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Abstract 

In NW Poland, in the area of the last Scandinavian icesheet, periglacial phenomena occur mostly in outwash 
plains, till plains and pradolina terraces, and sporadically also in alluvial fans and inland dunes. Some of them 
contain indications of former permafrost and can be used in palaeoenvironmental reconstructions of the Late 
Pleistocene deglaciation. They include epigenetic and syngenetic ice-wedge casts, fossil sand-wedge poly­
gons, ice-vein network casts and oriented icing depressions. 

The cryostratigraphic record of permafrost indicators and their geomorphic distribution testify to the pres­
ence of continuous permafrost or at least vast permafrost patches in the deglaciated area in NW Poland during 
the Late Plenivistulian and during cold spells of the Late Vistulian. 

Introduction 

Relatively fresh glacial landforms left behind by the 
Scandinavian ice sheet are the predominant feature 
of the Polish-German Lowlands. Due to this, peri­
glacial effects remained largely unnoticed and were 
not taken into account in older studies on the cli­
mate of the Pleistocene termination. In later times, 
when fossil permafrost phenomena had been found 
in the region, more attention was given to the pe­
riglacial context, though, normally, its relationship 
to glacial events remained obscure. 

It is the objective of this paper to contribute to 
the knowledge of deglaciation and periglacial fea­
tures by means of studies on 1) the record of perma­
frost aggradation in NW Poland, 2) the relationship 
of glacial and periglacial events during deglaciation 
and 3) the areal extent and duration of periglacial 
conditions in the deglaciated zone. 

History and basic concepts 

In the past five decades, three different models 
have been proposed for the evolution of the climate 
in the Polish-German Lowlands. The models are 
given below and refer to the period that followed 
the retreat of the last Scandinavian ice-sheet. 
1) Rapid change or jump from glacial to temperate 

climate without conditions suitable for perma­
frost formation in the deglaciated area (Biidel 
1944, Poser 1948, Troll 1948, Biidel 1950). 

2) Change from glacial to periglacial climate. After 
de glaciation, cold periods reappear resulting in a 
remodelling of glacial landforms due to perma­
frost conditions. These cold intervals would have 
occurred near the close of the Late Vistulian (in 
particular during the Younger Dryas) or during 
the Pomeranian phase and Late Vistulian sta­
dials (Ducker 1954, Lembke 1954, Dylik 1956, 
Pierzchalko 1956, Lembke et al. 1970, Liedtke 
1981). 
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3) Change from glacial to periglacial climate. Con­
ditions favouring permafrost development pre­
vailed during the Late Plenivistulian and Late 
Vistulian stadials or were restricted to cold spells 
of the Late Vistulian (Kliewe 1968, Kozarski 
1971, 1974, Karte 1981, Gozdzik 1986, Karte 1987, 
Bose 1991). 

New data, both published and unpublished, provide 
support for the third model (Kasprzak & Kozarski 
1984, 1989, Bogdanski & Kijowski 1990). These data 
will be discussed below. 

General mode and time of deglaciation 

Northwestern Poland is a territory of classical Late 
Plenivistulian deglaciation landscapes with a large 
variety of glacial landforms. Prominent ice-margin 
landscapes which record changes in ice-front posi­
tion during deglaciation provide a base for the re­
construction of ice-sheet retreat. Two main degla­
ciation modes have been postulated: 1) retreat of 
active ice with re-advances and local dead-ice for­
mation (Kozarski 1962, 1965) and 2) zonal ice-sheet 
wastage with vast stagnant-ice and dead-ice fields 
(Bartkowski 1967). In all modern studies (Kasprzak 
& Kozarski 1984, Kozarski & Kasprzak 1987, Kaspr­
zak 1988, Kasprzak & Kozarski 1989) the correct­
ness of the first option could be demonstrated. In 
this paper it will be confirmed by additional argu­
ments based on the permafrost record that occurs in 
glacial and glaciofluvial deposits within and be­
tween major ice-sheet positions (Fig. 1). 

Major and minor ice-sheet positions are manifes­
ted by so-called marginal landforms (ablation end 
moraines, thrust ridges, ice-lobe-contact sedimen­
tary scarps) which resulted from varying ice-front 
dynamics at different times (Kozarski 1988). Thus, 
marginal deposits and landforms of the maximum 
ice-sheet position (Fig. 1, Leszno phase) prove stea­
dy-state ice-front conditions with local high-energy 
conditions that caused pushing (Kasprzak 1985) or 
thrusting (Kozarski & Kasprzak 1991). In West Po­
land steady-state conditions dominated during the 
Poznan and Pomeranian phases (Kozarski 1978, 
1981, Kasprzak & Kozarski 1984, Kasprzak 1988, 
Kasprzak & Kozarksi 1989). On the other hand, 

high-energy conditions with strong shearing and 
thrusting by the ice-sheet re-advance were charac­
teristic for the Chodziez subphase (Kozarski 1962, 
Kozarski & Kasprzak 1987, Kozarski 1988). De­
tailed analyses of deposits and landforms in differ­
ent marginal zones (Kasprzak & Kozarski 1984, Ko­
zarski & Kasprzak 1987, Kasprzak 1988) also reveal 
compressive ice flow under steady-state conditions. 
Allochthonous flow tills that cover proximal parts 
of outwash plains associated with ice-lobe scarps 
(Kasprzak & Kozarski 1989) are the most convinc­
ing arguments for such ice-flow conditions. 

An inventory of radiocarbon age estimates of 
major ice-sheet positions shows that: 1) the maxi­
mum ice extent, i.e. the Leszno phase, took place ca. 
20 ka BP (Kozarski 1980, 1988) or after 20.5 ka BP 
(Rotnicki & Bor6wka 1991), 2) the Poznan phase, 
Chodziez subphase and Pomeranian phase oc­
curred at 18.4, 17.2and15.2 ka BP, respectively (Ko­
zarski 1986, 1988) and 3) the Gardno phase in the 
coastal zone happened at 13.2 ka BP (Kozarski 
1986, 1988) or before 13.8 ka BP (Rotnicki & Bo­
r6wka 1991). 

Fossil periglacial phenomena and their distribution 

Field observations supplemented with information 
from aerial photographs showed that a variety of 
permafrost-dependent periglacial phenomena are 
present in the study area. Among these are ice­
wedge casts, sand wedges, cryotextures and orient­
ed icing depressions which formerly were called ori­
ented kettle holes (Kozarski 1975). 

All the phenomena mentioned above reveal reg­
ularities in their distribution. Firstly, the ice-wedge 
casts, both syngenetic and epigenetic, occur in 
sandy and gravelly deposits of outwash plains and 
river terraces; two unusual occurrences have been 
noted also, one in an aeolian sequence (Kozarski et 
al. 1982), and the other in a sandy fluvial deposit 
(Nowaczyk 1988). Secondly, the sand wedges are 
typical of till plains only. Thirdly, the oriented icing 
depressions appear in proximal to central parts of 
outwash plains and occasionally in periglacial allu­
vial fans. The latter case refers to the alluvial fan of 
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Fig. 1. Distribution of ice-wedge casts, sand wedges and oriented icing depressions in Vistulian of NW Poland (after Kozarski 199lb and 
unpublished data collected by Kasprzak, Kozarski and Nowaczyk). Legend: 1- epigenetic ice-wedge casts, 2 - syngenetic ice-wedge casts, 
3 - sand wedges, 4- major ice-sheet margins, 5 - oriented icing depressions; L - Leszno phase, P - Poznari phase, Pm - Pomeranian phase, 
Ch - Chodziez subphase. 

the river Stobber in Eastern Germany (Kozarski 
1975). 

Permafrost indicators in outwash plains 

Syngenetic and epigenetic ice-wedge casts and frost 
cracks 

In NW Poland these structures mostly occur in the 
sands and gravels of outwash plains. In all studied 
sequences in proximal parts of outwash plains, syn­
genetic and epigenetic ice-wedge casts and frost 
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Fig. 2. Zajaczkowo. Syngenetic ice-wedge cast in Vistulian flu­
vioglacial sand and gravel with distinct traces of former three­
level ice-wedge growth (Phot. L. Kasprzak.) 

cracks were found (Kozarski 1971, 1975, Kasprzak & 
Kozarski 1984, 1989, Kasprzak & Nowaczyk, pers. 
comm.). The syngenetic type is more frequent and 
convincingly demonstrates permafrost aggradation 
during glaciofluvial deposition. 

The syngenetic ice-wedge casts and frost cracks 
vary in length from several decimetres to more than 
six metres, and in width from a few centimetres to 
more than one metre. They show a distinct multile­
vel development in the adjacent host material in the 
form of gravitational faults or wedge-like widenings 
and occasionally upturned strata in the top-most 
parts (Fig. 2). The study of structural detail makes 
clear that during permafrost degradation the ice 
wedges were replaced by host sediment from the 
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Fig. 3. Zajaczkowo. Vistulian epigenetic ice-wedge cast. In the 
centre infilling from the previous active layer. On the sides 
strongly disturbed host material showing its gravitational dis­
placement during ice-wedge decay. (Phot. L. Kasprzak.) 

sides and by mixed materials from the overlying ac­
tive layer (Fig. 3). 

Ice-wedge casts form tetragonal systems in hori­
zontal section. Measurements in sand and gravel 
pits (Kasprzak & Kozarski 1984) show an average 
distance of 7 m between individual structures. The 
size of the tetragonal systems seen on aerial pho­
tographs (Fig. 4) is 20 to 30 mover relatively large 
areas (Table 1). 

In some cases, the proximal parts of outwash 
plains with ice-wedge casts are covered with an al­
lochthonous flow-till. This sediment type must have 
been deposited under compressive ice-flow condi­
tions of the ice-sheet snout. 



147 

I~ ~ 
Cir- ----~ if 

~ 
x <: 

0 250 500m ~'; 

Fig. 4. Dormowo. Tetragonal frost-fissure system drawn after an aerial photograph (source: Panstwowe Przedsiebiorstwo Fotogrametrii, 
June 9, 1976). 

Cryostructures 

In NW Poland, cryostructures are a feature of rare 
occurrence. For the first time they were found in 
fine-sandy to silty fluvial deposits below a B0lling 
horizon near Zabinko (Kozarski et al. 1988), where 
they were developed as 0.25 to 0.75 m-thick hori­
zontally elongated, para-orthogonal networks. The 
networks are associated with syngenetic frost 
cracks below and cryoturbations above them, close 
to the B0lling organic horizon (Kozarski et al. 1988; 
Fig. 4), and resemble reticulate ice-vein networks 
described from present-day permafrost regions 
(Harry 1988). 
Such features also appear below a former active lay­
er in glaciofluvial deposits of the Poznan phase out­
wash plain near Granowo. In a sand and gravel pit, 

cryostructures are developed as a 1.5 to 2.0 m-thick 
layer that has a sharp contact with the overlying ac­
tive layer deposits. Remarkably, the sharp contact 
coincides with a high (10 to 12 % ) concentration of 
CaC03• The cryostructured layer, as well as the top­
most part of the fossil active layer, contain no Ca­
C03 at all. Such a high calcium carbonate concen­
tration in a Late Plenivistulian cryostructured layer 
(former permafrost table) seems to be the result of 
frost-related precipitation under periglacial condi­
tions as discussed by Vogt (1991), since there is no 
other explanation for the presence of a horizontal 
CaC03 concentration in permeable glaciofluvial 
deposits, be it under cold to cool Late Vistulian or 
under temperate Holocene climatic conditions. 

Table I. Size and geometry of polygonal systems detected on aerial photographs and/or ground surfaces in NW Poland (sources: Kozarski 
1971, 1974, Bogdanski & Kijowski 1990, new unpublished data). 

Location Polygonal area (km2) System geometry Polygon diameter (m) Deposit 

Czarn6w pentagonal 5.84 till 
DormowoE 0.30 tetragonal 20-30* glaciofluvial 
DormowoW 2.50 tetragonal 15.20* sand and till 
Grabianowo 0.10 tetragonal 3.95* sandy till 
Sulejewo 0.13 tetragonal to pentagonal 6.10* sandy till 
WXoszakowice pentagonal 4.80* till 

* Mean value (x). 
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Oriented icing depressions 

When these Late Plenivistulian periglacial geomor­
phic features were found for the first time in NW 
Poland, they were described as 'oriented kettle 
holes' (Kozarski 1975). In present-day cold climatic 
conditions such structures were studied in Spitsber­
gen on the Gasbreen outwash plain where icings 
frequently occur (Baranowski 1977, Cegla & Kozar­
ski 1977). They appear also as buried relicts under 
glaciofluvial deposits on permafrost as well as in 
front of Pedersenbree (Kozarski 1975, Cegla & Ko­
zarski 1977, Kozarski 1982, Akerman 1987). 

The new term 'oriented icing depressions' used in 
this paper instead of 'oriented kettle holes', is more 
informative because it relates to the ice-body that 
was originally buried under the glaciofluvial depos­
its. 

In NW Poland, oriented icing depressions are 
present in all outwash plains connected with major 
ice-margins (Kozarski 1975), including that of the 
ice-sheet maximum extent (Leszno phase). They 
are organized along former drainage lines of braid­
ed channel patterns. Circular and mostly oval 
forms, 100 to 250 m in diameter and up to 5 m in 
depth, predominate over irregular shapes. The for­
mer always have long axes oriented parallel to the 
relevant drainage line. 

Observations in Spitsbergen (Kozarski 1975, Ce­
gla & Kozarski 1977) show that all buried icing rel­
icts in glaciofluvial deposits occur on permafrost ta­
bles where they can survive for many decades (Ko­
zarski 1982). This is important for a palaeoenviron­
mental interpretation and allows to use the 
oriented icing depressions found in NW Poland as 
indicators of Late Plenivistulian permafrost in the 
deglaciated area. The diagnostic significance of 
such depressions is borne out by their common oc­
currence with syngenetic ice-wedge casts in proxi­
mal parts of outwash plains (see Fig. 2). 

Sand-wedge polygons in till plains 

Contrary to outwash plains, where ice-wedge casts, 
frost cracks and oriented icing depressions are com­
mon, in till plains the only permafrost phenomena 

are sand wedges developed as polygonal systems. 
These wedges were observed in vertical sections in 
till pits and horizontally on the ground surface by 
boring and digging (Kozarski 1971, Nowaczyk 1972, 
Kozarski 1974, Gozdzik 1986). This approach allows 
the study of sand wedges on a small scale only. Over 
large areas, fossil polygonal systems are most effi­
ciently mapped by means of aerial photographs 
(Svensson 1973, 1982a, 1988, Hassenpflug 1988, 
Bogdanski & Kijowski 1990). 

Different observation techniques show that in 
NW Poland sand wedges occur in all till plains be­
tween major ice-sheet margins (Fig.1). Usually they 
are not found to the north of the Pomeranian ice­
margin (Fig. 1). Blume et al. (1979) suggested that 
this line should be the ultimate northern limit of 
sand-wedge occurrences. This view, however, 
seems too extreme as Gozdzik (1986) demonstrated 
the sporadical presence of sand wedges and frost 
cracks in Pomeranian tills in Poland. It means that 
the Pomeranian ice-sheet margin is very important 
in palaeoenvironmental terms as in the deglaciated 
area to the north of it the frequency of sand wedges 
strongly decreases (Gozdzik 1986 and Fig. 1). The 
significance of this limit with respect to origin and 
distribution of fossil frost fissures has been recog­
nized very early (Dylik & Maarleveld 1967) and is 
confirmed by new data (Bose 1991). 

Geometry 

Sand-wedge polygons analysed in smaller and 
larger areas in NW Poland belong to tetragonal and 
pentagonal systems. Those previously (Kozarski 
1974) and newly observed are mostly pentagonal 
systems. Polygons detected on aerial phtographs 
(Bogdanski & Kijowski 1990; Fig. 5) are developed 
in both systems, either clearly tetragonal or at least 
partly orthogonal (Lachenbruch 1962) to pentago­
nal (Figs 5, 6). The diameters of sand-wedge poly­
gons are summarized in Table 1. As a rule, polygons 
are greater in sandy tills. The data corroborate an 
old observation by Dylik & Maarleveld (1967) that 
polygons on an average are smaller in tills ( < 7 m) 
and larger in sands (mostly 10 to 20 m). 

A relation between polygonal systems and sedi-



mentary material has been postulated by Lachen­
bruch (1962). According to this author material ho­
mogeneity favours the development of a non-or­
thogonal system. Inhomogeneity, on the other 
hand, enhances the formation of orthogonal sys­
tems. Such a relationship was not found for the sites 
discussed in this paper (Table 1), since tetragonal to 
random orthogonal systems have been found in 
both glaciofluvial sands and sandy tills (Dormowo, 
Grabianowo, Sulejewo) as well as in very homoge­
neous, fine to medium-grained sands (Nowaczyk 
1988), while pentagonal, i.e. non-orthogonal sys­
tems were observed in inhomogeneous deposits 
like tills (Czarn6w, Wloszakowice). 

Sand-wedge infillings 

Sand-wedge polygons observed in vertical sections 
vary in shape. Most of them reveal, close to the 
ground surface, a 0.5 to 0.7 m-wide pocket-like 
structure which at a depth of 0.3 to 0.9 m changes 
into a more or less regular wedge that ends as a 
crack at the very bottom (Fig. 7). The longest sand 
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Fig. 5. Grabianowo. Aerial photograph of a tetragonal system of 
sand-wedge polygons. Note two frost-fissure generations. (Phot. 
A. Kijowski, July 27, 1983.) 

wedges found until now in NW Poland are 2.0 to 
2.8 m long. The topmost pocket-like sand-wedge 
widenings developed in former active layers (Ko-

0 7 14 21m 

Fig. 6. Sulejewo. Random orthogonal to non-orthogonal sand-wedge systems. (Drawing after aerial photograph by A. Kijowski, June 30, 

1983.) 
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Fig. 7. Kaszczor. Sand wedge in Upper Plenivistulian till (Leszno phase). (Phot. S. Kozarski.) 

zarski 1971, 1974). Apart from the shape, this is also 
proved by the pebble content in the top of the sand­
wedge infilling which should be due to material 
mixing during freezing and subsequent permafrost 
degradation. 

As a rule, the sand wedges are filled with well 
sorted sands. Among them fine sand prevails (51.0-
66.3% ), with a significant (22.9-37.0%) medium-

sand admixture (Table 2). The mean value (x = 
58.6%) of the fine sand fraction in sand-wedge in­
fillings is lower than in dune sands (x = 71.5% ), but 
histograms of both of them show a very well-pro­
nounced mode (0.125-0.5 mm), represented by 
mean values (x) of 88.5 % and 94.9%, respectively. 
This similarity seems to indicate aeolian transport 
before the sand grains were trapped by open, dry 



151 

Table 2. Grain-size distribution of sand-wedge infillings and dune sands in NW Poland (in % ). 

Particle size in mm 

< 0.125 0.125-0.25 

Sand wedges 
Czarn6w 18.42 37.61 
Grabianowo 21.95 43.35 
Sulejewo 16.25 38.42 
Poznan 30.26 36.07 
Wfoszakowice 7.0 44.00 

Dune sands 
Czarnk6w 5.69 37.67 
Budzyn 7.30 47.60 
Grodzewo 18.70 73.40 

Zabinko 36.60 50.70 
Laki Pyzdrskie 12.70 70.30 

frost cracks during sand-wedge formation. The pro­
cess of trapping in narrow elementary cracks is re­
corded in middle segments of some fossil and mod­
ern sand-wedge infillings by a very delicate vertical 
lamination (cf. Black 1976, Kolstrup 1986, 1987, 
Harry & Gozdzik 1988, Dijkmans 1989, Nissen & 
Mears 1990). 

In the discussion about the source of sand infill­
ings another parameter is important too, viz. the 
quartz grain abrasion index (Kozarski 1971, 1974) 
which shows that the well-rounded quartz grain 
content of the sand-wedge infillings differs from 
that of the host material (Table 3). Such results are 
also known from the North Polish Plain (Gozdzik 
1986), from the Wyoming Basin, USA (Nissen & 
Mears 1990) and from Denmark (Kolstrup 1987). 

Occasionally, sand wedges have been found in 
dunes (Stankowski 1963, Kozarski et al. 1982). The 
aeolian source of its infilling is unquestionable be­
cause no other material is available. The best­
shaped sand wedges in dunes were studied in Soko­
lowo Budzynskie (Kozarski et al. 1982): they are 
only up to 1 m long and 0.04 to 0.2 m wide. The con­
tact of the wedges with the laminated dune sand is 
distinct because the infilling consists of structur­
eless sand. In the investigated Late Vistulian and 
Holocene dune sequence, the sand wedges appear 
in the lower dune sand deposited during the Older 
Dryas; they are covered with a radiocarbon-dated 

0.25-0.5 0.5-0.8 0.8-1.0 > 1.0 

31.28 6.13 2.56 4.0 
22.90 4.70 2.50 4.6 
33.85 6.36 1.92 3.2 
23.45 6.80 1.62 1.8 
37.00 6.00 2.00 4.0 

54.73 1.59 0.2 0.1 
25.10 4.70 4.1 1.9 
7.20 0.40 0.2 0.1 

11.40 0.80 0.4 0.1 
15.30 1.20 0.4 0.1 

Allerl)d soil (Gd-375: 11400 ± 320 BP; Kozarski et 
al. 1982). 

Epigenetic and syngenetic ice-wedge casts in fluvial 
deposits 

Previous studies (Kozarski 1971, 1974) and recent 
research show that both epigenetic and syngenetic 
ice-wedge casts are less common in fluvial deposits 
of river terraces than in glaciofluvial deposits of 
outwash plains. These casts are developed as 1.2 to 
3.2 m-long structures of secondary infilling associ­
ated in many sequences with frost cracks spread 
over various sedimentary units. Syngenetic ice­
wedge casts are longer and their shape reveals a 
multi-level growth in gradually accumulated fluvio­
periglacial sands and gravels. 

Table 3. Well-rounded quartz-grain (0 0.8- 1.0 mm) content(%) 
in till and sand-wedge infillings in NW Poland (sources: Kozarski 
1971, Nowaczyk 1972, new unpublished data). 

Location Till Sand-wedge infilling 

Czarn6w 7.9 17.5- 19.0 
x = 18.0 

Poznan 7.0 8.0-12.0 
x = 9.0 

W.foszakowice 7.9 16.7- 20.7 
x = 18.4 



152 

Ice-wedge casts of both types contain in their up­
per part a strongly mixed infilling from above 
whereas on the sides a zone of gravitational disturb­
ance is manifested by small faults and flexures in the 
adjacent host material. The multi-level, faulted host 
material of syngenetic ice-wedge casts is usually 
widest in its uppermost part. This suggests that the 
final stage of ice-wedge growth was the most effi­
cient because of 1) the ceased fluvial accumulation 
and 2) the longest period of frost cracking of the 
permafrost which aggraded during deposition. To 
the latter suggestion contribute also the wide up­
permost parts of epigenetic ice-wedge casts found 
on river terraces. Altogether, they give information 
about the stabilization of the former valley floor be­
fore a new phase of vertical incision and terrace for­
mation. 

Epigenetic and syngenetic ice-wedge casts occur 
in terraces of different age. The oldest syngenetic 
ice-wedge casts were found in the Poznan-phase 
terrace of the Warsaw-Berlin pradolina (Nowaczyk 
1988). The younger ones are known from the Pom­
eranian terrace and from the Late Vistulian terrace 
system; they formed during the Oldest Dryas and 
Older Dryas in the Warsaw-Berlin and Torun-

Eberswalde pradolinas, including the Odra river 
and Warta river-gap valleys between them. 

Chronostratigraphy of periglacial phenomena and 
palaeoenvironmental implications 

The relative age and chronostratigraphy of perma­
frost-diagnostic periglacial features are summa­
rized in Table 4. As a comment to this table it must 
be stressed that: 1) the beginning of Late Plenivistu­
lian permafrost aggradation coincided with the for­
mation of outwash plains in the foreland of the ice­
sheet when it had reached its greatest extent, 2) the 
permafrost aggradation in the last deglaciation area 
was continuous until the Oldest Dryas, 3) perma­
frost presumably survived the Bizliling climatic ame­
lioration, at least on abandoned valley floors (Ko­
zarski 1991), 4) after 12 ka BP evidence exists only 
for Older Dryas formation of epigenetic ice-wedge 
casts and sand wedges, 5) up to now cold-climate 
thermal contraction cracking features from the 
Younger Dryas have not been found in NW Poland; 
this is a puzzling problem, since usually the Younger 
Dryas is considered as a cold spell of rather inten­
sive thermal-contraction cracking, formation of the 

Table 4. Chronostratigraphy and geomorphic occurrence of Late Plenivistulian and Late Vistulian permafrost indicators in NW Poland. 

Chronostratigraphy 14C age ka BP Structures Geomorphic occurrence Landforms 

Late Vistulian 
Younger Dryas 10 
Aller0d 11 
Oldest Dryas 

B!<llling 
Oldest Dryas 

Late Plenivistulian 
Pomeranian phase 

Chodziez subphase 
Poznan phase 

Leszno phase 
(= ice sheet max.) 

11.8 

12 
13 

15.2 

17.2 
18.4 

20 

Epigenetic ice-wedge casts and sand Alluvial fans and dunes 
wedges 

Epigenetic and syngenetic ice-wedge River terraces and alluvial 
casts, frost cracks, cryostructures fans 

Epigenetic and syngenetic ice-wedge Outwash plains and river 
casts, frost cracks 
Sand wedges 
Epigenetic ice-wedge casts 
Epigenetic and syngenetic ice-wedge 
casts, frost cracks, cryostructures 
Sand wedges 
Epigenetic and syngenetic ice-wedge 
casts, frost cracks 

terraces 
Till plains 
River terraces 
Outwash plains and river 
terraces 
Till plains 
Outwash plains 

Oriented icing 
depressions in outwash 
plains 



youngest polygonal ice-wedge cast systems in Scan­
dinavia and widespread occurrence of frost fissures 
between the Rhine and Elbe (Svensson 1973, Maar­
leveld 1976, Svensson 1982b, 1988, 1990, Bose 1991). 

The existence of polygonal ice-wedge and sand­
wedge systems in areas of up to 2.5 km2 or more, 
their distribution among various landforms, and the 
long time (ca. 7000 years) of permafrost aggrada­
tion, suggest a continuous permafrost formation or, 
at least, vast permafrost patches to the south of the 
Pomeranian ice-sheet margin. This is supported by 
the observation (Bogdanski & Kijowski 1990) that 
on aerial photographs (Fig. 5) the random orthogo­
nal sand-wedge polygons reveal two distinct frost 
fissure systems with variable size. According to the 
theory of Lachenbruch (1962) these systems did not 
form simultaneously. Following the theory of Dos­
tovalov (1960) they belong to different generations. 
It must be added, however, that the younger, small­
er frost-fissure generation represents climatic dete­
rioration, since to account for inner cracking of pol­
ygonal blocks (Lachenbruch 1962) and increase of 
horizontal thermal stress at the ground surface is 
necessary. Additional evidence for extensive per­
mafrost is provided by the frequent occurrence of 
secondary, smaller frost fissures in ice-wedge cast 
polygonal systems of the first order studied in sever­
al fluvioglacial and fluvioperiglacial sequences (e.g. 
Kozarski 1971, 1974, Kasprzak & Kozarski 1984, 
Kasprzak, pers. comm.). 

The still growing number of newly found sites 
with permafrost-diagnostic features, their wide ge­
omorphic distribution and the long time of perma­
frost aggradation suggest a continuous permafrost 
in NW Poland gradually expanding within the last 
de glaciation area during the Late Plenivistulian and 
Late Vistulian to the south of the Pomeranian ice­
sheet margins, i.e. in the period between ca. 20 ka 
and 13 ka BP. To the north of this line a discontin­
uous permafrost probably developed. The latter 
type is recorded by a strongly decreased number of 
sand wedges and/or frost fissures with primary sand 
infilling (Goi dzik 1986), as well as by local occur­
rence of sand wedges (Kozarski et al. 1982, Nowac­
zyk 1988) in Late Vistulian deposits without any re­
lationship to the ice-sheet margin. Cryostructures, 
syngenetic ice-wedge casts and frost cracks in per-
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meable deposits (fine gravels and sands), immedi­
ately beneath lacustrine sediments of B0lling age, 
also suggest that permafrost, at least locally, sur­
vived this interstadial warming (Kozarski 1991). 
Otherwise it would be difficult to explain the per­
sistence of a shallow lake on unconsolidated sedi­
ments at a low ground water level. 

In palaeoenvironmental reconstructions of Ple­
nivistulian periglacial regions, mean annual air tem­
peratures (MAAT), mean temperature of the col­
dest month (Tc) and mean annual precipitation 
(MAP) usually are estimated on the basis of perma­
frost-diagnostic structures such as ice-wedge casts 
and sand wedges. Less attention has been paid to 
mean annual ground temperatures (MAGT), 
which at the depth of no annual change must have 
been below - 5° C or below - 2° C, and to rapid 
drops in temperature generating thermal contrac­
tion cracking of permafrost (Romanovskii 1973, 
Black 1976, Washburn 1979/80). In estimates, the 
environmental conditions of ice-wedge growth and 
sand-wedge formation in modern permafrost re­
gions are taken as analogues. For this reason 
MAATshould have been less than - 4° C or - 8° C 
during ice-wedge growth in polygonal systems and 
less than - 12° C or - 20° C during sand-wedge de­
velopment, Tc of the order of -18 to - 20° C or be­
low and MAP over 50 to 500 mm in areas with ice­
wedges or less than 100 mm in areas with sand 
wedges (Maarleveld 1976, Karte 1979, Washburn 
1979/80, Karte 1981, 1983, Kolstrup 1986). 

However, Harry & Goidzik (1988, p. 53) are of 
the opinion that ' .. . the relationship between mean 
annual air or ground temperature and active wedge 
growth remains uncertain' because data from Alas­
ka, North Canada and Siberia show a wide range of 
mean annual air and ground temperatures below 
0° C at which these features grow. This opinion has 
been confirmed by Burn (1990) after detailed stud­
ies of ice-wedge development near Mayo, Yukon 
Territory, Canada. Therefore one has to be cautious 
in estimating mean annual air and ground palaeo­
temperatures for Late Plenivistulian permafrost re­
gions. 

In spite of the uncertainty in MAAT and MAGT 
estimates the existing data allow to infer the ap­
proximate thermal conditions generating ice-
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wedge growth and sand-wedge formation in poly­
gonal systems. Regions in which such processes 
have been active for long periods have the following 
thermal characteristics: 
1. The MAAT and MAGT must have been at least 

-1° C to - 2° C. 
2. The air-ground temperature gradients of the pe­

riod (early winter) of thermal contraction must 
have been very high, and cooling at low temper­
atures rapid. This follows both from theoretical 
studies and present-day observations that have 
revealed ground cracking at abrupt temperature 
decreases from - 24° C to - 43° C in 18 hours 
(Lachenbruch 1962, Dylik & Maarleveld 1976). 

3. In polygonal systems that consist of several 
frost-fissure generations, temperature gradients 
as well as severity of climate must have increased 
during development. 

With slight variations in intensity, the above ther­
mal conditions must have existed in the periglacial 
domain of NW Poland during the timespan from 20 
to 13.2 ka BP. 

In periglacial palaeoenvironmental research, 
sand wedges are used not only for palaeotemper­
ature reconstruction but also for inferences on 
edaphic conditions, ground surface instability, con­
tinentality of climate and mean annual precipita­
tion (Kozarski 1971, 1974, Karte 1979, 1981, 1983, 
Kolstrup 1986, Bose 1991). Most appropriate for 
NW Poland seem to be inferences on ground sur­
face instability and snow cover. Kozarski (1986) 
made reference to the lack of organic sediments in 
the deglaciation area of the North Polish Plain from 
ca. 20 to 14.5 ka BP. With regard to the palaeoenvi­
ronmental conditions during this time, this implies 
that the ground surface was free of vegetation and 
easily affected by geomorphic processes including 
wind transport of sand grains which were subse­
quently trapped by open frost cracks. On lodge­
ment till surfaces where most of the sand wedges 
were found, wind transport may have been partic­
ularly efficient in winter conditions because of sub­
limation on bare surfaces. Yet, the snow cover must 
have been thin or blown away during thermal con­
traction permafrost cracking, since it is well known 
(Lachenbruch 1962) that by growing thickness of 
winter snow the maximum winter cooling rates at 

the top of permafrost decrease. Decisive is, of 
course, rapid cooling which generates deep frost 
cracking. 

It is difficult to conclude about climate continen­
tality and its changes in local and, especially, in re­
gional terms during sand-wedge formation be­
cause: 1) the precise age of sand wedges in relation 
to ice-wedge casts remains unknown, and 2) the 
limited number of rather poorly dated sand wedges 
and ice-wedge casts in the North European Plain 
does not provide a sufficient basis for large-scale 
comparisons in time and space. 

Conclusions 

The cryostratigraphic record in NW Poland pro­
vides evidence for a great variety of periglacial phe­
nomena which indicate permafrost formation and 
aggradation during the last deglaciation period. Ge­
omorphic and stratigraphic distribution of thermal 
contraction features seem to testify to the existence 
of continuous permafrost to the south of the Pom­
eranian ice-sheet margin. Permafrost developed in 
this deglaciated area during the Late Plenivistulian 
and during cold spells of the Late Vistulian. Be­
cause of the drastic decrease in permafrost-diag­
nostic structures, it must be assumed that in the 
Late Vistulian deglaciation-area north of the Pom­
eranian ice-sheet margin, the permafrost was dis­
continuous only. This may have been due to the 
shorter time that was available for its development. 

During deglaciation, from the ice-sheet maxi­
mum to the Pomeranian phase, major and minor 
ice-margin standstills coincided with periods of per­
mafrost aggradation which are recorded in the first 
place by syngenetic ice-wedge casts and frost cracks 
in proximal parts of outwash plains. Permafrost ag­
gradation at the ice-sheet margin was a very essen­
tial process in the formation and preservation of 
buried icing relicts, and in the generation of com­
pressive ice flow at the ice-sheet front. Allochtho­
nous flow tills either covering proximal parts of the 
outwash plains or interfingering with fluvioglacial 
deposits are convincing arguments for a steady­
state flow of the ice. 

Epigenetic development of sand-wedge polygons 



on till plains shows that these depositional land­
forms became ice-free at an early stage of deglacia­
tion. The processes of deglaciation were mostly 
frontal and along with sand-wedge polygon forma­
tion, they contradict the assumption that wastage of 
the last ice-sheet should have been of the areal type. 

In spite of a general change in climate which in 
North Poland resulted in ice-sheet recession, condi­
tions during deglaciation were still severe as perma­
frost developed in deglaciated areas. Thus, there 
was no climatic jump after the ice-sheet maximum 
such as postulated in older models involving areal 
ice-sheet wastage but rather a gradual change of cli­
mate from glacial to periglacial. The latter type of 
climate can be characterized by MAATs and 
MAGTs estimated at-1 to - 2° C, by a low coldest­
month mean temperature (Tc) and particularly by 
abrupt temperature drops in early winter and high 
air-ground temperature gradients at low temper­
ature ranges. 

As yet, there are no convincing permafrost-relat­
ed data available for a serious discussion on conti­
nentality of climate in the expanding late Late Ple­
nivistulian periglacial realm. Sand wedges on till 
plains, often used in such discussions, are not a good 
argument for dry climatic conditions until the age 
relationship between the sand wedges and ice­
wedge casts has been established. If both types of 
wedge structure originated at the same time, then 
sand wedges on till plains may inform us only about 
local ground-moisture conditions during frost-fis­
sure development, i.e. about the lack of free water, 
existing in the active layer on fluvioglacial and flu­
vioperiglacial deposits, and causing the ice-wedges 
to grow in the top of the permafrost. 
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