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The pa per pres ents the re sults of the first OSL dat ing of glaciofluvial and ice-mar ginal lake sed i ments which oc cur be tween
end mo raines of the S³upsk Bank and the Pol ish coast. The sand and gravel of glaciofluvial del tas on the S³upsk Bank were
de pos ited most likely dur ing a pe riod from 14.3 ±1.2 to 16.6 ±1.4 ka ago. The de po si tion of silty-sandy sed i ments of the
ice-mar ginal lake is dated at 14.51 ±0.81 and 14.6 ±1.4 ka years. Like wise, dates rang ing from 13.74 ±0.84 to 16.70 ±1.1 ka
ob tained from low sandy ridges, re lated to the south ern range of the ice-mar ginal lake in the Gardno-£eba Low land, in di cate
the most likely tim ing of their de po si tion. It can be con cluded that a short stop of the ice sheet on the S³upsk Bank took place
ap prox i mately 15.2 ka ago, which could be cor re lated with the po si tion of the ice sheet front in cen tral Sk¯ne and in north ern
Lith u a nia at that time. Older and youn ger re sults were also ob tained, ex cept the dates men tioned above. The older ages
show lit tle sun light ex po sure of sed i ments dur ing their de po si tion. The youn ger dates in di cate a ma rine or i gin of the sed i -
ments and show that some parts of glaciofluvial sed i ments were re de pos ited and  ex posed to sun light at a later stage, most
prob a bly when dead-ice blocks were melt ing. 
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INTRODUCTION

Lo ca tion of the var i ous deglaciation phases on the bot tom
of the Bal tic Sea were pre vi ously de ter mined in dic a tively by the
spa tial cor re la tions of mar ginal forms on the Bal tic Sea coast
(e.g., Mörner et al., 1977; Ignatius et al., 1981; Lundqvist, 1986;
Mojski, 1995). Space-time cor re la tions that are based on re -
mains of sed i ments and forms of mar ginal zones on the Bal tic
sea bed are scarce, and ages were de ter mined in di rectly via the 
link to the dated form on shore (Södeberg, 1988; Uœcinowicz,
1999). Un til re cently, in land ice sheet re ces sion phases have
been dated in di rectly by varve chro nol ogy or by ra dio car bon
dat ing of or ganic de pos its from sites close to mar ginal zones
(e.g., Lundqvist, 1986; Lagerlund and Houmark-Niel sen, 1993;
Raukas et al., 2004). The dat ing of glaciofluvial sed i ments us -
ing OSL re sulted in sig nif i cant prog ress in de ter min ing the time
of the last deglaciation (e.g., Houmark-Niel sen, 2008; Thrasher

et al., 2009; Raukas et al., 2010). Great con tri bu tion is also dat -
ing of er ratic boul ders ex po sures us ing 10Be (e.g., Rinterknecht
et al., 2004, 2006; Johnsen et al., 2009; Anjar et al., 2014;
Cuzzone et al., 2016). Data sets on the last deglaciation tim ing
of Scan di na via based on OSL ages and 10Be cosmogenic ages
are be ing de vel oped. Very few ages orig i nate from north ern Po -
land and there are no data re lated to phases youn ger than the
Pom er a nian (e.g., Rinterknecht et al., 2006; Marks, 2010). Tim -
ing of the last Scan di na vian Ice Sheet (SIS) re ces sion from the
Pol ish coast have been es ti mated un til now based on a very few 
con ven tional ra dio car bon ages of bulk sam ples of ice-mar ginal
lake silty clay and silty peat (Rotnicki and Borówka, 1995a, b;
Kramarska, 1998). There fore, re con struc tions of deglaciation
pat terns of the Pol ish coast and the pres ent south ern Bal tic
area should be ver i fied by OSL dat ing of sed i ments re lated to
the re mains of ice-mar ginal land forms pres ent on both the sea -
bed and the coast.

The aim of the pa per is to pres ent OSL dat ing of glaciofluvial 
and ice-dammed lake de pos its from the south ern Bal tic area
sit u ated be tween the S³upsk Bank and the Pol ish coast, which
could al low gain ing in sight on tim ing of the last deglaciation of
the south ern Bal tic area. 

Con sid er ing that the Pom er a nian Phase took place 17–16
ka ago (Wysota, 2002; Marks, 2010) and the deglaciation of
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south ern most Swe den (east ern Sk¯ne, Blekinge, south ern
Sm¯land) oc curred be tween 15.5 and 13.5 ka ago (e.g., Lund -
qvist and Wohlfarth, 2001, Houmark-Niel sen, 2008; Johnsen et
al., 2009; Anjar et al., 2014) the ex pected (i.e. most likely) time
of ice sheet de cay in the south ern Bal tic Ba sin falls in a pe riod
be tween 16,000 and 14,000 years ago. This hy poth e sis is also
sup ported by the ra dio car bon ages of peat from the Vistula La -
goon (core ZW 3) dated to 14,639–13,888 (Gd-10246) (Zacho -
wicz and Uœcinowicz, 1997), and from the Pom er a nian Bay
(pro file VR 072), dated to 14,003–13,753 cal. years BP (Poz -
-43787). The last one is sup ported also by pol len anal y ses
(Kramarska et al., 2013).

How ever, when con sid er ing the tim ing of ice sheet de cay on 
the Pol ish coast, we must re fer also to the old est ra dio car bon
dates pub lished by Rotnicki and Borówka (1995a, b) and Kra -
marska (1998). The old est known or ganic de pos its rec og nized
in the bore hole W-4 in the Odra Bank (Pom er a nian Bay) re gion
were de scribed by Kramarska (1998) as a peat and dated to a
pe riod be tween 14,060 ±220 (Gd-2928) and 13,100 ±300
(Gd-4336) years BP (i.e. 17,430–16,765 and 16,130–15,250
cal. years BP). Later, the li thol ogy of core W-4 was reanalysed
and the dataset was com pleted by pol len anal y ses (Kramarska
et al., 2007). The sed i ments de scribed ear lier as peat had been
clas si fied as silty clay with or ganic re mains. The re sults of pollen 
anal y ses (Kramarska, 2007) prove that the in ves ti gated sed i -
ments were ac cu mu lated in cold, sub-arc tic cli mate, char ac ter -
is tic for the Late Gla cial. How ever, large amounts of pol len
grains of spruce (Picea abies) and al der (Alnus), spe cies which
did not oc cur at that time in this area, in di cate the sed i ments
con tain an ad mix ture of re de pos ited or ganic mat ter. The source 
of it could be sed i ments of the Grudzi¹dz Interstadial (MIS 3),
whose pres ence is doc u mented close to this area (Kramarska,

1998). The ad mix ture of older sed i ments could be the rea son of
un cer tainty of the dis cussed ra dio car bon ages. 

A sim i lar case could be with ra dio car bon dates from the
Gardno-£eba Low land (Rotnicki and Borówka, 1995a, b). The
age of 14,310 ±150 (Gd-4476) (17,630–17,205 cal. years BP)
co mes from varved silt and clay of an ice-dammed lake in the
bore hole 101. The sec ond age, 13,800 ±270 (Gd-6117)
(17,085–16 295 cal. years BP), has been de rived from a thin
peat interbed in sands of a fos sil chan nel within a river’s al lu vial
fan. Very close to the dis cussed sed i ment lay ers are fine and
very find sands with ad mix ture of or ganic mat ter, dated for a pe -
riod >42,000–22,300 years BP, i.e. MIS 3 (Rotnicki and
Borówka, 1995a, b). The top of these sed i ments is an ero sional
sur face, so it is prob a ble that an ad mix ture of MIS 3 sed i ments
could oc cur within youn ger de pos its. In such a case, the old est
ra dio car bon ages from cores W-4 in the Pom er a nian Bay
(Kramarska 1998), as well as in 101 and 35 from the Gardno -
-£eba Low land (Rotnicki and Borówka, 1995a, b), in di cate nei -
ther the be gin ning of peat for ma tion nor the tim ing of ice sheet
de cay on the south ern Bal tic coast.

AREA OF INVESTIGATION
(GEOLOGICAL SETTING)

The in ves ti ga tions were car ried out in the south ern part of
the Bal tic Sea; on the S³upsk Bank and in area be tween the
S³upsk Bank and the Gardno-£eba Low land, as well as on the
Low land it self (Fig. 1).

The S³upsk Bank is a sea-floor el e va tion lo cated about
30 km from the mid dle part of the Pol ish coast. The wa ter depth
in the S³upsk Bank ranges from 8 to 25 m. The south ern slopes
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of the S³upsk Bank are rel a tively steep, low er ing to a W–E elon -
gated sea bed de pres sion that sep a rates the bank from the
coast. The wa ter depth in the de pres sion is 30–35 m. From
these depths, the sea bot tom gently rises to wards the Pol ish
coast (Fig. 1). 

The pre-Qua ter nary sed i men tary bed rock in the study area
is com posed of Eocene-Oligocene ma rine silty-clayey and
silty-sandy de pos its, and lo cal silty-sandy Mio cene de pos its
(Kramarska et al., 1999). Their top is at a depth of 30–50 m
b.s.l. The Pleis to cene sed i ments con sist mainly of one, lo cally
two beds of gla cial till with a thick ness rang ing be tween a few
and 20 m. Glaciofluvial sand and gravel also oc cur lo cally on
the S³upsk Bank. On the large ar eas south of the S³upsk Bank
to wards the Pol ish coast, gla cial till is cov ered by silty-sandy
and silty-clayey de pos its of ice-mar ginal lake. Sea bed sed i -
ments con sist of Mid dle to Late Ho lo cene ma rine sand with a
thick ness vary ing from a few cm up to 3–4 m (Kramarska, 1991; 
Uœcinowicz and Zachowicz, 1991). In the north ern part of the
S³upsk Bank, re mains of end mo raine ridges and De Geer mo -
raines oc cur mark ing the S³upsk Bank Phase of the last
deglaciation. The ridges are cov ered by lag de pos its – boul ders 
and cob bles sit u ated on till. In front of the ridges, in the south,
glaciofluvial deltaic sed i ments oc cur lo cally. The top of all Pleis -
to cene land forms and sed i ments is eroded by the Ho lo cene
trans gres sion (Uœcinowicz, 1995, 1999, 2010). 

The Gardno-£eba Low land ex tends in the south ern coast of 
the Bal tic Sea, from the Gardno Lake in the west to the Sarbsko
Lake in the east in north ern Po land. The W–E ex tent of the low -
land is ~45 km and the width be tween the morainic up land and
the coast is ~3 km in both the west and east, up to ~10 km in the 
mid dle part. £ebsko Lake oc cu pies the mid dle part of the
Gardno-£eba Low land.

The low land sur face is al most com pletely flat and el e vated
only ~0.5–3 m a.s.l. Only lo cally, there are very low and gen tle
ridges in the vi cin ity of ¯elazo, £okciowe and Kluki in the west -
ern part of the Low land, and near Nowêcin east of £eba in the
east ern part (Fig. 2). The high est el e va tions in the Low land, up
to 18 m (ex cept the dunes on the £eba Bar rier), are in the area
of in land dunes lo cated west of £okciowe vil lage and south of
the lakes of £ebsko and Sarbsko 

The thick ness of Qua ter nary de pos its, mainly till and
glaciofluvial sand and gravel, is be tween 80 and 120 m, reach -
ing a max i mum of 260 m (Morawski, 1987; Petelski 2007,
Rotnicki and Borówka, 2000). The Gardno-£eba Low land is the
area of Po land’s youn gest Pleis to cene de pos its (Gardno
Phase). Pleis to cene de pos its are cov ered by Late Gla cial and
Ho lo cene de pos its of var i ous or i gins and thick nesses. Ice-mar -
ginal lake sed i ments oc cupy a large area and their thick ness
var ies from a few up to 18 m. Up per most, Ho lo cene sed i ments:
flu vial, limnic and ae olian sands as well as peats oc cur in
patches. Ma rine, lit to ral and ae olian sands form ing the in land
and bar rier dunes are found only in the north ern part of the low -
land (Morawski, 1987; Rotnicki and Borówka, 2000; Petelski,
2007; Rotnicki, 2009).

The ridge north of ¯elazo vil lage is ~4 km long, and
~50–100 m wide, with an el e va tion of 3–5 m a.s.l. and a height
of ~1.5–0.5 m above the sur round ing area. The sec ond ridge, in 
£okciowe, is ~5 km long, ~30–100 m wide, and 2.5–5 m a.s.l.
high, ris ing ~1–3 m above the sur round ing area. The third ridge, 
east of Nowêcin is ~3 km long, ~80–150 m wide, and 2–3.5 m
a.s.l. high, ris ing ~1.0–2.5 m above the sur round ing ter rain.

The ridges in £okciowe and Kluki, lo cated be tween Gardno
and £ebsko lakes, were con sid ered in the ear lier pa pers as
beach ridges mark ing the max i mum ex tent of the Ho lo cene Bal -
tic Sea (Littorina Sea) (Rosa, 1963; Rotnicki and Borówka,
2005c; Rotnicki, 2009). The ridge in ¯elazo has not been de -
scribed in the pa pers un til now. The Nowêcin ridge, south of
Sarbsko Lake, was de scribed by Bülow (1928, 1937) and Rosa
(1963) as a beach ridge also mark ing the max i mum ex tent of
the Bal tic Sea. Later, based on TL ages (12.8 and 13.2 ka), it
was re garded as a coastal ridge of a Late Gla cial ice-mar ginal
lake (Rosa, 1987). 

MATERIALS AND METHODS

FIELD WORK

All mea sure ments at sea were car ried out on board of the
R/V „IMOR”. The in ves ti gated sites were se lected on the ba sis
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of pre vi ous seismoacoustic sur veys and cor ing (i.e. Uœcinowicz
and Zachowicz, 1991; Kramarska, 1991). The two known
glaciofluvial del tas on the S³upsk Bank and three se lected sites
of ice-mar ginal lake de pos its were sur veyed in de tail. In the
glaciofluvial del tas, 124 km of bathymetric, side-scan so nar and 
seismoacoustic pro files were per formed and sed i ment cores
were taken from two sites on each delta. For ice-mar ginal lake
de pos its, 6 km of seismoacoustic pro files (2 km for each site)
were car ried out and sed i ment cores were taken at three sites
(Fig. 1). Two par al lel cores (du pli cate) were taken from each
site (du pli cates are marked by as ter isk). Al to gether, 14 sed i -
ment cores were taken at seven sites off shore. Wa ter depth
mea sure ments were car ried out with an SBES DESO 15 sin gle
beam echosounder. Ob tained bathymetric data were cor rected
for the ac tual sea level and sound ve loc ity in the wa ter, mea -
sured with a Reson SVP 15 sound ve loc ity metre. Side scan so -
nar pro fil ing was car ried out with the EdgeTech MS-4200 side
so nar with side scan range of 150 m for each re ceiv ing chan nel.

For seismoacoustic mea sure ments, a boom er of 250 Hz –
1.5 kHz fre quency, 300 J im pulse en ergy, and 80 ms sweep
time was used. Geo phys i cal re cords were pro cessed us ing the
MDPS MERIDATA soft ware with the sound ve loc ity of 1.45
m/ms in wa ter and 1.6 m/ms in sed i ment. The bathymetric so -
nar and seismoacoustic pro fil ing was car ried out at the sea level 
not ex ceed ing 2oB and at the ves sel speed not ex ceed ing 4
knots. The CODA data ac qui si tion sys tem was used for reg is -
tra tion and nu mer i cal re cord ing of acous tic sig nals.

Cor ing sites were se lected af ter de tailed anal y ses of seismo -
acoustic re cords. A vibro-corer with the cor ing tube length of 6 m
and with a PCV liner (in ter nal di am e ter of 0.08 m) was used. 

Dur ing the re search cruise, po si tion ing was car ried out us -
ing the DGPS AG-132 Trimble nav i ga tion sys tem with RTCM
cor rec tion trans mit ted from the Rozewie sta tion, re sult ing in
hor i zon tal ac cu racy better than 0.5 m.

Sam ples were also taken from coastal ridges of the
ice-mar ginal lake on the Gardno-£ebsko Low land (Fig. 2). The
sam pling sites were se lected af ter anal y ses of DTM based on
air borne la ser scan ning. Ten sam ples of sand and grav elly
sand were taken from 5 sites: site ¯elazo – 4 sam ples from two
ex ca va tions, site £okciowe – 2 sam ples from a sin gle ex ca va -
tion, and site Nowêcin – 4 sam ples from two ex ca va tions. Sam -
ples were taken from the ex ca va tions at a depth be tween 0.85
and 1.8 m (Table 1), di rectly to stain less steel tubes. The ridge
in Kluki vil lage was not sam pled be cause its ae olian or i gin and
young age was ev i dent (the peat base at 0.5 and 0.7 m b.s.l.
dated to 1360 and 1600 AD) (Rotnicki, 2009).

LABORATORY ANALYSES

Mac ro scopic de scrip tion of cores and col lec tion of sam ples
for OSL dat ing were car ried out in a dark ened lab o ra tory in or -
ange light. The bound ary be tween the ma rine and glaciofluvial
de pos its was ini tially de ter mined dur ing sam pling based on the
pres ence of ma rine shells and sed i ment re ac tion with hy dro -
chlo ric acid (HCl). Sam ples were taken from each layer, in ac -
cor dance with mac ro scop i cally vis i ble dif fer ences in grain size
dis tri bu tion.

OPTICALLY STIMULATED LUMINESCENCE (OSL) DATING

OSL ages were de ter mined for a to tal of 43 sam ples: 22
sam ples (from four cores) of sand and grav elly sand of glacio -
fluvial and ma rine or i gin, 11 sam ples (from three cores) of
ice-mar ginal lake silts and sandy silts, and for 10 sam ples (from

five sites) of sand and grav elly sands of the costal ridges of
ice-mar ginal lake (Ta ble 1).

OSL mea sure ments were per formed us ing me dium-sized
grains quartz (90–125 mm) that were ex tracted from the sed i -
ment sam ples. The treat ment con sisted of sub merg ing the
sam ple in 20% hy dro chlo ric acid (HCl) and 20% hy dro gen per -
ox ide (H2O2). Sub se quently, the quartz grains were sep a rated
us ing den sity sep a ra tion by means of so dium polytungstate so -
lu tions leav ing grains of den si ties be tween 2.62 and 2.75 g/cm3. 
Siev ing of the grains was per formed twice, be fore and af ter a
60 min etch ing with con cen trated hy dro flu oric acid (HF). 

The quartz aliquots of di am e ter 6 mm were pre pared by
spray ing sil i cone oil onto 10 mm-di am e ter stain less steel discs
through a mask. This re sulted in ~1 mg of grains be ing stuck to
the disks.

The OSL mea sure ments were car ried out us ing an au to -
mated Day break 2200 TL/OSL reader (Bortolot, 2000). This
reader uses blue di odes (470 ±4 nm) de liv er ing about 60
mW/cm2 at sam ple po si tion. Lab o ra tory ir ra di a tions were per -
formed us ing a cal i brated 90Sr/90Y beta source mounted onto
the reader de liv er ing a dose rate of 3.0 Gy/min. The OSL was
re corded hav ing been fil tered through a 6 mm Hoya U-340 fil ter.

The equiv a lent doses were de ter mined us ing the sin gle-
 aliquot re gen er a tive-dose (SAR) pro to col (Murray and Wintle,
2000). Be tween 12 and 24 sin gle aliquots were used per sam -
ple. Pre-heat tem per a tures used were 260 and 220°C for the
re gen er a tion and test doses, re spec tively. The equiv a lent
doses were es ti mated on the ba sis of pre lim i nary mea sure -
ments and then three re gen er a tion doses were used to con -
struct the growth curves to which sin gle sat u rat ing ex po nen tial
func tions were fit ted. A zero-re gen er a tion dose was in cluded to
check for re cu per a tion and a re peat point for changes of sen si -
tiv ity-cor rected re sponse. The ages were cal cu lated us ing the
Cen tral Age Model (CAM) (Galbraith et al., 1999).

The an nual dose rates com pris ing beta and gamma ra di a -
tion were cal cu lated based on re sults of gamma spec trom e try
per formed in the lab o ra tory with the ap pli ca tion of a Can berra
spec trom e ter equipped with the HPGe de tec tor. The sam ple
mass was about 200 g and each mea sure ment lasted at least
24 hours. The an nual doses were cal cu lated us ing the con ver -
sion fac tors of Adamiec and Aitken (1998), while the cos mic ray
dose rate to the sam ples was es ti mated as de scribed by
Prescott and Stephan (1982). We as sumed that the wa ter con -
tent was equal to (30 ±10)% or (50 ±10)% de pend ing on the li -
thol ogy. The high wa ter con tent is jus ti fied by the sed i ments be -
ing com pletely sub merged un der wa ter dur ing the ma jor ity of
de po si tion time. The HF etch ing and grain size were taken into
ac count as rec om mended by Flem ing (1979: 21, 42). Beta dose 
at ten u a tion was cal cu lated af ter Mejdahl (1979). Based on
these data, dose-rates were cal cu lated (see Ta ble 1).

RADIOCEASIUM (137CS)

The cae sium-137 con tent was mea sured in 38 sam ples of
ma rine sands from five cores: S1-2, S2-1, S2-2*, ZA-2 and
ZA-3* (Ta ble 2). The ac tiv ity was mea sured us ing a Can berra
semi con duc tor high-res o lu tion spec trom e ter equipped with a
high-pu rity ger ma nium de tec tor at the lab o ra tory of the In sti tute
of Phys ics in Silesian Uni ver sity of Tech nol ogy. The min i mum
time of mea sure ment was 24 hours and the sam ple mass was
about 200 g. The ref er ence ma te rial Soil-375 was used as 137Cs 
ac tiv ity stan dard, and the ref er ence ma te rial Soil-6 was used as
qual ity con trol, both sup plied by IAEA. The re sults of mea sure -
ments were ex pressed in Bq/kg and cor rected for ra dio ac tive
de cay since the time of sam ple col lec tion. 
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T a  b l e  1

Re sults of OSL dat ing

Core/site
and sam -
ple No.

Depth in 
the core
[m bgs]

U-238
[Bq/kg]

u(U)
[Bq/kg]

Th-232
[Bq/kg]

u(Th)
[Bq/kg]

K-40
[Bq/kg]

u(K)
[Bq/kg]

Mean wa -
ter con -
tent [%]

Doese
equiv a -
lent [Gy]

u(De)
[Gy]

Dose
rate

[Gy/ka]

u(Dr)   
[Gy]

Age       
[ka]

u(Ag)
[ka]

Lab.
Code 
GdTL

S1-1* F  54°59’1.093"    l 17°06’1.620"  23.3 m b.s.l.

RM 7 0.0–0.10 7.22 0.38 9.35 0.50 458.97 24.75 30.0 9.52 0.64 1.566 0.081 6.57 0.65 2029

RM 6 0.65–1.75 13.00 0.43 13.61 0.58 457.38 22.58 30.0 16.45 0.69 1.687 0.077 10.58 0.80 2028

RM 5 1.6–1.7 21.86 0.45 22.13 0.67 506.77 16.47 30.0 18.72 1.21 2.080 0.078 9.77 0.83 2027

RM 4 2.0–2.1 16.32 0.36 17.43 0.49 524.55 21.73 30.0 16.43 0.66 1.966 0.084 9.07 0.66 2026

RM 3 2.9–3.0 8.55 0.42 10.28 0.51 422.98 21.89 30.0 16.41 0.61 1.466 0.072 12.16 0.94 2025

RM 2 3.7–3.8 12.38 0.46 14.17 0.58 472.50 22.51 30.0 15.40 0.85 1.711 0.079 9.77 0.83 2024

RM 1 4.95–5.0 19.10 0.51 17.87 0.62 406.77 11.46 30.0 17.29 0.94 1.701 0.061 11.05 0.84 2023

S1-2  F 54°59’21.845"   l 17°06’0.217"   23.9 m b.s.l.

RM 11 2.5–2.6 10.11 0.30 12.33 0.41 475.63 24.83 30.0 13.48 0.73 1.520 0.078 9.62 0.85 2033

RM 10 2.95–3.05 5.13 0.37 8.30 0.46 521.79 26.77 30.0 16.28 0.44 1.758 0.089 10.06 0.76 2032

RM 9 3.95–4.05 7.60 0.42 11.30 0.59 536.06 26.03 30.0 16.71 0.77 1.634 0.088 11.11 0.97 2031

RM 8 5.2–5.3 6.47 0.39 10.96 0.57 452.66 24.22 30.0 17.39 0.51 1.651 0.081 11.45 0.84 2030

S2-1  F 54°54’59.265"    l 16°40’38.625"   15.8 m b.s.l.

RM 45 0.8–0.9 15.92 0.48 30.54 0.86 551.45 23.07 30.0 8.54 0.47 2.236 0.090 4.11 0.33 2067

RM 44 1.7–1.8 11.40 0.45 11.27 0.61 387.47 19.32 30.0 9.22 0.29 1.452 0.066 6.86 0.48 2066

RM 43 2.30–2.40 10.10 0.43 10.08 0.56 361.92 18.45 30.0 12.05 0.55 1.345 0.062 9.71 0.76 2065

RM 42 3.15–3.25 13.22 0.35 14.53 0.48 578.54 29.29 30.0 16.51 0.59 2.018 0.098 8.88 0.68 2064

RM 41 3.65–3.75 8.33 0.35 9.99 0.51 401.39 16.41 30.0 15.74 0.39 1.412 0.064 12.10 0.83 2063

RM 40 4.90–5.00 4.17 0.41 7.51 0.60 347.12 18.55 30.0 12.15 0.47 1.163 0.060 11.33 0.91 2062

S2-2*  F 54°55’22.429"   l 16°38’44.278"   16.1 m b.s.l.

RM 50 0.9–1.0 21.75 0.48 22.12 0.71 518.12 18.53 30.0 19.59 0.96 2.120 0.081 10.03 0.75 2072

RM 49 1.55–1.6 13.44 0.42 9.99 0.54 390.47 19.34 30.0 19.35 1.07 1.474 0.067 14.30 1.20 2071

RM 48 2.57–2.67 23.03 0.39 20.74 0.50 474.73 15.19 30.0 28.66 1.51 2.001 0.073 15.60 1.20 2070

RM 47 3.64–3.74 10.39 0.40 0.96 0.33 348.60 16.09 30.0 23.04 1.39 1.177 0.058 21.30 2.00 2069

RM 46 5.05–5.15 8.22 0.36 7.69 0.52 346.97 16.35 30.0 18.76 0.90 1.230 0.058 16.60 1.40 2068

ZA-1  F 54°52’34.122"      l 17°08’17.394"    33.3 m b.s.l.

RM 16 0.05–0.10 29.07 0.65 33.00 0.91 724.91 35.69 50.0 169.58 7.94 2.819 0.123 70.50 5.00 2038

RM 15 2.20–2.30 38.08 0.84 45.16 1.21 906.20 49.72 50.0 113.51 4.19 3.589 0.160 37.10 2.40 2037

RM 14 3.30–3.40 29.89 0.54 33.36 0.75 662.73 28.18 50.0 174.41 8.81 2.680 0.108 76.30 5.40 2036

RM 13 4.30–4.40 28.44 0.62 32.00 0.91 649.89 29.19 50.0 104.69 3.74 2.602 0.108 47.20 2.90 2035

RM 12 5.15–5.25 21.77 0.55 24.74 0.78 621.12 28.19 50.0 81.12 3.98 2.309 0.101 41.10 3.00 2034

ZA-2 F 54° 51’ 54.53"    l 16° 58’ 54.014"   30.5 m b.s.l.

RM 61 1.20–1.30 12.44 0.44 10.88 0.58 377.58 16.56 50.0 16.52 0.23 1.322 0.059 14.51 0.81 2083

RM 60 2.15–2.25 29.62 0.62 30.29 0.89 611.43 22.27 50.0 27.78 0.39 2.510 0.097 12.92 0.64 2082

RM 59 3.20–3.30 27.63 0.59 28.25 0.91 597.15 22.65 30.0 33.22 2.41 2.480 0.095 14.60 1.40 2081

RM 58 4.20–4.30 37.74 0.80 34.42 1.15 674.09 32.04 50.0 145.89 7.99 2.854 0.116 59.90 4.40 2080

RM 57 5.60–5.70 24.07 0.45 20.37 0.56 461.03 21.21 50.0 210.29 13.8 1.822 0.075 135.00 12.0 2079

ZA-3  F 54°51’24.268"    l 17°32’54.686"  24.3 m b.s.l.

RM 26 1.3–1.4 3.10 0.25 4.77 0.29 169.24 8.68 30.0 6.61 0.23 0.642 0.030 11.09 0.79 2048

¯elazao 1 F 54°39’33.300"    l 17°16’29.639"   4.7 m a.s.l.

LEB 1 1.10 4.22 0.19 6.41 0.26 236.42 7.23 30.0 13.84 0.45 0.896 0.050 15.38 1.00 2164

LEB 2 0.90 3.94 0.17 6.18 0.15 239.02 6.64 30.0 12.47 0.29 0.904 0.050 13.73 0.84 2165

¯elazao 2 F 54°39’37.260"    l 17°15’48.061"    4.3 m a.s.l.

LEB 3 1.55 3.06 0.16 3.86 0.21 207.30 6.33 30.0 11.88 0.27 0.760 0.044 15.56 0.98 2166

LEB 4 1.35 3.67 0.14 5.41 0.24 214.40 6.58 30.0 13.62 0.43 0.813 0.046 16.7 1.10 2167

£okciowe F 54°41’16.503"    l 17°16’23.401"    2.1 m a.s.l.

LEB 5 1.05 3.01 0.15 4.62 0.19 235.53 6.48 50.0 11.15 0.38 0.754 0.039 14.72 0.92 2168

LEB 6 0.85 2.81 0.19 4.36 0.25 238.70 7.09 50.0 10.79 0.20 0.764 0.040 14.05 0.79 2169

Nowêcin 1 F 54°45’17.520"     l 17°35’48.180"   3.1 m a.s.l.

LEB 7 1.70 10.66 0.24 16.59 0.47 360.82 10.53 30.0 17.39 0.64 1.401 0.074 12.35 0.80 2170

LEB 8 1.40 5.29 0.12 7.89 0.17 224.65 5.95 30.0 13.82 0.33 0.893 0.047 15.42 0.90 2171

Nowêcin 2 F 54°45’17.700"    l 17°35’52.561"   2.9 m a.s.l.

LEB 9 1.80 13.75 0.53 16.21 0.45 402.20 11.15 30.0 17.04 0.66 1.536 0.081 11.03 0.73 2172

LEB 10 1.33 6.54 0.28 11.05 0.38 243.27 7.54 30.0 16.19 0.42 1.000 0.052 16.13 0.94 2173

u – un cer tain ties



RADIOCARBON DATING

Seven ac cel er a tor mass spec trom e try (AMS) ra dio car bon
dates of ma rine shells (six of Cerastoderma sp. and one of
Scrobicularia sp.) from five cores were ob tained (Ta ble 3). In
the AMS tech nique, the 14C con cen tra tion is mea sured in gra -
ph ite ob tained from the car bon con tained in the sam ple. The
graph ite tar gets for ac cel er a tor mass spec trom e try were pre -
pared in the Gliwice Ra dio car bon Lab o ra tory (Piotrowska,
2013). The ra dio car bon dates were cal i brated by OxCal 4.2.2
cal i bra tion pro gram (Bronk Ramsey, 2009) us ing Marine13
curve (Reimer et al., 2013) and Lo cal Ma rine Delta_R=55 ±56
years.

GRAIN SIZE DISTRIBUTION 

Al to gether, 72 grain size anal y ses of sandy and grav elly -
-sandy ma rine and glaciofluvial sed i ments were per formed.
Sam ples for grain size anal y sis were taken from each layer vis i -
ble mac ro scop i cally in the cores. Siev ing was used for grain
size anal y sis. Grain size frac tion con tent was de fined in 1 F  unit 
in ter vals us ing sieves: 32.0, 16.0, 8.0, 4.0, 2.0, 1.0, 0.5, 0.25,
0.125 and 0.063 mm. For sandy-silty and silty-clayey sed i ments 
of ice-dammed lake, 11 sam ples were an a lyzed ac cord ing to
grain size dis tri bu tion. Af ter re mov ing or ganic mat ter with 30%
hy dro gen per ox ide (H2O2), grain size anal y sis was car ried out
us ing an Analysette 22 (Fritsch) la ser par ti cle sizer. Per cent -
ages of the fol low ing grain sizes were de ter mined: 0.25, 0.125,
0.063, 0.032, 0.016, 0.008, 0.004, 0.002, 0.001 and
<0.001 mm.

MINERALOGICAL-PETROGRAPHIC COMPOSITION 

Sand sam ples for dis tin guish ing ma rine and glaciofluvial
sed i ments were taken. The min eral-petrographic com po si tion
was de ter mined in 43 sam ples. Anal y ses were per formed in the 
frac tion of 1.0–0.5 mm. Quartz, feld spar, and crys tal line, sand -
stone, and lime stone rock frag ments were iden ti fied. 

POLLEN ANALYSIS 

Palynological anal y ses were done for ice-mar ginal lake de -
pos its. Sam ples were col lected ev ery 50 cm from 2 cores. In to -
tal, 22 sam ples were ana lysed. Sam ples for mi cro scopic ex am i -
na tion were pre pared us ing the stan dard method (F³gri and
Iversen, 1975; Berglund, 1979). Re sults were pre sented in the
form of his to grams ob tained with the POLPAL soft ware. The
per cent age of each taxon in the pol len spec tra was cal cu lated in 
re la tion to the sum of trees, bushes and her ba ceous plants
(AP+NAP). In de posit sam ples, in which the low fre quency of
pol len grains did not al low cal cu lat ing the per cent age, pres ence 
of sin gle grains was marked with a “+” sign.

RESULTS AND INTERPRETATION

While ana lys ing and dat ing glaciofluvial sandy and
sandy-grav elly de pos its oc cur ring in the sea bed be low ma rine
sed i ments, the ba sic prob lem is to iden tify the bound ary be -
tween them. The first method is the seismoacoustic pro fil ing.
Glaciofluvial delta de pos its are clearly dis tin guish able due to a
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T a  b l e  2

Re sults of 137Cs anal y ses

Core No.
Sam ple po si tion 

in core (m) 

137Cs con tent

(Bq/kg)
unc

S1-2 0.0–0.2 0.62 0.22

S1-2 0.2–0.4 0.51 0.26

S1-2 0.4–0.6 0.29 0.23

S1-2 0.6–0.8 0.14 0.22

S1-2 0.8–1.0 –0.03 0.35

S2-1 0.0–0.2 0.97 0.27

S2-1 0.2–0.4 0.25 0.22

S2-1 0.4–0.6 –0.11 0.59

S2-2* 0.0–0.2 0.76 0.2

S2-2* 0.2–0.4 0.83 0.21

S2-2* 0.4–0.6 0.44 0.24

S2-2* 0.6–0.8 0.68 0.22

S2-2* 0.8–1.0 0.28 0.21

S2-2* 1.0–1.2 0.47 0.23

S2-2* 1.2–1.4 0.17 0.56

S2-2* 1.4–1.6 0.11 0.59

S2-2* 1.6–1.8 –0.20 0.48

S2-2* 1.8–2.0 –0.05 0.48

S2-2* 2.0–2.2 –0.30 0.56

S2-2* 2.2–2.4 –0.12 0.52

S2-2* 2.4–2.6 0.15 0.21

ZA-2 0.0–0.2 0.04 0.4

ZA-2 0.2–0.4 –0.04 0.46

ZA-2 0.4–0.6 0.12 0.23

ZA-2   0.6–0.75 –0.27 0.61

ZA-3* 0.0–0.2 –0.02 0.2

ZA-3* 0.2–0.4 –0.23 0.4

ZA-3* 0.4–0.6 0.21 0.2

ZA-3* 0.6–0.8 0.29 0.21

ZA-3* 0.8–1.0 0.26 0.21

ZA-3* 1.0–1.2 0.21 0.23

ZA-3* 1.2–1.4 0.42 0.26

ZA-3* 1.4–1.6 0.32 0.23

ZA-3* 1.6–1.8 0.33 0.23

ZA-3* 1.8–2.0 0.69 0.23

ZA-3* 2.0–2.2 0.08 0.48

ZA-3* 2.2–2.4 –0.09 0.46

ZA-3* 2.4–2.6 –0.02 0.20

Co-or di nates of cores are given in Ta ble 1



strong re flec tor of its ero sional top sur face and the large-scale
oblique bed ding. How ever, the boom er used for seismo -
acoustic pro fil ing al lowed rec og niz ing the bound ary with an ac -
cu racy of ±0.5 m. The sec ond cri te rion is the mac ro scopic de -
scrip tion car ried out dur ing the core sam pling for OSL dat ing.
As it was men tioned ear lier, the bound aries be tween ma rine
and glaciofluvial sed i ments were pre lim i nar ily rec og nized by re -
ac tion with HCl. Nev er the less, at the stage of se lect ing sam ples 
for OSL dat ing, it was im pos si ble to rec og nize clearly the
bound ary be tween ma rine and glaciofluvial sed i ments. For the
above rea sons, both glaciofluvial and ma rine sed i ments were
among the dated sam ples, as re flected by the wide spec trum of
the ages ob tained. In a later stage, min eral-petrographic com -
po si tion and con tent of ce sium 137 were ana lysed, as well as
ma rine shells were dated by the ra dio car bon method. The oc -
cur rence of ce sium 137 in the sed i ments in di cates the thick -
ness of a dy namic layer which has been re de pos ited af ter 1945. 
How ever, the thick ness of ma rine sed i ments in some cases is
greater, as it is shown by the oc cur rence of Cerastoderma sp.
shells that could have been de pos ited or re de pos ited be fore
1945. Also, the min eral-petrographic com po si tion of some
sam ples showed in ter me di ate fea tures be tween glaciofluvial
de pos its con tain ing sig nif i cant amount of sed i men tary rock
frag ments, and ma rine sed i ments that con tain much lesser
amount of them. Tak ing into ac count all avail able in di ca tors for
the or i gin of the sed i ments from the S³upsk Bank, 10 sam ples of 
ma rine or i gin and 12 sam ples of glaciofluvial or i gin have been
fi nally dis tin guished.

MARINE SANDS AND SANDY-GRAVELLY SEDIMENTS

The OSL ages of sam ples that have been clas si fied as ma -
rine sed i ments range from 4.11 ±0.33 ka to 10.58 ±0.16 ka (Fig. 
3). The base of ma rine sed i ments in the S1-1* and S1-2 cores
oc curs at a depth of about 25.4–26.5 m b.s.l. (2.1–2.6 m be low

sea bed sur face) and their OSL ages were de ter mined at 9.07
±0.66 ka and 9.62 ±0.85 ka, re spec tively. The wa ter level in the
Bal tic Sea at that time was ~25–20 m lower than cur rently
(Uœcinowicz, 2003, 2006). So, the sea was just en ter ing the
S³upsk Bank, and the glaciofluvial de pos its were ex posed to
sun light due to ero sion. The sed i ment trans ported and de pos -
ited in the very shal low coastal zone could be com pletely ze ro -
ing, so the OSL age of the ma rine sands in the S1-1* and S1-2
cores cor re lates well with the time of trans gres sion. The older
ages of ma rine sed i ments (9.77 ±0.83 and 10.58 ±0.16 ka), ob -
tained from the S1-1* core, can be ex plained by poor bleach ing
dur ing the depositional ep i sode.

A very sim i lar sit u a tion is in the case of core S2-1 taken from 
a depth of 15.8 m. The base of ma rine sands (3.25 m be low
sea bed sur face) was OSL dated at 8.88 ±0.68 ka, which cor re -
lates well with the age of trans gres sion; sea level was then
~15–20 m lower than cur rently (Uœcinowicz, 2003, 2006). How -
ever, it should be stated that other OSL ages of ma rine sed i -
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T a  b l e  3

Re sults of ra dio car bon dat ing

Lab. No.

Core name and sam ple
po si tion

(dated ma te rial) 

Age 14C

(BP)

Range of cal en dar

(cal i brated) age

68% con fi dence level

Range of cal en dar

(cal i brated) age

95% con fi dence level

GdA-3638
S1-1*    0.8 m

Cerastoderma sp. shell
1080 ±22 666BP (68.2%) 628BP

694BP (93.8%) 593BP

579BP (1.6%) 566BP

GdA-3639
S1-2    1.43 m

Cerastoderma sp. shell
6198 ±31 6694BP (68.2%) 6597BP 6734BP (95.4%) 6541BP

GdA-3640
S2-1    0.80 m

Cerastoderma sp. shell 
468 ±22

105BP (44.4%) 41BP

30BP (23.8%)

185BP (1.6%) 165BP

146BP (93.8%)

GdA-3641
S2-1   2.68 m

Cerastoderma sp. shell
6100 ±27 6577BP (68.2%) 6476BP 6620BP (95.4%) 6440BP

GdA-3642
S2-2*    1.04 m

Cerastoderma sp. shell

104.56 ±0.27
pMC 1990.86AD (68.2%) 1991.74AD

1957.5AD (8.4%) 1958.52AD

1990.18AD (87.0%) 1992.18AD

GdA-3645
ZA-3*    0.9 m

Cerastoderma sp. shell
6127 ±38 6615BP (68.2%) 6504BP 6657BP (95.4%) 6448BP

GdA-3646
ZA-3*    1.75 m

Scrobicularia sp. shell

114.95 ±27
pMC 

1956.68AD (12.2%) 1956.88AD

2009.04AD (56.0%) 2009.6AD

1956.52AD (26.7%) 1957.54AD

2007.92AD (68.7%) 2009.68AD

Co-or di nates of cores are given in Ta ble 1

Fig. 3. Dis tri bu tion of OSL ages of ma rine sand 
and sandy-grav elly sed i ments



ments are older than ra dio car bon ages of shells from the cor re -
spond ing lay ers. This means that ex cept the time of trans gres -
sion and op por tu ni ties for ex po sure of sed i ments to the sun light 
in very shal low wa ter, later when the sea level rose, op por tu ni -
ties for to tal bleach ing were po ten tially poor. 

A layer of ma rine sed i ments has been re cently re de pos ited
dur ing storms to depths of 1.8 m (sand) and 1.2 m (sandy-grav -
elly de pos its) with re gard to 14C dat ing of the ma rine shells and
their po si tion along the core pro file, as well as dis tri bu tion of
137Cs con tent in the core (Tables 2 and 3).

GLACIOFLUVIAL DELTAS

The OSL ages of 12 sam ples that have been clas si fied as
glaciofluvial sed i ments range from 9.77 ±0.83 to 21.3 ±2.0 ka
(Fig. 4). How ever, there are dif fer ences be tween four of the in -
ves ti gated cores. The OSL ages of glaciofluvial de pos its from
cores S1-1* and S1-2, taken from the delta sit u ated at
~23–24 m b.s.l., and core S2-1, taken from the delta at a wa ter
depth of 15.8 m, are be tween 9.77 ±0.83 ka and 12.16 ±0.9 ka.
The OSL ages of glaciofluvial de pos its, ob tained from these
three cores, are youn ger than the ex pected age (i.e. 14–16 ka)
of the tested del tas.

The S1-1* and S1-2 cores were taken on the sides, i.e. the
“wings” of the delta (con sid er ing the per pen dic u lar cross-sec -
tion to the trans port di rec tion). In these parts of the delta, dif -
frac tions are vis i ble on the seismoacoustic pro file, in di cat ing a
dis turbed layer sys tem. In the sec ond of the stud ied del tas, the
core (S2-1) was taken at a dis tance of about 500 m from the
delta front, where lay er ing dis tur bances are also vis i ble on the
seismoacoustic pro file. 

The S2-2* core was col lected in the dis tal part of the delta,
at a wa ter depth of 16.1 m. (Figs. 1 and 5). In this core, ma rine
sands and grav elly sands are cur rently re de pos ited up to a
depth of about 1.3 m be low bot tom sur face, as in di cated by the
con tent of radiocesium (137Cs) and the age of Cerastoderma
sp. shell (Fig. 5 and Ta bles 2, 3). Be low the ma rine sed i ments
there are glaciofluvial delta de pos its com posed of sandy gravel
at the top, grad ing down ward into grav elly sand and fine- and
me dium-grained sands. OSL ages of glaciofluvial de pos its from 
the S2-2* core range from 14.3 ±1.2 to 21.3 ±2.0 ka (Fig. 5).

The OSL ages of glaciofluvial de pos its in four dis cussed
cores range from 9.77 ±0.83 to 21.3 ±2.0 ka (Fig. 4 and Ta ble
1). Tak ing into ac count avail able data about deglaciation tim ing
in north ern Po land (Wysota, 2002; Marks, 2010) and south ern
Swe den (e.g., Lundqvist and Wohlfarth, 2001; Houmark-Niel -
sen, 2008; Johnsen et al., 2009; Anjar et al., 2014), it was as -

sumed that the OSL ages of the glaciofluval delta sed i ments
from the S³upsk Bank should be in the range of 16–14 ka.
There fore, only three dates ob tained from core S2-2* (14.3
±1.2, 15.6 ±1.2 and 16.60 ±1.40 ka) de ter mine the most prob a -
ble de po si tion time of the glaciofluvial delta at ~15.5 ka. One
age older than the ex pected time of del tas de po si tion can be ex -
plained by lack of op por tu ni ties for to tal bleach ing.

Sur pris ingly, many OSL ages of glaciofluvial de pos its are
youn ger than ex pected for the time-frame of ice sheet de cay in
the south ern most Bal tic area. It can be ex plained as re sult ing
from a con tact with sun light (par tial or to tal bleach ing) when
dead-ice blocks bur ied in sed i ments were melted. It was pos si -
ble in the pe riod be tween de po si tion of the del tas and ma rine
trans gres sion. 

ICE-MARGINAL LAKE DEPOSITS

Ice-mar ginal lake de pos its, its spa tial spread ing, thick ness
and li thol ogy, are well-doc u mented in the Pol ish part of the
south ern Bal tic Sea (Kramarska, 1991; Uœcinowicz and
Zachowicz, 1991; Pikies and Jurowska, 1994). They have been 
found in the area be tween the west ern edge of the S³upsk Bank
and the Pol ish coast in the west and in the west ern part of the
Gulf of Gdañsk (east ern part of the Pol ish coast). Grain size of
the de pos its var ies sig nif i cantly; in most cases they con sist of
lam i nated silty clay, clayey silt and sandy silt, some times with
sandy interlayers. Silty sand and fine sand oc cur lo cally, and
post-sed i men tary de for ma tion struc tures are fre quently pres -
ent. Gen er ally, the or ganic mat ter con tent is about 1.5%. The
thick ness of ice-mar ginal lake de pos its de pends on the re lief of
the sub stra tum, and var ies from sev eral tens of centi metres to
25 m (Uœcinowicz, 1996, 1999). How ever, the age of the
ice-mar ginal lake is poorly known. There are only a very few pol -
len spec tra of those sed i ments (16 sam ples ana lysed in four
cores) (Uœcinowicz et al., 2014). Nev er the less, they in di cate
that the sed i men ta tion took place dur ing the Late-Gla cial pe -
riod. Those anal y ses also show that the top most sec tions of the
de pos its fill ing the de pres sions con tain a sig nif i cant per cent age
of ju ni per (Juniperus) and ha zel (Corylus) pol len, which sug -
gests that, at least lo cally, wa ter bod ies (lakes) per sisted dur ing
the tran si tion pe riod from the Late-Gla cial to the Ho lo cene and
dur ing the Early Ho lo cene (Uœcinowicz et al., 2014).

Dur ing re search dis cussed in the pres ent pa per, three sed i -
ment cores of ice-mar ginal lake de pos its were ac quired and an -
a lysed (Fig. 1). The spec trum of OSL ages of 11 sam ples is ex -
tremely large rang ing be tween 11.09 ±0.79 and 135.00 ±12.0
ka (Fig. 6). 
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As sum ing the ex is tence of an ice-mar ginal lake dur ing the
last deglaciation, we can dis cuss only four ages of ice-mar ginal
lake de pos its. Two of them (14.51 ±0.81 ka and 14.6 ±1.4 ka) fit
well into the ex pected time of ice-mar ginal lake ex ist ing in front
of the S³upsk Bank mo raines. Two oth ers (11.09 ±0.79 ka and
12.92 ±0.64 ka) are youn ger, which can be ex plained as re sult -
ing from con tact with sun light, when dead-ice blocks bur ied in
sed i ments were melted. It is also pos si ble that these “too young
ages” are re lated to the lakes that per sisted in the area af ter

drain age of the ice-mar ginal lake. In that case, the sam ple
dated to 14.51 ±0.81 ka in core ZA-2 lo cated above the sam ple
dated to 12.92 ±0.64 ka (Fig. 7) could not be to tally bleached.

The as sump tion that the OSL ages older than 30 ka (Fig. 6
and Ta ble 1) re spond to the older interstadials or interglacials
(MIS 3, MIS 4, MIS 5d/MIS 6) can be ig nored due to not only the 
lack of coarse-grained lag de pos its on their top, but also in the
light of pre vi ous stud ies (Kramarska, 1991; Uœcinowicz and
Zachowicz, 1991; Pikies and Jurowska, 1994; Uœcinowicz et al., 
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Fig. 5. Seismoacoustic pro file of glaciofluvial delta and re sults of S2-2 core study

Fig. 6. Dis tri bu tion of OSL ages of silty-sandy sed i ments of ice-mar ginal lake be tween the S³upsk Bank 
and the Pol ish coast



2014). Ev i dences for the state ment are also pro vided in the
pres ent pa per (Fig. 8). The poor tree spe cies com po si tion, with
pre dom i nance of pine (Pinus) and birch (Betula), and the pres -
ence of spe cies char ac ter is tic for tun dra, such as Betula nana,
Salix, Saxifraga, Ephedra, and Ar te mi sia (Fig. 8), in di cate the
sed i men ta tion took place dur ing cold, arc tic cli mate. The pres -
ence of Pediastrum kawraiskyi green-alga in di cates that the
sed i ments were de pos ited in cold and oligotrophic wa ters.

The ice-mar ginal lake sed i ments from cores ZA-1 and ZA-2
con tain also a sig nif i cant amount of cor roded pol len grains, es -
pe cially in the lower part of the cores. In that, there is a sig nif i -
cant num ber (up to 34%) of pol len grains of Paleogene/Neo -
gene plants. On the di a gram (Fig. 8), the Paleogene/Neo gene
spe cies are il lus trated by Rebedded and Ilex col umns. The cor -
roded grains of pol len spe cies with sig nif i cant cli ma tic re quire -
ments: elm (Ulmus), ha zel (Corylus) and al der (Alnus), are also
pres ent. These grains could be re de pos ited from older inter gla -
cial or interstadial de pos its.

COASTAL RIDGES OF THE ICE-MARGINAL LAKE
IN THE GARDNO-£EBA LOWLAND

Dur ing the field work in the Gardno-£eba Low land we had
only a hy poth e sis that the ridges could be older than Ho lo cene.
Dur ing the sam pling we did not find any in di ca tors for ma rine or
ae olian or i gin of the ridges. 

The ridge in ̄ elazo is com posed of me dium sand with a mi -
nor ad mix ture of fine gravel with poorly vis i ble lam i na tion.

Well-de vel oped podzsolic soils with a clear Orstein level (level
with a high con tent of fer ric com pounds) oc cur at the top of the
ridge. The ridge in £okciowe is com posed of fine- and me -
dium-grained mas sive sand (no vis i ble lam i na tion). The sand is
cov ered by a fos sil podzolic soil with an Orstein level. A thin
layer of muddy peat and 20 cm of ae olian sand at the sur face
oc cur above the fos sil podzolic soil (Fig. 9). The Nowêcin ridge
is com posed of sandy-grav elly de pos its with hor i zon tal bed -
ding; how ever, it is dis turbed by a frost wedge and tree roots in
the up per part. Like in ¯elazo and £okciowe, podzolic soils with
an Orstein level oc cur at the sur face of the ridge.

The most co her ent set of OSL ages co mes from low ridges
in the Gardno-£eba Low land (Fig. 1, ¯elazo, £okciowe and
Nowêcin sites). The OSL ages of 10 sam ples of sandy and
sandy-grav elly de pos its range from 11.03 ±0.73 to 16.13
±0.94 ka (Figs. 9, 10 and Ta ble 1), so only two of them are def i -
nitely youn ger than ex pected time of their de po si tion. The youn -
gest ages oc cur in the up per sam ples where dis tur bances of the 
bed ding are vis i ble, which can in di cate pos si bil ity of short ex po -
si tion to sun light. The av er age age of eight sam ples from the
range of 13.73 ±0.84 ka – 16.70 ±1.10 ka is 15.21 ka.

DISCUSSION

The re search was car ried out on land forms and sed i ments
of dif fer ent or i gin; how ever, ac cord ing to pre vi ous stud ies
(Uœcinowicz 1995, 1996, 1999, 2010), they are re lated to each
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Fig. 7. Seismoacoustic pro file of ice-mar ginal lake de pos its and re sults of ZA-2 core study



other and were formed at the same time. Al to gether, 43 sam -
ples were dated by the OSL method. The spec trum of ob tained
OSL ages was ex tremely large – from 4.11 ±0.33 to 135.0
±12.0 ka. Nev er the less, when we ex clude the seven ages of
ice-mar ginal lake de pos its, which are def i nitely too old (i.e.
older than MIS 2), and ne glect the ages of ma rine sed i ments,

then 26 ages in a range of 9.77 ±0.83–21.3 ±2.0 ka re -
main, i.e. re lated to the Late Gla cial and Early Ho lo cene.
Among the re sults that in clude three ages of glaciofluvial
de pos its, two ages of ice -mar ginal lake, and eight ages of
coastal ridges of the lake, there are 13 ages (50%) that fit
well into the ex pected (most prob a ble) pe riod of
deglaciation of the south ern most Bal tic area (Fig. 11).
The av er age age is 15.18 ka and the stan dard de vi a tion is 
0.91 ka. On this ba sis we can state that the S³upsk Bank
Phase, when glaciofluvial del tas were formed in front of an 
end mo raine ridge, and the huge ice-mar ginal lake ex isted 
south of that reach ing the pres ent Pol ish coast, took place 
most likely ~15,200 years ago.

Ac cord ing to the av er age age of the S³upsk Bank
Phase, the ages of silty-sandy sed i ments of ice-mar ginal
lake are a lit tle youn ger (14.51 ±0.81 and 14.6 ±1.4). The
same ap plies to po si tion and ages (14.05 ±0.79 and 14.72 
±0.92 ka) of a coastal ridge in the £okciowe site. It can be
ex plained that those sed i ments were de pos ited dur ing re -
ces sion of ice sheet front from the S³upsk Bank. The sam -
ples of ice-mar ginal lake sed i ment were taken from the
up per most and the youn gest part of the sed i ments. The
ridge in £okciowe is youn ger than ridges in ¯elazo and
Nowêcin, and it is sit u ated north of the ridge in ¯elazo. 

In that case, the ridges in ̄ elazo and Nowêcin mark a
max i mal range of the ice-mar ginal lake and the ridge in
£okciowe is a re ces sional one.

Be low, there are two other, less im por tant de bat able
is sues. Firstly, the at tempt to ex plain the prob lem of older
or youn ger ages than the ex pected time of deglaciation of
the south ern most Bal tic area was pre sented ear lier; how -
ever, some doubts still re main, es pe cially for eight ages of 
glaciofluvial del tas youn ger than 14 ka. The min eral -
-petrographic com po si tion of the sam ples is typ i cal for
glaciofluvial de pos its and the sed i ments do not con tain
ma rine shells. There fore, it is rather im pos si ble that the
sed i ments were re de pos ited dur ing the Mid dle Ho lo cene
(Littorina Sea) trans gres sion. In case of cores S1-1* and
S1-2, it is pos si ble that dis cussed sed i ments were shortly
re de pos ited dur ing the high stands of the Bal tic Ice Lake
and es pe cially the Ancylus Lake. In case of core S2-1, it is 
less prob a ble due to its bathymetric po si tion. How ever, in
seismoacoustic re cords in all three cases, the dis tur -
bances in sed i ment bed ding are vis i ble, so the pro cesses
re lated to melt ing of dead-ice blocks are the best ex pla na -
tion so far. Be sides, we know only very lit tle how it looked
like and what the pos si bil i ties for sed i ment bleach ing
were. Sec ondly, a de bat able is sue could be also the or i gin 
and age of low, gen tle ridges in the Gardno-£eba Low -
land. Nev er the less, due to ob tained ages and lack of any
other in di ca tors for an other or i gin, the dis cussed ridges
have been clas si fied as coastal forms (coastal ridges or
rel ics of a spit) of ice-mar ginal lake that ex isted south of
the S³upsk Bank at the same time when glaciofluvial del -
tas were be ing formed.

We have also tried to cor re late the S³upsk Bank
Phase with other re ces sional phases of the last SIS in
Scan di na via and on the east ern coast of the Bal tic Sea. A
short stop of ice sheet front at the S³upsk Bank took place

most prob a bly ~15.2 ka ago (Fig. 12), dur ing a short pe riod of
cli mate cool ing 15.1–14.8 ka BP (Al ley, 2004). The S³upsk
Bank Phase can thus be cor re lated with the Göte borg Phase
(~15.4–14.5 ka) (Lundqvist and Wohlfarth, 2001; Lundqvist,
2002; Stroeven et al., 2016) or the Phases of Cen tral Sk¯ne
(16–15 ka) (Houmark -Niel sen, 2008) in south ern Swe den.
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Fig. 8. Pol len di a gram of ice-mar ginal lake sed i ments in ZA-2 core



How ever, in re la tion to other data (Anjar et al., 2014), the
S³upsk Bank Phase may be cor re lated with the tim ing of
deglaciation of east ern Sk¯ne (15.0 ±1.0 ka) or south ern most
Sm¯land (15.8 ±0.9 ka). It does not have to be in con flict with
10Be ages from Born holm (16.6 ±0.9 ka) and south ern most
Sm¯land (16.1 ±0.9 ka). It is pos si ble that ice lobes were lo -
cated in HanÝ Bay and the Born holm Ba sin, whereas Born holm 
is land re mained free of ice.

To the east, the S³upsk Bank Phase could be re lated to the
North Lith u a nian Phase (Haanja–Luga Phase) de scribed by
Veinbergs et al. (1995), Pirrus and Raukas (1996) and Kalm
(2006). Re ces sion of the ice sheet from the end mo raines in the 

S³upsk Bank was rather fast due to a dis tinct cli mate warm ing at 
the on set of the BÝllinge-AllerÝd chronozone, and it is prob a ble
that the ice sheet front re treated to the South ern Mid dle Bank
dur ing the next 500–700 years. Thus, a short stop of ice-sheet
front at the South ern Mid dle Bank could take place ~14.5 ka
ago. This phase of south ern Bal tic area deglaciation may be
cor re lated with the Berghem and/or Vimmerby mo raines, the
age of which was es ti mated at 14.2–14.6 ka by Lundqvist and
Wohlfarth (2001), Anjar et al. (2014), Stroeven et al. (2016) in
south ern Swe den, and with the Otepää Phase (Pirrus and
Raukas, 1996; Kalm 2006) on the Lat vian coast.
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Fig. 9. Ex ca va tions in coastal ridges of ice-mar ginal lake, and re sults of in ves ti ga tions

¯elazo 1 (A) and £okciowe (B) sites (red dots in di cate points of sam ples col lec tion)

Fig. 10. Dis tri bu tion of OSL ages for sands and grav elly sands of
coastal ridges of ice-mar ginal lake in the £eba-Gardno Low land



Ac cord ing to the re sults of the pres ent pa per, in di cat ing that
the S³upsk Bank Phase took place ~15.2 ka ago, the mo raines
mark ing the last ice sheet ad vance  in north ern Po land (Gardno
Phase) must be a lit tle older and most prob a bly were formed
be tween 16,000–15,500 years ago. 

Tak ing the above into ac count, the Gardno Mo raines may be
cor re lated to the Halland Coastal Mo raines (Lundqvist and
Wohlfarth, 2001) in Swe den. Al though Anjar et al. (2014) pres -
ents slightly older ages for the Halland Coastal Mo raines (16.8
±1.0 ka) and Göteborg Mo raines (16.1 ±1.0 k) their con nec tions
with the Gardno Mo raines is still pos si ble. How ever, the po si tion
of ice mar gin in the vi cin ity of Born holm Is land at that time re -
mains de bat able. To the east, the Gardno Phase most prob a bly
cor re sponds to the Mid dle Lith u a nian Phase (Raukas et aI.,
1995). 

The S³upsk Bank Phase is dated in the pres ent pa per and,
at the mo ment, it is cor re lated with the south ern most Swe den
and north Lith u a nian mo raines not only by spa tial cor re la tions
of the ice-mar ginal forms and sed i ments re mained on the
south ern Bal tic sea bed, but also ac cord ing to its ages. At tri bu -

tions of the Gardno and South ern Mid dle Bank Phases to the
deglaciation phases in south ern Swe den and the east ern Bal tic
coast still re main only as spa tial cor re la tions; how ever, cool pe -
ri ods vis i ble on the plot of palaeotemperatures of Green land
(Fig. 12) slightly sup port these sup po si tions.

CONCLUSION

The sed i ments of four types of en vi ron ment and dif fer ent
lithologies were dated by the OSL method.

The OSL ages of ma rine sands and sandy-grav elly de pos its 
ranges from 4.11 ±0.33 to 10.58 ±0.16 ka BP and cor re spond
mainly with the Mid dle Ho lo cene ma rine trans gres sion on the
S³upsk Bank. The ages youn ger than 8 ka in di cate later
redeposition when con tact with sun light was pos si ble. The
dates older than the time of trans gres sion are ex plained by lack
of op por tu ni ties for to tal bleach ing dur ing de po si tion.
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Fig. 11. OSL ages of in ves ti gated sed i ments 

Grey line and light grey rect an gle marks the av er age and stan dard de vi a tion of sed i ment’s age re lated
to the S³upsk Bank Phase



Among 12 OSL ages of glaciofluvial del tas, three of them
(14.3 ±1.2, 15.6 ±1.2 and 16.60 ±1.40 ka) fit into the most
prob a ble time of de po si tion. A sim i lar case (2 out of 11 ages)
re fers to fine-grained ice-mar ginal lake de pos its. The best re -
sults (8 out of 10 ages) are ob tained from coastal sandy and
sandy -grav elly de pos its of ice-mar ginal lake. Nev er the less,
when seven old est ages (i.e. older than MIS 2) were ex cluded, 
26 ages in a range of 9.77 ±0.83–21.3 ±2.0 ka have re mained.
Among those re sults, 50% of them (i.e. three ages of glacio -
fluvial de pos its, two ages of ice-mar ginal lake, and eight ages
of coastal ridges of the lake) fit well into the ex pected (most
prob a ble) pe riod of deglaciation of the south ern most Bal tic
area. On this ba sis we can state that the S³upsk Bank Phase,
when glaciofluvial del tas were formed in front of an end mo -
raine ridge, and the huge ice-mar ginal lake ex isted south of
that reach ing the pres ent Pol ish coast, took place most likely
ap prox i mately 15,200 years ago. Older ages are ex plained by
a well-known ef fect of in her i tance of for mer OSL sig nals and
poor op por tu ni ties for bleach ing dur ing the depositional ep i -
sode. An other very im por tant fac tor for fine-grained sed i ments 
of the ice-mar ginal lake is the prob a ble ad mix ture of older, re -
de pos ited de pos its. A large num ber of OSL ages of glacio -
fluvial and ice-mar ginal lake de pos its youn ger than ex pected

or even pos si ble for the time-frame of ice sheet de cay in the
south ern most Bal tic can be ex plained by the pos si ble con tact
with sun light (par tial or to tal bleach ing), when dead-ice blocks
were melted bur ied in sed i ments. Nev er the less, in all cases,
OSL ages should be tested against avail able re gional nu mer i -
cal event -strati graphic gla ci ation chro nol o gies to de ter mine
whether over es ti ma tion or un der es ti ma tion is pos si ble. 

The fi nal con clu sion is that the mode of deglaciation was
changed from fron tal and ae rial into sub aque ous af ter ice sheet
re treat from mo raines of the Gardno Phase. A large ice-mar -
ginal lake ex isted in front of the ice sheet dur ing the S³upsk
Bank Phase. The av er age age of this ep i sode dur ing the last
SIS de cay is 15.2 ka with a stan dard de vi a tion of 0.9 ka.
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