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We propose a new concept of the Weichselian ice dynamics in the south-western sector of the Baltic
Sea depression. The review of existing geochronological data from Germany, Denmark and south-
ernmost Sweden in combination with new optically stimulated luminescence (OSL) data from the
German Oder Lobe area is the basis for a reassessment and an improvement of previous ice dynamic
models. Factors like the pre-existing topography, glaciotectonic features and the occurrence of till
beds and inter-till deposits of varying origin are also taken into consideration for our process-based
reconstruction of the sedimentary environments close to the ice margin and hence the ice dynamics of
the Scandinavian Ice Sheet (SIS). During the early MIS 3 (marine isotope stage), the late MIS 3 and
MIS 2, the SIS advanced into present-day terrestrial areas around the south-western Baltic Sea Basin.

The first ice advance during the warming phase in early MIS 3 is poorly documented as the Ellund—
Warnow Advance in Germany but may be correlated with the numerically dated Ristinge Advance in
Denmark and Sweden.

The late MIS 3 advance in contrast is reliably documented. It shaped the landforms of the Bran-
denburg Advance and the maximum Weichselian ice extent in the Oder Lobe area in north-eastern
Germany and occurred contemporaneously with the Klintholm Advance in southern Sweden and Den-
mark. The lack of a corresponding till in various cliff profiles along the Baltic Sea coastline between
southern Schleswig-Holstein and the island of Riigen can be explained by the distinct lobate structure
of this ice advance, which was strongly guided by the pre-existing low-lying topography. We propose
the horst of Bornholm, Denmark, acting as an ice divide, with ice-dammed lakes existing on the lee
side between two glacier lobes. This lobate structure had not been considered in previous conceptual
models, which led to seemingly conflicting chronological and stratigraphical interpretations. Our in-
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troduction of the lobate structure for the first time resolves these contradictions and integrates the data
in a coherent model.

The dynamics of the MIS 2 readvance to the Last Glacial Maximum (LGM) extent were clearly
different to the previous advance and were most likely characterized by a more uniformly advancing
ice front with a less lobate structure which also overrode the horst of Bornholm and the island of
Riigen. This advance reached the maximum Weichselian ice extent in some parts of the south-western
SIS, but, in the Oder Lobe area, it is proven to have terminated at a lesser extent than the early MIS 3
advance, but it did shape the most prominent morphological landform record of the last glacial cycle.

In order to advance the reconstruction of Weichselian ice dynamics in the future, we strongly
suggest using both an MIS-based terminology and a process-based approach in the interpretation
of geochronological data to live up to the dynamic nature of continental ice sheets.

Es wird ein neues Konzept fiir die weichselzeitliche Eisdynamik im siidwestlichen Sektor der
Ostseesenke vorgestellt. Eine Zusammenstellung der vorliegenden geochronologischen Daten aus
Deutschland, Didnemark und dem siidlichsten Schweden in Verbindung mit neuen OSL Daten aus
dem deutschen Gebiet des Oder-Lobus bildet die Basis fiir eine Neubewertung und einer daraus re-
sultierenden Verbesserung vorangegangener Modelle zur Eisdynamik. Beriicksichtigt werden dabei
auch Faktoren wie die grordumige Topographie, glazitektonische Storungen, sowie Tills und faziell
unterschiedliche Ablagerungen zwischen Tills. Letztere werden fiir die prozessbasierte Rekonstruk-
tion der Sedimente nahe des Eisrandes herangezogen und geben ebenfalls Informationen iiber die
Dynamik des skandinavischen Inlandeises. Wihrend des frithen MIS 3, des spiten MIS 3 und im MIS
2 iiberfuhr das Inlandeis um die siidwestliche Ostseesenke gelegene, heutige terrestrische Bereiche.

Der erste Vorsto3 wihrend der Erwdrmung im frithen MIS 3 ist nur liickenhaft als Ellund-Warnow
VorstoB} in Deutschland nachgewiesen, aber er ist moglicherweise mit dem datierten Ristinge-Vorstof3
in Ddnemark und Schweden zu korrelieren.

Hingegen ist der spite MIS 3 Vorstofl gut dokumentiert. Er formte die Landschaft des Branden-
burger Stadiums, der maximalen Eisausdehnung, im Gebiet des Oder-Lobus in Nordostdeutschland
und ist zeitlich mit dem Klintholm-Vorstof in Siidschweden und Déanemark zu parallelisieren. Das
Fehlen des entsprechenden Tills in Kliffprofilen der Ostseekiiste zwischen dem siidlichen Schleswig-
Holstein und Riigen kann durch die deutliche, lobenférmige Ausbildung des Eisrandes, der sich stark
der Topographie anpasste, erklidrt werden. Wir gehen davon aus, dass Bornholm als ein Eisstrompfeiler
diente und sich an der Leeseite zwischen den Eisloben Eisstauseen bildeten. Diese Ausbildung von
deutlichen Eisloben wurde bisher nicht in konzeptionellen Modellen beriicksichtig, was zu Wider-
spriichen zwischen chronologischen und stratigraphischen Interpretationen fiihrte. Die Einfiihrung
des Modells von Eisloben 16st erstmalig diese Widerspriiche auf und fiihrt alle Daten in einem schliis-
sigen Modell zusammen.

Die Dynamik des erneuten Vorstofes im MIS 2 zum LGM (Last Glacial Maximum) unterschied
sich deutlich von dem vorangegangenen Eisvorstof3. Die Eisfront war geschlossener und iiberfuhr
sowohl Bornholm als auch Riigen. Dieser Eisvorstof reprisentiert in einigen Teilen der siidwest-
lichen Ostsee die maximale weichselzeitliche Eisausdehnung, hingegen blieb die Eisausdehnung im
Gebiet des Oder-Lobus hinter der des spiten MIS 3 zuriick. Der Oder-Lobus formte hier jedoch die
deutlichsten morphologischen Geldndeformen des Weichselglazials.

Fiir zukiinftige Rekonstruktionen der weichselzeitlichen Eisdynamik empfehlen wir, unbedingt
einer MIS-basierten Terminologie zu folgen und prozessorientierte Ansitze in die Interpretation der
geochronologischen Daten mit einzubeziehen, um der lebhaften Dynamik kontinentaler Eisschilde
gerecht zu werden.
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1 Introduction

Throughout the last decade, significant progress was made
concerning the dating of sediments related to the last glacial
cycle in the area of the Scandinavian Ice Sheet (SIS) (sum-
marized in, for example, Hughes et al., 2016). The new
ages, adding chronological information over the years, have
changed the view on the SIS, with Bose et al. (2012) already
in 2012 stressing the time transgressive nature of geomor-
phological ice-marginal positions. The increasing amount of
age data now not only enables a review of the chronology of
different sectors of the SIS but also the reconstruction of ice
dynamics at different time slices throughout the last glacial
cycle. Insight into ice dynamics can especially be gained
when taking into account not only the bare ages but also the
different processes these ages represent in the advance, sta-
bility and decay of ice streams and ice lobes forming the SIS
(Liithgens and Bose, 2011, 2012). Figure 1 shows a graph-
ical summary of this concept. Being aware that information
is still lacking to gain a complete reinterpretation of ice dy-
namics of the SIS for multiple time slices covering the whole
temporal and spatial range of the last glacial cycle of the SIS,
this study focuses on the south-western sector of the SIS be-
cause here a critical amount of geochronological data is now
available for a thorough re-evaluation of existing ice dynamic
models. Aiming at the reconstruction of the changing ice dy-
namics and ice configurations in this area, already published
chronological data were reviewed, and new ages based on op-
tically stimulated luminescence (OSL) dating are presented
for the area of the maximum ice extent of the SIS in north-
eastern Germany.

Available ages are primarily based on OSL dating tech-
niques applied to glaciofluvial and glaciolacustrine sedi-
ments, as well as cosmogenic nuclide exposure ages ap-
plied to glacial boulders (Heine et al., 2009; Liithgens et
al., 2010a, b, 2011; Liithgens and Bose, 2011; Houmark-
Nielsen et al., 2012; Kenzler et al., 2015, 2016; Hardt and
Bose, 2016; Hardt et al., 2016). With more ages becom-
ing available, a discussion has evolved — or rather intensi-
fied — concerning the question of the occurrence of a late
MIS 3 (marine isotope stage) ice advance reaching beyond
the south-western border of the Baltic Sea depression to east-
ern Denmark and north-eastern Germany. In this paper, we
aim to show that seemingly contradictory dating results from
different key locations may be explained by using a process-
based interpretation of numerical ages in the context of large-
scale ice dynamic processes and topography. Consequently,
this new interpretation provides the foundation for the intro-
duction of a new conceptual model of the glacial advances of
the SIS into the western and central part of the North Eu-
ropean Plain during the last glacial cycle. In addition, we
suggest refraining from the use of (traditional) local termi-
nologies for correlation purposes in favour of an objective
MIS-related nomenclature based on the chronostratigraphic
interpretation of available data.

https://doi.org/10.5194/egqsj-69-201-2020

2 Geology and topography of the south-western
Baltic Sea depression

The large majority of morphological, stratigraphical, petro-
graphical and chronological data available for the area under
investigation was derived from terrestrial records with a very
limited number of results available for records from today’s
Baltic Sea depression (Kriegers Flak in Anjar et al., 2014,
and Adlergrund in Obst et al., 2016). However, geomorpho-
logical and geological properties of the Baltic Sea floor must
have had a significant influence on the dynamics and routing
of the inland ice, especially the Baltic Ice Stream.

The morphology of the south-western Baltic Sea is partly
determined by tectonic units which were reshaped by glacial
erosional processes during the repeated Quaternary glacia-
tions (Fig. 2). The south-east—north-west stretching tec-
tonic Tornquist-Teisseyre zone splits south of Bornholm
into the northern branch, the Sorgenfrei—Tornquist zone and
the southern Trans-European Fault (Schack Pedersen and
Gravesen, 2010). The island of Bornholm is a horst with
Proterozoic crystalline bedrock (Uscinowicz, 2014), mainly
granite and gneiss (Jakobsen, 2012), forming the northern
half of the island and Palaeozoic sedimentary rocks, mainly
sandstone and shale (Jakobsen, 2012), in the south (Schack
Pedersen and Gravesen, 2010). The south-western edge of
Bornholm and the submarine Rgnne Banke, morphologically
a south-west stretching prolongation of the island of Born-
holm, consist of small areas of Jurassic but mainly of Creta-
ceous limestone with a thin cover of Quaternary sediments
(Schack Pedersen and Gravesen, 2010). This offshore shoal
has less than 20 m water depth. At its south-western end, it
becomes even shallower in the Adlergrund area, which was
intensely investigated as a wind farm construction site (Obst
et al., 2016). Farther to the south-west, the offshore shoal
forms transitions to the coastal areas of the island of Riigen.
North-west of the Rgnne Banke, the Arkona Basin is located
which is defined by the 40 m water depth contour line and
which has a maximum depth of 48 m. At the western flank
of the Arkona Basin, another very shallow area is located,
Kriegers Flak, which is also the location of a wind park and
which was investigated by Anjar et al. (2014).

3 Ice dynamics of the SIS throughout the last glacial
cycle

3.1 SIS ice dynamics up to early MIS 3

Available chronological data for the Early and Middle We-
ichselian are scarce to non-existent. When Houmark-Nielsen
(1987) and Lagerlund et al. (1995) published the papers of
the ice advances at the south-western sector of the SIS, the
dating of glacial deposits was not yet common. These papers
are based on structural and lithological analyses such as mea-
surements of clast orientation and gravel composition. The
striking results were the reconstruction of a westerly ice flow
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Figure 1. Conceptual model from a static but time transgressive image of the Weichselian SIS extent towards a geochronologically based
dynamic interpretation of ice-marginal positions. (a) The base map shows the entire static maximum ice extent of the SIS (data available from
Ehlers et al., 2011), which has frequently been shown to be time transgressive. Major ice streams are adapted from Stokes and Clark (2001).
(b) Image of a theoretical time slice inferred from geochronological data at ice-marginal positions. A process-based interpretation of these
data allows for the identification of sectors characterized by stability (blue), advance (green) and decay (red) of the ice margin. (¢) Dynamics
of the ice sheet valid for the theoretical time slice and inferred from geochronological information. Red sectors and arrows indicate retreat
of the ice front, green sectors and arrows indicate advance of the ice front, and blue sectors indicate stability of the ice front. The thickness
of the blue arrows indicates the activity of the individual ice streams inferred from the behaviour at the ice front, with bold arrows implying
high activity (resulting in a positive mass balance), medium arrows implying medium activity (stable mass balance) and thin arrows implying

low activity (negative mass balance).

direction on the north-western Polish coast and the identifica-
tion of even a southerly flow component on the eastern coast
of Riigen (Lagerlund et al., 1995; Gehrmann and Harding,
2018; Gehrmann and Harding, 2019). Based on these find-
ings, Lagerlund et al. (1995) proposed marginal ice domes at
the fringe of the SIS developing their own flow patterns.

In 2010, Houmark-Nielsen presented the so-called Old
Baltic Advance in Denmark, now designated as the Ristinge
Advance at about 55-50ka and thus dating to the early
MIS 3. The age determination is based on OSL data from
quartz and supported by accelerator mass spectrometry
(AMS) radiocarbon data of macrofossils in diamicts.

This advance was the maximum Weichselian ice ad-
vance in the central part of the Jutland peninsula (Denmark)
(Fig. 3). Based on the stratigraphical position, it can be
discussed whether this ice advance corresponds to the El-
lund Advance in Schleswig-Holstein (Stephan, 2014) and
possibly to the Warnow Advance in western Mecklenburg-
Western Pomerania (Mecklenburg-Vorpommern) (Miiller,
2004, 2006). However, there are no numerical ages avail-
able for these advances, and they have mainly been recon-
structed based on borehole stratigraphy. Neither geomorpho-
logical evidence nor correlated sediments could be identified
in the coastal profiles at Kliitz-Hoved (Kenzler et al., 2018),
on the German island of Riigen (Kenzler et al., 2016), or in
stratigraphical and geomorphological records further south
in Brandenburg. In contrast, evidence for correlated sedi-
ments of an early MIS 3 advance was found at Kriegers
Flak and in the Alnarp Valley in southern Sweden. Anjar et

E&G Quaternary Sci. J., 69, 201-223, 2020

al. (2014, p. 609) consider Kriegers Flak a “potential key site
for correlating the glacial stratigraphy of Sweden, Denmark
and Germany”. At least three till beds have been identified
(Anjar et al., 2014), with the lower Weichselian till bed be-
ing characterized as a Baltic till, indicating a long distance
transport of clasts. This till is attributed to the Ristinge Ad-
vance in Denmark. The chronology is based on OSL data
(including single grain measurements) of glaciofluvial sand
and radiocarbon ages (Anjar et al., 2010, 2012, 2014).

In the southern part of the Swedish Alnarp Valley located
in the terrestrial area north of the Arkona Basin, two tills
have been identified. The lower till bed is correlated with the
Ristinge Till at an age older than 50ka (Anjar et al., 2014).
Moller et al. (2020) recently published numerical data based
on quartz OSL and radiocarbon ages from glaciofluvial and
glaciolacustrine deposits associated with the deglaciation
from the Ristinge Advance. These ages all post-date the pre-
sumed age of the Ristinge Advance, thus indirectly confirm-
ing it. At the Adlergrund site, Obst et al. (2016) investi-
gated the sedimentary record primarily using lithostratigra-
phy based on fine gravel analyses. Geochronological data are
lacking, but, based on their results, the authors do not present
evidence for an early MIS 3 ice advance at the Adlergrund
site. Despite the lack of geochronological control, Fig. 3
clearly shows that evidence for an early MIS 3 ice advance of
the SIS is only present to the north-west of an idealized line
from Bornholm, following the Rgnne Banke to the Adler-
grund site and the western part of the island of Riigen. To the

https://doi.org/10.5194/egqsj-69-201-2020
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Figure 2. Simplified geological map of the south-western Baltic Sea including major fault zones. Geology based on the International
Geological Map of Europe (Asch, 2005). Base map: land surface based on 250 m Shuttle Radar Topography Mission (SRTM) data (Jarvis et
al., 2008) and bathymetry based on IOWTOPO1 and IOWTOPO?2 (Seifert et al., 2001).

east of that line, no evidence for an early MIS 3 ice advance
of the SIS has yet been found.

3.2 SIS ice dynamics from late MIS 3 to MIS 2

Compared to the earlier stages of the Weichselian Glaciation,
the time constraints and age control starting with late MIS 3
are much better owing to the higher number and better spatial
coverage of available data. Table 1 provides a compilation of
key studies referred to in this paper, including geochronolog-
ical, geographical and methodological metadata.

During the late MIS 3, the Klintholm Advance is docu-
mented on the island of Mgn, Denmark, and is dated to about
30ka by OSL data from material below and above the till,

https://doi.org/10.5194/egqsj-69-201-2020

as well as radiocarbon data of plant macrofossils (Houmark-
Nielsen, 2010; Houmark-Nielsen et al., 2016). At Kriegers
Flak, the lowermost till associated with the Ristinge Ad-
vance is overlain by three units of shallow marine brackish
sediments in the lower part, followed by terrestrial wetland
and lake deposits. The uppermost part of those sediments is
formed by a glaciolacustrine clayey deposit. The overlying
diamicton can be subdivided into two layers with intercalated
sand and gravel.

The lower part could be of the same age as the Klintholm
Advance according to the age of underlying organic sedi-
ments, whereas the upper layer is only slightly younger and
“within the wider range suggested for the Klintholm Till”

E&G Quaternary Sci. J., 69, 201-223, 2020
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Figure 3. Extents of Middle Weichselian ice advances (Miiller, 2004; Houmark-Nielsen, 2010) and Weichselian morphological maximum
extent, compiled based on Liedtke (1981) and Marks (2012). Base map: land surface based on 250 m Shuttle Radar Topography Mission
(SRTM) data (Jarvis et al., 2008) and bathymetry based on IOWTOPO1 and IOWTOPO?2 (Seifert et al., 2001).

(Anjar et al., 2014:624). In the Alnarp Valley, a till which
is restricted to the southern part of the valley and is mainly
deposited by a glacier tongue from a south-easterly direc-
tion can be found. According to radiocarbon data of under-
lying sediments, it is younger than 35kacal BP (Anjar et
al., 2014). It cannot be excluded that the Klintholm Till and
the Allarp Till are related to the same ice advance. Moller
et al. (2020) recently dated glaciofluvial and glaciolacustrine
deposits from different sites in the Alnarp Valley bracketing
that till using quartz OSL and radiocarbon dating, establish-

E&G Quaternary Sci. J., 69, 201-223, 2020

ing a time frame for the ice advance and subsequent deglacia-
tion of between 34 and 30 ka.

In contrast, in Schleswig-Holstein and western
Mecklenburg-Western Pomerania, as well as on Riigen
Island and at the Adlergrund site, the available data do not
give any evidence of a contemporaneous ice cover during
late MIS 3 (Stephan, 2014; Kenzler et al., 2016; Pisarska-
Jamrozy et al., 2018, 2019). Widespread glaciolacustrine
deposits in parts of the southern Baltic Sea (Steinich, 1992;
Panzig, 1997; Anjar et al., 2012) characterize the late MIS 3

https://doi.org/10.5194/egqsj-69-201-2020
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Table 1. Continued.

Author(s) Year  Title Time Region Key site (if Method Dated Methodological ~ Samples  Link to publication
slice(s) applicable) material details n)*
Houmark-Nielsen 2010 Extent, age and MIS 3/ SW Baltic Klintholm Lumine- Deposits Quartz SAR 15 https://doi.org/10.1111/j.1502-3885.2009.00136.x
dynamics of Marine MIS2  Basin lobe area scence interbedded OSL dating
Isotope Stage 3 dating with till (multigrain
glaciations in the (glaciofluvial, aliquots)
south-western Baltic glaciolacustrine
Basin and aeolian
sands)
Houmark-Nielsen 2012  Cosmogenic surface MIS2  Denmark n/a Cosmogenic Erratic Surface 38  https://doi.org/10.1016/j.quageo.2012.08.006
etal. exposure dating the nuclide boulders exposure
last deglaciation in dating and dating
Denmark: Discrepancies bedrock ﬁcw@, mooc
with independent age
constraints suggest
delayed periglacial
landform stabilization
Houmark-Nielsen 2016  Evidence of ameliorated MIS3  SW Baltic Klintholm lobe ~ Luminescence  Sands below Quartz SAR 8  https://doi.org/10.1111/bor.12159
etal. Middle Weichselian Basin area (Mgn) dating and above OSL dating
climate and sub-arctic till (multigrain
environment in the aliquots on
western Baltic region: quasi-single-
coring lake sediments grain level)
at Klintholm, Radiocarbon Plant remains AMS dating, 4
Mgn, Denmark dating and plant calibrated
detritus
Kenzler 2015 Luminescence dating MIS 3/ NE Germany Riigen Lumine- Glaciofluvial, Quartz SAR 4 https://doi.org/10.1016/j.quageo.2015.05.015
etal. of Weichselian MIS2  (Mecklenburg- Island scence fluvial and OSL dating
interstadial Western (Kluckow) dating glacio- (multigrain
sediments from Pomerania) lacustrine aliquots),
the German sands feldspar SAR
Baltic Sea pIRIR290 dating
coast (multigrain
aliquots)
Radiocarbon Organic skin AMS dating, 1
dating of mussels calibrated
Kenzler 2016  New age constraints MIS 3/  NE Germany Riigen Lumine- Fluvial and Quartz SAR 4 https://doi.org/10.1111/bor.12206
etal. from the SW Baltic MIS2  (Mecklenburg-  Island scence glacio- OSL dating
Sea area — Western (Glowe and dating lacustrine (multigrain
implications for Pomerania) Kluckow) sands aliquots)

Scandinavian Ice
Sheet dynamics and
palaeoenvironmental
conditions during

MIS 3 and early MIS 2
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deposits. Anjar et al. (2012) postulate that the Kattegat
Advance in northern Denmark dammed the Baltic Sea Basin
in the time after the Klintholm Advance. Livingstone et
al. (2015) have published studies about pro- and subglacial
lake sediments in the D#nisch Wohld area in Schleswig-
Holstein. From the statistical evaluation of quartz OSL data
measured as a single aliquot and single grain protocol, the
authors deduce an ice advance at about 23 ka.

On the island of Riigen, Kenzler et al. (2015, 2016) and
Pisarska-Jamrozy et al. (2018) have studied and dated out-
crops by quartz OSL with large aliquots from the Jasmund
peninsula. The materials dated are glaciofluvial sands below
the only Weichselian till. All profiles show a till younger
than 22 ka underlain by lacustrine deposits, including some
sandy meltwater layers. This till is interpreted as the LGM
till in the sense of the global LGM. Like at Kriegers Flak,
an equivalent to the Klintholm Till has not been found (Ken-
zler et al., 2016, Fig. 12 therein). Hiatuses found at Kriegers
Flak (Anjar et al., 2012), as well as in the Riigen profiles,
are discussed as being synchronous with the Klintholm Ad-
vance in Denmark (Kenzler et al., 2016). They are related
to cool climate conditions. Kenzler et al. (2015:47/48) state
“this ice advance did not reach the Jasmund area”. The maps
in Hughes et al. (2016, Fig. 6 Band D therein) are therefore
not verified. The cliff outcrop at Klein Kliitz-Hoved on the
western flank of Wismar Bay also shows only one Weich-
selian till (Kenzler et al., 2018). Above Eemian deposits at
the base of the section, an unconformity comprises the Early
to Middle Weichselian. Deposition of fluvial to glaciofluvial
sands starts at about 26 ka, and the sands directly underlying
the Weichselian till are dated to 21-18 ka. All data are based
on quartz OSL measurements on large aliquots. These ages
are in good agreement with the timing of the Young Baltic ice
advance documented by the stratigraphically youngest tills
found at Kriegers Flak and in the Alnarp Valley and dated
to about 20ka at Kriegers Flak (Anjar et al., 2014; Moller
et al., 2020). The stratigraphical record at Adlergrund is less
clear. Obst et al. (2016) discuss multiple Late Weichselian
ice advances reworking an older till, which is now only rep-
resented by reworked clasts. This ice advance is attributed to
the global LGM, but the lack of a geochronological control
is hindering a coherent interpretation.

The mainland of north-eastern Germany was primarily
shaped by a south-westerly branch of the Baltic Ice Stream
(Fig. 1) known as the Oder Lobe (with respect to ice dy-
namics). Because there is no specific name describing the
area formed by this lobe, this will subsequently be called the
Oder Lobe area (referring to the geographic area in north-
eastern Germany, especially the Brandenburg and Berlin ar-
eas). Here, geochronological evidence is contrasted with the
results from the German Baltic Sea coast. Multiple ages
in the age range determined for the Klintholm Advance in
Denmark and southern Sweden were reported. Liithgens et
al. (2010a, b) and Liithgens and Bose (2011) provide ages
for proglacial outwash sediments attributed to the maximum
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extent of the Weichselian Glaciation, here called the Bran-
denburg Stage, between younger than 34 and 30 ka, as deter-
mined by optically stimulated luminescence (OSL) dating of
quartz single grains and small aliquots (quasi-single grains).
Brauer et al. (2005) report that OSL ages from Stolzenhagen
using single aliquots of quartz from outwash sediments as-
sociated with the advance of the SIS to its maximum ex-
tent at ~ 33 £2ka (Liithgens et al., 2010a; Liithgens and
Bose, 2011; Hardt et al., 2016; Hardt, 2017) provide sim-
ilar ages from correlate outwash sediments at the Ladeburg
site of ~ 3445 ka based on small aliquot (quasi-single-grain)
quartz OSL. These ages are in good agreement with surface
exposure ages (recalculated using the global '°Be produc-
tion rate of Heyman, 2014) for erratic boulders, indicating
the initial down melting of the ice in the area north of the
maximum position of the Weichselian Glaciation in north-
eastern Germany at about 24-21 ka based on Rinterknecht et
al. (2006), Heine et al. (2009), and Hardt and Bose (2016).
Hardt et al. (2016) have shown that the area traditionally
interpreted as the Frankfurt ice-marginal position in north-
eastern Germany does not represent a stationary ice margin
but rather a succession of ice-marginal fans that were formed
at ~ 26.3 &+ 3.7 ka during the retreat of the ice from the max-
imum position it had reached during late MIS 3.

The ice advance, synchronous with the global LGM,
is also well dated in north-eastern Germany. Liithgens et
al. (2011) present multiple single-grain OSL data from out-
wash sediments associated with the Pomeranian ice-marginal
position (Althiittendorf and Eberswalde sites) dating to ~
20 ka. Within error, these ages are in agreement with sur-
face exposure ages of erratic boulders from the top of the
Pomeranian moraine crest in the area (initially published by
Heine et al., 2009; ages recalculated using an updated '°Be
production rate by Hardt and Bose, 2016). The initial decay
of the LGM ice is also well constrained by multiple sur-
face exposure ages indicating that the downwasting started
as early as 20-17 ka and lasted in the hinterland until about
15 ka (Rinterknecht et al., 2014; Heine et al., 2009; ages re-
calculated using an updated '°Be production rate by Hardt
and Bose, 2016). This process-based interpretation of the
chronology of the LGM ice advance is also in good agree-
ment with the previously summarized results from the Baltic
Sea region in north-eastern Germany, Denmark and south-
ern Sweden. In addition, it clearly is in contrast to the dis-
cussion in Rinterknecht et al. (2014) which strictly follows
the concept that the Brandenburg Advance is related to the
LGM at about 22 ka and the Pomeranian Advance is younger
at about 15 ka, which was based on the traditional morphos-
tratigraphic model of a more static and synchronous SIS and
on the premature interpretation of '°Be exposure ages of er-
ratic boulders.

Recently, Tylmann et al. (2019) published new cosmo-
genic nuclide data (1°Be) of erratics in the young morainic
area of Poland. The interpretation of the results is also strictly
linked to the traditional ice-marginal positions of the Leszno

https://doi.org/10.5194/egqsj-69-201-2020

(Brandenburg), Poznan (Frankfurt) and Pomeranian stages,
and the data are documented and presented as belts from west
to east.

The data give evidence of boulders with ages that do not
represent the Weichselian Glaciation and a wide scatter of
data of the mid-Weichselian, mainly of MIS 4 and 3 and a
maximum in MIS 2 (Tylmann et al., 2019, Fig. 3 therein).
The OSL data, as well as the radiocarbon ages cited by Tyl-
mann et al. (Tylmann et al., 2019), are related to the Vistula
lobe area in northern central Poland, which does not give age
constraints to the Oder Lobe area and its immediate vicinity
to the east.

Summing up the state of the art, the geochronological
control of the dynamics of the Oder Lobe in north-eastern
Germany is exceptionally coherent, based on reliable, state-
of-the-art numerical dating techniques and encompassing a
broad time window. Taking a process-based interpretation
of the available numerical ages into account, especially the
Brandenburg area, allows us to constrain the late MIS 3 ice
advance as follows: it reached the area at ~ 34 ka, stabilized
at its maximum position shortly after that, most probably at
~ 30ka, and finally wasted down from 26 ka onwards (Hardt
et al., 2016). The ice advance correlated to the global LGM
stabilized at ~ 20ka and started downwasting shortly after
that. To corroborate this chronology further, especially the
late MIS 3 advance to the area, we have investigated new sec-
tions at the opencast lignite mine of Jinschwalde and in the
Miincheberg area which will be presented in the subsequent
sections.

4 Ice dynamics and chronology of the Oder Lobe

4.1 Regional setting

Recent studies confirm that the inland ice consisted of vari-
ous ice streams reacting in a different way and with their own
dynamic behaviour (Hughes et al., 2016). Concepts about a
time transgressive formation of the outer margin and a di-
versified flow pattern of the British and Scandinavian inland
ice started with the elaboration of dating methods of minero-
genic deposits (Bose et al., 2012; Clark et al., 2012; Hughes
etal., 2013).

The area of the maximum ice advance in Brandenburg is
located within the so-called Oder Lobe area where the ice
moved relatively far south. The sharp edge at its western bor-
der — the Weichselian Glaciation did not reach the Elbe River
— implies different ice dynamics at the Oder Lobe and in the
areas farther west (Fig. 4).

This south-west stretching Oder Lobe area is a low-lying
area in the prolongation of the southern axis of the Baltic
Sea Basin east of Bornholm. The morphology therefore fa-
cilitates an ice overflow out of the basin to the south. The
landscape that was overridden by this maximum ice advance,
called the Brandenburg Phase, is characterized by a till which
is often patchy and less than 10 m thick (Juschus et al., 2011;

E&G Quaternary Sci. J., 69, 201-223, 2020
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Figure 4. Configuration of the SIS during late MIS 3. Please note the lobate structure of the ice sheet, with the Oder Lobe reaching
the maximum ice extent in late MIS 3 in north-eastern Germany. The island of Bornholm and the high-lying areas of the Rgnne Banke
separate the ice streams in the western Baltic Sea Basin. The area between Bornholm and Riigen remains ice free and is characterized by
the deposition of glaciofluvial and glaciolacustrine sediments. Base map: land surface based on 250 m Shuttle Radar Topography Mission
(SRTM) data (Jarvis et al., 2008) and bathymetry based on IOWTOPO1 and IOWTOPO?2 (Seifert et al., 2001).

Lippstreu et al., 2015). Glaciofluvial sand is a widespread fa-
cies. Farther towards the outer margin, even more glacioflu-
vial landforms such as kames and sandurs dominate the land-
scape. End moraines are widely missing, and the ice mar-
gin is represented by outwash material sometimes even at-
tached to landforms from the penultimate glacial cycle (Liith-
gens et al., 2010a). Most of the elevations consist of layered
sediments, interpreted as kames deposited between dead ice
blocks (Weisse, 1977; Bose, 2005). In total, the ice obvi-

E&G Quaternary Sci. J., 69, 201-223, 2020

ously was not very vigorous to transform the pre-existing
landscape but mainly disguised it by meltwater sediments or
subglacial meltwater features like channels (Bose, 2005). It
can be hypothesized that the landscape surface was not or
not deeply frozen at the end of the MIS 3 so that processes
prevailed analogous to those described by MacAyeal (1993,
p. 775) for the Hudson Bay area in North America where

free oscillations in the flow of the Laurentide Ice
Sheet arose because the floor of Hudson Bay and

https://doi.org/10.5194/egqsj-69-201-2020
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Hudson Strait is covered with soft, unconsolidated
sediment that forms a slippery lubricant when
thawed. The growth phase occurs when the sedi-
ment is frozen [...]. The volume of the LIS [Lau-
rentide Ice Sheet] slowly grows during this phase
at a rate dictated by snow accumulation. The purge
phase occurs when the basal sediment thaws and
a basally lubricated discharge pathway (i.e. an ice
stream such as those which occur in West Antarc-
tica today) develops [...].

The stratigraphical correlation from the Baltic Sea to the
maximum Weichselian ice extent in the Oder Lobe area is
still a matter of discussion. The geomorphological character-
istics of the area north and south of the end moraines of the
Pomeranian Advance show clear differences. The Pomera-
nian ice-marginal position itself is characterized by a dis-
tinct and boulder-rich end moraine complex. In the hinter-
land, till plains widely form the landscape, whereas meltwa-
ter deposits are restricted to meltwater channels. It is notable
that drumlins have been mapped in Mecklenburg-Western
Pomerania only north of the Pomeranian ice-marginal posi-
tion (Liedtke, 1981), whereas in the southern Oder Lobe area,
formed during the Brandenburg Phase, drumlins are missing.
This spatial distribution indicates differences in the dynam-
ics of the ice and the conditions of the subglacial material —
frozen or unfrozen — when it was overridden and the relief
was reshaped (Hermanowski et al., 2019). While the mor-
phostratigraphical and geochronological record of the Oder
Lobe area clearly shows the presence of a late MIS 3 ice
advance, no evidence for such an advance was found in the
above-described coastal sections. So far, the data were pre-
dominantly based on lithostratigraphical studies mainly in-
vestigating till facies at the coastal cliffs (Strahl, 2004a, b).
The statistical and stratigraphical interpretations of the tills
of the Stoltera cliff close to Warnemiinde by Bose (1989)
gave similar results as the interpretation of Miiller and Strahl
(Strahl, 2004b, Table 4.5.4-1 therein). The strong glaciotec-
tonic disturbances at the Stoltera cliff nevertheless compli-
cate the stratigraphical interpretation of the dislocated mate-
rial, and the statistical evaluation only shows a distinct differ-
ence between the oldest till and the four younger ones, which
show very similar characteristics (Bose, 1989, 80f., Figs. 40—
48).

Recently, profiles at the Baltic Sea coast, namely Klein
Kliitz-Hoved, Kluckow, Glowe and Dwasieden, have been
dated by means of OSL (Kenzler et al., 2015, 2016, 2018;
Pisarska-Jamrozy et al., 2018). Klein Kliitz-Hoved is located
to the west of Wismar at the prominent coastal part between
Wismar Bay and Liibeck Bay; the Kluckow and Glowe sec-
tions are at the north-western cliff of Jasmund, Riigen. All
dated profiles comprise a hiatus in the Middle Weichselian.
In general, the fact that unambiguous sediments of Middle
Weichselian interstadials are missing in all the profiles has to
be taken into consideration.

https://doi.org/10.5194/egqsj-69-201-2020

In the Kluckow section, the lowermost till is attributed to
the Saalian Glaciation based on lithostratigraphic interpreta-
tion. Last interglacial deposits, as well as the Early Weich-
selian, are not present. However, Kenzler et al. (2015, Fig. 2
and p. 252 therein) interpret one of the stratigraphic units
(Unit A in Kenzler et al., 2015) as a possible glaciofluvial
sediment. This implies the presence of glacial ice in close
proximity to the site older than about 62 ka. Based on the age,
this could tentatively be correlated to the Ellund—Warnow ice
advance. A glaciolacustrine sequence dated older than 27 to
22 ka implies the presence of a dammed area required for the
lake formation. In contrast, the underlying sandy fluvial se-
quence, which is older than 40 ka, shows a distinct ice wedge
cast indicating a strong periglacial influence on a terrestrial
surface. The first Weichselian till in this outcrop post-dates
the lake deposits based on its stratigraphic position. However,
when compared to the reference profile that Panzig (1995)
described for north-eastern Riigen, the section exposed in the
outcrop is likely incomplete because a second Weichselian
till is missing. Similar interpretations are valid for the out-
crop of Glowe and Dwasieden.

In the Klein Kliitz-Hoved profile, Krbetschek (1995; re-
drawn in Kenzler et al., 2018) described a Saalian till sepa-
rated from the upper part of the section by Eemian deposits.
According to the reference profile (Kenzler et al., 2018,
Fig. 3 therein), four tills have been identified above the
Eemian. However, the dated profile in the study of Ken-
zler et al. (2018, Fig. 4 therein) shows only one till above
the interglacial deposits, and this till is attributed to the
Late Weichselian (MIS 2), here associated with the Bran-
denburg/Frankfurt stages. OSL ages using large aliquots of
quartz obtained from sandy water-lain deposits just below
this till gave ages between about 29 and 17 ka. The units of
sandy sediments overlying the till gave ages of about 23 to
15ka. The hiatus between the Eemian and the dated lacus-
trine to (glacio-)fluvial and (glacio-)lacustrine sands is about
90 kyr long. The onset of the fluvial to glaciofluvial sedimen-
tation in Glowe starts roughly at the time of the Ristinge Ad-
vance in Denmark.

4.2 The Janschwalde and Miincheberg sites

Given the lack of the presence of an early MIS 3 advance
in the cliff sections along the Baltic Sea coast, an additional
site was investigated in southern Brandenburg to further en-
hance the geochronological control of that ice advance. Jin-
schwalde is located in the area of the southernmost ice extent
of the Weichselian Glaciation. Access to proglacial outwash
sediments is possible because of active opencast lignite min-
ing at Jdnschwalde (Fig. 4).

The site is situated on the so-called Taubendorfer sandur.
The exposed sedimentary sequence comprises complex Neo-
gene and Quaternary deposits. During the last decades, sev-
eral stratigraphical and geochronological investigations were
carried out which focused on the presumed Saalian sediments
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exposed in the open cast mine (Cepek et al., 1994; Kiih-
ner, 2003; Lippstreu and Stackebrandt, 2003; Nowel, 2003;
Degering and Krbetschek, 2007; Kiihner, 2013; Zéller and
Schmidt, 2016). The Quaternary Saalian deposits are partly
overlain by silt gyttja which was classified as Eemian (MIS
5e) by palynological analyses (Kiihner et al., 2008). OSL
analyses of Saalian glaciofluvial sediments beneath the gyt-
tja confirmed its Eemian origin (Zoller and Schmidt, 2016).
Towards the top, the sediment succession is completed by
glaciofluvial sands attributed to the sandur deposition of the
maximum ice advance of the Oder Lobe. The second site,
Miincheberg, is situated in the area formerly ascribed to the
Frankfurt ice-marginal position (Fig. 4). In a gravel pit, sandy
sediments are exposed which coarsen into coarse sand to-
wards the top of the section (uppermost ~ 1.5m) and are
overlain by a thin layer (max. ~ 50cm) of coarse gravel,
stones and small blocks on top of the section. The cover-
ing layer is interpreted as a residual till eroded by meltwater
activity, with the coarse sands deposited directly at the ice
front or even subglacially. In contrast, the sandy base of the
section can be interpreted as proglacial outwash sediments
attributed to the ice advancing to the Brandenburg Stage of
the Weichselian Glaciation. This sedimentological evidence
is supported by geomorphological evidence in the surround-
ing area, namely the occurrence of eskers (Nitzsche, 2015).
Stratigraphic logs of both sites are provided in the Supple-
ment. We analysed nine samples from these presumed We-
ichselian glaciofluvial sand layers by means of quartz OSL
at the Vienna Laboratory for Luminescence Dating (VLL). In
addition to the basic information provided here, all method-
ological details concerning sample preparation, experimental
setup, statistical data evaluation and age calculation are pro-
vided in the Supplement. The sample preparation was per-
formed according to the descriptions in Hardt et al. (2016)
and Liithgens et al. (2017). We measured quartz grains in the
grain size fraction of 170-250 um (Jinschwalde) and 220-
250 um (Miincheberg). The aliquot size was 1 mm for the
Janschwalde samples and 2 mm for the Miincheberg sam-
ples, which results in an average of 15-25 grains per disc.
In previous tests on Weichselian glaciofluvial material on
single grains, we observed that only 3 %5 % of the quartz
grains emit a significant luminescence signal (Liithgens et
al., 2010b; Hardt et al., 2016). Thus, the measurements were
done on a quasi-single-grain level, which is an important
prerequisite when working on poorly bleached (glacioflu-
vial) material (Thrasher et al., 2009). Of the nine samples,
seven were suitable for age calculation (see Hardt, 2017, and
Nitzsche, 2015, for a full sample report). Owing to the ob-
served incomplete bleaching, we applied the three-parameter
Minimum Age Model (MAM; Galbraith et al., 1999) and ob-
tained a mean age of 30 £4ka (n = 3) for the Weichselian
formation of the Taubendorfer sandur in Jinschwalde and a
mean age of 31+4 ka (n = 4) for the proglacial outwash sedi-
ments ascribed to the advancing ice in Miincheberg (Table S1
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in the Supplement). Figures S3 to S4 in the Supplement show
the ages in their sedimentary and stratigraphic contexts.

Summing up the previously published data and the new
results confirming the late MIS 3 ice advance in the Oder
Lobe area, this suggests a somehow scattered, incomplete
and at first sight even incoherent image of the dynamics at
the south-western flank of the SIS during late MIS 3 and
MIS 2. Therefore, more details of the situation with respect
to ice dynamics, climatic conditions and the topography of
the south-western Baltic Sea area have to be discussed.

5 Discussion

In multiple profiles at the Baltic Sea coast in Mecklenburg-
Western Pomerania, up to four Weichselian tills have been
identified (Stoltera, Riigen) and distinguished by lithostrati-
graphical studies, but the variety between the tills, as well
as the subdivision into different layers within each till, is
partly of poor statistical relevance (Bose, 1989). The interca-
lations between the tills are of fluvial, brackish, lacustrine or
glaciofluvial origin. The differentiation between fluvial and
glaciofluvial sediments is difficult as the reworked sands are
similar in lithological and mineralogical composition. Nev-
ertheless, the attribution to one of these sedimentary pro-
cesses is crucial for the interpretation in relation to the SIS
as glaciofluvial transport and deposition imply a nearby ice
margin. The occurrence of ice wedge casts in those sediments
implies an at least temporarily terrestrial surface during or af-
ter the deposition.

The growth and extent of the SIS is controlled by three
factors.

1. The moisture supply by snow precipitation controls the
growth of the SIS. The main tracks of the precipita-
tion providing cyclones have changed during the We-
ichselian glacial period, and therefore the snow supply
on the whole SIS was regionally changing over time.
A strong regional supply has favoured the ice extent at
the respective sectors. A shift of the precipitation centre
from the east to the west is generally accepted for the
last glacial cycle (Patton et al., 2016).

2. Ice advances are influenced by the conditions of the
glacier base related to the lithology and the temperature.
Warm-based glaciers on a slippery, soft, water-saturated
sediment advance fast by means of basal sliding (Men-
zies, 1995; Hindmarsh, 2018). Meltwater even acceler-
ates the basal slip, resulting in regionally thinning ice.

3 The topography controls the ice flow in the outer parts
of the SIS (Mangerud, 2004; Roberts et al., 2018). The
initial ice advance is guided by the relief. Ice flow pri-
marily follows low-lying areas of the relief like the
Baltic Sea Basin or the southerly low-lying areas of
the lower Vistula and the lower Oder. Such depressions
are likely to have directed the ice flow (Hermanowski,
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2015). Subsequent ice advances did not necessarily have
to follow the relief because either active ice of the SIS
or dead ice from previous advances remaining in de-
pressions likely camouflaged the original relief. Con-
sequently, a readvance was likely guided into different
directions than the initial advance. Increasing ice thick-
ness may also provoke ice transgressions to elevated ar-
eas.

Mangerud (2004, Fig. 3 therein) shows how the Baltic Sea
depression as a huge catchment area influenced the ice flow
during MIS 4 and 3. The early maximum ice advance in
north-west Norway is probably related to a not yet maxi-
mum extent of the sea ice in the North Atlantic, thus still
providing a source of moisture for the south-western part of
the SIS. The Ristinge Advance was obviously strongly in-
fluenced by the relief filling the north-western basin of the
Baltic Sea. According to Fig. 9 in Kenzler et al. (2018), the
Ristinge and probably Ellund—Warnow ice advances, which
are not yet precisely dated, rather took place during a warm-
ing phase at the beginning of MIS 3 than during a cold phase
of MIS 4 (Mangerud 2004, Fig. 2). In this case, the ice ac-
cumulated during MIS 4 and started a faster dispersion by
increased flow velocities with the onset of warmer climate
conditions and meltwater production. This has to be regarded
in combination with the ice pressure and the geothermal in-
fluence below a growing ice mass increasing the basal tem-
perature at the outer part of the ice sheet. This would conse-
quently imply a thinning ice at the outer parts of the SIS. The
processes controlling ice velocity in relation to temperature
have recently been summarized by Patton et al. (2016). The
processes driving ice dynamics at the southern flank of the
SIS in early MIS 3 could be explained as a similar situation
as described by Patton et al. (2016, p. 109) for the Late We-
ichselian maximum ice advance at the eastern fringe of the
SIS, which they consider to be the result of “overstretching
of the outlet glaciers” driven by ice dynamic factors.

The recent geomorphological study of Gehrmann and
Harding (2018) on the glaciotectonic structures of Jasmund
(Riigen) give evidence of two to three different ice pres-
sure directions (termed “glaciotectonic complexes” by the
authors) on Riigen Island. The stratigraphical interpretation
follows the nomenclature used so far; therefore, they con-
sider the whole development belonging to the MIS 2 Weich-
selian ice advances. However, apart from the data of Ken-
zler et al. (2018), no precise time constraints are available.
Therefore, we propose a chronological reinterpretation of the
findings of Gehrmann and Harding (2018). The oldest ice ad-
vance forming the northern glaciotectonic complex reached
Riigen from a north-easterly direction. This flow direction
may well be related to the early MIS 3 (Ristinge—Ellund) ice
advance, which probably did not override the whole island of
Riigen but just ran into its northern part (Fig. 3).

The southern glaciotectonic complex, which is interpreted
to be younger than the northern one, was likely formed by the
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late MIS 3 ice advance which is well documented as the max-
imum Weichselian ice advance (Brandenburg Stage) within
the Oder Lobe area. This is in accordance with the struc-
tural measurements of Lagerlund et al. (1995) who found an
ice flow from a south-easterly direction on Riigen and pres-
sure from north-west on Wolin Island. We interpret the avail-
able data as a strong indication of the presence of two outlet
glaciers in late MIS 3 (Fig. 4) synchronously advancing but
separated by the natural ice divide of the high-lying areas of
Bornholm.

Figure 5a and c illustrate the differences in ice dynam-
ics of the late MIS 3 advance and the early MIS 3 advance.
In the stream shadow of the erosion resistant granites and
gneisses, the elevated area of the Rgnne Banke to the south-
west of Bornholm supported the division of the ice lobes,
separating the late MIS 3 ice advance through the western
Baltic Sea Basin into a north-western and a southern branch.
This is in excellent agreement with the geochronological ev-
idence proving the synchronous ice advance into Denmark
and southern Sweden (Klintholm Advance) and to north-
ern Germany through the Oder depression (Brandenburg Ad-
vance). According to the dating results in the Oder Lobe
area, the Oder Lobe advanced relatively quickly southward to
reach the maximum Weichselian ice extent in Brandenburg,
probably aided by the presence of high amounts of meltwater
(Fig. 5c, d). Thus the Brandenburg ice-marginal position is,
in the geochronological sense, equivalent to the occurrence
of the Klintholm Till at Kriegers Flak. At the Adlergrund
site, the respective till is missing probably due to erosion.
The fact that the late MIS 3 ice advance did not, or at least
not completely, cover the Rgnne Banke and Riigen also ex-
plains the seemingly contradictory results from the cliff pro-
files at the Baltic Sea coast and the geochronological find-
ings of Kenzler et al. (2018). In the Kluckow section (Ken-
zler et al., 2015), as well as in Klein Kliitz-Hoved, the late
MIS 3 is represented by a hiatus in the sedimentary succes-
sion, encompassed mainly by lacustrine sediments. Given the
ice configuration shown in Figs. 4 and 5d, this hiatus and/or
deposition of glaciofluvial and glacio-lacustrine sediments is
highly plausible. Recently, Roberts et al. (2018) presented
results from the glacial environment of the today submarine
Dogger Bank in the North Sea, indicating that it has been
diverting ice streams from the British—Irish Ice Sheet (BILS)
during MIS 2. In addition, evidence like the occurrence of
glaciolacustrine sediments indicating the existence of glacial
lakes proves that also during previous ice advances, the Dog-
ger Bank has been influencing ice flow directions. Similar
to the late MIS 3 scenario in the south-western Baltic Sea
area, the Dogger Bank situation proves that higher parts of
the relief can direct ice flow at the outer parts of an inland ice
sheet.

For the interpretation of the surface exposure data of er-
ratics in Poland, Tylmann et al. (2019) do not take a lobate
structure of the ice margin into consideration; the maximum
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Figure 5.

ice advance in the Vistula lobe area is referred to the Poznan
Phase.

In western Poland, the data offer nevertheless aspects for
a different interpretation (Tylmann et al., 2019) propose a
LLGM (local last glacial maximum) in western Poland be-
tween 25 and 21 ka. This is based on ages of six erratic boul-
ders, representing the down melting of an ice advance, which
gave ages within 19.3 2.1 to 25.1 £2.1 ka. The latter date
has been excluded as too old from the interpretation by Tyl-
mann et al. (2019). Nevertheless, a closer look at the map
in Tylmann et al. (2019, Fig. 4) clearly shows that the data
attributed to the Leszno and Poznan phases are older in the
very Oder Lobe area than further to the east. They are slightly
younger than the data calculated by Hardt and Bose (2016)
west of the Oder river but are comparable to those originally
calculated by Heine et al. (2009). Therefore, the data in west-
ern Poland support the idea of a late MIS 3 ice advance of
the Oder Lobe and a different ice dynamic than in central
Poland. The critical remark of Tylmann et al. (2019) that the
OSL ages in Hardt et al. (2016) could be due to incomplete
bleaching can be denied so far as the samples were measured
on a quasi-single-grain level, which reliably allowed for the
detection and correction of the data to avoid age overestima-
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tion. Therefore, the geochronological situation to the west of
the Oder Lobe area and the relation to the ice dynamic in the
Vistula lobe area have to be studied in more detail and with
comparable methods.

The ice advance equivalent to the global LGM likely
followed different dynamics (Fig. 5g). The till on top of
the glaciotectonic complexes in Riigen as described by
Gehrmann and Harding (2018) implies a frozen ground pre-
ceding the last ice advance, overriding the whole island. Ken-
zler et al. (2018) dated the occurrence of the first Weichselian
till in the Kluckow section, as well as in Klein Kliitz-Hoved
to ~ 20ka. This is time equivalent to the occurrence of the
Late Baltic till beds in Denmark and southern Sweden, as
documented at Kriegers Flak and in the Alnarp Valley (Anjar
etal., 2014). According to the geochronological data of Liith-
gens et al. (2011) and Liithgens (2011) these tills chronolog-
ically fit with the age of the Pomeranian Advance in north-
ern Brandenburg (Althiittendorf and Eberswalde sites) and
represent the time of the climatic LGM in MIS 2. Correla-
tion of the Pomeranian ice-marginal position with the global
climatic LGM is supported by the pronounced glacial mor-
phology with less meltwater influence of the Pomeranian ice-
marginal position in the Oder Lobe area (as summarized in
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Figure 5. This figure provides a summary of the dynamics of the south-western sector of the SIS during MIS 3 and MIS 2. Please keep
in mind that this figure is not meant to provide exact locations of the ice margin at any given time but is meant to illustrate the dynamics
discussed in Sect. 5. For details and labels of key sites and major cities, please see Figs. 3, 4, and 6 and references cited therein. The
explanation of symbols (see also Fig. 1) is as follows. Process-based interpretation of available data allows for the identification of dynamics
of the ice sheet (light blue) indicated by the following: red sectors and arrows — retreat of the ice front; green sectors and arrows — advance
of the ice front; and blue sectors — stability of the ice front. Whenever the location of an ice margin at a given time remains uncertain, this
is indicated by dashed lines. The thickness of the blue arrows indicates the activity of the individual ice lobes inferred from the behaviour
at the ice front. Detailed description: (a) the earliest ice advance of the SIS into the depicted area reached a stable ice-marginal position at
~ 50ka. This advance is called the Ristinge Advance in Denmark and the Ellund—Warnow Advance in northern Germany. Please also see
Sect. 3.1 and Fig. 3 for details. Chronological control is still scarce and, although very likely, the contemporaneity of Ristinge, Ellund and
Warnow remains to be proven. Evidence for an early MIS 3 ice advance of the SIS is only present to the north-west of an idealized line from
Bornholm following the Rgnne Banke to the Adlergrund site and the western part of the island of Riigen. (b) Decay of the SIS after the
early MIS 3 advance after 50 ka, dated, for example, by Anjar et al. (2014) and Méller et al. (2020) in south-western Sweden. Deglaciation
reached the depicted area most likely very shortly after 50 ka; however, uncertainties in the data do not currently allow for a more precise
dating. (c¢) Early MIS 3 advance of the Baltic Ice Stream of the SIS split into two lobes by the horst of Bornholm. The advance to the west is
known as the Klintholm Advance, dated in the Alnarp Valley by Anjar et al. (2014) and Moller et al. (2020) and at Kriegers Flak by Anjar
et al. (2014). The advance of the south-western Oder Lobe into northern Germany is known as the Brandenburg Advance and was dated in
multiple studies. Sediments associated with the advancing ice were dated by Brauer et al. (2005) and in this study (Sect. 4.1, Miincheberg
site). For details, please see Fig. 4. (d) The two ice lobes reached a stable ice-marginal position at ~ 34-30ka. Ice of the Klintholm Advance
(extent sensu Houmark-Nielsen, 2010) deposited a till at the Kriegers Flak site (Anjar et al., 2014), and the Brandenburg Advance reached
as far south as the Janschwalde site, newly dated in this study (Sect. 4.2), corroborating the dating results from previous studies. Ice-free
conditions prevailed along an idealized line from Bornholm following the Rgnne Banke to the Adlergrund site and the island of Riigen
(here dated by Kenzler et al., 2015, 2018). For details on the chronology of these advances and the configuration of the ice lobes, please see
Sects. 3.2 (Klintholm Advance) and 4.1 (Brandenburg Advance of the Oder Lobe). (e) Ice decay from the late MIS 3 maximum into early
MIS 2. The exact timing of the retreat of the ice front is only known from a few sites, including, for example, the Alnarp Valley (Moller et
al., 2020) and the Ladeburg site in north-eastern Germany (dated by Hardt et al., 2016) with a contemporaneous advance of the Kattegat Ice
Stream into northern Denmark (Houmark-Nielsen, 2011). (f) The initial readvance of the SIS again approaching the Baltic Sea Basin after
downwasting in the early MIS 2 is documented in southern Sweden (for details, see Sect. 3.2). (g) The SIS reached a stationary ice-marginal
position at about 22-20 ka. This LGM maximum extent was reached rather synchronously in the south-western sector of the SIS, and the ice
advance was not split into individual lobes like during the early MIS 3 advance but was rather represented by a more uniform ice front. For
details, see Sect. 3.2 and Fig. 6. The continuation towards the east in Poland remains to be discussed, with first results potentially indicating
that a reinterpretation of the classical (morpho-)stratigraphy based on geochronological findings may be possible (for details, see Sect. 5).
(h) Ice decay from the LGM maximum extent was initiated shortly after 20 ka, as, for example, documented in northern Germany by multiple
ages of erratic boulders (recently recalculated by Hardt and Bose, 2016) which stabilized at the landscape surface after the down melting
of glacial ice and cessation of intense periglacial activity. Ice-free conditions are also documented in the Jutland Peninsula (summarized in
Houmark-Nielsen, 2011) and the Dénischer Wohld area (Livingstone et al., 2015). (i) The final ice advance of the SIS across the Baltic Sea
Basin occurred at ~ 18 ka. In north-eastern Germany, chronological control is still missing to reliably correlate the Young Baltic Advance in
Denmark (summarized by Houmark-Nielsen, 2011) with, for example, the W3 extent (details see Fig. 6).
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Liithgens, 2011, and Liithgens and Bose, 2011). During the
previous down melting from the late MIS 3 maximum posi-
tion (Fig. Se), the active ice margin formed a succession of
recessional ice-marginal features to the north in the Berlin
area and in the areas formerly attributed to the Frankfurt
ice margin, where distinct ice-marginal fan structures devel-
oped (Ladeburg site; Hardt et al., 2015). This down wast-
ing of the Oder Lobe is likely related to the final intersta-
dial phases in MIS 3. At the same time, in northern Denmark
the Kattegat Advance (Fig. Se) started to block the fluvial
system from the Baltic Sea Basin to the Norwegian channel
(Houmark-Nielsen, 2011). During the coldest phase of MIS 2
the ground was freezing under severe periglacial conditions.
The MIS 2 LGM ice advance happened when the tempera-
tures rose again. Nevertheless, according to the topography
and the formation of the distinct terminal moraines, the exa-
ration features of the glacial tongue basins and the intense
glacial (as opposed to glaciofluvial) sediment transport in-
cluding erratic boulders give the impression of a different,
more vigorous ice dynamic than in the late MIS 3 ice ad-
vance in the Oder Lobe area. The MIS 2 LGM ice advance
can morphologically also be traced to the areas west of the
Oder Lobe area (Fig. 5g), although geochronological data are
still rare.

The LGM extent in Denmark is dated to 22-20ka by
means of various methods including OSL (cf. Houmark-
Nielsen et al., 2012) and could be correlated with the
Pomeranian Advance in north-eastern Germany (Fig. 5g). Ice
decay after the LGM maximum was rapid, as indicated by ex-
posure ages from erratic boulders which stabilized at the land
surface after the down melting of glacial ice and cessation of
intense periglacial activity (Fig. 5h).

To the east, the data of Tylmann et al. (2019) allow a cor-
relation in the part of the Oder Lobe area sensu stricto, but
further to the east the dates from the data north of the Poznan
line are younger, on average less than 20 ka, and therefore the
eastward connection of the ~ 20 ka ice advance (Pomeranian
in Germany) is not clear (Figs. 5g, 6).

The final ice advance of the SIS across the Baltic Sea
Basin most likely occurred at ~ 18 ka. In north-eastern Ger-
many, chronological control is still missing to reliably corre-
late the Young Baltic Advance in Denmark (summarized by
Houmark-Nielsen, 2011) with, for example, the W3 extent
(Fig. 51).

6 Conclusions

Lithostratigraphical criteria have frequently been shown to
be used with extreme care when it comes to deciphering
different Weichselian ice advances. A good example is the
lithostratigraphy of the Baltic Sea cliffs. In the sections of
Kluckow and Klein Kliitz-Hoved, the hiatus at different lev-
els are obvious by the dating results. The lithostratigraphi-
cal analyses of the Stoltera cliff, comprising more till layers,
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shows differentiations but only a limited statistical relevance,
which means that in total all Weichselian tills are quite simi-
lar.

The increasing amount of numerical data gives new in-
sight into the timing of various glaciogenic, glaciofluvial
and glaciolacustrine processes. In Germany, and similarly in
other countries, the traditional names of glacial ice advances
like Brandenburg/Frankfurt, Pomeranian and the younger
ones like the Mecklenburg Advance (Fig. 6) pretend to have
a synchronous formation of ice-marginal positions over long
distances, not taking into consideration the differences in ice
dynamics at the distal part of the SIS. A process-based in-
terpretation of available age data can provide a much deeper
insight into the great differences in ice dynamics and geo-
morphological processes occurring in different parts of the
SIS at the same time (Figs. 1, 5). The sedimentary records
at areas close to a stationary ice margin and in the areas of
advancing or decaying ice are different for the same time
slice. Therefore, authors should carefully reconsider the ap-
plication of the traditional, usually morphostratigraphically
defined names of ice advances.

Regional precipitation and temperature, as well as the pre-
existing relief, have influenced the ice dynamics in the south-
western part of the SIS. Regional fast ice advances were the
result of “outlet glaciers” (Patton et al., 2016, p. 106). Pat-
ton et al. (2016) developed a climatic model for the nour-
ishment of the SIS by varying precipitation and the Atlantic
sea circulation. Reduced precipitation in general but also a
time-spatial differentiation in the climatic deterioration and
precipitation influenced the ice extent. For MIS 3, they sup-
pose a restricted and still onshore ice margin in the western
Norwegian part, whereas a shift in the main ice divide to the
east was also changing the flow dynamic of the whole SIS.

The geochronological control compared against the back-
ground of global climatic records implies that the fast-paced
ice advances are not synchronous with the coldest climate
phases but happened during the onset of climate amelioration
in the sense of interstadials. The Ellund—Warnow Advance
during the warming of early MIS 3, following the cold stage
of MIS 4, was, according to present knowledge, the first We-
ichselian ice advance into the south-western Baltic Sea area
(Fig. 5a).

During late MIS 3, the SIS expanded through the south-
western Baltic area in a lobate fashion (Fig. 5c—e) with a
westerly lobe known as the Klintholm Advance in Den-
mark and a southerly lobe known as the Brandenburg Ad-
vance in north-eastern Germany. The ice attained its maxi-
mum extent within the Oder Lobe area. There is no evidence
that Bornholm, the Rgnne Banke or Riigen were overrid-
den by the ice. Ice-free conditions resulted in the deposition
of glaciofluvial deposits, and the occurrence of ice-dammed
lakes resulted in the accumulation of glaciolacustrine sedi-
ments. This also explains the absence of an MIS 3 till in the
coastal cliff sections. Large parts of northern Germany and
Poland were ice free throughout MIS 3 (Fig. 4) (cf. Hughes
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Figure 6. Different scenarios for the configuration of the SIS during the MIS 2 global LGM. Because of the time transgressive nature of
morphological ice-marginal positions, the correlation between eastern Germany and western Poland remains challenging. Geochronological
control to the west of the Oder Lobe and towards northern Germany (Schleswig-Holstein) remains poor. The Mecklenburg extent is based on
the geological map of Mecklenburg-Western Pomerania 1 : 500000 (Bremer and Schulz, 1994). Weichselian morphological maximum extent
compiled based on Liedtke (1981) and Marks (2012). Base map: land surface based on 250 m Shuttle Radar Topography Mission (SRTM)
data (Jarvis et al., 2008) and bathymetry based on IOWTOPO1 and IOWTOPO?2 (Seifert et al., 2001).

et al., 2016). Therefore, various sedimentary environments
existed in close proximity. The morphology of the late MIS 3
maximum in the Oder Lobe area is mainly formed by melt-
water sediments and erosional channels, which is in accor-
dance with the assumption of a fast-flowing ice. “Subglacial
erosion processes are strongly associated with zones of fast-

https://doi.org/10.5194/egqsj-69-201-2020

flowing, warm-based ice, amplified by the presence of sub-
glacial meltwater” (Patton et al., 2016, pp. 114/115).
According to our dynamic classification, the MIS 2 LGM
ice advance is represented by the Late Baltic Ice Advance in
the western Baltic Sea Basin, by the Pomeranian Advance
in the Oder Lobe areas and directly east of the river Oder
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within the “Odra Ice Stream” (Tylmann et al., 2019; Fig. 4)
in Poland. In contrast to the previous Weichselian ice ad-
vances, the dynamics of the LGM advance were character-
ized not by fast-running lobate outlet glaciers but by colder
and slower-moving ice probably forming a more uniform ice
front (Fig. 5g) and shaping a more distinct glacial morphol-
ogy. With the growing knowledge and increasing temporal
and spatial availability of geochronological data of the last
glacial cycle of the SIS, we strongly propose a process-based
interpretation of geochronological data and a time-based def-
inition of ice-marginal dynamics and extent as opposed to the
morphostratigraphical classification expressed in the tradi-
tional terminology of the ice advances. Using the traditional
terms limits the comparability of studies from different areas
and neglects the increasing knowledge about the time trans-
gressiveness of morphological ice-marginal positions. There-
fore, a terminology according to the MIS stages or only indi-
cating dating-method-based ages is strongly recommended.
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setup for the OSL measurements, results from OSL measurements
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