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WEDGE- AND FOLD-LIKE DIAGENETIC DISTURBANCES
IN QUATERNARY SEDIMENTS ’
AND THEIR PALEOGEOGRAPHIC SIGNIFICANCE

The problem concerning the origin of wedge- and fold-like dis-
turbances in Quaternary sediments has from the very beginning
been intimately associated with that of the periglacial environmen-
tal zone in the foreland of the European glaciers. The recognition
of certain phenomena as characteristic of this zone and the intro-
duction of the term periglacial have exercised a decisive influence
upon the formation and the development of the concept of a geo-
logic and paleogeographic periglacial zone.

The views on ‘the origin of fold-like disturbances evolved under
the influence of controversies between two alternative hypoheses
concerning the origin of structural soils to which these distur-
bances were originally attributed. Those hypotheses were: (1) that
of thermal convexion (Brodel-Béden) advocated by Gripp (1926)
and (2) that of frost-heaving advanced by Bahr (1932), et al. In
the middle 30th, under the influence of Mortensen’s (1932)
and Steche’s (1933) criticism of G rip p’s theory, a large number
of investigators passed over to the camp of the partisans of the
frost-heaving hypothesis. The terms cryoturbation and cryoturbate
sediments (Edelman, Florschiitz, Jeswiet, 1936) settled
the triumph of this conception. In those years, Dewers (1934)
alone set forth the idea that certain fold-like deformations (ground-
pockets) may have been produced by gravity and convexion.

A particular importance, for a correct definition of the paleo-
geographic nature of the conditions prevailing in the periglacial
zone, was attributed to ice-wedges. The exclusively frost-caused
character of wedges was advocated — following Kessler — by
Soergel (1936), Selzer (1936), Gallwitz (1937) et al., ie.
practically all the investigators of Quaternary sediments. The So-
viet workers (Popov, Danilova) recognized a new type of
structures, namely the so-called ,wedges with primary mineral
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infilling”. Such views are necessarily connected with the idea of
very severe climatic conditions and wide-spread permafrost in peri-
glacial Europe. This view gained wide acceptance (objections were
raised only by A. Penck). The attempt towards critical approach
to the problem of wedges undertaken by G usev (1958) failed to
achieve any tangible results.

That interpretation was chiefly inspired by the three following
reasons: (1) the likelihood of a considerable fall of temperature
in the Pleistocene, throughout vast areas bordering from the South
on the ice sheets, (2) the striking similarity of ice-wedges to pre-
sent-day ice- and ground-veins, (3) the impossibility to take any
well-defined position in face of the still unsatisfactory explanation
of certain problems of ground knowledge which can alone afford
a basis for well-documented conclusions. The scarcity of data con-
cerning present-day processes in cold climate- and permafrost areas
as well as the lack of examples of ,,ice-wedges” and ,,cryoturbation’
were also largely responsible for these misconceptions. Such forms
were generally identified much later and moreover in areas which
to-day are neither subjected to permafrost nor to cold climate;
these forms were mostly studied in pre-Quaternary sediments.

In pre-Quaternary formations (from pre-Cambrian to Tertiary)
wedge-like structures are rather common. They are usually referred
to as ,clastic (neptunistic) dikes”, scmetimes also as injections of
one rock into others. Both the surrounding and the component ma-
terial of these structures may be widely heterogeneous, ranging
from limestones to pebbles. The materials vary also in size. In
the present paper, small forms alone will be discussed i.e. such
as are comparable with those occurring in Quaternary sediments
and have been called forth by desiccation, subsidence and interpe-
netration of rocks. -

Wedge-like dikes in compact formations have been described
by various writers (Petrascheck, 1935; Eardley, 1938;
Colacichi, 1939; Price, Lucke, 1942; Bronguleev, 1947;
Schwarzbach, 1950; Shrok, 1950). Wedge-like forms result-
ing from intrusion of overlying rocks into underlying ones, which
are practically indiscernible from typical ,,ice-wedges” developed
in Quaternary sediments, were likewise discussed in a number of
works (Keilhack, 1931; Lotze, 1932; Smith, Rast, 1958;
Pavlov, 1946; Popo v, 1962; von B ilow, 1964).

In pre-Quaternary sediments, the number of folded or ball-like
deformations of the ,involution” or ,cryoturbate” type is indeed
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overwhelming. They are usually referred to as convectional lamin-
ations (or convolutions) and disturbances caused by sub-aquaeous
downcreep. Convolutions are particularly common in flysch (Ric h-
ter, 1952; Vassoevich, 1953; Kuenen, 1953; Kopstein,
1954; Ten Haaf, 1956; Wood, Smith, 1958). Nonetheless,
convolutions may occur as well in rocks of another lithologic com-
positions — from coarse sands and gravels to clays — and widely
differing in age — ifrom pre-Cambrian to Pleistocene (Beets,

'1946; Shrok, 1950; Konyukhov, 1951; Belostockiij,

1955; Dott, Howard, 1962; Einsele, 1963; von Biilo w, 1964).

Wedge-like and folded structures, similar to those encountered to-
day, are also found in the Quaternary sediments of many southern
regions: the South of France and other Mediterrenian areas such as
Morocco, Greece, Cyprus, Galilea (Tricart, 1956; Johnsson,
1960; Markov, 1961; de Vaumas, 1964), the western Black
Sea coast (Morariu, Savu, 1964), the Near East — Antiliban,
the Sinai peninsula (Kaiser, 1960; de Vaumas, 1964), the desert
and semi-desert areas of Asia Minor, Central Asia and North Ame-
rica (Dobrovolskij, 1961; Fedorovich, 1962; Knechtel,
1952), the subtropical coastal parts of China (Yan Huan-jen,
Yan Sen-youan, 1957). Such deformations are also common
under present-day conditions also: in inundational terraces, river
deltas, in southern regions (Mc Kee, 193%; Vinogradov, 1959;
Kostyaev, 1964, 1965; Lazarenko, 1964), in proluvial sub-
mountain planins (e.g. in Turkmenia — Vimogradov, 1955),
in lagoons and liman coasts, also in the Mexican Pacific coast
(Kindle, 1917; Steward, 1956; Doskach, 1962; Einsele,
1963), in lake- and see bottoms (Gorsline, Emery, 1959;
Shepard, Einsele, 1962; Maev, 1961, 1964).

1961 marked a decisive turning point in the current views con-
- cerning those formations. The works of A. I. Popov (1962, et al.)
and A. G. Kostyaev (1962, et al.) have shown the vast spread
of diagenetic polygonal wedge- and fold-like deformations in va-
rious Quaternary sediments, periglacial ones too. At the same time
E. V. Artyushkov (1963, et al.) elaborated on a physical basis
a theory concerning the formation of polygonal structures, which
he called ,,theory of convectional instability””. During the following
years, a new system of concepts was almost fully worked out con-
cerning all the geologic, paleogeographic and physical aspects —
revealed by the initial stage of that theory. o
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These hypotheses were tested and confirmed by laboratory
experiments (Dzulynski, 1963; Dzutynski Walton, 1963).
A group of geogtraphers from the University of Cracow (Butrym,
Cegta, Dzulyfiski, Nakonieczny, 1964) holds views simi-
lar to those advocated by those Soviet workers who regard dia-
genetic deformations- as the most significant type of periglacial
deformations. The importance of load-caused disturbances was also
emphasized by Jahn and Czerwinski (1965) who, at the same
. time, underline: the contribution of frost-caused impulses to the
fecrmation of such disturbances.

As results from the above considerations, the problem of the
origin of various deformations-in Quaternary sediments calls for
a revision of the views held hitherto on this question. Such a re-
vision does not however imply any negation of the existence of
frost-caused deformations, having:similar appearance.

A discussion of the particular examples of ground deformation
in Quaternary sediments ought to be preceded by a brief descrip-
tion of the major diagenetic processes in loose sedimentary rocks.
The difference between frost-caused and diagenetic structures will
thus become easily discernible. :

The chief morpho-creative diagenetic processes in loose rocks
are: convectional instability of the ground, syneresis and dilatation.

CONVECTIONAL INSTABILITY OF THE GROUND

This phenomenon was first recognized and thoroughly tested
on a physical basis by E. A. Artyushkov (1963a, b, 1964,
1965). 1t is a vigorous and widespread process which is responsible
for horizontal disturbances in the sedimentary pattern and for the
formation of various structures; it is due to the unsettled balance —
in the Earth’s field of gravity — of a layer of heavier material
overlying a lighter one. Instability in homogeneous, horizontally
Jbedded material leads to the formation of tri-, tetra- or hexagonal
patterns. which — in the vertical section — have the appearance of
prisms. . ,

In the course of the process of instability, 4 successive stages
«¢an be distinguished; each of them is characterized by a particular
set’ of forms. During the initial stage, gently outlined sinusoidal
deformations appear at the contact of the layers, and do not yet
-exhibit any polygonal patterns in the plane. At the next stage.
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depending on the degree of viscosity of the ground, well-defined
polygonal structures become visible as a result of subsidence along
the borders i.e. the collapse of the overlying material associated
with the formation of ground wedges or veins and subsidence at
the center in the form of a drop. During the third stage, the ma-
terial is displaced farther downward and the polygons acquire their
ultimate shape. The fourth stage brings a complete upthrust of
the lighter rocks and a cessation of all movement. Ground move-
ments are inhibited by -the process of lithification of the deposits;,
generally during the first or the second stage of unsettled balance,
sometimes though rarely during stage III and exceptionally dur—
ing stage IV.

Artyushkov holds that the followmg relations afford the
prerequisite conditions for the development of unsettled balance
in sedimentary rocks: (1) y; >y, (y1 — the volume weight of the
overlying sediments, y; — the volume weight of the underlying ones),
(2) 4y« Ah Z= 7o max (rpmax being the maximum relation value
of the limit of fluidity of both rocks, 4y — the difference in vo-
lume weight between the over- and the underlying bed, 4h — the
mean value of fluctuations of the separating boundary throughout
the whole extension of disturbances. Tangible data provide evi-
dence of a very common occurrence in nature of both these con-
ditions. Most favourable to the development of an unsettled balance
are the conditions prevailing during the period of accumulation
of sediments and the initial phase of diagenesis in a subaqueous
environment. Unsettled balance is likewise possible in a subaerial
environment (upheaving, tyxotrophy, consolidation of grounds). It
may develop in colloidal grounds as well as in pure sands, or in
coarse-grained material including sands and silts. The primary
polygonal forms vary in dimensions from several cm to hundreds of
meters. If the viscosity of the ground is of 10%—10%5 poise, the time
required for the development of unsettled balance may range —
according to Artyushkov — from a few days to some tens
of millenia.

SYNERESIS

Apart from plastic intrusions of material, there exist also var-
ious diagenetic forms which are solely associated with fissures
(0.5 to 10 and more meters in length). The zone of disturbance, in
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the sediments bordering on the structures, is insignificant. The
filling material is derived from the overlying and the adjacent
layers. Some fissures and structures formed as a result of side-
pressure, are coften concealed.

Such forms owe their existence to processes of syneresis i.e. to
subsidence and consolidation of feebly cemented deposits as a result
of transformation of their structure and greater cohesion between
the individual particles. Differential - stresses in a homogeneous
ground mass afford the conditions required for the formation of
a polygonal network pattern in the vertical cut and in the plane.
Such polygons range in size from a few decimeters to tens of me-
ters. Syneresis under subaerial and subtropical conditions operates
alike.

Syneresis is strongly reminiscent of another significant and
wholly subaerial diagenetic process, which is that of desiccation.
In size, however, polygons produced by desiccation are much
smaller. Many experts, including A. I. Popov (1958, 1959, et al.)
and B. N. Dostovalov (1961) have emphasized the relevant
morphogenetic role of desiccation fissures.

Syneretic fissures are naturally very widespread. Forms of that
type were discussed by S. S. Shule (1964) who holds that diage-
netic fissuring of sedimentary rocks is a general phenomenon
occurring - throughout the whole Earth’s globe. Noteworthy is also
the role of fissures of structural splitting which are usually poly-
gonal in igneous and eruptive rocks. Each rock type is character-
ized by a distinct type of polygonal pattern. Tetragons are typical
of granites, regular small hexagons — of tuffs, etc. Such polygonal
fissures ultimately reach the zone of egzogenic processes and gra-
dually evolve into ground veins.

DILATATION

Dilatation is due to a loosening of the coarse-grained ‘material
as a result of displacement of particles ie. of the increasing vo-
lume and the ensuing modification of form-and reversely. The
significance of that phenomenon consists in the fact that in com-
paratively coarse-grained sediments owing to the intimate cchesion
of the particles and the absence of intervening hydrate layers, the
production of plastic deformations requires a larger increase of
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volume than that which is needed to tear apart one level of sfress.
Sands and grounds with a sand-like grain-size gradation are there-
fore — under the pressure of even an insignificant load — liable
to disturbances in the form of cracks rather than of plastic flow-
age. The process is also responsible for the production of wedge-
like fissures -bordered by a zone of cracks below the base of conve-
xion movement and a whole level of convectional disturbances.

Dilatation may produce fissures independant of convexion,
which are in many respects similar to syneretic structures.

A correct distinction between frost-caused and diagenetic struc-
tures is clearly of vital importance for both the geology and the
paleogeography of the Quaternary. The criteria concerning pseudo-
morphoses of ground veins — those major paleogeographic indica-
tors — have been widely discussed in the literature (Soergel,
1936; Gallwitz, 1949; Kaiser, 1958; Johnsson, 1959; K a-
plina, Romanovski, 1960; Dylik, 1963). Considering, how-
ever, that those discussions were largely based on out-dated views
on the genesis of polygonal structures, most of those criteria call for
a revision and a more precise understanding. A particular role in
that respect ought to be ascribed to the pseudomorphoses occurring
~ to-day in permafrost regions (Katasonova, 1965, Skrylnik,
1965). On the ground of investigations of this problem from a new
point of wview, pseudomorphoses and diagenetic (convectional)
wedges may be said to show the following major properties.

Pseudomorphoses, just like ice veins, ought to have a sharp-
tipped wedge-like shape and their vertical dimensions must be much
larger than the horizontal ones; convectional structures usually
show a reverse . pattern. In the cross section, pseudomorphoses
attain their absolute downward limit at ca. 1 m (exceptionally
0.3—0.5 m); convectional veins acquire significant dimensions. In
pseudomorphoses, the relation of the structure’s lenght to the spac-
ing of the particular structures varies widely, while in convenctional
veins that interdependance is constant. The contact between a pseu-
domorphosis and its surrounding is feebly marked, often dubious;
the contact of a convectional. form — inter-sedimentary borders —
is usually perfectly defined. Fissure fillings are generally chaotic
or include horizontally bedded sedimentary portions; the structure
of convectional veins is either monolithic or reproduces the outline
of the form. In the majority of cases, the layers bordering on pseudo-
morphoses dip downward; the adjoining layers of numerocus con-
vectional wedges, are upturned. At the center of polygons and
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below pseudomorphoses (wedges), the layers remain undisturbed;
in the case of convectional forms, disturbance of the layers is a rule.
Disturbances of a “cryoturbation” or ”involution” type, which are
never encountered in the vicinity of ice-wedges, are commonly
. associated with convectional forms. In the presence of pseudomor-
phoses, it should be ascertained whether there are any traces of
an active layer or at least some evidence of its erosional truncation;
- if there are none, the structures ought to be regarded as convec-
tional. The above considerations show that the conditions, both
- geologic and geomorphic of pseudomorphoses are more reduced than
those of convectional structures. ,

Initial frost wedges, as judged from their present-day forms,
have generally the appearance of narrow fissures (Dementevw,
1946; Pataleyev, 1955; Washburn, Smith, Goddard,
1963; and others). In the light of the above description they totally
differ from convectional structures. Relevant items, for a correct
distinction between frost-caused and syneretic (rarely dilatational)
fissures are: the presence of traces of an active layer, the compo-
siton of the ground, the morphologic properties of the terrain, etc.;
nonetheless, the problem still requires further studies. At the pre-
sent state of knowledge concerning this question, the origin of
a large group of wedge-like disturbances cannot yet be satisfactorily
accounted for, although it includes such structures which ought
to be regarded as frost-caused.

As concerns fold dlsturbances their origin can be only convec-
tional, although frost processes may have had a share in their
formation. The origin of such disturbances of the ground resulting
from tension'in the course of upfreezing has not, however, been yet
demonstrated either by theoretical speculations, field observatlons
or experiments.

Basing on the features discerned in frost-caused and diagenetic
- wedge-like structures, the present writer has studied these types
of disturbances in various periglacial regions of Europe, in parti-
cular in the Low Rhine sandy-gravelly alluvials and in the inter-
fluves of West Germany which are built of sands, loess-like sandy
silts, pebbles, silts, etc. (Dewers, 1934; Steeger, 1944; Steus-
loff, 1952; Kaiser, 1958) in the sandy clayey formations of
North- and North-East France (Patte, 1941), in the central East
German plains composed of gravels and pebbles (Gallwitz, 1949;
Viete, 1953), in the loesses of Central and Eastern Europe
(Soergel, 1936; Selzer, 1936; Gallwitz, 1937; Mojski,
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1961, Pécsi, 1963), in the sandy and boulder-clayey deposits of
the interfluve areas of East Poland (J ahn, 1957), in the deposits
of various age and composition occurring in Hungary (P é csi, 1963),
in both the old and the young alluvial sediments of Czechoslovakia
(Sekyra, 1960; Ksandr, 1962). Further, such structures occur-
ring in non-periglacial zones — e.g. in the old alluvials of SW
France (Bastin, Cailleux, 1941) were also taken into consider-
ation. Examples of typically periglacial disturbances are illustra-
ted by Fig. 1 and Pl 1. ,

A whole range of specific properties such as: adjustment of
disturbances to the interlayer boundary, their morphology, the
deformation of deposits in polygons, the presence of typically
convectional involutions close by the wedges, the otcurrence
within them and in their neighbourhood of deposits identical in
lithology and facies, as well as other features suggest that these
forms are essentially diagenetic (predominantly convectional). In
the present writer’s opinion, therefore, the wedge structures de-
scribed by J. Dylik, K. Kaiser, R. W. Galloway and other
workers, though they may be justly regarded as frost-caused are
primary (seasonal) ground-wedges rather than pseudomorphoses of
ice-veins.

The present writer has studied mumerous convectional and
convexion-dilatational forms in the marine deposits of the coastal
facies in the Shapkin river region (tributary of the Lower Pecho-
ra) which — according to S. L. Troickij — were developed in
the sublittoral zone of accumulation of clays in a moderately cold
sea without any evidence of contribution by river streams. Ana-
lysis of the microfauna seems to confirm this view (G. N. Nede j-
shevw). o

Wedge- and fold-like deformations as well as irregular distur-
bances are developed within all the horizons: at the contact of
unstratified silts and sands, in packets of variously laminated
sands, silts etc. and in the underlying diagonally -bedded sands.
Wedges form polygonal networks and vary in length from 0.5 do
3—4 m and more. They fall into two major types: convectional
intrusions of unstratified silts into sands (upper part in.Pl. 2) and
fissure-like convexion-dilatational forms in the downward part
of the profile (P. 3). Just as numerous are fold-like disturbances
in the form of small synclines and anticlines (Brodelbdden), of dia-
pir and irregular intrusions of one layer into the other. A whole
number of features such as: the morphology of the structures, the
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Fig. 1. Border subsidence caused by convexion — pocket-like and wedge
structures at the contact of morainal clayey sands and stratified
sands. Section Lehe—Georgswert near Wiefelstede, Lower Saxony

(after F. Dewers, 1934); A — general view, B — fragment
a. podzolic soil; b. sandy boulder clay; c. stratified coarse sands and gravels;
d. obscured ‘ o . ‘




Biuletyn Peryglacjalny, No. 19 IX

after K. Kaiser, 1958

Pl. 1. Large deformations caused by convexion, near Duran, Lower Rhine
1. Tertiary quartzitic sands; 2. lignite; 3. pebbles of main terrace; 4. loess-like
silts (loess); 5. soil



Biuletyn Peryglacjalny, No. 19 X

photo by the author
Pl. 2. Convectional structure of the border type at the contact of boulder

clay and fine sands. Littoral marine sediments in the Shapkin river
valley (lower Pechora river basin)



Biuletyn Peryglacjalny, No. 19 XI

photo by the author

Pl. 3. Convexion-dilatational fissure in littoral sediments: dusty fine sands.
Shapkin valley



photo by the author

Pl. 4. Characteristic convecticnal and convexion-dilatational forms in the brick-kiln at Sidorovsk, SE of Moscow
a. pale yellow loess-like covering silts (loess); b. unstratified greenish-brown coarse silt
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adjustment of their forms to the compactness of the deposits —
according to the theory of instable balance — the absence of any
evidence of invasion by continental climatic conditions — tend to
suggest a diagenetic origin of these structures. The identity of
their major features with those of other deformations, including
also periglacial ones, seems to justify some broad generalisations.

On the ground of the criterid presented above, the present wri-
ter discusses the origin of the polygonal-block pattern occurring
in the Bolshezemelskaya Tundra and in other regions of the Rus-
sian plain. The pattern is formed by a polygonal system of mounds
—blocks (averaging -50—100 m in dimensions) and the interve-
ning depressions (10—30 m in width) built in their top portions of
loess-like and lacustrine silts. In the cross-cut, the inter-block de-
pressions are found to coincide with wedge- and tongue-like in-
trusions of the covering sediments into the underlying silts and
sands, which have up to several mts in thickness. There are also
some smaller blocks which fail to influence the relief pattern.

Nowadays, the majority of workers regards the Bolshezemel-
skaya tundra as marine and glacial-marine (Popov, 1961, and
others). Some questions however remain controversial as e.g. that
concerning the origin of the covering silts. The present writer
holds that the loess deposits of the Russian Plain are predominant-
ly water-laid. The Bolshezemelskaya tundra is of lagoonal and
lagoon-lacustrine origin, while the formations occurring farther
subsequent weathering and pedogenic processes. The block relief
waters. The loessy nature of the sediments provides evidence of
subsequent wearthering and pedogenic processes. The block relief
of the largest part of the Russian Plain is — in the present wri- -
ter’s opinion — convectional, rather than due to frost-cracking
and was developed in mobile, moist grounds as a result of well-
marked differences in the material. Various, frost-caused proces-
ses have, however, largely influenced its modelling.

One of the numerous sections studied by the present writer
exhibiting the diagenetic structures of the near Moscow region
may be presented as example, namely a cross-cut through the
interfluve plain NE of Moscow (fig. 2). The passage from sinusoi-
dal to wedge-like forms characteristic of convectional structures
is here readily discernible. No less typical, from the point of view
of origin is Pl. 4 which displays convectional deformations at the
contact of covering and morainic silts.

16 — Biuletyn Peryglacjalny
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Fig. 2. Wedge-like and sinusoidal structures in the interfluve area, SE of Moscow, 'Za_goryanskaya, on the
' Northern Railway Road ) :
1. ferruginous fine sand, non-stratified; 2. sandy silt including a few pebbles; 3. heavy silt with a few pebbles and small

stones; 4. brownish-black organic matter; 5. ferruginous, horizontally stratified variously grained sand with single pebbles and
gravels ' :

(444

aavfisod] 'H 'V




Wedge- and fold-like diagenetic disturbances 943

Diagenetic processes are, however, by no means confined fo
loose sediments. As results from the data obtained, these processes,
convectional instable balance in particular, have contributed also
to ice-vein formation. ‘

As concerns the role of instable balance it may manifest itself
in two different manners. One of them consists in the formation
of low-centered polygons (subsidence at the center) in loose, thawing
grounds; polygon ,anticlines” provide suitable sites for ice-vein
development, in the course of progressive upfreezing. Such exam-
ples were recognized by the writer on the inundational terrace at
the outlet of the Yana river. The second manifestation of instable
balance consists in a very slow and essentially convectional out-
pressing of ice from the vein, due to the surrounding heavier
ground; evidence of that process is provided by a very abrupt
upturn of the layers, even by their overthrow at the contact with
veins. As a result, a depression was formed in the polygon center
together with the deformations which are well-known from many
examples and due to a gentle upheaving of the overlying beds by
the tops of larger ice-veins.

" From the analysis of individual structures in totally different
regions of the periglacial zone und on the background of the present
state of knowledge concerning this question, it may be assumed that
the nature of a periglacial region, i.e. the structural properties of
its constituent deposits are practically defined by its diagenetic de-
formations. Frost wedges, ground (seasonal) wedges in particular,
and may be also relatively small ice-wedges are likewise signifi-
cant under periglacial conditions. '

Because of the difficulty at the present state of knowledge of
tracing the southern limit of permafrost on the evidence of its
remnants within the deposits, we must forcibly try to find out
some additional criteria, unrelated with periglacial phenomena
within the ground. The maximum value of the mean annual
cooling of temperature in the Pleistocene, corresponding to the
value at which a fairly enduring underground glaciatiorn (= per-
mafrost) is formed (ca 3°) may be used to that purpose. If the
reasoning of A. Penck (1938) and C. Emiliani (1955, 1958)
be adopted as correct (cooling ca 8°) almost the whole of perigla-
cial Europe (except mountains rising more than 800—1000 m), the
major part of the SW area adjoining the ice-sheet and the south-
ern part of the Russian Plain were free of permafrost. If this
were the case, the southern permafrost border would coincide
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with the present-day course of the izotherm 5° (fig. 3). Many
workers, however, assume a severer cooling down to 10—12°. In
that case, permafrost must have been spread over the major part
of the plains of periglacial Europe — from the Sub-Caspian low-
land in the East to the La Manche strait in the West. The final
solution of this problem will largely depend on whether
any relevant post-cryogenic structures — pseudomorphoses of ice-

veins — are going to 'be identified in periglacial regions on the

basis of some new criteria.

A significant feature of the old (fossil) periglacial zone is the
periglacial accumulation cycle of deposits dependantly on the
outflow or the stagnation of waters at the time of ice-sheet melting
from the moment when the ice-sheet front came to a standstill,
till the beginning of its rapid retreat. The width of the peri-
glacial zone would be thus determined by that of the belt of sedi-
ments laid during a given period and would shift in the trail of
the ice-sheet. Accumulation of large water masses in the front of
the ice-sheet was due to its presence, for large ice-masses induce
an izostatic depression of the earth-crust, comprising not only the
ice-covered areas but the adjoining ,periglacial” ones as well
(Artyushkov, 1966, and others). Within permafrost areas
a periglacial climatic zone can be distinguished as a region of insi-
gnificant width, controlled by cold and dry winds blowing from
the ice-sheet. If the indirect influence of the ice-sheet upon this

zone be taken into account, it may be extended to comprise a vast

expanse of terrain. The periglacial zones of ice-sheets, occurring
under varying conditions, may differ from each other in a geolo-
gic and climatic respect (for example the present-day glaciers in
the Antarctic or in Greenland, and the Pleistocene one of Europe
or North America). :

In the European periglacial zone, the remarkably numerous
occurrence of wedge- and fold-like disturbances is a result of
particularly suitable conditions promoting the development of
convexion and other processes. Those favourable conditions were
provided by a large variety of rocks of a totally different litho-
logic composition and a remarkable degree of saturation, some-
times even oversaturation with water. The deformations and the
sediments within which they were developed constitute a sedimen-
tary-dynamic periglacial formation of flood-lacustrine origin.
Loess covers and the structures within them, belong to its signifi-
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cant components. The formation is, at the same time, also one of
a climatic nature.

Since the time of Tutkovskij, Lozinski and A. P. Pa-
v1ov loesses are unanimously regarded as a typically periglacial
formation. Considering all its basic characteristics, the continental
loess of the periglacial zone plains may safely be considered as
water-laid. This interpretation of the origin of loess prevails
amongst the Soviet scholars (Berg, 1947, Gerasimov, Mar-
kov, 1939; Krasnov, 1944; Spiridonov, 1948; Yakovlev,
1954; Sokolovskij 1958; Polyakov, 1960; Lukashev,
1961; Shulec, et al, 1963; Bondarchuk, 1965; Markov,
Lazukov, Nikolaev, 1965; and others). This view is sup-
ported by the very existence of convectional disturbances within
loess formations and at the contact between them and other deposits
(boulder clay, glacifluvial sands, etc.). Apart from water-laid
loesses, however, some are also eluvial, eluvio-colluvial and eolian.

Periglacial conditions induced intensiwe loess accumulation on
interfluves as well as in valleys. On interfluves, loess eovers were
the predominant type of sediment. They were a result of deposition
of fine, dusty particles in extensive, shallow basins and deltas. Apart
from loess, uplands exhibit also other periglacial formations such
as sands, muds etc. Inténsive accumulation took place likewise in
valleys where thick layers of flood-water sediments (Goreckij,
1958) and periglacial alluvials were deposited (Lavrushin, -
1963).

In regions at higher altitudes which were not invaded by gla-
cial melt-waters, eluvial and colluvial-solifluxion processes were
at work. Soil horizons subsequently converted to fossil soil ho-
rizons were developed on elevations and periodically dry places.

Rapid accumulation of water-saturated deposits consisting of
various lithologic components was the major but by no means the
sole factor of development of wedge- and fold-like deformations.
Of predominant importance in that respect was seasonal upfreezing
manifested by dynamic impulses by which those disturbances
were called forth or increased.

In the periglacial zone the conditions under which these di-
sturbances occurred, varied widely. Such"disturbances were often
developed beneath the bottoms of water basins and were thus of
entirely sub-aqueous origin. Together with a general decrease of
water depth in the basin, the bottom formations were subjected
to seasonal upfreezing. In those places where convectional move-
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ment had already been induced, it was intensified by frost-caused
impulses, while in those which were in a condition of pseudo-ba-
lance on the verge of its loss, movement began within the sedi-
ments.

Diagenetic processes within the ground did not cease entirely
with the complete drying up of one or another area; in such cases
thermal oscillations played, naturally, an important role. Intervals
in accumulation on generally loess-covered interfluves and in
valleys are marked by soil horizons, often connected with systems
of narrow fissures — due either to desiccation or frost. With re-
current inundation, the soil horizons rapidly acquired a condition
which made them liable to displacement and were affected by con-
vectional movements which were largely promoted by a conside-
rable difference in density between loess or any other rock and
humus-bearing strata (the top layers with deformations usually
consist of loess, sand etc. while the underlying one is a soil-bed).
Disturbances affecting fossil soil developed in loess and other
sediments, are of that nature.

A multitude of horizons, displaying wedge- and fold like di-
sturbances in periglacial deposits, are basically of a diagenetic and
diagenetic-frost-caused nature and are fully syngenetic with the
accumulation of these sediments. Consequently, most of them bear
the imprint of the severe climatic conditions of a periglacial zone.
Frost-caused ground veins were, no doubt, also commonly de-
veloped in the periglacial zone, since the existence of fine-grained
material and of a severe climate provided suitable conditions.

Leaving aside the question of diagenetic disturbances under
subaerial conditions, there is no valid reason for directly correla-
ting these disturbances with the active permafrost layer of peri-
glacial areas. Nor, is there any foundation for identifying the fold-
like and irregular structures found in thin beds with such micre-
forms from the present-day polar and Arctic regions as stone
polygons or spotted tundra, which are often likewise of a frost-
caused convectional nature. The correctness of this statement is
clearly supported by an obvious difference between both these
form-~types, the one namely that periglacial deformations are dis-
tincly bedded while structural grounds are not. Apart from the
essential primary differences between deposits displaying wvarious
types of disturbances (sedimentary bedding in one case and non-
stratified eluvials and deposits in another), they may be additio-
nally accounted for by the fact that the former are undoubtedly
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structures due to: convectional instability in its various stages,
while the latter are an effect of stationary convexion. There are
two reasons for which frost-caused-convectional disturbances in
Quaternary sediments were not converted into stationary forms.
First of all, the accelerated rate of accumulation tended to fos-
silize these disturbances and secondly the frost-caused impulses
as compared with those of the polar and Arctic regions of to-day
were of lesser intensity.'

All these facts provide evidence of a wide diversity and of the
imparalleled character of the geologic and climatic events of the
Pleistocene in Europe, which events have no analogues under the
present-day conditions but are clearly recorded in the deposits
and structures of the periglacial zone. ‘

- In consequence, the present writer proposes that the term peri-
glacial be used with greater caution and reduced to its primary
(narrow and strict) meaning which is to designate the totality of
processes and phenomena occurring on the peripheries of the large
ancient ice-sheets, the specific :sedimentary processes in parti-
cular which operated around the ice-sheet margins as well as va-
rious diagenetic and frost-caused-diagenetic phenomena within
the ground. Periglacial conditions include moreover such pheno-
mena as climate, especially in the zone of diffusion of air masses
from the ice-sheet, glacial forms, vegetation, etc. The processes
and phenomena known from the terrains bordering on the present-
-day glaciers of Greenland and the Antarctic should be likewise-
defined as periglacial (recent) in spite of the fact that periglacial
zone of to-day, as regards the whole set of its characteristics, dif-
fers in many respects from the old (fossil) one of both Europe and
North America. '

Ethymologically correct, the term has thus the advantage of
underlining the specific character of the near-glacier regions.

Apart from the periglacial lithologic formations there are still
other ones that are likely to develop diagentic sub-aqueous pheno-
mena of a dynamic nature, namely Quaternary marine and glacio-
-marine sediments. Such is the glacio-marine sedimentary dynamic
formation extending in the north-east part of the Russian Plain
and in western Siberia. Rapid accumulation — on a very uneven
sea bottom — of various sediments, usually liable to disturbances,
afforded suitable conditions for their development in a glacio-ma-
rine environment. ’
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In p’re‘senti-day regions with either permafrost or frost-control-
led morpholithogeny, relief-precductive processes vary in their
development, dependantly on the geomorphic trend of relief evo-
lution. Therefore, three separate zones have been distinguished,
which are: that of accumulation, that of relative balance and that
of denudation (Popov, 1958). Best-defined are the frost-caused
processes in areas of accumulation with syngenetic upfreezing of
deposits and formation of large ice-veins, that are closely related
with the formations within which they occur. It should be noted,
that numerous epigenetic ice-veins and, though less numerous
ground ice-veins likewise do most commonly occur in the fine-
-grained material of low-lying areas of accumulation. Areas of
well-balanced processes of accumulation and denudation exhibit
ground veins and various kinds of structural grounds such as isles
of spotted tundra, stone polygons etc. Microstructures (stone poly-
gons) and their slope correlates are characteristic of areas with
a predominance of denudation. While ice-, ground-ice and ground

veins are invariably frost-caused, the origin of structural grounds

requires discussion and elucidation.

It is well-known, that the set of forms, generally referred tfo
as structural grounds is quite remarkably wide-spread. As sub-
aerial forms, they occur on interfluves, in river-valleys, on the
shores of drying-out lakes in Arctic and polar regions and also in
altitudinal areas. As subaqueous forms they are found in coastal
regions (Greenland etc.), at the bottoms of deep non-freezing lakes
(in- the Alps, Antarctica, Khibiny Mts.) and in caves. Structural
grounds occur in high as well as in low geographical latitudes.
Moreover, their typical morphologic pattern is — no matter under
what conditions they occur — remarkably enduring.

The problem of structural grounds is one that dates back at
least a several decades. In the course of those years many various
hypotheses were set forth — more than twenty, in fact, to mention
the most important contributions only (Washburmn, 1958). Since
any discussion on the subject requires both abundant factual data
and-a voluminous literature, the present writer will — considering
the scope and the subject-matter of this paper — restrict his treat-
ment of the question to a brief presentation of his personal views,
derived from both field material and the literature of the subject.
These views are on the whole consistent with those expressed
earlier by H. Mortensen (1932) and Sérensen (1935).
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Already the widely varying conditions under which structural
grounds are likely to occur and the persistence of their essential
morphologic features indicate that -the mechanism of their forma-
tion is aclimatic by nature. In the present writer’s opinion this
mechanism is primarily due to. ground convexion by gravity,
according to the daw of convectional instability which invariably
induces the formation of a polygonal network throughout vast
areas. Alone, the essentially universal and aclimatic nature of the
process is capable to account for the existence of identical forms
in deep-lake and sea bottoms as well as on tundra surfaces. It
. should be noted that the distribution of subaerial structural grounds
throughout the whole earth-globe is largely controlled by zonal
climatic factors. :

The investigations of C. Troll (1944) conducted during many
years have shown that the zone of structural soils strictly coincides
with that of solifluxion, i.e. one of a water-saturated (fluid) condi-
tion of the ground. Since the latter is one of the basic conditions
of development of convectional instability, that conicidence is
rather astounding. According to Troll the lowermost limit of
that solifluxion zone cof which permafrost forms a most important
component part runs from the Pole to the Equator and from the
Ocean shores to the central parts of continents. Its highest alti-
tudinal situation lies within the arid subtropiéal belt (as e.g. in the
Central Tibet at altitudes of more than 5500 m) to descend farther
towards more humid equatorial regions (in the East-African mount-
ains at 4000—4500 m). .

A zone of structural soils may, therefore, be regarded as a cli-
matically controlled zone fully saturated with water and particu-
larly liable to ground movements promoting the formation of gravi-
tational convexion and solifluxion. In the northern part of this
zone — in Arctic and polar regions — the prerequisite dispositions
are provided by a whole set of conditions, first of all by the pre-
sence of permafrost and a seasonal migration of water within the
active layer. Relevant evidence of the development of convectional
movements in the subsurficial ground layer of these regions is that
of the zonally conditioned processes, leading to the production of
instable stratification within the active layer. As a result of frost-
heaving of rock fragments, the heavier material (stones) accumu-
lates on the surface, while moisture and fluidity increase in the
underlying horizons at the boundary of the impervious layer, in
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the form of either permafrost table or solid rock. Frost-caused
impulses during seasonal or diurnal oscillations of the temperature,
contributed largely to the initiation and development of these
movements within the ground. Unlike in the case of convectional
structures in sediments, the influence of a frozen soil and the
absence of accumulation cause the active structural grounds to
appear in the form of stabilized convexion, where each ground
particle (except large stones) inside the polygon is uninterruptedly
(during a lengthy period) involved in a circular movement.

Such forms — either sorted or non-sorted — are essentially
frost-caused-convectional. Under different conditions, wherever the
necessary degree of moisture depends on other climatic factors and
on the reduced development of frost-caused processes, structural
grounds must be considered as chiefly convectional forms, akin to
typically subaqueous polygonal grounds. V

< Apart from convectional processes, desiccation which is a dia-

genetic process largely contributes to the formation of wvarious
micro-relief forms, polygonal ones in particular (Popov, 1959).
There is no need of stressing the fact that climate — especially
freezing and thawing — is not directly responsible for the deve-
lopment of structural soils.

On account of specific, relief-productive processes, the present-
-day regions of severe climate may be defined as a zone of clima-
tically controlled polygonal structures and solifluxion. Ice- and
grourid veins (in areas of accummulation), initial ground- and
ground ice veins (in areas of relatively balanced accumulation
and denudation) and frost-produced diagenetic forms like stone
polygons, earth islands etc., when occurring in permafrost regions
constitute such a group of climatically controlled forms, due solely
to frost. In non-permafrost regions such as high mountains, where
the influence of temperature and consequently that of frost-caused
processes is of lesser significance, there is a predominant occur-
rence of diagenetic (convexion) and frost-diagenetic structural
grounds.

In the Pleistocene, the zone of severe climate, that of perma-
frost in particular, considerably expanded its reach in Eastern
Eurasia. Considering the degree of climatic fluctuations which was
here lesser than in the West and the warming influence of the
West Siberian sea-basin, a mean annual cooling of temperature
of 6—7° as compared with that of to-day, should be assumed for
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this area. At the same time, the limit.of subterrenian glaciation
(permafrost) ran through north Kazakhstan along the 51—52° N.
dat., turning distinctly southward in the river-basin of the upper
Irtysh, from where a large lobe branched off to comprise the
mountainous area of Central Asia. In Eastern Siberia and the Far
East, the degree of lowered temperature was still lesser — some
5°C only. The extension of the Pleistocene subterrenian glaciation
was, as compared with that of to-day, lesser in Eastern than in
Western Siberia.

Most peculiar forms are the polygonal systems consisting of
large ice-veins (some 30-—40 m deep and 6—8 m in width), They
occur in the vast accumulational lowlands of central Eastern Si-
beria and in the much more extensive areas of its northern part.
Ice-veins and syngenetically freezing sands, silts and peats con-
taining ground ice were formed under  conditions of long-lasting
tectonic depression, compensated by a constant accumulation of
new deposits. This fact accounts as well for the large dimensions
of the ice-veins as for the impressive thickness of the ice-bearing
sediments. The ;signiﬁcént width of the East Siberian Pleistocene
ice-veins provides evidence of the existence in this area of a very
severe climate during the formation of these veins, for the size of
the diagenetic voids which largely contribute to the frontal growth
of vein-ice masses depends on the degree of thermal oscillations
within the active layer (P op o v, 1965).

It may be said in a general manner that in East Eurasia the
climatic conditions and the main trend of relief-forming processes
— frost-caused ones in particular — did not appreciably differ in
the Pleistocene from those observed to-day. In contrast, the west-
ern part of Eurasia underwent certain qualitative modifications of
its climatic and geologic environment.

Worthy of note is that the limit of subterrenian glaciation con-
stitutes- a barrier for frost-caused processes alone. For, diagenetic
processes can easily transgress it. Therefore, in the Pleistocene zone
of frost-caused morpholithogeny apart from frost-caused processes,
purely diagenetic ones as well as frost-diagenetic impulses during
the accumulation of deposits were of no less importance for they
led to the production of polygonal structures and relief-forms under
subaqueous and subaerial conditions.

From the above considerations it may be safely inferred that
such diagenetic processes as convexion, instability of grounds, syn-
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eresis and dilatation in loose, feebly cemented sediments play
a role which is by no means insignificant. The first two of these
processes contribute to the development of polygonal networks and
of wedge-like disturbances throughout vast areas in a subaqueous
or subaerial environment.

Among these processes instability of grounds appears as one of
particular importance. The physiographic conditions under which
it manifests itself are widely diversified. From the geologic and
paleogeographic point of view, 3 major types of instability can
be distinguished, according to the degree to which climatic (frost)
processes contribute to its development:

(1) Instability as a simple function of gravitational differences
resulting from accumulation under subaqueous or subaerial con-
ditions without any influence on the part of climate. This type of
instability is proper to nearly all the pre-Quaternary sediments,
the marine and glacio-marine Quaternary deposits as well as to
certain periglacial formations developed in relatively deep waters.

(2) Instability resulting from accumulation during partial
innundation or complete drying of the surface, strongly influenced
by climate in the form of frost-dynamic impulses during seasonal
or'diurnal oscillations across the freezing point. This type of insta-
bility was characteristic of vast continental areas of the northern
hemisphere towards the close of the Tertiary (Pliocene) and may
be also of extensive parts of the earth-globe in other pre-Pleisto-

cene cold periods, such as the Permian-Carboniferous of Australia

and South Africa, etc. It was most vigorously marked during the
Pleistocene in the periglacial zone of the European ice-sheets and —
though on stretches of lesser extension — in that of permafrost
morpholithogeny in eastern Eurasia.

(3) Instability occurring under subaerial conditions without
any accumulation of deposits but under the direct action of such
climatic factors as: the presence of permafrost, frost-heaving of
rock - fragments and- intensive upheaving during seasonal ground
freezing. This kind of instability is, first of all, typical of the active
layer of permafrost of a large portion of both the Pleistocene and
the present-day zone of frost-caused morpholithogeny as well as
of both the recent and the ancient periglacial zone in high geo-
graphic latidudes: in Greenland and in the Antarctic. A variety of
instability which passes into the one mentioned above is that
occurring in etiher permafrost-free areas or at very profound depths
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and where frost-caused impulses are very weak. This variety is
characteristic of tropical and subtropical high-mountain regions as
well as of the bottoms and the shores of drying mountain lakes
and of caves.

Translation by T. Dmochowska
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