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Closed de pres sions (CDs) are com mon forms oc cur ring in the Eu ro pean loess belt. So far, in ves ti ga tions of CDs in Eu rope
have sug gested var i ous nat u ral or/and anthropogenic pro cesses lead ing to their for ma tion. The or i gins of CDs oc cur ring in
the loess ar eas of Po land have been the sub ject of few in ves ti ga tions, and their re sults have not clar i fied the prob lem. Most
fre quently, the age of CDs is linked with the post-gla cial pe riod, or the fi nal stages of the for ma tion of the loess cover. The in -
ves ti ga tions of CDs car ried out in east ern Po land (Na³êczów Pla teau) have so far re vealed some pat terns with re gard to the
morphometric char ac ter is tics and dis tri bu tion of CDs on the re gional scale. They also sug gest the im pact of thermokarst pro -
cesses on the for ma tion of the CDs. Five main lithogenetic types of sed i ment un der ly ing the loess cover have been doc u -
mented: gla cial tills, clay and clayey loams, patches of gla cial tills and sandy de pos its, sands with grav els, and the bed rock.
The re lief un der the loess cover has also been doc u mented. The types of sed i ment as well as the re lief un der the loess cover
have an im pact on lo cal dif fer ences of wa ter con tent in the loess sed i ments. It was found that the variatiability of the geo log i -
cal con di tions in the Na³êczów Pla teau in the Pleis to cene had an im pact on the lo cal vari a tion of the ice con tent in the up per
part of the for mer per ma frost. This led to lo cal pre dis po si tions for the de vel op ment of thermokarst CDs dur ing the Last Gla -
cial. Ar eas with a high den sity of CDs have less per me able sed i ments (gla cial tills, clay and clayey loams) and small rel a tive
heights un der the loess cover. In the Pleis to cene, these ar eas had higher ice con tent in the up per part of the per ma frost. A
model of thermokarst CDs de vel op ment in the loess ar eas in east ern Po land is pro posed. The model shows that the dis tri bu -
tion and size of thermokarst CDs de pends on the thick ness of the loess cover as well as the types and re lief of sed i ments un -
der ly ing the loess. The de vel op ment of thermokarst in the re gion stud ied may have con sisted of mul ti ple stages re sult ing in
su per im posed CDs. Be tween two and four stages of thermokarst CDs de vel op ment can be dis tin guished on the Na³êczów
Pla teau. The two main stages oc curred in MIS 4/3 (~58 ka or 55–50 ka Oerel and Glinde interstadials) and MIS 2/1 (~12 ka).
These land forms may have de vel oped also dur ing the Denekamp Interstadial (32–28 ka) and ~15 ka. The pres ent in ves ti ga -
tions in di cate sig nif i cant morphogenetic ef fects of per ma frost melt ing on the con tem po rary re lief of the loess ar eas.
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INTRODUCTION

Thermokarst is a pro cess whereby char ac ter is tic land forms
re sult from the thaw ing of ice-rich per ma frost or the melt ing of
mas sive ice. Thermokarst as a top o graphic de pres sion may de -
velop sub se quently to a dis tur bance of the sur face ther mal re -
gime in ar eas of ice-rich per ma frost (Czudek and Demek, 1970; 
Harry and French, 1983; French, 2007; Toniolo et al., 2009).

In the post-gla cial pe riod, thermokarst re lief has de vel oped
due to the thaw ing of ice-rich per ma frost in Cen tral Yakutia,
Can ada and Alaska (Czudek and Demek, 1970; Morgenstern
et al., 2013). In the pres ent and past per ma frost zone,

thermokarst de pres sions are com monly found (Black, 1969;
GoŸdzik, 1995; Murton et al., 2015). The num ber and dis tri bu -
tion of thaw de pres sions in north ern Alaska and north west ern
Can ada seem to re flect the vari a tion of ice con tent in per ma -
frost de pend ing on the lithological fea tures of the sed i men tary
de pos its (Black, 1969; Farquharson et al., 2016). Late Gla cial
thermokarst de pres sions were also in ferred by De Groot et al.
(1987) in the north of the Neth er lands and by Sparks et al.
(1972) in Eng land.

In Po land, the thaw ing of the ice in fill ing the Pleis to cene po -
lyg o nal crack net works led to the for ma tion of closed de pres -
sions doc u mented in the mo raine plains of the Wielkopolska re -
gion (Stankowski, 2012). The oc cur rence of var i ous gen er a -
tions of Pleis to cene po lyg o nal crack net works in this area has
been doc u mented by Ewartowski et al. (2016).

Closed de pres sions (CDs) are com mon forms oc cur ring in
the Eu ro pean loess belt. The thermokarst or i gins of CDs in the
Eu ro pean loess belt have been sug gested by many au thors
(see ref er ences in Ko³odyñska-Gawrysiak and Poesen, 2017).
The study re gion is lo cated around 51°N, within the max i mum
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ex tent of Last Gla cial con tin u ous per ma frost (Vandenberghe et
al., 2014). CDs in the east of Po land (Na³êczów Pla teau) are
small land forms on the sur face of the loess cover that was ac -
cu mu lat ing un til 15,000–12,000 BP (Maruszczak, 1976, 1980).
The dis tri bu tion of CDs in the Na³êczów Pla teau is un even,
which re sults from lo cal geo log i cal de ter mi nants im pact ing the
for ma tion of CDs (Ko³odyñska-Gawrysiak et al., 2015). The
main re search ob jec tive is to as sess the im pact of the geo log i -
cal con di tions on the Na³êczów Pla teau on the pos si ble for ma -
tion of thermokarst CDs dur ing the Last Gla cial.

In ves ti gat ing the or i gins of CDs is im por tant for un der stand -
ing the main pro cesses in flu enc ing the morphogenesis of the
loess cover in the post-gla cial pe riod. It will also en able an as -
sess ment of the morphogenetic ef fects of per ma frost melt ing
on the con tem po rary re lief of the loess ar eas. More re search is
needed to un ravel the or i gins and evo lu tion of these de pres -
sions to better un der stand the im por tance of the Last Gla cial
stages for the morphogenesis and geodiversity of the loess belt
in Eu rope.

GEOLOGICAL SETTING

LITHOSTRATIGRAPHY AND MORPHOLOGY 
OF THE LOESS COVER ON THE NA£ÊCZÓW PLATEAU

The loess cover of the Na³êczów Pla teau con sists of sev -
eral loess patches of vary ing size, sep a rated by river val leys
where the loess cover is ab sent. The thick ness of the loess
cover var ies both on the re gional scale and within the in di vid ual
patches. It reaches its max i mum val ues in the west ern part and
along the north ern bound ary of the re gion (up to 30 m). In the
east ern part of the Na³êczów Pla teau, the loess cover is usu ally
10 to 20 m thick (Harasimiuk, 1987). The loess cover con ceals
small forms of the un der ly ing de pos its and mir rors the ba sic el -
e ments of their re lief (Harasimiuk and Henkiel, 1976).

Ac cord ing to Maruszczak’s (1991) strati graphic scheme,
the loess cover on the Na³êczów Pla teau mainly con sists of
youn ger loess (LM) that ac cu mu lated dur ing the Vistulian Gla ci -
ation from ca. 50,000 BP to 15,000/12,000 BP as well as, lo -
cally, of older up per loess (LSg) that ac cu mu lated dur ing the
Wartanian Gla ci ation (Saale 2; 150,000 BP).

The older up per loess was doc u mented only in the west ern
part of the re gion. It is not very thick (1.3 m in the Skowieszyn
pro file), and is char ac ter ized by com plete decalcification, an in -
creased mean grain size to wards the top (Mz from 5.94 to
5.05), and poor sort ing. LS and, in the east ern part of the re -
gion, the Saale glacigenic de pos its, are over lain by the Eemian
inter gla cial palaeosol, a well-de vel oped for est soil with a thick -
ness of ~1.5 m. It is a fos sil soil with a typ i cal se quence of soil
ho ri zons: hu mus ho ri zon (A), luvic ho ri zon (E) and argillic ho ri -
zon (Bt) (Harasimiuk and Jezierski, 2001).

Ac cord ing to Harasimiuk (1987), LM ac cu mu lated in con di -
tions of short-dis tance trans port and winds from var i ous di rec -
tions and con sti tutes the great est pro por tion of the re gion’s
loess cover. In the west ern part of the re gion (the Skowieszyn
pro file), the youn ger loess con sists of four lay ers: LMn, LMd,
LMs, LMg and ini tial soil ho ri zons that de vel oped on them
(Harasimiuk and Jezierski, 2001). In the Vistulian loess (LM)
3–4 ini tial fos sil soil ho ri zons oc cur most fre quently. The LMn
layer has not been found in the east ern part of the re gion (the
Dys pro file).

The av er age grain size and sort ing in di ces for the loess of
the main LM suc ces sion in crease from the bot tom lay ers to the
top. Car bon ate con tent also in creases in this di rec tion (to 5%).

The lower lay ers of LM are char ac ter ized by a smaller grain size 
(LMn and LMd: 0,021 mm, LMs: 0.016 mm) than LMg
(0.023 mm). The interstadial soil ho ri zons show a de crease in
car bon ate con tent (0.5–0.9%) and a small in crease (by ~5%) of
the clay frac tion con tent. The to tal thick ness of the LMn, LMd
and LMs lay ers in the re gion de scribed does not ex ceed 10 m.
The up per youn ger loess (LMg) is the thick est (up to a dozen
metres thick; Harasimiuk and Jezierski, 2001). The clay frac tion 
con tent de creases to wards the top from 33 to 22%. Sort ing also 
in creases to wards the top. Car bon ate con tent ranges be tween
4 and 9%.

The west ern part of the Na³êczów Pla teau is strongly dis -
sected by old poly gen etic ero sion-de nu da tion val leys in cised
into the bed rock (Gardziel et al., 2006; Gawrysiak and
Harasimiuk, 2012). Ho lo cene gully sys tems are in serted into
these val leys, the av er age den sity of the gully net work be ing
2.48 km/km2, and the max i mum den sity ex ceed ing 10 km/km2

(Gawrysiak and Harasimiuk, 2012). As a re sult of the strong dis -
sec tion of this area, the loess pla teaus con sti tute fairly nar row
inter-val ley hum mocks (Fig. 1). The rel a tive al ti tudes in the area 
ex ceed 40 m and reach 90 m in the vi cin ity of the Vistula River.
The val ley slopes are mod er ately steep, at 15–20°. CDs are
rare in the west ern part of the Na³êczów Pla teau (Fig. 1).

The east ern part of the Na³êczów Pla teau is dis sected by
val ley and gully sys tems to a lesser ex tent than the west ern part 
(Fig. 1). The mean gully den sity is 0.19 km/km2 and the max i -
mum den sity does not ex ceed 2 km/km2 (Gawrysiak and
Harasimiuk, 2012). The rel a tive heights in the re gion reach
40–50 m and the slope in cli na tion ranges from 8 to 12°. Ex ten -
sive sur faces of an un du lat ing loess pla teau with nu mer ous
CDs are the pre dom i nant el e ment of the land scape (Fig. 1).

GEOLOGICAL STRUCTURE UNDER THE LOESS COVER 
ON THE NA£ÊCZÓW PLATEAU

The bed rock of the Na³êczów Pla teau con sists of litho -
logically di verse, highly frac tured Up per Maastrichtian and
Paleogene cal car e ous rocks (Po¿aryska, 1967; Harasimiuk,
1980). These in clude opokas, marly opokas, marl (Up per
Maastrichtian) as well as Paleocene lime stone, siltstone and
car bon ate sand stone (Harasimiuk and Henkiel, 1976). The
bed rock is dis sected by a net work of tec tonic gashes en abling
the drain ing of wa ter. The re gion’s val ley sys tem is ori ented ac -
cord ing to the ma jor fault di rec tion (Harasimiuk, 1980; Henkiel
and Nitychoruk, 1980). In the west ern part of the Na³êczów Pla -
teau, the im me di ate vi cin ity of the Vistula val ley func tions as the 
base level of ero sion and dis sec tion by deep river val leys such
as those of the Grodarz and Bystra rivers and their nu mer ous
trib u tary val leys that re cently be came par tially dry. This area is
ex tremely well-drained, as shown by the scar city of sur face wa -
ters. The el e va tion dif fer ences of the top of the Cre ta -
ceous–Paleocene suc ces sion ex ceed 150 m in this area. The
de gree of dis sec tion de creases to wards the east and does not
ex ceed 70 m near Na³êczów (Harasimiuk and Henkiel, 1976,
1978). Ground wa ter in the Up per Cre ta ceous–Paleocene rocks 
is stored in fis sure aqui fers, and the zones of cracks and fis -
sures have a de ci sive sig nif i cance for un der ground cir cu la tion
(Michalczyk, 1986).

The bed rock un der lies a bi par tite Pleis to cene sed i men tary
suc ces sion char ac ter ized by high lo cal lithological vari a tion and 
vary ing thick ness. The lower part of this suc ces sion is made up
of gla cial de pos its (gla cial tills), glaciofluvial de pos its (sands
and grav els) and limnoglacial de pos its (clayey loams, clay), of
dif fer ent ages. The up per part is made up of loess (Harasimiuk
and Henkiel, 1978; Po¿aryski et al., 1994).
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Two lay ers of gla cial till have been doc u mented on the
Na³êczów Pla teau: one from the Odranian (Saale 1), the other
from the Sanian (Elsterian) Gla ci ation. Gla cial tills of the
Odranian (Saale 1) Gla ci ation form a thick de posit at the bot tom 
of the loess. Gla cial tills of the Sanian (Elsterian) Gla ci ation oc -
cur at the bot tom of the Qua ter nary suc ces sion. Lo cally, the two 
till ho ri zons over lap, form ing thick clayey suc ces sions reach ing
a thick ness of 35 m. The re lief of the sed i men tary de pos its un -
der ly ing the loess cover has a sig nif i cant im pact on the
hydrogeological con di tions. This was formed dur ing the
Odranian Gla ci ation over the greater part of the Na³êczów Pla -
teau. In the opin ion of Harasimiuk and Henkiel (1978), the ac cu -
mu la tion re lief af ter the re ces sion of the Odranian (Saale 1)
Gla ci ation was char ac ter ized by hills made up of mo raine tills
and flat, wide de pres sions (prob a bly dead-ice de pres sions) fre -
quently filled with limnoglacial, clayey de pos its. These forms,
along with kame hills, were fea tures of the highly di verse re lief
of the mar ginal zone of the Odranian (Saale 1) Gla ci ation. North 
of the Ciemiêga and Bystra val leys, there is a zone of head mo -
raine hills made up of gla cial tills with an av er age thick ness
>15 m. South of the Bystra val ley, there are un du lat ing kames
mostly built of sandy and clayey de pos its (Harasimiuk and
Henkiel, 1976). Gla cial tills usu ally form a thin and dis con tin u -
ous cover south of the Bystra val ley. Nu mer ous thin cov ers of
sandur type oc cur in the west ern part of the Na³êczów Pla teau

(Harasimiuk and Henkiel, 1978). They are formed of
glaciofluvial de pos its from the Odranian (Saale 1) Gla ci ation,
rep re sented by sands with grav els. In the east ern part of the re -
gion, gla cial tills interbedded with glaciofluvial de pos its form a
thick suc ces sion (>25 m; Harasimiuk and Henkiel, 1981).

Lo cally, on the re gional scale, a layer of car bon ate-bear ing
clayey loams or clays, the thick ness of which ranges from sev -
eral to ten or so metres, over lie gla cial tills from the Odranian
(Saale 1) Gla ci ation or, di rectly, the bed rock. The geo log i cal
con text sug gests that these are ice-mar ginal lake (limnoglacial)
de pos its from the Odranian (Saale 1) Gla ci ation. Clayey loams
were found to oc cur at the bot tom of the loess cover ex ten sively 
in the vi cin ity of Po¿óg, Klementowice and Karmanowice as
well as around Sadurki, O¿arów, Mi³ocin and Tomaszowice.
Data ob tained in wa ter well sur veys in di cate that these de pos its 
are highly sat u rated with wa ter, and they form a quick sand ho ri -
zon (Harasimiuk and Henkiel, 1978).

In the Qua ter nary de pos its on the pla teau tops, ground wa -
ter oc curs lo cally in perched aqui fers at the depth of sev eral to
ten or so metres, at the bot tom of the loess layer. This wa ter
re mains be neath poorly per me able lay ers, mainly gla cial tills
or ice-mar ginal lake loams (Michalczyk, 1986; Nowacka,
1992). The re lief of the im per me able de pos its un der ly ing the
loess cover de ter mines the hy drau lic gra di ents and pos si bil ity
of wa ter flow.
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Fig. 1. Geomorphological map of the Na³êczów Pla teau (af ter Maruszczak, 1964)

Red dots mark the CDs stud ied 



METHODS

The re search is based on data from ar chive geo log i cal
bore holes, ob tained from the HYDRO Bank of the Pol ish
Hydrogeological Sur vey, geo log i cal bore holes and pro file data
pre pared for the pub lished and un pub lished sheets of the De -
tailed Geo log i cal Map of Po land, scale 1:50,000, sheets:
Lublin, Kazimierz Dolny, Kurów and Na³êczów, as well as data
from the au thors’ own geo log i cal bore holes. Al to gether geo log i -
cal data from 346 bore holes were used.

From the en tire spec trum of data con tained in the geo log i -
cal and hydrogeological doc u men ta tion, in for ma tion was se -
lected con cern ing the lo ca tion of the bore holes as well as the
bore hole/depth char ac ter is tics and lithostratigraphic char ac ter -
is tics of the pro files. The bore hole de scrip tions were ana lysed
in de tail in or der to carry out a lithogenetic in ter pre ta tion of the
de pos its re corded in the in di vid ual geo log i cal pro files. Five
main lithogenetic types of de posit were dis tin guished: loess,
gla cial tills, sands with grav els, clay and clayey loams and the
bed rock. In the sec ond stage, spread sheet data were con -
verted in the spa tial data for mat into an .shp file. The file was
gen er ated in the PUWG92 sys tem and it con tained in for ma tion
on the spa tial lo ca tion of the CDs, the geo log i cal for ma tions and 
depths at which they oc cur. The types and the depth at which
the in di vid ual types of de posit oc cur were in ter po lated. On that
ba sis, the fol low ing maps were pre pared: lithological types of
de posit un der the loess cover, rel a tive heights of de pos its un -
der ly ing the loess cover (the re lief un der loess cover). The in ter -
po la tion was car ried out us ing ArcGIS 10.0 soft ware and the
Topo to Ras ter tool.

Two rep re sen ta tive CDs were cho sen for de tailed in ves ti ga -
tion. They are lo cated in ar eas with a large num ber of closed
de pres sions but with a dif fer ent geo log i cal struc ture. About 30
soil-au ger holes were bored and two trenches (2 m long, 1 m
wide, 2 m deep) were dug in each of the se lected CDs. The
trenches were lo cated in the deep est point and on the slopes of
each CD. The soil-au ger holes were lo cated in two transects,
in ter sect ing at a right an gle, across each CD. All soil-au ger
holes and trenches were doc u mented and de scribed ac cord ing
to stan dard meth ods. In the bot toms of two rep re sen ta tive CDs
two 15 m deep bore holes us ing a me chan i cal bor ing rig were
made. The mor pho log i cal prop er ties of the sed i men tary lay ers
and soil ho ri zons were also doc u mented and de scribed ac cord -
ing to Guide lines for Soil De scrip tions (2006).

The dat ing of the soil ho ri zons and sed i ment lay ers was car -
ried out us ing the ra dio car bon and OSL meth ods. Sam ples for
dat ing were col lected di rectly from the ex po sures in the trench
wall from fos sil soils and de pos its in fill ing the CDs. Soil ma trix
sam ples and charcoals were taken from the bur ied hu mus ho ri -
zons for C-14 dat ing. The ra dio car bon dat ing of soil sam ples
(humin ac ids) was car ried out at the Poznañ Ra dio car bon Lab -
o ra tory and Gliwice Ra dio car bon Lab o ra tory, Po land. The OSL
anal y sis was per formed at the OSL Lab o ra tory in Lublin.

Elec tri cal re sis tiv ity pro files were made in two rep re sen ta -
tive CDs in or der to ex am ine the re lief on the sed i men tary units
un der ly ing the loess cover. Deep bore holes with a me chan i cal
soil probe were con ducted in the bot toms of the CDs in or der to
de ter mine the depth of loess decalcification un der neath the
bot toms of the CDs.

RESULTS

GEOLOGICAL STRUCTURE OF THE CLOSED DEPRESSIONS

Tomaszowice site. The closed de pres sion at
Tomaszowice de vel oped within an 8–10 m thick loess cover
over ly ing car bon ate clayey loams (Fig. 2A). Anal y sis of the
elec tri cal re sis tiv ity pro files shows that the clayey loams lie al -
most hor i zon tally (Fig. 2A). No de pres sion be low the cur rent
form was found un der the loess cover. The CD at Tomaszowice 
is cov ered by a poly gen etic Late Vistulian-Ho lo cene soil that
de vel oped in situ on loess (Fig. 2B). Well-de vel oped, in tact soil
pro files were doc u mented across the en tire area of the CD. The 
soil struc ture is A-E-Bt1-Bt2-Bt/C-C. The eluvial ho ri zon (E) at
the bot tom of the CD is par tic u larly deep here (i.e. 70 cm) as a
re sult of the slow ac cu mu la tion of col lu vial de pos its be neath a
for est. The de pos its mak ing up the bot tom of ho ri zon E (depth
of 70 cm) were dated at 13.1 ± 0.8 ka (Ap pen dix 1* and Fig. 2B). 
In ac cor dance with the stra tig ra phy, the ages of the de pos its
were 7.29 ± 0.42 ka (at 50 cm depth), 5.49 ± 0.34 ka (at 40 cm
depth) and 3.70 ± 0.24 ka (at 25 cm depth) re spec tively (Ap pen -
dix 1). In pro files lo cated on the slopes of the CD, the cal car e -
ous loess ho ri zon was found at the depth of 170–210 cm
(Fig. 2B). The lower bound ary of the cal car e ous loess re flects
the cur rent to pog ra phy and de scends steeply be low the
footslopes of the CD. In the bot tom of the CD, cal car e ous loess
was not found in soil-au ger holes bored through the whole loess 
cover (8 m; Fig. 2B).

Piotrawin site. The closed de pres sion at Piotrawin de vel -
oped within a 10–14 m thick loess cover (Fig. 3A). The loess is
un der lain by gla cial till, the top of which is var ied. The elec tri cal
re sis tiv ity pro file sug gests the ex is tence of a shal low de pres sion 
on the sur face of the gla cial till be low the de pres sion de vel oped
in the loess (Fig. 3A). The orig i nal sur face of the bot tom of CD is 
cov ered by a Late Vistulian–Ho lo cene fos sil soil Ab-Bht-Bt1-
 Bt2-Bt/C-C that de vel oped on loess in situ (Fig. 3B). The age of
humic ac ids from ho ri zon Bht (10130 ± 60 cal BP) and ho ri zon
Ab (645 ± 30 cal BP) of this soil and its strati graphic po si tion in -
di cate that the soil de vel oped from the Late Vistulian un til the
Mid dle At lan tic Pe riod (Ta ble 1 and Fig. 3B). Cal car e ous loess
was found on the slopes of the CD, at a depth of 110–300 cm
(Fig. 3B). The top of the cal car e ous loess layer runs par al lel to
the cur rent to pog ra phy and de scends rap idly be low the lower
sec tions of the CD slopes. At the bot tom of the CD, cal car e ous
loess was not found in the au ger hole bored through the en tire
loess cover (14 m; Fig. 3B). The CD in Piotrawin is filled with
100 cm of Ho lo cene col lu vial de pos its (Fig. 3B).

The geo log i cal struc ture of the CDs stud ied as well as re -
sults of datting sug gest that CDs have de vel oped in the loess in
situ and sub se quently the pri mary floors of the CDs were cov -
ered by Late Gla cial-Ho lo cene fos sil soils. Dur ing the Ho lo cene, 
the CDs were infilled by col lu vial sed i ments re lated to hu man
im pact and cli mate change.
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Fig. 2. Elec tri cal re sis tiv ity pro file (A) and cross-sec tion (B) of the CD at the Tomaszowice site

Fig. 3. Elec tri cal re sis tiv ity pro file (A) and cross-sec tion (B) of the CD at the Piotrawin site



THE DISTRIBUTION OF CLOSED DEPRESSIONS IN RELATION 
TO THE GEOLOGICAL CONDITIONS UNDER THE LOESS COVER

Closed deoressions microregions in the Na³êczów Pla teau
were dis tin guished as ar eas with high con cen tra tions of closed
de pres sions (Ko³odyñska-Gawrysiak and Chabudziñski, 2012). 
Large con cen tra tions of CDs oc cur in ar eas where the loess
cover is un der lain by a thick suc ces sion of glacigenic de pos its
with a pre dom i nance of gla cial tills or clayey loams (Fig. 4). This 
cor re la tion is clear in the case of CDs microregions such as
Kopanina–Drzewce, Na³êczów–Czes³awice, Bogucin–Guta -
nów, Piotrawin–Smugi (Fig. 4). They are lo cated in an area
where the loess cov ers a zone of Odranian (Saale 1) gla cial
sed i ment ac cu mu la tion the thick ness of which ex ceeds 20 m.
The loess-cov ered ridge of the re ces sional mo raine ex tends to
the north of the Ciemiêga val ley. In the west ern part of this
zone, an area with clay  and clayey loams de pos its un der ly ing
the loess was found lo cally. It is ac com pa nied by con cen tra -
tions of CDs in the microregions of Klementowice–Za¿uk and
Karmanowice (Fig. 4). Ar eas with small rel a tive heights of the
sub strate un der ly ing the loess cover, of not more than 10 m,
pre dom i nate in the east ern part of the Odranian (Saale 1) mar -
ginal zone (Fig. 5). At the same time, the con cen tra tion of the
CDs reaches the high est den sity here in the en tire re gion
(Piotrawin–Smugi microregion).

The de tailed geo log i cal sit u a tion of the east ern part of the
Odranian (Saale 1) re ces sional zone is shown in cross-sec tion
A–B (Fig. 6). The loess cover, of vary ing thick ness, over lies a
ridge com posed of mo raine tills. CDs are con cen trated in the
zone lo cated where a thick gla cial till suc ces sion lies al most
hor i zon tally un der the loess (Fig. 6). De spite the max i mum
thick ness of gla cial till, rel a tively few CDs oc cur im me di ately
over the zone of the bur ied mo raine ridge, where the el e va tion
dif fer ences of sed i men tary units un der ly ing the loess cover in -
crease to 15 m. The loess-cov ered Odranian (Saale 1) mar -
ginal zone con tin ues in the west ern part of the re gion. In this
zone, the re lief of the sed i men tary units un der ly ing the loess
cover is more var ied, with rel a tive heights lo cally reach ing 25 m. 
Two small ar eas (Za¿uk, Kopanina) with a high con cen tra tion of 
CDs, reach ing 30 CDs/km2, oc cur there (Fig. 4).

On the Ciemiêga–Czechówka interfluve (P³ouszo -
wice–Rud nik CDs microregion), the den sity of CDs lo cally
reaches 30 CDs/km2 (Fig. 4). The de tailed geo log i cal struc ture
of this area is shown in pro file C–D (Fig. 7). The loess here is
un der lain by a thick suc ces sion of glacigenic de pos its from the
Sanian (Elsterian) and Odranian (Saale 1) Gla ci ation, rep re -
sented by gla cial tills and sands with grav els. The dis tri bu tion of
these main lithologies shows spa tial vari a tion. Be cause of this,
the loess is un der lain by patches of gla cial till or glaciofluvial
sands with grav els (Fig. 7). The re lief of the sed i men tary units
un der ly ing the loess cover is also highly vari able (Figs. 5 and 7). 
Lo cally, the lay ers of gla cial till and sands with grav els have a
greater in cli na tion (north ern and south ern part of the cross-sec -
tion C–D; Fig. 7). Lo cally, they lie subhorizontally or form con -

cav i ties in the sub strate (cen tral part of cross-sec tion). The
zone with the high est den sity of CDs oc curs in the cen tral part of 
the loess pla teau be tween the Ciemiêga and Czechówka rivers
(Fig. 4).

High con cen tra tions of CDs also oc cur out side the zone of
thick gla cial de pos its, e.g. the closed de pres sions microregions
Sadurki–Mi³ocin and Mi³ocin Kolonia–Tomaszowice Kolonia,
where their den sity reaches 40 CDs/km2 (Ko³odyñska-Gawry -
siak and Chabudziñski, 2012; Fig. 4). These microregions are
lo cated in a zone where the loess is un der lain by clayey loams 5 
to 12 m thick which rep re sent mar ginal lake sed i ments over ly -
ing or transitioning into glacigenic sed i ments (Figs. 8 and 9). Lo -
cally, clayey loams cover ridges com posed of opoka or marl,
form ing kame me sas (Figs. 8 and 9). The re lief of the top sur -
face of the clayey de pos its shows lit tle vari a tion. The larg est ar -
eas are char ac ter ized by dif fer ences in the rel a tive heights of
the de pos its un der ly ing the loess cover of up to 5 or 10 m. In ex -
cep tional cases, the dif fer ences may reach 15 m in the zone of
kame slopes (Figs. 8 and 9).

Few CDs oc cur on the west ern part of the Na³êczów Pla teau 
de spite the pres ence there of glacigenic de pos its (Fig. 4). The
geo log i cal struc ture of the west ern part of the Na³êczów Pla -
teau, north of the Bystra val ley, is shown in cross-sec tion I–J
(Fig. 10). A thick suc ces sion of Pleis to cene glacigenic de pos its
un der lies the loess (Fig. 10). The main com po nent of this suc -
ces sion are the thick bi par tite se quences of gla cial tills from the
Elsterian and Saale glaciations. Sands with grav els and clay
de pos its oc cur ring be tween the gla cial till lay ers have a smaller
share in the geo log i cal struc ture. The re lief of the sed i men tary
units un der ly ing the loess cover in the west ern part of the
Na³êczów Pla teau is more var ied than along cross-sec tion I–J
that runs along the wa ter shed. The rel a tive heights, up to 90 m,
reach the max i mum val ues here on the re gional scale (Fig. 5).
They re sult from the oc cur rence of a dense (5 km/km2) net work
of dry val leys (Maruszczak, 1973). These val leys dis charge into 
the val leys of the Vistula and the Bystra, and their age is
pre-Pleis to cene. The loess cover did not fill these val leys com -
pletely be cause it cor re sponds to their re lief (Œnieszko, 1995).

Small con cen tra tions of CDs oc cur in ar eas where the loess
lies di rectly on the bed rock or with a thin and dis con tin u ous
layer (a few metres thick at most) of glacigenic or sandy de pos -
its (Fig. 4). An ex am ple of this pat tern is an area with a small
num ber of de pres sions, lo cated be tween the Bystrzyca and
Potok Konopnicki rivers (Konopnica-Stasin microregion). In
most of the area, the den sity of the CDs does not ex ceed
5 CDs/km2, al though lo cally it can reach 20 CDs/km2.

CDs oc cur spo rad i cally on the west ern part of the Na³êczów
Pla teau, south of the Bystra val ley. Patches of sandy
glaciofluvial de pos its pre dom i nate be neath the loess cover.
The rel a tive heights un der the loess cover reach 30 m, mainly
as a re sult of the strong dis sec tion of this area by val ley sys tems 
(Fig. 5).
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Lab o ra tory code Pro file Depth [m] Ma te rial Age BP Cal i brated age (OxCal 4.2; 95.4%)

GdA-2955 
Jastków

0.8 char coal     840 ± 25      1161–1257 AD

GdS-1446 1.3 hu mus 6550 ± 110   5671–5310 BC

Poz-73769 
Piotrawin

0.8 hu mus     645 ± 30      1281–1396 AD

Poz-73770 1.5 hu mus 10130 ± 60    10078–9456 BC

T a  b l e  1

Re sults of C-14 dat ing of the CDs stud ied
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Fig. 6. Cross-sec tion A–B in the east ern part of the Na³êczów Pla teau

Fig. 7. Cross-sec tion C–D in the east ern part of the Na³êczów Pla teau (af ter Harasimiuk and Henkiel, 1981)
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Fig. 8. Cross-sec tion E–F in the east ern part of the Na³êczów Pla teau

For ex pla na tion see Figure 6

Fig. 9. Cross-sec tion G–H in the east ern part of the Na³êczów Pla teau

For ex pla na tion see Figure 6



DISCUSSION

CLIMATIC CONDITIONS OF THE LAST GLACIAL

The cli mate in Eu rope was not sta ble dur ing the Last Gla cial,
with nu mer ous warmer and cooler ep i sodes of vary ing mag ni -
tude as so ci ated with Hein rich and/or Dansgaard-Oeschger
events (Vandenberghe and Pissart, 1993; Van Vliet-Lanoë and
Hallegouët, 2001; Marks et al., 2016).

Due to the low er ing of the sea level start ing at the end of
Eemian Inter gla cial and con tin u ing dur ing the Vistulian, the Gulf 
Stream in the North At lan tic weak ened. This change re sulted in
a more con ti nen tal cli mate, es pe cially in West ern Eu rope
(Marks et al., 2016). In the Early Gla cial (MIS 5d-a) per ma frost
con di tions with lower tem per a ture and de creased pre cip i ta tion
dur ing the stadials Herning (MIS 5d) and Rederstall (MIS 5b)
have been in ferred in the Neth er lands and Bel gium (Kühl et al.,
2007). For these stadials, the mean tem per a ture in July was rel -
a tively high, ~12–17°C, and the mean tem per a ture in Jan u ary
was –12 to –19°C. The pre cip i ta tion was 500 mm. For the
interstadials BrÝrup and Odderade, the an nual pre cip i ta tion
was ~100 mm higher than in the stadials men tioned above. In
the sum mer, the mean tem per a ture reached 18°C and in the
win ter it dropped to –15°C (Kühl et al., 2007). Ac cord ing to

Marks et al. (2016) there is no ev i dence of con tin u ous per ma -
frost de vel op ment dur ing the Early Gla cial in Po land. The first,
slight, stage of Vistulian loess ac cu mu la tion took place in the
Early Gla cial in east ern Po land with steppe-tun dra veg e ta tion
(Maruszczak, 1991, 2001). Ac cord ing to Jary and Ciszek
(2013), there is no con clu sive ev i dence of Early Vistulian loess
de po si tion in the west of Po land.

In the Early Pleniglacial (MIS 4), the mean an nual tem per a -
tures prob a bly dropped be low –7°C. A strong con ti nen tal, arid
cli mate with wind ac tiv ity has been in ferred for Cen tral and
North ern Eu rope (Helmens, 2014) and East ern Eu rope
(Henriksen et al., 2008). Ice-wedge pseudo morphs and
cryoturbations are ev i dence of con tin u ous per ma frost in North -
west ern Eu rope (Haesaerts and Van Vliet-Lanoë, 1981;
Vandenberghe, 1985; Van Vliet-Lanoë, 1991; Vandenberghe
and Pissart, 1993) and in Po land (Marks et al., 2016). In MIS
4/3 Jary (2009) iden ti fied the first Vistulian phase of per ma frost
dis ap pear ance based on the po si tion of ice-wedge pseudo -
morphs.

In the Mid dle Pleniglacial (MIS 3), the mean tem per a ture in
the warm est month was around 10° and in the cold est month, it
ranged be tween –27 and –20°C. The an nual tem per a ture
range was 30–38°C. This in di cates an ex tremely con ti nen tal cli -
mate in Eu rope with ac tive ae olian pro cesses (Marks et al.,
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Fig. 10. Cross-sec tion I–J in the west ern part of the Na³êczów Pla teau 



2016). Two main phases of per ma frost de vel op ment and ice
wedge for ma tion at 60 and 28 ka BP in Cen tral Eu rope were
doc u mented by Van Vliet-Lanoë (1989). In the loess belt, very
few oc cur rences of ice-wedge casts youn ger than 36 ka BP
have been found (Haesaerts and Van Vliet-Lanoë, 1981;
Vandenberghe and Pissart, 1993). In Po land the first gen er a -
tion of ice wedges de vel oped in the Mid dle Plenivistulian
(Marks et al., 2016). Be tween the periglacial phases, there
were in ter vals with milder cli mate with rel a tively high tem per a -
tures and rain fall (Helmens, 2014). Dur ing these in ter vals, at 38 
ka BP and 27 ka BP (Van Vliet-Lanoë and Langohr, 1981; Van
Vliet-Lanoë, 1998) or 30 ka BP (Marks et al., 2016), flu vial ac tiv -
ity, thermokarst pro cesses and pedogenesis de vel oped. The
in ferred steppe-tun dra veg e ta tion in Cen tral Eu rope dur ing the
MIS 3 stadials in di cates strong con ti nen tal con di tions and sug -
gests rel a tively warm, short sum mers and long, very cold win -
ters (Helmens, 2014). Maruszczak (1991, 2001) sug gested
that, in the Mid dle Pleniglacial, loess was de pos ited in the pe -
riod from 50 to 28 ka BP. An ex tremely con ti nen tal cli mate dur -
ing the Hasselo stadial (41–38 kyr BP) in West ern Eu rope has
been doc u mented (Huijzer and Isarin, 1997). Maruszczak
(1991) sug gested that in the pe riod from 32 to 28 ka BP, sub -
arc tic gley or brown soil de vel oped on the Pol ish loess in an arid 
cli mate. In Pol ish loess pro files, there is no clear ev i dence of
per ma frost dis ap pear ance in this pe riod.

Max i mum cold with the cul mi na tion of continentality char ac -
ter ize the Late Pleniglacial (MIS 2; 27–13 ka BP). Traces of
periglacial struc tures are very com mon in Eu rope, not only in
loess sub soil (see ref er ences in Vandenberghe and Pissart,
1993). The oc cur rence of forms such as ice-wedge casts, cryo -
tur ba tion struc tures or rem nants of pingos in di cate the oc cur -
rence of con tin u ous per ma frost at that time. The mean an nual
tem per a tures dropped be low –8°C. The mean tem per a tures in
the warm est month ranged from 9 to 11°C, and in the cold est
month, from –25 to –20°C. As a con se quence, the an nual tem -
per a ture range was be tween 28 and 33°C, in di cat ing a high de -
gree of continentality at that time. Dur ing this pe riod an nual pre -
cip i ta tion was low: 250–300 mm in south ern Po land (Starkel,
1988). There is am ple ev i dence of ae olian ac tiv ity dur ing the in -
ter vals 27–20 ka BP and 17–13 ka as a re sult of dry con di tions
in the north west ern Eu ro pean low lands (Huijzer and
Vandenberghe, 1998). In Po land, the main, third, stage of
Vistulian loess ac cu mu la tion took place. The melt ing of ice
wedges started ~15–14 ka BP, be fore loess ac cu mu la tion de -
creased (Maruszczak, 1991). In Cen tral Eu rope, per ma frost
may have per sisted un til the end of the Pleniglacial and Late
Gla cial (Van Vliet-Lanoë, 1991; Kozarski, 1995).

In the Last Gla cial (Per ma frost) Max i mum (20–18 ka BP),
ice-wedge poly gons, 15–20 m in di am e ter, de vel oped on the
East Eu ro pean Plain. In south west ern France, the di am e ters of
the past po lyg o nal net work in Pleis to cene per ma frost in silty de -
pos its range from 10 to 20 m (Bertran et al., 2013; Andrieux et
al., 2015). In Den mark, the most fre quently doc u mented di am e -
ters of the past po lyg o nal net work range be tween 10 and 15 m,
rarely ex ceed ing 25 m (Last Gla cial; Svens son, 1982). In north -
ern Bel gium (Flan ders), a for mer po lyg o nal net work with di am e -
ters rang ing from 6.5 to >11 m has been doc u mented in var i ous 
sed i men tary lithofacies (sand, clay; Ghysels and Heyse, 2006).
In cen tral west ern Po land, sev eral prin ci pal types of poly gon
ge om e try have been doc u mented within gla cial tills: the larg est
ones have di am e ters rang ing be tween 30 and 60 m (max.
67 m), and the smaller ones have di am e ters of 5 to 20 m, 5 to
30 m, and 5 to 40 m (Ewartowski et al., 2016). In loess ar eas,
the di am e ters of the Last Gla cial po lyg o nal net work ranged be -
tween 20 and 25 m (Maruszczak, 1991; Jary, 2009). In the
north, the ice wedges reached the max i mum depth of 4–5 m. In

the south, their depth de creased grad u ally to 2.0–2.5 m. The
mean an nual ground sur face tem per a tures were usu ally –5 to
–7°C, or lower, sim i lar to the cur rent tem per a tures in the north -
ern part of the con tin u ous per ma frost zone in Si be ria
(Vandenberghe et al., 2014).

The Late Gla cial is char ac ter ized by a se ries of marked cli -
ma tic fluc tu a tions. Abrupt cli mate changes took place in the
BÝling (12.7–10.9 ka BP). The mean July tem per a ture reached
16–18°C and mainly Betula–Pinus for ests ex isted in Po land
and NW Eu rope (Paus, 1995). Dur ing the Youn ger Dryas cli ma -
tic event, ~10.9–10.1 kyr BP, the cli mate con di tions re sem bled
those dur ing gla cial times with con ti nen tal steppe tun dra veg e -
ta tion (Isarin and Renssen, 1999). The weather dur ing win ters
in the Youn ger Dryas in north west ern Eu rope was char ac ter -
ized by very fre quent storms, bring ing a mix ture of very cold
(~–30 to –35°C) and rel a tively dry air masses orig i nat ing over
the sea ice and rel a tively hu mid air from the open ocean (4 to
–1.9°C). Most pre cip i ta tion was prob a bly in the form of snow.
The thick snow cover may have pre vented the for ma tion of
periglacial ther mal con trac tion fea tures in Po land (Isarin and
Renssen, 1999). In north west ern, Cen tral and East ern Eu rope,
ex ten sive ae olian ac tiv ity took place lead ing to the for ma tion of
dunes or a re mod el ling of the ex ist ing forms (Henriksen et al.,
2008). Dur ing the Youn ger Dryas, sum mer tem per a tures in NW 
Eu rope ranged from 8°C in the north ern part to 16°C in the
south ern part. The mean an nual tem per a ture ranged from –10
to –8°C. The mean Jan u ary tem per a tures ranged be tween –20
and –15°C (Isarin and Renssen, 1999). In the cold est pe riod of
the Youn ger Dryas, the mod elled south ern limit of con tin u ous
per ma frost at low al ti tude reached ~54°N (Isarin,1997). Dis con -
tin u ous per ma frost oc curred be tween 54 and 50°N in east ern
Po land, among other re gions. Ice-wedge casts oc cur as an ex -
cep tion and are poorly de vel oped (Vandenberghe et al., 1987).
Even on the large loess pla teaus which form a fa vour able sub -
stra tum for wedge de vel op ment, no ice-wedge casts from the
Youn ger Dryas have yet been re corded in Eu rope
(Vandenberghe and Pissart, 1993). In sandy de pos its in cen tral
Po land, small ice-wedge pseudo morphs were doc u mented by
Kasse et al. (1998). In the NW Eu ro pean low lands, spo radic or
dis con tin u ous per ma frost oc curred in the Youn ger Dryas (Van -
den berghe and Pissart, 1993). Pingos and palsas were de vel -
op ing in some ar eas in that pe riod (Pissart, 1985, 2010).

The last ma jor phase of Pleis to cene per ma frost deg ra da -
tion started prob a bly in the early Bölling and con tin ued in suc -
ces sively warmer phases (Vandenberghe et al., 2014). This is
sup ported by Jary (2009) who con cluded that the sec ond phase 
of per ma frost dis ap pear ance in the loess ar eas of Po land oc -
curred in MIS 2/1 (~12 ka BP). Ac cord ing to ev i dence of lo cal
geo log i cal con di tions, com plete deg ra da tion of per ma frost in
north ern Po land oc curred in the Preboreal pe riod (B³asz -
kiewicz, 2011).

ICE CONTENT IN THE UPPER PART OF PAST PERMAFROST 
ON THE NA£ÊCZÓW PLATEAU: THE IMPORTANCE OF THE LOESS

COVER AND CLIMATE

The ice-rich zone lies be low the base of the ac tive layer and
at the top of per ma frost, es pe cially in the up per 0.5–2.0 m
(Yershov, 1998). The depth of the ice-rich layer re sults from the
mi gra tion of wa ter in the di rec tion along which ground tem per a -
ture de creases in re sponse to an im posed ther mal gra di ent.
The typ i cal dis tri bu tion of ground ice with depth shows that in
this subsurface ice-rich zone, ground ice con tent reaches 60%
and de creases down wards to over 40% at a depth of 10 m
(French, 2007). In Alaska and the North west ern Ter ri to ries of
Can ada, only the up per part of per ma frost (5–10 m) has a high
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seg re gated ice con tent. Ice wedges 1–3 m wide and com pris ing 
10–30% of the up per 6 m are more com mon (Black, 1969;
Brown and Sellmann, 1973; Pol lard and French, 1980). A study
from Can ada (the Mac ken zie River delta) gen er ally shows a de -
crease in ice con tent from the sur face to a depth of 3–7 m where 
ice con tent can reach up to 80% of the to tal vol ume (Mackay,
1966).

Ac cord ing to French (2007), the na ture of the ground and
es pe cially its frost sus cep ti bil ity, ther mal con duc tiv ity and me -
chan i cal be hav iour as well as wa ter con tent are also key pa ram -
e ters in flu enc ing per ma frost. The mean to tal vol u met ric ice con -
tent de pends on lithological vari a tions in the sed i ments, and
ranges from 43% in ae olian sand to 80% in silt in north ern
Alaska (Kanevskiy et al., 2013). Silty soils such as loess are
sus cep ti ble to frost and con sti tute a sub stra tum fa vour able for
ice con cen tra tion (Pen ner and Good rich, 1981). In these sed i -
ments, the down wards-ad vanc ing freez ing front causes wa ter
to be drawn up wards to the ad vanc ing freez ing plane by
cryosuction, first to form pore ice when it reaches the freez ing
plane (frozen fringe), and sub se quently to form seg re gated ice
lenses (French, 2007). In the up per part of the sed i ment, low
over bur den pres sures re sult in a better de vel op ment of ice
lenses. At higher pres sures and un der sim i lar ther mal gra di -
ents, these tend to de velop into more dif fuse bands (Pen ner
and Good rich, 1981). The up per part of per ma frost is the rich est 
in ice con cen tra tions in the form of seg re gated ice (Czudek and
Demek, 1970; Van Vliet-Lanoë and Langohr, 1981; Shur,
1988). Fea tures formed by ice seg re ga tion can not oc cur at
depths orig i nally >40 m (Washburn, 1979). Dur ing un steady
heat flow, vari a tions in seg re ga tion, freez ing tem per a ture and
over all per me abil ity of the frozen fringe with tem per a ture pro -
duce rhyth mic ice band ing in fine-grained soils (Konrad and
Morgenstern, 1980).

Ther mal con trac tion cracks are ten sile frac tures pro duced
by ther mal stresses (i.e., the rapid drop to subzero tem per a -
tures) in ice-rich per ma frost. Ice-wedge pseudo morphs are very 
com mon past periglacial fea tures in the Eu ro pean loess belt
(Van Vliet-Lanoë, 1989; Bertran et al., 2013; Jary and Ciszek,
2013). Frost-crack ing and ice-wedge growth have been de -
scribed by many au thors (Lachenbruch, 1966; Mackay, 1974,
1990; Harry and GoŸdzik, 1988; Murton, 1996; Yershov, 1998;
Murton et al., 2000; Van Vliet-Lanoë, 2005; French, 2007;
French and Shur, 2010). Lachenbruch (1966) sug gested that
the size of poly gons de pends on li thol ogy (ma te rial strength),
mois ture con tent and crack depth. Cli mate con di tions are also
very im por tant as re gards the di men sions of the po lyg o nal net -
work. Yershow (1998) found that the greater the ther mal am pli -
tude, the smaller the dis tance be tween frac tures and the
smaller the poly gons. There fore, in re gions with ex treme con ti -
nen tal cli mate, pro gres sively smaller sub di vi sions of the orig i nal 
po lyg o nal net work oc cur (nu mer ous frost frac tures spaced at
0.5–2 m to 10–12 m). In con di tions of less con ti nen tal cli mate,
frost poly gons are formed, with cracks spaced at 20–40 m and
even 50–80 m. Those pro gres sively smaller sub di vi sions of the
orig i nal po lyg o nal net work oc cur as tem per a ture de creases.

The loess cover on the Na³êczów Pla teau con sists of
patches of vary ing thick ness (Harasimiuk and Henkiel, 1978).
In the east ern part of the re gion, the thick ness of the loess cover 
ranges from a few to ten or so metres, and in the west ern part –
from a few m to >20 m (Figs. 2 and 3). It is as sumed that the
loess patches are de ter mined by the dis tri bu tion of mois ture in
the ground de pend ing on the lithological prop er ties of the sed i -
ments (Ceg³a, 1969) and the var ied re lief un der the loess cover
(Harasimiuk and Henkiel, 1978). On the Na³êczów Pla teau,
there is no ev i dence of spa tial vari a tion in the lithological prop -
er ties of the loess that could in flu ence spa tial vari a tion in the

frost sus cep ti bil ity of the loess cover in the re gion stud ied. Slight 
ver ti cal vari a tion in the lithological prop er ties was doc u mented,
i.e. be tween par tic u lar lay ers of loess (Harasimiuk, 1987;
Maruszczak, 1991). This may have had a small im pact on the
ver ti cal vari a tion of frost sus cep ti bil ity in the loess cover. The
top loess lay ers (LMg) have a lower con tent of the fin est frac tion 
and better sort ing. In periglacial con di tions, this may have led to 
the slightly greater ground ice con tent in the top parts of the
loess cover.

Pleniglacial per ma frost in Eu rope had a re gion ally var ied ice 
con tent mainly de pend ing on pre cip i ta tion and on the thick ness
of the snow cover (Van Vliet-Lanoë, 2005). Very small
ice-wedge pseudo morphs (2–2.5 m) com monly ob served in
loess in West ern Eu rope sug gest gen er ally ice-poor per ma frost 
in the Pleniglacial pe riod. The ice wedges rep re sent short
lived-events (cen tu ries), very dry or spo rad i cally ac tive en vi ron -
ments (Van Vliet-Lanoë and Hallegouët, 2001; Van Vliet-
 Lanoë, 2005). In Po land and East ern Eu rope, two gen er a tions
of ice wedges have gen er ally been dis tin guished, as so ci ated
with the Lower (MIS 4) and Up per Plenivistulian (MIS 2). In
these pe ri ods, the cli mate in East ern Eu rope was more con ti -
nen tal than in West ern Eu rope, with the ther mal gra di ent in -
creas ing from west to east (Huijzer and Isarin, 1997; Kasse et
al., 2003; Marks et al., 2016). In the loess ar eas of Po land, ice
wedges from these pe ri ods reach 3–4 m and over 5 m in west -
ern Ukraine (Jary, 2009; Jary and Ciszek, 2013). The larg est
ice wedges de vel oped dur ing the Up per Plenivistulian, sug -
gest ing ice-rich per ma frost as so ci ated with the up per part of the 
loess cover (LMg). In the be gin ning of the each pe riod of per -
ma frost aggradation, the pre cip i ta tion was higher as cryo tur ba -
tion/frost creep ho ri zons have been re corded in the loess ar eas
of Po land (Jary, 2009; Jary and Ciszek, 2013). This had an im -
pact on the ice en rich ment of per ma frost in these pe ri ods. The
warm ing events of interstadials dur ing gla cial pe ri ods re sulted
in in creased pre cip i ta tion. The num ber of periglacial ho ri zons
within loess-soil se quences, and their mor pho log i cal fea tures,
vary, de pend ing on their geo graph ical set tings (W–E and N–S
di rec tions). In the loess pro files of Po land and Ukraine, 4–6 gley 
ho ri zons are re corded. This sug gests the im pact of lo cal or re -
gional os cil la tions on the num ber of depositional cy cles re lated
to the Hein rich or Dansgaard-Oeschger events (Jary and
Ciszek, 2013). The short warm est and wet test pe ri ods (inter -
stadials) were prob a bly more fre quent in the east. A more con ti -
nen tal cli mate, es pe cially dur ing interstadials (Marks et al.,
2016), may im ply the oc cur rence of tor ren tial pre cip i ta tion
events dur ing warm sum mers. This al lowed a deep en ing of the
per ma frost ta ble as well as its ice en rich ment. The higher fre -
quency of cli mate fluc tu a tions from west to east prob a bly con -
trib uted to the ice en rich ment of the per ma frost. This sug gests
that Pleniglacial per ma frost in Cen tral and East ern Eu rope may
have been richer in ice than in West ern Eu rope.

Kasse and Vandenberghe (1998) sug gested that the dis tri -
bu tion of ice wedges de pended on lo cal hu mid con di tions linked 
with the to pog ra phy. Van Vliet-Lanoë (2005) pointed out the im -
por tance of lo cal ground mois ture for the de vel op ment of
ice-wedge poly gons. High ice con tent is ba si cally nec es sary to
in duce ef fi cient ther mal crack ing in sed i ments. Wet de pres -
sions are rich in ice and this al lows the de vel op ment of the
small est poly gons. Ghysel and Heyse (2006), who stud ied
Pleis to cene ice-wedge pseudo morphs in Flan ders (Bel gium),
also found that ice wedges were formed in hu mid de pres sions.
This is sup ported by the in ves ti ga tions of Ewartowski et al.
(2016) who linked the lo ca tions of ice-wedge pseudo morphs
with the de pres sions be tween ice-cored mo raine ridges. The
flat and poorly dis sected ac cu mu la tion sur faces of the loess
pla teaux are a typ i cal fea ture of the land scape on the east ern
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part of the Na³êczów Pla teau. Their pres ence cre ated mor pho -
log i cal pre dis po si tions for the de vel op ment of po lyg o nal crack
net works in this part of the re gion. On the west ern part of the
Na³êczów Pla teau, the loess pla teau tops have the form of
small patches due to the strong dis sec tion of the area by deep
val leys. This has af fected the drain age and lim ited the de vel op -
ment of po lyg o nal crack net works with ice wedges in past per -
ma frost. Once a crack/ice wedge ex ists, it forms a weak ness at
depth that is re-used by epigenetic ther mal crack ing (Lachen -
bruch, 1966; Goehring, 2013).

THE IMPACT OF THE DEPOSITS UNDERLYING THE LOESS COVER 
ON ICE CONTENT IN THE UPPER PART OF PAST PERMAFROST

 ON THE NA£ÊCZÓW PLATEAU

Dur ing the Plenivistulian, ice con tent in the up per part of
past per ma frost on the Na³êczów Pla teau de pended on sed i -
men tary de pos its of dif fer ent grain size un der ly ing the loess
cover. Highly frost-sus cep ti ble ma te rial, be sides silts, in cludes
clay, mostly in wa ter logged con di tions. Drain age is better in
sandy or gravely sands (Van Vliet-Lanoë, 2005). The ther mal
con duc tiv ity of clays is smaller than that of loess or sands, both
when frozen and un frozen (French, 2007). There fore, dur ing
per ma frost aggradation, gla cial tills could freeze later than the
sur round ing coarse-grained de pos its. As a re sult of cryo -
suction, wa ter from gla cial tills mi grated up into the freez ing
loess, en rich ing it in ice. Frozen gla cial tills are rich in ice as they 
have well-de vel oped ice lensing (Van Vliet-Lanoë and
Hallegouët, 2001). Given their lower ther mal con duc tiv ity, gla -
cial tills un der ly ing the loess pre served per ma frost for a lon ger
time than the sur round ing coarse-grained de pos its. Coarse-
 grained tills may also in clude in jected ice bod ies. Un der the in -
flu ence of the ther mal gra di ent, the ice con tained by gla cial tills
may have mi grated in the vapour phase into the over ly ing loess. 
Hence, the loess cover above gla cial tills in the re gion stud ied
was en riched in ice com pared with the loess above other sed i -
men tary de pos its un der past per ma frost con di tions.

The amount of ice pres ent in the per ma frost is also a func -
tion of the drain age con di tions of the for merly un frozen ground
(Van Vliet-Lanoë and Langohr, 1981). Kanevskiy et al. (2013) in 
Alaska sug gested that poorly-drained ar eas have a higher con -
tent of ground ice in per ma frost than do well-drained ar eas.
Morgenstern et al. (2013) in East ern Si be ria sug gested that
good sur face drain age con di tions (for ex am ple as a re sult of the 
dis sec tion of some ar eas) have an im pact on the for ma tion of
ground ice and causes a re duc tion of to tal ice con tent in per ma -
frost.

In the re gion stud ied, the poor drain age is in flu enced by the
lim ited dis sec tion of the sur face as well as by the pres ence of
poorly per me able de pos its un der the loess cover along with a
lim ited vari a tion of re lief. The pres ence of poorly per me able
sed i men tary de pos its (tills, clays, clayey loams) be neath the
loess re duced the drain age of wa ter and con trib uted to a higher
wa ter con tent in the un der ly ing loess layer. In con se quence, the 
vol ume of ice in the loess cover (up per part of per ma frost) in -
creased. Thick and ho mo ge neous lay ers of gla cial till, with a
small vari a tion of re lief un der the loess cover, pre dom i nate in
the east ern part of the re gion (Figs. 4 and 5). Ex ten sive ar eas
with geo log i cal struc ture of this type oc cur north of the
Ciemiêga val ley, on the prox i mal side of the loess-cov ered re -
ces sional mo raine ridge, be tween the lo cal i ties of Bogucin and
Smugi (Figs. 4 and 5). They also oc cur lo cally in cor re spon -
dence with gla cial till patches in the Ciemiêga–Czechówka
interfluve zone (Figs. 4 and 5).

The area in the vi cin ity of Sadurki, O¿arów and
Tomaszowice is poorly drained due to the oc cur rence of poorly

per me able lay ers (clayey loams and clays) with a small vari a -
tion of re lief (Figs. 4 and 5). Smaller ar eas with sim i lar con di -
tions are lo cated on the west ern part of the Na³êczów Pla teau in 
the vi cin ity of Za¿uk, Klementowice and Karmanowice (Figs. 4
and 5). Sandy de pos its or frac tured bed rock un der the loess
cover pro vided good drain age. The higher-ly ing loess cover
con tains less wa ter and, in con di tions of a frozen sub strate, a
smaller amount of ground ice. Patches of sandy glaciofluvial de -
pos its un der ly ing the loess cover pre dom i nate be tween the
Bystrzyca and Potok Konopnicki rivers and south of the Bystra
River val ley. Due to the strong dis sec tion of this area by val ley
sys tems, the rel a tive el e va tion un der the loess cover reaches
30 m here (Fig. 5).

The high vari a tion in the re lief of the de pos its un der ly ing the
loess cover leads to the oc cur rence of con sid er able hy drau lic
gra di ents and, con se quently, good wa ter drain age con di tions.
The pres ence of a dense net work of deep poly gen etic val leys
in cised into the bed rock (Gardziel et al., 2006; Gawrysiak and
Harasimiuk, 2012; Figs. 1 and 5) has a per ma nent im pact on
the good wa ter drain age con di tions on the west ern part of the
Na³êczów Pla teau (Figs. 1 and 5). Now a days, the in tense, geo -
log i cally de ter mined drain age of ground wa ter is seen from the
pres ence of nu mer ous pip ing forms in some ar eas of the west -
ern part of the Na³êczów Pla teau (Gardziel et al., 2006). De spite 
the pres ence of thick, poorly per me able lay ers of gla cial till,
good wa ter drain age con di tions did not fa vour the con cen tra tion 
of ice and thus lim ited ice wedge for ma tion in past per ma frost.

THE AGE OF THERMOKARST CLOSED DEPRESSIONS 
ON THE NA£ÊCZÓW PLATEAU

The strati graphic study of Pleis to cene ice-wedge casts re -
veals a cy clic per ma frost de vel op ment and dis ap pear ance in
Eu rope con trolled by the Hein rich and Dansgaard-Oeschger
events. Cy clic events of ice wedge growth – wedge de cay –
loess de po si tion, oc curred sev eral times dur ing the Last Gla ci -
ation in West ern Eu rope (Van Vliet-Lanoë, 1998; Van
Vliet-Lanoë and Hallegouët, 2001; Van Vliet-Lanoë et al.,
2017).

Thermokarst may have oc curred re peat edly dur ing the Last
Gla cial pe riod in the area stud ied. It spread dur ing a few warm
pe ri ods be tween phases of strong con ti nen tal cli mate re lated to
per ma frost ex pan sion. Flu vial ac tiv ity and or ganic sed i men ta -
tion from these warm pe ri ods have been re corded in many pro -
files in Po land (Marks et al., 2016). In the loess ar eas of Po land, 
fos sil soils have been linked with these pe ri ods (Jary, 2009).

In the loess ar eas of Po land and west ern Ukraine, a re -
peated ex pan sion and dis ap pear ance of per ma frost dur ing the
Last Gla cial pe riod has been doc u mented (Jary, 2009). Per ma -
frost and ice-wedges melted be tween the Lower and Mid dle
Pleniglacial (MOIS 4/3) and be tween the Late Gla cial and the
Ho lo cene (MIS 2/1; Jary, 2009). Ac cord ing to Van Vliet-Lanoë
and Hallegouët (2001), thermokarst in West ern Eu rope formed
at 27 ka and 12 ka, but was more fre quent to wards the east, in
Po land and Rus sia. It can be caused by more fre quent cli mate
fluc tu a tions re corded as more nu mer ous periglacial ho ri zons
formed dur ing the Late Plenivistulian in the loess ar eas of East -
ern Eu rope. How ever, the cor re la tion of these ho ri zons is not
un equiv o cal (Velichko et al., 1984; Jary, 2009).

The warm in ter vals Oerel and Glinde have been dis tin -
guished at the start of the Mid dle Plenivistulian (MIS 3) linked
with a cold con ti nen tal cli mate (Marks et al., 2016). In the loess
pro files in Po land, a fos sil soil ho ri zon dated to 55–50 ka and
linked with the Oerel and Glinde warm ing events has been doc -
u mented (Maruszczak, 1991). Warm ing pe ri ods at ~38 ka,
linked with the Hengelo Interstadial, and at about 30 ka, linked
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with the Denekamp Interstadial, have been re corded in pro files
in West ern Eu rope (Van Vliet-Lanoë and Hallegouët, 2001). In
the loess pro files in Po land, soil for ma tion took place be tween
32–28 ka, and in Rus sia be tween 32 and 24 ka (Velichko, 1990; 
Maruszczak, 1991; Jary, 2009). Dur ing the Hasselo stadial
(~40 ka), which pre ceded these interstadials, ice wedges
formed in loess pro files in east ern Po land and in var i ous de pos -
its in cen tral Po land (Maruszczak, 1991; Marks et al., 2016). In
Rus sia and Ukraine, an in ter val with a more mod er ate cli mate,
last ing ~15–16 ka (Trubchevsk soil, Rivne soil), has been dis tin -
guished in the loess pro files (Velichko et al., 1984; Bogutsky,
1987). Be low this ho ri zon, ice-wedge pseudo morphs have
been doc u mented in Ukrai nian loess pro files (Jary, 2009). This
warm ing event, man i fested as gley ho ri zons, was also re corded 
in the loess pro files in Po land. Maruszczak (1991) cor re lates
this ho ri zon with the de cay of large ice wedges which formed in
the Up per Plenivistulian. Dur ing the Early BÝlling (12.7 ka), the
last phase of thermokarst oc curred, in con junc tion with the Up -
per Plenivistulian per ma frost deg ra da tion.

Be tween two and four stages of thermokarst CDs de vel op -
ment can be dis tin guished on the Na³êczów Pla teau. The two
main stages oc curred in MIS 4/3 (~58 or 55–50 ka Oerel and
Glinde Interstadials) and MIS 2/1 (~12 ka). These land forms
may have de vel oped also dur ing the Denekamp Interstadial
(32–28 ka) and ~15 ka. The fi nal stage of CDs for ma tion in the
Late Gla cial is sup ported by the pres ence of Late Vistulian–Ho -
lo cene fos sil soils cov ered pri mary bot toms of the CDs stud ied
(Figs. 2 and 3). Ho lo cene col lu vial de pos its above these fos sil
soils have been doc u mented.

A pri mary thermokarst microrelief with nu mer ous CDs de -
vel oped in the re gion stud ied dur ing the first stage of MIS 4/3
(~58 or 55–50 ka). In the next pe riod of per ma frost res to ra tion
and loess de po si tion, a po lyg o nal net work with ice wedges de -
vel oped. The spa tial dis tri bu tion of po lyg o nal net works with ice
wedges cor re sponded with the lo cal geo log i cal and top o graphic 
de ter mi nants. CDs from the older stage of thermokarst may
have cre ated fa vour able top o graphic con di tions for the lo ca tion
of the junc tion of a youn ger gen er a tion of the po lyg o nal net -
works. Thus, po lyg o nal net works from dif fer ent stages may
have been par tially su per im posed. The per sis tence of po lyg o -
nal net works and pref er ence in the for ma tion and de vel op ment
of sub se quent gen er a tions of cracks was noted by Lachen -
bruch (1966) and Goehring (2013).

Re peated cy cles of thermokarst CDs de vel op ment, ice
wedge res to ra tion and loess de po si tion oc curred sev eral times
dur ing the Last Gla ci ation on the Na³êczów Pla teau. They re -
sulted in the de vel op ment of at least two gen er a tions of su per -
im posed thermokarst de pres sions. These forms are among the
deeper CDs doc u mented to day on the Na³êczów Pla teau.
Smaller forms may have de vel oped as a re sult of the de cay of
ice wedges dur ing the sin gle phases of thermokarst.

THE SCHEME OF GEOLOGICALLY CONTROLLED 
THERMOKARST CLOSED DEPRESSIONS DEVELOPMENT 

ON THE NA£ÊCZÓW PLATEAU

Ac cord ing to Black (1969), most CDs in Alaska are re lated
to the thaw ing of ice wedges. Seppälä (1997) in di cated that the
ice wedge melt ing pro cess ini ti ates the de vel op ment of de pres -
sions and gul lies. Soloviev (1973) de scribed alas de pres sions
form ing as a re sult of ice wedge melt ing in cen tral Yakutia. The
melt ing of ice wedges due to the ac cu mu la tion of wa ter above
them is the main cause of thermokarst de vel op ment in Si be ria
(Czudek and Demek, 1970). The forms de vel oped de pend on
the amount of ground ice and its type. Flat shal low de pres sions
de velop in places with small amounts of ground ice or in places

with seg re gated ice, or both. The melt ing of ice wedges as a
pro cess caus ing the for ma tion of CDs on the Na³êczów Pla teau 
was sug gested by Ko³odyñska-Gawrysiak et al. (2017). Struc -
tures of two ice-wedge pseudo morphs and len tic u lar struc tures
de formed dur ing per ma frost melt ing were doc u mented un der
the bot tom of a CD (Fig. 11A, C). Faults caused by the thaw ing
of ice wedges and ground sub si dence are also vis i ble
(Fig. 11C). Decalcified loess oc curs un der the bot tom of the
CD. The decalcification bor der falls steeply un der the slopes of
the CD. Re tic u late struc tures were doc u mented along the
decalcification bor der (Fig. 11B) and also cal cium car bon ate
con cre tions.

The in ter sec tions of fis sure poly gon net works, filled with ice
wedges, were pre dis posed for the for ma tion of thermokarst de -
pres sions (Fig. 12). This hy poth e sis is sup ported by the spa tial
dis tri bu tion of closed de pres sions (based on LIDAR data) in
con junc tion with traces of cryo genic po lyg o nal net works clearly
vis i ble on sat el lite pho to graphs as well as doc u mented by elec -
tri cal re sis tiv ity sur veys and georadar sur veys (Fig. 12).

The for ma tion and dis tri bu tion of periglacial forms is in flu -
enced by many fac tors such as cli ma tic con di tions as well as lo -
cal fac tors de ter min ing ice con tent in per ma frost (French,
2007). The re la tion of cli mate and eco sys tems (lo cal fac tors) is
im por tant for the de vel op ment and deg ra da tion of per ma frost
(Shur and Jorgenson, 2007; Toniolo et al., 2009; Ulrich et al.,
2017). Lo cal fac tors af fect ing the for ma tion and de vel op ment of 
thermokarst CDs in the study area in clude: the re lief un der the
loess cover and spa tial vari a tion of ice con tent in past per ma -
frost. This last fac tor is de ter mined by the lo cal geo log i cal con -
di tions i.e. lithological fea tures of sed i men tary de pos its un der
the loess cover and drain age con di tions.

The study by Harasimiuk and Henkel (1978) in di cated that
the re lief of glacigenic de pos its un der ly ing the loess cover of the 
Na³êczów Pla teau (es pe cially in ar eas with gla cial tills) is char -
ac ter ized by the pres ence of de pres sions formed from the melt -
ing of blocks of dead ice (dead ice to pog ra phy). These wet pri -
mary (glacigenic) closed de pres sions (see Piotrawin site in
Fig. 3) were prob a bly fa vour able both to suc ces sive loess de -
po si tion and to ice wedge de vel op ment (Ceg³a, 1969). This
sug gests the im pact of lo cal microrelief on syngenetic ice
wedge de vel op ment. Epigenetic ice wedges have been doc u -
mented in loess ar eas in Po land (Maruszczak, 1991, 2001;
Jary, 2009). Jary (1996) ob served that it is of ten im pos si ble to
iden tify the type of ice wedge due to its trans for ma tion dur ing
the melt ing of per ma frost. He sug gested that syngenetic ice
wedges in the loess up lands of Po land de vel oped dur ing the
Last Gla cial. Ac cord ing to Jahn (1975), large syngenetic ice
wedges de vel oped in de pres sions where depositional pro -
cesses pre vailed.

In the study area, ice-rich per ma frost with well-de vel oped
po lyg o nal net works filled by ice wedges oc curred in ar eas
where the loess is not more than 10 m thick and is un der lain by
poorly per me able de pos its (tills, clayey loams and clays) with
small rel a tive heights un der the loess cover i.e. poorly drained
(Figs. 4 and 5). The ice wedges (both epigenetic and
syngenetic) may have formed in the loess cov er ing de pres -
sions in glacigenic de pos its (Fig. 13A). Dur ing each pe riod of
per ma frost aggradation, junc tions of po lyg o nal net works with
syngenetic ice wedges may have re curred at these lo ca tions
(Fig. 13A). The most fa vour able lo ca tion for thaw ing is at the
junc tion of po lyg o nal cracks, and small, deep pools of stand ing
wa ter may have ex isted at such lo ca tions (French, 2007). Sur -
face wa ter bod ies above the melt ing ice-wedges warmed (la -
tent heath of fu sion) enough to per fo rate per ma frost with nu -
mer ous sink ing ponds. In the study area, the re peated deg ra da -
tion of ice wedges (at least twice) at the junc tion re sulted in
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deep decalcification, reach ing the footwall of the loess cover or
to depths of 10–15 m, de pend ing on the geo log i cal and
geomorphological con di tions (Fig. 13). Such deep decalcifi -
cation of the loess only un der the CDs sug gests that it started
largely be fore the Ho lo cene. Dis so lu tion of cal cium car bon ate
un der the CDs oc curred in sev eral stages ev ery time the su per -
im posed ice wedges melted. Out side the CDs, the depth of the
decalcification of the loess cover does not ex ceed 1.7 m. The
bound aries of loess decalcification are steep, al most ver ti cal to -
wards the bot tom (Figs. 2, 3 and 11). Re tic u late cryofabrics oc -
cur along the bound ary of loess decalcification. Such struc tures 
form dur ing the freez ing of wa ter-sat u rated sed i ments and re -
flect the po si tion of the ad vanc ing freez ing front (French and
Shur, 2010). Each time, the polycyclic melt ing of ice-wedges re -
sulted in ground sub si dence.

In ar eas with a thicker loess cover (~20 m), the pres ence of
gla cial tills, clayey loams or clays un der the loess cover had a
smaller im pact on the for ma tion of ice wedges (Fig. 13C). The
thick loess cover masked the small est fea tures of the re lief of
the un der ly ing de pos its, pre vent ing the for ma tion of re pro duced 

CDs. (Fig. 13C). Ice wedges form ing in such con di tions had
smaller di men sions than in the ar eas de scribed above
(Fig. 13A). This also re sults from the smaller amount of mois -
ture at the top of the loess cover be cause the cap il lary rise in
loess sed i ments is ~20 m (Ceg³a, 1969).

In ar eas where a loess cover is un der lain by sands or frac -
tured bed rock, the geo log i cal con di tions were less fa vour able to 
ice-rich per ma frost and the for ma tion of ex ten sive po lyg o nal
crack net works with ice wedges (Fig. 13B, D). A greater amount 
of hu mid ity ac com pa nied the de pres sions formed in the un der -
ly ing de pos its and re pro duced in the loess cover (Fig. 13B, D).
Such places may have con sti tuted junc tions of the po lyg o nal
net works. It seems that ice wedges de vel op ing in such geo log i -
cal con di tions reached smaller di men sions than in the case of a
poorly per me able sub strate.

It should be noted that thermokarst de pres sions formed not
only as a re sult of the melt ing of ice wedges in fill ing the po lyg o nal
net works. Field ob ser va tions of many geo log i cal ex po sures sug -
gest that small thermokarst de pres sions (di am e ter of ~20 m)
formed due to the melt ing of other forms of ground ice con cen tra -
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Fig. 11. De formed ice-wedge pseudo morphs and per ma frost thaw-re lated struc tures un der the closed de pres sion in the loess
area near Jastków, E Po land (af ter Ko³odyñska-Gawrysiak et al., 2017)

A, C – cross-sections of the studied closed depression; B – reticulate structures along the boundary of loess decalcification
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Fig. 12. Re con struc tion of fos sil po lyg o nal net work

A – on sat el lite im age (Pleiades, 17.02.2014); B – on a DEM de rived from LIDAR data; C – on georadar pro files; an ex am ple from the
Na³êczów Pla teau (E Po land)

Fig. 13. The scheme of geo log i cally con trolled thermokarst CD de vel op ment on the Na³êczów Pla teau

Thermokarst CDs in areas with thin loess cover underlain by poorly permeable (A) and permeable (B) deposits and thic loess cover
underlain by poorly permeable (C) and permeable (D) deposits



tions (ice lenses) that de pended, as was the case with ice
wedges, on lo cal geo log i cal con di tions. Platy fab rics de rived
from ice lensing are com mon un der the bot tom of the CDs.

CONCLUSIONS

The loess low lands in Po land ex pe ri enced mul ti ple phases
of cold cli mate-in duced periglaciation dur ing the Pleis to cene.
Geo log i cal con di tions, de pend ent on the type of de pos its un -
der ly ing the loess and their re lief, shaped the drain age con di -
tions and thus in flu enced the ice con tent in past per ma frost,
which, con se quently, de ter mined the de vel op ment of
thermokarst forms. The vari a tion of geo log i cal con di tions in the
re gion stud ied was the most sig nif i cant fac tor in flu enc ing the
de vel op ment of thermokarst CDs. Thermokarst pro cesses had
the stron gest im pact on ar eas with a thin loess cover (sev eral
metres thick), un der lain by poorly per me able de pos its (clays,
clayey loams, gla cial tills) with a small vari a tion of re lief. The
high est con cen tra tions of CDs on the re gional scale
(30–40 CDs/km2) are re corded in such ar eas. Con di tions that
were the least con du cive to the de vel op ment of thermokarst re -
lief ex isted in ar eas where the loess lies on a per me able sub -
strate (bed rock or sandy de pos its) with sig nif i cant rel a tive
heights. Such ar eas have low den si ties of CDs in com par i son
with the whole re gion (a few CDs/km2).

The oc cur rence of pri mary de pres sions un der the loess
cover, par tic u larly in the poorly per me able de pos its (gla cial tills
with dead-ice to pog ra phy), lo cally in creased the wa ter con tent
in the loess cover and thus cre ated long-last ing con di tions con -

du cive to the for ma tion of lo cal ice con cen tra tions in the up per
part of the per ma frost. In such ar eas with unique geo log i cal and
top o graphic con di tions, junc tions of po lyg o nal net works could
de velop; they re curred dur ing the stages of per ma frost
aggradation (at least twice in the Early (Lower) and Late (Up -
per) Plenivistulian) dur ing the Last Gla cial. At least two gen er a -
tions of po lyg o nal net works of dif fer ent ages may have been su -
per im posed on one an other in these ar eas, form ing the ba sis
for the de vel op ment of at least two gen er a tions of su per im -
posed thermokarst de pres sions of dif fer ent ages. These forms
are among the larger and deeper CDs oc cur ring on the
Na³êczów Pla teau.

The re sults ob tained in di cate that forms of thermokarst or i -
gin can be the dom i nant type of CDs in the loess ar eas of the
Na³êczów Pla teau.
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