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Highlights:

e New °Be ages (n = 25) on and within the ice sheet extent of the Pomeranian Phase (PP)
e Combined analyses of new and recalculated °Be ages (n = 86) along the PP ice margin
e Time-transgressive extent of the Scandinavian Ice Sheet (SIS) along the PP ice margin

e Time-slice reconstruction for the southern sector of the last SIS (~20-15 ka)
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Abstract

We present a new set of 25 1°Be surface exposure ages of boulders located on the
Pomeranian moraines and of erratic boulders located directly upstream of the Pomeranian
moraines in northern Poland. Together with recalculated °Be surface exposure ages along the
Pomeranian Phase ice-marginal belt from Denmark to the west to Lithuania and Belarus to the
east, the full data set (n = 86) enabled us to constrain the timing of the ice front standstill and
its subsequent retreat. The investigated area consists of geomorphological record along ~2000
km of the ice margin associated with the ice sheet limit correlated so far with the Late
Weichselian Pomeranian Phase (Bzlthav in Denmark, Baltija in Lithuania and Braslav in
Belarus).

We constrained the age of the ice margin position in the area occupied by the Baltic
Ice Stream to ~20-19 Kka, in the area occupied by the Odra Ice Stream to ~19-18 ka, in the
interstream area between the Odra and the Vistula Ice Streams to ~20-19 ka, in the area
occupied by the Vistula Ice Stream to ~19-18 ka, in the area occupied by the Mazury Ice
Stream to ~18-17 ka, in the area occupied by the Riga Ice Stream to ~17-16 ka, and in the
area occupied by the Novgorod Ice Stream to ~16-15 ka. Our best age estimates are based on:
(1) a minimum age of the ice margin retreat inferred from new and recalculated °Be ages of
boulders as well as interpretation of available radiocarbon ages from organic deposits and
OSL ages from sediments overlying tills, and (2) a maximum age of the ice margin stillstand
and retreat inferred from interpretation of available OSL ages from sandur sediments
deposited in front of the ice sheet. The asynchrony of the ice margin positions along the
Pomeranian Phase ice-marginal belt shows about 3-5 ka difference between the Balthav ice
margin in Denmark and the Braslav ice margin in Belarus. We propose a new scenario of the
Pomeranian Phase ice sheet evolution and a time-slice reconstruction of the last Scandinavian

Ice Sheet’s southern fringe for the period ~20-15 ka.

Key words: 1°Be surface exposure dating, deglaciation, Pomeranian Phase, Scandinavian Ice
Sheet
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1. Introduction

In the area south of the Baltic Sea, the last Scandinavian Ice Sheet (SIS) formed
distinct ice-marginal belts, traditionally ascribed to the three MIS2 (in Europe the Late
Weichselian) glacial phases: Brandenburg, Frankfurt and Pomeranian (Woldstedt, 1925,
1935). The ice-marginal landforms of the Brandenburg and the Frankfurt Phases are
correlated with the maximum expansion of the last SIS in this region (e.g., Marks, 2012;
Tylmann et al., 2019). The Local Last Glacial Maximum was followed by a significant ice-
margin standstill which occurred during the Pomeranian Phase (PP). The PP ice sheet limit in
northern Poland is morphologically expressed by well-defined terminal moraines, ice-contact
sedimentary scarps or proximal edges of proglacial outwash fans/plains (e.g., Galon and
Roszkowna, 1961; Roszkowna, 1968; Roman, 1990; Btaszkiewicz, 1998; Ktysz, 2003) which
may be correlated with similar landforms in: Denmark (e.g., Houmark-Nielsen, 2007, 2011),
northern Germany (e.g., Bremer, 2000; Liedke, 2001), Lithuania (Guobyté, 2004) and Belarus
(Karabanov et al., 2004). This association of glacial marginal landforms has a complex origin:
in some segments it was formed as a result of recessional standstill of the ice-margin (e.g.,
Karczewski, 1989; Btaszkiewicz, 1998; 2011), whereas in others the ice margin standstill
occurred after the re-advance of ice front (e.g., Miiller et al., 1995; Bose, 2005; Guobyté and
Satkiinas, 2011). However, based on the geomorphology, the PP ice-marginal belt may be
traced across the southern sector of the last SIS as a relatively continuous record of the ice
front position correlated with particular phases of deglaciation — Balthav in Denmark,
Pomeranian in Germany and Poland, Baltija in Lithuania, and Braslav in Belarus (cf. Liedtke,
1975; Houmark-Nielsen and Kjer, 2003; Karabanov and Matveyev, 2011; Guobyté and
Satktinas, 2011; Marks, 2015) (Fig. 1). In this regard, the PP ice margin is one of the most
prominent ice-marginal features of the Weichselian glaciation in northern Europe (Liithgens
etal., 2011).

It is already well known that during the evolution of the last SIS, particular limits of
the ice sheet were time-transgressive (cf. Hughes et al., 2021). The last SIS has never been
still along its entire ice margin at a given moment of time, as it is usually presented on
traditional glaciomorphological maps, which usually display isochronous ice margin positions
by connecting geomorphological features (e.g., Keilhack, 1901; Woldstedt, 1925; Liedtke,
1975). Due to dynamic behavior of particular ice streams and/or diversified response of the
ice margin to changing climate, various sectors of the last SIS’s southern front advanced and
retreated differently over time resulting in a heterogeneous geomorphological record in the

glacial landscape, which indeed may reflect asynchronous events. In an effort to capture part
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of this ice sheet dynamics, numerical dating of ice-marginal landforms could be a base for
reconstructions of an asynchronous ice margin that must have continuously existed at a given
moment in time (cf. Lithgens and Bose, 2012).

Surface exposure dating with in-situ produced cosmogenic nuclides is routinely used
in developing paleo-ice sheet retreat chronologies (e.g., Corbett et al., 2017; Small et al.,
2017; Rinterknecht et al., 2018; Barth et al., 2019; Tylmann et al., 2019; Dulfer et al., 2021).
This technique offers direct numerical dating of glacial landforms, using mineral targets in
stable erratic boulders resting at the ground surface. The advantage of this method for glacial
geochronology is that moraines can be directly dated, instead of their age being constraint by
radiocarbon dating of organic material and/or luminescence dating of sandy deposits
intercalated between morainic sediments (lvy-Ochs and Kober, 2008). In-situ cosmogenic
nuclides were successfully used in constructing chronologies for MIS 2 paleo-ice sheets (e.g.,
Marsella et al., 2000; Rinterknecht et al., 2006; Clark et al., 2009). In the case of the last SIS
southern periphery, the vastness of the ice-margin studied as well as the streaming behavior of
the ice sheet ask for a large chronological dataset to be able to embrace the full picture of the
ice margin positions associated with multiple ice streams.

Here, we present a new set of 25 1°Be surface exposure ages of boulders located on the
Pomeranian moraines and of erratic boulders located directly upstream of the Pomeranian
moraines in northern Poland. Together with recalculated 1°Be surface exposure ages along the
PP ice-marginal belt, the full data set (n = 86) enabled us to constrain the timing of the ice
front standstill and its subsequent retreat. We propose a new scenario of the PP ice sheet
evolution and a time-slice reconstruction of the last SIS’s southern fringe for the period ~20—
15 ka. In this study we provide the largest dataset of direct chronology for the southern
periphery of the last SIS associated with the PP ice-marginal belt. This chronology makes it
possible to understand in details the behavior of an ice stream dominated ice margin in the
context of climatic improvement and to understand the response of individual ice streams to

local conditions.

2. Study area and dating targets

The study area covers the PP ice-marginal belt located south-west, south and south-
east of the Baltic basin. It extends from Denmark in the west to Lithuania and Belarus in the
east (Fig. 1). The ice sheet limit correlated with the PP is very well traceable in the landscape
of northern Europe. It is reconstructed based on the spatial arrangement of ice-marginal

landforms, mainly: end moraines and distal outlets of tunnel valleys in Denmark (e.g.,
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Houmark-Nielsen, 2007), end moraines and proximal edges of outwash plains in Germany
and Poland (e.g., Liedtke, 2001; Marks, 2012) as well as end moraines and proglacial valleys
in Lithuania (e.g., Guobyté and Satktinas, 2011). The investigated area consists of
geomorphological record along ~2000 km of the ice margin associated with the maximum ice
sheet limit during the PP. The configuration of this palaeo-ice margin reveals the occurrence
of distinct ice lobes, which were shaped by the last SIS palaeo-ice streams operating within
the southern periphery of the ice sheet (cf. Punkari, 1995; Boulton et al., 2001). Most of these
palaeo-ice streams flowed westwards and southwards from the Baltic basin area. The western
segment of the ice margin was shaped by the main Baltic Ice Stream (ice stream B according
to Punkari’s classification) and the southern and eastern segment of the ice margin was
shaped by its tributaries: the Odra Ice Stream (B2), the Vistula Ice Stream (B3), the Mazury

Ice Stream (B4) and the Riga Ice Stream (Bs). The easternmost part of the ice margin was

shaped by the Novgorod Ice Stream (F), which flowed from the east European Plain east of
the Baltic basin (Fig. 1; Punkari, 1995).

Ice margin positions: Location of “Be ages:

. . B * . T g
MSL - Main Stationary Line “ ice divides o Houmark-Nielsen et al. (2012) @ Heine et al. (2008)
BDB - Brandenburg Phase
. . @ Rinterknecht et al. (2014) o Rinterknecht et al. (2006)
LE - Leszno Phase B radiocarbon dating Riiatinadibeba], (9515 sl
FRT - Frankfurt Phase A OSL dating @ Rinterknecht et al. (. ) O new dating

PO - Poznan Phase
>4 = Beelthav - Pomeranian - Braslav - Baltija Phase

Fig. 1. The study area with reconstructed positions of the Late Weichselian (MIS 2) ice margins. The
maximum expansion of the last SIS correlated with the Brandenburg (Leszno) and the Frankfurt
(Poznan) Phases are indicated as well as a significant ice-margin standstill, which occurred during the
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Pomeranian Phase (light blue lines). Location of °Be dating are marked with circles. Radiocarbon and
OSL dating sites significant for the timing of the Pomeranian Phase (PP) ice margin position are
marked with squares. Digital elevation model based on SRTM data with a horizontal resolution of 80
m.

19Be dating targets were massive and intact boulders resting on glacial landforms
correlated with the PP ice-marginal belt. We choose boulders located exactly on landforms
associated with the line indicating maximum extent of the PP ice sheet and those located up to
50 km upstream of the ice sheet flow direction. The full set of 1°Be ages consists of 61 ages
from boulders already dated in previous investigations (Rinterknecht et al., 2006, 2012, 2014;
Heine et al., 2008; Houmark-Nielsen et al., 2012) and 25 new ages from boulders from
northern Poland (Fig. 1). Sampled boulders are large and stable (embedded into the ground)
granitic rocks significantly protruding (at least 0.9 m) above the ground surface (Fig. 2). We
analyzed the distribution of all surface exposure ages (n = 86) and in a further step, we
analyzed the distributions of ages obtained for boulders located within regions of individual
ice streams (Fig. 1). Moreover, we compared the results obtained for boulders located on the
moraines indicating the maximum extent of the PP ice sheet, with results obtained for erratic

boulders located up to 50 km upstream from the PP ice sheet maximum extent.

Fig. 2. Erratic boulder in northern Poland sampled
for 1°Be dating (sample PM-30).

3. Methods
3.1. New samples

Samples were taken with a manual jackhammer from the upper surface of 25 boulders
(PM samples) of perimeter ranging from 6.6 to 44.0 m and height ranging from 0.9 to 3.8 m
(Tab. 1). All boulders are characterized by quartz-rich lithologies as granitoids, granite
gneisses and gneisses. In most cases one sample was taken per boulder. On a single occasion

we collected two samples from a granitoid boulder with quartz vein located in the area of the
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Odra Ice Stream. Sample PM-04A was taken from the granitoid rock, while sample PM-04B
was taken from the quartz vein.

Sample preparation was conducted at the Laboratoire National des Nucléides
Cosmogéniques in CEREGE, Aix-en-Provence, France. The rock samples were crushed and
sieved. The 0.25-1.0 mm fraction was separated with a Frantz magnetic barrier laboratory
separator in magnetic and non-magnetic subsamples. Several successive acid attacks of the
non-magnetic fractions were performed using a mixture of concentrated hydrochloric acid
(HCI) and fluorosilicic acid (H2SiFe). The purified quartz was decontaminated from meteoric
19Be by three successive partial dissolutions with concentrated hydrofluoric acid (HF).
Decontaminated quartz was dissolved with concentrated HF after adding 100 pL of an home-
made °Be carrier solution ([°Be] = 3025 + 9 ng/g, Merchel et al., 2008). Beryllium was
recovered after two successive separations on ion exchange columns: an anion exchange
column (Dowex 1X8) to remove iron and a cation exchange column (Dowex 50WX8) to
discard boron and recover Be (Merchel and Herpers, 1999). The eluted Be fractions were
precipitated to Be(OH)2 with ammonia and oxidized to BeO. The BeO was mixed with
niobium powder to prepare targets and the 1°Be/°Be ratios were measured by accelerator mass
spectrometry (AMS) at the French National AMS Facility ASTER, Aix-en-Provence (Arnold
et al., 2010). The measured 1°Be/°Be ratios were normalized relative to the in-house standard
STD-11 using an assigned °Be/°Be ratio of (1.191 + 0.013) x 101! (Braucher et al., 2015)
and a 1°Be half-life of (1.387 £ 0.012) x 10 years (Chmeleff et al., 2010; Korschinek et al.,
2010). Analytical 16 uncertainties include uncertainties in AMS counting statistics,
uncertainty in the standard °Be/°Be, an external AMS error of 0.5% (Arnold et al., 2010), and
a chemical blank measurement.

19Be ages were calculated using the most recent global production rate (Borchers et al.,
2016) and the time dependent scaling scheme for spallation according to Lal (1991) and Stone
(2000) (the ‘Lm’ scaling scheme). We corrected the °Be production rate for sample thickness
according to an exponential function (Lal, 1991) and assuming an average density of 2.7
g/cm? for granitoid, granite gneiss and gneiss. The appropriate correction for self-shielding
(boulder geometry) was applied when surface of the sampling spot was sloping more than
10°. No correction for the surface erosion of boulders was applied, as we interpret the 1°Be
results as minimum age for the ice sheet retreat. All calculations were performed using the
online exposure age calculator formerly known as the CRONUS-Earth online exposure age
calculator — version 3 (http://hess.ess.washington.edu/math/; accessed: 21.01.2022), which is

an updated version of the online calculator described by (Balco et al., 2008). Ages are
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reported with 1o uncertainties (including analytical uncertainties and the production rate
uncertainty) in Table 1. Where two exposure ages are reported for one boulder (e.g., PM-04,
PM-04B) the error-weighted mean age of two samples was calculated.

3.2. Recalculated ages

We recalculated *°Be ages already published for the PP ice-marginal belt
(Rinterknecht et al., 2006, 2012, 2014; Heine et al., 2009; Houmark-Nielsen et al., 2012)
following the same procedure of exposure age calculations as described in section 3.1.
Recalculated °Be exposure ages are also reported with 16 uncertainties (including analytical
uncertainties and the production rate uncertainty) in Table 1. In the cases where two exposure
ages are reported for one boulder (POL-1, POL-1B; POL-4, POL-4B; POL-5, POL-5B; POL-
7; POL-7B; LIT-3, LIT-3B) the error-weighted mean age of two samples was calculated.

3.3. Timing for the ice margin positions

We estimated the most likely timing for the ice margin positions based on: (1)
interpretation of the arithmetic mean age and its uncertainty as the standard deviation of the
mean for 1°Be ages of boulders located within regions of particular ice streams (excluding
outliers) as a minimum age of the ice margin retreat in the regions defined by individual ice
streams; (2) interpretation of the oldest radiocarbon ages from organic deposits and OSL ages
from lacustrine, fluvial and fluvioglacial deposits overlying Upper Weichselian tills
associated with particular ice margin positions as a minimum age of the ice margin retreat; (3)
interpretation of the OSL ages from sandur sediments deposited in front of the PP ice-
marginal belt as a maximum age of the ice margin stillstand and retreat. Therefore, the most
likely age of the ice margin positions is proposed as a time interval located between the
minimum age of the ice margin retreat and the maximum age of the ice margin stillstand and
retreat. Details for the ice margin age estimation within regions of particular ice streams are

described in section 5.1.

4. Results
4.1. Full °Be dataset (n = 86)

19Be ages of boulders scattered along the PP ice-marginal belt range between 3.6 + 0.5
ka and 84.0 + 9.1 ka, however the age range between 12.0 + 1.3 ka and 21.6 + 2.0 ka fall into
a confidence interval arithmetic average + 1.5 x IQR (interquartile range, which is the range
between the third quartile — Q3 and the first quartile — Q1 of the population) (Fig. 3).
Variability of the ages falling into this confidence interval (12.7%) slightly exceeds the
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average analytical uncertainty (10.2%), suggesting that the random uncertainties are
dominated by geological uncertainties rather than by analytical ones. The skewness is 0.17
indicating a slightly positively skewed distribution. The arithmetic mean of the 77 exposure
ages is 16.7 + 0.2 ka (standard deviation of the mean) (Fig. 3).

. . confidence interval
¢t (arithmetic mean + 1.5xIQR)

I arithmetic mean with
standard deviation of the mean

o 'O

0 5 10 15 20 25 30 35 40 45k 50 55 60 65 70 75 80 85 90 95
a

Fig. 3. Distribution of all °Be ages (n = 86) analyzed along
the PP ice-marginal belt. The dataset consists of 25 new and
61 recalculated ages. The arithmetic mean age and the
standard deviation of the mean are calculated for 77
exposure ages belonging to the confidence interval
arithmetic mean + 1.5 X IQR.

4.2. Baltic Ice Stream (B1) area

Ages of boulders located in Denmark and northwest Germany, where the main Baltic
Ice Stream (BIS) was located, range between 3.6 £+ 0.5 ka and 21.0 + 1.8 ka (Fig. 4A).
Distribution of ages (n = 13) is polymodal with the main mode occurring around 18 ka. The
reduced chi-squared test indicates that the ages are poorly clustered: y3 = 55.18. We identify
two of the youngest ages (3.6 + 0.5 ka and 10.6 + 2.0 ka) as deviating the most from the main
mode. They do not fall into a confidence interval arithmetic average = 1.5 x IQR, and are thus
identified as outliers. These “too young” ages may be a result of boulders exposition after
deglaciation and/or significant postglacial erosion of sampled surface. After excluding
outliers, the remaining 11 ages range between 14.1 + 1.2 ka and 21.0 + 1.8 ka and reduced
chi-squared test shows a much better cluster: y2 = 2.76. The variability of the remaining ages
is 13.5%, with a y2 > 2, and the dataset can be described as moderately clustered (Blomdin et
al., 2016). The arithmetic mean and the standard deviation of the mean for these 11 surface

exposure ages are 17.9 = 0.7 ka (Fig. 4A).
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Reliable °Be ages of boulders located exactly on landforms associated with the line
indicating the maximum extent of the PP ice sheet are 18.6 + 1.6 ka and 17.9 + 1.6 ka (with
an arithmetic mean and a standard deviation of the mean of 18.2 + 0.4 ka), while 1°Be ages of
boulders located up to 50 km from this line upstream the ice stream pathway range between
14.1 + 1.2 ka and 21.0 + 1.8 ka (with an arithmetic mean and a standard deviation of the mean
of 17.8 + 0.9 ka). A t-test shows that for the 95% confidence level we cannot reject the
hypothesis that these means are the same (p-value is 0.66). Thus, there is no significance
difference between boulder ages on landforms associated with the line indicating maximum
extent of the PP ice sheet and those located up to 50 km within the ice stream pathway (Fig.
4A).

4.3. Odra Ice Stream (B:) area

In the region where the Odra Ice Stream (OIS) was operating, the highest number of
19Be ages were reported among all analyzed regions (n = 24). The ages range between 7.1 +
0.9 ka and 24.2 + 5.9 ka, and their distribution is relatively tight with the mode occurring
around 16.5 ka (Fig. 4B). However, a reduced chi-squared test shows that these 24 ages are
poorly clustered: x5 = 6.55. The youngest age in the dataset (7.1 + 0.9 ka) and the oldest (24.2
+ 5.9 ka) were identified as outliers — they lie beyond a confidence interval arithmetic average
+ 1.5 x IQR. We invoke similar reasons as for the BIS to explain why one boulder is “too
young”. For the boulder that is “too old”, it most probably contains beryllium inherited from
episodes of exposure pre-dating the last deglaciation. After excluding these two outliers, the
remaining 22 ages range between 12.0 + 1.3 ka and 20.1 + 2.1 ka with a reduced chi-squared
test showing a cluster of 1.62. Because y3 is < 2, and the variability of ages is < 15%
(11.1%), we may describe this dataset as well clustered (Blomdin et al., 2016). The arithmetic
mean and the standard deviation of the mean are 16.6 + 0.4 ka (Fig. 4B).

Ten out of twenty-two 1°Be ages come from boulders located exactly on landforms
associated with the line materializing the maximum extent of the PP ice sheet. These ages
range between 15.0 = 1.5 ka and 20.1 + 2.1 ka , with the arithmetic mean age and the standard
deviation of the mean 17.3 + 0.5 ka. 1°Be ages of erratic boulders located up to 50 km from
this line upstream the ice stream pathway range between 12.0 + 1.3 ka and 18.9 + 1.7 ka, with
the arithmetic mean age and the standard deviation of the mean 16.0 + 0.5 ka (Fig. 4B). This
slightly younger age of boulders located further to the north may reflect a progressive ice
margin retreat. However, a t-test shows that for the 95% confidence level we cannot reject the

hypothesis that the mean exposure age of boulders located on landforms associated with the
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maximum extent of the PP ice sheet and the mean exposure age of boulders located further to

the north are the same (p-value is 0.09).

4.4. Odra/Vistula interstream area

In the interstream area between the OIS and the Vistula Ice Stream (VIS) 1°Be ages
range between 14.7 + 1.6 ka and 43.2 + 5.5 ka (n = 13). The distribution is bimodal with the
main mode occurring around 16-17 ka (Fig. 4C). The oldest age (43.2 + 5.5 ka) clearly
deviates from the rest of the data set, and it was identified as outlier (beyond the confidence
interval mentioned above). After removing this age from the dataset the distribution is
unimodal and well clustered as indicated by the reduced chi-squared test: y2 = 1.51. The ages
range between 14.7 + 1.6 ka and 21.6 + 2.0 ka with a variability of 12.4%. The arithmetic
mean and the standard deviation of the mean for 12 ages are 17.6 + 0.6 ka (Fig. 4C).

198 ages of four boulders located exactly on landforms associated with the line
indicating the maximum extent of the PP ice sheet range between 15.0 + 1.6 ka and 20.5+ 1.8
ka (with an arithmetic mean age and a standard deviation of the mean of 17.9 + 1.1 ka). 1°Be
ages of eight boulders located up to 50 km from this line upstream the ice stream pathway
range between 14.7 + 1.6 ka and 21.6 + 2.0 ka (with an arithmetic mean age and a standard
deviation of the mean of 17.4 + 0.8 ka). This shows that the mean '°Be ages of boulders
located on landforms associated with the line indicating maximum extent of the PP ice sheet
and those located up to 50 km from this line towards the interior of the ice sheet are coeval
within the range of uncertainty (Fig. 4C). Moreover, a t-test shows that for the 95%
confidence level we cannot reject the hypothesis that these means are the same (p-value is
0.73).

4.5. Vistula Ice Stream (B3) area

In the region of the VIS we reported ages ranging between 12.8 + 1.4 ka and 30.8 +
2.9 ka (n = 11). The distribution is polymodal with a variability of 27% and a y5 = 6.67 (Fig.
4D). We identify two outliers: 25.3 + 2.7 ka and 30.8 + 2.9 ka (ages which lie beyond a
confidence interval arithmetic average + 1.5 x IQR). When these ages are excluded, the
remaining nine ages (from 12.8 + 1.4 ka to 20.7 + 2.1 ka) show a moderate cluster with
variability of 14.6% and a yz = 2.35. The arithmetic mean and the standard deviation of the

mean for these nine ages are 17.0 + 0.8 ka (Fig. 4D).
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Fig. 4. Location of boulders dated with °Be and distributions of °Be ages within areas where
particular ice streams were operating: (A) Baltic Ice Stream; (B) Odra Ice Stream; (C) Interstream area
OIS/VIS; (D) Vistula Ice Stream; (E) Mazury Ice Stream; (F) Riga Ice Stream; (G) Novgorod Ice
Stream.
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19Be ages of three boulders located exactly on landforms associated with the
maximum extent of the PP ice sheet are: 15.3 + 1.6 ka, 19.4 + 2.1 ka and 20.7 + 2.1 ka (with
an arithmetic mean age and a standard deviation of the mean of 18.5 + 1.6 ka). 1°Be ages of
six boulders located up to 50 km from this line upstream the ice stream pathway range
between 12.8 + 1.4 ka and 18.2 = 1.8 ka (with an arithmetic mean age and a standard
deviation of the mean of 16.3 = 0.9 ka). The arithmetic means suggest a younger age for
boulders located up to 50 km upstream the ice stream pathway (Fig. 4D). However, a t-test
shows that for the 95% confidence level we cannot reject the hypothesis that these mean ages

are the same (p-value is 0.32).

4.6. Mazury Ice Stream (B.) area

Ages of boulders located in northeastern Poland, there where the Mazury Ice Stream
(MIS) influenced the ice margin position, range between 12.5+ 1.3 kaand 84.0 + 9.1 ka (n =
13). The distribution is bimodal, with the main mode occurring around 16-17 ka. The
youngest age (12.5 + 1.3 ka) and three of the oldest ages (84.0 + 9.1 ka, 26.3 + 3.0 ka and
20.5 + 1.9 ka) do not fall into the confidence interval arithmetic average = 1.5 x IQR. On this
basis, these ages were identified as outliers (Fig. 4E). After removing these ages from the data
set the distribution is unimodal and well clustered as indicated by a reduced chi-squared test
x2 of 0.40 and variability of 6.4%. The ages range between 14.3 + 1.6 kaand 17.6 + 1.9 ka
and the arithmetic mean and the standard deviation of the mean are 16.4 + 0.3 ka (Fig. 4E).

Two out of nine 1°Be ages come from boulders located exactly on landforms
associated with the maximum extent of the PP ice sheet. The ages are 16.0 + 1.6 ka and 16.9 +
1.7 ka and the arithmetic mean age and the standard deviation of the mean are 16.5 + 0.4 ka.
19Be ages of boulders located up to 50 km from this extent upstream the ice stream pathway
range between 14.3 + 1.6 ka and 17.6 + 1.9 ka, with an arithmetic mean age and a standard
deviation of the mean of 16.4 + 0.4 ka. This shows that there is no significance difference
between ages of boulders on landforms associated with the line indicating maximum extent of
the PP ice sheet and those located further upstream of the ice marginal position (Fig. 4E). It is
also confirmed by a t-test, which shows that for the 95% confidence level we cannot reject the
hypothesis that these mean ages are the same (p-value is 0.98).

4.7. Riga Ice Stream (Bs) area
In the region occupied by the Riga Ice Stream (RIS), we report °Be ages ranging

between 13.2 + 1.2 kaand 17.1 + 2.0 ka (n = 8). There is no boulders located on landforms
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associated with the maximum extent, so all the ages come from boulders located up to 50 km
from the line indicating the maximum extent of the PP ice sheet upstream the ice stream

pathway (Fig. 4F). The distribution is unimodal and well clustered as indicated by a reduced
chi-squared test y2 of 0.65 and an age variability of 8.3%. No outliers were detected and the

arithmetic mean age and the standard deviation of the mean are 15.5 + 0.5 ka.

4.8. Novgorod Ice Stream (F) area

In the easternmost area of the Novgorod Ice Stream (NIS) °Be ages were reported
ranging between 13.2 + 1.4 ka and 15.7 + 1.8 ka (n = 5). The distribution is unimodal and
well clustered as indicated by a reduced chi-squared test y2 of 0.43 and an age variability of
6.9%. No outliers were detected and the arithmetic mean age and the standard deviation of the
mean are 14.7 + 0.5 ka (Fig. 4G).

Two out of five 1°Be ages come from boulders located exactly on landforms associated
with the maximum extent of the PP ice sheet. These ages are 14.2 + 1.5 ka and 15.5+ 1.9 ka
with an arithmetic mean age and a standard deviation of the mean of 14.8 + 0.6 ka. 1°Be ages
of boulders located up to 50 km from this extent towards the interior of the ice sheet are 13.2
+ 1.4 ka, 14.9 £ 1.7 ka and 15.7 + 1.8 ka, with an arithmetic mean age and a standard
deviation of the mean of 14.6 + 0.7 ka. These results show that there is no difference between
the ages of boulders located on landforms associated with the line indicating maximum extent
of the PP ice sheet and those located further upstream to the north (Fig. 4G). It is also
confirmed by a t-test, which demonstrates that for the 95% confidence level we cannot reject
the hypothesis that these mean ages are the same (p-value is 0.82).

5. Discussion
5.1. Ages of the ice margin positions

Our results show that the most likely ages of ice margin positions correlated so far
with the Pomeranian Phase of the Late Weichselian (Balthav in Denmark, Baltija in
Lithuania and Braslav in Belarus) vary between ~20 ka and ~15 ka along the southern front of
the last SIS from the BIS region to the west to the sector of NIS to the east (Fig. 5). We
constrained the age of the ice margin position in the area occupied by the BIS to ~20-19 ka.
This is based on the °Be minimum age of the ice margin retreat (17.9 + 0.7 ka) as well as
OSL ages of the Late Glacial lacustrine mud and fluvial sand overlying the Mid Danish and
Young Baltic tills in Sjaelland and southeast Jutland ranging between 20.0 + 3.0 ka and 17.8 +
1.3 ka (Fig. 4A; Houmark-Nielsen and Kjer, 2003). The oldest radiocarbon age of the Late
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Glacial lacustrine deposits overlying the Young Baltic tills within ice sheet extent of the
Belthav Phase is 17.2 + 0.4 cal ka BP obtained from bone found at the Niva section in
northeastern Sjelland (Tab. 2). If the age of the bone is equivalent to the age of deposits, it
could suggest that the ice sheet retreat from the Bealthav ice marginal belt occurred earlier.
However, age of the Balthav ice margin position constrained to ~20-19 ka is older than the
timing of the ice re-advances after the recession from the Main Stationary Line (MSL) in
Denmark. The latter was estimated based on lithostratigraphic and chronostratigraphic
investigations of the Upper Weichselian sediments at 19-18 ka and 18-17 ka for the two
Young Baltic advances which deposited the East Jylland and Belthav ice-marginal formations
(Houmark-Nielsen and Kjear, 2003; Krohn et al., 2009; Larsen et al., 2009). Stroeven et al.
(2016) followed Houmark-Nielsen and Kjaer (2003) when correlating the East Jylland with
the Frankfurt and Poznan ice-marginal formations, and the Balthav with the Pomeranian ice-
marginal formation in Germany and Poland, and constrained the isochronous retreat of the
last SIS along the Bzalthav ice-marginal belt to 18-17 ka. In the reconstruction of the last
Eurasian ice sheet of Hughes et al. (2016) for the time-slice 19 ka the minimum ice extents
are located within the area of the Balthav ice-marginal belt. Furthermore, a
thermomechanical ice sheet model for the retreat of the Eurasian ice sheet complex after 23 ka
(Patton et al., 2017) shows that, in the optimal deglaciation scenario, the Balthav ice-marginal
formation lies mostly between isochrones of 21 ka and 18 ka, which is supported by our age
estimation in this sector of the ice sheet (Fig. 6A).

For the segment of the PP ice-marginal belt under the influence of the OIS (Figs. 1,
4B), we constrained the most likely age of the ice margin position to ~19-18 ka (Fig. 5). The
minimum age of the ice margin retreat calculated with all *°Be ages in the region is 16.4 = 0.4
ka. However, the mean °Be age of boulders located exactly on the maximum extent of the PP
ice sheet is 17.3 + 0.5 ka. Moreover, the oldest calibrated radiocarbon ages of organic deposits
overlying a till, which may also indicate minimum age of deglaciation in this area, are 19.9 +
0.3and 17.6 + 0.2 cal ka BP (Tab. 2; Fig. 4B). Based on OSL dating of sandur deposits,
Liithgens et al. (2011) constrained the age of the Pomeranian ice margin position in Germany
between 20.1 + 1.6 ka and 19.4 + 2.4 ka (Fig. 5). This gives quite a wide time estimate based
on various geochronological methods (from 20.1 to 16.4 ka). The reasons could be that: (1)
19Be surface exposure dating enables to constrain the minimum age of deglaciation, because
boulders exposition to cosmic rays may occur during ice margin retreat or later, i.e. during
dead-ice melting and/or landforms stabilisation (cf. Houmark-Nielsen et al., 2012; Liithgens

etal., 2011); it follows that the ice margin stabilisation at the PP ice-marginal belt may pre-
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date surface exposure age of boulders; (2) radiocarbon dating of the oldest lacustrine/peat
deposits of the lake basins located to the north of the PP ice-marginal belt also constrain the
minimum age of deglaciation, as lake sediments started to accumulate as soon as dead ice
melted (e.g., Btaszkiewicz, 2011); however, in case of reworking of material for radiocarbon
dating, ages could be “too old” and could be even older than the actual timing of the ice
margin stillstand and retreat; (3) OSL dating of glacial deposits such as sandar, enables to
constrain the time of proglacial outwash deposition, which may occur before or during ice
margin stabilisation as well as during ice margin retreat. Therefore, various dating techniques
may constrain timing of various processes occurring during ice margin stillstand and
deglaciation, which may be reflected in a wide range of obtained ages.

The maximum extent of the last SIS in eastern Germany and western Poland occurred
during the Brandenburg (Leszno) Phase, not earlier than ~25-24 ka as indicated by calibrated
radiocarbon ages of organic deposits underlying the Upper Weichselian till (e.g., Ehlers et al.,
2011; Marks, 2012; Tylmann et al., 2019). OSL dating of sand underlying the upper most till
at Riigen suggests, that the ice advance to the Late Weichselian maximum must have occurred
between 25 ka and 21 ka (Kenzler et al., 2015, 2017; Pisarska-Jamrozy et al., 2018). The
retreat of the ice sheet from the maximum limit in eastern Germany occurred not later than
22.1 £0.9 ka as indicted by surface exposure ages from Brandenburg (Heine et al., 2009)
recalculated with a global 1°Be production rate (Borchers et al., 2016). The Pomeranian ice
margin position must thus post-date the phase of the maximum ice extent and also the phase
of recessional ice margin stillstand (Frankfurt Phase). This is clearly inferred from
morphostratigraphic relations between particular ice marginal belts (Fig. 6A and B). We
propose an age of the PP ice marginal position within the OIS region constrained to ~19-18
ka as the best age estimate. This corresponds to the minimum age of the Pomeranian ice sheet
retreat from its maximum extent at 17.3 = 0.5 ka. It overlaps with the age range of sandur
deposits 21.7-17.0 ka and partly agrees with the oldest radiocarbon ages of post glacial
deposits. The radiocarbon ages (19.9 = 0.3 and 17.6 + 0.2 cal ka BP) may be however
overestimated as bulk carbonate material (gyttja) was dated (Fig. 5; Tab. 2), opening the
possibility that an age overestimation was caused by a freshwater reservoir effect related to
water enriched in ancient dissolved calcium carbonates, the so called “hard water effect” (e.g.,
Philippsen, 2013).
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Fig. 5. (A) Timing of the ice margin positions along the PP ice-marginal belt. 1°Be ages used in mean surface exposure age calculations are shown against the
radiocarbon and OSL ages significant for the timing of the PP ice margin positions. (B) Variability of palaeotemperatures inferred from the GISP2 ice core
record (Alley, 2004) is shown for the period 0-35 ka. (C) Most probable ages of ice margin positions estimated in this study (grey bars) are shown against the
paleotemperature variability between 21 ka and 14 ka.
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In the central part of Pomerania in Poland, between the areas occupied by the OIS and
the VIS (Figs. 1 and 4C) we constrained the most likely age of the Pomeranian ice margin
position to ~20-19 ka. The minimum age for the ice margin retreat calculated based on °Be
ages is 17.6 + 0.6 ka, and it is comparable with the BIS mean *°Be age obtained in the region
(17.9 £ 0.7 ka). The oldest calibrated radiocarbon age of organic deposits formed after the ice
margin retreated from the PP ice-marginal belt is 16.1 + 0.4 cal ka BP (Tab. 2; Fig. 4C).
However, the average age of outwash deposits from the distal part of the Gwda sandur
deposited in front of the PP ice-marginal belt is 20.8 + 1.1 ka (Mleczak and Pisarska-Jamrozy,
2021). This indicates that around 22—20 ka the ice margin in this region was already situated
to the north of the Frankfurt (Poznan) ice-marginal belt. The deposition of the Gwda sandur
might have started during a progressive recession of the ice sheet after the Frankfurt (Poznan)
Phase and before the ice margin stillstand along the PP ice-marginal belt. Taking into account
the minimum age of deglaciation inferred from '°Be ages and radiocarbon ages of lake
deposits, as well as ages of the Gwda sandur deposits the best age estimate for the ice margin
position in central Pomerania is ~20-19 ka.

We constrained the most likely age of the Pomeranian ice margin position to ~19-18
ka in the VIS region, based on the mean 1°Be age of all samples 17.0 = 0.7 ka, the mean 1°Be
age of boulders located exactly on landforms associated with the line indicating maximum
extent of the PP ice sheet 18.5 = 1.6 ka (n = 3), and the oldest calibrated radiocarbon ages of
organic deposits formed after the ice margin retreated 16.2 = 0.3 and 15.6 + 0.3 cal ka BP
(Tab. 2; Fig. 4D). Taking into account the possible age of the local LGM in central and
eastern Poland 22-18 ka (Tylmann et al., 2019), the age of the Pomeranian ice margin
position in the VIS area constrained to ~19-18 ka is very likely (Fig. 6A and B). Similarly,
our age constraints of ~18-17 ka in the MIS region, ~17-16 ka in the RIS region and ~16-15
ka in the NIS region are robust when we compare them with the most likely age of the last
SIS maximum extent there (Fig. 6B). We inferred these constraints mainly from the mean
19Be age of boulders and erratics supported by the oldest radiocarbon ages of sediments
formed after the ice margin retreated (Figs. 4E-G). OSL ages of sandur deposits in front of the
PP ice-marginal belt in the RIS region do not reflect the actual timing of the ice margin
standstill (Raukas et al., 2010). Two ages (32.4 + 1.6 and 30.4 = 1.6 ka) are clearly too old
(possibly due to incomplete bleaching of sediment grains) and one age (8.9 + 0.6 ka) is much
too young for the Late Pleistocene deposits (Fig. 4F). One radiocarbon age from western
Belarus (Zimenkov, 1989) provides an age for the last SIS maximum extent in the eastern part

of the study area at ~22.5 cal ka BP (Tylmann et al., 2019). Surface exposure °Be ages of
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483  particular regions was constrained based on the mean °Be age of boulders and erratics, available OSL



484
485
486
487
488
489
490

491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518

ages and the oldest radiocarbon ages (see Fig. 5). (B) Ages of the ice marginal positions along the PP
ice-marginal belt proposed in this study against the most likely ages for other Late Weichselian ice
sheet limits known from the literature: Brandenburg (Leszno) and Frankfurt (Poznan) Phase (Tylmann
et al., 2019); Main Stationary Line (Houmark-Nielsen and Kjer, 2003; Larsen et al., 2009); Halland
coastal and Goteborg moraines (Stroeven et al., 2016); Gardno and Stupsk Bank Phase (Tylmann and
Uscinowicz, in press); Middle Lithuanian and South Lithuanian Phases (Kalm, 2006; Lasberg and
Kalm, 2013).

5.2. New scenario for ice margin positions and time-slice reconstruction (~20-15 ka)

We propose a new scenario of the ice margin dynamics along the PP ice-marginal belt
in the European Lowland (Fig. 7). The maximum extent of the last SIS in the area south of the
Baltic basin occurred ~25-22 ka in the western sector of the ice sheet (Denmark, Germany,
western Poland) during the Brandenburg (Leszno) Phase and ~22—18 ka in the eastern sector
(central and eastern Poland, Lithuania, Belarus) during the Frankfurt (Poznan) Phase
(Tylmann et al., 2019). After the local LGM the ice sheet started to retreat. However, during
this period of general deglaciation ice margin stillstands and/or local re-advances also
occurred. The re-advances were most likely triggered by ice streams operating within the
southern periphery of the last SIS. Most of these ice streams were located along the Baltic
basin and were active not only during the ice sheet advance phase, but also during
deglaciation (Punkari, 1995, 1997). The existence of several ice streams along the southern
front of the last SIS was probably the main factor controlling the time-transgressive
development of ice margins and diachronous formation of particular ice-marginal formations
(e.g., Marks, 2002).

After recession of the ice margin from the Main Stationary Line in Denmark an ice re-
advance occurred resulting in the formation of the Belthav ice-marginal belt about 20-19 ka.
Similar timing of the ice margin position was also estimated for the PP ice-marginal belt in
central Pomerania in Poland. Age of the last SIS maximum extent in the eastern part of the
study area may be roughly constrained to ~19-18 ka (e.g., Wysota et al., 2009; Marks, 2012;
Larsen et al., 2016; Hughes et al., 2021), and in Germany, the age of the Frankfurt ice-
marginal formation could be interpreted to ~20-18 ka (e.g., Litt, 2007; Marks, 2015). Thus,
around 20-19 ka ago the ice margin was located along the Balthav ice-marginal belt in
Denmark and the Pomeranian ice-marginal formation in northwestern Germany. The ice sheet
formed conspicuous ice lobes which terminated at the Frankfurt ice-marginal formation in
northeastern Germany. In northwestern Poland, the eastern part of the ice lobe joined the
Pomeranian ice-marginal belt of central Pomerania. Further to the east, the ice margin formed

another ice lobe which probably linked the central Pomeranian ice margin with the maximum
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extent of the last SIS to the east (Fig. 7A). About 19-18 ka ago, the OIS and the VIS formed
two conspicuous ice lobes in Poland (the Odra Ice Lobe and the Vistula Ice Lobe). The ice
margin between the ice lobes was probably located in northern part of the Pomerania
(interlobate zone). Location of the ice margin to the west of the OIS is difficult to reconstruct,
while to the east of the VIS the ice margin most likely went eastwards where it merged with
the maximum extent of the last SIS (Fig. 7B).

About 18-17 ka ago, the ice margin was located at the Halland coastal moraine
complex as it could be inferred from the recent dating of those moraines to 17.4-16.0 ka (Fig.
6B; Stroeven et al., 2016). The ice margin ran from the Halland coastal moraines to the
southeast, across the Baltic basin, and was located along one of the recessional marginal belts
in Pomerania in Poland. Further to the east, a small ice lobe could have linked this belt with
the PP ice-marginal formation in the MIS region (Fig. 7C). The ice margin to the east of the
MIS region at ~18-17 ka is more difficult to reconstruct, and its position remains rather
unknown. Around 17-16 ka ago the ice margin was probably still located along the Halland
coastal moraines, it ran across the Baltic basin forming an extensive ice lobe, which
terminated at the northern edge of Riigen and met the Gardno ice-marginal belt in the present
coastal area of Poland (Fig. 7D). The existence of the ice lobe in the southwestern Baltic basin
at that time was reconstructed based on possible extension of the Gardno ice-marginal belt at
the seafloor along the present Polish coastline (cf. Uscinowicz, 1999), and on correlation of
the Gardno moraines with the north Riigen moraines (Tylmann, Uscinowicz in press). To the
east of the Gardno ice-marginal belt, the ice margin probably formed a small lobe, which
linked this marginal formation with the western segment of the Middle Lithuanian moraines,
dated usually at 16.5-16.0 ka (Fig. 6B), based on calibrated radiocarbon ages and OSL ages
(Kalm, 2006; Lasberg, Kalm, 2013). In the eastern sector of the study area a narrow ice lobe
probably developed, linking the Middle Lithuanian moraines with the segment of the PP ice-
marginal belt in the RIS region. The western flank of the ice lobe terminated at the Middle
Lithuanian moraines, while the eastern flank terminated at the PP ice-marginal belt (Fig. 7D).

The last time-slice that we reconstructed is the most likely configuration if the ice
margin at ~16-15 ka (Fig. 7E). In the western sector, the ice margin retreated from the
Halland coastal moraines to the line of the Goteborg moraines, which were recently dated at
15.5-14.5 ka (Fig. 6B; Lundqvist and Wohlfarth, 2001; Stroeven et al., 2016). To the
southeast from the Goteborg moraines, the ice margin ran across the Baltic to the Stupsk Bank
Phase ice-marginal belt reconstructed based on relicts of ice marginal landforms at the Baltic

seafloor (e.g., Uscinowicz, 1999) and recently dated at ~15.2 ka (Uscinowicz et al., 2019) and
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15.5 + 0.5 ka (Tylmann and Uscinowicz, in press). From the Stupsk Bank the ice margin most
likely went northeast to the North Lithuanian ice-marginal belt, recently dated at 15.7-14.7 ka
(Fig. 6B) based on calibrated radiocarbon ages and OSL ages (Kalm, 2006; Lasberg and
Kalm, 2013). In the easternmost part of the study area the ice margin was linked by a narrow

ice lobe to the segment of the PP ice-marginal belt formed by the NIS (Fig. 7E).

~20-19 ka . 7 - ~19-18 ka

Ice margin positions:

~ best estimate based on geomorphological record
.--" correlation based on geochronological constraint

? unknown

;the main ice flow directions

Fig. 7. Time-slice reconstruction of the southern SIS for the period ~20-15 ka. (A) Ice margin position
around 20-19 ka. (B) Ice margin position around 19-18 ka. (C) Ice margin position around 18-17 ka.
(D) Ice margin position around 17-16 ka. (E) Ice margin position around 16-15 ka.

5.3. Asynchrony and asymmetry of the southern SIS
The asynchrony of the ice margin positions along the PP ice-marginal belt shows
about 3-5 ka difference between the Balthav ice margin in Denmark and the Braslav ice

margin in Belarus (Fig. 6A). The general trend is that the ice margin positions are getting
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younger eastward, except in central Pomerania in Poland, where the age of the ice margin
position is similar to the age of the Balthav ice margin in Denmark. To the west and to the
east of central Pomerania in the OIS and VIS regions, the ice margin positions are about 1 ka
younger. The documented time-transgressive character of the PP ice-marginal belt was most
likely caused by spatial and temporal variability of the last SIS dynamics triggered by
activation and deactivation of particular ice streams (e.g., Stokes and Clark, 1999; Boulton et
al, 2001). Dynamics of various segments of the ice margin and particular ice streams could be
related to climatic conditions occurring along the southern periphery of the last SIS or to local
topographic and/or glaciologic parameters influencing the ice margin fluctuation (e.g.
facilitating ice streaming). Larsen et al. (2016) suggested that causes of the time-transgressive
glacial maxima positions of the last SIS may be explained by glaciodynamic responses to
geographically variable physical boundary conditions. Over a large area such as the southern
periphery of the last SIS these variable conditions could be: (1) migration of the main ice
divide during ice sheet build-up, (2) distance to ice-inception center, (3) topography and type
of subglacial bed or (4) thermal regime at the ice/bed interface and ice flow mechanisms.
Some of these factors are climatically driven (e.g. windward ice sheet growth), whereas others
are purely local (e.g. topography and type of subglacial bed). Diversified timing of the ice
margin stillstands along the PP ice-marginal belt is to some extent a continuation of the time-
transgressive glacial maxima positions (Larsen et al., 2016; Hughes et al., 2021) as the PP ice-
marginal landforms were formed during the general recession of the last SIS from its
maximum extent. Another factor could be related to the wide distance range to the ice-
inception center, which for the eastern segment of the ice margin was longer than for the
western sector, possibly delaying the ice accumulation impulse towards the ice margin in the
eastern sector. Moreover, the western segment of the ice margin retreated largely within the
Baltic basin, where extensive ice-dammed lakes were formed in front of the ice sheet (e.g.,
Uscinowicz, 1999; Andrén, 2012). This could have triggered a more dynamic behavior of the
ice margin (earlier and faster advances and retreats due to the water influence) in comparison
to the mainly land-based (and potentially also frozen to bed) eastern sectors (Larsen et al.,
2016).

The time-slice reconstruction shows that the southern periphery of the last SIS during
the period 2015 ka is characterized by a clear asymmetry: the western sector retreated earlier
and much further to the north from the line of the maximum extent than the eastern sector
(Fig. 7). Moreover, in the western sector of the southern SIS many more ice margin positions

are recorded in the landscape compare to the eastern sector (Fig. 6B). During the time-slice
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20-19 ka in the western sector of the study area, the ice margin was located almost at the
same place as the maximum extent of the last SIS or up to ~30 km away from it, while in the
eastern sector the ice sheet was at its maximum extent (Fig. 7A). During the time-slice 16-15
ka in the western sector of the study area, the ice margin was already located as far as ~230-
360 km from the maximum extent of the last SIS, while in the eastern periphery of the study
area the ice margin was only ~60-85 km from the maximum extent (Fig. 7E). This highlights
that for the period ~20-15 ka the western sector of the ice margin was much more dynamic
than the eastern sector. The difference could be a response of the ice sheet to the maritime
climate influences from the west and/or a response to the presence of proglacial lakes in front
of the ice margin as well as the dominance of warm ice in the western sector of the southern
SIS.

6. Conclusions

Our study provides the largest dataset for a direct chronology of the southern
periphery of the last SIS associated with the PP ice-marginal belt. A new set of 25 1°Be
surface exposure ages of boulders located on the Pomeranian moraines and of erratic boulders
located directly upstream of the Pomeranian moraines in northern Poland. Together with
recalculated 1°Be surface exposure ages along the PP ice-marginal belt in the European
Lowland we document a clear asynchrony of the ice margin positions with about 3-5 ka
difference between the Belthav ice margin in Denmark and the Braslav ice margin in Belarus.
Our best age estimates constrain the timing of the ice margin positions in the area occupied
by: (1) the Baltic Ice Stream at ~20-19 ka, (2) the Odra Ice Stream at ~19-18 ka, (3) the
interstream zone between the Odra and the Vistula Ice Streams at ~20-19 ka, (4) the Vistula
Ice Stream at ~19-18 ka, (5) the Mazury Ice Stream at ~18-17 ka, (6) the Riga Ice Stream at
~17-16 ka, and (7) the Novgorod Ice Stream at ~16-15 ka. The time-transgressive character
of the PP ice-marginal belt was most likely caused by spatial and temporal variability of the
last SIS dynamics triggered by activation and deactivation of particular ice streams.

The time-slice reconstruction of the last SIS’s southern fringe inferred from the age
constraint of the ice margin positions reveals a new scenario of the PP ice sheet evolution
over the ~20-15 ka period. The southern periphery of the last SIS during this period is
characterized by a clear asymmetry: the western sector retreated earlier and much further to
the north from the line of the PP maximum extent than the eastern sector. The more dynamic
behavior of the western sector compare to the eastern sector of the ice margin might result

from the maritime climatic influences from the wests and/or the abundance of water in front
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of the ice sheet as well as the dominance of warm ice in the western sector of the southern
SIS.
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Table 1. Surface exposure °Be ages of erratic boulders located on the PP ice-marginal belt. The list consists of 25 new °Be ages (PM samples) and 61 ages
recalculated from the original data of Heine et al. (2009), Houmark-Nielsen et al. (2012), Rinterknecht et al. (2006; 2012; 2014). All °Be exposure ages are
calculated with ‘Lm’ time-dependent scaling scheme for spallation according to Lal (1991) and Stone (2000) and the global production rate according to
Borchers et al. (2016).

Sample ID LatlltjuDd eN Longl:l)tgde E I%rls\;a?f;] SampI?Ctmh;ckness Shielding factor? Quartz (g) (1([;05,[621_1) Age (ka)
Baltic Ice Stream area 17.9 £0.7

SJAE-0705 55.4068 11.6268 45 2.0 1.0000 n.a. 6.29 +0.30 143+1.3
SJAE-0706 55.9640 12.3500 20 25 1.0000 n.a. 8.89 +0.39 20.8+1.8
SJAE-0707 55.4981 11.6044 35 3.0 1.0000 n.a. 6.96 £0.29 16.1+1.4
SJAE-0708 55.5544 11.4090 50 3.0 1.0000 n.a. 7.25+0.32 165+14
SJAE-0709 55.6182 11.3859 35 35 1.0000 n.a. 9.04 +0.38 21.0+£1.8
SJAE-0710 55.6067 11.4725 45 4.0 1.0000 n.a. 8.18+0.43 189+1.7
SJAE-0711 55.6931 11.8703 15 4.0 1.0000 n.a. 5.92+0.26 141+1.2
SJAE-0712 56.0281 12.3609 40 2.0 1.0000 n.a. 8.85+0.61 20.2+2.1
FYN-0801 54.8972 10.7333 4 2.0 1.0000 n.a. 7.76 +£0.36 18.5+1.6
JYL-0803 54.9117 9.7618 50 2.0 1.0000 n.a. 1.59+0.19 3.6+£0.5%
JYL-0808 55.9785 10.5589 30 2.0 1.0000 n.a. 8.08 +£0.31 18.6 £ 1.6
MVP-15 53.8658 11.8275 115 1.8 1.0000 31.4463 4.99+0.87 10.6 £2.0*
MVP-16 53.9272 11.7106 82 11 1.0000 32.4840 8.17+0.36 179+1.6
Odra Ice Stream area 16.6+0.4

MVP-1 53.3272 13.4503 113 1.3 1.0000 34.2125 7.33+0.51 156+1.6
MVP-2 53.3244 13.2572 94 2.3 1.0000 5.6888 11.05+2.52 24.2+5.9%
MVP-3 53.3042 13.2523 76 0.8 1.0000 13.1803 8.23 +£0.54 182+1.8
MVP-18 53.4494 12.9647 90 3.7 1.0000 30.5874 8.00 +0.82 17.8+2.3
MVP-19 53.4503 12.9647 99 1.0 1.0000 31.1386 6.98 +0.42 150+1.5
MVP-20 53.4503 12.9647 100 2.3 1.0000 25.3464 8.84+£0.41 192+1.7
BER-97-01 53.3491 13.6505 82 2.0 0.9999 11.3085 7.53+0.51 16.7+1.7




BER-97-02 53.3250 13.6642 80 2.0 0.9884 25.6505 7.08 £0.36 159+1.4
BER-97-03 53.2814 13.6364 91 2.0 0.9999 14.7713 6.01 £0.22 13.2+1.1
BER-97-04 53.2629 13.6493 80 2.0 1.0000 17.2591 7.23+£0.43 16.0+1.5
BER-97-05 53.2640 13.6480 60 2.0 1.0000 18.9498 7.49 £ 0.40 170+ 1.6
PO-05-01 52.8800 13.9200 80 5.0 1.0000 n.a. 8.30+0.39 173+£1.5
PO-05-02 52.9800 13.8700 73 3.0 1.0000 n.a. 9.20+0.49 189+1.7
PO-05-03 52.9800 13.8600 75 5.0 1.0000 n.a. 7.90 £0.29 16.5+1.4
POM-12 52.8856 14.7914 80 1.0 1.0000 70.063 3.09 £0.30 7.1 £0.9*%
POM-13 52.8856 14.7914 80 1.0 1.0000 70.190 8.73 £0.62 20.1+£2.1
POM-16 53.1669 14.7358 96 15 1.0000 60.244 6.60 +0.47 15.0+1.6
POM-17 53.0175 14.9544 60 15 1.0000 70.023 5.10+0.40 120+1.3
POM-18 53.6133 15.4369 102 1.0 1.0000 69.931 7.42 £0.78 16.6 £2.2
PM-01 53.2181 16.2552 62 3.0 0.9976 24.27 7.05+0.36 16.1£1.5
PM-02 53.2089 15.2299 60 1.6 1.0000 19.10 7.65+0.57 173+1.8
PM-03 53.2091 15.2299 60 1.2 1.0000 19.65 7.70 +£0.61 173+1.9
PM-04A 52.9963 15.4031 96 1.9 1.0000 24.75 8.63+£0.58 18.8+1.9
PM-04B 52.9963 15.4031 96 2.0 1.0000 19.06 7.21+0.56 15.8+1.7
PM-04" 172+1.2
PM-05 52.9784 15.4213 95 25 1.0000 19.87 7.05+£0.47 155+1.6
Odra/Vistula interstream area 17.6 £0.6

POM-21 53.7117 16.2553 133 2.0 1.0000 70.14 6.860 +0.510 15.0+1.6
POM-22 53.8906 15.8381 110 1.5 1.0000 23.49 7.190 + 0.650 16.0+1.9
PM-08 53.9316 16.2611 75 3.2 1.0000 21.56 7.723 £ 0.656 17.3+2.0
PM-09 53.9072 16.7199 174 2.8 0.9994 17.60 8.678 £0.687 17.6 £1.9
PM-10 53.9576 16.7262 181 1.2 0.9874 8.98 9.228 +0.690 18.5+2.0
PM-11 54.0496 16.4278 100 35 0.9630 21.54 8.011 £0.552 182+1.9
PM-12 54.1706 16.8343 119 14 1.0000 19.36 10.222 £0.572 21.6+2.0
PM-13 54.1909 16.7664 110 1.2 0.9994 20.57 7.799 +0.454 16.6 1.6
PM-14 54.1860 16.7453 113 3.8 1.0000 19.06 7.116 £ 0.403 154+1.5
PM-15 54.1770 16.7886 115 2.3 1.0000 22.92 6.872 £0.521 147+£1.6




PM-16 54.2823 17.1412 137 1.7 1.0000 16.42 9.279 +1.044 193+2.6
PM-17 54.2883 17.9010 248 2.6 0.9996 19.83 10.965 £0.512 205+1.8
PM-20 54.4242 18.0064 192 2.0 1.0000 21.34 21.886 +£2.205 432+5.5%
Vistula Ice Stream area 17.0+0.8

POM-1 53.7236 19.7514 99 1.0 1.0000 72519 9.210+0.630 20.7+2.1
POM-2 53.8444 19.8236 107 2.0 1.0000 70.065 6.810 +0.480 153+1.6
PM-19 53.9621 18.3522 112 1.9 0.9872 13.84 8.979 +0.691 194+2.1
PM-24 54.4910 18.2682 192 2.4 1.0000 24.57 15.598 £0.876 30.8 +£2.9%
PM-25 54.5126 18.2352 206 1.2 1.0000 19.96 8.068 + 0.475 155+1.5
PM-26 54.5465 18.3146 170 1.9 1.0000 25.60 9.019 £ 1.221 18.1+£2.8
PM-27 54.5038 18.2681 200 25 0.9939 27.62 7.659 +£0.423 151+1.4
PM-28 54.1910 18.4396 188 3.8 1.0000 20.92 6.388 £0.471 12.8+1.4
PM-29 54.1910 18.4396 188 24 1.0000 18.34 9.006 +0.514 179+1.7
PM-30 54.3006 18.4038 166 2.1 0.9997 20.96 12482 +0.912 25.3+2.7%
PM-31 54.3932 18.5100 109 4.2 1.0000 22.11 8.336 + 0.550 182+1.8
Mazury Ice Stream area 16.4£0.3

POM-3 54.0861 20.9097 117 2.0 1.0000 40.005 7.92 +£0.58 176 +£1.9
POM-4 53.9569 20.8597 167 15 1.0000 70.132 5.95+£0.42 12.5+1.3%
POM-5 53.9006 21.2028 175 2.0 1.0000 69.995 7.34 +0.61 154+1.7
POM-8 54.0681 21.6097 138 3.0 1.0000 57.034 7.43 +£0.65 163+1.9
POM-10 54.1500 21.9958 173 1.0 1.0000 40.134 6.88 +£0.55 143+1.6
POM-11 53.9006 22.0167 177 1.0 1.0000 55.301 7.73 £0.53 16.0£1.6
POL-1 53.7739 21.6286 117 2.0 1.0000 30.175 7.90 +£0.71 17.6 £2.1
POL-1B 53.7739 21.6286 117 2.0 1.0000 30.021 7.17 +£0.85 16.0+2.2
POL-wm” 169+1.7
POL-2 54.2147 21.8589 128 2.0 1.0000 30.861 7.71 £0.64 169+1.9
POL-3 54.1950 21.9464 130 2.0 1.0000 29.988 11.97 £1.04 26.3 £ 3.0*
POL-4 54.2358 22.7897 240 2.0 1.0000 30.267 8.39+0.71 16.5+1.9
POL-4B 54.2358 22.7897 240 2.0 1.0000 20.227 9.64 +£1.14 189+2.7
POL-4wm» 172+1.7




POL-5 54.2039 22.7531 243 2.0 1.0000 30.180 8.32+0.72 163+£1.9
POL-5B 54.2039 22.7531 243 2.0 1.0000 30.046 1025 +1.22 20.1+2.8
POL-5wmn 17.3+£1.7
POL-6 54.1647 22.9683 211 2.0 1.0000 28.208 41.06 +3.07 84.0+£9.1*
POL-7 54.1642 22.9700 195 2.0 1.0000 30.066 10.10 +0.83 20.7+2.3
POL-7B 54.1642 22.9700 195 2.0 1.0000 22.092 9.86 +1.00 202+2.6
POL-7wm? 20.5£1.9*
Riga Ice Stream area 155+0.5

BALTI-2 55.698 25.799 113 35 1.0000 52.864 6.72 +0.50 151+1.6
BALTI-3 55.310 25.431 142 2.0 1.0000 69.716 7.41 £0.55 16.0+1.7
BALTI-4 55.434 25.509 167 2.0 1.0000 60.775 7.84 +£0.64 165+1.8
BALTI-5 55.494 25.657 154 2.0 1.0000 49.123 6.19 £ 0.47 132+1.4
LIT-2 55.544 25.846 187 2.0 1.0000 30.003 8.31+0.73 17.1£2.0
LIT-3 55.544 25.846 187 2.0 1.0000 29.995 7.55 +0.68 156+1.8
LIT-3B 55.544 25.846 187 2.0 1.0000 30.434 9.70 +£1.24 20.0 £3.0
LIT-3wm» 16.6 £1.7
LIT-8 54.273 24.021 190 3.8 1.0000 70.062 7.02 £0.56 147+1.6
LIT-9 54.520 24.315 176 2.6 1.0000 48.370/ 7.09 £ 0.54 149+1.6
Novgorod Ice Stream area 147+ 0.5

BEL-13 55.658 27.683 151 2.8 1.0000 71.447 7.18 £0.70 155+1.9
BEL-14 55.639 27.375 150 1.7 1.0000 71.029 6.19+£0.47 132+1.4
BEL-15 55.699 26.994 144 0.5 1.0000 29.117 6.99 +£0.62 149+1.7
BEL-15A 55.699 26.994 144 0.5 1.0000 34.198 7.39 +£0.62 15718
BEL-16 55.544 27.076 152 2.0 1.0000 70.022 6.63 =0.46 142+1.5

Samples MVP, BER, POM, PM, POL, BALTI, LIT and BEL measured at the ASTER facility (Rinterknecht et al, 2006; this study). Samples SJAE, FYN and JYL measured
at the SUERC AMS Laboratory (Houmark-Nielsen et al., 2012). Samples PO measured at the PSI/ETH Ziirich tandem accelerator facility (Heine et al., 2009). AMS
19Be/°Be results are standardized to NIST SRM 4325 (samples POM, POL, BALTI, LIT, BEL, SJIAE, FYN and JYL), STD-11 (samples MVP, BER, PM) and S555
(samples PO) standards. °Be/°Be ratios were corrected for a process blank values of 3.8 x 1015 (samples POM, POL, BALTI, LIT, BEL), 1.3 x 10''® (samples MVP), from
2.9 10 13.2 x 10''® (samples SJAE, FYN and JYL) and 4.44 x 10> (samples PM). Exposure ages were calculated using a standard atmosphere and a rock density of 2.7 g
cm,



! Corresponding to self-shielding (direction and angle of surface dip).
"error-weighted mean age of two samples taken from one boulder.

*surface exposure ages not used (outliers) in calculation of the arithmetic mean with the standard deviation of the mean (italic).

n.a. — not available.

Table 2. Radiocarbon dates significant for constraining the minimum age of ice retreat from the PP ice-marginal belt. The conventional *4C ages were calibrated with
OxCal 4.4 according to IntCal20 calibration curve (Reimer et al., 2020).

. . . . 14C age Calibrated age
Sample Site Dated material Stratigraphic context Method [yr BP] [cal ka BP] References
- . Late Glacial lacustrine Lagerlund and Houmark-
Ua-1023 Niva (section) bone deposits AMS 14 100 £+ 300 17.16 £ 0.44 Nielsen (1993)
. . . . Gliwice Radiocarbon
Gd-15891 Rega River (section) carbonate Late Glacial gyttja conv. 14 430 + 150 17.63 £0.23 Database (GRDB)
. . . . Gliwice Radiocarbon
Gd-15907 Rega River (section) carbonate Late Glacial gyttja conv. 16 450 + 260 19.88 +0.32 Database (GRDB)
., . . . Gliwice Radiocarbon
Gd-12636 Jasien Lake (core) organic Late Glacial gyttja conv. 13360 + 240 16.10 £ 0.36 Database (GRDB)
Gd-6311 Boze Pole (section) organic Late glacial peat conv. 13010+ 220 15.58 +£0.34 Btaszkiewicz (1998)
Gd-10818 Stary Cieszyn (core) organic Late Glacial peat conv. 13420 +220 16.19 £ 0.33 Niewiarowski (2003)
GdA-137 Mitkowskie Lake plant macrofossil | -2t Glacial lacustrine AMS 13960 + 100 16.95+0.17 Czenik (2009)
(core) deposits
KIA33887 Hancza Lake (core) wood Late G'gecl:)%'s'ifgus”'”e AMS 12220 + 45 14.15+0.11 Lauterbach et al. (2011)
P02-35959 Linowek Lake (core) seeds Late G'gg;)"’gs'i"gus”'“e AMS 11690 £ 60 13.87£0.10 Galka and Sznel (2013)
n.a. Bebr(li Iéarz)Lake organic Late Glacial peat/gyttja conv. 11 800 + 300 13.80 £ 0.41 Neustadt (1977)
Mo-205 Vievis bog (core) organic Late Glacial peat conv. 11200 + 340 13.14 £ 0.35 Serebryanny (1978)

n.a. — not available.




