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Lac us trine or ganic sed i ments were sam pled at Gronowo (Che³mno Pla teau) and Piotrkowo (Dobrzyñ Pla teau) lo cated within 
a wide spread sys tem of subglacial chan nels sep a rated by the large Drwêca ice-mar ginal val ley. They have been ex am ined
for their pol len, plant macro-re mains and geo chem is try, as well as ra dio car bon-dated. The anal y ses have al lowed re con -
struct ing the evo lu tion of the area and pre sent ing an asyn chron ous ap pear ance of two lakes. Be fore lake sed i men ta tion,
glaciolimnic sed i ments from the end of Plenivistulian, at the site of Piotrkowo, was dated. Lac us trine sed i men ta tion started
dur ing the AllerÝd at Gronowo, and dur ing the Preboreal at Piotrkowo. The dif fer ent age of the two lakes is as cribed mainly to
dif fer ences in the Late Gla cial drain age con di tions which di rectly af fected the melt ing away of dead-ice blocks bur ied in the
chan nels.

Key words: Palaeolakes, bur ied dead-ice, Plenivistulian, Late Gla cial, Ho lo cene, north ern Po land.

INTRODUCTION

Lake de pres sions can be eas ily rec og nized in the mor phol -
ogy of ar eas cov ered by ice of the Last Gla cial Max i mum (LGM).
Some of these ar eas still in clude lakes, but most of the lakes dis -
ap peared be cause the de pres sions have be come com pletely
filled with sed i ments and changed into peat bogs. In the past few
years, sed i ments that had ac cu mu lated in such lake bas ins have 
been in ves ti gated by large in ter dis ci plin ary re search groups.
These fo cused par tic u larly on the re con struc tion of en vi ron men -
tal and cli ma tic changes dur ing the last 15,000 years
(Ralska-Jasiewiczowa et al., 1998; B³aszkiewicz, 2013;
S³owiñski et al., 2014), and pro vided sev eral new data on the
morphogenesis of the lake bas ins. While their Ho lo cene evo lu -
tion, es pe cially in the con text of hy dro log i cal changes, has been
de scribed rel a tively well, nu mer ous ques tions con cern ing the
Late Gla cial evo lu tion of these lake bas ins have still to be an -
swered. This par tic u larly holds for the pro cesses in volved in the
ba sin for ma tion, the be gin ning of lac us trine sed i men ta tion, or the 
iden ti fi ca tion of ear lier (glaciolimnic sed i ments) lake-gen er a tions.

It ap pears that these ques tions get more var i ous an swers
with the in creas ing num ber of ex am ined lake bas ins. Apart from 
the most com mon group of lakes, which de vel oped in what
might be in sim ple called the Bölling-AllerÝd com plex, this is
shown by stud ies of both the (older) pre-AllerÝd lake gen er a -

tions and the (youn ger) lakes that de vel oped at the be gin ning of 
the Ho lo cene (e.g., Wiêckowski, 1993; Ralska-Jasiewiczowa,
1998; Niewiarowski, 2003; B³aszkiewicz, 2005; Kai ser et al.,
2009; Gamrat et al., 2014). The dif fer ent ages of the lakes can
be ex plained sat is fac to rily only by the com plex ity of the melt ing
away of bur ied dead-ice blocks. This is com monly ac cepted for
lakes in postglacial ar eas, but pub lished data about the time of
melt ing and the role of this melt ing in the morphogenesis of lake 
bas ins vary sig nif i cantly (Nitz, 1984; Pachur and Röper, 1987;
Böse, 1995; Nitz et al., 1995; Marks, 1996; Kai ser, 2001;
B³aszkiewicz, 2005, 2011a; B³aszkiewicz et al., 2015).

Stud ies pre sented in this con tri bu tion also in di cate dif fer ent
times of the ap pear ance of the lakes in the bas ins un der study,
which de vel oped un der dif fer ent hydrogeological con di tions
within the same subglacial chan nel, al though on op po site sides
of a large ice-mar ginal val ley (Fig. 1). This dif fer ence in the con -
di tions pro vided a sound ba sis for a com par a tive anal y sis that
aims at rec og ni tion of the rea sons for the dif fer ent ages of
postglacial lakes, and at a thor ough dis cus sion of the is sues re -
lated to the Late Gla cial evo lu tion of lake bas ins in ar eas that
were cov ered by the last gla ci ation.

STUDY AREA

The study area is lo cated at the con tact zone be tween two
postglacial land scape units, the Che³mno and Dobrzyñ
lakelands (Kot, 2015), which are sep a rated by the lower Drwêca 
ice-mar ginal and river val ley (Fig. 1). Their mor phol ogy, de vel -
oped dur ing the last late Vistulian stillstand of the ice sheet, is
char ac ter ized by nu mer ous subglacial chan nels. The chan nels
can be eas ily rec og nized be cause they show var i ous
geomorphological fea tures as well as dif fer ent ori en ta tions with
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Fig. 1. Location of the study areas

A – Drwêca ice-marginal valley; B – schematic geomorphology of the Gronowo site; C – schematic geomorphology of the Piotrkowo site



re spect to the mar gin of the last ice sheet (Niewiarowski, 1959;
Dzier¿ek, 2009). The forms are an im por tant com po nent of val -
ley-lake sys tems within the area of Po land that was reached by
last ice sheet (Andrzejewski, 1994; B³aszkiewicz, 1998, 2005).

Many as pects of subglacial chan nel morphogenesis have
been ex plained and dis cussed al ready in nu mer ous works, e.g.
by Kozarski (1967), Pasierbski (1979), Galon (1983),
Niewiarowski (1988, 1995a), Benn and Ev ans (1998), Molewski 
(1999), and Piotrowski (2014). The forms, show ing var i ous ori -
en ta tions and shapes, cut through morainic up lands, outwash
plains and, in spe cific cases, ice-mar ginal and river val leys.
Such in ter sec tions of subglacial chan nels with ice-mar ginal and 
river val leys pro vide op por tu ni ties for palaeogeographic in ter -
pre ta tion of the com plex pro cesses that were in volved in the
for ma tion of val ley-lake sys tems, par tic u larly with re spect to
their early stages (which fol lowed im me di ately af ter the dis ap -
pear ance of the ice sheet) and their later phases (which were
linked to grad ual deg ra da tion of dead ice that was pre served in
the deep est parts of the sys tems).

The two chan nels, in which the lake bas ins un der study de -
vel oped, be long to a joint sys tem of con nected chan nels in -
cised into the Che³mno and Dobrzyñ pla teaus. They are sep a -
rated from one an other by the Drwêca ice-mar ginal and river
val ley (Niewiarowski, 1968). The north ern area of the chan nel
sys tem, sit u ated within the south ern part of the Che³mno Pla -
teau, is de vel oped on an outwash plain. The chan nel fol lows
ori ented de pres sions in the Drwêca ice-mar ginal val ley, such
as the rel a tively deep and long ba sin of Okonin Lake
(B³aszkiewicz and Kordowski, 2009). The chan nel sub se -
quently ex tends on the Dobrzyñ Pla teau, where it is partly oc -
cu pied by the Lubianka River and Piotrkowskie Lake. It shows
clearly dif fer ent fea tures here, be ing carved into the sur face of
a flat and un du lat ing morainic up land with spe cific gla cial lev -
els (Fig. 1) that show a pre ferred ori en ta tion due to ero sional
ac tiv ity of subglacial wa ters.

Geo log i cal and geomorphological map ping pro vided nu mer -
ous data on the land forms and geo log i cal set ting of the chan nel
sys tem and its sur round ings (Deneko and Andrzejewski, 2012). It
ap pears that both the ori ented con vex forms and the chan nel fills,
from the sur face to a depth of sev eral metres, are com posed of till, 
which con firms a gla cial or i gin. The north ern part of the chan nel, in 
the Gronowo area, is con se quently as sumed to have been eroded 
by subglacial melt wa ter. How ever, the south ern part that is lo cated 
on the op po site side of the ice-mar ginal val ley, in the Piotrkowo
area, has a more com plex or i gin. Fol low ing the clas si fi ca tion by
Niewiarowski (1995b), it may be con sid ered a gla cial-glaciofluvial
landform. Its ini tial out line was shaped by gla cial ero sion (ice
streams?), whereas its fi nal form was de ter mined by subglacial
wa ters that cut through the lower up land lev els. The first subglacial 
de vel op men tal stages of the chan nel sys tem took place dur ing the 
Kujawy–Dobrzyñ subphase, whereas the sub se quent proglacial
stages con tin ued dur ing the Kra jna– W¹ brzeŸno subphase of the
last gla ci ation. The fi nal de vel op ment of this com plex chan nel,
which oc curred dur ing the Late Gla cial and the be gin ning of the
Ho lo cene, ac com pa nied the grad ual deg ra da tion of the ice, pre -
serv ing the low est chan nel parts.

RESEARCH METHODS

FIELDWORK

The geo log i cal set ting of the study area was thor oughly in -
ves ti gated through nu mer ous drillings with the Eijkelkamp man -

ual probe. Geo log i cal and geomorphological map ping was car -
ried out to es tab lish the (large) thick ness (sev eral metres) and
di ver sity of the biogenic sed i ments (Figs. 2 and 3). Even tu ally,
cores of un dis turbed or ganic sed i ments were col lected from the 
Gronowo (de noted as G) and Piotrkowo (de noted as P) sites for 
lab o ra tory anal y ses, us ing a Living stone probe as mod i fied by
Wiêckowski (1959, 1966), for the sam ples from bore holes GI,
GII and PI, and an Ins-torf man ual probe for the sam ples from
bore hole GV.

POLLEN ANALYSIS

For pol len anal y sis, 170 sed i ment sam ples, each with a vol -
ume of 1 cm3, were col lected at a stan dard 10 cm res o lu tion (or
less if con sid ered nec es sary or de sir able). The sed i ments were
mac er ated fol low ing the stan dard pro ce dure (Dyakowska,
1959; Berglund and Ralska-Jasiewiczowa, 1986; Sadowska
and Ch³opek, 2003). Car bon ate com pounds were re moved with 
10% HCl. Af ter wards, Lycopodium in di ca tor tab lets were added 
in or der to de ter mine the con cen tra tion of sporomorphs. Next,
humic ac ids were re moved from the ma te rial by boil ing with
10% KOH. The con tent of cel lu lose com pounds was de creased 
through Erdtman acetolysis. Min eral mat ter was re moved from
the sed i ment with 40% HF. The pol len anal y sis was car ried out
un der a light mi cro scope at mag ni fi ca tions of 100x, 200x and
400x. The re sults were pre sented us ing the POLPAL soft ware
for Win dows (Nalepka and Walanus, 2003; Walanus and
Nalepka, 1996; Figs. 4–7). At least 1,000 pol len grains of trees
and shrubs (AP) were counted, ex cept for the silty sed i ments
from bore hole PI, where – due to the low pol len con cen tra tion –
only up to 200 AP grains could be counted.

PLANT MACRO-REMAINS ANALYSIS

Plant macro-re mains anal y sis was per formed for 12 sam -
ples from bore hole GII. The ma te rial was mac er ated ac cord ing
to a pro ce dure ap plied at the W. Szafer In sti tute of Bot any, Pol -
ish Acad emy of Sci ences (Velichkevich and Zastawniak, 2006), 
in clud ing boil ing of the sed i ment with 10% KOH fol lowed by
wet-siev ing on a 0.2 mm sieve. Af ter prep a ra tion, the sam ples
were ana lysed un der a ste reo scopic mi cro scope. The sorted
re mains were iden ti fied with the use of nu mer ous at lases and
keys (Berggren, 1969; Cappers et al., 2006; Velichkevich and
Zastawniak, 2006, 2008). The re sults were de picted in a his to -
gram plot ted with the POLPAL soft ware for Win dows (Nalepka
and Walanus, 2003).

RADIOCARBON DATING

The ra dio car bon age of sed i ments was de ter mined for eight 
sam ples. Sam ple prep a ra tion fol lowed Walanus and Goslar
(2009). Four sam ples were ex am ined with the AMS method in
the Poznañ Ra dio car bon Lab o ra tory, whereas the other four
sam ples were dated with the con ven tional method in the Ra dio -
car bon Lab o ra tory, Silesian Uni ver sity of Tech nol ogy at Gliwice 
(Po land). The ages were cal i brated with the OxCal v4.1.7 soft -
ware (Reimer et al., 2009) to cal BP age (see Ap pen dix 1*).

LOSS ON IGNITION

The loss of ig ni tion was de ter mined for 89 sam ples in or der
to char ac ter ize the or ganic sed i ments. The sam ples were
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Fig. 2. Cross-section through the Gronowo site

Fig. 3. Cross-section through the Piotrkowo site

Other explanations as in Figure 2
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weighed be fore and af ter ig ni tion at 105, 550 and 920°C, in or -
der to de ter mine the con tent of or ganic mat ter, car bon ate com -
pounds, and non-car bon ate min eral res i due.

NUMERICAL ANALYSES

All nu mer i cal pro ce dures were car ried out with the POLPAL
2004 soft ware pack age. The re sults of the pol len anal y ses were 
pro cessed us ing the ConSLink method, rar efac tion anal y sis
(RA), anal y sis of the sam ple sim i lar ity ma trix (SSM), and prin ci -
pal com po nent anal y sis (PCA). This en abled ver i fi ca tion of the
di vi sion into L PAZ and cor re la tion of the var i ous pol len di a -
grams.

RESULTS

The re sults of all anal y ses are com piled in Ap pen dix 1, to -
gether with ad di tional in for ma tion on the pol len as sem blage
zones, plant macro-re mains, ra dio car bon datings, and the
changes in li thol ogy. The re con struc tion of bas ins evo lu tion
(Figs. 8 and 9) fol lows the biostratigraphic di vi sion of the Late
Gla cial and the Ho lo cene by Mangerud et al. (1974), cal i brated
by Walanus and Nalepka (2010). The chronostratigraphy fol -
lows that pro posed by Litt et al. (2001) for the Late Gla cial, and
by Starkel et al. (2013) for the Early Ho lo cene.

A. End of the Plenivistulian (be fore 14,450 cal BP – Litt
et al., 2001)

The old est or ganic sed i ments, rep re sent by grey, lo cally lam -
i nated silts, were found at the Piotrkowo site (zone PI,
1440–890 cm; Ap pen dix 1, Figs. 7 and 9A–C). The pol len spec -
tra al low dis tin guish ing one pol len as sem blage zone (PI-1
NAP–Pinus–Betula) with three subzones (PI-1a Pinus, PI-1
Betula and PI-1c NAP-Juniperus). Palynological anal y sis in di -
cates that the sed i ments ac cu mu lated in a cold phase with a poor 
plant cover rep re sent ing a tun dra or a steppe-tun dra. Such con -
di tions in ten si fied de nu da tion and re work ing of older sed i ments,
as ev i denced by the pres ence of nu mer ous sporomorphs of
Neo gene taxa (such as Pterocarya, Taxodium and Se quoia) and 
re mains of fungi (e.g., Glomus-type) and dinoflagellates (de -
scribed as “Hystrix” on pol len di a gram; Fig. 7).

Changes in the rel a tive amounts of pine, tree-birches and
ju ni per pol len, as well as in the pol len con cen tra tion, en abled di -
vi sion into subzones PI-1a and PI-1c (Fig. 9B, D), in ter preted as
cold phases, and subzone PI-1b which rep re sents a short
phase of rel a tively higher tem per a ture and hu mid ity (Fig. 9C). In 
the pol len di a gram, this is il lus trated by the dom i nance of Betula
(in clud ing B. nana) and Salix, ac com pa nied by a de crease in
the con tent of re worked sporomorphs (Fig. 7). The short du ra -
tion of sta ble en vi ron men tal con di tions is clearly ev i denced by
the pres ence of lam i nated sed i ments at a depth of
1198–1205 cm, dated at 18,901–19,363 cal BP (Ap pen dix 1).
Con sid er ing the age of the sed i ments and the pol len spec tra,
which are sim i lar to those from sites in Den mark (de Klerk,
2004; Mortensen et al., 2011), Lith u a nia (StanèikaitÅ et al.,
2008) and Ger many (Litt et al., 1997, 1998, 2003; Litt and
Stebich, 1999; Leroy et al., 2000; de Klerk, 2002; de Klerk et al., 
2008), this part of the core can be as signed with cer tainty to the
end of the Plenivistulian.

A sim i lar ob ser va tion was made in Po land by Niewiarowski
(1995) for Biskupiñskie Lake, with silts dated as
17,700 ± 220 BP. Palynological ex am i na tion of these sed i -
ments by Noryœkiewicz (1995a) in di cated a cold phase char ac -
ter ized by nu mer ous re worked sporomorphs, in clud ing Neo -
gene ones, and by the pres ence of dinoflagellates (Hystrix), just 
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as in pro file PI (Fig. 7). Plenivistulian silts were also de scribed
from the area of Mi³kowskie Lake (Wacnik, 2009) and the
¯abieniec site (Balwierz, 2010).

B. Late Gla cial (11,590–13,350 cal BP – Litt et al., 2001)
Late Gla cial sed i ments were iden ti fied in three pro files from

the Gronowo site, namely GI, GII and GV (Ap pen dix 1). Pro file
PI does not in clude de pos its of this age (Ap pen dix 1), most
likely due to ero sion that took place dur ing the fur ther evo lu tion
of the Lubianka chan nel, or due to non-de po si tion (Fig. 8D).

a. Pre-AllerÝd (be fore 13,350 cal BP – Litt et al., 2001)
Pre-AllerÝd sed i ments, pres ent as laminae of grey or ganic

silts (sev eral centi metres thick), were found at the Gronowo site
(zones GI-1 and GII-1, and basal part of pro file GV, which is de -

void of pol len grains; Ap pen dix 1, Figs. 4–6 and 8C). The pol len
spec tra show a dom i nance of Pinus, with mi nor amounts of her -
ba ceous plants and a low con cen tra tion of pol len grains.

The sed i ments may have been ac cu mu lated dur ing ei ther
the Bölling or the Meiendorf and were there fore as signed
roughly to the pre-AllerÝd, just like was done for nu mer ous
other sites in north ern Po land (B³aszkiewicz, 2005; Karasiewicz 
et al., 2014). Sed i men ta tion oc curred in an aquatic en vi ron -
ment, as in di cated by the pres ence of Characeae, Daph nia and 
Cristatella mucedo macrofossils in pro file GII (depth of
1504–1513 cm; Ap pen dix 1). The ini tial small shal low-wa ter ba -
sin was formed due to melt ing out of dead-ice blocks, which
started dur ing this time-span (Fig. 8B).

Fig. 7. Percentage pollen diagram of selected taxa from profile PI

Explanations as in Figures 2 and 4
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b. AllerÝd (12,680–13,350 cal BP – Litt et al., 2001)
Anal y sis of the Gronowo pol len grains (zones GI-2, GII-2

and GV-1; Ap pen dix 1, Figs. 4–6 and 8) shows that the sed i -
men ta tion took place in this area dur ing the older, “pine” part of
the AllerÝd, when pine and pine-birch for ests dom i nated, lo cally 
with steppe and tun dra plant com mu ni ties (in clud ing
Helianthemum, Ar te mi sia and Dryas octopetala). This age was
con firmed by ra dio car bon datings (GdS-602, 12,745–13,450
cal BP, and Gd-30,154, 12,707–13,419 cal BP; Ap pen dix 1).

Sed i ments of this phase show sig nif i cant vari abil ity in li thol -
ogy and spa tial ex tent (Fig. 8C, D). The cen tral part of the ba sin
was char ac ter ized by de po si tion of min eral and car bon ate
gyttjas com pris ing endocarps of Potamogeton and Nymphaea
as well as frag ments of Characeae and Daph nia (GII-2; Ap pen -
dix 1), whereas the mar gins were over grown by plants that
formed peat (spores of Sphag num in zones GI-2 and GV-1; Ap -
pen dix 1) with Aulacomium palustre as the dom i nant spe cies
(mac ro scopic iden ti fi ca tion).

Fig. 8. Schematic development of the Gronowo site

See text for details
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Fig. 9. Schematic development of the Piotrkowo site

Explanations as in Figure 8
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Dat ing of the GI core from a depth of 868–870 cm in di cates
an age of 11,220–13,228 cal BP (Gd-18499; Ap pen dix 1). Due to 
a large dat ing er ror, the pre cise age of the sed i ment is not
known, but it is def i nitely AllerÝd. Cli mate ame lio ra tion re sulted in 
melt ing of bur ied dead ice and in paludification of the area. Ini -
tially, peat cov ered the mar ginal zone of the ba sin, but
thermokarst de vel oped when the ba sin be came ever deeper
(Fig. 8D). In the pres ence of wa ter that did not freeze at the ba sin
bot tom dur ing win ter, the rate of dead-ice deg ra da tion in creased
and a deep lake orig i nated, in which min eral and car bon ate gyttja 
ac cu mu lated. The high rate of this phe nom e non is jus ti fied by the 
lack of ter res trial sed i ments in the cen tral part and by the ac cu -
mu la tion of AllerÝd lac us trine sed i ments di rectly on top of the
peat in the mar ginal part of the ba sin (Fig. 8D).

c. Youn ger Dryas (11,500 cal BP – Starkel et al., 2013;
11,590–12,680 cal BP – Litt et al., 2001)

Youn ger Dryas sed i ments are pres ent in pro files GI and GII
(Ap pen dix 1, Figs. 4 and 5); the GII pro file shows a fairly de -
tailed palynological re cord, en abling a sub di vi sion into three
pol len as sem blage subzones (GII-3a Pinus–Betula,
1460–1475 cm; GII-3b Juniperus–Pinus, 1435–1460 cm; GII-3c
Betula–Ar te mi sia, 1405–1435 cm; Fig. 5). This sub di vi sion can
be as cribed to phases of cli mate changes, just like those dis tin -
guished for the Youn ger Dryas sed i ments at the Witów site near 
£êczyca; the var i ous phases, thor oughly de scribed by
Wasylikowa (2001), cor re spond to hu mid ity fluc tu a tions and
ae olian pro cesses, as re ported by Lata³owa (2003b).

Di a gram GII shows the three phases. The first phase
(GII-3a, 1460–1475 cm), char ac ter ized by strong fluc tu a tions in
the con tent of Pinus and Betula and by an in crease in the pro -
por tion of her ba ceous plants (NAP), can be cor re lated with the
ini tial cli mate cool ing at the AllerÝd/Youn ger Dryas bound ary
(Fig. 8E). The sec ond phase (GII-3b, 1435–1460 cm), dis tin -
guished on the ba sis of dom i nance of Pinus and Juniperus
(which is an in di ca tor of a rel a tively dry cli mate), can be most
likely linked to the cooler part of the Youn ger Dryas, with July
tem per a tures rang ing from 10 to 11°C (Isarin and Renssen,
1999). The last phase (GII-3c, 1405–1435 cm), dom i nated by
Ar te mi sia and Betula, in di cates an in crease in cli mate hu mid ity;
this phase can be as so ci ated with the warmer part of the Youn -
ger Dryas, with July tem per a tures ex ceed ing 13 °C (Isarin and
Bohncke, 1999).

Sed i ments ac cu mu lated dur ing the Youn ger Dryas show a
high con tent of min eral mat ter (Madeyska, 1995; Lata³owa,
2003b), which was also found in the pres ent study. Youn ger
Dryas sed i ments are, how ever, not pres ent in pro file GV of the
Gronowo ba sin (Ap pen dix 1, Figs. 6 and 8E). This might be due 
to the po si tion of the ba sin’s bot tom (re corded as the low er most 
sed i ments), which was sit u ated al most 10 m higher than that of
pro file GII. The lack of Youn ger Dryas sed i ments may there fore
re sult from a tem po rarily lower wa ter level, as also re ported in
stud ies by Niewiarowski (1995a) and other re search ers who in -
ves ti gated lakeland ar eas in Po land.

The ra dio car bon age of a sam ple from a depth of 1439 cm,
in di cat ing 13,085–13,323 cal BP (Poz-43480; Ap pen dix 1), is
clearly too old if com pared with the re sults pro vided by pol len
anal y sis re sults. This may be as cribed to the hard-wa ter ef fect
(Walanus and Goslar, 2009).

C. Early Ho lo cene (9,600–11,500 cal BP – Starkel et al.,
2013)

Early Ho lo cene sed i ments, which are pres ent in all pro files
(GI, GII, GV and PI; Ap pen dix 1 and Figs. 4–7), in di cate con tin -
u ous lake sed i men ta tion un der vari able depositional con di -
tions, in both time and space.

a. Preboreal (10,200–11,500 cal BP – Starkel et al., 2013)
Preboreal sed i ments are de scribed here from pro files GI,

GII and PI (Ap pen dix 1 and Figs. 4–7, 8F, 9F, G). At the
Gronowo site, the Preboreal is char ac ter ized by a de crease in
the NAP con tent and by a rapid in crease in the pol len-grain con -
cen tra tion in pro files GI (Andrzejewski et al., 2009) and GII (Ap -
pen dix 1). The pol len spec tra are first dom i nated by Pinus and
later by Betula. They also show a de crease and dis ap pear ance
of ear lier con tin u ous curves of heliophilous shrubs and her ba -
ceous plants (Juniperus, Betula nana, Dryas octopetala, and
Helianthemum), as well as the ap pear ance of con tin u ous
curves of Corylus, Quercus and Ulmus (Figs. 4 and 5). Such
changes in the pol len spec tra are typ i cal for sites of lakeland ar -
eas in Po land (Ralska-Jasiewiczowa et al., 1998; Lata³owa,
2003a).

Preboreal sed i ments con tain con sid er able amounts of min -
eral mat ter. This is well-ex pressed es pe cially in pro file GI (Ap -
pen dix 1), parts of which (810–820 cm) com prise sands and
show a strong de crease in pol len-grain con cen tra tion, but no in -
crease in the con tent of bro ken sporomorphs (Fig. 4). Pro file GII 
(Ap pen dix 1) shows this, too, but also con tains min eral gyttjas.
This may re sult from lo cal changes in the nat u ral en vi ron ment,
most likely linked to fluc tu a tions in wa ter level and for ma tion of a 
lake ter race along the lake mar gins.

At the Piotrkowo site, first typ i cal lac us trine sed i ments (min -
eral and car bon ate gyttjas) de vel oped dur ing the Preboreal, as
shown by zone PI-2 (790–900cm) which over lies the
Plenivistulian silts (Ap pen dix 1 and Fig. 7). Just like in pro files
GII and GI, the Preboreal pol len spec tra in di cate a vari able
dom i nance of Pinus and Betula, whereas heliophilous plants
dis ap peared, be com ing re placed by more de mand ing taxa,
such as Corylus, Quercus and Ulmus (Fig. 7).

The lithological di ver sity of the sed i ments sug gests that the
dead ice did not melt away com pletely be fore the be gin ning of
the Ho lo cene (Fig. 9E) and that the part of the Lubianka chan -
nel un der study was then in cor po rated in the Drwêca River sys -
tem. This re sulted in low er ing of the ero sion base and con se -
quently par tial ef fi cient drain age of melt wa ter and redeposition
of older sed i ments (Fig. 9F). Sub se quently, the con di tions in the 
ba sin be gan to sta bi lize, as in di cated by the sed i men tary de vel -
op ment ini tially with min eral (clayey) gyttja and later with car -
bon ate gyttja (Fig. 9G). Ac cord ing to the pol len spec tra, all the
changes con tin ued and the ba sin was al ready sur rounded by
dense pine-birch and birch-pine for ests.

b. Bo real (9,600–10,200 cal BP – Starkel et al., 2013)
Bo real pol len spec tra were found in all pro files (Ap pen dix 1

and Figs. 4–7). They are char ac ter ized by a high con tent (at
least sev eral per cent) of Corylus and by a grad ual in crease in
Quercus, Ulmus, Tilia and Fraxinus. Lo cally, Alnus was fre -
quent; it most likely re placed other taxa in hab i tats of greater hu -
mid ity. At the Piotrkowo site, car bon ate gyttja and lac us trine
chalk (over 80% of car bon ate com pounds; Figs. 7 and 9H) were 
de pos ited, whereas ac cu mu la tion of car bon ate gyttja (ca. 40%
of car bon ate com pounds) and min eral gyttja oc curred at the
Gronowo site. It is worth men tion ing here that pro file GV con -
tains car bon ate gyttja that di rectly over lies the Alleröd peat
(Fig. 8G). This may in di cate a rise in the wa ter level of the lake.

COMPARISON OF THE BASINS DEVELOPMENTS – 
DISCUSSION

The re search re sults in di cate an asyn chron ous de vel op -
ment of the two lakes in the two bas ins un der study. At the
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Gronowo site, lake sed i men ta tion started dur ing the older,
“pine” part of the AllerÝd, and was pre ceded by a short-term oc -
cur rence of a peat bog, or ganic de pos its of which can be now
found at the base of the lac us trine sed i ments. In the case of the
Piotrkowo site, the be gin ning of lake sed i men ta tion was dated
as Preboreal. How ever, at the end of the Plenivistulian and the
be gin ning of the Late Gla cial, a small and shal low ice-dammed
lake, al ready ex isted in this part of the chan nel. Its
glaciolacustrine de pos its are pres ent at the base (grey silts,
980–1440 cm). This in di cates a hi a tus of 5 ka be tween the
glaciolacustrine and non-glacigenic lac us trine ac cu mu la tions.

An asyn chron ous or i gin of lakes has been com monly re -
ported for postglacial ar eas of the cen tral Eu ro pean low lands. In
north ern Po land, three main lake gen er a tions, namely the
pre-AllerÝd, AllerÝd and Early Ho lo cene ones, can be dis tin -
guished (B³aszkiewicz, 2005, 2007, 2011b). In Ger many, most
ice-cov ered lakes of the Last Gla cial Max i mum were formed in
the Bölling-Alleröd com plex sensu lato (Kai ser et al., 2012), but
in di vid ual lakes were also found to have ini ti ated dur ing the
Preboreal (Homann et al., 2002). B³aszkiewicz (2005, 2011b) de -
scribed the asyn chron ous de vel op ment of lakes in postglacial ar -
eas as a com mon re sult of dif fer ences in the melt ing away of
dead-ice blocks, bur ied within the ini tial de pres sions.

The rea sons for such a dif fer ence in the mo ment of ap pear -
ance are dif fer ences in the thick ness and lithological char ac ter -
is tics of the min eral layer over ly ing the dead-ice blocks
(Niewiarowski, 1989; Böse, 1995; B³aszkiewicz, 2005, 2011) as 
well as thermo-iso la tion pro vided by the peat cover (Nowaczyk,
1994; B³aszkiewicz, 2005). The key fac tor af fect ing the course
of thaw ing dur ing the Late Gla cial is, how ever, the pres ence of
wa ter and its drain age po ten tial. Wa ter-in volv ing thermokarst
pro cesses have been dis cussed ex ten sively in lit er a ture, also in 
the con text of ob ser va tions in pres ently gla ci ated ar eas in flu -
enced by mod ern periglacial pro cesses (Jones et al., 2011; Niu
et al., 2011; Jaworski and Niewiarowski, 2012; Grosse et al.,
2013; Jaworski and Chutkowski, 2015; Jaworski, 2017) . The
cru cial event for dead-ice block melt ing is the first in ci dent of
non-freez ing of wa ter at the lake bot tom dur ing win ter, so that it
can fill a ba sin in the im me di ate sur round ings (B³aszkiewicz et
al., 2015). The con stant pres ence and ther mal ef fect of wa ter
in ten si fies thaw ing pro cesses so that dead-ice blocks, still pres -
ent at the bot tom of a de pres sion af ter sev eral thou sands of
years, then melt away within a few tens of years. There fore, the
lo cal hydrogeological con di tions and the de vel op ment of a lo cal
drain age net work in the thus-formed de pres sions played a very
im por tant role in postglacial thaw ing.

Through the pres ent study, this as pect of lake ba sin evo lu -
tion can be de tailed. In the Gronowo area, the lo cal mor phol ogy
of the subglacial chan nel hin dered the wa ter out flow dur ing the
ini tial thaw ing. Paludification of the de pres sion on top of the bur -
ied ice re sulted in a short phase of peat-bog de vel op ment, fol -
lowed by the de vel op ment of a ba sin that rap idly deep ened by
thermokarst, at the be gin ning of the AllerÝd. Rather soon, al -
ready in the Mid dle AllerÝd, the de pres sion be came com pletely
sep a rated from the ice and turned into a 15.2 m deep lake. At 
the Piotrkowo site, in con trast, the lo cal mor phol ogy and the
close vi cin ity of the Drwêca River, de scend ing to lower lev els,
al lowed the de pres sion to be drained by a lo cal stream through -
out the Late Gla cial. The bur ied dead ice in this area was con se -
quently better pro tected against fast melt ing. The pres ence of
Plenivistulian glaciolacustrine sed i ments, which reached a
thick ness of 5 m, was also of great im por tance for the pres er va -
tion of dead-ice blocks. When, the cli mate promptly be came
warmer at the be gin ning of the Ho lo cene, the dead ice rap idly
melted away, caus ing the re place ment of this ba sin by deep

lake wa ter (9.8 m). The through-flow lake be came rel a tively
quickly filled with lac us trine and deltaic sed i ments and, at a fi nal 
stage, with peats.

The pres ence of dead-ice blocks in the de pres sion at
Piotrkowo un til the be gin ning of the Ho lo cene strongly sup ports
the con clu sion that is lands of per ma frost could per sist in this
area through out the Late Gla cial. It can not be ex cluded that the
higher con tent of min eral par ti cles in the Preboreal lac us trine
sed i ments may re sult from deg ra da tion of per ma frost, which
must have trig gered full wa ter cir cu la tion in the im me di ate sur -
round ings of the ba sin. Sim i lar con clu sions on per ma frost and
the is land-like pat tern of pre served dead ice un til the be gin ning of 
the Ho lo cene were drawn for east ern Pomerania (B³aszkiewicz,
2011b; Van Loon et al., 2012; B³aszkiewicz et al., 2015).

CONCLUSIONS

The Gronowo and Piotrkowo sites are lo cated at a short dis -
tance from each other, within a wide spread sys tem of
subglacial chan nels cut ting through the Drwêca ice-mar ginal
val ley. In ves ti ga tion of these sites in di cates that they both un -
der went a multi-stage de vel op ment, in clud ing the ap pear ance
and dis ap pear ance of a lake. The fol low ing con clu sions can be
drawn with re spect to the de vel op ment of the lake bas ins and
their im me di ate sur round ings.

1. The lakes ap peared al most 3,000 years af ter each
other, viz. dur ing the AllerÝd at the Gronowo site and
dur ing the Preboreal at Piotrkowo. This is proven by
both ra dio car bon dat ing and anal y sis of the pol len and
macro-plant re mains.

2. The glaciolacustrine sed i ments are sep a rated from
non-glacigenic lac us trine sed i ments by a hi a tus span -
ning over 5,000 years (Plenivistulian/Preboreal) at the
Piotrkowo site.

3. The dead ice and/or per ma frost at both sites melted
away at dif fer ent rates. At Gronowo, the deg ra da tion of
the bur ied ice was ini tially slow and re sulted in
paludification of the ba sin mar gin as well as in the de vel -
op ment of a peat bog. Deep en ing of the ba sin and
thermokarst con di tions fa cil i tated the melt ing of the bur -
ied dead ice, as re corded in the AllerÝd gyttjas. At the
Piotrkowo site, the dead ice melted away faster and
later (Preboreal), which must be as cribed to the lo cal
sur face drain age con di tions that al lowed wa ter dis -
charge through out the Late Gla cial. At the be gin ning of
the Preboreal, when the cli mate ame lio rated rap idly, the 
chan nel was quickly sep a rated from the ice and a
through-lake stream was formed. The pres ence of a
thick cover of glaciolacustrine sed i ments, which had ac -
cu mu lated at the site dur ing the Plenivistulian, also
played an im por tant role in the pres er va tion of bur ied
dead ice dur ing the Late Gla cial.

4. The oc cur rence of dead-ice blocks at the Piotrkowo site
still at the be gin ning of the Ho lo cene in di cates that is -
lands of per ma frost could per sist in this area through out
the Late Gla cial.

These con clu sions make clear how im por tant are lo cal
hydrogeological con di tions for the evo lu tion of lake postglacial
bas ins.
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