identification of their cross-cut presents some difficulty, even though 
in the densely populated countries of temperate climate numerous ex­
posures provide a multitude of vertical cuts exhibitillg wedge-like forms, 
while fossjl polygons are here practically never seen on the surface. -Recog­
nition of such features in the plan requires expensive, long-term investi­
gations. 

It is easily comprehensible that under these circumstances a wedge 
seen in the vertical cut of a polygon may be taken for an independent form. 
The fact of its being but a fragments of a polygonal pattern frequently 
escpaces recognition. This cofusion is still increased by the common usage 
of the term ice-wedge structures and of iis equivalents in other lań.guages. 

The idea of ice-wedge structure and such corresponding terms as ice­
-wedge are inadequate and may be missleading for two reasons, unless their 
connection with well-defined polygonal patterns has been properly ascerta­
ined. It should be always realised that not every wedge-like form outlined 
on the wall of an exposure must necessarily form part of a polygonal pattern; 
and not every polygonal pattern showing wedge-like forms in the vertical 
cut was previously filled with ground-ice which became subsequently 
replaced by minerał or organie matter. 

Only a few non-polygonal patterns with wedge-like vertical cuts are 
attributable to periglacial conditions. Such are e.g. fissures · due to thermal 
contraction which fail to form any polygonal patterns and the infilling 
of cracks formed as a result of the doming of various kin.ds of frost-produced 
mounds. The origin of such cracks is associated with the development 
of forms due to swelling i.e. by the growth of needle-ice. Boicov (1961) 
holds that the tension induced by the widespread swelling of extensive 
upfreezing areas gives rise to radially distributed wide-open· cracks. The 
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differential tension initiating the formation of such cracks is due to ine­
qualities in the intensity of swelling depending on the moisture content 
and the thickness of each individual layer. Today, such features are com­
monly occurring on palsas and pingos. Such fossil forms as have been 
preserved owing to the infilling of pre-existent wide-open cracks are also 
well known. Sub-surficial cracks which were originally underground 
channels (Pewe 1954) and spillways (Dylik 1963a) of injected waters, 
constitute a separate group of fissu.res. 

Much more widespread, however, are, in our exposures, such wedge-like 
forms as t1,re either not at aH or only indirectly connected with a periglacial 
environment and with thermally controlled polygonal patterns in particular. 
They include all the vestiges of fissures induced by drying, subsidence, 
tectonic factors as well as karst forms and traces of tree-roots. There is 
no need to discuss these forms to which a voluminous literature has been 
devoted (Johnsson 1959; Kaiser 1960). But it might be appropriate to 
emphasize the necessity of more caution in indentifying the forms that 
exhibit any traces of tree-roots. For it has been often found that tree-roots 
tend to plunge into pre-existing fissures, thus masking their true initial 
nature. ·Bu trym et al. (1964) consider wedge-like structures as a sand 
dyke produced by land deformation and compaction. The same writers 
indicate a similarity between calstic dyke in Flysch and certain structures 
described as Pleistocene ice-wedges. They come to this conclusion after 
comparing only a rondom. selection of the vertical sections. 

Buried furrows and erosional gullies constitute particularly interesting 
and note-worthy examples of wedge-like forms. These structures require 
special discussion not only because of their common occurrence but also 
for the reason that according to a widely accepted opinion all the cracks 
which were recognized in Europe as fossil wedge-like forms are believed 
to have originated through infilling of pre-existent erosional land-forms. 

Gusiev (1958) advocates this point of view and cites highly interesting 
data based upon field observations, such · as e.g. the development of crack 
polygons following the melting of ground ice. Gusiev excludes the pos­
sibility of their having been preserved through infilling of the fissures with 
minerał or organie materiał. This very interesting suggestion which is, 
no doubt, correct to a certain extent will be more amply discussed below. 

As regards the second question, Gusiev holds that the filling of gul­
lies with mud stream deposits is an essential process in the formation of 
''ground veins". The plains around the foot of Mount-Dag exhibit dry 
deltas and coalescing outwash fans. These areas are characterised by un­
bound streams and their intermittent but rapid filling. If sufficiently closely 

1 
and throughly examined, the geologie cross sections of such deposits may 
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be found to exhibit - according to Gu si e v - ground veins as well as soli­
fluction and other pseudo-frost-caused forms. Fossil ice-wedges have 
nothing in common with frost-induced processes and are no evidence of 
permafrost. They should be regarded as formations characteristic of arid 
areas and piedmont plains. 

Many a good example cited in the literature clearly shows that Pleistocene 
sediments often contain fossil polygons derived from polygons filled with 
ground ice. In view of these facts there can be no doubt that Gusiev's 
overall explanation is perhaps somewhat rash and exagerated certainly 
merits attention and may contribute to further development of periglacial 
research. 

In loess areas the lithologic conditions were favourable for a rapid for­
mation of gullies, which were then buried. This resulted in structures 
resembling ice-wedges when seen in vertical sections. The wedge-like 
forms known from Raciborowice, near Cracow, may serve as examples 
(pl. 1 ). They are characterised by a peculiar distribution of the filling 
layers, which strike almost paralle1 to the fairly wide bottom of the pseudo­
-wedge. Such a mode of filling in either the voids left by melted ground 
ice or in the immediate filling of contraction fissures cannot possibly be 
accounted for by any of the current hypotheses. 

The recently discovered sand-wedges tend to complicate the question 
of thermally controlled polygons. A correct ide~ of the present-day structur­
es and still more that of the fossil ones appears to be more complex. The 
old concept of a particular distribution of ground ice masses seems inapt 
to solve the question. Consequently, it does not seem possible to apply 
any longer as it was done so far the term of ice wedge and other terms" der­
ived from it - to fossil wedges unless there is sufficient evidence indicating 
that they are really filled spaces previously occupied by ice-wedges. 

The above considerations tend to stress the fact that in any definition 
of ~he idea of wedge as part of a periglacial structure is. the essential point 
to ascertain its connection with a polygonal pattern. Thus, all the forms 
showing, in the vertical cross-cut a wedge-like outline but no connection 
whatever with any previous periglacial environment may be easily eli­
minated. Small contraction fissures due to drying and those mentioned 
above which do not form any polygons, will be for the moment .. left out 
of the discussion. 

The recognition of sand-wedges also introduces an ambiguity into 
the concept of polygonal structures. Hence, the necessity of ascertaining 
whether ice-wedges and sand-wedges exhibit any major common feature. 
A further necessity is that of finding out which are the criteria characterising 
both ide-wedges and sand-wedges, that may be applied to distinguish them 
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from other wedge-like structures which are generally non-periglacial. 
Criteria on which to base a distinction between sand- and ice-wedges are 
also badly needed. 

The tasks outlined above will lead to considerations on the origin of 
thermally controlled polygonal structures, as genetic criteria appear to be 
the only key to any clarification of the problems in question. 

GENESIS OF TEMPERATURE-CONTROLLED ICE-WEDGES 

Bunge (1902) was the first who outlined the essentials of the contraction 
theory which was later amplified and documented by Lef fingwell (1915, 
1919). According to this theory, formation of contraction fissures due to 
low winter temperatures, constitutes the basie process. While thawing 
these fissutes become filled with either water or snow, the _water gettihg, 
at same time, frozen in the downward parts of the cracks beneath the reach 

· of spring thaw. Thus, the fissures are being preserved until the next winter 
season, during which repeated cracking occurs along the pre-existant 
fissures that constitute ''lines of weakness". Such a process, if frequently 
recurring over a number of years tends to produce ice-wedges reaching 
some 6 m in width and 8-1 O m in depth. 

Against Leffingwell's theory Taber (1943) raised the objection 
that wedges were never observed to extend right down from the ground 
surface into the depth of permafrost; nor are any wedges known to intersect 
horizontal ice-layers. Finally, it appears rather unlikely that any thermal 
chartges might be vigorous enough to produce contracdon fissures at 50 m 
depth where ice-wedges are frequently found. 

According to Ta ber, ice-wedges are neither resulting from pre-existant 
fissures nor produced by the freezing up of infiltrating surface-water. 
Development within wedge-like fissures of ice masses forming a polygonal 
pattern would be essentially due to the growth of ice-crystals . nourished 
my water from below. lee would not fill up the voids formed by contrac­
tion, but invade them owing to its own development, its own expansion. 

Taber believes that ice-wedges are formed predominantly in fine­
... grained materiał, such as silts and very fine sands, since such materiał 
alone affords sufficient water supply, facilitates its migration upward and 
the expansion of ice-crystals. Leffingwell' s hypothesis does not confine 
the formation of ice-wedges to any particular rock type. 

The expansion hypothesis was also advocated by Paterson (1940), 
Diicker (1951) and Sc henk (1955, 1964 ). 

The latest investigations by Black (1950, 1952, 1963, 1964) and Pewe 
(1947, 1962) tend to confirm Leffingwell 's hypothesis concerning 
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the genesis of ice-wedges in Alaska. The theoretical foundations of this 
concept have been· recently discussed by Lachenbruch (1959, 1962). 
During his latest research work Pewe (1962) found that wedge-ice is 
subject to foliation and tiny ice-łaminae intersect the older, pre-formed 
ones. 

Highły significant is in this connection the presence of ripples or pro­
jections cropping out of the wedge surface as a result produced by the 
youngest ice-veins. All these. facts tend to suggest a compłex evołution 
of the ice-mass within the wedge that devełops as a result of the increasing 
growth of its mass. This ałso provides indirect evidence of the contractionał 
nature of wedges. A łike evidence is that of the linea_ted air bubbłes and 
xenołithes in the form of organie or minerał particles which are usually, 
oriented parallel to the wedge wall. These minerał and organie intrusjons 
were no doubt deposited by melt waters into these temporariły open fis­
sures .. 

Leffingwell has emphasized the multi-phase development of ice~ 
-wedges controlled by two types of events: formati011 of contraction fis,. 
sures and freezing up of unbound water within them. Ta ber attributes 
a major significance to the character of the wedge productive ground-ice. 
Finally the result obtained by Bła~k and Pewe reveałed the basie impor­
tance of a proper knowledge of the constitution of grourid-ice, the signi­
ficance of . which in many frost-caused and thus ałso perigłaciał events, 
was most fully and convincingły discussed by Shumski (1955). 

The existence of sand-wedges sheds a new light upon the genesis of 
połygonał structures and tends to confirm the correctness of the contraction 
hypothesis. 

Le ff i n g we 11 ( 1919) was the first to discover the existence of frost,­
-caused fissure połygons containing no ground-ice. · A more detailed 
description of such forms and their first expłanation was given by Wash­
burn (1947) who mentioned the report by Stefansson in 1922. Wash,­
bur n hołds that frost cracks or furrows originated by thermal contraction 
at extremeły low temperatures. He even calcułated the łinear vałue of 
contraction at a temperature dropping from 32° F to -40°F (0° to -40°C) 
and presented a cross-profile showing that the fissure was filled with or­
ganie matter. 

Hopkins and Karlstrom (and others, 1955) in their description 
of frost-crack polygons, pointed out the morphołogic differences . noticed 
between these forms and both the types of połygons with fissure ice i.e. 
between high-centered and łow-centered połygons. Frost-crack ,połygons 
are more flat and not invariably eń.closed. The bordering furrows are 
shallower and .less pronounced .. They occur in comparatively drier places, 
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with a better drainage, and usually in coarser materiał. Beneath such po­
lygons, the permafrost table either lies at considerable depths or is wholly 
absent. Polygons of that type and almost identical description occur like­
wise in Spitsbergen, along the Hornsund (Dylik 1958). 

It the Soviet literature, ice-free polygons were first presented by Pa­
taleiev (1955) who gave an extensive description and explanation of small 
desiccation polygons as well as of large tetragonal frost-crack polygons 
in the Khabarovsk region in the Far East.· There is no permafrost in this 
area; however, severe frost with abrupt falls of temperature, induce the 
formation of cracks to a depth of 1.5-2.5 m. The fissures begin to form 
with the advent of frost, but their maximum development is in February 
and March. In the spring, the open fissures become filled with water, 
carrying fine minerał materiał and organie remains. This infilling pre­
vents a closing up of the fissures under the pressure of the adjoining masses 
of seasonally frozen ground, whose volume expands as a result of melting. 
Inhibited along the walls of the filled fissures, that pressure causes its 
deformation in the direction of least resistance, as a result of which swellings 
are formed on the surface, along the fissures - furrows, that border the 
polygon centers. In the cross section thrąugh the furrows, the filled fis­
sures show the outline of the bedded · wedge. 

No term was used by Pataleiev to designate such structures arising 
as a result of infilling of the fissures with minerał masses. It was not until 
1956 that Danilova introduced the termground veins. The forms described 
by this writer do not invariably form polygons and fail to exhibit either 
surface swellings or - accordingly - upturned laye11s of the adjoining 
materiał. Danilova believes that those swellings have nothing to do with 
the origin of ground veins, and that one of the peculiarities of these veins 
is that the neighbouring layers are turned down. This view is far from being 
generally accepted, and it is just on account of that structural feature that 
Kaplina and Romanovski (1960) disagree with Danilova's iinterpre­
tation of the forms described; for, according to them,. the structures studied 
by Danilova are secondary phenomena, resulting·-from the in.filling of 
free spaces left by melted fissure ice. 

As presented by Danilova, the mechanism of ground-vein formation 
is analogous to that assumed by Pat a 1 ei e v. Ground veins occur in the 
active la,yer, though thtfy- may perhaps reach the depth of permafrost. 
They are formed in coarse materiał and in relatively dry regions. Dani­
lova.regards them as old, fossil forms, whereas Bobov (1960) who conduc­
ted investigations in this area, claims that the formation of ground-veins 
is still in progress to-day. 

According to the unanimuous statement of practically the totality of 
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Russian writers who studied grouhd veins (Popov 1957, 1958 a, b, 1962; 
Bobov 1960; Kaplina 1960; Surikov 1962) even though these originate 
in the active layer, they may and usually do taper down to the permafrost. 
An isolated view is that of D ostovalov 0 (1960) who firmly holds that 
such structures are confined to the active layer or - if outside the limits 
of permafrost - to deeply frozen beds. Dostovalov assumes the pos­
sibility of either a syngenetic or an epigenetic origin of ground veins. 

Pop o v ( 19 5 7, 19 5 9) believes that from the profile of a gro und vein­
or wedge, it may be easily infered„whether the form arose within the active 
layer alone or reached as far down as the permafrost. As supporting evidence, 
the writer cites the two story wedges, consisting of a wedge-like base and 
a funnel-like top. In such a profile, the wedge-like story alone testifies 
to its development within permafrost, whereas simple, either funnel- or 
kettle-shaped forms indicate, on the contrary, that the ground vein developed 
solely within the active layer, even in the absence of perr'nafrost, but under 
con di tions of deep seasonal freezing. 

A peculiar instance of ground veins was described by Kaplina (1960). 
In the cross-section, the structure presented by this author, has the shape 
of a .truncated spindle. Its upper base is 1 min width and extends to a depth 
of ca 1.5 m. The form consisting itself of well-washed and closely packed 
pebbles cuts through a composite materiał of sands, gravels and pebbles. 
The vein, composed of pebbles, shows a border, differing from the adjo­
ining materiał in so far as it contains apart from pebbles an agglomeration 
of very fine sąnds. The peculiarity of that structure suggested, therefore 
an elaborate explanation. The tiny contraction fissures arising consequently 
one beside the other during periods of abrupt fall of winter temperatures 
acted later as infiltration routes of surface waters. The infiltrating water 
gradually removed the fines from the growing fissures; thereby, within 
the space af~orded by the totality of these single fissures, well-washed 
pebbles alone were left. As to the lining, it arose as a result of fine materiał 
being deposited at the contact with the fissure walls. 

The ground veins studied by Kaplina form part of a polygon, 20-40 m 
in diameter. Apart from such large forms, the area investigated by the 
writer exhibits also small polygons, 0.5-5 m across. Other Russian authors 
have likewise recognized the existence of polygonal patterns, bordered 
by ground veins. Popov (1962) even distinguishedin the Bolsheziemelskaya 
Tundra as many as 3 generations of polygons: 300-1000 min diameter -
macrorelief, 200-300 min diameter - mesorelief, 3--:-15 min diameter -
microrelief. Just the same as in the case of the American forms (Wash­
burn 1947; Hopkins & Karlstrom and others 1955), ice-free, thermal 
contraction fissures tend to form polygons, similarly to ground-ice fissures. 
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Taylor in 1922 called such fissure patterns tesselations (Pewe 1959). 
Pewe himself (1959, 1962) introduced the term sand-wedges or sand-wedge 
polygons. The merit of this author is to have given a remarkable description 
and a convincing explanation of such polygons occurring in the McMurdo 
Sound region in Antarctica. 

In this area polygons with sand-filled fissures occur within anyone 
type of materiał, whethe; morainic till, outwash- and river sands and gravels, 
·1ake deposits, rubble fields, even glacier ice. Polygons, 6-13 min diameter 
may be found alike·on horizontal surface~ and on siopes grading up to 35 °. 
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Fig. 1. Diagrammatic sketch of sand wedge, after T. L. Pćwć (1962) 

1. top of permafrost, 2. poorly stratified sand and gra vel; 3. slumped sand and pebbles; 4. pebbles and cob­
bles; 5. structureless sand 

The well-defined bordering furrows, are ridged with swellings, 7-30 cm 
in height. W edges, filled with ice-cemented sands were found to occur 
immediately beneath the furrows. At the contact with these wedges, the 
layers of the stratified materiał within which they occur, are upturned. 
This upturning decreases towards the wedge-base (fig. 1 ). 

The climate of the McMurdo region is characterized by very low tem­
peratures - with a mean annual of approximately -17.2 °C - and is 
extremely dry. Precipitation, generally in the. form of blowing snow, 
attains probably a mean annuai quantum of 51-192 mm. 

Pe we believes the polygons in question to have been produced -
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according to Leffingwell's hypothesis - by. thermal contraction, save 
for the fact that the fissures were filled with pure sand, seeping in from 
above in the spring and summer season. 

Pewe presents a number of conclusive arguments contradicting the -
theoretically acceptable - assumption that the McMurdo polygons are 
fossil structures, resulting from the infilling of melt-ice fissures with sand. 
The most relevant of these arguments are: (1) the presence of open fissures, 
ca 6 mm in width and 30 cm to _l min depth; (2) the ascertained seeping 
in of sand into these fissures; (3) the occurrence of ice wedges in glacier 
ice; (4) the low temperature and extreme aridity, owing to which snow, 
insteed of melting, disappears through evaporation . and sublimation; 
(5) the absence, in the McMurdo region, of any evidence whatsoever 
indicating a decay of permafrost and ice wedges. 

ORIGIN OF FROST-FISSURE POLYGONS 

N evertheless, in the -hypotheses discussed above, two of the most 
important problems have been left unsolved. One of them, is: what causes 
the formation of polygonal paLcrns ? The other: how are the ''weak places" 
for exhibiting repeated contraction cracks to be· accounted ? Solutions 
to these problems have lately appeared in the Soviet literature. 

Dostovalqv (1952, 1960) discusses the rules that control the develop­
ment of tetragonal ice- and ground-vein patterns in loose sedimentt. Thus 
his hypothesis applies in a like measure to polygons with ice-walls and to 
those built of any other materiał. 

According to Dost o va I ov, there is a certain regularity in the thermally 
controlled cracking of frozen ground. The area, in which polygons are 
developed, Dostovalov visualizes as a ''massif", bounded by a horizontal 
surface from above and by vertical ones on all sides. Thermal tensions, 
due to a bru pt falls of temperature within the ''mas·sif" induce the formation 
of cracks. 

The value of the crack-forming tensions is expressed by the equation 

-,;b = ~ tX Gx ~:, in which G = modality of shift (constant for a given 

rock), tX = linear coefficient of varying volume, x = distance between 

the free vertical surface and the parallel crack, Lit = perpendicular therma] 
d

. Liz 
gra 1ent. 

Thus, in homogenous ''massifs", the direction of fissure formation 
depends on the distribution of the vertical surfaces, which eventually gives 
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rise to parallel cracks. In a homogenous "massif", the pattern of newly 
formed cracks is rectangular because: (1) the vector of the thermal gradients 
is perpendicular to the isothermal surfaces, and (2) the isothermal surfaces 
are parallel to the independant, open, horizontal and vertical surfaces of 
the "massif',. 

From the equation expressing the value of the crack-productive tensions 
( 'Tb) it may be inferred, what parameters are controlling the size of the 
polygons. If the "masif" be homogenous, G and rx are constant. Hence, 

the distance between the cracks and the independant surfaces x = ~~ 
L1z 

which means that the size of the polygons depends directly on the value 
of the thermal gradient. Lesser gradients show correspondingly higher 
x-values, i.e. larger polygons. And vice versa - x-values decrease with 
higher gradients leading to the formation of smaller polygons. 

Dostovalov makes a distinction between generations of polygons 
beloµging to higher and to lower ranges (fig. 2). The lowermost range 

Fig. 2. Succession of frost fissures, after B. N. Dostovalov (1960) 

is the one corresponding to the highest. x-values. Generations of a higher 
range appear with a decrease of x-values. In other words - if the.thermal 
gradient values be negligible, the cracks produced are far between and the 
resulting polygons will be large; whereas with higher thermal gradient 
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values the cracks are more closely spaced, thus forming smaller fissure 
polygons. 

Dost o va 1 o v 's hypothesis elucidates the origin of polygonal patterns. 
Further, it explains why cracks can be repeatedly formed in the same place. 
This is because the fact depends on the value of the thermal gradient. 
It also accounts for the fact that polygons of the lowest range i.e. the largest 
may be best-developed in one or another area, owing to higher frequency 
of the lower and lowest thermal gradient values (fig. 2). 

Regular rectangles can naturally originate in homogenous materiał 

alone, as it is frequently the case in recent over-flood terraces. If the ma­
teriał be heterogenous all kin ds of, even · wide departures from this rule 
are possible, depending on the varying oc and G values. 

According to Dostovalov, the development of polygons is due to 
a repeated recurrence of the primary cycle. In the initial phase of winter 
freeze, appears the phenomenon of swelling as a result of the expanding 
volume of freezing water. Further decrease of temperature leads to shrinking 
of the frozen ground and thereby to the formation of cracks. The crack 
produced in the winter is filled in the spring with minerał materiał or water 
which - according to Leffingwell - freezes up immediately beneath 
the zone .of thaw. A primary ice- or ground vein is the result of this bi­
-phasal cycle. 

Repeated recurrence of the cycle causes the appearance of an increasing 
number of fresh primary veins and, consequently, a growth in thickness of 
the ice- or minerał masses that border the polygons and are commonly 
called ice-, sand- or ground-wedges. • 

The places in which the primary cycle is repeated, exactly to the very 
~idth of the cracks formerly preserved or "filled" are determined by the 
values of thermal gradient. This accounts for the invariably non-uniform 
development of the polygons belonging to generations of a different range. 
Y et, the places in which fresh contraction fissures are formed, still require 
more precise determination. 

According to Popov (1955) fresh contraction fissures, are created at 
the contact of a pre-formed ice-vein and of frozen ground. Shumski 
(1960 ), on the ·contrary, believes that these subsequent cracks occur within 
the fissure-ice that is more liable to produce them than is frozen ground. This 
view is supported by the observations of Vtyurin and Vtyurina (1960). 
The investigations of these writers were conducted in the winter and thus 
afforded a possibility of direct observation of the mode of formation of 
thermal contraction fissures as a result of abrupt falls of temperature from 
-24 °C to -43 °C. The cracks studied, formed within less than 18 hours. 
They appeared in the fissure ice and in the parts of permafrost containing 
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the largest quantities of ground ice. This is due to the fact that within 
the range of thermal fluctuations, changes in ice volume are 1 O times higher 
than those in the volume of the m_inęral matter (fig. 3 ). 

Similar conclusions are suggested by the results of Pe we' s investiga­
tions of ice structure near Galena, Alaska (1962). Foliation of the ice 
shows that the older hands of fissure-ice are cut and filled with yol).nger 
·ones. 

As a result of repetitions of the primary cycles the growth in width of 
the fissures bordering the polygons is reduced by possibilities of deforma-

Fig. 3. Elementary frost fissure formed in fissure ice, after B. I. Vtyurin and 
E. A. Vtyurina (1960) 

1. peaty silt containing tiny ice layers; 2. fissure ice; 3. top of permafrost; 4. elementary fissure 

tion, owing to the development of the wedging mass - either ice or minerał 
- which is alien to the previous structure of the place in which the polygons 
are developing. According to Dostovalov's statement, the aspect of 
this problem may vary depending on whether the development of fissure 
polygons be syngenetic or epigenetic in relation to the materiał within 
which they appear. 

The concept of syngenetic and epigenetic wedges is linked with the 
name of Gall witz (1949) who first introduced these terms and developed 
the theory of a two-fold origin of wedges. Shumski · (L960) however 
recalled the fact that syngenetic wedge development was recognized much 
earlier by Steche (1933) and by Soergel (1936). The name of Selzer 
(1936) may be also added to the list. 

Development of fissiire-ice and subsequently that of ice wedges and fissure 
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polygons is, according to Popov (1955), possible solely under conditions 
of increasing accumulation. Hence, all the existing wedges and polygons 
would be syngenetic. S h umski (1960), in the contrary, holds that epi­
genetic veins and wedges are far more widespread and more significant 
than syngenetic ones. 

Syngenetic polygon development presents still another problem namely 
that of the manner in which fissure-ice grows with increasing accumulation. 
Contrary to Popov (1955) who believed that all ice wedges were growing 
upwards along the whole front of the upper wedge base, Dostovalov 
(1960) and Shumski (1960) dain that, with increasing accumulation, 
wedges grow only in their central part, narrowing thereby and wedging 
out upwards. 

According to D os to va 1 o v ( 1960) there is no such thing as a purely 
syngenetic development. The initial stage of all wedge formation is epi­
genetic. Their subsequent development rriay be syngenetic and ~ if the 

4 

3 

T 
Fig. 4. Scheme of epigenetic (a) and synchronous (b) development of fissure iGe, after 

B. N. Dostovalov (1960) 

rate of accumulation becomes sufficiently slower, -their finał development 
is epigenetic. Following the formation of the first primary vein, i.e. the 
first cycle, the s4bsequent growth of the wedge depends on the interrela­
tion between depth of splitting, width of consecutive secondary fissures 
and rate of accumulation (fig. 4 ). 

At the zero-point in rate of accumulation, the successive cycles occur 
within one and the same geologie formation. That is to say that the cons­
·ecutive primary veins are formed one beside the other and, as a result, 
the wedge develops only in width. Such a development comes to an end 
when the adjoining materiał presents too strong a resistance. 
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With progressive accumulation, wedges develop in a different way. 
Dependant on the rate of sedimentation - more rapidly, at a higher rate -
the wedge, instead of growing in thickness, begins to develop vertically. 
All such variations in the trend of development of a wedge are naturally 
discernable in its profile, thereby greatly facilitating a correct interpretation 
of the structure of fissure polygons. 

STRUCTURE OF POLYGONAL BLOCKS AND UPTURN 
AT THE CONTACT OF WEDGES 

It is almost unanimousły agreed, that the layers of the materiał build­
ing polygonal blocks are more or less visibly upturned ad their contact 
with an· ice wedge. This upturn is being usually correłated with the· śwel­
lings appearing on both sides of the fissure furrows that border the polygons. 
The majority of workers attribute the origin of these upturns to the pressure 
exercised by the growth of fissure-ice. Kaplina and Romanovski 
(1960) and Pewe (1962) believe however - and this opinion seems to 
be well-founded - that the growing ice mass played a rather passive part 
in the process. Upturning of layers is due to expansion of the minerał mass, 
that grows in vólume during periods of thaw. The ice wedge acted as 
a rigid massif, while the plastic masses underwent folding. 

Severa! other interpretations regard upturned layers as having nothing 
to do with the expanding volume of the masses bordering on a wedge, 
or consider them to be variations of a secondary signi:ticance. These inter­
pretations ascribe an outstanding importance to the structure of a polygonal 
błock and to the presence of ground-ice łayers extending approximately 
paralle] to the polygonal surface. In this connection it might be appropriate 
to remind that Taber (1943) regarded the upturned layers in a wedge 
profile as a juncture between ground-ice masses expanding vertically with 
those oriented horizontally. 

From the tensions postulated- by Dostovalov, which are according 
to him not only parallel to the open vertical surfaces of the massif but 
also to that of its upper horizontal surface, Popov (1955) concluded theo­
retically to the existence of horizontal fissures within polygonal blocks. 
These horizontal fissures form stories extending. one above the other 
throughout the entire mass of the polygonal błock. Beneath the whole 
polygonal field they are slightly bending down; only in the immediate 
vicinity of the wedge, they rise abruptly. Naturally, such fissures are by 
no means .empty but filled with ice, due to the upfrozen water and snow 
that fall into them. 
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The existence of such deformations in the totality of the polygonal 
błock together with the fact that these deformations, slight in its depth 
are markedly pronounced within the polygon borders- constitute Popov's 
strongest argument. In themselves, all such deformations. result from the 
próduction of. horizontal ground-ice fissures and ground-ice lenses, while 
the .abrupt upturn at the contact with a wedge is due to the growth of the 
latter. Popov doubts whether the swellings bordering a polygo:11 can be 
satisfactorily accounted for by the pressure of a growing wedge. According 
to the assertion ·of this writer, these swellings appear generally above the 
wedge, not at its sides. In the case of young polygons, the surface of the 
bordering ridges slopes gently towards the center of the polygon. This 
shows that the morphology of these small forms corresponds to the surface 
of deformation of the polygonal b]ock. 

An essential element of the theory in question, is the dentritic contact 
of błock and wedge in the profi1e, that reveals the interrelation between 
vertical and horizontal fissures (fig. 5). These dentritic ice-wedge projec­
tions. Popov interpretes as the t1ps of horizontal ice-lenses, that were cut 

Fig. 5. Dentritic lateral contact of fissure ice and polygonal błock, after A. I. Popov (1955) 

L fissure ice; ·2. łayers of minerał materiał; 3. łenses of p'eat 

Biule,tyn Pe,rygla,cjalny - 17 
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off by the primary ice veins within the vertical fissures. According to this 
writer, a vertical stratification is not invariably found within a wedge mass. 
Moreover, all the rest of the wedge ice comes from the horizontal lenses 
which became transformed by a number of vertical primary veins. 

Shumski (1960) finds this theory unacceptable. To begin with, 
Dostovalov mentions only the existence of horizontal tensions; but now­
here has the existence of such fissures been actually established. If horizontal 
fissures did really occur, they would, in the first place, have to cut through 
the ground ice, not the minerał or organie mass. Such fissures would have 
to vary in width in just the same way as vertical fissures do vary in length. 
Upturned layers in polygonal blocks do not testify to a deformation of the 
primary sedimentary pattern. They represent a secondary cryogenic struc­
ture, produced as a result of segregation- and injection ice. The bordering 
ridges arose under the lateral pressure of the growing fissure ice ; they are 

· by no means due to deformation of the whole błock and forming part of 
sucha distorted structure. Shumski regards their situation in the middle 
and above-wedge as a result of denudation of which the lowermost parts 
of the polygonal field constitute the base. 

Also Katasonov (1958, 1962) claims that the structure of polygonal 
blocks is of cryogenic nature. According to his assertion, upturned layers 
are independant of fissure-ice formation. Each upturned layer is connected 
with an isothermic surface and corresponds to the lowermost layer of 
seasonal thaw. The presence of a series of such superimposed layers is to be 
attributed to the upward shifting of the active zone, as a result of aggradation 
of the deposits, owing to progressive accumulation. The difference, scen 
in the cross-section of a polygon, between the abrupt upturns near the 
wedge and the gentle ones inside the polygon, is an effect of unequal thaw­
ing. The humid interior of the polygon is subjected to deeper thawing 
than are the dry border swellings and the close neighbourhood of the wedge. 
This plainly indicates that the explanation refers to a syngenetic develop­
ment. 

Shumski (1960) emphasizes the significance to be atributed to lateral 
wedge-contacts, especially in distinguishing between epigenetic and 
syngenetic structures. He enumerates five types of lateral ice-wedge con­
tacts, one of which is syngenetic_ and four are epigenetic. 

Syngenetic contacts are uneven, and the annual hands of fissure ice 
rest on wedge walls, joining them at sharp angles the summits of which 
are upturned. · 

Amongst the contacts, proper to ep%enetic wedges, Shumski distin­
guishes four separate types. Lateral contacts, either fiat or upturned, 
in which the annual hands of fissure-ice run parallel to the wedge walls, 
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and three other types, connected · with the basal parts of wedges. These 
contacts are: fiat and equally bent, wherever the lower tips of annual hands 
join the wedge wall at a sharp angle, whose summit is turned downwards; 
bifurcating, dentritic, in which the lower tips of the annual hands depart 
from the main wedge mase intruding into the adjoining rocks; finally, 
dissected, dentritic contacts where the initial contact of anyone of the types 
described is cut by the lower parts„ of subsequent annual hands of fissure-ice. 

Border swellings and the corresponding upturned layers are not confined 
to ice-containing fissures alone. Pataleiev (1955) has described ridges 
and hummocks, associated with frost-caused fissures, that were filled with 
minerał materiał. He attributes the origin of these small forms, to a dist­
ortion of the mass, whose volume expanded under the influence of heat, 
i.e. to a mechanism, usually invoked to account fot similar events in con­
nection with ice-wedge development. Pewe (1959) established likewise 
the existence, in sand-wedge fissure polygons, of bordering ridges, as­
sociated with upturned layers. Such deformations are more pronounced 
along the top parts ąf the wedge and disappear below. 

Bobov (1960), in his description of ground-vein polygons even though 
he fails to mention the bordering ridges, confirms the existence of pressure 
and deformations, developing as a result of heaving of the expanding mass 
of a polygonal błock. Heaving being arrested along the sides by infilling -
ground veins - causes deformation in the upper błock part, whose surface 
becomes convex. At the same time, in the basal part, at the level of the 
lower tips of the vertical cracks, horizontal fissures are formed. Along 
these fissures the lower tips of the vertical cracks, are bent. 

A similar change in the trend of ground veins, from vertical to horizon­
tal, was also reported by Kaplina (1960) who, like Popov (1955), ascribes 
the~ to the horizontal tensions postulated by Dostovalov (1952). In 
the instances discussed by B ob o v and Kap li n a, horizontal fissures seem 

"" to be most likely occurred. According to Bob o v' s argument, fissure for-
mation is a direct consequence of heaving within the polygonal błock. 
Kaplina, however, emphasizes the coarse nature of the materiał which 
is, according to ··Dostovalov, more liable to dissection. In both these 
cases, horizontal fissures developed in po1ygons of minor diameter. 

Flat polygons, whose cracks filled with minerał materiał, failed to be 
associated with bordering swellings, were described by Da nil ova (1956 ). 
The ridges foup.d in the vicinity of the cracks, this writer interpretes as 
small, swelling-like forms, due to ''niveo-eolian deflation". The lateral 
contacts of these ground veins are marked by a down-tum of the adjoining 
layers. These down-turns occur some 40-70 cm from the vein wall attaining 
their maximum steepness in direct proximity of the vein. Danilova 
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believes that annual thawing of the ice vein and in its vicinity, provides 
suitable conditions for the both downward and lateral expansion of the 
surrounding rocks. This would - suggests the writer - account for 
both the downward bent at the lateral contacts and the absence of swel­
lings. 

The above explanation of the downturn of layers and the absence of 
bordering ridges, appears rą.ther unsati~factory. It fails to account for 
the part played by the vein in these deformations as well as for the down­
ward bent of layers. Within a compressed mass, deformation ought to 
follow the line of least resistance, i.e. run up- and surfacewards. The 
question of those downturns, is just the reason why Kaplina and Ro­
manovski (1960) disagree with D anilova and believe that the structures 
described are no ground-v:eins at all, i. e. not filled directly with minerał 
materiał. It might be worth adding that the description by Pa talei ev (1955) 
:--:- which is so far the best (though nb. both Danilova (1956) and Pewe 
(1959) failed to mention it) - shows clearly that the mechanism of defor-
mation of the materiał adjacent to ground veins, was similar to that encount­
ered in ice-wedges. In both case, a like mechanism is responsible for the 
upturn of layets. 

EVOLUTION OF THERMALLY CONTROLLED FISSURE-POLYGONS, 
THERMOKARST PROCESSES AND FOSSIL WEDGES 

A striking feature of the study of fossil wedges at• its present stage is 
the onesidedness, if not narrowness of that line of interest. Investigators 
seem to concentration their attention on an attempt to prove beyond doubt 
that a given fossil structure is derived from a thermally controlled fissure 
polygon. But their interpretation itself is generally more or less superficial, 
thus frequently suggesting erroneous conclusions, derived from incorrect 
itlentification of ice wedge-like structures. Still more often - it may be 
said almost invariably - these interpretations are not exhaustive enough, 
for they fail to determine exactly what type is represented by the fissure­
-polygon in question. They provide no reply to the questio11, whether 
the structure studied arose by way of primary infilling of a thermal fissure 
or. by that of a void space left by melted ground ice. Whether the primary 
structure developed syn- or epigenetically, also usually remains an open 
problem. 

To determine the time and the ·geographic environmental conditions 
1Il and under which the primary, thermally controlled fissure polygon 
was formed - is practically the only object of research. This question 
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is also discussed as a problem of origin of ice-wedges. More often than not, 
with the solution of that problem the whole work comes to an end; Some­
times, that solution affords a ground for conclusions of a paleogeographic 
or stratigraphic nature. 

A serious defect of such investigations - and above all in the attitude 
of research workers - is their almost complete· disregard of the question 
of fissure-ice decay and of the subsequent filling of the remaining void, 
as one of the possible alternatives of polygon development. Very rare 
are the works whose authors have endeavoure,µ to give were it only a generał 
outline of the conditions under which ice-wedges are melting (Veli tchko 
1958; Dylik 1963 a). Quite exceptional are such studies as those by 
Bielopukho-va (1960), Baulin and Shmielov (1962) who on a back­
ground of detailed analysis of· the filling structure and the topographic 
situation explain the conditions under which ice wedges are transformed 
into fossil structures. 

One cannot help gaining the impression that research workers completely 
fail to visualize all the alternative lines that the evolution of thermally control­
led fissure polygons may have followed. The only one. which seems to 
have been so far taken into consideration is that which leads to transforma­
tion of an ice-wedge into a fossil wedge-like structure. 

It is true that this problem which the investigators of Pleistocene fossil 
structures have hitherto thus neglected, perhaps even ignored, is by no 
meaiis easy of solution, the more so as it has not yet been solved .in present­
-day permafrost areas. Even though reports relative to various evolutionary 
types of thermally controlled fissure polygons are fairly numerous, a synth­
etic treatment of the q uestion is still wanting and still more so are adequate 
unambiguous determinations of the conditions under which the development 
of such polyg:ons may have progressed in anyone particular case. The 
only attempt - known to the present writer - to demonstrate the evolution 
of fissure-ice polygons is that by Vtyurin (1956). A great advantage 
of this presentation is that it contains a discussion of nearly all the possible 
alternatives of polygon development. It is regrettable, however, that the 
synthesis in question is reduce to a graphic presentation without any cor­
responding explanation, without even a description of the particular cases, 
and - last not least - without a word about the conditions that determined 
each single line of development. 

There can be no doubt as to the urgent need to fill in these gaps in the 
study of . Pleistocene fossil structures. In every single case an attempt 
should ·· be made to identify the conditions under which these structures 
carne into being · i.e. with regard to structures formed in place of fissure 
ice to determine the circumstances that accompanied the process of trans-
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formation. In order to fulfill this task, it is necessary to be aware of all 
the existing alternatives of thermal fissure polygon development, in parti­
cular of the main trends of evolution in ice-fissure polygons. 

A study of wedge-like structures on the background of the generał 
evolution of polygonal patterns is necessary for the sake of direct and 
exact knowledge of a given structure. In the actual state of investigations, 
it should be regarded as inadmissible to conjecture to any either paleoclima­
tic, paleogeographic or stratigraphic character without any regard to these 
requirements. For, it should be remembered that not only the formation 
of fissure polygons but their further development also were dependant 
on certain definite conditions. In various instances, however, similar effects 
resulted from generał climatic conditions, while others were products of 
local conditions. It is generally known, for example, that thermokarst 
processes are likely to follow a paradoxical course under such climatic con­
q.itions as are generally hostile to the development of such processes. 

Below, the present writer will try to present all the known evolutionary 
trends of thermally controlled fissure polygons and to point out those cases 
in which corresponding fossil structures may be formed. He will further 
attempt to determine the respective conditions of various developments 
of polygonal patterns. This presentation is not intended to be either exhau­
stive or fully comprehensive. N everthelless, the writer hopes it may prove 
useful, by attracting attention to prnblems that were up to now neglected, 
and thereby perhaps stimulating research work and provoking a discussion 
on these q uestions. 

The designation evolution of fissure polygons used above is not perhaps 
the most adequate definition, for it fails to refer to the particular stages 
of polygon growth as a result of formation of an increasing number of new 
contraction fissures. On the contrary, it rather applies to transformations 
of the polygonal patterns brough about by their decay for which the melting 
of ground ice - though not of fissure ice alone - is chiefly responsible. 
The process involved ought rather to be referred to as evolution of a poly­
gonal relief pattern of which, developed fissure polygons are the initial form. 
The key process determining the development of the relief pattern and the 
manner in which polygonal systems tend to evolve is the melting of ground 
ice. · In other words, the development of polygonal blocks is controlled 
by thermokarst processes. 

The reasoning outlined above shows clearly that formation of fossil 
ice-wedges; being basically a result of infilling of fissures left by melted 
ice, belong likewise to the category of thermokarst processes. There seem 
to be good reasons to believe that not all the workers who are engaged in 
the study of fossil wedges are fully aware of the validity of this statement. 
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Not every trend in the evolution of polygonal patterns does tend to pro­
duce fossii fissure structures. That is just one of the reasons that necessi­
tates a survey of all the known instances of transformation undergone 
by destroyed polygons, in order to single out the main trends in the evolution 
of polygonal patterns. 

One of these trends is determined by the melting of fissure ice, though 
not accompanied by decay of segregation- or injection ice -w her~ it happens 
to be present - within the polygonal blocks. Atmospheric and meltwater, 
is collected and drained through furrows - polygonal ditches (pl. 3 ). 
Deepening of the furrows that border the polygons as a result of which 
they are converted to gullies is not so much an effect of common erosion 
as one due to the melting of fissure ice under the warming action of 
water, i. e. to what Vtyurin (1956) and Boicov (1961) call thermo­
erosion. This process tends to produce a relief pattern of isolated hillocks, 
in the form of truncated prisms which may be remodelled by denudation 
into less conspicuous rounded or oval-shaped hummocks with gently 
sloping hillsides (pl. 4 ). In the presence of suitable drainage conditions 
far advenced thermoerosion may cause the whole fissure ice to melt away. 
In such cases, the previous polygonal ditches are converted to gullies 
forming a more or less complex system. 

The above type of development of polygonal patterns is known from 
Alaska (Frost 1950; Hopkins & Karlstrom and others 1955; 
Drew & Tedrow 1962). It was also described or reported by a number 
of Soviet writers like Kachurin (1955, 1959), Popov (1956, 1958), 
Vtyurin (1956) and Sukhodrovski (1962). As a matter of fact, how­
ever, this type of polygon evolution has become famous owing to the 
studies of Gusiev (1958), who regarded this course of fissure-ice decay 
as the most convincing evidence to support the view that a formation of 
fossil wedge structures is altogether impossible. 

Another type of fissure-polygon development is the so-called błock 
pattern, described by Popov (1953, 1958a, b, 1962), Izrailev (1962) 
and Surikov (1962). Development of polygonal fissures led in this case 
to formation of more or less extensive depressions, separating high poły­
gon fields or rather isolated polygonal blocks. In the Vorkuta region, 
Iz rai lev (1962) identified three generations of polygonal błock patterns 
and large hillocks, 250 m to 1000 m and more across; medium~sized, 30 
to 250 m; and small ones 25 to 30 m. Likewise did Popov (1962)distin­
guish in the Bolshezemelskaya Tundra, three generations of similar dimen­
sions as those of the Vorkuta region, with only one diff erence which was that 
according to Dostovalov (1960) the tallest range exhibits here smaller 
forms, 3 to 15 m across. 
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Still imperfectly known is the genetic type of fissure połygons upon 
·which a połygonał błock pattern was subsequently devełoped. In the 
first work on tqis subject Popov (1953) mentions casually a basie network 
of frost-caused fissures; łater however (1958) he claimed that this poly­
gonał pattern devełoped rather in the absence of fissure ice, save at the 
stage of its early devełopment. _ Finally, this writer (Popov 1962) is of 
the opinio4 that połygonał fissures were filled with minerał materiał, 

without passing through the intermediate stage of being filled with ice. 
On the contrary, Surikov (1962) hołds that the połygonał hummock~ 
which he investigated devełoped on a network of fissure ice. 

Anyway, the instance of błock relief described · above, -is representative 
of another trend of devełopment of fissure polygons (fig. 6). For, in all 
the genetic expłanations of those połygonal hummocks, it is not the destruc­
tion of fissure ice by thermoerosional factors which is chiefly emphasized, 
but - a part from a possibiłity of erosion - that achieved by denudation, 
with a particular insistance on the prominent role of nivation and sołifluction, 
or rather of congełifluxion (Popov 1953, 1958a, 1962). In the alternative 
case of fissure ice-free połygons, the bordering furrows and the fissures -
as routes conveying water and its warming eff ects - ałso tended to favour 
a devełopment of thermokarst processes (Kachurin 1959). 

The first type of the połygon devełopment under discussion in which 
the melting of fissure ice proceeds from the surface and is largely caused 
by thermoerosion, constitutes one of the evolutionał · trends of połygonał 
forms in areas where ground ice Iies at insignificant depths. It is however, 
neither the onły nor the most frequent type of · devel<tpment under those 
conditions. Much more common is a devełopment determined by the 
concentrated melting of ground , ice inside _ the polygon. A result of that 
process is the formation of ephemeral sm~ll łakes, or rather pools which 
originally never extend beyond the połygon. Later on, the pools of neigh.:. 
bouring polygons merge into one another, thus forming larger lakes or 
basins of the alas type. 

Lakes of that type have been described from Alaska by Wallace (1948), 
Black and Barksdale (1949), Hopkins (1949) and Frost (1950). 
Hopkins and Karlstrom (and others 1955) gave a greatly jnteresting 
description of both these types of polygon degradation. These authors 
distinguish between low-centred polygons with bordering ridges and high­
-centred polygons with shallow fissure furrows which are subsurficially 
underlain by elear fissure ice. Such polygons are secondary forms wi_th 
reference to low-centred połygons. On the lake shores, in places w here 
the polygons are high-centred, the most intensive melting is along the 
fissure furrows, which are converted to gullies. In contrast, wherever 
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the lake shores adioin low-centred polygons, the melting is concentrated 
inside the polygons and fissure ice tends to form ridges which look like 
miniature peninsulas in the outline of the lake. 

Transformations of polygonal patterns in which the melting of fissure 
ice fails to keep pace with the progress of thermókarst within the polygonal 
blocks, were already known long ago from the permafrost areas of Siberia. 
In recent years they were repeatedly described by Kachurin (1955, 
1959), Katasonova and Kaplina (1960), Kudriavcev (1958), Bie­
lopukhova (1960), Yasko (1960), Popov (1956) and Mukhin (1960). 

As soon as meltwater appears at the surface, the process of ground-ice 
melting begins at the surface of a polygonal field, thereby promoting the 
progress of local permafrost degradation as a result of the warming action 
of stagnant water, whose heating capacity is, according to M ukhin (1960), 
five times greate~ than that of minerał formations. Thermokarst thus in­
vades first the polygonal „blocks and only subsequently, the fissure ice. 
Ice-wedges do melt not only and not chiefly from above but along their 
sides under the influence of the melting, warmer polygonal błock (Bi e-
1 op u kh o va 1960). 

Such a course of thermokarst .. processes accounts for the coalescence 
of pools and small polygonal lakes into large ones as well as for the scalloped 
outline of the joined lakes emphasized by Hopkins and Karlstrom 
(and others 1955). Various views have been set forth conceming the condi­
tions under which such alas originates. Popov (1956) believes that alas 
are a /result of the deep melting of large ice veins, whereis K udria vcev 
(1958) holds that depressions of that type are formed in sites which are 
cut by a dense network of smaller polygons with fissure-ice. The severely 
continental climatic conditions of the areas in which alas are most 
common - tends to supportthis view. According to Dostovalov (1952, 
1960), however, severer climatic conditions favoured rather the deve­
lopment of sm~ller fissure polygons. 

The recognition by Romanovski (1960) of so-called veneering struc­
tures, seems to point still another possibility of development of polygonal 
patterns. According to this w1iter, this development would consist of a slow 
infilling of the fissures left by melted ice, or of their upper parts - i.e. 
polygonal furrows - with water-saturated fines derived from the polygonal 
błock. Lavrushin (1960, 1961) disagrees with the hypothesis of the 
subaeral origin of the veneering structures believing their origin to be· rather 
s~baqual. Lavrushin's view, however, appears well-founded and there­
fore, without entering into the question of the subaerial filling of the fis­
sure furrows, it would be well to accept that there ex;sts a certain type of 
fissure ice melting that develops beneath a water cover. The results obtained 
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by Bielopukhova (1960) in one of the alas of the upper Viluj bassin 
tend to confirm the existence of such a development. This type of degra­
dation of fissure-ice polygons may as well be regarded as characteristic 
of lake basins of the alas type at an advanced stage of development. 

Finally the last evolutional trend of polygonal patterns known to the 
present writer is that which consists in a subsidence along the furrows, 
owing to the subsurficial melting of fissure-ice. Such a development has 
been reported from Alaska by Taber (1943) and Frost (1950). Pewe 
(1954) described hummocks separated from each other by shallow depres­
sions forming a combined polygonal pattern in the Fairbanks region, of 
which Tab er bad previously given a description. This kind of polygonal 
pattern was produced as a result of deep and fairly extensive melting due 
to a generał upset produced by land cultivation in this area. The rapid 
progress of the subsurficial melting of fissure-ice caused the ground to 
collapse, and thus led to the production along the fissures, of depressions 
separating the single polygonal blocks which look now like gently sloping 
hillocks. 

Shevieleva and Li tv1nov (1959) investigated in the Krasnoyarsk 
region the relief of both hillocks and separating hollows or depressions 
forming a polygonal pattern. In the cross sections through the old bor­
dering furrows these writers found some fossil wedge-like structures pro­
duced by the filling of fissures left by melted ice. They also observed a num­
ber of the most typical characteristcs of such wedge structures. These 
are: upturned layers at their contact with the buried fissure and an arran­
gement of the filling materiał, indicating that it settled by gravity. She­
vieleva and Litvinov have shown that the relief in quesiion and the 
correlate fossil structures carne into being in.the Middle Holocene as a result 
of generał permafrost degradation in the Krasnoyarsk region. 

In the Far East, in the peripheral border of southern permafrost, a relief 
of faintly outcropping and more or less isolated hummocks is very common. 
Such a landscape i~ usually referred to as bugristyie morya ( sea of hummocks ), 
and the single hummocks as bugry-mogilniki ( elongated hummocks ). On 
the basis of detailed investigations of that type of relief pattern in the Zeya 
river basin, north of the Tukuring ridge, Khomichevskaya (1960) 
reached the conclusion that the pattern in question repres<mts the finał 
stage of fissure-polygon development. Shallow and broad depressions 
were produced through subsidence above melted fissure-ice as a result 
of thawing to significant depths. Contrary to previous views on this subj ect, 
the hummo~ks are neither a result of frost-heaving, nor one of erosion but 
represent remnants of polygonal blocks, partly destroyed by denudation. 
Like Shevieleva and Litvinov (1959), Khomichevskaya also believes 
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that degradation of polygons coincided with a generał degradation of perma­
frost.· The correctness of this assumption is further supported by the actual 
existence ~ as quoted by the writer -:-- of similar relief patterns also outside 
the limits of petmafrost · regions. 

Other Soviet writers, in particular Baranov (1958) and Kachurin 
(1955, 1959)" believe that a polygonal pattern coinposed of gently sloping 
hummocks and broad shallow intervening depressions was produced through 
subsidence above melted fissure-ice. It was an effect of wide-spread and 
deep-reaching thaw due to an increasingly warmer climate. 

All the facts enumerated above indicate plainly that not every evolutional 
trend of the decaying fissure polygons leads to a filling Of the fissures left 
by melted fissure-ice and. - ipso facto - to formation of fossil wedges. 

· Most suitable in that respect were the conditions provided by a deve­
lopment in which fissure-ice melted away without being accorripanied by 
the melting of ground-ice withinthe polygonal błock. Moreover, the melting 
ofice could not possibly lead to an outflow that might be apt to induce 
vigorous erosion. Another trend of development, that may theoretically 
likewise be productive of fossil wedge structures, causes the ground to 
subside above the melted fissure-ice. With regard to the polygonal relief 
produced by thjs trend of development, however, the investigatory results 
obtained are far from concordant. The problem is not yet solved and will 
be again discussed below. 

The conditions controlling each of these various evolutional trends 
of fissure polygons, must also be taken into consideration. To the present 
writer's knowledge, no synthetic treatment of the prdblem has appeared 
so far; nevertheless, the voluminous American and in 1)articular the Russian 
literature dealing with the conditions of thermokarst development and with 
the distribution of frost-caused phenomena, may facilitate if only a tentative 
and approximate solution of the problem in question. 

The conditions controlling the various forms of polygon development 
fall into two categories one of which is of a local character and the other 
of a rather varied and generał nature, commonly determined by widespread 
climatic · conditions. 

The . evolutional trend that tends to convert fissure furrows to gullies 
·and valleys i3 conditioned by their topographic situation in comparatively 
elevated sites bordering directly on low ones · and by the slope gradient 
of the ground exhibiting polygons. The instances described by Frost 
(1950), Hopkins and Karlstrom (and others 1955) and by Pyavchenko 
(1955) provide sufficient evidence of the fact. But the exampl~s discussed 
in the works by Frost and Hopkins & Karlstrom go to prove that 
erosion begins first in the fisśure furrows surrounding high-centred po-
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lygons. The formation of high-centred polygons by way of transformation 
of low-centred ones, is not a result of their topographic situation but a con­
sequence of a definite climatically controlled mode of melting. Baranov 
(1962) and Katasonova& Kaplina (1960) emphasize that baydjarakhs, 
i.e. polygonal hummocks, originate due to erosion acting along the furrows 
and appear on the · sloping surfaces ; this also indicates the significance · of 
local, topographic. conditions. 

Also· directly controlled by local conditions is a polygon development, 
characterized by the formation of pools within the single. polygons and the 
subsequent merging of these pools into one another to form lakes and finally 
still more extensive depressions of the alas type. Various writers, like 
Hopkins and Karlstrom (and others 1955), Kachurin (1955, 1959), 
Kudry a vcev (1958) and M ukhin (1960) have established that the melting 
of ground-ice and the subsequent evolution of the polygons were a result 
of the warming action of stagnant water. But it must be noted that, like 
in the foregoing case, the local causes determining the_ development of 
thermokarst processes. do directly explain only the mechanism of these 
processes as well as the fact of ground-ice melting in those 'places. They 
however fail to provide such clues as might be apt to reveal the. basie cause 
of the onset of these processes and the reason why thermokarst is definitely 
localized. The initial pools within the polygons which Mukhin· (1960) 
regards as a primary condition of that development of thermokarst proces­
ses, as well as the fact that outside the reduced reach of the thermokarst 
phenomena, permafrost remains unaffected and often even tends to grow, 
do not belong tO the category of local causes as they result from .generał 
cli matic conditions. 

Other local conditions which may influence the mode of development 
of thermokarst. processes, such as the color of the rocks - an instance 
was quoted by S.ukhodrovski (1962), waters, both thermal and minerał, 
wood-fires, either from natural causes or occasioned by man and his eco­
nomic activities - need net, be discussed here. But the generał climatic 
conditiOns, eontrolling the sequence of thermokarst processes, those in 
particular that determine the main trends of fissure polygon development, 
require closer attention. 

A wealth of information concerning · the distribution of individual 
frost-caused phenomena, both recent and in progress as well as a number 
of works giving a synthetic picture of the areał sequence of . occurrence 
of such phenomena (Kachurin 1955, 1959; Baranov 1958, 1962; Vtyu~ 
rin 1956; Popov 1956; Frenzel 1960; Tricart & Cailleux 1961) 
will greatly 'facilitate thąt task. 

The present writer does not in the ·least intend to undertake the all 
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too ambitious task of discussing the totality of the climatic conditions. that 
determine\ all the modes of development of destroyed fissure polygons. 
Considering the character of these explanations, which are only designed 
to give an orientative approximate idea of the conditions controlling the 
major types of polygonal relief development, it will suffice to single out 
two main types or rather two climatic tendencies, namely both the extremes: 
a severe continental climate with its aggradation of permafrost and a milder, 
warmer cl1mate with its tendency towards permafrost degradation. 

Under severe climatic condetions permafrost never decreases, but tends 
to grow and the melting of ground ice ---' hence also the decay of perma-

, frost ~ occurs only locally, in a horizontally cast and is generally confined 
to its top portion. Thus, regions with a severe climate are characterized 
by an areał differentiation in the course of ground-ice melting (Kachurin 
1955, 1959; Mukhin 1960; Baranov 1962). 

There are two alternative possibilities of fissure polygon development 
under severe climatic conditions which are either the melting of fissure 
ice followed by form3tion of polygonal troughs and their association into 
systems of gullies or - in the second alternative - the progressive melting 
away of polygonal fields and blocks with subsequent formation of lakes 
within the united polygons and that of depressions of the alas type. 

In both these cases, permafro5t holds on in the immediate neighbourhood 
of the forms melted under the influence of the generał climatic conditions. 
The melting is strictly confined to places with a local predisposition to 
its action. All the intermediary causes of that predisposition may be passed 
over except the topographic conditions, which are directly responsible for 
the presence of water, either running or stagnant, which constitutes the 
most important and most immediate factor. 

St3gnant water within the polygonal furrows may cause fissure ice 
to melt away, even though the actual effects of its potentia! warming action 
within the furrows is generally insignificant. The reason is, that since water 
gets into the polygonal furrows while the adjoining błock is still frozen, 
its warming action is rapidly neutralized and - especially if the active zone 
be reduced - the water itself soon freezes up too. Sometimes also water 
filling deeper furrows or shadowed by d warf birch or other shrubs fa.ils 
to absorb sufficient heat (Mukhin 1960). But the presence of a sufficient 
inclination causes the water to move within the furrows. This initiates 
the action of what is called thermoerosion; fissure ice begins to melt away, 
a system of gullies develops and polygons - primarily high-centred and 
later baydjarakhs (= mounds) are formed (Frost 1950; Hopkins & 
& Karlstrom and others 1955; Kachurin 1955, 1959; Pyavchenko 
19-55; Baranov 1962; SukhodrovsJii 1962). 
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Polygons with well developed border ridges i.e. such forms which have 
attained the highest stage of their primary development, provide suitable 
conditions for water to stagnate within the low-centred surfaces of polygons. 
Such water is usually not atmospheric but· derived from summer melt­
water. Water, accumulated at the beginning of the summer absorbs heat 
during high-summer and later on communicates the stored up heat to the 
ground covered by such an initial pool. Consequently, in the next summer 
season, thawing penetrates deeper and the pool develops into a little lake. 
The thawing and melting away of ground ice, even though progressively 
extending their areał spread, remain nontheless local phenomena, forming 
an island amidst vast regions of dry, unaffected and even aggrading per­
mafrost. 

The rnode of fissure-ice melting that leads to formation of veneering 
structures, develops probably likewise under severe climatic conditions. 
According to Romanovski (1960) this results from the mode of deposit­
ion of the thin hands of seasonally thawed materiał, that flow down over 
the rigid frozen walls of a polygonal błock. Also according to La vru­
shin' s interpretation (1961) of the subaqueous formation of veneering 
structures,- the melting of fissure-ice is supposed to take place under the 
severe conditions of a continental climate. 

Under severe climatic conditions in regions of aggrading permafrost, 
the thermal properties of rocks do not tend to favour development of ther­
mokarst processes (Kachurin 1955). Permafrost persists throughout 
extensive areas and ground ice remains undecayed. Its melting is strictly 
localized and connected with highly differentia! thawing. The areal. Iimitat­
ions of thermokarst and the major evolutional trends of destroyed fissure 
polygons are determined by the climatic conditions prevailing in those 
reg10ns. 

The conspicuous relief of polygonal blocks described by Popov (1958, 
1962) developed, in all probability, under the conditions of a severe climate, 
as may be clearly seen from the traces or concentrated processes, corres­
ponding to the areał differentiation of the thawing and melting of ground ice. 

The polygonal relief-pattern composed of faintly outlined hummocks 
and extensive stretches of obliterated, intervening depressions known 
from the Fore-Baikal (Baranov 1958), the Krasnoyarsk region (She­
vieleva & Litvinov 1959), and the Far East (Khomichevskaya 
1960) is the effect of a warmer climate. A relief of that kind is rather a re­
suit of fairly vigorous thawing of widespread and involving vast areas in 
which permafrost underwent degradation. This degradation was far 
from complete since in the Krasnoyarsk region and the Far East sucha relief 
occurs in permafrost areas, although in their border parts alone, 
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From the above considerations it may be inferred that the evolution 
of degraded fissure-polygon systems is inseparately associated with thermo­
karst phenomena. Hence the eventual conversion of ice-filled fissures 
to fossil structures depends likewise on the development of thermokarst 
processes and·constitutes one of the presumable finał effects of these proces­
ses. For, not. each of the evolutional. trends of ice-fissure polygons leads 
to a fi11ing of ice ... free fissures with minerał or organie. matter. 

CONDITIONS OF FISSURE FILLING 

It is not yet possible to give a satisfactory reply to the question which, 
amongst the evolutional trends of fissure polygons are productive of fossil 
wedge structures; Detailed studies in that field are still scarce. The only 
exception, known to the present writer is the outstanding . work by Ka­
pl i n a and Romanovski (1960).-

Owing to the melting of fissure-ice within the polygonal furrows po­
lygon development creates the most ideał conditions for an infilling of the 
voids left by melted ice and the formation of fossil wedge structures. This, 
however, applies only to one case out of many other possibilities in that 
type ·. of fissure polygon development, namely the case w hen drainage of 
water within the polygonal furrows is either absent or slow~ According 
to Kaplin.a and Romanovski (1960) owing to the presence of stagnant 
water within the furrows, and later on within the polygonal troughs '-- fis­
sure-ice melts steadily until it disappears altogether. • It is worth noting 
that the opinion of these writers differs from that of M ukhin (1960) 
who - as mentioned previously - holds that the ·effect of the warming 
action of stagnant water is rather insignificant. 

Strictly localized, though very intensive ice melting, concentrated 
within the fissures, favours the· formation of open fissures . whose walls 
remain unaffected pecause they ·are frozen up. When filled, sucha fissure 
forms a fossil wedge structure, that retains all the structural properties 
of the coritact zone of the previous ice-wedge. 

Kaplina and Romanovski (1960) believe that whatever the drainage 
within the polygonal furrows,. either rapid or ,slow, . it never favours. the 
formation of fossil structures. In the case of slow drainage accumulation 
of deposits on the top surface of the fissure-'ice may retard or even altoge­
ther inhibit the process ofice melting. It may, however, be doubted whe­
ther slow drainage, over very small .gradients and with far distant erosiorial 
bases may really, under continental climatic conditions, accumulate depo,.. 
sits of such considerable thickness as to check the progress of melting. 



Problems of ice-wedge structures and frost-fissure polygons 273 

For, the deposits accumulated within the lakes which, formed as a· result 
of the merging together of low-centred polygons, do not inhibit thermo­
karst processes. On the other hand, Mu k hi n' s ( 1960) remark concerning 
the warming action of stagnant water within narrow polygonal troughs, 
seems · to be correct. Slow water movement within the fissure, creates 
probably better conditions for a rapid melting of the fissure-ice. 

Numerous examples cited by Frost (1950), Hopkins and Karls­
trom (and others 1955) and Gusiev (1958) leave no room for doubt as 
to the fact that .- as postulated by Kaplina and Romanovski (1960) -
a higher gradient and rapjd drainage within · the pdlygonal furrows coun­
teracts any possibilities of the wedge form to be preserved in the filling 
structures. For, in such cases, not only the fissure-ice but also the sur­
rounding rock, both beneath the ice-fissure and along its sides are destroyed 
by erosion. If such erosional for!Iłs be subsequently filled, as it may be the 
case especially during the period of complete permafrost degradation, it 
certainly will have not much in common with the structures formed as 
a result of direct infilling of the fissures left by melted ground ice. Their 
structure will rather resemble that of fossil gullies with bedded deposits 
without any of the .characteristics of lateral wedge contacts. 

_ The subaquateous melting of fissure-ice, on inundation terraces (Lav­
rushin 1960, 1961; Kaplina & Romanovski 1960; Baulin & Shmie­
le va 1962) created suita ble conditions for fissure filling and facilit:cited 
the preservation of structures at the contacts of wedges. In the case · of 
melting beneath the surface of lakes of the alas type such possibilities of 
fissure filling as might be able to preserve the primary form of •the ice­
-wedge were not - at least not always - available. That conclusion is 
suggested by the broad wedge-like form studied by Bielopukhova 
(1960) beneath an alas lake. The formation of that non-typical example 
of filling of a formerly ice-filled fissure is a result of deep thawing, owing 
to which the melting of ice within the fissure proceeded not only from above 
but also along its sides, adjoining the polygonal błock .. 

The problem of fossil ·wedge-structure formation by the filling of ice 
free fissures under conditions of generalized permafrost degradation, 
is not yet satisfactorily elucidated. B aranov (1958) repąrted the presence 
in the Fore-Baikal region of wedge structures in the cross cut through 
a depression in a · degraded polygon .. In the Krasnoyarsk region, S he­
vie l va and Litvinov (1959) found, in a similar situation, a beautifully 
outlined fossil wedge with well-preserved upturned layers near the wedge 
walls. But the corresponding sti-uctures uncovered in the Far East by 
Khomichevskaya (1960) depart widely from both the form and the 
structure of wedges. 

Biuletyn Pe·ryglacjalny - 18 
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· The above examples show clearly that a development of fissure polygons 
determined by permafrost degradation did by no means invariably produce 
well-developed fossil wedge structures. There can be no doubt that this 
depends on a whole number of circumstances including, in the first place, 
the rate of thawing and the character of the rock materiał in which the 
polygons are developed. 

Differentia! ground ice thawing is only possible when the thawing 
is slow and shallow. Under such conditions alone can fissure-ice melt 
away under the warming action of water within the troughs, and even 

. a secondary filling of the open fissure may occur before the adjoining poly­
gonal błock melts away. In contrast, rapid and deep thawing causes-owing 
to greater heat conductivity of the minerał materiał - the segregation 
ice in the polygonal błock to melt sooner than the fissure.-ice. Hence, 
the fissure walls being inapt to resist, th~ contact structures are destroyed. 

The larger the amount of ground-ice contained in the polygonal błock, 
the greater the risk for the fissure walls and the contact structures of being 
destroyed. Hence, the significance of the rock type, since the water volume 
and, in consequence the ground-ice content depend on the grain size of the 
rock materiał. Under equal conditions of thawing, coarser materiał is more 
apt to preserve the primary ice-fissure form and that of its lateral contacts. 
This is perhaps the reason of the well-known fact that in the Pleistocene 
permafrost areas of both Europe and North America, vestiges of ice-fissure 
polygons are generally preserved in coarse materiał. 

INTERPRETATION OF FOSSIL STRUCTURES 

If the features usually defined as wedges are to be regarded as forming 
part of a polygonal fissure system, all the structures that fail to form a pat­
tern of that kind, may accordingly be ruled out. · Apart from thermal, 
frost controlled polygons there also exist other produced by dissication; 
but these are easily discernable. The distinction between these two polygonal 
types has been abundantly described (Romanovsky & Cailleux 1942; 
Cailleux & Taylor 1954; p·ataleyev 1955). Dissication fissure polygons 
have lesser diameters, up to 1-2 m, the fissures being at the same time 
much shallower, hardly ever more than 1 min depth (Dostovalov 1960; 
Kaplina & Romanovski 1960). 

At Walewice near Łowicz, ca 70 km to the west of Warsaw, the whole 
frost fissure polygon is disposed in the horizontal section~ As the sides 
of polygon, 19.2, 18.0, 17.6, 12.0 m respectively in length, pass outside 
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the angles, the presence ot a wider net of polygons is dearly evident (fig. 7; 
pls. 5, 9, 10). 

Goździk ( 1964) has noted some systems of the frost fissure polygons 
along the aq ueduct Tomaszów-Łódź. He found some scores of these 
fissures djsplayed in vertical sections over a distance of 20 km. The measure­
ments of the distances between individual fissures and of their directions 
enabled the author to calculate the average diameter of the polygons. 

O~· ~~SOOm 

Fig. 7. Walewice, near Łowicz. Fragment of frost-fissure polygons disposed in hori­
zontal section 

The lengths range between 7 and 30 m, which correspond with the lengths 
known in several localities in the Łódź region, as well as with others in the 
recent periglacial areas. 

A_ more intricate problem is that how to distinguish such polygonal 
structures as were initially filled with fissure-ice from those - likewise 
polygonal - fissures whose primary filling consisted of minerał matter. 
N either side length nor diameter of the polygons can be taken as a distinc­
tive criterion, for both these types of polygonal fissures are known to range 
from very small to very large forms. 

Something like an indication may be aff orded by the size of the single 
fissures. In the case of a syngenetic development, wedges or rather ice­
-fissures tend to attain severa! tens of meters in vertical dimension, a size 
which is rather unlikely to be achieved by fissures with primary minerał 
filling. Katasonov (1962) cites as example a fossil fissure having 6-8 m 
in depth and 3-5 cm in average width (fig. 8). Even though the writer 
regards this structure as syngenetically developed he firmly excludes any 
possibility of so thin a fissure having been filled with ice. Thus, negligible 
width - averaging at most a few cm - of a polygonal structure compo-
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nent maybe taken to provide a criterion in distinguishing between the afore-:­
Śaid types of fissure polygons. At higher values of dimension, the .. width 
of the fissures is of interest for the purpose in view . 

. In fact, the shape of the transversal outline is similar in. both cases, 
on account of the analogous mode of formation of all contraction fissures 
and of their filling, no matter what the fissures were primarily filled with -
whether ice, or minerał substance. If, hO\yever, in the cross cut above 
the proper wedge there are traces of fissure troughs and upturned layers 
in the overlying mate1ial, they may be taken as evidence of fissure-ice 

~ 
-· .•.::•- . ---.:_-..· 

.-·· . .:.s::_:.7'"• 

melting (Kaiser 1960; Kaplina & Ro­
manovski 1960). 

The materiał bordering on wedge walls, 
especially when consisting of sand, often 
exhibits cracks and small faults (pl. 6 ). 
These are generally due to gravity, owing 
to the formation of an open fissure, after 
the melting of its ice content. Kaplina 
and Romanovski (1960) cite an example 
from the Upper Dzwina region, where 
the crack- and break zone had some 3-4 m 
in width, although the width of the previous 
ice-fissure was hardly more than 30~0 cm . 

. The criterion of upturned layers .at the 
contact with the fissure wall is most wi­
dely discussed. It has been frequently 
assumed that upturned layers and the 
correlate bordering surface swellings are 

:s..--'"------,-.0 ---- • characteristic of those structures along that 
..•• "":s-·~-:--

---=--=: are due. to fissure-ice. But this opinion 

Fig. 8. Synchronou.s frost fissu.re 
with original infliling (,,sand wed-
ge"), after E. M. Katasonov 

(1962) 

1. silty sand; 2. silt; 
3, vertically stratified . silty sand 

se_ems · unfounded. For, both Pat a 1 eye v 
(1955) and Pewe (1954) described bor­
dering ridges and upturned layers at the 
contact of primary grnund wedges. These 
writers have furthermore discussed the me­
chanism by which such characteristics are 
produce much in the same way as those 
that are known from ice-fissurę polygons. 

Gallwitz (1949) was probably the 
first. who interpreted. downturned contaćt 
layers. as a result of the_ melting of ice 
within the fissure. GaHwitz's opinion 
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was later supported by Kaplina and Romanovski (1960) who 
regard downturned layers as distinctively characteristic of fossil structures 
formed in the place of fissme-ice. Contrary to Danilova's view (1956) 
this characteristic is absent from fissures with primary minerał filling. 

A valuable criterion in distinguishing between ice-wedges and ground­
„wedges is provided by the structure of the materiał with which the polygon 
fissures are filled. U nfortunately, a detailed study of _these structures 
has not yet. received all the attention it deserves .. The obviously different 
type of sedimentation in each of these particular cases, appears most· es­
sential with regard to the problem in question. In polygons of the ground­
-wedge variety, sedimentation is a primary process, which follows almost 
directly upon the formation of anyone ''elementary" fissure. In the latter 
case, however, sedimentation did not take place until the melting away 
of fissure-ice which may occur either once or in severnl consecutive stages. 

Hence, in polygons with primaty fissure filling sedimentation · ought 
to be more regular, while in those fissu1es that were filled after the melting 
away of fissure-ice it should be more chaotic, more massive and with vi­
sible trace of movement caused by g.ravity, involving not only single particles 
but comparatively large masses of minerał or organie materiał. 

Quite a number of writers (Black 1964; Kaplina & Romanovski 
1960) do therefore actually regard fossil structures as derived from fis.;. 
sure-ice polygons, on account of the disorderly arrangemen~ of the infil­
ling materiał and the obvious traces of collapsing from the top and the walls. 
Shevieleva and Litvinov (1959) as well as Baulin ·and Shmielev 
(1962) have discovered another interesting evidence which is the fossil 
structures that they studied were formed as a result of fissures having 
been filled after the melting away of ice. The evidence. in question is pro­
vided by the presence · of voids, either completely free or only partly filled. 
In the cross cut, they are often ovalin outline with their major axes oriented 
vertically, and occur above one another. These voids indicate that set­
tling along the fissure walls was an irr~gular process. 

The frost fissure polygons at Wa]ewice are partly covered by a stone 
pavement due to congelifluxion. One fissure of the polygon is very distin­
ctly · marked on the surface of the stone pavement. Along the fissure-side 
the Stones. lie at a lower level than those beyond, so that the continuity of 
the pavement is interrupted. U nder the stone pavement the vertical section 
across the fissure displays some stones in sand which fills it. They are 
15-20 cm in diameter and are mostly in vertical position·. It is evident 
that the stone pavement overlain the polygons at the time when. fissure-ice 
existed .. After the fissure-ice melted the empty space was filled up by 
congelifluxion materiał containing in its. bottom part sand1 but with an 
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admixture of stones. At the same time, the top part of stone pavement 
subsided and the fissure became distinct on the surface of stone pavement. 

Another unmistakable evidence of a transformation of fissure-ice 
polygons is afforded by the presence of veneering structures (Romanovs.ki 
1960; Lavrushin 1960, 1964; Kaplina& Romanovski 1960). 

Fissure-polygons with primary minerał filling constitute a rather recent 
problem and their study, in particular that of their structure, fails to provide 
sufficient items for discussion. In any case, however, the arrangement 
of the materiał within them must necessarily be more regular. The hy­
pothesis of their growth by way of successive formation of tiny elementary 
fissures would lead to the conclusion that fissures of that type ought to show 
a vertical bedding. This seems to have been the opinion of Pataleyev 
(1955). Also Dostovalov (1960) shares this view adding that the proper 
structure of the vertical layers was masked by a scale-like structure. Ac-
cording to this writer, a vertical differentiation of particles, depending 
on their size, occurs within the elementary fissures or veins. As a result 
of that process, the accumulation of coarser and of finer particles departs 
from the vertical bedding pattern forming a scale-like structure (pl. 8). 

The first indication facilitating a distinction between epigenetic and 
syngenetic structures is provided by the topographic . situation of a given 
polygon. A syngenetic development could obviously proceed in such forms 
as had been ~ site of Pleistocene sedimentation i.e. on sea shores, in river 
valleys, lake basins and denudation valleys or on alluvial fans. In all other . 
places, wherever the alternative possibility of fissure polygons with primary 
minerał filling can be ruled out after detailed investigation, the polygons 
may be taken to have undergone epigenetic development. 

Polygonal fissures of the epigenetic type show a reduced vertical ex­
tension, being inapt to penetrate below the vertical reach of the thermal 
changes that induce frost-cracking. Baulin and Shmielev (1962) have 
established this limit at 10 m for the area of the fossil structures which 
they stud.ied in the river basin of the Lower Ob. Large wedges of many 
tens of meters of vertical extension are sure to have developed syngenetically. 

In contrast, the width of the fissures fails to provide any reliable criterion. 
The widest amongst those occurring in this area may be safely regarded 
as epigenetic, provide that the fissures compared belong to a range of the 
same generation. 

Another promising criterion seems, however, to be associated with 
the fissures. It is provided by the shape of the wedge form in the cross 
cut. As shown by the theory of syngenetic wedge development, with pro­
gressive accumulation and upward shifting of the permafrost surface, the 
development of fissures begins at more elevated surfaces and the wedge 
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grows upwards. The upward shifting of fissure development occurs at the 
expanse of a growth of the fissure's width at its former level. Thus, the 
wedge shape undergoes a change, narrowing upwards (figs. 4, 9). With 
inequality in the rate of accumulation, i.e. periods of relative stagnation 
alternating with periods of increased accumulation, the outline of the 
wedge exhibits a corresponding number of wider and narrower segments. 

The literature dealing with · fossil wedge structures quotes numerous 
instances of such inequality of wedge shapes. Savichev (1962) has recently 

Fig. 9. Synchronous fissure 
ice, after P. A. Shum ski (1960) 

1. active layer; 2. synchronous part of 
fissure ice; 3. epigenic part of fissure ice 

2 

3 

applied this criterion in classifying the structures studied as syngenetically 
developed polygons. Shumski (1960) has presented interesting photos 
of fissure-ice, wedging upwards as a fine example of syngenetic development. 
Such preservation of shape narrowing upward is however - as must be 
remembered - rather exceptional among fossil structures, for the upper 
part of an ice-wedge was most severe~y threatened with denudation from 
the very beginning of fossilization. · This shows that not every broad-topped 
wedge must necessarily be regarded as epigenetic. 

The broader segments of a syngenetic wedge are associated with a cor­
responding stronger upturn of the adjoining layers (fig. 10). A close ana­
lysis of the deformations occurring along the line of contact combined 
with that of the wedge shape, provide, therefore an additional method 
that may be usefully applied in investigating the problem under discussion 
(Selzer 1936; Gallwitz 1949; Kaiser 1960). 
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Fig. 10. Synchronous ice wedge (,,sand wedge"), after A. I. Popov (1962 b) 

1. stratified silts and sands; 2. peat; 3. fragments ofb~anches and t!unks oftrees 

REMARKS ON THE NOMENCLATURE OF ICE-FISSURE POLYGONS 

As mentioned already in the section of the present paper dealing with 
the concept of fossil ice-wedges, there is a. good deal of confusi~n in the 
terminology of this subject. This, confusion is largely due to the fact · that 
the notions referred to by the current terms lack precision and th.e criteria -
which moreover are often inconsistently applied - have only a descriptive 
~~- . 

However the present state of knowledge in that .field seems to permit 
already the introduction of.some order into this terminology, starting from 
well-defined genetic conceptions. Considering however the number of 
terms used in so many languages, the task seems rather too extensive and 
too arduous to be easily undertaken. The1e exists, so far, no satisfactory 
comparative list of all . the various terms which might afford a possibility 
to analize the proper meaning of their individual connotations. Without 
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trying to face so vast an enterprise the present writet will only attempt 
to ·· suggest several terms that might. be appropriately used according to 
whether· the line of approach be genetic or dynamie. 

A most generał notion relating to the field in question is that of frost­
-contraction fissures - the process of contraction being . an effect of heatic 
oscillations of low temperatures - which tend to form polygonal patterns. 
This notion is being usually expressed by the term of frosr-fissitre polygons. 
The term should not be confused with that of frost-crdck polygons which 
~ught to be applied in a narrower sense, for frost-crack polygons refer to 
fissure~ice free polygons. Moreover, it has not yet been .established whether 
these polygons invariably consist of fissures with primary minerał filling. 
It would seems inappropriate to extend the rnea.ning of the term frost-crack 
polygons so as to permit its usage in the same sense as the one propo$ed 
for frost-fissure polygons. It might be misleading, sin.ce the_ word crack 
suggests a break rather than a fissure. 

In such languages as Polish, Russian, French, and German, the fol­
lowing terms may be proposed as equivalents for frost-fissure polygons: 
wieloboki szczelin mrozowych, poligony morozoboynykh treshchin, polygones 
de fentes de gel, and Frostspaltenpolygone. 

Frost-fissure polygons fall into two groups. One of them is referred 
to in the Anglosaxo11 literature as ice-vein 01 ice-wedge polygons which may 
be suppleniented by the more precise genetic term of fissure-ice polygons, 
for which the Polish wieloboki z lodem szczelinowym would be a most suit­
able equivalent; Although in the Russian literature, the · phenomenon 
is usrially referred to as poligony z jilnym Idom (poligons with v~in-ice), 
the present writer would rather suggest poligony z trieshchynnym Idom 
(polygons with fissure-ice) as a more suitable designation. Its equivalents 
in French and in German, would be: polygones· de glace de /ente and Spal­
teneispolygone. 

An essential •feature of the second group is that the bordering fissures· 
of a polygon are filled with minerał matter constituting their primary fil­
ling, which means that it did not appear after the melting away of ice which 
these fissures never contained. Pewe (1959) proposed to ·call such ground 
forms sand-wedge polygons. Antarctic polygons described by this writer 
are in fact filled with sand. This, however, is by ńo means a generał rule 
since polygons of a like type· described from the Soviet Union show that 
may as well be filled with some other materiał. In view of the fact that in 
the Russian literature such fissures ate referred to as ground veins and the 
resulting polygons as ground-vein polygons, a widespread usage of the 
traditional Anglo-Saxon term of ground-wedge or -vein polygons would 
appe_ar most desirable. 
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A more exact designation of the group in question would be that of 
polygons with minerał fissure-filling. This being however an abrigded 
definit1on rather than a name, the term itself ought to be shorter. Thus, 
for the time being there remains only the one, mentioned above. 

In contrast to recent frost-fissure polygons, the same fossil forms 
fail to produce surface patterns. Hence, the supplementary word structure 
must be added to the term, when appiied to forms of that type, occurring 
in Pleistocene sediments, e.g. structure of ground-wedge polygons. 

The term structure of ground-wedge polygons has the advantage of being 
adequate and elear. In the case of those structures, however, which de­
veloped through the melting away of ice within the ice-fissure polygons, 
it does not refer to a polygonal structure in which fissure-ice is still present 
but to a secondary structure resulting from a filling of the space left by 
the melted fissure-ice. 

The Russian writers, probably following Selzer (1926) 1 frequently 
apply the designation pseudomorphoses of ice-wedges. Hence, a term like 
pseudomorphoses of ice-fissure polygons may be conveniently applied to these 
forms. The term ice-wedge cast, recently introduced into the Anglo-Saxon 
literature (Black 1964) seems however both shorter and more elegant 
than that of pseudomorphoses of ice-fissure polygons. 

Exposures of Pleistocene deposits commonly fail to display any struc­
tures of ice-fissure polygons; they generally show only some of their wedge­
-shaped fragments in the vertical cut. Hence, the practical necessity of 
referring to them by the old standard terms of ice-wedge, fente en coin 
and Eiskeil. This requires, however, that some adoitional elucidations 
and reservations should be made if the terms are to be a elear expression 
of well..;defined ideas. 

It seems at least desirable to limit the usage of such terms as ice-wedge, 
etc., solely to fragments of polygonal structures. Just the same as with 
reference do fossil polygonal structures with primary minerał filling (ground:.. 
-vein polygons) the terms ground-wedge or ground-vein may be applied to 
their fragments, whereas fragments of polygons with fissure-ice, might, 
as it seems, be better referred to as ice-wedge cast structure or pseudomor­
phose of ice1issure. 

The term gruntovyie jily is frequently used in the Russian literature, 
though not always with the same connotation. It sometimes designates 
a fissure with primary minerał filling, and sometimes one that became 
filled after the melting away of the previous ice-filling. 

1 The present writer is not quite sure whether the term was not already used previo­
usly. 
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In the Siberian permafrost areas, a elear distinction between the in­
dividual terms became a matter of urgent necessity ever since the occur­
rence, in these areas, of polygons with primary minerał fissure-filling was 
established. This gave rise to such terms as gruntovyie or ziemlanyie jily 
or klinya. But the question is now further complicated by the fact that 
apart from those two primazy categories, i.e. that of ice-fissure polygons 
and that of polygons with primary minerał fissure-filling - there exists 
a third one, nameły that of polygons with secondary minerał filling after 
the melting away of fissure-ice. 

In the Soviet Union these ground-forms are now commonly referred 
to as pseudomorphoses of ice-wedges. The frequent usage of the designation 
gruntovyie jily (gromid-veins) is therefore often misleading. It has been 
recently suggested (Katasonov 1962) to introduce a elear distinction 
between the various types of ziemlanyie jily (soil-veins) - jily zapol­
nieniya i.e. fissures with primary minerał filling and jily zamieshchieniya 
or pseudomorphoses of ice-wedges. 

REMARKS CONCERNING THE PALEOGEOGRAPHIC SIGNIFICANCE 
OF FOSSIL FISSURE POLYGONS 

Fossil, Płeistocene połygons which once contained fissure-ice clearly 
prove the existence of permafrost. They further provide evidence of the 
fact that, in the time of ,their formation, the climate prevailing in the area 
of their occurrence was cold and dry, considering that with more notable 
snow-falls, ice-fissures could not possibly have developed. 

A closer study of the distribution of polygons after melted fissure-ice 
with reference to the rock materiał in which they were developed permits 
to reach further paleoclimati:c condusion. Even Tab er (1943) and Popov 
(1955) believe that fissure-ice is confined to fine (silt) materiał ałone. Other 
investigators, e.g. Leffingwell (1915, 1919), Black (1954) and Pewe 
(1962) have established the occurrence in Alaska of ice-fissure polygons 
devełoped in coarser materiał. Fossil ice-wedges developed in sands, gravels 
and pebbles are also well-known from European literature. Black (1964) 
has quite recently studied in Wisconsin jce-wedge casts occurring solely 
in sands and gravels, never in silts. 

Shumski (1960) hol~:ls on the basis of investigations conducted by 
himself and by a large group of workers from the Obruchev Institute of 
Permafrost Research in Moscow that fissure-ice and the resultant polygons 
do not occur in fine materiał alone. The development of fissure-ice in 
materiał of varying grain-size depends on the climatic conditions. Whe-
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rever these conditions are mildest, the development of fissure-ice · is pra­
ctically confined to materiał of finest grain-size. Such is the case in the 
southern areas of fissure-ice occurrence. Farther north, fissure-ice even 
though it is best developed in peat-clay formations, does nontheless occur 
also in slope deposits. Finally, under the most severe climatic conditions, 
there is not any single genetic type of loose rocks which would be· free of 
fissure-ice: · 

This points to the· unquestionable importance of studies regarding 
the distribution .of fossil ice-wedge casts. Their association with materiał 
of various grain-size might provide valuable evidence, that may facilitate 
a reconstruction · of the differentiation in space - as well as in time _; of 
the Pleiśtocene cold climates. 

It must however be most vigorously stressed that before undertaking 
this task it is· of absolute necessity to establish with the most exact certairtty 
whether the giveh wedge sttuctures were formed by infilling of fissures 
left by melted ice. For, polygons with primary minerał filling do not af­
ford any basis for similar conjectures. Most Russian investigators doubt 
whether the fossil structures described from Middle or West Europe can 
be attributable to fissure-ice. The present writer' is, however, firmly 
convinced that ice-wedge casts do exist in Poland. Nevertheless, it might 
be useful to· study these fossil structures with closer attention as structures 
of the ground-wedge type may also exist among them. 

Fossil polygonal structures with primary minerał· filling constitute also 
valuable paleogeographic recotds. Their assóciation with permafrost 
is by no means . a steadfast rule, even though it is, in many cases, most li­
kely. The fissures · described by 'Pataleyev (1955) were pres.ent-day 
forms occurring outside the reach of permafrost. Arialogically frost-crack 
polygons presented by Hopkins and Karlstrom (and others 1955) 
appear a:lso in the areas lying outside the limit of permafrost. On the other 
hand, it is a matter of common knowledge that fissures of that type reached 
to the depth ofpermafrost (Popov 1957; Surikov 1962; Bobov 1960) . 

. Pewe (1959) recognized sand"'.'wedge polygons occtirring under the ex­
treme severe and cold climate of Antarctica .. 

Fossil structures of that type are, no doubt, indicators of most severe 
climatic conditions associated with · deep though not always perennial per­
mafrost and with deeply penetrating and vigorously oscillating low tem­
peratures. Hence, such structures may perhaps be regarded as an alter­
native form of fissure-polygon development under a drier variety of cold 
climate. The example of the Antarctić McMurdo Sound Region tends 
to support this assumption. The· results obtained by several Russian in­
vestigators (Danilova 1956; Bobov 1960; Kaplina 1960) show plainly 
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that fissures with primary minerał filling developed in dry areas. This 
view is further supported by the statements of Hopkins and Karlstrom 
(and others 1955). As mentioned above, such polygons developed often 
in coarse materiał. 

The remarks concerning the conditions under which polygons with 
primary minerał filling were formed may be useful not only with regard 
to. possible paleogeographic conjectures but may facilitate a correct inter.:. 
pretation of the fossil structures called ice-wedge casts. 

Dostoval9v's (1952, 1960) hypothesis concerning the formation of 
fissure polygons, affords a possibility of using still another paleogeographic 
indicator. Since the size of the_ polygons and the size-range of their gene­
rations are a direct function of the value of the thermal gradient, they clearly 
depend on the climate. Large polygons are formed under comparatively 
milder climatic conditioris than small ones. 

Thus, this indicator may be helpful as well in investigating clirriatic 
changes, in a given region as in studying the areał diff erentiation of cold 
climates. An example of the first application is the work of Pop o v ( 1962) 
who, from the size-range of blocks in the polygonal pattern of the Bol­
shezy.emielskaya Tundra deduced changes in climate from the mildest with 
polygons of up to 1,000 m in diameter to increasingly severer ones asso-. 
ciated with the formation of polygons of the second and third range. That 
approach may likewise prove helpful with reference to polygonal patterns 
according to various stratigraphic levels. 

Investigations of differentiation of cold-climate in space appear possible 
provided they are based on a sound classification of well-defined polygonal 
structures either recent or fossil. It seems quite likely that the reduced 
size of the polygons studied by Pewe (1959) in Antarctica - ca 5 m to 
ca 12 m across - as compared with the notably larger recent polygons of 
the Arctic constitute records of climatic differences. They may be regarded 
as a sort of encouragement to undertake comparative studies in that con­
.nection. But the inventary of both chronologically and genetically well­
-defined polygonal forms is so far still too incomplete to permit of any 
satisfactóry conclusions in. that respect. In any future studies of that kind, 
the width of fissures composing each single generation of polygons should 
be also carefully taken into consideration. 

Fossil Śtructures of ancient ice-fissure polygons, even though they do 
not solely represent a record of the climatic conditions under which the 
fissures were formed and the fissure-ice developed within, may be however 
regarded as most direct indicators of thę c,op.ditions under which the ice 
melted away and became replaced. by other materials. 
· Ice-wedge casts provide an invaluable source of information concerning 
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the melting of ice and the decay of permafrost. Any conclusions, however, 
regarding this question require a very cautious interpretation of the struc­
tures themselves and of the surrounding types of rock. 

I t has been already shown that the filling of fissures left by melted ice 
does not invariably provide evidence of generał permafrost degradation 
and accordingly of a generał amelioration of climate. So-called „beautiful" 
wedges showing a clear-cut shape, well-preserved walls and lateral contacts, 
require very pertinent conjectures. For, such structures found the best 
chance of development when the melting away of ice was ~ssociated with 
intact permafrost. 

In those cases when the melting of ground-ice was but a local process, 
fossil wedge structures may certainly suggest many interesting paleogeo­
graphic conclusions regarding the topographic conditions that were asso­
ciated with thermokarst processes. 

In other cases, however, a study of· the deposits overlying the wedge 
structures, especially that of the subsidence of layers above them, may 
provide evidence ot the fact that the melting of fissure-ice took place beneath 
the reach of the former active layer of permafrost. In such cases, it may 
be safely assumed that the formation of a fossil wedge was an effect of 
generał permafrost degradation brought about by a generał amelioration 
of climate. 

The interesting and important problem of the many paleogeographic 
indications provided by fossil Pleistocene structures of fissure-polygons 
is not one that can be easily exhausted within the scope of an article. The 
possibilities in that respect seem highly promising but they require a good 
.deal of detailed and thourough investigations of each of the structures studied. 

Translation by T. Dmochowska 
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Photo by J. Dylik, 1961 

Pl. 1. Raciborowice, near Cracow. Fossil gully 

Photo by A. I. Popov 

Pl. 2. Taimyr. Frost-fissure polygons 
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Photo by N. N. Romanovski 

Pl. 3. Northern Si ber i a Polygonal troughs 

Photo by A. I. Popov 

Pl. 4. Eastern Siberia. Polygonal relief in an advanced stage of erosional development: 
gullies and baydjarakhs 
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a) 

b) Photo by J. Dylik, 1964 

Pl. 5. Walewice, near Łowicz. Fragments of frost-fissure polygons 
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Photo by A. L. Washburn, 1958 

Pl. 6. Zakręcie, near Lublin. Cracks and small faults in the contact zone of a frost 
fissure 



Photo by J. Dylik, 1953 

PL 7. N owostawy, near Łódź. Unsorted infilling of farmer ice-fissure 

Pl. 8. Łódź-Żabieniec. Structure of a frost fissure with original infilling Photo by J. S. Goździk, 1965 
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Photo by J. Dylik, 1964 

Pl. 9. Walewice, near Łowicz. Frost fissure visible on the displayed surface of stone 
pavement 

Pl. 10. Walewice, near Łowicz. Vertical section of frost fissure showing subsidence 
of stone pavement Photo by J. Dylik, 1964 
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