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INTRODUCTION

Dur ing the Late Weichselian trans gres sion of the ice sheet
to wards the line of the Last Gla cial Max i mum (LGM), the cli -
mate was harsh. It is gen er ally ac cepted that al most the en tire
area that now a days is Pol ish ter ri tory out side the LGM then
was cov ered by con tin u ous per ma frost, with av er age an nual
tem per a tures from –7°C in the west to –9°C in the east
(Kasprzak, 2003; Mojski, 2005). The periglacial con di tions
sig nif i cantly trans formed the re lief of these ar eas, which – de -
spite the time passed since, and also de spite the grow ing in flu -
ence of Man – still show nu mer ous char ac ter is tic periglacial
fea tures (Starkel, 2005).

Much dis cus sion goes on, how ever, about the pos si ble
pres ence of per ma frost in the area of Po land that was cov ered
by ice dur ing the last gla ci ation. The dis cus sion con cerns both
the pos si bil ity of per ma frost be ing pre served un der the ice
sheet dur ing ice ad vance (anaglacial phase) and the pos si ble
de vel op ment of “fresh” per ma frost in ar eas un der go ing
deglaciation (cataglacial phase). Im por tant for this dis cus sion
was a model pre sented by Kozarski (1995), which takes into
ac count the ad vance of per ma frost to the area just in front of the 
re treat ing ice sheet, where si mul ta neously the older, more
deeply seated, per ma frost dis ap peared. This model, with some
ad ap ta tions, was also con sid ered ap pli ca ble to the deglaciated

ar eas of North ern Ger many (Liedtke, 1993; Böse, 1995;
Vaikmäe et al., 1995). 

The re sults of re cent stud ies from sev eral ar eas cov ered by an 
ice sheet dur ing the last gla ci ation, es pe cially the Lau ren tian area 
in North Amer ica, sug gest that per ma frost un der the ice sheet did 
not dis ap pear com pletely. It is also likely that per ma frost was
lim ited to a small area within the range of subglacial wa ter cir cu -
la tion (French and Harry 1990; Clay ton et al., 2001; Lacelle et
al., 2004). Sim i lar con sid er ations on the pos si bil ity of par tial
pres er va tion of per ma frost un der the ice sheet dur ing its ad vance
re fer to the deglaciated area in Po land. In this con text, per ma frost 
un der the ice sheet may have played an im por tant role in the de -
vel op ment of the subglacial drain age sys tem and the for ma tion
of subglacial chan nels (Piotrowski et al., 2009).

Con se quently, a sig nif i cant re la tion ship ex ists be tween the
suc ces sive stages of the ice sheet’s re treat and the de vel op men -
tal stages of periglacial con di tions. Periglacial trans for ma tion
of the re lief is least ev i dent in the ar eas which were the last ones 
that be came ex posed again af ter re treat of the ice sheet
(Liedtke, 1993; Kozarski, 1995). It is com monly ac cepted that
con tin u ous per ma frost ex isted in most parts of the deglaciated
area of Po land, and that per ma frost was dis con tin u ous only
north of the max i mum ex tent of the ice sheet of the Pom er a nian
Phase (Kozarski, 1995). The main con tro versy in the spe cial ist
lit er a ture con cerns the time of the com plete dis ap pear ance of
per ma frost in the cen tral Eu ro pean Low land. This took place



dur ing the BÝlling-AllerÝd in ter val ac cord ing to Liedtke
(1993), Böse (1995), Kozarski (1995) and Marks (1996), but
oth ers sug gest the Preboreal (Gołębiewski, 1981; Florek, 1991; 
Błaszkiewicz, 2005).

The pres ent au thor stud ied the evo lu tion of lake bas ins and
river val leys in North ern Po land (Błaszkiewicz, 1998, 2005,
2010) and found un am big u ous ev i dence for the pres ence of per -
ma frost in the area un til the be gin ning of the Ho lo cene or the end 
of the Preboreal. This ev i dence is pre sented here in the form of
dated melt-out of bur ied dead-ice blocks and of the tim ing of for -
ma tion of gla cial lakes on the pres ent-day Pol ish ter ri tory.

STUDY AREA

The study area is lo cated in North ern Po land and in cludes
the north ern part of the Tuchola For est and the Starogard
(Kociewie) Lakeland. This area was en tirely cov ered by the
last Weichselian ice sheet (Fig. 1). Dur ing its re treat, a dis tinct
mar ginal zone as so ci ated with the Pom er a nian Phase de vel -
oped here. It is char ac ter ized by the prox i mal zones of outwash
plains, and by the sed i men tary con tact be tween the ice and the
up per prox i mal level of the outwash plain in the Stara Kiszewa
re gion (Błaszkiewicz, 1998, 2003; Fig. 2). The cur rent state of
knowl edge re gard ing the char ac ter of the Pom er a nian Phase in
the study area does not al low a pre cise re con struc tion, but the
ab sence of both mar ginal forms with glacitectonic struc tures
and in di vid ual till lay ers sug gests that it rep re sents here only a
stag na tion of the ice sheet in the hin ter land dur ing the over all
ice re treat. 

The lack of interstadial or ganic de pos its dat ing from be fore
the Pom er a nian Phase im plies that the Pom er a nian Phase can
be dated only in di rectly. Based mainly on dat ing of the later

Gardno Phase (14.5–14.3 ka 14C BP fol low ing Rotnicki and
Borówka, 1994, 1995; Rotnicki, 2001), it is de duced to range
from 16.2 ka 14C BP (Kozarski, 1995) to 15.2 ka 14C BP
(Marks, 2002). This age range may also ap ply to the for ma tion
of the de pres sions which would be come lake bas ins dur ing the
Late Gla cial and early Holocene. 

The geo mor phol ogy of the study area in the forefield of the
Pom er a nian Phase is dom i nated by ex ten sive outwash plains
built of sand/gravel de pos its up to 30 m thick. The most im por -
tant sur face fea tures are the nu mer ous subglacial chan nels as so -
ci ated with the gla ci ation and the dune fields formed dur ing the
main dune-form ing phase in the Youn ger Dryas (Błaszkiewicz
et al., 2006). The hin ter land of the Pom er a nian Phase is dom i -
nated by an un du lat ing mo raine pla teau with nu mer ous
subglacial chan nels which are of ten in cor po rated in river-val ley
sys tems. The pla teau ar eas com monly show a char ac ter is tic
kame-melt re lief, which in di cates the patchy na ture of the ice
sheet dis ap pear ance dur ing the re treat fol low ing the max i mum
ex tent of the Pom er a nian Phase (Błaszkiewicz, 1998).

Permafrost remained present in the study area when the ice
sheet retreated. This is evident from, among other features,
thermal contraction cracks, oriented kettle-holes on the
outwash plains and frost-related transformations of soils
(Błaszkiewicz, 2005). The presence of lake basins is another
line of evidence, and their long-term preservation, thanks to the
presence of buried blocks of ice, and eventual disappearance
are indications of the duration of the permafrost and its ultimate 
disappearance. 

PRESERVATION OF DEPRESSIONS AS EVIDENCE
FOR THE PRESENCE OF BURIED DEAD-ICE

A dis tinct time gap ex ists be tween the cre ation of the young
gla cial bas ins (which de vel oped dur ing gla ci ation) and the ap -
pear ance of the lakes them selves (e.g., Więckowski, 1966;
Stasiak, 1971; Gołębiewski, 1976; Niewiarowski, 1986, 1988,
1989, 1995, 2003; Ralska-Jasiewiczowa and Starkel, 1988;
Florek, 1991; Błaszkiewicz and Krzymińska, 1992; Nowaczyk,
1994; Marks, 1996; Błaszkiewicz, 1998, 2002, 2005). Sim i lar
time gaps have been doc u mented for other ar eas of the
Weichselian Gla ci ation, for in stance in North ern Ger many (e.g.,
Gripp, 1964; Nitz, 1984; Pachur and Röper, 1987; Wünnemann,
1993; Böse, 1995; Nitz et al., 1995; Schlaak, 1997; Endtmann,
1998; Kai ser, 2001; Brande, 2002; Homann et al., 2002; Schlaak 
and Schoknecht, 2002), Belarussia and the Bal tic states (Ekman,
1992; Zernickaya and Pavlovska, 1994; Almquist-Jakobson,
1995; Davydowa and Ser vant-Vildary, 1996; Zernitskaya et al.,
2000; Matvieyev, 2002; Wohlfarth et al., 2002). They are also
well-doc u mented for deglaciated ar eas of the United States and
Can ada (Flo rin and Wright, 1969; Por ter and Car son, 1971;
Driscoll, 1980; Last and Vance, 2002; Schwalb and Dean, 2002;
Eyles et al., 2003).

The geomorphological study of the lake bas ins has pro -
vided a wealth of ev i dence for the hy poth e sis that the fun da -
men tal cause of this time gap was a long-term pres er va tion of
the lake bas ins by dead-ice blocks, which, at least ini tially, took
place un der periglacial con di tions. In the case of cer tain de pres -
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Fig. 1. Map of Po land with the lo ca tion of the study area  
and the max i mum

Ex tent of the Late Vistulian ice sheet (af ter Kozarski, 1995): L – Leszno
Phase, P – Poznań Phase, Pm – Pom er a nian Phase, Ga – Gardno Phase



sions in North ern Po land, the time gap is more than a thou sand
years (Błaszkiewicz, 2005). The or i gin of ice-pre serv ing bas ins 
of mainly chan nel or i gin is con tro ver sial. Ba si cally, it is as -
sumed that it was gla cial ice from the col lapse of the chan nel
roofs once the subglacial chan nels had been formed (e.g.,
Nowaczyk, 1994; Kehew and Kozłowski, 2007). A melt wa ter
or i gin of the ice should, how ever, also be con sid ered: wa ter
which formed subglacial chan nels was prob a bly undercooled
and un der high hy dro static pres sure. Hence, it may have frozen
rap idly immediately after the cessation of its movement. 

These processes were beyond doubt influenced by
permafrost preserved under the ice sheet from the time of its
advance. Another argument for a meltwater origin of the buried 
ice is the limited amount of moraine material in the mineral
substratum of the subglacial channels. The melting of glacial

ice should have left large quantities of such material. The ice
filling the depressions after their development should thus be
considered as buried ice, rather than as dead-ice. The latter term 
should be applied exclusively to ice with a glacial genesis, i.e.
ice which lost contact with the active or stagnant part of an ice
sheet (Ben and Evans, 1998; Schomacker, 2008). Regardless of 
the origin of the ice preserved in the depressions, abundant data
showing its presence were collected during research in young
glacial areas. The most important are:

– the ex is tence of var i ous types of de pres sions and, above
all, of deep subglacial chan nels within the youn ger
outwash and a mar ginal lake sur face within both large
river val leys and spill ways (Woldstedt, 1921, 1926;
Bartkowski, 1953; Galon, 1982; Niewiarowski, 1986;
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Fig. 2. Lo ca tion of the sites in the Starogard Lakeland where the be gin ning 
of the lake de vel op ment was de ter mined by means of palynological and ra dio car bon dates 



Nowaczyk, 1994; Błaszkiewicz, 2005; Jorgensen and
Sandersen 2006);

– the ex is tence of de for ma tion struc tures of which the for -
ma tion was a con se quence of melt ing of the ice bot tom
and which oc cur within the min eral sub stra tum of the
lake bas ins (pri mary min eral cover on dead-ice, con sist -
ing of flu vio gla cial and glaciolimnic sed i ments as well
as morainic ma te rial from the sub se quent melt ing of
dead-ice) but also in the lac us trine bot tom sed i ments
(ex am ples of such struc tures were found for in stance in
the de pres sion near Stara Kiszewa, where the bot tom
part of some of pre-AllerÝd lake sed i ments was cut by a
net work of an ti thetic faults; Fig. 3); sim i lar struc tures
were also doc u mented from glaciolimnic sed i ments of
the Gniew mar ginal lake (Błaszkiewicz, 2005;
Błaszkiewicz and Gruszka, 2005);

– the pres ence of the so-called basal peat or bot tom peat
which un der lies the lake sed i ments. The basal peat is
thin, with an av er age thick ness of 5–10 cm, and is lo -
cated at the bot tom of lake sed i ments, di rectly on the
min eral sub stra tum of the lake ba sin. The ac cu mu la tion
of this peat on top of blocks of dead-ice bur ied in the
bot tom of lake bas ins is in di cated by its sed i men tary
gen e sis, with a steeply in clined sur face of over 10°
(Strahl and Keding, 1996; Helbig, 1999; Kai ser, 2001),
as well as at lo ca tions con cor dant with the mor phol ogy
of the min eral sub stra tum. An im por tant ar gu ment is the 
synchronicity of the peat ac cu mu la tion, re gard less of its
cur rent al ti tude at the bot toms of the bas ins (Gross,
1937; Woldstedt, 1952; Wieckowski, 1966; Florek et
al., 1999; Kai ser, 2001; Homann et al., 2002;
Błaszkiewicz, 2005). Ad di tional ev i dence are com -
prises the geomorphological po si tions of the basal peats
from both AllerÝd and Preboreal in the chan nels of river
val leys in re la tion to the flu vial struc tures of the ero sive
sec tions of wa ter gaps (Błaszkiewicz, 2002, 2005;
Lorenz and Schult, 2004). 

A layer with plant re mains found in the bot tom part of the
lac us trine sed i ments of many lakes in Min ne sota (Flo rin and
Wright, 1969) can be con sid ered as an equiv a lent of the basal
peat. The main dif fer ence is the com po si tion of the veg e ta tion
in the two or ganic lay ers. In the case of the cen tral Eu ro pean
Low land, this was mostly moss grow ing un der tun dra con di -
tions, while it was a rel a tively high for est dom i nated by spruce
trees in North Amer ica (Wright and Stefanova, 2004).

MELTING OF BURIED DEAD-ICE BLOCKS: 
THE START OF LAKE DEVELOPMENT 

Dur ing pre vi ous re search in this area, the pres ent au thor de -
ter mined the be gin ning of the de vel op ment of lakes in 30 lake
bas ins (Fig. 2 and Ta ble 1), which oc cur both in the im me di ate
hin ter land of the ice sheet when it had reached its max i mum ex -
tent dur ing the Pom er a nian Phase (the Wierzyca catch ment
area) and in the area just in front of the ice (the Wda catch ment
area). The vast ma jor ity of the bas ins ap pear to rep re sent
subglacial chan nels cre ated by the ero sion of subglacial
streams. Some of these subglacial chan nels must, how ever, tak -
ing into ac count that they con tain low-ly ing morainic lev els
with a subglacial re lief that has de vel oped lo cally (drum lin-like
forms), have been eroded also by the ice (apart from the ero sion 
by subglacial streams). Field ob ser va tions also in di cate the ex -
is tence of older, pre-Weichselian struc tures in some of the
larger de pres sions (Błaszkiewicz, 1998, 1999, 2005). 

The bas ins also dif fer from one an other with re spect to their
re la tion ships with the pres ent-day hydrographical net work. In
ad di tion to the de pres sions which be came in cor po rated in river
val leys (Wierzyca, Wda, Wietcisa), endorheic bas ins ap pear
also to ex ist. Six of the bas ins still con tain lakes (the Skrzynka,
Borzechowskie Małe, Czechowskie, Zawada, Jelonek and
Kochanka lakes), while the other lakes have al ready dis ap -
peared. Com plex melt ing of bur ied ice must have oc curred.
The melt-out pro cesses var ied in in ten sity from the mo ment of
ice sheet re treat, and lasted in some de pres sions un til the end of
the Preboreal. In some of the bas ins, they oc curred in suc ces -
sive stages and on suc ces sive mor pho log i cal lev els, which
even tu ally re sulted in the de vel op ment of the pres ent-day lo cal
river net work and caused hi a tuses in the lac us trine sed i men ta -
tion. The prin ci pal mech a nism for the melt ing of the ice that
was bur ied in the de pres sions was ob vi ously downwasting in
the sense of Schomacker (2008). Bur ied ice melt ing by
backwasting was com mon in the case of pos i tive forms of
ice-cored mo raines.

Con sid er ing the tim ing of the lac us trine sed i men ta tion and
its Late Gla cial de vel op ment, three ma jor morphogenetic
groups of lake bas ins can be dis tin guished (Błaszkiewicz,
2005; Fig. 4):

– bas ins where the be gin ning of lac us trine sed i men ta tion
started be fore the AllerÝd;

– bas ins where lakes started to form dur ing the
BÝlling-AllerÝd interval; 

– bas ins where the be gin ning of lac us trine sed i men ta tion
started at the be gin ning of the Ho lo cene, i.e. the
Preboreal.
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Fig. 3. Geo log i cal struc ture of pre-AllerÝd lake level in the end de pres -
sion near Stara Kiszewa. In the lower part, a sys tem of com ple men tary 
faults (an ti thetic de for ma tions), turn ing into flex ures in the up per
part, is vis i ble. The de for ma tions dis ap pear within the light layer of
the lac us trine chalk. The silt and sandy laminae above the lac us trine
chalk are not de formed (photo by Cz. Kuchta) 
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Site 
no. Profil Geomorphic

sit ting Ma te rial dated Depth
[m] Lab. no BP 14C Age cal.14C 

years BP(*
Palynologi -
cal anal y sis Ref er ences

1 Wolny Dwór peat plains peat layer 14    Gd-15144 12 380 ±270 14615 ±520 AL Błaszkiewicz 
(2005)

2 Wilcze Góry peat plains peat layer 10.50 – – – AL Błaszkiewicz 
(2005)

3 Skarszewy 1 peat plains peat layer 7.20 Gd-15158 12 500 ±220 14763 ±470 BO/AL Błaszkiewicz 
(2005)

4 Skarszewy 2 lake ter race peat layer 2.5 – – – AL Błaszkiewicz 
(2005)

5 Malary peat plains peat layer 6.0 Gd-5937 9660 ±100 10993 ±165 PB Błaszkiewicz 
(1998)

6 Więckowy 1 peat plains peat layer 17.7 Gd-11156 9680 ±110 11006 ±176 PB Błaszkiewicz 
(2005)

7 Więckowy 1 peat plains peat layer 17.6 Gd-15140 9460 ±220 10752 ±309 PB Błaszkiewicz 
(2005)

8 Linowiec peat plains peat layer 6.2 – – – PB Błaszkiewicz 
(1998)

9 Boże Pole
Szlacheckie lake ter race peat layer 6.6 Gd-6311 13 010 ±220 15851 ±543 PAL Błaszkiewicz 

(1998)

10 Palubinek peat plains peat layer 11.6 Gd-4620 12 600 ±240 14933 ±486 BO Błaszkiewicz 
(1998)

11 Kochanka peat plains peat layer 10.7 – – – PB Błaszkiewicz 
(1998)

12 Wieck fan–delta gyttja 14.5 – – – AL Błaszkiewicz 
(2005)

13 Skrzynka Lake bot tom lake gyttja 16.6 – – – BO/AL Błaszkiewicz 
(2005)

14 Piece peat plains gyttja 12.0 – – – BO/AL Błaszkiewicz 
(2005)

15 Iwiczno peat plains peat layer 13.1 Gd-13052 10 700 ±350 12454 ±475 AL Błaszkiewicz 
(2005)

16 Czechowskie
Lake bot tom Lake gyttja 23.5 – – – AL Błaszkiewicz 

(2005)

17 Czechowskie
Peatlands peat plains peat layer 6.2 Gd-10932 12 500 ±170 14771 ±413 BO/AL Błaszkiewicz 

(2005)

18 Czarne peat plains peat layer – – – – AL Błaszkiewicz 
(2005)

19 Borzechowskie
Małe Lake bot tom lake peat layer 18.8 – – – AL Błaszkiewicz 

(2005)

20 Borzechowo 2 peat plains peat layer 13.2 Gd-12387 9720 ±150 11054 ±221 PB Błaszkiewicz 
(2005)

21 Borzechowo 3 peat plains peat layer 9.65 Gd-12391 9888 ±130 11415 ±200 PB Błaszkiewicz 
(2005)

22 Biała Góra peat plains peat layer 11.1 Gd-12393 9860 ±130 11383 ±205 PB Błaszkiewicz 
(2005)

23 Gniew 1 peat plains peat layer 16.1 Gd-14047 12 250 ±350 14490 ±590 AL Błaszkiewicz 
(2005)

24 Gniew 2 peat plains peat layer 16.0 Gd-11470 11 450 ±120 13972 ±561 AL Błaszkiewicz 
(2005)

25 Gniew 3 peat plains peat layer 15.95 Gd-13045 11 850 ±390 13348 ±166 AL Błaszkiewicz 
(2005)

26 Kochanka Lake bot tom lake peat layer 22.7 Poz-29716 (AMS) 11 730 ±60 13611 ±136 – this study

27 Smolniki lake ter race peat layer   5.74 Poz-26683 (AMS) 12 590 ±70 14941 ±302 BO/AL this study

28 Szlaga 10 peat plains peat layer 14.45 Poz-26780 (AMS) 9380 ±50 10612 ±61 PB this study

29 Szlaga 11 peat plains peat layer 12.54 Poz-26742 (AMS) 9330 ±50 10544 ±78 PB this study

30 Skorzenno peat plains peat layer 17.90 – – – BO/AL this study

31 Zawada Lake bot tom lake peat layer 18.50 – – – PB Błaszkiewicz 
(2005)

32 Zawada Peatlands peat plains peat layer 10.0 Poz-3628 (AMS) 9760 ±60 11183 ±46 PB Błaszkiewicz 
(2005)

* – cal i bra tion in pro gram CalPal; PAL – pre-AllerÝd; BO – BÝlling; AL – AllerÝd; PB – Preboreal

T a  b l e  1

Sites in the Starogard Lakeland where the be gin ning of the lake de vel op ment was de ter mined, by means of palynological and ra dio car bon dates



THE PRE-ALLER�D LAKES

The term “pre-AllerÝd” is not very pre cise and in cludes the
pos si bil ity of ac cu mu la tion of lake sed i ments in both BÝlling
and pre-BÝlling (Meiendorf af ter Menke, 1968). It ap plies to
most sit u a tions in which more pre cise palaeobotanic dat ing is
dif fi cult, for ex am ple due to the lim ited thick ness of biogenic
sed i ments within the min eral de pos its, with out a clear strati -
graphic con ti nu ity with the biogenic sed i ments from the youn -
ger, i.e. AllerÝd time-span.

Lac us trine sed i ments of pre-AllerÝd lakes are not com -
monly re ported from the cen tral parts of lake bas ins, but from
high-ly ing lev els on the slopes of the de pres sions, usu ally from
a few to sev eral metres above the cur rent lake-wa ter sur face or
the mod ern peat plains (Nitz, 1984; Chrobok et al., 1986;
Niewiarowski, 1986, 1988, 1989; Błaszkiewicz and
Krzymińska, 1992; Nowaczyk, 1994; Nitz et al., 1995;
Błaszkiewicz, 1998).

Un doubt edly the de vel op ment of pre-AllerÝd lakes took
place in a periglacial cli mate, when dead-ice blocks were pres -
ent, as in di cated by the de for ma tion struc tures in the de pos its,
and with small melt-out forms at the sur face of mor pho log i cal
lev els. Sed i ments of pre-AllerÝd lakes are rarely found in the
deep est parts of mod ern lakes. Hence, it can be in ferred that
they were rel a tively shal low, in sig nif i cant, and spread over the
lower parts. Their oc cur rence was as a rule con fined to the
slopes of the de pres sions. The pre-AllerÝd lakes had a short
life time be cause they were quickly filled or drained due to the
de vel op ment of the river net work and the in te gra tion of the in -
di vid ual bas ins into val ley sys tems.

The most rep re sen ta tive site with these de pos its oc curs in
the de pres sion near Stara Kiszewa, in which a frag mented
pre-AllerÝd lac us trine level is pres ent at an al ti tude of 3–8 m
above the floodplain of the Wierzyca River and a few metres

be low the mo raine pla teau. The most char ac ter is tic el e ments in
the mor phol ogy of this level are small melt-out de pres sions.
The level in cludes a 7 m sand/mud/car bon ate lac us trine suc ces -
sion on top of a sandy ab la tion till (Fig. 4). The low er most unit
of this suc ces sion con sists of al ter nat ing mas sive muds and
mas sive sands with a large amount of mud/clay intraclasts. At a
depth of 6.6 m, be tween lay ers of clayey mud, a dis con tin u ous
peat layer is pres ent. Its ra dio car bon age is 13 010 ±220 years
BP (Gd-6311), and it con tains a Youn ger Dryas flora (with,
among other taxa, Salix, Betula nana, Dryas octopetala,
Selaginella selaginoides). Di rectly above these de pos its, a
0.5 m thick car bon ate layer oc curs con tain ing a malacofauna
with cold-lov ing spe cies of Holarctic range (Błaszkiewicz and
Krzymińska, 1992); it is cov ered by clayey/muddy/sandy de -
pos its that form a suc ces sion 5 m thick.

All de pos its in the bot tom part of the ex po sure, down to
the car bon ate layer, are cut by a net work of nor mal faults with
ver ti cal dis place ments up to 20 cm (Fig. 3). Along the fault
lines, con tin u ous de for ma tions ap pear at the bot tom of the
car bon ate layer in the form of small folds, while the over ly ing
layer is not dis turbed. The geo log i cal struc ture of the level re -

cords the full life cy cle of a pre-AllerÝd lake, from the shal low 
back wat ers of a wet land char ac ter, through a grad ual deep en -
ing of the lake ba sin as a re sult of melt ing of the ice in the sub -
stra tum, to the shallowing of the lake as a re sult of rapid sup -
ply of clastic ma te rial.

The above pre-AllerÝd lake was drained in the mid dle
BÝlling to wards the nearby chan nel. This is in di cated by ra dio -
car bon (12 600 ±240 years BP – Gd-4620) and palynological
datings of the peaty mud lo cated at the base of the lac us trine
sed i ments in the cen tre of the mar ginal de pres sion (biogenic-al -
lu vial floodplain) that al ready had formed in the youn ger-gen -
er a tion lake. Lack of pre-AllerÝd sed i ments suggests that the
func tion ing of these old est lakes was lim ited to small spaces be -

366 Mirosław Błaszkiewicz

Fig. 4. Cross-sec tion through the bot tom of a de pres sion near Stara Kiszewa



tween the slopes of the de pres sions, and the blocks of dead-ice
fill ing most of these de pres sions. 

The anal ogy with the old est gen er a tion of the lakes in the
Biesenthal Ba sin near Berlin (Nitz et al., 1995) is large. More -
over, such a sit u a tion in di cates a time gap in lac us trine sed i -
men ta tion be tween the ac cu mu la tion in pre-AllerÝd lakes and
the suc ces sive youn ger gen er a tion of lakes which de vel oped at
the lower mor pho log i cal lev els of the de pres sions. In the case
of the mar ginal de pres sion near Stara Kiszewa, it lasted only
un til the mid dle BÝlling.

THE B�LLING-ALLER�D LAKES

De spite doc u mented cases of pre-AllerÝd de vel op ments of
lakes, most sed i ment in fill ing of lakes in bas ins of the young
gla cial ar eas started dur ing the BÝlling–AllerÝd in ter val (e.g.,
Więckowski, 1966; Stasiak, 1971; Niewiarowski, 1989;
Ralska-Jasiewiczowa and Starkel, 1988; Nowaczyk, 1994;
Nitz et al., 1995; Żurek, 1995, 1996; Davydova and Ser -
vant-Vildary, 1996; Jakuszko, 1999; Kai ser, 2001). Sub se -
quently, when the larg est Late Gla cial global warm ing oc -
curred, the main phase of melt ing of bur ied dead-ice blocks
took place. In some de pres sions, the for ma tion of these lakes
was pre ceded by a short peat-form ing phase. Af ter melt ing of
the bur ied dead-ice blocks, these peats oc cu pied the low est po -
si tions of the lake bot toms of the mod ern lake bas ins.

Di rectly above the basal peat layer, deep lac us trine sed i -
men ta tion took place dur ing the Late Gla cial. This lac us trine
sed i men ta tion was con tin u ous, which in di cates rapid melt ing
of the dead-ice, re sult ing in a sup ply of wa ter to and to tal ex hu -
ma tion of these bas ins dur ing the AllerÝd (Fig. 5). A par tic u -
larly good in di ca tor of the ac cel er ated pace of melt ing of the
dead-ice blocks and the or i gin of these lake bas ins al ready in
the AllerÝd is the un dis turbed char ac ter of the de pos its over ly -
ing the AllerÝd gyttja. These de pos its show well-de vel oped
con tin u ous lam i na tion in the lower parts of cores from Jelonek
Lake and Czechowskie Lake in the Tuchola for ests
(Błaszkiewicz, 2005). Geomorphological ev i dence in di cates
that the wa ter level of the lakes was com monly slightly higher
im me di ately af ter the de vel op ment of the lakes than it is now a -
days (Błaszkiewicz, 2005).

THE PREBOREAL LAKES

Sed i men ta tion started in four of the subglacial chan nels un -
der study dur ing the Preboreal. In all cases, the de vel op ment of
early Ho lo cene lakes was pre ceded by a peat-form ing phase
(Fig. 5). The Preboreal basal peats are much thicker than the
AllerÝd peat (av er age 10–40 cm). The peats are sit u ated di -
rectly on the min eral sub stra tum of the chan nels. The ab sence
of older lac us trine or peat de pos its at the base of the Preboreal
basal peat in di cates that the bas ins of these lakes never acted as
sed i men tary bas ins dur ing the Late Gla cial.

The warm ing of the BÝlling-AllerÝd in ter val re sulted in a
grad ual low er ing of the top of the bur ied ice (Fig. 5). Drain age
could, how ever, re strict the in ten sity of this pro cess. A si mul ta -
neous in crease in the thick ness of the min eral cover by
morainic ma te rial fall ing from the ma te rial on top of the melted

ice should also be con sid ered. Ac cu mu la tion of the basal peats
on the min eral cover started as a rule dur ing the be gin ning of
the Preboreal, whereas deep-lake ac cu mu la tion took place at
the end. This is in di cated by the fast melt ing of bur ied dead-ice
blocks, lead ing to the fomation of the lake bas ins at the end of
the Preboreal. The youn gest gla cial lakes in the young gla cial
area could then thus de velop, and their fur ther de vel op ment de -
pended on the cli mate and the hy dro log i cal con di tions
(Błaszkiewicz, 2005; Słowiński, 2010).

CAUSES OF THE TEMPORAL VARIATION 
OF THE MELT-OUT PROCESSES

As mentioned above, the various lake ages were
determined by different durations of the preservation of the
blocks of dead-ice and different developments of the melt-out
processes. The thickness and the type of the mineral cover had
beyond doubt also an important influence (Galon, 1982;
Niewiarowski, 1989; Nowaczyk, 1994; Böse, 1995), and this
holds also for the presence of peats above the blocks of buried
ice (Błaszkiewicz, 2005). 

The field data clearly in di cate that, in ad di tion to the min -
eral cover, a par tic u larly im por tant fac tor in flu enc ing the pres -
er va tion of dead-ice blocks un til the Preboreal was the con tin u -
ous drain age of the de pres sions (Błaszkiewicz, 2002, 2005).
This con di tion was met in par tic u lar by the bas ins lo cated in the 
vi cin ity of a stream that caused down ward ero sion dur ing the
Late Gla cial. On the other hand, in places where the mor pho -
log i cal con di tions fa voured a lon ger per sis tence of stag nant
wa ter, the ther mal ef fect of the wa ter on the un der ly ing
dead-ice led to melt ing and the for ma tion of lake bas ins as early 
as the beginning of the Late Glacial.

Ac cel er ated melt ing, which is a pro cess with pos i tive
feed back, took place af ter the first sea son dur ing which the
lake had be come suf fi ciently deep to avoid freez ing of its wa -
ter down to the bot tom (Homann et al., 2002; Błaszkiewicz,
2005). A good ex am ple of such con di tions is the chan nel of
the Borzechowskie lakes where it meets the val ley of the
Wda: the dif fer ences in age of the lakes de pend on the re la tion 
of in di vid ual parts of the chan nel to the drain ing sur face
(Błaszkiewicz, 2005). The sec tion of the subglacial chan nel in 
which lac us trine sed i men ta tion, pre ceded by a phase of fen
de vel op ment, oc curred only in the Preboreal, was drained
dur ing the Late Gla cial by the quickly down wards erod ing
Wda River (Figs. 6 and 7). Both the lo cal mor pho log i cal con -
di tions, es pe cially the slope of the part of the chan nel that was
con cor dant with the axis of the val ley, and the per ma nent low -
er ing of the base level of the Wda Val ley, fa voured rapid
drain age. The bur ied ice in the bot tom of the chan nel was
there fore not ex posed to the higher tem per a ture of the wa ter
and could es cape melt ing lon ger. Only with the rapid cli ma tic
ame lio ra tion dur ing the sec ond half of the Preboreal and the
sta bili sa tion of the ero sive and ac cu mu la tive pro cesses at the
bot tom of the Wda Val ley, did this en tire sec tion of the chan -
nel be came a lake (with run ning wa ter).

The palaeo geo graphi cal de vel op ment along the Wda chan -
nel was, ob vi ously, more com plex. The mor pho log i cal con di -
tions in other parts of this chan nel, where the ba sin of Małe
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Borzechowskie Lake de vel oped, did not, on the other hand, en -
able drain age of the melt wa ter that was sup plied as a re sult of
the global warm ing dur ing the BÝlling-AllerÝd in ter val. The
ther mal in flu ence of the wa ter on the un der ly ing ice thus led
there to the rapid for ma tion of a deep lake. Al ready dur ing the
AllerÝd, af ter a brief peat-forming phase, cal car e ous gyttja

started to de velop in the deeper part of the lake. Com plete melt -
ing of the bur ied ice and full de vel op ment of the lake ba sin then 
took place. It must be em pha sized in this con text that the melt -
ing of bur ied dead-ice blocks un der ther mal-karst con di tions
was very fast, re gard less of the time-span dur ing which the bas -
ins were pre served. 
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Fig. 5. Melt-out de vel op ment of the bur ied dead-ice and re lated lake de vel op ment in the Late Gla cial and early Ho lo cene

A – pre-AllerÝd lakes; B – lakes of the BÝlling-AllerÝd interval; C – lakes of the BÝlling-AllerÝd in ter val with basal peat bog; 
D – early Ho lo cene lakes; 0 – level of con tem po rary lakes or peat bog plains



BURIED ICE AND PERMAFROST – DISCUSSION

Al though the main melt ing phase of the dead-ice blocks
and the for ma tion of the lakes took place dur ing the
BÝlling-AllerÝd in ter val, bas ins with bur ied ice sur vived in
east ern Pomerania un til the Preboreal (Błaszkiewicz, 2003,
2005). The re la tion ship be tween the du ra tion of the pres er va -
tion of the bas ins and the pres ence of per ma frost is of ten em -
pha sized (e.g., Nitz, 1984; Böse, 1995; Kozarski, 1995). Long
pres er va tion of dead-ice bod ies af ter the dis ap pear ance of per -
ma frost is dif fi cult to ac cept (Marks, 1996), al though the mar -
ginal zones in Ice land show that it is pos si ble: the area in front
of, among other gla ciers, the Tungnaarjökull and Skeidarar -
jökull, where no per ma frost is pres ent and the av er age an nual
tem per a ture is about 4°C, still con tain blocks of gla cial
dead-ice in ice-mo raine ram parts, kame forms and outwash

lev els from the end of the Lit tle Ice Age (Wiśniewski et al.,
1997; Wors ley, 1997; Andrzejewski, 2002). Ob vi ously, grad -
ual melt ing of bur ied ice takes place, but the in ten sity of this
pro cess is de ter mined pri mar ily by the lo cal mor pho log i cal
con di tions af fect ing mass move ments, and by the thick ness of
the min eral cover and the pres ence of veg e ta tion (Krüger and
Kjaer, 2000; Kjaer and Krüger, 2001; Schomacker, 2008).

Un der per ma frost con di tions, ice blocks can be fully pre -
served if the min eral cover is thicker than the depth of the ac tive 
layer (Boulton, 1967; Grześ, 1986, 1987; Araźny and Grześ,
2000). Ice that was bur ied this way be comes part of the per ma -
frost and its fur ther de vel op ment is re lated to the per ma frost
evo lu tion. In turn, bur ied ice af fects the deg ra da tion of per ma -
frost sig nif i cantly; this was ob served for per ma frost with a
large amount of ground ice in north west ern Can ada (Murton,
1996, 2001; Dyke and Brooks, 2000), and for pingo forms in
Cen tral Asia (Babiński, 1982).
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Once res er voirs with wa ter that does not freeze to the bot -
tom in win ter de velop over bur ied blocks of dead-ice, the ther -
mal ef fect of the wa ter on the dead-ice un der neath leads to
rapid melt ing and the for ma tion of a lake ba sin. This hap pened
at the be gin ning of the Late Gla cial (Błaszkiewicz, 2003). Con -
se quently, where blocks of dead-ice were pres ent, taliks spread
down from the sur face, sig nif i cantly ac cel er at ing the deg ra da -
tion of the permafrost.

The bur ied ice had a chance to be pre served lon ger, how -
ever, even un til the Preboreal, in places where the re lief fa vored 
con tin u ous drain age. This con di tion was es pe cially ful filled by
the bas ins that were lo cated in the vi cin ity of a stream, and that
were sub ject to on go ing down ward ero sion dur ing the Late
Gla cial (Błaszkiewicz, 2005). The be gin ning of the phase
change from ice to wa ter re quires large amounts of en ergy;
hence, dead-ice caused a sig nif i cant de lay for such a change in
ther mal re gime, at least in its im me di ate vi cin ity. Large blocks
of ice must have been pow er ful “res er voirs” of cold, and they
must thus have in flu enced the per sis tence of low tem per a tures
(be low or close to 0°C) in the min eral en vi ron ment. This cre -
ated suit able con di tions for the pres er va tion of relic per ma frost
through out the BÝlling-AllerÝd in ter val. 

The cool ing of the Youn ger Dryas fa vored fur ther pres er -
va tion of dead-ice blocks. The dom i nance of min eral sed i ments 
at the bot tom of the then lakes in di cates in ten sive slope pro -
cesses that could de velop thanks to the sparse veg e ta tion of the
park land tun dra (Madeyska, 1998). Most prob a bly dis con tin u -
ous per ma frost re ap peared in the Youn ger Dryas, and at places

with sur viv ing rel ict ice par tial aggradation even took place.
This con clu sion is sup ported by the cli mate mod els, which sug -
gest that per ma frost was then prob a bly pres ent (Renssen et al.,
2000). The rapid warm ing in the early Ho lo cene must, ob vi -
ously, quickly have made dis ap pear the sur viv ing blocks of ice
and the sur round ing per ma frost. Where bur ied dead-ice blocks
still were pres ent, the youn gest gen er a tion of lakes ap peared at
the end of the Preboreal. 

In this con text, the re sults of tem per a ture mea sure ments in
deep cores in the Suwałki re gion (in clud ing bore hole Udryń
IG 8) are in ter est ing. At a depth of about 550 m, ther mal in ver -
sion was re corded, in ter preted as an echo of per ma frost
(Szewczyk, 2002, 2005). In 2010, at a depth of 357 m, a frozen
soil layer was found in the nearby Szypliszki bore hole
(Szewczyk and Nawrocki, 2011). All these bore holes are lo -
cated in the area cov ered by the ice sheet of the last gla ci ation.
Such a deep range of pri me val per ma frost sug gests that, when
this area was cov ered by the ice sheet, not all per ma frost which
had formed dur ing the cataglacial phase of the Late
Weichselian dis ap peared, but it is pos si ble that rel ics of per ma -
frost from ear lier Weichselian phases had been pre served. 

Per ma frost deg ra da tion un der an ice sheet is likely to be
lim ited to the up per layer of the per ma frost, in which cir cu la -
tion of subglacial wa ter can take place. The per ma frost form ing 
from the sur face down wards can be come con nected with
deeper relic per ma frost dur ing ice sheet re treat. This sup ports
the pos si bil ity of long-term pres er va tion of cer tain bas ins by
bur ied blocks of ice until the Preboreal. 
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Fig. 7. Geo log i cal cross-sec tions across the bot tom of the sublacial chan nel of Lake Małe Borzechowskie – Wda River

AL – AllerÝd; PB – Preboreal; for lo ca tion of the cross-sec tions see Fig ure 6



Palaeozoological and palaeobotanical stud ies form the best
source of our knowl edge about the palaeo ge ogra phy and the
en vi ron ment of the Late Gla cial and early Ho lo cene of Po land
(Starkel, 1977; Kozarski, 1991; Ralska-Jasiewiczowa, 1991).
Plant and an i mal hab i tats adapted quickly to en vi ron men tal
changes, mainly evoked by cli mate change. The re sponse of
most of the abiotic com po nents to these changes took place,
how ever, with some de lay. The bi otic en vi ron ment of the end
of the AllerÝd, of course ex clud ing the Youn ger Dryas, was al -
most the same as that of the Ho lo cene. In the area of the
Tuchola Forest, birch/pine com mu ni ties with an ad mix ture of
as pen dom i nated (Miotk-Szpiganowicz, 1992). The re ac tion of 
the “gla ci ation un der ground” to the Late Gla cial cli mate
change was, how ever, far slower and de pended largely on lo cal 
fac tors and on the tem per a ture dis tri bu tion in the lower sub soil.

CONCLUSIONS

It has been found on the ba sis of the low er most lac us trine
sed i ments that the start of lac us trine sed i men ta tion was asyn -
chron ous in the study area, which had been cov ered by an ice
sheet dur ing the last gla ci ation. Most lakes ap peared in the
BÝlling-AllerÝd in ter val, but older lakes had al ready formed
be fore the AllerÝd, whereas other lakes came into be ing only at
the end of the Preboreal.

The main rea son for the dif fer ence in the for ma tion of the
lakes was due to the di ver sity of melt-out pro cesses of the bur -
ied dead-ice blocks. The melt ing in ten sity dif fered af ter the

time of ice sheet re treat and lasted in some de pres sions un til the
end of the Preboreal. Par tic u larly im por tant for the pres er va tion 
of blocks of dead-ice was the con stant or in ter rupted char ac ter
of the drain age of the de pres sions, es pe cially for the de pres -
sions in the vi cin ity of a wa ter course that was sub ject to down -
ward ero sion during the Late Glacial. 

On the other hand, lo cal mor pho log i cal con di tions fa vored
lon ger pres er va tion of stag nant wa ter, and the ther mal ef fect of
wa ter above the dead-ice led to rapid melt ing and to the es tab -
lish ing of a lake ba sin at the be gin ning of the Late Gla cial. The
melt-out of bur ied dead-ice blocks, un der thermokarst con di -
tions, was very fast re gard less of how long that dead-ice had
survived. The long-term pres er va tion of the lake bas ins as a
con se quence of the pres ence of bur ied dead-ice blocks not only
in di cates the pres ence of Late Gla cial per ma frost in the ar eas
cov ered by the last ice sheet, but also pro vides ev i dence for the
tim ing of its ul ti mate dis ap pear ance. The prob a ble age of the fi -
nal deg ra da tion of per ma frost in the study area is the end of the
Preboreal.

Ac knowl edge ments. The manu script was greatly im -
proved by the com ments and amend ments made by T. van
Loon and L. Marks. The re search was fi nanced as part of the
KBN 6 PO4E 040 15 pro ject “Or i gin and evo lu tion of the lac -
us trine sed i men tary bas ins dur ing the Late Weichselian and
Early Ho lo cene in the east ern part of Pomerania”. The study
was per formed as part of the or der by the Pol ish Geo log i cal In -
sti tute to pre pare de tailed geo log i cal maps for the sheets of
Stara Kiszewa, Zblewo and Osiek at the 1:50 000 scale.
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