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Abstract

The paper presents new results of glacial landforms mapping and analysis based on high-
resolution Digital Elevation Model (DEM), and '°Be surface exposure dating of erratic
boulders on the northern fringe of Poland. We aimed to reconstruct the main ice-marginal
positions, local ice flow directions and timing of the ice margin oscillations during the last
deglaciation. A total number of 715 glacial landforms has been mapped, including: 274
moraine ridges, 68 subglacial lineations, 74 overridden moraines, 52 eskers, 169 kames, 14
zones of hummocky moraines, 47 subglacial valleys, 5 subglacial meltwater corridors
(SMCs), and 12 ice-marginal valleys. Nine erratic boulders have been dated giving '°Be age
range between 2.2 £ 0.3 ka and 17.8 & 1.8 ka with the most reliable ages between 12.5 + 1.1
ka and 17.8 + 1.8 ka. Our results suggest dynamic oscillations of the ice sheet with episodes
of the ice margin retreat, stillstands and re-advances. The Gardno moraines, described in the
literature as a distinct ice-marginal belt correlated with the last Pleistocene ice re-advance in
the Polish Lowland, are in fact diversified ice-marginal landsystems representing
discontinuous and asynchronous ice sheet dynamics of particular ice streams/ice lobes with
the main ice margin positions dated between ~17.5 ka and ~15 ka. The significant occurrence
of meltwater-related glacial landforms and deposits in the study area suggests the presence of
large volumes of meltwater within the ice sheet leading to the development of intensive
subglacial and/or ice-marginal drainage systems during deglaciation. This likely triggered
asynchronous, and ice-stream bounded episodes of ice margin retreat, stillstands, and re-
advances, which largely hinder efforts to correlate ice-marginal belts along the ice sheet and
to date them as distinct phases of glaciation/deglaciation, i.e. discrete time intervals.



1. Introduction

Geomorphological record of the palaco-ice margin positions is a robust proxy for
reconstructing past ice sheets and their reaction to climate oscillations at the Last Glacial
Termination, which occurred in the northern hemisphere about 20—7 ka (Denton et al., 2010;
Cuzzone et al., 2016). Coupling geomorphological imprints of ice sheet dynamics to a time-
scale, enables a better understanding of the ice margin fluctuations during the last deglaciation.
It usually shows complex behavior with episodes of stillstands, local re-advances and/or
extensive retreat. In addition, dynamics of the ice margin along peripheries of the continental
ice sheets has been typically highly diversified, with asynchronous re-advances and retreats
even in relatively close proximity to each other (Patton et al., 2013; Larsen et al., 2016; Kelley
etal., 2018; Tylmann et al., 2022). After the Last Glacial Maximum (LGM), the general retreat
of the southern Fennoscandian Ice Sheet (FIS) was discontinuous and non-linear (e.g., Marks,
2015; Hughes et al., 2016; Winsborrow et al., 2023). Various sectors of the palaeo-ice margin
reacted differently, as they were potentially fed by independent palaco-ice streams (e.g.,
Punkari, 1997; Boulton et al, 2001; Kalm et al., 2012; Roman, 2019; Liithgens et al., 2020;
Szuman et al., 2021; Tylmann et al., 2022). Moreover, climatic gradient which occurred along
the southern margin of the last FIS, could have played an important role in differing dynamics
between its western and eastern sectors (e.g., Larsen et al., 2016; Tylmann et al., 2022).
Discontinuous character of the last deglaciation is recorded in the geomorphology of the FIS’s
peripheries as a distinct ice-marginal belts, i.e. assemblages of ice-marginal landforms, such as:
terminal moraines, ice-marginal valleys, outlets of tunnel channels or proximal edges of
outwash fans and outwash plains. However, because of asynchronous dynamics of the last FIS,
the formation of ice-marginal belts was often time-transgressive, a pattern that might be
manifested by motley geochronological results obtained from particular assemblages of ice-
marginal landforms (Liithgens et al., 2020; Tylmann et al., 2022).

In north-central Europe three main ice-marginal belts have been mapped, and
traditionally ascribed to the three main phases of the last deglaciation: Brandenburg, Frankfurt,
and Pomeranian Phases (Woldstedt, 1925, 1935; Fig. 1A). The Brandenburg (Leszno) Phase,
dated at ~24-23 ka, is related to the local LGM in Germany and western Poland, and the
Frankfurt (Poznan) Phase, dated at ~19 ka, is related to the local LGM in north-central and
north-eastern Poland (Wysota et al., 2009; Marks, 2012; Tylmann et al., 2019, 2024; Kraul} et
al., 2025). The subsequent phases are correlated to the discontinuous retreat of the last FIS
following the local LGM, among which the Pomeranian ice-marginal belt is the most
prominent. However, besides these three main ice-marginal formations (Brandenburg,
Frankfurt and Pomeranian), several minor ice margin fluctuations have been interpreted from
geomorphological record in northern Poland (Kozarski, 1995; Niewiarowski et al., 1995;
Mojski, 2005). One of the last fluctuation which occurred on the northern fringe of Poland left
a distinct ice-marginal landsystem consisting conspicuous terminal moraines located in the
vicinity of Lake Kopan, Lake Gardno and Lake t.ebsko in the Polish middle-coast area (Fig.
1B, C). The Gardno moraines are clearly defined in the landscape, recording the ice margin
position, probably after a local ice sheet re-advance of the so-called Gardno Phase during the
general retreat dynamics of the last deglaciation (e.g., Biilow, 1924; Giedroj¢-Juraha, 1949;
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Sylwestrzak, 1978; Petelski, 1985; Kozarski, 1995; Rotnicki and Borowka, 1994, 1995;
Jasiewicz, 1999).

Despite the growing number of geochronological data constraining the last FIS in
northern Poland (e.g., Roman, 2019; Tylmann et al., 2019; 2022, 2024; Uscinowicz et al., 2019;
Rychel et al., 2022; Tylmann and Uscinowicz, 2022; Kalinska et al., 2025), there is no direct
numerical dating of ice-marginal landforms recording the last glacial episode in the present
territory of Poland. Therefore, dynamics and chronology of the last FIS during the Gardno
Phase remains elusive and questions related to the ice-margin positions along the northern
fringe of Poland remains open. In particular, the question of the ice re-advance synchronicity
between particular ice-marginal landsystems or the independence and asynchronicity between
ice lobes re-advances is of much importance. A correlated issue is whether the ice re-advance
during the Gardno Phase was local and constrained spatially only to the Polish middle-coast
area, or if it could have been linked to ice re-advances recorded in the surrounding regions
(northern Germany, southern Sweden, Baltic States?). Geomorphological and geochronological
record of the Gardno Phase is one of the least recognized among the ice margin limits in the
southern sector of the last FIS (Stroeven et al., 2016), with no detailed analyses of the glacial
landforms based on digital elevation data and no direct dating of moraines with cosmogenic
nuclides. Filling these gaps could potentially make a significant contribution to the discussion
about the reliability of spatio-temporal correlation of marginal zones of the southern sector of
the last FIS, and to the dating of these features as distinct phases of glaciation or deglaciation.

The aim of this paper is to reconstruct the main ice-marginal positions, local ice flow
directions and timing of the ice margin oscillations during the last deglaciation on the northern
fringe of Poland, based on geomorphology and !°Be surface exposure ages. We use the
approach of integrating detailed landforms analysis with cosmogenic surface exposure dating
as one of the best way to understand the dynamics of the palaeo-ice sheet in details and deliver
significant empirical data for further paleoclimatic reconstructions and numerical modelling.
Here, we present new results of glacial landforms mapping and analysis based on high-
resolution Digital Elevation Model (DEM) as well as ’Be surface exposure dating of erratic
boulders of the northern fringe of Poland. We then explore dynamics of the southern FIS front
and timing of its fluctuations during one of the last Pleistocene glacial episode in the Polish
Lowland.

2. Study area

The study area is located in the northern part of Poland, close to the coast of the Baltic
Sea (Fig. 1A). It covers a region where ice-marginal landforms correlated with the Gardno
Phase of the last deglaciation occur. The area stretches along the Baltic coast for a distance of
ca. 130 km, from the vicinity of Lake Kopan in the west to the vicinity of Lake Zarnowieckie
in the east. It consists of a few physiographic regions, such as: the Stowinskie Coast, northern
edges of the Stupsk Plain and the Damnicka Plateau, the Zarnowiecka Plateau, and the northern
part of the Kashubian Coast (Fig. 1B). The Gardno Phase is described in the literature as the
last glacial episode in the present land territory of Poland. Timing of this episode was first
proposed by Kozarski (1986) at 13.2 ka BP, based on: (1) uncalibrated radiocarbon ages of
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organic deposits found beneath the LGM till in northern Poland (Pazdur, Walanus, 1979;
Stankowska, Stankowski, 1979), (2) the average retreat rate of the last FIS following the local
LGM in northern Poland, and (3) the correlation of the Gardno moraines in the central Polish
coast with the so-called Low Baltic Stadial (Mdrner et al., 1977). The first geochronometric
dating of the Gardno moraines was made possible by uncalibrated radiocarbon ages obtained
from the Leba Barrier and the Lupawa alluvial fan (Fig. 1), which constrained the ice re-
advance during the Gardno Phase to 14.5-14.3 ka BP (Rotnicki and Boréwka, 1994; Kozarski,
1995). Subsequently, calibrated radiocarbon ages indicated a possible time window for this
glacial phase between 16.8 and 16.6 cal ka BP (Marks et al., 2016), while OSL dating estimated
it to fall between 16.0 and 15.5 ka (Uscinowicz et al., 2019). Recently, Tylmann and
Uscinowicz (2022), based on Bayesian age modeling of available geochronological data (14C,
OSL), showed that the most likely age of the Gardno Phase is 16.5 = 0.5 ka.
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Fig. 1. Study area and location of large erratic boulders used in this study. (A) Location of the study area
against the main limits of the last Fennoscandian Ice Sheet (FIS) and the main phases of the last
deglaciation in north-central Europe. (B) Digital elevation model (DEM) of the study area with the main
physiographic regions and selected elevation points. (C) Surface lithology of the study area based on
Geological Map of Poland, 1:500 000 (Marks et al., 2006). Erratic boulders sampled for °Be surface
exposure dating are also indicated.

The area of glacial landform analysis is located to the north of the Stupsk Plain, the
Damnicka Plateau and the Reda-Leba Urstromtal (ice-marginal spillway), where the
assemblage of the Gardno ice-marginal landforms extending from west to east occur. Terrain
elevation varies between ~sea level and 179 m a.s.l. The lowest elevations (around sea level)



occur in the Stowinskie Coast region along the coastline, and the highest elevations (>170 m
a.s.l.) occur in the southern part of the Zarnowiecka Plateau. Most of the analyzed area is
characterized by elevation ranging between around zero and 100 m a.s.l. The general trend in
hypsometry shows the terrain inclination northward and westward. Local denivelations of the
relief are up to 65-110 m and they occur between deeply incised valleys and highly elevated
moraine plateaus or terminal moraines, particularly in the eastern part of the study area (Fig.
1B).

Glacial deposits dominate the surface geology of the study area, which is composed of
upper Weichselian tills, boulders, gravel, sands, silts and clays (Fig. 1C). Tills, boulders and
gravels are associated with either moraine plateau or end moraines. Sands occur in the areas of
moraine plateau, end moraines, kames or former ice-dam lakes, while silts and clays are
associated with the areas of kames and former ice-dam lakes. Outwash sands and gravels occur
in the regions of glacial meltwater outflow, which in the study area are rather small spatially
confined outwash plains. In addition, the Late Glacial and Holocene aeolian sands occur mainly
along the coastline, where alluvial fan sands and gravels can also be locally found. Holocene
deposits, such as fluvial sands, gravels, muds and lake sands, silts, clays, gyttjas together with
peats and organic silts, occur mainly in glacial channels, river valleys and/or kettle holes and
lake depressions (Fig. 1C). Surface geology of the study area is dominated by glacial deposits
which makes the region relatively rich in large erratic boulders resting on the terrain surface.

3. Materials and methods
3.1. Landforms mapping

Glacial landforms were identified based on high-resolution DEM. We used DEM
produced by laser scanning of the terrain surface (LiDAR — light detection and ranging) freely
available from the geoportal.gov.pl database as 1-m grid tiles (last access: 15% of January 2025).
Data were imported to ArcGIS Desktop 10.8.2 and were mosaiced to one raster file. The DEM
was then converted to hillshade model with a NW illumination (azimuth 315° and altitude 45°)
and an exaggeration (z factor) of 10. Landforms were mapped on-screen in ArcMap, at various
scales (depending on landform size), by digitizing crest-lines of hills, upper slope breaklines of
valleys and extent of landforms area to shape files, based on elevation and hillshade models.
Additionally, information about surface lithology from detailed geological maps (1:50 000)
available as WMS (Web Map Service) layers at the Polish Geological Institute-National
Research Institute (baza.pgi.gov.pl/geoportal/uslugi/gis; last access: 15" of January 2025) were
used in order to properly interpret type of landforms which were mapped. We identified nine
types of glacial landforms that we define more thoroughly in the next paragraph: (1) moraine
ridges, (2) subglacial lineations, (3) overridden moraines, (4) eskers, (5) kames, (6) hummocky
moraines, (7) subglacial valleys, (8) subglacial meltwater corridors (SMCs), and (9) ice-
marginal valleys.

Moraine ridges, overridden moraines, subglacial lineations and eskers were mapped as
polylines by digitizing the crests of the landforms. Moraine ridges are ice-marginal landforms
such as end/terminal moraines, which are traces of the former ice margin positions. Overridden
moraines are moraine ridges, which were modified subglacially, they occur in the vicinity of
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subglacial lineations and reveal streamlined morphology, often with arcuate shape bent in the
direction of the ice flow (Fig. 2A). Subglacial lineations were identified as elongated,
streamlined landforms parallel to each other and to the ice flow direction, up to several
kilometer-long and gently emerging from the relief (e.g., Spagnolo et al., 2014). Eskers were
mapped as elongated, curved ridges, composed of sand and gravel and expressing the positive
morphological traces of subglacial channels.

e

Fig. 2. Examples of mapped glacial landforms and erratic boulders sampled for 1°Be dating. (A) Moraine
ridges, overridden moraines, subglacial lineations, hummocky moraines, subglacial and ice-marginal
valleys. (B) Eskers, kames and subglacial meltwater corridors (SMCs). (C) Erratic boulder 1.7 m high,
located on the surface of a moraine plateau. (D) Erratic boulder 1.0 m high, located within a subglacial
valley.

Kames were mapped as polygons by digitizing their lower break-of-slopes, i.e. the base
of the landforms. Areas of hummocky moraines with extremely irregular topography were
mapped as polygons by digitizing the spatial extent of the hummocky-like topography. The



distinction between kames and hummocky moraines has been made and distinct individual
landforms with kame-like morphology and lithology were mapped as individual kames, while
areas of uncontrolled topography with numerous, connected and overlapping hummocks
composed of glacial till, silt and gravel/sand were mapped as zones of hummocky moraines
(Fig. 2B).

Subglacial valleys and ice-marginal valleys were mapped as polylines by digitizing their
upper slope breaklines (Fig. 2A), while SMCs, which are much more extensive and have more
diffused boundaries, were mapped as polygons representing the most likely extent of the
subglacial meltwater routes (Fig. 2B). Subglacial valleys are morphological traces of
concentrated, channelized subglacial meltwater erosion (subglacial channels) with distinct,
linear morphology, rather narrow shape, abrupt start and end, undulated thalweg, and mostly
parallel orientation to other subglacial features (lineations) and perpendicular to the former ice
margin (e.g., Kehew et al., 2012). SMCs, on the other hand, represent broad, extensive zones
of more diversified subglacial drainage with channelized and distributed water flow, erosion
and deposition of sediments (e.g., Lewington et al., 2020). Their morphology is much more
diffuse, less defined and usually more complex than subglacial valleys, consisting both of
erosional features (channels, valleys) and of depositional features such as eskers and/or kames
(Fig. 2B). Ice-marginal valleys were identified as tracks of mostly westwards ice-marginal
meltwater outflow, usually perpendicular to subglacial valleys and subglacial lineations and
parallel to the former ice margin, i.e. also to moraine ridges (e.g., Greenwood et al., 2007).

3.2. 1°Be surface exposure dating

For '°Be surface exposure dating we chose boulders located on landforms associated
with the potential limits of the ice sheet in the area of the northern fringe of Poland. Sampled
boulders were large (perimeter >5 m) granitic rocks protruding above the ground surface. We
sampled nine boulders (Table 1) located along the ice margin — from the vicinity of Lake Kopan
in the west to the vicinity of Lake Zarnowieckie in the east (Fig. 1C).

Samples were taken with a manual jackhammer (PM samples) and hammer with chisel
(GA samples) from the upper surface of nine boulders of perimeter ranging from 6.5 to 20.5 m
(Table 1; Fig. S2 in Supplementary Materials). All boulders are characterized by quartz-rich
lithologies as granitoids, granite gneisses and gneisses, and significantly protrude above the
ground surface (height above ground ranging from 0.8 to 2.7 m) (Fig. 2C, D). Rock slabs of
thickness from 1.0 to 3.2 cm were subjected to sample preparation which was conducted at the
Laboratoire National des Nucléides Cosmogéniques at CEREGE, Aix-en-Provence, France for
PM samples, and at the laboratory of the University of Gdansk, Poland and at the CALM
laboratory (Cosmonucléides Au Laboratoire de Meudon) at the Laboratoire de Géographie
Physique (LGP), France for GA samples.

All samples were crushed and sieved. For PM samples, 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 (H2SiFs). The
purified quartz was decontaminated from meteoric '°Be by three successive partial dissolutions



with concentrated hydrofluoric acid (HF). For GA samples, the 0.25-0.71 mm quartz fraction
was separated by heavy liquid (sodium polytungstate) separation (to remove heavy minerals)
and froth flotation (to remove feldspars). Several acid etchings (2% HF + HNOs3) in a hot
ultrasonic bath were applied in order to purify the quartz. For all samples (PM and GA) the
quartz purity was checked by ICP-OES analysis for Al content.

Purified quartz of PM samples was dissolved with concentrated HF after adding 100 pL.
of an home-made °Be carrier solution ([°Be] = 3025 £ 9 pg/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 S0WX8) to discard
boron and recover Be (Merchel and Herpers, 1999). The eluted Be fractions were precipitated
to Be(OH), with ammonia and oxidized to BeO. For GA samples the purified quartz was spiked
systematically with ~460 mg of a commercial *Be carrier solution (concentration of 998 mg/I
+ 3.7 mg/l) and then dissolved with concentrated HF. Beryllium was separated from remaining
metals and purified in three stages: (1) anion column to remove Fe(III), (2) cation column to
remove Ti, alkalis and separate Be from Al, and (3) hydroxide precipitation to remove residual
alkalis, Mg and Ca. Then, Be(OH)> was oxidized to BeO.

For all samples (PM and GA) the BeO was mixed with niobium powder before being
pressed in cathodes for accelerator mass spectrometry (AMS) measurements of the ’Be/’Be
ratios at the French National AMS Facility ASTER, Aix-en-Provence (Arnold et al., 2010). The
measured '’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 10"!! (Braucher et al., 2015) and a '°Be half-life of
(1.387 £ 0.012) x 10° years (Chmeleff et al., 2010; Korschinek et al., 2010). Analytical 1o
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 (1°Be/’Be blank ratios for the GA batch is 6.57 x 10"'* and for the PM batch is
4.44 x 1075).

19Be surface exposure 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. An appropriate correction for self-
shielding (boulder geometry) was applied when the surface of the sampled boulder had a slope
of more than 10°. No correction for surface erosion of boulders was applied, as we interpret the
1Be results as minimum surface exposure ages. 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/; last access: 15" of January 2025),
which is an updated version of the online calculator described by (Balco et al., 2008). Ages are
reported with 1o uncertainties (including analytical uncertainties and the production rate
uncertainty).
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4. Results
4.1. Landforms

A total number of 715 glacial landforms were mapped, including: 274 moraine ridges,
68 subglacial lineations, 74 overridden moraines, 52 eskers, 169 kames, 14 zones of hummocky

moraines, 47 subglacial valleys, 5 SMCs, and 12 ice-marginal valleys (Fig. 3A, B).
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Fig. 3. Glacial landforms of the study area and their orientation. (A) Elevation and hillshade model for
the study area. Black boxes represent regions shown in detail in figure 4 and described in the text. (B)
Glacial landforms mapped along the northern fringe of Poland. The high-resolution map with delineated
landforms is available in Supplementary Materials — Fig. S1. (C) Orientations of the long axes of mapped
landforms shown as rose diagrams with basic statistical parameters: n — number of measurements, MV
— mean vector, SD — standard deviation.

Moraine ridges occur throughout the analyzed area, from the southern surroundings of
Lake Kopan to the west, east and south-east of Lake Zarnowieckie (Fig. 2B). They have mostly
NE-SW and NEE-SWW alignments, but some ridges display diversified orientations recording
lobated shapes of the ice margin (Fig. 3B, C). Subglacial lineations are oriented mainly NE-
SW with small fractions of them oriented NW-SE (Fig. 3C). Overridden moraines occur in the
vicinity of subglacial lineations in the central part of the study area (Fig. 3B). They have mostly
E-W and ENE-WSW orientations (landforms generally transverse to the former ice flow) and
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streamlined morphology with shape bent and smoothed southwards. Eskers are characterized
by variable orientation, they are often aligned parallel to the subglacial valleys, with most of
them oriented NNE-SSW (Fig. 3C). Kames have usually random orientation, with some
oriented parallel to the subglacial channels and SMCs in which they occasionally occur.

Subglacial valleys run mostly N-S with some deviations in the eastward and westward
directions, and only few single valleys are oriented west-east (Fig. 3C). Altogether, their
orientation is rather variable. Subglacial valleys occur across the entire study area, dissecting
moraine plateau, streamlined bedforms, hummocky moraines and/or moraine ridges. SMCs
reveal convergent spatial orientation, with two corridors running NW-SE and NE-SW, and two
corridors running NNW-SSE and NNE-SSW (Fig. 3B). Ice-marginal valleys run from east to
west, they are usually parallel the moraine ridges, and they record palaco-ice margin positions
(Fig. 3B).

4.2. Landform associations

Landform associations occurring in the study area consist of subglacial, ice-marginal,
proglacial and dead-ice topography formed during the general retreat of the last FIS. Traces of
the ice margin positions are mostly moraine ridges (end moraines and terminal moraines) with
ice-marginal valleys. They are often associated with outlets of subglacial valleys and SMCs,
and/or proximal edges of outwash plains (Fig. 4A-F). Diverse morphologic relations between
subglacial valleys and moraine ridges were identified: usually subglacial valleys terminate at
the moraine ridges, however in some places they cross-cut moraines and terminate as ice-
marginal valleys (Fig. 4A, B and D). Subglacial and ice-marginal valleys are incised in the
surface of morainic plateaus and/or outwash plains, similarly to SMCs (Fig. 4E and F).
However, SMCs are more extensive, their boundaries of are less clear and other landforms such
as kames and eskers occur within them (Fig. 4C, D and E). This makes their relief very complex,
with numerous hillocks, incisions and depressions occurring within them (Fig. 5A). Kames and
eskers were also found within subglacial valleys (Fig. 4A, E and F). Both, subglacial valleys
and SMCs cut morainic surfaces with subglacial lineations and overridden moraines, as well as
with ice-marginal valleys (Figs. 4D, 5B). In some locations, ice-marginal valleys cut subglacial
valleys and SMCs (Fig. 5A and C), while zones of hummocky moraines enter these valleys and
corridors (Fig. 5A and D).
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boulders. (A) Region 1: moraine ridges, overridden moraines, kames, subglacial and ice-marginal
valleys mapped to the south of Lake Kopan and Lake Wicko. The prominent terminal moraines zone
with outlet of subglacial valley and outwash plains with ice-marginal valleys on the foreland clearly
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indicate ice margin positions. Two subglacial valleys cross-cut the terminal moraine zone. '°Be surface
exposure age of boulder located in between kames, close to the end moraine zone is indicated. (B)
Region 2 : zone of moraine ridges, subglacial and ice-marginal valleys. One subglacial valley cross-cuts
end moraines zone, while another one does not. Two ice-margin positions were identified. (C) Region
3: associations of landforms originated during the ice sheet retreat and re-advance around Lake Gardno.
Two ice margin positions were identified. '’Be surface exposure ages of boulders located along the
lobate-shaped end moraines are indicated. (D) Region 4: glacial landforms mapped in the area to the
east of Lake Gardno. Two ice margin positions and various glacial landforms cross-cutting each other
were identified. (E) Region 5: associations of glacial landforms in the area south and south-east of Lake
Lebsko. At least two ice margin positions were identified. '°Be surface exposure ages of boulders located
in central and northern part of the area are indicated. (F) Region 6: landsystem with subglacial valleys,
eskers, moraines ridges, ice-marginal valleys, hummocky moraines and kames were mapped. °Be
surface exposure ages of boulders located in central and northern part of the area are indicated.
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Fig. 5. Selected landforms associations occurring in the study area. (A) One of two SMCs occurring to
the south of the lake Gardno. Note the complex topography of the SMC (morphological profile) and ice-
marginal valley entering SMC. (B) Subglacial lineations and overridden moraines occurring east of lake
Gardno. Note the low relief of the lineations (~1 m) and arcuate, streamlined morphology of overridden
moraines. Both subglacial and ice-marginal valleys are cross-cutting subglacial lineations and
overridden moraines. (C) Ice-marginal valley cross-cutting subglacial valleys. (D) Subglacial valley in
the area of hummocky moraines. Note that hummocky moraines enter into the subglacial valley.

4.3. 1°Be surface exposure ages

19Be ages of boulders range between 2.2 + 0.3 ka and 17.8 + 1.8 ka (Table 1). However,
the ages between 12.5 £ 1.1 ka and 17.8 + 1.8 ka overlap each other within the uncertainty range
(Fig. 6). Ages 2.2 £ 0.3 ka and 8.7 = 0.8 ka deviate the most from the other ages, they do not
overlap within the uncertainty with other ages, and they are treated as outliers based on
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statistical distribution. The ages between 12.5 = 1.1 ka and 17.8 + 1.8 ka also 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). Variability of the
ages falling into the confidence interval (11.8%) slightly exceeds the average analytical

uncertainty (9.3%), suggesting that the random uncertainties are dominated

geological/geomorphological uncertainties rather than by analytical ones.

by

Table 1. Erratic boulders used in '’Be surface exposure dating. '°Be ages calculated with the “Lm”
time-dependent scaling scheme for spallation, according to Lal (1991) and Stone (2001) and the global
production rate according to Borchers et al. (2016).

Location [dd] Dimensions [m] . Sample . 10
Boulder }E:é?‘;a:in]l Geomorphology thickness S?;thi:?g Ql[]a]rtz [0* fte S Age [ka]
Latitude N Longitude E Perimeter | Height o [em] & €

GA-01 54.486 16.598 10.0 12 16 kame 1.0 1.00000 19.9453 642940227 | 151413

GA-02 54.639 17.166 103 1.0 3 foothill of the 3.1 0.98841 19.9240 35780209 | 8.7+0.8*
moraine

GA-04 54.575 17.092 6.5 0.8 27 foothill of the 1.6 100000 | 200660 | 5.698+0217 | 132%11
moraine

GA-05 54.794 17.844 11.5 12 12 subglacial valley 1.1 1.00000 22.0379 530040200 | 125+1.1

GA-06 54.759 17.997 12.0 11 53 moraine plateau 1.1 1.00000 20.1580 0.968+£0.110 | 2.2+03*

GA-07 54.704 17.789 10.0 1.7 83 moraine plateau 12 1.00000 11.0437 65390332 | 143+13

PM-21 54.666 17.901 16.0 1.7 97 hummocky 1.2 100000 | 194965 | 747940525 | 16117
moraine

PM-22 54.800 18.128 205 27 35 edgep‘;;‘:a‘:ame 1.8 0.97743 19.7629 715320540 | 169%18

PM-23 54.728 18211 13.4 24 103 terminal moraine 32 0.99936 153901 816740549 | 17.8+18

! corresponding to self-shielding (direction and angle of surface dip)
* ages treated as outliers

The distribution of '°Be ages plotted against the longitudinal position of the samples
reveals that two ages from the western part of the study area that fall into a confidence interval
are 13.2 £ 1.1 kaand 15.1 = 1.3 ka (Fig. 6). In the eastern part of the study area, the ages within
the confidence interval range from 12.5+ 1.1 ka and 17.8 + 1.8 ka, with a mean age and standard

deviation of 15.5 £ 1.9 ka (n =95).
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Fig. 6. Distribution of '°Be ages plotted against the longitudinal location of sampled boulders.
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5. Interpretation of landforms distribution and '°Be surface exposure dating

5.1. Relative chronology

Relative chronology of glacial events might be inferred from spatial and elevation
relations between landforms (e.g., Greenwood and Clark, 2009; Hughes et al., 2014; Kamleitner
et al., 2024). South of Lake Kopan and Lake Wicko (region 1 in Fig. 3A) the ice sheet retreated
and left kames in the landscape (ice sheet rich in crevasses?). Subsequently a main ice margin
stillstand occurred when a prominent terminal moraine system was formed with two subglacial
valleys dissecting moraine ridges with one terminating at the moraines (Fig. 4A). On the
foreland of the moraines and subglacial valleys, small, confined outwash plains have been
deposited, and proglacial meltwater running westwards eroded ice-marginal valleys. Subglacial
valleys which cut moraine ridges were probably formed time-transgressively when the ice
margin was positioned further north, while the subglacial valley which terminates at the
moraine ridges (south of Lake Wicko) was probably formed during the main ice margin
stillstand along the moraines. Following this episode, ice sheet retreated again leaving kames
and moraine plateaus in the landscape, together with few recessional moraines and ice-marginal
valleys indicating minor ice margin stillstands. Overridden moraines occurring to the north of
the prominent terminal moraine system suggest that the main ice margin stillstand in this area
might have occurred after the local ice re-advance (Fig. 4A). The relative chronology of glacial
landforms in the landscape is the following: (1) kames located to the south of the main terminal
moraines; (2) overridden moraines; (3) the main terminal moraines, subglacial valleys, outwash
plains and ice-marginal valleys located to the south of the main moraines; (4) kames, ice-
marginal valleys and moraine ridges located to the north of the main moraines; (5) hummocky
moraines.

In region 2 (Fig. 3A), the ice sheet retreat has been punctuated by ice margin stillstands,
which may be inferred from terminal moraine ridges and ice-marginal valleys occurring both
on the foreland and in the hinterland of the moraines. Subglacial valleys have been eroded time-
transgressively as the ice margin was retreating and terminating: on one hand, the western
subglacial valley is cut by terminal moraine ridge, which means that the subglacial channelized
drainage was inactive here at the time of ice margin stillstand and moraines deposition. On the
other hand, the eastern subglacial valley cuts terminal moraine ridge, which means that
subglacial drainage was probably continuously active as the ice margin was retreating and
terminating (Fig. 4B). The relative chronology of glacial landforms in this region is the
following: (1) ice-marginal valley located to the south of the terminal moraines and beginning
of subglacial valleys incision, (2) the main terminal moraines and continuation of subglacial
valleys incision, (3) moraine ridges located to the north of the main moraines; (4) ice-marginal
valley located in the north-eastern corner of the area. The main terminal moraine ridges here
are continuations of the prominent terminal moraine system to the west (Fig. 3A and B).

Two SMCs indicate broad zones of subglacial meltwater erosion and deposition to the
south of Lake Gardno in region 3 (Fig. 3A). Orientations of the SMCs suggest convergent
meltwater flow from NW to SE and from NE to SW. As the ice margin retreat was continuing,
a system of terminal moraine ridges running SW-NE with NW-SE oriented subglacial valley
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was formed in the western part of the area, and a NW-SE oriented ice-marginal valley cutting
SMC was formed in the eastern part of the region (Figs. 4C and 5A). This suggests that two ice
lobes with a convergent ice flow pattern occurred to the south of Lake Gardno, as the ice margin
was retreating. Kames and hummocky moraines, which occur within the NE-SW oriented SMC,
were formed during the retreat of the eastern lobe. The ice margin then re-advanced in a narrow
zone of the present Lake Gardno, and formed a prominent, lobate-shaped moraine ridge. This
landform is younger than the previous ones, and indicate a local, narrow ice re-advance, which
may be also inferred from a few subglacial lineations and overridden moraines occurring to the
south of Lake Gardno (Fig. 4C). Finally, kames located to the north of the prominent, lobate-
shaped moraine ridges have been formed as a result of the final deglaciation. We suggest the
following relative chronology of glacial landforms in this region: (1) SMCs, (2) kames and
hummocky moraines occurring within SMC, (3) moraine ridges and the subglacial valley
located in the western part of the area; (4) ice-marginal valley located in the eastern part of the
area; (5) a few subglacial lineations with overridden moraines and lobate-shaped moraines
ridges south of Lake Gardno; (6) kames located north of the lobate-shaped moraine ridges.

In region 4 (Fig. 3A), subglacial lineations and overridden moraines have been formed
as a results of ice sheet overriding (probably the pre-existing moraine plateaus) and shaping of
the ice bed, most likely by warm-based, active ice. A divergent ice flow pattern is recorded here
by lineations oriented NE-SW in the western and central parts of the area and NW-SE in the
eastern part (Fig. 4D). Subsequently, SMCs and subglacial valleys were formed, thus
imprinting the surfaces with subglacial lineations (Fig. 5B). SMCs here are most likely part of
the same system as the SMCs occurring south of Lake Gardno. As an ice margin stillstand
occurred, the ice front was located along the ice-marginal valley and terminal moraine ridges
running from east to west in the southern part of the area. This ice-marginal valley continues to
the west and it corresponds to a valley which cuts through SMC in the eastern part of region 3
(Fig. 4C and D, Fig. 5SA). Hummocky moraines have been deposited and another ice margin
stillstand occurred during the ice sheet recession in the northern part of the region. The relative
chronology of glacial landforms in this area is the following: (1) subglacial lineations and
overridden moraines, (2) SMCs and subglacial valleys, (3) moraine ridges and ice-marginal
valley located in the southern part of the area; (4) hummocky moraines, (5) ice-marginal valley
located in the northern part of the area, (6) kames.

In region 5 (Fig. 3A) a gentle subglacial lineations occurring within the moraine plateau
in the central part of the region and SMCs with subglacial valleys and eskers, indicate subglacial
shaping of the ground moraine surface and subsequent (or simultaneous?) subglacial meltwater
erosion and deposition occurring under the last ice sheet. The first ice margin stillstand during
the ice sheet recession occurred along the terminal moraine ridges, ice-marginal valley and
outlets of SMCs and subglacial valleys in the southern part of the area. The ice margin then
retreated to the north, hummocky moraines and kames were formed, and younger ice margin
stillstands occurred in the northern part of the area along moraine ridges, ice-marginal valley
and outlets of subglacial valleys (Fig. 4D). The relative chronology of glacial landforms in this
area is the following: (1) subglacial lineations, (2) SMCs, subglacial valleys and eskers
connected to the southern ice margin positions, (3) terminal moraine ridges and ice-marginal
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valley in the southern part of the area, (4) hummocky moraines and kames, (5) subglacial
valleys and eskers connected to the northern ice margin positions (6) moraine ridges and ice-
marginal valley located in the northern part of the area.

The last area where landform associations and relative chronology of glacial events were
analyzed is region 6, located around Lake Zarnowieckie (Fig. 3A). A few possible ice margin
stillstands occurring during the general ice sheet retreat have been identified there. The first
stillstand occurred along the prominent ice-marginal valley and outlets of subglacial valleys in
the southern part of the area. Two younger ice-margin stillstands are then recorded by moraine
ridges located to the east and southeast of Lake Zarnowieckie. These stillstands are likely
related to the outlet of the Lake Zarnowieckie subglacial valley and the formation of small
confined outwash plains south of the valley (Fig. 4F). The Lake Zarnowieckie subglacial valley
is a complex tunnel valley formed through repeated phases of subglacial meltwater erosion of
the ice bed, followed by infilling with fluvioglacial and glaciolacustrine deposits. This process
began as early as the Elsterian glaciation (MIS 12) and continued through the subsequent
glacial-interglacial cycles (Blaszkiewicz and Tylmann, 2024). Evidence for this includes a
wide (up to 4 km) and deep (up to 323 m b.s.l.) buried valley that dissects Cenozoic and
Jurassic-Cretaceous sediments, and even reaches Triassic strata, following the axis of Lake
Zarnowieckie (Malka et al., 2023). The tunnel valley underwent multiple episodes of dissection
and burial, with the final shaping of the open valley visible in today’s landscape occurring
during the last deglaciation. The youngest stillstand which occurred in this area may be traced
along moraine ridges and outlets of subglacial valleys to the west of Lake Zarnowieckie, and
also along the ice-marginal valley to the east of Lake Zarnowieckie (Fig. 4F). We suggest the
following relative chronology of glacial landforms in this region: (1) subglacial valleys
connected to the southernmost ice margin positions, (2) the prominent ice-marginal valley in
the southern part of the area, (3) moraine ridges located to the southeast of Lake Zarnowieckie;
(4) hummocky moraines; (5) subglacial valleys connected to the northernmost ice margin
positions; (6) moraine ridges and ice-marginal valley in the northern part of the area.

5.2. Timing of ice margin positions

As we present the exposure ages without erosion, snow-cover or vegetation-cover
correction, we interpret them as minimum ages for the last deglaciation in the study area. Two
ages (samples GA-02 and sample GA-06) are most likely influenced by postglacial erosion of
boulder surfaces, exhumation of boulders from glacial deposits after deglaciation and/or
anthropogenic activity. Boulder GA-02 (8.7 £ 0.8 ka) is located at the foothill of the moraine
ridge, at the edge of Lake Gardno depression (Fig. S2B in Supplementary Materials), and it
could have been released by a dead-ice block relatively long after deglaciation. The final
melting of dead-ice blocks in northern Poland occurred even during the beginning of the
Holocene, in the Preboreal chronozone ca. 11.2 cal ka BP (Stowinski et al., 2015). Boulder GA-
06 (2.2 + 0.3 ka) 1s located on the surface of the moraine plateau, but at the edge of a field, next
to a paved road (Fig. S2E in Supplementary Materials). The anomalous young exposure age of
this boulder is probably the result of human excavation.
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In region 1, south of Lake Kopan and Lake Wicko, an erratic boulder located within the
kame landscape, close to the prominent terminal moraine, was dated at 15.1 + 1.3 ka (Fig. 4A
and Fig. S2A in Supplementary Materials). Two erratics located on the prominent, lobate-
shaped moraine ridges south of Lake Gardno in region 3, were dated at 8.7 = 0.8 ka and 13.2 +
1.1 ka (Fig. 4C). While we interpret the age of 8.7 + 0.8 ka as an outlier, the age 13.2 + 1.1 ka
may indicate the minimum age of deglaciation. However, this exposure age is probably also
“too young”, due to boulder deposition from dead ice blocks and/or exhumation from morainic
deposits after deglaciation, as it is located at the foothill of the moraine ridges (Fig. S2C in
Supplementary Materials). In the area east and southeast of Lake Lebsko in region 5, three
erratic boulders were dated at 12.5 + 1.1 ka, 14.3 = 1.3 ka and 16.1 + 1.7 ka (Fig. 4E). While
14.3 £ 1.3 ka and 16.1 + 1.7 ka (samples GA-7 and PM-21) seems to be reliable for a possible
timing of deglaciation, the age of 12.5 £ 1.1 ka (sample GA-05) is probably “too young”, also
due to boulder deposition from dead ice blocks and/or exhumation from glacial deposits after
deglaciation. Between 13.6 and 11.4 ka, the southern margin of the FIS deposited the
Trollhéttan, Levene, and Middle Swedish end moraine zones approximately 340-420 km north
of the study area (Stroeven et al., 2016). Boulder GA-05 is located within the narrow, subglacial
channel dissecting moraine plateau (Fig. S2D in Supplementary Material). Thus, there is a
possibility, that the channel was infilled with dead ice after deglaciation, and/or the erratic was
freed from sediments due to glaciofluvial/fluvial erosion along the channel.

Three erratics have been dated in region 5 around Lake Zarnowieckie, and their
exposure ages are 2.2 + 0.3 ka, 16.9 + 1.8 ka and 17.8 + 1.8 ka (Fig. 4F). While we interpret
the age of 2.2 + 0.3 ka as an outlier, ages 16.9 = 1.8 ka and 17.8 & 1.8 ka are probably reliable
for the possible deglaciation timing, as supported by results just south of the study area from a
recent paper by Tylmann et al. (2022).

Variability of the 1°Be ages indicates that geomorphological factors strongly influenced
the apparent exposure ages in the study area. The detailed geomorphological location of each
boulder is given in Table 1 and Fig. S2 in the Supplementary Materials. '°Be ages which we
interpret as reliable indicators for deglaciation timing (GA-01, GA-07 and PM samples), are
located on kames, terminal moraines or moraine plateau. Whereas '°Be ages which are evident
outliers (GA-02 and GA-06) or are most likely “too young” (GA-04, and GA-05) are located
mainly within the valleys/depressions and at the foothill of the moraines (Tab. 1) or eventually
on the moraine plateau (GA-02), but in the locality where anthropogenic activity is very likely.
This stresses the importance of proper geomorphological location of the sampled boulders in
an ice sheet marginal context (top of hills, flat and stable morainic plains) for reliable surface
exposure dating interpretation (Heyman et al., 2011; Tomkins et al., 2021).

6. Discussion
6.1. Ice margin oscillations and ice flow directions

Analysis of glacial landforms spatial distribution based on LIDAR DEM, supplemented
with '°Be surface exposure dating of erratics, provided us with the necessary information to
reconstruct the last ice sheet dynamics and timing of ice margin fluctuations on the northern
fringe of Poland. Relative chronology of glacial events inferred from spatial arrangement of
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mapped landforms, suggests dynamic oscillations of the ice sheet with episodes of the ice
margin retreat, stillstands and re-advances. The Gardno moraines, described in the literature as
a distinct ice-marginal belt correlated with the last Pleistocene ice re-advance in the Polish
Lowland (Kozarski, 1995; Rotnicki and Borowka, 1994, 1995; Marks, 2002), are in fact
diversified ice-marginal landsystems representing discontinuous ice sheet retreat, and episodes
of various ice lobes stillstands and/or re-advances. '°Be surface exposure dating suggests
asynchronous dynamics of particular ice streams/ice lobes across the study area (Fig. 7).

The earliest ice margin stillstand occurred in the eastern part of the study area, most
likely no later than ~17.5 ka (average of two '’Be ages 16.9 + 1.8 ka and 17.8 + 1.8 ka). Ice
flow pattern was convergent with a direction of NE-SW according to the orientation of the
subglacial valleys SE of Lake Zarnowieckie, and a direction of NW-SE along the subglacial
valley SW of Lake Zarnowieckie (Fig. 7). The ice flow from NE to SW in the eastern edge of
the study area is consistent with the general ice flow pattern within the western flank of the
Vistula Ice Lobe (Marks et al., 2006; Marks, 2012). However, during the retreat of the ice
margin to the north, the ice flow direction switched to a NW-NE pattern, which is indicated by
subglacial valleys and moraine ridges occurring to the east of the Lake Zarnowieckie. These
directions are consistent with fabric data obtained from till deposits representing the last ice
advance and retreat in the areas around the Gulf of Gdansk (Wozniak and Czubla, 2015). West
of Lake Zarnowieckie the main ice margin stillstand occurred slightly later (Fig. 7). There the
ice sheet retreat started most likely before ~15 ka (average of two '°Be ages 14.3 + 1.3 ka and
16.1 £ 1.7 ka). Two ice lobes had convergent ice flow pattern, based on the interpretation of
subglacial valleys and moraine ridges orientation. Although the distance along the ice margin
between the areas to the east and to the west of Lake Zarnowieckie is not significant (3040
km), the main ice margin positions occurred at a different time (asynchrony), and the offset
could be as much as ~1-2 ka. In the area south of Lake t.ebsko, the main ice margin position
could be a westward continuation of the ice lobes margin mentioned above (Fig. 7). However,
there are no '°Be ages which can constrain the timing of this ice margin position, we only know
from the geomorphological relations, that it is older than the ice re-advance which formed the
prominent arc of terminal moraines around Lake Gardno.

Along the western segment of the ice-marginal belt, the main ice margin stillstand
occurred along the prominent terminal moraine to the south of Lake Kopan, most likely before
~15 ka ("°Be age 15.1 + 1.3 ka). The ice flow direction was here mainly NNW-SSE (Fig. 7).
The main ice margin position dated here is probably slightly younger than the ice margin
position to the west of Lake Zarnowieckie, however this dating is inferred only from one '’Be
age and must be treated with caution. The main ice margin position in the area between Lake
Kopan and the prominent arc of terminal moraines around Lake Gardno is probably the
continuation of the one mentioned above. There are no !'“Be ages, however the
geomorphological relations show clearly that it is older than the ice re-advance which formed
moraines around Lake Gardno. The youngest glacial episode was the ice re-advance and
formation of a prominent arc of terminal moraines south of Lake Gardno (Fig. 7). These
moraines have strongly deformed structure with numerous glaciotectonic thrusts and scales
(Jasiewicz, 1999). This indicates dynamic ice re-advance with thrusting and pushing of the ice
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sheet foreland and formation of a lobate-shaped moraine system (Fig. 4C). The re-advance
occurred within the local and narrow ice stream/ice lobe flowing from the NE. Our °Be dating
can only constrain that the ice retreat after this re-advance occurred before ~13 ka. However,
radiocarbon dates of organic deposits from Leba Barrier and Lupawa alluvial fan overlying a
till/boulder horizon and correlated with the re-advance (17.5 £ 0.2 cal ka BP and 16.8 + 0.4 cal
ka BP) suggest that it must have occurred much earlier than ~13 ka (Rotnicki and Borowka,
1994; Tylmann and Uscinowicz, 2022).
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recessional ice margin positions

Fig. 7. Reconstruction of the last ice sheet on the northern fringe of Poland. The main ice margin
positions are given together with local ice flow directions and timing inferred from '°Be surface exposure
dating. Recessional ice margin positions are also marked. Note the individual ice stream/ice lobes
shaping the ice margin and variable timing for the ice margin positions.

Dynamic oscillations of the palaeo-ice margin on the northern fringe of Poland,
characterized by frequent episodes of ice margin retreat, stillstands, and re-advances, may have
been driven by the presence of large volumes of meltwater within the retreating ice sheet and
the development of intensive subglacial and/or ice-marginal meltwater drainage systems. This
inference is supported by the significant occurrence of meltwater-related glacial landforms and
deposits identified in the study area, including SMCs, subglacial and ice-marginal valleys,
eskers, and outwash plains. The presence of pressurized meltwater within the ice sheet can
promote decoupling of the ice from its bed, leading to pronounced dynamic instability (e.g.,
Kjer et al., 2006; Storrar et al., 2014). Cycles of glacial surges, terminating in ice stagnation as
pressurized meltwater is evacuated from the ice/bed system to the ice sheet foreland, may
explain the highly dynamic oscillations of the ice margin (Hoffman and Price, 2014; Thegersen
et al., 2024). The significant role of meltwater activity in influencing the dynamic behavior of
the retreating ice sheet and in the formation of spectacular glacial landforms has been previously
proposed for various regions in northern Poland (e.g., Lesemann et al., 2010, 2014; Weckwerth
et al., 2019; Hermanowski and Piotrowski, 2022).

6.2. Ice sheet dynamics and the “Gardno Phase”

The maximum extent of the last FIS was recently dated at ~24-23 ka during the
Brandenburg (Leszno) Phase in Germany and western Poland (Ehlers et al., 2011; Marks, 2012;
Tylmann et al., 2019; KrauB et al., 2025) and at ~19 ka during the Frankfurt (Poznan) Phase in
north-central and north-eastern Poland (Wysota et al., 2009; Tylmann et al., 2019, 2024). After
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its maximum extent, the FIS generally retreated with episodes of ice margin stillstands and/or
re-advances. One of the main, regionally correlated, stage of this discontinuous retreat was the
Pomeranian Phase — expressed in the landscape as a distinct ice-marginal belt running through
Pomerania in northern Poland and northeastern Germany (Ktysz, 2003; Blaszkiewicz, 2011;
Borner et al., 2019). Recently, Tylmann et al. (2022) proposed an asynchronous dynamics of
the last FIS along the Pomeranian ice-marginal belt, with timing for the ice margin positions at
~19-18 ka for the Odra Ice Lobe, at ~20—19 ka in the interstream area between the Odra and
the Vistula Ice Lobes and again at ~19-18 ka for the Vistula Ice Lobe. In the absence of any
time constraints other than our single '°Be exposure ages, the timing of the ice margin stillstand
in the eastern part of the study area dated at ~17.5 ka seems plausible, when comparing it to the
age of the Pomeranian ice-marginal belt in the Vistula Ice Lobe dated at ~18.5 ka (n = 3 '°Be
ages, Tylmann et al., 2022). This would indicate an average retreat rate of about 75 m/yr for the
last FIS between the Pomeranian moraines and the ice margin position south of Lake
Zarnowieckie, which is a possible retreat rate for land-terminating ice streams/ice lobes (e.g.,
Smedley et al., 2017; Bradwell et al., 2019). The younger age of the main ice margin positions
(>15 ka) to the west of Lake Zarnowieckie and in the western part of the study area are also
acceptable in the light of the age of the Pomeranian ice-marginal belt to the west of the Vistula
Ice Lobe estimated at ~20—19 ka (Tylmann et al., 2022).

The ice margin stillstand of the last FIS, which occurred after the Gardno Phase is
recorded in the glacial landforms mapped offshore — on the Stupsk Bank (Fig. 1A) in the
southern Baltic (Uscinowicz, 1999, 2014). Timing of this stillstand was recently estimated
based on Bayesian modeling of various geochronological data to around 15.5 ka (Tylmann and
UsScinowicz, 2022). This means that the possible time window for the ice margin positions on
land in the study area must pre-date this timing. Thus, the youngest segment of the main ice
margin position in the area south of Lake Kopan (>15 ka), as well as the younger ice re-advance
around Lake Gardno (>13 ka), are both older than ~15.5 ka. However, the precise dating of
these ice margin positions based on our new data is not possible, and further numerical dating
(OSL, *C) would be necessary. But we know that these ice margin segments are younger than
~20-19 ka and older than ~15.5 ka, and that the ice re-advance around Lake Gardno is younger
than the ice margin stillstand south of Lake Kopan.

So far, the last FIS extent during the Gardno Phase in northern Poland has been
reconstructed as a continuous marginal zone along the moraine ridges south of the Lake Kopan
and Lake Wicko (Fig. 4A), along the moraine arc south of Lake Gardno (Fig. 4C) and along
the morphological break between the moraine plateau and the Gardno-Leba Lowland (Fig. 4D)
further to the east (Rotnicki and Borowka, 1994, 1995; Kozarski, 1995; Mojski, 2005). The ice
sheet limit correlated with the Gardno Phase in the eastern part of the study area (Zarnowiecka
Plateau, Fig. 1) has been open to more controversy: some authors mapped this ice limit to the
south of lake Zarnowieckie (Uscinowicz, 1999; Mojski, 2000), while others mapped the limit
more to the north (Sylwestrzak, 1978; Kozarski, 1995; Marks, 2012). Our study illustrates that
the main ice-marginal landsystems across the study area are composed of distinct ice lobes, and
that timing for the particular ice streams/ice lobes was diverse from east to west and with rather
older ice margin positions in the east than in the west (Fig. 7). During the ice sheet retreat, the
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direction of the ice flow was shifting, especially in the eastern part of the study area, and
episodes of the ice margin stillstands and/or re-advances occurred. The youngest ice re-advance
formed the arcs of terminal moraines south of Lake Gardno — corresponding to the imprint on
the landscape of a narrow (ca. 12 km) ice lobe, which was the basis for distinguishing the
Gardno Phase as a morphostratigraphic unit in the past (e.g., Biillow, 1924; Giedroj¢-Juraha,
1949; Sylwestrzak, 1978; Petelski, 1985; Kozarski, 1995; Rotnicki and Boréwka, 1994, 1995;
Jasiewicz, 1999). Any spatial correlation of this moraine arc with moraine ridges of possibly
the same age is impeded, as the moraines were probably reshaped or simply destroyed during
the Holocene transgression of the southern Baltic. Most likely, only remnants of these ridges
may exist on the present seafloor, in the form of relict moraines and/or boulders fields
(Uscinowicz, 1999; Tylmann and U$cinowicz, 2022).

6.3. Wider implications

The geomorphological signatures of the ice-margin positions along the frontal zone of
this extensive palaco-ice sheet constitute a cumulative record of ice fluctuations that varied both
spatially and temporally. This study confirms the asynchronous and time-transgressive
development of ice-marginal belts during the last deglaciation on the southern fringe of the last
FIS (Larsen et al., 2016; Hughes et al., 2021; Tylmann et al., 2022). Distinct ice streams, which
supplied ice to the marginal zones during the general retreat of the ice sheet following the LGM,
controlled oscillations of the ice margins that could occur at different times, even in close
proximity. These local ice retreats, stillstands, and re-advances were likely influenced primarily
by local factors, such as internal ice dynamics, the topography of the ice foreland, and/or the
rheology of the ice/bed interface. Additionally, the presence of large volumes of meltwater
within the ice sheet and its drainage system was probably one of the most significant factors
contributing to the highly dynamic and typically asynchronous oscillations of the ice margins
along the ice sheet’s periphery.

Dynamics of ice sheets and complex development of the ice-marginal formations during
glacial cycles largely impede the correlation of individual ice-marginal belts and the dating of
these features as distinct phases of glaciation or deglaciation, i.e. discrete time intervals
(Tylmann et al., 2022). Ice advances and retreats were most likely locally constrained within
numerous zones of consistent ice dynamics and chronology — namely, narrow and independent
ice streams operating in the marginal sectors of the ice sheet (Greenwood et al., 2024).
Consequently, any regional correlations of synchronous ice sheet limits along the southern
margin of the last FIS (e.g., Uscinowicz, 1999; Mojski, 2000, 2005; Marks, 2012, 2015;
Stroeven et al., 2016) are extremely difficult, if not entirely unfeasible. Instead, reconstructions
and dating of local areas with relatively uniform ice stream dynamics and chronology are likely
to be more reliable and subject to smaller sources of errors.

7. Conclusions

Analysis of the spatial distribution of glacial landforms using LiDAR DEM,
supplemented by '°Be surface exposure dating of erratics, has provided essential information
for reconstructing the last ice sheet’s dynamics and timing of ice margin fluctuations along the
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northern fringe of Poland. The data provided supporting evidence to elucidate the dynamics and
chronology of local ice margin fluctuations and to investigate one of the last glacial episodes in
the present-day territory of Poland (the Gardno Phase). More importantly, the data point to the
potential causes of ice margin dynamics and asynchrony, as well as acknowledge the challenges
of establishing regional spatio-temporal correlations of ice sheet limits along the southern
margin of the last FIS. Our results lead to the following conclusions:

e The last glacial episode in the present onshore territory of Poland was characterized by
dynamic oscillations of the ice sheet with the ice margin retreats, stillstands and re-
advances.

e Analysis of glacial landforms distribution supplemented with '°Be surface exposure
dating suggest asynchronous dynamics of particular ice streams/ice lobes across the
northern fringe of Poland traditionally attributed to the Gardno Phase ice-marginal
landforms.

e The main ice margin positions on the northern fringe of Poland were dated at ~17.5 ka
and ~15 ka, getting younger westward.

e Landform record occurring in the investigated part of Poland (subglacial meltwater
corridors, subglacial and ice-marginal valleys, eskers) suggests that dynamic behavior
of the retreating ice sheet with frequent oscillations of the ice margin may have been
induced by the influence of substantial amounts of subglacial meltwater, which could
also have triggered asynchronous dynamics of individual ice streams/ice lobes.

e The complex development of ice-marginal formations during glacial cycles largely
hinders the correlation of individual ice-marginal belts and the dating of these features
as distinct phases of glaciation or deglaciation. As a result, regional correlations of
synchronous ice sheet limits along the southern margin of the last FIS are extremely
difficult, if not entirely unfeasible.
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Fig. S1 Glacial landforms mapped in the study area — high-resolution map. Explanations for symbols and colors available as a legend in Fig. 3B in the article.
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Fig. S2 Pictures and detailed locations on LIDAR DEM of erratic boulders sampled for °Be dating.
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